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Abstract The cytochromes ¢’ are paramagnetic heme proteins
generally consisting of two identical 14 kDa subunits. The recent
assignment of the '"H and "N resonances of the Rhodobacter
capsulatus ferricytochrome ¢’ has allowed characterization of the
dynamic properties by measurement of the heteronuclear NOE
for each resolved amide group. The relative importance of fast
local motion and paramagnetic effect on nuclear relaxation were
distinguished by comparison of the measured heteronuclear NOE
with that of the overall experimental average. We show that the
average experimental value of —0.16 corresponds to the rigid
body motion expected for a spherical complex of 28 kDa. Resi-
dues 3-5, 50-55 and 69-70 exhibit decreased heteronuclear NOE
due to local motions on a fast time scale with respect to molecular
tumbling. Based on the X-ray crystal structure of the homologous
cytochrome ¢’ from Chromatium vinosum, the mobile regions
correspond to the N-terminus of helix-1 and 2 regions of nonreg-
ular secondary structure located between helices-2 and -3.
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1. Introduction

The cytochromes ¢” are paramagnetic heme proteins, which
generally consist of two identical 14 kDa subunits. They are
widely found in photosynthetic prokaryotes and their concen-
tration levels increase under photosynthetic growth conditions
[1]. Although their exact function in vivo is at present unknown,
they presumably are involved in a metabolic pathway active
during photosynthesis. Interestingly, the cytochromes ¢’ from
some species of bacteria bind CO in a cooperative manner [2],
while cytochromes ¢’ from other species of bacteria bind CO
non-cooperatively [3]. As a consequence of their ligand binding
properties, the cytochromes ¢’ serve as simple dimeric models
of cooperative interactions in proteins. Each subunit of the
cytochromes ¢’ possesses a four-helix bundle structural motif
as derived from X-ray crystal structures of the cytochromes ¢’
from Rsp. molischianum [4], Rsp. rubrum [5] and C. vinosum [6).
Recently, we have extensively assigned the 'H, *C and “N
resonances of the ferricytochrome ¢’ from Rb. capsulatus [7).
The NMR data show that the Rb. capsulatus cytochrome ¢’
posseses a four-helix bundle structural motif, which is most
homologous to the cytochromes ¢’ of Rsp. rubrum and C. vino-
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sum. Together, the X-ray and NMR studies provide a signifi-
cant amount of structural data for the cytochromes ¢’. In con-
trast, very little is known about the dynamic properties of the
cytochromes c’. In what follows, we characterize the global and
local motions of Rb. capsulatus ferricytochrome ¢’ by determi-
nation of the heteronuclear NOE for backbone amide groups.

2. Materials and methods

The protein preparation and resonance assignments have been de-
scribed elsewhere [7]. All NMR experiments were performed on a
Bruker AMX-600 spectrometer equipped with a broadband probe.
Experimental conditions were 8 mM ferricytochrome ¢’ (heme concen-
tration) in 100 mM PO, (pH = 6.0), 25 uM chloramphenicol and 10%
D,0 at 300 K. The pulse sequences used for determination of the
heteronuclear NOE were similar to those proposed by Peng and Wagner
[8]. Modifications of the published pulse sequences included: (1)
WALTZ-16 composite decoupling [9] for 'H saturation (field
strength = 12 kHz) instead of a train of 180° 'H pulses; (2) addition of
the WATERGATE sequence [10] for water suppresion. Spectral widths
for 'H and *N were 6.4 and 30 ppm, respectively. Carrier positions for
'H and "N were 8.40 and 117.4 ppm, respectively. Spectra were ac-
quired with 100 complex points in ¢, and 512 complex points in #,. For
each experiment, 64 scans per ¢, increment were recorded with a relax-
ation delay of 3 s between scans, resulting in an overall experimental
time of 6 h. The field strength for WALTZ-16 decoupling of “N was
2.1 kHz. Quadrature detection in the ¢, dimension was obtained by the
TPPI-States method [11]. All data were processed and analyzed using
the program FELIX version 2.1 (Biosym Technologies). The indirect
dimensions of the data sets were multiplied by a skewed sine bell
function and zero-filled to result in 512 x 256 matrices. For calculation
of the heteronuclear NOE, the maximum intensity of 'H-""N correla-
tions were determined using the peak-pick subroutine of FELIX. The
S.E. of the heteronuclear NOE was estimated as in [12].

3. Results and discussion
Before discussing the results of the relaxation experiments,

it is of interest to discuss the theory of the heteronuclear NOE.
The heteronuclear NOE is given by:

Isat - qu — yH X RHzaNz
qu YN X RNZ

NOE = 4))

where I, is the cross peak intensity when 'H are saturated, I,
is the equilibrium Zeeman intensity, yy is the gyromagnetic
ratio for 'H, yy is the gyromagnetic ratio for *N, Ry, is the N
longitudinal relaxation rate, and Ry,_, v, is the cross relaxation
rate {13]. In paramagnetic macromolecules, *N longitudinal

relaxation rate is described by:
RS = R+ REE, @)

where R, RI® and RRD are the observed, diamagnetic and
Nz Nz Nz
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paramagnetic '°N longitudinal relaxation rates, respectively.
The diamagnetic terms are made up of dipolar and chemical
anisotropy components. In the case of the heteronuclear NOE,
the terms of interest are defined as:

7/2 7/2 hZ
Ruty-oxe = {Z—N [67 (@ + ) = Hey = o), ©)
Fan

2 2 h2

Rip = [”*—72“—} [(@n — o) + 3J(@y) + 6J(@ + 0] +
4r N

A2 2
+ = U@y, “@

3

where 7 is Planck’s constant divided by 27, ryy is the length of
the H-N bond vector, J(®) is the spectral density as a function
of Larmor frequencies for "H(wy) and “N(w.), and 4o is the
chemical shift anisotropy value [8]. The paramagnetic term is
made up of dipolar, contact and Curie terms [14]. For the
present case, the 'H and °N nuclei of backbone amide groups
are not in contact with the heme iron and thus the contact term
is not operative. Furthermore, at high magnetic fields Curie
relaxation is negligible to longitudinal relaxation [14]. Accord-
ingly, RR? is defined by:

28(S+ 1) P2yi
R‘ﬁf‘;‘:!: ( ) Vs VN }X

15r8s

X [y — @) + 3J(oy) + 6J(0n + 0)], ®

where S is the total electron spin, ¥, is the gyromagnetic ratio
for the electron, and ryg is the electron-nuclear distance. Since
W, > Wy, equation (5) simplifies to:

2 1) 2 y2 1
R = [MJ [3J(@y) + TH@))], ©
15r%s

As a consequence of the 1/n term in equation (6), the paramag-
netic effect on the heteronuclear NOE is highly dependent upon
the nuclear-electron distance ranging from being the dominant
term in relaxation (i.e. RP™ > R*™) for nuclei proximal to the
free electron (i.e. Fe** center) to a negligible term (i.e. RP™ < R%™)
for nuclei distant from the iron. In Fig. 1, the
relative magnitude of the paramagnetic effect on heteronuclear
"H-!*N NOE is plotted as a function of the effective correlation
time for nuclei at different distances from a paramagnetic cen-
ter possessing S unpaired electrons as is the case for ferricyto-
chrome ¢’. First note that in the absence of a paramagnetic
effect (i.e. nuclei that are >15 A from the paramagnetic center),
the heteronuclear NOE exhibits the well-known dependence on
correlation time, ranging from a minimum of approximately —5
at correlation times less than 0.1 ns to a maximum of approxi-
mately ~0.15 at correlation times greater than 10 ns. In the case
of paramagnetic proteins, the presence of free electrons tends
to ‘dilute’ the heteronuclear NOE due to an increase in RS,
Thus, amide groups that exhibit decreased NOE (i.e. more
negative) with respect to the average are undergoing fast local
motions, characteristic of residues at the protein termini or in
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unstructured loops. In contrast, amide éroups that exhibit in-
creased NOE (i.e. more positive) with respect to the average are
within 15 A of the paramagnetic center. Importantly, the rela-
tive magnitudes of the dynamic and paramagnetic effects vary
with correlation time. For example, dynamic effects are most
pronounced in larger molecules exhibiting relatively long corre-
lation times; paramagnetic effects are most pronounced for
smaller molecules exhibiting relatively short correlation times.

In Fig. 2, the heteronuclear '"H-'N NOE of Rb. capsulatus
ferricytochrome ¢’ are plotted as a function of residue number.
The experimentally determined average corresponds to —0.16.
The correlation time for a 28 kDa spherical complex is esti-
mated to be 11 ns using the Stokes-Einstein equation [15]. From
equations (1), (3) and (4), the heteronuclear NOE of the cyto-
chrome ¢’ is estimated to be —0.15. Consequently, the average
heteronculear NOE is consistent with that of a dimer, in agree-
ment with previous observations by sedimentation equilibrium
which suggested an apparent molecular weight of 23 kDa [16].

Equation (6) shows that the Fe—N distance could possibly be
quantitated and subsequently used as supplementary informa-
tion for the calculation of a structure by NMR. Indeed, several
residues, such as 12, 18, 19, 115 and 117, appear to exhibit
heteronuclear NOE that are significantly increased with respect
to the average. Interestingly, in the crystal structure of the
homologous cytochrome ¢’ from C. vinosum, the "N of the
equivalent residues are less than 15 A from the Fe center.
However, it is important to note that heteronuclear NOE that
are larger than the theoretical maximum can also be caused by
factors other than paramagnetism. First, the heteronuclear
NOE of large molecules are difficult to quantitate because one
is determining a small difference between 2 relatively large
numbers. Second, magnetization transfer between saturated
water and exchangable NH or incomplete proton saturation
lead to overestimates of the heteronuclear NOE. However, the
present experiments were performed without water presatura-
tion. Furthermore, the correspondence between the average
heteronuclear NOE and that expected for rigid body motion

NOE

8
logltel

Fig. 1. Simulation of heteronuclear 'H-'*N NOE as a function of
correlation time for '°N at different distances (given in units of A) from
a paramagnetic center. In this simulation, the heteronuclear NOE has
been calculated using equations (1), (3), (4) and (6) given in the text.
The spectral density function in equations (3) and (4) were defined as
J(w) = 0.47 /(1 + w’t ) where 7, is the correlation time. The spectral
density function in equation (6) was defined as J(@)=0.47,/(1+w*t.?)
where 7, is the correlation time of the electron. The constants were:
7,=0.05ns8 [14], S = 512, yn = 2.71 x 10° rads-s - G !, ys = 1.76 x 107
rads s -G = 1.05x 1077 erg-s-rad™', @, = 395 GHz, wy = 60.81
MHz, &y = 600.13 MHz, 1y = 1.02 A [18], and 4, = —160 ppm [19].
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(Fig. 2) suggests that complete saturation of the protons was
achieved in the experiment. Therefore, we feel that paramag-
netic relaxation is the most likely cause of the anomolous heter-
onuclear NOE. Nonetheless, in the case of relatively large
paramagnetic proteins such as the cytochromes ¢’, characteri-
zation of other relaxation parameters are more appropriate for
extracting structural information. For example, the transverse
relaxation rates increase with decreasing distance to the param-
agnetic center and can be determined more accurately than the
heteronuclear NOE [17].

As shown in Fig. 2, residues 3-5, 50-55 and 69-70 exhibit
decreased heteronuclear NOE with respect to the average
value. The only explanation for the decreased NOE (i.e. more
negative) of these residues is that these regions of the backbone
are undergoing local motions on a fast time scale with respect
to molecular tumbling. Note that the present data do not ex-
clude mobility in other regions of the protein, which might be
spatially near the Fe center and hence exhibit NOE that are
diluted by paramagnetic relaxation. From Fig. 1, the effective
correlation time of the fast local motions is estimated to be
between 1 and 10 ns. It is of interest to consider the location
of the mobile regions in the 3D structure. At present, there is
no high resolution structure available for the Rb. capsulatus
cytochrome ¢”. Accordingly, we have chosen to consider the
X-ray crystal structure of the cytochrome ¢’ from C. vinosum [6],
which has been previously shown by NMR to be structurally
homologous to the Rb. capsulatus ferricytochrome ¢’ [7]. In Fig.
3A, the ribbon representation is shown for one of the monom-
eric subunits of the C. vinosum ferricytochrome ¢’. In this fig-
ure, regions exhibiting fast local motions are depicted in black
and the regions that are presumably in rigid body motion are
depicted in gray. The first mobile region comprising residues
3-5 occurs at the N-terminus of helix-1. The second mobile
region comprising residues 50-55 occurs in a region of non-
regular secondary structure which follows helix-2. Previously,
the *Jyn, coupling constants and short-range NOE of this re-
gion in Rb. capsulatus cytochrome ¢’ were shown to be con-
sistent with a region of non-regular secondary structure [7],
which is similar to that observed in the crystal structure of
C. vinosum cytochrome ¢’ [6]. In contrast, the equivalent resi-
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Fig. 2. Observed heteronuclear NOE as a function of residue number.
The solid horizontal line corresponds to the theoretical NOE for rigid
body motion. Breaks in the lines connecting the data correspond to
proline residues, which lack an amide group, or to unassigned amide
groups. Helical regions, deduced by NMR [7}, are presented as hatched
cylinders.
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Fig. 3. Model of Rb. capsulatus ferricytochrome ¢ structure based on
the x-ray structure of C. vinosum ferricytochrome ¢’ [6] and the amino
acid sequence alignment of [1]. Mobile regions are depicted in black.

dues of Rps. molischianum cytochrome ¢’ are in a helix confor-
mation [4]. The third mobile region comprising of residues
69-70 occurs in a region of non-regular secondary structure.
Interestingly, the three mobile regions are located in close spa-
tial proximity to the heme, which presumably plays an impor-
tant functional role. Furthermore, the mobile regions are in
close spatial proximity to one another, suggesting that their
motional properties might be concerted. In contrast, the mobile
regions of one subunit are relatively distant from the residues
of the other subunit (not shown).

In conclusion, we have shown that the average heteronuclear
NOE can be used to distinguish between fast local motion and
paramagnetic effects on nuclear relaxation rates in paramag-
netic proteins. In Rb. capsulatus ferricytochrome c’, the mobile
regions appear in three regions that are in close spatial contact.
To our knowledge, the present work represents the first NMR
characterization of the dynamic properties of a cytochrome ¢’
Further, the present work lends insight into the dynamic prop-
erties of a multisubunit protein. It is anticipated that further
characterization of the structural and dynamic properties of
the cytochromes ¢’ will be instrumental for their use as models
of cooperative interactions in proteins.
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