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The complex formed in solution by native and chemically modified cytochrome c with 
cytochrome b5 has been studied by 'H and 13C nuclear magnetic resonance spectrosco- 
py (NMR). Contrary to predictions of recent theoretical analysis, 'H NMR spectrosco- 
py indicates that there is no major movement of cytochrome c residue Phes2 on binding 
to cytochrome b5. The greater resolution provided by 13C NMR spectroscopy permits 
detection of small perturbations in the environments of cytochrome c residues Ile7' 
and 11es5 on binding with cytochrome b5, a result that is in agreement with earlier 
model-building experiments. As individual cytochrome c lysyl residues are resolved in 
the 'H NMR spectrum of N-acetimidylated cytochrome c, the interaction of this 
m&ed protein with cytochrome b5 has been studied to evaluate the number of 
cytochrome c lysyl residues involved in binding to cytochrome b5. The results of this 
experiment indicate that at least six lysyl residues are involved, two more than 
predicted by static model building, which indicates that cytochrome c and cytochrome 
b5 form two or more structurally similar 1: 1 complexes in solution. 

ROTEIN-PROTEIN COMPLEXES ARE chrome c (cyt c) and cyt c peroxidase at 
of central importance to many bio- relatively low ionic strength (4). Although 
logical processes, so the structures of these crystals produced acceptable electron 

such complexes are necessarily of consider- density maps for the cyt c peroxidase pre- 
able interest (1). At present, however, the sent, the structure of the complex could not 
structures of only a few protein-protein be determined because the cyt c failed to 
complexes are known in detail. ~~e&cal ly ,  
the three-dimensional structures of some 
protease-polypeptide inhibitor complexes 
(2) and of certain antibody-protein antigen 
complexes (3) have been determined by x- 
ray diffraction. In each of these types of 
complex, the interaction between proteins 
exhibits considerable thermodynamic stabil- 
ity and a combination of hydrophobic and 
electrostatic interactions. Attempts to apply 
crystallographic techniques to other classes 
of protein-protein complexes for which the 
thermodynamic stability is not as great and 
in which interactions are dominated by elec- 
trostatic contacts have not been successful to 
date. The difficulty in the latter case appears 
to be that the standard methods used for 
protein crystallization (such as salting out 
with ammonium sulfate) result in dissocia- 
tion of the complex. Poulos et al., however, 

diffract well, possibly owing to orientational 
disorder. This report describes complemen- 
tary nuclear magnetic resonance (NMR) 
methods that provide structural information 
concerning another electrostatically stabi- 
lized complex, the cyt c-cytochrome b5 (cyt 
b5) complex, that may be generally applica- 
ble to other interacting systems that entail 
extensive electrostatic interactions. 

Cyt c is an electron-transfer heme protein 
(molecular weight -12,500) that operates 
in the mitochondria1 respiratory chain (5). 
Cytochrome b5 is a heme protein that oper- 
ates in a variety of redox systems as an 
electron-transfer agent (6,7). Cyt b5-like 
domains exist as part of water-soluble en- 
zymes [such as suffite oxidase (8) and nitrate 
reductase (9)], as a small water-soluble pro- 
tein [for example, as part of the methemo- 
globin reductase system in erythrocytes 

report use of &I alternative crystallization (lo)], or as a membrane-bound protein with 
strategy to produce co-crystals of cyto- a carboxyl-terminal hydrophobic peptide ex- 

tension [as in mitochondria (1 1) and hepatic 
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Fig. 1. High-frequency regions of the 400-MHz 
'H NMR spectra of ferricyts c and b5 in 50-mM 
phosphate (pH 7.6) at 25°C. (A) Sum of spectra 
of individual proteins; (6 )  spectrum of an equi- 
molar mixture of the two proteins; and (C) the 
lfference (B) - (A). 

Ferricytochrome c (ferricyt c) is reduced 
by ferrocytochrome b5 (ferrocyt b5) in a 
rapid reaction that proceeds through a bi- 
molecular protein complex (12). This com- 
plex has been studied extensively by a variety 
of experimental and theoretical means (12- 
17), although its precise structure in solu- 
tion remains unknown. A structural model 
of the cyt c-cyt b5 complex has been pro- 
posed by computer graphics docking of the 
three-dimensional structures of tuna ferricyt 
c and lipase-solubilized bovine liver cyt b5 
(18). Subsequent electrostatic (1 6) and 
dynamics calculations (19) of this complex 
have led to suggested refinements in the 
details of the structure of this complex with 
changes in pH and with time. ~ h e i e  model- 
building studies were based on a three- 
dimensional structure for cyt b5 that was 
produced by fitting an amino acid sequence 
now known to possess three errors (20) to 
the electron density map. By using molecu- 
lar genetic techniques, we have produced a 
form of cyt b5 that has the sequence of 
bovine liver microsomal lipase-solubilized 
cyt b5 that has been used in previous model- 
building experiments (16, 18, 19, 21). We 
have found that this form of the protein 
interacts with horse heart cyt c in a manner 
that is quantitatively different from that of 
cyt b5 having the coirect wild-type sequence 
(15, 22). Therefore, we have now studied 
the complex formed by cyt c with the form 
of cyt b5 having the incorrect sequence by 
NMR spectroscopy in an attempt to simu- 
late better the assumptions inherent in pre- 
vious structural modeling efforts. 

In the downfield region of the 'H NMR 
spectrum of the ferricyt c-ferricyt b5 com- 
plex (Fig. l ) ,  the resonance shifts that occur 
on com~lex formation are similar to those 
reported to occur on complex formation 
between authentic bovine liver microsomal 
tryptic cyt b5 with horse ferricyt c (1 7). The 
effect of complex formation at a relatively 
high ionic strength on the aromatic region 
of the 'H NMR spectrum is shown in Fig. 
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Fig. 2. Aromatic regions of the 'H NMR spectra 
of ferricyts c and b5. Conditions as for Fig. 1. (A) 
Sum of spectra of individual proteins; and (6 )  
spectrum of an equimolar mixture of the two 
proteins. 

2. There are slight changes in this region of 
the spectrum, although they are difficult to 
interpret fully because of the resonance 
overlap. However, the resonances of Phes2 
of cyt c (23) are only marginally affected. 
This is consistent with the environment of 
pheS2 changing as a result of complex forma- 
tion but not to the extent that there is a 
substantial alteration in the relative align- 
ment of phe8' with respect to the heme. 
Thus, the Phe8' ring atomic positions do 
not change by more than 1 on complex- 
ation. 

The aliphatic region of the 'H NMR 
spectrum of the complex shown in Fig. 3A 
supports the general conclusion that com- 
plex formation occurs without significantly 
distorting the structure of cyt c in the vicini- 
ty of pheS2. Any major movement of pheg2 
would lead to sizable shifts of resonances of 

Leu6s. and 1leS5, and these were not 
observed. A change does occur in the region 
from 0.8 to 1.3 ppm, but this strongly 
overlapping region is difficult to analyze. 
Because of this, we have used 13c NMR to 
monitor the same complex (24); 13c NMR 
spectroscopy has the advantage over 'H 
NMR of a greater chemical shift dispersion 
and thus a reduced overlap problem. Fur- 
thermore, 13C NMR shifts are more sensi- 
tive to minor structural perturbations. Part 
of the methyl regions of the spectra corre- 
sponding to those in Fig. 3A is shown in 
Fig. 3B. The improved resolution of the 13c 
NMR spectra allows groups to be moni- 
tored directly. The environment of lles' of 
horse cyt c is only slightly affected by com- 
plexation, and the environments of and 
Iles5 are, at most, also only slightly per- 
turbed. The shift of the resonance at 16.9 
ppm, which is the chemical shift of the y- 
CH3 of 1leS5 (25), indicates that it is proba- 
bly the 6-CH3 resonance of Iles5 at 11.9 
ppm that is perturbed by complexation. 
Further analysis of the 13c NMR spectra 
requires a full assignment of the cyt b5 
spectrum. 

The overall impression gained from the 
'H and 13c NMR data in Figs. 1 through 3 
is that the general location of the cyt b5 
binding site on cyt c proposed by Salemme 
(18) is correct; namely, a region encompass- 
ing llesl, phe8', and 1leg5 is involved. This 
finding is consistent with NMR studies of 
the native cyt c-cyt b5 complex (17). How- 
ever, the data we present are not consistent 
with models of the interaction in which 
there is a substantial change in the cyt c 
structure. In particular, the y p o s a l  of 
Wendoloski et a l .  (19) that Phe ' undergoes 
a conformational change that leads to its 
relocation close to the cyt b5 heme is not 
supported by the present work. There are a 
number of possible reasons for this discrep- 
ancy. The major source may be that the 
NMR studies are probing the collision com- 
plex, whereas the molecular dynamics calcu- 
lations are investigating the subsequent acti- 
vated complex. 

One important aspect of the complex- 
ation for which the experiments represented 
by Figs. 1 through 3 provide no direct 
information on is the number of cyt c Lys 
residues involved in binding cyt bS. This 
deficiency arises because the 19 Lys proton 
resonances of cyt c are complex multiplets, 
and both the 'H and 13c resonances occur in 
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Fig. 3. Aliphatic regions of the 400-MHz 'H  (A) 
and 100-MHz I3C ( 6 )  NMR spectra of ferricyts c 
and b5. Conditions as for Fig. 1. (A) Top, 
summed spectrum; and bottom, mixture spec- 
trum. (B) Top, mixture spectrum; middle, 
summed spectrum; and bottom, difference spec- 
trum (summed - mixture). Resonances labeled 
"b" are resonances of cyt b5 that have not yet been 
assigned. 
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Fig. 4. The N-acetimidyl methyl region of the 
400-MHz 'H  NMR spectrum of N-acetimidyl- 
ferricyt c and ferricyt b5. Conditions as in Fig. 1. 
(A) and (6 )  are the summed spectrum and mix- 
ture spectrum, respectively. The broken lines indi- 
cate perturbed resonances. 

crowded regions of the spectrum. Thus, 
these Lys residues are, in effect, NMR 
invisible. To make them visible in NMR, 
we chemically modified them to produce 
the N-acetimidylated derivative (26). This 
modification retains the structure of native 
cyt c (27) and key functional properties 
(26). 

The modification and the relevant part of 
the 'H NMR spectrum of the derivative 
bound to cyt b5 are shown in Fig. 4. All 19 
of the N-acetimidyl methyl peaks are singlets 
with chemical shifts in the range from 2.0 to 

u 

2.6 ppm. At least six of these peaks are 
shifted on complexation with cyt b5. These 
resonance shifts result from the formation of 
salt bridges between the N-acetimidylated 
Lys residues and carboxylate groups (28). 
Thus, the implication of this result is that at 
least six of -the Lvs residues are directlv 
involved in salt bridges with groups on cyt 
bs. This finding contrasts with the Salemme 
model (19), which only includes four Lys 
groups in salt bridges, and with the modi- 
fied Salemme model of Rodgers et a l .  (14), 
which puts five lysyl residues in salt bridges. 
These static models and the NMR data may 
be rationalized by a dynamic model akin to 
that proposed by Eley and Moore (1 7) and 
investigated theoretically by Wendoloski et 
al .  (19). This dynamic model requires that 
the proteins retain some independent mo- 
tion-within the com~lex so that the two 
interacting surfaces move against one anoth- 
er, that is, a "rolling ball" model. This is not 
to say that the two proteins migrate freely 
over each other's surface. It seems more 
likely that the two proteins are instead re- 
stricted to movement about specific regions 
of their respective compleme~tarily charged 
surfaces. These interaction domains would 
necessarily be larger than those indicated by 
the static modeling studies. 
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Painting the Phase Space Portrait of an Integrable 
Dynamical System 

For an integrable dynamical system with one degree of freedom, "painting" the 
integral over the phase space proves to be very effective for uncovering the global flow 
down to minute details. Applied to the main problem in artificial satellite theory, for 
instance, the technique reveals an intricate configuration of equilibria and bifucations 
when the polar component of the angular momentum approaches zero. 

S EVERAL DEVELOPMENTS UNDERLIE 

the present revival in classical mechan- 
ics, including computerized algebraic 

processors and color graphics. Dynamical 
processes are very hard to detect beneath the 
surface of the differential equations. It takes 
a fair amount of tedious algebra to extract, 
by averaging or by normalization, the es- 
sence of the mechanism from the back- 
ground of short-term fluctuations and unre- 
markable perturbations. But to the benefit 
of nonlinear mechanics, computer algebra 
systems are becoming increasingly sophisti- 
cated. Once over the hurdle of tedious calcu- 
lations, one faces the obstacle of obtaining a 
global picture for the long-term trends in 
the system. Color graphics proves invaluable 
in visualizing the global behavior of the 
system and in discovering minutiae of local 
behavior hidden beneath the mass of calcula- 
tions. Pseudocoloring a function over a do- 
main, a widespread technique in applied 
mathematics, has produced stunning pic- 
tures; they have opened the eyes of math- 
ematicians to hitherto unsuspected phenom- 
ena in the dynamics of nonlinear maps (1). 
Extension to classical mechanics forces a 
search for refinements in the technique such 
as the automatic selection of colors to ensure 
enough contrast around isolated but close 
singularities. 

Here is an example of basic facts discov- 
ered by color graphics. It is borrowed from a 
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problem that has been vexing astronomers 
and space engineers since Orlov (2) uncov- 
ered the singularity of the "critical inclina- 
tion." Take a point mass in the gravity field 
of the earth; ignore for the moment all other 
bodies in the vicinity, the nongravitational 
forces (drag and radiation pressure), and 
even those parts of the earth's gravity field 
that are dependent on the longitude. Fur- 
thermore, in the remaining, ignore all zonal 
harmonics except the one caused by the 
equatorial bulge. Thus, the system is repre- 
sented by the Hamiltonian 

where the vectors x and X stand for the 
position and velocity of the spacecraft, re- 
spectively; r = ilxil is the geocentric distance. 
The parameters of the system are as follows: 
p,, the product of the gravitational constant 
and the mass of the earth; a, the equatorial 
radius of the earth; k, the direction of the 
polar axis of the earth; and a dimensionless 
quantity j2. The h c t i o n  P2 is the Legendre 
polynomial of degree 2. Hamiltonian Eq. 1 
defines the main problem in artificial satel- 
lite theory. This dynamical system admits 
two integrals: (i) the energy X per unit of 
mass, because X is time-invariant, and (ii) 
the projection H = k . G of the angular 
momentum G = x x X per unit of mass on 
the polar axis, because the group of rota- 
tions about k leaves X invariant. For lack of 
a third integral in involution with H, the 
consensus among experts is that the main 
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