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The '"H NMR spectra of the oxidized high-potential iron—sulfur protein (HiPIP) I from Ectothiorhodospira halophila
have been investigated, and the sequence-specific assignment of the protons of the cluster-bound cysteines has
been performed. The spectrum of this protein is different from those of the six other proteins investigated to date
in that at least one hyperfine shifted signal is missing. It is demonstrated that the “missing” signals of the SCH,
protons of Cys 66 are under the diamagnetic envelope at 2.60 and 6.30 ppm (at 288 K). The hyperfine shifts of
these protons and those of the SCH, protons of Cys 36 are consistent with the proposition that the oxidized
cluster is in equilibrium between two electronic species. These species differ with respect to their valence
distribution within the protein frame and are present in a molar ratio of about 4:1 at room temperature. An
empirical relationship between the hyperfine shifts of the SCH; protons of Cys 36 and 66 and the percentage of

the two electronic species is proposed.

Introduction

High-potential iron—sulfur proteins from photosynthetic
bacteria (HiPIPs hereafter) are a class of intensively investigated
proteins.!~® The valence distribution within the four-iron cluster
of oxidized HiPIPs is not well understood and may be relevant
to elucidating the factors determining the redox potential. The
cluster contains two iron(I1l) ions and a mixed-valence pair in
which the iron ions have oxidation number +2.5.%!0 The cluster
of HiPIP II from E. halophila is the best understood system:
its ESR spectrum at 4 K is consistent with an S = !/, ground
state,!! and magnetic Mossbauer data indicate that this § = !/,
state is the result of antiferromagnetic coupling between the
mixed-valence pair and the iron(IIT) pair, the former having a
larger subspin than the latter.'>!* This arises because the
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hyperfine coupling with 5’Fe of Fe?>* has a regular sign while
that of Fe’* has a reversed sign, indicative of negative and
positive (S;) for the Fe?>* pair and the Fe>* pair, respectively.
This interpretation of the electronic structure of the oxidized
cluster of HiPIP II from E. halophila, which is also valid for
model compounds,'*'3 is consistent with NMR data. The NMR
spectrum of this protein possesses two clearly divided sets of
four signals arising from cysteine SCH; proton signals, one set
being upfield and the other, downfield'® (Figure 1B). This
spectrum has been interpreted by assigning a negative (S,) to
the mixed-valence pair, thus accounting for the downfield
hyperfine shifts of the SCH, protons of the cysteines ligated to
this pair of ions, and a positive (S} to the ferric pair, accounting
for the upfield hyperfine shifts of the SCH; protons of the
cysteines ligated to the ferric pair.'”'® With increasing tem-
perature, the upfield shifted signals move rapidly toward the
diamagnetic region of the spectrum, and at infinite temperature,
their shifts extrapolate to far downfield. This behavior, which
we termed pseudo-Curie,!® is observed because the excited states
of the ferric ions, which increase in population, have negative
(S.). Our sequence-specific assignment of the cysteines bound
to each kind of iron ion!® indicates that the oxidized cluster of
E. halophila HiPIP 1I is represented by the left-hand side of
the equilibrium shown in Figure 1A.

In all other characterized HiPIPs, only one of the two
cysteines bound to the ferric ions has upfield-shifted SCH,
protons, while the SCH; protons of the other cysteine are
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Figure 1. (A) Schematic representation of the equilibrium between
two electronic distributions in HiPIP clusters. (B—D) Schematic
representations of the 'TH NMR spectra of oxidized HiPIPs for various
valence distributions within the cluster: (B) limiting situation in which
Cys I and IV are bound to the purely ferric iron ions and Cys III and
II, to the mixed-valence iron ions; (D) limiting situation in which Cys
I and II are bound to the purely ferric iron ions and Cys III and IV, to
the mixed-valence pair; (C) intermediate situation in which the system
is in chemical equilibrium between the valence distribution of cases B
and D. The situation depicted in case C is that of an equilibrium in
which the molar ratio between state B and state D is about 40:60.
Cysteines are numbered according to their relative positions in the linear
amino acid sequence.

downfield shifted, albeit to a lesser extent than those of the
cysteines bound to the irons of mixed valence.'®"22 The
temperature dependence of the latter pair of signals is of anti-
Curie type (i.e., the shifts increase with increasing temperature).
The signals of both pairs extrapolate far downfield at infinite
temperature. These data have been interpreted by assuming the
existence of an equilibrium between two electronic distributions
in the cluster; both distributions have mixed-valence and ferric
pairs, but one iron ion that is mixed valence in one distribution
becomes ferric in the other and vice versa (Figure 1A).23 This
equilibrium is fast on the NMR time scale. According to this
interpretation, the ferric ion which exists transiently in the
mixed-valence state induces a small downfield shift on the
cysteine proton signals (Figure 1). Conversely, the Fe?** ion
which exists transiently in the Fe3* state induces a downfield
shift which, while still sizable, is smaller than that induced by
the 100% Fe?S* ion (Figure 1C).
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We report here the NMR spectrum of the oxidized HiPIP I
from E. halophila. This spectrum is unique in that a hyperfine
shifted signal is “missing™ with respect to the pattern reported
in Figure 1.'® A more intensive investigation of this system
demonstrated that the spectrum of this protein is nevertheless
fully consistent with the existence of an equilibrium between
two electronic distributions within the cluster. Furthermore, the
data enable the formulation of an empirical relationship between
the hyperfine shifts and the percentage of each electronic
distribution of the cluster.

Experimental Section

Recombinant HiPIP I from E. halophila was obtained as described
previously.?* Protein solutions in H;O and D,0O were prepared at pH
5.1, in 50 mM phosphate buffer. In order to maintain the protein in
the fully oxidized state, a buffered solution (50 mM phosphate buffer,
pH 5.1) of [Fe(CN)s]*~ was added to the sample, up to a final
concentration of about 1.0 mM.

All NMR spectra were recorded at 288 or 298 K on a Bruker AMX
600 spectrometer, operating at a magnetic field of 14.1 T. Two-
dimensional NOESY? and clean-TOCSY? experiments were performed
using a spectral window of 8650 Hz. In the NOESY experiments,
mixing times of 15 and 100 ms and recycle delays of 0.85—1.2 s were
used. Between 750 and 950 increments were collected over 4096 data
points in the acquisition dimension. In some experiments, a 2.5 ms
trim pulse was applied prior to the beginning of the sequence. An
additional NOESY experiment was performed to detect connectivities
involving hyperfine shifted signals.?’ A 1024 x 356 data point matrix
was collected over a spectral window of 85 kHz in both dimensions.
Mixing and recycle delays were 9 ms and 62 ms, respectively. In order
to reduce the spectral window as much as possible, the carrier frequency
was placed at 36.3 ppm, and water presaturation was accomplished
using an off-resonance DANTE sequence.?® In the clean-TOCSY
experiments, spin lock and recycle delays of 45 ms and 1.3 s,
respectively, were used. The delay used between the pulses of the
clean TOCSY MLEV-17 sequence was 2.0—2.2 times the 90° pulse at
the chosen spin lock field. The strength of the spin lock field was 10
kHz. Between 915 and 980 increments were collected using 4096 data
points. A second clean-TOCSY experiment was recorded with spin
lock and recycle delays of 15 ms and 500 ms, respectively. In all two-
dimensional experiments, the strong water signal was suppressed by
presaturation of the solvent signal during the relaxation delay and, in
the NOESY experiment, again during the mixing time. The 2D
experiments were recorded using either the TPPI mode? or the States-
TPPI mode.*® Raw data were processed using a cosine squared filter
function in both dimensions. A polynomial baseline correction was
applied in both dimensions. Data were always zero-filled in order to
obtain 2K x 2K data point matrices. Chemical shift values were
calibrated by assigning to the water signal shift values of 4.93 and
4.81 ppm from DSS at temperatures of 288 and 298 K, respectively.

1D NOE experiments on the hyperfine shifted signals were
performed using the superWEFT pulse sequence (RD—180°—t—90°—
AQ).3" Selective irradiation of hyperfine shifted signals was ac-
complished during the delay t, using a previously described procedure.??
The irradiation time was varied from 20 to 170 ms in order to
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Figure 2. 600 MHz 'H NMR spectra of oxidized HiPIP I from E. halophila at 288 K (A) and 298 K (B). The spectra were recorded in H,O
solutions, S0 mM phosphate buffer at pH 5.1. The assignment of labeled signals is reported in Table 1.

discriminate between first- and second-order NOEs. Furthermore, the
experiments were repeated using two different values for the spectral
window. In one series of 1D NOE experiments, the spectral window
was maintained at 125 kHz using 8192 data points to quantitatively
estimate the observed NOEs with respect to the irradiated signal. A
second series of experiments was then performed using the same
number of data points and a spectral window of 8.6 kHz. This provided
a much higher resolution, thereby allowing a better analysis of the 1D
NOEs observed in the diamagnetic region. All of the 1D NOE
experiments were performed in both H,O and D,0 solutions in order
to identify the exchangeable or partially exchangeable NH signals close
to the prosthetic group. T values for the hyperfine shifted signals were
measured using an inversion recovery sequence.’

All data were processed on a Bruker X32 computer, using the
standard software package provided by Bruker.

Results

In the "H NMR spectra of oxidized recombinant HiPIP I from
E. halophila, recorded at pH 5.1, seven hyperfine shifted signals
are observed between +100 and —30 ppm (Figure 2). As
evident in Figure 2, all hyperfine shifts, except that of signal
E, decrease as the temperature is increased from 288 to 298 K.
At infinite temperature, signals Y and Z extrapolate to the far-
downfield region, as does signal E. The temperature-dependent
properties of these signals can be analyzed on the basis that we
have developed and applied in our studies of the hyperfine
coupling in other oxidized 4Fe-4S clusters. As in the case of
HiPIPs from other bacterial sources.'®3*~37 the four most
downfield-shifted resonances arise from the protons of cysteines
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bound to the two iron ions that are predominantly in the +2.5
valence state. The two upfield signals and the downfield signal
E are assigned to protons of cysteines bound to the two iron
ions in the pure or predominantly ferric states.

A NOESY experiment recorded at 288 K, shown in Figure
3, revealed the relatively strong connectivities characteristic of
BCH; pairs between signals A and D, signals B and C, and
signals Y and Z, respectively. Furthermore, connectivities were
observed between signal E and three signals in the diamag-
netic region, at 2.6 (F), 6.3 (G), and 8.6 (H) ppm, respectively
(Figure 3). Repetition of this experiment at 292 K recorded at
short irradiation times (Figure 4E, upper trace) shows that signals
F and G have a strong anti-Curie temperature dependence,
similar to that of signal E. The line widths of signals F and G
(280 and 450 Hz, respectively), as measured from 1D NOE
difference spectra and the slope of the temperature depen-
dence of these signals, indicate that these two signals are SCH,
protons of a cysteine bound to a predominantly ferric ion. The
extent of the NOEs experienced by signals F and G from signal
E and the T, value of the latter (Table 1) indicate that signal E
is the Ha proton of the cysteine to which signals F and G be-
long.

The chemical shifts and the T values for the hyperfine shifted
signals are summarized in Table 1.

Sequence-Specific Assignment of Oxidized, Recombinant
HiPIP I from E. halophila. As the assignment of the reduced
form of the protein is known,’® the assignment of the oxidized
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715-725.
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Figure 3. 600 MHz, 288 K NOESY spectrum of oxidized HiPIP [ from E. halophila. The two panels show the downfield part of the spectrum,
in which the connectivities involving signals A—H are observed, and the upfield part, where signals Y and Z are observed. The spectrum was
recorded with mixing and recycle delays of 9 and 62 ms, respectively. In order to reduce the overall spectral window, the carrier frequency was
placed at +36.3 ppm and an off-resonance DANTE sequence was used for water presaturation.

form might be readily performed through saturation transfer
experiments, provided that the rate of electron self-exchange
occurs on a suitable time scale.’® In saturation transfer
experiments performed on a sample containing both oxidized
and reduced species, no connectivities due to electron self-
exchange between the two species were observed. Therefore
the assignment of the oxidized form was performed indepen-
dently. The saturation transfer experiment places an upper limit
of about 10> M~} s™! on the rate constant of electron self-
exchange in HiPIP I from E. halophila. This agrees well with
the rate constants of electron self-exchange that have been
determined for many other HiPIPs using the same technique.??

The sequence-specific assignment of the hyperfine shifted
resonances of the oxidized protein was initiated by inspection
of the 1D NOE difference spectra obtained upon saturation of
each the seven hyperfine shifted signals, both in HO and D20,
and by comparing the observed 1D NOE peaks with the data
obtained from NOESY and TOCSY experiments performed in
the +12 to —2 ppm region. The assignment of the cysteine
protons, presented in Table 1, was completed by considering
these data in the context of the solution structure of the reduced
HiPIP,3® which is expected to be very similar to that of the
oxidized HiPIP. The best evidence for these assignments,
obtained from the most significant NOEs depicted in Figure 4,
is discussed below. While not discussed here, these assignments
are completely consistent with the numerous smaller NOEs

(39) Emst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of Nuclear
Magnetic Resonance in One and Two Dimensions; Oxford University
Press: London, 1987;

observed for the hyperfine signals, almost all of which have
now been assigned.

The upfield signals Y and Z were assigned to Cys 33 on the
basis of the dipole—dipole connectivities that occur between
signal Y and two signals (1 and 2 in Figure 4) of the
six-membered ring of a Trp residue. The complete spin pattern
of this ring is indicated by the dotted lines in the aromatic region
of the TOCSY spectrum, recorded in D,O (Figure SA). Signals
1 and 2 correspond to two of the four resonances of this pattern.
In the solution structure of the reduced form of the protein, Cys
33 Hp; is within 3.0 A of the Hes and HE; protons of Trp 39.
Thus, signal Y is assigned to Cys 33 HB,. Irradiation of signal
Z, which would be the geminal proton of signal Y, also yielded
NOEs to signals 1 and 2, although to a smaller extent. More
significantly, signal Z showed three NOEs with HN protons
(peaks 3—5 in Figure 4), two of which (3 and 4) were also
observed upon irradiation of signal Y. TOCSY spectra indicated
that signal 4 is the HN proton of a long-chain residue (Figure
5B) and that signal 5 is the HN proton of a Gly residue. These
data are only consistent with signal Z being Cys 33 HB,, which
in the reduced HiPIP is in close proximity to the HN of Glu 34
(signal 4), the HN of Gly 64 (signal 5), and the HN of Cys 33
(3). No cross peak could be detected in the TOCSY spectrum
for signal 3 due to the cluster-induced broadening of the signal
arising from the Cys 33 Ha proton. In the reduced HiPIP, this
Ha proton is 3.2 A from an iron ion and 2.9 A from a sulfide
ion of the cluster.

The Cys Ha proton signal E was assigned to Cys 66 on the
basis of the observed NOEs to the two signals 6 and 7, which
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Figure 4. 600 MHz, 288 K 1D NOE difference spectra obtained upon selective saturation of the seven hyperfine shifted signals. Only the +11 to
—1 ppm region is reported. The label of each trace corresponds to the label of the saturated signal. The two E traces were recorded at 292 K (upper)
and 288 K (lower). The labeled NOE difference peaks are discussed in the text. The spectra were collected in D,O solution, using a saturation time
of 170 ms, except for the upper trace of E, which was recorded with a saturation time of 20 ms.

Table 1. Chemical Shifts, 7; Values, and Line Widths of Cysteine
Proton Signals in Oxidized HiPIP I from E. halophila at 600 MHz,
298 K, and pH S5.1 (7, at 281.5 K)

signal o (ppm) T1 (ms) Av (Hz) assignment
A 88.3 74 240 Cys 50 HB:
B 453 4.8 320 Cys 36 HB:
C 41.2 5.8 300 Cys 36 HB,
D 27.1 3.6 430 Cys 50 Hp;
E 16.6 48.3 85 Cys 66 Ha
F 8.3 280¢ Cys 66 Hp,
G 4.1 450¢ Cys 66 Hp,
Y -16.7 11.8 200 Cys 33 HB,
z —24.4 34.6 100 Cys 33 HB

7 Measured at 292 K from 1D NOE:s.

correspond to Hes and HE; of another Trp residue. Again, on
the basis of the reduced HiPIP structure, Cys 66 is the only
cysteine whose a proton is expected to be located within 3.6 A
of two Trp ring signals (Trp 65). The four-spin pattern of Trp
65 is indicated in Figure 5A by the dashed lines, two spins of
which correspond to signals 6 and 7. The assignment of signal
E to the Cys 66 Ha proton is corroborated by its strong NOE
to signal 8, which corresponds to the Ha proton of an AMX
spin system. This is consistent with the structural evidence that
Cys 66 Ha is close in space to the Ha proton of Tyr 14. The
stereospecific assignment of the HB protons of Cys 66, whose

signals lie in the diamagnetic envelope, is based on the
intensities of the H—H NOEs and the line widths of the two
NOEs observed to signals F and G (280 and 450 Hz,
respectively). The larger NOE to signal F as compared to signal
G indicates that it is closer to Cys 66 Ha while the narrower
line width of the former suggests that it is farther from the
cluster. This is perfectly consistent with the solution structure
of the reduced protein when signals F and G are assigned to
the HB, and Hp, protons, respectively.

Irradiation of signal A yielded major NOEs to four signals
(9—12 in Figure 4) which, with the exception of signal 10, were
also observed upon irradiation of signal D. Signal 9 was
assigned to the HN proton of Cys 50 because no spin pattern
was observed in the TOCSY spectrum and because both Cys
Hp protons displayed a strong dipolar connectivity to this signal.
Inspection of NOESY maps revealed that signals 10 and 12
arise from the Ho and HB of a Phe residue. TOCSY
experiments demonstrated that signal 11 is the Ha proton of
an Arg residue. The spin pattern of this Arg residue, observed
partly from the amide HN proton and partly from the HN proton,
is clearly discerned in Figure 5C, which depicts a portion of
the TOCSY spectrum recorded in H>O. The Ha proton of this
residue (signal 11) displayed a dipole—dipole connectivity to
the HN signal 9. In the reduced HiPIP, Cys 50 is the only
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Figure 5. 600 MHz, 288 K two-dimensional spectra of oxidized HiPIP I from E. halophila. (A) Aromatic region of a TOCSY spectrum recorded
in D;0 is reported. Two four-spin patterns, corresponding to two Trp residues (W 39 and W 65) are delineated. (B) Two portions of a TOCSY
spectrum recorded in H>O are reported. The aliphatic five-spin pattern of a Glu residue (E 34) and the HN—Ha connectivity are shown. The
anomalous chemical shift value of the Ha proton of Glu 34 is consistent with that reported for the reduced form of the protein. (C) Spin pattern
unambiguously corresponding to an Arg residue (R 49), observed in a TOCSY spectrum, recorded in H,O. It is observed that both HN (left column,
dotted line) and HNe (right column, dotted line) give rise to connectivities with the aliphatic protons of this long-chain residue. (D) Region of a
TOCSY spectrum, recorded in H;O solution with 14 ms of spin lock time, in which the connectivity between HN and Ha proton of Cys 36 is
observed. (E) Aromatic region of a NOESY spectrum, recorded in H,O, in which the pattern of the intra-residue NOEs of a Tyr residue (Y 69) is

observed.

cysteine that is close to an arginine (Arg 49) and Cys 50 Hj;
is the only Cys proton that is within 3.0 A of a Phe HS proton
(Phe 55). The described connectivities are completely consistent
with signal A being Cys 50 Hf,. Signal D, assigned to Cys 50
Hp,, yielded no major NOEs other than those discussed.
With respect to the final cysteine, Cys 36, signals B and C
both displayed strong NOEs to two signals (13 and 14 in Figure
4). Signal 13 gave no TOCSY pattern when such experiments
were performed with a spin lock time of 45 ms. Repetition of
the TOCSY experiment with a 14 ms spin lock time enabled

the observation of a weak cross peak with signal 14 (Figure
5D). Such connectivity were also detected in the NOESY
experiment when short mixing times were used. This permits
the assignment of signals 13 and 14 to the HN and Ha protons
of Cys 36. Evidence for the sequence-specific and the ste-
reospecific assignment of signals B and C is provided by the
strong NOEs of the latter on two signals, labeled 15 and 16 in
Figure 4. Signals 15 and 16 belong to a pattern of a Tyr ring,
indicated by dotted lines in the aromatic region of the NOESY
spectrum, recorded in H,O, shown in Figure 5E and confirmed
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by TOCSY experiments. The four resonances observed in this
spectrum arise from the exchangeable signal of the hydroxyl
group of the Tyr, signals of two He protons, and a signal arising
from HJ protons, whose signals coalesce. Two of these four
signals, namely one of the He and one of the HJ, correspond
to signals 15 and 16. In the reduced HiPIP, Cys 36 is the only
cysteine that is close in space to a tyrosine ring (Tyr 69) and,
indeed, Cys 36 Hp, is within 3.0 A of both Ho; and He; of Tyr
69, thus enabling the assignment of signal C to Cys 36 Hp,
and, by default, that of signal B to Cys 36 Hp,.

In ending this section, we note that the sequence-specific
assignment of the signals of the oxidized form of recombinant
HiPIP I of E. halophila follows an NOE pattern similar to that
encountered in the native HiPIP II of the same bacterium.!® The
various NOE difference spectra of the two proteins are
comparable in terms of both the shifts and the intensities of the
observed NOE peaks.

Discussion

The oxidized recombinant HiPIP I from E. halophila has a
'H NMR spectrum that is unique in comparison to those of the
other characterized HiPIPs,!6.19-21:40-42 The spectrum, which
is essentially identical to that of the WT protein,'® except for
the better resolution obtained at 600 MHz, has only seven
hyperfine shifted signals, rather than eight or nine as observed
in the spectra of other HiPIPs. The “missing” signals, assigned
to the SCH; protons of Cys 66 (signals F and G, Table 1), were
located in the diamagnetic region of the spectrum through
experiments designed to detect connectivities between fast-
relaxing signals, The hyperfine shifts of these protons are
appreciably smaller than those of the corresponding protons in
other HiPIPs, even though the hyperfine shifts experienced by
the SCH; protons of each of the other cysteines (Cys 33, 36,
and 50) are similar in magnitude to those of the corresponding
protons in the other HiPIPs investigated to date.!8:21-233435
Furthermore, this peculiarity, in which the hyperfine coupling
with the corresponding iron ion appears to be quenched, is
associated with the properties of the oxidized cluster as the
hyperfine shifts of the same cysteine 3CH, protons in the
reduced protein (11.06 and 6.00 ppm?3?) are very similar to those
observed for the other investigated HiPIPs.?!

Far from being an anomalous case, however, the NMR
spectrum of oxidized HiPIP I from E. halophila strengthens and
extends the theoretical model we have developed to rationalize
the NMR properties of other HiPIPs.!%** This system constitutes
a nice example of an intermediate situation between HiPIP II
from E. halophila (Figure 1B) and the other HiPIPs (Figure
1C), in which the iron ion bound to Cys 66 in E. halophila
HiPIP I effectively possesses no hyperfine coupling around room
temperature. This conclusion is validated by the strong tem-
perature dependence of the two SCHj signals of Cys 66, which
is similar to the temperature dependence of these signals in other
HiPIPs. The slope of this dependence indicates that these
signals could travel across the entire diamagnetic region of the
spectrum (ca. 10 ppm) over 50 K; i.e., they would be predicted
to disappear into the diamagnetic region between 255 and 275
K and to reappear on the downfield side above 305—325 K.

The hyperfine shifted signals have been sequence specifically
assigned to the cysteine SCH, protons in seven HiPIPs,!82!~233435
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Figure 6. Averaged hyperfine shifts of the SCH; protons of Cys 36
(O} and Cys 66 (@) and hyperfine shifts of the aCH proton of Cys 66
() versus the percentage of the electronic configuration represented
by Figure 1D. The latter was estimated by taking the chemical shift
values of Cys 36 and Cys 66 SCH; in HiPIP II from E. halophila as
the limiting shift values of purely mixed-valence and purely ferric pairs,
respectively. For each investigated HiPIP, the averaged shifts of Cys
36 and Cys 66 were then compared to the values of the purely ferric
and a purely mixed-valence pair, to obtain the percentage of ferric
character of the iron bound to Cys 36 and of mixed-valence character
of that bound to Cys 66. The average of the two values obtained as
above is reported on the abscissa for each HiPIP. Thus, the abscissa
reports the percentage ferric character of the iron bound to Cys 36, the
percentage mixed-valence character of the iron bound to Cys 66, and,
by extension, the percentage of the cluster in the electronic configuration
depicted on the right of the equilibrium Figure 1 A. The data (from left
to right) refer to the HiPIPs from the following organisms: E. halophila
(iso I), E. halophila (iso I, present work), R. globiformis, E. vacuolata
(iso I), E. vacuolara (iso II), C. vinosum, R. gelatinosus.

including the current system. Examination of the variation of
these hyperfine shift values in these proteins reveals that it is
the shifts of the Cys 36 and Cys 66 (recombinant HiPIP I from
E. halophila numbering) SCH; protons that undergo the greatest
variation. According to the equilibrium model of the electronic
structure of the cluster, it is the iron ions bound to these residues
that can exist in either the +2.5 or +3 valence state (II and IV
of Figure 1A). Indeed, we believe that these hyperfine shifts
can be used to estimate the position of the equilibrium in a given.
HiPIP cluster. As described above, it can be assumed that HiPIP
II from E. halophila represents an extreme situation in which
the cluster exists in one electronic state. Thus, both cysteines
coordinated to the ferric irons (Cys 33 and 66) reflect the posi-
tive (S;) value of each of the corresponding irons. The average
hyperfine shifts experienced by the SCH, protons of Cys 66 in
the latter system (ca. —15 ppm) are taken as representative of
a 100% ferric situation. Similarly, the average hyperfine shift
of the SCH, protons of Cys 36 (ca. 50 ppm) is assumed to
represent the shifts of BCH, protons of a cysteine bound to a
100% mixed-valence iron. In the seven HiPIPs under consid-
eration, the SCHj protons of Cys 33 and 50 experience average
shifts of 68 + 8 and —26 + 9 ppm, respectively. For each
HiPIP, the percentage of ferric versus mixed-valence character
of each of the irons bound to Cys 36 and 66 may be estimated
by comparing the hyperfine shifts of the CH; protons of these
residues in the HiPIP to those in E. halophila HiPIP II.
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A plot of the proton average hyperfine shifts of residues 36
and 66 as a function of the estimated percentage of ferric or
mixed-valence character of the iron bound to them is shown in
Figure 6. While this figure is empirical and was derived without
an independent assessment of the electronic structure of the
cluster, it is nevertheless instructive. First, the good overall
correlation graphically depicts that the apparently negligible
hyperfine shift of the Cys 66 SCH; protons in E. halophila
HiPIP I is entirely consistent with our current view of the
electronic structure of HiPIP clusters. The magnitude of this
shift is a manifestation of the proportion (about 80:20) of ferric
and mixed-valence character of the iron bound to that residue.
Second, the shifts of both Cys 36 and Cys 66 correlate
reasonably well with the estimated percentage. Third, among
the seven characterized HiPIPs, the shifts of the S3CH, protons
of the present system are those that are closest in value to the
corresponding shifts in the isoprotein HiPIP II from the same
bacterial source. This is consistent with the sequences similari-
ties in these seven proteins, though we note that there is no
obvious relationship between the electronic structure and
reduction potential of the clusters. Fourth, as is apparent from
the right-hand side of Figure 6, a system has yet to be identified
in which the electronic structure of the irons coordinated to Cys
36 and Cys 66 is completely reversed with respect to the E.
halophila iso-II case.'® The system which is most different from
E. halophila iso-11 is R. gelatinosus,> for which the ferric:mixed-
valence proportion reaches approximately 70%. From the plot
of Figure 6 it is thus possible to have a roughly quantitative
estimation of the percentage of the equilibrium between the two
possible electronic distributions for all the investigated HiPIPs
at room temperature.

The shift of signal E, arising from the Ha proton of Cys 66,
is also reported in Figure 6. This signal is the only Ha proton
found outside the diamagnetic region of the spectrum of any
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HiPIP. Consistent with the behavior of the 8CH; proton shifts,
the shift of this proton also appears to be a function of the
electronic structure of the cluster, albeit to a lesser extent.
However, the shift of signal E is clearly influenced by another
factor. This can be appreciated by considering the hyperfine
shifts of the Cys 66 protons in E. halophila HiPIP II: the SCH;
protons are shifted considerably upfield, while the H proton is
still downfield, although in the diamagnetic region. All things
being equal, a reversal in sign of the (S;) of the iron bound to
Cys 66 should result in a reversal in sign of the hyperfine shifts
of all Cys 66 protons. The observed behavior of the Ha proton
of Cys 66 can be reconciled with this expectation by postulating
the existence of a contribution of unknown origin to its hyperfine
shift. The magnitude of this contribution is approximately 13
ppm downfield and is present in all of the HiPIPs studied to
date.

In summary, the sequence-specific assignment of cysteine
protons of the oxidized recombinant HiPIP I from E. halophila
reported here is of particular interest due to the unique chemical
shift values of the Cys 36 and Cys 66 protons in this protein.
The proportion of the two electronic distributions in this cluster
was estimated to be 20:80, and thus the equilibrium lies between
that of E. halophila HiPIP II (0:100) and the other HiPIPs, most
of which are around 50:50. The current data thus strongly
corroborate the equilibrium model for the electronic structure
of the oxidized HiPIP cluster and allow the proposition of an
empirical relationship between hyperfine shifts and position of
this equilibrium.
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