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ABSTRACTS 

The prevalence of multi-drug resistant Staphylococcus aureus, especially methicillin- and 

vancomycin-resistant S. aureus has caused serious public health concerns.  The limited 

options for the treatment of multidrug resistant S. aureus infections highlight the urgent 

need for the identification of novel target and the development of new classes 

antimicrobial agents.  The highly conserved gcp operon is a potential target, as it is 

essential for all tested bacteria.  However, the mechanism behind this essentiality is not 

clear.  In this study, we constructed defined Pspac-regulated gcp or yeaZ expression 

mutant in wild type MRSA strains and demonstrated the essentiality of Gcp and YeaZ for 

S. aureus growth in culture. Moreover, we demonstrated that Gcp interacts with YeaZ 

using both a yeast two-hybrid and a bacterial two-hybrid system, and in vitro pull down 

assays.  To characterize the Gcp-YeaZ interaction, we performed alanine scanning 

mutagenesis on charged or polarized amino acids of the C-terminal segment of Gcp and 

revealed that the C-terminal Y317-F322 region was critical for Gcp binding to YeaZ as 

well as for the essentiality of Gcp for growth. Taken together, our data suggest that the 

interaction of Gcp and YeaZ may contribute to the essentiality of Gcp for S. aureus 

survival.  In addition, we demonstrated that Gcp and YeaZ play important roles in the 

regulation of branched-chain amino acids biosynthesis pathway.  Specifically, using 

qPCR and an ilv-promoter luciferase reporter fusion, we found that the depletion of Gcp 

or YeaZ dramatically increased the transcription of the ilv-leu operon that encodes key 

enzymes responsible for the biosynthesis of branched-chain amino acids.  Moreover, gel 

shift analyses showed that Gcp lacked a DNA-binding capacity, whereas YeaZ was able 
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to bind the ilv promoter region, indicating that Gcp indirectly, but YeaZ directly control 

the transcription of ilv-leu operon.  Furthermore, we found that Gcp and YeaZ are 

involved in the biosynthesis of N
6
-threonylcarbamoyladenosine (t6A).  In addition, the 

depletion of Gcp or YeaZ enhanced bacterial growth in culture medium lacking ILV.  To 

elucidate whether the tight regulation of branched-chain amino acids biosynthesis 

pathway contributed to the essentiality of Gcp and YeaZ, we created an ilv-leu operon 

deletion mutant using the defined Pspac-regulated gcp or yeaZ expression strains and 

found that the deletion of ilv-leu operon had no impact on the requirement of Gcp and 

YeaZ for bacterial growth.  The above data indicate that the essential nature of Gcp and 

YeaZ is not attributable to their repression of the ilv-leu operon.  These new findings 

provide new insights into the biological function of these essential proteins, Gcp and 

YeaZ, as well as the regulatory mechanism of branched-chain amino acids biosynthesis.  
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Chapter 1. Introduction 

1.1  Staphylococcus aureus and its infections 

S. aureus is one of 35 species of the Staphylococcus genus (10) and is the most common 

cause of Staph infections.  Approximately 25% percent of the healthy population carry S. 

aureus in the nose at all times, while another 50% carry S. aureus intermittently.  S. 

aureus can cause a wide range of illness from minor skin infections, including cellulitis, 

furuncles, carbuncles, pyoderma, pyomyositis, impetigo, folliculitis and scalded skin 

syndrome, to life-threatening diseases such as acute and chronic osteomyelitis and 

bacteremia, which can progress to endocarditis (2, 13, 17).  It is also the major cause of 

hospital-acquired infections.  Today, S. aureus has become resistant to many commonly 

used antibiotics, such as flucloxacillin, oxacillin, and methicillin.  Methicillin-resistant S. 

aureus (MRSA) accounts for 40-80% of all hospital-acquired S. aureus infections in 

some countries.  Importantly, community-acquired MRSA (CA-MRSA) isolates have 

also evolved.  These CA-MRSA strains can cause severe skin and soft tissue infections in 

healthy patients, and the incidence of infection is increasing dramatically (12, 48).  In 

addition, cases of vancomycin-resistant S. aureus (VRSA) caused infections were 

reported in 2001 and 2005 and continue to be reported (12, 26, 52).  Therefore, there is an 

urgent need for new, alternative agents for treating multidrug resistant S. aureus 

infections.  One strategy is to identify and explore novel molecular targets such as the 

essential genes of the pathogens (36, 51, 71).  However, the vital mechanism of some 

essential genes has not been elucidated, which is important for the better evaluation of a 

potential drug target.  
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1.2  The conserved essential protein Gcp 

1.2.1  The essentiality of the Gcp family 

The essential protein Gcp, belongs to the MK-M22 O-sialoglycoprotein endopeptidase 

family (MEROPS protease database classification, metalloprotease, clan “MK”, family 

“M22”) (8, 44, 58, 64).  The family is conserved and universal in all three domains of life 

and at least one homolog has been identified in the genome of every sequenced organism 

to date (44) except for the highly reduced genomes of Carsonella ruddii and Sulcia 

muelleri (50, 56).  Gcp has been demonstrated to be essential for survival of all the 

bacterial species tested to date including Escherichia coli (5), Bacillus subtilis (34, 43), 

Francisella novicida (20), Pseudomonas aeruginosa (47), Mycoplasm genetalium (23), 

Streptococcus pneumoniae (69) and S. aureus (69, 77).  Moreover, Gcp homologues are 

essential for embryo development of Arabidopsis thaliana (29) and important for growth 

of Saccharomyces cerevisiae (15, 32, 41).  Importantly, Gcp has been listed in the top 10 

conserved universal essential proteins that should be priority targets for experimental 

study (21).   

 

1.2.2  The Structure of Gcp 

The crystal structure of a S. aureus Gcp homolog has been solved in Pyrococcus abyssi, 

Pa-Kae1 (31).  Two invariant histidines from the conserved sequence “HXEXH” among 

Gcp homologues are reported to coordinate the Zn
2+

 ion in order to form a catalytic 

domain (4, 31, 72).  Thus, Gcp homologues are assigned to the group of Zn
2+

 

metalloproteases of the M22 peptidase family.  Gcp homologues also contain an HSP70-
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actin fold with two conserved phosphate and adenosine binding sites indicating possible 

interaction between the active site of the protease and the ATPase domain.  The HSP70-

actin fold is usually found in ATP dependent enzymes that possess molecular chaperone 

and other additional activities, such as the chaperone Hsap70, the eukaryotic cytoskeletal 

protein actin, sugar kinases, as well as prokarytotic phosphatases and the cell cycle 

proteins, FtsA, MreB and StbA (9, 37, 45, 65).  The grafting of the metal-chelating 

histidine residue dyad “HXEXH” of HSP70-actin fold suggests that Gcp may be a metal 

dependent protease.  Although the C-terminal protein-protein interaction domain of 

HSP70 molecular chaperones is not conserved in Gcp homologs, the obvious analogy to 

other ATP dependent proteases, such as the Clp system, Lon and FtsH (24, 25) in bacteria 

suggests that like these proteases, Gcp may possess a chaperone-type activity (4).  

 

1.2.3  The biological functions of Gcp homologues 

Previous reports on Gcp homologues in various species indicate that it is a functionally 

versatile protein.  Sequence alignment further divides Gcp into two types: Gcp1 (found in 

Bacteria and Eukarya) and Gcp2 (found in Archaea and Eukarya) (29).  In eukaryotes 

(take Arabidopsis thaliana for example) Gcp1 localizes to the inside of the inner 

mitochondrial membrane, whereas Gcp2 localizes within the cell membrane (29, 73).  In 

eukaryotes, the functions of both Gcp1 and Gcp2 were characterized.  In Saccharomyces 

cerevisiae the homolog of Gcp2, termed Kae1 (for Kinase-Associated Endopeptidase 1) 

is reported to form a complex KEOPS (for Kinase Endopeptidase and Other Proteins of 

Small size) with Bud32, Pcc1, Gon7 and Cgi121 (15, 22, 41).  They were identified 
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during a genome-wide screen in S. cerevisiae for suppressors of cdc13-1 which encodes 

the telomere-capping protein, Cdc13.  This suggests a telomere uncapping function for 

KEOPS.  In addition, the deletion of individual KEOPS subunits leads to decreased 

telomere sizes, indicating that KEOPS is also involved in the maintenance of appropriate 

telomeric length.  Furthermore, a parallel study identified the same complex EKC (for 

Endopeptidase-like and Kinase associated to transcribed Chromatin) that is involved in 

gene transcription (41).  Kae1 contains an Hsp70-actin fold, suggesting that yeast Kae1 

may modulate the activity of KEOPS/EKC via its putative proteolytic activity (15).  The 

Gcp1 in S. cerevisiae, dubbed Qri7, is hypothesized to evolved from bacterial Gcp 

homologues, suggesting a mitochondrion origin (31), which is supported by the yeast 

GFP fusion localization analysis (33, 61).  S. cerevisiae strains with a deletion of Qri7 

exhibit a growth defect on non-fermentable carbon sources, suggesting Qri7 is essential 

for mitochondrial physiology (67).  Moreover, the deletion of Qri7 results in 

mitochondria with abnormal morphology and no detectable DNA, indicating involvement 

with mitochondria genome maintenance (61).  In A. thaliana, the Gcp1 homolog 

OSGEPL1 has also been demonstrated to be localizd in mitochondria.  The disruption of 

the osgepl1 gene is embryonic lethal, suggesting mitochondrial Gcp1 is essential for 

embryonic development in plants (29).   

 

Sequenced Archaea only possesses Gcp2.  The structure of Gcp homolog in P. abyssi, 

Pa-Kae1 has been solved (31).  It is demonstrated that Pa-kae1 binds the ATP analogue 

AMPPNP, coupling binding to Fe
3+

 ion through a novel type of ATP binding site.  
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Moreover, although the structure analysis of Pa-Kae1 does not reveal obvious DNA 

binding features, Pa-Kae1binds to DNA, suggesting that it is a DNA-binding protein.  

Furthermore, Pa-Kae1 exhibits a class I apurinic (AP)-endonuclease activity, whereas no 

in vitro endopeptidase activity is detected in Pa-Kae1 (31).  Genome analysis has 

revealed that except Gon7, the subunits of yeast KEOPS complex are all present in 

Archaea; and an Archaea similar KEOPS complex Pcc1-Kae1-Bud32-Cgi121is solved 

(49).  Meanwhile, the direct Kae1-Bud32 interactions are identified in 

Methanocaldococcus jannaschii (32); and the inhibitory effects of Kae1 on Bud32 are 

inferred to play an important role in genome maintenance in both Archaea and Eukarya 

(30).   

 

Bacteria only contain Gcps of the Gcp1 subtype.  Except for Gcp, no other subunits of 

KEOPS have been identified to date, indicating a functionally divergent mechanism 

between Gcp1 and Gcp2 even though they share the similarly conserved amino acid 

sequences.  Gcps in bacteria are less characterized and possess more varied functions 

among species.  Indeed, the first Gcp homolog was isolated from the culture supernatant 

of Mannheimia haemolitica (previously called Pasteurella haemolitica). The PhGcp was 

demonstrated to specifically cleave glycoproteins such as glycophorin A, the leukocyte 

surface antigens CD34, CD43, CD44 and CD45 (1, 59, 62), and the ligands of P and L- 

selectins (59).  All of these substrates are heavily O-sialoglycosylated.  Although the 

nature of the active site is not clearly defined, it is suggested that the HSP70-actin fold 

with the putative zinc binding site should be responsible for this glycoprotease activity.  
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However, PhGcp is the only Gcp that has been described to have glycoprotease activity 

among Gcp homologues.  In the cyanobacterium Synechocystis sp. the Gcp homolog is 

involved in salt tolerance, pigmentation and cyanophycin accumulation (38, 79).  In E. 

coli, ygjD (encoding Gcp’s homolog, YgjD in E. coli) was previously inferred to be a part 

of the rpsU-dnaG-rpoD macromolecular-synthesis operon (57).  Recently, the YgjD was 

shown to be essential for the synthesis of the universal tRNA N
6
-

threonycarbamoyladenosine (t6A) (28).  In addition, the down regulation of YgjD 

increased the transcription of thr and ilv operon through the inhibition of transcription 

attenuation (28).  Furthermore, YgjD is also reported to be involved in the glycation 

pathway of E. coli (40).  Glycation is a chain of non-enzymatic glycosylation reactions 

between reducing sugars and primary amino groups in proteins, leading to toxic Amadori 

products and advanced glycation end-products (AGEs) (53).  Katz, et al. claimed that 

YgjD prevents the accumulation of the toxic glycation products in the cell to keep the 

cells growing healthily.  In the M9 minimal medium depleted of sugar, the growth curves 

exhibited no difference between wild type E. coli and YgjD deletion mutant, suggesting 

YgjD’s essentiality relies on the glycation metabolism (40).   

 

In S. aureus, our laboratory has previously demonstrated the essentiality of Gcp for S. 

aureus growth (77).  In addition, we found that down regulation of Gcp increased the 

resistance to autolysis and antibiotics induced cell lysis, indicating Gcp may be involved 

in the cell wall biosynthesis (78).  However, the exact biological function(s) of Gcp and 

mechanism(s) behind its essentiality for S. aureus growth remain unknown.  
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1.3  YeaZ: the bacterial paralog of Gcp  

1.3.1  The essentiality of YeaZ 

YeaZ and Gcp are sequence-related proteins.  They share 29% identity within their first 

100 amino acids in E. coli (27) as well as in S. aureus.  YeaZ is also annotated as a 

putative homolog of Gcp and belongs to the M22 O-sialoglycoprotein endopeptidase 

family.  Unlike the universality of Gcp in all kingdoms of life, YeaZ is present uniquely 

in bacteria and is found in all bacterial genomes sequenced to date.  It is demonstrated or 

inferred to be essential for viability of E. coli (7), B. subtilis (34, 43), F. novicida (43), P. 

aeruginosa (47), M. genetalium (23), S. pneumoniae (76), Salmonella typhimurium (63), 

Vibrio parahaemolyticus (6) and S. aureus (76).   

 

1.3.2  The structure and biological functions of YeaZ 

Recently, the crystal structure of YeaZ homologues has been solved from E. coli 

(EcYeaZ) (35), Thermotoga maritima (TmYeaZ) (74), Salmonella enterica serovar 

Typhimurium (StYeaZ) (58), and V. parahaemolyticus (VpYeaZ ) (6).  The structural 

studies of YeaZ homologues have revealed that these proteins adopt a classic two-lobed 

HSP70-actin fold revealing a nucleotide binding ability.  However, StYeaZ lacks the 

capacity to bind polyphosphates or nucleotides (58).  This suggests that StYeaZ may 

require one or more partner proteins or small molecular ligands in order to adopt an 

active conformation that can bind these potential nucleotide cofactors.  Structural 

comparison of EcYeaZ, TmYeaZ, StYeaZ and VpYeaZ revealed two distinctly different 

modes of YeaZ dimer formation.  In one form of the dimerization, which is formed in all 



 

 8 

four YeaZ homologues, the putative nucleotide binding site is incomplete and lacks a 

binding pocket for a nucleotide base; while in the second mode, which is only formed by 

TmYeaZ and VpYeaZ, an interface between the two subunits completes a nucleotide 

binding site.  These two models suggest that the nucleotide binding to YeaZ may act as a 

regulator or a switch that changes the conformation of YeaZ and allows it to interact with 

different partner proteins (6).   

 

The recombinant StYeaz and EcYeaz proteins lack the O-sialoglycoprotein 

endopeptidase activity of PhGcp (27, 58).  Thus, YeaZ is also annotated as a “non-

peptidase homolog” of the M22 endopeptidases (8).  However, in E. coli, YeaZ possesses 

a protease activity that specifically cleaves YgjD in vitro, suggesting that YeaZ may 

regulate YgjD’s function at the post-translational level (27).  

 

1.4  The function of the unknown protein SA1857 

In S. aureus, SA1857 is a 17 kD functionally unknown protein that is highly conserved in 

eubacteria.  Its homolog in E. coli, annotated as YjeE, is essential for growth of E. coli 

growth (3, 15, 19), Streptococcus pneumonia (42), and Francisella novicida (20).  

However, the YjeE homologues are not essential in other species such as Anabaena (75) 

and S. aureus (76).  Contradictory conclusions of the essentiality of YdiB, YjeE’s 

homolog in Bacillus subtilis have been reported (34, 43), whereas it was finally proved to 

be dispensable for B. subtilis growth (39).   
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The crystal structure of YjeE homolog in Haemophilus influenzae has been solved (68) 

and it possesses a Walker A motif G-X-X-X-X-G-K-T indicating the possibility of a 

nucleotide binding property (70).  The structure analysis also has shown that YjeE is a P-

loop ATPase that binds and hydrolyzes ATP.  The phylogenetic analysis of YjeE 

indicates a putative involvement in cell wall biosynthesis.  

 

1.5  Networking of Gcp, YeaZ and SA1857 

The interaction of YeaZ and YgjD (Gcp homolog) was originally identified in E. coli, by 

using an affinity tagged-YeaZ (11) and confirmed in a bacteria hybrid system (27).  In 

addition, biochemical experiments have shown that YgjD is subject to proteolysis by 

YeaZ in vivo and in vitro.  These results indicate there is a functional relationship 

between YgjD and YeaZ in E. coli.  Moreover, an interaction between YeaZ and YjeE 

has also been identified in E. coli (27).  Thus, a hypothesized YjeE-YeaZ-YgjD 

networking system has been proposed for the mechanism of their biological functions and 

essentiality (27, 54).  In this model, the YgjD-YeaZ interaction may result in the 

degradation of YgjD and leads to the switching on or off of downstream signaling events, 

and YjeE may function as a regulator of this switch by competing for and binding to 

YeaZ, thus preventing the formation of an active YgjD/YeaZ complex.    

However, in S. aureus, these proteins (Gcp, YeaZ and SA1857) may function differently.  

Unlike in E. coli where ygjD, yeaZ and yjeE are localized within separate gene clusters 

dispersed throughout the genome, gcp, yeaZ and sa1857 are localized in one operon (46) 
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as shown in Fig 1.  Moreover, SA1857 is not essential for S. aureus growth suggesting a 

varying functional pattern among the three proteins in S. aureus (76).  

 
Lei, et al. PLoS ONE. 2011 

 

Fig 1. The co-transcription of the sa1857, sa1856 (yeaZ), sa1855, and sa1854 (gcp) 

genes. (A) Schematic representation of sa1857, sa1856 (yeaZ), sa1855, and sa1854 (gcp) 
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genes in S. aureus. (B) RT-PCR using different primer pairs. RT (2), total RNA of S. 

aureus used as the template; RT (+), cDNA used as the template; positive controls, the 

genomic DNA used as the template (lane 1, 4, 7); M, 1 kb DNA ladder. 
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1.6  The involvement of Gcp homolog YgjD, YeaZ, and YjeE in the biosynthesis of 

N
6
-threonylcarbamoyladenosine  

N
6
-threonylcarbamoyl adenosine (t6A) is a universal modification found at position 37 of 

ANN codons in the anticodon loop of a subset of tRNAs (28).  It comprises a carbonyl 

group and a threonine attached to the amino group of adenine.  Structural studies predict 

an important role for t6A in translational fidelity.  The role of t6A is to strengthen the A-

U codon-anticodon interaction (55), which is necessary for the decoding of ANN codons.  

It is also inferred crucial for aminoacyl identity for ANN decoding tRNAs (60).  It has 

been revealed that the biosynthesis of t6A is in an ATP-dependent process requiring 

threonine and carbonate (18). Recently, two groups have identified that the KEOPS 

complex as well as Qri7 in yeast and the YgjD in E. coli are crucial for the biosynthesis 

of t6A (16, 66).  Deletion of Kae1, Bud32 and Qri7 in yeast as well as YgjD in E. coli, 

led to a significant decrease in the intracellular t6A level.  More recently, the deletion of 

YgjD, YeaZ or YjeE, the three essential proteins in E. coli, all resulted in the loss of t6A 

in E. coli, suggesting that the functionally associated YjeE-YeaZ-YgjD network is 

required for t6A biosynthesis (14).  Because t6A is a key component in translational 

fidelity, it was postulated that the essentiality of Gcp family might be attributable to its 

regulation of the global translation activities through t6A.   
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Chapter 2. The Importance of Gcp and YeaZ for Staphylococcus aureus 

Growth 

2.1  Introduction 

Gcp is conserved and universal in all three domains of life with genomes sequenced (29).  

Its essentiality for bacterial growth has been determined for all the tested eubacteria, such 

as Escherichia coli (4), Bacillus subtilis (19, 28), Francisella novicida (13), 

Pseudomonas aeruginosa (33), Mycoplasma genetalium (15), and Streptococcus 

pneumoniae (42).  Even in the eukaryotes, the deletion of the Gcp homolog is lethal for 

the early stage embryo of Arabidopsis thaliana (17) and results in a severe growth defect 

in Saccharomyces cerevisiae (10, 18, 26).  Our laboratory previously demonstrated that 

Gcp is essential for Staphylococcus aureus growth through the methods of insertion 

mutation and antisense RNA interference technology using a chemically modified 

laboratory strain, RN4220, which is able to accept foreign DNA (47).  However, the gcp 

insertional mutation resulted in a truncated Gcp segment that may contain functional 

domains.  Another concern is the use of the mutated laboratory strain RN4220, as 

genome sequencing analysis has revealed that RN4220 contains numorous genetic 

polymorphisms associated with both virulence and general fitness, indicating the need for 

caution in using RN4220 for such studies (38).  Thus the essentiality of Gcp needs to be 

further defined in wild type strains of S. aureus. 

 

YeaZ is a paralog of Gcp and in S. aureus they share 29% identity within their first 100 

amino acids; and the yeaZ gene is located in the same operon as gcp.  Unlike the 
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universality of Gcp, YeaZ is uniquely present in bacteria and is found in all bacterial 

genomes sequenced to date.  It has been demonstrated or inferred to be essential for 

viability of E. coli (5), B. subtilis (19, 28), F. novicida (13), P. aeruginosa (33), M. 

genetalium (15), and S. pneumonia (45).  The essentiality of YeaZ in S. aureus has been 

reported using a global essential protein screening assay using RN4220 (45).  Again, 

concerns that the modified RN4220 genome may affect the cell physiology and fitness of 

this strain, and that yeaZ insertional mutation may have a polar effect on the downstream 

essential gcp gene, the essentiality of YeaZ needs to be further determined in a wild-type 

S. aureus strain.  

To examine the essentiality of Gcp and YeaZ in S. aureus, in this study, I constructed a 

defined Pspac-regulated (IPTG inducible) Gcp and YeaZ expression mutants in wild type 

S. aureus.  The requirement of Gcp and YeaZ for bacterial growth was determined, 

respectively.  The impact of Gcp and YeaZ on bacterial cell morphology was also 

examined using electron microscopy. 
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2.2  Materials and Methods 

Bacterial strains and culture media 

The bacterial strains and plasmids used in the study are listed in Table 1.  E. coli strain, 

DH10B, was used as a host for recombinant plasmid construction and amplification.  

Luria-Bertani (LB) liquid medium and LB-agar plates were used for the growth and 

maintenance of E. coli.  S. aureus laboratory strain RN4220 was used as an intermediate 

host strain prior to introducing plasmids into wild type S. aureus strains.  S. aureus 

WCUH29, a hospital associated MRSA strain, and strain 923, a community acquired 

MRSA strain (USA300), were used for genetic manipulation and growth characterization.  

Tryptic soy broth (TSB) medium and chemically defined media (CDM) were used for the 

cultivation of S. aureus.  When appropriate, supplements were added to media at 

following concentrations: ampicillin, 100 µg/ml; kanamycin; 50 µg/ml; tetracycline, 5 

µg/ml; anhydrotetracycline (ATc), 100 ng/ml; chloramphenicol, 5 µg/ml; erythromycin, 

300 µg/ml in LB and 5 µg/ml in TSB; isopropyl β-D-1-thiogalactopyranoside (IPTG), 

200 µM. 

 

Construction of the integration plasmid pLH1 

The integration plasmid pLL39 (35) which contains the Phage 11 attP site was used as 

backbone of the integration vector.  The restriction enzymes SmaI and PstI were used to 

generate a linear 5’ blunt and 3’ sticky vector.  A 2.1 kb segment containing the Pspac 

promoter and lacI gene was amplified from pLZ109 (46) by PCR using a high fidelity 

AccuPrime
TM

 Pfx DNA Polymerase (Invitrogen, Life Technologies Corporation), 
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digested with PstI and then ligated with linear pLL39 through PstI and the SmaI blunt 

end, resulting in the integration plasmid pLH1 that was utilized for the construction of 

gcp or yeaZ meridiploid integration strain 

 

In-frame deletion of gcp and yeaZ in WCUH29 

To remove the endogenous gcp or yeaZ gene from the chromosome of WCUH29, a 

homologous recombination strategy was employed by using the temperature sensitive 

plasmid pKOR1 as described (6).  Briefly, 1.2 kb segments from upstream and 

downstream of gcp or yeaZ were amplified and ligated through 3’-5’ phosphodiester 

bond creating an in-frame deletion of the gene.  The ligation product was then integrated 

into pKOR1 through the lambda recombination cassette using Gateway® BP Clonase® II 

Enzyme Mix (Life Technologies Corporation).  The resulting recombinant plasmid, 

pKOR1/∆gcp or pKOR1/∆yeaZ was transformed into E. coli DH10B and the 

recombination was selected through the counter selection marker of ccdB cassette which 

encodes an E. coli gyrase inhibitor protein.  The recombinant plasmid pKOR1/∆gcp or 

pKOR1/∆yeaZ was purified from DH10B, and was then electroporated into S. arueus 

RN4220.  The electro-transformants were selected with chloramphenicol, grown at the 

plasmid replication permissive temperature of 30 
°
C and confirmed by colony PCR.  The 

confirmed RN4220/ pKOR1/∆gcp or RN4220/ pKOR1/∆yeaZ cells were cultured in TSB 

with chloramphenicol at the permissive temperature of 30 
°
C.  The recombinant 

pKOR1/∆gcp or pKOR1/∆yeaZ plasmid was isolated from RN4220 and electroporated to 

WCUH29.  Colonies arose on agar plates at 30 
°
C and were then inoculated into liquid 
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TSB containing chloramphenicol and cultured overnight at 30 
°
C.  The cultured cells 

were inoculated 1: 1000 into liquid TSB and cultured overnight at non-permissive 

temperature of 42 
°
C with chloramphenicol.  The overnight culture was streaked out onto 

agar plates containing chloramphenicol and incubated at 42 
°
C.  A single large colony 

was inoculated into liquid TSB without any antibiotics and cultured overnight at 30 
°
C.  

The culture was diluted 1:10000 and 5-10 µl of diluted culture was plated on agar plates 

containing 100 ng/ml of ATc.  The plates were incubated overnight at 30 
°
C.  Several 

large colonies were inoculated into TSB and incubated at 37 
°
C.  The deletion mutants 

were characterized by diagnostic PCR with primers listed in Table 2. 

 

Construction of a defined Pspac-regulated gcp/yeaZ/gcp operon expression mutant 

in S. aureus  

The construction of a defined Pspac-regulated gcp expression mutant strain in WCUH29 

was performed as described (11).  Briefly, the gcp gene was obtained by PCR with 

primers listed in Table 2, cloned downstream of the Pspac promoter in the integration 

vector pLH1 (Table 1) with tetracycline for selection.  The recombinant plasmid was 

electroporated into RN4220 and was integrated into the chromosome at the Phage 11 attB 

site as previously described (35).  The chromosome segment containing the Pspac-gcp 

cassette was then transferred from RN4220 to WCUH29 by phage transduction as 

described using tetracycline selection (20) and confirmed by diagnostic PCR.  After the 

Pspac-gcp segment was transduced into the WCUH29 chromosome, the endogenous gcp 

gene was then deleted by homogenous recombination using the temperature sensitive 
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plasmid pKOR1 as described (6).  Using the same strategy, the Pspac-regulated yeaZ and 

gcp operon conditional knockout mutants in WCUH29 and 923 strains were created.  

 

 

 

Fig 2. General strategy for the construction of defined Pspac-regulated gcp expression 

mutant in wild type S. aureus.  (A) gcp gene was fused with Pspac promoter in the vector 

pLH1, and was then inserted into the genome of RN4220 via an attP/attB phage 11 

integrase system.  The genome with Pspac-regulated gcp insertion was then transferred 

into wild type strains WCUH29 or 923 to produce a gcp merodiploid.  (B) The strain was 

then subjected to the allelic replacement mutagenesis and resolution as described in 

“Materials and Methods” to delete the native gcp.  (C) The native gcp was completely 

deleted leaving the single copy of gcp under the regulation of Pspac promoter.  The yeaZ 

and gcp operon were also deleted via the same strategy. 

A 

C 

B 
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Titration of bacterial growth 

Staphylococcus aureus growth curves were obtained using an automated BioTek Synergy 

Microplate Reader in a 96-well plate format.  S. aureus strains were incubated at 37 
°
C 

overnight in TSB with appropriate antibiotics.  All the cultures were grown to 

OD600=1.25 and were diluted 1: 10
6 

with TSB containing appropriate antibiotics.  IPTG 

were supplemented to the medium at concentrations of 0, 10, 25, and 100 µM.  Cell 

growth was monitored at 37 
°
C by measuring absorbance of the culture at 600 nm 

(OD600nm) every 15 min. 

 

Complementary assay of gcp and yeaZ  

We created two complementary plasmids with different antibiotics resistance. We first 

created a shuttle vector using pFF40 as a backbone, which expresses the lacI gene (46).  

A TetR regulatory cassette, obtained by PCR from vector pYH4 (21), was inserted into 

the SacII site of pFF40 and the new plasmid was designated as pMY1107 carrying 

ampicillin resistance in E. coli and kanamycin resistance in S. aureus.  We also created 

another shuttle vector using the plasmid pYH4 as the backbone. The lacI cassette 

obtained by PCR from pFF40, was inserted in pYH4 at the unique EcoRI site resulting in 

pYH4-lacI.  The genes gcp and yeaZ were amplified using primers listed in Table 2 and 

were both inserted into pMY1107 and pYH4-lacI through restriction enzyme sites PmeI 

and AscI resulting in plasmids pMY1107-gcp, pMY1107-yeaZ, pYH4-lacI-gcp and 

pYH4-lacI-yeaZ.  The resulting plasmids were then electroporated into Pspac regulated 

gcp, yeaZ or gcp operon conditional knockout strains.  The titration of cell growth with 
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different IPTG concentrations was carried as described in “2.2 Materials and Methods, 

Titration of bacterial growth”. 

 

Scanning electron microscopy 

The S. aureus cells were cultured and collected in the early log phase at OD600nm of 

0.4-0.5.  Cells were then placed in 2.5% glutaraldehyde (Electron Microscopy Sciences, 

Hatfield, PA, USA) in 0.1M sodium cacodylate (Electron Microscopy Sciences, Hatfield, 

PA, USA) buffer immediately.  These samples were resuspended gently to enhance 

fixation. Samples were fixed overnight at 4 °C and processed the following day.  These 

samples were washed three times in 0.1M sodium cacodylate buffer and post fixed in 1% 

Osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA, USA) in 0.1M sodium 

cacodylate buffer for 1 hour, followed by three more washes in distilled water.  These 

samples were then dehydrated using a 25-100% ethanol gradient. Samples were then 

transferred to three changes of Hexamethyldisilazane (HMDS) (Electron Microscopy 

Sciences, Hatfield, PA, USA) for 1 minute each and then reconstituted with HMDS.  

Reconstituted samples were air dried on cover slips (Electron Microscopy Sciences, 

Hatfield, PA, USA).  These cover slips were mounted on scanning electron microscopy 

stubs (Electron Microscopy Sciences, Hatfield, PA, USA).  These stubs were then coated 

with platinum on a fullam sputter coater (Tedpella Inc, Redding, CA, USA) and viewed 

using the Hitachi S3500N (Hitachi Hi-tech, Japan) scanning electron microscope. Images 

were captured using Quartz PCI digital imaging software (Quartz Imaging Corporation, 

British Columbia, Canada).  Randomly 20 bacteria cells were selected in each sample and 
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the cell area of the bacteria were measured using the iTem (Olympus SIS, Munster, 

Germany) software. 

 

Transmission electron microscopy 

The S. aureus cells were cultured and collected in the early log phase at OD600nm of 

0.4-0.5.  Cells were then placed in 2.5% glutaraldehyde (Electron Microscopy Sciences, 

Hatfield, PA, USA) in 0.1M sodium cacodylate (Electron Microscopy Sciences, Hatfield, 

PA, USA) buffer immediately.  These samples were reconstituted gently to enhance 

better fixation.  Samples were fixed overnight at 4 °C and processed the following day.  

These samples were washed three times in 0.1M sodium cacodylate buffer and post fixed 

in 1% Osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA, USA) in 0.1M 

sodium cacodylate buffer for 1 hour. Followed by three more washes in distilled water 

samples were then dehydrated using a 25-100% acetone gradient.  Samples were then 

infiltrated with 2:1 Acetone: Embed 812 resin (Electron Microscopy Sciences, Hatfield, 

PA, USA) for 1 hours and subsequently transferred to a 1:2 Acetone: Embed 812 resin 

mixture for 1 hour.  Finally, they were infiltrated with 100% resin and were embedded in 

gelatin capsules (Electron Microscopy Sciences, Hatfield, PA, USA) and incubated at 

58 °C for 24 hours to polymerize the resin.  

Sectioning 

Embedded samples were trimmed and sectioned on a Leica UC6 Ultramicrotome (Leica 

Microsystems, Vienna, Austria).  Thin sections (60-70 nm) were obtained and collected 

on a 200 mesh copper grid (Electron Microscopy Sciences, Hatfield, PA, USA) using a 
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perfect loop. 

Staining and imaging 

Grids were stained with 5% uranyl acetate for 20 minutes and Satos’ lead citrate for 6 

minutes.  These sections were observed under JEOL 1200 EX II transmission electron 

microscope (JEOL LTD, Tokyo, Japan).  Images were obtained using a Veleta 2K x2K 

camera with iTEM software (Olympus SIS, Munster, Germany). 

Data analysis 

Randomly 20 bacteria cells were selected in each sample and the area, perimeter and the 

peptidoglycan thickness were measured using the iTem software. 
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Table 1.  Strains and plasmids used in this study 

Strain/ plasmid Description Reference 

Strains   

RN4220  Staphylococcus aureus laboratory strain; rsbU
-
 (30) 

WCUH29 Clinical HA-MRSA N315 strain (22)  

923 Clinical CA-MRSA USA300 strain (8, 37) 

W29/ 

pKOR1/∆gcp 

WCUH29 carrying pKOR1/∆gcp This study 

W29/ 

pKOR1/∆yeaZ 

WCUH29 carrying pKOR1/∆yeaZ This study 

JW290011 WCUH29 attB:: pLH1 This study 

JW290111 WCUH29 ∆gcp attB:: Pspac-gcp containing plasmid 

pYH4-lacI 

This study 

JW290211 WCUH29 ∆yeaZ attB:: Pspac-yeaZ containing 

plasmid pYH4-lacI 

This study 

JW290311 WCUH29 ∆gcp ∆sa1855 ∆yeaZ ∆sa1857 attB:: 

Pspac-gcp operon containing plasmid pYH4-lacI 

This study 

J923GKO 923 ∆gcp attB:: Pspac-gcp containing plasmid pYH4-

lacI 

This study 

J923YKO 923 ∆yeaZ attB:: Pspac-yeaZ containing plasmid 

pYH4-lacI 

This study 

J923SKO 923 ∆gcp ∆sa1855 ∆yeaZ ∆sa1857 attB:: Pspac-gcp 

operon containing plasmid pYH4-lacI and pMY1107 

This study 

J9230111 J923GKO containing pYH4-lacI-gcp This study 

J9230211 J923YKO containing pYH4-lacI-yeaZ This study 

J9230311 J923SKO containing pMY1107-gcp and pYH4-lacI-

yeaZ 

This study 

J9230411 J923SKO containing pMY1107-yeaZ and pYH4-lacI-

gcp 

This study 

Plasmids   

pLL39 Integration vector carrying phage 11 attP site  (35) 

pLZ109 Shuttle vector carrying Pspac promoter and lacI 

cassette 

(46) 

pLH1 pLL39 carrying Pspac-lacI segment This study 

pLH1-gcp pLH1 carrying gcp This study 

pLH1-yeaZ pLH1 carrying yeaZ This study 

pLH1-gcp op pLH1 carrying gcp operon This study 

pYH4 Shuttle vector in E. coli and S. aureus, containing 

TetR regulated cassette 

(21) 

pYH4-lacI lacI segment inserted into EcoRI site of pYH4 This study 

pMY1107 Shuttle vector, pFF40 inserted with TetR regulation 

region 

This study 
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pYH4-lacI-gcp pYH4-lacI carrying gcp This study 

pYH4-lacI-yeaZ pYH4-lacI carrying yeaZ This study 

pXL108 pMY1107 carrying gcp This study 

pMY1107-yeaZ pMY1107 carrying yeaZ This study 

pKOR1 E.coli/ S.aureus shuttle vector, permits lambda 

recombination and ccdB selection; temperature 

sensitive in S. aureus, 

(6) 

pKOR1/∆gcp pKOR1 vector carrying gcp flanking sequences for 

gcp allelic replacement 

This study 

pKOR1/∆yeaZ pKOR1 vector carrying gcp flanking sequences for 

gcp allelic replacement 

This study 
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Table 2  Primers used in this study 

Name Primer 

PspacLacIForPstI TTCTGCAGATCTGGTAATGACTCT 

PspacLacIRevBglII TTAGATCTTCACTGCCCGCTTTCCAGTC 

Scv4 ACCCAGTTTGTAATTCCAGGAG 

Scv10 TATACCTCGATGATGTGCATAC 

Scv8 GCACATAATTGCTCACAGCCA 

Scv9 GCTGATCTAACAATCCAATCCA 

GcpForNotI2 TTGCGGCCGCAGGAGGTAATTTAAATGACTAAAGAT 

GcpRevBamHI TTGGATCCTTATTCTGCAGAATACTCTTC 

YeaZForNotI2 TTGCGGCCGCAGGAGGTGAACATTATGAACAAATTA

AGG 

YeaZRevBamHI TTGGATCCTTAATTGTTCTTTTGACTGTTG 

SA185XForNotI2 TTGCGGCCGCAGGAGGTATCAACATTGATAAAGATA

AAT 

LacIForEcoRI GCGAATTCTCATCATTTCCTTCCGAAAAAACG 

LacIRevEcoRI GCGAATTCTCACTGCCCGCTTTCCAGTC 

Ji/gcpfor1 AAA CTA TGA CTA AAG ATA TAT TAA TAC TAG 

Ji/gcprevAscI TTG GCG CGC CTT CTG CAG AAT ACT CTT CTA 

YeaZFor2 AAACTATGAACAAATTAAGGAGGCAA 

YeaZRevAscI TTGGCGCGCCTTAATTGTTCTTTTGACTGTTGA 

GcpLattBFor GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGATT

GTTATCGCTTAG 

GcpLattBRev TTCACCCACATAACCATTG 

GcpRattBFor*  AATAAACGTCAGTTATTAACATG 

GcpRattBRev  GGGGACCACTTTGTACAAGAAAGCTGGGTTCTATCTT

TTATGCATCCAATG 

YeaZLattBFor GGGGACAAGTTTGTACAAAAAAGCAGGCTTTAGGAA

TGTAAAATACGCC 

YeaZLattBRev TCAATGAGCAGCGAATTCA 

YeaZRattBFor* TACTCCTAAATACCATAAATTAG 

YeaZRattBRev GGGGACCACTTTGTACAAGAAAGCTGGGTAGCAACA

ATTAATCGCTGAAC 

SA185XLattBFor GGGGACAAGTTTGTACAAAAAAGCAGGCTAAGTGCA

AATGCATCATCAA 

SA185XLattBRev TGTTGATTCTCCTATATTATGC 

* Indicates the addition of a 5’ phosphate to the primer. 
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2.3  Results 

2.3.1  Gcp is essential for Staphylococcus aureus growth. 

Our lab previously demonstrated that Gcp is essential for S. aureus growth through 

construction of a regulated gcp antisense RNA expression strain and a gcp truncated 

conditional knockout mutant in commonly used S. aureus laboratory strain RN4220 (47).  

To avoid the potential artificial effects due to highly modified genome in RN4220, I 

constructed defined gcp knockout strain using S. aureus clinical isolates WCUH29 and 

923.  Two strategies were applied for the construction of the defined Gcp knockout strain.  

One is a direct in-frame deletion of gcp as described in “2.2 Materials and Methods”.  

The other method is to construct the defined Pspac-regulated gcp expression mutant, in 

which a Pspac regulated gcp copy was inserted into the phage 11 attB site in the 

chromosome as described in “2.2 Materials and Methods”.  Diagnostic PCR was carried 

out with the outward primers flanking the upstream and downstream segments of gcp in 

the gcp depletion colonies on the selective plates supplemented with ATc (6).  For the 

colonies with insertion of Pspac-regulated gcp cassette in the chromosome, 5 out of 12 

colonies were identified with gcp deletion which gave a deletion rate of 41.7% (Fig 3).   

However, gcp deletion colonies were not found using the direct in-frame deletion strategy, 

indicating the indispensability of gcp for S. aureus growth.   
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Fig 3. Diagnostic PCR screening for the gcp/ yeaZ deletion in WCUH29 with different 

strategies.  The gcp or yeaZ genes were amplified from S. aureus colonies on the 

selective plate containing 200 ng/ml ATc and then analyzed on a 0.8% agarose gel. The 

expected size for PCR products from the wild-type or gcp deletion mutant is 3.4 kb or 2.4 

kb, respectively. The expected size for PCR products from the wild-type or yeaZ deletion 

mutant is 3.1 kb or 2.4 kb, respectively. The mutants with integration of Pspac regulated 

gcp/yeaZ in the chromosome are indicated.  The size of 1 kb DNA ladder is 0.5, 1.0, 1.5, 

2.0, 3.0, 4.0, 5.0, 6.0, 8.0, and 10.0 kb. 

 

To further determine the essentiality of Gcp, we carried out titration assays for the 

constructed conditional gcp knockout strains in WCUH29.  As we expected, without any 

inducer IPTG, growth of the gcp mutant was fully repressed.  In a dose dependent 

manner, the growth of gcp mutant was restored with increasing concentrations of IPTG 

(Fig 4A).  The IPTG dependent growth of the defined gcp conditional mutant in wild type 

S. aureus is consistent with our previous finding that Gcp is essential for S. aureus 

growth (47). 
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Fig 4. Growth dependence on IPTG of defined Pspac-regulated gcp, yeaZ and gcp operon 

expression mutants.  Growth curves were collected by kinetically measuring cell density 

of Pspac-regulated gcp (A), yeaZ (B), and gcp operon (C) mutants constructed in 

WCUH29.  TSB with added erythromycin and varying concentrations of IPTG (µM) as 

indicated. 
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To further confirm the growth repression in the gcp deletion strain is Gcp specific, I 

performed a Gcp complementatary assay.  The gcp gene was cloned into the shuttle 

vector pYH4-lacI and was then transformed into the defined gcp conditional knockout 

mutant in the 923 strain. gcp is constitutively expressed due to the leakiness of Pxyl/tetO 

promoter.  As expected, the gcp complementary strain exhibited an IPTG independent 

growth phenotype (Fig 5A), indicating gcp expression in trans complimented the growth 

defect due to the depletion of Gcp, while the control with the empty pYH4-lacI plasmid 

maintained an IPTG dependent growth phenotype (Fig 5C).  Taken together, the above 

data demonstrates the essentiality of Gcp for S. aureus growth in culture. 
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Fig 5. The complementatary effect of Gcp and YeaZ for defined Pspac-regulated gcp and 

yeaZ expression mutants constructed in 923.  The growth curves were measured 

kinetically in the Pspac-regulated gcp expression strains transformed with pYH4-lacI-gcp 

(A) and pYH4-lacI (C), as well as on Pspac-regulated yeaZ expression strains 

transformed with pYH4-lacI-yeaZ (B) and pYH4-lacI (D).  The parental strain 923 with 

pLH1 integration in the chromosome (E) was used as a wild type control. The 

erythromycin as well as varying concentrations of IPTG (µM) was added to the TSB 

media. 
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2.3.2  YeaZ is essential for S. aureus growth. 

YeaZ is the paralog of Gcp and is also reported to be an essential protein in many 

eubacteria such as E. coli (5, 16) and B. subtilis (19, 28).  The essentiality of YeaZ in S. 

aureus has been previously reported using a global genomic approach based on allelic 

replacement mutagenesis in RN4220 (45).  Since yeaZ is localized upstream of gcp 

within the same operon, the replacement of yeaZ with an external ermC cassette may 

cause polar effects for gcp transcription and result in the lethal phenomenon seen in S. 

aureus with these previous investigational approaches.  It is also a concern that the 

laboratory strain RN4220 may not be an ideal model for S. aureus fitness tests due to a 

highly modified genetic background.  To examine the essentiality of YeaZ in S. aureus, I 

analyzed the essentiality of YeaZ by trying to construct a direct in-frame deletion yeaZ 

mutant and defined Pspac-regulated yeaZ expression mutant in wild type S. aureus.  

Diagnostic colony PCR was carried and 4 out of 14 colonies on the selective plate were 

identified with yeaZ deletion in the Pspac-regulated yeaZ expression mutant (Fig 3) 

giving a deletion rate for yeaZ is 28.6 %.  Similar to the direct gcp in-frame deletion 

mutant, no viable yeaZ deletion mutant were detected in the 14 direct in-frame deletion 

colonies analyzed in the wild-type strain.  The titration results exhibited an IPTG dose 

dependent growth phenotype in the defined yeaZ conditional knockout mutant (Fig 4B).  

In addition, the complementation studies showed that the yeaZ conditional knockout 

mutant exhibited IPTG independent growth when yeaZ was expressed in trans (Fig 5B).  

All the above results demonstrate that YeaZ is essential for S. aureus growth in 

laboratory culture. 
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2.3.3  SA1857 is not essential for S. aureus growth. 

The sa1857 gene is the first gene out of the four-gene gcp operon in S. aureus.  It encodes 

a functionally unknown protein SA1857 based on the genome annotation order from the 

S. aureus N315 strain.  Although its essentiality in S. aureus has been reported in 

RN4220 (45), the contradictory results of its essentiality exist in different 

microorganisms (3, 19, 28, 32, 45), even within the same bacterium, B. subtilis (19, 28).  

To determine the essentiality of SA1857 in S. aureus, I constructed a defined Pspac-

regulated gcp operon expression mutant in 923.  The titration results confirmed the 

essentiality of the whole gcp operon for S. aureus growth (Fig 4C).  Two compatible 

shuttle vectors, pYH4-lacI and pMY1107, carrying different origin of replications and 

antibiotic selection markers were used to construct the gcp and yeaZ complementary 

plasmids, respectively.  The gcp and yeaZ complementary plasmids were co-transformed 

into the gcp operon conditional knockout 923 mutant by electroporation.  To eliminate 

any influence of copy number, and therefore any gene dosage effect from Gcp and YeaZ 

levels in the cell, the two genes were placed in both plasmids and experiments were 

conducted using both combinations of complementation plasmids. Complementary 

assays was carried out in the gcp operon conditional knockout strains.  We found that the 

expression of Gcp and YeaZ in trans restored the growth of the gcp operon conditional 

knockout strain, and the IPTG dependent growth was eliminated when the IPTG 

concentration was increased to 10 µM (Fig 6A and 6B).  However, the growth of the gcp 

operon conditional knockout strain carrying the two control plasmids was remained 

dependent on IPTG, and exhibited the IPTG dose dependent growth phenotype (Fig 6C).  
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The above results further demonstrate the essentiality of Gcp and YeaZ, as well as 

indicate that the SA1857 and SA1855 proteins are dispensable for growth in S. aureus.  

Our results are consistent with the previous reports that SA1857 (or YdiB) is not an 

essential protein in S. aureus (45) and B. subtilis (19). 

  



 

 39 

 

 

Fig 6. Complementatary effects of gcp and yeaZ for defined Pspac-regulated gcp operon 

expression mutant constructed in 923. The growth curves were measured kinetically on 

Pspac-regulated gcp operon expression strains co-transformed with pMY1107-gcp and 

pYH4-lacI-yeaZ (A), as well as pYH4-lacI-gcp and pMY1107-yeaZ (B).  The Pspac-

regulated gcp operon expression strain transformed with empty vectors pMY1107 and 

pYH4-lacI (C) was used as a negative control.  Kanamycin and erythromycin as well as 

varying concentrations of IPTG (µM) were added to the TSB media. 
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2.3.4  Deletion of gcp and yeaZ is associated with unusual cellular morphologies. 

To understand the potential biological functions of Gcp and YeaZ, we carried out 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to 

determine the impact of depletion of Gcp and YeaZ on bacterial morphology using the 

gcp and yeaZ conditional knockout strains, JW290111 and JW290411. 

 

The SEM results are shown in Fig 7.  The depletion of either gcp (Fig 7C) or yeaZ (Fig 

7E) decreased cell size when compared with the wild type strain (Fig 7A).  Inducing gcp 

(Fig 7B) and yeaZ (Fig 7D) expression with IPTG restored the cell size in the gcp and 

yeaZ depletion strains, respectively.  To quantitatively examine this effect on bacterial 

cell size, we randomly picked 20 single cells to measure the cell area using iTem 

software.  We found that the average cell size decreased 1.5-fold, from 8.65×10
5
 nm

2
 in 

the gcp expression cells to 5.72×10
5
 nm

2
 in the gcp depletion cells (Fig 8A).  The cell 

size of yeaZ depletion strain also decreased 1.5-fold from 9.47×10
5
 nm

2
 in the yeaZ 

expression to 6.10×10
5
 nm

2
 (Fig 8B).    
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Fig 7. Scanning electron micrograph of S. aureus with Gcp or YeaZ depletion. SEM was 

taken on the control JW290011 (A); Gcp conditional knockout strain JW290111 grown in 

TSB with 200 µM IPTG (B) and without IPTG (C); and YeaZ conditional knockout 

strain JW290211 grown in TSB with 200 µM IPTG (D) and without IPTG (E). The scale 

bar represents 1 µm. 
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Fig 8. Scanning electron micrograph measurement of cell size of gcp and yeaZ depletion 

S. aureus strains.  Cell size was measured as the area of cells under SEM. gcp (A) or 

yeaZ (B) depletion strains were grown in the TSB with 200 µM IPTG or without IPTG 

were measured. The cell size of the parental strain JW290011 was measured as a control. 

Error bars represent standard errors or the means; n= 20. Star means the statistical 

difference, p< 0.05. 

 

Transmission electron micrographs of S. aureus with the suppressed production of Gcp 

are shown in Fig 9B.  In general, the depletion of Gcp results in a decreased bacterial cell 

size, which is consistent with our SEM results.  Moreover, we measured the impact of 

Gcp depletion on the cell wall thickness and found that the depletion of Gcp significantly 

increased the thickness of bacterial cell wall.  The majority of the Gcp depletion cells lost 

the ruffed appearance and exhibited a smooth cell surface.  The similar smooth cell 

surface appearance was also found in yeaZ depletion cells (Fig 9D).  The altered cell wall 

structure may contribute to the increased resistance of autolysis and antibiotic induced 

cell lysis previously seen in similar depletion strains (48).  The above results indicate a 

potential role of Gcp and YeaZ in the biosynthesis and formation of the S. aureus cell 

wall. 
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Fig 9. Transmission electron micrograph of S. aureus Gcp or YeaZ depletion strains. 

TEM was taken on the control JW290011 (A); Gcp conditional knockout strain 

JW290111 grown in TSB with 200 µM IPTG (B) and without IPTG (C); and YeaZ 

conditional knockout strain JW290211 grown in TSB with 200 µM IPTG (D) and 

without IPTG (E). 

C 

E D 

A 

B 



 

 44 

 

 

Fig 10. Transmission electron micrograph measurement of cell wall thickness of the Gcp 

and YeaZ depletion S. aureus strains. Cell wall thickness of Gcp conditional knockout 

strain JW290111 grown in TSB with 200 µM IPTG and without IPTG (A); and YeaZ 

conditional knockout strain JW290211 grown in TSB with 200 µM IPTG and without 

IPTG (B). The cell wall thickness of the parental strain JW290011 was measured as a 

control. Error bars represent standard errors or the means; n= 20. Star means the 

statistical difference, p< 0.05. 
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2.4  Discussion 

2.4.1  Both Gcp and YeaZ are necessary for bacterial growth in culture. 

In this study, we created defined Pspac-regulated gcp, yeaZ and gcp operon mutants in 

wild type S. aureus and performed complementation studies.  Our results provide 

compelling direct evidence proving that only two genes, gcp and yeaZ, located the gcp 

operon are essential for S. aureus growth, whereas sa1855 and sa1857 are dispensable for 

growth. 

 

Different approaches have been employed to comprehensively identify and validate the 

essential genes in many microorganisms.  Transposon mutagenesis is one of the methods 

that is widely used, such as transposition with genetic footprinting in H. influenzae (1, 2), 

S. pneumoniae (1), and E. coli (14), and a novel transposon approach, TnAraOut system 

in Vibrio cholera (23) and Salmonella enteritidis (25).  Other methods such as lethal 

insertion trapping and targeted gene disruption have been used for essential gene 

screening in B. subtilis (28), S. typhimurium (27), and S. pneumoniae (42, 45).  However, 

the drawback of these approaches is that the target genes are only interrupted, but not 

completely deleted, and the remaining gene fragment may still encode a truncated protein 

that may contain functional domains, which results in an incomplete gene inactivation.  

In addition, polar effects from the insertion or deletion may interfere with the 

transcription of downstream genes resulting in non-biological relevant artificial results.  

Hence it is necessary to further validate the essentiality of target genes by constructing 

precise in-frame deletions (34). 
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We previously identified the essentiality of staphylococcal Gcp using an insertional 

approach resulting in a truncated Gcp conditional knockout mutant in RN4220, which 

was confirmed with in TetR-regulated antisense RNA technology strain (47).  However, 

RN4220 is derived from NCTC8325-4 using UV and chemical mutagenesis to allow the 

strain to accept non-staphylococcal derived DNA (30). Besides the known deficiency of 

the SauI restriction system (mutation in sau1 hsdR gene) and stress induced SigB system 

(deletion in rsbU), RN4220 also shows an agr deficient phenotype (40, 43, 44).  Whole 

genome sequencing had identified a number of genetic polymorphisms associated with 

both virulence and general fitness in RN4220 (38).  Thus, it is crucial to further evaluate 

the requirement of Gcp for the growth of wild-type S. aureus strains.  Our studies using 

clinical S. aureus isolates, WCUH29 and 923 have defined the essentiality of Gcp and 

YeaZ for S. aureus growth using in vitro culturing techniques. 

 

2.4.2  SA1857 is dispensable for growth in S. aureus 

The importance of SA1857 homologs in different bacteria has previously been 

contradictory.  Earlier investigations showed that this protein was essential in the Gram-

negative bacteria E. coli (3, 12, 14, 32) and H. influenzae (45) as well as in Gram-positive 

bacteria S. pneumoniae (32, 45) and B. subtilis using gene insertion mutagenesis (28).  

However, a defined YdiB (SA1857 homolog) deletion mutant was generated and viable 

in B. subtilis, indicating its dispensability for B. subtilis growth (19).  The contradictory 

results obtained in B. subtilis might be due to the different mutagenesis approaches, as the 

insertional mutagenesis may have caused polar effects on downstream gene expression.  
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In this study, we utilized a complementary approach and observed the expression of Gcp 

and YeaZ in trans complements the depletion of Gcp, YeaZ, SA1855 and SA1857 in S. 

aureus, indicating both SA1855 and SA1857 are not necessary for S. aureus growth.  The 

varied importance of SA1857 homologs for bacterial growth suggests possible different 

biological functions for SA1857 homologs in different species. 

 

2.4.3  The cell morphology changes due to Gcp and YeaZ depletion 

Using scanning electron microscopy we revealed that Gcp and YeaZ are possibly 

associated with bacterial cell division/development, as the depletion of Gcp or YeaZ led 

to a marked decreased in cell size.  In E. coli, the impact of YgjD (Gcp’s homolog in 

E.coli) on cell morphology was investigated by several groups (7, 16, 24).  It was 

revealed that the depletion of YgjD affects bacterial cell size, indicating a role for YgjD 

in cell division and/or cellular elongation.  However, contradictory results have been 

reported.  Handford et al. first documented a mixed population of elongated and short 

(still enlarged relative to the wild type) cells under YgjD depletion conditions (16), 

whereas Katz et al. observed shorter E. coli cells than wild type (24).  Recently, 

Bergmiller et al. applied the single-cell time-lapse approach and found that in the E. coli 

YgjD depletion mutants the homeostasis of the cell elongation rate and division rate 

changed quantitatively over successive generations, leading to a small cell size and to a 

termination of cell division (7).  Interestingly, the reduced cell size was reminiscent of 

morphological changes during the stringent response in E. coli, which is found to be 

associated with the alarmone guanosine tetra/penta phosphate ((p)ppGpp) (9, 31, 41).  

The intracellular (p)ppGpp level might explain the different phenotypes found in two 
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groups (16), as KatZ et al. used a relA
+
spoT

+
 strain that maintains the regular level of 

(p)ppGpp, while Handford et al. used a relA1 allele MC4100 strain that possesses a 

reduced (p)ppGpp level under certain growth conditions (36).  In this study, the similar 

reduced cell size for Gcp or YeaZ depletion S. aureus was observed, suggesting that the 

staphylococcal Gcp and YeaZ may be involved in the (p)ppGpp global signaling pathway. 

 

Our transmission electron microscopy studies indicate that Gcp and YeaZ may be 

involved in the biosynthesis and/or the integrity of the cell wall.  Contradictory to the 

ruffled phenotype observed in the YgjD depleted E. coli cells by Handford et al. (16), we 

observed that the depletion of Gcp or YeaZ led to an unusual smoothing of the cell 

surface without fibrils in most of the S. aureus mutants.  This discrepancy may be due to 

the nature of the strains with different (p)ppGpp levels, or due to the different biological 

functions between Gcp and YgjD.  Moreover, the new finding of increased cell wall 

thickness in the Gcp depletion mutant may help to explain why the depletion of Gcp 

increases bacterial resistance to autolysis and antibiotics induced cell lysis (48).  

Interestingly, the increased antibiotics resistance phenotype is usually observed in the 

stringent response (39).  Thus, it is necessary to further investigate the roles of Gcp and 

YeaZ in cell wall biosynthesis and in the (p)ppGpp signaling pathway. 
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Chapter 3. Biochemical Analysis of Biological Properties of Gcp Protein 

Note: The main results of this chapter were published in the article “Lei, T., X. Liang, J. 

Yang, M. Yan, L. Zheng, B. Walcheck, and Y. Ji. 2011. The C-terminal domain of the 

novel essential protein Gcp is critical for interaction with another essential protein YeaZ 

of Staphylococcus aureus. PLoS One 6:e20163”. 

 

3.1  Introduction 

Our studies have demonstrated that Gcp is an essential protein for S. aureus growth and 

indicated it might be a potential target for the development of new classes antibacterial 

agents against MRSA and/or VRSA (35, 36).  The first homolog of Gcp was discovered 

in Mannheimia haemolytica (formerly Pasteurella haemolytica), which is found to 

specifically cleave O-sialoglycosilated proteins (1).  Gcp homologs are ubiquitous in all 

three kingdoms of life, with the exception of the endosymbiotic bacteria Carsonella 

ruddii and Sulcia muelleri, which have highly reduced genomes (25, 28). However, M. 

haemolytica Gcp is the only homolog to exhibit glycoprotease activity.  We have 

demonstrated that S. aureus Gcp plays an important role in the process of bacterial 

autolysis, suggesting its potential role in the cell wall biosynthesis pathway (36), however, 

the reason why Gcp is required for bacterial viability remains unknown.   

 

Structure analysis of Gcp homologs shows that they are part of the ASKHA (acetate and 

sugar kinases, HSP70 and actin) superfamily (11-14, 24).  A conserved metal binding 

motif HXEXH is inserted within the HSP70 (heat-shock protein70)-actin like fold 
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(HALF), suggesting its metal binding ability and an ATP dependent protease activity (11).  

The crystal structure analysis of the Pyrococcus abyssi Gcp homolog, Pa-Kae1, reveals it 

binds iron and ATP, and as well as binds DNA and possesses an apurinic endonuclease 

activity (13), whereas the Gcp homolog in yeast, Kae1 (kinase –associated endopeptidase 

1), is a component of the KEOPS/EKC (kinase, endopeptidase and other proteins of small 

size/endopeptidase-like and kinase associated to transcribed chromatin) complex that is 

required for telomere maintenance and transcription of essential eukaryotic genes (5, 14, 

21).  Collectively, the above data indicate that Gcp homologs may possess different 

functions among different species. 

 

YeaZ is another member of ASKHA superfamily, but only exists in bacteria.  Crystal 

structure analyses of the YeaZ homologs from E. coli (16), Salmonella typhimurium (29), 

and Thermotoga maritima (33), have revealed that these YeaZ homologs lack the metal 

binding motif and ATP binding motif found in Gcp. This suggests that YeaZ may bind to 

a nucleotide through interaction with a small molecule ligand or a partner protein to adopt 

an active conformation (29).  The interaction between Gcp and YeaZ in E. coli (10) and 

Streptococcus pneumoniae (31) has been characterized.  In addition, EcYeaZ can 

specifically cleave YgjD (10), but StYeaZ does not exhibit such an enzymatic activity 

(29).  

 

In this study, we utilized several biochemical approaches to characterize the biological 

functions of Gcp and YeaZ and demonstrated that the staphylococcal Gcp binds to YeaZ.  
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Importantly, we have identified the key domains of Gcp that are necessary for the Gcp-

YeaZ interaction as well as critical for their essentiality for S. aureus growth.  
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3.2  Materials and Methods 

Bacterial strain and culture medium 

The bacterial strains and plasmids used in the study are listed in Table 3.  E. coli strain, 

DH10B, was used as a host for recombinant plasmid construction and amplification. 

Luria-Bertani (LB) liquid medium and LB-agar plates were used for the growth and 

maintenance of E. coli.  The E. coli strain BL21 (DE3) was used as a host strain for the 

expression of recombinant Gcp and YeaZ.  The E. coli strain BTH101 was used as a host 

strain for the bacterial two hybrid analysis (19).  Ampicillin was used at 100 µg/ml in LB 

media for the selection of E. coli carrying the plasmid pGEX4T-1, pMY1107, or Yeast 

two-hybrid (Y2H) vectors pGAD-C1 and pGBD-C1.  Kanamycin was used at 50 µg/ml 

in LB media for the selection of E. coli carrying plasmid pET24b.  A Saccharomyces 

cerevisiae strain, PJ69-4A, was used in Y2H studies (15).  The PJ69-4A strain has three 

reporter genes for a positive Y2H interaction: HIS3 driven by GAL1 promoter, ADE2 by 

the GAL2 promoter, and lacZ by the GAL7 promoter.  YEPD (1% yeast extract, 2% 

peptone, 2% dextrose, pH 6.0) and synthetic complete (SC) liquid medium and plates 

were used for S. cerevisiae growth.  Where indicated, certain components were dropped 

out from the SC media. A Pspac-regulated gcp mutant of S. aureus was constructed as 

previously described (35), which was used as a host cell for complementation 

experiments.  S. aureus was grown in Tryptic Soy Broth (TSB) containing erythromycin 

(5 μg/ml) and different concentrations of isopropyl β-D-1-thiogalactopyranoside (IPTG) 

at 37 
°
C with shaking.   
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The human promyelocytic leukemia cell line, HL-60, was grown in RPMI-1640 (GIBCO) 

with 20% fetal bovine serum (GIBCO) at 37 
°
C, 5% CO2.  

 

Cloning, expression and purification of recombinant Gcp-His tag fusion protein and 

GST-YeaZ fusion protein and YeaZ protein 

The staphylococcal gcp and yeaZ genes were obtained by PCR using the primers listed in 

Table 4 and cloned into NdeI and XhoI sites of pET24b and BamHI and SalI sites of 

pGEX4T-1, respectively. The recombinant plasmids were transformed into E. coli strain 

BL21 (DE3).  An approximately 500 ml culture of each strain in LB medium was 

incubated aerobically at 37 
°
C to an optical density OD600 nm of 0.6.  The recombinant 

protein expression was subsequently induced by the addition of 1 mM IPTG.  After 5 h of 

incubation at 37 
°
C, cells were harvested by centrifugation.  For the purification of Gcp-

His fusion proteins, the cell pellet was collected and resuspended in the binding buffer 

(300 mM NaCl, 50 mM NaH2PO4, 8 M urea, 10 mM imidazole, pH 8.0) with the addition 

of 1 mg/ml lysozyme and 1 mM PMSF at room temperature for 1 h.  The cells were lysed 

by sonication on ice; after centrifugation at 25,000 g for 20 min at 4 
°
C, the supernatant 

was collected and applied to Ni-NTA resin (Qiagen) under denaturing condition 

according to the manufacturer’s instructions.  The purified recombinant Gcp proteins 

were refolded by dialysis using a series of dialysis buffers (300 mM NaCl, 50 mM 

NaH2PO4, 10% glycerol with 4 M, 2M, 1M, 0M urea, and final buffer 150 mM NaCl, 20 

mM NaH2PO4, PH 7.3).  For the purification of GST-YeaZ proteins, the cell pellet was 

resuspended in the binding buffer (150 mM NaCl, 20 mM NaH2PO4, pH 7.3) containing 
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1 mg/ml lysozyme and 1mM PMSF at room temperature for 1h.  The cells were lysed by 

sonication on ice; after centrifugation at 25,000 g for 20 min at 4 
°
C, the supernatant was 

collected and mixed with Glutathione Sepharose 4B beads (GE Healthcare) according to 

the manufacturer’s instructions.  For the purification of recombinant YeaZ, the thrombin 

(GE Healthcare) with the amount of 10 units/mg GST-fusion protein was added to the 

GST-YeaZ bound to the Glutathione Sepharose 4B beads in the binding/washing/ elution 

buffer (50 mM Tris-HCl pH7.5, 150 mM NaCl ) and incubated at room temperature (22-

25 
°
C) for 16 h as the manufacturer’s instructions.  The cleaved YeaZ was eluted with the 

binding/washing/ elution buffer and then loaded onto (Benzamidine Sepharose 6B beads 

(GE Healthcare).  The mixture was incubated at 4 
°
C for 1 h to remove thrombin.  The 

purified recombinant proteins were confirmed by SDS-polyacrylamide gel 

electrophoresis (PAGE) followed by Coomassie bright blue staining; the protein 

concentration was measured using theBCA
TM

 Protein Assay kit (Thermo Scientific).  The 

purified recombinant proteins were confirmed by SDS-polyacrylamide gel 

electrophoresis (PAGE) followed by Coomassie bright blue staining; the protein 

concentration was measured using the BCATM
 Protein Assay kit (Thermo Scientific).   

 

In vitro pull down assay 

Purified GST-YeaZ fusion protein was mixed with Glutathione Sepharose 4B resin at 

room temperature and allowed to bind for 30 min. A total of 15 µl of resin bound GST-

YeaZ protein was incubated with the molar equivalents of purified Gcp-His tag protein 

for 2 h at room temperature, washed 6 times with phosphate buffer solution using the 
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equivalent volume of 100 times the bead bed volume, and eluted by mixing with 2X the 

bead bed volume of elution buffer containing 10 mM reduced glutathione.  The elution 

fraction was subjected to SDS-PAGE and standard western blotting using rabbit anti-Gcp 

serum.  

 

Examination of protein interactions using the Y2H system  

To examine possible protein-protein interactions, we employed a yeast two-hybrid (Y2H) 

technology as described (8, 15).  The staphylococcal gcp, sa1855, yeaZ and sa1857 genes 

were amplified by PCR using the primers listed in Table 4.  PCR products were purified, 

cloned into EcoRI and BglII sites of pGAD-C1 two-hybrid vector containing GAL4 

transcription activation domain (GAL4AD) and BamHI and SalI sites of pGBD-C1 

vector containing GAL4 DNA-binding domain (GAL4BD), respectively.  The yeast 

strain PJ69-4A was co-transformed with the two fusion plasmids using the high 

efficiency LiAc-PEG method (8). The yeast transformants were grown on SC drop-out 

plates lacking leucine and tryptophan at 30 
°
C. The examination was performed either by 

streak plates or by spotting plates with serial dilutions of suspension on SC plates lacking 

leucine, tryptophan and histidine with 2 mM 3-amino-1,2,4,-triazole (3-AT) (SC-Leu, -

Trp, -His) and SC plates lacking leucine, tryptophan and adenine (SC-Leu, -Trp, -Ade). 

For the spot assays, yeast cells in exponential growth were harvested and resuspended at 

4 × 10
6
 cells per milliliter. A volume of 5µl of this cell suspension and its 5 fold serial 

dilutions were spotted on plates with from left to right. Growth on plates was examined 

daily and documented after 4 days of incubation. 
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Examination of protein interactions using the bacterial adenylate cyclase two-

hybrid (BACTH) system  

The bacterial two hybrid analysis was carried out as described (9). Briefly, the E. coli 

BTH101 was co-transformed with derivatives of plasmids pUT18 and pKNT25 or 

pUT18C and pKT25 encoding the T18 and T25 fragments of Bordetella pertussis adenyl 

cyclase as listed in Table 3.  Transformants were plated on LB plates containing 100 

µg/ml ampicillin, 50µg/ml kanamycin, 40µg/ml X-gal and 0.5 mM IPTG.  The results 

can be detected within 1-3 days at 30 
°
C.  The blue colonies indicate a protein positive 

interaction. 

 

Alanine scanning mutagenesis 

To identify the domains of Gcp important for binding with YeaZ, we performed alanine 

scanning mutagenesis assays.  Five to six amino acids of alanine per stretch replaced the 

native amino acids and were generated by PCR using the primers listed in Table 2 as 

previously described (7).  In brief, six pairs of primers were designed, including Gcpfor1 

with Gcp1-1revSacII, Gcp1-2revSacII and Gcp1-3revSacII, and GcprevAscI with Gcp1-

1forSacII, Gcp1-2forSacII and Gcp1-3forSacII (Table 2).  Three different 5’ end 

segments and 3’ end segments of gcp were amplified by PCR, ligated into the SacII site 

forming the mutated gcp1-1, gcp1-2, and gcp1-3, respectively.  These mutated genes 

encode three different C-terminal alanine stretch mutants, Gcp317-322A, Gcp324-329A, 

and Gcp332-336A, respectively. 
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Construction of complementation plasmids and characterization of staphylococcal 

growth 

In order to examine whether the expression of wild type or the constructed alanine 

mutants of Gcp in trans are able to complement the depletion of endogenous Gcp, we 

created a complementation plasmid using a shuttle vector, pFF40, which expresses the 

lacI gene (34).  A TetR regulatory cassette, obtained by PCR from pYH4, was inserted 

into the SacII site of pFF40 and the new plasmid was designated as pMY1107.  The wild 

type and alanine mutant gcp genes were obtained by PCR using the primers listed in 

Table 4 and cloned into the PmeI and AscI sites of pMY1107, resulting in plasmids 

pXL108, pLT109, pLT209, pLT309, pLT409, and pLT509.  The recombinant plasmids 

were electroporated into the Pspac-regulated gcp S. aureus conditional mutant (35).  The 

growth curves of transformed S. aureus were obtained using an automated microtiter 

plate format with a SpectrMaxPlus384 spectrophotometer (Molecular Devices).  S. 

aureus strains were incubated in TSB with appropriate antibiotics and different 

concentrations of IPTG (0, 5, 20, 50 and 100 μM) at 37 °C.  Cell growth was monitored 

by measuring OD600nm every 15 min with 1 min mixing before each reading. 

 

Enzymatic activity analysis 

To determine whether the staphylococcal Gcp and YeaZ possess any O-sialoglycoprotein 

endopeptidase activity or protease activity, purified recombinant Gcp and YeaZ proteins 

were utilized to treat O-sialoglycoprotein glycophorin A (Sigma) as described (32).  The 

degradation of glycophorin A protein was detected by SDS-PAGE and western blotting 
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using a monoclonal antibody against glycophorin A.  To examine the effect of different 

ions, including magnesium, calcium, and zinc on any potential enzymatic activity, the 

purified recombinant Gcp and/or YeaZ was incubated with glycophorin A in individual 

reaction buffers containing different concentrations of Mg
2+

, Mn
2+

, Ca
2+

, or Zn
2+

 at 37°C 

for 3 h.  For the glycoprotease activity against PSGL-1 expressed on HL-60 cells, the O-

Sialoglycoprotein Endopeptidase and the recombinant Gcp and YeaZ were added to live 

1 × 10
6
 HL-60 cells in 200 µl cell culture media on a 96 well cell culture plate.  The plate 

was incubated at 37 °C for 3 h and then washed 2 times with cell culture media.  Mouse 

anti PSGL-1 monoclonal antibody was incubated with the cells at 37 °C for 30 min and 

washed, and then FITC labeled anti-mouse monoclonal antibodies was added and 

incubated 37 °C for 30 min.  After washing, the shedding of PSGL-1 on cells was 

examined by flow cytometry with BD FACSCanto® RUO Special Order System (BD 

Biosciences). 
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Table 3.  Strains and plasmids used in this study 

Strain/ plasmid Description Reference 

Strains   

RN4220  Laboratory strain; rsbU
-
 (22) 

WCUH29 Clinical human isolate; rsbU
+
 (17)  

JRN0105 RN4220::Pspac-gcp,  spac promoter regulated gcp 

expression mutant  

(35) 

 

JRN0110 JRN0105 with plasmid encoded gcp This study 

JRN0210 JRN0105 with plasmid pMY1107 This study 

JRN0310 JRN0105 with plasmid pLT109 This study 

JRN0410 JRN0105 with plasmid pLT209 This study 

JRN0510 JRN0105 with plasmid pLT309 This study 

JRN0610 JRN0105 with plasmid pLT409 This study 

JRN0710 JRN0105 with plasmid pLT509 This study 

PJ69-4A MATa  trp1-901  leu2-3, 112 ura3-52  his3-200  

gal4∆gal80∆LYS2::GAL1-HIS3 GAL2-ADE2 

met2::GAL7-lacZ 

(15) 

BTH101 F-, cya-99, araD139, galE15, galK16, rpsL1 (Str r), 

hsdR2, mcrA1, mcrB1. 

(9) 

BTHZip BTH carrying pKT25-zip/pUT18C-zip This study 

J923GKO-2 923 ∆gcp attB:: Pspac-gcp carrying plasmid 

pMY1107 

This study 

J923YKO 923 ∆yeaZ attB:: Pspac-yeaZ carrying plasmid pYH4-

lacI 

This study 

J9230511 923 ∆gcp attB:: Pspac-gcp carrying plasmid pXL108 This study 

J9230211 923 ∆yeaZ attB:: Pspac-yeaZ carrying plasmid pYH4-

lacI-yeaZ 

This study 

J9230611 923 ∆gcp attB:: Pspac-gcp carrying plasmid 

pMY1107-ygjD 

This study 

J9230711 923 ∆yeaZ attB:: Pspac-yeaZ carrying plasmid pYH4-

lacI-EcyeaZ 

This study 

Plasmids   

pGEX4T-1 Overexpression vector, can be used to add GST tag to 

the N terminal of protein of interest 

GE Healthcare 

pET-24b Overexpression vector, can be used to add His tag to 

the N or C terminal of protein of interest 

Novagen 

pGAD-C1 /pGBD-

C1 

Y2H vector carrying GAL4 transcription activation / 

DNA binding domain 

(15) 

pGAD/gcp pGAD-C1 carrying gcp This study 

pGAD/gcpseg1 pGAD-C1 carrying gcpseg1 mutant This study 

pGAD/gcpseg2 pGAD-C1 carrying gcpseg2 mutant This study 

pGAD/gcpseg3 pGAD-C1 carrying gcpseg3 mutant This study 
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pGAD/gcpseg4 pGAD-C1 carrying gcpseg4 mutant This study 

pGAD/gcpseg5 pGAD-C1 carrying gcpseg5 mutant This study 

pGAD/gcpseg6 pGAD-C1 carrying gcpseg6 mutant This study 

pGAD/gcpseg7 pGAD-C1 carrying gcpseg7 mutant This study 

pGAD/gcpseg8 pGAD-C1 carrying gcpseg8 mutant This study 

pGAD/gcpseg9 pGAD-C1 carrying gcpseg9 mutant This study 

pGAD/gcp1-1 pGAD-C1 carrying gcp1-1 mutant This study 

pGAD/gcp1-2 pGAD-C1 carrying gcp1-2 mutant This study 

pGAD/gcp1-3 pGAD-C1 carrying gcp1-3 mutant This study 

pGAD/sa1855 pGAD-C1 carrying sa1855 This study 

pGAD/yeaZ pGAD-C1 carrying yeaZ This study 

pGAD/sa1857 pGAD-C1 carrying sa1857 This study 

pGBD/gcp pGBD-C1 carrying gcp This study 

pGBD/sa1855 pGBD-C1 carrying sa1855 This study 

pGBD/yeaZ pGBD-C1 carrying yeaZ This study 

pGBD/sa1857 pGBD-C1 carrying sa1857 This study 

pMY1107 pFF40 inserted with TetR regulation region This study 

pXL108 pMY1107 carrying gcp This study 

pLT109 pMY1107 carrying gcpseg1 mutant This study 

pLT209 pMY1107 carrying gcpseg2 mutant This study 

pLT309 pMY1107 carrying gcp1-1 mutant This study 

pLT409 pMY1107 carrying gcp1-2 mutant This study 

pLT509 pMY1107 carrying gcp1-3 mutant This study 

pKNT25 B2H vector carrying T25, N-terminal fusion  (9) 

pKT25 B2H vector carrying T25, C-terminal fusion (9) 

pUT18 B2H vector carrying T25, N-terminal fusion  (9) 

pUT18C B2H vector carrying T25, C-terminal fusion (9) 

pKT25-zip B2H vector carrying leucine zipper of GCN4  (18) 

pUT18C-zip B2H vector carrying leucine zipper of GCN4 (18) 

pKNT25-gcp pKNT25 carrying gcp  This study 

pKT25-gcp pKT25 carrying gcp  This study 

pUT18-yeaZ pUT18 carrying yeaZ This study 

pUT18C-yeaZ pUT18C carrying yeaZ This study 

pKNT25-ygjD pKNT25 carrying ygjD This study 

pKT25-ygjD pKT25 carrying ygjD This study 

pUT18- EcyeaZ pUT18 carrying EcyeaZ This study 

pUT18C- EcyeaZ pUT18C carrying EcyeaZ This study 

pYH4-lacI pYH4 carrying lacI segment This study 

pMY1107-ygjD pMY1107 carrying ygjD  This study 

pYH4-lacI-EcyeaZ pYH4-lacI carrying EcyeaZ This study 
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Table 4.  Primers used in this study 

Name Sequence 

gcpforEcoRI TTGAATTCATGACTAAAGATATATTAATACTAGC 

gcprevBglII TTAGATCTTTCTGCAGAATACTCTTCTA 

gcpseg1RevBglII GCAGATCTTTATAAATCTATATTGCTGTGCC 

gcpseg2RevBglII TTAGATCTTTACAAAGAGTGGCCGGCA 

gcpseg3RevBglII TTAGATCTTTAATTGACTTTGCATTGATCC 

gcpseg4RevBglII TTAGATCTTTAAGCAACAATTAATCGCTGA 

gcpseg5RevBglII TTAGATCTTTATTTAAACGTAAGCACCTCTAC 

gcpseg6RevBglII TTAGATCTTTATTGATTGTGAAGTTGATTGAT 

gcpseg7RevBglII TTAGATCTTTAAAAATCATAACTATCTTTATCCAA 

gcpseg8RevBglII TTAGATCTTTAAGCAGCCAACCGATCAA 

gcpseg9RevBglII TTAGATCTTTAAATAAGTGCAATTAGCGGG 

gcpfor1 AAACTATGACTAAAGATATATTAATACTAG 

gcprevAscI TTGGCGCGCCTTCTGCAGAATACTCTTCTA 

gcpseg1revAscI TTGGCGCGCCTTATAAATCTATATTGCTGTGCC 

gcpseg2revAscI TTGGCGCGCCTTACAAAGAGTGGCCGGCA 

gcp1-1forSacII GCTGCCGCGGCTGCTGCTGCTGATTTAGCATTAAA

T 

gcp1-1revSacII AGCAGCAGCCGCGGCAGCCAAAGAGTGGCCGGCA

AC 

gcp1-2forSacII GCTGCCGCGGCTGCTGGGCACAGCAATATAGAT 

gcp1-2revSacII AGCAGCCGCGGCAGCAGCAAATCGACCTTGCTG 

gcp1-3forSacII GCTGCCGCGGCTGCTGAAGAGTATTCTGCAGAA 

gcp1-3revSacII AGCAGCCGCGGCAGCGTGCCCATTTAATGCTAA 

gcpmutrevAscI TTGGCGCGCCTTATTCTGCAGAATACTCTTC 

gcppETforNdeI GGAATTCCATATGACTAAAGATATATTAATACTAG 

gcppETrev CCGCTCGAGTTCTGCAGAATACTCTTCTA 

yeaZforBamHI TCGCGGATCCATGAACAAATTAAGGAGGCAAT 

yeaZrevSalI CTCCGTCGACTTAATTGTTCTTTTGACTGTTGA 

sa1857BamHI TCGCGGATCCTTGATAAAGATAAATAATTTAGATG 

sa1857SalI CTCCGTCGACTCAATGAGCAGCGAATTCATG 

sa1855BamHI TCGCGGATCCTTGGATCAACAGTCAAAAGAAC 

sa1855SalI CTCCGTCGACTTAGTCATTTAAATTCACCCAC 

GcpB2HForBamHI GCGGATCCCATGACTAAAGATATATTAATAC 

GcpB2HRevKpnI GCGGTACCGCTTCTGCAGAATACTCTTC 

GcpB2HForSphI GCGCGCATGCCATGACTAAAGATATATTAATAC 

YeaZB2HForPstI GCCTGCAGGGATGAACAAATTAAGGAGG 

YeaZB2HRevKpnI GCGGTACCGCATTGTTCTTTTGACTGTTG 

YgjDB2HForPstI GCCTGCAGGGATGCGTGTACTGGGTATTG 

YgjDB2HRevKpnI GCGGTACCGCCGCAGCCGGTAACTCCG 

EcYB2HForPstI GCCTGCAGGGATGCGAATTCTGGCTATC 
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EcYB2HRevKpnI GCGGTACCGCTTCTTTGCCCGGAAGTTTC 

YeaZB2HForBamHI GCGGATCCCATGAACAAATTAAGGAGG 

YgjDB2HForBamHI GCGCGGATCCCATGCGTGTACTGGGTATTG 

EcYB2HForBamHI GCGCGGATCCCATGCGAATTCTGGCTATC 

GcpB2HForSalI GCGTCGACTATGACTAAAGATATATTAA 

GcpB2HRevBamHI GCGGATCCTCTTCTGCAGAATACTCTTC 

YeaZB2HForSalI GCGTCGACTATGAACAAATTAAGGAGG 

YeaZB2HRevBamHI GCGGATCCTCATTGTTCTTTTGACTGTTG 

YgjDB2HForSalI TTGTCGACTATGCGTGTACTGGGTATTG 

YgjDB2HRevBamHI TTGGATCCTCCGCAGCCGGTAACTCCG 

EcYB2HForSalI TTGTCGACTATGCGAATTCTGGCTATC 

EcYB2HRevBamHI TTGGATCCTCTTCTTTGCCCGGAAGTTTC 

EcgcpFor AAACTATGCGTGTACTGGGTATTGAA 

EcgcpRevAscI TTGGCGCGCCTTACGCAGCCGGTAACTCC 

EcyeaZFor AAACTATGCGAATTCTGGCTATCG 

EcyeaZRevAscI TTGGCGCGCCTCATTCTTTGCCCGGAAGT 
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3.3  Results 

3.3.1  Staphylococcal Gcp interacts with YeaZ.  

In E. coli the Gcp homolog, YgjD, interacts with YeaZ (3, 10); in S. aureus, sa1857, 

yeaZ, sa1855, and gcp genes are localized to the same operon.  These data led us to 

hypothesize that in S. aureus Gcp may interact with YeaZ, SA1855, and/or SA1857 and 

function coordinately.  To test this hypothesis, we utilized a yeast two-hybrid system by 

fusing Gcp, YeaZ, SA1855 and SA1857 separately with the GAL4 activation domain 

(GAD) and the GAL4 DNA binding domain (GBD), respectively.  Two different fusion 

plasmids were co-transformed into the yeast PJ69-4A competent cells.  The results 

showed that the negative controls carrying pGAD-gcp/pGBD, or pGAD/pGBD empty 

vectors did not grow in the media lacking His/Leu/Trp, and media lacking Ade/Leu/Trp 

(Fig 11A).  In contrast, yeast cells carrying pGAD-gcp/pGBD-yeaZ grew normally on the 

above selective media, indicating a possible binding interaction between Gcp and YeaZ 

(Fig 11A).  No other interactions were revealed among these four proteins (data not 

shown).  In addition, yeast cells carrying either pGAD-yeaZ/pGBD-gcp or pGAD/pGBD-

gcp grew in the above selective media, suggesting that GBD-Gcp fusion may interact 

with the activation domain leading to an auto-activation of the reporter (data not shown).   

 

Since Gcp and YeaZ are both bacterial proteins, the eukaryotic (yeast) protein expression 

system may cause artifacts such as the proteins may not be stably expressed, may not be 

modified correctly and/or may not move to the nucleus efficiently, etc.  To avoid these 

potential artificial effects caused by the eukaryotic system, we inserted the gcp and yeaZ 
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genes into the vectors pUT18, pUT18C, pKNT25, and pKT25 that are used for the 

bacterial adenylate cyclase two-hybrid (BACTH) system.  Among the 4 plasmids, pUT18 

and pKNT25 provide an N-terminal fusion expression to the T18 and T25 fragments of 

adenylate cyclase, whereas pUT18C and pKT25 are designed for C-terminal fusion 

expression to the adenylate cyclase fragments.  pKT25-zip and pUT18C-zip carrying the 

leucine zipper of GCN4 (18) were used as a positive control.  Since YgjD is reported to 

bind to EcYeaZ in E. coli, we also inserted ygjD and EcyeaZ genes into the BACTH 

vectors and co-transformed them to BTH101 to serve as another positive control.  We 

found the cells with the N-terminal or C-terminal fusion expression of Gcp and YeaZ, as 

well as the two positive control, exhibited blue colonies on the X-gal/IPTG plates (Fig 

11B).  The transformants with expressing only one gene or carried empty plasmids where 

white on the selective plates (Fig 11B).  The BACTH results confirmed the observation 

of the Y2H study suggesting staphylococcal Gcp binds to YeaZ. 

 

To further confirm the interaction between staphylococcal Gcp and YeaZ, we performed 

in vitro pull down assays using the purified His-tagged Gcp and GST- tagged YeaZ 

fusion proteins.  The GST tag was used to immobilize YeaZ on Glutathione Sepharose 

resin.  Western blot analysis showed that the YeaZ bound resin was able to retain the 

refolded Gcp, whereas the control resin alone could not retain the Gcp (Fig 11C), 

indicating that the recombinant staphylococcal Gcp specifically binds to the recombinant 

staphylococcal YeaZ.  
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Fig 11. The interaction of S. aureus Gcp and YeaZ.  (A) Yeast two-hybrid analysis of the 

interaction between SaGcp and SaYeaZ on histidine drop out synthetic complete (SC-His) 

plates with 3-amino-1,2,4,-triazole (3-AT) and SC plates lacking adenine (SC-Ade).  Gcp 

was fused with the activation domain and YeaZ was fused with the binding domain. The 

minus signs indicate empty vector controls.  (B) Bacterial two-hybrid analysis for Gcp 

and YeaZ interaction.  The N-terminal fusion expression plasmids pKNT25-gcp and 

pUT18-yeaZ (left), and C-terminal fusion expression plasmids pKT25-gcp and pUT18C-

yeaZ (middle) were co-transformed into BTH101 and grown on the LB X-gal/IPTG plate.  

The plasmids pKT25-zip/pUT18C-zip, pKNT25-ygjD/pUT18-EcyeaZ and pKT25-

ygjD/pUT18C-EcyeaZ were used as a positive control.  The order of the streaked 

transformants on the selective plates is indicated (right).  (C) In vitro 

immunoprecipitation analysis of interaction between rGcp and rYeaZ.  His-tagged Gcp 

and GST-tagged YeaZ were purified from E. coli.  rGcp and rYeaZ were incubated with 

Glutathione Sepharose 4B beads together or separately.  Western blot was carried out 

with rabbit-anti-Gcp serum to examine for the presence of Gcp.  Lane 1: purified Gcp 

protein was loaded as a positive control. 
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The overexpression of Gcp in E. coli resulted in the recombinant protein forming 

inclusion bodies, thus the recombinant protein was purified under denaturing conditions, 

and refolded by a series of dialysis.  Sequence analysis of Gcp revealed four cysteine 

residues in the C-terminus, thus it is possible for the purified recombinant Gcp molecules 

to form intermolecular disulfide bonds, which would result in malfunctioning Gcp 

polymers.  To rule out this possibility, we examined the integrity of unfolded and 

refolded recombinant Gcp proteins by PAGE under non-reducing conditions and did not 

find any oligomers of Gcp (data not shown).  

 

3.3.2  C-terminal Y317-Y336 segment is crucial for the binding of staphylococcal 

Gcp to YeaZ.   

In order to identify which domains of staphylococcal Gcp are important for the Gcp-

YeaZ interaction, we created nine different truncated Gcp mutants by PCR (Fig 12A).  

These truncated Gcp segments were fused with the activation domain of pGAD, 

respectively, and the resulting recombinant plasmids were utilized to conduct Y2H 

analyses with pGBD-yeaZ.  The results showed that the yeast cells carrying Gcpseg1 

mutant (E337-E341 truncated Gcp) and YeaZ grew on both SC-His and SC-Ade selective 

plates.  However, the yeast cells carrying other truncated Gcp fusions and YeaZ did not 

grow on both SC-His and SC-Ade selective plates (Fig 12B).  
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Fig 12. The interaction of Gcp truncated mutants and YeaZ. (A) Diagrams represent 

different deletion mutations of Gcp; (B) Interactions between S. aureus Gcp and YeaZ 

detected by yeast two-hybrid analyses.  Yeast cells containing the indicated plasmids 

were serially diluted, and 5μl of diluted cells was spotted on the plate with media lacking 

histidine, leucine, and tryptophan; or lacking adenine, leucine, and tryptophan to score for 

interactions after incubation at 30°C.  



 

 73 

Alanine scanning mutagenesis has been successfully and extensively utilized in the 

determination of enzymatic and functional residues of proteins (2, 4, 23).  Substitution of 

alanine removes all side chain atoms beyond β carbon and yet maintains the main chain 

structure (4).  To further identify which residue(s) is required for Gcp binding to YeaZ, 

we utilized this approach to substitute potential hot residues of the C-terminal Y317-

Y336 segment with alanine.  The critical Y317-Y336 segment was divided into three 

regions, Y317-F322, D324-N329, and S332-Y336, as shown in Fig 13A.  Five to six 

amino acids in these regions were replaced by alanine stretches, respectively.  The 

mutated gcp fragments were fused with the activation domain of pGAD, which was used 

for the Y2H assays.  We found that the yeast cells carrying Gcp317-322A and YeaZ did 

not grow on any SC dropout selective medium (Fig 13B); the yeast cells carrying 

Gcp324-329A or Gcp332-336A, and YeaZ have a dramatic growth defect on the 

selective medium (Fig 13B).  Taken together, the above data indicate the importance of 

the C-terminal region of Gcp for proper interaction with YeaZ, specifically the region of 

Y317-F322 and to a lesser extent the regions of D324-N329 and S332-Y336.  
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Fig 13. The interaction of C-terminal alanine mutanted Gcp and YeaZ. (A) Diagrams 

represent different alanine substitutions of amino acids in Gcp; (B) Interactions between 

S. aureus Gcp and YeaZ detected by yeast two-hybrid analyses. Yeast cells containing 

the indicated plasmids were serially diluted, and 5 μl of diluted cells was spotted on the 

plate with media lacking histidine, leucine, and tryptophan; or lacking adenine, leucine, 

and tryptophan to score for interactions after incubation at 30°C. 

 

3.3.3  Staphylococcal Gcp alanine mutants cannot complement wild type Gcp for 

bacterial growth.  

We have previously demonstrated that Gcp is essential for S. aureus growth (35, 36), but 

the molecular mechanisms of Gcp’s essentiality remain elusive.  The discovery that Gcp 

interacts with YeaZ led us to hypothesize that their interaction is important for Gcp’s 

essentiality.  In order to examine this hypothesis, we first created the Gcp complementary 

system (Fig 14A).  Then, we examined the complementary effect of Gcp expression in 
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trans by measuring the bacterial growth during the depletion of endogenous Gcp.  The 

results showed that the growth of the staphylococcal Gcp complementary strain was 

IPTG-independent, indicating the Gcp expression in trans complements the depletion of 

endogenous Gcp (Fig 14B), whereas the growth of the parental control was IPTG-

dependent (Fig 14C).  These data further demonstrated the requirement of Gcp for 

bacterial viability in culture and the feasibility of the Gcp complementary system.   

 

Next, we determined whether the identified segment and regions that are crucial for Gcp 

interaction with YeaZ are also required for growth by examining the complementary 

effect of the mutated Gcp genes.  The results showed that the growth of the Pspac-

regulated gcp expression strain carrying complementary Gcpseg1 was independent of 

IPTG (Fig 14D), indicating that the expression of Gcpseg1 in trans can complement Gcp 

and the C-terminal region E337-E341 is dispensable for Gcp’s essentiality.  In contrast, 

the growth of the Pspac-regulated gcp expression strain carrying complementary 

Gcpseg2 was still dependent on IPTG (Fig 14E).  To determine which domain is critical 

for growth, we examined the complementary effect of Gcp317-322A, Gcp324-329A and 

Gcp332-336A, and found that the Pspac-regulated gcp expression strains carrying 

Gcp317-322A (Fig 14F), Gcp324-329A (Fig 14G), or Gcp332-336A (Fig 14H) mutant 

exhibited IPTG dependent growth, indicating that these mutated Gcp are unable to 

complement the depletion of endogenous Gcp.  These data suggest that the three domains, 

Y317-F322, D324-N329, and S332-Y336, are likely critical for Gcp’s essentiality. 
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Fig 14. The impact of the expression of wild type or mutated Gcp in trans on the growth 

of the Pspac-regulated gcp expression strain.  (A) Construction of Gcp complementation 

system using the Pspac-regulated gcp expression strain and Western blot analysis of gcp 

expression in trans.  Lane 1, purified recombinant Gcp; lane 2, negative control 

(JRN0210); lane 3, Gcp complementary strain (JNR0110).  (B–H) Growth curves of Gcp 

complementary strains. The Pspac-regulated gcp expression S. aureus strain carrying the 

staphylococcal wild-type gcp complementary plasmid, pXL108 was used as positive 

control (B); carrying parental plasmid, pMY1107, as a negative control (C); carrying the 

Gcpseg1 complementary plasmid, pLT109 (D); carrying the Gcpseg2 complementary 

plasmid, pLT209 (E); carrying the Gcp1-1 complementary plasmid, pLT309 (F); carrying 

the Gcp1-2 complementary plasmid, pLT409 (G); carrying the Gcp1-3 complementary 

plasmid, pLT509 (H).  The above strains were incubated overnight in TSB in the 

presence of appropriate antibiotics and 0.2 mM IPTG. Bacteria were diluted and 

incubated in fresh TSB containing appropriate antibiotics and different concentration of 

IPTG at 37 °C with shaking. The cell growth was monitored by measuring OD600nm 

every 15 min for 18 h with 1 min mixing before each reading. 

 

3.3.4  No O-sialoglycoprotein endopeptidase activity was detected for the 

recombinant staphylococcal Gcp and YeaZ proteins. 

To determine whether the novel essential proteins Gcp and YeaZ possess an O-

sialoglycoprotein endopeptidase activity, the purified recombinant Gcp and YeaZ were 

utilized to treat O-sialoglycoprotein, glycophorin A, according to the manufacturer’s 

instruction.  The degradation of glycophorin A protein was detected by SDS-PAGE and 

western blot using a monoclonal antibody against glycophorin A.  Significant degradation 

of glycophorin A was detected after treatment with Gcp of M. haemolytica A1 (Fig 15A, 

lane2), whereas no degradation of glycophorin A was detected after treatment with 

recombinant Gcp, YeaZ, or the combination of Gcp and YeaZ (Fig 15A, lane3-7).  In 

addition, we also employed an alternative approach to examine the potential 

glycoprotease activity by measuring cell associated ligand, PSGL1 (P-selectin 

glycoprotein ligand 1) that is expressed on the surface of HL60 cells.  Using FACS, we 
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found that only MaGcp caused the shedding of PSGL1.  However, neither the purified 

recombinant staphylococcal Gcp, YeaZ, nor the combination of Gcp and YeaZ appeared 

to have any glycoprotease activity (Fig 15B). 

 

 

Fig 15. Glycoprotease activity analysis of Gcp and YeaZ. (A) Western blot results 

showing proteolysis of Glycophorin A. GPA2 and GPA represent dimers and monomers 

of glycophorin A. 10 µg glycophorin A was incubated with PBS (lane 1), 5µg O-

sialoglycoprotein endopeptidase (Gcp) of M. haemolytica (Cedarlane Laboratories, lane 

2), 5µg Gcp (lane 3), 25µg Gcp (lane 4), 50µg Gcp (lane 5), 33µg YeaZ (lane 6) and 5µg 

Gcp and 3.3µg YeaZ (lane 7). (B) FACS results showing the shedding of the PSGL1 

from the HL60 cells. HL60 cells was incubated with PBS (a), 5µg MhGcp (b), 5µg Gcp 

(c), 50µg Gcp (d), 33µg YeaZ (e) and 55µg Gcp and 33µg YeaZ (f). 

 

3.3.5  YeaZ does not possess proteolytic activity to cleave Gcp. 

Since it is reported that E. coli YeaZ specifically cleave YgjD, we then examined whether 

the staphylococcal YeaZ and Gcp has a similar proteolytic activity.  The purified 

recombinant Gcp and YeaZ were incubated together in the absence or presence of 

divalent ions Mg
2+

, Mn
2+

, Ca
2+

, and Zn
2+

 at 37 °C for 3 h.  We revealed that the purified 
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recombinant staphylococcal YeaZ does not cleave recombinant Gcp of S. aureus under 

all of the tested conditions (Fig 16A and B). 

 

 

Fig 16. SDS-PAGE analysis of in vitro protease activity of Gcp and YeaZ. 5 µg of each 

purified recombinant Gcp and YeaZ were incubated together at 37 °C for 3 h in the 

absence (A) and presence (B) of Mg
2+

, Mn
2+

, Ca
2+

, and Zn
2+

. 

 

3.3.6  EcYeaZ complements the growth of the YeaZ depleted S. aureus while YgjD 

cannot complement the S. aureus Gcp’s essentiality.  

We already demonstrated the functional divergence of the homologs of Gcp and YeaZ 

between S. aureus and other species.  Several Gcp and YeaZ homologs possess the 

protease activities which are not observed in S. aureus.  We then characterized whether 

these protease functions are associated with the essentiality and whether these homologs 

share the similar biological properties for the essentiality.  A complementary assay was 

carried out using M. haemolytica Gcp and YgjD in the Gcp depleted S. aureus mutant as 

well as for the EcYeaZ in the YeaZ depleted S. aureus mutant.  We found that MhGcp 

was unable to complement the loss of S. aureus Gcp, indicating its specific glycoprotease 

activity is not required for Gcp’s essentiality (data not shown).  Moreover, YgjD does not 
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complement Gcp depletion in S. aureus suggesting the different functions between YgjD 

and S. aureus Gcp (Fig 17A).  In contrast, EcYeaZ restored the viability of the YeaZ 

depletion mutant under the non-permissive condition (Fig 17B).  

 

 

 

Fig 17. The impact of the expression of E. coli YgjD and EcYeaZ in trans on the growth 

of the defined Pspac-regulated gcp and yeaZ expression 923 mutants.  The growth curves 

were monitored for the Pspac-regulated gcp expression 923 mutant transformed with 

ygjD (A), gcp (C), and pMY1107 (E); as well as the Pspac-regulated gcp expression 923 

mutant transformed with EcyeaZ (B), yeaZ (C), and pYH4-lacI (F). TSB media was 

supplemented with erythromycin and various concentrations of IPTG. 



 

 81 

3.3.7  The essentiality of Gcp and YeaZ is not associated with the glycation pathway. 

Glycation is a chain of non-enzymatic glycosylation reactions between reducing sugars 

and primary amino groups in proteins, leading to toxic Amadori products and advanced 

glycation end-products (AGEs) (26).  Recently Chen et al. claimed that the essentiality of 

YgjD in E. coli was associated with bacterial glycation processing pathway by preventing 

the formation of toxic glycation end products (20).  They found that E. coli lost the 

requirement for YgjD in minimal M9 media with a minimal concentration of sugar.  To 

determine whether staphylococcal Gcp is also involved in glycation metabolism, we 

monitored the growth of the Gcp depletion mutants in chemically defined media with 

different concentrations of glucose and IPTG.  However, even in the media supplemented 

with the minimum concentration of glucose, the gcp, mutants still exhibited an IPTG 

dependent growth phenotype (Fig 18B).  The results suggest that the essentiality of Gcp 

is not associated with glycation metabolism in S. aureus.  We also monitored the growth 

of yeaZ and gcp operon depletion strains under conditions of depleted sugar and found 

that the essentiality of yeaZ and gcp operon was not affected (Fig 19A and 19B).  These 

observations indicate that, unlike E. coli, glycation metabolism does not contribute to the 

essentiality of Gcp and YeaZ in S. aureus.  
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Fig 18. The effects of sugar on the growth of Gcp depletion S. aureus. The growth curves 

of Pspac-regulated gcp expression WCUH29 mutant were monitored in the CDM 

supplemented with 0.1% glucose (B), 0.5% glucose (D), and 1% glucose (F). The 

parental WCUH29 with pLH1 insertion into the chromosome was used as a control 

grown in CDM with 0.1% glucose (A), 0.5% glucose (C) and 1% glucose (E). 
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Fig 19. The effects of sugar on the growth of yeaZ and gcp operon deletion S. aureus. 

The growth curves of Pspac-regulated yeaZ expression WCUH29 mutants were 

monitored in the CDM with supplemented with 0.1% glucose (A), 0.5% glucose (C), and 

1% glucose (E). The growth curves of Pspac-regulated gcp whole operon expression 

WCUH29 mutant were monitored in CDM with 0.1% glucose (B), 0.5% glucose (D) and 

1% glucose (F). 
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3.4  Discussion 

In the present study, we employed several biochemical approaches and demonstrated that 

in the gcp operon of S. aureus, the essential Gcp protein interacts with another essential 

protein YeaZ.  More importantly, we identified key domains of Gcp that are not only 

required for Gcp binding to YeaZ, but also play important roles in Gcp’s essentiality for 

bacterial growth.  Our results suggest that the interaction of Gcp and YeaZ may 

contribute to the essentiality of Gcp.  In addition, our results showed that there was not 

any O-sialoglycoprotein endopeptidase activity detected for the purified recombinant 

staphylococcal Gcp and/or YeaZ, suggesting that the staphylococcal Gcp and YeaZ may 

function differently compared to their homologs in M. hemolytica and E. coli, 

respectively.  These findings may provide new insights into the molecular mechanisms 

and biological function of the essential protein, Gcp.  

 

The identification of the staphylococcal Gcp-YeaZ interaction is consistent with the 

previous report that the Gcp homolog in E. coli, YgjD, binds to EcYeaZ (3, 10).  

However, in E. coli another essential protein, YjeE, also interacts with YeaZ, suggesting 

that YjeE may function as a regulator to modulate YeaZ-YgjD interaction, and that the 

YjeE-YeaZ-YgjD network may be involved in an essential cellular process (10, 27).  

Together with the observation that E. coli YeaZ specifically cleaves YgjD, the projected 

mechanism of these three essential proteins network is that YgjD-YeaZ interaction results 

in the degradation of YgjD, leading to the “opening” or “closing” of downstream 

signaling events, and YjeE is a key regulator that competes with YgjD binding to YeaZ.  



 

 85 

In contrast, in S. aureus, we have demonstrated that YjeE’s homolog SA1857 is 

dispensable.  Moreover, in our Y2H studies we found no evidence that SA1857 and 

SA1855 interacts with either Gcp or YeaZ.  Recently, the inability of YjeE’s homolog to 

interact with YeaZ was also reported in another Gram positive bacteria S. pneumoniae 

(31).  Furthermore, we didn’t observe the proteolysis of S. aureus Gcp in the presence of 

YeaZ.  Thus, the YjeE-YeaZ-YgjD network seems not to be as conserved as YeaZ-Gcp 

interaction which was also reported in S. pneumoniae (31) and inferred in B. subtilis (6), 

among other bacterial species.  We also found that YgjD failed to complement the growth 

of Gcp depleted S. aureus, indicating a functional difference between YgjD and Gcp.  

This functional divergence may also explain the contradictory observations of the 

glycation metabolism affecting their essentiality.  Interestingly, we observed that E. coli 

YeaZ successfully complemented growth in a YeaZ depletion S. aureus mutant.  It 

indicates YeaZ homologs in these two species share the same biological roles for their 

essentiality.  Our studies indicate that Gcp and YeaZ likely function divergently or 

interact with different partner proteins compared to their homologs in E. coli.  The 

functions of these essential proteins are complicated and remain poorly understood.  The 

mechanism behind their essentiality still requires further investigation. 

 

We observed that in Y2H assays the growth of yeast cells on SC-His plates seems to be 

faster than on SC-Ade plates.  This is likely due to the stringent growth difference 

between SC-Ade and SC-His selective medium (15).  Although we unveiled that the 

mutation of Y317-F322 region eliminated the ability of Gcp to bind YeaZ, and the 
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mutations of D324-N329 and S332-Y336 regions alleviated the capacity of Gcp to bind 

YeaZ, the attenuated binding ability may be attributable to the altered tertiary 

conformation of Gcp.  To determine the potential impact of topology for mutated Gcp 

proteins is beyond scope of the present study.  However, we are currently working to 

further characterize and define the interaction of Gcp and YeaZ and identify the critical 

residue(s) for Gcp to bind YeaZ and vice versa.   

 

In both yeast and Archaea, Kae1p (Gcp homolog) directly interacts with a Bud32p kinase, 

inhibiting the kinase activity, which is required both for transcription and the telomere 

homeostatic function of the endopeptidase-like kinase chromatin-associated (EKC) / 

kinase, endopeptidase, and other peptidases of small size (KEOPS) in yeast cells (5, 14, 

21).  In eukaryotes, the Gcp homolog is Qri7 in yeast and OSGEPL1 (O-

sialoglycoprotein endopeptidase) in worms and humans.  Qri7 and OSGEPL1 anchor to 

the mitochondrial inner membrane and are essential for the maintenance of mitochondrial 

genome (11, 30).  Qri7 is able to complement the depletion of E. coli YgjD (homolog of 

Gcp), whereas Kae1 fails to do so, suggesting the functional similarity between Qri7 and 

YgjD (30).  Although bacteria lack a Bud32 homolog, YeaZ may substitute for Bud32 to 

form a functional complex with Gcp.  Our complementation experiments established that 

the mutations of Gcp that disrupts the Gcp-YeaZ interaction could not complement the 

depletion of endogenous Gcp.  We also observed that the deletion of the C-terminal 

residues, E337-E341, slightly impaired the ability of Gcp to interact with YeaZ (Fig. 3B); 

and consequently, this truncated Gcp (Gcpseg1) delayed its complementary effect on 
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bacterial growth (longer lag-phase of growth).  These data suggest that the staphylococcal 

Gcp-YeaZ interaction may play an important role in Gcp’s essentiality; thus the 

interruption of Gcp-YeaZ interaction may be utilized as a novel mode of action for 

developing new classes of antibacterial agents, in part against MRSA or VRSA caused 

infections.  It is known that bacterial autolysis is important for bacterial cell division and 

growth.  Previously, we have demonstrated that the staphylococcal Gcp is a critical 

modulator of bacterial autolysis (36); however, the mechanism of regulation of autolysis 

by Gcp remains to be determined; it is necessary to explore the potential role of the Gcp-

YeaZ interaction in the process of autolysis.   

 

Our purified recombinant staphylococcal Gcp and YeaZ did not appear to have an O-

sialoglycoprotein endopeptidase activity against glycophorin A.  Our results are in 

agreement with previous reports that YgjD (homolog of Gcp in E. coli) and Kae1 

(homolog of Gcp in Pyrococcus abyssi) do not exhibit any endopeptidase activity (10, 

13).  In addition, E. coli YeaZ is able to specifically cleave YgjD (the homolog of Gcp), 

whereas consistent with S. typhimurium YeaZ (29) our purified soluble recombinant 

staphylococcal YeaZ did not exhibit such a protease activity.  The lack of protease 

activity of purified recombinant Gcp and YeaZ may result from potential modifications 

during expression and purification process.  However, it is likely that the Gcp and YeaZ 

homologs may have different biological functions among different species, because 

sequence alignment analysis revealed that the staphylococcal Gcp does not possess any E. 

coli YeaZ cleavage sites, including K171- L172 and F195-V196 residues that were 
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identified in YgjD (10).  In addition, we cannot exclude the possibility that the 

staphylococcal Gcp and YeaZ proteins may possess a specific proteolytic activity against 

a substrate in a process that is critical for the viability of S. aureus.  

 

In conclusion, we demonstrated within the four novel proteins encoded by the gcp operon, 

the essential Gcp interacts with another essential protein YeaZ of S. aureus.  Moreover, 

we identified the C-terminal Y317-F322, D324-N329, and S332-Y336 regions to be 

important for Gcp to bind YeaZ, as well as for Gcp’s essentiality, whereas the C-terminal 

E337-E344 region is dispensable for the staphylococcal Gcp-YeaZ interaction and Gcp’s 

essentiality.  These data suggest that the interaction of Gcp and YeaZ may at least 

partially contribute to the essentiality of Gcp for S. aureus growth.  Our findings provide 

new insights into the potential mechanisms and biological function of the novel essential 

protein, Gcp, as well as potential novel targets for the development of new classes of 

antibacterial agents. 
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 Chapter 4.  Gcp and YeaZ are Novel Mediators of Branched-Chain 

Amino Acid Biosynthesis Pathway in S. aureus. 

4.1  Introduction 

The metabolic pathway of the branched-chain amino acids (BCAAs) isoleucine, leucine, 

and valine (ILV) plays an important role in bacterial physiology.  These hydrophobic 

amino acids are crucial for maintaining protein structure and function (5).  The branched-

chain alpha-keto acids, both the first catabolic and the last anabolic intermediates of ILV, 

are the precursors of the branched-chain fatty acids that are the major fatty acids involved 

in bacterial cell membrane biosynthesis (3, 15).  Moreover, the immediate precursor of 

valine, α-ketoisovalerate, is the precursor of leucine and involved in the synthesis of 

cofactors pantothenate and coenzyme A (22).  The biosynthesis of BCAAs requires 

several key enzymes.  In Bacillus subtilis, the genes encoding these enzymes are well 

characterized, including the ilvBHC-leuABCD (ilv-leu) operon and ilvA, ilvD, ybgE and 

ywaA genes distributed around the genome (4, 11, 31).  In S. aureus, there is a similar ilv-

leu gene cluster containing 9 genes, ilvDBHC-leuABCD-ilvA, that are involved in the ILV 

biosynthesis pathway.  Another gene ilvE encoding an aminotransferase is at a separate 

locus and has a similar function with ybgE and ywaA of B. subtilis.   

 

Several mechanisms of regulating the biosynthesis of BCAAs have been revealed and 

characterized.  It has been shown that a T-box anti-termination system mediates the ilv-

leu operon in response to leucine availability (11, 26).  Moreover, the specific cleavage 

sites of the full-length transcript and the stability of the cleavage product affect the 
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transcription level of each gene in the ilv-leu operon (23).  In addition, two global 

regulators of nitrogen metabolism, CodY and TnrA, repress the BCAA biosynthesis 

through binding to an upstream regulatory region of the ilv-leu operon (25, 30, 33-35); 

whereas a major regulator of carbon metabolism, CcpA, positively regulates the 

transcription of the ilv-leu operon by binding to the promoter region (21, 31, 33).  

Although S. aureus possesses all genes necessary for biosynthesis of BCAAs, the 

bacterium exhibits an auxotrophic phenotype for BCAAs through an unknown 

mechanism (20, 29).  

 

In order to explore the potential function of the essential protein Gcp, our lab previously 

examined the impact of Gcp on global protein production of S. aureus by using 2D-

Differential In Gel Electrophoresis (DIGE) coupled with mass spectrometry.  Three 

proteins were found significantly increased in the gcp depletion S. aureus, including 

threonine dehydratase (IlvA, EC: 4. 3. 1. 19), acetolactate synthase (IlvB, EC: 2. 2. 1. 6), 

and dihydroxy-acid dehydratase (IlvD, EC: 4. 2. 1. 9) (Fig 20A and 20B).  The genes 

encoding the three proteins are located in an ilv-leu operon and are key enzymes for the 

biosynthesis of the branched-chain amino acids (BCAAs), isoleucine, leucine, and valine.  

The results indicate that the essential staphylococcal Gcp may be involved in the 

modulation of the biosynthesis pathway of BCAAs.  Since Gcp interacts with YeaZ, 

indicating a functional link between the two essential proteins, we also investigated the 

role of both Gcp and YeaZ in the BCAA metabolism of S. aureus.  
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Fig 20. Effect of the down-regulation of Gcp on global gene expression. (A) 2D-DIGE 

analysis of the impact of the down-regulation of Gcp on global protein expression in the 

culture of the Pspac-regulated gcp expression strain (JRN0105), the arrows indicate the 

identity of proteins in the selected protein spots. (B) 3D review of the selected protein 

spots, and the changes of the selected protein spots containing IlvA, IlvB, and IlvD, 

respectively, during the depletion of Gcp. 

 

In this study, we identified that the BCAA biosynthesis pathway is controlled by the 

essential proteins Gcp and YeaZ and demonstrated that YeaZ directly regulates the 

transcription of the ilv-leu operon in S. aureus.  Moreover, we found that the 

staphylococcal Gcp and YeaZ proteins are involved in the biosynthesis of N6-

threonylcarbamoyladenosine (t6A).  Importantly, we found the essentiality of Gcp and 

YeaZ is not attributable to their negative modulation of BCAA biosynthesis, although the 

elimination of isoleucine, leucine, and valine remarkably enhanced bacterial growth 

during the depletion of Gcp and YeaZ.  These new findings provide new insights into the 

biological function of the novel essential proteins, Gcp and YeaZ, as well as the 

regulatory mechanisms of BCAA biosynthesis.   
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4.2  Materials and Methods 

Bacterial strains, plasmids, and growth conditions 

The strains and plasmids used in this study are listed in Table 5.  E. coli strain DH10B 

was used for plasmid constructions.  Luria-Bertani (LB) liquid medium and LB-agar 

plates were used for the growth and maintenance of E. coli.  S. aureus laboratory strain 

RN4220 was used as an intermediate host strain prior to introducing plasmids into wild 

type S. aureus strains.  S. aureus WCUH29 is a clinical isolate that was used for genetic 

manipulation and growth characterization.  Tryptic soy broth (TSB) medium and 

chemically defined media (CDM) were used for the cultivation of S. aureus.  Glucose 

was used as a carbon source at a concentration of 56 mM (1%, w/v).  All amino acids 

included in CDM were L-amino acids.  When necessary, isoleucine, leucine and valine 

were left out of the medium during preparation resulting in ILV dropout CDM. 

 

RNA isolation and purification 

Overnight cultures of S. aureus were inoculated at 1% in TSB medium and grown to the 

mid-exponential (~ 4 h) phase of growth.  Total RNA was purified from the above 

cultures, as described (11).  Briefly, bacterial cells were harvested by centrifugation at 

4,000×g, and the RNA was isolated using the SV total RNA isolation system (Promega).  

Contaminating DNA was removed with two rounds of DNase treatment (TURBO DNA-

free kit,Ambion), and the RNA yield was determined spectrophotometrically at 260 nm.     

 

Semi-quantitative real-time RT-PCR (qPCR) analysis 
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In order to determine the effect of Gcp on the expression of ilv-leu operon,
 
we employed 

qPCR to compare
 
the mRNA levels as described (11, 16).  The first strand cDNA was 

synthesized using reverse transcriptase SuperScript III and random primers (Invitrogen).  

For each RNA sample, we performed duplicate reactions of reverse transcription, as well 

as a control without reverse transcriptase, in order to determine the levels of DNA 

contamination.  PCR reactions were set up in duplicate by using a SYBR Green PCR 

Master Mix (USB).  Real-time sequence-specific detection and relative quantitation were 

performed with the Stratagene Mx3000P Real Time PCR System.  Gene-specific primers 

were designed to yield 100 ~200 bp specific product (Table 6).  Relative quantification of 

the product was calculated using the Comparative CT method, as described for the 

Stratagene Mx3000P system.  The housekeeping 16S rRNA gene was used as an 

endogenous control (16).  

 

Construction of ilv promoter-lux reporter fusion system 

To confirm whether Gcp mediates the transcription of the ilv-leu operon, we constructed 

an ilv promoter-lux reporter fusion system as described (36).  The ilv promoter region (25) 

was amplified by PCR, ligated upstream of promoterless luxABCDE in pFF40 (9) 

resulting in an ilv-promoter-lux fusion plasmid.  The ilv promoter-lux fusion plasmid was 

electroporated into the Pspac-regulated gcp expression strain (39).  Both 

bioluminescence signals and cell growth were monitored at 37ºC by measuring the 

bioluminescent intensity and optical density at 600 nm with a BioTek Synergy 

Microplate Reader.  To eliminate the effect of bacterial growth, the relative light units 
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(RLU) were calculated (light intensity/OD600) from triplicate readings at different times 

during growth.  

 

Gel mobility shift DNA binding assay 

To determine whether Gcp (or YeaZ) directly regulates the transcription of the ilv-leu 

operon, we performed gel-shift assays. The DNA fragment of the upstream region of ilv 

was obtained by PCR using the primers listed in Table 1.  The amplified DNA fragment 

was purified and labeled with Digoxigenin using a DIG Gel Shift kit (Roche) according 

to the manufacturer’s protocol.  The DNA-binding and electrophoresis were performed, 

as described (17, 20).  Briefly, the purified PCR products were labeled with Digoxigenin 

using terminal transferase (Roche).  The labeled DNA fragments were further purified to 

remove the redundant DIG-ddUTP and salts.  The interaction of Gcp (or YeaZ) with 

DNA was conducted in a 20 μl reaction mixture containing 0.2 pmol DIG-labeled DNA, 

1 μg of poly-[d(I–C)], 25 mM NaH2PO4 (pH 8.0), 50 mM NaCl, 2 mM MgCl2, 1 mM 

DTT, 10% glycerol, 0.1 mM EDTA, and different concentrations of Gcp (or YeaZ) 

protein.  Unlabeled DNA fragments of the promoter region as a specific competitor were 

added into the reaction with 100-fold excess to labeled probe. Internal gene fragments 

were obtained by PCR, purified, and labeled as nonspecific controls.  BSA was used as a 

nonspecific protein binding control.  The DNA binding reaction was initiated by the 

addition of Gcp and incubated at room temperature for 25 min.  Samples were then 

loaded directly onto a 5% native polyacrylamide gel [acrylamide:bisacrylamide (29:1) in 

0.5 x TBE buffer].  Electrophoresis was run for 2 h at 4°C with 7 V/cm, and the gels were 
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transferred to Nylon membrane via electro-blotting in 0.5 x TBE at 300 mA for 90 min. 

at 4°C.  After cross-linking of DNA fragments using UV, the membranes were 

hybridized with anti-digoxigenin-AP antibody and exposed to X-ray film for 4 h to 

achieve the desired signal. 

 

Purification of bulk tRNA 

The conditional S. aureus cells were grown in 100 ml TSB media at 37 ºC supplemented 

with or without 200 µM IPTG to OD600 = 0.4, harvested, and washed in cold water.  The 

bacterial cells were broken using a Bead Beater as described (37).  Briefly, the bacterial 

cells were resuspended in 1.5 ml DEPC-treated water and were then transferred into two 

2 ml Eppendorf tubes containing equal volume (750 µl) of 0.1 mm glass beads.  The 

bacterial cells were broken using a Mini-Bead Beater-8 at maximum speed for 4 min at 4 

ºC.  The supernatant was transferred into a new 1.5 ml Eppendorf tube; and bulk tRNA 

was isolated using the mirVana
TM

 miRNA isolation kit (Ambion) according to the 

manufacturer’s instruction.  The tRNA was eluted in water and stored at -80 ºC.  The 

concentration of tRNA was measured by using a Nano Drop (Thermo Scientific).  

 

LC-MS/MS analysis of digested tRNA 

To quantify the t6A content of the tRNA, samples of each purified bulk tRNA were 

enzymatically hydrolyzed to nucleotides as described (6).  Briefly, 15 µg of bulk tRNA 

was sequentially digested with 5 units of nuclease P1 (Sigma) at 45 ºC for 16 h, 0.01 

units of Phosphodiesterase I (Sigma) at 37 ºC for 2 h, and then 10 units of calf intestinal 
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alkaline phosphatase (Promega) at 37 ºC for 1 h in a total volume of 70 µl.  The resulting 

nucleotides were acidified by the addition of 1-5 µl 10% formic acid and monitored using 

pH indicator paper, clarified by centrifugation, and then purified by passing through a 

C18 zip tip column (Millipore).  The purified samples were dehydrated, suspended in 50 

µl of 5 mM ammonium acetate, pH6.0, and diluted (1 µl to 20 µl).  The 20 µl diluted 

samples were then subjected to injection using an Agilent autosampler LC-MS/MS with 

an analytical Waters Symmetry C18, 3.5 µm column connected to the Applied Biosystem 

4000 iontrap fitted with a turbo V electrospray source.  The samples were subjected to a 

linear gradient of 5 mM ammonium acetate (pH6.0) to 100 percent acetonitrile for 10 

minutes at a column flow rate of 200 µl /min. Transitions monitored were the m/z 413 > 

m/z 281 and the m/z 413> m/z 136 for the t6A and m/z 268> m/z 136 for the 

adenosine.  The data was analyzed using MultiQuant (ABI) providing the peak area for 

the transitions. A standard curve was constructed using concentrations of t6A from 

fentomole to nanomole in 20 µl.   

 

Construction of an in-frame ilv-leu operon deletion in S. aureus 

To remove the endogenous ilv-leu operon from the chromosome of WCUH29, the Pspac-

regulated gcp expression mutant, and the Pspac-regulated yeaZ expression mutant, a 

homologous recombination strategy was employed by using a temperature sensitive 

plasmid, pKOR1, as described in (2) and “Chapter 2 2.2 Materials and Methods”.  The 

ilv-leu operon is a 10 kb chromosome segment; to increase the efficiency of allelic 
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replacement events, we deleted the gene cassettes ilvDBHC and leuABCDilvA 

sequentially, in-frame.   

 

Characterization of bacteria growth 

The S. aureus strains were inoculated in TSB, CDM or ILV dropout CDM with 

appropriate antibiotics and different concentrations of IPTG (0, 10, 25, and 100 μM) or 

antisense RNA inducer, anhydrotetrocycline (ATc), at 37°C.  The bacterial growth was 

monitored by kinetically measuring optical density at 600 nm with a BioTek Synergy 

Microplate Reader. 
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Table 5.  Strains and plasmids used in this study 

Strain / plasmid Description Reference 

Strains   

RN4220  Staphylococcus aureus laboratory strain; rsbU
-
 (17) 

WCUH29 Clinical HA-MRSA N315 strain (14)  

JRN0105 RN4220::Pspac-gcp, spac promoter regulated gcp 

expression mutant  

(39) 

JRN0110 JRN0105 with plasmid plux- Pilv This study 

JW290111 WCUH29 ∆gcp attB:: Pspac-gcp containing 

plasmid pYH4-lacI 

This study 

JW290211 WCUH29 ∆yeaZ attB:: Pspac-gcp containing 

plasmid pYH4-lacI 

This study 

JW290411 WCUH29 ∆ilv-leu containing plasmid pYH4-lacI This study 

JW290511 WCUH29 ∆ilv-leu ∆gcp attB:: Pspac-gcp 

containing plasmid pYH4-lacI 

This study 

JW290611 WCUH29 ∆ilv-leu ∆yeaZ attB:: Pspac-yeaZ 

containing plasmid pYH4-lacI 

This study 

W29GKO WCUH29 ∆gcp attB:: Pspac-gcp containing This study 

W29YKO WCUH29 ∆yeaZ attB:: Pspac-yeaZ containing This study 

WCUH29/gcp-as WCUH29 containing TetR regulated gcp antisense 

expression plasmid pYH4/gcp-as 

(40) 

WCUH29/eno-as WCUH29 containing TetR regulated eno antisense 

expression plasmid pYH4/eno-as 

(38) 

Plasmids   

plux-Pilv ilv promoter fused with luxABCDE on pFF40  This study 

pYH4-lacI lacI gene inserted in the vector pYH4 at EcoRI site This study 

pYH4/gcp-as pYH4 vector carrying a gcp fragment in an 

antisense orientation 

(39) 

pYH4/eno-as pYH4 vector carrying a gcp fragment in an 

antisense orientation 

This study 

pKOR1 E.coli/ S.aureus shuttle vector, permits lambda 

recombination and ccdB selection; temperature 

sensitive in S. aureus, 

(2) 

pKOR1/∆ilv-1 pKOR1 vector carrying operon ilv flanking 

sequences for operon ilv allelic replacement in 

WCUH29 or W29GKO 

This study 

pKOR1/∆ilv-2 pKOR1 vector carrying operon ilv flanking 

sequences for operon ilv allelic replacement in 

W29YKO 

This study 

pKOR1/∆ilv-leu-1 pKOR1 vector carrying operon ilv-leu flanking 

sequences for operon leu allelic replacement in 

WCUH29 or W29GKO 

This study 

pKOR1/∆ilv-leu-2 pKOR1 vector carrying operon ilv-leu flanking This study 



 

 102 

sequences for operon leu allelic replacement in 

W29YKO 

pYH4-lacI lacI segment inserted into EcoRI site of pYH4 This study 

 

Table 6.  Primers used in this study 

Name Sequence 

IlvDLattBFor GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCATCT

AATTGCTGTTTAGC 

IlvDLRev AGTAAATTCCCCCGTAAATTTTAATG 

IlvCRfor * GATAGACCTACAATGAGGAGTTG 

IlvCRattBRev GGGGACCACTTTGTACAAGAAAGCTGGGTTTTGTCC

GCAATGGTCTTG 

LeuALattBFor GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATAAA

CCTAAATAACCAATAATTTG 

IlvARFor * CACATAGTAAGAAAAACAGTCATAAATTG 

IlvARattBRev GGGGACCACTTTGTACAAGAAAGCTGGGTCTGTCCT

TAGTACGAGAGGACCG 

IlvDLYKOFor GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATAAA

CCTAAATAACCAATAATTG 

CodYRTFor GCGCGCGATAAAGCTGCTATTACA 

CodYRTRev ATTAATAGGCCTTCCGTACCGCCA 

CcpARTFor GCCACAGTGTCGCGTGTTGTTAAT 

CcpARTRev ACCTCTAGCAACAGCATTTGGACG 

LeuARTFor CGGCCTTCAAAGTGCTGTTGTTGT 

LeuARTRev ACTTCTGCTTGGGCATCAGTACCT 

IlvARTFor ATTTGTGGACGGTGCATCTGTAGC 

IlvARTRev AAGAGCACTCACACTTAATGCGCC 

IlvERTFor GGCGTTGGTGCATCACATCAGTAT 

IlvERTRev CCACGAACAGCACGCACATATTCA 

IlvDRTFor CACCCGGTATGATTTAGCAG 

IlvDRTRev ACAAGTAGGGCAGGCATTTTG 

IlvDproFor ATCCATTGTTCAATCGTATC 

IlvDproRev GTAAATTTTAATGATTAATCATGTTTTATAG 

*: 5’-terminal end is phosphorylated. 
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4.3  Results 

4.3.1  The depletion of Gcp dramatically increased the transcription of the ilv-leu 

operon.   

Bioinformatics analysis of the S. aureus genome revealed that nine genes are sequentially 

aligned in the ilvDBHC-leuABCD-ilvA operon, which is similar to the ilv-leu operon 

responsible for the biosynthesis of the branched-chain amino acids in B. subtilis (4).  

Genome mapping showed that the gcp operon (20) and the ilv-leu operon were 

juxtaposed on the genome of S. aureus (Fig 21).  To confirm the effect of Gcp on the 

expression of IlvA, IlvB, and IlvD, we examined the impact of the depletion of Gcp and 

YeaZ on the transcription of ilvA, ilvD and leuA located on the ilv-leu operon, and ilvE 

gene, which is located elsewhere in S. aureus genome and encodes an aminotransferase.  

The qPCR results showed that the down-regulation of Gcp and YeaZ had no impact on 

ilvE RNA levels; whereas the RNA levels of ilvD, leuA and ilvA were elevated by 

approximately 5- to 111- fold, suggesting that Gcp and YeaZ have similar functions in 

mediating the transcription of the ilv-leu operon (Table 7). 

  

 

 

Fig 21.Genomic context of the gcp and ilv-leu operons. 
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Table 7. Gene transcription change due to the depletion of Gcp or YeaZ 

 
 

*: The fold change represents the transcription levels of genes with the depletion of Gcp 

or YeaZ compared with those during the induction of gcp or yeaZ transcription with 

IPTG (200 μM) at exponential phase of growth (OD600nm ~ 0.5). 

 

To further confirm the transcriptional regulation, we constructed an ilv promoter-lux 

reporter fusion in the Pspac-regulated gcp expression mutant.  This system allows us to 

effectively down-regulate gcp expression and simultaneously to monitor the reporter gene 

expression by measuring the bioluminescence intensity (36).  The results showed that 

bacterial growth is dependent on IPTG, indicating the essentiality of Gcp (Fig 22A); 

whereas the bioluminescence intensity was increased from the early log to mid-log 

phases of growth during the depletion of Gcp in a dose dependent manner (Fig 22B).  

The Pspac-regulated gcp expression mutant carrying a promoterless lux reporter was 

utilized as a control.  The addition of IPTG had no influence on the lux expression in the 

control strain (data not shown).  Taken together, these data indicate that Gcp 

transcriptionally mediates the expression of the ilv-leu operon.   
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Fig 22. Effect of the down-regulation of Gcp on the ilv promoter transcription activity. (A) 

The growth curves of the Pspac-regulated gcp expression mutant containing the ilv 

promoter-lux reporter fusion (JRN0110) at the presence of different concentrations of 

inducer IPTG. (B) Relative Bioluminescence intensity of JRN0110 during the culture 

with different concentrations of IPTG (0, 1, 5, 25, 50 and 100 µM).  The optical density 

at OD600nm and bioluminescence intensity of cultures were simultaneously measured 

every 15 min for 18 hours at 37°C using a BioTek Synergy Microplate Reader.  The 

experiments were repeated at least five times.  These figures are one representative of 

these independent experiments. 
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4.3.2  Gcp indirectly mediates the transcription of ilv-leu operon.   

Structural analysis of Gcp protein revealed that Gcp lacks a helix-turn-helix DNA-

binding domain, suggesting that Gcp may indirectly regulate the transcription of ilv-leu 

operon.  To further determine the mechanism of Gcp’s involvement in modulating the 

expression of the ilv-leu operon, we expressed and purified His-tagged Gcp protein as 

described (39) and performed gel-shift assays to examine whether Gcp binds to the 

promoter region of ilv.  Structural analysis suggests Gcp contains a metal binding motif; 

to investigate if Gcp binds to DNA and requires the ions, we incubated recombinant Gcp 

and ilv promoter probe with Zn
2+

, Mg
2+

, Ca
2+

 and Mn
2+

 ions. The results showed that the 

addition of Gcp in the reaction mixtures containing the ilv promoter probe had no impact 

on the electrophoretic mobility of ilv probe compared to the controls (Fig 23) indicating 

that the essential protein Gcp lacks the capacity to bind the ilv promoter and indirectly 

controls the transcription of the ilv-leu operon.  

 

 

Fig 23. Gel shift analysis of Gcp binding to ilv promoter region. Varied concentrations of 

recombinant Gcp was incubated with ilv promoter probe with or without Zn
2+

, Mg
2+

, Ca
2+

 

and Mn
2+

 ions (10mM) at room temperature for 20 min. The samples were then applied 

to 5% native gel for shift analysis. 
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4.3.3  YeaZ directly regulates transcription of ilv-leu operon. 

Since YeaZ is also involved in modulating the transcription of ilv-leu operon, we then 

characterized its binding ability to the ilv promoter by gel-shift analysis.  Purified YeaZ 

was incubated with ilv promoter probe in the DNA binding buffer.  Negative controls 

included the labeled ilv promoter region without protein and the labeled ilv probe with 

BSA protein.  The non-labeled ilv promoter region was used as a specific competitor.  

We found that unlike Gcp, purified YeaZ directly bond to the ilv promoter showing 

significantly slower electrophoretic mobility of the ilv promoter probe in the gel (Fig 24).  

The non-labeled ilv promoter probe successfully competed for binding to YeaZ with the 

labeled ilv promoter probe.  No negative controls were observed shifting in the gel.  We 

also examined if Gcp effects YeaZ’s binding ability to the ilv promoter due to the 

interaction between Gcp and YeaZ.  Our results showed that the addition of Gcp in the 

reaction mixtures containing YeaZ and ilv promoter probe had no impact on YeaZ 

binding to ilv promoter.  The above results indicate that the essential protein YeaZ is 

capable of binding the ilv promoter and directly controls the transcription of ilv-leu 

operon.  
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Fig 24. Gel shift analysis of YeaZ binding to the ilv promoter region. Various 

concentrations of recombinant YeaZ was incubated with the ilv promoter probe at room 

temperature for 20 min. Non-labeled ilv promoter probe was used as a specific competitor; 

ilv promoter probe with no protein as well as ilv promoter probe with BSA were used as 

negative control; Gcp was added with the ilv promoter probe and YeaZ to examine its 

effect of YeaZ binding the ilv promoter probe. The samples were applied to 5% native gel 

for shift analysis. 
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4.3.4  Gcp and YeaZ are involved in the biosynthesis of N
6
-

threonylcarbamoyladenosine (t6A).   

It has been reported that the Gcp homolog YgjD in E. coli is required for the synthesis of 

t6A (7).  To determine whether Gcp is involved in t6A biosynthesis in S. aureus, we 

quantitatively measured the t6A/A ratio in tRNAs purified from the staphylococcal cells 

under Gcp deplete (-IPTG) or Gcp-replete (+ IPTG) conditions using LC-MS/MS.   

When the defined Pspac-regulated gcp expression mutant was grown in TSB with IPTG, 

the ratio of t6A/A was 1.3%, whereas during depletion of Gcp by growing the mutant in 

the absence of IPTG the ratio of t6A/A observably decreased 5-fold to 0.26% (Fig 25A).  

This indicates that the staphylococcal Gcp is important for t6A modification, which is 

consistent with previous results in other species (7, 8, 32).  We also examined the role of 

YeaZ involved in the t6A biosynthesis using the same method.  Similarly, the deletion of 

YeaZ also caused a similar decrease (6-fold) of t6A/A from 1.57% to 0.25% (Fig 25B).  

 

 

Fig 25. Determine the effect of depletion of Gcp and YeaZ on t6A content of tRNA 

isolated from staphylococcal cells using LC-MS/MS.  tRNA isolated and purified from 

the defined Pspac-regulated gcp expression mutant (A) or from the defined Pspac-

regulated yeaZ expression mutant (B) with and without inducer IPTG (200 μM) at 

exponential phase of growth (OD600nm ~0.5) and processed for LC-MS/MS analysis of 
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t6A as described in Materials and Methods.  The t6A content was normalized to the 

respective adenosine content and represented to % t6A/A ratio. 

 

4.3.5  Down-regulation of gcp and yeaZ enhances bacterial growth in ILV dropout 

chemically defined media.   

The above findings led us to hypothesize that the tight control of the branched-chain 

amino acids biosynthesis by Gcp or YeaZ may contribute to their essentiality for growth.  

To test this possibility, we determined the effect of isoleucine, leucine and valine (ILV) 

on the requirement for Gcp or YeaZ by monitoring the growth of the defined Pspac-

regulated gcp and yeaZ expression mutant in ILV dropout CDM with varying amounts of 

IPTG.  The conditional gcp expression mutant and the wild-type control were each 

inoculated into nutrient complete CDM and ILV dropout CDM.  The wild-type control 

strain exhibited consistent growth curves regardless of IPTG concentrations in all growth 

media.  A longer lag phase was seen in ILV dropout CDM (Fig 26A) compared with 

nutrient complete CDM (Fig 26B).  However, in nutrient complete CDM the defined 

Psapc-regulated gcp expression mutant exhibited IPTG dependent growth; without IPTG 

induction bacterial growth was dramatically inhibited, indicating the essentiality of Gcp 

for growth (Fig 26D).  In contrast, in ILV dropout CDM, without IPTG induction the 

bacteria exhibited a robust growth phenotype; whereas in the presence of 100 µM IPTG 

bacterial growth was noticeably inhibited (Fig 26C).  In addition, IPTG dependent growth 

only occurred between 0 to 25 µM IPTG (Fig 26C).  The conditional yeaZ expression 

mutant exhibited similar growth curves under the same conditions as the conditional gcp 

expression mutant (Fig 26E and 26F).  
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Fig 26. Effect of the depletion of the branched-chain amino acids isoleucine, leucine and 

valine (ILV) on the growth of the defined Pspac-regulated gcp or yeaZ expression strain. 

The growth curves of the wild type control, WCUH29 carrying pYH4-lacI in ILV 

dropout CDM (A) and in nutrient complete CDM (B); the growth curves of the defined 

Pspac-regulated gcp expression strain (JW290111) in ILV dropout CDM (C) and in 

nutrient complete CDM (D); and the growth curves of the defined Pspac-regulated yeaZ 

expression strain (JW290211) in ILV dropout CDM (E) and in nutrient complete CDM 

(F).  The bacterial growth in the presence of different concentrations of inducer IPTG (0, 

10, 25 and 100 µM) was monitored by kinetically measuring the optical density at 

OD600nm every 15 min for 24 hours at 37°C using a BioTek Synergy plate reader.  

These figures are one representative of three independent experiments.    
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To eliminate potential effects of isoleucine, leucine and valine amino acids on the 

regulatory function of the Pspac-regulated gcp expression system, we confirmed the 

effect of the depletion of Gcp on growth in ILV dropout CDM using a TetR-regulated 

gcp antisense RNA expression system (40).  The wild-type strain carrying parental 

plasmid and a TetR-regulated eno antisense RNA expression mutant (38) were used as 

controls.  In nutrient complete CDM, the addition of inducer, ATc, had no obvious 

impact on the growth of the wild-type control strain (Fig 27B); whereas, the growth of 

the TetR-regulated gcp antisense RNA mutant exhibited an ATc dependent inhibition; 

and the growth was abolished with a high dose of inducer, 500 µM ATc, indicating the 

essentiality of Gcp (Fig 27D).  In ILV dropout CDM, the addition of ATc had no obvious 

influence on growth of the wild-type control (Fig 27A); whereas remarkably the induced 

gcp antisense RNA enhanced the growth of the TetR-regulated gcp antisense RNA strain, 

when 50 µM or more of inducer ATc was present, indicating the stimulatory effect on 

growth by the down-regulation of Gcp (Fig 27C).  However, the growth of the gcp 

antisense RNA mutant was dramatically inhibited in the presence of 25 µM ATc 

compared without inducer, indicating the importance of Gcp for growth (Fig 27C).  In 

addition, in both nutrient complete CDM and ILV dropout CDM, the growth of the eno 

antisense RNA control strain was remarkably inhibited by the addition of inducer ATc in 

a dose dependent manner (Fig 27F and 27E).  These results eliminated the possibility of 

non-specific effect of ILV dropout on the Pspac-regulatory system and the TetR-

regulated antisense RNA expression system, and demonstrated that moderate depletion of 

Gcp has a stimulatory effect on bacterial growth in the absence of BCAAs.  
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Fig 27. Effect of the depletion of the branched-chain amino acids isoleucine, leucine and 

valine (ILV) on the growth of the TetR-regulated gcp antisense RNA strain. The growth 

curves of control strain WCUH29 carrying parental plasmid pYH4 in nutrient complete 

CDM (A) and in ILV dropout CDM (B); the growth curves of the TetR-regulated gcp 

antisense RNA strain (WCUH29/gcp-as) in nutrient complete CDM (C) and in ILV 

dropout CDM (D); and the growth curves of the TetR-regulated eno antisense RNA strain 

(WCUH29/eno-as) in nutrient complete CDM (E) and in ILV dropout CDM (F).  The 

growth curves are monitored by kinetically measuring the optical density at OD600nm in 

the corresponding culture medium in the presence of different concentrations of inducer, 

anhydrotetracyclin (ATc: 0, 25, 50, 100, 250 and 500 ng/ml) every 15 min for 24 hours at 

37°C using a BioTek Synergy plate reader.  These figures are one representative of three 

independent experiments. 
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4.3.6  Modulation of ilv-leu operon by Gcp and YeaZ has no involvement in their 

essentiality.   

The above results suggested that the inhibitory effect on growth by the depletion of Gcp 

or YeaZ may result from the accumulation of ILV due to the over-expression of the ilv-

leu operon.  To test this possibility, we constructed ilv-leu operon deletion mutants in 

both the wild-type WCUH29 strain and the Pspac-regulated gcp and yeaZ expression 

mutants and examined the effect on the essentiality of Gcp and YeaZ.  We found that in 

ILV dropout CDM the growth of the ilv-leu null mutants was completely eliminated (Fig 

28C, E, and G), but the wild-type control grew slower than that in nutrient complete 

CDM as expected (Fig 28A, B).  These results further confirmed the null mutation of the 

ilv-leu operon by the deletion mutagenesis.  Surprisingly, in nutrient complete CDM the 

deletion of the ilv-leu operon had no impact on IPTG-dependent growth of the Gcp or 

YeaZ mutant (Fig 28F, G).  This result indicates that the influence of Gcp and YeaZ on 

ILV biosynthesis is not associated with their essential mechanism for growth.   
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Fig 28. Effect of the deletion of the ilv-leu operon on the essentiality of Gcp for growth. 

The growth curves of the wild-type control, WCUH29 carrying pYH4-lacI, in ILV 

dropout CDM (A) and in nutrient complete CDM (B); the growth curves of the ilv-leu 

operon deletion mutant (JW290411) in ILV dropout CDM (C) and in nutrient complete 

CDM (D); the growth curves of the ilv-leu operon deletion and defined Pspac-regulated 

gcp expression strain (JW290511) in ILV dropout CDM (E) and in nutrient complete 

CDM (F); the growth curves of the ilv-leu operon deletion and defined Pspac-regulated 

yeaZ expression strain (JW290611) in ILV dropout CDM (G) and in nutrient complete 

CDM (H).  The growth curves are monitored by kinetically measuring the optical density 
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at OD600nm in the corresponding culture medium in the presence of different 

concentrations of IPTG (0. 10, 25 and 100 µM) every 15 min at 37°C using a BioTek 

Synergy Microplate Reader.  These figures are one representative of three independent 

experiments.   
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4.4  Discussion 

The novel proteins Gcp and YeaZ are conserved, belong to the Kae1/OSGEP/Gcp family 

(16), and are essential for bacterial growth in a variety of species (19).  Previous studies 

in our laboratory have demonstrated that Gcp and YeaZ are required for bacterial 

viability in S. aureus and Gcp plays an important role in the modulation of bacterial 

autolysis (39, 40); however, the essential biological function of Gcp and YeaZ remain 

largely undefined.  This study provides direct evidence that the novel essential proteins, 

Gcp and YeaZ, are involved in the t6A modification pathway, and negatively regulates 

the expression of the ilv-leu operon responsible for the biosynthesis pathway of the 

branched-chain amino acids (BCAAs): isoleucine, leucine and valine (ILV).  In addition, 

our results showed that the depletion of Gcp or YeaZ dramatically enhanced bacterial 

growth in chemically defined medium lacking these branched-chain amino acids.  

Importantly, we demonstrated that the essentiality of Gcp and YeaZ for growth is not 

attributable to the modulation of the ilv-leu operon.  These findings provide new insights 

into the biological function of the novel essential proteins Gcp and YeaZ as well as the 

regulatory mechanism of BCAAs biosynthesis in S. aureus.  

 

In a previous study, we identified significantly altered expression of three key enzymes of 

the BCAAs biosynthesis pathway, including threonine dehydratase, acetolactate synthase, 

and dihydroxy-acid dehydratase, during the depletion of Gcp using 2D-DIGE combined 

with mass spectrometry.  These enzymes are encoded by the ilvA, ilvB and ilvD genes, 

respectively, located in an ilv-leu operon.  Our qPCR and ilv promoter-lux reporter 
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experiments further confirmed the 2D-DIGE and mass spectrometry results and indicated 

the transcriptional modulation of ilv-leu operon by Gcp in S. aureus, which is consistent 

with previous report that the depletion of Gcp homolog, YgjD, in E. coli increases the 

transcription of the thr and ilv operons (12).  Our qPCR assays revealed that Gcp has a 

similar influence on the transcriptional level of ilvD, leuA, and ilvA, but has no impact on 

ilvE, which lies outside of the ilv-leu operon in the S. aureus chromosome.  These results 

further indicate the specific effect of Gcp on the ilv-leu operon that is important for the 

biosynthesis of BCAAs in S. aureus.  Although our qPCR and promoter-lux reporter 

results indicated that the transcription of the ilv-leu operon is highly elevated during the 

depletion of Gcp, the protein-DNA binding experiment did not reveal any evidence of 

Gcp binding to the ilv promoter region, indicating indirect transcriptional regulation by 

Gcp.  This is consistent with our structural analysis showing that Gcp is unlikely to be a 

DNA binding protein due to the absence of a DNA binding domain (data not shown).  

However, this finding is inconsistent with a previous report about a Gcp Pyrococcus 

abyssi homolog, Pa-Kae1, which possesses a novel iron/ATP binding site, as well as 

DNA binding and apurinic nuclease activity (13).  Taken together, our results indicate a 

novel function and mechanism for Gcp in the regulation of branched-chain amino acids 

biosynthesis in S. aureus.    

 

The previous structural analysis yielded information that YeaZ does not possess the metal 

binding site and ATP binding domain seen in Gcp, but it is hypothesized to bind 

nucleotides through homo- or hetero-dimer formation (1), binding to other protein 
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partners or small molecule ligands (27).  However, in this study, our results first provided 

the direct evidence demonstrating that YeaZ is a novel DNA-binding protein as well as a 

novel regulator of BCAAs biosynthesis as YeaZ represses the ilv-leu transcription by 

directly binding to the ilv promoter region.  In addition, we found that YeaZ non-

specifically binds to a single stranded 65-mers oligonucleotide (27) and a hla (encoding 

Alpha-toxin) probe (data not shown), suggesting that YeaZ is a global regulator.  In our 

gel-shift analysis, we observed that the electrophoretic mobility of ilv promoter probe 

was gradually decreased as the YeaZ concentration increased.  The possibly explanation 

is that YeaZ may bind to multiple different sites of the ilv promoter region.  

 

Our finding that the staphylococcal Gcp and YeaZ are involved in the t6A modification 

of tRNA is consistent with recent reports regarding the function of Kae1/Ori7/YgjD in 

the biosynthesis of N
6
-threonylcarbamoyladenosine (t6A) (8, 32), which is important for 

the recognition of Ile tRNA synthetases and the formation of charged Ile tRNA (28).  It is 

possible that Gcp and YeaZ mediates the transcription of the ilv-leu operon through the 

t6A modification pathway, as uncharged tRNA act as a positive regulatory factor to 

increase gene expression during amino acid limitation (10).  Although, our studies were 

conducted using a nutrient rich medium (TSB) and we found that the depletion of Gcp or 

YeaZ increases the transcription of ilv-leu operon in S. aureus.  In Chapter 3, we already 

identified the interaction between Gcp and YeaZ in S. aureus.  Together with the results 

in this study that YeaZ directly binds to the ilv promoter, these results suggest a putative 

mechanism, separate from the t6A pathway is responsible for the increased synthesis of 
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ilv-leu.  Furthermore, qPCR revealed that during the depletion of Gcp or YeaZ the 

increased transcription levels of ilvD, leuA and ilvA genes in one polycistronic operon 

exhibited significant variations.  In B. subtilis it has been revealed that posttranscriptional 

regulation of the ilv-leu operon by endoribonuclease and exoribonuclease proteins leads 

to three different mRNA transcript lengths of the ilv-leu operon with varying half-lives 

(24).   These reports support the idea that in S. aureus the ilv-leu operon is also likely to 

be regulated at a posttranscriptional level.  

 

The mechanism of mediating BCAAs biosynthesis by Gcp is different from other known 

regulators, including CodY, TnrA, and CcpA, that directly regulate the transcription of 

ilv-leu operon by specifically binding to a specific region of the promoter (33).  We found 

that the depletion of Gcp had no influence on codY transcription, but increased the ccpA 

transcription by 3-fold.  However, the depletion did not affect the transcription of either 

codY or ccpA, suggesting that Gcp may mediate the expression of ilv-leu operon, at least 

in part through the modulation of the positive regulator, CcpA.  We are currently working 

to further determine the impact of CcpA on Gcp’s modulation of ilv-leu operon.  

 

Although S. aureus maintains a complete set of genes for the biosynthesis of BCAAs the 

mechanism behind the observed BCAA auxotrophic phenotype in S. aureus is still 

unclear (18, 29).  In this study, we revealed that moderate depletion of Gcp or YeaZ 

remarkably enhances bacterial growth in the medium lacking ILV.  The ability to 

stimulate bacterial growth by depleting Gcp or YeaZ in ILV dropout CDM may result 



 

 121 

from the up-regulation of the ilv-leu operon and subsequently increase the biosynthesis of 

necessary metabolites and ILV.  The essential nature of Gcp and YeaZ determines a basal 

level expression of the two essential proteins in bacterial cells, indicating constitutive 

inhibition of the BCAA biosynthetic pathway.  Thus, the BCAA auxotrophic phenotype 

is likely due to the absence of environmental ILV as well as repression of the intracellular 

ILV biosynthetic pathway by Gcp and YeaZ, which are important for protein function 

and bacterial physiology. 

 

The observation that the deletion of the ilv-leu operon had no impact on the essentiality 

of Gcp or YeaZ for growth, indicating the repression of ILV biosynthesis pathway is one 

aspect of the biological function of Gcp and YeaZ, but is not involved in the essential 

mechanism of Gcp and YeaZ.  However, in the absence of exogenous ILV, it seems that 

Gcp and YeaZ are not required for bacterial growth.  The growth of the defined Pspac-

regulated gcp or yeaZ expression mutants and the TetR-regulated gcp antisense RNA 

mutant strains in ILV dropout CDM, compared to wild-type controls, was enhanced when 

Gcp or YeaZ expression was down-regulated. The growth of these conditional gcp and 

yeaZ mutant strains in ILV dropout CDM depends on the expression of Gcp or YeaZ as 

well as the biosynthesis of ILV.  In our experiments, we observed that the initial 

inoculum of the defined Pspac-regulated gcp or yeaZ mutant couldn’t be over-diluted in 

ILV dropout CDM (we used 1:200 inoculum of overnight culture in CDM) allowing the 

cells to utilize residual ILV for survival.  At a 1:200 dilution, the requirement of Gcp or 

YeaZ for growth is not titratable due to the carryover of sufficiently expressed Gcp in 
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inoculated bacterial cells compared with those in 1:10
5
-10

6
 diluted cells that are routinely 

used in down-regulated gene expression studies to determine the essentiality of Gcp and 

YeaZ.  Moreover, our results indicate that the expression levels of Gcp and YeaZ play 

critical roles in bacterial growth.  The lower level of Gcp or YeaZ is important for 

bacterial growth especially in the medium lacking isoleucine, leucine and valine, because 

the partial depletion of Gcp or YeaZ can activate the biosynthetic pathway of BCAAs and 

compensate for the growth defect due to the lack of ILV.  In contrast, high expression 

levels of Gcp or YeaZ alleviate bacterial growth due to their inhibition of the BCAA 

biosynthetic pathway, thereafter interfering with bacterial growth in the culture media 

lacking these essential metabolites.  
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Chapter 5. Concluding Remarks 

The prevalence of methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-

resistant S. aureus (VRSA) has caused serious public health concerns worldwide.  The 

limited options of antibiotics for the treatment of infections associated with MRSA and/or 

VRSA highlight an urgent need for the development of novel potent antimicrobial agents.  

Bacterial essential proteins are potential targets for the development of new classes of 

antibiotics; however, the biological function of many essential proteins is still unclear.  

The characterization and validation of functionally unknown essential proteins are 

therefore of great importance to assess their suitability as targets for the development of 

novel antibiotics. 

 

Our previous studies have indicated that a novel essential protein Gcp is a potential target 

for the development of new classes of antibacterial agent against multi-drug resistant S. 

aureus.  However, the biological function of Gcp and the mechanism behind its 

essentiality remain poorly understood.  The studies presented in this thesis describe the 

determination of essentiality, functional characterization, and a novel regulatory 

mechanism of branched-chain amino acid (BCAA) biosynthesis of Gcp and its essential 

paralog and binding partner, YeaZ of S. aureus.  

 

Through the construction of defined Pspac-regulated gene expression mutants in wild 

type MRSA strains, we confirmed the essentiality of the novel proteins Gcp and YeaZ for 

S. aureus growth.  These findings strengthen the consensus of the universal essential 

http://en.wikipedia.org/wiki/Methicillin-resistant_Staphylococcus_aureus
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nature of the conserved Gcp family in bacteria species.  Genome mapping and RT-PCR 

has previously demonstrated that gcp and yeaZ genes are localized in one operon which 

includes two additional functionally unknown genes, sa1855 and sa1857.  We 

demonstrated that both SA1855 and SA1857 were dispensable for S. aureus growth in 

culture, although the SA1857 homolog, YjeE, is necessary for E. coli growth.  The 

discrepancy of the essentiality of SA1857 homologs indicates the functional diversity 

between these essential proteins in the different bacterial systems. 

 

To better understand the essential mechanism of Gcp and YeaZ for bacteria growth, we 

examined the impact of Gcp and YeaZ on the morphology of S. aureus, respectively, 

using scanning electron microscopy and transmission electron microscopy.  One 

observed unusual morphology is the apparently decreased cell size due to the loss of Gcp 

or YeaZ.  The similar morphological change of such a smaller cell is usually observed 

under the stringent response, which is regulated by the global alarmone (p)ppGpp.  Our 

previous study already demonstrated that the loss of Gcp increases the resistance to 

autolysis and antibiotics-induced cell lysis.  Consistently, the bacterial stringent response 

also increases antibiotics resistance.  Taken together, the above data suggest that Gcp and 

YeaZ may be involved in the global (p)ppGpp signaling pathway.  Meanwhile, we 

observed that the depletion of Gcp increased the cell wall thickness of S. aureus, which 

may contribute to the enhanced tolerance to detergent and antibiotic induced autolysis.  

Moreover, we found an unusual smooth outer cell surface in both Gcp and YeaZ 

depletion S. aureus strains.  This led us to hypothesize that Gcp and YeaZ may be 
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involved in cell wall biosynthesis.  Further studies focusing on the cell wall formation 

and (p)ppGpp signaling pathway will be carried out for the functional characterization of 

Gcp and YeaZ. 

 

Although the first identified Gcp homolog from Mannheimia haemolytica is an O-

sialoglycoprotease, the recombinant staphylococcal Gcp didn’t exhibit glycoprotease 

activity.  This finding is consistent with other Gcp homologs in different bacteria species.  

These data indicate that the glycoprotease activity is a species-specific function that is not 

required for the essentiality of Gcp; and infer the multifunctional nature of Gcp homologs 

among species.  Moreover, we found that the staphylococcal YeaZ lacks a proteolytic 

activity against Gcp, which is contradictory to its E. coli homolog.  This suggests that 

YeaZ is possibly a multi-functional protein.  

 

Sharing the same essentiality for S. aureus growth as well as the similar physiological 

effects on bacteria morphology, Gcp and YeaZ, these two sequence related homologs, 

may be functionally associated.  We carried out a yeast two-hybrid analysis assay, 

bacterial two-hybrid analysis assay and an in vitro pull-down assay to demonstrate that 

Gcp binds to YeaZ.  In addition, together with alanine mutagenesis techniques and 

titration, we identified three C-terminal domains Y317-F322, D324-N329, and S332-

Y336 of Gcp that are crucial for Gcp’s essentiality.  Furthermore, the Gcp alanine 

mutants of the three domains are unable to bind YeaZ.  The results indicate that the Gcp-

YeaZ interaction may play an important role in their essentiality, or in other words, their 
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essentiality is dependent on each other.  The YjeE-YeaZ-YgjD model in E. coli is a 

proposed key network for their essentiality.  However, based on the results obtained from 

this study as well as other reports including 1) SA1857 (YjeE’s homolog) is not essential 

in S. aureus or Bacillus subtilis; 2) SA1857 does not bind to YeaZ; 3) YeaZ does not 

cleave Gcp; and 4) Gcp associates with YeaZ in E. coli, Streptococcus pneumoniae and 

Bacillus subtilis, we hypothesize that the Gcp-YeaZ association is a more conserved 

functional model that contributes to their functions and their essentiality for bacteria 

growth.  In the future study, the global site-directed mutagenesis of both Gcp and YeaZ 

will be applied to identify their essential residues and interaction domains to further 

characterize the roles of Gcp-YeaZ interaction in their essentiality. 

 

A significant result from this study is the identification of YeaZ and Gcp as the novel 

regulators of the branched-chain amino acid (BCAA) biosynthesis pathway, as well as 

YeaZ as a novel DNA-binding protein.  The ilv-promoter-lux reporter system in the 

Pspac-regulated gcp expression mutant, qPCR, and titration of gcp and yeaZ depletion 

mutant in ILV (isoleucine, leucine, and valine) dropout CDM media, as well as the 

previous 2D-DIGE results together demonstrate that Gcp and YeaZ possess a highly 

consistent role in modulating the biosynthesis of BCAA through impeding the 

transcription of ilv-leu operon.  In addition, qPCR analysis of ilvE, gene encoding another 

key enzyme for BCAA biosynthesis at a separate locus from ilv-leu operon, exhibited an 

unchanged mRNA level in gcp and yeaZ depletion mutants, demonstrating the specific 

modulating functions of Gcp and YeaZ on the ilv-leu operon.  Furthermore, the results 
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from the gel shift analysis provide direct evidence that YeaZ directly binds to the ilv 

promoter while Gcp does not.  The results are consistent with their crystal structure 

analysis that Gcp lacks the helix-turn-helix DNA binding domain whereas YeaZ may 

bind to a small molecule ligand or a partner protein to bind DNA.   

 

Since YeaZ is a direct regulator that represses the transcription of ilv-leu operon, an 

important question is how Gcp modulates the transcription ilv-leu operon.  qPCR results 

indicate Gcp represses the transcription of CcpA, a positive regulator of ilv-leu operon.  

Thus, it is possible that Gcp functions through CcpA, thereby modulating transcription 

the ilv-leu operon.  Another possibility is Gcp functions through YeaZ since their effects 

on BCAA biosynthesis are highly similar, as well as Gcp is demonstrated to bind YeaZ.  

Moreover, our study demonstrates that Gcp and YeaZ both impede the biosynthesis of the 

small nucleotide N
6
-threonylcarbamoyladenosine (t6A) which is an essential component 

for Ile-tRNA charging.  It is reported that uncharged Ile-tRNAs mediate increased BCAA 

biosynthesis in E. coli through relieving the attenuation of the ilv promoter.  Hence, it is 

also possible Gcp and YeaZ mediate ILV biosynthesis through t6A modification.  More 

studies need to be conducted to examine which mechanism is functional responsible for 

mediating the BCAA biosynthesis.   

 

Importantly, we demonstrated that the essentiality of Gcp and YeaZ is independent of 

their regulation of the BCAA biosynthesis in S. aureus.  The discovery of the regulatory 

function of Gcp and YeaZ on BCAA biosynthesis is still of great importance, even 
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though their essential mechanisms are still undefined.  It should be pointed out that S. 

aureus possesses a complete set of enzymes for the BCAA biosynthesis, but several S. 

aureus commonly displays a BCAA auxotrophic phenotype.  Our results indicate the 

repression of BCAA biosynthesis is by the essential Gcp and YeaZ.  Since Gcp and YeaZ 

are indispensible for S. aureus survival, the expression for Gcp and YeaZ results in a 

consistent repression of ILV biosynthesis, which causes insufficient production of ILVs 

and finally leads to the commonly observed ILV auxotrophy.  Our study provides new 

insights into the biological function of the novel essential proteins, Gcp and YeaZ, as 

well as the regulatory mechanisms of BCAA biosynthesis. 

 

Lastly, it is worth to mention that the increased transcription of ilv-leu operon is also a 

typical event during the bacterial stringent response, which further suggests the possible 

roles of Gcp and YeaZ in the (p)ppGpp global signaling pathway.  To elucidate the 

essential mechanism of Gcp and YeaZ, we are currently employing the whole genome 

transcriptome analysis using next generation RNA-Seq technology.  Our studies will 

continue to unravel the biological functions of the highly conserved essential proteins 

Gcp and YeaZ.  These results will not only provide new insights into S. aureus virulence, 

antibiotics resistance, stress physiology and BCAA biosynthesis, but also provide a novel 

target for the development of new antibacterial agents.    
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