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Dialkylglycine Decarboxylase Structure: 
Bifunctional Active Site and Alkali Metal Sites 

Michael D. Toney,* Erhard Hohenester, Sandra W. Cowan,? 
Johan N. Jansonius$ 

The structure of the bifunctional, pyridoxal phosphate-dependent enzyme dialkylglycine 
decarboxylase was determined to 2.1-angstrom resolution. Model building suggests 
that a single cleavage site catalyzes both decarboxylation and transamination by max- 
imizing stereoelectronic advantages and providing electrostatic and general base ca- 
talysis. The enzyme contains two binding sites for alkali metal ions. One is located near 
the active site and accounts for the dependence of activity on potassium ions. The other 
is located at the carboxyl terminus of an a helix. These sites help show how proteins 
can specifically bind alkali metals and how these ions can exert functional effects. 

~yridoxal-5'-phosphate (PLP) is the most 
versatile of all the known coenzvmes. Its 
preponderance in amino acid metabolism 
arises from its abilitv to labilize all four 
bonds to the a carbon and, less commonly, 
those to the p and y carbons. The broad- 
ranging power of PLP is explained by the 
general mechanism proposed by Metzler et 
al. and Braunstein and Shemyakin ( I ) ,  
which invokes a central, carbanionic qui- 
nonoid intermediate. 

Dialkylglycine decarboxylase (DGD) 
from Pseudomonas cepacia is an unusual 
PLP-dependent enzyme that catalyzes both 
decarboxylation and transamination in its 
normal catalytic cycle (2). In the first half- 
reaction, dialkylglycines such as a-methyl- 
alanine are oxidatively decarboxylated to 
give C 0 2  and a ketone, with amino group 
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transfer to the coenzyme. The second half- 
reaction is a classical transamination with 
pyruvate as substrate. This intriguing ability 
to catalyze rapidly both decarboxylation 
and transamination provided the impetus 
for the present study. 

The DGD is a tetramer, built up as a 
dimer of dimers (Fig. 1 and Tables 1 and 2) 
(3). The fold of DGD is related to those of 
aspartate aminotransferase (AAT) (4), 
w-amino acid aminotransferase (5), and ty- 
rosine phenol-lyase (6) and likely represents 
a general template for a large family of 
PLP-dependent enzymes. Each DGD mono- 
mer is composed of two distinct domains and 
an NH2-terminal segment. The large do- 
main contains the PLP binding site and 
consists of a central, seven-stranded P sheet 
surrounded by eight a helices in a typical a@ 
fold. The small domain com~rises a four- 
stranded P sheet with three a helices packed 
against the face opposite the large domain. 
The NH2-terminal helix is spatially removed 
from the bulk of the subunit and forms a 
clamp to the neighboring subunit. A small, 
three-stranded P sheet completes the NH2- 
terminal segment. 
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Fig. 1. Ribbon repre- 
sentation (18) of the 
DGD dimer. The view is 
directly down the dimer 
twofold symmetry axis. 
One subunit is green 
(large domain) and 
blue (small domain plus 
NH,-terminal segment), 
whereas the other is 
red and gold. The PLP 
cofactors are yellow; 
K+ ions, purple; and 
Na+ ions, white. 

Table 1. Structure determination by the isomorphous replacement method (3). Buffer B was used 
for all but the native A data set, for which buffer A was used. Res., resolution; Refl., reflections; 
Compl., completeness; and rms, root mean square. 

Data set Res. Refl. Compl. AB sites$ Rcentrics 
( 1  (no.) (%I (%I Fdfl 

Native A 2.6 16,640 88 6.5 17.8 
Native B 2.1 32,665 93 7.8 
TICI, 3.1 5,634 50 7.7 14.9 1 ,2  44 1.78 
PPL-CYS-Hg 2.9 12,656 94 8.4 15.8 1 ,2  45 1.71 
EMTS 3.2 7,519 74 7.5 19.3 1 3  37 2.21 
K-~u(CN)~ 3.1 8.119 72 8.1 21.5 1 3  40 2.08 
TIC1 2.7 15,745 92 8.3 23.7 1-4 40 2.04 

R = I - ( 1 ) l  tAF = Z(F,, - F,,,DF,,; with respect to native 6. #The numbers 
correspond to the four heavy atom binding sites near CysZs8, Cys-, CysBO, and Cys-. ORwntric = Z(IFww 
2 F - F ( c c ) F  2 F .  IFJE = "phasing power" = ( n s  calculated F,)l(rms error). 

Table 2. Refinement (3). Restrained isotropic Bfactors and free individual Bfactors were refined for 
native A and native 6, respectively. The final models for native A and native B both contain a MES 
buffer molecule in the active site and two metal ions (native A: one K+ and one Na+; native 6: two 
Na+). The density in native B corresponding to residues 142 and 143, 346 and 347, and 369 to 377 
is weak. The main chain torsion angles of all nonglycine residues lie within the allowed regions of 
the Ramachandran plot. Bond lengths and angles and planar group measurements are root-mean- 
square (rms) deviations from the target values. 

Bond Bond Planar 
Model Res. COm~l.t Water sactort lengths angles groups (4 (atoms) (no.) (%I (A\ (deg.1 (A) 

Native A 8 to 2.6 3281 145 17.6 0.013 2.5 0.009 
Native B 8 to 2.1 3048 229 17.8 0.01 1 2.2 0.008 

'Out of a total of 3281 atoms. tho, = LIF,, - F,,DF,. 

The active site (Fig. 2) is located near 
the monomer-monomer interface and is 
composed of residues from both subunits in 
the dimer. The PLP is tightly bound to the 
protein through several specific interac- 
tions. most notablv the covalent Schiff base 
linkage to Lys272 ind the hydrogen bond- 
salt bridge between Asp243 and the pyridine 
nitrogen. The latter interaction ensures a 
strong electron sink capable of stabilizing 
the obligatory carbanionic intermediates. 

Dunathan (7) proposed a model for con- 
trol of the reaction s~ecificitv of PLP-de- 
pendent enzymes: Thl scissile' bond of the 
external aldimine intermediate must be ori- 
ented perpendicularly to the coenzyme 
P-bonding system to maximize u-P orbital 
overlap in the transition state and, thereby, 
the reaction rate. Models of the L-isovaline 
and L-alanine external aldimine intermedi- 
ates in DGD (8) suggest that this is true for 
both the decarboxylation and transamina- 
tion half-reactions, as this orientation ad- 
ditionally provides for the necessary elec- 
trostatic and general base catalysis. 

The L-isovaline carboxylate group, when 
oriented perpendicularly to the coenzyme ring 
plane, is in van der Waals contact with the 
Glu5' carboxylate group and may form hydro- 
gen bonds with Lys272 and Arg406. Thus, 
electrostatic destabilization by Glu5' of the 
negatively charged carboxylate likely plays a 
major role in the decarboxylation step. A 
similar mechanism has been vro~osed for 
pyruvatedependent histidine JecAoxylase 
(9). Decarboxylation rate enhancement by 
electrostatic destabilization has also been ob- 
served in relevant model reactions and cata- 
lytic antibodies (1 0). 

Transamination would occur with the 
C _ . H  bond of the L-alanine external aldi- 
U 

mine oriented perpendicularly to the coen- 
zyme ring plane. This half-reaction is likely 
general base catalyzed as is the transamina- 
tion catalyzed by AAT, where Lys258 is the 
sole general base catalyst (11). Lys272 in 
DGD is positioned analogously to Lys2" in 
AAT (4) and presumably performs a similar 
mechanistic role. 

Strong, spherical electron density at two 
positions in the partially refined models 
together with the presence of appropriately 
disposed oxygen ligands suggested the pres- 
ence of two metal ions (Fig. I) ,  one near 
the active site (site 1) and the other on the 
surface of the protein (site 2). Calcium was 
excluded as a metal ion candidate for both 

flg. 2. Stereo view of the DGD active site. 
Located in the center of the figure; PLP is 
covalently bound to Lys2', through an imine 
linkage. A MES ion is located at the substrate 
binding site (open bonds). Asterisks denote 
residues contributed by the other subunit in the 
dimer. Water molecules have been omitted for 
clarity. Dashed lines indicate hydrogen bonds. 
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sites by the low Ca2+ content of our two metal-ligand distances (14), the demon- ion is too distant from the reaction center (1 1 
samples, native A and B crystals (12). The strated dependence of DGD stability and A from the coenzyme aldirnine nitrogen) to 
native A model is assigned as K+ at site 1 activity on K+ (15), and the metal ion play a direct role in catalysis. The exchange of 
and Na+ at site 2, whereas the native B content of the buffers (3). Na+ for K+ results in a gross change in the 
model is assigned as ,Na+ at both sites. Metal binding site 1 (Figs. 3 and 4) ac- coordination geometry from octahedral to dis- 
These assignments are based on B factors counts for the dependence of DGD activity torted trigonal bipyrarnidal with a concomi- 
and difference electron density maps (1 3), on K+ ions (15). It appears that the bound tant reduction in the average metal-ligand 

distance from 2.73 +- 0.12 to 2.33 + 0.16 A. 

Fig. 3. Stereo pairs showing the refined (2F0,, - F,,,,), a,,, electron density maps at alkali metal 
binding site 1. (A) Native A structure (2.6 A resolution) with K+ bound. (B) Native B structure (2.1 
A resolution) with Na+ bound. The maps are contoured at the 1.51~ level. Metal ions and water 
molecules are shown as large and small black spheres, respectively. 

Fig. 4. Monovalent cation binding sites in DGD. (A) K +  (native A) and (B) Na+ (native B) bound at 
site 1, near the active site. The side chains of Serso and Tyr301 are in green to emphasize the 
conformational change accompanying the exchange of ions. (C) Na+ site (site 2) near the surface 
of the protein. Water molecules are depicted as red spheres. Superscript x denotes residue 
contributed by the second subunit in the dimer. 
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In addition to movements of the loops that 
make up the metal ion binding site, a con- 
certed rearrangement of the conformations of 
S e F  and T901, as well as small structural 
changes extending far beyond the immediate 
surroundings of the metal ion, are observed. 

The structural consequences of the re- 
placement of K+ by Na+ at site 1 provide a 
viable explanation for the strong inhibitory 
effects of Na+ and Li+ on DGD activity 
reported by Aaslestad et al. (15). The reori- 
entations of T+O1, which likely interacts 
directly with bound substrate, and Serso, a 
K+ ligand, in the active site disrupt the 
hydrogen bonding to the G I u ~ ~  carboxylate 
group, which is strongly implicated in the 
catalytic mechanism. 

Metal bindine site 2 (Fie. 4) is formed bv - . - ,  
oxygen ligands from a tight reverse turn at 
the COOH-terminus of the cw helix that 
precedes the first strand of the central p 
sheet. The Na+ ion fits snugly into the 
Pro-Pro-Gly-Leu turn created by residues 99 
to 102, reminiscent of alkali metal ion 
binding to natural ionophores and synthetic 
macrocyclic ligands (1 6). The coordination 
geometry is octahedral, with an average 
metal-ligand distance of 2.42 2 0.12 A in 
native B. None of the ligands are contrib- 
uted by a carboxylate group, unlike in all 
well-characterized Ca2+ sites, and charge 
compensation is presumably afforded by the 
helix macrodipole. 

The enzyme DGD shares its catalytic 
requirement for monovalent cations with a 
large number of enzymes (17), and it is 
possible that this initial insight is merely a 
prelude to the structural characterization of 
a large class of biologically important ion 
binding sites. 
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DNA Melting on Yeast RNA Polymerase II Promoters 

Charles Giardina and John T. Lis* 
Transcription-dependent DNA melting on the yeast GAL1 and GAL10 promoters was 
found to be more closely correlated with the TATA box than the transcription start site. 
On both these genes, melting begins about 20 base pairs downstream of the TATA box. 
Physical and genetic analyses suggest that RNA polymerase II associates with this 
region. Thus, the distance between promoter melting and the TATA box in yeast may 
be similar to that in higher eukaryotes, even though transcription initiates in a region 
about 10 to 90 base pairs farther downstream in yeast. 

I n  prokaryotes, the melting of the DNA 
helix at the commencement of transcrip- 
tion often requires only the RNA polymer- 
ase and promoter sequence elements (1). 
For eukaryotic RNA polymerase I1 genes, 
this melting reaction also depends on RNA 
polymerase I1 but in addition requires basal 
transcription factors and adenosine triphos- 
phate (ATP) hydrolysis (2). On TATA- 
containing promoters, the transcription 
factor TFIID first associates with the TATA 
box followed by the other basal factors and 
polymerase (3). After this assembly, the 
DNA can be melted in an ATP-dependent 
reaction, with residues approximately 12 
base pairs (bp) upstream through 3 bp down- 
stream of the transcriptional start site being 
unwound to form an open complex (4, 5). 

In higher eukaryotes, the locations of 
promoter melting and transcription initia- 

tion overlap at -30 bp from the TATA box 
(4-6). In yeast the distance between the 
location of the transcriptional startsite and 
the TATA box is highly variable, ranging 
from 30 to 120 bp (7). This is true even 
though the basal transcription factors and 
the polymerase are highly conserved be- 
tween yeast and higher eukaryotes (8-12). 
We wanted to determine, therefore, how 
promoter melting in yeast is positioned rel- 
ative to the start site and the TATA box. 
We used the DNA modifying reagent potas- 
sium permanganate (KMn04) which reacts 
preferentially with T residues in single- 
stranded DNA (13). Although open poly- 
merase complexes can be difficult to detect 
under steady-state conditions, KMn04 hy- 
perreactivity of these complexes can be de- 
tected on some promoters in Escherichia coli 
(14). We have also detected what appear to - . . 
be open polymerase complexes in Drosophila 

Section of Biochemistry, Molecular, and Cell Biology, cells in vivo, suggesting that these complex- 
Cornell University, Ithaca, NY 14853. es have a dwell time long enough to allow 
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