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ABSTRACT: In this study, we take advantage of the ability of HMG-CoA reductase
(HMGR) from Pseudomonas mevalonii to remain active while in its crystallized form to
study the changing interactions between the ligands and protein as the first reaction
intermediate is created. HMG-CoA reductase catalyzes one of the few double oxidation—
reduction reactions in intermediary metabolism that take place in a single active site. Our
laboratory has undertaken an exploration of this reaction space using structures of HMG-
CoA reductase complexed with various substrate, nucleotide, product, and inhibitor
combinations. With a focus in this publication on the first hydride transfer, our structures
follow this reduction reaction as the enzyme converts the HMG-CoA thioester from a flat
sp*-like geometry to a pyramidal thiohemiacetal configuration consistent with a transition
to an sp’ orbital. This change in the geometry propagates through the coenzyme A (CoA)
ligand whose first amide bond is rotated 180° where it anchors a web of hydrogen bonds
that weave together the nucleotide, the reaction intermediate, the enzyme, and the catalytic
residues. This creates a stable intermediate structure prepared for nucleotide exchange and
the second reduction reaction within the HMG-CoA reductase active site. Identification of this reaction intermediate provides a
template for the development of an inhibitor that would act as an antibiotic effective against the HMG-CoA reductase of

methicillin-resistant Staphylococcus aureus.
O ver the last hundred years, our understanding of how
enzymes facilitate chemical reactions in cells has
improved by orders of magnitude. However, even as we
study the enzymes, substrates, products, and cofactors, often
the dynamic process of catalysis eludes us for want of being able
to visualize the intermediate states of the reaction. In this study
of HMG-CoA reductase (HMGR) from Pseudomonas mevalonii,
we take advantage of the fact that the enzyme is active in the
crystalline form, catalyzing the double-reduction reaction of
HMG-CoA to mevalonate and free coenzyme A (CoA)
utilizing two molecules of nicotinamide adenine dinucleotide
(NADH). We have used X-ray crystallography to study more
than 70 structures covering this reaction space of the enzyme
with various combinations of ligands, substrates, and inhibitors.
What has emerged is a novel contribution by CoA to the
catalytic process driven by the change in geometry around the
HMG-CoA thioester during the first hydride transfer.

The reaction catalyzed by HMG-CoA reductase is the first
committed step in the metabolic pathway that produces the
five-carbon compound isopentenyl diphosphate. This metabo-
lite is the building block for cholesterol, ubiquinone, the
carbohydrate anchor dolichol, prenyl groups, and steroid-based
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hormones in animals,’ light-harvesting carotenoids in plants.,2
and cell-wall undecaprenol in eubacteria.’

The eukaryotic and prokaryotic isoforms of HMG-CoA
reductase are different and can be distinguished both by amino
acid sequence alignments and by their sensitivity to statin
inhibitors.* X-ray crystal structures of the enzymes have shown
their catalytic domains have the same overall fold but distinct
active site architectures.” Of note is the fact that a number of
bacteria that utilize the mevalonate pathway are potent
pathogens, such as Staphylococcus aureus, Streptococcus pneumo-
niae, and Enterococcus faecalis, and the pathway has been shown
to be essential to their growth and pathogenesis.” This
observation gives rise to an interest in developing a small
molecule inhibitor specific to the bacterial HMG-CoA
reductases. Such an inhibitor would act as a novel antibiotic,
effective against the increasing number of resistant bacterial
strains, such as methicillin-resistant S. aureus (MRSA) and
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Figure 1. Chemistry of hydride transfer and the structure of HMG-CoA. (A) Schematic of the first hydride transfer of HMG-CoA reductase. On the
left is HMG-CoA schematically arranged with some of the residue side chains known to be important in catalysis. Here the thioester is in a flat, sp*
orbital configuration with the carbonyl carbon colored red. This cartoon represents the RPMS structure. NADH is then bound and the hydride
transferred from the C4 position of the nicotinamide ring to the sp” carbon. The previously published structure of the nonproductive complex of
NAD and HMG-CoA (Protein Data Bank entry 1QAX) serves as the best representative of this dynamic state. The hydride transfer then converts
the thioester to the hemiacetal with a tetrahedral sp* orbital configuration (RPMU). Lys267 has been suggested as the proton donor for the reaction
based on the earlier 1QAX structure.” Our hemiacetal structure suggests that Glu83 is a more likely candidate, and this has been supported with
computational experiments.>> The mechanism of the first hydride transfer of the reaction mechanism only is illustrated; the entire mechanism is
outlined in ref 32. (B) 3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA). Structure of the ligand for HMG-CoA reductase with emphasis on the
portions discussed in the text. The first amide bond that forms the basis of the hydrogen bonding network with hemiacetal formation is colored red.
Sulfur is substituted for the carbonyl oxygen of the thloester bond in the dithio-HMG-CoA slow substrate used to trap the hemiacetal intermediate
(in blue). This figure was prepared using ChemDraw.*
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Figure 2. Domain structure of HMGR from P. mevalonii. (A) A dimer of HMGR (structure RPMU) with the bound substrate and cofactor. The two
monomers intertwine with the active site at their interface. The 53 residues of the C-terminal flap domain have been removed to expose the
configuration of the ligands in the active site. (B) One monomer, rotated around a complex axis to best demonstrate the domain structure, bringing
the green NAD binding domain to the bottom of the figure and the central helix of the triangular large domain to a 45° position in the plane of the
figure. In this panel, the large domain (red) is composed of residues 1—108 and 220—349 and binds the dithio-HMG-CoA. The NAD binding
domain (green) contains residues 109—219 and binds the NAD(H) for the opposite active site. The C-terminal ﬂap domam (blue) contains three
helices of residues 375—421 and is seen only when both ligands are bound. This figure was prepared using Pymol

vancomycin-resistant Enterococcus (VRE), which are widespread the enzyme along with 1 equiv of NADH. There is no evidence
in today’s intensive care units. in the literature that this binding occurs in any particular

The overall reaction sequence and stoichiometry of the sequence, though in our crystallographic studies the cofactor
double reduction of HMG-CoA to mevalonate and free CoA NAD(H) is never seen unless another ligand is present. The
have been worked out over the past few decades. Figure 1A transfer of a hydride from NADH reduces the thioester bond
shows a schematic diagram for the first hydride transfer in the between CoA and 3-hydroxy-3-methylglutarate, resulting in a
synthesis of mevalonate, in which HMG-CoA is first bound to sequestered reaction intermediate thought to be a thiohemia-
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Figure 3. Electrostatic surface of HMGR with HMG-CoA and NAD(H). (A) HMG-CoA (data set RPMU) is shown binding to the enzyme in a
shallow groove along the surface. The adenine of the CoA, on the left of the figure, is obscured by the side chain of Argl1 that covers the nucleotide.
The dithioester between CoA and HMG is shown here in the hemiacetal configuration, with the sulfurs (yellow) toward the middle of the figure.
NAD(H) is bound in a surface groove to the right. Its adenine is partially obscured by the side chains of the conserved DAMG sequence associated
with the non-Rossmann nucleotide-binding domain of the enzyme. The nicotinamide ring of NAD(H) and the thioester bond of HMG-CoA come
into catalytic contact in the center of the figure, shown in more detail in panel B. (C) Flap domain in a ribbon cartoon form, positioned over the
active site by the hydrogen bonding interactions associated with hemiacetal formation. This figure was prepared using Pymol.**

cetal. This thiohemiacetal would then be in equilibrium with
the reduced CoA and mevaldehyde, the aldehyde thought to be
the active substrate for the second reduction reaction.” The
NAD" is released to solution in preparation for binding of
another NADH for the second hydride transfer that converts
the aldehyde to an alcohol, mevalonate.

Published X-ray crystal structures of the P. mevalonii HMGR
show that the molecule is a tightly bound, intertwined dimer
with each monomer consisting of a large domain, a small
domain, and a C-terminal flap region (Figure 2).*° The large
domain is discontinuous, constructed from the first 100 amino
acids and then residues 220—375, and is primarily involved in
binding the CoA portion of HMG-CoA. Between the two
components of the large domain is a region termed the “small
domain” that folds into a non-Rossmann nucleotide binding
domain'® whose residues interact with the adenine and
phosphates of the NAD(H). Finally, the SO C-terminal residues
of the “flap” domain are disordered in the apoenzyme. The flap
has been observed only in an experiment in which the ligands
NAD" and HMG-CoA were soaked into a preformed crystal to
form a complex with no reaction potential [Protein Data Bank
(PDB) entry 1QAX]. In this experiment, these residues form a
subdomain consisting of three a-helices folded over the active
site, positioning catalytic residue His381 near the site of
hydride transfer and shielding this reduction reaction from
solvent (Figure 3c).”

Gaps in our understanding of the catalytic reaction of HMG-
CoA reductase remain. Previous investigations have been
unable to isolate a structure with HMG-CoA alone bound to
the enzyme as the thioester bond appears to degrade during X-
ray data collection (PDB entry 1R31), leaving free CoA and
mevalonate or mevaldehyde in the active site. In addition, the
intermediate configuration of HMG-CoA after hydride transfer
and its interaction with catalytic residues in the active site are
unknowns. Finally, the observation that the addition of CoA,
even desthio-CoA, markedly increases the V. of the
mevaldehyde to mevalonate half-reaction remains unex-
plained."" The investigations presented here were undertaken
to answer these questions; what was discovered was a set of
successive ligand—protein interactions that drive the reaction to
a stable intermediate state.

B EXPERIMENTAL PROCEDURES

HMG-CoA reductase from P. mevalonii has been cloned into
the PKK-177-3 plasmid under control of the tac promoter and
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kanamycin selection.'” Expression, purification, and crystal-
lization have been described previously."® Briefly, the protein
was dialyzed into a solution containing 10 mM potassium
phosphate, 400 mM potassium chloride, and 9% (v/v) glycerol
at pH 7.2. It was then concentrated to 20 mg/mL.
Crystallization was accomplished by vapor phase exchange
against a reservoir solution containing 1.3—1.4 M ammonium
sulfate and 100 mM sodium ADA at pH 6.7. The protein
solution was seeded with 0.8 yL of crushed reductase crystals
serially diluted 10°—10*fold with the precipitant solution. Of
particular importance is the use of glycerol during purification
and crystallization to produce large, diffraction quality crystals.
The concentration of glycerol is increased again to 30% as a
cryoprotectant before data collection.

Introduction of ligands into preformed crystals of reductase
was accomplished by a slow replacement of the mother liquor
in a sitting drop with gradually increasing amounts of glycerol
(for cryoprotection) and ligand(s). Extending this procedure
over many hours yielded crystals that were cryoprotected and
consistently diffracted to better than 2.0 A at a synchrotron
beamline. The data sets are designated RPM for reductase P.
mevalonii, with an alphanumeric suffix to mark the particular
experiment.

RPM2QS (PDB entry 4164). This is a native crystal
cryoprotected with 30% glycerol as described above.

RPM3SS (PDB entry 4l6A). The crystal was cryoprotected
in 30% PEG400, rather than glycerol, that was gradually
introduced over 17.5 h. Then HMG-CoA was introduced into
the cryosolution at a concentration of 4 mM for 4.5 h prior to
the crystals being frozen.

RPMS (PDB entry 4156). Glycerol was gradually introduced
to the crystal soaking solution over 12 h. Dithio-HMG-CoA
(the carbonyl oxygen of the thioester bond is replaced by a
sulfur atom; preparation discussed below) was added to a final
concentration of 3.15 mM over 4 h.

RPMU (PDB entry 4I4B). After the crystals had been
soaked in 30% glycerol for 12 h, 3.3 mM dithio-HMG-CoA and
1.5 mM NADH were added sequentially to the solution and
allowed to react for 9 h prior to the crystals being frozen.

Once the crystals were soaked with an appropriate
cryosolution and a ligand, they were frozen in a stream of
100 °K gaseous nitrogen. An initial data set was collected on
our home source, a Rigaku RU-200 rotating anode generator
equipped with confocal mirrors and a RaxisIV*™* detector, to
confirm diffraction. A maximal resolution data set would then
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Table 1. Data Collection and Refinement Statistics”

RPM2QS RPM3SS RPMS RPMU
Data Collection
PDB entry 4164 416A 4156 4I4B
ligands added native (none) HMG-CoA dithio-HMG-CoA dithio-HMG-CoA NADH”
location APS 14-BM-C APS 17-ID APS 14-BM-C APS 14-BM-C
energy (A) 0.9 1.0 0.9 0.9
space group 14(1)32 I4(1)32 I4(1)32 14(1)32
a=b=c(A) 225.6 225.7 226.1 2259
resolution (A) 25—1.75 39-1.85 29—-1.50 29—1.70
no. of observations >1¢ 821771 2841960 803028 398341
no. of rejections (%) 2224 (0.3) 3314 (0.2) 868 (0.1) 695 (0.2)
no. of unique reflections 95865 82730 150297 102738
no. of Rg,, reflections 2931 2479 10622 7396
completeness (%) 98.4 (100) 99.9 (100) 97.6 (88.9) 96.4 (93.2)
redundancy 8.6 (7.1) 34.0 (33.0) 54 (24) 3.9 (2.6)
I/l 26.8 (2.1) 48.1 (3.3) 27.3 (2.4) 259 (1.8)
Rierge (%) 5.7 (89.6) 7.1 (0.871) 4.3 (33.1) 4.7 (40.3)
Refinement
total no. of atoms 6318 6146 6477 6747
no. of protein atoms (avg B) 5679 (32.0) 5661 (35.9) 5628 (20.1) 5855 (28.6)
no. of waters (avg B) 609 (43.4) 420 (43.3) 761 (33.0) 757 (40.8)
no. of ligand/ion atoms (avg B) 30 (62.6) 63 (49.8) 86 (32.3) 135 (31.7)
Ryon/Riee 0.198/0.246 0.178/0.200 0.168/0.189 0.173/0.195
rmsd for bonds (A) 0.005 0.022 0.020 0.005
rmsd for angles (deg) 0.92 1.45 1.74 1.13
Molprobity score (%) 95 99 94 100
Ramachandran
preferred 639 (98.9) 642 (99.1) 640 (99.1) 673 (99.1)
generous 5 (0.8) 4 (0.6) 4 (0.6) 4 (0.6)
disallowed® 2 (0.3) 2 (0.3) 2 (0.3) 2 (0.3)

“Data from the last (highest) resolution bin are given in parentheses. “NADH was added to the crystal; structural evidence suggests it was oxidized
to NAD". “The residues in the disallowed region for all structures are Arg182 and Arg682, identical residues in the A and B monomers, respectively.

be taken at one of several beamlines at the Advanced Photon
Source (Argonne National Laboratory, Argonne, IL) (see Table
1).

The early diffraction data were reduced with DENZO and
SCALEPACK and later data sets with HKL2000."* Phasing was
accomplished by molecular replacement with CNS using the
high-resolution native structure of HMG-CoA reductase
(RPM2QS) as a search model."> Subsequent building of ligand
models into the nonprotein density used the HIC-UP server'®
to provide a starting set of coordinates.

The geometry and energy parameters of the ligand models
were corrected on the basis of the atomic resolution, small
molecule structures available through the Cambridge Small
Molecule Database.'” These specialized topology and param-
eter files for the ligands were then used to refine the protein—
solvent—ligand model using CNS. Subsequent corrections to
the protein and ligand were made using the interactive graphics
capability of O,'®'? followed by conjugate-gradient (Powell)
minimization in CNS. In the later stages of the project, a final
refinement pass in Refmac3’® using the TLS refinement™
interspersed with maximum likelihood minimization*
added.

During refinement, a control group of reflections was kept
aside to monitor progress.””>> These control reflections were
maintained across the four structures and two refinement
programs. Postrefinement, the model structures were evaluated
for errors with Molprobity,”* Procheck,” and the ADIT

‘was
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Validation server of the PDB.*® Selected quality indicators are
listed in Table 1.

The protein crystallized as a dimer in the asymmetric unit,
with one active site open to a solvent channel and the other
limited by crystallographic contacts. The residues of the first
monomer, the one with the open HMG-CoA binding site, were
numbered starting with 1, while the numbering of the second
monomer starts with 500. Thus, Lys267 and Lys767 would be
the same residue on the A and B polypeptide chains,
respectively. When soaking in ligands, the larger molecules
were invariably seen in the more open site and not in the closed
one. Because of these differences between the active sites of the
dimer, NCS restraints on refinement were not used.

Dithio-HMG-CoA. The substrate analogue dithio-HMG-
CoA was used to demonstrate a binary, dithio-HMG-CoA—
enzyme structure and to trap the hemiacetal intermediate in a
ternary dithio-HMG-CoA—NADH—enzyme complex. In this
compound, the carbonyl oxygen of the thioester of HMG-CoA
is replaced with sulfur (Figure 1). This molecule is stereo-
specifically synthesized using the enzyme HMG-CoA synthase
(acetyl-CoA + acetoacetyl-CoA — HMG-CoA + CoA-SH), by
substituting 3-oxo-1-thiobutyryl-CoA for the usual acetoacetyl-
CoA. The resulting dithio-HMG-CoA compound was initially
characterized as an inhibitor of HMGR with a K; of 86 nM and
with a competitive pattern versus HMG-CoA.>* Further study
in our laboratory showed this compound to be a slow substrate,
as related in Results.

dx.doi.org/10.1021/bi400335g | Biochemistry 2013, 52, 5195—5205
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Figure 4. Evolution of the thioester bond during the first hydride transfer. (A) Initial binding (data set RPMS) of HMG-CoA to HMG-CoA
reductase from P. mevalonii. Depicted is the structure with the slow substrate, dithio-HMG-CoA, where the carbonyl carbon is replaced by a (green)
sulfur atom. The electron density shown is a simulated annealing omit F, — F. map (CNS version 1.3"%) contoured at 3.06. The NAD" in the panel
is not actually present in the structure but is there for the purpose of orientation, shown at the location of the cofactor in RPMU. Note the flat
geometry of the dithioester bond consistent with an unreduced sp” orbital and its orientation away from the nicotinamide ring (HMGCoA Cl1—
NAD C4 distance of 5.1 A). (B) Nonproductive complex containing NAD* and HMG-CoA (PDB entry 1QAX).” This models the movement of the
thioester as the nucleotide binds with the thioester bond rotated up toward the NAD* while retaining its flat sp* orbital-like geometry (HMGCoA
C1-NAD C4 distance of 4.0 A). (C) Dithioester (data set RPMU) of the slow substrate reduced to the hemiacetal form, and therefore the end
result of the first hydride transfer. The dithioester now has a pyramidal geometry consistent with a reduced, sp® orbital configuration oriented
roughly parallel to the nicotinamide ring, with the former “carbonyl” atom directed upward toward active site residues Glu83 and Lys267 (HMGCoA
C1—-NAD C4 distance of 3.2 A). The electron density shown is a simulated annealing omit F, — F, map (CNS version 1.3'%) contoured at 3.06. This
figure was prepared using Pymol.**

GLIDE. The estimates of relative binding energies between BL21(DE3) cells transformed with mutant plasmid were
HMGR and the HMG-CoA configurations (1QAX, RPMS, grown at 37 °C, with shaking, in LB medium. Cell rupture and
RPMU) were calculated using the software package GLIDE enzyme purification through the DEAE fraction were
from Schrodinger (Glide, version 5.7, Schrédinger, LLC, New conducted as previously described.'” The DEAE fraction was

York, NY, 2011). The ligands and protein were kept in a rigid concentrated by precipitation with 3 volumes of a saturated
ammonium sulfate solution (pH 7.0) and dissolved in a

minimal volume of buffer A [10 mM potassium phosphate, 400
mM KCl, and 9% glycerol (pH 7.2)]. After dialysis against
buffer A and passage through a 0.22 ym cellulose acetate filter
(Nalgene), the DEAE fraction was applied to a Hiprep 26/60
Sephacryl S 200 (GE Healthcare) column equilibrated and

configuration given in the associated X-ray crystal structure and
the GlideScore calculated and interpreted as a proxy for a
relative binding energy (23).

S85A Mutation. Conversion of serine 85 of P. mevalonii
HMGR to alanine used a Stratagene QuikChange Site-Directed

Mutagenesis Kit and protocol. Plasmid pHMGR DNA was eluted with buffer A at a flow rate of 1.3 mL/min. Active

prepared using a Qiagen Miniprep kit. Primers were fractions were pooled and concentrated using ammonium
synthesized by Integrated DNA Technologies, Inc. The forward sulfate as described above.

primer (5'-AAGAGCCCGCAATCGTCGCCGCT-3') and the Assay for Enzyme Activity. The oxidative acylation of
reverse primer (5'-AGCGGCGACGATTGCGGGCTCTT-3') mevalonate was used to assay the activity of mutant enzyme
were used for mutagenesis. The mutation was verified by full- HMGR S85A. Assays, with a final volume of 200 uL, contained
length DNA sequencing in the Purdue Genomics Core. 5 mM (R,S)-mevalonate, 1 mM CoASH, 1.5 mM NAD"*, 0.1 M

5199 dx.doi.org/10.1021/bi400335g | Biochemistry 2013, 52, 5195—5205
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Figure S. Hydrogen bonding between HMG-CoA and Arg261 through the reaction cycle. (A) Structure of RPMS, with only the dithio-HMG-CoA
bound. The ester bond is in a flat, sp* orbital, and there are two hydrogen bonds between the glutaryl portion of HMG-CoA and Arg261. (B)
Structure developed from the nonproductive complex of NAD* and HMG-CoA (PDB entry 1QAX) that serves here as a model for the intermediate
in the reaction in which HMG-CoA and NADH are both bound but the hydride transfer has not yet taken place. The thioester thus remains in the
flat sp” orbital configuration but has reoriented toward the active site residues. Adjusting to this motion, the glutaryl group changes its orientation
relative to Arg261, and the side chain of the amino acid flips, such that only one hydrogen bond is formed between the two. (C) RPMU in which the
thioester of dithio-HMG-CoA has been reduced to the hemiacetal. The tetrahedral configuration of the bond is evident. This conversion allows the
glutaryl moiety and Arg261 to regain their original orientation, forming two hydrogen bonds. The electron density shown in panels A and C is 1.40,
2F, — F, density from the refined model. The red and green f-strands toward the back of the figure are from monomers A and B of the dimer,
respectively.

KCl, and 0.1 M Tris (pH 9.0). Formation of NADH was The remainder of the HMG-CoA’s interaction with the
monitored at 340 nm in a Hewlett-Packard model 8453 diode enzyme shows that it is tightly anchored by hydrogen bonds to
array spectrophotometer with its cell compartment maintained the protein at both ends. Specifically, Argll makes a
at 37 °C.*” hydrophobic contact between the CoA adenine and its side

chain carbons and a hydrogen bond between the imine group
B RESULTS and the adenine phosphate (3.0 A). At the other end, the

carboxyl group of HMG has two hydrogen bonds to the imine
group of Arg261 [both 2.8 A (Figure SA)]. Between these two
anchors, the interactions are water-mediated, leading to a great
deal of torsional flexibility in the middle of the HMG-CoA
ligand.

Dithio-HMG-CoA Is a Slow Substrate. Dithio-HMG-
CoA is an analogue of HMG-CoA in which the thioester
oxygen is replaced with sulfur. Previous investigations have
intensity X-ray beam during data collection. The substrate shown this moleculgsto be a C(:fn?;.)etltlve 1n}.11b1t.or of HMGR,
analogue dithio-HMG-CoA was initially used to create the with a K; of 86 nM. Th.e p .os‘s1b1hty that this might be a slow
dithio-HMG-CoA—enzyme binary complex (RPMS) that was subsFrate rather than an inhibitor was suggesteq by analogous
stable in the X-ray beam. Subsequent investigation showed that stl}dles of the reduction by NAD 1;19 of tl_llopyljuvate to
substituting PEG 400 for glycerol as a cryoprotectant allowed thlolégt?\te by lactate' dehydrogenase.” To .1nvest'1gate this
the collection of a binary complex with normal HMG-CoA possibility, the absorption spectrum for a reaction mixture that

HMG-CoA Structure. The previous structural work on
prokaryotic HMGR had shown the mechanism to be dynamic,
with large domain movements during catalysis.*” The trigger
for this motion was not known, nor was there a structure with
only an intact HMG-CoA bound to the enzyme. Previous
experiments in which HMG-CoA was soaked into preformed
crystals revealed the thioester bond to be broken (PDB entry
1R31). This was presumed to be due to exposure to the high-

without lysis of the thioester bond (RPM3SS). contained 20 M S. aureus HMGR (vs 18 pM for the

These structures of the enzyme bound to either HMG-CoA Wrensford study), 30 uM dithio-HMG-CoA, and 80 uM
or dithio-HMG-CoA were remarkably different than expected. NADH was measured at 4 min intervals (Figure 6A). The scan
The thioester bond was flat and intact, consistent with an with a maximum near 312 nM (red line) is the spectrum of the
unreduced C1 atom. However, the plane of that bond was HMGR~dithio-HMG-CoA binary complex prior to starting the
rotated 120° away from that seen in the nonproductive NAD*— reaction by addition of NADH. The other spectra show that

HMG-CoA structure (PDB entry 1QAX). This positioned the NADH is partially oxidized by the dithio compound as
carbonyl oxygen of the HMG-CoA thioester (RPM3SS) and expected on the basis of the excess NADH present.

the substituted sulfur in the ligand analogue (RPMS) more A second study (Figure 6B) shows a plot of the absorbance
than 6.0 A from the active site catalytic residues Glu83 and at 340 nm versus time for the same reaction mixture as the first.
Lys267 (Figure 4A). In addition, modeling the position of the This shows a triphasic reaction profile with an initial “burst
nicotinamide ring from the nonproductive complex showed the phase” followed immediately by a zero-order (steady state)
C4 atom hydride donor in the nicotinamide ring and the phase. These data were fit by nonlinear least squares to the
HMG-CoA Cl1 atom hydride acceptor were S.1 A apart. This equation shown in the inset of Figure 6B. The half-life of the
configuration of the substrate was clearly far from the ideal burst phase is ~0.5 min, and the magnitude of the burst
geometry for hydride transfer. corresponds to the oxidation of one enzyme equivalent of
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Figure 6. DithioHMG-CoA is a slow substrate. (A) Plots of
absorbance vs wavelength at different times during the reaction of
dithio-HMG-CoA and NADH in the presence of HMGR. The scan
with a maximum near 312 nm (red line) is the spectrum of the
HMGR—dithio-HMG-CoA complex before the reaction was initiated.
The reaction was started by adding NADH to this mixture and
restarting the spectrophotometer immediately at a scan rate of 60 nm/
min from 450 to 240 nm. Scans were collected manually at 4 min
intervals with the exception of the last scan, which was at an 8 min
interval. The reaction mixture contained 20 uM S. aureus HMGR, 30
uM dithio-HMG-CoA, 80 uM NADH, and 50 mM HEPES (pH 7.0).
The decrease in the NADH absorbance at 340 nm can be clearly
followed (first scan, black line; final scan, purple line). (B) Plot of
absorbance at 340 nm vs time for the reaction of dithio-HMG-CoA
and NADH in the presence of S. aureus HMGR. In this study, the
reaction was started by adding enzyme to the reaction mixture. The
other conditions were the same as those described for Figure 6A,
except that the reaction was blanked with a completed reaction
mixture. The reaction is clearly triphasic. The initial burst phase and
part of the intermediate zero-order phase were fit by nonlinear least
squares to the equation, which contains both exponential and linear
terms, shown in the inset. The half-life of the burst phase is ~0.5 min,
and the magnitude of the burst corresponds to the oxidation of one
enzyme equivalent of NADH.

NADH. P. mevalonii HMGR was also used to catalyze the
reduction of dithio-HMG-CoA by NADH. The conditions for
this study were the same as those described in the legend of
Figure 6A except that only 10 M instead of 20 M enzyme
was used. The reaction is again triphasic, though with this
enzyme the initial burst phase is mostly within the dead time of
the instrument. Taken together, these results demonstrate that
dithio-HMG-CoA is a substrate for HMGR. The burst phase
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seems to correspond to approximately one enzyme equivalent
of NADH oxidized and dithio compound reduced to the
dithiohemiacetal or corresponding thiomevaldehyde. Because
thiomevaldehyde should be easily reduced to the corresponding
thioalcohol, we believe that the dithiohemiacetal is the most
stable intermediate in the reaction coordinate and that
decomposition of the C—S bond is rate-determining.

Dithio-HMG-CoA—NADH Structure. Given the finding
that dithio-HMG-CoA is a substrate for HMGR, with a rapid
first reduction reaction and a rate-limiting step further along the
reaction path, we conducted an experiment hoping to trap the
intermediate for this first hydride transfer. The experiment
involved soaking an HMG-CoA reductase crystal in a 3.3 mM
solution of dithio-HMG-CoA. This complex was then exposed
to a solution containing 1.5 mM NADH with the goal of
reacting sufficient substrate to produce the hemiacetal
intermediate in the crystal, but not so much as to exchange
nucleotide and go on to products.

The resulting reductase—dithio-HMG-CoA—NADH struc-
ture was strikingly different from the structure with HMG-CoA
alone. The bonds around the C1 atom were no longer in one
plane but rather took on a pyramidal configuration with each
bond separated by 109° from the next (Figure 4C). This
geometry is consistent with the transfer of a hydride from the
NADH to the thioester, reducing the sp2 orbital of the C1 atom
to a hemiacetal sp® orbital. In addition, compared to the binary
HMG-CoA—enzyme structures (RPMS and and RPM3SS), the
carbonyl bond is rotated 120° toward the nicotinamide ring of
NAD". This positions the carbonyl oxygen (sulfur in the slow
substrate) within hydrogen bonding distance of catalytic
residues Glu83 (3.0 A) and Lys267 (3.4 A) and 3.2 A from
the C4 hydride donor atom of the nicotinamide ring (Figures
4C and 8). This combination of movements places the
hemiacetal in an ideal location for the second hydride transfer
(once the nucleotide is exchanged) and the creation of free
CoA and mevalonate.

These changes in geometry and orientation of the thioester
are propagated though the pantothenic acid portion of the
dithio-HMG-CoA causing the first amide bond (Figure 1), the
one closest to the thioester/hemiactal, to rotate 180° (Figure
7). This positions the amide nitrogen to make a hydrogen bond
both to the hydroxyl of Ser8S on the large domain (2.6 A) and
to His381 on the first helix of the flap domain [2.7 A (Figure
8)]. While Ser8S has not previously been recognized as a
catalytically important residue, an amino acid alignment shows
that it is conserved across the prokaryotic homologues of
HMGR.

In addition to the reduction of the dithio-HMG-CoA,
electron density for the NAD" was also seen in the active site
(Figure 4C). The nicotinamide ring appears at the dimer
interface immediately adjacent to the HMG-CoA hemiacetal.
The nucleotide appears to have a flat ring conformation and a
27° rotation of the carboxyamide group relative to the
nicotinamide ring, suggestin% transfer of the hydride to the
dithio-HMG-CoA thioester.”® In contrast to the HMG-CoA
ligand, NAD" has many interactions directly with the enzyme,
with all portions of the ligand participating in nucleotide—
protein hydrogen bonds.

Closing of the Flap Domain. In addition to the binding of
ligands and conversion of HMG-CoA to the reaction
intermediate, difference (F, — F.) electron density consistent
with the ordering of the 50 C-terminal residues of the flap
domain was found. It was found to be composed of three
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Figure 7. Adaptation of serine 85 to the formation of the hemiacetal. (A) Configuration of dithio-HMG-CoA and the protein loop containing serine
8S in the single-substrate complex (RPMS). The nucleotide is not present in this structure but is imported from the ternary complex structure
(RPMU) for the purpose of reference. The hydroxyl of the serine is oriented away from the ligand, and the first amide bond of the HMG-CoA is
turned away and distant from the serine. The electron density shown is the final refined 2F, — F, density contoured at 1.26. The Real Space
correlation coefficient for the dithio-HMG-CoA is 0.884.% (B) These same structures, but after the formation of the hemiacetal (RPMU). Note the
thioester of the dithio-HMG-CoA has taken on the tetrahedral configuration of the hemiacetal and has been reoriented close to the nicotinamide
ring. The first pantothenic amide bond has rotated such that its nitrogen can make a 2.6 A hydrogen bond to the hydroxyl of the rotated Ser8S. The
electron density shown is again the refined 2F, — F, density contoured at 1.26. The Real Space correlation coefficient for the NAD ligand is 0.939
and that of the dithio-HMG-CoA 0.926.%° The red and green ribbons show the f-strands of monomers A and B, respectively. This figure was
prepared using Pymol.>*
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Figure 8. Hydrogen bonding network formed with creation of the hemiacetal intermediate. The ligands modeled here are from the structure
(RPMU) in which the NADH has reduced the dithio-HMG-CoA to its hemiacetal form. Serine 85 has rotated to interact with the first amide bond
of CoA and His381. The hydrogen bonding network continues with connections through Asn188, and from there through the NAD phosphate to
His38S. The first helix of the flap domain, which contains His381 and His38S5, is colored light blue extending down the center of the figure. Red and
green f-strands are from monomers A and B, respectively. This figure was prepared using Pymol.>*

helices (residues 377—394, 399—410, and 416—426) that cover and involve only the third flap helix, which lies against the small
the active site (Figure 3C) and positions residue His381 that domain.

provides the hydrogen for the CoA leaving group.®' Significant Interactions among HMG-CoA, NAD®, and the Flap
Domain. As the hydrogen bonding of the different ligands to

the enzyme has been discussed in isolation, it may not be clear
that the development of the hemiacetal, the binding of
NAD(H), and the closing of the flap domain come together
to create a hydrogen bond system uniting the three (Figure 8).
One terminus of this system is the amide nitrogen of the
hemiacetal HMG-CoA. As discussed above, the transformation
of the geometry of the C1 atom from flat to pyramidal upon

hydrogen bonds between the residues in the flap subdomain
and the enzyme or ligands include the already mentioned 2.7 A
interaction between Ser8S and His381 (Figure 8). This
histidine side chain also has a potential hydrogen bond to the
side chain oxygen of Asn188 (3.3 A). One turn further along
this helix is His385 that makes a hydrogen bond to the
phosphoryl oxygen of the adenine phosphorus of NAD* (2.7

A). The next interaction between this flap helix and the main reduction from the thioester to the hemiacetal rotates the first
body of the enzyme is with Val392, which helps to create the amide so that the nitrogen interacts with the hydroxyl of Ser8S
hydrophobic pocket around the adenine of NAD*. Remaining in the large domain (2.6 A). This same oxygen hydrogen bonds
contacts with the flap domain are distant from the active site to His381 (2.7 A) located on the first helix of the flap domain,
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Table 2. Kinetic Parameters of the Wild-Type (WT) and S85A Mutant Enzymes®

K,, (mM)
enzyme Vi % Ve mevalonate CoA NAD*
WT 38+8 100 0.12 £+ 0.02 0.090 + 0.02 0.24 + 0.00
S85A 1.3+ 03 3 0.19 + 0.05 0.48 + 0.07 1.56 £ 0.49

“Experimental data are for duplicate or triplicate assays. "V, is expressed as specific activity (micromoles of NADH produced per minute per

milligram of protein).

stabilizing the subdomain and positioning this catalytic residue
in the active site. The other nitrogen in the imidazole ring of
His381 interacts with the side chain oxygen of Asn188 in the
small domain (3.3 A), which at the same time has a hydrogen
bond between its side chain nitrogen and a phosphoryl oxygen
of NAD" (3.0 A). Another oxygen, associated with the same
phosphorus, continues the thread by forming a hydrogen bond
to His385 (2.7 A), again on the same first helix of the flap
domain as His381. From this point, the bonding pattern merges
into the secondary structural elements of the flap domain.
Thus, this string of hydrogen bonds knits together the two
ligands and the flap domain and positions His381 for its
catalytic role, protonating the CoA leaving group.

S85A Mutation. Serine 85 has not previously been
identified as a catalytically important residue in prokaryotic
HMG-CoA reductases. To further investigate this observation,
a mutation was made, changing this residue to an alanine.
Expression and purification of this mutant enzyme were
accomplished using the same procedures that were used for
the wild-type enzyme (see Experimental Procedures). Activity
assays showed this mutant has a V,, of 1.3 umol of NAD*
reduced min~" (mg of protein) ", 30-fold lower than that of the
wild-type enzyme (Table 2). Relative to the wild-type enzyme,
mutant enzyme S85A has the same K, for mevalonate and
similar but slightly higher (5—6-fold) K, values for CoA and
NAD* (Table 2).

GLIDE Calculation of Relative Binding Energies. The
molecular docking program GLIDE (Schrédinger, LLC) was
used to calculate the binding between the various forms of the
ligand and the protein. This was calculated against the rigid
crystallographic structures of the ligands against the protein. No
refinement of the ligand was done. The calculated energy is
reported as a unitless “score” value by the program, with the
more negative numbers representing stronger binding. The
score for the HMG-CoA—enzyme structure (RPMS) was
calculated to be —9.9, that for the NAD*—HMG-CoA structure
(PDB entry 1QAX) to be —8.8, and that for the hemiacetal—
enzyme model (RPMS) to be —12.8.

B DISCUSSION

Between the enzyme structure with HMG-CoA bound and the
one with both NAD" and the hemiacetal, there is a wide gulf of
structural information missing. However, the literature offers a
reasonable model for the trajectory between these two end
points. The nonproductive enzyme complex, HMG-CoA—
NAD* (PDB entry 1QAX), while not an intermediate in the
reaction sequence, does have some characteristics to recom-
mend it as a model for a transition structure. In particular, both
the nucleotide and HMG-CoA ligand are bound, and the C-
terminal flap is ordered and positioned over the site of hydride
transfer. In addition, the carbonyl carbon of the thioester bond,
while still demonstrating a flat, unreduced geometry, is now
pointed toward the catalytic Glu83 and Lys267 residues and is
much closer to the C4 hydride donor position of the
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nicotinamide ring than in the HMG-CoA alone structure
(Figure 4B). With this role as an ersatz intermediate model in
mind, it is interesting to note the evolution of the character-
istics of the hemiacetal—enzyme complex as they develop
through the three structures.

Evolution of Catalysis. Taking these three models (HMG-
CoA alone, NAD*—~HMG-CoA complex, and NAD*—hemi-
acetal complex), we can follow the changes in the enzyme and
ligands as the reaction proceeds (Figure 1 for schematic and
Figure 4 for structure). HMG-CoA binds with the thioester
carbonyl pointed away from the active site (Figure 4A), the flap
disordered, and no interaction between CoA and Ser8S (Figure
7A). NADH then binds with an accompanying ~120° rotation
of the thioester carbonyl toward the active site side chains
(Figure 4B). As a consequence of this rotation, the HMG
portion of the ligand is pulled up and out of its pocket,
disrupting one of the hydrogen bonds between Arg261 and the
HMG carboxyl group (Figure 5). In addition, the flap becomes
ordered, though the Ser85—His381 hydrogen bonding network
is not yet formed. As the hydride is transferred from the NADH
to HMG-CoA, the thioester is reduced from the flat geometry
consistent with an sp? molecular orbital to a pyramidal
geometry consistent with an sp® orbital hemiacetal (Figure
4C). This change allows the ligand atoms to settle back into the
binding pocket, restoring the hydrogen bonds with Arg261
[both again 2.8 A (Figure 5)], and allows the hydrogen bond
between the chiral alcohol of HMG-CoA and the amide of the
nicotinamide ring to form. This reduction of the thioester and
associated changes in geometry of the carbonyl carbon cause
the 180° rotation of the first amide bond of CoA into a position
where it hydrogen bonds to Ser85 and His 381. This seeds a
network of hydrogen bonds that extends across both domains
of the protein via Asnl88 to interact with the NAD'
phosphates and then back to bond with His385 in the first
helix of the flap domain (Figure 8).

This interpretation of the evolution of these structures is
supported by the energy profile of the reaction. This discussion
lists the hydrogen bonds formed and broken as the HMG-CoA
is transformed into the hemiacetal intermediate. This very
qualitative approach suggests that the HMG-CoA alone has
relatively few hydrogen bonds to the protein, that the 1QAX
abortive complex creates more but loosens others, and finally
that the hemiacetal is the most stable structure of all three. To
put this on a more quantitative scale, we used the molecular
docking program GLIDE (Schrddinger, LLC) to calculate the
binding between the various forms of the ligand and the protein
reported as a unitless score value by the program, with the
more negative numbers representing stronger binding. The
score of the HMG-CoA—enzyme structure (RPMS) was
calculated to be —9.9, that of the NAD*—HMG-CoA structure
(PDB entry 1QAX) to be —8.8, and that of the hemiacetal—
enzyme model (RPMS) to be —12.8. Thus, we have a classic
energy curve of substrate binding evolving into a higher-energy
(lower-binding energy) intermediate before going on to the
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more stable “product” of the hemiacetal. This additional
stabilization of the bound hemiacetal intermediate compared to
other configurations along the reaction pathway may well be
the reason that previous investigators have failed to identify
reaction intermediates of the enzyme in solution.

Supporting evidence also comes from the mutation of serine
85 to an alanine. Although this residue was not previously
identified as being important to catalysis, the observations made
possible by the structures presented here suggest that it plays a
critical role in the reaction sequence. This role is supported by
the kinetics of the S85A mutant enzyme that show it to be only
1/30th as active as the native form, while having K, values very
similar to that of the native form (Table 2).

In addition to the protein movements associated with these
intermediate steps in catalysis, the crystallographic structures
also provide further insight into the role of the catalytic
residues. Previous functional analysis was based on the
nonproductive complex of HMG-CoA and NAD' in the
1QAX structure.” This structure shows the ligand pulled up and
out of the binding pocket relative to the position of the
hemiacetal in the RPMU structure. This leads to the carbonyl
oxygen being relatively closer to the lysine than the glutamate,
so the lysine was reasonably proposed to function as the proton
donor postreduction. Our structural analysis of the reaction
coordinate suggests that 1QAX is a relatively high-energy
intermediate state and that the hemiacetal position where the
carbonyl oxygen is close to the glutamate is more stable and
suggests Glu83 as an alternative proton donor for the reduction
reaction. This alternative is reinforced by the recently published
molecular modeling of the HMGR hydride transfer mecha-
nism>? that shows Glu83 to be the most likely general acid/
base rather than Lys267. Lys267 then can function as part of an
oxyanion hole that helps to stabilize the developing negative
charge on the oxygen of the reaction intermediates.

In summary, we envision the HMG-CoA binding first with
the thioester oriented away from the active site residues. As the
NADH binds, the thioester is rotated up toward the relatively
high energy state illustrated by the nonproductive NAD*—
HMG-CoA complex. As this state is approached, it becomes
more and more advantageous for the hydride to be transferred.
When the activation energy threshold and geometry are
reached, the hydride is transferred, allowing the relaxation of
the thioester into a hemiacetal pyramidal structure and
donation of the proton from Glu83 to the oxyanion. This
change in geometry drives the rotation of the first CoA amide
bond and thereby the formation of the Ser85 web of hydrogen
bonds. This interpretation of events, while consistent with the
presented structures, mutational data, and supporting energy
calculation, is qualified. One of the current projects in the
laboratory is a time-resolved Laue experiment that will allow us
to follow this catalytic evolution in real time, replacing our
analysis based on static structures with real-time experimental
data.

The structures and analysis presented here have allowed
unprecedented insight into the molecular mechanism of
catalysis. We have shown how the interplay of ligand binding
and the fundamental geometric change of the thioester bond
reduction drive changes in the ligand—protein interactions and
energetics that tend to drive the reaction forward. In addition, it
is seen that CoA, far from being a passive carrier of the
substrate, performs a fundamental and unique role in the
structural dynamics of catalysis.
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B ASSOCIATED CONTENT

Accession Codes

The coordinates associated with this publication have been
deposited and validated by the Protein Data Bank. PDB
accession codes for HMG-CoA reductase complexes: 416A for
RPM3SS (complex with HMG-CoA without glycerol), 4164 for
RPMQS (high-resolution apoenzyme), 4156 for RPMS
(complex with dithio-HMG-CoA), and 414B for RPMU
[complex with hemiacetal dithio-HMG-CoA and NAD(H)].
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