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ABSTRACT: Complex glycans serve important functions in all living systems. Many of these intricate and byzantine biomolecules
are assembled employing biosynthetic pathways wherein the constituent enzymes are membrane associated. A signature feature of
the stepwise assembly processes is the essentiality of unusual linear long-chain polyprenol phosphate-linked substrates, such as un-
decaprenol phosphate in bacteria. In this study we focus on a small enzyme, PglC from Campylobacter, structurally characterized for
the first time in 2018, as a detergent solubilized construct. PglC is a monotopic phosphoglycosyl transferase (PGT), that embodies
the functional core structure of the entire enzyme superfamily and catalyzes the first membrane-committed step in a glycoprotein
assembly pathway. The size of the enzyme is significant as it enables high level computation and relatively facile, for a membrane
protein, experimental analysis. Our ensemble computational and experimental results reveal a specific interaction of undecaprenol
phosphate with PGT cationic residues and suggest a role for critical conformational transitions and electrostatic steering in substrate
recognition, overcoming significant energetic barriers to binding. The study highlights that computation, guided by fundamen-
tal chemical principles, can advance the study of biochemical processes at membrane bilayers and provide chemical insight at a

molecular level that cannot be derived by experiment alone.

Introduction

Understanding the dynamic interactions between mem-
brane-bound enzymes and their membrane-associated sub-
strates in a native lipid bilayer environment presents major
logistical challenges. Currently, snapshot views from struc-
tural analysis, for example employing X-ray crystallog-
raphy, can provide some insight into enzyme-substrate as-
sociation. However, such analyses are most commonly con-
ducted with detergent-solubilized proteins. This treatment
inevitably disrupts native membrane interactions and pre-
cludes assessment of the contribution of the membrane en-
vironment to the subtle interplay of protein dynamics and
ligand interactions that lead to function. The analysis of
membrane-bound enzymes in their native environment has
revealed unexpected properties that impact catalysis, as il-
lustrated for example in the dramatic enhancement of catal-
ysis observed for rhomboid proteases in membrane.!

Phosphoglycosyl transferases (PGTs) catalyze the transfer
of a phosphosugar group from a UDP-sugar substrate to a
membrane-resident polyprenol phosphate acceptor (in
bacteria most commonly undecaprenol or decaprenol phos-
phate). 2 This reaction is the initiating step of many gly-
coconjugate biosynthesis pathways.3-5 The current studies
focus on the monotopic PGT (monoPGT) superfamily.4¢ The
first structure for a monoPGT superfamily member, the
Campylobacter concisus PglC (PDB 5W7L), was determined
in 2018.7 This structure’ and extensive sequence analyses®

8 show that all superfamily members include a minimal cat-
alytic domain defined by a reentrant membrane helix
(RMH) and an active site including an Asp-Glu catalytic dyad
and magnesium cofactor positioned at the membrane inter-
face. Subsequent computational analyses were also applied
to define the sequence motifs that guide the RMH topology.?
Catalysis proceeds via a covalent intermediate! with both
soluble and amphiphilic substrates remaining in aqueous
and membrane environments respectively.l? Although the
novel structure provided new insights, the enzyme was
crystallized in a detergent-solubilized form and lacked the
native context of the membrane. Indeed, the snapshot of the
structure that was captured represented an open confor-
mation with direct access of bulk solvent to the active site.
The suggestion of a catalytically competent closed con-
former, which could lead to a protected active site, came
from bioinformatic covariance analysis of PGT orthologs.
The use of covarying residues to indicate structural contacts
pointed to the interaction of the RMH with the catalytic core
of the protein as well as the interaction of structural ele-
ments that would allow active site closure.® 8 Additional in-
formation on the monoPGT and its membrane-bound sub-
strate was also derived from studies using the model mem-
brane styrene maleic acid lipoparticle (SMALP) method?2 13,
which show that the amphiphilic UndP substrate is re-
cruited to the PGT enzyme.'* Finally, in vivo analysis using
the substituted cysteine accessibility method (SCAM)
method?s and the observation of an ordered phosphatidyl
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ethanolamine head group in the crystal structure corrobo-
rated the monotopic topology and the placement of key
membrane-interacting residues in PglC.”.?

Major opportunities in the study of membrane proteins in
native-like environments have emerged from the develop-
ment of liponanoparticles such as Nanodiscs, stabilized by
membrane scaffold proteins, introduced by Sligar and
SMALPs, stabilized by amphiphilic copolymers such as sty-
rene maleic acid (reviewed in 1617). Indeed, purified and sta-
bilized samples of PgIC using such membrane mimetic sys-
tems have been reported?!3 18 However, although these sys-
tems are very attractive for some studies, certain limita-
tions must be recognized. For example, the area of the mem-
brane is limited (10-20 nm diameter), the boundaries be-
tween the membrane and the liponanoparticle scaffold are
non-native and account for much of the available area, and
additives such as divalent cations can be destabilizing. Im-
portantly, the precision/resolution of experimental dis-
tance measurements such as FRET may be inadequate for
the questions at hand.

Herein, we present a synergistic computational and experi-
mental approach for analysis of dynamics of the monotopic
PGT, PglC, and interactions with both the membrane and the
unique membrane bound substrate undecaprenol phos-
phate. We apply the CHARMM36 force field, which is the
most widely used all-atom resolution forcefield for lipid
systems. This force field has been used extensively in simu-
lations of eukaryotic, prokaryotic, and artificial membranes.
Specifically, we validate a model representing the experi-
mentally-determined catalytic core of PgIC ca. 200 residues)
and a lipid bilayer (400 phospholipids/200 per leaflet) of
relevant composition and dimensions, with and without the
amphiphilic substrate UndP. These studies show that the
UndP adopts a compact conformation in a single leaflet of
the bilayer; the inclusion of PgIC shows that the UndP con-
formation mirrors the position of the reentrant helix mak-
ing critical interactions with cationic residues. Molecular
dynamics reveals motions that would promote a closed ac-
tive site, which is also supported by the observation of con-
formers in an experimental crystal structure.

Table 1: Values of Pz and | ’I}G‘| order parameters of dif-
ferent membrane components, measuring nematic or-
der and hexagonal packing, respectively, obtained from
simulation of membrane with and without the inclusion
of UndP.

System POPE POPG CL
membrane 0.67 0.69 0.71
P, +0.02 +0.03 +0.04
value membrane 0.67 0.69 0.72
with UndP +0.02 +0.04 +0.04
membrane 0.40 0.41 0.41
|lPk| +0.02 +0.03 +0.02
value  membrane 040 041 0.40
with UndP +0.02 +0.03 +0.02

Results and Discussion

Simulated bacterial membrane exhibits a characteristic lig-
uid-disordered phase

We first simulated a number of lipid bilayers without pro-
tein, to validate the membrane model against experimental
observables including area per lipid. As a benchmark, we
simulated a lipid bilayer composed of 67 mol% 1-Hexadec-
anoyl-2-(9Z-Octadecenoyl)-sn-Glycero-3-Phosphoethano-

lamine (POPE), 23 mol% 1-Hexadecanoyl-2-(9Z-Octade-
cenoyl)-sn-Glycero-3-Phosphoglycerol (POPG), and 10
mol% cardiolipin (CL) of defined acyl-chain composition
(Figure S1) to mimic the experimentally-determined aver-
age composition for typical inner membranes of Gram-neg-
ative bacteria including Campylobacter concisus.*® To define
lipid organization and packing, the liquid crystal order pa-
rameter (P2) and 2D bond-orientational order parameter
() were computed for all lipid molecules. The P2 order pa-
rameter has been used to understand the organization of li-
pid tails in membrane domains, in both coarse-grained and
all-atom models.20 21 The value of the P2 order parameter
reports on the orientation of the lipid director vector rela-
tive to the vector normal to the membrane. The range of P
values varies from perpendicular (-0.50), to parallel (1.0).
The P2 value for a liquid ordered domain of a lipid bilayer is
greater than 0.9, using the CHARMM36 force field.20 In con-
trast, studies using the coarse-grained MARTINI model have
reported P2 values varying from 0.63, for liquid disordered
domains, to 0.82, for liquid ordered domains.2! The absolute
value of the 2D bond-orientational order parameter | S‘};| es-
timates the extent of hexagonal packing around the lipid. A
high degree of hexagonal packing is a hallmark of the liquid
ordered domain. The | ?’6‘| value varies from 0.42, for liquid
disordered domains, to 0.48, for liquid ordered domains.2!
The values of the Pz and | ‘]}6‘ | order parameters calculated

from our simulations are tabulated in Table 1.
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Figure 1: (a) Pictorial representation of the lipid bilayer
composed of POPE (blue), POPG (green), CL (yellow), and
UndP (salmon). Lipid head groups are represented in or-
ange. (b) Density distribution of different membrane
components. Traces represent the density distributions
of UndP (salmon), lipid acyl chains (green), water (cyan),
and phospholipid phosphate head group (orange), re-
spectively.

In comparison with previous studies, the lower values of the
Pzand | ¥}g| order parameters indicate that the lipid bilayer
in this composition forms a liquid-disordered phase at room
temperature. The distribution of the | ¥}g| order parameter
over different regions of the membrane shows no phase
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Figure 2: (a) Pictorial representation of the POPE:POPG:CL 67:23:10 lipid bilayer, showing POPE (blue), POPG (green), CL
(yellow). The PglC protein and lipid head groups are represented by grey, and orange, respectively. (b) RMSD of PglC struc-
tures obtained from simulation, along with the cumulative distributions. The crystal structure was used as the reference
state.

separation or domain formation in either leaflet (Figure
$2). Parallel studies without CL showed that the major or-
der parameters of the membrane components were not sig-
nificantly perturbed (Figure S3).

Undecaprenol phosphate (UndP) is disordered and local-
ized in a single leaflet

Linear polyprenol phosphates (PrenPs) play a critical role
in glycoconjugate biosynthesis and are present in concen-
trations estimated to be <0.1 mol% in bacterial mem-
branes.!8 22 The structures of PrenPs have been explored
through computational and experimental studies.23-25 Previ-
ous computational studies showed that dolichol (C95), dol-
ichol phosphate (C95-P), and UndP feature three domains
characterized by a central coiled region, involving a series
of Z-configuration isoprene units, and two flanking regions,
including the polar head group and the tail with E-configu-
ration isoprene units.2* In a study of C95 and C95-P in a
dimyristoylphosphatidylcholine (DMPC) bilayer, the polar
head groups of the PrenP were observed to be located near
the membrane-water interface with the polyprenyl coiled
region interacting with the phospholipid acyl tails.

To investigate the behavior of UndP in this system, we
placed two UndP molecules (1.0 mol%) in the lipid bilayer
in an extended transmembrane conformation. The order
parameters (Table 1) show that the inclusion of UndP does
not perturb the lipid packing. This result is consistent with
previous published studies employing pyrene as a probe to
assess changes in membrane polarity, which showed only
modest effects on the membrane up to 0.5% UndP.!* From
the density analysis, the phosphoryl groups of the UndP
molecules are observed to be primarily located near the
membrane-water interface (Figure 1b). This density pro-
file suggests that the UndP occupies the upper leaflet, in
agreement with previous studies.* We performed Voronoi
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tessellations by considering one atom per lipid tail to com-
pute the area occupied by the different bilayer components
(Figure S4). The computed areas occupied by POPE, POPG,
CL, and UndP were found to be 58.3, 57.7, 108.8, and 31.7
A2, respectively. The average value of the radius of gyration
of UndP, calculated over the course of the simulation (Fig-
ure S4), was found to be 0.85 nm. Substantial fluctuations
in the radius of gyration of UndP result from the flexibility
of the polyprenyl group, which readily and frequently un-
dergoes transitions between stretched, coiled, and unstruc-
tured conformations.

Validation of computational model of PgIC in a model bacte-
rial membrane

Having validated the membrane model in the absence and
presence of UndP, we introduced the PgIC protein employ-
ing the standard method for protein insertion using the
CHARMM-GUI.26 The resultant placement was consistent
with previous experimental and computational studies?. °
(see Introduction). The experimentally determined struc-
ture of PglC (PDB 5W7L)7 was used to examine dynamics in
the membrane environment (composed of 67 mol% POPE,
23 mol% POPG, and 10 mol% CL, as in the simulations
above). We note the C-terminal residues (183-205) were
not ordered in the X-ray crystal structure and therefore
were excluded from the simulations in all the presented
studies.

The RMSD values of the PglC structure over the time course,
after the initial computational equilibration, with reference
to the experimental structure, is shown in Figure 2b. The
insertion depth of the protein obtained from the simulation
is shown in Figure S5. The comparison of RMSF of PglC with
the experimentally derived B-factors (Figure S6) shows ex-
cellent agreement between experiment and simulation. The
X-ray crystallographic structure shows that the signature
RMH (see Introduction) is kinked at the Ser23-Pro24 motif
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Figure 3: (a) Interaction of PgIC and UndP at different times of the simulation. Lipids and water were not shown for clarity. (b)
Contact map of UndP and PgIC using a 5 A interaction distance cutoff. The bar colors represent the contact probability, where a value
of one represents a contact maintained between the residues throughout the simulation trajectory. (c) Ribbon representation of
UndP and PglC interaction. Grey, salmon, green, and blue represent the PglC, UndP, Mg?+, and residues of PglC that interact with UndP,

respectively. The location of the active site and catalytic DE motif is coincident with the Mg2+ cofactor.

with an interhelix angle of 118e. In the simulation, the struc-
ture of the reentrant helix (residue 1-36) is similar to that
in the crystal structure with a RMSD of < 1 A. Those regions
of PglC exposed to water show the largest structural fluctu-
ations, although the average RMSD values over the simula-
tion are less than 3 A. The insertion depth of PgIC observed
in simulation is consistent with a reentrant helix with a
hinge angle at Ser23-Pro24 of 117° consistent with experi-
ment. The maximum insertion depth of PglC is 13 A, also in
agreement with structural and biochemical studies.” °
These findings validate our computational model of PgIC in
a model bacterial membrane.

Role of basic residues and electrostatic steering in UndP
binding to PglC

Previously, we reported that the presence of PglC in a model
membrane system increases the local UndP concentration
by two-fold relative to the bulk membrane.? It has also been
shown that conserved basic residues in the active-site cav-
ity of PglC play an important role in the binding of UndP to

PglC.8 To identify key interactions between UndP and PglC,
we simulated a lipid bilayer using the same composition and
parameters as described above, augmented by the inclusion
of two UndP molecules (0.5 mol %, see methods). This pro-
portion of UndP is somewhat higher than a typical physio-
logical concentration (<0.1 mol %) but is necessary to con-
strain the size of the system for computation. One UndP
molecule was found to interact with PgIC (Figure 3a). The
second UndP did not show any specific binding and was ob-
served to diffuse away from PglC over the course of the sim-
ulation. The contact map for PgIC and the interacting UndP,
obtained from simulation, is shown in Figure 3b. The re-
sulting binding pose suggests that the interaction of UndP
and PglC is mediated by Arg88, Arg145, and Lys179 (Figure
3c).

The computational prediction of Arg88 as a mediator of
UndP binding is consistent with a previous mutational anal-
ysis® 8 showing that the R88Q variant has minimal activity
(less than 30% wild type (WT) activity when tested at 10-
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fold higher concentration). In these studies, Arg145 has a
large effect when substituted by either alanine or gluta-
mine, with ~100-200-fold reduction in activity when com-
pared to WT for either variant. However, the mutation of
Lys179 and Lys182 (singly or in a double mutant) to either
alanine or glutamine indicated that these residues do not
play a significant role in catalysis.

.................................. s
(b) l
R88Q-R145Q

40|

(c) @

Figure 4: Electrostatic potential map of (a) WT, (b)
R145Q, (c) R88Q, and (d) R88Q -R145Q PgIC. The protein
surface color, varying from red to white to blue, repre-
sents electrostatic potential values ranging from negative
to positive values. The corresponding electric field lines
are shown in green. UndP is depicted in the active site of
WT PglC to indicate the position of the active site. UndP,
and the head group of UndP are represented by salmon,
and orange respectively. The grey layer represents the
average position of the membrane.

Considering these experimental results, we performed par-
allel simulations of three site-directed variants of PglC,
R88Q, R145Q, and R88Q-R145Q, in a membrane with two
UndP molecules, as described above. The UndPs were ini-
tially positioned as in the WT PgIC simulation. In contrast to
the simulation of the WT PglC, UndP was not observed to
bind to the active site of any variant PglC during a 1 ps sim-
ulation. This observation is consistent with the experi-
mental kinetic analysis of the variants; replacement of one
or two basic arginine residues with a polar, but neutral, glu-
tamine impacted the binding of the negatively charged
UndP. To explore the role of charge in the relative binding
affinity of UndP to the WT and variant forms of PglC, we
computed the electrostatic potential map (Figure 4). In the
case of WT PglC, the Arg88, Argl45, and Lys179 residues
form a patch of positive charge near the active site (Figure
$7). In contrast, the PglC variants have significantly dimin-
ished positive charge in the active site region. We postulate
that this change in charge distribution disrupts the electro-
static steering of the UndP toward the active site and dimin-
ishes the binding affinity. In addition, the RB8Q mutation
deforms the region encompassing residues 174-182 of PgIC

(Figure S8). Similar patterns were seen in independent
simulations of the R88Q and R88Q-R145Q variants. Along
with the diminished positive charge density in the active
site, the deformation of this (residues 174-182) region
would be likely to negatively impact UndP binding to the ac-
tive site of PglC.
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Figure 5. Mobile loop “closed” conformations observed
upon occupancy of PgIC active site. (a) Overlay of the 8
chains in the WT SeMet dataset. Chains colored by rain-
bow from chain A (red) to chain H (violet). (b) Estimate
of the number of electrons in the active site of each chain
derived using Mapman?’ (see Methods). The distances
were measured from the Ca at the top of the mobile loop
(Ca of N70 in all chains except E, where it is Ca A69, due
to differences in loop conformation) to the Ca of [121. (c)
B-factors for each residue mapped to the mobile loop.
Low B-factors are observed for the “open” and “closed”
conformations, correlated with electron density in the
active site. For reference, the structure of I57M/Q175M
PgIC at 2.74 A resolution (PDB 5W7L) is shown in black.

Closure of the mobile loop is correlated with occupancy of
the active site

Closure of the mobile loop (C. concisus residues 61- 81 see
Figure 5), which connects the extended 3-strand of the core
fold of the monoPGT with the helix proximal to the active
site, has been hypothesized to be integral to substrate bind-
ing.” This model is based on two previous observations: (a)
the divergence of the loop position between energy-mini-
mized predicted structural models and the crystallograph-
ically determined model and (b) conservation of residues
within the mobile loop. In the current study, further insight
is derived from the structure of selenomethionine (SeMet)-
derivatized PgIC co-crystallized with UDP. In contrast to
I57M/Q175M PgIC,” the SeMet PgIC has an asymmetric unit
(ASU) comprising eight monomers rather than two per unit
cell, allowing independent refinement. Although the resolu-
tion was low (3.01 &), and the ligand was not stoichiometri-
cally bound (10 - 20 % occupancy of any ligand to the active
site), it was possible to make correlations between the pres-
ence or absence of electron density and the loop confor-
mations. When the eight copies of PglC in the ASU were
overlaid, the mobile loop is the main region of structural di-
vergence between the chains (Figure 5a; Table S1). In
monomers G and H, which are closed, as well as A and B (in-
termediate conformation), a comparatively large number of
electrons is present in the site where the nucleotide would


https://doi.org/10.1101/2023.05.07.539694
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.539694; this version posted May 7, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

be expected to bind. In contrast, monomers C, D, E, and F,
which are open, all have significantly fewer electrons pre-
sent (Figure 5b). Analysis of the mobile loop in the context
of active-site ligand occupancy shows that chains with a
greater positive electron density were in a more closed con-
formation than those with little or no density. Monomers
occupying the same position within each of the four lattice
dimers do not always occupy the same mobile loop position,
thus the difference in the observed loop conformation is
likely due to differential binding at the active site. Mapping
of crystallographic B-factors in each monomer reveals that
the loops occupy either one of two relatively low-B-factor
conformations corresponding to open (C and D) or closed
(G and H), with higher-B-factor loops occupying positions
between these two extremes (A, B, E, and F) (Figure 5c).

Correlation of mobile loop dynamics in simulation and ex-
periment

We investigated the loop-closing motion of PglC using two
independent means: structures derived from our computer
simulations and a series of eight experimentally-derived
PglC crystal structures. In both cases we apply principal
component analysis (PCA) to identify essential motions of
the protein.28 22 The resulting PCs provide insight into con-
formational differences of the protein in the crystal environ-
ment and observed in molecular dynamics simulations (Fig-
ure 6a and b).
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Figure 6: Movement of the protein along first principal
component obtained from (a) experiment and (b) simu-
lation. (c) Inner product of the eigenvectors associated
with each PC obtained from experiment and simulation.

In both cases, we found that the loop closing motion
corresponds to the eigenvector characterizing the first
principal component. To provide a quantitative comparison
of the two predicted principal components, we projected
one principal component onto the other to determine the
quantitative overlap or similarity. To compare the PCs from
structures derived from experiment and simulation, we
computed the inner product of the first five PCs. The inner
product varies from highest (1, identical PCs) to lowest (0,
no similarity) degree of overlap ((Figure 6c). In each case,
the first PC is dominated by motion of the mobile loop of
PglC. We observe a high degree of similarity for the first PCs,
demonstrating strong correlation between the large-scale
loop dynamics observed in simulation, in the membrane en-
vironment, and obtained from experiment, in the crystal en-
vironment.

Our results qualitatively and quantitatively demonstrate
the similarity between the loop motion in experiment and
simulation. This synergistic comparison provides insight
into the primary functionally important motion in PglC.

Conclusions

The challenge of how to investigate both dynamics and in-
teractions within a membrane/ligand/protein ensemble
was addressed herein using computation augmented by ex-
periment. We have adopted an iterative approach using
computation to yield a functionally relevant view of a
monoPGT in the membrane and used the results both to in-
terpret and inform experimental design. The all-atom mo-
lecular dynamics simulation, using a lipid bilayer composi-
tion representative of the inner membrane of Gram-nega-
tive bacteria, was observed to form a liquid-disordered
phase at room temperature, a property which was main-
tained upon addition of UndP. In this ensemble, the phos-
phate headgroups of the UndP are found at the membrane-
water interface, whereas the acyl tails were disordered and
largely localized within a single leaflet of the model bacte-
rial membrane. Such an arrangement is expected to be en-
thalpically equivalent to an extended transmembrane con-
formation but entropically favored.

Assessment of the monoPGT in the simulation showed good
agreement between the experimentally determined X-ray
crystal structure (solved with detergent-solubilized pro-
tein) and the equilibrated computational structure in the
membrane. The PgIC structure, which is substantively em-
bedded in the membrane (24% embedded in contrast to the
3.9% average for monotopic membrane proteins)’, was
found to undergo fluctuations with low RMSD values (< 3 &)
in comparison to the crystal structure. The N-terminus of
the protein forms a reentrant membrane helix by creating a
117° angle at the hinge centered on the Ser23-Pro24 resi-
dues. These computationally derived observations of the
protein within the lipid bilayer correlated well with obser-
vations derived from experiment.

The analysis also provided a high-level view of the mem-
brane embedded PglC/UndP ensemble. The findings further
suggested that it is advantageous for the polyprenol phos-
phate to largely occupy the leaflet where the reentrant
membrane helix resides as opposed to additionally disrupt-
ing the opposing leaflet of the bilayer, which would be ener-
getically costly. The computational approach yielded the
first view of a polyprenol phosphate binding to a monoPGT
active site, revealing that the basic residues Arg88, Arg145,
and Lys179 of PgIC play a critical role in facilitating the
recognition and binding of UndP. This observation high-
lights a specific mode of interaction of UndP with enzyme
and is consistent with experimental results showing the ac-
tivity of PglC was significantly reduced when Argl45 or
Arg88 were mutated to Ala or Gln. The importance of these
residues is underscored by the computed electrostatic po-
tential and associated electric field, which suggests a role
for electrostatic steering. Such electrostatic steering likely
acts as a major driving force, contributing to recognition
and binding of both UndP and the soluble nucleotide sugar
substrate. Both substrates must overcome significant ener-
getic barriers in binding to the active site — desolvation in
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the case of the UDP-sugar and competition with lipid head-
group interactions in the bulk membrane in the case of
UndP.

The application of theory elucidated the molecular basis un-
derlying experimental observations and validated differ-
ences in structural conformations as functionally relevant.
It was previously conjectured that closure of the mobile
loop may play an important role in substrate binding and
attainment of the catalytically competent conformation. Our
analysis shows excellent agreement between the simulated
ensemble of protein structures in membrane and the exper-
imentally observed structures with varying degrees of ac-
tive site-ligand occupancy in the crystal environment. In
both cases, we observe global fluctuation of PglC between
open and closed states, characterized by the position of the
mobile loop relative to the active site. Taken together, our
results provide a holistic view of the critical role of charge
and structural transitions in the recognition and binding of
the UndP substrate to a monoPGT and highlight the syner-
gistic use of computation and experiment to assess mem-
brane-resident interactions. More generally, in the case of
membrane proteins where structure determination is so
challenging and biophysical characterization in model
membrane systems has limitations - approaches integrat-
ing high-level simulations can help to advance understand-
ing of this critical sector of the proteome.

Methods
Computational Models and Analysis Methods

PglC and UndP were simulated in a lipid bilayer composed
of 67 mol% POPE, 23 mol% POPG, and 10 mol% CL of de-
fined acyl-chain composition (Figure S1) using the
CHARMM36m all-atom force field.3% 31 A lipid bilayer com-
posed of 200 phospholipid molecules without PglC was pre-
pared. A second lipid bilayer composed of 400 phospholipid
molecules containing UndP and PgIC (PDB ID 5W7L)7 was
also prepared. Residues 57 and 175 of PglC were mutated
to Ile and Gln, respectively, using Chimera3? as these muta-
tions were present in the experimental protein structural
analysis (and constitute the WT protein used in this study).
Each lipid bilayer was solvated using the TIP3P water
model.33 The concentration of KCl was set at 0.15 M. The
UndP-only and UndP-plus-PglC systems were solvated with
52 and 80 water molecules per phospholipid, respectively.
Each bilayer was equilibrated for a minimum of 50 ns of mo-
lecular dynamics simulation in the constant pressure and
temperature ensemble, using the Nose-Hoover thermostat
and Parrinello-Rahman barostat, following the CHARMM-
GUI protocol.26 A 1.5 ps production run was performed for
the UndP-only system and a 1 us production run was per-
formed for the systems containing UndP and PgIC. The tem-
perature of each production run was maintained at 303 K.
All simulations were performed using the GROMACS 2018.3
program.3*

The liquid-crystal order parameter (Pz) was computed for
lipids using the angle (6) between the director vector de-
fined by a subset of phospholipid atoms and the bilayer nor-
mal vector where:

P2 =0.5(3 <cos?(0) >-1)

For POPE and POPG, the director vectors were defined by
the C1 through C16 carbon atoms and C1 through C14 car-
bon atoms. For CL, the director vectors were defined by the
C1 through C12 carbon atoms (Figure S1).

The 2D bond-orientational order parameter (%) was cal-
culated by considering one atomic coordinate per lipid
chain using:

[PE|= | =% e0u

where 8, is the angle between an arbitrary vector and the
vector connecting the central atom (k) and one of the six
nearest-neighbor atoms (1). Voronoi tessellation was also
performed considering the position of the lipid chains. For
POPE and POPG, the coordinates of the C14 and C16 carbon
atoms, and for CL, the coordinates of the C12 carbon atoms,
were used to define the positions of the lipid chains (Figure
$1). The electrostatic potential maps were calculated using
PDB2PQR35,APBS3¢, and APBSmem.37 Principal component
analysis for the protein was performed by diagonalizing the
covariance matrix of the position of the backbone atoms us-
ing ProDy38 and GROMACS tools. All other analyses were
performed using in-house code written using the MDAnaly-
sis Python library.3°

Preparation of Site-Directed Variants

Single and double point mutations were introduced into the
WT C. concisus SUMO-PgIC sequence in the pE-SUMO vec-
tor? using the QuikChange II Site-Directed Mutagenesis kit
(Agilent) and primers in Table S2.

Protein Purification

WT and SUMO-PgIC variants were expressed and purified
using published protocols.” Briefly, proteins were ex-
pressed in E. coli BL21-DE3-RIL cells by autoinduction. Cell
pellets were resuspended in base buffer (50 mM HEPES pH
7.5, 100 mM NacCl) supplemented with 25 mg lysozyme, 25
uL DNAse I and 50 pL protease inhibitor cocktail. Cells were
sonicated twice for 1.5 minutes (1 second on/2 seconds off,
50% amplitude), and the lysed cells were centrifuged at
9417 g for 45 minutes. The resulting supernatant was cen-
trifuged at 142,414 g for 65 minutes to pellet the cell enve-
lope fraction (CEF). The CEF was homogenized into base
buffer with 1% DDM and rotated overnight at 4°C. The de-
tergent-homogenized sample was centrifuged at 161,571 g
for 65 minutes. The supernatant was incubated with 1 mL
Ni-NTA resin for 1 hour at 4°C. The resin was washed with
20 column volumes of Wash I Buffer (base buffer, 0.03%
DDM, 20 mM imidazole, 5% glycerol), followed by 20 col-
umn volumes Wash II Buffer (base buffer, 0.03% DDM, 45
mM imidazole, 5% glycerol). SUMO-PgIC was eluted in 2 col-
umn volumes of Elution Buffer (base buffer, 0.03% DDM,
500 mM imidazole, 5% glycerol) and immediately desalted
using a 5 mL HiTrap Desalting Column into 50 mM HEPES
pH 7.5, 100 mM Nacl, 0.03% DDM, 5% glycerol. Protein pu-
rity was assessed by SDS-PAGE with Coomassie staining
(Figure S9).
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Activity Assays:

Assays for PGT activity were performed using the UMP-Glo
assay (Promega). Reactions contained 20 uM UndP, 20 uM
UDP-diNAcBac, 50 mM HEPES pH 7.5, 100 mM Na(l, 5 mM
MgCl2, 0.1% Triton X-100, and 10% DMSO with 0.4 nM
SUMO-PglC. Reactions in the linear range were quenched
with the UMP-Glo detection reagent and luminescence was
measured in a plate reader as previously described.® Rela-
tive luminescence units were converted into concentration
of UMP (uM) with a standard curve.

Crystallization

WT-SeMet C. concisus PgIC used for crystallography was
prepared as described previously.” Notably, PglC co-purifies
with approximately 3 phosphatidyl ethanolamine : 1 phos-
phatidyl glycerol endogenous lipid observed by thin layer
chromatography. WT Se-Met PglC crystals were grown by
hanging drop vapor diffusion at 17 °C from a 1:1 mix of pro-
tein and well comprised of 0.1 M Bis-Tris pH 6.0, 0.3 M
MgClz, 27% PEG 3350, and 1 mM TCEP (2 pL total volume).
Se-Met PgIC (276 puM in in 50 mM HEPES pH 7.5, 100 mM
NaCl, and 0.03% DDM) was used after incubation with 1 mM
UDP on ice for 30 minutes. WT- SeMet PglC crystals used for
data collection appeared within 3 days and reached their fi-
nal size after 14 days. Crystals were flash-cooled by plung-
ing into liquid nitrogen for transport and data collection
without additional cryo-protection.

Data Collection and Refinement

The WT-SeMet PglC dataset was collected at BNL NSLS-II
17-1D-1 (AMX) (Upton, NY) at the Se X-ray absorption en-
ergy peak (12665 eV) allowed initial partial phases to be
solved by SAD using the Phenix suite.*0 Matthews coefficient
analyses for the data set was consistent with 8 copies in the
asymmetric unit. Data were scaled and integrated using
XDS.#1 SHELXD*2 was run for 5000 trials with a resolution
cut-off of 4.5 A to identify 16 Se sites. Phenix.SOLVE#*3 was
used to find an additional 6 Se sites and calculate subse-
quent Se substructure phases for 22 out of the expected 32
Se atoms in the ASU. Phenix.RESOLVE#** was used to per-
form initial solvent flattening and phase-extension. The par-
tial model resulting from these maps was utilized, together
with data from a second native 157M/I87M 2.59 A dataset
to determine the published structure of the more complete,
higher I/o(I) dataset of I57M/Q175M PgIC at 2.74 A resolu-
tion (PDB 5W7L).7 This higher resolution model was ulti-
mately used to calculate the phases for the WT-SeMet PglIC
dataset.

Refinement against the electron density map was per-
formed with Phenix.Refine45 to refine XYZ coordinates, real-
space, rigid body, and group B-factors. Subsequent rounds
of refinement included refinement of translation libration-
screw (TLS) parameters, manually placed waters, and sim-
ulated annealing of Cartesian coordinates and torsion an-
gles. The final model with eight subunits in the asymmetric
unit was refined to Rwork/Reree 0f 0.27/0.30 with no signifi-
cant outliers using Phenix.Refine*5. All chains of the model
contain 185 out of 205 amino acids as density correspond-

ing to the C-terminus was not visible. Data collection and re-
finement statistics are tabulated in Table S2. The coordi-
nates were deposited in the PDB under entry 8E37.

Electron Density Analysis

The mFo-DFc map of WT-SeMet C. concisus PglC in CCP4 for-
mat was generated from an MTZ file containing coefficients
using PHENIX*#0. The electron density in the active site of
PglC protomers was quantified using MAPMAN?Z’. The peaks
in mFo-DFc map at 3.0 ¢ were identified and the electron
density in a 3.5 A sphere surrounding peaks was integrated
to quantify the number of electrons in the volume where
UDP is expected to bind*e.

ASSOCIATED CONTENT

(Table S1) mutagenesis primers; (Table S2) data collection and
refinement statistics; (Figure S1) lipid structures; (Figure S2)
lateral lipid organization; (Figure S3) area of lipids in the ab-
sence of CL (Figure S4) area of lipids and radius of gyration of
UndP; (Figure S5) insertion depth of PglC; (Figure S6) compar-
ison of RMSF and B-factor; (Figure S7) position of basic resi-
dues in WT and variant form of PglC; (Figure S8) overlay of WT
and variant forms of PgIC; (Figure S9) SDS-PAGE analysis.

AUTHOR INFORMATION

Corresponding Authors

Karen N. Allen, drkallen@bu.edu; Barbara Imperiali, im-
per@mit.edu; John E. Straub, straub@bu.edu

ACKNOWLEDGMENT

The authors gratefully acknowledge the generous support of
the National Institutes of Health, grant R01 GM131627 (to
K.N.A. and B.L) grant RO1 GM107703 (to J.E.S.), National Sci-
ence Foundation, grant no. CHE1900416 (to J.E.S.), and the
high-performance computing resources of the Boston Univer-
sity Shared Computing Cluster (SCC).

REFERENCES

(1) Kreutzberger, A. J. B.; Ji, M.; Aaron, ].; Mihaljevi¢, L.; Urban, S.
Rhomboid distorts lipids to break the viscosity-imposed speed limit of
membrane  diffusion.  Science 2019, 363 (6426). DOL:
10.1126/science.aao0076.

(2) Hartley, M. D.; Imperiali, B. At the membrane frontier: a prospectus
on the remarkable evolutionary conservation of polyprenols and
polyprenyl-phosphates. Arch Biochem Biophys 2012, 517 (2), 83-97.
DOI: 10.1016/j.abb.2011.10.018.

(3) Allen, K. N.; Imperiali, B. Structural and mechanistic themes in
glycoconjugate biosynthesis at membrane interfaces. Curr Opin Struct
Biol 2019, 59,81-90. DOI: 10.1016/j.sbi.2019.03.013.

(4) O'Toole, K. H.,; Bernstein, H. M.; Allen, K. N.; Imperiali, B. The
surprising structural and mechanistic dichotomy of membrane-
associated phosphoglycosyl transferases. Biochem Soc Trans 2021, 49
(3),1189-1203. DOI: 10.1042/BST20200762.

(5) Price, N. P, Momany, F. A. Modeling bacterial UDP-HexNAc:
polyprenol-P HexNAc-1-P transferases. Glycobiology 2005, 15 (9), 29R-
42R, Review. DOI: 10.1093/glycob/cwi065.

(6) O'Toole, K. H.; Imperiali, B.; Allen, K. N. Glycoconjugate pathway
connections revealed by sequence similarity network analysis of the
monotopic phosphoglycosyl transferases. Proc Natl Acad Sci U S A
2021, 118 (4). DOI: 10.1073 /pnas.2018289118.

(7) Ray, L. C; Das, D.; Entova, S.; Lukose, V.; Lynch, A. J.; Imperiali, B.;
Allen, K. N. Membrane association of monotopic phosphoglycosyl
transferase underpins function. Nat Chem Biol 2018, 14 (6), 538-541.
DOI: 10.1038/s41589-018-0054-z.


https://doi.org/10.1101/2023.05.07.539694
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.539694; this version posted May 7, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(8) Lukose, V.; Luo, L.; Kozakov, D.; Vajda, S.; Allen, K. N.; Imperiali, B.
Conservation and covariance in small bacterial
phosphoglycosyltransferases identify the functional catalytic core.
Biochemistry 2015, 54 (50), 7326-7334. DOL:
10.1021/acs.biochem.5b01086.

(9) Entova, S.; Billod, J. M.; Swiecicki, J. M.; Martin-Santamaria, S.;
Imperiali, B. Insights into the key determinants of membrane protein
topology enable the identification of new monotopic folds. Elife 2018,
7.DOI: 10.7554 /eLife.40889.

(10) Das, D.; Kuzmic, P.; Imperiali, B. Analysis of a dual domain
phosphoglycosyl transferase reveals a ping-pong mechanism with a
covalent enzyme intermediate. Proc Natl Acad Sci U S A 2017, 114,
7019-7024.DOI: 10.1073/pnas.1703397114.

(11) Allen, K. N,; Entova, S.; Ray, L. C; Imperiali, B. Monotopic
membrane proteins join the fold. Trends Biochem Sci 2019, 44 (1), 7-
20.DOI: 10.1016/j.tibs.2018.09.013.

(12) Dorr, J. M.; Scheidelaar, S.; Koorengevel, M. C.; Dominguez, J. J.;
Schafer, M.; van Walree, C. A,; Killian, J. A. The styrene-maleic acid
copolymer: a versatile tool in membrane research. Eur Biophys ] 2016,
45(1),3-21.DOI: 10.1007/5s00249-015-1093-y.

(13) Swiecicki, J. M.; Santana, J. T.; Imperiali, B. A Strategic Approach for
Fluorescence Imaging of Membrane Proteins in a Native-like
Environment. Cell Chem Biol 2020, 27 (2), 245-251.e243. DOI:
10.1016/j.chembiol.2019.11.008.

(14) Entova, S.; Guan, Z.; Imperiali, B. Investigation of the conserved
reentrant membrane helix in the monotopic phosphoglycosyl
transferase superfamily supports key molecular interactions with
polyprenol phosphate substrates. Arch Biochem Biophys 2019, 675,
108111.DOI: 10.1016/j.abb.2019.108111.

(15) Nasie, I; Steiner-Mordoch, S.; Schuldiner, S. Topology
determination of untagged membrane proteins. Methods Mol Biol
2013,1033,121-130.DOI: 10.1007/978-1-62703-487-6_8 From NLM.
(16) Sligar, S. G.; Denisov, I. G. Nanodiscs: A toolkit for membrane
protein science. Protein Science 2021, 30 (2), 297-315. DOLI:
10.1002/pro.3994.

(17) Chen, A.;; Majdinasab, E. ].; Fiori, M. C.; Liang, H.; Altenberg, G. A.
Polymer-Encased Nanodiscs and Polymer Nanodiscs: New Platforms
for Membrane Protein Research and Applications. Frontiers in
Bioengineering and Biotechnology 2020, 8, Mini Review. DOI:
10.3389/fbioe.2020.598450.

(18) Hartley, M. D.; Schneggenburger, P. E.; Imperiali, B. Lipid bilayer
nanodisc platform for investigating polyprenol-dependent enzyme
interactions and activities. Proc Natl Acad Sci U S A 2013, 110 (52),
20863-20870. DOI: 10.1073/pnas.1320852110.

(19) Sohlenkamp, C.; Geiger, O. Bacterial membrane lipids: diversity in
structures and pathways. FEMS Microbiology Reviews 2015, 40 (1),
133-159. DOI: 10.1093 /femsre/fuv008.

(20) An, X.; Majumder, A.; McNeely, J.; Yang, |.; Puri, T.; He, Z.; Liang, T.;
Snyder, J. K,; Straub, ]J. E; Reinhard, B. M. Interfacial hydration
determines orientational and functional dimorphism of sterol-derived
Raman tags in lipid-coated nanoparticles. Proceedings of the National
Academy of Sciences 2021, 118 (33), e2105913118. DOI:
do0i:10.1073/pnas.2105913118.

(21) Pantelopulos, G. A.; Nagai, T.; Bandara, A.; Panahi, A.; Straub, J. E.
Critical size dependence of domain formation observed in coarse-
grained simulations of bilayers composed of ternary lipid mixtures. J
Chem Phys 2017, 147 (9), 095101. DOI: 10.1063/1.4999709.

(22) Hartley, M. D.; Morrison, M. J.; Aas, F. E.; Borud, B.; Koomey, M.;
Imperiali, B. Biochemical characterization of the O-linked glycosylation
pathway in Neisseria gonorrhoeae responsible for biosynthesis of
protein glycans containing N,N'-diacetylbacillosamine. Biochemistry
2011, 50 (22),4936-4948. DOI: 10.1021/bi2003372.

(23) Troy, F. A;; Vijay, I. K;; Tesche, N. Role of undecaprenyl phosphate
in synthesis of polymers containing sialic acid in Escherichia coli.
Journal of Biological Chemistry 1975, 250 (1), 156-163. DOI:
10.1016/S0021-9258(19)41994-7.

(24) Zhou, G.-P.; Troy, F. A,, II. NMR study of the preferred membrane
orientation of polyisoprenols (dolichol) and the impact of their
complex with polyisoprenyl recognition sequence peptides on
membrane structure. Glycobiology 2004, 15 (4), 347-359. DOI:
10.1093/glycob/cwi016.

(25) Zhou, G. P; Troy, F. A, 2nd. NMR studies on how the binding
complex of polyisoprenol recognition sequence peptides and

polyisoprenols can modulate membrane structure. Curr Protein Pept
Sci 2005, 6 (5),399-411. DOI: 10.2174/138920305774329377.

(26) Jo, S.; Cheng, X; Lee, J.; Kim, S.; Park, S.].; Patel, D. S.; Beaven, A. H.;
Lee, K. I; Rui, H,; Park, S.; et al. CHARMM-GUI 10 years for biomolecular
modeling and simulation. ] Comput Chem 2017, 38 (15), 1114-1124.
DOI: 10.1002/jcc.24660.

(27) Kleywegt, G. J.; Jones, T. A. xdIMAPMAN and xdIDATAMAN -
programs for reformatting, analysis and manipulation of
biomacromolecular electron-density maps and reflection data sets.
Acta Crystallogr D Biol Crystallogr 1996, 52 (Pt 4), 826-828. DOI:
10.1107/S0907444995014983.

(28) David, C. C.; Jacobs, D. J. Principal Component Analysis: A Method
for Determining the Essential Dynamics of Proteins. In Protein
Dynamics: Methods and Protocols, Livesay, D. R. Ed.; Humana Press,
2014; pp 193-226.

(29) Yang, L.-W.; Eyal, E.,; Bahar, [; Kitao, A. Principal component
analysis of native ensembles of biomolecular structures (PCA_NEST):
insights into functional dynamics. Bioinformatics 2009, 25 (5), 606-
614. DOI: 10.1093/bioinformatics/btp023.

(30) Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; de Groot, B.
L.; Grubmiiller, H.; MacKerell, A. D. CHARMM36m: an improved force
field for folded and intrinsically disordered proteins. Nature Methods
2017,14 (1), 71-73.DOI: 10.1038/nmeth.4067.

(31) Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundu, S.; Zhong, S.;
Shim, J.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyov, I.; et al. CHARMM
general force field: A force field for drug-like molecules compatible
with the CHARMM all-atom additive biological force fields. ] Comput
Chem 2010, 31 (4), 671-690. DOI: 10.1002 /jcc.21367.

(32) Pettersen, E. F; Goddard, T. D.; Huang, C. C; Couch, G. S,
Greenblatt, D. M., Meng, E. C; Ferrin, T. E. UCSF Chimera--a
visualization system for exploratory research and analysis. /] Comput
Chem 2004, 25 (13),1605-1612. DOI: 10.1002/jcc.20084.

(33) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
Klein, M. L. Comparison of simple potential functions for simulating
liquid water. The Journal of Chemical Physics 1983, 79 (2), 926-935.
DOI: 10.1063/1.445869.

(34) Abraham, M. J.; Murtola, T.; Schulz, R.; P4ll, S.; Smith, J. C.; Hess, B.;
Lindahl, E. GROMACS: High performance molecular simulations
through multi-level parallelism from laptops to supercomputers.
SoftwareX 2015, 1-2,19-25. DOI: 10.1016/j.s0ftx.2015.06.001.

(35) Dolinsky, T. J.; Nielsen, J. E.; McCammon, J. A; Baker, N. A.
PDB2PQR: an automated pipeline for the setup of Poisson-Boltzmann
electrostatics calculations. Nucleic Acids Research 2004, 32 (suppl_2),
W665-W667. DOI: 10.1093 /nar/gkh381.

(36) Baker, N. A,; Sept, D.; Joseph, S.; Holst, M. J.; McCammon, ]. A.
Electrostatics of nanosystems: Application to microtubules and the
ribosome. Proceedings of the National Academy of Sciences 2001, 98
(18),10037-10041. DOI: doi:10.1073/pnas.181342398.

(37) Callenberg, K. M.; Choudhary, O. P.; de Forest, G. L.; Gohara, D. W.;
Baker, N. A, Grabe, M. APBSmem: A Graphical Interface for
Electrostatic Calculations at the Membrane. PLOS ONE 2010, 5 (9),
e12722.D0I: 10.1371/journal.pone.0012722.

(38) Bakan, A.; Meireles, L. M.; Bahar, 1. ProDy: Protein Dynamics
Inferred from Theory and Experiments. Bioinformatics 2011, 27 (11),
1575-1577.DOI: 10.1093 /bioinformatics/btr168.

(39) Michaud-Agrawal, N.; Denning, E. J.; Woolf, T. B.; Beckstein, O.
MDAnalysis: a toolkit for the analysis of molecular dynamics
simulations. J Comput Chem 2011, 32 (10), 2319-2327. DOLI:
10.1002/jcc.21787.

(40) Adams, P. D.; Afonine, P. V.; Bunkéczi, G.; Chen, V. B,; Davis, . W.;
Echols, N.; Headd, ].].; Hung, L. W.; Kapral, G. ].; Grosse-Kunstleve, R. W.;
et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr D Biol Crystallogr
2010, 66 (Pt 2),213-221. DOI: 10.1107/s0907444909052925.

(41) Kabsch, W. XDS. Acta Crystallogr D Biol Crystallogr 2010, 66 (Pt 2),
125-132.DO0I: 10.1107 /5090744490904 7337.

(42) Schneider, T. R.; Sheldrick, G. M. Substructure solution with
SHELXD. Acta Crystallogr D Biol Crystallogr 2002, 58 (Pt 10 Pt 2), 1772-
1779.DOI: 10.1107/s0907444902011678.

(43) Terwilliger, T. C.; Berendzen, ]. Automated MAD and MIR structure
solution. Acta Crystallogr D Biol Crystallogr 1999, 55 (Pt 4), 849-861.
DOI: 10.1107/s0907444999000839.


https://doi.org/10.1101/2023.05.07.539694
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.539694; this version posted May 7, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(44) Terwilliger, T. C. Maximum-likelihood density modification. Acta
Crystallogr D Biol Crystallogr 2000, 56 (Pt 8), 965-972. DOI:
10.1107/s0907444900005072.

(45) Afonine, P. V.; Grosse-Kunstleve, R. W.; Echols, N.; Headd, J. J.;
Moriarty, N. W.; Mustyakimov, M.; Terwilliger, T. C.; Urzhumtsev, A,;
Zwart, P. H.; Adams, P. D. Towards automated crystallographic
structure refinement with phenix.refine. Acta Crystallogr D Biol
Crystallogr 2012, 68 (Pt 4), 352-367. DOL:
10.1107/s0907444912001308.

10

(46) Griese, J.].; Hogbom, M. Location-specific quantification of protein-
bound metal ions by X-ray anomalous dispersion: Q-XAD. Acta
Crystallogr D Struct Biol 2019, 75 (Pt 8), 764-771. DOL:
10.1107/52059798319009926.


https://doi.org/10.1101/2023.05.07.539694
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.539694; this version posted May 7, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Insert Table of Contents artwork here

10


https://doi.org/10.1101/2023.05.07.539694
http://creativecommons.org/licenses/by-nc-nd/4.0/

