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Abstract: The solution structure of HiPIP from Chromatium vinosum has been modeled through molecular dynamics (MD)
calculations and compared with the X-ray structure. This is the first attempt to investigate open shell ions in a polymetallic
system through MD. The results have been compared with available NOE constraints, which are definitely in better agreement
with the MD model than with the X-ray structure. This contribution opens the route to the investigation of iron—sulfur proteins

through the combined use of MD and NMR.

Introduction

In the past few years molecular dynamics (MD) studies have
become increasingly useful as a tool for analyzing the structural
features of polypeptides and proteins.!>  Furthermore, the
available force field parameters for amino acid residues have
already reached a noteworthy level of sophistication. They are
capable of describing the dynamics at the picosecond level, of
determining the solution structures with the use of NOE con-
straints, and of modeling the structure of a protein, given the X-ray
structure of a homologous protein.’~

The presence of metal ions coordinated to proteins is a major
obstacle to MD studies because of the complexity of their elec-
tronic structure. Reliable parameters for a few specific cases, like
the closed shell zinc(II) ion in zinc enzymes® and high-spin
iron(III) in heme proteins,” have begun to appear. However,
metalloproteins are still avoided by most groups involved in MD
studies on biological molecules; if one recalls that about half of
all known enzymes contain metal ions,? it is apparent that a large
number of systems have been ignored.

The difficulties are even more serious in polymetallic systems
where, besides metal—protein interactions, metal-metal interactions
are also present. Iron—sulfur proteins are typical examples of this
class.® They are electron transfer proteins containing Fe,S,, Fe;S,,
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or Fe,S, clusters (Chart I). Among those containing the Fe,S,
cluster are the ferredoxins, displaying reduction potentials in the
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range —250 to —650 mV, and the so-called high-potential iron—
sulfur proteins (HiPIP) with positive reduction potentials in the
range +50 to +450 mV. It is known that in ferredoxins the redox
pair is {Fe,S,;]2*/[Fe,S;]*, whereas in HiPIPs it is [Fe,S,}°*/
[FelS,J*.

HiPIPs are particularly interesting as a class. They are
widespread proteins whose biological function, at variance with
ferredoxins, is still unclear; they have a surprisingly low degree
of homology, redox potentials spanning over 400 mV for the same
redox pair, and yet have very similar spectroscopic properties
suggesting a similar overall fold around the metal cluster. The
sequence is known for the proteins from C. vinosum, R. gelati-
nosus, E. halophila I, E. halophila II, R. gracile, and R. tenue,'’
and unreported sequences for R. globiformis and E. vacuolata
I'and II'! are known. The X-ray structure is only available for
C. vinosum'? and E. halophila I,'® at 2.0 and 2.5 A resolution,
respectively. If it were not for the presence of the iron—sulfur
cluster, these proteins would have already constituted an ideal
research area to attempt the modeling of the many unknown
structures from the two existing structures.

Herein we investigate the possibility of applying MD calcula-
tions on HiPIPs in order to model their solution structure. We
have chosen the HiPIP from C. vinosum because its X-ray
structure is available.'> We use the X-ray structure as the starting
point and then use NMR data to test the correctness of our
simulations. We will show that we can treat the Fe,S, cluster
by deriving a set of force field parameters which takes into account
experimental data and values already used for other metal sites.
To model the charge distribution in the cluster we have used recent
ab initio calculations on Fe,S, clusters.'* These parameters are
able to reproduce and maintain along all the MD trajectory the
geometry of the cluster and therefore are suitable for charac-
terizing the structure and dynamics of this protein. In metallo-
enzymes that contain catalytic metals, the metal center is solvent
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Table I. Force Field Parameters Used for the Iron-Sulfur Cluster?

Bending Constants
S*-Fe-S = S*-Fe-S* = Fe-S*-Fe 230.1 kJ mol™! rad?
(55.0 kcal mol™! rad?)
627.6 kJ mol™! rad?
{150.0 kcal mol! rad?)

C-S-Fe = LP-S-Fe = LP-S-C

Partial Atomic Charges
oxidized HiPIP  reduced HiPIP

S +0.31
LP —0.40
C -0.30
Fe +1.47 +1.34
S* -0.91 -1.04

4S* = inorganic sulfur, S = cysteine sulfur, LP = electron lone pair
for cysteine sulfur, C = cysteine §-carbon.

accessible and participates in the catalytic reactions, and therefore
an accurate description of its electronic structure is necessary.
HiPIPs are electron transport proteins where the cluster acts as
electron donor/acceptor. In redox proteins, the variation in the
oxidation number by one unit is not expected to sizably alter the
structural features of the surrounding protein.'> Therefore, an
exact description of the electronic structures is not crucial, whereas
it is important to pay attention to the geometric features imme-
diately surrounding the cluster.

For the HiPIP from C. vinosum, besides the X-ray structure,
NOE data have recently become available, providing NOE con-
nectivities over a large part of the whole protein'®'® and in
particular in the immediate surroundings of the cluster.' The
latter NOE data have been used, by taking the X-ray structure
as a starting point, to assign all the protons of the coordinated
cysteines and to therefore assign the individual oxidation states
of the iron ions in the cluster.'®!” The overall agreement with
the X-ray data was acceptable; however, the intensity of the
NOEs!® sometimes did not follow the X-ray-derived interproton
distances, suggesting that the actual structure in solution is
somewhat different from the X-ray structure. We are thus ina
position to perform a complete MD study on the HiPIP from C.
vinosum by using the X-ray structure as a starting point and then
to check the results against independent solution data. We show
here that the results constitute a better description of the solution
structure with respect to the crystal structure and open the way
to model the solution structures of the other HIPIPs for which
no structural data are available. Comparative analysis of these
structures will help in understanding, for instance, the large
variations in reduction potentials within the class of HIPIPs and
between HIPIPs on one side and ferredoxins on the other and the
distribution of charges inside the cluster, and it may provide some
hints on the electron transfer pathways operative within the protein.

Computational Procedure

The simulations were carried out using the AMBER 4.0 program'®
running on an IBM RS/6000 520.

Parametrization of the Metal Active Site Parameters. (a) Nonbonded
Interactions. It has been pointed out®®% that an important point in MD
calculations when dealing with metalloenzymes is to estimate the point
charges for the atoms at the active site: it is well known?! that electro-
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static interactions play a fundamental role in determining the nonbonded
interactions, which, in proteins, are key factors which determine the
tertiary structure. The use of formal charges has been demonstrated to
be unrealistic, as the metal ion charge is actually spread out partially on
metal ion ligands.?> 1Indeed, also in the present system, the use of the
formal charge on the iron ions (+2 or +3) and sulfide ions (-2) produces
a collapse of the cluster, even during energy minimization.

Computation of atomic charges for metalloenzymes can be accom-
plished using quantum mechanical procedures. For example, this has
been done for the zinc metalloenzymes carbonic anhydrase? and car-
boxypeptidase,® giving satisfactory results. These systems are closed
shell systems; however, one of the oxidation states in the present systems
is open shell and this poses more problems in obtaining atomic point
charges.?

In order to treat the point charges in the cluster we have thus used
recent ab initio SCF model calculations of plant type 2Fe—2S ferredox-
ins,'® containing the Fe,S; cluster (Chart I). The oxidized protein bears
two ferric iron ions, while the reduced form can be described best as a
Fe(II)-Fe(III) system.? Carloni and Corongiu'* have carried out a
Mulliken population analysis?’ for two compounds of the formula
[Fe,Sy(SCH;),]>/*, which were chosen to model the active site of oxi-
dized and reduced ferredoxin, respectively. As already mentioned in the
introduction, reduced HiPIPs are characterized by two ferric and two
ferrous iron ions, bridged by inorganic sulfurs in a cubane-type ar-
rangement. This cluster is equivalent, in terms of type and number of
atoms and of total number of electrons, to twice the reduced Fe,S,
cluster. At variance with the Fe,S, cluster, however, we know from
Mossbauer and NMR data that the extra electrons of the reduced iron
ions are delocalized over all the cluster, thus making all the iron ions
equivalent. Thus, we have taken the charges of the iron ions in the
reduced form of the Fe,S, cluster equal to the average of the Mulliken
charge values calculated for the two iron ions in the reduced Fe,S,
ferredoxin cluster model (Table I). As far as the point charges of the
inorganic sulfurs and those of the sulfurs and 8 carbons of the coordi-
nated cysteines are concerned, the same Mulliken charges obtained in the
Fe,S; model also were used in the present system (Table I).

For the oxidized form of HiPIP we have simply removed 0.125 elec-
tron from each atom (iron and inorganic sulfur) present in the cluster.
We performed calculations also on a system in which the extra electron
has been removed from the cluster in an asymmetric way (see below).
Passing from the reduced to the oxidized form, we did not change the
charges of the cysteine sulfurs since, from the ab initio computation,'
it appears that the charges on the thiolate sulfurs binding the iron atoms
are not significantly affected by removing one electron from the reduced
form.

As far as the Lennard-Jones (LJ) parameters are concerned, for the
iron atoms we have used the values used by Karplus for iron in myo-
globin,’ while for the inorganic sulfur atoms the all atom?® cysteine sulfur
values are used.

(b) Bond Interactions. During all the simulations, the SHAKE al-
gorithm? has been used for all the bonds of the cluster, thus constraining
bond lengths to their starting X-ray values.

As far as bending constants are concerned, suitable values can, in
principle, be derived from experimental data, as, for example, from the
analysis of vibrational spectra.! However, we have found that force
constant values two to three times higher (around 200 kJ mol~! rad2 or
50 kcal mol™! rad~?) than the experimental ones*® (75.3 kJ mol™! rad-?
or 18.0 kcal mol™ rad"?) are needed for the Fe-S-Fe, S-Fe-S, and
Fe-S-C bending constants to maintain the cubane geometry of the
cluster. Indeed, it has been found for other metalloproteins that the
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experimental values, obtained from the analysis of vibrational spectra,
may not be able to model correctly the metal ion coordination and that
force constant values about two times higher than the experimental values
are needed.’’ The bending parameters we found suitable for describing
the present systems are very close to the values used for the N-Fe-N
bending constant in myoglobin,’? i.e. for an iron atom in a rigid, fixed
geometry. It is worth noting that these values are still lower than most
standard bending constants used in AMBER, still leaving some mobility
to the cluster. As an example, AMBER uses a cysteine C-S—C bending
constant of 284.7 kJ mol~! rad-2 (68 kcal mol™! rad-?).

Our parameters are able to reproduce the geometry of the cluster
without keeping it as a rigid moiety. The equilibrium angle values were
those of the starting X-ray structure. The torsion angle constants of the
atoms forming the cubane were set to zero, and no "lone pair” was added
to the inorganic sulfurs. On the other hand, the four bonded cysteines
were treated as standard except for the charges of the sulfur and Cy
carbon, for which the ab initio charges were used. The sum of the
cysteine and cubane charges results in the correct net charge of -1 for
the oxidized and -2 for the reduced form. The parameters used in the
present system to describe the iron—sulfur cluster for both the reduced
and the oxidized forms are summarized in Table I.

We have therefore phenomenologically built a set of parameters which
satisfactorily models the properties of the cluster and which allows us to
characterize the structural and dynamical properties of the protein res-
idues around the cluster itself.

Parametrization of the Rest of the Protein. For the residues within
a 15 A sphere centered on the center of mass of the cluster we have used
the all-atom AMBER force field parameters, developed by Kollman and
co-workers,?® while for the rest of the protein the united-atom? force field
has been used.

Protein Model. As our starting system, we have taken the X-ray
structure of oxidized HiPIP from Chromatium vinosum (2 A resolution)
whose coordinates are available in the Protein Data Bank.!* By using
the interactive molecular graphics package SYBYL,* we have added a
few atoms whose coordinates were not available in the PDB file, ac-
cording to the amino acid sequence, and made some amino acid changes
in agreement with a subsequent primary structure determination.'® We
have chosen to simulate a neutral pH solution. Therefore, the only
histidine residue present in the molecule was taken as neutral in agree-
ment with its pK, < 7 suggested by potentiometric** and NMR titra-
tions.** We have protonated it on the Ne position; being a surface
residue not engaged in obvious hydrogen bonding nets, the choice of
which ring nitrogen is protonated is irrelevant.

The protein charge (-4 at neutral pH) was neutralized by adding four
sodium ions far from the active site, and they were not placed near salt
bridges so as not to interfere with them. The 75 crystallographic water
molecules were added to the protein. The whole system was solvated by
a sphere of TIP3P waters? with the SOL option in EDIT. Water was
added up to 9 A around the protein, which resulted in the addition of
1500 water molecules. The final system was composed of about 5500
atoms.

Molecular Dynamics Calculations. We have used the same procedure
for both oxidized and reduced HiPIP.

A 9-A cutoff was chosen for the nonbonded interactions. The number
of resulting pair interactions was about | 600000, the pair list being
updated every 10 steps of minimization or dynamics. The time step used
in the dynamics was 1.5 fs; a dielectric constant value of | was chosen.
The temperature of the system was maintained constant at 300 K by
coupling it with the thermal bath.*” The values of the energies and the
coordinates were saved every 100 steps. All the water molecules were
equilibrated by minimizing the root-mean-square energy gradient of 0.42
kJ mol™ (0.10 keal mol ™) followed by 9 ps of MD. Then, a minimization
on the whole system was carried out, the convergence criterion being as
above. Finally, MD was performed for 75.6 ps on the whole system.
During this step, the water molecules in a shell between 24 and 30 A from
the center of mass of the cluster were constrained by a very low harmonic
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Figure 1. Root-mean-square deviation between the instantaneous MD
and the crystal structures of HiPIP from C. vinosum for the backbone
atoms plotted as function of time. The rms values are plotted every 0.45
ps of dynamics.

potential (0.42 kJ mol™! or 0.10 kcal mol™) in order to prevent their
evaporation without considerably affecting their motion. In the first 12.6
ps the system was gradually heated by performing MD runs of 1.8 ps at
the following temperatures: 10, 50, 100, 150, 200, 250, and 300 K. In
all simulations the energy reached a constant value after a fraction of a
picosecond. The coordinates of another 27 ps of dynamics performed at
300 K were discarded.

Data Analysis. The trajectories of the final 36 ps were collected for
analysis and from them an averaged structure was generated by using
the MDANAL module of AMBER. The root-mean-square (rms) fluc-
tuations at time r,, averaged over the protein atoms involved in the MD
and over time, from the starting time step (1; = 27 ps) to the sth time
step (f; = 1,) were calculated as

1212 1/2

-2-Z [rit) = (r)]?
Ni=) S j=)
where r; is the position of the ith atom, ¢, the jth time step, and » the total
number of atoms. The rms deviations of the average structure with
respect to the X-ray structure were calculated as ((1/n) X, |Arf?/n)!/2,
where Ar,; is the displacement of an atom in the average MD structure
with respect to the X-ray structure, and the sum is calculated over all
the atoms, over all the heavy atoms, and over all the backbone atoms of
the protein.

Results

MD Calculations on the Oxidized HiPIP. The rms deviation
of the average MD structure with respect to the starting X-ray
structure of the heavy atoms is 0.96 A. The rms fluctuations over
the whole trajectory, with respect to the MD average structure,
averaged over the heavy atoms and the backbone atoms are 0.65
and 0.46 A, respectively. These very small values indicate that
the present protein is characterized by high rigidity and that the
average obtained from MD simulations is relatively close to the
crystallographic one. Figure 1 shows the rms deviation of the MD
structure with respect to the initial structure, relative to the
backbone atoms. After initial fast equilibrium, the rms values
stabilize to constant values, indicating that the simulated structure
is already substantially well equilibrated after about 20 ps. The
observed rms value is relatively small for a protein of the present
molecular weight.

Figure 2 compares the backbone atoms for the X-ray and the
MD average structures. This protein is characterized by the
presence of secondary structure motifs (« helixes and 3 sheets);
all these motifs are completely maintained along the entire tra-
jectory.

Figure 3a shows the rms deviations, averaged per residue
(considering only the non-hydrogen atoms), between the starting
and the average MD structure, while Figure 3b shows the fluc-
tuations, averaged per residue (again considering only the non-
hydrogen atoms}, with respect to their positions in the average
MD structure. In Figure 3a the amino acid sequence is also
reported. Figure 3a shows that the residues in the average MD
structure, as already mentioned, do not experience a large deviation
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from their position in the starting structure, except for the residues
in the 51-64 range; this region mainly forms a hydrogen-bonded
secondary structure, namely strands of twisted antiparallel 8-
sheets. In any case, the changes in the structure occur during
the equilibration; indeed, Figure 3b shows that the fluctuations
of each residue around the equilibrium position are all very small
and very similar one another.

Finally, the structural arrangement of the residues near the
cluster is essentially maintained during the dynamics. Figure 4
shows a comparison between the starting X-ray and the average
MD structures for the iron-sulfur cluster and most of the sur-
rounding residues whose proton—proton NOEs have been observed.
We find that the backbone structure is not greatly changed in the
average structure with respect to the starting one, although the
side chains, especially for some residues, experience some sig-
nificant displacement.

Some of the displacements observed for residues close to the
cluster are clearly already detected after energy minimization of
the system, which indicates that they are mainly due to the initial
presence of bad contacts. Indeed, along the trajectory, after a
few picoseconds of equilibration, these residues reach the equi-
librium position and then experience only small fluctuations. Some
other displacements occur during the MD, but again they are
completed within the time range of the simulation. The overall
time dependence of the rms for the present system suggests that
its increase with time—despite some contribution due to errors
in the force field potential—is due to real relaxation of the protein,

Maossbauer studies’®3 have shown that the four iron atoms in
reduced HiPIPs are all equivalent, with mean oxidation states of
+2.5. However, in oxidized HiPIPs the extra electron is not evenly
distributed over the four centers but is delocalized on only two
iron atoms, thus constituting a mixed valence pair. NMR studies
have shown that the latter two ions are those coordinated to Cys
63 and Cys 77.'%'7 In our model, discussed above, we have kept
a symmetrical electron distribution in both the reduced and ox-
idized forms. We have then checked the effect of an unsym-
metrical charge distribution by performing a second MD calcu-
lation where a smaller positive point charge (+1.27) was assigned
to the two iron ions belonging to the mixed valence pair and a
larger point charge (+1.67) to the two ferric iron atoms. The
charge difference of 0.4 unit between the two pairs of irons is again
taken from Carloni and Corongiu’s calculations'* on the reduced
Fe,S, system. We estimate this to be an upper limit for the charge
difference in this case, since we are dealing with two Fe* versus
two Fe2** ions. These calculations gave very similar results to
those observed in the case of the symmetric system. In particular,
all the movements observed for several of the residues close to
the iron—sulfur cluster using the symmetrical charge distribution
are again observed in these calculations. Furthermore, the average
positions are very similar in both cases. Hence, we can conclude
that minor changes in the charge distribution on the cluster have
little influence on the MD results. We recall, however, as pointed
out in the computational procedure, that the use of full formal
charges causes a collapse of the cluster.

The above data yield a picture of the structure of oxidized C.
vinosum HiPIP which is presumably closer to the solution structure
than the X-ray structure as far as the bulk of the protein is
concerned. However, the ultimate goal of our approach is to learn
about the structural properties of the residues in the immediate
surrounding of the cluster. To test the validity of the approach
in this particular region of the protein we make use of the NMR
data recently obtained by us.'s

Comparison with the NMR Data. Estimates of proton—proton
distances in solution can be obtained from 'H NOE or NOESY
experiments. These techniques are now routinely applied to
provide the intramolecular distance constraints necessary to solve
protein structures in solution.*

(38) Dickson, D. P. E.; Johnson, C. E.; Cammack, R.; Evans, M. C. W.;
Hall, D. O.; Kao, K. K. Biochem. J. 1974, 139, 105-108.

(39) Middleton, P.; Dikson, D. P. E.; Johnson, C. E.; Rush, J. D. Eur. J.
Biochem. 1980, /04, 289-296.
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Figure 2. Comparison between the backbone of the X-ray (thin line) and the MD average (bold line) structures of oxidized HiPIP from C. vinosum.
The latter has been calculated for the oxidized form with a symmetrical charge distribution on the iron ions (see text).

The problems encountered in obtaining accurate distance es-
timates have been thoroughly discussed.®°#' They can be sum-
marized as follows: (1) difficulties in determining the selective
T, values for steady-state NOE measurements, (2) spin diffusion
contributions to steady-state NOEs, (3) uncertainty in the re-
orientational correlation time, (4) anisotropic reorientation, and
(5) internal motions. The problems connected with points 1 and
2 can be virtually eliminated by reducing the irradiation time (in
1D experiments) or the mixing time (in 2D experiments) below
the relaxation times of the protons involved.*? In this way, the
NOE or NOESY intensities are proportional to the product of
the irradiation (mixing) time times the cross-relaxation rate, which
is in turn proportional to 1/7°. Point 3 can be overcome by using
intensity ratios instead of absolute numbers. As far as points 4
and 5 are concerned, the roughly spherical shape of the protein'3
rules out anisotropic rotation as an important source of error; large
internal motions are also unlikely in the vicinity of the cluster,
as shown by MD calculations (with the possible exception of
methyl groups, see below).

A comment is due on the influence of the paramagnetic cluster
on the NMR parameters of the protein protons and hence on the
reliability of the observed NOEs in the light of the above con-
siderations. In general, paramagnetism decreases the Ts of the
signals and the extent of the NOEs, thereby decreasing the ac-
curacy. On the other hand, smaller NOEs reduce the problem
of spin diffusion and make distance estimates more reliable. The
only problem may be that if Ts are too short, then the time region
over which buildup is linear in NOESY spectra may be too short
to be practical. However, if only one of the dipolar coupled pair
of protons has a short T, 1D NOE measurements can be per-
formed by irradiating this proton. In this case the buildup is linear
up to ~ T, of the other proton on which NOE is observed. In
this respect, the presence of the paramagnetic cluster turns out
to be a big advantage: we have as many as 9 cysteine protons
outside the diamagnetic region. These protons are well isolated
and can be selectively saturated in order to detect NOEs to other

(40) (a) Wiithrich, K. NMR of Proteins and Nucleic Acids; John Wiley
& Sons: New York, 1986. (b) Withrich, K. Science 1989, 243, 45-50. (c)
Weber, C.; Wider, G.; von Freiberg, B.; Traber, R.; Braun, W.; Widmer, H.;
Witrich, K. Biochemistry 1991, 30, 6563—6574. (d) Wiitrich, K. In Methods
In Enzymology; Academic Press Inc.: San Diego, CA, 1989; pp 125-131. (e)
Sheek, R. M.; van Gunsteren, W. F.; Kaptein, R. In Methods In Enzymology;
Academic Press Inc.: San Diego, CA, 1989; pp 204-218. (f) Wagner, R. G.
Prog. NMR Spectrosc. 1990, 22, 101-139. (g) Bax, A. Annu. Rev. Biochem.
1989, 58, 223-256.

(41) (a) Borgias, B. A.; Gochin, M.; Kerwood, D.; James, T. L. Prog.
NMR Spectrosc. 1990, 22, 83—-100. (b) Banci, L.; Bertini, I.; Luchinat, C,;
Piccioli, M. In NMR and Biomolecular Structure; Bertini, 1., Molinari, H.,
Niccolai, N., Eds.; VCH Publishers: Weinheim, FRG, 1991; pp 31-68. (c)
James, T. L.; Borgias, B. A ; Bianucei, A. M.; Zhou, N. In NMR and Biom-
olecular Structure; Bertini, 1., Molinari, H., Niccolai, N., Eds.; VCH Pub-
lishers: Weinheim, FRG, 1991; pp 87-111. (d) Kaptein, R.; Boelens, R.;
Koning, T. M. G. In NMR and Biomolecular Structure; Bertini, 1., Molinari,
H., Niccolai, N., Eds.; VCH Publishers: Weinheim, FRG, 1991; pp 113-139.
(e) Majundar, A; Hosur, V. Prog. NMR Spectrosc. 1992, 24, 109-158.

(42) Neuhaus, D.; Williamson, M. The Nuclear Overhauser Effect in
S;rugctural and Conformational Analysis; VCH Publishers: Weinheim, FRG,
1989.
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Figure 3. (a) Root-mean-square deviation (together with the amino acid
sequence) of the MD average structure of HiPIP from C. vinosum with
respect to the X-ray-structure and (b) root-mean-square fluctuation per
residue with respect to the MD average structure of HiPIP from C.
vinosum.

protons surrounding the cluster. The latter protons, although still
slightly affected by the paramagnetic cluster, have Ts of the order
of 100 ms or more. Indeed, even the paramagnetically shifted
a-CH proton of Cys 77 has a T, as long as ~40 ms.!"*

In the light of the above considerations we can safely make use
of the already available NOE data,'®'® which have been recorded
using the truncated NOE mode.!¢ In addition, we have performed
some specific checks to establish the linearity between NOE
intensities and irradiation time. We have found that for all the
relevant NOEs the response is practically linear up to irradiation
times as long as 80 ms, hence we do not sacrifice the NOE in-
tensities more than necessary. In this respect, truncated NOEs

(43) Sola, M.; Cowan, J. A.; Gray, H. B. Biochemistry 1989, 28,
5261-5268.
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Figure 4. Comparison between the iron—sulfur cluster and some surrounding residues in the X-ray structure (thin line) and the MD average structure

(thick line) of HiPIP from C. vinosum.

Table II. Comparison between Experimental NOEs in the Neighborhood of the Fe,S, Cluster of Chromatium vinosum and the Expectations

from the X-ray Structure and the MD Refined Structure?

irradiated dist (A) NOE* NOE® NOE* dist (A)
signal observed NOE (X-rays) (X-rays) (exp) {MD) (MD)
Ha Cys-77 Ha Tyr-19 2.2 Vs [Ts s ] 2.4
HB, Cys-77 Ha Tyr-19 2.7 m m m 2.6
HB, Cys-77 Ha Tyr-19 2.7 m S S 24
HB, Cys-77 Hé Tyr-19 2.0 Vs m s 24
HB, Cys-77 Hg, Tyr-19° 2.1 Vs W m 2.9
HB, Cys-77 HB, Tyr-19¢ 23 s m m 2.6
HB, Cys-77 HN Ala-78¢ 2.8 m s s 2.4
Ha Cys-77 HN Ala-78¢ 23 s i m m 2.5
HB, Cys-43 Ha Val-73 2.5 m [Cvs Vs 2.2
HB, Cys-43 Ha Val-73 3.5 w w w 3.1
HB, Cys-63 HB, Phe-66 34 w L VW VW 47
HpB, Cys-63 HpB, Phe-66 1.8 Vs m m 3.0
HB, Cys-63 Hé, Phe-66 3.1 w VW vw 4.0
HpB, Cys-63 H4, Phe-66 2.2 Vs | m m 2.5
HB, Cys-46 He, Trp-80 3.1 w [(m m | 3.0
HB, Cys-46 Hé, Trp-80 2.5 m m m 2.5
Ha Cys-77 He; Trp-76 2.8 m s m 2.8
Ha Cys-77 H¢; Trp-76 3.6 w w w 35
HB, Cys-43 HN Ala-44 29 m m m 2.7
HB, Cys-43 HN Cys-43 2.8 m m m 2.8
HB, Cys-43 Ha Cys-43 3.0 m w m 3.04
HB, Cys-43 Ha Cys-43 23 $ m s 2.44
HB, Cys-46 Ha Cys-43 29 m s s | 2.4
HB, Cys-46 Ha Cys-43 2.6 m m m 2.6
HB, Cys-63 Hy, Ile-71 1.9¢ vs Mm T m 2.8¢
HB, Cys-63 Hy, Ile-71 3.4 w m m 2.9¢

2<2.2 A = very strong (vs); 2.3-2.4 A = strong (s); 2.5-3.0 A = medium (m); 3.1-3.6 A = weak (w); >3.7 A = very weak (vw). ®The signal
intensities for which the agreement with experimental NOEs is improved by MD are shown in boxes. In no case is a worse agreement obtained.
< Assignment taken from ref 17. ¢The distance after MD does not show large variations due to the constraints imposed. ¢Distance from the closest

proton of the methyl group.

are in a more favorable situation than NOESY because of their
monotonic increase with time, while NOE intensities in NOESY
maps pass through a maximum for mixing times of the order of
the selective T,.4142

In order to minimize possible systematic errors arising from
the choice of a correlation time, we have only considered relative
NOE intensities (see below). Moreover, the comparison with
X-ray on the one hand and MD-derived distances on the other
is not made by translating NOEs into distances but rather by
translating distances into predicted NOE intensities and searching
for the best match. This procedure is becoming popular among
researchers in the field of NMR-derived structures.*!2<d

Table II collects X-ray and MD-derived distances together with
experimental NOE intensities (which, as discussed above, in our
conditions are essentially proportional to 1//° through a single
proportionality constant). The intensities are divided into five
classes (very strong, strong, medium, weak, and very weak), which
is an even finer subdivision than presently used in most structural
NMR studies.*#4 Distances are then translated into these five

categories as detailed in Table II; one point to be settled in this
process is obviously the scaling involved in this translation. As
stated previously, we prefer not to use estimates of the reorien-
tational correlation time as the scaling factor, but rather we use
the whole set of data to search for the best match. A posteriori
we can state that we do not bias the results in favor of the MD
structure over the X-ray structure, since the deviations are roughly
equally distributed between over- and underestimates of NOE
intensities. In any case, we have also recalculated the reorien-
tational correlation time at 25 °C from the predicted 1D NOE
intensities and found a very plausible value of 5 X 107 s,

By examining Table II in detail some striking features are
clearly evident: for instance, the NOE between HB, Cys 63 and
HB, Phe 66 is sizably smaller than that expected on the basis of
the X-ray structure distance (1.8 A). However, in the MD av-
eraged structure the interproton distance is calculated to be 3.0
A, in agreement with the experimental value. Furthermore, the
NOE observed between HB, Cys 43 and Ha Val 73 is too large
to be consistent with the H-H distance observed in the X-ray
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structure (2.5 A), and indeed the latter residue during the dy-
namics moves closer to HB, Cys 43, the averaged distance value
being 2.2 A. Other significant changes involve the geometric
relationships between Cys 77 and Tyr 19, or between Cys 63 and
Ile 71 (Table II).

For other protons the changes are smaller and, in some cases,
within the indetermination of both the X-ray and MD data. In
this respect, we may consider that differences smaller than 0.3
A are not significant.

In any case, it is particularly meaningful that in all circum-
stances, the MD results are in better or at least equal agreement
with the experimental NOEs (Table II). In no case was the
agreement found to be worse.

These findings can be critically evaluated in light of the con-
siderations made at the beginning of this section. First, we feel
that in some cases even relatively small distance changes are
meaningful, although on a relative rather than on an absolute scale.
For example, the movement of Ha Tyr-19 is small but it is still
enough to increase one distance and decrease another from the
same coordinated cysteine. Analogous considerations hold for HN
Ala-78 or Hy, Ile-71. In the latter case the agreement may be
more qualitative because of the presence of methyl groups with
possible internal motions and/or uncertainty in the proton pos-
itions. However, it is meaningful that the simulation tends to
equalize the distances and therefore the NOE intensities, as ex-
perimentally observed. In other cases the changes are more
striking, as in the case of the Phe-66 residue. Here we observe
a large increase of the interresidue Cys-63-Phe-66 distance, which
is in excellent agreement with the experimental NOE intensities.

Hence, by comparing the observed NOE and the averaged MD
structure we can conclude that the latter is in excellent agreement
with the experimental NMR observations. This demonstrates the
validity of using solution-phase MD simulations to obtain a better
representation of the protein in solution, even as far as the im-
mediate vicinity of the cluster is concerned.

The above results provide strong experimental evidence for the
robustness of our MD analysis. We have in our hand a structure
of C. vinosum HiPIP that represents the solution conformation
quite well. Hence, it should be possible to reproduce the backbone
structure of other HIPIPs or to predict their structure when
unavailable.

The full set of atomic coordinates generated in the present
research is available from the authors as a pdb file through E-mail
(BERTINI @ IFICHIM.BITNET).

MD Simulation on the Reduced HiPIP., We have also per-
formed a test on the reduced form of HiPIP. In this case, the
charge of the extra electron had been equally distributed on the
four ions, still with a symmetrical charge distribution. As stated
before, an equal electron distribution is consistent with all the
available data on the reduced protein, 383943

(44) (a) Clore, G. M.; Wingfild, P. T.; Gronenborn, A. M. Biochemistry
1991, 30, 2315-2323. (b) Molinari, H.; Pastore, A.; Lu-yun, L.; Hawkes, G.
E.; Sales, K. Biochemistry 1990, 29, 2271-2277. (c) Havel, F. T.; Wiitrich,
K. J. Mol. Biol. 1985, (82, 281,

(45) Bertini, L; Briganti, F.; Luchinat, C.; Scozzafava, A.; Sola, M. J. Am.
Chem. Soc. 1991, 113, 1237-1245.
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We have performed MD calculations with the cluster charges
relative to the reduced state starting from the X-ray structure of
the oxidized species. In this simulation, the average MD structure
remains close to the starting one. This is confirmed by rms
deviation and fluctuation values that are very similar to those of
the oxidized form (0.91-A deviation with respect to the starting
X-ray structure and 0.65 and 0.46 A for the rms fluctuations with
respect to the MD average structure averaged over the heavy
atoms and the backbone atoms, respectively). This insensitivity
of the protein structure to the overall charge of the cluster is a
further indication that our approach is not critically dependent
on this parameter.

Discussion

The present calculations have shown that with a proper set of
parameters, MD simulations can be performed with success on
metal-cluster-containing proteins. The structures of reduced and
oxidized HiPIP show very small differences, and no sizable con-
formational change is induced by the addition of one electron to
the metal cluster. This fact is completely consistent with the
function of the protein, i.e. electron transfer.!* This class of
proteins should accept and release one electron with minimal
structural perturbations which could interfere in the interaction
with other proteins, to which the electron is exchanged.

As mentioned in the Results section, we have chosen somewhat
high bending constant values within the cluster. This probably
prevented the cluster-bound cysteines, and particularly the 8-CH,
groups, to rearrange completely to the conformation assumed in
solution, even though they still experience some mobility. This
partial rigidity may have prevented the detection of the fluxionality
of the 8-CH, of Cys 43 which was predicted on the basis of the
temperature dependence of the chemical shifts of the corresponding
protons.'®*5 This is the only experimental feature which has not
been reproduced in the present calculations, while all the other
experimental observations fit nicely with the MD simulation. We
should stress again that the model of the metal center we use is
phenomenological, and furthermore, the time scale of our simu-
lation is relatively short. However, the agreement between our
MD distances and those found by NMR is remarkably good. This
strongly suggests that refining an X-ray structure with solution-
phase MD simulations gives a better representation of the protein
in solution.

We expect that the combined use of NMR and MD calculations
will further our understanding of the factors determining the
conformational arrangement of proteins. Furthermore, we should
be able to better correlate observed structural features with
function. The success of this treatment suggests that we can
predict the structure of homologous proteins for which only the
primary structure is available, provided that one X-ray structure
is available. NMR can further be used either to refine the
structure or to verify the predictions in certain regions of the
protein,
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