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ABSTRACT: The peptide resonances of the 'H and SN nuclear magnetic resonance spectra of ferrocytochrome
¢, from Rhodobacter capsulatus are sequentially assigned by a combination of 2D 'H-'H and 'H-*N
spectroscopy, the latter performed on !SN-enriched protein. Short-range nuclear Overhauser effect (NOE)
data show a-helices from residues 3-17, 55-65, 69-88, and 103-115. Within the latter two a-helices, there
are three single 3o turns, 70-72, 76-78, and 107-109. In addition «tH-NH,,, and «H-NH,,, NOEs indicate
that the N-terminal helix (3-17) is distorted. Compared to horse or tuna cytochrome ¢ and cytochrome
¢, of Rhodospirillium rubrum, there is a 6-residue insertion at residues 23-29 in R. capsulatus cytochrome
¢,. The NOE data show that this insertion forms a loop, probably an Q loop. 'H-'SN heteronuclear multiple
quantum correlation experiments are used to follow NH exchange over a period of 40 h. As the 2D spectra
are acquired in short time periods (30 min), rates for intermediate exchanging protons can be measured.
Comparison of the NH exchange data for the N-terminal helix of cytochrome ¢, of R. capsulatus with the
highly homologous horse heart cytochrome ¢ [Wand, A. J., Roder, H., & Englander, S. W. (1986) Bio-

chemistry 25, 1107—-1114] shows that this helix is less stable in cytochrome c,.

’I;\e cytochrome ¢, of photoheterotrophic bacteria is func-
tionally unique as it acts as an electron carrier common in both
the photosynthetic and respiratory pathways (Baccarini-Me-
landri et al., 1978). The high-resolution X-ray crystal structure
of the cytochrome ¢, from Rhodospirillium rubrum (Salemme
et al., 1973; Bhatia, 1981) has been solved, and preliminary
analyses of the crystal quality of cytochrome ¢, from Rho-
dobacter capsulatus (Holden et al., 1987) and Rhodobacter
viridis (Miki et al., 1986) have been published. A detailed
comparison of the cytochrome ¢, of R. rubrum and horse heart
cytochrome ¢ shows that the two proteins are structurally
homologous (Salemme et al., 1973). It is well established that
the cytochromes ¢, and mitochondrial cytochrome ¢ have a
cluster of lysines surrounding the exposed heme edge and that
these lysines play an important role in controlling electron
transfer with a variety of physiological and nonphysiological
electron donors (Tollin et al., 1986; Cusanovich et al., 1988).
Furthermore, it appears that for cytochrome c, the same site
is involved in the interaction with both the ubiquinol-cyto-
chrome c, oxidoreductase (bc; complex)! and reaction center;
thus, cytochrome ¢, must undergo a rotation during electron
transport.

The cytochromes ¢, exhibit various physiological and bio-
chemical differences including a variety of isoelectric points
and oxidation—reduction potentials (Meyer & Kamen, 1982).
Kinetic studies of the effect of ionic strength on the interaction
of horse heart cytochrome ¢ or R. rubrum or R. capsulatus
cytochrome ¢, with the reaction center of R. rubrum showed
that the rate-limiting process is independent of ionic strength
at high cytochrome concentrations for horse heart and R.
rubrum but dependent for R. capsulatus (Rickle & Cusano-
vich, 1979). There also appear to be differences in the
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functional necessity of cytochrome ¢,. Deletion of the cyto-
chrome ¢, gene from R. capsulatus did not prevent the bacteria
from growing, photosynthetically or by respiration (Daldal et
al., 1986). Gene deletion studies for Rhodobacter sphaeroides
show that the presence of cytochrome ¢, is required for pho-
tosynthetic but not respiratory growth of this bacterium.
The recent cloning of the R. capsulatus gene and the
availability of plasmids which can be introduced into photo-
heterotrophic bacteria have permitted various mutants of the
R. capsulatus cytochrome ¢, to be produced (Caffrey et al.,
unpublished results). These mutants can be used, for example,
to address the importance of the individual lysines that are
involved in the interaction with the bc, complex and reaction
center and also the importance of several highly conserved
residues in maintaining the redox potential. To address these
questions, it is essential to understand in detail the effect of
each point mutation on the tertiary structure of the protein.
Modern NMR techniques that are presently available allow
proteins of up to 20 kilodaltons to be studied in detail (Wand
et al., 1989; Redfield & Dobson, 1988; Torchia et al., 1988).
Although the determination of the 3D structure of proteins
of this size is a formidable task, high-quality 3D structures
are being produced, for smaller proteins, that can distinguish
subtle structural changes between wild-type and single-point
mutations (Folkers et al., 1989). NMR has already proved
to be a valuable technique in the study of basic biochemical
questions of the cytochromes, for example, the conformation
of the axial heme ligands (Senn & Waiithrich, 1983), the
folding and dynamics (Wand et al., 1986), and the structural
and dynamic effects of site-directed mutagenesis (Pielak et

! Abbreviations: bc; complex, ubiquinol-cytochrome ¢, oxido-
reductase; NMR, nuclear magnetic resonance; 2D, two dimensional;
DQF-COSY, 2D double quantum filtered correlated spectroscopy;
TOCSY, 2D total correlated spectroscopy; R-COSY, 2D relayed COSY;
DR-COSY, 2D double-relayed COSY; NOE, nuclear Overhauser en-
hancement; NOESY, 2D NOE-correlated spectroscopy; HMQC, 2D
'H-detected heteronuclear multiple quantum spectroscopy; Y75F,
Tyr—Phe-75 R. capsulatus cytochrome c,; P35A, Pro—Ala-35 R. cap-
sulatus cytochrome c;.
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al., 1988a,b). The detailed 'H assignments of horse heart
cytochrome ¢ have been published (Wand et al., 1989), and
some 'H and directly observed *N studies have assigned a
number of resonances of the R. rubrum cytochrome ¢, [see
Senn and Wiithrich (1983) and Yu and Smith (1988), re-
spectively].

The initial step of a detailed NMR study requires the te-
dious task of near-complete assignment of the NMR spectra
of the protein. The sequential assignment technique has been
extensively used to assign 'H spectra of proteins (Wiithrich,
1986). Englander and Wand (1987) recently proposed a
technique, the main chain directed (MCD) analysis, that
utilizes the repeating pattern of secondary structure elements
to aid sequential assignment without prior extensive assignment
of side chain protons. Despite experimental refinements in
these techniques, an extensive study requires repeated ex-
periments at various temperatures and pH conditions to resolve
resonance overlap problems encountered, particularly in the
'H spectra of proteins of greater than 10 kilodaltons. This
problem of overlap is further exacerbated for proteins with
a high helical content as this element of secondary structure
reduces the chemical shift dispersion of the NH protons.

A benefit of cloning and overproducing proteins is that the
protein can usually be efficiently enriched with !3C and 1N
isotopes. Recent publications have shown that the complete
assignment of 1*C and !°N spectra is possible by following the
complete coupling network of individual amino acids and of
sequential residues (Stockman et al., 1989). A number of
'H-detected heteronuclear experiments have been proposed
that may further aid 'H and heteronuclear assignment. The
'H-"N HMQC-NOESY and HMQC-TOCSY experiments
can resolve some overlap problems encountered in the usual
analysis of the 'H 2D spectra (Gronenborn et al., 1989).

This paper shows that the combination of !H-'H NOESY,
TOCSY, and DQF-COSY and 'H-'’N HMQC-NOESY and
HMQC-TOCSY allows near-complete assignment of the 'H
and N backbone resonances of R. capsulatus ferro-
cytochrome c, at one set of sample conditions. Furthermore,
the utility of "N enrichment of the protein and 'H-'’N
HMQC spectroscopy allow the calculation of rate constants
for NH protons that exchange within several hours.

MATERIALS AND METHODS

Protein Purification and Sample Preparation. The cyto-
chrome ¢, gene was introduced into a R. capsulatus cyto-
chrome ¢, minus strain (Daldal et al., 1986), details of which
are to be published elsewhere (Caffrey et al., unpublished
results). The recombinant bacteria were grown by respiration
(aerobic, dark) on RCVB minimal media (Weaver et al., 1975)
supplemented with tetracycline (2.5 ug/mL) in a 16-L fer-
mentor. '*N-enriched cytochrome ¢, was obtained by replacing
the nitrogen source in the media with (*>NH,),SO, (Isotech,
Inc.). Cytochrome c, was purified essentially according to the
method of Bartsch (1978) except that cell extracts were
prepared by sonication (3 X 1 min bursts) and cell debris was
removed by centrifugation at 130000g for 2 h.

Samples of ferrocytochrome ¢, were prepared by reducing
the protein with dithionite, dialyzing, and concentrating to 2-3
mM in 45 mM phosphate/0.5 mM dithiothreitol, pH 6 at 4
°C. Samples were flushed with argon prior to capping the
NMR tube. For experiments in H,O, samples were prepared
with 10% D,0.

NMR Spectroscopy. All NMR spectra were acquired on
a Bruker AM-500 equipped with an ASPECT 3000 computer.
Additional hardware on this instrument included the SE-451
receiver, a “reverse” broad-band probe, and a 5-W BFX-5

Biochemistry, Vol. 29, No. 9, 1990 2279

X-nucleus decoupler. Temperature was controlled by a com-
bination of a Haake thermostat and a Bruker variable-tem-
perature controller. All two-dimensional spectra were recorded
in pure absorption with time-proportional phase incrementation
(TPPI) (Redfield & Kuntz, 1975). The solvent resonance was
suppressed by selective irradiation during the preparation
period of 1 s.

Two-dimensional !H—'H spectra were usually acquired with
a spectral width of 10000 Hz, 800-900 ¢, points, 2K or 4K
data points in #,, and 64, 80, or 96 transients for each ¢, point.
Conventional pulse sequences were used for DQF-COSY
(Rance et al., 1983), R-COSY, and DR-COSY (Wagner,
1985), TOCSY (Braunschweiler & Ernst, 1983; Davis & Bax,
1985), and NOESY (Jeener et al., 1979). The TOCSY se-
quence included z-filters (Rance, 1987) before and after the
spin lock period. Only the decoupler channel with an addi-
tional 2-dB attenuator was used for this experiment. Pulses
for both the preparation and spin lock periods were as short
as possible, 15-20 us, without causing undue sample heating.
A delay, 2.4 times the 90° pulse, was inserted between each
pulse of each block of the MLEV-17 spin lock period (Ernst,
1988). This delay, experimentally determined, minimized
ROE effects particularly in experiments with long spin lock
periods. For both the NOESY and TOCSY experiments, the
coherence of the phase of the signal and of the receiver was
optimized to minimize base-line distortion (Bax & Marion,
1988). NOESY spectra were recorded in H,O and D,0 with
a mixing time of 100 ms. An R-COSY was recorded in H,0O
with a delay of 30 ms, and a DR-COSY was similarly recorded
with an initial delay of 25 ms and a second delay of 30 ms.

Two-dimensional 'H-'*N spectra were acquired with
spectral widths of 10000 Hz for 'H and 5000 Hz for 1N, 4K
data points in ¢,, and 96 transients for each of 500 ¢; points.
The pulse sequences for HMQC-NOESY and HMQC-
TOCSY were according to Gronenborn et al. (1989) except
that an MLEV 16 spin lock was used in the HMQC-TOCSY
and 5N decoupling was employed only during acquisition in
both experiments.

NH exchange was followed by using a series of !H-1N
HMQC spectra (Bax et al., 1983). The spectral width for 'H
was 3600 Hz and for '*N was 2500 Hz. A total of 100 ¢,
points of 2K data points were acquired. Eight transients
preceded by four dummy scans were averaged for each ¢, point,
giving a total time of 30 min per experiment. The 3 mM
protein sample was prepared as described above at 4 °C, except
that the buffer was prepared with 99.9% D,O. This buffer
was introduced to the sample 80 min prior to the sample being
placed in the spectrometer. Spectra were acquired at 30 °C
with the time midpoints being 50, 80, 110, 155, 265, 430, 685,
1035, 1545, and 2460 min after been placed in the spectrom-
eter. Exchange was followed by measuring peak volumes
assuming an elliptical shape and a radius of 10 data points.
Volume measurements in “empty” regions of the spectra were
used to estimate background errors. As the sample was not
removed from the spectrometer, no significant change to the
peak volumes of the slowly exchanging protons, that were
chosen as internal references, was observed. Rate constants
were calculated by exponential least-squares analysis of plots
of I = Ae™*, where I = (peak volume) — (average background
error).

All 2D spectra were processed on a VAX 8600 using
FTNMR (Hare Research). Prior to 2D Fourier transfor-
mation, the data were multiplied by shifted sine bells in both
t; and ¢, and zero-filled to yield a matrix 2048 X 2048 of real
data points, except for the NH exchange experiments where
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a matrix 1024 X 1024 of real data points was produced. To
reduce ¢, noise, the first row was halved before Fourier
transformation in the ¢; dimension (Otting et al., 1986). The
degree of shift of the sine bell and the number of data points
covered depended on the experiment and whether resolution
or sensitivity enhancement was desired.

RESULTS

Assignment of the 'H and *N Spectra: Sequential Con-
nections. Our assignment strategy followed essentially a se-
quential approach. As described below, the TOCSY spectra
are of such a high quality that identification of spin systems
was relatively easy. In part, however, the principle idea of the
main chain directed (MCD) technique is used by searching
for NOE patterns characteristic of helix irrespective of the
extent of assignment of individual spin systems. As previously
commented by Wand et al. (1989), the MCD analysis is not
ideally suited to the cytochromes, as for this family of proteins
up to 50% helix and no sheet is expected. Nevertheless, a
sensible approach to the assignment of any protein is to locate
the regular repeating units of structure by tracing the equally
repeating NH-NH,,,, or aH-NH,,, NOE patterns, together
with any other NOEs that eliminate ambiguities and pro-
gressively “remove” these assigned segments from the spec-
trum. After the regular segments are assigned, the more
difficult nonrepeating parts of the protein can be assigned in
a much simplified spectrum. The initial stage of the assign-
ment involves recognition of at least part or full spin systems.
This task is difficult by COSY alone and thus, in addition,
requires an experiment that describes indirect couplings. The
problem is compounded for the cytochromes due to the
presence of the heme prosthetic group. Despite an obvious
advantage that the heme increases the dispersion of resonances,
many spin systems display unusual chemical shifts up to 4-5
ppm from their expected positions, for example, the resonances
of His-17 and Met-96 (Senn & Wiithrich, 1983; Wand et al.,
1989).

DQF-COSY spectra resolved at least 80% of the NH-aH
connectivities. This experiment was important as aH reso-
nances were located at —0.65, 1.95, 2.38, and 2.80 ppm which
in TOCSY and R-COSY experiments could easily be confused
with side chain protons. The Gly spin systems were difficult
to observe in this experiment, presumably from cancellation
of the cross-peak due to its antiphase character and the size
of the NH-aH coupling. Alternatively, TOCSY spectra with
mixing times of 40—-70 ms showed the complete spin system
for most residues including Gly (Figure 1). This experiment
has the advantage that the cross-peaks are in-phase compared
to COSY spectra where individual cross-peak components are
180° out-of-phase with respect to each other, thus tending to
cancel the cross-peak (Davis & Bax, 1985). The disadvantage
of the TOCSY experiment is that indirect couplings cannot
be simply assigned for residues containing yH, éH, or ¢H
protons, the so-called long-chain residues. At this stage,
however, the aim is to simply classify spin systems into residue
type and not the assignment of proton type. The observed
NH-aH-SH (NH-aH, for Gly) couplings for 103 residues,
6 NH-aH, and 2 NH-8H accounted for the 111 residues that
contain the NH-aH moiety. As the «H protons for the latter
two residues resonate at less than 0.02 ppm from the water
resonance, their NH-aH connectivities are obscured by solvent
suppression. These connectivities are observed in similar ex-
periments at 40 °C. In the TOCSY spectrum, a number of
spin systems could be completely assigned to residue type
without additional information (Figure 1). These included
4 of 8 Val, 12 of 15 Ala, 4 of 7 Thr, and 10 of 13 Gly. In
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addition, the NH~aH~8H, of 15 of the 29 AMX spin systems
was recognized and the observation of indirect couplings to
vH protons, typical of the 8 Glu, defined 5 spin systems to
belong to this residue type and indirect couplings to eH protons,
typical of the 17 Lys, defined 10 of these spin systems. Thus,
over half of the NH-aH—-3H systems could be readily assigned
to residue type or class of residue.

The next stage involves connecting sequential peptide units
by short-range (i, </ + 5) NOEs. A summary of the short-
range NOEs for R. capsulatus cytochrome ¢, is described in
Figure 2. As the cytochromes contain approximately 50%
helix, NOEs characteristic of this element of secondary
structure are initially assigned. These NOEs are the NH-
NH,,;, NH-NH,,,, aH-NH,,,, and aH-NH,,; connectivities
(Wiithrich, 1986; Wagner et al., 1986). NOEs that are ob-
served between the side chain protons and NH;,, support the
assignments. The procedure was extremely successful for
connecting the residues of the C-terminal helix Gly-103 to
Lys-115 and the central helices Asp-55 to Phe-65, and Glu-69
to Asp-88 (Figure 3). Problems of overlapping resonances
made the complete assignment of the N-terminal helix dif-
ficult, and a number of ambiguities were present for the re-
mainder of the protein. However, the combination of !H-*N
HMQC-NOESY and !H-'H NOESY permitted this helix
and the other parts of the protein to be sequentially connected.

There are several advantages offered by 'H-'>N HMQC-
NOESY. First, the absence of a diagonal allows sequential
connectivities to be observed that otherwise are difficult or
impossible to resolve in 'H-'H spectroscopy. Second, NH
resonances that overlap with aromatic resonances give rise to
ambiguities in interpreting the NOE data, thus, the absence
of the aromatic resonances gives a valuable simplification of
the spectrum. Third, where NH resonances have the same
'H chemical shift, they are likely to be resolved in the *N
dimension. Finally, establishing the connectivities already
defined in the '"H-'H NOESY substantiates assignments
without resorting to changing sample conditions such as tem-
perature or pH. It is found, however, that in the 'H-!’N
HMQC-NOESY there are potentially a number of ambiguous
assignments due to overlapping >N chemical shifts and that
only the combination of this experiment and the 'H-'H
NOESY could near complete sequential assignment be at-
tained.

A part of a 'H-S'N HMQC-TOCSY is shown in Figure
4. In this spectrum, all peptide NH resonances, the N(1)H
of Trp-67, the N_H His-17, and the yNH, of Asn-11 and -36,
show correlations. All these correlations are clearly resolved
except that Phe-10 overlaps Lys-86 and Thr-74 overlaps one
¥NH of Asn-11. Thus, the TH-I>N HMQC spectrum is po-
tentially an excellent means for following and observing
spectral changes in experiments that investigate dynamics of
the protein as described below for a preliminary study of NH
exchange of this cytochrome ¢,. The NOE connectivities for
the N-terminal helix are described in the combined 'H-'H
NOESY and 'H-"*N HMQC-NOESY spectra of Figure 5.
The connectivities between Thr-15 and His-17 show that
resonances that would otherwise be near each other on the
diagonal (Figure 5B) are readily resolved (Figure 5A).
Furthermore, in the 'H spectrum, the NH resonances of
Cys-16 and His-17 overlap with the ring protons of Tyr-48,
introducing an ambiguity that is resolved in the 'H-'°N ex-
periments. In Figure 4, the "N resonances of Phe-10, Asn-11,
and Lys-12 are almost coincident. As the NH resonances are
sufficiently resolved in the 'H dimension, NH-NH,,, con-
nectivities are clearly established in Figure SB.
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FIGURE 1: Section of a TOCSY spectrum of R. capsulatus ferrocytochrome ¢, acquired with a mixing time of 70 ms, in H,0 at 30 °C and
pH 6. Complete spin systems are described for a number of residues including several Lys, Glu, Thr, Gly, and AMX residues. The highly
shifted aH protons of Glu-7 and Val-76 are indicated. In addition, connectivities from the N_H to the C(2)H and C(5)H of His-17 and from
the ring protons of Tyr-75 (Figure 8) to a resonance at 2.92 ppm are shown.

The NH resonances of Leu-37 and Tyr-38 are coincident
with the resonances of Lys-84 and Glu-85, respectively (Table
I). These two dipeptide units are connected by NH-NH,,,
NOEs, and thus the connectivities almost perfectly overlap
in the 'H-"H NOESY spectrum (Figure 5B). In the 'H~!*N
HMQC-NOESY of Figure 5A, the NH moieties of these
residues have different 1N chemical shifts; therefore, the
NH~NH,,, connectivities are clearly resolved in this spectrum.
Similarly, NH-NH,,; NOEs connect Gly-80 to Ala-81 and
Ala-109 to Tyr-110. The NH resonances of Gly-80 and
Ala-81 precisely overlap with Tyr-110 and Ala-109, respec-
tively; therefore, in Figure 5B, only one cross-peak is observed
for these two connectivities. In Figure 5A, as these NH groups
have different SN chemical shifts, the NH-NH,,; NOEs are
clearly established. The unambiguous assignment of these
units is then substantiated by connectivities with neighboring
residues and by comparing the chemical shifts of the spin
systems determined in 'H-'H TOCSY and 'H-"N HMQC-
TOCSY experiments.

At this point, connectivities could be established, in spectra
acquired at 30 °C and pH 6, for almost the entire protein. All
Pro except Pro-35 were connected by aH-6H;,; NOEs in
NOESY experiments in D,0. Connectivities between Pro-22
and Asp-23, Gly-34 and Pro-35, Lys-54, and Asp-55, Pro-79
and Gly-80, Lys-93 and Ser-94, and Gly-95 and Met-96 could
not be established at pH 6 and 30 °C. The aH’s of Lys-54
and -93 resonate near the water resonance, and thus aH-
NH;;; connectivities from the succeeding residues will be
obscured. In a NOESY spectrum acquired at 40 °C, these
connectivities are observed. The aH of Pro-79 and one of the
aH protons of Gly-80 resonate near each other; thus, oH-
NH;;; NOEs may not be resolved for this connectivity. The
reasons for the absence of the remaining missing sequential
connectivities are not known.

Assignment of Side Chain Protons. The next task, after
the sequential assignment of the backbone protons of the
protein, is the assignment of the remaining side chain protons
to both a specific residue and a specific proton type. Most
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FIGURE 2: Summary of the short-range NOEs (i to <i + 5) observed in 'H-'H NOESY and 'H-'>"N HMQC-NOESY spectra of R. capsulatus

ferrocytochrome ¢;. Spectra were acquired with a mixing time of 100 ms in H,O at 30 °C and pH 6. d,

NOE:s for Lys-54 to Asp-55

Hi+
and for Lys-93 to Ser-94 are observed at 40 °C. Black bars indicate NOEs observed in '"H-'H NOESY or I%‘H—‘ISN HMQC-NOESY spectra,
dark stippled bars indicate NOEs ambiguous in '"H-'H NOESY are resolved in 'H-'SN HMQC-NOESY spectra. Light stippled bars indicate
dogi41 OF dggiyy NOEs from Pro residues. Several long-range NOEs (i to >i + 5) are indicated for the segment 19-28 which appears to span
a 2 loop. Qualitative intensities are described by the thickness of the bar. The type of secondary structure as suggested by the NOE data
is described. Protons that show slow and intermediate NH exchange rate constants (k,,,, min™') are categorized as follows: <0.0001 (0); 0.0001-0.001

(m); and >0.001 (®@).
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FIGURE 3: Section of a NOESY spectrum of R. capsulatus ferro-
cytochrome ¢,. The spectrum was acquired with a mixing time of
100 ms in H,0O at 30 °C and pH 6. dyynmi+ COnnectivities are
described for a part of the long central helix Glu-69 to Asp-78 in the
lower half of the spectrum and the C-terminal helix Gly-103 to Lys-116
in the upper half. The i to i + 1 connectivities are labeled for the
ith proton.

of these protons could be assigned by a combination of DQF-,
R-, and DR-COSY, TOCSY, and NOESY spectroscopy. The

'H and "N assignments for R. capsulatus cytochrome ¢, are
described in Table I. From a single TOCSY spectrum, ac-
quired in H,0O with a mixing time of 70 ms, the complete spin
systems for 65 of 74 Ala, Thr, Val, Gly, and the NH-aH-8H,
portion of the AMX residues were assigned by following
connectivities from the NH proton (Figure 1). The NH-
aH-BH, fragments of Tyr-48 and -75 were assigned from
correlations in NOESY spectra acquired in H,O and TOCSY
and DQF-COSY experiments in D,O. A SH of Tyr-110 is
coincident with a BH of Ser-94, and as the aH’s of these
residues are coincident, connectivities from the NH resonances
are ambiguous. This ambiguity is clarified by SH-8H’ con-
nectivities for both spin systems in TOCSY spectra. The
NH=yHj; of Thr-74 and the NH-8H; correlations of Ala-112
are not well resolved in TOCSY experiments. These con-
nectivities can be clarified by following correlations from the
aH protons of both residues. The aH proton of Val-76 res-
onates at 2.38 ppm (Figure 1). We observe connectivities from
this proton and its coupled NH to resonances at 1.03 and 0.84
ppm in TOCSY spectra, but no connectivities are observed
in DQF-COSY and R-COSY experiments from either the oH
or the NH. In addition, a resonance at 1.71 ppm shows
TOCSY and DQF-COSY cross-peaks to the resonances at
1.03 and 0.84 ppm, but not to the «H or NH. The resonance
at 1.71 ppm must belong to Val-76 as similar but significantly
shifted connectivities are observed for this spin system in a
mutant of cytochrome ¢,, Y75F (unpublished data). For the
remaining residues, Val-107 and Ser-113, only one yH, and
one $H resonance, respectively, are observed. Degeneracy is



NMR Studies of Ferrocytochrome ¢,

Biochemistry, Vol. 29, No. 9, 1990 2283

- 103
oT47 634
0
G9S G80 078
G4.6 [+ ]
G6 G24 V76
o ©
1030
¢ G8'Q)gea Te - - 111
o N36 630 N36 (]
G104 f— yNH NN ﬁ"ip §- NH @T1s
Ty
K32 055 ‘ 23 z
ES00 ¥ @7174Y Dsog@kic2 11 OC16 ¥
H17 V114 -
5940 oe7 o O .. Bviis
sseg kip F10,  @K84 Gac: 733 o
42 Kol 3 71 N1 QG
erop %9 W 9 Quer 7639 vio - 119
1199 KBG k33 ﬁz FaE8s 04109 N36QQK 77
E185 11Q Yao 500 F& Ko9® =
K54 ' 1729 5@ ) 3 K5 K14 @ pes a
0 viorl® B¢ Q F65
02.E69 A4 41 A Ag& o
. T44 A108 11000 p15c@® 0OY38 0 @vss
157 k900 06 @ A590 ’ AB1 Adlg
w67 Y75. 62 R L37 127
”B”“ & 0 KsS2
A3 E26
® 5 10 Aw F g 0
Y480 AG6
(o9 @A21 3
H17 u
NgH
A97@ QA4S 135
1 T T 1 T v ) T T T 1
" 10 9 ppM M 8 7 6

FIGURE 4: Section of a '"H-'>N HMQC-TOCSY of R. capsulatus ferrocytochrome c,. The spectrum was acquired with a mixing time of
70 ms in H,0 at 30 °C and pH 6. The protein was approximately 90% enriched with '>N. Each peptide >N resonance that is expected to
be correlated with a proton is observed and assigned. In addition, correlations for the YNH of Asn-11 and -36, the N(1)H of Trp-67, and
the N,H of His-17 are observed in this experiment. The '*N chemical shifts of the N,H of His-17 and peptide NH of Gly-95 are outside
of this plot region (Table I). These correlations are shown boxed in the figure.

a possibility, although cross-peak shape does not agree with
this suggestion.

There are 38 long-chain residues: 1 Arg, 1 Met, 5 lle, 6
Leu, 8 Glu, and 17 Lys. The protons of the side chains of these
systems are difficult to unambiguously assign based simply
on the expected chemical shift. This caution is especially true
for proteins that contain groups such as aromatic rings and
heme moieties that can shift a proton several ppm from its
expected position. As the efficiency of magnetization transfer
in the TOCSY experiment is not simply a factor of position
in the spin system, we cannot rely on relative peak intensity
with respect to mixing time as a clear indicator of proton type.
Nevertheless, the quality of the 70-ms TOCSY experiment
is sufficient to at least assign resonances to a specific spin
system (Figure 1). Correlations are observed to the final
proton in many long-chain spin systems, for example, ¢H for
10 of 17 Lys and the yH for 6 of 8 Glu. For the 5 Ile, 6 Leu,
single Met and Arg, connectivities from the NH to almost all
other protons, in each spin system, are observed for only Ile-20
(Figure 1). This clear difference between the ionizable and
hydrophobic residues must be a consequence of the former
being predominantly surface residues, thus having additional
motion, and the latter being buried and thus more restricted
in motion.

To obtain unambiguous assignment of proton type, R-
COSY and DR-COSY spectra of cytochrome ¢, were acquired
in H,O at 40 °C. It is noted that in identical experiments at
30 °C there were problems in observing adequate cross-peak
intensities, presumably due to short T, times. In a R-COSY

spectrum with a delay of 30 ms, connectivities from the NH
resonance to a single SH resonance for 29 of the 38 long-chain
spin systems are observed, and to both 8H resonances for
another 3, assigned to Lys. For the remaining six residues,
Glu-7 and -69, Lys-14, -32, and -84, and Ile-57, no relay
connectivities were observed. As only very weak NH-GH
correlations are observed in TOCSY spectra at 30 or 40 °C,
for most of these residues it was not surprising that no indirect
connectivities are observed. Weak correlations for these spin
systems may be from inefficient transfer of magnetization and
short T, times. For Lys-32, however, a complete spin system
is observed in TOCSY spectra acquired at 30 °C (Figure 1).
At 40 °C, no correlations are observed from the NH resonance
in NOESY, TOCSY, or R-COSY experiments. The analo-
gous Lys in R. rubrum cytochrome ¢, is a surface residue, and
therefore the most likely reason for the absence of these
correlations of Lys-32 in R. capsulatus cytochrome ¢, is
transfer of saturation from the solvent resonance. Ina DR-
COSY, with a first delay of 25 ms and a second delay of 30
ms, connectivities are observed to the second SH for 14 of an
expected 33 long-chain residues. A number of these con-
nectivities are shown in Figure 6. The cross-peak shape for
the NH to SH correlation in TOCSY or DR-COSY experi-
ments (Figure 6) indicates that the SH protons are probably
degenerate for another six of these spin systems. Excluding
the residues where a connectivity to neither SH could be es-
tablished, there remain seven residues where connectivities to
a second SH are not observed: Arg-43, Leu-60, -83, -87, and
-111, Met-96, and Glu-105. All Leu spin systems, except
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FIGURE 5: Sections of (A) 'H-'N HMQC-NOESY and (B) 'H-'H
NOESY spectra of R. capsulatus ferrocytochrome ¢,. The spectra
were acquired with mixing times of 100 ms in H,O at 30 °C and yH
6. The protein used in (A) was approximately 90% enriched in °N.
dnungi+ connectivities for the N-terminal helix Ala-3 to His-17 are
described in both spectra. The i to i + 1 connectivities are labeled
for the ith proton. Note that in (A) the connectivities for the segment
Thr-15 to His-17 are clear and unambiguous whereas in (B) the
cross-peaks for the same segment are near the diagonal and the NH
resonances of Cys-16 and His-17 overlap with the ring protons of
Tyr-48. In (B), overlapping resonances prevent connecting, unam-
biguously (-) Leu-37 to Tyr-38 and Lys-84 to Glu-85 or (—-) Gly-80
to Ala-81 and Ala-109 to Tyr-110. In (A), !N chemical shift dif-
ferences for these residues clarify the connectivities. Similarly, in
(A), the N chemical shifts for Phe-10, Asn-11, and Lys-12 overlap.
However, the spin systems of these residues are easily connected in

(B).

Leu-100, are easily assigned by establishing yH-6H, con-
nectivities in DQF-COSY spectra (Figure 7) and linking these
fragments to the respective assigned NH-aH-8H, fragments.
Possible degeneracy of resonances prevents the complete as-
signment of Leu-100 (Table I). The resonances of Met-96
are well resolved due to ring current effects of the heme, and
thus the assignment of this side chain is easily achieved. The
assignment of the second 8H resonance of Arg-43 and Glu-105
depended on intensity differences of the individual resonances
in each spin system in TOCSY spectra, and thus these as-
signments are tentative. The assignment of Ile residues has
proved particularly difficult. The shifted resonances of Ile-19
and -72 are completely assigned, but for the other three Ile
overlapping resonances prevent complete and unambiguous

Gooley et al.

FIGURE 6: Part of a DR-COSY spectrum of R. capsulatus ferro-
cytochrome ¢,. The spectrum was acquired with a first delay of 25
ms and a second delay of 30 ms in H,O at 40 °C and pH 6. Several
correlations from the NH to both SH protons for several long-chain
residues (Lys, Glu, and Leu) are shown. In addition, cross-peaks that
are believed to belong to degenerate SH protons are indicated for
several residues.
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FIGURE 7: Section of a DQF-COSY spectrum of R. capsulatus
ferrocytochrome c,. The spectrum was acquired in D,0 at 30 °C
and pH 6. Connectivities for the yYH-(8H3), fragment of several Leu
are described. These connectivities could not be observed for Leu-100
in this spectrum, but weak cross-peaks are observed in TOCSY spectra
that can be connected to the assigned NH-aH-8H, fragment for this
residue. The resonances for Leu-37 are outside this part of the
spectrum. Additional cross-peaks assigned to four of the five Ile, the
shifted SH of Pro-79, and yH of Lys-86 are indicated.

assignments (Figure 7, Table I). Assignment of the yH of
Glu spin systems is easily achieved for all except the highly
shifted resonances of Glu-7. Correlations are observed from
the NH to eH for 10 of 17 Lys in TOCSY spectra at 30 °C,
and another two correlations for Lys-90 and -102 are resolved
at 40 °C. In general, the ¢H resonances of individual Lys show
connectivities with 6H resonances in DQF-COSY, and the
remaining yH protons were assigned from correlations of NH
to yH and for yH to ¢H in TOCSY spectra.
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FIGURE 8: Aromatic region of the same TOCSY spectrum described
in Figure 1. Connectivities are indicated for («) Trp-67, (—) Tyr-53,
(---) Phe-10, (thick lines) Phe-65, and (@—@) Tyr-75. Single
cross-peaks are indicated for (A) Phe-51, (B) Phe-98, (C) Phe-82,
(D) Tyr-48, (E) Tyr-38, and (F) Tyr-110. An additiona! connectivity
between these protons for Tyr-75 and a resonance at 2.92 ppm is shown
in Figure 1.

Identification of Pro spin systems is made by analysis of
TOCSY and DQF-COSY spectra. Initial assignments of the
«aH and 6H protons are from NOE connectivities to neigh-
boring spin systems (Figure 2). These assignments were
supported after correlating each NH-a«H-8H fragment, thus
eliminating all aH-GH connectivities in the crowded «H-H
region except the «H-GH, dH-0H’, and several yYH-6H cor-
relations of the Pro residues. In addition to these correlations,
two apparent systems remain at 4.63-3.72 ppm and at
3.66-2.95/3.16 ppm. These systems may be the propionates
of the heme, although the AMX character of the latter system
does not agree with this conclusion. Similarly, no NOEs have
been observed to these systems, suggesting that a contaminant
may be present.

In DQF-COSY and TOCSY experiments at 30 °C and pH
6, correlations for the five Phe, five Tyr, and single His and
Trp residues are observed. Characteristic of the cytochromes,
the C(2)H and C(S)H resonances of His-17 are shifted by
approximately 6 ppm upfield from expected positions (Figure
1) (Senn & Wiithrich, 1983; Wand et al., 1989). The N .H
proton is slowly exchanging, suggesting that it is hydrogen
bonded, probably to the carbonyl of Pro-35, analogous to R.
rubrum cytochrome ¢, (Salemme et al,, 1973). TOCSY
cross-peaks are observed from this proton to both C(2)H and
C(5)H (Figure 1), but as expected, an NOE is observed only
to C(2)H. NOE:s from both 8H protons to C(5)H connect
the ring to its sequentially assigned NH-aH-GH, fragment.
A part of a TOCSY spectrum describing the connectivities
of the other ring spin systems is shown in Figure 8. The ring
protons of Trp-67 show characteristic connectivities for this
spin system and are easily connected by intraresidue NOEs
to the assigned NH-aH-SH, segment. In TOCSY and
DQF-COSY spectra, the ring protons of Tyr-38 and -48 and
Phe-10 and -65 give rise to patterns typical for these residues
(Wiithrich, 1986). The ring protons of Phe-82 and -98 each
give a single cross-peak in DQF-COSY. In TOCSY spectra,
the cross-peaks are distorted, suggesting that the H(4) proton
resonates near the H(2,6) protons for Phe-82 and near the
H(3,5) protons for Phe-98 (Figure 8). Of the remaining four
aromatic residues, Tyr-53, -75, and -110 and Phe-51, only
Tyr-53 shows cross-peaks in DQF-COSY. In TOCSY spectra,
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however, the ring protons of these four residues show either
complex coupling patterns (Tyr-53 and -75) or broad con-
nectivities (Phe-51 and Tyr-110), indicating that these rings
flip at slow and intermediate rates, respectively, on the NMR
time scale (Figure 8). In addition, a resonance at 2.92 ppm
is correlated with the other protons of Tyr-75 (Figure 1). As
this ring is located near the heme, strong ring current shift
effects are expected. Intense intraresidue NOEs from the
H(2,6) protons to the NH-aH-8H, fragments of Tyr-38 and
Phe-10, -65, -82, and -98 are observed, thus specifically as-
signing these ring spin systems. Broad, but clear intraresidue
NOE:s are observed from the H(2,6) resonances to the assigned
NH-aH-8H, fragment of Tyr-110. Two weak NOEs and
one very weak NOE from the SH protons to ring protons are
observed for Tyr-75 and -53, respectively, but no intraresidue
NOEs are observed between the very broad ring protons of
Phe-51 and its NH-aH-3H, protons. In NOESY spectra at
40 °C, where the ring resonances of Phe-51 are not as broad,
intraresidue NOE:s are still not observed. In addition to this
problem, intense NOEs are observed from the H(2,6) protons
of Tyr-48 to the aH-8H, protons of Phe-51. An exchangeable
proton that shows NOEs to the H(3,5) protons of Tyr-53,
assigned to its OH proton, also shows an NOE to the NH of
Tyr-48 and at 40 °C weak NOE:s to both SH protons of this
residue. Furthermore, the NH of Tyr-48 shows weak NOEs
to the ring protons of Tyr-53. While these important NOEs
indicate that these protons of Tyr-48 and -53 and Phe-51 are
in close proximity to each other, they may confuse the as-
signments, in particular, suggesting that the ring assigned to
Phe-51 may be Tyr-48 and vice versa. The assignments,
however, are confirmed in a comparison to the spectra of a
cytochrome ¢, mutant, P35A, where the ring of Phe-51 shows
a cross-peak pattern typical of a Phe residue (Gooley et al.,
unpublished results).

Secondary Structure. The summary of short-range NOEs
in Figure 2 permits a qualitative assessment of secondary
structure. Helices extend between residues 3-17, 55-65,
69-88, and 103-115. The intense «H-NH,;; NOE:s in the
N-terminal helix suggest that this helix is distorted. Char-
acteristici to/ + 1 and i to / + 2 NOE:s for reverse turns are
indicated for residues 35-38 (type II), 40-43 (type II), and
89-92 (type I). Interestingly, a number of long-range NOEs
(i, i+ 6 toi + 9) are observed between residues 19 and 28,
suggesting a Q loop is present in this region (Leszczynski &
Rose, 1986). The remainder of the protein appears to be
nonregular, but ordered structure.

NH Exchange. In a "TH-N HMQC experiment, all res-
onances not coupled to 5N are filtered from the spectrum, thus
leaving the region upfield of water clean of resonances. The
'H spectral width for this experiment can therefore be reduced
to cover the NH resonances without the consequence of
foldover. Furthermore, as the peptide !N resonances cover
a narrow frequency range, approximately 2500 Hz at 50.7
MHz, this spectral width can be narrowed to select only these
resonances. Therefore, a 'H-1N HMQC experiment can be
acquired in a very short period of time, in our case less than
half an hour with realistic ¢, (285 ms) and ¢, (40 ms) times
and obtaining excellent resolution in both dimensions. With
the use of minimal phase cycling (90°, on the first nitrogen
pulse) and two dummy scans, acquisition times may be reduced
to less than 10 min, but at the expense of reduced signal to
noise and the introduction of artifacts. This experiment is
potentially useful in following phenomena such as intermediate
NH exchange that previously could only be studied by one-
dimensional techniques on well-resolved NH resonances.
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Table I: 'H and YN Chemical Shifts of R. capsulatus Cytochrome ¢,°

chemical shifts (ppm)

chemical shifts (ppm)

residues N NH aH BH others residues N NH aH BH others
Gly-1 3.78, 3.56 Ser-56  117.97 8.55 441 4.12,3.75
Asp-2 12348 9.73 497 2.88, 2.50 Ile-57 124.45 9.69 4.04 1.64°
Ala-3 12938 9.27 4.04 1.54 Val-58 12430 7.12 3.76 2.28 yH; 1.13, 1.38
Ala-4 12230 8.26 4.31 1.57 Ala-59  125.20 8.12 4.25 1.62
Lys-S 12079 7.76 4.13 1.83, 1.96 +vH 1.45,1.61; 6H Leu-60 121.60 8.44 4.05 222,120 yH 1.06; éH; 0.12,
1.75; eH 3.05 0.29
Gly-6  109.21 8.89 4.08, 342 Gly-61 11094 830 4.98, 43S
Glu-7 12427 781 195 1.85% Ala-62  126.41 8.62 4.24 1.57
Lys-8 11721 6.78 4.15 (2.02)¢ yH 1.53, 1.61; 6H Ser-63  113.45 7.64 4.55 4012421
1.73; eH 3.04 Gly-64 111.12 8.25 4.47,3.68
Glu-9  121.87 4.44 2.15,2.32 yH 251 Phe-65 122.89 7.04 4.24 2.79, 2.57 H(2,6) 6.69,
Phe-10 118.29 433 3.09, 3.14 H(2,6) 7.26, H(3,5) H(3,5) 7.07,
6.57, H(4) 5.93 H(4) 6.14
Asn-11 11857 7.78 4.34 2.86, 299 yNH, 7.80, 7.26; Ala-66 131.66 7.40 4.58 0.94
y5N 114.42 Trp-67 11881 7.58 4.25 3.18, 4.03 H(2) 7.47, H(4)
Lys-12 11853 8.33 4.36 2.30,2.41 +H 2.12, 1.81; 6H 7.62, H(5) 6.36,
(2.13)4 €H 3.30, H(6) 5.82
3.24 H(7) 7.31, N()H
Cys-13 117.09 7.43 4.90 0.67, 1.67 11.03, BN(1)
Lys-14 120.81 7.66 4.74 1.62, 1.88% 128.82
Thr-15 113.20 6.95 3.90 4.23 yH; 1.47 Thr-68 112.47 7.45 4.90 4,66 vH; 1.40
Cys-16 115.13 7.01 4.38 0.86, 1.80 Glu-69 123.63 9.71 3.88 2.30 +vH 2.08%
His-17 116.88 7.12 3.19 1.13,0.69 H20.41, HS5 0.06, Glu-70  118.99 9.12 4.13 2.15,2.07 yH 2.40, 2.47
N,H 9.88, ’Nr Asp-71 118.73 8.17 493 3.81,3.48
168.61 Ile-72 121.85 8.69 3.56 2.17 vH 0.88, 0.65; yH;
Ser-18 112.61 6.88 4.37 3.28,3.74 1.16; 6H, 2.38%
Ile-19  119.36 8.43 4.12 1.42 yH 0.06, 0.94; vH; Ala-73  120.79 798 3.79 1.48
-0.22; 6H, 0.66 Thr-74 114.87 7.81 3.96 4.40 yH; 1.49
Hle-20  130.52 8.82 4.55 1.52 vH; 0.72 Tyr-75 12645 8.71 3.48 261,181 H(2,6) 5.78, 6.86;
Ala-21 131.21 8.69 2.80 1.21 H(3,5) 6.38,
Pro-22 4,19 2.36,2.09 ~H 1.88, 1.94; 6H 2.92
3.37,3.02 Val-76  109.08 8.03 2.38 (1.03, 0.84)" yH; 1.71
Asp-23 11461 7.48 4.44 2.56, 3.03 Lys-77 119.73 6.67 3.95 (1.77) yH 1.44, 6H 1.65,
Gly-24 109.46 8.26 3.33,4.24 ¢H 3.08
Thr-25 11898 7.90 3.76 3.96 yH; 1.02 Asp-78 106.61 6.32 3.96 2.60, 2.84
Glu-26 12992 9.01 4.12 2.35,1.55 +vH 2.07,1.97 Pro-79 3.43 1.03, 0.35 yH -0.23, 0.69; 6H
lle-27 130.65 7.89 3.84 1.53 yH 0.92, 1.20; vH; 2.74, 3.07
0.85 Gly-80 105.05 8.34 3.41,3.78
Val-28 116.66 8.15 4.04 1.58 vH, 0.90, 0.93 Ala-81 12479 7.38 3.88 1.27
Lys-29 131.09 80 4.08 1.82, 1.53 yH 1.22, 1.31; 6H Phe-82 119.17 7.77 4.16 3.29,3.44  H(26) 7.13,
1.64; ¢H 2.93 H(3,5) 7.27
Gly-30 11772 7.45 4.25,3.78 Leu-83 118.48 7.96 3.69 1.86, 1.08 yH 2.26; 6H; 1.11,
Ala-31 12539 6.11 4.54 1.16 0.90
Lys-32 11540 836 4.26 1.52, 2.03% yH 1.18, 1.26; §H Lys-84 117.30 7.93 4.11 1.61, 1.67°
1.56; ¢H 2.86 Glu-85 119.13 770 3.99 1.88,2.00 ~H 219
Thr-33 117.89 7.29 4.04 4.14 yH; 1.76 Lys-86 118.71 8.23 3.78 (1.18)¢ vH 0.53, 0.18; 6H
Gly-34 10499 7.10 3.60,-0.65 (1.14)4 €H 2.60,
Pro-35 3.46 0.97 2.33
Asn-36 119.55 6.73 3.73 2.43,1.52 yNH, 8.23, 7.30; Leu-87 116.35 7.91 4.17 1.75, 1.55 vH 1.46; éH; 0.95,
YN 113.41 0.77
Leu-37 12590 795 3.87 0.69,1.23 ~H -0.12; 6H, -1.77, Asp-88 121.60 7.50 4.21 2.30, 3.14
~-0.80 Asp-89 11552 7.56 4.81 2,32, 2.51
Tyr-38 12422 7.70 3.62 2,66, 2.52 H(2,6) 6.70, H(3.5) Lys-90 125.18 8.83 3.90 1.71, 1.91 yH 1.51, eH 2.98/
6.79 Lys-91 118.48 8.52 4.31 (1.90)¢ yH 1.36, 6H 1.70,
Gly-39 11833 7.28 3.78,3.63 eH 3.01
Val-40 118.06 697 3.77 1.63 yH; 0.91, 0.99 Ala-92 12397 7.23 3.96 1.23
Val-41 122,18 8.06 3.51 2.11 vH, 0.79, 1.01 Lys-93 118.87 8.03¢ 4,79 (1.70)¢ yH 1.50, 1.37; eH
Gly-42 119.17 8.92 4.42,3.65 3.04
Arg-43 12592 8.38 4.64 2.33,2.18¢ yH 1.89 Ser-94 116.65 8.35 4.37 3.58,0.78
Thr-44 12476 875 4.32 393 vH; 1.34 Gly-95 87.83 8.62 3.40,3.57
Ala-45 135.39 8.67¢ 4.58 1.21 Met-96 126.26 8.58 3.39 -0.04, ~2.58 vH -1.51, -3.62;
Gly-46 107.40 9.31 3.33,2.15 eH; -2.93
Thr-47 103.71 8.44 4.78 4.56 vH; 1.11 Ala-97 135.46 8.79 1.34
Tyr-48 13096 8.94¢ 4.65 3.25, 299 H(2,6) 7.12, H(3,5) Phe-98 120.78 6.45 0.90, 3.00  H(2,6) 6.96,
6.97 H(3,5) 7.52
Pro-49 4.27 2.29,1.76 ~H 1.82; 6H 2.04, Lys-99 121.04 6.14 3.81 1.28, 1.13 yH 0.90, 0.82; 6H
3.67 1.42, 1.39; ¢eH
Glu-50 11572 8.64 3.89 (2.30)° vH (2.20)° 2.68, 2.66
Phe-51 12246 7.71 4.26 2.90, 2.88 H(2-6) 7.13, 7.83 Leu-100 124.51 8.21 4.29 1.61, 1.02 vH,8H; 1.30, 0.86%
Lys-52 129.57 7.23 4.52 1.67, 1.48 ~H 1.36, ¢H 3.04 Ala-101 130.42 8.55 4.04 1.41
Tyr-53 127.80 8.21 5.16 2.93,3.90 H(2,6) 8.23, 7.59; Lys-102 115.52 7.50 4.65 1.82, 1.73 vH 1.43, eH 3.03/
H(3,5) 7.59, 7.15; Gly-103 110.53 8.92 3.94,4.52
OH 9.95 Gly-104 112.79 9.13 3.72, 4.00
Lys-54 122,10 10.18° 4.74 278,227 ~yH 1.86 Glu-105 121.42 9.80 4.15 2.16,2.07¢  yH 2.51,2.38
Asp-55 11543 8.03 4.40 2.76, 2.68 Asp-106 123.73 7.94 445 2.90, 2.76
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Table I (Continued)

chemical shifts (ppm)

chemical shifts (ppm)

residues N NH oH BH others residues N NH aH gH others

Val-107 122.46 8.46 405 2.39 yH; 1.65 Ala-112 12073 7.85 4.07 1.49

Ala-108 124,71 8.60 4.12 1.73 Ser-113 11396 7.66 4.31 3.94/

Ala-109 120.24 7.38 4.22 1.47 Val-114 116.43 6.86 3.90 1.93 vH, 0.44, 0.56

Tyr-110 121.11 8.33 4.36 3.13,3.58 H(2,6) 6.76, H(3,5) 6.10 Val-115 116.29 6.47 3.92 1.99 vH, 0.51, 0.58

Leu-111 120.58 8.50 3.44 2.06, 1.01 +yH 2.04; 6H, 1.16, 0.50 Lys-116 131.03 7.54 4.19 1.87,1.76 ~H 1.44, 6H 1.69, ¢H 3.01

“Chemical shifts are in ppm accurate to %£0.01 ppm. 'H shifts are referenced to dioxane at 3.751 ppm.

5N shifts are referenced to ('NH,),SO,

at 22.3 ppm. Values are for cytochrome ¢, at pH 6 and 30 °C. Atom names are those given in the [UB Recommendations of 1978, ®There were
no NH-8H cross-peaks in R-COSY observed for these spin systems. ©Cross-peak shape suggests that these methylene protons are degenerate. 9As
only one NH-8H connectivity is observed in R-COSY or DR-COSY, the other SH was based on peak intensity in TOCSY spectra. ¢Determined in
'H-'*N spectra. /NH-8H, observed in NOESY at 30 °C. aH-8H, couplings observed in TOCSY and DQF-COSY experiments. ¢8H at 4.05 ppm
in 70-ms TOCSY. *Assignment to proton type of the yH,0H; fragment was by peak intensity in TOCSY experiments. ‘There were no COSY or
RELAY peaks to distinguish between the BH and yH, resonances. /Observed at 40 °C. *Two clear NH-8H, connectivities in DR-COSY are
observed (Figure 6). All observed resonances are tabulated, suggesting that either YH-8H; or (3H;), is degenerate. !8H is at 3.97 ppm in 70-ms
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FIGURE 9: Sections of 'H-**N HMQC spectra of ferrocytochrome c, acquired at 30 °C, pH 6, in D,0. The fully protonated *N-enriched
protein was concentrated, at 4 °C, in a deuterated buffer 80 min before the sample was placed in the spectrometer. Each spectrum was acquired
in 30 min. The mid-time point of each spectrum is (A) 50, (B) 80, (C) 265, (D) 685, (E) 1545, and (F) 2460 min. In (A), all correlations
are assigned. In subsequent sections, correlations that show an exchange rate within 40 h are assigned.

Figure 9 shows part of 6 of the 10 'H-'>N HMQC spectra
acquired at different time intervals. In these spectra, the
resonances of 23 peptide NH protons and the N(1)H of Trp-67
and the folded N, H of His-17 show no change in intensity
within 40 h and are therefore considered slowly exchanging
under our experimental conditions of 30 °C and pH 6. A
further 32 NH protons show appreciable exchange over the

40-h period of the experiment where 29

of these are resolved

so that a rate constant can be calculated. The overlapping
correlations of Phe-10 and Lys-86 appear to exchange at
similar rates; thus, only approximate rate constants can be

calculated. The peaks of Phe-82 and Glu-85 are just resolved,
but volume integration of the individual peaks is not possible.
The peak intensity of Phe-82 shows this proton is slowly ex-

changing; therefo
lated for the muc
Figure 10 shows

re, a reasonable rate constant can be calcu-
h more rapidly exchanging NH of Glu-85.
plots of several of these intermediate ex-

changing resonances which are assigned to NH protons of the

N-terminal helix.

The sequence locations of the slowly and

intermediate exchanging NH protons are shown in Figure 2.

Of the 55 inter
34 are located in

mediate to slowly exchanging NH protons,
helices. Within these helices, as defined by
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FIGURE 10: Plot of the volume integrals of several exchanging NH
protons of the N-terminal helix versus time: (a) Glu-7; (@) Cys-13;
(m) Lys-14. Rate constants (K, min~™ X 107%) were calculated by
an exponential least-squares analysis: 15 £ 2 (Glu-7), 4.8 £ 0.7
(Cys-13), and 1.2 £ 0.1 (Lys-14).

the short-range NOE data in Figure 2, all NH protons, except
the first four of each helix, are expected to form hydrogen
bonds that stabilize the helix and therefore show a slowing of
exchange. For the long central helix, residues 69-89, 15 NH
protons are intermediate to slowly exchanging, with the NH
protons of the first 3 and the last residues exchanging rapidly
for deuterium. For the short central helix, 55-65, 6 NH
protons are slowly and intermediate exchanging, and the first
2 and the last 3 rapidly exchanging. In the C-terminal helix,
103-115, 7 NH protons are slowly and intermediate ex-
changing, and the first 5 and the last resdiues are rapidly
exchanging. For the N-terminal helix, 3—17, the short-range
NOE data suggest that this helix is distorted. Within the
segment 3-12, two NH protons show intermediate exchange,
and the others exchange rapidly. Three NH protons of the
final five residues of the N-terminal helix are intermediate
exchanging, His-17 is slowly and Thr-15 rapidly exchanging.
Of the remaining 21 NH protons, $ may be involved in sta-
bilizing the neck region of the Q loop spanning Ile-19 to Val-28
and 1 in the characterized type II turn 40-43. Several of the
remainder may be involved in hydrogen bonds with the heme
or other groups that remain to be characterized.

DISCUSSION

The combination of 'H-'H and !H-'>N spectroscopy proved
valuable in resolving ambiguities'due to overlapping resonances
and thus determining the near-complete backbone assignments
of the R. capsulatus ferrocytochrome c;. The 'H-1*N coupling
is large (90 Hz) and almost identical for all peptide 'NH;
therefore, correlations are expected for all residues except the
amino terminus and Pro. Generally, several correlations may
be missing because of saturation transfer (Gronenborn et al.,
1989). As the spectra in this study were acquired at pH 6,
this problem is sufficiently reduced so that all correlations are
observed. However, several resonances do have weak inten-
sities, for example, Lys-32, which is probably a surface residue.
The fact that we can observe and almost resolve every 'H-!SN
correlation indicates that this spectrum is ideal for investigating
backbone fluctuations and stability.

As the NH and «H chemical shifts are determined to a large
extent by carbonyl (hydrogen bond) and ring current effects,
the structural and sequence homology of the cytochromes
would suggest that similar chemical shifts may be expected
for analogous residues. However, a comparison of the back-
bone NH chemical shifts of cytochrome ¢, with those of horse
heart cytochrome ¢ (Wand et al., 1989) displayed little sim-
ilarity. While approximately 30% of the analogous residues

Gooley et al.

were less than 0.3 ppm different, an equal number differed
by more than 1 ppm. Even a comparison of the helices failed
to show a significant similarity, and, therefore, until the tertiary
structures of these cytochromes are known, a thorough com-
parison must wait.

The availability of the 'H-!N assignments and the ability
to acquire 2D spectra in short time periods permitted calcu-
lation of exchange rates for intermediate exchanging NH
protons and the classification of slowly exchanging NH pro-
tons. These data are valuable support for the characterization
of the secondary structure of R. capsulatus cytochrome ¢, and
for obtaining an understanding of its dynamics and stability.
For an NH to exchange in a helix, the hydrogen bond must
open, requiring a rotation about one of the a-carbon dihedral
angles. As the center of the helix is approached, the probability
of a hydrogen bond opening is increasingly reduced as the
preceding and succeeding hydrogen bonds must be opened
(Englander & Kallenbach, 1984). This behavior is observed
for 3 of the helices where there are cores of slowly exchanging
NH protons: residues 60 and 61 of the short central helix;
residues 75-78 and 82-84 of the long central helix which
contains a Pro at position 79; residues 109-112 of the C-
terminal helix. In each case, this core is flanked with inter-
mediate exchanging protons. There are additional slowly
exchanging protons on the N-terminal side of both the short
and long central helices whose increased stability must be due
to participation in hydrogen bonds, but not for stabilizing the
helix.

Surprisingly, the N-terminal helix appears relatively unst-
able. The peptide NH of His-17 is the only slowly exchanging
proton in this helix, while another six protons show rate con-
stants between 0.001 and 0.015 min™!. A recent hydrogen
exchange study of horse heart mitochondrial cytochrome ¢
showed that the N-terminal a-helix of this protein is markedly
stable (Wand et al., 1986). The NH protons of residues 8—15
for this protein showed rate constants of 107-0.6 h™! at pH
7 and 20 °C. In the analogous region in cytochrome c,, only
three NH protons showed any slowing of exchange: Glu-7,
Phe-10, and Cys-13. These residues are probably on the in-
ternal face of the helix, and NH exchange is slowed by not
only hydrogen bonding but lack of solvent accessibility. It is
noteworthy that these residues are separated by i + 3 in each
case. On the other hand, in cytochrome ¢, the internal hy-
drogen-bonded residues of the N-terminal helix, Phe-10 and
Cys-14, are i + 4 apart, consistent with these residues being
on the same face of an a-helix. The short-range NOE data
and the NH exchange pattern of the N-terminal helix of R.
capsulatus cytochrome ¢, suggest that the N-terminal helix
of this protein is distorted and not a regular a-helix. The fact
that the most slowly exchanging NH protons are i + 3 apart
suggests tentatively that residues 7-13 are part of a 3, helix.
The X-ray crystal structure of R. rubrum cytochrome ¢, shows
that residues 11-14, equivalent to residues 10-13 in R. cap-
sulatus, indeed form a 3,4 helix (Salemme et al., 1973; Bhatia,
1981).

There are 9 intermediate and slowly exchanging protons in
the segment 37-47. Short-range NOE patterns indicate that
this region is ordered but nonregular (Figure 2). The analo-
gous region in the X-ray structure of cytochrome ¢, of R.
rubrum suggest that residues 37-40 and 40-43 should be two
type II turns (Salemme et al., 1973; Bhatia, 1981). For the
latter turn, NOE data in combination with the slowly ex-
changing NH of Arg-43 agree that residues 40-43 form a type
II turn in R. capsulatus cytochrome ¢;. NOE data for residues
37-40 do not indicate the presence of a turn here, although
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the NH of Val-40, which would stabilize this turn, exchanges
with a rate constant of 0.006 min~!, suggesting that it par-
ticipates in a hydrogen bond. The NOE data indicate that
there may be another type II turn between residues 35 and
38 (Figure 2). Unexpectedly, the NH of Leu-37 is slowly
exchanging, compared to the NH of Tyr-38 (0.003 min™")
whose NH proton would be stabilizing this turn. Significantly,
the X-ray data for R. rubrum cytochrome ¢, do not show a
turn in this region. This segment on the right side of the heme
is highly conserved in the cytochromes with the carbonyl of
Pro-35 participating in a hydrogen bond with the N,H of
His-17.

In the X-ray structure of R. rubrum cytochrome c,, there
are an additional three reverse turns. In the analogous regions
of R. capsulatus cytochrome c,, 20-23, 48-51, and 89-92, the
NOE data show a reverse turn only for the latter segment. It
is noted that the NH proton stabilizing this reverse turn ex-
changes faster than these experiments can detect (>0.05
min~!). For the former two regions, in R. capsulatus cyto-
chrome c,, there are Pro substitutions which may provide a
sufficient turn in the polypeptide chain. Furthermore, in this
protein, there is a 6-residue insertion succeeding segment
20-23. The NOE data (Figure 2) show that the region en-
compassing 19-28 forms an © loop which provides a reversal
in the polypeptide chain.

It is interesting that for the four possible reverse turns, the
NH protons that are supposed to participate in the hydrogen
bonds that stabilize these turns are relatively rapidly ex-
changing. It is most unlikely that simply increased solvent
accessibility is responsible for these apparent instabilities. The
NH protons of the hydrogen bonds of these turns are relatively
isolated from other slowly or intermediate exchanging NH
protons. Thus, hydrogen-bond breakage is less dependent on
the simultaneous breakage of neighboring bonds compared to
the helices. For Ala-92, the residue that would stabilize the
turn 89-92, there are no slowly exchanging NH protons within
5 residues. Therefore, the exchange of this hydrogen bond is
not synergistic, and consequently, NH exchange is relatively
fast.

This preliminary investigation of the NH exchange of fer-
rocytochrome ¢, indicates the relative ease of determining NH
exchange rate constants from 2D 'H-'SN data. Previous
workers have suggested that 'H-'>N HMQC spectra can be
acquired on enriched proteins in time periods of less than 2
h (Mclntosh et al., 1987). In this study, it has been shown
that the experiment can be acquired in even shorter time
periods of 10-30 min for samples of 2-3 mM protein, thus
permitting a reasonably accurate rate constant to be calculated
for all protons with half-lives longer than approximately 60
min. This application can easily be used to compare the
stability of various mutants and thus address questions of the
importance of specific hydrogen bonds for the structural sta-
bility of a protein or the functional significance of these bonds.
For example, this method has been applied to a comparison
of the intermediate exchanging NH protons of wild R. cap-
sulatus cytochrome ¢, and a mutant cytochrome ¢, in which
the highly conserved Pro-35 is substituted with Ala. Prelim-
inary NH exchange data show that the exchange rate of the
NH of Gly-34 changes from a rate of 0.005 min™ in the wild
protein to a rate faster than can be detected by these exper-
iments (>0.05 min™!) in the mutant protein. This work will
be the subject of a later publication.

ADDED IN PROOF

Ser-94 should be Thr-94. Resonances assigned to Gly-95
should be assigned to the eNH-6NH, resonances of Arg-43.
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The resonances of Gly-95 are 8.38, 3.71/4.63 ppm (NH-aH,).
Registry No. Ferrocytochrome c,, 9035-43-2.
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N-Methyl-p-aspartate /Phencyclidine Receptor Complex of Rat Forebrain:
Purification and Biochemical Characterization'
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ABSTRACT: The N-methyl-D-aspartate (NMDA)/phencyclidine (PCP) receptor from rat forebrain was
solubilized with sodium cholate and purified by affinity chromatography on amino-PCP-agarose. A 3700-fold
purification was achieved. Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate
and dithiothreitol revealed four major bands of M, 67000, 57000, 46 000, and 33 000. [*H]Azido-PCP
was irreversibly incorporated into each of these bands after UV irradiation. The dissociation constant (Kj)
of [1-(2-thienyl)cyclohexyl]piperidine ([*H]TCP) binding to the purified NMDA /PCP receptor was 120
nM. The maximum specific binding (Bp,,) for [*’H]TCP binding was 3.3 nmol/mg of protein. The
pharmacological profile of the purified receptor complex was similar to that of the membranal and soluble
receptors. The binding of [*H]TCP to the purified receptor was modulated by the NMDA receptor ligands

glutamate, glycine, and NMDA.

’]:le N-methyl-p-aspartate (NMDA)! type of excitatory
amino acid receptor is one of the best characterized glutamate
receptors in the mammalian central nervous system. These
receptors, which are ligand-gated cation channels, are involved
in synaptic plasticity (Artola & Singer, 1987; Collingridge,
1987) and in long-lasting enhancement of synaptic efficacy
(i.e., long-term potentiation), thought to be the basis of pro-
cesses involved in learning and memory (Collingridge et al.,
1983; Collingridge & Bliss, 1987). Overactivation of these
receptors is associated with epileptogenic seizures (Turski et
al., 1985), neurotoxicity (Rottman & Olney, 1987), and
neuronal loss due to hypoglycemia (Rottman & Olney, 1987)
and ischemia (Cotman & Iversen, 1987; Kemp et al., 1987).

The role of dissociative anesthetics, such as PCP and related
drugs, as open-channel blockers of NMDA receptors (Honey
et al., 1985; Foster & Wong, 1987; Kloog et al., 1988), as well
as the notion of a high-affinity NMDA /PCP receptor complex,
is well established. Therefore, in recent years PCP and its
analogues have been used as biochemical probes of NMDA
receptor channel activation.

We recently described the successful solubilization of
high-affinity PCP-binding sites from rat forebrain membranes,
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utilizing the anionic detergent sodium cholate (Ambar et al.,
1988). The binding of [*’H]TCP, a potent PCP analogue, was
shown to be modulated by NMDA receptor ligands, thus
providing further evidence for the existence of an NMDA/
PCP receptor complex. We now describe the purification of
the solubilized NMDA /PCP receptor complex by affinity
chromatography.

EXPERIMENTAL PROCEDURES

Materials. [*H}TCP (28.6 Ci/mmol) and [*H]AZ-PCP
(16.8 Ci/mmol) were purchased from Israel Nuclear Center
(Negev, Israel). Dexoxadrol and levoxadrol were donated by
Dr. A. E. Jacobsen (National Institutes of Health). MK-801
was a gift from Merck Sharp & Dohme Research Labora-
tories. PCP and NH,-PCP were a gift from Dr. A. Kalir
(Tel-Aviv University). The synthesis of NH,-PCP has been
described by Kalir et al. (1978). NMDA and pL- and D-AP-5

! Abbreviations: NMDA, N-methyl-D-aspartate, PCP, phencyclidine;
SDS—-PAGE, sodium dodecyl sulfate—polyacrylamide gel electrophoresis;
EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene glycol bis(8-
aminoethyl ether)-N,NN’,N"tetraacetic acid; AP-5, p-(-)-2-amino-5-
phosphovalerate; AZ-PCP, N-[1-(3-azidophenyl)cyclohexyl]piperidine;
PMSF, phenylmethanesulfony! fluoride; TCP, [1-(2-thienyl)cyclo-
hexyl]piperidine; Glu, glutamate; Gly, glycine; ECsy, concentration
causing 50% of maximal effect; DTT, dithiothreitol.
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