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ABSTRACT: Cytochromecs from Monoraphidium brauniian 89-amino acid electron transfer protein, has
been investigated by NMR in solution, in its oxidized form, at pH 7 and 300 K. By using a combination
of COSY, TOCSY, and NOESY experiments, 84% of the proton resonances have been assigned. A total
of 1668 experimental NOE constraints, 1109 of which were meaningful, together with 288 pseudocontact
shifts, have been used to determine the structure in solution. This is represented as a family of 40 structures
which have been energy minimized. The rmsd values with respect to the mean structure aré®M87

and 0.94+ 0.09 A for the backbone and heavy atoms, respectively. The structure has been found to be
very similar to that of the reduced form, except for a rearrangement in propionate 7, a feature which has
been observed in ali-type cytochromes investigated so far. Such a feature could be relevant for the
efficiency of the electron transfer pathway with either the oxidizing or the reducing partners. Other
differences in the oxidation states have been noted in the region proposed to be involved in the interaction
with the physiological partners.

The structural changes occurring upon electron transfer shown a reorientation of propionate 7 upon the oxidation
in electron transfer proteins is the object of an international state changing. Furthermore, it has been noted that in yeast
scientific debateX—3). These possible structural changes cytochromec the number of backbone NH protons exchang-
would be relevant in determining the reorganizational energy ing with D,O as the solvent is larger in the oxidized than in
associated with the change of the oxidation state. the reduced form. This behavior has been discussed in terms

Among the electron transfer proteins, the solution struc- of structural mobility, which is higher in the oxidized state,
tures of the oxidized and reduced forms of high-potential involving the two loops supporting the methionine and
iron—sulfur proteins (HiPIPs) have shown that, at the present histidine ligands, respectivelyL§). The solution structures
level of resolution, apparently no difference is present for of oxidized (L4, 15) and reducedl(6) horse heart cytochrome
the two oxidation stategi{-7). c are also available and show differences such as the

At variance with this, the crystal structures of some orientation of the propionates.
oxidized and reduced cytochromes have shown some changes We have extended the study to the solution structure of
(2, 8-10). The largest change involves the orientation of the oxidized and reduced forms to cytochromecyt cg)!
propionate 7, while minor conformational changes occur in from the photosynthetic green aliydonoraphidium braunii
the orientation of the axial histidine and the puckering of (17). Like all c-type cytochromes, cyt; contains a heme
the heme ring. Furthermore, a change in the position of a moiety with the iron ion axially coordinated by a histidine
structurally ordered water molecule close to the iron has beenand a methioninel@, 19). At variance with the horse heart
observed %, 11). and yeast cytochromeaswhich are positively charged, cyt

The solution 12, 13) and crystal 2, 8) structures of yeast  c¢g is negatively charged. The protein is characterized by a
cytochromec in both its reduced and oxidized forms have positive reduction potential (358 mV at pH 7).

The 3D structure of the reduced form of cytis available
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paper. Also for cyts, propionate 7 shows a change in the

Banci et al.

All the 2D spectra consisted of 2K data points in e

conformation when passing from the reduced to the oxidized dimension, while 512900 experiments were recorded in

form, although different from that observed in otletype
cytochromes.

MATERIALS AND METHODS

Sample Preparation Cytochromecs from M. braunii (cyt
Cs) was prepared and purified as previously reported.(
Samples fotH NMR spectroscopy were prepared in 10 mM
phosphate buffer (in 90% 40/10% DO or in 100% BO)
at pH 5, adjusted by addition of small volumes of a
concentrated solution of NaOH. The final protein concentra-
tion was approximately 2.5 mM. NaNvas added to the
samples to a concentration of 48 to prevent the growth
of bacteria. Cytochromes has a relatively high reduction
potential [358 mV at pH 717)] and thus tends to autoreduce.
Oxidation of cytochromecs was achieved by addition of
stoichiometric amounts of potassium ferricyanidesHK-
(CN)g]. Thus, high-quality 2D NMR spectra were obtained.
Use of degassed buffers and periodic addition (ever 2
days) of small (substoichiometric) quantities ofF€(CN)
kept the majority of the sample (9®5%) in the oxidized
form. The reduced form of cytochrome; in 10 mM

phosphate buffer at pH 5.0 was achieved by the stoichio-

metric anaerobic addition of sodium dithionite. The latter

theF; dimension, using 128 or 256 scans/experiment. Raw
data were multiplied in both dimensions by a pure cosine-
squared (NOESY and TOCSY) and a pure sine-squared
(COSY) bell window function and Fourier transformed to
obtain 2048x 1024 real data points. A polynomial baseline
correction was applied in both directions. The spectra were
calibrated by assuming a chemical shift of 4.787 and 4.849
ppm for the water signal with respect to DSS at 300 and
295 K, respectively. Data processing was performed using
a standard Bruker software package. The 2D spectra were
analyzed on IBM RISC 6000 computers using the program
XEASY (ETH, Zurich) @0).

Structure Calculations. The volumes of the assigned
NOESY cross-peaks were obtained using the integration
routines available in the program XEASY. The majority of
the dipolar connectivities was obtained from the NOESY
cross-peaks present in the WATERGATE NOESY spectrum
acquired at 500 MHz at 300 K with a mixing time of 100
ms and a spectral width of 18 ppm. However, most of the
dipolar connectivities involving the protons of the heme
group were taken from two NOESY maps acquired 4OD
with mixing times of either 25 or 100 ms.

The approach we have used to convert NOE intensities

was added as a small aliquot taken from a concentrated (0.25nto distances is that provided by the program CALIB3Y

M) degassed solution in 10 mM phosphate at pH 5.
NMR SpectroscopyH NMR spectra were recorded on
DRX 500, AMX 600, and AVANCE 800 Bruker spectrom-

which divides the NOEs into five different classes of
distances between single protons. Five separate classes apply
also for distances involving methyls, thus taking into account

eters, operating at nominal frequencies of 500.13, 600.13,the three-proton degeneracy. The classification used in this

and 800.13 MHz, respectively. 2D TPPI NOESX0(21)
and clean TOCSY 22, 23) spectra were recorded with

work is the same as that previously report88+33) and
holds as follows: (i) intraresidue except NHoHand H3;

presaturation of the solvent signal during the relaxation delay (i) sequential and intraresidue NH, ol and H3; (iii)

(500 ms, in TOCSY and NOESY) and the mixing time (in

medium-range (all nonsequential interresidue connectivities

NOESY). These maps were acquired at 300 and 295 K in between NH, M, and H3 within a segment of five

D,O and in HO (90% HO/10% D). In the maps
collected for the optimization of the detection of connec-

tivities in the diamagnetic region, the spectral width was set

to 40 ppm (on the Bruker AMX 600 spectrometer) or 18
ppm (on the Bruker DRX 500 or the AVANCE 800

consecutive residues); (iv) long-range backbone; and (v)
long-range.

For each of the three integrated 2D NOESY maps, a
separate run of CALIBA was performed. For the two
NOESY maps collected with the same mixing time (i.e., 100

spectrometer) and the recycle time to 600 ms. In those mapsms in either HO or D,O), scaling of the volumes was done
collected for the detection of connectivities between para- by referring to a few intraresidue connectivities whose
magnetic signals, the spectral width was set to 70 ppm andvolumes could be accurately measured in both spectra. The
the recycle time to 300 ms. NOESY spectra were acquired paramagnetic NOESY map, obtained with a 25 ms mixing

with mixing times of 100 ms (for the “diamagnetic” spectra)

time, was calibrated independently, by using a few intraresi-

and 25 ms (for the “paramagnetic” spectra). TOCSY maps due heme NOESY cross-peaks (ecgmeso proton to 2-H
with spin lock times of 60 and 90 ms were acquired to detect proton,o-meso to 3-CH, andd-meso to 1-ChH) known to
connectivities between diamagnetic signals. A phase sensi-correspond to a fixed distance, as a starting point for the

tive TPPI COSY 24, 25 map was recorded in a B
solution at 300 K. Using the WATERGATE26) pulse

calibration of the cross-peaks corresponding to protons very
close to the paramagnetic center. In the following cycles of

sequence for water suppression, NOESY maps were collectectalibration, the same procedure as outlined above was used.

on the DRX 500 and the AVANCE 800 spectrometers at a
temperature of 300 K with a mixing time of 100 ms and a
spectral width of 18 ppm. A superWEFT TOCSY spectrum
in H,O, with a spin lock time of 10 ms, was also acquired

The resulting upper distance limits are not affected by the
proton pairs used in the first cycle of CALIBA as a starting
point for calibration. In fact, if instead of taking the
intraresidue heme NOESY cross-peaks we take as a starting

to enhance the sensitivity for cross-peaks between fastpoint the intraresidue cross-peaks arising from the ring of

relaxing protons of the residues located in the vicinity of
the heme.
1D NOE experiments were carried out at 500 MHz. They

Trp64 (also present in the paramagnetic NOESY map), the
same upper distance limits are obtained. In addition, we
should note that for those paramagnetic protons that were

were performed with the superWEFT pulse sequence for present in both NOESY maps (i.e., taken with 25 and 100
water signal suppression by using the methodology alreadyms mixing times) calibration of their cross-peak experimental

reported 27—29).

intensity gave very similar upper distance limits after
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successive runs of CALIBA. 1D NOEs involving paramag- with the four pyrrole nitrogens (upper distance limits of 2.9

netic signals (for a total of 11 NOEs) were converted into A). The heme iron was defined as a dummy atom, and its
upper distance limits of 5.0 A for proton pairs involving hexacoordinate geometry was realized by imposing the
single proton resonances. appropriate upper and lower distance limits between this

The oxidized form of cytochromes examined here is ~dummy atom and the ligand atoms by “special covalent
paramagnetic, and thus, the NOE volumes corresponding tobonds” (links). Upper (2.1 A) and lower (1.9 A) distance
dipolar connectivities of protons located close to the heme limits between the cysteine sulfur and thecarbon of the
are reduced by the effect of paramagnetism on their nuclearcorresponding heme thioether substituent were applied to link
relaxation rates. Therefore, by ignoring the paramagnetic the heme moiety to the bound cysteine. A link between
effect, the program CALIBA produces a relatively loose Met61 and the heme iron was placed with upper and lower
upper distance limit for paramagnetically relaxed protons. distance limits of 2.45 and 2.25 A between the sulfur
This fact may result in a less well defined structure around Methionine atom and the iron atom and of 2.9 and 3.2 A
the paramagnetic center since the upper distance limitsbetween the sulfur methionine atom and the four pyrrole
imposed are overestimated. However, in this structure nitrogens. After the appropriate bonds were defined as
determination, despite the loose calibration employed for rotable, the heme substituents were allowed to assume all
some of the protons, the average total, as well as the “perpossible conformations. Analogously, the His19 ring and
residue” rmsd values, for both backbone and heavy atomsthe Met61 side chain can change their orientations with
turns out to be very low (vide infra) even around the heme respect to the heme plane axes.
and even at the level of the DYANA calculations (i.e., before ~ With the preliminary structures available from the program
the introduction of pseudocontact shifts and before restrainedDYANA (i.e., by taking into account only the experimental
energy minimization) (see Results and Discussion for distance constraints and not including the pseudocontact
complete presentation). It is very important to note that, at shifts), the scaling factors for the volume-to-distance conver-
the end of the calculations, the structure is very well defined sion for each class were evaluated by plotting volumes of
and there are no violations of the experimental NOE Peaks arising from pairs of protons at a fixed distance. As
constraints (input in the form of upper distance limits). the structure emerged from successive runs of DYANA,

Nevertheless, the effect of paramagnetism on the NOE selected interatomic dlst_anc_es were taken from these struc-
intensities can be accounted for by a suitably modified tures and additional Callbratlo_ns were perfo_rmed. _Several
complete relaxation matrix approac84f. In the case cycles of the structure calculations were carried out in order

examined in re84 (reduced HiPIP | fronEctothiorhodospira to recalibrate the NOE distance constraints. At this stage,
halophila), accounting for the paramagnetism resulted in a N€W NOESY cross-peaks have been assigned by using the
decrease of the average backbone and heavy atom rmsds dio9ram CORMAg7). This program is based on relaxation
approximately 0.2 A in the vicinity of the paramagnetic matrix calculations which therefore allow us to back calculate
center and reached, within experimental error, values as low{Tom the structure the expected NOEs between each proton
as the ones obtained for the present system, where nahair. A_smgle correlation time, set to 4 ns, was used. Tr_]ese
correction for the paramagnetism has been employed. |tcalc.ulat|ons were performed on an aIready.qwte \_/veII defined
should be noted that reduced HiPIP | is a small (73-residue) family of 20 structures (see Results and !Z)lscussmn).' In our
protein containing four Fe metal ions, and thus, the para- @PProach, the program CORMA uses as input the assignment
magnetic effect is very pronounced. Oxidized cytis a ?f the prot?n chemlcr_:ll shifts that already has_ bee_n performed
low-spin Fe(lll) monoheme 89-residue protein where the manu_ally by following the methods described in Results
paramagnetic effect is expected to be smaller. Recently, a@nd Discussion. The new NOESY cross-peaks found by
comprehensive review has appeared describing in more detailCORMA gmoupted t0 9% of the total number of cross-peaks
the above-mentioned as well as several other issues involved'Sed as input in CALIBA.

in the solution structure determination of paramagnetic Ster€ospecific assignments of diastereotopic protons and
metalloproteins 35).2 methyl groups were obtained using the program GLOMSA

(32).

Experimental pseudocontact shifts were also used as
further structural constraints. These calculations can be
performed with the modified version of the DYANA program
(called PSEUDYANA) (5, 38) which includes the pseudo-
contact shift values as structural constraints. The latter
contribution to the shift arises from the magnetic susceptibil-
2By following the procedure described in Bertini et &84y, we ity anisotropy of the metal ion and depends on the position

conducted a CORMA calculation in the present system in order to ; ; in i
guantify the order of magnitude of the paramagnetic effects on the NOE of a given nucleus with respect to the principal axes of the

intensities in oxidized cyts. Assuming an electronic correlation time  magnetic susceptibility tensor. It is usually described by the
for the low-spin Fe(lll) equal to 6« 10712 s, the calculation resulted  following equation 89, 40):

in an average correction for five observed experimental NOE intensities,

by a factor of 2.8+ 0.5 corresponding to an overestimation of their 1 2 3 2 2
upper distance limits, in the absence of paramagnetic correction, by Opc = ———2[Axa3N" — 1) + LAY (" — m?)] (1)
19 + 1%. For the rest of the protons located in the vicinity of the 1 ¥

heme, an average correction factor of H#60.3 was calculated,

corresponding to a less than 10% overestimation of their corresponding ; ; ;
upper distance limits. The results of these test CORMA calculations whereAyaandAyr are the axial and the rhombic anisotropy

strongly indicate that, for the system examined here, the error introduced O the magnetic susceptibility induced by the paramagnetic
to the NOE calibration due to paramagnetism is quite small. ion, respectivelyr; is the distance of the nucleiigrom the

The heme was included in the structure calculations
through the addition of an artificial amino acid to the standard
residue library in a way similar to that previously described
(36). This artificial residue consists of a histidine residue,
whose N2 was connected to the heme skeleton through links
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metal ion, and;, m, andn; are the direction cosines of the magnetic susceptibility tensor anisotropies were reevaluated
position vector of atom (r;) with respect to the orthogonal after each PSEUDYANA run (a total of 6 runs was
reference system formed by the principal axes of the performed) and used in the following calculations. The final
magnetic susceptibility tensor. values of the magnetic susceptibility anisotropiégg) vary

The resonances of Cys15 and -18, of His19, and of Met61 approximately 10% (and not more than 5% after the first
have not been included in the calculations as their shifts couldtwo cycles) compared to the ones used initially as input. Test
also contain the contact contribution. runs were performed by using initial values for batls

The parameters of an average magnetic susceptibility 50—70% different from the ones calculated by FANTASIA.
tensor have been determined by fitting a series of eq 1, eachAfter the first PSEUDYANA calculation, they converged
relative to one structure of the family, to the same set of to values not more than 15% different from the output of
experimental pseudocontact shift values, through the programFANTASIA.
FANTASIA (41, 42). The final PSEUDYANA calculations were performed by

The pseudocontact shifts were included as constraints inusing 12 000 steps of annea"ng and Creating 300 random
the structural calculations by minimizing the following structures. Of these, at least 50 resulted with total target
equation for the pseudocontact shift target function: function of less than 5 A

Structural refinement was performed with restrained
energy minimization (REM) calculations performed with the
) ) ) ) SANDER module 43) of the AMBER software package
wherek; is the weight of theth constraint (all taken equal 44y The pseudocontact shifts were included as contraints
in this work) andT; is the tolerance on the experimental iy 3 modified SANDER module, called PSEUDOREM/
pseudocontact shift values. This tolerance measures the eMOpSEUMD @2). The family of 40 structures obtained with
with respect to the actual value. In the present calculations, he PSEUDYANA calculations were used as input for the
the tolerance was set to 10% of the experimental shift value, pSEUDOREM calculations. The force field parameters for
with the minimum value of 0.3 ppm for the nonexchangeable the heme and its ligands, as well as the overall calculation
protons and 0.6 ppm for the exchangeable ones. Theprgcedure, were set up as previously reported for similar
proportionality between tolerance and pseudocontact shiftsgystems 13, 18). The initial values of the magnetic
takes into account possible partial failures of eq 1 which is ggceptibility anisotropy parameters used as input by PSEU-
strictly valid only in the point dipolepoint dipole ap-  pOREM were the output of the PSEUDYANA runs.  After

proximation. ) ) the end of the PSEUDOREM runs, they were subjected to a
During the structure calculations, according to the proce- |ess than 3% change from their initial values.

dure developed for PSEUDYANA calculatiorsy( 38), the
program looks for the best orientation and origin of the tensor
that minimizes the deviation between experimental and
calculated pseudocontact shifts. PSEUDYANA follows a
procedure equivalent to the one used by the program
PSEUDIANA (41) which preceded it. Sample calculations
were also performed by using PSEUDIANA and gave similar
results for the values of the magnetic susceptibility anisotropy
parameters as well as for the tensor orientation. AN RESULTS AND DISCUSSION
important note should be made at this point: The PSEUDY-
ANA protocol (in contrast to the one followed by PSEUDI- Sequence-Specific Assignment
ANA) needs only the initial values (see next paragraph) of
the magnetic susceptibility tensor anisotropies and not its The 2D'H NMR spectra have been recorded at both 500
direction cosines, i.e. no specific initial orientation is provided and 800 MHz at 300 K and pH 5.0. The 800 MHz NMR
for the tensor. By using the simulated annea"ng protoco| spectra were better resolved, but contained essentially the
(in an equivalent manner as implemented in DYANA), it Same number of cross-peaks under the present experimental
allows for a complete search in the conformational space conditions. Thus, the 2D map at 800 MHz helped in the
and produces a new family of structures starting from random assignment process (especially for confirmation) but was not
coils. As also discussed in the PSEUDYANA proceddi® ( used for the cross-peak integration. The 1D NOE difference
38), a special residue formed by dummy atoms was used toNMR spectra were recorded at 600 MHz, saturating broad
define the position of the metal center and the directions of NMR signals due to the axial heme ligands and/or heme
the magnetic susceptibility tensor in the dihedral angle substituents and detecting NOEs with signals under the
coordinate space. The dummy atoms of this residue havediamagnetic envelope characterized by lonGeralues 27—
the van der Waals radius set to zero so that they can freely29).
penetrate the molecule. An upper distance limit of 0.2 A The assignment has been performed first by the identifica-
was set between the pseudoatom defining the metal ion andiion of the spin patterns of the side chains through the
the iron ion. The location of this residue and the tensor analysis of the TOCSY maps in,D and HO (taken either
orientation were optimized during the structural calculations. with presaturation of the water signal or by using the
The initial magnetic susceptibility anisotropy parameters WATERGATE pulse sequence) and the COSY map i®H
were determined by fitting the experimental pseudocontact Sequence-specific assignment was then performed by ana-
shifts to eq 1 using as a starting structure the family of 40 lyzing the NOESY spectra, looking for the NHHo. and
structures obtained with the DYANA calculations. The NH—NH connectivities. Sequential stretches of backbone

=% k[max(o, "~ "1 -T.0F (2

C

Structure Analysis.The structure analysis, in terms of
Ramachandran plots, deviation from ideal structural param-
eters, secondary structure elements, etc., was performed by
using the program PROCHECHKZY). Visual inspection and
drawing of the various families were performed with the
programs RASMOL 46) and MOLMOL (47). The calcula-
tions were performed on an IBM SPO02 parallel computer.



Solution Structure of Oxidized Cytochroneg Biochemistry, Vol. 37, No. 14, 19981835

1 5 10 15 20 25 30
EADLALGKAVFDGNCAACHAGGGNNV I PDH

daN — -, .
dN I | EE— | i
doN(i,i+3)
dof(i i+3)
doN(ii+2) - — -
dNN(i,i+2) e
doN(i,i+4)

31 35 40 45 50 55 60
TLQKAAI EQFLDGGFNI EAI VYQI ENGKGA

daN [ — N I — e,
dNN - - - - S

da(i i+3)
dap(ii+3)

doN(ii+2)
dNN(;+2) _ L _
dal(i i+4)

61 65 70 75 80 85
MPAWDGRLDEDEI AGVAAYVYDQAAGNKW

doN - e N —
dNN - [ . ... e, vo—

doN(ii+3)

dap(ii+3)
daN(ii+2) . e

NN i+2) - - _
daN(ii+4)

Ficure 1: Schematic representation of the sequential connectivities involving Niaikt H5 protons in the oxidized form of cytochrome
¢s from M. braunii. For the sequential connectivities, the thickness of the bar indicates the NOE intensities. The medium-range NOEs are
identified by lines connecting the two coupled residues.

connectivities, shown in Figure 1, were obtained from the observed because of nearby degenerate amide proton chemi-
WATERGATE NOESY map with a 100 ms mixing time, cal shifts at position$ andi + 1. The NH resonance of
recorded in water at 300 K. The NHNH region of this Gly23 was not found, and therefore, its sequentiaH\NH

map is shown in Figure 2. connectivities are not observed. The NNH connectivity
Sequential NH-NH connectivities for stretches longer than  between residues 31 and 32 has not been detected, due to
two residues were observed for positionsi®, 11-18, 19~ the long distance between the corresponding protons, which

22, 25-27, 29-31, 32-47, 48-61, 64-68, 69-79, 82— was verified after the structure was solved. The lack of the
86, and 87 to the C terminus (89). Sequential connectivities 68—69 NH—NH connectivity could be due to local mobility
have not been observed for the entire protein chain due towhich likely occurs in this protein region (later). The
the presence of two prolines (Pro28 and Pro62) which do absence of the expected NHH sequential connectivity
not contain the amide NH. Expected NINH connectivities between Cys18 and His19 could be explained in terms of
at positions 10, 24, 47, 782, and 86 have not been severe reduction of NOE intensity, due to the fact they are
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oxidized form of cytochromes from M. braunii. Indeed,

88 amino acids out of 89 were assigned sequence-specifi-
cally. The only spin system that was not assigned is that of
Glul. Despite the occurrence of chemical exchange, 84%
of the total number of protons have been assigned, which is
only 8% less than the corresponding number in the reduced
form (where 91% of the total number of protons were
assigned). The program GLOMSA provided 34 stereospe-
cific assignments, which were further checked by pseudo-
contact shift calculations. The complete assignment is
available as Supporting Information.

6.0

& b
o o

Proton chemical shift (ppm)
0
<

10.0

Assignment of the Heme and Its Ligands

& . .

105 100 95 90 85 80 75 7.0 65 60 The assignment of the resonances of the heme was
Proton chemical shift (ppm) performed mainly through the NOESY map in@with a

Ficure 2: NH—NH region of the WATERGATE NOESY spec- 25 ms mixing time, collected in a protein sample containing

trum of cytochromees from M. braunii acquired at 500 MHz, 300 a small amount (about-510%) of the reduced form. In this

K, and pH 5.0 in 10 mM phosphate buffer. experiment, very strong EXSY peaks were observed through

close to the heme. Indeed, as mentioned in the introductorys"’m“'rmIon transfer between the paramagnetically shifted

section, the oxidized form is unstable and tends s ontane—Signals of the oxidized form and the corresponding reso-
ousl tc; be in the reduced state so that in the sam I?a asmallnanc{'}S of the reduced form. By taking into account the

y - P already published assignment of the heme resonances in the
fraction of the reduced protein is often present. The

autoreduction of several electron transfer proteins having hi hreduced form of cytc (18), we were able to locate the
reduction potentials is a phenomenon tEat has beengdogu_majority of the corresponding resonances in the paramagnetic
P P oxidized form. More specifically, the already published

mented for several years and discussed in detail elsewhere. .
(48). Addition of potassium ferricyanide often overcomes assignment of the heme methyls (1-48-Cht, 5-Ch, and

. P 8-CHs) was confirmed7), and in addition, all meso protons
this problem §, 7) as it did in the present case. The two : . :
oxidation state species of the present protein are exchangin gs?;niicHeVs’ ?gil? ?nedS()?)_vF\:frﬁe) |g§n\'§:’f (Ijldé ST,[}? Ops)reo%lfo ?ﬁée
with each other. The heme protons of the oxidized form, rotons and methvls at osit,ions 2 and 4 of the heme rin
which have large hyperfine shifts, have signals that are well b y P 9

separated from those of the reduced form (both of them beinggﬁ;oHl? ghz ﬁ](;_rb;xgs; gggéﬁ ;:n'_(;S);;,Zx?trizI:Se\zgﬂt?%ﬁaI{r g:ng

SBZ?LV(?S&”?E%tgfgﬁ;%reedoor:]OtchXC%irt'reanCefgrnﬁf,gga?ggﬂgco””eC“V‘“es with the nearby heme methyls and/or meso
ge. , P protons. The IA5 side chain and the ¢1 ring protons of

in the vicinity of the heme and which experience smaller ; ; : L . .
o - the axial His19 were also identified via saturation transfer.
shift differences between the oxidized and the reduced forms,.l.he TOCSY map in kD acquired with a 10 ms spin lock

:Z'tz Stglgsser%?jrjctzli(r)\n g?:;%:ﬁinonotptigrlﬁlir:f_It_?]eeri)f(grhear:ggtime was useful in locating the NH resonance of His19. The
' P 9 9 ' ’ spin system of Met61, the other axial ligand to the heme

connectivities involving these resonances could experlenceFe(m), was identified through its observed NOESY sequen-

ﬁulz]v;/)eerr SollggiElI;)tl(E)i-l’n;rllscieSI?;Igr (ﬁ\)ir?ercqﬁ;tﬁc?ésorsfzztér?:fsteoéi tial connectivities with Ala60, through 1D NOE experiments
P Ydone on the paramagnetically shifted signak&.2 ppm,

approximately 10% with respect to the reduced form. When and through the TOCSY map with a 10 ms mixing time.

there is no difference in chemical shift between the oxidized The resonance at8.2 ppm, previously tentatively assigned

and reduced forms, chemical gxchange, even Iif present, oither one of the B or the Hy side chain protons of Met61
cannot produce the above-described effect. A careful search(ln turns out to be the p2 proton of this residue. In

for the conditions for optimal signal detection was performed, L :

gnd they were found at the pH and ionic strength reported 3? ?AZOE”BT?{] er&E’Si{nv&/echa\&eHasrsol?;neso.l the otherlHone

in Materials and Methods.
Sequential td—NH dipolar connectivities were found for | tormation on the Secondary Structure

positions 2-11, 12-15, 17, 18, 26-22, 23-27, 28-35,

36—55, 5761, 62-70, 71-80, 81 and 82, and 83 to the C Once the backbone and side chain protons were sequence-

terminus (89). For the other residuesyHNH connectivities specifically assigned, the NOESY spectra were examined

were not detected for the following reasons: the presencefor medium-range sequential NOEs (Figure 1). Helical

of two prolines at positions 28 and 62, the similar chemical structures are characterized by strong sequentiat-NH

shifts of the Hx atoms of two adjacent residues (35 and 36), NOEs and by medium-range backboing ¢ 3) and {, i +

the location of the ld resonance under the water signal 4) NOEs. As shown in Figure 1,d+Hp(i, i + 3), Ha—

(Glu55), the inability to detect thedd(Phell), and chemical ~ NH(i, i + 3), and Ht—NHJ(i, i + 4) connectivities indicated

exchange with the reduced form which results in broadening the presence ad-helical motifs for residues414, 16-20,

the lines of signals corresponding to protons in the vicinity 34—41, 47-56, and 76-85. Backbonei(i + 2) NOEs are

to the heme Fe(lll) ion (1517 and 56 and 57). This observed for @-helical elements. With the exception of the

procedure allowed us to perform an almost complete assign-segment containing residues-180, these kind of NOESY

ment of the'H NMR resonances in the spectra of the connectivities are observed for several residues involved in
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Ficure 3: Number of intra (A) and inter (B) meaningful NOEs per residue identified in the NMR spectra of reduced (open bars) and
oxidized (filled bars) cyts from M. braunii. The total height of each column represents the amount of the observed experimental NOEs.
Residue His19 also includes all the heme ring.

the above-mentioned helices, thus suggesting alaracter these, 1533 were found in the NOESY map igO+bbtained

for these helices. Analysis of the data reported in Figure 1, with a 100 ms mixing time, 58 in the equivalent NOESY

therefore, shows that, in close similarity with the reduced map in DO, and 66 in the NOESY map in-D obtained

form, the main five helical elements are also retained in the with a 25 ms mixing time. To these, 11 more were added

oxidized form. via 1D NOE experiments, thus making a total number of
The exchangeable side chain protons of the following 1668 experimental distance constraints.

residues were identified in the oxidized form: Asnl14, Asn24, o the 1668 experimental constraints, 1109 were meaning-

Asn25, Thr31, GIn33, Asn46, Asn56, Lys58, and GIn83. f| ang therefore have been taken into account by DYANA
They all exchangg fast with the bulk solvent, and thus, they (and by PSEUDYANA later). The remaining 541 constraints
are undetectable in . were found to be irrelevant for the calculation (i.e., either
no conformation of the polypeptide chain could violate them
or they correspond to fixed proteiproton distances). The
NOE Constraints. From the 2D NOESY maps, 1657 meaningful NOE constraints per residue are shown in Figure
experimental constraints were assigned and integrated. Of3 (filled bars), together with the ones of the reduced form

Solution Structure Determination
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ments. A list of the stereospecific assignments resulting from
GLOMSA is available as Supporting Information. The final
result of the DYANA calculations was a family of 40

Table 1: rmsd Values (A) with Respect to the Average Structure
(for Families Composed of 40 Structures) Obtained at the Different
Levels of Calculations and Evaluated for the Protein Segments

Denoted in Parentheses

structures with an average target function of 0468.14 A2

calculation DYANA PSEUDYANA PSEUDOREM (lowest, 0.34 & and highest, 0.87 A. This DYANA
backbone (387)  0.60+0.08  0.59+ 0.08 0.57+ 0.08 family had rmsd values with respect to the average structure
backbone (#85) 0.55+0.07 0.51+0.08 0.48+ 0.08 equal to 0.60+ 0.08 and 0.97 0.09 A for the backbone
heavy atoms (387) 0.97+0.09  0.96-0.09  0.94+0.09 and heavy atoms, respectively. These numbers account for
heavy atoms (#85) 0.924+0.08 0.89+0.09  0.89+ 0.08 an already very well defined structure.
To achieve further refinement and to also obtain informa-
221 o tion on the magnetic properties of the heme, PSEUDYANA
2.0 calculations were subsequently performed. They were
Py 181 o I carried out by using the 1668 experimental distance con-
3 167 o o straints, the 34 stereospecific assignments provided by the
7 ;"2‘"— ‘\j T ) ol program GLOMSA, and in addition 288 pseudocontact shifts.
5 1'oj \ /”\ oo} ool Mo T L/- The latter were experimentally determined by subtracting
5 osd [Tl . X\ s T S0 DD”\ from the shift values of the oxidized form those of the
s .\ﬁ\n o Eﬁ\ i E/\'\u I n/'\\ / nﬂi corresponding proton in the reduced form. The shift of
x 0.6 /o L g \ |:|4 w g t . . . .
0.4 o’ '\Tg"ﬁ'ﬁ, __-I'E.— 'fﬂ.\ A ”.\d-/hﬂ \a& - gemmall protons for which the ste_reo§pe0|f|c assignment was
0.2 il . AL not available in, at least, one oxidation state was estimated
; " 0 o 20 as the difference between the averages of the two oxidation

states.

After a few cycles of calculations with the PSEUDYANA
program, a family of 40 structures with average total target
function of 4.05+ 0.28 A? (lowest, 3.21 & and highest,
4.44 R is obtained. The contributions to the target function
of the same cytochrome (open bars, taken froml&f In are, on average, 1.4124or the NOE constraints and 2.64
the oxidized form, they correspond to an average of 12.5 A2for the pseudocontact shifts. The consistency of the two
accepted experimental constraints per residue. The corretypes of constraints is supported by the fact that the NOE
sponding number for the reduced form of cytochrameas target function does not increase sensibly with respect to
14.5 (18). A lower number of NOEs in the oxidized form calculations performed without the inclusion of pseudocon-
with respect to the reduced one is particularly observed for tact shift contraints. A final run of GLOMSA after the end
the two axial iron ligands (His19 and Met61), for the heme of the PSEUDYANA calculations confirmed all 34 ste-
moiety, and for a few other residues (24, 32, and 64). reospecific assignments of diastereotopic groups. The rmsd
Exchange broadening, due to interconversion between oxi-values of the PSEUDYANA family with respect to the
dized and reduced forms, could be the main cause for theaverage structure are 0.390.08 and 0.96t 0.09 A for the
loss of cross-peaks. At this point, it should be noted that backbone and the heavy atoms, respectively.
there is an 8% decrease in the number of protons assigned The PSEUDYANA family has been refined through
in this work relative to the reduced form of the protein, while restrained energy minimization (PSEUDOREM) calculations,
the corresponding decrease in the total number of integratedwith the inclusion of the NOE distance and the pseudocontact
cross-peaks is only 6%. Thus, approximately 2% more shifts as constraints. The rmsd values of this final family
NOESY cross-peaks were detected in the spectra of oxidizedof 40 structures with respect to the average structure are 0.57
cytochromecs relative to what would be expected if the same =+ 0.08 and 0.94= 0.09 A for the backbone and heavy atoms,
amount of protons had been assigned for both oxidation stategespectively. The rmsd values with respect to the average
of the protein. This slight increase can be accounted for by structure for all 40 structure families obtained at the different
the more elaborate procedure used in the present work forlevels of the calculations are shown in Table 1. The
cross-peak assignment: use of three different 2D NOESY PSEUDOREM calculations converged after six cycles with
maps, use of 1D NOE experiments, and use of completethe axial and rhombic anisotropy components of the magnetic
relaxation matrix analysis (CORMA) programs to assign tensor being recalculated after each run. The squared
extra cross-peaks at the latest stages of the structuredeviations are 0.6% 0.09 and 1.95+ 0.11 A2 for the NOE
calculations (vide infra). distance constraints and the pseudocontact shift constraints,

Structure Calculations Initially, structural calculations  respectively. In the final family, only 36 calculated pseudo-
were performed by using the program DYANA taking into contact shifts deviated more than the tolerance, with 32 of
account 1521 experimental constraints. These resulted in ahem deviating not more that 0.6 ppm. The four protons
quite well defined family of 20 structures having rmsd values with deviations larger than 0.6 ppm are the. df residues
with respect to the average structure equal to G80.1 Leud and Glu72, the # of Leu4, and the 1 of Leu68.
and 1.35+ 0.11 A for the backbone and heavy atoms, The rmsd values per residue for the backbone and heavy
respectively. At this stage, new NOESY cross-peaks were atoms within the PSEUDOREM family are shown in Figure
assigned by using the program CORM2Y). Thus, the total 4. The N terminus shows relatively high rmsd values due
number of 1668 experimental constraints was obtained, andto the low number of experimental distance constraints (see
new runs of DYANA were performed. Successive runs of Figure 3A,B) and also due to the fact that the first residue
the program GLOMSA provided 34 stereospecific assign- (Glul) has not been assigned. Close to the C terminus the

Residue

Ficure 4: rmsd values per residue with respect to the average
structure for the PSEUDOREM family of oxidized cg4. rmsd
values for the backbon®@} and the heavy atom&lj are presented.
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backbone rmsd values show a peak at residue 87 due again
to the low number of constraints. The last residue (Trp89)
is, however, quite well defined, as it experiences a relatively
large number of NOEs. The rmsd values calculated for the
average structure of residues 85 of the protein are 0.48

+ 0.08 A for the backbone and 0.890.08 A for the heavy
atoms, indicating that the core part of the protein is well
defined (see also Table 1). There are three large protein
regions which are characterized by rmsd values that are lower
than the mean value. These are the fragmentsAl4 45-

67, and 72-83 (Figure 4). These fragments are largely
involved in o-helix motifs. On the contrary, residues-42

44 and 68-71 are characterized by rmsd values that are
higher than those for the whole protein. For the former
region, the number of experimental NOE constraints is
relatively low, but similar for both oxidation states of cyt
Ce. The protein residues in the region of residues-82
experience NOEs between the same pairs of protons for the
two oxidation states, indicating a similar local conformation.
However, for the oxidized form, they have much lower
intensity, which then provides interproton distances longer
than th_ose for _the_ reduced form (on average Ia_rger th_an 1FIGURE 5: Backbone of the PSEUDOREM family of structures
A). This could indicate the presence of local mobility which o, oxidized cyt cs from M. braunii. The radius of the tube
would then reduce the structure definition. This protein representing the backbone is proportional to the backbone rmsd of
region also contains two protons which experience large the residue. The-helical parts of the protein are shown with black.
violations in the pseudocontact shifts even at the end of the The heme ring together with the axial His and Met ligands are
structure calculations. This could be the result of the ﬁ/lls‘ool_,\jrg’ﬁ”&?;he figure was generated by using the program
different effect of mobility on the averaging of the two types '

of contraints. Indeed, the NOEs depend orf bf short ot e reduced form, which could determine the orientation
proton—proton distances, while the pseudocontact shifts ¢ the His19 plane, as already proposa)(

de‘?ﬁgen?gdl\fa%etze Ie:r:)?e_sﬁ(rj?}gr;ofltsrginﬁ:é atoms (Figure The aromatic rings of Phell, His30, Trp64, and Trp89
b vy 9ure re well defined, showing side chain rmsd values<df.0

4) are consistently higher than those of the backbone atomsA. The rest of the aromatic rings either are relatively well

but show the same general trend. defined (Tyr81) or are relatively disordered but still have

co?St?tCurtlggog Ozg]itsragztrir:ﬂzesiiig ?r?EiEll\J/lr;arsmly,The side chain rmsds close to 1.0 A and constitute a single family
y ' Y ; (Phe40, Tyr52, and Tyr79).

protein contains foua-helices in the segments44, 34— . . . .

40, 47-56, and 76-86 as they result from structural analysis | N€ Protein contains 17 charged residues, 5 of which are
performed with the PROCHECK programs]. In addition positive and 12 of which are negative. All the side chains
a shorto-helix structure is present for residues1. AII’ face toward the solvent, but their degree of disorder differs.

these secondary structure elements are consistent with thos@0Me are well (Glu48 and Asp82) or relatively well (Lyss,
predicted on the basis of medium-range NOES. These ©lU38, and Lys88) defined W|th_S|de chalr_1 rmsd values of
o-helices are among the best defined parts of the protein, ~1-3 A. A few others are considerably disordered (Asp3,
characterized by low rmsd values, due to the presence ofAr967, and Glu70) or display two subfamilies (GluS5, Lys34,
interresidue NOEs. Analysis of the structure in terms of ideal 21d Lys58).  The six remaining charged residues (Asp12,
geometry shows that 51 residues over a total of 73 “29 -42,-69, and -71 and Glu72) show some spreading but
“meaningful” residues (non-glycine, non-proline, and non- constitute a smgle_ family in all 40 structures of the
terminal residues) have andy dihedral angles which fall PSEUDOREM family.
in the most favored region (69.9% of the meaningful Magnetic Susceptibility TensorThe anisotropies of the
residues), 18 residues are found in the additionally allowed final tensor are as followsAax = (2.12+ 0.02) x 107 m®
region (24.6% of the total), and 4 (5.5% of the total) are and A, = (0.74 + 0.04) x 103 m®. The axial yz
found in the generously allowed region. component deviates about®1fsBom the normal to the mean
The heme and the iron axial ligands (His19 and Met61) heme plane. The andy,, axes are almost aligned along
are well defined. Only the carboxylate group of propionate the Fe-pyrrole nitrogen directions. The first makes an angle
6 shows some Spreading due to less meaningfu| NOE of 17.8 with the line of Fe-Na and the second makes an
constraints and nonstereospecific assignment of thahti ~ angle of 11.9 with the line of Fe-NS where Nt and N3
Hp protons. The projection of the His19 plane on the heme are the pyrrolic nitrogen atoms.
makes an angle of about 1%vith the o—y meso proton The tensor compares well with those found for other
direction, toward the NBND direction, as also observed cytochromes with the same iron ligands3(49, 50). Also,
in the crystal and solution structures of the reduced form the orientations are similar, with theaxis deviating 16
(18, 19). A H-bond between the §ll of His19 and the 15° from the normal to the heme plane and thandy
carbonyl of Gly23 is present, as also found in the structures directions close to the irerpyrrole nitrogen bond directions.
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oxidized cytcs with the available structure of the reduced

flo 1 o form both in solution {8) and in the crystal statel 9), the
_ 357 use of the average structures in solution (out of a family of
T 309 B9 o i 40 structures) was first employed. By superimposing two
;f 2.5 \ /Ei I: g structures (for example the average solution structure of
? 204 o i % |l Df' }3 o T oxidized cytcs and the average solution structure of reduced
£ .13 /\ Jap b I./*b/\n A '\D\D/% &: cyt cg) at a time, one can obtain the rmsd values per residue
g 7] :/ T ﬂ Eﬁ-ﬂ j /g YL T . (for both the backbone and the heavy atoms) and thus have
5 107 --i\\p”\ ﬁﬁ ! hin \. / LA.# ¥ \l a means of quantifying the differences between the two

0.51 iﬁ' g0 = i . " examined structures. While rmsd values of heavy atoms

0.0 — — . . , could be relatively high if the side chain is not very well

0

Residue

defined within the family, the rmsds for the backbone atoms
provide a fairly good measure of the difference between the

Ficure 6: rmsd values per residue obtained by sumperimposing two examined average structures, since all of these atoms

the average solution structure of oxidized cytwith the average
solution structure of the reduced form of the same protein. rmsd
values for the backbon@j and the heavy atom&lj are presented.

are usually very well defined within each family. To assess
the differences and/or similarities of the structures in more
detail, a careful inspection of the two families has been
Comparison with the Structures of the Reduced Forra. conducted by using the program RASMO46]. Thus, it
compare the presently determined solution structure of is possible to judge whether the differences obtained by

A H

IS 19
HIS 30
MET 61

B

HIS 19

HIS 30

l MET 61

HIS 19
HIS 30

I MET 61

HIS 19
HIS 30

l MET 61

FiGurRe 7: Stereodrawing of the conformation of residues 19 (heme ring and axial histidine), 61 (axial methionine ligand), and 30 (histidine)
as in the mean structures of the oxidized (A), reduced in solution (B), and reduced in crystal (C) formgef cyt
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comparing only the average structures are real or are justexperiences fewer interresidue NOEs. However, the change
due to poor definition of the examined atoms. In this way, in conformation is clearly revealed by the lack of NOEs with
it has been possible to reach definite conclusions regardingresidues 37 and 41, and the presence of NOEs with residue
side chain conformations. We now proceed with the results 32. Similarly, the ring of His30 is also quite well defined
of the comparison of the available structures of cyby in the structure of the oxidized cyt, as a consequence of
using the methods just described above. its large number of interresidue NOEs (leading to a heavy
The rmsd values with respect to the average structureatom rmsd value for this residue equal to 0.7 Ainthe fam_ily
obtained for reduced cyt, for a family of 40 structures, ~composed of 40 structures). In the reduced form, the ring
were 0.374 0.06 and 0.7H 0.05 A for the backbone and  ©f His30 is characterized by a smaller number of NOEs and
heavy atoms, respectively. The average rmsd value betweershows two subfamilies. They are, however, relatively close
the average solution structure of reducedagyand the X-ray ~ €ach other and sizably different from the conformation of
crystal structure is 0.89 A for the backbone and 1.38 A for the oxidized form. In addition, the orientation of His30 in
the heavy atoms. The complete comparison of the two the oxidized form is similar to that experienced in the crystal
available structures of reduced cg has already been structure of the reduced_ form._ We checked in dptaﬂ whether
conducted 18). They both are very similar to each other. the d|fferen_t average orientations experienced in solution by
However, careful examination showed that the side chains "€ His30 ring in the two oxidation states of aytare well
of residues 6972 experience different conformations in the SUPPorted by the experimental data. We found that the side
two structures. These residues were proposed to be involve hain protons of His30 experience some different Iong-rang_e
in the recognition of the electron transfer partner and the OEs in the two states. In the oxidized state, the side chain
electron transfer pathwayp{). In addition, the imidazole protons of His30 give long-range NOEs with thei$iand

ring of His30 in the reduced state of the protein exhibited a the His of propionate 6, with A of lle27, and with K1 of

different conformation in solution with respect to the X-ray ﬁ}sengs"’q t\;\g;'d}natrﬁer}zgglg:g% er(rjn 'anggorgsjlécggafg"%tgg
crystal structure. In solution, this residue is located very Y, ' P

close to the heme with the exchangeabl&E Hbroton being give long-range NOEs with themeso of the heme and with

at an ideal distance and orientation for making a hydrogen Qo of lle27, which are not observed in the oxidized form.

bond with a carboxylate oxygen of propionate 7, which has Furthermore, we checked that all the NOE cross-peaks
_ ylate oxyg prop ' .. expected on the basis of the structures have been observed
a similar conformation in the two structures. In the solid

o . and assigned and that no further cross-peaks were present.
state, the imidazole ring has moved away and does not formWe should remember, however, that the two solution
any H bond. , o structures have been solved at two different pH values, with

The comparison of the solution structure of ytin itS  that of the oxidized form being 5 for stability reasons and
oxidized and reduced forms shows that the overall folding {hat of the reduced being 7, while the crystals were grown
of the solution structure of the oxidized form is the same as gt pH 7.5-8. To check the possible effect of pH and/or
that of the available structures of the reduced form. The jonic strength on the above-described structural differences,
average rmsd value between the average solution NMRa NOESY spectrum with a 100 ms mixing time was taken
structure of oxidized cyts and the average solution structure gn the reduced form of ¢y at pH 5 and at the same ionic
of reduced cyts is 1.14 A for the backbone and 1.66 A for  strength as the one used in this work for the oxidized form
the heavy atoms. The rmsd values per residue are reportedf cyt c,. Except for small consistent shifts of the chemical
in Figure 6. These values are small and indicate that the shift values, this map was very similar to the one obtained
structures are globally quite similar. However, these num- at pH 7 (L8) and whose peaks were used for the solution
bers are larger than the average rmsds obtained within thestructure determination of reduced ¢yt Careful inspection
families of both structures and therefore are indicative of of the NOESY connectivities observed for the four protons
the existence of local meaningful structural differences. The of propionate 7 and the side chain protons of His30 showed
o-helices are formed in the same stretches as in the reducedhe presence of the same long-range connectivities with the
form. In addition, the other backbone stretches display ones observed in the NOESY map at pH I8)( Most
similar conformations with the exception of residues-39 importantly, the differences in NOEs for these protons
42, 51-54, 58-60, and 66-72. Furthermore, a few small between oxidized and reduced ayt(as described above)
but consistent differences which can be potentially important also remain at pH 5. Thus, we can safely conclude that the
for the protein function can be detected for some residuesabove-described structural differences between the oxidized

in the protein. and reduced forms of cgt are not merely due to the change
The largest difference between the two structures is the of pH or ionic strength.
change in the orientation of the& Cy bond of propionate The crystal structure of reduced agtshows (i) the same

7, which leads to a different orientation of the carboxylate conformation of the propionate 7 chain as in the solution
group. Concomitant with this movement, there is a reori- structure of reduced cyds and (ii) the same conformation
entation of His30 and the formatiorf @ H bond between  for the His30 ring as in the oxidized solution structure. The
HS1 of His30 and one of the two carboxylate oxygens of fact that three different conformations for the propionate
propionate 7. The comparison between the oxidized and 7—His30 moiety are observed may lead to the conclusion
reduced conformations is shown in Figure 7. The confor- that the differences in energy between these conformations
mational change of propionate 7 is experimentally well are small and that the energy barrier for the interconversion
determined. In the oxidized form, the four protons of this between them is large with respect kd, as only one
heme substituent experience 14 interresidue NOEs which,conformation is observed through NMR spectroscopy.
among the others, involve connectivities with protons of A change in the conformation of propionate 7 upon a
residues 37 and 41. In the reduced form, propionate 7 change in the oxidation state, which in this case also involves
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His30, is in accordance with what has already been observedeported in the heme environment of cytin particular those

in the solution structures in the two oxidation states of horse
heart (L5, 16) and yeast X2, 13) cytochromest, although
the kind of conformational change is different for the various
proteins.

The experimental evidence provided in this work and the

concerning propionate 7 and His30 and in the recognition
regions, may have functional implications of some relevance.

CONCLUDING REMARKS

The solution structure of cytochronwg from M. braunii

references mentioned in the previous paragraph may indicat€p, the oxidized paramagnetic form has been obtained. The
that propionate 7 has a role in the electron transfer pathway potein in this state tends to reduce, and its instability does
as it reorients itself depending on the oxidation state of the ot allow us to perform all the spectroscopic measurements
iron and consequently on whether the cytochrome interactspeeded for structure determination on the same sample.
with the oxidant or the reductant. Presumably, the mecha- pyrthermore, it causes line broadening, especially for those
nism of molecular recognition in the two cases is different. gjgnals experiencing intermediate hyperfine shifts. Despite
In the crystal itself, a still different kind of molecular ihese experimental limitations, the solution structure is well

recognition is presumably operating, which leads to the yesolved with a procedure which uses both NOEs and
crystallization process. pseudocontact shifts as structural constraints.

The acidic patch constituted by residues—62 and The overall structure is very close to that of the reduced
proposed to be involved in the interaction of cytwith its form, although the former is determined at pH 5 and the
redox partnersi(l, 52) shows some oxidation state-dependent |atter at pH 7. Also, the secondary structure is not altered
backbone conformational changes even if the structure is Iessupon the oxidation state changing. However, the structure
well defined in the oxidized form. As seen in Figure 3, the of the oxidized form shows that the ring of His30 has a
amount of NOEs for these residues is comparable for both gjfferent orientation with respect to that in the solution
oxidation states of the protein. However, as mentioned (gqyced state, although similar to that in the reduced crystal
before, the intensity of the NOE cross-peaks of this protein gi,cture. Associated with the change of the orientation of
region is sizeably reduced in the spectra of t'he oxphzed form. ihe His30 ring, a change in the orientation of propionate 7
Chemical exchange does not affect NOE intensity, as 10ng s ohserved. The structural changes of propionate 7 which
as the cross-peaks are detected. This produces an averags.. rin every cytochromelf—16) upon redox reaction are

:cncre(;;\geor:‘at Ie_gs Adfor all uppher Ilrgtdls;ance corfwstralnts rather puzzling. Propionate 7 may have a role in the electron
ound in the oxidized versus the reduced state ofcgyor transfer pathway as it would adjust itself to the best

these protein residues. This behavior could justify the lower ¢ ¢rmation to favor the electron uptake and release. The

definition of this part of the protein and could be an changes in the His3@propionate region may also be a

indication of local mobility. Despite the larger spreading : : : :
observed in the oxidized form, the side chains of the first g)(;tr;sceh(igﬁqné:re of the interaction of eytith PSI and/or with

(Asp69) and the last (Glu72) residues show a systematic
Change in their orientation, with that of ASp69 being Iarger, SUPPORTING INFORMATION AVAILABLE

with respect to the reduced form. Within the present

experimental uncertainty, no significant change is observed Table of the assignment of thel chemical shifts and the

for the orientation of the side chains of Glu70 and Asp71. lists of the upper distance limits, the 1D NOE constraints,
These changes and the local mobility of this protein region the pseudocontact shifts used as input for the structure
might have a role in the free energy interaction with the calculations, and the stereospecific assignments resulting
partner. from the program GLOMSA (22 pages). Ordering informa-

Residues Arg67, Trp64, and Tyr52, which have been tion is given on any current masthead page
proposed19) to have a role in the electron transfer pathway,
have similar orientations in both forms.

The remaining charged residues have overall similar
conformations in both oxidation states with the exception
of glutamates 38 and 48 and lysines 8 and 58 which display 2.
in all structures of the families the same change in orientation.
The side chain of Lys58 is better defined in the oxidized
form pointing more toward the heme and specifically closer
to propionate 6. In the reduced state, it is more disordered
and displays at least two subfamilies of orientation.

The axial ligands of the iron display the same conformation
in the two oxidation states, at variance with what is observed
in other c-type cytochromes2 8—10, 15); in particular,
His19 does not experience any rotation of its plane, within
the present resolution.

With regard to the mechanisms of molecular recognition
and redox interactions between cytand its redox partners
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