Catalysis
Science &
Technology

Accepted Manuscript

Catalysis
Science &
Technology

ROYAL SOCETY
QH:HEMISTRV

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WWWw.rsc.org/catalysis


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 26 Catalysis Science & Technology

QM/MM Study of The Mechanism of Reduction of 3-hydroxy-3-methylglutaryl co-
enzyme A Catalyzed by Human HMG-CoA Reductase
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Abstract

Detailing with atomistic resolution the reaction mechanism of human HMG-CoA reductase (HMG-CoA-R) might
provide valuable insight for the development of new cholesterol-lowering drugs. On the pursue of that goal we
developed three molecular models of human HMG-CoA-R with different active site protonation states and em-
ployed molecular dynamics (MD) and quantum mechanics/molecular mechanics (QM)/MM) calculations to detail
the first reduction step, the rate-limiting step, of HMG-CoA-R. Our results predict an active site with a neutral
glutamate (Glu559) as the most catalytic competent structure. The favored reaction pathway suggests the for-
mation of a mevaldyl-CoA intermediate protonated by a conserved active site lysine (Lys691), corroborating pre-
vious site-directed mutagenesis studies. The conserved active site glutamate and aspartate residues (Glu559 and
Asp767), along with the ribose moiety of NADPH, form a hydrogen bond network crucial to increase the stabiliz-

ing effect of Lys691 over the transition state.

Keywords: HMG-CoA Reductase; enzyme mechanism; enzymatic catalysis; Quantum Chemistry; Molecular Dy-

namics; QM/MM

Introduction

In this work we explore the first part of the elusive catalytic mechanism of 3-hydroxy-3-methylglutaryl-CoA
reductase (HMG-CoA-R)(EC 1.1.1.34). HMG-CoA-R participates in the synthesis of isopentenyl pyrophosphate’
which is then used as the precursor of cholesterol in addition to countless and structural diverse isoprenoids with
multiple biochemical functions.” Due to its crucial role in cholesterol biosynthesis, HMG-CoA-R is the target of

most anti-cholesterol drugs.

There are two evolutionarily divergent classes of HMG-CoA-Rs that can roughly be split into eukaryotes (class
I) and prokaryotes (class II).> Those two classes conserve only ~14-20% sequence identity and present distinct
structural features.™ A conserved “cis-loop” motif (residues 682-694)° that forms part of the substrate binding

1.>° The differences in the active sites reverberate to differences in the stereochem-

pocket is present only in class
istry of the reaction and in the affinity to bind statins, that range from the nanomolar in class I to the micromolar
in class IL.” These active site differences also suggest possible differences in the chemical mechanism and must be

taken into account when analyzing the mechanistic studies.*®
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A better understanding of the HMG-CoA-R reaction mechanism will undoubtedly help the development of new
drugs. However, HMG-CoA-R reaction mechanism is very complex, since it involves multiple chemical steps
coupled with cofactor exchanges and large-scale domain motions of the multimeric enzyme. The generally ac-
cepted reaction sequence is depicted in Scheme 1. It is a two-step reduction of (S)-hydroxymethylglutaryl-CoA to
(R)-mevalonate, at the expense of two molecules of NADPH and requires two proton donor residues.” The reac-

tion free energy is close to zero, as the enzyme is seen to catalyze the reaction in the two directions.

In the last decades, a wealth of kinetic and isotope-labeling experiments, site-directed mutagenesis, crystal
structures and, lately, computation modeling studies, have been used to propose increasingly complex reaction
mechanisms.'® Interpreting and interrelating these studies is sometimes difficult and requires careful attention, as

they were done in both prokaryotic and eukaryotic enzymes and those enzymes present important differences.

To understand the protein role in the mechanism, Frimpong et al."' carried out an extensive mutagenesis study
that has shown the importance of three active site residues (Glu559, Asp767, and His866, human HMG-CoA-R
numbering). Each of these three mutants exhibited no more than 0.3% of the wild-type turnover, despite retaining
similar K, values for NADPH and (S)-HMG-CoA." They suggested His866, with the help of Glu559, to proto-
nate the CoA-S™ thiolate formed after the first hydride transfer. Asp767 was suggested to be the general acid that
protonates iteratively the substrate thioester oxygen, facilitating both hydride transfers,'' based on the essentially
inactive performance of mutant Asp767Asn. A scheme of this proposal is shown in Supporting Information

(Scheme S1).

© ®
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Scheme 1 - General reaction of HMG-CoA reductase. Protons colored in red come from acidic residues. H atoms

in blue come from NADPH.

The first crystallographic structure of the human HMG-CoA-R was solved subsequently and revealed an active
site geometry that was unfavorable for such mechanism,”® as Glu559 side-chain (and not Asp767) is close to the
thioester oxygen of HMG-CoA. The carboxylate of Asp767 is at 5.1 A from the thioester oxygen and Lys691
amino group is located between Asp767 and the substrate, which renders improbable the role of the former as a

proton donor.

Human enzyme mechanism proposal

Based on this structure, Istvan et al.” proposed a mechanism that started with a neutral Glu559 and a charged
Asp767. They suggested Glu559 to be protonated as the two negative carboxylates are close enough (3.6-3.7 A)
for their pKas to be coupled, raising one and lowering the other. In their proposal, the negative charge in the thi-

oester oxygen of HMG-CoA formed in the first reduction step is mainly stabilized by Lys691 with the help of

2
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Glu559, through ionic hydrogen bonding and without protonation. Protonation of this oxygen (likely by Glu559)
would only take place after mevaldehyde is formed (Scheme 2-A).’

The prokaryotic mechanism proposal

In another study, Tabernero et al.® obtained the class Il HMG-CoA-R crystallographic structure of pseudomonas
mevalonii (P. mevalonii). This structure corroborates the idea that Asp767 cannot protonate the carbonyl oxygen
during the second reduction step, as Asp767 is too far apart and has Lys691* (Whenever possible we convert res-
idues numbers to correspondent human numbering and mark them with an asterisk) in between, which hinders the

direct protonation of the thioester oxygen, as proposed by Frimpong et al."" in the Syrian hamster enzyme.

Tabernero therefore supports that the lysine protonates mevaldehyde in the second reduction step and that it al-
so forms a proton relay system with Glu559* and Asp767* to help the stabilization of the mevaldyl-CoA thioester
(with or without protonation) after the first reduction step.® This lysine is highly conserved and site-directed mu-
tagenesis experiments have shown severely attenuated reaction rates for the mutant'>" and led Bochar et al."* to

suggest that an active site lysine should be a general acid during catalysis (Scheme 2-B).

Additionally, for the deacylation step, the proposal by Frimpong'' that Glu559* protonates His866* is ruled out
in the prokaryotic enzyme as Glu559* is more than 4 A apart from His866*. Tabernero instead proposes that

His866* is protonated by His385 (P. mevalonii numbering, as it has no equivalent in the human enzyme).

The prokaryotic mechanism modeled computationally

The importance of Lys691* and Glu559* for the reaction mechanism was also supported in a recent computa-
tional study using P. mevalonii enzyme as a model (Scheme 2-C).'* This study reproduced the first and the second
hydride transfer with a QM/MM ONIOM model starting from a neutral Glu559*. During the first hydride trans-
fer, Glu559* fully transferred its proton to the thioester oxygen, forming mevaldyl-CoA. The same study consid-
ered that Glu559* should be again found neutral at the beginning of the second hydride transfer. In this step

Glu559* protonates the mevaldyl-CoA to form mevalonate.

Therefore, during both hydride transfers, Glu559* and Lys691* form an oxyanion hole that stabilizes the de-
veloping negative charges in the transition states'*. In both cases the carbonyl oxygen of the substrate is protonat-
ed upon hydride transfer (Scheme 2-C), and by the same residue (Glu559*). Considering that P. mevalonii HMG-
CoA-R normally catalyzes the reverse reaction of human enzyme and the marked active site differences between
class I and class I HMG-CoA-R,’ it is far from obvious that there is a general mechanism for class I and class II

HMG-CoA-R.

Beyond the questions regarding the identity of the residues implicated in the stabilization of the intermediates
formed during the hydride transfers, materialized through the several reaction mechanism proposals found in the
literature, there are also doubts regarding the identity of the intermediates formed along the reaction and the mo-
ment when the cofactor is exchanged. Several of the aforementioned proposals imply formation of mevaldyl-
CoA, but neither free mevaldyl-CoA nor mevaldehyde are detected in solution during the overall cycle."” A struc-

tural analogue of the hemithioacetal, along with an oxidized co-factor, was found in a crystal structure from P.

3
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mevalonii,'® which supports the existence of a stable bound mevaldyl-CoA intermediate. Moreover, a previous
study'* indicated that a reaction pathway that produces a protonated hemithioacetal intermediate is slightly exo-
thermic, while a deprotonated hemithioacetal, stabilized only through an oxyanion hole, is highly endothermic.
The study concluded that two hydrogen bonds or a group acidic enough for proton transfer, were therefore re-

quired to stabilize the mevaldyl-CoA intermediate.

A systematic study of the several reaction mechanism possibilities on the human enzyme seems to be funda-
mental to shed light on this controversy. In this work we modeled three systems with different active site protona-
tion states for the human HMG-CoA-R and tested several mechanistic alternatives for the first reduction of
HMG-CoA. Two of these systems represent protonation states required to model the previous mechanistic pro-
posals (Scheme 2). The additional system consists of a charged His752, which is absent in P. mevalonii structures.
Along the study of the previous proposals we found conformations that suggested that a charged His752 might
form an oxyanion hole with Lys691 to stabilize the negative charge developed in the thioester oxygen and decid-
ed to explore this mechanism. We then tested multiple potential reaction pathways in the three systems and the
most viable are here presented. Besides the fundamental advance in understanding of the chemistry of HMG-
CoA-R, this work also provides transition states (TS) structures that can be used as templates for high-throughput

screening of new HMG-CoA-R inhibitors."”
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Scheme 2 - Different reaction mechanism of HMG-CoA-R as proposed by A) Istvan et al.” B) Tabernero et al.®

C) Haines et al. This last was supported by theoretical calculations in the prokaryotic enzyme'*.

Theoretical Methods:
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The overall line of work in this study can be summarized as follows:

1) Modeling of three HMG-CoA-R systems with different active site protonation states (“Standard system”,
“Glu559H system” and “His752H system”);

2) Molecular dynamics (MD) simulation of the three systems to generate enzyme conformations adapted to

the reactant state;

3) Comparison between the potential energy surfaces (PES) obtained with QM/MM calculations starting
from the crystallographic conformation and from a conformation selected from the MD trajectory; This

was made for every system.

4) Repeating the calculations of the PES of the reaction mechanism starting from fifteen enzyme confor-

mations, for the system that was shown in 3) to have the most favorable kinetics.

1) Modeling the “Standard system”. “Glu559H system” and “His752H system”

The catalytic portion of human HMG-CoA, after cleavage of the probable dimeric form found in the endoplas-
matic reticulum,'® is crystalized as a dimer of dimers. However, the dimer—dimer interface is distant from the ac-
tive site and only the dimer of the molecule seems crucial for catalysis.*'* Taking this into account, we modeled
the dimer form using chains C and D of the wild type structure with PDB id.: 1DQA (resolution of 2.0 A). We
selected the 1DQA structure for the following reasons: i) the binding of NADPH triggers a conformational
change in the C-terminal helix that completes the closure of the active site and positions the His866 close to the
sulfur atom of HMG-CoA, therefore this C-terminal helix is only ordered in structures containing the cofactor®;
ii) the 1DQA structure is the unique human structure with bound NADP cofactor; iii) the active site we have se-
lected, where CoA is bound to chain C and NADPH bound to chain D, has one of the longest C-terminal helix
found in the 1DQA structure.

The other species found in the active site are a mevalonate analogue and CoA. We modeled the HMG-CoA sub-
strate at the active site through superimposition with 1DQ9 structure (which has bound HMG-CoA) and trans-

ferred the substrate from one to the other.

The amino acid protonation states were first predicted with H++** and PROPKA?*' (pH=6.8) with divergent re-
sults, even for active site residues such as His866 or Glu559 (Table S1). The methods that provide pKas’ inside
enzymes are still not accurate enough to validate/exclude mechanisms by themselves, when applied to such large
molecules, despite the efforts and progresses made by eminent people working in the field. The extremely aniso-
tropic electrostatic environment, the limited number of well-known pKa’s compared to the diversity of the envi-
ronments, or the large number of titrable groups are some of the causes for the difficulty. Even though techniques
such as thermodynamic integration could provide more reliable results for relative pKas,? their accuracy (and of
the force fields) is still insufficient to result in solid conclusions about protonation states when subtle pKa differ-
ences are sought. Due to the lack of an accurate and reliable method for pKa prediction to resolve the controversy

and since the differences in free energy between the different protonation states (for Glu559, His752 and Asp767)

6
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are smaller than the differences between the chemical mechanisms they led to (see results), we opted to explore
all possibilities and modeled explicitly three systems with different protonation states for Glu559, His752 and
Asp767 residues, instead of choosing a particular one without very solid calculations. The chosen possibilities
were those necessary to test the proposed mechanisms and reasonable within the enzyme environment. We as-
signed the most common protonation states at pH 6.8 for the remaining residues, except for the active site His866,

which is known to be protonated.”

One of the three systems has the conventional protonation states (charged Glu559 and Asp767, and neutral
His752), designated from now on as “Standard system”. A second one has a neutral Glu559, designated from
now on as “Glu559H system”. The third system has His752 charged, designated from now on as “His752H sys-
tem”. This last protonation state did not derive from the proposals put forward in the literature, but emanated

from the results obtained during the development of this work.

2) Molecular dynamics (MD) simulation of the “Standard system”, “Glu559H system” and “His752H system”:

The three systems were subjected to =30 ns of MD simulation (all methodological details and analysis of these
simulations can be found in Supporting Information). The MD simulations allowed the modeled active site to
equilibrate but also enable us to perceive the differences between each system MD simulation and the original

crystal structure.

For the MD simulations, we parameterized the substrate using the General AMBER Force Field** atom types
and the correspondent force field parameters and the antechamber module of AMBER.* For cofactor we used
previously determined parameters.”® Atomic charges were obtained using ONIOM(HF/6-31G(d):amber) electro-
static potential and the Restrained Electrostatic Potential (RESP) fitting method.”” The electrostatic potential was
calculated using the substrate and cofactor within the enzyme and in the bound conformation. We did several tests
prior to the decision about which method to use to calculate the electrostatic potential. The differences between
the use of HF/6-31G(d), ONIOM(HF/6-31G(d):MM), ONIOM(B3LYP/6-31G(d):MM) or the charges provided
by the Amber Parameter Database (http://sites.pharmacy.manchester.ac.uk/bryce/amber) were very small, with a

root-mean square deviation (RMSD) between 0.13 and 0.16 a.u. whichever pair of methods is compared.
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OH

NADPH OH

Figure 1 - Representation of the active site. High layer atoms are colored in green and atom names used through-

out the article are labeled in red. There are 12094 atoms in the MM layer, not represented here for simplicity.

3) OM/MM calculations on the “Standard system”. “Glu559H system” and “His752H system”

Several methodologies are currently employed in the computational study of enzymatic reaction mechanisms
with QM and QM/MM theoretical levels. The cluster model approach studies the enzyme mechanism in a careful-
ly chosen model of the enzyme active site, treated as accurately as possible.*>* Alternatively, full enzyme
QM/MM models,”** or full enzyme models with consideration of the enzyme dynamics,”®™* are often employed.
QM/MM MD approaches* have a steep impact on the computational cost. To mitigate the problem, several
methods can be considered, such as treating the solvent implicitly,* use of an EVB Hamiltonian,* substitute the
45-48

demanding QM Hamiltonian by approximate molecular orbital methods,

from the QM/MM scheme.***

or separate the dynamical sampling

We opted for the last scheme, using two layered QM/MM ONIOM models, with electrostatic embedding cou-

pling, to better replicate the electrostatic environment and the steric constraints present in the enzyme.

During the geometry optimizations, the QM high level layer consisted of 80-81 atoms and was described at the
B3LYP/6-31G(d) level, while the MM low level layer (over 12,000 atoms) was described with parm99SB param-
eters, hard-wired in the input file. The high level layer included atoms from residues NADPH, HMG-CoA,
Glu559, His866, Lys691, Asp767 and His752, as depicted in Figure 1. The truncated valences were completed by
the addition of hydrogen link atoms.

Structures from the PESs were fully optimized to minima/transition state (TS). QM/MM TS structures were op-
timized and characterized using a Hessian matrix with all the coordinates of the QM layer. The MM layer consist-
ed of 146 unconstrained amino acids (more than 14 A from C49 atom - Figure 1), optimized using micro itera-

tions, and 654 constrained amino acids. A list of the unconstrained residues (“free region”) can be found in Sup-

8
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porting Information. All water molecules were removed except the ones in the “free region” closer to the QM

layer (up to 5 water molecules).

Special care was taken to assure that reactants and products remain in the same local valley as the TS’s, and re-

actants and products were optimized from the TS after small displacements in the reaction coordinate.

“The energies shown without parenthesis correspond to free energies calculated using a larger basis set (6-
311++G(2d,2p)) in the B3LYP layer, in a single-point calculation, with entropy (at 298.15 K) calculated within
the ideal gas/rigid rotor/harmonic oscillator formalism, and contributions from dispersion according to the for-
malism of the empirical D3 long-range dispersion correction.’® The energies shown inside parenthesis correspond
to ONIOM B3LYP(6-311++G(2d,2p))-D3//AMBER potential energy. All these calculations were made with the

software Gaussian 09.°!

We explored reaction pathways in the conformation present in the crystallographic structure, but also from con-
formations selected from the MD trajectory (details about clustering and selection of representative structures are
provided in Supporting Information). The crystallographic structure was co-crystalized with an analogue of the
product. Large scale motions might be involved in the transition from the reactant state to the product state, in
particular due to the exchange of the large cofactor after the first hydride transfer. Due to the modeling involved
in the preparation of our systems we judged important to explore the reaction mechanism starting from confor-
mations equilibrated to the reactant state during the MD. Therefore, for each system we selected one representa-
tive structure that gathered optimal active site configurations to catalyze the reaction, as detailed in Supporting

Information.

4) Conformational sampling for system with the most favorable PES— the “Glu559H system”

It is generally accepted that an active site that provides an optimal structural framework to achieve and stabilize
the transition state is among the most important catalytic features of an enzyme.”® Reactions take place at the fs
timescale, while turnover is at the ms-s timescale, which means that the enzyme has plenty of time to navigate the
PES and eventually pass through these productive configurations. Hence for the protonation state with more
promising activation energies, we performed a more thorough exploration of structures present in the MD con-
formation. The reaction pathways were studied in additional 15 representative structures of the clustered MD.
Clustering the MD aimed to provide a diverse and representative sampling within a reasonable number of con-
formations, which is seldom possible with QM/MM MD. In this way we avoided the use of semiempirical Hamil-
tonians required to extensively sample the conformational space with QM/MM MD, since we believe the errors
coming from low level semiempirical methods might be greater than the inaccuracies due to our reduced (albeit
carefully chosen) sampling of the conformational space (clustering details are provided in Supporting Infor-
mation). The representativeness of our sampling depends on several factors, namely how perfectly the representa-
tive structure of a given cluster represents the cluster average and how meaningful are the features chosen for
clustering for the reaction mechanism. However, to evaluate the extent to which the sampling is complete we

would have to study many more configurations, which is unfeasible at present.
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Conformational entropy is not accounted for in our method (all other relevant sources are considered). The im-
pact of neglecting this effect might not be larger than the other errors of the method/protocol, as the method used
here (as well as the cluster models, that make the same approximation) generally provide free energy barriers in
agreement with experimental values.”> Again, the error in the barrier introduced by the use of semiempirical
methods in this system (to recover the conformational entropy) may be quite larger than the neglect of the con-

formational component of the entropy.

Results and Discussion:

Standard system:

The three different protonation states did not generate highly different trajectories (Molecular dynamics analy-
sis in SI). “Standard system” presented the lowest RMSD for the atoms in the 146 amino acid residues that sur-
round the chemically active region (Scheme S2) of the three systems along the MD simulation. Interestingly the
distance between the closest oxygens of Glu559 and Asp767 is on average 3.98+0.35 A and after QM/MM geom-
etry optimization rested at 3.67 A, which is not very different from the distance found in human crystallographic
structures (3.6-3.7 A). This short distance was believed to raise the pKa of glutamic side chain and supported a
neutral Glu559 in a previous reaction mechanism hypothesis.® We show that in the electrostatic context of the
HMG-CoA-R active site, namely the triad formed by Glu559, Asp767 and Lys691, the interactions between
His866 and Glu559 and between the 2’-hydroxyl group from the ribose moiety of NADPH and Asp767, allowed
the two charged carboxyl side-chains to co-exist in proximity. “Standard system” trajectory also presented the

shortest distance between the NADPH hydride and the substrate, with an average distance of 3.55+0.23 A.

After QM/MM geometry optimization the active site retained crystallographic resemblances (Figure 2, Scheme
S2). Nonetheless, a reaction mechanism with convincingly low activation free energy was not found. We tried the
direct formation of the mevaldehyde intermediate and CoA-S’, without passing through mevaldyl-CoA (data not
shown). This pathway should require the stabilization of the negative charge at S48 in TS15*" by the proton
from His866. Our model orientated His866 proton towards the forming CoA-S, but in the resulting intermediates
(CoA-S™ and mevaldehyde), His866 proton was not transferred and remained at 2.00 A from S48. This arrange-
ment did not provide sufficient stabilization to the transition state and resulting intermediates, probably due to the

repulsion between the charged His866 and NADP'(AE*=(44.9)kcal-mol ™', AE,=(41.7)kcal-mol ™, data not shown).

10
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His866

& 34 4 kcal/mol
’1,.82T TS1 Standard

Asp767

11.0 keal/mol (6.6) kcal/mol
RStandard |1 Standard |1 ’Standard

Figure 2 — First hydride transfer reaction in "Standard system”. The size and color of the spheres denotes the

RStandard

CMS5 charge variation compared to the structure. Blue spheres indicate positive charge variations and red

spheres indicate negative charge variations.

The lowest barrier for hydride transfer was defined along the distance between the hydride and carbon C49
from HMG-CoA, with an activation free energy of 34.4(34.8) kcal-mol™ and a reaction free energy of 11.0(15.1)
kcal'mol™ (Figure 2, Figure 3).

In the transition state (TS1%*™*™ Figure 2) the hydride was at 1.34 A from C49. The carbonyl bond distance
(050 to C49) stretched from 1.23 A to 1.27 A, which reflected the increased single bond character. Lys691 helped
the stabilization of the negative charge developing there, but the proton was not transferred, keeping a distance of
1.76 A. CMS5 atomic charges™ showed that the charge transferred from NADPH to the mevaldyl-CoA intermedi-
ate at TS5 was located mainly in S48, but also spread over C49 and 050. Asp767 made a hydrogen bond
with Lys691 (1.65 A) and with the hydroxyl group from the NADPH ribose (1.73 A). Glu559 was hydrogen
bonded to His866 (1.82 A) thus weakening its interaction with Lys691 (2.58 A).

When the hydride was fully bound to C49 (1.12 A, 115*™*%) Lys691 remained close to the thioester oxygen of
mevaldyl-CoA (1.57 A) but never donated its proton. Despite the fact that both Glu559 and Asp767 hydrogen
bonded to neighbors other than Lys691, and that Lys691 always remained very close to the negatively charged
mevaldyl-CoA oxygen, it seemed that this conserved lysine was not able to provide sufficient stabilization both
for the transition state and the resulting product. In fact, CM5 atomic charges showed that, in 115" the hydride

negative charge was dispersed homogeneously between 050, C49 and S48.

The next step should be either the protonation of the mevaldyl-CoA intermediate or the formation of the meval-

dehyde intermediate (Figure 3

11
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2, Figure 3). We tried both pathways but protonation of the hemithioacetal by Lys691 (TS1°5*"*, Figure 2) led

18endardy (AE =2 .3(6.6) kcal'mol™) and the activation energy required was

to a much more stable intermediate (I
smaller (AG*=4.0(2.1) kcal'mol™) (Figure 3). The protonated mevaldyl-CoA (I1°5*"*) interestingly shifted the
charge predominantly to C49 and increased the positive character of NADP". The possibility of a concerted reac-
tion pathway of the hydride and proton transfer with a more favorable activation free energy was explored but

never found in subsequent calculations. We concluded that the two events were highly asynchronous.

35 34.4
-30
195
g
§ 20
5 15 15.0 1655 e 15.3
ol ] mevaldehyde
| ] i + CoA-SH
10 i mevaldyl-CoA
; " (6.6)
H f——s
- 5 ‘:‘ protonated mevaldyl-CoA

T T T T 1
R 1Standard |{ Standard | {’Standard |pStandard

Figure 3 - Free energy profile for the first hydride transfer in the “Standard system”. The different colors high-
light that there are two possible pathways to form two different intermediates, either mevaldyl-CoA protonated by
Lys691 (red) or mevaldehyde+CoA-SH with protonation of CoA by His866 (blue).

His752H system:

Several active site residues of HMG-CoA-R are ionizable, such as His866, Glu559, Asp767 and Lys691, and
several reaction mechanism proposals assign different protonation states and acid/base roles for these residues
(for a review see Haines et al.'®). However, a role for His752 was never proposed, mainly because the P mevalo-

.. . . g 14,16
nii structure is more commonly used and lacks this histidine.™™

We noticed that during the hydride transfer HMG-CoA O50 came closer to His752, placing the thioester oxy-
gen between His752 and Lys691. This suggested that Lys691 and His752 might form an oxyanion hole that stabi-

lizes the negative charge developed in the thioester oxygen.

We decided to model a charged His752 in the “His752H system”. The intrinsic pKa of histidine (6.2) made this
hypothesis very likely. During most of the MD simulation, the charged histidine prefers to interact with the
charged Glu559, but a hydrogen bond between the thioester oxygen and His752 appeared in 8% of the trajectory
time. However, after QM/MM geometry optimization of one of these structures (data not shown), Asn755 and
Leu562 were pulled outwards and allowed His752 to hydrogen bond Glu559 instead of the thioester oxygen. The
resulting active site was the most different from the crystallographic one with an (even though small) RMSD of
the “free region” (“free region” specified in Supporting Information) of 1.48 A (note that during the MD simula-
tions the entire system was free to move). The hydride distance to CoA was short (2.94 A) but the hydride trans-
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fer was prohibitively high. All attempts to find a concerted hydride transfer with simultaneous protonation by

His752 have failed, so we assume that there is no saddle point for the concerted mechanism.

We tried the reaction from the X-ray conformation, where Asn755 and Leu562 remained between His752 and
Glu559 and allowed His752 to maintain a hydrogen bond with HMG-CoA thioester oxygen (RMSD for “free re-
gion” atoms = 0.47 A. “Free region” specified in Supporting Information). This conformation has the lowest acti-
vation free energy for this system (Figure 4). The hypothesis was that the interaction between His752 and the
substrate carbonyl, present in the crystallographic structure, polarized the bond between C49 and 050, increasing

the electrophilic character of HMG-CoA that would facilitate the hydride transfer.

We found a slight polarization of the carbonyl bond in this system (the carbonyl bond length increased by 0.02
A to 1.24 A) and the activation free energy reached a maximum of 40.6(41.3) kcal-mol” when the hydride was
located at 1.48 A from C49 and at 1.34 A from C4N (Figure 4). This is a very early transition state as the positive
charge being created in the cofactor is repelled by the charged His752. The thioester oxygen maintained the hy-
drogen bond with His752 (1.78 A) but protonation only occurred after the hydride was transferred. Lys691 was
also close to the carbonyl oxygen (2.97 A), but its main role should be to help stabilizing the Glu559 charge in
combination with His866 (1.66 A and 1.76 A) (Figure 4 — TS1"72M) At the TS1™?" the charge gained by
HMG-CoA was mostly localized at S48 and, to a lesser extent, at the carbonyl group of HMG-CoA (Figure 4).

When the hydride was fully transferred to C49 (1.09 A), the His752 proton got transferred to mevaldyl-CoA
and the reaction free energy dropped to —8.4(-6.2) kcal-mol(Figure 4). With protonation (I1-Xray™**™), the
negative charge became localized over S48, C49 and OS50 but also over His752 (Figure 4). Along this step,
Lys691 and His866 hydrogen bonded Glu559, respectively 1.59 A and 1.63 A, and helped shield its negative

charge.

The very stable protonated mevaldyl-CoA could allow for a long-lived intermediate that would permit the co-
factor exchange before the formation of mevaldehyde, consistent with experimental data.”*>> However, the lowest
reaction free energy required to reach the transition state, found using the X-ray conformation, is prohibitive,
even when trying a concerted proton transfer and hydride transfer transition state. Additionally, a further energy
penalty might be added to the reaction free energy of His752H-Xray conformation due to the preferred His752
and Glu559 interaction found in MD trajectory.

13
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Figure 4 - High-layer structures for the hydride transfer in the His752H-Xray conformation. The size and color of

is752H

the spheres denotes the CM5 charge variation compared to the R-Xray" structure. Blue spheres indicate posi-

tive charge variations and red spheres indicate negative charge variations.

Glu559H system:

The active site organization from the “Glu559H system” conformation with most favorable reaction energies
(Glu559H) has a small RMSD for the unconstrained atoms of 1.36 A (unconstrained amino acids are specified in
Supporting Information), when compared to the crystallographic structure. Notwithstanding, during the MD
simulation the neutral Glu559 distanced itself from the charged His866 due to a hydrogen bond of the former
with Asp767. His866 lost Glu559 as an anchor point and got placed at 5.55 A from the HMG-CoA S48 atom. The
role of His866 was proposed to be that of protonating the CoA sulfur atom when mevaldehyde was formed."
Nevertheless, the distancing of His866 does not exclude this hypothetical role, since His866 rests in a flexible
helix that is known to close over the active site.**® The other consequence of the hydrogen bond between Glu559
and Asp767 during the MD was that it displaced GIu559 from the vicinity of HMG-CoA carbonyl group. Conse-
quentially Glu599 is no longer in an appropriate position to be the general acid that stabilizes the mevaldyl-CoA

intermediate, as previously suggested for P. mevalonii enzyme."

Our findings in the “Glu559H system” and the “Standard system” were different from earlier proposals.'’

Haines et al."*

found that a neutral Glu559* in the prokaryotic enzyme reproduced more closely the active of the
crystallographic structure, while a system with a charged Glu559* maintained less resemblances.'® In their model
the charged Glu559* deviated from the crystallographic structure active site as a consequence of the electrostatic
repulsion between the negatively charged Glu559* and Asp767* residues, and due to the salt bridge between
Glu559* and His866* that brought His866* deeper in the active site.'” In the human enzyme we observed that the
distance between the closest oxygens from Glu559 and Asp767 is on average 2.59+0.28 A, which is closer than
the distance found in the crystal structure (3.6-3.7 A) and more different to the crystal structure than “Standard

system”.

14



Page 15 of 26 Catalysis Science & Technology

The hydride transfer in “Glu559H system” was far more favorable than in the previous two systems (Figure 3
and Figure 4). The most favorable pathway was obtained with a structure from the MD simulation. The free acti-
vation energy was 17.8(17.9) kcal'mol™ and it did generate a slightly exothermic mevaldyl-CoA intermediate,
surprisingly protonated by Lys691 and not by Glu559 (AG,=-1.6(-0.5) kcal-mol™"). The activation free energy ob-
tained is in close agreement with P mevalonii turnover rate of 1 s” to 1 min™' (18.2-20.7 kcal/mol). The reaction
pathway is also similar to the previous proposal by Tabernero et al.® for P mevalonii (Scheme 2-B) but in an ac-

tive site with a neutral Glu559.

Figure 5 shows the geometries of the reactant (R™***"), transition state (TS19"***) and the resulting protonat-
ed hemithioacetal (119"°*"). In the optimized transition state, the transferring hydride was at 1.22 A from C49,
1.55 A from C4N and a 2.73 A distance between C4N:C49 (Figure 5). Lys691 (and not Glu559) stabilized the
negative charge developing at the thioester oxygen and, at the TS19"**" transferred its proton to the substrate.
The Glu559 hydrogen bonded to Asp767 (1.51 A), weakening the Lys691-Asp767 interaction (2.10 A) and, con-
sequently, lowering the pKa of Lys691 (Figure 5). This allowed Lys691 to protonate the thioester oxyanion. The
major difference between TS19"**" and the other two previous transition states is that the charge transferred to

the substrate was mainly located at C49 and O50 atoms instead of S48.

The resultant protonated mevaldyl-CoA was very stable and the reaction proceeded without major conforma-

tional changes (Figure 5).

A slightly different reaction pathway was previously reported by Haines et al.'* for the P mevalonii enzyme,
with similar activation and reaction free energies (AE*=(21.8) kcal'mol™, AE,=(8.3) kcal'mol™). They suggested
Glu559* as the proton donor for the mevaldyl-CoA intermediate in the prokaryotic enzyme.

To evaluate this possibility in the human enzyme we had to model the “Glu559H system” directly in the X-ray

conformation (Glu559H-Xray). We could not use MD sourced conformations because Glu559 exchanged its

His866

-1.6 keal/mol
RGIu559H |1G\u559H
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Figure 5 - Structures from the active site of the Glu5S59H conformation. Hydride transfer takes place simultane-
ously with protonation of the mevaldyl-CoA intermediate by Lys691. The size and color of the spheres denotes
the CM5 charge variation compared to R"***" structure. Blue spheres indicate positive charge variations and red

spheres indicate negative charge variations.

HMG-CoA

Mevaldyl-CoA

178R7 S
P Glus59

© 75k ' -
|
Asp767 26.0 keal/mol o
_YRGIu559 :
b S1-XRék -13.8 keal/mol
R-XR&lus5oH [1-XRGlu559H

Figure 6 - Structures from the active site of GluS59H-Xray conformation. The size and color of the spheres de-

Glu559H

notes the CM5 charge variation compared to R-Xray structure. Blue spheres indicate positive charge varia-

tions and red spheres indicate negative charge variations.

Table 1. Comparison of the free energy profile for the first hydride transfer in the several conformations presented

for three different active site protonation states.

AG (kcal'mol™)
TS1 I mevaldyl-CoA TS1’ Ilprotonated mevaldyl-CoA

34.4(34.8) 11.0(15.1)  15.0(17.2) 2.3(6.6)
TS 1 Il mevaldyl-CoA

R
0
R
His752H-Xray 0 40.6(41.3) -8.4(-6.2)
0
0
R
0

Standard

Glu559H 17.8(17.9) -1.6(-0.5)

Glu559H-Xray 26.0(27.8) -13.8(-13.9)

TS1-A I2- Amevaldehyde TS2-A 12°- Amevaldehyde+C0A—SH
27.2(29.6) -1.4(0.2) 1.4(1.8)  -5.3(0.2)

Glu559H-c15

hydrogen bond from HMG-CoA carbonyl group to Asp767 early in the MD simulation and brought instead
Lys691 close to HMG-CoA to provide the required stabilization.
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The resulting pathway had a higher activation barrier (AG*=26.0(27.8) kcal'mol") and in the transition state
(TS1-Xray™>**") the hydride was at a distance of 1.43 A from C49 and 1.36 A from C4N. The negative charge
being developed in the carbonyl oxygen was stabilized by the neutral Glu559 (1.68 A) and by Lys691 (1.69 A)
but without proton transfer to the alkoxide (Figure 6). The negative charge of Asp767 (3.84 A away from
Glu559), might hinder protonation of O50 by Glu559. Besides the Glu559 orientation, the major differences to
TS19"%" were the hydrogen bond between Lys691 and Asp767 (absent in TS19"**") which might increase
Lys691 pKa, and the charge gained by the substrate that is mainly located at S48 (Figure 6) instead of C49.

When the mevaldyl-CoA intermediate (I1-Xray™>>*"

) was reached, the charge gained by mevaldyl-CoA was
then homogeneously distributed throughout the S48, C49 and O50 atoms (Figure 6). Glu559 strengthened the
stabilization of the thioester oxyanion (1.34 A) but the mevaldyl-CoA intermediate was not protonated. Never-
theless, the interactions provided by Lys691, Glu559 and His866 greatly stabilized 11-Xray™™>*" (AG,=-13.8(-

13.9) kcal'mol™) (Table 1)

With such stable intermediate we hypothesized that it was the ideal time to exchange the cofactor. This would
agree with the experimental results that suggest the cofactor exchange prior to mevaldehyde formation.””’ Nev-
ertheless, such stable mevaldyl-CoA intermediate would make the reaction very much exothermic, and not almost

athermic, as experimentally deduced from the reversibility of the reaction.'

The activation free energy to obtain mevaldyl-CoA stabilized by Glu559 is 8.2(9.9) kcal'-mol™ higher than the
required when Lys691 fulfills this role (Table 1). We were also unable to replicate this pathway with credible ac-

tivation energies starting from different MD sourced conformations (results not shown).

The conformation present in the crystallographic structure was obtained with a mevalonate analogue inside the
active site, instead of HMG-CoA, and a resolution of 2.0 A and thus it requires prudence. On the other hand, the
most important conformational change from the MD simulation, the formation of the hydrogen bond between
Glu559 and Asp767, was expected due to the close distance found in the crystallographic structure between
Glu559 and Asp767 (3.55 A). This strengthened our confidence in the conformations generated by the MD simu-

lation.

Conformational sampling in Glu559H system.

It is important to remark that we did not take into account the free energy differences between the three proto-
nation states. Nevertheless the activation free energy gap that differentiates both pathways (Glu559 or Lys691 as
general acids) in “Glu559H system” from the pathways found in the “Standard System” and “His752H system”
makes it safe to assume that the energy differences between the different protonation states will not overcome the

differences found in the reaction mechanisms.

Therefore, we consider “GluS59H system” the only system that presents physiologic competent activation and
reaction free energies and decided to explore the reaction mechanism in representative structures of the clustered

MD simulation (Figure S1 and Table S2).
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Starting from fifteen representative conformations (that represent 61% of the simulation time), we noted that
ten (one for each of ten clusters that, altogether, represent 38% of the simulation time) generated
mevaldyl-CoA intermediate protonated at the carbonyl oxygen O50 by Lys691, in the same way as the
Glu559H mechanism presented above. Two conformations generated mevaldyl-CoA intermediate but not
protonated at the carbonyl oxygen and the remaining three conformations the mevaldehyde intermediate

and CoA- S were directly obtained.
Mevaldyl-CoA intermediate protonated by Lys691 (conformations cl to c10)

The lower-energy intermediates and lower activation free energies are found in this group. Nevertheless, the ac-
tivation free energies (19.1(20.9) to (37.8 kcal-‘mol™) and the reaction energies ((-13.6) to (15.2) kcal-mol™) fluc-

tuate considerably.

For the two most favorable conformations (beyond the Hamiltonian energies we also calculated the free energy
barriers)(Table S2), Glu559H-cl (AG*=19.1(20.9) kcal'mol”, AG=-3.7(-2.4) kcal'mol") and Glu559H-c2
(AG*=20.3(21.8) kcal'mol”, AG=-4.4(-1.3) kcal-mol™), that represent respectively 11% and 1% (Figure S1 and
Table S2) of the simulation time, shared a very similar active site organization and bore significant resemblances

to Glu559H.

Moreover, the reverse reactions in these two conformations were possible, as the experimental results imply and

contrasting to the pathway found in the crystal structure."
Deprotonated mevaldyl-CoA (conformations cl1l and c12)

Two conformations, representative of 5% of the simulation time, generated the mevaldyl-CoA intermediate
without protonation of the carbonyl oxygen. However, the resulting intermediates were very high-energy inter-
mediates (as such we have only calculated the electronic energy barriers) (AE*=(31.4) kcal'mol”, (AE=(17.2)
keal'mol™ and AE*=(29.5) kcal'mol, AE,=(26.8) kcal-mol™).

One of the conformations lacked the hydrogen bond between the 2 hydroxyl group from the ribose nucleotide
of NADPH and the carboxyl group from Asp767. Consequentially, interaction between Asp767 and Lys691 was
strengthened and hindered the protonation of the mevaldyl-CoA intermediate by Lys691. The other conformation
showed a longer distance between Lys691 and the substrate hemithioacetal oxygen (2.78 A) that hindered the pro-
tonation by Lys691.

Mevaldehyde and CoA-S- (conformations c13 to c15)

Two of the three conformations (c13 and c14, representing respectively 18% and 1% of the simulation time) did
not have a hydrogen bond between the ribose and Asp767, which strengthened the Asp767:Lys691 interaction and
deviated Lys691 away from the HMG-CoA carbonyl oxygen. This impacted profoundly on the stabilization of the
TS1 and, as a result, the activation barriers to reach the first hydride transfer became prohibitive (AE*=(37.2)
keal'‘mol™, AE=(12.5) kcal'mol™ and AE*=(46.8) kcal'mol”', AE,=(-1.9) kcal-mol™).

The remaining conformation (c15) is the most favorable within this pathway, with an activation free energy of

27.2(29.6) kcal-mol™, but represents less that 1% of the simulation time. Glu559H-c15 conformation had a sub-
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optimal orientation of Lys691 to stabilize the transition state but instead had a close interaction between His866
and S48 (2.57 A) (Figure 7). The short distance between His866 and S48 found in X-ray diffraction structures
along with the low activity of the His866 mutant, suggested the charged His866 to be the general acid for proto-
nation of the CoA anion upon decomposition of the hemithioacetal intermediate.”® In Glu559H-c15 confor-
mation, this interaction allowed the charge gained with the hydride transfer to be shifted mainly to S48 and re-
sulted in substrate breakdown with formation of CoA-S™ thioanion and mevaldehyde. Subsequent protonation of
CoA-S™ by His866 generates a very stable intermediate -5.3(0.2) kcal'mol” but the overall activation barrier is
still 9.4(11.6) kcal'mol™" higher than the most favorable reaction in the mevaldyl-CoA protonated by Lys691
pathway (Figure 5 and Figure 7).

Among the remaining representative structures, the ones that represent more than 5% of the simulation time,
did not possess any group surrounding hemithioacetal oxygen O50, which would render the hydride transfer very

unlikely.

Assembling all the results obtained with “GluS59H system”, several aspects support the formation of mevaldyl-
CoA intermediate protonated by Lys691, as in the MD conformation GLUS559H (Figure 5). Namely, this pathway
is the most common among the representative structures of the clustered MD simulation, presented the overall
lowest activation free energy, retained the reversibility of the reaction, as observed experimentally,'’ and the sta-
bility found for the resulting mevaldyl-CoA intermediate should allow a long lived intermediate to permit the co-
factor exchange. The shift of the neutral Glu559 towards Asp767 observed in MD conformations lowers Lys691
pKa and places it in a suitable site to allow a stronger stabilization of the mevaldyl-CoA intermediate, not found
in any other system or conformation. This Glu559 conformational change seen during the MD simulation seems

appropriate due to the short distance from the negatively charged Asp767.

Considering all 11 conformations that protonate mevaldyl-CoA with Lys691, the observed (or apparent) k., ac-

cording to equation 1:

i=1
where P; is the probability of finding the enzyme in the reactant state i and AGio *is the corresponding barrier free
energy, is 19.3 kcal'‘mol™ considering an equal probability for each conformation. The 95% lower and upper con-
fidence limits for the average rate constant, determined by bootstrap (1000 samples), corresponds to a free energy
barrier between 18.7 and 26.4 kcal'mol™. The observed free energy barrier for P mevalonii calculated from the
turnover rate of 1 s to 1 min™ (18.2-20.7 kcal'mol™") compares well with the 19.3 kcal'mol™ values found here,
despite the still large confidence interval. It is relevant to note that most research works present uncertainties in
the form of standard deviation, which correspond to about one half of the 95% confidence interval presented here.

Therefore, the confidence intervals that we show constitute a very stringent test of statistical convergence.
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The first hydride transfer is expected to be the rate-limiting step, due to the lower electrophilicity of the thioe-
ster compared to the aldehyde. Haines et al.'* found the first hydride transfer to have an activation energy of 21.8

kcal-mol™ while the second hydride transfer has a lower activation barrier by 2.9 kcal-mol™.

Conclusions

The work presented here aimed to elucidate the reaction mechanism of the first reduction step of HMG-CoA-R,
the rate-limiting step, resorting to MD and QM/MM calculations. We considered three different active-site proto-

nation states and thoroughly compared the reaction mechanism in the three systems.

The active site of the “His752H system” rendered the lowest resemblances to the crystallographic structure and
the highest activation energies for the hydride transfer (Figure 4) making this hypothesis unlikely. The system
with standard protonation states (“Standard system”) retained the best resemblances to the crystallographic struc-
ture but a strong interaction between Lys691 amino group and charged Asp767 raised Lys691 pKa and denied

sufficient stabilization to mevaldyl-CoA alkoxide.

We found the reaction pathway with the overall lowest activation free energy (17.8 kcal'mol™) in the system
where Glu559 is neutral (“Glu559H system”). The pathway with lowest activation free energies and more fre-

quently found in representative structures of the clustered MD simulation implies protonation of mevaldyl-CoA
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with Lys691. The observed activation free energy (i.e., the single activation free energy that produces the rate
constant given by eq. 1) for the 11 conformations that protonate mevaldyl-CoA with Lys691 (19.1 kcal.mol™)

agrees with the overall P mevalonii turnover rate of 1 s™ to 1 min™.

The dispersion of activation and reaction free energies found in the conformations where mevaldyl-CoA is pro-
tonated by Lys691 is considerable. Therefore, it is not totally impossible that other mechanisms, which were seen
to lead to very high barriers, become eventually competitive with the chosen one, if highly productive confor-

mations could be found. Despite not impossible, this scenario is however very unlikely.

The most distinct characteristic in “GluS59H” MD conformations is the hydrogen bond between Glu559 and
Asp767, which moved Glu559 away from the substrate HMG-CoA. Glu559 conformational change seems rea-
sonable due to the close distance between Glu559 and Asp767 found in the crystallographic structure. This hin-
dered Glu559 to act as a general acid during the first reduction step, as suggested by both the crystallographic
structure® and the computational study on prokaryotic HMG-CoA-R.'* Consequently, Lys691 became more acidic
and facilitated the first hydride transfer by stabilizing the negative charge developed at the thioester oxygen,

through protonation.

The most favorable reaction pathway assigns a catalytic role for Lys691 that agrees well with the impairment in
catalysis found for Lys691 mutant. '> This pathway generates a stable mevaldyl-CoA intermediate that should

permit the cofactor exchange and does not hinder the reverse reaction to occur, as verified experimentally.

Catalysis of the hydride transfer with formation of the mevaldehyde, instead of the tetrahedral mevaldyl-CoA
intermediate, was also explored starting from a more suitable conformation (Figure 7). His866, however, did not
provide sufficient stabilization to the negative charge developed at the thioester sulphur in the transition state

structure.

Exploring the MD conformations and comparing with the X-ray structure permitted to scrutinize the important
roles of the neutral Glu559 and charged Asp767. Glu559 was crucial, together with the ribose moiety from
NADPH, to hydrogen bond Asp767 and therefore increased Lys691 acidity, which allowed mevaldyl-CoA proto-
nation, facilitating the hydride transfer.*"' The lack of this Glu559-Asp767 interaction might explain the low
turnover found by Frimpong et al."' for the Glu559 and Asp767 mutants.

This work provides the most favorable reaction pathway for the first hydride transfer in HMG-CoA-R by com-
parison with alternative pathways within different HMG-CoA-R active site protonation states. The rate constants
resulting from the calculated energies do not include recrossing and tunneling effects, known to provide a meas-
urable contribution for the observed rate in hydride transfer steps involving cofactors such as NADPH, but repre-
senting only a very minor effect on the “observed, apparent free energy barrier”. Nevertheless, due to the large
activation energy differences between the studied pathways, the conclusions should not be altered. More accurate
energy profiles will require estimation of these effects, which in the very similar reaction mechanism catalyzed by

-1 58,59
|

L-Lactate Dehydrogenase amount to 2-3 kcal'mo and systematic consideration of all active site confor-

mations.
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