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Ternary Complexes 
Jian S. Zhou, Judith M. Nocek, Michael L. DeVan, 

Brian M. Hoffman* 

Copper-substituted cytochrome c (CuCc) has been used as a structurally faithful, redox- 
inert inhibitor to probe the mechanism of electron transfer (ET) between Cc molecules and 
cytochrome c peroxidase (CcP). This inhibitor enhances photoinduced ET quenching of 
the triplet excited state of a zinc-substituted protein (ZnCcP or ZnCc) by its iron(lll) partner 
(Fe3+Cc or Fe3+ CcP). These results show that CcP and Cc form a ternary complex in 
which one Cc molecule binds tightly at a surface domain of CcP having low ET reactivity, 
whereas the second Cc molecule binds weakly to the 1 :1 complex at a second domain 
with markedly greater (-1 03) reactivity. These results also rule out the possibility that Cc 
bound at the second domain cooperatively enhances ET to Cc at the first domain. The 
multiphasic kinetics observed for the photoproduced ET intermediate do not reflect 
electron self-exchange between two Cc molecules within the ternary complex. 

Respiration and metabolism depend on the depends on the recognition and docking, as 
sequential transfer of electrons from one well as the reaction, of the ET partners (2). 
protein to another ( 1  ), and this ET in turn Issues of binding specificity and of reactivity 

in protein-protein reactions are analogous 
Department of Chemstry. Northwestern University, 2145 
Sheridan Road, Evanston. IL 60208. USA. to those in enzyme-substrate reactions, but 

*To whom corresoondence should be addressed 
studies of ET complexes have lacked paral- 
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lels to the imaginative uses of substrate 
analogs and inhibitors in enzymology (3). 
We demonstrate here that fundamental 
mechanistic questions about the reaction 
between protein ET partners can be re- 
solved by the use of a metalloprotein that 
has been converted into an ET inhibitor 
through appropriate metal substitution. 
This strategy is illustrated by the use of 
Cu(I1)-substituted Cc (4), a structurally 
faithful (4, 5) but inert analog of FeZ+Cc, 
to probe ET within a ternary complex in- 
volving two Cc molecules and one CcP. 

We have studied heme-heme ET within 
the Cc-CcP (6) complex by monitoring the 
ET cycle composed of (i) photoinduced ET 
from a Zn(I1)-substituted protein, ZnCcP or 
ZnCc, to the corresponding partner, 
Fe3+Cc or Fe3+CcP, followed by (ii) the 
return of the resulting charge-transfer inter- 
mediate, [(ZnCcP)+, FeZ+Cc] or [(ZnCc) +, 
Fe2+CcP], to the ground state (7-1 2). The 
validity of ZnCc and ZnCcP as structurally 
faithful analogs of the corresponding ferrous 
proteins has recently been supported by the 
solution nuclear magnetic resonance study 
of ZnCc (13). Likewise, CuCc is structural- 
ly ideal as a competitive ET inhibitor be- 
cause the incorporation of Cu(I1) does not 
significantly perturb the structure or elec- 
trostatic properties of Fe2+Cc (4, 5). Con- 
trol experiments show that CuCc is ideal 
functionally because it is redox- and photo- 
inactive and does not quench the excited 
state of either ZnCcP or ZnCc; quenching 
by energy transfer is precluded because the 
CuCc absorption spectrum does not overlap 
their emission spectra. The utility of this 
probe can be enhanced by using CuCc pre- 
pared with protein from multiple sources. 
Fungal Cc, such as that from Pichia mem- 
branefaciens (Pm), has a greater affinity for 
CcP than Cc from vertebrates (7, 14, 15), 
and either type can be prepared with a 
selected metal ion-Fe, Zn, or Cu. Thus, it 
is possible to perform an experiment in 
which CcP preferentially binds a fungal 
metallo-Cc having a selected metal and 
reactivity (Fe3+Cc, ET quencher; ZnCc, ET 
photodonor; and CuCc, inhibitor) in the 
presence of a vertebral Cc with a different 
metal and a different reactivity. We de- 
scribe the use of CuCc first as a competitive 
ET inhibitor in the study of intracomplex 
photoinduced ET and then in the study of 
the thermal return of the charge-transfer 
intermediate to the ground state. 

Earlier observations (7, 12, 16) of pho- 
toinduced heme-heme ET between Cc and 
CcP have shown that CcP binds two Cc 
molecules simultaneously. This result estab- 
lishes an early suggestion (14) and has re- 
cently received confirmation (17). Intrigu- 
ingly, at low ionic strength the first Cc 
binds with a high affinity and low reactiv- 
ity; the second binds with low affinity to 

Fig. 1. Schematic representation of limiting two- 
domain mechanisms for ET between CcP and Cc. 
(A) Model with two independent ET domains, with 
D, having high affinity but low (Lo) reactivity and 
D, having low affinity but high (Hi) reactivity. (B) 
Model with cooperative ET. The strong binding 
domain on CcP, Dl, consists of two overlapping 
(exclusive) binding sites, one of which has high 
reactivity and one of which has low reactivity. The 
weakly binding domain on CcP, D,, consists of a 
low-reactivity binding site or sites. 

give a highly reactive 2: 1 complex (7). A 
complete characterization of the system 
requires the determination of stoichiomet- 
ric binding and rate constants, as well as 
their mechanistic interpretation. The sim- 
plest, limiting, 2: 1 kinetic model would 
involve binding and reaction at two inde- 
pendent domains (each possibly with mul- 
tiple overlapping sites) (Fig. 1A). Howev- 
er, CcP is too small to bind two Cc mol- 
ecules without some interaction between 
them, and one must therefore consider 
cooperativity between the two bound Cc 
molecules (Fig. 1B). The first Cc might 
bind tightly at one site, but in a nonreac- 
tive conformation; this "tight" site could 
then become reactive upon the binding of 
a second Cc at a nonreactive, "remote" 
site. 

The inhibitor CuCc is readily incorpo- 
rated within the conventional approach of 
monitoring ET quenching of the ZnCcP 
triplet excited state, 3(ZnCcP), by Fe3+Cc 
(7, 9, 10). Figure 2 shows the titration of 
an equimolar solution of ZnCcP and horse 
heart Fe3+Cc(H) (pH 7.0, = 4.5 mM; 
20°C) by a solution of the CuCc(Pm) 
inhibitor. Before the addition of inhibitor, 
photoinduced ET from 3(ZnCcP) to 
Fe3+Cc(H) is manifested in quenching 
with a rate constant kq = 26 s-' (18). If this 
ET quenching were associated with a 1 : 1 

[CuCc(Pm)l (PM) 

Fig. 2. The ET quenching of 3(ZnCcP) by 
Fe3+Cc(H) as a function of [CuCc(Pm)]. (Uncer- 
tainties ink, are 24 s-I .) The solid straight line is 
included to guide the eye. The shaded area rep- 
resents the range of results that could be seen for 
1 : 1 binding, with the upper boundary arising with 
equal affinities for Cc(H) and Cc(Pm) and the lower 
boundary arising when Cc(Pm) has a far higher 
affinity. Conditions: EnCcP] = [Fe3+Cc(H)] = 40 
pM in potassium phosphate buffer (pH 7.0, p = 

4.5 mM) at 20°C. 

complex as in Eq. 1, then in the rapid- 
exchange limit that applies here (19) the 
quenching would be described by Eq. 2. 
Within this model, the quenching of 
'ZnCcP by Fe3+Cc(H) must decrease mono- 
tonically with increasing concentration of 
the competitive inhibitor, CuCc(Pm); be- 
cause Cc(Pm) binds CcP more tightly than 
does Cc(H), kq would decrease by more than 
a factor of 2 over the course of the titration 
with CuCc(Pm) (Fig. 2). Instead, the 
quenching is slightly enhanced with increas- 
ing concentration of the inhibitor CuCc. 
This result shows that the stoichiometry of 
the Cc-CcP complex is not 1 : 1 but 2 : 1 or 
higher. However, the data have not been 
analyzed to derive binding and ET rate con- 
stants for a 2 : 1 binding model because the 
increase in kq with [CuCc(Pm)] is small and 
the titration curve is essentially linear (20). 

We have resolved this difficulty by using 
CuCc in the "inverse" experiment (12), 
where the excited state of the photoactive 
"substrate," ZnCc(H), is quenched by ET to 
the Fe3+CcP enzyme. Figure 3 presents the 
results of a titration of 10 pM ZnCc(H) (pH 
7.0, p = 4.5 mM) by the preformed 1:l 
complex between Fe3+CcP and the strongly 
binding inhibitor, CuCc(Pm). If binding to 
CcP involved only a 1 : 1 complex, quench- 
ing of the 3ZnCc(H) would be inhibited in 
this experiment because the Fe3+CcP bind- 
ing domain (reactive domain) is blocked by 
CuCc(Pm). However, the quenching is en- 
hanced. During the titration with the inhib- 
itor complex [CuCc(Pm), Fe3+CcP], the 
quenching constant increases monotonical- 
ly to kq - 400 s-' at the end of the titration, 
a value far greater than the maximum ob- 
served in the titration of ZnCc(H) with 
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Fe3+CcP alone (21). The titration curve is 
hyperbolic, signifying 1: 1 binding. This re- 
sult suggests that CuCc(Pm) binds so well to 
the strongly binding dolnain of Fe3+CcP 
that we can treat the [CuCc(Pm):Fe3+CcP] 
co~nplex as a single species that binds one 
additional ZnCc(H) at a second, weakly 
binding domain. A fit of these data to a 1 : 1 
binding expression (7) gives K2 = 6.5 x lo3 
M-' as the stoichiometric association con- 
stant for the binding of the second Cc to 
form the 2: 1 complex at p. = 4.5 1nM and 
gives k ,  = 1530 sp' for photoinitiated ET 
within this complex. 

The two titration experiments with the 
inhibitor CuCc(Pm) (Figs. 2 and 3) were 
designed to test for cooperative ET at the 
strongly binding domain in the 2: 1 Cc- 
CcP complex (Fig. I) .  In both experiments, 
the tight-binding domain on CcP is occu- 
pied by a redox-inert CuCc(Pm), which 
blocks access to this dolnain by a redox- 
active Cc(H),  either ZnCc(H) (Fig. 3) or 
Fe3+Cc(H) (Fig. 2). Thus, the enhanced 
ET quenching in the presence of inhibitor 
is inconsistent with the cooperative model 
of Fig. lB, in which ET between CcP and a 
Cc bound at its strongly binding domain 1 
is enhanced when a second Cc binds at 
nonreactive domain 2. The experiments in- 
stead indicate that the strongly binding do- 
main of CcP has low reactivity; one may 
provisionally assign to this domain the 
quenching constant previously reported for 
the 1: 1 complex, k,  -- 5 s-' (12, 16). The 
ET rate constant obtained from the fitting 
of the titration data in Fig. 3 (k, - 1530 
s-') is associated with the weakly binding 
domain within the 2 : 1 Cc-CcP complex. 

The CuCc inhibitor also has been used 
to probe the mechanism of the Fe2+Cc 
+ (ZnCcP)+ thermal ET within the 
[(ZnCcP) +, Fe2+Cc] ET intermediate pro- 
duced by photoinduced ET. It has been 
reported that this reaction displays mul- 
tiphasic, intracolnplex kinetics (7, 9) ,  and 
this behavior has been provisionally inter- 

preted in terms of gating by conformational 
interconversion (22). The discovery that 
photoinitiated ET occurs primarily within a 
2 : 1 colnplex means that the ET intermedi- 
ate actually has the 2:l  stoichiolnetry 
[(ZnCcP)+, Fe2+Cc, Fe3+Cc]. This, in 
turn, raises the possibility that the mul- 
tiphasic kinetics displayed by this interme- 
diate reflect enhanced electron self-ex- 
change (23) between Fe2+Cc and Fe3+Cc 
on the surface of ZnCcP, before the reduc- 
tion of the (ZnCcP)+. We have tested this 
possibility by photolysis of ZnCcP solu- 
tions that contain comparable concentra- 
tions of both the redox-active Fe3+Cc(H) 
and the strongly binding inhibitor ~ u :  
Cc(Pm), a situation that corresponds to 
the early phases in the titration of Fig. 2. 
In this experiment the strongly binding 
domain is occupied by the CuCc(Pm) in- 
hibitor, and this would eliminate self-ex- 
change ET within the ET intermediate 
and simplify the kinetic progress curve if 
this process were contributing. 

Logarithlnically plotted kinetic progress 
curves for the [(ZnCcP)+, Fe2+Cc] charge- 
transfer species in the absence (Fig. 4A) 
and presence (Fig. 4B) of CuCc(P1n) indi- 
cate that neither trace can be described by 
a single kinetic phase, as would be the case 
if the intermediate were formed accordine 

u 

to Eq. 1 and returned to the ground state by 

I ' ' " " ' I  , , , , , , ' ' ,  , , , , ' , # ' I  8 

0.1 1 10 100 

0.1 1 10 100 

Time (ms) 

Fig. 4. Kinetic progress curves for the ET interme- 
diate for (A) 0 pm and (B) 20 p.M CuCc(Pm). Con- 
ditions: [ZnCcP] = 20 pM and [Fe3'Cc(H)] = 36 
pM in potassium phosphate buffer (pH 7.0, p. = 

4.5 mM) at 20°C and wavelength X = 549 nm.  The 
solid lines are the theoretical fits obtained with the 
multiexponential function described in (24), using 
the following parameters: (A) k, = 3833 s Y ,  f , = 

first-order, intracolnplex ET. Instead, each 
trace call only be described with a function 
that is the sum of at least three kinetic 
phases (9). Furthermore, fits of the two 
traces to a three-phase function (24) give 
for each essentially the same set of thermal 
ET rate constants and only slight differenc- 
es in the weights of the phases (see Fig. 4).  
The small but noticeable differences in the 
shapes of the curves do not reflect signifi- 
cant changes in the ET return reaction but 
rather are largely brought about by the en- 
hancement of ohotoinduced ET caused bv 
the presence of the inhibitor, as in Fig. 2. 
Because the charge-transfer intermediate 
being observed in the presence of inhibitor 
has the preponderant stoichiometry 
[(ZnP)+CcP, CuCc, Fe2+Cc], the kinetics 
of the intermediate clearly are not con- 
trolled by self-exchange ET between two 
Cc molecules on the CcP surface. 

The use of CuCc as an ET inhibitor thus 
rules out both the hypothesis of cooperative 
photoinitiated ET within the 2: 1 complex 
(Fig. 1) and that of intracolnplex self-ex- 
change within the ET intermediate. The u 

simplest kinetic scheme that is consistent 
with current data (Fig. 1A) involves se- 
quential binding, where the first Cc binds 
strongly at a nonreactive dolnain and the 
second binds weaklv at a reactive one, with 
the observed ET largely occurring in the 
2 : 1 species. The fit of the titration curve of 
Fig. 3 based on the use of this model gives 
values for the affinity of a second Cc for the 
1: 1 Cc-CcP complex (K2) at y = 4.5 1nM 
as well as for the ET rate constant at the 
low-affinity domain (k2) in the 2 : 1 Cc-CcP 
complex, thereby quantifying a picture of 
binding at two distinct surface domains of 
CcP with reactivities for heme-heme ET 
that differ by roughly lo3. Given current 
estimates, for the average distance-decay of 
ET rates in proteins (25, 26), such a rate 
ratio translates into a difference ia ET dis- 
tances for the two domains of -5 A. It mav 
be that the domain seen here to have poor 
heme-heme reactivity is more effective in 
reduction of the tryptophan radical of CcP 
oxidized by hydrogen peroxide (compound 
ES) (27. 28). , . 

The stra;egy developed here can be ex- 
tended to the study of ET involving both 
other hemoproteins and more complicated 
systems such as the photosynthetic reaction 
center 129) and cvtochrome oxidase and to 
the invkstigation df ET involving nonhe~ne 
proteins (such as plastocyanin and azurin) 
130) that are susceotible to substitution 
kith redox-inactive ;eta1 ions (31). 

Fig. 3. Quenching t~tration of 3ZnCc(H) by the 0.69, k, = 206 s- ' ,  f ,  = 0.16, k, = 39 s- ' ,  f ,  = 

inhib~tor complex [CuCc(Pm), Fe3 'CcP]. The sol~d 0.15, kc,, = 173 s- ' ,  and P = 9.0; (B) k l  = 4000 REFERENCES AND NOTES 
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Experimental Studies and Theoretical 
Predictions for the H + D, + HD + D Reaction 

L. Schnieder," K. Seekamp-Rahn, J. Borkowski, E. Wrede, 
K. H. Welge, F. J. Aoiz, L. Bafiares, M. J. D'Mello, V. J. Herrero, 

V. Saez Rabanos, R. E. Wyatt 

The H + H, exchange reaction constitutes an excellent benchmark with which to test 
dynamical theories against experiments. The H + D, (vibrational quantum number v = 0, 
rotational quantum numberj = 0) reaction has been studied in crossed molecular beams 
at a collision energy of 1.28 electron volts, with the use of the technique of Rydberg atom 
time-of-flight spectroscopy. The experimental resolution achieved permits the determi- 
nation of fully rovibrational state-resolved differential cross sections. The high-resolution 
data allow a detailed assessment of the applicability and quality of quasi-classical tra- 
jectory (QCT) and quantum mechanical (QM) calculations. The experimental results are 
in excellent agreement with the QM results and in slightly worse agreement with the QCT 
results. This theoretical reproduction of the experimental data was achieved without 
explicit consideration of geometric phase effects. 

T h e  H + H, exchange reaction has been - 
the prototype in the realm of reaction dy- 
namics since the first studies in the field. A 
good survey of work up to 1990 can be found 
in (1). Particularly intense activity has tak- 
en place during the last decade. Great im- 
provements in the quantum dynamical 
methodology (2-7) together with the intro- 
duction of laser techniuues (1) have Dro- 

L ~, 

duced a large amount of new data in a short 
time, and this rapid progress has not always 
been free of controversy. The long discrep- 
ancy between experiment and theory about 
the value of the rate constant for the D + 
Hz (u  = 1) reaction ( I ) ,  the dispute about 
the ~ossible observation of dvnarnical reso- 
nandes in the integral cross section (1-3, 8, 
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9) (finally settled against this possibility), 
and the tentative assignment of features in 
the differential cross section to broad QM 
resonances ( lo) ,  which were later also ob- 
tained in a QCT calculation (1 I ) ,  are ex- 
amples of such controversies. 

Zare and co-workers (1 2-1 4) have re- 
cently measured rotationally state-specific 
integral cross sections and rate constants for 
the D + H, ( v  = 1) + HD (u ' ,  j') + H 
reaction. In a first experiment, they gener- 
ated D atoms by photolyzing DBr and used 
resonance-enhanced multiphoton ioniza- 
tion to detect the HD molecules. Notice- 
able discrepancies were found between the 
experimental results and several accurate 
QM (15) and QCT (15) calculations on 
different ab initio potential energy surfaces 
(PESs) (1 6 ,  17). Further experiments were 
carried out with DI (13, 14), after some 
experimental were detected with 
the DBr precursor. These measurements 
were in much better agreement with QCT 
results (18), and especially with new QM 
calculations (14). However, some discrep- 
ancies persisted between experiment and 
theory; these were tentatively attributed to 
failures in the PES (14). 

Most theoretical calculations have been 
carried out on the lowest lying Bom-Oppen- 

~ n v e r s i y  of Texas, Austn, TX 78712, USA he~mer PES of H3. In recent works, Kupper- 
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