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Introduction

Enzymes are the molecular machines of the cell that do the functional work necessary for
living organisms. Their complex mechanisms employ changes across scales of structure from the
assembly of large multi-macromolecular complexes to the orientation of specific amino acid
residues around a substrate to enable reactivity or to exert control over a biological process.
Structural and computational studies have assembled series of snapshots of enzymes in various
substates of their reaction with the goal of examining the catalytic mechanisms over another scale,
the time scale. Combining the strengths of computational dynamics and experimental time-
resolved crystallography promises a more detailed understanding the atomistic details of an
enzymatic reaction.

Deciphering an enzymatic mechanism is even more challenging for an enzyme that has
multiple intermediates. Here, we study 3-hydroxy-3-methyl-glutaryl coenzyme A reductase
(HMGR, Figure 1a,b) from Pseudomonas mevalonii, which is an oxidoreductase of the isoprenoid
pathway that performs three reactions to interconvert a thioester, HMG-CoA, into a primary
alcohol, mevalonate (or vice versa), using two cofactor molecules and producing two key
intermediates, mevadehyde and mevaldyl-CoA (Figure 1). The complex mechanism of the reaction
(Figure 1c) has been studied in detail experimentally' and computationally* > and has several

features that make it suitable for the combined application of these methods to elucidate the
1

https://doi.org/10.26434/chemrxiv-2025-zvmvn ORCID: https://orcid.org/0000-0001-9316-7720 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-zvmvn
https://orcid.org/0000-0001-9316-7720
https://creativecommons.org/licenses/by-nc-nd/4.0/

complete reaction pathway. The complex, multi-step reaction is reversible in bacterial HMG-CoA
reductase such as the one from Pseudomonas mevalonii (PmHMGR) and is known to proceed in
the crystal.? We recently demonstrated that the unusual pH profile of the reaction can be used to

trigger it by a pH jump experiment.®
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Figure 1. a) The homodimeric (pink and purple surface model) structure of PmHMGR bound to
mevalonate, coenzyme A, and NAD+ (pdb code 9DCP, 2.06A resolution). b) closeup of the active

site. ¢) proposed reaction mechanism of PmHMGR?
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In this study we have used time-resolved crystallography to observe reaction progression in an
enzyme from a structural point of view, demonstrating that the reaction can run in the crystal and
doing an initial evaluation of some of the subtle changes in the active site which lead to the
formation of the thiohemiacetal. Among the variety of techniques that can be used to initiate and
subsequently observe the progression of the enzymatic reaction we have chosen to use the pH jump
mechanism we have developed that takes advantage of the pH reaction profile of PmHMGR.®
Detailed observations of movements of the substrates and residues critical to the reaction
mechanism as well as estimates of the extent of the reaction at various widely spaced time points
have been made.

Results & Discussion:

Observing thiohemiacetal formation in PmHMGR using time-resolved crystallography: To
compare changes in the thiohemiacetal bond region between mevalonate and CoA, we generated
composite omit maps (Methods-Data Analysis), which provide the cleanest density maps for the
HMGR ligands in the evolving reaction. These maps showed no density in the thiohemiacetal
region during the first minute after reaction initiation, although the gap between the carbonyl
carbon of the first intermediate, mevaldehyde, and the CoA sulfur was reduced. However, between
2 and 4 minutes, a significant buildup of thioester bond density was detected, indicating the
formation of a thiohemiacetal at the enzyme’s active site (Fig. 2). The data indicate that the
appearance of the second reaction intermediate (mevaldyl-CoA) in PmHMGR crystals requires

several minutes under these experimental pH jump conditions.

These time-resolved observations confirm that catalysis by PmHMGR does occur in the crystal
and that we can observe one of the important steps in the reaction profile in detail over an

experimentally accessible range of time steps.
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Figure 2. Changes in composite omit map density before (A) and after a pH-jump (B-D) in the
thiohemiacetal region between mevaldehyde and CoA at the PmHMGR active site. MVD —

mevaldehyde; MVA — mevalonate; CoA — thiol end of extended CoA in the enzyme.

Since the composite omit map density still represents an average over the entire crystal,
calculations were made to extract the combination of partial occupancies that would reflect the
experimental electron density at any one time point. To evaluate changes in the populations of
mevaldyl-CoA, mevaldehyde, and CoA upon initiation of a pH-jump, we compared 2Fo—Fc and
Fo-Fc maps generated using varying occupancies for each ligand independently. By adjusting the
selected occupancies, we optimized the combined density observed for mevaldyl-CoA,
mevaldehyde, and CoA, ensuring that only 2Fo—Fc density was present without residual Fo—Fc
difference density. This ensures that the occupancies of these molecules were now most optimally
aligned with the time post-pH jump datasets of Figure 3.

Analyzing this data, in structures spanning from the pre pH-jump state (pH 6.7) to the post pH-
jump state (pH 9) at 1 minute, no significant density was observed in the region between
mevalonate and CoA across all tested combinations of occupancies. However, starting at 2 minutes
and 20 seconds post pH-jump, a buildup of density for the thiohemiacetal region of mevaldyl-CoA
became apparent at an occupancy of 0.4 for this intermediate (Figure 3). This density became more

pronounced 4 minutes after reaction initiation, with an occupancy of 0.5 for mevaldyl-CoA. The
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increasing occupancy and density for mevaldyl-CoA further indicate the formation of this

intermediate in crystallo.
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Figure 3. 2Fo—Fc density analysis at the PmHMGR active site for thiohemiacetal formation. (A-
B) Control (pdb 9DG2) and 1 minute post pH-jump (pdb 9DCP) show no observable
thiohemiacetal density. (C) At 2 minutes 20 seconds (pdb 9DPG), thiohemiacetal density begins
to appear, corresponding to an occupancy of 0.4. (D) At 4 minutes (pdb 9DY 6), the density is more

pronounced, with an occupancy of 0.5.
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We then analyzed the changes in the active site region following reaction initiation, focussing
on the point of formation of the thiohemiacetal bond. 1 minute after reaction initiation, the
population of NADH, as measured by the occupancy of the cofactor, is higher (0.67) compared to
NAD (0.29), suggesting a substantial population has undergone the hydride transfer step for this
portion of the PmHMGR reaction. Based on this observation, we modeled the first intermediate,
mevaldehyde, in the active site in order to reflect the majority of the substrate components present.
Then each of the following three time points past the pH jump were examined for significant
structural changes required for thiohemiacetal formation.

For the pH jump at Imin we observed that the most significant change in active site arrangement
relative to thiohemiacetal formation was a repositioning of CoA mediated by Ser 85. The distance
between the Ser-O and CoA pantothenic acid N decreased by 0.45 A (Figure 4C). This interaction
appears to stabilize the strained configuration of CoA necessary for correct positioning for a
hydride transfer to the thiohemiacetal in the following reaction step.? We also noted a more subtle
movement of His 381 toward CoA at this point in the reaction, consistent with the proton transfer
expected between the cosubstrate and the catalytic residue prior to thiohemiacetal formation
(Figure 4B). The role of this reorientation will be discussed in more detail below.

At 2 minutes and 20 seconds, as thiohemiacetal density becomes apparent, the CoA thiol is
observed to orient somewhat further toward an interaction with the terminal carbon of
mevaldehyde (Figure 4A). The Ser 85 is now observed to be reorienting in its position rrelative to
CoA, corresponding to the Ser(O)-CoA(N) modest distance increase of 0.6 A (Figure 4C).

The Ser(O)-CoA(N) contact reaches its most favorable interaction configuration at 4 minutes,
coinciding with the highest observed thiohemiacetal density at equal occupancy with CoA.
Throughout this sequence of mechanistic steps, the active site Lys-Asp-Glu remains static,

consistent with its role as the proton donor and oxyanion hole in this mechanism (Figure 1c)
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Figure 4: Structural changes in the active site after reaction initiation. (4) Repositioning of CoA
in the active site over time, highlighting shifts in the pantothenic acid thiol regions. (B) Movement

of His 381 toward CoA 1 minute after a pH-jump. (C) Positioning of SER 85 relative to CoA after

the pH jump.

Molecular dynamics studies The availability of experimental structures close to the activated
complex of the thiohemiacetal formation provides a new possibility to study the complex
mechanism of HMG CoA reductase’ in unprecedented detail using a combination of experimental
and computational methods, a long-standing goal in our groups.” ® Here, we focus on the role of
His 381, which as shown in Figure 1 as a base in the proton transfers associated with the C-S bond
formation. As shown in Figure 4B, the shift of His 381 is subtle and its protonation state cannot
be ascertained from the 2A structures in this series. In addition to the different possible protonation
states, the neutral form of His 381 can also exist in two different states known as 6 and € protomers,
but it is unclear from the crystal structures which one is more likely to be the base in the reaction.
We therefore analyze 100 ns MD trajectories of different protonation states of the active site

residues with particular emphasis on the interaction network of His 381.
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Starting from the crystal structure at pH9 obtained before any C-S bond formation can be
observed, different protomers of His 381 and the catalytic residue Glu®® were considered. Using
the nomenclature of the AMBER force fields, the three protomers HID, HIE and HIP of His 381
were considered the protonated Glu®® (Figure 5c). Earlier QM/MM studies’® indicate that the
reaction barrier for the subsequent hydride transfer is lower for the neutral Glu 83 in agreement
with the proposed reaction mechanism shown in Figure 1 that suggests a neutral Glu 83 for the
thiohemiacetal formation.’ Therefore, only the results for this protonation state are shown in Figure
5. We also studied different protomers His*®,!” but only the e-protomer is discussed in the context

of this study.
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Figure 5. a) Three protonation states of histidine b) definition of dihedral angles, ¥' and %, of
histidine, c) dihedral angles ' and y? of the three protomers of His 381 with Glu 83 protonated (c).
Experimental value from the crystal structure is shown as a yellow square, d,e) Overlay of the
structures of the active site and the flap domain helices from the crystal structure (colored) and the
MD simulations (grey, average of the last 5000 frames of simulation) of the Glu 83/HIE 381

system.
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Figure 5c shows the side chain conformers of His 381 for the three protomers. The HIE
381 protomer is distinct from the other two in that it allows the His 381 into the position required
for deprotonation of the CoA thiol. This is shown in Figure 5d, where His 381 positions the
unprotonated d-nitrogen to act as the base even closer than in the crystal structure that served as
the starting point for the MD simulation (shown in color in Figure 5 d,e). In comparison, the
position of the remaining residues including the unusual, curved conformation of the first helix of
the flap domain (Figure 5Se) are maintained throughout the simulation.

In summary, this work demonstrates the applicability of the pH jump technique to observe
the formation of the thiohemiacetal intermediate in the reaction catalyzed by HMG CoA reductase
using time-resolved crystallography. These structures are close to the activated complex of the
carbon-sulfur bond formation that also involves a deprotonation of the thiol. Molecular dynamics
simulations show how the flexibility of key residues, specifically the role of His 381 as the base,
are coupled to the experimentally observed bond formation. As the prediction of enzyme structures
using artificial intelligence becomes more widely accepted, the combination of experimental and
computational methods at or near the activated complex of a reaction as demonstrated here is the

next logical step in the elucidation of complex enzyme mechanisms.

Methods

Time-resolved Crystallographic Data and Analysis

Sample preparation: PmHMGR for this study was expressed, purified, and crystallized using
previously established methods.!! Crystals of the size 0.3-0.4 nm were utilized for time-resolved
measurements and cryoprotected in 32 % glycerol prior to any soaking steps. The experiment was

designed to sample at fairly large time intervals the first step of the reaction in Figure lc (“1st
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Hydride Transfer”). To produce in crystallo intermediates, we utilized the pH-jump method. The
crystal environment was slowly exchanged with a 1.2 M ammonium acetate, 100 mM ADA and
32 % PEG-400 (pH 6.7) environment using a soaking time of 8 hours.® The ligands mevalonate,
CoA and NAD" were then introduced at a 5 mM, 1 mM and 1 mM concentration respectively for
a period of 4 hours to ensure sufficient binding. The crystals were then transferred to a pH 9
environment for different time periods ranging from 1 to 4 minutes before being freeze-trapped in
liquid nitrogen.

Data collection: Diffraction data for PmHMGR crystals was obtained at the Advanced Photon
Source at Argonne National Laboratory, Sector 23-ID-B and 23-ID-D. A wavelength of 1.033 A
was used to obtain diffraction data using either an Dectris Eiger-16 M or Dectris Pilatus 3-6 M
detector. Crystals with a diffraction quality of 1.99 — 2.5 A were obtained.

Data Analysis: All the datasets were indexed using the HKL.2000 suite.'? The space group of all
the structures was found to be 14;32. A mevalonate, CoA and NAD" bound structure of PmHMGR
was used to determine a molecular replacement solution of all the structures using the CCP4
suite.!® The structures were refined without any ligands bound at the enzyme active site using a
rigid body refinement, followed by a simulated annealing and successive real-space refinements.'*
16 The ligands NADH, NAD", mevalonate and CoA were added using the program Ligandfit.!”- 18
The ligands mevaldyl-CoA and mevaldehyde were added using the HIC-UP server to provide a
starting set of coordinates. Mevaldyl-CoA was placed in the structure by using a previously
obtained thiohemiacetal bound structure (PDB) and doing a LSQ mainchain atom alignment. The
geometry and energy parameters of the ligand models were corrected based on the atomic
resolution, small molecule structures available through the Cambridge Small Molecule Database.
Subsequent refinements were done on the obtained structures in the presence of ligands until their
Riee and Ryork values reached their minima. The program Molprobity!® was used to make
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corrections for Ramachandran and rotamer outliers and for bonds and angles. Polder maps and

simulated annealing maps generated using the phenix polder map and ‘composite omit map’

programs were used to determine changes in the electron density of the nicotinamide ring to

determine NADH production and evolution of the thioester bond in post pH-jump structures.

The data collection statistics are in the table below (Table 1).

20, 21

Table 1. Crystallographic Data and Refinement Statistics for Structures Collected Pre and Post

pH-Jump at Various Time Intervals with PmHMGR Crystals

EEJE— jzi—l_;l)ump 1 minute pH9 ieggggze;é% 4 minutes pH 9
buffer, pH 6.7)
PDB Entry 9DG2 9DCP 9DPG IDY6
Wavelength 1.033 1.033 1.033 1.033
Resolution range 46.1 - 1.93A 443-2.06 A 43.9-250 A 46.0-225A
Space group 14(1)3 2 14(1)3 2 14(1)3 2 14(1)3 2
a,b,c (A) 225.67 225.77 224.16 225.48
o=p=y (deg) 90 90 90 90
Unique reflections 139577 115085 62768 87895
Multiplicity 10.4 (9.4) 16.2 (11.6) 5.04.4) 5.0(5.0)
Completeness (%) 85.82 (1.52) 89.88 (9.23) 98.08 (81.33) 98.69 (84.40)
Mean I/sigma(I) 9.33(0.49) 9.88 (0.34) 10.01 (1.47) 9.90 (1.21)
Wilson B-factor 20.16 26.57 34.21 29.85
R-merge 31.33 32.04 13.1 12.82
CC1/2 0.989 (0.125) 0.994 (0.105) 0.994 (0.529) 0.995 (0.453)
Ccc* 0.997 (0.472) 0.998 (0.437) 0.998 (0.832) 0.999 (0.79)
R-work (%) 17.84 21.39 18.95 18.41
R-free (%) 21.71 24.17 23.87 22.68
Protein residues 795 802 793 800
RMS(bonds) 0.01 0.009 0.003 0.004
RMS(angles) 0.98 0.81 0.65 0.76
Ramachandran favored (%) 96.7 96.87 96.7 96.4
Ramachandran allowed (%) 3.05 3.13 33 3.6
Ramachandran outliers (%) 0 0 0 0
Rotamer outliers (%) 0 0.17 0 0
Clashscore 3.16 3.13 3.63 2.95
Average B-factor 25.53 39.68 38.39 40.44
macromolecules 24.93 39.65 38.25 40.06
Ligands 33.76 39.93 45.79 54.88
Solvent 31.38 40.13 34.63 39.77
11
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Determining changes in intermediate populations with an occupancy analysis:

To compare the populations of different intermediates in post-reaction PmHMGR structures
following a pH-jump, we performed B-factor refinements for each structure at varying occupancies
(ranging from 0.0 to 1.0) for the intermediates mevaldehyde and CoA, as well as the reaction
intermediate mevaldyl-CoA. By analyzing changes in the 2Fo—Fc and Fo—Fc maps, we identified
the predominant intermediate present in each structure obtained after reaction initiation. The
occupancy was set to the value at which no observable Fo—Fc density remained and only 2Fo—Fc
density was present, indicating agreement with the structure. The final structures were

subsequently refined at the locked occupancy.

MD simulations The crystal structure (resolution 2.10A) obtained from the pH-jump
experiments,?? 20 seconds after initiating the oxidative reaction, at pH 9 and bound to cofactor
(NAD+ or NADH), mevaldehyde, and coenzyme A, was used in this computational study. The
residue of interest, His 381 (purple stick model in Figure 1b), is on the first helix of the flap domain
close to His385 (pink stick model in Figure 1b). The protonation state of His385 was also studied
since it would influence the non-covalent interactions around His 381.

These models were prepared for molecular dynamics simulation using Amber18.2 All
systems had NAD", CoA, and mevaldehyde as ligands. Amber ff14SB, the general amber force
field (GAFF), and published NAD" parameters were used for the protein, mevaldehyde, and
cofactor, respectively.?*?’ Partial charges for mevaldehyde were obtained using the RESP
protocol?®2° calculated at the B3LYP/6-31G** level of theory in Gaussian16.?° The systems were
solvated using the TIP3P water model and neutralized using sodium ions.*! 3> Minimization was
performed over four cycles with weak positional restraints (10 kcal/mol.A) on the protein followed

by heating to 300 K in six increments of 50 K. A brief equilibration is performed at constant
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volume and 300K temperature for 20 ps before equilibrating the system at constant temperature
(300 K) using Langevin thermostat and pressure, maintained at 1 atm using Berendsen barostat,
for 200 ps. Finally, the production run was performed at an NPT ensemble for 100 ns with a 2 fs
time step (input coordinate and topology files in SI). All analyses were performed using cpptraj.*>

The analysis of these systems focused on selecting a single protonation state for His385 in
order to study the protonation state of His 381 in subsequent simulations. Determining the
protonation state of His 381 would assist in rationalizing the pH dependence of the oxidative
reaction in PmHMGR.

After deciding on the most likely protonation state of His385 from the studies described
above, a second set of systems vary the protonation states of Glu83 and His 381. Glu83 was also
investigated since it is an ionizable catalytic residue that is close to His 381. Previous
computational studies have shown the preference for a neutral Glu83 with a positively charged His

381 (HIP).
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