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ABSTRACT  
 

There is an increasing need to test for chemicals present in adulterated foods or food products. 
There is also an increasing need to degrade chemicals present in water. The s-triazine compounds 
compose a major class of  industrial chemicals. The research in our labs focuses on developing 
microbial enzyme-based bioassays for s-triazines, as well as understanding enzymatic 
biodegradation of these compounds. Cyanuric acid is an intermediate in the bacterial metabolism 
of common s-triazine compounds. 
 
In 2008, intentional adulteration of milk and milk products (e.g., infant formula) with the 
s-triazine melamine affected 300,000 infants & youth in China, with 50,000 hospitalizations and 
6 deaths. In 2010, tons of melamine-tainted milk products were again found for sale in China. In 
some circumstances, melamine is co-contaminated with cyanuric acid. When ingested together, 
these chemicals form insoluble crystals in kidneys, which can lead to acute renal failure. This 
scenario caused >13,000 companion pet deaths in the U.S. (2007) due to adulterated pet food. 
There is interest in detecting cyanuric acid and melamine, individually or together, in foods and 
more recently, in pharmaceuticals. 
 
With regards to s-triazines in water, cyanuric acid is a stable compound that accumulates over 
time in swimming pools treated for disinfection with N-chloroisocyanuric acids. When a high 
concentration of cyanuric acid is reached, disinfection is rendered ineffective. In these situations, 
public health is not protected from microorganisms that cause disease. To address this concern, 
the pool is drained, refilled with fresh water, and treated again with N-chloroisocyanuric acids. 
 
The research presented here identifies and characterizes microbial enzymes involved in s-triazine 
metabolism that could be used to 1) develop sensitive bioassays for cyanuric acid and/or 2) 
biodegrade cyanuric acid in water. Cyanuric acid hydrolase acts on cyanuric acid. Using 13C 
nuclear magnetic resonance (NMR) and mass spectrometry (MS), this research establishes the 
product of cyanuric acid hydrolase is carboxybiuret. This work also demonstrates carboxybiuret 
spontaneously decarboxylates to generate biuret. In the subsequent reaction, biuret hydrolase acts 
on biuret. Using an interdisciplinary approach combining bioinformatics, microbiology, 
molecular biology, protein separation technologies, enzymology, quantitative analyses, 13C NMR, 
and MS, this research identifies and characterizes the first biuret hydrolase to be purified in active 
form (from R. leguminosarum bv. viciae 3841). Together, cyanuric acid and biuret hydrolases 
release ammonia, which is detected via the colorimetric Berthelot Assay. 
 
Cyanuric acid hydrolase belongs to rare family of unstable proteins. In an effort to identify a 
stable protein scaffold that could be modified to hydrolyze cyanuric acid, an array of amido-
hydrolase family members were analyzed for low-level activity with cyanuric acid to use as a 
starting point. Guanine deaminase from Bradyrhizobium diazoefficiens USDA110 was observed 
to have such activity. This is the only known metallo-enzyme to hydrolyze a ring-opening amide 
bond of cyanuric acid. 
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CHAPTER 1  INTRODUCTION 

 

“In chemistry, as in all studies useful to man, theory and practise are related to each other by 
indissoluble bonds. 
 
Senseless the theorist who, shutting himself up in the solitude of his egotistical personal views, 
affects to disdain the incessant applications of science to civilization, for the wealth and 
happiness of mankind! 
 
Senseless, no less senseless, the practical man who, satisfied with the knowledge acquired by his 
ancestors, out of admiration for their conservatism and tradition, opposes all progress, refuses to 
enlarge or change the processes used in his industry, that it may remain each day in complete 
accord with the newest and most advanced theory! 
 
No science probably, more than chemistry, shows the necessity of this constantly renewed 
harmonious relation between practise and theory.” 
 
 – M. Berthelot, at 2nd International Congress of Applied Chemistry, 1896, as cited in: Doremus CG. 
1907. Pierre Eugene Marcellin Berthelot. Science. 25(6):592-5. 
 

 

1.1  BIOTRANSFORMATION , BIODEGRADATION , BIOREMEDIATION, 

   AND BIOCATALYSIS  

 

There are nearly 70,000,000 commercially available chemicals (1), with more being 

developed each day. Most of these compounds have been synthesized by chemists within 

the last 150 years. Bohacek et al. theorize that more than 1063 stable organic compounds 

could potentially be synthesized (2). Practically, chemicals provide many benefits to 

modern society. They are instrumental for improving health via sanitation, increasing 

food yields, engineering vehicles & city infrastructures, manufacturing computers, 

preventing or treating diseases with pharmaceuticals, educating students, growing the 
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economy, raising the quality of life with personal care products, and protecting the 

nation. However, some chemicals are considered toxic or hazardous to humans and/or the 

environment. Chemicals may be recycled, combusted for energy, treated, or released into 

the environment. Manufacturing and industrial processes may emit chemicals into the air, 

dump them in the water, or spill them on land, either intentionally or accidentally. 

Moreover, natural disasters (e.g., tornadoes, floods) may also introduce chemicals into 

the environment. In other cases, such as those involving herbicides and pesticides, large 

quantities are intentionally applied to agricultural lands (3, 4). 

 

When chemicals enter the environment, they may interact with a rich source of diverse 

bacteria. Bacteria have arguably been around for ~3.5 billion years (5, 6, 7). When 

bacteria interact with a chemical, they may act on it to render it more toxic, less toxic, 

beneficial, or completely biodegrade (mineralize) it. Alternatively, bacteria (or other 

microorganisms, such as fungi) may have no effect on the chemical and it may persist 

and/or bioaccumulate in the food chain (3, 4). 

 

In recent decades, bacteria have displayed a remarkable adaptability to utilize synthesized 

chemicals as sources of nutrients and energy. This is interesting, given the comparatively 

short time period for wide distribution of industrial chemicals. There are several possible 

explanations for bacteria’s ability to adjust accordingly. One option to consider is that 

bacteria may already harbor the activity due to the chemical under study being a natural 

product, whether it is known to be or not. Another option is one in which the chemical in 
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question may be analogous to a known substrate for a bacterial enzyme. Instances in 

which an enzyme can also act on the analogous compound are considered cases of 

catalytic promiscuity. Alternatively, bacteria may contain enzymes that can evolve via a 

short number of mutations over a brief time into functional catalysts capable of acting 

upon the chemical (enzyme plasticity). Furthermore, local bacteria may acquire 

functional genes on plasmids via horizontal gene transfer (HGT) from other capable 

bacteria (4, 8, 9, 10). In a world of heightening global traffic and commerce, the 

opportunities for HGT are ever-increasing. 

 

Microbial interactions with chemicals occur via microbial metabolism. Metabolism 

consists of the set of enzyme-catalyzed reactions in cells where chemicals are taken apart, 

made, or altered to obtain energy and components for cellular maintenance. Enzymes are 

usually specialized proteins that enable chemical reactions to happen on the short 

timescale required for metabolic processes. Hydrolases are enzymes that use water in 

reactions that break chemical bonds. The proteins are encoded by genes, and often the 

genes involved in a given bacterial metabolic pathway are physically clustered together in 

the organism’s DNA. The clusters of genes are termed “operons.” 

 

Biotransformation is a synonym of metabolism that is often used in the context of a 

living entity altering chemicals such as environmental pollutants, pharmaceuticals or 

carcinogens (11). One aspect of biotransformation is biodegradation, which the 

International Union of Pure and Applied Chemistry (12) defines as the 
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“breakdown of a substance catalyzed by enzymes in vitro or in vivo. This may be 
characterized for purpose of hazard assessment as: 
1. Primary. Alteration of the chemical structure of a substance resulting in loss of a 
specific property of that substance. 
2. Environmentally acceptable. Biodegradation to such an extent as to remove 
undesirable properties of the compound. This often corresponds to primary 
biodegradation but it depends on the circumstances under which the products are 
discharged into the environment. 
3. Ultimate. Complete breakdown of a compound to either fully oxidized or reduced 
simple molecules (such as carbon dioxide/methane, nitrate/ammonium, and water). 
It should be noted that the products of biodegradation can be more harmful than the 
substance degraded.” 

 

Wackett and Hershberger define biodegradation in a similar fashion, describing it as the 

process by which the “potentially toxic compound in question is transformed into a 

nontoxic one” or further metabolized to CO2 and cell mass. The term “bioremediation” 

refers to the application of biodegradative reactions to clean up a contaminated site. 

“Biocatalysis” refers to a biotransformation process that generates a chemical of interest, 

e.g., an analyte for chemical detection or hydrocarbons for industry (11). Although 

abiotic mechanisms exist (e.g., (photo)chemical reactions) for the degradation of 

chemicals in the environment, biodegradation via bacteria predominates (4). 

 

Upwards of 2 billion bacteria may be harbored in a one gram of soil (13). Each gram 

contains an estimated 25,000-50,000 bacterial species (14). Each bacterium has an 

estimated 500-10,000 genes (15). If only 10% of the genes encode enzymes to degrade 

these chemicals (16), there is a potential for ~1017 biodegradative reactions in one gram 

of soil. Conditions that increase this number even further include using soil sources that 

have been pre-exposed to the chemical of interest (16, 17), using sewage sludge that has a 
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100-fold higher concentration of bacteria (16), using soil from the corn rhizosphere – a 

source of increased microbial diversity (17), or taking into consideration the catalytic 

promiscuity of non-specific enzymes (9). 

 

The foci of this research are to fundamentally understand enzymatic approaches to 

biocatalysis (for chemical detection) and bioremediation of s-triazines. Particular 

emphasis is given to the roles enzymes play in relation to the s-triazine, cyanuric acid, 

and a downstream pathway metabolite, biuret. In the study of such processes, analytical 

chemistry techniques are essential to understanding the biological aspects of the 

investigations (16). 

 

 

1.2  S-TRIAZINES 

 

s-Triazines, also known as 1,3,5-triazines, (Fig. 1-1) are a class of industrial N-

heterocyclic compounds manufactured on a large scale for a variety of purposes. N-

heterocycles are chemicals with nitrogen-containing rings (18). The parent s-triazine 

compound is a six-membered ring with aromaticity. The “s” denotes that it is 

symmetrical, as the carbons and nitrogens alternate. The name triazine derives from the 

fact that there are 3 “aza” groups, or nitrogens, in the ring. It was first synthesized by Nef 

in 1895, but the correct structure was not recognized until 1954 by Grundman and 

Kreutzberger (19). 
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Figure 1-1. s-Triazine (1,3,5-triazine) structure model. 
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The s-triazine chemical class includes disinfectants, herbicides, dyes, explosives, and 

polymers. Industrial production of s-triazines began in the 1950s. Currently, over a 

billion pounds are manufactured annually (20, 21, 22). Specific compounds include 

melamine, atrazine, and trichloroisocyanuric acid (Fig. 1-2). Melamine is used in a resin 

to make dry-erase boards & colorful dishware, as well as foam that has sound-proofing & 

flame-retardant properties. Atrazine is an herbicide used extensively in the U.S., mainly 

on corn crops. N-chlorinated isocyanuric acids such as trichloroisocyanuric acid are 

commonly used as chlorine sources in swimming pool disinfectants and household 

cleaners. Due to their wide environmental distribution, s-triazines have become growth 

substrates for a variety of soil microorganisms. The microbial biodegradation pathways 

for melamine, atrazine, and trichloroisocyanuric acid, as well as other s-triazine 

compounds, funnel into the common intermediate, cyanuric acid (Fig. 1-2) (16, 18). 

 

A number of thorough studies have been conducted regarding soil bacteria’s increasing 

ability to utilize s-triazine compounds. The pertinent genes, enzymes and microbial 

strains, have been well-reviewed (16, 17, 18, 23, 24), as have those studies focusing on 

related gene regulation (25, 26). Data pertaining to the evolved rate increases in s-triazine 

degradation (and global locations) that can feed into fate and transport models are 

reviewed by Krutz et al. (17). These models are important for understanding the 

agronomic and environmental impacts resulting from the agricultural use of s-triazine 

herbicides. 
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Figure 1-2. Soil microbe biodegradation pathways hydrolyze s-triazines such as 

melamine, atrazine, and trichloroisocyanuric acid to the intermediate, cyanuric acid. 

 

melamine atrazine trichloroiso-
cyanuric

acid

cyanuric
acid
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The most successful microbial biodegradation cases of s-triazines use them as nitrogen 

sources (16). The most well-characterized s-triazine biodegradation pathway is that of 

Pseudomonas sp. ADP with atrazine (25). The pathway consists of six hydrolytic 

enzymes (AtzABCDEF) that fully mineralize atrazine (18). The enzymes AtzD, AtzE, 

and AtzF are cyanuric acid hydrolase, biuret hydrolase, and allophanate hydrolase, 

respectively. Their roles in the biodegradation of cyanuric acid will be described further 

in the following chapters. 

 

In instances where research regarding the environmental fate of s-triazines (or other 

chemicals) is lacking, a publically-available prediction tool, the University of Minnesota 

Pathway Prediction System (UM-PPS), may generate some chemical leads. The UM-PPS 

uses rules based on organic chemistry functional groups, peer-reviewed literature, and 

expert knowledge to predict putative intermediates in microbial biodegradative 

metabolism. It is part of the University of Minnesota Biocatalysis/Biodegradation 

Database (UM-BBD). The UM-BBD is an online resource containing experimentally-

verified metabolic pathways in microorganisms that act on chemicals in the environment, 

namely pollutants or contaminants (8, 27). 

 

 

1.3  FOOD ADULTERATION , S-TRIAZINES, AND 

   BIOCATALYTIC BIOASSAYS FOR S-TRIAZINE DETECTION 
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There is increasing interest to test for toxic chemicals present in foods (adulteration), 

whether they occur accidentally or have been added purposefully. This subject area is a 

worldwide public health concern and major factor in international trade relations (28). It 

is imperative that society be confident in the safety of its food supply. The United States 

(U.S.) government is contributing to food safety by passing specific laws and funding 

relevant research. For example, in January 2011, it passed the Food Safety Modernization 

Act, which updates regulations to focus on preventing food contamination instead of just 

responding to it (29). In addition, the U.S. government establishes partnerships with the 

University of Minnesota and others to fund research through Centers of Excellence, such 

as the National Center for Food Protection and Defense (NCFPD, 30). 

 

Food adulteration for economic gain has been an issue on a global scale in recent years, 

with specific cases involving s-triazine compounds. How do s-triazines impact food 

safety? With regards to melamine (Fig. 1-2), it is ~66% nitrogen (N) by mass weight. 

There has been a major surplus of melamine in China in recent years. In 2008, 22 dairy 

companies (~20% of Chinese dairy companies) intentionally adulterated their food 

products (e.g., milk powder, infant formula) with melamine to make them appear to 

contain more protein than they actually did (31). Tons of melamine-contaminated milk 

was again reported being sold in China in 2010, possibly left over from the 2008 situation 

(32, 33, 34). In 2011, melamine was also detected in milk powder sold in Iran with levels 

0.5-30 times above U.S. Food and Drug Administration (U.S. FDA) limits (35). 
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The economically-motivated adulteration of milk products was possible because 1) 

protein contains nitrogen and 2) a standard test for milk quality detects only nitrogen 

levels and the resulting data are used to estimate the protein levels. Since milk powder 

and formula are common sources of food for infants, they were exposed to high levels of 

melamine. According to the World Health Organization (WHO, 36), infants and children 

were exposed to 8.6 - 23.5 mg kg-1 day-1. These levels are 45- to 120-fold greater than the 

Tolerable Daily Intake (TDI) limit of 0.2 mg kg-1day-1. Some researchers estimate higher 

exposure levels, upwards of 310 mg kg-1day-1, or ~1500-fold greater than the maximum 

daily intake level (37). Melamine bonds with naturally-occurring uric acid in the renal 

system, creating crystals. Neonates have higher levels of uric acid than adults. In some 

instances, these crystals block tubules, a situation that may lead to acute kidney failure 

(38). In 2008, this scenario caused nearly 300,000 infants & children to be affected, with 

50,000 hospitalizations and the deaths of 6 infants (36). 

 

In related cases in 2004 and 2007, wheat gluten and rice protein from China was 

contaminated with both melamine and cyanuric acid. It was imported and used in the 

U.S. production of pet food and led to over 13,000 deaths of companion animals (cats and 

dogs, 39). Analysis of the adulterated gluten demonstrated the following concentrations 

of s-triazine compounds: melamine (8.4%), cyanuric acid (5.3%), ammelide (2.3%), and 

ammeline (1.7%) (40, 41, 42). Additionally, in China, ~1500 dogs that were fed 

melamine-contaminated food died in 2008 (43). 
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Melamine forms an extensive hydrogen-bonded network with cyanuric acid (Fig. 1-3). 

Together, they form highly insoluble crystals, much more so than melamine and uric acid 

crystals (44, 45). These crystals may lead to renal failure. It is the synergistic toxicity of 

melamine with cyanuric acid that makes any co-contamination a significant health 

risk (40). There is interest in detecting cyanuric acid and melamine, individually or 

together, in foods and food products. No TDI for co-exposure of melamine & cyanuric 

acid could be derived, partly due to the higher toxicity when combined. Limited data of 

melamine combined with ammeline or ammelide (biodegradation metabolites of 

melamine) also indicated higher toxicity than melamine alone (38). 

 

Based on fundamental research by Cook & Hütter (46), pure bacterial strains were 

discovered that could metabolize melamine to cyanuric acid. Our laboratory specializes 

in identifying the genes and understanding the enzymes involved in the microbial 

biodegradation of s-triazine compounds. In 2001, Seffernick et al. extended Cook and 

Hütter’s basic research to identify the genes and characterize the enzymes involved in 

melamine biodegradation by Pseudomonas sp. strain NRRL B-12227. In the first step of 

the pathway, the TriA enzyme biocatalyzes the hydrolysis of an amino group from 

melamine (47). The associate analyte, ammonia (NH3), can be easily detected via a 

simple chemical test that generates a blue color (the Berthelot Assay, section 1.10). In 

light of the melamine food adulteration situation in 2008, a collaboration between our lab 

(especially Naomi Kreamer) and BIOO Scientific led to the development of a TriA-based 

enzyme detection kit (MaxSignal® Melamine Enzymatic Assay Kit, BIOO Scientific, 
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Figure 1-3. Cyanuric acid (red) hydrogen bonds with melamine (blue) (44). 
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Austin, TX). By using the TriA enzyme, the kit can detect the ammonia analyte released 

from melamine at 0.2 ppm. There is no comparable detection kit for cyanuric acid. 

 

With respect to melamine or cyanuric acid alone, the toxicological data has been 

reviewed by the United States Food and Drug Administration (U.S. FDA), the World 

Health Organization (WHO) and the Scientific Panel on Contaminants in the Food Chain 

of the European Food Safety Authority (EFSA) (38). In monogastric mammals, (e.g., 

humans, dogs, and cats), limited research supports that individually, and at levels below 

set limits, cyanuric acid or melamine are absorbed and eliminated quickly, with little or 

no metabolism. However, recent data from rats studies suggest that melamine may be 

biotransformed by mammalian gut microbiota colonized with Klebsiella terrigena DRS-1 

into cyanuric acid, leading to the presence of both compounds and associated 

nephrotoxicity (48). 

 

Due to cyanuric acid’s role in synergistic toxicity with melamine in humans and other 

animals, as well as observations that it is retained in fish consumed by humans, such as 

trout (49), there is an increase in the level of cyanuric acid analytical determinations (35). 

In addition, updated protocols are being employed that assess levels of melamine, as well 

as cyanuric acid, in certain ingredients of manufactured pharmaceuticals based on the 

recommendation by the U.S. FDA (50, 51). 
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1.4  ATRAZINE 

 

Water runoff from storms threatens the surface and ground water supplies used for 

drinking water. This is because the runoff can contain chemicals, such as the s-triazine 

fertilizer, atrazine (Fig. 1-2). It is used for controlling broadleaf and grassy weeds mainly 

in corn crops (52). The majority of applications occur in the Midwest and Southern 

regions of the U.S. (Fig. 1-4A). Atrazine is considered the most widely-used herbicide in 

the U.S. (~75 million lbs./yr., Fig. 1-4B). 

 

Atrazine is highly mobile in soil (26). The United States Environmental Protection 

Agency (U.S. EPA) has set the maximum contaminant level (MCL) to 3 micrograms per 

liter (µg/L) or 3 parts per billion (ppb) in drinking water (yearly average) or 37.5 ppb 

over a 90-day period in raw water (e.g., river) (54). As it is a pre-emergent herbicide, 

atrazine levels in water spike during springtime, when large amounts are applied in 

conjunction with spring rains. There is concern that chronic exposure to atrazine could 

have negative effects on cardiovascular and reproductive health. The current method for 

removing atrazine and other s-triazine herbicides from water is with the use of activated 

charcoal (55). Activated charcoal can remove a number of water contaminants and 

pollutants, but it is non-specific and expensive (56). The most economical approach to 

removing atrazine from groundwater is likely to involve microbes with the ability to 

biodegrade it (57). 
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Figure 1-4. A. Map of estimated agricultural use for atrazine in the United States, 2009 
(low). B. Estimation of use by year and crop (1992-2009). Figure courtesy of the U.S. 
Geological Survey (53). 
A. 

 
B. 
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Although the full extent of atrazine on human and aquatic health is debated, atrazine has 

consistently and frequently been detected in raw and finished water for many years. The 

manufacturer of atrazine, Syngenta, has funded academic research to discover improved 

ways to remove atrazine from water (58). In addition, in October 2012, they have reached 

a $105 million national settlement with Community Water Systems to clean atrazine from 

water (59). 

 

 

1.5  CHLORINATED ISOCYANURIC ACIDS 

 

Chlorinated isocyanuric acids (e.g., trichloroisocyanuric acid, Fig. 1-2) are commonly 

used to disinfect swimming pools. Their dissolution in water generates a stable amount of 

chlorine. As the chloroisocyanuric acids dissolve, levels of the resulting product, cyanuric 

acid rise. This accumulated cyanuric acid in swimming pools results in ineffective 

decontamination. There are requirements to determine cyanuric acid concentrations to 

protect public health from such microorganisms as Cryptosporidium, Giardia, E. coli 

0157:H7, and Shigella. The most common option to address this situation is to drain the 

pool water and refill with fresh water. Additional chlorinated isocyanuric acids are added, 

and the cycle repeats. There are 8.6 million residential pools (60). Using an estimate of 

20,000 gal/pool (61), if all the residential pools in the U.S. were drained only once, that is 

nearly 180,000,000,000 (180 billion) gallons of water. 
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1.6  FRESH WATER IS LIMITED 

 

Of all the water on earth, only 1% is fresh water that can be treated for drinking. 

Approximate 97% is undrinkable, mostly due to salinity issues (e.g., oceans, bays). The 

remaining 2% is fresh water that is locked within global ice structures. The available 

stock of fresh water is under threat from an array of elements. Human activities cause 

chemicals such as herbicides, pesticides, fertilizers, cleaners, textile dyes, mining 

effluents, and waste to enter the waterways. Natural occurring sources of pollution 

include microorganisms, nitrogen compounds from soil, and heavy metals. The aging 

water system infrastructure is susceptible to leaks and contamination (62, 63). Given the 

rising population and associated agricultural, industrial, and waste demands, as well as 

security concerns, fresh water efficiency practices are important to supporting life & 

well-being, ensuring water supplies for future use, and protecting the environment. 

 

 

1.7  CYANURIC ACID AND CYANURIC ACID HYDROLASES  

 

Cyanuric acid (CAS# 108-80-5; 1,3,5-Triazine-2,4,6(1H,3H,5H)-trione; Fig. 1-2) is a 

white powder. It is a stable chemical that represents some of the oldest known organic 

compounds. First synthesized by Scheele in 1776, it was not correctly identified until 

1820 by Liebig and Wohler (64). It is easily formed by heating urea 120-200°C (65). Its 
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solubility in water is low - only 0.125% at room temperature. Solubility increases up to 

4% in boiling water, but decreases in alcohol (64). 

 

Although s-triazine compounds are generally considered to be anthropogenic (9), 

cyanuric acid has been found to be a natural product as it has been isolated from various 

soils from the Northeastern, Southern, and Midwestern U.S., on the order of 6.5-13 ppm 

as reported by Wise and Walters in 1917 (66). These observations were decades prior to 

the industrial production and mass distribution of parent s-triazine chemicals in the 1950s 

and onward. Its natural presence could be due to chemistry of related compounds, e.g., 

the decomposition of purines or the derivatization of urea (64, 66). Although its presence 

in meteorites is debated (65, 67), it is feasible that cyanuric acid could be generated due 

fires or volcanic activity (16). Recent 1H NMR and microscopy data support the 

hypothesis that cyanuric acid could have been a component of nature’s primordial soup 

and an element of pre-RNA self-assembling molecules (68). 

 

Enzymes with the ability to act upon cyanuric acid, cyanuric acid hydrolases, are rare. 

Only 41 homologs have been identified, out of over 6423 published genomes (< 0.7%, 

Chapter 3). Of these homologs, some are known not to cleave cyanuric acid, but do act 

upon the chemical analog, barbituric acid. Just recently, the first X-ray crystal structures 

of cyanuric acid hydrolases have been published. The earliest is from Pseudomonas sp. 

ADP (69) and the most recent is from Azorhizobium caulinodans (70). 
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At the beginning stages of this research, multiple literature sources reported cyanuric acid 

hydrolase acted upon cyanuric acid to yield biuret and carbon dioxide as products (Fig. 1-

5) (71, 72, 73, 74, 75). This reaction would result from the enzyme cleaving a ring-

opening amide bond and a subsequent decarboxylation reaction. This two-part reaction is 

different than the reaction reported by a homologous enzyme, barbiturase, cleaving a 

single amide bond of the chemical analog, barbituric acid, to produce ureidomalonic acid. 

The research reported here sought to reconcile this apparent ambiguity by seeking direct 

evidence that cyanuric acid hydrolase cleaves a single ring-opening amide bond to 

generate the hypothesized product, carboxybiuret. The results are reported in Chapter 3. 

 

In order for bacteria to grow on cyanuric acid (or ammelide, ammeline) as a sole source 

of nitrogen, nitrogen must be released from the downstream intermediate biuret (Fig. 1-

5). Thus, the organism must contain a biuret hydrolase. Until this work, purification and 

characterization of a biuret hydrolase had remained elusive. Here, the search for a stable 

biuret hydrolase to identify, purify, and characterize was constrained to those bacteria 

with publically available genomes containing a functional cyanuric acid hydrolase 

homolog. 
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1.8  BIURET AND BIURET HYDROLASE ACTIVITY IN BACTERIA 

 

Biuret was known to form over 160 years ago during side-reactions in the heating of urea 

(76). The amide bonds of biuret chelate copper and nickel ions in alkaline conditions to 

yields intense colors. These properties generated interest in using biuret as an analytical 

reagent and led to the “biuret” and “Lowry” tests for protein determinations (77, 78, 79). 

More recently, biuret was proposed to be an intermediate in plant biosynthesis of 

biguanide. Biguanide and related compounds have important roles in the pharmaceutical 

and medical industries, for example, as anti-diabetics (80). 

 

Biuret is a contaminant of synthetic urea preparations – on the order of 0.1-8% (77). 

Synthetic urea is used as a crop fertilizer, widely applied since the 1950s (81, 82). 

Its negative impact on foliage (83, 84) triggered further interest in biuret studies (77). 

Cyanuric acid is also generated from the decomposition of urea during heating (77, 85). 

The application to soil of urea contaminated with biuret and/or cyanuric acid is one 

avenue biuret (as well as cyanuric acid) may have been introduced to soil 

microorganisms. Other avenues include microbial metabolism of the natural occurring 

cyanuric acid or of s-triazine parent compounds applied to soil, such as the herbicide, 

atrazine. In addition, biuret has also been used as a non-protein nitrogen supplement for 

ruminants since the 1950s. It is metabolized by gut microbiota at a slower rate than the 

alternative, urea, thereby decreasing ammonia toxicity (86). In this context, there have 

been some investigations regarding microbial activity on biuret. 
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Microbial consortiums and crude cell-free extracts from the rumen fluids of sheep and 

steers pre-fed biuret have been found to degrade 14C biuret. In this study, most of the 

biuretase activity was associated with cell-free extracts of the plant debris fraction of 

rumen components (87). Congruent results were obtained in similar experiments 

measuring the hydrolysis of 15N-biuret (88). 

 

Isolated bacterial strains have been observed to utilize biuret as a sole nitrogen source. 

Seven strains of Pseudomonas aeruginosa were reported to have biuret degradation 

capabilities (89). In these strains, maximum biuret dissimilation activity of resting cells 

was observed at pH 7.5, distinct from maximum activity observed for the partially 

purified biuretase by Nishihara et al. (90) at pH 9.5 and the biuret hydrolase purified in 

Chapter 2 at pH 8.5. When biuret was studied as a source of nitrogen in over 120 strains 

of rhizobia, 80 of them were observed to grow, in particular those of R. leguminosarum, 

B. diazoefficiens (formerly R. japonicum, 218), R. trifolii, and R. lupini species. (91) R. 

trifolii was subsequently considered a synonym of R. leguminosarum (92). In these 

studies, no enzymes were identified or purified. 

 

The research literature is scarce in regards to enzymes specific to biuret hydrolase 

activity. Until this work, only a few researchers have detected biuret hydrolase activity in 

protein preparations. However, the activity has been unstable and has not lasted through 

purification process. This has been a major challenge in the research of s-triazine 

biodegradation. In 1965, Nishihara et al. reported biuretase activity from partially-
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purified protein fractions of Mycobacterium ranae (90). Of the 17 substrate analogs 

tested, only activity with biuret was observed. 1n 1985, Cook et al. reported biuret 

hydrolase activity with partially-purified protein fractions of Pseudomonas huttiensis 

NRLLB-12228 (formerly P. sp. strain D, P. sp. strain NRRLB-12228) (93). In 2001, 

Martinez et al. reported biuret hydrolase activity with extracts of E. coli DH5α (p1107), 

which expressed atzE from Pseudomonas sp. strain ADP (94). 

 

This research sought to identify a stable biuret hydrolase to purify and characterize. As 

previously mentioned, the search for a gene encoding such an enzyme was constrained to 

those bacterial genomes containing a functional cyanuric acid hydrolase homolog. This 

control was based on the precedent that a previous biuret hydrolase, AtzE, was found in 

an operon (94). Attention was given to those neighboring genes where annotation 

indicated amide bond cleavages. 

 

Another fundamental interest in this research pertained to the product of biuret (Fig. 1-5). 

If biuret hydrolase cleaved an internal bond, urea and carbamic acid would be generated. 

This was the reaction reported by Nishihara et al. (90). If the biuret hydrolase cleaved the 

amino terminus, allophanate would be produced. This reaction was reported by Martinez 

et al. (94). Other strains had been reported to have biuret hydrolase activity that yielded 

urea (93). Some of these strains were subsequently determined to yield allophanate (95). 

However, none of these studies utilized purified biuret hydrolase. The studies here sought 

to resolve this issue. 
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The identification, purification and characterization of the biuret hydrolase from 

Rhizobium leguminosarum bv. viciae 3841 is reported in Chapter 2. Subsequent to this 

research, gene deletion studies supported the functionality of a homologous biuret 

hydrolase from a Rhodococcus sp. that could completely mineralize melamine (96). The 

protein imparting the ability of the Rhodococcus strain to grow on biuret as a sole 

nitrogen source was 67% identical to the biuret hydrolase in R. leguminosarum bv. viciae 

3841. It is also a member of the cysteine hydrolase protein family. 

 

There were two remaining biuret hydrolase candidates from the research reported in 

Chapter 2. One candidate is from Bradyrhizobium sp. BTAi1 and the other is from 

Bradyrhizobium diazoefficiens USDA110 (196, formerly B. japonicum USDA110, 218). 

The results of the investigations of these enzymes are reported in Chapters 4 and 5. 

 

 

1.9  CYANURIC ACID HYDROLYSIS BY AN AMIDOHYDROLASE  

 

It was of interest to ascertain if enzymes outside the cyanuric acid hydrolase/barbiturase 

protein family had the ability to cleave the ring-opening amide bond of cyanuric acid. 

Unlike cyanuric acid hydrolases, amidohydrolases have a robust protein scaffold (97). 

They also cleave amide bonds. The novel biuret hydrolase described in Chapter 2 allowed 

for a sensitive assay to detect this activity using an array of amidohydrolases with 

cyanuric acid as the substrate. If noncognate activity is present, it can be used as basis for 
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redesigning the active site to generate higher levels of activity (98). A low level of 

activity was observed with the guanine deaminase from B. diazoefficiens USDA110, as 

described in Chapter 6. 

 

 

1.10  BERTHELOT ASSAY 

 

Direct detection of cyanuric acid or its downstream biodegradation products, carbon 

dioxide (CO2) & biuret, is complex. It requires specialized equipment and a trained 

operator (e.g., high performance liquid chromatography, HPLC). However, detection of 

the ammonia released from cyanuric acid/biuret using the cyanuric acid hydrolase with 

biuret hydrolase is straight-forward via the Berthelot Assay. 

 

The Berthelot Assay is a well-studied clinical method that has been used for over a 

century (99). The modified method used in the following studies is based on the addition 

of nitroprusside to the phenol solution for enhanced sensitivity, as described by 

Weatherburn (100). The reagents (hypochlorite and phenol) convert NH3 produced from 

the biuret hydrolase activity on biuret to a deep blue compound. This compound, 

indophenol, is easily measured at 630 nm with a spectrophotometer (Fig. 1-6, 99, 100, 

101, 102). It is useful to note that some common compounds involved in buffer 

preparation and protein purification do interfere strongly with ammonia analysis via the 

Berthelot Assay. 
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Figure 1-6. The Berthelot Assay reaction. Ammonia (e.g., as released from s-triazines by 

enzymes) reacts with hypochlorite and 2 equivalents of phenol to generate the blue 

colored end product, indophenol. Reaction intermediates are monochloramine and 

benzoquinonechlorimine. Adapted from Harmann and Crouch (102). 
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These compounds include aliphatic amines such as guanidine, imidazole, CAPS [(3-

cyclohexylamino) propanesulfonic acid], MES [(2-hydroxyethyl) piperazine-N’-2-

ethanesulfonic acid)], and Tris (tris(hydroxymethyl)aminomethane (103). In the 

experiments described in the following chapters, ammonia analysis was done using 

potassium phosphate buffer unless otherwise noted. Potassium phosphate buffer does not 

interfere with the Berthelot Assay. It was also determined through the course of this 

research that the Novagen® BugBuster (primary amine-free) Protein Extraction Reagent, 

a common reagent used in our protein preparations, suppressed color develop by ~60% 

compared to potassium phosphate buffer (J. Praxayamoungkhoune, data not shown). 

 

 

1.11  GOALS OF THIS RESEARCH 

 

Prior to the present work, there were no reports of biuret hydrolase sufficiently stable to 

study in detail. Using an interdisciplinary approach, the goals of my research were to 

identify, purify and characterize enzymes from microbial metabolism that could be used 

to 1) develop sensitive bioassays for cyanuric acid and 2) biodegrade cyanuric acid. 

Specific effort was focused on biuret hydrolases. Included in the biuret hydrolase 

characterization was the goal of determining the product of a purified biuret hydrolase 

(urea or allophanate). Additional goals included direct identification of the actual product 

of cyanuric acid hydrolase activity on cyanuric acid (hypothesized to be carboxybiuret), 
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as well as an assessment of an array of amidohydrolase enzymes to determine those that 

could hydrolyze the ring-opening amide bond cleavage of cyanuric acid.  

 

The basic research in the following chapters relates to the microbial enzymes that 

biocatalyze the release of ammonia from cyanuric acid during biodegradative 

metabolism. There are two major potential applications for the enzymes with cyanuric 

acid hydrolase activity and the biuret hydrolase described here. The first is that the 

enzymes could be utilized to develop accurate and sensitive biosensors. Their combined 

use biocatalyzes the release of ammonia, which could be the basis of a rapid detection 

method for cyanuric acid in food, milk, or pharmaceutical ingredients. The second 

potential application is the use of the enzymes in swimming pool filters systems to 

biodegrade cyanuric acid. If cyanuric acid is removed specifically, the pool water would 

not need to be drained as frequently for effective chlorination and disinfection. This could 

potentially save great quantities of water. 

 

Finally, these results contribute to evolutionary understandings of s-triazine 

biodegradation metabolism. The known functional cyanuric acid hydrolase/barbiturase 

genes all are homologous and are members of the same protein family. In contrast, 

bioinformatics data related to the known and putative biuret hydrolase genes indicated at 

least three different protein families were represented (cysteine hydrolase, metallo-β-

lactamase, and amidase signature superfamily). 
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CHAPTER 2  NEW FAMILY OF BIURET HYDROLASES INVOLVED IN 

     S-TRIAZINE RING METABOLISM  

 

 

Content in this chapter is reprinted with permission from 
ACS Catalysis. All rights reserved. 

 

 

Biuret is an intermediate in the bacterial metabolism of s-triazine ring compounds and is 

occasionally used as a ruminant feed supplement. We used bioinformatics to identify a 

biuret hydrolase, an enzyme that has previously resisted efforts to stabilize, purify, and 

characterize. This newly discovered enzyme is a member of the cysteine hydrolase 

superfamily, a family of enzymes previously not found to be involved in s-triazine 

metabolism. The gene from Rhizobium leguminosarum bv. viciae strain 3841 encoding 

biuret hydrolase was synthesized, transformed into Escherichia coli, and expressed. The 

enzyme was purified and found to be stable. Biuret hydrolase catalyzed the hydrolysis of 

biuret to allophanate and ammonia. The kcat/KM of 1.7 × 105 M–1 s–1and the relatively low 

KM of 23 ± 4 µM together suggested that this enzyme acts uniquely on biuret 

physiologically. This is supported by the fact that of the 34 substrate analogs of biuret 

tested, only two demonstrated reactivity, both at less than 5% of the rate determined for 

biuret. Biuret hydrolase does not react with carboxybiuret, the product of the enzyme 

immediately preceding biuret hydrolase in the metabolic pathway for cyanuric acid. This 

suggests an unusual metabolic strategy of an enzymatically produced intermediate 
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undergoing non-enzymatic decarboxylation to produce the substrate for the next enzyme 

in the pathway. 

 

 

2.1  INTRODUCTION 

 

In 1776, Carl Scheele obtained cyanuric acid from the pyrolysis of uric acid (104). The 

correct structure, however, was only elucidated in 1830 by Liebig and Wohler (64, 104). 

Since that time, hundreds of s-triazine compounds have been produced on industrial 

scales, including herbicides, dyes, and resin intermediates, such as melamine (19). The 

agriculturally significant s-triazines, mainly herbicides and insecticides, are designed for 

dispersal in the environment, where they become growth substrates for a variety of soil 

microorganisms. For example, the herbicide atrazine is known to be metabolized by 

bacteria from the genera Pseudomonas (105, 106), Arthrobacter (107, 108), and 

Nocardioides (109) to use as a source of nitrogen for growth. Atrazine and other s-

triazine compounds are metabolized via the intermediate cyanuric acid (Scheme 2-1). 

Cyanuric acid is the substrate for a ring-cleaving hydrolase; biuret is an intermediate and 

further metabolized (95). 

 

Of the enzymes involved in the microbial metabolism of s-triazines, only biuret hydrolase 

has resisted characterization. A biuret hydrolysis activity was demonstrated in protein  
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fractions on numerous occasions (90, 93, 94, 110), but the catalytic activity has proven to 

be unstable upon fractionation and storage. Even gene cloning methodologies have failed 

to remedy this problem. For example, Martinez, et al. (94) in 2001 identified a gene 

cluster within Pseudomonas sp. ADP that encoded the enzymes catalyzing transformation 

of cyanuric acid. The genes were denoted as atzD, atzE, and atzF (Fig. 2-1A). The atzE 

gene, encoding a biuret hydrolase, was cloned and expressed in E. coli and catalytic 

activity with biuret was demonstrated with crude protein extracts from the cell. The 

enzyme, however, proved to be unstable, like previous preparations of biuret hydrolase. 

 

In the present study, new types of biuret hydrolases were sought with the goal of 

obtaining a stable representative for detailed characterization. With the advent of 

widespread genomic DNA sequencing, it was possible to conduct a broad search for 

putative biuret hydrolase genes. The genes could be cloned and expressed in E. coli and 

tested for biuret hydrolase activity. In this manner, a novel biuret hydrolase from the 

cysteine hydrolase superfamily was identified. The enzyme was purified and 

characterized. It was determined that cyanuric acid hydrolase produces carboxybiuret, 

which decomposes non-enzymatically to release carbon dioxide and provide biuret for 

the novel biuret hydrolase characterized in this study. The kinetic parameters determined 

here suggested that the coupling of a non-enzymatic to an enzymatic step represents a 

viable cellular strategy for efficiently metabolizing s-triazine rings to obtain nitrogen for 

the cell. 
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Figure 2-1. Alignments of gene regions encoding functional cyanuric acid hydrolases 

from various soil bacteria. 

 

 

 

 

 

 

 

Legend: 

D. Rhizobium leguminosarum bv. viciae 3841, plasmid pRL10 

atzD pRL10 
0352 

A. Pseudomonas sp. ADP, plasmid ADP-1 

atzE atzF atzD 

B. Bradyrhizobium japonicum USDA 110 

amiC atzD 

C. Bradyrhizobium sp. BTAi1 

BBTa_1316 atzD 

atzD - encodes 
cyanuric acid 
hydrolase 

solid refers to genes 
noted to be involved 
in cleaving amide 

atzF - encodes 
allophanate 
hydrolase 
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2.2  RESULTS AND DISCUSSION 

2.2.1  GENE IDENTIFICATION, CLONING, AND EXPRESSION 

 

In Pseudomonas sp. ADP, the atzE gene encoding the biuret hydrolase protein is adjacent 

to atzD, encoding cyanuric acid hydrolase (Fig. 2-1A). Since bacterial enzymes that 

catalyze sequential reactions in pathways are often encoded by genes that are clustered 

together on the genomic DNA, bacterial genomic databases were searched for genes 

encoding putative amide-hydrolyzing proteins that were adjacent to ones encoding 

cyanuric acid hydrolases. Such a clustering was found among several members of the 

Rhizobiaceae. Those bacteria were tested and shown to grow on cyanuric acid or 

ammelide as sole sources of nitrogen (E. Reynolds, T. Dodge, J. Hall, unpublished 

results), indicating that ammonia might be released via a biuret hydrolase. Since the gene 

clustering within all of the microorganisms shown in Fig. 2-1A–D differed, it was not 

possible to define gene function via bioinformatic approaches. In light of this, each gene 

was synthesized, inserted into an E. coli vector, transformed, expressed and the biuret 

hydrolase activity was measured. 

 

The ammonia detection method showed traces of ammonia with the original E. coli 

strain. However, all recombinant E. coli clones showed substantial biuret hydrolase 

activity. The highest activity was obtained by using the gene derived from Rhizobium 

leguminosarum bv. viciae strain 3841 and this clone was selected for larger-scale protein 

expression, purification, and characterization. 
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2.2.2  PURIFICATION AND GENERAL CHARACTERISTICS  

 

The gene sequences were synthesized with a His6 tag in the pJexpress401 vector and 

expressed in E. coli DH5α. The crude protein extract from this strain was purified in a 

single step using a Ni2+-affinity chromatography column and shown to be homogeneous 

via SDS-PAGE (Appendix 1, Fig. A1-2). Unlike previous biuret hydrolases, the present 

enzyme proved to be stable during purification and storage (>1 year at −80°C). Enzyme 

activity was tested in an array of buffers; potassium phosphate proved to yield optimal 

catalytic rates. The enzyme was active over the range of pH 4.5–11, with optimum 

activity at pH 8.6. The addition of ZnSO4 or CoSO4 (50 µM and 1 mM) to enzyme assays 

gave only nominal increases in activity. No transition metal cofactors were detected with 

ICP-MS; a stoichiometry of <0.1 metal/subunit was observed for V, Cr, Mn, Fe, Co, Ni, 

Cu, and Zn. 

 

The properties of biuret hydrolase were compared to previously identified biuret 

hydrolases (Table 2-1) (90, 94). Other enzymes were not fully purified or stabilized, thus 

data are incomplete. However, the comparisons that can be made all indicated that the 

other enzymes differ significantly from this biuret hydrolase. The enzyme AtzE was only 

studied in crude cell lysates (94). However, sequencing of the atzE gene indicated that 

AtzE is a member of the amidase signature protein superfamily (94). The biuretase 

sequence (90) had not been obtained, so its protein family affiliation could not be 

ascertained. The biuret hydrolase described here is a member of the cysteine hydrolase 
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superfamily (CDD classification cl00220) and cysteine hydrolase family (CDD 

classification cd00431) (111). 

 

Biuret hydrolase showed highest relatedness with proteins annotated as isochorismatases. 

The isochorimatase protein family forms a cluster within the cysteine hydrolase 

superfamily. Biuret hydrolase showed only 23–30% sequence identity to superfamily 

members for which X-ray structures are available. However, a putative catalytic triad of 

D–K–C could be observed in multiple sequence alignments and the region of greatest 

relatedness surrounded the putative active-site cysteine (Fig. 2-2). The region indicated 

shows 11 out of 19 residues completely conserved or with strongly similar properties by 

virtue of a score greater than 0.5 in the Gonnet PAM 250 matrix (113). 
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Figure 2-2. Amino acid sequence alignment in region of superfamily active site cysteine 

for biuret hydrolase (BH). BH compared to: Streptococcus pneumoniae nicotinamidase 

(3o90) (114), Thermoplasma acidophylum N-carbamoyl-sarcosine amidase Ta0454 

(3EEF) (115), and Pyrococcus horikoshi pyrazinamidase (1IM5) (116), for which X-ray 

structures are known. An “*” indicates a completely conserved residue and a “:” indicates 

a highly conserved residue. The active site cysteine is highlighted with a box. 
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Enzyme inhibition studies were also consistent with assignment of biuret hydrolase to the 

cysteine hydrolase superfamily. Treatment of biuret hydrolase with the sulfhydryl-

modifying reagents N-ethylmaleimide or iodoacetamide at neutral pH resulted in a 

significant loss of enzyme activity. For example, a 5 min preincubation of 14.8 µM biuret 

hydrolase with 500 µM N-ethylmaleimide resulted in greater than 90% loss of activity. 

Iodoacetamide was even more potent as an inhibitor. A 5 min preincubation of 50 µM 

iodoacetamide with 14.8 µM biuret hydrolase gave greater than 90% inhibition of 

ammonia release from 3 mM biuret. Controls indicated neither inhibitor interfered with 

the activity assay. 

 

 

2.2.3  REACTION PRODUCTS 

 

The biuret hydrolase reaction released ammonia from biuret; reactions allowed to go to 

completion yielded 0.77 ± 0.01 mol of ammonia per mole of biuret. As shown in Scheme 

2-1, ammonia could be liberated directly or via the intermediacy of carbamate, which 

would rapidly decompose to ammonia. These alternative routes could be differentiated by 

analyzing the second product of the biuret hydrolase reaction with the use of specific 

enzymes. Allophanate hydrolase or urease will only release ammonia from allophanate or 

urea, respectively. If allophanate was the product, then supplementation of the reaction 

mixture with allophanate hydrolase would release two additional moles of ammonia. 

Previously, allophanate hydrolase was shown to produce two moles of ammonia from 
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one mole of allophanate (117). If urea was the product, then no additional ammonia 

would be generated since allophanate hydrolase is not reactive with urea. In the 

experiments conducted here, incubation of biuret with biuret hydrolase and allophanate 

hydrolase yielded 2.49 ± 0.11 mols ammonia. In a parallel experiment, the addition of 

urease to reaction mixtures containing biuret hydrolase and biuret only increased the 

ammonia released by 5% compared to reactions without urease. Together, these data are 

consistent with allophanate being produced by biuret hydrolase. 

 

Since the enzyme-based methods used here only provided indirect evidence for the 

product, 13C NMR experiments were conducted using uniformly labeled [U–13C]biuret. 

13C compounds used or detected in this study, and their chemical shifts, are provided in 

Table 2-2. Incubation with biuret hydrolase yielded clearly discernible allophanate and 

bicarbonate with no urea observed (Fig. 2-3A). Confirmation that the compound in Fig. 

2-3A was allophanate was obtained by allowing for its decomposition. Under the buffer 

conditions of the experiment, allophanate is known to decarboxylate to urea overnight 

and this was observed (Fig. 2-3B). Confirmation that this product was urea was obtained 

by incubating the material in Fig. 2-3B with urease and observing its rapid and 

stoichiometric transformation to bicarbonate (Fig. 2-3C). 
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Table 2-2. Compounds Involved in 13C Experiments 
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Figure 2-3. 13C NMR of 

enzyme and non-enzyme 

formed products. 

(A) [U–13C]Biuret reacted 

with biuret hydrolase. 

Allophanate peaks were 

observed at 1.5 h. 

(B) Reaction mixture in (A) 

allowed to stand at 20°C for 

67.5 h. 

(C) Treatment of reaction 

mixture in (B) with urease. 

Urea peak was undetectable 

after 1.25 h. NMR 

acquisition times vary. 



 

 44 

2.2.4  BIURET HYDROLASE REACTIVITY 

 

The finding that one mole of biuret was transformed to one mole each of allophanate and 

ammonia allowed the use of the Berthelot reaction for ammonia to follow the reaction 

course. The steady-state kinetic parameters determined here were a kcat of 4.0 ± 0.2 s–1 

and a KM of 23 ± 4 µM with a kcat/KM of 1.7 × 105 M–1 s–1. This is the first report of a 

kcat/KM for a biuret hydrolase and thus cannot be compared to other biuret hydrolases. 

However, these values are comparable to the values determined for cyanuric acid 

hydrolase (kcat/KM = 1.2 × 105 M–1 s–1) (73) and allophanate hydrolase (kcat/KM = 1.1 × 

104 M–1 s–1) (117) purified from Pseudomonas sp. ADP. These similar values are 

expected because cyanuric acid hydrolase, biuret hydrolase and allophanate hydrolase 

catalyze consecutive reactions in a metabolic pathway. 

 

To further ascertain that the biuret hydrolase purified here acts physiologically on biuret 

(Table 2-3, entry 1), a range of alternative compounds were tested for reactivity (Table 2-

3). In all, 34 additional compounds were tested for reactivity with biuret hydrolase. Each 

bore some structural analogy with biuret, with most being amides and some thioamides. 

As shown in Table 2-3, only two of the 34 showed reactivity with biuret hydrolase 

(entries 2 and 3). These were both substituted urea compounds. N-formylurea and N-

acetylurea showed approximately 3% and 1% of the specific activity of biuret, 

respectively. These data support the idea that biuret is the physiological substrate for the 

enzyme obtained here from Rhizobium leguminosarum bv. viciae strain 3841. 
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2.2.5  BIURET HYDROLASE WITH CARBOXYBIURET  

 

During the course of these studies, we became aware that cyanuric acid hydrolase does 

not produce biuret directly, but produces carboxybiuret (119, subsequently published – 

see Chapter 3) which undergoes decarboxylation to yield biuret. The decarboxylation 

may be sufficiently rapid at neutral pH or below that the intermediacy of carboxybiuret 

was previously undetected (71, 72, 73). In this context, we considered the possibility that 

biuret hydrolase might catalyze a physiologically relevant reaction with carboxybiuret. 

The biuret hydrolase might catalyze the hydrolysis of carboxybiuret to (A) biuret, (B) 

allophanic acid and carbamic acid, (C) urea and iminodicarboxylic acid, or (D) 1, 3-

dicarboxyurea (Scheme 2-2). All of these reactions produce bicarbonate that shows a 

sharp signal via 13C NMR. Scheme 2-2A generates bicarbonate directly. 

 

Scheme 2-2B, C, and D produce unstable intermediates that yield bicarbonate in aqueous 

solution. In this context, we conducted a 13C NMR experiment in which we monitored the 

disappearance of carboxybiuret and the concomitant appearance of bicarbonate in the 

absence or presence of biuret hydrolase. Uniformly labeled [13C]carboxybiuret was 

generated in situ from [U–13C]cyanuric acid using cyanuric acid hydrolase. 
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There was no difference in the time course of the disappearance of carboxybiuret without 

or with biuret hydrolase (Fig. 2-4). Both followed first-order decomposition curves with 

R2 values of 0.952 for Fig. 2-4A and 0.950 for Fig. 2-4B and had similar decay rates. The 

half-life was 12.7 min without biuret hydrolase and 12.5 min with biuret hydrolase. This 

suggested that carboxybiuret decarboxylation to biuret was likely non-enzymatic with a 

first order rate constant 18 min–1 under the conditions of the experiment. Thus, none of 

the hypothetical enzyme-catalyzed scenarios (Scheme 2-2A–D) occur. When the non-

enzyme rate is compared to the first-order rate constant of biuret hydrolase with biuret, 

240 min–1, the enzyme rate is only 13-fold faster than the non-enzymatic decarboxylation 

reaction that feeds into it. The experiments with carboxybiuret were conducted here at pH 

7.6, a pH close to the intracellular pH of many bacteria, which is typically near neutrality 

(120). However, the pH may be lower inside bacteria. For example acid-tolerant 

Rhizobium leguminosarum strains were found to maintain intracellular pH values of 5.9–

6.5 (121) and under those conditions, the rate of non-enzymatic decarboxylation of 

carboxybiuret would be expected to be similar to the rate of enzymatic hydrolysis of 

biuret to allophanate. The decarboxylation of phenylallophanate, for example, was found 

to strongly increase with pH below pH 7.5 (122). As a positive control that the biuret 

hydrolase enzyme was reactive under the conditions used in these experiments, we 

observed the rapid formation of [U–13C]allophanate (data not shown). 
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Figure 2-4. Disappearance of [U–13C]carboxybiuret and appearance of 

 [U–13C]bicarbonate in the absence (A) or presence (B) of biuret hydrolase. 
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In separate experiments that support the data above, 1-nitrobiuret, an isosteric and 

isoelectric analog of biuret carboxylate (the anion of carboxybiuret), was examined as a 

potential substrate or inhibitor. We found no evidence for release of ammonia or 

allophanate from 1-nitrobiuret in extended incubations. Moreover, we found no 

significant inhibition of biuret hydrolysis by 1-nitrobiuret at equimolar concentrations. 

These data are consistent with the idea that biuret hydrolase is not configured to bind and 

be reactive with carboxybiuret. 

 

While the interposition of a non-enzymatic step into a metabolic pathway is not common, 

there are several precedents. A recent report describing a bacterial catabolic pathway for 

pyrimidines revealed two enzyme products that decay non-enzymatically to provide the 

ultimate substrate for the next enzyme in the pathway (123). In the bacterial catabolic 

pathway for dihalomethanes, S-fluoromethyl glutathione was released as a reaction 

product by dichloromethane dehalogenase from methylotrophic bacteria when processing 

chlorofluoromethane (124). The released product was observed to decay on the time scale 

of minutes to formaldehyde. Formaldehyde is a growth substrate for the bacteria. It is 

thought that dichloromethane reacts enzymatically to produce a similar S-halomethyl 

glutathione intermediate and the chlorinated intermediate decays much more rapidly than 

the S-fluoromethyl analog (125). 

 

The present study is the first characterization of a stable biuret hydrolase and it further 

identifies one of the protein superfamilies that contribute this enzymatic activity. 
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Previous sequencing studies (94), and the present work, indicate that biuret hydrolases 

derive from several distinct protein superfamilies. This contrasts to the cyanuric acid 

hydrolases for which all known examples derive from the same protein family. (71, 

Chapter 3) In at least some cases, the cyanuric acid hydrolase and biuret hydrolase genes 

are contained on broad-host range plasmids (94) and thus there could be considerable 

mixing of genes via horizontal gene transfer events that contribute to the multiple origins 

of biuret hydrolase. 

 

 

2.3  MATERIALS AND METHODS 

2.3.1  CHEMICALS AND REAGENTS 

 

The following chemicals and reagents were obtained from the sources indicated: 

Acros/Thermo Fisher Scientific (NJ) acetamide (99%), adipic dihydrazide (98%), 2-

cyanoacetamide (99%), dicyandiamide (99.5%), 1,1-dimethylurea (98+%), ethyl 

allophanate (98%), N-formylurea (99%), isobutyramide (99%), malonamide (97%), 

oxamide (98%), semicarbazide hydrochloride (99+%), sulfamide (98%), 

thiosemicarbazide (99%); Alfa Aesar (Ward Hill, MA) acetylurea (98%), dithiobiuret 

(97%), thioacetamide (99+%); Cambridge Isotope Laboratories (Andover, MA) 

deuterium oxide (D99.9%); Fisher Scientific (Pittsburgh, PA) ethyl allophanate; Life 

Chemicals (Orange, CT) (2-chloroacetyl)urea (>90%); Mallinckrodt Baker, Inc. 

(Phillipsburg, NJ) sodium hydroxide, ferric chloride 6-hydrate; OmniSolv/EM Science 
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(Gibbstown, NJ) formamide (99.8%); Sigma Aldrich Corp./Fluka (St. Louis, MO) 

acetoacetamide (97%), acetylthiourea (99%), acrylamide (99%), allophanic acid 

hydrazide, azodicarboxamide (97%), N-ethylurea (97%), hydroxyurea (98+%), 2-imino-

4-thiobiuret (99%), jack bean urease (#94282), 1-methyl-2-thiourea (97%), methylurea 

(97%), 1-nitrobiuret, succinamide (98%), thiourea (99+%), 3-(trimethylsilyl)-1-propane-

sulfonic acid sodium salt (97%), urea (99.5+%); Toronto Research Chemicals (North 

York, Ontario, Canada) [U–13C]cyanuric acid. Biuret (99%, Fluka) was recrystallized. 

Potassium allophanate was synthesized via hydrolysis of ethyl allophanate (Fisher 

Scientific, Pittsburgh, PA) (126). 

 

 

2.3.2  BIOINFORMATICS 

 

The cyanuric acid hydrolase protein sequence (NP_862537.1) from Pseudomonas sp. 

ADP was used to query the NCBI non-redundant protein sequences database by using 

blastp algorithm 2.2.25+. (127) Genes adjacent to blast hits were examined for 

annotations as amidases using the Conserved Domain Database (111), the UniProt 

Knowledgebase (128), and the EMBL-EBI InterPro Database (129, 130). Three biuret 

hydrolase candidates were selected for gene synthesis and subsequent experimental 

investigation: NP_773922.1 (Bradyrhizobium diazoefficiens USDA110 (formerly B. 

japonicum USDA 110, 218), YP_001237459.1 (Bradyrhizobium sp. BTAi1), and 

YP_770628.1 (Rhizobium leguminosarum bv. viciae strain 3841, plasmid 10) (Appendix 
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1, Fig. A1-1). Theoretical pIs and molecular weights for the translated candidate amino 

acid sequences were calculated using the pI/MW Tool 

(http://ca.expasy.org/tools/pi_tool.html) (112). Multiple sequence alignments were made 

using ClustalW2 (131). 

 

 

2.3.3  PLASMID CONSTRUCTION 

 

Three synthetic genes were designed based on protein sequences available in the NCBI 

database (Appendix 1, Fig. A1-1). The 3′-end of each gene was constructed to include 

nine nucleotides containing a HindIII restriction site, a 15 nucleotide spacer sequence and 

a His6 tag. In addition, the construct based on YP_001237459.1 encoded an additional 96 

nucleotides on the 5′ end to begin at what we consider to be the correct start codon. 

During gene synthesis, DNA 2.0 (Menlo Park, CA) optimized the codons for expression 

in E. coli. 

 

 

2.3.4  TRANSFORMATION AND EXPRESSION: ALL 3 CANDIDATES  

 

Plasmids containing the synthesized gene candidates (pJexpress401::bhBJ110_optEc, 

pJexpress401::bhBBTAi1_optEc, pJexpress::bhpRL10_optEc) were each transformed 

into Subcloning Efficiency E. coli DH5α Chemically Competent Cells (Invitrogen™, 
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Carlsbad, CA) per directions. Transformants were cultured on LB medium (BD-Difco, 

Franklin Lakes, NJ) containing kanamycin (50 µg/mL) and incubated 1–2 days at 37°C. 

Cells from each plate were stored −80°C in 50% glycerol. 

 

 

2.3.5  EXPRESSION AND PURIFICATION OF BHPRL10_OPTEC 

 

E. coli DH5α (pJexpress401::bhpRL10_optEc) was added to 25 mL LB broth containing 

kanamycin (50 µg/mL) and cultured at 37°C, 275 rpm for 17.25 h to a final optical 

density of 3.5 at 600 nm. This culture was used for a 1% inoculum of cultures for enzyme 

production (five 2 L Erlenmeyer flasks with 400 mL LB with 50 µg/mL kanamycin 

each). These cultures were induced with 1 mM isopropyl-β-D-thiogalactopyranoside 

(IPTG) when A600 = 0.48–0.59. After 4 h, the average A600 = 3.8. Cells were harvested by 

centrifugation at 4420 x g for 15 min at 4°C, resuspended in 10 mL 0.1 M potassium 

phosphate buffer, pH 7.0 and transferred to a chilled centrifuge tube containing a crushed 

EDTA-free Complete Mini protease inhibitor cocktail tablet (#11836170001, Roche 

Diagnostics, Mannheim, Germany). Cells were disrupted by two passes through a chilled 

French pressure cell at 19,000 p.s.i., and centrifuged for 90 min at 19,000 x g. The 

supernatant (containing the soluble proteins) was filtered through a 0.45 µm HT Tuffryn 

membrane (Acrodisc 25 mm syringe filter #4184, Pall Corp., Port Washington, NY). The 

filtrate was loaded onto an Amersham Biosciences LCC 501 FPLC with a 5 mL Ni (II)-

loaded HisTrap HP affinity column (GE Healthcare, Waukesha, WI) equilibrated with 0.1 
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M potassium phosphate buffer, pH 7.0 at 4°C. The expressed protein eluted with 0.5 M 

imidazole in 0.1 M potassium phosphate buffer, pH 7.0. SDS-PAGE [18% (wt/vol) 

separating gel, 8% (wt/vol) stacking gel] and Simply Blue Safestain (Invitrogen™; 

maximum sensitivity method) were used to analyze the fractions. Fractions 49–55 were 

pooled. At 4°C, a 50 mL pressure concentrator (Amicon #8050) equipped with a 10,000 

molecular weight cutoff ultrafiltration membrane (Ultracel regenerated cellulose, YM-10, 

Millipore, Billerica, MA) and nitrogen flow was used to remove the imidazole via buffer 

exchange with 0.1 M potassium phosphate buffer, pH 7.0 (3 times) and to concentrate the 

protein. A prior attempt with dialysis to remove the imidazole resulted in the protein 

quickly precipitating. Aliquots were flash frozen in liquid nitrogen and stored at −80°C. 

 

 

2.3.6  INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY 

   (ICP-MS) 

 

Purified biuret hydrolase (0.24 mg) from R. leguminosarum bv. viciae strain 3841 was 

hydrolyzed in 6.75 mL 0.2 M nitric acid and samples were incubated in a 95°C water 

bath for 2.5 h with inversion mixing every 10–15 min. The sample was diluted to 0.1 M 

nitric acid, the internal standard, 45scandium, was added, and transition metal content was 

determined by ICP-MS at the University of Minnesota Department of Geology & 

Geophysics (Minneapolis, MN). All chemical analyses were performed on a Thermo 

Scientific XSeries2 ICP-MS fitted with a hexapole collision/reaction cell using EPA 
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method 200.8. Elements were analyzed at standard mass resolution using 

helium/hydrogen collision reaction mode (CCT) with kinetic energy discrimination 

(KED). Sample introduction was via an ESI PC3 FAST system with sample loops with a 

dwell time of 15 ms with 30 sweeps and 5 replicates. The calibration curve was generated 

using 4 multielement standards purchased from SPEX Industries. Detection limits ranged 

from 2 to 100 ppt. 

 

 

2.3.7  N-HYDROXYBIURET SYNTHESIS 

 

N-hydroxybiuret was synthesized by the method of Larsen (132) with minor 

modifications as suggested by Exner (133). In brief, ethyl allophanate was used in water 

instead of methyl allophanate in methanol. Also, the reaction was allowed to stand at 

50°C for 6–8 h instead of ambient temperature for 14 days. Samples run on TLC plates 

reacted with 5% iron (III) chloride in methanol to generate the expected blue spots. Rf = 

0.4 using a solvent of methanol/benzene/ethyl acetate in a ratio of 2:4:1 containing 1% 

formic acid. 

 

 

2.3.8  NUCLEAR MAGNETIC RESONANCE (NMR) STANDARDS AND  

   PRODUCT CONFIRMATION 
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For the initial studies and the confirmation that allophanate was the product of biuret 

hydrolase with biuret (Figure 2-3), 13C NMR spectra were acquired using a Varian Unity 

Inova 400 MHz NMR with VnmrJ 2.2D software and a Nalorac 4 Nuc probe in 0.1 M 

phosphate buffer, 10% deuterated water (D2O), 1% dioxane, pH 7 to 7.7. Using 2.0 

mg/mL cyanuric acid reduces the pH from 9.0 to 7.7. Tetramethylsilane (TMS) was used 

as an external standard (δ = 0) and dioxane as an internal standard (δ = 66.6). [U–

13C]biuret was generated with 0.75 mL [U–13C]cyanuric acid (2.0 mg/mL) in 0.1 M 

potassium phosphate, 10% D2O, 1% dioxane and 11 µg of cyanuric acid hydrolase (71). 

Biuret hydrolase (3.1 µg) was added and allowed to react. After allophanate decomposed 

to urea, 125 µg urease was added to the reaction. 

 

 

2.3.9  ENZYMATIC ASSAYS, SUBSTRATE AND RATE DETERMINATIONS 

 

One unit of biuret hydrolase activity was defined as the amount of enzyme converting 1 

µmol biuret to 1 µmol ammonia in 1 min. One unit of allophanate hydrolase activity was 

defined as the amount of enzyme converting 1 µmol allophanate to 2 µmol ammonia in 1 

min. Ammonia determination was performed via the Berthelot reaction as previously 

described (100,101). Standard curves had a 1 µM to 1.2 mM linear range. Ammonia 

levels were also determined using an Ammonia Assay Kit (#AA0100, Sigma-Aldrich, St. 

Louis, MO) according to the manufacturer’s instructions. 
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2.3.10  ASSAY, SUBSTRATE ANALOGS , AND STEADY-STATE KINETICS 

 

Assays contained 3 mM biuret in 0.1 M buffer; 1.92 µg/mL of biuret hydrolase was 

allowed to react with the biuret for 3 min at ambient temperature and then subjected to 

the Berthelot Assay. The following buffers were tested: (0.1 M each, within 1 pH unit of 

a pKa): succinate, 3-(N-morpholino)propanesulfonic acid, N-[tris(hydroxymethyl)-

methyl]glycine, 2-(cyclohexylamino)ethanesulfonic acid, sodium carbonate, 2-(N-

morpholino)ethanesulfonic acid, potassium phosphate, 4-(2-hydroxyethyl)-1-piperazine-

propanesulfonic acid, borate, and 3-(cyclohexylamino)-1-propanesulfonic acid. Substrate 

analog assays were conducted in 0.1 M potassium phosphate buffer, pH 8.5, at ambient 

temperature. For substrate tests, 500 µM substrate was incubated with purified biuret 

hydrolase (1.92 µg/mL). Ammonia release was measured using the Berthelot Assay (30 

min incubation, reading at 630 nm). Control samples without enzyme were analyzed in 

parallel and no significant non-enzymatic ammonia release was observed. To preclude 

that any substrate generated false negatives from the Berthelot Assay, 800 µM 

ammonium chloride was separately added to 500 µM substrate solutions, then assayed. 

No significant interference was detected. Kinetic parameters for biuret were calculated 

from initial hydrolysis rates at eleven different biuret concentrations ranging from 10 

µM–300 µM. Triplicates for each biuret concentration with the same enzyme preparation 

were performed. Apparent Km and vmax values were estimated by non-linear regression 

according to the Michaelis–Menten equation, v0 = (Vmax × [S])/(Km+[S]), using GraphPad 

Prism software (version 5). 



 

 59 

2.3.11  INHIBITION BY SULFHYDRYL-MODIFYING REAGENTS 

 

Biuret hydrolase (14.8 µM) was incubated with either N-ethylmaleimide (NEM, 500 µM) 

or iodoacetamide (50 µM) in 0.1 M potassium phosphate buffer, pH 7.1 in the absence of 

biuret at ambient temperature. Ten microliter aliquots were taken between 0 and 5 min 

and immediately added to 990 µL of 3 mM biuret in 0.1 M potassium phosphate, pH 7.1 

to initiate activity assays. Enzyme activity was detected using the Berthelot Assay as 

previously described. 

 

 

2.3.12  NMR-DETERMINED DECARBOXYLATION KINETICS 

 

To follow the kinetics of carboxybiuret disappearance and bicarbonate appearance, the 

1H-decoupled 13C NMR spectra for the reactions in Figure 2-4 were acquired with a 

Varian Inova 600 MHz NMR spectrometer using a 5 mm Auto-X Dual Broadband probe 

at 25°C. In each NMR tube, the reaction mixture contained 14.4 mM [U–13C]cyanuric 

acid (prepared in 0.1 M potassium phosphate, 10% D2O, 1% dioxane, pH 9.07) and 0.08 

mg/mL cyanuric acid hydrolase (71) (purified in 0.1 mM potassium phosphate, pH 7). 

One tube also contained 0.024 mg/mL biuret hydrolase that was mixed with cyanuric acid 

hydrolase prior to the start of the reaction. The pH of each reaction mixture at time zero 

was pH 7.7. Following the initiation of each reaction by adding cyanuric acid hydrolase, 

array spectra were acquired each minute for approximately 70 min. Compound 
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concentrations were determined by following the peak integrals at 155.0 ppm for 

carboxybiuret and 160.4 for bicarbonate/carbonate. Using the Varian VnmrJ 2.2D 

software, data were transformed and analyzed in the following manner: integrals were 

selected and the internal standard, dioxane, was set to 100 on the first spectra (66.6 ppm) 

of each array. Integrals were imported into Microsoft Office Excel 2002 SP3 and 

normalized to the dioxane value in the first spectra. Acquisition time was converted to 

enzyme reaction time. Data were imported into GraphPad Prism 5 software, plotted and 

analyzed using the non-linear regression package. 

 

 

2.4  SUPPORTING INFORMATION 

 

Data related to the biuret hydrolase gene candidates (nucleotide sequences for gene 

contructs, source strains and protein ID numbers, theoretical pI and molecular weight 

values) and an SDS-PAGE image of the purified biuret hydrolase from Rhizobium 

leguminosarum bv. viciae strain 3841 may be found in Appendix 1 (Fig. A1-2). A 

chromatogram indicating fractions of interest in the FPLC purification of biuret hydrolase 

is available (Fig. A1-3). An example of the colorimetric ammonia detection assay 

(Berthelot Assay) results is in Fig. A1-4. Extended annotation of the gene sequence 

submitted for synthesis and optimization is in Fig. A1-5. 
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2.5  PUBLICATION OF THESIS WORK 

 

This research1 was the result of the efforts of several individuals (listed as published): 

Cameron, Stephan M; Durchschein, Katharina; Richman, Jack E; Sadowsky, Michael J. 

& Lawrence P. Wackett.  

 

For this chapter/paper, my contributions were focused on the following: Literature 

searching and analysis, experiments and data analysis, including:  gene identification 

(bioinformatics); cloning,  expression, and purification of bhpRL10_optEc; enzyme 

assays with allophanate hydrolase and Sigma’s Ammonia Assay Kit to determine  

reaction products; enzyme assays in various buffers to determine optimum conditions for 

activity; preparation of samples for ICP-MS and subsequent data analysis; enzyme 

inhibition studies; in collaboration with Jack Richman, 13C NMR experiments 

demonstrating reaction products; biuret hydrolase lack of reactivity with 

carboxybiuret/13C NMR-determined decarboxylation kinetics; examination of 1-

nitrobiuret as a substrate/inhibitor analog for carboxybiuret. For substrate assays, I 

contributed ideas for substrates to test, tested a few substrates, and trained K.  
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Durchschein on the Berthelot Assay for the majority of the testing. Regarding authorship, 

I wrote the materials and methods, the figures, the supplemental section, and co-authored 

the results & discussion and introduction. 

 

Citation: Reprinted (adapted) with permission from (Cameron SM, Durchschein K, 

Richman JE, Sadowsky MJ, and LP Wackett. 2011. A New Family of Biuret Hydrolases 

Involved in s-Triazine Ring Metabolism. ACS Catal. 1:1075-1082. DOI: 

10.1021/cs200295n.) Copyright (2011) American Chemical Society. 
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CHAPTER 3  DEFINING SEQUENCE SPACE AND REACTION PRODUCTS 

     WITHIN THE CYANURIC ACID HYDROLASE (ATZD)/ 

     BARBITURASE PROTEIN FAMILY  

 

 

Content in this chapter is reprinted with permission from 

Journal of Bacteriology. All rights reserved. 

 

 

Cyanuric acid hydrolases (AtzD) and barbiturases are homologous, found almost 

exclusively in bacteria, and comprise a rare protein family with no discernible linkage to 

other protein families or an X-ray structural class. There has been confusion in the 

literature and in genome projects regarding the reaction products, the assignment of 

individual sequences as either cyanuric acid hydrolases or barbiturases, and spurious 

connection of this family to another protein family. The present study has addressed those 

issues. First, the published enzyme reaction products of cyanuric acid hydrolase are 

incorrectly identified as biuret and carbon dioxide. The current study employed 13C 

nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry to show that 

cyanuric acid hydrolase releases carboxybiuret, which spontaneously decarboxylates to 

biuret. This is significant because it revealed that homologous cyanuric acid hydrolases 

and barbiturases catalyze completely analogous reactions. Second, enzymes that had been 

annotated incorrectly in genome projects have been reassigned here by bioinformatics, 
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gene cloning, and protein characterization studies. Third, the AtzD/barbiturase family has 

previously been suggested to consist of members of the amidohydrolase superfamily, a 

large class of metallohydrolases. Bioinformatics and the lack of bound metals both argue 

against a connection to the amidohydrolase superfamily. Lastly, steady-state kinetic 

measurements and observations of protein stability suggested that the AtzD/barbiturase 

family might be an undistinguished protein family that has undergone some resurgence 

with the recent introduction of industrial s-triazine compounds such as atrazine and 

melamine into the environment. 

 

 

3.1  INTRODUCTION 

 

With widespread DNA sequencing and complementary bioinformatics, more than 108 

proteins are contained within the GenBank database (www.ncbi.nlm.nih.gov/GenBank). 

The proteins, both known and virtual, have been assigned to family and superfamily 

compilations. Some of these compilations now include tens or hundreds of thousands of 

members. Many have multiple crystal structures available (134, 135, 136, 137, 138). 

Newly identified proteins typically map to one of these large superfamilies, thereby 

aiding in determining the new protein's structure and function. 

 

The set of proteins identified as cyanuric acid hydrolases and barbiturases do not fit this 

typical pattern. The cyanuric acid hydrolases designated AtzD and TrzD were the first 
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members of this family to be identified (74, 139). The atzD gene in Pseudomonas sp. 

strain ADP is part of an operon that encodes the catabolism of the s-triazine compound 

cyanuric acid (94, 140). Cyanuric acid catabolism releases ammonia to support cell 

growth. AtzD initiates catabolism by opening the s-triazine ring to allow subsequent 

ammonia-liberating reactions. TrzD is found in Acidovorax citrulli strain NRRLB-12227, 

a bacterium isolated for its ability to grow on melamine. TrzD is functionally identical to 

AtzD, catalyzing the cyanuric acid ring-opening reaction in the pathway. AtzD and TrzD 

were identified as being homologous, but they were not connected to any other proteins 

or protein families in those studies (73, 74, 94). Barbiturase was first purified to 

homogeneity from Rhodococcus erythropolis JCM3132 and shown to catalyze the 

hydrolytic opening of barbituric acid, an intermediate in the oxidative pyrimidine 

catabolic pathway (141, 142). Those studies reported that barbiturase was homologous to 

AtzD and TrzD (141, 142). One of the reports found zinc to be present in the enzyme 

preparations and thus proposed that barbiturase was homologous to members of the 

amidohydrolase superfamily (142). Barbiturase is not reactive with cyanuric acid. 

Conversely, cyanuric acid hydrolase does not hydrolyze barbituric acid, although that 

compound was observed to be a tight-binding inhibitor (74, 139). 

 

Most recently, a few additional cyanuric acid hydrolases were experimentally confirmed 

in atrazine-degrading bacteria and from the genome sequence of Moorella thermoacetica 

ATCC 39073 (71). Additionally, several sequences have been annotated as cyanuric acid 

hydrolases or barbiturases from genome sequencing projects. Pairwise sequence 
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comparisons of these new proteins typically show 40 to 65% protein sequence identity to 

AtzD, TrzD, or barbiturase, but all of these comparisons were similar. Thus, it was not 

possible to definitively discern whether a new sequence represented a cyanuric acid 

hydrolase, a barbiturase, or perhaps some other enzyme activity. 

 

Cyanuric acid hydrolases and barbiturases, although clearly homologous, have been 

perceived as catalyzing somewhat different reactions. Barbiturase was reported to cleave 

a single amide bond in the six-membered ring of barbiturate to yield ureidomalonic acid 

(Fig. 3-1B). Purified cyanuric acid hydrolases have been reported by several groups (72, 

73, 74) to yield biuret and carbon dioxide, which represents an apparent cleavage of two 

carbon to nitrogen bonds within the six-membered ring of cyanuric acid (Fig. 3-1A). 

 

The present study dealt with these previous ambiguous features of the AtzD/barbiturase 

family and greatly expanded the set, with dozens of new related proteins being identified 

by bioinformatics. In total, 41 protein sequences were clustered into clades. 

Representative proteins from each clade were cloned, expressed, purified, and assayed to 

determine kinetic constants. This allowed assignment and, in a few cases, reassignment 

of proteins into clearly delineated classes as either cyanuric acid hydrolases or 

barbiturases. Moreover, the reactions catalyzed by cyanuric acid hydrolase and 

barbiturase were investigated and found to be directly analogous (Fig. 3-1). 
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This correction of the reaction products is important because genomic and metabolism 

databases such as MetaCyc incorrectly describe the cyanuric acid hydrolase (AtzD and 

TrzD)-catalyzed reactions as amide hydrolysis and decarboxylation 

(http://biocyc.org/META/NEW-IMAGE?type=PATHWAY&object=PWY-5169) rather 

than the amide bond cleavage reaction alone, as shown here. Lastly, bioinformatics and 

metal determinations showed no evidence of homology between the AtzD/barbiturase 

family and the amidohydrolase superfamily. 

 

 

3.2  MATERIALS AND METHODS 

3.2.1  CHEMICALS  

 

Cyanuric acid, barbituric acid, 2,4,5-trihydroxypyrimidine, 6-azauracil, and hydantoin 

were purchased from Acros Organics (Morris Plains, NJ). Uracil, thymine, 5-azacytosine, 

cytosine, 5-nitrobarbituric acid, 5,6-dihydroxyuracil, allantoin, l-asparagine, biuret, and 

deuterium oxide (D2O) were purchased from Sigma-Aldrich (St. Louis, MO). Creatinine 

was purchased from Fluka (Buchs, Switzerland). Alloxan was purchased from Eastman 

Kodak (Rochester, NY). Urea and dioxane were purchased from Fisher Scientific 

(Pittsburgh, PA). Ammelide and ammeline were synthesized in our laboratory as 

previously described (143). 
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3.2.2  IDENTIFICATION OF ATZD/BARBITURASE FAMILY MEMBERS 

 

The non-redundant protein database was searched using pblast and PSI-BLAST with 

query sequences that included cyanuric acid hydrolase sequences from Pseudomonas sp. 

ADP (AtzD), Acidovorax citrulli strain 12227 (TrzD), and Moorella thermoacetica 

ATCC 39073 and the barbiturase sequence from Rhodococcus erythropolis JCM 3132. 

The data set was cross-referenced to ensure that all proteins were members of the same 

family. Shotgun analyses with both BLAST and PSI-BLAST were done in an attempt to 

broaden the sequence space of the AtzD/barbiturase family (144). The HMMER software 

(version 3.0) (145) was used to search the non-redundant protein database using Pfam 

Hidden Markov models (HMMs), and HMMs were generated with the current data set. 

 

 

3.2.3  PHYLOGENETIC TREE CONSTRUCTION 

 

The sequences belonging to the AtzD/barbiturase family were collected and aligned using 

ClustalW (146). Phylogenetic trees were constructed using Phylip software (147). 

Maximum-likelihood and neighbor-joining methods were used with bootstrapping. The 

protein from Frankia sp. strain Eul1c (YP_004017027.1) had the most divergent 

sequence and was used as the outgroup. Changing outgroups did not alter the morphology 

of the trees. 
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The general clusterings found in maximum-likelihood and neighbor-joining trees were 

the same. Slight differences in position were observed for AtzD homologs from Bacillus 

cellulosilyticus DSM 2522, Paenibacillus sp. strain JDR-2, Acidithiobacillus 

ferrooxidans ATCC 53993 and ATCC 23270, Oceanicola granulosus HTCC2516, 

Saccharomonospora viridis DSM 43017, and Catenulispora acidiphila DSM 44928. 

These differences did not alter interpretation of the data. 

 

 

3.2.4  BACTERIAL STRAINS 

 

Strains were grown as recommended by the suppliers. Rhizobium leguminosarum bv. 

viciae 3841 was obtained from Peter Young (University of York, United Kingdom), 

Azorhizobium caulinodans ORS 571 was from Eric Giraud (Laboratoire des Symbioses 

Tropicales et Méditerranéennes, Montpellier, France), Moorella thermoacetica was from 

Stephen Ragsdale (University of Michigan Medical School, Ann Arbor, MI), B. 

diazoefficiens USDA110 (formerly B. japonicum USDA 110, 218) was from the USDA-

ARS Rhizobium culture collection in Beltsville, MD, and DNA from Methylobacterium 

sp. strain 4-46 was from Chris Marx (Harvard University, Cambridge, MA) and Lynne 

Goodwin (DOE-Joint Genome Institute, Los Alamos National Laboratory). 



 

 71 

3.2.5  CLONING, EXPRESSION, AND PROTEIN PURIFICATION 

 

Genes encoding AtzD/barbiturase family members were PCR amplified and cloned into a 

pET28b(+) vector (Novagen, Madison, WI), using NdeI and HindIII restriction sites. The 

resulting vectors were transformed into either Escherichia coli BL21(DE3) or E. coli 

BL21(DE3)pLys. These strains were grown with the appropriate antibiotics, i.e., 50 

µg/ml kanamycin or 50 µg/ml kanamycin with 25 µg/ml chloramphenicol, respectively. 

Expression and protein purification were conducted as previously described (71). All 

enzymes that were purified were stored at 4°C and never frozen, with the exception of the 

Moorella thermoacetica ATCC 39073 enzyme used in nuclear magnetic resonance 

(NMR) experiments. Stability was monitored to ensure that no detectable inactivation 

occurred throughout the study. 

 

 

3.2.6  ENZYME ASSAYS AND KINETIC CONSTANT DETERMINATIONS 

 

All reactions were carried out in 25 mM Tris-HCl buffer, pH 8.0, at room temperature 

unless otherwise noted. Assays were performed using a Beckman DU640 

spectrophotometer. Cyanuric acid and barbituric acid concentrations were monitored at 

214 nm (extinction coefficient = 8,800 cm−1 M−1) and 256 nm, respectively. Substrates 

for routine assays were tested at 100 µM. Kinetic parameters were determined by 

obtaining rates at cyanuric acid concentrations ranging from 10 to 110 µM. Kinetic 
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constants were determined by using the non-linear regression analysis of Prism software 

(GraphPad, version 5.03). 

 

The Azorhizobium caulinodans ORS 571 (locus AZC_3203) enzyme was tested with 

additional substrates, including uracil, thymine, 6-azauracil, 5-azacytosine, cytosine, 

2,4,5-trihydroxypyrimidine, 5-nitrobarbaturic acid, creatinine, 5,6-dihydroxyuracil, 

hydantoin, ammelide, ammeline, allantoin, alloxan, urea, l-asparagine, and biuret. 

Transformation of these compounds consisted of noting any spectral changes via UV-

visible spectrometry and any changes in peak areas via high-pressure liquid 

chromatography (HPLC) analysis, using a Hewlett-Packard HP 1100 system equipped 

with a diode array detector interfaced to an HP ChemStation. HPLC samples were 

prepared in 5 mM phosphate buffer, pH 7.0. Samples were analyzed on either an Alltech 

mixed-mode C8/anion 7 µ column (250 by 4.6 mm), using an isocratic mobile phase 

consisting of 95% methanol and 5% 5 mM phosphate buffer, pH 7.0; a Waters IC-Pak A 

HC anion-exchange column (150 by 4.6 mm), using an isocratic mobile phase consisting 

of 5 mM phosphate buffer, pH 8.0; or a Varian Microsorb-MV 100-8 CN column (250 by 

4.6 mm), using an isocratic mobile phase of 5 mM phosphate buffer, pH 6.7. 
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3.2.7  DEMONSTRATION OF CYANURIC ACID HYDROLASE REACTION 

   PRODUCT VIA 13C NMR AND MASS SPECTROMETRY: DETECTION 

   OF[U-13C]CARBOXYBIURET  

 

Initially, broadband proton-decoupled 13C NMR spectra were acquired at 20°C and 100.5 

MHz on a Varian Unity Inova 400 MHz NMR spectrometer equipped with a Nolorac 4 

Nuc probe and operating under VnmrJ 2.2D software. 1,4-Dioxane was used as internal 

reference and integration standard (assigned as δ = 66.6 ppm relative to an external 

tetramethylsilane reference). Initial 13C NMR results were confirmed using a Varian 

Inova 600 MHz NMR spectrometer with a 5-mm Auto-X Dual Broadband probe held at 

25°C. 

 

Reactions were performed in 5-mm NMR tubes containing a 0.7-ml solution of uniformly 

ring-labeled [U-13C]cyanuric acid (2.0 mg/ml, 95% chemical purity, 99% isotopic purity; 

Toronto Research Chemicals, Inc., Ontario, Canada) in 100 mM potassium phosphate, 

10% D2O, and 1% 1,4-dioxane (pH 8.9). The mixture had a final pH of 7.7. The 13C 

NMR spectrum of the [U-13C]cyanuric acid (singlet, 157.7 ppm) was stable overnight at 

room temperature. Spectra from commercial standards of biuret and bicarbonate were 

also acquired and had chemical shifts of 157.5 (singlet) and 160.4 ppm (singlet), 

respectively. Enzymatic reactions were initiated by adding 35 to 150 µg purified cyanuric 

acid hydrolase in 100 mM potassium phosphate buffer (pH 7.0) to the NMR tube. The 

cyanuric acid hydrolases used were from Pseudomonas sp. ADP, Moorella thermoacetica 
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ATCC 39073, and Azorhizobium caulinodans ORS 571 (locus AZC_3892). Spectra 

representing the averaged chemical shifts from all pulses during the acquisition time were 

viewed at various intervals to follow the reaction process. 

 

For mass spectrometry, 1-ml reaction mixtures contained 2.0 mg/ml cyanuric acid 

(unlabeled or [U-13C]labeled) in 100 mM ammonium acetate, pH 9.1. The pH with this 

mixture was 8.5. Reactions were initiated with the addition of 35 µl cyanuric acid 

hydrolase in 100 mM potassium phosphate, pH 7. Twenty-microliter samples were 

directly injected into a Waters high-resolution mass spectrometer in negative-ion mode at 

intervals over the course of 40 min with 3 ml/min water as the carrier fluid. Spectra were 

analyzed using the MassLynx software with Elemental Composition. Mass 

determinations were made in the following manner. Each ion between nominal masses of 

100 and 500 was analyzed for its abundance over time. Those masses with profiles that 

reflected increasing abundance and then subsequent decreasing abundance were noted. 

The associated masses from the experiment with unlabeled cyanuric acid were then 

compared to those from the experiment with [U-13C]cyanuric acid to generate a list of 

paired ions, where the difference between their masses could be attributed to the 

difference between 12C and 13C. For each of the paired ions selected, the average mass 

from each time point was averaged and the standard deviation determined (Microsoft 

Excel 2003) to obtain the mass and tolerance to use in the Elemental Composition 

software. 
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3.2.8  METAL ANALYSIS  

 

The cyanuric acid hydrolases from Pseudomonas sp. ADP, Moorella thermoacetica 

ATCC 39073, and Bradyrhizobium japonicum USDA 110 and the barbiturase from 

Rhodococcus erythropolis JCM 3132 were hydrolyzed with 6 M hydrochloric acid at 

110°C for 24 h under vacuum. After cooling, the samples were quantitatively transferred 

to a vial and diluted to 5 ml with Chelex-treated water. Metal concentrations were 

determined via inductively coupled plasma emission spectroscopy (ICP) at the Soil 

Analytical Laboratory of the University of Minnesota (St. Paul, MN). Protein 

concentrations were quantitatively ascertained by amino acid analysis at Purdue 

Proteomic Facility (West Lafayette, IN). 

 

 

3.3  RESULTS 

3.3.1  IDENTIFICATION OF NEW MEMBERS IN THE CYANURIC ACID 

   HYDROLASE (ATZD)/ BARBITURASE FAMILY  

 

Sequences from over 6,423 genomes (148) containing over 10 million genes were 

analyzed in an effort to expand the set of known cyanuric acid hydrolases/barbiturases 

and link them to other protein families using BLAST, PSI-BLAST, Shotgun, and 

HMMER. Efforts to link this family with another family or superfamily were 

unsuccessful. However, the effort did identify 41 homologous sequences as of 4 January 
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2011. Of those, 8 were identified in bacteria that metabolize s-triazine compounds, 32 

were identified from genome sequencing data, and 1 was determined independently. 

 

The cyanuric acid hydrolase/barbiturase proteins consist of 340 to 400 amino acids and 

have subunit molecular masses of 36 to 43 kDa. The sequence diversity was large, with 

most proteins 40 to 65% identical to any of the proteins of known function. The identified 

sequences were found in a diverse set of organisms that represented one eukaryotic (one 

member only) and five bacterial phyla. These organisms were found in a wide range of 

environments, which included soils, acid mine drainage, plant tissue, and human feces. 

Additionally, the source organisms had been studied for a diverse set of functions, 

including plant symbioses, photosynthesis, s-triazine degradation, and plant pathogenesis. 

 

 

3.3.2  PHYLOGENETIC ANALYSIS OF PROTEIN SEQUENCES 

 

Phylogenetic analysis of the cyanuric acid hydrolase/barbiturase sequences generated a 

tree in which 39 of the 41 sequences were placed into two major clades (Fig. 3-2). Clade 

1 contained 24 sequences, of which 20 were subdivided into 3 groups (groups 1, 2, and 3) 

based on branching patterns. Clade 2 contained 15 sequences, of which 14 were 

organized into 2 groups (groups 4 and 5) based on branching patterns and gene context 

(Appendix 2, Fig. A2-1). Sequences that varied their position depending on the tree-

building algorithm used were left out of the defined groups. Clade 1 sequences were 
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more divergent than clade 2 sequences. Most of the clade 1 sequences were only ~40 to 

65% identical to known functional family members, whereas all of the clade 2 sequences 

were ≥72% identical to the characterized barbiturase (Table 3-1). 

 

The placement of proteins in four of the five groups correlated with the phylogeny of the 

source organisms. Groups 1 and 3 were composed exclusively of proteins from the 

Firmicutes and Alphaproteobacteria, respectively. Groups 4 and 5 were composed 

exclusively of actinobacterial proteins. These observations suggested that members of the 

cyanuric acid hydrolase/barbiturase family may be ancient, divergent, and 

chromosomally encoded in many organisms. The last point is supported by the gene 

placement within sequenced genomes (Appendix 2, Fig. A2-1). 

 

Group 2 sequences were from a diverse set of organisms, representing 

Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, and Actinobacteria. All 

but one of the group 2 source organisms were isolated for their s-triazine degradation 

abilities, and the sequences from those organisms are >99% identical to either AtzD or 

TrzD (Fig. 3-2). Many of these genes have been associated with plasmids and 

transposons and could have spread to a variety of organisms via horizontal gene transfer 

(73, 94, 149, 150, 151). It is possible that some of these genes have spread more rapidly 

in recent times with the inadvertent selection pressure provided by the use of billions of 

pounds of anthropogenic s-triazine compounds. 
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Figure 3-2. Maximum-likelihood phylogenetic tree for the AtzD/barbiturase family. This 

bootstrapped consensus tree precludes the use of a scale. Clade 1 (blue), containing 

predicted cyanuric acid hydrolases, is divided into three groups: group 1, Firmicutes 

enzymes; group 2, enzymes found in phylogenetically diverse bacteria with s-triazine 

degradation abilities (proteins sharing >99% identity to either AtzD [Pseudomonas sp. 

ADP, Pseudomonas nitroreducens, Comamonas sp. strain A2, Arthrobacter sp. strain 

MCMB-436, and Arthrobacter AD25] or TrzD [Acidovorax citrulli  strain 12227, 

Enterobacter cloacae strain 99, and Aminobacter aminovorans] have condensed 

subtrees); and group 3, alphaproteobacterial enzymes. Clade 2 (red) enzymes are found in 

actinobacteria and are divided into two groups, based on gene context data (Appendix 2, 

Fig. A2-1): group 4, containing an adjacent amino acid kinase superfamily protein, and 

group 5, containing the experimentally determined barbiturase from Rhodococcus 

erythropolis JCM 3132 and with an amidase signature superfamily member adjacent 

downstream. The outgroup from Frankia sp. Eul1c is in purple. (con’t.) 
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(Figure 3-2, con’t.)  
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3.3.3  SEQUENCE ALIGNMENTS 

 

The degree of similarity across clade 2 is much greater than that of clade 1. The sequence 

conservation across the clades is represented in Fig. 3-3, which shows an alignment for 

all family members that have been experimentally characterized, either in this study or in 

studies previously reported in the literature. Those residues with 100% conservation 

across the entire family have a black background, while those conserved in clade 1 have a 

green background and those in clade 2 have a red background. Note that some residues 

were conserved in all but one sequence of the clade. These do not appear highlighted in 

the alignment. There are also positions that are conserved in all of clade 1 and have a 

different conserved residue in clade 2. These residues, indicated by an asterisk with a 

blue background, may be residues significant in substrate specificity between clades 1 

and 2. A comprehensive family alignment can be found in Appendix 2, Fig. A2-2. 

Further defining the catalytic and substrate specificity roles of residues conserved 

between and within each of the clades will require additional structural information (for 

example, that obtained from an X-ray structure determination). 

 

 

3.3.4  SELECTION OF ENZYMES FOR EXPERIMENTAL INVESTIGATION 

 

The three cyanuric acid hydrolases with an experimentally determined function are 

located in group 1 (from Moorella thermoacetica ATCC 39073) and group 2 (AtzD and 
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Figure 3-3. Sequence alignment of experimentally characterized and highly divergent 

cyanuric acid hydrolase/barbiturase family members. A black background indicates 

residues with 100% conservation over the entire family, a green background indicates 

100% conservation across clade 1 (including sequences not in the current alignment), and 

a red background indicates 100% conservation across clade 2 (Note that only one 

sequence from clade 2 is shown in this alignment.) The blue background with an asterisk 

indicates different residues in clade 1 and clade 2 but 100% conservation within the 

respective clades. 
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TrzD). None of the group 3 proteins had been functionally characterized until this study. 

The only known functional protein in clade 2 was barbiturase from Rhodococcus 

erythropolis JCM 3132, which was placed into group 5. To expand the knowledge of the 

functional sequence space in the family, five of the newly identified proteins were 

selected for further study, as described in the next section. The proteins were chosen 

either to represent a group with no functionally characterized members or as atypical 

proteins from groups containing characterized proteins. 

 

The Bradyrhizobium japonicum USDA 110 protein was chosen due to its unusual 

placement in the tree compared to other Bradyrhizobium and Rhizobium strains. The 

Methylobacterium sp. 4-46 protein was one of 3 proteins chosen to represent group 3. 

The Rhizobium leguminosarum bv. viciae 3841 protein was chosen as another group 3 

member because it was plasmid encoded. Azorhizobium caulinodans ORS 571 was found 

to have two family member proteins. The protein encoded by locus AZC_3892 was 

placed into group 3, while the protein encoded by locus AZC_3203 was the only 

potential family member, apart from the outgroup (the sequence from Frankia sp. Eul1c), 

that was not placed into clade 1 or 2 (Fig. 3-2). Both Azorhizobium proteins were selected 

for further characterization to determine if they had the same or different functionalities. 

No clade 2 proteins were chosen for further characterization due to the limited diversity 

among the sequences. The genes for each of these AtzD/barbiturase family homologs 

were PCR amplified, cloned, and expressed in E. coli, and the resulting proteins were 

purified and assayed. 
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3.3.5  ENZYMATIC ACTIVITY AND KINETIC DETERMINATIONS 

 

The clustering of the Bradyrhizobium japonicum USDA 110 protein with the AtzD 

protein from Pseudomonas sp. ADP (73) suggested that this enzyme was a cyanuric acid 

hydrolase. However, with less than 59% identity to any of the experimentally confirmed 

cyanuric acid hydrolases, this functionality was ambiguous. Experimental studies of the 

recombinant protein confirmed it to be a cyanuric acid hydrolase. Furthermore, the 

proteins from group 3 of the phylogenetic tree, Methylobacterium sp. 4-46, Rhizobium 

leguminosarum bv. viciae 3841, and Azorhizobium caulinodans ORS 571 locus 

AZC_3892, were also confirmed to have cyanuric acid hydrolase activity. These are the 

first functional assignments to this section of the tree, and they show that the cyanuric 

acid hydrolase enzymes are distributed throughout clade 1. In addition, the 

Bradyrhizobium japonicum USDA 110 and Azorhizobium caulinodans ORS 571 locus 

AZC_3892 proteins were shown not to be reactive with barbituric acid. The second 

homolog from Azorhizobium caulinodans ORS 571, locus AZC_3203, failed to display 

either cyanuric acid hydrolase or barbiturase activity, consistent with its position outside 

both clades 1 and 2 (Fig. 3-2). The AZC_3203 protein was further tested for activity with 

other potential substrates, including uracil, thymine, 6-azauracil, 5-azacytosine, cytosine, 

2,4,5-trihydroxypyrimidine, 5-nitrobarbaturic acid, creatinine, 5,6-dihydroxyuracil, 

hydantoin, ammelide, ammeline, allantoin, alloxan, urea, l-asparagine, and biuret. No 

hydrolysis of any of these compounds could be detected by spectroscopy or HPLC. 
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Steady-state kinetic constants were determined to investigate whether those parameters 

would indicate that cyanuric acid hydrolysis was a major physiological function for these 

proteins. In general, physiological enzymes show kcat/Km ratios of at least 104 M−1 s−1 for 

their preferred substrates. For comparative purposes, AtzD from Pseudomonas sp. ADP 

and TrzD from Acidovorax citrulli strain 12227 were also purified and kinetic values 

determined. Note that the AtzD protein has been demonstrated to be part of an operon 

that is regulated partly by cyanuric acid (140) and that TrzD was isolated from a 

bacterium that grows on cyanuric acid as a sole nitrogen source. 

 

Stability studies with the Pseudomonas sp. ADP enzyme found that when the enzyme 

was frozen, a substantial loss in activity occurred. However, storage of the enzyme at 4°C 

resulted in stable activity for more than 1 month. For this reason, all enzymes were stored 

under these new conditions and activity monitored throughout the study to ensure no 

detectable loss of activity. The kcat for the Pseudomonas sp. ADP enzyme, stored in this 

way, was 10-fold higher than that previously published (139). However, purified TrzD 

had a kcat that was 10-fold lower than that previously published (74). The kcat and Km 

values for the newly cloned cyanuric acid hydrolases were each within an order of 

magnitude of each other (Table 3-2). The kcat values ranged from 5 to 73 s−1 and the Km 

values from 23 to 370 µM. These give kcat/Km values that ranged from 4 × 104 to 5 × 106. 

These values suggested that cyanuric acid hydrolysis is the physiological function of 

these enzymes. In contrast, the published values for the barbiturase are lower for kcat and 
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higher for Km. Thus, the kcat/Km is lower (Km = 1 mM, kcat = 1.6 s−1, and kcat/Km = 1.6 × 

103) (141). However, the genome and physiological context indicate that barbituric acid 

hydrolysis is the physiological function for this enzyme. 

 

 

3.3.6  DEMONSTRATION THAT CYANURIC ACID HYDROLASES  

   AND BARBITURASES ARE ISOFUNCTIONAL WITH THEIR 

   RESPECTIVE SUBSTRATES  

 

Based on overall sequence relatedness and multiple-sequence alignments, it seemed odd 

that barbiturases and cyanuric acid hydrolases would catalyze different reactions. Biuret 

had been reported as the product of the cyanuric acid hydrolase reaction (71, 73, 74, 75), 

including in one previous study using 13C NMR (72). However, in that previous 13C 

NMR experiment, the reaction mixture was analyzed at a pH of 4.0, a pH at which 

carboxybiuret, if formed, would be highly unstable. In that context, this experiment was 

reexamined here. 

 

In the present study, 13C NMR was used to analyze reaction mixtures poised at pH 7.7. 

Cyanuric acid is a symmetrical molecule (Fig. 3-1A), and the three carbon atoms 

appeared as a single resonance (157.7 ppm) in the 13C NMR spectrum, as expected (Fig. 

3-1A and 3-4A). Biuret is also symmetrical (Fig. 3-1A), and carbonate/bicarbonate 

contains a single carbon atom; therefore, single resonances were expected. Experiments 
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confirmed this, with chemical shifts of 157.5 and 160.4 ppm, respectively. The three 

carbon atoms in the proposed carboxybiuret intermediate would be bonded to different 

substituents (Fig. 3-1A) and would be expected to appear as three separate resonances. 

Prior to enzyme addition, a stable signal for [U-13C]cyanuric acid was observed at 157.7 

ppm (Fig. 3-4A). 

 

The addition of cyanuric acid hydrolase from Moorella thermoacetica ATCC 39073 led 

to a decrease in the cyanuric acid resonance of approximately 40% and, concomitantly, 

showed three new signals (157.1 ppm, 156.8 ppm, and 155.0 ppm), which we attributed 

to the presence of carboxybiuret (Fig. 3-4B). No bicarbonate/carbonate signal was 

observed at this time. As the reaction proceeded (Fig. 3-4C), a peak attributed to 

bicarbonate/carbonate appeared at 160.4 ppm. The resonance(s) at 157.5 to 155.7 ppm 

became broad and misshapen due to the appearance of biuret carbon atoms resonating at 

157.5 ppm and overlapping with the residual cyanuric acid peak at 157.7 ppm. As the 

reaction continued, the cyanuric acid peak shifted slightly upfield, likely due to increased 

acidity of the reaction mixture. The biuret peak increased and sharpened (157.5 ppm) 

(Fig. 3-4D). Concurrently, the bicarbonate/carbonate peak also increased. At this stage of 

the reaction, the integration of the bicarbonate/carbonate-biuret signals yielded a molar 

stoichiometry of 1:1, as expected. Also, the ratio of the proposed carboxybiuret carbon 

resonances was 1:1:1, as expected. (Fig. 3-4D). Within 2 h, only bicarbonate/carbonate 

and biuret were detected (Fig. 3-4E). Formation of carboxybiuret via 13C NMR was 

observed with the cyanuric acid hydrolases from Pseudomonas sp. ADP, Moorella 
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Figure 3-4. 13C NMR of cyanuric acid 

hydrolase biotransforming 

[U-13C]cyanuric acid to 

[U-13C]carboxybiuret, followed by non-

enzymatic decarboxylation. 

 

(A) [U-13C]cyanuric acid without 

enzyme; (B to E) [U-13C]cyanuric acid 

with enzyme at 9 min (B), 14 min (C), 41 

min (D), and 112 min (E). 
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thermoacetica ATCC 39073, and Azorhizobium caulinodans ORS 571 (locus 

AZC_3892). These results suggested that cyanuric acid hydrolases uniformly catalyze a 

hydrolytic amide bond cleavage that is analogous to the barbiturase reaction (Fig. 3-1). 

 

Attempts to synthesize carboxybiuret were unsuccessful, and, to our knowledge, its 

synthesis has not been described in the literature. In light of this, we also employed mass 

spectrometry with electrospray ionization to support the identification of carboxybiuret. 

Cyanuric acid with natural isotopic abundance was incubated with cyanuric acid 

hydrolase and observed over time. A parallel experiment was performed using 

[U-13C]cyanuric acid. In negative-ion mode, we observed mass ions consistent with the 

formation, and subsequent decomposition, of carboxybiuret adducts over the time course. 

Two pairs of ions were examined in detail. Each pair contained one ion from the 

experiment with unlabeled cyanuric acid and a corresponding heavier ion from the 

experiment with [U-13C]cyanuric acid. In the case of the ion pair with the nominal masses 

of 244 and 247 Da, these were attributed to carboxybiuret combining with potassium 

acetate (Appendix 2, Fig. A2-3). In the case of the ion pair with masses of 347 and 352 

Da, these could be generated from carboxybiuret in complex with biuret and potassium 

acetate or phosphoric acid. We did not observe the parent ion of carboxybiuret. This is 

likely because it was too unstable to survive the electrospray or the mass spectrometer 

analyzer and thus was seen only when complexed with another ion that provided some 

protection. In total, the mass spectrometry data supported the conclusion that 

carboxybiuret is the intermediate generated by cyanuric acid hydrolase. 
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3.3.7  EVIDENCE AGAINST THE ATZD/BARBITURASE FAMILY LINKAGE  

   TO THE AMIDOHYDROLASE SUPERFAMILY  

 

Initially, the barbiturase from Rhodococcus erythropolis JCM 3132 was identified as a 

member of the amidohydrolase superfamily due to the presence of a C-terminal HxH site 

in the protein sequence and a 1:1 zinc-to-subunit ratio (141). The homologous AtzD 

protein, however, lacked any observable bound metal (73). The current study further 

establishes that, beyond these two proteins being homologous, the reactions that they 

catalyze are completely analogous. Having homologous proteins catalyzing analogous 

reactions with two different mechanisms, one involving a metal and one without, is 

highly unusual, prompting additional investigation into this matter. 

 

Extensive sequence comparisons were conducted here to assess AtzD/barbiturase family 

linkages or their absence. Results from pblast, PSI-BLAST, Shotgun, and HMMER were 

unable to link any AtzD/barbiturase family member to an outside family or superfamily, 

including the amidohydrolase superfamily. Likewise, analysis of over 33,000 

amidohydrolase sequences found in the Structure Function Linkage Database (152) failed 

to connect to any member of the AtzD/barbiturase family. 

 

The amidohydrolase proteins comprise an extensive superfamily, usually containing one 

or two metals that are liganded by a set of conserved histidines and, in many cases, 

carboxylic acid residues. The amino acid ligands span the length of the linear protein 
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sequence, with the HxH site being the first, located in the N-terminal part of the protein. 

The protein folds into a (β/α)8 barrel in which the metal ligands, located in conserved 

positions within the secondary structure, converge into the center of the barrel to 

coordinate the metal (97). Secondary-structure predictions for the AtzD/barbiturase 

family were not able to establish similarity in structure or to find metal ligands 

comparable to those in the amidohydrolase superfamily. The only commonality between 

this superfamily and the barbiturase is the HxH site. The presence of an HxH site alone is 

not enough to link proteins to the amidohydrolase superfamily, especially since the 

amidohydrolase site is in the N terminus and the barbiturase site is in the C terminus of 

the protein. Countless other proteins also have an HxH site without being related to the 

amidohydrolase superfamily (153, 154, 155, 156, 157). Furthermore, analysis of the 

AtzD/barbiturase family sequences reveals that this HxH site, initially identified in a 

single protein from Rhodococcus erythropolis JCM 3132, is not completely conserved 

(Fig. 3-3). If this motif were required for metal binding and catalysis, conservation across 

the entire protein family would be expected. 

 

Previous studies on enzymes from Acidovorax citrulli strain NRRLB-12227, 

Pseudomonas sp. ADP, and Moorella thermoacetica ATCC 39073 found no stimulation 

from adding divalent metal ions (73, 74, 71). However, in the present study, we did 

analyze for the presence or absence of a stoichiometrically bound metal. The cyanuric 

acid hydrolases from Pseudomonas sp. ADP, Moorella thermoacetica ATCC 39073, and 

Bradyrhizobium japonicum USDA 110 and the barbiturase from Rhodococcus 
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erythropolis JCM 3132 were subjected to metal analysis under the same conditions. Zinc, 

iron, cobalt, nickel, copper, manganese, magnesium, lead, cadmium, and chromium were 

looked for. Only zinc and nickel were above background levels, and the amounts of those 

metals combined accounted for less than 0.1 metal per subunit. This differs greatly from 

the case for amidohydrolase superfamily members, which usually have 1 to 2 metals per 

subunit, as determined in our laboratory by this same method. These data suggested that 

both the cyanuric acid hydrolases and barbiturase are not metalloproteins. 

 

 

3.4  DISCUSSION 

 

This study is the first to describe the cyanuric acid hydrolases and barbiturases as a 

protein family. Previously, the barbiturases were suggested to be zinc enzymes in the 

amidohydrolase superfamily, but sequence analysis and metal determination conducted 

here argue against that family assignment and place them, along with the cyanuric acid 

hydrolases, in a unique protein family. This study further established that both enzymes 

catalyze common chemistry: a hydrolytic ring amide bond cleavage reaction, resulting in 

the opening of a heterocyclic 6-membered ring. The NMR and mass spectrometry 

experiments conducted here show for the first time that cyanuric acid hydrolases release 

carboxybiuret and not biuret. 
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The known set of proteins in this protein family was expanded from 4 to 41. Still, this is a 

rare family, appearing on an average of once in every 200 sequenced genomes (from a set 

of 6,423 genomes). The lack of a crystal structure within this set prevents the 

identification of the fold. Fold recognition/homology modeling programs such as 

SUPERFAMILY (158), pGenTHREADER (159), pDomTHREADER (159), Phyre2 

(2009), and SWISS-MODEL (161) were unable to provide any insights into structural 

classification. However, sequence comparisons, followed up by purification and activity 

measurements, allowed us to differentiate barbiturases from cyanuric acid hydrolases. 

The latter are the larger set of proteins known at this time, mainly due to their prevalence 

in s-triazine-degrading bacteria. The mobility of s-triazine degradation genes and high 

sequence identity of this group (group 2 in Fig. 3-2) suggest that these proteins may be 

part of a resurgence of cyanuric acid hydrolases due to the large amount of 

anthropomorphic s-triazine chemicals being produced currently. s-Triazine herbicides 

and melamine alone are produced in quantities greater than one hundred million pounds 

and one billion pounds, respectively (162). 

 

Cyanuric acid is found naturally, but its occurrence derives from spontaneous rather than 

metabolic chemistry. Cyanuric acid has been recovered from meteorites (163), and s-

triazines have been identified in “primordial soup” experiments (164). Cyanuric acid also 

is formed intracellularly during the radioactive decay of purine nucleotides. These 

observations are consistent with the data in this paper that suggest an ancient set of genes 

without a strong selection pressure for their prevalence. 
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3.5  SUPPORTING INFORMATION 

 

Genome context data & analysis, as well as the sequence alignment of the various 

cyanuric acid/barbituase protein family members are available in Appendix 2. Also 

available is the mass spectra of cyanuric acid hydrolase reaction products supporting the 

presence of carboxybiuret. 

 

 

3.6  PUBLICATION OF THESIS WORK 

 

This research2 is the result of several scientists’ efforts (listed as published): Seffernick, 

Jennifer L;  Erickson, Jasmine S;  Cameron, Stephan M; Cho, Seunghee; Dodge, 

Anthony G; Richman, Jack E; Sadowsky, Michael J; & Lawrence P Wackett. 

 

My contribution focused on collaborating with Jack Richman to identify the cyanuric 

acid hydrolase product, carboxybiuret, using 13C NMR and mass spectrometry 

(experiments and data analysis). Mass spectrometry experiments were done with the 

assistance of Steve Harvey. I analyzed the resulting spectra and elemental composition  

 

________________________________________________________________________ 

2.  This work was supported by a grant from the Biocatalysis and Synthetic Ecology Initiatives of the BioTechnology 
Institute at the University of Minnesota (to L.P.W. and M.J.S.), a grant from the National Center for Food Protection 
and Defense, and a fellowship from the NIH (Biotechnology Training Grant GM08347) (to S.C.). We thank Steve 
Harvey at The Center for Mass Spectrometry and Proteomics facility, University of Minnesota, St. Paul, MN, for 
assistance with mass spectrometry. 
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options, consulting with Dr. Jack Richman as appropriate. In addition, I composed the 

associated figures and co-authored the associated methods and results. 
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CHAPTER 4  ACTIVITY, CLONING AND EXPRESSION STUDIES OF 

     PUTATIVE BIURET HYDROLASE FROM  

     BRADYRHIZOBIUM SP. BTA I1 

 

 

4.1   INTRODUCTION 

 

It was a point of interest that the known functional cyanuric acid hydrolase genes are 

conserved (165, Chapter 3), yet bioinformatics data related to the known and putative 

biuret hydrolase genes indicated at least three different protein families were represented 

(cysteine hydrolase, metallo-β-lactamase, and amidase signature superfamily). Since the 

biuret hydrolase candidate from the cysteine hydrolase was purified and characterized 

(166, Chapter 2), effort was focused on one of the two remaining candidates, the protein 

encoded by BBTa_1316 from Bradyrhizobium sp. BTAi1 (167). In previous unpublished 

preliminary work in our lab, observations suggested Bradyrhizobium sp. BTAi1 had the 

capability to use cyanuric acid as a sole nitrogen source (E. Reynolds). This strain also 

grew on ammeline and ammelide, both of which would be metabolized via cyanuric acid 

(T. Dodge, J. Hall) and subsequently, biuret. 

 

As noted in Fig. 2-1c, BBTa_1316 is adjacent to a gene encoding an atzD homolog. This 

protein, BBTa_1315, is 48% identical and 60% similar to the functional cyanuric 

hydrolase from Pseudomonas sp. ADP, atzD. It has stronger similarity to the functional 
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cyanuric acid hydrolase from Moorella thermoacetica ATCC 39073, with 53% identity 

and 65% similarity (127, 165). Additional bioinformatics indicated BBTa_1316 encoded 

a protein with putative amidase functionality and was a member of the metallo-β-

lactamase (MβL) superfamily. (CDDsmart00849, 168) A metallo-enzyme would have a 

different mechanism of action compared to the previously characterized biuret hydrolase 

(Chapter 2, 166). Members of metallo-β-lactamase family include the medically 

important β-lactamases, but also thioesterases, glyoxalase II family members that 

hydrolyze S-D-lactoyl-glutathione to glutathione and D-lactic acid, and a competence 

protein required for natural transformation of Neisseria gonorrhoeae. Except in the case 

of the competence protein, these proteins have 1-2 metal cofactors (e.g., Zn2+, Fe2+). 

 

β-lactamase proteins are a medically important family and there are vast literature 

resources available. However, there was no published research related to protein encoded 

by the BBTa_1316 gene. The goal of this research was to further the knowledge about 

enzymes capable releasing ammonia from biuret in the biodegradation of s-triazines. 

Specific goals were to purify the enzyme, characterize it and correlate metal content with 

putative activity. If functional this would be the first characterization of a metallo-beta-

lactamase family member acting in s-triazine biodegradation pathways. It could then be 

compared to the only purified biuret hydrolase characterized (Chapter 2, 166). 

 

After several approaches, the protein was eventually expressed, and in the soluble 

fraction, with the co-expression of protein chaperones, GroEL and GroES. However, no 
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activity was detected in induced cell lysates containing various transition metals. The 

activity of the putative biuret hydrolase may have been suppressed due to the buffer used 

to prepare the cell lysates (Tris). 

 

 

4.2   MATERIALS AND METHODS 

4.2.1   BIOINFORMATICS AND INITIAL RESEARCH 

4.2.1.1  SEQUENCE ALTERATIONS AND ALIGNMENTS 

 

The BBTa_1316 gene (167) was identified as described in section 2.3.2 Bioinformatics. 

Details regarding initial plasmid construction can be found in section 2.3.3 Plasmid 

Construction. Initial expression of the gene is reported in Section 2.3.4 Transformation 

and Expression: All 3 candidates. Additional annotation notes are in section 2.2.1 and 

Appendices 1 and  3. The company that synthesized the gene, DNA 2.0 (Menlo Park, 

CA), added a ribosomal binding site to the 5’ end (5’-AGGAGGTAAAACAT -3’). When 

connected to the ATG start codon, an NdeI restriction site was created (5’-CATATG-3’). 

 

The quality of DNA sequence provided by DNA 2.0 was analyzed with FinchTV v.1.4.0. 

(180). DNA sequence comparisons used GenBank records (169) and BLAST (127). 

Translations of nucleotide sequences to proteins sequences were done using BLAST or 

the ExPASy Translate tool (170). Searches for homologous proteins were performed with 

BLAST against the NCBI non-redundant protein sequence database, the UniProtKB/ 
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Swiss-Prot database (171) or, in the case of structures, the Protein Data Bank (PDB – 

172, 173). Multiple sequence alignments (MSAs) of proteins were constructed with 

ClustalW2. (131) Inclusion of HindIII restriction site, spacer and His6 tag modifications 

were based on pET28b(+) vector by Novagen®/EMD Millipore (Billerica, MA). 

 

 

4.2.1.2  SEQUENCE ANALYSIS RELATED TO METAL LIGANDS 

 

Preliminary inclusion of protein BBTa_1316 in the metallo-β-lactamase (MβL) 

superfamily is based on BLAST (127) results that connected it to the Conserved Domain 

Database (168). Sequences chosen for the multiple sequence alignments were based on 

those reported in Campos-Bermudez et al. (174) or suggested by Brendt Rivard (personal 

communication, 175). Protein sequences were obtained from the PDB (172, 173) and 

GenBank (176). Multiple sequence alignments were generated with EBI MUSCLE (177) 

and JalView (178). Metal ligands noted are based on UniProtKB sequence annotations 

listed (179), available via the PDB record. 

 

 

4.2.2   EXPRESSION, PURIFICATION, AND ACTIVITY STUDIES OF 

    BHBBTA I_OPTEC FROM 

    E. COLI DH5α::PJEXPRESS401:40539 

4.2.2.1  EXPRESSION, PURIFICATION, AND ACTIVITY ASSAYS 

4.2.2.1.1 EXPRESSION AND PURIFICATION 
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Frozen glycerol stock of the strain carrying bhBBTAi1_optEc (E. coli DH5α:: 

pJexpress401:40539, transformant #1; also known as E. coli::pJexpress401: 

bhBBTAi1_optEc in Chapter 2, 166) was used to inoculate a LB plate with kanamycin 

(50 µg/ml) to obtain isolated colonies. The plate was incubated at 37°C overnight. Four 

isolated colonies were added to 25 ml LB broth containing kanamycin (50 µg/ml) and 

cultured at 37°C, 250 RPM for 16.75 hrs. The final OD600 = 3.85. This starter culture was 

used to inoculate protein production cultures (1.3%) [five 2-L Erlenmeyer flasks with 395 

ml LB with kanamycin (50 µg/ml) each]. Cultures were incubated at 37°C, 250 RPM for 

~4 hours. OD600 values of cultures were determined with a Beckman DU640 

spectrophotometer and when they reached ~ 0.5, one 3 ml aliquot was removed and 

incubated in parallel for use as uninduced control.  

 

To the remainder, Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added (final 

concentration = 1 mM) for induction of protein expression. Incubation continued (37°C, 

250 RPM) for 4.3 hours. Final OD600 values of the cultures ranged from 3.0-4.6. Cells 

were harvested by centrifugation using a Beckman J2-21 centrifuge with a JA-10 rotor at 

5000 x g for 20 min at 4°C. The supernatant was discarded and wet cell pellets were 

weighed, yielding a combined total of 18.82 g. Pellets were stored in -80°C until 

processed (1 week). In parallel, cells from the uninduced fraction were harvested with an 

Eppendorf Centrifuge 5418 at 13,000 RPM for 5 min at 4°C and also stored at -80°C (the 

pellets from the 3 ml sample were combined into the same 1.8 ml microfuge tube). 
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Induced pellets were resuspended and combined in a total of 10 ml buffer (0.1 M 

potassium phosphate, 0.5 M sodium chloride, pH 7, f/s) containing a crushed tablet of 

EDTA-free Complete Mini protease inhibitor cocktail (#11836170001, Roche 

Diagnostics, Mannheim, Germany). The mixture was transferred to a chilled tube, and 

then cells were lysed by two passes through a chilled French Pressure cell at 12,000 psi. 

The lysate was kept on ice and had a final volume was 20.5 ml (“French press lysate”). A 

sample of ~ 1 ml was removed and kept on ice for protein concentration, gel and activity 

analyses.  

 

The following centrifugation steps were done in a Beckman J2-21 centrifuge with a KA 

21.60 rotor in 4°C. The lysate was centrifuged for 90 min at 19,000 x g. The supernatant 

was considered the “19,000 x g” fraction and had a volume of 16.5 ml. A sample of 1 ml 

was removed for analyses; the remainder was transferred to another chilled tube. This 

was centrifuged for 30 min at 15,000 x g. The supernatant was considered the “15,000 x 

g” fraction and 1 ml was removed for analyses. The associated cell pellets of these 

fractions were stored at -80°C for future use if necessary. The supernatant from the 

15,000 x g fraction was fractionated further on an Amersham Biosciences LCC 501 

FPLC with a HisTrap HP (5 ml) Ni2+-loaded column (GE Healthcare Life Sciences, 

Pittsburgh, PA) at 4°C. Equilibration buffer was 0.1 M potassium phosphate buffer, 0.15 

M NaCl, pH 7.0 and elution buffer was 0.1 M potassium phosphate buffer, 0.5 M NaCl, 

0.5 M imidazole, pH 7.0. Flow through and fractions (#1-60) were kept at 4°C on ice 

until analyzed. 



 

 108 

4.2.2.1.2 SDS-PAGE ANALYSES  

 

For purification and metal stimulation studies, SDS-PAGE analyses were done using 

18% (wt/vol) separating gel with 8% (wt/vol) stacking gel. Gel analyses in subsequent 

sections used 4-15% Mini-Protean® TGX™ Precast gels (Bio-Rad, Hercules, CA). 

Markers used were Precision Plus Protein™ All Blue Standards #161-0373 (Bio-Rad, 

Hercules, CA), BenchMark™ Pre-Stained Protein Ladder #10748-010 (Invitrogen™), or 

Protein Ladder #P7703G (New England Biolabs, Ipswich, MA). Protein samples were 

combined with Sample Buffer - Laemmli 2X Concentrate (Sigma, St. Louis, MO), heated 

at 90-100°C for 3-10 min and loaded (up to 30 µl) onto gels. Keeping samples in a beaker 

of boiling or very hot water made it much easier to load all samples. 10X running buffer 

was composed of 144 g glycine, 10 g SDS, 30.3 g Tris in 1 L of ddH2O. One liter of 1X 

strength buffer was prepared prior to run and reused up to two more times. Protein bands 

were visualized by treating gels with Simply Blue Safestain (Invitrogen™) per the 

maximum sensitivity method. Gels were scanned and some were cropped or 

brightness/contrast adjusted with Microsoft Picture Manager 2010 and/or MS Paint. 

 

 

4.2.2.1.3 PROTEIN CONCENTRATION DETERMINATIONS 

 

Protein concentration was determined in triplicate using the spectrophometric Bio-Rad 

Protein Assay Kit II (#500-0002, Life Science Research, Hercules, CA) with bovine 
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serum albumin as the standard in buffer composed of 0.1 M potassium phosphate and 

0.15 M NaCl, pH 7 (equilibration buffer). Procedures used were the Microassay (same 

day as cell lysis, measured with a Beckman DU 640 spectrophotometer) or Standard 

Procedure for Microtiter Plates (six days post-lysis, samples stored on ice at 4°C), 

measured with a Molecular Devices SpectraMax Plus384 plate reader. Assays were done 

in triplicate. Experimental protein samples that were out of range were diluted (e.g., 

1:4000 for crude) and final A595 values were adjusted accordingly. In the case of using 

the Microassay Procedure, the line equation (MS Excel) of y=0.0457x + 0.0466 

(R2=0.9997) was used to determine protein concentrations. In the case of using the 

Standard Procedure for Microtiter Plates, there was an interest regarding the impact of 

incubation length on absorbance values. Within the 27.5 – 40 min incubation time 

window, no change in absorbance level was observed. Sample readings and the line 

equation from the 27.5 min incubation was used (y=0.0012x + 0.2667, R2=0.9963). 

 

 

4.2.2.1.4 ENZYME ACTIVITY ASSAYS 

 

Enzyme activity was assessed by quantifying the amount of ammonia in the system 

released from the putative substrate biuret by the enzyme. Ammonia quantification was 

done using the Berthelot Assay (100,101). Standard curves using ammonium chloride in 

0.1 M potassium phosphate buffer, pH 7.66 (triplicate) had a linear range of 4 µM on the 

low end to 1.4 mM on the high end. With a trendline forced through zero, the line 
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equation was y=0.0025x with an R2 of 0.9993. Thus, an absorbance of 1 (630 nm) = 400 

µM ammonia. Biuret stock solution was prepared as follows: 50 mM biuret in 0.1 M 

potassium phosphate, pH 7 to 7.7, stored at room temperature and used within 1 week. 

This solution could also be stored at 4°C. Enzyme assays were performed using 3 mM 

biuret as substrate and 0.1 M potassium phosphate, pH 7 as buffer in 1 ml total volume 

with biological duplicates or triplicates. Protein samples were kept at 4°C on ice. 

Amounts of protein and incubation times varied. 

 

 

4.2.2.2  EXPRESSION STIMULATION STUDY WITH METALS  

 

Five colonies of E. coli DH5α:: pJexpress401:40539, transformant #1 (carrying 

bhBBTAi1_optEc) were resuspended in 15 ml LB with kanamycin (50 µg/ml) (OD600 = 

0.02). Four 3 ml aliquots were distributed in tubes and metals and/or reductants were 

added accordingly. Stock solutions: FeSO4·7H2O (10.0 mg/10 ml) in ddH2O filter 

sterilized. L-cysteine (0.2 g /10 ml) in ddH2O, sparged with 100% N2
 and sterilized by 

autoclave; ZnSO4·7H2O (0.02g/20 ml) in ddH2O was filter sterilized. Ascorbic acid (0.4 

g/ 20 ml) in ddH2O and filter sterilized. Final concentrations in cultures: no metal, 

ZnSO4·7H2O (200 µM), FeSO4·7H2O (200 µM) + cysteine (400 µM), or FeSO4·7H2O 

(200 µM) + ascorbic acid (400 µM). 
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Cultures were incubated at 37°C, 270 RPM until OD600 ≈ 0.5. One milliliter aliquots were 

removed from initial tubes (“a” set) and put into tubes containing 3 ml of corresponding 

media (“b” set). Expression was induced in “b” set by adding IPTG (1 mM final 

concentration). The “a” tubes were used as uninoculated controls run in parallel to the 

induced set (10.5 hr). Fifty microliters aliquots were prepared and loaded on to gels for 

analysis (section 4.2.2.1.2). 

 

 

4.2.2.3  DNA SEQUENCING OF BHBBTAI1_OPTEC GENE FROM 

    PJEXPRESS401:40539 

 

DNA sequence data generated by either DNA 2.0 or by this sequencing study were 

analyzed by FinchTV v.1.4.0. (180). For sequencing reactions, two sets of primers were 

used. One set was purchased from DNA 2.0 (Menlo Park, CA): forward primer (pTF) and 

reverse primer (pTR). The second set was designed here. Primers were designed to start 

50-100 nts on either side of the ORF. Plasmid sequence was used with Integrated DNA 

Technologies (IDT) PrimerQuestSM (181) to generate primer options. Options were 

analyzed for hairpins and dimers; several were chosen to be synthesized by IDT. 

 

A single colony of E. coli DH5α::pJexpress401:40539 was used to inoculate 5 ml LB 

broth with kanamycin (50 µg/ml). The culture was incubated at 37°C and 250 RPM 

overnight. Plasmid DNA was isolated via the QIAquick Spin Miniprep Kit (Qiagen, 
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Valencia, CA) and concentrations were determined with an Eppendorf® Biophotometer 

(Eppendorf, Hauppauge, NY). Individual tubes were prepared that contained 100 ng 

plasmid (in 3-7 µl) or 200 pmol (10 µl of 20 pmol/µl) of each primer. Reactions were 

prepared and sequenced by ACGT, Inc. (Wheeling, Illinois). Sequence data was 

generated using the designed forward primer Cameron/pJe401-10f-100p (5’-

CAATTCCACAACGGTTTCCC-3’) and the purchased primer, pTR (5'-TGGT-

AGTGTGGGGACTC-3'). Data was analyzed for quality using Finch TV v. 1.4.0 (180). 

 

 

4.2.3   EXPRESSION STUDIES WITH PJEXPRESS401:40539 IN 

    PROTEASE KNOCKOUT HOST STRAINS 

 

Five individual colonies of E. coli DH5α pJexpress401:40539, transformant #1 were 

cultured separately in LB media (5 ml) with kanamycin (50 µg/ml) at 37°C, 250 RPM for 

12.75 hours. Final OD600 values for all cultures were ~3.7. Plasmids were harvested and 

quantified as in section 4.2.2.3. Each plasmid was individually transformed into each of 

three competent strains: E. coli BL21(DE3), E. coli BL21 Star™(DE3) OneShot® 

(Invitrogen™), and E. coli KRX (Promega, Madison, WI), using the Invitrogen™ or 

Promega protocols, respectively. These strains were chosen due to protease knockout 

features and the E. coli BL21 Star™(DE3) strain was also chosen due to its reduced 

capacity to degrade mRNA. All transformations were successful.  
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Two transformants from each strain and plasmid combination (e.g., E. coli BL21 1a or 

1b, total = 30) were used to separately inoculate 3 ml LB media with kanamycin (50 

µg/ml). Cultures were incubated at 37°C (250 RPM) until OD600 reached ~0.7 - 2. 

Samples 2a and 5a were discarded due to lack of substantive growth. Aliquots of cultures 

(0.75 - 1 ml) were added to 3 ml LB broth with kanamycin (50 µg/ml) and IPTG (1 mM 

final). In each case, a 50 µl aliquot (“uninduced” control samples) was removed. The 

remainder was incubated at 37°C (250 RPM, “induced” samples). Fifty microliter 

aliquots were removed after 4 hr and overnight. Aliquots were prepared and loaded onto 

gels per section 4.2.2.1.2 SDS-PAGE to visualize potential expression, purity, and 

molecular weight of bhBBTAi1_optEc. 

 

 

4.2.4   TRANSFER OF BHBBTAI1_OPTEC FROM PJEXPRESS401 

    PLASMID WITH T5 PROMOTER (PJEXPRESS401:40539) TO 

    PET28b(+) PLASMID WITH T7 PROMOTER AND 

    EXPRESSION IN E. COLI BL21(DE3)  HOST STRAINS 

4.2.4.1  AMPLIFICATION OF BHBBTAI1_OPTEC VIA PCR 

 

The template plasmid stock obtained from strain E. coli DH5α pJexpress401:40539, 

transformant #1 (section 4.2.3) was used as the source of bhBBTAi1_optEc template 

DNA. Primer design and synthesis: For the left primer, a leader sequence (TAAT) was 

added to the 5’ end to assist in restriction enzyme binding. An NdeI restriction site, 
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CATATG, already encoded in the plasmid and containing the start codon, was retained. 

The sequence from (and including) CATATG and the first twelve Cs and/or Gs was 

incorporated for a final sequence of 5’-TAAT CAT ATG CC ACT GTG GAC GTG C-3’ 

(#80671152 Cameron/102611-F-BHBBTAi1). For the right primer, design a similar 

method was used. However, a triple stop codon was included to encode a 3’ loop for 

stabilization of associated mRNA (182). Also, a new HindIII site was designed to be 

between the leader sequence and triple stop codon. In addition, to keep the melting 

temperatures of both primers within 1°C of each other, the right primer only contains 11 

Gs and/or Cs. This 5’�3’ primer sequence was entered into the “Reverse and/or 

complement DNA sequence” program (183). The “reverse complement” option generated 

the primer sequence in the 5’� 3’ direction. The final sequence was 5’-TAA TAA GCT 

TTT ATT ATT AAG CAA TCG CTG CCA AGT AAC G-3’. Primers were analyzed via 

IDT Oligo Analyzer to obtain hairpin probability data prior to final approval. Primer 

synthesis was performed by IDT, Inc. (181). 

 

For the polymerase chain reaction (PCR) program, an MJ Research PTC-100 

Programmable Thermocontroller was used with a program based on the 3-step protocol 

associated with the NEB Phusion® High-Fidelity DNA Polymerase (New England 

Biolabs, Ipswich, MA). Annealing temperature was 62.2°C. Cycled extension time was 

30 sec (30 cycles total) and final extension was 10 min. Fifty microliter PCR reactions 

were setup per the same protocol. Reagents included NEB Phusion® High-Fidelity DNA 

Polymerase with 5X HF Phusion® buffer (containing necessary MgCl2), 10 mM dNTPs 
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Mix (new, Invitrogen™), 0.25 µl forward primer (100 µM), 0.25 µl reverse primer (100 

µM). The experimental reaction contained 10 ng template plasmid and the negative 

control contained ddH2O. 

 

The entire contents of the experimental reaction (and an aliquot of the negative control) 

were each combined with 6X loading buffer [30% glycerol (v/v) and 0.25% bromophenol 

blue (w/v)] and loaded onto an agarose gel (1% agarose in 1X TAE buffer) containing 

ethidium bromide (7.5 µl of 10 mg/ml stock per 100 ml gel solution). Size determinations 

of bands were based on 1 Kb Plus DNA Ladder (Invitrogen™). The gel was run at 90 V 

for 1 hour. Bands of PCR product were visualized with UV light, trimmed tightly, and 

purified with QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). DNA was quantified 

as described in section 4.2.2.3. 

 

 

4.2.4.2  ADDITION OF POST-PCR 3’ POLY-A TAIL TO PCR PRODUCT 

    AND INSERTION INTO STRATACLONE™ VECTOR 

 

The Phusion® DNA polymerase is a proofreading polymerase, and thus did not generate 

a poly-A tail on the 3’ end of the PCR product. The 3’ poly-A tail is required for use of 

the StrataClone™ cloning system (Agilent Technologies, La Jolla, CA). To add the poly-

A tail, Taq DNA polymerase was used with the bhBBTAi1_optEc PCR product per the 

StrataClone™ PCR Cloning Kit Instruction Manual. The resulting fragment was used 
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(undiluted) with the StrataClone™ PCR Cloning Kit (per instruction manual). SOC 

media was used with the transformation mixture. Transformation mixtures were plated on 

LB-kanamycin plates containing X-gal. X-gal solution was prepared with 2% (w/v) X-gal 

(Ultrapure, Invitrogen™) in dimethyl-formamide (DMF) and stored in -20°C. The 

resulting white transformants (if generated) have the base strain name of “E. coli 

StrataClone SoloPack::pSC-A-amp/kan:bhBBTAi1_optEc.” Three little (L) and 3 big (B) 

white colonies were selected for culturing, plasmid harvesting, and analysis. 

 

 

4.2.4.3  PSC-A-AMP/KAN :BHBBTA I1_OPTEC PLASMID HARVEST AND  

    RESTRICTION ENZYME DIGESTS 

 

Clones 1L, 2L, 3L, 1B, 2B, and 3B were used to separately inoculate 3 ml of LB media 

with kanamycin (50 µg/ml) and were incubated at 37°C (250 RPM) for 15 hrs. Plasmids 

were harvested as in section 4.2.2.3. Restriction enzyme digests (via master mixes) were 

prepared based on the following amounts for 25 µl reactions: 2.5 µl 10X REact® 2 

Buffer (Invitrogen™), 2.5 µl plasmid (undiluted), 0.25 µl HindIII (10 U/µl), 0.25 µl NdeI 

(10 U/µl) and 19.5 µl ddH2O. It was important to keep the NdeI in -20°C storage as 

long/as much as possible. It was found during the process that new stocks of NdeI work 

better (NEB, Ipswich, MA). Both HindIII single digests and HindIII + NdeI double-

digests were prepared, as well as uncut DNA controls. Reactions were incubated in a 

37°C water bath for 1.5 hrs and stored at -20°C until agarose gel analysis the next day. 
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Agarose gels were prepared and inserts from 1B, 2B, and 3B were analyzed (but not 

purified) as described in section 4.2.4.1. 

 

 

4.2.4.4  DNA SEQUENCING OF BHBBTAI1_OPTEC FROM 

    PSC-A-AMP/KAN :BHBBTA I1_OPTEC 

 

Since clones 1B, 2B, and 3B grew better than the little clones and had the correct banding 

pattern based on agarose gel analysis, they were subjected to DNA sequencing. Each was 

used in a reaction with one of two primers (6 reactions total). The primers (kindly 

provided by Dr. Tony Dodge, U of MN, St. Paul, MN) were #79300587 

Dodge/Strat_M13-left (0.075 mM, 5’-GGA AAC AGC TAT GAC CAT G-3’) and 

#79300588 Dodge/Strat_M13-right (0.1 mM, 5’-GTA AAA CGA CGG CCA GT-3’). 

225 ng of each plasmid and 85 pmol of each primer were sent separately to ACGT, Inc., 

which prepared the reactions and sequenced the products. Resulting sequencing data 

quality was analyzed here using FinchTV v.1.4.0 (180). 

 

 

4.2.4.5  SCALE UP OF DOUBLE-DIGESTED INSERTS FROM 

    E. COLI DH5α::PSC-A-AMP/KAN :BHBBTA I1_OPTEC 

    CLONES AND PURIFICATION 
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To obtain enough bhBBTAi1_optEc insert for ligation into the pET28b(+) vector, the 

plasmids from E. coli StrataClone SoloPack::pSC-A-amp/kan:bhBBTAi1_optEc clones 

1B, 2B, and 3B were double-digested separately in 250 µl reactions (via master mixes) 

using the following reagents and amounts: 25 µl 10X REact® 2 Buffer (Invitrogen™), 

2.5 µl NdeI (10 U/µl, Invitrogen™), 2.5 µl HindIII (10 U/µl), 25 µl plasmid, and 195 µl 

ddH2O. (In future preparations, it would be preferred to use 100 µl max volume and keep 

the volume a maximum of 5X the plasmid). The reactions were incubated in a 37°C water 

bath for 2.3 hrs and stored at -20°C. All of reaction product from clone 1B was loaded on 

agarose gel for analysis, and the released bhBBTAi1_optEc fragment was purified & 

quantified as described in 4.2.4.1. An insert yield of 30 µg/ml was considered high, a 

yield of 5-7 µg/ml was considered acceptable to attempt to use in ligations. 

 

 

4.2.4.6  PET28b(+) DOUBLE DIGESTION AND PURIFICATION 

 

The prepared vector, pET28b(+) [double-digested with NdeI + HindIII and treated with 

shrimp alkaline phosphatase (SAP)] was kindly provided by Dr. Tony Dodge (U of MN). 

It was prepared in a fashion similar to the following: In a final total volume of ~100 µl, 3 

µg of vector in 10X REact® 2 Buffer (Invitrogen™), and ddH2O were incubated with 1.5 

µl NdeI (10 U/µl) in a 37°C water bath for 1 hour. An additional 1.5 µl NdeI was added 

and the incubation continued another hour. At that time, 0.1 µl/final volume of HindIII 

(10 U/µl) was added and the incubation continued 1.5 hrs. The reaction product was then 
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treated with Promega SAP (#M8201) per the Promega Standard Dephosphorylation 

procedure (note: the subsequent Promega ligation protocol was NOT utilized) and stored 

at -20°C for use in the ligation reaction. 

 

 

4.2.4.7  LIGATION OF BHBBTAI1_OPTEC INSERT FROM 

    PSC-A-AMP/KAN :BHBBTA I1_OPTEC CLONE 1B 

    TO PET28b(+) VECTOR AND 

    TRANSFORMATION OF E. COLI DH5α 

 

To ligate the double-digested bhBBTAi1_optEc-1B insert to the double-digested and 

SAP-treated pET28b(+) vector, the following reaction (based on the Invitrogen™ 

protocol for cohesive ends) was prepared: 4 µl 5X ligase buffer (for T4 DNA ligase, 

Invitrogen™), 51.4 ng pET28b(+) vector, 38.2 ng insert, 7.7 µl ddH2O, and 1 µl T4 DNA 

ligase (added last, 1 U/µl, Invitrogen™). Final volume = 20 µl containing ~90 ng of 

DNA. A 6 µl aliquot of the reaction was incubated at ambient temperature for ~1 hour. A 

2 µl aliquot was then diluted 1:5 with buffer composed of 10 mM Tris-HCl (pH 7.5) + 1 

mM EDTA. Three microliters of this reaction (~2.7 ng DNA) was added to 100 µl of 

MAX Efficiency DH5α competent cells (Invitrogen™) per the associated protocol. 

 

The transformation mixtures were plated (undiluted, 20 and 150 µl) on LB plates with 

kanamycin (50 µg/ml). One adjustment is that the recovery time was extended to 90 min. 
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A control sample without insert was also done in parallel. A plasmid control (pUC19) 

was also plated on LB plates with ampicillin (100 µg/ml). Of the resulting transformants, 

four clones of this new strain (E. coli DH5α::pET28b(+):bhBBTAil_optEc-1B, #1, 2, 3, 

and 4) were individually cultured (17 hrs), their plasmids isolated & measured as 

described in 4.2.2.3 and stored in -20°C. 

 

 

4.2.4.8  TRANSFORMATION OF E. COLI BL21(DE3)  & 

    BL21  STAR™(DE3) STRAINS WITH 

    PET28b(+):BHBBTA I1_OPTEC-1B AND EXPRESSION 

 

Transformation of E. coli BL21(DE3) and E. coli BL21 Star™(DE3) strains with 

plasmids pET28b(+):bhBBTAi1_optEc-1B (#1 - #4) was performed following the 

Invitrogen™ protocol for E. coli BL21(DE3). Time on ice post heat shock was 2 min. 

Volumes plated were 20 µl and 150 µl. This transformation generated two new base 

strains, “E. coli BL21(DE3):: pET28b(+):bhBBTAil_optEc-1B” and “E. coli BL21 

Star™(DE3):: pET28b(+):bhBBTAil_optEc-1B.” Each has versions #1 - #4.  

 

Two well-isolated transformants (a and b) from each version of the plasmid/strain 

combinations were assessed for expression of the bhBBTAi1_optEc-1B gene. Colonies 

were used to individually inoculate 3 ml LB media with kanamycin (50 µg/ml). Cultures 

were incubated at 37°C, 250 RPM until OD600 ≈ 0.5 – 1. One milliliter aliquots were 
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removed from initial tubes and put into tubes containing 3 ml of corresponding media 

containing IPTG (1 mM final concentration, induced set). All tubes were incubated an 

additional 4 hr. Fifty microliters of each culture was combined with 50 µl sample buffer 

(2X Laemmli), heated at 100°C for 10 min and 10 µl aliquots were loaded on to gels for 

analysis per section 4.2.2.1.2. 

 

 

4.2.4.9  TRYPSIN FINGERPRINTING AND MASS SPECTROMETRY DATA  

    SUPPORT BHBBTA I1_OPTEC-1B-1a WAS EXPRESSED 

4.2.4.9.1 PEPTIDE MASS SPECTROMETRY 

 

A ~31 kDa protein band from induced E. coli BL21(DE3)::pET28b(+)bhBBTAi1_optEc-

1B-1 (lane “BL21(DE3) #1a, IPTG”, Fig. 4-10) was excised and subjected to tryptic 

digestion by the University of Minnesota’s Center for Mass Spectrometry and Proteomics 

(CMSP) facility. Tryptic peptides were rehydrated in water/acetonitrile (ACN)/formic 

acid (FA) 95:5:0.1 and processed as stated in Fallon and Witthun (184). 

 

 

4.2.4.9.2 DATABASE SEARCHING 

 

All MS/MS samples were analyzed using Sequest (Thermo Fisher Scientific, San Jose, 

CA, USA; version 27, rev. 12). Sequest was set up to search the 
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“bradyrhizobium_Ecoli_cRAP_20111228” database (1/4/11 version) accounting for the 

digestion enzyme trypsin. It is important to note that the expected amino acid sequence 

[bhBBTAi1_optEc core sequence, sans 5’ and 3’ modifications (e.g., His6 tag)] was 

added to the database for comparison to the peptide fragments. Sequest was searched 

with a fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 1.00 Da. 

Iodoacetamide derivative of cysteine was specified in Sequest as a fixed modification. 

Oxidation of methionine was specified in Sequest as a variable modification. 

 

 

4.2.4.9.3 CRITERIA FOR PROTEIN IDENTIFICATION 

 

Scaffold (version Scaffold_3.3.1, Proteome Software Inc., Portland, OR) was used to 

validate MS/MS based peptide and protein identifications. Peptide identifications were 

accepted if they could be established at greater than 95.0% probability as specified by the 

Peptide Prophet algorithm (185). Protein identifications were accepted if they could be 

established at greater than 95.0% probability and contained at least 2 identified peptides. 

Protein probabilities were assigned by the Protein Prophet algorithm (186). Proteins that 

contained similar peptides and could not be differentiated based on MS/MS analysis 

alone were grouped to satisfy the principles of parsimony. 
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4.2.4.10  EXPRESSION OF BHBBTA I1_OPTEC-1B-1 IN THE 

    INSOLUBLE FRACTION FROM 

    E. COLI BL21(DE3):: PET28b(+):BHBBTA I1_OPTEC-1B-1a 

 

A 3 ml culture of E. coli BL21(DE3)::pET28b(+):bhBBTAi1_optEc-1B-1a in LB and 

kanamycin (50 µg/ml) was incubated for 10 hrs at 37°C (250 RPM). This starter culture 

was used to inoculate 100 ml media (LB + 3 µg/ml kan) with a starting OD600 of ~0.5. 

The culture was incubated at 37°C (250 RPM) until OD600 = 1. At this point, 50 ml was 

removed and dispensed equally into two flasks. One flask received IPTG (1 mM final 

concentration) to induce protein expression and the other remained the uninduced control. 

Both flasks were incubated at 37°C (250 RPM) for 4 hr. The remaining 50 ml from the 

100 ml flask was equilibrated to 16°C (250 RPM) for 30 min. At this point, the culture 

was split into two flasks (25 ml each). IPTG was added to one (1 mM total) and remained 

the uninduced control. Both flasks were incubated at 15°C (250 RPM) for 21 hrs. Control 

cultures with an empty vector [E. coli BL21(DE3)::pET28b(+)] were run in parallel. 

 

At the end of the incubation periods, 1.5 ml culture samples were pelleted and frozen at -

80°C (1-8 days). Pellets were processed into soluble and insoluble fractions using the 

BugBuster Master Mix treatment protocol (187). The prepared stock solution contained 5 

ml Novagen® BugBuster® (primary amine free) Extraction Reagent (#70923, Merck 

KGaA, Darmstadt, Germany) and ½ EDTA-free Complete Mini protease inhibitor 
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cocktail tablet (#11836170001, Roche Diagnostics, Mannheim, Germany). At step 4, 

cells were washed once in 1:10 BugBuster:ddH2O.  

 

The soluble protein sample concentrations were analyzed using the Standard assay 

(section 4.2.2.1.3) with the following adjustments: the reactions were done in duplicate 

and incubated for 10 min and the BugBuster reagent was used for the diluent. 

 

For the soluble fractions, volumes equivalent to 2.16 µg were adjusted to a volume of 15 

µl with ddH2O. Sample buffer (15 µl) was added and the sample heated to ~90°C for 3 

min. It was determined that the protein assay was incompatible with the insoluble 

fractions, because of the 1% SDS buffer used in the preparation. The limit of SDS with 

this assay is 0.1%. For the insoluble fractions, the dilution factor (5, due to sample 

preparation) was accounted for so the volume prepared and loaded was equivalent to the 

culture volume used for the matched soluble sample. Proteins were analyzed via SDS-

PAGE to assess expression, purity and subunit molecular weight per section 4.2.2.1.2. 

 

 

4.2.5   EXPRESSION AND ACTIVITY OF BHBBTA I1_OPTEC IN THE 

    SOLUBLE FRACTION WHEN CO-EXPRESSED WITH 

    CHAPERONINS GROEL AND GROES FROM E. COLI 

    BL21(DE3):: PETB(+):BHBBTA I1_OPTEC-1B-1 (PAG) 
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4.2.5.1  CO-TRANSFORMATION OF PAG AND BHBBTA I1_OPTEC-1B-1 

    INTO E. COLI BL21(DE3)  AND EXPRESSION 

 

E. coli Oneshot® BL21(DE3) (Invitrogen™) was transformed 5 ng of 

pET28b(+):bhBBTAi1_optEc-1B-1 (also known as pET28b(+):bhBBTAi1-1) and 5 ng of 

pAG (96, 188, 189) per the manual. Incubation time for the transformation mixture at 

37°C was extended to 90 min due selection with two antibiotics. Cells were cultured on 

LB plates containing kanamycin (50 µg/ml) and chloramphenicol (30 µg/ml). 

Transformant #1 was use to inoculate 3 ml of LB media with kanamycin (50 µg/ml) and 

chloramphenicol (30 µg/ml), which was incubated overnight at 37°C. 

 

Arabinose used for inductions was prepared fresh the day of use in ddH2O (10-20% w/v; 

Sigma A3256; f/s). 100 ml fresh media in a beveled flask was inoculated with the culture 

(1.5% v/v) and incubated at 37°C (250 RPM) until the OD600 was 0.6. Four 20 ml 

aliquots were added to beveled flasks, which were incubated at 16°C (250 RPM) until the 

next day. Forty minutes into the incubation, three cultures were induced with 0.05% 

arabinose to induce GroEL and GroES expression. The control culture was not induced 

(Unind.). One hour later, one arabinose culture was treated with 1 mM IPTG to induce 

bhBBTAi1_optEc expression (Arabin. 1 hr then 1 mM IPTG). Two hours later, a second 

culture was treated with 1 mM IPTG (Arabin. 2 hr then 1 mM IPTG).  
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Cells were harvested 23 hr after arabinose induction. For total cell protein (TCP), 1 ml 

aliquots were removed, centrifuged at 15,000 x g for 10 min, and the pellet resuspended 

in 100 µl phosphate buffered saline (PBS) for a 10-fold concentration. Pellets were stored 

at -80°C until processed (4 days). Aliquots were also used for final OD600 readings. For 

soluble/insoluble fractions, 10 ml aliquot were removed, loaded into a 1.5 ml microfuge 

tube, and centrifuged at 15,000 x g for 10 min repeatedly until all 10 ml worth of pellet 

were in the tube.  

 

The pellet was resuspended in 1 ml 25 mM Tris pH 8.2 (no protease inhibitors) for a 10-

fold concentration. In the future, a buffer that does not interfere with the downstream 

activity assay (Berthelot) would be preferred (e.g., 0.1 M potassium phosphate buffer). 

The resuspended cells were sonicated (Branson Digital Sonifier) at 20% power with a 5 

sec pulse/5 sec rest cycle repeated for a total of 20-30 sec. Disrupted cells were 

centrifuged at 16,000 x g for 20 min at 4°C.  

 

The pellet was considered the insoluble fraction and the supernatant was considered the 

soluble fraction (which was kept on ice at 4°C). The insoluble fraction pellet was fully 

resuspended in 1 ml 25 mM Tris, pH 8.2. Heat and vortexing were unnecessary. The 

suspension was centrifuged at 5000 x g for 15 min at 4°C. The resulting pellet was again 

resuspended in 25 mM Tris, pH 8.2 and centrifuged. The final pellet was resuspended in 

1% SDS in ddH2O (w/v) upon two cycles of heating at 90°C for 5 min and vortexing at a 

high speed for 30 sec. 
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Aliquots from all samples were combined with reducing buffer, heated ~95°C for 10 min 

and loaded onto SDS-PAGE gels for analysis (section 4.2.2.1.2). Amounts of samples 

used in gel analysis depended upon the final OD600 values of the source cultures. The 

formula used was for 10-well minigels: 270 µl/Z where Z = the concentration factor * the 

final OD600 value at cell harvest (187). 

 

 

4.2.5.2  ACTIVITY ASSAYS OF BHBBTA I1_OPTEC-1B-1 

    WHEN CO-EXPRESSED WITH GROEL AND GROES 

 

The initial enzyme activity protocol was similar to that noted in section 4.2.2.1.4 and 

used 200 µg of protein to trigger reactions (equivalent of 24-41 µl of soluble protein 

sample in 25 mM Tris buffer, pH 8.2). Controls included enzyme reaction buffer only, 

substrate only, protein samples only (no biuret) and uninduced cultures. Samples were 

assayed at five time points over the course of 30 min. Protein concentrations were 

determined via the Microassay as in section 4.2.2.1.3 with standards prepared in ddH2O 

and assaying 1:10 dilutions of soluble protein samples. 

 

Fresh soluble fraction (crude lysate) samples were prepared in LB and Superbroth as in 

section 4.2.5.1. In this set, arabinose inductions were limited to 1 hr. Activity assays were 

repeated as above (one set) and contained 200 µg (19-39 µl of soluble protein sample in 

25 mM Tris, pH 8.2). Reactions were kept in the dark for 10.3 hrs and assayed for 
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ammonia with the Berthelot Assay (in duplicate). In addition, some reactions contained 

20 µM of the following metals: Cd2+, Co2+, Fe2+, Mg2+, Mn2+, and Zn2+.  

 

Stock solutions of the metal salts were prepared in ddH2O (20-25 mM): Cadmium 

chloride, cobalt sulfate heptahydrate (Mallinckrodt #Blue4551, St. Louis, MO), ferrous 

sulfate heptahydrate (Fisher #1146, Waltham, MA), magnesium sulfate anhydrous 

(Fisher, #M65, Waltham, MA) manganese sulfate hydrate (McKerson Chemical, 

#MX16901), zinc sulfate heptahydrate (Spectum Chemical, New Brunswick, NJ). Some 

metals were found to be insoluble in 0.1 M potassium phosphate buffer at these stock 

concentrations. 

 

The choices for metals to investigate were derived from metallo-β-lactamase structure 

summaries, which were obtained by the following method. In the Conserved Domains 

Database (168), the record for the metallo-beta-lactamase superfamily (smart00849) 

related protein structures. This connects to Structure Summary records proteins in the 

Molecular Modeling Database (MMDB) (190). These structure summaries for crystalized 

proteins report known chemical ligands, including metals. Summaries selected were: 

PDBID: 3ZNB (191), PDBID:1ZCO (192), PDBID: 2ZNB (191), PDBID:3I14 (193), 

PDBID: 3P2U (194), PDBID: 3R2U (195). 
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4.3   RESULTS AND DISCUSSION  

4.3.1   BIOINFORMATICS AND INITIAL RESEARCH 

4.3.1.1  SEQUENCE ALTERATIONS AND ALIGNMENTS 

 

The gene BBTa_1316 (Gene ID: 5148897) from Bradyrhizobium sp. BTAi1, encodes 

hypothetical protein BBTa_1316 (YP_001237459.1). The sequence is available in the 

NCBI database (167, 169). Initial reports on identification, cloning, expression, and 

activity are reported in Chapter 2 (sections 2.3.2, 2.3.3, 2.3.4, and 2.2.1). In light of 1) 

growth of the strain on select substrates, 2) contextual genomic data, 3) protein family 

bioinformatics, and 4) preliminary activity detected using lysates of induced cells; the 

gene was hypothesized to encode a putative biuret hydrolase. Detailed data related to 

modification and expression of this gene, as well as the rationale for including an 

additional 96 nucleotides on the 5’ end in the final synthesized version are provided in 

this chapter. Since the start codon of this gene (as annotated in the NCBI database) was 

“GTG” instead of the canonical “ATG,” the 708 nucleotide sequence was subjected to 

further scrutiny. (Fig. 4-1) 

 

The codon “gtg”  is known to encode the amino acid, valine. It was hypothesized that an 

“atg” start codon was upstream of this region. One was detected in the whole genome 

sequence (167) and it, along with all intervening sequence (96 nucleotides total), was 

added to the sequence from gene BBTa_1316 in the synthesized gene design process to 

generate an “extended” gene. (Fig. 4-2). 
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Figure 4-1. Gene BBTa_1316 (GeneID: 5148897) from Bradyrhizobium sp. BTAi1, as 

stated in NCBI nucleotide database (167, 169). Annotated start codon, gtg, is underlined. 

 

5’ 

ORIGIN 

  1 gtg aactgga gcggacagcg cttcatcgat cgcgacgagc tcgccgcatc  gcgccaggtc 

 61 atctggcgtg acgatgacgg cgtgaccggt cttggcctcg atc cgagctt tgcgattggc 

121 cagcgcgcgc tgctgattcc cgagcccgac ggctgcgtga tgt gggactg cgttcccctg 

181 gcgacggaga ccgctgtcgc gcatgtgcgt tcgcgcggcg ggc tgaaggc catcgcggtc 

241 tcgcatccgc atttttatgg cgcggtagcc gattggagcg agg cgttcgg cggcatcccg 

301 atctatctcc atggcgacga cagcgccttc gtcacccggc cgc atcccgc gatcgtgcca 

361 tggacgggcg acagcttgcg gatctccgac gccgtccggc tct atcgcac cggcggtcat 

421 ttccccggcg ccaccgtgct gcattggcgg gagggcgccg agg gcaaggg cgtgctgttc 

481 accggcgaca tcgcgatggt cgcgatggac cgccgccacg tca gcttcat gtattcctac 

541 ccgaactata tcccgctcgg cgccgcagcc gtgcgcagga tcg ccgcaac gatcgggccg 

601 ctcccattcg atcgcatcta cggcgggtgg tggcagaaga aca tcgcaac ggaagcgaag 

661 cccgccttcg agcggtctgt cgcgcgctat ctcgcggcaa tcg cctga 

// 

3’ 
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Figure 4-2. Extended gene BBTa_1316 contains an additional 96 nucleotides on 5’ end to 

include the “corrected” start codon. 
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The associated amino acid sequence was queried against other sequences in the search for 

homologs in the same genus. It was found to have 70-77% identity to the proteins 

CAL79956.1 from Bradyrhizobium sp. ORS 278 (167) and BAC53128.1 from B. 

diazoefficiens USDA110 (196, formerly B. japonicum USDA110, 218). These three 

amino acid sequences were used to generate a multiple sequence alignment. (Fig. 4-3) 

Comparison of the extended region of YP_001237459.1 (BBTa_1316, boxed) to the 

other two sequences yields 24 of 32 residues (75%) either conserved or having strongly 

similar properties based on a score greater than 0.5 in the Gonnet PAM 250 matrix (113). 

This value is on par with the percent similarities over the whole sequence set. Based on 

these results, the extended sequence was included in the gene to be synthesized. As of 

May 8, 2013, there were no structural homologs to this protein. 

 

On the 5’ end, the initial plan was to include an NcoI restriction site. This would facilitate 

cloning into an alternative vector with the His6 tag on the N-terminus instead of the 

currently designed C-terminus, if considered appropriate. However, the inclusion of the 

NcoI site was canceled based on the recommendation DNA 2.0. NcoI makes a small stem 

loop with their default ribosomal binding site. If required, an NcoI site could be designed 

into a future primer for use in PCR amplification of the insert prior to cloning it into a 

different vector. For this gene synthesis process, when the ribosomal binding site added 

by DNA 2.0 on the 5’ end was added to the extended gene, an NdeI site was created. 

Additional modifications to the BBTa_1316 gene on the 3’ end included a HindIII  
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Figure 4-3. Multiple sequence alignment of biuret hydrolase candidate from 

Bradyrhizobium sp. BTAi1 with homologous open reading frames (ORFs) identified in 

other Bradyrhizobium genomes. Amino acid sequences include extended version of 

YP_001237459.1 (Bradyrhizobium sp. BTAi1, 167), CAL79956.1 (Bradyrhizobium sp. 

ORS 278, 167), and BAC53128.1 (B. diazoefficiens USDA 110, 196, formerly B. 

japonicum USDA110, 218). The sequences have an overall range of 70-77% identity to 

each other. The N-terminal extension on YP_001237459.1 (BBTa_1316) is boxed. 
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restriction site, spacer, and His6 tag. The final, modified version of the gene submitted for 

Appendix 3 (Fig. A3-1). 

 

The final version of the extended fusion gene was synthesized by DNA 2.0 for optimal 

expression in E. coli (“bhBBTAi1_optEc”) and inserted into the pJexpress401 vector to 

generate plasmid pJexpress401:40539 (also known as pJexpress401::bhBBTAi1_optEc, 

Chapter 2, 166). Plasmid map and sequences are included in Appendix 3 (Fig. A3-2). 

Pairwise comparison between the translated sequence of the synthesized core gene (sans 

modifications on the 3’ end) and the complete genome sequence of Bradyrhizobium sp. 

BTAi1 (CP000494.1, 167), indicated that there was 100% amino acid agreement (data 

not shown). These results indicated the gene synthesis was correct. 

 

Since the initial analysis, other homologous annotated genes have been added to the 

NCBI non-redundant protein sequence database (169). Most of these sequences also 

include the noted extended region on the 5’ end as part of their annotated ORFs. In total, 

as of May 8, 2013, of the 17 translated homologs with 51% or higher sequence identity to 

this putative biuret hydrolase (sans C-terminus modifications), 16 sequences (94%) 

include this region. (Table 4-1) The exception is hypothetical protein BJ6T_84880 from 

Bradyrhizobium japonicum USDA 6 (YP_005613319.1, 197). These data provide 

additional support for including the 96 nucleotide extension of the 5’end of the 

BBTai_1316 gene. 
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Table 4-1. Homologs to the translated bhBBTAi1_optEc gene that have 51% or greater 

identity. Sixteen of 17 ORFs include regions on the N-terminus homologous to the 

extended region added to YP_001237459.1 (BBTA_1316). 
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One potential reason for GTG annotation as the original start codon (as opposed to the 

normally encoded valine) could be that studies have found GTG to be an alternative start 

codon in bacteria, including E. coli (14% of reported instances, 198) and a strain of 

Rhizobium leguminosarum (199). 

 

Further bioinformatic support for the presence of the cyanuric acid biodegradation 

pathway in Bradyrhizobium sp. Btai1 was found in the presence of two homologs to 

AtzF. AtzF is an allophanate hydrolase from the soil bacteria, Pseudomonas sp. ADP (95, 

117). In the s-triazine pathways, it is downstream of cyanuric acid hydrolase (AtzD) and 

biuret hydrolase (AtzE) activities (18). This enzyme converts the product of biuret 

hydrolase, allophanate, to ammonia and carbon dioxide. The first homolog, 

YP_001236896.1, was 52% identical and 64% similar, with an E-value of 8e-150 (96% 

query coverage). The second homolog, YP_001238624.1, was 50% identical and 65% 

similar, with an E-value of 8e-109 (72% query coverage). 

 

 

4.3.1.2  SEQUENCE ANALYSIS RELATED TO METAL LIGANDS 
 

When the BBTa_1316 (YP_001237459.1) protein from Bradyrhizobium sp. BTAi1was 

initially studied, (Chapter 2, 166) it was annotated as a member of the metallo-β-

lactamase (MβL) superfamily (CDD smart00849, 168). Most members of this family 

have metal co-factors, thus, the protein sequence was analyzed further for amino acid 

residues corresponding to known metal ligands. To generate a hypothesis regarding 
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whether the enzyme was monometallic or dimetallic, multiple alignments were 

constructed with other protein family members using sequences noted in Campos-

Bermudez et al. (174) and suggested by Rivard (personal communication, 175). Metal 

cofactors associated with this protein family are often Zn2+ and sometimes Fe2+. Initial 

analyses used the protein sequence from bhBBTAi1_optEc (sans C-terminus 

modifications) and protein sequences from the associated PDB records (172, 173, 200, 

201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213). 

 

Based on sequence homology and metal ligand data, bhBBTAi1_optEc was hypothesized 

to be a monometallic enzyme. However, a more thorough analysis revealed that many of 

those sequences were abbreviated – some gene sequence sections were not directly 

associated with the crystal structure (PDB) records (172, 173). The multiple sequence 

alignments were redone with the actual full length sequences from the GenBank records 

(176) and those data are presented in here. These updated alignments also support the 

protein as being a mononuclear metal enzyme. Residues H114, H116 and H172 clearly 

align with metal #1 in other family members. Regarding the second metal, residue D195 

aligns well with family member ligands, but no residues align with the three remaining 

metal #2 ligands. Thus, this biuret hydrolase candidate is hypothesized to be a 

mononuclear metal enzyme. Multiple sequence alignment sections related to metal 

ligands are shown in Fig. 4-4. Full alignments are presented in Appendix 3 (Fig. A3-4). 

The native metal, if present, remains to be elucidated. 
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4.3.2   EXPRESSION, PURIFICATION, AND ACTIVITY STUDIES OF 

    BHBBTA I1_OPTEC IN E. COLI DH5α::PJEXPRESS401:40539 

 

Initial SDS-PAGE analyses of total protein from crude lysates (uninduced and induced 4 

or 18 hrs) sought to determine if the bhBBTAi1_optEc protein had a soluble band of 

expected size (30.9 kDa). The results were inconclusive (data not shown). There were 

thick bands ~30 kDa present in the total and soluble fractions. The constitutively active 

kanamycin resistance protein encoded on the same plasmid is soluble and has a size of 

30.1 kDa, which may have obscured the results. Of note, very similar band profiles in this 

region were seen in a similar gel of the biuret hydrolase candidate from B. diazoefficiens 

USDA 110 (data not shown). This strain also encodes the kanamycin resistance gene. It is 

unexpected that the expression profiles of these two strains would be so similar. 

 

 

4.3.2.1  EXPRESSION, PURIFICATION, AND ACTIVITY ASSAYS 

 

In order to assess protein expression more thoroughly, a fresh preparation of the strain 

encoding bhBBTAi1_optEc (E. coli DH5α::pJexpress401:40539) was prepared and 

induced (~4 hours), then purified. Although the bioinformatic data suggested 

bhBBTAil_optEc was a metalloenzyme, no additional metals were added during the 

process. Adequate trace metals were likely in the media and/or glassware (214). Protein 

concentrations of aliquots were determined during the early stages of the purification 
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process (Microassay) and calculated to be: a) French press lysate: 27.09 mg/ml protein; 

b) 19,000 x g fraction: 44.24 mg/ml protein; c) 15,000 x g: 27.20 mg/ml protein; and d) 

FPLC flow-through: 6.6 mg/ml protein. 

 

Enzymatic activity assays were initially done the same day the protein samples were 

obtained. However, biuret was found to degrade significantly (data not shown). All 

subsequent biuret stock solutions were prepared fresh. Only a trace amount of ammonia 

is expected as a contaminant in the stock biuret. Subsequent enzymes activity assays were 

performed two days later. During the intervening time, the protein fractions were stored 

on ice in 4°C. In this set of activity assays, ten times the amounts of protein was used 

(200 µg/ml). Controls with freshly prepared biuret solution indicated minimal 

background ammonia (20-40 µM).  

 

However, within each sample set (e.g., 19,000 x g fraction, 3 min incubations), no 

difference in specific activity based on ammonia levels was observed between samples 

with or without biuret (Fig. 4-5). This indicated no enzyme activity was detected. 

Previous enzyme work in our lab (Chapter 3, 165) led to the observations that enzymes 

stored at 4°C on ice were more stable than those frozen and thawed. However, this 

particular enzyme may be unstable in crude preparations, even if kept on ice at 4°C. In 

addition, the host strain is E. coli DH5α, which contains proteases. Stability might be 

increased if protease knockout strains, such as E. coli BL21(DE3), are used 

(section 4.3.3). 
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Figure 4-5. Specific activity (nmol NH3/min-mg) of various purification fractions as an 

indication of bhBBTAi1_optEc activity. 
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The lack of difference in ammonia levels between samples containing biuret and those 

without biuret could have been due to lack of biuret hydrolase activity. Alternatively, 

matrix componets or high background levels of ammonia in these unpurified/semipurified 

fractions could have masked the biuret hydrolase activity. This sample set does not 

contain imidazole, so that would not be a factor in the analysis of the results. To 

determine if enzymatic activity could be observed with purer protein samples, the 

additional fractions (#1-60) generated by the FPLC were assayed for their protein 

concentration. The entire set of 60 fractions was analyzed for protein concentration. 

Protein standards were prepared using the Standard Procedure for Microtiter Plates. The 

absorbance value at 595 nm for each fraction was used with the line equation from the 

standards to calculate the protein concentrations, which were plotted (Fig. 4-6) to 

generate a calculated chromatograph. Purified bhBBTAi1_optEc was expected in the 

region spanning fractions 48-53. 

 

Samples of select fractions were analyzed via SDS-PAGE (Figure 4-7) .Based on 

concentration, protein amounts were adjusted to be similar in all analyzed fractions. A 

30.9 kDa band was expected. Notable bands were found in fractions 50 and 51 (boxed). 

Also, it was also noted that another protein (~60 kDa) appeared to co-purify with 

bhBBTAi_optEc, in approximately a 50:50 ratio. 

 

Assays associated with fractions 50 and 51 did not indicate activity. Similar assays with 

fractions from the purification of the biuret hydrolase from R. leguminosarum bv. viciae  



 

 145 

Figure 4-6. Calculated chromatograph of bhBBTAi1_optEc purification based on protein 

concentrations in each fraction. 
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Figure 4-7. SDS-PAGE of select fractions from purification of bhBBTAi1_optEc. Bands 
~30.9 kDa (expected) were observed in fractions 50-51 (boxed). FrPr: French Press lysate. 
19k: 19,000 x g supernatant. 15k: 15,000 x g supernatant. FPLC FT: FPLC flowthrough. 
MKR: Marker (Bio-Rad Precision Plus). F#: Fraction number. 2X: sample buffer. 
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3841 purification (with a very similar method) resulted in easily observable levels of 

ammonia. However, activity here was not detected. The enzyme could be inactive, or a 

low level of activity could be masked by the presence of imidazole, a component of the 

elution buffer. Imidazole is a known inhibitor of the Berthelot Assay. (103) 

 

 

4.3.2.2  EXPRESSION STIMULATION STUDY WITH METALS  

 

These experiments suggested that expression, stability, and/or the activity of 

bhBBTAi1_optEc was limited. These data were taken into consideration along with two 

reports. First, a conference abstract indicated that zinc added to media and lysis buffer 

improved stability and activity of the homolog Bla2 from Bacillus anthracis (215). 

Second, metallo-β-lactamase superfamily members are typically Zn2+ proteins; some 

have the ability to bind other metals, such as Fe2+ (174). In this context, a study was 

conducted where metals were added to the growth media used for cultures. The additional 

metal could hypothetically stabilize the protein, potentially enhancing expression and/or 

activity. The strain was cultured in the presence of zinc, iron with cysteine, or iron with 

absorbic acid and induced for bhBBTAi1_optEc expression. Parallel control cultures 

were absent in metals and/or inducer. Post-induction, total cell protein was analyzed via 

SDS-PAGE. No evidence for expression of the bhBBTAi1_optEc protein (30.9 kDa) was 

observed in the region between the 25 kDa and 37 kDa ladder bands (Fig. 4-8). 
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Figure 4-8. SDS-PAGE of total protein from E. coli DH5α:: pJexpress401:40539 

cultured with and without metals. Parameters: no additional metal, 200 µM ZnSO4, 200 

µM FeSO4 with 400 µM cysteine, or 200 µM FeSO4 with 400 µM ascorbic acid. Each 

induced sample has an uninduced control. 30 µl samples loaded onto gel. Boxes indicate 

where bhBBTAi1_optEc band expected. LADR: Ladder (Bio-Rad Precision Plus). 
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4.3.2.3  DNA SEQUENCING OF BHBBTAI1_OPTEC GENE 

    FROM PJEXPRESS401:40539 

 

The lack of observable expression of bhBBTAi1_optEc from metal-stimulated induced 

cultures, combined with the lack of detectable activity in fractions 48-53 from the earlier 

study, led to the hypothesis that the actual DNA sequence was different than expected. 

The synthesized gene on plasmid pJexpress401:40539 was sequenced by DNA 2.0 and 

analyzed here. The resulting data was as expected. The possibility that the current host 

strain, E. coli DH5α, triggered an alteration was thought unlikely, as the strain lacked 

RecA, a critical enzyme in homologous recombination. However, the gene was 

resequenced and analyzed for the presence of alterations. 

 

The sequence data resulting from forward primer (10f) and reverse primer (pTR) were 

analyzed with Finch TV v.1.4.0. High quality sequences yielded 700-840 nts in each 

direction. These sequences overlapped each other and both of them aligned 100% to the 

sequence reported by DNA 2.0 (data not shown). Based on these results, poor expression 

and/or activity of bhBBTAi1_optEc are not due to alterations in the gene. 

 

 

4.3.3   EXPRESSION STUDIES WITH PJEXPRESS401:40539 

    IN PROTEASE KNOCKOUT HOST STRAINS 
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In an effort to investigate whether proteases inherent in the host strain, E. coli DH5α, 

were a factor in the low protein expression, the plasmid was transformed into three other 

competent host strains that had some proteases disabled (E. coli BL21(DE3), E. coli 

BL21 Star™(DE3) OneShot®, and E. coli Single Step KRX). Total cell protein from 10 

transformants of each strain was analyzed by SDS-PAGE after inductions with IPTG. 

Uninduced cultures were used for controls. (Fig. 4-9) In this data, there was no indication 

of bhBBTAi1_optEc overexpression, as no distinct band was observed near the expected 

31 kDa region in any well in any gel. 

 

 

4.3.4   TRANSFER OF GENE BHBBTAI1_OPTEC FROM 

    PJEXPRESS401 PLASMID WITH T5 PROMOTER 

    (PJEXPRESS401:40539) TO  

    PET28b(+) PLASMID WITH T7 PROMOTER AND 

    EXPRESSION IN E. COLI BL21(DE3)  HOST STRAINS 

 

At this point, there was interest in obtaining a higher level of expression of this candidate 

biuret hydrolase. To that end, the BBTai1_optEc gene was transferred from the 

pJexpress401 (under control of the T5 promoter), to the pET28b(+) vector, via a 

StrataClone™ shuttle vector. Once in pET28b(+), the gene was under control of the 

strong T7 promoter (216). Also, it was considered that the protein may be susceptible to  
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Figure 4-9. Representative SDS-PAGE results for transformants carrying the 
pJexpress401:40539 plasmid in protease knockout strains. A) E. coli BL21(DE3), 
B) E. coli BL21 Star™(DE3), and C) E. coli KRX. Cultures were uninduced (Unind.) or 
induced (4 hrs - A, B; overnight - C) with IPTG. Remaining gels were similar. Arrows 
indicate region where overexpressed protein was expected to be observed. LADR: 
Ladder, Bio-Rad Precision Plus). 
 
A. 
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Figure 4-9, con’t. 
B. 

 
C. 
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proteolysis. To address this potential issue, the gene was induced to express in host E. 

coli strains that had protease-related genes deleted [e.g., E. coli BL21(DE3)]. In addition, 

for enhanced stability of the associated mRNA, a) extra stop codons (3 in total) were 

designed into the right primer for the PCR amplification step (182) and b) E. coli BL21 

Star™(DE3) was utilized since it has an mRNA degradation enzyme deleted. During this 

process, the C-terminal His6 tag was removed and an N-terminal one was added. 

 

 

4.3.4.1  AMPLIFICATION OF BHBBTAI1_OPTEC VIA PCR 

 

The plasmid was purified from E. coli DH5α::pJexpress401:40539 transformant #1 and 

the bhBBTAi1_optEc gene was PCR-amplified. The PCR product was visualized on 

agarose gel, found to be near the expected size (827 bp), and purified. The negative 

control had no bands, as expected (data not shown). 

 

 

4.3.4.2  ADDITION OF POST-PCR 3’ POLY-A TAIL TO PCR PRODUCT 

    AND INSERTION INTO STRATACLONE™ VECTOR 

 

The purified PCR product was amended with a 3’ poly-A tail and subsequently used with 

the StrataClone™ PCR Cloning Kit to generate intermediate (shuttle) plasmids. The 

subsequent transformations generated transformants of strain E. coli StrataClone™ 
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SoloPack::pSC-A-amp/kan:bhBBTAi1_optEc. Harvested plasmid yields ranged from 

410-480 µg/ml. 

 

 

4.3.4.3  PSC-A-AMP/KAN :BHBBTA I1_OPTEC PLASMID HARVEST 

    AND RESTRICTION ENZYME DIGESTS 

 

The plasmids from E. coli StrataClone™ SoloPack::pSC-A-amp/kan:bhBBTAi1_optEc 

transformants were subjected to restriction enzyme double digestion with NdeI and 

HindIII. The StrataClone vector is 4.3 kb and the expected insert is 827 bp. Anticipated 

results were as follows: undigested plasmids, a band ~5.1 kb; HindIII-only digested 

plasmids with insert in correct orientation, a band ~5.1 kb plus a ~25 bp fragment too 

small to visualize; HindIII-only digested plasmid with insert in incorrect orientation, a 

4.27 kb band and a ~850 bp band; HindIII + NdeI digested plasmids with insert in either 

correct or incorrect orientation, a 4.27 kb band, a 827 bp band, and a ~25 bp fragment too 

small to visualize. Plasmids that released the 827 bp fragment only when both NdeI and 

HindIII were present indicated that NdeI is functional. Theoretically, the insert would be 

able to ligate fully to the NdeI + HindIII digested pET28b(+) downstream in the process.  

 

Several plasmids were determined to contain the bhBBTAi1_optEc insert in the correct 

orientation, although the bands were faint, suggesting insert yields were low (clones 1L, 

2L, 1B, 2B, and 3B; data not shown). The perceived low yields may be due to incomplete 
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digestion by NdeI, or perhaps due to a visual effect related to the ethidium bromide 

migrating away from insert. 

 

 

4.3.4.4  DNA SEQUENCING OF BHBBTA I1_OPTEC FROM 

    PSC-A-AMP/KAN :BHBBTA I1_OPTEC 

 

The plasmids from E. coli StrataClone™ SoloPack::pSC-A-amp/kan:bhBBTAi1_optEc 

clones 1B, 2B, and 3B were sequenced. Resulting datasets were analyzed and good 

quality excerpts from each matched 100% to the sequence of the bhBBTAi1_optEc insert 

expected (827 bp, data not shown). 

 

 

4.3.4.5  SCALE UP OF DOUBLE-DIGESTED INSERTS FROM 

    E. COLI DH5α::PSC-A-AMP/KAN :BHBBTA I1_OPTEC 

    CLONES AND PURIFICATION 

 

Since the agarose gel and DNA sequencing analyses indicated bhBBTAi1_optEc inserts 

from E. coli StrataClone SoloPack::pSC-A-amp/kan:bhBBTAi1_optEc clones 1B, 2B, 

and 3B were correct, the amounts of NdeI + HindIII double-digested inserts were scaled 

up. Going forward, only the scaled up reaction from clone 1B was utilized. It was 
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subjected to agarose gel analysis (section 4.2.4.3) and found to release the 827 bp 

fragment under expected conditions. The yield of the gel purified product was 21 µg/ml. 

 

 

4.3.4.6  LIGATION OF BHBBTAI1_OPTEC INSERT FROM CLONE 1B TO 

    PET28b(+) VECTOR AND TRANSFORMATION OF E. COLI DH5α 

 

The ligation mixture of bBTAi1_optEc-1B insert and pET28b(+) vector was used to 

transform E. coli DH5α. This yielded 8-14 colonies when 20 µl was plated and 166-181 

colonies when 150 µl was plated. The control mixture without insert did not yield any 

colonies. The plasmid control (pUC19) yielded 17 colonies. Plasmids were harvested 

from several transformants of this new strain (E. coli DH5α::pET28b(+): 

bhBBTAil_optEc-1B). They were used to transform strains E. coli BL21(DE3) and 

E. coli BL21 Star™(DE3). 
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4.3.4.7  TRANSFORMATION OF E. COLI BL21(DE3)  & 

    E. COLI BL21  STAR™(DE3) STRAINS WITH 

    PET28b(+):BHBBTA I1_OPTEC-1B AND EXPRESSION 

 

Plasmid preps (#1, 2, 3, and 4) (each ~110 µg/ml) from E. coli DH5α transformants 

carrying pET28b(+):bhBBTAil_optEc-1B were used to transform both E. coli 

BL21(DE3) and E. coli BL21 Star™(DE3) strains to generate new base strains 

E. coli BL21(DE3)::pET28b(+):bhBBTAil_optEc-1B and 

E. coli BL21 Star™(DE3)::pET28b(+):bhBBTAil_optEc-1B. The number of resulting 

transformants from 20 µl of the E. coli BL21(DE3) strain ranged from 50-118. For all 

other plates, there were too many transformants to count. Two well-isolated 

transformants (a and b) from each plasmid/strain combination were assessed for 

expression of the bhBBTAi1_optEc-1B. 

 

Analysis of total cell protein post-induction indicated that all induced samples 

overexpressed a protein close to the expected size (30.9 kDa). (Fig. 4-10 and Fig. 4-11) 

As expected, a comparable band was not observed in the uninduced controls. Apparent 

expression seemed stronger in the E. coli BL21(DE3) strain as opposed to the E. coli 

BL21 Star™(DE3) strain. Based on these results, subsequent experiments used 

transformants from the E. coli BL21(DE3) strain. 
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Figure 4-10. SDS-PAGE results of bhBBTAi1_optEc expression from E. coli 
BL21(DE3)::pET28b(+):bhBBTAil_optEc-1B clones. Thick bands of expected size (~31 
kDa) are present when cultures are induced. LADR = ladder (Invitrogen™ BenchMark). 
Unind.= uninduced. IPTG = induced with isopropyl-β-D-thiogalactopyranoside. 
 

 



 

 159 

Figure 4-11. SDS-PAGE results of bhBBTAi1_optEc expression from E. coli BL21 
Star™(DE3)::pET28b(+):bhBBTAil_optEc-1B clones. Thick bands of expected size (~31 
kDa) are present when cultures are induced. LADR = ladder (Invitrogen™ BenchMark). 
Unind. = uninduced. IPTG = induced with isopropyl-β-D-thiogalactopyranoside. 
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4.3.4.8  TRYPSIN FINGERPRINTING AND MASS SPECTROMETRY 

    DATA SUPPORT BHBBTA I1_OPTEC-1B-1 IS EXPRESSED 

 

In an effort to confirm the expressed protein at ~31 kDa was the expected protein, 

bhBBTAi1_optEc-1B-1, the band in lane “BL21(DE3) IPTG #1a” was removed from the 

gel and subjected to trypsin proteolysis and mass spectrometry (184). A key aspect of 

these results is that the sequence encoding the gene was required to be added to the 

database the results were analyzed against. Based on the number of unique peptides and 

quality of fragmentation patterns, the data were considered acceptable. (Fig. 4-12A).  

 

The results support that the actual protein expressed is the one expected, 

bhBBTAi1_optEc-1B-1 (Fig. 4-12B). One point to note is that the core gene sequence 

submitted to the database for comparison to the peptide fragments did not contain the 

alterations on the 5’ or 3’ ends (e.g., His6 tag). Results demonstrate that 59% of the 

sequence space was covered by 21 unique peptides generated by the process. Since 

trypsin only cleaves the subject protein at arginine and lysine, the lack of coverage in 

some sections (e.g., the 5’end) is consistent with the protocol used. 

 

 

4.3.4.9   EXPRESSION OF BHBBTA I1_OPTEC IN 

    INSOLUBLE FRACTION FROM 

    E. COLI BL21(DE3):: PET28b(+):BHBBTA I1_OPTEC-1B-1 
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Figure 4-12. Trypsin fingerprinting and mass spectrometry support 31 kDa band is 
bhBBTAi1_optEc. A) Example of good quality fragmentation patterns. B) Peptide 
fragments from sample overlay 59% of expected core sequence. 
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Based on the SDS-PAGE and proteomic analyses, the bhBBTAi1_optEc-1B-1 protein 

was observed to be overexpressed. A study was conducted to determine if the protein was 

expressed in the soluble or insoluble fraction. If it was in the soluble fraction, there was 

potential for it to be active. If it was in the insoluble fraction, activity would not be 

expected. 

 

The strain E. coli BL21(DE3): pET28b(+):bhBBTAi1_optEc-1B-1 was induced for 4 hrs 

at 37°C or overnight at 15°C. Controls included the strain with the empty vector and 

uninduced versions of the cultures. Aliquots of cultures (1.5 ml) were processed to 

generate the soluble and insoluble fractions. Equal amounts of reduced protein samples 

were subjected to SDS-PAGE analysis. (Fig. 4-13) The protein bhBBTAi1-optEc-1B-1 is 

observed to be expressed only when the gene is present and under induction conditions, 

as indicated by the presence of the thick band ~30 kDa in the “bhBBAi1 Induc Insol” 

lane. However, all or near to all of it is in the insoluble fraction. This localization would 

render it inactive. 

 

 

4.3.5   EXPRESSION OF BHBBTA I1_OPTEC-1B-1 IN THE 

    SOLUBLE FRACTION WHEN CO-EXPRESSED WITH 

    CHAPERONINS GROEL AND GROES FROM 

    E. COLI BL21(DE3):: PETb(+):BHBBTA I1_OPTEC (PAG) 
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Figure 4-13. SDS-PAGE indicating bhBBTAi1_optEc-1B-1 was expressed from induced 
E. coli BL21(DE3):bhBBTAi1_optEc in the insoluble fraction. A. Results after 4 hr 
induction at 37°C. (Results after overnight induction at 15°C were very similar.) 
pET28b+ = empty vector control strain, E. coli BL21(DE3)::pET28b(+); Sol = soluble 
fraction; Insol = insoluble fraction; Unind. = uninduced; Induc. = Induced with IPTG; 
bhBBTAi1 = E. coli BL21(DE3)::pET28b(+):bhBBTAi1_optEc-1B-1. 
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4.3.5.1  CO-TRANSFORMATION OF PAG AND 

    PET28b(+):BHBBTA I1_OPTEC-1B-1 INTO 

    E. COLI BL21(DE3)  AND EXPRESSION 

 

In an effort to obtain overexpressed biuret hydrolase candidate bhBBTAi1_optEc-1B-1 in 

the soluble fraction, where it potentially would be active, a new strain was created that 

encoded the chaperonin, GroEL, and the co-chaperonin, GroES. GroEL and GroES are 

proteins that work together to transform improperly folded proteins into properly folded 

ones in vivo (217). The genes corresponding to GroEL and GroES are encoded on 

plasmid pAG under control of the arabinose promoter/operator. pAG is a pACYC184 

derivative encoding chloramphenicol resistance (188, 189). This plasmid is compatible 

with the pET28b(+) vector encoding bhBBTAi1_optEc and both plasmids were utilized 

to create the strain E. coli BL21(DE3)::pET28b(+):bhBBTAi1_optEc-1B-1 (pAG). 

 

Once the strain was in hand, study was conducted whereby it was cultured to log phase, 

then treated with arabinose for 1 or 2 hours to induce expression of the chaperonins. The 

cells were subsequently treated with IPTG to induce bhBBTAi1_optEc-1B-1 expression 

and incubated. Uninduced cells and cells only induced with arabinose served as controls. 

Final OD600 values of the source cultures ranged from 3.7-4.5. Protein samples from total 

cell, soluble, and insoluble fractions were analyzed via SDS-PAGE. The amount of 

protein loaded in each lane is similar. (Fig. 4-14) 
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In the uninduced or arabinose only controls, no distinct bands in the 20-37 kDa region 

were observed, although trace amounts of protein were visualized. Arabinose induction 

(both 1 and 2 hr) led to expression of the GroEL (~57 kDa) and GroES (~10 kDa) 

proteins, the majority of each being in the soluble fractions. In the presence of soluble 

expression of these chaperonins, a significant level of bhBBTAi1_optEc-1B-1 was 

expressed when induced, as observed by the ~31 kDa bands. Approximately ~55-65% of 

bhBBTAi1_optEc-1B-1 was located in the soluble fractions under both arabinose 

induction conditions, with the remainders in the insoluble conditions. bhBBTAi1_optEc 

appears slightly more soluble under the 1 hour arabinose induction condition. 

 

 

4.3.5.2  ACTIVITY ASSAYS OF SOLUBLE BH BBTA I1_OPTEC-1B-1 

    WHEN CO-EXPRESSED WITH CHAPERONINS 

    GROEL AND GROEL 

 

Since the soluble fraction of strain E. coli BL21(DE3)::pETb(+):bhBBTAi1_optEc-1B-1 

(pAG) contained a detectable protein, initial activity assays were run on the soluble 

samples used to generate the gels in Fig. 4-14. No activity was detected (data not shown). 

At this point, the pellets had been harvested & frozen at -80°C for 3 days, fractionated & 

analyzed (SDS-PAGE), stored on ice at 4°C, and assayed for activity the following day. 
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Figure 4-14. SDS-PAGE indicates soluble expression of bhBBTAi1_optEc-1B-1 when 

co-expressed with chaperonins GroEL and GroES. Total, soluble and insoluble protein 

fractions from E. coli BL21(DE3)::pET28b(+): bhBBTAi1_optEc-1B-1(pAG) under 

various induction conditions. LADR: ladder (Bio-Rad Precision Plus), Unind - 

Uninduced; TCP – total cell protein; Sol – soluble; Insol – Insoluble; Arabin-Arabinose; 

IPTG - isopropyl-β-D-thiogalactopyranoside. bhBBTAi1 = bhBBTAi1_optEc-1B-1. 
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The assays were redone using fresh cultures. Fresh cultures were prepared for two 

reasons: 1) so activity assays could be done the same day as soluble sample preparation 

and 2) so Superbroth media could be incorporated. During research our lab it was 

observed a different metallo-protein overexpressed in Superbroth was populated with 

higher levels of metals as measured by Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS) than if cultured in LB broth (Deep Golwala, personal communication). 

 

It was reasoned that observable activity by bhBBTAi1_optEc-1B-1 might require more 

metal than available in the previous preparation (section 4.2.5). The strain was cultured in 

both LB media and Superbroth media. Lysates were prepared from harvested pellets. No 

fractions contained protease inhibitor (to prevent  possible interference the downstream 

activity assay). In addition, certain transition metals were added to enzyme reactions to 

assess if they impacted, specifically increased, enzymatic activity. These metals were 

Zn2+, Cd2+, Mg2+, Mn2+, and Co2+. This selection of metals was chosen from data in the 

PDB/MMDB files (172, 173, 190) of bhBBTail_optEc homologs (191, 192, 193, 194, 

195). 

 

There were considerable levels of background ammonia detected in the samples 

containing only buffer and various lysates (LB/Superbroth, uninduced/induced). These 

data were subtracted from the corresponding samples prior to specific activity 

determinations. Also, the control of biuret  contained a trace amount of ammonia, as 

expected (44 µM). This amount was also subtracted from the appropriate samples. 
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With regard to the samples using lysate from the cultures grown in LB (induced or 

uninduced), ammonia levels could be attributed fully to background levels from the 

lysates utilized. Therefore, no specific activity could be measured. The exception was the 

sample containing lysate from the uninduced LB culture combined with biuret and 

magnesium. However, the specific activity measured was small (0.14 nmol NH3/min-mg) 

and not measurable with the corresponding sample with the biuret hydrolase candidate 

induced. Thus, this value is not considered to reflect actual activity of the enzyme. 

 

Similar lack of activity was observed for the reaction samples containing lysates from 

Superbroth. The only exception in this set was the one containing induced Superbroth 

lysate, biuret, and magnesium, which had a specific activity of approximately 0.5 nmol 

NH3/min-mg. With 3000 µM of biuret available for the enzyme to convert to ammonia, if 

it was actually active under the conditions, and stimulated by metals, specific activity 

would be expected to be several- or many-fold higher. 

 

Corresponding protein samples from the cultures analyzed for activity were subjected to 

fractionation (soluble and insoluble). These fractions, and total cell protein, were 

analyzed via SDS-PAGE (data not shown). The majority (~80-90%) of 

bhBBTAi1_optEc-1B-1 was observed in the soluble fraction (in both LB and Superbroth 

induced samples) Thus, putative enzyme activity was not hindered by insolubility. 
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4.4   CONCLUSION 

 

At this point, the enzyme was deemed essentially inactive, and attention was primarily 

focused on the biuret hydrolase candidate from B. diazoefficiens USDA110 (formerly B. 

japonicum USDA 110, 218). However, it later came to light that a plausible reason a 

significant amount of activity was not detected was due to the fact that the crude lysates 

used as sources of putative biuret hydrolase protein were prepared in 25 mM Tris, pH 8.2 

buffer. Tris is a chemical that is often used as a buffer. It has been reported to completely 

inhibit color development of the Berthelot Assay by Ngo et al. (103). 

 

 

4.5   SUPPORTING INFORMATION 

 

Additional data regarding the annotation of final, modified biuret hydrolase candidate 

from submitted for synthesis, the plasmid map and final sequence is Appendix 3. Also 

available are the FASTA sequences used for the multiple sequence alignments. 
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CHAPTER 5  ACTIVITY, EXPRESSION, AND CLONING STUDIES OF A 

     PUTATIVE BIURET HYDROLASE FROM  

     BRADYRHIZOBIUM DIAZOEFFICIENS USDA110 

     (FORMERLY B. JAPONICUM USDA110) 

 

 

5.1   INTRODUCTION 

 

Similar to Bradyrhizobium sp. BTAi1, B. diazoefficiens USDA110 (196, formerly B. 

japonicum USDA110, 218) was observed to grow on cyanuric acid, ammelide and 

ammeline as sole nitrogen sources in preliminary studies (E. Reynolds, T. Dodge, J. Hall, 

unpublished data). The gene, amiC (Gene ID: 1054773, 169), was annotated to encode an 

amidase (AmiC, NP_773922.1, 196) (Figure 2-1) and was adjacent to a gene that 

encoded a functional cyanuric acid hydrolase (atzD). (Chapter 3, 165). Also, AmiC had a 

conserved domain classifying it as a member of the amidase superfamily (111). For these 

reasons, amiC was hypothesized to encode a biuret hydrolase. 

 

In this work, the amiC gene sequence was modified to include several features to 

facilitate protein purification and potential downstream cloning. The resulting gene 

product was synthesized, optimized for expression in E. coli and termed 

“bhBJ110_optEc.” In preliminary studies with crude lysates, activity above background 

was detected (Chapter 2, 166). Additional support for the presence of the complete 
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cyanuric acid biodegradation pathway in B. diazoefficiens USDA 110 was in the form of 

two homologs of third known enzyme in the pathway, allophanate hydrolase. The goal of 

this study was to express, purify, and characterize the AmiC protein in detail. 

Accomplishing this goal would facilitate comparative studies between this protein and 

the functional biuret hydrolase from Rhizobium leguminosarum bv. viciae 3841 that was 

identified, purified, and characterized in Chapter 2 (166). 

 

 

5.2   MATERIALS AND METHODS 

5.2.1   BIOINFORMATICS AND INITIAL RESEARCH 

 

The amiC gene was identified, synthesized, and expressed as reported in sections 2.3.2 

Bioinformatics, 2.3.3 Plasmid Construction and 2.3.4 Transformation and Expression: All 

3 candidates (Chapter 2, 166). Additional annotation notes are available in Appendix 4. 

Of note, during gene synthesis, a ribosomal binding site was added to the 5’ end (5’-AG 

GAG GTA AAA CAT-3’) that combined with the ATG start codon to form an NdeI 

restriction site (5’-CAT ATG-3’) DNA quality, sequence comparisons, molecular weight 

determination, isoelectric point determination, nucleotide translations to amino acids, and 

homologous protein searches were performed as described in section 4.2.1.1. 

 

The strain, E. coli DH5α::pJexpress401:40540 [also known as E. coli 

DH5α::pJexpress401:bhBJ110_optEc (Chapter 2, 166)], was cultured in LB broth + 
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kanamycin (50 µg/ml) at 37°C (250 RPM). Gene expression was induced with 1 mM 

IPTG. Total cell, soluble, and insoluble protein fractions from 4 hr and 18 hr samples 

were analyzed via SDS-PAGE (18% stacking gel) per section 4.2.2.1.2 (data not shown). 

 

 

5.2.2   EXPRESSION STUDY OF BHBJ110_OPTEC FROM 

    E. COLI DH5α::PJEXPRESS401:40540 

 

One colony of E. coli DH5α::pJexpress401:40540 was used to inoculate LB broth with 

kanamycin (50 µg/ml), which was incubated at 37°C o/n at 250 RPM. For controls, and 

E. coli DH5α::pJexpress401:27498 [vector control containing red fluorescent protein 

(RFP)] and E. coli DH5α (host strain – no kanamycin used) were cultured and prepared 

in parallel. One milliliter of each overnight starter culture was used to individually 

inoculate 50 ml of LB broth with kanamycin (50 µg/ml). Similarily, cultures were also 

prepared for uninduced controls (25 ml each). 

 

The starting OD600 readings for all cultures ranged from ~0.06 - 0.08, as measured with a 

Beckman DU 640 spectrophotometer. Cultures were incubated at 37°C (250 RPM). 

When OD600 readings reached ~0.5-0.7, IPTG was added (1 mM) to induce gene 

expression. Post-induction (4 hr), 50 µl aliquots of the cultures analyzed via SDS-PAGE 

(total cell protein) per section 4.2.2.1.2. Several 1 ml aliquots from each culture were 



 

 173 

pelleted and stored at -80°C. Cultures were returned to incubation and parallel samples 

taken at 20.25 hr post-induction. 

 

 

5.2.3   TRANSFER OF BHBJ110_OPTEC FROM PJEXPRESS401 

    PLASMID WITH T5 PROMOTER (PJEXPRESS401:40540) TO 

    PET28b(+) PLASMID WITH T7 PROMOTER AND EXPRESSION 

    IN E. COLI BL21(DE3)  HOST STRAIN 

5.2.3.1  AMPLIFICATION OF BHBJ110_OPTEC VIA PCR 

 

A single colony of E. coli DH5α::pJexpress401:40540 was cultured in 3 ml LB broth += 

kanamycin (50 µg/ml) at 37°C (200 RPM). The plasmid was harvested and quantified per 

section 4.2.2.3. Primers to PCR-amplify the bhBJ110_optEc gene were designed as 

described in section 4.2.4.1. However, the length of the final primers are were adjusted so 

the melting temperatures (Tm) were within 1°C of each other. For the left primer, the final 

sequence was 5’-TAA TCA TAT GAG CTG GAA CGA GTG GG -3’ (#82879441 

Cameron/020812FbhBJ110). The final right primer was: 5’-TAA TAA GCT TTT ATT 

ATT AGC TAA CAT GAA CCT TCG G-3’ (#82879442 Cameron/020812RbhBJ110). 

The PCR amplification was also done as described in the same section, with the 

following adjustments: the annealing temperature was set to 60.2°C and the cycled 

extension time was increased to 44 sec. The gel analysis and purification of the PCR 

product was done as described in the same section.
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5.2.3.2  ADDITION OF POST-PCR 3’ POLY-A TAIL TO PCR PRODUCT 

    AND INSERTION INTO STRATACLONE™ VECTOR 

 

A 3’ poly-A tail was added to the bhBJ110_optEc PCR product and it was cloned into the 

StrataClone™ vector as described in section 4.2.4.2. The 3’ poly-A tail incubation step 

was 18 min. During the transformation protocol, the recovery period was 1.75 hr. The 

resulting white transformants have the base strain name of “E. coli StrataClone 

SoloPack::pSC-A-amp/kan:bhBJ110_optEc.” 

 

 

5.2.3.3  PLASMID HARVEST AND RESTRICTION ENZYME DIGESTS OF 

    PSC-A-AMP/KAN :BHBJ110_OPTEC 

 

Six white transformants were selected [three small (#1, 2, 3) and three normal size (#4, 5, 

6) (E. coli StrataClone SoloPack::pSC-A-amp/kan:bhBJ110_optEc #1 - #6)]. Cultures 

were prepared and plasmids harvested as described in section 4.2.4.3. Restriction enzyme 

digest reactions were prepared as described in the same section with a 2.75 hr incubation. 

Agarose gels were prepared for product analyses as described in section 4.2.4.1. 
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5.2.3.4  DNA SEQUENCING OF BHBJ110_OPTEC FROM 

    PSC-A-AMP/KAN :BHBJ110_OPTEC CLONES #2 AND #4 

 

Plasmids pSC-A-amp/kan:bhBJ110_optEc #2 and #4 were subjected to DNA sequencing 

as described in section 4.2.4.4. 

 

 

5.2.3.5  SCALE UP OF DOUBLE-DIGESTED INSERT FROM 

    E. COLI DH5α::PSC-A-AMP/KAN :BHBJ110_OPTEC 

    CLONE #4 AND PURIFICATION 

 

To obtain enough bhBJ110_optEc insert to ligate into the pET28b(+) vector, strain E. coli 

StrataClone SoloPack::pSC-A-amp/kan:bhBJ110_optEc clone #4 was cultured [5 ml in 

LB + kanamycin (50 µg/ml)] and the plasmid harvested & quantified per section 4.2.2.3. 

The purified plasmid (510 µg/ml) was double-digested in a 100 µl reaction (via master 

mixes) using the following reagents: 10 µl REact® 2 buffer (10X), 1µl HindIII (10 U/µl), 

5.1 µl NdeI (20 U/µl, added last, NEB), 20 µl template plasmid (undiluted), adjusted with 

ddH2O to 100 µl. The reaction was incubated at 37°C for 2 hr and stored in -20°C (3 

days) until agarose gel analysis, purification, & quantification (section 4.2.4.1). 
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5.2.3.6  PET28b(+) DOUBLE DIGESTION AND PURIFICATION 

 

One colony of E. coli DH5α::pET28b(+) was cultured in 5 ml LB broth with kanamycin 

(50 µl/ml) at 37°C (250 RPM) for 16 hr. Plasmid DNA was harvested & quantified per 

section 4.2.2.3 (12/20/11 stock). pET28b(+) DNA (27 µl, 110 µg/ml) was double-

digested with the following reagents: 14 µl REact® 2 buffer (10X), 1.4 µl HindIII (10 

U/µl), 1.5 µl NdeI (20 U/µl), QS to 136 µl with ddH2O. The reaction was incubated in a 

37°C waterbath for 4 hr and stored at -20°C until the next day. The entire sample was 

subjected to agarose gel analysis, purification, & quantification per section 4.2.4.1. The 

gel-purified, double-digested pET28b(+) (10 µg/ml) was treated with shrimp alkaline 

phosphatase (SAP) as described in section 4.2.4.6. 

 

 

5.2.3.7  LIGATION OF BHBJ110_OPTEC-4 INSERT TO PET28b(+), 

    TRANSFORMATION OF E. COLI DH5α, AND PLASMID HARVEST 

 

To ligate the bhBJ110_optEc insert from clone #4 (19 µg/ml) and the pET28b(+) vector 

(double-digested and SAP-treated, 8.9 µg/ml post-SAP), the following mixture was 

prepared based on the Invitrogen™ protocol for cohesive ends: 4 µl 5X ligase buffer (for 

T4 DNA ligase, Invitrogen™), 47.5 ng pET28b(+) vector, 53 ng insert, 9.7 µl ddH2O, 

and 1 µl T4 DNA ligase (added last, 1 U/µl, Invitrogen™). The final volume was 20 µl 
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and contained ~100 ng of DNA. In addition, a control mixture was prepared that did not 

contain the insert. 

 

These mixtures were incubated at 16°C for 18 hr. Aliquots were diluted 5-fold in Tris-

Hcl (pH 7.5) + 1 mM EDTA and transformed into E. coli MAX Efficiency® DH5α™ 

Competent Cells (Invitrogen™) per instructions using LB agar + kanamycin (50 µg/ml). 

Of the resulting transformants, four clones (#1, 2, 3 and 4) of this new strain, “E. coli 

DH5α::pET28b(+):bhBJ110_optEc-4,”were individually cultured (17 hr). Their plasmids 

were isolated & quantified per section 4.2.2.3 and stored in -20°C. 

 

 

5.2.3.8  RESTRICTION ANALYSIS OF PET28b(+):BHBJ110_OPTEC-4, 

    TRANSFORMATION OF E. COLI BL21(DE3),  AND EXPRESSION 

 

pET28b(+):bhBJ110_optEc-4 clones #1, 2, 3, and 4 were each subjected to restriction 

enzyme digestion as described in section 4.2.4.3. Incubation time was 3 hr. The products 

were analyzed via agarose gel electrophoresis as noted in section 4.2.4.1. 

 

Transformation of E. coli BL21(DE3) was performed individually with these plasmids, as 

described in section 4.2.4.8. The transformations generated a new base strain, “E. coli 

BL21(DE3)::pET28b(+):bhBJ110_optEc-4.” Two transformants from each plasmid (1a, 

1b, 2a, 2b, 3a, 3b, 4a, 4b) were assessed for expression of bhBJ110_optEc using a 
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method similar to that described in section 4.2.4.8. The expected protein banding pattern 

was not observed (data not shown). 

 

In a subsequent attempt, overnight cultures of the same transformants were used to 

individually inoculate (1.5% v/v) 4 ml of LB broth + kanamycin (50 µg /ml). When 

cultures reached OD600 of ~0.5, they were split in half, acclimated to 16ºC for 20 min, 

and one tube from each set was induced with IPTG (1 mM). Cultures were incubated at 

16°C for 17 hr, (250 RPM). One milliliter aliquots were pelleted and resuspended in 0.1 

ml 0.85% saline (10-fold concentration). Protein loads on gels were normalized per 

section 4.2.5.1. This yielded 3 candidate bands (~50, 60 , & 70 kDa), which appeared 

more prominent in induced samples than uninduced samples (data not shown). 

 

 

5.2.3.9  EXPRESSION OF BHBJ110_OPTEC IN 

    INSOLUBLE FRACTION FROM 

    E. COLI BL21(DE3):: PET28b(+):BHBJ110_OPTEC-4-1a 

 

In an effort to obtain clear evidence of expression of bhBJ110_optEc from strain E. coli 

BL21(DE3)::pET28b(+):bhBJ110_optEc-4, the following steps were taken. Transformant 

#1a was used to inoculate 5 ml of LB broth with kanamycin (50 µg/ml) and incubated 

overnight at 37°C (250 RPM). This culture was used to inoculate 25 ml of LB broth with 

kanamycin (1.5% v/v) for a starting OD600 of 0.06. When OD600 reached 0.5, the culture 
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was split into 4 – 5.5 ml aliquots. Two aliquots received IPTG (1 mM final). One culture 

with IPTG and one without were incubated at 37°C (250 RPM) for 4 hr. A parallel set 

was incubated at 16°C (250 RPM) for 24.75 hr. 0.5 ml aliquots were used from each 

culture to determine final OD600 values. The remaining 5 ml of each culture was pelleted 

and pellets were stored in -80°C (2 days). 

 

Pellets were resuspended in 0.5 ml of 0.1 M potassium phosphate buffer (pH 7). A 0.4 ml 

aliquot was fractionated into soluble and insoluble fractions. Sonication was done as 

described in section 4.2.5.1. Disrupted cells were centrifuged at 16,000 x g for 20 min at 

4°C. The supernatant was considered the soluble fraction and the pellet as the insoluble 

fraction. The insoluble fraction pellet was fully resuspended in 0.5 ml 0.1 M potassium 

phosphate, pH 7. Heat and vortexing were unnecessary. The suspension was centrifuged 

at 5000 x g for 15 min at 4°C. The resulting pellet was again resuspended in phosphate 

buffer and recentrifuged. The final pellet was resuspended in 0.5 ml 1% SDS in ddH2O 

(w/v) upon heating at 90°C for 5 - 10 min. Aliquots from each sample were combined 

with 15 µl loading buffer, heated ~95°C for 10 min and analyzed via SDS-PAGE gels per 

section 4.2.2.1.2. Amounts of samples used in gel analysis depended on the final OD600 

values of the source cultures, as described in 4.2.5.1. 

 

 

5.2.3.10  TRYPSIN FINGERPRINTING AND MASS SPECTROMETRY DATA  

    INDICATE BHBJ110_OPTEC-4 PROTEIN WAS EXPRESSED 
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Trypsin fingerprinting and mass spectrometry were performed on the ~54 kDa band 

excised from the “Induc. Insol.” lane of the gel in Fig. 5-4B as described in section 

4.2.4.9 using “the042812StephanCameron_BhBJ110_4_rs_ecoli_v201004 

_cRAPdatabase” with 270,266 entries. 

 

 

5.2.3.11  ENZYME ACTIVITY ASSAYS 

 

E. coli BL21(DE3)::pET28b(+):bhBJ110_optEc-4-1a was used to inoculate 5 ml of LB 

broth with kanamycin (50 µg/ml) and incubated at 37°C o/n (250 RPM). This starter 

culture was used to inoculate 100 ml of the same media (1.5% v/v). After 2.5 hr 

incubation at same conditions, the OD600 was 0.54. At this point, the culture was split into 

5.5 ml aliquots for three conditions (in triplicate): no IPTG, 0.1 mM IPTG, or 1 mM 

IPTG. After a 4.5 hr incubation at stated conditons, 0.1 ml was used to obtain OD600 and 

5.4 ml was pelleted and stored at -80°C (19 days). The pellets were resuspended in 0.54 

ml of 0.1 potassium phosphate buffer, pH 8.5 without protease inhibitors.This was a 10-

fold concentration. 0.1 ml was aliquoted for total cell protein (TCP) analysis and the 

remaining 0.44 was sonicated and processed as in section 5.2.3.9. A key difference in this 

case is that 0.1 mM potassium phosphate pH 8.5 buffer was used instead of pH 7. Protein 

concentration standards were determined as described in section 4.2.2.1.3. 
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5.2.3.12  EXPRESSION OF BHBJ110_OPTEC-4 IN THE 

    INSOLUBLE FRACTON WHEN USING PH 8.5 LYSIS BUFFER 

 

Aliquots of insoluble and soluble fractions used in section 5.2.3.11 were prepared for 

SDS-PAGE analysis the same day as cell lysis and as described in section 4.2.5.1 and 

stored overnight in -20°C. Total cell protein (TCP) samples were stored on ice overnight 

at 4°C, then prepared for SDS-PAGE as the soluble and insoluble samples were. Samples 

were analyzed via SDS-PAGE as described in section 4.2.2.1.2. 

 

 

5.3   RESULTS AND DISCUSSION 

5.3.1   BIOINFORMATICS AND INITIAL RESEARCH 

 

The synthesized putative biuret hydrolase, bhBJ110_optEc, was found to have a 

theoretical pI of 6.47 and an expected molecular weight of 53,820.4 Da (112). A search 

for homologs to the known allophanate hydrolase from Pseudomonas sp. ADP, AtzF 

(NP_862539.1, 94, 95, 117), against the entire B. diazoefficiens USDA110 genome (196, 

formerly B. japonicum USDA110, 218) yielded two proteins of strong similarity, 

supporting the presence of the complete cyanuric acid degradation pathway in B. 

diazoefficiens USDA 110. The first was protein NP_767684.1, which was 50% identical 

and 63% similar to AtzF with an E-value of 3e-154 (96% of query sequence). The second 
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was protein NP_772446.1, which was 49% identical and 63% similar to AtzF with an E-

value of 2e-100 (70% of query sequence). 

 

The strain, E. coli::pJexpress401:40540, was cultured and bhBJ110_optEc expression 

induced. Total cell, soluble, and insoluble protein fractions were analyzed via SDS-

PAGE. However, the resulting banding pattern was inconclusive (data not shown). 

 

 

5.3.2   EXPRESSION STUDY OF BHBJ110_OPTEC FROM 

    E. COLI DH5α::PJEXPRESS401:40540 

 

When expression of the bhBJ110_optEc protein was revisited, a study was conducted to 

compare the protein banding pattern from the E. coli DH5α::pJexpress401:40540 strain to 

the patterns from E. coli DH5α and E. coli DH5α::pJexpress401:27498. E. coli DH5α is 

the host strain and E. coli DH5α::pJexpress401:27498 is the host strain carrying the 

vector control plasmid (pJexpress401) encoding red fluorescent protein (RFP). Both 

induced and uninduced conditions were studied at two time points. (Fig. 5-1) 

 

If expressed, the biuret hydrolase candidate protein band (~54 kDa) would be located in 

the “BJ110 IPTG” lanes, in the 30-65 kDa region (Fig. 5-1, boxed area) and likely near 

the 50 kDa ladder band. Upon analysis, no clear differences were observed between the 
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Figure 5-1. SDS-PAGE indicating lack of expression of bhBJ110_optEc. Samples after 
20.25 hr induction with 1 mM IPTG and uninduced, parallel controls. Band profiles were 
similar with 4 hr induction set.DH5α = strain E. coli DH5α. RFP = strain E. coli 
DH5α::pJexpress401:27498. BJ110 = strain E. coli DH5α::pJexpress401:40540. LADR = 
NEB Protein Ladder. Unind.=uninduced. 2X = 2X sample buffer only. Box highlights 
region between ~30 kDa and 65 kDa. The candidate biuret hydrolase (~54 kDa) would be 
expected to appear in this region (in BJ110 IPTG lanes) if expressed under induced 
conditions. 
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samples, whether uninduced or induced, in the 30-65 kDa region. The control 

overexpressed protein (RFP, 26.8 kDa) is easily detected, as evidenced by the thick bands 

(~27 kDa) in the “RFG IPTG” lanes. 

 

 

5.3.3   TRANSFER OF BHBJ110_OPTEC FROM PJEXPRESS401 

    PLASMID WITH T5 PROMOTER (PJEXPRESS401:40540) TO 

    PET28b(+) PLASMID WITH T7 PROMOTER AND 

    EXPRESSION IN E. COLI BL21(DE3)  HOST STRAIN 

5.3.3.1  AMPLIFICATION OF BHBJ110_OPTEC VIA PCR 

 

 

Based on the SDS-PAGE data indicating the lack of bhBJ110_optEc expression, and the 

strong expression obtained by cloning the other biuret hydrolase candidate, 

bhBBTAi1_optEc, into the pET28b(+) vector (Chapter 4), bhBJ110_optEc was PCR 

amplified and cloned into pET28b(+) via the StrataClone™ shuttle vector system. 

 

Agarose gel analysis indicated the PCR-amplified gene product was close to the expected 

size of 1481 bp. (Fig. 5-2, lanes 5 & 6). As, expected, the negative control (lane 3) did 

not contain this band. No other bands were observed. These results support that the 

designed primers were functional and specific. 
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Figure 5-2. PCR amplification product bhBJ110_optEc from pJexpress401:40540 in 

agarose gel. Lanes: 1) ladder - 1 Kb plus, 2) empty, 3) negative control lacking template 

DNA, 4) empty, 5 and 6) amplified bands of approximate size expected for 

bhBJ110_optEc DNA (1481 bp). 

 

1
Ladder
(1 Kb+)

2
Empty

3
Neg.

Control

4
Empty

5
bhBJ110

6
bhBJ110

2000�
1650�

1000�
850�
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5.3.3.2  ADDITION OF POST-PCR 3’ POLY-A TAIL TO PCR PRODUCT 

    AND INSERTION INTO STRATACLONE™ VECTOR 

 

The bands in lanes 5 and 6 were excised and purifed. A poly-A tail was added to the 3’ 

end of the PCR product to render it compatable with the StrataClone™ PCR Cloning Kit. 

The subsequent transformations resulted in 4 blue and 22 light blue or white colonies 

from 100 µl mixture. These numbers were considered low and were possibly due to 

inefficient 3’ poly-A tail addition to the PCR product by aged Taq polymerase. 

 

 

5.3.3.3  PLASMID HARVEST AND RESTRICTION ENZYME DIGEST OF 

    PSC-A-AMP/KAN :BHBJ110_OPTEC 

 

Six E. coli StrataClone SoloPack::pSC-A-amp/kan:bhBJ110_optEc transformants (#1 - 

#6) were individually cultured and their respective plasmids were harvested and 

subjected to restriction digest with NdeI and/or HindIII. Of interest were those plasmids 

that released visible fragments approximately the expected size (1481 bp) only when both 

restriction enzymes were used together. Plasmids from transformants #2 and #4 released 

such fragments. (Fig. 5-3) No bands were detected in the empty lanes, as expected. The 

uncut plasmids did not release fragments, as expected. 
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Figure 5-3. Agarose gel of restriction fragments from pSC-A-amp/kan:bhBJ110_optEc 

digested with HindIII only, HindIII and NdeI, or neither (uncut). L=ladder (1 Kb plus) 

E=empty. Clones #2 and #4 only release the 1481 bp fragment when both HindIII &  NdeI 

are used together. 
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5.3.3.4  DNA SEQUENCING OF BHBJ110_OPTEC FROM 

    PSC-A-AMP/KAN :BHBJ110_OPTEC CLONES #2 AND #4 

 

Accurate data obtained from each sequencing reaction with plasmids pSC-A-

amp/kan:bhBJ110_optEc #2 and #4 aligned 100% to the expected insert sequence. Of 

note, in the sequence data for plasmid #4 with the right StrataClone™ primer, base 811 

was changed from an A to a T based on the chromatogram (Appendix 4, Fig. A4-3). In 

light of these results, both E. coli StrataClone™ SoloPack::pSC-A-

amp/kan:bhBJ110_optEc clones #2 and #4 were considered to contain plasmids encoding 

the correct sequence. 

 

 

5.3.3.5  SCALE UP OF DOUBLE-DIGESTED INSERT FROM 

    E. COLI DH5α::PSC-A-AMP/KAN :BHBJ110_OPTEC CLONE #4 

    AND PURIFICATION 

 

The quantity of plasmid from transformant #4 was scaled-up, subjected to restriction 

digest, and the whole sample analyzed via agarose gel electrophoresis. The resulting 

fragments containing bhBJ110_optEc-4 were distinct and close to expected size. They 

were combined and purified to a concentration of 19 µg/ml. 
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5.3.3.6  LIGATION OF BHBJ110_OPTEC-4 INSERT TO PET28b(+), 

    TRANSFORMATION OF E. COLI DH5α, AND PLASMID HARVEST 

 

The double-digested, dephosphorylated vector pET28b(+) was ligated to the prepared 

bhBJ110_optEc-4 insert. The resulting mixture was used to transform E. coli DH5α. This 

protocol yielded 1-38 colonies when 20-150 µl were used. No colonies formed from the 

negative ligation control mixture. Transformants of this new strain had the base name “E. 

coli DH5α::pET28b(+):bhBJ110_optEc”. Plasmids were harvested from 4 of the E. coli 

DH5α::pET28b(+):bhBJ110_optEc-4 transformants (#1, 2, 3, and 4; 60-70 µg/ml ea.). 

 

 

5.3.3.7  RESTRICTION ANALYSIS PET28b(+):BHBJ110_OPTEC-4, 

    TRANSFORMATION OF E. COLI BL21(DE3),  AND EXPRESSION 

 

Analysis of pET28b(+):bhBJ110_optEc-4 plasmids (#1, 2, 3, and 4) subjected to 

restriction enzyme digestion and agarose gel electrophoresis demonstrated the 

bhBJ110_optEc-4 insert was released only when treated with HindIII and NdeI, as 

expected. The insert bands ran at ~1800 bp, slightly higher than the ~1500 bp expected 

(data not shown). The digest results were deemed acceptable and the associated plasmids 

were individually transformed into E. coli BL21(DE3). The resulting transformants has 

the base strain name of “E. coli BL21(DE3)::pET28b(+):bhBJ110_optEc-4.” Two 

transformants from each plasmid (1a, 1b, 2a, 2b, 3a, 3b, 4a, 4b) were cultured and 
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induced for 4 hr (37°C) or ~17 hr (16°C). Total cell protein from each culture was 

analyzed via SDS-PAGE. In all cases, the protein banding profiles were similar, but 

presence of the expected band (~54 kDa) was unclear (data not shown). 

 

 

5.3.3.8  EXPRESSION OF BHBJ110_OPTEC-4 IN THE 

    INSOLUBLE FRACTON FROM E. COLI BL21(DE3): PET28b(+): 

    BHBJ110_OPTEC-4-1a 

 

In an effort obtain definitive data related to expression, a fresh culture of E. coli 

BL21(DE3):pET28b(+):bhBJ110_optEc-4-1a was induced under two conditions (37°C 

and 16°C). Samples from each condition were fractionated. Total, soluble, and insoluble 

fractions were analyzed via SDS-PAGE along with uninduced controls. At ~54 kDa, the 

protein band for bhBJ110_optEc would be expected in the 50-75 kDa region when the 

strain was induced. The samples from the 16°C condition had no clear expression of such 

a band. However, in the induced samples from the 37°C condition (Fig. 5-4), distinct 

bands were observed of the expected size (*) in both the total cell protein (Induc. TCP) 

and the insoluble (Induc. Insol.) fractions. Since it appears to be fully in the insoluble 

fraction, the protein would not be expected to be active. One potential reason for its 

location in the insoluble fraction is that the pH of the lysis buffer was similar to the 

protein’s isoelectric point (pI), triggering aggregation and precipitation. 
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Figure 5-4. SDS-PAGE indicating bhBJ110_optEc-4-1a protein is located in the 
insoluble fraction. Samples are from induction conditons of 37°C, 4 hr, as well as 
uninduced controls. LADR = ladder (Bio-Rad Precision Plus). Uninduc. = uninduced. 
TCP = total cell protein. Sol. = soluble. Insol. = insoluble. Induc. = induced. The band of 
interest was observed in induced samples (both TCP and Insol.) under 37ºC condition (B, 
~54 kDa). Bands are marked with astrisk (*). 
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5.3.3.9  TRYPSIN FINGERPRINTING AND MASS SPECTROMETRY DATA  

    INDICATE BHBJ110_OPTEC-4 PROTEIN WAS EXPRESSED 

 

To determine if the expressed protein at ~54 kDa from the “Induc. Insol.” sample was 

bhBJ110_optEc-4 as expected, the band was excised and submitted for identification via 

trypsin fingerprinting and mass spectrometry. In addition, the expected sequence for the 

insert in pET28b(+) was submitted to the search database (ATG start codon through the 

triple stop codon and inclusive of the N-terminal His6 tag). The process generated 494 

total spectra, with 71 unique spectra and 53 unique peptides. 354/505 amino acids were 

detected, for a coverage of 70%. There is over a 95% probability that the excised band is 

the expected protein. 

 

 

5.3.3.10  ENZYME ACTIVITY ASSAYS 

 

In an effort to obtain active protein, E. coli BL21(DE3)::pET28b(+):bhBJ110_optEc-4-1a 

was prepared, induced with 0.1 mM or 1 mM IPTG (or left uninduced) at 37°C (4.5 hr) 

and cell pellets obtained. The pellets were lysed in buffer of pH 8.5. This pH was thought 

to be sufficiently different from the protein pI (6.8) so that aggregation and precipitation 

would be minimized, therby increasing the probability of observing enzyme activity. 
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Activity assays were prepared with the soluble fraction samples (induced and uninduced) 

using biuret as a substrate. However, in all but one case, no ammonia could be detected 

above backgound levels, thus no specific activities for putative biuret hydrolase activity 

with biuret could be calculated. Nominal activity was detected with the sample 

containing biuret and lysate induced with 0.1 mM IPTG at the one hour time point. 

Specific activity for this sample was calculated to be 2.1 ± 0.015 nmol/min-mg, and was 

not observed at later timepoints. The general lack of activity is likely due to the protein 

remaining in the insoluble fraction, despite the use of a pH 8.5 lysis buffer, as indicated 

by a subsequent SDS-PAGE analysis (Fig. 5-5). 

 

 

5.3.3.11  EXPRESSION OF BHBJ110_OPTEC-4 IN THE INSOLUBLE  

    FRACTON WHEN USING PH 8.5 LYSIS BUFFER 

 

To assess whether the lack of activity was due to an expression problem, the same 

samples studied for activity in section 5.3.3.10 were analyzed via SDS-PAGE. Despite 

being lysed in a phosphate buffer with a pH of 8.5, nearly 2 pH units higher than the 

calculated pI of 6.8, the protein appears to again be expressed in the insoluble fraction . 

This is the case with both induction conditons (0.1 mM and 1 mM) (Fig. 5-5). There does 

not appear to be a distinct overexpressed band in the uninduced control. 
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Figure 5-5. SDS-PAGE iof bhBJ110_optEC-4-1a cultures lysed in 0.1 M potassium 

phosphate, pH 8.5. The ~54 kDa bands of interest (*) indicate bhBJ110_optEc-4 is again 

expressed in the insoluble fractions, even when lysis buffer was at pH 8.5. The strain, E. 

coli BL21(DE3)::pET28b(+):bhBJ110_optEc-4, was induced at 37°C for 4.5 hr. with 0.1 

mM IPTG, 1 mM IPTG, or left uninduced as a control. LADR = ladder (Bio-Rad 

Precision Plus). Uninduc. = uninduced. TCP = total cell protein. Sol. = soluble. Insol. = 

insoluble. Induc. = induced. The bhBJ110_optEc-4 bands were observed in both induced 

sets, in the TCP and Insol. Fractions (*). 
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5.4  CONCLUSION 

 

Expression of amiC, from B. diazoefficiens USDA110 (196, formerly B. japonicum, 218), 

in the form of bhBJ110_optEc, was initially unclear and subsequently undetectable via 

SDS-PAGE analysis. Cloning bhBJ110_optEc from the pJexpress401 vector (T5 

promoter) into the pET28b(+) vector (T7 promoter), and experimenting with an array of 

induction conditions, ultimately yielded a high level of bhBJ110_optEc-4 expression. 

However, the protein appeared to be entirely in the insoluble fraction. It was feasible that 

the insolubility was due to the pH of the lysis buffer (7) being too similar to calculated pI 

of the protein (6.8). However, utilizing a lysis buffer at higher pH of 8.5 did not alter the 

outcome. Enzyme assays were negative for activity, congruent with the protein’s location 

in the insoluble fractions. Soluble protein is required for enzyme activity. Detecting 

soluble protein is not required, as a low level of active enzyme could feasibly hydrolyze 

biuret to an extent that the ammonia product would be observable. However, observing 

the solubility of the protein may facilitate future studies. 

 

 

5.5  SUPPORTING INFORMATION 

 

Additional data regarding the annotation of final, modified biuret hydrolase candidate 

submitted for synthesis, the plasmid map, and final synthesizes sequence is available in 

Appendix 4. Also available are the sequence results of the bhBJ110_optEc insert cloned 

into the StrataClone™ vector (clones #2 & #4). 



 

 196 

CHAPTER 6  USE OF BIURET HYDROLASE IN BIOASSAY DEMONSTRATES 

     THE METALLO -ENZYME, GUANINE DEAMINASE , 

     CATALYZES RING-OPENING HYDROLYSIS OF 

     CYLIC AMIDE BOND IN CYANURIC ACID 

 

 

6.1  INTRODUCTION 

 

As noted in Chapter 1, some microbial enzymes are promiscuous – they have the ability 

to act on chemicals other than their primary substrate. However, this coincidental activity 

may be quite low, as in the cases of biuret hydrolase with N-formylurea (Chapter 2, 166) 

or with cyanuric acid hydrolase and N-methylisocyanuric acid (73). Coincidental 

(secondary) activities may evolve into primary activities if the microorganism is under 

selective pressure (219). However, even if a microbe has evolved the capability to 

biotransform or biodegrade a chemical of interest, the particular enzyme responsible for 

the activity may be unstable, as in the cases of cyanuric acid hydrolase (Chapter 3, 165). 

An alternative approach is to identify a naturally robust enzyme scaffold and modify it 

with laboratory tools to design the activity of interest. Although not required, this 

approach may be facilitated by detecting a low level of activity when the 

thermodynamically stable enzyme interacts with the noncognate substrate (226, 98). 

 



 

 197 

In previous research regarding the evolutionary history of cyanuric acid hydrolase (AtzD) 

from Pseudomonas sp. ADP, Fruchey et al. (73) inquired whether or not other cyclic 

amidases could hydrolyze cyanuric acid. They investigated the following known cyclic 

amidases: hydantoinase, allantoinase, and β-lactamase. At that time, it was known that 

barbiturase did not act upon cyanuric acid. Using UV-Visible spectrophotometry at 214 

nm, the lack of decrease in cyanuric acid absorbance indicated that the aforementioned 

enzymes were are not able to catalyze the ring opening of cyanuric acid. The detection 

limit of this method is ~5 µM. As the detection depends on absorbance at 214 nm, pure 

proteins are needed to prevent assay interference. 

 

Since the intervening time period between the research of Fruchey et al. (73) and Fall 

2012, a bioassay has been developed to quantitatively detect the analyte ammonia (NH3) 

released from cyanuric acid. This bioassay couples purified cyanuric acid hydrolase and 

purified biuret hydrolase (done initially in Chapter 2, 166) in an enzyme reaction with 

cyanuric acid as the substrate. One product released from this coupled reaction is 

allophanate. The other product, and a focus of this research, is ammonia (NH3) (Scheme 

6.1). The NH3 released from biuret by biuret hydrolase is an analyte that can be detected 

by the Berthelot Assay (lower limit of 4-8 µM). Unlike the UV-Visible assay, this 

bioassay can be effective even with less purified samples, such as crude lysates. 

 

Here, several members of the amidohydrolase superfamily available in the lab were 

analyzed for their ability to hydrolyze the cyclic amide bond of cyanuric acid. 
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Scheme 6.1. The coupling of cyanuric acid hydrolase and biuret hydrolase results in 

release of the analyte ammonia (NH3) from cyanuric acid (and allophanate). NH3 is easily 

detected with the Berthelot Assay. Based on research in Chapters 2 and 3 and associated 

references. 
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Amidohydrolase superfamily proteins have a (β/α)8 barrel structural fold, a stable 

scaffold that is the basis for over 1000 known proteins (97). They contain (1-2) metals 

that activate water for nucleophilic displacement reactions involving heterocyclic 

substrates containing nitrogen (220). 

 

Amidohydrolases, including TrzA (s-triazine hydrolase), TriA (melamine deaminase), 

AtzA (atrazine chlorohydrolase), TrzN (atrazine chlorohydrolase), guanine deaminase 

from human, and guanine deaminase from the bacterial strain B. diazoefficiens USDA110 

(196, formerly B. japonicum USDA110, 218), were assayed. Guanine deaminase has 

been shown previously as catalytically active with another s-triazine, ammeline (220). 

It’s main function is the hydrolysis of guanine to yield xanthine and NH3. (Scheme. 6-2). 

 

 

6.2  MATERIALS AND METHODS 

 

Stock reagents were prepared as follows: Atrazine - (150 µM) Atrazine was dissolved in 

2 ml of methanol and added to 850 ml 0.1 M potassium phosphate, pH 7. The solution 

was stirred overnight (unheated) for full dissolution, then filtered (0.45 µM) and adjusted 

to 1 L with same buffer. Melamine - 5 mM in 0.05 M potassium phosphate pH 7.5. 

Guanine: 25 mM guanine was prepared in 25 mM sodium hydroxide in ddH2O. The 

solution was sonicated briefly to create a uniform suspension (220) and incubated in a 

100°C waterbath for 15 min to sterilize (222). This solution was prepared the day of use. 
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Scheme 6-2. Guanine deaminase catalyzes the hydrolysis of guanine to yield 

ammonia and xanthine. 
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Biuret - 25 mM biuret (99%) was prepared the day before use in 0.05 M potassium 

phosphate buffer, pH 7.5. Up to 50 mM biuret was prepared. Cyanuric acid - 10 mM 

cyanuric acid was prepared in 0.05 M potassium phosphate buffer, pH 7.5 . Up to ~20 

mM was prepared. 1.67 mM was used in the enzyme reactions guanine deaminase 

(bacteria), 10 mM in the other reactions. 

 

Amidohydrolase superfamily enzymes available in the lab were studied. s-Triazine 

hydrolase (TrzA, batch 1228) was provided courtesy of Dr. Tony Dodge. Atrazine 

chlorohydrolase 2 (TrzN, batches T3255 blue and white) was provided courtesy of Erik 

Reynolds (221). Atrazine chlorohydrolase mutant (AtzA, with alterations A216Y, 

T217D, A220H, and D250E) was provided courtesy of Amit Aggarwal (223). Melamine 

deaminase was provided courtesy of Naomi Kreamer (TriA batches S11 and S6). Human 

guanine deaminase (guaD), was provided courtesy of Dr. Anthony Dodge. Guanine 

deaminase (292 µg/ml) purified from B. diazoefficiens USDA 110 (196, formerly B. 

japonicum USDA110, 218) was also utilized (220) with 18.1 µg protein enzyme reaction. 

Biuret hydrolase from Rhizobium leguminosarum bv. viciae 3841 was prepared as 

described in Chapter 2 (166, ~1 mg/ml). Urease from Canavalia ensiformis (Jack bean) 

(Sigma, St. Louis, MO) was found to be 12.6 U/mg and was prepared in 0.05 M MES pH 

6.0 (9.6 mg/ml) and stored in -20°C. 

 

Enzyme reactions were 1 ml total volume in 0.05 M potassium phosphate, pH 7.5 buffer. 

Reaction tubes were prepared containing cyanuric acid and individual amidohydrolase 
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enzymes (enzyme amounts varied based on availability). Reactions were allowed to 

incubate at ambient temperature for 3 d. Aliquots were removed from reactions for 

ammonia determination with the Berthelot Assay. Five microliters of biuret hydrolase 

were added to reactions to trigger ammonia generation from the resulting biuret (if 

present). After 4.25 hr, aliquots were removed and analyzed for ammonia levels. The 

reactions continued to incubate overnight to allow the product of the biuret hydrolase 

reaction, allophanate (if present), to decompose to urea. Urease (5 µL) was added to 

hydrolyze the urea (if present) and thereby release additional ammonia. 

 

If the concentration of ammonia after biuret hydrolase addition was X, the concentration 

after addition of urease would be expected to be 3X. Controls were prepared in parallel. 

For ammonia concentration determinations, the Berthelot Assay was used to analyze 

samples in triplicate (Chapter 2, 166). The standards were linear from 4 µM - 1400 µM. 

The associated trendline was forced through zero and had the equation y=0.0025x. 

 

 

6.3  RESULTS AND DISCUSSION 

 

Although TrzA, TriA, TrzN, and guanine deaminases (human and bacterial) cluster 

together based on sequence in the guanine deaminase node of the superfamily (220), only 

the bacterial guanine deaminase had detectable activity with cyanuric acid (Fig. 6-1). 

These data are from a second set of experiments. The data are completely consistant with 
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Figure 6.1. Data indicating guanine deaminase also acts on cyanuric acid as a substrate. 
A. Control reactions for entire series. B. Additional controls and the experimental 
reaction of guanine deaminase with cyanuric acid. 
A. 

 

B. 
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the initial experiment, and both sets were done in triplicate, so the results are 

reproducible. Here, the zero time point should have been measured at the incubation start. 

 

Based on the initial set of experiments, the values for all samples would be very close to 

zero, except for the “guanine deaminase + 300 µM guanine.” This sample (Fig. 6-1B, 

sample 4c) would be expected to be ~275 µM NH3. This value is close to the expected 

300 µM NH3 and represents the rapid deamination of 1 NH3 from guanine (Scheme 6-2). 

The data from the control reactions indicate the buffer (Fig. 6-1A, sample 9a) and the 

cyanuric acid in buffer (Fig. 6-1A, sample 9b) are free of background NH3 over the 

course of the experiment, as expected. Of note, cyanuric acid in this buffer (0.05 

potassium phosphate, pH 7.5) is stable at least 4 days at ambient temperature. 

 

Biuret (Fig. 6-1A, sample 9c) has the expected trace level of backgound NH3 (32 ± 1 

µM). No increase in this level indicates it is stable in the same buffer at least 3 days. 

Addition of biuret hydrolase to the 10 mM biuret solution resulted in 7.43 ± 0.03 mM 

NH3, and by chemical reaction stoichiometry, the same amount of allophanate. This 

represents ~74% of complete conversion from biuret to NH3 and allophanate over 4 hours 

and indicates that the biuret hydrolase used in this experiment is active. Allophanate is 

known to spontaneously decompose to urea and CO2 over time with 1:1:1 stoichiometry. 

(95, Chapter 2, 166). In these experiments, allophanate was allowed to decompose to urea 

overnight. If all the allophanate produced in the previous step of the assay decomposed to 

urea (and CO2), then subsequent addition of urease and full conversion of each urea 
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molecule to 1 CO2 and 2 NH3 would be expected to generate 14,856 µM NH3. Combined 

with the existing 7,428 µM NH3, a total of 22,284 µM NH3 would be expected. The 

measured value here is 24,679 ± 370 µM. This value accounts for all of the expected 

ammonia plus an additional 2363 µM NH3. This additional NH3 could be attributed to the 

combined activity of biuret hydrolase and urease on 787 µM of the remaining 2572 µM 

of biuret substrate over the time interval between measurements. 

 

The control reaction for guanine deaminase in buffer indicates (Fig. 6-1B, sample 4a) 

indicates that no background NH3 was present in the enzyme preparation used and also 

that the enzyme does not degrade under experimental conditions. However, data from 

300 µM of its substrate (4d) indicated that guanine is unstable, as indicated by the high 

background levels of ammonia detected in samples (703 ± 24.5 µM, 670 ± 4.1 µM, and 

1172.8 ± 29.6 µM NH3 , depending on the reaction process stage). Regardless of the high 

backgound in the guanine-only control, higher levels of ammonia were detected in the 

guanine + guanine deaminase control (Fig. 6-1B, sample 4b), ranging from 263 – 518 µM 

NH3. Since a value of 300 µM NH3 represents 1 molar equivalent of NH3, the higher 

levels of ammonia in the guanine deaminase sample compared to the guanine only 

sample (range of 0.88-1.7 NH3 equivalents) indicate that the guanine deaminase was 

functional in the experiments. 

 

For the experimental reaction with guanine deaminase and 1.67 mM of cyanuric acid, 

(Fig. 6-1B, sample 4c) 5.8 ± 0.6 µM NH3 were detected after 3 days incubation. This 
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value is very close to the expected absence of ammonia. After biuret hydrolase was 

added, 159.3 ± 4.3 µM NH3 were detected, representing ~9.5 % ring-opening amide bond 

cleavage of the cyanuric acid substrate. The subsquent incubation to allow urea formation 

and addition of urease yielded 404.3 ± 2.9 µM NH3 of the expected 318.6 ± 4.3 µM NH3. 

These data indicate that for every mole of cyanuric acid cleaved by guanine deaminase, 

the expected 3 moles of NH3 was generated by subsequent treatment with diagnostic 

enzymes. The detection of an additional ~86 µM of NH3 in this last stage could represent 

the conversion of an additional 29 µM cyanuric acid. This suggests that over the course 

of the experiment, guanine deaminase was able to cleave ~11% of the initial cyanuric 

acid present. Based on this data, guanine deaminase (B. diazoefficiens USDA 110) was 

found to have a specific acitivity of 0.663 nmol cyanuric acid/mg-min and an apparent 

kcat of 0.0006/sec. 

 

 

6.4  CONCLUSION 

 

A number of amidohydrolase enzymes and variants were assayed for their ability to 

cleave a ring-opening amide bond of cyanuric acid. Guanine deaminase from B. 

diazoefficiens USDA 110 was determined to have a low-level of activity using cyanuric 

acid as a substrate. This is the first metallo-enzyme reported to act upon cyanuric acid, 

and its activity is the foundation for the future design of a cyanuric acid hydrolase in a 

stable (β/α)8 barrel protein scaffold. 
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CHAPTER 7  CONCLUSIONS AND  

     RECOMMENDATIONS FOR FUTURE EXPERIMENTS 

 

 

A major challenge in the research of s-triazine biodegradation and detection has been the 

lack of a biuret hydrolase that was stable enough to purify and study. The research here 

sought to find a novel biuret hydrolase(s), since those previously reported in the literature 

were not robust enough for characterization (90, 94). To this end, an array of 

interdisciplinary biological and chemical approaches were used (e.g., bioinformatics, 

protein biochemistry techniques, and analytical chemistry). A key aspect of this research 

was that the bioinformatic search for potential biuret hydrolases (expected to be 

amidases) was limited to those available genomes that contained a gene known to encode 

a functional cyanuric acid hydrolase. Since cyanuric acid hydrolase and biuret hydrolase 

act sequentially in the pathway, their genes were expected to be located near each other. 

 

The research undertaken here identified the first biuret hydrolase (from Rhizobium 

leguminosarum bv. viciae 3841) that successfully remained active after the purification 

process. This event has allowed the enzyme to be characterized regarding specific 

attributes (e.g., physiological substrate, kinetic constants, and metals not required), the 

context of its role in s-triazine biodegradation (e.g., does not act on carboxybiuret, acts 

subsequently to spontaneous decarboxylation reaction), and has also resolved ambiguities 

presented by earlier literature (e.g., allophanate is the product, not urea). This enzyme is a 
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member of the cysteine hydrolase protein superfamily and is the first example of this 

protein family’s role in s-triazine metabolism. 

 

The expansion of knowledge generated from this work has progressed the s-triazine 

research field forward to the point where new directions can be hypothesized, 

investigated, and developed. For example, the biuret hydrolase was key to the 

development of an accurate, sensitive bioassay to detect the s-triazine, cyanuric acid, a 

chemical of concern in foods, food products, and pharmaceuticals. Also, the biuret 

hydrolase could potentially be used to develop a process of targeted biodegradation of 

cyanuric acid in water. This would assist in saving large amounts of fresh water, a feat 

actively sought after by the pool industry. 

 

As mentioned in Chapter 2 (166) and demonstrated in Chapter 3 (165), included in this 

research is the first reported data establishing cyanuric acid hydrolase cleaves a ring-

opening amide to form carboxybiuret, not the previously reported biuret (71, 72, 73, 74, 

75). This supports that the cyanuric acid hydrolase mechanism is isofunctional to the 

activity of the its homolog, barbiturase. A product of amide bond cleavage, carboxybiuret 

is a transient intermediate that spontaneously decomposes to biuret. The instability of this 

intermediate, especially at neutral or acidic pH, is likely the reason it remained 

undetected until this work. Here, specific pH conditions were determined that allowed it 

to be detected via 13C NMR.  
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Combined, these data support the rare, but not unique, case in microbial metabolism 

where two consecutive enzymatic steps are interrupted by a spontaneous chemical 

reaction. These data also enable the building of a more accurate and thorough pathway 

model than was initially available (Fig. 1-5). Figure 7-1 reflects these new findings. 

 

In addition to the biuret hydrolase reported in Chapter 2, candidate biuret hydrolases from 

Bradyrhizobium sp. BTAi1, and Bradyrhizobium diazoefficiens USDA110 (formerly B. 

japonicum USDA110) were studied. With regard to the candidate from B. sp. BTAi1, it 

would be worthwhile to determine if activity of this putative biuret hydrolase is 

detectable in a buffer compatible with the Berthelot Assay. During the course of these 

studies, it became evident that some common buffers inhibit ammonia detection with the 

Berthelot Assay. The report by Ngo et al. (103) is a useful resource to consult. For 

compounds or buffers not studied in the report, potential interference can be determined 

empirically with ammonium chloride standards (1 µM to 1800 µM) and compared to 

results generated from standards made in 0.1 M potassium phosphate buffer. 

 

With regards to the biuret hydrolase candidate from B. diazoefficiens USDA110, future 

studies are required to obtain expressed protein in the soluble fraction. This would enable 

activity detection (if present). These studies could include: 1) obtain and lyse the cell 

pellets in a Berthelot Assay-compatible buffer (pH 9-9.5) and assay activity the same day 

instead of freezing the pellets at -80°C; 2) reduce induction time at 37°C to 2 hr; 3) slow  
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Figure 7-1. New model of cyanuric microbial degradation pathway based on this 

research. Cyanuric acid hydrolase cleaves an amide bond of cyanuric acid hydrolase, 

releasing the intermediate, carboxybiuret. The decarboxylation of carboxybiuret is 

spontaneous and results in the production of biuret. Biuret is hydrolyzed by biuret 

hydrolase to allophanate, releasing ammonia (NH3). Allophanate hydrolase catalyzes the 

final step of the pathway, hydrolyzing allophanate to ammonia and carbon dioxide (CO2). 
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protein expression and increase probability of proper protein folding by inducing at 16°C 

overnight or 25-28°C for 4-6 hr instead of 37°C for 4-5 hr 4) limit induction by using 

0.05 - 0.1 mM IPTG instead of 1 mM. Other options include 5) co-expression with 

GroES and GroEL using plasmid pAG, 6) cloning the gene into a vector containing a tag 

that enhances soluble expression (e.g., maltose) or 7) taking advantage of the insolubility 

and using it as a purification step. The insoluble inclusion bodies could be resolubilized, 

refolded, and purified (224). 

 

Another useful experiment would be to test the stability of biuret and/or cyanuric acid 

over time by assessing NH3 levels daily under several conditions. These conditions could 

include 4°C or ambient temp, in solvents such as water or buffer (phosphate, other 

Berthelot compatible buffers) at several pH values (6.5, 7.5, 8.5, etc.). It is known from 

the amidohydrolase experiments (Ch. 6) that biuret is stable at least 3 days and cyanuric 

acid is stable at least 4 days in 0.05 M potassium phosphate buffer, pH 7.5. Other 

variations of the study could include protease inhibitors to determine if they interfere 

with NH3 detection of the Berthelot Assay. 

 

The purification of active forms for these two candidate biuret hydrolases would allow 

their functionality to be assessed with regards to amide bond cleavage of biuret. If found 

to be true biuret hydrolases, they could be compared to the biuret hydrolase from R. 

leguminosarum bv. viciae 3841. This is interesting from an evolutionary standpoint in 

that, unlike the pathway predecessor, cyanuric acid hydrolase, these three proteins are 

from different protein families and their respective mechanisms would be expected to be 

different. In addition, the currently uncharacterized biuret hydrolase candidates may have 

higher activity than the biuret hydrolase from R. leguminosarum bv. viciae 3841 (Ch. 2, 

166) and thus could facilitate the development of detection bioassays and biodegradation 

systems for cyanuric acid. 



 

 212 

REFERENCES 

 

1. Chemical Abstracts Service. Database counter: Commercially available chemicals. 

Used with permission from CAS, a division of the American Chemical Society. 

Copyright © 2013, American Chemical Society (ACS). All rights reserved. Available 

at: http://www.cas.org/content/counter. 

2. Bohacek RS, McMartin C and WC Guida. 1996. The art and practice of structure-

based drug design: a molecular modelling perspective. Med. Res. Rev. 16:3-50. 

3. United States Environmental Protection Agency (U.S. EPA). 2008. EPA’s 2008 

Report on the Environment. National Center for Environmental Assessment, 

Washington, DC; EPA/600/R-07/045F. Available from the National Technical 

Information Service, Springfield, VA, and online at www.epa.gov/roe. 

4. Fenner K, Canonica S, Wackett LP and M Elsner. 2013. Evaluating Pesticide 

degradation in the environment: blind spots and emerging opportunities. Science. 

341:752-758. 

5. Van Kranendonk MJ. 2006. Volcanic degassing, hydrothermal circulation and the 

flourishing of early life on Earth: a review of the evidence from c. 3490–3240 Ma 

rocks of the Pilbara Supergroup, Pilbara Craton, Western Australia. Earth-Science 

Reviews. 74:197–240. 

6. Schopf JW and AB Kudryavtsev. 2012. Biogenicity of Earth's earliest fossils: a 

resolution of the controversy. Gondwana Research. 22:761–771. 

7. Schopf JW, Kudryavtsev AB, Agresti DG, Wdowiak TJ and AD Czaja. 2002. Laser–

Raman imagery of Earth's earliest fossils. Nature. 416:73-76. 

8. Ellis LBM and LP Wackett. 2012. Use of the University of Minnesota 

Biocatalysis/Biodegradation Database for study of microbial degradation. Microbial 



 

 213 

Informatics and Experimentation. 2:1-10. Database available at: 

http://umbbd.ethz.ch/index.html. 

9. Wackett LP. 2009. Questioning our perceptions about evolution of biodegradative 

enzymes. Curr. Op. Micro. 12:244–25. 

10. Wackett LP. 2004. Evolution of enzymes for the metabolism of new chemical inputs 

into the environment. JBC. 279:41259-41262. 

11. Wackett LP and CD Hershberger. Biocatalysis and Biodegradation: Microbial 

Transformation of Organic Compounds. Washington DC. ASM Press, 2001. p. 2-3. 

12. IUPAC. Compendium of Chemical Terminology, 2nd Ed. (the "Gold Book"). 

Compiled by A. D. McNaught and A. Wilkinson. Blackwell Scientific Publications, 

Oxford (1997). XML on-line corrected version: http://goldbook.iupac.org (2006-) 

created by M. Nic, J. Jirat, B. Kosata; updates compiled by A. Jenkins. ISBN 0-

9678550-9-8. doi:10.1351/goldbook. 

13. Whitman WB, Coleman DC, and WJ Wiebe. 1998. Prokaryotes: The unseen majority. 

Proc. Natl. Acad. Sci. USA. 95:6578–6583. 

14. Roesch LF, Fulthorpe RR, Riva A, Casella G, Hadwin AK, Kent AD, Daroub SH, 

Camargo FA, Farmerie WG, and EW Triplett. 2007. Pyrosequencing enumerates and 

contrasts soil microbial diversity. ISME J. 1:283-90. 

15. Ocfhman H and LM Davalos. 2006. The Nature and dynamics of bacterial genomes. 

Science. 311:1730-1733. 

16. Cook AM. 1987. Biodegradation of s-triazine xenobiotics. FEMS Microbiology 

Reviews. 46:93-116. 

17. Krutz JL, Shaner DL, Weaver MA, Webb RM, Zablotowicz RM, Reddy KN, Huang 

Y and SJ Thomson. 2010. Agronomic and environmental implications of enhanced s-

triazine degradation. Pest. Manag. Sci. 66:461-81. 



 

 214 

18. Shapir N, Mongodin EF, Sadowsky MJ, Daugherty SC, Nelson KE, and LP Wackett. 

2007. Evolution of catabolic pathways: Genomic insights into microbial s-triazine 

metabolism. J. Bacteriol. 189:674-82. 

19. Smolin EM and L Rapoport. s-Triazines and Derivatives. In The Chemistry of 

Heterocyclic Compounds Series 13; Weissberger A, Ed.; Interscience Publishers, 

Inc.: New York, NY, 1959. p. 6-7. 

20. Eurotecnica. Melamine high pressure (HP) non-catalytic technology brochure. 

Available at http://www.eurotecnica.it/downloads/ETCE brochure melamine.pdf. 

Accessed 2013 June 23. 

21. Agency for Toxic Substances and Disease Registry (ATSDR). 2003. Toxicological 

profile for atrazine. Atlanta, GA: U.S. Department of Health and Human Services, 

Public Health Service. 

22. Hazardous Substances Data Bank [Internet]. Bethesda (MD): National Library of 

Medicine (US), Division of Specialized Information Services. 1986. Accessed 2013 

June 23. Available from: http://toxnet.nlm.nih.gov/cgi-

bin/sis/search/r?dbs+hsdb:@term+@DOCNO+4235. 

23. Udiković-Kolić N, Scott C and F Martin-Laurent. 2012. Evolution of atrazine-

degrading capabilities in the environment. Appl. Microbiol. Biotechnol. 96:1175-89. 

24. Wackett LP, Sadowsky MJ, Martinez B and N Shapir. 2002. Biodegradation of 

atrazine and related s-triazine compounds: from enzymes to field studies. Appl. 

Microbiol. Biotechnol. 58:39-45. 

25. Govantes F, García-González V, Porrúa O, Platero AI, Jiménez-Fernández A and E. 

Santero. 2010. Regulation of the atrazine-degradative genes in Pseudomonas sp. 

strain ADP. FEMS Microbiol. Lett. 310:1-8. 



 

 215 

26. Govantes F, Porrúa O, García-González V, and E. Santero. 2009. Atrazine 

biodegradation in the lab and in the field: enzymatic activities and gene regulation. 

Microb Biotechnol. 2:178-85. 

27. Gao J, Ellis LBM and LP Wackett. 2010. The University of Minnesota 

Biocatalysis/Biodegradation Database: improving public access. Nucleic Acids 

Research. 38:D488-D491. 

28. World Health Organization (WHO). 2009 December 22. General information related 

to chemical risks in food. Accessed 2011 December 1. Available at: 

www.who.int/foodsafety/chem/general/en/index.html. 

29. United States Food and Drug Administration (U.S. FDA). 2011 February 7. The New 

FDA Food Safety Modernization Act (FSMA). Accessed 2011 December 1. 

Available at: www.fda.gov/food/foodsafety/fsma/default.htm. 

30. National Center for Food Protection and Defense (NCFPD). 2011 August 31. 

National Center for Food Protection and Defense Final Report: 2007 – 2011. DHS 

Award #2007-ST-061-000003. Accessed 2012 February 20. Available at: 

www.ncfpd.umn.edu/Ncfpd/assets/File/NCFPD Final 2007-11 Report.pdf. 

31. Editorial. Melamine and food safety in China. 2009. The Lancet. 373:353. 

32. BBC News. 2010 September 20. Arrests in China over milk tainted with melamine. 

Accessed 2013 June 6. Available at: www.bbc.co.uk/news/world-asia-pacific-

11372917. 

33. Zou CC, Chen XY, Zhao ZY, Zhang WF, Shu Q, Wang JH, Zhang L, Huang SJ and 

LLYang. 2013. Outcome of children with melamine-induced urolithiasis: results of a 

two-year follow-up. Clinical Toxicology. 51:473–479. 



 

 216 

34. Reuters News. 2010 February 5. China seizes more melamine-tainted milk powder. 

Accessed 2012 June 14. Available at: www.reuters.com/article/2010/02/08/us-china-

melamine-idUSTRE6170G920100208. 

35. Hassani S, Tavakoli F, Amini M, Kobarfard F, Nili-Ahmadabadi A and O Sabzevari. 

2013. Occurrence of melamine contamination in powder and liquid milk in market of 

Iran. Food Addit Contam. Part A Chem. Anal. Control Expo. Risk Assess. 30:413-20. 

36. World Health Organization (WHO). 2008 December 26. Expert meeting to review 

toxicological aspects of melamine and cyanuric acid. Ottawa, Canada. 2008. 

Retrieved 2012 February 20. Available at: 

http://www.who.int/foodsafety/fs_management/Exec_Summary_melamine.pdf. 

37. Skinner CG, Thomas JD and JD Osterloh. 2010. Melamine toxicity. J. Med. Toxicol. 

6:50-55. 

38. Dorne JL, Doerge JR, Vandenbroeck M, Fink-Gremmels J, Mennes W, Knutsen HK, 

Vernazza F, Castle L, Edler L and D Benford. 2012. Recent advances in the risk 

assessment of melamine and cyanuric acid in animal feed. Toxicology and Applied 

Pharmacology. 270:218-229. 

39. Lau E. for The VIN News Service. 2011 October 12. Pet owners receive $12.4 

million in melamine case. Retrieved 2013 August 3. Available at: 

http://news.vin.com/VINNews.aspx?articleId=20025. 

40. Dobson RL, Motlagh S, Quijano M, Cambron RT, Baker TR, Pullen AM, Regg BT, 

Bigalow-Kern AS, Vennard T, Fix A, Reimschuessel R, Overmann G, Shan Y and 

GP Daston. 2008. Identification and characterization of toxicity of contaminants in 

pet food leading to an outbreak of renal toxicity in cats and dogs. Toxicol. Sci. 

106:251-262. 



 

 217 

41. Brown, CA and SA Brown. 2010. Food and pharmaceuticals. Lessons learned from 

global contaminations with melamine/cyanuric acid and diethylene glycol. Vet. 

Pathol. 47:45-52. 

42. Brown CA, Jeong KS, Poppenga RH, Puschner B, Miller DM, Ellis AE, Kang KI, 

Sum S, Cistola AM, and Brown SA. 2007. Outbreaks of renal failure associated with 

melamine and cyanuric acid in dogs and cats in 2004 and 2007. J. Vet. Diagn. Invest. 

19:525-31. 

43. BBC News. 2010 January 25. Timeline: China milk scandal. Retrieved 2013 June 14. 

Available at: http://news.bbc.co.uk/2/hi/asia-pacific/7720404.stm 

44. Cacyle. Chemical structure of melamine-cyanuric acid complex. (Public domain). 

2008. Wikimedia Commons. Web. Accessed 2013 June 14. Available from: 

http://commons.wikimedia.org/wiki/File:Melamine-

cyanuric_acid_complex_color.png. 

45. Dalal RP and DS Goldfarb. 2011. Melamine-related kidney stones and renal toxicity. 

Nat. Rev. Nephrol. 7:267-74. 

46. Cook A and R Hütter. 1981. s-Triazines as nitrogen sources for bacteria. J. Agric. 

Food Chem. 29:1135-43. 

47. Seffernick JL, de Souza ML, Sadowsky MJ and LP Wackett. 2001. Melamine 

deaminase and atrazine chlorohydrolase: 98 percent identical but functionally 

different. J. Bacteriol. 183:2405-10. 

48. Zheng X, Zhao A, Xie G, Chi Y, Zhao L, Li H, Wang C, Bao Y, Jia W, Luther M, Su 

M, Nicholson J and W Jia. 2013 Melamine-induced renal toxicity is mediated by the 

gut microbiota. Sci. Transl. Med. 5:172ra22. 

49. Reimschuessel R, Gieseker CM, Miller RA, Ward J, Boehmer J, Rummel N, Heller 

DN, Nochetto C, de Alwis GK, Bataller N, Andersen WC, Turnipseed SB, 



 

 218 

Karbiwnyk CM, Satzger RD, Crowe JB, Wilber NR, Reinhard MK, Roberts JF and 

MR Witkowski. 2008. Evaluation of the renal effects of experimental feeding of 

melamine and cyanuric acid to fish and pigs. Am. J. Vet. Res. 69:1217-28. 

50. Baughman K. Microbac Laboratories, Inc. 2011. Melamine testing in pharmaceutical 

materials. Accessed 2013 June 17. Available at: 

www.microbac.com/uploads/Technical Articles/pdf/Melamine Testing in 

Pharmaceutical Materials.pdf. 

51. United States Food and Drug Administration (U.S. FDA). 2009. Guidance for 

Industry Pharmaceutical Components at Risk for Melamine Contamination. Accessed 

2013 June 17. Available at: 

www.fda.gov/downloads/Drugs/.../Guidances/UCM175984.pdf. 

52. United States Environmental Protection Agency (U.S. EPA). 2012 May 9. Pesticides: 

topical & chemical fact sheets. Atrazine background. Accessed 2013 June 4. 

Available at: www.epa.gov/pesticides/factsheets/atrazine_background.htm. 

53. United States Geological Survey (USGS). National Water-Quality Assessment 

(NAWQA) Program. Pesticide National Synthesis Project. Pesticide Use Maps. 

Atrazine. Estimated agricultural use for atrazine map, low, 2009. Accessed 2013 June 

5. Available at: 

http://water.usgs.gov/nawqa/pnsp/usage/maps/show_map.php?year=2009&map=AT

RAZINE&hilo=L. 

54. United States Environmental Protection Agency (U.S. EPA). Pesticides: 

Reregistration. Atrazine Updates. 2013 January 28. Retrieved 2013 Jun 4. Available 

at: www.epa.gov/oppsrrd1/reregistration/atrazine/atrazine_update.htm 

55. United States Environmental Protection Agency (U.S. EPA). Basic information about 

atrazine in drinking water. Accessed 2013 June 4. Available at: 

http://water.epa.gov/drink/contaminants/basicinformation/atrazine.cfm. 



 

 219 

56. Gupta VK, Carrott PJM, Ribeiro Carrott MML and Suhas. Low-cost adsorbents: 

growing approach to wastewater treatment – a review. 2009. Critical Reviews in 

Environmental Science and Technology. 39:783-842. 

57. Hunter WJ and DL Shaner. 2010. Biological remediation of groundwater containing 

both nitrate and atrazine. Curr. Microl. 60:42-46. 

58. University of Minnesota. College of Biological Sciences. Wackett lab. Research 

projects. Biodegradation research and informatics. Retrieved 2013 August 13. 

Available at: www.cbs.umn.edu/lab/wackett/group-projects. 

59. BMC Group. 2012. City of Greenville v. Syngenta Crop Protection, Inc., and 

Syngenta AG. Case No. 3:10-cv-00188-JPG-PMF. Atrazine class action settlement 

checks are being sent to community water system claimants. Available at 

http://atrazinesettlement.com. Retrieved 2013 June. 

60. The Association of Pool & Spa Professionals (APSP). 2013. U.S. swimming pool and 

hot tub market 2013. Retrieved 2013 June 17. Available at: 

www.apsp.org/files/PDFs/APSP statistics 2013.pdf. 

61. Specialty Pool Products. 2013. Common pool sizes and capacity in gallons. Retrieved 

2013 June 17. Available at: 

http://www.poolproducts.com/SPP/dept.asp?dept_id=2954&FNM=94. 

62. United States Environmental Protection Agency (U.S. EPA). Office of Water (4601). 

2009. Water on tap: What you need to know. EPA 816-K-09-002. Accessed 2013 

May 23. Available at: www.epa.gov/safewater/wot/pdfs/book_waterontap_full.pdf. 

63. United States Geological Survey (USGS). 2013. How much water is there on, in, and 

above the Earth? Accessed 2013 May 23. Available at: 

http://ga.water.usgs.gov/edu/earthhowmuch.html. 



 

 220 

64. Smolin, EM & Rapoport, L. s-Triazines and derivatives. In The chemistry of 

heterocyclic compounds Series 13; Weissberger A, Ed.; Interscience Publishers, Inc.: 

New York, NY, 1959. p.20-24. 

65. Stoks PG and AW Schwartz. 1981. Nitrogen-heterocyclic compounds in meteorites: 

significance and mechanisms of formation, Geochimica et Cosmochimica Acta, 

45:563-569. 

66. Wise LE and EH Walters. 1917. Isolation of cyanuric acid from soil. J. Agr. Res. 

10:85-92. 

67. Hayatsu R, Studier MH, Oda A, Fuse K, and E Anders. 1968. Origin of organic 

matter in early solar system. II. Nitrogen compounds. Geochim. Cosmochim. Acta 

32:175–190. 

68. Cafferty BJ, Gállego I, Chen MC, Farley KI, Eritja R, and NV Hud. 2013. Efficient 

self-assembly in water of long noncovalent polymers by nucleobase analogues. J. 

Am. Chem. Soc. 135:2447-50. 

69. Peat TS, Balotra S, Wilding M, French NG, Briggs LJ, Panjikar S, Cowieson N, 

Newman J, and C Scott. 2013. Cyanuric acid hydrolase: evolutionary innovation by 

structural concatenation. Mol. Microbiol. 88:1149-1163. 

70. Cho S, Shi K, Wackett LP, and H Aihara. 2013. Crystallization and preliminary X-ray 

diffraction studies of cyanuric acid hydrolase from Azorhizobium caulinodans. Acta 

Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 69:880-3. 

71. Li Q, Seffernick JL, Sadowsky MJ and LP Wackett. 2009. Thermostable cyanuric 

acid hydrolase from Moorella thermoacetica ATCC 39073. Appl. Environ. 

Microbiol. 75:6986–6991. 



 

 221 

72. Stamper DM, Krzycki JA, Nicomrat D, Traina SA and OH Tuovinen. 2005. Ring-

cleaving cyanuric acid amidohydrolase activity in the atrazine-mineralizing Ralstonia 

basilensis M91-3. Biocatal. Biotransform. 23:387–396. 

73. Fruchey I, Shapir N, Sadowsky MJ and LP Wackett. 2003. On the origins of cyanuric 

acid hydrolase: purification, substrates, and prevalence of AtzD from Pseudomonas 

sp. strain ADP. Appl. Environ. Microbiol. 69:3653–3657. 

74. Karns JS. 1999. Gene sequence and properties of an s-triazine ring-cleavage enzyme 

from Pseudomonas sp. strain NRRLB-12227. Appl. Environ. Microbiol. 65:3512–

3517. 

75. Eaton RW & Karns JS. 1991. Cloning and comparison of the DNA encoding 

ammelide aminohydrolase and cyanuric acid amidohydrolase from three s-triazine-

degrading bacterial strains. J. Bacteriol. 173:1363–1366. 

76. Wiedemann G. 1848. Biuret. Zersetzungsproduct des Harnstoffs. Justus Liebigs Ann. 

Chem. 68:323–331. 

77. Redemann CE, Riesenfeld FC, and FA la Viola. 1958. Formation of biuret from urea. 

Indust. & Chem. Eng. 50:633-636. 

78. McClemens DJ. 2001. Food Products 581, Analysis of Food Products: 6. Analysis of 

Proteins. Accessed 2010 Nov. Available at: www-

unix.oit.umass.edu/~mcclemen/581/Proteins.html 

79. Thermo Scientific. Pierce Protein Biology Products. Chemistry of protein assays: 

Peptides and the biuret reaction. Accessed 2010 November. 

http://www.piercenet.com/browse.cfm?fldID=876562B0-5056-8A76-4E0C-

B764EAB3A339#copperassays. 

80. Perla V and SS Jayanty. 2013. Biguanide related compounds in traditional 

antidiabetic functional foods. Food Chemistry. 138:1574-1580. 



 

 222 

81. AP 42, Fifth Edition Compilation of Air Pollutant Emission Factors, Volume 1: 

Stationary Point and Area Sources. Available at: 

www.epa.gov/ttn/chief/ap42/ch08/index.html. 

82. Martens DA and JM Bremner. 1984. Urea hydrolysis in soils: Factors influencing the 

effectiveness of phenylphosphoro-diamidate as a retardant. Soil Biol. Biochem. 

16:515-519. 

83. Sanford WG, Gowing DP, Young HY and RW Leeper. Toxicity to pineapple plants 

of biuret found in urea fertilizers from different sources. Science. 1954. 120:349-50. 

84. Jones WW. 1954. Biuret toxicity of urea foliage sprays on citrus. Science. 120:499-

500. 

85. International Program on Chemical Safety (IPCS). Screening Information Data Set: 

Urea. 2005 December 13. Accessed 2010 November. Available at: 

www.inchem.org/documents/sids/sids/57136.pdf. 

86. Berry Jr. WT, Riggs JK and HO Kunkel. 1956. The lack of toxicity of biuret to 

animals. J. Anim. Sci. 15:225-233. 

87. Bauriedel WR. 1971. Hydrolysis of 14C-biuret by in vitro rumen fermentation and 

crude biuretase preparations. J. Anim Sci. 32:704-710. 

88. Bauriedel WR, Craig LF, Ramsey JC and EO Camehl. 1971. Hydrolysis of 15N-biuret 

by in vitro rumen fermentation and ruminal biuretase. J. Anim. Sci. 32:711-715. 

89. Wheldon GH and RE MacDonald. 1962. Utilization of biuret by Pseudomonas 

aeruginosa. Nature. 196:596-7. 

90. Nishihara H, Shoji K and M Hori. 1965. Studies on the biuret-hydrolyzing enzyme 

from Mycobacterium ranae. Biken J. 8:23–34. 



 

 223 

91. Jensen HL and M Schroder. 1965. Urea and biuret as nitrogen sources for Rhizobium 

spp. J. Appl. Bacteriol. 28:473–478. 

92. Ramírez-Bahena MH, García-Fraile P, Peix A, Valverde A, Rivas R, Igual JM, 

Mateos PF, Martínez-Molina E and E Velázquez. 2008. Revision of the taxonomic 

status of the species Rhizobium leguminosarum (Frank 1879) Frank 1889AL, 

Rhizobium phaseoli Dangeard 1926AL and Rhizobium trifolii Dangeard 1926AL. R. 

trifolii is a later synonym of R. leguminosarum. Reclassification of the strain R. 

leguminosarum DSM 30132 (5NCIMB 11478) as Rhizobium pisi sp. nov. 

International Journal of Systematic and Evolutionary Microbiology. 58:2484-2490. 

93. Cook AM, Beilstein P, Grossenbacher H and R Hütter. 1985. Ring cleavage and 

degradative pathway of cyanuric acid in bacteria. Biochem. J. 231: 25-30. 

94. Martinez B, Tomkins J, Wackett LP, Wing R, and MJ Sadowsky. 2001. Complete 

nucleotide sequence and organization of the atrazine catabolic plasmid pADP-1 from 

Pseudomonas sp. strain ADP. J. Bacteriol. 183:5684-5697. 

95. Cheng G, Shapir N, Sadowsky MJ, and LP Wackett. 2005. Allophanate hydrolase, 

not urease, functions in bacterial cyanuric acid metabolism. Appl. Environ. 

Microbiol. 71:4437-4445. 

96. Dodge, AG, Wackett LP and MJ Sadowsky. 2012 Plasmid Localization and 

Organization of Melamine Degradation Genes in Rhodococcus sp. Strain Mel. Appl 

Environ Microbiol. 78:1397–1403. 

97. Seibert CM and FM Raushel. 2005. Structural and catalytic diversity within the 

amidohydrolase superfamily. Biochemistry. 44:6383–6391. 

98. Khare SD, Kipnis Y, Greisen P Jr, Takeuchi R, Ashani Y, Goldsmith M, Song Y, 

Gallaher JL, Silman I, Leader H, Sussman JL, Stoddard BL, Tawfik DS, and D. 

Baker. 2012. Computational redesign of a mononuclear zinc metalloenzyme for 

organophosphate hydrolysis. Nat Chem Biol. 8:294-300. 



 

 224 

99. Berthelot MP. 1859. Violet d'analine. Repertoire de Chimie Applique. p. 284. 

100. Weatherburn MW. 1967. Phenol-hypochlorite reaction for determination of 

ammonia. Anal. Chem. 39:971–974. 

101. Patton CJ and SR Crouch. 1977. Enzymatic colorimetric method to determination 

urea in serum. Anal. Chem. 49:464-469. 

102. Harfmann RG and SR Crouch. 1989. Kinetic study of Berthelot reaction steps in 

the absence and presence of coupling reagents. Talanta. 36:261-9. 

103. Ngo TT, Phan APH, Yam CF and HM Lenhoff. 1982. Interference in 

determination of ammonia with the hypochlorite-alkaline phenol method of Berthelot. 

Anal. Chem. 54:46-49. 

104. Hatfield S. Applications of triazine chemistry: education, remediation and drug 

delivery. Master’s thesis, Texas A & M University, College Station, Texas, U.S.A., 

2007. 

105. Behki RM and Khan SU. 1986. Degradation of atrazine by Pseudomonas: N-

dealkylation and dehalogenation of atrazine and its metabolites. J. Agric. Food. 

Chem. 34:746–774. 

106. Mandelbaum RT, Allan DL and LP Wackett. 1995. Isolation and characterization 

of a Pseudomonas sp. that mineralizes the s-triazine herbicide atrazine. Appl. 

Environ. Microbiol. 61:1451–1457. 

107. Strong LC, Pedersen (Rosendahl) C, Johnson G, Sadowsky MJ and LP Wackett. 

2002. Arthrobacter aurescens TC1 metabolizes diverse s-triazine ring compounds. 

Appl. Environ. Microbiol. 68:5973–5980. 

108. Aislabie J, Bej AK, Ryburn J, Lloyd N, & A Wilkins. 2005. Characterization of 

Arthrobacter nicotinovorans HIM, an atrazine-degrading bacterium, from agricultural 

soil New Zealand. FEMS Microbiol. Ecol. 52:279-286. 



 

 225 

109. Topp E, Mulbry WM, Zhu H, Nour SM, & D Cuppels. 2000. Characterization of 

s-triazine herbicide metabolism by a Nocardioides sp. isolated from agricultural soils. 

Appl. Environ. Microbiol. 66:3134–3141. 

110. Jutzi K, Cook AM and R Hu�tter. 1982. The degradative pathway of the s-

triazine melamine. The steps to ring cleavage. Biochem. J. 208:679–684. 

111. Marchler-Bauer A, Lu S, Anderson JB, Chitsaz F, Derbyshire MK, DeWeese-

Scott C, Fong JH, Geer LY, Geer RC, Gonzales NR, Gwadz M, Hurwitz DI, Jackson 

JD, Ke Z, Lanczycki CJ, Lu F, Marchler GH, Mullokandov M, Omelchenko MV, 

Robertson CL, Song JS, Thanki N, Yamashita RA, Zhang D, Zhang N, Zheng C & 

Bryant SH. 2011. CDD: conserved domain database for the functional annotation of 

proteins. Nucleic Acids Res. 39:D225–229. 

112. Bjellqvist B, Hughes GJ, Pasquali C, Paquet N, Ravier F, Sanchez JC, Frutiger S 

and DF Hochstrasser. 1993. The focusing positions of polypeptides in immobilized 

pH gradients can be predicted from their amino acid sequences. Electrophoresis. 

14:1023–1031. Compute pI/Mw Tool available at: 

http://ca.expasy.org/tools/pi_tool.html. 

113. Gonnet GH, Cohen MA & Benner SA. 1992. Exhaustive matching of the entire 

protein sequence database. Science. 256:1443–1445. 

114. French JB, Cen Y, Sauve AA & SE Ealick. 2010. High-resolution crystal 

structures of Streptococcus pneumoniae nicotinamidase with trapped intermediates 

provide insights into the catalytic mechanism and inhibition by aldehydes. 

Biochemistry. 49:8803–8812. 

115. Luo HB, Zheng H, Zimmerman MD, Chruszcz M, Skarina T, Egorova O, 

Savchenko A, Edwards AM & WJ Minor. 2010. Crystal structure and molecular 

modeling study of N-carbamoylsarcosine amidase Ta0454 from Thermoplasma 

acidophilum. Struct. Biol. 169:304–311. 



 

 226 

116. Du X, Wang W, Kim R, Yakota H, Nguyen H & SH Kim. 2001. Crystal structure 

and mechanism of catalysis of a pyrazinamidase from Pyrococcus horikoshii. 

Biochemistry. 40:14166–14172. 

117. Shapir N, Sadowsky MJ & Wackett LP. 2005. Purification and Characterization 

of Allophanate Hydrolase (AtzF) from Pseudomonas sp. Strain ADP. J. Bacteriol. 

187:3731–373. 

118. Mani F, Peruzzini M and P Stoppioni. 2006. CO2 absorption by aqueous NH3 

solutions: speciation of ammonium carbamate, bicarbonate and carbonate by a 13C 

NMR study. Green Chem. 8:995–1000. 

119. Although there are references to the ethyl ester of carboxybiuret, there are no 

previous references to carboxybiuret to our knowledge. Update: Subsequent to this 

paper, our findings have been published. See Chapter 3/Seffernick J, Erickson J, 

Cameron SM, Cho S, Dodge T, Richman J, Sadowsky M & Wackett LP. 2012. 

Defining sequence space and reaction products within the cyanuric acid hydrolase 

(AtzD)/barbiturase protein family. J. Bacteriol. 194:4579-4588. 

120. Booth IR. The regulation of intracellular pH in bacteria. In Proceedings of the 

Novartis Foundation Symposium 221: Bacterial Responses to pH, Novartis 

Foundation Symposium, Basel, Switzerland, December 8, 1999; Chadwick DJ, 

Cardew G, Eds.; John Wiley & Sons, Ltd.: Chichester, UK, 2007. 

121. Chen H, Richardson AE & Rolfe BG. 1993. Studies of the physiological and 

genetic basis of acid tolerance in Rhizobium leguminosarum biovar trifolii . Appl. 

Environ. Microbiol. 59:1798–1804. 

122. Mowafak M, Sabbagh A, Calmon M & Calmon JP. 1984. Kinetics and 

mechanism of hydrolysis of 4-phenylallophanates. J. Chem. Soc., Perkin Trans. 2. 

(7):1233–1238. 



 

 227 

123. Kim KS, Pelton JG, Inwood WB, Andersen U, Kustu S & Wemmer DE. 2010. 

The Rut pathway for pyrimidine degradation: novel chemistry and toxicity problems. 

J. Bacteriol. 192:4089–4102. 

124. Blocki FA, Logan MS, Baoli C & Wackett LP. 1994. Reaction of rat liver 

glutathione S-transferases and bacterial dichloromethane dehalogenase with 

dihalomethanes. J. Biol. Chem. 269:8826–8830. 

125. Stourman NV, Rose JH, Vuilleumier S & Armstrong RN. 2003. Catalytic 

mechanism of dichloromethane dehalogenase from Methylophilus sp. strain DM11. 

Biochemistry. 42:11048–11056. 

126. Whitney PA & TG Cooper. 1972. Urea carboxylase and allophanate hydrolase. 

Two components of adenosine triphosphate:urea amido-lyase in Saccharomyces 

cerevisiae. J. Biol. Chem. 247:1349–1353. 

127. Altschul SF, Madden TL, Scha�ffer AA, Zhang J, Zhang Z, Miller W, & DJ 

Lipman. 1997. Gapped BLAST and PSI-BLAST: a new generation of protein 

database search programs. Nucleic Acids Res. 25:3389–3402. 

128. Jain E, Bairoch A, Duvaud S, Phan I, Redaschi N, Suzek BE, Martin MJ, 

McGarvey P & E. Gasteiger. 2009. Infrastructure for the life sciences: design and 

implementation of the UniProt website. BMC Bioinformatics. 10:136. 

129. Hunter S, Apweiler R, Attwood TK, Bairoch A, Bateman A, Binns D, Bork P, 

Das U, Daugherty L, Duquenne L, Finn RD, Gough J, Haft D, Hulo N, Kahn D, Kelly 

E, Laugraud A, Letunic I, Lonsdale D, Lopez R, Madera M, Maslen J, McAnulla C, 

McDowall J, Mistry J, Mitchell A, Mulder N, Natale D, Orengo C, Quinn AF, 

Selengut JD, Sigrist CJ, Thimma M, Thomas PD, Valentin F, Wilson D, Wu CH, 

Yeats C. 2009. InterPro: the integrative protein signature database. Nucleic Acids 

Res. 37:D211-D215. 



 

 228 

130. Quevillon E, Silventoinen V, Pillai S, Harte N, Mulder N, Apweiler R & Lopez, 

R. 2005. InterProScan: protein domains identifier. Nucleic Acids Res. 33:W116–

W120. 

131. Larkin MA. Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam 

H, Valentin F, Wallace IM, Wilm A, Lopez R, Thompson JD, Gibson TJ & Higgins 

DG. 2007. Clustal W and Clustal X version 2.0. Bioinformatics. 23:2947–2948. 

132. Larsen IK. 1977. Crystal and molecular structure of 1-hydroxybiuret.Acta Chem. 

Scand. A. 31B:251–255. 

133. Exner, O. 1961.Über die acyderivate des hydroxylamins VI. Zur konstitution von 

hydroxybiuret und hydroxydiphenylbiuret. Collect. Czech. Chem. Commun. 26:701–

709. 

134. Brown SD, Gerlt JA, Seffernick JL & Babbitt PC. 2006. A gold standard set of 

mechanistically diverse enzyme superfamilies. Genome Biol. 7:R8.  

135. Chubb D, Jefferys BR, Sternberg MJ & Kelley L. 2010. Sequencing delivers 

diminishing returns for homology detection: implications for mapping the protein 

universe. Bioinformatics 26:2664–2671. 

136. Copley S. 2009. Prediction of function in protein superfamilies. F1000 Biol. Rep. 

1:91.  

137. Glasner M, Gerlt J, and PC Babbitt P. 2006. Evolution of enzyme superfamilies. 

Curr. Opin. Chem. Biol. 10:492–497. 

138. Pegg SC, Brown S, Ojha S, Huang CC, Ferrin TE, and PC Babbitt. 2005. 

Representing structure-function relationships in mechanistically diverse enzyme 

superfamilies. Pac. Symp. Biocomput. 2005:358–369. 



 

 229 

139. Fruchey I. 2001. Purification and characterization of AtzD: a novel cyanuric acid 

amidohydrolase from Pseudomonas sp. strain ADP. Master's thesis. University of 

Minnesota, St. Paul, MN. 

140. García-González V, Govantes F, Porrúa O and E Santero. 2005. Regulation of the 

Pseudomonas sp. strain ADP cyanuric acid degradation operon. J. Bacteriol. 

187:155–167. 

141. Soong CL, Ogawa J, Sakuradani E and S Shimizu. 2002. Barbiturase, a novel 

zinc-containing amidohydrolase involved in oxidative pyrimidine metabolism. J. 

Biol. Chem. 277:7051–7058. 

142. Soong CL, Ogawa J and S Shimizu. 2001. Novel amidohydrolytic reactions in 

oxidative pyrimidine metabolism: analysis of the barbiturase reaction and discovery 

of a novel enzyme, ureidomalonase. Biochem. Biophys. Res. Commun. 286:222–226. 

143. Seffernick JL, Johnson G, Sadowsky MJ, and LP Wackett. 2000. Substrate 

specificity of atrazine chlorohydrolase and atrazine-catabolizing bacteria. Appl. 

Environ. Microbiol. 66:4247–4252. 

144. Pegg SC and PC Babbitt. 1999. Shotgun: getting more from sequence similarity 

searches. Bioinformatics. 15:729–740. 

145. Eddy SR. 1998. Profile hidden Markov models. Bioinformatics. 14:755–763. 

146. Thompson JD, Higgins DG & TJ Gibson. 1994. CLUSTAL W: improving the 

sensitivity of progressive multiple sequence alignment through sequence weighting, 

position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 

22:4673–4680. 

147. Felsenstein J. 1989. PHYLIP—Phylogeny Inference Package (version 3.2). 

Cladistics. 5:164–166. 



 

 230 

148. Liolios K, Tavernarakis N, Hugenholtz P and N Kyrpides. 2006. The genomes on 

line database (GOLD) v. 2: a monitor of genome projects worldwide. Nucleic Acids 

Res. 34:D332–D334. 

149. de Souza ML, Wackett LP and MJ Sadowsky. 1998. The atzABC genes encoding 

atrazine catabolism are located on a self-transmissible plasmid in Pseudomonas sp. 

strain ADP. Appl. Environ. Microbiol. 64:2323–2326. 

150. Eaton RW and JS Karns. 1991. Cloning and analysis of s-triazine catabolic genes 

from Pseudomonas sp. strain NRRLB-12227. J. Bacteriol. 173:1215–1222. 

151. Seffernick JL and LP Wackett. 2001. Rapid evolution of bacterial catabolic 

enzymes: a case study with atrazine chlorohydrolase. Biochemistry 40:12747–12753. 

152. Pegg SC, Brown SD, Ojha S, Seffernick J, Meng EC, Morris JH, Chang PJ, 

Huang CC, Ferrin TE and PC Babbitt. 2006. Leveraging enzyme structure-function 

relationships for functional inference and experimental design: the structure-function 

linkage database. Biochemistry. 45:2545–2555. 

153. Dunwell JM, Culham A, Carter CE, Sosa-Aguirre CR and PW Goodenough. 

2001. Evolution of functional diversity in the cupin superfamily. Trends Biochem. 

Sci. 26:740–746. 

154. Hooper NM. 1994. Families of zinc metalloproteases. FEBS Lett. 354:1–6. 

155. Karlin S and Z. Zhu. 1997. Classification of mononuclear zinc metal sites in 

protein structures. Proc. Natl. Acad. Sci. U.S.A. 94:14231–14236. 

156. Odintsov SG, Sabala I, Marcyjaniak M & M Bochtler. 2004. Latent LytM at 1.3 

Å resolution. J. Mol. Biol. 335:775–785. 

157. Woo EJ, Marshall J, Bauly J, Chen JG, Venis M, Napier RM & RW Pickersgill. 

2002. Crystal structure of auxin-binding protein 1 in complex with auxin. EMBO J. 

21:2877–2885. 



 

 231 

158. Gough J and C Chothia. 2002. Superfamily: HMMs representing all proteins of 

known structure. SCOP sequence searches, alignments and genome assignments. 

Nucleic Acids Res. 30:268–272. 

159. Lobley A, Sadowski M and D Jones. 2009. pGenTHREADER and 

pDomTHREADER: new methods for improved protein fold recognition and 

superfamily discrimination. Bioinformatics. 25:1761–1767. 

160. Kelley L and M Sternberg. 2009. Protein structure prediction on the Web: a case 

study using the Phyre server. Nat. Protoc. 4:363–371. 

161. Arnold K, Bordoli L, Kopp J and T Schwede. 2006. The SWISS-MODEL 

Workspace: a web-based environment for protein structure homology modeling. 

Bioinformatics 22:195–201. 

162. LeBaron H, McFarland J and O Burnside. 2008. The triazine herbicides. Elsevier, 

Amsterdam, The Netherlands. 

163. Hayatsu R, Studier MH, Oda A, Fuse K & Anders E. 1968. Origin of organic 

matter in early solar system. II. Nitrogen compounds. Geochim. Cosmochim. Acta 

32:175–190. 

164. Hysell M, Siegel JS & Tor Y. 2005. Synthesis and stability of exocyclic triazine 

nucleosides. Org. Biomol. Chem. 3:2946–2952. 

165. Seffernick J, Erickson J, Cameron SM, Cho S, Dodge T, Richman J, Sadowsky 

MJ, and LP Wackett. 2012. Defining sequence space and reaction products within the 

cyanuric acid hydrolase (AtzD)/barbiturase protein family. J. Bacteriol. 194:4579-

4588. 

166. Cameron SM, Durchschein K, Richman JE, Sadowsky MJ, and LP Wackett. 

2011. New family of biuret hydrolases involved in s-triazine ring metabolism. ACS 

Catalysis. 1:1075–1082. 



 

 232 

167. Giraud E, Moulin L, Vallenet D, Barbe V, Cytryn E, Avarre JC, Jaubert M, 

Simon D, Cartieaux F, Prin Y, Bena G, Hannibal L, Fardoux J, Kojadinovic M, 

Vuillet L, Lajus A, Cruveiller S, Rouy Z, Mangenot S, Segurens B, Dossat C, Franck 

WL, Chang WS, Saunders E, Bruce D, Richardson P, Normand P, Dreyfus B, Pignol 

D, Stacey G, Emerich D, Vermeglio A, Medigue C, and M Sadowsky. 2007. 

Legumes symbioses: absence of Nod genes in photosynthetic bradyrhizobia. Science. 

316:1307-1312. 

168. Marchler-Bauer A, Zheng C, Chitsaz F, Derbyshire MK, Geer LY, Geer RC, 

Gonzales NR, Gwadz M, Hurwitz DI, Lanczycki CJ, Lu F, Lu S, Marchler GH, Song 

JS, Thanki N, Yamashita RA, Zhang D, Bryant SH. 2013. CDD: conserved domains 

and protein three-dimensional structure. Nucleic Acids Res. 41:D348-52. 

169. Sayers EW, Barrett T, Benson DA, Bryant SH, Canese K, Chetvernin V, Church 

DM, DiCuccio M, Edgar R, Federhen S, Feolo M, Geer LY, Helmberg W, Kapustin 

Y, Landsman D, Lipman DJ, Madden TL, Maglott DR, Miller V, Mizrachi I, Ostell J, 

Pruitt KD, Schuler GD, Sequeira E, Sherry ST, Shumway M, Sirotkin K, Souvorov 

A, Starchenko G, Tatusova TA, Wagner L, Yaschenko E, and J Ye. 2009. Database 

resources of the National Center for Biotechnology Information. Nucleic Acids Res. 

37:D5-15. 

170. Artimo P, Jonnalagedda M, Arnold K, Baratin D, Csardi G, de Castro E, Duvaud 

S, Flegel V, Fortier A, Gasteiger E, Grosdidier A, Hernandez C, Ioannidis V, 

Kuznetsov D, Liechti R, Moretti S, Mostaguir K, Redaschi N, Rossier G, Xenarios I, 

and Stockinger H. 2012. ExPASy: SIB bioinformatics resource portal. Nucleic Acids 

Res. 40:W597-W603. Translate tool available at http://web.expasy.org/translate. 

171. The UniProt Consortium. 2013. Update on activities at the Universal Protein 

Resource (UniProt) in 2013. Nucl. Acids Res. 41:D43-D47. 

172. Bernstein FC, Koetzle TF, Williams GJ, Meyer Jr. EE, Brice MD, Rodgers JR, 

Kennard O, Shimanouchi T, and M Tasumi. 1977. The Protein Data Bank: A 



 

 233 

Computer-based Archival File For Macromolecular Structures," J. of. Mol. 

Biol.112:535. 

173. The Research Collaboratory for Structural Bioinformaticx. Available at: 

http://www.rcsb.org/pdb. 

174. Campos-Bermudez VA, González JM, Tierney DL, and AJ Vila. 2010. 

Spectroscopic signature of a ubiquitous metal binding site in the metallo-β-lactamse 

superfamily. J. Biol. Inorg. Chem. 15:1209-1218. 

175. Rivard B. Personal communication. Ph.D. preliminary exam. 2011. Active site 

structure and catalytic mechanism of chlorothalonil hydrolytic dehalogenase. 

176. Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, and DL Wheeler. 2005. 

GenBank. Nucleic Acids Res. 33:D34–D38. 

177. Edgar, R.C. 2004. MUSCLE: multiple sequence alignment with high accuracy 

and high throughput. Nucleic Acids Research. 32:1792-1797. 

178. Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ. 2009. Jalview 

Version 2--a multiple sequence alignment editor and analysis workbench. 

Bioinformatics. 25:1189-91. 

179. The UniProt Consortium. 2012. Reorganizing the protein space at the Universal 

Protein Resource (UniProt). Nucleic Acids Res. 40: D71-D75. 

180. Geospiza, Inc. FinchTV v.1.4.0. Seattle, WA, USA. www.geospiza.com. 

181. Integrated DNA Technologies (IDT) PrimerQuestSM. Coralville, Iowa, USA. 

Available at: www.idtdna.com/Primerquest/Home/Index 

182. Hans Peter Sørensen HP and KK Mortensen. 2005. Advanced genetic strategies 

for recombinant protein expression in Escherichia coli. J. Biotechnol. 115:113-128. 



 

 234 

183. Harvard-Lipper Center for Computational Genetics. Reverse and/or complement 

DNA sequence program. Available at: 

http://arep.med.harvard.edu/labgc/adnan/projects/Utilities/revcomp.html 

184. Fallon AM and BA Witthuhn. 2009. Proteasome activity in a naïve mosquito cell 

line infected with Wolbachia pipientis wAlbB. In Vitro Cell. Dev. Biol. Anim. 

45:460-6. 

185. Keller A, Nesvizhskii AI, Kolker E, and R Aebersold. 2002. Empirical statistical 

model to estimate the accuracy of peptide identifications made by MS/MS and 

database search. Anal. Chem. 74:5383-92. 

186. Nesvizhskii AI, Keller A, Kolker E, and R Aebersold. 2003. A statistical model 

for identifying proteins by tandem mass spectrometry. Anal Chem.75:4646-58. 

187. TB055: Novagen pET System Manual, 11th Ed (2006). Merck KgaA, Darmstadt, 

Germany. Most recent version available at 

www.emdmillipore.com/chemdat/en_CA/Merck-US-

Site/USD/ViewProductDocuments-File?ProductSKU=EMD_BIO-

71867&DocumentType=USP&DocumentId=/emd/biosciences/userprotocols/en-

US/TB055.pdf&DocumentSource=GDS. 

188. Pérez-Pérez J and J Gutiérrez. 1995. An arabinose-inducible expression vector, 

pAR3, compatible with ColE1-derived plasmids. Gene. 158:141-2. 

189. Pérez-Pérez J, Martínez-Caja C, Barbero JL, and J Gutiérrez. 1995. DNAK/DNAJ 

supplementation improves the periplasmic production of human granulocyte-colony 

stimulating factor in Escherichia coli, Biochemical and Biophysical Research 

Communications. 210:524-529. 

190. Madej T, Addess KJ, Fong JH, Geer LY, Geer RC, Lanczycki CJ, Liu C, Lu S, 

Marchler-Bauer A, Panchenko AR, Chen J, Thiessen PA, Wang Y, Zhang D and SH 



 

 235 

Bryant. 2012. MMDB: 3D structures and macromolecular interactions. Nucleic Acids 

Res. 40:D461-4. 

191. Concha NO, Rasmussen BA, Bush K, and O Herzberg. 1997. Crystal structures of 

the cadmium- and mercury-substituted metallo-beta-lactamase from Bacteroides 

fragilis. Protein Sci. 6:2671. (PDBID:2ZNB) 

192. Schofield LR, Anderson BF, Patchett ML, Norris GE, Jameson GB, and EJ 

Parker. 2005. Substrate ambiguity and crystal structure of Pyrococcus furiosus 3-

deoxy-d-arabino-heptulosonate-7-phosphate synthase: an ancestral 3-deoxyald-2-

ulosonate-phosphate synthase? Biochemistry. 44:11950. (PDBID:1ZCO) 

193. Gonzalez JM, Buschiazzo A, and AJ Vila. 2010. Evidence of adaptability in metal 

coordination geometry and active-site loop conformation among b1 metallo-beta-

lactamases. Biochemistry. 49:7930. (PDBID:3I14) 

194. Podzelinska K, Kim YM, Zechel D, Faucher F, and Z Jia. 2010. Crystal structure 

of PhnP in complex with orthovanadate. (PDBID:3P2U) 

195. Minasov G, Wawrzak Z, Halavaty A, Shuvalova L, Dubrovska I, Winsor J, 

Kiryukhina O, Papazisi L, and WF Anderson. 2011. 2.1 angstrom resolution crystal 

structure of metallo-beta-lactamase family protein from Staphylococcus aureus subsp. 

aureus col. Unpublished (PDBID:3R2U) 

196. Kaneko T, Nakamura Y, Sato S, Minamisawa K, Uchiumi T, Sasamoto S, 

Watanabe A, Idesawa K, Iriguchi M, Kawashima K, Kohara M, Matsumoto M, 

Shimpo S, Tsuruoka H, Wada T, Yamada M, and S Tabata. 2002. Complete genomic 

sequence of nitrogen-fixing symbiotic bacterium Bradyrhizobium japonicum 

USDA110. DNA Res. 9:189-97. 

197. Kaneko T, Maita S, Hirakawa H, Uchiike N, Minamisawa K, Watanabe, A and 

Sato S. 2011. Complete Genome Sequence of the Soybean Symbiont Bradyrhizobium 

japonicum Strain USDA6T. Gene (Basel) 2:763-787. 



 

 236 

198. Blattner FR, Plunkett G 3rd, Bloch CA, Perna NT, Burland V, Riley M, Collado-

Vides J, Glasner JD, Rode CK, Mayhew GF, Gregor J, Davis NW, Kirkpatrick HA, 

Goeden MA, Rose DJ, Mau B, and Y Shao. 1997. The complete genome sequence of 

Escherichia coli K-12. Science. 277:1453-62. 

199. Ivashina TV, Khmelnitsky MI, Shlyapnikov MG, Kanapin AA, and VN 

Ksenzenko. 1994. The pss4 gene from Rhizobium leguminosarum by viciae VF39: 

cloning, sequence and the possible role in polysaccharide production and nodule 

formation. Gene. 150:111-6. 

200. Dong Y, Bartlam M, Sun L, Zhou YF, Zhang ZP, Zhang CG, Rao Z, and XE 

Zhang. 2005. Crystal Structure Analysis of Methyl Parathion Hydrolase from 

Pseudomonas sp WBC-3. J. Mol. Biol. 353:655–663. (PDBID:1P9E) 

201. Liu D, Lepore BW, Petsko GA, Thomas PW, Stone EM, Fast W, and D Ringe. 

2005. Three-dimensional structure of the quorum-quenching N-acyl homoserine 

lactone hydrolase from Bacillus thuringiensis. Proc. Natl. Acad. Sci. U.S.A. 

102:11882-11887. (PDBID:2A7M) 

202. Garcia-Saez I, Docquier JD, Rossolini GM, and O Dideberg. 2008. The three-

dimensional structure of VIM-2, a Zn-beta-lactamase from Pseudomonas aeruginosa 

in its reduced and oxidised form. J. Mol. Biol. 375:604-611. (PDBID:1KO3) 

203. Fabiane SM, Sohi MK, Wan T, Payne DJ, Bateson JH, Mitchell T and BJ Sutton. 

1998. Crystal structure of the zinc-dependent beta-lactamase from Bacillus cereus at 

1.9 A resolution: binuclear active site with features of a mononuclear enzyme. 

Biochemistry 37:12404-12411. (PDBID:1BC2) 

204. Garau G, Bebrone C, Anne C, Galleni M, Frere JM, and O Dideberg. 2005. A 

metallo-beta-lactamase enzyme in action: crystal structures of the monozinc 

carbapenemase CphA and its complex with biapenem. J. Mol. Biol. 345:785-795. 

(PDBID: 1X8H) 



 

 237 

205. Frazao C, Silva G, Gomes CM, Matias P, Coelho R, Sieker L, Macedo S, Liu 

MY, Oliveira S, Teixeira M, Xavier AV, Rodrigues-Pousada C, Carrondo MA, and J 

Le Gall. 2000. Structure of a dioxygen reduction enzyme from Desulfovibrio gigas. 

Nat. Struct. Biol. 7:1041-1045. (PDBID: 1E5D) 

206. Wang G, Li R, Li S, and J. Jiang. 2010. A novel hydrolytic dehalogenase for the 

chlorinated aromatic compound chlorothalonil. J. Bacteriol. 192:2737-2745. (CHD) 

207. Jarvik T, Smillie C, Groisman EA and H. Ochman. 2010. Short-Term Signatures 

of Evolutionary Change in the Salmonella enterica Ser. Typhimurium 14028 Genome. 

J. Bacteriol. 192:560-567. (Ycb1) 

208. Campos-Bermudez VA, Leite NR, Krog R., Costa-Filho, A.J., Soncini, F.C., 

Oliva, G., Vila, A.J. 2007. Biochemical and structural characterization of Salmonella 

typhimurium glyoxalase II: new insights into metal ion selectivity. Biochemistry 

46:11069-11079. (PDBID:2QED). 

209. Cameron AD, Ridderstrom M, Olin B, and B Mannervik. 1999. Crystal structure 

of human glyoxalase II and its complex with a glutathione thiolester substrate 

analogue. Structure Fold. Des. 7:1067-1078. (PDBID: 1QH5) 

210. Ullah JH, Walsh TR, Taylor IA, Emery DC, Verma CS, Gamblin SJ, and J 

Spencer. 1998. The crystal structure of the L1 metallo-beta-lactamase from 

Stenotrophomonas maltophilia at 1.7 Å resolution. J. Mol. Biol. 284:125-136. 

(PDBID:1SML) 

211. Morán-Barrio J, González JM, Lisa MN, Costello AL, Peraro MD, Carloni P, 

Bennett B, Tierney DL, Limansky AS, Viale AM, and AJ Vila. 2007. The metallo-

beta-lactamase GOB is a mono-Zn(II) enzyme with a novel active site. J. Biol. Chem. 

282:18286-18293. (GOB-18) 

212. Marquez JA, Hasenbein S, Koch B, Fieulaine S, Nessler S, Russell RB, 

Hengstenberg W, and K Scheffzek. 2002. Structure of the full-length HPr 



 

 238 

kinase/phosphatase from Staphylococcus xylosus at 1.95 Å resolution: Mimicking the 

product/substrate of the phospho transfer reactions. Proc. Natl. Acad. Sci. U.S.A. 

99:3458-3463. (PDBID:1K07) 

213. Kostelecky B, Pohl E, Vogel A, Schilling O, W. Meyer-Klaucke. 2006. The 

crystal structure of the zinc phosphodiesterase from Escherichia coli provides insight 

into function and cooperativity of tRNase Z-family proteins. J. Bacteriol. 188:1607. 

(PDBID: 2CBN) 

214. Willey JM, Sherwood L, Woolverton CJ, & LM Prescott. 2002. Prescott, Harley, 

and Klein's Microbiology. 5th Ed. New York: McGraw-Hill Higher Education. p.96. 

215. Schlesinger SR, Bruner B, Farmer PJ and SK Kim. Purification, characterization, 

and inhibitor investigation against the zinc-dependent metallo-β-lactamase from 

Bacillus anthracis. Poster session presented at: 242nd ACS National Meeting & 

Exposition; 2011 Aug. 28-Sept. 1; Denver, CO. Poster 21. 

216. Baneyx F. 1999. Recombinant protein expression in Escherichia coli. Current 

Opinion in Biotechnology. 10:411-421. 

217. Snyder L and Champess W. Molecular Genetics of Bacteria. Washington DC. 

ASM Press. 2003. Pages 90-91. 

218. Delamuta JR, Ribeiro RA, Ormeño-Orrillo E, Melo IS, Martínez-Romero E, and 

M Hungria. 2013. Polyphasic evidence supporting the reclassification of 

Bradyrhizobium japonicum Group Ia strains as Bradyrhizobium diazoefficiens sp. 

nov. Int J Syst Evol Microbiol. [Epub ahead of print]. 

219. Khersonsky O and DS Tawfik. 2010. Enzyme Promiscuity: A Mechanistic and 

Evolutionary Perspective. Annual Review of Biochemistry. 79:471-505. 

220. Seffernick JL, Dodge, AG, Sadowsky MJ, Bumpus JA, and LP Wackett. 2010. 

Bacterial ammeline metabolism via guanine deaminase 192:1106-12. 



 

 239 

221. Seffernick JL, Reynolds E, Fedorov AA, Fedorov E, Almo SC, Sadowsky MJ and 

LP Wackett. 2010. X-ray structure and mutational analysis of the atrazine 

chlorohydrolase TrzN. J Biol Chem. 285:30606–30614. 

222. Levy M, Miller SL. 1998. The stability of the RNA bases: implications for the 

origin of life. PNAS. 95:7933-8. 

223. Aggarwal, A. Biodegradation of Atrazine by Atrazine Chlorohydrolase: 

characterization of mutant enzyme and immobilization system for water purification. 

Master’s thesis, University of Minnesota, St. Paul, Minnesota, U.S.A., 2011. 

224. Cane DE and Watt RM. 2003. Expression and mechanistic analysis of a 

germacradienol synthase from Streptomyces coelicolor implicated in geosmin 

biosynthesis. PNAS 100:1547-51. 

225. Shapir N, Cheng G, Sadowsky MJ, and LP Wackett. 2006. Purification and 

characterization of TrzF: biuret hydrolysis by allophanate hydrolase supports growth. 

Appl Environ Microbiol. 72:2491-5. 

226. Gerlt JA & PC Babbitt. 2009. Enzyme (re)design: lessons from natural evolution 

and computation. Current Opinion in Chemical Biology. 13:10-18. 

 



 

 240 

APPENDIX 1  SUPPORTING INFORMATION FOR CHAPTER 2 

 

This section is slightly modified from the original published version (Cameron et al. 

2011, 166). Figure numbers have been updated to reflect current context and the 

directionality of DNA sequences has been corrected (166, 170). The sequences of the 

biuret hydrolase gene candidates and the SDS-PAGE image of the purified biuret 

hydrolase from Rhizobium leguminosarum bv. viciae strain 3841 remain unaltered. 

Additional data related to this research has been included. Fig. A1-3 is a representative 

chromatogram and indicates the fractions containing the purified biuret hydrolase from 

Rhizobium leguminosarum bv. viciae strain 3841. Fig. A1-4 is an example of Berthelot 

Assay results from different fractions generated during the purification process. 

 

Published Title: Supporting Information for: New Family of Biuret Hydrolases Involved 

in s-Triazine Ring Metabolism. Stephan M. Cameron, Katharina Durchschein, Jack E. 

Richman, Michael J. Sadowsky, and Lawrence P. Wackett. Available at: 

http://pubs.acs.org/doi/suppl/10.1021/cs200295n/suppl_file/cs200295n_si_001.pdf. 
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Figure A1-1. Biuret hydrolase candidate genes as ordered from DNA 2.0 in 
pJexpress401 expression vectors. Source sequences are shown below and include 
additional design features [HindIII restriction site (underlined), His6 tag (bold), and 
spacer sequence between HindIII site and His6 tag]. 
 
Bradyrhizobium japonicum strain USDA 110 
source protein ID: NP_773922.1 
Theoretical pI and MW: pI=6.47; MW=53,820.4 daltons 
 
5’ATGAGCTGGAACGAGTGGGCGCAGCACGATGGCGTGGGGCTGGCGGCGCGCGTCCGC
AAGGGCGAGCTGACGCCGAAGGAATTGGCCCGCCAGGCCGCTGCTGCCGTCGCCAAGGT
CAATCCGGCGCTGTCGGGCGTGGTCGAGCTGTTCGAGGACGTGATCGCCGATCCGGCCA
AGGACGGCGCCAACCTCGCCGGCCCGTTCGCCGGCCTGCCCTTCCTGATGAAGGATCTC
GGGCCGACCATGAAGGGCCGGCTCCAGGAGATGGGTTCGCTGCTGATGCGCGGCAATCG
CGCGAGCGCCGACACCTTCCTGACCGGCAAATTCCGCCAGGCCGGACTGAACCTGATCG
GGCGCACCACGACACCGGAATTCGGCGTCTGCAGCTCGGCCGACAATCCGGCCGTCTAC
GTCACGCGCAATCCCTGGAACACCGACTACACCACCTGCGGCTCGTCCGCGGGCAGCGC
GGCGATGGTTGCCGCCGGCGTGGTGCCGATCGCGCATGCGACCGACGGCGGCGGCTCGA
TCCGCATTCCCGCCGGCGTCAACGGTAATATCGGGCTGAAGGTCTCGCGCGGCGTGTTC
TCGCTGGCCCCGCACATGTCCGACCTCACCGGGCTCGTCTCGATCCAGGGCTGCCAGTC
GCGCTCGGTGCGCGACACCGCCGCCTTCGTCGATCACGCGCGCGGGCCTGCGCCCGGCG
AGTTCATGCCGTTCTGGACCACGGCGCAGCCCTATTCCGAGATGATCAAGCGCGATCCG
GGCAAGCTCCGCATCGCGCTGTCGCACACGTGGGGCGATTACACCGCGACGCCGGAGAT
CGCCGCCGAGCTGGAGAAGACCGGCCGCTTCCTCGAAGGCCTCGGGCACCATGTCGACT
ACGCACTGCCCGAGCTCGACTTCCGTGCGGCGTTCGAGGCGCAGACGATGTGCTACATC
TCGAATTTTGCGGTGGTGATCTCGAACATGCTGGCCGCGCGCGGGCTGGACAAGCCGCC
GGAAGATCTCATCGAGCCGATGAACATCAGGATCTGGGAAGCCGGCCGGCACACCAGCT
TCGCCGAGCGGGCGAAGATGCAAGGCGTGTTCAACACGACGTCACGCGGTTTCGGCGCG
TTCTTCGAGCAGTGGGACGTGATCCTGACGCCGATCACGGCGCTGCCGACGCCGAAAGT
CGGCACCAGGGAATATCTCACCATCTCCGACAATCCTGACGTGCTCGACTGGTTCGGCA
ATCTCTGGCGCTTTTTCGCCTTCACCCCGCTCGCCAATCTCTGCGGCATGCCGGCGATC
TCGATGCCGATGGCAACCCAGGACCACGACCTGCCGCTCGGCATCCAGGCGATCGCCAA
GCAGGCCAATGACGGCCTGCTGCTGCAACTCGCCGCCCAGATCGAGCGCGCGCTCGACG
GCAAGTGGAACGGCGGCAGAAAGCCGAAGGTGCATGTGAGCCAAGCTTGCGCGGCCGCA
CTCGAGCACCACCACCACCACCACTGA 3’ 
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(Figure A1-1, con’t.) 
 
Bradyrhizobium sp. BTAi1 
source protein ID: YP_001237459.1 (includes extension) 
Theoretical pI and MW: pI=6.38; MW=30,939.1 daltons 
 
5’ATGCCTCTCTGGACCTGCTTTCAATGTGGCGCGCAGTTTCCTGACACGCCCACGCCG
CCGTCCGCGTGCAGGATTTGCGACGAGGAGCGCCAGTTCGTGAACTGGAGCGGACAGCG
CTTCATCGATCGCGACGAGCTCGCCGCATCGCGCCAGGTCATCTGGCGTGACGATGACG
GCGTGACCGGTCTTGGCCTCGATCCGAGCTTTGCGATTGGCCAGCGCGCGCTGCTGATT
CCCGAGCCCGACGGCTGCGTGATGTGGGACTGCGTTCCCCTGGCGACGGAGACCGCTGT
CGCGCATGTGCGTTCGCGCGGCGGGCTGAAGGCCATCGCGGTCTCGCATCCGCATTTTT
ATGGCGCGGTAGCCGATTGGAGCGAGGCGTTCGGCGGCATCCCGATCTATCTCCATGGC
GACGACAGCGCCTTCGTCACCCGGCCGCATCCCGCGATCGTGCCATGGACGGGCGACAG
CTTGCGGATCTCCGACGCCGTCCGGCTCTATCGCACCGGCGGTCATTTCCCCGGCGCCA
CCGTGCTGCATTGGCGGGAGGGCGCCGAGGGCAAGGGCGTGCTGTTCACCGGCGACATC
GCGATGGTCGCGATGGACCGCCGCCACGTCAGCTTCATGTATTCCTACCCGAACTATAT
CCCGCTCGGCGCCGCAGCCGTGCGCAGGATCGCCGCAACGATCGGGCCGCTCCCATTCG
ATCGCATCTACGGCGGGTGGTGGCAGAAGAACATCGCAACGGAAGCGAAGCCCGCCTTC
GAGCGGTCTGTCGCGCGCTATCTCGCGGCAATCGCCCAAGCTTGCGCGGCCGCACTCGA
GCACCACCACCACCACCACTGA 3’ 
 

Rhizobium leguminosarum bv. viciae strain 3841, plasmid 10 
source protein ID: YP_770628.1 
Theoretical pI and MW: pI=5.70; MW=27,121.0 daltons 
 
5’ATGGACGCGATGGTCGAAACCAACCGGCATTTTATCGACGCCGATCCGTATCCGTGG
CCCTATAACGGAGCTCTGAGGCCTGACAATACCGCCCTCATCATCATCGACATGCAGAC
GGATTTCTGCGGCAAGGGCGGTTATGTCGACCACATGGGCTACGACCTGTCGCTGGTGC
AGGCGCCGATCGAACCCATCAAACGCGTGCTTGCCGCCATGCGGGCCAAGGGTTATCAC
ATCATCCACACCCGCGAGGGCCACCGCCCCGACCTCGCCGATCTGCCAGCAAACAAACG
CTGGCGCTCGCAACGGATCGGGGCCGGCATCGGTGATCCCGGCCCCTGCGGCCGAATCC
TGACGCGTGGCGAACCCGGCTGGGACATCATCCCCGAACTCTACCCGATCGAAGGCGAG
ACGATCATCGACAAGCCCGGCAAGGGTTCGTTCTGCGCCACCGACCTCGAACTCGTCCT
CAACCAGAAACGCATCGAGAACATTATCCTCACCGGGATCACCACCGATGTCTGCGTCT
CGACGACGATGCGCGAGGCGAACGACCGCGGCTACGAATGCCTGCTGCTGGAGGACTGC
TGTGGTGCGACCGACTACGGAAACCACCTCGCCGCCATCAAGATGGTGAAGATGCAGGG
CGGCGTCTTCGGCTCGGTCTCCAATTCCGCGGCTCTAGTCGAGGCGCTGCCCCAAGCTT
GCGCGGCCGCACTCGAGCACCACCACCACCACCACTGA 3’ 
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Figure A1-2. SDS-PAGE of bhpRL10_optEc. 
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Figure A1-3. Fast Protein Liquid Chromatography (FPLC) chromatograph from biuret 
hydrolase (bhpRL10_optEc) purification. FPLC demonstrating an A280 value >1.5 from 
fractions 49-52, suggesting a high level of protein eluted from the column when buffer 
contained 0.5 M imidazole (100% elution buffer B). Purity of protein is demonstrated in 
Fig. A1-2. The protein purified from this run (Rpl10_002) was used in published 
experiments (Chapter 2, 166). 
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Figure A1-4. Example of Berthelot Assay results from biuret hydrolase purification. 

 

 



 

 246 

Figure A1-5. Extended annotation of final, modified biuret hydrolase candidate from 
R. leguminosarum bv. viciae 3841 submitted to DNA 2.0 for synthesis and optimization. 
Sequence is the same as in Figure A1-1. 
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Figure A1-6. Plasmid map and sequence for pJexpress401:bhpRL10_optEc. Provided by 

DNA 2.0. Electronic file  is “PM_40541_SEQ_5876193320741760356.pdf.” 
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(Figure A1-6, con’t.) 
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(Figure A1-6, con’t.) 
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(Figure A1-6, con’t.) 
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APPENDIX 2  SUPPORTING INFORMATION FOR CHAPTER 3 

 

Figure numbers and references have been updated to reflect current context (165). 

Available at: http://jb.asm.org/content/194/17/4579/suppl/DCSupplemental. 

 

Figure A2-1. Gene context diagram for representative organisms in (A) AtzD/TrzD 
clustered homologs and (B) barbiturase cluster. The numbering represents proteins 
belonging to these various groups: 1. COG0154, Asp-tRNA Asn/Glu-tRNA Gln 
amidotransferase belonging to the amidase signature superfamily; 2. COG1335, amidase 
related to nicotinamidase and isochorismatase that belong to the cysteine hydrolase 
superfamily; 3. COG0388, Predicted amidohydrolase that belong to the nitrilase 
superfamily like nitrilase and cyanide hydratase; 4-7. COG3427, COG1529, COG2080, 
and COG1319, uracil/thiamine dehydrogenase – precursor to barbiturase; 8. COG2233, 
Xanthine/uracil permeases; 9. COG0035, Uracil phosphoribosyltransferase; 10. 
COG0549, Carbamate kinase which belongs to the amino acid kinase superfamily, 
including uridylate, carbamate, asparto-, and acetylglutamate kinases; 11. trzC, ammelide 
amidohydrolase. 12. OG0402, Cytosine deaminase and related metal-dependent 
hydrolases; 13. COG0044, Dihydroorotase and related cyclic amidohydrolases, likely L-
Hydantoinases or Allantoinase; 14. FdrA like protein; 15. COG0161, 
Adenosylmethionine-8-amino-7-oxononanoate aminotransferase that belongs to acetyl 
ornithine aminotransferase family of the pyridoxal phosphate (PLP)-dependent aspartate 
aminotransferase superfamily, including ornithine aminotransferase, acetylornithine 
aminotransferase, alanine-glyoxylate aminotransferase, dialkylglycine decarboxylase, 4-
aminobutyrate aminotransferase, β-alanine-pyruvate aminotransferase, 
adenosylmethionine-8-amino-7-oxononanoate aminotransferase, and glutamate-1-
semialdehyde 2,1-aminomutase; 16. COG1028, Dehydrogenases with different 
specificities (related to short-chain alcohol dehydrogenases); 17. COG0145, N-
methylhydantoinase A/acetone carboxylase, β subunit; 18. COG0146, N-
methylhydantoinase B/acetone carboxylase, alpha subunit; 19. regulator; 20. ABC 
transporter permease – representing various COGs; 21. ABC transporter ATP binding  
domain – representing various COGs; 22. ABC transporter periplasmic component; 23. 
hypothetical; 24. DUF – domain of unknown function; and 25. transposase. 
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(Figure A2-1, con’t.) 
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(Figure A2-1, con’t.) 
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(Figure A2-1, con’t.) 

 

Gene context of AtzD/barbiturase family members. Despite the diverse origins of the 

source organisms and the highly divergent protein sequences, the characterized proteins 

throughout Clade 1 had only cyanuric acid hydrolase activity, while the only functional 

member of Clade 2 had barbiturase activity. To determine if additional functional 

information could be identified by genomic context, the flanking regions of the genes 

were compared (Fig. A2-2). 

 

Gene context – Clade 1. Group 1 proteins were comprised of proteins found in the 

phylum Firmicutes. Moorella thermoacetica ATCC 39073 was shown previously to 

exhibit cyanuric acid hydrolase activity (71). Although the Paenibacillus and Bacillus 

proteins are also members of the Firmicutes, the tree location of these proteins was 

method-specific, clustering in either Group 1 or in an adjacent cluster. For this reason 

they were not included specifically in Group 1. The Firmicutes are diverse in sequence 

and organismal origins. Clostridium asparagiforme DSM 15981 was isolated from 

human feces, Paenibacillus sp. JDR-2 was isolated from sweet gum stem wood buried in 

surface soil and was shown to degrade hemicelullose, and Bacillus cellulosilyticus DSM 

2522 was isolated from soil and is known to degrade cellulose. The AtzD homologs in 

these organisms have only 65, 58, and 41% sequence identity to the Moorella cyanuric 

acid hydrolase, respectively. Clostridium and Bacillus strains share a common metal-

dependent amidohydrolase gene similar to cytosine deaminase (COG0402) located 

downstream of the atzD homolog genes. Members of this amidohydrolase superfamily 

are responsible for the atrazine degradation pathway upstream of cyanuric acid. It has yet 

to be determined whether the amidohydrolase protein encoded adjacent to the atzD gene 

in these organisms is producing cyanuric acid. 

 

Gene context information is not available for all organisms in Group 2 since individual 

genes were sequenced, and the genome sequence is unknown. An operon was found to be 
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(Figure A2-1, con’t.) 

 

present in P. ADP, encoding atzD, atzE, and atzF (94). The AtzE and AtzF proteins are 

members of the amidase signature superfamily and catalyze consecutive reactions, 

resulting in complete mineralization of cyanuric acid to ammonia and carbon dioxide 

(Fig. 3-1). From the sequence information available, an identical transposon associated 

region, containing trzD and its precursor gene trzC, was located in both Acidovorax 

citrulli strain 12227 and Enterobacter cloacae strain 99 (Fig. A2-1A). These two genes 

encoded enzymes that convert ammelide to cyanuric acid and catalyze the subsequent 

ring-opening reaction. TrzF, a homologous protein to AtzE and AtzF, located upstream of 

the TrzD protein in Enterobacter cloacae strain 99, was shown to catalyze the 

allophanate hydrolase reaction in that strain (225). A similar homolog is adjacent to the 

atzD gene in Bradyrhizobium japonicum USDA 110. This enzyme shares 27% identity to 

AtzE and 25% identity to AtzF from P. ADP, and could possibly be involved in 

deamination of the products generated by the cyanuric acid hydrolase. 

 

Group 2 contains the only protein found in a eukaryote, the common photosynthetic 

marine alga Micromonas sp. RCC299. Along with the USDA 110 protein, this is the only 

other Group 2 protein from an organism not isolated for its s-triazine degradation ability. 

The atzD homolog gene is located on chromosome 7 and is surrounded by mainly 

predicted proteins that have no close function to proteins of known function. Unlike the 

USDA110 protein, there is no evidence of potential s-triazine degradation pathway genes 

located proximal to the atzD homolog. This protein has 45, 41, 42, and 32 % identity to 

AtzD (Pseudomonas sp. ADP), TrzD (Acidovorax citrulli strain 12227), the Moorella 

cyanuric acid hydrolase, and barbiturase (Rhodococcus erythropolis JCM 3132), 

respectively. Because of its sequence divergence and unique origin, this protein is a good 

candidate for future functional studies. 
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(Figure A2-1, con’t.) 

 

Group 3 enzymes were found solely in α-proteobacteria (Fig. 3-2). The proteins had 37-

55% identity to AtzD, TrzD, the Moorella cyanuric acid hydrolase, or barbiturase (Table 

1). No functionality was determined among this group prior to this study. It should be 

noted that although all of these proteins originate in α-proteobacteria, they are not found 

in a large range of bacteria and are not present in all organisms in that genera. For 

instance, Methylobacterium radiotolerans JCM 2831 and sp. 4-46 contain AtzD 

homologs, while the genomes for Methylobacterium extorquens AM1 and M. nodulans 

ORS 2060 do not. All of the Group 3 organisms, with the exception of Oceanicola 

granulosus HTCC2516, are involved in nitrogen fixation or are plant pathogens. The 

relevance of this observation has yet to be determined. The two Rhizobium enzymes are 

encoded on large plasmids and have similar gene context, which include nitrilase and 

cysteine hydrolase superfamily members directly upstream of atzD and a sugar ABC 

transporter and cysteine hydrolase superfamily member directly downstream. Likewise, 

the two Bradyrhizobium strains in this group have similar gene context, including a 

downstream TonB-dependent receptor protein and putative hydroxylase. Gene context for 

all other organisms in this group are highly divergent. Oceanicola granulosus HTCC2516 

and Agrobacterium vitis S4 have one copy of the atzE/F protein pair in close proximity to 

the atzD genes. The product of the AtzE-catalyzed reaction is allophanate that will 

spontaneously decarboxylate to form urea, which many organisms can metabolize. This 

may account for only one AtzE/F homolog being present in these organisms. The other 
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(Figure A2-1, con’t.) 

 

strains, though lacking AtzE/F homologs, have other potential amidases belonging to the 

cysteine hydrolase or nitrilase superfamilies in close proximity, which could be 

catalyzing AtzE/F type reactions. 

 

Azorhizobium caulinodans ORS 571 has two cyanuric acid hydrolase/barbiturase family 

members. The protein encoded by locus AZC_3892 was placed in Group 3, while locus 

AZC_3203 was not placed in either Clade 1 or 2 (Fig. 3-2). Upstream of the locus 

AZC_3892 gene is a metal-dependent amidohydrolase superfamily member similar to 

proteins that are in the upper pathway in atrazine degradation leading to cyanuric acid 

production. Downstream of the gene is a urea/short chain amide transport system. A 

cysteine hydrolase superfamily protein upstream may also be involved in hydrolysis of 

the AtzD homolog products. Interestingly, the AZC_3203 locus has one atzE/F homolog 

directly downstream of the atzD homolog gene. 

 

The identical protein in Acidithiobacillus ferrooxidans ATCC 53993 and ATCC 23270 

was placed adjacent to Group 3 in Fig. 3-2, but was not formally included in Group 3 for 

reasons stated above. These strains are γ-Proteobacteria isolated from acid mine drainage. 

The AtzD homolog has 34-46% identity with the experimentally determined cyanuric 

acid hydrolases or barbiturases. It has the ability to fix nitrogen, which is common to 

most of the Group 3 source organisms. The genomes revealed a combination of genes 
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(Figure A2-1, con’t.) 

 

around the AtzD homolog similar to multiple other groups. There are uracil permease and 

dehydrogenase genes similar to Group 4 (described below), AtzE/F homologs similar to 

group 5 (described below) and some examples in Groups 2 and 3, and multiple metal-

dependent amidohydrolases, which are homologous to the upstream pathway genes in s-

triazine degradation. This last example demonstrates the variability of the regions found 

flanking the Clade 1 genes. While some genes, such as those encoding amidase proteins, 

were observed adjacent to atzD homologs with some frequency, no consistent patterns in 

the genes flanking Clade 1 atzD homologs could be identified. 

 

Gene context – Clade 2. Clade 2 consists of proteins found solely in certain 

Actinobacteria species (Fig. 3-2). The proteins in this clade share greater than 72% 

identity with the experimentally determined barbiturase from Rhodococcus erythropolis 

JCM 3132. With such similarity, it might be suspected that these proteins belong in the 

same group and catalyze the same reaction. However, gene context data suggested the 

division of this clade into two groups. 

 

Group 4 genes encode proteins that have an upstream enzyme belonging to the amino 

acid kinase superfamily (Fig. A2-1). This superfamily includes such enzymes as 

uridylate, carbamate, asparto-, and acetylglutamate kinase. Uridylate kinase is a 

bidirectional enzyme that converts uridine 5’-diphosphate (UDP) to 
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(Figure A2-1, con’t.) 

 

uridine 5’-monophosphate (UMP). UMP can then be converted to uridine and then uracil 

by 5’ nucleotidase (EC 3.1.3.5), and uridine nucleosidase (EC 3.2.2.3) or uridine 

phosphorylase (EC 2.4.2.3) to feed into the pathway for uracil conversion to barbituric 

acid, and then malonate and urea (Fig. 3-1). Although the Group 4 proteins have high 

sequence identity to the known Rhodococcus erythropolis JCM 3132 barbiturase (74-

86%), no enzyme in this group has been purified and the function of the Group 4 proteins 

has not been validated. The one organism in this group that lacks the kinase gene is 

Nakamurella multipartite DSM 44233. This organism has transposons flanking the 

barbiturase homolog, suggesting a mobilization event may have occurred to produce the 

current gene arrangement. 

 

The second grouping in Clade 2, Group 5, contains the experimentally determined 

barbiturase from Rhodococcus erythropolis JCM 3132 and proteins with greater than 

92% identity to this enzyme, and are found within other Rhodococcus species and 

Saccharomonospora viridis DSM 43017 (Fig. 3-2). Gene context data (Fig. A2-1B) 

revealed that this group has a conserved amidase homologous to AtzE/AtzF directly after 

the barbiturase. We propose that, analogous to the cyanuric acid degradation pathway in 

P. ADP, this amidase catalyzes the next step in the barbituric acid degradation pathway, 

the conversion of ureidomalonic acid to malonate and urea (Fig. 3-1). Although there is 

no genome for Rhodococcus erythropolis JCM 3132, two other Rhodococcus 
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(Figure A2-1, con’t.) 

 

erythropolis species, PR4 and SK121, show conserved uracil/xanthine permease and 

uracil/thiamine dehydrogenase (small, middle, and large subunits) in close proximity 

(Fig. A2-1B). These enzymes catalyze the transport and conversion of uracil to barbituric 

acid, respectively. The other Rhodococcus strains in this group have these enzymes as 

well. Due to a possible gene duplication or horizontal gene transfer event, Nocardioides 

JS614 has two proteins within Clade 2. The protein encoded by gene locus Noca_4270 

has the uracil/thiamine dehydrogenase (small, middle, and large subunits), the enzyme 

producing barbituric acid, encoded directly upstream of the barbiturase homolog. This 

protein however shares only 72% identity with the experimentally determined 

barbiturase. Noca_1505 shares 86% identity with barbiturase but has the gene context 

described in Group 4. It is possible that both group 4 and 5 proteins catalyze the 

barbiturase reaction, that Noca_4270 encodes a protein having a different function, or 

that the coding sequence is a pseudogene. Additional experimentation is required to 

confirm these functions. Frankia sp. EuI1c is an actinobacterium nitrogen-fixing 

symbiont found within root nodules of woody trees and shrubs. The cyanuric acid 

hydrolase/barbiturase homolog in this strain has the lowest sequence identity to the 

enzymes of known function, 36-40%. The genome sequence does not reveal any genes 

related to cyanuric acid or barbituric acid metabolism. Experimental investigation is 

required to determine the function of this protein. 
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Figure A2-2. Whole family sequence alignment. 80% identity are highlighted by the 

various colors with the most stringent condition being displayed: 80% identity with a 

single residues are colored with a grey background, negative residue conservation are red 

(DE), Ser/Thr are cyan, aliphatic are grey with a yellow background (ILV), positive are 

blue (HKR), tiny are green (AGS), aromatic are blue with a yellow background (FHWY), 

charged are pink (DEHKR), small are forest green (ACDGNPSTV), polar are light blue 

(CDEHKNQRSTV), big residues are dark blue with a peach background 

(EFHIKLMQRWY), and hydrophobic are black with a yellow background 

(ACFGHILMTVWY). 
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(Figure A2-2, con’t.) 
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(Figure A2-2, con’t.) 
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(Figure A2-2, con’t.) 
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(Figure A2-2, con’t.) 
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(Figure A2-2, con’t.) 
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(Figure A2-2, con’t.) 
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(Figure A2-2, con’t.) 
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Figure A2-3. Mass spectra of cyanuric acid hydrolase reaction products using (A) 
unlabeled and (B) labeled cyanuric acid substrate. Peak distribution from electrospray 
ionization in negative mode over the approximate reaction time course for m/z of 
244.0193 ± 0.058 Da and 247.0196 ± 0.038 Da for unlabeled and labeled, respectively. 
These values are the averaged ion mass corresponding to the carboxybiuret anion 
complexed with potassium and acetate ions. 
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APPENDIX 3  SUPPORTING INFORMATION FOR CHAPTER 4 

Figure A3-1. Extended annotation of final, modified biuret hydrolase candidate from 
Bradyrhizobium sp. BTAi1 submitted to DNA 2.0 for synthesis and optimization. 
Sequence is the same as in Figure A1-1. 
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Figure A3-2. Plasmid map and sequence for pJexpress401: bhBBTAi1_optEc. Provided 
by DNA 2.0. Stock plasmid was diluted and analyzed with an Eppendorf Biophotometer. 
Final concentration = 85 µg/ml and the A260/A280 ratio = 1.73. Electronic file is 
“PM_40539_SEQ_6844546929947082077.pdf.” File for bhBBTAi1_optEc additional 
sequence details: “25449_Report_optEc_V2.docx” 
 

 



 

 272 

(Figure A3-2, con’t.) 
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(Figure A3-2, con’t.) 
 

 

Sequence 
   1 C TCATGACCA AAATCCCTTA ACGTGAGTTA CGCGCGCGTC GTTCCACTGA GCGTCAGACC CCGTAGAAAA 
  71 GATCAAAGGA TCTTCTTGAG ATCCTTTTTT TCTGCGCGTA ATCTGCTGCT TGCAAACAAA AAAACCACCG 
 141 CTACCAGCGG TGGTTTGTTT GCCGGATCAA GAGCTACCAA CTCTTTTTCC GAAGGTAACT GGCTTCAGCA 
 211 GAGCGCAGAT ACCAAATACT GTTCTTCTAG TGTAGCCGTA GTTAGCCCAC CACTTCAAGA ACTCTGTAGC 
 281 ACCGCCTACA TACCTCGCTC TGCTAATCCT GTTACCAGTG GCTGCTGCCA GTGGCGATAA GTCGTGTCTT 
 351 ACCGGGTTGG ACTCAAGACG ATAGTTACCG GATAAGGCGC AGCGGTCGGG CTGAACGGGG GGTTCGTGCA 
 421 CACAGCCCAG CTTGGAGCGA ACGACCTACA CCGAACTGAG ATACCTACAG CGTGAGCTAT GAGAAAGCGC 
 491 CACGCTTCCC GAAGGGAGAA AGGCGGACAG GTATCCGGTA AGCGGCAGGG TCGGAACAGG AGAGCGCACG 
 561 AGGGAGCTTC CAGGGGGAAA CGCCTGGTAT CTTTATAGTC CTGTCGGGTT TCGCCACCTC TGACTTGAGC 
 631 GTCGATTTTT GTGATGCTCG TCAGGGGGGC GGAGCCTATG GAAAAACGCC AGCAACGCGG CCTTTTTACG 
 701 GTTCCTGGCC TTTTGCTGGC CTTTTGCTCA CATGTTCTTT CCTGCGTTAT CCCCTGATTC TGTGGATAAC 
 771 CGTATTACCG CCTTTGAGTG AGCTGATACC GCTCGCCGCA GCCGAACGAC CGAGCGCAGC GAGTCAGTGA 
 841 GCGAGGAAGC GGAAGGCGAG AGTAGGGAAC TGCCAGGCAT CAAACTAAGC AGAAGGCCCC TGACGGATGG 
 911 CCTTTTTGCG TTTCTACAAA CTCTTTCTGT GTTGTAAAAC GACGGCCAGT CTTAAGCTCG GGCCCCCTGG 
 981 GCGGTTCTGA TAACGAGTAA TCGTTAATCC GCAAATAACG TAAAAACCCG CTTCGGCGGG TTTTTTTATG 
1051 GGGGGAGTTT AGGGAAAGAG CATTTGTCAG AATATTTAAG GGCGCCTGTC ACTTTGCTTG ATATATGAGA 
1121 ATTATTTAAC CTTATAAATG AGAAAAAAGC AACGCACTTT AAATAAGATA CGTTGCTTTT TCGATTGATG 
1191 AACACCTATA ATTAAACTAT TCATCTATTA TTTATGATTT TTTGTATATA CAATATTTCT AGTTTGTTAA 
1261 AGAGAATTAA GAAAATAAAT CTCGAAAATA ATAAAGGGAA AATCAGTTTT TGATATCAAA ATTATACATG 
1331 TCAACGATAA TACAAAATAT AATACAAACT ATAAGATGTT ATCAGTATTT ATTATGCATT TAGAATAAAT 
1401 TTTGTGTCGC CCTTAATTGT GAGCGGATAA CAATTACGAG CTTCATGCAC AGTGAAATCA TGAAAAATTT 
1471 ATTTGCTTTG TGAGCGGATA ACAATTATAA TATGTGGAAT TGTGAGCGCT CACAATTCCA CAACGGTTTC 
1541 CCTCTAGAAA TAATTTTGTT TAACTTTTAG GAGGTAAAAC ATATGCCACT GTGGACGTGC TTTCAATGCG 
1611 GCGCTCAATT CCCGGATACC CCGACCCCTC CATCCGCATG TCGCATTTGC GACGAAGAGC GTCAGTTCGT 
1681 TAACTGGAGC GGTCAGCGTT TTATCGATCG TGACGAGCTG GCTGCGAGCC GTCAAGTTAT CTGGCGCGAT 
1751 GACGATGGCG TGACTGGCCT GGGTCTGGAC CCGAGCTTTG CGATCGGCCA GCGTGCGCTG CTGATCCCGG 
1821 AACCGGACGG TTGCGTTATG TGGGATTGTG TGCCTCTGGC AACGGAAACC GCAGTCGCTC ACGTTCGTAG 
1891 CCGTGGCGGC CTGAAAGCGA TTGCGGTGTC CCATCCTCAC TTCTATGGTG CGGTGGCGGA TTGGTCGGAA 
1961 GCGTTCGGTG GCATTCCGAT TTACCTGCAC GGTGATGACA GCGCGTTTGT CACGCGTCCG CATCCGGCCA 
2031 TTGTGCCGTG GACCGGTGAC AGCCTGCGCA TTAGCGACGC AGTACGTCTG TACCGTACGG GTGGTCACTT 
2101 TCCGGGTGCG ACCGTATTGC ACTGGCGTGA AGGTGCCGAG GGCAAGGGTG TCCTGTTTAC CGGCGACATT 
2171 GCGATGGTGG CGATGGATCG CCGCCATGTT AGCTTCATGT ATAGCTATCC GAATTACATC CCGCTGGGTG 
2241 CAGCCGCAGT CCGCCGCATC GCAGCGACCA TCGGTCCGCT GCCGTTCGAT CGTATCTACG GCGGTTGGTG 
2311 GCAGAAGAAC ATCGCAACGG AGGCCAAACC GGCGTTCGAG CGCAGCGTGG CCCGTTACTT GGCAGCGATT 
2381 GCTCAAGCTT GTGCAGCAGC CCTGGAGCAT CACCACCACC ATCACTAACC CCAAGGGCGA CACCCCCTAA 

(Figure A3-2, con’t.) 
 
2451 TTAGCCCGGG CGAAAGGCCC AGTCTTTCGA CTGAGCCTTT CGTTTTATTT GATGCCTGGC AGTTCCCTAC 
2521 TCTCGCATGG GGAGTCCCCA CACTACCATC GGCGCTACGG CGTTTCACTT CTGAGTTCGG CATGGGGTCA 
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2591 GGTGGGACCA CCGCGCTACT GCCGCCAGGC AAACAAGGGG TGTTATGAGC CATATTCAGG TATAAATGGG 
2661 CTCGCGATAA TGTTCAGAAT TGGTTAATTG GTTGTAACAC TGACCCCTAT TTGTTTATTT TTCTAAATAC 
2731 ATTCAAATAT GTATCCGCTC ATGAGACAAT AACCCTGATA AATGCTTCAA TAATATTGAA AAAGGAAGAA 
2801 TATGAGCCAT ATTCAACGGG AAACGTCGAG GCCGCGATTA AATTCCAACA TGGATGCTGA TTTATATGGG 
2871 TATAAATGGG CTCGCGATAA TGTCGGGCAA TCAGGTGCGA CAATCTATCG CTTGTATGGG AAGCCCGATG 
2941 CGCCAGAGTT GTTTCTGAAA CATGGCAAAG GTAGCGTTGC CAATGATGTT ACAGATGAGA TGGTCAGACT 
3011 AAACTGGCTG ACGGAATTTA TGCCACTTCC GACCATCAAG CATTTTATCC GTACTCCTGA TGATGCATGG 
3081 TTACTCACCA CTGCGATCCC CGGAAAAACA GCGTTCCAGG TATTAGAAGA ATATCCTGAT TCAGGTGAAA 
3151 ATATTGTTGA TGCGCTGGCA GTGTTCCTGC GCCGGTTGCA CTCGATTCCT GTTTGTAATT GTCCTTTTAA 
3221 CAGCGATCGC GTATTTCGCC TCGCTCAGGC GCAATCACGA ATGAATAACG GTTTGGTTGA TGCGAGTGAT 
3291 TTTGATGACG AGCGTAATGG CTGGCCTGTT GAACAAGTCT GGAAAGAAAT GCATAAACTT TTGCCATTCT 
3361 CACCGGATTC AGTCGTCACT CATGGTGATT TCTCACTTGA TAACCTTATT TTTGACGAGG GGAAATTAAT 
3431 AGGTTGTATT GATGTTGGAC GAGTCGGAAT CGCAGACCGA TACCAGGATC TTGCCATCCT ATGGAACTGC 
3501 CTCGGTGAGT TTTCTCCTTC ATTACAGAAA CGGCTTTTTC AAAAATATGG TATTGATAAT CCTGATATGA 
3571 ATAAATTGCA GTTTCATTTG ATGCTCGATG AGTTTTTCTA AGCGGCGCGC CATCGAATGG CGCAAAACCT 
3641 TTCGCGGTAT GGCATGATAG CGCCCGGAAG AGAGTCAATT CAGGGTGGTG AATATGAAAC CAGTAACGTT 
3711 ATACGATGTC GCAGAGTATG CCGGTGTCTC TTATCAGACC GTTTCCCGCG TGGTGAACCA GGCCAGCCAC 
3781 GTTTCTGCGA AAACGCGGGA AAAAGTGGAA GCGGCGATGG CGGAGCTGAA TTACATTCCC AACCGCGTGG 
3851 CACAACAACT GGCGGGCAAA CAGTCGTTGC TGATTGGCGT TGCCACCTCC AGTCTGGCCC TGCACGCGCC 
3921 GTCGCAAATT GTCGCGGCGA TTAAATCTCG CGCCGATCAA CTGGGTGCCA GCGTGGTGGT GTCGATGGTA 
3991 GAACGAAGCG GCGTCGAAGC CTGTAAAGCG GCGGTGCACA ATCTTCTCGC GCAACGCGTC AGTGGGCTGA 
4061 TCATTAACTA TCCGCTGGAT GACCAGGATG CCATTGCTGT GGAAGCTGCC TGCACTAATG TTCCGGCGTT 
4131 ATTTCTTGAT GTCTCTGACC AGACACCCAT CAACAGTATT ATTTTCTCCC ATGAGGACGG TACGCGACTG 
4201 GGCGTGGAGC ATCTGGTCGC ATTGGGTCAC CAGCAAATCG CGCTGTTAGC GGGCCCATTA AGTTCTGTCT 
4271 CGGCGCGTCT GCGTCTGGCT GGCTGGCATA AATATCTCAC TCGCAATCAA ATTCAGCCGA TAGCGGAACG 
4341 GGAAGGCGAC TGGAGTGCCA TGTCCGGTTT TCAACAAACC ATGCAAATGC TGAATGAGGG CATCGTTCCC 
4411 ACTGCGATGC TGGTTGCCAA CGATCAGATG GCGCTGGGCG CAATGCGCGC CATTACCGAG TCCGGGCTGC 
4481 GCGTTGGTGC GGATATCTCG GTAGTGGGAT ACGACGATAC CGAAGATAGC TCATGTTATA TCCCGCCGTT 
4551 AACCACCATC AAACAGGATT TTCGCCTGCT GGGGCAAACC AGCGTGGACC GCTTGCTGCA ACTCTCTCAG 
4621 GGCCAGGCGG TGAAGGGCAA TCAGCTGTTG CCAGTCTCAC TGGTGAAAAG AAAAACCACC CTGGCGCCCA 
4691 ATACGCAAAC CGCCTCTCCC CGCGCGTTGG CCGATTCATT AATGCAGCTG GCACGACAGG TTTCCCGACT 
4761 GGAAAGCGGG CAGTGA 

 

Only the synthesized DNA fragment (in red) has been sequence verified. We do not 

guarantee the vector sequence. 
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(Figure A3-2, con’t.) 

 

Optimized for E. coli 

 

>bhBBTAi1_optEc 
AGGAGGTAAAACATATGCCACTGTGGACGTGCTTTCAATGCGGCGCTCAATTCCCGGATACCCCGACCCCT
CCATCCGCATGTCGCATTTGCGACGAAGAGCGTCAGTTCGTTAACTGGAGCGGTCAGCGTTTTATCGATCG
TGACGAGCTGGCTGCGAGCCGTCAAGTTATCTGGCGCGATGACGATGGCGTGACTGGCCTGGGTCTGGACC
CGAGCTTTGCGATCGGCCAGCGTGCGCTGCTGATCCCGGAACCGGACGGTTGCGTTATGTGGGATTGTGTG
CCTCTGGCAACGGAAACCGCAGTCGCTCACGTTCGTAGCCGTGGCGGCCTGAAAGCGATTGCGGTGTCCCA
TCCTCACTTCTATGGTGCGGTGGCGGATTGGTCGGAAGCGTTCGGTGGCATTCCGATTTACCTGCACGGTG
ATGACAGCGCGTTTGTCACGCGTCCGCATCCGGCCATTGTGCCGTGGACCGGTGACAGCCTGCGCATTAGC
GACGCAGTACGTCTGTACCGTACGGGTGGTCACTTTCCGGGTGCGACCGTATTGCACTGGCGTGAAGGTGC
CGAGGGCAAGGGTGTCCTGTTTACCGGCGACATTGCGATGGTGGCGATGGATCGCCGCCATGTTAGCTTCA
TGTATAGCTATCCGAATTACATCCCGCTGGGTGCAGCCGCAGTCCGCCGCATCGCAGCGACCATCGGTCCG
CTGCCGTTCGATCGTATCTACGGCGGTTGGTGGCAGAAGAACATCGCAACGGAGGCCAAACCGGCGTTCGA
GCGCAGCGTGGCCCGTTACTTGGCAGCGATTGCTCAAGCTTGTGCAGCAGCCCTGGAGCATCACCACCACC
ATCACTAA 
 
>RBS 
AGGAGGTAAAACAT 
>bhBBTAi1 
ATGCCACTGTGGACGTGCTTTCAATGCGGCGCTCAATTCCCGGATACCCCGACCCCTCCATCCGCATGTCG
CATTTGCGACGAAGAGCGTCAGTTCGTTAACTGGAGCGGTCAGCGTTTTATCGATCGTGACGAGCTGGCTG
CGAGCCGTCAAGTTATCTGGCGCGATGACGATGGCGTGACTGGCCTGGGTCTGGACCCGAGCTTTGCGATC
GGCCAGCGTGCGCTGCTGATCCCGGAACCGGACGGTTGCGTTATGTGGGATTGTGTGCCTCTGGCAACGGA
AACCGCAGTCGCTCACGTTCGTAGCCGTGGCGGCCTGAAAGCGATTGCGGTGTCCCATCCTCACTTCTATG
GTGCGGTGGCGGATTGGTCGGAAGCGTTCGGTGGCATTCCGATTTACCTGCACGGTGATGACAGCGCGTTT
GTCACGCGTCCGCATCCGGCCATTGTGCCGTGGACCGGTGACAGCCTGCGCATTAGCGACGCAGTACGTCT
GTACCGTACGGGTGGTCACTTTCCGGGTGCGACCGTATTGCACTGGCGTGAAGGTGCCGAGGGCAAGGGTG
TCCTGTTTACCGGCGACATTGCGATGGTGGCGATGGATCGCCGCCATGTTAGCTTCATGTATAGCTATCCG
AATTACATCCCGCTGGGTGCAGCCGCAGTCCGCCGCATCGCAGCGACCATCGGTCCGCTGCCGTTCGATCG
TATCTACGGCGGTTGGTGGCAGAAGAACATCGCAACGGAGGCCAAACCGGCGTTCGAGCGCAGCGTGGCCC
GTTACTTGGCAGCGATTGCTCAAGCTTGTGCAGCAGCCCTGGAGCATCACCACCACCATCACTAA 
 
Translation Map 
bhBBTAi1 
     1 ATGCCACTGTGGACGTGCTTTCAATGCGGCGCTCAATTCCCGGATACCCCGACCCCTCCA 
     1  M  P  L  W  T  C  F  Q  C  G  A  Q  F  P  D  T  P  T  P  P 
    61 TCCGCATGTCGCATTTGCGACGAAGAGCGTCAGTTCGTTAACTGGAGCGGTCAGCGTTTT 
    21  S  A  C  R  I  C  D  E  E  R  Q  F  V  N  W  S  G  Q  R  F 
   121 ATCGATCGTGACGAGCTGGCTGCGAGCCGTCAAGTTATCTGGCGCGATGACGATGGCGTG 
    41  I  D  R  D  E  L  A  A  S  R  Q  V  I  W  R  D  D  D  G  V 
   181 ACTGGCCTGGGTCTGGACCCGAGCTTTGCGATCGGCCAGCGTGCGCTGCTGATCCCGGAA 
    61  T  G  L  G  L  D  P  S  F  A  I  G  Q  R  A  L  L  I  P  E 
   241 CCGGACGGTTGCGTTATGTGGGATTGTGTGCCTCTGGCAACGGAAACCGCAGTCGCTCAC 
    81  P  D  G  C  V  M  W  D  C  V  P  L  A  T  E  T  A  V  A  H 
   301 GTTCGTAGCCGTGGCGGCCTGAAAGCGATTGCGGTGTCCCATCCTCACTTCTATGGTGCG 
   101  V  R  S  R  G  G  L  K  A  I  A  V  S  H  P  H  F  Y  G  A 
   361 GTGGCGGATTGGTCGGAAGCGTTCGGTGGCATTCCGATTTACCTGCACGGTGATGACAGC 
   121  V  A  D  W  S  E  A  F  G  G  I  P  I  Y  L  H  G  D  D  S 
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(Figure A3-2, con’t.) 

 

   421 GCGTTTGTCACGCGTCCGCATCCGGCCATTGTGCCGTGGACCGGTGACAGCCTGCGCATT 
   141  A  F  V  T  R  P  H  P  A  I  V  P  W  T  G  D  S  L  R  I 
   481 AGCGACGCAGTACGTCTGTACCGTACGGGTGGTCACTTTCCGGGTGCGACCGTATTGCAC 
   161  S  D  A  V  R  L  Y  R  T  G  G  H  F  P  G  A  T  V  L  H 
   541 TGGCGTGAAGGTGCCGAGGGCAAGGGTGTCCTGTTTACCGGCGACATTGCGATGGTGGCG 
   181  W  R  E  G  A  E  G  K  G  V  L  F  T  G  D  I  A  M  V  A 
   601 ATGGATCGCCGCCATGTTAGCTTCATGTATAGCTATCCGAATTACATCCCGCTGGGTGCA 
   201  M  D  R  R  H  V  S  F  M  Y  S  Y  P  N  Y  I  P  L  G  A 
   661 GCCGCAGTCCGCCGCATCGCAGCGACCATCGGTCCGCTGCCGTTCGATCGTATCTACGGC 
   221  A  A  V  R  R  I  A  A  T  I  G  P  L  P  F  D  R  I  Y  G 
   721 GGTTGGTGGCAGAAGAACATCGCAACGGAGGCCAAACCGGCGTTCGAGCGCAGCGTGGCC 
   241  G  W  W  Q  K  N  I  A  T  E  A  K  P  A  F  E  R  S  V  A 
   781 CGTTACTTGGCAGCGATTGCTCAAGCTTGTGCAGCAGCCCTGGAGCATCACCACCACCAT 
   261  R  Y  L  A  A  I  A  Q  A  C  A  A  A  L  E  H  H  H  H  H 
   841 CACTAA 
   281  H  * 
 
 
Unwanted Sequences 
Name Seq. Locations 
PROKARYOTIC RIBOSOME BINDING SITE AGGAGGTNNNNNDTG none 
SDLike AGGAGG 1 
SD2 AGGAN{5,12}ATG 1 
SD3 AGGARN{4,11}ATG 1 
T7Cl2 YATCTGTW none 
SHINE-DALGARNO AGGAGGTN{5,10}DTG 1 
S8 SSSSSSSS none 
W7 WWWWWWW none 
BbsI GAAGAC none 
BsaI GGTCTC none 
BsmBI CGTCTC none 
T6 TTTTTT none 
A6 AAAAAA none 
G6 GGGGGG none 
C6 CCCCCC none 
HindIII AAGCTT 817 
NdeI CATATG 12 
 
RNA Fold 
Structure for bhBBTAi1: 
AGGAGGTAAAACATATGCCACTGTGGACGTGCTTTCAATGCGGCGCTCAATTCCCGGA 
....((((.......)))).(((.(((.(((((........))))).....)))))). 
Energy: -12.1 
 
GC Percentage: 59.883720930232556% 
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Figure A3-3. Metallo-β-lactamase family member (and non-member) FASTA sequences 
(complete) used for multiple sequence alignments regarding metal analyses. Electronic 
File: “beta lactamase family members for MSA4.txt” 
 
>01|BH|BBTAi1|incl33AA 
MPLWTCFQCGAQFPDTPTPPSACRICDEERQFVNWSGQRFIDRDELAASRQVIWRDDDGVTGLGLDPSFAI
GQRALLIPEPDGCVMWDCVPLATETAVAHVRSRGGLKAIAVSHPHFYGAVADWSEAFGGIPIYLHGDDSAF
VTRPHPAIVPWTGDSLRISDAVRLYRTGGHFPGATVLHWREGAEGKGVLFTGDIAMVAMDRRHVSFMYSYP
NYIPLGAAAVRRIAATIGPLPFDRIYGGWWQKNIATEAKPAFERSVARYLAAIA 
 
>02|MPH|1P9E:A|PDBID|CHAIN|SEQUENCE 
MPLKNRLLARLSCVAAVVAATAAVAPLTLVSTAHAAAPQVRTSAPGYYRMLLGDFEITALSDGTVALPVDK
RLNQPAPKTQSALAKSFQKAPLETSVTGYLVNTGSKLVLVDTGAAGLFGPTLGRLAANLKAAGYQPEQVDE
IYITHMHPDHVGGLMVGEQLAFPNAVVRADQKEADFWLSQTNLDKAPDDESKGFFKGAMASLNPYVKAGKF
KPFSGNTDLVPGIKALASHGHTPGHTTYVVESQGQKLALLGDLILVAAVQFDDPSVTTQLDSDSKSVAVER
KKAFADAAKGGYLIAASHLSFPGIGHIRAEGKGYRFVPVNYSVVNPK 
 
>03|AHL|2A7M:A|PDBID|CHAIN|SEQUENCE 
MTVKKLYFIPAGRCMLDHSSVNSALTPGKLLNLPVWCYLLETEEGPILVDTGMPESAVNNEGLFNGTFVEG
QILPKMTEEDRIVNILKRVGYEPDDLLYIISSHLHFDHAGGNGAFTNTPIIVQRTEYEAALHREEYMKECI
LPHLNYKIIEGDYEVVPGVQLLYTPGHSPGHQSLFIETEQSGSVLLTIDASYTKENFEDEVPFAGFDPELA
LSSIKRLKEVVKKEKPIIFFGHDIEQEKSCRVFPEYI 
 
>04|VIM1|1KO3:A|PDBID|CHAIN|SEQUENCE 
MFKLLSKLLV YLTASIMAIA SPLAFSVDSS GEYPTVSEIP VGEVRLYQIA DGVWSHIATQ 
SFDGAVYPSN GLIVRDGDEL LLIDTAWGAK NTAALLAEIE KQIGLPVTRA VSTHFHDDRV 
GGVDVLRAAG VATYASPSTR RLAEVEGNEI PTHSLEGLSS SGDAVRFGPV ELFYPGAAHS 
TDNLVVYVPS ASVLYGGCAI YELSRTSAGN VADADLAEWP TSIERIQQHY PEAQFVIPGH 
GLPGGLDLLK HTTNVVKAHT NRSVVE 
 
>05|BCII|1BC2:A|PDBID|CHAIN|SEQUENCE 
MKKNTLLKVG LCVGLLGTIQ FVSTISSVQA SQKVEKTVIK NETGTISISQ LNKNVWVHTE 
LGSFNGEAVP SNGLVLNTSK GLVLVDSSWD DKLTKELIEM VEKKFQKRVT DVIITHAHAD 
RIGGIKTLKE RGIKAHSTAL TAELAKKNGY EEPLGDLQTV TNLKFGNMKV ETFYPGKGHT 
EDNIVVWLPQ YNILVGGCLV KSTSAKDLGN VADAYVNEWS TSIENVLKRY RNINAVVPGH 
GEVGDKGLLL HTLDLLK 
 
>06|Cph|1X8H:A|PDBID|CHAIN|SEQUENCE 
MMKGWMKCGL AGAVVLMASF WGGSVRAAGM SLTQVSGPVY VVEDNYYVQE NSMVYFGAKG 
VTVVGATWTP DTARELHKLI KRVSRKPVLE VINTNYHTDR AGGNAYWKSI GAKVVSTRQT 
RDLMKSDWAE IVAFTRKGLP EYPDLPLVLP NVVHDGDFTL QEGKVRAFYA GPAHTPDGIF 
VYFPDEQVLY GNCILKEKLG NLSFADVKAY PQTLERLKAM KLPIKTVIGG HDSPLHGPEL 
IDHYEALIKA APQS 
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(Figure A3-3, con’t.) 

 

>07|ROO|1E5D:A|PDBID|CHAIN|SEQUENCE 
MQATKIIDGFHLVGAIDWNSRDFHGYTLSPMGTTYNAYLVEDEKTTLFDTVKAEYKGELLCGIASVIDPKK
IDYLVIQHLELDHAGALPALIEACQPEKIFTSSLGQKAMESHFHYKDWPVQVVKHGETLSLGKRTVTFYET
RMLHWPDSMVSWFADEKVLISNDIFGQNIAASERFSDQIPVHTLERAMREYYANIVNPYAPQTLKAIETLV
GAGVAPEFICPDHGVIFRGADQCTFAVQKYVEYAEQKPTNKVVIFYDSMWHSTEKMARVLAESFRDEGCTV
KLMWCKACHHSQIMSEISDAGAVIVGSPTHNNGILPYVAGTLQYIKGLRPQNKIGGAFGSFGWSGESTKVL
AEWLTGMGFDMPATPVKVKNVPTHADYEQLKTMAQTIARALKAKLAA 
 
>08|CHD|gi|254925482|gb|ACT85192.1| chlorothalonil hydrolytic 
dehalogenase [Pseudomonas sp. CTN-3] 
MPPGCSGLCSFVGLTMPLKFSGVLCASLLTITLSVAAHATELILDFNKVQMRSQQLAPGVYAHLPADSAEL
NAKGGVAGTSGGLIVGTRGAMLIETMLNRRLFDQVQALAKKEALGLPLLYAVNTSYHGDHSYGNMYLKAPT
RVIQSTKTRDYVDGHLADDKAFMVKNFGAGRGVEQITARTGDILVPPGGRVSVDLGGKTVEIIDFGFAQTG
GDLFVWEPQSKVMWTGNAVVASKPALPWLLDGKLVETLATLQKVYDFLPPDATIVPGHGVPMAREGLRWHL
DYLAAVQAGVKDALARKLSLEQTVTELKMPEFRGYVLFDWVHPDLNVPAAYKDLAARP 
 
>09|Ycbl|gi|267992736|gb|ACY87621.1| putative metallo-beta-lactamase 
[Salmonella enterica subsp. enterica serovar Typhimurium str. 14028S] 
MNYRIIPVTAFSQNCSLIWCEQTRLAALVDPGGDAEKIKQEVDASGVTLMQILLTHGHLDHVGAASELAQH
YGVPVIGPEKEDEFWLQGLPAQSRMFGLDECQPLTPDRWLNDGDRVSVGNVTLQVLHCPGHTPGHVVFFDE
QSQLLISGDVIFKGGVGRSDFPRGDHTQLIDAIKRKLLPLGDDVTFIPGHGPLSTLGYERLHNPFLQDEMP
VW 
 
>10|Glob|2QED:A|PDBID|CHAIN|SEQUENCE 
MNLNSIPAFQ DNYIWVLTND EGRCVIVDPG EAAPVLKAIA EHKWMPEAIF LTHHHHDHVG 
GVKELLQHFP QMTVYGPAET QDKGATHLVG DGDTIRVLGE KFTLFATPGH TLGHVCYFSR 
PYLFCGDTLF SGGCGRLFEG TPSQMYQSLM KINSLPDDTL ICCAHEYTLA NIKFALSILP 
HDSFINEYYR KVKELRVKKQ MTLPVILKNE RKINLFLRTE DIDLINEINK ETILQQPEAR 
FAWLRSKKDT F 
 
>11|HGlx2|1QH5:A|PDBID|CHAIN|SEQUENCE 
MKVEVLPALTDNYMYLVIDDETKEAAIVDPVQPQKVVDAARKHGVKLTTVLTTHHHWDHAGGNEKLVKLES
GLKVYGGDDRIGALTHKITHLSTLQVGSLNVKCLATPCHTSGHICYFVSKPGGSEPPAVFTGDTLFVAGCG
KFYEGTADEMCKALLEVLGRLPPDTRVYCGHEYTINNLKFARHVEPGNAAIREKLAWAKEKYSIGEPTVPS
TLAEEFTYNPFMRVREKTVQQHAGETDPVTTMRAVRREKDQFKMPRD 
 
>12|L1|1SML:A|PDBID|CHAIN|SEQUENCE 
MRSTLLAFAL AVALPAAHTS AAEVPLPQLR AYTVDASWLQ PMAPLQIADH TWQIGTEDLT 
ALLVQTPDGA VLLDGGMPQM ASHLLDNMKA RGVTPRDLRL ILLSHAHADH AGPVAELKRR 
TGAKVAANAE SAVLLARGGS DDLHFGDGIT YPPANADRIV MDGEVITVGG IVFTAHFMAG 
HTPGSTAWTW TDTRNGKPVR IAYADSLSAP GYQLQGNPRY PHLIEDYRRS FATVRALPCD 
VLLTPHPGAS NWDYAAGARA GAKALTCKAY ADAAEQKFDG QLAKETAGAR 
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(Figure A3-3, con’t.) 
 
>13|GOB-18|gi|66732966|gb|DQ004496.1| Elizabethkingia meningoseptica 
class B carbapenemase GOB-18 gene, complete cds 
MRNFATLFFM FICLGLSAQV VKEPENMPKE WNQAYEPFRI AGNLYYVGTY DLASYLIVTD 
KGNILINTGT AESFPIIKAN IQKLGFNYKD IKILLLTQAH YDHTGALQDF KTETAAKFYV 
DKADVDVLRT GGKSDYEMGK YGVTFKPVTP DKTLKDQDKI KLGNITLTLL HHPGHTKGSC 
SFIFETKDEK RKYRVLIANM PSVIVDKKFS EVTAYPNIQS DYAYTFGVMK KLDFDIWVAS 
HASQFDLHEK RKEGDPYNPQ LFMDKQSYFQ NLNDLEKSYL NKIKKDSQDK 
 
>14|FEZ-1|1K07:A|PDBID|CHAIN|SEQUENCE 
MKKVLSLTAL MMVLNHSSFA YPMPNPFPPF RIAGNLYYVG TDDLASYLIV TPRGNILINS 
DLEANVPMIK ASIKKLGFKF SDTKILLISH AHFDHAAGSE LIKQQTKAKY MVMDEDVSVI 
LSGGKSDFHY ANDSSTYFTQ STVDKVLHDG ERVELGGTVL TAHLTPGHTR GCTTWTMKLK 
DHGKQYQAVI IGSIGVNPGY KLVDNITYPK IAEDYKHSIK VLESMRCDIF LGSHAGMFDL 
KNKYVLLQKG QNNPFVDPTG CKNYIEQKAN DFYTELKKQE TA 
 
>15|Zipd|2CBN:A|PDBID|CHAIN|SEQUENCE 
MELIFLGTSA GVPTRTRNVT AILLNLQHPT QSGLWLFDCG EGTQHQLLHT AFNPGKLDKI 
FISHLHGDHL FGLPGLLCSR SMSGIIQPLT IYGPQGIREF VETALRISGS WTDYPLEIVE 
IGAGEILDDG LRKVTAYPLE HPLECYGYRI EEHDKPGALN AQALKAAGVP PGPLFQELKA 
GKTITLEDGR QINGADYLAA PVPGKALAIF GDTGPCDAAL DLAKGVDVMV HEATLDITME 
AKANSRGHSS TRQAATLARE AGVGKLIITH VSSRYDDKGC QHLLRECRSI FPATELANDF 
TVFNV 
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Figure A3-4. MSA alignments of biuret hydrolase candidate from Bradyrhizobium sp. 
BTAi1 and homologs 
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(Figure A3-4, con’t.) 
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APPENDIX 4  SUPPORTING INFORMATION FOR CHAPTER 5 
 
Figure A4-1. Extended annotation of final, modified biuret hydrolase candidate from 
Bradyrhizobium diazoefficiens USDA110 (formerly B. japonicum USDA110) submitted 
to DNA 2.0 for synthesis and optimization. Sequence is the same as in Figure A1-1. 
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Figure A4-2. Plasmid map and sequence for bhBJ110_optEc. Provided by DNA 2.0. 
Stock plasmid was diluted and analyzed with an eppendorf Biophotometer. Final 
concentration = 250 µg/ml and the A260/A280 ratio = 1.80. Electronic file is 
“PM_40540_SEQ_4965364855412567532.pdf.” 
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(Figure A4-2, con’t.) 
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(Figure A4-2, con’t.) 
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Figure A4-3. Sequence results: bhBJ110_optEc cloned into StrataClone™ vector. 
Comparison of sequencing results vs. expected for biuret hydrolase candidate bhBJ110 in 
Strataclone™ vector (transformants #2 and #4). 
 
Expected (query) 
 
5’ TAAT CATATG AGCTG GAACGAGTGG G CGCAACATG 
ATGGTGTGGG CCTGGCGGCT CGTGTCCGCA AAGGTGAGCT GACTCCGAAA GAACTGGCGC GTCAGGCGGC 
AGCGGCGGTC GCGAAGGTTA ATCCGGCGCT GAGCGGTGTC GTCGAGCTGT TCGAAGATGT GATCGCTGAT 
CCGGCGAAGG ACGGCGCCAA TCTGGCGGGT CCGTTTGCAG GTCTGCCTTT CCTGATGAAG GATCTGGGCC 
CGACTATGAA AGGTCGCCTG CAAGAGATGG GTAGCTTGCT GATGCGTGGC AACCGCGCAT CCGCGGACAC 
GTTTCTGACC GGTAAGTTTC GTCAGGCTGG TTTGAACCTG ATTGGCCGCA CCACGACCCC GGAGTTCGGC 
GTGTGCTCCA GCGCGGACAA TCCTGCGGTG TATGTAACCC GTAACCCGTG GAATACGGAT TATACGACCT 
GCGGCAGCAG CGCTGGTAGC GCCGCTATGG TCGCTGCGGG CGTTGTTCCG ATCGCGCATG CAACCGACGG 
TGGTGGTAGC ATCCGCATCC CGGCAGGTGT CAATGGCAAT ATCGGTCTGA AAGTGAGCCG TGGTGTGTTC 
TCGCTGGCTC CGCACATGAG CGATCTGACG GGTCTGGTGA GCATCCAGGG TTGTCAAAGC CGCAGCGTGC 
GCGACACTGC CGCGTTCGTG GATCATGCTC GTGGTCCGGC ACCGGGCGAG TTTATGCCGT TTTGGACCAC 
GGCGCAGCCG TACAGCGAGA TGATCAAGCG TGACCCGGGC AAGCTGCGTA TTGCCCTGAG CCACACCTGG 
GGTGATTACA CCGCCACCCC GGAAATCGCC GCAGAGCTGG AGAAAACTGG CCGTTTTCTG GAAGGCCTGG 
GCCACCACGT GGATTACGCT CTGCCGGAGT TGGACTTTCG TGCGGCGTTC GAGGCGCAGA CTATGTGCTA 
CATTTCCAAC TTCGCGGTCG TGATTAGCAA CATGCTGGCT GCACGTGGCC TGGATAAACC GCCGGAGGAC 
CTGATTGAAC CGATGAATAT CCGCATTTGG GAGGCGGGTC GTCACACCAG CTTCGCAGAA CGCGCAAAAA 
TGCAGGGCGT TTTCAATACC ACCAGCCGTG GTTTTGGTGC CTTCTTCGAG CAATGGGACG TGATCCTGAC 
CCCGATCACC GCCCTGCCGA CGCCGAAGGT AGGTACCCGT GAATATCTGA CCATTTCCGA CAATCCGGAT 
GTCTTGGACT GGTTTGGTAA CCTGTGGCGC TTCTTCGCGT TCACGCCGCT GGCAAATCTG TGCGGTATGC 
CGGCGATTAG CATGCCGATG GCCACCCAGG ACCACGATCT GCCGCTGGGT ATTCAGGCGA TTGCAAAGCA 
AGCAAACGAC GGTTTGCTGC TGCAGCTGGC AGCGCAAATT GAACGTGCCC TGGACGGTAA GTGGAACGGT 
GGTCGCAAAC CGAAGGTTCA T GTT A GCTAATAATAAAAGCTTATTA 3’ 

 
Good bases from plasmid #2/left primer sequence (subject, 30-1031) 
 
CGAGGTCGACGGTATCGATAAGCTTGATATCCACTGTGGAATTCGCCCTTTAATAAGCTTTTATTATTAGCTAACATGA
ACCTTCGGTTTGCGACCACCGTTCCACTTACCGTCCAGGGCACGTTCAATTTGCGCTGCCAGCTGCAGCAGCAAACCGT
CGTTTGCTTGCTTTGCAATCGCCTGAATACCCAGCGGCAGATCGTGGTCCTGGGTGGCCATCGGCATGCTAATCGCCGG
CATACCGCACAGATTTGCCAGCGGCGTGAACGCGAAGAAGCGCCACAGGTTACCAAACCAGTCCAAGACATCCGGATTG
TCGGAAATGGTCAGATATTCACGGGTACCTACCTTCGGCGTCGGCAGGGCGGTGATCGGGGTCAGGATCACGTCCCATT
GCTCGAAGAAGGCACCAAAACCACGGCTGGTGGTATTGAAAACGCCCTGCATTTTTGCGCGTTCTGCGAAGCTGGTGTG
ACGACCCGCCTCCCAAATGCGGATATTCATCGGTTCAATCAGGTCCTCCGGCGGTTTATCCAGGCCACGTGCAGCCAGC
ATGTTGCTAATCACGACCGCGAAGTTGGAAATGTAGCACATAGTCTGCGCCTCGAACGCCGCACGAAAGTCCAACTCCG
GCAGAGCGTAATCCACGTGGTGGCCCAGGCCTTCCAGAAAACGGCCAGTTTTCTCCAGCTCTGCGGCGATTTCCGGGGT
GGCGGTGTAATCACCCCAGGTGTGGCTCAGGGCAATACGCAGCTTGCCCGGGTCACGCTTGATCATCTCGCTGTACGGC
TGCGCCGTGGTCCAAAACGGCATAAACTCGCCCGGTGCCGGACCACGAGCATGATCCACGAACGCGGCAGTGTCGCGCA
CGCTGCGGCTTTGACAACCCTGGATGCTCACCAGACCCGTCAGATCGCTCATGTGCGGAGCCAGCGAGAACACACCACG
GCTCACTTTCAGACCGATATTGCCATTGACACCTGCCGGGATGCGGATGCTACC 
 

Results: 
BLASTN 2.2.26+ 
>lcl|39433 
Length=1002 
 
 Score = 1759 bits (952),  Expect = 0.0 
 Identities = 952/952 (100%), Gaps = 0/952 (0%) 
 Strand=Plus/Minus 
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(Figure A4-3, con’t.) 
 
Query  530   GGTAGCATCCGCATCCCGGCAGGTGTCAATGGCAATATCGGTCTGAAAGTGAGCCGTGGT  589 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  1002  GGTAGCATCCGCATCCCGGCAGGTGTCAATGGCAATATCGGTCTGAAAGTGAGCCGTGGT  943 
 
Query  590   GTGTTCTCGCTGGCTCCGCACATGAGCGATCTGACGGGTCTGGTGAGCATCCAGGGTTGT  649 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  942   GTGTTCTCGCTGGCTCCGCACATGAGCGATCTGACGGGTCTGGTGAGCATCCAGGGTTGT  883 
 
Query  650   CAAAGCCGCAGCGTGCGCGACACTGCCGCGTTCGTGGATCATGCTCGTGGTCCGGCACCG  709 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  882   CAAAGCCGCAGCGTGCGCGACACTGCCGCGTTCGTGGATCATGCTCGTGGTCCGGCACCG  823 
 
Query  710   GGCGAGTTTATGCCGTTTTGGACCACGGCGCAGCCGTACAGCGAGATGATCAAGCGTGAC  769 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  822   GGCGAGTTTATGCCGTTTTGGACCACGGCGCAGCCGTACAGCGAGATGATCAAGCGTGAC  763 
 
Query  770   CCGGGCAAGCTGCGTATTGCCCTGAGCCACACCTGGGGTGATTACACCGCCACCCCGGAA  829 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  762   CCGGGCAAGCTGCGTATTGCCCTGAGCCACACCTGGGGTGATTACACCGCCACCCCGGAA  703 
 
Query  830   ATCGCCGCAGAGCTGGAGAAAACTGGCCGTTTTCTGGAAGGCCTGGGCCACCACGTGGAT  889 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  702   ATCGCCGCAGAGCTGGAGAAAACTGGCCGTTTTCTGGAAGGCCTGGGCCACCACGTGGAT  643 
 
Query  890   TACGCTCTGCCGGAGTTGGACTTTCGTGCGGCGTTCGAGGCGCAGACTATGTGCTACATT  949 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  642   TACGCTCTGCCGGAGTTGGACTTTCGTGCGGCGTTCGAGGCGCAGACTATGTGCTACATT  583 
 
Query  950   TCCAACTTCGCGGTCGTGATTAGCAACATGCTGGCTGCACGTGGCCTGGATAAACCGCCG  1009 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  582   TCCAACTTCGCGGTCGTGATTAGCAACATGCTGGCTGCACGTGGCCTGGATAAACCGCCG  523 
 
Query  1010  GAGGACCTGATTGAACCGATGAATATCCGCATTTGGGAGGCGGGTCGTCACACCAGCTTC  1069 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  522   GAGGACCTGATTGAACCGATGAATATCCGCATTTGGGAGGCGGGTCGTCACACCAGCTTC  463 
 
Query  1070  GCAGAACGCGCAAAAATGCAGGGCGTTTTCAATACCACCAGCCGTGGTTTTGGTGCCTTC  1129 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  462   GCAGAACGCGCAAAAATGCAGGGCGTTTTCAATACCACCAGCCGTGGTTTTGGTGCCTTC  403 
 
Query  1130  TTCGAGCAATGGGACGTGATCCTGACCCCGATCACCGCCCTGCCGACGCCGAAGGTAGGT  1189 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  402   TTCGAGCAATGGGACGTGATCCTGACCCCGATCACCGCCCTGCCGACGCCGAAGGTAGGT  343 
 
Query  1190  ACCCGTGAATATCTGACCATTTCCGACAATCCGGATGTCTTGGACTGGTTTGGTAACCTG  1249 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  342   ACCCGTGAATATCTGACCATTTCCGACAATCCGGATGTCTTGGACTGGTTTGGTAACCTG  283 
 
Query  1250  TGGCGCTTCTTCGCGTTCACGCCGCTGGCAAATCTGTGCGGTATGCCGGCGATTAGCATG  1309 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  282   TGGCGCTTCTTCGCGTTCACGCCGCTGGCAAATCTGTGCGGTATGCCGGCGATTAGCATG  223 
 
Query  1310  CCGATGGCCACCCAGGACCACGATCTGCCGCTGGGTATTCAGGCGATTGCAAAGCAAGCA  1369 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  222   CCGATGGCCACCCAGGACCACGATCTGCCGCTGGGTATTCAGGCGATTGCAAAGCAAGCA  163 
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(Figure A4-3, con’t.) 
 
Query  1370  AACGACGGTTTGCTGCTGCAGCTGGCAGCGCAAATTGAACGTGCCCTGGACGGTAAGTGG  1429 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  162   AACGACGGTTTGCTGCTGCAGCTGGCAGCGCAAATTGAACGTGCCCTGGACGGTAAGTGG  103 
 
Query  1430  AACGGTGGTCGCAAACCGAAGGTTCATGTTAGCTAATAATAAAAGCTTATTA  1481 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||| 
Sbjct  102   AACGGTGGTCGCAAACCGAAGGTTCATGTTAGCTAATAATAAAAGCTTATTA  51 
 
 

Conclusion: 
Looks good, 100% alignment. Direction (5’, 3’) unimportant with strataclone vector since 
not cloning directionally and primer attach to either the 5’ or 3’ end of insert/vector since 
insert can go into vector in either orientation. 
 

 

Good bases from plasmid #2/right primer sequence (subject, 50-1043, except 
lowercase: 70-74, 983, 1013,1038) 
 
GGGCTGCAGCCCAATGTGGaattCGCCCTTTAATCATATGAGCTGGAACGAGTGGGCGCAACATGATGGTGTGGGCCTG
GCGGCTCGTGTCCGCAAAGGTGAGCTGACTCCGAAAGAACTGGCGCGTCAGGCGGCAGCGGCGGTCGCGAAGGTTAATC
CGGCGCTGAGCGGTGTCGTCGAGCTGTTCGAAGATGTGATCGCTGATCCGGCGAAGGACGGCGCCAATCTGGCGGGTCC
GTTTGCAGGTCTGCCTTTCCTGATGAAGGATCTGGGCCCGACTATGAAAGGTCGCCTGCAAGAGATGGGTAGCTTGCTG
ATGCGTGGCAACCGCGCATCCGCGGACACGTTTCTGACCGGTAAGTTTCGTCAGGCTGGTTTGAACCTGATTGGCCGCA
CCACGACCCCGGAGTTCGGCGTGTGCTCCAGCGCGGACAATCCTGCGGTGTATGTAACCCGTAACCCGTGGAATACGGA
TTATACGACCTGCGGCAGCAGCGCTGGTAGCGCCGCTATGGTCGCTGCGGGCGTTGTTCCGATCGCGCATGCAACCGAC
GGTGGTGGTAGCATCCGCATCCCGGCAGGTGTCAATGGCAATATCGGTCTGAAAGTGAGCCGTGGTGTGTTCTCGCTGG
CTCCGCACATGAGCGATCTGACGGGTCTGGTGAGCATCCAGGGTTGTCAAAGCCGCAGCGTGCGCGACACTGCCGCGTT
CGTGGATCATGCTCGTGGTCCGGCACCGGGCGAGTTTATGCCGTTTTGGACCACGGCGCAGCCGTACAGCGAGATGATC
AAGCGTGACCCGGGCAAGCTGCGTATTGCCCTGAGCCACACCTGGGGTGATTACACCGCCACCCCGGAAATCGCCGCAG
AGCTGGAGAAAACTGGCCGTTTTCTGGAAGGCCTGGGCCACCACGTGGATTACGCTCTGCCGGAgTTGGACTTTCGTGC
GGCGTTCGAGGCGCAgACTATGTGCTACATTTCCAACTTCgCGGTC 
 
 

Results: 
BLASTn 2.2.26+ 
>lcl|2905 
Length=994 
 
 Score = 1781 bits (964),  Expect = 0.0 
 Identities = 964/964 (100%), Gaps = 0/964 (0%) 
 Strand=Plus/Plus 
 
Query  1    TAATCATATGAGCTGGAACGAGTGGGCGCAACATGATGGTGTGGGCCTGGCGGCTCGTGT  60 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  31   TAATCATATGAGCTGGAACGAGTGGGCGCAACATGATGGTGTGGGCCTGGCGGCTCGTGT  90 
 
Query  61   CCGCAAAGGTGAGCTGACTCCGAAAGAACTGGCGCGTCAGGCGGCAGCGGCGGTCGCGAA  120 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  91   CCGCAAAGGTGAGCTGACTCCGAAAGAACTGGCGCGTCAGGCGGCAGCGGCGGTCGCGAA  150 
 
Query  121  GGTTAATCCGGCGCTGAGCGGTGTCGTCGAGCTGTTCGAAGATGTGATCGCTGATCCGGC  180 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  151  GGTTAATCCGGCGCTGAGCGGTGTCGTCGAGCTGTTCGAAGATGTGATCGCTGATCCGGC  210 
 
 



 

 289 

(Figure A4-3, con’t.) 
 
Query  181  GAAGGACGGCGCCAATCTGGCGGGTCCGTTTGCAGGTCTGCCTTTCCTGATGAAGGATCT  240 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  211  GAAGGACGGCGCCAATCTGGCGGGTCCGTTTGCAGGTCTGCCTTTCCTGATGAAGGATCT  270 
 
Query  241  GGGCCCGACTATGAAAGGTCGCCTGCAAGAGATGGGTAGCTTGCTGATGCGTGGCAACCG  300 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  271  GGGCCCGACTATGAAAGGTCGCCTGCAAGAGATGGGTAGCTTGCTGATGCGTGGCAACCG  330 
 
Query  301  CGCATCCGCGGACACGTTTCTGACCGGTAAGTTTCGTCAGGCTGGTTTGAACCTGATTGG  360 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  331  CGCATCCGCGGACACGTTTCTGACCGGTAAGTTTCGTCAGGCTGGTTTGAACCTGATTGG  390 
 
Query  361  CCGCACCACGACCCCGGAGTTCGGCGTGTGCTCCAGCGCGGACAATCCTGCGGTGTATGT  420 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  391  CCGCACCACGACCCCGGAGTTCGGCGTGTGCTCCAGCGCGGACAATCCTGCGGTGTATGT  450 
 
Query  421  AACCCGTAACCCGTGGAATACGGATTATACGACCTGCGGCAGCAGCGCTGGTAGCGCCGC  480 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  451  AACCCGTAACCCGTGGAATACGGATTATACGACCTGCGGCAGCAGCGCTGGTAGCGCCGC  510 
 
Query  481  TATGGTCGCTGCGGGCGTTGTTCCGATCGCGCATGCAACCGACGGTGGTGGTAGCATCCG  540 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  511  TATGGTCGCTGCGGGCGTTGTTCCGATCGCGCATGCAACCGACGGTGGTGGTAGCATCCG  570 
 
Query  541  CATCCCGGCAGGTGTCAATGGCAATATCGGTCTGAAAGTGAGCCGTGGTGTGTTCTCGCT  600 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  571  CATCCCGGCAGGTGTCAATGGCAATATCGGTCTGAAAGTGAGCCGTGGTGTGTTCTCGCT  630 
 
Query  601  GGCTCCGCACATGAGCGATCTGACGGGTCTGGTGAGCATCCAGGGTTGTCAAAGCCGCAG  660 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  631  GGCTCCGCACATGAGCGATCTGACGGGTCTGGTGAGCATCCAGGGTTGTCAAAGCCGCAG  690 
 
Query  661  CGTGCGCGACACTGCCGCGTTCGTGGATCATGCTCGTGGTCCGGCACCGGGCGAGTTTAT  720 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  691  CGTGCGCGACACTGCCGCGTTCGTGGATCATGCTCGTGGTCCGGCACCGGGCGAGTTTAT  750 
 
Query  721  GCCGTTTTGGACCACGGCGCAGCCGTACAGCGAGATGATCAAGCGTGACCCGGGCAAGCT  780 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  751  GCCGTTTTGGACCACGGCGCAGCCGTACAGCGAGATGATCAAGCGTGACCCGGGCAAGCT  810 
 
Query  781  GCGTATTGCCCTGAGCCACACCTGGGGTGATTACACCGCCACCCCGGAAATCGCCGCAGA  840 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  811  GCGTATTGCCCTGAGCCACACCTGGGGTGATTACACCGCCACCCCGGAAATCGCCGCAGA  870 
 
Query  841  GCTGGAGAAAACTGGCCGTTTTCTGGAAGGCCTGGGCCACCACGTGGATTACGCTCTGCC  900 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  871  GCTGGAGAAAACTGGCCGTTTTCTGGAAGGCCTGGGCCACCACGTGGATTACGCTCTGCC  930 
 
Query  901  GGAGTTGGACTTTCGTGCGGCGTTCGAGGCGCAGACTATGTGCTACATTTCCAACTTCGC  960 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  931  GGAGTTGGACTTTCGTGCGGCGTTCGAGGCGCAGACTATGTGCTACATTTCCAACTTCGC  990 
 
Query  961  GGTC  964 
            |||| 
Sbjct  991  GGTC  994 

Conclusion: Looks good. 100% identical. 
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(Figure A4-3, con’t.) 
 
Expected (query) bhBJ110 in strataclone vs. plasmid-4 w/left primer (subject) 
 
Good bases from plasmid #4/left primer sequence (subject,66-1030, except 
lowercase:994,995,1006,1007,1024) 
 
GGAATTCGCCCTTTAATAAGCTTTTATTATTAGCTAACATGAACCTTCGGTTTGCGACCACCGTTCCACTTACCGTCCA
GGGCACGTTCAATTTGCGCTGCCAGCTGCAGCAGCAAACCGTCGTTTGCTTGCTTTGCAATCGCCTGAATACCCAGCGG
CAGATCGTGGTCCTGGGTGGCCATCGGCATGCTAATCGCCGGCATACCGCACAGATTTGCCAGCGGCGTGAACGCGAAG
AAGCGCCACAGGTTACCAAACCAGTCCAAGACATCCGGATTGTCGGAAATGGTCAGATATTCACGGGTACCTACCTTCG
GCGTCGGCAGGGCGGTGATCGGGGTCAGGATCACGTCCCATTGCTCGAAGAAGGCACCAAAACCACGGCTGGTGGTATT
GAAAACGCCCTGCATTTTTGCGCGTTCTGCGAAGCTGGTGTGACGACCCGCCTCCCAAATGCGGATATTCATCGGTTCA
ATCAGGTCCTCCGGCGGTTTATCCAGGCCACGTGCAGCCAGCATGTTGCTAATCACGACCGCGAAGTTGGAAATGTAGC
ACATAGTCTGCGCCTCGAACGCCGCACGAAAGTCCAACTCCGGCAGAGCGTAATCCACGTGGTGGCCCAGGCCTTCCAG
AAAACGGCCAGTTTTCTCCAGCTCTGCGGCGATTTCCGGGGTGGCGGTGTAATCACCCCAGGTGTGGCTCAGGGCAATA
CGCAGCTTGCCCGGGTCACGCTTGATCATCTCGCTGTACGGCTGCGCCGTGGTCCAAAACGGCATAAACTCGCCCGGTG
CCGGACCACGAGCATGATCCACGAACGCGGCAGTGTCGCGCACGCTGCGGCTTTGACAACCCTGGATGCTCACCAGACC
CGTCAGATCGCTCATGTGCGGAGCCAGCGAGAACACACCACGGCTCACTTTCAGACCGAtaTTGCCATTGAcaCCTGCC
GGGATGCGGAtGCTACC 
 

Results: 
 
>lcl|769 
Length=965 
 
 Score = 1759 bits (952),  Expect = 0.0 
 Identities = 952/952 (100%), Gaps = 0/952 (0%) 
 Strand=Plus/Minus 
 
Query  530   GGTAGCATCCGCATCCCGGCAGGTGTCAATGGCAATATCGGTCTGAAAGTGAGCCGTGGT  589 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  965   GGTAGCATCCGCATCCCGGCAGGTGTCAATGGCAATATCGGTCTGAAAGTGAGCCGTGGT  906 
 
Query  590   GTGTTCTCGCTGGCTCCGCACATGAGCGATCTGACGGGTCTGGTGAGCATCCAGGGTTGT  649 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  905   GTGTTCTCGCTGGCTCCGCACATGAGCGATCTGACGGGTCTGGTGAGCATCCAGGGTTGT  846 
 
Query  650   CAAAGCCGCAGCGTGCGCGACACTGCCGCGTTCGTGGATCATGCTCGTGGTCCGGCACCG  709 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  845   CAAAGCCGCAGCGTGCGCGACACTGCCGCGTTCGTGGATCATGCTCGTGGTCCGGCACCG  786 
 
Query  710   GGCGAGTTTATGCCGTTTTGGACCACGGCGCAGCCGTACAGCGAGATGATCAAGCGTGAC  769 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  785   GGCGAGTTTATGCCGTTTTGGACCACGGCGCAGCCGTACAGCGAGATGATCAAGCGTGAC  726 
 
Query  770   CCGGGCAAGCTGCGTATTGCCCTGAGCCACACCTGGGGTGATTACACCGCCACCCCGGAA  829 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  725   CCGGGCAAGCTGCGTATTGCCCTGAGCCACACCTGGGGTGATTACACCGCCACCCCGGAA  666 
 
Query  830   ATCGCCGCAGAGCTGGAGAAAACTGGCCGTTTTCTGGAAGGCCTGGGCCACCACGTGGAT  889 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  665   ATCGCCGCAGAGCTGGAGAAAACTGGCCGTTTTCTGGAAGGCCTGGGCCACCACGTGGAT  606 
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(Figure A4-3, con’t.) 
 
Query  890   TACGCTCTGCCGGAGTTGGACTTTCGTGCGGCGTTCGAGGCGCAGACTATGTGCTACATT  949 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  605   TACGCTCTGCCGGAGTTGGACTTTCGTGCGGCGTTCGAGGCGCAGACTATGTGCTACATT  546 
 
Query  950   TCCAACTTCGCGGTCGTGATTAGCAACATGCTGGCTGCACGTGGCCTGGATAAACCGCCG  1009 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  545   TCCAACTTCGCGGTCGTGATTAGCAACATGCTGGCTGCACGTGGCCTGGATAAACCGCCG  486 
 
Query  1010  GAGGACCTGATTGAACCGATGAATATCCGCATTTGGGAGGCGGGTCGTCACACCAGCTTC  1069 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  485   GAGGACCTGATTGAACCGATGAATATCCGCATTTGGGAGGCGGGTCGTCACACCAGCTTC  426 
 
Query  1070  GCAGAACGCGCAAAAATGCAGGGCGTTTTCAATACCACCAGCCGTGGTTTTGGTGCCTTC  1129 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  425   GCAGAACGCGCAAAAATGCAGGGCGTTTTCAATACCACCAGCCGTGGTTTTGGTGCCTTC  366 
 
Query  1130  TTCGAGCAATGGGACGTGATCCTGACCCCGATCACCGCCCTGCCGACGCCGAAGGTAGGT  1189 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  365   TTCGAGCAATGGGACGTGATCCTGACCCCGATCACCGCCCTGCCGACGCCGAAGGTAGGT  306 
 
Query  1190  ACCCGTGAATATCTGACCATTTCCGACAATCCGGATGTCTTGGACTGGTTTGGTAACCTG  1249 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  305   ACCCGTGAATATCTGACCATTTCCGACAATCCGGATGTCTTGGACTGGTTTGGTAACCTG  246 
 
Query  1250  TGGCGCTTCTTCGCGTTCACGCCGCTGGCAAATCTGTGCGGTATGCCGGCGATTAGCATG  1309 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  245   TGGCGCTTCTTCGCGTTCACGCCGCTGGCAAATCTGTGCGGTATGCCGGCGATTAGCATG  186 
 
Query  1310  CCGATGGCCACCCAGGACCACGATCTGCCGCTGGGTATTCAGGCGATTGCAAAGCAAGCA  1369 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  185   CCGATGGCCACCCAGGACCACGATCTGCCGCTGGGTATTCAGGCGATTGCAAAGCAAGCA  126 
 
Query  1370  AACGACGGTTTGCTGCTGCAGCTGGCAGCGCAAATTGAACGTGCCCTGGACGGTAAGTGG  1429 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  125   AACGACGGTTTGCTGCTGCAGCTGGCAGCGCAAATTGAACGTGCCCTGGACGGTAAGTGG  66 
 
Query  1430  AACGGTGGTCGCAAACCGAAGGTTCATGTTAGCTAATAATAAAAGCTTATTA  1481 
             |||||||||||||||||||||||||||||||||||||| |||||||||||||| 
Sbjct  65    AACGGTGGTCGCAAACCGAAGGTTCATGTTAGCTAATAATAAAAGCTTATTA  14 
 

Conclusion: Looks good. 100% identical. 
 

Expected (query) bhBJ110 in strataclone vs. plasmid-4 w/right primer (subject) 
 
Good bases from plasmid #4/right primer sequence (subject,54-918, except 
lowercase: 810-814. Note I changed base 811 changed from A to t based on 
chromatogram) 
 
GGGCTGCAGCCCAATGTGGAATTCGCCCTTTAATCATATGAGCTGGAACGAGTGGGCGCAACATGATGGTGTGGGCCTG
GCGGCTCGTGTCCGCAAAGGTGAGCTGACTCCGAAAGAACTGGCGCGTCAGGCGGCAGCGGCGGTCGCGAAGGTTAATC
CGGCGCTGAGCGGTGTCGTCGAGCTGTTCGAAGATGTGATCGCTGATCCGGCGAAGGACGGCGCCAATCTGGCGGGTCC
GTTTGCAGGTCTGCCTTTCCTGATGAAGGATCTGGGCCCGACTATGAAAGGTCGCCTGCAAGAGATGGGTAGCTTGCTG
ATGCGTGGCAACCGCGCATCCGCGGACACGTTTCTGACCGGTAAGTTTCGTCAGGCTGGTTTGAACCTGATTGGCCGCA
CCACGACCCCGGAGTTCGGCGTGTGCTCCAGCGCGGACAATCCTGCGGTGTATGTAACCCGTAACCCGTGGAATACGGA 
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TTATACGACCTGCGGCAGCAGCGCTGGTAGCGCCGCTATGGTCGCTGCGGGCGTTGTTCCGATCGCGCATGCAACCGAC
GGTGGTGGTAGCATCCGCATCCCGGCAGGTGTCAATGGCAATATCGGTCTGAAAGTGAGCCGTGGTGTGTTCTCGCTGG
CTCCGCACATGAGCGATCTGACGGGTCTGGTGAGCATCCAGGGTTGTCAAAGCCGCAGCGTGCGCGACACTGCCGCGTT
CGTGGATCATGCTCGTGGTCCGGCACCGGGCGAGTTTATGCCGTTttggaCCACGGCGCAGCCGTACAGCGAGATGATC
AAGCGTGACCCGGGCAAGCTGCGTATTGCCCTGAGCCACACCTGGGGTGATTACACCGCCACCCCGGAAATCGCC 
 

Results: 
>lcl|49639 
Length=865 
 
 Score = 1543 bits (835),  Expect = 0.0 
 Identities = 835/835 (100%), Gaps = 0/835 (0%) 
 Strand=Plus/Plus 
 
Query  1    TAATCATATGAGCTGGAACGAGTGGGCGCAACATGATGGTGTGGGCCTGGCGGCTCGTGT  60 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  31   TAATCATATGAGCTGGAACGAGTGGGCGCAACATGATGGTGTGGGCCTGGCGGCTCGTGT  90 
 
Query  61   CCGCAAAGGTGAGCTGACTCCGAAAGAACTGGCGCGTCAGGCGGCAGCGGCGGTCGCGAA  120 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  91   CCGCAAAGGTGAGCTGACTCCGAAAGAACTGGCGCGTCAGGCGGCAGCGGCGGTCGCGAA  150 
 
Query  121  GGTTAATCCGGCGCTGAGCGGTGTCGTCGAGCTGTTCGAAGATGTGATCGCTGATCCGGC  180 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  151  GGTTAATCCGGCGCTGAGCGGTGTCGTCGAGCTGTTCGAAGATGTGATCGCTGATCCGGC  210 
 
Query  181  GAAGGACGGCGCCAATCTGGCGGGTCCGTTTGCAGGTCTGCCTTTCCTGATGAAGGATCT  240 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  211  GAAGGACGGCGCCAATCTGGCGGGTCCGTTTGCAGGTCTGCCTTTCCTGATGAAGGATCT  270 
 
Query  241  GGGCCCGACTATGAAAGGTCGCCTGCAAGAGATGGGTAGCTTGCTGATGCGTGGCAACCG  300 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  271  GGGCCCGACTATGAAAGGTCGCCTGCAAGAGATGGGTAGCTTGCTGATGCGTGGCAACCG  330 
 
Query  301  CGCATCCGCGGACACGTTTCTGACCGGTAAGTTTCGTCAGGCTGGTTTGAACCTGATTGG  360 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  331  CGCATCCGCGGACACGTTTCTGACCGGTAAGTTTCGTCAGGCTGGTTTGAACCTGATTGG  390 
 
Query  361  CCGCACCACGACCCCGGAGTTCGGCGTGTGCTCCAGCGCGGACAATCCTGCGGTGTATGT  420 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  391  CCGCACCACGACCCCGGAGTTCGGCGTGTGCTCCAGCGCGGACAATCCTGCGGTGTATGT  450 
 
Query  421  AACCCGTAACCCGTGGAATACGGATTATACGACCTGCGGCAGCAGCGCTGGTAGCGCCGC  480 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  451  AACCCGTAACCCGTGGAATACGGATTATACGACCTGCGGCAGCAGCGCTGGTAGCGCCGC  510 
 
Query  481  TATGGTCGCTGCGGGCGTTGTTCCGATCGCGCATGCAACCGACGGTGGTGGTAGCATCCG  540 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  511  TATGGTCGCTGCGGGCGTTGTTCCGATCGCGCATGCAACCGACGGTGGTGGTAGCATCCG  570 
 
Query  541  CATCCCGGCAGGTGTCAATGGCAATATCGGTCTGAAAGTGAGCCGTGGTGTGTTCTCGCT  600 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  571  CATCCCGGCAGGTGTCAATGGCAATATCGGTCTGAAAGTGAGCCGTGGTGTGTTCTCGCT  630 
 
Query  601  GGCTCCGCACATGAGCGATCTGACGGGTCTGGTGAGCATCCAGGGTTGTCAAAGCCGCAG  660 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  631  GGCTCCGCACATGAGCGATCTGACGGGTCTGGTGAGCATCCAGGGTTGTCAAAGCCGCAG  690 
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Query  661  CGTGCGCGACACTGCCGCGTTCGTGGATCATGCTCGTGGTCCGGCACCGGGCGAGTTTAT  720 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  691  CGTGCGCGACACTGCCGCGTTCGTGGATCATGCTCGTGGTCCGGCACCGGGCGAGTTTAT  750 
 
Query  721  GCCGTTTTGGACCACGGCGCAGCCGTACAGCGAGATGATCAAGCGTGACCCGGGCAAGCT  780 
            ||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
Sbjct  751  GCCGTTTTGGACCACGGCGCAGCCGTACAGCGAGATGATCAAGCGTGACCCGGGCAAGCT  810 
 
Query  781  GCGTATTGCCCTGAGCCACACCTGGGGTGATTACACCGCCACCCCGGAAATCGCC  835 
            ||||||||||||||||||||||||||||||||||||||| |||||||||||||||| 
Sbjct  811  GCGTATTGCCCTGAGCCACACCTGGGGTGATTACACCGCCACCCCGGAAATCGCC  865 
 

 
Conclusion: Looks good. 100% identical. 
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APPENDIX 5   PERMISSIONS TO USE PUBLICATIONS IN DISSERTATION 
 
Figure A5-1. Permission from American Society for Microbiology to use 
Publication (Ch.2). 
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Figure A5-2. Permission from American Society for Microbiology to use 
publication (Ch. 3). 

 

 
 
 
 


