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ABSTRACT. The crystal structure of the thiamin diphosphate (ThDP)-dependent enzyme benzoylformate
decarboxylase (BFD), the third enzyme in the mandelate pathwageaidomonas putigaas been solved

by multiple isomorphous replacement at 1.6 A resolution and refined ®R-fator of 15.0% (freR =

18.6%). The structure of BFD has been compared to that of other ThDP-dependent enzymes, including
pyruvate decarboxylase. The overall architecture of BFD resembles that of the other family members,
and cofactor- and metal-binding residues are well conserved. Surprisingly, there is no conservation of
active-site residues not directly bound to the cofactor. The position of functional groups in the active site
may be conserved, however. Three classes of metal ions have been identified in the BFD crystal
structure: C&" bound to the cofactor in each subunit, Mgn a 2-fold axis of the tetramer, and Ta

at a crystal contact. The structure includes a non-proline cis-peptide bond and an unusually long and
regular polyproline type Il helix that mediates the main contact between tetramers in the crystal. The
high-quality electron-density map allowed the correction of errors totaling more than 10% of the amino
acid sequence, which had been predicted from the reported sequencarafltgene. Analysis of the

BFD structure suggests that requirements for activation of the cofactor, the nature of the reaction
intermediates, and architectural considerations relating to the protein fold have been dominant forces in
the evolution of ThDP-dependent enzymes.

Benzoylformate decarboxylase (BRIEC 4.1.1.7) from Scheme 1
Pseudomonas putiddTCC 12633) is a thiamin-diphosphate
(ThDP)-dependent enzyme that catalyzes the nonoxidative ©
conversion of benzoylformate to benzaldehyde and carbon HY 4 — >
dioxide (Scheme 1). The enzyme is a component of the
mandelate pathway, which allows some pseudomonads to Q o] H o)
utilize (R)-mandelic acid as a sole carbon source by convert- benzoylformate benzaldehyde
ing it to benzoic acid, which is then metabolized by the

+ CO,

p-ketoadipate pathway and the citric acid cycle. The
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Ve?[ﬂyr;i@?;'ftvy'"c‘ff ﬂﬁﬁgi’&AUStra“a' BFD is homologous to three ThDP-dependent enzymes

1 Abbreviations: APMA, aminophenylmercuric acetate; BFD, ben- (5, 6) that are involved in central metabolic pathways and
zoylformate decarboxylase; HEPBS(2-hydroxyethyl)piperaziné¥- whose crystal structures have recently been solved. The

(2-ethanesulfonic acid); MPD, 2-methyl-2,4-pentanediol; PDC, pyruvate _
decarboxylase; PEG 400, poly(ethylene glycol), average molecular massStTUCture of yeast pyruvate decarboxylase (PDC) was deter

400 kDa; ppll, polyproline type II; rms, root-mean-square; Thpp, Mined to 2.3 A resolution7, 8, that of pyruvate oxidase
thiamin diphosphate; Tris, tris(hydroxymethyl)aminomethane. was determined to 2.1 A resolutio®, (10, and the structure
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of transketolase was determined to 2.0 A resolutidh (2. This study describes the crystal structure of BFD deter-
The three enzymes share a common fdlg)( Each enzyme  mined at 1.6 A resolution. The physical description of the
is composed of three structurally similar domains, with each constellation of active-site residues of BFD is the first step
domain consisting of A-sheet surrounded ly-helices. The toward the elucidation of their specific roles in ThDP-
active site is at the interface of two of the domains. The dependent catalysis. The structure of BFD is compared here
third domain binds an activator in PD@8,(14), and a second  to that of three other enzymes that utilize ThDP: pyruvate
cofactor, FAD, in pyruvate oxidas®)( Although the three  oxidase, PDC, and transketolase. Significant differences in
domains are in a different order in the primary sequence of the active site, even between the two decarboxylases, have
transketolase, the chemical and structural details of cofactorimplications for enzyme evolution. While the mode of
binding are very similar in the three enzymes. In all three cofactor binding is quite similar, there are, perhaps surpris-
cases, ThDP is forced into a strained (V) conformation and ingly, no other conserved residues in the active site. Yet,
is chemically activated by adjacent functional groups on the although catalytic residues are not conserved in the primary

4. Protonation of intermediate

enzyme. sequence of the enzymes, there remains a positional con-
Catalysis by ThDP has been studied in great detail both servation of catalytic atoms in the active site relative to the
on and off enzymes (for recent reviews, see s 18). cofactor and the protein scaffold.

Studies of benzoylformate decarboxylase itself suggest the

involvement of at least two enzymic functional groups, one EXPERIMENTAL PROCEDURES

protonated and one unprotonated, in the course of the reaction o - )

(19). The accepted mechanism of catalysis by BFD is Crystglhz_atmn BFD_was pur_lfled and crystallized by
presented in Scheme 2. Abstraction of a proton from C2 of Vapor diffusion as described previousBA, except that 0.5%
ThDP, which initiates the enzyme-catalyzed reaction, is 2-methyl-2,4-pentanediol (MPD) was added to the well
accomplished by a base contributed by the ThDP itself, the Solution in all cases. Briefly, crystals were grown at room
4-amino group 20—23). The resulting ylide attacks the temperature by hanging-drop vapor dlffu5|on against a well
carbonyl carbon of benzoylformate to form the first tetra- Solution of 22% (v/v) poly(ethylene glycol) with an average
hedral complex. Decarboxylation results in a carbanion, Mmolecular mass of 400 kDa (PEG 400), 0.15 M GaGl5%
stabilized by the formation of an enamine resonance form, (V/v) MPD, and 0.1 M TrisCl (pH 8.5). Drops contained
which is protonated by an enzymic base. Dissociation of €qual volumes (L) of well solution and purified benzoyl-
the second tetrahedral complex gives ThDP and benzaldeformate decarboxylase [10 mg/mL in 0.1 mM MgQ0.2
hyde. The enzymic groups required by this mechanism have™M ThDP, and 25 mM NaHEPES (pH 7.0)]. Crystals are
not yet been identified in BFD, nor have the analogous Of Space group222, with unit cell lengths = 82.3 A,b =
groups been unequivocally identified in other ThDP-depend- 96.6 A, c = 138.3 A.

ent enzymes, although recently, progress has been made Data Collection and ProcessingCrystals were kept at a
through analysis of site-directed mutan2{33). temperature of 4C during X-ray experiments with a stream
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Table 1: Data Collection Statistics

crystal native HGI PTCL6 PTCL8 APMA

cell dimensiora (A) 82.3 82.4 82.1 82.2 82.3
cell dimensiorb (A) 96.6 96.4 96.9 97.0 97.0
cell dimensiorc (A) 138.3 138.5 138.1 138.2 138.4
high-resolution limit (&) 1.6 1.6 1.8 1.8 1.8
number of reflections/o(l) > 1

total 217 078 143 607 93158 114 799 183555

unique 59179 54102 38927 44 864 48 032
completeness (%) 81 74 77 87 93
completeness to 2.5 A (%) 98 95 87 93 98
Rinerge(%0)2 5.1 5.1 5.4 49 8.0
averagd/oto 2.5 A 17.1 13.8 8.6 15.2 9.7
Rsot0 2.5 A (%) 8.6 9.1 8.7 6.7
number of sites 3 3 5 3
FH/E(6.2—4.8 A) 2.3 1.3 1.6 1.9
FW/E«(2.8-2.5 A) 1.1 0.74 0.68 0.76

@ Rmerge = Y 2illi — OOVY D) wherel; is the scale factor-corrected intensity for a reflection &ffdis the mean intensity for that reflection

(calculated to high-resolution limity.Mean fractional isomorphous differend®s, = 5 (|Fprl — |Fp|)/S (IFp|), whereFpy andFp are the derivative
and native structure factors, respectivélf/E = [ Fr2/Y (Ferobs — Frricaid?] Y2

NaHEPES (pH 7.5) for 3 h, and the same buffer with the

Table 2: Heavy-Atom Positions s .
addition of 10 mM KPtCl, overnight. Data collected on

— " p -
derivativé y z_B(A9 ocoupancy ligand native and derivative crystals are described in Table 1.
HGI 8-%3 8-%28 8-22? igg 8-83;‘ gggg Unless otherwise noted, the PROTSYS package of programs
0.233 0092 0136 32 0.027  C248 was used .fgr further calculations in the structu_re §o|ut|on.
APMA 0234 0.095 0.137 245 0.047  C248 The positions of the mercury atoms in the derivative HGI
0.023 025 0.07 236 0.007 €300 were determined from inspection of an isomorphous differ-
0.257 0.095 0.209 643  0.006 e ence Patterson map and confirmed by the direct-methods
PTCL6 0.359 0.733 0.161 31.4 0.034  M365 " .
0397 0.72 0169 29 0.034  M365 program SHELX 85). The positions of the heavy atoms in
0.195 0.369 0.245 9.29  0.038  M453 the remaining three derivatives were determined by inspec-
PTCL8 0.369 0.275 0.997 63.8 0.046  H172 tion of difference Fourier maps using phases derived from
8@28 8-%‘2 8-222 152-2 8-8221 u;ggm'“us the refined mercury sites in HGI, and confirmed by difference
0398 072 0.169 359 0.046  M365 Patterson maps. The anomalous scattering contribution of
0.195 0.368 0.245 7.4 0.033  M453 the derivative HGI was used to determine the correct hand

of the data and was used in all subsequent calculations. The
positions of the heavy atom sites were refined (Table 2) with
the programs HEAVYREF (T. C. Terwilliger) and TENEY-
CK (L. F. Teneyck; both programs modified by G. Petsko),
of chilled air. Data were collected on an R-AXIS lIC image and protein phases were calculated to 2.5 A resolution, with
plate detector using 0.3 mm collimated monochromatized an overall mean figure of merit of 47%. After several rounds
Cu Ko radiation from a Rigaku RU-200 rotating anode of solvent flattening using the programs BCWANGEG),
generator (50 kVx 150 mA). Each data set was collected modified by G. Petsko, and SQUASHTY), the figure of
from a single crystal. The diffraction images were reduced merit improved to 89%. The electron density map calculated
to integrated indexed intensities with the R-AXIS processing from these phases was quite good.
software PROCESS (T. Higashi, Rigaku Corporation, 1990) A model of the protein was first built as a polyalanine
and MOSFLM (A. J. Wonocott, Imperial College, 1980). chain into interpretable regions of the electron density map
Data for which [/o(1)] = 1 were used for further analysis. using the graphics program G8). Side chains were also
Structure Determinatian The structure of benzoylformate  built in as they became identifiable from comparison of the
decarboxylase was solved by the method of multiple iso- map with the known protein sequence. After approximately
morphous replacement. Heavy atoms were introduced to the50 residues or side chains were built, positional least-squares
crystals either by soaking or cocrystallization, with the latter refinement of the model was carried out using the program
method being more effective. Four derivatives were ob- XPLOR (39). The phases were improved by combining the
tained. The derivative HGI was obtained by the standard solvent-flattened heavy atom phases with the calculated
crystallization method with the addition of 0.1 mM:KgI,4 phases from the partial model using the program COMBINE
to the well solution before setting up the drop. The derivative (W. Kabsch; modified by G. Petsko). After 11 rounds of
APMA was obtained by the standard crystallization method model building and phase improvement, the partial model
with the addition of 0.1 mM aminophenylmercuric acetate (approximately 437 residues) was refined by simulated
to the well solution before setting up the drop. The derivative annealing in XPLOR3J9) against the native data from 15 to
PTCL6 was obtained by soaking a native crystal overnight 1.6 A resolution. Inclusion of the higher resolution data

2 Compounds are described in the Experimental ProceduFeac-
tional atomic coordinates.Isotropic temperature factotArbitrary
scale.® No obvious ligand.

in a solution of 26% PEG 400, 0.5% MPD, 0.15 M CaCl
0.1 M NaHEPES (pH 7.5), and 20 mM,RtCl. The

derivative PTCL8 was obtained by soaking a native crystal sequence errors (see below), the placing of water molecules,
in 26% PEG 400, 0.5% MPD, 0.01 M Cathnd 0.1 M

improved the electron density maps calculated from the
model and allowed the correction of several important

and the detection of alternate conformations for several
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S0 Table 3: Refinement Statistics
resolution 5616 A
40+ - unique reflections withlfo(1)] = 1 59179
completeness 81%
5 final R-factor 15.0%
‘g 0k final free R-factor 18.6%
S rms deviation of bond lengths 0.009 A
5 rms deviation of bond angles 1.8
5 avg main-chairB-factor 16 R
g:_ 20 - avg side-chaimB-factor 19R
£ avg waterB-factor 30 &
2 avg ThDPB-factor 14 R
100 | avg metaB-factor 16 R
total number of non-hydrogen protein atoms 3949
total number of water molecules 346
total number of non-hydrogen ThDP atoms 26
T T T T T total number of Mg" ions 1
0 100 200 300 400 500 total number of Cgions 2

Residue number

FicurRe 1: Plot of mean temperature factor, as a function of residue and E. Peisach; http://www.sb.fsu.edu/software/rayscript.
number, for all nonhydrogen atoms. html), which takes input suitable for MOLSCRIP%2) and

. , . . converts it to input for the program RAYSHADE (L. Coffin
residues. Geometric analysis of the model was carried outynq p. Debry; http://www-graphics.stanford.estatk/ray-

with the programs PROCHECHKQ) and OOPS (part of the  shade/rayshade.html). Figures 3 and 12 were rendered in
O package). The entire structure was then checked with ay,o SCRIPT.

series of simulated-annealing omit map$l)( with 60
contiguous residues omitted in the calculation of each map. ReSULTS
Individual isotropicB-factors were refined with restraints.
Thirteen additional cycles of refinement and manual rebuild-  Description of the @erall Structure. BFD is composed
ing yielded the final model, which contains residuess24 of three domains, each built around a cenfiadheet. The
of the protein, the cofactor thiamin diphosphate, twd'Ca a— andy-domains are topologically equivalent, while the
ions, one Mg" ion, and 345 water molecules (Table 3). The S-domain has a slightly different fold. Residues that make
final R-factor is 15.0%, and the find®.. (calculated using  contact with the cofactor ThDP are located at the C-terminal
5% of the total reflections) is 18.6% for all data wittid- ends of strands in the- andy-domain sheets. A detailed
()] = 1 from 5to 1.6 A resolution. Root-mean-square (rms) schematic diagram of the structure of BFD is presented in
deviations from ideality for bond lengths is 0.009 A and for Figure 2, and a ribbon diagram of the monomer is shown in
bond angles is 18 No residues are in the disallowed Figure 3.
regions of a Ramachandran plot, and only two residues, Ser The architecture of BFD is shared by the other enzymes
71 and Pro 121, are in generously allowed regions. The of known structure that utilize the cofactor ThDP: pyruvate
average temperature factoB-factor) for each residue is  decarboxylase7), pyruvate oxidasel(), and transketolase
shown in Figure 1. Areas of higB-factor are found ex-  (12). The structure of BFD was superimposed on each of
clusively in external loops. the other three ThDP-containing structures. The final root-
Superposition of StructuresThe BFD structure was mean-square distances betweearcarbon pairs for the
aligned with structures of related enzymes using the LSQ superpositions are as follows: for BFD/pyruvate oxidase,
facility in the graphics program O. For each pairwise com- 1.8 A for 404a-carbon pairs; for BFD/PDC, 1.9 A for 352
parison, the initial superposition was based on the conserveda-carbon pairs; and for BFD/transketolase, 2.0 A for 248
metal-binding sequence GDG (residues 4230 in BFD). o-carbon pairs. The overall arrangement of elements of
First, the sum of the squares of the distances between corsecondary structure is almost identical in BFD and PDC.
respondingo-carbons in this region of two structures was  Quaternary Structure. The enzymes BFD, PDC, and
minimized. The structural alignment was subsequently im- pyruvate oxidase are tetramers, while transketolase is a dimer.
proved, again in O, by linking proximate secondary structural ThDP is bound at a dimer interface in BFD, as it is in the
elements of the two proteins. The least-squares minimizationother three enzymes; the binding site is formed by the
was repeated using the expanded list of correspondingq-domain of one monomer and thedomain of another.
a-carbon atoms. Thus, it is useful to consider the BFD tetramer as a dimer
DNA Sequencing and Mass Spectrometiysing ap- of dimers (Figure 4). The tetramer shows exact 222
propriate primers, thendIC structural gene was sequenced symmetry, as required by the fact that the asymmetric unit
in both directions by the Biomolecular Resource Center DNA contains one monomer and the tetramer is built up from
Sequencing Facility at the University of California, San crystallographic symmetry elements in the space git@ag.
Francisco. Mass spectrometric analysis of BFD was carried  The two dimers that make up the BFD tetramer are much
out by Dr. David King at the Howard Hughes Medical more intimately associated than those that make up the PDC
Institute, University of California, Berkeley, using a Hewlett-  tetramer 8, 43); in this sense, BFD is much more similar to
Packard HP5989A electrospray mass spectrometer. pyruvate oxidase| 10. The major difference in topology
Generation of Figures.Figures portraying protein models  between BFD and PDC is in the second half of fhgomain
were rendered using RAYSCRIPT (E. Fontano, D. Peisach, f-sheet, which is involved in tetramer contacts (Figure 5).
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polyproline type Il helix; crystal contact

Ficure 2: Schematic diagram of the BFD structure. Arrows indigattrands; rectangles indicate helices. Beginning and ending residues

for each element of secondary structure are indicated. Major contacts (between monomers in the dimer and tetramer and crystal contacts)
are indicated. Contacts with the cofactor ThDP are indicated in bold. Helices in white are in fronpeshieets; shaded helices are behind

the sheet.

Ficure 3: Ribbon diagram of the structure of a monomer of BFD. This stereo diagram (defocused representation) is in approximately the
same orientation as the schematic diagram in Figure 2, witlwtlemain on top, thg-domain at lower left, and thg-domain at lower
right.

The topology of thgg-domain is significantly different from  extraf-strand is supplied by the other dimer in the tetramer,
the a- andy-domains in PDC¥), while in BFD, the three  where it is part of the connection between the and
domains are more similar. In PDC, the last three strands in 5-domains (Figures 2 and 5). Thus, two contacts in the PDC
the -domain sheet are antiparallel. Contact between dimerstetramer (the twg3-domains of one dimer with the two
in a tetramer of PDC is mediated by rather tenuous contacts3-domains of the other) are replaced by four more intimate
between the last strand in tifedomain of each dimer. In  connections in the BFD tetramer (the tywalomains of each
contrast, in BFD, there are no antiparallel strands in the dimer with thea/s-connections of the other). The disposition
[-sheets of any of the three domains, and fhdomain of of dimers in the tetramer is very similar in BFD and pyruvate
BFD has one strand fewer than tiedomain of PDC. An oxidase, except that in pyruvate oxidase, fhstrand from
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Ficure 4: Ribbon diagram of the structure of a tetramer of BFD. Two active sites are at the interface between the red and purple monomers,
and two are at the interface between the yellow and green monomers. These interfaces are referred to in the text as “dimer interfaces”; other
contacts are referred to as “tetramer contacts.” The cofactor ThDP and its associated metal ion are shown as a ball-and-stick representation.
Domains are labeled in the red monomer.

the second dimer does not form the requisite hydrogen bondsmap and thendIC gene sequence, is shown in Figure 6.
to be part of theg-sheet of the5-domain in the first dimer.  Analysis of BFD by ion-spray mass spectrometry gives a
Correction of the Sequence of BFIDuring the course  molecular weight of 56 236 7 (data not shown), which is
of building and refining the model of BFD, it became quite consistent with the new sequence (predicted molecular weight

clear that there were discrepancies between the electron-of 56 224 without the N-terminal methionine) but not with
density map and the protein sequence predicted from thethe originally published sequence (predicted molecular
original DNA sequence of thendIC gene, which encodes weight of 53 484). The corrected BFD sequence is 25%
BFD. Analysis of the high-quality electron-density map identical to the sequence of pyruvate oxidase and 21%
allowed the prediction of several errors in the published identical to the sequence of PDC.

sequence of thendIC gene 6), including a frame shift that Active Site Binding of the cofactor is similar in BFD
changes the last 41 residues of the predicted sequence (ofFigure 7) and other ThDP-dependent enzymes. The ligands
499 residues) of BFD, and adds another 28 residues to itsto the essential metal ion (Figure 10A), the glutamate (Glu
C-terminus. An additional residue was also inserted in the 47 in BFD) that binds to N1of the ThDP, the main-chain
region 382-386 and the sequence modified. To confirm carbonyl (Gly 401 in BFD) that interacts with the N#mino
these changes, thedIC gene was resequenced. The new group, and the general hydrophobic character of the site are
protein sequence, consistent with both the electron densityconserved. ThDP is bound in the “V” conformatiot) in
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Ficure 5: The major difference between the secondary structures
of BFD and PDC contributes to the difference in the quaternary

structures of the tetramers formed by the two enzymes. PDC (blue)

contains an extra strand at the end of fhsheet in its3-domain.

Hasson et al.

because of the number of ligands and because of the
requirement of CH for crystal growth and stability (data
not shown). The second divalent cation is on a crystal-
lographic 2-fold axis, at the dimer interface (the same
interface that forms the active site), and has six backbone
carbonyl ligands in octahedral coordination. The identity
of this atom was uncertain, as the crystallization mix contains
two divalent cations, MY (approximately 0.1 mM on
achieving equilibrium between drop and well) and*Ca
(approximately 150 mM on achieving equilibrium).

An anomalous difference electron-density map was ana-
lyzed to assist in the identification of the three divalent
cations as Cd or Mg?*, exploiting the fact that Cd is a
much stronger anomalous scatterer thariMdrhe map was
calculated as a Fourier transform in XPLOR, using phases
derived from the protein model (shifted by 90and
amplitudes derived from the anomalous differences in native
data scaled to retain anomalous information. The largest
peak in the map, 5&(standard deviations above the mean
density of the map), corresponds to the cation bound to ThDP
(Figure 10A). The peak corresponding to the cation at the
crystal contact (Figure 10C) is m0 Thus, these two cations
are almost certainly Ca. The peak corresponding to the
cation at the dimer contact (Figure 10B) is considerably

The strand in BFD (orange) is replaced by a strand (between thelower, at 4.2, and thus may be at least partially occupied

o- and 3-domain) from a neighboring monomer in the tetramer
(yellow), resulting in a more intimate association between dimers
in the tetramer.

BFD, as in the other enzymes, with similar values for the
two torsion angles defining the relative orientation of the
thiazolium and pyrimidine rings:¢y = 95.4 and ¢,
—64.7.

Inspection of the structure of the active site of BFD
suggests the identity of residues that may be involved in
catalysis (Figure 8). A covalent bond forms between the
substrate @ atom and the C2 atom of ThDP during the
course of the reactiortp). A water molecule bound in the
active site, 3.2 A from the C2 atom of ThDP, may be near
the position of the @ atom of the substrate upon binding to
the enzyme. This water molecule forms hydrogen bonds
with the hydroxyl group of Ser 26 and the imidazole ring of
His 70. The ability of His 70 to act as a catalytic base is

by a Mg ion. For comparison, the sulfur atoms of the six
cysteinyl residues in the protein correspond to peaks of 4.2
4.50, the sulfur atoms of 11 of the 13 methionyl residues
correspond to peaks of 42.5 (the other two are more
mobile, with the sulfur atom in Met 79 having two distinct
conformations, and the sulfur atom of Met 222 having a
B-factor of 36 &), the sulfur atom of the ThDP corresponds
to a peak of 4.8, and the phosphorus atoms of the ThDP
correspond to peaks of 4.3 and 4.4Two water molecules
(709 and 793) were found to correspond tocApkaks in
the anomalous difference map; these sites may also be
partially occupied by CH ions.

Our identification of the major atom bound to each of the
three metal-binding sites as €aor Mg?" is supported by
analysis of their behavior during refinement. First, the
refined temperature factors of the metals are close to that of
their ligands. For the Ga bound to ThDPB = 15.6 A2

probably increased by the contact between the other side offor the metal and 14.8 1.3 A? for the ligand atoms. For

the imidazole ring and the carboxylate group of Glu 28. His
281 is 5.3 A from the water molecule bound to the cofactor
C2, and may also be involved in catalysis. Surprisingly, none
of the residues that are likely to be involved in catalysis (aside

the Mg?* at the dimer interfaceB = 10.6 A2 for the metal
and 11.4+ 0.8 A2 for the ligand atoms. For the €aat the
crystal contactB = 21.2 A for the metal and 25 10 A?
for the ligand atoms. As an additional confirmation, the

from residues directly bound to the cofactor) are conserved B-factor of each metal was set to the aver8gctor of its

between any pair of the three enzymes BFD, PDC, and
pyruvate oxidase (Figure 9, Table 4).
Binding Sites for Dialent Cations in BFD. As in other

ligand atoms and fixed, and the metal occupancies were
refined. An occupancy of 1 is expected if the atom has been
correctly identified. The final occupancy values were 1.0

ThDP-dependent enzymes, a divalent metal ion in the activefor the Mg?™ and C&" within the tetramer and 1.2 for the

site of BFD binds to the two phosphate groups of the
cofactor. The metal ion is bound in an octahedral coordina-

C&" at the crystal contact, indicating correct identification.
An Unusual cis-Peptide BondA cis-peptide bond that

tion by two phosphate oxygens of the ThDP, the side chainsdoes not involve a proline or a glycine is observed in the
of Asp 428 and GIn 455, the main-chain carbonyl of Thr BFD structure between Val 277 and Phe 278 (Figure 11).
457, and a water molecule (Figure 10A). This coordination Non-proline cis-peptide bonds are rare in proteins and are
is very well conserved in pyruvate oxidase, PDC, transke- almost exclusively found in the active sites of enzyns;(
tolase, and BFD. this general rule is also supported by more recent examples
Two additional divalent cations were identified in the BFD (47—61). This bias may represent the reality of what is
structure. The first is at a crystal contact, has seven ligandspresent in protein structure or, alternatively, the fact that
(Figure 10C), and was tentatively identified as & Cian investigators are likely to spend more time and care on
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1 MASVHGTTYE LLRRQGIDTV FGNPGSNELP FLKDFPEDFR YILALQEACV

51 VGIADGYAQA SRKPAFINLH SAAGTGNAMG ALSNAWNSHS PLIVTAGQQT
101 RAMIGVEALL TNVDAANLPR PLVKWSYEPA SAAEVPHAMS RATHMASMAP
151 QGPVYLSVPY DDWDKDADPQ SHHLFDRHVS SSVRLNDQDL DILVKALNSA
201 SNPAIVLGPD VDAANANADC VMLAERLKAP VWVAPSAPRC PFPTRHPCFR
251 GLMPAGIAAT SQLLEGHDVV LVIGAPVFRY HQYDPGQYLK PGTRLISVTC
301 DPLEAARAPM GDAIVADIGA MASALANLVE ESSRQLPTAA PEPAKVDQDA

old sequence GKC-AA

351 GRLHPETVFD TLNDMAPENA IYLNESTSTT AQMWQRLNMR NPGSYYFCAA
401 GGLGFALPAA IGVQLAEPER QVIAVIGDGS ANYSISALWT AAQYNIPTIF
old sequence R FAMVCRRSRS RKRSWAGCAR DRLPRTRQGL WCPSAESRQP*
451 VIMNNGTYGA LRWFAGVLEA ENVPGLDVPG IDFRALAKGY GVQALKADNL
501 EQLKGSLQEA LSAKGPVLIE VSTVSPVK

Ficure 6: Corrected amino acid sequence of BFD frémputida The original sequence predicted from nucleotide sequen@ngs (
shown in italics where it differs from the corrected sequence. The C-terminus of each sequence is indicated with an asterisk.

G401 L403
G459 G429
N\ 2% N\
T457 N 23 Ca 23 N
\O ‘ 2 .3 k . .',."'2 7
.....:3...%-.- o- o-
I I
3378Q0-2-=?;_-,0—P—0—P—o
----- 5.0 | I
270,59 027
PN o i2.9 O
A460 N\>
430
T377 543

Y433

FIGURE 7: Schematic diagram of cofactor binding in BFD (not to scale). All residues that are within 3.2 A of the ThDP, and selected
residues within 3.5 A, are shown. Distances of closest approach to the cofactor are given in angstroms. Atoms in the thiazolium and
pyrimidine rings of the ThDP are numbered. Hydrogen atoms and charges on protein side chains are not shown. Residues numbered less
than 100 belong to one monomer, and those numbered more than 100 belong to another.

building the parts of their model in which they are most non-active-site Ca ion is also bound at this interface
interested, such as the active site, and so are more likely to(Figure 10C).

find unexpected conformations there. In BFD, tbis-

peptide bond is not found in the active site. The significance DISCUSSION

of this unusual backbone conformation is unknown in this  Conservation of chemical strategies for catalysis by related
case. However, its presence allows both Val 277 and Phe278&nzymes is clearly a powerful evolutionary force. Conse-
to pack in the same hydrophobic core. guently, one would expect that enzymes that retainZ8%

A Long, Regular Polyproline Type Il HelixAn unusually sequence identity and catalyze similar overall reactions, albeit
long and regular example of a left-handed polyproline type on different substrates, would share a nearly identical array
Il (ppll) helix connects thes- and y-domains of BFD of catalytic residues in their active sites. The determination
(Figures 2, 3, and 12). The 13-residue helix lies flat against of the structure of benzoylformate decarboxylase presents a
the surface of the protein and is accessible to solvent. case where this expectation is not fulfiled. None of the
Interestingly, the major crystal contact between tetramers in residues in the active site, besides those bound directly to
the crystal is mediated by the ppll helix (Figure 13). Most the cofactor, are conserved between BFD and PDC, or
of the specific contacts in this region are, in turn, mediated between any pair of the four ThDP-dependent enzymes of
by bound water molecules. There is a single salt bridge, known structure (a group which includes pyruvate oxidase
between Lys 345 in the polyproline helix and Asp18. The and transketolase; Table 4).
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Ficure 8: The active site of BFD. The two monomers that form the active site are shown as ribbon diagrams, one in pink and one in
yellow. Atomic models are shown for the ThDP, for the active-site metal ion and for residues whose position in the active site imply
possible involvement in catalysis. Contacts ranging from 2.7 to 3.2 A are indicated by dashed yellow lines.

Ficure 9: Comparison of the active sites of BFD and PDC. PDC (Brookhaven Protein Data Bank entry 1pvd) is shown in blue, BFD in
pink. The two proteins were superimposed by least-squares minimization of the distances between 352, pamed.C

Two possible explanations for such a pattern of conserva-dominated by the chemistry of the cofactor and (ii) the
tion are (i) the mechanisms of this family of enzymes are mechanisms differ substantially because of differences in the
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Ficure 10: Metal-binding sites in BFD. Panel A shows the metal
ion (C&") bound in the active site. Panel B shows a metal ion
(Mg?") at the dimer interface. Protein atoms to the right of the

Biochemistry, Vol. 37, No. 28, 1998927

Table 4: Correspondence of Active-Site Residues in BFD, PDC,
and Pyruvate Oxidase (POX)

BFD PYD POX
Conserved Residues
metal binding N455 N471 N474
D428 D444 D447
ThDP binding Y458 Y474 Y477
phosphate binding G427 G433 G446
G429 G445 G448
interaction with N1 E47 E51 E59
Nonconserved Residues
S26 D28 G35
N27 F29 S36
E28 N30 137
H70 T73 S82
L109 H114 F121
L110 H115 Q122
Y433 L449 M452
L461 E477 1480

work. First, the prime importance of the cofactor in catalysis
is clear from the fact that the initial step of the reaction,
abstraction of the proton from the C2 carbon of ThDP, is
catalyzed by the Ndamino group of the cofactor itsel2().
Second, due to the electron-withdrawing nature of the phenyl
group of benzoylformate, the chemical characteristics of the
intermediates in the reactions catalyzed by BFD and PDC
differ markedly. The compound 2-(1-hydroxybenzyl)thi-
amin, very similar to the intermediate in the BFD-catalyzed
reaction, is subject to an apparent internal redox process in
neutral or acidic solutions that results in cleavage between
the thiazole and pyrimidine portions of thiam#?( 63. This

type of fragmentation is not observed in the analogous
compound for the PDC-catalyzed reaction, 2-(1-hydroxy-
ethyl)thiamin. The active-site environment in BFD may
prevent destructive fragmentation of the cofactor by lowering
the K of the conjugate acid of the pyrimidind®). This
may be accomplished partially through conserved interactions
(between N1and Glu 47 and between Nand the backbone

N of Leu 403; Figure 7) and partially through interactions
that are unique to BFD. Tyr 433 and Asn 23 of BFD are
both within 3.5 A of the pyrimidine ring (Figure 7), while
analogous interactions are not found in the PDC active site.
Thus, similarities in the overall reaction catalyzed by two
enzymes may hide crucial differences in the particular aspects
of the reaction chemistry that the enzymes must control
during catalysis.

Although none of the potential catalytic residues, besides
those involved in cofactor binding, are identical in BFD and
PDC, a more detailed comparison of the two active sites
reveals two aspects of the arrangement of catalytic residues
in the active site that may in fact be conserved (Figure 9),
as follows.

(i) Positional Conseration of Functional Groups Two
histidinyl residues are present in each active site: His 70

metal ion belong to one monomer, while protein atoms to the left and His 281 in BFD and His 114 and His 115 in PDC.
of the metal ion belong to a second monomer related by a Although the residues originate in very different places in

crystallographic 2-fold axis. Panel C shows a metal ion?(Lat
a crystal contact. Metalligand distances are indicated in angstroms.

Oxygen atoms are light gray, nitrogen atoms are dark gray

phosphorus atoms are white, and metal ions are reflective.

the primary sequence of the two proteins, the functional
groups on the imidazole rings are in nearly the same positions

" (as close 8.3 A apart) in the active sites relative to the protein
backbone and the cofactor.

chemical properties of the substrates, intermediates, or (ii) Positional Conseration of Critical Residues in the
transition states of the reactions catalyzed by this family of Protein Scaffold. Ser 26 of BFD and Asp 28 of PDC are
enzymes. In this case, both factors are almost certainly atboth in position to perform some role in catalysis. Although



9928 Biochemistry, Vol. 37, No. 28, 1998 Hasson et al.

Ficure 11: Stereo diagram (defocused) ofia-peptide bond that does not involve a proline. The electron density map was calculated with
the coefficients  — f. using the model of the normalnspeptide bond (black). A model constructed witbistpeptide bond, accommodated
by the electron-density map, is shown in gray.

Ficure 12: Stereo diagram (defocused) of an extended polyproline

type Il helix in BFD. A tracing of G atoms in residues 334346

of BFD is shown on the right. A model of all nonhydrogen atoms g re 13: The major contact site between tetramers in the BFD

in the same region is shown on the left. crystals. The polyproline type Il helix is shown in the center. The
C&™" at the crystal contact is shown as a ball just above center (for

these two residues have different identities and presumablya more detailed view of the metal binding, see Figure 9C).

also have different roles, they are conserved in one sense:
they are at the identical positions in the protein sequenceis presumably facilitated by two conserved interactions
and fold. Examples of both of these types of positional between the enzyme and the cofactor: (i) proximity of N1
conservation have been noted in the enolase superfaBdily (  to a glutamic acid (Glu 47 in BFD), which, using the
Hasson, M. S., Kenyon, G. L., Babbitt, P. C., Gerlt, J. A., pyrimidine ring as a proton relay, serves to drive thamino
Petsko, G. A., and Ringe, D., unpublished observations), andgroup to an imino tautomer, and (i) a hydrogen bond
the first has been noted in the thioredoxin superfan@h).( between the resulting imino group and a glycine carbonyl
Further examples of positional conservation without total (Gly 401 in BFD), which, among other effects, may serve
identity of catalytic residues may become apparent, andto position the lone pair of electrons on the imino nitrogen
perhaps widespread, as the structures of diverse membergor abstraction of the C2 proton of the cofactor. In the active
of other families of enzymes become available. Assignment site of BFD, as in PDCTY), the distance between Nénd
of residues to a particular function based on sequenceC2 is not long enough to accommodate two protons. That
comparisons alone is apt to be dangerous if this phenomenoris, if C2 is protonated in the resting state of the enzyme,
is common at low levels of sequence identity. N4' must exist in the singly protonated imino form, poised
The initial step in the reaction, proton abstraction from to accept the C2 proton.
the C2 position of ThDP, is probably accomplished by the  Residues that, from inspection of the structure of the active
4" amino nitrogen of the cofactor itself, as has been postulatedsite (Figure 8), seem likely to play a role in catalysis by
for other ThDP-dependent enzymeg, (20-23). This BFD include the His 70/Glu 28 pair, Ser 26, and His 281.
intramolecular catalysis is facilitated by similar physical and These residues might be involved in any of several steps in
chemical influences on the cofactor exerted by each ThDP- catalysis following cofactor activation, including donation
dependent enzyme. In all cases, the cofactor is forced intoof a proton to the benzoylformate-ThDP adduct after
a V conformation by the enzyme, forcing Ndnd C2 into decarboxylation §6) and reprotonation of the cofactor C2
close proximity. In BFD, as in the other ThDP-dependent position to complete the reaction cycle (Scheme 2). The
enzymes, a bulky hydrophobic residue present at a conservegpH dependence oW/K for the BFD-catalyzed reaction
position (Leu 403) probably helps to constrain the cofactor suggests a requirement for the participation of at least two
conformation. Deprotonation of C2 by thé&mino group functional groups in catalysis, one protonated and one
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unprotonatedX9). Efforts to identify the roles of the various interface (0), although the precise location and the ligand
active-site residues in catalysis through biochemical and structure are different from BFD.
structural studies are currently underway. BFD contains an unusually long and regular example of
Substrate specificity in BFD may be provided by the a polyproline type Il (ppll) helix. This element of secondary
aromatic residues Phe 464, Trp 463, or Phe 397, which arestructure is quite common in globular proteins but it is
well suited for binding the phenyl ring of benzoylformate. unusual for the helix to be composed of more than five
In fact, the region including the helix that contains Trp residues 70). Remarkably, the ppll helix in BFD is 13
463 and Phe 464 is the most disordered area of the pro-residues long. The connection betweenthandy-domains
tein, with main-chainB-factors between 20 and 462A  of PDC also forms a ppll helix, while in pyruvate oxidase
Twenty-one main-chaiB-factors in this region are above the corresponding residues formaihelix. Two other well-
40 A2, while theB-factors for all other main-chain atoms in  known examples of conserved ppll helices of-I residues
the protein are below 337 Perhaps this region becomes in length occur in (i) molecules that interact with SH3
more ordered upon binding of substrate; this would be domains {1, 72 and (ii) peptides bound to major histo-
consistent with direct contacts between these residues andcompatibility complex molecules for presentation to T cells
substrate. (73—76). In both of these cases, the ppll helix mediates an
The relationship of dimers in a tetramer of BFD is much important protein-protein interaction. In the case of BFD,
more similar to that in pyruvate oxidase than to that in PDC. the ppll helix mediates the main contact between tetramers
Contact between the two dimers is made between analogousn the extremely well-ordered, stable crystals described here.
elements of secondary structure in pyruvate oxidase andin what sort of physiological proteifprotein interaction
BFD. In contrast, the packing of dimers is radically different might the ppll helix be involved? In vivo, BFD is evidently
in PDC, in which dimers are loosely associated. In fact, part of a multienzyme complex that includes other members
the relationship between dimers in a PDC tetramer differs of the mandelate pathwag)( Perhaps the long, regular ppll
between different crystal form§(43. These differences helix, exposed on the surface of BFD, is a convenient handle
in quaternary structure between the enzymes seem to beby which BFD in held in the complex.
physiologically relevant. In PDC, changes in tetramer  The results of the comparison of the structure of BFD to
conformation are linked to activatio®7, 68, whereas in those of related enzymes are intriguing, showing several
BFD and pyruvate oxidase, no activation and no alterations striking patterns of conservation. There is a pronounced

in tetramer conformation have been observed. similarity in the mode of cofactor activation, but a lack of
Yeast PDC is activated by substrate and substrate anastrict conservation of any residue in the active site that is
logues 69) through covalent modification of Cys 2214), not directly bound to cofactor. There is, however, a ghostly

a residue in th@-domain which is removed from the active positional conservation of other active-site residues and
site @, 14). The side chain of Cys 221 is located in a cavity catalytic atoms. These structural comparisons suggest that
between the three domains. Activation is mediated in part cofactor chemistry, the nature of reaction intermediates, and
by a residue in the-domain, His 9224, 25, which is close architectural considerations have been dominant forces in
to Cys 221 and at a position between it and the nearest activethe evolution of this enzyme family. Studies to define the
site. In contrast, neither BFD nor pyruvate oxidase are roles of active-site residues in BFD, to allow a deeper
known to require an activating factor for maximal activity. appreciation of the implications of the active-site compari-
Nevertheless, a histidine residue is conserved in bothsons, are currently in progress.

enzymes at the site of His 92 in PDC (His 89 in BFD and

His 101 in pyruvate oxidase). In BFD, the imidazole ring ACKNOWLEDGMENT
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