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Abstract. A generally applicable method for the
determination of the spatial structure of the heme
iron-bound methionine in c-type ferrocytochromes at
atomic resolution is presented. It relies primarily on
measurements of nuclear Overhauser effects between
the individual hydrogen atoms of the axial methio-
nine, and between individual hydrogens of the
methionine and the heme group. Four different
methionine conformers, corresponding to the four
possible stereospecific assignments for the methio-
nine methylene proton resonances, are generated by
a structural interpretation of the nuclear Overhauser
effects with the use of an interactive computer
graphics technique. A unique structure and unique
stercospecific resonance assignments are then
obtained by discriminating between these four con-
formers on the basis of van der Waals’ constraints and
heme ring current effects on the chemical shifts. The
use of the method is illustrated with studies of horse
ferrocytochrome ¢ and Pseudomonas aeruginosa
ferrocytochrome c 551. Comparison with the crystal
structures shows close coincidence between the
methionine conformations in solution and in single
crystals of these proteins.

Key words: Cytochrome c, nuclear magnetic reso-
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Introduction

Recent studies of the heme iron coordination in the
solution conformations of a selection of mitochon-
drial and bacterial cytochromes ¢ (Senn et al. 1980,
1983a, 1983b; Keller et al. 1980; Senn and Wiithrich
1983a, 1983b, 1983c) have shown a dominant influ-

Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser effect; TOE, truncated driven nuclear Overhauser
effect

ence of the spatial arrangement of the axial methio-
nine on the clectronic structure of heme ¢ in the
oxidized proteins. In previous investigations four
different structure types have been qualitatively
characterized. Here we describe a method that
enables determination of the spatial structure of the
axial methionine in solutions of reduced cytochromes
¢ at atomic resolution and apply this technique to two
proteins which represent two of the four structure
types.

The present structure determination relies on the
use of NMR for measurements of NOE’s between
hydrogen atoms of the axial methionine and heme c,
and of ring current shifts of the methionine protons
due to the heme group. For the structure determi-
nation an interactive computer graphics technique is
used. A crucial aspect is that sufficient data could be
collected to overcome the inherent limitations for
determination of amino acid side chain conforma-
tions which arise because stereoselective resonance
assignments cannot usually be obtained by 'H-NMR
alone (Wiithrich et al. 1983).

Theory

The present study exploits the correlations between
NOE’s and intramolecular 'H-'H distances. The
NOE is the fractional change in intensity by cross-re-
laxation of one NMR line when another resonance is
irradiated with a radiofrequency field. The extent of
this change is related to the distance between the
observed spin and the irradiated spin. However,
when working with macromolecules at high magnetic
fields, the correlations between NOE intensity and
'H-'H distances may be masked by spin diffusion, so
that special precautions must be taken. The funda-
mental aspects have in the past been analyzed
(Solomon 1955; Noggle and Schirmer 1971; Kalk and
Berendsen 1976; Bothner-By and Noggle 1979) and
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the situation in proteins, as it is encountered in the
present work, has recently been extensively discussed
(Gordon and Wiithrich 1978; Wagner and Wiithrich
1979; Dubs et al. 1979; Anil Kumar et al. 1981; Keller
and Wiithrich 1981; Dobson et al. 1982).

Intramolecular 'H-'H distances were derived
from truncated driven NOE (TOE) experiments. The
time-dependence of the magnetization of the nonir-
radiated spins i in a TOE experiment is determined
by
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where M; is the difference between the actual
magnetization M,; of spin i and its equilibrium
magnetization M?. The quantities o; and 0;; determine
the spin-lattice relaxation and the cross-polarization,
respectively,
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where o is the Larmor frequency, r; the distance
between spins i and j, 2A the Planck constant, y the
gyromagnetic ratio, and 7, the effective rotational
correlation time. To describe the situation which
results from selective irradation of a proton in a
protein, we denote as spin 1 the irradiated nucleus, as
spin 2 the observed nucleus and as spins i all the other
protons in the molecule. We further assume that at
the outset of the experiment spin 1 attains instanta-
neously the equilibrium magnetization MY, which
does not affect the conclusions in the present study
(for a more detailed discussion of the initial
time-course of the magnetization of spin 1 see
Wagner and Wiithrich 1979). In the early phase of the
experiment, M; = M, M, = M; = 0 and Eq. (1) can
be rewritten for short times, 7, as

My(t) = — o3 Mt . 4)

We conclude from Egs. (1) and (4) that while at long
times M, may be affected by cross-relaxation with
many nearby protons in the protein, i.e., by “spin
diffusion”, M, at short times is directly related to o,;.
In practice, several TOE experiments with truncation
after different short time intervals are recorded, so

that the “build-up” of M, can be followed (see
following section).

Equation (3) shows that the cross-relaxation rate
0y, obtained experimentally through Eq. (4) depends
on the inverse sixth power of the "H-'H distance, r~$,,
and on a function of the effective correlation time, f
(7.). Since the latter is not a priori known, we have
chosen to calibrate the correlation between o,; and
the 'H-'H distances empirically, using the known
distance between covalently linked protons as a
reference. We further compared the effective corre-
lation times for different groups of covalently linked
protons, which provided information on the intra-
molecular mobility in the heme crevice of the
cytochromes ¢ (Olejniczak et al. 1981).

Experimental
Materials

Horse ferricytochrome ¢ “type VI” was purchased
from Sigma. Pseudomonas aeruginosa ferricyto-
chrome ¢ was obtained as a gift from Dr. I. Gunsalus
and Dr. P. Debrunner, University of Illinois, Urba-
na. The protein concentration in the NMR samples
was 0.004 M—0.006 M. The p*H in the ?H,0O
solutions was adjusted by addition of minute amounts
of 2HCI or NaO?H. Solutions of the fully reduced
form of the cytochromes were obtained by addition of
solid sodium dithionite.

NMR measurements

High resolution "H NMR spectra were recorded in
the Fourier mode on a Bruker HX 360 and a Bruker
WM 500 spectrometer. TOE difference spectra were
obtained as described previously (Dubs et al. 1979;
Wagner and Wiithrich 1979), using the pulse
sequence

[Tp — ©(w;) — observation pulse
— Tp — (Wi res) — Obs. pulse], . (5)

Ty is a delay time allowing the system to return to
equilibrium; 7 is the time period during which a
selective low-power radiofrequency field is applied to
proton 1, or off-resonance, respectively and n
indicates the number of transients which were
accumulated to improve the signal-to-noise ratio. The
free induction decays with and without NOEs were
stored alternatively in different memory locations
and a difference spectrum was obtained by subtract-
ing the free induction decay without NOE from the
one with NOE. The NOE build-up rates were studied



by measurements of a series of TOE difference
spectra with different irradiation times, which were
all short compared to the time needed to reach a
steady-state NOE (Noggle and Schirmer 1971).
Chemical shifts are in parts per million (ppm) from
internal sodium 3-trimethyl-silyl-[2,2,3,3-2H,]-pro-
pionate.

Use of interactive computer graphics
for spatial structure determination

For the determination of the spatial structure of the
heme-methionine complex an interactive mod-
el-building program was used, which allows genera-
tion of different conformations by rotations about
individual dihedral angles. Diamond’s (1978) BIL-
DER program was modified and extended, so that it
allows visualization of deviations of proton-proton
distances in a molecular structure from predeter-
mined values for these distances derived from the
NOE measurements (Billeter 1980). The hardware
used consisted of an Evans & Sutherland picture
system connected to a PDP 11—34 computer. Devi-
ations between actual and predetermined distances
were presented on the screen by flashing arrows
defined by the following vector sum:

SR
g =c Z—;Z’"L (dyj — Dy) (6)
i if

d; is the arrow attached to proton j; the index i
identifies protons for which the distance to proton j is
constrained by an NOE; ¢ is a scaling constant; 7; and
#; are the coordinate vectors of the individual protons;
d; is the distance between protons i and j in the
structure considered; Dy is the distance between
protons i and j imposed by the NOE. In the simplest
situation, where there is a single NOE constraint
between protons i and j, 4; will be on a straight line
through i and j. The length of the arrow will be small
when d; is close to D;. The arrows in three
dimensions are updated with every change of con-
formation. The operator’s task is to decrease the
lengths of all arrows by rotations about the dihedral
angles.

In this procedure of fitting the spatial molecular
structure to distance constraints imposed by the
NOEs, the covalent structure, including the stereo-
chemistry at the iron-bound sulfur atom, was not
modified. The location of Met “above” the heme
plane (rather than “below” the heme plane), the
bond angles and the bond length were taken from the
X-ray structures of reduced Pseudomonas aeruginosa
cytochrome c-551 (Matsuura et al. 1982) and reduced
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Fig. 1. Nomenclature used for the atoms of heme ¢ and the axial
methionine in c-type cytochromes. Heme c: the pyrrole ring
carbons are numbered from 1 to 16. Side chain atoms are identified
by the number of the pyrrole ring carbon to which the side chain is
attached, a letter defining the atom type and the number of heavy
atom-heavy atom bonds separating the atom from the pyrrole ring.
The pyrrole nitrogens are labelled N1—-N4, the methine bridges
between the pyrrole rings a—d. Methionine: the TUPAC/IUB
convention (1970) is used. Hydrogen atoms are explicitly shown
where they could be stereospecifically identified in the "H NMR
spectra. (The figure in the lower right illustrates the definition of
Hp1 and Hp2; the definition of Hyl and Hy2 is analogous).
Otherwise, methyl groups and methylene groups are replaced by
equivalent spheres M and L, respectively. M is located centrally
with respect to the three methyl protons and its radius is 1.8 A. L is
located at the position of the methylene carbon and the radiusis 1.6
A. To generate different conformations the following dihedral
angles were used: y}, 2, and y* for methionine, according to the
TUPAC/TUB convention, and £ for rotations about the iron-sul-
phur bond perpendicular to the heme plane. 2 is defined to be 0
when the C’ of methionine and the N4 of the heme are in a cis
conformation, and its value increases with clockwise rotations of
N4 when looking from the iron towards the sulphur

tuna cytochrome ¢ (Takano and Dickerson 1981),
where the latter data were used for the equine
protein. The nomenclature for the atoms of heme ¢
and the axial methionine is described in Fig. 1. In
addition to the standard torsion angles 4!, 4%, and 5>,
a torsion angle & is introduced to describe rotations
about the iron-sulfur bond. The length of the
iron-sulfur bond was taken from the X-ray structures,
with this bond oriented perpendicular to the heme
plane.

Ring current calculations

Once a conformation was found which satisfied the
NOE distance constraints, it was further checked for
compatibility with the observed 'H chemical shifts.
For this the ring current shifts for the methionine
protons in the NOE structure arising from the
proximity to the heme plane were calculated with the
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Johnson-Bovey (1958) formalism, with five pairs of
“current loops” centered about the heme macrocycle
and the four pyrrole rings. The parameters given by
Giessner-Prettre and Pullman (1971) were used. This
procedure was found in studies with different mol-
ecules to give the best agreement between calculated
and observed ring current shifts (Perkins 1980).

Computation of van der Waals contacts

The conformers derived from the NOE distance
constraints were checked for violations of van der
Waals interatomic distances. For this a program was
used which attributed specified radii to all atoms in
Fig. 1 and computed the overlap of the resulting
spheres between any two atoms in the spatial
molecular structure.

Results and Discussion
NMR experiments

The 360-MHz spectra of P. aeruginosa ferrocyto-
chrome c-551 and horse ferrocytochrome c are shown
in Fig. 2. In both spectra the four mesoproton singlet
lines of heme c (Fig. 1) are well separated at the low
field end of the spectrum between 9.0 and 10.0 ppm,
and the e-methyl and the methylene proton lines of
the axial methionine are resolved at the high field end
between 0 and —4.0 ppm. As indicated in the figure,
the heme meso proton lines were previously individ-
ually assigned (Keller and Wiithrich 1978a, b). The
* and C” methylene resonances were distinguished,
but no stereospecific assignments were obtained
(Gordon and Wiithrich 1978; Senn et al. 1980). All
the experiments described in the following rely on
selective irradiation of these well-resolved resonance
lines. As an illustration, Fig.3 shows the TOE
difference spectra obtained when the preirradiation
was applied on the methionine e-methyl resonance in
horse ferrocytochrome c¢. In addition to the
above-mentionned well resolved resonances, NOE
measurements were also obtained for the C* proton
of the axial methionine. In Fig. 4A the variations in
the intensity of the individual peaks in the TOE
difference spectra of Fig. 3 arc plotted against 7.
Figure 4B shows plots of the corresponding data for
P. aeruginosa ferrocytochrome c-551.

Similar measurements were made with preirra-
diation on the individual methylene proton reso-
nances of the axial methionine. As indicated in the
captions to Figs. 5 and 6, these experiments were
done at 500 MHz, so that the spectral resolution was
improved over that in Fig. 2. None the less the data
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Fig. 2. A '"H-NMR spectrum at 360 MHz of a 0.004 M solution of
P. aeruginosa ferrocytochrome ¢-551 in 2H,0, p?H 7.5, T = 30° C.
B HI-NMR spectrum at 360 MHz of a 0.006 M solution of horse
ferrocytochrome ¢ in ZH,O, p?H 7.2, T = 53° C. The extreme high
and low field regions are also shown on an expanded scale. The
individual resonance lines of the heme meso protons are labelled
by a—d and the resonance lines of the axial methionine protons

with Greek letters (Fig. 1). The higher field line of the two
methylene groups is arbitrarily labelled 8, and y’, respectively
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obtained with preirradiation on Hyg in horse ferrocy-
tochrome ¢ were not used, since this line is over-
lapped with an as yet unidentified line, so that
side-effects influencing the NOE intensities could not
be ruled out. In P. aeruginosa ferrocytochrome c-551
the cross-relaxation between Hp' and ¢éCH; was not
further analyzed, since even at 500 MHz the two lines
are too close to exclude effects of direct irradiation on
one line when the radiofrequency is applied to the
other line. Figure 5 shows the build-up curves for the
heme ¢ meso protons of both proteins and Fig. 6
those for the hydrogen atoms of the axial methionine.
Additional measurements were obtained with irra-
diation on the heme meso protons. These are not
shown here but will be used in the following.
Some important features of the structures deter-
mined by the quantitative analysis in the following
sections can be anticipated from inspection of the
NOE build-up curves in Figs. 4—6. First, we conclude
that the methionine side chain is largely immobilized
in the proteins, since different NOE’s are generally
observed for the individual methylene protons. This
conclusion receives further support from the obser-
vation that the chemical shifts for the individual
methylene protons are sizeably different and are
nearly independent of temperature between 5° and
70° C (Moore and Williams 1980). Second, Fig. 5
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Fig. 3. Truncated driven nuclear Overhauser enhancement (TOE)
difference spectra at S00 MHz of horse ferrocytochrome ¢ obtained
as the difference between recordings with and without preirra-
diation on the high-field e-methyl resonance of the axial methion-
ine (Fig. 2), T = 30° C, p*H 7.2, protein concentration 0.006 M in
2H,0. The length of the preirradiation time, r, is indicated with
each trace. Individual resonances of the axial methionine and the
heme c are identified with greek letters and with the letters a and d,
respectively (Fig. 1)

-2 ppm

shows that in both proteins the Cf and C” methylene
protons are located near the heme meso positions b
and ¢ (Fig. 1), whereas the eCHj; group is near aand d
in horse ferrocytochrome c, and near ¢ and d in the P.
aeruginosa protein (Fig. 4). As a consequence the
chirality at the iron-bound sulfur atom must be
different in the two proteins (Senn et al. 1980), which
in the present study was taken into account by the
afore-mentioned choice of the covalent structures for
the heme c-Met complexes in the two species. Third,
Fig. 4 shows that in horse ferrocytochrome c the C”
methylene protons are nearer to éCHj than the 8
methylene group, whereas in P. aeruginosa ferrocy-
tochrome c¢-551 the closer distance is between CPH,
and ¢CHj;. Figure 6 indicates further that in both
proteins the closest 'H-'H distances between the two
methionine methylene groups are from HS to Hy,
and from HB’ to Hy’', respectively.

For most build-up curves (Figs. 4—6) one
observes a slight curvature at very short y s, i.e.,
between 0 and approximately 25 ms. This arises
because in practice the equilibrium magnetization on
spin 1 is not attained instantaneously (Wagner and
Wiithrich 1979). In Fig. 4A the induction period for
the NOE build-up on the C® proton is, however,
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Fig. 4. A NOE build-up curves for individual protons of the heme
and the axial methionine in horse ferrocytochrome c obtained from
the TOE experiments in Fig. 3, where the preirradiation was on the
e-methyl group of the axial methionine. B Same for P. aeruginosa
ferrocytochrome ¢ 551. The experimental conditions were
T=30°C, 0.006 M protein concentration in *H,0, pH 7.5,
360 MHz

much longer, indicating that spin diffusion makes a
dominant contribution as compared to the direct
cross-relaxation with eCHj. This data was therefore
not further used in the quantitative analysis.

Empirical correlation between NOE’s
and 'H-'H distances

As a first step towards a quantitative interpretation of

the NOE data, the cross-relaxation rates, oy, between

the different pairs of protons were evaluated from the
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Fig. 5. A NOE build-up curves for the heme meso protons (Fig. 1)
of horse ferrocytochrome ¢ after preirradiation of individual
methylene protons of the axial methionine (indicated by an arrow).
The experimental conditions were T = 30°C, 0.006 M protein
concentration in *H,0, pH 7.2, 500 MHz. B Same for
P. geruginosa ferrocytochrome ¢ 551. Experimental conditions:
T=30°C, 0.006 M protein concentration in *H,0, p’H 7.2,
500 MHz

Table 1. Cross-relaxation rates o; and distances d; between
different protons of the axial methionine and heme ¢ in horse
ferrocytochrome c

Presaturated NOE Cross- H-'H distance
resonance® observed relaxation d; (AP
on rate o(s™1)
resonance?
Met 80 o’ * Met 80 y 8.5 1.75%
Met 80 g’ 1.4 2.4
Met 80 8 1.0 2.5
Met 80 a 1.7 2.3
Met 80 & 0.4 2.9
Heme b 0.07 3.8
Heme ¢ 0.02 4.8
Met 80 y Met 80 ¢’ 8.9 1.75°
Met 80 g’ 1.1 2.5
Met 80 3 1.6 2.3
Met 80 « 1.1 2.5
Met 80 ¢ 0.5 2.8
Heme b 0.04 4.3
Heme ¢ 0.01 5.4
Met 80 g’ Met 80 3 8.6 1.75°
Met 80 v’ 1.5 2.3
Met 80 v 1.1 2.5
Met 80 a 2.1 2.2
Met 80 & 0.2 3.3
Heme b 0.04 4.3
Heme ¢ 0.04 43
Met 80 ¢ Met 80 y’ 0.6 2.7
Met 80 y 0.7 2.6
Met 80 5° 0.2 3.3
Met 80 8 0.2 3.3
Heme a 0.03-0.06 4.0-4.5
Heme d 0.01-0.04 43-54
Heme a Met 80 ¢ 0.05 4.1
Heme d Met 80 ¢ 0.03 4.5
Heme b Met 80 «a 0.1-0.2 3.3-3.5
Heme ¢ Met 80 a 0.1-0.2 3.3-35

2 For the Cf and Cy methylene protons the higher field line in the
reduced protein was arbitrarily labelled 8’ and y', respectively

® The fixed distance between geminal methylene protons was used
for distance calibration of the experimental cross-relaxation
rates

data in Figs. 4—6 with the use of Eq. (4) and listed in
Tables 1 and 2. Many of the o;; values appear twice in
the tables, since they were measured both by
irradiation of spin i and observation of spin j, and vice
versa. In all cases close coincidence of the different
measurements of the same cross-relaxation rate was
obtained (Tables 1 and 2).

Proton-proton distances corresponding to the
cross-relaxation rates were obtained on the following
basis. The distance between the two protons of a
methylene group is known to be 1.75 A. With this
information the correlation function f(z.) in Eq. (3)
can be evaluated from the oj; values for methylene



Table 2. Cross-relaxation rates oy and distances d; between
different protons of the axial methionine and heme ¢ in
P. aeruginosa ferrocytochrome ¢ 551

Presaturated NOE Cross- 1H-H distance
resonance® observed relaxation dy (AP
on rate oy(s™%)
resonance?
Met 61 »' Met 61 y 4.2 1.75°
Met 61 g’ 0.6 2.4
Met 61 8 0.5 2.5
Met 61 o 0.7 2.4
Met 61 ¢ 0.1 33
Heme b 0.04 3.8
Heme ¢ 0.01 4.8
Met 61 v Met 61 3’ 4.1 1.750
Met 61 g’ 0.6 2.4
Met 61 8 0.8 2.3
Met 61 a 0.3 2.7
Met 61 & 0.1 33
Heme b 0.03 4.0
Heme ¢ 0.01 4.8
Met 61 g’ Met 61 8 4.2 1.75°
Met 61 ¢’ 0.5 2.5
Met 61 y 0.4 2.6
Met 61 o 0.5 2.5
Heme b 0.04 3.8
Heme ¢ 0.02 43
Met 61 3 Met 61 §' 4.5 1.75°
Met 61 y’ 0.5 2.5
Met 61 y 0.9 2.3
Met 61 0.3 2.8
Met 61 & 0.2 2.9
Heme b 0.02 4.3
Heme ¢ 0.02 43
Met 61 & Met 61 v’ 0.08 3.4
Met 61 y 0.1 3.3
Met 61 8 0.3 2.7
Heme ¢ 0.03 4.0
Heme d 0.01 4.8
Heme b Met 61 a 0.1-0.2 2.9-33
Heme ¢ Met 61 a 0.1 33
Heme ¢ Met 61 ¢ 0.03 4.0
Heme d Met 61 ¢ 0.01 4.8

2 For the Cf and Cy methylene protons the higher field line in the
reduced protein was arbitrarily labelled 8" and y’, respectively
The fixed distance between geminal methylene protons was used
for distance calibration of the experimental cross-relaxation
rates

protons. In both proteins identical effective correla-
tion times were thus found for the Cf and C” protons,
with 7, = 4.5 - 107 s. Therefore 'H-'H distances for
all combinations of pairs of protons i and j originating
from heme ¢ or the axial methionine can to a good
approximation be determined relative to the distance
between the methionine methylene protons by

- - (7
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The YH-'H distances thus obtained are listed in
Tables 1 and 2 for the two proteins.

Structural interpretation
of the NOE distance constraints

A direct, unique structural interpretation of the data
in Tables 1 and 2 cannot be given, since on the basis
of the 'H-NMR measurements alone the resonances
of the methylene protons of the axial methionine
cannot be stereospecifically assigned (Wiithrich et al.
1983). The four possible assignments A, B, C, and D
for the two pairs of methylene protons are defined in
the first two columns of Table 3. For each of the four
stereospecific assignments a conformer was deter-
mined which would satisfy the NOE distance con-
straints of Table 1 or Table 2. The following three
principal guidelines were used in the interactive
computer graphic search for these conformers. (i)
The chirality at the methionine sulfur atom was fixed
at the outset, i.e., R for horse ferrocytochrome ¢ and
S for P. aeruginosa ferrocytochrome c-551, as
described in the preceding sections. (if) In addition to
the NOE distance constraints, it is known for both
proteins that 3J,5 = 10 Hz and *J 5, < 3 Hz (Senn
1983). Hence, HB must be cis or trans to C*H. A cis
orientation can be excluded from the NOE data.
Therefore the torsion angle y' for the axial methio-
nine was fixed near the value corresponding to trans
orientation of the protons C*H and HS. (iif) When
fitting the molecular conformations to the experi-
mental distance constraints, account was taken of the
fact that with the presently used experimental
approach the discrimination between the relative
lengths of any two 'H-'H distances can be more
reliably determined than the absolute values for
individual distances (see below).

The conformers obtained with the above proce-
dures are characterized in Table 3 (last two columns)
by the dihedral angles x!, *, x°, and 2, and by the
chirality at the methionine sulfur. Tables 4 and 5 list
the distance constraints from the NOE experiments
and the corresponding 'H-'H distances in the con-
formers of Table 3. Two important conclusions result
from inspection of Tables 4 and 5. First, satisfactory
fits of the NOE data could at this point, where the
atoms have been treated as dimensionless points and
no steric constraints were considered, be achieved for
all four stereospecific assignments A, B, C, and D
(Table 3). Second, while the short distances agree
quite closely, the longer distances in the molecular
structures characterized in Table 3 show generally
larger deviations from the experimental values. This
is due primarily to the fact that spin diffusion is more
likely to affect the measurements of the longer
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Table 3. The four conformations of the axial methionine in horse ferrocytochrome ¢ and P. aeruginosa ferrocytochrome ¢ 551 determined
from the NOE distance constraints with the assumption of the four different possible stereospecific '"H-NMR assignments A—D for the 3
and y methylene protons. The aioms were treated as dimensionsless points so that no van der Waals constraints were considered

Stereo-
specific
assignment

Proton?

NMR Dihedral angles in the methionine side chain®

line®
Horse ferrocytochrome ¢

P. aeruginosa ferrocytochrome ¢ 551

s P %

Q  MetSs

chirality

s s

Q

Met S
chirality

Hp2
Hp1
Hy2
Hyl
B Hp2

Hp1

Hy2

Hyl
C Hp2
Hp1
Hy2
Hyl
Hp2
Hp1
Hy2
Hyl

=172 -~ 46 —143

- 56 —163 —-161

R TT™RTH™

164 145 140

- 50 25 128

ﬁ%h%\ﬁ‘im‘m
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¢ Definition of the dihedral angles %', 2, and ;* according to the TUPAC/IUB convention (1970). @ is the dihedral angle about the
iron-sulfur bond. Its values are determined by the relative positions of the bond Cy-S and Fe-N4 (see Fig. 1)
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Fig. 6. A NOE build-up curves for individual protons of the
axial methionine in horse ferrocytochrome c after preirradiation
on different, individual methionine protons (arrows). The
experimental conditions were T = 30°C, 0.006 M protein
concentration in 2H,0, pH 7.2, 500 MHz. B Same for P.
aeruginosa ferrocytochrome ¢ 551. Experimental conditions: T
= 30° C, protein concentration 0.006 M in 2H,O, p?H 7.2, 500

MHz



Table 4. 'H-'H distances in the four methionine conformations of
horse ferrocytochrome c in Table 3, which were obtained from best
fits to the NOE distance constraints using the different stereo-
specific assignments A—D for the methionine methylene protons.
The atoms were treated as dimensionless points so that no van der
Waals constraints were considered

'H-NMR lines® NOE distance® Distance in the molecular
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Table 5. 'H-'H distances for the four methionine conformations of
P. geruginosa ferrocytochrome c¢ 551 in Table 3, which were
obtained from best fits to the NOE distance constraints using the
different stereospecific assignments A—D for the methionine
methylene protons. All atoms were treated as dimensionless points
so that no van der Waals constraints were considered

!H-NMR lines® NOE distance® Distance in the molecular

d; (A) structures® . d; (A) structures®
1 i i j
A B C D A B C D
Y’ B 2.4 2.4 2.6 2.8 2.3 y' B 2.4 2.4 2.6 2.7 2.4
v B 2.5 3.0 3.0 3.0 3.0 Y B 2.5 3.0 3.0 3.0 3.0
v o 2.3 2.7 2.5 2.6 3.0 v a 2.4 2.7 2.5 2.6 2.9
y e 2.9 3.6 33 3.6 3.7 y' £ 34 2.8 2.9 4.0 4.0
y B 2.3 2.4 2.4 2.3 2.3 y B 2.5 2.6 31 3.0 2.7
y B’ 2.5 2.6 3.0 3.0 2.7 y B 2.3 2.4 2.4 2.3 2.3
y a 2.5 3.7 33 3.7 3.8 y a 2.7 3.8 33 3.6 3.8
v £ 2.8 2.9 3.0 2.8 2.8 y 2 33 3.8 3.9 34 3.5
Ik a 2.2 2.5 2.5 2.4 2.4 B a 2.5 2.5 2.5 2.4 2.5
B £ 33 5.1 4.8 4.6 43 B a 2.8 3.0 3.0 3.0 3.0
B € 33 44 4.7 4.5 5.1 B € 2.9 4.8 4.6 2.9 2.8
£ a 4.3 4.1 4.1 4.0 4.1 € ¢ 4.0 4.2 4.2 4.2 4.2
e d 4.9 5.4 5.4 5.5 5.4 £ d 4.8 5.1 5.1 5.1 5.1
a b 34 4.5 5.0 3.7 5.0 a b 3.1 3.5 43 2.8 3.8
a c 3.4 2.9 5.3 4.4 2.6 a c 33 3.6 5.9 5.5 33
y b 3.9 54 5.5 3.6 3.5 y' b 3.8 5.1 53 3.7 3.6
y' c 4.8 5.2 5.5 5.4 53 y' c 4.8 5.5 5.8 6.1 6.0
y b 4.3 4.8 4.5 53 5.2 y b 4.0 5.0 4.7 5.4 5.3
y c 5.4 6.3 6.2 6.1 6.2 v c 4.8 6.7 6.7 6.5 6.6
B b 43 2.5 4.0 5.3 4.8 B b 3.8 3.0 33 4.3 43
B c 4.3 5.3 3.4 33 4.9 i c 4.3 6.1 4.1 3.8 5.5
B b 4.3 2.7 2.4 5.5 5.8
2 See Fig. 1. The higher field 8 and y methylene 'H-NMR lines are B c 43 6.2 5.6 5.2 5.4

arbitrarily labelled 8’ and ¢’

From Table 1

¢ The four possible stereospecific assignments A—D for the Met 3
and y methylene protons are defined in Table 3

=2

distances, and possibly also to the overall reduced
accuracy because of the poorer signal-to-noise ratio
for measurements of the weak NOEs corresponding
to longer distances. Contributions to the NOE
intensity from spin diffusion tend to yield systemat-
ically short values for 'H-'H distances, a trend which
is readily apparent when the experimental values for
the longer distances in Tables 4 and 5 are compared
with the corresponding distances in the molecular
structures which satisfy the shorter distance con-
straints.

Discrimination between different stereospecific
resonance assignments from van der Waals
constraints and ring current shifts

A unique structure resulted when in the conformers
obtained with the four possible resonance assign-
ments A—D (Table 3) each atom was represented by

»

See Fig. 1. The higher field 8 and y methylene "H-NMR lines are
arbitrarily labelled f’ and '

From Table 2

¢ The four possible stereospecific assignments A—D for the Met 8
and y methylene protons are defined in Table 3

=

a sphere, as indicated in the legend to Table 6, and
those conformers were eliminated which included
sizeable steric constraints. In both proteins only the
structure corresponding to the resonance assignments
C was thus found acceptable (Tables 6 and 7).

Independent support for the stereospecific reso-
nance assignments C was obtained from a compatison
of the experimental chemical shifts of the axial
methionine proton lines with the shifts expected from
ring current calculations using the atomic coordinates
of the four conformers of Table3. The data are
presented in Fig. 7. It is readily apparent that none of
the conformers A, B, or D would give rise to similar
chemical shifts to those observed, whereas qualitative
agreement prevails between the experiment and the
shifts predicted for conformer C.

Stereo drawings of heme ¢ and the axial methio-
nine in horse ferrocytochrome c and in P. aeruginosa
ferrocytochrome c¢-551 are presented in Fig. 8.
Table 8 affords a comparison with the corresponding
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Table 6. Van der Waals violations larger than 0.50 A in the four Table 7. Van der Waals violations larger than 0.50 A in the four
local structures A—D of horse ferrocytochrome c described in local structures A—D of P. aeruginosa ferrocytochrome c 551
Table 3. The following van der Waals radii, r, have been used: C, described in Table 3. The same van der Waals radii, r, were used as
1.6A; N, 145A; 0, 1.35A; S, 1.7A; H, 1.0A; M, 1.84; L, in Table 6

1.6 A; Fe, 1.7 A (see Fig. 1 and text)

Stereo- Interacting dy; ntr i+ r—dy
Stereo- Interacting dy rE it r—dy specific atoms® (A) (A)
specific atoms® (A (A) assign- e
assign- S — ment? i i
ment? i j
A N b 1.29 3.05 1.76
A N N3 1.99 2.90 0.91 N Hb 1.61 2.45 0.84
N 12 1.37 3.05 1.68 N N3 2.10 2.90 0.80
N 5 0.55 3.05 2.50 N 12 0.79 3.05 2.26
N 6 1.23 3.05 1.82 N 5 1.27 3.05 1.78
N 13 1.91 3.05 1.14 N 6 2.44 3.05 0.61
N 5C1  1.89 3.25 1.36 N 5C1 2.08 3.25 1.17
N4 2.37 3.05 0.68 (O 2.53 3.30 0.77
cC 14 2.43 3.20 0.77 g 1 2.47 3.20 0.73
C FE 1.75 3.30 1.55 ¢ b 2.41 3.20 0.79
HB2 11 1.89 2.60 0.71 g 12 2.55 3.20 0.65
cg b 261 3.20 0.59 HB2 11 1.67 2.60 0.93
HB2 b 1.80 2.60 0.80 Ha N3 1.78 2.45 0.67
Ca N3 1.61 3.05 1.44 Ha 12 1.87 2.60 0.73
C’ N3 0.85 3.05 2.20 Ha 13 1.94 2.60 0.66
o] 12 2.35 3.20 0.85 Ca FE 2.77 3.30 0.53
HB2 12 2.09 2.60 0.51 Ca 11 2.59 3.20 0.61
Ca 12 1.79 3.20 1.41 Ca b 1.96 3.20 1.24
C! 12 2.06 3.20 1.14 Ca N3 1.47 3.05 1.58
Ca 5 1.98 3.20 1.22 Ca 12 1.28 3.20 1.92
Ha 6 2.04 2.60 0.56 Ca 5 2.13 3.20 1.07
Ca 6 1.98 3.20 1.22 Ca 6 2.57 3.20 0.63
C’ 6 2.59 3.20 0.61 Co 13 2.29 3.20 0.91
Ha 13 1.86 2.60 0.74 ¢ FE 132 3.30 1.98
Ca 13 1.69 3.20 1.51 c N2 2.18 3.05 0.87
C 13 1.43 3.20 1.77 ¢ 1 2.57 3.20 0.63
C 8 2.51 3.30 0.79 ¢ b 2.43 3.20 0.77
C’ c 2.11 3.20 1.09 C’ N3 0.81 3.05 2.24
c 12 1.77 3.20 1.43
B HBL b 1.86 2.60 0.74 ¢ 13 2.08 3.20 112
g 12 2.48 3.20 0.72 B B b 257 320 0.63
HAL 12 1.72 2.60 0.88 g1 oy 320 073
c 3 2.45 3.20 0.75 HBl 11 1.77 2.60 0.83
C  5C1 19 3.40 1.50 HAL b 17 5 60 058
o . HB2 N3 1.92 2.45 0.53
C ‘ No violations > 0.5 A HR? 12 1.95 560 0.65
D N S8 217 315 0.98 ¢ sa el 340 0.68
Ha 13 1.96 2.60 0.64 C No violation > 0.5 A
Ca S 2.78 3.30 0.52
N Me 1.47 3.25 1.78
N S6 2.28 3.15 0.87

2 Seec Table 3

b : C8 Me 1.14 3.40 2.26
See Fig. 1 1 M 1.28 2.80 1.52

© dj is the interatomic distance in the conformation obtained with ?{’62 Mi 2'1 4 2.8 0 0.66
the respective stereospecific assignment Ha Mo 2.05 280 0.75
Ha N3 1.81 2.45 0.64

Ha 6 2.09 2.60 0.51

Ha 13 1.79 2.60 0.81

. 1.15 3.40 2.25

crystal structures (Takano and Dickerson 1981; gz ?’;S 248 320 072
Matsuura et al. 1982). This comparison reveals that C 6C2 2.5 3.20 0.95
the conformations in single crystals and in solution C'  Me 2.13 3.40 1.27

are nearly identical. In view of the limited accuracy of
. . 2 See Table 3
both methods the small deviations of the torsion b Sec Fig. 1
angles are within the limits of error and should not be © dyis the interatomic distance in the conformation obtained with
taken to be significant. the respective stereospecific assignment
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Fig. 7. Comparison of the experimental 'H-NMR chemical shifts
for the axial methionine in horse ferrocytochrome ¢ and P.
aeruginosa ferrocytochrome c¢ 551 with the chemical shifts
computed for the four molecular structures obtained by interpret-
ing the NOE distance constraints with the four possible stereo-
specific assignments A~D for the methionine methylene protons
(Table 3). The computed shifts are the sum of the random coil
shifts (Bundi and Wiithrich 1979) and the ring current shifts due to
the heme group (see text)

Table 8. Comparison of the torsion angles which characterize the
conformation of the axial methionine (Fig. 1) in the solution and
crystal conformations of horse ferrocytochrome ¢ and P. gerugi-
nosa ferrocytochrome c 551

Solution Single crystal
conformation conformation
(NMR) (X-ray)*
Horse ferrocytochrome ¢ x = 164° = 169°
1y = 145° % = 164°
x3 = 140° 3 = 145°
Q=130° £ =143°
P. aeruginosa % = 166° = 176°
ferrocytochrome ¢ 551 % = 148° % = 166°
n= 40° = 44
Q2 =139° Q =136°

2 The dihedral angles in the crystal structures were computed
using coordinates from the Protein Data Bank (Bernstein et al.
1977) for tuna ferrocytochrome ¢ (Takano and Dickerson 1981)
and P. aeruginosa cytochrome ¢ 551 (Matsuura et al. 1982)
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Fig. 8a and b. Computer drawings affording stereo presentations of
the heme group and the axial methionine in the solution structures
of horse ferrocytochrome ¢ (a) and P. aeruginosa ferrocytochrome
¢ 551 (b) determined by combined use of NMR and computer
graphics. As in Fig. 1 the methyl groups and most methylene
groups are represented by equivalent spheres

Conclusions

The method used here for the determination of the
conformation of the axially bound methionine is
generally applicable for c-type cytochromes. Since it
is known that the electronic structure of the heme in
oxidized cytochromes c is largely governed by the
spatial arrangement of the axial methionine (Senn et
al. 1980, 1983a, b; Senn and Wiithrich 1983a, b, ¢),
detailed studies of a variety of species are of
considerable interest. X-ray studies of single crystals
can also provide this structural information, but since
NMR can focus exclusively on the immediate heme
environment of the proteins it is a more efficient
technique for this special purpose.

The present study represents an illustration of
refinement of a local protein conformation deter-
mined by NMR which can result when stereospecific
assignments for amino acid side chains are obtained
during the later stages of the work from reference to
nearby hydrogen atoms in the spatial structure
(Wiithrich et al. 1983). In the place of a heme group
other structure elements might serve as points of
reference, for example J-sheets or helical seg-
ments.
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For work with more complex structural problems
the presently used techniques may have to be
substituted by more elaborate procedures. When the
resonance lines of interest are not well separated in
the 'H-NMR spectrum, two-dimensional NOE spec-
troscopy (NOESY) (Anil Kumar et al. 1980) may be
used instead of TOE difference spectroscopy. The
manual real-time interactive approach to structure
determination becomes quite impractical when the
number of conformational variables increases, and it
may then become advisable to combine its use with
that of automated procedures (Braun et al. 1981,
1983).
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