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ABSTRACT: Pyruvate:ferredoxin oxidoreductase (PFOR) catalyzes the coenzyme A (CoA)-dependent
oxidative decarboxylation of pyruvate. In many autotrophic anaerobes, PFOR links the-\Moaddahl
pathway to glycolysis and to cell carbon synthesis. Herein, we cloned and sequenkkedhibamoacetica

PFOR, demonstrating strong structural homology with the structurally charact&izfdcanusPFOR,
including the presence of three [4Fe-4S] clusters per monomeric unit. The PFOR reaction includes a
hydroxyethyl-thiamin pyrophosphate (HE-TPP) radical intermediate, which forms rapidly after PFOR
reacts with pyruvate. This step precedes electron transfer from the HE-TPP radical intermediate to an
intramolecular [4Fe-4S] cluster. We show that CoA increases the rate of this redox reactionfblgd 10
Analysis by Marcus theory indicates that, in the absence of CoA, this is a true electron-transfer reaction;
however, in its presence, electron transfer is gated by an adiabatic event. Analysis by the Eyring equation
indicates that entropic effects dominate this rate enhancement. Our results indicate that the energy of
binding CoA contributes minimally to the rate increase since the thiol group of CoA lends over 40 kJ/
mol to the reaction, whereas components of CoA that afford most of the cofactor’s binding energy contribute
minimally. Major conformational changes also do not appear to explain the rate enhancement. We propose
several ways that CoA can accomplish this rate increase, including formation of a highly reducing adduct
with the HE-TPP radical to increase the driving force for electron transfer. We also consider the possibility
that CoA itself forms part of the electron-transfer pathway.

Pyruvate:ferredoxin oxidoreductase (PFOR)a thiamin C) lead toward the surface, where interactions with a redox
pyrophosphate (TPP), irersulfur enzyme that catalyzes the partner such as ferredoxin can occdy. Each of the three
two-electron oxidation of pyruvate to acetyl-CoA (eq 1):  clusters is separated byl3 A (center-to-center).

Studies of the kinetic mechanism of tike thermoacetica

CH;COCOO + CoA < acetyl-CoA+ CO, + PFOR reveal several interesting features, including a substrate-
IH" + 2¢ (1) derived radical intermediate and several long-distance electron-
transfer reactions (Figure 1%) The reaction begins with
In the anaerobic bacteriunMoorella thermoacetica(f. transient deprotonation of TPP, followed by nucleophilic

Clostridium thermoaceticunPFOR links glycolysis to the ~ attack by the resulting TPP carbanion on pyruvate to yield
autotrophic Wooe-Ljungdahl pathway. IM. thermoacetica @ hydroxyethyl-TPP (HE-TPP) anion or enamine intermediate
and some other organismsy PFOR also functions as anand CQ NeXt, one electron is transferred from HE-TPP to
efficient pyruvate synthase by a reversal of this reaction ( one of the oxidized [F,]*"** clusters (designated Cluster
3). The 2.3 A resolution crystal structure of tBesulfaibrio A), which generates a HE-TPP radical intermediate and a
africanusPFOR reveals that the active site cofactor thiamin reduced [FgS,]** cluster. A high-resolution crystal structure
pyrophosphate (TPP) and a proximal J642*/%* cluster of this radical intermediate in the active site of PFOR reveals
(designated Cluster A) are buried within the protein and that that the thiazolium ring of the TPP cofactor is markedly bent,
two additional [FeSy]2/** clusters (Cluster B and Cluster indicating loss of aromaticity of the ring). The next step
may involve reaction between the HE-TPP radical intermedi-

* This work was supported by NIH Grant GM39451 (to S.W.R.). ate with a sulfur-based CoA radical to generate acetyl-CoA.

* Correspondence should be addressed to this author at the DepartAlternatively, an electron is transferred from the HE-TPP
ment of Biochemistry, Beadle Center, University of Nebraskiacoln, radical to another Fe-S cluster (Cluster B), to generate a
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1 Abbreviations: PFOR, pyruvate:ferredoxin oxidoreductase; TPP, acetyl-TPP intermediate, which undergoes nucleophilic attack
thiamin pyrophosphate; CoA, coenzyme A; MOPSN3rforpholino)- by CoA to generate acetyl-CoA. This cluster-to-cluster

propanesulfonate; MV, methyl viologen; acetyl-CoA, acetyl-coenzyme ;
A: desulfo-CoA, desulfo-coenzyme A'-gephospho-CoA. adephos- electron transfer over a 13 A distance occurs extremely

pho-coenzyme A; DTT, dithiothreitol; EPR, electron paramagnetic rapidly in the presence of CoA; however3 in i.ts absence, the
resonance; RFQ-EPR, rapid freezpiench EPR. electron-transfer rate, as shown herein, is 100 000-fold
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Ficure 1: Long-distance electron-transfer reactions in PFOR.
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3-(N-morpholino)propanesulfonate (MOPS) buffer at pH 7.5.
The oxygen level was maintained below 10 ppm in a
Vacuum Atmospheres anaerobic chamber. Protein concentra-
tion was determined by the Rose Bengal meth@duging
bovine serum albumin as standard. PFOR activity was
measured as describef) (following pyruvate- and CoA-
dependent MV reduction.

PFOR Sequencingdne primer was designed based on the
PFOR N-terminal amino acid sequence: PKQTLDGN-
TAAAHVAYAMSEVAALIY (5 '-gcngcncaygtngentaygenatc-
3). The low-redundancy amino acid sequence used to design
the C-terminal reverse primer was found by comparing the
primary sequences of PFOR frobesulfaibrio africanus
Clostridium pasteurianupKlebsiella pneumonigeandRho-
dospirillum rubrum The amino acid sequence WIFGGDGW
was back-translated to the degenerate primi@canccrtc-
mccnccraakatcca-3The two degenerate primers were used
in a PCR reaction. The composition of the PCR reaction was
0.5uM N-terminal primer, 0.5:M C-terminal primer, lug

slower. Regardless of the presence or absence of CoA, theyf genomic DNA, 0.2 mM dNTP, 1.5 mM Mgg| 1 unit of

rate of HE-TPP radical decay matches the rate ofJf&™*
cluster reduction; thus, this is a tightly coupled reaction.

Taq polymerase, and L of Taq extender. The buffer used
was the Taq extender buffer. The 3 kb PCR product was

In this paper, we have focused on several important cjoned in a pCR2.1-TOPO vector. The vector containing the

questions related to the stability of this radical intermediate.
What is the origin of this 19fold rate enhancement for

insert was transformed iB. coli strain IM109 and stored at
—80 °C. The PCR product was also used to generate the

is the electron-transfer pathway in the presence versus the cnhromosomal DNA was extracted fravh thermoacetica
absence of CoA? What controls the rate of electron transfer?py the standard phensthloroform method and was partially

Does the binding energy of CoA to PFOR contribute to

digested with Sau3A I. The digestion products were ligated

decreasing the energetic barrier of the electron transfer? Isjyig 5 pBluescript KS- plasmid that had been treated with

the thiol group of CoA part of the network involved in
electron transfer?

BanHl and CIAP (calf intestinal alkaline phosphatase). The
ligation mixture was transformed int&. coli JM 109

To better understand this electron-transfer reaction and thecompetent cells and screened by buehite color selection
origin of the rate enhancement, we analyzed the rate of plates containing 80g/mL X-Gal, 50ug/mL ampicillin,

electron transfer from the HE-TPP radical intermediate t0 53nd 20 mM IPTG. About 90% of the colonies contained an
Cluster B from both transition-state and electron-transfer jnsert. For colony hybridization and detection, we used the
theory perspectives. We studied 'Fhe reaction in the Presencey|G-High Prime DNA Labeling and Detection Starter Kit
and absence of CoA and with different CoA analogues 10 || (Roche Molecular Biochemicals) and followed the protocol
dissect the contributions of different components of the CoA suggested in the product manual. The DIG-labeled probe was
molecule to the electron-transfer rate. generated using the 3 kb PCR product as template. The
hybridized DIG-labeled probe was detected with an alkaline
MATERIALS AND METHODS phosphatase labeled anti-DIG antibody. The blot was incu-
Materials. N, (99.8%, from Linweld) was deoxygenated bated with CSPD (disodium 3-(4-methoxysgite2-dioxet-
by passage through a heated column containing BASF ane-3,2(5-chloro)tricyclo[3.3.1.13,7]dec&rd-yl)phenyl phos-
catalyst. Pyruvate, CoA, methyl viologen (MV), thiamin phate), and the phosphatase activity was detected by
diphosphate (TPP), magnesium chloride (MgC3-dephos- chemiluminescence. By exposing the blot to an X-ray film,
pho-CoA, and dithiothreitol (DTT) were purchased from we found that 1 colony out of 500 contained the PFOR gene.
SIGMA. The DIG-High Prime DNA Labeling and Detection The colony was picked, and both DNA strands were
Starter Kit Il was purchased from Roche Molecular Bio- sequenced. The overlapping sequences were manipulated
chemicals; Tag polymerase, Taqg extendercoli JM 109 using VectorNTI Suite 6 software (InforMax, Inc.).
competent cells, and the pBluescript K$plasmid were Reduction of the Three [4Fe-4S] Clusters followed by
purchased from Stratageri@anHl, Sau3Al, and calf intes-  UV—Visible Spectroscopy-hroughout the paper, concentra-
tinal alkaline phosphatase (CIAP) were purchased from tions of PFOR are expressed in terms of the 120 kDa
GibcoBRL, and pCR2.1-TOPO vector was acquired from monomeric unit, although the protein exists as a dimer. For
Invitrogen. the UV—visible scanning spectroscopy, PFOR was diluted
Bacterial Strain and Culture Conditions. Moorella ther- to a final concentration of 18.6M in 0.5 mL of 50 mM
moacetica(f. Clostridium thermoaceticumnstrain ATCC MOPS, pH 7.6, containing 1 mM TPP and 2 mM MgCl
39073 was grown anaerobically at 85 in a 14 L fermentor ~ Then, the enzyme was sequentially reduced at@5hy
on glucose and CQas carbon source as describ&l E. adding 10 mM pyruvate and then 1 mM CoA. Spectra were
coli IM109 was grown in standard LB media with ampicillin. recorded immediately and 10 min after each addition. In a
Enzyme PurificationPFOR was purified under strictly  separate set of experiments, using the same concentration
anaerobic conditions as described) {n anaerobic 50 mM of PFOR, the spectrum was collected before and after the



Coenzyme A Enhancement of Electron-Transfer Rate Biochemistry, Vol. 41, No. 31, 2002923

enzyme was exposed to air for 2 min. Temperature Dependence of the Electron-Transfer Rates.

PFOR Reduction followed by Stopped-Flotl assays  We studied the temperature dependence of Cluster A, B, and
were performed in a reaction mixture containing 50 mm C reduction, inthe presence of pyruvate, pyruvate plus CoA,
MOPS, pH 7.6, 1 mM TPP, 2 mM Mggland 2 mM DTT. and pyruvate plus desulfo-CoA. Reduction of the Fe-S
All three sets of experiments described below were per- clusters was followed at 420 nm, and, depending on the
formed in single wavelength and rapid scanning modes with reduction rate, we used a stopped-flow instrument or an Olis
an Applied Photophysics stopped-flow instrument. One spectrophotometer to follow the decay of absorbance at 420
tonometer contained PFOR while the other contained one"M- When both pyruvate and CoA were present, Cluster A

of the following: (1) 20 mM pyruvate, (2) 20 mM pyruvate and Cluster B reduction was followed between 10 and 30
and 2 mM CoA, (3) the same as (2) but in the presence of °C, and Cluster C reduction was followed between 10 and
MV (30 and 80uM initial concentration for the single 20 °C in an Applied Photophysics stopped-flow instrument,

wavelength experiment and 50, 100, and 40@ initial since the reaction was too fast to accurately follow at higher
concentration for the rapid scanning experiment). In the (€mperatures. One tonometer contained 4.4 mg/mL PFOR

single wavelength experiments, the PFOR concentration was(36 #M, initial) in 50 mM MOPS, pH 7.6, 1 mM TPP, 2

30 uM (initial concentration), and the reduction of 8 mM MgClz, and 2 mM DTT. The other tonometer contained
clusters and MV was monitored at 420 and 604 nm, 20 mM pyr_uygte _and CoA at concentrations ranging from 8
respectively. For the rapid scanning experiments, the PFORC 8004M (initial) in the same MOPS buffer. The data shown

concentration was 40M (initial concentration), and spectra repregent the average of at least five stopped-flow shots and
were collected between 340 and 750 nm. two different batches of enzyme. In the absence of CoA,

. . . the same PFOR concentration was used to determine Cluster
EPR Experimentdn parallel with the rapid freezequench

. A reduction in the presence of pyruvate alone (20 mM initial
EPR (RFQ-EPR) experiments at@, we prepared two EPR concentration). The reaction was also followed between 10
samples: (1) 10«M with 10 mM pyruvate and (2) 100

; and 30°C by stopped-flow. Since Cluster B reduction is
#M PFOR with 10 mM pyruvate plus 1 mM CoA. The EPR g0 \when PFOR is reacted with pyruvate alone or with

o . } o ebyruvate plus desulfo-CoA, we used temperatures between
following: receiver gain, 5x 1C® for the reaction in the 10 and 55°C, and we followed Cluster B reduction in an

absence of CoA and 1@or the reaction in the presence of  gjis spectrophotometer. In these experiments, the concentra-
CoA; modulation frequency, 100 kHz; modulation amplitude, tions of PEOR pyruvate, and desulfo-CoA wereid9, 10
10.145 G; center field, 3400 G; sweep width, 2000 G; and v and 1 mMm respectively. ’

microwave power, 0.2 mW. The double integrals of the EPR Temperature Dependence qfkFor these experiments,
signals were compared to that of a 1.1 mM copper(ll) \ye coupled the PFOR reaction to methyl viologen (MV)
perchlorate standard to determine the number of Spins pereqyction and followed the increase in absorbance at 604
monomeric unit. The power saturation analysis was per- .. The reaction mixture contained 2 mM DTT, 10 mM
formed to_ensure that _the signals were not saturated U”derpyruvate, 1 mM TPP, 2 mM MgGJ and 8 mM MV in 50
our experimental conditions. mM Tris-HCI, pH 7.6. The anaerobic reaction mixture (1
Rapid Freeze- Quench EPR ExperimeniBhis experiment ~ mL) was flushed for 5 min with Nbefore each assay using
was carried out using a chemical/freezpiench apparatus  a Schlenck line. After incubating the reaction mixture for 5
(Update Instruments, Madison, WI). We performed the min at temperatures ranging from 10 to 56, CoA was
experiments at room temperature (20) and at 4°C by added in concentrations varying from 1.6 to 329, and
moving the freeze quench apparatus in the’€@ cold room. the reaction was started by adding 1 oul2 of 0.032 mg/
The temperature of the isopentane bath was maintainedmL stock PFOR.
between—135 and —144 °C. The syringes were made PFOR Reduction in BD followed by Stopped-Flovilo
anaerobic by repeated washing with an anaerobically pre-determine the solvent deuterium kinetic isotope effect on the
pared solution containing 50 mM MOPS, pH 7.6, 1 mM TPP, PFOR reaction in the stopped-flow instrument, we used the
2 mM MgCl, and 2 mM DTT. For the 20C experiment, optical detection cell in the 2 mm path length mode. The
PFOR was diluted to 100M in the same buffer and loaded enzyme was successively incubated and washed with buffer
in a syringe. The other syringe contained 20 mM pyruvate made in BO (50 mM MOPS, pD 7.6, 1 mM TPP, 2 mM
and 2 mM CoA in the same buffer. The reaction was MgCl,, and 2 mM DTT). The solution contained 99% @
quenched at 5, 8, 10, 16, 20, and 100 ms by spraying thePFOR (0.104 mM) was loaded in one tonometer, and the
sample in a bath of cold isopentanel44 °C). In another other tonometer contained 20 mM pyruvate and 2 mM CoA
experiment, PFOR (10@M) was reacted with pyruvate alone in the same buffer. A parallel experiment was performed in
(20 mM), and the reaction was quenched after 5 ms. The H,O under the same conditions, with 0.22 mM enzyme in
same experiment was repeated atGtin the cold room. one tonometer.
The PFOR concentration before mixing was 0.213 mM, and  Determination of the Dissociation Constants for Desulfo-
the reaction was quenched at 3, 5, 8, 20, and 100 ms whenCoA and Dephospho-CoAThe Kp (K|, since it is a
PFOR was reacted with pyruvate and at 3, 5, 8, 16, 25, 40, competitive inhibitor) for desulfo-CoA was determined at
and 50 ms when PFOR was reacted with pyruvate and CoA.25°C in a 0.5 mL reaction mixture containing 2 mM DTT,
The EPR spectra were collected immediately after the quench10 mM pyruvate, 1 mM TPP, 2 mM Mggland 8 mM MV
at 77 K, and the parameters were as follows: receiver gain,in 50 mM Tris-HCI, pH 7.6. The desulfo-CoA concentration
10% modulation frequency, 100 kHz; modulation amplitude, was varied between 0 and 10 mM at CoA concentrations
10.145 G; center field, 3400 G; sweep width, 2000 G; and below, at, and above itKp (4, 10, and 10QuM). After
microwave power, 0.4 mW. starting the reaction with 2.2g of PFOR, the absorbance
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increase at 604 nm due to MV reduction was followed. The
kinetic data were fit to a competitive inhibition equation.
To measure the effect of desulfo-CoA on the rate of electron
transfer from the HE-TPP radical intermediate to Cluster B,
we followed the bleaching of the 420 nm band due to cluster
reduction. The 0.5 mL reaction mixture contained /1
PFOR in 50 mM MOPS buffer, pH 7.5, 1 mM TPP, 2 mM
MgCl,, and 2 mM DTT in the presence or absence of 1 mM
desulfo-CoA. The reaction was started by adding 10 mM
pyruvate and followed at 28C. The data were fit to a double
exponential decay equation. TKg for 3'-dephospho-CoA

Furdui and Ragsdale

is —25 and—125 mV, respectivelyl is the reorganizational
energy,T is the temperature (K), anklys is the observed
rate of electron transfer (§ (10). By fitting the observed
rate constant for electron transfer as a function of temperature
to eq 3,AG'%, Hag, andA can be determined. The values of
AG'® and are then used in eq 4, to estimg@iendr.

When the parameters estimated by ET theory showed that
the reaction is not a true electron transfer, we used transition-
state theory to determine the activation parametauid*(
AS) for the process that gates the electron-transfer reaction.
We used a nonlinear, least-squares fit of the data to the

was estimated by single turnover and steady-state kineticEyring equation (eq 5):
experiments. For the steady-state experiments, the 0.5 mL

reaction mixture contained 2 mM DTT, 10 mM pyruvate, 1
mM TPP, 2 mM MgC}, and 8 mM MV in 50 mM Tris-
HCI, pH 7.5. The concentration of-8ephospho-CoA was

(5)

ko _ E e—(AH*/RT+A§/R)
bs ™ h

varied between 0.01 and 2 mM. The reaction was performed The constants in eq 5 are Planck’s constdnt the gas

at 25°C and was initiated by adding PFOR. The data were
fit to the Michaelis-Menten equation to obtain th&,. In

constantR), and Boltzmann’s constaritd, 1.38066x 10 22
J K.

the single turnover experiment, the decrease in absorbance Kinetic SimulationKinetic simulations of the mechanism

at 420 nm was followed in a stopped-flow experiment. One
tonometer contained 24M PFOR in 50 mM MOPS buffer,
pH 7.6, 1 mM TPP, 2 mM MgG| and 2 mM DTT. The
other tonometer contained 20 mM pyruvate and five different
concentrations of 'adephospho-CoA in the same MOPS
buffer. The reaction was followed at 2&, and the data
were fit to a double exponential equation.

Data Analysis. (A) Inhibition Experiment§he AAG for
binding was estimated from th&, values of CoA and CoA
analogues (eq 2):

)

AAG(catalytic) for Cluster C was estimated from the rate
constants for MV reduction in the presence of COA,
3'-dephospho-CoA, or desulfo-CoA and from the rate of

analogua

Cluster B reduction under the same conditions estimated from

pre-steady-state experiments.

(B) Temperature Dependence Experimente data were
first analyzed by electron-transfer theory using the Marcus
equation (eqgs 3 and 4):

2 2
_ A He)” g acospaer 3)
" WaATIRT
—B(r— _(AGO.
kobS: koe B(r fo)e[ (AG'%+2)/4ART (4)

were performed based on the single wavelength stopped-
flow data (described above und@FOR Reduction followed

by Stopped-Flojvand based on the RFQ-EPR data &C4

for the formation and decay of the HE-TPP radical inter-
mediate. The proposed mechanism and the results are
described under Results and in Scheme 1. The simulations
were performed using Kinsim: Chemical Kinetic Simulation
System 14, 15). To simulate the change in absorbance at
420 and 604 nm, and the formation and the decay of the
HE-TPP radical intermediate, we used the following output
equations:

Ay = 19.7*D + DA) + 15%(EA+ EAB) +
12.4*FC + FD + F + FA+ G) + 7.5 + K) +
2.6%(L + LO) + 2.2*M + 10.1*H + 0.32

Asounm= 13.9"M + 0.164

Then, to simulate radical formation and decay, we used
this equation:| = (8 x 10°)*(EA + EAB) + (8 x 10°)*(J
+ K). In these equationg), DA, EA, EAB, FC, FD, F, FA,
G, J, K, L, LO, M, andH are the concentrations of the
reactants and intermediates in the mechanism described in
Scheme 1, and 19.7, 16.4, 12.4, 7.5, 2.6, and 10.1 are the
extinction coefficients at 420 nm of the different species in
Scheme 1, using 7.5 mMcm™ as the extinction coefficient
for one oxidized cluster. We estimated the extinction

The constants in the first two equations are Planck’s constantcoefficient of MV at 420 nm, 2.2 mM cm™%, by reducing

(h = 6.62608x 1034 J s), the gas constarnR & 8.31451

J K~ mol™Y), the characteristic frequency of the nuclkj (

= 10" s™1), and the close contact distance of the electron
donor and electron acceptor centaes= 3 A) (10, 11). Hag

MV with dithionite and calculating the MV concentration
from the absorbance at 604 nen=€ 13.9 mM ™ cm™?) (data

not shown). 0.32 OD is the absorbance at 420 nm of the
fully reduced enzyme. The initial concentrations of PFOR,

is the parameter that describes the electronic coupling pyruvate, CoA, and MV for the three reactions (PFOR and
between the electron donor and the electron acceptor. Itspyruvate, PFOR and pyruvate plus CoA, and PFOR and
dependence on the distance between the electron donor angyruvate plus CoA in the presence of MV) were as follows:

the electron acceptor,(A) and the nature of the intervening
medium (3, A~ is described in eq 410, 12, 13). AG? is

the intrinsic driving force for the electron transfer and is
determined by the difference in the midpoint redox potential

PFOR, 0.015 mM; pyruvate, 10 mM; CoA, 1 mM; MV,
0.016 mM. To simulate the reaction with pyruvate alone,
the concentrations of CoA and MV were set to zero, since
these were not present in the reaction, and this stops the

of the electron donor and the electron acceptor, assumingsimulation at step 2. We followed, therefore, the formation

that the difference between the redox potentiAE'{ values)
for the Cluster A/Cluster B and Cluster B/Cluster C reactions

of the radical intermediate and the reduction of Cluster A.
To simulate the reaction of PFOR with pyruvate and CoA,
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Scheme 1
k, ky
onred Boxcox + Pyluvate —— [onredBoxCoxPyruvate] =_-"' AredBox Cox {* } + C02
D A k., DA k, EA R
ks k,
ATCdBOXCOX {* } + COA ‘_= [AredB OXC oxX {* } COA] T—— [AredBom'cd COXAC SCOA]
FA B k; EAB ka4 FC
k5
[AredBowed Cox ACSCoA] === AeqBiedCox + AcSCoA
FC ks FD P
kg k,
AredB oxred Cox ———— onred BredCox —— onBoxred Cred
FD kg F k., G
kg ko
onred Bl’edCOX + Pyluvate — [onred Bredcox Pyruvatc] -‘+— AredBredCox {* }+ CO2
F A kg FA ko J R
k 10 * k1 1
AredBredCox {* } = onB redCred{ } —_— onredBredCrcd
J k. 10 K k. 11 L
ISP ki3
onred Bredcrcd + Mvox - [onred BrcdcredMVox] - onred Bredcox + MV red
L 0 ki LO ks H M

we set MV concentration to zero which stops the reaction at between the kinetic- and the structure-based nomenclature
step 11. This allowed us to follow Cluster A and Cluster B is discussed below.
reduction, electron transfer between clusters, and the second gequence of the M. thermoacetica PE®® cloned and

turnover of the enzyme to result in an 86% reduced enzyme. sequenced th#l. thermoacetics®FOR and found that the
These conditions were also used to simulate the formationgnzyme shares 59% sequence identity withBhafricanus
and the decay of the HE-TPP radical intermediate. For the enzyme, whose structure is knowd).( The two proteins
reaction in the presence of MV, we added two more steps ¢pare six domains (Figure 2), but tBe africanusPFOR
(reactions 12 and 13) which describe the electron transfer oo ntains an additional C-terminal domain that is lacking in
from Cluster C to MV. As can be seen in the mechanism, the M. thermoaceticgprotein and is proposed to protect it
two other species, G and K, have Cluster C reduced andggainst oxygen damaget)( Domains |, Ill, and VI are

theoretically _could donate one electron to MV. However, ; volved in binding TPP. Within Domain VI, the most
we chose to include only L because G and K accumulate 10 gyiensjve interactions are H-bond contacts between the

very low amounts relative to L. oxygen atoms of the pyrophosphate and amino acid residues
T965 (amide N), S995 (amide N), E817 (carboxyl O), C840
(amide N), and N996 (N) and two water molecules. The
amino acid numbering is based on Deafricanussequence.
Conserved residue N996 also forms a hydrogen bond
NomenclatureThe Desulfaibrio africanusPFOR contains  interaction with the thiazole sulfur of TPP. F869 stacks
three [4Fe-4S] clusters that have been defined as theagainst the thiazolium ring and is in the position of 1415 in
proximal, medial, and distal clusters on the basis of their pyruvate decarboxylase, which promotes formation of the
structurally determined distance from the TPP cofacipr ( V-conformation between the pyrimidine and thiazolium ring
Here, we designate them as Clusters A, B, and C on the(16). Also within Domain VI, cysteine residues 812, 815,
basis of their reduction rates, with Cluster A being reduced 840, and 1071, which ligate the proximal [4Fe-4S] cluster,
at the fastest rate and Cluster C, the slowest. The relationshipare conserved. Domain V is an 8 Fe ferredoxin-like domain

RESULTS

Sequence and Cluster Composition
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Domain I 2-258 TPP

. 11.66A Cluster B

. ﬁ 12 OjA % (-515 mV)
Cluster A
Cluster CQ
(-390 mV)

° (-540 mV)
Ficure 3: Spatial organization of the three [4Fe-4S] cluster®.in
africanusPFOR. The redox potential for the three clusters is taken
from (4). The edge-to-edge distance was estimated using Chime
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when complete reduction of the three clusters is achieved.

strongly indicates that the overall structures of thie
thermoaceticaand D. africanusPFORs are conserved and
that the distances between the redox centers are very similar
(Figure 3). To explain the previous conclusions tiét
thermoaceticaPFOR contains two [R&]%7* (5, 17), it
appears that one of the clusters was labile and partially
absent. This would also explain the higher specific activity
and the faster kinetic constants measured than the enzyme
studied over the past several years.

Dalois

B 1D LT Y G Y VY VAV G S B K L AR (G P SLUTA Y AL T GLRE Metal Content and Spectroscopic Studies of M. ther-
TRl o TS T R i T N e T - - moacetica PFORIn this paper, we reinvestigated the iron

content and the U¥visible spectroscopic properties and
related these measurements to a protein concentration
determined by dry weight and amino acid analysis. Consid-
ering an extinction coefficient at 400 nm of 48 000 MMt

(18), the average cluster stoichiometry per monomeric unit
of enzyme (120 kDa) is 3.& 0.1 [4Fe-4S] clusters. The
containing the 8 cysteine residues required for binding the same number of [4Fe-4S] clusters/monomer PFOR is ob-
medial and distal [4Fe-4S] clusters. Based again on the strongained if we measure the difference spectrum at 420 nm
homology between thB. africanusand M. thermoacetica  between oxidized and pyruvate-plus-CoA reduced enzyme,
enzymes, conserved cysteine residues 689, 692, 695, and 758ssuming a\egx-—req at 420 nm of 7500 M* cm™? for one

can be assigned as the ligands for Distal Cluster C andcluster (Figure 4). When the UWisible spectrum of the
conserved residues 745, 748, 751, and 699 as the ligandss-isolated enzyme (Trace B) is compared with that after 2
for Medial Cluster B. These results strongly indicate that min exposure to air (Trace A), it is clear that 0.4 cluster in
the M. thermoaceticaenzyme possesses three [4Fe-4S] the as-isolated enzyme is partially reduced, assuming a
clusters per monomeric unit as suggested earlier based omMeyy—req 0f 7500 M1 cm™, leaving 2.6 clusters in the
evolutionary considerationst), and in contrast to earlier  oxidized 2+ state. Addition of 10 mM pyruvate to the as-
conclusions %, 17). The high level of sequence homology isolated enzyme (Trace C) apparently reduces the remainder

et zﬁm RS
Ficure 2: Structural homology between the thermoaceticand
D. africanus PFORs. (A) Domain arrangement and sequence

homology. (B) Relative positions of the redox centers in PFOR
[derived from @)].

e ywrLER YR



Coenzyme A Enhancement of Electron-Transfer Rate Biochemistry, Vol. 41, No. 31, 2002927

1.2e%5 085 TPanel A
1.0e+5 4
8.0a+4 0.60 A
6.0e+4 -
4.0e+4 - 0.55 A
-‘E, 2.0e+4 8
£ o0 g 0.50 -
= £
-2.0e+4 § N Trace C
-4.0e+4 - < 0457 802 \M’
5 024 o e
6.0e+4 - £ g.fg Trace D
8.0e+4 0.40 1 2o
000408121620
1.0e+5 . . . . i Time, s
2800 3000 3200 3400 3600 3800 4000 0.35 T T T T T T
G 0.0 0.2 0.4 06 08 1.0 12
Ficure 5: EPR spectroscopy. 1M PFOR was reduced with Time, s
10 mM pyruvate (solid line, 0.4 spin of HE-TPP radical/monomer, 065
1.5 total spins/monomer) and with 10 mM pyruvate and 1 mM ) Panel B
CoA (dashed line, 2.6 total spins/monomer). The parameters 0604 |
were: receiver gain 5 10° (solid line) and 16 (dashed line), ) | Trace B
modulation frequency 100 kHz, modulation amplitude 10.145 G, :
center field 3400 G, sweep width 2000 G, and microwave power 055 1 |
0.2 mWw, 10 K. ® 050 Trace D
of this cluster, yielding a total of 1.0 cluster in the- ktate. E
A second cluster slowly (over-520 min) undergoes reduc-  § 045 -
tion, whereas addition of 10 mM pyruvate and 1 mM CoA <
(Traces D and E) quickly reduces all three clusters to the ~ %%°] Trace C
1+ state. Thus, the difference spectrum at 420 nm between . | ==
Trace A and Trace E gives Ae of 22.5 mM! cm?, '
corresponding to three [4Fe-4S] clusters being reduced. 0.30 L~ . . ; : :
The UV—visible results were confirmed by EPR spectra. 0 20 40 60 80 100
We recorded the EPR spectra of the enzyme, as-isolated, Time, s

enzyme plus pyruvate, an_d enzyme plus pyr_uvate and CO_A'FlGURE 6: PFOR reduction followed by stopped-flow. Panel A: 1

Generally, when the as-isolated enzyme is reacted withs time scale of the reaction. Panel B: the 100 s time scale of the
pyruvate alone, the amount of HE-TPP radical intermediate reaction. In both panels, Trace A represents the initial absorbance
varies from 0.4 to 0.6 spin per monomeric unit. The EPR of the as-isolated enzyme at 420 nm (the starting absorbance is

signal intensity of the HE-TPP radical formed upon reaction lelc;ct)egrgydtng ?gr?r\]/g ‘rzaicgigr{ eoargsfgt;‘lt(iegrg%%g%g i?szorbance

with pyruvate appears to correlate with the amount of 140 s1) with 10 mM pyruvate in the absence of CoA, Trace C
oxidized Cluster A present in the as-isolated protein. The follows the reduction of PFOR in the presence of 10 mM pyruvate
as-isolated enzyme exhibits the characteristic EPR spectrumEnd 11:(1)M ECAA Alo:oe?éog%i[)'kﬁ 1415) sl;dA_lg = 0.([))3f8 "OD,
_ASIH ; in ; ; h = st A3 =0. ks =4.7 s1), and Trace D follows
of a [4Fe 481 cluster with a spin integration .Of 0'4 spin/ the reduction of PFOR with 10 mM pyruvate, 1 mM CoA, and 15
monomer (spectrum not shown). The EPR signal in Trace 4M MV (A, = 0.038 OD ks = 140 5% A, = 0.038 OD K, = 140
A integrates to 1.5 total spins/monomer. The: 2.0 signal s A;=0.030D,ks = 4.7 s';; A, = 0.07,ks = 5). The expected
contributes 0.4 spin/monomer, which correlates with the absorbance of the fully oxidized enzyme is 0.67 OD, and the
amount of available oxidized Cluster A based on the stopped—gxgelctet?] changte 'fnPOD IfOAf the fFGIFUCt'gr;hOf or(lje fé!USteff Igooiél
: H H i . In the Inset O ane we Tollowe e reauction or 0.
flow exper_lments, EPR anaIyS|§ of the as—l_solated protein, mM MV at 604 nm under the same conditions as TraceAD=
and UV-visible experiments (Figure 5, solid line). When 516« = 0.74 s, OD/s= 0.12).

the enzyme is treated with pyruvate plus CoA (1 min

incubation at 20°C) (Figure 5, dashed line), the EPR pyryvate, and electron acceptor (Figure 6) to follow the
spectrum is complex, and the signal integration yields 2.6 jnternal electron-transfer reactions among the component
spins/monomer. In summary, DNA sequence analysis;-UV  redox centers, the three FeS clusters (A, B, and C), and HE-
visible spectroscopy, and EPR spectroscopy concur that therpp. The optimum temperature for the PFOR reaction is 55
M. thgrmoacetlc@FOR contains Fhree [4Fe'-455'}+ clusters. °C; however, because the electron-transfer rates are much
The high degree of homology with tti africanusenzyme o0 fast to monitor at this temperature, we performed most
strongly suggests that they are located in the same positiongf these studies at 1TC. We used as-isolated enzyme, in
as those of th®. africanusenzyme 4). Therefore, we feel  \yhich Cluster A is partially reduced by the DTT in the buffer
justified to use théd. africanusstructure as a model to help (see above). Omitting the reductant results in enzyme
interpret the electron-transfer steps in Methermoacetica  jhactivation. The dashed line in Figure 6 represents the
enzyme. Kinsim simulation of the mechanism described by Scheme
1. In this mechanism, A, B, and C designate Cluster A,
Cluster B, and Cluster C and the asterisk (*) designates the
We have performed pre-steady-state and steady-stateHE-TPP radical intermediate. The same kinetic scheme
kinetic experiments in the presence and absence of CoA,(Scheme 1) was used to fit all the data; however, the

Kinetic Studies
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Ficure 7: RFQ-EPR at £C. A solution containing PFOR (200
uM) was reacted with an equal volume of solution containing 20
mM pyruvate @) or pyruvate plus 2 mM CoAQ®). The intensity

of theg = 2.0 signal from the HE-TPP radical was monitored by
EPR spectroscopy at 77 K. The lines represent the Kinsim
simulation of the formation and the decay of the HE-TPP radical
intermediate according to the proposed mechanism. The dashed
dotted line is the result of Kinsim simulation using the parameters
in column 1, Table 1, the dashed line was obtained using the

parameters in column 2a, and the solid line was obtained using the

parameters in column 2b, Table 1.
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at a rate that is consistent with the rate of Cluster A reduction
(estimated from the stopped-flow experiment, 14§ sand
decays very slowly over 520 min. Therefore, radical
formation and Cluster A reduction occur at the same rate.
The Kinsim simulation of the RFQ-EPR data for HE-TPP
radical formation is presented in the dashedtted line in
Figure 7. When PFOR and pyruvate are mixed at@=and

the reaction is followed by stopped-flow and RFQ-EPR, the
results are also consistent and indicate that Cluster A
reduction and HE-TPP radical formation occur within 5 ms
of mixing. These reactions occur at a rate that is independent
of the presence of CoA or external electron acceptor (below)
as was observed in earlier studi€g. (Thus, in the initial
stages of the PFOR mechanism, pyruvate forms an adduct
with TPP that undergoes decarboxylation and then transfers
one electron to Cluster A, forming the HE-TPP radical
intermediate.

Following the reduction of Cluster A, Cluster B is reduced
(Figure 6, Panel B, Trace Bkdps= 0.001 s' at 10°C and
0.003 s' at 25°C) at the same slow rate as that of HE-TPP
radical decay. This is consistent with earlier studies dem-
onstrating tight coupling between HE-TPP radical decay and
Cluster B reduction&).

PFOR Reaction with Pynate and CoA.When PFOR
reacts with pyruvate at 1C, the rate of Cluster A reduction

mechanism was truncated when appropriate by setting theis the same (14073) in the absence or presence of CoA.
concentration of reagents to zero. For example, when PFORThen, in the presence of CoA, Cluster B undergoes a partial

was reacted with pyruvate only, we used the full kinetic

scheme, but we set the CoA and MV concentrations to zero,

which effectively truncates the mechanism at step 2.
PFOR Reaction with Pymate. When the as-isolated
enzyme is reacted with buffer alone, the initial absorbance
at 420 nm is 0.59 (Figure 6, Panel A, Trace A). The

reduction with a rate constant of 140'sand an amplitude
of 0.039 that corresponds to the amount of HE-TPP radical
formed (Figure 6, Panel A, Trace C). This is°>46ld faster
than the rate of Cluster B reduction in the absence of CoA.
In a parallel RFQ-EPR experiment, when PFOR is reacted
with pyruvate plus CoA at 4°C, the HE-TPP radical

absorbance of the air-oxidized enzyme is 0.67. The expectedintermediate forms and decays at a rate constant consistent
absorbance change for the reduction of one cluster is 0.115with the rate of Cluster A and Cluster B reduction (Figure

Thus, Cluster A in the as-isolated enzyme is already 65%
reduced [(0.67 0.595)/0.115]. We fit the kinetic traces to
exponential equations to derive an initial estimate of the

7, empty circles). The maximum amplitude of tge= 2
EPR signal is approximately 33% of that obtained when the
enzyme is reacted with pyruvate alone, indicating that the

electron-transfer rate constants. Then, we used kineticHE-TPP intermediate forms and is consumed at equal rates.
simulation of the traces to derive a more accurate and self-We conclude that, in the presence of pyruvate and CoA, the
consistent set of rate constants. When PFOR is reacted withradical intermediate first forms at a rate equal to that of

pyruvate alone at 28C, the amplitude of the absorption

Cluster A reduction and then decays at a rate equal to that

decrease is 0.04, which corresponds to 30% reduction of oneof Cluster B reduction. The Kinsim simulation of the first

[4Fe-4S] cluster (Cluster A) within the 2.3 ms dead time of
the stopped-flow instrument. Thus, at Z5, its rate constant
exceeds 500 8. To obtain accurate rate constants, we
followed Cluster A reduction at 10C, which yields a rate
constant of 140 ¢ (Panel A, Trace B). The dashed line
represents the Kinsim simulation according to Scheme 1 with
the following rate constantsk; = 900 mM?® s, k; =

200 s, k, = 140 s'. Based on these rate constants, we
calculate &, for pyruvate of 0.3 mM, which is identical to

100 ms of the reaction includes the first five reaction steps
of the mechanism described above (see the dashed lines in
Figure 6, Panel A, Trace C, and in Figure 7). The additional
rate constants are as followks = 1.1 x 1 mM~1s™%, k_3
=200s?t ks =140st ks =0.1s? ks = 120 s, and

k_s = 0.01 s. When the reaction of PFOR with pyruvate
and CoA is followed for a longer time at @, further and
complete reduction of PFOR can be observed with two
additional phases of 5 and 0.08 ¢Figure 6, Panel B, Trace

the value measured by steady-state experiments (data no€).

shown).
When PFOR is reacted with pyruvate in the absence of
CoA at 4°C, the maximum amount of thg = 2.0 EPR

The proposed Kinsim mechanism accounts for the com-
plete reduction of the enzyme in the absence of an external
electron acceptor (steps 6 through 11). However, to achieve

signal characteristic of the HE-TPP radical is 0.35 spin/ full reduction of the enzyme, a second mole of pyruvate must
monomer. Thus, the amount of HE-TPP radical formed when bind because pyruvate oxidation is a two-electron process
PFOR is reacted with pyruvate equals the amount of availableand the enzyme contains three [4Fe-4S] clusters (i.e., which
oxidized Cluster A. The maximum amount of the radical are able to accept as many as three electrons). Based on the
observed in the RFQ-EPR experiment is 0.14 spin/monomer.D. africanusPFOR structure, showing Cluster A near the
This signal accumulates within 3 ms (Figure 7, filled circles) C-2 of the TPP thiazolium ring, we suggest that before the
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Table 1: Rate Constants, Concentrations, and Output Constants 14

Used in Kinsim Analysis ot

0.80

0.75
0.70

pyruvate+ CoA

pyruvate pyruvate- coenzyme A + MV 101 )

0.65

Absorbance

rate constants 1 2a 2b 3 g 08 060

ki, mM~tst 900 900 900 900 £ o5

kg, 71 200 200 200 200

ko, 571 140 140 140 140 o

koo st 0.1 0.1 0.1 0.1 024

ks, MM~1s71 11x10F 1.1x10° 1.1x 10

k-g, Sﬁl 200 200 200 350 460 440 4;30 5£o 5;30 560 ajw aéo 7£0

k4, st 140 140 140 Wavelength, nm

K4, st 0.1 0.1 0.1 . . . .
D" 120 120 400 Ficure 8: PFOR reduction (2@M monomer final concentration)
e 01 0,001 01 by 10 mM pyruvate and 1 mM CoA, in the presence of 28

k’s’ 51 40 5 5 MV, followed by rapid scanning spectroscopy at 1G. We

k+ & 51 0.01 0.21 0.21 collected 1600 scans over a time scale of 4 s. Inset: the relative
klj sl 46 16000 46 absorbance of MV at 604 nm was overlapped with PFOR reduction
k,7’ sl 0.21 0.4 0.21 at 420 nm. We also used 50 and 20@ MV in two other rapid

Kig mM-1s1 92.78 900 900 scanning experiments at the same concentrations of PFOR, pyruvate,
kg s 1102 200 200 and CoA.

Kio S 2.3 100 100 .

P 0,001 01 01 of Cluster A in the reduced state, and Clusters B and C are
K10, S1 5 5 5 also reduced. The spin concentration expected for this state
K105 01 0.1 0.1 is 2.6 spins/monomer, and, for this reason, we attribute the
tﬁ 2_1 8'%1 %)2(?1 %)281 dashed line spectrum in Figure 5 to intermediate L (Scheme
Ki1z, mM1s7? 900 1)- ) )

K 15, 51 750 PFOR Reduction by Pymate and CoA in the Presence
K1z, s:i 120 of MV. In the presence of saturating concentrations of an
ks S 0.1 external electron acceptor (e.g., MV), tkg; for the PFOR

reaction at 10°C is 5 s*. When PFOR is reacted with

second mole of pyruvate binds to the enzyme, Cluster A must pyruvate, CoA, and subsaturating levels of MV (1M, final
be oxidized. One or two intramolecular cluster-to-cluster concentration), the rates of Cluster A and B reduction remain
electron-transfer steps (steps 6 and 7) could oxidize Clusterunchanged; however, the shape of the third phase is complex,
A. Binding of pyruvate to species F can take place with the indicating a series of reduction and oxidation steps (Figure
same affinity and rate as to species D, or, since F has Clustei6, Panel A, Trace D). The fit to these data is not as good as
B reduced, these rates might be different. We could fit Trace with the other traces. This is because we chose to include
C in Figure 6, Panels A and B, and formation and decay of only the intermediate that accumulates in the highest
the radical intermediate (Figure 7, open circles) with two concentration in the reaction with MV (intermediate L).
very different sets of rate constants (Table 1, columns 2a When the other intermediates are included, a better fit to
and 2b) for steps 6 to 11, the rate constants for the first five the data can be obtained. There are other intermediates that
steps being the same as described above. could donate electrons to MV. When reduction of MV at

While the stopped-flow data are simulated quite well by 604 nm is followed under these conditions (inset of Figure
Scheme 1 and the rate constants in columns 2a and 2b, th&, Panel A), we observe a 300 ms lag phase, followed by an
RFQ-EPR data shown in Figure 7 for the reaction including absorbance increase at 604 nm occurring with a rate constant
pyruvate and CoA are multiexponential and exhibit too much of 0.6 s*. Using the mechanism described by Scheme 1 and
complexity for all the kinetic phases to be accommodated. the values determined above, we assigned the reduction/
The formation and decay of the HE-TPP radical, which oxidation phases to different elementary reaction steps, as
occurs in the first 30 ms, matches the simulation quite well; presented in Table 1, column 3. Comparing the reaction of
however, in the simulation, the radical decays to nearly zero PFOR with pyruvate and CoA in the presence versus the
intensity before it again builds up, whereas the intensity of absence of MV indicates that MV changes the rate constants
the radical EPR signal remains relatively higher. We also of steps 5 and 7 (from Table 1, column 2b) and steps 5, 6,
have not shown or attempted to simulate what happens over8, and 9 (Table 1, column 2a). This implies that pyruvate
the next 40 s, where the radical decays to zero. The problembinds to F with the same affinity as it binds to D and that,
relates to our simplification of an already complex mecha- in the presence of MV, Cluster B reduces Cluster C (steps
nism shown in Scheme 1. There are many possible ways7 and 10) at a rate constant of 5'swhich equals théka
for the HE-TPP radical intermediate to re-form, whereas the for the reaction at the same temperature.
mechanism described in Scheme 1 represents only one way. We also followed the reaction of PFOR with pyruvate,
Any of the species that contain oxidized Cluster A (past step CoA, and varying low concentrations of MV by rapid
5) can bind a second mole of pyruvate and regenerate thescanning stopped-flow (Figure 8, 2B MV). These are
HE-TPP radical. Nevertheless, our major interest is in what V/K conditions for MV. By extracting the trace at 420 nm
is happening in the initial stage of the reaction, and the dataand fitting to an exponential decay equation, we determined
and simulations match the formation and decay of the radical the rate constants for Cluster A and B reduction, which
quite well during the first 30 ms of the reaction. In the Kinsim agreed with those obtained from the single wavelength
mechanism described in Scheme 1, intermediate L has 60%experiment. Then, when the absorbance at 604 nm is



9930 Biochemistry, Vol. 41, No. 31, 2002 Furdui and Ragsdale

12 Cluster C reduction {125 mV) (18), and estimated the
electronic coupling Kiag) and reorganizational energy)(
by fitting the observed rate constant of the electron-transfer
reaction at different temperatures to eq 3. Then, the values
of AG'® andA were included in eq 4 to calculate tflevalue
and the edge-to-edge distance between the two redox centers,
r. We also used a range gfvalues between 0.7 and 1.4 as
fixed parameters in the fitl@). If the values obtained from
the Marcus analysis are unreasonable [¢dgs, > 80 cn?,
the threshold when solvent reorganization becomes rate-
limiting (19)], the electron-transfer rate is considered to be
gated by an adiabatic event. In that situation, the electron-
transfer data were analyzed by the Eyring equation (eq 5).
00 04 0B 12 16 20 24 28 52 36 40 44 48 Temperature Dependence of Cluster B Reduction in the
Presence and Absence of CdA the presence of pyruvate
Ficure 9: Change in absorbance at 604 nm extracted from the and in the absence of CoA (Table 3 a.”d Figure 6.’ Panel B,
rapid scanning experiments done in the presence of 25, 50, and!face B), the rates of Cluster B reduction and radical decay
200uM MV, respectively. The traces were fitted to a lag followed are very slow (0.00178 at 10 °C). A single exponential
by an exponential increase, and the rate constants were 2.52, 3.48decay equation fits the data well, and the derived rate
and 2.2 s* for 25, 50, and 20QM MV, respectively. constants can be plotted against temperature (panels A in
, . ) Figures 10 and 11). By fitting these data to the Marcus
followed (Figure 9), there is a 300 ms lag, which corresponds equation (eq 3) (Figure 10, panel A), we obtain an electronic
to the time required for Clusters A, B, and C to be reduced, coupling constant-as, of 0.07 cnt?, which is well below
followed by an absorption increase due to MV reduction. e |imited value of 80 cmt, indicating that Cluster B
As expected, the rate constant associated with the exponentialeqyction is a true electron-transfer reaction (Table 2). The
phase Y/K for MV) is independent of MV concentration  reqrganizational energy.(2.1 eV) also falls within the range

Absorbance

Time, s

(2.52, 3.48, and 2.2'$for 25, 50, and 20@M, respectively). ot most true electron-transfer reactions, which are generally
The initial slope depends on MV concentration, allowing petween 0.7 and 2.3 e\2Q). The high/ value indicates
estimation of theka/Km for MV to be 2.3 mM™ s~ If the that there is a large energy barrier for the electron-transfer
Km for MV does not vary Vi”tﬁlthe temperature, we w?uld reaction, which makes it a slow process. It is known that
expect akcalKm 0f 4.5 mM™ s7* based on théca of 5 5° the electronic decay constay, in proteins varies between
at 10°C and Ky 0f 1.1 mM estimated at 25C (5), which 0.7 and 1.4 AL The 1.4 A* value for, which is at the

is in good agreement W'tt‘ our data. Based On@f(m for limit for the protein-mediated electron coupling, would be
MV at 10 °C of 2.3 mM™ s™ and thekea Of 5 ST at the  congistent with the presence of water molecules in the
same temperature, we can estimatisafor MV of 0.46  — gjectron.-transfer pathway or significant through-space jumps
mM at 10. C. .Th|_s agrees well with the value calculated (21). Although through-space jumps, when part of the
from the kinetic simulation (0.96 mM). electron-transfer pathway, are also associated with poor

In summary, the stopped-flow and RFQ-EPR experiments gjecironic coupling, they would not affect the reorganiza-
demonstrate that pyruvate rapidly reduces Cluster A as itjgnal energy. On this basis, we consider the presence of
forms the HE-TPP radical intermediate. In the absence of \yater molecules as a major cause for the slow electron-
CoA, the HE-TPP radical slowly decays as Cluster B is yansfer rate in the absence of CoA. The estimated electron-
reduced. When CoA is present, radical decay (and Clusteransfer distance from the fit varies between 14.6 and 19.3
B reduction) is accelerated by %fbld. A (edge-to-edge), depending on the valugoThis electron-
transfer distance is longer than the actual edge-to-edge
distance between the HE-TPP radical and Cluster-B2
A), which indicates that the electron-transfer pathway in the

The results described above pose several important quesabsence of CoA is not optimized.
tions. How does CoA cause a®dld increase in the rate When PFOR is reacted with pyruvate plus CoA, reduction
of electron transfer from the HE-TPP radical to Cluster B? of Cluster B (140 st at 10°C) occurs about Fefold faster
Are these the true electron-transfer reaction rates or do theythan in the absence of CoA. Due to the rapid electron-transfer
correspond to another process that gates the electron-transferates, we could not follow the reaction at temperatures higher
reaction? Can the rate enhancement be related to groundthan 30°C. Analyzing the temperature dependence of the
state destabilization, transition-state stabilization, or anotherelectron-transfer rate according to Marcus theory yields an
phenomenon? electronic coupling constant that is much higher than 80'cm

To determine if these are true electron-transfer reactions,and a reorganizational energy that is well beyond the range
we measured the temperature dependence of the rate obf true electron-transfer reactions (Table 2 and Figure 10,
reduction of the two Clusters (B and C) in the presence and panel C). The fit of these data withHug constrained to 80
absence of CoA, and in the presence of desulfo-CoA. Then,cm™ (the limit for a true electron transfer) (Table 2, values
the temperature dependencies of the electron-transfer rategn parentheses) is much worse than the unconstrained fit,
were analyzed using egs 3 and 4 (see Materials and Methodsyvhich yields theHag value larger than the threshold (solid
from Marcus electron-transfer theori1). We input the lines in Figure 10, panel C). Thus, unlike the slow reduction
values of driving force AG'°) for Cluster B (25 mV) and of Cluster B in the absence of CoA, which appears to be a

Marcus and Eyring Analysis of the Electron-Transfer
Reaction
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Table 2: Parameters Obtained from Fit of the Kinetic Data to the Marcus Equation and Eyring Equation
PFOR+ pyruvate PFOR+ pyruvate+ desulfo-CoA  PFOR+ pyruvate+ CoA PFOR+ pyruvate+ CoA

parameters (Cluster B reduction) (Cluster B reduction) (Cluster B reduction) (Cluster C reduction)
AG* (kd/mol)? 88.47 97.3 56.84 64.3
AS [J/(mol-K)] —144.3+ 8.43 61.74+ 21.43 20.43: 0.2 —14.54+ 0.58
AH* (kJ/mol) 45.45+ 2.77 115. 74 7.17 62.94+ 2.7 60.7+ 175.7
Hag (cm™Y) 0.07+ 0.035 73.7£25 499.3+ 4.8 140.8+ 1.13
(41.3+0.8) (11.3+0.3)
A (eV) 2.1+0.11 3.7+ 0.007 2.6+ 0.002 2.6+ 0.006
(2.1+£0.1) (2.1 0.006)
B(AY 1.4 0.7 1(0.7) 1(0.7)
R(A) 14.6+ 0.017 7.3+ 0.01 1.62+ 0.0184 4.2+ 0.018
(8 £ 0.05) (11.7+ 0.07)
AGY (J/mol) —2423+ 133 —2402+ 377 —2409+ 97.24 —12386+ 102

a Calculated relative to the rate of the radical decay in the absence of coenzyme A.

Table 3: Energetics of Coenzyme A Binding and the Energetic or desulfo-CoA are present, the gat_lng mechanism might be
Contribution of Different CoA Moieties to the Reaction the same, even though the rates differ by-fildd.
Ko K25°C)  AAGobindng AAGreacion Kinetic Isotope Effect on Cluster B Reductiodany
(mM) (s (kJ/mol) (kd/mol) electron-transfer rates are gated by proton-transfer reactions.
pyruvate In this case, a solvent isotope effect might be observed. The
Cluster B - 3.3x 1073 - - rate of Cluster B reduction at 10C in the presence of
Cluster C 3.3<10°° pyruvate and CoA is 1.5-fold slower in.D than in HO
COETSZ{Q?Q 0.002 690 3033 (60 and 90 st, respectively) (Figure 13). This is a relatively
Cluster C 0002 30 —226 small solvent isotope effect, indicating that proton transfer
desulfo-CoA is not a primarily rate-limiting step in this electron-transfer
Cluster B 0.033 5310*  +694  +45 reaction. Thus, the gate is likely to be a phenomenon other
Cluster C 0.033 5% 10* +6.94 +4.5 than proton transfer.
dephospho-CoA Temperature Dependence of Cluster C Reductdased
Cluster B 029 163 +12.3 —26.7 on Kinsim analysis, the rate constant for electron transfer
Cluster C 029 30 +123 226 from Cluster B to Cluster C (5% at 10°C) seems to be
AAGhinding AAGieaction independent of electron acceptor (MV). Since this rate equals
(kJ/mol) (kJ/mol) the kear at 10 °C under saturating MV concentrations, we
thiol group followed the temperature dependence of ltheat different
Cluster B —6.94 —-34.5 CoA concentrations (Figure 14, panel A). Based on the
Cluster C —6.94 —26.7 Marcus analysis of the temperature dependence of this
3"%T°Stph%9r°”p 121 g reaction, the reduction of Cluster C appears to be gated. The
Cﬂztgc —121 0 unsatisfactory fit assuming a true electron-transfer reaction

is presented in Figure 14, panel B, with dashed lines. It is
interesting that the activation free energy and enthalpy
d(Figure 14, panel C) are similar for the process that gates

true electron-transfer reaction, the rapid reduction observe eduction of Clusters B and C. This supports the assianment
in the presence of CoA appears to be gated by an adiabatid . : PP 9
of Cluster B reduction as a gated process.

process. Fitting the temperature dependence of the electron-
transfer rate to the Eyring equation (eq 5) (panels A and C
Figure 11) yields an activation energy of 64 kJ/mol. When

the data were plotted according to the linearized form of the  The electron-transfer rate enhancement conferred by CoA
Eyring equation (Figure 11, panel B inset), there was no must originate from the effect of binding or chemistry. CoA
noticeable curvature, suggesting that the electron-transferis a large molecule, and, in the case of several CoA-
reaction in the presence of CoA is gated by a single process dependent enzymes, the energy of binding CoA is translated
Effect of Desulfo-CoA on the Rate of Cluster B Reduction. into lowering the transition-state barrier for the reaction. This
When PFOR is reacted with pyruvate in the presence of has been termed the Circe effe2®). To assess the binding
desulfo-CoA, the rate of electron transfer from the HE-TPP energy contribution, we determined thg for CoA ana-
radical to Cluster B is 10-foldlowerthan in theabsenceof logues that lack certain functionalities. By comparing the
CoA (Figure 12). The value dflg is close to the 80 cri Ko value of these analogues with th& for CoA, we
limit, and the reorganizational energy is well above the value calculated the energetics of binding specific components of
expected for a true electron transfer (Table 2) (panel B in COA. We focused also on the effect of these CoA analogues
Figures 10 and 11), indicating a gated reaction. The lack of on the steady-state. (Cluster C reduction) and on the rates
curvature when the data are plotted according to the of Cluster B reduction.
linearized form of the Eyring equation (Figure 11, panel B To determine th&p for CoA, we measured the steady-
inset) suggests that the electron-transfer reaction is gated bystate k.o« at saturating MV concentrations. Under these
a single process. Since a single process appears to gate theonditions, the steady-stake, equals the rate constant for
reduction of Cluster B by the HE-TPP radical, whether CoA Cluster C reduction. Furthermore, to address the possibility

' Binding Energies and Catalysis
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FiGure 10: Temperature dependence of Cluster B reduction pigype 11: Temperature dependence of Cluster B reduction
analyzed by Marcus theory. Panel A: PFOR plus pyruvate. Panel 5na1yzed through Eyring transition-state theory. Panel A: PFOR

B: PFOR plus pyruvate in the presence of desulfo-CoA. Panel C: |5 pyruvate. Panel B: PFOR plus pyruvate in the presence of
PFOR plus pyruvate in the presence of CoA. In panel C is plotted gu pyruvete. ; plus pyruvaie | b

Hesulfo-CoA. Panel C: PFOR plus pyruvate in the presence of CoA.
the temperature dependence of the fast phase rate constant. Dashgf hanel C, we plotted the temperature dependence of the fast phase
lines represent the fit wittag < 80 cnTl. Inset: the extended

> rate constant. Inset: The data were transformed and fitted to the
plot (0-60 °C). linear form of the Eyring equation.

that binding of CoA is the gate that controls electron transfer  To determine the effect of the thiol group on the rate of
from Cluster B to Cluster C, the temperature dependence ofelectron transfer from the HE-TPP radical to Cluster B, the
keat Was determined. ThKy value for CoA is 2uM and is rate of Cluster B reduction was measured in the presence
temperature-independent (Figure 14, panel A). Given the (140 s?) and absence of CoA (0.001% and in the presence
strong temperature dependence of the electron-transfer reacef desulfo-CoA (104 s™%). This reaction can be followed
tion, this result suggests that CoA binding is not part of the directly in the absence of external electron acceptor by
gate that controls that rate of electron transfer. Desulfo-CoA measuring the bleaching of the 420 nm absorption feature.
was found to inhibit the steady-state reaction competitively Comparing the electron-transfer rates in the presence and
with respect to CoA. Th&; value is 0.020+ 0.006 mM absence of CoA indicates that CoA lowers the activation
(Table 3). Since th&;(desulfo-CoA)Kn(CoA) (Ki/Kq4 ratio) barrier to this electron-transfer reaction by 30.6 kJ/mol.
ratio is 9.75, the-SH group contributes-5.6 kJ/mol to the Strikingly, the rate of Cluster B reduction in the presence of
binding energy of CoA (Table 3). desulfo-CoA is lower than that in thebsenceof CoA. By
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comparing electron-transfer rates in the presence of CoA 280 250 3(')0 31'0 350 350 340

versus desulfo-CoA, the-SH group can be calculated to Temperature, K

lower the activation barrier for the electron-transfer reaction Fioure 14: Temperature dependence kf, Panel A: The
S ; : n .

by 40.5 kd/mal. Thus, the contribution of the thiol group to dependence of the, (which equals the rate of Cluster C reduction)

the electron-transfer rate is much (35 kJ/mol) greater than on CoA concentration estimated at different temperatures %00

the modest 5.6 kJ/mol effect on binding energy (above). One °C). At each temperature, the data were fitted to the Michaelis

caveat to this approach is that, since in the presence of CoAMenten equation. Panel B: Th@., values obtained from the fit

or desulfo-CoA the electron-transfer reaction is gated, the in Panel A were plotted as a function of temperature and analyzed
oo . o through electron-transfer theory. Dashed lines represent the fit with

acyvatlc_)n barrier under _these conditions relate_s to the aHag < 80 cnrt. The continuous line is the fit for gated electron

adiabatic process preceding electron transfer. This concepfransfer. Panel C: The data from panel B were analyzed by

is considered more extensively under Discusion as the transition-state theory. Inset panel C: The data were transformed

different mechanisms by which CoA controls the rate of and fitted to the linear form of the Eyring equation.

electron transfer are examined. Km for 3'-dephospho-CoA is higher than that for CoA, the
PFOR uses'adephospho-CoA as a relatively good sub- k. value is identical. We also followed the rates of Cluster

strate. From steady-state experiments following MV reduc- B and Cluster C reduction in the presence ‘afi8phospho-

tion, theK, for dephospho-CoA is 0.2+ 0.03 mM and the CoA at 420 nm in a pre-steady-state experiment, and the

VmaxiS 8.6+ 0.4 units/mg (Table 3). Th¥,axWith pyruvate stopped-flow data were fit to a double exponential equation.

and CoA for this preparation of enzyme is 9 units/mg (18 We relate these rates to Cluster A, Cluster B, and Cluster C

s tat 25°C). We repeated this experiment with another batch reduction. The third rate constaks, which depends strongly

of enzyme (16 units/mg) and found the sakigand akcy on the CoA concentration, is also the rate-limiting step for

of 30 st at 25°C (5 st at 10°C); therefore, although the  the overall reaction and is identical with the steady-state rate
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of MV reduction. It was used to determine th& for attempted to extend this kinetic description to the physical
3'-dephospho-CoA and thie,.x for the reaction. The first  picture offered by the crystal structure of four prosthetic
rate constant is higher (160%sat 25 °C and saturating  groups separated by known distances (Figure 2). Therefore,
3'-dephospho-CoA concentrations) and manifests a weakerthe fastest electron-transfer rate corresponds to reduction of
dependence on'@lephospho-CoA concentration. The rate Cluster A (the proximal cluster), the 140'srate constant
of Cluster B reduction is 160 $ at 25°C, which is 4.3-fold (10 °C) to reduction of Cluster B (the medial cluster), and
smaller than with CoA (69078 at 25°C). The rate of Cluster ~ the 5 s*! rate constant (10C) to electron transfer from
C reduction was dependent on thé-deéphospho-CoA  Cluster B to Cluster C (the distal cluster). This assignment
concentration. Fitting the rate constant for Cluster C reduction is consistent with the studies of the partial reactions.
to the Michaelis-Menten equation gave lgnax of 30.5 + We consider five mechanisms by which CoA could
0.6 s*and aKp of 0.29+ 0.02 mM (at 25°C) which agrees  facilitate this electron-transfer reaction. The first is that some
with the steady-statié, value (Table 3). For the 305phase, of the binding energy associated with CoA binding is
3'-dephospho-CoA has a 145-fold lardés than CoA, and relegated into lowering the transition state for electron
the 3-phospho group can be calculated to contribute 12.3 transfer. Incisive studies of how the binding energy of CoA
kJ/mol to the binding energy. On the other hand, the absenceis transformed into catalytic prowess (e.g., Jencks’ Circe
of this group has no apparent effect on the 3Dealectron- effect) in another CoA-dependent enzyr@8)(prompted us
transfer rate (Table 3). Therefore, the phosphate group affectso speculate that binding of CoA to PFOR might drive this
the electron-transfer pathway from the radical intermediate 10°-fold rate enhancement. However, this hypothesis is
to Cluster B without influencing the pathway from Cluster inconsistent with comparisons between the effects of various
B to Cluster C. components of CoA on the binding energy and their effects
To summarize the results described above, one can dissec®n the electron-transfer rate and on catalysis. The most
the contributions of different components of CoA to the striking negation of this hypothesis is that the sulfur atom
binding energy. However, the effects of these groups on the of COA contributes only 5.6 kd/mol to the binding energy,
rate of acetyl-CoA synthesis or on the electron-transfer rate Whereas it lowers this activation barrier for electron transfer
from HE-TPP to the second cluster are unrelated to the by a remarkable 40 kJ/mol. Thus, the sulfur atom is the major
binding energy effects. Clearly, this rate enhancement doescontributor to the rate enhancement. Furthermore, when
not originate from the energy of CoA b|nd|ng' therefore, a PFOR reacts with desulfo-CoA, which contains all of the
mechanism other than the Circe effect must be sought tobinding determinants present on CoA except the sulfur, the
explain this rate enhancement. A clue to the source of this rate of electron transfer is 10-fold slower than in the absence
rate enhancement is that the SH group itself lowers the of CoA. Therefore, blndlng interactions between PFOR and

activation barrier to electron transfer by 40 kJ/mol. CoA could play only a minor role and certainly are not
responsible for a Tefold rate enhancement for reduction of
DISCUSSION Cluster B by the HE-TPP radical intermediate.

The next four hypothetical mechanisms by which CoA
PFOR uses two cofactors, TPP and CoA, and three [4Fe-g|icits this 16-fold rate enhancement are evaluated using
48] clusters to Catalyze the oxidative decarbOXylation of Marcus theory and Eynng theory_ This ana|ysis also is
pyruvate to form acetyl-CoA and GOThe C-2 center of  gypject to the assumptions we have made in relating the
the thiazolium ring of TPP forms an adduct with pyruvate jnetically assigned cluster to the structural assignments
that undergoes decarboxylation and subsequent one-electrofgescribed above). Marcus analysis of the electron-transfer
transfer to generate a radical intermediate and a one-electronrgtes demonstrates that Cluster B reduction by the HE-TPP
reduced Fe-S cluster. Formation of the HE-TPP radical radical in the presence of CoA exhibits Hag value beyond
intermediate and the preceding steps each occur at a rat@nhe range for reactions in which electron transfer is rate
that is independent of CoA. The subsequent reactions arelimiting. Thus, an adiabatic process appears to gate this
the focus of this paper. An electron is transferred from the yeaction. Surprisingly, it apparently becomes ungated, i.e.,
HE-TPP radical to an Fe-S cluster at a rate that is enhancedg true electron-transfer reaction, in the absence of any CoA
by 10>-fold by addition of CoA. Whether it occurs over a  analogues, where the rate constant is 0.18 #nifiherefore,

period of minutesrfiinusCoA) or millisecondsglusCoA),  CoA introduction is associated with a gating of the electron
oxidative decay of the radical is tightly coupled to Fe-S transfer; however, instead of decreasing the electron-transfer
cluster reduction. rate, the gating phenomenon is associated with a marked rate

Since all three clusters absorb at the same wavelength, itenhancement. Similarly, ATP gates electron transfer from
is not an obvious assignment of which redox centers arethe Fe protein to the MoFe protein in nitrogenase while
involved in the various electron-transfer processes. We wereaccelerating the rate above that of true electron tran2®r (
able to isolate individual steps and assign their relevant The gated reaction is also faster than the true electron transfer
intrinsic rate constants by varying mixing conditions (pyru- in methylamine dehydrogenaszs|. Since desulfo-CoA also
vate alone, pyruvate plus CoA, etc.), by following reactions generates a gated electron-transfer reaction, we assume that
by different spectroscopic methods, and by global kinetic the dominant effect of the sulfur of CoA on electron transfer
fitting and simulation methods. The rate constants in the is not a component of this gate. In other words, the sulfur
overall 13-step mechanism shown in Step 1 are self- atom of CoA is predominantly responsible for the>-f@ld
consistent. For example, the same valuelgrassociated  rate enhancement, but this effect is dampened by some other
with formation of the HE-TPP radical, fits the reaction component of the CoA structure. To evaluate the four
between PFOR and pyruvate alone and the overall reactionmechanisms described below, we used Marcus theory (eq
between PFOR and pyruvate, CoA, and MV. We have 4) to estimate the changesAG?, 4, 8, andr that would be



Coenzyme A Enhancement of Electron-Transfer Rate

[FesSq* 9 [Fe,Sa™
[FesSil™ o pg-  HeC~ SCoA  [FesSa™

X
HC™ O,
A —NIS —N_ S
| © 7N
HsC”y 0. HC 7o [FesSal® [FesSal™
) CoAS *
CoAS’

—N_ S C 5
I Iy
HC™ "0, HC” O,
0./
CoAS’ CoAS» §
Fe 5% [FesSal™* )
[FesSq]™ [Fe,Sal [Fe.SJ%*

Biochemistry, Vol. 41, No. 31, 2002935

Coupling Mechanispmucleophilic attack by the CoA thiolate
on the HE-TPP radical generates a very reducing anion
radical that would have a much higher driving force for
electron transfer to Cluster B. Note that the chemical coupling
could not occur with desulfo-CoA, since it cannot generate
the radical adduct. In this mechanism, a chemical step
(formation of the covalent adduct with the radical) would
be tightly coupled to (and could be rate limiting for) the
electron-transfer reaction. In this mechanism, CoA may not
significantly change the, 5, or the reorganizational energy
A, but would have a major effect on the driving force.
According to this scenario (fixing, 5, and1), to achieve
the 1G-fold increase in this electron-transfer rate, we
calculate that a 630 mV difference between the redox
potentials of the radical (or anion radical) intermediate and
Cluster B must be attributed to the thiol of CoA. This does
not seem too unreasonable since an anion radical would be
a strongly reducing species and this radical intermediate
would only need to be stable enough for the rapid electron-
transfer reaction{5 ms). This is an attractive proposal, and
chemical models of such a species and theoretical modeling
of such a reaction intermediate would be extremely helpful.
Besides the driving force, we also would expect a change

Ficure 15: Radical decay possibilities. (A) Kinetic Coupling in the reorganizational energy, if the HE-TPP radical is
Mechanism: nucleophilic attack by the CoA thiolate on the HE- converted to a thiyl anion radical intermediate. Assuming
TPP radical generates a very reducing anion radical with a strong an increase in the negative charge on the proposed radical

driving force for electron transfer to Cluster B. (B) Biradical L : i~
Mechanism: Electron transfer from CoA to Cluster B generates a 2ni0n intermediate, water molecules and/or positive charges

thiyl radical that combines with the HE-TPP radical. (C) Wire 0n the neighboring amino acids would be expected to
Mechanism: CoA induces the formation of an effective through- rearrange to compensate for the extra negative charge, which
bonded electron-transfer pathWay that connects the HE-TPP rad|Cal\Nou|d |ncrease the reorgan|zat|0nal energy |f we assume
to Cluster B. that only the reorganization energy is altered (i.e., the
presence of CoA does not changeithg, and the free energy
AG'?), thel must be lowered from 2.1 to 0.97 eV to attain
the 10-fold rate enhancement. This is an unlikely scenario
since the reorganizational energy associated with cluster
reduction is expected to be about 1.6 éB)( leaving only
0.5 eV to be associated with the radical/thiyl radical
. . . intermediate. However, binding of CoA would decrease the
.COA relgtes toan adlabauc_s'_[ep preceding electron trar]Sfer’reorganizational energy by excluding the water from the
l.e., a different rate-determining step. active site of the enzyme, which should compensate. Thus,
The second mechanism to consider as an explanation forchanges in reorganization energy and driving force may both
the electron-transfer rate enhancement is that blndlng of COAcontribute to the overall rate enhancement. For examp|e’ a
induces a conformational Change in PFOR that bringS the Change in reorganizationa| energy of 0.5 eV (from 21 to
electron donor (HE-TPP radical) and acceptor (Cluster B) 1.6 eV) and a 120 mV more negative redox potential of the
closer together. To assess thonformational Change  radical or radical anion intermediate (increasing the driving
Mechanismwe fixed the reorganization energy at 2.1 eV force) will result in a 18-fold increase in the electron-transfer
and theAGY at —0.025 eV (HE-TPP radicat Cluster B).  rate. We wish to reemphasize that biomimetic models and
Then, we calculate that achievement of &-idld increase  theoretical studies are necessary to evaluate the feasibility
in electron-transfer rate requires the distance between theof this mechanism. Although it is clear that the radical anion
donor and acceptor centers to shorten by 8.25 A (from 14.5 jntermediate proposed in the Chemical Coupling Mechanism
to 6.25 A) or the electronic decay constant to become 0.4 would be a stronger reductant than the HE-TPP radical,
A_l. We look forward to solution of the Crystal structure of however, we are unaware of any chemical models of such a
the PFOR-CoA complex, which should directly negate or  species or a pair of analogous radicals for comparison.
support this hypothetical mechanism. We suggest that a \jechanism B, th®iradical Mechanisminvolves electron
conformational change is not a likely solution to the problem transfer from CoA to Cluster B to generate a thiyl radical
because binding of desulfo-CoA and CoA should induce that combines with the HE-TPP radical. Without the sulfur
similar structural changes. Yet the rate of electron transfer gtom, it would be impossible to form a radical species
differs by 16-fold different between these analogues. analogous to the thiyl radical of CoA. A merit of the biradical
We do not feel that we can offer overwhelming support mechanism is that it would be spin-favored, whereas reaction
for or evidence against the three remaining mechanisms thatbetween a radical and a nucleophile is spin-forbidden.
will be described (Figure 15). Furthermore, these mechanismsReduction of one Fe-S cluster has been observed when PFOR
are not mutually exclusive. In Mechanism A, tKénetic is reacted with CoA alone, which supports the biradical

required to explain a P&fold increase in the rate of Cluster

B reduction. Since these rates characterize gated electron
transfer reactions, they set the lower limit of the true electron-
transfer rate; the real electron-transfer rates are probably
higher than these values. Thus, the activation barrier for the
reduction of cluster B in the presence of CoA or desulfo-
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mechanism ). However, the putative sulfur-based radical transfer from the radical intermediate to Cluster B, the Eyring
has not been observed in such reactions. A CoA thiyl radical equation is most appropriate. Treatment of the data by the
has been detected in hydrogenosomes fiiaittichomonas Eyring equation reveals that when CoA is present Ak
foetus(27). Model studies on the TPP analogues reveal the for the process that gates the electron-transfer reaction is
ease with which HE-TPP radicals recombine in soluti2f).( 56.84 kJ/mol (at 25C). Binding of CoA results in a 32

In Mechanism C, th&Vire MechanismCoA induces the  kJ/mol lowering of a high entropic barrier; i.e., the rate
formation of an effective through-bonded electron-transfer enhancement is mostly entropic. Binding of CoA could
pathway that connects the electron donor, the HE-TPP decrease the entropy barrier by the hydrophobic effect. It
radical, to the electron acceptor. According to this mecha- has been estimated that the free energy associated with the
nism, the electron-transfer pathway in the absence of CoA burial of hydrophobic groups is about 100.4 J/(rA3) (29,
is inefficient. Electron transfer through covalent bonds is 30). If the 32 kJ/mol originates from water exclusion, 300
more favorable than through solvent or through spd® (A2 of protein surface shifts from interactions with the solvent
Possibly, CoA binding induces the formation of a new and to hydrophobic interactions with CoA and/or other protein
favored covalently bonded pathway for electron transfer residues. Considering 10%41,0 molecule 81), about 30
between the HE-TPP radical and Cluster B. In the transition molecules of water would be released from the active site
state for thioester formation, the CoA thiol group must be when CoA binds to the protein. Release of these waters
in van der Waals contact with carbon-1 of the hydroxyethyl would promote a more compact structure, a lower reorga-

moiety. CoA itself could serve as-a20 A long wire that

nizational energy, which could enhance the electron-transfer

connects the radical intermediate to Cluster B. Thus, the reaction.

economy (parsimony) of Nature could provide two necessary,

but seemingly disparate, functions to CoA. One is to form REFERENCES

the chemical linkage required for further metabolism of the 4
acetyl group; the other is to bridge two redox centers, which

accelerates completion of the first half-reaction in the PFOR 2.
3.

mechanism. This could be accomplished by a CoA-induced
conformational change. However, a conformational change
might not be required. Perhaps CoA itself could be a
component of this electron-transfer pathway. In this scenario,
one might think of CoA as a wire and the thiol group as the
prong that connects to the electron source at the socket. The

requirement of the sulfur atom of CoA in such a mechanism 6.

would be analogous to plugging a wire into an outlet; without
the thiol group, there would be a significant gap between
the electron donor and the CoA that slows electron transfer

by 10-fold. However, it appears unlikely that this would be 8.

the exclusive mechanism of rate enhancement. First, if CoA
were simply bridging the pathway, the resulting electron

transfer would not be gated, but would be a true electron 1o,

transfer with an increased coupling. Second, assuming that
they bind in the same manner (which is probably true since
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the radical and the methyl carbon (at the beginning of the 15.
wire) would not be expected to approach such a value. 16.
It is possible that Mechanisms A, B, and C could all
contribute to the overall Bfold rate enhancement. Further- 17
more, CoA binding could contribute in other ways to rate ;g

enhancement. For example, CoA binding might be ac-
companied by the exclusion of water molecules between the

two redox active centers and/or solvent reorganization around 10.
the redox centers. These structural changes would decreaseyq

both the electronic decay constant and the reorganization

energy, which would facilitate a faster electron transfer. This 21.
22.
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structure of the PFORCO0A complex; however, this is not

yet available. One can estimate the maximum number of 23.

water molecules that could be excluded upon CoA binding
if water exclusion is solely responsible for the increase in
the ET rate through the mechanisms described above. For 55
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