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3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) catalyses the last step

in mevalonate biosynthesis. HMGR is the target of statin inhibitors that

regulate cholesterol concentration in human blood. Here, we report the prop-

erties and structures of HMGR from an archaeon Methanothermococcus

thermolithotrophicus (mHMGR). The structures of the apoenzyme and the

NADPH complex are highly similar to those of human HMGR. A notable

exception is C-terminal helix (La10-11) that is straight in both mHMGR

structures. This helix is kinked and closes the active site in the human

enzyme ternary complex, pointing to a substrate-induced structural rearrange-

ment of C-terminal in class-I HMGRs during the catalytic cycle.

Keywords: cholesterol biosynthesis; isoprenoids; mevalonate biosynthesis;

statins; structural rearrangement; X-ray crystallography

Mevalonate is the building block of isoprenoids and is

formed through the mevalonate pathway [1]. This

pathway involves the condensation of three molecules

of acetyl-CoA to form 3-hydroxy-3-methylglutaryl-

CoA (HMG-CoA). HMG-CoA is then reduced by the

HMG-CoA reductase (HMGR) to generate meval-

onate using four electrons from two molecules of

NAD(P)H (Fig. 1A) [2]. Because HMGRs are the tar-

gets of statins, which are potent inhibitors that regu-

late human blood cholesterol levels [3], the catalytic

mechanism of the eukaryotic and bacterial HMGR

have been well-studied biochemically and structurally

[4,5]. In archaea, HMGR is involved in the biosynthe-

sis of membrane lipids. Despite this essential function

of HMGR in archaea, studies on the enzyme are

scarce, and no structures of archaeal HMGR have

been reported thus far.

There are two classes of HMGR [5,6]. Class-I HMGRs

are found in eukarya and archaea. They have a homote-

trameric (dimer of homodimers) assembly and use

Abbreviations

CoA, coenzyme A; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; HMGR, HMG-CoA reductase; mHMGR, HMGR from Methanothermococcus

thermolithotrophicus.
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NADPH as a reductant. The eukaryotic class-I enzymes

are composed of an N-terminal hydrophobic domain, a

linker domain and a catalytic domain [6]. The hydropho-

bic domain functions as membrane anchor and has a reg-

ulatory function [7]. Archaeal and some eukaryotic class-

I HMGRs do not have an N-terminal membrane anchor

domain and only comprise of the catalytic domain [6]. As

observed in the human HMGR, the catalytic domain

forms the homodimeric assembly. The catalytic domain

can be further subdivided to the N-terminal, large and

small domains. The cis-loop links the small and large

domains and contains the residues critical for HMG-

CoA binding. Class-II HMGRs are found in bacteria

and some archaea [6,8]. They form catalytic homodimers

and have varying cofactor preference for either NADH

or NADPH or both [9]. Class-I and class-II HMGRs

share a catalytic domain core structure although the

assembly of the small domain is different, and the class-

II enzymes lack the cis-loop. Therefore, the arrangements

of the active site differ in class-I and -II HMGRs [6].

The HMGR-catalysed reactions are shown in Fig. 1B.

The reaction sequence starts with the reduction of

HMG-CoA to a transient mevaldyl-CoA intermediate

using the first NAD(P)H molecule; the intermediate is

protonated and converted to mevaldehyde and CoA. The

mevaldehyde intermediate is trapped in the active site

and reduced to mevalonate by the next reduction step

using the second NAD(P)H molecule [2]. Notably, in the

course of the catalytic reactions, HMGR releases CoA

and exchanges the first reaction product NAD(P)+ with

the second NAD(P)H without release of the mevalde-

hyde intermediate [10]. Despite the similar structures of

the active site of class-I and -II HMGRs, class-I enzymes

have a higher sensitivity to statins compared to class-II

enzymes [11,12]. This discrepancy is due to the different

organizations of the active site [13].

The catalytic mechanism of class-I and class-II

HMGRs has been studied based on several crystal

structures in complex with different combinations of

substrates, intermediates and products [14,15]. Both

types of HMGRs involve conformational rearrange-

ments of the C-terminal region during the catalytic

cycle. Class-II HMGR from Pseudomonas mevalonii

contains a flexible C-terminal flap domain, which closes

the active site when the ternary complexes are formed

[15]. When only the HMG-CoA substrate is bound to

class-II HMGR in Streptococcus pneumoniae, the C-

terminal flap only partially closes [10]. The human

class-I HMGR has a short C-terminal helix (called helix

La11 in the large subdomain) instead of the C-terminal

flap domain in class-II enzymes. When HMG-CoA or

CoA substrates are bound, its C-terminal extension is

partially fixed. Only when NADP+, HMG and CoA

substrates or more likely when NADP+ and HMG-

CoA substrates are simultaneously bound, the C-term-

inal helix La11 binds to the protein core and is stabi-

lized [14]. In this configuration, the active site is closed,

and HMG-CoA is completely covered by the La11
helix. This structural rearrangement suggests that the

C-terminal flap domain in class-II enzymes and the

Fig. 1. Catalytic reactions in the mevalonate pathway and the HMGR-catalysed reactions. (A) Scheme of mevalonate production in

methanogens starting from three acetyl-CoA molecules. The conversion of three molecules of acetyl-CoA to HMG-CoA is catalysed by an

enzyme complex composed of thiolase and HMG-CoA synthase in archaea [18]. (B) The catalytic reactions of HMGR.
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helix La11 in class-I enzymes have crucial functions to

sequester the reaction intermediates (mevaldyl-CoA and

mevaldehyde) and to perform catalysis. To elucidate the

complete conformational rearrangement process in the

catalytic cycle of class-I enzymes, the structures of the

apoenzyme and its complex with only the NADPH sub-

strate are required.

Here, we report the kinetic properties and crystal

structure of the class-I HMGR from Methanothermococ-

cus thermolithotrophicus (mHMGR), a thermophilic

methanogenic archaeon. In the crystal structures of the

mHMGR apoenzyme and its complex with NADPH, the

C-terminal La11 helix connects with the La10 helix to

form an elongated straight helix (La10-11) (nomencla-

ture of helices is derived from human class-I HMGR),

and the active site is completely open to the solvent.

Based on this finding, we propose a refined picture of the

conformational rearrangements of the C-terminal helix

induced by binding of the substrates in class-I HMGRs.

Materials and methods

Chemicals and reagents

The HMG-CoA, isopropyl b-D-1-thiogalactopyranoside
(IPTG), piperazine-N,N0-bis(2-ethanesulfonic acid) (PIPES),

2-(N-morpholino) ethanesulfonic acid (MES), dithiothreitol

(DTT), simvastatin and all other buffers used in this work

were purchased from Sigma-Aldrich, GmbH. NADPH was

from Biomol, GmbH.

Culturing Methanothermococcus

thermolithotrophicus and inhibition by

simvastatin

Methanothermococcus thermolithotrophicus was grown at

65 °C in 150-mL bottles containing 10 mL of the growth

medium described by Belay et al. [16] with an addition

1 lM NaHSeO3, 25 mM PIPES and 25 mM 2-(N-morpho-

lino)ethanesulfonic acid (MES) under the gas phase 20%

CO2/80% H2 under +0.6 bar[17]. To reduce the medium,

2 mM Na2S∙9H2O (final concentration) was added by 0.2-

lm filter (Sartorius). Simvastatin was solubilized in

dimethyl sulfoxide at a concentration of 25 mM and added

to the media by a syringe at the indicated final concentra-

tion. The growth experiments were started by the addition

of 0.4 mL of M. thermolithotrophicus preculture.

HMGR expression and purification

The mHMGR-encoding gene was cloned and expressed, and

the His-tagged protein was purified using Ni-affinity chro-

matography as described previously [18]. In this work,

mHMGR was further purified with a HiLoadTM 16/600

SuperdexTM 200 pg (GE Healthcare, Freiburg, Germany)

using 20 mM Tris-HCl pH 8.0 and 150 mM NaCl. Glycerol

and DTT were added to an aliquot of the purified fraction at

a final concentration of 20% v/v and 10 mM, respectively,

and the fractions were stored at �20 °C before activity

assays. Another aliquot was directly used for crystallization

without freezing. The protein concentrations were deter-

mined spectrophotometrically (e280 nm = 23.8 cm�1�mM
�1).

HMGR enzyme activity assay

The mHMGR enzyme activity was measured at 60 °C by

detecting NADPH consumption at 340 nm using a Carry-60

UV-Vis spectrophotometer (Agilent, Waldbronn, Germany)

with 10 mm quartz cuvettes (Hellma, M€ulheim, Germany).

The assay mixture for kcat and KM,app for HMG-CoA con-

tained 500 mM potassium phosphate buffer pH 7.5, 20 mM

KCl, 10 mM DTT, 300 lM NADPH, various amounts of

HMG-CoA and 33 nM mHMGR. The reaction was started

by the addition of the enzyme. The assay mixture for kcat
and KM,app for NADPH contained 500 mM potassium phos-

phate buffer pH 7.5, 20 mM KCl, 10 mM DTT, 200 lM
HMG-CoA, various amounts of NADPH, and 33 nM

mHMGR. One unit of enzyme is defined as the amount that

catalyses the oxidation of 1 lmol of NADPH per min. All

assays were started with addition of the enzyme. The assays

to determine simvastatin inhibition contained 500 mM

potassium phosphate buffer pH 7.5, 10 mM DTT, 300 lM
NADPH, 50 lM HMG-CoA, 15 nM mHMGR and variable

amounts of simvastatin.

Crystallization

The mHMGR was concentrated to 10 mg�mL�1 with an

Amicon Ultra-4 Centrifugation filter (30 kDa cut-off) (Mil-

lipore, Darmstadt, Germany) centrifuged at 11 337 g for

5 min at 4 °C to remove any aggregates and dust.

mHMGR was crystallized using the sitting drop vapour

diffusion method at 18 °C. The 0.7 lL protein sample was

spotted on a 96-well 2-drop MRC Crystallization

Plate (Molecular Dimensions, Suffolk, UK), and 0.7 lL of

reservoir solution was mixed. The best crystals were

obtained after several months using a solution containing

40% v/v poly(ethylene glycol) 400, 100 mM Tris/HCl pH

8.5 and 200 mM Li2SO4. mHMGR was crystallized with

2 mM NADPH under the same conditions. The crystals in

the apo form had a long rod shape. The crystals containing

NADPH had a prism shape.

Data collection and refinement

The mHMGR crystals in the apo form and in complex

with NADPH were directly flash-frozen in liquid nitrogen.
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The diffraction experiments were performed at 100 K on

the ID23-1 beamline at the European Synchrotron Radia-

tion Facility (ESRF) equipped with a Pilatus 6M (Dectris)

detector. The data were processed with XDS [19] and scaled

with SCALA [20] from the CCP4 SUITE [20]. The apoenzyme

structure was determined by molecular replacement with

PHASER from the PHENIX package [21] by using the mono-

mer of human HMGR in complex with the HMG and

CoA substrates (PDB: 1DQ8) as a template. The structure

of HMGR in complex with NADP was solved with PHA-

SER by using the refined apo structure. The first model of

the apoenzyme form was built with the BUCCANEER software

[22], and the models were manually built with COOT [23]

and refined with BUSTER (G. Bricogne et al. Cambridge,

United Kingdom: Global Phasing Ltd., 2016) or PHENIX

[21]. The final refinement cycles contained the hydrogens in

riding position. The final models were validated by using

MOLPROBITY [24]. Data collection, refinement statistics, and

PDB codes for the deposited model are listed in Table 1.

The hydrogens were omitted in the final deposited model.

NADPH was modelled in all six monomers of the asym-

metric unit, where the electron density is present at the ade-

nine and pyrophosphate moieties and a part of the ribose.

The figures were generated and rendered with PYMOL

(Version 1.7, Schr€odinger, LLC).

Bioinformatics analysis

The enzymatic parameters and fits were determined with

GRAPHPAD PRISM 7 (San Diego, CA, USA). Sequence align-

ment was performed by the Clustal Omega server from

EBI, and the output was illustrated by the ESPRIPT server

[25]. The same sequence alignment was superimposed on

the 3D structure using the CONSURF server [26].

Results

Kinetic properties of mHMGR

N-terminal His-tagged mHMGR was heterologously

produced in Escherichia coli and purified using a His-

Trap column followed by gel filtration (Fig. S1). The

gel filtration profile of the purified enzyme was consis-

tent with a homotetrameric assembly as previously

reported for other class-I HMGRs [14] (Fig. S1B).

mHMGR had kinetic parameters (kcat = 15 � 2 s�1,

Vmax = 19 � 2 U�mg�1, appKM for HMG-CoA = 13 �
1 lM, appKM for NADPH = 57 � 8 lM) (Fig. S2)

within the same order of magnitude as those previ-

ously reported for HMGR from Syrian hamster

(kcat = 31 s�1, Vmax = 37 U�mg�1, appKM for HMG-

CoA = 4.3 lM) [27,28] and other archaea including

Sulfolobus solfataricus (kcat = 12 s�1, Vmax = 17

U�mg�1, appKM for HMG-CoA = 17 lM) [28] and Hal

oferax volcanii (kcat = 23 s�1, Vmax = 34 U�mg�1,

appKM for HMG-CoA = 60 lM) [28,29].
As shown in Fig. S3A, simvastatin lactone (a statin

inhibitor) strongly inhibited mHMGR (appKi = 2.9

� 0.8 nM) similar to the degree of statin inhibition

on class-I HMGRs, such as human HMGR

(appKi = 11 nM for simvastatin) [30] and archaeal

HMGRs including S. solfataricus HMGR (appKi for

Lovastatin = 5 nM) [31] and H. volcanii HMGR

(appKi for Lovastatin lactone = 15 lM and appKi for

Lovastatin free-acid 15 nM) [29]. We also tested the

effect of simvastatin lactone on the growth of

M. thermolithotrophicus (Fig. S3B). The growth rate

Table 1. X-ray analysis statistics.

Apo mHMGR

mHMGR

cocrystallized with

NADPH

Data collection

Wavelength (�A) 0.97662 0.97662

Space group P3112 P4212

Resolution (�A) 42.61–2.40

(2.53–2.40)

25.00–2.90

(3.06–2.90)

Cell dimensions

a, b, c (�A) 83.3, 83.3, 211.2 231.8, 231.8, 98.7

a, b, c (°) 90, 90, 120 90, 90, 90

Rmerge(%)a 8.9 (117.7) 9.5 (128.5)

Rpim (%)a 2.9 (37.5) 3.7 (49.1)

CC1/2 (%)a 99.9 (63.4) 99.9 (42.7)

I/rI
a 16.5 (2.1) 13.3 (1.6)

Completeness (%)a 99.7 (100.0) 99.8 (100.0)

Redundancya 10.2 (10.8) 7.3 (7.7)

Number of unique

reflectionsa
33 184 (4821) 59 867 (8592)

Refinement

Resolution (�A) 42.61–2.40 25.00–2.90

Number of reflections 33 130 59 830

Rwork/Rfree
b (%) 17.27/21.98 21.11/24.26

Number of atoms

Protein 6050 17 794

Ligands/ions 69 279

Solvent 41 0

Mean B-value (�A2) 68.2 113.0

Molprobity clash score,

all atoms

2.98 (100th

percentile)

1.66 (100th

percentile)

Ramachandran plot

Favoured regions (%) 97.33 96.23

Outlier regions (%) 0 1

rmsd bond lengths (�A) 0.007 0.003

rmsd bond angles (°) 0.843 0.653

PDB code 6HR7 6HR8

rmsd, root mean square deviation.
aValues relative to the highest resolution shell are within parentheses.
bRfree was calculated as the Rwork for 5% of the reflections that

were not included in the refinement.
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decreased by 50% in 10–20 nM simvastatin lactone.

This concentration was within the range of appKi of

simvastatin lactone for the purified enzyme activity

measurements in this work but was much lower than

the lovastatin (a statin) concentration (4–10 lM)
required for 50% inhibition of the methanogenic

Fig. 2. Structural overview of mHMGR.

(A) Each chain in the tetrameric structure

is denoted with a different colour. The two

black arrows point to the N- and C termini

(Asn6 to His401) of one monomer, which

are highlighted by blue and red balls,

respectively. (B) Close-up view of the

dimer functional unit, with one monomer

shown in transparent white for clarity.

N-terminal (1–65, in green), large (66–132

and 239–406, in blue) and small domains

(133–226, in cyan), cis-loop (227–238, in

orange), dimerization b-sheet (66–82, in

pink) and C-terminal helix La10-11

(369–401, in red).

Fig. 3. Active site conservation between

mHMGR and human HMGR. (A) One

dimer of mHMGR is shown in the surface

model with colour codes reflecting the

sequence conservation from the alignment

of Fig. S5 ranging from red (perfectly

conserved) to blue (not conserved). The

second dimer is shown as a transparent

cyan in the figure. The ligands (NADPH,

CoA-SH and HMG) are shown as green

sticks based on the superposition with

human HMGR (PDB 1DQA). (B) The same

representation as in A turned by 180°

along the Y axis. (C) Human HMGR (PDB:

1DQA) active site viewed from NADP,

where the hydrogen-bonded residues with

NADP (in purple) and HMG (in pink) are

represented in balls and sticks. (D) The

mHMGR NADPH-bound structure in the

same view as in panel C. (E) Human

HMGR (PDB: 1DQA) active site viewed

from CoA (in purple). (F) The mHMGR

NADPH-bound structure in the same view

as in panel E.
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archaea that inhabit rumen (i.e., Methanobrevibacter)

[32,33].

Crystal structure of mHMGR apoenzyme

After extensive crystallization trials for mHMGR in

the apoenzyme state, we obtained a trigonal crystalline

form that diffracted to 2.4 �A. The crystal structure

was solved using molecular replacement with the

human HMGR as the template (Table 1). The metha-

nogenic HMGR is a dimer of homodimers (Fig. 2A);

its folding pattern was nearly identical to the catalytic

domain of the human homologue, with a root mean

square deviation of 0.719 �A for one monomer (with a

superposition of 297 Ca from the PDB: 1DQA,

Fig. S4) according to the high conservation of the pro-

tein sequence (7–401; 42% identity and 63% similar-

ity) (Fig. S5). The monomers of HMGR contained an

N-terminal (1–65), large (66–132 and 238–406) and

small (133–226) domains and a cis-loop (227–237)
(Figs 2B and S6).

The residues involved in oligomerization were less

conserved than those surrounding the active site

(Fig. 3A,B). The area involved in oligomerization of

mHMGR had more hydrogen bonds and fewer salt

bridges compared to human HMGR; there were a

total of 224 hydrogen bonds in mHMGR compared to

179 in the human homologue and 18 salt bridges in

mHMGR compared to 34 in the human homologue,

as calculated from the PISA server (http://www.ebi.ac.

uk/pdbe/pisa/). There was a notable structural differ-

ence between mHMGR and the human version in the

C-terminal helix (369–401). In the apoenzyme structure

of mHMGR, the C-terminal helix (La11) was con-

nected to La10 to form an elongated helix (La10-11),
which made the active site open for entrance of the

substrates (Figs 4 and S7). The modelled La10 (369–
394) and La11 (395–401) of the C-terminal helix of

Fig. 4. Structural comparison of the C-terminal helix in mHMGR and the human enzyme. (A) Hydrophilic contacts in La11 of human HMGR

in complex with HMG, CoA and NADP (PDB: 1DQA, HMG has been omitted for clarity). (B) The same view as A for mHMGR complexed

with NADPH. The sphere at the end of the C-terminus shows the position of the His401. (C) Superposition of the structures of human

HMGR: the ternary complex with HMG, CoA and NADP (1DAQ, in pink); the complex with HMG-CoA (1DQ9, in cyan); the complex with

HMG and CoA (1DQ8, in green) and the other structures in complex with statins (in different colours). mHMGR is superposed and shown in

a purple colour. Only mHMGR secondary structures are shown as black cartoon to clarify the figure. The green ball indicates the hinge

region between La10 and La11. (D) Superposition of mHMGR (in purple) and human HMGR (in pink) represented as cartoons. The human

structural elements that deviate from mHMGR are highlighted by a brace, which correspond to the b-sheet-helix-loop-helix (251–277) and

the b-hairpin (323–340) in mHMGR.
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mHMGR are highly similar to those of human

HMGR (La10: 50% identity and 70% similarity and

La11: 40% identity and 60% similarity) (Fig. S5). The

C-terminal helix was connected to the b-sheet-helix-
loop-helix (251–277) and the b-hairpin (323–340),
which shifted of ~ 3 �A compared to the human

HMGR (Fig. 4D).

Crystal structure of mHMGR in complex with

NADPH

We cocrystallized mHMGR with NADPH as a tetrago-

nal crystalline form that diffracted to 2.9 �A (Table 1).

The asymmetric unit contained one and a half tetra-

mers, which superposed well to the apo-crystal structure

of mHMGR with a root mean square deviation of 0.245
�A for 750 superposed Ca. A clear electron density was

detected for the adenine mononucleotide moiety of

NADPH for all six monomers composing the asymmet-

ric unit (Figs 5A,C). The 20-phosphate on the ribose

moiety was fixed via hydrogen bonds between His168,

Thr166 and Arg167, which determined the specificity

for NADPH. The adenine ring was stacked between

His168 and Val346 and stabilized via two hydrogen

bonds from Asp194 in the same fashion than the human

homologue (Fig. 5B). The electron density disappeared

after the second phosphate group of the pyrophosphate

moiety, which indicates a high flexibility of the nicoti-

namide mononucleotide in this form. All six monomers

in the asymmetric unit had the same conformation of

the C-terminal helix as observed in the mHMGR

apoenzyme structure, which suggests that NADPH

binding does not induce the closed conformation of the

active site.

Active site structure

The active site residues of mHMGR and human

HMGR were structurally fully conserved (Fig. 3). The

cis-loop (residues 227–238 in mHMGR, Figs 2B and

S6) adopts the same configuration as in the human

HMGR structure. We identified the catalytic residues

based on the human homologue structure. Lys691 in

the human enzyme is proposed to stabilize the nega-

tively charged intermediate mevaldyl-CoA (Fig. 1B)

[14] and is perfectly superposable with Lys236 in

mHMGR (Fig. 3). The most probable proton donor

for the mevaldehyde intermediate in mHMGR was

Glu101, which should be in a protonated state by the

proximity of Asp311 (3.1 �A). These residues were also

superposable between mHMGR and human HMGR

(Glu559 and Asp767). We compared the mHMGR

apoenzyme structure with the structure of the human

HMGR in complex with a statin (simvastatin) (Fig. S8).

The simvastatin-binding site structure was almost iden-

tical to that of mHMGR. This agrees with the high

affinity of statin inhibitors for mHMGR.

Discussion

In this study, we presented the first crystal structure of

a class-I HMGR from an archaeon. The amino acid

residues involved in substrate recognition and activa-

tion are almost identical to those of human HMGR,

which agrees with the similar kinetic parameters and

inhibition constants for simvastatin lactone. In the

structure of human HMGR complexed with HMG,

CoA and NADP+ substrates, the active site is locked

and encapsulated by the C-terminal helix (La11),
which could act as the flap domain in class-II HMGR

to close the active site.

Fig. 5. The NADPH-binding site. (A) Close view of the NADPH-

binding site in mHMGR where NADPH and the residues in

proximity to NADPH are shown as balls and sticks. Hydrogen

bonds and salt bridges are indicated as red dashed lines, and the

electron density corresponding to the 2Fo�Fc is contoured at 1.3

r. (B) Same view and representation of panel A with the

superposed human HMGR (PDB code: 1DQA). (C) Stereo view of

NAPDH bound to mHMGR (shown as balls and sticks) and its omit

map contoured at 1.3 r in grey mesh. In addition, the difference

map Fo�Fc contoured at 3.0 r is represented as a transparent

green surface. The electrostatic profile of mHMGR is shown as a

surface and the negative to positive potential is coloured from red

to blue respectively.
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The structural movements orchestrating the sub-

strate binding and catalysis in class-II HMGR have

been characterized through different crystal structures

[9,10,15]. These conformational changes involve mainly

the C-terminal domain, which flips and coordinates

the binding/releasing of the substrates during the reac-

tion. The structures from HMGR of Streptococcus

pneumoniae shows that NADPH binding is not enough

to promote the flipping of the C-terminal domain

(open state) and it seems that HMG-CoA drives the

first conformational change into a ‘partially closed’

state [10]. When both substrates bind, the C-terminal

domain completely closes the active site [14]. In class-I

HMGR, this C-terminal domain is replaced by the

C-terminal helix La11 which is elongated (La10-11) in
mHMGR and kinked in the human enzyme bound to

its substrates. In this elongated conformation, the

active site is fully open to bulk solvent. Our crystal

structure of mHMGR in complex with NADPH indi-

cated that NADPH binding does not trigger the con-

formational rearrangement of the C-terminal helix as

observed for S. pneumoniae class-II HMGR with the

C-terminal domain.

In human HMGR, His866 at the start of La11 is

located at a hydrogen bond distance from the thiol of

the CoA molecule; His866 is proposed to be the pro-

ton donor for the thioanion [14,34]. The equivalent

His401 in mHMGR is located at the C-terminal end

of the elongated helix (La10-11) and is too far away

to protonate the thioanion of CoA in this open con-

formation (Figs 4 and 6). However, His401 is con-

served in all archaeal HMGRs (Fig. S5), and

mutation of this histidine to glutamine in the archaeal

HMGR from H. volcanii decreases the activity by 100-

Fig. 6. The conformational rearrangement upon substrates binding and the catalytic reactions. (A) We proposed at least three-step

rearrangements during catalysis: (I) the open apoenzyme form, (II) first substrate bound, partially closed form and (III) the ternary complex,

close form. Other intermediate states might exist as seen in class-II HMGR [9]. In the reaction sequence, either HMG-CoA or NADPH may

bind first; only if NADPH binds first, the La10-11 helix remains elongated. To show the formation of step (II), the first substrate bound is

modelled as HMG-CoA (see Discussion). Since the structure of mHMGR in complex with HMG-CoA or HMG-CoA and NADPH are not

available, the backbone of mHMGR (shown in blue) has been kept in panel II and III but the added substrates and conformational

movements are modelled based on human HMGR structures bound with HMG-CoA (PDB: 1DQ9) and human HMGR bound with NADP+,

CoA and HMG (PDB: 1DQA) respectively. The green dashed arrow illustrates the movement of the b-sheet-helix-loop-helix 251–277 and

b-hairpin 323–340, and the purple arrow shows the movement of the La11 helix. Catalytic residues are highlighted in pink, HMG-CoA

(orange) and NADPH (yellow) are shown as balls and sticks. The C-terminal helix is coloured in purple and the b-sheet-helix-loop-helix 251–

277 and b-hairpin 323–340 involved in structural rearrangements are shown in green. (B) The reactions and roles of catalytic residues from

mHMGR based on the catalytic functions of residues of human HMGR.
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fold. This result supports the hypothesis that, in the

closed conformation, La11 in mHMGR is kinked, and

His401 hydrogen bonds with the thiol of CoA [35].

The crystal structures that we presented of archaeal

class-I HMGR (mHMGR) fully complement the

structures of class-I human HMGR in the catalytic

cycle that were lacking. Based on the high sequence

identity between human and archaeal HMGR and

the previous observation that His401 is essential in

H. volcanii HMGR, we propose a fairly complete pic-

ture of the structural rearrangements of class-I

HMGR involved in catalysis. (a) In the apoenzyme

structure, the C-terminal helix (La10-11) is straight

and this leads to a fully open active site. (b) Binding

of HMG-CoA repositions the b-sheet-helix-loop-helix
(251–277) and the b-hairpin (323–340) (Fig. 4D) and

kinks the La11 helix, while the C terminus containing

catalytic His401 remains flexible. (c) Additional bind-

ing of NADPH induces conformational changes in

the C-terminal helix to close the active site (Fig. 6A).

After these conformational rearrangements, the

C-terminal helix fully wraps around the HMG moiety

of HMG-CoA and fixes the nicotinamide nucleotide

moiety of NADPH. However, our work does not

exclude the possibility of another sequence of sub-

strate binding; NADPH first and then HMG-CoA. In

this case, the reaction sequence does not proceed via

form II because the NADPH binding alone does not

induce the structural change (Figs 5A and 6A). The

conserved Arg871 in human HMGR (Fig. S5) con-

tributes to NADPH binding, whereas the correspond-

ing Arg406 of mHMGR is disordered in the crystal

structure of even in the NADPH-binding form, prob-

ably because Arg406 could not interact with NADPH

in the elongated structure. Upon binding of both

HMG-CoA and NADPH to the active site, the

C-terminal residue Arg406 might act as a hook to

completely close the active site. Once locked, HMG-

CoA is reduced to mevaldyl-CoA with NADPH. In

the closed conformation, CoA and NADP+ are dis-

sociated from the active site, but mevaldehyde is still

tightly bound. After reduction of mevaldehyde, disen-

gagement of the second NADP+ and mevalonate

from the enzyme causes the La11 helix to return to

its original straight conformation and expose the

active site to the solvent.

In eukaryotes, HMGR is tightly controlled via ser-

ine phosphorylation. Phosphorylation of Ser871 in the

Syrian hamster HMGR dramatically decreases enzyme

activity [36,37]. Based on the apoenzyme structure of

mHMGR, we hypothesize that phosphorylated Ser871

does not interfere with the catalytic reaction but hin-

ders conformational rearrangements by stabilizing the

straight conformation of La10-11 via salt bridges with

the protein surface.

Statins are competitive inhibitors of HMG-CoA,

and part of their chemical structure is analogous to

HMG. Istvan and Deisenhofer argued that binding of

bulky statins exploits the flexibility of the C-terminal

La11 helix to be bound in the open conformation. The

archaeal structure presented here indicates that class-I

HMGR is fully open in the apoenzyme form, in which

statins could easily bind and inhibit the enzyme. The

structural conservation between human and archaeal

HMGR explains the effects of statins’ inhibitors

against archaeal mevalonate biosynthesis in vivo and

in vitro.
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Fig. S1. Protein purity and gel filtration profile of the

methanogenic mHMGR.

Fig. S2. Kinetic parameters of mHMGR.

Fig. S3. Simvastatin lactone inhibition on mHMGR

activity and growth of M. thermolithotrophicus.

Fig. S4. Superposition of mHMGR and human HMGR.

Fig. S5. Sequence conservation between archaeal and

human HMGR (generated by the Espript server).

Fig. S6. Stereo view of the cis-peptide bond between

Cys233 and Val234.

Fig. S7. Stereo view of the electron density for the C-term-

inal helix of apo mHMGR.

Fig. S8. Stereo view of the superposition of the mHMGR

apoenzyme with human HMGR in complex with

simvastatin.
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