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ABSTRACT. The 7Fe ferredoxin fromizotobacterinelandii (AvFdl) contains a [3Fe-4SP cluster that

binds a single proton in its reduced level. Although the cluster is buried, and therefore inaccessible to
solvent, proton transfer from solvent to the cluster is fast. The kinetics and energetics of the coupled
electron-proton transfer reaction at the cluster have been analyzed in detail by protein-film voltammetry,

to reveal that proton transfer is mediated by the mobile carboxylate of an adjacent surface residue, aspartate-
15, the K of which is sensitive to the charge on the cluster. This paper examines the role of a nearby
proline residue, proline-50, in proton transfer and its coupling to electron transfer. In the P5S0A and P50G
mutants, a water molecule has entered the cluster binding region; it is hydrogen bonded to the backbone
amide of residue-50 and to the Asp-15 carboxylate, and it is approxiynétdlfrom the closest sulfur

atom of the cluster. Despite the water molecule linking the cluster more directly to the solvent, proton
transfer is not accelerated. A detailed analysis reveals that Asp-15 remains a central part of the mechanism.
However, the electrostatic coupling between cluster and carboxylate is almost completely quenched, so
that cluster reduction no longer induces such a favorable shift in the carboxidatang protonation of

the base no longer induces a significant shift in tKegb the cluster. The electrostatic coupling is crucial

for maintaining the efficiency of proton transfer both to and from the cluster, over a range of pH values.

Mechanisms of long-range proton transfer, and of the (AvFdl)! a small protein that contains one [4Fe-%3]
coupling of proton transfer to catalytic electron transfer in cluster and one [3Fe-48} cluster.AvFdl has been charac-
proteins (for example, in cytochrome oxidase), are of  terized in detail by crystallography and different spectro-
fundamental importance in biological energy conservation scopic methods21—-28). The [3Fe-4S] cluster rapidly binds
(1—15). Although proton transport is widely considered to a proton in the one-electron-reduced (0) level, despite the
involve chains of closely spaced donors and acceptors (wateifact that it is buried approximatel8 A below the protein
molecules or amino acid side chains), relatively little is surface. The exact site of proton binding has not been
established at the atomic/molecular level about how indi- established, but it is most likely to be one of the clusiger
vidual transfers occur or how they are coupled to electron sulfido ligands 21, 29). Other [3Fe-4S]-containing proteins
transfer (6—18). The generally held view is that internal exhibit similar behavior, and there is no evidence for proton
water molecules are essential for mediating long-range protonbinding to the oxidized clusteB(Q, 31). The strong depen-
transport via the Grotthus mechanisih9( 20). To help dence of cluster protonation upon cluster oxidation level, and
understand redox-driven proton transfers at the atomic level,the fact that protons can only access the cluster across a
we have studied ferredoxin | frorAzotobactervinelandii hydrophobic protein barrier, are features that may be used
to construct proton-pumping devices in complex, redox-
Nl;Tg?wVng;\évas SUGDIIC\)AO%%CEV the EPSRC, BBSRC (43/11675), and coupled, membrane-bound enzymes. Thereféue:dl is
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Scheme 1: Thermodynamic Scheme for Electronation and Scheme 2: Mechanism of Proton Transfer between Bulk

Protonation of the [3Fe-4S] Cluster 8FdIR Water and the [3Fe-4S] Cluster AvFd?
(3FedsT Eaik 3Feds]’ [3Fe-4S]*~~B [3Fe-48]%~B
Elcctrfzn
E pKox Transfer pK|
TC PKred
khop
[3Fe-4S]'"~BH"  [3Fe-4S]%~BH" [3Fe-4S]-H~ B
[3Fe-4S]-H" K"P i

aThere is no evidence for participation of the species [3Fé#4S] pK,
H*. In electrochemical terminology, the cycle comprising the trans-
formation from the oxidized cluster to the reduced protonated cluster 01t N
(electron transfer followed by proton transfer), and the reverse reaction [3Fe-4S]"-H~~BH

in which these events are retraced, is an ECCE reaction. a Fast proton transfer to [3Fe-£3p pH-dependent, and theKp
values of Asp-15= base, B) are sensitive to the redox and protonation
states of the cluster. At low pH, Asp-15 reprotonates, inhibiting proton
transfer off the cluster. For nativevFdl, pKox = 5.4, Ky = 7.2, and
pK, = 5.9.

measured by NMR at 8 (41). Then, after electron transfer,
the increase to 7.2 K) helps the carboxylate to capture a
proton from the solvent. Molecular dynamics shows that the
Asp-15 side chain is very mobile and that there are frequent
approaches of the carboxylate-O to within hydrogen bonding
_ distance of the cluster S1 atom. Conversely, outward-bound
FiGure 1: Structure of nativeA. vinelandii ferredoxin | in the proton_transfer reqUires. prior mov_ement of the l_anrot_onated
vicinity of the [3Fe-4S] cluster, showing the residues that may assist (1€gatively charged) side chain into the protein, which on
in transferring a proton to the cluster, buried below the solvent €lectrostatic grounds is more favorable when the cluster is
accessible surface. The protein is at pH 8.5 in the oxidized form, protonated. Outward-bound proton transfer is blocked if Asp-
and the figure is taken from PDB file 7FD1. 15 reprotonates {f). Both pK; and (K, can be extracted
transfer 82-35). The driving force is provided by the by detailed analy_sis of voltammetric data: impor_tantly, their
electrode potential, and the time scale is imposed by the rated'ffer(_'\nce QpK) is a measure of the electrostan_c (_:oupllng
' between the cluster and Asp-1ApK should be similar to

T e B chanes e e ciference beeer and o, W efcss e efec
P 9 on Asp-15 of adding an electron to the cluster.

protein molecules adsorbed (at up to monolayer coverage) v ) .
on a pyrolytic graphite edge (PGE) electrode surface is fast. At PH 7, proton binding to the buried cluster occurs with
Indeed, the electron exchange constant at zero driving force,@ Pimolecular rate constant of nearly!d®~* s, a value

ko, is sufficiently large that high scan rates (typically up to @PProaching the diffusional limit for proton transfet2.

100 V s7) can be used to reveal details of the electron Replacn_wg Asp-15 with any other residue, including glutamate,
proton coupling kinetics36—40). The following sequence results in greatly retar_deq rates of proton transfer._lndeed,
of events (Scheme 1) has been established unambiguouslyASP-15 mutants exhibit kinetics-23 orders of magnitude
electron transfer to the cluster is followed by proton transfer Slower for proton transfer both to and from the cluster, and
from bulk water; then in the reverse reaction, electron transfer &ll show similar pH-independent base-level rates. In this
off the cluster does not occur until the proton has been Paper, these are termed slow mutants. In contrast, replace-
released to solvent. Thus, in the reduction half cycle electronments of other residues, even Lys-84 which forms a salt
transfer drives proton transfer, whereas in the oxidation half bridge to the Asp-15 carboxylate, have little effect on the
cycle electron transfer is gated by proton transfer. kinetics and are termed fast mutants.

The structure of the protein in the region of the [3Fe-4S]  Diffusion-controlled transfer of a proton to a solvent-
cluster is shown in Figure 1. PFV studies with various site- exposed site occurs with a second-order rate constant of
directed mutants have established that proton transferaround 18 M~1 s (42, 43). Therefore, there is a margin
between the solvent and the cluster is mediated by theof 1 or 2 orders of magnitude remaining, by which the rate
exposed carboxyl group of Asp-15 (D15), which can swing of proton transfer to the buried cluster might still be
back and forth to act as a proton courier between clusterincreased. We now consider the effect of possible steric
and solvent35). Importantly, in contrast to other long-range restraints, and conformational flexibility in the cluster binding
proton-transfer reactions that have been studied, no waterregion, which might allow for enhanced rates of shuttling
molecule is involved in this proces6)( The mechanism is  of the Asp-15 headgroup between the protein interior and
presented in Scheme 2. The kinetics of proton transfer boththe solvent or even facilitate the direct access of solvent water
to and from the cluster are dependent on pH. Inward-bound molecules to the cluster. As shown in Figure 1, the region
proton transfer requires prior protonation of the Asp-15 around the cluster and Asp-15 includes a proline, residue
carboxylate, the I of which is sensitive to the oxidation  Pro-50, which might be influential since mutations of proline
level and protonation state of the cluster, and the neutraliza-residues are known to increase protein backbone mobility
tion of its charge assists its entry into the protein interior. (44). Furthermore, analysis of the (static) crystal structure
Before electron transfer, theKp(pKox) of Asp-15is 5.4, as  suggested that as the torsion angles of Asp-15 are rotated,
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the -COOH group would come into contact with the cm™, consistent with the formation of a monolayer of protein
hydrogen atoms of € from Pro-50 and @ from Tyr-13. molecules. For each measurement, the electrode potential was
Together, these aspects raised the possibility that replacingooised for 20 s at-650 mV, then for 10 s at an oxidizing
Pro-50 by another residue might create a more dynamic potential, before the scan was initiated. The potential for the
structure, which could further enhance proton-transfer ratesoxidative poise depended on the experimental pH, but it was
by making it easier for the Asp-15 side chain to swing in always at least 300 mV higher than the reduction potential
and out. of the cluster to ensure that all the centers were oxidized.
To examine this proposal7 we have now characterized, in All chemicals were purchased from Sigma-AIdrich. Solutions
detail, the effect of replacing Pro-50 by alanine or glycine, were prepared using purified water of resistivigi8 M Q
on the rates and energetics of proton transfer between clusteem (Millipore) and contained 60 mM mixed buffer (15 mM
and solvent. Proline is a highly conserved residue in Tris, 15 mM MES, 15 mM TAPS, 15 mM acetate), 0.1 M
sequences that bind [4Fe-4S] or [3Fe-4S] clusters, where itNaCl, and 20Q«g mL~* polymyxin to stabilize the adsorbed

is proximal to a coordinating cysteindg). In AvFdl, Pro- protein film. The pH was adjusted with either HCI or NaOH
50 is adjacent to Cys-49, one of the [3Fe-4S] ligands. to cover the approximate range of pH-20 and was

measured at ®C before, and immediately after, each
MATERIALS AND METHODS experiment.

Data Analysis and Numerical Modeling/lodeling was
carried out using a finite difference proceduB®)( Small
changes in potential were simulated, and the corresponding

Preparation of the P50A and P50G Mutants offFAll.
Site-directed mutagenesis and protein purification were

carried out as reported previousB2). Protein samples were  .hanges in the populations of different forms of the [3Fe-

stored in liquid nitrogen as beaded concentrated solutions; 45} ojyster (oxidized or reduced, protonated or deprotonated)
for each set of voltammetric experiments, a bead was thawedore calculated. A simulation was assumed to have con-
and chromatographed by FPLC using a Mono Q column. \qqeq to the experimental condition (the analogue limit)

Crystal Structure DeterminatiorThe data for the PSOA  \yhen decreasing the potential step size resulted in no further
and P50G mutants were collected, integrated, and scaledchange in the result.
using DENZO and SCALEPACKA4E). The structures were Background to the Interpretation of Fast-Scan Protein-
solved using molecular replacement with the native structure gjjm Voltammetry For AuFdl, the order of proton and
and refined to 1.65 and 1.8 A, respectively, using SHELXL electron transfers during oxidation and reduction, as shown
(24, 47). They were evaluated using PROCHECAS). For in Scheme 1, is defined unambiguousBA4(35). In elec-
PS0A and PS0G, 84.9 and 87.0% of the phi/psi angles weretrgchemical terminology, reduction and reoxidation of the
in the most favored regions, with 15.1 and 13.0% in allowed [3Fe-4S] cluster, as induced by the voltammetric cycle, is a
regions, respectively. The finRlvalues for PS0A and P50G  ¢oypled reaction of the ECCE type, where E is the electron-
were 15.6 and 17.9%, akr.values were 23.8 and 25.3%, transfer reaction and C is the chemical reaction that is linked
respectively. The PDB deposition codes are 1PC4 (PS0A) 1o it (49). In other words, starting with the oxidized cluster,
and 1PC5 (P50G). electron transfer is followed by proton transfer, and then

Electrochemical Measurementlectrochemical measure-  reoxidation requires that proton transfer precedes electron
ments were carried out using an AutoLab electrochemical transfer. The voltammetric results are visualized and analyzed
analyzer (Eco Chemie, Utrecht, The Netherlands) equippedby plotting the reduction and oxidation peak potentials
with modules PGStat 20 or 30, ECD, Scangen, and ADC750. (Figure 2A) observed at different pH values and scan rates.
Voltammograms were recorded at scan ratggtween 1 Plots of the peak potential against the scan rate (on a
mV s tand 100 V s*. Data collection procedures, including |ogarithmic scale) are known as trumpet plots, and they
iR compensation, Fourier transform filtering, and baseline display a wealth of information on both the kinetics and the
subtraction, were carried out as described previolB¥ (  thermodynamics of the redox reactiodd( 36—40). Inter-
38). A three-electrode, all-glass electrochemical cell was used pretation of the trumpet plots is illustrated in Figure 2B,
(34, 37). The sample compartment was maintained &0  which compares the results obtained for a fast mutant, E18Q,
to optimize stability of the ferredoxin film and was kept and a slow mutant, D15E, in each case at pH values above
anaerobic by continuous purging with a gentle stream of and below the respective clusteK values. Data for the
argon. The saturated calomel reference electrode (SCE) wasative protein are very similar to those obtained with E18Q
connected to the sample compartment via a sidearm, endingand have been reported previousB4), Data for E18Q
in a Luggin capillary tip, and held at 2Z (therefore, the  display the best fit thus far obtained for any fast variant
cell is nonisothermal). All potentials were corrected to the (including native): this may be because E18 exerts a small
standard hydrogen electrode (SHE) scale by a standardeffect on the electrostatic coupling between Asp-15 and the
formula @9). Unless otherwise stated, all data are referenced cluster (the distance between the carboxylate of E18 and S1
to this scale. The counter electrode was a platinum wire. js 10.9 A), and this complicating influence is removed when

The PGE working electrode had a small surface area tothe carboxylate is changed to a carbamide.
minimizeiR effects and was polished before each experiment  For the condition pH> pKeq (N0 proton is transferred to
with an aqueous alumina slurry (Buehler Micropolish: 1.0 the [3Fe-43] cluster), and commencing the cycle from the
um) and then sonicated in water. A few microliters of a 100 high-potential limit at which the cluster is oxidized, both
uM protein solution (in 60 mM mixed buffer, 0.1 M NaCl, the fast and the slow variants show uncomplicated electron
and 200ug mL~! polymyxin) were then applied to the transfer: the shape of the trumpet plot reflects only the
surface. Electroactive coverages, determined from voltam- characteristic rate constag)for electron exchange between
metric peak areas at slow scan rates, were typiead9 pmol the cluster and the electrode. In all cases, including the P50A
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A Oxidation proton transfer to and from the cluster, and this is visualized
peak most clearly with the slow mutant, D15E. First, at intermedi-
v [3Fe-4S1° " ate scan rates (1 V&< v < 10 V s'1), the oxidation peak

disappears because the electron becomes trapped on the
protonated cluster: electron transfer is gated. At sufficiently
fast scan rates (just above 10 V' it is possible to add
and remove the electron before the proton can transfer to
the cluster: the potential modulation out-runs the coupled
chemistry so that proton transfer becomes kinetically de-
A coupled from electron transfer. Thus, at the right-hand side
Start at of the plot for D15E, at pH< pKeq the data points merge
high-potential with those for pH> pKied the system now exhibits its time-
resolved reduction potentiathe apparent value on the
millisecond time scale. In contrast, for the fast mutant E18Q,
+—0 proton transfer is so fast that it cannot be decoupled, at
[3Fe-4S] . A
accessible scan rates, from electron transfer (the oxidation
Regg;{(ion peak does not reappear af00 V s1), and the reduction
peak potentials approach, but do not actually merge with,
B the data points for pH> pKes The exact shapes of the
DISE 025 1E (V) E18Q 0251 E (V) trumpet plots therefore yield rates of electron and proton
pH8.65 021 pHB8.92 021 transfer, as a function of potential and pH, as well as
0.15 1 reduction potentials. Note that if a sufficiently fast cycle is
0.1 commenced from the low-potential limit, at which the cluster
0.05 | is reduced, at pH« pKeq the cluster would appear silent,

- : , as no oxidative signal would be observed.
0.01 0.1 1 10 100

vevsh T RESULTS

015 - The overall structures of the PS0A and P50G mutants are
very similar to those of the native protein (see Figure 3A),
with main-chain RMSD values of 0.34 and 0.38 A, respec-
tively. Away from the [3Fe-4S]-cluster binding region, the
total structures, including the side chains of all residues
except Asp-15 and residue-50, are also very similar (total
RMSD values of 0.78 A for both PS0A and P50G vs the
native protein). Therefore, the structural changes are confined
0.1 to the immediate vicinity of residue-50.

015 TE(V) Figure 3B shows details of the structural changes that
Ficure 2: (A) Simulated cyclic voltammogram, showing how the occur in the vicinity of the [3Fe-4S] CIusFer fpr the P5.0A
reduction and oxidation of the [3Fe-4S] cluster is observed and Mutant. The effect of the PS0G mutation is essentially
measured. (B) Trumpet plots (peak potentglagainst scan rate, identical to that of the PS0A mutation, except that the methyl
v) comparing proton-transfer activities of E18Q (fast) and D15E group is absent. The main new feature, in both mutants, is
(slow) variants ofAvFdl at pH> pKreqand K < pKiea The data  that a water molecule has been incorporated. Biactor

at the left-hand side of each plot correspond to the system close to . :
equilibrium and are analogous to the results of a potentiometric of this water molecule (number 216 in PS0A and number

measurement. On the right-hand side of each plot, the data48 in P50G) is approximately 302Aso that it can be

correspond to the millisecond time domain and are kinetically considered to be a structural water. In both P50A and P50G,
controlled. For D15E, oxidation becomes gated by proton transfer, it is hydrogen bonded to the amide of the mutated residue-
and then decoupled from it, as the scan rate is increased. Modeled:-,o, the carbonyl of Glu-48, and the Asp-15 carboxylate; to

peak positions are only reported if the predicted peak height is more . .
than 20% of a theoretically shaped, reversible peak. In each case accommodate this, the Asp-15 carboxylggetorsion angle

the zero value on the potential (E) axis corresponds to the respective'has changed. There is no virtually no change in the distance
value of By, i.e., the reduction potential at p# pKieq. between cluster atom S1 and the nearest carboxylate-O atom

(4.6, 4.7, and 4.8 A in P50A, the native protein, and P50G,
and P50G mutants discussed here, khgalues show that  respectively). The position of the incorporated water mol-
the electron transfer is sufficiently fast so that it does not ecule differs slightly between P50A and P50G, with respect
interfere with either our interpretation of the mechanism or to the cluster S1 atom and the closest second-shell water
our measurements of the rates of proton transfer. In contrastmolecule. In P50A, it is closer to S1, although not quite
for pH < pKqthere are large differences in the shapes of within hydrogen-bonding distance (the-S distance is 3.9
the trumpet plots between the fast and the slow mutants. AtA for P50A and 4.5 A for P50G) but further from the closest
the left-hand side of each plot (at slow scan rates), oxidation second-shell water molecule (the-© distance is 3.9 A for
and reduction peaks are close together, and their average?50A and 3.0 A for P50G). In both sites, the water molecule
values give the equilibrium reduction potentials that increase, is tetrahedrally coordinated: it switches its axial interaction
as expected, as the pH is lowered. As the scan rate is raisedbetween S1 and the adjacent water molecule, while retaining
the behavior becomes very dependent on the rate of theits interactions with the amide of residue-50, the carbonyl
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Ficure 3: (A) Comparison of the structures of the protein
backbones of the PS0A mutant (PDB file 1PC4) and the native -10 -
protein (PDB file 7FD1). The two structures are essentially identical. . —

(B) Comparison of the structures of the PS0A mutant and the native T/SURE 4: Protein-film voltammograms of the PSOA mutant of
protein in the region of the [3Fe-4S] cluster, showing positions of A¢Fdl at a slow scan rate (10 mv'y, at pH values above and
the side chains, and of the water molecule that enters the structur(%’elow Frea The background corrected signals are also presented;
in PS0A. Distances are reported for PSOA. or these, thg-axis span represents the ideal theoretical (Nernstian)
peak height. In each case, the scan was commenced from the
oxidized state; temperature’Q; conditions as reported in Materials
and Methods.

of Glu-48, and the carboxylate of Asp-15. Most of the water
structure on the protein surface remains unchanged.

Figure 4 shows voltammograms of films of P50A obtained 0.2+
at slow scan rates at two different pH values. The reduction
and oxidation peaks conform closely to the theoretical
expectations for an immobilized redox couple displaying
reversible one-electron exchange with the electr8de The
peaks have half-height widths of approximately 100 mV, and
the peak separation is small (approximately 10 mV). Similar
results were obtained with P50G.

Figure 5 shows how the reduction potentials for P50A and
P50G vary with pH. These data were obtained by taking the
average of oxidation and reduction peak potentials from

s
w

DI1SE
— | DI5SK-K84D
N DI15N

Reduction Potential (V)
. =
e w
£ W

voltammograms recorded at scan rates slow enough to ensure Native DISN-E18Q
equilibrium conditions (20 mV g). Use of a slower scan 045 ] bl
rate did not alter the results. The results conform to Scheme ’ T148
1 and are analyzed using eq 1 K84Q
0.5 : ; . . , .
2.3RT + 4 5 6 7 8 9 10
Eobs= Ealk + nk Iog(1+ aH /Kred) (1) pH

. . . o ) Ficure 5: Comparison of the pH dependence of the reduction
in whicha4* is the proton activity determined from the pH potentials of P50G, P50G, nativivFdl (bold), point-mutants of

measurement3d). Data are now available for numerous Asp-15 (dashed lines), and of other residues (solid lines).
structurally defined variants &vFdl—these have also been

modeled using eq 1 and are included in Figure 5. ERe (for P50G) at values aboveéKpg Interestingly, all the other
and K4 values are presented in Table 1. P50A and P50G mutants that exhibit higheax values are those for which
display the highest potentials of all these variants, both in negatively charged Asp-15 has been changed to a neutral
the region of pH where the cluster is protonated directly and residue.
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Table 1: Thermodynamic Parameters for the Reduction and

Protonation of the [3Fe-4S] Clusters in NatikeFd! and Its

Mutants

protein Kred Eai (V)
K84Q 8.1 —476
T14C 8.4 —464
E18Q 7.6 —453
native 7.8 —443
P50A 7.2 —392
P50G 7.0 —382
D15N-E18Q 7.0 —409
D15N 6.9 —408
K84Q-D15K 6.6 —397
D15E 6.7 —388

Figure 6 shows voltammograms for P50A obtained at 1,
11, and 100 V s, for pH 8.71 and 5.42. At high pH, both

pH 8.71

Camba et al.

the oxidation and the reduction peaks are easily observed
over the entire range of scan rates, whereas at pH 5.42 the
oxidation peak is still visible at 11 V-3 but has vanished
at 100 V s Similar results are obtained for P50G. This
demonstrates that the P50 mutants belong to the fast category,
with regard to their proton-transfer kinetics.

Figure 7 shows the trumpet plots obtained for P50A over
a range of pH values. Similar data were obtained for P50G.
Although P50G and P50A fall into the fast mutant category,
detailed examination of these plots reveals some subtle but
significant differences as compared to the other fast variants.
Data were analyzed in terms of the pH-dependent model
described in Scheme 2, where proton-transfer rates depend
on the X of the base (B, Asp-15), which varies according
to the charge on the cluster. The best fits are shown as the

pH 5.42
-

(yn) Juaaan)

reported in Materials and Methods.

Potential (V)

FIGURE 6: Protein-film voltammograms of the PS0A mutantffFdl at scan rates 1, 11, and 100 W¥sat pH 8.71 (pH> pKeg) and 5.42

(pH < pKreg. The background corrected signals are also presented; for theseatlie span represents a perfect theoretical (Nernstian)
peak height. The asymmetry observed at high scan rate, at high pH, has been discussed previousIg{seadafoes not affect our
modeling of the proton-transfer rates. In each case, the scan was commenced from the oxidized state; temf€ratareddions as
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Ficure 7: Trumpet plots (peak potentidt, against scan rate) for P50A recorded over a range of pH values, with the fitted lines derived

from Schemes 1 and 2 and the parameters in Table 2. Modeled peak positions are only reported if the predicted peak height is more than
20% of a theoretically shaped, reversible peak. In each case, the zero value on the potential (E) axis corresponds to the respective value of
Eai i.€., the reduction potential at p¥t pKie

Table 2: Comparison between Proton Transfer Parameters Obtained for P50G and P50A and Other Fast Mufadts of

kon koff

chIuster chIuster (M_l S_l) (S_l) konhOp koffhop
variant (high pH) (low pH) (pH 7) (PH7) Ky pK2 ApK (s (s
native 7.8£0.1 6.5+ 0.1 7.9x 1@ 308 7.2+0.1 59+ 0.1 1.3 1294+ 100 332+ 100
E18Q 7.7+£0.1 6.7+ 0.1 4.8x 1 207 7.1+ 0.1 6.1+ 0.1 1.0 910+ 90 230+ 25
T14C 8.4+ 0.1 7.1+ 0.1 6.6x 1C° 207 8.0+ 0.1 6.7+ 0.1 1.3 720+ 100 310+ 100
K84Q 8.1+ 0.1 6.6+ 0.1 9.0x 10° 232 7.4+ 0.1 594+ 0.1 1.5 1252+ 100 250+ 100
P50G 7.0+0.1 6.7+ 0.1 9.9x 1¢° 112 6.5+ 0.1 6.2+ 0.1 0.3 4114+ 50 118+ 15
P50A 7.2+ 0.1 6.8+ 0.1 1.3x 10 102 6.6+ 0.1 6.2+ 0.1 0.4 470 50 118+ 15

fitted lines in Figure 7, and analysis of the data for P50A our corresponding interpretations. Figure 8 shows only data
and P50G yielded the data given in Table 2. Table 2 also recorded at pH values of 5.42 and 4.89 since these two lowest

includes the results obtained for other mutants.

pH values are the most discriminating. First: how valid is
Although the modeled lines presented in Figure 7 are the our conclusion thatpK has decreased from 1.3, the value
closest fit to the data that we could obtain using Scheme 2,in the native protein, to 0.3 or 0.4 in P50G and P50A? Figure
they are not a perfect match (perhaps because of small effect8 A—C displays three fits obtained wheéxpK values of 1.3
from charged residues such as Glu-18). Therefore, Figure 8were used to fit the data from P50A. In Figure 8Apvas
shows fits to the data produced using alternative sets of unchanged from its best fit value (6.6); therefor&, pvas
parameters, to establish the acceptable boundaries of thalecreased to 5.3. In Figure 8BKpwas unchanged from its
parameters presented in Table 2 and assess the validity obest fit value (6.2); therefore Ka was increased to 7.5. In
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the best fit value (6.2); thereforeKp was set to 7.05 and
pK; to 5.75. In all three cases, the fits are markedly worse
than those presented in Figure 7, with the fitted lines
generally predicting plots that fall inside the data. In fact, as
shown in Figure 8D, the data can be fit reasonably well by
using K; = pKy, and thereforeApK = 0. These results
demonstrate clearly the validity of our first conclusion, that
the electrostatic coupling between cluster and base is
guenched significantly in PSOA and P50G. Second: Figure
8E shows that increasing the valuekgf™? to match that of

the native protein (332 9), while retaining all other
parameters at their best fit values, only slightly decreases
the quality of the fit. Therefore, we may conclude that the
proton transfer between base and cluster is not accelerated,
but we cannot conclude, with certainty, that it is retarded
significantly. Third: Figure 8F shows an example of an
attempt to fit the data for the P50A mutant using the
mechanism for the slow mutants (without the participation
of a mediatory base). Only two parameteri;p and Ko,

are required. Kreq is defined experimentally as 7.2 (Figure

5 and Table 1), and Figure 8F was produced usisg=

118 s. This does not produce a viable fit to the data, and
the quality of the fit, over all pH values, cannot be improved
by variation ofk.. We conclude that this simple mechanism
cannot be used to describe the data from the P50G and P50A
mutants.

The rates of proton transfer, and the electrostatic coupling,
can now be evaluated. First, proton-transfer between the base
and the cluster in the P50 mutants is certainly no faster than
for the other fast mutants, and based on our best fits, it may
be slower (the best fit value fdg"°P is 2.8 times slower).
However, because of the quenching of electrostatic coupling
between the cluster and the base (the protonation state of
the base is now much less dependent on the cluster charge),
the actual rates of proton transfer to and from the cluster
are altered significantly. For example, at one pH unit below
the respective observed clustét palues (7.8 for the native
protein and 7.2 for P50Ak,, is decreased from 950 for
the native protein to 3367 for P50A (a ratio of 2.8), and
kot is decreased from 294 to 59's(a ratio of 5.0). At pH
7, kon is decreased from 810 sfor the native protein to
134 st for P50A (a ratio of 6.0), antly is decreased from
308 to 102 s! (a ratio of 3.0). The corresponding second-
order rate constants describing cluster protonation at pH 7.0
are 8.1x 10® M~ s for the native protein and 1.8 10°

Figure 8C, the average oKp and was unchanged from
5.42 4.89 J O eratorate :

Potential (V)

o
' 0 ' o — o & M-t st for P50A. Second, the differencAgK) between
001 OLops 4 M" 001 O-Lps 4 N@i‘m pK; (when the reduced cluster is deprotonated) akd p
Y : ;
0.1 (when the reduced cluster is protonated) is much smaller for

-0.1 -0.
the P50 mutants<0.4, vs 1.3 for the native protein). This
Scan Rate (V S'l) quantity reflects the extent to which the mediating base (the

) ) Asp-15 carboxylate) senses the protonation state (or elec-
FiGure 8: Attempts to fit the trumpet plots (peak potenti&l,

. ; " tronation state, see earlier) of the cluster. It is mirrored in
against scan rate) for PS0A using alternative sets of parameters. . - . .
only fits to the data at pH 5.42 and pH 4.89 are shown, as the the aC|0Lbas§ properties of the cluste_r, for which our analysis
lowest pH values are the most discriminating. The parameters usedyields the virtual K value that applies when the Asp-15
are as reported in Table 2, except when otherwise specified. (A) carboxylate is protonated (see Table 2).
pK; = 6.6 (best-fit value); K, = 5.3 ApK = 1.3). (B) Ky = 7.5;
pKz = 6.2 (best-fit value) ApK = 1.3). (C) K; = 7.05 (best-fit
value); \K; = 5.75 ApK = 1.3, average ofl§; and K, = 6.4= DISCUSSION
best fit value). (D = pK, = 6.4 (average best-fit valua\pK . . .
=0). (E) koﬁh)op(:)gglz glp (t%e valut(e for tﬁe native protein?. F) The consequences of changing Pro-50 to glycine or alanine
The mechanism for the slow mutants (Scheme 1) in which there is areé subtle, yet they provide insight into the tuning of the
no participation of the baseKpq = 7.2 andksy = 118 s, reduction potentials and proton-transfer rates in proteins. It
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is appropriate to consider first the influence on reduction constraints and introduce greater mobility to the cluster
potentials. Point mutations close to the [3Fe-4S] cluster in binding region, thereby making it easier for the Asp-15
AvFdl result in the variation of one or more of the following carboxyl/carboxylate to approach to within hydrogen bond-
(Figure 5 and Table 1): yeq (the (K of the reduced cluster), ing distance of the cluster S1 atom. While the flexibility
Eak (the limiting reduction potential at pk> pKreg), and may indeed have increased (since access has been provided
Epn (the reduction potential at pik pKieq). The variation for a water molecule), the expectation for faster proton
in Epr is much less than ikax because foEyy both a proton transfer between the cluster and the aspartate has not been
and an electron are transferred to the cluster (reduction isrealized: instead, the kinetics are retarded or at best
electroneutral); therefore, long-range electrostatics exert little unchanged. However, as discussed below, the proton-transfer
influence. Instead, differences B,y are determined by rates between solvent and cluster (as opposed to between
changes in the electronic properties of the redox center. By Asp-15 and cluster) have changed and provide insight into
contrast,E,x represents only the addition of an electron, how the rates of proton transfer through proteins may be
and so electrostatic factors, as well as the exposure of theoptimized.
sjte to solvent dipoles, may also make a significant contribu-  Fjrst the simple model used for the slow mutants, in which
tion. the proton-transfer off-rate is pH-independent, does not fit
Previously, discussions of how protein structures control the data obtained for PS0A or P50G. This confirms that the
the reduction potentials of irersulfur clusters have tended base (Scheme 2) remains a crucial part of the mechanism
to focus on [2Fe-2S] and [4Fe-4S] centers in which (apart for P50A and P50G, as well as for the other fast mutants.
from cases such as the Rieske center) only an electron isThe base has the effect of retarding proton transfer off the
transferred into the protein5{—54). These are directly  cluster at low pH (the shuttle is occupied by a proton most
relevant to our discussions @,k As expectedEak is of the time) and retarding proton transfer to the cluster at
increased significantly when the carboxylate of Asp-15 is high pH (the shuttle does not collect a proton from solvent
replaced by neutral carbamide (D15N) or moved away from as efficiently). However, the 23 orders of magnitude by
the cluster into the solvent by insertion of a -Chroup which the base accelerates the rate overall far outweighs these
(D15E). It is also lowered when a nearby positive charge decreases.

is removed (K84Q). Therefore, it is significant that values  gecond, close examination of the fast-scan voltammetry
of Eax for P50G and PS0A are among the most positive of gata for the Pro-50 mutants (Figure 7) shows that they behave
all the mutants, even though there has been no obviousgitferently to the other fast mutants (Figure 2). Fitting the
change in electrostatics. Related observations have beeyata for a normal fast mutant requires that protonation of
made with the 8Fe ferredoxin fror@lostridium pasteur- the cluster causes Asp-15 to undergokaghift of at least
ianum Mutation of residues Pro-19 and Pro-48 (adjacentto gne pH unit ApK = pK; — pK»): such a change cannot be
cluster-ligating Cys-18 and Cys-47), which occupy similar accommodated (see Figure 8) within the data for P50G or
positions to Pro-50 iwFdl, each caused a slight increase ps5a, for which the respective shifts are maximally 0.3 and
(<20 mV) in the reduction potential of the [4Fe-4S] cluster g 4 ynits. The same arguments apply to the cluskersp
(59). that the virtual |K values that apply at low pH, where Asp-
Some of the increase i,k resides in the electronic 15 is protonated, are almost the same as measured at
contribution, as gauged from the small, but noticeable, shift equilibrium at high pH (Table 2). Therefore, we conclude
in Epy. However, the crystal structures of P50G and P50A that in the Pro-50 mutants, the carboxylate and cluster no
show that a water molecule has been incorporated. The watetonger strongly sense the protonation state of one another.
is buried, and although we cannot exclude the possibility This effect is very likely due to the water molecule that has
that it comes into contact with both the cluster and the been incorporated into the mutant proteins, the dipole of
bulk solvent upon protein breathing, or upon a structural which may switch between different orientations as the
change due to cluster reduction, it is unreasonable to sug-electric field changes, thus compensating the Coulombic
gest thatE,x changes in response to increased solvation of interaction. Although, in the absence of a DI5R50A
the cluster. Instead, we conclude that the buried water double mutant, we cannot eliminate the possibility that the
molecule exerts an electrostatic effect on the cluster. Thenewly incorporated water molecule substitutes for Asp-15
increase inEyk (to ~56 mV above the native protein) is as the base that provides the proton relay, tRevalues for
consistent with an extra hydrogen bond to the cluster the base (K; = 6.4 and K, = 6.0) indicate that this is
that, as is well-known, would preferentially stabilize the unlikely to be the case.

more reduced state, thereby raising the reduction potential The coupling between cluster and base was identified
(51—54). Although the water molecules in PSOA and PS0G  previously as being an important part of the proton-courier
are too far from S1 (at 3.9 and 4.5 A, respectively) to form echanism. Reduction of the cluster causes teopthe
direct hydrogen bonds, the electrostatic effect of th& -© carboxylate to increase, promoting proton capture from
H?* dipole is likely to be sufficient in itself. We also note  solvent. The neutral carboxylic group then swings toward
that the interfacial electron-transfer rate consté) (S the cluster, into the protein interior, to deliver the proton.
decreased by around 50% in the Pro-50 mutants. This iSor the reverse reaction, the protonated cluster provides a
consistent with an increase in reorganization energy and maymore favorable electrostatic environment for entry of the
therefore also result from the incorporation of the water negatively charged carboxylate. Once the cluster is depro-
molecule. tonated it may be reoxidized, and thi pf the carboxylate
The original idea that led to this paper was that replacing drops (to fKo.x = 5.5 in the native protein), to complete the
Pro-50 by glycine or alanine would relieve possible steric cycle of events that is driven by the electrode. In the Pro-50
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Ficure 9: Variation with pH of the rate constanks, and K
(proton transfer between solvent and redox center) normalized with
respect tko,"°P andky"P. At low pH, kon/Kor°Pis maximized €1)

and at high pHKqi/Ko"°P is maximized €1). kon/Kon™P and Ko/
koo are equal to 0.5 atiy and (K, respectively. (AApK = 0;

pK; = pKo = 6.4. (B) ApK = 1.3; Ky = 7.2; K, = 5.9. The
shaded regions show where béithk,,"°P andk,q/K."°P are greater
than 0.4.

mutants, these electrostatic effects become inoperative,
and so although the basic mechanism is still operating, it
performs less efficiently. Figure 9 illustrates the effects of
removing the electrostatic coupling on the rates of proton
transfer between cluster and solvent (i.e., the complete
transfer). Figure 9A shows how, and ke (respectively,

the pseudo and the true first-order rate constants, normal-
ized with respect tdk,."°P and ko«"°?) vary with pH when
there is no electrostatic couplingKp = pKy). At pH =

pK; = pKj, bothky, andke¢ are half their maximal value; as
the pH is increasedk.,s decreases further (althoudhn
increases), and as the pH is decreakgdlecreases further
(although ket increases). Therefore, there is only a very
limited pH range over which botk,, andky are high. In
contrast, Figure 9B shows holyg, and ks vary with pH
when there is significant electrostatic couplingpK =
1.3). It is clear that,, and ks are now both optimized
over a wide range of pH, and by extension, larger values of
ApK may be employed to extend the pH range and increase
the efficiency yet further. Our results demonstrate how
the architecture of the cluster binding region in the native
protein, containing no water molecules, provides an effective
proton-transfer device that compares favorably with a more
flexible and open structure allowing access of solvent
molecules.
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