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Abstract

X-ray diffraction is anethodthat allows thehreedimensionaktructure of a molecule to

be determinedTo use this technique to study a protein molligh-quality crystals were
grown A biosynthetic approach was taken to matiel mammalian protein

pept i dy thgdtoxylatinginenobkygenase (PHM), which is a coggieding
protein that -cargod ofa glygiheaesidus in thehpeoduttion of peptide
hormones. lorder to understand the mechanism of this reaction, a model of the two
copper sites involved in hydroxylation was ceghtising the bacterial proteinwain as a
scaffold (AzPHM). To compare the structural similarity of the model to the native PHM
system Az-PHM crystals were growfor x-ray diffractionusing various buffers, sajt
polyethylene glycol (PEG) and excess copper. Dozens of the resulting crystals were
diffracted, which had lower resolutions (~2.5 A) and higher mosaicities (028 on
averge). Crystal dehydration and cryoprotection techniques were applied and
consistently yielded higher resolution and lower mosaicity crystals. The crystal with the
highest resolution andw mosaicity was grown in Triguffer, lithium nitrate, PE&000

ard copper chloride. Diffraction images for this crystal were collectesiRigaku

RAPID Il X-ray Diffractometer using a copper radiation source with capillary optics and
an RAXIS image plate detector. Data were indexed to yield;2;,P2space group,

which was then followed by integration, scaling aweraging using CrystalClear 2.1
software. Phases were determined using the Molecular Replacement method in the
software CCP4. Finally, structural refinement of the model and electron densitg map
Cootyielded a 1.3 A structure with anaRor0f 17.52% and an Ree of 20.7®%.
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CHAPTER 1
Chapter 1.1Introduction

Biological inorganic chemistry is an exciting new field of chemistry that is
devoted to exploring the role of metals in biological systems. Many metalsasuch
vanadium, manganese, iron, cobalt, nickel, copper, zinc, molybdenum and tungsten have
been found to play essential rolesthe structure and function of metalloenzymes (1).
After iron and zinc, copper is the third most abundant trace element in h2)ar
hasmany diverse functions in metalloenzymes as it can be involved in electron transfer,
oxygen transport and even catalysis (1). With so many functional roles, sheely
coordination around the coppplays alarge partin fine-tuning its eleabnic structure
and therefore, its function.

Copper sites in metalloproteins can be divided into six classes based on
spectroscopic properties which dependaon ¢ o paptiger stiesgeometry, the types of
ligands coordinated to the copper ion, the eleatrstructure of the copper atom and its
resulting function. The first class is traditionally known as Type 1 (T1l) and is
characterized bproteins that bin@ copper(ll) ion that give an unusually strong signal in
the UV-visible region near 600 nm (3)The signali s t he direct result
strong covalenlike interaction with sulfur in a cysteine (4). The cysteine sulfur is one of
three donorgo bind in a trigonal fashiorthe other ligads include two nitrogen atoms
(Figure 1.1a) In additon, sometimes one or two axial ligands weilso coordinatethe
copper centefsulfur from a methionine amino acid andfmxygen from a backbone
carbonyl group) . Proteins containing a T
protei nso aeledronftransfer {1). dype 4 (M2) is the name that defines the
second class of copper sites which is expected to show a weaker bluewithlor
absorptionbetween ~575 and 800 nm when a copper(ll) ion is bound to the active site.
This weak absorption ginal is due to the different geometry and ligand typasnally
found in T2 copper proteins (5). Typically, the ligands surrounding a T2 copper active
site include four donors (HfXvoomymear avt bms
various amino acidsin a square planar coordinatigRigure 1.1b)and on occasion, an
axial donor (also usually a nitrogen or oxygen atom). Copper active sites classified as T2



are often involved in catalysis (1). Other classes of copper active sites are more rare and
include Type 3 (T3), Copper A (Gl Copper Z (Ch) and copper chaperones.

(Met)
! = =
[ 2 NN NG -NH
: ; = %
(His) Cu (i) \Cu/2+
~ N\
HN\:NK S/ )\/NH HNAN/ \OHz
Cys
(@) (Cys) (b)
Figure 1.1. Typical coordination of (a) T1 and (b) T2 copper sites in biological

molecules.

Understanding why the structure of different copper active sites gives tiseirto
function is at the heart of this research. Metalloprotein design is one way in which this
relationship can be studied. In this study, metalloprotein design involves modeling a
naturallyoccurringmetal site using a biosynthetic approach. Active sesidues from
the target metal sit®f interestare mutated into a native protein scaffold that is stable,
easy to purify and weltharacterized. By using an existing protein as a scaffold, the
agueous environment and common pH of the target systanbegreserved. Also,
because the number of possible activergisgdduess limited and their composition is the
same as those ligands in the native system, certain aspects of metal coordination are
maintained. In modeling the metal site ofaaget progin in this way, the end goal is to
create a model that is a structural and functional mimic of the native system. Generally,
native biological enzymes are so efficient and selectiveféinaatnodels can compare. In
the future, he ability to mimic the sticture and function of any enzyme by way of
metalloprotein desigwill allow researchers to create protein molecules for any desired

function ).

Chapter 1.2 PHM and Azurin
The target pr ot ei n o fhydioxylatiegrmeolobxygensse pe pt i

(PHM) which is a large metalloenzyme found in mammals. PHM is ~300 residues in



length @) and is ©part of a | arger p-anodate@g n  c oI

monooxygenase (PAM) which was first located in the pituitary gl8nhdPHM contains

two copperbinding sites that function in peptide hormone synthesis, catalyzing the
oxidation of Gterminal glycinee xt end e d p ehydraxylated products%h U
These two copper sites are located across a solvent gap of ~T)jLafd each have
differentroles in that one of the coppers functions in electron transfer/electron storage
(Cuy) and the other participates in catalysis §Eurhe Cuy, site is thought to get its
electrons from a physiological reductant, such as ascorbate, while yh&t€is thaight

to be where molecular oxygen asdbstrate bingrior to the hydroxylation reaction.

One of the unknown questions about the roles of the copper ions in the mechanism is the
nature of the reactive oxygen species generated at thsiteu).

Though he functions of these copper ions are characterisfidandT2 copper
active sites, structurallgpeaking, both of these copper sites resemble the structige of
sites (Figure 12 Cuw is bound by three histidines, 107, 108 & 172, angh Subound
by two histidines, 242 & 244, and methionine 314 (the numbering is from human PHM)

(9).

Figure 1.2. Copper active sites of PHM (PDB ID: 1PHM). The copper on the top,
Cuy, is bound by two histidine residues and a methionine and fuctions in electron
transfer. The copper on the bottom, Cuy, is bound by three histidines and is the
site for catalysis.



Il nterestingly, PHMG6s copper (1 1) i ons
from Cuy to Cuy. This is puzzling given that the two qugr ions are located across a

solvent gap and are not coupled to one another. The shortest distance for the electron to

travel is directly between the two copper centers in the seofiliet gap that separates
the copper iong9). In order to better umiistand how the mechanism for electron
transport occurs, to clarify the nature of the reactive oxygen species and to explore
copper metalloprotein design parameters, a biosynthetic model was created using a
protein called Azurin as the scaffold.

Azurin is small protein with a molecular weight of 14 kDa and a length of 128
residues X0). It is found in the soil bacterlRseudomonas aeruginosad is thought to
play a role in the shuttling of electrons in the denitrification pathvidy 12). It is a
welkchar acterized blue copper proteil®11d, and
making it an ideal candidate to use for design. Azurin was also chosen because it
possesses a native Type 1 copper binding site (His46, Cys1127Hidi&t121), shown
in Figure 1.3 Using azurin as a scaffold, a Type 2 site was designed where three residues
were mutated, namely GIn8Met, GIn14His and Asnl6His, to create &t variant
(15). The overall protein fold of azurin contains mostly bstaet secondary sttures
with a looped section containing some alpha helical segments. Most of the amino acids
supporting the T1 copper site are found on this loop section (Cys112, His117, Met 121)
with the fourth ligand found on an internal strand of {s#taet (His46]16). The section
of the protein where the T2 copper binding site was designed is a section that has three
parallel strands of betsheet structure, with the amino acid residues GIn8Met, GIn14His,

and Asnl16His being found on two of these adjacent strands.

C (



Figure 1.3. Azurin crystal structure (PDB ID: 4AZU) with a copper bound in the
T1 copper site. The three residues circled were the amino acids that would be
mutated to bind copper in the designed T2 site.

In order to study the function of the &Z2HM modkl, structural analysis must be
carried out to identify whether or not the design of the T2 site allows a copper(ll) ion to
bind and to determine how closely the model recreates the native copper binding site
structure. Protein structure can be determipealitatively in several ways, however x
ray crystallography and NMR spectroscopy are the only two ways in which a high
resolution, three dimensional structure can be determiidd (n light of this,research
began by prifying the proteinin order togrow crystals of the mutantObtaining pure
Az-PHM is vital because growing diffractiequality crystals depends adime purity of the

protein samplel®).

Chapter 1.3Az-PHM Purification

Az-PHM was purified from BL21* . colicells previously infected wh a pET9a
expression vector containing a gene for the azurin preprotein from the bacterium
Pseudomonas aeruginogab). Cell colonies were cultured for& hours in LB media
containing Kanamycin in a shaking incubator at 37°C and then again overng#xin
yeasttryptone (2xYT) medium containing 16 lgactotryptone, 10 geast extract, 5 g
sodium chloride and 50 mg kanamycin per liter of media fet4hours at 30°C. After
cells reached an optical density of >1.5680 nm, the cultures were indect wih
i s 0 p r-b-pthidgalactopyranosiddPTG) to a concentration of ~0.07 g/L of culture
and then incubated for another 3 hours. The induction with IPTG caused the azurin gene

to be aggressively translated and transcribed from the pET9a plasmid.



Cells were pelleted via centrifugation and then lysed through osmotic shock. The
first step in shocking the cells was suspension of the cell pellet at 37°C in a sucrose
solution consisting of 20% (w/v) sucrose, 1 mM EDTA and 39 mM Tris. After
subsequent centufation, the resulting pellets were resuspended in purifi€dldt 4°C
for ~10 minutes causing the cells to swell, breaking the cell wall. Because the azurin
preprotein gene includes code for a 19 amino acid leader sequence that sends the finished
proteinto the periplasm, APHM is released into solution afterlicevall lysis leaving
behind inact plasma membranes. A third round of centrifugation follows osmotic shock
to separate APHM from the cell lysate.

In order to further purify AZHM from other poteins in the periplasmic
supernatant, sodium acetate at pH 4.1 was added to a final concentration of ~50 mM to
precipitatethe unwanted protein. After a final round of centrifugation,-RH+H M6 s
isoelectric point of ~5.1 was utilized in catiemchange alomatography. SSepharose
resin, which consists of negativetharged sulfonate groups, was added to the
supernatant. Because a pH of 4.1 was maintained during this step, the sulfonate groups
on the resin bind the positivebharged AzZPHM. The resin ws washed in the SP
column before increasing the pH to 6.35, a pH above its isoelectric point, to elute Az
PHM. Next, the protein was added to an are@nhange column containing-Q
Sepharose resin equilibrated to a pH of 6.35 with 50 mM ammonium acatates pH,
other proteins in the solution bind to the positiveharged amino groups of the resin,
allowing Az-PHM to flow through in dairly pure form. Lastly, a sizexclusion column
containing Sephadex resin separated any proteins in solutionebysikhe. Before
running the column, the ARHM in solution was titrated with copper.

Throughout the purification, the presence and concentration éPHM was
determined using the wuni queTlecoppercsiter Wisen opi C
copper $ titrated into a sample of apo azurin, each azurin active site binds a copper(ll)
ion tightly and electrons from the copper are covalently shared with the sulfur of Cys112.
This bonding characteristic gives rise to a very inteis€8(ll) charge transfeband at
~625 nm (3). To calculate the concentration oftM, a U\tvisible spectrum of the

apo form of the protein is obtained and overall protein concentration is determined using



Beerd6s Law, absorbance at ~280"'amth Gn@ed a m
equivalent of copper is titrated into the measured sample and a spectrum of {iriiVAz
was obtained. Knowing that "sd'iari6260m mol ar
Az-PHM6s concentration was deter mi geatre by me
peak neab25 nm(15).

This spectroscopic characteristic was also used to assess the purity of the fractions
from the sizeexclusion column. A pure sample of A+M should ideally produce a
spectrum where the ratio of absorbance at 280 nm td#wlznce at 625 nm is equal to
1.8. This ratio was calculated for each fraction that eluted from theesthasion
column. Typically, fractions ~4@ 43 gave ratios close to 1.8 and were noticeably
smaller than the ratios of fractions ~29. This tend is visble in Figure 1.4where

fractional ratios fothe firsttwo growthsof Az-PHM are shown.

14 q
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Figure 1.4. Graph showing the purity ratios of fractions containing Az-PHM from
the size-exclusion column. A ratio of 1.8 indicates a pure Az-PHM sample.

Protein purity was also examined using sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SBBAGE). Small samples of ARHM taken before and after the
size exclusion column were run down 8DS gel and analyzed for contamination by
other proteins Figure 15 shows a gel containing samples from two purificatioresne 1

contains a protein ladder. Lanes 2 and 3 contain samples before runningdbleigel.



Lanes 4 and 5 contain samples from fractions between392&hile protein from

fractions~40-43 is found in lanes 6 and 7.

Figure 1.5. Results of SDS-PAGE using Az-PHM samples taken before and after
the size-exclusion column. Lane 1 contains a protein ladder. Lanes 2 and 3
contain samples before running the gel-column for growths 1 and 2, respectively.
Lanes 4 and 5 contain samples from fractions between ~25-39 while protein from
fractions ~40-43 is found in lanes 6 and 7 from growths 1 and 2, respectively.

In analyzing the spectroscopic ratios and the gel from-BBSE, it is apparent
that he size exclusion column was successful in purifying-PA#M from other
contaminants. In analyzing the spectroscopic data, the purest protein was typically found
in fractions 40643. Though the ratios for these fractions were not 1.8, they were very
closeto this ideal value and suggestedearlypure sample. Their purity was confirmed
with SDSPAGE when the resulting gel revealed single large bands which appear to be
under 17 kDa in lanes 6 and 7. The extra bands present in lanas@explain the gh
spectroscopic ratios calculated for fractions -385 These bands near 25 kDa 5@l
kDa are clearly not azurin and therefore, serve to increase the spectroscopic ratios. The
ultrapure AzPHM samples from fractions ~4#B are ideal for crystallographgnd

greatly increase the chances that crystals will far8). (



CHAPTER 2
Chapter 2.1 Introduction

In order to gain structural information from the-RHM model system, ultrapure
protein samples were used to growystals forx-ray diffraction. Most crgtallographers
would agree that growing diffractiequality protein crystals is the most tinrgensive
and least understood part of the crystallography process. Diffraptiaity crystals are
well-ordered gelatinous solids in which protein moleculeskstogether in a repeating
pattern. Part of the difficulty in obtaining ordered crystals is due to the irregular shape of
most macromol ecul es. Because protein mol e
compelling water molecules to form channékstween the layers of stacked protein
molecules. Water molecules facilitate interactions between protein moleadiies,
help the crystal nucleate and grpwowever, hydrogen bonding interactions are weak
which mears that protein crystals are fragile afall apart easily. Another factor that
complicates stacking is the inherent chemical properties of protein molecules. Small
changes inthe pH of the solution cause differences in charge over the surface of the
protein molecule, making it difficult to pdict conditions tht will cause crystallization
7).

Generally, crystallization occurs when purencentrated protein is placed in an
environment that causes it to become supersaturated and precipitate out of solution.
Supersaturation cdre achievediroughtwo differentmethodghatare ofterused
simultaneouslynamely water loss and the use of a precipitating agent. Water loss,
typically via evaporation, causes the protein in solution toime more concentrated by
forcingit into a smaller volumef solution. A precipitant does a similar thing by
immobilizing water, causing the protein to aggregate together in a smaller volume of
solution. Most often the precipitating agent is a salt or polyethylene glycol that is either
diffused in or added diotly to the buffered protein solution to compete for solvation and
salt out the protein. It can, however, be beneficial to use both salt and polyethylene
glycol (PEG). Depending on its concentration and the makeup of the protein, salt can
either salt oubr salt in. Salting in describes the process of allowing the protein to more
easily dissolve by raising the ionic strength of the solution. Salt can also facilitate



proteinprotein interactions by shielding repulsive charges on the surface of the protei
molecules 18).

After finding the exact salt and PEG concentrations coupled with the right pH and
temperature that will yield crystals, two techniques called dehydration and cryoprotection
can be implemented depending on the quality of the crystalhanteed to protect them
from ice crystallizationduring pinning and cryofreezing. Dehydration is a process that
involves removing water molecules from a crystal that has already formed. Water is
removed when crystals are equilibrated to a solution auntpiless water than the
solution the crystals grew in. By forcing water out of the crystal in this manner, the
crystal becomes more ordered. Cryoprotection, on the other hand, decreases ice
formation around the crystal by providing a viscous solutiorpito crystals from.
Crystals are successively equilibrated against solutions of increasing glycerol. The
glycerol prevents water from forming crystalline ice which would diffract with the
protein crystal and cause unwantdifraction rings ( A i c e to appearsim jhe
diffraction pattern. The need for dehydration and cryoprotection is initially determined
after screening crystals.

It is necessary to screen crystals to determine if they areovdetied (diffraction
quality) since it is difficult to vsually distinguish a good crystal from a bad crystal.
Screening a protein crystal typically involves mountingnian xray diffractometer and
exposing it to xray radiation to obtaitwo sample diffraction images. The reflection
data from the images emprocessedand the resulting statistics are used to assess the
quality of the crystal. These statistics include spot intensity, mosaicity, resolution, the
prevalence of ice rings and the accuracy of the unit cell prediction. If the crystal-is well
ordeed then reflections will be intense and have a large intergsétive to background
The crystaldos mosaicity, a measure of its
meaning reflections will be located far from the center of the image. dditi@n to
having no ice rings, the high quality these three statistics helpssere that the unit cell

prediction is accurate.

10



Chapter 2.2 Method for Crystal Growth & Crystal Box Setup

Pure preein was used to set up crystabxes thatutilized the Hanging Drop
Vapor Diffusion method. Crystallization of the protein using this method relies on the
diffusion of waer from the protein drop into @eservoir solution below, as depicted in

Figure 2.1.

ST

H,O

reservoir solution

Figure 2.1. Depiction of the hanging drop vapor diffusion method, adapted from
reference 19. Protein is located in the drop and becomes concentrated as water
leaves the drop.

The hanging drop vapor diffusion methodlls fora hanging droghat sitsin a
sealed environment overraservoir solution thas typically twice asconcentrated with
precipitationreagents. Because the drop is in vapor equilibration with the reservoir
solution, water leaves the drop in order to reach equilibrium. As water leaves, the protein
located in he drop becomes more concentrated. With the right balance of salts and
precipitating agents to facilitate protgwnotein interactions, the protein lvcrystallize
out of solution.

To find conditions under which ARHM would crystallize, primary literata was
consulted(20-31). Numerous conditions were identified where azurin and variants of
azurin had previously been crystallized using vapor diffusion (Table 2.1). When
crystallizing Azurin on two separate occasions, Fakdral used Tris buffer, littum
nitrate, polyethylene glycol @G)4000 and copper chloride (R2These reagents were
initially chosen to crystallize APHM since a crystal structure was desired that showed a

copper(Il)in theweakly-binding T2 sitedesignedn the surface of the gein.

11



Table 2.1. Conditions used to crystallize azurin and its variants. All conditions

were found in primary literature. Special instructions regarding exact

crystallization methods are not included.

Reference Reservoir Drop Protein .

Reagents Reagents Concentration
0.1 M Acetate pH 5.5 0.1 M Acetate pH 5.5

20 3.2 M (NH,),SO, 2.0 M (NH,),SO, 10 mg/mL
0.5 M LINO, 0.3 M LINOs

21 3.4 M Na/KPQ pH 6.0 1.7 M Na/KPQ pH 6.0 14 mg/mL
0.1 M TrisHCI pH 8.0 0.05 M TrisHCI g4 8.0
0.1 M LiNOs 0.05 M LIiNG;

22| 250 PEG4000 12.5% PEGA000 10 mg/mL.
20 mM CuC} 10 mM CuC}
0.1 M Tris pH 8.0 0.05 M Tris pH 8.0
0.1 M LiNOs 0.05 M LiNGs

2| 309%(wiv) PEG4000 150%(wiv) PEGA000 15 mg/mL
20 mM CuC} 10 mM CuC}
0.1 M Imidazole pH 648.0 | 0.05 M Imidazole pH 6:@.0
0.1 M LiNOs 0.05 M LiNGOs

24| 25.38% PEG4000/8000 | 12.518% PEG4000/8000 | 015 Ma/mL
6.25 mM CuC} 3.125 mM Cud]
0.1 M Imidazole pH 8.0 0.05 M Imidazole pH 8.0

25 0.1 M LiNO3 0.05 M LiNG; 13 mg/mL
20% PEGB8000 10% PEGS8000
0.1 M Imidazole pH 7.0 0.05 M Imidazole pH 7.0

26 0.1 M LiNO3 0.05 M LiNG; 15 mg/mL
20%PEG4000 10% PEG4000
0.1 M Imidazole pH 7.0 0.05 M Imidazole pH 7.0

27 0.1 M LiNO3 0.05 M LiNG;, 15 mg/mL
20% PEG4000 10% PEG4000
0.1 M Citric acid pH 3.2 0.05 M Citric acidpH 3.2

28 0.1 M LiNO;, 0.05 M LiNO; 15 mg/mL
20-24% PEGA4000 10-12% PEG4000
0.1 M Imidazole pH 7.0 0.05 M Imidazole pH 7.0

29 0.1 M LiNO;, 0.05 M LiNO, 15 mg/mL
20% PEG4000 10% PEG4000

0.22 M acetate pH 6.0
30 0.2 M CaC} 7.510 mg/mL
25% PEG4000

0.08 M Na acetate pH 6.0 | 0.04 M Na acetate pH 6.0
0.24 MLINO; 0.12 M LINO,

31 | 0.24 M cac) 0.12 M CaC} LmM
25% PEGB8000 (or 4000) 12.5% PEGB000 (or 4000)

Besides the reagents chosen initially, azurin was also commonly crystallized in
buffers such as imidazole and acetate, other saitsas calcium chloride, copper such as
copper sulfate and other precipitating agents such as PEG at molecular weights 600,
1000, 2000 and 8000 (Table 2.1).
concentrations were explored using\2dll crystal loxes. The 24vell plates have four

Combinations of all these reagents at various
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rows (labeled A, B, C and D) with six reservoirs in each row (labeled 1, 2, 3, 4, 5 and 6).

An example of the conditions wused i n one ¢
presented in Table 2.2. In setting thg box, the buffer, salt, precipitant, copper and

water were mixed in each of the 24 reservoirs and final concentratidghesefeagents

in each reservoir (denoted ALljnpakedtheseABé t hr

Table 2.2. Themfter mixingreservoir solutions2 € L was taken from wel
with 2 L 4HM gnacovefrslipe TheuAfied Az-PHM used in crystal box

setup had concentrations betwe2t35 mg/mL (or 1.8.5 mM). Lastly, the coverslip

was sealed over the respective reservoir &edptocess was repedtfor the remaining

23 wells
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Table 2.2. Example of crystal conditions (Box #70). All concentrations in
parentheses are final concentrations in the reservoir solution. The drop above

each reservoir con2 aelneaf 22 %-PbiMoim§0/millt eA z
i midazole pH 8.07 and 2 L of reservoir
drops over row fddr @ps LoVvewomr &w f@drop2 ¢ L
over row D, 2 gL from A6) .
2.0 M Imidazole pH 8.02 | 5.0 M LINO; | 50% PEG-8000 | 0.1 M CuCl, Millipore H ,O
Al | 25 pL (0.05 M) 0 uL 260 pL (13%) 50 pL (0.005 M) | 665 pL
A2 | 25 L (0.05 M) 0 uL 220 pL (11%) 50 pL (0.005 M) | 705 pL
A3 | 25 L (0.05 M) 0 uL 180 pL (9%) 50 pL (0.005 M) | 745 pL
A4 | 25 L (0.05 M) 0L 140 pL (7%) 50 pL (0.005 M) | 785 pL
A5 | 25 L (0.05 M) 0 uL 100 pL (5%) 50 pL (0.005 M) | 825 pL
A6 | 25 L (0.05 M) 0 uL 60 pL (3%) 50 pL (0.005 M) | 865 pL
2.0 M Imidazole pH 8.02 | 5.0 M LINO3; | 50% PEG-8000 | 0.1 M CucCl, Millipore H ,O
B1 | 25 pL (0.05 M) 0L 260 L (13%) 50 uL (0.005 M) | 665 L
B2 | 25 L (0.05 M) 0L 220 pL (11%) 50 pL (0.005 M) | 705 uL
B3 | 25 pL (0.05 M) 0 uL 180 pL (9%) 50 pL (0.005 M) | 745 uL
B4 | 25 pL (0.05 M) 0L 140 L (7%) 50 pL (0.005 M) | 785 L
B5 | 25 pL (0.05 M) 0 uL 100 pL (5%) 50 pL (0.005 M) | 825pL
B6 | 25 pL (0.05 M) 0 uL 60 uL (3%) 50 pL (0.005 M) | 865 pL
2.0 M Imidazole pH 8.02 | 5.0 M LINO3; | 50% PEG-8000 | 0.1 M CuCl, Millipore H ,O
Cl | 25pL (0.05 M) 0 uL 260 pL (13%) 50 pL (0.005 M) | 665 pL
C2 | 25pL (0.05 M) 0 uL 220 pL (11%) 50 pL (0.005 M) | 705uL
C3 | 25 pL (0.05 M) 0 uL 180 L (9%) 50 pL (0.005 M) | 745 L
C4 | 25 pL (0.05 M) 0 uL 140 pL (7%) 50 pL (0.005 M) | 785 L
C5 | 25 pL (0.05 M) 0 uL 100 pL (5%) 50 pL (0.005 M) | 825 L
C6 | 25 pL (0.05 M) 0 uL 60 pL (3%) 50 pL (0.005 M) | 865 pL
2.0 M ImidazolepH 8.02 | 5.0 M LINO3; | 50% PEG-8000 | 0.1 M CuCl, Millipore H ,O
D1 | 25 L (0.05 M) 0 uL 260 pL (13%) 50 pL (0.005 M) | 665 pL
D2 | 25 uL (0.05 M) 0 uL 220 pL (11%) 50 pL (0.005 M) | 705 pL
D3 | 25 uL (0.05 M) 0 uL 180 pL (9%) 50 pL (0.005 M) | 745 pL
D4 | 25uL (0.05 M) 0 uL 140 pL (7%) 50 pL (0.005 M) | 785 pL
D5 | 25 uL (0.05 M) 0 uL 100 pL (5%) 50 uL (0.005 M) | 825 L
D6 | 25 uL (0.05 M) 0 uL 60 pL (3%) 50 L (0.005 M) | 865 pL
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Chapter 2.3 Dehydration and Cryoprotection of Crystals

Crystal boxes were stored at room tempemor at 4°C in a walk cold room.
The boxes were checked daily over the span of days and weeks. Crystals often appeared
within 24 hours, with typical growth times requiringr3ays. After crystals appeared to
stop growing, some crystals were séledy removed from the drops to be dehydrated
and cryoprotectedollowing methodsadapted from Herast al (32). To perform the
dehydration, crystals were transferred into new reservoir solutions containing the exact
conditions they were grown under fwitwo exceptions: 1) the amount of PEG was
increased by onthird and 2) glycerol was added to give a final 10%v) reservoir
solution. For exampl if crystals from well A4 of Bx #70 needed to be dehydrated, a
dehydration reservoir would be set uphwitonditions described in Table 2.3. Typically
dehydration was carried out at 4°C in which case the original box and the dehydration
reservoir would first equilibrate to 4°C for 2 hours. The transfer of crystals was also
completed at 4°C by quickly mownthem from their original drop to a new coverslip
wi t h a 9f saution §éamahe dehydration reservoifhe drop was then sealed

over the dehydration reservoir to equilibrate for approximately 12 hours at 4°C.

Table 2.3. Dehdyration conditions for crystals from Box #70, well A4.

2.0 M Imidazole pH 8.02 | Glycerol 50% PEG-8000 | 0.1 M CuCl, Millipore H ,0O

A4 | 25 L (0.05 M) 100 pL 186 L (9.3%) | 50 pL (0.005 M) | 639 L

After dehydration, the crystals were cryoprotected in a similar way. For each well
of crystals being dehydrated, three reservoirs of cryoprotection solution were set up.
Cryoprotection conditions are identical to dehydration conditions with one exception: the
amount of total glycerol in each of the reservoirs increased successivelySrtan®2Q to
25%. For example, if the dehyded crystals from well A4 of & #70 needed
cryoprotection, three reservoirs of solution would be set up using the reagents shown in

Table 2.4 After setting up the wells, thegquilibratel at 4°C for 2 hours.
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Table 2.4. Cryoprotection conditions for crystals from Box #70, well A4.

2.0 M Imidazole pH 8.02 | Glycerol 50% PEG-8000 | 0.1 M CucCl, Millipore H ,O
15% | 25 pL (0.05 M) 150 pL 186 pL (9.3%) | 50 pL (0.005 M) | 589 L
20% | 25 pL (0.05 M) 200 pL 186 pL (9.3%) 50 pL (0.005 M) | 539 pL
25% | 25 pL (0.05 M) 250 pL 186 pL (9.3%) | 50 pL (0.005 M) | 489 L

Using the same technique described for dehydration, crystals were first
transferred from the dehydration drop into the cryoprotection drop containing 15%
glycerol. After guilibrating for only 10 minutes, the crystals were next transferred to the
drop containing 20% glycerol. The process was then repeated for the third and final 25%
glycerol drop. After a final 10 minutes of equilibration, the crystals were immediately
pinned and frozen in liquid nitrogen. Pinning the-RAAM protein crystals involved
looping the crystals with a nylon cryoloop and quickly plunging them into a dewar
brimming with liquid nitrogen. The instantaneous freezing process was important
because fremng crystals in a dewar that was not filled could result in a more gradual
cooling of the crystal as it moves through cool, foggy air. Slower freezing is known to
result in more crystalline ice fornmgnon the outside of the crystgreventnice glass
formation of the cryoprotection solvent armaktly, createnonruniformity within the
crystal. After pinning and cryofreezing, crystals were stored in a liquid nitrogen dewar

until they were screened for quality.

Chapter 2.4 Method for Screening and Predighg a Unit Cell

The quality of the AZ’HM protein crystals was assessed by obtaining their
diffraction images. Crystals were carefully mounted in a Rigak&ixR Rapid Il
Diffractometer and maintained at a temperaturel60°C with a nitrogen generatondh
helium compressor system. The crystals were exposed to céppeadiation ( &=
1.541870) at a voltage 050 kV and current oil0 mA. These xrays were transmittelly
a flat graphite monochromator &€0.3 mm collimator with special capillary opticwo
diffraction images were collected 90° apart, with a 0.5° oscillation width amin&te
The ng |
software in the macromolecular processing mode. Using theitaittREK processing

exposure times resul ti mages were proces
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sui te, the software determined the crystal

the reflections on the two images. The steps for processing the reflection data using
CrystalClear 2.1 are outlined in the rest of this section.

Before thecrystal was exposed to radiation, certain software parameters were set
regarding the crystal and the type ofay radiation being used. In the Setup window
(Figure 2.2) are six tabs: Main, Crystall, Crystal2, DetecteRa} Source and Notes.

The paramters that were typically used are shown in the Figures. Under the Main tab
(Figure 2.2), values were typically entered T@mperature In the Crystall tab (Figure
2.3), Size(X (mm) Y (mm) Z (mm), Color, Mount andMorphologywere recorded. In
theCrystal2 tab (Figure 2.45pace grougalways Unknown) and thiglolecular formula

of Az-PHM (Cs10H9o5dN165010:S10C ) Were entered (Three copper atoms were entered
because APHM was titrated with one copper and two or three additional copper atoms
were aticipated to bindo the protein moleculsince the crystal was grown in solution
containing free copper.)The Detector tab (Figure 2.5) contained information that the
instrument automatically records. TheR&y Source tab (Figure 2.6) requir€gbtics

Type collimation type Voltage (kV) Current (mA) Elementand Source typeto be
specified. Finally, any other details about the crystal or its diffraction were recorded
under the Notes section. Many of the parameters entered in the Setup window ame used

data processing and also appear in the CIF file generated after the structure is solved.
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M ain | Crystall I Er_l,lstaIEI Detectu:url *-Flay SDurcel M otes I

Project

IMEIaniES

Sample

IHE.&:-F'HM1

Crpztal 1D Temperature [ °C ]

|2nd mourt |-150.00 |
Crpztal to detector distance [mm] Detectar 28 [ 7]

|1 27.40 |n.nn

k. I Cloze Save

Figure 2.2. d*TREK Setup dialog box in CrystalClear 2.1 showing the Main tab
where Temperature and Crystal ID were entered. All other parameters are
default.
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bain  Crystall IEr_I,IstaIEI Detectu:url *-Flay SDurcel M otes I
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a (&) b (&) c (&)
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|n.2u ||125 |n.1n baunt
IL::ucup TI

Mosaicity [ * ] Molecule type Marphalagy

060 € Smal [Fism =]

% tdacro [protein)

k. I Cloze Save

Figure 2.3. d*TREK Setup dialog box in CrystalClear 2.1 showing the Crystall

tab where Size, Color, Mount and Morphology were entered. All other
parameters are default.
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b air I Crystall  Crystalz I Detectu:url *-Flay SDurcel M otes I

— Space group
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" Enown 1-F1

System I Trichnic

Laue class I 8
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CE10H953M 18501915100y Rot1l Raot2  Rot3
|n.nn |n.nn |n.nn

Empirical formula: Cu2S100191M165CE10HE5S
Expected volume: 177150000 &

k. I Cloze | Save

Figure 2.4. d*TREK Setup dialog box in CrystalClear 2.1 showing the Crystal2
tab where Space group and Molecular formula were entered. All other
parameters are default.
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b azk file

I Browse. .. |

k. Cloze Save

Figure 2.5. d*TREK Setup dialog box in CrystalClear 2.1 showing the Detector
tab where no parameters were entered. All parameters are default.

21



x
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IGraphite Munnchrnmaturj
— . Element Wavelangth [ & |
it z17e OCuE
C = | |1.541870
000 050 ~] |Copoer =/
Source type

Collimation type
IEI.Smm cap. optics

IS ealed Tube j

— Polarization

Polarization M armal wector to polarization plane

|u.4442 Hesetl >< |1.nn Y |III.IZIIII z |III.EIIII
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Figure 2.6. d*TREK Setup dialog box in CrystalClear 2.1 showing the X-Ray
Source tab where Optics Type, collimation type, Voltage (kV), Current (mA),
Element, and Source type were entered. All other parameters are default.

Once all Setup parameters were entered and the crystalewssed in the xay
beam, the crystal was exposed to coppeayradiation and two diffraction images were
collected. An example of two typical screen images is shown in Figure 2.7. The two
image files each contain their own header that records gerimental settings such as

beam location, image dimensions, exposure time, and oscillation width.
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Figure 2.7. Typical screen images that are 0.5° in oscillation width. These images
were taken 90° apart.

The first step in determining the unit cell inves locating reflections on the two
screened images. All reflection peaks have an associated intensity relative to average
background noise. The ratio of intensity to the standard deviation of average background
noise (denoted IiISg ma , I / Si gl or I/ Gl in CrystalCle
reflections, seen in Figure 2.8. The default I/Sigma value is 5.00 which was typically
used but can be raised or lowered as needed. This value is significant because any
reflections laving an 1/Sigma value below the designated cutoff are not considered spots
and therefore, not included in the reflection list that the software passes on to indexing
(33). Many protein crystallographers use I/Sigma values of 2 or 3 for clean diffraction
images. For images with many spots including twins or noise, it may be best to use
I/Sigma values of 10 to be sure that only the strongest spots are useit icell
determination.
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Find Spots {d*TREK) x|

Fain | Advanced I

Right-click on table for further options

Template Available | To Use
020511 -HE(21_screen? Y oz 1-2
020511 -HE[Z29?7¢ 7 osc 101 -400
|#5igma Select Screenl Clear All |

IE.EIEI

Fun Cloze | Save |

Figure 2.8. The Main tab of the d*TREK Find Spots dialog box in CrystalClear
2.1. The dialog box pictured is an example of typical parameters used when
screening a crystal.

Other advanced settings associated with finding spots can also be changed
depending on the size and intensity of the reflections produced during scre@hisg.

settingsshown in Figure 2.9 were always used when finding spots.

24



Find Spots {d*TREK) x|

bain  Advanced |

inirum pirel height

inimum pisel value  Peak filter above background
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— Rezolution [&)
V¥ Include saturated spots b irvirrarn BT
[~ Determine strong peak info |u.nnnnnu |n.nnnnnn Set |

Fun Cloze | Save |

Figure 2.9. The Advanced tab of the d*TREK Find Spots dialog box in
CrystalClear 2.1. This dialog box shows default parameters that are typically
used when screening a crystal.

Onee reflections have been located, a list of spot locations is passed on to the
indexing stage where a unit cedlpace grouporientation and Bravais lattice type are
determined for the crystal being screened. The Index spot function in CrystalClear 2.1,
shown in Figure 2.10was used for this purpose. Thaeknownoption under space group
was always selected so that the software was not biased in predicting any particular unit
cell. A Maximumresolution may be specified which only allows spots out tortaioe
resolution to be included in indexing. Thkiser chooses solutiooption was always
selected because this instructs the software to show a list of possible unit cells after

indexing is complet€33).
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Index Spots (d*TREK) x|

M ain | Advanced I

—Space group—————————  Reflection lists
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|2 IF'-1 _
— Resolution [&)]
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b inimum b Airnam
993.00000 IEI.EIEIEIEIEIEI

Set ... |

¥ User choozes solution

R Cloze Save

Figure 2.10. The Main tab of the d*TREK Index Spots dialog box in CrystalClear
2.1. Space group, reflection lists, and resolution limits can be specified for
indexing.

Parameters on thed&anced tab shown in Figure 2.11 are default and were rarely
changed because indexing is especially robust in d*TREKX Max cell lengthwas not
changed to anything other than 0 because doing so tended to limit the number of resulting
solutions listed. Decreasing thvax residualalso resulted in fewer unit cell options to
choose from when indexing was complete. dwangingl/Sigl, reflections that do not
exceed that cutoff value weexcluded fromndexing. TheDeiceoption was selected so
that reflections appearing where ice ringgmally show diffraction were not used in
indexing. Lastly, it was common for tliBeam checko remain deselected, but indexing
results are not negatively impacte@ting to check the beamWhen the beam was
checked, a radius of 25 was searched for a valid radius of 20. If no better beam location

was detected, the software used tloatmn listed in the image headers.
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Figure 2.11. The Advanced tab of the d*TREK Index Spots dialog box in
CrystalClear 2.1. The default parameters displayed were always used when
screening a crystal.

Because thdJser chooses solutionption was selecteda window displaying
several unit cells opened after indexing was complete, as seen in Figure 2.12. Solutions
were listed in order of symmetry, the most symmetrical unit cell appearing first on the
list. The software highlighted the most probable soluind orientation. Occasionally,
the unit cell that the software deemed the most probable solution was not the correct cell.
A unit cell that had d.east Sqleast square residual) value of 2.5 or greater was not

typically a valid cell(33).
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Index Results
Chooze a solutior:
Least S5q Spacegrp Bravais Lattice a b c Yolume ot B ki
: ortharh J 54 87 90.00
13 0.06 3 monocl P 2487 2047 g9 236500 90.00 S0.04 S0.00
14 .o 1 triclin P 2047 2457 2.9 238500 90.04 0.0z 0.04
Orientations
ID | Residual |  Rotl Rotz | Ro3 |
1 0o 1170 -45.3 G55
2 0.0 117.0 45.3 8.2
4 0o -630 453 -891.2
Ok, | Cancel I

Figure 2.12. Sample Index Results where solutions are listed in order of
symmetry. The highlighted solution and orientation are results that the software
deems most probable.

Once a unit cell solution and orientation matsigreselected, refinement of these
valuesas well as detector and source positions was performed. The refinement reduced
differences found between the observed reflection locations and the locations that were
calculated using the indexing solutions. The refinement software (Figure 2.13) was
always set toRefine on Imagesather than refining the reflection list generated after
finding spots. The same screen images used to find spots (like those in Figure 2.7) were
used in refinement. The option to constrain the unit cell according to symmasry w
always selected to prevent the software from changing the symmetry of the cell when
refining its dimensions. The refinemeMacro Most was used because it was
recommended by Rigaku. This macro has designated parameters such that resolution
Min and Max are set to 0.00, / (tq 3.00, andCyclesto 100. It also has designated
rejection limits of 0.5 foixX(mm)andY(mm)and 1.0 forRot.(deg)(33). TheMacro All
can be used as it allows certain rotation and translation values between ther detd
saurce to be refingdhowever, this refinement is not essential sincé/ dwo screen

images are use@4).
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Figure 2.13. The Main tab of the d*TREK Refine Cell window in CrystalClear 2.1.
The parameters shown are default with the exception of Refine on Images where

both screen images are used.

There are few advanced refinement parameters, none of which were changed from
what is shown in Figure 2.14. Tl@&obal refinemenbption was not used since it has
been disabled in this software versidiide slicerefinemenis defaulted at none because
the screen images taken do not qualify as wide slice since they are smaller than three

degreeg33).

Refine Cell (d*TREK)

Main  Advanced |

I awirum number of restarts ID
Fiestarts for convergence ID

—wide slice refinement

' Use wide slice refinement [-wideslice)]

" Do not use wide slice refinement [-nowideslice)

& Use default [none)

Figure 2.14. Default parameters on the Advanced tab of the d*TREK Refine Cell
window in CrystalClear 2.1.
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Refinement commenced by hittinBun As multiple rounds of refinement took
place, the mosaicity and the ratio of rejected reflections out of total reflections were
monitored. When these values did not chaagpreciably refinement was considered
complete. Tls8 typically took three to five runs of refinement. Because the software
refined on images, it was possible to graphically see specific reflections that were
rejected on the screen images (surrounded by a red circle). With the newly refined unit
cell dimensions and positions for the detector and source, calculated reflections could

then be predicted and subsequently displayed on the screen images.
x
GET |

Right-click on table for further options

Template Available | To Use
020511 -HE(21_screen? 7 oz 1-2

020511 -HE 207797 asc 101 -400

™ &pply mask Clear &1 |

Cryztal mozaicity

IEI.4E

Fiotation————————— — Resolution [4]
Begin Emd b irvirrarn bl Eirniam
|n.nn ||1 a0 |999. 0000 |2.nnunnn Set ...
Run Cloze | Save |

Figure 2.15. The Main tab of the d*TREK Predict Spots window in CrystalClear
2.1. A Maximum resolution of 2.0 A was often used for screen images.

The last stage of screening was calculating predicted reflection positions and
comparing them to the actual, obserdedations As demonstrated in Figure 2.15,
screen images-2 were used and th@rystal mosaicitywaue was automatically carried
over from refinement. AMaximumresolution was usually entered depending on how

well the crystal diffracted. A value of 2.00 wesitinely used since many crystals that
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were screened did not have spots beyond 2.0 Aspdt were visible byond 2.0, the

resolution maximum was lowered appropriately.

O 00000 ® 8%
erelelel 000 8 o O
o8008 s a0
B © (efeii s

300 o000 00, oxP
b]

00, ~n00R% 00 O.

Figure 2.16. Sample prediction results. Mosaicity and refined unit cell parameters
are deemed correct due to the accurate predictions for almost all reflections.

Calculated reflections are based on the unit cell and orientation matrix and
visually appear on the screen images (Figure 2.16). The images were compared to the
calculated reflections (blue circles) to identify the degree to which the softwatd
predict the location of the spots on the images. If most predicted circles were centered on
spots, the unit cell assigned to the crystal was deemed correct. (Not all of the spots will
be predicted because some are not Bragg reflections.) Thietimredilso indicated
whether or not the CrystalClear software accurately estimated mosaicity. An appropriate
mosaicity was estimated when almost all spots were predicted. When only some of the
spots were accurately predicted, the mosaicity estimatisriowg while a high mosaicity
estimate was indicated by many predictions that were observed at locations where no

actual spot existed.
Chapter 2.5 Judging Criteria and General Results/Discussion

Predicting a unit cell accurately largely depends on thétgud several factors

such as reflection intensity, resolution, crystal mosaicity and to some extent, the lack of
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ice rings. These four criteria were the basis for characterizing the diffraction quality of
the crystals. Higiguality crystals were thosthat hadintense reflections, resolution
beyond 2.0 A, mosaicities less than 0.60 wed/ minimal tono ice rings. All criteria,

with the exception of ice rings, relate to the degree of order inherent in the crystal.

The ratio of reflection intensity laive to background noise is expressed ds (i
and is one criterion that determines the strength of the data. While screening crystals, it
was commonly observed that large crystals gave more intense reflections upon
diffraction, which is consistent witthe findings of Fox & Karplus35). Theoreically,
the intensity of a given reflection is directly related to the number-rafyg that are
scattered and converge at the image plate. Because a larger crystal contains more
repeating units and takes up more of the beam, meoegyxwill be scattered Thus,
reagentonditions were optimized to obtain large crystals for screening in order to avoid
collecting weak data.

There are several ways that protein growth can be controlled to yield sizeable
crystals, and within a particular buffer system, tremateur that allow for such
optimization. The clearest example of reagent optimization is shown in Figure 2.17,
where a similar azurin mutant (with only 1 amino acid difference frorPHAX) was
crystallized using two different molecular weights of poly&theg glycol (PEG). There
is a distinct difference in size between crystals grown in-B8® (columns 1, 3 and 5)
and those grown in PEGD0O (columns 2, 4 and 6). With the exception of the type of
PEG used, drop conditions are identical between coldn&®2, between columns 3 & 4
and between columns 5 & 6. It is unmistakable that for this particular buffer system,
crystals grown with PE@GOO0O are larger than those grown with RPEM@®O. The
concentration of PEG also affects size. Moving across a paglumns in a given row,
the concentration of PEG decreases which causes a fewer number of large crystals. The
number of crystals in a given well is proportional to the size of the crystals. Optimizing
conditions that producklarge crystals ensured than incorrect unit cell prediction was

not because of weak reflections.
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Figure 2.17. Box #58 at ~5 days of an azurin variant with 1 residue difference
than Az-PHM. Conditions are identical within column pairs (1 & 2,3 & 4,and 5 &
6) with the exception of the type of PEG used. PEG-4000 was used in columns 1,
3, and 5 whereas PEG-8000 was used in columns 2, 4 and 6. The concentration
of PEG decreases across the row from left to right.

There are two probable reasons for thewghoof large crystals in a solution
containing a small PEG concentration. When a drop has more water, it takes longer to
equilibrate with the reservoir solution below which means that saturation of the drop
happens graduallyThus, fewer nucleation sitessult which correlates witthe growth
of larger crystad. It could also be that because there is less PEG in the drop, there is
more mobile water and AZ°HM is not as concentrated. This woaldoresult in less
nucleation. In either case, once satian is reached and nucleation begins, crystals start
to grow and the concentration of protein decreases even though the volume of the drop
gets smalle(35). This seemgplausiblebecause Wilsoet al found that as the number of
crystals in a given drodecreased, their average size incred8éyl Fehrer also found
that when crystals grow quickly they tend to be numerous and gl

Consistent with these findings by Wilson and Fehrer, imidazole concentration can
also be varied toptimizecrystalnucleation and sizeFor this particular buffer, when the
concentration of imidazole was decreased, nucleation and crystallization occurred within
hours, resulting in many tiny crystals. The photographs in Figure 2.18 Bmn#65
were taken after ~24 day The concentration of imidazoie the dropincreases from
row A (5 mM) down to Row D (20nM). With the exception of imidazole, drops within
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a given column have identical reagent concentrations. It is clear that the presence of
imidazole decreases thember of nucleation sites, resulting in fewer and larger crystals.

1 2 3 4

Figure 2.18. Box #65 at ~24 days of Az-PHM in imidazole at pH 8.0. Conditions
are identical within columns with the exception of the amount of imidazole used.
Imidazole concentration is consistent across a row but increases down a column.
PEG concentration decreases across a row from left to right but is consistent
down a column.

Growing and screening large crystals provides strong reflection data, however,
one of the tradeffs of obtaining strong data is large mosaicity values. This is consistent
with what was observed. Mosaicity, the second criterion, is a measure of the degree of
overall disorder within a crystal. The root of this word, mosaic, is & desariptionof
this concept because it suggests that although a crystal may appear to be one crystal, it is
really composed of little crystalegularlyreferred to as mosaic blocks. Large crystals
have higher mosaicities simply because there is moperamity for disorder. More
abstractly put, if mosaic blocks do not stack properly early on in crystal formation, even
small disorder can be exaggerated as the crystal grows larger.

In order to combat the problem of high mosaicities in thePAM crystas, two
approaches were used. The first approach worked toward growing crystals more slowly,
and the second called for dehydration of the crystals that had already formed. In order to
cause slower crystal formation, protein drops were diluted with watéch increased
the total volume of the drop. Typicall vy,
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contained 2 €L of protein and 2 eL of the
slower rate and as water is lost from the drop slowly twes, the protein does not reach
saturation as quickly. Diluting APHM protein drops with water caused crystals to
increase in size over a longer period of time, but there was no statistical drop in
mosaicity. This may be because the protein drops a@sediluted by2 €L of wat er
the most. Increasing the volume of the drop by a greater amount may lead to even larger
crystals with smaller mosaicities.

Because the first approach was largely unsuccessful, a technique -called
dehydration was used. In theory, dehyarmtcrystals after they have formed removes
excess water and causes mosaic blocks within the crystal to shift to become more
ordered. Mosaicity values collected from crystals with and without dehydration are
shown in Table 2.5 below. The dehydrated-P2M crystals show a marked
improvement in mosaicity valueghen compared tthose that were not dehydrated.

Table 2.5. Mosaicity comparison of crystals from two wells with identical

conditions. Crystals in well C1 were dehydrated and show much lower
mosaicities than crystals from well D2 which were not dehydrated.

Box #, well # | Crystal Dehydrated? | Mosaicity (°)
Y13 No | = ---
Y14 No 0.55
68, D2
Y15 No 0.99
Y16 No 0.62
BB1 Yes 0.41
BB2 Yes 0.48
69, C1
BB3 Yes 0.48
BB4 Yes 0.36

The third criterion,resolution, is also directly affected by the order within a
crystal. The more ordered a crystal is, ktigher the resolution will be Because high
resolution reflectionsire locatedvhere xrays diffracted at higher angles must converge,
the impact of hermal motions and crystal disorder is greater, making these reflections
less intens@r nonexistent Because of this phenomenon, it is difficult to obtain high

resolution data. Resolution cde improved, however, by diffracting crystals at low
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temperéures to slow down thermal motions and by growing crystals with more order.
Seemingly, crystals that are grown at a slower rate will be more ordered because given
time, protein moleculewill add to the crystahorepurposefully instead of hastily.
Unfortunately, large AZ?HM crystals grown at a slower rate did not diffract to a
higher resolution. The best explanation for this is that the large crystals that were grown
slowly did not have improved mosaicities, and because crystal disorder has a great impa
on highresolution reflections, there were none that appeared on the diffraction pattern.
However, because dehydration gave an improvement in mosaicitiessiioetdalso be
an improvement in resolution, which is precisely what was observed. Ddfrgmatterns
seen in Figure 2.19, illustrate this improvement. The patterns in these photos come from
two wells with the same conditions except for PEG concentration in the drop. Crystals
that were dehydrated consistently showed reflections betweeh® A and often times
showed reflections beyond 2.0 A, while the crystals not treated do not show diffraction
between 2.@2.5 A.

250 A
369

(@)

(b)

Figure 2.19. Diffraction patterns from crystals grown in (a) Box #70, well B1 and
(b) Box #68, well D2. The only difference in crystallography conditions between

(a) and (b) is that the drop in (a) contained

PEG-8000 whereas the drop in (b) contained 7% PEG-8000.
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Besides growing large crystals and using dehydration, a fichhigue called
annealing was attempted in which a frozen crystal placed in the nitrogen stream was
warmed for short time and then frozen again in the stream. This technique was mildly
successful regarding resolution, but unfortunately, mosaicity valueseased
dramatically. The diffraction patterns in Figure 2.20 show reflections prior to annealing
(left) and after annealing (right). The resolution improved from2250A, but in almost

all cases, mosaicity values doubled.

Figure 2.20. Diffraction patterns from Z9 crystal harvested from Box #67, well C1.
The pattern on the left was obtained before annealing and the pattern on the right
after annealing for 15 seconds.

The fourth and final criterion used t
ice rings. Ice rings are intense rings visible on a diffraction image due to crystalline ice
formation during freezing. Fladheezing is an important last step in prepammuyystal
for screening as crystalline ice can form framter vapor in the awr fromliquid in the
drop that is looped up during pinning. Sometimes ice rings do not affect the diffraction
of the crystal itself, but they can be a hindrance in predicting the unit cell because they
appear on the diffraction pattern. Though the Gigear software can compensate for
ice rings, it is best to avoid them since the software omits all data obscured by ice rings.

To freeze a protein crystal efficiently, the pinned crystal must move from room
temperature air to the liquid nitrogen B210 °C as quickly as possible. A sharp
temperaturegradient was created by filling a dewar to the brim in order to provide a

uniform transition between temperatures. Typically, this was sufficient to prevent water
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vapor from crystallizing. However, preverd liquid in the drop from freezingasmore
difficult. PEG is a natural glassing agent that immobilizes water, preventing it from
forming into crystalline ice. But, because many of the lam®etein crystals only
required small amounts of PEG grow, the liquid in the drop often froze upon pinning

and freezing crystals. To combat this problem, many different freezing methods were
attempted without success, however, one technique called cryoprotection consistently
worked at avoiding ice formation frotiquid in the drop. At 4 °C, APHM crystals

were transferred between a series of three solutions each containing identical
concentrations of reservoir reagents with an increase in PEG concentration and the
addition of glycerol. The higher concentratiohPEG and glycerol provided enough
glassing agent to prevent ice formatiorA visual comparison of crystals with and
without cryoprotectionis shown in Figure 2.21 The crystal without cryoprotection
(2.21b) has liquid from the drop that was loopedirdurpinning and froze to give
crystalline ice which is evident i n the ©cr

with cryoprotection, however, is clear and ice rings are absent from its screen image.
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Figure 2.21. (a) Cryoprotected crystal from Box #70, well A3. (b) Crystal from
Box #68, well C3 that was not cryoprotected.

After growing and screening hundreds of-REM crystals, trends observea
crystal growthwere used t@ontrol intensity, mosaicity, resolution and the formation of
ice. Crystals were obtainethat gave strong intensities, mosaicities below 0.60, and
resolutions beyond 2.0 A in the absence of ice rings by reproducibly gréaviyey Az
PHM crystals that were subsequently dehydrated and cryoproté®teduseliffraction
quality crystalscan be selectively growrthe collection of a full data set is possible

wherefrom a crystal structure can be obtained.
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