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Abstract 

 The translational GTPases elongation factor Tu (EF-Tu) and LepA modulate the dynamics of 

tRNA on the ribosome. EF-Tu facilitates the delivery of aminoacyl-tRNA (aa-tRNA) to the 

translating ribosome and LepA catalyzes the retro-translocation of tRNA•mRNA from the E- and 

P-sites of the ribosome back to the P- and A-sites. Although an increasing body of structural and 

biochemical information is available, little is known about the functional cycle of LepA during 

retro-translocation, the kinetics of EF-Tu dissociation from the ribosome and the rate of EF-Tu 

conformational change during aa-tRNA delivery. This thesis reports the successful construction 

and biochemical characterisation of a mutant form of EF-Tu from Escherichia coli ideal for the 

specific incorporation of fluorescent labels, enabling measurements pivotal for uncovering the 

rate of EF-Tu conformational change and dissociation from the ribosome. Furthermore, to 

determine structural components critical for LepA’s function, mutant versions of the protein 

were constructed and biochemically characterised. 
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Chapter 1 - Translation in bacteria 

1.1 Introduction to translation in bacteria  

Protein synthesis is one of the key processes in all living cells. It is part of the central dogma of 

gene expression, which was discussed in 1961 by Jacob and Monod (1). They showed that genes 

are expressed in two stages: i) Transcription - DNA is transcribed into messenger RNA (mRNA) 

and (ii) Translation - mRNA directed synthesis of the protein polypeptide chain, which utilizes a 

message containing triple nucleotide (triplet) codons specific for a single amino acid (1). In 

prokaryotes the transcribed mRNA is used directly as a message for subsequent protein 

synthesis (2). 

The process of gene expression is facilitated by intermediate steps and many key players. In 

1966, Crick hypothesized that there are RNA adaptor molecules that recognize a specific mRNA 

codon and contain the corresponding amino acid subsequently used in polypeptide chain 

synthesis (3). In this way, the molecule bridges the gap between the mRNA and the protein 

polypeptide chain (3). Around the same time of Crick’s hypothesis, Zamecnik and Hoagland 

found that [14C] labelled amino acids attached to a small RNA were transferred to a growing 

polypeptide chain (4). There are approximately 30 different transfer RNAs (tRNAs) within 

prokaryotes (5) which are amino acid specific and have been studied extensively over the last 50 

years in terms of processing, dynamics and structure.  

Each tRNA contains between 75 to 90 RNA nucleotides (6) and forms a cloverleaf secondary 

structure (7, 8) (Figure 1.1). While diverse in sequence, determination of the structure of tRNA 

revealed a number of common elements between various tRNAs. These are (i) a 5’-terminal 

phosphate, (ii) a 3’ acceptor stem, (iii) the so called D loop, containing a modified dihydrouridine 



C h a p t e r  1  I n t r o d u c t i o n  t o  T r a n s l a t i o n   

 

2 

 

base, (iv) the anticodon loop, which can base pair with the mRNA triplet codon, (v) the TΨC 

loop, which contains a pseudouridine and (vi) a variable loop which varies in length between 

tRNAs (8, 9).  

 

 

 

 

 

 

 

 

 

Figure 1.1: Secondary structure of tRNA. The cloverleaf structure of a typical tRNA showing the 
3’ acceptor stem (blue), TΨC loop (pink), anticodon loop (green), D loop (purple), variable loop 
(yellow). 

 

The elements of the secondary structure fold into an L-shaped tertiary conformation (8, 9). At 

opposite ends of the tRNA are the anticodon loop and the acceptor stem, approximately 76 Å 

apart, whereas the D and T loops form the elbow region of the tRNA (Figure 1.2) (8, 9). The L-

shape of the tRNA facilitates the contacts made during protein synthesis. For example, the 

anticodon loop of the tRNA can interact with the mRNA, while the amino acid on the acceptor 

stem can make contacts near the polypeptide chain. 
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Figure 1.2: Tertiary structure of tRNAPhe from yeast. The crystal structure was determined by 
Sussman et al. (1978), PDB: 6TNA (8). The anticodon loop (green), the D loop (purple), the 
variable loop (yellow), the TΨC loop (pink) and the acceptor stem (blue) are shown above.  

 

Not only do tRNAs differ in their anticodon loop but other so called discriminator bases (10, 11) 

help to distinguish them from each other during for example aminoacylation. Aminoacylation of 

tRNA requires tRNA synthetases specific for individual tRNAs and takes place in a two-step 

process (12, 13). First, the amino acid is activated with ATP on the tRNA synthetase, forming 

amino acid-adenosine monophosphate (AMP). In the second step, the activated amino acid is 

then transferred from the AMP to the tRNA (12, 13), resulting in the following overall 

aminoacylation reaction: 

Amino acid + tRNA + ATP ↔ aminoacyl-tRNA + AMP + PPi.  

Anticodon Loop 

D Loop 

TΨC 
Loop 

Variable 
Loop 

Acceptor Stem 
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Errors introduced by mis-aminoacylation can have severe downstream effects, such as cell 

growth and protein function (14). Therefore, aa-tRNA synthetases use a double-sieve 

mechanism to help prevent errors which may propagate into all synthesized proteins. The first 

strategy aminoacyl-tRNA (aa-tRNA) synthetases use to ensure correct aminoacylation is by 

restricting the size of the binding pocket for the specific amino acid. However, many amino acids 

are very similar in size to one another or smaller and cannot be excluded by this mechanism 

alone. Therefore, extra proofreading is needed to ensure translational fidelity. Proofreading of 

the aa-tRNA occurs through binding of the 3’ end of aa-tRNA to a specific  editing domain of the 

tRNA synthetase (15). The editing domain makes additional interactions with the R group of the 

amino acid (15), allowing for discrimination of similar sized amino acids.   

Following the aminoacylation of tRNA, elongation factor Tu (EF-Tu) binds to the formed aa-tRNA 

and facilitates its delivery to the translating ribosome (16).  

1.2 The ribosome 

Protein synthesis takes place on the ribosome, which is a ribonucleoprotein (RNP) (17).  It 

contains three tRNA binding sites, the A-site for aa-tRNA, the P-site for peptidyl-tRNA and the E-

site for deacyl-tRNA (Figure 1.3) (18, 19).  
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Figure 1.3: The three tRNA binding sites on ribosome. The 70S ribosome with three occupied 
tRNA binding sites was solved through cryo-electron microscopy (cryo-EM) from Thermus 
thermophilus by Yusupov et al. (2001), PDB 1GIX and 1GIY (20). tRNA binding sites are shown 
with respective tRNAs bound to the ribosome, A-site tRNA (red), P-site tRNA (blue) and E-site 
tRNA (purple). The 30S subunit is represented in yellow and the 50S subunit is represented in 
pink. 

 

The ribosome is essential for the cell and encompasses 30% of the cellular mass in bacteria and 

approximately 5% in eukaryotes (21). In Escherichia coli, the ribosome has a mass of 2.5 MDa 

and a sedimentation coefficient of 70S (22). It is composed of a large and a small subunit, each 

made of approximately two-thirds ribosomal RNA (rRNA) and one-third protein (23). The small 

30S subunit in E. coli contains a 1542 nucleotide 16S rRNA and 21 ribosomal proteins, the large 

50S subunit consists of a 2904 nucleotide 23S rRNA, a 115 nucleotide 5S rRNA and 34  proteins 

(reviewed in (24)). Prior to ribosome assembly 16S and 23S rRNA are processed by RNase III (25), 

Head 

Body 

E 

P A 

50S 

30S 
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RNase E, RNase G (26) and RNase T (27), to form a mature 16S and 23S rRNA. To ensure an 

active ribosome, all rRNA and ribosomal proteins must assemble in the correct manner (28). 

Self-assembly can occur in vitro in the absence of co-factors, but the required conditions are not 

physiologically relevant and self-assembly does not occur at a rate fast enough to sustain life 

(29). Further evidence suggests that several additional ribosomal biogenesis factors monitor the 

assembly of the ribosome, such as EngA (30) and ObgA (31), which are required for the fast and 

efficient assembly observed in vivo.  

Electron microscopic studies on the structure of the ribosome have been available since the 

1970s; however, it was not until 1999 that X-Ray crystallographic structures of the ribosome 

became available (32). The overall structure of the small ribosomal subunit is largely determined 

by the 16S rRNA and forms three domains (5’ domain, central domain and 3’ major domain) 

which form the body, platform and head of the 30S subunit (Figure 1.4) (33). 
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Figure 1.4: 30S ribosomal subunit from Thermus thermophilus. The small ribosome subunit in 
T. thermophilus, adapted from Schluenzen et al. (2000) (33), PDB 1FKA. 16S rRNA is shown in 
white rendered in space fill and all small ribosomal subunit proteins are represented in black 
rendered in space fill. The three main domains forming the head, platform and body of the 30S 
are labelled. 

 

 The proteins of the 30S subunit range in size from approximately 4 kDa to 61 kDa and are 

named S1 to S21 (S for small subunit) (34). The main role of the 30S ribosomal proteins are to 

stabilize the ribosomal subunit (33). However a number of these proteins are required for 

efficient proteins synthesis in vivo. Generally, a single protein can make several contacts with 

RNA to help stabilize the 30S subunit (28, 33). Interestingly, the 30S ribosomal proteins are 

found only on the solvent accessible regions (33). 

 mRNA enters the small ribosomal subunit through the 30S shoulder and exits behind the 

platform (35) (Figure 1.4). Once the mRNA is bound to the 30S small subunit of the ribosome, it 
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3’ domain 
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is anchored by proteins S3, S4 and S5 (36). The 30S ribosomal subunit also plays an important 

role in maintaining accuracy of translation (37). Nucleotides A1492, A1493 and G530 of the 16S 

rRNA interact with the codon-anticodon helix in the ribosomal A-site (38). Cognate Watson-Crick 

base pairing results in a short double helix which is stabilized by the conserved nucleotides 

A1492, A1493 and G530 (38). This  is critical during the decoding process, where the cognate 

codon-anticodon interactions are discriminated against the near-cognate and non-cognate 

maintaining an error rate of around 10-3 to 10-4 in prokaryotes (39) .  

With the structure of the 30S subunit determined in 1999,  the X-ray crystal structures of the 

50S ribosomal subunit soon became available in 2000 (40). Like the small ribosomal subunit, the 

large subunit structure is mainly determined by its large rRNA (23S rRNA). 50S ribosomal 

proteins range from 4 kDa to 30 kDa and make contacts with rRNA to stabilize the subunit. 

Ribosomal proteins of the 50S subunit are named L1 to L33 (L for large subunit) (34). The overall 

structure of the 50S subunit consists of a large body and three protrusions (20, 40) (Figure 1.5). 

The L7/12 stalk forms one of the protrusions and interacts with translation factors, such as EF-Tu 

and EF-G (41). The central protrusion is located above the peptide exit tunnel where the 

polypeptide chain emerges from the ribosome. The L1 stalk forms the  third protrusion,  which 

interacts with the E-site tRNA, facilitating deacyl-tRNA dissociation from the ribosome (33, 42). 
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Figure 1.5: 50S ribosomal subunit from E. coli. Structure of the 50S ribosomal subunit solved by 
Cryo-EM (Villa et al. (2009) (43), PDB 3FIK).  The L1 stalk, L7/12 stalk and Central protrusion are 
labelled. 23S, 5S rRNA are represented by white space fill and 50S proteins are represented with 
black space fill. 

 

 Structures and mutational studies of the ribosome revealed that mainly RNA is involved in key 

catalytic functions of the ribosome, such as peptide bond formation (reviewed in (44)). The 23S 

rRNA is the catalytic core of the 50S subunit, which assists in peptide bond formation between 

the new amino acid residue in the A-site and the growing polypeptide chain in the P-site (45). 

Proteins on the 50S subunit help to organize the peptidyl-transferase center (PTC) (32). 

Therefore, the 50S is the site of peptide bond formation enabling the growth of the polypeptide 

chain.  

1.3 Translation initiation 

The process of translation initiation involves the assembly of the ribosomal initiation complex. 

Formation of the initiation complex is highly organized and requires three initiation factors (IF1, 

L1 
L7/12 

Central Protrusion 

PTC 
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IF2 and IF3) to ensure efficient and correct assembly of the 70S initiation complex (46-48) 

(Figure 1.6). 

Prior to initiation complex assembly, mRNA binds to the 30S ribosomal subunit and is positioned 

within the 30S using interactions between its Shine-Dalgarno (SD) sequence AGGAGG, 

approximately 15 nucleotides upstream of the start codon (49), and the 16S rRNA (36). 

Ribosomal protein S1 then interacts with the SD sequence of the mRNA (50, 51), increasing the 

affinity of the mRNA for the 30S. These interactions facilitate the positioning of the AUG 

methionine start codon  within the 30S subunit P-site (51). 

The fully assembled initiation complex not only consists of bound mRNA but also contains a 

special tRNA positioned in the P-site of the 70S ribosome (20, 52).  This tRNA, called initiator 

tRNA, has a number of unique properties to distinguish it from the so called elongator tRNAs 

(53). The initiator tRNA in bacteria caries a modified amino acid, formylmethionine (fMet), 

which is synthesized in a two step process. First, the tRNA body specific for fMet (tRNAfMet ) is 

aminoacylated with methionine by methionine-tRNA synthetase, forming Met-tRNAfMet (54). 

Next, the methionine amino acid attached to the tRNAfMet is formylated by methionyl-tRNA 

transformylase (55). The formyl-amide group on the end of the methionine amino acid mimics 

the structure of a small peptide, and increases its affinity for the ribosomal P-site (53). To 

prevent fMet-tRNAfMet from entering the ribosomal E-site IF3 (approximately 21 kDa in E. coli) 

binds to the ribosomal E-site (48), forcing fMet-tRNAfMet to bind to the ribosomal P-site. 

Binding of fMet-tRNAfMet to the ribosomal P-site is assisted by IF2 (approximately 93 kDa in E. 

coli) in complex with GTP (IF2•GTP), which recognizes the identity of the aldehyde of the formyl 

group to discriminate between initiator tRNA and elongator tRNA (53). IF2•GTP binds to fMet-
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tRNAfMet and forms a ternary complex that subsequently binds to the 30S ribosomal subunit 

(48). Proper positioning of fMet-tRNAfMet is critical for initiation and maintenance of the reading 

frame. IF2 positions fMet-tRNAfMet by recognizing the SD sequence of the mRNA and the AUG 

methionine start codon, which base pairs to fMet-tRNAfMet (56).  Subsequently, IF1 

(approximately 8 kDa in E. coli) binds to the A-site of the 30S ribosomal subunit to help prevent 

premature binding of aa-tRNA in the vacant A site (57). The cryo-EM structure of the pre-

initiation complex was determined by Allen et al., in 2005 (52)  and confirmed IF1 and IF3 bind 

to the 30S subunit A and P sites respectively. After IF1 and IF3 dissociate from the 30S, the 50S 

associates to form the 70S initiation complex, which in turn stimulates IF2 to hydrolyze GTP.  

IF2•GDP then dissociates from the complex (58) leaving the 70S bound to mRNA and fMet-

tRNAfMet in the P-site, ready for translation to begin. 
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Figure 1.6: Translation initiation in bacteria. Initiation factors are indicated by their number. 
First IF3 binds to the E site of the 30S subunit, followed by IF2•GTP•fMet-tRNAfMet, IF1 and 
mRNA. Once mRNA and fMet-tRNAfMet are properly positioned on the 30S, IF2 hydrolyzes GTP 
and IF2•GDP, IF3 and IF1 dissociate. This allows the 50S to bind to the 30S subunit, forming the 
70S initiation complex. 

 

1.4 The elongation cycle 

Elongation is a cyclic process that consists of three main steps: aa-tRNA binding to the ribosomal 

A-site, peptide bond formation and translocation (59) (Figure 1.7). The process of elongation in 

translation is universally conserved between prokaryotes and eukaryotes (60) and is facilitated 

by elongation factors (EF) EF-Tu, EF-Ts and EF-G, which catalyze various stages of the elongation 

process on the ribosome. 
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Figure 1.7: The Elongation cycle in bacteria. The cyclic process of elongation begins with the 
delivery of aa-tRNA by EF-Tu•GTP, followed by peptide bond formation between the amino acid 
in the A-site tRNA and the polypeptide chain in the P-site. EF-G•GTP catalyzes translocation of 
A- and P-site tRNAs to the P- and E-sites of the ribosome, along with mRNA, leaving an empty A-
site with a new mRNA codon for the next round of elongation. The exchange of EF-Tu•GDP to 
EF-Tu•GTP is facilitated by EF-Ts. 

 

Elongation factor Tu (EF-Tu) is a GTPase that promotes the binding of aa-tRNA to the ribosome 

during polypeptide elongation. In the GTP bound form, EF-Tu has a high affinity for aa-tRNA (KD 

≈ 10-8 M (61)) and forms a ternary complex (EF-Tu•GTP•aa-tRNA) that subsequently can interact 

with the ribosome. A-site binding of aa-tRNA occurs through a number of intermediate steps 

(62) (Figure 1.8). Once aa-tRNA is delivered to the ribosome as a ternary complex (EF-

Tu•GTP•aa-tRNA), the anticodon loop of aa-tRNA base pairs to the matching mRNA triplet 

codon in the ribosomal 30S A-site (63). Base pairing between the anticodon and the mRNA 
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codon induce the nucleotides A1492, A1493 and G530 of the 16S rRNA decoding site to flip out 

towards the anticodon-codon base pairs (38). A1492, A1493 and G530 monitor anticodon-codon 

base pairs one, two and three respectively (38) and stabilize cognate codon-anticodon 

interactions, however, these conformational changes do not occur in the presence of near-

cognate and non-cognate codon-anticodon base pairs (38, 64, 65). This method of monitoring 

the anticodon-codon base pair contributes to the fidelity of translation. 

 It is not completely understood how the network of interactions from the 30S decoding site to 

the guanine nucleotide binding domain of EF-Tu signals the correct codon-anticodon recognition 

has occurred. This critical signal will cause EF-Tu to hydrolyze GTP, leading to phosphate (Pi) (66) 

release and triggers a conformational change in EF-Tu. The resulting EF-Tu•GDP conformation 

has a two orders of magnitude lower affinity for aa-tRNA (KD ≈ 10-6M (61)), causing EF-Tu•GDP 

to release aa-tRNA, which subsequently accommodates into the ribosomal A-site (61). However, 

the details of aa-tRNA release from EF-Tu and the timing of EF-Tu•GDP dissociation from the 

ribosome is unknown. Current single-molecule studies indicate that the process of 

accommodation proceeds via several intermediates (67). After accommodation has occurred 

and EF-Tu•GDP has dissociated from the ribosome, EF-G can bind to the ribosome.  
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Figure 1.8: Kinetic scheme of EF-Tu dependent A-site binding. During initial binding, the ternary 
complex binds to the ribosome, cognate codon recognition occurs followed by GTPase 
activation. Rates for the forward and reverse reaction of cognate anticodon are shown above. 
GTP hydrolysis, Pi release and EF-Tu conformational change are all limited by the rate of GTPase 
activation. Accommodation of cognate aa-tRNA occurs following Pi release. k6 is the rate 
constant for EF-Tu•GDP dissociation from the ribosome. 
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In order to maintain the rate of protein synthesis, a rapid exchange of GDP for GTP bound to EF-

Tu must take place. However, EF-Tu has approximately a 10 times higher affinity for GDP (KD ≈ 

10-9 M) than for GTP (KD ≈ 10-8 M) (68) and spontaneous release of GDP from EF-Tu occurs on a 

minute time scale, which is too slow for the fast translation rates observed in vivo (57). 

Therefore, this exchange must be assisted in some way to ensure rapid turnover of EF-Tu•GDP 

during elongation. Elongation factor Ts (EF-Ts) binds to EF-Tu•GDP, and enhances the rate of 

GDP dissociation from EF-Tu approximately 106 fold by disrupting interactions within the 

nucleotide binding pocket in EF-Tu, weakening the affinity of EF-Tu for GDP (69). Subsequently, 

GTP binding to EF-Tu is facilitated by its higher concentration in the cell compared to GDP (69). 

GTP binding induces EF-Ts to dissociate from EF-Tu, enabling a new aa-tRNA to bind to EF-Tu 

and to be delivered to the ribosomal A-site. 

Following aa-tRNA accommodation into the A-site, peptide bond formation occurs rapidly and is 

catalyzed by the ribosome (70). This is facilitated through positioning of aa-tRNA in the A-site 

towards the PTC (71), allowing the α-amino group of the A-site bound aa-tRNA to attack the 

carbonyl carbon of the ester in the peptidyl-tRNA in the P site (Figure 1.9). This results in the 

formation of a peptidyl-tRNA that is elongated by one amino acid and bound to the ribosomal A 

site.  
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Figure 1.9: Peptide bond formation. The 3’ ends of the P-site peptidyl-tRNA (left) and the A-site 
aa-tRNA (right) are shown. First, the amino group (-NH3

+) of the A-site aa-tRNA is deprotonated. 
Next, nucleophilc attack by the NH2 on the ester carbonyl carbon leads to a zwitterionic 
intermediate. Deprotonation of the zwitterionic intermediate yields an anion, which eliminates 
the deacyl-tRNA in formation of the peptide bond. 

 

In order for elongation to proceed, the peptidyl-tRNA and deacyl-tRNA in the A- and P-sites need 

to shift to the P- and E-sites along with the mRNA, leaving the A-site available for another round 

of elongation. Concomitant tRNA•mRNA movement within the ribosome occurs in two steps 

(72). First, the acceptor stems of the tRNAs in the A- and P-sites of the 50S move to the P- and E-

sites respectively, forming a hybrid state (Figure 1.10). Second, the tRNA’s anticodon stem in the 
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30S move from the A- and P-sites to the P- and E-sites, along with the mRNA. Under cellular 

conditions, EF-G helps catalyze this process (73) by inducing a structural rearrangement of the 

ribosome between the subunits (74, 75), L1 and L7/L12 stalk and in the 30S, which allows the 

simultaneous movement of tRNAs within the ribosome, along with the mRNA. EF-G also 

prevents sliding back of the translocated tRNAs by inserting domain IV into the A-site of the 

ribosome (75-78).  

Recently, the highly conserved GTPase LepA was shown to be structurally similar to EF-G and to 

catalyze retro-translocation (79) (Figure 1.10). In retro-translocation the translocated E- and P-

site tRNAs, along with the mRNA, move back to the P- and A-sites of the ribosome. However, 

not much is known about LepA and the function of retro-translocation. 

 

 

 

 

 

 

 

 

 

Figure 1.10: Translocation of tRNAs and mRNA within the ribosome. Translocation occurs in 
two distinct steps. First a hybrid state is achieved by the movement of the A- and P-site tRNAs 
acceptor stems to the P- and E-site of the 50S subunit. Next, the rest of the tRNA, along with the 
mRNA translocate from the A- and P-site to the P- and E-sites of the 30S. LepA (labelled with A) 
catalyzes retro-translocation, where EF-G is shown (labelled with G) catalyzes forward 
translocation.  
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Following translocation, the deacyl-tRNA in the E-site has a low affinity for this site and 

dissociates from the ribosome. This process leaves a vacant E-site, a new mRNA codon in the A-

site, and the peptidyl-tRNA in the P-site ready for another round of elongation. 

1.5 Translation termination and recycling 

Three codons, UAA, UGA and UAG, have been identified in E. coli and serve as ‘stop’ codons. 

When these codons are displayed in the A-site of a translating ribosome, release factors (RF) 

bind to the A-site (80). While UGA is only recognized by RF1 and UAG is recognized by RF2 (81), 

the stop codon UAA is recognized by both RF1 and RF2 (81). Binding of RF1 or RF2 to the 

ribosomal A-site induces the transfer of the polypeptide chain on the peptidyl-tRNA in the P-site 

to a water molecule in the A-site, facilitating the release of the polypeptide chain (82) (Figure 

1.11). Subsequently, RF3 in complex with GTP, binds to the ribosome and hydrolyzes GTP to GDP 

+ Pi, which induces the release of RF1 or RF2. Ribosome recycling factor (RRF) binds to the 

ribosomal A-site, followed by EF-G•GTP (83) binding to the termination complex advancing the 

translocation of RRF to the ribosomal P-site, promoting the dissociation of the ribosomal 

subunits (80). IF3 then binds to the 30S ribosomal subunit E-site through two RNA binding 

domains, preventing the re-association of the two ribosomal subunits (84). After the ribosome is 

recycled into two separate subunits, a new mRNA can bind to the 30S subunit re-initiating the 

process of translation. 
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Figure 1.11: Translation termination and ribosome recycling. First RF1 or RF2 bind to promote 
the release of the polypeptide chain, followed by RF3 in complex with GTP facilitating RF1/RF2 
dissociation from the ribosome. RRF and EF-G in complex with GTP, translocate deacyl- tRNA to 
the E-site, which dissociates from the ribosome. Following EF-G, RRF and mRNA dissociation, 
ribosomal subunits dissociate from each other and remain separate by IF3, which binds to the 
30S subunit E-site. 
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Objectives 

The tRNA molecule is essential in the process of ribosome dependent protein synthesis (3). 

Throughout its functional cycle, tRNA makes contacts with several proteins; EF-Tu binds aa-tRNA 

and delivers it to the translating ribosome (85), EF-G catalyzes translocation and LepA catalyzes 

retro-translocation of  tRNA•mRNA complexes within the ribosome (79). Studying the structural 

and functional dynamics of tRNA interactions is critical for our detailed understanding of its vital 

role in the living cell. Here I focus on EF-Tu and LepA as key interaction partners that modulate 

the dynamics of tRNA during the elongation cycle of protein synthesis by addressing the 

following questions.  

1. Are there intermediate steps involved in aa-tRNA accommodation? 

2. What is the rate of EF-Tu conformational change?  

3. When does EF-Tu dissociate from the ribosome following aa-tRNA accommodation?  

I will use fluorescence resonance energy transfer as a fast and sensitive technique to study 

structural transitions involving tRNA on the ribosome. This will involve the construction of a 

modified EF-Tu which will allow for the incorporation of fluorescent dyes at specific locations on 

its molecular surface. Since this approach will use cysteine specific fluorescent dyes a cysteine 

free EF-Tu that fully functional in terms of binding guanine nucleotides, binding aa-tRNA and 

ternary complex delivery to the ribosome must be constructed.  

4. What are the structural requirements for retro-translocation and forward translocation 

in the presence of LepA? 
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To dissect this process I have constructed several mutant versions of LepA focusing on structural 

elements within LepA likely to be critical for its function.   
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Chapter 2 – Elongation Factor Tu (EF-Tu) 

2.1 Introduction to EF-Tu  

Guanine nucleotide binding proteins (GTPases) are molecular switches involved in facilitating 

several key cellular processes, such as protein synthesis and signal transduction (reviewed in 

(86)). These proteins are generally active when bound to GTP and inactive when bound to GDP. 

Most GTPases undergo the same functional cycle, including binding and hydrolysis of GTP, 

typically resulting in a conformational change in the GTPase (86). GTPases also share a common 

guanine nucleotide binding domain, which is characterized by several similar sequence motifs 

and structural features. These similarities can be summarized by 5 common sequence motifs G1 

(GX4GK(T/S) (87) (also known as the walker A motif), G2 (T) (88), G3 (DxxG), G4 (NKXD) and G5 

(EXSA) (86) which facilitate nucleotide interactions and are conserved between the different 

GTPases. Similar structural features include switch regions I and II (89), which change 

conformation upon GTP hydrolysis and subsequent Pi release. Translational GTPases have low 

intrinsic GTP hydrolysis rates and require the ribosome to act as a GTPase-activating factor 

(GAF) (90). Binding to the ribosome increases GTPase activity 2500 fold for translational GTPases 

(91), such as EF-Tu, EF-G, and IF2.  They all bind to a similar region on the ribosome, L11, L7/12 

and the sarcin-ricin loop of 23S rRNA (39). In addition to the GAP behaviour of the ribosome, EF-

Tu also requires a guanine nucleotide exchange factor (GEF), elongation factor Ts (EF-Ts) to 

assist the dissociation of GDP and regenerate the active GTP bound form of EF-Tu (92).  

EF-Tu is universally conserved in all domains of life and is one of the most prevalent proteins in 

the cytosol comprising approximately 5% of all cellular proteins (93). To ensure that EF-Tu is 

produced in sufficient quantities at all times within the cell, two genes, tufA and tufB, encode 
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EF-Tu in E. coli independently of each other (94). Therefore, if one of the tufA or tufB genes 

cannot be transcribed, EF-Tu can still be expressed in the cell.  

EF-Tu is a 3 domain protein (Figure 2.1) with domain I being the guanine nucleotide binding 

domain (G domain) (95).  Domain I consists of a 5 stranded anti-parallel β-sheet surrounded by 6 

α-helices (95). The structures of EF-Tu in complex with GTP or GDP, determined using X-ray 

crystallography, revealed significant structural differences between the GTP and the GDP bound 

structure of EF-Tu (Figure 2.1) (95, 96). The EF-Tu residues 54-59 in the switch I region (40-62) 

change from an α-helix to a β-strand, while switch II unwinds its helix at the C-terminus end and 

forms another helix at its N-terminus shifting the helix 42° away from its original position (95). 

Domain I moves away from domains II and III, forming a large gap in the GDP bound structure 

(95, 96).  

     A                                                                                         B 

   

  

 

 

    

Figure 2.1: Nucleotide dependent changes in the tertiary structure of EF-Tu. (A) E. coli EF-Tu 
bound to GDP adapted from Song et al. (1999), PDB 1EFC (95) (B) T. aquaticus EF-Tu bound to 
GNPPNP, a non-hydrolysable GTP analogue, adapted from Kjeldgaard et al. (1993), PDB 1EFT 
(96). Switch I region is shown in red and switch II is in cyan.  The guanine nucleotide in each 
structure is shown as space fill and Mg2+ ion is shown as a yellow space fill. 
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Domain II consists of a seven-stranded antiparallel β-barrel and domain III is a six-stranded 

antiparallel β-barrel (95). EF-Tu in its active-state, complexed with GTP binds aa-tRNA with a 

high affinity (KD ≈  10-8 M (61)), forming an EF-Tu•GTP•aa-tRNA ternary complex (Figure 2.2) (97) 

that facilitates aa-tRNA delivery to the ribosomal A-site. All three domains of EF-Tu make 

contact with aa-tRNA. The 3’ CCA-Phe, 5’ end and the T-stem of aa-tRNA are the contact sites 

for EF-Tu (97).  

 

 

 

 

 

  

Figure 2.2: Ternary complex of EF-Tu•GTP•aa-tRNA. T. aquaticus EF-Tu with GDPNP (a non-
hydrolysable form of GTP) in complex with yeast Phe-tRNAPhe shown in green adapted from 
Nissen et al. (1995), PDB 1TTT (97). GDPNP is shown as space fill in the G-domain of EF-Tu. 
Nucleotides of Phe-tRNAPhe which are contacted by EF-Tu are shown in red. 

 

Several biochemical and kinetic studies have revealed intermediate steps taking place during the 

process of aa-tRNA binding to the ribosomal A-site, facilitated by EF-Tu (85, 98). The EF-

Tu•GTP•aa-tRNA ternary complex, contacts the ribosome in an initial binding step (85). Cryo-EM 

structures reveal EF-Tu in the ternary complex prior to GTP hydrolysis, but after codon 
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recognition, contacting the ribosome through domains I and II (99). Domain I contacts the base 

of ribosomal protein L7/12 and the sarcin-ricin loop (SRL) on the 50S subunit, while domain II of 

EF-Tu makes contacts with the 30S ribosomal proteins S12, S5, S4 and 530 stem-loop (99). 

Following codon recognition, a signal is transmitted through an network of interactions, which 

are not completely understood, from the codon-anticodon interaction on the 30S to the G 

domain of EF-Tu, leading to GTPase activation (43, 100). When EF-Tu is bound to GTP, His 84 

(the catalytic residue for GTP hydrolysis) on switch II points away from the γ-phosphate (101). 

Contacts between His 84 and the γ-phosphate is blocked by residues Ile 60 and Val 20, called the 

hydrophobic gate (101). Following codon recognition an unknown network of signals causes the 

SRL to anchor the phosphate binding loop (P-loop) of EF-Tu at one end of the hydrophobic gate 

and the 23S rRNA opens the other end of the hydrophobic gate through switch I interactions, 

causing Ile 60 and Val 20 to move away from each other (43). His 84 moves closer towards the 

acceptor end of the aa-tRNA and orientates towards the guanine nucleotide γ-phosphate (43).  

GTP hydrolysis to GDP, followed by Pi release, causes a major conformational change in EF-Tu 

(Figure 2.1), lowering the affinity of EF-Tu for aa-tRNA (61). The aa-tRNA is then released into 

the ribosomal A-site and EF-Tu dissociates from the ribosome (85).  

In order for elongation to continue in a cyclic manner, EF-Tu•GDP must be regenerated into its 

active GTP-bound state in a quick and efficient manner. EF-Tu has a higher affinity for GDP (KD ≈ 

10-9 M) than for GTP (KD ≈ 10-8 M), (68) and a very slow GDP dissociation rate (0.002 s-1) (69) 

preventing fast and efficient nucleotide exchange required to maintain protein synthesis rates 

observed in vivo (10 s-1) (68). GTP has a 10 times higher concentration in the cell (923 µM) than 

GDP (128 µM) (68). However, this does not compensate for the slow spontaneous dissociation 
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of GDP from EF-Tu (0.002 s-1) (68). The exchange of guanine nucleotides in EF-Tu is facilitated by 

the GEF, EF-Ts (92). 

 

 

 

 

 

 

 

 

Figure 2.3: EF-Tu in complex with EF-Ts. E. coli EF-Tu in complex with EF-Ts adapted from 
Kawashima et al. (1996), PDB 1EFU (102). Interaction of EF-Tu and EF-Ts is seen between 
domain 1 of EF-Tu, which contacts the N-terminal domain (yellow), subdomain N (green) and C-
terminal module (cyan) of EF-Ts. The dimerization domain (pink) and subdomain C (orange) are 
shown as well and are in close proximity to domain III of EF-Tu. 

 

EF-Ts interacts with domain I and domain III of EF-Tu (Figure 2.3) (102). Interestingly, EF-Ts and 

ribosomal protein L7/12 make similar contacts to helix D in domain I of EF-Tu (103). Phe 81 in 

subdomain N of EF-Ts intrudes between His 84 and His 118 of EF-Tu, disrupting interactions 

between the residues that coordinate water molecules and Mg2+ (102). Also, the first four 

residues in the phosphate loop are displaced by the interactions between EF-Tu and EF-Ts. This 

destabilizes GDP binding to the guanine nucleotide binding pocket in EF-Tu, allowing for GDP 
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release (102). The interaction between EF-Tu and EF-Ts does not disrupt all the interactions in 

the P-loop of EF-Tu (102). Therefore, guanine nucleotides can still bind to EF-Tu, but with a 

lower affinity. The EF-Tu•EF-Ts complex has a comparable affinity for GTP and GDP. Given the 

10-fold excess of GTP over GDP in the cell, GTP binds to the EF-Tu•EF-Ts complex. GTP binding 

to EF-Tu•EF-Ts pushes the equilibrium towards the EF-Tu•GTP complex, letting EF-Ts dissociate 

from the complex. With the assistance of EF-Ts, the rate of GDP dissociation from EF-Tu is 

enhanced by a factor of 60 000, enabling the rapid turnover associated with elongation required 

by the cell (68).  

Objectives: EF-Tu has been studied for many years and is probably one of the best characterized 

translation factors. However, questions remain about the structural dynamics of intermediate 

steps that may occur during the functional cycle of EF-Tu. For instance, how is aa-tRNA 

accommodated into the ribosomal A-site? Due to the many intermediate steps involved in aa-

tRNA binding (85), accommodation seems more complex than a simple swinging-in of the aa-

tRNA into the A-site. Also, the 3’ end of aa-tRNA must move 70 Å from EF-Tu to the 

accommodated state near the PTC (62).  Accommodation is fast for cognate aa-tRNA but slow 

for non-cognate aa-tRNA, which is rejected from the A-site (85) and will most likely require 

several steps to facilitate this movement and the observed discrimination between cognate and 

non-cognate aa-tRNA. In addition, little is known about the timing of EF-Tu dissociation from the 

ribosome after aa-tRNA has been released. The use of fluorescence resonance energy transfer 

(FRET) in conjunction with rapid kinetic measurements is ideal for answering the questions 

above and has been previously used successfully to address similar questions (85).  However, 

most of the accessible data for EF-Tu has been acquired through ensemble measurements, 

which has numerous EF-Tu molecules in different conformational states. Therefore, ensemble 
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measurements are difficult to isolate intermediate conformational changes that may occur. In 

addition, ensemble measurements cannot measure the rate of EF-Tu conformational change 

unless all molecules are synchronized to have the same starting point. Therefore I have begun to 

construct and validate a mutant version of EF-Tu suitable for single-molecule FRET studies 

enabling the identification and characterization of novel intermediate conformations and rates 

of conformational change.  

FRET is a distance dependent quantum dynamics process (Figure 2.4) that can occur between 

two fluorescence dyes (104), where excitation energy is transferred from a donor dye to an 

acceptor dye without the emission of a photon. Energy is only transferred if the donor emission 

spectrum overlaps with the acceptor absorption spectrum (104). Each dye pair has a distinct R0, 

which is the distance at which energy transfer is 50% efficient (Figure 2.4) (104). As the distance 

between the dyes increase, this transfer of energy decreases by a sigmoid function until FRET is 

no longer observed.   

 

 

 

 

 

Figure 2.4: Efficiency of fluorescence resonance energy transfer as a function of distance. 
Efficiency (E) of energy transfer plotted against the distance between the two fluorescent dyes is 
distance dependent.  
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Typically, fluorescent dyes used are thiol reactive and therefore cysteine specific (Figure 2.5). 
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Figure 2.5: Reaction scheme for the covalent labelling of proteins with thiol reactive 
fluorescent dyes. Iodine acts as the leaving group in a substitution reaction (SN2), leaving the 
fluorescent dye attached to the protein through the sulphur on the cysteine side chain. 

 

To follow the release of aa-tRNA from EF-Tu into the accommodated state, FRET can be used to 

observe the change in distance between the two molecules. During dissociation, the distance 

increase between fluorescently labelled aa-tRNA and fluorescently labelled EF-Tu results in a 

decrease of FRET over time.  In this way, detailed distance changes and movement between EF-

Tu and aa-tRNA can be uncovered.  

FRET can also yield information on the time point of EF-Tu dissociation from the ribosome by 

using a fluorescent dye pair, one located on the ribosome and one on EF-Tu. When EF-Tu is 

bound to the ribosome, FRET will be high, and when dissociation occurs, FRET will decrease. This 

will yield precise information on how fast EF-Tu dissociates from the ribosome. In turn the rate 

of dissociation can be compared to the rate of aa-tRNA accommodation to understand the 

timing of EF-Tu dissociation from the ribosome.  

Thiol specific fluorescent dyes can specifically be incorporated at cysteine residues. EF-Tu 

contains three intrinsic cysteines. In order to make detailed measurements using FRET, only one 

fluorescent dye should be placed on EF-Tu. Furthermore, the position of the dye must be 

optimal for the occurrence of distance dependent FRET changes.  Therefore, a cysteine free 
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(cysless) EF-Tu must first be constructed so that a cysteine can be inserted in positions optimal 

for labelling and FRET measurements.   

EF-Tu contains three cysteines, two of which are not conserved among 151 bacterial sequences 

(Figure 2.7, appendix Figure 1). One cysteine (Cys 81) however, is highly conserved throughout 

bacteria, and is buried near the nucleotide binding pocket. Cys 81 has previously been shown to 

affect aa-tRNA interactions with EF-Tu (105). These studies, however, used glycine as a 

substitution for cysteine, a mutation designed to have a large effect on the function of EF-Tu. 

The introduced glycine may have increased flexibility of the backbone of EF-Tu, leading to the 

observed effect on aa-tRNA binding. To circumvent this problem the side chain of Cys 81 was 

substituted with three different amino acid residues based on the multiple sequence alignment 

of 151 bacterial EF-Tu sequences (Figure 2.7, appendix Figure 1).  

 

 

 

 

 

 

Figure 2.6: Cysteines present in E. coli EF-Tu.  EF-Tu in complex with GDP adapted from Song et 
al., 1999 (95). Cysteines are shown in pink and space fill representation.  Mg2+ ion is shown as 
yellow space fill and GDP is shown in a green space fill. 
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To assess the affect these substitutions have on the function of EF-Tu, three key properties of 

EF-Tu were analyzed; guanine nucleotide binding, aa-tRNA binding and binding to the ribosome 

in a ternary complex. From these results and structural data, ideal positions for inserting a new 

cysteine for future fluorescent labelling and analysis were engineered. Leu 264 is located on 

domain II of EF-Tu and is not conserved. Thr 361 is located on domain III of EF-Tu, which is in 

close proximity to the anticodon loop of aa-tRNA when bound to EF-Tu (Figure 2.2), and is not 

conserved. Therefore, these sites can be used in the future to analyze the release of aa-tRNA 

into the ribosomal A-site during accommodation as well as the dissociation of EF-Tu from the 

ribosome. 
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Figure 2.7: EF-Tu multiple sequence alignment. A segment of a multiple sequence alignment 
between 151 bacterial species primary protein sequences. Black represents 100% identity, grey 
is >80% identity, and white is <80% identity. Cys 81 is shown and is 87.5% conserved between all 
151 bacterial species. 

 

2.2 Material and Methods  

All chemicals were obtained from VWR, Sigma-Aldrich or Invitrogen, unless stated otherwise. 

Fermentas restriction enzymes were used and all other enzymes were purchased as described in 

the respective sections. BL21-(DE3) competent cells were purchased from Novagen and DH5α 

cells were purchased from New England Biolabs. PCR primers were purchased from Invitrogen 

Cys81 
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and Integrated DNA Technologies (IDT). Nucleotides and fluorescent nucleotide analogs were 

purchased from Invitrogen. Radioactive chemicals were purchased from Perkin-Elmer. Small-

scale plasmid preparations were performed according to the manufacturer’s specifications (EZ 

spin column plasmid DNA kit BioBasic). All buffers were filtered through 0.45 µm Whatman 

nitrocellulose membranes.  

2.2.1 Molecular biology – All PCR reactions were carried out in a TGradient (Biometra) 

thermocycler. 6X-Histidine tagged EF-Tu was previously constructed through the insertion of the 

tufA gene from E. coli into a derivative of pET21a (pKECAHIS (106)). All subsequent mutagenesis 

was performed on this background. 

ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html) was used to align 151 bacterial 

EF-Tu species sequences found in the Swiss-prot Database (www.expasy.org). Analysis of aligned 

sequences was performed in GeneDoc software version 2.7 (107). The non-conserved Cys 137 

(34% conserved) and Cys 255 (29% conserved) were both substituted with valine. Valine was 

chosen because it was the most conserved residue among the 151 bacterial aligned sequences 

(position 137, 29% conserved, position 255, 66% conserved). The two-cysless background was 

then used for further mutagenesis substituting Cys81, which was found to be 87% conserved. 

Alanine was found in 12% and methionine in 1% of the sequences. Serine was also used to 

substitute Cys 81 on the two-cysless background due to their isosteric structures. Mutations 

substituting Cys 81 to alanine, methionine and serine were performed using site-directed 

Quickchange™ mutagenesis (Stratagene). Primers and PCR conditions used to generate the 

three different cysless tufA constructs are summarized in Tables 2.1, 2.2 and 2.3.  

http://www.ebi.ac.uk/Tools/clustalw2/index.html�
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Table 2.1: EF-Tu mutagenesis primers.  

Amino acid 
substitutions 

Forward Primer (5’-3’) Reverse Primer (5’-3’) Tm 

C81A CGCACACGTAGACGCACCGGGGCACGC
C 

GGCGTGCCCCGGTGCGTCTACGTGTG
CG 

67°C 

C81S CACTACGCACACGTAGACAGTCCGGGG
CACG 

AGTCGGCGTGCCCCGGACTGTCTACG
TGTG 

81°C 

L264C ATGTTCCGCAAATGTCTAGACGAAGGC
CGTGCTGGT   

ACCAGCACGGCCTTCGTCTAGACATTT
GCGGAACAT   

 

63°C 

T361C ATGGTTGTTTGCCTGATCCACCCGATCG
CG 

CGCGATCGGGTGGATCAGACAAACAA
CCAT 

61°C 

T34C GCAATCACTTGCGTGCTAGCTAAAACCT
AC 

GTAGGTTTTAGCTAGCACGCAAGTGA
T 

58°C 

 

Table 2.2: Quickchange mutagenesis PCR protocol for engineering EF-Tu C81M, C81A and C81S 
on a two-cysless background.  

Step 
Number Step Temperature Time 

1 Initial Denaturation 98°C 3 min 

2* Denaturing 95°C 1 min  

3* Annealing 64°C  1 min 

4* Extension 70°C 16 min 

5 Final Extension 70°C 15 min 

 

 

 

 

 

 

Cycle 
18 
times 
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Table 2.3: Components used for mutagenesis of EF-Tu. 

Component Final Concentration 

Water - 

dNTPs 0.4 mM 

Forward Primer 0.4 µM 

Reverse Primer 0.4 µM 

Pfu buffer –MgSO4 1x 

MgSO4 2 mM 

Template 1 μg in 25 µL 

Pfu Polymerase (Fermentas) 3 units in 25 µL 

 

Template DNA was digested with DpnI restriction enzyme at 37°C overnight. DpnI digested PCR 

product containing the desired mutation was subsequently transformed into DH5α E. coli 

competent cells and grown on LB agar overnight at 37°C, complemented with 100 μg/mL 

ampicillin. DNA sequence and orientation was confirmed by sequencing (Macrogen).  

L264C and T361C substitutions in EF-Tu were introduced into the cysless C81A tufA background. 

Primers and conditions used to generate these substitutions are listed in Tables 2.1, 2.3 and 2.4. 

The L264C background was further used as a template for introducing T34C, generating the 

T34C/L264C double mutation. Primers and conditions are listed in Tables 2.1, 2.3 and 2.5.  
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Table 2.4: Quickchange mutagenesis protocol for generating L264C and T361C EF-Tu mutants. 

Step Number Step Temperature Time 

1 Initial Denaturation 95°C 5 min 

2* Denaturing 95°C 45 sec 

3* Annealing 59°C   1 min 

4* Extension 72°C 15 min 

5 Final Extension 72°C 15 min 

 

Table 2.5: Quickchange mutagenesis protocol for generating L264C/T34C EF-Tu mutant. 

Step Number Step Temperature Time 

1 Initial Denaturation 95°C 5 min 

2* Denaturing 95°C 45 sec 

3* Annealing 47°C  1 min 

4* Extension 72°C 15 min 

5 Final Extension 72°C 15 min 

 

2.2.2 Protein expression - The respective mutant pEECAHIS plasmids (106) were transformed 

into BL21-(DE3) competent cells for expression of recombinant 6X-His tagged EF-Tu. Cells were 

grown in 500 mL LB with 100 µg/mL ampicillin at 37°C, starting at an optical density (OD600) 

value of 0.1 OD600. Once the OD600 reached a value of 0.6 OD600, EF-Tu overexpression was 

induced through the addition of a final concentration of 1 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG). The cultures were grown for another 3 hrs and harvested by 

centrifugation at 5 000 xg for 10 min using a TA-10 rotor (Beckman). Cells were flash frozen and 

stored at -80°C prior to use. 

Cycle 
18 
times 

Cycle 
18 
times 
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Expression levels of EF-Tu were analyzed using time samples lysed in 8 M urea in TAKM7 (50 mM 

Tris-Cl pH 7.5 (20°C), 70 mM NH4Cl, 30 mM KCl and 7 mM MgCl2) and analyzed on a 12% SDS-

PAGE run at 200 V for 55 min (BioRad Mini Protean 3 System). Gels were stained with 

Coomassie blue; all other SDS PAGEs were performed in a similar manner.  

2.2.3 Protein purification - Harvested cells containing overexpressed EF-Tu were opened in 

buffer A (50 mM Tris-Cl 8.0 (4°C), 60 mM NH4Cl, 7 mM MgCl2, 7 mM β-mercaptoethanol, 1 mM 

PMSF, 300 mM KCl, 10 mM imidazole, 15% glycerol and 50 µM GDP), supplemented with 0.1 

mg/mL lysozyme and centrifuged at 30 000 xg for 45 min in a JA-16 rotor (Beckman). The 

cleared lysate (S-30 extract) containing the EF-Tu protein of interest was purified using affinity 

chromatography (7 mL column Ni-Sepharose from GE Healthcare). The column was washed with 

150 mL buffer A and 200 mL buffer B (buffer A supplemented with 20 mM imidazole). Protein 

was then eluted in 10 column volumes of buffer C (buffer A supplemented with 250 mM 

imidazole) and further purified and re-buffered through size exclusion chromatography (160 mL 

Superdex 75 from GE healthcare) in TAKM7. Fractions containing only EF-Tu were pooled and 

concentrated using ultrafiltration (Vivaspin 20 MWCO 30 000 (Sartorius)). The final protein 

concentration was determined photometrically at 280 nm using a molar extinction coefficient 

32900  M-1 cm-1 (calculated using ProtParam) and using the Bradford BioRad microassay.  

2.2.4 Preparation of nucleotide free EF-Tu – Since EF-Tu has a high affinity for GDP and needs to 

be bound to a nucleotide for stability and prevent EF-Ts association, EF-Tu was purified in the 

presence of GDP. To remove the bound nucleotide EF-Tu•GDP was incubated in buffer D (25 

mM Tris-Cl pH 7.5 (20°C), 50 mM NH4Cl, 10 mM EDTA) for 30 min at 37°C to chelate Mg2+, 
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leading to GDP dissociation from EF-Tu. GDP and EF-Tu were separated using size exclusion 

chromatography (Superdex 75 HR 10/30 from GE healthcare) in TAKM7.  

2.2.5 Preparation of EF-Tu•mant-GTP/mant-GDP – EF-Tu•GDP was incubated with a 10-fold 

excess of mant-GTP/GDP for 30 min at 37°C, to exchange the GDP from EF-Tu for mant-

GTP/GDP (69). 3 mM phosphoenolpyruvate (PEP) and 0.1 mg/mL pyruvate kinase (PK) (Roche 

Diagnostic) were added to the EF-Tu•mant-GTP mixture to convert GDP present to GTP.  

2.2.6 Rapid kinetic measurement - Mant-GDP/GTP dissociation rates from and association to EF-

Tu were determined using a KinTek SF-2004 stopped-flow apparatus. The rate constant for the 

bimolecular association of mant-GTP/GDP to nucleotide free EF-Tu was determined by rapidly 

mixing 25 μL of nucleotide free EF-Tu (0.3 μM after mixing) with 25 μL varying concentrations of 

mant-GTP/GDP (ranging from 0.3 to 10 μM after mixing) at 20°C in TAKM7. The single 

tryptophan at position 185 of EF-Tu was excited at 280 nm and the fluorescence emission from 

mant was monitored through LG-400-F cut off filters (NewPort). Data was evaluated by fitting to 

a one-phase association (equation 1) 

F = B*(1-exp (-k*t)        (Equation 1) 

Where F is the fluorescence at time t, B is the fluorescence at time infinity, and k is the apparent 

rate constant of association. The apparent rate constants were plotted as a function of guanine 

nucleotide concentration, and the slope of this function yielded the rate of association. 

Dissociation constants were determined by rapidly mixing 25 μL EF-Tu•mant-GTP/GDP (0.3 μM 

after mixing) with 25 μL GTP/GDP (30 μM after mixing) at 20°C in TAKM7. Again, the single 

tryptophan in position 185 was excited at 280 nm and mant fluorescence was monitored. Due to 
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the fact that excess unlabeled nucleotide was present the dissociation was treated as 

unidirectional and zero-order. Therefore, a one exponential fit (equation 2) yields k as the 

dissociation rate constant. 

F = B + A*exp(-kt)         (Equation 2) 

2.2.7 Preparation of [14C]Phe-tRNAPhe -  [14C]Phe-tRNAPhe was prepared through the 

aminoacylation of 10 µM E. coli tRNAPhe (Sigma) with 40 µM [14C]Phe (MP-Biomedical), 5% crude 

synthetase (see below for preparation), 3 mM ATP (Sigma) in aminoacylation buffer (25 mM tris-

acetate (OAc) pH 7.5 (20°C), 8 mM Mg(OAc)2, 3  mM ATP, 100 mM NH4OAc, 30 mM KOAc, 1 mM 

DTT) to a final volume of 500 µL. 

The fraction of aminoacylated tRNAPhe was determined by spotting 10 µL (15 pmol) of the 

reaction mixture onto Whatman paper (2.5 cm2 3MM CHR) pre-soaked with 5% TCA. Any amino 

acid bound to tRNAPhe was precipitated together with the nucleic acid and free amino acid, 

which was removed using three washes with 5% TCA. Excess TCA was removed through a 30% 

ethanol wash. Subsequently the filter papers were dried at 80°C and added to 5 mL scintillation 

cocktail (MP EcoLite) in 20 mL vials (Wheaton plastic liquid scintillation vials).  Decays per 

minute (dpm) were measured using a Tri-Carb 2800TR Perkin Elmer Liquid Scintillation Analyzer. 

[14C]Phe-tRNAPhe was separated from tRNAPhe with a Jupiter 5μ C18 300A reverse phase 

chromatography column (Phenomenex) on an HPLC (BioCad Sprint Perfusion Chromatography 

system) using a linear ethanol gradient 100% buffer F (20 mM NH4OAc pH 5 (20°C), 10 mM 

Mg(OAc)2, 400 mM NaCl) to 100% buffer G (buffer F, 30% Ethanol).  
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5% crude synthetase was prepared in the following method: 14 mL of supernatant from the first 

200 000 xg spin from a ribosome preparation (see ribosome preparation), was overlaid on a 9 

mL 1.1 M sucrose cushion and centrifuged at 100 000 xg for 16 hrs in a Beckman Ti-45. The 

resulting supernatant was diluted with TAKM7 supplemented with 6 mM β-mercaptoethanol. 17 

g of (NH4)2SO4 was added to 100 mL of crude synthetase mixture and centrifuged at 17 000 xg 

for 30 min. The resulting pellet was dissolved in buffer E (20 mM Tris-Cl pH 7.5 (4°C), 10 mM 

MgCl2, 0.3 M NaCl, 6 mM β-mercaptoethanol) and dialyzed overnight against 2 L of buffer E. 

Dialysis was repeated in 2 L of buffer E for 5 hrs, resulting in a final dilution of 1 in 40 000. 

Nucleic acids were separated from proteins by anion exchange chromatography (DE-52 cellulose 

Whatman), running buffer E at 6 mL/min. 70 g of (NH4)2SO4/ 100 mL was added to the eluted 

protein and centrifuged at 17 000 xg for 60 min.   

2.2.8 Hydrolysis protection of the aminoacyl-ester bond - A hydrolysis protection assay was used 

to analyze the binding of EF-Tu to aa-tRNA. To form an active GTP bound form of EF-Tu, 1.5 µM 

EF-Tu, 1.5 mM GTP, 3 mM PEP, 1% PK and 0.9 µM EF-Ts in a total volume of 40 µL in TAKM10 was 

incubated for 20 min at 37°C. 0.5 µM [14C]Phe-tRNAPhe in 20 µL TAKM10 was added to the EF-Tu 

mixture and incubated at 37°C. At various time points, from 0 to 100 min, aliquots of 10 µL (15 

pmol) of the reaction mixture were spotted onto pre-soaked 5% TCA Whatman paper (2.5 cm2 

3MM CHR). Free [14C]Phe liberated by spontaneous hydrolysis was washed away through three 

washes with 5% TCA and excess TCA was subsequently removed by washing with 30% ethanol. 

Filter papers were dried at 80°C for 30 min and then added to 5 mL scintillation cocktail (MP 

EcoLite). Samples were analysed similar to the preparation of [14C]Phe-tRNAPhe above. The 

amount of [14C]Phe-tRNAPhe  at a certain time was divided by the amount of [14C]Phe-tRNAPhe at 

the beginning and the natural logarithm (ln) of this was plotted over time.  
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2.2.9 Ribosome preparation – 50 g of E. coli MRE600 cells were crushed in a cold mortar (20 cm 

diameter) at 4°C. Cold alumina (100 g) was added to the cells and the mixture was ground for 30 

min. DNAse I was added to the mixture and mixed for 10 min, followed by the addition of 70 mL 

of opening buffer (20 mM Tris-HCl pH 7.6 (4°C), 100 mM NH4Cl, 10.5 mM MgCl2, 0.5 mM EDTA, 3 

mM β-mercaptoethanol). The mixture was centrifuged at 1 000 xg for 10 min then at 10 000 xg 

for 30 min using a Beckman JA-14 rotor. The supernatant was centrifuged at 30 000 xg in a 

Beckman Ti-45 for 30 min. 40 mL aliquots of the resulting supernatant was overlaid on a 20 mL 

sucrose cushion (20 mM Tris-HCl pH 7.6 (4°C), 500 mM NH4Cl, 10.5 mM MgCl2, 0.5 mM EDTA, 

1.1 M Sucrose, 3 mM β-mercaptoethanol) and centrifuged at 200 000 xg in a Beckman Ti-45 for 

17 hrs. Pellets were dissolved in washing buffer (20 mM Tris-HCl pH 7.6 (4°C), 500 mM NH4Cl, 

10.5 mM MgCl2, 0.5 mM EDTA, 7 mM β-mercaptoethanol), then pooled and the volume was 

adjusted to 100 mL. 50 mL aliquots of the resulting solution was overlaid on a 4 mL sucrose 

cushion and centrifuged at 200 000 xg for 14.5 hrs in a Ti-45 rotor. Pellets were again dissolved 

in a total of 60 mL washing buffer and 10 mL aliquots of solution was overlaid on 1.5 mL sucrose 

cushion and centrifuged at 141 000 xg for 13 hrs using a Beckman SW28. Pellets were then 

resuspended in buffer for dissolving pellets (40 mL overlay buffer supplemented with 20 mM 

Tris-HCl, 60 mM NH4Cl, 5.25 mM Mg(OAc)2, 0.25 mM EDTA, 3 mM β-mercaptoethanol, 5 mL 50% 

sucrose pH 7.6 (4°C)) and the concentration of ribosomes was determined by measuring A260nm 

and using the extinction coefficient 23 pmol/A260.  

Zonal centrifugation was used to separate the 30S, 50S and 70S ribosomal subunits from each 

other. First, 400 mL overlay buffer was pumped into a 217 xg spinning rotor (Beckman Ti-15), 

followed by the addition 22.5 mL (10 000 - 15 000 A260 units) of ribosomes. Next, a 10-40% 

sucrose gradient (20 mM Tris-HCl pH 7.6 (4°C), 60 mM NH4Cl, 5.25 mM Mg(OAc)2, 0.25 mM 
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EDTA, 10% to 40% sucrose, 3 mM β-mercaptoethanol)  was added until 150 mL of the overlay 

eluted. Finally 150 mL 50% sucrose (sucrose gradient buffer supplemented with 50% sucrose) 

was added and ribosomes were centrifuged at 42 000 xg for 19 hrs using a Beckman Ti-15. 

Fractions corresponding to 30S, 50S and 70S peaks were pooled and centrifuged at 200 000 xg 

for 46 hrs in a Ti-45. Resulting pellets were dissolved in a final storage buffer (20 mM Tris-HCl pH 

7.6 (4°C), 50 mM NH4Cl, 5 mM MgCl2) then flash frozen and stored at -80°C.  

2.2.10 Ternary complex binding to the 70S ribosome – Translation initiation complexes were 

prepared by incubating 0.2 µM purified E. coli 70S with 0.6 µM fMet[3H]-tRNAfMet (108), 1 mM 

GTP, 0.6 µM mRNA (122nt derivative of m022 sequence 5’-AUGGUU-3’ (109)), and 0.3 µM 

initiation factors 1, 2 and 3 in TAKM7  to a final volume of 250 µL for 40 min at 37°C. Ternary 

complexes were formed by first activating EF-Tu. Activation of EF-Tu was performed by 

incubating 3 µM EF-Tu, 1 mM GTP, 1% PK, and 3 mM PEP in TAKM7 at 37°C for 15 min and then 

adding 1 µM [14C]Phe-tRNAPhe to activated EF-Tu mixture and incubating for 1 min at 37°C (final 

volume of ternary complex mixture 75 µL). 

The ternary complex solution was then mixed with the initiation complex solution and incubated 

for 1 min at 37°C. The extent of ribosomal A-site binding for [14C]Phe-tRNAPhe was measured by 

reacting 65 µL (10 pmol) of mixture with excess puromycin, which is a small aa-tRNA analogue 

that binds to the A-site of the 50S when it is vacant.  

Stability of the complex was measured using nitrocellulose filtration (65 µL (10 pmol) aliquots of 

the mixture were filtered through 0.2 μm Whatman nitrocellulose filter paper and washed with 

TAKM7). The amount of fMet[3H]-tRNAfMet and [14C]Phe-tRNAPhe still bound to the ribosome over 

time was assessed by comparing [3H] and [14C] counts to initial [3H] present.  



C h a p t e r  2  E F - T u   

 

44 

 

2.2.11 Fluorescent labelling of EF-Tu L264C - Fluorescent labelling of EF-Tu L264C with 5-((2-

[(iodoacetyl)amino]ethyl)amino)naphthalene-1-sulfonic acid (1,5-IAEDANS) (Invitrogen) was 

done using three different methods to optimize the labelling efficiency.  

Method I - 12 000 pmol of previously purified 6X-His tagged EF-Tu L264C was incubated on a 2.5 

mL Ni-Sepharose affinity chromatography batch column (GE healthcare) for 2 hrs in 

equilibration buffer (50 mM Tris-Cl pH 7.5, 70 mM NH4Cl, 30 mM KCl, 7 mM MgCl2, 10 mM β-

mercaptoethanol) at 4°C. Excess protein was removed through centrifugation at 500 xg and the 

resulting supernatant was re-buffered in labelling buffer (25 mM Tris-Cl pH 7.5, 7 mM MgCl2, 30 

mM KCl, 20% glycerol). A 20 fold molar excess of 1,5-IAEDANS over EF-Tu was added drop wise 

to the resin and incubated for 2 hrs at room temperature, in the dark, with mixing. Excess dye 

was removed by washing the column 4 times with labelling buffer. The labelled protein was then 

eluted by adding 10 column volumes of elution buffer (25 mM Tris-Cl pH 7.5 (4°C), 7 mM MgCl2, 

300 mM KCl, 250 mM imidazole, 20% glycerol). Elution fractions containing EF-Tu were pooled 

and concentrated through ultrafiltration (Vivaspin 20 MWCO 30 000 (Sartorius)).  

Method II - 12 000 pmol of EF-Tu L264C was diluted in labelling buffer and a 20-fold excess of 

1,5-IAEDANS was added drop wise to EF-Tu in a 50 mL falcon tube. The mixture was incubated 

at room temperature for 3 hrs in the dark, with continuous mixing. Excess dye was removed by 

dialyzing the mixture in 32 mm dialysis tubing (Sigma) against 350 times excess labelling buffer 

for 16 hrs at 4°C, in the dark. Dialysis was repeated, giving a final dilution factor of 1 in 122 500 

and EF-Tu was concentrated using ultrafiltration as in Method I above.  

Method III – 20-fold molar excess of 1,5-IAEDANS was added drop-wise to 12 000 pmol of EF-Tu 

L264C in labelling buffer in a 50 mL falcon tube, followed by an incubation for 3 hrs at room 
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temperature, in the dark with continuous mixing. The excess dye was removed by gel filtration 

using a 30 mL size exclusion chromatography column (G-25 Sephadex (GE Healthcare)) 

equilibrated in labelling buffer.  Fractions containing labelled EF-Tu were pooled and 

concentrated as above.  

2.2.12 Analysis of fluorescently labelled EF-Tu - Fluorescence measurements were performed 

using a Varian Cary Eclipse Fluorescence Spectrophotometer, in a 0.3 x 0.3 cm quartz cuvette 

(Starna), at room temperature. EF-Tu contains one intrinsic tryptophan residue, which has a 

maximum absorbance at 280 nm and a maximum fluorescence emission at 340 nm. 1,5-

IAEDANS has an excitation maximum at 336 nm and emits at a maximum of 490 nm. FRET 

measurements between Trp 185 (donor) and 1,5-IAEDAN labelled L264C (acceptor) were done 

by exciting tryptophan at 280 nm and measuring the fluorescence emission from 300 to 550 nm 

through 5 nm slits.  

2.3 Results  

2.3.1 Activity of cysless EF-Tu – EF-Tu contains three intrinsic cysteines, two of which are not 

conserved and one (Cys 81) is highly conserved and in close proximity to the guanine nucleotide 

binding pocket. Therefore, mutating Cys 81 may affect the function of EF-Tu. In an effort to 

construct a cysless version of EF-Tu which retains wild type activity, three conservative 

mutations (C81S, C81A and C81M) were introduced based on the multiple sequence alignment 

(Figure 2.7, appendix Figure 1). All Cys 81 mutations were performed on a two-cysless EF-Tu 

background.  

Once the cysless EF-Tu mutants were generated, their ability to bind guanine nucleotides GTP 

and GDP were analyzed. The association and dissociation constants for GTP and GDP to EF-Tu 
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mutants were determined, using rapid-kinetics (experimental procedures 2.2.6). EF-Tu C81A and 

C81M were shown to have association and dissociation rates for GTP and GDP similar to wild 

type EF-Tu (Table 2.6). However, C81S was found to be more than 10 times slower than wild 

type for GTP dissociation and 1000 times slower for GDP association (Table 2.6). 

Table 2.6: Association and dissociation constants of mant guanine nucleotides to EF-Tu.  

Mutants are compared to wild type EF-Tu. C81A and C81M are similar to wild type, however, 
C81S is not comparable to wild type EF-Tu. 

EF-Tu kassociation (GTP) kdissociation  (GTP) kassociation (GDP) kdissociation  (GDP) 

Wild Type 4.29x105 ± 0.72M-1s-1 0.029 ± 0.0003 s-1 2.18x106 ± 0.12M-1s-1 0.003 ± 2.782x10-5 s-1 

Wild Type (69) 5x105 M-1s-1 0.03 s-1 2x106 M-1s-1 0.002 s-1 

C81S 6.57x105 ± 1.01 M-1s-1 0.001 ± 1.221X10-5 s-1 6.86x102 ± 1.31 M-1s-1 0.002 ± 1.221x10-5 s-1 

C81M 3.87x105 ± 0.28 M-1s-1 0.022 ± 0.0002 s-1 3.92x106 ± 0.26 M-1s-1 0.002 ± 1.704x10-5 s-1 

C81A 1.79x105 ± 0.08 M-1s-1 0.063 ± 0.0008 s-1 1.5x106 ± 0.2 M-1s-1 0.007 ± 2.706x10-5 s-1 

 

Next, the ability of all mutants to bind [14C]Phe-tRNAPhe in the presence of GTP were compared 

to wild type. A hydrolysis protection assay was used to assess the formation of the ternary 

complex (see experimental procedures 2.2.8) using the fact that EF-Tu binding will protect the 

labile aminoacyl ester bond against spontaneous hydrolysis. The natural logarithm (ln) of 

[14C]Phe-tRNAPhe  over the original amount of [14C]Phe-tRNAPhe  was plotted as a function of time 

(Figure 2.8). The half-life of [14C]Phe-tRNAPhe  in the presence of each mutant was calculated and 

compared to wild type in order to assess the ability of the mutants to bind to [14C]Phe-tRNAPhe 

(Figure 2.8). Results indicate that the half-life of [14C]Phe-tRNAPhe in the presence of EF-Tu wild 

type and EF-Tu C81A is 145 min, whereas the half-life of [14C]Phe-tRNAPhe in the presence of  EF-

Tu C81M is 23 min and EF-Tu C81S is 26 min (Figure 2.8). This indicates that only the mutation 
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EF-Tu C81A protects the aminoacyl ester bond as efficient as the wild type, indicating the 

efficient formation of the ternary complex. Although C81M and C81S do not protect the 

aminoacyl-ester bond from cleavage like wild type EF-Tu both mutants protect the aminoacyl 

ester bond against cleavage compared to the spontaneous hydrolysis in the absence of EF-Tu 

(Figure 2.8) which has a half life of 12 min. This indicates that a ternary complex also forms in 

the presence of these mutants. However, the C81M and C81S were 10 times less efficient at 

protecting the aminoacyl-ester bond than wild type and C81A.  

 

 

 

 

 

 

Figure 2.8: Hydrolysis protection assay of the aminoacyl-ester bond in [14C]Phe-tRNAPhe. 
[14C]Phe-tRNAPhe incubated in the presence of EF-Tu (filled circles) EF-Tu C81A (filled triangles) 
EF-Tu C81S (open triangles) EF-Tu C81M (filled squares) and no EF-Tu (open circles). ln(cn/c0) is 
plotted over time, where the slope indicates the rate of aminoacyl-ester bond cleavage. cn is the 
concentration of [14C]Phe-tRNAPhe at that time point and c0 is the concentration of [14C]Phe-
tRNAPhe at time 0.  

 

Based on the guanine nucleotide binding and Phe-tRNAPhe binding results, the C81S cysless 

mutant was not comparable to wild type and was not used in any further analysis or further 

mutagenesis.  
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Next, the ability of EF-Tu C81A and C81M to bind to the ribosome as a ternary complex were 

compared to wild type. Various amounts of C81A and C81M were used to assess the ability of 

the cysless EF-Tu mutants to promote Phe-tRNAPhe binding to 70S initiation complexes (see 

experimental procedures 2.2.10). This was done using puromycin reactivity, which binds to the 

50S A-site when unoccupied, and forms a peptide bond with [3H]fMet in the P-site. After a 1 min 

incubation with the initiation complex, both mutants (C81A and C81M) promoted [14C]Phe-

tRNAPhe binding to the ribosomal A-site, with comparable efficiency to wild type EF-Tu (Figure 

2.9). In the absence of protein no [14C]Phe-tRNAPhe  was bound to the ribosome. In addition, 

increasing amounts of C81A or C81M did not affect the overall amount of Phe-tRNAPhe delivered 

to the A-site (Figure 2.9). These results indicate that the C81A and C81M mutants are capable of 

[14C]Phe-tRNAPhe delivery to the ribosomal A-site at levels similar to wild type protein. 

To ensure that the delivery of [14C]Phe-tRNAPhe seen in the presence of the C81A and C81M 

mutants was in a fully accommodated state, the stability of the [14C]Phe-tRNAPhe in the A-site 

was assessed through nitrocellulose filtration (experimental procedures 2.2.10).  A ternary 

complex consisting of wild type or mutant EF-Tu, GTP and [14C]Phe-tRNAPhe was mixed with an 

initiation complex containing [3H]fMet-tRNAfMet in the P-site of the ribosome, then incubated 

and filtered through nitrocellulose (experimental procedures) (Figure 2.10). Equimolar 

concentrations of [14C]Phe-tRNAPhe and [3H]fMet-tRNAfMet  remained bound to the programmed 

70S, indicating that neither [14C]Phe-tRNAPhe nor [3H]fMet-tRNAfMet  dissociated from the 

ribosome after 1 minute of incubation.  

The above results show that substitution of Cys 81 with alanine resulted in a functional cysless 

EF-Tu mutant. Even though the C81M mutant was functional in binding guanine nucleotides and 
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delivering Phe-tRNAPhe to the ribosome as a ternary complex, C81M did not protect the 

aminoacyl-ester bond from cleavage like C81A or wild type. Therefore, the EF-Tu C81A 

background was used for further mutagenesis.  

 

 

 

 

 

 

 

 

Figure 2.9: Percentage of [14C]Phe-tRNAPhe delivered to the ribosomal A-site by EF-Tu•GTP. 
[14C]Phe-tRNAPhe bound to the ribosomal A-site in the presence of EF-Tu determined using 
puromycin reactivity. Up to 8 times excess of EF-Tu C81A or EF-Tu C81M over ribosomal 
initiation complex were analyzed in the delivery of [14C]Phe-tRNAPhe to the ribosome.   
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Figure 2.10: Percentage of pre-translocation complex in the presence of EF-Tu determined by 
nitrocellulose filtration. Percentage of the pre-translocation complex is determined by the 
amount of [14C]Phe-tRNAPhe and f[3H]Met-tRNAfMet  bound to ribosome after 1 min compared to 
the amount at time 0. Up to 8 times excess EF-Tu C81A or EF-Tu C81M over ribosomal initiation 
complex are also analyzed. 

 

2.3.2 Fluorescent labelling of EF-Tu L264C using 1,5-IAEDANS – In order to study the rate of 

conformational change in EF-Tu, as well as the timing of EF-Tu dissociation from the ribosome 

following aa-tRNA accommodation using rapid kinetics techniques in combination with 

fluorescence, cysteine specific fluorescent dyes need to be conjugated to a specific cysteine in 

EF-Tu. Based on the construction of a fully active cysteine free EF-Tu new cysteine substitutions 

within EF-Tu have to be incorporated, without affecting the overall function of EF-Tu, on the 

molecular surface of EF-Tu in positions ideal for future FRET experiments.  

omain II of EF-Tu comes into close proximity to the ribosome when it is in a ternary complex (43) 

and is an optimal location for analyzing dissociation of EF-Tu from the ribosome. Leucine 264 is a 

surface accessible non-conserved residue in domain II (95, 96) (appendix Figure 1). To enable 
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subsequent labelling Leu 264 was mutated to a cysteine within the cysless (C81A) EF-Tu 

background. Following purification EF-Tu L264C was fluorescently labelled with 5-((2-

[(iodoacetyl)amino]ethyl)amino)naphthalene-1-sulfonic acid (1,5-IAEDANS) (Figure 2.11).  

SOH

O

O
N
H

NH

I

O

 

Figure 2.11: Chemical structure of 1,5-IAEDANS.  Molecular weight, absorption maximum and 
emission maximum as well as the extinction coefficient for the fluorophore are listed beside the 
structure. 

 

Labelling and purification of fluorescently labelled EF-Tu L264C protein was optimized using 

three different methods (experimental procedures 2.2.11).  

In the first labelling method, L264C EF-Tu was incubated on a Ni-Sepharose column (GE 

healthcare) and 1,5-IAEDANS was added drop wise to the column. Only 50% of EF-Tu added to 

the column eluted from the column after the addition of 250 mM imidazole. Following the 

addition of EDTA to the Ni-Sepharose column, the other 50% of EF-Tu eluted from the column. 

Of the 50% that eluted from the column prior to EDTA addition, 40% was lost during 

ultrafiltration due to precipitation of the protein, giving an overall yield of 20%.  

In the first method most of the protein precipitated on the Ni-Sepharose column. Therefore, in 

an effort to avoid affinity chromatography purification, EF-Tu L264C was incubated with 1,5-

Mw = 434.25 g/mol 

λ (Absorbance) = 336 nm 

λ (Emission) = 490 nm 

Extinction coefficient (336 nm)= 5 700 M-1 cm-1. 
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IAEDANS in the absence of Ni-Sepharose resin. Following incubation of EF-Tu L264C and 1,5-

IAEDANS, excess 1,5-IAEDANS was removed through dialysis against labelling buffer. The dialysis 

caused the formation of a white precipitate in the dialysis tubing containing the labelled protein. 

Contents in the dialysis tubing were collected and centrifuged. The resulting pellet and 

supernatant were analyzed on a 12% SDS PAGE, confirming that approximately 90% of EF-Tu 

was in the pellet, giving a final yield of less than 10% labelled EF-Tu L264C for this method.  

In the final method for labelling EF-Tu L264C, EF-Tu L264C and 1,5-IAEDANS were incubated 

together and the excess dye was removed using size exclusion chromatography (Figure 2.12). 

EF-Tu eluted around a volume of 10 mL off the column and absorbed at 280 nm (protein) as well 

as 336 nm (dye), indicating that the EF-Tu L264C protein was labelled. Excess dye eluted 

approximately 30 mL afterwards and was confirmed by its absorbance at 336 nm. This method 

gave a yield of approximately 35% labelled protein with  a 1:1 dye to protein ratio.  

 

 

 

 

 

Figure 2.12: SEC purification elution profile of fluorescently labelled 1,5-IAEDANS EF-Tu L264C. 
Absorbance was measured at 280 nm (right) for measuring the protein and at 336 nm (left) for 
measuring 1,5-IAEDANS. Fluorescently labelled protein eluted after 10 mL (closed circles) and 
excess dye eluted at 40 mL (closed diamonds). 
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2.3.3 Analysis of fluorescently labelled EF-Tu L264C – A fluorescence label incorporated at 

position 264 in EF-Tu is not only a promising reporter for Ribosome interaction but will also 

enable the measurement of conformational changes within EF-Tu during nucleotide exchange or 

GTP hydrolysis. For example Leu 264 moves a distance of over 20 Å from Trp 185 on domain I 

upon GTP hydrolysis (35 Å (GTP-bound) to 57 Å (GDP-bound)) (Figure 2.13). The large distance 

change between Trp 185 and Leu 264 is ideal to measure the conformational changes in EF-Tu 

using fluorescence resonance energy transfer (FRET). Furthermore, Trp and 1,5-IAEDANS is a 

promising dye pair since the emission spectra of Trp (maximum of emission peak 340 nm) 

overlaps with the absorption spectra of 1,5-IAEDANS (maximum of absorption peak 336 nm).   

  A         (GDP)      B (GTP) 

 

 

 

 

 

 

Figure 2.13: Distance changes between Leu 264 and Trp 185 in E. coli EF-Tu in the GDP or GTP 
bound conformation. (A) E. coli EF-Tu bound to GDP adapted from Song et al. (1999), PDB 1EFC 
(95) shows a distance of 57 Å between Leu 264 and Trp 185.  (B) T. aquaticus EF-Tu bound to 
GNPPNP (a non-hydrolysable GTP analogue) adapted from Kjeldgaard et al. (1993), PDB 1EFT 
(96) shows a distance of 35 Å between Leu 264 and Trp 185.  The guanine nucleotide in each 
structure is shown in space fill and Mg2+ is shown in yellow. Leu 264 and Trp 184 are shown in 
pink space fill. 
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In order to be able to measure conformational changes the occurrence of FRET between the two 

labels has to be confirmed. Therefore,  1,5-IAEDANS labelled EF-Tu L264C was excited at 280 nm 

and the resulting fluorescence emission was measured between 300 nm to 500 nm (see 

experimental procedures 2.2.12). Following excitation at 280 nm two peaks were observed, one  

with a maximum at approximately 340 nm reflecting the tryptophan emission, and another with 

a maximum around 490 nm for 1,5-IAEDANS  emission (Figure 2.14). The spectra of free 1,5-

IAEDANS however, indicated that emission of labelled protein at 490 nm can be excited directly 

at 280 nm but with a significant lower efficiency than observed in the labelled protein (Figure 

2.14).  

 

 

 

 

 

 

Figure 2.14: Fluorescence spectrum of 1,5-IAEDANS labelled L264C EF-Tu. Fluorescence 
emission scan was performed from 300 nm to 550 nm after an excitation at 280 nm. EF-Tu 
L264C labelled with 1,5-IAEDANS (red), EF-Tu wild type (black), 1,5-IAEDANS (orange).  All 
spectra were recorded at a concentration of approximately 20 µM. 

 

Since EF-Tu L264C was purified in the presence of GDP all the previous data collected was based 

on the GDP-bound EF-Tu state (Figure 2.13). When EF-Tu is in complex with GTP, Leu 264 and 
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Trp 185 move 20 Å closer together compared to the GDP-bound state. As such, an increase in 

FRET efficiency is expected to be observed in the GTP-bound resulting in increased fluorescence 

at 490 nm. Therefore the fluorescence emission of 1,5-IAEDANS labelled EF-Tu was measured 

also in the presence of GTP (Figure 2.15). When the relative fluorescence at 340 nm and 490 nm 

were compared, no detectable difference between the fluorescence emission of EF-Tu bound to 

GTP or GDP was observed.  Given that 35 Å is the closest distance between these two 

fluorescent dyes, and that tryptophan and 1,5-IAEDANS have a reported R0 of approximately 20 

Å (110) when attached to position 264 this dye pair is not sensitive enough to measure 

conformational changes. This suggest either the use of a different dye pair with an R0 of 

approximately 40 Å to see distinct changes or to position 1,5-IAEDANS further away from the 

fluorescence donor.  

 

 

 

 

 

 

Figure 2.15: Fluorescence spectra of 1,5-IAEDANS labelled EF-Tu L264C with GTP or GDP 
bound. The fluorescence emission scan was performed from 300 nm to 550 nm after an 
excitation at 280 nm. 20 μM EF-Tu L264C labelled with 1,5-IAEDANS  in the presence of GDP 
(red) and EF-Tu L264C labelled with 1,5-IAEDANS  in the presence of GTP (green). 
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2.3.4 Mutagenesis performed on EF-Tu –In order to enable the use of another dye pair another 

cysteine was introduced at residue Thr 34 on domain I of EF-Tu. Leu 264 and Thr 34 move 

approximately 20 Å away from each other after GTP hydrolysis and Pi release (Figure 2.16) and 

should be detectable by double labelling with a dye pair which has an R0 closer to 40 Å (Cy3 and 

Cy5 or CPM and fluorescein-5-malemide (111)).  

 

 

 

 

   A                                                                                   B 

 

 

 

Figure 2.16: Distance changes upon EF-Tu conformational change between Leu 264 and Thr 34 
on domain I of EF-Tu. (A) E. coli EF-Tu with GDP adapted from Song et al. (1999), PDB 1EFC (95) 
shows the distance between Leu 264 and Thr 34 on domain I to be 49 Å apart. (B) T. aquaticus 
EF-Tu with GDPNP a non hydrolysable GTP analogue adapted from Kjeldgaard et al. (1993), PDB 
1EFT (96) shows a distance between Leu 264 and Thr 34 on domain I to be 26 Å apart. The 
guanine nucleotide and Mg2+ ion is also shown in space fill. Residues Leu 264 and Thr 34 are 
shown in pink and space fill. 

 

In order to measure the structural details of aa-tRNA release into the ribosomal A-site and 

uncover likely intermediate steps between aa-tRNA delivery to the ribosome and 
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accommodation (85), another single cysteine mutant of EF-Tu was engineered substituting  Thr 

361 on domain III (Figure 2.17) with cysteine in the C81A cysless EF-Tu background.  Thr 361 is 

not conserved (appendix Figure 1) and is in close proximity to the aa-tRNA when bound (Figure 

2.17).  

 

 

 

 

 

 

Figure 2.17: Residue Thr 361 in domain III of EF-Tu. Thr 361 shown in pink on domain III of EF-
Tu in the ternary complex of EF-Tu•GTP•aa-tRNA. T. aquaticus EF-Tu with GDPNP in complex 
with yeast Phe-tRNAPhe (green) adapted from Nissen et al. (1995), PDB 1TTT (97). GDPNP is 
shown as a space fill structure. 

 

2.4 Discussion and future directions  

I have successfully engineered a fully functional cysless EF-Tu . Furthermore, I have inserted 

cysteines in this cysless background for future fluorescent labelling. In addition, I have 

generated an efficient method for fluorescently labelling and purifying EF-Tu for fluorescent 

analysis.  Previously published studies on the substitution of Cys 81 with a glycine (105) as well 

as chemical modification of the side chain of Cys 81 (112) have suggested that this residue is 

important for EF-Tu interactions with  aa-tRNA. These studies used glycine as a substitution for 
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Cys 81 (105), which may dramatically increase the flexibility of the peptide backbone, ultimately 

altering the conformation in this region of the protein. Consistent with the previous study, the 

motivation here is to understand the functional role of Cys 81, which when alkylated inactivates 

EF-Tu (105). However, Parmaggiani and coworkers (105) were not interested in replacing the 

cysteine residue with a side chain that retained the activity of EF-Tu and therefore are 

consistent with our finding that a serine substitution in position 81 significantly affects the 

activity of EF-Tu. Furthermore, only little information regarding the amino acid sequences of 

different bacterial EF-Tu species were available for Parmaggiani and coworkers (105), preventing 

an evolutionary analysis of Cys 81. Here, an extensive multiple sequence alignment was 

performed using 151 bacterial EF-Tu sequences to identify amino acid residues that 

evolutionarily can be tolerated. Results presented in this study reveal that alanine as a 

substitution for Cys 81 is not only the most abundant substitution in nature (12%), but does not 

show any effect on mant-GTP/GDP binding, binding to Phe-tRNAPhe to form a ternary complex or 

delivering Phe-tRNAPhe to the ribosome in a ternary complex. The results for the EF-Tu mutants 

(C81M and C81S) binding to mant-GTP and mant-GDP were not surprising, since methionine is 

found as a natural Cys 81 substitutions in some bacterial species (1%). Interestingly for the C81S 

mutant, the GTP dissociation rate is identical to the GDP dissociation rate, and because the GTP 

concentration in the cell is 10-fold higher than that of GDP, the C81S mutation may spend more 

time in the GTP-bound form than in the GDP. Furthermore, the C81S mutation may inhibit 

conformational changes in EF-Tu from the GTP-bound state to the GDP-bound state.  The 

conformation of EF-Tu C81S must be analyzed in further detail to fully answer how C81S effects 

EF-Tu. 
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For the C81M mutant, association and dissociation of guanine nucleotides are similar to wild 

type. Therefore, the weaker interaction between EF-Tu C81M and aa-tRNA cannot be explained 

by a reduced level of the GTP-bound form of EF-Tu.  Even though Cys 81 has not been shown to 

be involved in binding aa-tRNA directly, it is near the C-terminus of the effecter loop, which is 

positioned above the minor groove of the acceptor stem in aa-tRNA (Figure 2.18) when bound 

to aa-tRNA (97). Furthermore, it is near the GTPase switch II region, which is involved in 

recognition of the major groove of the acceptor and the T-stem in the ternary complex. The 

methionine side chain has an extra methylene and methyl group than cysteine and may have an 

impact on nearby residues, thereby tightening the binding pocket for aa-tRNA, which may 

reduce the affinity for Phe-tRNAPhe. 

 

 

 

 

 

Figure 2.18: Cys 81 is in close proximity to the acceptor stem of aa-tRNA. T. aquaticus EF-Tu in 
complex with yeast Phe-tRNAPhe shown in green adapted from Nissen et al. (1995), PDB 1TTT 
(97). Cys 81 is shown in space fill and coloured pink.  

 

Furthermore, the results demonstrate that C81A and C81M deliver Phe-tRNAPhe to the ribosome 

in a ternary complex, similar to wild type. Combining the results for guanine nucleotide 

association/dissociation, ternary complex formation and delivery of Phe-tRNAPhe to the 
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ribosome for the C81A mutation, it can concluded that Cys 81 can be substituted for alanine 

without affecting the function of EF-Tu. Therefore, the cysless C81A mutant can be used as a 

promising background in subsequent mutagenesis and fluorescent labelling experiments for 

future FRET studies.  

Mutagenesis and fluorescent labelling of EF-Tu L264C with 1,5-IAEDANS revealed the 

conformation change in EF-Tu resulting in a distance change between Trp 185 and 1,5-IAEDANS 

labelled L264C (35 Å (GTP bound) to 57 Å (GDP bound)) did not result in a detectable change in 

FRET efficiency. This is was surprising since the R0 of this dye pair is approximately 20 Å (110).  

Based on this observation a double mutant (L264C/T34C) was constructed enabling fluorescent 

labelling with a dye pair that has an R0 closer to 40 Å (such as Cy3 and Cy5 or CPM and 

fluorescene-5-malemide) (111). This mutant has the potential to be a powerful tool to measure 

EF-Tu conformational changes on a single-molecule level as well as to measure rates for EF-Tu 

conformational change and identify novel intermediates steps during A-site delivery of aa-tRNA.  

Due to the fact that domain II of EF-Tu also comes into close contact to the 30S subunit and Leu 

264 is in close proximity to 16S rRNA (Figure 2.19) (43) a mutant EF-Tu carrying a fluorescent 

label in this position can be used to study the interaction with the ribosome.  Successful random 

labelling of whole ribosomes has been reported in Peske et al., (80) providing a novel way of 

determining the timing of EF-Tu dissociation from the ribosome subsequent to aa-tRNA release. 

 

 

  



C h a p t e r  2  E F - T u   

 

61 

 

 

 

 

 

 

 

Figure 2.19: Leu 264 in EF-Tu is in close proximity to the 30S subunit during A-site binding. EF-
Tu from E. coli (domain I (purple), domain II (ice blue) and domain III (blue)) is shown in complex 
with aa-tRNA (red space fill) bound to the ribosome (30S subunit (yellow space fill)), 50S subunit 
not shown here. It can be seen that all three domains of EF-Tu come into close contact with the 
ribosome. Leu 264 is shown in green and in close proximity to the ribosome. Cryo-EM structure 
is adapted from Villa et al. (2008) (43).  

 

2.5 Conclusion  

A cysless EF-Tu mutant has been obtained that is not compromised with respect to binding 

guanine nucleotides, binding Phe-tRNAPhe or delivery of Phe-tRNAPhe to the ribosome as a 

ternary complex. Based on this, mutant versions of EF-Tu were generated by introducing 

additional cysteines, enabling subsequent fluorescent labelling. Efficient fluorescent labelling of 

cysless L264C and a method for purifying this labelled EF-Tu has been shown. Furthermore, this 

provides a powerful tool for creating double fluorescently labelled EF-Tus and to measure the 

rate of conformational changes in EF-Tu using single-molecule FRET.  
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Chapter 3 - LepA 

3.1 Introduction to LepA 

Only recently has the gene product of lepA been suggested to be a novel translation factor (79). 

The lep gene (le

The lepA gene is found in all bacteria, mitochondria and chloroplasts (79). LepA is one of the 

most conserved proteins having 55-68% identity in bacteria (79). The conservation of LepA is 

less than EF-Tu (70-82%) and similar to EF-G (58-70%), but higher than the essential translation 

factors IF2 (35-49%), IF3 (43-69%) and EF-Ts (33-50%). However, knockout of the lepA gene 

produces no visible phenotypic effect on cellular growth under optimal conditions (114). This 

raises the question of what is the function of LepA and why is it so highly conserved? 

ader peptidase) in E. coli encodes for signal peptidase I (113). The function of 

signal peptidase I is to cleave 15 to 30 residues of the N-terminal signal peptide of secreted 

proteins, which are generally membrane bound proteins (113).  The lep promoter is located 

approximately 2 kb upstream of the lep gene (113). Between the lep promoter and the lep gene 

there is an open reading frame encoding for a 599 amino acid residue protein, which has been 

termed lepA (113).  

The primary sequence of LepA was shown to be homologous to those of translation factors EF-

Tu and EF-G (Figure 3.1) (113). Due to sequence similarity with translation factors, it was 

speculated that LepA may be a translational GTPase (113). Previous studies have demonstrated 

that LepA binds GTP and interacts with the ribosome (115-117).  
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Figure 3.1: Domain alignment of LepA, EF-Tu and EF-G. LepA sequence from E. coli, EF-G is from 
E. coli and EF-Tu is taken from E. coli. Domains are aligned according to their similarity and are 
coloured accordingly. Domain I (pink), domain II (blue), domain III (red) and domain V (yellow) of 
LepA is homologous to these domains on EF-Tu and EF-G.   

  

LepA is structurally similar to EF-G (Figure 3.2) (118). Domains I, II, III and V of LepA correspond 

to domains I, II, III and V of EF-G. However, LepA lacks domains similar to domains IV and G’ of 

EF-G, but contains a unique C-terminal domain (CTD). Little is known about the function of the 

CTD, which was investigated through truncation mutations in this study (Figure 3.3). Three 

different truncation mutations were constructed based on the predicted secondary structure 

changes of LepA. The predicted secondary structure was later confirmed through the crystal 

structure of LepA (118). Residues 555 to 599 were not resolved in the crystal structure however, 

in the predicted secondary structure it is thought to form a β sheet.  
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A       B 

 

 

 

 

       

Figure 3.2: Comparison of LepA and EF-G structures.  (A) LepA from E. coli PDB: 3CB4 (118). (B) 
EF-G from T. thermophilus PDB: 1FNM (119). Domain I (pink), II (blue), III (red), V (yellow), CTD 
(green) of LepA are labelled and domain G (pink), G’ (purple), II (blue), III (red), IV (cyan), V 
(yellow) of EF-G are labelled. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Secondary structure LepA CTD. Arrows on C-terminal domain indicate primer 
positions. Green cylinders indicate β-sheets, and blue arrows indicate α-helices. 
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The structural similarity of LepA to translational GTPases, such as EF-G, is a strong indication for 

the potential involvement of LepA in translation. A recent investigation into the involvement of 

LepA in translation has lead to the discovery that LepA might catalyze a process called retro-

translocation (79).  

Retro-translocation is the movement of the translocated deacyl-tRNA and peptidyl-tRNA from 

the ribosomal E- and P-sites back to the P- and A-sites respectively (Figure 3.4).  

 

 

 

 

Figure 3.4: Retro-translocation of tRNA-mRNA within the ribosome. P-site peptidyl-tRNA and E-
site tRNA, move to the A- and P-sites of the ribosome during the process of retro-translocation. 
mRNA is also retro-translocated in this process by one triplet codon. 

 

In the presence of deacyl-tRNA and absence of EF-G, retro-translocation can occur 

spontaneously (109). However, this process is prevented in the presence of EF-G. EF-G inhibits 

retro-translocation through the insertion of its domain IV into the ribosomal A-site (120). Also, 

retro-translocation requires deacyl-tRNA in the E-site, which is unstable and dissociates rapidly 

from the ribosome. In the presence of polyamines, such as spermine, deacyl-tRNA is stabilized in 

the E-site and retro-translocation may occur (109).  

The rate and extent of spontaneous tRNA movement within the ribosome is dependent upon 

the affinity of the peptidyl-tRNA and tRNA for the respective ribosomal sites (109). In the 
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absence of competitors, all tRNAs and peptidyl-tRNAs will bind to the ribosomal P-site.  

However, the spontaneous movement of peptidyl-tRNA and deacyl-tRNA is dependent on their 

respective affinities for the P-site, reflecting their greatest thermodynamic stability (109).  

Therefore, the equilibrium between the forward and retro-translocated complex varies based 

on the peptidyl-tRNA (109).  Many questions involving LepA and retro-translocation arise, such 

as: What does retro-translocation consist of? How does LepA catalyze retro-translocation? What 

is the function of LepA’s CTD? What is the active state of LepA?   

Although LepA has been suggested to be a translational GTPase (79), little is known about the 

guanine nucleotide bound state which is required for LepA activity in retro-translocation. 

Therefore, the rate and extent of retro-translocation in the presence of various guanine 

nucleotides (GTP, GDP, GDPNP) was studied. In order to identify different ribosomal substrates 

of LepA, the substrate specificity of LepA for two different ribosomal complexes, which differ in 

their peptidyl-tRNA was analyzed.  

Similar to other translational GTPases, the Cryo-EM structure shows that LepA contacts the 

ribosome within the translation factor binding site (117). This structure also showed LepA in 

contact with the retro-translocated A-site tRNA through its CTD, and contacts the acceptor 

stem, D-loop and the TΨC-loop of the A-site tRNA.  To address the function of the CTD, three 

different truncation mutations of the CTD in LepA were constructed and their function was 

compared with the function of full-length protein. 

Forward translocation in the presence of EF-G has been shown to occur in the presence and 

absence of GTP (75). EF-G seems to promote an unlocked conformation of the ribosome (121), 

which enables tRNA, along with mRNA, to translocate. However, translocation does not require 
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GTP hydrolysis but does require GTP hydrolysis to release EF-G from the ribosome (75). LepA is 

structurally similar to EF-G and may not require GTP hydrolysis to catalyze the process of retro-

translocation. To address this the putative catalytic residue for GTP hydrolysis (His81), based 

upon sequence similarity to EF-Tu (101), was substituted with alanine to generate a GTPase 

inactive mutant of LepA. Lastly, the structural similarity of LepA to EF-G prompted the analysis 

of a potential role of LepA in catalyzing the dissociation of the 70S ribosome into 30S and 50S 

subunits during ribosome recycling.  

3.2 Materials and Methods  

All chemicals were obtained from VWR, Sigma or Invitrogen, unless otherwise specified. 

Restriction enzymes were from Fermentas; enzymes purchased from other sources will be 

indicated. BL21-(DE3) competent cells were purchased from Novagen and DH5α cells were 

purchased from New England Biolabs. PCR primers, nucleotides and fluorescent nucleotide 

analogs were purchased from Invitrogen. Radioactive chemicals were purchased from Perkin-

Elmer. Small-scale plasmid preparations were performed according to the manufacturer’s 

specifications (BioBasic EZ spin column plasmid DNA kit). All buffers were filtered through 0.45 

µm Whatman nitrocellulose membranes.  

3.2.1 LepA Cloning - Genomic DNA was isolated from an overnight culture of E. coli DH5α cells 

grown at 37°C in 25 mL of LB media overnight. The overnight culture was spun at 5 000 xg and 

the pellet was re-suspended in TES buffer (50 mM Tris-Cl pH 7.5, 10 mM NaCl, 10 mM EDTA). 10 

mg/mL of lysozyme and proteinase K were added to the re-suspended solution, followed by a 1 

hour incubation at 37°C. 4 M NH4OAc was added to the solution, followed by a10 min incubation 

at room temperature. A 1:1 phenol: chloroform extraction of the DNA was performed, then 
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spun down for 2 min at 5 000 xg. This was followed by a wash with chloroform to wash away the 

phenol. The extracted aqueous phase containing the DNA was precipitated with 2.5 volumes of 

isopropanol and incubated for 10 min at -20°C. After a precipitate formed, the solution was 

centrifuged and the pellet was re-suspended in 0.1 mL 0.1 M NH4OAc. 70% ethanol was added 

to re-precipitate the DNA and incubated for 10 min at -20°C. Precipitate was spun down for 10 

min at 5 000 xg and the pellet was re-suspended in TES buffer.  Isolated genomic DNA was used 

as a template to amplify the lepA open reading frame using PCR. Primers used were 5’-

AATCATACCATATGAAGAATATACG-3’ and 5’-CTCCTAAGCTTTATTTGTTGTCTT-3’. Pfu DNA 

polymerase (Fermentas) was used in a Biometra TGradient thermocycler using the conditions 

outlined in Tables 3.1 and 3.2. 

Table 3.1: Components used to isolated and amplify the lepA gene in E. coli.  

Component Final Concentration  

Template 8 ng/mL 

Primers 1 μM each 

Pfu buffer 5X 1 X 

10 mM dNTPs 0.3 µM  

Pfu Polymerase 0.3 U/ µL 

Distilled water - 

 

 

 

 

 

 



C h a p t e r  3  L e p A  

 

69 

 

Table 3.2: PCR protocol used to isolate and amplify the lepA  gene in E. coli.  

Step Number Step Temperature  Time 

1 Initial Denaturation 95 °C 3 min 

2* Denaturing 95 °C 1 min  

3* Annealing 65 °C 1 min 

4* Extension 72 °C 14 min 

5 Final Extension 72 °C 15 min 

 

 A restriction digestion of amplified lepA DNA was performed with ScaI (Fermentas) then ligated 

into a pBR322 vector using T4 DNA ligase. The resulting plasmid was transformed into E. coli 

DH5α cells and grown on LB agar plates supplemented with 50 µg/mL of kanamycin. A maxiprep 

was performed to extract the transformed DNA in the following method. ALS1 (50 mM glucose, 

25 mM Tris-Cl pH 8 (20°C), 10 mM EDTA), ALS2 (0.2 M NaOH, 1% SDS), and ALS3 (5 M K-acetate, 

glacial acetic acid) were added to the pellet of the overnight culture. This was centrifuged at 5 

000 xg for 10 min. A 1:1 phenol: chloroform extraction was performed on the resulting 

supernatant. The mixture was centrifuged at 5 000 xg for 15 min. A 1:1 phenol: chloroform was 

repeated on the upper aqueous layer followed by a  final chloroform extraction. The resulting 

aqueous layer was ethanol precipitated overnight. Precipitate was pelleted and re-suspended in 

RNase A. Following an overnight incubation at 37°C with RNase A another ethanol precipitation 

was performed. The resulting pellet was re-suspended in water. lepA was excised with HindIII 

and NdeI (Fermentas) and ligated into a pET28a vector containing a 6X-Histidine-tag using T4 

DNA ligase, resulting in pET28-lepA. Sequence and orientation were confirmed by sequencing 

(Macrogen).  

Cycle 
30 
times 
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3.2.2 Mutagenesis - All PCR reactions were carried out in a TGradient (Biometra) thermocycler. C-

terminal deletion mutations were generated based on a secondary structure prediction using 

Jpred http://www.compbio.dundee.ac.uk/www-jpred/ (Figure 3.3).  

Deletion mutants of LepA (ΔA494, ΔP520, ΔG555) were constructed via PCR using pET28a lepA 

as a template. A single stop primer was used for the construction of all three deletion mutants 

(5’-TAAGGCTTGCGGCCGCACTCGA-3’), which had a Tm of 63.9°C. The forward primers used in 

construction of the truncation mutants differed depending on which deletion was being 

constructed. The sequences of the forward primers were 26 nucleotides long and correspond to 

the coding region of lepA and the 5’ terminal nucleotides correspond to the terminal amino acid 

in the resulting deletion mutant. The product of each PCR was a linear DNA fragment with the 

desired C-terminal LepA codon at one terminus, and the AUG start codon at the other. Blunt end 

ligations of the products produced circular plasmids encoding LepA deletion mutants in pET28a 

vectors. Forward primers for each CTD deletion mutant are listed in Table 3.3. Conditions for the 

PCR and the components used are listed in Tables 3.4 and 3.5. 

Site directed mutagenesis to produce the LepA H81A substitution was carried out on the pET28a 

lepA template using Quickchange™ mutagenesis (Stratagene). Primers designed for this 

mutation also removed a ScaI restriction site and are listed in Table 3.1. PCR conditions used to 

introduce the LepA H81A mutant are listed in Tables 3.6 and 3.7. 
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Table 3.3: Primers used to generate lepA mutants.  

LepA 
Mutant 

Forward Primer 5’-3’ Reverse Primer 5’-3’ Tm 

H81A TATCGACACCCCAGGCGCC ATAGGAGAAGTCTACGTAGACT
TCTCCTATG 

GGC 81.5°C GCCTGGGGT
GTCGATA 

ΔA494 CGC TAAGGCTTGCGGCCGCACTCGA  ATCAACACGTTCACCGTTGATTA 62.2°C 

ΔP520 TGG TAAGGCTTGCGGCCGCACTCGA GATCAGATCTTTCATCTTCTCCA 60.6°C 

ΔG555 GCC TAAGGCTTGCGGCCGCACTCGA ATAACATTTAGCCAGTACGTTTT 59.9°C 

 

Table 3.4: PCR protocol used to engineer the CTD truncation mutants (∆A494, ∆P520, ∆G555). 

Step Number Step Temperature  Time 

1 Initial Denaturation 98 °C 3 min 

2* Denaturing 98 °C 1 min  

3* Annealing 60 °C 45 sec 

4* Extension 72 °C 5 min 

5 Final Extension 72 °C 5 min 

 

Table 3.5: PCR components used to engineer the CTD truncation mutants (∆A494, ∆P520, 
∆G555). 

Component Final Concentration  

Template 3.2 µg/mL 

Primers 13 pM each 

5X HF buffer 5 
1 X 

(1.5 mM MgCl2) 

10 mM dNTPs 200 µM  

Polymerase (Phusion) 0.016 U/ µL 

Distilled water - 

Cycle 
35 
times 
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Table 3.6: Quickchange mutagenesis protocol used to generate the H81A LepA substitution 
mutant. 

Step Number Step Temperature  Time 

1 Initial Denaturation 95 °C 3 min 

2* Denaturing 95 °C 45 sec  

3* Annealing 65 °C 60 sec 

4* Extension 72 °C 12 min 

5 Final Extension 72 °C 20 min 

 

Table 3.7: Quickchange mutagenesis components for generating the H81A LepA substitution.  

Component Final Concentration  

Template 3.2 µg/mL 

Primers 1 µM each 

10X Pfu buffer 
1 X 

(1.5 mM MgCl2) 

10 mM dNTPs 0.3 µM  

Polymerase (Pfu) 0.016 U/ µL 

Distilled water - 

 

Mutagenesis was confirmed by sequencing (Macrogen) and the mutated pET28-lepA plasmids 

were transformed into BL21-(DE3) E. coli competent cells.  

3.2.3 Protein expression - BL21-(DE3) competent cells were used for the expression of 

recombinant 6X-Histidine tagged LepA. Cells were grown in 500 mL LB media supplemented 

with 50 µg/mL of kanamycin at 37°C. Once the OD600 reached 0.6 OD600, LepA overexpression 

was induced through the addition of 1 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside). The 

Cycle 
18 
times 
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cultures were grown for another 3 hrs and harvested at 5 000 xg in a TA-10 rotor (Beckman). 

Cells were flash frozen and stored at -80°C prior to use. 

Expression levels of LepA were analyzed through time samples, lysed in 8 M urea in TAKM7 and 

analyzed on a 12% SDS-PAGE run at 200 V for 55 min (BioRad Mini Protean 3 System). Gels were 

stained with Coomassie blue; all other SDS PAGEs were performed in a similar manner.  

3.2.4 LepA Protein purification- Harvested cells containing overexpressed LepA and the H81A 

LepA mutant were opened in buffer A (50 mM Tris-Cl 8.0 (4°C), 60 mM NH4Cl, 7 mM MgCl2, 7 

mM β-mercaptoethanol, 1 mM PMSF, 300 mM KCl, 10 mM imidazole, 15% glycerol) with the 

supplement of 0.1 mg/mL of lysozyme, 12.5 mg/g sodium deoxycholate and DNase I and 

centrifuged at 30 000 xg for 45 min in a JA-16 rotor (Beckman). The cleared lysate (S-30 extract), 

containing LepA, was purified using affinity chromatography (7 mL Ni-Sepharose resin from GE 

healthcare) and eluted in a step gradient in buffer C (buffer A supplemented with 250 mM 

imidazole). The Ni-Sepharose column was washed 10 times with a column volume of buffer C 

and fractions containing LepA were pooled and concentrated using ultrafiltration (Vivaspin 20 

MWCO 30 000 (Sartorius)). LepA was further purified using size exclusion chromatography 

(preparative Superdex 75 column from GE Healthcare) run in high-salt TAKM7 (50 mM Tris-Cl pH 

7.5, 70 mM NH4Cl, 300 mM KCl, 7 mM MgCl2 and 10% glycerol).  Fractions were analyzed on a 

12% SDS-PAGE and fractions containing LepA were pooled and concentrated using ultrafiltration 

(Vivaspin 20 MWCO 30 000 (Sartorius)). The final concentration of LepA was determined 

photometrically, at 280 nm using the molar extinction coefficient 39 935 M-1cm-1 (calculated 

using ProtParam) and using the BioRad microassay.  
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3.2.5 Protein purification of LepA mutants - Harvested cells containing overexpressed LepA CTD 

truncation mutations were opened in buffer H (50 mM Tris-Cl 8.0 (4°C), 60 mM NH4Cl, 7 mM 

MgCl2, 7 mM β-mercaptoethanol, 1 mM PMSF, 300 mM KCl, 10 mM imidazole, 15% glycerol, 8 

M urea) with the addition of 0.1 mg/mL of lysozyme, 12.5 mg/g sodium deoxycholate and DNase 

and centrifuged at 30 000 xg for 45 min in a JA-16 rotor (Beckman). The cleared lysate (S-30 

extract) containing the LepA protein of interest was purified using batch affinity 

chromatography (7 mL Ni-Sepharose resin from GE Healthcare) eluting with a step gradient into 

buffer I (buffer H supplemented with 250 mM imidazole). The Ni-Sepharose column was washed 

10 times with a column volume of buffer I and fractions containing the LepA CTD truncation 

mutant of interest were pooled and concentrated (Vivaspin 20 MWCO 30 000 (Sartorius)). The 

LepA CTD truncation mutant was further purified using size exclusion chromatography (160 mL 

preparative Superdex 75 from GE Healthcare) running the column in high-salt TAKM7.  Fractions 

were analyzed on a 12% SDS-PAGE and fractions containing the LepA CTD truncation mutant of 

interest were pooled and concentrated as above.  

3.2.6 Nucleotide hydrolysis assay – To measure ribosome stimulated GTP hydrolysis of LepA and 

LepA mutants, liberation of 32Pi from [γ32P]-GTP was determined in the following manner. 0.6 

μM 70S, 1.2 μM [γ32P]-GTP (specific activity approximately 3500 dpm/pmol) and 0.03 μM LepA 

were incubated at 37°C in a total of 100 µL TAKM7 buffer. At various time points (0 to 45 min) 10 

µL (0.3 pmol) of LepA•70S reaction mixture was removed and quenched with GTPase quencher 

(1 M HClO4 with 3 mM potassium phosphate).  300 µL of 20 mM Na2Mo4 and 750 µL of ethyl 

acetate were added to the quenched reaction to extract free 32Pi. Samples were vortexed for 30 

sec and centrifuged at 15 800 xg for 5 min. The aqueous upper layer containing free 32Pi was 

extracted and added to 2 mL of scintillation cocktail (MP EcoLite) in 7 mL polyethylene 
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scintillation vials (PerkinElmer). [32Pi] decays per minute (dpm) were counted with a PerkinElmer 

TriCarb 2800TR liquid scintillation analyzer. Background radioactivity was subtracted and the 

percentage of GTP hydrolyzed was calculated and plotted as a function of time. 

To determine the Km and kcat for the GTPase activity  of LepA compared to EF-G, 0.03 µM EF-

G/LepA, 50 μM [γ32P]-GTP and titrating amounts of 70S (0 to 2 μM) were mixed and incubated in 

TAKM7 at 37°C. After 10 min the reaction was quenched as above with GTPase quencher and 

free 32Pi was extracted and counted as above. The Km was calculated as ½ Vmax and kcat was 

calculated as the turnover number using Vmax/[protein].  

3.2.7 Equilibrium binding constants for guanine nucleotide binding to LepA - To determine 

guanine nucleotide binding affinities to LepA and mutants of LepA, fluorescence measurements 

were performed using a Varian Cary Eclipse Fluorescence Spectrophotometer. E. coli LepA 

contains two intrinsic tryptophan residues (Trp 199, Trp 257), which were excited at 280 nm in a 

0.3 x 0.3 cm quartz cuvette (Starna) at room temperature. The fluorescence emission was 

monitored from 300 nm to 500 nm through 5 nm slits. Measurements were carried out using 2 

µM LepA in TAKM7 and adding increasing amounts of the respective mant-guanine nucleotide, 

which is a fluorescent analogue of guanine nucleotides. Mant is a small anthraniloyl aromatic 

group attached to the 3’ or 2’-OH of the ribose on the guanine nucleotide (Figure 3.5). 
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Figure 3.5: Mant-GTP. The 2’-OH in this structure of GTP has a methylanthraniloyl (mant) group 
attached, however, the 3’-OH and 2’-OH are labelled with mant in an equal ratio. 

 

Fluorescence resonance energy transfer (FRET) between tryptophan and mant was utilized to 

determine the equilibrium dissociation constants for mant-GTP/GDP to LepA. Changes in the 

fluorescence emission at 338 nm were plotted as a function of increasing nucleotide 

concentration. The background fluorescence signals due to the presence of protein and 

nucleotide were subtracted from the overall fluorescence of the system. Fluorescence changes 

were plotted against nucleotide concentration ([nt]) were fit with a quadratic function (Equation 

1), with respect to the initial (Fl0) and maximum (Flmax) fluorescence to determine the 

dissociation constant (KD) for each nucleotide or fluorescent derivative using the software 

GraphPad Prism 5. Additional variables for total protein concentration ([P]) and signal amplitude 

(B = Flmax – Fl0) were accounted for (122).  

ΔFl = 0.5(B / [P]) * (KD + [P] + [nt] – ((KD + [P] + [nt])2 – 4 * [P] * [nt])1/2)   (Equation 1) 
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3.2.8 Retro/forward translocation of tRNA on the ribosome  - Ribosomes (108), EF-Tu, initiation 

factors (123), EF-G(124), [3H]fMet-tRNAfMet (125), [14C]Phe-tRNAPhe, and [14C]Val-tRNAVal from E. 

coli were purified individually as indicated (126). In brief, EF-Tu, initiation factors and EF-G were 

purified using affinity chromatography and size exclusion chromatography. tRNAs were 

aminoacylated then purified through reverse-phase chromatography, and ribosomes were 

purified and separated using ultracentrifugation.  An initiation complex was prepared by 

incubating 3 µM [3H]fMet-tRNAfMet, 1 mM DTT (BioBasic), 1 mM GTP (Sigma), 2 µM 70S, 4 µM 

mRNA (122 nt derivative of m022 sequence 5’-AUGGUU-3’ for fMet-Val and sequence 5’-

AUGUUC-3’ for fMet-Phe, purified by HPLC) and 3 µM initiation factors in a total volume of 3 mL 

in TAKM7 and incubated at 37°C for 50 min.  Ternary complexes were prepared by first charging 

EF-Tu with GTP by mixing  1 mM GTP, 1 mM DTT, 1% pyruvate kinase (PK) (Roche), 3 mM 

phosphoenol pyruvate (PEP) with 27 µM EF-Tu for 15 min at 37°C in TAKM7. The ternary 

complex was formed by adding 9 µM [14C]Phe-tRNAPhe or [14C]Val-tRNAVal  in TAKM7 to the GTP-

bound EF-Tu complex and incubating for 1 min at 37°C. Pre-translocation complexes were 

formed by incubating the initiation complex with ternary complex for 1 min at 37°C. This 

mixture was divided into two, where one half was used to make post-translocation complexes in 

the following manner; 3 µM EF-G was added to the pre-translocation complex and incubated for 

1 min at 37°C. The extent of peptidyl-tRNA binding was determined through nitrocellulose 

filtration and was found to be >80%.  Aliquots of 1 mL of the above mixtures were purified 

through centrifugation on a 400 μL 1.1 M sucrose cushion in a Sorvall M120GX ultracentrifuge at 

259 000 xg for 2 hrs. Pellets containing purified post-translocation complexes were dissolved in 

TAKM7 and pellets containing pre-translocation complexes were dissolved in TAKM20, flash 

frozen and stored at -80°C.  
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Retro-translocation was measured using 0.1 µM post-translocation complexes containing 

[3H]fMet[14C]Val-tRNAVal or [3H]fMet[14C]Phe-tRNAPhe in the P-site. Post-translocation complexes 

were mixed with 0.5 mM guanine nucleotide, 0.15 μM tRNAfMet and 2 μM LepA and incubated at 

37°C in TAKM7 buffer with 0.6 mM spermine to stabilize tRNAfMet in the E-site. 

Forward translocation was analyzed using 0.1 µM pre-translocation complex containing 

[3H]fMet[14C]Val-tRNAVal or [3H]fMet[14C]Phe-tRNAPhe. 0.5 mM guanine nucleotide and 2 μM 

LepA were mixed with pre-translocation complexes and incubated at 37°C in TAKM7 buffer. 

In order to assess A-site occupancy on pre/post-translocation complexes, an excess of a small 

analogue of aa-tRNA (puromycin) was added to 15 µL (4 pmol) of the ribosomal complexes and 

incubated for 15 sec at 37°C. If the A-site is unoccupied, puromycin can bind to the 50S A-site 

and form a peptide bond with the polypeptide in the P-site. The reaction was stopped with 1.5 

M sodium acetate (pH 4.5) saturated with magnesium sulfate. Puromycin was extracted with 

ethyl acetate and the formation of peptidyl-puromycin was assessed through [3H]fMet and 

[14C]Phe radioactivity, which are attached to the extracted puromycin. Decays per minute (dpm) 

were counted after the addition of scintillation cocktail (LumaSafe Plus - Zinsser) in 7 mL 

polyethylene scintillation vials (Zinsser).  

3.2.9 Ribosomal subunit dissociation - Pre-termination complexes were prepared by combining 

8 μM mRNA (UUC sequence), 4 μM tRNAPhe from yeast (chemical block) and 2 μM 70S in TAKM7 

buffer and incubating at 37°C for 20 min. Pre-termination complexes were rapidly mixed (55 μL 

each) with a factor mix of 10 μM RRF, 4 μM IF3, 1 mM GTP and 4 μM EF-G or 4 μM LepA.   

Dissociation of ribosomal complexes was measured through light scattering at 430 nm on a SX-

18MV stopped-flow (Applied Photophysics) apparatus. Measurements contained 1000 data 
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points each. Scattering was detected through 2 photomultipliers using a KV400 cut-off filter 

(Schott).  

 Traces were fit with a two-exponential decay (equation 2) using GraphPad Prism5 software. B is 

the fluorescence end level where x→∞, k1 is the rate constant for the fast decay and k2 is the 

rate constant for the slow decay. C is the amplitude for the fast decay and D is the amplitude for 

the slow decay.  

Y=B + C * exp(-k1 * x) + D * exp(-k2 * x)      (Equation 2) 

 

3.3 Results  

3.3.1 Guanine nucleotide binding properties of LepA - All GTPases bind guanine nucleotides with 

various affinities ranging from nM to µM (127). EF-Tu binds guanine nucleotides on the nM scale 

(69) and requires the guanine nucleotide exchange factor EF-Ts (92) for efficient exchange of 

guanine nucleotides to facilitate in vivo translation rates. However, EF-G binds guanine 

nucleotides with an affinity on the µM scale (124) and does not require an exchange factor 

because dissociation and exchange of guanine nucleotides is fast enough to facilitate in vivo 

translation rates. Therefore, it is important to determine the binding affinity of guanine 

nucleotides to LepA to assess if an exchange factor is needed.  

Analysing the nucleotide binding properties will allow the assessment of whether the LepA CTD 

truncation mutants are properly folded. Since the LepA CTD truncation mutants were purified in 

8 M urea and exchanged to high-salt TAKM7, folding of the mutants may have been inhibited by 

the presence of urea disrupting hydrogen bonds. However, the G-domain of LepA is a large 
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portion of the protein (comprising 31% of the protein) and is the site for GTP hydrolysis. 

Therefore, the ability of the G-domain to bind guanine nucleotides will be a strong indication on 

whether the LepA CTD truncation mutants are properly folded. Fluorescence spectroscopy 

measurements were used to study the equilibrium binding properties of guanine nucleotides to 

purified LepA. Increasing amounts of guanine nucleotides (mant derivatives) were titrated into a 

2 μM LepA TAKM7 solution and FRET was monitored (Figure 3.6). Addition of mant-guanine 

nucleotides resulted in a decrease of tryptophan fluorescence (λemission = 338 nm) and an 

increase in mant fluorescence (λemission = 440 nm) (Figure 3.6), indicating binding of the guanine 

nucleotide to LepA. The equilibrium dissociation constants (KD) were determined by fitting the 

concentration dependence of tryptophan/mant fluorescence (see experimental procedures 

3.2.7).  Resulting KD values for LepA wild type for mant-GDP and mant-GTP to be 37 µM and 65 

µM respectively (Table 3.8). Similar equilibrium dissociation constants of mant-GTP/GDP were 

obtained for the LepA CTD truncation mutants and the mutant LepA H81A (Table 3.8), therefore, 

it can be assumed that the CTD truncation mutants are properly folded. Furthermore, due to the 

relative similar affinities for mant-GTP and mant-GDP for LepA, an exchange factor is not likely 

required and turnover of the nucleotide can be driven by the 10 fold higher cellular 

concentration of the tri-phosphate form of the nucleotide. Also, the KD is on the μM scale, 

indicating a relatively weak interaction of LepA with guanine nucleotides. 
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Figure 3.6:  Equilibrium dissociation constants of mant-GTP/GDP to LepA. Increasing amounts 
of mant-nucleotide was added to a 2 µM solution of LepA. LepAs intrinsic tryptophans were 
excited at 280 nm and the resulting fluorescence emission was monitored from 300 nm to 500 
nm. The black trace represents LepA in TAKM7 with no mant-GTP and the purple upper most 
trace is LepA in TAKM7 with 100 μM mant-GTP. All traces in-between are increasing 
concentrations of mant-GTP from 0 to 100 μM and are shown in the side.  

 

Table 3.8: Equilibrium binding constants of mant-GTP/GDP for LepA and LepA mutations. 

Protein KD GTP  KD GDP  

LepA (Wild Type) 37 ± 3 μM 65 ± 22 μM 

LepA (ΔA494) 74 ± 9 μM 88 ± 2 μM 

LepA (ΔP520) 96 ± 4 μM 91 ± 5 μM 

LepA (ΔG555) 95 ± 10 μM 76 ± 1 μM 

LepA (H81A) 76 ± 8 μM 47 ± 4 μM 

EF-G (128) 0.67 μM 12 μM 

3.3.2 GTPase activity of LepA in the presence of 70S ribosomes –  LepA is thought to be a 

translational GTPase with comparable activity to EF-G (79). Therefore, intrinsic GTPase activity 
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of LepA is expected to be low and the presence of the 70S ribosome is expected to increase the 

GTPase activity significantly. Furthermore, based on structural similarity of LepA to EF-Tu (79), it 

is likely that His 81 is the critical residue in LepA for GTP hydrolysis. Furthermore, it is unknown 

whether the CTD of LepA takes part in GTPase activation. Therefore, the GTPase activity of LepA, 

H81A, and the CTD truncation mutations in the presence of the 70S ribosome have been 

analyzed and compared to EF-G. A GTP hydrolysis assay described in experimental procedures 

3.2.6 were used to assess the GTPase activity of LepA and LepA mutants in the presence and 

absence of 70S ribosomes. The GTPase activity of wild type LepA is dramatically stimulated by 

the ribosome (Figure 3.7) since no efficient GTP hydrolysis could be observed in the absence of 

70S ribosomes. However, H81A and all the CTD truncation mutations do not show efficient 

hydrolysis of GTP even in the presence of the 70S ribosome (Figure 3.7). Previous studies of EF-

Tu have shown that His 84 of EF-Tu helps to stabilize the transition state of GTP hydrolysis and is 

a critical residue for GTP hydrolysis (101), as substitution of His 84 in EF-Tu abolishes GTP 

hydrolysis activity in EF-Tu. These results are consistent with our hypothesis that His 81 is a 

critical residue in LepA required for ribosome stimulated GTPase activity. The results for the CTD 

truncation mutants show that they are unable to hydrolyze GTP in the presence of 70S 

ribosome. This suggests that the CTD of LepA may be involved in signalling GTPase activation in 

LepA.  
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Figure 3.7: Ribosome stimulated GTPase activity of LepA and LepA mutants. GTP hydrolysis 
seen in the presence of LepA and 70S (closed circles), LepA (open circles), LepA ΔA494 and 70S 
(closed triangle), LepA ΔG555 and 70S (open triangle), LepA ΔP520 and 70S (closed square), 
LepA H81A and 70S (open square). 

 

The recently determined cryo-EM structure of LepA bound to the ribosome revealed several 

interactions of LepA with the factor binding site, similar to other translational GTPases (117). For 

example, domain V of LepA seems to contact the 50S ribosomal protein L11 and the 23S rRNA, 

similar to EF-G (117). Interestingly, residues Asn 503 - Asn 506 in LepA’s unique CTD contact the 

23S rRNA. The CTD of LepA also contacts the acceptor stem and the elbow region of the retro-

translocated A-site tRNA. In the absence of the CTD, the interactions between LepA’s CTD and 

the ribosome may be lost, thereby destabilizing LepA binding to the ribosome.  

In order to compare the ribosome stimulated GTPase activity of LepA to EF-G, the Km for GTPase 

activation was determined (see experimental procedures 3.2.6). Rates of GTP hydrolysis were 

plotted as a function of increasing ribosome concentration (Figure 3.8). The Km of LepA was 
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determined to be 0.3 ± 0.1 µM and 0.14 ± 0.01 µM for EF-G. To measure the catalytic efficiency 

of LepA compared to EF-G, kcat/Km, was also determined and was 399 ± 134 µM-1s-1 for LepA and 

355 ± 215 µM-1s-1 for EF-G, which are comparable to each other. This strengthens the argument 

that the ribosome stimulated GTPase activity of LepA is similar to EF-G (129).  

 

 

 

 

 

 

Figure 3.8: Michaelis–Menten analysis of LepA and EF-G ribosome stimulated GTP hydrolysis. 
A representative plot of the initial rate of GTPase activity for LepA (filled circles) and EF-G (open 
circles) plotted against increasing 70S ribosome concentration, give a Km of 0.3 ± 0.1 µM and 
0.14 ± 0.01 µM respectively. 

 

3.3.3 Retro/Forward-translocation in the presence of LepA – Since LepA is a novel protein there 

are many questions regarding the function of it. LepA has been suggested to be involved in 

catalysis of retro-translocation (79). However, the mechanistic details of this process are 

unknown, as well as why this process may occur in the cell. Therefore, it is necessary to 

understand the basic mechanism by which retro-translocation is catalyzed before any details 

can be determined. The extent of retro-translocation in the presence of LepA was determined 

using two different post-translocation ribosomal complexes in order to assess whether LepA has 

a preference for a specific post-translocation complex (see experimental procedures 3.2.8). In 

[Ribosome] (µM) 

v 
(s

-1
) 



C h a p t e r  3  L e p A  

 

85 

 

addition, various guanine nucleotides (GDP, GTP and GDPNP a non-hydrolysable form of GTP) 

were used to identify the catalytic functional state of LepA.  

To assess the extent and rate of retro-translocation of peptidyl-tRNA within the ribosome a 

post-translocated ribosomal complex was used and the occupancy of the 50S ribosomal subunits 

A-site over time was probed with puromycin. Rates of retro-translocation for [3H]fMet[14C]Phe-

tRNAPhe P-site occupied ribosomal complexes were measured in the presence of LepA and 

various guanine nucleotides (Figure 3.9). Retro-translocation can occur spontaneously in the 

absence of LepA at a rate of 0.04 ± 0.01 min-1. When LepA is in complex with GDP, no catalysis of 

retro-translocation occurs, reflected by a rate of 0.02 ± 0.01 min-1, which is comparable to 

spontaneous retro-translocation.  However, in the presence of LepA•GDPNP retro-translocation 

seems to be catalyzed and occurs at a rate of 0.10 ± 0.02 min-1 (Table 3.9). Interestingly, 

LepA•GTP has an extremely lower rate of retro-translocation (0.00001 min-1), i.e. this complex 

seems to inhibit retro-translocation. 
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Figure 3.9: Retro-translocation of [3H]fMet[14C]Phe-tRNAPhe in the presence and absence of 
LepA and guanine nucleotides. Retro-translocation of 0.1 μM Post[3H]fMet[14C]Phe-tRNAPhe 
ribosomal complex in TAKM7, 0.6 mM spermine buffer and 0.15 μM tRNAfMet (open circles) in 
the presence of 0.1 μM LepA wt and 0.5 mM GDPNP (closed circles), 0.1 μM LepA wt and 0.5 
mM GTP (closed triangles), 0.1 μM LepA wt and 0.5mM GDP (open triangles). 

 

Similarly, the [3H]fMet[14C]Val-tRNAVal P-site occupied post-translocation complex showed that 

catalysis of retro-translocation occurs only in the presence of LepA•GDPNP (Figure 3.10, Table 

3.9), with a rate of 0.84 ± 0.07 min-1. Furthermore, LepA•GDP showed a similar rate of retro-

translocation (0.31 ± 0.06 min-1) as spontaneous retro-translocation (0.45 ± 0.06 min-1) (Table 

3.9), which is significantly faster than the [3H]fMet[14C]Phe-tRNAPhe P-site occupied complex. 

However, in the presence of LepA•GTP a comparable rate of retro-translocation (0.30 ± 0.06 

min-1) to the spontaneous rate was observed.   
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 Figure 3.10: Retro-translocation of [3H]fMet[14C]Val-tRNAVal in the presence and absence of 
LepA and guanine nucleotides. Retro-translocation of 0.1 μM Post [3H]fMet[14C]Val-tRNAVal 
ribosomal complex in TAKM7, 0.6 mM spermine buffer and 0.15 μM tRNAfMet (open circle) in 
addition to 0.1 μM LepA wild type (wt) and 0.5 mM GDPNP (closed circles), 0.1 μM LepA wt and 
0.5 mM GTP (open triangles), 0.1 μM LepA wt and 0.5 mM GDP (open square). 
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Table 3.9: Retro-Translocation assay in the presence and absence of LepA, various guanine 
nucleotides and LepA mutants. 

Component kapp  [3H]fMet[14C]Phe-tRNAPhe  kapp  [3H]fMet[14C]Val-tRNAVal 

LepA•GDPNP 0.10 ± 0.02 min-1 0.84 ± 0.07 min-1 

LepA•GDP 0.02 ± 0.01 min-1 0.31 ± 0.06 min-1 

LepA•GTP 0.00001 min-1 0.30 ± 0.06 min-1 

Buffer 0.04 ± 0.01 min-1 0.45 ± 0.06 min-1 

LepA(ΔA494)•GDPNP 0.02 ± 0.01 min-1 0.27 ± 0.01 min-1 

LepA(ΔG555)•GDPNP 0.04 ± 0.01 min-1 0.51 ± 0.2 min-1  

LepA(H81A)•GDPNP 0.04 ± 0.01 min-1 0.52 ± 0.06 min-1 

 

Inhibition of retro-translocation in the presence of LepA•GTP shown here in conjunction with 

LepA’s structural similarity to EF-G (Figure 3.2), suggested an analysis on the ability of LepA to 

catalyze forward translocation in the presence of guanine nucleotides. This was performed using 

a pre-translocation complex where the occupancy of the ribosomal A-site was analyzed over 

time with puromycin (see experimental procedure 3.2.8). In the pre-translocation complex with 

[3H]fMet[14C]Phe-tRNAPhe in the A-site of the ribosome, the absence of LepA did not show any 

significant forward translocation of the ribosomal complex (Figure 3.11a). Also, in the presence 

of LepA•GDP and LepA•GDPNP, forward translocation of the ribosomal complex was not 

observed.  However, the presence of EF-G•GTP showed rapid translocation, indicating that 

translocation of this ribosomal complex can occur under certain conditions. However, forward 
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translocation catalyzed by LepA•GTP only reaches 50% of the extent as translocation catalyzed 

by EF-G•GTP. Furthermore, the rate at which forward translocation occurs in the presence of 

LepA•GTP is slower than in the presence of EF-G•GTP. In the pre-translocation complex with 

[3H]fMet[14C]Val-tRNAVal occupying the ribosomal A-site, similar results were obtained as in the 

[3H]fMet[14C]Phe-tRNAPhe  pre-translocation complex (Figure 3.11b). However, forward 

translocation was only observed for the [3H]fMet[14C]Val-tRNAVal A-site occupied pre-

translocation complex in the presence of EF-G•GTP and no forward translocation was detected 

in the presence of LepA•GTP (Figure 3.11b). 
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Figure 3.11: Forward translocation in the presence and absence of LepA. Forward translocation 
of 0.1 μM pre-ribosomal complex in TAKM7 (a) [3H]fMet[14C]Phe-tRNAPhe A-site occupied pre-
translocation complex in the presence of 0.6 mM spermine buffer  (open circles), in addition to 
0.1 μM EF-G and 0.5 mM GTP (closed squares), 0.1 μM LepA wt and 0.5 mM GTP (closed 
triangles), 0.1 μM LepA wt and 0.5 mM GDP (open triangles), 0.1 μM LepA wt and 0.5mM 
GDPNP (closed circle) (b) [3H]fMet[14C]Val-tRNAVal A-site occupied pre-translocation complex in 
TAKM7 supplemented with 0.6 mM spermine buffer  (open circles) in the presence of 0.1 μM EF-
G and 0.5 mM GTP (closed squares), 0.1 μM LepA wt (closed triangles), 0.1 μM LepA wt and 0.5 
mM GDP (open triangles), 0.1 μM LepA wt and 0.5mM GDPNP (closed circle). 
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 The CTD of LepA is unique and its function is unknown (79). To analyze its role during catalysis 

of retro-translocation, rates of retro-translocation of post-translocation complexes in the 

presence of CTD truncation mutants LepA (ΔA494, ΔG555) bound to GDPNP (Figure 3.12) were 

measured and compared to wild type LepA•GDPNP. For both the [3H]fMet[14C]Phe-tRNAPhe  and 

the [3H]fMet[14C]Val-tRNAVal P-site occupied post-translocation ribosomal complexes, no 

catalysis of retro-translocation was observed in the presence of the LepA CTD truncation 

mutants and GDPNP (Table 3.9, Figure 3.12). 
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Figure 3.12: Retro-translocation in the presence of LepA mutants.  Retro-translocation of (a) 
[3H]fMet[14C]Phe-tRNAPhe P-site occupied 70S complex in TAKM7 and 0.6 mM spermine buffer (b) 
[3H]fMet[14C]Val-tRNAVal P-site occupied 70S complex in TAKM7 and 0.6 mM spermine buffer in 
the presence of 0.5 mM GDPNP, 0.15 µM  tRNAfMet (open circles), 0.5 mM GDPNP, 0.15 µM  
tRNAfMet and 2 µM LepA (closed circles), 0.5 mM GDPNP, 0.15 µM  tRNAfMet and 2 µM LepA 
ΔA494 (closed triangle), 0.5 mM GDPNP, 0.15 µM  tRNAfMet  and 2 µM LepA ΔG555 (open 
triangle), 0.5 mM GDPNP, 0.15 µM  tRNAfMet and 2 µM LepA H81A (open square).  

 

3.3.4 Ribosomal subunit dissociation - The structural similarity between LepA and EF-G are a 

strong indication that both proteins may share similar functions. EF-G not only catalyzes forward 
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translocation, but also participates in ribosome recycling (80). The ability of LepA to catalyze 

forward translocation as well as its similarity in structure to EF-G, suggest a role of LepA in 

ribosome recycling. LepAs ability to promote 70S dissociation of a pre-termination complex into 

the respective 30S and 50S subunits was observed using light scattering (see experimental 

procedure 3.2.9). In the presence of RRF, IF3 and EF-G, the rate of ribosomal subunit 

dissociation was determined to be 0.608 ± 0.037s-1 (Figure 3.13). However, no subunit 

dissociation could be observed in the presence of LepA under these conditions.  

 

 

 

 

 

 

 

 

Figure 3.13: 70S dissociation measured by light scattering. The dissociation of the 70S ribosome 
into the 30S and 50S ribosomal subunits was measured using light scattering over time. 2 µM 
70S pre-termination complexes were rapidly mixed with 10 µM RRF, 4 µM IF3, 1 mM GTP and 4 
µM EF-G (black), 10 µM RRF and 4 µM IF3 (red), 10 µM RRF, 4 µM IF3 and 4 µM LepA (blue), 
TAKM7 (grey). 

3.4 Discussion and future directions  

The present results show that LepAs GTPase activity is stimulated by the ribosome to an extent 

that is comparable to EF-G, which is consistent with previous studies of the GTPase activity of 

LepA (79). Also, LepA binds guanine nucleotides with a weak affinity (KD of approximately 50 
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μM), also comparable to EF-G. Furthermore, the LepA•GDPNP complex is able to catalyze retro-

translocation in two different post-translocation ribosomal complexes ([3H]fMet[14C]Val-tRNAVal 

P-site occupied and [3H]fMet[14C]Phe-tRNAPhe P-site occupied). Catalysis, however, only occurs in 

the presence of LepA•GDPNP, deacyl-tRNA and spermine to stabilize deacyl-tRNA. This is 

surprising since deacyl-tRNA is only abundant in the cells when the cell is starved for amino 

acids (130). Therefore it is intriguing to speculate that catalysis of retro-translocation with LepA 

may only occur under stress conditions in vivo.  

Due to misleading figures and legends in the previous literature (79), it is unclear whether 

GDPNP or GTP was used in those studies. GDPNP is a non-hydrolysable form of GTP, which locks 

LepA•GDPNP in its GTP conformation, suggesting that this is the conformation that promotes 

retro-translocation.  Interestingly, retro-translocation was inhibited when LepA was in complex 

with GTP and forward translocation was promoted for the [3H]fMet[14C]Phe-tRNAPhe complex. 

GTP hydrolysis is required for the rapid turnover of forward translocation seen in the presence 

of EF-G (78). Also, domain IV of EF-G has previously been shown to be important for coupling 

GTP hydrolysis with forward translocation (75). Furthermore, it has been shown in previous 

studies that in the absence of EF-G and in the presence of deacyl-tRNAfMet spontaneous retro-

translocation of [3H]fMet[14C]Val-tRNAVal and [3H]fMet[14C]Phe-tRNAPhe P-site occupied 

ribosomal complex will occur in the majority and 75% of complexes respectively (109). Since 

LepA bound to GDPNP resembles its GTP bound form, this state may promote an open 

conformation of the ribosome, which leads to the formation of a thermodynamically stable 

state of tRNA within the ribosome, i.e. the pre-translocation state under our experimental 

conditions. In the case of EF-G, following unlocking of the ribosome and forward translocation, 

domain IV of EF-G prevents retro-translocation by inserting itself into the A-site of the ribosome 
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(120). LepA lacks a homologous domain to the full length of EF-G’s domain IV, which may 

explain why retro-translocation takes place in the presence of LepA and why forward 

translocation in the presence of LepA•GTP is limited.  However, the mechanistic details of retro-

translocation are still unknown and a highly purified E. coli based in vitro translation system will 

be used in the future to further analyze retro-translocation. Pre-steady state kinetics will be 

performed along the lines of those previously used to analyze EF-G's function (120).  

Role of Histidine 81 - Due to homology of LepA to EF-Tu (Figure 3.1),  His 81 likely plays a  

functional role similar to His 84 in EF-Tu (101). Substitution of His 81 in LepA resulted in 

elimination of ribosome stimulated GTPase activity without effecting guanine nucleotide 

binding. These observations suggest that His 81 of LepA is directly involved in GTP hydrolysis and 

not in guanine nucleotide binding. The fact that LepA H81A does not catalyze retro-translocation 

suggests two possible explanations. Either this mutant does not bind to the ribosome, or H81A 

prevents necessary interactions between the ribosome and LepA for GTPase activation, which 

may be needed to catalyze retro-translocation. Therefore, binding to the ribosome must be 

assessed before any further conclusions can be made.  

Forward translocation stimulated by LepA•GTP is only seen for the fMetPhe-tRNAPhe A-site 

occupied system. Furthermore, the only mechanism separating GDPNP and GTP is the fact that 

GTP can be hydrolyzed. GTP hydrolysis catalyzed by EF-G on the ribosome greatly accelerates 

the rate of ribosome rearrangement, leading to catalyzed translocation (75). LepA may function 

in a similar manner and it would be interesting to see how forward translocation is affected by 

the H81A LepA mutant. 
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Role of the unique CTD of LepA – When parts of the CTD were removed, no stimulation of 

GTPase activity was observed in the presence of the 70S ribosome. Proper folding of the 

truncation mutations was verified as guanine nucleotides bound to the mutants with similar KD’s 

as the wild type. The recent structure of LepA bound to the ribosome shows the CTD of LepA 

contacting the 23S rRNA of the ribosome as well as the retro-translocated A-site tRNA (117). 

Upon removal of the CTD, these interactions may be lost, leading to a reduced affinity of LepA 

for the ribosome, explaining loss of GTPase activity and retro-translocation. Therefore, the 

affinity of these mutants to the ribosome must be assessed. If the CTD does not affect LepA 

binding to the ribosome, the CTD may be essential in downstream signalling for GTP hydrolysis 

required for retro-translocation. However, details of the mechanism for retro-translocation 

need to be determined before the role of the CTD in the signalling of GTP hydrolysis can be 

analyzed. 

Currently, the crystal structure of LepA (118) and the cryo-EM (117) of LepA on the ribosome 

only resolve LepA residues up to 555, leaving 43 residues at the CTD of LepA which are 

unresolved.  

Potential role of LepA in 70S ribosome dissociation – The observation that forward translocation 

occurs in the presence of LepA•GTP together with LepA’s structural similarity to EF-G indicate 

that LepA may function in more than just retro-translocation. Light scattering results, targeting a 

putative role of LepA in the dissociation of the 70S subunits into the 50S and 30S indicate that 

LepA cannot substitute EF-G in catalyzing subunit dissociation. 
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3.5 Conclusion  

The eukaryotic elongation cycle closely resembles elongation in prokaryotes. However, it is 

interesting that there is no homologous LepA protein in the eukaryotic cytosol, as LepA is 

potentially involved in a process which occurs during elongation. It has previously been shown 

that retro-translocation does not fix translation errors induced by antibiotics (79), but does 

seem to improve the activity of proteins. Perhaps improper translocation occurred more often 

in ancestral times, and as evolution proceeded the cell developed other regulatory methods to 

improve translocation and eliminate the need for retro-translocation.  Therefore, if an error 

occurs during translocation, such as a shift of the reading frame, it may be more efficient for the 

cell to reverse and try again than to start over. However, the mechanistic details of retro-

translocation and possible intermediates are still unknown and need to be analyzed before 

retro-translocation can be understood.  

The fact that LepA is not found in eukaryotes makes it a promising target for antibiotics. Due to 

the structural similarity of LepA to EF-G, it is likely that LepA is a target for antibiotics which 

target EF-G, such as fusidic acid. Fusidic acid inhibits the dissociation of EF-G•GDP from the 

ribosome (131) and may also prevent LepA•GDP from dissociating from the ribosome. In turn 

this may affect retro-translocation as well. 
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Appendix                                                                                                                       
                      *        20         *        40         *        60         *        80         *       100             
sp|P40174| : MAKAKFERTKPHVNIGTIGHIDHGKTTLTAAITKVLHD-AYP-DINEASAFDQIDKAPE-----ERQRGITISIAHVEYQTEARHYAHVDCPGHADYIKNMITGAA :  99 
sp|Q53871| : MAKAKFERTKPHVNIGTIGHIDHGKTTLTAAITKVLHD-AFP-DLNEASAFDQIDKAPE-----ERQRGITISIAHVEYQTETRHYAHVDCPGHADYIKNMITGAA :  99 
sp|P29542| : MAKAKFERTKPHVNIGTIGHIDHGKTTLTAAITKVLHD-AYP-DLNEATPFDNIDKAPE-----ERQRGITISIAHVEYQTEARHYAHVDCPGHADYIKNMITGAA :  99 
sp|O33594| : MAKAKFERTKPHVNIGTIGHIDHGKTTLTAAITKVLHD-KYP-DLNAASAFDQIDKAPE-----ERQRGITISIAHVEYQTEARHYAHVDCPGHADYIKNMITGAA :  99 
sp|P95724| : MAKAKFERTKPHVNIGTIGHVDHGKTTLTAAITKVLHD-AIP-DLNPFTPFDEIDKAPE-----ERQRGITISIAHVEYQTESRHYAHVDCPGHADYIKNMITGAA :  99 
sp|P29543| : MAKAKFQRTKPHVNIGTIGHIDHGKTTLTAAITKVLHD-RFP-DLNPFTPFDQIDKAPE-----ERQRGITISIAHVEYQTEARHYAHVDCPGHADYIKNMITGAA :  99 
sp|P72231| : MAKAKLERTKPHMNIGTIGHIDHGKTTLTAAITKVLHD-RYP-ELNKATPFDKIDKAPE-----EKARGITISIAHVEYQTEKRHYAHVDCPGHADYVKNMITGAA :  99 
sp|Q6ACZ0| : MAKAKFQRTKPHVNIGTLGHVDHGKTTLTAAISKVLAD-KYPSATNVQRDFASIDSAPE-----ERQRGITINISHVEYETPKRHYAHVDAPGHADYIKNMITGAA : 100 
sp|P09953| : MAKAKFERTKAHVNIGTIGHVDHGKTTLTAAISKVLYD-KYP-DLNEARDFATIDSAPE-----ERQRGITINISHVEYQTEKRHYAHVDAPGHADYIKNMITGAA :  99 
sp|P42471| : MAKASFERTKPHVNIGTIGHVDHGKTTLTAAITKVLAD-QYP-DLNEARAFDQVDNAPE-----EKERGITINVSHVEYQTEKRHYAHVDAPGHADYVKNMITGAA :  99 
sp|P0A559| : MAKAKFQRTKPHVNIGTIGHVDHGKTTLTAAITKVLHD-KFP-DLNETKAFDQIDNAPE-----ERQRGITINIAHVEYQTDKRHYAHVDAPGHADYIKNMITGAA :  99 
sp|P0A558| : MAKAKFQRTKPHVNIGTIGHVDHGKTTLTAAITKVLHD-KFP-DLNETKAFDQIDNAPE-----ERQRGITINIAHVEYQTDKRHYAHVDAPGHADYIKNMITGAA :  99 
sp|P30768| : MAKAKFERTKPHVNIGTIGHVDHGKTTLTAAITKVLHD-KFP-NLNESRAFDQIDNAPE-----ERQRGITINISHVEYQTEKRHYAHVDAPGHADYIKNMITGAA :  99 
sp|P42439| : MAKAKFERTKPHVNIGTIGHVDHGKTTTTAAITKVLAD-TYP-ELNEAFAFDSIDKAPE-----EKERGITINISHVEYQTEKRHYAHVDAPGHADYIKNMITGAA :  99 
sp|P40175| : MSKTAYVRTKPHLNIGTMGHVDHGKTTLTAAITKVLAE-RGAGSTTQYVSFDRIDRAPE-----EAARGITINIAHVEYETDTRHYAHVDMPGHADYVKNMVTGAA : 100 
sp|P29544| : MSKTAYVRTKPHLNIGTMGHVDHGKTTLTAAITKVLAE-RGSG--T-FVPFDRIDRAPE-----EAARGITINIAHVEYETDTRHYAHVDMPGHADYVKNMVTGAA :  97 
sp|O66429| : MAKEKFERTKEHVNVGTIGHVDHGKSTLTSAITCVLAAGLVEGGKAKCFKYEEIDKAPE-----EKERGITINITHVEYETAKRHYAHVDCPGHADYIKNMITGAA : 101 
sp|O50293| : MAKEKFERTKEHVNVGTIGHVDHGKSTLTSAITCVLAAGLVEGGKAKCFKYEEIDKAPE-----EKERGITINITHVEYETAKRHYAHVDCPGHADYIKNMITGAA : 101 
sp|O50340| : MAKVTFVRTKPHMNVGTIGQIDHGKTTLTAAITKYCSF----FGWADYTPYEMIDKAPE-----ERARGITINITHVEYQTEKRHYAHIDCPGHADYIKNMITGAA :  97 
sp|P13537| : MAKEKFVRTKPHVNVGTIGHIDHGKSTLTAAITKYLSL----KGLAQYIPYDQIDKAPE-----EKARGITINITHVEYETEKRHYAHIDCPGHADYIKNMITGAA :  97 
sp|P42472| : -------------------HVDHGKTTLTAAITKVMSL----KGAAQFMAYDQIDNAPE-----ERARGITIAIRHVEYQTDKRHYAHVDCPGHADYIKNMITGAA :  78 
sp|P42477| : MAKQKFERNKPHINIGTIGHVDHGKTTLTAAITKTMAL----RGRAEFRAFDQIDNAPE-----ERARGITISISHVEYETENRHYAHVDCPGHADYIKNMITGAA :  97 
sp|Q9PK73| : -SKETFQRNKPHINIGTIGHVDHGKTTLTAAITRALSG----DGLADFRDYSSIDNTPE-----EKARGITINASHVEYETPNRHYAHVDCPGHADYVKNMITGAA :  96 
sp|P26622| : -SKETFQRNKPHINIGTIGHVDHGKTTLTAAITRALSG----DGLADFRDYSSIDNTPE-----EKARGITINASHVEYETANRHYAHVDCPGHADYVKNMITGAA :  96 
sp|Q9Z9A7| : -SKETFQRNKPHINIGTIGHVDHGKTTLTAAITRALSG----DGLASFRDYSSIDNTPE-----EKARGITINASHVEYETPNRHYAHVDCPGHADYVKNMITGAA :  96 
sp|Q822I4| : -SKETFQRNKPHINIGTIGHVDHGKTTLTAAITRALSA----EGLANFCDYSSIDNTPE-----EKARGITINASHVEYETPNRHYAHVDCPGHADYVKNMITGAA :  96 
sp|P64031| : MAKEKYDRSKPHVNIGTIGHVDHGKTTLTAAITTVLARRL-PSSVNQPKDYASIDAAPE-----ERERGITINTAHVEYETEKRHYAHIDAPGHADYVKNMITGAA : 100:  
sp|P33170| : MAKEKYDRSKPHVNIGTIGHVDHGKTTLTAAITTVLARRL-PSAVNQPKDYASIDAAPE-----ERERGITINTAHVEYETEKRHYAHIDAPGHADYVKNMITGAA : 100 
sp|Q8K872| : MAKEKYDRSKPHVNIGTIGHVDHGKTTLTAAITTVLARRL-PSSVNQPKDYASIDAAPE-----ERERGITINTAHVEYETATRHYAHIDAPGHADYVKNMITGAA : 100 
sp|Q5XD49| : MAKEKYDRSKPHVNIGTIGHVDHGKTTLTAAITTVLARRL-PSSVNQPKDYASIDAAPE-----ERERGITINTAHVEYETATRHYAHIDAPGHADYVKNMITGAA : 100 
sp|P69952| : MAKEKYDRSKPHVNIGTIGHVDHGKTTLTAAITTVLARRL-PSSVNQPKDYASIDAAPE-----ERERGITINTAHVEYETATRHYAHIDAPGHADYVKNMITGAA : 100 
sp|Q8P1W4| : MAKEKYDRSKPHVNIGTIGHVDHGKTTLTAAITTVLARRL-PTSVNQPKDYASIDAAPE-----ERERGITINTAHVEYETETRHYAHIDAPGHADYVKNMITGAA : 100 
sp|P72483| : MAKEKYDRSKPHVNIGTIGHVDHGKTTLTAAITTVLARRL-PSAVNQPKDYSSIDAAPE-----ERERGITINTAHVEYETEKRHYAHIDAPGHADYVKNMITGAA : 100 
sp|Q9CEI0| : MAKEVYDRSKPHVNIGTIGHVDHGKTTLSAAISKVLS----DKGYSKATDFASIDAAPE-----ERERGITINTAHIEYETEKRHYAHIDAPGHADYVKNMITGAA :  97 
sp|Q88VE0| : MAKEHYERTKPHVNIGTIGHVDHGKTTLTAAITKVLAS----KGLAKEQDFASIDAAPE-----ERERGITINTAHVEYETEKRHYAHIDAPGHADYVKNMITGAA :  97 
sp|Q8KAH0| : MAKESYKRDKPHVNIGTIGHVDHGKTTLTAAITSVLAK----QGMATLREFSDIDKAPE-----ERERGITISTAHVEYQTAKRHYAHIDCPGHADYIKNMITGAA :  97 
sp|P42473| : MAKESYKRDKPHVNIGTIGHVDHGKTTLTAAITSVLAK----SGKAAAREFGDIDKAPE-----ERERGITISTAHVEYQTDKRHYAHIDCPGHADYIKNMITGAA :  97 
sp|Q889X3| : MAKEKFDRSLPHCNVGTIGHVDHGKTTLTAALTRVCSEV--FGS--ARVDFDKIDSAPE-----EKARGITINTAHVEYNSATRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P09591| : MAKEKFERNKPHVNVGTIGHVDHGKTTLTAALTKVCSDT--WGG--SARAFDQIDNAPE-----EKARGITINTSHVEYDSAVRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8PC59| : MARAKFLREKLHVNVGTIGHVDHGKTTLTAALTKIGAER--FGG--EFKAYDAIDAAPE-----EKARGITISTAHVEYESAVRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8NL22| : MAKAKFERTKPHVNVGTIGHVDHGKTTLTAALTKIGAER--FGG--EFKAYDAIDAAPE-----EKARGITISTAHVEYESPTRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q9P9Q9| : -AQDKFKRTKLHVNVGTIGHVDHGKTTLTAALTKVGAER--FGG--EFKAYDAIDAAPE-----EKARGITISTAHVEYETEVRHYAHVDCPGHADYVKNMITGAA :  96 
sp|Q8XGZ0| : MAKEKFERTKPHVNVGTIGHVDHGKTTLTAAIATVLSSK--FGG--EAKKYDEIDAAPE-----EKARGITINTAHIEYETANRHYAHVDCPGHADYVKNMITGAA :  97 
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sp|P42481| : MAKSKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLSSK--FGG--EAKAYDQIDAAPE-----EKARGITINTAHVEYETANRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P33167| : MAKGKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLTKK--FGG--EAKAYDQIDAAPE-----EKARGITINTAHVEYETANRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P64026| : MAKEKFERSKPHVNVGTIGHVDHGKTTLTAALTTILAKK--FGG--AAKAYDQIDNAPE-----EKARGITINTSHVEYETETRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P64027| : MAKEKFERSKPHVNVGTIGHVDHGKTTLTAALTTILAKK--FGG--AAKAYDQIDNAPE-----EKARGITINTSHVEYETETRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P48864| : MAKEKFERSKPHVNVGTIGHVDHGKTTLTAALTTILAKK--FGG--AAKAYDQIDNAPE-----EKARGITINTSHVEYETETRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P0A6N3| : -SKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKT--YGG--AARAFDQIDNAPE-----EKARGITINTSHVEYDTPTRHYAHVDCPGHADYVKNMITGAA :  96 
sp|P0A6N2| : -SKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKT--YGG--AARAFDQIDNAPE-----EKARGITINTSHVEYDTPTRHYAHVDCPGHADYVKNMITGAA :  96 
sp|P0A6N1| : -SKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKT--YGG--AARAFDQIDNAPE-----EKARGITINTSHVEYDTPTRHYAHVDCPGHADYVKNMITGAA :  96 
sp|P0A1H6| : -SKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKT--YGG--AARAFDQIDNAPE-----EKARGITINTSHVEYDTPTRHYAHVDCPGHADYVKNMITGAA :  96 
sp|P0A1H5| : -SKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKT--YGG--AARAFDQIDNAPE-----EKARGITINTSHVEYDTPTRHYAHVDCPGHADYVKNMITGAA :  96 
sp|Q83JC4| : -SKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKT--YGG--AARAFDQIDNAPE-----EKARGITINTSHVEYDTPTRHYAHVDCPGHADYVKNMITGAA :  96 
sp|Q8ZJB2| : MSKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKT--YGG--SARAFDQIDNAPE-----EKARGITINTSHVEYDTPARHYAHVDCPGHADYVKNMITGAA :  97 
sp|P57939| : MSKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKH--YGG--AARAFDQIDNAPE-----EKARGITINTSHVEYDTPTRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P57966| : MSKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKH--YGG--AARAFDQIDNAPE-----EKARGITINTSHVEYDTPTRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P43926| : -SKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKH--YGG--AARAFDQIDNAPE-----EKARGITINTSHVEYDTPTRHYAHVDCPGHADYVKNMITGAA :  96 
sp|Q7TTF9| : -SKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKH--FGG--AARAFDQIDNAPE-----EKARGITINTSHVEYDTETRHYAHVDCPGHADYVKNMITGAA :  96 
sp|O31297| : MSKEKFQRLKPHINVGTIGHVDHGKTTLTAAITTVLSKK--FGG--SARAFDQIDNAPE-----EKARGITINTSHVEYDTEFRHYAHVDCPGHADYIKNMITGAA :  97 
sp|O31298| : MSKEKFQRVKPHINVGTIGHVDHGKTTLTAAITTVLSKK--YGG--SARAFDQIDNAPE-----EKARGITINTSHVEYDTELRHYAHVDCPGHADYIKNMITGAA :  97 
sp|O31300| : -------------------HVDHGKTTLTAAITTVLAKK--YGG--SARAFDQIDNAPE-----EKARGITINTSHVEYDTSLRHYAHVDCPGHADYIKNMITGAA :  78 
sp|O31301| : -------------------HVDHGKTTLTAAITTVLAKK--YGG--SARAFDQIDNAPE-----EKARGITINTSHVEYDTSMRHYAHVDCPGHADYIKNMITGAA :  78 
sp|P59506| : MSKEKFKRSKPHINVGTIGHVDHGKTTLTSAITTVLSKK--YGG--AACAFDQIDNAPE-----EKARGITINTSHVEYDTSIRHYAHVDCPGHADYIKNMITGAA :  97 
sp|Q8D240| : MSKEKFQRIKPHINVGTIGHVDHGKTTLTAAITNVLAKK--YGG--IPKAFDQIDNAPE-----EKARGITINTSHVEYDTKIRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8DCQ7| : MSKEKFERVKPHVNVGTIGHVDHGKTTLTAAICTTLAKV--YGG--AARDFASIDNAPE-----ERERGITISTSHVEYDTPARHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q7MH43| : MSKEKFERTKPHVNVGTIGHVDHGKTTLTAAICTVLSKV--YGG--TARDFASIDNAPE-----ERERGITISTSHVEYDTPSRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q877T5| : MSKEKFERTKPHVNVGTIGHVDHGKTTLTAAICTTLAKV--YGG--EAKDFASIDNAPE-----ERERGITIATSHVEYDTPSRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q9KUZ6| : MSKEKFERTKPHVNVGTIGHVDHGKTTLTAAICTVLAKV--YGG--KARDFASIDNAPE-----ERERGITINTSHVEYDTPNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P33169| : MAKAKFERIKPHVNVGTIGHVDHGKTTLTAAISHVLAKT--YGG--EAKDFSQIDNAPE-----ERERGITINTSHIEYDTPSRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q9XD38| : MAKEKFDRSKPHLNVGTIGHVDHGKTTLTAAITTTLAKA--IGGKNKAVAYDQIDNAPE-----EKARGITIATSHQEYETANRHYAHVDCPGHADYVKNMITGAA :  99 
sp|Q8UE16| : MAKSKFERNKPHVNIGTIGHVDHGKTSLTAAITKYFG---------EFKAYDQIDAAPE-----EKARGITISTAHVEYETPARHYAHVDCPGHADYVKNMITGAA :  92 
sp|P75022| : MAKSKFERNKPHVNIGTIGHVDHGKTSLTAAITKYFG---------EFKAYDQIDAAPE-----EKARGITISTAHVEYETPARHYAHVDCPGHADYVKNMITGAA :  92 
sp|Q925Y6| : MAKSKFERNKPHVNIGTIGHVDHGKTSLTAAITKYFG---------EFKAYDQIDAAPE-----EKARGITISTAHVEYETPNRHYAHVDCPGHADYVKNMITGAA :  92 
sp|Q981F7| : MAKGKFERTKPHVNIGTIGHVDHGKTSLTAAITKYFG---------EYKRYDQIDAAPE-----EKARGITISTAHVEYETANRHYAHVDCPGHADYVKNMITGAA :  92 
sp|P64024| : MAKSKFERTKPHVNIGTIGHVDHGKTSLTAAITKFFG---------EFKAYDQIDAAPE-----ERARGITISTAHVEYETANRHYAHVDCPGHADYVKNMITGAA :  92 
sp|P64025| : MAKSKFERTKPHVNIGTIGHVDHGKTSLTAAITKFFG---------EFKAYDQIDAAPE-----ERARGITISTAHVEYETANRHYAHVDCPGHADYVKNMITGAA :  92 
sp|Q99QM0| : MAKEKFERTKPHCNIGTIGHVDHGKTTLTAAITMTLAKS--GGA--TAKKYDEIDAAPE-----EKARGITINTAHVEYETANRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P0A3A9| : MAKAKFERTKPHVNIGTIGHVDHGKTSLTAAITIVLAKT--GGA--QATAYDQIDAAPE-----EKERGITISTAHVEYETKNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P0A3B0| : MAKAKFERTKPHVNIGTIGHVDHGKTSLTAAITIVLAKT--GGA--QATAYDQIDAAPE-----EKERGITISTAHVEYETKNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q92GW4| : MAKAKFERTKPHVNIGTIGHVDHGKTSLTAAITIVLAKT--GGA--QATAYDQIDAAPE-----EKERGITISTAHVEYETQNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8KTA1| : MAKAKFERTKPHVNIGTIGHVDHGKTSLTAAITMVLAKT--GGA--QATAYDQIDAAPE-----EKERGITISTAHVEYETKNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8KTA6| : MAKAKFERTKPHVNIGTIGHVDHGKTSLTAAITIVLAKT--GGA--QATAYDQIDAAPE-----EKERGITISTAHVEYETKNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8KT97| : MAKAKFERTKPHVNIGTIGHVDHGKTSLTAAITIVLAKT--GGA--KATAYDQIDAAPE-----EKERGITISTAHVEYETKNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8KT99| : MAKAKFERTKPHVNIGTIGHVDHGKTSLTAAITIVLAKT--GGA--KATAYDQIDAAPE-----EKERGITISTAHVEYETKNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8KTA3| : MAKAKFERTKPHVNIGTIGHVDHGKTSLTAAITIVLAKT--GGA--QATAYDQIDAAPE-----EKERGITISTAHVEYETKNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P48865| : MAKAKFERTKPHVNIGTIGHVDHGKTSLTAAITIILAKT--GGA--KATAYDQIDAAPE-----EKERGITISTAHVEYETQNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8KT95| : MAKAKFERTKPHVNIGTIGHVDHGKTSLTAAITIILAKT--GGA--KATAYDQIDAAPE-----EKERGITISTAHVEYETNNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P42479| : MAKEKFERNKPHVNIGTIGHVDHGKTSLTAAITKVLAKT--GGA--TFLAYDQIDKAPE-----ERERGITISTAHVEYQTKNRHYAHVDCPGHADYVKNMITGAA :  97 
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sp|O69303| : MAKEKFSRNKPHVNIGTIGHVDHGKTTLTAAISAVLSRR--GLA--ELKDYDNIDNAPE-----EKERGITIATSHIEYETDNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q5HVZ7| : MAKEKFSRNKPHVNIGTIGHVDHGKTTLTAAISAVLSRR--GLA--ELKDYDNIDNAPE-----EKERGITIATSHIEYETDNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q9ZK19| : MAKEKFNRTNPHVNIGTIGHVYHGKTTLSAAISAVLSLK--GLA--EMKDYDNIDNAPQ-----EKERGITIATSHIEYETETRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P56003| : MAKEKFNRTKPHVNIGTIGHVDHGKTTLSAAISAVLSLK--GLA--EMKDYDNIDNAPE-----EKERGITIATSHIEYETENRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P42482| : MAKEKFVKNKPHVNIGTIGHVDHGKTTLSAAISAVLATK--GLC--ELKDYDAIDNAPE-----ERERGITIATSHIEYETENRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8R603| : MAKEKYERSKPHVNIGTIGHVDHGKTTTTAAISKVLSDK--GWA--SKVDFDQIDAAPE-----EKERGITINTAHIEYETEKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P33166| : MAKEKFDRSKSHANIGTIGHVDHGKTTLTAAITTVLHKK--SGK-GTAMAYDQIDGAPE-----ERERGITISTAHVEYETETRHYAHVDCPGHADYVKNMITGAA :  98 
sp|Q9Z9L6| : MAKEKFDRSKTHANIGTIGHVDHGKTTLTAAITTVLAKR--SGK-GVAMAYDAIDGAPE-----ERERGITISTAHVEYETDNRHYAHVDCPGHADYVKNMITGAA :  98 
sp|Q8ETY4| : MAKEKFDRSKSHVNVGTLGHVDHGKTTLTAAITTVLAKH--GG--GEARAYDQIDGAPE-----ERERGITISTAHVEYETETRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P64028| : MAKEKFDRSKEHANIGTIGHVDHGKTTLTAAIATVLAKN--GD--SVAQSYDMIDNAPE-----EKERGITINTSHIEYQTDKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q5HIC7| : MAKEKFDRSKEHANIGTIGHVDHGKTTLTAAIATVLAKN--GD--SVAQSYDMIDNAPE-----EKERGITINTSHIEYQTDKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P99152| : MAKEKFDRSKEHANIGTIGHVDHGKTTLTAAIATVLAKN--GD--SVAQSYDMIDNAPE-----EKERGITINTSHIEYQTDKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q6GJC0| : MAKEKFDRSKEHANIGTIGHVDHGKTTLTAAIATVLAKN--GD--SVAQSYDMIDNAPE-----EKERGITINTSHIEYQTDKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q6GBT9| : MAKEKFDRSKEHANIGTIGHVDHGKTTLTAAIATVLAKN--GD--SVAQSYDMIDNAPE-----EKERGITINTSHIEYQTDKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P64029| : MAKEKFDRSKEHANIGTIGHVDHGKTTLTAAIATVLAKN--GD--SVAQSYDMIDNAPE-----EKERGITINTSHIEYQTDKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q5HRK4| : MAKEKFDRSKEHANIGTIGHVDHGKTTLTAAIATVLAKN--GD--TVAQSYDMIDNAPE-----EKERGITINTAHIEYQTDKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8CQ81| : MAKEKFDRSKEHANIGTIGHVDHGKTTLTAAIATVLAKN--GD--TVAQSYDMIDNAPE-----EKERGITINTAHIEYQTDKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q81VT2| : MAKAKFERSKPHVNIGTIGHVDHGKTTLTAAITTVLAKA--GG--AEARGYDQIDAAPE-----ERERGITISTAHVEYETETRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q814C4| : MAKAKFERSKPHVNIGTIGHVDHGKTTLTAAITTVLAKA--GG--AEARGYDQIDAAPE-----ERERGITISTAHVEYETETRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8Y422| : MAKEKFDRSKPHVNIGTIGHVDHGKTTLTAAITTVLAKK--GY--ADAQAYDQIDGAPE-----ERERGITISTAHVEYQTDSRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q927I6| : MAKEKFDRSKPHVNIGTIGHVDHGKTTLTAAITTVLAKK--GF--ADAQAYDQIDGAPE-----ERERGITISTAHVEYQTDNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|O50306| : MAKAKFERTKPHVNIGTIGHVDHGKTTLTAAITTVLAKQ--GK--AEAKAYDQIDAAPE-----ERERGITISTAHVEYETEARHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q877L9| : MAKEKFERSKPHVNIGTIGHVDHGKTTLTAAITTILGHK--GF--AKAFKYDEIDKAPE-----EKERGITISTSHVEYETENRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q97EH5| : MAKEKFERTKPHVNIGTIGHVDHGKTTLTAAITTILAKE--GK--AKAFNYEEIDKAPE-----EKERGITINTAHVEYETENRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8XFP8| : MSKAKFERSKPHVNIGTIGHVDHGKTTLTAAITTVLAQA--GG--AEAFKYDEIDKAPE-----EKERGITINTAHVEYETANRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8R7V2| : MAKQKFERTKPHVNVGTIGHVDHGKTTLTAAITLILSKA--GL--AQAKGYDEIDKAPE-----EKARGITINTTHVEYETAKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q5SHN6| : -AKGEFVRTKPHVNVGTIGHVDHGKTTLTAALTYVAAAE--NP-NVEVKDYGDIDKAPE-----ERARGITINTAHVEYETAKRHYSHVDCPGHADYIKNMITGAA :  97 
sp|P60338| : -AKGEFVRTKPHVNVGTIGHVDHGKTTLTAALTYVAAAE--NP-NVEVKDYGDIDKAPE-----ERARGITINTAHVEYETAKRHYSHVDCPGHADYIKNMITGAA :  97 
sp|Q01698| : -AKGEFIRTKPHVNVGTIGHVDHGKTTLTAALTYVAAAE--NP-NVEVKDYGDIDKAPE-----ERARGITINTAHVEYETAKRHYSHVDCPGHADYIKNMITGAA :  97 
sp|Q9R342| : MAKGTFERTKPHVNIGTIGHVDHGKTTLTAAITFTAASA--DP-TIETLAYDQIDKAPE-----EKARGITINTAHVEYQTETRHYSHVDCPGHADYVKNMITGAA :  98 
sp|P33168| : MAKGTFERTKPHVNVGTIGHVDHGKTTLTAAITFTAAAS--DP-TIEKLAYDQIDKAPE-----EKARGITINTAHVEYNTPTRHYSHVDCPGHADYVKNMITGAA :  98 
sp|P26184| : MSKQKYERKKPHVNVGTIGHVDHGKTTLTAAMTHVLSLK--G--YADYIEFGNIDKAPE-----EKERGITIATAHVEYESDKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q8YP63| : MARAKFERTKPHVNIGTIGHVDHGKTTLTAAITMTLAAL----GQAVAKGYDQIDNAPE-----EKARGITINTAHVEYETANRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P50064| : MARAKFERNKPHVNIGTIGHVDHGKTTLTAAITMTLAAL----GRAKAKKYDEIDQAPE-----EKARGITINTAHVEYETEKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P18668| : MARAKFERTKPHANIGTIGHVDHGKTTLTAAITTVLAKA----GMAKARAYADIDAAPE-----EKARGITINTAHVEYETGNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P33171| : MARAKFERTKPHANIGTIGHVDHGKTTLTAAITTVLAKA----GMAKARAYADIDAAPE-----EKARGITINTAHVEYETGNRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P13552| : MARAKFERNKPHVNIGTIGHVDHGKTTLTAAITMTLAAS----GGAKARKYDDIDAAPE-----EKQRGITINTAHVEYETEQRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q9TJQ8| : MARAKFERKKPHVNIGTIGHVDHGKTTLTAAITMALAAR----GGGKGKKYAEIDSAPE-----EKARGITINTAHVEYETESRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P42474| : MAKETFDRSKPHLNIGTIGHVDHGKTTLTAAITTVLANA----GLSELRSFDSIDNAPE-----EKERGITINTSHVEYSTANRHYAHVDCPGHADYVKNMVTGAA :  97 
sp|P42480| : MAKETFDRSKPHVNIGTIGHVDHGKTTLTAAITTVLANK----GLAAKRDFSSIDNAPE-----EKERGITINTAHVEYSTANRHYAHVDCPGHADYVKNMVTGAA :  97 
sp|P33165| : MAKEKFERTKPHVNIGTIGHVDHGKTTLTAAITTVLAKK----GLSELRSFDSIDNAPE-----EKERGITINTSHVEYETANRHYAHVDCPGHADYVKNMVTGAA :  97 
sp|P42475| : -------------------HVDHGKTTLTAAICTTLAAK----GLAAAKRFDEIDNAPE-----EKARGITINTSHVEYTTANRHYAHVDCPGHADYVKNMVTGAA :  78 
sp|P42476| : MAKETFKREKPHVNIGTIGHVDHGKTTLTAAITDILSKK----GLAQAKKYDEIDGAPE-----EKERGITINTAHVEYETANRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P13927| : MAREKFDRSKPHVNVGTIGHIDHGKTTLTAAICTVLAKE----GKSAATRYDEIDKAPE-----EKARGITINSAHVEYSSDKRHYAHVDCPGHADYIKNMITGAA :  97 
sp|P23568| : MAREKFDRSKPHVNVGTIGHIDHGKTTLTAAICTVLAKE----GKSAATRYDQIDKAPE-----EKARGITINSAHVEYSSDKRHYAHVDCPGHADYIKNMITGAA :  97 
sp|P18906| : MAKERFDRSKPHVNIGTIGHIDHGKTTLTAAICTVLSKA----GTSEAKKYDEIDAAPE-----EKARGITINTAHVEYATQNRHYAHVDCPGHADYVKNMITGAA :  97 
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sp|Q8EX18| : MAKQKFDRSKAHVNIGTIGHIDHGKTTLTAAICTYLAKK----GGAKAMKYDEIDKAPE-----EKARGITINTAHVEYETENRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P50068| : MAKAKFERTKPHVNIGTIGHVDHGKTTLTAAISTVLAKK----GQAIAQSYADVDKTPE-----ERERGITINASHVEYETKTRHYAHVDCPGHADYVKNMITGAA :  97 
sp|P22679| : MAKLDFDRSKPHVNIGTIGHVDHGKTTLTAAIATVLAKK----GLAEARDYASIDNAPE-----EKARGITINTSHIEYQTEKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q98QG1| : MAKLDFDRSKEHVNIGTIGHVDHGKTTLTAAIATVLSKK----GLAEAKDYASIDAAPE-----EKARGITINTAHIEYETEKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q7UMZ0| : MAKDKFERTKPHVNVGTIGHIDHGKTTTTGAILAVQAAKG--LAKAK--GYSDIAKGG---TVRDATKTVTIAVAHVEYESENRHYAHIDCPGHADFVKNMITGAA :  99 
sp|P52854| : MAKGTYEGNKTHVNVGTIGHVDHGKTTLTSAITAVSSAMF--PATVQKVAYDSVAKASESQGRRDPTKILTIATSHVEYESDNRHYAHVDCPGHADYIKNMITGAA : 104 
sp|P50062| : MAKEVFQRTKPHMNVGTIGHVDHGKTTLTAAISIYCSKL---NKDAKALKYEDIDNAPE-----EKARGITINARHIEYETANRHYAHVDCPGHADYIKNMITGAA :  98 
sp|O83217| : MAKEKFARTKVHMNVGTIGHVDHGKTTLSAAITSYCAKK---FGD-KQLKYDEIDNAPE-----EKARGITINTRHLEYQSDRRHYAHIDCPGHADYVKNMITGAA :  97 
sp|Q9ZEU3| : MSSKVFLRDKVHVNVGTIGHVDHGKTTLTAAITKILSTK----GLAENKSYDQIDKTKE-----EKERGITINTTHVSYETVKRHYAHVDCPGHADYVKNMITGAA :  97 
sp|Q25820| : MNNKLFLRNKQHINLGTIGHVDHGKTTLTTAISYLLNLQ----GLSKKYNYSDIDSAPE-----EKIRGITINTTHIEYETLTKHCAHIDCPGHSDYIKNMIIGAT :  97 
             m        kph n gt gh6dHGK33l3aA6                  5  6d ap      e  4g6TI   H eY 3  4HyaH6DcPGHaD56KNM6tGAa       
                                                                                                                              
                *       120         *       140         *       160         *       180         *       200         *         
sp|P40174| : QMDGAILVVAATDGPMPQTKEHVLLARQVGVPYIVVALNKADMVD--D-EEILELVELEVRELLSEYEFPGDDVPVVKVSALKALEG-----------DKEWGNSV : 191 
sp|Q53871| : QMDGAILVVAATDGPMPQTKEHVLLARQVGVPYIVVALNKADMVD--D-EEILELVELEVRELLSEYEFPGDDLPVVRVSALKALEG-----------DKEWGQSV : 191 
sp|P29542| : QMDGAILVVAATDGPMPQTKEHVLLARQVGVPYIVVALNKADMVD--D-EEIMELVELEVRELLSEYEFPGDDLPVVRVSALKALEG-----------DAQWTQSV : 191 
sp|O33594| : QMDGAILVVAATDGPMPQTKEHVLLARQVGVPYIVVALNKADMVD--D-EEILELVELEVRELLSEYDFPGDDLPVVQVSALKALEG-----------DKEWGDKL : 191 
sp|P95724| : QMDGAILVVAATDGPMPQTKEHVLLARQSGVPYIVVALNKADMVD--D-EEIMELVELEVRELLSEYEFDGDNCPVVQVSALKALEG-----------DKEWGEKL : 191 
sp|P29543| : QMDGAILVVAATDGPMPQTKEHVLLARQVGVPYIVVALNKTDMVD--D-EEILELVELEVRELLTEYEFPGDDVPVVKVSALRALEG-----------DPRWTRSV : 191 
sp|P72231| : QMDGAILVVAATDGPMPQTKEHVLLARQVGVPYIVVALNKADMVD--D-EEILELVELEVRELLSAQEFPGDDLPVVRVSALKALEG-----------DEKWADSI : 191 
sp|Q6ACZ0| : QMDGAILVVAATDGPMAQTREHVLLAKQVGVPYLLVALNKSDMVD--D-EEILELVELEVRELLSSQDYLGDDAPVVRVSGLKALEG-----------DEKWVQSV : 192 
sp|P09953| : QMDGAILVVAATDGPMAQTREHVLLARQVGVPALLVALNKSDMVE--D-EELLERVEMEVRQLLSSRSFDVDEAPVIRTSALKALEG-----------DPQWVKSV : 191 
sp|P42471| : QMDGAILVVAATDGPMPQTREHVLLARQVGVPYIVVALNKSDMVD--D-EELLELVEFEVRDLLSSQDFDGDNAPVIPVSALKALEG-----------DEKWVKSV : 191 
sp|P0A559| : QMDGAILVVAATDGPMPQTREHVLLARQVGVPYILVALNKADAVD--D-EELLELVEMEVRELLAAQEFD-EDAPVVRVSALKALEG-----------DAKWVASV : 190 
sp|P0A558| : QMDGAILVVAATDGPMPQTREHVLLARQVGVPYILVALNKADAVD--D-EELLELVEMEVRELLAAQEFD-EDAPVVRVSALKALEG-----------DAKWVASV : 190 
sp|P30768| : QMDGAILVVAATDGPMPQTREHVLLARQVGVPYILVALNKSDAVD--D-EELLELVEMEVRELLAAQEFD-EDAPVVRVSALKALEG-----------DAKWVESV : 190 
sp|P42439| : QMDGAILVVAATDGPMPQTREHVLLARQVGVPYILVALNKCDMVE--D-EEIIELVEMEVRELLAEQDYD-EEAPIVHISALKALEG-----------DEKWGKQI : 190 
sp|P40175| : QLDGAILVVSALDGIMPQTAEHVLLARQVGVDHIVVALNKADAG---D-EELTDLVELEVRELLTAHGYGGDAVPVVRVSGLKALEG-----------DPRWTASV : 191 
sp|P29544| : QLDGAILVVSALDGIMPQTAEHVLLARQVGVDHIVVALNKADAG---D-EELTDLVELEVRDLLSEHGYGGDGAPVVRVSGLKALEG-----------DPKWTASI : 188 
sp|O66429| : QMDGAILVVSAADGPMPQTREHVLLARQVNVPYIVVFMNKCDMVDD---EELLELVELEVRELLSKYEYPGDEVPVIRGSALGALQELEQN------SPGKWVESI : 198 
sp|O50293| : QMDGAILVVSAADGPMPQTREHVLLARQVNVPYIVVFMNKCDMVDD---EELLELVELEVRELLSKYEYPGDEVPVIRGSALGALQELEQN------SPGKWVGSI : 198 
sp|O50340| : QMDGAILVLAATDGPMPQTREHVLLARQVNVPAMIVFINKVDMVD----PELVDLVEMEVRDLLSKYEFPGDEVPVVRGSALKAIEAP-ND------PNDPAYKPI : 192 
sp|P13537| : QMDGAILVVAATDGPMPQTREHVLLARQVEVPYMIVFINKTDMVDD---PELIDLVEMEVRDLLSQYGYPGDEVPVIRGSALKAVEAP-ND------PNHEAYKPI : 193 
sp|P42472| : QMDGAILVVSAPDGPMPQTREHILLARQVQVPAIVVFLNKVDMMD--D-PELLELVELELRELLSKYGFPGDEIPIVRGTARNALESPSKD------INAPEYKCI : 175 
sp|P42477| : QMDGAILVVSAPDGPMPQTREHILLAGQVEVPAMVVFLNKVDMMD--D-PELLELVEMELRELLTKYGFPGDEIPIVRGSAKGALDSASTD------ASQPEYQSI : 194 
sp|Q9PK73| : QMDGAILVVSATDGAMPQTKEHILLARQVGVPYIVVFLNKIDMISEED-AELVDLVEMELSELLEEKGYKG--CPIIRGSALKALEG-----------DAAYIEKV : 188 
sp|P26622| : QMDGAILVVSATDGAMPQTKEHILLARQVGVPYIVVFLNKIDMISEED-AELVDLVEMELVELLEEKGYKG--CPIIRGSALKALEG-----------DAAYIEKV : 188 
sp|Q9Z9A7| : QMDGAILVVSATDGAMPQTKEHILLARQVGVPYIVVFLNKVDMISQED-AELIDLVEMELSELLEEKGYKG--CPIIRGSALKALEG-----------DANYIEKV : 188 
sp|Q822I4| : QMDGAILVVSATDGAMPQTKEHILLARQVGVPYIVVFLNKIDMISQED-AELVDLVEMELSELLEEKGYKG--CPIIRGSALKALEG-----------DASYVEKI : 188 
sp|P64031| : QMDGAILVVASTDGPMPQTREHILLSRQVGVKHLIVFMNKVDLVDDEE---LLELVEMEIRDLLSEYDFPGDDLPVIQGSALKALEG-----------DSKYEDIV : 192 
sp|P33170| : QMDGAILVVASTDGPMPQTREHILLSRQVGVKHLIVFMNKIDLVDDEE---LLELVEMEIRDLLSEYDFPGDDLPVIQGSALKALEG-----------DSKYEDII : 192 
sp|Q8K872| : QMDGAILVVASTDGPMPQTREHILLSRQVGVKHLIVFMNKVDLVDDEE---LLELVEMEIRDLLSEYDFPGDDLPVIQGSALKALEG-----------DTKFEDII : 192 
sp|Q5XD49| : QMDGAILVVASTDGPMPQTREHILLSRQVGVKHLIVFMNKVDLVDDEE---LLELVEMEIRDLLSEYDFPGDDLPVIQGSALKALEG-----------DTKFEDII : 192 
sp|P69952| : QMDGAILVVASTDGPMPQTREHILLSRQVGVKHLIVFMNKVDLVDDEE---LLELVEMEIRDLLSEYDFPGDDLPVIQGSALKALEG-----------DTKFEDII : 192 
sp|Q8P1W4| : QMDGAILVVASTDGPMPQTREHILLSRQVGVKHLIVFMNKVDLVDDEE---LLELVEMEIRDLLSEYDFPGDDLPVIQGSALKALEG-----------DSKYEDII : 192 
sp|P72483| : QMDGAILVVASTDGPMPQTREHILLSRQVGVKYLIVFMNKVDLVDDEE---LLELVEMEIRDLLSEYDFPGDDIPVIQGSALKALEG-----------DTAQEDII : 192 
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sp|Q9CEI0| : QMDGAILVVAATDGPMPQTREHILLSRQVGVKYLIVFLNKADLVDDEE---LMELVEMEVRDLLSEYDFPGDDIPVIAGSALGALNG-----------EPQWVAKV : 189 
sp|Q88VE0| : QMDGAILVVAATDGPMPQTREHILLARQVGVDYIVVFLNKTDLVDDDE---LVDLVEMEVRELLSEYDFPGDDIPVIRGSALKALEG-----------DPEQEKVI : 189 
sp|Q8KAH0| : QMDGAILVVAGTDGPMPQTREHILLARQVNVPALVVFLNKVDIADP-E---LLELVEMELRELLTEYGFPGDDIPIIKGSALKALEG-----------DPEAEKQI : 188 
sp|P42473| : QMDGAILVVAGTDGPMPQTREHILLARQVNVPALVVFLNKVDIADP-E---LLELVEMELRELLTEYGFPGDDIPIIKGSALNALNG-----------DPEGEKAI : 188 
sp|Q889X3| : QMDGAILVCSAADGPMPQTREHILLSRQVGVPYIVVFLNKADLVDDAE---LLELVEMEVRDLLSTYDFPGDDTPIIIGSARMALEGKDD--------NEMGTTAV : 192 
sp|P09591| : QMDGAILVCSAADGPMPQTREHILLSRQVGVPYIVVFLNKADMVDDAE---LLELVEMEVRDLLNTYDFPGDDTPIIIGSALMALEGKDD--------NGIGVSAV : 192 
sp|Q8PC59| : QMDGAILVCSAADGPMPQTREHILLSRQVGVPHIVVFLNKADMVDDAE---LLELVEMEVRELLSKYDFPGDDTPIIHGSARLALEG-DQ--------SDIGVPAI : 191 
sp|Q8NL22| : QMDGAILVCSAADGPMPQTREHILLSRQVGVPHIVVFLNKADMVDDAE---LLELVEMEVRELLSKYDFPGDDTPIIHGSARLALDG-DQ--------SDIGVPAI : 191 
sp|Q9P9Q9| : QMDGAILVCSAADGPMPQTREHILLARQVGVPYIVVFLNKADMVDDAE---LLELVEMEVRELLSKYDFPGDDTPIVRGSALKALEG-DQ--------SEIGVPAI : 190 
sp|Q8XGZ0| : QMDGAILVCSAADGPMPQTREHILLARQVGVPYIIVFLNKCDMVDDAE---LLELVEMEVRELLSKYDFPGDDTPIIKGSAKLALEG-DK--------GELGEVAI : 191 
sp|P42481| : QMDGAILVVSAADGPMPQTREHILLARQVGVPYIIVFLNKCDMVDDAE---LLELVEMEVRELLSKYDFPGDDTPIIKGSAKLALEG-DK--------GELGEGAI : 191 
sp|P33167| : QMDGAILVCSAADGPMPQTREHILLARQVGVPYIIVFLNKCDSVDDAE---LLELVEMEVRELLSKYDFPGDDTPIVKGSAKLALEG-DT--------GELGEVAI : 191 
sp|P64026| : QMDGAILVCSAADGPMPQTREHILLARQVGVPYIIVFMNKCDMVDDAE---LLELVEMEIRDLLSSYDFPGDDCPIVQGSALKALEG-D----------AAYEEKI : 189 
sp|P64027| : QMDGAILVCSAADGPMPQTREHILLARQVGVPYIIVFMNKCDMVDDAE---LLELVEMEIRDLLSSYDFPGDDCPIVQGSALKALEG-D----------AAYEEKI : 189 
sp|P48864| : QMDGAILVCSAADGPMPQTREHILLARQVGVPYIIVFMNKCDMVDDAE---LFQLVEMEIRDLLSSYDFPGDDCPIVQGSALKALEG-D----------AAYEEKI : 189 
sp|P0A6N3| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFLNKCDMVDDEE---LLELVEMEVRELLSQYDFPGDDTPIVRGSALKALEG-----------DAEWEAKI : 188 
sp|P0A6N2| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFLNKCDMVDDEE---LLELVEMEVRELLSQYDFPGDDTPIVRGSALKALEG-----------DAEWEAKI : 188 
sp|P0A6N1| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFLNKCDMVDDEE---LLELVEMEVRELLSQYDFPGDDTPIVRGSALKALEG-----------DAEWEAKI : 188 
sp|P0A1H6| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFLNKCDMVDDEE---LLELVEMEVRELLSQYDFPGDDTPIVRGSALKALEG-----------DAEWEAKI : 188 
sp|P0A1H5| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFLNKCDMVDDEE---LLELVEMEVRELLSQYDFPGDDTPIVRGSALKALEG-----------DAEWEAKI : 188 
sp|Q83JC4| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFLNKCDMVDDEE---LLELVEMEVRELLSQYDFPGDDTPIVRGSALKALEG-----------DAEWEAKI : 188 
sp|Q8ZJB2| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFMNKCDMVDDEE---LLELVEMEVRELLSAYDFPGDDLPVVRGSALKALEG-----------EAEWEAKI : 189 
sp|P57939| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFLNKCDMVDDEE---LLELVEMEVRELLSQYDFPGDDTPIVRGSALQALNG-----------VAEWEEKI : 189 
sp|P57966| : QMDGAILVVAATDGPMPQTREHILLGRQIGVAYIIVFLNKCDMVDDEE---LLELVEMEVRELFSQYDFPGDDTPIVRGSALQALNG-----------VAEWEEKI : 189 
sp|P43926| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFLNKCDMVDDEE---LLELVEMEVRELLSQYDFPGDDTPIVRGSALQALNG-----------VAEWEEKI : 188 
sp|Q7TTF9| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFLNKCDMVDDEE---LLELVEMEVRELLSQYDFPGDDTPIVRGSALQALNG-----------VPEWEEKI : 188 
sp|O31297| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFLNKCDMVDDEE---LLELVEMEVRDLLTQYDFPGDDTPIIRGSALKALEG-----------DPEWESKI : 189 
sp|O31298| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIIVFLNKCDMVDDEE---LLELVEMEVRDLLTQYDFPGDDTPIIRGSALKALEG-----------DADWESKI : 189 
sp|O31300| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIVVFLNKCDMVDDEE---LLELVEMEVRDLLTQYDFPGDKTPIIRGSALKALEG-----------DCIWESKI : 170 
sp|O31301| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIVVFLNKCDMVDDEE---LLELVEMEVRDLLTQYDFPGEKTPIIRGSALKALEG-----------DAVWEEKI : 170 
sp|P59506| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIVVFLNKCDMVDDEE---LLELVEMEVRDLLTQYDFPGDSTPIVRGSALKALEG-----------DPQWEQKI : 189 
sp|Q8D240| : QMDGAILVVAATDGPMPQTREHILLGRQVGVPYIVVFMNKCDMVDDEE---LLELVEIEIRELLSQYDFPGDEIPIIRGSALKALEK-----------DPIWIQKI : 189 
sp|Q8DCQ7| : QMDGGILVVAATDGPMPQTREHILLGRQVGIPYIIVFMNKCDMVDDEE---LLELVEMEVRELLSEYDFPGDDLPVIQGSALGALNG-----------EEQWEAKI : 189 
sp|Q7MH43| : QMDGGILVVAATDGPMPQTREHILLGRQVGIPYIIVFMNKCDMVDDEE---LLELVEMEVRELLSEYDFPGDDLPVIQGSALGALNG-----------EEQWEAKI : 189 
sp|Q877T5| : QMDGGILVVAATDGPMPQTREHILLGRQVGIPYIIVFMNKCDMVDDEE---LLELVEMEVRELLSEYDFPGDDLPVIQGSALGALNG-----------EEQWEAKI : 189 
sp|Q9KUZ6| : QMDGGILVVAATDGPMPQTREHILLGRQVGIPYIIVFMNKCDMVDDEE---LLELVEMEVRELLSEYDFPGDDLPVIQGSALGALNG-----------EAQWEAKI : 189 
sp|P33169| : QMDGAILVVASTDGPMPQTREHILLSRQVGVPFIIVFMNKCDMVDDEE---LLELVEMEVRELLSEYDFPGDDLPVIQGSALKALEG-----------EPEWEAKI : 189 
sp|Q9XD38| : QMDAAILVVSATDGPMPQTKEHILLARQVGVPYVIVFINKADMLAADERAEMIEMVEMDVRELLNKYSFPGDTTPIVHGSAVKALEG-DE--------SEIGMPAI : 196 
sp|Q8UE16| : QMDGAILVCSAADGPMPQTREHILLARQVGVPAIVVFLNKVDQVDDAE---LLELVELEVRELLSSYDFPGDDIPIIKGSALAALED-SD--------KKIGEDAI : 186 
sp|P75022| : EMDGAILVCSAADGPMPQTREHILLARQVGVPAIVVFLNKVDQVDDAE---LLELVELEVRELLSSYDFPGDDIPIIKGSALAALED-SD--------KKIGEDAI : 186 
sp|Q925Y6| : QMDGAILVVSAADGPMPQTREHILLARQVGVPAIVVFLNKVDQVDDAE---LLELVELEVRELLSSYEFPGDDIPIVKGSALAALED-SD--------KKIGEDAI : 186 
sp|Q981F7| : QMDGAILVVSAADGPMPQTREHILLARQVGVPSIVVFLNKVDQVDDAE---LLELVELEVRELLSKNEFPGDDIPIVKGSALAALED-SN--------KTIGEDAI : 186 
sp|P64024| : QMDGAILVVSAADGPMPQTREHILLARQVGVPAIVVFLNKCDQVDDAE---LLELVELEVRELLSKYEFPGDEIPIIKGSALAALED-SS--------KELGEDAI : 186 
sp|P64025| : QMDGAILVVSAADGPMPQTREHILLARQVGVPAIVVFLNKCDQVDDAE---LLELVELEVRELLSKYEFPGDEIPIIKGSALAALED-SS--------KELGEDAI : 186 
sp|Q99QM0| : QMDGAILVVSAADGPMPQTREHILLARQVGVPALVVFMNKVDMVDDEE---LLELVEMEVRELLSSYQFPGDDIPITKGSALAAVEG-RD--------PQIGEEKI : 191 
sp|P0A3A9| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPAMVVFLNKIDMVDDPD---LLELVEMEVRELLSKYGFPGDEIPIIKGSALQALEG-KP--------E--GEKAI : 189 
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sp|P0A3B0| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPAMVVFLNKIDMVDDPD---LLELVEMEVRELLSKYGFPGDEIPIIKGSALQALEG-KP--------E--GEKAI : 189 
sp|Q92GW4| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPAMVVFLNKIDMVDDPD---LLELVEMEVRELLSKYGFPGDEIPIIKGSALQALEG-KP--------E--GEKAI : 189 
sp|Q8KTA1| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPAMVVFLNKVDMVDDSD---LLELVEMEVRELLSKYGFPGDEIPIIKGSALQALEG-KP--------E--GEKAI : 189 
sp|Q8KTA6| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPAMVVFLNKVDMVDDSD---LLELVEMEVRELLSKYGFPGDEIPIIKGSALQALEG-KP--------E--GEKAI : 189 
sp|Q8KT97| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPAMVVFLNKVDMVDDPD---LLELVEMEVRELLSKYGFPGDEIPIIKGSALQALEG-KP--------E--GEKAI : 189 
sp|Q8KT99| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPAMVVFLNKVDMVDDPD---LLELVEMEVRELLSKYGFPGDEIPVIKGSALQALEG-KP--------E--GEKAI : 189 
sp|Q8KTA3| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPAMVVFLNKVDMVDDPD---LLELVEMEVRELLSKYGFPGDEIPIIKGSALQALEG-KP--------E--GEEAI : 189 
sp|P48865| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPAMVVFLNKVDMVDDPD---LLELVEMEVRELLSKYGFPGNEIPIIKGSALQALEG-KP--------E--GEKAI : 189 
sp|Q8KT95| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPAMVVFLNKVDMVDDPD---LLELVEMEVRELLSKYGFPGNEIPIIKGSALQALEG-KP--------E--GEKAI : 189 
sp|P42479| : QMDGAILVVSAADGPMPQTREHILLARQVGVPYIVVFLNKVDMLDDPE---LRELVEMEVRDLLKKYEFPGDSIPIIPGSALKALEG-DT--------SDIGEGAI : 191 
sp|O69303| : QMDGAILVVSAADGPMPQTREHILLSRQVGVPYIVVFMNKADMVDDAE---LLELVEMEIRELLSSYDFPGDDTPIISGSALKALEEAKAG------QDGEWSAKI : 194 
sp|Q5HVZ7| : QMDGAILVVSAADGPMPQTREHILLSRQVGVPYIVVFMNKADMVDDAE---LLELVEMEIRELLSSYDFPGDDTPIISGSALKALEEAKAG------QDGEWSAKI : 194 
sp|P56003| : QMDGAILVVSAADGPMPQTREHILLSRQVGVPHIVVFLNKQDMVDDQE---LLELVEMEVRELLSAYEFPGDDTPIVAGSALRALEEAKAG------NVGEWGEKV : 194 
sp|P42482| : QMDGAILVVSAADGPMPQTREHILLSRQVGVPYIVVFLNKEDMVDDAE---LLELVEMEVRELLSNYDFPGDDTPIVAGSALKALEEAKTG------NVGEWGEKV : 194 
sp|Q8R603| : QMDGAILVVSAADGPMPQTREHILLSRQVGVPYIVVYLNKSDMVEDEE---LLELVEMEVRELLTEYGFPGDDIPVIRGSSLGALNGEEK-----------WVEKI : 189 
sp|P33166| : QMDGAILVVSAADGPMPQTREHILLSKNVGVPYIVVFLNKCDMVDDEE---LLELVEMEVRDLLSEYDFPGDDVPVVKGSALKALEG-----------DAEWEAKI : 190 
sp|Q9Z9L6| : QMDGGILVVSAADGPMPQTREHILLSRQVGVPYLVVFLNKCDMVDDEE---LLELVEMEVRDLLSEYDFPGDDVPVIRGSALKALEG-----------DAEWEEKI : 190 
sp|Q8ETY4| : QMDGAILVVSAADGPMPQTREHILLSRNVGVPAFVVFLNKTDMVDDEE---LLELVEMEVRDLLTEYDFPGDDLPVIKGSALKALEG-----------VAEYEERI : 189 
sp|P64028| : QMDGGILVVSAADGPMPQTREHILLSRNVGVPALVVFLNKVDMVDDEE---LLELVEMEVRDLLSEYDFPGDDVPVIAGSALKALEG-----------DAQYEEKI : 189 
sp|Q5HIC7| : QMDGGILVVSAADGPMPQTREHILLSRNVGVPALVVFLNKVDMVDDEE---LLELVEMEVRDLLSEYDFPGDDVPVIAGSALKALEG-----------DAQYEEKI : 189 
sp|P99152| : QMDGGILVVSAADGPMPQTREHILLSRNVGVPALVVFLNKVDMVDDEE---LLELVEMEVRDLLSEYDFPGDDVPVIAGSALKALEG-----------DAQYEEKI : 189 
sp|Q6GJC0| : QMDGGILVVSAADGPMPQTREHILLSRNVGVPALVVFLNKVDMVDDEE---LLELVEMEVRDLLSEYDFPGDDVPVIAGSALKALEG-----------DAQYEEKI : 189 
sp|Q6GBT9| : QMDGGILVVSAADGPMPQTREHILLSRNVGVPALVVFLNKVDMVDDEE---LLELVEMEVRDLLSEYDFPGDDVPVIAGSALKALEG-----------DAQYEEKI : 189 
sp|P64029| : QMDGGILVVSAADGPMPQTREHILLSRNVGVPALVVFLNKVDMVDDEE---LLELVEMEVRDLLSEYDFPGDDVPVIAGSALKALEG-----------DAQYEEKI : 189 
sp|Q5HRK4| : QMDGGILVVSAADGPMPQTREHILLSRNVGVPALVVFLNKVDMVDDEE---LLELVEMEVRDLLSEYDFPGDDVPVIAGSALKALEG-----------DAEYEQKI : 189 
sp|Q8CQ81| : QMDGGILVVSAADGPMPQTREHILLSRNVGVPALVVFLNKVDMVDDEE---LLELVEMEVRDLLSEYDFPGDDVPVIAGSALKALEG-----------DAEYEQKI : 189 
sp|Q81VT2| : QMDGGILVVSAADGPMPQTREHILLSRQVGVPYIVVFLNKCDMVDDEE---LLELVEMEVRDLLSEYGFPGDDIPVIKGSALKALQG-----------EADWEAKI : 189 
sp|Q814C4| : QMDGGILVVSAADGPMPQTREHILLSRQVGVPYIVVFLNKCDMVDDEE---LLELVEMEVRDLLSEYGFPGDDIPVIKGSALKALQG-----------EADWEAKI : 189 
sp|Q8Y422| : QMDGAILVVSAADGPMPQTREHILLSRQVGVPYIVVFMNKCDMVDDEE---LLELVEMEIRDLLTEYEFPGDDIPVIKGSALKALQG-----------EADWEAKI : 189 
sp|Q927I6| : QMDGAILVVSAADGPMPQTREHILLSRQVGVPYIVVFMNKCDMVDDEE---LLELVEMEIRDLLTEYEFPGDDIPVIKGSALKALQG-----------EADWEAKI : 189 
sp|O50306| : QMDGAILVVSAADGPMPQTREHILLSRQVGVPYIVVFLNKCDMVDDEE---LLELVEMEVRDLLSEYDFPGDEVPVIKGSALKALEG-----------DPKWEEKI : 189 
sp|Q877L9| : QMDGAILVVSAADGPMPQTREHILLASRVGVEHIVVFLNKADQVDDAE---LIELVEMEVRELMNEYGFPGDDAPVVVGSALKALEN---P------EDDAATQCI : 191 
sp|Q97EH5| : QMDGAILVVSAADGPMPQTREHILLASRVGVEYIVVFLNKADQVDDPE---LIDLVEMEVRELLNEYGFPGDDTPIVVGSALKALQN---P------DDAEAIKPI : 191 
sp|Q8XFP8| : QMDGAILVCSAADGPMPQTREHILLSSRVGVDHIVVFLNKADMVDDEE---LLELVEMEVRELLSEYNFPGDDIPVIKGSALVALEN---P------TDEAATACI : 191 
sp|Q8R7V2| : QMDGAILVVSAADGPMPQTREHILLARQVGVPYIVVFLNKADMVDDPE---LIELVEMEVRDLLNQYEFPGDDTPIVVGSALKALECGCGK------RECQWCGKI : 194 
sp|Q5SHN6| : QMDGAILVVSAADGPMPQTREHILLARQVGVPYIVVFMNKVDMVDDPE---LLDLVEMEVRDLLNQYEFPGDEVPVIRGSALLALEQMHRNP-KTRRGENEWVDKI : 199 
sp|P60338| : QMDGAILVVSAADGPMPQTREHILLARQVGVPYIVVFMNKVDMVDDPE---LLDLVEMEVRDLLNQYEFPGDEVPVIRGSALLALEQMHRNP-KTRRGENEWVDKI : 199 
sp|Q01698| : QMDGAILVVSAADGPMPQTREHILLARQVGVPYIVVFMNKVDMVDDPE---LLDLVEMEVRDLLNQYEFPGDEVPVIRGSALLALEEMHKNP-KTKRGENEWVDKI : 199 
sp|Q9R342| : QMDGAILVVSSADGPMPQTREHILLARQVGVPYIVVFMNKVDMVDDEE---LLELVEMEVRELLSKYEFPGDDLPVVKGSALRALEALQSNP-KMARGTDKWVDYI : 200 
sp|P33168| : QMDGAILVVSSADGPMPQTREHILLARQVGVPYIVVFMNKVDMVDDEE---LLELVEMEVRELLSKYEFPGDDLPVIKGSALQALEALQANP-KTARGEDKWVDRI : 200 
sp|P26184| : QMDGAILVVSAADGPMPQTREHILLARQVGVPSIVVFMNKCDMVDDEE---LLELVELEIRDLLNTYEFPGDDIPIIKGSALQALENAEDEE-KTK--------CI : 191 
sp|Q8YP63| : QMDGAILVVAATDGPMPQTREHILLAKQVGVPKLVVFLNKEDMMEDAE---LLELVELELRELLTEYEFDGDDIPIVRGSGLQALEVMTKNP-KTQRGENPWVDKI : 199 
sp|P50064| : QMDGAILVVSAADGPMPQTREHILLARQVGVPNIVVFLNKKDQLDDPE---LLELVELEVRELLSKYDFPGDDVPIVAGSALMALEKMASEP-KLIRGKDDWVDCI : 199 
sp|P18668| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPNIVVFLNKEDMVDDAE---LLELVELEVRELLSSYDFPGDDIPIVAGSALQALEAIQGGA-SGQKGDNPWVDKI : 199 
sp|P33171| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPNIVVFLNKEDMVDDAE---LLELVELEVRELLSSYDFPGDDIPIVAGSALQALEAIQGGA-SGQKGDNPWVDKI : 199 
sp|P13552| : QMDGAILVVSAADGPMPQTREHILLAKQVGVPSIVVFLNKADMVDDEE---LLELVELEVRELLSSYDFPGDDIPIVSGSALKALDFLTENP-KTTRGENDWVDKI : 199 
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sp|Q9TJQ8| : QMDGAILVVSGADGPMPQTKEHILLAKQVGVPNIVVFINKEDQVDDIE---LIELVELEVRETLQRYDFPGDEVPMIPGSALMALTALTDNP-KIKPGENKWVDKI : 199 
sp|P42474| : QMDGAILVVAATDGPMPQTREHILLGRQVGIPRIVVFLNKVDMVDDEE---LLELVEMEVRELLSFYEYDGDNGPVVSGSALGALN-----------GEQKWVDTV : 189 
sp|P42480| : QMDGAILVVAATDGPMPQTREHILLARQVGVPQLVVFMNKVDMVDDPE---LLELVEMEIRELLSFYDFDGDNIPVVQGSALGGLN-----------GDAKWVGTI : 189 
sp|P33165| : QMDGAIIVVAATDGPMPQTREHILLARQVNVPKLVVFMNKCDMVEDAE---MLELVEMEMRELLSFYDFDGDNTPIIQGSALGALN-----------GVEKWEDKV : 189 
sp|P42475| : QMDGAILVVAATDGPMPQTREHILLAHQVGVPKIVVFMNKCDMVDDAE---ILDLVEMEVRELLSKYDFDGDNTPIIRGSALKALE-----------GDPEYQDKV : 170 
sp|P42476| : QMDGAILVVAASDGPMPQTKEHILLAAQVGVPKMVVFLNKVDLVDDEE---LLELVEIEVREELTKRGFDGDNTPIIKGSATGALA-----------GEEKWVKEI : 189 
sp|P13927| : QMDGAILVVSATDSVMPQTREHILLARQVGVPKMVVFLNKCDIASDE---EVQELVAEEVRDLLTSYGFDGKNTPIIYGSALKALEG-----------DPKWEAKI : 189 
sp|P23568| : QMDGAILVVSATDSVMPQTREHILLARQVGVPRMVVFLNKCDIATDE---EVQELVAEEVRDLLTSYGFDGKNTPIIYGSALKALEG-----------DPKWEAKI : 189 
sp|P18906| : QMDGGILVVSATDGPMPQTREHILLARQVGVPKMVVFLNKCDVADDP---EMQELVEMEVRDLLKSYGFDGDNTPVIRGSALGALNG-----------EPAWEEKI : 189 
sp|Q8EX18| : QMDGAILVVAASDGPMPQTREHILLARQVGVPKMVVFLNKCDMVSDA---EMQDLVEMEVRELLSSYGFDGDNTPVIRGSALKALEG-----------DATWEAKI : 189 
sp|P50068| : QMDGAILVIAASDGVMAQTKEHILLARQVGVPKIVVFLNKCDFMTDP---DMQDLVEMEVRELLSKYGFDGDNTPVIRGSGLKALEG-----------DPVWEAKI : 189 
sp|P22679| : QMDGAILVVAATDGPMPQTREHILLARQVGVPKIVVFLNKIDMFKDDEREEMVGLVEMDVRSLLSEYGFDGDNAPIIAGSALKALQG-----------DPEYEKGI : 192 
sp|Q98QG1| : QMDGGILVVSATDGPMPQTREHILLSKQVGVPKMVVFLNKVDMLEGE--DEMIELVELEIRSLLSEYGFDGDKTPIIKGSALKALEG-----------NPQYEKNI : 190 
sp|Q7UMZ0| : QMDGAILVVSAADGPMPQTKEHVLLGRQVGVPYIVVYLNKCDLVDDEE---LLELVELEVRELLSKYDYPGDDVPVVRGSSLPAYN---------NPSDPEASKCI : 193 
sp|P52854| : QMDGAILVVSAEDGVMPQTKEHVLLSRQVGVNYIVVFLNKCDKLDDPE---MAEIVEAEVIDVLDHYGFDGSKTPIIRGSAIKAIQAIEAG---KDPRTDPDCKCI : 204 
sp|P50062| : QMDAAILLVAADSGAEPQTKEHLLLAQRMGIKKIIVFLNKLDLAD-PE---LVELVEVEVLELVEKYGFS-ADTPIIKGSAFGAMSN---------PEDPESTKCV : 190 
sp|O83217| : QMDGGILVVSAPDGVMPQTKEHLLLARQVGVPSIIVFLNKVDLVDDPE---LLELVEEEVRDALAGYGFS-RETPIVKGSAFKALQD---------GASPEDAACI : 190 
sp|Q9ZEU3| : QMDAGILVVSAYHGVMPQTREHVLLAGQVGISKLIVFLNKCDLVKEEE---WIHLVEMEVRELLNEYKFDGDKTPFVRGSALKALEG-------------TDVEGI : 187 
sp|Q25820| : QMDIAILVISIIDGIMPQTYEHLLLIKQIGIKNIIIFLNKEDLCDDVE---LIDFIKLEVNELLIKYNFDLNYIHILTGSALNVINIIQKNKDYELIKSNIWIQKL : 200 
             26DgaI66  a dgpmpQT EH6LL  q g6p  66 6NK D  dd         6e e6r     y 5 g   p   g3a  a                     6       
                                                                                                                              
                  220         *       240         *       260         *       280         *       300         *       3       
sp|P40174| : LELMKAVDEAIPEPERDVDKPFLMPI-EDVFTITGRGTVVTGRIERGVLKVNETVDIIGIKTEK-TTTTVTGIEMFRKLLDEGQAGENVGLLLRGIKREDVERGQV : 295 
sp|Q53871| : LNLMQAVDENIPEPERDVDKPFLMPI-EDVFTITGRGTVVTGRIERGVLKVNETVDIIGIKTEK-TTTTVTGIEMFRKLLDEGQAGENVGLLLRGIKREDVERGQV : 295 
sp|P29542| : LDLMKAVDESIPEPERDVDKPFLMPI-EDVFTITGRGTVVTGRIERGVLKVNETVDIIGIKTEK-TTTTVTGIEMFRKLLDEGQAGENVGLLLRGIKREDVERGQV : 295 
sp|O33594| : LGLMDAVDEAIPTPPRDTDKPFLMPV-EDVFTITGRGTVVTGRIERGVLKVNETVDIIGIKTEK-TTTTVTGIEMFRKLLDEGQAGENVGLLLRGIKREDVERGQV : 295 
sp|P95724| : LGLMKAVDENIPQPERDVDKPFLMPI-EDVFTITGRGTVVTGRIERGVLKVNETVDIIGIKTEK-TTTTVTGIEMFRKLLDEGQAGENVGLLLRGIKREDVERGQC : 295 
sp|P29543| : LELLDAVDEFVPEPVRDVDRPFLMPI-EDVFTITGRGTVVTGRIERGTLNVNTEVEIIGIHEQR-TRTTVTGIEMFRKLLDEGRAGENVGLLLRGVKREQVERGQV : 295 
sp|P72231| : IELMNAVDENIPEPPRDTDKPFLMPI-EDVFSITGRGTVVTGRIERGVVKVNEQVDIIGIKSEK-TTTTVTSIEMFNKMLDEGHAGDNAALLLRGIKREQVERGQC : 295 
sp|Q6ACZ0| : LDLMEAVDNNIPDPVRDKDKPFLMPV-EDVFTITGRGTVVTGRAERGTLAVNSEVEIVGIRP-T-QKTTVTGIEMFHKQLDEAWAGENCGLLLRGTKREDVERGQV : 295 
sp|P09953| : EDLMDAVDEYIPDPVRDKDKPFLMPI-EDVFTITGRGTVVTGRAERGTLKINSEVEIVGIRD-V-QKTTVTGIEMFHKQLDEAWAGENCGLLVRGLKRDDVERGQV : 294 
sp|P42471| : QDLMAAVDDNVPEPERDVDKPFLMPV-EDVFTITGRGTVVTGRVERGVLLPNDEIEIVGIKEKS-SKTTVTAIEMFRKTLPDARAGENVGLLLRGTKREDVERGQV : 295 
sp|P0A559| : EELMNAVDESIPDPVRETDKPFLMPV-EDVFTITGRGTVVTGRVERGVINVNEEVEIVGIRPST-TKTTVTGVEMFRKLLDQGQAGDNVGLLLRGVKREDVERGQV : 294 
sp|P0A558| : EELMNAVDESIPDPVRETDKPFLMPV-EDVFTITGRGTVVTGRVERGVINVNEEVEIVGIRPST-TKTTVTGVEMFRKLLDQGQAGDNVGLLLRGVKREDVERGQV : 294 
sp|P30768| : TQLMDAVDESIPAPVRETDKPFLMPV-EDVFTITGRGTVVTGRVERGVVNVNEEVEIVGIRQTT-TKTTVTGVEMFRKLLDQGQAGDNVGLLLRGIKREDVERGQV : 294 
sp|P42439| : LELMQACDDNIPDPVRETDKPFLMPI-EDIFTITGRGTVVTGRVERGTLNVNDDVDIIGIKEKS-TSTTVTGIEMFRKLLDSAEAGDNCGLLLRGIKREDVERGQV : 294 
sp|P40175| : EALLDAVDTYVPMPERYLDAPFLLPV-ENVLTITGRGTVVTGAVERGTVRVGDRVEVLGASV----ETVVTGLETFGKPMEEAQAGDNVALLLRGVARDTVRRGQV : 292 
sp|P29544| : EALLDAVDTYVPMPERYVDAPFLLPV-ENVLTITGRGTVVTGAVERGTVRVGNRVEVLGAGL----ETVVTGLETFGKPMDEAQAGDNVALLLRGVPRDAVRRGHV : 289 
sp|O66429| : KELLNAMDEYIPTPQREVDKPFLMPI-EDVFSISGRGTVVTGRVERGVLRPGDEVEIVGLREEP-LKTVATSIEMFRKVLDEALPGDNIGVLLRGVGKDDVERGQV : 302 
sp|O50293| : KELLNAMDEYIPTPEREVDKPFLMPI-EDVFSISGRGTVVTGRVERGVLRPGDEVEIVGLREEP-LKTVATSIEMFRKVLDEALPGDNIGVLLRGVGKDDVERGQV : 302 
sp|O50340| : KELLDAMDTYFPDPVREVDKPFLMPI-EDVFSITGRGTVVTGRIERGVIKPGVEAEIIGMSYEI-KKTVITSVEMFRKELDEAIAGDNVGCLLRGSSKDEVERGQV : 296 
sp|P13537| : QELLDAMDNYIPDPQRDVDKPFLMPI-EDVFSITGRGTVVTGRIERGRIRPGDEVEIIGLSYEI-KKTVVTSVEMFRKELDEGIAGDNVGCLLRGIDKDEVERGQV : 297 
sp|P42472| : LELMNAVDEYIPTPQRAVDQPFLMPI-EDVFGIKGRGTVVTGRIERGKVKVGDTVEIVGMTNDAPRRTVVTGVEMFQKTLDEGIAGDNVGCLLRGIERTDVERGQV : 280 
sp|P42477| : QELMQAVDDYIPTPERAIDKPFLMPI-EDVFSIKGRGTVVTGRIERGIVKVGDTIEIIGMGPDV-RTTAVTGVEMFKKLLDEGRAGDNVGALLRGIERTDVERGQV : 298 
sp|Q9PK73| : RELMQAVDDNIPTPEREIDKPFLMPI-EDVFSISGRGTVVTGRIERGIVKVSDKVQLVGLRDTK--ETIVTGVEMFRKELPEGRAGENVGLLLRGIGKNDVERGMV : 291 
sp|P26622| : RELMQAVDDNIPTPEREIDKPFLMPI-EDVFSISGRGTVVTGRIERGIVKVSDKVQLVGLRDTK--ETIVTGVEMFRKELPEGRAGENVGLLLRGIGKNDVERGMV : 291 
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sp|Q9Z9A7| : RELMQAVDDNIPTPEREIDKPFLMPI-EDVFSISGRGTVVTGRIERGIVKVSDKVQLVGLGETK--ETIVTGVEMFRKELPEGRAGENVGLLLRGIGKNDVERGMV : 291 
sp|Q822I4| : RELMQAVDDNIPTPEREVDKPFLMPI-EDVFSISGRGTVVTGRIERGIVKVGDKVQIVGLRDTR--ETIVTGVEMFRKELPEGQAGENVGLLLRGIGKNDVERGMV : 291 
sp|P64031| : MELMNTVDEYIPEPERDTDKPLLLPV-EDVFSITGRGTVASGRIDRGIVKVNDEIEIVGIKEETQ-KAVVTGVEMFRKQLDEGLAGDNVGVLLRGVQRDEIERGQV : 296 
sp|P33170| : MELMNTVDEYIPEPERDTEKPLLLPV-EDVFSITGRGTVASGRIDRGTVRVNDEIEIVGIKEETQ-KAVVTGVEMFRKQLDEGLAGDNVGVLLRGVQRDEIERGQV : 296 
sp|Q8K872| : MELMDTVDSYIPEPERDTDKPLLLPV-EDVFSITGRGTVASGRIDRGTVRVNDEIEIVGIKEETK-KAVVTGVEMFRKQLDEGLAGDNVGILLRGVQRDEIERGQV : 296 
sp|Q5XD49| : MELMDTVDSYIPEPERDTDKPLLLPV-EDVFSITGRGTVASGRIDRGTVRVNDEIEIVGIKEETK-KAVVTGVEMFRKQLDEGLAGDNVGILLRGVQRDEIERGQV : 296 
sp|P69952| : MELMDTVDSYIPEPERDTDKPLLLPV-EDVFSITGRGTVASGRIDRGTVRVNDEIEIVGIKEETK-KAVVTGVEMFRKQLDEGLAGDNVGILLRGVQRDEIERGQV : 296 
sp|Q8P1W4| : MELMSTVDEYIPEPERDTDKPLLLPV-EDVFSITGRGTVASGRIDRGTVRVNDEIEIVGIKEETK-KAVVTGVEMFRKQLDEGLAGDNVGILLRGVQRDEIERGQV : 296 
sp|P72483| : MELMHTVDDYIPDPERDTDKPLLLPV-EDVFSITGRGTVASGRIDRGTVKVNDEVEIVGIRDDIQ-KAVVTGVEMFRKQLDEGIAGDNVGVLLRGIQRDEIERGQV : 296 
sp|Q9CEI0| : EELMDIVDEYIPTPERDTDKPLLLPV-EDVFSITGRGTVASGRIERGTVKVGDEVEIVGIKEETK-KAVVTGIEMFRKTLTEGLAGDNVGALLRGIQRDEIERGQV : 293 
sp|Q88VE0| : MHLMDVVDEYIPTPVRDTEKPFLMPV-EDVFSITGRGTVASGRIDRGTVKVGDEVEIVGLHEDVL-KSTVTGLEMFRKTLDLGEAGDNVGALLRGVNREQVVRGQV : 293 
sp|Q8KAH0| : MELMDAVDSYIPQPVRDIDKPFLMPV-EDVFSISGRGTVGTGRIERGRIKVGDEVEIVGIKP-TA-KSVVTGIEMFQKTLDEGQAGDNAGLLLRGVDKNALERGMV : 291 
sp|P42473| : MELMDAVDDYIPEPVRDVDKPFLMPV-EDVFSISGRGTVGTGRIERGIIKVGNEVEIVGIKP-TT-KSVVTGIEMFQKTLDEGQAGDNAGLLLRGVDKEALERGMV : 291 
sp|Q889X3| : KKLVETLDSYIPQPERAVDKPFLMPI-EDVFSISGRGTVVTGRVERGIVKVQDPLEIVGLRDTT--VTTCTGVEMFRKLLDEGRAGENCGVLLRGTKRDDVERGQV : 295 
sp|P09591| : QKLVETLDSYIPEPVRAIDQPFLMPI-EDVFSISGRGTVVTGRVERGIIKVQEEVEIVGIKATT--KTTCTGVEMFRKLLDEGRAGENVGILLRGTKREDVERGQV : 295 
sp|Q8PC59| : LKLVEALDTFIPDPTRDVDRPFLMPV-EDVFSISGRGTVVTGRIERGIIKVGDEIEIVGIRDTQ--KTTVTGVEMFRKLLDQGQAGDNAGLLLRGTKRDDVERGQV : 294 
sp|Q8NL22| : LKLVEALDSFIPEPTRDVDRPFLMPV-EDVFSISGRGTVVTGRIERGIIKVGDEIEIVGIRDTQ--KTTVTGVEMFRKLLDQGQAGDNAGLLLRGTKRDDVERGQV : 294 
sp|Q9P9Q9| : IRLAEALDTHIPNPERAIDRPFLMPV-EDVFSISGRGTVVTGRVECGVIKVGDEVEIVGIRPTS--KTIVTGVEMFRKLLDQGQAGDNAGLLLRGTKRDEVERGQV : 293 
sp|Q8XGZ0| : MNLADALDSYIPTPERAVDGTFLMPV-EDVFSISGRGTVVTGRIERGIIKVGEEIEIVGIKATQ--KTTCTGVEMFRKLLDQGQAGDNVGILLRGTKREDVERGQV : 294 
sp|P42481| : LKLAEALDTYIPTPERAVDGAFLMPV-EDVFSISGRGTVVTGRVERGIIKVGEEIEIVGLKPTL--KTTCTGVEMFRKLLDQGQAGDNVGILLRGTKREEVERGQV : 294 
sp|P33167| : MSLADALDTYIPTPERAVDGAFLMPV-EDVFSISGRGTVVTGRVERGIVKVGEEIEIVGIKPTV--KTTCTGVEMFRKLLDQGQAGDNVGILLRGTKREDVERGQV : 294 
sp|P64026| : FELAAALDSYIPTPERAVDKPFLLPI-EDVFSISGRGTVVTGRVERGIIHVGDEIEIVGLKETQ--KTTCTGVEMFRKLLDEGQAGDNVGVLLRGTKREDVERGQV : 292 
sp|P64027| : FELAAALDSYIPTPERAVDKPFLLPI-EDVFSISGRGTVVTGRVERGIIHVGDEIEIVGLKETQ--KTTCTGVEMFRKLLDEGQAGDNVGVLLRGTKREDVERGQV : 292 
sp|P48864| : FELATALDRYIPTPERAVDKPFLLPI-EDVFSISGRGTVVTGRVERGIIHVGDEIEIVGLKETQ--KTTCTGVEMFRKLLDEGQAGDNVGVLLRGTKREDVERGQV : 292 
sp|P0A6N3| : LELAGFLDSYIPEPERAIDKPFLLPI-EDVFSISGRGTVVTGRVERGIIKVGEEVEIVGIKETQ--KSTCTGVEMFRKLLDEGRAGENVGVLLRGIKREEIERGQV : 291 
sp|P0A6N2| : LELAGFLDSYIPEPERAIDKPFLLPI-EDVFSISGRGTVVTGRVERGIIKVGEEVEIVGIKETQ--KSTCTGVEMFRKLLDEGRAGENVGVLLRGIKREEIERGQV : 291 
sp|P0A6N1| : LELAGFLDSYIPEPERAIDKPFLLPI-EDVFSISGRGTVVTGRVERGIIKVGEEVEIVGIKETQ--KSTCTGVEMFRKLLDEGRAGENVGVLLRGIKREEIERGQV : 291 
sp|P0A1H6| : IELAGFLDSYIPEPERAIDKPFLLPI-EDVFSISGRGTVVTGRVERGIIKVGEEVEIVGIKETQ--KSTCTGVEMFRKLLDEGRAGENVGVLLRGIKREEIERGQV : 291 
sp|P0A1H5| : IELAGFLDSYIPEPERAIDKPFLLPI-EDVFSISGRGTVVTGRVERGIIKVGEEVEIVGIKETQ--KSTCTGVEMFRKLLDEGRAGENVGVLLRGIKREEIERGQV : 291 
sp|Q83JC4| : LELAGFLDSYIPEPERAIDKPFLLPI-EDVFSISGRGTVVTGRVERGIIKVGEEVEIVGIKETQ--KSTCTGVEMFRKLLDEGRAGENVGVLLRGIKREEIERGQV : 291 
sp|Q8ZJB2| : IELAGYLDSYIPEPERAIDKPFLLPI-EDVFSISGRGTVVTGRVERGIVKVGEEVEIVGIKDTV--KSTCTGVEMFRKLLDEGRAGENVGVLLRGIKREDIERGQV : 292 
sp|P57939| : LELANHLDTYIPEPQRAIDQPFLLPI-EDVFSISGRGTVVTGRVERGIIRTGEEVEIVGIKATT--KTTVTGVEMFRKLLDEGRAGENVGALLRGTKREEIERGQV : 292 
sp|P57966| : LELANHLDTYIPEPQRAIDQPFLLPI-EDVFSISGRGTVVTGRVERGIIRTGEEVEIVGIKATT--KTTVTGVEMFRKLLDEGRAGENVGALLRGTKREEIERGQV : 292 
sp|P43926| : LELANHLDTYIPEPERAIDQPFLLPI-EDVFSISGRGTVVTGRVERGIIRTGDEVEIVGIKDTA--KTTVTGVEMFRKLLDEGRAGENIGALLRGTKREEIERGQV : 291 
sp|Q7TTF9| : IELAQHLDSYIPEPERAIDKPFLLPI-EDVFSISGRGTVVTGRVERGIIKSGEEVEIVGIKETT--KTTVTGVEMFRKLLDEGRAGENVGALLRGTKREEIERGQV : 291 
sp|O31297| : IDLSKFLDSYIPEPKRAVDQPFLLPI-EDVFSISGRGTVVTGRVEKGIIKVGEEVEIVGIKKTT--KTTCTGVEMFRKLLDEGRAGENVGVLLRGTKRDEIERGQV : 292 
sp|O31298| : LDLSKFLDTYIPEPKRAIDQPFLLPI-EDVFSISGRGTVVTGRVERGIVKVGEEVEIVGIKKTT--KTTCTGVEMFRKLLDEGRAGENVGVLLRGTKRDEIERGQV : 292 
sp|O31300| : IDLANILDTYIPEPKRSIDQPFLLPI-EDVFSISGRGTVVTGRVERGIIKVGEEVEIVGIKPTS--KTICTGVEMFRKLLDEGRAGENVGVLLRGTKRDDIERGQV : 273 
sp|O31301| : VDLANTLDSYIPTPERSIDQPFLLPI-EDVFSISGRGTVVTGRVERGVIKVGEEVEIVGIKVTS--KTICTGVEMFRKLLDEGRAGENVGVLLRGTKRDDIERGQV : 273 
sp|P59506| : LDLSNYLDTYIPEPKRSIDQPFLLPI-EDVFSISGRGTVVTGRIERGIIKVGEEVEIVGIKSTV--KTICTGVEMFRKLLDEGRAGENVGVLLRGTKRDDIERGQV : 292 
sp|Q8D240| : IDLSEHLDNYIPEPKRIIDQPFLLPI-EDVFSISGRGTVVTGRIERGTVKVGEEIEIIGIKNTV--KTTCTGVEMFRKLLDEGRAGENVGILLRGTKREDVERGQV : 292 
sp|Q8DCQ7| : IELAEALDTYIPEPERAIDLPFLMPI-EDVFSIQGRGTVVTGRIERGILKVGDEVAIVGIKDTT--TTTCTGVEMFRKLLDEGRAGENVGALLRGTKRDEVERGQV : 292 
sp|Q7MH43| : VELAEALDSYIPEPERAVDMPFLMPI-EDVFSIQGRGTVVTGRIERGILKVGDEVAIVGIKDTT--TTTCTGVEMFRKLLDEGRAGENVGALLRGTKRDEVERGQV : 292 
sp|Q877T5| : VELAEALDTYIPEPERAVDQPFLMPI-EDVFSIQGRGTVVTGRIERGILTVGDEVAIVGIKDTT--TTTCTGVEMFRKLLDEGRAGENVGALLRGTKRDEVERGQV : 292 
sp|Q9KUZ6| : VELAEALDTYIPEPERAVDMAFLMPI-EDVFSIQGRGTVVTGRIERGILKVGDEVAIVGIKETV--KTTCTGVEMFRKLLDEGRAGENVGALLRGTKREEVERGQV : 292 
sp|P33169| : LELAAALDSYIPEPQRDIDKPFLLPI-EDVFSISGRGTVVTGRVERGIVRVGDEVEIVGVRATT--KTTCTGVEMFRKLLDEGRAGENCGILLRGTKRDDVERGQV : 292 
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sp|Q9XD38| : LKLMEALDTFVPNPKRVIDKPFLMPV-EDVFSITGRGTVATGRVEQGVLKVNDEVEIIGIRPTT--KTVVTGIEMFRKLLDQAEAGDNIGALLRGTKKEEIERGQV : 299 
sp|Q8UE16| : RELMAAVDAYIPTPERPIDQPFLMPI-EDVFSISGRGTVVTGRVERGIVKVGEEVEIVGIRPTS--KTTVTGVEMFRKLLDQGQAGDNIGALVRGVTRDGVERGQI : 289 
sp|P75022| : RELMAAVDAYIPTPERPIDQPFLMPI-EDVFSISGRGTVVTGRVERGIVKVGEEVEIVGIRPTS--KTTVTGVEMFRKLLDQGQAGDNIGALVRGVTRDGVERGQI : 289 
sp|Q925Y6| : RELMAAVDAYIPTPERPIDQPFLMPI-EDVFSISGRGTVVTGRVERGIVKVGEEIEIVGIRPTT--KTTCTGVEMFRKLLDQGQAGDNIGALLRGVDRNGVERGQI : 289 
sp|Q981F7| : RELMAQVDAYIPTPVRPLDKPFLMPI-EDVFSISGRGTVVTGRVERGVVKVGEELEIIGIRPTT--KTTCTGVEMFRKLLDQGQAGDNIGALLRGVDREGVERGQV : 289 
sp|P64024| : RNLMDAVDSYIPTPERPIDQPFLMPI-EDVFSISGRGTVVTGRVERGIVKVGEEVEIVGIKATT--KTTVTGVEMFRKLLDQGQAGDNIGALIRGVGREDVERGQV : 289 
sp|P64025| : RNLMDAVDSYIPTPERPIDQPFLMPI-EDVFSISGRGTVVTGRVERGIVKVGEEVEIVGIKATT--KTTVTGVEMFRKLLDQGQAGDNIGALIRGVGREDVERGQV : 289 
sp|Q99QM0| : LELMASVDAYIPQPERPVDMPFLMPV-EDVFSISGRGTVVTGRVERGIVKVGEEVEIVGIRPVQ--KTTCTGVEMFRKLLDQGQAGDNVGVLLRGTKREDVERGQV : 294 
sp|P0A3A9| : NELMDAVDSYIPQPVRATDKPFLMPI-EDVFSISGRGTVVTGRVESGIIKVGEEIEIVGLKDTQ--KTTCTGVEMFRKLLDEGQAGDNVGILLRGTKREEVERGQV : 292 
sp|P0A3B0| : NELMDAVDSYIPQPVRATDKPFLMPI-EDVFSISGRGTVVTGRVESGIIKVGEEIEIVGLKDTQ--KTTCTGVEMFRKLLDEGQAGDNVGILLRGTKREEVERGQV : 292 
sp|Q92GW4| : NELMDAVDSYIPQPVRATDKPFLMPI-EDVFSISGRGTVVTGRVESGIIKVGEEIEIVGLKDTQ--KTTCTGVEMFRKLLDEGQAGDNVGILLRGTKREEVERGQV : 292 
sp|Q8KTA1| : NELMDAVDSYIPQPVRATDKPFLMPI-EDVFSISGRSTVVTGRVESGIIKVGEEIEIVGLKDTQ--KTTCTGVEMFRKLLDEGQAGDNVGILLRGTKREEVERGQV : 292 
sp|Q8KTA6| : NELMDAVDSYIPQPVRATDKPFLMPI-EDVFSISGRSTVVTGRVESGIIKVGEEIEIVGLKDTQ--KTTCTGVEMFRKLLDEGQAGDNVGILLRGTKREEVERGQV : 292 
sp|Q8KT97| : NELMDAVDSYIPQPVRATDKLFLMPI-EDVFSISGRGTVVTGRVESGIIKLGEEIEIVGLKDTQ--KTTCTGVEMFRKLLDEGQAGDNVGILLRGTKREEVERGQV : 292 
sp|Q8KT99| : NELMDAVDSYIPQPVRATDKPFLMPI-EDVFSISGRGTVVTGRVESGIIKVGEEIEIVGLKDTQ--KTTCTGVEMFRKLLDEGQSGDNVGILLRGTKREEVERGQV : 292 
sp|Q8KTA3| : NELMDAVDSYIPQPVELRINPFLMPI-EDVFSISGRGTVVTGRVESGIIKVGDEIEIVGLKDTQ--KTTCTGVEMFRKLLDEGQAGDNVGILLRGTKREEVERGQV : 292 
sp|P48865| : NELMNAVDSYIPQPIRATDKPFLMPI-EDVFSISGRGTVVTGRVESGIIKVGEEIEIVGLKNTQ--KTTCTGVEMFRKLLDEGQSGDNVGILLRGTKREEVERGQV : 292 
sp|Q8KT95| : NELMNAVDSYIPQPIRATDKPFLMPI-EDVFSISGRGTVVTGRVESGIIKVGEEIEIVGLKNTQ--KTTCTGVEMFRKLLDEGQSGDNVGILLRGTKREEVERGQV : 292 
sp|P42479| : LKLMAAVDEYIPTPQRATDKPFLMPV-EDVFSIAGRGTVATGRVERGKIKVGEEVEIVGIRPTQ--KTVITGVEMFRKLLDEGMAGDNIGALLRGLKREDLERGQV : 294 
sp|O69303| : MDLMAAVDSYIPTPTRDTEKDFLMPI-EDVFSISGRGTVVTGRIEKGVVKVGDTIEIVGIKDTQ--TTTVTGVEMFRKEMDQGEAGDNVGVLLRGTKKEEVIRGMV : 297 
sp|Q5HVZ7| : MDLMAAVDSYIPTPTRDTEKDFLMPI-EDVFSISGRGTVVTGRIEKGVVKVGDTIEIVGIKDTQ--TTTVTGVEMFRKEMDQGEAGDNVGVLLRGTKKEEVIRGMV : 297 
sp|Q9ZK19| : LKLMAEVDSYIPTPERDTEKTFLMPV-EDVFSIAGRGTVVTGRIERGVVKVGDEVEIVGIRATQ--KTTVTGVEMFRKELEKGEAGDNVGVLLRGTKKEEVERGMV : 297 
sp|P56003| : LKLMAEVDAYIPTPERDTEKTFLMPV-EDVFSIAGRGTVVTGRIERGVVKVGDEVEIVGIRPTQ--KTTVTGVEMFRKELEKGEAGDNVGVLLRGTKKEEVERGMV : 297 
sp|P42482| : LKLMAEVDRYIPTPERDVDKPFLMPV-EDVFSIAGRGTVVTGRIERGVVKVGDEVEIVGIRNTQ--KTTVTGVEMFRKELDKGEAGDNVGVLLRGTKKEDVERGMV : 297 
sp|Q8R603| : LELMEAVDNYIPTPERAVDQPFLMPI-EDVFTITGRGTVVTGRVERGVIKVGEEIEIVGIKPTT--KTTCTGVEMFRKLLDQGQAGDNIGVLLRGTKKEEVERGQV : 292 
sp|P33166| : FELMDAVDEYIPTPERDTEKPFMMPV-EDVFSITGRGTVATGRVERGQVKVGDEVEIIGLQEENK-KTTVTGVEMFRKLLDYAEAGDNIGALLRGVSREEIQRGQV : 294 
sp|Q9Z9L6| : IELMAAVDDYIPTPERDTEKPFMMPV-EDVFSITGRGTVATGRVERGQLNVGDEVEIIGLEEEAK-KTTVTGVEMFRKLLDYAEAGDNIGALLRGVSREEVQRGQV : 294 
sp|Q8ETY4| : LELMAAVDEYIPTPERDKEKPFMMPV-EDVFSITGRGTVATGRVERGEVKVGDEVEIIGLAEDAS-KTTVTGVEMFRKLLDYAEAGDNIGALLRGVSREDINRGQV : 293 
sp|P64028| : LELMEAVDTYIPTPERDSDKPFMMPV-EDVFSITGRGTVATGRVERGQIKVGEEVEIIGLHDTS--KTTVTGVEMFRKLLDYAEAGDNIGALLRGVAREDVQRGQV : 292 
sp|Q5HIC7| : LELMEAVDTYIPTPERDSDKPFMMPV-EDVFSITGRGTVATGRVERGQIKVGEEVEIIGLHDTS--KTTVTGVEMFRKLLDYAEAGDNIGALLRGVAREDVQRGQV : 292 
sp|P99152| : LELMEAVDTYIPTPERDSDKPFMMPV-EDVFSITGRGTVATGRVERGQIKVGEEVEIIGLHDTS--KTTVTGVEMFRKLLDYAEAGDNIGALLRGVAREDVQRGQV : 292 
sp|Q6GJC0| : LELMEAVDTYIPTPERDSDKPFMMPV-EDVFSITGRGTVATGRVERGQIKVGEEVEIIGLHDTS--KTTVTGVEMFRKLLDYAEAGDNIGALLRGVAREDVQRGQV : 292 
sp|Q6GBT9| : LELMEAVDTYIPTPERDSDKPFMMPV-EDVFSITGRGTVATGRVERGQIKVGEEVEIIGLHDTS--KTTVTGVEMFRKLLDYAEAGDNIGALLRGVAREDVQRGQV : 292 
sp|P64029| : LELMEAVDTYIPTPERDSDKPFMMPV-EDVFSITGRGTVATGRVERGQIKVGEEVEIIGLHDTS--KTTVTGVEMFRKLLDYAEAGDNIGALLRGVAREDVQRGQV : 292 
sp|Q5HRK4| : LDLMQAVDDYIPTPERDSDKPFMMPV-EDVFSITGRGTVATGRVERGQIKVGEEVEIIGMHETS--KTTVTGVEMFRKLLDYAEAGDNIGALLRGVAREDVQRGQV : 292 
sp|Q8CQ81| : LDLMQAVDDYIPTPERDSDKPFMMPV-EDVFSITGRGTVATGRVERGQIKVGEEVEIIGMHETS--KTTVTGVEMFRKLLDYAEAGDNIGALLRGVAREDVQRGQV : 292 
sp|Q81VT2| : IELMAEVDAYIPTPERETDKPFLMPV-EDVFSITGRGTVATGRVERGIVKVGDVVEIIGLAEENA-STTVTGVEMFRKLLDQAQAGDNIGALLRGVAREDIQRGQV : 293 
sp|Q814C4| : IELMAEVDAYIPTPERETDKPFLMPV-EDVFSITGRGTVATGRVERGIVKVGDVVEIIGLAEENA-STTVTGVEMFRKLLDQAQAGDNIGALLRGVAREDIQRGQV : 293 
sp|Q8Y422| : DELMEAVDSYIPTPERDTDKPFMMPV-EDVFSITGRGTVATGRVERGQVKVGDEVEVIGIEEESK-KVVVTGVEMFRKLLDYAEAGDNIGALLRGVAREDIQRGQV : 293 
sp|Q927I6| : DELMEAVDSYIPTPERDTDKPFMMPV-EDVFSITGRGTVATGRVERGQVKVGDEVEVIGIEEESK-KVVVTGVEMFRKLLDYAEAGDNIGALLRGVAREDIQRGQV : 293 
sp|O50306| : IELMNAVDEYIPTPQREVDKPFMMPI-EDVFSITGRGTVATGRVERGTLKVGDPVEIIGLSDEPK-ATTVTGVEMFRKLLDQAEAGDNIGALLRGVSRDEVERGQV : 293 
sp|Q877L9| : MDLMAAVDEYIPTPERATDKPFLMPV-EDIFTITGRGTVATGRVERGILKVGDEIEIVGLSDESK-KSVITGIEMFRKLLDEAQAGDNIGALLRGVQRDEIQRGQV : 295 
sp|Q97EH5| : KDLMAEVDAYIPTPERPTDKAFLMPI-EDVFTITGRGTVATGRVETGTLKVGDEVEIVGMKDEIT-KVVVTGVEMFRKILDSALAGDNIGALLRGVQREDIERGQV : 295 
sp|Q8XFP8| : RELMDAVDSYIPTPERATDKPFLMPV-EDVFTITGRGTVATGRVERGVLHVGDEVEVIGLTEERR-KTVVTGIEMFRKLLDEAQAGDNIGALLRGIQRTDIERGQV : 295 
sp|Q8R7V2| : WELMDVVDEYIPTPERDIDKPFLMPV-EDVFTITGRGTVATGRVERGKVKVGDEVEIIGLTTESR-KTVVTGVEMFRKTLDEAQAGDNIGVLLRGIQRDEVERGQV : 298 
sp|Q5SHN6| : WELLDAIDEYIPTPVRDVDKPFLMPV-EDVFTITGRGTVATGRIERGKVKVGDEVEIVGLAPETR-RTVVTGVEMHRKTLQEGIAGDNVGVLLRGVSREEVERGQV : 303 
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sp|P60338| : WELLDAIDEYIPTPVRDVDKPFLMPV-EDVFTITGRGTVATGRIERGKVKVGDEVEIVGLAPETR-RTVVTGVEMHRKTLQEGIAGDNVGVLLRGVSREEVERGQV : 303 
sp|Q01698| : WELLDAIDEYIPTPVRDVDKPFLMPV-EDVFTITGRGTVATGRIERGKVKVGDEVEIVGLAPETR-KTVVTGVEMHRKTLQEGIAGDNVGLLLRGVSREEVERGQV : 303 
sp|Q9R342| : WELLDAVDSYIPTPERDTDKTFLMPV-EDVFTITGRGTVATGRVERGTVKVQDEVEIVGLT-DTR-KTTVTGIEMHRKLLDSGMAGDNVGVLLRGVARDDVERGQV : 303 
sp|P33168| : WELLDAVDSYIPTPERATDKTFLMPV-EDVFTITGRGTVATGRVERGVVKVQDEVEIIGLR-DTK-KTTVTGIEMHRKLLDSGMAGDNVGVLLRGVARDDVERGQV : 303 
sp|P26184| : WELLQAMDDYIPAPERDIDKPFLMPI-EDVFSISGRGTVVTGRVERGKVRVQDEIEIVGLT-DTR-KTVVTGVEMFRKILDEGEAGDNVGVLLRGIKKDDVERGQV : 294 
sp|Q8YP63| : YELMDAVDSYIPDPERDIDKPFLMAV-EDVFSITGRGTVATGRIERGKVKVGDVVELVGIRDTR--NTTVTGIEMFKKSLDEGMAGDNAGVLLRGIQKADIERGMV : 302 
sp|P50064| : YSLMDAVDAYIPTPERAIDKPFLMAV-EDVFSITGRGTVATGRIERGKVKVGETIELVGIRGTR--STTVTGLEMFQKSLDEGLAGDNIGVLLRGIKKEDVERGMV : 302 
sp|P18668| : LKLMEEVDAYIPTPEREVDRPFLMAV-EDVFTITGRGTVATGRIERGSVKVGETIEIVGLRDTR--STTVTGVEMFQKTLDEGLAGDNVGLLLRGIQKTDIERGMV : 302 
sp|P33171| : LKLMEEVDAYIPTPEREVDRPFLMAV-EDVFTITGRGTVATGRIERGSVKVGETIEIVGLRDTR--STTVTGVEMFQKTLDEGLAGDNVGLLLRGIQKTDIERGMV : 302 
sp|P13552| : HALMDEVDAYIPTPERDIDKGLLDGLWEDVFSITGRGTVSTAGIERGKVKVGDTVELIGIKDTR--TTTVTGAEMFQKTLEEGMAGDNVGLLLRGIQKNDVQRGMV : 303 
sp|Q9TJQ8| : YNLMDIVDSYIPTPKRNIEKPFLMAI-EDVFSITGRGTVATGRVERGVVKIGDSVEIVGLGATK--ITTVTGLEMFQKTLDESIAGDNVGILLRGIQKTEIQRGMV : 302 
sp|P42474| : MELMEAVDNWIELPKRDVDKDFLMPV-EDVFTITGRGTVATGRIETGVANTGDAVDIIGMGADKL-ASTITGVEMFRKILDRGEAGDNVGILLRGIEKSQISRGMV : 293 
sp|P42480| : EQLMDSVDNWIPIPPRLTDQPFLMPV-EDVFSITGRGTVATGRIERGVINSGEPVEILGMGAENL-KSTVTGVEMFRKILDRGEAGDNVGLLLRGIEKEAIRRGMV : 293 
sp|P33165| : MELMEAVDTWIPLPPRDVDKPFLMPV-EDVFSITGRGTVATGRIETGVIHVGDEIEILGLGEDK--KSVVTGVEMFRKLLDQGEAGDNVGLLLRGVDKNEIKRGMV : 292 
sp|P42475| : MELMNACDEYIPLPQRDTDKPFLMPI-EDVFTITGRGTVATGRIERGVVRLNDKVERIGLGETT--EYVITGVEMFRKLLDDAQAGDNVGLLLRGAEKKDIVRGMV : 273 
sp|P42476| : ENLMDAVDSYIPLPPRPVDLPFLMSV-EDVFSITGRGTVATGRIERGRIKVGEPVEIVGLQESPL-NSTVTGVEMFRKLLDEGEAGDNAGLLLRGVEKTQIRRGMV : 293 
sp|P13927| : HDLIKAVDEWIPTPTREVDKPFLLAI-EDTMTITGRGTVVTGRVERGELKVGQEVEIVGLKP-IR-KAVVTGIEMFKKELDSAMAGDNAGVLLRGVERKEVERGQV : 292 
sp|P23568| : HDLMNAVDEWIPTPEREVDKPFLLAI-EDTMTITGRGTVVTGRVERGELKVGQEIEIVGLRP-IR-KAVVTGIEMFKKELDSAMAGDNAGVLLRGVDRKEVERGQV : 292 
sp|P18906| : HELMKAVDEYIPTPDREVDKPFLLPI-EDTMTITGRGTVVTGRVERGQLKVGEEVEIVGITD-TR-KVVVTGIEMFRKELDAAMAGDNAGILLRGVDRKDVQRGQV : 292 
sp|Q8EX18| : DELMASVDSYIPTPTRDTDKPFLLAV-EDVMTITGRGTVVTGRVERGTLKLNDEVEIVGIHD-TR-KAVVTGMEMLRKTLDEVKAGDNAGILLRGIDRKDVERGQV : 292 
sp|P50068| : DELMDAVDSWIPLPERSTDKPFLLAI-EDVFTISGRGTVVTGRVERGVLKVNDEVEIVGLKD-TQ-KTVVTGIEMFRKSLDQAEAGDNAGILLRGIKKEDVERGQV : 292 
sp|P22679| : LELMDAVDTYIEEPKRETDKPFLMAV-EDVFTITGRGTVATGRVERGVLQLNEEVEIVGLKP-TK-KTVVTGIEMFRKNLKEAQAGDNAGLLLRGIDRSEVERGQV : 295 
sp|Q98QG1| : EELMDAVDNYIETPVKELDKPFLLAV-EDVFTITGRGTVATGKVERGQLNINSEVEIVGFTEKPK-KTTVTGIEMFRKNLKEAQAGDNAGLLLRGVDRNDVERGQV : 294 
sp|Q7UMZ0| : TELMEALDSHIPEPTREDDKPFLMAI-EDVFSIEGRGTVATGRIERGVVKVGEEVEIIGLGPNS-TKTTCTGVEMFRKEMNEGRSGDNVGCLLRGVKREDIQRGQV : 297 
sp|P52854| : LDLLNALDTYIPDPVREVDKDFLMSI-EDVYSIPGRGTVVTGRIERGKIEKGNEVEIVGIRP-T-QKTTCTGVEMFKKEV-VGIAGYNVGCLLRGIERKAVERGQV : 306 
sp|P50062| : KELLESMDNYFDLPERDIDKPFLLAV-EDVFSISGRGTVATGRIERGIIKVGQEVEIVGIKETR--KTTVTGVEMFQKILEQGQAGDNVGLLLRGVDKKDIERGQV : 293 
sp|O83217| : EELLAAMDSYFEDPVRDDARPFLLSI-EDVYTISGRGTVVTGRIECGVISLNEEVEIVGIKPTK--KTVVTGIEMFNKLLDQGIAGDNVGLLLRGVDKKEVERGQV : 293 
sp|Q9ZEU3| : NKLLEVLDEYIEDPIRDVEKPFLMPV-EGVHTITGRGTVATGRVERGKIKISEEVEIIGLKETK--KAIITGLEMFKKELDFAQAGDNVGILLRGITRDQIERGQV : 290 
sp|Q25820| : NNLIQIIDN-IIIPTRKINDYFLMSI-EDVFSITGRGTVVTGKIEQGCINLNDEIEILKFEKSSPNLTTVIGLEMFKKQLTQAQSGDNVGILLRNIQKKDIKRGMI : 304 
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sp|P40174| : IIKPGSVTPHTEFEAQAYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---VVTLPEG-----TEMVMPGDNTEMKVELIQPVAMEEGLKFAIREGGRTVGAGQVT : 393 
sp|Q53871| : IIKPGSVTPHTEFEAQAYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---VVTLPEG-----TEMVMPGDNTEMKVELIQPVAMEEGLKFAIREGGRTVGAGQVT : 393 
sp|P29542| : IIKPGSVTPHTEFEAQAYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---VVHLPEG-----TEMVMPGDNTEMRVELIQPVAMEEGLKFAIREGGRTVGAGQVT : 393 
sp|O33594| : IIKPGSVTPHTEFEAAAYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---VVTLPEG-----TEMVMPGDNTDMTVALIQPVAMEEGLKFAIREGGRTVGAGQVT : 393 
sp|P95724| : IIKPGTVTPHTEFEATAYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---VVTLKEG-----TEMVMPGDNAEMTVNLIQPVAMEEGLRFTIREGGRTVGAGQVV : 393 
sp|P29543| : VIRPGSVTPHTQFEAQAYILSKDEGGRHTPFFENYRPQFYFRTTDVTG---VVTLPKG-----TEMVMPGDNTAMHVQLIQPIAMEEGLKFAIREGGRTVGAGQVT : 393 
sp|P72231| : IIKPGTTTPHTEFEAQVYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---VVNLPEG-----TEMVMPGDNTEMTVQLIQPIAMEEGLKFAIREGGRTVGAGRVT : 393 
sp|Q6ACZ0| : VVKPGSVTPHTSFEGTAYILSKDEGGRNNPIYTNYRPQFYFRTTDVTG---VISLTEG-----TEMVMPGDTTDMTVELIQPIAMEEGLGFAIREGGRTVGAGKVT : 393 
sp|P09953| : LVEPGSITPHTNFEANVYILSKDEGGRHTPFYSNYRAQFYFRTTDVTG---VITLPEG-----TEMVMPGDTTEMSVELIQPIAMEEGLGFAIREGGRTVGSGRVT : 392 
sp|P42471| : IVKPGSITPHTKFEAQVYILSKDEGGRHNPFYSNYRPQFYFRTTDVTG---VITLPEG-----TEMVMPGDNTDMSVELIQPIAMEDRLRFAIREGGRTVGAGRVT : 393 
sp|P0A559| : VTKPGTTTPHTEFEGQVYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---VVTLPEG-----TEMVMPGDNTNISVKLIQPVAMDEGLRFAIREGGRTVGAGRVT : 392 
sp|P0A558| : VTKPGTTTPHTEFEGQVYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---VVTLPEG-----TEMVMPGDNTNISVKLIQPVAMDEGLRFAIREGGRTVGAGRVT : 392 
sp|P30768| : VIKPGTTTPHTEFEGQVYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---VVTLPEG-----TEMVMPGDNTNISVTLIQPVAMDEGLRFAIREGGRTVGAGRVV : 392 
sp|P42439| : IVKPGAYTPHTEFEGSVYVLSKDEGGRHTPFFDNYRPQFYFRTTDVTG---VVKLPEG-----TEMVMPGDNVDMSVTLIQPVAMDEGLRFAIREGSRTVGAGRVT : 392 
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sp|P40175| : VAAPGSVVPARRFRARVYVLSAREGGRSTPLTTGYRPQFYIRTADVVG---DVDLGE------EAVARPGDTVTMTVELGRDVPLETGLGFAIREGGRTVGAGTVT : 389 
sp|P29544| : VAAPGSVVPRSRFSAQVYVLSAREGGRTTPVTSGYRPQFYIRTADVVG---DVDLGE------VGVARPGETVSMIVELGREVPLEPGLGFAIREGGRTVGAGTVT : 386 
sp|O66429| : LAQPGSVKAHKRFRAQVYVLSKEEGGRHTPFFVNYRPQFYFRTADVTGT--VVKLPEG-----VEMVMPGDNVELEVELIAPVALEEGLRFAIREGGRTVGAGVVT : 401 
sp|O50293| : LAQPGSVKAHRKFRAQVYVLSKEEGGRHTPFFVNYRPQFYFRTADVTGT--VVKLPEG-----VEMVMPGDNVELEVELIAPVALEEGLRFAIREGGRTVGAGVVT : 401 
sp|O50340| : LAKPGSITPLKKFKANIYVLKKEEGGRHTPFTKGYKPQFYIRTADVTGE--IVDLPAG-----VEMVMPGDNVEMTIELIYPVAIEKGMRFAVREGGRTVGAGVVS : 395 
sp|P13537| : LAAPGSIKPHKRFKAQIYVLKKEEGGRHTPFTKGYKPQFYIRTADVTGE--IVGLPEG-----VEMVMPGDHVEMEIELIYPVAIEKGQRFAVREGGRTVGAGVVT : 396 
sp|P42472| : LCAPGSIKPHKKFEAQVYVLKKEEGGRHTPFFSGYRPQFYIRTTDVTG---AIGLPAG-----MEMVMPGDNVVMTIELIVPVAIEEGLRFAIREGGRTVGAGVVT : 378 
sp|P42477| : LAKPGSIKPHTKFKAEVYVLKKEEGGRHSPFFSGYRPQFYVRTTDVTG---AIGLPEG-----VEMVMPGDNIQMTVELIVPVAIEQGLKFAIREGGRTVGAGIVP : 396 
sp|Q9PK73| : VCLPNSVKPHTQFKCAVYVLQKEEXGRHKPFFTGYRPQFFFRTTDVTG---VVTLPEG-----VEMVMPGDNVEFEVQLISPVALEEGMRFAIREGGRTIGAGTIS : 389 
sp|P26622| : VCLPNSVKPHTQFKCAVYVLQKEEGGRHKPFFTGYRPQFFFRTTDVTG---VVTLPEG-----IEMVMPGDNVEFEVQLISPVALEEGMRFAIREGGRTIGAGTIS : 389 
sp|Q9Z9A7| : VCQPNSVKPHTKFKSAVYVLQKEEGGRHKPFFSGYRPQFFFRTTDVTG---VVTLPEG-----TEMVMPGDNVELDVELIGTVALEEGMRFAIREGGRTIGAGTIS : 389 
sp|Q822I4| : ICQPNSVKSHTQFKGAVYILQKEEGGRHKPFFTGYRPQFFFRTTDVTG---VVTLPEG-----TEMVMPGDNVEFEVQLISPVALEEGMRFAIREGGRTIGAGTIS : 389 
sp|P64031| : IAKPGSINPHTKFKGEVYILTKEEGGRHTPFFNNYRPQFYFRTTDVTG---SIELPAG-----TEMVMPGDNVTIDVELIHPIAVEQGTTFSIREGGRTVGSGMVT : 394 
sp|P33170| : IAKPGSINPHTKFKGEVYILTKEEGGRHTPFFNNYRPQFYFRTTDVTG---SIELPAG-----TEMVMPGDNVTIDVELIHPIAVEQGTTFSIREGGRTVGSGMVT : 394 
sp|Q8K872| : IAKPGSINPHTKFKGEVYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---SIELPAG-----TEMVMPGDNVTINVELIHPIAVEQGTTFSIREGGRTVGSGIVS : 394 
sp|Q5XD49| : IAKPGSINPHTKFKGEVYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---SIELPAG-----TEMVMPGDNVTINVELIHPIAVEQGTTFSIREGGRTVGSGIVS : 394 
sp|P69952| : IAKPSSINPHTKFKGEVYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---SIELPAG-----TEMVMPGDNVTINVELIHPIAVEQGTTFSIREGGRTVGSGIVS : 394 
sp|Q8P1W4| : IAKPGSINPHTKFKGEVYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---SIELPAG-----TEMVMPGDNVTINVELIHPIAVEQGTTFSIREGGRTVGSGIVS : 394 
sp|P72483| : LAKPGSIHPHTKFKGEVYILTKEEGGRHTPFFNNYRPQFYFRTTDVTG---SIELPAG-----TEMVMPGDNVTIDVELIHPIAVEQGTTFSIREGGRTVGSGIVS : 394 
sp|Q9CEI0| : IAKPGSITPHKLFEGEVYVLSKEEGGRHTPFFDNYRPQFYFHTTDVTG---SVKLPEG-----TEMVMPGDNVHIDVELIHPVAIEQGTTFSIREGGRTVGSGIVA : 391 
sp|Q88VE0| : LAKPGSIQTHKKFKGEVYILSKEEGGRHTPFFSNYRPQFYFHTTDITG---VIELPDG-----VEMVMPGDNVTFTVELIQPAAIEKGTKFTVREGGHTVGAGVVS : 391 
sp|Q8KAH0| : IAKPGSITPHTKFKAEVYILKKEEGGRHTPFFNGYRPQFYFRTTDVTG---SVTLPEG-----VEMVMPGDNLSIDVELIAPIAMEESLRFAIREGGRTVGAGSVT : 389 
sp|P42473| : IAKPGSITPHTKFKAEVYILKKEEGGRHTPFFNGYRPQFYFRTTDVTG---SVTLPEG-----VEMVMPGDNLSVDVELIAPIAMEESLRFAIREGGRTVGAGSVT : 389 
sp|Q88QP8| : LVKPGSVKPHTKFTAEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---NCELPEG-----VEMVMPGDNIQMTVTLIKTIAMEDGLRFAIREGGRTVGAGVVA : 393 
sp|Q889X3| : LVKPGTVKPHTQFEAEIYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---SCELPEG-----VEMVMPGDNVKVSVTLIKPIAMEDGLRFAIREGGRTVGAGVVA : 393 
sp|P09591| : LAKPGTIKPHTKFECEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---NCELPEG-----VEMVMPGDNIKMVVTLIAPIAMEDGLRFAIREGGRTVGAGVVA : 393 
sp|Q8PC59| : LCKPGSIKPHTEFEAEVYVLSKDEGGRHTPFFKGYRPQFYFRTTDITG---ACQLPEG-----VEMVMPGDNVKMVVTLINPVAMDEGLRFAIREGGRTVGAGVVA : 392 
sp|Q8NL22| : LCKPGSIKPHTEFEAEVYVLSKDEGGRHTPFFKGYRPQFYFRTTDITG---ACQLPEG-----VEMVMPGDNVKMVVTLINPVAMDEGLRFAIREGGRTVGAGVVA : 392 
sp|Q9P9Q9| : LAKPGSIKAHKEFEAEVYVLSKEEGGRHTPFFNGYTPQFYMRTTDITG---KVCLPEG-----VEMVMPGDNVKVTVSLINPVAMGEGQRFAIREGGRTVGAGVVS : 391 
sp|Q8XGZ0| : LCKPGSIKPHTHFTGEVYILSKDEGGRHTPFFNNYRPQFYFRTTDVTG---SIELPKD-----KEMVMPGDNVSITVKLIAPIAMEEGLRFAIREGGRTVGAGVVA : 392 
sp|P42481| : LCKPGSIKPHTHFTAEVYVLSKDEGGRHTPFFNNYRPQFYFRTTDVTG---AIELPKD-----KEMVMPGDNVSITVKLIAPIAMEEGLRFAIREGGRTVGAGVVA : 392 
sp|P33167| : LAKPGSITPHTHFTAEVYVLSKDEGGRHTPFFNNYRPQFYFRTTDVTG---SIELPKD-----KEMVMPGDNVSITVKLIAPIAMEEGLRFAIREGGRTVGAGVVA : 392 
sp|P64026| : LAKPGTITPHTKFKAEVYVLSKEEGGRHTPFFANYRPQFYFRTTDVTG---AVTLEEG-----VEMVMPGENVTITVELIAPIAMEEGLRFAIREGGRTVGAGVVS : 390 
sp|P64027| : LAKPGTITPHTKFKAEVYVLSKEEGGRHTPFFANYRPQFYFRTTDVTG---AVTLEEG-----VEMVMPGENVTITVELIAPIAMEEGLRFAIREGGRTVGAGVVS : 390 
sp|P48864| : LAKRGTITPHTKFKAEVYVLSKEEGGPHTPFFANYRPQFYFRTTDVTG---TITLEKG-----VEMVMPGENVTITVELIAPIAMEEGLRFAIREGGRTVGAGVVS : 390 
sp|P0A6N3| : LAKPGTIKPHTKFESEVYILSKDEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNIKMVVTLIHPIAMDDGLRFAIREGGRTVGAGVVA : 389 
sp|P0A6N2| : LAKPGTIKPHTKFESEVYILSKDEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNIKMVVTLIHPIAMDDGLRFAIREGGRTVGAGVVA : 389 
sp|P0A6N1| : LAKPGTIKPHTKFESEVYILSKDEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNIKMVVTLIHPIAMDDGLRFAIREGGRTVGAGVVA : 389 
sp|P0A1H6| : LAKPGTIKPHTKFESEVYILSKDEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNIKMVVTLIHPIAMDDGLRFAIREGGRTVGAGVVA : 389 
sp|P0A1H5| : LAKPGTIKPHTKFESEVYILSKDEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNIKMVVTLIHPIAMDDGLRFAIREGGRTVGAGVVA : 389 
sp|Q83JC4| : LAKPGTIKPHTKFESEVYILSKDEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNIKMVVTLIHPIAMDDGLRFAIREGGRTVGAGVVA : 389 
sp|Q8ZJB2| : LAKPGSIKPHTTFESEVYILSKDEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNINMIVTLIHPIAMDDGLRFAIREGGRTVGAGVVA : 390 
sp|P57939| : LAKPGSITPHTDFESEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNIKMTVSLIHPIAMDQGLRFAIREGGRTVGAGVVA : 390 
sp|P57966| : LAKPGSITPHTDFESEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNIKMTVSLIHPIAMDQGLRFAIREGGRTVGAGVVA : 390 
sp|P43926| : LAKPGSITPHTDFESEVYVLSKDEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNIKMTVSLIHPIAMDQGLRFAIREGGRTVGAGVVA : 389 
sp|Q7TTF9| : LAKPGTITPHTDFESEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNIKMTVSLIHPIAMDEGLRFAIREGGRTVGAGVVA : 389 
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sp|O31297| : LAKPGSIHPHTTFESEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---SIELPEG-----IEMVMPGDNIKMTVTLINPIAMADGLRFAIREGGRTVGAGVVS : 390 
sp|O31298| : LAKPGSIHPHTTFESEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---SIELPEG-----VEMVMPGDNIKMTVTLIHPIAMADGLRFAIREGGRTVGAGVVS : 390 
sp|O31300| : LSKPGTITPHIKFESEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---YVELPEG-----IEMVMPGDNVKMVVTLIHPIAMSDGLRFAIREGGRTV------ : 365 
sp|O31301| : LAKPGTITPHIKFESEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---YVELPEG-----VEMVMPGDNIKMVVTLIHPIAMSDGLRFAIREGGRTV------ : 365 
sp|P59506| : LAKPGTITPHIKFESEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---SVELPED-----MEMVMPGDNVKMVITLIHPIAMSDGLRFAIREGGKTVGAGIVV : 390 
sp|Q8D240| : LAKPGSIKPHTQFESEVYVLKKEEGGRHTPFFNGYKPQFYFRTTDVTG---SVELQKG-----TEMVMPGDNVKMLVKLISPIAMDDGLRFAIREGGKTVGAGIVS : 390 
sp|Q8DCQ7| : LAKPGSITPHTKFESEVYVLSKDEGGRHTPFFKGYRPQFYFRTTDVTG---DISLPEG-----VEMVMPGDNIQMVVELISPIAMDEGLRFAIREGGRTVGAGVVA : 390 
sp|Q7MH43| : LAKPGSITPHTKFESEVYVLSKDEGGRHTPFFKGYRPQFYFRTTDVTG---DISLPEG-----VEMVMPGDNIQMVVELISPIAMDEGLRFAIREGGRTVGAGVVA : 390 
sp|Q877T5| : LAKPGSITPHTKFESEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---DISLPEG-----VEMVMPGDNIQMVVELIAPIAMDEGLRFAIREGGRTVGAGVVA : 390 
sp|Q9KUZ6| : LAKPGSITPHTKFESEVYVLSKDEGGRHTPFFKGYRPQFYFRTTDVTG---SIELPEG-----VEMVMPGDNVKMVVDLIAPIAMDEGLRFAIREGGRTVGAGVVA : 390 
sp|P33169| : LAKPGSINPHTTFESEVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---TIELPEG-----VEMVMPGDNIKMVVTLICPIAMDEGLRFAIREGGRTVGAGVVA : 390 
sp|Q9XD38| : LAKPGSITPHKKFAAEVYVLTKDEGGRHTPFINNYRPQFYFRTTDVTG---VCNLPNG-----VEMVMPGDNVSLTVELISPIAMDKGLKFAIREGGRTIGSGVVA : 397 
sp|Q8UE16| : LCKPGSVKPHKKFMAEAYILTKEEGGRHTPFFTNYRPQFYFRTTDVTG---IVSLPEG-----TEMVMPGDNVTVEVELIVPIAMEEKLRFAIREGGRTVGAGIVA : 387 
sp|P75022| : LCKPGSVKPHKKFMAEAYILTKEEGGRHTPFFTNYRPQFYFRTTDVTG---IVSLPEG-----TEMVMPGDNVTVEVELIVPIAMEEKLRFAIREGGRTVGAGIVA : 387 
sp|Q925Y6| : LCKPGSVKPHRKFKAEAYILTKEEGGRHTPFFTNYRPQFYFRTTDVTG---IVTLPEG-----TEMVMPGDNVTVDVELIVPIAMEEKLRFAIREGGRTVGAGIVA : 387 
sp|Q981F7| : LAKPGTVKPHKKFVAEAYILTKDEGGRHTPFFTNYRPQFYFRTTDVTG---IVSLPAG-----TEMVMPGDNITVDVELIVPIAMEEKLRFAIREGGRTVGAGIVV : 387 
sp|P64024| : LCKPGSVKPHTKFKAEAYILTKDEGGRHTPFFTNYRPQFYFRTTDVTG---VVTLPAG-----TEMVMPGDNVAMDVTLIVPIAMEEKLRFAIREGGRTVGAGIVS : 387 
sp|P64025| : LCKPGSVKPHTKFKAEAYILTKDEGGRHTPFFTNYRPQFYFRTTDVTG---VVTLPAG-----TEMVMPGDNVAMDVTLIVPIAMEEKLRFAIREGGRTVGAGIVS : 387 
sp|Q99QM0| : LCKPGSITPHTKFVAEAYILTKEEGGRHTPFFTNYRPQFYFRTTDVTG---IIKLREG-----VEMIMPGDNAELDVELITPIAMEEKLRFAIREGGRTVGAGVVA : 392 
sp|P0A3A9| : LAKPGSIKPHDKFEAEVYVLSKEEGGRHTPFTNDYRPQFYFRTTDVTG---TIKLPAD-----KQWVMPGDNATFTVELIKPIAMQEGLKFSIREGGRTVGAGVVT : 390 
sp|P0A3B0| : LAKPGSIKPHDKFEAEVYVLSKEEGGRHTPFTNDYRPQFYFRTTDVTG---TIKLPAD-----KQWVMPGDNATFTVELIKPIAMQEGLKFSIREGGRTVGAGVVT : 390 
sp|Q92GW4| : LAKPGSIKPHDKFEAEVYVLSKEEGGRHTPFTNDYRPQFYFRTTDVTG---TIKLSAD-----KQMVMPGDNATFTVELIKPIAMQEGLKFSIREGGRTVGAGVVT : 390 
sp|Q8KTA1| : LAKPGSIKPHDKFEAEVYVLSKEEGGRHTPFTNDYRPQFYFRTTDVTG---TIKLPAD-----KQMVMPGDNATFTVELIKPIAMQEGLKFSIREGGRTVGAGVVT : 390 
sp|Q8KTA6| : LAKPGSIKPHDKFEAEVYVLSKEEGGRHTPFTNDYRPQFYFRTTDVTG---TIKLPAD-----KQMVMPGDNATFTVELIKPIAMQEGLKFSIREGGRTVGAGVVT : 390 
sp|Q8KT97| : LAKPGSIKPHDKFEAEVYVLSKEEGGRHTPFTNDYRPQFYFRTTDVTG---TIKLPAD-----KQMVMPGDNATFTVELIKPIAMQEGLKFSIREGGRTVGAGVVT : 390 
sp|Q8KT99| : LAKPGSIKPHDKFEAEVYVLSKEEGGRHTPFTNDYRPQFYFRTTDVTG---TIKLPFD-----KQMVMPGDNATFTVELIKPIAMQEGLKFSIREGGRTVGAGVVT : 390 
sp|Q8KTA3| : LAKPGSIKPHDKFEAEVYVLSKEEGGRHTPFTNDYRPQFYFRTTDVTG---TIKLPAD-----KQMVMPGDNATFTVELIKPIAMQEGLKFSIREGGRTVGAGVVT : 390 
sp|P48865| : LAKPGSIKPHDKFEAEVYVLSKEEGGRHTPFTNDYRPQFYFRTTDVTG---TIKLPSD-----KQMVMPGDNATFSVELIKPIAMQEGLKFSIREGGRTVGAGIVT : 390 
sp|Q8KT95| : LAKPGSIKPHDKFEAEVYVLSKEEGGRHTPFTNDYRPQFYFRTTDVTG---TIKLPFD-----KQMVMPGDNATFSVELIKPIAMQEGLKFSIREGGRTVGAGVVT : 390 
sp|P42479| : LANWGSINPHTKFKAQVYVLSKEEGGRHTPFFKGYRPQFYFRTTDVTG---TVKLPDN-----VEMVMPGDNIAIEVELITPVAMEKELPFAIREGGRTVGAGVVA : 392 
sp|O69303| : LAKPKSITPHTDFEAEVYILNKDEGGRHTPFFNNYRPQFYVRTTDVTG---SIKLADG-----VEMVMPGENVRITVSLIAPVALEEGTRFAIREGGKTVGSGVVS : 395 
sp|Q5HVZ7| : LAKPKSITPHTDFEAEVYILNKDEGGRHTPFFNNYRPQFYVRTTDVTG---SIKLADG-----VEMVMPGENVRITVSLIAPVALEEGTRFAIREGGKTVGSGVVS : 395 
sp|Q9ZK19| : LCKPGSITPHKKFEEEIYVLSKEEGGRHTPFFTNYRPQFYVRTTDVTG---SITLPEG-----VEMVMPGDNVKITVELISPVALELGTKFAIREGGRTVGAGVVS : 395 
sp|P56003| : LCKPGSITPHKKFEGEIYVLSKEEGGRHTPFFTNYRPQFYVRTTDVTG---SITLPEG-----VEMVMPGDNVKITVELISPVALELGTKFAIREGGRTVGAGVVS : 395 
sp|P42482| : LCKIGSITPHTNFEGEVYVLSKEEGGRHTPFFNGYRPQFYVRTTDVTG---SISLPEG-----VEMVMPGDNVKINVELIAPVALEEGTRFAIREGGRTVGAGVVT : 395 
sp|Q8R603| : LAKPGSIHPHTNFKGEVYVLTKDEGGRHTPFFTGYRPQFYFRTTDITG---AVTLPDG-----VEMVMPGDNITMTVELIHPIAMEQGLRFAIREGGRTVASGVVS : 390 
sp|P33166| : LAKPGTITPHSKFKAEVYVLSKEEGGRHTPFFSNYRPQFYFRTTDVTG---IIHLPEG-----VEMVMPGDNTEMNVELISTIAIEEGTRFSIREGGRTVGSGVVS : 392 
sp|Q9Z9L6| : LAKPGTITPHTNFKAEVYVLSKEEGGRHTPFFSNYRPQFYFRTTDVTG---IIQLPDG-----VEMVMPGDNVEMTVELIAPIAIEEGTKFSIREGGRTVGAGVVA : 392 
sp|Q8ETY4| : LAKPGSITPHTNFKAEVYVLSKEEGGRHTPFFSNYRPQFYFRTTDVTG---VIELPEG-----TEMVMPGDNIEMTVELISPIAIEDGTRFSIREGGRTVGSGVVS : 391 
sp|P64028| : LAAPGSITPHTEFKAEVYVLSKDEGGRHTPFFSNYRPQFYFRTTDVTG---VVHLPEG-----TEMVMPGDNVEMTVELIAPIAIEDGTRFSIREGGRTVGSGVVT : 390 
sp|Q5HIC7| : LAAPGSITPHTEFKAEVYVLSKDEGGRHTPFFSNYRPQFYFRTTDVTG---VVHLPEG-----TEMVMPGDNVEMTVELIAPIAIEDGTRFSIREGGRTVGSGVVT : 390 
sp|P99152| : LAAPGSITPHTEFKAEVYVLSKDEGGRHTPFFSNYRPQFYFRTTDVTG---VVHLPEG-----TEMVMPGDNVEMTVELIAPIAIEDGTRFSIREGGRTVGSGVVT : 390 
sp|Q6GJC0| : LAAPGSITPHTEFKAEVYVLSKDEGGRHTPFFSNYRPQFYFRTTDVTG---VVHLPEG-----TEMVMPGDNVEMTVELIAPIAIEDGTRFSIREGGRTVGSGVVT : 390 
sp|Q6GBT9| : LAAPGSITPHTEFKAEVYVLSKDEGGRHTPFFSNYRPQFYFRTTDVTG---VVHLPEG-----TEMVMPGDNVEMTVELIAPIAIEDGTRFSIREGGRTVGSGVVT : 390 
sp|P64029| : LAAPGSITPHTEFKAEVYVLSKDEGGRHTPFFSNYRPQFYFRTTDVTG---VVHLPEG-----TEMVMPGDNVEMTVELIAPIAIEDGTRFSIREGGRTVGSGVVT : 390 
sp|Q5HRK4| : LAAPGSITPHTKFKAEVYVLSKDEGGRHTPFFTNYRPQFYFRTTDVTG---VVNLPEG-----TEMVMPGDNVEMTVELIAPIAIEDGTRFSIREGGRTVGSGVVT : 390 
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sp|Q8CQ81| : LAAPGSITPHTKFKAEVYVLSKDEGGRHTPFFTNYRPQFYFRTTDVTG---VVNLPEG-----TEMVMPGDNVEMTVELIAPIAIEDGTRFSIREGGRTVGSGVVT : 390 
sp|Q81VT2| : LAKSGSVKAHAKFKAEVFVLSKEEGGRHTPFFANYRPQFYFRTTDVTG---IIQLPEG-----TEMVMPGDNIEMTIELIAPIAIEEGTKFSIREGGRTVGYGVVA : 391 
sp|Q814C4| : LAKSGSVKAHAKFKAEVFVLSKEEGGRHTPFFANYRPQFYFRTTDVTG---IIQLPEG-----TEMVMPGDNIEMTIELIAPIAIEEGTKFSIREGGRTVGYGVVA : 391 
sp|Q8Y422| : LAKPGSITPHTNFKAETYVLTKEEGGRHTPFFNNYRPQFYFRTTDVTG---IVTLPEG-----TEMVMPGDNIELAVELIAPIAIEDGTKFSIREGGRTVGAGVVS : 391 
sp|Q927I6| : LAKPGSITPHTNFKAETYVLTKEEGGRHTPFFNNYRPQFYFRTTDVTG---IVTLPEG-----TEMVMPGDNIELAVELIAPIAIEDGTKFSIREGGRTVGAGVVS : 391 
sp|O50306| : LAKPGSITPHTKFKAQVYVLTKEEGGRHTPFFSNYRPQFYFRTTDVTG---IITLPEG-----VEMVMPGDNVEMTVELIAPIAIEEGTKFSIREGGRTVGAGSVS : 391 
sp|Q877L9| : LAATGSVKPHKSFTGQVYVLKKEEGGRHTPFFNGYRPQFYFRTTDVTG---SIALPEG-----VEMVMPGDHIDMKVELITRVAMDEGLRFAIREGGRTVGSGVVS : 393 
sp|Q97EH5| : LAKPGSITPHNKFVGQVYVLKKEEGGRHTPFFNGYRPQFYFRTTDVTG---SIQLPDG-----VEMVMPGDHIDMTVELITKVAMGDNLRFAIREGGRTVGSGVVT : 393 
sp|Q8XFP8| : LAQVGTINPHKKFVGQVYVLKKEEGGRHTPFFDGYRPQFYFRTTDVTG---SIKLPEG-----MEMVMPGDHIDMEVELITEIAMDEGLRFAIREGGRTVGSGVVT : 393 
sp|Q8R7V2| : LAKPGTIKPHTKFEAQVYVLTKEEGGRHTPFFNGYRPQFYFRTTDVTG---TIQLPEG-----VEMVMPGDHVTLRVELITPIAMEEGLKFAIREGGRTVGAGVVS : 396 
sp|Q5SHN6| : LAKPGSITPHTKFEASVYVLKKEEGGRHTGFFSGYRPQFYFRTTDVTG---VVQLPPG-----VEMVMPGDNVTFTVELIKPVALEEGLRFAIREGGRTVGAGVVT : 401 
sp|P60338| : LAKPGSITPHTKFEASVYVLKKEEGGRHTGFFSGYRPQFYFRTTDVTG---VVQLPPG-----VEMVMPGDNVTFTVELIKPVALEEGLRFAIREGGRTVGAGVVT : 401 
sp|Q01698| : LAKPGSITPHTKFEASVYILKKEEGGRHTGFFTGYRPQFYFRTTDVTG---VVRLPQG-----VEMVMPGDNVTFTVELIKPVALEEGLRFAIREGGRTVGAGVVT : 401 
sp|Q9R342| : LAKPGSIKPHTKFEASVYVLSKDEGGRHSAFFGGYRPQFYFRTTDVTG---VVELQEG-----VEMVMPGDNVTFTVELIKPIAMEEGLRFAIREGGRTVGAGVVS : 401 
sp|P33168| : LAKPGSIKPHTKFEASVYVLSKDEGGRHSAFFGGYRPQFYFRTTDVTG---VVELPEG-----VEMVMPGDNITFVVELIKPIAMEEGLRFAIREGGRTVGAGVVA : 401 
sp|P26184| : LAKPGSITPHRKFKCEAYILTKEEGGRHTPFFSGYRPQFYFRTTDVTG---VITLAEG-----VEMVMPGDNISCDVDLIQPIAMEQGLRFAIREGGRTVGAGVVT : 392 
sp|Q8YP63| : LAKPGSITPHTQFEGEVYVLTEKEGGRKTPFFAGYRPQFYVRTTDVTG---TIKAFTSDEGETVEMVMPGDRIKVTVELINPIAIEQGMRFAIREGGRTIGAGVVS : 405 
sp|P50064| : LAKPGSITPHTQFEGEVYILSKEEGGRHTPFFAGYRPQFYVRTTDVTG---TIVTFTDDEGKSAEMVMPGDRIKMTVELINPIAIEDGMRFAIREGGRTVGAGVVS : 405 
sp|P18668| : LAKPGSITPHTKFESEVYVLKKEEGGRHTPFFPGYRPQFYVRTTDVTG---AISDFTADDGSAAEMVIPGDRIKMTVELINPIAIEQGMRFAIREGGRTIGAGVVS : 405 
sp|P33171| : LAKPGSITPHTKFESEVYVLKKEEGGRHTPFFPGYRPQFYVRTTDVTG---AISDFTADDGSAAEMVIPGDRIKMTVELINPIAIEQGMRFAIREGGRTIGAGVVS : 405 
sp|P13552| : IAKPKSITPHTKFEAEVYILKKEEGGRHTPFFKGYRPQFYVRTTDVTG---TIDEFTADDGSTPEMVIPGDRINMTVQLICPIAIEQGMRFAIREGGRTVGAGVVA : 406 
sp|Q9TJQ8| : LAKPKSITPHTNFEAQVYVLNKEEGGRDTPFFSGYRPQFYVRTTDVTG---KIESFCTDAGEPIKMVLPGDRIKMKAELIQPIAIERNMRFAIREGGKTVGAGVVG : 405 
sp|P42474| : ICKPGSVKPHSKFEAEVYILKKEEGGRHTPFHNNYRPQFYVRTTDVTG---TISLPSG-----VEMVMPGDNLTITVELLSPIALSEGLRFAIREGGRTVGAGQVT : 391 
sp|P42480| : ICKPGSVTPHKKFKAEVYVLSKEEGGRHTPFFNNYRPQFYFRTTDVTG---IISLAEG-----VEMVMPGDNVTISVELINAVAMEKGLRFAIREGGRTVGAGQVT : 391 
sp|P33165| : LCKPGQIKPHSKFKAEVYILKKEEGGRHTPFHNKYRPQFYLRTMDCTG---EITLPEG-----TEMVMPGDNVTITVELIYPVALNIGLRFAIREGGRTVGAGQIT : 390 
sp|P42475| : LAAPKSVTPHTEFKAEIYVLTKDEGGRHTPFMNGYRPQFYFRTTDVTG---TIQLPEG-----VEMVTPGDTVTIHVNLIAPIAMEKQLRFAIREGGRTVGAGSVT : 371 
sp|P42476| : IVKPGSITPHTDFKGEVYVLSKDEGGRHTPFFNKYRPQFYFRTTDVTG---EVELNAG-----TEMVMPGDNTNLTVKLIQPIAMEKGLKFAIREGGRTVGAGQVT : 391 
sp|P13927| : LAKPGSIKPHKKFKAEIYALKKEEGGRHTGFLNGYRPQFYFRTTDVTG---SIALAEN-----TEMVLPGDNASITVELIAPIACEKGSKFSIREGGRTVGAGTVT : 390 
sp|P23568| : LAKPGSIKPHKKFKAEIYALKKEEGGRHTGFLNGYRPQFYFRTTDVTG---SISLPEN-----TEMVLPGDNTSITVELIAPIACEKGSKFSIREGGRTVGAGSVT : 390 
sp|P18906| : LAKPGSITPHKKFRAEIYALKKDEGGRHTAFLNGYRPQFYFRTTDVTG---SIQLKEG-----TEMVMPGDNTEIIVELISSIACEKGSKFSIREGGRTVGAGTVV : 390 
sp|Q8EX18| : LAKPGSIKPHKQFEAEIYALKKEEGGRHTPVLNGYRPQFYFRTTDVTG---QITLDKG-----VEMINPGDNTKITVELISPIAVEEGSKFSIREGGRTVGAGTVT : 390 
sp|P50068| : LVKPGSIKPHRTFTAKVYILKKEEGGRHTPIVSGYRPQFYFRTTDVTG---AISLPAG-----VDLVMPGDDVEMTVELIAPVAIEDGSKFSIREGGKTVGHGSVI : 390 
sp|P22679| : LAKPKTIVPHTQFEATVYVLKKEEGGRHTPFFHNYKPQFYFRTTDVTG---GIEFKPG-----REMVVPGDNVELTVTLIAPIAIEEGTKFSIREGGRTVGAGSVT : 393 
sp|Q98QG1| : LAKPGSIVPHSKFEAAIYALKKEEGGRHTPFFSNYKPQFYFRTTDVTG---GVVFPAG-----REMVMPGDNVDLVVELISPIAVEEGTKFSIREGGRTVGAGSVT : 392 
sp|Q7UMZ0| : LAKPGSITPHTKFEAEVYCLSKDEGGRHTPFFSGYRPQFYFRTTDVTG---TANLVG------ADMCMPGDNVKVEVELHKPIAMDDGVRFAIREGGRTVGSGVVT : 394 
sp|P52854| : LAKPGTITPHKKFEAEVYILKKEEGGRHSGFVSGYRPQMYFRTTDVTG---VINLQGD-----AQMIMPGDNANLTIELITPIAMEEKQRFAIREGGKTVGNGVVT : 404 
sp|P50062| : LSAPGTITPHKKFKASIYCLTKEEGGRHKPFFPGYRPQFFFRTTDVTG---VVAL-EG-----KEMVMPGDNVDIIVELISSIAMDKNVEFAVREGGRTVASGRIL : 390 
sp|O83217| : LSKPGSIKPHTKFEAQIYVLSKEEGGRHSPFFQGYRPQFYFRTTDITG---TISLPEG-----VDMVKPGDNTKIIGELIHPIAMDKGLKLAIREGGRTIASGQVT : 391 
sp|Q9ZEU3| : LAKPGSLNAYHKFLSQVYILTQQEGGRHTAFFSNYRPQFYFRTTDVTG---FIKLKKD-----VKMVLPGDRTELIVELNHPIAIEAGTKFSIREGGRTIGAGTVT : 388 
sp|Q25820| : LATPNKLKVYKSFIAETYILTKEEGGRHKPFNIGYKPQFFIRTVDVTGEIKNIYLNEN----VQKVAIPGDKITLHIELKHYIVLTLNMKFSIREGGKTIGAGIIT : 406 
             6  pg   ph  F    5 L k EgGrh pf   Y pQf5frTtD tG      l  g          PGd       L  p a   g  f 6REGg T6g g          
                          
                  *       
sp|P40174| : KINK-- : 397 
sp|Q53871| : KINK-- : 397 
sp|P29542| : KIVK-- : 397 
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sp|O33594| : KITK-- : 397 
sp|P95724| : KINK-- : 397 
sp|P29543| : RIVK-- : 397 
sp|P72231| : KILK-- : 397 
sp|Q6ACZ0| : KIIN-- : 397 
sp|P09953| : KITK-- : 396 
sp|P42471| : KITA-- : 397 
sp|P0A559| : KIIK-- : 396 
sp|P0A558| : KIIK-- : 396 
sp|P30768| : KIIK-- : 396 
sp|P42439| : KIIK-- : 396 
sp|P40175| : AVE--- : 392 
sp|P29544| : ALV--- : 389 
sp|O66429| : KILD-- : 405 
sp|O50293| : KILD-- : 405 
sp|O50340| : EIIE-- : 399 
sp|P13537| : EVIE-- : 400 
sp|P42472| : KILD-- : 382 
sp|P42477| : EIIA-- : 400 
sp|Q9PK73| : KIIA-- : 393 
sp|P26622| : KIIA-- : 393 
sp|Q9Z9A7| : KINA-- : 393 
sp|Q822I4| : KIIA-- : 393 
sp|P64031| : EIEA-- : 398 
sp|P33170| : EIEA-- : 398 
sp|Q8K872| : EIEA-- : 398 
sp|Q5XD49| : EIEA-- : 398 
sp|P69952| : EIEA-- : 398 
sp|Q8P1W4| : EIEA-- : 398 
sp|P72483| : EIEA-- : 398 
sp|Q9CEI0| : EIKA-- : 395 
sp|Q88VE0| : EIDD-- : 395 
sp|Q8KAH0| : KIVE-- : 393 
sp|P42473| : KIVE-- : 393 
sp|Q88QP8| : KIIE-- : 397 
sp|Q889X3| : KIIA-- : 397 
sp|P09591| : KIIE-- : 397 
sp|Q8PC59| : KIIK-- : 396 
sp|Q8NL22| : KIIK-- : 396 
sp|Q9P9Q9| : KVIG-- : 395 
sp|Q8XGZ0| : KIIE-- : 396 
sp|P42481| : KIIE-- : 396 
sp|P33167| : KILD-- : 396 
sp|P64026| : SVIA-- : 394 
sp|P64027| : SVIA-- : 394 
sp|P48864| : SVIA-- : 394 
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sp|P0A6N3| : KVLS-- : 393 
sp|P0A6N2| : KVLS-- : 393 
sp|P0A6N1| : KVLS-- : 393 
sp|P0A1H6| : KVLG-- : 393 
sp|P0A1H5| : KVLG-- : 393 
sp|Q83JC4| : KVLG-- : 393 
sp|Q8ZJB2| : KVIA-- : 394 
sp|P57939| : KIIK-- : 394 
sp|P57966| : KIIK-- : 394 
sp|P43926| : KIIK-- : 393 
sp|Q7TTF9| : KIIK-- : 393 
sp|O31297| : KVLL-- : 394 
sp|O31298| : KVLV-- : 394 
sp|O31300| : ------ :   - 
sp|O31301| : ------ :   - 
sp|P59506| : KVLQ-- : 394 
sp|Q8D240| : KIIV-- : 394 
sp|Q8DCQ7| : KIFA-- : 394 
sp|Q7MH43| : KIFA-- : 394 
sp|Q877T5| : KIFE-- : 394 
sp|Q9KUZ6| : KIIA-- : 394 
sp|P33169| : KIIA-- : 394 
sp|Q9XD38| : EITE-- : 401 
sp|Q8UE16| : SIVE-- : 391 
sp|P75022| : SIVE-- : 391 
sp|Q925Y6| : SIVE-- : 391 
sp|Q981F7| : TIKE-- : 391 
sp|P64024| : SIIE-- : 391 
sp|P64025| : SIIE-- : 391 
sp|Q99QM0| : KIVE-- : 396 
sp|P0A3A9| : KINN-- : 394 
sp|P0A3B0| : KINN-- : 394 
sp|Q92GW4| : KINN-- : 394 
sp|Q8KTA1| : KINN-- : 394 
sp|Q8KTA6| : KINN-- : 394 
sp|Q8KT97| : KINN-- : 394 
sp|Q8KT99| : KINN-- : 394 
sp|Q8KTA3| : KINN-- : 394 
sp|P48865| : KINN-- : 394 
sp|Q8KT95| : RINN-- : 394 
sp|P42479| : DIIA-- : 396 
sp|O69303| : KIIK-- : 399 
sp|Q5HVZ7| : KIIK-- : 399 
sp|Q9ZK19| : NIIE-- : 399 
sp|P56003| : NIIE-- : 399 
sp|P42482| : KITK-- : 399 
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sp|Q8R603| : EITK-- : 394 
sp|P33166| : TITE-- : 396 
sp|Q9Z9L6| : SIQK-- : 396 
sp|Q8ETY4| : SIQK-- : 395 
sp|P64028| : EIIK-- : 394 
sp|Q5HIC7| : EIIK-- : 394 
sp|P99152| : EIIK-- : 394 
sp|Q6GJC0| : EIIK-- : 394 
sp|Q6GBT9| : EIIK-- : 394 
sp|P64029| : EIIK-- : 394 
sp|Q5HRK4| : EIFE-- : 394 
sp|Q8CQ81| : EIFE-- : 394 
sp|Q81VT2| : TIVE-- : 395 
sp|Q814C4| : TIVE-- : 395 
sp|Q8Y422| : NISK-- : 395 
sp|Q927I6| : NISK-- : 395 
sp|O50306| : EIIE-- : 395 
sp|Q877L9| : EITE-- : 397 
sp|Q97EH5| : SIIE-- : 397 
sp|Q8XFP8| : SIIE-- : 397 
sp|Q8R7V2| : AIIE-- : 400 
sp|Q5SHN6| : KILE-- : 405 
sp|P60338| : KILE-- : 405 
sp|Q01698| : KILE-- : 405 
sp|Q9R342| : KVLE-- : 405 
sp|P33168| : KVLE-- : 405 
sp|P26184| : EIVE-- : 396 
sp|Q8YP63| : KIVK-- : 409 
sp|P50064| : KILK-- : 409 
sp|P18668| : KILQ-- : 409 
sp|P33171| : KILQ-- : 409 
sp|P13552| : KILA-- : 410 
sp|Q9TJQ8| : KILK-- : 409 
sp|P42474| : KIIE-- : 395 
sp|P42480| : EILD-- : 395 
sp|P33165| : EIID-- : 394 
sp|P42475| : EIIK-- : 375 
sp|P42476| : EILK-- : 395 
sp|P13927| : EVLE-- : 394 
sp|P23568| : EVLE-- : 394 
sp|P18906| : EVLE-- : 394 
sp|Q8EX18| : KVIK-- : 394 
sp|P50068| : KTSN-- : 394 
sp|P22679| : KILK-- : 397 
sp|Q98QG1| : KILK-- : 396 
sp|Q7UMZ0| : KILE-- : 398 
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sp|P52854| : KNIRII : 410 
sp|P50062| : EILE-- : 394 
sp|O83217| : EILL-- : 395 
sp|Q9ZEU3| : EIIE-- : 392 
sp|Q25820| : EIKN-- : 410 
 
 
 
 
Figure 1: Alignment of EF-Tu bacterial sequences. 151 bacterial EF-Tu sequences aligned using GeneDoc. Black shows 100% identity, grey shows 
80-100% identity and white is less than 100% identity. Species number and name are in order as they appear above below. 
 P40174-Streptomyces coelicolor 
Q53871- Streptomyces collinus. 
P29542- Streptomyces ramocissimus 
O33594- Streptomyces aureofaciens 
P95724- Streptomyces cinnamoneus 
P29543 (EF-Tu 2)- Streptomyces ramocissimus 
P72231-Planobispora rosea 
Q6ACZ0- Leifsonia xyli  
P09953- Micrococcus luteus 
P42471- Brevibacterium linens 
P0A559- Mycobacterium bovis 
P0A558- Mycobacterium tuberculosis 
P30768- Mycobacterium leprae 
P42439- Corynebacterium glutamicum 
P40175 (EF-Tu 3)- Streptomyces coelicolor 
P29544 (EF-Tu 3) - Streptomyces ramocissimus 
O66429- Aquifex aeolicus 
O50293- Aquifex pyrophilus 
O50340- Fervidobacterium islandicum 
P13537- Thermotoga maritime 
P42472- Chloroflexus aurantiacus 



Appendix 

123 

 

P42477- Herpetosiphon aurantiacus 
Q9PK73- Chlamydia muridarum 
P26622 - Chlamydia trachomatis 
Q9Z9A7- Chlamydia pneumonia 
Q822I4- Chlamydophila caviae 
P64031- Streptococcus pneumonia 
P33170- Streptococcus oralis 
Q8K872- Streptococcus pyogenes serotype M3 
Q5XD49- Streptococcus pyogenes serotype M6 
P69952 - Streptococcus pyogenes serotype M1 
Q8P1W4- Streptococcus pyogenes serotype M18 
P72483- Streptococcus mutans 
Q9CEI0- Lactococcus lactis subsp. Lactis 
Q88VE0- Lactobacillus plantarum 
Q8KAH0- Chlorobium tepidum 
P42473- Chlorobium vibrioforme 
Q88QP8- Pseudomonas putida 
Q889X3- Pseudomonas syringae 
P09591- Pseudomonas aeruginosa 
Q8PC59 - Xanthomonas campestris  
Q8NL22- Xanthomonas axonopodis 
Q9P9Q9- Xylella fastidiosa 
Q8XGZ0- Ralstonia solanacearum 
P42481- Thiobacillus cuprinus 
P33167- Burkholderia cepacia 
P64026- Neisseria meningitidis serogroup A 
P64027- Neisseria meningitidis serogroup B 

P48864- Neisseria gonorrhoeae 
P0A6N3- Escherichia coli O157:H7 
P0A6N2 - Escherichia coli O6 
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P0A6N1- Escherichia coli 
P0A1H6- Salmonella typhi 
P0A1H5- Salmonella typhimurium 
Q83JC4 - Shigella flexneri 
Q8ZJB2- Yersinia pestis 
P57939 (EF-Tu A)- Pasteurella multocida 
P57966 (EF-Tu-B) - Pasteurella multocida 
P43926- Haemophilus influenzae 
Q7TTF9- Haemophilus ducreyi 
O31297- Buchnera aphidicola subsp. Acyrthosiphon pisum  
O31298- Buchnera aphidicola subsp. Schizaphis graminum 
O31300- Buchnera aphidicola subsp. Melaphis rhois 
O31301- Buchnera aphidicola subsp. Schlechtendalia chinensis 
P59506- Buchnera aphidicola subsp. Baizongia pistaciae 
Q8D240 - Wigglesworthia glossinidia brevipalpis 
Q8DCQ7- Vibrio vulnificus 
Q7MH43- Vibrio vulnificus (strain YJ016) 
Q877T5- Vibrio parahaemolyticus 
Q9KUZ6- Vibrio cholera 
P33169 - Shewanella putrefaciens 
Q9XD38- Leptospira interrogans 
Q8UE16- Agrobacterium tumefaciens(strain C58 / ATCC 33970) 
P75022- Agrobacterium tumefaciens 
Q925Y6- Rhizobium meliloti  
Q981F7- Rhizobium loti  
P64024- Brucella melitensis 
P64025- Brucella suis 
Q99QM0 - Caulobacter crescentus 
P0A3A9- Rickettsia rickettsii 
P0A3B0- Rickettsia sibirica 
Q92GW - Rickettsia conorii 
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Q8KTA1- Rickettsia montana 
Q8KTA6 - Rickettsia parkeri 
Q8KT97- Rickettsia felis 
Q8KT99 - Rickettsia helvetica 
Q8KTA3- Rickettsia rhipicephali 
P48865- Rickettsia prowazekii 
Q8KT95 - Rickettsia typhi 
P42479- Stigmatella aurantiaca 
O69303- Campylobacter jejuni 
P56003- Helicobacter pylori 
P42482- Wolinella succinogenes 
Q8R603- Fusobacterium nucleatum  
P33166- Bacillus subtilis 
Q9Z9L6- Bacillus halodurans 
Q8ETY4- Oceanobacillus iheyensis 
P64028- Staphylococcus aureus (strain Mu50 / ATCC 700699) 
Q5HIC7- Staphylococcus aureus (strain COL) 
P99152 - Staphylococcus aureus (strain N315) 
Q6GJC0- Staphylococcus aureus (strain MRSA252) 
Q6GBT9- Staphylococcus aureus (strain MSSA476) 
P64029- Staphylococcus aureus (strain MW2) 
Q5HRK4- Staphylococcus epidermidis (strain ATCC 35984 / RP62A) 
Q8CQ81- Staphylococcus epidermidis (strain ATCC 12228) 
Q81VT2- Bacillus anthracis 
Q814C4- Bacillus cereus  
Q8Y422- Listeria monocytogenes 
Q927I6- Listeria innocua 
O50306- Bacillus stearothermophilus 
Q877L9- Clostridium tetani 
Q97EH5- Clostridium acetobutylicum 
Q8XFP8- Clostridium perfringens 
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Q8R7V2- Thermoanaerobacter tengcongensis 
Q5SHN6- Thermus thermophilus (strain HB8 / ATCC 27634 / DSM 579) 
P60338- Thermus thermophilus 
Q01698- Thermus aquaticus 
Q9R342- Deinococcus radiodurans 
P33168- Deinonema sp 
P26184- Flexistipes sinusarabici 
Q8YP63- Anabaena sp 
P50064- Gloeobacter violaceus 
P18668- Synechococcus sp (strain ATCC 27144 / PCC 6301 / SAUG 1402/1) 
P33171- Synechococcus sp (strain PCC 7942) 
P13552- Spirulina platensis 
Q9TJQ8- Prototheca wickerhamii 
P42474- Cytophaga lytica 
P42480- Taxeobacter ocellatus 
P33165- Bacteroides fragilis 
P42475- Fibrobacter succinogenes  
P42476- Flavobacterium ferrugineum 
P13927- Mycoplasma genitalium 
P23568 - Mycoplasma pneumonia 
P18906- Mycoplasma gallisepticum 
Q8EX18 - Mycoplasma penetrans 
P50068- Ureaplasma parvum 
P22679- Mycoplasma hominis 
Q98QG1 - Mycoplasma pulmonis 
Q7UMZ0- Rhodopirellula baltica 
P52854- Treponema hyodysenteriae 
P50062 - Borrelia burgdorferi 
O83217- Treponema pallidum 
Q9ZEU3- Apple proliferation phytoplasma 
Q25820- Plasmodium falciparum 
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