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Crystal structures of
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exhibiting large changes in
[Fe-S] reduction potential
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Elucidating how proteins control the reduction potentials
(E%) of [Fe-S] clusters is a longstanding fundamental prob-
lem in bioinorganic chemistry. Two site-directed variants of
Azotobacter vinelandii ferredoxin | (Fdl) that show large
shifts in [Fe-S] cluster E® (100-200 mV versus standard
hydrogen electrode (SHE)) have been characterized. High
resolution X-ray structures of F2H and F25H variants in their
oxidized forms, and circular dichroism (CD) and electron
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paramagnetic resonance (EPR) of the reduced forms indicate
that the overall structure is not affected by the mutations and
reveal that there is no increase in solvent accessibility nor any
reorientation of backbone amide dipoles or NH-S bonds.
The structures, combined with detailed investigation of the
variation of E” with pH and temperature, show that the
largest increases in E® result from the introduction of posi-
tive charge due to protonation of the introduced His
residues. The smaller (50-100 mV) increases observed for the
neutral form are proposed to occur by directing a H¥—N?%
dipole toward the reduced form of the cluster.

Iron—sulfur [Fe-S] proteins are ubiquitous in nature, with
(1120 different types identified to date, having functions ranging
from essential electron transfer (ET) reactions to regulation of
gene expressiont. This study concerns what is perhaps the most
subtle mechanism used by proteins to control the reactivity of
specific [Fe-S] clusters: the modification of reduction potential
(E®). Thus, even without modifying the cluster type, proteins
can modulate the E” of a specific center by varying its environ-
ment>10, For example, [[4Fe-4S](Cys,)]%"*- centers ligated via a
typical CysXXCysXXCys....Cys motif have E® values between
—280 and -715 mV in different proteins*l, The manner in
which proteins control reduction potentials of [Fe-S] clusters is
a fundamental problem in biological chemistry, with implica-
tions for understanding ET energetics and for de novo design of
[Fe-S] proteins with desired characteristics.

Because the intrinsic reduction potential of a particular type
and redox couple of an [Fe-S] cluster is fixed, there is general
agreement that the nature of the protein surrounding the cluster
must be responsible for variations in reduction potential in dif-
ferent proteins or different locations in the same protein. Both
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Fig. 1 Crystal structures of FdI mutants showing His 2 and His 25 contacts, solvent accessibility and electron density. Stereo diagrams showing con-
tacts <4 A from His N atoms to [Fe-S] clusters and hydrogen bonds (green dotted lines). Hydrogen bonds involving water molecules are gray dotted
lines. The corresponding Phe residues in native Fdl are shown based on least squares superposition of native Fdl onto each mutant Fdl. Atoms are
colored orange (Fe), yellow (S), red (O), blue (N), purple (His C) and gray (C). a, The F2H mutant structure refined at 1.62 A resolution. Contacts <4 A
from His 2 atoms to sulfur atoms of the [[4Fe-4S](Cys,)]> center include N31-S (3.64 A) and Cy-S (3.63 A). Both conformers of Glu 46 are shown.
b, The F25H mutant structure refined at 1.75 A resolution. Contacts <4 A from His 25 atoms to sulfur atoms of the [[4Fe-4S](Cys,)]> center are Ne2-S
(3.80 A) and Ce1-S (3.68 A), from His 25 atoms to Cys 20 N51-Sy (3.88 A) and Cg1-Sy (3.79 A), and from His 25 atoms to Cys 16 ([[3Fe-4S](Cyss)]> cen-
ter) Ne2-Sy (3.74 A) and C32-Sy (3.94 A). The solvent-accessible surface of the ¢, Fdl F2H and d, F25H mutants. The electron density of each His residue
is also shown. Atoms and their corresponding surfaces are colored as in (a,b). His 2 is completely buried except for a small portion of Cel (purple dots
in (c)). His 25 is also completely buried except for a contact of Nd1 to a water molecule as shown in (b). Electron density maps are calculated with o
coefficients and contoured at 1.5 o.

188 nature structural biology ¢ volume 9 number 3 « march 2002



I@y © 2002 Nature Publishing Group http://structbio.nature.com

letters

a
e
2]
s
E
w
50 -
"= 40 -
5 ox
T 304 4
é 20
w Red
10 4
0 . . ; T
300 400 500 600 700
A (nm)
C
WT
Z
2 F2H
i) __........J \-—-—ﬂ ——
£
o«
& F25H

300 320 340 360 380
Magnetic Field (mT)

experimental and theoretical research have been directed toward
understanding how proteins control the reduction potentials of
[Fe-S] clusters in order to identify what factor(s) is (are) of pri-
mary importance?41-19, The following have been suggested as
candidates: (i) solvent exposure of the cluster; (ii) specific hydro-
gen bonding, especially involving NH-S bonds; (iii) the proxim-
ity and orientation of protein backbone and side chain dipoles;
and/or (iv) the proximity and position of charged residues. The
purpose of this study is to evaluate the extent to which His
residues that are not ligands can influence [Fe-S] cluster E?.

Selection of Fdl variants
Our studies focus upon an extremely well-characterized model
protein, Azotobacter vinelandii ferredoxin I (Fdl), which contains
one [[4Fe-4S](Cys,)]?*/*-center, with E* (619 mV at pH 7, and
one [[3Fe-4S](Cys;)]?7* center (Figure 1). Previous attempts to
raise EY for the [[4Fe-4S](Cys,)]%"* center by modifying surface
charged residues were unsuccessful?, and only modest changes in
E” were observed following substitution of surface nonpolar
residues by polar residues®®. As discussed in detail elsewhere202t,
the reduction potential for the [[3Fe-4S](Cys;)]?"*- couple of
native Fdl is strongly pH dependent, with a limiting value E, (the
reduction potential at pH > 9) =-444 mV and pK,q = 7.7, due to
direct protonation of the reduced cluster. The oxidized cluster is
too weak a base to protonate (pKe < 4). Mutations around the
[[3Fe-4S](Cys;)]%"* center have yielded only modest changes in
EY and pKZ.

We show that larger changes in E” are induced by replacing Phe
residues in Fdl with His residues. Phe 2 is on the surface of the
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Fig. 2 UV/Vis and EPR spectra of Fdl variants. a, UV/Vis spectra of F2H
(thick line). For comparison, the spectra of native Fdl are also included
(thin lines). ‘Ox’ and ‘Red’ represent the oxidized and dithionite reduced
spectra of the native and F2H Fdl, respectively. b, UV/Vis spectra of F25H
(thick line). For comparison, the spectra of native Fdl are also included
(thin lines). ‘Ox’ and ‘Red’ represent the oxidized and reduced spectra of
the native and F25H, respectively. c, EPR spectra of the [4Fe—4S] clusters
of reduced native, F2H, and F25H FdI. The [[4Fe-4S](Cys,)]? centers of
F2H and F25H FdI were reduced by 2 mM sodium dithionite in 50 mM
Tris-HCI, pH 7.4. Under these conditions, the [[4Fe-4S](Cys,)]> center of
native Fdl cannot be reduced; reduction of the native protein was
accomplished using the lower potential reductant, 5'-deazariboflavin,
EDTA and illumination with visible light. The g values are 2.078, 1.942
and 1.908 for native and F2H, and 2.086, 1.945 and 1.919 for F25H, which
also has slightly altered relaxation properties (optimum temperature
<8 K) when compared to the native Fdl [[4Fe-4S](Cys,)]3 center, which
has an optimum temperature of 12 K.

protein close to the [[4Fe-4S](Cys,)]* center, whereas Phe 25 is
buried and located between the two clusters (Fig. 1). A previous
F2Y mutation gave no change in EY, whereas a F251 mutation gave
only avery small (-20 mV) change!2. However, the possibility that
His might produce much more pronounced effects is raised by a
report? that substitution of Phe residues near the solvent-exposed
[[4Fe—4S](Cys,)]%"* center of the Fe protein of nitrogenase
results in large changes in EY, with the 2(F135H) variant (the Fe
protein is a dimer) giving the greatest change (C#120 mV). In that
case, no structure was available for the Fe protein variant, making
the data difficult to interpret. In principle, His versus Phe muta-
tions could increase E” by (i) attracting water to the vicinity of the
cluster; (ii) introducing new NH-S bonds to the cluster; (iii) ori-
enting an induced (positive) dipole toward the cluster; or
(iv) introducing a positive charge near the cluster at pH values
below the imidazole pK (ImH*/ Im).

Here we report spectroscopic, voltammetric and high resolu-
tion structure determinations of the F2H and F25H variants of
Fdl. The His replacements introduce pH-dependent changes in
EY for [[4Fe-4S](Cys,)]?* that are far larger than those report-
ed in any previous study. In addition, the F25H variant has a
novel alteration in the proton-binding properties of the reduced
[[3Fe-4S](Cyss)]?- center.

Spectroscopy and electrochemistry

We compared the UV/Vis spectra of the F2H and F25H variants
to those of native Fdl, in their air-oxidized states ([[3Fe-4S]
(Cyss3)]?and [[4Fe-4S](Cys,)]%), and after anaerobic addition of
dithionite (Fig. 2a,b). For the native protein, dithionite reduces
the [[3Fe—4S](Cys;)]* center to the —3 oxidation state but does
not result in reduction of [[4Fe-4S](Cys,)]#, which has a very
negative E%value®. By contrast, dithionite causes much more
reversible bleaching of F2H and F25H, suggesting that the E® val-
ues of the [[4Fe-4S](Cys,)]?/* centers in these variants have
increased. This was confirmed by electron paramagnetic reso-
nance (EPR) spectroscopy, which shows that dithionite reduces
the [[4Fe—4S](Cys,)]* centers of F2H and F25H by 33% and
90%, respectively.

The increases in E® indicated by spectroscopy were quantified
by solution cyclic voltammetry of F2H and F25H variants at
pH 7.0and 0 °C. For F2H, E° for the [[4Fe—-4S](Cys,)]?*- center
is =514 mV compared to —619 mV for native Fdl — that is, a
shift of +105 mV. As expected from the remote location of the
mutation, there was no change for the [[3Fe-4S](Cys;)]?* cen-
ter (EY =-403 mV). In contrast, F25H lies between the two clus-
ters, and both E% values were dramatically altered. For [[3Fe—4S]
(Cys3)]%"3, EY is =308 mV, an increase of (1100 mV, whereas for
the [[4Fe—-4S](Cys,)]?"* center, which is closer to the mutated
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Fig. 3 The pH dependence of E” values for [[3Fe-4S](Cys3)]?"*- and
[[4Fe-4S](Cys,)]?"* centers in F2H and F25H variants of Fdl. a, Data
points and fits (solid lines) to Eq. 1 in F2H FdI. b, Data points and fits
(solid lines) to Eq. 1 in F25H Fdl. Couple A’ is the [[3Fe-4S](Cyss)]273-
center; couple B', the [[4Fe-4S](Cys,)]>"3 center. The broken lines show
best fits to the corresponding data obtained (pH 5.5-8.6) for native Fdl|
from square-wave studies in solution, with the weak pH dependence
for [[4Fe-4S](Cys,)]¥3 being represented as a straight linez. The cell
solution contained 60 mM mixed buffer, 0.1 M NaCl and 200 pug ml*
polymyxin at 0 °C. The film potentials differ slightly from bulk solution
but values can be determined very rapidly on the same sample over a
wide range of electrode potential?®. The errors in measuring potentials
are 5 mV, except for the region below pH 6 for the B’ couple of F2H,
where the error is £10 mV. ¢, Pourbaix diagrams showing the regions
of existence of the various states of F2H under different conditions of
electrode potential and pH?8. For F2H, two separate diagrams are
required to describe the states of the [[3Fe-4S](Cyss)]>”3 and the

D

Potential (V versus SHE)

[[4Fe-4S](Cyss)]?*- centers because His 2 interacts only with b

[[4Fe-4S](Cys,)]?"*-. This diagram also describes the [[3Fe-4S](Cys3)]? ">~
center of native Fdl because that cluster was not affected by the F2H
mutation. For the native protein, the cluster protonates directly, with a
pK of 7.8 (ref. 21). d, Pourbaix diagrams showing the regions of exis-
tence of the various states of F25H under different conditions of elec-
trode potential and pH?28. Unlike in F2H FdI, a single, more complex
diagram is required to describe F25H because the ionization states of
His 25 depend on the oxidation states of both clusters.

site, E” is —408 mV, an increase of >200 mV and the largest
change observed in any protein following site-directed muta-
genesis of residues close to a [[4Fe—4S](Cys,)]>"3 center.

The pH dependence of the potentials for native, F2H and
F25H were recorded by protein film voltammetry (Fig. 3a,b).
Couples A" and B' refer to the [[3Fe-4S](Cys3)]?”* and
[[4Fe-4S](Cys4)]?/3 transitions, respectively?. Normally, the
[[4Fe-4S](Cys4)]?"3 center in native Fdl exhibits a weak pH
dependence (~—15 mV per pH unit, measured over pH 5.5-8.6)
that is probably due to ionizations at distant sites. However, both
F2H and F25H exhibit strong pH dependencies attributable to
coupling with a nearby protonatable group. The lines for F2H
and F25H are fits to the general Eq. 1 for proton-coupled oxida-
tion/reduction (Fig. 3 a,b)%.

EO'pH = EOlalk + (RT / nF) In ((1 + (aH+)y/ Kred) / (1 + (aH+)y / Kox) (l)

where E%,, is the value measured for a particular pH, E° is the
reduction potential in the limit of high pH, ay. is the H* activity,
n is the number of electrons transferred (= 1), y is the number of
protons transferred, K, is the H* dissociation constant for the
reduced species and K, is the H* dissociation constant for the
oxidized species. The terms R, T and Faraday constant (F) have
their usual meanings.

For the [[4Fe-4S](Cys,)]?"* center of F2H, a good fit to the
data (Fig. 3) was obtained with pK, = 8.5 and E%,, = —625 mV.
Overlap from the oxidation peak of the [3Fe-4S]%%- couple
restricted the reliability of data points at values below pH 6.
However, an ionization associated with the oxidized
[[4Fe-4S](Cys,)]% center is apparent, and we obtained a best fit
with pK, = 6.5 and E%,4 (the limiting potential at pH values
below pK,,) = -514 mV. How a [4Fe-4S] cluster can protonate
directly is not obvious, and there are no examples of natural clus-
ters of this type showing such a strong pH dependency of E.
Therefore, the pH dependence of the [[4Fe-4S](Cys,)]?”* poten-
tial is due to protonation/deprotonation of the introduced His 2.
The pK of His 2 is sensitive to the cluster oxidation level, where, as
expected, adding an electron to the cluster makes adding a proton
to the neighboring His easier. For F25H, the reduction potential
for the [[4Fe-4S](Cys,)]>"* center is increased further, and a fit
to the data yields E%q = —432 mV and pK, = 8.5, with
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pH pH
E%.<—-550 mV and pK > 10. If the pH dependence in this case
is also caused by protonation/deprotonation of the introduced
His 25, the simplest explanation is that His 25 is protonated
below pH 8.5. The large positive shift in reduction potential in
the low pH region is unprecedented and has not been observed
for any other mutations made in this region.

The pH dependence for the [[3Fe-4S](Cys;)]?/*- center in
F25H resembles that normally observed for the native protein
and all other mutants studied, except that the data points and
the fit line lie (100 mV more positive in potential. Also, pKiq is
quite high (8.4) and corresponds closely with pK,, = 8.5 for the
[[4Fe-4S](Cys,)]?* center, suggesting acommon origin — that
is, protonation of His 25. Unlike native Fdl, the circular dichro-
ism (CD) spectrum of F25H does not change to that of the pro-
tonated cluster when the pH is decreased from 8.0 to 6.0
(Fig. 4a). Therefore, the [[3Fe-4S](Cys;)]* center of F25H is
not directly protonated?.

To investigate this further, the temperature dependence of E”
for the [[3Fe—4S](Cyss)]>"3*-center in F25H and native Fdl was
measured at pH values above and below pK,.y (Fig. 4b). Under
alkaline conditions, the higher reduction potential for F25H, rela-
tive to native Fdl, is due to a more favorable AS® and a slightly
more favorable AHC. A striking difference is observed at pH 5.0,
where a proton is taken up from bulk water. For native Fdl, there
is little difference in AH compared to that observed at high pH
and protonation is associated with a favorable (positive) AS. The
opposite is true for F25H, where reduction at low pH has a more
unfavorable AS® and a favorable (negative) AH® compared to val-
ues at high pH. The difference between native Fdl and F25H,
A(AHO) = -33 kJ mol-t and A(TAS®) =-26 kj mol-, reflects the
thermodynamics of internal proton transfer from the
[[3Fe—4S](Cyss)]*- to the new site of protonation. The A(AH?)
value is consistent with transfer from a p, S (low proton affinity)
to an imidazole N (high proton affinity)?’, whereas the unfavor-
able A(TAS?) reflects the structural ordering (analogous to Born
ion solvation entropy), with charge separation as the proton is
moved away from the reduced cluster.
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The results for F2H and F25H are shown as Pourbaix dia-
grams?® which depict (in ‘potential/pH space’) the conditions
for existence of the different redox and protonation states of the
clusters and the introduced His residues (Fig. 3c,d). For the
F25H variant, the pK of His 25 spans a pH range >6 units
depending on the oxidation states of the two clusters even
though it is not a ligand. Thus, when both clusters are oxidized,
pK < 4, whereas with both clusters reduced, pK > 10; the proto-
nated state is stabilized by the increasing negative charge on the
centers when they are reduced. Under conditions that the pro-
tein contains [[3Fe-4S](Cys;)]*~ (reduced) and [[4Fe-4S]
(Cys4)]* (oxidized), the pK is 8.5.

F2H crystal structure

The crystal structure of F2H FdI (Fig. 1a) is similar to that of the
native protein — that is, main chain atoms superimpose with a
root mean square (r.m.s.) deviation of 0.27 A. The His 2 side
chain adopts the same conformation as Phe 2 and acquires two
hydrogen bonds, one from Asp 41 and one from Glu 46, exhibit-
ing two new conformations of equal occupancy compared to
native Fdl. Because a previous E46A mutation did not change
the reduction potential®?, the movement of that side chain is not
responsible for the changes observed here. The position of His 2
places it directly adjacent to the [4Fe-4S]2*/* cluster, with the
shortest contacts being 3.6 A between both N31 and Cy and
inorganic sulfur. In the F2H mutant, E” for the [[4Fe—4S]
(Cys4)]%"* center shows a sigmoidal variation with pH and is
significantly increased at all pH values compared to native Fdl.
No effect is seen at the [[3Fe-4S](Cys;)]%"*- center, consistent
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Fig. 4 Protonation of His 25, not of the cluster, causes the pH dependence
of reduction potential of the [[3Fe-4S](Cyss)]>"3 center in F25H. a, CD spec-
tra of native Fdl and F25H FdI reduced by sodium dithionite at different pH
values: pH 6.0 (thin line) and pH 8.0 (thick line). All samples were in 50 MM
TAPS, 50 mM PIPES and 2 mM sodium dithionite. The observed spectral
change for native Fdl is due to protonation of a W,-S for the
[[3Fe-4S](Cys3)]*- center?. b, The thermodynamics of the one-electron
reduction of the [[3Fe-4S](Cyss)]? cluster as measured from the tempera-
ture dependence of E°. The total free energy change (AG) is shown along
with its enthalpic (AH) and entropic (-TAS,.q) components. Data are for
native Fdl at pH 8.5 (no associated proton transfer), F25H Fdl at pH 9.5 (no
associated proton transfer), wild type Fdl at pH 5.0 (associated protona-
tion of the cluster) and F25H Fdl at pH 5.0 (associated protonation of H25).
Errors are £0.5 kJmol-! for AG,.y and +2 kJ mol for AS,.q and AH, .

with its distal location relative to His 2. In the vicinity of the
[[4Fe-4S](Cys,)]?# center, the NH-S hydrogen bonding does not
change, and the solvent accessibility of the cluster is not altered.
Hence, the increase in potential cannot be due to a change in
amide or solvent dipoles in the oxidized form. Rather, the major
effect results from the introduction of positive charge adjacent
to the cluster due to protonation of the His. The smaller increase
in E¥ when His is neutral may occur by directing the H3*-N&
dipole toward the reduced form of the cluster.

F25H crystal structure

In native Fdl, Phe 25 is a buried hydrophobic residue sand-
wiched between the [[4Fe 4S](Cys,)]? and [[3Fe-4S](Cyss3)]*
centers. Consequently, in the structure of F25H Fdl (Fig. 1b), the
introduced His 25 side chain makes six contacts <4 A to the clus-
ters: two to inorganic sulfur atoms of the [[4Fe-4S](Cys,)]*
center, two to Sy of Cys 20 (a 4Fe cluster ligand) and two to Sy of
Cys 16, which is a 3Fe cluster ligand (Fig. 1b). Because the struc-
tures are otherwise very similar (the r.m.s. deviation of main
chain atoms is 0.23 A), there is no change in NH-S hydrogen
bonding or solvent accessibility of the clusters in this mutant.
Two tightly bound H,O molecules shift slightly so that one of
them forms a hydrogen bond with N1 of His 25 (Fig. 1b).

In F25H Fdl, the reduction potentials of both clusters are raised
(Fig. 3). The major factor altering E° is protonation of His 25,
which occurs for the reduced [[3Fe-4S](Cyss)]3 center at pH val-
ues below the pK of 8.4 and for the reduced [[4Fe-4S](Cys,)]*
center throughout the entire pH range. By contrast, for the fully
oxidized protein, His 25 is unprotonated for all pH values >4 (the
region in which the structure was determined). From this struc-
ture, the much greater effect of His 25 protonation on E? for the
[[4Fe—4S](Cys,)]%"*- center can be anticipated because there are
twice as many short-range contacts (four at distances <4 A) to
[[4Fe—4S](Cys,)]> versus two to the [[3Fe-4S](Cys;)]* center
(there are only two such contacts in F2H). At high pH, where
His 25 is neutral when the [[4Fe—4S](Cys,)]?7*- center is oxidized,
the positive shift in E” for the [[3Fe-4S](Cys,)]?"* center must
have a more subtle origin. The imidazole ring of His 25 is stacked
directly over Sy of the [[3Fe—4S](Cys;)]> center (Fig. 1b). Except
for one hydrogen bond to water, His 25 resides in a hydrophobic
cavity with contacts to Val 17, lle 34 and lle 81, and neither the
N&1 nor the Ne2 atom is oriented such that new NH-S interac-
tions occur. However, this provides an important way to raise E?,
because a small realignment of the neutral imidazole ring to pro-
duce a compensatory H&*—N3- dipole is all that is required to sta-
bilize the [[3Fe-4S](Cys;)]* form.

Conclusions

Large increases in [Fe-S] reduction potential (100 to 200 mV ver-
sus SHE) have been observed following the introduction of single
His residues close to the Fe-S clusters of A. vinelandii Fdl. High-
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Table 1 Data collection and refinement statistics

Structure F2H FdlI F25H FdI
Unit cell
Space group P4,2,2 P4,2,2
Unit cell parameters
a=B=y(°) 90 920
a=b(A) 55.38 55.22
c(A) 92.78 92.72
Data collection
Resolution range (A) 50.0-1.62 50.0-1.75
Total observations 225,694 202,912
Independent reflections 19,082 15,118
Completeness (%0)* 99.9 (100) 99.7 (100)
Reym (I)* 0.072 (0.642) 0.072 (0.606)
1/o (1)t 9.6 (2.04) 8.8 (2.17)
Last shell resolution (A) 1.65-1.62 1.78-1.75
Refinement
Resolution range (A) 39.2-1.62 39.1-1.75
Reflections > 0.0 o¢ 18,542 14,617
Reree (5% of data) 0.244 0.232
R-factor 0.207 0.203
R.m.s. deviations
Bond lengths (A) 0.005 0.006
Bond angles (°) 1.79 1.76
Number of atoms
Protein 840 840
[4Fe-4S] 8 8
[3Fe-49] 7 7
Water 176 165
Average B-factor (A?)
Protein 22.0 23.0
[4Fe-49] 19.0 215
[3Fe-4S] 18.0 20.1
Water 36.6 38.9

INumber in parentheses is for the last resolution shell.

resolution X-ray structures of F2H and F25H variants in their oxi-
dized forms and CD in the reduced forms reveal that these changes
cannot be attributed to increased solvent accessibility of the clus-
ters, reorientation of backbone amide dipoles, or reorientation of
existing (or introduction of new) NH-S bonds. The variation of
reduction potential with pH and temperature and the crystal struc-
tures lead to the conclusion that the largest increases in E” result
from the introduction of positive charge due to protonation of the
His. The data also reveal that the pK of the introduced His is great-
ly influenced by the oxidation state of the clusters (>6 pH units).
The smaller increases observed when the His is neutral are pro-
posed to arise by the ability of the imidazole ring to tilt and direct a
H3*-N?- dipole toward the reduced form of the cluster. For F25H,
both the [[3Fe—4S](Cyss)]27*-and the [[4Fe—4S](Cys,)]>"* centers
are strongly coupled to protonation of the imidazole, and the
[[3Fe—4S](Cys;)]* center is no longer protonated.

Methods

Construction and characterization of F2H and F25H variants.
The F2H and F25H variants of A. vinelandii Fdl were constructed,
expressed in their native background and purified as described!8. UV-
visible absorption spectra were recorded on a Hewlett Packard 8452A
diode array spectrophotometer. CD spectra were obtained using a
Jasco J-500C spectropolarimeter. EPR spectra were obtained using a
Bruker ESP300E spectrometer, interfaced with an Oxford liquid heli-
um cryostat. Experimental conditions are as follows: microwave
power was 10 mW (native Fdl) and 0.4 mW (for F2H and F25H);
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microwave frequency, 9.59 GHz; temperature, 10 K; amplitude, 5 G;
and protein concentration, 108 uM (native Fdl) and 84 uM (F2H and
F25H). These conditions were chosen for spin quantitation because
the EPR signal is linearly proportional to [power]¥2. Cu?*-EDTA (85 uM)
was used as a standard and recorded at the same EPR settings and
temperature, where the signal also increases as a linear function of
[power]¥2. The concentration of spin was calculated by double inte-
gration of the signal over the entire field sweeps. Cyclic voltammetry
(both solutions and film) was carried out as described, using a pyrolyt-
ic graphite ‘edge’ electrode!®?4. A nonisothermal cell was used, in
which the standard calomel reference electrode was maintained at
25 °C while the cell solution was varied between 0 °C and 30 °C.

Tetragonal Fdl crystals were grown as described!®. The protein
concentration for both F2H and F25H was 11 mg ml-tin 4 pl of 1.2 M
ammonium sulfate and 0.4 M Tris-HCI, pH 7.4. The entire data col-
lection was done at 100 K. The structures of F2H and F25H were
determined as described?8. Unbiased 2|F,| - |F;| and |F,| - | electron
density maps clearly revealed the positions of the His side chains for
the F2H and F25H replacements. The structures were refined to
1.62 A resolution with R-factor = 0.207 and Ry, = 0.244 for F2H, and
to 1.75 A resolution with R-factor = 0.203 and Ry, = 0.232 for F25H
(Table 1). The isotropic B-factors were refined at the same time and
are included in the PDB diposition. The B-factors of His 2 and His 25
are comparable to Phe 2 and Phe 25.

Coordinates. Coordinates for the F2H and F25H Fdl structures have
been deposited with Protein Data Bank (accession codes 1F5B and
1F5C, respectively).
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