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HMG-CoA lyase (HMGCL) is crucial to ketogenesis, and
inherited human mutations are potentially lethal. Detailed
understanding of the HMGCL reaction mechanism and the
molecular basis for correlating human mutations with enzyme
deficiency have been limited by the lack of structural informa-
tion for enzyme liganded to an acyl-CoA substrate or inhibitor.
Crystal structures of ternary complexes ofWTHMGCLwith the
competitive inhibitor 3-hydroxyglutaryl-CoAandof the catalyt-
ically deficient HMGCL R41M mutant with substrate HMG-
CoA have been determined to 2.4 and 2.2 Å, respectively. Com-
parison of these �/�-barrel structures with those of unliganded
HMGCL and R41M reveals substantial differences for Mg2�

coordination and positioning of the flexible loop containing the
conserved HMGCL “signature” sequence. In the R41M-Mg2�-
substrate ternary complex, loop residue Cys266 (implicated in
active-site function by mechanistic and mutagenesis observa-
tions) is more closely juxtaposed to the catalytic site than in the
case of unliganded enzyme or the WT enzyme-Mg2�-3-hy-
droxyglutaryl-CoA inhibitor complex. In both ternary com-
plexes, the S-stereoisomer of substrate or inhibitor is specifi-
cally bound, in accord with the observed Mg2� liganding of
bothC3hydroxyl andC5 carboxyl oxygens. In addition toHis233

and His235 imidazoles, other Mg2� ligands are the Asp42 car-
boxyl oxygen and an ordered water molecule. This water, posi-
tioned between Asp42 and the C3 hydroxyl of bound substrate/
inhibitor, may function as a proton shuttle. The observed
interaction of Arg41 with the acyl-CoA C1 carbonyl oxygen
explains the effects of Arg41 mutation on reaction product eno-
lization and explains why human Arg41 mutations cause drastic
enzyme deficiency.

HMG-CoA lyase (HMGCL4; EC 4.1.3.4) catalyzes a cation-
dependent cleavage of substrate into acetyl-CoA and acetoace-
tate (Scheme 1) (1). This reaction is a key step in ketogenesis,
the products of which support anaplerotic metabolism in bac-
teria (2) and energy production in nonhepatic animal tissues
(3). Ketogenesis is particularly important to humanmetabolism
during the prenatal period and during fasting or starvation. In
accordance with these physiological roles, it is not surprising
that gene knock-out in mice results in embryonic lethality (4).
The physiological importance of the enzyme in humans is
underscored by the observation that mutations that diminish
HMGCL activity correlate with inherited metabolic disease
that can be lethal if uncontrolled (5).
A variety of human mutations, including many point muta-

tions in protein-coding exons of the gene, have been docu-
mented (6). A computational modeling approach was used to
explain themolecular basis for somemutations linked to inher-
ited disease (7). This led to the prediction that HMGCL adopts
a �/�-barrel fold and a proposal that the acyl-S-pantetheine
moiety of the bound substrate passes through the barrel lumen.
Initial structural work on human HMGCL liganded to cation
and hydroxyglutarate (8) demonstrated that the folding pre-
diction was reasonable but that the substrate binding proposal
was unlikely to be correct. The positions of bound cation
and hydroxyglutarate (from hydrolyzed hydroxyglutaryl-CoA)
indicated the catalytic site to be positioned at the C-terminal
end of the barrel, but the absence of a full acyl-CoAmolecule in
the experimentally determined structure limited detailed
insight into the substrate-binding site.
To more fully address questions regarding the conformation

of bound substrate, activator cation liganding, details concern-
ing reaction chemistry and specificity, as well as the molecular
basis for certain inherited HMGCL deficiencies, new structural
information on enzyme bound to an intact acyl-CoA molecule
is required. To remedy this need, complexes of theWT enzyme
with the competitive inhibitor 3-hydroxyglutaryl-CoA and also
of catalytically deficient R41M enzyme with the authentic sub-
strate HMG-CoA have been supplemented with the activator
cation Mg2�, and crystallization of the desired ternary com-
plexes has been accomplished. Diffraction quality crystals have
been produced, supporting three-dimensional structural deter-
minations for ternary complexes of enzyme, cation, and either
the acyl-CoA substrate or inhibitory analog. These findings are
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now described and interpreted to address the questions out-
lined above.

EXPERIMENTAL PROCEDURES

Expression and Isolation of HMGCL Proteins—The WT and
R41Mmutant HMGCL proteins were expressed using plasmid
pTrc-HL-1 and purified using the protocol developed for the
WT enzyme (9). Cloning, expression, and purification of the
R41Mmutantwere carried out as described previously (10). For
investigation of the functional consequences of Lys48 muta-
tions, N-terminally His6-tagged proteins were produced by
ligation of the NcoI/BamHI coding fragment (derived from
pTrc-HL-1) intocomparably restrictedpET30b.TheQuikChange
mutagenesis protocol (Stratagene) was used to introduce muta-
tions encoding K48N and K48Q. After DNA sequencing con-
firmed the desired mutations and the absence of artifacts in the
coding sequence, the plasmids were used for protein expression.
Active enzymewas expressed, and the efficient isolation of homo-
geneous N-terminally His-tagged proteins was facilitated by
nickel-agarose chromatography. The WT enzyme (Vmax � 136
units/mg; Km for HMG-CoA � 26 �M) was comparable with the
pTrc-HL-1-expressed enzyme. The protein concentration was
determined by the method of Bradford (11). The enzyme activity
was determined by a citrate synthase-coupled assay (1), modified
as described previously (12).
Crystallization, Data Collection, and Structure Determi-

nation—WT crystals were obtained by the vapor diffusion
method in the presence of 1 mM inhibitor, 3-hydroxyglutaryl-
CoA (HG-CoA), as described previously (8). The R41Mmutant
crystals were obtained under similar conditions, except that the
substrate (HMG-CoA) was used in place of the inhibitor (HG-
CoA). Small needles formed immediately after the enzyme (6
mg/ml in 20 mM potassium phosphate buffer, pH 7.8) was
mixed 1:1 with equilibration buffer consisting of 0.1 M Hepes,
pH 7.5, 60 mM MgCl2, 5% glycerol, and 15–18% PEG 8000.
These needles required 3–4 weeks to grow into large enough
crystals for data collection.
Crystals of the WT lyase in complex with the inhibitor HG-

CoA were generated by soaking WT crystals in mother liquor
supplemented with additional 5 mM HG-CoA for 4 h. Genera-
tion of the complexed crystals of the R41M mutant lyase with
the substrate HMG-CoA followed the identical procedure, i.e.
the mutant crystals were soaked in mother liquor containing 5
mMHMG-CoA.All crystalswere soaked in cryoprotectant con-
sisting ofmother liquor with an additional 20% glycerol prior to
flash-freezing in liquid nitrogen. X-ray data for the WT lyase
crystal soakedwith the inhibitorHG-CoA (hereafter referred to
as WT/HG-CoA) and for the R41M mutant were collected at
�180 °C to resolutions of 2.4 and 2.2 Å, respectively, using an

in-house R-AXIS IV�� detector coupled to a RigakuMicromax
007 x-ray generator operating at 40 kV and 20 mA. For R41M
crystals soaked with the substrate HMG-CoA (hereafter
referred to as R41M/HMG-CoA), 2.25-Å resolution data were
collected using synchrotron radiation at BioCARS beamline
14-BM-C at the Advanced Photon Source, Argonne National
Laboratory. Data processing was carried out using the
HKL2000 program package. All crystals belong to the mono-
clinic space group C2, with six monomers in the asymmetric
unit and with Matthews coefficients of Vm � 2.2 Å3/Da, corre-
sponding to 42% solvent content.
The crystal structure of WT/HG-CoA was determined and

refined using the WT human lyase structure (Protein Data
Bank code 2CW6) (8) as the starting model. Bound HG-CoA
was located using the difference Fourier map calculated with
the �Fo� � �Fc� coefficient. The R41M mutant crystal structure
was determined by molecular replacement with MOLREP
within the CCP4 program suite (13) using the monomer struc-
ture ofWT lyase (Protein Data Bank code 2CW6) as the search
model. There is an �2-Å difference in the a axis between the
WT/HG-CoA lyase and R41M mutant enzyme crystals. The
structure of R41M/HMG-CoAwas also solved using the R41M
structure by the difference Fourier method. Refinements were
carried out using the programCNS (14) and togetherwithman-
ual model adjustments using the program TURBO-FRODO
(15) and COOT (16). Water molecules were added at electron
densities�3� in the �Fo� � �Fc�map after several cycles ofmodel
building and structure refinement. The final models gave the
following crystallographic R-factor/Rfree values: WT/HG-CoA,
0.211/0.284; R41M, 0.219/0.263; and R41M/HMG-CoA, 0.222/
0.274. The data collection and refinement statistics are given in
Table 1.

RESULTS

Overall Structure and the Ligand-binding Site—We have
determined structures of human HMGCL in three different
crystal forms: the WT enzyme crystallized in the presence of a
competitive inhibitor, HG-CoA (17), and soakedwithHG-CoA
(WT/HG-CoA); the R41Mmutant crystallized in the presence
of the substrate HMG-CoA but with no ligand bound (R41M);
and R41M soaked with HMG-CoA (R41M/HMG-CoA). In
each crystal form, there are six monomers (three dimers) in the
asymmetric unit, and not all of the six protomers contain bound
ligand. In fact, in theWT/HG-CoA crystal, only one monomer
contains HG-CoA, and another monomer contains 3-hydroxy-
glutaric acid (HGA; presumably the hydrolysis product of HG-
CoA). The R41M crystal has no Mg2� ion bound in any of the
sixmonomers. In the R41M/HMG-CoA crystal, only onemon-
omer contains bound HMG-CoA and Mg2�, one contains
Mg2� only, and the other four monomers contain no Mg2�

and no ligand. Thus, we have a total of 18 different monomer
structures, including the WT with Mg2� bound (WT-Mg2�),
R41M with apo structure (i.e. no Mg2� ion) (R41M), R41M
binary complex withMg2� ion (R41M-Mg2�), and three differ-
ent ternary complexes (the WT with HG-CoA and Mg2�,
i.e. WT-Mg2�-HG-CoA; the WT with HGA and Mg2�, i.e.
WT-Mg2�-HGA; and R41M with Mg2� and HMG-CoA, i.e.
R41M-Mg2�-HMG-CoA). Because the structures of R41Mand

SCHEME 1. HMG-CoA lyase reaction scheme.
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R41M-Mg2� are the same, R41M will be used for both struc-
tures. Also, as all ternary complexes include Mg2�, they will be
referred to as simply WT-HG-CoA, WT-HGA, and R41M-
HMG-CoA. With the exception of some residues (positions
265–271) in the glycine-rich loop that are disordered in some
monomer structures, the entire polypeptide starting from theN
terminus of the mature protein (Thr28) to Cys323 (sequence
alignment in Fig. 1) is observed in all 18 monomers in the three
crystal forms. The last two C-terminal residues, Lys324 and
Leu325, are not observed in any of the 18 structures. Because
there are no significant differences among the structures of apo
andbinary complexes of both theWTandR41MwithMg2� ion
(root mean square deviations between pairs of �0.6 Å for the
entire visible 296 C� atoms), they will be referred to asWT and
R41M. Furthermore, apart from the two regions Ser131–Gln148
and Gly264–Gly274, the latter of which is disordered in some
monomer structures, the overall polypeptide folds are the same
among all 18 monomers with root mean square differences
ranging from 0.41 to 0.72 Å for 274 C� atoms (Fig. 2A). The
structural and functional significance of the movements/disor-
deredness of these two regions will be discussed below. It is
interesting to note that not all 18 monomers contain bound
Mg2�, even though the crystallization media for all lyase crys-
tals contained 60 mM MgCl2. Although all of the WT enzyme
monomers contain Mg2�, only two of the 12 monomers in
R41Mmutant crystals contain the metal ion, including the one
that has bound HMG-CoA. Whether the mutant has a lower
affinity for Mg2� is not known. However, the Kd value of the
mutant for Mn2� (which binds more tightly than Mg2�) is
almost the same as that of theWT (2.1 versus 1.8�M) (10). Each

monomer of human lyase is composed of nine�-strands and 12
�-helices and forms a (��)8-triosephosphate isomerase (TIM)
barrel with an additional helical region, residues 290–325, as
reported previously (8). A structure of the physiological dimer
designated on the basis of the extensive intersubunit contact
area (8) is shown in Fig. 2B; one subunit is rotated by �90° with
respect to the other.
Structures of Ternary Complexes—Electron densities corre-

sponding to the bound ligands are displayed in Fig. 3. Overall,
the electron densities arewell definedwith the exception of that
for the adenine ring in the ternary structure of R41M with
HMG-CoA (Fig. 3E).
To trap the ternary complex of theWT, the competitive inhib-

itor HG-CoA was used for the WT lyase. Because our previous
co-crystallization attempts using HG-CoA resulted in the lyase
complexwithahydrolysisproduct (HGA)of the inhibitor (8), both
co-crystallization and soaking methods were employed. Pre-
formed WT lyase crystals that were obtained in the presence of
HG-CoA were soaked further with a solution containing
HG-CoA. However, of six monomers (three dimers) in the asym-
metric unit, only one monomer of the WT enzyme has a bound
inhibitor (Fig. 3, A and D), and the other monomer of the same
dimer has bound HGA (Fig. 3C), as observed previously with co-
crystallization with HG-CoA (8). The remaining four monomers
contain onlyMg2� ion, but no other ligand. In the structure of the
monomer that contains HGA andMg2�, one of the carboxylates
of thehydrolysis product (HGA) is coordinatingMg2�, in contrast
to the structure of the HGA complex obtained by co-crystalliza-
tion only. In the latter case, theHGAmolecule is�6Å away from
theMg2� ion (8). Thus, the HGA binding mode in the active-site

TABLE 1
Data collection and refinement statistics
PDB, Protein Data Bank; r.m.s.d., root mean square deviation.

Crystal
WT/HG-CoA

(PDB code 3MP3)
R41M

(PDB code 3MP4)
R41M/HMG-CoA
(PDB code 3MP5)

Diffraction data
Resolution range (Å) 30–2.40/2.44–2.40 30–2.2/2.28–2.2 20–2.25/2.33–2.25
No. total reflections 247,687 466,437 430,579
No. unique reflections 66,824/2315 86,402/5896 86,171/8582
Completeness (%) 92.3/64.6 94.4/64.4 100/99.9
Redundancy (%) 3.7/2.2 5.4/3.6 5.0/4.6
I/�(I) 8.8/2.0 28.9/2.6 15.9/2.1
Unit cell dimensions a � 197.4, b � 117.0,

c � 86.9 Å; � � 112.3°
a � 196.5, b � 116.6,
c � 87.0 Å; � � 112.8°

a � 198.0, b � 116.7,
c � 86.5 Å; � � 112.2°

Space group C2 C2 C2
Rsym 0.100/0.323 0.051/0.455 0.101/0.674
Vm (Å3/Da)/solvent content (%) 2.2/42.0 2.2/42.0 2.2/42.0
Monomers in asymmetric unit 6 6 6

Refinement
Rcrystal/Rfree 0.212/0.282 0.219/0.261 0.221/0.274
r.m.s.d. bond length (Å)/bond angle 0.007/1.25° 0.006/1.20° 0.007/1.24°
No. protein atoms 13,107 13,049 13,034
No. water molecules 437 382 344
No. bound ligand atoms 67a 58b
No. metal ions 6 2
Average B-factor
Main chain atoms (Å2) 31.0 45.4 36.4
Side chain atoms (Å2) 32.6 47.4 38.3
All protein atoms (Å2) 31.8 46.3 37.3
Water molecules (Å2) 27.5 40.6 31.3
Ligands (Å2) 66.5 73.3
Metal ions (Å2)c 21.9 38.7

a Includes 57 atoms for HG-CoA and 10 atoms for HGA.
b For HMG-CoA.
c Six Mg2� ions in the WT crystal and two ions in R41M/HMG-CoA.
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cavity is not unique and is quite different from that of the glutaryl
moiety of HG-CoA or HMG-CoA (see below). Therefore, model
building for the ternary complex structure of a CoA derivative
based on the structure of either of these two HGA complexes
would not result in a correct binding mode for the substrate or
inhibitor. These observations serve as a reminder that one must

proceed with caution whenmodeling
a ligand-bound structure on the basis
of a reference structure that ismissing
a significant portion of the ligand.
The inhibitor HG-CoA is bound

with the acyl moiety adjacent to the
Mg2� activator cation, which is
situated near the base of the C-ter-
minal cavity of the barrel (Fig. 2A
and 3A), as was predicted previ-
ously from the WT structure (8).
Although crystal growth required
the presence of HMG-CoA sub-
strate or HG-CoA analog, soaking
the crystals with these compounds
was required to improve occupancy
and detectable electron density.
Nonetheless, the orientation of
bound ligand satisfies base-line
functional expectations because, as
indicated below, the acyl group C3
and C5 oxygens are coordinated
with the activator cation.Moreover,
only the physiologically active S-
isomer of the substrate/analog is
bound despite the fact that chemi-
cally synthesized mixtures of iso-
mers of HMG-CoA substrate or
HG-CoA analog were used for co-
crystallization and soaking. The
bound ligand adopts an L-shaped
conformation; the acylpantetheine
moiety forms the long arm, and the
3�-AMP forms the short arm, with
the pyrophosphatemaking the right
angle turn, resulting in exposure of
the 3�-AMP to solvent at the surface
of the molecule. This conformation
corresponds to that observed in the
structures of other acyl-CoA-bind-
ing enzymes, including the acyl-
CoA dehydrogenase family (18)
and malate synthase (19, 20), and
contrasts with the compact bent
conformation observed for citrate
synthase (21) or the completely
extended linear shape observed for
methylmalonyl-CoA mutase (22).
Fig. 3 depicts the overlay of

monomers of the WT enzyme with
enzyme complexed to the competi-
tive inhibitor HG-CoA and mono-

mers of R41Mwith the R41M complex containing HMG-CoA,
respectively. Upon acyl-CoA liganding, there are minimal
structural changes in most of the protein backbone (root mean
square deviation of �0.5 Å) except for the residues in �-helix 5
(Ser131–Ile139) and the subsequent residues (Asn140–Ser142),
whichmove�3Å closer to the pantetheine portion ofCoA. Fig.

FIGURE 1. Sequence alignment of HMGCLs from Homo sapiens (human), Rattus norvegicus (rat), Bru-
cella melitensis, Pseudomonas aeruginosa, Bacillus subtilis, and Bacillus licheniformis. The dollar sign
indicates the start of the mature protein at Thr28. Identical residues in all six organisms are highlighted in
gray. Secondary structural elements of human HMGCL are shown as cylinders (12 �-helices) and arrows
(nine �-strands). Catalytic residues and residues that coordinate Mg2� ion are marked highlighted in
black. Residues interacting with the CoA ligand are indicated (#). The underlined helical CoA-binding
region displays some mobility upon ligand binding. The underlined glycine-rich loop delineates the sig-
nature sequence for the HMGCL family of enzymes. Residues after position 290 are largely helical, and this
part of the polypeptide is external to the TIM barrel.
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4 shows detailed interactions between the bound ligand and the
surrounding residues. In the structure of WT-HG-CoA (Fig.
4A), the oxygen atoms of the C5 carboxyl and C3 hydroxyl of
the hydroxyglutarylmoiety of the inhibitor are coordinating the
activatorMg2� ion. In addition, there are hydrogen bond inter-
actions from a C5 carboxyl oxygen to hydroxyl oxygens of
Ser169 (2.5 Å) and Thr205 (2.7 Å). The Asp42 carboxyl displays
an interaction with the C3 oxygen (3.5 Å). The guanidinium
nitrogens of Arg41 closely interact with the C3 (3.0 Å) and C1
(3.3 Å) oxygens, and the Gln45 amide nitrogen interacts with
the C1 oxygen (3.1 Å). Also, a well ordered water molecule is in
close proximity to both the C1 (3.3 Å) and C3 (3.8 Å) oxygens
and one of the Asp42 carboxyl oxygens (3.3 Å). In addition to
these multiple binding contacts for the acyl group, the CoA
moiety makes additional interactions with the polypeptide: the
amide nitrogen and the main chain carbonyl oxygen of Asn138
form hydrogen bonds with the oxygen of the amide that links
cysteamine and 4-phosphopantetheine moieties; the Trp81
indole nitrogenmakes a hydrogen bond with a pyrophosphoryl
oxygen; the indole ring also flips to shield the pantetheine por-
tion of the CoA moiety from solvent; Lys111 forms a hydrogen
bond with the ribityl 2�-hydroxyl oxygen; and Asn109 makes
hydrogen bonds with both the 4-phosphopantetheine-bridging
hydroxyl oxygen and N7 of the adenine ring. These latter inter-
actions explain the L-shaped bend observed for binding of the
CoA moiety. Furthermore, the interactions involving Asn138
are at least partially responsible for the bending and pulling of
the helix-loop-helix region containing Ser131–Gln148 (Fig. 2A).

Note that interactions between the polypeptide and the pyro-
phosphoryl adenosine moiety of CoA observed in the structure
of R41M-HMG-CoA are slightly different from those seen in
the WT-HG-CoA structure, presumably due to the disordered
adenine ring of HMG-CoA.
Structure of R41M in Complex with HMG-CoA—To deter-

mine the binding mode of the substrate HMG-CoA, the cata-
lytically deficient R41M mutant was employed. The overall
binding mode is essentially the same as that of HG-CoA to the
WT enzyme (Fig. 3B); however, there are a few subtle but sig-
nificant differences. Fig. 4B shows the detailed interactions
between the substrate and the surrounding residues. In addi-
tion to the water coordinating to the Mg2� ion (W1), a second
ordered water (W2 in Fig. 4B) is situated in close proximity (3.2
Å) to the substrate C3 oxygen and is stabilized by interaction
with theGlu72 carboxyl oxygen (2.5 Å). This water (W2) is posi-
tioned where the guanidinium group of Arg41 lies in the WT
structure. Thus, two ordered water molecules interact with the
substrate C3 oxygen; one (Mg2�-coordinated) is positioned by
Asp42 (2.8 Å), and the other is situated in the space vacated due
to the R41M mutation and stabilized by Glu72. A major differ-
ence in the HMG-CoA complex is the position of the glycine-
rich loop, which moves closer to the acyl group of bound sub-
strate by �6 Å. This brings Cys266, a residue implicated as
functionally important by kinetic, mutagenesis, and affinity
labeling studies, into the active site. The thiol group of Cys266 is
now situated 3.4 Å from the C1 carbonyl oxygen of HMG and
4.5 Å from the water molecule that coordinates Mg2� (Figs. 3B
and 4B).
Divalent Activator Mg2� Ion-binding Site—When the

hydrolysis product HGA is bound to the enzyme, i.e. when the
bound ligand lacks the CoA moiety, the ligand binds in two
different modes. When the HGA concentration is relatively
low, the Mg2� coordination involves His233, His235, Asp42,
Asn275, and two water molecules, and HGA is not within the
coordination sphere. Thus, the HGA ligand is away from the
bottom of the active-site pocket (8). On the other hand, when
the HGA concentration is higher (this study, due to both co-
crystallization and soaking with HG-CoA), the Mg2� ion coor-
dination is tetrahedral, involving His233, His235, Asp42, and one
carboxyl oxygen of HGA. Thus, HGA is positioned deeper into
the longnarrowcavity of the active site, but not deep enough for
both the carboxyl and hydroxyl oxygens of HGA to coordinate
to theMg2� ion. For the enzyme complex with either HG-CoA
or HMG-CoA (i.e. when the CoA moiety is present), the Mg2�

ion has nearly perfect octahedral coordination, involving
His233, His235, Asp42, C3, and C5 oxygens from the S-3-hy-
droxyglutaryl moiety (Fig. 4A) or S-3-hydroxy-3-methylglu-
taryl moiety (Fig. 4B) and a well ordered water molecule. The
S-isomer of HG and HMGmoieties is required for Mg2� coor-
dination of the C3 oxygen. This isomer is selectively bound in
these complexes, in agreement with the observation (1) of the
stereospecificity of this enzyme. All four amino acids involved
in activator cation coordination are invariant residues that have
been shown to make substantial contributions to HMGCL
function. Interestingly, two other members of the HMGCL
TIM barrel family of enzymes, 4-hydroxy-2-ketovalerate aldol-
ase (23) and isopropylmalate synthase (24), also utilize for cat-

FIGURE 2. Ribbon diagrams of the human HMGCL structure. A, an overlay
of four monomer structures is shown. Light gray, WT lyase; blue, WT lyase
complexed with the inhibitor HG-CoA; green, R41M; pink, R41M-HMG-CoA.
Mg2� is shown as a blue ball; the inhibitor HG-CoA is shown with atomic
coloring; and the substrate HMG-CoA is displayed in gray. Hydrogen bonds
with protein or bonds to Mg2� are indicated by dotted lines. Significant differ-
ences between the overlaid monomers are marked in red. The glycine-rich
loop containing Leu263–Asn275 shows significant movement when the R41M-
HMG-CoA complex is compared with the other three monomers. Ala129–
Cys141 also shows mobility when CoA ligands are bound in the L-shaped
conformation. B, the dimer structure of mutant R41M complexed with the
substrate HMG-CoA and Mg2�. The tan lower monomer shows bound HMG-
CoA with atomic coloring. The cyan upper monomer displays the apo-R41M
structure, and a modeled magenta HMG-CoA is shown only to indicate the
active site. The barrel of the cyan monomer is rotated by �90° relative to the
tan lower monomer. The magenta C terminus of the lower monomer is inter-
acting with the green Leu263–Asn275 loop of the cyan upper monomer. The
dark cyan C terminus of the upper monomer is no longer interacting with the
red Leu263–Asn275 loop of the bottom monomer due to the loop movement
upon ligand binding. Lys48 is located far from the active site and does not
interact with the bound CoA ligand.
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ion coordination two histidines and one aspartate; these resi-
dues are conserved in the HMGCL family.
Role of Lys48—Lys48 of HMGCL has been implicated in an

inherited K48N mutation (25). In addition, proteomics results
have shown that this residue is a site of post-translational acety-
lation (26). For these reasons, K48N andK48Qmutant proteins
(which model the proposed human mutation and mimic Lys48
acetylation, respectively) were engineered, isolated, and kinet-
ically characterized (Table 2). The purified mutant proteins
retain substantial activity, exhibiting Vmax values that are 65%
(K48N) and 74% (K48Q) of the estimate for the WT enzyme
(Vmax � 136.0 units/mg). The Km values for HMG-CoA of
K48N (20.9 �M) and K48Q (13.4 �M) do not suggest impaired
substrate saturation in comparisonwith theWTenzyme (Km �
26.5 �M). These experimental results for purified K48N and
K48Qmutant proteins do not indicate a critical role for Lys48 in
HMGCL function and are compatible with the position of
bound acyl-CoA observed in structures of the protein com-
plexes with the analog HG-CoA (Fig. 3A) or with the substrate
HMG-CoA (Figs. 2B and 3B). The distances from both the C�
and �-NH2 of Lys48 to the carbonyl oxygen of the thioester are
�15 Å, and their closest distances to the bound HMG-CoA are
also�14 Å to the amide nitrogen of the 4-phosphopantothenic
acid moiety (Fig. 2B). The C terminus of the lyase molecule lies
�25 Å from the adenine ring of the substrate, contrary to the
results obtained from the modeled structure of the enzyme-

ligand complex (25). Instead, the C
terminus is interacting with the gly-
cine-rich loop of the other mono-
mer (Fig. 2B).

DISCUSSION

Human HMGCL Ternary Com-
plex Structures: Similarities and
Contrasts—Because HMGCL is a
single substrate enzyme, to pre-
pare enzyme-Mg2�-acyl-CoA com-
plexes for crystallization, it was nec-
essary to employ the competitive
inhibitor HG-CoA to avoid turn-
over in the complex with the WT
enzyme. Conversely, for a complex
with the substrate HMG-CoA to
persist, the catalytically deficient
R41M mutant protein was used. As
discussed in more detail below, the
positioning observed for the flexible
loop (Leu263–Asn275) that harbors
the signature sequence for HMGCL
is substantially different in these
two acyl-CoA complexes. However,
regardless of which protein or acyl-
CoA molecule is used to detect
bound acyl-CoA in these two ter-
nary complexes, observed cation
liganding is similar, but it differs
from observations made for the
enzyme-Mg2�-3-hydroxyglutarate

ternary complex (8). In complexes with either an acyl-CoA sub-
strate or analog, oxygen atoms from both the C5 carboxyl and
C3 hydroxyl groups ligand to cation. In the absence of a CoA
ligand,Mg2� is coordinated to a secondwatermolecule and the
Asn275 amide nitrogen, both of which replace the ligand oxy-
gens. In all three cases, the four remaining cation ligands are
contributed by Asp42, His233, His235, and an ordered water
molecule.
The physiological significance of the observed acyl-CoA

binding in both ternary complexes is underscored by the fact
that, despite incubation of enzymes with chemically synthe-
sized RS-mixtures of HMG-CoA or 3-hydroxyglutaryl-CoA,
the only bound species observed in each complex represents
the S-isomer. Stegink and Coon (1) experimentally demon-
strated that HMGCL is specific for the S-isomer. Cation coor-
dination to substrate/analog contributes to specificity because
coordination to both the C3 hydroxyl and C5 carboxyl oxygens
of the acyl moiety could not occur for R-acyl-CoA isomers.
Contrasts are also apparent upon comparison of the acyl-

CoA-binding site experimentally determined for both of these
ternary complexes with the model predicted on the basis of
molecular docking (25). Those computational studies relied on
structural coordinates determined for the enzyme-cation-HGA
complex (8). Although the structural results indicated the
approximate location of the catalytic site, some ambiguity per-
sisted due to the presence of two carboxyl functionalities in

FIGURE 3. Active site of human HMGCL. A, overlay of monomer structures of WT lyase with (blue) and without
(gray) the bound inhibitor HG-CoA. Atom coloring is used for all ligands, and bond interactions are indicated by
dotted lines. B, monomer overlay of mutant R41M in green and R41M with the substrate HMG-CoA in pink. Red
indicates the mobility of the Cys266-containing loop residues Leu263–Asn275. This loop moves closer into the
active site when the substrate is bound. C–E, electron density maps showing bound ligands: HGA (a hydrolysis
product of the inhibitor HG-CoA; C), the inhibitor HG-CoA (D), and the substrate HMG-CoA (E) fitted into
densities from �Fo� � �Fc� maps at the 2.5� level. The adenine ring of HMG-CoA (gray) is disordered.
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bound HGA. Based on the available information, the modeling
study imposed the constraint that the HMG-CoA acyl chain
dock to the protein surface where HG binding had been
observed. Without availability of other information on which

carboxyl group of bound HG is originally thioesterified to CoA
and without details implicating specific residues in CoA bind-
ing, the molecular docking model that resulted suggested that
CoA binds in an extended fashion, with the adenosine moiety
oriented toward the C-terminal �-helical region of the protein.
Interaction of the HMG-CoA 3�-phosphoryl with Asn311 and
Lys313 was proposed. Frameshift mutations in DNA encoding
the human enzyme result in C-terminal deletions. Observation
of diminished activity for such mutants was interpreted in the
context of this docking model of the protein. Additionally, a
missense mutation that produces K48N protein was proposed
to correlate with inherited metabolic disease. This residue was
modeled to suggest interaction of Lys48 with a pantetheine
oxygen of HMG-CoA. Disruption of substrate binding or con-
formation of bound substrate upon mutation of Lys48 was
therefore proposed (25) as the basis for the observation of
diminished mutant enzyme activity. Because the �-amino of
Lys48 is observed to be located �15 Å from the CoA pantethe-
ine oxygen (Fig. 2B), and the C terminus of the protein is�25Å
from the adenine moiety of the substrate, other explanations
(altered expression, folding, stability, etc.) offered to account
for the low activity reported for these inherited HMGCL
mutants need to be carefully considered. For example, trunca-
tion of theC-terminal sequence could disrupt dimerization and
activity. Native active enzyme from eukaryotes and prokaryotes
(9, 12, 27, 28) has been characterized as a dimer of identical
subunits.
Interpretation of Functional Observations in the Context of

Ternary Complex Structure—HMGCL functions in eukaryotes
and prokaryotes, catalyzing key reactions in ketone body bio-
synthesis and leucine catabolism. Reaction products support
metabolic energy production (acetoacetate) and anaplerotic
metabolism (acetyl-CoA). The initial identification of func-
tional residues at the active site of the enzyme (29) was accom-
plished by affinity labeling of the Pseudomonas mevalonii
enzyme using 2-butynoyl-CoA to covalently modify the pro-
tein. This reagent exhibits Ki values of 65 and 320 �M for the
bacterial and animal enzymes, respectively. The cysteine
(Cys237) that was identified in the modified P. mevalonii
enzyme maps as Cys266 in the human enzyme; this residue is
conserved in all HMGCL proteins. Subsequent mutagenesis of
this residue in recombinant forms of human (30) and bacterial
(31) enzymes resulted in decreases in catalytic activity of 4
orders ofmagnitude upon substitution of cysteine with alanine.
Knock-out of the gene in animals (4) causes prenatal lethal-

ity. Human disease results from a variety of inherited HMGCL
mutations. Consequently, our functional investigations have
focused not only on conserved residues identified by protein
modification approaches but also on those pointmutations that
map to invariant residues in HMGCL proteins. We have mod-
eled such mutations in a recombinant form of the human
enzyme and characterized the purifiedmutants in an attempt to
test enzymatic function of the mutated residues. A combina-
tion of chemical modification results and characterization of
proteins mutated at these sites indicated functional roles for
invariant residues His233 and His235, which were subsequently
identified in initial structural work (8, 32) as activator cation
ligands. Other human mutations implicated invariant residues

FIGURE 4. Interactions between the HMGCL polypeptide and bound acyl-
CoA ligands. A, schematic drawing of interactions between WT human lyase
and HG-CoA. Hydrogen and coordination bonds are indicated by dashed lines.
Thicker lines reflect the interaction of the HG-CoA analog with ordered water
(A) or the interactions of HMG-CoA and ordered water with Cys266 (B). The
curved line at Trp81 indicates a hydrophobic interaction between the indole
ring and bound inhibitor. B, interactions between HMGCL R41M and HMG-
CoA. The disordered adenine of HMG-CoA is depicted as thinner lines. Most
interactions are similar when WT-HG-CoA and R41M-HMG-CoA are com-
pared. Some minor differences in the binding region of the pyrophosphoryl
adenosine moiety of CoA are observed due to the disordered adenine ring in
R41M-HMG-CoA. However, the most significant changes are seen where argi-
nine is replaced with methionine.

TABLE 2
Characterization of HMG-CoA lyase Lys48 mutant proteins
Experiments were performed using homogeneous enzyme preparations. Kinetic
parameters are based on assays performed at 30 °C using the spectrophotometric
method described under “Experimental Procedures.” Data were fit by nonlinear
regression analysis.

Protein Vmax Km for HMG-CoA t1⁄2 a

units/mg �M min
WT 136.0 � 4.4 26.5 � 3.2 36.3 � 6.7
K48N 87.8 � 2.5 20.9 � 2.3 27.1 � 3.7
K48Q 100.3 � 2.7 13.4 � 1.4 22.2 � 2.1

a t1⁄2 measurements were performed at 37 °C. Samples of the purified proteins (in pH
7.8 incubation buffer containing 25mM sodium phosphate, 300mMNaCl, 300mM
imidazole, 5 mM mercaptoethanol, and 20% glycerol) were kept on ice until initi-
ation of the experiment by transfer to a 37 °C water bath. At 10-min intervals over
a period of 90 min, aliquots of the incubation samples were diluted 500-fold into
cuvettes containing the reagents for the standard citrate synthase-coupled spec-
trophotometric assay (1, 12) for determination of activity. Assays were performed
in triplicate. t1⁄2 values were calculated by fitting the incubation time-dependent
activity data to an exponential decay curve using nonlinear regression analysis
(GraphPad Prism 4).
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Asp42 andArg41. Characterization of purified proteins contain-
ing mutations of each of these side chains (10, 33) indicated
major decreases (4 and 5 orders of magnitude, respectively) in
catalytic activity. Moreover, using the acetyldithio-CoA (an
analog of the reaction product acetyl-CoA) tomeasure product
enolization, Arg41 mutation was shown to eliminate this partial
reaction (10). The ternary complex structure of theWTenzyme
with Mg2� and the inhibitor HG-CoA (Fig. 3A) is particularly
informative in demonstrating the proximity (3.3 Å) of theArg41
guanidiniummoiety to the thioester carbonyl oxygen of bound
acyl-CoA (Fig. 4A). A similar interaction of argininewith bound
acyl-CoA has been suggested in work on the related malate
synthase reaction (20). Interestingly, residues corresponding to
Arg41, Asp42, His233, and His235 of the human enzyme are con-
served in other members of a broader HMGCL family of pro-
teins such as isopropylmalate synthase, homocitrate synthase,
and hydroxyketovalerate aldolase. All of these enzymes utilize
acetyl-CoA as a substrate or product. In contrast, onlyHMGCL
proteins contain the affinity label-targeted cysteine in a flexible
loop (Leu263–Asn275) that harbors a highly conserved “signa-
ture” sequence for this protein. Upon substrate binding, this
loop moves over to the C-terminal end of the TIM barrel of
protein that contains the active site, including the invariant
residues identified above.
Another factor to be considered in correlating the tertiary

complex structural information with functional observations
involves reaction stereochemistry. Cleavage of substrate by
HMGCL occurs with incorporation of deuterium from solvent
D2O into the methyl group of acetyl-CoA and inversion of
stereochemistry at the substrate C3 (34). In this respect, the
stereochemistry of this reaction is in accordwith other enzyme-
catalyzed Claisen condensations or cleavages (35). This obser-
vation requires that deprotonation of the substrate C3 alcohol
and protonation of the carbanion produced upon C2–C3 bond
cleavage occur from the same side of the substrate; this is the
side involved in coordination of C3 and C5 oxygens to the acti-
vator cation (Fig. 3). An ordered water molecule, as well as two
amino acids (Asp42 and Cys266) with side chains shown to have
a large influence on reaction rate, would qualify for participa-
tion in these steps based on stereochemical considerations and
on the orientation of these candidates in the structures of
the HMG-CoA- and HG-CoA-containing ternary complexes
(Fig. 3).

Candidates for Functional Roles
in Substrate Cleavage—The reac-
tion is critically dependent on the
presence of a charge sink for the
electron density generated as a
result of substrate C2–C3 bond
cleavage. Clearly, the interaction of
the guanidinium group of Arg41
with the C1 carbonyl oxygen satis-
fies this requirement. There are sev-
eral candidates for participation as a
general acid or base in HMG-CoA
cleavage, so these assignments are
more complicated. Candidates in-
clude Asp42 and the ordered water

molecule situated in closest proximity to C2 and C3 of bound
acyl-CoA in the ternary complex structures (Figs. 3 and 4). In
these structures, the carboxyl of Asp42 (elimination of which
decreases activity by �104-fold) is in close proximity to the
bound ligand C3 hydroxyl oxygen (3.5 Å), but so is the ordered
water oxygen, which is positioned 3.3 Å (Fig. 4B) or 3.8 Å (Fig.
4A) away from this C3 oxygen in the ternary complex with
HMG-CoA or HG-CoA, respectively. This solvent oxygen is
closer to the ligand C2 (4.0 Å) than is the Asp42 carboxylate (5.6
Å). The requisite proton abstraction from the substrate and the
carbanion quenching by protonation of the cleavage product by
either candidate (aswell as byCys266)would be compatiblewith
observed reaction stereochemistry. The participation of
ordered water in shuttling a proton between the substrate and
an active-site residue side chain has precedent in related aldol-
ase reactions. More specifically, in 2-keto-3-deoxy-6-phospho-
gluconate aldolase (36), the shuttle involves an ordered water
and the carboxyl group of a glutamate implicated in catalysis.
Consideration of candidates for participation as active-site

acid/base residues (Fig. 5) should, however, also take into
account the measurement of pKa � 8.0 in the pH/rate profile
for theWT enzyme (30). No titratable group is detectable when
the comparable experiment is performed usingC266S, suggest-
ing that the sulfhydryl of Cys266 accounts for the observed pKa,
and therefore, its participation in reaction chemistry is impor-
tant. Moreover, a residue corresponding to this cysteine is
covalently modified by the affinity label 2-butynoyl-CoA, dem-
onstrating that, in solution, close juxtapositioning of Cys266 to
bound acyl-CoA can occur. Assignment of a role for Cys266
becomes complicated because of the considerable mobility of
the Cys266-containing flexible loop that is evident from our
structural results (Fig. 2). In the R41M-containing complex
with the substrate, Cys266 is in closer proximity to bound acyl-
CoA than in structures of WT enzyme complexes with
hydroxyglutarate orHG-CoA.Although loop positioning in the
R41M mutant structure may not reveal the closest possible
proximity ofCys266 to the substrate, it reflects themost relevant
experimental structural results available. In theR41Mstructure
(Fig. 4B), Cys266 is somewhat remote from the substrate C3
hydroxyl oxygen (5.8 Å) but closer to the C1 carbonyl oxygen
(3.4 Å) and the ordered solvent oxygen (4.5 Å).
Although both Asp42 and Cys266 are plausible participants in

a water-mediated proton shuttle, the simplest model (Fig. 5)

FIGURE 5. Proposed reaction mechanism for HMGCL. This schematic drawing shows functionally important
active-site side chains, Mg2�, an ordered water molecule, and the HMGCL substrate and products. The left side
of the diagram indicates the six Mg2� coordination ligands, as found in the R41M-Mg2�-HMG-CoA ternary
complex. In the absence of the HMG-CoA or HG-CoA ternary complex ligands, the substrate C5 carboxyl and C3
hydroxyl oxygen ligands are replaced with water and Asn275 oxygens (not shown) (8).
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that is in accord with both the mechanistic and functional data
as well as the ternary complex structural results involves par-
ticipation of the aforementioned ordered water molecule in a
proton shuttle with Cys266 functioning as the partner in the
relay. Interactionswith bothMg2� andAsp42 precisely position
this solvent molecule both in close proximity to substrate and
4.5 Å from the sulfur atom of Cys266 in the mobile loop. Thus,
water-mediated deprotonation of the substrate C3 hydroxyl
can be supported by the cysteine thiolate anion. Subsequently,
the Cys266 thiolate anion re-forms upon shuttling of a proton
from the neutral thiol to the hydroxyl anion that develops after
an ordered solvent proton is used to quench the carbanionic
form of the acetyl-CoA reaction product.
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