13788 Biochemistry1996,35, 13788-13796

Three-Dimensional Solution Structure $accharomyces cerisiae Reduced
Iso-1-cytochromec?

Paolo Baistrocchi, Lucia Banci, lvano Bertini,* and Paola Turano
Department of Chemistry, Usersity of Florence, Via Gino Capponi 7, 50121 Florence, Italy

Kara L. Bren and Harry B. Gray*
Arthur Amos Noyes Laboratory, California Institute of Technology, Pasadena, California 91125
Receied May 8, 1998

ABSTRACT. Two-dimensionalH NMR spectra ofSaccharomyces ceansiae reduced iso-1-cytochrome

have been used to confirm and slightly extend the assignment available in the literature. 1702 NOESY
cross-peaks have been assigned, and their intensities have been measured. Through the program DIANA
and related protocols (@tert, 1992), a solution structure has been obtained by using 1442 meaningful
NOEs and 13 hydrogen-bond constraints. The RMSD values with respect to the mean structure for the
backbone and all heavy atoms for a family of 20 structures are £.6109 and 0.98+ 0.09 A, the

average target function value being as small as 057 ¥he larger number of slowly exchanging amide

NHs observed in this system compared to that observed in the cyanide derivative of oxidized Ala 80
cytochromec suggests that the oxidized form is much more flexible and that the backbone protons are
more solvent accessible. Comparison of the present structure with the crystal structures of reduced yeast
cytochromec and of the complex between cytochromeeroxidase and oxidized yeast cytochrome
reveals substantial similarity among the backbone conformations but differences in the residues located
in the region of proteifprotein interaction. Interestingly, in solution the peripheral residues involved in

the interaction with cytochrome peroxidase are on average closer to the position found in the crystal
structure of the complex than to the solid state structure of the isolated reduced form.

Cytochromes are electron transfer proteins that contain similar (Berghuis & Brayer, 1992). It is possible, however,
heme prosthetic groups (Moore & Pettigrew, 1990; Pettigrew that the electrostatic potential differences resulting from the
& Moore, 1987), ana:-type cytochromes contain the heme different charges on the heme iron in the different oxidation
covalently bound to the protein matrix through thioether states lead to some changes in the internal mobility of the
linkages involving two cysteine residues (heme Class | protein. In turn, understanding internal mobility could help
cytochromeg are characterized by the presence of a single in investigations of protein folding, particularly in metal-
hemec close to the N-terminus and by His-Met axial ligation containing proteins.
to the iron. The iron switches its oxidation state between  Solution structures of proteins obtained through NMR
+2 and+3 during biological function and is always in a represent independent information on the structure and
low-spin state. mobility of the backbone and the side chains of protein

Despite the extensive characterization of cytochrame residues (Wthrich, 1995; Wagner, 1990). When available,
with a variety of techniques, a debate is still open on the the comparison with the X-ray structure is quite informative
possible conformational changes occurring upon change ofin terms of mobility of the residues and of protein function.
the iron oxidation state and their relationship to the electron  Employing NMR spectroscopy, we have determined the
transfer process. While some investigations pointed out solution structure of the reduced form 8accharomyces
differences between the two oxidation states (Ulmer & Kagi, cerevisiae iso-1-cytochromec. The ultimate aim of our
1968; Eden et al., 1982: Moore, 1983; Trehwella et al., 1988; research on yeast cytis to obtain evidence of structural
Liu et al., 1989), later studies indicated that the variations and dynamical differences between oxidized and reduced
between the oxidized and the reduced forms are localizedforms and among mutants (Banci et al., 1995). Here, we
and do not imply conformational changes (Korszun et al., compare the solution and X-ray structures (Louie & Brayer,
1982; Wand et al., 1986; Feng & Englander, 1990; Feng et 1990; Berghuis & Brayer, 1992) of the reduced protein and
al., 1990). Furthermore, the X-ray crystal structures of the comment on the mobility of the peripheral residues, paying
oxidized and reduced forms of yeast cytochrorrege very particular attention to those involved in the interaction with

cytochromec peroxidase (CcP), which is one of its physi-
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previously reported (Lu et al., 1993). THd¢ NMR samples Eccles et al., 1991; Guert & Wiithrich, 1991), the upper

(in H,O and in DO) were prepared by dissolving the limits obtained from CALIBA were classified as: (i)
lyophilized protein in 50 mM phosphate buffer at pH 7.0 to intraresidue except NH, ¢ Hg; (i) sequential and intraresi-
give 3 mM solutions. The pH of protein samples prepared due NH, Hx, Hg; (i) medium-range (all non-sequential
for NMR spectroscopy was adjusted by addition of small interresidue connectivities between NHoHHS within a
volumes of concentrated solutions of NaOH angP8&,. The segment of five consecutive residues); (iv) long-range
pH was measured (uncorrected for the isotope effect) with backbone; and (v) long-range. For NOEs involving methyl
an Orion model 720 pH meter and a Microelectrodes, Inc. groups, the upper limits were evaluated independently using
model MI-410 microcombination pH probe. five analogous classes. All the NOESY cross-peak intensi-

NMR Spectra.NMR spectra were acquired on a Bruker ties are reported in the supporting information. The figures
AMX 600 MHz spectrometer. TPPI NOESY (Macura et of the volumes come from the computer output; their last
al., 1982; Marion & Wihrich, 1983) spectra were recorded digits do not have physical meaning. However, the empirical
with presaturation of the solvent signal both during the calibration procedures of CALIBA and the use of only upper
relaxation delay and the mixing time to eliminate the water distance limits remove any effect of these meaningless digits
signal. NOESY maps at 295 and 303 K ind solution in the following structure calculations. The upper distance
(90%D,0/10%H0) were recorded with recycle times of 800 constraints were then used to generate protein conformers
ms and mixing times of 100 ms. Analogously, clean-TOCSY by using the distance geometry (DG) program DIANA
(Bax & Davis, 1985; Griesinger et al., 1988) experiments (Guntert et al., 1991).
were recorded with recycle times of 800 ms and spin-lock  Upper and lower distance limits were imposed to build
times of 90 ms. A DQF COSY (Rance et al., 1983) map up the heme (see the Results for details). In addition, the
was recorded in kD solution on a 30 ppm spectral width nonstandard amino acid trimethyllysine present in position
(recycle time 800 ms). NOESY and TOCSY maps iOH 72 was built and added to the DIANA library (Banci et al.,
using the WATERGATE (Piotto et al., 1992) pulse sequence 1995).
for water signal suppression were collected at 303 K with ~ With the preliminary structures available, the scaling
mixing times of 100 ms and spin-lock times of 90 ms, factors for the volume-to-distance conversion for each class
respectively. were evaluated by plotting volumes of peaks arising from

All 2D spectra consisted of 4 K data points in th@ pairs of protons at fixed distance. As the structure emerged
dimension. From 800 to 1024 experiments were recordedfrom successive runs of DIANA calculations, selected
in the F1 dimension, using 64192 scans per experiment. interatomic distances were taken from these structures and
Raw data were multiplied in both dimensions by a pure additional calibrations were performed. Several cycles of
cosine-squared (NOESY, TOCSY) and a pure sine-squaredthe structure calculation were carried out in order to
(COSY) bell window function and Fourier-transformed to recalibrate the NOE distance constraints.
obtain 2048x 2048 real data points. A polynomial base- DIANA calculations, including the use of the redundant
line correction was applied in both directions. The spectra angle strategy routine (REDAC) (@tert & Withrich, 1991),
were calibrated assuming chemical shifts of 4.85 and 4.75were performed following the procedure and with the
ppm for the water signal with respect to 2,2-dimethyl-2- parameters already used by us for the determination of other
silapentane-5-sulfonate (DSS) at 295 and 303 K, respec-solution structures (Banci et al., 1994, 1995). Initially, 500
tively. random structures were calculated. The final distance

Data processing was performed by using a standard Brukergeometry calculation on 39 structures was performed without
software package. The 2D maps were analyzed on IBM angle constraints to prove convergence. Stereospecific
RISC 6000 computers with the program XEASY (ETH, assignments of diastereotopic protons and methyl groups
Zurich) (Eccles et al., 1991). were obtained using the program GLOMSA"(@ert et al.,

Distance Geometry CalculationsThe volumes of the  1991). The average structure calculated from the best 20
cross-peaks between assigned resonances were obtainestructures obtained from DIANAw{de infra) was energy
using the integration routines present in the program XEASY. minimized and used for comparison with the crystal struc-
Elliptical integration was applied. The dipolar connectivities tures.
were taken from the 100-ms NOESY experiment recorded  Structure Analysis.The structure analysis, in terms of
in H,O solution with presaturation at 303 K. Sometimes Ramachandran plots, deviation from ideal structural param-
two cross-peaks appear degenerate within the spectrakters, secondary structure elements, etc., was performed with
resolution in a given map. When their cross-peaks’ intensity the PROCHECK program (Laskowski et al., 1993). Visual
is given in the supporting information, it means that the inspection and drawing of the various families were per-
splitting of the two cross-peaks has been achieved in anotherformed with the program RASMOL (R. Sayle, Biomolecular
map by changing the temperature or the solvent compositionStructure Department, Glaxo Research and Development,
(H-0/D;0). Connectivities whose volumes could be better Greenford, Middlesex, U.D., 1994).
measured in the NOESY spectra recorded either with a
presaturation pulse sequence in(Dsolution or with a RESULTS
watergate pulse sequence igdHor at a different temperature
were scaled referring to a few intraresidue connectivities sequence-Specific Assignment
whose volumes could be accurately measured in all spectra.

NOESY cross-peak intensities were converted into upper An almost complete sequence-specific assignment of the
limits of interatomic distances by the use of the program H NMR spectrum of reduced (Cys102Thr) yeast iso-1-
CALIBA (Glintert et al., 1991). As previously described cytochromec at 300 K (pH and buffer not reported) is
by Withrich et al. (Wihrich, 1989; Gutert et al., 1991; available in the literature (Gao et al.,, 1990). We have
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Table 1: 'H NMR Resonances in Reduced Yeast Iso-1-cytochrome 1Ot been observed for the entire protein due to the presence
c Assigned in This Work of four prolines which do not have amide protons (Pro 25,
Pro 30, Pro 71, and Pro 76) and three unassigned amide

residue chemical shift (ppm) . L2
protons (3, 45, 83). Possible NHNH connectivities at
S',‘; ‘111 I’\—lb|/_|17i.24195 positions 20, 21, 38, 41, 46, 58, 65, 67, 87, 92, 93 cannot be
Leu 15 52CH;0.97 observed because of nearly degenerate amide proton chemical
His 18 H319.76 shifts at positions andi+1.
Pro 30 H20.13, 1 0.77 Strong sequential NHNH NOEs and medium #—NH-
tﬁ o % 1o 215 il (i,i+3) and Hi—NH(i,i+4) NOEs are indicative ai-helical
Tyr 67 HO1 7.02, HY2 7.28, K1 7.55, H2 7.75 structures, while the presence ottHNH(i,i+2) indicates
Tml 72 Hyl1.17, H1 3.06, H2 3.19 the presence of gghelical conformation (Whhnrich, 1986).
lle 75 01CH; 1.01 From inspection of Figure 1, it is evident that helical units
ngj Z;g F"gi %Z.)g %g f:ég are present for the segments 51, 15-18, 50-55, 6168,
Lys 87 H/11.78 72—75, and 88-103. The presence ofi+2 connectivities
Lys 89 Hyl1.52, H2 1.61 in all the helices suggests that they are distorted toward the
Arg 91 H321.94, H11.21, 2 1.75 310 conformation.
15—3;%2 "l'\?& ?-?E' :146é218 Slowly exchanging backbone amide protons (whose
— S resonances were still detectable a few weeks after the sample
* The sample conditions are pH 7.0, 50 mM phosphate buffler. — ha4 pheen dissolved in £ solution) are also reported in
previous work (Gao et al., 1990) only ong3Hbroton was assigned .
(1.87 ppm).¢ In previous work (Gao et al., 1990) only ongtgroton Flggre L _They.have be_en observed for 47 out of 100
was assigned (1.45 ppm). residues with assigned amide protons. Most of these protons

are involved in helices, where they form H-bonds which

1_prevent them from fast exchange with the bulk solvent.
Others are located in the interior of the protein or are
involved in other H-bonds.

repeated the assignment for reduced Cysl1l02Ser iso-
cytochromec under our experimental conditions (50 mM
phosphate buffer, pH 7.0) using TOCSY and COSY y®H
and DO for spin patterns and NOESY spectra ipQHfor Solution Structure Determination
sequential NH-NH and &#—NH connectivities.

Our assignment is consistent with that previously pub-
lished, although we have not been able to confirm the
assignment of the protons of Gly 45 and a different
assignment has been found for thgsHof Glu 66. About
30 newly assigned protons are reported in Table 1. The NH
of Glu 4 was assigned on the basis of its strong NOE to the
NH of Phe 3. The aromatic side chain of Tyr 67 is now
completely assigned. The detection of an individual reso-
nance for each proton of the aromatic ring indicates that the
side chain is quite rigid, at variance with earlier proposals
(Gao et al., 1990; Qi et al., 1994; Moore & Williams, 1980a;
Moore & Williams, 1980b; Wand et al., 1989). Thr 5 and
Gly 83 remain unassigned. The stereospecific assignmen
of 60 protons was maqle by use of the program GLOMSA_" calculation. These latter constraints are meaningless either
The Wh.OIG asagnment IS 3va"ab'e as supplementary mat(':'r'albecause they correspond to fixed interproton distances or

This is an extensive assignment of a large cytochrome (108,05 se they correspond to distances that cannot be violated
amino acids), accounting for 77% of the expected proton by any conformation of the polypeptide chain.
resonances: for comparison, 88% of the expected proton The number of NOE constraints per residue is shown in
resonances have been assigned in reduced cyloctB@me g e 2 This corresponds to 15.8 NOEs per residue as
from.Desquwibrio uulgarisHiIdenborqugh (79 amino acids) input for the DIANA calculations and 13.4 accepted experi-
(Marion & Guerlesquin, 1992); 96% in reduced cytochrome mental constraints per residue. The latter compare with the

G from the green algdlonoraphidium brauni89 amino 14 5 304 13.1 meaningful NOEs per residue used for the
acids) (Banci et al.,, 1996); 81% in reduced horse heart g0 e calculations of cyts and the cyanide adduct of
cytochromec (103 amino acids) (Wa_n(_j et al., 1989); and Ala 80 cyt c, respectively. In the case of horse heart
62% in the cyanilde adduct of oxidized Ala 80 yeast cytochromec, a total of 1904 NOEs was used for structure
cytohromec (Banci et al., 1995). calculation, which corresponds to 18.8 observed NOEs per
residue; the number of meaningful NOEs was not reported
(Qi et al., 1994). For reduced cytochroresgs from D.

The amide exchange data and the short and medium-rangeulgaris Hildenborough (Marion & Guerlesquin, 1992), 11.1
NOEs observed for the backbone protons in the 100-ms NOEs per residue were used in the structure determination
NOESY maps in HO are summarized in Figure 1. Sequen- procedure; again, the number of meaningful constraints was
tial NH—NH connectivities for stretches longer than two not reported.
residues were observed for positions®, 12-19, 2729, The heme, the axial ligands, and the two Cys residues
36—38, 50-55, 61-65, 68-70, 72-75, 79-82, 84-87, 88— covalently linked to the heme unit were treated as previously
92, and 95 to the C-terminus. Sequential connectivities havereported (Banci et al., 1995, 1996), i.e., including the heme

A total of 1702 experimental NOE constraints were
assigned and integrated and then transformed into upper
distance limits using the program CALIBA (@tert et al.,
1991). The number of constraints transformed into upper
distance limits is presented in Table 2 for each calibration
class. The calibration is in agreement with the volume-to-
distance correlation, where the intensities were assumed to
be inversely proportional to the sixth power of the corre-
sponding upper distance limits in the case of each class of
protons and classes 1, 3, and 5 of methyls and to the fifth
power for the class 2 of methyls.

1442 out of 1702 constraints were meaningful and
therefore have been taken into account by DIANA. The
tremaining constraints were found to be irrelevant for the

Information on the Secondary Structure
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Ficure 1: Sequential dipolar connectivities involving NHoHand H3 protons in the reduced form of yeast iso-1-cytochraan&he
thickness of the bar indicates the relative NOE intensities. In the first line, NH resonances that were found to exchange skgvly in D
solution are also indicated by full squares.

Table 2: Number of Cross-Peaks Constituting the Upper Distance program DIANA. The artificial residue consists of a

Limits File Used in DIANA Calculations on Reduced Yeast histidine residue whose d2 was connected to the heme
Iso-1-cytochromes, Divided According to the Classes Described in  skeleton through links with the four pyrrole nitrogens (upper
the Experimental Sectién distance limits 2.9 A). As the DIANA library does not allow
1 intraresidue (except NH,d Hp3) 389 (151) the introduction of metal ions, the heme iron was defined as
% fnegéliﬁ”m“_?;ﬁgg intraresidue NHoHHf 6182(1(2)) a dummy atom and its hexacoordinate geometry was
4 long-range backbone 18 simulated by imposing the appropriate upper and lower
5 long-range 593 (295) distance limits between this dummy atom and the ligand
2The number of cross-peaks involving methyl groups are reported atoms. Starting from the four pyrrole nitrogens, the heme
in parentheses. skeleton was built by defining covalent bonds between the

atoms in such a way that the heme conformation comes out
in the distance geometry calculations through the addition the same as in the X-ray structure of reduced yeast cyto-
of an artificial amino acid to the residue library used by the chromec. Upper and lower distance limits (2.1 and 1.8 A,
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Ficure 2: Number of (A) inter- and (B) intra- NOESs per residue identified in the NMR spectra. The total height of each column represents
the amount of observed experimental NOEs. The open and filled bars correspond to NOE constraints which were found to be irrelevant and
meaningful, respectively.

respectively) between the cysteine sulfur and dhearbon lated, and 60 stereospecific assignments of diasterotopic
of the corresponding thioether substituent were also used toprotons were obtained through the use of the program
define the links between Cys 14 and Cys 17 and the heme.GLOMSA.

An upper distance limit of 2.5 A and a lower distance limit In the final stages of the distance geometry calculations,
of 1.8 A were imposed between the iron and the methionine hydrogen-bond contraints were also included (Qi et al., 1994;
sulfur atom. Defining the appropriate bonds as rotatable, Detlefsen et al., 1991; Markus et al., 1994; Banci et al., 1995,
the heme substituents were allowed to assume all possiblel996). The geometric criteria we chose for the presence of
conformations. Analogously, the His 18 ring and the Met a hydrogen bond requires the protescceptor distance to
80 side chain could change their orientations with respect be less than 2.4 A and the angle formed by the proton, the
to the heme plane axes. 500 structures were initially calcu- donor atom, and the acceptor atom to be withifi. 35or
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Ficure 3: Stereodrawing of the 20 best structures of reduced yeast iso-1-cytochrbraeconstitute the DG family.

RMS D

residue number

Ficure 4: Diagrams of the RMSD per residue for the 20 structures
of the DG family. RMSD values for the backbone and the heavy
atoms are represented by symbBElsndO, respectively.

the main chain atoms, these criteria were found to be satisfied

in most of the structures by the following 12 NH/CO pairs:
Lys 11/Ala 7, Leu 15/Phe 10, Cys 17/Cys 14, His 18/Cys
14, Lys 55/lle 53, Leu 68/Met 64, Tyr 74/Asn 70, Arg 91/

Lys 87, Asn 92/Glu 88, lle 95/Arg 91, Tyr 97/Asp 93, and

Ala 101/Tyr 97. All of these hydrogen bonds involve amide
protons that were found to exchange slowly isDsolution

between residue 83 and residue 88. The-88 region is
well defined, with RMSD values lower than the average.
The pattern of the RMSD values per residue compares well
with that previously found for the cyanide adduct of oxidized
Ala 80 cytochromec (Banci et al., 1995). A trend of the
RMSD values similar to that found for the backbone atoms
also is observed for the heavy atoms (Figure 4).

The energy-minimized average structure calculated from
the above family of 20 structures was used to check the
guality of the structure in a Ramachandran plot. The protein
contains 90 “meaningful” residues (i.e., non-glycine, non-
proline, and non-terminal residues) for the Ramachandran
plot. In the energy-minimized average structure, 68 residues
(i.e., 75.6% of the meaningful residues) fall in the most
favored regions; 19 residues (i.e., 21.1%) are in the additional
allowed regions; Arg 13 and Glu 66 fall in the generously
allowed regions, while Phe 36 is in the disallowed region.

32 structures were calculated with a target function lower
than 1 . They were all used for further analysis, as they
represent a larger ensemble to analyze statistical proper-
ties.

Comparison with Related Structures

All of the secondary structural features and the overall

(see Figure 1). Another H-bond present in all the calculated folding observed in the X-ray structure are completely

structures is that betweerndtl of His 18 and CO of Pro 30.
The H)1 proton was also found to exchange slowly isCD

maintained in the solution structure. A ribbon diagram of
the solution structure is presented in Figure 5. The elements

solution. The introduction of hydrogen-bond constraints does of secondary structure were identified using both a Ram-

not sensibly improve the quality of the structure.
The DG family obtained using constraints derived from

achandrang, ¥ plot and an analysis of the main-chain
hydrogen bonding (Table 3). Each of the 32 calculated DG

dipole—dipole connectivities and hydrogen bonds consists structures was investigated. The observed hydrogen bonds
of 20 structures with the lowest values for the target function involving main chain atoms confirm the presence of the

(i.e.,<0.82 A?) and with individual violations of the distance

helices predicted on the basis of the medium-range NOEs

constraints that do not exceed 0.27 A. A stereodrawing of (vide suprg. From the analysis of the structure it is clear

the DG family (backbone, heme, and its axial ligands) is
shown in Figure 3. The distribution of the RMSD per residue
within the DG family for both backbone and all heavy atoms
is shown in Figure 4 (symbol andO, respectively). The
RMSD values with respect to the mean structure are &.61
0.09 A and 0.98+ 0.09 A for the backbone and all heavy
atoms, respectively, when residues®0 are considered.

that all of the helices observed in the crystal (Berghuis &
Brayer, 1992; Louie & Brayer, 1990) are maintained in
solution, as observed in the case of the horse heart protein
(Qi et al., 1994) and for the cyanide adduct of the Ala 80
mutant (Banci et al., 1995). Moreover, as reported for
cytochromescss; (Detlefsen et al., 1991) antss (Marion

& Guerlesquin, 1992; Blackledge et al., 1995), our NMR

The structures constituting the family have an average targetdata are compatible with another helix at positions-18.

function of 0.57 & The N-terminal residues-6 to 6) show

The presence of an analogous helix can also be inferred from

the largest RMSD values. Substantial disorder for thesethe NMR data on the cyanide adduct of oxidized Ala 80
residues was observed in the X-ray crystal structure of yeastcytochromec (Banci et al., 1995).

iso-1-cytochromec in both oxidation states (Berghuis &

There also are hydrogen bonds associated with the tertiary

Brayer, 1992); and RMSD values larger than the average structure. Though present with optimal geometry only in

are found for the fragments 226, 34-36, and 42-47. A

11 out of 32 structures, the NH of Gly 1 and the side chain

slight increase in the spreading of the family is also observed oxygen of Thr 96 are consistently within hydrogen-bond
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in the present solution structure of reduced yeast cytochrome
¢ nor in the solution structure of reduced horse heart
cytochromec (Qi et al., 1994). However, it was observed
in the solution structure of the cyanide adduct of the oxidized
yeast Ala 80 mutant (Banci et al., 1995). Finally, it is
interesting to note that in the X-ray structure of oxidized
yeast cytochromes, Trp 59 experiences higher thermal
factors than in the reduced form, which suggests a weaker
hydrogen bond, with an increased NI@2 distance (Ber-
ghuis & Brayer, 1992). This behavior could indicate that
the hydrogen bonds are very sensitive to minor structural
rearrangements. The H-bond between th¥l Hf His 18
and the carbonyl oxygen of Pro 30, described in the crystal
structure, is present in all of the calculated structures of the
DG family. It also was observed in the case of the cyanide
adduct of yeast Ala 80 cytochronte(Banci et al., 1995).
Although the solution structure of the cyanide adduct of
oxidized Ala 80 cytochrome (Banci et al., 1995) has the
FiGURE 5: Ribbon diagram of the solution structure of reduced same secondary structure elements found in the solution
yeast iso-1-cytochrome displayed using MOLSCRIPT (Kraulis,  structure of the reduced form of yeast iso-1-cytochrame
1991) and Raster3D (Bacon & Anderson, 1988). The structure was gitferent exchange rate patterns were observed for the amide
obtained from the 20 solution structures of the distance geometry . .
family followed by energy minimization. protons.. Compared to the 47 slowly exchanging a_\mlde
protons in the present structure, only 26 were found in the
Table 3: Hydrogen Bonding between Main Chain Atoms Observed ©OXidized mutant (Banci et al., 1995). Whereas the distribu-

in the 32 Structures of Reduced Yeast Iso-1-cytochreritained tion of slowly exchanging amides in the two proteins is
from DG Calculations almost the same in the first and last helices, a larger number
donor atom acceptor atom frequency of slowly exchanging NHs in the helices present between
NH Gly 1 Oy1 Thr 96 1 50 and 75 are found in the present case. M_oreover, two
NH Phe 10 COGly6 19 other areas characterized by slowly exchanging NHs, not
NH Lys 11 COAla7 31 observed in the Ala 80 protein, are present between residues
m: Ihr 1125 gg 'l—jiu 910 2311 28 and 35 and residues 78 and 82. The latter segment
NH C';‘; 1 co Cy‘; 14 s contains the mutated residue and it has been shown that
NH His 18 COCys 14 32 replacement of the axial Met 80 with an Ala creates a large
Ho1 His 18 CO Pro 30 32 “distal” cavity (Banci et al., 1995). Therefore, a different
m: |(|5|y3254 gg hysgg 1:7% solvent accessibility to these residues around the mutation
NH G‘?y e co Tr'; o P site cannot be ruled out. The former segment and the three
NH Lys 55 COlle 53 32 helices in the 5675 residue range are, however, well
NH Asp 60 @)1 Asn 63 13 removed from the mutation site. An increase in hydrogen
NH Ser 65 COGlu 61 12 exchange rates has been observed on going from the reduced
m: (TB'” 66 CO Asn 62 25 (ferrous) to the oxidized (ferric) state of horse heart cyto-
yr 67 CO Asn 63 13 . . :
NH Leu 68 CO Met 64 32 chromec by infrared (Kagi & Ulmer, 1968; Ulmer & Kagi,
NH Lys 69 CO Ser 65 28 1968) and NMR spectroscopy (Patel & Canuel, 1976; Wand
NH Asn 70 CO Glu 66 16 et al., 1986). It is therefore tempting to propose that the
NH Tyr 74 CO Asn70 23 observed differences are related to the different dynamical
NH lle 75 COPro71 23 . ;
NH Phe 82 CO Met 80 19 features of the two redox states of the protein. This
NH Arg 91 COLys 87 32 hypothesis is supported by some preliminary results on the
NH Asn 92 COGlu 88 32 oxidized form of yeast iso-1-cytochrome (unpublished
NH Asp 93 COLys 89 24 results of this lab).
NH Leu 94 CO Asp 90 30 K ” L hich houaht to b
NH lle 95 CO Arg 91 30 _Looking at specific protein sites which are thought to be
NH Thr 96 CO Asn 92 23 significant for biological function, we have compared the
NH Leu 98 CO Leu 94 32 energy-minimized mean structur@GO with the X-ray
NH Lys 99 CO lle 95 25 structure of the free reduced yeast iso-1-cytochrome
NH Lys 100 CO Tyr 97 26 >
NH Thr 102 CO Leu 98 24 (hereafter referred to as red oyt (Louie & Brayer, 1990)
NH Glu 103 CO Lys 100 10 and with that of the cytochrome in the complex with yeast

cytochromec peroxidase (Pelletier & Kraut, 1992) (where
distance, suggesting a tight interaction between the N- andthe cytochrome is oxidized; hereafter referred to as ox cyt
the C-terminal helices. The same hydrogen bond was foundc:CcP). The pairwise RMSD values are reported in Table
in about 20% of the calculated structures of the cyanide 4. For the backbone atoms the largest differences between
adduct of Ala 80 cytochrome (Banci et al., 1995). Inthe  solution and X-ray structures are observed at positiehs
X-ray structure of the reduced form of yeast cytochrane —4, —2, 2—4, 11, 12, 2126, 38, 4144, 60, and 103 for

a hydrogen bond between the NH proton of the Trp 59 indole the uncomplexed cytochroneeand at positions-5, —4, —2,

ring and the O2 atom of the heme propionate was observed—1, 2—4, 8, 12, 22-25, 37, 38, 4144, 57, 58, and 103 for
(Louie & Brayer, 1990). This hydrogen bond is not observed the complex. Most of these residues correspond to those
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Table 4: RMSD Values for the Backbone (Upper Diagonal) and as H-bond donors, Asn 70 shows RMSD values for the heavy

All Heavy Atoms (Lower Diagonal) of the Energy-Minimized atoms within the family lower than the average (i.e., 0.76
Average Solution Structure of Reduced Yeast Iso-1-cytochrome A), whereas Lys 73 and Lys 87 are less defined [RMSD-
(GO with Respect to the X-ray Crystal Structures of Reduced (HA) of 1.14 and 1.24 A’ respectively]. However, in the

Lea\s(t 'SO'Il'Cy{OChromhe (redccytc)l (Logie &CBrayﬁr' 1990) and of 5y erage structure the latter has a conformation not too
the Yeast Iso-1-cytochrome Complexed to Cytochrome . .
Peroxidase (ox cyt:CcP) (Pelletier & Kraut, 1992) different frorE that obserx\ed in both crystal structures
DGO redoyte  oxcytcCoP  Ala 800 [RMSD(I—_IA) =1.04-1.05 ]._ Lys 73 is aImos’g superim-
: posable in the present solution structure and in the crystal

DGO - 0.87 0.90 1.00 structure of red cyt [RMSD(HA) = 0.96 A], while it has
red cytc 1.62 - 0.40 0.98 . . L ) -
oxcytcCcP 246 200 _ 0.97 a different orientation in ox cyt:CcP [RMSD(HA)= 1.67
Ala 800 1.47 1.51 2.39 - and 1.66 A with reference to the solution and the crystal,
a A comparison with the energy-minimized average solution structure "€SPeCtively]. Asn 70 in the three structures does not differ
of the cyanide adduct of the Ala 80 mutant of cytochran&la 800 substantially; its position in the ox cgtCcP is intermediate
(Banci et al., 1995) is also given. between that observed in solution [RMSD (H#)0.85 A]

and that found in the crystal of the free red cyfRMSD-

with the largest RMSD values within the family and probably (HA) = 0.51 A].
the differences are not very meaningful. Concerning allthe ~Among the residues involved in van der Waals interac-
heavy atoms (hereafter referred to as HA), the solution tions, Leu 9 and Ala 81 are both very well defined in the
structure is closer to the crystal structure of the reduced freesolution structure [RMSD(HA) within the DG family of 0.50
cytochromec than to that of the oxidized cytochroneein and 0.30 A]. The latter residue has an almost identical
the complex. This is not a surprising result. However, there arrangement in the three structures, whereas the former is
are meaningful discrepancies from this global value in some slightly different in solution. The Phe 82 ring also is
particular residues. characterized within the DG family by RMSD values lower
A few side chains have been proposed to be relevant inthan the average; its position in the two crystal structures is
the intermolecular contacts with CcP (Pelletier & Kraut, hot too different [RMSD(HA)= 1.49 A], but the conforma-
1992). An analysis of the conformation of these residues in tion in the average structure in solution is the same as that
the various structures is reported in Table 5. The GIn 16 in ox cyt c:CcP [RMSD(HA)= 0.30 A]. Gly 83 and the
side chain changes conformation in the complex, as com-side chain of Lys 86 are poorly defined in the solution
pared to free cytochromg folding back to form a hydrogen  structure: the former residue is not assigned, and only the
bond with its own backbone amide nitrogen, thus allowing SCH; protons have been identified for the side chain of Lys
larger access to heme pyrrole ring C. Asn 70, Lys 73, and 86. Nevertheless, the Gly 83 conformation does not differ
Lys 87 could serve as potential H-donors in hydrogen bonds too much in the three structures, the solution structure being
with negatively charged residues on the CcP surface, closer to that of ox cyt:CcP. On the other hand, the side
although some rearrangement of the side chains is requiredchain of Lys 86 has a very similar position in the two crystal
for either of the two partner molecules with respect to the structures but largely different in the solution structure. Due
X-ray structure of the complex to allow formation of these to the lack of experimental data on this side chain, the
hydrogen bonds. The predominant forces holding the difference could be meaningless. Substantial differences
complex together are hydrophobic and van der Waals between the solution structure, on one side, and the two
interactions involving Leu 9, Arg 13, Ala 81, Phe 82, Gly crystal structures, on the other, also are observed for the Arg
83, and Lys 86 on cytochrome We have therefore focused 13 side chain, which shows RMSD values within the family
our attention on these side chains. GlIn 16 in the solution only slightly larger than the average and which is defined
structure is well defined (RMSD of 0.67 A for the all heavy by a reasonable number of NOEs.
atoms), and its side chain conformation is closer to that of From the comparison of all these structures with the
ox cyt c:CcP in the crystal than to that of the free red cyt  solution structure of the cyanide adduct of oxidized Ala 80
in the crystal (RMSD values for all heavy atoms of 1.36 cytochromec (Table 4), we can see that the overall structure
and 2.15 A, respectively). Of the residues which could serve of the oxidized mutant is much closer to the structure of the

Table 5: Pairwise RMSD Values between the Average Solution Structure of Reduced Yeast Iso-1-cytactiid@ig¢ and the X-ray Crystal
Structures of Reduced Yeast Iso-1-cytochrarr(eed cytc) (Louie & Brayer, 1990) and of Yeast Iso-1-cytochrom€omplexed to
Cytochromec Peroxidase (ox cyt:CcP) (Pelletier & Kraut, 1992)

residue  [DGlred cytc (DGllox cytc:CcP red cyt/ox cytc:CcP  [DGM[Ala 800 red cytc/[Ala 800 ox cytc:CcPlAla 800

GIn 16 2.15 1.36 2.23 1.17 1.50 1.64
Asn 70 1.20 0.85 0.51 1.13 1.86 151
Lys 73 0.96 1.67 1.66 1.29 1.74 1.93
Lys 87 1.04 1.05 1.10 2.82 2.85 2.30
Leu9 1.31 1.65 0.68 1.81 1.60 1.39
Arg 13 2.10 2.07 0.70 1.90 1.80 1.93
Ala 81 0.32 0.52 0.28 0.65 0.75 0.99
Phe 82 154 0.30 1.49 1.10 1.23 1.04
Gly 83 1.09 0.85 0.42 1.36 1.92 1.61
Lys 86 2.93 3.02 0.69 1.86 1.98 1.83

a calculated for all heavy atoms for residues that have been proposed to be involved in the interaction with cytopleroxidase. A comparison
with the energy-minimized average solution structure of the cyanide adduct of the Ala 80 mutant of cytocl{diaeB00) (Banci et al., 1995)
is also given.
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reduced form both in solution and in the crystal than to that Feng, Y., Roder, H., & Englander, S. W. (199ipchemistry 29
of the ox cytc:CcP crystal. However, if we analyze the  3494-3504. . _

residues involved in complex formation in the cyanide adduct Galé)ib%én?i?t/g/ 2‘]963%1'?;883 R. J. P, & Pielak, G. J. (1990)
of oxidized Ala 80 cytochrome, they are closer to the ox Griesinger, C., Otting, G., V\tbfich, K., & Emst, R. R. (1988).

cyt c:CcP than to the red cyt crystal, as found for the Am. Chem. Soc. 110870-7872.

solution structure of reduced yeast iso-1-cytochrame Gintert, P. (1992DIANA Program Version 2.1, User's Manual
and Instructions|nstitut fuer Molekularbiologie und Biophysik
Concluding Remarks Eidgenoessische Technische Hochschule, Hoenggerberg, CH-

) 8093 Zirich, Switzerland.
The solution structure of reduced yeast cytochrarhes Gintert, P., & Wiihrich, K. (1991)J. Biomol. NMR 1447—456.
been obtained through dipolar couplings involving 539 Guntert, P., Braun, W., & Wihrich, K. (1991)J. Mol. Biol. 217

assigned protons out of 703. For a nonenriched protein Ka%}735g0-& Ulmer, D. D. (1968Riochemistry 72718
(enrichment being infeasible with the expression system in Kors’zun, 7 R., Moffa’tt, K.. Frank, K., & Cusanovich, M. A. (1982)

use) this is a significant achievement. The average RMSD ' Bjochemistry 212253-2258.

of the family is relatively high although the structure is well Kraulis, P. J. (1991). Appl. Crystallogr. 24946—950.

resolved in large parts of the protein. The observability of Laskowski, R. A., MacArthur, M. W., Moss, D. S., & Thornton, J.
a large number of amide NHs in,D solution indicates a LiuM-G(lgé’r?’) Jér?pgl.frygtféll??or. %626‘83(_1%%%&00%“5” 2
relative rigidity of the backbone as opposed to the cyanide 5045_50y5%_ T piro, 1. . y
adduct of the oxidized Ala 80 protein, which shows a smaller | ouie, G. V., & Brayer, G. D. (1990). Mol. Biol. 214 527-555.
number of slowly exchanging signals. An additional helix Lu, Y., Casimiro, D. R., Bren, K. L., Richards, J. H., & Gray, H.
involving residues 1518, which was not reported for the B. (1993)Proc. Natl. Acad. Sci. U.S.A. 901456-11459.
crystal structure, is detected in solution. The overall folding Mi"?”rgéls_'é\s’\ém”"h’ K., & Emst, R. R. (1982). Magn. Reson.
seen in the X-ray structure is maiptained in solution. The Marién, D.. &-WUhrich, K. (1983) Biochem. Biophys. Res.
hydrogen-bond network is maintained between the crystal Ccommun. 113967—974.

and solution structures. When the residues involved in the Marion, D., & Guerlesquin, F. (199Biochemistry 318171-8179.
interaction with cytochrome peroxidase are considered, in Markus, M. A., Nakayama, T., Matsudaira, P., & Wagner, G. (1994)

. . ; Protein Sci. 3 70-81.
many cases in solution they are closer to the crystalline Moore, G. R. (1983FEBS Lett. 161171-175.

complex than to the crystalline free molecule. Moore, G. R., & Williams, R. J. P. (1980&ur. J. Biochem. 103
513-522.
SUPPORTING INFORMATION AVAILABLE Moore, G. R., & Williams, R. J. P. (1980tBur. J. Biochem. 103

. . 523-532.
Table containing proton assignments for reduced yeast,, ore, G. R, & Pettigrew, G. W. (1990Eytochromes c:

cytochromec (shift values measured at 303 K) and a listing  gyolutionary, Structural and Physicochemical AspeStsringer-
of the experimental NOESY intensities as well as the Verlag, Berlin.
hydrogen-bond constraints used for the structure calculationPatel, D. J., & Canuel, L. L. (197@roc. Natl. Acad. Sci. U.S.A.

(72 pages). Ordering information is given on any current Pelletier. H., & Kraut, J. (19925cience 2581748-1755,

masthead page. Pettigrew, G. W., & Moore, G. R. (1987Lytochromes c:
Biological AspectsSpringer-Verlag, Berlin.
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