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The crystal structures of four inhibitor complexes of dialkylglycine decar-
boxylase are reported. The enzyme does not undergo a domain closure,
as does aspartate aminotransferase, upon inhibitor binding. Two active-
site conformations have been observed in previous structures that differ
in alkali metal ion content, and two active-site conformations have been
shown to coexist in solution when a single type of metal ion is present.
There is no indication of coexisting conformers in the structures reported
here or in the previously reported structures, and the observed confor-
mation is that expected based on the presence of potassium in the
enzyme. Thus, although two active-site conformations coexist in solution,
a single conformation, corresponding to the more active enzyme, predo-
minates in the crystal. The structure of 1-aminocyclopropane-1-carboxy-
late bound in the active site shows the aldimine double bond to the
pyridoxal phosphate cofactor to be fully out of the plane of the coenzyme
ring, whereas the Ca-CO2

ÿ bond lies close to it. This provides an expla-
nation for the observed lack of decarboxylation reactivity with this amino
acid. The carboxylate groups of both 1-aminocyclopropane-1-carboxylate
and 5'-phosphopyridoxyl-2-methylalanine interact with Ser215 and
Arg406 as previously proposed. This demonstrates structurally that
alternative binding modes, which constitute substrate inhibition, occur in
the decarboxylation half-reaction. The structures of D and L-cycloserine
bound to the active-site show that the L-isomer is deprotonated at Ca,
presumably by Lys272, while the D-isomer is not. This difference explains
the �3000-fold greater potency of the L versus the D-isomer as a competi-
tive inhibitor of dialkylglycine decarboxylase.
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Introduction

Dialkylglycine decarboxylase (DGD) is an unu-
sual PLP-dependent enzyme that catalyzes a decar-
boxylation-dependendent transamination reaction
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between dialkylglycines, e.g. 2-aminoisobutyrate
(2-methylalanine) and pyruvate. Aminoisobutyrate
is oxidatively decarboxylated to yield CO2 and
acetone with the amino group being transferred to
the coenzyme. The resulting pyridoxamine-50-phos-
phate form of the enzyme then undergoes a classi-
cal transamination reaction with pyruvate to give
L-alanine and the regenerated PLP-enzyme form.

The structures of four forms of the enzyme dif-
fering in alkali metal ion content have been solved
(Hohenester et al., 1994). These structures show
that the enzyme undergoes a two-state metal ion
size-dependent switch in conformation with the
Li� and Na� forms having one structure and the
K� and Rb� forms having another. In solution, Li�

and Na� inhibit the enzyme, while K� and Rb�

activate it. Zhou et al. (1998) demonstrated that
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Scheme 1.

Figure 1. Chemical structures of the inhibitors
employed in this study.
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two active-site conformations of the enzyme,
differing in activity, coexist in solution. The confor-
mational equilibrium between these two forms
depends on the identity of the alkali metal ion pre-
sent, suggesting that the two forms in solution cor-
respond to those observed in the crystal structures.
The conformational equilibrium in solution is
shifted towards the less active, tighter binding
form when substrates or inhibitors are present.

Aminotransferases have been divided into four
distinct evolutionary subgroups by Christen's
group (Mehta et al., 1993). DGD belongs to the
aminotransferase subgroup II, even though it cata-
lyzes a decarboxylation reaction. Recently, the
structures of two other subgroup II aminotrans-
ferases, glutamate-1-semialdehyde aminomutase
(Hennig et al., 1997) and ornithine aminotransfer-
ase (Shen et al., 1998), have been reported, includ-
ing inhibitor-bound forms for the latter (Shah et al.,
1997; Storici et al., 1999). The binding of inhibi-
tors to these enzymes does not cause large-scale
conformational changes, in contrast to what is
observed with the well-studied PLP-dependent
enzyme aspartate aminotransferase, which belongs
to aminotransferase subgroup I.

Here, we report the structures of four different
inhibitors bound to the potassium-liganded form
of DGD. These structures were determined in
order to establish the speci®c active-site inter-
actions that substrates make with the enzyme, pro-
viding a foundation for mutagenesis experiments
aimed at delineating the reaction mechanism.
These structures also allow the above-mentioned
questions concerning conformational changes to be
addressed.

Results and Discussion

Lack of domain closure and conformational
changes in the liganded enzyme

Figure 1 shows the chemical structures of the
four inhibitors used in this study. The crystal
absorption spectra of the four inhibitor complexes
(data not shown) all show changes from the spec-
trum of the parent, Mes-liganded structure. These
data clearly demonstrate that the inhibitors are
bound to the active site and that the binding site is
fully occupied.
The well-studied PLP-dependent enzyme aspar-
tate aminotransferase undergoes a large confor-
mational change when substrates or inhibitors
bind in the active site (McPhalen et al., 1992). This
change can be approximately described as a 13 �

rotation of the small domain towards the large
one, sequestering the substrate or inhibitor from
bulk solvent. A similar effect might occur with the
related enzyme DGD.

The overlay of the Ca traces for the four struc-
tures reported here as well as that of the pre-
viously reported DGD-K� structure are shown in
Figure 2(a). They are extremely similar, with no
noteworthy difference. A comparison of these
structures to that of the unliganded enzyme
(V.N.M. & J.N. J., unpublished results) also shows



Figure 2. (a) Backbone overlay for the four inhibitor-liganded structures presented here (gray, PPL-MeAla; green,
ACC; blue, L-cSer; yellow, D-cSer) along with that of the Mes-liganded structure (magenta) previously reported
(Toney et al., 1993). (b) Overlay of the active-site region of the four inhibitor bound structures presented here. Note
the absence of signi®cant structural difference in the overall structure or in the active-site region.
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no signi®cant conformational changes. Figure 2(b)
presents an overlay of the active-site structures of
the four inhibitor complexes. As in the Ca traces,
the active site shows no signi®cant difference,
except in the structures of the inhibitors. Thus,
unlike aspartate aminotransferase, DGD does not
undergo domain closure on binding substrates or
inhibitors.

Shah et al. (1997) and Storici et al. (1999) found
that ornithine aminotransferase, another member
of aminotransferase subgroup II (Mehta &
Christen, 1994), and whose fold is virtually identi-
cal with that of DGD, does not undergo a domain
closure when a substrate analogue or inhibitor is
bound. No domain closure was detected in another
member of the aminotransferase subgroup II, glu-
tamate-1-semialdehyde aminotransferase (Hennig
et al., 1997). Rather, this latter enzyme has a mobile
loop formed by residues 153-181 that closes over
the active site when substrate binds. Given this
series of observations, it is reasonable to suggest
that the lack of a domain closure upon substrate
binding is a general feature of the enzymes that
constitute aminotransferase subgroup II.

Zhou et al. (1998) found that DGD coexists as
two active-site conformations in solution when a
single type of alkali metal ion is present, and that
the equilibrium between these isomers shifts
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towards the less active form in the presence of sub-
strates or inhibitors. This less active form presum-
ably has the active-site structure of the Na�-
liganded form observed in the crystal structure,
while the more active form presumably has the
active-site structure of the K�-liganded form, since
Na� inhibits and K� activates the enzyme. The
crystallization and stabilization buffers used here
were the same as those that previously produced
DGD-K�. The re®ned structures are also entirely
consistent with this form of the enzyme, with no
indication of a mixed population of conformers.
Thus, even though substrate or inhibitor binding in
solution causes a shift of at least the active-site
structure towards that of the DGD-Na� confor-
mation, it does not do so in the crystal. This is
remarkable, given that DGD-K� and DGD-Na� are
readily interconvertible in the crystal (Hohenester
et al., 1994).

Coenzyme tilt angle

The internal aldimine formed between Lys272
and the coenzyme C4' is, by extrapolation from
studies on other aminotransferases (Toney &
Kirsch, 1993), necessary for rapid formation of the
external aldimine by providing a transimination
pathway. The geometric constraints of the internal
Schiff base linkage determine the tilt angle of the
coenzyme in the unliganded (or Mes-liganded)
enzyme. External aldimine formation, the ®rst obli-
gatory chemical step in the DGD reaction, necess-
arily causes a coenzyme reorientation so that steric
clashes between Lys272 and the substrate Schiff
base are avoided. The coenzyme reorientations
observed for all four structures presented here are
very similar, as seen in the overlay of the active-
site structures presented in Figure 2(b). The coen-
zyme in the ACC structure tilts �13 � forward with
respect to the coenzyme in the internal aldimine
Figure 3. Overlay of the active-site region of the previous
ACC structure presented here (colored by atom type). Note
by formation of the Schiff base between the inhibitor and coe
structure (Figure 3). This is smaller than the 18 �-
25 � rotation seen in ornithine aminotransferase
(Shah et al., 1997; Storici et al.,1999). The structures
of the four inhibitors employed here (Figure 1) are
quite disparate, as are their speci®c modes of inter-
action with the active site. This suggests that there
is a speci®c structural reason for the very similar
coenzyme tilt angles in the four structures
presented.

One explanation for the uniformity in coenzyme
tilt angle is that strong restraints are placed on the
indole group of Trp138, which forms the front of
the substrate binding pocket. It makes steric inter-
actions with SD of Met141 and OG of Ser151 that
restrict the benzene moiety of the indole group.
The indole nitrogen atom makes an intimate
hydrogen bond with a water molecule (Wat513)
that bridges Trp138 and the phosphate oxygen
atom. This water molecule makes two additional
hydrogen bonding interactions with the main-
chain carbonyl group of Tyr301 and a second
water molecule, saturating its potential and rigidly
®xing it. Further forward tilting of the coenzyme
would likely require breaking this strong (�2.8 AÊ )
hydrogen bond made to Wat513 by the indole
nitrogen atom as well as rearrangement of the
Met141 and Ser151 side-chains. Wat513 is observed
in all three of the higher-resolution structures
reported here.

ACC and PPL-MeAla structures

Figure 4 presents an overlay of the ACC and
PPL-MeAla active-site structures. Hydrogen bond-
ing interactions of 3.0 AÊ or less are shown as bro-
ken lines for the ACC structure. Arg406 makes a
hydrogen bonding/ionic interaction with the ACC
carboxylate group at a distance of 3.0 AÊ , largely
neutralizing its charge. Ser215 makes a strong
ly solved internal aldimine structure (magenta) and the
the �13 � change in the coenzyme tilt angle necessitated
nzyme.



Figure 4. Overlay of the active-site regions for the ACC (green) and PPL-MeAla (colored by atom type) structures.
Note the non-planarity of the ACC aldimine with the coenzyme ring. This may be the cause of the lack of decarboxy-
lation reactivity of this amino acid.
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(�2.6 AÊ ) hydrogen bond to the carboxylate group
in both structures.

An unusual feature of the ACC structure is the
non-planarity of the Schiff base with the coenzyme
ring (Figure 3). The coplanar conformation of the
protonated Schiff base is expected to be the most
stable, since it allows conjugation with the aro-
matic ring and hydrogen bonding between it and
O3' of the pyridine ring. It is observed in the struc-
ture of a-methylaspartate bound to aspartate ami-
notransferase (McPhalen et al., 1992). Although the
structural reason for this Schiff base conformation
is not evident, it does explain the lack of decarbox-
ylation reactivity of ACC observed by Sun et al.
(1998).

In order for decarboxylation to occur, the sub-
strate carboxylate group must be placed in an
orientation such that the Ca-CO2

ÿ bond is approxi-
mately orthogonal to the plane of the coenzyme
ring (i.e. such that the C40-N-Ca-CO2

ÿ dihedral
angle is �90 �, with the Schiff base coplanar with
the ring). This orientation allows the reaction to
take advantage of stereoelectronic effects, which
were proposed by Dunathan (1966) to play a major
role in control of reaction speci®city in pyridoxal
phosphate-dependent enzymes.

Toney et al. (1995) proposed that the DGD
active-site has three binding subsites, termed the
A, B, and C subsites. The B subsite is that where
the carboxylate groups of ACC and PPL-MeAla are
observed in the present structures. When the
Ca-CO2

ÿ bond is orthogonal to the coenzyme ring
plane, the carboxylate group would receive hydro-
gen bonds from Gln52 and Lys272, and possibly
from Arg406. These interactions constitute the A
subsite. The C subsite corresponds roughly to the
position of the methyl group in the PPL-MeAla
structure, near Trp138. Sun et al. (1998) validated
this binding subsite model by kinetic methods.
They also demonstrated the presence of alternative
substrate binding modes in the decarboxylation
half-reaction, with the substrate carboxylate group
binding preferentially in the B over the A subsite.
The ACC and PPL-MeAla structures shown in
Figure 4 strongly support the conclusion reached
from kinetic experiments, that a substantial fraction
of substrate in the decarboxylation reaction is
bound non-productively with the carboxylate
group in the B subsite. On the other hand, this
binding mode is the productive one for the trans-
amination half-reaction catalyzed by DGD, since it
would place the Ca-H bond of L-alanine in the A
subsite. The fact that there is no indication of a car-
boxylate group in the A subsite for either structure
suggests further that the non-productive binding
mode is dominant.

Cycloserine structures

The active-site structures of D and L-cycloserine
(Figure 1) are shown in Figure 5. The D-isomer is
tetrahedral at Ca, while the L-isomer is planar. The
L-isomer of cycloserine presents the labile C-H
bond of the oxazole ring to Lys272. This residue
has been proposed (Toney et al., 1995) to be the
general base catalyst for the transamination half-
reaction, based on analogy to other aminotrans-
ferases. The observation that L-cycloserine is planar
in the present structure (Figure 5) demonstrates
that the a-proton has been removed and suggests
that a resonance-stabilized structure (most prob-
ably ketimine, as suggested by the crystal UV-VIS
spectra; V.N.M. & J.N.J, unpublished results;
Malashkevich et al., 1993) is present in the active
site. Bailey et al. (1970) showed that L-cycloserine
forms an external aldimine but does not form
covalent bonds with active-site side-chains. They
found that both isomers are competitive inhibitors.



Figure 5. Overlay of the active-site regions for the D (yellow) and L-cycloserine (colored by atom type) structures.
The L-isomer is planar at Ca while the D-isomer is tetrahedral, indicating that the L-isomer has been deprotonated. No
covalent interaction between the inhibitor and enzyme is observed.
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The present structures are in agreement with their
results.

The difference in geometry at Ca has conse-
quences for the hydrogen bonding interactions that
the oxazole ring makes. The exocyclic oxygen
atoms of both isomers make hydrogen bonding
interactions with Arg406. The endocyclic nitrogen
atom of the D-isomer accepts a hydrogen bond
from Gln52, but the planar geometry of the L-iso-
mer precludes this interaction. The ring of the L-
isomer is positioned more forward, due to the pla-
narity at Ca caused by deprotonation, allowing a
water molecule to enter between the inhibitor and
Lys272. This water molecule makes a bridging
hydrogen bonding interaction with the Lys272
amino group and the exocyclic oxygen atom of the
inhibitor.

Conclusions

The four structures of inhibitors bound to DGD
presented here, combined with previous results,
provide evidence that DGD, and likely all mem-
bers of the aminotransferase subgroup II, do not
undergo large-scale conformational changes upon
inhibitor binding, in contrast to the well-studied
aspartate aminotransferase of subgroup I. The
active site of DGD shows a remarkable rigidity, in
that the coenzyme tilt angle and position are well
conserved for inhibitors possessing widely differ-
ing structures. The reversibility of inhibition
observed previously for both D and L-cycloserine is
con®rmed here by the absence of covalent inter-
actions between the inhibitors and the enzyme.
The L-isomer has been deprotonated, as evidenced
by the planar con®guration at Ca, providing strong
support for the proposition that Lys272 is the gen-
eral base catalyst in the DGD transamination half-
reaction and explaining the greater potency, as an
inhibitor for DGD, of this isomer.
Experimental Procedures

Materials

DGD was puri®ed as described previously (Sun et al.,
1998). Potassium phosphate, sodium pyruvate, PEG4000,
Mes, and PLP were from Fluka. PPL-MeAla was syn-
thesized by borohydride reduction of the Schiff base
formed between aminoisobutyrate and PLP (Severin
et al., 1969). D-cycloserine was from Fluka. 1-Aminocyclo-
propane-1-carboxylate and L-cycloserine were from Cal-
biochem.

Crystallization and X-ray diffraction data collection

Crystals of DGD were grown by the hanging drop
vapor diffusion method using a modi®cation of the pro-
tocol described by Toney et al. (1993). Drops of 4 ml con-
taining 31.5 mg/ml protein, 5 mM potassium phosphate
(pH 7.5), 15 mM PLP, were mixed with 2 ml of reservoir
solution containing 150-200 mM sodium pyruvate
(pH 7.7), 15 % PEG4000, 30 mM Mes-KOH (pH 6.4), and
equilibrated against 1 ml of this reservoir solution.
Macroseeding was used to obtain large crystals shaped
in the form of hexagonal prisms. The crystals grew to a
maximum size of 0.4 mm � 0.4 mm � 0.5 mm in two to
three weeks. Inhibitors were diffused into these crystals
by soaking in a stabilizing solution containing 30 %
PEG4000, 30 mM Mes-KOH (pH 6.4), and the appropri-
ate inhibitor. The inhibitor concentrations were as
follows: 50 mM ACC, 20 mM PPL-MeAla (pH 5.5, in
order to effect coenzyme release), 50 mM L-cSer or
50 mM D-cSer.

Diffraction data for the DGD-PPL-MeAla complex
were collected at room temperature on a MarResearch
(Hamburg, Germany) imaging plate using CuKa radi-
ation. High-resolution data for the other four complexes
were collected at 100 K using the synchrotron beamline
BW6 of the Max-Planck Geselschaft at DESY, Hamburg.
Crystals were harvested from the stabilizing solution
described above containing, in addition, 26 % glycerol,
and ¯ash-frozen. Re¯ection intensities were integrated
with DENZO, merged together using SCALEPACK
(Otwinowski & Minor, 1996), and reduced to structure



Table 1. Data collection and re®nement statistics

PPL-MeAla ACC L-cSer D-cSer

Resolution (AÊ ) 10.0-2.80 10.0-2.00 10.0-1.95 10.0-2.05
Rsym

a 0.058 0.049 0.062 0.075
No. of reflections 14,654 42,301 42,043 36,835
Redundancy 4.1 3.9 3.9 4.0
Completeness (%) 96.0 96.6 95.6 97.5
Rcryst

b 0.185 0.215 0.193 0.186
No. of protein atoms 3246 3246 3246 3247
No. of solvent atoms 35 151 148 151
No. of heteroatoms 25 25 24 24
Mean B-factor (AÊ 2)

Entire molecule 41.8 33.3 35.3 34.7
Main-chain 38.8 29.4 31.3 30.9
Side-chains 41.8 37.8 39.8 39.0
Solvent 60.6 39.4 41.6 42.3

Rmsd from ideality
Bond distances (AÊ ) 0.012 0.011 0.012 0.011
Bond angles (deg.) 1.62 1.54 1.69 1.60
Planar groups (AÊ ) 0.010 0.011 0.010 0.011

a Rsym � ��jjIj(hkl) ÿ hI(hkl)ij/��jjhI(hkl)ij, where Ij is the intensity measurement for re¯ection j and hIi is the mean intensity over j
re¯ections.

b Rcryst � �jjFobs(hkl)j ÿ jFcalc(hkl)jj/�jFobs(hkl)j, where Fobs and Fcalc are observed and calculated structure factors, respectively. No
s-cutoff was applied.
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factors using TRUNCATE from the CCP4 (1994) pro-
gram suite. Data collection statistics are presented in
Table 1.

Structure solution and refinement

The structures of the DGD complexes were solved by
molecular replacement using the program AMoRe
(Navaza, 1994) and the DGD-K� structure (Toney et al.,
1993), from which the Mes ligand had been removed, as
the search model. Model building and electron density
interpretation employed the program O (Jones et al.,
1991). The structures were re®ned (Table 1) using the
programs XPLOR (Brunger, 1992) and TNT (Tronrud
et al., 1987).

Protein Data Bank accession number

The atomic coordinates have been deposited with the
Protein Data Bank, Brookhaven, with accession codes
1D7V, 1D7R, 1D7U and 1D7S for the PPL-MeAla, ACC,
L-cSer and D-cSer complexes, respectively.
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