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Understanding how proteins fold has emerged as a central
problem in biophysics. The equilibrium folding mechanism of
cytochromec (cyt c) has served as a model system.1 Analysis of
spectroscopic data,1c along with the results of small-angle X-ray
scattering,2 fluorescence,3 magnetic circular dichroism,4 amide
exchange,5 2D IR,6 and NMR1c,7 studies convincingly demonstrate
that intermediates accumulate. Unfortunately, the characterization
of both the folding process and of the intermediates has been limited
by the low structural and/or temporal resolution of the available
techniques.

We have been developing the use of site-selectively incorporated
carbon-deuterium (C-D) bonds as probes of protein folding and
dynamics.8 C-D bonds may be incorporated anywhere within cyt
c, and their environmentally sensitive IR absorptions are easily
characterized. In addition to high structural resolution, this technique
has high temporal resolution, owing to the inherently fast time scale
of IR spectroscopy. Thus, even the most rapidly interconverting
folding intermediates may be observed. Previously, cytc was
semisynthesized with either (methyl-d3) methionine incorporated
at Met80 ((d3)Met80) or with a 1:1 mixture of Cδ1-d3 and Cδ2-d3

labeled leucine isotopomers incorporated at position 98 ((d3)-
Leu98).8c The IR spectra of (d3)Met80 revealed the population of
a folding intermediate followed by a transition to a solvent exposed
environment, while the Leu98-labeled protein showed a simple two
state transition. To more fully understand this folding process, we
have characterized the spectra of (d3)Leu68, (d8)Lys72, (d8)Lys73,
(d8)Lys79, (d3)Met80, (d3)Ala83, (d3)Leu94, (d3)Leu98, and (d3)-
Ala101 cytc as a function of GdnHCl and urea (Figure 1). These
residues are located within four structural motifs of the folded
protein; the 60’s helix (residues 60-68), the short 70’s helix
(residues 70-75),9 the D-loop (residues 76-84), and the C-terminal
helix (residues 87-104).10

The spectra were analyzed as a function of denaturant and the
absorptions were fit to Gaussians (Figure 2 and Supporting
Information) as described previously.8d At all denaturant concentra-
tions, the spectra of (d3)Leu68, (d8)Lys72, (d3)Leu94, (d3)Leu98,
and (d3)Ala101 were well fit by a superposition of the spectrum at
zero denaturant (corresponding to the folded protein) and the
spectrum at high denaturant, which was identical to that of the free
amino acid under the same conditions. In contrast, at intermediate
concentrations of denaturant, the spectra of (d8)Lys73 and (d3)-
Met80 could not be reproduced by a superposition of folded and
unfolded spectra, and required an additional Gaussian. The (d3)-
Ala83 spectra were identical at high and low denaturant, but
required an additional Gaussian at intermediate concentrations
(Supporting Information). The additional Gaussian at each residue
reached maximal amplitude at∼1.2 M GdnHCl and∼4 M urea,
respectively. This signal must correspond to a folding intermediate-
(s). An intermediate was also observed with (d8)Lys79 and GdnHCl,
but not urea.

The linear extrapolation method, which assumes that∆G depends
linearly on denaturant concentration and has commonly been
employed for equilibrium unfolding studies,11 was used to determine
∆G(0), the free energy difference between each species in the limit
of zero denaturant,m, which describes the dependence of∆G on
denaturant concentration, andc1/2, the concentration at which both
species are present at equal concentrations (Table 1).∆G(0) for
the folded and unfolded proteins are consistently∼5 kcal/mol
smaller for GdnHCl than for urea. Since the free energy reflects
the stability of the same folded state, referenced to the different
unfolded states, this suggests that the GdnHCl unfolded state is
more stable than the urea unfolded state.

The data reveal correlated behavior of the residues within a
structural motif, as well as between the residues of the 60’s and

Figure 1. Structure of cytc10 showing the motifs and residues characterized.

Figure 2. Fractional concentration for folded (black), unfolded (blue), and
intermediate (red) cytc, along with fit (lines). Helical fraying at Ala101
results in partial unfolding at zero denaturant.8d
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C-terminal helices and between residues of the 70’s helix and
D-loop. Residues of the 60’s and C-terminal helices have larger
∆G(0) values and smallerm values than residues within 70’s helix
and D-loop. The apparently cooperative behavior of these folding
units (or “foldons”1c) suggests that the associated conformational
changes involve the entire structural motif, even if not all of the
changes are apparent at each residue because of insignificant
changes in the environment. The cooperative behavior may be
understood from consideration of the protein’s structure.10 The
structure reveals that the N-terminal helix packs on both the 60’s
helix and the C-terminal helix, forming a tightly packed core which
apparently unfolds cooperatively. The D-loop and short 70’s helix
are contiguous, make intimate contacts with the heme cofactor
(including the Met80 S-Fe bond as well as packing interactions),
and also appear to unfold cooperatively.

The correlated motifs, as well as their relative stabilities, are
different from that predicted on the basis of previous experiments.1c,12

For example, H/D exchange studies suggest that the C-terminal
helix unfolds cooperatively with the N-terminal helix (but not the
60’s helix) and that this forms the most stable part of the protein.
However, these H/D exchange studies were performed at low
denaturant, and fluctuations that result in amide exchange are
assumed to be similar to those that cause structural changes at higher
denaturant. The results of the current study suggest that this is not
the case. The current studies show that while the C-terminal and
60’s helix do persist to the same or higher denaturant concentrations
(i.e. equal or increasedc1/2 values in GdnHCl and urea, respectively)
as the 70’s helix and D-loop, this is not the result of greater stability,
but rather the result of reduced sensitivity of this cooperative folding
unit to denaturant (i.e., lowerm values). The magnitude of them
value is thought to reflect the surface area exposed to solvent during
unfolding.13 Unfolding of the 70’s helix and D-loop exposes the
large surface area of the heme to solvent, which may explain the
large m values for this folding unit. Thus, the hydrophobicity of
the cofactor plays a central role in folding.

While a variety of techniques have provided evidence of an
equilibrium folding intermediate, the intermediate has been difficult
to structurally characterize. For example, while NMR and site
specific isotope labeling have the potential for high structural
resolution, no signals from the intermediate are observable because
of the exchange rates that are fast on the NMR chemical shift time
scale.1c The high time resolution of the IR-based experiments
provides an unprecedented direct view of the equilibrium folding
intermediate, which appears to have a significantly altered 70’s helix
and D-loop. The data also reveal that the role of Lys79 appears to
be denaturant dependent. While the entire loop that includes Lys79

unfolds cooperatively in both denaturants, the observation of an
intermediate at this residue in GdnHCl, but not urea, suggests that
the side chain is in a unique environment in the former intermediate,
but not the latter. Thus, it seems likely that Lys79 is involved in
heme misligation in GdnHCl, as suggested previously, but not in
urea.

The incorporation of C-D bonds throughout cytc provides a
unique opportunity to characterize the folding process with both
high structural and temporal resolution. In addition, it should be
possible to time resolve the changes in the C-D spectra after
folding is photoinitiated. The combination of equilibrium and time-
resolved studies has the potential to fully define the folding
mechanism of cytc.
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Table 1. Site-Specific Equilibrium Parameters and Midpoint Concentrations for the Unfolding of Cytochrome c in GdnHCl and Urea

GdnHCl urea

equilibriuma motif residue
∆G(0)

(kcal/mol)
m

(kcal/M/mol)
c1/2
(M)

∆G(0)
(kcal/mol)

m
(kcal/M/mol)

c1/2
(M)

FSU 60’s helix Leu68 5.6( 0.5 2.3( 0.3 2.37( 0.05 9.1( 0.5 1.5( 0.1 5.9( 0.1
70’s helix Lys72 7.1( 0.5 3.0( 0.3 2.33( 0.05 12( 2 1.9( 0.3 5.8( 0.1

Lys73 8.4( 0.6 3.6( 0.3 2.29( 0.05 11( 1 1.9( 0.3 5.8( 0.2
D-loop Lys79 7.6( 0.5 3.3( 0.3 2.30( 0.05 13( 1 2.2( 0.2 5.6( 0.1

Met80 7.5( 0.5 3.2( 0.3 2.31( 0.05 13( 1 2.1( 0.2 5.5( 0.2
C-terminal
helix

Leu94 4.0( 0.2 1.7( 0.1 2.31( 0.05 9.4( 0.7 1.5( 0.1 6.4( 0.1

Leu98 6.3( 0.3 2.7( 0.1 2.31( 0.05 9.1( 0.7 1.5( 0.1 6.2( 0.1
Ala101 4( 1 1.7( 0.4 2.2( 0.1 10( 2 1.6( 0.3 6.1( 0.1

FSI 70’s helix Lys73 6.8( 0.4 3.3( 0.3 2.1( 0.2 9( 1 1.7( 0.2 5.4( 0.3
D-loop Lys79 5.1( 0.4 2.9( 0.4 1.8( 0.4 b b b

Met80 5.3( 0.3 2.6( 0.3 2.0( 0.2 11( 1 2.0( 0.2 5.4( 0.3
ISU 70’s helix Lys73 1.6( 0.3 0.3( 0.1 4.5( 0.5 1.9( 0.5 0.2( 0.1 10( 2

D-loop Lys79 1.4( 0.4 0.1( 0.1 12( 3 b b b
Met80 2.2( 0.3 0.6( 0.1 3.8( 0.5 1.6( 0.4 0.13( 0.05 11( 4

a F, folded; U, unfolded; I, intermediate state; for fit details see Supporting Information.b No intermediate detected.
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