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Abstract

Understanding the dynamical motions and ligand recognition motifs of heptosyltransferase I 

(HepI) can be critical to discerning the behavior of other glycosyltransferase (GT) enzymes. Prior 

Corresponding Authors Yuk Yin Sham — Department of Integrative Biology and Physiology, Medical School and 
Bioinformatics and Computational Biology Program, University of Minnesota, Minneapolis, Minnesota 55455, United States; 
shamx002@umn.edu, Erika A. Taylor — Department of Chemistry, Wesleyan University, Middletown, Connecticut 06459, United 
States; eataylor@wesleyan.edu. 

Notes
The authors declare no competing financial interest.

ASSOCIATED CONTENT
Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.jcim.1c00868.

Additional details of crystal structures used for simulations, first three principal components of all the simulations, percent 
contribution of each of the first three principal component to the total covariance, average values for RMSD, Rgyr, and center of 
mass distance between domains, pKa values for residues and multiple sequence alignment with percent frequency, representative 
cross-correlation maps for simulations, and communication networks between residues important for binding or catalysis (PDF)
Video showing the movements of Apo_PC1 (MP4)
Video showing the movement of Apo_PC2 (MP4)
Video showing the movement of Apo_PC3 (MP4)
Video showing the movement of Substrates_PC1 (MP4)
Video showing the movement of Substrates_PC2 (MP4)
Video showing the movement of Substrates_PC3 (MP4)
Video showing the movement of Products_D13_H_PC1 (MP4)
Video showing the movement of Products_D13_H_PC2 (MP4)
Video showing the movement of Products_D13_H_PC3 (MP4)

HHS Public Access
Author manuscript
J Chem Inf Model. Author manuscript; available in PMC 2023 January 24.

Published in final edited form as:
J Chem Inf Model. 2022 January 24; 62(2): 324–339. doi:10.1021/acs.jcim.1c00868.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pubs.acs.org/doi/10.1021/acs.jcim.1c00868


studies in our lab have demonstrated that GTs in the GT-B structural class, which are characterized 

by their connection of two Rossman-like domains by a linker region, have conserved structural 

fold and dynamical motions, despite low sequence homology, therefore making discoveries found 

in HepI transferable to other GT-B enzymes. Through molecular dynamics simulations and ligand 

binding free energy analysis of HepI in the apo and bound complexes (for all kinetically relevant 

combinations of the native substrates/products), we have determined the energetically favored 

enzymatic pathway for ligand binding and release. Our principal component, dynamic cross 

correlation, and network analyses of the simulations have revealed correlated motions involving 

residues within the N-terminal domain communicating with C-terminal domain residues via both 

proximal amino acid residues and also functional groups of the bound substrates. Analyses of the 

structural changes, energetics of substrate/product binding, and changes in pKa have elucidated 

a variety of inter and intradomain interactions that are critical for enzyme catalysis. These data 

corroborate our experimental observations of protein conformational changes observed in both 

presteady state kinetic and circular dichroism analyses of HepI. These simulations provided 

invaluable structural insights into the regions involved in HepI conformational rearrangement upon 

ligand binding. Understanding the specific interactions governing conformational changes is likely 

to enhance our efforts to develop novel dynamics disrupting inhibitors against GT-B structural 

enzymes in the future.

Graphical Abstract

INTRODUCTION

Enzymes involved in the transfer of sugar moieties, including glycoside hydrolases, 

glycosyltransferases, polysaccharide lyases, and glycan phosphorylases, are critically 

important for specific cellular functions such as bacterial biofilm formation, SARS-CoV-2 

host recognition, regulation of the cell cycle, and tumor initiation.1–5 Because of the 

importance of glycosylation in processes ranging from energy storage to the biosynthesis of 

natural product therapeutic agents, significant advances have been made in the investigation 

of glycosyltransferase (GT) enzymes; however, additional research on this important class 

of enzymes remains necessary for enhancing our efforts to discover novel inhibitors for 
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therapeutic medical interventions and to employ these enzymes for other commercial 

synthesis applications.6,7

GTs have been classified into 114 different enzyme families within the Carbohydrate-Active 

enZYmes Database8 (CAZY; http://www.cazy.org/GlycosylTransferases.html;), according to 

their sequence, structure, and molecular mechanism of catalysis. Within the database of 

over 120,000 proteins, structural information exists for 288 proteins, which allows these 

families to be classified into structural classes GT-A, GT-B, and GT-C (representing 31, 28, 

and 11 families, respectively).9 The remaining families correspond predominantly to those 

with unknown structures (38 families), while other single families have been assigned to 

other previously identified folds (i.e., Family 51 adopts the lysozyme fold, while families 

101 and 26 have been classified as GT-D and GT-E, respectively). Various researchers have 

contributed to our understanding of the reaction mechanism of GT enzymes with current 

consensus that all of the GT folds allow for the catalysis of sugar transfer with either 

retention or inversion of the stereoconfiguration at the anomeric carbon.10,11 While research 

to date supports a simple general acid–base-catalyzed nucleophilic substitution mechanism 

for catalyzing the reactions with an overall inversion of stereochemistry, multiple reaction 

mechanisms have been proposed for GTs that catalyze retention reactions. This includes 

the double displacement mechanism,12 for which only two enzymes of the GT-A scaffold 

have been shown to have a nucleophile present in the proper orientation to afford an overall 

retention of the anomeric stereoconfiguration. For the majority of retaining GT enzymes, 

including MshA (a GT-B enzyme),13 evidence supports the enzymes using a SNi mechanism 

without the involvement of an active-site nucleophile.14–16

Only a small fraction of the GT families represented in CAZY have available crystal 

structures.10,17 Furthermore, even fewer of these structures have either glycoside donors and 

acceptors present because of their poor binding affinities. The difficulty in crystallizing 

these enzymes with their substrates has been slowly overcome with unique strategies 

including cocrystallization with fluorinated donors18–21 and functionally equivalent acceptor 

analogues.22 The sparse number of available crystal structures and the even lower number of 

ligand bound complexes have hindered the effort toward understanding these enzymes at an 

atomistic structural level with simulation within the appropriate dynamic time scale. Only a 

handful of GT simulations within the 100–250 ns time scale have been reported in the past 

decades. This includes simulations of GT-Bs (PglH,23 alMGS,24 and GumK25) and several 

GT-As26,27 that have provided insights into the ligand interactions and membrane behavior 

that would otherwise be difficult to elucidate in vitro. In addition, simulations have been 

carried out using homology models of GTs when crystal structures are unavailable.28–31

Heptosyltransferase I (HepI) is a GT in the GT9 family with a characteristic GT-B 

fold. It consists of two domains with β/α/β Rossman-like folds connected by a linker 

(Figure 1).18 HepI is involved in the lipopolysaccharide biosynthetic pathway and transfers 

a seven-carbon heptose sugar via ADP-L-glycero-β-D-manno-heptose (ADP-Hep) to the 

first 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) of the membrane-anchored Kdo2-Lipid 

A (Figure 2).32–35 The reaction produces heptosylated Kdo2-Lipid A (Hep-Kdo2-Lipid A) 

where the stereochemistry at the anomeric carbon of the heptose sugar donor is inverted, 

therefore, classifying HepI as an inverting GT-B. Like other GT-Bs, the donor and acceptor 
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are greater than 10 Å apart in the open conformation, and these enzymes undergo a global 

conformational change that brings the reaction centers to within a tolerable range for 

catalysis. Several other GT-Bs have solved structures that show this global conformational 

change including GtfA, MshA, and glycogen synthase.36–38 Previous equilibrium studies of 

HepI have shown that it undergoes a conformational change upon binding of the acceptor 

ligand, as evidenced by changes in circular dichroism and intrinsic tryptophan fluorescence 

of the protein.39,40 In addition, presteady state kinetics have shown the rate-limiting step to 

occur prior to enzyme catalysis, and this is hypothesized to be the conformation change(s) 

induced by substrate binding.41

Recently, we have performed microsecond timescale simulations of HepI and GtfA, a 

distantly related GT-B from vancomycin antibiotic biosynthetic pathway.42 While HepI has 

not been structurally characterized in the “closed” conformation, GtfA has been crystallized 

in the “closed” conformation with both donor/acceptor ligands present. We showed that 

when the ligands are removed, GtfA returns to its unbound “open” state while maintaining 

its dynamic modes of motion that are important for “closed” conformation. The same modes 

are also present in HepI in the unbound state, but to a lower degree, which suggest that these 

quasi-harmonic modes of motion are conserved among GT-Bs and that there are dynamic 

changes induced by ligand binding. Recently, a crystal structure of HepI with a mostly 

deacylated acceptor substrate and a nonhydrolyzable glycoside acceptor analogue was 

solved.22 This, combined with previously solved structures of HepI with a fluorinated donor 

analogue, has now enabled construction of a working model for the fully liganded HepI 

ternary complex.18 Molecular dynamics simulations of HepI modeled as both substrate and 

product ligand complexes could provide insights into the dynamics and energetics of ligand 

binding to aid in the future design of inhibitors that could act as effective antimicrobials.

In this study, we use molecular dynamics simulations to explore the effects of substrate 

binding on HepI. The acceptor substrate induces a conformational change in HepI; therefore, 

we expect it to bind to the enzyme after the donor. We simulate both substrate binary 

complexes and substrate ternary complexes to determine the energetically favorable order of 

substrate binding. The order of product release can be just as important to further understand 

the equilibrium between substrates/products and the greater implication this could have 

on the pathway as a whole. We simulate both product binary and ternary complexes to 

determine the most energetically favorable order of product release and residues that may be 

involved/important for product binding/release. Additionally, because HepI uses a catalytic 

base to abstract a proton from the sugar donor, we calculate the pKa of the Asp13 (Figure 2) 

and other nearby acid/base to better understand the interplay between charge and dynamics 

in the active site.

METHODS

Data and Software Availability.

Multiple sequence alignment was obtained through ConSurf.43,44 The GRO-

MACS-2020.245,46 simulation package along with the Amber99SB47 and the second-

generation Generalized Amber Forcefield (GAFF2)48,49 forcefield were used for 

simulations. Protein models were obtained from the RCSB (PDB: 2GT1, 2H1H, 2H1F, 
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and 6DFE) and solvated with the (TIP3P)50 explicit solvent model. Sidechain ionization 

states were determined with PROPKA3.51,52 Ligand files were parametrized with 

ANTECHAMBER from the AMBERTOOLS20 package and converted to GROMACS 

compatible files by the ACPYPE tool.53,54 The MMPBSA method was implemented in 

AMBERTOOLS 20 with the MMPBSA.py script using AMBER and the gmx_MMPBSA 

extension.55,56 Principal component analysis (PCA) and network analysis were performed 

in R with the bio3D package.57–59 Molecular graphics were generated in PyMol (https://

pymol.org/2/), and plots were generated in Python3.60 Software used in this study is open 

source and can be obtained from their respective repositories. Trajectories are available from 

the corresponding author upon request.

Multiple Sequence Alignment.

Multiple sequence alignment for E. coli K12 HepI was obtained through ConSurf 

as previously described.43,44 Briefly, a reference sequence was obtained from the 

pseudoternary complex of HepI (PDB:6DFE), and a protein BLAST with uniprot90 server 

yielded 2028 unique sequences that have 95–35% sequence identity to the reference. 

Sequences were filtered by E values with a cutoff of 0.0001, and 150 of those sequences 

were chosen by compiling a list with sequences of every 15th index to equally sample the 

whole list of homologues. Clustal Omega was used for multiple sequence alignment of 150 

representative sequences, and Maestro was used to construct a logo plot.61

Modeling.

All HepI structural models used in this study utilized previous crystal structures or a hybrid 

of multiple crystal structures (Table S1). The apo model was simulated utilizing a previously 

solved structure (PDB:2TG1).18 The fully ligated substrate model was constructed using 

the pseudoternary complex (PDB:6DFE)22 to provide the protein and sugar acceptor 

geometries and interactions, while the sugar donor carbamate analogue was replaced with 

the fluorinated sugar donor from a previously solved binary complex (PDB: 2H1H)18 and 

the fluorine on the sugar donor analogue at the C2 position was replaced by a hydroxyl 

group with the inversion of stereoconfiguration to match that of the native substrate. The 

sugar acceptor was an analogue of Kdo2-Lipid A with the acyl chains removed from the 

O and N positions of the N-acetyl-Glucosamine. A singular acyl chain was kept at each 

one of the N positions of the N-acetyl-Glucosamine; therefore, this sugar acceptor will be 

referred to as fully deacylated Kdo2-Lipid A (FDLA). Products were modeled based on 

the fully ligated substrate model, above, with the transfer of the heptose moiety from ADP 

to the FDLA to reflect their conversion to the products, to form adenosine disphosphate 

(ADP) and fully deacylated heptosylated-Kdo2-Lipid A (FDHLA). The binary complex of 

the sugar donor (ADP-Hep) and the product (ADP) were modeled with previously solved 

structures PDB:2H1H and PDB:2H1F, respectively.18 The binary complex of the sugar 

acceptor (FDLA) was modeled with the previously solved structure PDB: 6DFE22 with the 

removal of the sugar donor carbamate analogue. Similarly, the binary complex of the sugar 

acceptor product (FDHLA) was modeled with the previously solved structure PDB: 6DFE22 

with the modification of the FDLA as described above and subsequent removal of the sugar 

donor carbamate analogue.
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Molecular Dynamics Simulation.

All simulations were performed with GROMACS-2020.245,46 and the Amber99SB 

forcefield. Ionization states for titratable sidechains were determined with PROPKA3.51,52 

All systems were solvated with a transferrable intermolecular potential with three points 

(TIP3P)50 explicit solvent model in a cubic box with a 10 Å buffer region and 

electroneutralized with 0.150 M NaCl counterions. Equilibration was performed with 

harmonic restraints (1000 kJ/mol/nm2) on heavy atoms with a stepdown equilibration that 

involves removal of restraints from sidechains and then backbone over the course of 10 

ns. Energy minimization was performed with the steepest descent algorithm. The system 

was equilibrated for 1 ns under isochoric/isothermal conditions (NVT) and a subsequent 

1 ns equilibration under isobaric/isothermal conditions (NPT). Temperature and pressure 

were regulated with the Berendson thermostat/barostat.62 Production simulations were 

carried out at 300 K and 1 atm (NPT ensemble) for 100 ns with a time step of 2 fs in 

triplicate. Temperature and pressure were maintained via v-rescale and Berendson coupling, 

respectively.62,63 Short-range nonbonded interactions were calculated with a cutoff of 1.0 

nm, and long-range electrostatic interactions were calculated with particle-mesh-Ewald64,65 

with a fourth-order cubic interpolation and 1.6 Å grid spacing. Bonds were constrained with 

the LINCS66 method. Ligand charges and atom types were assigned with the AM1-BCC 

model and the second-generation Generalized Amber Forcefield (GAFF2), respectively.48‘49 

This was accomplished via ANTECHAMBER from the AMBERTOOLS20 package, and 

the ligand files were subsequently converted to GROMACS compatible file format with the 

ACPYPE tool.53,54 Simulations of the binary and ternary complexes with donor products 

(ADP) were unstable with ADP reproducibly leaving the active site within 20 ns of the start 

of the simulation; therefore, a 2.5 Å distance restraint between the hydrogens of the primary 

amine at the 6 position of the adenosine ring on the ADP and backbone carbonyl oxygen 

of Met242 was used to keep the ADP in place. This hydrogen bonding interaction occurs in 

all the structures with donor substrate (ADP-Hep) or donor products present (ADP) in the 

active site and was believed to be the best way to keep the product in the active site without 

restricting its conformational flexibility. For simulations with the products and a protonated 

D13, the ADP was stable in the active site, and a constraint was not used.

Root-Mean-Square Deviation (RMSD), Root-Mean-Square Fluctuation (RMSF), PCA, and 
Network Analysis.

Ligand interaction diagrams were performed using Maestro.67 Minimum distances between 

protein residues and ligands over the course of 100 ns were calculated in GROMACS. 

RMSDs and RMSFs of the backbone and Cα atoms, respectively, were calculated in 

GROMACS over the course of 100 ns and averaged from three separate simulations. RMSD 

and CαRMSF plots were subsequently generated in Python. ΔRMSF was determined for 

each condition with respect to the averaged apo CαRMSF, and shaded regions correspond to 

the average standard deviation difference. PCA and network analysis were both performed 

in R with the bio3D package on one representative trajectory and have been extensively 

described elsewhere.57–59 Briefly PCA begins with the construction of a Cα covariance 

matrix that describes the variance of atomic positions between residues. This matrix is then 

decomposed into its component eigenvalues and eigenvectors. The eigenvectors represent 

the set of possible modes (principal components), and the corresponding eigenvalues 
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represent the covariance of those modes. From the large set of modes provided by 

the decomposition, only the first few modes are needed to account for the majority of 

fluctuations observed in the original molecular dynamics trajectory. This significantly 

reduces the dimensionality of the data set. The “motion” associated with each of the 

principal components can be further explored by mapping the extreme points of the principal 

component on the average structure and interpolating to generate a movie that describes 

that principal component. The coordinated dynamics between residues can be determined 

by calculating a correlation value for any two atoms by taking a ratio of the average of 

the products of the change in position (Δr) relative to the root-mean-square product of the 

change in position between two atoms (eq 1).68 A per residue dynamic cross-correlation 

matrix (DCCM) can be determined by calculating this correlation value for Ca atoms relative 

to one another. This provides a metric in which two atoms can be described as having 

motions in an identical direction (i.e., positively correlated) or opposite direction (i.e., 

negatively correlated).

Cij = Δri • Δrj

< Δri2 > < Δrj2 > 1/2 (1)

To determine the shortest path between residues, each residue was considered a node. Every 

node was connected to another node via edge if they are in contact. The edges are weighted 

by their dynamic cross-correlation value. The path length is the sum of the weights, and 

the shortest path is determined by finding the smallest path length between residues of 

interest.59 A correlation cutoff of 0.5 was used for constructing the DCCM. In addition, 

in PCA and network analysis, ligands were ignored and only Cα were considered. All 

molecular graphic models were made in PyMol.

Ligand Binding Free Energy.

The molecular mechanics Poisson Boltzmann solvent accessibility (MMPBSA)69 end point 

method for estimating the binding free energy of ligand to a macromolecule has been 

extensively described else-where.70–72 Briefly, the binding free energy of a receptor ligand 

complex is the free energy difference of the complex from the receptor and ligand. The 

free energy of each of these components is the sum of the bonded and nonbonded energy 

of the system. In addition, the free energy of the solvation is estimated as the sum of 

the polar contribution derived with the Poisson Boltzmann implicit solvent model, and the 

nonpolar contribution is calculated with the solvent accessible surface area. The entropic 

contribution is estimated via normal mode analysis, quasiharmonic approximation, or 

interaction entropy.73–75

ΔGBinding = ΔGComplex − ΔGReceptor − ΔGLigand (2)

ΔG = ΔH − TΔS ≈ ΔEMM + ΔGsolvation − TΔS (3)
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ΔEMM = ΔEbonded + ΔEnonbonded (4)

ΔGsolvation = ΔGpolar + ΔGnonpolar (5)

The MMPBSA method was implemented in AMBER-TOOLS 20 with the MMPBSA.py 

script using AMBER55 and the gmx_MMPBSA extension.55,56 The fully ligated substrate/

product complex trajectory was used to determine the energetics of each step. From the 

substrate/product complex trajectory, 100 frames evenly spread across the entire trajectory 

were chosen, and an internal dielectric of 4 best described the charge distribution of HepI 

with a grid spacing of 0.5 Å.76 Each free energy was calculated in triplicate and reported 

with a standard error. The entropic contribution was estimated with the interaction entropy 

approximation. “Experimental” binding free energies were calculated from the Michaelis 

equilibrium constant (Km) for each of the ligands from previously determined kinetics 

constants.35,77 Errors are reported as standard error and are assumed to propagate.

pKa Calculation.

Initially, pKas for ionizable sidechains were determined via PROPKA3.51,52 Based on 

those results, sidechains with pKa perturbations greater or less than one pKa unit from 

their expected reference value were further explored with a more rigorous nonequilibrium 

thermodynamic integration (TI) approach with the pmx extension for GRO-MACS.78,79 

First, the free energy difference of the charged and uncharged state of the amino acid 

in the protein environment was determined. The system was placed in a dodecahedron 

box, solvated with a 10 Å buffer, and electroneutralized with an addition of 0.150 M 

NaCl. Furthermore, the system was energy-minimized with 600 steps of a steepest descent 

followed by a 10-ns simulation in the NPT ensemble at 298 K, 1 atm with the v-rescale 

thermostat and Parrinello–Rahman barostat, respectively. The charged and uncharged states 

were simulated separately, and then 100 ps fast nonequilibrium switching simulations were 

performed for 100 frames evenly spread across the last 8 ns of the trajectory to account 

for system equilibration. The proton and a counter ion were simultaneously annihilated to 

maintain electroneutrality with a softcore potential.80 The free energy difference between the 

charged and uncharged states was calculated with the maximum likelihood estimator based 

on Crooks Fluctuation theorem.81,82 Standard errors were determined via bootstrapping. The 

free energy difference for the amino acid of interest going from the charged to uncharged 

state was also determined. The residue of interest was placed between flanking glycines in 

a tripeptide reference to mimic the unperturbed form of the amino acid. The free energy 

difference between the protein and the peptide reference was used to determine the pKa with 

eq 6.83,84

pKa
Protein = pKa

Reference + ΔΔG
2.303kBT (6)
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RESULTS

Differential Dynamic Flexibilities in the Apo and Liganded Complexes of Hepl.

Simulations were performed for heptosyltransferase I on the 100 nanosecond timescale 

as the (1) apo enzyme and the (2) ADP-Hep•HepI, (3) FDLA•HepI, (4) ADP-

Hep•FDLA•HepI, (5) ADP•FDH-LA•HepI, (6) ADP•HepI, (7) FDHLA•HepI, and (8) 

ADP•FDHLA•HepI (D13 + H) complexes (Table S1). To evaluate the overall stability of 

our systems, we monitored the average backbone RMSD and the average radius of gyration 

(Rgyr). The backbone RMSD of the apo, substrate, and product ternary complexes is 1.70 ± 

0.25, 1.75 ± 0.31, and 1.85 ± 0.31 A, respectively (Table S2). The binary complex RMSDs 

are within 0.2 Å of their ternary complex counterpart. The Rgyr for the apo, substrate, 

and product complex is 21.11 ± 0.16, 21.21 ± 0.12, and 21.36 ± 0.23 A, respectively. 

Similarly, the binary complexes are within approximately 0.4 Å of their ternary counterpart. 

The RMSD and Rgyr quickly stabilize, and no significantly observable deviations occur 

after the first 10 ns (Figure 3A; Figure S1). The apo simulation reveals three regions 

that exhibit Cα root-mean-square fluctuations (CαRMSFs) that are greater than 1.5 Å (not 

including the dynamic tail; Figure 3B, Figure S2 and Table S2). These regions include 

residues in the N3 (61–68), C2 (216–219), and C6 (316–320). The substrate ternary complex 

has residues with CαRMSF values greater than 1.5 Å in the N3 (62–67), C1 (188–189), 

C5 (283–284), and C6 (299,317–320). The ternary product complex has residues with 

CαRMSF values greater than 1.5 Å in the N3 (61–68), N4 (103), N6 (135,156), C1 (188–

189,206), C2 (218), C5 (280–281, 287–291), and C6 (298–318). The simulations of the 

binary complexes have fluctuations in similar regions to their ternary counterparts, where the 

substrate complexes are generally less dynamic than the product complexes. The absolute 

per residue fluctuations, as provided by the CαRMSF, can mask small changes or regional 

changes in relative fluctuations. ΔRMSF provides a better insight into the relative and 

regional changes among our simulations. Similarly, to the CαRMSF, in the ΔRMSF we see 

the greatest standard deviation of relative motion in the N3, N4, and N5 (Figure 3C; Figure 

S3). These high standard deviations most notably occur in the ADP•FDHLA•HepI product 

ternary complex with the protonated Asp-13.

Protein–Ligand Interactions and Binding Affinities of Hepl Complexes.

HepI has two domains, with the N-terminal domain that binds the acceptor (FDLA) and the 

C-terminal domain that binds the donor (ADP-Hep). Previously solved structures18‘22 have 

identified a hydrophobic pocket adjacent to the adenosine ring in the C-terminal binding 

pocket. A sequence alignment of HepI proteins from 150 different organisms was generated 

to allow examination of residues that are highly conserved and may play an important role 

in catalysis (Figure S4). It was previously observed that numerous ionizable residues within 

the active site are highly or completely conserved, including Asp13, Arg60, Arg63, Lys98, 

Glu 121, Lys 192, Glu 222, Asp261, and His266.18,40 While some residues implicated to 

have a role in substrate recognition are not highly conserved, like Met242 (which forms 

a hydrogen bond between the N6 of the adenosine ring and its backbone carbonyl), most 

residues interact with either FDLA or ADP-Hep via their side chains and are therefore 

conserved. For example, the side chain of Glu222 forms hydrogen bonds with the ribose 

hydroxyls of ADP-Hep while the pyrophosphate region forms electrostatic interactions with 
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basic residues like Lys192 and hydrogen bonds with residues like Thr187-Thr188. The 

sugar acceptor binding site has been shown to be stabilized by a collection of electrostatic 

interactions with basic residues in the N3 and N5 loops, including Arg60, Arg 63, Lys98, 

and Arg 120. Additionally, we identified multiple additional, charged residues found within 

the N-terminal domain which are adjacent to FDLA that also are highly or completely 

conserved, including Lys7 and Glu38 (Table S3). Furthermore, through mutagenesis, Asp13 

was previously implicated as the catalytic base and is strictly conserved across all sequenced 

homologues.18 This residue is in the N-terminal domain and is located adjacent to the C5 

hydroxyl of FDLA to facilitate a proton transfer for catalysis.

Examination of the ligand complexes revealed constellations of additional residues involved 

in ligand binding during the course of the simulations. In both the HepI binary and ternary 

complex simulations, the oxygens of the β-phosphate of ADP-Hep hydrogen bond with 

the backbone amides of residues Met11 and Gly12 in the N-terminal domain (Figure 

4B,D). Additionally, the C-terminal domain backbone of Thr188 hydrogen bonds with the 

α-phosphate oxygens of ADP-Hep in both the binary and ternary complexes (Figure 4B,D 

and Figure S5A,B,E,F). The primary amine at the 6 position of the adenosine ring on 

the ADP-Hep hydrogen bonds with the backbone oxygen of Met242 in these complexes. 

Finally, the heptose hydroxyl groups hydrogen bond with Lys192, Asp261, and His266 in 

both complexes. In the HepI•ADP complex, in addition to the hydrogen bonding interactions 

with Met11, Gly12, and Met242, analogous to those described above for ADP-Hep, the α 
phosphate oxygens hydrogen bond with backbone amines of residues Gly263 and Thr262 in 

both the binary and ternary complexes (Figure S5IJ,M–O). The binary complex also forms 

a salt bridge between the sidechain of Lys192 and the a phosphate, while the sidechain 

of Arg60 also forms a hydrogen bond with the hydroxyl of the ribose; however, in the 

ternary complex the interactions between Arg60 and ADP-Hep are missing, and Arg60 now 

interacts with the phosphate of FDHLA (Figure S5L,Q).

As observed in ADP-Hep and ADP, FDLA maintains numerous interactions in both the 

binary and ternary complex simulations, including forming salt bridges between the FDLA 

phosphates with arginines and lysine in the N3- and N5-loops; specifically, Arg60, Arg63, 

Lys98, Lys120, and Arg189 interact in both binary and ternary complexes (Figure 4A,C; 

Figure S5C,D,G,H). FDHLA demonstrates similar interactions in both binary and ternary 

complexes as observed with FDLA, with the addition of a hydrogen bond between the 

sidechain of the Asp13 and the carboxylate of the second Kdo in the ternary complex 

and the C3 hydroxyl of the transferred heptose. Interestingly, ADP does not stay bound to 

HepI in either the binary or ternary complexes, with it leaving the active site in the first 

quarter of the simulations without being constrained in the active site by a hydrogen bond 

to Met242, described in the methods. Simulations with the ADP-Met242 hydrogen bond 

showed the ligand adopting poses consistent with those previously observed via protein 

crystallography and are therefore anticipated to be physiologically relevant. Using an MM-

PBSA method, the binding free energy was determined for the association of each ligand 

to the protein/protein•ligand complex based on the thermodynamic cycle shown in Figure 

5. The estimated binding free energy of the ADP-Hep to HepI in the binary complex is 

−22.2 ± 0.4 kcal/mol and that of FDLA is −17.1 ± 0.8 kcal/mol. The binding free energy of 

FDLA to ADP-Hep•HepI is −4.4 ± 0.9 kcal/mol and ADP-Hep to FDLA•HepI is −13.3 ± 
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0.5 kcal/mol. For the products, ADP binds to HepI with an affinity of −3.5 ± 0.2 kcal/mol 

and to the FDHLA•HepI complex with an affinity of 2.8 ± 0.2 kcal/ mol. The FDHLA has a 

binding free energy of −6.9 ± 0.7 kcal/mol to HepI and 2.8 ± 0.6 kcal/mol to the ADP•HepI 

complex (Figure 5, Figure S6, and Tables S4 and S5).

Local, Global, and Correlated Conformational Motions of HepI Complexes.

Ligand binding causes both local and global changes in HepI. One local change induced 

by the presence of substrates/products is the alteration of the ionization states of several 

sidechains, based upon the analysis of pKa values using PROPKA3 and a more rigorous 

nonequilibrium TI method. Most importantly, the putative catalytic residue Asp13 has a 

pKa value of 4.46 in the apo enzyme but shifts to 6.79 in the presence of the substrates 

according to PROPKA3 (Table S6). In the presence of the products, the pKa of D13 shifts 

even further to 10.38. This highly perturbed pKa is maintained in the binary complexes 

with either N-terminal ligand (FDLA or FDHLA) present. Lys7, which is located within the 

hydrogen bonding distance of Asp 13, also exhibits a pKa shift from 9.27 in the apo enzyme 

to 5.77 in the product ternary complex; this shift is not seen in the substrate complex. The 

more rigorous nonequilibrium TI method shows that in the apo Asp13 and Lys7 have a pKa 

of 4.6 ± 0.3 and 10.9 ± 0.8, respectively (Tables 1, S7). In the presence of the substrates, the 

pKas of Asp13 and Lys7 shift to 5.9 ± 0.2 and 9.5 ± 0.3, respectively. Unlike the PROPKA3, 

this method predicts the product complex to maintain a more reasonable/similar pKa shift 

from the apo for Asp13 and Lys7 with values of 5.9 ± 0.3 and 9.1 ± 0.4, respectively. The 

sequence conservation of each of the residues that exhibits a change in pKa of at least 1 pH 

unit was determined (Figure S4 and Table S3).

Each of the simulation trajectories was analyzed to determine the global and local motions 

through principal component and dynamic cross-correlation analyses to determine the 

impact of ligand(s) on the motions of HepI. As described above, PCA provides principal 

components (modes) and the variance (eigenvalue) of each principal component. The 

normalized variance provides the contribution of each principal component to the total 

variance. The total variance of HepI with the first three principal components ranged from 

39–54.7% (Table S8). For the apo, the first three principal components have a near evenly 

dispersed variance of 19.2, 13.9, and 11.1%, whereas, for the substrate ternary complex, the 

first principal component predominates with 30.2% and the other two only accounting for 

11.5 and 5.7%. The product ternary complex has a similar skew toward the first principal 

component with 29.1% and the other two contributing 14.1 and 10.7%, respectively. This 

difference is most evident with the product ternary complex where Asp 13 is protonated 

which has 40.7% variance for the first principal component and 11.6%, 5% for the second 

and third, respectively. The binary complexes follow similar distributions to their ternary 

complex counterpart.

To better understand these principal components, the extreme points were mapped onto the 

average structure and interpolated to generate a dynamic representation of each principal 

component (Figure 6, Figure S7, Movie S1). In Figure 6, the protein is colored by the degree 

of fluctuation on a per residue basis from 0 (white) to 0.13 nm (1.3 Å, red). In addition, 

the “thickness” of each region shows the range of motion it explores and overall provides 
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a still of the entire movie that is also provided in the Supporting Information (Movie S1). 

The apo and substrate complexes share common principal components, such as PC1 (Apo), 

PC2 (Substrates), and PC3 (Products D13 + H). This motion involves the two helices (N3, 

C2) bending toward and away from one another in a one-sided closing. In addition, PC2 

(Apo) and PC1 (Substrates) have motions that twist the two domains away from one another. 

The top right helices (C5, C6) and the bottom left helices (N3) are moving toward and away 

from one another. In the apo PC3, it demonstrates a bending motion that is one-sided and on 

the opposite side of PC1 (Apo) by the top right (C5, C6) and top middle (C1). The darkest 

red region in the top middle helix (C1) is where Arg 189 is located and coordinates to the 

phosphate of the acceptor in the C-terminal domain. PC2 (Products D13 + H) demonstrates 

a similar one-sided (right side) closing motion but the residues involved are distributed 

throughout the protein including residues in the (C1, C2, C5, C6) C-terminal domain and 

(N3, N5, N6) N-terminal domain. Finally, PC1 (Products D13 + H) demonstrates a fully 

symmetric “closing” of the two domains toward one another. The regions involved are 

concentrated in the N-terminal domain (N3, N4, N5).

Examination of the apo and ADP-Hep•FDLA•HepI complex DCCM simulations (Figure 

7A,B and Figure S8A,G,B,H) reveals an island of interdomain negatively correlated residues 

that correspond to coupled motion between residues in the N3 helix and the C2 helix. The 

substrate ternary complex DCCM illustrates that these interdomain negatively correlated 

motions between the N3 helix and C2 helix are enhanced by the presence of substrates and 

expanded to include negative correlations to the C1 helix. Additional islands of negatively 

correlated motions also appear between the N4/N5 helices and the C5/C6 helices, indicating 

that both sides of the two Rossman domains are engaged in anticorrelated motions. The 

product ternary complex simulation DCCM has a larger number of islands of positively 

correlated motions spread through both domains (Figure 7C and Figure S8C,I); the coupled 

interdomain regions include the N1 helix and C2/C3 helix, N2 helix and C2/C3 helix, N3 

helix and C3 helix, N4/N5 helix and C2 helix, and N4/N5 helix and C4/C5 helix, while the 

coupled intradomain regions include N1 helix and N3 helix, N2 helix and N5 helix, and 

C3/C4 helix and C5 helix. When Asp13 was protonated for the product ternary complex, 

there was a further enhancement of negatively correlated interdomain motions between N4 

with C1/C4/C5/C6 and N5 with C1/C4/C5/C6 (Figure 7D). Neither the FDLA nor FDHLA 

binary complexes display any islands of anticorrelated motions at a correlation cutoff of 

0.5 (Figure S8D–N). The ADP binary complex has modest negatively correlated regions 

between the N5 helix and C4/C5 helix (Figure S8J).

To monitor the possible occurrence of a global conformational change, we measured the 

distance between the center of mass of the N-terminal domain and the center of mass of the 

C-terminal domain. Apo, substrate, product, and product with a protonated Asp13 complex 

have an average interdomain center of mass distance of 30.49 ± 0.16, 30.69 ± 0.14, 29.32 ± 

0.04, and 28.28 ± 0.11, respectively (Figure 8B, Table S2, and Figure S10). The difference 

in the active site volume and substrate burial in the product complex with a protonated 

Asp13 is qualitatively discernible in Figure 8A.

Dynamical network analysis allowed determination of the shortest paths of communication 

between residues that are involved in substrate binding or residues that are suspected to be 
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involved in catalysis. These analyses reveal both intradomain and interdomain networks. In 

the apo state, Arg60 and Arg120 communicate through C2- and C1-alpha helical residues 

(Figure 9A; Table S9 and Figure S9A). In the presence of substrates, Arg60 communicates 

through C1-helix residues and back down to Arg120 (Figure 9C; Table S9 and Figure S9D). 

The shortest path for Asp13 (the catalytic base) to communicate with Met242 (Met242 

hydrogen bonds to the primary amine of the Adenosine ring in either ADP-Hep or ADP) in 

the apo includes residues in C4, and other suboptimal paths include residues in C1 and C2 

(Figure 9B; Table S9). In the presence of substrates Asp13 communicates through N6-helix, 

Linker, and C4-helix residues. Alternative routes include residues in N3-helix but are less 

statistically populated.

DISCUSSION

Heptosyltransferase I from E. coli currently has four solved crystal structures with 

resolutions less than 2.4 Å. The structures consist of one apo (2GT1), one binary complex 

with the donor product ADP (2H1F), a binary complex with a fluorinated heptose donor 

analogue (2H1H), and a pseudoternary complex with a deacylated acceptor and a non-

hydrolyzable glycoside analogue of the donor (6DFE).18,22 Multiple experimental studies 

have also been performed with HepI, which indicate that the protein binds substrates via a 

random bi-bi mechanism - where either substrate can bind to HepI followed by binding of 

the other substrate. No experimental evidence exists to describe whether product release 

is ordered. Because HepI is involved in the LPS biosynthetic pathway and utilizes a 

membrane-anchored substrate (Kdo2-Lipid A) in conjunction with a cytosolic nucleotide 

diphosphate sugar (ADP-Hep), HepI is expected to localize on the membrane to catalyze 

the transfer of the heptose sugar onto the Kdo2-Lipid A (Figure 2). Because of the soluble 

nature of ADP-Hep and its availability in the cytosol, HepI and ADP-Hep are anticipated to 

encounter one another prior to membrane localization. In addition, Kdo2-Lipid A induces a 

conformational change that would catalytically be unproductive in the absence of ADP-Hep. 

Therefore, ADP-Hep is anticipated to bind to HepI prior to the Kdo2-Lipid A. However, 

in an effort to be fully rigorous, we simulated all possible binary and ternary complexes 

possible on the path for catalysis so that we could examine their significance and possible 

contribution (Figures 2 and 5). From the MMPBSA analysis, the binding free energy of 

ADP-Hep to HepI is approximately 5 kcal/mol lower than the binding free energy of 

FDLA to HepI, which supports that the ADP-Hep•HepI binary complex is first to form 

because it is more energetically favorable. The binding of FDLA to the binary complex 

of ADP-Hep•HepI is −4.4 kcal/mol. This is approximately 9 kcal/mol higher than the 

formation of the ADP-Hep ternary complex from the HepI and FDLA binary complex. We 

hypothesize that the lower affinity of the Kdo2-Lipid A to the HepI and ADP-Hep binary 

complex is compensated for by the localization of HepI and Kdo2-Lipid A to the membrane 

to facilitate this interaction. Because of the nature of using the KM as a proxy for the binding 

equilibrium, it is unclear whether it describes the formation of the binary or ternary complex 

of the ligand in question. The experimental binding free energy of FDLA is −8.9 kcal/mol, 

whereas the binding free energy of ADP-Hep is −8.1 kcal/mol. The experimental binding 

affinity of ADP-Hep is approximately 0.8 kcal/mol higher than that of FDLA (Table S5). 

When compared to the binding affinities calculated from our simulations, the HepI•FDLA 
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binary complex would form followed by the HepI•FDLA•ADP-Hep ternary complex, to 

be in-line with the trend provided by the experimentally determined values. The binding 

free energy of FDLA is lower than that of ADP-Hep, but when compared to the binding 

free energy of Kdo2-Lipid A (−6.2 kcal/mol), this reveals the reverse trend (Table S5). Our 

simulations use the FDLA and may be the reason why we get this trend with our binding 

free energy calculations and a contradiction to what we would expect to see physiologically. 

Simulations of HepI on a membrane with an embedded Kdo2-Lipid A would provide a more 

accurate representation of physiological conditions.

Effect of Substrate/Products on Local Dynamics.

The backbone RMSDs of all the simulations converge at approximately 2 Å and are 

relatively stable, even when extended for an additional 50 ns (Figure 3A). There are no 

obvious large-scale rearrangements that occur during the simulations, suggesting that the 

dynamics of HepI in the timescale of our simulations seems to be limited to local secondary 

structures. There are modest differences in the CaRMSF of the ternary substrate complex 

relative to the apo which are more clearly visible in the difference relative to apo (Figure 

3B,C). Some of these differences occur in N-terminal residues, in the 60s (N3), 100 s (N4), 

the linker (158–172), and 300 s (C5). The N3 and N4 helices include arginine and lysine 

residues that have previously been shown to form electrostatic interactions with the acceptor 

phosphates as anchors in the N-terminal acceptor binding site. These interactions between 

the phosphates of FDLA and the basic residues of HepI in the N3/N4/N5 are present in 

our simulations (Figure 4A). The flexibility of N3 and N4 in the presence of the substrates 

relative to apo does not change, but in the presence of the products there is an increase 

in fluctuations and the standard deviation. The increase in dynamics of this region may 

be promoting product release. The N4 in both the presence of either the substrates or the 

products increases in the local fluctuations, and there are lysine residues that are transiently 

bound to the phosphates of the acceptor. In the linker region, both at 150 and 200 s there 

is an increase in dynamics which correspond to the loops that are connected to each of the 

respective domains. These regions may be responding to communication occurring between 

domains in the presence of substrate/products. The C4 and C5 are adjacent to N3 and N4. In 

addition, C4 and C5 are adjacent to the hydrophobic pocket where the reaction may occur.

Effect of Substrate/Products on Global Dynamics.

Changes in the pKa of Asp13 are consistent with previous mutagenesis and its implicated 

role as a catalytic base for HepI, with analogous Asp residues being conserved in all GTs 

of the GT-B structural class (Table S3).18 The hydrophobic environment and the increase in 

local negative charge from binding both substrates facilitate this rise in pKa. The shift for 

Asp13 is observed in the presence of the N-terminal substrate or product, FDLA/FDHLA, 

is largely unchanged by binding of the substrate or product to the C-terminal domain. 

All of this points to the drastic effect of the sugar residues in close proximity to Asp13 

driving up the pKa. This is consistent with observations in other systems, where changes 

in pKa of buried acidic residues and the hydrophobic contribution of saccharide binding 

have been well documented and discussed.85–86 In addition, the drop in pKa of the adjacent 

lysine further establishes the importance of this pocket becoming uncharged upon ligand 

complexation. We hypothesize that Lys7 may act as a proton shuttle by abstracting a proton 
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from the protonated Asp13, increasing the overall charge in the N-terminal domain, to 

facilitate product release, as seen by the instability of ADP, and to a lesser extent FDHLA, 

in the active site in the absence of restraints when Asp13 is deprotonated. Furthermore, the 

release of ADP by the FDHLA•HepI complex as, opposed to the release of FDHLA by 

the ADP•HepI, is supported by the more negative binding free energy of FDHLA to the 

ADP•HepI complex. The optimal pH for HepI activity is 7.5 both in vivo and in vitro.32–34 

Based on our pKa calculations for the substrate complexes, Asp13 has a pKa 1.5 pH units 

away from 7.5, while Lys7 has a pKa that is 2 pH units away (Table 1). These calculations 

suggest that only a small proportion of these residues would be available to act as an 

acid or base, respectively. Because these simulations are performed in the absence of acyl 

chains and the membrane, we hypothesize that physiologically the membrane may aid in 

the exclusion of water from the active site and further decrease/increase the pKas of these 

two residues for proper functionality. Simulations of HepI bound to Kdo2-Lipid A that is 

embedded in a membrane could potentially demonstrate this and will be pursued in the 

future.

GT-Bs are expected to undergo a global conformational change prior to catalysis. The 

distance between the center of masses between each domain was used measured over time. 

In Figure 8B, the apo enzyme has an interdomain center of mass distance of 30.5 Å, 

whereas the ternary complex with the substrates is 30.1 Å, and the ternary complex with 

the products is 29.5 Å This suggests that in the presence of the substrates, HepI prefers a 

more “open” conformation and in the presence of the products it prefers a more “closed” 

conformation relative to the apo. Furthermore, the protonated Asp13 product complex has a 

28.2 Å distance between the center of masses of the two domains, showing that the proton 

transfer reaction helps trigger significant conformational rearrangement (closing) of the 

protein. During the simulation, FDHLA (sugar acceptor product) gets close enough to the 

C-terminal domain that it begins to interact with residues Arg189 and Lys192, interactions 

that are not observed in any of the other complexes. Analysis of the hinge motion of 

the protein via Dyndom87,88 shows an 86.6% closure when compared to the apo crystal 

structure (PDB:2GT1). We do not observe a full closing of the protein; however, this is 

hypothesized to be a limitation of the timescale (100 ns) utilized in this study, or because of 

the absence of a membrane which natively holds the fully acylated sugar acceptor.

From examination of the interdomain residue interactions, in the apo state the motion 

of the residues in the N3 helix are negatively correlated with residues in the C2 helix. 

These two helices are directly across the interdomain gap from each other and would 

require their motions to coordinate in a negatively correlated fashion to facilitate an “open” 

to “close” transition. These two helices may also be dynamic and correlated to promote 

substrate capture by each domain. As demonstrated in Figure 7, in the presence of the 

substrates/products the coupled motions between N3 and C2 are preserved relative to apo. 

This positively correlated motion may be indicative of substrate capture. This one-sided 

closing motion characterized by two helices (N3,C2) on the left side of the protein moving 

away/toward one another is dominant in PC1(apo) and PC2(substrates), but both only 

account for less than 20% of their respective contribution to the total variance (Figure 6, 

Table S8). This transition from most dominant motion in the apo, to second dominant in 

the presence of the substrates suggests a transition from this substrate capture to a more 
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catalytically productive mode. In the presence of the substrates, there is an enhancement 

of positively correlated motions between N5/N6 and C5/C6 helices, relative to the apo 

(Figure 7). This motion is relevant for the potential conformational rearrangement that 

occurs prior to catalysis and is evident in PC2/3 (apo) and PC1(substrates). In PC2/3(apo), 

the dynamics are still centered around N3 and C2 helices, but an increase in the dynamics 

at N5/N6 and C5/C6 helices may report on low populated modes that contribute to catalysis 

postsubstrate binding, but these two combined only account for 25% of the variance. In 

contrast, in PC1-(substrates) the N5/N6 and C5/C6 have the greatest fluctuations, and this 

could be a coordinated effort between domains to promote catalysis by moving antiparallel 

to one another in a twisting motion that is conducive to aligning the hydroxyl of the 

FDLA (nucleophile) and the anomeric carbon of the ADP-Hep (electrophile) closer to the 

hydrophobic pocket. This mode alone accounts for 30.2% of the variance which speaks to 

the increased population of this state relative to the apo (Table S8). The product complex 

has a greater scattered population of negatively correlated motions relative to the substrate 

complex and apo (Figure 7). Upon protonation of Asp13 in the product ternary complex, this 

scattering is diminished, and there is an enhancement of negatively correlated interdomain 

motions between N4 with C1/C4/C5/C6 and N5 with C1/C4/C5/C6 (Figure 7D). More 

interestingly, PC1 (ADP-Hep•FDLA•HepI (D13 + H)) has the most fluctuations in the C-

terminal C3-C5 helical region (Figure 6C). This motion brings the C-terminal domain closer 

to the N-terminal domain in a more typical “closing” motion. This principal component 

accounts for 40.7% of the variance alone (Table S8). This, along with the changes in the 

center of mass distance, strongly suggests that this may be the beginning of the global 

conformational change this enzyme undergoes prior to catalysis. Videos showing the PC1 

through PC3 for the apo, substrate, and product complexes are included in the Supporting 

Information.

The communication pathways we observe within and between domains both in the presence 

and absence of substrates provide a mechanism in which catalysis can be facilitated by 

substrate binding. In the apo state, communication between residues Arg60 and Arg120, 

which were previously determined to be important for FDLA binding,40 forms shortest 

paths through C1 and C2 helix residues (Figure 9A;Table S9 and Figure S9A). This 

intradomain communication is most likely mediated by electrostatic interactions between 

positively charged residues of Arg60/Arg120 in N3/N5 and the negatively charged residues 

Glu224 in C2, and Glu196 and Glu197 in C1. Interestingly, Trp62 is also involved in 

this communication network, and this has previously been hypothesized to act as a local 

reporter for FDLA binding.39 Communication with this Trp62 residue is lost in the presence 

of substrates and products in the “open” (deprotonated Asp13) and partially “closed” 

(protonated Asp13) states which suggests that this residue undergoes a rearrangement which 

“uncouples” it from this communication network (Figure 9C; Table S9 and Figure S9D). 

This is consistent with Trp62 acting as a local reporter for FDLA binding. In the partially 

“closed” product state (protonated Asp13), communication between Arg60/Arg120 involves 

Trp199 which was shown to be a major contributor to HepI tryptophan fluorescence blue 

shift in the presence of the acceptor (Table S9).39 Trp199 is in the C-terminal domain, and 

this network is only seen in the partially “closed” state which shows that Trp199, unlike 

Trp62, acts not as a reporter for substrate binding, rather as a reporter for the coordinated 
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“closing” motion that occurs prior to catalysis. Pathways between Asp13 (the catalytic 

base) and the Met242, which is important for hydrogen bonding with the adenine ring of 

ADP-Hep, also involve Trp199 in the apo enzyme (Figure 9B; Table S9). In the presence 

of substrates, communication with Trp199 is lost and it communicates through residues in 

the linker (Figure 9D; Table S9). The disruption of communication between N1 and C1 

may setup Trp199 to now communicate with Arg60/Arg120 to go from substrate search 

to undergo the conformational change required for catalysis. Furthermore, communication 

between Asp13/Met242 through the linker is present in the presence of the substrates in the 

“open” state but disappears in the presence of the products in the partially “closed” state 

(Figure 9D; Table S9). Dyndom analysis suggests that residues 163–165 are the fulcrum in 

which the two domains bend toward one another. Tyr163 is one of these hinge residues and 

also as part of this communication network it could be the postsubstrate binding precursor 

to the global conformational change. Once the substrates bind triggering rearrangement of 

N and C-terminal residues, these contacts facilitate a network of rearrangements in both 

domains causing their movement closer to each other. Communication through the linker 

is most likely lost as it moves away from the back side of two Rossman domains creating 

a small back side pocket, which was previously implicated to be an allosteric binding site 

for small HepI inhibitory compounds,89 and because as HepI enters the partially “closed” 

product state, residues at the interface of the two domains are now able to make direct 

contacts with those across the interdomain gap. Based on the data presented in this work, we 

have developed a working model for the full catalytic cycle of HepI (Figure 10).

CONCLUSIONS

In conclusion, we have performed molecular dynamics simulations of HepI in substrate/

product binary and ternary complexes to gain a better understanding of the dynamics that 

govern this family of proteins. Binding free energy analysis allowed determination of the 

substrate binding order and product release order. In addition, we have begun to unravel 

the complex network of communication between domains that facilitates substrate binding, 

product release, and global conformational changes that lead to catalysis. These results 

support the hypothesis that the residues involved in ligand binding from each domain 

communicate ligand occupancy to the other ligand pocket, ensuring that the enzyme does 

not undergo large closure events that would be unproductive in the absence of bound 

ligands. This work provides insight that may be useful toward the design of new inhibitors 

against the heptosyltransferase family of proteins and also other GT-B enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

GT glycosyltransferase

CAZY Carbohydrate-Active enZYmes Database

HepI Heptosyltransferase I

ADP-Hep ADP-L-glycero-f-D-manno-heptose

Kdo 3-deoxy-D-manno-oct-2-ulo-sonic acid

Hep-Kdo2-Lipid A heptosylated Kdo2-Lipid A

FDLA fully deacylated Kdo2-Lipid A

ADP adenosine disphosphate

FDHLA fully deacylated heptosylated-Kdo2-Lipid A

FDLA-H deprotonated sugar donor nucleophile

D13 + H protonated aspartic acid 13

TIP3P transferrable intermolecular potential with 3 points

RMSD root-mean-square deviation

R gyr radius of gyration

CαRMSF Cα root-mean-square fluctuations

PCA principal component analysis

DCCM dynamic cross-correlation matrix

MMPBSA molecular mechanics Poisson Boltzmann solvent 

accessibility

FEP free energy perturbation
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Figure 1. 
(A) Structure of HepI (PDB: 2GT1) and (B) secondary structure colored by domain (i.e., N 

or C) and order α/β pairs appears in domain (i.e., 1 or 2 or 3...).
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Figure 2. 
Proposed reaction catalyzed by HepI. In the presence of both substrates, the putative 

catalytic base (Asp13) abstracts a proton from the Kdo2-Lipid A. The proton transfer 

facilitates a nucleophilic attack of the oxyanion of the Kdo2-Lipid A to the anomeric carbon 

of the heptose on the ADP-Hepto form the two products ADP and Heptosyl-Kdo2Lipid A.
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Figure 3. 
(A) Backbone RMSD, (B) Cα RMSF, and (C) Cα ΔRMSF of HepI Apo (green), 

substrate (blue), and product ternary complexes (black for the product complex with 

Asp13 deprotonated and magenta for the product complex with Asp13 protonated). For Cα 
ΔRMSF, solid lines are average differences relative to apo (i.e., RMSFsubstrates-RMSFapo) 

and the shaded region is the standard deviation of the average difference. Positive values 

indicate that those residues are more flexible relative to HepI apo.
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Figure 4. 
Ligand interaction diagram (A) FDLA and (B) ADP-Hep from ADP-Hep•FDLA•HepI 

(Substrates) ternary complex simulation. Bar plots of residues with average minimum 

distances of less than 5 Å from(C) FDLA and (D) ADP-Hep.
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Figure 5. 
Thermodynamic cycle of substrate/product binding with binding free energies determined by 

MMPBSA for ADP-Hep to HepI (ΔG1), FDLA to ADP-Hep •HepI (ΔG2), FDLA to HepI 

(ΔG3), ADP-Hep to FDLA•HepI (ΔG4), FDHLA to ADP•HepI (ΔG5), ADP to HepI (ΔG6), 

ADP to FDHLA•HepI (ΔG7), and FDHLA to HepI (ΔG8).
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Figure 6. 
First three principal components of (A) HepI apo, (B) substrate complex, and (C) 

product complex with protonated Asp13. Interpolation of extreme points for each principal 

component onto the average structure gives rise to a motion that is represented by the 

thickness of the ribbon diagram. Cα RMSF of each principal component is represented by 

the red color gradient with increasing color representing increasing motion.
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Figure 7. 
Dynamic cross-correlation map of (A) HepI apo, (B) substrate ternary complex, (C) product 

complex with Asp13 deprotonated, and (D) product complex with Asp13 protonated.
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Figure 8. 
(A) Final frame surface representation of HepI simulations with space filling ligands and (B) 

bar plot of center of mass distance between N and C termini of HepI in the apo (green), 

substrate (blue), product with deprotonated Asp13 (black), and product with protonated 

Asp13 complex simulations (magenta). (n.s. = “not significant,” **** = p < 0.01).
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Figure 9. 
Protein communication network between residues Arg60/Arg120 and Asp13/Met242 for 

(A) HepI apo (Arg60/Arg120), (B) HepI apo (Asp13/Met242), (C) HepI with ADP-Hep 

and FDLA (Arg60/Arg120 and Asp13/Met242), and (D) HepI with ADP-Hep and FDLA 

(Arg60/Arg120 and Asp13/Met242).
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Figure 10. 
Proposed catalytic cycle of HepI. Top left is the enzyme in the apo form with a fully 

solvated active site and is subsequently bound to its two native ligands ADP-Hep (top, 

second from left) and Kdo2Lipid A (top, third from left). The enzyme undergoes a 

conformational change that desolvates the active site (top right) to facilitate a proton transfer 

between Asp13 and Kdo2Lipid A (bottom right). Bonds are broken/formed, and the products 

are made (bottom, second from right). Solvation of the active site (bottom, third from right) 

promotes release of ADP (bottom left) and HK2LA to return the enzyme to the apo state (top 

left).
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Table 1.

pKa of Ionizable Sidechains as Determined by the Nonequilibrium Method and PROPKA for Asp13 and Lys7 

in the Apo and Substrate/Product Ternary Complexes
a

Complex Residue pKaref pKaFEP pKaPROPKA

HepI

4.6 ± 0.3 4.46

HepI•ADP-Hep•FDLA Asp13 3.9

5.9 ± 0.2 6.79

HepI•ADP•FDHLA 5.9 ± 0.3 10.38
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Complex Residue pKaref pKaFEP pKaPROPKA

HepI 10.9 ± 0.8

9.27

HepI•ADP-Hep•FDLA Lys7 10.5

9.5 ± 0.3 8.81

HepI•ADP•FDHLA

9.1 ± 0.4 5.77

a
Red arrows indicate a rise in the pKa and blue arrows indicate a drop in the pKa relative to the reference.

J Chem Inf Model. Author manuscript; available in PMC 2023 January 24.


	Abstract
	Graphical Abstract
	INTRODUCTION
	METHODS
	Data and Software Availability.
	Multiple Sequence Alignment.
	Modeling.
	Molecular Dynamics Simulation.
	Root-Mean-Square Deviation (RMSD), Root-Mean-Square Fluctuation (RMSF), PCA, and Network Analysis.
	Ligand Binding Free Energy.
	pKa Calculation.

	RESULTS
	Differential Dynamic Flexibilities in the Apo and Liganded Complexes of Hepl.
	Protein–Ligand Interactions and Binding Affinities of Hepl Complexes.
	Local, Global, and Correlated Conformational Motions of HepI Complexes.

	DISCUSSION
	Effect of Substrate/Products on Local Dynamics.
	Effect of Substrate/Products on Global Dynamics.

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Table 1.

