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The kinetics of the assembly of two complementary
fragments of oxidized horse heart cytochrome c (cyt c),
namely the heme-containing fragment-(1–56) and the
fragment-(57–104), have been characterized at different
pH values. At neutral pH the fragment-(1–56) is hexaco-
ordinated and has two histidines axially ligated to the
heme-Fe(III) (Santucci, R., Fiorucci, L., Sinibaldi, F.,
Polizio, F., Desideri, A., and Ascoli, F. (2000) Arch. Bio-
chem. Biophys. 379, 331–336), thus mimicking what oc-
curs in the folding intermediate of cyt c. The kinetics of
the formation of the complex between the two fragments
are characterized at pH 7.0 by a slow rate constant that
is independent of the concentration of the reactants;
conversely, at a low pH the kinetics are much faster and
depend on the concentration of the fragments. This be-
havior suggests that the rate-limiting step observed in
the recombination process of the fragments at neutral
pH (that leads to the final coordination of Met-80) has to
be ascribed to the detachment of the “misligated” histi-
dine. Thus, the faster recombination rate at a low pH
can be related to the fact that histidine is protonated
and not able to coordinate to the metal. Furthermore,
the independence of the rate constant on the concentra-
tion of the reactants observed at pH 7.0 can be ac-
counted for by the occurrence of a conformational tran-
sition, which takes place immediately after the two
fragments collapse together, likely simulating what in-
duces the detachment of the misligated histidine during
cytochrome folding.

Protein folding is a central topic in the modern structural
biology and has attracted a great deal of interest in the last
decade. Several studies have elucidated that many small proteins
fold rapidly to the unique native state following a simple two-
state process (1), but large proteins generally reach the biologi-
cally active conformation through a multistate way. Starting
with the pioneering work of Eaton and co-workers (2), the intro-
duction of fast kinetic methods for the detection of intermediate
states has opened new scenarios in the description of the protein
folding process (for a review, see Refs. 3 and 4). In this context,

cytochrome c (cyt c)1 represents an ideal system to investigate,
because it is one of the most studied proteins (5) and its high-
resolution x-ray structure is available (6).

The folding of cyt c is characterized by a variety of long lived
intermediates, some of which are ascribed to proline isomeriza-
tion (7), whereas others are referable to non-native heme ligation
(8, 9). An important aspect in the kinetic study of cyt c folding is
the formation at a neutral pH of a misligated compact interme-
diate having a histidine side chain (His-26 or His-33) axially
ligated to the sixth coordinate position of the heme-Fe(III) in
place of Met-80 (the residue coordinated to the metal in the
native protein) (10, 11). Although it has been proposed to be an
on-pathway intermediate (12), the non-native His-Fe(III) ligation
indeed represents a kinetic barrier for the folding of the polypep-
tide into the native conformation, therefore sensibly reducing the
protein folding rate (13). This is confirmed by the fact that at an
acidic pH, the folding of cyt c proceeds faster, being that histi-
dines are largely protonated (14).

The peptide fragments of cyt c can be achieved by a limited
proteolysis of the protein (15). Recently, the properties of a
56-residue heme-containing fragment (here indicated as frag-
ment 1 (F1), with the amino acid sequence corresponding to
residues 1–56 of native horse cyt c) have been determined (16),
and F1 turns out to be hexacoordinated and largely disordered.
Like the native protein, F1 retains His-18 axially bound to the
metal, but the other axial ligand of the heme-iron is proposed to
be a histidine residue (His-26 or His-33) in place of Met-80 (a
residue not present in the fragment sequence, see Fig. 1).

Recently, the complex reconstituted from F1 and its comple-
mentary fragment-(57–104) (here indicated as F2) has been
achieved, and its structural and functional properties have
been determined (17). At a neutral pH the fragment complex
shows a native-like �-helix structure and His-18-Fe(III)-
Met-80 axial coordination to the heme. This suggests that the
fragment recombination to form the complex implies an axial
ligand displacement from a His-Fe(III)-His to a His-Fe(III)-Met
coordination.

The goal of the present kinetic investigation is a deeper
understanding of the events associated with the axial ligand
exchange at the sixth coordination position of the heme-Fe(III)
during complex formation, a process that leads to the native
His-18-Fe(III)-Met-80 coordination. Such an approach is ex-
pected to provide a relevant contribution to better clarify the
mechanism(s) governing the last steps of the cyt c folding
pathway.
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EXPERIMENTAL PROCEDURES

Oxidized horse heart cyt c (type VI) and thermolysin were obtained
from Sigma and used without further purification. All other reagents
were of analytical grade.

The digestion of cyt c and purification of F1-(1–56) and F2-(57–104)
were performed as previously described (15, 16). The fragments were
used immediately after preparation and purification. Absorption spec-
tra have been obtained using a Varian V-530 spectrophotometer, and
circular dichroism spectra have been obtained using a Jasco J-700
spectrometer equipped with PC as data processor.

Kinetic studies following optical absorption changes have been car-
ried out using a SX.18MV stopped flow (Applied Photophysics, Salis-
bury, UK) with a 1-ms dead time. Experiments have been undertaken
mixing F1, dissolved in the desired environment (pH 7.0 or 3.8), with F2
previously dissolved at pH 7.0 and very low ionic strength. The final pH
was measured directly on the final mixture, and it was considered the
actual pH at which the reaction occurred. The progress curves were
recorded at several different wavelengths (e.g. 280, 408, or 695 nm) to
acquire more complete spectroscopic information on the processes tak-
ing place.

CD kinetic measurements have been carried out employing a rapid-
mixing apparatus SFM-20 (Biologic Science Instruments) with 8-ms
dead time and interfaced with the Jasco J-700 spectrometer. The set-
ting of the experiment was closely similar to that employed for optical
absorption kinetics (see above), but the investigation has been limited
to pH 7.0. Experiments were undertaken at 20 °C.

RESULTS AND DISCUSSION

The far-UV CD spectrum of the complex has been reported
previously (16, 17). In Fig. 2, the far-UV circular dichroism
spectra of the two isolated fragments are compared with that of
the complex recorded under the same conditions. The far-UV
CD clearly indicates that the two isolated fragments possess a
substantially disordered structure, characterized by negligible
�-helical content (see Fig. 2). The CD spectrum is unaffected by
pH down to a value of 3 (data not shown). On the other hand,
the complex formation brings about a CD signal revealing the
appearance of an �-helical conformation comparable with that
of native cyt c (see Fig. 2 and Ref. 16). This process is charac-
terized by a strong association equilibrium constant, because
essentially 100% of the complex formation is observed already
at �0.1 �M concentration (i.e. a value �20-fold lower than what
was employed throughout this study).

The pH dependence of the Soret absorption spectra of F1 and
of the fragment complex are shown in Fig. 3, A and B, respec-
tively. Fig. 3C displays the pH dependence of the circular

dichroism of the complex over the same wavelength range. At
pH 7.0 the absorption spectrum of F1 is virtually identical to
that of the complex (see Fig. 3, A and B), with both showing a
maximum at 406 nm. Unlike absorption, the dichroic spectrum
of F1 at pH 7.0 differs significantly from that of the fragment
complex; in particular, it misses the negative 416-nm Cotton
effect (see Ref. 16). This is not surprising, because in the native
cyt c the 416-nm signal is ascribed to the Met-80-Fe(III) axial
coordination (18). In the Soret CD spectrum of the fragment
complex at pH 7.0 (see Fig. 3C) this signal is observed, being
consistent with the Met-80-Fe(III) coordination. Some minor
heterogeneity is observed in solution, as revealed by the blue
shifts of the Cotton effects (414 versus 416 nm and 401 versus
406 nm) and by the lower intensity of the 416-nm Cotton effect
of the fragment complex with respect to the native cyt c (5).

As the pH is lowered, the absorption band is blue-shifted
from 406 to 396 nm (for F1 alone) and to 395 nm (for the
complex) (see Fig. 3, A and B), while the CD spectrum of the
complex displays the progressive disappearance of the negative
416-nm Cotton effect, associated with the progressive enhance-
ment of the 402-nm Cotton effect (which is also blue-shifted to
398 nm, see Fig. 3C). The pH dependence of absorption spectra,
followed at 406 nm, clearly indicates the occurrence of a tran-
sition from the hexa- to the pentacoordination of the heme,
which is characterized by a pKa � 4.21 (�0.16) for F1 and by
pKa � 3.18 (�0.18) for the complex (see Fig. 4A). Thus, in F1
pentacoordination takes place at a higher pH with respect to
the complex, indicating that detachment of the axially “misli-
gated” histidine from the metal in the fragment F1 requires
less energy than detachment of Met-80 in the fragment com-
plex. This interpretation indeed seems supported by the fea-
tures observed in the pH-dependent behavior of the CD spec-
tra, where the pH-induced transition in the fragment complex
(followed through the progressive disappearance of the 416-nm
Cotton effect, see Fig. 3C) shows a similar pKa value (3.23 �
0.17, see Fig. 4B).

Therefore, as previously reported (17), mixing F1 with F2 at
a neutral pH brings about the formation of a complex charac-

FIG. 1. Structural representation of horse heart cytochrome c.
The two fragments have been drawn in different colors, namely the
fragment 1–56 (F1) is drawn as a dark rubber line, whereas the frag-
ment 57–104 (F2) is drawn as a white rubber line. Arrow shows where
cleavage in two fragments occurs. For further details, see text.

FIG. 2. Far-UV circular dichroism spectra at pH 7.0 of the cyt c
complex (continuous line) of the 1–56 F1 complex (dashed line)
and of the 57–104 F2 complex (dashed-dotted line) are shown.
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terized by a compact close-to-native tertiary assembly, in which
a His is replaced by Met-80 from the axial coordination to the
heme-Fe (III). On the other hand, the different pKa values for
the pH-dependent transition of F1 and of the complex (see Fig.
4) indeed suggest that at pH 3.8 the formation of the complex
can be achieved in the absence of a misligated His (19). The
kinetics of complex formation as a function of F1 concentration

was followed at the two pH values and at three distinct wave-
lengths, namely at 695 nm (to directly follow the formation of
the Fe(III)-Met-80 bond, see Ref. 20), at 408 nm (to follow the
evolution of the axial coordination at the heme), and at 280 nm
(exploiting the change of Trp-59 absorption to follow directly
the complex formation, see Ref. 17).

Fig. 5A shows the kinetics of the Fe(III)-Met-80 bond forma-

FIG. 3. pH dependence of absorption spectra of F1 fragment (A), the F1 � F2 complex (B) and of the circular dichroism spectra of
the complex (C). pH values reported in the three panels correspond to those at which the spectra have been collected, following the direction of
spectra closer to the digits. For further details, see text.

FIG. 4. pH dependence of the absorption at 406 nm for the F1 fragment (x) and for the complex (o) (A), and pH dependence of the
circular dichroism at 414 nm (o) and at 398 nm (x) (B) are shown. In both panels, continuous lines are the non-linear least-squares fitting
of data, employing the equation Pobs � P0 � �P�Ka�[H�]/(1 � Ka�[H�]), where Pobs is the observed value of the parameter (either OD or CD) at a
given pH value, P0 is the value of the parameter extrapolated to infinitely low [H�], �P is the total pH-dependent variation of the parameter (which
can have either a positive or a negative value), Ka is the proton affinity constant (defined as Ka � 10pKa). Continuous lines have been obtained
with following parameters. A, for F1, P0 � 0.198 � 0.021, �P � �0.073 � 0.008, pKa � 4.21 � 0.16; for the complex, P0 � 0.179 � 0.019,
�P � �0.094 � 0.011, pKa � 3.18 � 0.18. B, for the complex at 414 nm, P0 � �0.837 � 0.094, �P � 2.27 � 0.24, pKa � 3.23 � 0.17; for the complex
at 398 nm, P0 � 0.791 � 0.083, �P � 1.28 � 0.15, pKa � 3.39 � 0.18. For further details, see text.
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tion at pH 7.0, following the absorption change at 695 nm; a
closely similar progress curve is obtained at 408 nm, clearly
indicating that we are observing the same event at the two
wavelengths. However, the much higher extinction efficient at
408 nm renders this last wavelength more preferable for work-
ing at a low protein concentration.

A very peculiar aspect of the kinetics observed at pH 7.0,
associated with the events occurring at the heme pocket (i.e. at
408 and 695 nm), is that both the rate constant of the complex
formation and the corresponding amplitude of the absorption
change turned out to be independent from the concentration of
F1 with an apparent rate constant of 0.14 (�0.03) s�1 (see Fig.
5B). Conversely, the rate observed at 280 nm is linearly de-
pendent on the concentration of F1, as expected for a bimolec-
ular process (Fig. 6), giving a second-order association rate
constant of 7.2 (�0.8) � 106 M�1 s�1 at pH 7.0 and a dissocia-
tion rate constant of 22.0 (�2.5) s�1. Therefore, the analysis of
data at different wavelengths provides two kinds of informa-
tion, namely the complex formation rate constant, which is fast
(from observations at 280 nm, see Fig. 5C) and the rate of
replacement of the misligated His by Met-80, which occurs only
at a later stage (as monitored at 408 and 695 nm, see Fig. 5, A
and C).

On the basis of the results obtained at pH 7.0, we are thus
expecting at lower pH values a much faster rate at 408 nm

(similar to that at 280 nm), because most of F1 does not un-
dergo His misligation (see Figs. 3 and 4). Indeed, at pH 3.8 we
observe a much faster progress curve (see Fig. 7), and the rate
of the optical change at 408 nm now depends on the concentra-
tion of F1, like at 280 nm (see Fig. 6), displaying a second-order
rate constant at pH 3.8 (5.6 (�0.6) � 106 M�1 s�1), which is
similar, although not identical, to that obtained for the frag-
ment complex formation at pH 7.0 (followed at 280 nm, see Fig.
6). Therefore, this result shows that the complex formation
occurs at a rate that is essentially pH-independent from the pH
range between 3.8 and 7.0, suggesting that the recognition
process between the two fragments in not modulated by resi-
dues that protonate within this pH range. On the other hand,
the dissociation rate constant of the complex at pH 3.8 (3.5 s�1)
is much slower than at pH 7.0, indicating a higher stability of
the assembled form at lower pH possibly because of the proto-
nation of some residue. This suggests that ionic interactions
are important for the stability of the complex between the two
fragments. It also strengthens the idea that pH lowering does
not alter drastically the association equilibrium constant; the
overall value of the constant is related not only to the complex
formation of the two fragments collapsing together but also to
the thermodynamics of different steps leading to the final na-
tive-like His-18-Fe(III)-Met-80 form.

At this point, we can give a first sketch of the various steps

FIG. 5. Kinetic progress curves of complex formation. A, progress curves at 408 nm (curve a) and at 695 nm (curve b) following the mixing
of 12.5 �M F1 with 2.5 �M F2. The absolute optical density of the two progress curves (but not the optical density change) has been scaled to make
them fit into a limited range of optical density. Least-squares fitting of progress curves has been carried out according to the following analytical
equation Sobs � S� � �S�e(�k�t), where Sobs is the observed signal (either optical density or circular dichroism), S� is the final signal (either optical
density or circular dichroism), �S is the variation of signal (either optical density or circular dichroism), which can have either a positive or negative
value (according to whether the observed signal decreases or increases as a function of time), k is the (pseudo)first-order rate constant and t is time.
Continuous curves correspond to least-squares fitting of progress curves according to this equation, employing the following parameters: curve a,
S� � 0.049 � 0.005, �S � 0.009 � 0.001, k � 0.143 � 0.016; curve b, S� � 0.040 � 0.005, �S � �0.005 � 0.001, k � 0.148 � 0.017. B, progress
curves at 408 nm following the mixing of 2.5 �M F2 with 12.5 �M F1 (curve a) or with 3.1 �M F1 (curve b). The optical density of the two progress
curves has been scaled (keeping intact the change in optical density), to make them fit into a limited range of optical density and to immediately
compare them. C, kinetic progress curves of the complex formation at pH 7.0 following the mixing of 12.5 �M F1 with 2.5 �M F2 at 280 nm (o) and
at 408 nm (x). The two progress curves have been reported on a logarithmic time scale, and their optical density has been scaled to have overlapping
values of optical density for experimental points at the same time interval. For further details, see text.
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characterizing the complex formation at neutral pH. In the first
step of Scheme 1, the collapse of the two fragments brings
about the formation of an initial complex (called Complex 1), in
which no change in the heme coordination occurs (correspond-
ing to the process followed at 280 nm). In the following step, the
dissociation of the misligated His takes place, giving rise to a
pentacoordinated species (called Complex 2). Finally, Met-80
coordinates to the metal, and the final native-like Met-80-
Fe(III) coordinated form (indicated as Complex 3) is stabilized.
The different observations obtained at 280 nm with respect to
those collected at 408 and 695 nm may indeed be related to the
fact that at 280 nm we are following the formation of Complex
1, whereas at 408 and 695 nm we are detecting the formation of
Complex 3 (see Fig. 5C). From the application of Scheme 1 it
turns out also that the rate of formation of Complex 2 (associ-
ated to the dissociation of the misligated His) is the rate-
limiting step for the evolution toward the native-like Complex
3 (see also Fig. 5C).

However, to prove the applicability of this scheme we must
be able to simulate quantitatively its behavior, taking into
account the features displayed by the system. Therefore, com-
puter simulations of the time evolution of different populations
of complexes according to Scheme 1 (as well as of the following
Scheme 2) have been carried out employing a Runge-Kutta

second-order algorithm in which the time evolution of the in-
dividual populations was reckoned for each individual time step
x, taking into account the rates of their formation and of their
disappearance. Thus, as an example, for Complex 2 from Scheme
1, the calculation for each step was as follows,

[[Complex 2]t � [Complex 2]t�x � (k�2�[Complex 1]t�x

� k�3�[Complex 3]t�x � [Complex 2]t�x � (k�2 � k�3))�x] (Eq. 1)

In this respect, one important observation (reported in Fig.
5B) indicates that at pH 7.0 the rate of the absorption change
at 408 nm (following the formation of Complex 3) remains
constant, independently from the concentration of F1. It sug-
gests that according to Scheme 1 the amount of Complex 1
transforming into Complex 2 is not dependent on the concen-
tration of F1, at least within the F1 concentration range inves-
tigated. A computer simulation of the behavior of the system
according to Scheme 1 has been carried out, employing the
bimolecular rate constant for the formation of Complex 1 as
calculated on the basis of data reported in Fig. 6. An arbitrary
set of rate constants has been employed for the additional
steps, whose values refer to the gross kinetic relationships
among different steps, accounting for faster and slower pro-
cesses (see Table I). However, the simulation obtained accord-

FIG. 6. Dependence of the observed rate constant for the mixing of F1 with F2 (kobs, s�1) on the concentration of F1. The observed
rate constants have been collected at pH 7.0 at 280 nm (o), at pH 3.8 at 408 nm (x) and at 280 nm (*). The continuous lines correspond to the
non-linear least-squares fitting of data according to the equation kobs � kon�[F1] � koff, where kobs is the observed rate constant at a given
concentration of F1, kon is the second-order association rate constant for the complex formation and koff is the dissociation rate constant of the
complex. Continuous lines have been obtained with following parameters: pH 7.0 at 280 nm, kon � 7.2 (�0.8) � 106 M�1 s�1, koff � 22.0 (�2.5) s�1;
for pH 3.8 at 408 nm, kon � 3.5 (�0.4) � 106 M�1 s�1, koff � 6.3 (�0.7) s�1; for pH 3.8 at 280 nm, kon � 5.6 (�0.6) � 106 M�1 s�1, koff � 3.5 (�0.4)
s�1. For further details, see text.
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ing to Scheme 1 indicates that even keeping constant the con-
centration of F2 (as it occurs in our experiments), the rate of
formation of Complex 3 (observed at 408 nm) is dependent on
the concentration of F1 over the investigated concentration
range (see Fig. 8A). This discrepancy with respect to the ob-
served behavior (see Fig. 5B) appears intrinsic to the Scheme 1
and not dependent on the relative rate constants of the differ-
ent steps; therefore, Scheme 1 does not seem sufficient for
quantitatively describing the system behavior. From the phe-
nomenological viewpoint, the system requires a fast unimolecu-
lar step that displaces the thermodynamic equilibrium in favor
of the species characterizing the rate-limiting process, render-
ing the amount and the rate constant for the formation of the
final product (i.e. Complex 3) independent of the concentration
of the reactants F1 and F2. The most plausible event respon-
sible for this behavior is a conformational change, although the
structural features involved in this intermediate step are
clearly arbitrary at this stage. Consequently, we have intro-
duced a step 1A, leading to Complex 1A, which we have asso-

ciated with a conformational change likely occurring immedi-
ately after the Complex 1 formation and leading to an
unfavorable structural arrangement for the “His misligation”.
This new pathway is described in Scheme 2.

This variation renders the kinetics of the formation of Com-
plex 3 independent of the concentration of F1 (see Fig. 8B) as
indeed it is observed in the experiments (see Fig. 5B). The
applicability of this scheme is also supported by kinetic obser-
vations following CD changes (Fig. 9). Thus, at pH 7.0, where
the formation of the Fe-Met bond is followed at 416 nm (see Fig.
3C), we observed a very slow process (Fig. 9A), characterized by
a rate constant closely similar to that measured by optical

TABLE I
Kinetic parameters employed for simulation according to Schemes 1

and 2 and reported in Fig. 8, A and B

Scheme 1 Scheme 2

k�1 (M�1 s�1) 7.2 � 106 7.2 � 106

k�1 (s�1) 21.9 21.9
k�1A (s�1) 500
k�1A (s�1) 0.1
k�2 (s�1) 0.11 0.11
k�2 (s�1) 0.01 0.01
k�3 (s�1) 200 200
k�3 (s�1) 0.01 0.01

FIG. 7. Progress curves at 408 nm, following the mixing at pH 3.8 of 2.5 �M F2 with 3.1 �M F1 (curve a), 6.2 �M F1 (curve b), and 25
�M F1 (curve c). The progress curves have been scaled to have a closely similar optical density at t � 0. Because even at pH 3.8 there is still a
fraction of misligated His (ranging between 10 and 15%), the actual progress curves also display a very slow fraction (not shown here), whose rate
closely resembles that observed at pH 7.0 (see legend to Fig. 3) and the amplitude corresponds to the percentage fraction of misligated His. For
further details, see text.

SCHEME 1
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absorption at 408 and 695 nm (see Fig. 5A). On the other hand,
at 225 nm, where the formation of the �-helical structure is
followed by the complex assembly of the fragments (see Fig. 2),
we detected a much faster process (Fig. 9B), which is charac-
terized by a rate constant linearly dependent upon the concen-
tration of the F1 fragments (see Fig. 9C) and by a second-order
bimolecular rate constant (k) closely similar to that expected
for the bimolecular process of complex formation (see Figs. 6
and 9C). In addition, the amplitude of the signal in millidegrees
corresponds closely to that expected for the formation of 	0.5
�M complex with a 0.1-cm path length (see Fig. 2). It clearly
indicates that the structural transition, following the fragment
complex formation and leading to complex 1A (see Scheme 2), is
very fast, and it is rate-limited by the two fragments assembly.
Therefore, according to this new scheme the assembly kinetics
of the two fragments turn out to be characterized by a bimo-
lecular process in which F1 and F2 react to form Complex 1,
which rapidly converts to Complex 1A (see Table I), possibly

characterized by a structural change of the relative positions of
Met-80 and of the misligated His. Such a conformational
change (underlined by the different character employed for Met
in Scheme 2) renders thermodynamically (and kinetically) a
more favorable evolution toward Complex 2, which is rate-
limited by the His detachment, and it is then followed by a
rapid binding of Met-80 to the (now free) sixth coordination
position of the heme-iron (see Table I). It must be outlined that
according to Scheme 2, the observed rate of formation of Com-
plex 3 (corresponding to our measurements at 408 and 695 nm)
appears now independent of the intrinsic rate constants for
formation of Complex 1A (i.e. k�1A, Fig. 8C, curves a and b) and
Complex 3 (i.e. k�3, Fig. 8C, curves b and c), clearly indicating
that indeed dissociation of the misligated His must be the main
determinant in the process.

Kinetics performed at lower pH values show a dependence of
the rate constant on F1 concentration both at 280 and 408 nm
(see Figs. 6 and 7) indicating that the formation of Complex 1A
is probably very similar. However, under these conditions it
evolves quickly toward Complex 3, because the rate-limiting
event (corresponding to the formation of Complex 2) does not
take place. The misligated His is protonated at pH 3.8, and it is
not able to coordinate the heme iron anymore (even in F1, as

FIG. 8. Kinetic simulation of complex formation. A, simulation of time evolution for different intermediate forms (as indicated by digits) at
pH 7.0 according to Scheme 1 and employing parameters reported in Table I, following the mixing of 2.5 �M F2 with 3.1 �M F1 (thin dashed line)
or with 25 �M F1 (thick continuous line). B, simulation of time evolution for different intermediate forms (as indicated by digits) at pH 7.0 according
to Scheme 2 and employing parameters reported in Table I, following the mixing of 2.5 �M F2 with 3.1 �M F1 (thin dashed line) or with 25 �M F1
(thick continuous line). C, simulation of time evolution at pH 7.0 of Complex 3 at different values of rate constants for the formation of Complex
1A (i.e. k�1A, see Scheme 2) and for the formation of Complex 3 (i.e. k�3, see Scheme 2). [F1] � 25 �M and [F2] � 2.5 �M, using the same parameters
as above, except for k�1A (100 s�1 in curve a and 500 s�1 in curves b and c) and for k�3 (10 s�1 in curves a and b, and 200 s�1 in curve c). It must
be noted that curves a–c are overlapping. D, simulation of time evolution at pH 3.8 for Complex 1 and Complex 3 formation after the mixing of 2.5
�M F2 with 3.1 �M F1 (curve a), 6.2 �M F1 (curve b), and 25 �M F1 (curve c). The following parameters have been employed: k�1 � 5.6 � 106 M�1

s�1, k�1 � 3.5 s�1, k�1A � 500 s�1, k�1A � 0.1 s�1, k�3 � 200 s�1, k�3 � 0.01 s�1. For further details, see text.
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indicated by the spectral change, see Fig. 3A), thus rendering
much more similar the observations at the different wave-
lengths. However, it must be outlined that the second-order
rate constant calculated at 280 nm (5.6 (� 0.6) � 106 M�1 s�1)
is faster than that at 408 nm (3.5 (� 0.4) � 106 M�1 s�1). This
observation can be accounted for by considering that formation
of Complex 3 is somewhat slower than that of Complex 1 even
in the absence of the rate-limiting step (corresponding to the
formation of Complex 2, see Fig. 8D). In this respect, it may be
interesting to outline that the simulation for the formation of
Complex 3 as a function of concentration of F1 shows a path-
way (see Fig. 8D) that closely corresponds to that observed from
progress curves (see Fig. 7) and it requires a rate-limiting step
with k � 200 s�1. According to the simulation, this can be
independently ascribed to the formation of either Complex 1A
or Complex 3 and cannot be attributed unequivocally at
this stage.

As a whole, the process of the recombination of the fragments
into the complex can be described through two main steps. In
the first step, Complex 1 is formed and rapidly evolves toward
Complex 1A; at this stage, the rate-limiting step is the bimo-
lecular formation of Complex 1 (see Scheme 2), as also demon-
strated by kinetic CD data (see Fig. 9B). In the second step,
over the pH range between 4.0 and 7.0, dissociation of the
misligated His takes place, being the rate-limiting step of the
overall process, followed by a rapid coordination of Met-80 to
the heme-Fe(III), with formation of Complex 3. Because varia-
tions of the rate constant for formation of Complex 1A do not

affect that for Complex 3 (the same is true for the rate constant
of Complex 3 formation from Complex 2, see Fig. 8C), we can
identify the Complex 13 Complex 1A transition as the process
responsible for the formation of the �-helical secondary struc-
ture following the initial collapse of the random coil fragments
(17), as described previously for the early folding of cyt c (21–
23). This process facilitates the formation in the complex of a
tertiary structure that renders thermodynamically (and kinet-
ically) more favorable the replacement of the misligated His by
the native axial ligand Met-80. From a kinetic standpoint, this
process takes place at a rate slower than that reported for native
cyt c (10), thus suggesting that the conformation of the fragment
complex renders less favorable the replacement of the misligated
His. On the other hand, the observations at pH 3.8 indicate that
in the absence of misligation the process is much faster, and it is
rate-limited by the binding rate of Met-80 to the heme-Fe(III).

In conclusion, from these data emerges the importance for
the folding process of the transmission of structural informa-
tion among different domains of the same molecule. The
interaction energy between them during the folding process
represents the driving force, which pushes the structure to-
ward the correct arrangement. Thus, the alteration of this
communication pathway, as it occurs in the complex of the
two fragments with respect to the native cyt c, brings about
structural arrangements, which are somewhat unfavorable
for the correct folding, probably requiring additional confor-
mational changes that enhance the activation energy
barriers for the process.

FIG. 9. Circular dichroism kinetics. A, circular dichroism signal at 416 nm, following the mixing of 5 �M F1 and 5 �M F2 fragment at pH 7.0
and 20 °C. The signal is the average of 12 measurements, and the continuous line is the least-squares fitting of data according to the equation in
the legend to Fig. 5 with the following parameters: S� � 2.59 � 0.31, �S � 0.59 � 0.07, k � 0.144 � 0.017. B, circular dichroism signal at 225 nm,
following the mixing of 4 �M of F1 and of 1.0 �M of F2 fragments at pH 7.0 and 20 °C (to a final complex concentration of 0.5 �M). The signal is
the average of 19 measurements, and the continuous line is the least-squares fitting of data according to the equation in the legend to Fig. 5 with
the following parameters: S� � 0.67 � 0.08, �S � �3.69 � 0.47, k � 35.05 � 3.87. C, dependence of kobs at 225 nm on F1 concentration. For all
experiments the concentration of F2 was 0.5 �M after mixing. The continuous curve is the least-squares fitting of data according to the equation
in the legend to Fig. 6, with the following parameters: kon � 7.23 � 0.81 � 106 M�1 s�1, koff � 21.9 � 2.8 s�1. For further details, see text.
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