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Phosphopantothenoylcysteine decarboxylé&eQ-DC) cata-
lyzes the decarboxylation of the cysteine moiety 6pAospho-
pantothenoylcystein€(PPC) to form 4-phosphopantethein8)(

The activity was recently shown to reside on a bifunctional
enzyme inE. coli (CoaBC, previously Dfp) which also harbors
phosphopantothenoylcysteine synthet&d-S) activity (Scheme
1).12 Both of these activities form part of the biosynthetic
machinery that converts pantothenate (VitamipiBto Coenzyme

A, an essential cofactor in all biological systefns.

Prior to the characterization of the enzyme as a flavoprotein
there was no obvious mechanism for the stabilization of the
carbanion intermediate resulting from the decarboxylatio®.bf
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Enzyme-catalyzed solvent exchange reactions have been ob-
served in a number of systems in which the mechanism involves
abstraction of thex-protoni® This suggests a strategy to dif-
ferentiate between pathwaywhich might show this exchange,
as is the case in GAD, and pathway$ andc, where enzyme-
catalyzed exchange at,Gvould not be possible. When we

Scheme 2 outlines three mechanistic proposals for this reaction,performed solvent exchange reactions in whicis allowed to

all of which depend on mediation by the flavin cofactor. In
pathwaya, which is analogous to the mechanism of general acyl-
CoA dehydrogenase (GAD)leprotonation of the cysteine moiety
at G, followed by formal hydride transfer to the flavin would
give 4. This hydride transfer could be direct or proceed by a
sequential single electron transfer (SET) mechaniautomer-
ization of4 to 5 activates the substrate to undergo decarboxylation
in a manner similar to that gf-keto acids. Alternatively, the
thioaldehyde5 could be formed by direct oxidation of the thiol
in a mechanism that is analogous to the mechanism of NAD
dependent alcohol dehydrogenase (ADH), as in pathtvdy
Decarboxylation via pathwag relies on the formation of the
charge-transfer compleékbetween oxidized flavin and the thiolate
anion of2, which mediates the subsequent formation of a thiol-
flavin adduct at C(4a)9). The activation of the thiol provided
by such an adduct allows facile oxidization to the thioaldehyde,
which then undergoes decarboxylation as for the other pathivays.
However, pathway can also proceed by oxidation of the thiol

react withL-cysteine in RO (pD 8.0) in the presence of cytidine
5'-triphosphate (CTP) and the enzyme, we did not observe any
exchange except for the replacement of the carboxyl group as
judged by ESI-MS analysis of the resulting reaction mixtures.
While this result supports pathwapsandc, it does not exclude
the possibility that the reaction proceeds via pathwaiy the
enzymatic base is monoprotic and not accessible to solvent.

The activation oPPC for the decarboxylation reaction involves
the cleavage of €H bonds. This suggests that primary deuterium
isotope effects might allow differentiation between the proposed
mechanisms. If deprotonation at @ kinetically significant in
pathwaya, one should see an isotope effect at this position while
there is no possibility of observing a primary isotope effect at
this center in either pathwaysor c. All three mechanisms predict
a possible primary deuterium isotope effect at'€

We have measured th@//K) isotope effects at Cand G for
the decarboxylation reaction by means of direct competition
reactions, exploiting the fact that the enzyme has RRIC-S

by an SET mechanism analogous to the mechanism of monoamineandPPC-DC activities. A(V/K) isotope effect on an enzymatic

oxidase®

In all three pathways the reaction is completed by reduction
of the intermediate formed after decarboxylation. However,
depending on the pathway followed, this can either occur by
tautomerization of the intermediaieo the thioaldehyd&, which
is reduced directly by hydride transfer or by an SET mechanism,
or via the thiol-C(4a) adduct depicted ird.
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reaction will be observed only if the isotopically sensitive step
occurs before or at the first irreversible step in the reaction
sequencé? The observation of &(V/K) isotope effect using
cysteine as the substrate therefore requires that the intermediate
2 is first released from the enzyme before being decarboxylated,
as the formation of an amide bond is highly unlikely to be
reversible. We confirmed this by the detection2fising ESI-

MS analysis of partially converted reaction mixtuté§hus a
mixture of racemic cysteine and racemic’Bcysteine or racemic
cysteine and racemic 3,3H].cysteine was treated with the
enzyme in the presence of CTP ahdnd the relative deuterium
content of the produ@® measured by ESI-MS analysis after both

(10) For a discussion of solvent exchange in enzyme-cataf§sdichination
reactions, see: Gerlt, J. A.; Gassman, PJGAM. Chem. S0d.992 114
5928-5934.

(11) Ghisla, S.; Thorpe, C.; Massey, Biochemistry1984 23, 3154—
3161.

(12) Primary deuterium isotope effects have also been used to study both
GAD and ADH. (a) For GAD, the value fdg/ko was reported as 2.5 for,H
and 14 for H. See: Pohl, B.; Raichle, T.; Ghisla, Bur. J. Biochem1986
160, 109-115. (b) For ADH,?(V/K) was found to be 3.0. See: Damgaard,
S. E.Biochemistry1981, 20, 5662-5669.

(13) For a discussion of(V/K), see: Cleland., W. WCRC Crit. Re.
Biochem.1982 13, 385-428.

(14) Strauss, E.; Begley, T. P. Unpublished observation.

10.1021/ja016020y CCC: $20.00 © 2001 American Chemical Society
Published on Web 06/06/2001



6450 J. Am. Chem. Soc., Vol. 123, No. 26, 2001

Communications to the Editor

Scheme 2
FMNH
FMN H FMNH~ ;(,')
e}
RUNHH/ _ RHN o RHN_'A O oH
HOOCQ{)(SH s
1) 07 oH ; K‘HB A N
J B N A G
B3 o) o
a,b 3
a EMN FMNH"
H CO2 FMNH
RHN H H rHNH
2 b HOOC J(s ‘i, RHN._~
¢ ~H SH
H H 0”0

HB
‘\:B

/ |
llQib Rib

1
N N._-O N N._.O
=~ \l% > \f
:@K{j/\n/NH ;@[N NH
0 Hlo

.
runy S HB-ENz RN 5
HOOC% HOOC%
HH Hh
H H T
8 9

partial (<5%) and complete conversiéh'® The isotope effects
were calculated by dividing the ratio of deuterated and nondeu-

R . Rib Rib
NER
L — e LTS
) y :
0 0 t 0
S S S "HB-Enz
RHN\)L’;\ RHN\/IVH RHN_A.
HB e H

7 10 1"

transfer band at 560 nm. This observation is consistent with the
presence of the charge-transfer complekasd11 and suggests

terated products at partial conversion by the ratio of the same atthat the decarboxylation d*PC proceeds via pathway!®

complete conversion, as previously describedhe results
demonstrated a very small isotope effect a CO7+ 0.03) and
a primary isotope effect at/g1.81+ 0.04). While the data are
consistent with pathwayls andc, it is possible that the reaction
could proceed by pathwag if the deprotonation at Cis fast.

To determine the extent of releasefrom the enzyme, we
synthesized,3-dideuterate@ by published methodsisingL-3,3-
[2H].cysteine and determined the value@f/K) at C; to be 2.54
+ 0.03Y This is substantially larger than the value of 181
0.04 determined by synthesizirfgenzymatically and indicates
that there is significant channeling 8fto product.

The presence of a thiolate anion in close proximity to C(4a)
of flavin (as depicted in pathway) should result in the formation
of a thiolate-flavin charge-transfer complex, which may be
observable in the UV/visible spectra of the enzyrsabstrate or
enzyme-product complexes. Such charge-transfer complexes

have been detected as long-wavelength absorptions in the flavin

spectra of certain members of the family of disulfide oxidoreduc-

This study is the first to provide mechanistic insight into the
novel decarboxylation reaction catalyzedPyC-DC. We show
that solvent exchange of the-proton is not observed and that
the °(V/K) isotope effect at ¢ is small: these results suggest
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Figure 1. Spectra of pure CoaBC (line 1) and in the presence of 4.5

tases, specifically mercuric reductase and lipoamide dehydroge- 1 substrate 7, line 2) and 4.5 mM product( line 3) at pH 8.0.

nase>8In contrast, for pathwaya andb, hydride transfer from
the substrate to the flavin will require that the thiol is oriented
away from the flavin, in which case it will be unable to form
such a charge-transfer complex.

The UV/visible absorption spectrum of pure enzyme and in
the presence of substrat®) @nd product ) is shown in Figure

1, and clearly demonstrates the formation of an induced charge-
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that the reaction does not proceed via pathway he isotope
effect at G, in combination with the presence of substrate and
product induced charge-transfer complexes as observed in the UV/
visible spectrum of the enzyme, support pathwas the means

by which the substrate activating thioaldehyde is formed, whether
by an SET mechanism or via a thiol-C(4a) flavin adduct.
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