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ABSTRACT. The solution structure of oxidizeBaccharomyces cerisiae Cys102Ser iso-1-cytochrone

has been determined using 1361 meaningful NOEs (of 1676 total) after extending the published proton
assignment [Gao, Y., et al. (199B)jochemistry 296994-7003] to 77% of all proton resonances. The

NOE patterns indicate that secondary structure elements are maintained upon oxidation in solution with
respect to the solid state and solution structures of the reduced species. Constraints derived from the
pseudocontact shifts [diamagnetic reference shift values are those of the reduced protein [Baistrocchi, P.,
et al. (1996)Biochemistry 3513788-13796]] were used in the final stages of structure calculations.
After restrained energy minimization with constraints from NOEs and pseudocontact shifts, a family of
20 structures with rmsd values of 0.380.08 and 1.05t 0.10 A (relative to the average structure) for

the backbone and all heavy atoms, respectively, was obtained. The solution structure is compared with
the crystal structure and the structures of related systems. Twenty-six amide protons were detected in the
NMR spectrum 6 days after the oxidized lyophilized protein was dissolved@ (pH 7.0 and 303 K);

in an analogous experiment, 47 protons were observed in the spectrum of the reduced protein. The decrease
in the number of nonexchanging amide protons, which mainly are found in the loop regie26 atd

75—82, confirms the greater flexibility of the structure of oxidized cytochrariresolution. Our finding

of increased solvent accessibility in these loop regions is consistent with proposals that an early step in
unfolding the oxidized protein is the opening of the-&5 loop coupled with dissociation of the Met80

iron bond.

Analysis of the NMR spectra of a protein in solution magnitude of this differenc\AG ~ 34 kJ/mol (pH 7, 22.5
produces an average structure which may contain information°C) (Mines et al., 1996), from crystal structure analyses of
on backbone and side chain fluctuations. Further information the folded proteins; indeed, the structures of the oxidized
on protein structural fluctuations can be obtained through and reduced forms of the protein in crystals are essentially
relaxation studies that require stable isotopic labeling (Wag- superimposable (rmsd values of 0.28 A for the backbone
ner etal., 1993; Lefevre & Jardetzky, 1994). With unlabeled and 0.70 A for all the heavy atoms) (Berghuis & Brayer,
proteins, the observation of signals due to protons which can1992) except for the distorsion of the heme plane and the
be exchanged with solvent and the analysis of the shifts may|ocation of water molecules around the heme, which appar-
be informative. In particular, flexibility can be identified  ently changes upon reduction (Berghuis et al., 1994). In our
by analyzing which amide protons exchange with bulk water. work so far, we have determined the NMR solution structure
This kind of analysis is most informative when used t0 of the reduced Cys102Ser “wild type” protein (Baistrocchi
compare similar proteins, or different states of one protein et 3., 1996) as well as that of the oxidized cyanide derivative

(Blanchard et al., 1996). _ ~ where the Met80 has been mutated to Ala (Banci et al., 1995,
We are investigating the solution structures of oxidized 1996a). In this paper, we turn our attention to the solution
and reduced forms ofaccharomyces cersiae iso-1- structure of the oxidized Cys102Ser protein. This protein

cytochromec. In particular, we are interested in elucidating s relatively large (108 amino acids), indeed, at the limit for
those aspects of the protein structure that are related gty cture determination without isotopic labeling. The label-
striking d!ﬁerences in the foIdmg ene_rge‘ucs of the two redox ing cannot be done at present because of the lack of adequate
states (Bixler et al., 1992; Hilgen-Willis et al., 1993; Cohen expression systems. The protein is also paramagnetic, and
& Pielak, 1995; Doyle et al., 1996; Pascher et al., 1996; 3amagnetism is a further difficulty for the assignment and
Mines et al., 1996). It is difficult to understand the {o he ohservation of protemproton dipolar connectivities.
It provides, however, further structural constraints through
' This work was supported by EC Biotechnology Program BIO2-  the pseudocontact shifts which we have proposed (Banci et
5;9:4-2052 (DG 12 SSMA), the ltalian CNR, and the United States 51 19964 b) to use in the solution structure determination
*The coordinates of the 20 structures of the PSEUDO-REM family together with the NOEs. We have found that more backbone
have been deposited in the Brookhaven Protein Data Bank (1YIC). amide NHs exchange in the oxidized protein than in the
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Bertini, University of Florence, Via Gino Capponi 7, 50121 Florence, reduced form in regions lacking secondary structure elements.
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the quantitative evaluations of the key electron transfer sine-squared (COSY) bell window function and Fourier-
parameters, most notably the reorganization energy (Casimiratransformed to obtain 2048 2048 real data points. A

et al., 1993; Winkler & Gray, 1992; Langen et al., 1996; polynomial baseline correction was applied in both directions.
Gray & Winkler, 1996). Recent work has shown that the  Data processing was performed using a standard Bruker
solution structures of the two redox states of horse heart software package. The two-dimensional maps were analyzed
cytochromec (Qi et al., 1996) are not as similar as those we on IBM RISC 6000 computers using the aid of the program
have found for the yeast protein, raising the possibility that XEASY (ETH, Zirich) (Eccles et al., 1991).

the reorganization energy may be larger in the former system. Proton—Proton Distance Constraints and Structure Cal-
This would be difficult to reconcile with extensive electron culations. The volumes of the NOESY cross-peaks between
transfer kinetics experiments on the horse and yeast proteinsassigned resonances were obtained by manual integration
however (Casimiro et al., 1993; Winkler & Gray, 1992; (with elliptical integration) using the integration routines
Langen et al., 1996; Gray & Winkler, 1996). Time will tell present in the program XEASY. Most of the dipolar
whether both sets of structures are correct. In the meantime,connectivities were taken from the 100 ms NOESY WA-
we report here the full details of our analysis of the solution TERGATE sequence in # solution at 300 K. Connec-

structure of the oxidized yeast protein. tivities whose volumes could be better measured in other
spectra recorded with the same parameters, but either at a
EXPERIMENTAL PROCEDURES different temperature or in f® solution, were scaled

referring to a few cross-peaks whose volumes could be
daccurately measured in both spectra.

NOESY cross-peak intensities were converted into upper
limits of interatomic distances by following the methodology
of the program CALIBA (Gutert et al., 1991). The
detection of one-dimensional NOEs involving paramagnetic
signals (for a total of five NOES) was taken into account in
the structure calculations by applying upper distance limits
of 4.0 A when single protons were involved or 6.0 A for
methyl signals.

The experimental distance constraints were then used to

L generate protein conformers using the distance geometry
NMR SpectroscopyTheH NMR spectra were recorded  yrqqram DIANA. Upper and lower distance limits were

on Bruker MSL 200 and AMX 600 spectrometers operating jmnosed to build up the heme as previously reported (Banci
at 200.13 and 600.13 MHz, respectively. The 200 MHz et al., 1995).
NMR one-dimensional spectra were recorded using the  pANA calculations, including the use of the redundant

superWEFT (water-eliminated Fou_rier transform) (Inubus_hi angle strategy routine (REDAC) (@tert & Withrich, 1991),
& Becker, 1983) pulse sequence with a recycle delay ranging yere performed. Initially, 500 random structures were
from 200 to 20 ms.  The 600 MH# NMR one-dimensional  c5|cjated. The final distance geometry calculation on 48

spectra were obtained by using presaturation during the g,ctyres was performed without angle constraints to prove
relaxation delay (556800 ms) or by usinga WATERGATE  qergence. Stereospecific assignments of diastereotopic
(Piotto et al., 1992; Sk_lenar et al., 1993) pulse sequence forprotons and methyl groups were obtained using the program
water signal suppression. GLOMSA (Gintert et al., 1991).
The'H nuclear Overhauser effect (NOE) experiments (at  pseudocontact Shift ConstraintShe hyperfine shift, i.e.,
200 MHz) were performed with the superWEFT pulse the difference in shift of a proton in the paramagnetic system
Seque-nce and the data collected USing standard methOdC)lOgﬂ’om that in an ana|ogous diamagnetic System, includes
(Banci et al., 1989). contact and pseudocontact contributions (La Mar et al., 1973;
TPPI NOESY (Macura et al., 1982; Marion & Vthrich, Bertini & Luchinat, 1986, 1996; Bertini & Turano, 1994).
1983) maps at 295 and 303 K inO or H,O solution were The contact coupling is due to the presence of unpaired spin
recorded over the full spectral width with a recycle time of density on the resonating nucleus and vanishes a few
500 ms and a mixing time of 20 ms. To optimize the chemical bonds away from the metal. The pseudocontact
observation of connectivities in the diamagnetic region, contribution ¢, arises from the magnetic susceptibility
NOESY maps in RO and HO solutions were recorded on  anisotropy and depends on the nuclear position with respect
a smaller spectral width (45 ppm), with recycle times of 800 to the principal axes of the magnetic susceptibility tensor:
ms and mixing times of 100 ms. Analogously, TPPI
HOHAHA (Bax & Davis, 1985) experiments, with presatu- __1
ration during the relaxation delay, were recorded over a "P¢ 15,3
spectral width of 45 ppm (recycle time of 800 ms and spin
lock times of 30 and 90 ms). A magnitude COSY (Bax et whereAy.andAy;, are the axial and the rhombic anisotropy
al., 1981; Bax & Freeman, 1981) map was recorded4OH  of the magnetic susceptibility induced by the paramagnetic
solution over a 45 ppm spectral width (recycle time of 800 jon, respectivelyr; is the distance of the nucleiigrom the
ms). ion, andl;, m, andn; are the direction cosines of the position
All two-dimensional spectra consisted of 4K data points vector of atom (r;) with respect to the orthogonal reference
in the F, dimension. From 800 to 1024 experiments were system formed by the principal axes of the magnetic
recorded in theF; dimension, using 64192 scans per  susceptibility tensor.
experiment. Raw data were multiplied in both dimensions If a single structure is available, the five independent
by a pure cosine-squared (NOESY and TOCSY) and a pureparameters (i.eAyax Axm, and three independent direction

NMR Sample Preparation. S. ceigiaeiso-1-cytochrome
¢ with serine at position 102 (Cys102Ser) was expressed an
purified as previously reported (Lu et al., 1993). Th¢
NMR samples were prepared by dissolving the lyophilized
protein in 50 mM phosphate buffer at pH 7.0 to give 2 mM
solutions. The pH of protein samples prepared for NMR
spectroscopy was adjusted by addition of small volumes of
concentrated solutions of NaOH andR®,. The pH was
measured with an Orion model 720 pH meter and a
Microelectrodes, Inc., model MI-410 microcombination pH
probe.

[Axa(@n7 = 1) + 3128717 = m)] (1)
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C(_)Sines which define the principal dire?tions of the tensor Table 1: New Proton Assignments Obtained in the Present Work
with respect to a metal-centered axis system) can befor the OxidizedS. cereisiae Iso-1-cytochromes?
determined by finding the best fit of eq 1 to a set of

. X residue HN a B others
pseudocontact shifts. For a family Mfstructures, an average
; Lo . I Lys2 0 1.48,1.52¢ 2.85
magnetic susceptibility tensor can be determined by fitting Lys5 v 0.86
an extended set of equations (eq 1) witislightly different Phel0 07.20;e 7.79
ri vectors to the same set of experimental pseudocontact shiftLys11 182,218 y1.48
values. This calculation was performed by the program é;gslli 145 12'Ogé12'398471'24' 1.65
FANTASIA (Banci et al., 1996a). Leuls . R OCH; 1.46, 2.08
The magnetic susceptibility tensor parameters derived from GIn16 7 2.85,3.00 ¢ 6.86, 7.56
these calculations were then used in a modified version of g?’oszlg 3.08 2.46 2 56.53.64
the DIANA program, called PSEUDIANA (Banci et al,, |eu32 gc%dgo; 1.43
1996a), to introduce the pseudocontact shifts as furtherArg3s 1.82 y1.97;0 3.24 '
constraints for the structure calculation, as reported for the g'si% 462 4145 0CH 6.66;¢CH 7.84
Met80Ala cytochromec mutant (Banci et al., 1996a). In G:Is;45 370 429
these calculations, the pseudocontact shifts were weightedryrs4e ' 6 4.65,5.74¢ 3.67,5.06
as much as the NOEs. Lys54 1.60, 1.86
Finally, restrained energy minimization (REM) with the 'é‘l’igi 1.97,2.06 %'gg
Sander module of Amber (Peariman & Qase, 1991) was Met64 2.19,2.38 y 1.747
applied to 48 structures. Pseudocontact shifts were includedGlué6é v 2.25,2.44
inte i i i Tyr67 0751;¢7.77
zligg%obnstramts in a modified Sander module (Banci et al., P71 569 5.03, 5.65 7 2.26. 4.545 2.83, 3.90
)- _ _ Tmi72 y 1.37, 2.38 3.98;
Structure calculations and analysis were performed on anLys73 y 1.71;0 1.93;¢ 3.21
IBM SP02 parallel computer. Tyr74 4.18
Thr78 OH9.71
RESULTS AND DISCUSSION II\_/IyS;% 050 1.38,1.72 y 0.16, 1.03p 0.70;¢ 2.09, 2.33
et .
. . . Pheg2 2.76,3.09
Seg_uencg—Spemﬂc Asmgnme@tn e>_<tenS|ve sequence-  |ysgp y 1.42
specific assignment of the protein residue resonances in theasp93 2.45, 2.65
IH NMR spectrum of oxidized (Cys102Th8. cereisiae :5239 yg.ggrélgggCHso.M
|so-1-cytochrome;((_:ytch_ereafter) at 300 K (pH and buffer  g.102 767 3.24 7 EE2OE
were not reported) is available (Gao et al., 1990). We have ’ s
H H H idi eme Assignments
rc(a:peitoezdsthesasggnm(_ant of thf pr?telhn residues dfor oxidized | =<2 668-meso 1.71y-meso 8.03.0-meso 2.34, 6-6l 2.88,
(Cys er)S. cereisiae iso-1-cytochromec under our 6-Ha' —1.43, 6-HB 1.03, 6-H3' 2.66, 7-Hx 12.72, 7-H¢' 15.91,

experimental conditions (50 mM phosphate buffer at pH 7.0), 7-HB 1.34, 7-H' —0.23

and_we als_o have assigned all the_ heme resonances (only a @ The shift values are measured at 303 K. The assignments of the

partial assignment was done previously). other resonances were reported previously by Gao et al. (1980).
The protein residues have been assigned through analysignde proton assignment is reversed wit_h respect to the previous work.

of TOCSY and COSY maps in4® and RO for the location 28“"3’ one O; ;Ee t‘tw"’gg pr°:°“5 was pre"!ous'ly ass!g”eg Eai i'ég ppmg.

- ; . e L nly one of the protons was previously assigned (at 1.00 ppm).
of spin pa‘t,tems and NOESY maps |@CBifo_r '_d_ent'flcatl,on ¢ Only one of the twad CH3; resonances was previously assigned (at
of sequential NH-NH and Hx—NH connectivities. Assign- 1 48 ppm). Only one of the twoy protons was previously assigned
ment of the hyperfine-shifted signals of the heme, its axial (at 2.98 ppm)9 The assignment for this proton was different in the
ligands, and the heme-bound Cys14 and Cys17 was doneprevious work." The assignment of the side chain resonances for this
through NOESY experiments tailored to the relaxation residue was different (and more extensivélhe assignment of the

. . ring proton resonances for this residue was differe@nly one of the
properties of these paramagnetic resonances and through ongg B protons was previously assigned (at 3.62 ppid)ande proton

dimensional NOE experiments. assignment was partially different in the previous woi®nly one of
The two first residues at the N terminus and Gly83 remain the two 8 protons was previously assigned (at 1.94 pphijhe
unidentified. Assignments of most of the resonances are assignment of the side chain resonances for this residue was different

- . (and more extensive).The assignment of the side chain resonances
consistent with those already reported (Gao et al., 1990)'for this residue was different.This resonance was previously assigned

Newly assigned resonances are given in Table 1. In tptal, at 5.18 ppm? Previously assigned at 9.70 ppm (where we have now
77% of the expected proton resonances have been assignedssigned the OH of Thr78).0nly one of the twoj protons was

Secondary Structure.Figure 1 shows the short- and previouslyassigned (at2.47 _ppm)[he assig'nmentofth)eCHggroup _
medium-range NOEs, observed for the backbone protons inhhas been modlfltle(cf.The assignment of this proton was different in
the 100 ms NOESY map in water. Sequential NNH the previous work.
connectivities for stretches longer than two amino acids have
been observed for residues 2, 6-15, 16-18, 31-33, 36~ NH(i,i+4) NOEs, are present in segments 13, 50-55,

38, 41-43, 50-55, 61-70, 72-75, 79-82, 89-92, and 93 61-69, 70-75, and 89-103 (Figure 1); H—NH(i,i+2)
103. Four prolines are present in the sequence, which breakNOES, indicative of a @-helical conformation (Withrich,
the sequential NHNH connectivities. Moreover, the amide 1986), are seen in segments-12, 62-69, and 70-75.
resonances of five residues, in addition to the two N-terminal Moreover, {,i+3) and {,i+2) connectivities also have been
unassigned amino acids-4, 26, 45, and 47), have not been observed for residues #4.8, thus suggesting some type of
located. helical structure (Detlefsen et al., 1991; Marion & Guer-

Helical structures, characterized by strong NNH and lesquin, 1992; Blackledge et al., 1995; Baistrocchi et al.,
medium-range H—NH(i,i+3), Ho—Hg(i,i+3), and Hu— 1996; Banci et al., 1995). All of these secondary structure
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FiIcure 1: Sequential dipolar connectivities involving NHedHand H3 protons in oxidize. cereisiaeiso-1-cytochrome. The thickness

of each bar indicates the relative NOE intensity. In the first line, NH resonances associated with protons that exchange s}@vly in D
solution are indicated by filled squares.

elements are similar to those present in the solution structurethe diastereotopic protons were obtained with the program

of reduced cyt (Baistrocchi et al., 1996). GLOMSA (Gintert et al., 1991); 14 hydrogen bond con-
Solution Structure CalculationsExperimental NOESY  straints, involving slowly exchanging amide protons con-

constraints (1671) were assigned and integrated. These NOBsistently present in the initially calculated DG structures, were

constraints were transformed into upper distance limits with introduced as further constraints in the final stages of the

the program CALIBA (Gutert et al., 1991), which uses a structure calculations.

volume-to-distance correlation. The best calibration of The DG family (DG1) obtained using the constraints from

observed intensities was found to be inversely proportional NOE connectivities and hydrogen bonds consists of the 20

to the fifth or sixth power of the proterproton distances,  structures with the lowest target function (i.e1.16 A?)

depending on the calibration class of NOE constraints. and with individual violations not exceeding 0.35 A. The
A total of 1361 out of 1676 experimental constraints were target function (TF) is a measure of the discrepancy between

found to be meaningful and therefore taken into account by the experimental and calculated NOE constraints:

the program DIANA (Guatert et al., 1991) during the

distance geometry calculations. The number of experimental q i°2 - bic2

NOE constraints per residue is shown in Figure 2. It TF= Z W, Z c +

corresponds to 15.5 experimental NOEs per residue as input c=uly  fel 2b°

and to 12.6 accepted NOEs per residue. I N
The heme group, the axial ligands, and the two Cys - 1, | T 2
WaZ —1, i (2)
1= i

residues covalently linked to the porphyrin were treated as
before (Banci et al., 1995). Five hundred structures were
initially calculated. Forty-two stereospecific assignments of with



8996 Biochemistry, Vol. 36, No. 29, 1997 Banci et al.

_Jmax(@O,t) if c=u |
G)C(t)_{min(o,t) if c=1,v 100 A

and d° and b are the calculated and observed distances
between two atoms in the structure, respectively,\&n@ 0)

is the weighting factor for the four types of constrairds<

u, I, v, anda; u = upper limits,| = lower limits, v = van

der Waals repulsion lower limits on interatomic distances
anda dihedral angle constraints) (@tert et al., 1991).

The rmsd values for the DG1 family with respect to the
mean structure are 0.68 0.06 A for the backbone atoms
and 1.10+ 0.08 A for all heavy atoms (Table 2).

During the final stages of the structure calculations,
pseudocontact shifts also were included as constraints. This
procedure, which already has been used for refinement of
solution structures of paramagnetic metalloproteins (Banci
et al., 1996a), turned out to be quite efficient. The pseudo-
contact shifts are long-range constraints, since they depend
on the inverse of the third power of the metalroton
distance, while the NOEs depend on the inverse of the sixth
power of the protorproton distance. Furthermore, they
connect the metal ion with protons. The pseudocontact shifts
are a function of the coordinates of the nuclei relative to the
molecular axis system centered on the metal ion. Therefore,
they can be used as constraints (both angular and radial) for
structure determination if the anisotropy and the principal A S 0 O S U N
directions of the magnetic susceptibility tensor are known. residue
This requirement can be met if a reasonable starting structureFicure 2: Number of inter- (A) and intra (B)-NOEs per residue

is available for the system under study. Indeed, it has beenin the NMR spectra. The total height of each column represents
he amount of observed experimental NOEs. The open and filled

sh(_)wn that pseudocontact shift constramts can be used tqE)ars correspond to NOE constraints that are irrelevant and meaning-
refine X-ray crystal structures (Gochin & Roder, 1995). ful, respectively.

We developed this approach to refine NMR solution
structures. Both NOEs and pseudocontact shifts are usecevaluating the pseudocontact shifts through eq 1, as a result
to recalculate the structure through the PSEUDIANA pro- of protein mobility and of the indetermination on the position
gram (Banci et al., 1996a). A new family of structures is of the atoms due to the existence of a family rather than a
obtained for which a new magnetic susceptibility tensor could single structure. As the observed shifts can be measured
be calculated. The entire procedure is repeated until self-with a high level of precision, the main error in estimating
consistency is achieved, i.e., until the parameters do not varythe experimentab,. values arises from the choice of the
by more than 1%. After that, restrained energy minimization diamagnetic reference. In principle, structural differences
calculations with the PSEUDO-REM (Banci et al., 1996b) may be present in the reduced state with respect to the
program, which includes both NOE and pseudocontact shift oxidized state that could affect the evaluation of the
constraints, can be performed. diamagnetic shifts. This would be particularly meaningful
In the present paper, the pseudocontact contribution to thefor NH protons. The final choice of the tolerance, therefore,
shift for oxidized cytc has been evaluated for protons of may depend on the system under investigation and on the
residues not directly bound to the heme by subtracting the quality of the structure to be refined. The a posteriori
shift observed for the same proton in the reduced protein verification of low target functions for NOEs and. is
(Baistrocchi et al., 1996). For diastereotopic protons, only however needed. A value of 0.3 ppm takes into account
those stereospecifically assigned in both oxidation states havepossible sources of indetermination in the actual pseudo-
been taken into account. In Figure 3, the distribution of the contact shifts versus the calculated ones and leads to an
pseudocontact shift® ) for the various residues is reported. appreciable refinement of the structure.
The protons either with larg& (dpc > 1 ppm) or with any An average magnetic susceptibility tensor was calculated
pseudocontact shift but located within a 10 A sphere centeredfor the 20 structures in the DG1 family by fitting the
on iron are reported in Table 3, together with their distance experimentab,. values and using a tolerance of 0.3 ppm.
from the iron. Here it is assumed that the pseudocontactThis tensor was then utilized in the following PSEUDIANA
shift term is metal-centered. That means that it is assumedcalculations on the best 48 structures in terms of target
that the unpaired electron is located on iron. Of course, this function. The resulting PSEUDO-DG2 family consists of
is an approximation which is expected to be good for protons the 20 structures with the lowest total target function (i.e.,
far from the metal ion. We are testing here how pseudo- <7.12 A?) and with a residual NOE violation not exceeding
contact shifts can be used within this approximation. 0.50 & The rmsd values with respect to the mean structure
The disagreement between experimental and calculatedfor this family are 0.58+ 0.07 and 1.05t 0.07 A for the
pseudocontact shifts is contributing to the target function (seebackbone and all heavy atoms, respectively. Finally, from
earlier) only if the disagreement exceeds a chosen tolerancethe best 48 structures of PSEUDIANA calculation, energy
The choice of the tolerance is related to the estimated errorminimization with the module called PSEUDO-REM (Banci
in the values of the pseudocontact shifts, and to the error inet al., 1996b) was performed. A family of the best 20

o
=3
1

NOE per residue

NOE per residue
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Table 2: rmsd Values with Respect to the Average Structure for the Backbone (BB) and All Heavy Atoms (HA) for the DG1, PSEUDO-DG2,
and PSEUDO-REM Families of Structures $f cereisiae Cytochromec?

DG1 PSEUDO-DG2 PSEUDO-REM

rmsd for residues+102 (A)

BB 0.63+ 0.06 0.58+ 0.07 0.58+ 0.08

HA 1.10+ 0.08 1.05+ 0.07 1.05+ 0.10
total target function (& <1.16 <7.12 <4.10
NOEs'’ target function (A - <1.29 <0.87
Ope target function (&) - <5.01 <3.42
total energy (kJ mot!) - - —4556.2
deviation from ideal bond distance (A) 0.008
deviation from ideal bond angles (deg) 1.84

2The 20 structures of each family are those with the lowest target function values among all the calculated structures.

Table 3: Protons Located within a 10 A Sphere Centered on the
Heme Iron and Protons Experiencing Laidjg's?
Opc  distance Opc distance
residue proton (ppm)  (A)  residue proton (ppm) (A)
z Phel0 H.  —0.59 9.4 Tyrd6 B  —-158 105
@‘ HC 2.31 7.9 H —-1.61 8.6
2 Argl3 Ha —0.63 9.5 Tyrd8 —1.10 9.9
o Leul5 HN 0.77 8.3 Trp59 H 0.37 9.8
Ho 1.96 8.2 H' 0.00 8.0
GIn16 HN 1.08 8.1 HN —0.13 8.6
Thrl9 HN 2.88 7.6  Tyr67 © 031 74
Ha 1.64 9.1 H' 0.31 8.7
-3 T T T T T T T T T T T Hﬁ 1.05 11.1 H 0.22 5.0
0 10 20 30 40. 50 60 70 80 90 100 J/CH3 1.10 11.3 K 0.22 7.0
residue number Val20 Ho 0.99 9.6 Leu68 HN —0.20 9.1
Ficure 3: Distribution of pseudocontact shiftd) in the protein Hp 0.83 9.3 . -013 7.4
residues. The filled squares represent the pseudocontact shift value$3!u21  HN 118 111 o —134 80
of the various protons in the given residue. His26  Hu 064 95 Pro7l H 415 6.2
Lys27 HN 0.62 9.0 Tml72 HN 1.70 8.8
structures (in terms of target function) with rmsds of 0.58 val2g  HN 0.46 8.1 e 138 93
. Ha —-0.91 9.0 lle75 HN 1.21 10.6
+ 0.08 and 1.05: 0.10 A and a target function in the 358 HE  —0.74 71 148 92
4.10 A range is obtained. These values are quite satisfac- yCH; —2.15 7.0 Thr78 I& 056 9.0
tory, especially if it is considered that the contribution of y'CH; —0.49 9.4 B 150 82
the NOE is essentially the same 1.0 A?) before and after ~ G¥29 HN ~ —0.09 6.2 yCHs 252 7.7
. - . . . Pro30 Hx 0.21 8.2 Lys79 HN -0.71 8.1
introducing the pseudocontact shift constraints. This means HB 0.08 8.2 Hy 055 89
that the two types of constraints are compatible within the H'A  —0.64 85 Ala8l HN -009 6.4
present approach. The overall reduction in the rmsd values Leu32 HN 1.69 8.0 et 112 82
upon introduction of the pseudocontact shift constraints Ho 082 82 pCHs —0.11 = 8.9
mainly reflects the improvement in the positioning of the oCH;  2.38 2.9 Phesz HN 246 63
! , , O'CH; 1.50 5.0 Hix 021 6.6
residues that are closer to the heme iron and are notinvolvedjiess H3  -0.04 9.1 -1.30 81
in secondary structure elements (i.e..~1® and 76-86). Gly84 HN -168 9.2
Leu85 HN —0.36 9.7

This can be clearly seen from the rmsd comparisons shown H 0o o2
in Figure 4. 4 : :
The msd values between the average siuctures flom the, 0l 7, L0 P01 Peerien S 050 Seones
DG1 and PSEUDO-REM calculations are 0.75 "?‘”d 1.03 A from the best 20 structures calculated %})// PSEUDO-REM.
for the backbone and all heavy atoms, respectively. This
indicates that the two calculation procedures produce similar
results. be unsound because the molecule has not been allowed to
The total number of pseudocontact shift values is 256. reach a structure consistent with the pseudocontact shifts.
When all the pseudocontact shift constraints were introduced This presumably is what happened in an early investigation
for the first time in the structure calculations (at the level of Where the pseudocontact shifts were calculated on the basis
PSEUDIANA), 113 resonances had deviations between the©f the X-ray structure (Gao et al., 1991a,b). However, a
calculated and experimental pseudocontact shift values thaff€w cycles of minimization lead to a structure completely
were larger, in absolute value, than the tolerance, in this caseconsistent with the experimental pseudocontact shifts. The
set at 0.3 ppm. At the end of PSEUDO-REM calculation, shift values used are reported as Supporting Information.
about 35 resonances had deviations larger than 0.3 ppm (and The energy-minimized average structure (Figure 5) cal-
only six resonances had deviations larger than 0.4 ppm, butculated from the above PSEUDO-REM family of 20
not exceeding 0.6 ppm). The violations are mostly due to structures has been used to check the quality of the structure
exchangeable protons, as expected, because the used toleby a Ramachandran plot. Among the 90 residues which are
ance could be small with respect to the uncertainty on the “meaningful” for the Ramachandran plot (i.e., non-glycine,
shifts of the diamagnetic reference. non-proline, and nonterminal residues), 62 fall in the most
This behavior would suggest than an analysis of the favored regions and 27 in the additional allowed regions.
pseudocontact shifts with an initial structural model might His26 falls in a generously allowed region.
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structure) per residue for the backbone (A) and all heavy atoms
(B) for the 20 structures in the DGDJ and PSEUDO-REMMN)

families. chromec gave similar rotation angles (11 and°®1Bespec-

tively), while thega, andg, values differ significantly (5.15

In a recent paper (Qi et al., 1996) on horse heartogyt  and —1.65 determined using the crystal structure and 3.43
the pseudocontact shifts have been used to obtain distancend—2.55 using the solution structure, respectively) (Qi et
constraints from iron and from the pyrrole nitrogens. Such al., 1996)! In all these cytochromes, the positixeaxis is
constraints have then been used together with NOEs withinaligned along the pyrrole | nitrogen. It has already been
a MD approach. The resulting structure has rmsd with that suggested that the tilt of tteaxis with respect to the heme
obtained only from NOEs of1.3 A for all atoms. normal reflects the tilt of the FeS(Met80) bond.

Magnetic Susceptibility TensofThe magnetic susceptibil- The magnetic susceptibility tensor for oxidiz8dcerei-
ity tensor parameters obtained from the above-describedsjge cyt ¢ differs from that for the cyanide adduct of the
method should be reliable because they are based on an actugfiet80Ala protein (Banci et al., 1996a); in the latter case,
solution structure. the rhombic axes are approximately aligned along the heme

It is interesting to note that, although tiera and Ay meso carbons and tlzeaxis is orthogonal to the heme plane.
values change slightly from one step to another, the direction Sijnce the Ee CN unit has cylindrical symmetry, the rhom-
of the magnetic axes remains the same. The final tensorpjcity must be attributable to the orientation of the imidazole
hasAyaxandAym values of (2.22£ 0.07)x 10%?and (1.04  plane of the proximal ligand (Turner, 1995). In contrast,
£ 0.07) x 107%2 m?, respectively. Thexandyyaxesare  the sixth ligand in the coordination sphere of oxidized
essentially aligned along the pyrrole nitrogen atoms (within cytochromec is the sulfur of a methionine, whose
9°), while they; axis deviates by about 1from the normal  interaction with iron contributes significantly to the orienta-
to the heme plane. The final tensor obtained from our tion of the rhombic magnetic axes, in the heme plane and
calculations has an orientation similar to that previously orthogonal to it (Turner, 1995).
found by using the pseudocontact shift valueS ofereisiae Exchange of Amide ProtonsNOESY spectra of the
iso-1-cytochromec by assuming that the X-ray crystal oyidized and reduced forms also were recorded at different
structure is the actual solution structure (Gao et al., 1991a).{jmes (0, 1, 2, and 6 days) after the protein was dissolved in
In the Iattgr calculations, it has peen found that the rhombic D,O buffer. The nonexchanging amide protons mainly
axes deviate by %from the line connecting opposite pejong to residues involved im-helices with the exception
nitrogens of the heme and the angle between the magneticsf the helices involving residues 675. Those exchanging
zaxis and the heme normal i.91n the case of tuna ¢y, yithin 6 days in both oxidation states belong to loops.
the in-plane axes are rotated }ith respect to the pyrrole The number of exchanging amide protons is strikingly

nitrogens, and the-axis makes an angle of 1respectively  igtarant for the reduced and the oxidized forms of yeast
with respect to the heme normal (Williams et al., 1985). In

cytochromec from horse heart, these angles ateaiid 14, A _ . . 300 K.t | "
H 7 ssuming a temperature o , (nese values, expres ,as
respectively (Feng et al., 1990). The evaluation of the yield the following results:Ayes = 3.35 x 102 m andAym — ~1.1

magnetic susceptibility anisotropy parameters using either -, 10-32 m for the crystal structure anflys = 2.23 x 1032 m? and
the solution or the crystal structures of horse heart cyto- Aym = —1.66 x 10732 m? for the solution structure.
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cytcat pH 7'O,and 303 K?H NMR signals of 47 NH pro.tons Table 4: rmsd Values for the Backbone (BB) and All Heavy Atoms
are detected in D solutions for the reduced cygt(Baist- (HA) of the Energy-Minimized Average Solution Structure

rocchi et al., 1996), whereas only 26 NH signals are observed(PSEUDO-REM Family) of Oxidize®. cereisiae

for the oxidized protein (Figure 1). A difference, even if Is0-1-cytochromes®

smaller, in the number of non-exchanging protons between ed cytd [Met80Ala] X-ox X-red cytc:CcP
the oxidized and reduced forms has also been observed atgg 0.97 1.01 088 0.6 0.80
pH 4.6 (Marmorino et al., 1993). The comparison was made HA 1.72 1.70 1.56 1.52 2.25

under the same experimental conditions a week after sample " ayaues are relative to (i) energy-minimized average solution
preparation. The protons experiencing exchange in thestructures of reduced cgt(lied cyt ¢ (Baistrocchi et al., 1996), (ii)
oxidized form at variance with the reduced form are mainly the energy-minimized oxidized cyanide adduct of Met80Ala cyt
located in the protein segments-126 and 75-82, i.e., in gg/letioAlag éBa“Ci e‘ltga9|.2,)19%5% ‘;Wséa' St(;”(‘l:_t““?s gB(i”) OXingg)
. . . ergnuis rayer, an IV) reauce oule rayer,
regions out3|d_e the helical strgctures. There are alsq a feWs. cereisiae cytochromez (X-ox and X-red, respectively), and (v) the
scattered amide protons which do not exchange in thestycture of the oxidized cytochrome—cytochromec peroxidase

oxidized form but do in the reduced form of the protein.  complex (cyt c:CcP) (Pelletier & Kraut, 1992).

Amide protons can exchange with bulk solvent protons
or deuterons through fluctuactions which allow the water ~ Structural ComparisonsFive structures for wild typ&.
molecules to reach the exchangeable protons and then terevisiae iso-1-cytochrome are now available; these are
perform the exchange (Hvidt & Nielsen, 1966; Englander the solution structures of the reduced (Baistrocchi et al.,
& Kallenbach, 1983; Englander, 1992; Bai et al., 1995).  1996) and oxidized proteins, the X-ray crystal structures of

Since oxidized cyt is much more readily unfolded than the reduced (Louie & Brayer, 1990) and oxidized (Berghuis

: o & Brayer, 1992) uncomplexed species, and the X-ray crystal
the reduced protein (Pascher et al., 1996), it is reasonable to ructure of the oxidized protein in the ayt CcP complex

assume that exchangeable protons are more accesible to th .
bulk solvent, and %ereforg many more of them will eIIgner & Kraut, 1.992)' We have compared the present
’ ' solution structure with all the others (Table 4).

exchange in the oxidized protem.. _ Comparisons of the structures of the oxidized and reduced
It has been suggested that amide hydrogen exchange iforms of cytochrome are important as the atomic displace-
oxidized cytc is most probable in regions where there aré ments contribute to the electron transfer reorganization
structural fluctuations (Bai et al., 1995). Our work indicates energy (Scott, 1996). Much attention has been directed to
that the flexibility of the structure in the +26 and 75-82 comparisons of X-ray structures of crystals®fcereisiae
regions is greater in the oxidized than in the reduced protein. cytochromec in the same space group (i.84s2:2), which
The first segment, in addition to the covalently attached ghow that the heme distortion is more severe in the oxidized
cysteines and the axial ligand histidine, contains one 100p state (Mer et al., 1994). Comparison has been performed
extending toward the exterior of the protein. The second gi5 hetween the X-ray structures of tuna cytochranie
segment contains the Met axial ligand. Interestingly, the the two oxidation states, which has led to observations similar
lowest energy unfolding step in horse heartcyppearsto o those forS. cereisiae cyt ¢ (Takano & Dickerson,
be the opening of the 785 loop, which is accompanied 19813 b). With the present experimental data in hand,
by disruption of the Met86Fe bond (Bai et al., 1995; Elove  however, we cannot tell whether the difference in heme
et al., 1994; Doyle et al., 1996). The larger number of strycture is present in solution. In the crystal, a rearrange-
exchangeable protons in the oxidized protein may be relatedment of propionate 7 occurs upon oxidation that allows this
to electrostatic effects due to the additional positive charge group to form an H bond with the NH of Gly41. We also
on the iron center. see this rearrangement in our solution structures. In the solid
In the cyanide adduct of the oxidized Met80Ala mutant, state, the angle made by the His18 imidazole with the heme
only the NHs of Cys14 and Leul5 in the 226 segment  pyrrole nitrogens differs by Bbetween the two oxidation
and of lle75 in the 7582 segment do not exchange in@ states. This angle is within the error limits of our solution
under the above conditions (Banci et al., 1995). The main structures. The X-ray structures show that, upon oxidation,
difference in the exchange behavior between oxidizeadtcyt an H bond is formed between the NH of Arg13 and the CO
and the Met80Ala mutant is observed in the-3% segment;  of Gly84, whereas in solution, Argl3 has a different
in the mutant only, the His33 amide proton does not orientation so that no H bond is formed between the two
exchange (Banci et al., 1995), whereas in the oxidized nativeresidues in either oxidation state. The mobility of the loops
protein, the following four amide protons of Arg31, Leu32, connecting thex-helices has been discussed in the previous
His33, and lle35 do not exchange. The-&b segmentdoes  section. Concerning dynamical properties, it is of interest
not show any secondary structure but is in contact with that the aromatic ring of Tyr67 has a different mobility in
segment 1425. The following hydrogen bonds involving  the solution structures of the reduced and oxidized proteins.
atoms in these segments are observed in the solution structuréndeed, in the reduced form, four signals are detected for
of oxidized cytc: Glu2l NH-Asn31 Q1 (all calculated the aromatic protons which indicate that the flipping of the
structures), Asn31NHHis26 Nb1 (all calculated structures), aromatic ring is slow on the NMR time scale. In the oxidized
and Asn31 H22Thr19 Oy1 (50% of calculated structures). form, only two resonances are present, indicating that the
Similar, although not identical, hydrogen bond interactions chemical shifts of the four aromatic protons are pairwise
between side chain and main chain atoms in these segmentaveraged upon rotation. Four signals for the aromatic protons
are observed in the solution structure of reduced @yt have been observed for the cyanide adduct of the Met80Ala
(Baistrocchi et al., 1996). Interestingly, such interactions mutant, where the OH group of Tyr67 is H-bonded to the
are absent in the solution structure of the Met80Ala mutant, cyanide moiety.
and this may account for the larger number of exchangeable The structure of oxidized cyt in the complex with CcP
protons in this protein segment. is particularly meaningful, as it indicates which of the
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peripheral residues are involved in proterotein interac- ACKNOWLEDGMENT

tions. In particular, GIn16, Asn70, Lys73, and Lys87 (which

are involved in H bonds with CcP) and Leu9, Arg13, Ala81,  Experiments were performed with the instrumentation of
Phe82, Gly83, and Lys86 (which are involved in hydrophobic the Florence Laboratory of Relaxometry and Magnetic
interactions) are likely to be important in complex formation Resonance on Paramagnetic Metalloproteins, Large Scale
(Pelletier & Kraut, 1992). Many of these residues have the Facility of the European Union.

same conformation in the complex as they do in the solution

structure of reduced cyt (Baistrocchi et al., 1996) and, as SUPPORTING INFORMATION AVAILABLE
our present work shows, in the solution structure of uncom-

plexed oxidized cyt as well. However, there are some Tables containing proton assignments (shift values mea
differences in the orientation of the GIn16 side chain in the X . " ]
! S| ! ! s! nl sured at 303 K), experimental NOESY intensities, and

various structures. In solution, this side chain has the same : ;
hydrogen bond and pseudocontact shift constraints used for

orientation as in the complex; i.e., it is oriented so that it the structure calculations (19 pages). Ordering information
can form an internal hydrogen bond with the carbonyl oxygen . ™ : Pages). 9
is given on any current masthead page.
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