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The oligosaccharyltransferase of Campylobacter lari (PglB) catalyzes the glycosylation of
asparagine in the consensus sequence N-X-S/T, where X is any residue except proline.
Molecular dynamics simulations of PglB bound to two different substrates were used to
characterize the differences in the structure and dynamics of the substrate-enzyme
complexes that can explain the higher catalytic efficiency observed for substrates
containing threonine at the +2 position rather than serine. We observed that a
threonine-containing substrate is more tightly bound than a serine-containing
substrate. Because serine lacks a methyl group relative to threonine, the serine-
containing peptide cannot stably form simultaneous van der Waals interactions with
T316 and I572 as the threonine-containing substrate can. As a result, the peptide-
PglB interaction is destabilized and the allosteric communication between the
periplasmic domain and external loop EL5 is disrupted. These changes ultimately lead
to the reorientation of the periplasmic domain relative to the transmembrane domain such
that the two domains are further apart compared to PglB bound to the threonine-
containing peptide. The crystal structure of PglB bound to the peptide and a lipid-
linked oligosaccharide analog shows a pronounced closing of the periplasmic domain
over the transmembrane domain in comparison to structures of PglB with peptide only,
indicating that a closed conformation of the domains is needed for catalysis. The results of
our studies suggest that lower enzymatic activity observed for serine versus threonine
results from a combination of less stable binding and structural changes in PglB that
influence the ability to form a catalytically competent state. This study illustrates a
mechanism for substrate specificity via modulation of dynamic allosteric pathways.
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INTRODUCTION

Asparagine-linked glycosylation (N-glycosylation) is an essential function in eukaryotes (Helenius
and Aebi, 2004; Mohorko et al., 2011; Aebi, 2013). The attachment of a hydrophilic glycan changes
the chemical properties of the protein, conferring new interactions and potentially affecting folding
(Mohorko et al., 2011). N-glycosylation is also involved in quality control: it provides information
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about folding status and thus can target misfolded proteins for
degradation (Helenius and Aebi, 2004; Aebi, 2013). In
prokaryotes, N-glycosylation is non-essential but plays
important roles such as in the extremophile abilities of
archaea (Eichler, 2013) and in the pathogenesis of bacteria
(Szymanski et al., 2002; Nothaft and Szymanski, 2013).

N-glycosylation is catalyzed by oligosaccharyltransferase
(OST), which attaches a lipid-linked oligosaccharide (LLO) to
the consensus sequence N-X-S/T of the acceptor substrate (where
X is any amino acid except proline) (Aebi, 2013). OST is usually
an oligomeric membrane protein complex in eukaryotes
(Kelleher and Gilmore, 2006). In mammals, OST consists of
seven subunits: ribophorin I, DAD1, N33/IAP, OST4, STT3A/B,
Ost48, and ribophorin II (Kelleher and Gilmore, 2006); in
prokaryotes, OST is a single subunit homologous to the
catalytic STT3 eukaryotic subunit (Szymanski and Wren, 2005;
Eichler, 2013). The structural homology with the eukaryotic STT3
is strongest for Campylobacter jejuni OST and it is thought to
have a similar catalytic mechanism (Wacker et al., 2002; Kelleher
and Gilmore, 2006; Li et al., 2010). The bacterial OST from C.
jejuni and its homolog from C. lari have been studied to
understand the fundamentals of N-glycosylation because of the
strong homology and their relative simplicity (Wacker et al.,
2002; Li et al., 2010; Jaffee and Imperiali, 2011; Ihssen et al., 2012;
Gerber et al., 2013; Lizak et al., 2014; Barre et al., 2017). These
studies have identified conserved motifs and catalytically
important residues. A critical step forward in understanding
how these features work together was provided by the crystal
structure of the full-length C. lari OST (commonly referred to as
PglB) bound to an acceptor substrate peptide, which provided
structural insights into the catalytic mechanism and the role of
conserved motifs (Lizak et al., 2011). Recent structures of
eukaryotic OST complexes, which elucidate the interactions

between different subunits, further support the structural
homology between the catalytic STT3 subunit and C. lari PglB
(Bai et al., 2018; Braunger et al., 2018; Ramírez et al., 2019). Due to
the size and complexity of the eukaryotic OSTs, the homologous
bacterial OSTs continue to be useful model systems to understand
common features of N-glycosylation.

The structure of C. lari PglB is composed of a transmembrane
domain and a periplasmic domain (Lizak et al., 2011). The
transmembrane domain (residues 1–432) consists of thirteen
transmembrane helices (Figure 1A, blue) connected by short
cytoplasmic or external loops and two long external loops (EL):
EL1 (Figure 1A, pink) and EL5 (Figure 1A, gray). The
N-terminus of EL5 is unstructured when only the acceptor
substrate is bound (Lizak et al., 2011) and becomes ordered
upon binding of LLO (Napiórkowska et al., 2017). The
periplasmic domain (residues 433–711; Figure 1A, green)
exhibits a mixed α/β fold with two major structural elements:
the insertion domain and the conserved central core (Maenaka
et al., 2008; Maita et al., 2010). The insertion domain is the beta-
barrel-like structure of the periplasmic domain and its function is
currently unknown; the central core contains residues important
for recognition and binding of the acceptor substrate (Maita et al.,
2010). The acceptor substrate is bound in a large cavity at the
interface between the transmembrane and periplasmic domains
and is pinned by the structured C-terminus of external loop EL5
(Lizak et al., 2011) (Figure 1A, red). LLO binds in the second
large cavity located opposite the acceptor substrate binding
cavity; the two cavities are linked by the acceptor asparagine
(Napiórkowska et al., 2017). The crystal structures suggest a
glycosylation mechanism where the catalytically essential and
highly conserved magnesium coordinating residues D56 (EL1)
and E319 (EL5) form hydrogen bonds with the acceptor
asparagine and prime it for nucleophilic attack on LLO (Lizak
et al., 2011; Napiórkowska et al., 2017) (Figure 1B and
Supplementary Figures S1A,B, conserved residues in red).

While the typical consensus sequence of OSTs consists of
N-X-S/T (X ≠ P), a threonine residue at the +2 position (where
the acceptor asparagine is defined as position 0) allows for
glycosylation 40 times more efficiently in eukaryotes than a
serine in this position (Bause, 1984). In C. lari PglB, N-X-S
peptides have been reported to have 4-fold reduced peptide
binding affinity and turnover is 1.2-fold faster for N-X-T
sequences (Gerber et al., 2013). In the crystal structure of
PglB, a threonine at position p+2 of the peptide forms
hydrogen bonds with the strictly conserved WWD motif
(residues 463–465; Supplementary Figure S1C, red) and a van
der Waals contact with I572 (3.6 Å distance between gamma-
methyl groups) (Lizak et al., 2011). One obvious explanation for
the difference in catalytic activity between N-X-S and N-X-T is
that serine cannot form a van der Waals contact with I572;
supporting this is that an I572 Vmutant with N-X-T peptides had
a similar 4-fold reduction in peptide binding affinity (Gerber
et al., 2013). However, the lost van derWaals interaction is a small
contribution compared to the multiple hydrogen bonds with the
WWD motif (which are not predicted to be affected), making it
difficult to explain the significant effect on glycosylation. For this
reason, we performed molecular dynamics simulations to

FIGURE 1 | Structure of C. lari PglB and catalytically relevant hydrogen
bonds. (A) Crystal structure of PglB bound to the peptide sequence
GDQNATFG (PDB code: 3RCE) with missing loops modeled. Blue:
transmembrane domain, green: periplasmic domain, red: acceptor
substrate peptide with acceptor asparagine side chain shown, pink: external
loop EL1, gray: external loop EL5, purple: Mg2+ ions. (B) Enlarged view of
catalytic pocket showing catalytically relevant H-bond pairs of E319 and D56
with the acceptor asparagine (p0) colored by atom type: C (cyan), N (blue), and
O (red).
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understand the change in substrate-enzyme interactions between
the two amino acids at position p+2 of the substrate.

In this paper we focus on the substrate binding phase of the
catalytic cycle and assess the differences that could affect the
catalytic competency of PglB when bound to acceptor substrates
containing threonine or serine at the +2 position using molecular
dynamics (MD) simulations. The catalytic activity of PglB
requires binding of both the acceptor substrate and LLO,
although the order is thought to be unimportant (Lizak et al.,
2011; Napiórkowska et al., 2017). While LLOmay bind before the
acceptor substrate, to our knowledge there is no evidence that
LLO binding is the rate limiting step. Thus, understanding PglB-
substrate interactions and the propensity of the complex to form a
catalytically competent state suitable for LLO attachment can
shed light on the observed differences in catalytic efficiency.

MD simulations of C. lari PglB with the optimal acceptor
sequence, GDQNATFG (PglB-NAT), and the peptide variant
GDQNASFG (PglB-NAS) were used to discover the detailed
differences between threonine and serine at the +2 position in
the substrate-bound state of the catalytic cycle. We observed an
increased propensity for substrate disassociation in the
trajectories of PglB-NAS compared to PglB-NAT. Our results
show that threonine at the +2 position forms a network of
interactions with the periplasmic domain and EL5 that
promotes a more closed orientation of the periplasmic
domain. The loss of the methyl group in the serine disrupts
the substrate-enzyme interaction and the allosteric
communication between the periplasmic domain and external
loop EL5, allowing for increased motion of the periplasmic
domain and leading to a smaller population of stably bound,
catalytically competent states.

MATERIALS AND METHODS

Simulation Protocol
Molecular dynamics simulations of the bacterial OST PglB from
C. lari with bound optimal peptide (GDQNATFG) were started
from the crystal structure (PDB code 3RCE). The missing
residues of external loop EL5 (residues 283–306) and missing
loop residues in the periplasmic domain (residues 605–607) were
built with modeler (Fiser et al., 2000) using a protocol that
optimizes the positions of all non-hydrogen atoms of the loop
without altering the coordinates of the existing residues. The
optimization protocol used conjugate gradient minimization
followed by molecular dynamics with simulated annealing
(Fiser et al., 2000). The missing residues of the EL5 loop
(residues 283–306) remain mostly disordered during the
simulations, but they sample α-helical conformations with a
probability of ∼5%. Residues 284–289 are known to become
structured and form a α-helix upon binding LLO
(Napiórkowska et al., 2017). Using VMD (Humphrey et al.,
1996), hydrogens were added to the crystal structure, the
protein and peptide were inserted into a lipid bilayer, and the
system was solvated with TIP3P (Jorgensen et al., 1983;
MacKerell et al., 1998) water (the PglB/peptide system was
electrostatically neutral). To evaluate the effect of the lipid

content of the bilayer on the dynamics of PglB, we used either
POPC or POPE lipid bilayers.

The simulations were performed with NAMD 2.13 (Phillips
et al., 2005) using the CHARMM27 force field for proteins and
lipids (MacKerell et al., 1998). In the first phase of the
equilibration, all atoms except the hydrocarbon tails of the
POPC or POPE lipids were fixed. Conjugate gradient
minimization followed by equilibration with constant
temperature and volume (NVT ensemble) allowed the lipid
tails to melt while the water, lipid head groups, Mg2+ ions,
PglB, and peptide positions remained fixed. The following
steps were then performed thirteen times to generate
independent trajectories (ten with POPC lipids, three with
POPE lipids). In the second phase of equilibration with
constant temperature and pressure (NPT ensemble), restraints
were removed and a force was applied to any water molecules that
entered the lipid bilayer to prevent infiltration and disruption of
the bilayer. At the beginning of the second phase, conjugate
gradient minimization was performed on all atoms, followed by
velocity reinitialization and temperature and pressure
equilibration. The final phase of equilibration was performed
with no constraints or applied forces using constant temperature
and pressure to allow for final density equilibration of the system.
Multiple restraint conditions were tried in the final phase of
equilibration and the unrestrained equilibration protocol was
determined to be the most appropriate to reproduce the
coordination of the Mg2+ ion given the uncertainty in the
Mg2+ coordination due to resolution of the crystal structure
(3.4 Å) (Lizak et al., 2011). The coordination obtained by
unrestrained equilibration is consistent with previous
molecular dynamics simulations of PglB (Pedebos et al., 2015;
Lee and Im, 2017).

The production phase of the data generation used constant
temperature, pressure, and constant area in the plane of the
bilayer (NPxyPzT ensemble). Pressure and temperature were
maintained at 1 atm and 310 K, respectively, using Langevin
dynamics and the Nosé-Hoover Langevin piston method. The
SHAKE constraint algorithm (Ryckaert et al., 1997) was used to
allow a 2 fs time step and the particle mesh Ewald method
(Essmann et al., 1995) was used for electrostatic interactions
with periodic boundary conditions. Thirteen independent
trajectories (ten with POPC lipids, three with POPE lipids) of
500 ns each were collected for PglB with the GDQNATFG
peptide (PglB-NAT). The consensus sequence variant (T→S)
was created with the Mutator plugin of VMD (Humphrey
et al., 1996) and thirteen independent trajectories of up to
500 ns each (ten with POPC lipids, three with POPE lipids) of
PglB with the GDQNASFG peptide (PglB-NAS) were collected
using the same simulation protocol as above. Three of the
trajectories (1, 5, and 12) were terminated after observing
peptide unbinding (at 400 ns, 100 and 300 ns, respectively, see
Definition of Peptide Binding).

The analysis presented in this paper focuses on differences in
the bound states of the two peptides. The results of the
simulations that used POPC and POPE lipids were found to
be the same within the error of the measured observables
(interaction energies, H-bond probabilities, distances between
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PglB and key peptide residues, etc.), indicating that the dynamics
of PglB is not influenced by the lipid composition of the bilayer.
For example, the difference in the peptide-PglB interaction
energy for the two lipid types was less than the standard
deviation: PglB-NAT POPC � −228.7 ± 24.8 kcal/mol, PglB-
NAT POPE � −240.0 ± 26.7 kcal/mol, Δ(NAT POPC-POPE) �
11.3 kcal/mol. Therefore, we combined all the trajectories for
better sampling. PglB-NAT spent 5,063 ns in the bound state and
PglB-NAS spent 2,780 ns in the bound state and all histograms
were normalized to account for the difference in the number of
data points. To ensure that we have collected enough of the
relevant states to be able to make meaningful comparisons
between the two peptides, we assessed the quality of sampling
using jack-knife analysis (Lohr, 1999) of the peptide-PglB
interaction energy. The standard deviation of the jack-knife
means was calculated and found to be approximately 1/10 of
the standard deviation of the interaction energy, indicating that
we have good sampling (Supplementary Table S1). Furthermore,
a jack-knife style analysis of the first two principal components
(where each trajectory is excluded in turn) of the bound frames
shows that the trajectories sample similar regions of
conformational space independent of the lipid type (POPC:
trajectories 1–10, POPE: trajectories 11–13), another indicator
of adequate sampling (see Supplementary Figures S2, S3).

Analysis of Trajectories
Except where otherwise specified, trajectory analysis was performed
with VMD (Humphrey et al., 1996) on bound frames only (see
Definition of Peptide Binding) excluding the first 50 ns to allow for
structural equilibration, figures were preparedwith Tableau Software
v10.4 (Seattle, WA), and structures were visualized with VMD using
the STRIDE algorithm for secondary structure identification
(Frishman and Argos, 1995).

Hydrogen Bonds
A hydrogen bond is defined by a donor-acceptor distance of less
than 3.5 Å and a donor-hydrogen-acceptor angle of 130° < θ
< 180°.

Definition of Peptide Binding
During the simulations we observed that the peptide could be in
different states: bound, partially bound, or unbound from the

enzyme. We identified six non-catalytic H-bonds between the
enzyme and the peptide as important indicators of peptide
binding (see Table 1). The presence or absence of these
H-bonds are used as the criteria for the bound, partially
bound, and unbound states (Table 2). In addition, trajectories
were terminated when the peptide had moved far away from the
binding pocket of the enzyme. This was quantified using the sum
of the donor-acceptor distances of three H-bonds formed by the
peptide with the binding pocket (p+1 O-M318 N, p+2 Oγ-W463
Nε, and p+2 N-D465 Oδ) plus the distance between p+2 Cβ-I572
Cδ (a proxy for the p+2-I572 van der Waals interaction).
Trajectories were terminated when this sum of distances
exceeded 80 Å (see Supplementary Figures S4, S5). In the
bound state, the average of this sum is 13.9 ± 1.8 Å for PglB-
NAT and 17.8 ± 4.4 Å for PglB-NAS (the average individual
distances are listed in Supplementary Table S2).

Average and Most Populated Structures
The average bound structure was generated by averaging over all
bound frames for each system. The average structure representing the
unbound statewas generated by averaging over all frames of PglB-NAS
after the loss of the six non-catalytic H-bonds identified as important
indicators of binding (see Table 1). To validate the use of average
structures, the Ramachandran plot of the average structures was
compared to the ProCheck (Laskowski et al., 1993) Ramachandran
plot for the crystal structure. Only residues in solvent exposed turn/coil
regions of the average structures were found to be outside of the
allowed area predicted for the crystal structure: E258, G281, K296, and
L303. E258 is also outside of the Ramachandran plot in the crystal
structure. G281, K296, and L303 are in the highly flexible unstructured
EL5 N-terminal region absent from the crystal structure.

To identify themost populated structure we used two parameters:
1) the largest difference in the Cα-Cα distance between the
periplasmic and transmembrane domains (residues 535–537 of
the periplasmic domain and residue 279 of the transmembrane
domain) and 2) the backbone RMSD (root mean square
displacement). From the trajectories of PglB-NAT and PglB-NAS
we identified the structures corresponding to the most populated
inter-domain distance (PglB-NAT: 44.1 Å, PglB-NAS: 48.4 Å) and
RMSD values. These structures were then validated as representative
of the most populated conformation by locating them in the plot of
the first two principal components and were found to be located in
the regions of highest density (Supplementary Figure S6).

RMSD between average or most populated structures was
calculated as

RMSD(NATave − NASave) �

����������������������⎛⎝1
T
∑T
t

NAT − 1
T

∑T
t

NAS⎞⎠2
√√

, (1)

where NAT and NAS are the subset of backbone atoms of PglB-
NAT and PglB-NAS, respectively, for which the RMSD is
calculated.

Structural Alignment (Identification of the Stable Core)
The choice of residues to use for structural alignment is important
in cases where domainmotion occurs. A poor choice of alignment

TABLE 1 | Probability of the two peptides (NAT and NAS) forming the H-bonds
identified as important in binding and the catalytically relevant H-bonds (mean
and standard deviation for bound states).

p (PglB-NAT) p (PglB-NAS)

p+1 O-M318 N 0.83 ± 0.24 0.61 ± 0.35
p+2 N-D465 Oδa 0.91 ± 0.10 0.68 ± 0.20
p+2 Oγ-W463 Nε 0.78 ± 0.20 0.38 ± 0.27
p+2 Oγ-W464 Nε 0.32 ± 0.17 0.16 ± 0.10
p+2 Oγ-D465 Oδa 0.92 ± 0.11 0.58 ± 0.19
p+3 N-T316 O 0.81 ± 0.31 0.36 ± 0.31

p0 Nδ-D56 Oδa 0.35 ± 0.35 0.41 ± 0.28
p0 Nδ-E319 Oεa 0.25 ± 0.27 0.21 ± 0.25

aCombined probability of hydrogen bond formation with either Oδ1/Oδ2 or Oε1/Oε2.
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can obscure differences while a good choice will highlight them.
Alignment on the transmembrane domain (excluding EL1 and EL5)
was found to perform better than an all-atom alignment. However,
previous simulations of PglB have found that the transmembrane
domain does not behave as a single rigid domain (Lee and Im, 2017).
To further refine the choice of alignment residues, the trajectories
were analyzed with the bio3d geostas algorithm (Grant et al., 2006;
Romanowska et al., 2012) in the R environment (R development
core team, 2006; http://www.R-project.org) to determine which
residues have the least variation in position over the trajectory
(the stable core). The stable core residues were determined from
the combined trajectories of PglB-NAT and PglB-NAS and consist
of transmembrane domain residues 118–124, 126–130, 132,
342–347. Alignments on all atoms of PglB, the transmembrane
domain, and the stable core were compared for structural analysis,
cross-correlation calculations, and principal component analysis. In
all cases, alignment on the stable core identified by the geostas
algorithm (Romanowska et al., 2012) performed the best at
highlighting relevant differences between the systems. The stable
core was used for structural alignment to remove rotational and
translational motion in all analyses reported here.

Principal Component Analysis
Cartesian principal component analysis was performed for bound
frames only excluding the unstructured N-terminus of EL5 (residues
282–306) using the bio3d package (Grant et al., 2006) in the R
environment (R development core team, 2006; http://www.R-
project.org). The structured C-terminus of EL5 (residues

307–324), which is present in the crystal structure (Lizak et al.,
2011), is included in the calculations. The calculation used a single
combined trajectory for both systems aligned on the stable core
identified by the bio3d geostas algorithm (Romanowska et al., 2012).
Initial analysis of the trajectories showed a high similarity in the
principal components of PglB-NAT and PglB-NAS (with a root
mean square inner product (Grant et al., 2006) of the principal
components of 0.84); because of the similarity in the principal
components, the trajectories were combined in the final analysis
to facilitate the comparison of the conformational space sampled by
PglB-NAT and PglB-NAS. The first two principal components (PC1
and PC2) are representative of the dynamics of the combined
system, capturing 84 and 9% of the motion, respectively. Density
heat maps of the first two principal components were generated
using the mclust R package (Fraley and Raftery, 2002).

Interaction Energy
The interaction energy was calculated using the namdenergy plugin
of VMD (Humphrey et al., 1996). For PglB/p+2 interaction
energies by residue, backbone and sidechain distances were used
to determine which residues of PglB were close enough to interact
for computational efficiency. The interaction energy for all residues
with a center of mass distance within 15 Å of p+2 was found to be
in excellent agreement with the total p+2/PglB interaction energy
(see Supplementary Table S3). The interaction energy between
the peptide and the catalytic Mg2+ ion was also calculated and the
results did not alter the conclusions based on the PglB/peptide
interaction energy (Supplementary Table S4).

TABLE 2 | Definition of peptide state relative to the PglB binding pocket, based on peptide-PglB interactions.

State Criteria

Fully bound Presence of at least one of the following H-bonds:
p+1 O-M318 N
p+2 Oγ-W463 Nε
p+2 N-D465 Oδ
AND presence of at least one of the following H-bonds:
p+2 Oγ-W464 Nε
p+2 Oγ-D465 Oδ
p+3 N-T316 O

Partially bound All the following H-bonds are lost for >5 ns:
p+1 O-M318 N
p+2 Oγ-W463 Nε
p+2 N-D465 Oδ
AND presence of at least one of the following H-bonds:
p+2 Oγ-W464 Nε
p+2 Oγ-D465 Oδ
p+3 N-T316 O

Unbound All the following H-bonds are lost for >5 ns:
p+1 O-M318 N
p+2 Oγ-W463 Nε
p+2 N-D465 Oδ
p+2 Oγ-W464 Nε
p+2 Oγ-D465 Oδ
p+3 N-T316 O

Trajectory termination After the sum of the distances (p+1O-M318 N) + (p+2Oγ-W463Nε) + (p+2 N-D465Oδ) + (p+2 Cβ-I572 Cδ) exceeds 80 Å at
any point in the trajectory
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Network Analysis
Network analysis was performed by the bio3d package (Grant
et al., 2006) in the R environment (R development core team,
2006; http://www.R-project.org) using cross-correlations
calculated over all bound frames aligned on the stable core.
Cross-correlations between PglB, the peptide, and Mg2+ ions
were included in the calculations with a threshold of 0.7
(corresponding to an angle between motion vectors of <45°).
Community membership was determined using the greedy
algorithm (Clauset et al., 2004) and simplified network graphs
were pruned of unconnected communities.

Network graphs overlaid on the structure represent each
community by a sphere located at the geometric center of
each community. The community radius (Ri) and edge weight
between two communities (Eij) are defined as

Ri �
��
Ni

√
3

(2)

Eij �
−ln

∣∣∣∣∣max(Cij)∣∣∣∣∣
4

, (3)

where Ni is the number of residues in each community and max
(Cij) is the maximum correlation coefficient between residues in
each connected pair of communities. The scaling was chosen to
illustrate relative differences between communities without

obscuring the underlying structure. Residues of the structure
are colored according to community membership with
unconnected communities in white in Supplementary Figure
S7A. Simplified network graphs generated in R (Supplementary
Figures S7B,C) follow the same community coloring
(unconnected communities not shown) with community radii
and edge weights as defined below.

Ri � Ni

3
(4)

Eij � −ln
∣∣∣∣∣max(Cij)∣∣∣∣∣. (5)

The number of shortest paths that pass through each node
(betweenness), the number of edges of each node (degree), and
suboptimal path analysis are calculated from the full network
defined by the underlying cross-correlation matrix (where each
residue is a node). The nodes contained in the suboptimal paths
of PglB-NAT were identified using 500 paths and visualized using
the first 100 paths for clarity.

Sequence Alignment
Sequence alignments were performed using with the Clustal
algorithm (Madeira et al., 2019) on the reviewed sequences of
InterPro 83.0 (December 2, 2020), family IPR003674 (29
sequences) (Blum et al., 2021). A subset of these sequences

FIGURE 2 | Peptide unbinding and key hydrogen bonds. (A,B) Front and side view of key hydrogen bonding pairs between peptide and PglB (NAT peptide shown,
backbone of peptide and adjacent PglB residues in transparent gray): catalytically relevant H-bond pairs between p0 (red) and D56 (yellow)/E319 (orange); backbone
H-bond pairs of EL5 C-terminus residues T316 (violet) and M318 (light pink) with p+3 (lavender) and p+1 (dark pink), respectively; H-bond pairs between p+2 (blue) and
periplasmic domain residues W463 (lime), W464 (cyan), and D465 (green). (C) Example of peptide unbinding from PglB-NAS, trajectory 1. PglB (black) is shown in
the fully bound conformation after equilibration (t � 50 ns). The NAS peptide is shown at different time points in the unbinding process: fully bound after equilibration (red,
t � 50 ns) and during unbinding (light green, t � 276 ns; dark green, t � 291 ns; blue, t � 307 ns).
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was chosen to highlight conservation across the three families
(prokaryotes, archaea, and eukaryotes, Supplementary Figures
S1A–C) or the presence of a longer hydrophobic motif after the
DXNK motif among eukaryotes (Supplementary Figure S1D).

RESULTS

Differences in the Bound State of NAT and
NAS Peptides
Molecular dynamics simulations of C. lari PglB with the optimal
acceptor sequence, GDQNATFG (PglB-NAT), and the peptide
variant GDQNASFG (PglB-NAS) were used to discover the
detailed differences between threonine and serine at the +2
position in the substrate-bound state of the catalytic cycle.
Thirteen replicas with a cumulative simulation time of 6.5 and
5.8 μs were collected for PglB-NAT and PglB-NAS, respectively.
We observed a striking difference in the behavior of NAT and
NAS peptides: out of the thirteen independent trajectories
collected for each system, four trajectories of PglB-NAT
exhibit partial peptide unbinding while ten trajectories of
PglB-NAS exhibit partial peptide unbinding. Since a stably
bound substrate is prerequisite to forming a catalytically
competent state, we wanted to understand the critical
interactions in the bound state that lead to this behavior. To
do so, we needed to quantitatively determine when the peptide
was in the bound state versus a partially bound state or fully
unbound state in our simulations. We then analyzed the frames
where the peptide is bound to identify differences in the bound
states of the two peptides.

We identified six non-catalytic H-bonds whose absence
corresponds to loss of the catalytically relevant H-bonds and
disassociation from the binding pocket. These H-bonds were
used to define the bound, partially bound, and fully unbound
states (see Table 2). The H-bonds p+1 O-M318 N, p+2 N-D465
Oδ, and p+2 Oγ-W463 Nε (see Supplementary Figures S4, S5 for
donor-acceptor distances) provide a good indicator of partial
unbinding because once all three are lost, with no specific order,
the peptide no longer simultaneously forms the catalytically relevant
H-bonds with D56 and E319 (the definition of the partially bound
state as used in this work) and stable rebinding is never observed.

We analyzed the behavior of the peptides after becoming
partially bound and observed that there is no clear pathway
that leads to the full unbinding and dissociation from the binding
pocket. After the loss of the H-bonds p+1 O-M318 N (Figures
2A,B, Supplementary Figure S8: dark pink/light pink), p+2 N-
D465 Oδ (Figures 2A,B, Supplementary Figure S8: blue/green),
and p+2 Oγ-W463 Nε (Figures 2A,B, Supplementary Figure S8:
blue/lime), the peptide is still in the binding pocket but is more
loosely associated with the enzyme (Figure 2C, light green). The
peptide can remain in this state for the remainder of the
simulation time or it can become fully disassociated (for
example, Supplementary Figure S5: trajectory 3 vs. trajectory
1). The presence of three additional H-bonds keeps the peptide in
this partially bound state: p+2 Oγ-W464 Nε (Figures 2A,B,
Supplementary Figure S8: blue/cyan), p+2 Oγ-D465 Oδ
(Figures 2A,B, Supplementary Figure S8: blue/green), and
p+3 N-T316 O (Figures 2A,B, Supplementary Figure S8:
violet/lavender). Upon losing these H-bonds (which are never
observed to reform once all three are lost), the peptide moves
further away and becomes fully dissociated from the binding
pocket (Figure 2C, dark green and blue). Thus, our results
suggest that multiple interactions are important for the
stability of the bound substrate: three key H-bonds are
essential to keep the peptide tightly bound in the binding
pocket of the enzyme (p+1 O-M318 N, p+2 N-D465 Oδ, and
p+2 Oγ-W463 Nε) and three additional H-bonds keep the
peptide in a partially bound state and prevent the full
dissociation from the binding pocket (p+2 Oγ-W464 Nε,
p+2 Oγ-D465 Oδ, and p+3 N-T316 O).

The probabilities of all six of the hydrogen bonds that stabilize
the bound and partially bound states are decreased in PglB-NAS
compared to PglB-NAT (Table 1). To evaluate the stability of the
bound substrate peptides, we calculated the probability of
maintaining or transiently losing the first three and all six of
these bonds simultaneously. We find that the NAS peptide is
much less stably bound than the NAT peptide. All three of the
H-bonds whose presence defines the bound state are
simultaneously maintained in 68% of PglB-NAT bound states
while only 24% of PglB-NAS bound states meet this criterion.
Similarly, the probability of maintaining all six of these H-bonds
is decreased and the probability of transiently losing all three or
six of these H-bonds is increased by factors of 5–10 for PglB-NAS
(Supplementary Table S5). This difference is seen over all
trajectories and when comparing only those trajectories where
the peptide eventually becomes partially bound (Supplementary
Table S5, starred probabilities). Surprisingly, when comparing

FIGURE 3 | Difference in Cα-Cα distance between PglB-NAT and PglB-
NAS. Colored axis bars mark the different domains. Green: transmembrane
domain, pink: external loop EL1, gray: external loop EL5, blue: periplasmic
domain.
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the peptides in the bound state, they have the same probability of
forming the catalytically relevant H-bonds p0 Nδ-D56 Oδ
(Figures 3A,B, Supplementary Figure S8: red/yellow) and
p0 Nδ-E319 Oε (Figures 3A,B, Supplementary Figure S8:
red/orange) (Table 1), which are formed transiently in the
absence of LLO [as seen previously (Pedebos et al., 2015)].
However, when considering the full trajectories (bound,
partially bound, and unbound frames) of PglB-NAT and PglB-
NAS, the population of catalytically competent states (where both
catalytically relevant H-bonds are present) is lower for the NAS
peptides by half compared to NAT peptides (Supplementary
Table S6) because the NAS peptides populate the bound state

TABLE 3 | Difference in PglB-peptide interaction energy between PglB-NAT and
PglB-NAS by peptide residue.

Peptide residue ΔPglB Int. Energy (NAT-NAS) (kcal/mol)

p-3 (Gly) −3.1
p-2 (Asp) 10.5
p-1 (Gln) 2.0
p0 (Asn) 2.4
p+1 (Ala) −3.0
p+2 (Thr/Ser) −11.1
p+3 (Phe) −2.7
p+4 (Gly) −1.8
Total −6.8

FIGURE 4 | Identification of rigid-body periplasmic domain motion hinge. (A) Backbone RMSD by residue between average bound structures of PglB-NAT and
PglB-NAS colored by domain. Blue: transmembrane domain (TM), pink: external loop EL1, gray: external loop EL5, green: periplasmic domain (PP). (B) Average bound
structure of PglB-NAT (blue) and PglB-NAS (red) aligned on consensus stable core residues (unstructured portion of EL5 not shown). Red asterisk marks helix containing
N448, black asterisk marks end of WWD helix at Y473. (C) Distance from N448 in the average bound structure of PglB-NAT versus backbone RMSD between
average bound structures of PglB-NAT and PglB-NAS for each residue of PglB, colored by domain. Blue: transmembrane domain (TM), pink: EL1, gray: EL5,
green: periplasmic domain (PP).
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with lower probability (Supplementary Table S6). From this we
conclude that the differences between NAT and NAS peptides
that lead to increased unbinding in NAS are crucial to
understanding the difference in catalytic competency.

None of the six H-bonds identified as important for stable
binding should be impacted by the T/S variation in the
consensus sequence at position p+2 and two out of six (p+1-
M318 and p+3-T316) do not involve p+2 at all. To understand
the difference in stability of the bound NAT and NAS peptides,
we calculated the interaction energy between the peptide
residues and PglB. The largest change is observed for p+2,
however, the interaction energy while bound is affected
beyond this residue and shows a large degree of
compensation at peptide residue p-2 (Table 3).

The interaction energy between PglB and the NAS peptide is
overall less favorable (Table 3), consistent with increased

disassociation. To understand the changes in conformation
underlying the altered interaction energy, we compared the
average bound structures of PglB-NAT and PglB-NAS and
found differences in both the conformations of the peptide
and of the periplasmic domain. The backbone RMSD between
average structures (seeMaterials andmethods, Eq. 1) is 1.46 Å for
the peptide and 2.48 Å for the periplasmic domain. In contrast,
the transmembrane domain shows minimal change between the
two structures (backbone RMSD of 0.73 Å).

The compensation observed in the interactions with p-2 can
be explained by the changes observed in the NAS peptide. The
aspartic acid at position p-2 shifts relative to its transmembrane
domain hydrogen-bonding partners R147 and R331, decreasing
the favorable interaction energy with R147 (PglB-NAT
interaction more favorable by −4.1 kcal/mol) and increasing
the favorable interaction energy with R331 (PglB-NAS

FIGURE 5 |Comparison of p+2/PglB interaction energy for PglB-NAT and PglB-NAS. (A) Differences in interaction energy between PglB and p+2 (NAT-NAS, blue
�more favorable in PglB-NAT). Backbone of peptide residue p+2 shown in orange. (B) Comparison of total p+2/PglB interaction energy for PglB-NAT and PglB-NAS.
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interaction more favorable by −12.6 kcal/mol), accounting for
80% of the difference in interaction energy at p-2. The remaining
difference comes from numerous long-range electrostatic
interactions of the charged aspartic acid side chain.

For p+2, the key interacting residues of the WWD motif and
I572 from the crystal structure (Lizak et al., 2011) show deviations
in average position between PglB-NAS and PglB-NAT. The
backbone RMSD between average structures is 0.87–1.18 Å for
the WWD motif, 1.67 Å for I572, and 0.93 Å for p+2, indicating
that conformational change of both the peptide and the
periplasmic domain contribute to the differences in the
interaction energy.

The Substrate Influences the Periplasmic
Domain Orientation of PglB
Comparison of the average structures suggests a difference in the
conformation of PglB when bound to NAT versus NAS peptides.
The difference between PglB Cα-Cα distances was calculated for
PglB-NAT and PglB-NAS to identify regions of PglB that differ in
conformation when bound to the two peptides. We found that the
distance between the periplasmic domain and the
transmembrane domain is increased in PglB-NAS compared
to PglB-NAT (Figure 3). The average Cα-Cα distance between
the periplasmic domain and the transmembrane domain
(excluding the large external loops EL1 and EL5) is increased
by 0.8 Å per residue pair in PglB-NAS compared to PglB-NAT,
indicating that on average, the region between the two domains
(containing the catalytic pocket) is more open in PglB-NAS
(designated the open state) than in PglB-NAT (designated the
closed state).

In contrast, the intradomain Cα-Cα distances of the
periplasmic domain and the transmembrane domain differ
remarkably little between PglB-NAT and PglB-NAS, with
average changes of 0.01 Å and 0.04 Å per residue pair,
respectively. The minimal change in Cα-Cα distances within
the periplasmic and transmembrane domains indicates that
the overall structure of both the periplasmic and
transmembrane domains do not change between PglB-NAS
and PglB-NAT. These results suggest that while the structure
of the two domains is conserved, their relative positions change
and that there should be a “hinge” that allows for rigid domain
motion. If true, we would expect the hinge to meet the following
criteria: 1) the hinge should have low backbone RMSD between

average structures, 2) the hinge should be located in an interfacial
region between transmembrane and periplasmic domains, and 3)
the magnitude of the displacement observed between the open
and closed positions should correlate with the distance from the
hinge. In our system, this means we expect that the further a
residue is from the hinge, the more different its position will be
between the open state and the closed state for the mobile portion
of the structure (the periplasmic domain). Two pairs of structures
were used to identify the differences between PglB-NAS and
PglB-NAT: the average structure and as an additional validation,
the most populated structure (calculated as described in Analysis
of Trajectories). The results obtained using either the average or
the most populated structure are the same.

From the RMSD between of PglB-NAT and PglB-NAS, we
chose residues with low RMSD in regions of the structure
appropriate for the hinge. We then calculated the correlation
of the backbone RMSD and the distance from each of the chosen
residues to see which of these residues agreed best with the criteria
for the hinge residue (Supplementary Table S7). From this, we
found that N448 and Y473 best meet the criteria for the hinge
between the closed state (PglB-NAT) and the open state (PglB-
NAS). Both residues are located in regions of low RMSD
(Figure 4A) and have the highest correlation coefficient (0.95)
between distance and backbone RMSD of the periplasmic domain
residues (Supplementary Table S7). These two residues are
adjacent in the structure of PglB at the interface between the
two domains (Figure 4B): N448 (red asterisk) is located on a helix
in between the transmembrane domain and the periplasmic
domain with Y473 directly below N448 at the terminus of the
helix containing the WWD motif (black asterisk), indicating that
the hinge is located at the junction of these two helices.
Additionally, the backbone RMSD between the periplasmic
domain residues (the mobile portion of the structure)
increases linearly with distance from N448 and Y473 but the
correlation is weak for other regions of PglB (see Figure 4C for
example). Lastly, we chose other residues distant from the hinge
region with low RMSD across the sequence of PglB and these
residues show low correlation between distance and RMSD
(Supplementary Table S8), validating that the strong linear
relationship is unique to the hinge region.

Origin of Observed Structural Differences
The interaction energy between p+2 and the residues of PglB was
calculated for both peptides (Table 4) to understand how the T/S

TABLE 4 | Interaction energy between p+2:T and residues of PglB and the difference between p+2:T and p+2:S interaction energies for residues where the absolute value of
the difference in interaction energy is ≥0.5 kcal/mol.

PglB residue p+2/PglB energy (NAT) (kcal/mol) Δp+2/PglB energy (NAT-NAS) (kcal/mol)

E315 −0.9 ± 0.4 −0.6
T316 −3.4 ± 1.3 −1.2
W463 −3.0 ± 1.4 −2.0
W464 −3.0 ± 1.5 −1.3
D465 −20.7 ± 5.7 −4.4
R571 −1.5 ± 0.9 −0.5
I572 −1.8 ± 0.5 −1.0
Total −34.4 ± 6.9 −11.0
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difference results in widespread changes in the peptide-PglB
interaction (Table 3) and how it affects the orientation of the
periplasmic domain (Figure 3). The location of residues that
differ in interaction energy between PglB-NAT and PglB-NAS by
≥ |±0.5| kcal/mol (absolute value of the difference ≥0.5) are
shown in Figure 5A. For each of these residues, the
interaction energy is less favorable in PglB-NAS (Table 4). As
expected, the loss of the methyl group in p+2:S decreases the
interaction energy with I572 but also its neighbor R571. The
WWD motif (463–465) shows the largest differences in
interaction energy and surprisingly, residues in the structured
C-terminal portion of EL5 (315–316) show significant differences
as well.

Although the average differs by ≥ |±0.5| kcal/mol for the
residues listed in Table 4, a histogram of the interaction
energy shows that the two peptides sample states with similar
p+2 interaction energies (Supplementary Figure S9). The
measured difference in the average interaction energy of p+2
is due to the higher population of states with near-zero
interaction energies by the NAS peptide (Supplementary
Figure S9), decreasing the average interaction energy of the
residues highlighted in Figure 5A. This suggests that p+2:S
interacts in a similar way with residues of PglB where the

interaction energy differs by ≥ |±0.5| kcal/mol, but that the
interactions are less stable, consistent with the decreased
stability of H-bonds identified as important for peptide
binding involving many of these same residues (Table 1 and
Supplementary Table S5).

The total effect of sampling higher energy conformations with
higher probability in PglB-NAS can be seen in the total
interaction energy between p+2 and PglB (Figure 5B). Both
PglB-NAT and PglB-NAS have bimodal distributions
indicating the sampling of two states, one more favorable than
the other. However, the more favorable (primary) mode and the
less favorable (secondary) mode are more favorable in PglB-NAT
by approximately 6 and 7 kcal/mol, respectively. Additionally, the
more favorable state is more populated in both PglB-NAT and
PglB-NAS but the difference in the population of the two states is
significantly larger for PglB-NAT (Figure 5B).

These data indicate that the loss of the methyl group in p+2:S
results in fewer interactions between the peptide and PglB. The
result of these changes is less favorable total interaction energy in
PglB-NAS (Figure 5B) due to fewer simultaneous interaction
partners. The interactions of the residue at p+2 with the
periplasmic domain and the EL5 loop provide a mechanism
for the T/S variation at the +2 position to affect the

FIGURE 6 | Threonine at p+2 acts as a pin in a latch. (A) Simple hinge-latch model. (B) Structure of PglB showing hinge (asterisk marks the junction of the two
helices at N448 and Y473), arm, latch: W463 (green), D465 (blue), I572 (orange), T316 (purple), and pin residue p+2 (red). Histograms of Cα-Cα distances between PglB
latch residues (C,D) and between PglB latch residues and p+2 pin residue (E–H) for PglB-NAT (light blue) and PglB-NAS (orange). The probability is the fraction of the
total bound frames of PglB-NAT or PglB-NAS, respectively.
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periplasmic domain orientation: threonine may act as a pin to
close a latch, preventing opening of the periplasmic domain hinge
(near N448/Y473). We define residues of PglB with an absolute
difference in the p+2 interaction energy ≥1.0 kcal/mol as the latch
residues (W463 and D465 of the WWD motif, I572, and EL5
residue T316). Our hypothesis is that p+2 interacting with these
latch residues acts as a pin to close the latch which limits the hinge
motion when p+2 is threonine, but that this ability is impaired
when p+2 is serine. The two sides of the latch are formed by the
interacting residues of the periplasmic and EL5 domains
(Figure 5A) and by linking the two regions which contain the
latch, threonine at p+2 closes the latch and restricts the motion of
the hinge. The ability of serine at p+2 to pin the latch closed is
impaired because serine is incapable of forming stable
simultaneous interactions with the periplasmic domain and
the EL5 loop due to the loss of the methyl group.

As shown in Figure 4C, distance from the hinge (N448/Y473)
is strongly correlated with backbone displacement of the
periplasmic domain, consistent with a hinge-like motion. We
propose that the difference between the two peptides when bound
to PglB is consistent with a simple hinge-latch model
(Figure 6A). In this model, the pin connects the two sides of
the latch when closed. An arm connects the hinge and latch and
mediates the restriction of the domain motion when the pin
closes the latch. In PglB, N448/Y473 is the hinge, residues W463,
D465, I572, and T316 form the two sides of the latch, p+2 acts as
the pin to hold the latch closed when threonine, and the helix
connecting the hinge and latch is the arm (residues 463–472)
(Figure 6B).

If the hinge-latch model is accurate for PglB, the motion
should be different when latched (PglB-NAT) versus unlatched

(PglB-NAS). The motion should be more restrained in PglB-NAT
and the motion should be freer in PglB-NAS. Principal
component analysis of PglB (excluding the unstructured EL5
N-terminus) shows that the motion of PglB-NAT and PglB-NAS
is similar (Supplementary Figures S2, S3). However, the
frequency of sampling different regions of the conformational
space is different (Supplementary Figure S6). PglB-NAT is more
concentrated in the center of the conformational space, which is
consistent with restrained motion of the hinge when the latch is
pinned (Supplementary Figure S6A). PglB-NAS is more broadly
distributed with higher sampling in the tails, which is indicative of
increased motion consistent with an unlatched hinge
(Supplementary Figure S6B).

Themotion of PglB-NAT versus PglB-NAS supports the existence
of a latch. To verify that our choice of latch and pin residues is correct,
we looked at the distance between these residues in the latched (PglB-
NAT) and unlatched (PglB-NAS) conditions. For the latch and pin to
restrict the motion of the hinge (as we propose occurs in PglB-NAT),
the latch and pin complex must be stable (the distances between these
residues should not fluctuate significantly). When the pin is unable to
close the latch (as we propose occurs in PglB-NAS), we expect to see
greater fluctuations in the distance between the pin and latch residues.
The histograms of the distances between the PglB residues on opposite
sides of the latch (W463 and I572 of the periplasmic domain with
T316 of the EL5 loop) show that the latch residues in PglB-NAT
predominantly sample a narrow range of distances (Figures 6C,D,
gray). The distances between the pin (p+2) and the latch residues
show a similar preference for sampling a restricted range of distances
(Figures 6E–H, gray). In PglB-NAS, the distances between the latch
and pin residues sample larger distances more often than in PglB-
NAT (Figures 6C–H, red). These results show that when p+2 is

FIGURE 7 | Visualization of PglB networks in PglB-NAT (A) and PglB-NAS (B). Residues are colored according to community membership; the corresponding colored
sphere is proportional to the community size and the edge thickness is a function of the correlation strength. Residues of unconnected communities are colored white.
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threonine, the latch/pin complex is stable, as required to restrict the
motion of the hinge in the hinge-latchmodel. The increased sampling
of larger distances between the pin and latch residues in PglB-NAS is
instead consistent with a pin that is unable to keep the latch closed.

The behavior of the pin and latch residues explains the interplay
between peptide binding and periplasmic domain orientation. The
distances between the latch residues in PglB-NAS increase because
serine lacks the methyl group and is unable to form the stable
simultaneous interactions necessary to pin the latch closed (keeping
the two sides of the latch in closer proximity). The NAS peptide
therefore shifts its position to interact with the latch residues on
opposite sides (periplasmic domain and EL5) because the latch
residues are further apart. As the NAS peptide moves towards
one side of the latch, it loses the interaction with the other side of
the latch (reflected in the increased sampling of near-zero interaction
energies (Supplementary Figure S9). The increased distance between
the latch residues and the subsequent motion of the NAS peptide
explain the weakened H-bonds important for substrate binding
because these bonds between the enzyme and substrate overlap
with the latch/pin complex (Table 1 and Supplementary Table
S5). Of the six H-bonds identified as important for a stably bound
peptide, four involve the PglB latch residues, two involve neighboring
residues, and both sides of the latch are important (four H-bonds
with the periplasmic domain and two H-bonds with EL5). Similarly
for the substrate, of these six H-bonds, four involve the pin residue
(p+2) and two involve adjacent substrate residues (p+1/p+3). For
these reasons, the state of the latch (pinned or unpinned) is
inextricably linked to the partial unbinding of the substrate.

Substrate Mediated Allosteric Networks
Network analysis was used to look for allosteric
communication mediated by the peptide as suggested by

the hinge and latch model. The network of PglB-NAT
consists of eight communities while the PglB-NAS network
contains nine communities (Figure 7, Supplementary
Figure S7). Seven of these communities are analogous in
PglB-NAT and PglB-NAS with 60–100% similarity
containing 626 residues of PglB-NAT and 603 residues of
PglB-NAS (out of 711 PglB residues, 8 peptide residues, and 2
Mg2+ ions). The two largest communities contain most of the
periplasmic domain residues (Figure 7, Supplementary
Figure S7: orange, green) and are 60–70% analogous. The
third largest community (transmembrane helices 4–9;
Figure 7, Supplementary Figure S7: red) is 98%
analogous in the two networks and is consistent with
previous results that showed these helices move as a single
unit to accommodate the presence of LLO (Lee and Im, 2017).
The last four analogous communities contain 30–50 residues
each and are comprised of the EL1 residues (Figure 7,
Supplementary Figure S7: light blue) and subsets of the
remaining transmembrane helices (Figure 7,
Supplementary Figure S7: black, purple, pink). Of the
residues not found in the analogous communities,
32 PglB-NAT residues are part of a community not
connected in the network of PglB-NAS (Figure 7,
Supplementary Figure S7: blue, EL5) and 11 PglB-NAS
residues are part of a community not connected in the
network of PglB-NAT (Figure 7, Supplementary Figure
S7: cyan, transmembrane helix). An additional five residues
(483–487) containing part of the bacterial DGGK motif
(residues 481–484; Supplementary Figure S1C, cyan),
which is suggested to be important for promoting proper
conformation of the p0 side chain for LLO attachment
(Pedebos et al., 2015; Napiórkowska et al., 2017), is part
of a separate community (Figure 7, Supplementary Figure
S7: yellow) in PglB-NAS instead of the large community
containing the WWD motif as in PglB-NAT (Figure 7,
Supplementary Figure S7: orange).

Lastly, 63 PglB-NAT residues and 102 PglB-NAS residues
are unconnected (Figure 7, Supplementary Figure S7:
white). In PglB-NAT, the residues in unconnected
communities are part of the transmembrane domain.
These residues include the N-terminal tail and residues
around the stable core (see Analysis of Trajectories). Half
of the unconnected residues in PglB-NAS are similarly
located in the transmembrane domain. Significantly, the
remaining unconnected residues in PglB-NAS are the
entire EL5 loop (43 residues) and the peptide (8 residues)
(Figure 7, Supplementary Figure S7: white). In PglB-NAT,
the EL5 loop is part of three communities: blue (residues
283–309, 311–315), orange (residue 310) and green (residues
316–324) (Figure 7, Supplementary Figure S7). The NAT
peptide is also part of the green community, which contains
most of the residues important for both peptide binding and
the pin and latch behavior demonstrated for p+2:T (see
Figure 5A and Table 4), excluding only the WWD motif
which is located in the adjacent, strongly connected orange
community in both PglB-NAT and PglB-NAS (Figure 7,
Supplementary Figure S7). The lack of edges connecting

FIGURE 8 | Top 100 suboptimal paths (blue lines) in the network of
PglB-NAT connecting D465 (purple, periplasmic) with T316 (green, EL5).
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the communities containing the peptide and EL5 in PglB-
NAS suggests that allosteric communication between the
periplasmic domain and EL5, mediated by the peptide, is
lost in the PglB-NAS complex.

Suboptimal path analysis can show paths of allosteric
communication between different parts of the network
(Scarabelli and Grant, 2014; Yao et al., 2016). The
periplasmic latch residues (W463, D465, and I572) are
connected to the EL5 latch residue (T316) by a diverse
network of paths passing through the pin (p+2, 99.6% of
paths) (Figure 8). Network attributes such as the number of
edges per node (degree) and the number of shortest paths
that pass through each node (betweenness) further illustrate
the high connectivity of the NAT peptide and that adjacent
peptide residues p+1 and p+3 play a supporting role in the
network of PglB-NAT (Supplementary Table S9). In
contrast, at the threshold used for the network analysis
(cross-correlation >0.7), no paths connect the periplasmic
domain and EL5 in PglB-NAS (Figure 7). Since a threshold
imposes an arbitrary cutoff, we examined the cross-
correlation values between the three most important
peptide residues in the network of PglB-NAT (p+1, p+2,
and p+3) and the latch residues (W463, D465, I572, and
T316). Only three residue pairs have cross-correlation values
near the threshold in PglB-NAS (cross correlation >0.68):
p+1 with W463 and W464 and p+2 with the adjacent I317
(Supplementary Table S10). In PglB-NAT, 12 out of 18
pairs meet the 0.7 threshold and 15 out of 18 pairs meet the
0.68 threshold (Supplementary Table S10); the cross-
correlation cutoff would have to be lowered to 0.51 in
PglB-NAS to match the level of connectivity in the
network of PglB-NAT (Supplementary Table S10). These
results support that the allosteric communication between

the periplasmic domain and EL5 is disrupted in PglB-NAS
because the NAS peptide does not mediate the interaction
effectively.

Comparison of the Substrate Binding
Pocket of PglB and Human OST
In the cryo-EM structure of the humanOST complex with acceptor
peptide (OST-B, PDB code 6S7T (Ramírez et al., 2019), the p+2
binding pocket is structurally similar to the binding pocket in PglB
(Supplementary Figure S10), thus our findings are likely
generalizable to the eukaryotic OSTs. However, a lysine residue
(K674) is present in the analogous position of I572 in the structure
of PglB (Supplementary Figure S10, orange). The cryo-EM
structure suggests that K674 in the human OST may form a
hydrogen bond with D606 of the WWD motif (Supplementary
Figure S9, blue). This H-bond would stabilize the nearby
tryptophan (W677), which is structurally analogous to V575 in
the extended bacterial MIV motif (Maita et al., 2010)
(Supplementary Figure S10, yellow). The methyl group of p+2
is rotated towards W677 in the human structure (Supplementary
Figure S10, red/yellow), suggesting W677 replaces the stabilizing
van der Waals interaction formed with I572 in the bacterial
structure. W677 is conserved in eukaryotes (Supplementary
Figure S1D) as part of an extended hydrophobic motif after
the previously identified DXXK motif (Maita et al., 2010). W677
also stacks with S402 (of the SVSE motif, Supplementary Figure
S1B) in the structurally analogous position to T316
(Supplementary Figure S10, purple), possibly explaining the
conservation of the smaller serine in this position for
eukaryotes (Jaffee and Imperiali, 2011). Overall, the structural
similarity between the binding pockets suggests that a similar

FIGURE 9 | Comparison of structures at different states in the catalytic cycle. Average bound structure of PglB-NAT (blue) and PglB-NAS (red) aligned on
consensus stable core residues compared with (A) the average unbound structure from PglB-NAS (yellow) and (B,C) the crystal structure of PglB in complex with the
acceptor peptide and an LLO analog (cyan, LLO analog in gray), front (B) and side (C) views (PDB code: 5OGL). EL5 not shown for clarity.
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hinge/latch mechanism is present in eukaryotic OSTs with
variations that modulate the catalytic efficiency for serine-
containing substrates.

DISCUSSION AND CONCLUSION

The crystal structure of C. lari PglB shed light on the catalytic
mechanism of asparagine-linked glycosylation and provided a
structural explanation for the difference in catalytic efficiency
between N-X-T and N-X-S substrates (where X can be any
residue but proline in the consensus sequence): the loss of the
methyl group would eliminate the van der Waals interaction
between the substrate residue at position p+2 and I572 of PglB
(Lizak et al., 2011). However, there remained four hydrogen bonds
between the p+2 substrate residue and the WWD motif, making
the van derWaals interaction with I572 seemingly a relatively small
contribution. In this paper, we focused on the substrate bound
phase of the glycosylation mechanism of PglB to explore how the
two different residues at position p+2 (threonine and serine) could
affect the catalytic competency. We found that the two substrates
exhibited a striking difference: the substrate peptide containing
serine was 2.5 times more likely to experience partial unbinding
over 500 ns than the substrate peptide containing threonine.While
striking, this is supported by the different binding affinities
measured for the NAT and NAS peptides. The peptide binding
affinity for PglB is 4 times lower for NAS peptides compared to
NAT peptides (Gerber et al., 2013), indicative of a higher off-rate
for NAS over NAT peptides.

Examining the PglB-peptide interactions while bound, we
identified multiple hydrogen bonds that are important for
stable binding–previously identified interactions with the
WWD motif and newly identified interactions with the
structured EL5 C-terminus. PglB when bound to the NAS
peptide sampled a greater range of conformations and
exhibited decreased formation of these key hydrogen bonds
compared to PglB when bound to the NAT peptide. Despite
this, the catalytically relevant H-bonds between the acceptor
asparagine and D56/E319 had similar transient formation for
the two peptides in the absence of LLO (necessary for a
catalytically competent state). However, since being bound in
the catalytic pocket is a prerequisite to the formation of these
H-bonds, the increased partial substrate disassociation observed
for PglB-NAS decreased the population of catalytically competent
states by roughly half.

More remarkably, the identity of the amino acid at the p+2
position of the substrate peptide also affected the periplasmic
domain orientation of PglB. The two bound structures are similar,
but they differ in ways that suggest either the unbound or the
peptide/LLO bound states. Comparison of the average bound
structures of PglB-NAT and PglB-NAS with the average unbound
structure (Figure 9A) shows that the average structure of bound
PglB-NAS more closely resembles the more open unbound
structure than does the average structure of bound PglB-NAT.
More open periplasmic domain conformations have been
observed in the absence of substrates and were hypothesized
to play a role in product release (Pedebos et al., 2015). In contrast,

comparison of the average peptide-bound structures with the
crystal structure of the PglB-peptide-LLO complex
(Napiórkowska et al., 2017) (Figures 9B,C) shows that the
periplasmic domain is oriented such that the binding pocket
between the periplasmic and transmembrane domains is more
compact when the LLO analog is present. This suggests that a
more closed conformation of the periplasmic domain is
important for a catalytically competent state, and thus the
more closed periplasmic domain orientation of PglB-NAT
compared to PglB-NAS may play a role in their different
catalytic competencies.

Rigid body domain motion was found to describe the
difference between the conformations of the periplasmic
domain in PglB-NAT and PglB-NAS with a hinge near the
junction of the two helices containing N448 and Y473, near
the interface of the periplasmic and transmembrane domains.
Threonine at position +2 acts as a pin in a latch to inhibit the
hinge motion by forming interactions with residues in the
periplasmic domain and EL5. Loss of the methyl group in
serine results in the disruption of these interactions, allowing
the latch to open. The pin/latch complex and the H-bonds
necessary for stable substrate binding involve many of the
same residues. We found that the opening of the latch
necessarily disrupts the binding, and thus combined with the
more open periplasmic domain orientation produces the
fundamental difference observed between the simulations of
PglB-NAT and PglB-NAS, namely, the 2.5 times increase in
the frequency of partial NAS peptide unbinding. The
importance of the newly identified substrate-EL5 interaction is
supported by, and may help explain, the conservation of T316 as
part of the bacterial TIXE motif (Jaffee and Imperiali, 2011).
Network analysis confirmed the existence of allosteric
communication mediated by the peptide between the
periplasmic domain and EL5 for NAT peptides and showed
that it is greatly weakened for NAS peptides.

Neighboring substrate residues at positions p+1 and p+3 play
supporting roles in the binding and allosteric communication.
Both p+1 and p+3 form strong H-bonds in PglB-NAT (p > 0.8)
that we identified as important for substrate binding stability.
Substrate residues p+1 and p+3 form backbone H-bonds with
the structured portion of EL5; EL5 pins the substrate in the
binding pocket and p+1/p+3 play a role in stabilizing the
peptide-EL5 interaction. We also found a robust network of
interactions between the periplasmic domain and EL5 mediated
by the NAT peptide with high connectivity of multiple substrate
residues (including p+1 and p+3), facilitating allosteric
communication.

These results offer potential explanations for the observation
that the catalytic competency of N-X-S substrates is more
sensitive to nearby residues p+1 and p+3 than N-X-T
substrates (Mellquist et al., 1998; Malaby and Kobertz, 2014).
With the disruption of the H-bonds with the WWD motif, the
p+1 and p+3 H-bonds with EL5 may play a larger role in keeping
serine-containing substrates bound in the catalytic pocket.
Intriguingly, the degree to which the p+1 and p+3
interactions are affected in our simulations mirrors their
observed effect on the catalytic competency. In our substrate
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peptides, p+1 is an alanine [found in better substrates (Malaby
and Kobertz, 2014)] and p+3 is a phenylalanine [found in worse
substrates (Mellquist et al., 1998)]. Despite having more than
three times the number of edges (p+1 has 15 vs. 52 edges for
p+3), the number of shortest paths that pass through p+3 is a
fraction of the shortest paths that pass through p+1 (46 vs. 2,268
for p+1 and p+3, respectively), indicating that p+1 is far more
robustly connected in the network of PglB-NAT. While the p+1
and p+3 H-bonds with EL5 form with similar probability in
PglB-NAT, this difference in substrate residue connectivity
appears to have a more functional affect in PglB-NAS, where
the p+1-M318 H-bond probability is decreased by 0.22 but the
p+3-T316 H-bond probability is decreased by 0.45, more than
twice the decrease of the p+1 H-bond. Similarly, in PglB-NAS
the cross-correlations between the peptide and key PglB residues
decrease on average compared to PglB-NAT by half as much for
p+1 compared to p+2 and p+3 (a decrease of 0.1 for p+1 vs. 0.2
for p+2/p+3).

Experimental data have shown that an interplay exists between
the catalytic competency and the substrate residues at positions
+1, +2, and +3–serine at p+2 increases the sensitivity to p+1 and
p+3, and a less optimal residue at p+1 was found to make
differences at p+3 more pronounced (Mellquist et al., 1998;
Malaby and Kobertz, 2014). This observation is consistent
with our simulation results that show a dynamic network
between substrate and enzyme: the strong network of
interactions with p+2 when threonine is present leads to more
stable substrate-enzyme binding, facilitating the formation of
interactions between PglB and p+1/p+3, even with less
optimal residues; with serine, this dominant interaction is
weakened and the supporting roles of p+1/p+3 become more
important to the catalytic competency and thus deficiencies are
more consequential.

Certain features that play a role in the behavior observed in
our simulations are known to differ between bacterial and
eukaryotic OSTs and may contribute to greater sensitivity to
serine-containing substrates in eukaryotes (Bause, 1984; Breuer
et al., 2001; Chen et al., 2007; Gerber et al., 2013). We found that
the conserved D at the p-2 position in the longer bacterial
consensus sequence [D-X-1-N-X+1-S/T, where X-1 and X+1 can
be any residue except proline (Young et al., 2006)] compensates
partially for the lost favorable interactions in serine substrates;
without the compensation offered by the aspartic acid at p-2 the
difference in the interaction energy with PglB between NAT and
NAS peptides would be almost double. In eukaryotic OSTs, the
interaction at position p-2 with the asparagine residues of the
transmembrane domain is not conserved, which may explain
why eukaryotic OSTs have greatly reduced catalytic activity for
N-X-S peptides (Bause, 1984; Breuer et al., 2001) while bacterial
OSTs have a more modest difference in comparison (Chen et al.,
2007; Gerber et al., 2013).

Van der Waals interactions between p+2 and T316 are part of
the network of interactions that facilitate allosteric
communication between the periplasmic domain and EL5.
Although this interaction is directly affected by the lost methyl
group, the NAS peptide was able to still form transient

interactions with T316. T316 is part of the conserved TIXE
motif containing the catalytic E319 in bacteria; in eukaryotes,
a different sequence is conserved: SVSE (Jaffee and Imperiali,
2011) (Supplementary Figure S1B). The replacement of
threonine by the smaller serine in this sequence would further
compromise the ability of serine-containing substrates to form
stable interactions with EL5 in eukaryotes.

From our results we conclude that the loss of the methyl
group in serine has repercussions far beyond the van der
Waals interaction with I572 observed in threonine
substrates. The loss of the methyl group destabilizes the
entire constellation of interactions present with threonine
and disrupts neighboring interactions between substrate and
enzyme. This interrupts the allosteric communication
between the periplasmic domain and EL5 mediated by
acceptor substrates with threonine, allowing for opening
of the periplasmic domain. While threonine at the +2
position acts as a pin in a latch to favor more closed
periplasmic domain orientations reminiscent of the crystal
structure of PglB with acceptor substrate and LLO analog
(Napiórkowska et al., 2017), the more open periplasmic
domain orientations seen with serine likely combine with
the weakened substrate-enzyme interactions to increase
substrate release and thereby decrease the formation of
catalytically competent states.
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