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Abstract: Sortase enzymes are vitally important for the virulence of gram-positive bacteria as they

play a key role in the attachment of surface proteins to the cell wall. These enzymes recognize a

specific sorting sequence in proteins destined to be displayed on the surface of the bacteria and
catalyze the transpeptidation reaction that links it to a cell wall precursor molecule. Because of

their role in establishing pathogenicity, and in light of the recent rise of antibiotic-resistant

bacterial strains, sortase enzymes are novel drug targets. Here, we present a study of the
prototypical sortase protein Staphylococcus aureus Sortase A (SrtA). Both conventional and

accelerated molecular dynamics simulations of S. aureus SrtA in its apo state and when bound to

an LPATG sorting signal (SS) were performed. Results support a binding mechanism that may be
characterized as conformational selection followed by induced fit. Additionally, the SS was found

to adopt multiple metastable states, thus resolving discrepancies between binding conformations

in previously reported experimental structures. Finally, correlation analysis reveals that the SS
actively affects allosteric pathways throughout the protein that connect the first and the second

substrate binding sites, which are proposed to be located on opposing faces of the protein.

Overall, these calculations shed new light on the role of dynamics in the binding mechanism and
function of sortase enzymes.
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Introduction

Attached to the cell walls of Gram-positive bacteria,

surface proteins play key roles in multiple patho-

genic mechanisms such as invasion of host cells, cel-

lular adhesion, and evasion of the immune response,

in addition to more benign pathways that include

cell division, cell wall maintenance, and acquisition

of nutrients from the environment.1–3 Many of these

proteins are covalently linked to the peptidoglycan

molecules that compose the cell wall by sortase

enzymes. These transpeptidases recognize a con-

served pentapeptide motif in the target protein and

form an amide bond between it and a nucleophile in

the cell wall.4–7 Class A sortase enzymes (SrtA),

which are commonly referred to as ‘‘housekeeping’’

sortases due to the large number of proteins they

anchor to the cell wall, target an LPXTG (where X

is any amino acid) sorting signal (SS) substrate

motif, cleave it between the threonine and the gly-

cine residues, and catalyze its amide-linkage to a

lipid II molecule.8–11 The most widely studied SrtA

enzyme is from Staphylococcus aureus, a pathogen

responsible for a multitude of ailments such as men-

ingitis, septicaemia, and toxic shock syndrome.4,12

Although it is not essential for survival, the direct

link of S. aureus SrtA to bacterial virulence makes

it a novel and interesting target for the development

of antibiotic drugs.13–15

S. aureus SrtA is composed of 206 residues that

are divided into two domains: a membrane-spanning

N-terminal domain (residues 1–59) and an autono-

mously folding catalytic domain (residues 60–

206).9,16–18 NMR and crystallography experiments

have shown that the catalytic domain adopts a

unique eight-stranded b-barrel fold with individual

strands that are connected by two short helices and

several loop regions (see Fig. 1).19,20 Residues within

the loop connecting the b6 and b7 strands exhibited

resonance line broadening in the NMR experiments

and were poorly resolved with high B-factors in the

crystallography experiments, both of which indicate

that this loop exhibits increased dynamics relative

to the remainder of the protein. Motions of the b6/b7

loop are particularly interesting, given that many of

the residues that compose it are positioned adjacent

to the SS active site, notably residues 164–169.

Although the binding site for the second substrate of

catalysis, lipid II, has not been conclusively deter-

mined, chemical shift perturbation experiments indi-

cate that it is located on the protein face opposite to

the SS active site in the region around the b4/H2

loop, between H1 and the b7/b8 loop.21 However,

crystallographic experiments on a related protein

have suggested an alternative lipid II binding

location.20

The active sites of all sortases contain a con-

served catalytic triad that consists of residues H120,

C184, and R197, mutations to each of which have

been shown to severely reduce SrtA’s catalytic activ-

ity.9,22–25 C184 has been established as the active-

site nucleophile that covalently attaches to the car-

bonyl carbon of the SS threonine residue through a

ping-pong mechanism.17,18 R197 appears to stabilize

the binding of an SS or an oxyanion intermediate to

SrtA,20,21,24,26 although it has also been suggested to

play a role in the deprotonation of C184 or lipid

II.20,24 The function of H120 is less well understood,

but it has been proposed that the rare, charged form

protonates the substrate leaving group during

catalysis.18

To further elucidate the mechanism of SS bind-

ing and hydrolysis, a pair of experiments was previ-

ously performed to resolve the binding mode of a

pentapeptide to SrtA. In the first, Zong et al.20 dif-

fused LPETG peptides into crystals of C184A mu-

tant SrtA molecules. In this holo crystal structure,

the SS adopted an elongated form while the b6/b7

loop remained in an ‘‘open’’ conformation. R197 was

observed to make contact with the SS threonine resi-

due; however, the side chain of the catalytic H120

was located more than 10 Å away from the peptide,

the b6/b7 loop was in an ‘‘open’’ state, and the side

chain of the leucine residue in the SS protruded into

solution and did not interact with the protein, fac-

tors that are all incompatible with biochemical stud-

ies. These factors suggest that this may be a nonspe-

cific binding pose and not the conformation that

promotes catalysis. In the second study, Suree

et al.21 synthesized an LPAT analog that formed a

disulfide linkage between the threonine derivative

and C184, resulting in a structure similar to the cat-

alytic thioacyl intermediate. In this structure, the

SS adopted an ‘‘L-shape’’ configuration in which

there was a bend of �90� between the alanine and

proline residues, and the b6/b7 loop not only con-

tained a short 310 helix spanning residues V166–

L169, but was also far less mobile and in a ‘‘closed’’

configuration. To accommodate the covalently bound

peptide in the active site, the b7/b8 loop transitioned

to a more open conformation, suggesting an

‘‘induced-fit’’ mechanism for SS binding. In addition,

each of the catalytic triad members was observed in

close proximity to residues within the SS.

Results from simulations have begun to clarify

the role of dynamics on the mechanism of SrtA. In a

series of quantum mechanical/molecular mechanical

simulations, Tian and Eriksson27,28 addressed the

multiple roles of R197 by showing that it stabilizes

both SS binding and the catalytically active charged

states of H120 and C184. Recently, Moritsugu et

al.29 used a series of Hamiltonian replica exchange

simulations to probe the free energy landscape of

the b6/b7 and b7/b8 loops upon binding of a SS and

a catalytically important calcium ion. These results

demonstrated the essential interplay between the

binding of these two ligands to sortase and
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highlighted the importance of the bound calcium ion

to the structural stability of the SS active site.

Despite these efforts, several questions remain

concerning the dynamics and mechanism of SS bind-

ing by SrtA: How does an unmodified SS noncova-

lently associate with native SrtA? Are there multiple

binding poses for the SS in the active site? How does

SS binding affect the presumed lipid II binding site?

To address these questions, we report on a series of

all-atom molecular dynamics (MD) simulations of

SrtA bound to, and free from, an LPATG SS motif.

By using a combination of conventional MD (cMD)

and accelerated MD (aMD) simulations, it is

observed that the SS likely possesses multiple meta-

stable states, binds through a mechanism that

may be described as conformational selection fol-

lowed by induced fit, and has a dramatic influence

on the allosteric networks that link the SS and

lipid II binding sites. Our results are consistent

with the previous experimental and computational

findings and shed new light on the mechanism of

SrtA.

Results

cMD simulations of apo state

The overall conformation of SrtA was stable in the

three 100-ns cMD simulations initiated from the crys-

tal structure that was resolved without a bound SS.

In each simulation, the heavy-atom root mean square

deviations (RMSDs) relative to the initial structure

stabilized at �2.5 Å in the first 10 ns of simulation

Figure 1. SrtA apo crystal structure (a)20; apo crystal structure rotated 180� about the y-axis (b); crystal structure of C184A

SrtA mutant bound to LPETG peptide sequence (yellow; c)20; NMR SrtA structure covalently bound to a modified sorting signal

(d).21 The unique central b-barrel structure is colored blue. Large differences exist in the positioning of the b6/b7 and b7/b8
loops, with the b6/b7 loop (red) more open in both the crystal structures and the b7/b8 loop (purple) more open in the NMR

structure. The catalytically important calcium ion (orange) interacts with residues in the b3/b4 loop (cyan) and lower b6/b7 loop.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(Supporting Information Fig. S1, top row). Root mean

square fluctuations (RMSFs) of individual Ca atoms

were low (below 1 Å) for residues within the b-sheets

and elevated in many of the loop regions, particularly

the b5/b6, b6/b7, and b7/b8 loops (Fig. 2).

The dominant, low-frequency motions that con-

tribute to biologically relevant conformational

changes in SrtA were determined by a full-correla-

tion analysis (FCA), which improves upon the more

widely used principal component analysis by taking

into account not only linear, but also nonlinear and

higher order correlations (details in Methods). The

mode corresponding to the largest structural change,

FCA mode 1, corresponds to a combination of the

closing motion of the b6/b7 loop and an opening of

the b7/b8, whereas FCA mode 2 primarily describes

motions of the b4/H2 loop [see Fig. 3(a)]. The projec-

tions of the apo simulations along the first two FCA

modes sampled only the region of the mode 1/2 land-

scape in which the simulations were initiated, indi-

cating that there was little change along these

dimensions on the 100-ns timescale [Fig. 3(b)].

The motions of the b6/b7 loop are of particular

interest due to its proximity to the active site. At

the top of the loop in the apo enzyme, residues 163–

165 intermittently formed a short 310 helix for a

total of 23.3% of the simulations, and residues 163–

166 adopted an alpha helix for 6.3% of the

Figure 2. Root mean square fluctuations over the final 80

ns of each of the apo cMD simulations and for structures in

clusters 1–3, representing the different sorting signal

binding locations. Trends in flexibility are similar for all

simulations, with residues in the loops exhibiting higher

flexibility than residues in the b-strands. Notably, the
dynamics of the b6/b7 loop appear to be affected by the

sorting signal binding location. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 3. Superposed projections of the Ca atoms onto

the first and second FCA modes (a) and projections of

simulation trajectories onto FCA mode 1/2 landscape (b).

FCA mode one predominantly describes the opening and

closing of the b6/b7 and b7/b8 loops, while FCA mode two

largely describes motions of the b4/H2 loop. The holo

simulations were divided into two groups, simulations 1–3

in which the sorting signal remained in the active site and

4–6 in which it did not. Projections of the cMD trajectories

indicate that the overall SrtA structures were stable and the

apo and holo states remained conformationally distinct on

the 100-ns timescale. Projections of the aMD trajectories

show no significant increase in sampling, with the

exception of holo aMD simulation 4 (colored dark green), in

which a transition from the holo to a more apo-like

structure occurred. The apo from holo structure was stable

on the 100-ns timescale, but transitioned to a structure

closer to that of the apo state in two of the three aMD

simulations. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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simulations. At the beginning of each of the apo sim-

ulations, the lower part of this loop (residues 166–

173) transitioned to a more open state. In simula-

tions 1 and 3, the b6/b7 loop returned to its original

semi-closed state as residue D170 made contact with

the calcium ion. However, in simulation 2, D170 did

not make contact with the calcium ion, the loop did

not close, and it remained more mobile throughout

the simulation (Supporting Information Fig. S2).

Residue E171, in addition to D170, in the b6/b7 loop

intermittently interacted with the calcium ion, stabi-

lizing the semi-closed conformation of the loop.

Throughout the simulations, the calcium ion

remained stably bound in a pocket formed by resi-

dues E105, E108, D112, and N114, with a RMSF

value of 1.3 Å.

cMD simulations of holo state
Based upon the covalently bound holo NMR struc-

ture, a model for the noncovalently bound SrtA/SS

complex was generated by replacing the covalently

attached SS analog with a noncovalently bound

LPATG sequence (see Methods for details). This

structure represents the enzyme-substrate michaelis

complex that forms before catalysis. It was chosen

over the substrate bound crystal structure as, in the

latter, the polypeptide did not interact with two of

the three catalytic triad residues, suggesting that it

was bound in a nonspecific binding location and was

only resolved in one of the three SrtA proteins in

the asymmetric unit. The overall conformation of

these holo SrtA structures remained stable and dis-

tinct from that of the apo state throughout each of

the six 100-ns cMD simulations. RMSDs stabilized

around 3 Å within the first 20 ns of each simulation

(relative to its initial conformation; Supporting In-

formation Fig. S1, bottom 2 rows). Projections of the

trajectories onto the FCA mode 1/2 subspace show

that the protein remained close to its initial confor-

mation throughout the simulations (Fig. 3); however,

the distinct location of the holo simulations relative

to the apo simulations along the first mode demon-

strates that FCA mode 1 describes the structural

transition that takes places upon substrate binding,

with positive projection values indicating a ‘‘holo-

like’’ structure and negative values indicating an

‘‘apo-like’’ structure. Throughout the simulations,

residues exhibited the same trends in flexibility as

observed in the apo simulations. RMSFs for residues

within the loops were higher than for those in the

beta strands. However, the location of the SS did

appear to impact the dynamics of SrtA (see below).

As in the apo simulations, the calcium ion

remained stable, with an RMSF value of 1.2 Å. Again,

the binding pocket was formed by residues E105,

E108, D112, and N114. However, interaction of the

b6/b7 loop with the calcium ion was limited to a con-

tact with residue E171 that was more stable than in

the apo simulations and did not include interaction

with residue D170, in agreement with the previous

site-directed mutagenesis experiments.30

Distinct SS binding conformations

Although the protein remained close to its initial

conformation throughout the simulations, the sort-

ing signal (SS) adopted multiple distinct bound

states. Clustering analysis revealed six main confor-

mations, altogether encompassing 81.6% of all the

cMD simulations (Fig. 4 and Table I). In the first

cluster, the SS adopted a ‘‘U-shaped’’ conformation in

the active site, much like that observed in the holo

NMR structure. This conformation was stable, with

an MM/GBSA binding free energy estimate of �21.9

6 3.7 kcal/mol (Table II, see Methods for calculation

details).31,32 Specifically, the SS was stabilized by

interaction with residues near the top of the b6/b7

Figure 4. Distinct binding conformations of the sorting signal identified through clustering analysis. The sorting signal position

in cluster 1 resembles the NMR structure, while the binding pose in cluster 3 resembles the crystal structure. Cluster 2

represents a more elongated conformation of the sorting signal in the active site. For populations and binding energies of

these clusters, see Tables I and II. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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loop and with residues of the catalytic triad (H120,

C184, and R197), particularly with R197 (Table III).

Additionally, hydrogen bonds formed between R197

and the Pro and Gly residues of the SS (Fig. 5). The

MM/GBSA method oftentimes results in binding free

energy estimates with a dynamical range much

larger than observed in experiments33,34; therefore,

we emphasize that these binding free energies

should be taken as relative binding values (to the

energies reported below) and not the absolute bind-

ing free energies.

The SS was also observed to adopt a second,

more outstretched configuration in the active site

(cluster 2). This conformation was also stable, with

an MM/GBSA binding free energy estimate of �20.5

6 3.9 kcal/mol. The specific interactions of the SS

with SrtA were similar to those in cluster 1; interac-

tion energies were favorable between the SS and

H120, C184, R197, and residues near the top of the

b6/b7 loop. SS interaction with H120 was particu-

larly favorable in this cluster, with an average inter-

action energy of �4.2 6 0.4 kcal/mol. Hydrogen

bonds between R197 and Leu, Pro, and Gly also sta-

bilized the SS in this conformation.

When the SS was bound in either conformation

in the active site, two distinct states of the b6/b7

loop were observed. In the first, the loop was short-

ened by the interaction of residues 167–169 closer to

the top of the loop with residues 170–172 near the

middle of the loop. The absence of these interactions

characterized the second state of the loop, which

was consequently slightly longer and more out-

stretched. Between the two states, Q172 was the

maximally displaced residue, differing in position by

�4 Å. RMSFs computed from structures in cluster 2

reflect this movement, as residue Q172 had a value

of 2.7 Å, which is remarkably higher than in the apo

simulations and higher than the surrounding resi-

dues. In both clusters, the shorter conformation of

the b6/b7 loop correlated with the formation of a

short 310 helix composed of residues 166–169.

In cluster 3, the SS remained outstretched, but

moved down the groove adjacent to the b6/b7 loop,

leading into the active site. The location of the pep-

tide relative to SrtA is reminiscent of the observed

binding mode in the crystal structure; however, the

conformation of the b6/b7 loop remained closed and

the b7/b8 loop remained open, resulting in positional

differences of the SS in the simulations relative to

the crystal structure. This conformation appeared

stable, given the MM/GBSA binding free energy of

�26.3 6 4.5 kcal/mol. Hydrogen bonds between the

SS and R197 in the active site and A104 and E105

at the top of the b3/b4 loop contributed to this stabil-

ity. SS interactions with H120, C184, R197, residues

164–171 in the b6/b7 loop, and residues 105–108 in

the b3/b4 loop were also favorable.

When the SS was bound in this third conforma-

tion, the b6/b7 loop was observed to exist in the out-

stretched and shortened conformations observed in

clusters 1 and 2. However, in addition to the forma-

tion of a 310 helix spanning residues 166–169, these

residues also adopted an alpha helix. Furthermore,

the correlation between helix formation and the

shorter conformation of the b6/b7 loop was lost.

In the fourth through sixth main binding confor-

mations, which constitute 24.2% of all the holo simu-

lations and were only present during holo cMD

Table I. Percentage of Each Simulation Contained in Clusters 1–6

MD 1 MD 2 MD 3 MD 4 MD 5 MD 6

Cluster 1 (21.7%) 1.9% 33.6% 94.5% — — —
Cluster 2 (20.9%) 95.5% 29.9% — — — —
Cluster 3 (14.8%) — — — — — 88.6%
Cluster 4 (9.0%) — — — 54.2% — —
Cluster 5 (8.1%) — — — — 48.8% —
Cluster 6 (7.1%) — — — 42.5% — —

Clustering analysis of sorting signal position revealed the main binding modes. Percentages in parentheses indicate the
total percentage of holo cMD simulation frames contained in the cluster. Clusters are numbered in order of decreasing
population.

Table II. MM/GBSA Binding Free Energies (kcal/mol)

DEElectrostatics DEvdw DGpolar DGnonpolar �TDSvib DGbinding

Cluster 1 �55.9 6 7.3 �35.5 6 1.7 68.7 6 6.0 �4.8 6 0.2 5.7 6 2.9 �21.9 6 3.7
Cluster 2 �65.7 6 9.1 �41.5 6 2.1 88.7 6 8.0 �5.9 6 0.2 4.0 6 3.2 �20.5 6 3.9
Cluster 3 �116.2 6 12.9 �41.6 6 2.2 132.6 6 12.0 �5.9 6 0.2 4.9 6 3.8 �26.3 6 4.5
Cluster 4 �117.4 6 15.2 �33.6 6 4.3 139.0 6 15.1 �4.9 6 0.5 6.7 6 4.9 �10.2 6 6.7
Cluster 5 �80.6 6 10.4 �19.2 6 2.3 81.5 6 9.8 �3.4 6 0.2 8.4 6 4.6 �13.3 6 5.3
Cluster 6 �100.0 6 18.3 �24.1 6 2.4 111.4 6 16.4 �4.0 6 0.3 7.1 6 5.3 �9.5 6 5.9

MM/GBSA binding free energies indicate relative stability. Energies are decomposed into electrostatic, van der Waals, po-
lar, nonpolar, and entropic contributions. All binding poses were stable, although the sorting signal was most stable in clus-
ters 1–3 in which it was in the active site.
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simulations 4 and 5, the SS was located away from

the active site. Discussion of these modes is pre-

sented in SI text for the interested reader.

Allosteric networks in SrtA

The correlation between residues was assessed

through a MutInf analysis for all the apo simula-

tions and the holo simulations in which the SS

remained in the active site (holo simulations 1–3,

Fig. 6, see Methods section). In the apo state, the

lower half of the b6/b7 loop (residues 168–178) was

correlated with residues in the b3/b4 loop around

the calcium binding site and with residues in H1

and part of the b4/H2 loop (residues 120–126), which

is near the active site. Additionally, the residues

within the b4/H2 loop were highly correlated with

each other and with Q96, located in H1. In the holo

simulations, these correlations were largely replaced

with ones that were generally different from those

observed in the apo simulations. Notably, the b3/b4

loop (residues 103–113) was correlated with the

entire b6/b7 loop (residues 159–173), and several

residues throughout the protein showed high corre-

lation with D170. Residues with mutual information

scores above 1.5 kT to D170 appeared to form a net-

work that went across the protein, from the SS bind-

ing site, through the SS peptide, and to the pre-

sumed lipid II binding site (Fig. 7).

Using the mutual information scores, commu-

nity structure graphs were created, in which highly

correlated residues were grouped into communities

that were subsequently connected by edges of widths

proportional to the strength of correlation between

them, thus providing a coarse-grain representation

of the two-dimensional correlation plots.35–38 This

approach effectively creates a graph in which the

protein/SS complex is divided into regions that move

as a single unit, with the widths of the lines con-

necting them indicating the degree to which motions

in one group of residues directly influence the

motions in another group of residues. Fortuitously,

communities were defined similarly in both the apo

and holo states, allowing for direct comparison of

correlations between regions (color-coded in Fig. 8).

In the holo state, the b6/b7 loop region (pink) was

correlated with the b3/b4 loop region (maroon); how-

ever, this correlation was lost in the apo state. Addi-

tionally, the community colored dark purple encom-

passed much more of the active site region in the

holo state than it did in the apo state, indicating

that the active site itself was more correlated when

the SS was bound to SrtA. This community was cor-

related with the b3/b4 loop (maroon) in the holo

state, but not in the apo state. In the holo state, this

purple community encompassed the leucine and pro-

line residues of the SS, while the alanine, threonine,

and glycine residues were part of the green commu-

nity, which encompassed the b7/b8 loop. These two

communities were, however, highly correlated. In

both the apo and the holo states, the b7/b8 loop

(green) was correlated with the b4/H2 loop (tan) and

the community that encompassed H1 and the sur-

rounding residues (orange).

Overall, the apo community structure graph

depicts a network that primarily connects regions of

the central b-barrel. On the other hand, following the

thickest edges around the holo community structure

graph suggests an allosteric network much like the one

identified in the holo MutInf analysis. This network

goes from the b3/b4 loop (maroon) to the b6/b7 loop

(pink), through the active site and the L and P residues

of the SS (purple), to the b7/b8 loop and the A, T, and

G residues of the SS (green), to the residues around

the lipid II binding site, and back to the b3/b4 loop.

aMD simulations

Accelerated molecular dynamics (aMD) simulations

introduce an additional potential energy term to the

simulation that lowers the energy barriers between

local minima, thus allowing the sampling of long-

timescale events that are beyond the current scope

of conventional simulations.39 Throughout the three

Table III. Interaction Energies Between Sorting Signal and Select Residues (kcal/mol)

H120 C184 R197
Top of

b6/b7 loopa b6/b7 helixb
Bottom of
b6/b7 loopc B3/b4 loopd

Cluster 1 �2.1 6 0.3 �1.8 6 0.2 �8.6 6 0.6 �1.5 6 0.3 �3.1 6 0.4 �0.28 6 0.03 �1.0 6 0.1
Cluster 2 �4.2 6 0.4 �2.7 6 0.2 �5.8 6 0.5 �2.2 6 0.3 �2.9 6 0.3 �0.7 6 0.1 �2.6 6 0.2
Cluster 3 �1.1 6 0.2 �2.5 6 0.2 �8.1 6 0.7 �1.3 6 0.4 �3.7 6 0.5 �1.7 6 0.4 �7.3 6 0.6
Cluster 4 �0.06 6 0.02 �0.04 6 0.01 �2.4 6 0.4 �0.3 6 0.2 �7.4 6 1.8 �4.3 6 0.5 �12.8 6 0.9
Cluster 5 �0.01 6 0.04 �0.04 6 0.04 �2.5 6 0.8 �0.3 6 0.4 �0.5 6 0.1 0.44 6 0.05 0.3 6 0.1
Cluster 6 �0.03 6 0.02 �0.04 6 0.01 �3.0 6 0.7 0.3 6 0.1 �2.6 6 0.6 �0.28 6 0.05 �8.0 6 0.8

Interaction with R197 was favorable in all binding poses. Residues in the b6/b7 loop interacted favorably with the sorting
signal in clusters 1–4, with the strongest interaction with residues nearest the respective sorting signal binding site. In
clusters 3 and 4, interaction with the b3/b4 loop was particularly favorable.
a Residues 164–165.
b Residues 166–169.
c Residues 170–175.
d Residues 105–111.
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40-ns apo aMD simulations, the overall conformation

of SrtA was stable, with RMSDs around 3 Å and

FCA projections sampling little phase space. In five

of the six 40-ns holo aMD simulations, SrtA

appeared only marginally more dynamic than in the

cMD simulations, as shown by the slightly increased

fluctuation of the RMSD values. However, in simula-

tion 4, with the SS bound away from the active site,

the holo structure underwent a large-scale confor-

mational transition to more closely resemble SrtA in

its apo state, as is reflected in the FCA projections

[Fig. 3(b), colored dark green]. The SS was observed

to move away from the active site in two of the

three aMD simulations in which it started in

the active site, in one at 27 ns and in the other at

28 ns.

To further investigate the propensity of the holo

state to transition to the apo conformation when the

SS was not bound in the active site, a set of three

aMD simulations of the initial holo structure with

the SS removed were run. Projections of the trajecto-

ries onto the FCA space indicate that the initial

structure did transition to a conformation more simi-

lar to that of the apo state in two of the three simu-

lations. cMD simulations of these same constructs

showed that this transition did not occur on the 100-

ns timescale (Fig. 3).

Because motions of the b6/b7 and b7/b8 loops,

which are responsible for the most significant differ-

ences between the apo and holo states, are encom-

passed in FCA mode one, normalized RMSD differ-

ences for these loops were considered (Supporting

Information Fig. S3). Of particular interest were the

simulations with FCA projections indicative of a con-

formational transition to a structure closer to that of

the apo state, namely holo aMD simulation 4, and

apo from holo aMD simulations 1 and 2. In each of

these three simulations, the b7/b8 loop moved to

become more apo-like near the beginning of the sim-

ulation and remained that way until the end of the

simulation. In contrast, the b6/b7 loop transitioned

to a more apo-like state in apo from holo aMD simu-

lation 2 only to return to a more holo-like state. The

b6/b7 loop failed to become more apo-like in the

Figure 5. Average number of hydrogen bonds formed

between residues of the sorting signal and SrtA for each

bound conformation of the sorting signal. In each of the

spatially distinct binding conformations, the sorting signal

formed hydrogen bonds with R197 in the active site. In

cluster 3, the sorting signal also formed hydrogen bonds to

residues in the b3/b4 loop.

Figure 6. Mutual information scores indicating correlation between residues in the apo simulations and holo simulations in

which the sorting signal remained in the active site. In the apo simulations, the lower b6/b7 loop was correlated with H1 and

the b4/H2 loop. Additionally, residues in the b4/H2 loop were correlated with Q96 in H1. There was a general increase in

correlation between residues in the holo simulations. Notably, the b3/b4 loop was correlated with the entire b6/b7 loop, and

many residues throughout the protein were highly correlated with D170 in the b6/b7 loop.
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other two simulations. Thus, the significant motion

along FCA mode one in all three of these simula-

tions was largely due to the conformational transi-

tion of the b7/b8 loop.

Discussion

Results presented here provide several key insights

into the mechanism of SrtA binding to a SS motif.

In the absence of a bound peptide, cMD and aMD

simulations indicate that the most significant

motions occur in the b6/b7 loop, as it samples config-

urations ranging from an open state that creates a

large cleft between it and the central b-barrel, and a

semi-closed configuration in which two residues

(D170 and E171) may each individually interact

with the stably bound calcium ion. Upon binding to

an LPXTG sequence, the b6/b7 loop further closes

and samples multiple states in which the section

closest to the active site transiently samples alpha

and 310 helices, along with disordered states (see

Fig. 9). The b7/b8 loop also opens to accommodate

the SS in the active site. The fact that, even in the

longer timescales accessible to the aMD simulations,

Figure 7. Residues with MutInf scores above 1.5 kT to

residue D170 in the holo simulations in which the sorting

signal remained bound in the active site, shown as a

surface on SrtA. These residues form a network that goes

through the sorting signal connecting the sorting signal

binding site to the lipid II binding site.

Figure 8. Community structure graphs (right) and images of SrtA with residues colored according to community (left) for the

apo and holo states (top and bottom, respectively). The thickest lines, indicating greatest correlation, going around the holo

community structure graph suggest a network that extends from the b3/b4 and b6/b7 loops, to the b7/b8 loop, through the

sorting signal and the active site, and to the lipid II binding site.
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transitions between the holo and apo states only

occurred when the protein began in the holo state

and the SS dissociated or was removed from the

active site suggests that the free energy minima of

the holo conformation is partially stabilized by SS

binding. This is consistent with an induced-fit mech-

anism. However, the observed fluctuations of the b6/

b7 loop between open and semi-closed states, and

the previously reported NMR data on micro to milli-

second timescale dynamics of these same residues,30

point toward a conformational selection mechanism.

Taken together, experiments and simulations there-

fore suggest a recognition model of conformational

selection followed by induced fit, consistent with the

emerging paradigm for a diverse range of recogni-

tion processes.40,41

Simulation results also indicate that the penta-

peptide likely exists in an equilibrium of bound con-

formations. One conformation (cluster 1) resembles

the previously reported NMR structure, with the

exception that in our simulations, the LPATG

sequence is noncovalently bound to the active site

cysteine. The location of the SS in the cluster 3 con-

formation resembles that of the previously reported

crystal structure; however, it differs for multiple rea-

sons, including the fact that the b6/b7 loop is in a

closed state. The third conformation (cluster 2) rep-

resents a previously unobserved elongated form in

which the SS is centrally located in the active site.

These structures may represent metastable states

along the binding and hydrolysis pathway, where

cluster 3 is a location of nonspecific SS binding, clus-

ter 2 is a more specific active-site location, and clus-

ter 1 is a prehydrolysis configuration (Fig. 9). Each

of these states appears to be stabilized by a distinct

series of protein interactions: cluster 1 makes strong

contacts with R197, cluster 2 with H120, C184, and

R197, and cluster 3 with R197 and residues 164–171

in the b6/b7 loop and 105–108 in the b3/b4 loop. In

cluster 3, this movement of the SS away from the

center of the active site allows for increased flexibil-

ity in the b7/b8 loop and slightly lowers fluctuations

in the b6/b7 loop relative to clusters 1 and 2. It is

interesting to note that although all these binding

poses are spatially separated from one another,

R197 makes at least one strong interaction to the SS

backbone in each of them. In addition, H120, the

role of which is still unclear, makes stabilizing con-

tacts to the SS in cluster 2, suggesting that it may

have a role in the binding process that has yet to be

identified.

The process of binding also appears to have a

profound effect on the presence of allosteric networks

within SrtA. In the apo form, we identified correla-

tions primarily between regions of the central b-bar-

rel, but we were unable to detect long-range networks

that strongly link the SS and lipid II binding regions.

However, when bound to the peptide, two analysis

methods (which were both based upon a mutual in-

formation analysis of side-chain motions) indicate a

pair of possible allosteric pathways that link the SS-

binding site to residues in H1 and the b4/H2 loop, in

the presumed lipid II binding region. Remarkably,

both these pathways include residues within the SS,

suggesting that if SrtA binds to the SS before its

association with lipid II, as experimental evidence

suggests, the enzyme uses its first substrate to

Figure 9. The mechanism of SrtA. In the apo state, the b6/
b7 loop fluctuates between open and semi-closed states,

while the b7/b8 loop remains closed. When the sorting signal

binds, the b7/b8 loop stays open, and the b6/b7 loop

remains closed. In this holo state, the sorting signal binds in

three distinct configurations: in the first, which is likely the

precursor to the catalytic intermediate, the sorting signal

adopts a ‘‘U-shaped’’ conformation in the active site; in the

second, the sorting signal is more outstretched in the active

site; and in the third, the sorting signal remains outstretched,

but is located in the groove leading into the active site

adjacent to the b6/b7 loop. These structures are represented

by clusters 1–3 (see Fig. 4). The catalytic intermediate in this

figure is based on the 2KID NMR structure.21 [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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transmit information to the region in which it binds

its second substrate. In vivo, this may be a mecha-

nism that prohibits premature binding of SrtA to a

lipid II molecule until it has bound to a SS. Should

the in vivo catalytic cycle of SrtA involve the binding

of lipid II molecules before SS association, the

allosteric network observed in these holo simula-

tions may play a role in the SS/lipid II linkage

mechanism.

Simulation results presented herein complement

and extend previous computational studies of SrtA.

By performing QM/MM calculations, Tian and Eriks-

son27 demonstrated that R197 plays multiple roles

in stabilization of the SS, which is compatible with

the observed hydrogen bonding and interaction ener-

gies we report. In their study, Moritsugu et al.29

observed that association of the sorting sequence

restricts the movement of the b6/b7 loop to the

closed state, in agreement with our cMD and aMD

results. However, in neither of these studies was it

observed that the SS adopted distinct, stable confor-

mational states differing from the NMR structure,

which we attribute to the shorter sampling time in

the QM/MM studies, and the simulation of a four-

peptide sorting sequence that lacked the terminal

glycine residue of the LPATG motif in the latter.

Furthermore, the analyses of allosteric interactions

throughout the protein resulting from this work are

novel findings that enhance our understanding of

SrtA function.

Although simulations were performed on a short

sorting sequence, their results have interesting

implications for the more physiologically relevant

case of SrtA binding to a much longer peptide. In

our simulations, the SS adopted multiple metastable

states that were stabilized by distinct contacts with

the protein. However, given the strong similarities

between the SrtA conformations for these peptide

locations, it is likely that a longer SS would bind to

multiple of these sites simultaneously, for example,

by positioning the LPXTG motif in the active site (as

in clusters 1 and 2) and residues upstream of it in

the cleft between the b6/b7 and b3/b4 loops (as in

clusters 3 and 4). By satisfying multiple of these

sets of contacts simultaneously, the probability of

binding a target protein to SrtA, positioning the

LPXTG motif in the active site and biasing SrtA into

the holo ‘‘closed’’ form, may all be increased. There-

fore, when considering the mechanism of SrtA bind-

ing to a target, it may be important to take into

account not only residues within the active site, but

also those within the cleft formed between the b6/b7

and b3/b4 loops.

Methods

The cMD simulations of apo SrtA were started from

the 1T2P crystal structure, which was solved in the

absence of a calcium ion.20 Because it has been

shown to be important for the catalytic activity of

the enzyme, a calcium ion was added to the struc-

ture, positioned in its known binding site.20,30 Initial

coordinates for the holo SrtA simulations were gen-

erated from the 2KID NMR structure in which an

LPAT analog is covalently attached to the catalytic

C184 residue in the enzyme’s active site.21 For the

holo structure, an unmodified LPATG sequence was

subsequently docked into this site using Glide with

the XP scoring function,42 and the structure in

which the positions of the L, P, and A residues most

closely matched those in the NMR structure was

chosen for simulation. Simulations were not per-

formed from the peptide-bound crystal structure as

the discrepancies between it and the experimental

data (particularly the orientation of protein side

chains relative to the SS and the conformation of

the b6/b7 loop) suggest that crystal artifacts may

have influenced the structure. The ‘‘apo from holo’’

structure was created from the identical NMR

coordinates; however, the SS was removed in this

case. Each structure was solvated in an orthorhom-

bic box containing an �150 mM NaCl solution, with

at least 10 Å of solvent between the surface of the

protein and the edges of the box. All simulations

were performed with NAMD,43 using the

AMBER99SB-ILDN force field.44 To allow the use of

a 2-fs timestep, the SHAKE algorithm was used to

constrain all hydrogen-containing bonds.45 Long-

range electrostatics were treated using the particle-

mesh Ewald summation method with 1-Å grid spac-

ing and cubic B-spline,46 while short-range non-

bonded interactions were truncated at 10 Å, with

the introduction of a smoothing function at 9 Å. The

NPT ensemble was implemented using Langevin dy-

namics with a damping coefficient of 2 ps�1 to main-

tain the system at 300 K and the Nos�e-Hoover con-

stant pressure method with a target pressure of 1

atm, a piston period of 100 fs, and a damping time

scale of 50 fs.47,48 Following 5000 steps of minimiza-

tion, heavy atom restraints were incrementally

reduced over the timespan of 500 ps. A total of

twelve 100-ns cMD simulations were performed:

three of the apo state, six of the holo state, and

three of the apo from holo state. The final snapshots

of each of these simulations were used to initialize a

40-ns dual-boost aMD simulation.49–51 The aMD pa-

rameters were chosen based upon the system size

and average dihedral and potential energies (for a

full discussion, see Ref. 52): Edih ¼ 2260 kcal mol�1,

adih ¼ 120 kcal mol�1, Etot ¼ �71,630 kcal mol�1,

and atot ¼ 4727 kcal mol�1.

Frames from the first 20 ns of each of the cMD

simulations were excluded from analysis to allow for

equilibration. RMSDs and RMSFs were computed

using the positions of the Ca atoms, excluding those

of the first six residues for the RMSDs. In addition,

to specifically consider the conformational similarity
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of the b6/b7 and b7/b8 loops at each frame with

respect to the apo and holo states, normalized

RMSD differences (Supporting Information Fig. S3)

were computed as follows:

RMSDnorm ¼ RMSDholo � RMSDapo

RMSDapo�to�holo
(1)

where RMSDholo and RMSDapo are the RMSDs with

respect to the average holo and apo structures,

respectively. RMSDapo-to-holo is the RMSD of the av-

erage apo structure with reference to the average

holo structure (5.17 Å for the b6/b7 loop and 13.35 Å

for the b7/b8 loop). Average structures were deter-

mined from the cMD simulations, and all calcula-

tions were performed using the Gromacs analysis

tools.53

Following the alignment of the stable Ca atoms

in and around the active site, clustering analysis

was performed on the Ca atoms in the SS using the

gromos clustering algorithm in Gromacs with a 2.2

Å cutoff.54 Because of computational limitations,

clustering was performed on structures chosen every

15 ps from each of the holo cMD simulations. Clus-

ters are numbered according to their populations;

cluster 1 contains the greatest number of frames.

Binding free energies of the SS in each of the

clusters were estimated using the MM/GBSA

approach on every fifth cluster member using the

‘‘mm_pbsa.pl’’ script available in Amber 11.31,32 For

generalized Born calculations, an effective salt con-

centration of 0.15M, a surface tension of 0.0072 kcal/

(mol�Å2), and a surface offset term of 0 kcal/mol

were used, while vibrational entropy differences

were computed by a normal-mode analysis.55,56

Hydrogen bonds were computed with the HBonds

plugin in VMD57 and defined to exist when the do-

nor and acceptor atoms were within 3.5 Å of each

other, and the donor-hydrogen-acceptor angle was

below 30�. Other interactions in these clusters were

considered by calculating the interaction energies

between the SS and residues shown to be important

to the activity of the enzyme using NAMD with

electrostatics scaled by a dielectric constant of 20

(Table III). Standard errors reported in Tables II

and III were computed by dividing the standard

deviations of the reported quantities by the number

of independent data points sampled. The statistical

inefficiency of the data set was estimated by comput-

ing the mean statistical inefficiencies of the MM/

GBSA data for each of the holo simulations, which

resulted in a value of 8300 ps.

Dominant, low-frequency protein motions were

determined by performing FCA in Gromacs on com-

bined trajectories from the apo and holo cMD simu-

lations (a total of nine simulations). This method

focuses on minimizing the system’s mutual informa-

tion and offers measurable improvements over the

more commonly used principal component analysis

by taking into account nonlinear and higher order

correlations to identify biologically relevant

motions.58 All cMD and aMD trajectories were pro-

jected onto the first and second FCA modes (Fig. 3).

By performing FCA analysis on the combined apo

and holo cMD simulations, the first FCA mode corre-

sponds to the largest variance in the data as a whole

and thus describes (to a large degree) the apo to

holo transition. In these simulations, this is desira-

ble, as it quantifies not only the phase space corre-

sponding to the end states, but also that pertaining

to the transition state regions.

Correlations between individual residues were

investigated through the application of the MutInf

method to the apo cMD simulations and the holo

cMD simulations 1–3 (in which the SS remained in

the active site).59 MutInf is an entropy-based

approach that provides improvements over other

methods by capturing anharmonic correlations, cor-

recting for undersampling, and testing the statistical

significance of the correlations. Each simulation was

divided into two simulation blocks, for a total of six

holo and six apo simulation blocks of 40 ns each.

MutInf scores were then used for community analy-

sis,35–38 in which highly correlated residues are

grouped into communities, which are connected by

edges of widths proportional to the correlation

between them. For the Girvan-Newman algorithm

that created the community-analysis graphs, initial

edges in the graphs were created for residues that

were within 7.5 Å of each other for a minimum of

75% of the simulations.35–38
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