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Abstract: The selenium-for-sulfur substitutions in the [4Fe~4S] core of the high-potential iron protein (HiPIP) from
Chromatium vinosum and HiPIP 11 from Ectothiorhodospiza halophila were carried out, and the modified proteins
were characterized by electronic EPR and NMR spectroscopies. EPR spectra showed a small increase in anisotropy
and average g values. These results were interpreted as an indication that the Se-for-S substitution does not influence
significantly the properties of the spin ground state. The assignment of the hyperfine shifted signals corresponding
to protons of the four cysteine residues bound to the iron ions of the [4Fe—4Se] core was performed for both proteins
using difference NOE, NOESY, EXSY,and TOCSY 'H NMR methods. The changesinduced by Se-for-S substitution
on the magnetic coupling constants operative within the cluster core were inferred from the temperature dependence
behavior of the paramagnetically shifted signals using a simple Heisenberg exchange model. The experimental data
could be interpreted using a J(Se) = 0.8J(S) and an overall decrease of J;;, which seems to be more pronounced on
the “mixed-valence” pair. This suggests a relative increase of the importance of double exchange on the “mixed-
valence” pair upon Se-for-S substitution. Finally, the electronic distribution within the cluster core of HiPIP II from
E. halophila was not modified by the presence of Se instead of S, whereas in HiPIP from C. vinosum a slight curvature
of the temperature dependence of hyperfine shifted signals was interpreted as a further indication that an equilibrium

exists between two orientations of the “ferric” and “mixed-valence” pairs within the cluster core.

Introduction

HiPIPs are a small class of iron—sulfur proteins, found in
photosynthetic bacteria! and containing one [4Fe—48S] cluster,?
which areableto exchange electrons at a relatively high potential 3
The overall core charge changes between 2+ and 3+, and the
oxidized cluster contains formally three iron(III) and one iron-
(I1). The outer shell electrons are distributed, within the cluster
core, according to a scheme, derived from Mdssbauer studies,
which is consistent with the presence of a more reduced, so-called
“mixed-valence” pair and of a less reduced, so-called “ferric”
pair.>® These two pairs are antiferromagnetically coupled to
givean S =1/, spin ground state.® Within this rather symmetric
frame of interaction, the “mixed-valence” pair subspin S4is larger
than the “ferric” pair subspin Si,® (here 14 label the iron ions),
and the most probablevalues of |S34,51,) are’/5,4) and |7 /5,3) 516
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The above magnetic coupling scheme has been proposed to
explain the 'H NMR temperature-dependence behavior of the
hyperfine shifted signals of oxidized native HiPIP!%-15 in terms
of the expectation values (S;;) of each metal ion /. The energy
levels of the coupled system are given by

E=1/,[IS(S+ 1)+ AJ;,S8,(S,, + 1) +
A-’34334(534 + D]+ 334(S34 + l/2) (1)

where Jis the magnetic coupling constant for all the six possible
pairs of iron ions, Ji12 = J + AJyy, and J3y = J + AJz. The
double-exchange term £B34(S34 + 1/5) in practice has a similar
effect on the (S;;) values as the AJs4 term. Calculations are
usually performed by omitting one of the two terms. When the
double exchange term is omitted, a negative value of AJs4!1-15
takes phenomenologically into consideration the contribution due
to a double-exchange term in the “mixed-valence” pair,!0.17-25
This general scheme is able to qualitatively account for the shift
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values and the temperature dependence of the 8-CH, signals in
the native oxidized HiPIPs from a number of sources.!%14.26-32
Moreover, this model has allowed us todistinguish the temperature
dependence behavior of the signals corresponding to the §-CH,
protons of the cysteines bound to the “ferric” pair and to the
“mixed-valence” pair.!'-15 In fact,accordingto this model, signals
shifting upfield with increasing temperature correspond to the
B8-CH; of cysteine residues bound to the “mixed-valence” pair,
whereas signals shifting downfield with increasing temperature
correspond to the 8-CH; of cysteine residues bound to the “ferric”
pair. In this class of proteins, signals shifting upfield with
increasing temperature are usually termed “Curie”-type signals,
whereas signals shifting downfield with increasing temperature
are termed “anti-Curie”- or “pseudo-Curie™-type signals, de-
pending on their being downfield or upfield with respect to a
diamagnetic reference. The valence-specific, sequence-specific
assignment of a series of HiPIPs purified from several micro-
organisms has then been performed, thus identifying the cysteines
bound to the “mixed-valence” and to the “ferric” pair.26-32 We

have concluded that two main locations of these pairs exist in the .

rigid asymmetric frame of the proteins, and we have proposed
that an equilibrium may be present between two species differing
for the valence distribution within the protein.31:32

The cluster contained in the native HiPIP from C. vinosum
can be substituted with a cluster containing selenium instead of
sulfur.3234 We have prepared and investigated the selenium
derivative of HIPIP II from Ectothiorhodospiza halophila,
together with the selenium-substituted HiPIP from Chromatium
vinosum, with the goal of better understanding the electronic
structure of these systems and, in particular, the effect of Se
substitution on the exchange parameters. Moreover, the effect
of Se substitution will be discussed in the frame of the
hypothesis3!32 of the presence of the equilibrium between two
different pairing schemes. For convenience, the following
numbering scheme will be used throughout the paper: (1) native
E. halophila HiPIP1I, (2) native C. vinosum HiPIP, (3) selenium-
substituted E. halophila HiPIP 11, and (4) selenium-substituted
C. vinosum HiPIP.

Experimental Section

All chemicals used were of the best quality available. Compounds
13035 and 2! were purified according to previously reported procedures.

The selenium substitutions in the native proteins were performed using
a scheme previously reported.34-3 The detailed procedure for 3 has never
been described and is given below.

All operations were carried out at 4 °C. A solution of 32%
trichloroacetic acid (1 mL) was added dropwise to a sample of 1 (15 mg,
1.5 X 103 mmol) in 1 mL of 0.1 M Tris- HCI buffer at pH 7.8. The
reddish-brown protein solution rapidly discolored, and the suspension of
white apoprotein was stirred under nitrogen flow for 30 min to eliminate
hydrogen sulfide and to bring the reaction of cluster disruption to
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completion. The precipitate was centrifuged and washed twice with
trichloroacetic acid (5%). The apoprotein obtained was dissolved in 0.1
M Tris-HCI buffer at pH 9.0 (4 mL) and dialyzed for 2 h against 1 L
of 0.1 M Tris-HCl at pH 7.8. All the following operations were carried
out under nitrogen. A 0.1 M solution of dithiothreitol (1.5 mL, 0.15
mmol, 100-fold excess) was added to the dialyzed apoprotein solution,
left stirring for 30 min, and subsequently, a 0.02 M soluticn of FeCl; (2
mL, 0.04 mmol, 25-fold excess) and a 0.01 M solution of Se? (6 mL,
0.06 mmol, 40-fold excess) (freshly prepared by adding 6 mL of a 0.1
M solution of dithiothreitol to 12 mg of Na,SeO3) were added. After
1 h, the final dark mixture was loaded onto a Whatman DE-52 column
equilibrated with phosphate buffer, 20 mM, pH 7.5, 140 mM in NaCl,
and the seleniated protein was eluted using the same buffer, 350 mM in
NaCl. A black band remained at the top of the column, while ferric
chloride and FesSes—protein were subsequently eluted. The fractions
containing the green-brownseleniated protein were collected and dialyzed
overnight against 0.1 M phosphate buffer, pH 7.5. The protein thus
obtained was in the oxidized form. A final purification of 3 was achieved
by a further ion-exchange chromatography ona Whatman DE-52 column,
using 10 mM phosphate buffer and a 0400 mM NaCl gradient. The
purity of 3 and 4 was checked by gel electrophoresis.

Samples for NMR spectroscopy were prepared using five cycles of
deuterated buffer exchange (P; 30 mM, pH* 5.2 (uncorrected for isotope
effect) for 3, and P; 30 mM, pH* 7.15 for 4) with an ultrafiltration
Amicon cell equipped with a YM] membrane. Samples for EPR
spectroscopy were the same as those used for NMR. Reduction of 3 was
performed by adding a few crystals of sodium dithionite to the oxidized
protein, whereas oxidation of 4 was performed by adding a solution of
potassium ferricyanide to the reduced protein. The extent of reduction
and oxidation was established by 'H NMR.

'H NMR spectra were recorded withan AMX 600 Bruker spectrometer
operating at 600.14-MHz Larmor frequency. The spectra were calibrated
assigning a shift of 4.81 ppm, with respect to DSS, to the residual HOD
signal at 298 K. A temperature dependence of the HOD signal was
established, in the range of temperatures explored, and the following
empirical relationship was found:

HOD(ppm) = ~0.012 °C + 5.11

X-band EPR spectra were recorded at 4 K with a Bruker ER-200-D
SRC spectrometer operating at a microwave frequency of 9.44 GHz and
equipped with a continuos-flow helium cryostat from Oxford Instruments.
The spectra were calibrated assigning g = 2.0037 to the signal of solid
DPPH.

UV-vis spectra were recorded using a Cary 3 UV-vis spectropho-
tometer.

CD visible spectra were recorded with a Jasco J-500C spectropola-
rimeter.

1D NOE difference spectra were accumulated using earlier described
methodology.373® The residual water signal was suppressed by using the
Superweft4! pulse sequence 180—-7-90-AQ, where 7 and recycle time
were varied between 60 and 130 ms and between 90 and 150 ms,
respectively.

T values were measured by the inversion-recovery method. %

1D saturation transfer experiments were performed as previously
described. 1441

All 2D experiments were carried out in the phase sensitive mode.
NOESY spectra*245 were recorded using the standard pulse sequence
RD-90-1,-90-1,—90-AQ. Spectra wereacquired with 512 experiments
in the f; dimension, 128 scans per each experiment, and 1K data points
in the f> dimension. Mixing and repetition times were 100 and 600 ms,
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respectively. 2D EXSY spectra“47 were obtained using the standard
phase sensitive pulse sequence, 4 ms for the mixing time, 660 experiments
in the f; dimension, 360 scans per experiment, repetition time 150 ms,
and 2K data pointsin the f; dimension. 2D TOCSY spectra were recorded
with the RD-90-1,—SL-MLEV17-SL-90 -AQ pulse sequence, where
SL denotes a spin lock field applied for a short time along the x axis and
MLEV17 is a composite pulse sequence.* A repetition time of 500 ms,
a mixing time of 40 ms, and 800 experiments performed in the fi dimension
with 128 scans per each experiment and 1K data points in the f>dimension
were used.

For all 2D spectra, the data matrix was multiplied by a phase-shifted
squared sine bell window function in both dimensions, prior to Fourier
transformation. A standard Bruker software package was used for data
processing.

Results

The procedure used to perform the selenium-for-sulfur sub-
stitution in the HiPIP II from E. halophila followed essentially
the scheme already reported for the incorporation of the selenium
cluster in the C. vinosum HiPIP,3436 the only difference being
the much faster rate of cluster destruction by acid treatment than
in the latter case.

The visible absorption spectra of the reduced and oxidized
forms of 3, shown in Figure 1A, were very similar to those of 4
already reported.3® As in the case of 4, in the present case the
bands are rather ill-resolved but consistent with the already
proposed small red shifts of the bands assigned as LMCT (ligand~
metal charge transfer) with respect to the spectra of the native
proteins. The reappearance of LMCT bands upon cluster
reconstitution from the apoprotein confirms the incorporation of
the selenium cluster.

The CD spectra of reduced and oxidized forms of 3and 4 have
also been recorded in an attempt to increase the resolution of the
LMCT bands (Figure 1Band C). These spectra can be compared
with those already reported for 1 and 2.33® The reduced forms
confirm a slight red shift for at least four bands. The oxidized
form of 3 shows a rather large red shift for the band at ~460 nm
(=420 nm in 1), while lower energy bands are substantially
unaffected. Comparison of the oxidized forms of 2 and 4 is less
clear: in both cases many more bands than in the case of oxidized
1 and 3 are observed, and it is difficult to establish a safe
correspondence between the two spectra.

The EPR spectrum of 3, shown in Figure 2, is characterized
by a pure axial signal with g; = 2.198 and g, = 2.046. The
spectrum of 4, characterized by an almost axial signal (g, = 2.168,
g» = 2.034, and g; = 2.028) and by the presence of additional
features at apparent g values 2.152,2.117, 2.085, and 2.055, has
been previously reported.332 These spectra are respectively
analogous to the spectra of 1,° characterized by a single axial
signal with g, =2.146 and g, =2.030, and 2,3%24%50characterized
by a predominant axial signal with g; = 2.12and g, =2.04 and
by additional features at apparent gvalues 2.108,2.08,and 2.055.
In all cases, a larger anisotropy and a shift of the EPR signals
to lower fields is observed upon passing from sulfur to selenium.

Similar to the native E. halophila HiPIP 11,%0 3 displays a very
slow electron self exchange rate around room temperature. As
a consequence, the oxidized and reduced proteins should be studied
completely independently.

E. halophila Se HiPIP I1 'H NMR: Pairwise Cysteine 8-CH,
Proton Assignment and Temperature Dependence of the Shifts.
The 600-MHz 'H NMR spectra of oxidized and reduced 3 at pH
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Figure 1. (A) UV-vis absorption spectra of oxidized (—) and reduced
(---) 3. (B) CD visible spectra of oxidized (—) and reduced (---) 3. (C)

CD visible spectra of oxidized (—) and reduced (---) 4. The spectra were
recorded on protein solutions in P; 30 mM, pH 5.2.

2.198 2.046

Figure 2. EPR spectrum (9.44 GHz) of oxidized 3. The spectrum was
recorded on a solution of the protein in P; 30 mM, pH 5.2.

5.2arereportedin Figure 3A. Comparing these spectra with the
one for 1,°! one can immediately observe that in the case of 3 the
hyperfine-shifted cysteine methylenesignalsare larger, indicating
increased paramagnetism.#! This is also revealed by comparing
the values of the longitudinal relaxation times T7, given in Table

(51) Banci, L.; Bertini, L.; Briganti, F.; Scozzafava, A.; Vicens Oliver, M.;
Luchinat, C. Inorg. Chim. Acta 1991, 180, 171-175.
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Figure 3. 'H NMR spectra (600 MHz) of Se-substituted E. halophila
HiPIP in D;0, P; = 30 mM, pH 5.2*: (A) reference spectra of reduced
and oxidized protein at 298 K; (C and D) steady-state NOE difference
spectra obtained by saturating peaks X and W, respectively. The upfield
part of the reference spectrum at 285 K and the NOE difference spectrum
obtained by saturating signal Z are reported in the inset (B). The geminal
connectivities found by NOE experiments for hyperfine shifted signals
are indicated.

Table I. Summary of 'H NMR Parameters for Oxidized Se HiPIP
1I from E. halophila (3)

chemical sequence
cysteine shift Ty specific pair
label  proton signal (ppm)? (ms) assignment assignment
Cysl HpB1 z -24.87 6.2
Hp2 Y -24.46 156 Cys 39 “ferric”
Ha
Cys I HB1 C 56.55 1.5
HpB2 B 67.23 0.9 Cys 42 “mixed
Ha valence”
CysIII  HpB1 D 48.70 1.5
Hp2 A 102.25 35 Cys 55 “mixed
Ha valence”
CysIV  Hpl X -19.92 138
Hp2 w -16.13 7.0 Cys 71 “ferric”
Ha R 5.83

4 Chemical shifts refer to the oxidized protein at pH* 5.2.

I for the oxidized form, with those observed for 1.1 Inthe latter
case, the 2—-7-ms range has been reported for the downfield signals
A-D, whereas the 7-25-ms range was observed for the upfield
signals W-Z.5! This increased paramagnetism has also been
observed in model compounds.*?
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(b) Yu, S.-B.; Papaefthymiou, G. C.; Holm, R. H. Inorg. Chem. 1991, 30,
3476-3485.
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Figure 4. Temperature dependence of the hyperfine shifted signals of
oxidized 1 (taken from ref 28) (empty symbols) and 3 (filled symbols).
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In analogy with 1, the reduced form shows four downfield-
shifted signals. These signals in 1 were tentatively assigned by
analogy with the reduced forms of other HiPIPs.2® The analogy
can be extended to 3 given the strong similarity of the spectra.
Similar considerations may hold for the oxidized form. In this
case, however, an independent assignment is carried out.

To establish the pairwise assignment of the hyperfine shifted
signals to the four cysteine residues, a series of NOE experiments
were performed (Figure 3B-D). Thedifference NOE experiment
on signal Z (performed at 285 K because the signals Y and Z are
almost degenerate at 298 K) indicated the connectivity Y-Z
(Figure 3B) and suggested their assignment as 8-CH protons of
a cysteine which we label Cys 1. In the early published work on
1,5! it was evaluated that the steady-state NOE effects in the
native protein should be around 1-3% for the downfield signals.
Taking into account that 3 is more paramagnetic than 1, we
expected that, in the latter case, the observation of pairwise
correspondences for downfield signals in NOE experiments would
be almost impossible. In fact, the NOE difference spectrum
obtained upon saturation of signal B showed a barely observable
negative peak in correspondence of signal C (not shown). Thus,
signals B and C belong to the same cysteine, CysI1. Thedifference
NOE spectrum obtained upon saturation of signals W and X
(Figure 3C,D) revealed the W—-X connectivity (Cys IV). The
connectivity A~D (Cys III) was thus established by exclusion.
The pairwise assignment of the cysteine 8-CH pairs is reported
in Table 1.

(54) Cowan, J. A.; Sola, M. Biochemistry 1990, 29, 5633.
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U

ppm 0 ' 0
Figure 5. 'H NMR spectra (600 MHz, 298 K) of reduced 4 recorded
in D0, P; = 30 mM, pH* 7.15: upper trace, reference spectrum. The
NOE difference spectra are labeled according to which signal is saturated.

We then investigated the temperature dependence of signals
corresponding to 8-CH cysteine protons. In the case of reduced
3, the temperature dependence of the hyperfine shifted signals
revealed a linear, anti-Curie behavior, explained in terms of an
antiferromagnetic spin ladder, in which the excited, more
paramagnetic levels become more populated as the temperature
is increased. The chemical shift increments observed for the
most shifted signals on passing from reduced 1 to 3 are 5 ppm
(signal a), 3 ppm (signal b), and 1.5 ppm (signal ¢). As noted
above, the sequence-specific assignment in this case cannot be
performed by saturation transfer experiments due to the slow
rate of exchange between the reduced and oxidized forms of the
protein. Hyperfine shifted signals of oxidized 3 show the same
temperature-dependence behavior as the corresponding signals
in the native protein (Figure 4): downfield signals (A, B, C, and
D), corresponding to Cys II and Cys III, move upfield with
increasing temperature, whereas upfield signals (W, X, Y, and
Z), corresponding to Cys I and Cys IV, move downfield with
increasing temperature. Therefore, according to the above-
discussed S34, S12 coupling scheme, one can conclude that, as in
1,5 also in 3the four downfield signals belong to cysteine residues
attached toiron ions with “mixed-valence” character, while upfield
signals correspond to cysteines bound to the “ferric” pair. The
slopes of the downfield signalsin 3 are more increased with respect
to the corresponding slopes in 1 than is the case for the upfield
signals. No marked deviations from linearity are observed.

C. vinosum Se HiPIP 'H NMR: Pairwise Cysteine 3-CH,
Proton Assignment and Temperature Dependence of the Shifts.
The 600-MHz 'H NMR spectrum of reduced4 is shown in Figure
5, whereas the spectrum of the oxidized form is shown in Figure
6. These spectra reproduce exactly those previously reported.34
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Figure 6. 'H NMR spectra (600 MHz, 298 K) of oxidized 4: upper
trace, reference spectrum; lower traces, NOE difference spectra obtained
by saturating sugnals Y and Z, respectively. The connectivities between
cysteine geminal protons established by NOE and saturation transfer
experiments are given.

Signals a—e are the isotropically shifted signals of the reduced
form, whereas signals A~G, Y, and Z are the isotropically shifted
signals of the oxidized form. These signals are in general more
isotropically shifted with respect to the corresponding spectra of
2,142627.5354 glthough the pattern is unchanged. 'H NOE
experiments on the reduced and oxidized forms of 4 at pH 7.15,
and 1D and 2D saturation transfer experiments on a 50% mixture
of reduced and oxidized 4 at pH 5.2, were carried out to establish,
on the one hand, the connections between the 8-CH; proton pairs
belonging to the same cysteine residue and, on the other hand,
the correspondence between the signals of the two redox forms
of the protein. The exchange rate between these two forms allows
both the simultaneous observation of all the signals of the
semireduced protein and the observation of the saturation transfer
peaks. Saturation transfer on signals A, Y, and Z revealed that
the corresponding signals of the reduced form are b, y, and a,
respectively (Figure 7). An EXSY experiment (Figure 8) further
confirmed the relationship Y-y, and showed the correspondences
B—c,F—e,G—d, D-w,and E-v. The EXSY connectivity for signal
C was not observed, perhaps as a consequence of the short T, for
this signal (1.7 ms), which is the smallest of all the hyperfine
shifted signals of the oxidized protein.34

The difference spectrum obtained upon saturation of signal a
(Figure 5a) showed an NOE peak at 8.41 ppm, corresponding
to signal y, also obtained upon saturation transfer of signal Y in
the semireduced protein (Figure 7). The assignment for Cys I
is thus reported in Table II. This assignment was confirmed by
the presence of NOE connectivities between signals Y and Z in
the oxidized protein (Figure 6).

The difference NOE spectrum obtained upon saturation of
signal ¢ (Figure 5c) showed three most evident peaks: v (9.26
ppm), m (7.85 ppm), and 1 (7.20 ppm), in addition to a broad
peak w (8.2 ppm). Signal w was assigned to the 8-CH; proton
of the pair, on the basis of its large line width and on the basis
of the presence of an EXSY cross peak between w and D (Figure
8). The difference NOE spectrum obtained upon saturation of
signal ¢ at higher temperature (303 K) (not shown) indicated
that signal w is now too broad to be detected and, among signals
v, m, and |, only signal v shows an anti-Curie behavior. This type
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Figure 7. 'H NMR spectra (600 MHz, 298 K) of an approximately
50/50 mixture of oxidized and reduced forms of 4: upper trace, reference
spectrum; lower traces, saturation transfer experiments establishing the
correspondences of hyperfine shifted signals in the oxidized and reduced
form of 4. The correspondences A-b, Y-y and Z-a are presented.

of temperature dependence indicates that signal v experiences
some hyperfine shift, and it was thus assigned to the o-CH proton
of the cysteine to whom signals ¢ and w also belong. Signals E
and D (which give an EXSY connectivity with signals v and w,
respectively) were then assigned to the corresponding «-CH and
B-CH, protons in the oxidized form of 4. Signals m and 1
presumably belong to diamagnetic residues close to that cysteine
residue. The full assignment of Cys IV is then established, and
it is reported in Table II.

Signals d and e were assigned tothe 8-CHj protons of the same
cysteine. In fact, a difference NOE experiment performed by
saturating signal e (Figure 5e) revealed a very weak negative
peak in correspondence with signald. The weakness of this effect
may be the consequence of the close proximity of the two peaks
and of their large line widths and short T,’s (1.1 and 1.3 ms,
respectively4). The assignment for Cys II is thus obtained, and
it is given in Table II.

Finally, the difference NOE spectrum obtained uponsaturation
of signal b (Figure 5b) showed three major peaks: x (7.73 ppm),
g (2.78 ppm), and h (2.37 ppm). Comparing this NOE pattern
with the corresponding spectrum obtained by saturating signal
bin 2,!4 and considering the increased paramagnetism in 4, one
can conclude that signal z, observed in 2, corresponding to the
geminal 8-CH,, is now too broad to be observed, while signals
X, 8, and h, also present in the difference NOE spectrum of 2,
are then assigned to diamagnetic residues spatially close to the
B-CH,; proton corresponding to signal b. Signal C is assigned as
the geminal proton of signal A both by exclusion and by
comparison with the assignment of the native protein. The
assignment for Cys III is reported in Table II.

The previously reported* temperature dependence of the
isotropic shifts of the signals belonging to the geminal methylene
protons of the cysteine residues bound to the oxidized four-iron
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Figure 8. 'H NMR EXSY spectrum (600 MHz, 298 K) of a sample
containing approximately equal amounts of the oxidized and reduced
forms of 4. The connectivities between proton signals in the oxidized and
reduced forms are reported. Conditions of the acquisition of the spectrum
are described in the Experimental Section.

core in 4 has been more accurately redetermined in order to have
a more reliable set of data to use for a simulation of the observed
patterns and to draw conclusions on the difference in electronic
distribution in the cluster cores in 2 and in 4.

Hyperfine shifted signals of oxidized 4 show the same behavior
as the corresponding signals in the native protein: signals A, B,
C, and D, corresponding to Cys III and Cys IV, increase the
resonant magnetic field with increasing temperature, whereas
signals F and G, corresponding to Cys II, and upfield-shifted
signals Y and Z, corresponding to Cys I, decrease the resonant
magnetic field with increasing temperature (Figure 9).

Therefore, one can conclude that, as in 2, also in 4 cysteine
residues IIIand IV are attached toiron ions with “mixed-valence”
character, while cysteines I and II are bound to the “ferric” pair.
The slopes of the signals corresponding to the “mixed-valence”
pair in 4 are more increased with respect to the corresponding
slopes in 2 than it is the case for the signals corresponding to the
“ferric pair”. Moreover, while the isotropic shifts do not change
very much for signals corresponding to Cys I, Cys III, and Cys
IV, a much larger shift is observed for the couple of signals F and
G, corresponding to Cys II, on passing from 2 to 4. Finally, all
the signals of 4 show more or less marked deviations from linearity.
In particular, signals A~D show an upward curvature, whereas
signals F, G, Y,and Z show a downward curvature. Such behavior
has been previously observed, in a more marked degree, only in
the oxidized HiPIP from Ectothiorhodospizavacuolata, for which
a chemical equilibrium between two species differing for the
distribution of electron density within the cluster core has been
proposed.3!

E. halophila Se HiPIP I1 'TH NMR: Sequence-Specific As-
signment of Cysteine Residues. Following the pairwise assignment
of the eight hyperfine shifted signals, the sequence-specific
assignment of these four pairs to the four cysteine residues was
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Table II. Summary of 'H NMR Parameters for Se HiPIP from C. vinosum (4)

Bertini et al.

cysteine signal chemical shift signal chemical shift sequence-specific pair
label proton (oxidized) (ppm) (oxidized)? (reduced) (ppm) (reduced)? assignment assignment
Cys1 HpAI1 Y -35.6 y 8.4]
HpB2 z -38.8 a 19.7 Cys 43 “ferric”
Ha
Cys Il HA1 F 313 e 11.8
Hp2 G 30.6 d 12.7 Cys 46 “ferric”
Ha
Cys 111 HB1 A 112.0 b 19.2 “mixed valence”
Hp2 C 39.6 Cys 63
Ha
CysIV HA1 B 397 c 14.8 “mixed valence”
Hp2 D 29.0 w 8.2 Cys 77
Ha E 27.1 v 9.26

@ Chemical shifts refer to the oxidized protein at pH* = 5.2, ® Chemical shifts refer to the reduced protein at pH* = 7.15.
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Figure9. Experimental temperature dependence of the hyperfine shifted
signals of oxidized 2 (taken from ref 34) (empty symbols) and 4 (filled
symbols).

performed. Although in the present investigation 2D NMR
experiments for 3 have not been carried out, the information
necessary to complete the sequence-specific assignment was
retrieved from a careful comparison of the diamagnetic regions
of NOE difference spectra (Figure 10) obtained for 3 and for 1.3°

The spectrum obtained upon saturation of signal C (Figure
10C) (corresponding to signal D in 1) showed signals H (7.15
ppm), K (6.72 ppm), L (6.50 ppm), and M (~0.41 ppm). This
pattern reproduces exactly the difference NOE spectrum obtained
when ssignal D issaturated in 1, where the signalsat 6.80 and 6.42

A AN gty
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Figure 10. 'H NMR spectra (600 MHz, 298 K) of the diamagnetic
region of oxidized 3: upper trace, reference spectrum; lower traces, NOE
difference spectra labeled according to which signal is saturated. The
NOE difference spectrum obtained by saturating signal Z was recorded
at 285 K.

ppm (corresponding in 3 to K and L) were previously assigned
to C<H and C°H of Tyr 74.3% Thus, the pair of signals B-C can
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Table III. Sequence-Specific Assignment (ppm) of Triptophane
Residues in Reduced Se HiPIP from C. vinosum (4)

CilYg N¢H C?H C'H CPH C“H

Trp 60 7.30 10.20 7.55 7.30 7.42 7.21
Trp 76 6.85 9.85 7.52 6.70 6.90 7.20
Trp 80 10.70 7.42 6.97 7.20 7.43

be assigned to the H82 and HB1 protons of Cys 42, respectively,
as in the case of 1.0 This assignment is confirmed by the
observation of signal H, because an analogous signal, at 7.55
ppm, has been observed upon saturation of both signals B and
D of 1.

Furthermore, signal Z gives NOE (this experiment was carried
out at 285 K because at 298 K signal Z coincides with Y and the
NOE experiment cannot be performed) with signals N (3.80
ppm) and P (2.93 ppm) (Figure 10Z). The position of these
signals has not changed in comparison with NOE on signal Z for
1, where they have been assigned as Hal and Ha2 of Gly 67,
respectively. Residue Gly 67 lies close to the 8-CHj protons of
Cys 39. Therefore, we assign signals Z and Y as Cys 39 HB1
and HB2.

Upon saturation of signal A, a single signal S at 8.66 ppm is
observed (Figure 10A), which corresponds to the single signal
observed at 8.5 ppm upon saturation of signal A in 1.3% The pair
A-D can thus be assigned to the geminal 8-CHj; protons of Cys
55, in analogy with the pair A~C in 1,30

Finally, the NOE patterns observed when signals W and X are
saturated (Figure 10W,X), are very similar to the corresponding
patterns observed in 1,% and they can thus be assigned to the
geminal 8-CH, of Cys 71. Furthermore, both signals W and X
give NOE to signal R (5.83 ppm). Saturating W at 285 K, we
observed that among all signals experiencing NOE, only R (now
found at 4.03 ppm) shifted upfield with decreasing temperature
(not shown). This behavior was observed also for signals W and
X, so that signal R was assigned to the a«-CH proton of Cys 71.
Thus, as in 1,3 the correspondences Cys I-Cys 39, Cys II-Cys
42, Cys III-Cys 55, and Cys IV-Cys 71 are found for 3, and the
summary of the sequence-specific assignment of the eight
methylene cysteine protons is presented in Table I.

C. vinosumSe HIPIPYHNMR: Sequence-Specific Assignment
of Cysteine Residues. The sequence-specific assignment of the
cysteine signals was mainly performed by comparing the difference
NOE patterns obtained in 2'426 and in 4 (Figures 5 and 6). In
fact, the patterns observed by saturating signals a—, Y, and Z
in 4 are entirely analogous to those observed by saturating the
corresponding signals in the reduced*4 and oxidized?$ forms of 2.
This is a strong indication that the aminoacid residues surrounding
the 8-CH; protons corresponding to the indicated signals are the
same in the substituted and nonsubstituted forms of the protein.
Thus, as in 2,26 the correspondences Cys I-Cys 43, Cys II-Cys
46, Cys I1I-Cys 63, and Cys IV-Cys 77 are found for 4 and are
reported in Table II.

The conclusions drawn from this approach were confirmed, in
some cases, by finding further connectivities in the NOESY and
TOCSY maps of the reduced form of 4. Toaccomplish this goal,
it has proven useful to fully assign the signals belonging to the
three Trp residues found in the protein.5>-57 This assignment
was performed by looking at NOESY and TOCSY spectra of the
reduced protein and following conventional methods.’® The full
assignments of Trp 60, Trp 76, and Trp 80 are reported in Table
III. Fromthe X-raystructure of the native HiPIP,55-57 the a-CH

(55) Carter, C. W., Jr.; Kraut, J.; Freer, S.; Alden, R. A. J. Biol. Chem.
1974, 249, 4212-4225.

(56) Freer, S. T.; Alden, R. A,; Carter, C. W., Jr.; Kraut, J. J. Biol. Chem.
1975, 250, 46-54.

(57) Carter, C. W, Jr.; Kraut, J.; Freer, S. T.; Alden, R. A. J. Biol. Chem.
1974, 249, 6339-6346.

(58) Wuthrich, K. NMR of Proteins and Nucleic Acids; John Wiley: New
York, 1986.
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proton of Cys 77 lies 2.77 A from the C<H of Trp 76. In the
NOESY map (not shown), a cross peak is observed between the
C<H of Trp 76 (7.17 ppm) and signal v at 9.26 ppm, previously
assigned as the a-CH of Cys IV. This connectivity confirms the
Cys IV-Cys 77 assignment. Furthermore, Cys 63 HB2 is 1.75
and 3.49 A from the Phe 66 H31 and HB2, respectively. The
NOE difference spectrum on signal b shows dipolar connectivities
with the diamagnetic signals g (2.78 ppm) and h (2.37 ppm).
Both in the NOESY and TOCSY maps, two cross peaks are
observed between signals g and h, which are then assigned to a
B-CH; pair. Among cysteine residues 43, 46, and 63, only Cys
63 Hp2 lies close to the 8-CHj pair corresponding to Phe 66, thus
confirming the Cys III-Cys 63 assignment. The sequence-specific
assignment for Se HiPIP from C. vinosum is reported in Table
II.

Discussion

Structural studies on [Fe,Q4] (Q = S, Se) model complexes®?
have established that when sulfur is substituted with selenium,
the Fe—Q distances increase by about 0.12 A, the Fe—Fe distances
increase by about 0.05 A, and the Fe-Q-Fe angles decrease by
about 3°, due to the larger ionic radius of Se?- with respect to
S?-. To elucidate the effect of these structural variations on the
electronic structure of HiPIP, we have investigated the electronic
properties of the selenium-substituted E. halophila HiPIP II.
The choice of this protein derived from the fact that the EPR
spectrum of its native counterpart, characterized by a single axial
species,” does not show any complications due to intrinsic
heterogeneity of the S ="'/, ground state, a phenomenon observed,
instead, in the EPR spectra of several other HiPIPs,31:49:50,59

The effect on the EPR spectra of Se-for-S replacement in iron—
sulfur proteins is difficult to predict.®® For example, in [2Fe-2S]
proteins, incorporation of selenium causes, in general, a shift of
EPR signals to lower fields,5!-%3 but the effect on the anisotropy
can be different. For instance, in the case of putidaredoxin, the
total anisotropy is increased® (g, = 2.01, g, = 1.93, gv = 1.96
for native protein and g, = 2.04, g, = 1.98, g,=1.93, g.y = 1.98
for selenium-substituted protein), whereas for parsley ferredoxin®
the effect is opposite (g, = 2.052, g, = 1.959, g, = 1.899, g,y =
1.970 for native protein and g, = 2.061, g, = 1.965, g. = 1.937,
gav = 1.988 for selenium substituted protein). In models and
proteins containing the [Fe;Qa]'* core, for which § = !/, the
presence of selenium causes a shift of the EPR signals to lower
fields as well.52264 For example, in the case of native ferredoxin
from Clostridium pasteurianum, the S =1/, state is characterized
by g values of g; = 2.056, g, = 1.925, and g, = 1.883, with g,,
= 1.956, while for the Se derivative, the corresponding values are
2.103,1.940,1.888,and 1.979, respectively. Also, in some cases,
EPR features indicative of the presence of higher spin ground
states are observed.% Inthe EPR spectrum of 4, containing the
[FesSes)* cluster core, an increase of the anisotropy and number
of detectable features due to additional doublet-spin ground states
has been observed, together, again, with a shift of the EPR features
to lower fields 3%

Various models have been proposed to interpret EPR spectra
of exchange coupled systems.®>5 According to these models,

(59) (a) Beinert, H.; Thomson, A. J. Arch. Biochem. Biophys. 1983, 222,
333-356. (b) Sweeney, W. V; Rabinowitz, J. C. Annu. Rev. Biochem. 1980,
49, 139-161.

(60) Meyer, J.; Moulis, J. M.; Gaillard, J.; Lutz, M. Adv. Inorg. Chem.
1992, 38, 73-115.

(61) Tsibris, J. C. M.; Namtvedt, M. J.; Gunsalus, I. C. Biochem. Biophys.
Res. Commun. 1968, 30, 323-327.

(62) Orme-Johnson, W. H.; Hansen, R. E.; Beinert, H.; Tsibris, J. C. M.;
Bartholomaus, R.C.; Gunsalus, I. C. Proc. Natl. Acad. Sci. U. S. A. 1968,
60, 368-372.

(63) Fee, J. A.; Palmer, G. Biophys. Biochim. Acta 1971, 245, 175-195.

(64) (a) Gaillard, J.; Moulis, J. M.; Auric, P.; Meyer, J. Biochemistry
1986, 25, 464-468. (b) Moulis, J. M.; Auric, P.; Gaillard, J.; Meyer, J. J. Biol.
Chem. 1984, 259, 11396-11402,

(65) George, S. I.; Thomson, A. J.; Crantree, D. E.; Meyer, J.; Moulis, J.
M. New J. Chem. 1991, 15, 455-465.
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the anisotropy of the g tensor is largely due to the variations of
the coordination geometry around the reduced iron ions. Infact,
the g tensor of the high-spin ferric ions is almost insensitive to
variationsof their coordination geometry because their electronic
state is derived from the ¢S free ion configuration. On the other
hand, the local g values of the high-spin ferrous ions increase with
decreasing ligand field strength. The weaker coordination
properties of selenide ions, as compared to sulfide ions, can thus
explain the differences observed in the EPR spectra of 3 (Figure
2) and of 1.° Furthermore, in the spectrum of 3 no signals
indicative of the presence of higher spin ground states were
observed.

In synthesis, we can conclude that the Se-for-S substitution
does not influence markedly the properties of the spin ground
state, because the J values remain large enough as to keep the
ground spin state well isolated from excited states.

To verify this hypothesis, we have performed a study of the
temperature dependence of the 'H NMR spectra of reduced and
oxidized 3 and 4. The reduced form has been considered first,
because it does not have the further complication of one pair of
iron ions being different from the other pair. Thus the number
of parameters in the problem decreases in the S34, )2 coupling
scheme discussed in the introduction, which has been used to
simulate the experimental behavior. The first observation is that
the isotropic shifts increase only about 1-5 ppm on passing from
1to 3. This is a confirmation that the ground spin state is still
S =1/, Moreover, the slope is very similar to the one observed
for 1. We have previously shown'2!4 that the temperature
dependencies of the hyperfine shifts in reduced HiPIPs can be
qualitatively reproduced by using the set of energies given by eq
1, with Js on the order of a few hundred wavenumbers and AJ»
and AJ;4 around ~! /3 Js. Values of Js = 300 cm™! and AJ); and
AJ34 = ~0.33Js can be used as reference values!2!4 for the sake
of the following discussion. The slightly larger hyperfine shifts
of 3 can then be reproduced using a smaller Js. = 0.8Js, with
again AJy; = AJyy = -0.33Js.

The temperature dependence of the signals of the oxidized
form of 3 can now be compared with the corresponding pattern
observed for 1. The latter can be, again qualitatively, reproduced
with Js on the order of a few hundred wavenumbers, AJ; =
0.33Js, and either B;4 on the same order of Js or AJ34 = ~0.33Js.
If we take the same Js value used for the reduced protein as a
reference value we can reproduce oxidized 1 with Js = 300 cm~!
and AJ,2 = -AJzy = 0.33Js. Trying to reproduce the behavior
of oxidized 3 using the same coupling scheme and Js, = 0.8Js,
in analogy with the case of the reduced form, we notice that a
satisfactory pattern is obtained by using AJ;; = 0.33Js. and AJ34
=-0.4Js.. A morenegative AJ34value (or, equivalently, a larger
Bj,value ) seemsto be needed to better reproduce the experimental
pattern. Thiscan beinterpreted as being duetoa relative increase
of the importance of double exchange on the “mixed-valence”
pair. This effect may be consistent with Heisenberg exchange
being dominated by superexchange through the selenide ions,

(66) Hagen, W. R. Adv. Inorg. Chem. 1992, 38, 165-222 and references
cited therein.
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and hence slightly reduced, and double exchange being dominated
by direct Fe-Fe orbital overlap, less sensitive to the S — Se
substitution.

An interesting feature to be noted is the slight curvature of the
temperature dependence of the hyperfine shifts of oxidized 4.
Such curvatureis not observed for 1and 2and is barely observable
for 3. This is the second case of curvature among all the
investigated HiPIPs. A marked curvature was also observed in
the case of the oxidized HiPIP II from E. vacuolata.' In principle,
six different “mixed-valence” pairs can be present, and six possible
molecular states in equilibrium are thus possible. We have
previously proposed?!-32 that with the only exception of E.
halophila HiPIP I1, which s virtually in one state, all other HiPIPs
may be equilibrium mixtures of mainly two forms, in different
percentages. These forms correspond to a state of the protein in
which the “mixed-valence” pair is coordinated by Cys 63 and Cys
46, as in the E. halophila HiPIP 11, and another state of the
protein in which the “mixed-valence” pair is coordinated by Cys
63 and Cys 77, the latter being slightly thermodynamically
favored. As a result, the signals of the cysteine belonging to the
“ferric” pair but partly involved in the “mixed-valence” pair are
downfield and anti-Curie (signals F and G in 2 and 4). When
the ratio between these two forms is close to 50/50, curvature in
the temperature dependence of the shifts is expected and indeed
observed in E. vacuolata HiPIP 113! If the curvature observed
in the present data is interpreted in terms of equilibrium, then
it should indicate that Se substitution changes the ratio between
the two states of C. vinosum by a small amount in the direction
of making it slightly closer to 50/50.

The observation of four markedly upfield shifted signals in
both 1 and 3 indicates that Se substitution in E. halophila HiPIP
I1 does not appreciably alter the strong preference for one of the
two states.

The CD spectra of the oxidized forms of 1-43% (Figure 1) are
also consistent with this picture: while the spectra of 1 and 3
show rather well-resolved bands (and clear indication of red shift
for at least one of them), the spectra of 2 and 4 show many more
bands, as it might be expected for equilibrium between two species,
which would be slow on the short time scale of CD spectroscopy.

In summary, Se substitution teaches us that the main
determinants for the valence distributions in the various HiPIPs
are structural properties imposed by the protein matrices and not
the properties of the cubanes themselves. Se substitution only
causes modest alterations in the Heisenberg coupling constants,
and these alterations are more or less uniformly distributed over
the whole cluster core. The overallslight reductionin the average
Heisenberg exchange coupling causes the shrinking of the whole
energy level ladder without major alterations of the level order.
In turn, this causes a modest increase in paramagnetism and,
indirectly, contributes to make the two electronic states in
equilibrium less different in energy.
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