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The Solution Structure of Oxidized HiPIPI from Ectothiorhodospira halophila;
Can NMR Spectroscopy Be Used to Probe Rearrangements
Associated with Electron Transfer Processes?

Ivano Bertini,* Lindsay D. Eltis, Isabella C. Felli, Dieter H. W. Kastrau,
Claudio Luchinat, and Mario Piccioli

Abstract: In the '"H NMR spectrum of the
oxidized form of the high-potential iron-
sulfur protein (HiPIPI) from Ectoth-
iorhodospira halophila, 91% of the total
proton resonances and 100% of the
residues have been assigned. The standard
COSY, NOESY, and TOCSY sequences

tons, a family of 18 structures was gener-
ated with an RMSD of 0.65 A by using
the programs developed by Wiithrich.
The family of structures was further re-
fined by various calculation steps; the fi-
nal RMSD was 0.48 A. The structures ap-
pear to be very similar but not equal to the

structures of the reduced protein. Despite
the similarity in structure, significant vari-
ations in the chemical shifts are observed.
A similar behavior was observed for the
homologous protein from Chromatium
vinosum. 1t is concluded that NMR is a
sensitive tool to monitor differences be-

have been optimized for the paramag-
netism of the molecule. Extensive assign-
ment of the !3N NMR spectrum has been
obtained through HMQC spectra. With
1437 dipolar connectivities, of which
about 10% involved fast-relaxing pro-

teins -

Introduction

We have recently reported the solution structures of paramag-
netic metalloproteins!’+ 2 at a degree of resolution comparable
to that observed for diamagnetic proteins of the same size.
Paramagnetism in general causes large proton chemical shifts
and line broadening, and has for a long time prevented the
determination of connectivities necessary for the solution of the
structures of paramagnetic proteins. Our present interest lies in
using the NMR technique to monitor structural rearrangements
associated with electron transfer in metalloproteins. It is known
that when the reorganization energy equals the free energy
change, the electron transfer process between two redox pairs
occurs at an optimal rate.l*-4! We think that the comparison of
both oxidized and reduced solution structures is quite instruc-
tive even if, in proteins devoted to electron transfer processes,
only minor structural rearrangements are expected when pass-
ing from the oxidized to the reduced state and vice versa.l®!
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tween oxidized and reduced proteins;
however, the detailed structural varia-
tions should be evaluated with caution at
the present level of resolution, which
roughly corresponds to a resolution of
2.5A in an X-ray structure.

iron—sulfur pro-

Moreover, at the present degree of resolution of the solution
structures, which can be compared to a resolution in the solid-
state structure of 2.5 A,16! the differences should be evaluated
with caution. Our present strategy consists in refining the struc-
tures more and more precisely, on the one hand, and in extend-
ing the work to different but homologous redox proteins on the
other. Bearing in mind that the solution structures of the re-
duced and oxidized high-potential iron—sulfur protein (HiPIP
hereafter) from Chromatium vinosum are available,[>* 7! as well
as the reduced structure of HiPIPI from Ectothiorhodospira
halophila," we report here the structure of the oxidized form of
the latter protein.

HiPIPs contain the cubane-like Fe,S, cluster,’® which for-
mally contains two Fe2* and two Fe®* in the reduced state and
three Fe** and one Fe?* in the oxidized state. Mossbauer stud-
ies have shown that the protein in its reduced state contains four
FeZ3* ions,® %l and in its oxidized state two Fe?>* and two
Fe3* jons.® ''1 The rationale of these results is reported else-
where.!'2) In both oxidation states the protein is paramagnetic,
although to a different extent. Recent evidence suggests that
HiPIPs are involved in the electron transfer process of the pho-
tosynthetic center in photosynthetic bacteria.l*3!

The results obtained allow us to compare 1) the structures of
the oxidized and reduced forms of HiPIP I from E. halophila and
2) the common differences within the redox partners of the two
HiPIPs. Until more refined structures are available, we can gain
some insight into what happens to the structure when one elec-
tron is removed from or added to the cubane.

0947-6539/95/0109-0598 3 10.00+ .25/0 Chem. Eur. J. 1995, 1, No. 9



598—-607

Results and Discussions

Assignment: The 'H NMR spectrum of the oxidized form of
E. halophila HiPIPI spans over 110 ppm (Fig. 1 A); six (A-D,
Y, and Z) out of eight f-proton signals are shifted well outside
the diamagnetic region, and two of these (Y and Z) are upfield
of the diamagnetic envelope.l'*! The T, values of the SCH,
protons are in the range of 3 to 12 ms. The hyperfine-coupled
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Fig. 1. A) '"H NMR spectrum (600 MHz) of oxidized HiPIPI from E. halophila, at
a pH of 5.0 and at 298 K. The seven signals A-E, Y, and Z correspond to the SCH,
protons of three out of four Cys residues and to one, hyperfine-shifted Cys Ha
(signal E). B) HMQC spectrum of oxidized HiPIP1 from E. halophila (pH = 5.0,
298 K. recorded on a ca. 0.5 mM sample of uniformly '3N-enriched protein. Peak
numbering follows the residue number in the primary sequence.

signals SCH, and «CH of the Cys residues were assigned by
analysis of the 1 D NOEs, by using spectra optimized to detect
fast-relaxing signals, and by analysis of the 2D NOESY and
TOCSY spectra recorded over the diamagnetic envelope. The
detailed description of their assignment is reported else-
where.!'*! Nonselective T, values for cysteine protons are
smaller in the reduced than in the oxidized form. Therefore, as
far as nuclear relaxation is concerned, the oxidized protein is
more suitable for NMR investigations than the reduced one.
About 80% of the proton signals were assigned by comparing
the maps of the reduced form with those of the oxidized form,
as they were found to differ in chemical shift by less than
0.1 ppm. The other proton signals (=15%) were assigned fol-
lowing the usual strategy based on recognition of spin systems
and on sequence-specific assignment.!!*) In the oxidized form, it
was possible to fully assign Asp 56 and Cys 36, residues that
escaped detection in the reduced form. In total, the assignment
was extended to 73 out of 73 residues.

HMOQC experiments were performed (Fig. 1 B) to assign !>N
resonances by means of the assigned amide protons. With this
procedure 76% of *3N resonances could be assigned safely.
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Calibration: The program CALIBA was used to integrate and
calibrate the 3906 peaks in the 2D NOESY spectra recorded at
288 K in H,0 and D,0.!'%! Dipolar connectivities were divided
into the five different classes, described in the Experimental
Procedure, and the calibration parameters were adjusted
throughout the distance geometry (DG) calculations. In the
final stages of the DG calculations, the best agreement between
the NOESY intensities and the distances measured in the calcu-
lated structures was obtained by treating the volumes of cross
peaks belonging to classes 1 and 5 to be proportional to 1/r%,
those belonging to classes 3 and 4 to be proportional 1/r°, and
those belonging to class 2 to be proportional to 1/r. Propor-
tionality to 1/r® holds only for the limiting condition of a rigid
structure. The use of exponents lower than 6 (1/r°, 1/r*) was
empirically introduced by Wiithrich and co-workers to better
represent the relation between cross-peak volumes and upper-
limit distances for peaks that involve side-chain protons.!* ] The
theoretical 1/r® dependence does not hold if spin diffusion ef-
fects arise or if possible local motions decrease the reorientation-
al correlation time.

A similar empirical approach was used to account for spin
diffusion effects in calibrating the 1 D NOEs. For each of the
seven hyperfine-shifted cysteine signals, as well as for Thr 51
HN and Val 68 yCH, signals, 1 D NOE spectra recorded with
different irradiation times (20 or 40 ms, 60 or 100 ms, and
170 ms) were compared in order to discriminate amongst three
classes of NOEs: 1) first-order NOEs (those visible with irradi-
ation times of 20 or 40 ms); 2) NOEs that are slightly affected
by spin diffusion, but that are not visible with short mixing times
because of their very small intensity (60 or 100 ms); and 3)
NOE:s that are significantly affected by spin diffusion (170 ms).
The intensities of the dipolar connectivities observed from each
irradiated signal were converted into upper limits for the dis-
tance by using the proportionality of 1/r%, 1/r°, or 1/r%, depend-
ing on whether the NOE belonged to class 1), 2), or 3), respec-
tively. This approach yielded 99 upper distance limits from 1D
NOEs. As with the 2D NOEs, calibration parameters were ad-
justed throughout the DG calculation, based on a comparison
between the intensities of intraresidue dipolar connectivities and
the distances in the calculated structures.

Structure calculation: The program DIANA was used for the
preliminary examination of 1338 upper distance limits extracted
from 2 D spectra together with 99 upper distance limits obtained
from 1D NOEs."'® These constraints are summarized in
Table 1. Of these, 340 were found to be irrelevant in that they

Table 1. Number of constraints constituting the upper-limit file.

1 intraresidue (except HN, Ha, Hf) 312 (46 methyl peaks)
2 sequential and intraresidue HN, Ha, Hf 380 (35 methyl peaks)
3 medium range 64 (8 methyl peaks)

4 long range, backbone 29

5 long range 553 (203 methyl peaks)

1D NOEs connectivities from 1D NOE experiments 99

could never be violated or arose from protons at fixed distances.
A total of 1097 meaningful upper distance limits were retained
in all subsequent calculations. The total number of observed
NOEs per residue (intra and inter) and the effective number
used in calculating the structure are reported in Figure 2.
The cluster was simulated in the same way as in the reduced
protein.!*! The four cysteine residues in the sequence were mod-
ified by substituting the thiol hydrogen with an iron atom at the

0947-6539/95/0109-0599 $ 10.00 + .25/0 — 599



FULL PAPER

I. Bertini et al.

80
70
60
50 i i

NOEs

30 I | ¢ i

NOEs

residue number

Fig. 2. Number of inter- (A) and intraresidue {B) NOEs for each residue. Only
NOE:s indicated with black columns were relevant for the determination of the
solution structure.

appropriate distance and by attaching another sulfur atom to
the latter. Upper and lower distance limits involving iron and
sulfur atoms of different cysteines were introduced in order to
simulate the correct geometry of the cluster. Bond lengths and
angles for the modified cysteines as well as upper and lower
distance limits were taken from known structures of Fe,S, clus-
ters.l!7- 181 The REDAC strategy!'®! was employed throughout
the calculation, and 38 diastereotopic pairs were assigned
stereospecifically by using the program GLOMSA ¢! A family
of 18 structures, each with a target function lower than 0.4 A2,
was obtained. Each structure in this family (DG family) was
then energy-minimized (EM) and subjected to molecular dy-
namics (MD) simulations; this led to the restrained energy min-
imization (REM) and restrained molecular dynamics (RMD)
families, respectively. The Fe S, cluster was included in MD
calculations as an independent unit, bound to the protein
through covalent bonds between iron and cysteine sulfur atoms.
For the iron and sulfur atoms and for the iron-bound cysteines,
previously reported force-field parameters were used.!?%-2!
Finally the average structure from the RMD family was subject-
ed to extended restrained molecular dynamics calculations in
water, leading to the RMDw structure. The deviation from ideal
angles and distances of RMDw are reported in Table 2; the max-
imal residual violation is 0.18 A. The target function™® for the
DG family and the penalty function!??! for the REM and RMD
families and for the RMDw structure (Table 2) are satisfactory.

Table 2. Average RMSD values for backbone (BB) and for all heavy atoms (HA)
within the DG. REM, and RMD families. For the last two families the average
energy is also reported. For the RMDw structure, the target function, the total
energy, and two parameters indicating deviations from ideal geometry are reported.

DG REM RMD RMDw
BB (A) 0.63+0.08 0.56+0.08 0.48+0.09
HA (A) 1204009 1.1940.10 1.1640.17
target function (A2) 0.30+0.08
target function (kJmol™!) 49.75 49.37 34.26
energy (kJmol™!) —5033 - 6569 - 6206
deviation from ideal distances (A) 0.008
deviation from ideal bond angles (°) 1.77
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Description of the structure: The backbones of the DG, REM,
and RMD families are shown in Figure 3. The overall resolution
is good and, in most regions, improves progressively upon pass-
ing from the DG to the REM and to the RMD families. Other
than the N and C terminal parts, the more disordered regions
are those extending from residues 22-29 (lower loop) and 44—
46 (upper left loop), which are relatively exposed to solvent. The
average RMSD values over backbone atoms and all heavy
atoms for each of the three families are reported in Table 2. The
final structure is very well-defined and the resolution is compar-
able to that of a diamagnetic protein of similar size.l?3! This may
be attributed to the high number of observed NOEs (an average
of 19 per residue). No residues, other than Ala 1, Ser 2, and
Pro 25, display less than five interresidue NOEs. As expected, a

A

Fig. 3. Stereo drawings of the 18 accepted structures obtained after DG (A), REM
(B), and RMD (C) calculations. Structures were aligned by best-fit superimposition
of C, Ca. and N atoms of residues 4--71.
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slight decrease of the RMSD occurs during the various steps of
the refinement (from DG to RMD), though more for the back-
bone atoms than for all heavy atoms.

Figure 4 shows the RMSD values per residue, for the back-
bone and for all heavy atoms, calculated for the three families.
Lower precision occurs in the region spanning residues 22— 30,

5 |~ DG
20 o REM A

—*— RMD “

1.5 i

o) i

@ e 5

2 0] A\ ; /{

i

/ ¥ A ‘F‘{’\ 2 ;

Y a J K A a

05 —i A.O\n“ 2% ?Eauﬁ’i ntf‘y;ﬁ & \E/Z;E o gif\z ::E <
13 { b &K sii d

\.g ‘::E':“ A N ‘:g“ at N g as
0.0 1 T T T
10 20 30 40 50 60 70
30 =
. B
25~
fa 2.0 7
7]
2,
&s
o
1.0 1
0.5 % &
2 - 1/
0.0 —T T T T
10 20 30 40

residue number

Fig. 4. Backbone (A) and all heavy-atom (B) RMSD per residue within the 18
accepted structures of the DG (o). REM (o), and RMD (a) families.

due to the fortuitous overlap of several NH resonances of
residues of this region at the temperatures used in this study.
This overlap reduces the number of constraints. In the DG
family, RMSD values higher than average are also observed at
residues 4445, 52-53, and around residue 65. The occurrence
of some disorder at residues 4445 may be attributed to the fact
that these residues form a tight turn in a very peripheral region
of the protein, and thus almost no long-range connectivities are
observed from these residues. The increased RMSD at positions
5253, as well as at position 65, arises because of the occurrence
of two different backbone conformations. Refinement through
RMD is particularly efficient in the C-terminal region, especial-
ly for those residues where the backbone conformation is not
uniquely defined after DG calculations. Residues 52-53 and
residue 65 show significant decreases in RMSD in the RMD
structures (versus the DG structures) because, of the two pos-
sible backbone conformations that satisfy the experimental con-
straints, the one with lowest energy is selected. By contrast, the
RMSD of the residues 22—30 and 44—45 remains high after
RMD.

The quality of the structures can be further judged by the
order parameter S.124 This parameter ranges from 1 (univocally
defined dihedral angle within the family) to 0 (completly ran-
dom distribution of the dihedral angle). The 1 —S values for the
¥ (N-Ca,-CO-N,, ) and x, (N-Ca-CB,-Xy,) dihedral angles in
each of the calculated families are reported in Figure 5. In the
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Fig. 5. Plot of the 1—S parameter per residue within the 18 accepted structures of
the DG, REM, and RMD families for § (left) and x, (right) dihedral angles.

DG family there are five residues that show high 1—S values for
the Y angle, indicative of ambiguous backbone orientation:
His 22, Gln 28, Thr 51, Trp 65, and Tyr 69. For the latter four
residues, the structure adopts a single energetically favored con-
formation during the RMD. The disorder in the region span-
ning residues 2230, as measured by possible conformations, is
also reduced after RMD. On the other hand, it is interesting that
an increase in the disorder of the y dihedral angles occurs for
residue 45. This could be due to an absence of energetically
efficient restraints (steric hindrance, H-bonds, etc.) arising from
the peripheral position of the tight turn formed by residues 44—
47. Overall, the 1—S parameters of the y dihedral angles
demonstrate that the backbone is very well defined, apart from
some disorder in the regions spanning residues 22-30 and
37-46.

Comparison of the structures of the oxidized and reduced
proteins: Within the DG families, the structure of the oxidized
HiPIP has a higher resolution than that of the reduced
protein,!'! with the exception of regions spanning residues 22 -
30 and 41-46. As an example Figure 6 shows that the aromatic
residues surrounding the cluster are better defined in the struc-
ture of the oxidized (B) than in that of the reduced protein (A).
This is unexpected given the increased paramagnetism of the
oxidized cluster (g, = 1.8 4y per iron atom at room tempera-
ture)!?! compared to the reduced cluster (u.~0.8 u, per iron
atom at room temperature).f?%! The ratio between the number
of NOEs observed in the oxidized and reduced forms for each
residue is given on a logarithmic scale in Figure 7. The increase
in NOEs upon oxidation of the protein is particularly evident in
the regions spanning residues 31-39 and 50-65. Overall, the
larger number of NOEs observed in the oxidized protein is con-
sistent with the observation that non selective 7, values mea-
sured for Cys protons are smaller in the reduced protein than in
the oxidized one.['¥!

The structures of the oxidized and of the reduced forms of the
protein are very similar in that no major differences in the back-
bone folding or in any side chain are observed. This is consistent
with the notion that there are no major changes in nuclear
coordinates coupled to electron transfer.>* 27! Furthermore,
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Fig. 6. Stereo drawings of the aromatic residues surrounding the cluster in the DG
families of the reduced (A) and of the oxidized (B) forms.
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Fig. 7. Ratios between the number of NOEs observed in the oxidized and reduced
forms of the protein reported on a logarithmic scale versus the residue number. No
NOE:s for residues 36 and 56 were observed in the reduced form.

small differences in the structures of the oxidized and reduced
proteins must be interpreted within the limits of the resolution
of the structures. To have an idea of the differences between the
two forms that are outside experimental error, we report in
Figure 8 the RMSD values per residue within the RMD families
in the two oxidation states and the RMSD between the average
structures of each family. Significant differences between the
structures of the two oxidation states are observed for
residues 6,915, and 3738, in the extended region encompass-
ing residues 50— 56, and for residues 69—71. Besides these peak
values, the RMSD values between the averaged RMD struc-
tures of the oxidized and reduced proteins are below 0.7 A, and
the backbones of the two RMD families are superimposable
within the error margins. Each of these differences is discussed
in detail below.

The difference between the structures at residues 9—15 (a dif-
ference maintained in the RMDw structures) arises from a
translational movement of this part of the backbone rather than
from different folding, as shown by the small value of the 1—S
parameter for the angle y between the averaged structures of the
RMD families in the two oxidation states (Fig. 9). The observed
effect is not reflected in the aromatic ring of Tyr 14, which is an

602 —— © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1995

\7s4 | —°— RMD_RED
: ] —x— AVG RED AVG_OX
—A— RMD_OX .
150
_8 1.257
I
[} 3
e 1.00 (! L
Q ™ A *
@075 » / Lot
2 | [ W
A ] \/ 3;\' x A
0.50 53 / \A\
o ol g
025 4 p A
L
0.00 T T T T T T T
10 20 30 40 50 0 )

residue pumber
Fig. 8. Plot of the backbone RMSD values per residue within the oxidized (a) and
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two families (*).
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Fig. 9. Plot of the 1—S parameter per residue, for  (A) and y, (B), between the
average structures of the oxidized and of the reduced RMD families.

invariantly conserved residue in all HiPIPs isolated up to
now 1287311 At the present degree of resolution, no movement is
observed for the aromatic ring of Tyr 14, although, as it will be
pointed out later, the sizable difference in chemical shift for the
hydroxyl proton of Tyr 14 observed between the two oxidation
states underlines that subtle differences, beyond the resolution
of our structures, might occur. Consistent with the above find-
ings, no differences were found for the H-bonding pattern in the
close proximity to this residue.

The region around residue 53 is well defined in the structure
of the oxidized HiPIP (RMSD <0.7 A for residues 50-55), but
is poorly defined in the structure of the reduced protein (Fig. 8),
thus precluding a meaningful comparison of the structures in
this region.

The structural differences observed involving residues 37-38
could arise either from a real structural difference or from the
the small number of constraints occurring in this region in both
oxidation states.

The DG family of structures of the oxidized and reduced
proteins are similar at the C-terminal residues Tyr 69-Pro 71 in
that two possible conformations at position 69 are observed and
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the CO group of Val 68 is not well defined. Application of RMD
causes the family of structures of each oxidation state to con-
verge to unique, but different, conformations. Thus, after the
RMD step, the Val 68—Tyr 69 CONH group shows an oxida-
tion state dependent conformation. This difference most proba-
bly arises from the electrostatic properties of the cluster in its
different oxidation states, and it is therefore sensitive to the
choice of the force-field parameters. RMD calculations per-
formed with a different charge distribution (D. A. Case, person-
al communication) show that the described effect is much less
apparent.

When the backbone atoms of the oxidized and reduced
families are superimposed, the cluster is observed to be in slight-
ly different orientations in the two states. It is possible that this
effect is within the experimental error at the present degree of
refinement.

Comparison of 'H and >N NMR chemical shifts in the two
oxidation states: The differences in chemical shifts between the
oxidized and reduced E. halophila HiPIPI are reported in Fig-
ure 10. The data indicate that while chemical shifts for most of
the protein are essentially unaffected by the change in oxidation
state, there are some regions that are particularly sensitive to the
change in the charge of the prosthetic group. This is the case for
a region of about four residues centered at Tyr 14, a region
spanning residues 33-39, and for most of the residues of the
C-terminal portion of the protein (starting from Cys 50). These
differences will be discussed below in the comparison of the
current data to those of C. vinosum HiPIP.
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Fig. 10. Observed differences in chemical shift, in the *H (top) and '*N (bottom)
NMR spectra, between the oxidized and the reduced states for both E. halophila
(hollow symbols) and C. vinosum (filled symbols). The alignment is based on the
three-dimensional homology. The symbols v and a represent regions of conserved
or superimposable residues, @and m insertions, deletions, or regions that are struc-
turally very different, and o and e residues that are not superimposable but occupy
similar regions in space.
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It is particularly instructive to report the observed chemical
shift differences between the oxidized and the reduced forms
(Ad(ppm) = &, (ppm)—J, . (ppm)), as a function of the dis-
tance of the proton (or nitrogen) to the closest metal (Fig. 11).
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Fig. 11. Observed differences in chemical shift between the oxidized and reduced

forms of HiPIPI from E. halophila reported as a function of the distance from the
closest iron ion.

Considering that several of the resonances arising from protons
(or nitrogens) within 6 A of an iron ion are missing, presumably
due to hyperfine interactions and consequent line broadening,
the reported data show a remarkable correlation between
A (ppm) and distance to the nearest iron. These data suggest
that the change in the net charge of the prosthetic group affects
chemical shifts of the resonances close to it and that this effect
does not depend on distance in an isotropic way. If we consider
the amide nitrogens and compare their Ad(ppm) values with
those of the corresponding proton resonances, we note that
there are five amide nitrogens that experience dramatically dif-
ferent chemical shifts in the reduced versus the oxidized protein:
Glu34 (+5.2), Ala37 (+15.8), Thr51 (4 22.2), Ser67
(< = + 4.3), and Val 68 (+ 5.7). The differences in shift ob-
served for these residues are 10 to 100 times larger than those of
other amide nitrogens in similar proximity to the cluster. Hence,
it is likely that changes in chemical shift arise by more than one
mechanism. For each of these amide groups, the corresponding
proton signal is shifted by less than 1 ppm; this indicates that the
observed Ad(ppm) cannot originate from a pseudocontact con-
tribution. As four of the five affected residues follow a cysteine
ligand, a contact contribution from the Cys residues is possible.
The absence of data on three of the four Cys amide resonances
prevents a full evaluation of this possibility. Nevertheless, in the
case of Cys 33-Glu 34, a difference in Ad of + 5.2 ppm is ob-
served for N of Glu 34 in the oxidized versus the reduced
protein, while the equivalent value for N Cys33 is
AS = —1 ppm (i.e., it is smaller and of opposite sign). As there
are three covalent bonds between Cys 33 Sy and Cys 33 N and
four covalent bonds between Cys 33 Sy and Glu 34 N, a sizable
contact contribution to the chemical shift seems very unlikely.

Overall, the '*H and 'N NMR data suggest that the observed
differences in the chemical shifts of the oxidized and reduced
HiPIP are predominantly diamagnetic in nature. Differences in
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chemical shifts upon redox reactions are observed in cy-
tochrome ¢ and in some of its mutants. They are usually as-
cribed to changes in hydrogen-bonding patterns and, more gen-
erally, to alterations of secondary structure elements.!3233!
While some of the observed changes in chemical shifts may have
a similar origin, it is difficult to relate changes of this type to
specific structural changes. On the other hand, removal of a unit
charge from the cluster upon oxidation may affect electron den-
sities in the neighboring atoms, in turn affecting the correspond-
ing shielding tensor. This is particularly true for heteronuclei.
Recent theoretical work has related the reduction potential of
the cubane clusters to the number and orientation of the CONH
dipoles in the proximity of the cluster itself.1**! The corollary of
this may also be true, that is, that the change of a unit charge on
the cluster may alter the electronic distribution over the CONH
dipoles. According to this reasoning, protons would be affected
to a much lesser extent, consistent with the current observations.
Differences of this kind have also been observed for cy-
tochromes and were attributed to structural differences.[32-331
In the present case it seems more likely that differences in chem-
ical shift arise from a change in electronic distribution rather
than geometric variations arising from a change in the oxidation
state.

Comparison with X-ray data: Comparison of the RMDw struc-
tures of the protein in both oxidation states with the two inde-
pendent molecules observed in the X-ray structure>* affords a
better analysis of the results obtained. Again, interpretation of
the RMDw structures is always subject to the relative disorder
of the various regions; any observed structural inequalities be-
tween the solution structures in the two oxidation states or
between one of the solution structures and the X-ray data that
occurs within a region characterized by large RMSD in the DG
or RMD families must be interpreted with great caution.
Table 3 summarizes the average RMSD values from the pair-
wise comparison of the RMDw structures of the oxidized and
reduced proteins, of the two independent crystal structures, and
of the average structures of the DG families of the oxidized and
reduced proteins. The RMSD values per residue are reported in
Figure 12. Two features are evident: First, the RMDw struc-
tures of both the oxidized and reduced HiPIP are slightly more
similar to molecule B than to molecule A derived from the crys-
tallographic data. Second, the crystallographic structures are
more similar to the solution structure of the reduced HiPIP than

Table 3. Pairwise average RMSD for the RMDw structures (oxidized and re-
duced), for the two X-ray molecules, and for the average structures of the oxidized
and reduced DG families. Values reported in the upper part of the table were
obtained by best-fit superimposition of backbone atoms for residues 3—-71; those
reported in the lower part were obtained by considering residues 3~21 and 30-71.

X-ray A | X-ray B | RMDw { RMDw
Ox Red

DG Ox | DG Red

BB0.49 |BB1.30 |BB0.75 | BB0.95 | BB 0.85
HA 1.23 | HA 2.20 | HA 1.65 | HA 1.50 | HA 1.42

BB 1.16 | BB 0.69 | BB 0.86 { BB 0.78
HA 1.89 | HA 1.54 | HA 1.46 | HA 1.35

BB 0.99 {BB0.85 | BB 1.11
HA 1.56 | HA 1.40 | HA 1.68

BB 0.68 | BB 0.68
HA 1.40 | HA 1.24

X-ray A

BB 0.50
HA 1.18

BB 0.97 | BB 0.87
HA 1.68 | HA 1.66

RMDw Red (BB 0.72 | BB 0.67 | BB 0.77
HA 1.53 | HA 1.46 | HA 1.37

X-ray B

RMDw Ox

—%*— OXRED T
—®— OX Xray
—O— RED Xray

residue number

Fig. 12. Pairwise RMSD per residue between the oxidized and the reduced RMDw
structures (*), between the oxidized RMDw structure and the solid-state structure
(molecule B) (m), and between the reduced RMDw structure and the solid state
structure {molecule B) (0).

to that of the oxidized protein. These relative similarities are
discernible in the DG structures, but are more pronounced after
RMDw refinement. The two RMDw structures together with
the crystallographic structure of molecule B are presented in
Figure 13. The largest variation in these structures occurs in the

Fig. 13. Stereo drawing of the backbone atoms of the solid-state structure
(molecule B, dashed line) superimposed on the RMDw structure of the oxidized
form (thick line) and the RMDw structure of the reduced form (thin line). Struc-
tures were aligned by best-fit superimposition of C, Ca, and N atoms of residues
4-71.

region spanning residues 22—-30, where the resolution of the
solution structure of the oxidized protein is lower. The similari-
ties of the three structures were reevaluated omitting this region
to avoid bias from the lower resolution. Even if the RMSD
values of the oxidized protein are decreased by 25% (Table 3,
lower half vs. upper half), the crystal structure (molecule B)
remains more similar to the solution structure of the reduced
HiPIP than to that of the oxidized protein. For the C. vinosum
HiPIP, the crystallographic structure of the protein is also more
similar to the solution structure of the reduced protein .12 7181

Of particular note is the increased distance between His 52
NH and Cys 50 Sy in both solution structures relative to the
crystallographic structure. This increased distance is sufficient
to prevent the formation of an H-bond between His 52 HN and
Cys 50 Sy. On the other hand resonance Raman experiments
performed on C. vinosum HiPIP1*®! have shown that the amide
proton of Leu 65, which is roughly superimposable with His 52
of E. halophila HiPIPI, forms an NHS hydrogen bond with a
cysteine sulfur atom. Unfortunately, no signal corresponding to
His 52 HN was detected in the protein in either oxidation state,

DG Ox f{iof9:7 :?\01' 8450 gioﬁs 2101‘6382 f{?\oi7111 thus precluding the direct monitoring of the dipolar connectivi-
5G Red 55085 13807 88083 BB 067 1BB 070 ties of His 52 HN and changes in chemical shift experienced by
HA 140 | HA 1.34 | HA 1.39 | HA 1.16 | HA 1.08 His 52 backbone resonances when passing from the oxidized to

the reduced state.
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Comparison of the solution structures of oxidized and reduced

C. vinosum HiPIP and E. halophila HiPIPI: From the above

discussion, it is clear that while most of the protein is unaffected

by the change in redox state, there are some regions that may
have a redox state dependent conformation. This finding is of
particular interest in the light of the recently solved solution
structures of oxidized and reduced C. vinosum HiPIP.1** "1 The
high homology between the structures of the two proteins, as
established from X-ray data!'?- 8] and extensively discussed by

Holden and co-workers,!37! extends to the statistical parameters

and to possible redox state dependent conformations. The

analogies between the structures of E. halophila HiPIPI and

C. vinosum HiPIP in the two redox states are summarized be-

low:

1) In the oxidized proteins, 7, values of the hyperfine-shifted
signals are longer, the assignment is more extensive, and the
observed number of NOEs increases. Thus, although para-
magnetism is higher in the oxidized form (S = '/, ground
state, instead of S = 0), [Fe,S,]* " HiPIPs are more suitable
for NMR investigations than [Fe,S,]** HiPIPs.

2) Due to the increased number of constraints that are obtained
for the oxidized proteins, the quality of the structure of the
oxidized protein, as judged by the RMSD values and the
1—S parameter for dihedral angles, is higher than that of the
reduced protein at each of the three refinement levels (DG,
REM, and RMD).

3) The X-ray structures are more similar to the solution struc-
tures of the corresponding reduced proteins than to those of
the oxidized proteins. This is true although the available
X-ray structure of C.vinosum HiPIP is of the oxidized
protein.'® The oxidation state of the crystallized
E. halophila HiPIPI was not specified.!I'”!

4) Other than some translational movements, the structure of
the regions spanning the residues 1-20 in E. halophila
HiPIPI (corresponding to 1-25 in C. vinosum HiPIP) and
residues 57-65 in E. halophila (68-76 in C. vinosum) are
very similar in both oxidation states and very similar to the
corresponding X-ray structure.

5) The regions showing differences, either between the solution
structures of the oxidized and reduced proteins or between
the solution and crystallographic structures, are amazingly
similar for the two proteins. In most cases these differences
may be exaggerated by the lower number of constraints in
these regions; thus, it is difficult to pinpoint specific struc-
tural differences. Nevertheless, these differences are con-
served in the three-dimensional alignment and for the most
part involve aromatic residues (Phe 38 (Phe 48), His 52
(Leu 65), and Phe 55 (Phe 66)).

6) The chemical shift differences observed between oxidized
and reduced forms are also surprisingly similar for both
proteins. Figure 10 reports also the chemical shift differences
on the basis of the proposed three-dimensional alignment of
the sequences.!'7- 29 No redox state dependent differences in
chemical shifts are observed in the external parts of the
proteins. Significant differences are noted, as the backbone
approaches the cluster, at residues 33-41 (43-51 for
C. vinosum, and encompassing Cys I and Cys I113%)), 49 (62
in C. vinosum), 51 (Gln 64 for C. vinosum, close to Cys III)
and from residue 58 (69 for C. vinosum) to the C terminal of
the protein. Tyrosine 14 and phenylalanine 55 (Tyr 19 and
Phe 66, respectively, for C.vinosum) also approach the
cluster with their side chains (less than 3.5 A from a ring
proton to a S of Cys ligand or from an S of the cluster) and
experience differences in chemical shifts. These two residues
are of particular interest and, except for Phe 55 in R. tenuis
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HiPIP,*%! they are conserved in all HiPIPs that have been
isolated to date. In the case of Tyr 14, an interaction between
the aromatic ring and the lone pair of S of cysteine has been
proposed to be a possible determinant of the electron trans-
fer properties of the protein.!'®] The ring of Phe 55 has been
observed to be in different orientations with respect to the
cluster in different HiPIPs.!'”18) In the present structures
Phe 55 could also experience the same kind of interaction.

The electron transfer rearrangement in related proteins: Cyto-
chromes constitute good probes to study whether structural
rearrangements are observed upon changing the oxidation state.
In the early 1980’s, X-ray data on ferrocytochrome c and ferri-
cytochrome ¢ at a resolution of 1.5 A and 1.8 A, respective-
ly,[27-4%1 revealed that structural changes occur involving
residues close to the heme pocket, namely, Tyr 67, Asn 52,
Tyr 48, and a water molecule. The heme was found to be flatter
in the oxidized state. NMR studies based solely on the analysis
of proton chemical shifts and NOE intensities of WT and mutat-
ed cytochromes ¢ in the two redox oxidation states revealed that
the change in redox state is coupled to a rearrangement of the
H-bond network that runs through the protein.[*!} This is con-
sistent with the X-ray studies. However, more recently, X-ray
data on the two oxidation states of yeast iso-1-cytochrome c
showed that the overall average value for the differences in the
main-chain atoms is 0.31 A, whereas all H-bond interactions
between main-chain residues are retained.'*?! One of the most
significant redox state dependent conformational differences in-
volve a water molecule (WAT 166) that is displaced 1.7 A to-
wards the heme iron in the oxidized state. It has been proposed
that this water molecule stabilizes both oxidation states by a
number of mechanisms; the disruption of interactions mediated
by WAT 166 can decrease the redox potential by 56 mV.[43
More thorough NMR studies and their interpretation may shed
further light on these systems.

The blue copper proteins are an important class of electron
transfer proteins.!**! They cannot be studied by NMR in the
oxidized state because copper(il) has an unfavorable electron
relaxation time."**! From X-ray studies!*% *7 it is apparent that
only minor variations in bond lengths and angles are observed.
In plastocyanin, a lengthening of the two Cu—N(His) bonds by
about 0.1 A was observed upon reduction, together with a 10°
degree variation in the Cu-S-CB(Cys) bond angle.!*™ Also other
small variations involving the polypeptide chain were observed,
but they were too small to be associated to a functional role.[*"

Concluding Remarks

We have solved the three-dimensional structure in solution of
the paramagnetic protein HiPIPI from E. halophila in the oxi-
dized state. The quality of the structure obtained is higher than
for the reduced form of this protein and for the solution struc-
ture of C. vinosum HiPIP in both oxidation states. It is always
interesting to note that, although the "H NMR spectra of the
oxidized and reduced proteins are rather different, the structures
obtained are amazingly similar. A comparison of the RMSD
values for the oxidized and reduced structures indicates that
they are not equal. Minor differences are observed in several
protein parts. However, better resolution is needed for a more
detailed analysis. The observed differences in chemical shifts
between the two oxidation states reflect changes in the electronic
structure, possibly with a contribution from minor geometrical
changes. The behavior observed for E. halophila HiPIPI can be
compared to that observed for C. vinosum HiPIP. When the
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chemical shifts of the two proteins are compared on the basis of
their sequence homology and of their three-dimensional align-
ment, it can be concluded that the reorganization resuiting from
electron transfer, as monitored by the chemical shifts, is similar
in the two proteins. In the above discussion, this behavior has
been compared with that of other systems studied previously by
NMR spectroscopy or other techniques.

Experimental Procedure

Sample preparation: A sample of purified recombinant E. halophila HiPIPI was
obtained as previously described [48]. The recombinant protein differs from the
native one in that it has two additional N-terminal amino acids, designated as Ala 1
and Ser 2. About 15 mg of the protein, as obtained from the last purification step
(4-morpholinepropanesulifonic acid (MOPS), pH =7, 0.1m NaCl), was exchanged
by ultrafiltration (Amicon YM 3 membrane) into 50mm phosphate (pH = 5.0). The
protein was maintained in the oxidized state by the addition of 2.5 ul. of a 0.1 M
solution of K,[Fe(CN),] in S0mMm phosphate. D,0 was added to a final concentra-
tion of 10% for the deuterium lock. The sample had a final volume of 500 pL and
protein concentration of 3.5mM. Protein samples dissolved in D,0 were prepared
by using analogous solutions of D,0. The !*N-labeled HiPIP was isolated and
purified from E. coli cultures grown in & minimal medium (M9) enriched with
(**NH,),S0, (0.6 gL ).

NMR spectroscopy: NMR spectra were recorded on a AMX 600 Bruker Spectrom-
eter at two different temperatures (288 and 298 K). Hyperfine-shifted signals were
recorded over a spectral window of 125 kHz. The '"H NMR spectrum of the protein
recorded over a 125 kHz spectral window is reported elsewhere [14], together with
the assignment of the hyperfine-shifted signals belonging to SCH, and «CH protons
of Cys residues. 1 D NOEs were performed on the nine signals (seven of which were
affected by a sizable hyperfine shift) that could be selectively irradiated by using the
superWEFT pulse sequence (180-1-90-aq-RD) [49]. Selective irradiation was ac-
complished by a selective decoupler pulse during the delay 7, as described previously
[50: 51]. Irradiation times were varied from 20 ms to 170 ms in order to discriminate
betwee first- and second-order NOEs. Furthermore, the experiments were repeated
with two different spectral windows. In one series of 1 D NOEs, the spectral window
was maintained at 125 kHz to quantitatively estimate the observed NOEs with
respect to the irradiated signal. In the second series of experiments, measurements
were collected over a spectral window of 8.6 kHz and 8192 data points, to achieve
a higher resolution. The latter procedure allowed a more accurate analysis of the
connectivities observed in the diamagnetic region. Finally, a NOESY [52] using a
spectral window of 85 kHz and 1024 data points in F2 (356 experiments) was
recorded at 288 K. Mixing and recycle delays of 9 ms and 62 ms, respectively. were
used. The spectral window was further minimized by placing the carrier frequency
at & = 36.3 and presaturating the water signal by using an off-resonance DANTE
sequence [S3].

Signals within the diamagnetic envelope were recorded by a variety of techniques.
NOESY spectra with mixing times of 100 ms and clean-TOCSY spectra [54] with
spin lock times of 25 ms were recorded both in H,0 and D,0 at two different
temperatures (288 and 298 K). A NOESY spectrum obtained with a mixing time of
15 ms and a TOCSY spectrum with a spin lock time of 10 ms were recorded on the
D,0 sample at 288 K. 4096 data points were collected in the acquisition dimension,
and 900- 975 experiments were acquired in the other dimension, except in the case
of the NOESY and TOCSY experiments with short mixing times, for which 742 and
536 experiments were acquired, respectively. Quadrature detection was achieved
cither with the States method [55] or with the TPPI method [56]. The water signal
was suppressed through presaturation during the mixing time and the relaxation
delay. Raw data were processed with the standard Bruker software. Data in the time
domain were zero-filled in order to obtain 2 K x 1 K data points in the frequency
domain. A polynomial baseline correction and a squared cosine apodization func-
tion were applied in both dimensions. HMQC experiments {57- 58] were performed
on a sample of '*N-labeled protein in a 5 mm reverse detection probe. Proton
chemical shifts were calibrated by assigning the H,O or HDO signal shift values of
4.81 and 4.93 ppm from sodium 4.4-dimethyl-4-silapentane-1-sulfonate (DSS) at
the temperatures of 298 and 288 K, respectively. Nitrogen chemical shifts were
calibrated by assigning the (}*°*NH,),SO, signai a shift of 21.6 ppm at 298 K, refer-
enced to liquid ammonia. All spectra were analyzed with the aid of the program
XEASY [59] on IBM RISC 6000/530 computers.

Distance geometry calculations: Intensities of dipolar connectivities in all 2D
NOESY spectra obtained using a 100 ms mixing time (for samples in H,0 or D,0,
recorded at either temperature) were measured using the integration routines in the
program XEASY [59]. Where peaks strongly overlapped, contributions from the
individual peaks were estimated by fitting the overall intensity to the line shapes
determined from the 2 D spectrum [60]. Peak volumes were converted into distance
constraints with the program CALIBA [16]. NOEs were divided into five different
classes: 1) intraresidue except HN, Ha, Hf: 2) sequential and intraresidue HN, Ha,
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Hp: 3) medium range: 4) long range backbone; and 5) long range. Connectivities
obtained through steady-state or truncated NOE experiments where transformed
into upper distance limits by a different calibration procedure, described earlier.

The three-dimensional structures were calculated with the distance geometry (DG)
program DIANA [16] employing the redundant angle constraint strategy (REDAC)
{19]. A preliminary REDAC cycle was used to determine redundant angle con-
straints. These redundant angle constraints, together with experimental distance
constraints, were used on 500 random starting conformations. Cutoffs on the target
function of 1.2 A2 in the first step and of 1.0 A? in the second and third steps were
used to select 29 and 18 structures, respectively. The final DG run was performed
without the redundant angle constraints using the 18 structures as starting confor-
mations [19]. These 18 conformers are referred to as the DG family of structures.
The cluster was simulated in the distance geometry calculations using the previously
described strategy [1]. Stereospecific assignments were achieved through the pro-
gram GLOMSA [16] in the final stages of the structure calculation.

Molecular dynamics refinement: Restrained energy minimization (REM) and re-
strained molecular dynamics (RMD) calculations on the structures obtained from
distance geometry calculations were performed using the SANDER [22] module of
the AMBER 4.0 program package [61]. The force-field parameters for all residues,
except the cluster and the cysteine ligands to the irons, were the standard AMBER
**all atoms” parameters [62]. For the iron and sulfur atoms and for the iron-bound
cysteines, previously reported force-field parameters were used [20°21]. Such
parameters differ sizably from those proposed by D. A. Case (personal communica-
tion); calculations with the latter parameters provide almost identical results except
for residues 68-69. The energy of each of the 18 DG structures was minimized
(REM family of structures). Each structure was then subjected to a molecular
dynamics simulation of 36.0 ps in vacuo. The system was heated from 0 to 300 K in
a coupled thermal bath of 300 K with a time constant of 0.1 ps [63]. A distance-de-
pendent dielectric constant was used. The time step was 1.5 fs. The bond lengths in
all RMD calculations were kept rigid by using the SHAKE algorithm [64], whereas
they were allowed to vary in all REM calculations. The nonbonded interactions
were evaluated with a cutoff of 10 A, and the pair list was updated every 20 steps.
During the calculations, a NOE-weighted potential function [22] was applied by
using the SANDER module of AMBER. The mixed linear - harmonic potential is
reported elsewhere [1,22].

The RMD trajectories were analyzed with the program CARNAL [65]. The final
12.0 ps of the RMD simulation of each structure were used to generate an average
structure whose energy was again minimized. The 18 structures obtained in this way
represent the RMD family. The mean structure of the RMD family was subjected
to further MD calculations in water. The procedure is basically the same as the one
used for simulations in vacuo except that a 10 A-thick shell of water molecules,
together with six appropriately placed Na* ions to neutralize the protein, were
added, and a fixed dielectric constant was used. The trajectory was calculated for
144 ps and the last 36 were averaged to obtain the final structure (RMDw struc-
ture). All calculations were performed with double-precision accuracy on IBM
RISC 600/530 computers.
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