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Crystal structure of the HMG-CoA synthase MvaS from the Gram-
negative bacterium Myxococcus xanthus

Tobias Bock,†[a] Janin Kasten,†[a] Rolf Müller,[c] and Wulf Blankenfeldt*[a,b]

Abstract: A critical step in bacterial 

isoprenoid production is the synthesis of 3-hydroxy-3-methylglutaryl 

coenzyme  A  catalyzed  by  HMG-CoA  synthase  (HMGCS).  In 

myxobacteria, this enzyme is also involved in a recently discovered 

alternative  and  acetyl-CoA-dependent  isovaleryl  coenzyme  A 

biosynthesis pathway. Here we present crystal structures of MvaS, 

the HMGCS from Myxococcus xanthus, in complex with coenzyme A 

and  acetylated  active  site  Cys115,  with  the  second  substrate 

acetoacetyl coenzyme A and with the product of the condensation 

reaction  3-hydroxy-3-methylglutaryl  coenzyme  A.  With  these,  we 

show that MvaS uses the common HMGCS enzymatic mechanism 

and provide evidence that dimerization plays a role in the formation 

and stability of the active site. Overall, MvaS shows typical features 

of the eukaryotic HMGCS and exhibits differences to homologs from 

Gram-positive  bacteria.  This  study  provides  insights  into 

myxobacterial  alternative  isovaleryl  coenzyme A biosynthesis  and 

thereby extends the toolbox for  the biotechnological  production of 

renewable fuel and chemicals. 

Introduction

Isoprenoids  encompass  a  large  variety  of  biologically  active 
molecules with different function and biosynthetic routes. [1] They 
are biosynthesized from isopentenyl-pyrophosphate, which can 
be  generated  by  the  condensation  of  pyruvate  and 
glyceraldehyde 3-phosphate[2] or via the mevalonic acid pathway 
found in all eukaryotic organisms, the cytosol of plants and in 
some Gram-positive and Gram-negative bacteria. A critical step 
during  the  mevalonate  pathway  involves  the  synthesis  of  3-
hydroxy-3-methylglutaryl  coenzyme  A  (HMG-CoA),  formed  by 
the  condensation  of  acetyl  coenzyme  A  (Ac-CoA)  and 
acetoacetyl  coenzyme A (AcAc-CoA)  catalyzed  by  HMG-CoA 
synthase (HMGCS) .

Interestingly, the myxobacterial HMG-CoA synthase MvaS is not 
only involved in isopentenyl-pyrophosphate production but also 
in  the  de-novo  biosynthesis  of  isovaleryl  CoA,  which 
myxobacteria can  employ  as  an  alternative  to  leucine 
degradation.[3] This “aib” pathway was discovered recently and 
includes  the  synthesis  of  HMG-CoA  catalyzed  by  MvaS,  a 
subsequent  dehydration  performed  by  LiuC  followed  by 
AibA/AibB  catalyzed  decarboxylation  and  finally  an  NADH-
dependent reduction catalyzed by AibC (Figure 1A).[4,5]

HMGCS belong to the class of thiolases in the acyl-condensing 
superfamily.[6] These proteins are characterized by an internally 
duplicated  αβαβα-sandwich  structure.[7] The  remainder  of  the 
structure is assigned to the smaller “lower region” as a specific 
feature  of  HMGCS.[8]  Based  on  their  origin  and  on  already 
known  structures,  they  can  be  classified  into  three  different 
isoforms, namely bacterial, eukaryotic-cytosolic and mammalian-
specific mitochondrial HMGCS.[9] A structural comparison of two 
Gram-positive  bacterial  HMGCS  from  Staphylococcus  aureus 
(saHMGCS)[10] and  Enterococcus faecalis (efHMGCS)[8] with a 
plant  HMGCS  from  Brassica  juncea (bjHMGCS)[11] and  the 
human cytosolic and mammalian isoform (hHMGCS)[9] showed 
the  same  typical  overall  thiolase  fold  and  similar  catalytic 
machinery, but some striking differences in two distinct regions, 
namely a helical subdomain exclusively found in eukaryotes and 
a  surface  loop  that  differs  in  length  and  sequence  across 
different phyla.[9]

The HMGCS-catalyzed condensation of Ac-CoA with AcAc-CoA 
follows a three-step ping-pong mechanism and uses a catalytic 
triad  comprising  cysteine-histidine-glutamate.  The  first  step 
involves the transfer of the acetyl-group delivered by Ac-CoA to 
the cysteine residue. The triad’s histidine acts as a proton-donor 
to facilitate the nucleophilic attack of the cysteine thiol group in 
this  step.  After  the  release  of  CoA,  C-C  bond  formation  is 
initialized. For this, the second substrate AcAc-CoA binds and is 
attacked by the now carbanionic methyl group of acetyl-cysteine, 
which has been generated by deprotonation with the glutamic 
acid residue of the catalytic triad. [12-15] The final step consists of 
the hydrolysis of the resulting enzyme-HMG-CoA intermediate, 
most  probably  assisted  by  glutamate  and  a  water  molecule 
(Scheme S1 in Supporting Information).[11] 
Although  Gram-positive  bacterial  HMGCS  have  been 
characterized  previously,  structural  data  of  homologs  from 
Gram-negative bacteria are missing until now.
Here  we  present  the  high  resolution  crystal  structures  of  a 
HMGCS from the  Gram-negative  Myxococcus  xanthus in  the 
CoA bound form with an acetylated active site cysteine as well 
as  in  complex  with  the  second  substrate  AcAc-CoA  and  the 
product HMG-CoA. Based on these structures we are able to 
corroborate the common HMGCS reaction mechanism, identify 
residues involved in binding and catalysis and can also propose 
a previously unseen contribution of dimerization to the formation 
of  the  active  site.  Furthermore,  we  found  that  MvaS  shows 
higher similarity to human than to Gram-positive HMGCS.
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Figure 1. Role of MvaS in alternative isovaleryl coenzyme A biosynthesis (aib) and in mevalonate production in  Myxococcus xanthus, overall structure of the 
acetoacetyl-CoA bound MvaS and Fo-Fc difference electron density of ligands bound to MvaS. A: Aib is highlighted by the dotted box. The reaction catalyzed by  
MvaS is colored blue. MvaS is not only involved in isoprenoid production, but also in the Aib pathway. AcAc-CoA: acetoacetyl CoA, HMG-CoA: 3-hydroxy-3-
methylglutaryl  CoA;  MG-CoA: 3-methylglutaconyl  CoA, DMA-CoA: 3,3-dimethylacrylyl  CoA;  IV-CoA: isovaleryl  CoA.  Modified according to Liu  et  al.  5.[5] B: 
Structure of the homodimer. C-E: Difference density of CoA (C), AcAc-CoA (D) and HMG-CoA (E) before incorporation into the model, displayed at 3 σ. All 
molecular presentations were prepared with PyMol (Schrödinger).[26]

Results and Discussion

Overall structure and CoA binding site of MvaS

To investigate the  myxobacterial HMGCS MvaS and to enable 
further insights into the recently discovered alternative isovaleryl 
CoA  biosynthesis  pathway  of  myxobacteria,  we  determined 
crystal  structures of  MvaS in complex with the first  substrate, 
acetyl CoA; the second substrate, acetoacetyl CoA and with the 
product, 3-hydroxy-3-methylglutaryl CoA to 1.50/2.20 Å, 1.50 Å 
and  1.48  Å  resolution,  respectively.  All  three  complexes 
crystallized  in  similar  precipitation  solutions  as  rod  shaped 
crystals sharing the same spacegroup P6122 with similar unit cell 
parameters (Table S1 and Figure S1 in Supporting Information). 

These crystals contain one MvaS monomer in the asymmetric 
unit. Because analytical size exclusion chromatography seemed 
to  indicate  that  MvaS  is  a  monomer  while  all  previously 
characterized  HMGCS  are  homodimeric,  we  performed  blue 
native  page[23] and  used  PDBePISA[24] to  determine  the 
oligomerization  state  in  solution  (Figure  S2  in  Supporting 
Information). Both revealed the dimeric arrangement.
Overall, MvaS shows the typical HMGCS architecture (Figure 1A 
and Figure 3A in Supporting Information).[7] 
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The  coenzyme  A  binding  tunnel  is  located  in  the  interface 
between the upper and lower domain of one monomer. All CoA-
derivatives bind in the same S-shaped conformation in which the 
adenosine unit is located at the surface of the binding site and 
the  pantothenate  moiety  penetrates  into  the  hydrophobic 
environment  of  the tunnel  to  provide the  corresponding  head 
group in the active site (Figure 1C,D,E and S3B, C in Supporting 
Information).  The  CoA  moiety  is  fixed  by  interaction  of  the 
conserved  residues  Asp31  with  the  adenine  moiety  and 
hydrogen bonds of Lys259, His206 and Lys34 to the 3,5’-ADP 
phosphates.  The  pantothenate  part  is  anchored  via  several 
hydrophobic contacts and polar interactions of backbone atoms 
from Ala154 with its hydroxyl group and Tyr149, Thr158 and a 
water  molecule  with  the amide carbonyl  atom (Figure  S3C in 
Supporting Information).

MvaS uses the common HMGCS catalytic mechanism

The complexes with Ac-CoA, AcAc-CoA and HMG-CoA allow us 
to describe the catalytic cycle in atomic detail. M. xanthus MvaS 
uses the same mechanism as previously described HMGCS, but 
some details differ to previously reported structures. 
The first diffraction dataset of a crystal grown in the presence of 
AcCoA revealed  only  the  product  of  the  acetylation  reaction, 
CoA,  bound  to  the  active  site.  CoA  probably  remains  bound 
because it is engaged in crystal contacts. The catalytic cysteine 
residue, Cys115, was found modified, but the electron density 
was incompatible with the previously reported acetylation[9] and 
rather indicated oxidation to sulfinic acid. In addition, we found 
some uninterpretable  difference  electron  density  in  the  active 
site.  Since  this  crystal  was  harvested  several  days  after  it 
appeared  in  the  crystallization  plate,  we  collected  a  second 
dataset  of  a  freshly  grown  crystal,  which  indeed  showed  an 
acetylated Cys115. The carbonyl group of the acetyl-Cys115 is 
hydrogen-bonded to His250 and the C2 methyl group is in close 
proximity  to Glu83 (3.14 Å),  the residue that  acts  as base in 
deprotonation  and  acetyl  activation  (Figure  2A).  This 
conformation is different to the human isoform, in which the γ-
carboxylate group of Glu95 showed a distance of 2.6 Å to the C2 
methyl  group.[9] In  order  to  perform a nucleophilic  attack  and 
initiate Claisen condensation with the second substrate AcAc-
CoA, the acetyl group of Cys115 has to turn and hydrogen-bond 
to  Ser342  to  adopt  the  conformation  present  in  the  human 
HMGCS (Figure 2B).
The complex with AcAc-CoA shows the enzyme right before the 
nucleophilic attack of the activated acetyl group. The acetoacetyl 
head group is bound in a kinked conformation, perfectly oriented 
to accept the acetyl moiety. The C3 carbonyl group is fixed via 
interactions with  His250 and  Asn309,  which together  form an 
oxyanion  hole  to  compensate  the  negative  charge  generated 
during acetyl transfer (Figure 2B, C).
The  HMG-CoA  complex  displays  MvaS  after  the  Claisen 
condensation  and  the  hydrolytic  release  of  the  product  from 
Cys115. The γ-carboxylate group is hydrogen-bonded to Glu83 
and the backbone amide of Ser342, whereas the C3 hydroxyl 
group  interacts  with  His250  and  Asn309  (Figure  2D).  By 
comparison  of  the  HMG-CoA  and  the  Ac-CoA  complex  with 
oxidized Cys115 we identified a water molecule bound to Glu83 
in the Ac-CoA complex. This water molecule is located at a 

Figure  2. Proposed  mechanism  of  the  reaction  catalyzed  by  MvaS  with 

different states of the active site of MvaS during catalysis. A: CoA bound state  

with acetylated Cys115. B: Superposition of the MvaS-Ac-CoA and AcAc-CoA 

complex with human HMGCS (PDB: 2P8U),[9] of which only the Acetyl-Cys129 

(magenta)  is  shown.  MvaS-Acetyl-Cys115  (blue)  has  to  turn  to  adopt  the 

conformation present in human HMGCS. C: Superposition of HMG-CoA (grey) 

and the AcAc-CoA (blue) complex. The Ac-Cys115 is shown after  the turn 

(see B). D: HMG-CoA complex showing a water molecule from the Ac-CoA 

complex  bound  to  Glu83  most  probably  involved  in  enzyme-HMG-CoA 

complex  hydrolysis.  E:  Proposed  mechanism  catalyzed  by  MvaS.  The 

residues forming the catalytic triad are colored as follows: Cys115 in blue,  

Glu83 in orange and His250 in green.

similar position as one of the γ-carboxyl oxygen atoms of HMG-
CoA and could hence be involved in hydrolysis of the enzyme-
HMG-CoA complex, suggesting that Glu83 also assists this step 
(Figure  2D).[9,11,25] Figure  2E  summarizes  the  three-step  ping 
pong mechanism of MvaS.

Possible contribution of the dimer interface to the formation 
and stability of the active site

As  shown  by  crystal  contact  analysis  and  blue-native  page, 
MvaS also assembles to the dimeric oligomerization state found 
for all HMGCS. This dimer is mainly stabilized by the formation 
of  a 10 β-strand-containing layer in the core of  the structure. 
Several salt bridges, for instance between Arg104 and Glu214* 
or Arg107 and Glu127* (* indicating the second monomer), are 
involved in mediating this contact (Figure 3A,B).
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It has been speculated that dimerization may also contribute to 
the formation and stability of the active site but no evidence has 
been obtained until now.[8] In the crystal structures reported here, 
a loop region connecting β4 and α4 points into the active site of 
the adjacent monomer. Ser89*, which is part of this loop, is in 
contact  with  Glu83  of  the  catalytic  triad  and  interacts  with  a 
conserved water molecule bound to the backbone carbonyl of 
Ser342,  also involved in catalysis (Figure 3C).  This sequence 
motif also exists in the human and in the plant homologue, but 
not  in  the  Gram-positive  bacterial  HMGCS,  suggesting  that 
dimerization  assists  the  active  site  of  MvaS,  but  is  not  a 
prerequisite for catalysis. In order to probe this hypothesis, we 
conducted mutational  studies and replaced Ser89 by  alanine. 
The  resulting  variant  was  almost  completely  insoluble  during 
expression and purification. Although this is not clear evidence, it 
represents  a  further  hint  towards  the  proposed  assistance  of 
Ser89 to active site formation and stability.

Figure  3. Monomer-monomer  interaction  and  possible  contribution  of  the 
dimer interface to the formation and stability of the active site. Dimer-specific 
interactions are shown for the AcAc-CoA complex. A: 10 sheet β-layer colored  
in cyan mediating the stability of the dimer. B: Salt bridges in the interface of 
both  monomers.  C:  Ser89*  (*  indicating  the  second  monomer)  might  be 
involved in formation and stability of the active site.

Structural comparison with HMGCS from different phyla  

In 2010, Shafqat and coworkers completed the list of HMGCS 
from all phyla with structures of the human isoforms.[9] Here, we 
conduct a similar comparison of MvaS from the Gram-negative 
Myxococcus  xanthus (mxHMGCS)  with  human  HMGCS 
(hHMGCS, PDB code 2P8U),[9] a plant HMGCS from  Brassica 
juncea (pHMGCS,  PDB code  2FA0)[11] and  HMGCS from the 
Gram-positive  Staphylococcus  aureus (saHMGCS,  PDB code 
1TVZ).[10] Although  all  four  structures  are  very  similar  at  the 
sequence (Figure S5 in Supporting Information) and structural 
level  (rms  deviations  1.076  Å  for  hHMGCS,  1.066  Å  for 
pHMGCS and 0.960 Å for saHMGCS), they possess differences 
in two distinct  regions  (Figure  4 and Figure S4 in Supporting 
Information).  The  helical  subdomain,  exclusively  found  in  the 
eukaryotic but not in the bacterial HMGCS, has been proposed 
to play a  role in mediating protein-protein interactions and in 
eukaryote-specific modulation of access to the active site, since 
residues present in this insertion are involved in CoA binding. [11] 

The  M. xanthus protein, however,  also contains such a helical 
subdomain  inserted  between  helices  α8  and  α10,  but  it  is 

smaller than in the human and plant homologs and also is not 
involved in CoA binding in our structures.
The  second  deviating  structural  element  is  the  loop  region 
located between α6 and β10 in MvaS. This part of the structure 
is  also present  in the eukaryotic  but  not  in the Gram-positive 
bacterial form. A possible function of this loop region, however, 
has not been described so far.
In  summary,  M.  xanthus MvaS  shows  features  of  typical 
eukaryotic HMGCS and striking differences to the Gram-positive 
bacterial form.

Figure 4. Structural comparison of MvaS with HMGCS from different phyla. 

Comparison of MvaS (magenta) with human HMGCS (hHMGCS, PDB code 

2P8U, light  brown),[9] plant  HMGCS from  Brassica juncea (pHMGCS,  PDB 

code  2FA0,  light  blue)[11] and  Gram-positive  bacterial  HMGCS  from 

Staphylococcus aureus (saHMGCS, PDB code 1TVZ, light green). [10] The two 

regions showing the biggest difference are labeled.

Conclusions

We have determined high-resolution crystal structures of MvaS 
in complex with the first product coenzyme A and an acetylated 
cysteine, the second substrate acetoacetyl coenzyme A and the 
product  3-hydroxy-3-methylglutaryl  coenzyme  A.  With  these 
structures,  we  were  able  to  assign  residues  involved  in  CoA 
binding  and  catalysis  and  to  show  the  common  HMGCS 
enzymatic reaction mechanism characterized by an acetylation 
step, a Claisen condensation and final hydrolysis of the enzyme-
HMG-CoA intermediate. Furthermore, we found evidence for the 
contribution of dimerization to the stability and formation of the 
active site, which has not been shown before. At the structural 
level,  MvaS  shows  striking  differences  to  the  Gram-positive 
bacterial  HMGCS  and  displays  features  exclusively  found  in 
eukaryotes.
In  summary,  these  results  provide  further  insights  into  the 
recently discovered alternative isovaleryl CoA biosynthesis in M. 
xanthus and extends the knowledge of HMGCS synthases from 
different phyla.

Experimental Section
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Cloning: The gene coding for  mvaS was PCR-amplified from genomic 
Myxococcus xanthus DK1622-DNA using primer mvaS_for (5’-GGC GTA 
CAT ATG AAG CGC GTG GGA ATC) and mvaS_rev (5’-ATG TCA CTC 
GAG TCA GTT CCC TTC GGC GTA) and subsequently cleaved with the 
restriction  enzymes  NdeI and  XhoI.  The  cleaved  DNA-fragment  was 
inserted into NdeI/XhoI linearized pET19m expression vectors (modified 
pET19b,  Novagen)  leading  to  a  TEV-protease  cleavable  His-tagged 
(pET19m-MvaS)  fusion  construct.  The  correct  insertion  of  mvaS was 
analyzed by sequencing.

Expression  and  Purification: Expression  plasmids  were  freshly 
transformed  into  chemically  competent  E.  coli BL21  (DE3)  cells  and 
subsequently  used  for  pre-culture  inoculation  in  lysogenic  broth  (LB) 
supplemented with ampicillin (100 mg L-1). Large-scale protein production 
was  carried  out  in  terrific  broth  (TB)  including  the  corresponding 
antibiotic. The cells were incubated at 310 K and 120 rpm until the optical  
density at 600 nm reached 0.6-0.8. At this point, the temperature was 
reduced to 293 K and heterologous gene expression was induced with 
IPTG (500 µM) for 20 h. Cells were harvested by centrifugation at 5000 g 
for 10 min and flash frozen in liquid nitrogen until needed. The cells were 
resuspended  in  buffer  A  (Tris-HCl  (50  mM,  pH  8),  NaCl  (300  mM), 
imidazole  (20  mM))  and  lysed  using  a  homogenizer  (EmulsiFlex-C3, 
AVESTIN). To remove insoluble parts, the suspension was centrifuged 
for 45 min at 30000 g and 277 K. The supernatant was applied onto a 
HisTrap  chelating  column  (GE  Healthcare  Life  Science)  loaded  with 
nickel  sulfate  (100 mM)  and equilibrated in buffer  A. The column was 
washed with buffer A until  absorption at 280 nm reached the baseline 
again and bound proteins were then eluted with a three-step gradient, 
starting  from  10%  to  20%  and  60%  buffer  B  (buffer  A  containing 
imidazole (500 mM)). To remove the affinity tag, TEV-protease cleavage 
was carried out in a 1:40 protease to protein molar ratio overnight at 277 
K during dialysis against buffer C (HEPES (50 mM, pH 8.0), NaCl (100 
mM)).  A  second nickel-loaded HisTrap  chelating  column was  used  to 
separate the protease and the affinity tag from cleaved MvaS by using 
buffer  C and  buffer  D (buffer  C with  imidazole  (500  mM)).  The  flow-
through was collected, concentrated and applied to a S200 26/60 size 
exclusion column (GE Healthcare Life Science) equilibrated with buffer 
C. Fractions containing pure protein were collected, concentrated to 20 
mg ml-1 and flash frozen until needed for further experiments.

Crystallization,  data  collection  and  refinement: Initial  crystal 
screening  was  carried  out  with  an  automated  crystallization  robot 
(Zinsser Analytic) by using the sitting drop vapour diffusion method and 
mixing protein (0.2 µL) and reservoir (0.2 µL) solution. All crystallization 
attempts were performed at 20 °C. Well diffracting crystals could only be 
obtained by co-crystallization of MvaS with different CoA derivatives. To 
obtain the complexes of MvaS with acetyl CoA, acetoacetyl CoA or 3-
hydroxy-3-methylglutaryl CoA, MvaS (5 mg ml-1) has been incubated with 
CoA-derivate (5 mM), respectively. The crystals used for diffraction data 
collection were grown in conditions comprising (NH4)2SO4 (2.2  M), Na2-
tartrate (0.2 M) for the acetyl CoA complex, Li2SO4 (1 M), Na3-citrate (0.1 
M,  pH  6.5),  (NH4)2SO4 (0.5  M)  for  the  acetoacetyl  CoA  complex  and 
(NH4)2SO4 (2.2 M), MES (0.1 M, pH 6) for the 3-hydroxy-3-methylglutaryl 
CoA complex. Reservoir supplemented with glycerol (20 %) was used as 
cryo protectant. Diffraction data were collected at 100 K using a Rigaku 
MicroMax-007HF Microfocus copper anode and  a Saturn-944+ Digital 
CCD (Rigaku) detector, on beamline BL14.1 operated by the Helmholtz-
Zentrum  Berlin  (HZB)  at  the  BESSY  II  electron  storage  ring  (Berlin-
Adlershof,  Germany)  and  on  beamline  P11,  PetraIII  (Hamburg, 
Germany),[16] both equipped with Pilatus 6M hybrid photon-counting pixel 
detectors. The diffraction data were indexed and integrated with XDS 17 
and scaled with AIMLESS from the CCP4 package. [18] The structure of 
the MvaS-HMG-CoA complex was solved by molecular replacement with 
Phaser[19] using  the  structure  of  an  HMG-CoA  synthase  from 
Staphylococcus  aureus (PDB  entry  1TVZ,  34%  identity)[10] as  search 
model.  The  finalized  HMG-CoA  complex  was  used  in  rigid  body 
refinement  in  PHENIX[20] to  phase  the  structure  of  the  other  two 
complexes. All structures were refined using alternating steps of manual 
adjustment in Coot[21] and maximum likelihood refinement in PHENIX [20]. 

Anisotropic refinement (except waters) was used for the high resolution 
structures,  since  these  led  to  significantly  better  R-values.  A  final 
structure validation with Molprobity[22] was performed at the end of the 
refinement.  An overview of all  data-collection and refinement statistics 
and corresponding PDB codes are provided in table 2.

Determination of  the oligomerization state in solution: Blue-native 
page[23] was used to determine the oligomeric state of MvaS in solution, 
since analytical size exclusion chromatography was not conclusive. For 
this,  protein  (7.5 µg)  were mixed with  loading buffer  (NuPAGE® LDS 
Sample  Buffer  4x,  ThermoFisher)  and  resolved  on  a  4-16% 
polyacrylamide  gradient  gel  (NativePAGETM  Novex®  Bis-Tris  Gel, 
ThermoFisher) for 2h at 200 V and 4 °C. A protein standard consisting of 
thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), lactate 
dehydrogenase  (140  kDa)  and  albumin  (66  kDa)  was  used  as  a 
reference to determine the size of MvaS.
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