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ABSTRACT. Thiamin diphosphate (ThDP)-dependent enzymes catalyze a range of transformations, such
as decarboxylation and ligation. We report a novel spectroscopic assay for detection of some of the ThDP-
bound intermediates produced on benzoylformate decarboxylase. Benzoylformate decarboxylase was mixed
with its alternate substranitrobenzoylformic acid on a rapid-scan stopped-flow instrument, resulting

in formation of three absorbing speciés4xin parentheses):; (a transient at 620 nm); (a transient at

400 nm), andd (a stable absorbance wiflyax > 730 nm). Analysis of the kinetics of the two transient
species supports a model in which a noncovalent complex of the substrate and the enzyme is converted
to the first covalent intermediatg ithe absorbance corresponding {dslprobably a charge-transfer band
arising from the interaction of the thiamin diphosphpteitrobenzoylformic acid covalent adduct [2-
nitromandelylThDP) and the enzyme. The rate of disappearanggafdllels the rate of formation of.
Chemical models suggest thgax of |2 (near 400 nm) to be appropriate to the enamine, a key intermediate

in ThDP-dependent reactions resulting from the decarboxylation of the thiamin diphogphate-
nitrobenzoylformic acid covalent adduct. Therefore, the rate of disappearancanal/or the appearance

of I, directly measure the rate of decarboxylation. A relaxation kinetic treatment of the pre-steady-state
kinetic data also revealed a hitherto unreported facet of the mechanism, alternating active-sites reactivity.
Parallel studies of the His70Ala BFD active-site variant indicate that it cannot form the complex reported
by the charge-transfer band)(lat the level of the wild-type protein.

Direct spectroscopic demonstration of the existence of the hypothesis attributing the bulk of the catalytic rate
enzyme-bound intermediates is a particularly powerful and acceleration to the cofactors, as active-site residues change
often difficult method of study. The ability to study the time quite drastically between related proteins with only-286%
course of their reactions is particularly important for enzymes sequence identities.
that utilize coenzymes. In many cases, the coenzyme itself Such direct spectroscopic experiments are particularly
can carry out the overall reaction in the absence of the important if, as in this family, one is to understand fully the
protein. This is the case of the family of enzymes dependent contribution of the protein to the catalytic rate acceleration.
on thiamin diphosphate (ThDP, the vitamin B1 coenzyme). The presence of a conjugated intermediate, thex-C2
In the three closely related structures in this family that have carbanion/enamine, on ThDP-dependent pathways allows the
been solved, benzoylformate decarboxylase (BF&ke opportunity to carry out such experiments, for neither of the
Scheme 1), pyruvate decarboxylase (PDC), and pyruvateother covalent ThDP-bound intermediates [the ThDP-
oxidase, it is clear that the key residues binding the di- substrate adduct (@2mandelylThDP or MThDP), and the
phosphate and the aminopyrimidine ring, and enforcing the ThDP-product adduct (G2hydroxybenzylThDP or HBTh-
unusual “V” conformation are conserved, while several other DP)] has such conjugation. In earlier studies at Rutgers,
catalytic residues are not conserved. This is consistent withadvantage was taken of the fact that yeast PDE3] accepts
substrates in which the methyl group of pyruvate is replaced

This work was supported at Rutgers by Grant USPHS-NIH-GM- by a ring-substituted styrene group, thereby enabling direct
50380, the Rutgers Busch Biomedical Fund, the Rutgers Board of
Governors Fund, Roche Diagnostics Inc., Indianapolis, IN, and NSF Abbreviations: BFD, benzoylformate decarboxylase; PDC, yeast
BIR94/13198; at Purdue by NSF Grants 9733552 and 9600876 (to pyruvate decarboxylase; NBFA-nitrobenzoylformic acid; ThDP,
M.S.H.); and at Michigan by Grant USPHS-NIH-GM-40570 (to thiamin diphosphate;®IBFA, the Michaelis complex formed between
G.L.K)). BFD and NBFA; MThDP, Ca&-mandelylthiamin diphosphate, the

*To whom correspondence should be addressed. For M.S.H., covalent complex formed between benzoylformic acid and ThDP;

telephone: 765-496-2928; fax: 765-496-1189;e-mail: mhasson@bragg.bioNMThDP, p-nitromandelylThDP; HBThDP, G#-hydroxybenzylthi-
purdue.edu. For F.J., telephone: 973-353-5470; fax: 973-353-1264; amin diphosphate, the covalent complex formed between the benzal-

e-mail: friordan@newark.rutgers.edu. dehyde product and ThDP; NHBThDP, thenitro analogue of
* Rutgers, The State University. HBThDP; BSA, bovine serum albumin; PMSF, phenylmethanesulfonyl
§ Purdue University. fluoride; SDS-PAGE, sodium dodecyl sulfatgolyacrylamide gel
"'University of Michigan. electrophoresis.

10.1021/bi001214w CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/21/2000



Benzoylformate Decarboxylase Reaction Intermediates Biochemistry, Vol. 39, No. 45, 2003863

Scheme 1
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detection of the derived enamine intermediate 7). How-
ever, these conjugated analogues of pyruvic acid are very
much poorer substrates than pyruvate itself and, while the
formation of the enamine from these substrates was shown
to proceed at a rate consistent with the enzyme’s turnover
number 6), the eventual kinetic fate of the enamine was
difficult to ascertain. The enamine derived from pyruvic acid
has almax Near 290 nm ), overlapping the large protein
band, making observation difficult. Benzoylformate, on the
other hand, should be decarboxylated by BPB 12)to an
enamine with almax = 380 nm, depending on the phenyl
substituent 13, 14), enabling observation of the enamine
from an alternate substrate more structurally similar to the
true substrate than previously used on PEIEY). Given
the likely presence of such enamine intermediates on all
ThDP-requiring enzymes, observation of the kinetic behavior
of this intermediate would be of relevance to all such
enzymes, but especially to the very large family of 2-oxo
acid decarboxylases carrying out both oxidative and non-
oxidative chemistry on their substrates.

Here we report observation of the kinetic fate of the
enamine derived from-nitrobenzoylformic acid (NBFA) on . . . .

. Ficure 1: Key active center side chains on benzoylformate

BFD by rapid-scan stopped-flow spectrophotometry. The decarboxylase.
chromophoric nature of the substrate analogue gives evidence

for two transients and a chromophoric product in the visible pailinckrodt. Water was purified with a Nanopure system

spectrum, and their kinetic analysis enabled us to deducegarstead). All other chemicals used were the highest
specific rate constants for a number of steps in the pathway. yajlable purity.

Analysis of a variant BFD, H70A, suggests the steps at which
His70 at the active center (see Figure 1) participates in the
pathway.

BFD Expression and PurificationThe purification pro-
tocol for BFD was based on the procedure described
previously by Hasson et al17). All the purification steps
EXPERIMENTAL PROCEDURES were performed at either 4C or on ice. An FPLC system

(Pharmacia) was used for all chromatography steps. BFD

ReagentsSepharose Q and phenyl Sepharose chromatog-was expressed iEscherichia coliM15[pRep7] (Qiagen)
raphy resins, molecular weight standard kit for SEFAGE, containing the plasmid pBFDtrd 8). The cells were grown
and SDS-PAGE staining dye were purchased from Amer- at 37°C on a shaker in Luria broth in the presence of 100
sham-Pharmacia. ThDP, kanamycin, benzoylformic acid, andmg/L ampicillin, 40 mg/L kanamycin, and 2 mg/L thiamin.
triethanolamine were purchased from Sigma. BSA, PMSF, The cells were induced with 1 mM IPTG at an @pof 1
ampicillin, SDS, acrylamide/bis-acrylamide solution were and grown for 16-14 h post induction. Typically,69 L of
purchased from Midwest Scientific. Tryptone and yeast cell culture was used for a single purification. The cells were
extract were obtained from Difco. Sodium phosphate, sodium harvested by centrifugation, frozen in liquid nitrogen, and
and potassium hydroxide, hydrochloric and acetic acid, stored at-80°C. The frozen cells were thawed, resuspended
sodium chloride, and ammonium sulfate were obtained from in 50 mM potassium phosphate, pH 6.0, 0.1 mM ThDP, and
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0.1 mM PMSF, and lysed by passing the suspension through
the French pressure cell. The lysate was centrifuged at
10000@ for 90 min, and the supernatant fraction was 0.05
subjected to 4680% ammonium sulfate fractionation. The
pellet was suspended in 20 mM triethanolamine chloride,
pH 7.5, 0.1 mM ThDP (buffer A), and dialyzed against the
same buffer. The dialysate was loaded onto a SepharoseQ
FPLC column previously equilibrated with buffer A. Fol-
lowing loading, the column was washed with 5 column
volumes of buffer A containing 100 mM NaCl, and the
protein was eluted with a gradient (40 column bed volumes)
of 100-500 mM NaCl in buffer A. BFD eluted between
200 and 250 mM NaCl, as determined by assaying the
fractions for BFD enzymatic activity. The BFD-containing FIGURE 2 Rapid-scan stopped-flow spectrum of wild-type BFD

- : i reacting with p-nitrobenzoylformic acid at pH 7.0 and 5%.
fractions were pooled, exchanged by dialysis into 50 mM Concentration of BFD was 5.8M and of NBFA was 5 mM.

sodium phosphate, pH 6.0 (buffer B), containing 1 M Reaction was carried out in 0.1 M HEPES buffer, containing 1
ammonium sulfate. After loading onto a phenyl Sepharose mM MgCl,, 1 mM EDTA, 1 mM ThDP, and 20% ethylene glycol.

FPLC column equilibrated with the same buffer, the column Scan.s were recorded at 2.56 ms intervals. Trace$llwere
was washed with 5 column volumes of the buffer B acquired at 1.28, 14.1, 26.9, 39.7, 52.5, 78.1, 103.7, 229.1, 382.7,
containirg 1 M ammonium sulfate. Prior to elution, ThDP 561.9 and 2047 ms.
was added to fraction collection tubes so that the final
concentration of ThDP in each fraction was 0.2 mM. The
protein was eluted with a-10 M gradient of ammonium
sulfate in buffer B, with BFD eluting between 550 and 250
mM ammonium sulfate, as judged from the absorbance
profile of the eluant at 280 nm. The fractions containing BFD
were pooled, exchanged by dialysis into 25 mM HEPES,
pH 7.0, 0.2 mM ThDP, 0.1 mM MgGland concentrated
either by using an Amicon ultrafiltration cell or Amicon
Centriprep (TM) concentrators to a final protein concentration
of 15-50 mg/mL. The pure enzyme was frozen in aliquots
in liquid nitrogen and stor'ed at80 °C . RESULTS AND DISCUSSION

Analysis of Enzyme Purity and Adgtyy. Protein concentra-
tion was determined by Bradford assdp)using BSA as a Wild-Type BFD.It was first shown that NBFA is indeed
standard. In the early stages of protein purification, enzyme a substrate for BFD. An experiment was carried out at 0.1
activity was determined by direct continuous ass#y. (Final mM NBFA concentration with horse liver alcohol dehydro-
enzyme activities and steady-state kinetic constants weregenase and NADH confirming that NBFA was quantitatively
determined by the horse liver alcohol dehydrogenase/NADH converted to thep-nitrobenzaldehyde product in approxi-
coupled assayl@). Protein was analyzed for homogeneity mately 800 s at 28C. This provides an estimate of 0.004
by SDS-PAGE using the mini-gel system purchased from s for the first-order rate constant for substrate consumption
Pharmacia. (assuming 5 half-lives). The steady-state kinetic parameters

Preparation and Purification of the H70A BFD Variant. were determined using a horse liver alcohol dehydrogenase/
BFD H70A was prepared usingfu DNA polymerase and  NADH-linked assay, providing &, = 0.154 mM andk.x
the QuikChange site-directed mutagenesis kit (Stratagene,< 0.04 s for NBFA (the value ofk.. being somewhat
La Jolla, CA). The mutants were constructed using pBFDtrc uncertain due to unavoidable spectral overlap of NADH and
(18) as the DNA template. The forward primer used for the NBFA). These experiments clearly demonstrated that NBFA
mutagenesis is shown below with the mutated codon is a substrate for BFD.
underlined, and the lowercase letters indicating a base change The stopped-flow experiment involves mixing BFD in one
from wild type: 3-GCCGGCTTTCATTAACCTGQCTTCT-  syringe with the NBFA in the second syringe. To obtain good
GCTGCTGG-3 In addition to creating the HisAla muta- quality stopped-flow kinetic data the reaction was slowed
tion, this change in sequence resulted in the lossBérl by running the experiment at 5°€. The typical concentra-
restriction site. Following mutagenesis, the template DNA tion of BFD was 5.8:M, and studies were initially carried
was removed by treatment witbpnl, and the remaining  out at pH 6.0 and 7.0. Ultimately, most data were collected
PCR products were transformed irocoli strain XL1-Blue at pH 7.0, since the extinction coefficient reporting on
(Stratagene, La Jolla, CA). Single colonies were picked, and transient { was considerably greater at the higher pH. A
their DNA was isolated and screened for the desired mutationtypical rapid-scan stopped-flow spectrum is shown in Figure
by restriction analysis usinBsni. The fidelity of the PCR 2. Deconvolution of the spectra into components is shown
amplification and the presence of the mutation were con- in Figure 3. There is evidence for the formation of two
firmed by sequencing. A plasmid containing the mutated chromophoric transients (Figure 4) wiflhax 620 nm (1)
BFD was selected and denoted pKKBFDH70A. and ~400 nm (b) and a chromophoric product withmax

This plasmid was used to transfoin coli M15 [pRep7], >730 nm (k) that is stable for the duration of the stopped-
and a single colony was chosen for expression of BFD H70A. flow experiment.
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The expression and purification were carried out using the
same procedure as for the wild-type enzyme (above).

Rapid-Scan Stopped-Flostudies were carried out on an
Applied Photophysics model SX.18MV stopped-flow spec-
trophotometer at 5.6 or 3. Temperature was controlled
with a Lauda MGW bath control. Diode-array spectral data
were deconvoluted into separate intermediates using the Pro-
Kineticist Software v. 1.03 from Applied Photophysics Ltd.
Leatherhead, England. Data fitting was carried out with the
SigmaPlot software from SPSS.
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Ficure 3: Deconvolution of transients in the rapid-scan spectra
presented in Figure 2 according to a mechanism with two
consecutive irreversible steps:-NBBFA — |; — |,. Extinction
coefficients (A) and concentration profiles (B) of the two intermedi-
ates | (dashed line) and,l(dash-dotted line) represent best fit of
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of 1, (see kinetic analysis below), and the pH dependence
of the amplitude of the effect, which suggests that some
group undergoing change in ionization with & p< 7 is
interacting in its conjugate base form. Thi&pis more
appropriate to a His than to the&Kpfor thiamin. (b) The
enamine (electron acceptor) itself with a His nearby (electron
donor) gives rise tés20, consistent with the pH dependence
alluded to above. Since disappears with the same rate
constant as the one characterizing the build-up ahtl since
there are no conjugated intermediates past the enamine on
the pathway, this scenario is unlikely. (c) Our choice is that
NMThDP is the intermediatg ks the acceptor vissas H70

as donor (see section on the H70A variant below), with the
resulting charge-transfer band Aty Also, the m-itro
derivative gave no spectrum under the same conditions on
PDC (7). This assignment of th8s, is consistent with all

of the of the observations so far. We wish to emphasize,
however, that we use this charge-transfer band only as a
reporter (a result of the-nitro substituent on this alternate
substrate) for the NMThDP intermediate, but certainly do
not intend to imply that a charge-transfer complex is an
obligatory intermediate in the mechanism.

Next, the concentration-dependence of the build-up and
disappearance ofj,Ithe most prominent and best-defined
chromophore, was examined. The NBFA concentration was
in excess over BFD in all of these experiments, since the
Km is rather high for NBFA, as it is for benzoylformat@«

12). For fixed concentration of enzyme with variable

the data in Figure 2 with the assumption that all enzyme is saturatedconcentration of NBFA, the first-order rate constants for the

with substrate in a Michaelis complex (solid line). Rate constants
for the two irreversible reactions are equal to 13:2%.039 and
4.75+ 0.010 s*. The spectrum of the product (dotted line) is shown
for reference.

The first transientlis formed and depleted in 1.0 s (see
slice of Asz0 @against time in Figure 4, panel B). We suggest
that the absorbance reporting onrepresents a charge-
transfer band for the following reasons. First, its wavelength

maximum is certainly unexpected and very much higher than
expected for any of the covalent intermediates envisioned,

of which only the enamine is expected to be a good

build-up and depletion exhibit saturation (Figure 5 and Table
1). For fixed concentration of NBFA (2 mM) and variable
concentrations of BFD, the rate constants are the same
(approximately 10 and 1.8, while the maximum absor-
bance achieved at 620 nm varies in a linear fashion with
BFD concentration up to gM at pH 7.0 and 5.6C (data
not shown). These experiments confirm that we are observing
a BFD-bound species.

The second transient; &t 5.6°C appears to rise (Figure
4, panel C), then level off, while at 3, it clearly shows
slow depletion with time (not shown). The rate constant for

chromophore. The width and symmetrical appearance of thebuild-up of this transient parallels, within experimental error,
band are appropriate for a charge-transfer band. Second, itshe rate constant for decrease of thestrongly suggesting
extinction coefficient is strongly pH-dependent, necessitating that the same event is monitored by the two relaxations. The
that data be collected at pH 7.0, for it is difficult to observe Amax for this transient is very near that expected for the

at pH 6.0. The same NBFA also gives rise to a band with
Amax N€ar 550 nm when mixed with PDC, and thgx was
shifted to longer wavelength by 40 nm upon addition
of 10% (v/v) CHCN (7). Since the same intermediates

enamine intermediatel 8, 14) with a p-nitro substituent.

The absorption corresponding te is built up at ap-
proximately the same rate asdr slower; however, it persists
at the same amplitude for the duration of the stopped-flow

should be formed on both enzymes, we assume that the locakxperiment (2 s). Given the unusuB.x and very broad
environment is perturbing the chromophore, and the dramaticnature of the absorption band, it would be premature to
perturbation on an absorption spectrum is most consistentspeculate about its origins.

with a charge-transfer band. We associate this charge-transfer Next, relaxation kinetic theoryl§) was used to interpret
band at 620 nm with NMThDP interacting with the enzyme. the transient kinetic observations. The reactions can be

On account of thee of ca. 9000, it is likely that it reflects

interpreted in terms of three relaxations: a fast one (non-

intermolecular, rather than intramolecular electron transfer. saturable and too fast to measure with the stopped-flow

This leaves the following possibilities (please note that

instrument) involving binding of substrate, followed byl/

neither the substrate nor the product possesses this bandforming NMThDP the first covalent complex between ThDP
(@) The C2-carbenelylide (electron donor) of ThDP could and NBFA, and finally 1#,, corresponding to decarboxyla-
interact with substrate (electron acceptor) in a Michaelis tion of NMThDP to the enamine. The data qrallowed us
noncovalent complex. This is unlikely for at least two to deduce rate constants from the,ldnd 1t, relaxations,

reasons: substrate-dependent formation ;o6Hows that

as well as a dissociation constant for the Michaelis complex

substrate binding has already taken place prior to formation (see equations in the figure legends). Using the data between
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Ficure 4: Difference spectra (A) and time course of the two intermediaté82D nm, panel B) anc: (410 nm, panel C). Conditions were
the same as described in Figure 2. Calculated rate constants for the formatiparid/depletion (k%) of I, are 13.83+ 0.12 st and 4.51
+ 0.028 s, respectively. Rate constant for the formation pfsl 4.424+ 0.060 s*.

20

A Table 1: Rate Constants for Build-up and Depletion of the
TransientAszo on BFD When Reacted with-Nitrobenzoylformic
16 Acid at pH 7.0 and 5.6C
~12 [NBFA] (mM) Uty (s7Y) lira (s
< 0.25 2.39+0.01 0.18+ 0.003
S s 0.50 3.69+ 0.02 0.31+ 0.005
0.75 4.95+ 0.02 0.45+ 0.004
al 1.0 6.05+ 0.03 0.82+ 0.01
15 8.19+0.03 0.81+ 0.01
0 . ‘ , ‘ , 2.5 10.47+ 0.05 1.5140.01
0 2 4 5 8 10 5.0 14.27+ 0.07 2.96+ 0.01
7.5 16.79+ 0.10 3.66+ 0.01
NBFAT (i) 10.0 17.72£ 0.16 451+ 0.03
5
al B constantk_, is assigned to its reversion to the Michaelis
complex.
—~ 3l . The formation rate of ;| attributed to the enamine, is
2 identical to the rate of depletion of Within the error of
£, analysis. The most curious feature of the results is that the
1/t, relaxation is also strongly substrate concentration-
1T o4 dependent. It is reasonable to assume, with no evidence to
. ) , ‘ ‘ ; the contrary, that the rate constdat is essentially zero,
0 2 4 6 8 10 i.e., decarboxylation is irreversible. Hence, the only way to
[NBFA] (mM) fit the totality of the findings is to assume that the

FicUrRe 5: Dependence of the build-up (A) and depletion (B)of | decarboxylation step itselk{) is assisted by the substrate,

as a function of NBFA concentration. Conditions were the same in other words, the data were fit with a terkgS]/(Kq2 +
as described in Figure 2. Solid lines represent the best fitmf 1/ [S]). A plausible explanation of this finding is the notion

vs [NBFA] and 1t vs [NBFA] according to the eqs 4/ = k;S/ reflected in Scheme 2, i.e., an “alternating sites” reaction
(K1 + S) + k2 and 1f> = ksS/(Kaz + S), respeciively. pathway, according to which the site in a second subunit
. must be occupied by substrate before decarboxylation at the
0.25 and 10 mM NBFA for 5.%M BFD, the parameters in first site can be completed. According to this mechanism,
Table 2 were deduced. the two ThDP sites must interchange their roles during the

Similarly, the minimal mechanism to account for the catalytic cycle. In a much slower reaction, the enzyme can
observations invokes at least three steps. The dissociationg|so catalyze the decarboxylation with only a single site filled
constantky; for NBFA with wild-type BFD is 3.22 mM as (k). Enzymes such as BFD, which utilize ThDP, are
compared to &, of 0.154 mM (see above and Polovnikova  supject to several regulatory mechanisms, such as hysteretic
et al., manuscript in preparation). behavior visavis ThDPMg (II) (see ref 1) and, in several

As shown in Figure 5, the substrate concentration depen-cases such as yeast PDC, very pronounced substrate activa-
dence of the I relaxation indicates that the curve may have tion. Therefore, it would not be totally unreasonable that
a nonzeroy-intercept; hence the rate constdnt is most BFD, a homotetrameric enzyme just as PDC, is also under
likely nonzero. At the same time, the magnitudekgis not regulatory control, albeit of a different origin. As shown
very sensitive to the assumption of zero or nonzerdkfer below, the rate of formation of the transient attributed to
The rate constark; is assigned to conversion of the BFD  the enamine is also concentration-dependent for the H70A
ThDP-NBFA ternary (noncovalent) Michaelis complex to a variant, for which the transient tannot be observed, clearly
covalent ThDP-substrate adduct, NMThDP, and the rate supporting this apparent substrate-dependent behavigr of
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Table 2: Calculated Rate Constants for Scheme 2 for NBFA Reacting with BFD

Kai (mM) ka(s™) k-2(s™) Kaz(mM) ks(s™) k(s
wild type (5.6°C) 3.224+0.23 22.6+0.37 0.73+ 0.2 17.14+3.69 12.2+ 1.86 <0.2
2.68+0.14 22.4+0.46 ¢
H70A (30°C) 10.5+2.31 2.00+0.23 0.073+ 0.020

a Calculated assuming nonzeko,. ? Calculated assuming zeio..

Scheme 2: Decarboxylation of NBFA by BFD Requiring Two Active Sites

Product
4\ namine
‘ BF
slow
A
¢ 42 ThDP
Ks CO>
ThDP ThDP -NBFA NMThDP
[ T L S
BF — BF = BF
Kai K2 A
ThDP ThDP 620 ThDP
Product NBFA
Kk
slow 4 Kaz

namine NMThDP
- -~ L
BF BF
Oz

A ThDP-NBFA Ago ThDP-NBFA
For the wild-type BFD, the first-order rate constgtrarent 04 oo
from the total analysis is ca. 4.5% Under the same ' '
experimental conditiong,?Paenis 13.8 s1, suggesting again 0al 0270
that decarboxylation is slower than formation of the covalent % ‘ £
NMThDP. On the other hand, the analysis also suggests that g ozl 0265
ks > k_,, thereby indicating that primary carbon kinetic 2
isotope effects for Céerelease, measured under competitive 04 5 e s0cy ™ 15
(V/K) conditions, should give a number near unity. Indeed
this is observed for benzoylformate decarboxylds® énd, 00 , E—
of course, the numbers unequivocally support the notion that 400 450 500 550 600 650 700
product (benzaldehyde) release is rate-limiting overall. Wavelength (nm)

The H70A BFD Variant.A rapid-scan stopped-flow  Ficure 6: Rapid-scan stopped-flow trace of the H70A BFD variant
spectrum resulting from the mixing of NBFA with this active reacting with p-nitrobenzoylformic acid at pH 7.0 and 3TC.
center variant at 36C is shown in Figure 6The experiments ﬁgrl‘:‘fwg'g?n?\; tgee:;%’:; EVEE g’;rr'iz'atg‘l’ﬁ?ﬁﬂ 22%?3{'#; a
were run at a higher temperature, as _t_h's |s_a_much-|mpalredused with wild-type BFD. Time-dependent change of absorbance
variant [for benzoylformate, the specific activity akd are at 410 nm is shown in the inset.

260 U/mg and 0.37 mM for wild-type, and 1.1 U/ mg and

9.4 mM for the H70A variant, respectively (Polovnikova et ~ Perhaps the most remarkable finding is that this variant
al., manuscript in preparation)]. Most importantly, at the pH does not exhibit the charge-transfer band reporting, @o |
values used, for this variant, only &nd k are observed,  prominent with the wild-type enzyme. The simplest explana-
with no evidence of,l Again, the substrate dependence of tion is that interaction of NBFA with His70 produces the

I, buildup and breakdown was examined (Figure 7) and charge-transfer band or, minimally, that His70 must be
showed saturation with a nonzerantercept consistent with  present and very likely in its neutral imidazole form for the
Scheme 2 (Table 3). The steady-state rate for conversion ofcharge-transfer band to exist. The latter deduction is because
I> to I3 exhibits saturation with increasing NBFA concentra- at pH 6.0 it was very difficult to observe.lAs a bonus, the
tion and provides &, of 2.91+ 0.44 mM, the same value results suggest that there is a change in the fraction of H70
as obtained from steady-state kinetics with the natural side chain ionization state giving rise to the charge-transfer
substrate (Polovnikova et al., manuscript in preparation). This band between pH 6 and 7. We also note that a superposition
result strongly suggests that tpenitro substitution on the  of active centers finds His70 near H115 of P}, on which
NBFA affects transition state binding more than reactant NBFA also produced such a charge-transfer baidgd (
binding. Nevertheless, it is important to emphasize that the inability
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Ficure 7: Dependence of the exponential build-up (A) and steady-
state depletion (B) of;las a function of NBFA concentration for
the H70A BFD variant. Conditions were the same as in Figure 6.
Fitting equation for I vs [NBFA] is 1fr = ksS/(Ka2 + S) + k.

The rate of steady-state depletidgnfa) vs [NBFA] is fitted to

the Michaelis-Menten equation.

Table 3: Rate Constants for Build-up and Depletion of the
Transient } on H70A BFD When Reacted with NBFA at pH 7.0
and 30°C?

[NBFA] (mM) Uz (sh Kiinear (AA410'S€C)
0.1 0.053+ 0.057 5.28e 7+ 4.37e-4
0.25 0.107+ 0.0184 2.07e5+ 1.19e-4
0.5 0.1564+ 0.0087 2.46e4 + 5.76e-5
0.75 0.229+ 0.0075 1.75e4 + 3.21e-5
1.0 0.2864 0.0066 2.39e4 + 2.26e-5
1.5 0.348+ 0.0064 2.91e4 + 1.74e-5
25 0.4444 0.0080 4.75e4 + 1.41e-5
3 0.509+ 0.0101 5.09e4 + 1.39e-5
5 0.676+ 0.0122 5.96e4 + 1.24e-5
7.5 0.937+ 0.0220 7.09e4+1.17e-5

10 1.015+ 0.0346 7.56e4 + 1.56e-5
10 1.089+ 0.0361 7.32e4+ 1.47e-5

a Data analyzed according to the equation
A=A "+ Kt + A

to observe the;lwith Aszo with the H70A variant in no way
implies that the reaction pathway bypasses NMThDP.

A comparison ofk; for wild-type (at 5.6°C) and H70A
variant BFD (at 30°C) shows that the H70A substitution
has a large effect ok (for any reasonable activation energy
used to estimate the rate constant for the wild-type enzyme
at 30°C), consistent with the finding of large effects WK
with the natural substrate and rather little on the formation
of I3 and product release.

CONCLUSIONS

Several conclusions can be drawn from the results. First
and foremost, the experiments confirm the existence and
kinetic competence of the enamine as a highly conjugated

species on the reaction pathway. The rate constants in Table

Sergienko et al.

2, corrected to 30C and within experimental limits, would

be consistent with the turnover number of the enzyme with
the natural substrate. Second, the observations provide direct
evidence for the nonconcerted nature of decarboxylation and
product release, with product release being rate-limiting.
Third, the rate constant for enamine formation is remarkably
similar, again within a factor of 2, to that observed for the
formation of the enamine from the conjugated substrates on
PDC ). Finally, the similarity of the rate constants on these
two enzymes and of the turnover number for the related
pyruvate oxidase 19) suggests that all of these ThDP
enzymes share common features through decarboxylation.
These include a large “solvent” effect, i.e., stabilization of
the zwitterionic intermediates by the active center with a low
apparent dielectric constarzd). We are led to this conclu-
sion on the basis of observations that, on all ThDP enzyme
structures determined so far, the coenzyme always assumes
the same “V” conformation. Further, there are three highly
conserved hydrogen bonds to the pyrimidine ring, prompting
one of our groups to propose that the coenzyme carries out
the bulk of the work through decarboxylatio2lj. In fact,
other than the conserved “V” conformation and the three
conserved hydrogen bonds, the active centers appear to be
significantly different in PDC and BFD9J, notwithstanding
very similar functions through decarboxylation. One may
reasonably speculate that the conserved structural features
provide the bulk of the enzymatic rate acceleration. Indeed,
substitution of other groups at the active center2, 23)
accounts for only 198-10*-fold rate accelerations on either
enzyme. The fast spectroscopic detection of the fate of key
enzymatic intermediates offers a method for comparison of
catalysis on this enzyme with different amino acid substitu-
tions.
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