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Protein folding is a key step in the manifestation of function
from genetic information, and understanding the folding process
has emerged as a significant, but challenging, problem. A funda-
mental obstacle to studying the folding of any protein, even under
equilibrium conditions, is the general absence of residue-specific
probes that are sensitive to the conformational details of the protein
and that also have time resolution sufficient to resolve rapidly
interconverting intermediates. In principle, the folding pathway of
a protein could be fully characterized by IR spectroscopy. However,
the spectral congestion inherent to proteins and denaturants has
prevented the direct use of IR spectroscopy.

Interestingly, proteins and denaturants have a “transparent
window” in their IR spectrum that is free of absorptions, between
∼1800-2700 cm-1. Any sufficiently strong absorption in this
region may be directly observed, despite high protein or denaturant
concentrations. Thus, to develop a nonperturbative and residue-
specific protein probe we have been examining the use of C-D
bonds, which absorb at∼2100 cm-1.1,2 In addition to spectral
resolution, these probes provide inherently high time resolution;
an intermediate that gives rise to only a 1 cm-1 shift in the C-D
stretching frequency would have to interconvert on the 1011 s-1

time scale in order to not be resolved. The inherent spectral,
structural, and temporal resolution of the technique should greatly
facilitate the detection and characterization of equilibrium unfolding
intermediates.

For our initial application of the technique, we have chosen to
study the folding of horse heart cytochromec (cyt c). The reversible
folding of cyt c has previously been characterized using several
indigenous chromophores, including the heme cofactor and a
tryptophan residue. Equilibrium unfolding induced by guanidine
hydrochloride (GdnHCl) has been characterized intensively. Plots
of various spectroscopic signals versus denaturant concentration
typically show an apparent two-state transition with a midpoint at
∼2.5 M GdnHCl that is fully shifted to the unfolded state by 3.5
M GdnHCl.3-7 However, Raman signals from the heme and
tryptophan residue show different transitions, indicating the presence
of an intermediate.8

Equilibrium amide exchange NMR studies indicate the presence
of at least two partially folded states during titration with GdnHCl.9

At least one equilibrium unfolding intermediate has been detected
by SAXS, with maximum population at∼2.9 M GdnHCl.6 On the
basis of MCD spectra, this intermediate is thought to involve bis-
histidinyl coordination by His18 and His26 or His33.7 Thus, a
consensus regarding the presence and nature of equilibrium
unfolding intermediates has not yet been reached due, at least in
part, to the differences in techniques used. The general ability of
C-D probes to detect even rapidly interconverting intermediates
with residue-specific detail should help resolve the issue.

An important aspect of the C-D method is its general ap-
plicability to any part of the protein: residue, side chain, or
backbone. Thus, to selectively incorporate C-D bonds at different
positions throughout the protein, we semisynthesized cytc using

the autocatalytic religation approach (ref 10 and Supporting
Information (SI)). Briefly, a cytc 1-65-homoserine lactone peptide
fragment containing the covalently bound heme was generated using
CNBr cleavage at Met65 of horse heart cytc. This peptide was
purified and then refolded at pH 7.0 in the presence of 1 equiv of
chemically synthesized11 cyt c 66-104 containing a specifically
deuterated Leu or Met residue. Fragment association and aminolysis
of the homoserine lactone resulted in high yields of semisynthetic
cyt c Met65hSer.

Leu98 is located in the C-terminal helix of the protein (Figure
1), and is thought to unfold only at high denaturant concentration.9

To characterize the folding of the protein at this residue, methyl
group vibrations of the free leucine amino acid were first examined
computationally using Gaussian98 with the LANL2DZ basis set.12

Two asymmetric stretches at 2185 and 2175 cm-1 and a third
approximately symmetric stretch at 2064 cm-1 were predicted. A
spectrum of free Cδ-d3 leucine (50 mM of 1:1 mixture ofd1- and
d2-labeled isotopomers, Cambridge Isotopes) was recorded in
aqueous solution (100 mM sodium acetate, pH 5), acetic acid, ethyl
acetate, and heptanol (SI). In each case, two relatively strong
absorptions were observed at∼2221 and∼2210 cm-1, which were
assigned as asymmetric stretches, and a weaker absorption at∼2065
cm-1 was assigned as the symmetric stretch of the CD3 group. The
solvent studies showed that the asymmetric stretching frequencies
are sensitive to the dielectric constant of the solvent, blue-shifting
as the dielectric constant is increased, with no significant changes
in the observed line widths (SI).

The IR spectrum of the folded, oxidized Leu98 deuterated protein
(synthesized with a 1:1 mixture ofd1- andd2-labeled isotopomers)
at pH 6.2 showed two absorptions, one at∼2202 cm-1 and one at
2216 cm-1 (Figure 2). These absorptions are similar to the
asymmetric stretches observed with the free amino acid, and are
thus similarly assigned. The symmetric stretch observed in the free
amino acid was not visible, presumably due to its smaller intensity
and the lower concentrations mandated by the solubility of the
protein. The single pair of asymmetric absorptions implies that the
vibrations are not significantly differentiated in the two isotopomers.

With the addition of GdnHCl, the spectrum of the folded protein
is replaced by two new peaks (Figure 2), assigned as the asymmetric

Figure 1. Cyt c showing Met80 and Leu98.14
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stretches of the unfolded protein, based on the invariance to
additional GdnHCl as well as the UV/vis spectrum. The absorptions
of the unfolded protein are blue-shifted and broadened, relative to
those of the folded protein, indicating that the residue is in a more
polar and disordered environment. Every spectrum at intermediate
denaturant concentration is well reproduced by a combination of
the folded and unfolded spectra, and after normalization a clear
isosbestic point is observed (SI). The unfolding at this residue is
thus two-state, without the intervention of an intermediate, and the
relative weighting of each spectrum reflects the relative concentra-
tions of folded and unfolded states. Three independent sets of data
were collected, and the normalized intensity of an asymmetric
stretch of the folded and unfolded proteins is plotted in Figure 3a
(plotting the intensity of the other absorption yielded identical
results). At Leu98, the GdnHCl induced unfolding of cytc is two-
state, with a transition midpoint of 2.3( 0.05 M GdnHCl. This is
similar to, but somewhat earlier, than the transitions detected with
other techniques, as discussed above.

The side chain of Met80 provides one of the two protein-based
heme ligands (Figure 1), and in contrast to Leu98, its dissociation
is thought to occur at low denaturant concentrations.9 Computa-
tionally, with free methionine, two asymmetric stretches were
predicted at 2234 and 2240 cm-1, and a third approximately
symmetric stretch was predicted at 2085 cm-1. The IR spectrum
of free (methyl-d3) methionine (acquired with conditions identical
to those described above for leucine) showed in each case a broad
absorption at 2254 cm-1, assigned as overlapping asymmetric
stretches, and a stronger absorption at 2136 cm-1, assigned as the
approximately symmetric stretch. Both the symmetric and the asym-
metric stretching frequencies are sensitive to the dielectric constant
of the solvent, blue-shifting as the dielectric constant is increased,
with no significant changes in the observed line widths (SI).

As with the free amino acid, two IR absorptions were apparent
with (methyl-d3)Met80 cyt c, a strong absorption at 2129 cm-1 and
a weaker absorption at 2254 cm-1, assigned as the approximately
symmetric stretch and the overlapping asymmetric stretches of the
CD3 group, respectively (Figure 2). With added GdnHCl, the
spectrum of the folded protein disappears and is replaced by two

new peaks (Figure 2), assigned to the unfolded protein on the basis
of their invariance to increasing denaturant and the corresponding
UV spectrum. As at Leu98, the absorption spectrum of the unfolded
protein is blue-shifted and broadened relative to that of the folded
protein, indicating that the Met80 environment is more polar and
disordered in the unfolded state. Interestingly, in contrast to Leu98,
the spectrum of Met80 at intermediate denaturant concentrations
showed an absorption which could not be assigned to either the
folded or the unfolded protein. The absorption of this third species
appears at∼1 M denaturant, achieves a maximal concentration at
∼1.5 M, and then disappears by∼2.7 M denaturant (Figure 3b).
The species is likely connected to the folded protein by confor-
mational changes related to heme ligation or misligation. While a
more quantitative description of the changes Met80 will require a
detailed model, the similarities in fraction unfolded at Met80 and
Leu98 argue for a global unfolding event at 2.9 M GdnHCl.

Cyt c folding at Leu98 and Met80 is distinctly different. The
C-terminal helix undergoes a simple two-state unfolding transition,
while the Met80 ligand populates a third state that likely involves
misligation at the heme center. To our knowledge, this is the first
direct and residue-specific observation of this denaturant-induced
protein intermediate and complements previous experiments that
are based on observation of the cofactor8,13,14 or amide exchange
rates.9 The details of the third state are currently being investigated.
In addition, time-resolved experiments are also in development that
will provide a residue specific, real time view of folding and
determine if the observed third species is an on- or off-pathway
folding intermediate.
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Figure 2. Folded and unfolded spectra.

Figure 3. (A) Fraction folded and unfolded at Leu98 (based on asymmetric
stretch). (B) Fraction folded and unfolded (symmetric stretch) and inter-
mediate (single observable absorption) at Met80. The lines do not represent
fits and are intended only as visual aids.
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