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Understanding protein folding has been one of the principal
challenges for modern biophysics. The obstacles for elucidating
folding mechanisms arise from the complex protein structural
transitions, which are difficult to characterize using standard
experimental methods. Isotopically edited infrared (IR) spectroscopy
has emerged as a promising experimental technique that combines
site-specific resolution with an inherently fast time-scale.' Substitut-
ing a '*C on the C=O0 of selected amino acids shifts the amide I
(predominantly a C=0 stretch) ~40 cm ™' lower in wavenumber,
where it can be resolved from the rest of the (**C) amide modes.
However, thus far the isotopically edited IR has been applied
predominantly to studies of short peptides.>* In the first application
to a protein, Brewer et al.> probed the folding of the 36-residue
villin headpiece subdomain at one site using a single '>*C='80
labeled amino acid. A systematic study taking a full advantage of
isotopically edited IR to monitor folding in multiple specific sites,
has not yet been reported.

In this Communication we present the first application of '*C
isotopically edited IR to probe the folding of a protein in multiple,
independent sites. We investigate a 40-residue helix-turn-helix (hth)
subdomain from the P22 viral scaffolding protein.® The hth are
the simplest o-helical motifs, which combine both secondary and
tertiary interactions and are important as building blocks of larger
protein domains, often autonomously stable.” Unlike an equivalent
motif in [-sheet proteins, the [5-hairpin, whose folding has been
extensively studied,*® the folding of hth motifs has received much
less attention.”-? We synthesized the protein, along with four '*C
isotopically labeled variants (Figure 1a), using standard FMOC solid
phase methodology and investigated the thermal denaturation using
circular dichroism (CD) and Fourier-transform IR (FTIR) spec-
troscopies (Supporting Information).

The temperature dependent CD spectra of a P22 subdomain
(0—85 °C) are characteristic of the unfolding of a highly o-helical
protein (Figure 1b). The sequences corresponding to each of the
individual o-helices were also synthesized and CD was used to
test for any residual helical structure. The helix 2 sequence is
completely unstructured (Figure 1b inset), for the helix 1 fragment
the CD suggests some residual structure; however, the CD signal
is smaller than that of the protein at 85 °C and also virtually
temperature independent (Supporting Information). The helical
motif is therefore stabilized predominantly by the tertiary context.

The IR amide I' spectra (in D,0O) at 0 °C of the unlabeled P22
subdomain (U) and its four '*C labeled variants: on the helix 1
N-terminus (h1N) and C-terminus (h1C), on the turn (t) and helix
2 (h2), are shown in Figure 1c. The '*C isotopically shifted amide
I' component is clearly seen near 1600 cm™'. The temperature-
dependent spectral data were analyzed using singular value
decomposition (SVD) and global fitting. The SVD of each of the
six (CD, unlabeled, and four labeled FTIR) spectral sets yielded at
least three significant components (Supporting Information): a
minimum of three independent states is therefore required to account
for the data. A three-state thermodynamic model, with fully folded
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Figure 1. (a) The hth subdomain of P22 viral protein (sequence
NH,—ITGDVSAANK'® DAIRKQMDAA?® ASKGDVETYR*® KLKAK-
LKGIR -COOH) with indicated '*C isotopically labeled positions: on helix
1 N-terminus (denoted hIN: A7, A8), helix 1 C-terminus (h1C: A19, A20,
A21), turn (t: G24, V26), and helix 2 (h2: L32, A34, L36). (b) Temperature
dependent CD spectra. Inset: CD of helix 1 (red solid line) and helix 2
(green dashed line) fragments. (¢) Amide I' IR spectra h1N (green), h1C
(blue), t (black), and h2 (red). Amide I' of the unlabeled protein (U, pink)
is shown for comparison. (d) Analysis of the experimental data with a three
state model: F == 1 == D described by two equilibrium constants: K; =
[II/[F] = exp[—(AH\/R)(I/T — 1/Tw1)], K2 = [DJ/[1] = exp[—(AH/R)(1/T
— 1/Tm2)]. Solid lines are fitted populations (F, blue line; I, black line; D,
red line), symbols correspond to the experimental data: CD (crosses) and
amide I' IR for U (circles), hIN (squares), h1C (triangles up), t (triangles
down), and h2 (diamonds). The thermodynamic parameters of the fit are
Toi = (293 + 1) K, AH; = (10 & 1) keal-mol ", T = (337 = 1) K, AH,
= (20 £ 1) kcal*mol ..

(F), denatured (D) and intermediate (I) states, fits all the experi-
mental data (Figure 1d) as expected, since all the data sets report
on the overall unfolding on the protein. We note that our analysis
assumes temperature independent IR spectra for the folding
substates. The inherent temperature dependence of the IR is not
well understood, with the possible exception of unstructured
peptides,'® and cannot be accounted for without additional assump-
tions and empirical parameters. On the other hand, a commonly
used first approximation of temperature-independent IR is justified
by the same thermodynamics obtained from the SVD of the FTIR
and the CD data (Figure 1d), the latter being much less temperature
sensitive (e.g., CD of the unstructured fragments: Figure S2 in
Supporting Information).

To obtain site-specific unfolding, we analyzed the difference
spectra (labeled minus unlabeled) of the SVD eigenvectors (basis
spectra) for the three substates, shown in Figure 2. Qualitatively
distinct contributions to the individual thermodynamic states are
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Figure 2. Difference amide I' spectra for the three thermodynamic states:
F (blue), I (black), and D (red) between the '*C labeled and the unlabeled
P22 subdomain: (a) h1N, (b) h1C, (¢) t, and (d) h2.

evident: for example, in hIN (Figure 2a) the difference spectrum
changes significantly between the F and I states, but little from I
to D. It is also evident that the '*C and '*C signals have different
contributions to the spectral changes. We focus on the '*C signal
since it reflects the conformation of local labeled segments, while
variations in the '*C part due to altered vibrational coupling by
the '>C labels may be more complex.®'!

To separate the contribution of the '*C isotopically labeled
groups, the amide I' was decomposed into the '*C and '*C bands
using a target transformation procedure.'? For each labeled protein,
the “target” '*C bands (Figure 2, positive differences) were best
approximated by the linear combination of basis functions obtained
by a SVD of the labeled together with the unlabeled IR spectra
(Supporting Information). This procedure allows for the analysis
of the partially resolved '*C bands without empirical band fitting.
The corresponding transformation of the temperature-dependent
SVD weights yields the thermodynamics of unfolding of the '*C-
labeled protein segment (Figure 3). For all isotopically labeled P22
variants, the local unfolding of the '*C labeled regions can be
described by a two-state thermodynamic model (Supporting Infor-
mation), as suggested by similar '*C band contributions to two of
the three global states (Figure 2.)
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Figure 3. Site-specific thermal unfolding of the P22 subdomain. Fits of
the two-state model F == D; K = [D]/[F] = exp[—(AH/R)(I/T — 1/Tw)]
(solid lines) to the '*C amide I' component for hIN (green: T\, = (285 +
2) K, AH = (7 £ 1) kecal*mol™"), h1C (blue: T, = (334 £ 1) K, AH =
(22 + 2) keal*mol ™), t (black: T, = (328 &+ 1) K, AH = (19 + 2)
kcal*mol™"), and h2 (red: Ty, = (327 &+ 1) K, AH = (15 £ 1) kcal*mol ™).
Symbols (same as in Figure 1) correspond to the experimental data points.

As the results in Figure 3 show, the isotopically labeled regions
exhibit characteristic unfolding thermodynamics, which also differ
from the overall unfolding (Figure 1). Similar behavior was detected
for a “globally downhill” folding small helical protein using NMR."?
The P22 subdomain unfolds from the N-terminus of helix 1,
implying that the global, partially helical intermediate (Figure 1d)
corresponds to the unfolded N-terminus. This is consistent with
the 3-D structure of the P22 subdomain (Figure 1a),° in which the
terminus of the longer helix 1 is not in tertiary contact with the
second o-helix. The labeled part of helix 2 starts unfolding next
through a gradual transition, while a sharper unfolding of the turn

segment precedes the C-terminus of helix 1. Both a-helices retain
some helical population, which is consistent with the incomplete
global unfolding (Figure 1d). A negligible amount of residual
structure in the isolated a-helical fragments (Figure 1) implies that
the hydrophobic contacts near the turn stabilize the neighboring
a-helical segments.

The application of '*C isotopically labeled IR to proteins is not
without difficulties. A relatively small fraction of '*C labels and
overlap with the carboxylic side-chain vibrations can obscure the
isotopic amide I' signals. However, our results demonstrate that it
is possible to detect 2—3 '*C amino acids in a 40-residue protein
sequence. The local structural transitions can be resolved by a
statistical analysis of the data sets and provide insights into the
details of the folding mechanism that cannot be obtained from the
overall “average” signals. A description in terms of a few
thermodynamic states, which accounts for the overall unfolding
(Figure 1d), is not sufficient for characterizing the site-specific
unfolding data. Instead, more detailed, residue-level modeling will
be necessary.'* A better understanding of the temperature depen-
dence of the amide I' IR spectra will also be needed to properly
account for the nonstructural temperature effects.'”
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