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ABSTRACT. Benzoylformate decarboxylase is a member of the family of enzymes that are dependent on
the cofactor thiamin diphosphate. A structure of this enzyme bindignandelate, a competitive inhibitor,
suggests that at least two hydrogen bonds are formed between the substrate, benzoylformate, and active
site side chains. The first is between the carboxylate group of benzoylformate and the hydroxyl group of
S26, and the second is between carbonyl group of the substrate and an imidazole nitrogen of H70. Steady-
state kinetic studies indicate that the catalytic parameters are strongly affected in three active site mutants,
S26A, H70A, and H281A. Th&,, of S26A was increased most dramatically, 25-fold more than that of

the wild-type enzyme, while thK; of (R)-mandelate was increased 100-fold, suggesting that the serine
hydroxyl is important for substrate binding. Theg;of H70A is reduced more than 3 orders of magnitude,
strongly implicating this residue in catalysis, and H281 showed significant, but smaller magnitude, effects
on bothK, andk:a: Stopped-flow experiments using an alternative substpatéyobenzoylformate, lead

to kinetic resolution of the fate of key thiamin diphosphate-bound intermediates. Together, the experimental
results suggest the following roles for residues in the active site. The residue H70 is important for the
protonation of the Zx-mandelyl-ThDP intermediate, thereby assisting in decarboxylation, and for the
deprotonation of the 2=hydroxybenzyl-ThDP intermediate, aiding product release. H281 is involved in
protonation of the enamine. Surprisingly, S26 appears to be involved not only in substrate binding but
also in other steps of the reaction.

Benzoylformate decarboxylase (BRIEC 4.1.1.7), which Chart 1: Structures of Benzoylformaté&l){Mandelate, and
catalyzes the conversion of benzoylformate (Chart 1) to p-Nitrobenzoylformate (NBFA)
benzaldehyde and carbon dioxide, is a member of the family
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of enzymes that are dependent on thiamine diphosphate oS
(ThDP). BFD is found in several closely related microorgan-
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1 Abbreviations: AU, absorbance units; BFD, benzoylformate de- Studies of enzyme functional evolutio8)( BFD from
carboxylase; BSA, bovine serum albumin; CD, circular dichroism; Pseudomonas putida a tetramer of 56.2 kDa subunitg,

4, first covalent reaction intermediate ol2mandelyl-ThDP; 4, second . - .
covalent reaction intermediate, enamine, oo-2arbanion; PAGE, of yeast pyruvate oxidase (POX) and 21% identical to the

polyacrylamide gel electrophoresis; PDC, pyruvate decarboxylase; PEGSequence of yeast pyruvate decarboxylase (PBL)BFD
MME, polyethylene glycol monomethyl ester; POX, pyruvate oxidase; is an especially convenient model enzyme for the study of

PMSF, phenylmethanesulfonyl fluoride; NBF@nitrobenzoylformate; . ; ; A
SDS, sodium dodecyl sulfate; ThDP, thiamin diphosphate; U, interna- ThDP-dependent enzymatic catalysis. The protein is stable

tional units of enzymatic activity (micromoles per minute); WT, wild ~ @nd can be easily expressed and purifie@,(and its high-
type. resolution crystal structure is availab@).(In addition, the
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analogue pyruvamide, bound in the active site of PDC, hints
at the positioning of the substrate pyruvad@)( Like PDC,

BFD contains two active site histidines, which in the case
of BFD are H70 and H2819j. However, in BFD, the
histidines are located on different subunits, whereas in PDC,
they are adjacent in the protein sequence. Yet despite the

. o difference in the origin of the histidines, the imidazole rings
H3°\7:(R /‘/ HB, occupy similar positions relative to the ThDP cofactor. The
\ NS active site aspartate (D28) of PDC provides a hydrogen bond
HC. R /\L@ HC_ R to pyruvamide 42) and in BFD is replaced with a serine
R@:(s '/BZH u-° Q % 323:(3 (S26). It would appear therefore that these residues, as well
R ji@ cb, R as the two histidine residues, may play similar roles in BFD
H 1O I HoZ and PDC ).
sa;“ H Hsc\r“(R' e Here we report the structure of BFD complexed with an
2-cvhydroxybenzyl-ThDP R’N_ s 2-q-mandely-ThDP (1;) inhibitor (13), (R)-mandelate. The structure suggests that, at
| a minimum, S26 is likely to assist in the binding of
HOJ/\© benzoylformate and confirms earlier suggestions that H70

and H281 may be positioned to act as catalytic acids and/or
bases ). To further explore the role of these residues, we

R = 4-ami . prepared the H70A, H281A, and S26A mutants and carried

= 4'-amino-2-methyl-5pyrimidyl . . .-

R' = B-hydroxyethyldiphosphate out steady-state kinetic analyses. In addition, we used
FIGURE 1: Postulated chemical mechanism for the BFD-catalyzed Stopped-flow spectroscopy to observe directly the first two
decarboxylation of benzoylformate. intermediates in the decarboxylation reaction catalyzed by

wild-type (WT) BFD and each of the mutants. This technique
aromatic nature of the BFD substrate allows for direct has been used in the past to study ThDP-dependent catalysis
observation of the reaction intermediates by means of by yeast PDC 19, 20). Recently, it has been successfully
stopped-flow spectroscopy with a conservatively modified applied in investigating the mechanism of BFDLY. The
substratep-nitrobenzoylformic acid 11). combined use of X-ray crystallography, site-directed mu-

The mechanism suggested for ThDP-dependent catalysisagenesis, steady-state kinetics, and stopped-flow spectros-
by benzoylformate decarboxylasg {2—14), similar to that ~ copy has allowed us to suggest roles for several amino acid
of related enzymes, is shown in Figure 1. In the initial step, residues in the BFD active site.
the C4 imino group of ThDP abstracts a proton from the
C2 atom of the thiazolium ring, resulting in the formation MATERIALS AND METHODS
of an ylide (5, 16). The ylide attacks the carbonyl of the
substrate to form the first tetrahedral intermediatey-2-
mandelyl-ThDP. Decarboxylation of @mandelyl-ThDP
results in the enamine intermediafie’{-20). Protonation of
the enamine provides a second tetrahedral intermediate

2-hydroxybenzyl-ThDP. Finally, benzaldehyde is eliminated 11iS Were purchased from Midwest Scientific. Sodium and
with the assistance of an enzymic basg)( potassium phosphate, ammonium sulfate, sodium citrate,

Examination of the known three-dimensional structures sodium and potassium hydroxide, and hydrochloric and acetic

of ThDP-dependent enzymes (BFD, PDC, POX, transketo- acid were all obtained from Mallinckrodt. Water was purified
lase, pyruvate:ferredoxin oxidase, and the pyruvate dehy-With @ Nanopure system (Barnstead). All other chemicals
drogenase multienzyme complex E1 component) suggestdhat were used were of the highest available purgy.
which active site residues are likely to participate in catalysis Nitrobenzoylformic acid was available from a previous study

(9, 21—34). While the overall architectures of the enzymes (11). All solutions used for protein crystallization were
are closely related, it is surprising to see that none of the filtéred through 0.22:m syringe filters (Midwest Scientific)
active site residues, except those directly bound to the @nd stored in sterile polypropylene tubes.
cofactor or metal ion, are well-conserved. The differences BFD Expression and PurificationThe expression and
in the residues seem to support the suggestion that it is thepurification of BFD (0, 11) and construction of the BFD
cofactor, its conformation and its environment, that supplies H70A mutant are described elsewhet&)( All mutants were
much of the catalytic effectl@) and that the individual ~ prepared using’fu DNA polymerase and the QuikChange
residues are less important. It is possible that different site-directed mutagenesis kit (Stratagene, La Jolla, CA). The
residues are required simply to protect the intermediates frommutants were constructed using pBFDt#S)(as the DNA
side reactions35). Comparison of the roles of the residues template. The forward primers used for the mutagenesis are
in the different family members will improve our under- shown below with the mutated codons underlined and with
standing of the nature of the active sites, their enzymology, the lowercase letters indicating a base change from the wild
and their evolution. type: S26A, 5GCAATCCTGGCgCGAACGAGCTCCC-
Enzymatic analysis of several yeast PDC active site 3;and H281A, 5GTTCCGTTACgcCCAATACGAICCAG-
mutants has allowed functional assignments for some of the GTCAATATC-3..
active site residues, including two histidines and an aspartic For BFD H281A, in addition to creating the histidine to
acid 36—41). In addition, the X-ray structure of the substrate alanine mutation, an additional silent mutation was intro-

enamine, or 2-¢t-carbanion (1)

ReagentsThDP, benzoylformic acid, BSA, Gly-Gly, and
NADH were purchased from SigmaR)-Mandelate and
HLADH were purchased from Fluka. Piperazine and PEG
MME 2000 were obtained from Aldrich. BSA, HEPES, and
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duced which resulted in the loss oPshAl restriction site.
Following mutagenesis, the template DNA was removed by
treatment withDpnl and the remaining PCR products were
transformed intoEscherichia colistrain XL1-Blue (Strat-
agene). Single colonies were picked, and their DNA was
isolated and screened for the desired mutation by restriction
analysis using’shAl (H281A) or by sequencing (S26A). In
both cases, the fidelity of the PCR amplification and the
presence of the mutation were confirmed by sequencing.
Plasmids containing the mutated BFD were selected and
denoted pKKBFDH281A and pKKBFDS26A, respectively.
These plasmids were used to transfdEntoli M15[pRep7]
(Qiagen) and single colonies chosen for the expression of
the mutant BFD. Following purification using published
methods {1), the WT and mutant proteins were analyzed

by electrospray mass spectroscopy. The mass differences
found between the proteins corresponded to the amino acid

substitutions.

Protein Crystallization Protein concentrations were de-
termined with a Bradford assa®4) using BSA as a standard.
The purified protein solutions contained-280 mg/mL BFD,

15 mM HEPES (pH 7.0), 0.2 mM ThDP, and 0.1 mM
MgCl,. All crystals were grown by the hanging drop vapor
diffusion method 45). Costar 24-well plates, with 15 mm
glass cover slides (Fisher) siliconized in-house with Prosil
(Hampton Research), were used for protein crystallization.
Initial conditions for crystallization were found through
sparse matrix sampling with the Crystal Screen Il (Hampton
Research). After optimization, the well solution contained
20—22% PEG MME 2000, 100 mM sodium citrate (pH 5.2
5.6), 0.15-0.2 M (NH,),SO;, and 10 mM R)-mandelate.
Before equilibration, the drops contained-2 uL of well
solution and 24 uL of the inactivated BFD solution. After

Polovnikova et al.

Table 1: Data Collection and Refinement Statistics

space group P2, (B =97°)
a(A) 135

b (R) 210
c(A) 163

no. of BFD monomers per ASU 16
high-resolution limit (A) 2.8

no. of total reflectionsl(o; > 1) 561773
no. of unique reflectiondfo; > 1) 206940
completeness (%) /o1 > 1) 94

Reym (%) 7.3
completeness (%)/g; > 1) (2.8-2.9 A) 76

Rsym (%) (2.8-2.9 A) 18.7
averagd/o 9.1
rmsd for bond lengths (A) 0.007
rmsd for bond angles (deg) 1.37
avgB factor (A2) 19

avg proteinB factor (A2) 19

avg ThDPB factor (4?) 19

avg (R)-mandelatd factor (A2) 26

avg waterB factor (A2 17

final R factor (%) 20
final Ryee (%) 22

a stream of nitrogen (Oxford Cryosystems). Data collection
was carried out at 100 K on aR-AXIS IV image plated
detector (Molecular Structure Corp.) using 0.3 mm collimated
monochromatized Cu & radiation from a Rigaku RU-200
rotating anode generator (50 kV and 150 mA). The structure
was determined from a data set collected from a single crystal
at a crystal-to-detector distance of 200 mm.

The HKL software suite46, 47) was used to index and
scale the data in space groBg;. After the first round of
processing, the data to 2.8 A resolution whieg > 1 were
chosen for all further analysis and were reprocessed. The
software package AMoREB), part of the CCP4 program

the hanging drops were set up, the plates were equilibratedsuite 49), was used to carry out molecular replacement, using

at 20°C until crystals appeared {34 days). The drops that
failed to produce protein crystals were seeded with micro-
crystals ¢5), which resulted in the appearance of the crystals
in ~30% of the seeded drops. The crystallization conditions
described above gave rise to several different crystal forms.
The type of the crystal lattice could be determined only after
the collection of the diffraction data.

Prior to data collection, the crystals were transferred into
a stabilizing solution of 20% PEG MME 2000, 15% glycerol,
100 mM sodium citrate (pH 5.4), 0.05 M (NHMSO,, and
10 mM (R)-mandelate. The crystals were incubated in this
solution for 16-20 min and then soaked in a series of four
solutions containing increasing concentrations of glycerol and
decreasing concentrations of ammonium sulfate in addition
to the well solution components. The “soaking out” of
ammonium sulfate was necessary for removal of the sulfate
ion bound in the active site of BFD. A sulfate ion was present
in the active site in the structures of BFD crystallized with

the coordinates of the tetramer of the BFD crystal structure
(space groupl222) as a starting modeR). The initial
molecular replacement solutions were used to generate a
model of the asymmetric unit, using coordinates of a BFD
monomer of a different crystal form (space groRpi2;2)
obtained under identical conditions. Although only sulfate
was bound in the active site of tiR2,2,2 crystal structure,
the model was used to determine tHi§-(mandelate-bound
structure because the crystallization conditions were similar.
To improve the phase information, the program Dm, a
component of the CCP4 program suite, was used to perform
the 16-fold noncrystallographic averaging using operators
generated with the LSQ facility of the molecular modeling
program O $0). The modified data were used in the
refinement. Rigid body, positional, and individualfactor
refinement with noncrystallographic symmetry restraints
(Table 1) were carried out on each of the three domains of
the monomer using the program XPLORY, followed by

the substrate analogues but not subjected to soaking. TheCNS (62), with 10% of the data randomly excluded from

crystals were incubated for ¥20 min in each of the
intermediate solutions. The crystals were soaked for 1.5 h

minimization for calculation ofRyee. Using XPLOR, the
2F, — F. and F, — F. electron density maps were

in the final soaking solution that contained 15% PEG MME subsequently averaged 16-fold using the programs MAMA
2000, 15% glycerol, 100 mM sodium citrate (pH 5.4), and and AVE, while in CNS, the averaging was done in the
0.1 mM (R)-mandelate. The integrity of the crystals was program itself. Electron density maps were examined with
monitored throughout soaking, and damaged crystals werethe program O. A model ofR)-mandelate was included in

discarded.
Data Collection and Structure Determinatiobhe crystals
were mounted onto a cryoloop and flash-cooled to 100 K in

each of the active sites for the second round of refinement,
using relevant data files from the HIC-Up databaS8).(
Water molecules were incorporated into the model before
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the third round of refinement. Following the third round of were fitted to eq 2 to determine competitive inhibition
refinement, the electron density maps were contoured at aparameters.
negative level and examined to ensure that none of the water

molecules that were included resulted in negative peaks in )= VinalS] (1)
the map. In the final structure, no residues are in the Ky, + [S]

disallowed regions of a Ramachandran plot, and three

residues of each monomer, S71, H281, and P447, are in ViadS]

generously allowed regions. Atomic coordinates and structure v= (2)

factors have been deposited in the Protein Data Bank as entry Km(l + %) +[S]

1MCZ. i
Active site drawings were generated with RibboBg)( RESULTS

povscript (D. Peisach, peisach@mit.edu, and T. Fenn,

fenn@brandeis.edu), molscript (P. Kraulis, www.avatar.se/  Overall Structure of the BFB-(R)-Mandelate Complex

molscript), povray (www.povray.org), and Adobe Photoshop The unliganded structure of BFD was determined from

(Adobe Systems Inc.).
Circular Dichroism (CD) SpectroscopyNear-UvV CD
spectra were recorded at 20 on a JASCO-810 spectropo-

crystals of space group222, grown at pH 8.5 at high
concentrations of calcium ion®,(10). In past experience,
these conditions precluded binding anything but water in the

larimeter. The spectra were recorded over a wavelength rangeactive site, so alternative conditions were sought. Cocrys-

of 250-320 nm. Quartz cells with a path length of 1 cm

tallization of BFD with ®)-mandelate at pH 5.4, in the

were used. Spectral parameters were as follows: (a) timepresence of ammonium sulfate rather than calcium chloride,
constant of 2 s, (b) scan speed of 100 nm/min, (c) scanninggave rise to several different crystal forms. When diffraction
increment of 0.1 nm, and (d) spectral bandwidth of 1 nm. data were collected from crystals soaked in substrate, a
Before the CD spectra had been recorded, the buffers of thecompact, high-density peak was found in the active site. We
WT and mutant BFD protein solutions were exchanged to attribute this peak to a sulfate ion, first because the
0.1 M potassium phosphate (pH 6.7) in an Amicon Microcon crystallization solution contained relatively high levels of
microconcentrator. The protein concentration was adjustedammonium sulfatex0.15 M) and second because BFD is
to 1-1.4 mg/mL. known to be catalytically inactive in the presence of sulfate
Determination of Kinetic ParameterdAll steady-state ions. To observeR)-mandelate bound to the active site, it
kinetic studies were carried out using benzoylformate, the was necessary to soak the crystals in a series of solutions
natural substrate. A coupled enzymatic as48y ¢mploying containing increasing concentrations of glycerol and decreas-
horse liver alcohol dehydrogenase (HLADH) was used to ing concentrations of ammonium sulfate. Only the crystal
obtain the initial velocity data used in the determination of form reported here, of space grol2;, showed electron
the kinetic parameters. Protein concentrations were deter-density in the active site that could be attributed to the bound
mined with the Bradford assas4) using BSA as a standard. inhibitor.
Each initial velocity measurement was performed in tripli-  The structure of R)-mandelate-bound BFD was deter-
cate. Determination of kinetic parameters was performed atmined to 2.8 A resolution (Table 1). The final model includes
20°Cin 36 mM Gly-Gly and 36 mM piperazine buffer (final residues 2524 in each of the 16 monomers (a total of 8368
concentration in the assay). Kinetic parameters were calcu-residues in four tetramers) in the asymmetric unit. Each of
lated per monomer using a molecular mass of 56 200 Da. the four tetramers contains four ThDP molecules, foufMg
The assay mix contained 6-0.5 unit/mL HLADH, 0.5 mM ions bound to ThDP, and two Mgions shared by the same
ThDP, and 0.2 mM NADH. The reaction was initiated by residues in two monomers. Each monomer contains 103 or
the addition of enzyme. The decrease in absorbance at 340L04 equivalent water molecules, giving a total of 1656 water
nm was measured on a Perkin-Elmer spectrophotometermolecules. The electron densities of the polypeptide chain
equipped with a temperature-controlled cell holder. The and the cofactor are well-defined. In the initial — F; maps
initial velocity was directly proportional to the concentration (Figure 2A), the R)-mandelate molecule can be placed in
of BFD in the assay under all the conditions that were an extra patch of electron density in the active sites, with its
studied. position confirmed by close examination of nonaveraged
Stopped-Flow Experiment§he stopped-flow experiments  maps. The electron density accommodating the aromatic ring
were performed using the substrate analodug f-nitroben- of (R)-mandelate is the correct shape, but is marginally
zoylformate (NBFA). The experiments were performed in a smaller than expected in the findf2— F. map. It is possible
stopped-flow instrument (Applied Photophysics) under pseudo- that a smaller molecule, possibly a sulfate ion, may replace
first-order conditions (2.5 mM NBFA and 4@Vl enzyme). (R-mandelate in some of the monomers.
The first covalent intermediate of the reaction @ssigned The structures of unliganded BFD®)(and the R)-
to 2-a-p-nitromandelyl-ThDP) was monitored at a wave- mandelate-bound enzyme are quite similar, with an overall
length of 620 nm and the second intermediated$signed rmsd of the G atoms in the two structures of 0.26 A. The
to the enamine) at 420 nmlY). All experiments were largest differences are correlated with segments of Bigh
performed at 25.6C in 100 mM sodium HEPES (pH 7.0).  factor and are consistent with the expected coordinate error.
Steady-State Kinetic Data Analysisitial velocity data The helix containing residues 46@70 has the highest
were fitted to the MichaelisMenten equation (eq 1) using averageB factor in both structures. Noncrystallographic
the program KaleidaGraph (Synergy Software). Dixon plots symmetry restraints were imposed on the 16 monomers in
were used to show thaR[-mandelate was a competitive the (R)-mandelate asymmetric unit compared to one molecule
inhibitor of WT and mutant BFDJ5). Initial velocity data in thel222 asymmetric unit. However, two positions of the
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Ficure 2: Electron density showindlj-mandelate in the active site. (A) The initle} — Fc map of monomer A (yellow) and of its partner

in constructing active sites, monomer B (pink), is shown. (B) A view of monomers A and B looking down a pseudo-2-fold axis shows the
movement of helix formed by residues 46470 (green). The side chains of F464 and W463 flip outward in the active site on the right,
and inward on the one on the left. The structuresR)frbandelate and ThDP are shown in white and gray, respectively.

FIGURE 3: Stereoview of the active site of monomer A showing A contacts betweerRj-mandelate and the enzyme. The carboxylate

of (R)-mandelate forms two hydrogen bonds with S26, one with the hydroxyl group on the side chain and the other with the amide nitrogen
on the main chain. The 8OH group forms hydrogen bonds with both 'Ndf ThDP and N4 of H70. The other nitrogen on the imidazole

ring of H70 forms a hydrogen bond with E28, possibly forming a proton relay system.

helix from residue 460 to 470 in seven of the 16 monomers (R)-Mandelate Binding SitéA stereoview of the binding
were added to the symmetry restraints in later rounds. In mode of R)-mandelate is shown in Figure 3. As expected,
seven of the eight pairs of monomers that form the active the inhibitor lies in the proximity of the thiazolium ring of
sites, both conformations of the helix are present (Figure the ThDP cofactor.§)-Mandelate makes hydrogen bonds
2B). In monomers A and D in the first tetramer, E and F in to the hydroxyl of S26 through its carboxylate group and,
the second, | and J in the third, and M in the fourth, the through its hydroxyl group, to a nitrogen atom on the side
helix of residues 4608470 has a position similar to that in  chain of H70 and the'4mino group of ThDP. H281, the
the unliganded structuredy, The movement of the helix  other potential active site acitbase catalyst, is located less
results in distinctly different conformations of two residues, than 3.5 A from the aromatic ring and a carboxylate oxygen
W463 and F464. In particular, in one conformation the of the inhibitor. The remaining interactions used to position
phenyl ring of F464 is withi 4 A of (R)-mandelate, and in  the inhibitor appear to be of the van der Waals type.

the other, it is more than 5.5 A away. The electron density Steady-State Kinetic Studigdn the basis of the crystal-
map in the active site region suggests tfjtrhandelate may  lographic evidence described above, S26, H70, and H281
be bound more securely when the position of the helix is might be expected to play a significant role in the catalytic
similar to that in the original structure. Two monomers that mechanism of BFD. Further, these residues are analogous
have the helix positioned in this manner are always neigh- to those implicated by mutagenic studies as being important
boring in the tetramers, each sharing active sites with catalytic residues in PDC36—41). The mutants S26A,
monomers in which the mobile helix is in the alternate H70A, and H281A were prepared and overexpressdfl. in
conformation. coli. A soluble enzyme was obtained in all cases, and was
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Table 2: Steady-State Kinetics of Benzoylformate Decarboxylation by Wild-Type and Mutarit BFD

Km (MM) Keat (573 KealKm (MM~1 s71) Ki(R)-mandeIate(mM)b
WT 0.37+0.02 (1) 241+ 4 (1) 651+ 38 (1) 1
H70A 1.92+ 0.1 (5) 0.07+ 0.02 (3394) 0.03% 0.019 (17595) 40
H281A 1.68+ 0.3 (4) 1.41+0.19 (171) 0.84+ 0.19 (775) 40
S26A 8.624+ 1.2 (23) 4.45+ 0.62 (54) 0.52t 0.08 (1252) 100

a Reactions were carried out in 50 mM Gly-Gly and 50 mM piperazine buffer at pHEQ®. TheK; data for R)-mandelate were obtained at
pH 6.5. In parentheses is the fold change from the WT value. The errors reporteg &md K., are the errors of the fit of the experimental data
to the Michaelis-Menten equation (eq 1), where each data point was determined in at least triplicate. The errors repgd,faere calculated
using standard error propagation formulamhibition parameters foiR)-mandelate were determined by using eq 2 at benzoylformate concentrations
ranging from 1 to 5 mM. Each data point was determined in triplicate. Reported parameters are the average of these determinations.

Ellipticity (mdeg)

2200 ]
250 260 270 280 290 300 310 320
‘Wavelength (nm)

Ficure 4: Near-UV CD spectra of WT BFD and S26A, H70A,

chromophoric substrate shown previously to be quantitatively
converted to thep-nitrobenzaldehyde producl®). Given

the quantitative conversion and the rate constants described
below, it is very unlikely that possible cofactor destruction
(35) is present in the enzyme-catalyzed reaction. Khe
value for NBFA is 0.154 mM, and the enzyme turns over
this substrate very slowly withla, value of<0.04 s (11).
Product release is the rate-limiting step in the reactidh). (

In the experiments described here, the concentration of
NBFA was considerably in excess compared to that of the
enzyme. This has the advantage of maintaining an effectively
constant substrate concentration and allows the observation
of the first two intermediates under single-turnover condi-
tions. Although the presence of the nitro group in the

and H281A. Spectra were obtained in 0.1 M potassium phosphateSubstrate may change the relative kinetic significance of the

buffer at 20°C and pH 6.7, at an enzyme concentration 6fl14
mg/mL.

reaction steps, the nitro substrate and the natural substrate
seem to react identically up to the enamine stage 1fief
and Table 3, for example, here). While the steps after

purified using the methodology described for the WT enzyme enamine formation are slower using NBFA, the role of the
(11). The near-UV CD spectrum of WT BFD (Figure 4) acid—base amino acids could still be deduced, because the
exhibits the shape characteristic of ThDP-dependent en-njtro group is not expected to participate in ionic interactions.
zymes, with the maximum originating from the cofactor at |n addition, the postdecarboxylation phase is rate-limiting
265 nm 66, 57). The spectra of the S26A and H281A jth the natural substrate as well3 14). Thus, NBFA

mutants are similar to that of the WT enzyme, suggesting appears to be a suitable probe of the role of the active site
that the tertiary structure of the protein is not disturbed by residues.

these mutations. Interestingly, the near-UV CD spectrum of
the H70A mutant differs somewhat from that of the WT.
However, preliminary experiments suggest that there are no
significant differences between the X-ray structures of the
WT and H70A mutant (data not shown). Circular dichroic

Observations for the reaction catalyzed by the wild-type
enzyme are similar to previously reported data and can be
used to analyze the steps of the reactibh).(The amount
of 2-a-p-nitromandelyl-ThDP (I, a charge transfer band at

spectra can be very sensitive to small changes in pretein

cofactor interactions58), and it is possible that the distur-

bances in the near-UV CD spectrum of H70A may be
indicative of the proximity of the side chain of H70 to the

cofactor in the active site.

Amax= 620 nm) increased over the first 10 ms of the reaction
and was depleted completely within 100 ms (Figure 5A).
Concomitantly, there was an increase in the concentration
of the enamine intermediate(max = 420 nm; Figure 5B).
The enamine was then slowly depleted (Figures 5C and 6).
If a mutation slows the appearance gfit suggests that the

The Michaelis-Menten steady-state parameters for the jd-type residue is important in the formation of the first

BFD mutants are shown in Table 2. THg, values for the
two histidine mutants are slightly higher than thg value
for the WT enzyme, while th&; values for the binding of
(R)-mandelate increased40-fold in both cases. In contrast,

covalent intermediate, @-p-nitromandelyl-ThDP. Changes
in the rate of the decrease in the amount oamd in the
increase in the amount of indicate that the mutation affects
the decarboxylation step, while superficially, changes in the

the S26A mutant exhibited an even greater decrease in theate of the decrease in the amount efwlould appear to

affinity for both the substrate an&(-mandelate. All mutants
had values ok significantly lower that of the WT, with

indicate the effect of the mutation on the rate of the
protonation of the enamine to form@p-nitrohydroxyben-

3500-fold). Taken together, these results confirm the sug-ipe reaction ofp-nitrobenzoylformate with WT BFD, the
and suggest that S26, in particular, would play a major role compination of two separate linear rates (Figure 6). This

in substrate binding.

Stopped-Flow Kinetic\ll stopped-flow experiments were
performed usingp-nitrobenzoylformate (NBFA, Chart 1), a

suggests the resolution of the two consecutive steps in the
postdecarboxylation part of the reaction, i.e., protonation of
the enamine and produgp-fitrobenzaldehyde) release.



1826 Biochemistry, Vol. 42, No. 7, 2003 Polovnikova et al.

Table 3: Summary of Rate Constants Deduced from Stopped-Flow Data for WT BFD and Mutants with NBFA as the Substrate at pH 7.0 and
25.6°C?

E+S—=E*S k«——hE*mandelyl-ThDP%» EnamineX3» E*hydroxybenzyl-ThDP 49 + P

Co,
ki k2 ks Ka
WT 238.3+ 1.51 52.9+ 0.173 0.0052+ 0.00011 0.52+ 0.043
H70A 0.573+ 0.026 k)P 0.0054-+ 0.00013 ND
H281A 4.83+ 0.05 15.78k 0.09 (2.46+ 0.134)x 10°6°¢ 0.55+ 0.014
S26A 2.72+ 0.0187 k)b (1.154 0.175)x 10°5¢ ND

a All rate constantski—k,) are in units of inverse seconds. Each rate constant is the overall rate of a particular step of the reaction, as follows:
ki, formation of 2e-p-nitromandelyl-ThDPk,, formation of the enamineks, formation of 2e-p-nitrohydroxybenzyl-ThDP; an#,, formation of
the product. ND means the value could not be determih@ithough the value ok; is unavailable, it is expected to be much greater tharUnits
are absorbangs per second.

S L S S B S S S S B S
A 620 nm .
8 J
Ty H2s1a i
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o
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P I 1 1 I O' -]
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B i | :
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- " H281A 7
= m e
=
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ﬁ -
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li' S 0 100 200
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Time (Sec} Time (SEC)

FiGUrRe 5: Absorbance at 620 (A) and 420 nm (B and C) as a function of time after mixing BFEBM3®ith 2.5 mM p-nitrobenzoylformate
(NBFA) in 100 mM sodium HEPES at pH 7.0 and 26. The startingy value of each curve is arbitrary.

All mutants showed some effect on the rate of formation p-nitromandelyl-ThDP intermediate jfl and in product
of I, (Figure 5A), but only the H281A mutant exhibited the release, but not in the protonation of the enamine intermediate
fast decrease in,lobserved with WT BFD (Figure 6B). (l2). H281, on the other hand, plays its major role in enamine
Given the relative distance of H281 from the hydroxyl group protonation but has little effect on product release. Finally,
of (R)-mandelate (Figure 3), it is unlikely that H281 S26 is implicated in all three of these steps, that is, the
participates in proton abstraction from thge OH group to formation of i, enamine protonation, and product release.
release th@-nitrobenzaldehyde product. Therefore, we have
tentatively assigned the fast descending exponent to the IasPISCUSSlOl\I
step in the catalytic cycle. By a process of elimination, we  The initial structure of BFD revealed an unexpected
then conclude that the slower phase of the decrease in theliversity of active site residues among the family of ThDP-
amount of } must correspond to the protonation of the dependent enzymes, and in particular between two decar-
enamine and, with the NBFA substrate, this is the rate- boxylases, BFD and PD®). It was suggested that S26,
limiting step. H70, and H281 of BFD could play somewhat similar roles

A single-exponential decrease in the level pfvias seen  in the catalytic mechanism as an aspartate and two histidines
with the S26A and H70A mutants (Figure 6B). This suggests in the active site of botZymomonas mobiliand Saccha-
that, for these mutants, the breakdown o&-p-nitrohy- romyces ceresiae PDC. To explore this hypothesis, we
droxybenzyl-ThDP is slower than the protonation of the designed and carried out experiments to obtain both structural
enamine. The rate constants shown in Table 3 were obtainedand kinetic data that might delineate the role of these three
using relaxation kinetic theory4Q, 59) as described previ-  residues in BFD.
ously (L1). In broad terms, the stopped-flow results suggest In the first phase of our study, we determined the structure
that H70 plays a significant role in the formation of the.2-  of a competitive inhibitor, R)-mandelateX3), bound to BFD.
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0.022 property of alternation of active sites reactivity within a

benzoylformate, the fact that G2is sp rather than sp
Time (msec) hybridized suggests that it may _be bette_r viewed as an
0 30 80 9% analogue of the 2=mandelyl-ThDP intermediatd 8). Even
that view is somewhat contentious, as the mandelate does
e P not form an adduct with ThDP, but at least the hybridization
P ' at Ca is correct. In any event, there is relatively little

v Ao difference in the binding affinities of benzoylformate and

0.019 1 / 0.005 (R)-mandelate (Table 2), so it is not unreasonable to use the
/ latter to screen for residues likely to be involved in substrate
0 binding or catalysis. Not surprisingly, as shown in Figure 3,
the inhibitor was found to lie adjacent to the thiazolium ring
of the ThDP cofactor, making hydrogen bonds to S26 and
0,022 . » H70 as well as to thead-imino group of the cofactor. H281

WT was also located within 3.5 A of the inhibitor, suggesting

. M M that any or all of these residues are likely to be active
' H281A participants in the catalytic cycle.
0ot M"""““"W’W‘” i TR Histidine 70.The replacement of H70 with alanine has a
e pronounced effect on the overall rate of the reaction, with

keat being reduced by more than 3 orders of magnitude.
However, this effect on rate is not accompanied by a similar
effect on substrate binding, as evidenced by an only 5-fold
increase irK, for benzoylformate and a 40-fold increase in
Ki for (R)-mandelate (Table 2). TH&, for benzoylformate
. . is also itsKq4 (13), and as a consequence, thevalues for
O 5 10 15 50 100 150 200 (R)-mandelate can be directly compared to the corresponding
: Km value for benzoylformate. Phenylacetate, in which the
Time (sec) : :

keto group of benzoylformate is replaced with a methylene,
FIGURE 6: Progress curve at 420 nm for the reaction of NBFA pinds approximately 100-fold less tightly to WT BFI3).

with WT BFD (A) and active site mutants (B). Conditions are the P :
same as in Figure 5. An initial one-exponential increase (A, inset; This indicates the importance of the hydrogen bond formed

rate constant of 37.8°%) is followed by a two-exponential decrease between th@t-k(?to group an.d. the enzyme. The binding data
(rate constants of 0.51 and 0.0052)s imply that H70 is better positioned to bind to the tetrahedral

intermediate (2x-mandelyl-ThDP) than to the substrate,
The solution of the structure of the BFR)-mandelate  while the k., data implicate H70 in a significant role both
complex was enhanced through the use of 16-fold averagingpre- and postdecarboxylation.
in the map and noncrystallographic symmetry constraints. The BFD-inhibitor structure shows that H70 forms a
Inspection of the structure of the complex suggests that, with hydrogen bond to the-OH group of R)-mandelate and a
one striking difference, the four tetramers in the asymmetric second hydrogen bond to E28 (Figure 3). The structure
unit have similar conformations. The helix formed by suggests that H70 assists in the attack of the ylide, resulting
residues 466470 is the only part of the structure that inthe formation of 2e-mandelyl-ThDP, by either positioning
required two separate orientations, involving movement of the substrate appropriately or, with the help of théino
the entire helix and radically different conformations of two group of ThDP, protonating the carbonyl oxygen of ben-
residues, W463 and F464, which regulates the contactzoylformate (i.e., H70 is HBin Figure 1). As suggested by
between F464 andj-mandelate (Figure 2C). In seven of the kinetic studies, it may also accept a hydrogen bond to
the eight pairs of monomers that form the active sites, both stabilize the intermediate. Further, it offers the possibility
conformations of the helix are present. The two monomers that H70 is the base @BFigure 1) that removes the proton
that share the same conformation of the helix are those thatfrom 2-o-hydroxybenzyl-ThDP to promote the release of
are not in the same dimer, but interact closely in the tetramer, benzaldehyde. Finally, examination of the structure gives rise
reminiscent of the dimeric interactions in yeast PDA2, ( to the possibility that the ionization state of H70 is mediated
60). In the latter, the comparison of the active and inactive by E28; that is, H70 and E28 may form part of a proton
monomers reveals a readily apparent movement of onerelay.
domain relative to the others. Such a movement is not Comparison of the stopped-flow kinetic profile of the
obvious in BFD. It is conceivable that the position of the H70A mutant with that of WT BFD (Figure 5A) reveals that
helix in BFD may correlate with the binding of the substrate, the early increase in absorbance at 620 nm, attributed to the
but a structure at higher resolution that does not require first covalent reaction intermediate, c2p-nitromandelyl-
noncrystallographic structural averaging is necessary to ThDP (11), disappears. If the H70A substitution dramatically
confirm this. We have previously predicted the alternation decreases the rate of appearance @fithout changing the
of active sites reactivity in a functional dimer of BFD based rate of conversion of;lto I, the amplitude of 4 would
on kinetic studies 11). Together, the structural and bio- decrease. For example, using the value of 01&s the rate
chemical experiments suggest that BFD may share theof 2-o-p-nitromandelyl-ThDP formation for the H70A

0.021 |

A functional dimer 61).
While (R)-mandelate can be viewed as an analogue of
e
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mutant (Table 3) and setting its decarboxylation rate constantassisting the formation of @-mandelyl-ThDP (HB, Figure

equal to that of the WT (5373, Table 3) lead to an estimated
amplitude that is 2 orders of magnitude smaller for the |

1), and removal of a proton from @-hydroxybenzyl-ThDP
(B3, Figure 1) to allow the release of the product.

intermediate. It should also be noted that the observed rate istidine 281.Figure 3 shows that H281 is located close

of appearance of;lcannot exceed the slower rate oftx2-
p-nitromandelyl-ThDP formation. In WT BFD, the rates of
both 2-o-p-nitromandelyl-ThDP formation and decarboxyl-
ation exhibited dependence on substrate concentratin (

to the phenyl group and the carboxylate group of the
inhibitor, suggesting it may play a part in binding the
substrate or in stabilizing the formation ofa2mandelyl-
ThDP. This was to some extent supported by the steady-

preventing an unequivocal assignment of the apparent rategiate kinetics which showed that the H281A substitution

constant of the mutants. The presence ,0inl WT BFD

increased th&; of (R)-mandelate almost 40-fold while the

becomes most apparent between pH 6 and 7, suggesting thgk /a1ye for benzoylformate increased 4-fold. Thagvalue

the electron donor contributing to the charge transfer band
may be a histidinel(1). If the imidazole ring of H70 is an
essential contributor to the charge transfer band, there is
chance that removal of the histidine side chain would reduce
the absorbance at 620 nm; i.e., the amplitude;ofiduld
decrease. However, in the H70A mutant, as the amount of
I, increases, the amount gfdlso increases a small amount,
suggesting rather that it is the reduced concentrationaf 2-
p-nitromandelyl-ThDP that slows the rate of decarboxylation.
The visibility of a small amount of ;| emphasizes that
decarboxylation is still a partially rate-limiting step, just as
in WT BFD.

Both implied functions of H70 in the formation of @-
p-nitromandelyl-ThDP, i.e., ensuring the correct orientation
of the substrate and contributing to the protonation of the
carbonyl oxygen of the substrate, require H70 to be proto-
nated prior to substrate binding. If the proton is transferred
from H70 to the alkoxide, H70 would be in its neutral
ionization state in the presence qfdnd able to accept a
hydrogen bond from the intermediate. This deduction is
supported by the effect of pH or, Which suggests that the
participating histidine is indeed neutral at this staty® .(If
H70 is protonated prior to &-p-nitromandelyl-ThDP forma-
tion and neutral during the decarboxylation step, we would
expect a significant effect of the H70A substitution on the
rate of 2e-p-nitromandelyl-ThDP formation, but not on
decarboxylation. As shown in Table 3, the H70A substitution
slows the rate of formatiork{) of 2-o.-p-nitromandelyl-ThDP
more than 400-fold. We suggest that the rate of decarboxyl-
ation () remains relatively unaffected, and certainly much
higher thark;, which would be consistent with the observa-
tion of low absorbance at 620 nm.

As described in the Results, the two consecutive steps in
the postdecarboxylation part of the reaction, enamine pro-

decreased 170-fold, suggesting that H281 is catalytically
important, but not essential. In the stopped-flow experiments,

8the patterns of formation and breakdown ofizp-nitroman-

delyl-ThDP (k) and the formation of the enamine)(ivere
similar to those observed for WT BFD. However, the rates
of appearance of both &nd L were approximately 1 order

of magnitude slower with the H281A mutant than with the
WT enzyme (Table 3), suggesting that the presence of H281
has a minor effect on the rates ot2p-nitromandelyl-ThDP
formation and its subsequent decarboxylation. As with the
WT enzyme, the breakdown ofwas biphasic but the slower
phase was much slower for H281A than its WT counterpatrt.
The faster of the two phases had a rate comparable to the
corresponding rate of WT BFIX{, Table 3). Taken together,
the latter data imply that H281 is involved in the protonation
of the enamine. As H281 is located a considerable distance
from the enamine, this would require that the active site
undergo a conformational change and adopt a more closed
conformation. This is not unreasonable as H281 is located
on a flexible loop 9), and such a conformational change
has been proposed fa. mobilisPDC where catalytically
important histidine residues are located some distance from
the cofactor 86). In summary, we conclude that H281 is
important for the formation of 2-hydroxybenzyl-ThDP; i.e.,

it plays the role of HB (Figure 1), plays a lesser role in the
positioning of the substrate, and is not significant in the
release of the product, benzaldehyde.

Serine 26 TheK; value for R)-mandelate increases 100-
fold for the S26A mutant (Table 2). Not surprisingly, S26 is
found to hydrogen bond to both carboxylate oxygens of the
inhibitor (Figure 3), suggesting that this residue may also
perform a similar role in binding the substrate. Again, the
steady-state kinetic data support this, with tkg for

tonation and product release (Figure 1), seem to be resolveddenzoylformate increasing more than 20-fold. Kagvalue

in the stopped-flow kinetic results at 420 nrg) (IThe kinetic
behavior of } for WT BFD can be analyzed with a single-

was also reduced, albeit not as markedly as those of the
histidine mutants. In the stopped-flow studies, the formation

exponential increase, presumably representing enamineof |1 could not be observed with the S26A mutant, and the
formation, followed by a two-exponential decrease (Figure rate of b formation was 1 order of magnitude slower than
6A). The slow phase of the decrease has been attributed tovith the WT enzyme. The magnitude of this decrease falls
the protonation of the enamine, while the fast stage has beersomewhere between those for H70A and H281A (Table 3)
assigned to the deprotonation ob2p-nitromandelyl-ThDP and is consistent with S26 positioning the substrate for attack
and concomitant product release. The H70A mutant exhibited by the ylide and, potentially, for facilitating the expulsion
only a single phase for the decrease in the leve} (Figure of carbon dioxide. The progress curve ferdepletion was
6C) with a rate constantkf) similar to that of the WT monophasic with the derived rate constant comparable to
enzyme. It would appear, therefore, that the H70A substitu- that observed for the slow phase with H281A (Table 3).
tion has little effect on the protonation of the enamine and While it is not readily apparent what role S26 may play in
a considerable effect on the deprotonation af-p-nitro- the protonation of the enamine, the sum of these observations
mandelyl-ThDP. suggests that S26 is important not only for substrate binding

In summary, we have assigned H70 the roles of protona- and decarboxylation but also for enamine protonation and
tion of the carbonyl oxygen of benzoylformate, thereby benzaldehyde release.
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Comparison with Pyruate DecarboxylaseAll known collection, and Dr. Stanislav Zakharov helped in the collec-
ThDP-utilizing enzymes are totally dependent on their tion of the CD spectra.

cofactor, and all facilitate the same core reaction. Yet each

must utilize this basic capability in a different manner to REFERENCES

catalyze the specific reaction for which it has evolved. There 4
is a general lack of conserved residues in the active site of
ThDP-dependent enzymes, except for those bound to the
cofactor. However, occasionally, some similarity seems to
exist. For instance, it appears that the two decarboxylases
PDC and BFD have histidine residues in the active site in
similar relative positions with respect to the cofact®r?l,

62). There are now many examples of enzyme homologues
in which residues playing the same catalytic role are located
at nonequivalent positions on the structural scaffdg).( 9
Therefore, it is not unreasonable to expect that the histidine
residues in BFD play roles similar to the roles of those in
PDC. The X-ray structures indicate that H70 will have a
counterpart in H114 or H115 f@®. cereisiae PDC (YPDC)

or Z. mobilisPDC ZmPDC), respectively. The counterparts ~ 11.
for H281 are H113 and H114 fo¥PDC and ZmPDC,
respectively. FOZmPDC, it has been concluded that H113  ,,
is more critical for activity and is involved in the steps up 13
to and including decarboxylatio®7) while H114 may play

a role in orienting one of the intermediates in the catalytic 14
pathway 87). Variants at the corresponding sitesYNRDC 15
exhibit similar reductions in specific activities. However,
there were some significant, unexpected and unexplained
differences in behavior with similar substitutions at the 16
corresponding histidines idmPDC andYPDC (40). BFD,

too, differed from PDC with H70YPDC H115) playing a

more significant role than H28YPDC H114), and certainly 17.
playing a role beyond the decarboxylation step.

Clearly, the assignment of the roles of active site residues
is neither trivial nor intuitive. This is further exemplified by 19
reexamination of our initial suggestion that S26 in BFD may
play the same role as D28 ¥PDC (D27 inZmPDC). The '
binding data clearly implicate S26 in the binding of the 21.
benzoylformate. Conversely, D27E and D27N variants of
ZmPDC 38) and the D28A variant ofPDC (40) show little
change in the value df., and it has been concluded that
the aspartate residue is more important in the deprotonation 23.
of 2-o-hydroxyethyl-ThDP and concomitant product release
than in substrate bindingtQ, 41). In contrast, in BFD, H70
seems to be the base that deprotonates the analogaus 2- o5
hydroxybenzyl-ThDP. Therefore, although intuition may
suggest otherwise, it appears that the two decarboxylases 26.
have evolved so that different amino acid types can fulfill
the same role. Most remarkably, D28 YPDC and S26 in 27.
BFD both appear to have a role in aligning the initial ThDP
adduct for decarboxylation, whereas D28DC) and H70 28.
(BFD) participate in product release. 29,
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