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Understanding how proteins fold has emerged as a central
problem in biophysics. The equilibrium folding mechanism of
cytochromec (cyt ¢) has served as a model systémnalysis of
spectroscopic dafd,along with the results of small-angle X-ray
scattering, fluorescencé, magnetic circular dichroisrh,amide _ & \
exchangé,2D IR.f and NMR¢7 studies convincingly demonstrate (loulml =i ysTB

C-terminal helix

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 i Y = 573) D loop
techniques. g
We have been developing the use of site-selectively incorporated
carbon-deuterium (G-D) bonds as probes of protein folding and
dynamics? C—D bonds may be incorporated anywhere within cyt
¢, 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, cywas
semisynthesized with either (methyd) methionine incorporated
at Met80 ((fls)Met80) or with a 1:1 mixture of §-ds and G,-ds
labeled leucine isotopomers incorporated at position @B)-((
Leu98)8¢ The IR spectra ofdz)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 spectrady)Leu68, @g)Lys72, ds)Lys73,
(dg)Lys79, (ds)Met80, (@ds)Ala83, (ds)Leu94, @s)Leu9d8, and ds)- 0 :
Alal01 cytc as a function of GdnHCI and urea (Figure 1). These A3 .
residues are located within four structural motifs of the folded
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Figure 1. Structure of cyt'®showing the motifs and residues characterized.
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protein; the 60’s helix (residues 6®8), the short 70’s helix Ala101 Met80
(residues 7675)? the D-loop (residues 7684), and the C-terminal | .
. . 0
helix (residues 87104)10 01234 02468 0123402468
The spectra were analyzed as a function of denaturant and the [GAnHCI] (M) [urea] (M) [GdnHCI) (M) [urea] (M)

absorptions were fit to Gaussians (Figure 2 and Supporting Figure 2. Fractional concentration for folded (black), unfolded (blue), and
Information) as described previousiyAt all denaturant concentra-  Intermediate (red) cy¢, along with fit (lines). Helical fraying at Ala101
tions, the spectra ofd§)Leud8, t)Lys72, @s)Leuds, ts)Leuds, results in partial unfolding at zero denaturéht.

and @s)Alal01 were well fit by a superposition of the spectrum at The linear extrapolation method, which assumesAt@tepends
zero denaturant (corresponding to the folded protein) and the linearly on denaturant concentration and has commonly been
spectrum at high denaturant, which was identical to that of the free employed for equilibrium unfolding studiésyas used to determine
amino acid under the same conditions. In contrast, at intermediate AG(0), the free energy difference between each species in the limit
concentrations of denaturant, the spectradgjlLys73 and ¢s)- of zero denaturantn, which describes the dependenceAds on
Met80 could not be reproduced by a superposition of folded and denaturant concentration, angh, the concentration at which both
unfolded spectra, and required an additional Gaussian. df}e (  species are present at equal concentrations (TablAG{0) for
Ala83 spectra were identical at high and low denaturant, but the folded and unfolded proteins are consistently kcal/mol
required an additional Gaussian at intermediate concentrationssmaller for GdnHCI than for urea. Since the free energy reflects
(Supporting Information). The additional Gaussian at each residue the stability of the same folded state, referenced to the different
reached maximal amplitude atl.2 M GdnHCI and~4 M urea, unfolded states, this suggests that the GdnHCI unfolded state is
respectively. This signal must correspond to a folding intermediate- more stable than the urea unfolded state.

(s). An intermediate was also observed wilk)I(ys79 and GdnHCI, The data reveal correlated behavior of the residues within a
but not urea. structural motif, as well as between the residues of the 60’s and
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Table 1. Site-Specific Equilibrium Parameters and Midpoint Concentrations for the Unfolding of Cytochrome ¢ in GdnHCI and Urea

GdnHCI urea
AG(0) m Cipp AG(0) m Cip
equilibrium? motif residue (kcal/mol) (kcal/M/mol) (M) (kcal/mal) (kcal/M/mol) (M)
F=U 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 22+0.2 5.6+ 0.1
Met80 7.5+ 05 3.2+ 0.3 2.31+ 0.05 13+ 1 21+0.2 5.5+ 0.2
Cr;t(J.I(minal 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
elix
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
Alal01 4+ 1 1.7+ 0.4 2.2+0.1 10+ 2 1.6+0.3 6.1+ 0.1
F=l 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 29+ 04 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
l=U 70’s helix Lys73 1.6£0.3 0.3+ 0.1 4.5+ 0.5 1.9+ 05 0.2+ 0.1 10+ 2
D-loop Lys79 1404 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

afF, folded; U, unfolded; I, intermediate state; for fit details see Supporting Informé&tida.intermediate detected.

C-terminal helices and between residues of the 70’s helix and unfolds cooperatively in both denaturants, the observation of an
D-loop. Residues of the 60’s and C-terminal helices have larger intermediate at this residue in GdnHCI, but not urea, suggests that
AG(0) values and smallen values than residues within 70’s helix  the side chain is in a unique environment in the former intermediate,
and D-loop. The apparently cooperative behavior of these folding but not the latter. Thus, it seems likely that Lys79 is involved in
units (or “foldons™®) suggests that the associated conformational heme misligation in GdnHCI, as suggested previously, but not in
changes involve the entire structural motif, even if not all of the urea.

changes are apparent at each residue because of insignificant The incorporation of €D bonds throughout cyt provides a
changes in the environment. The cooperative behavior may beunique opportunity to characterize the folding process with both
understood from consideration of the protein’s structdréhe high structural and temporal resolution. In addition, it should be
structure reveals that the N-terminal helix packs on both the 60’s possible to time resolve the changes in theOC spectra after
helix and the C-terminal helix, forming a tightly packed core which folding is photoinitiated. The combination of equilibrium and time-
apparently unfolds cooperatively. The D-loop and short 70’s helix resolved studies has the potential to fully define the folding
are contiguous, make intimate contacts with the heme cofactor mechanism of cyt.

(including the Met80 SFe bond as well as packing interactions),
and also appear to unfold cooperatively. Acknowledgment. This work is based upon research supported
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different from that predicted on the basis of previous experiniéfts. . i . ) . )
. . Supporting Information Available: Spectral analysis. This material
For example, H/D exchange studies suggest that the C-terminal. . . )
. . . . . is available free of charge via the Internet at http:/pubs.acs.org.
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 (1) (a) Pletneva, E. V.; Gray, H. B.; Winkler, J. Rroc. Natl. Acad. Sci.
assumed to be similar to those that cause structural changes at higher ~ U.S.A.2005 102 18397-18402. (b) Jordan, T.; Eads, J. C.; Spiro, T. G.
.. Protein Sci.1995 4, 716-728. (c) Latypov, R. F.; Cheng, H.; Roder, N.
denaturant. The results of the current study suggest that this is not A.; Zhang, J.; Roder, HJ. Mol. Biol. 2006 357, 1009-1025.
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60’s helix do persist to the same or higher denaturant concentrations ~_ P-Biophys. J2001, 81, 3522-3533.
(i.e. equal or increasam, values in GAnHCI and urea, respectively) ~ (3) Lyubovitsky, J. G.; Gray, H. B.; Winkler, J. R. Am. Chem. So@002

\ . " 2 124, 14840-14841.
as the 70’s helix and D-loop, this is not the result of greater stability, (4) Thomas, Y. G.; Goldbeck, R. A.; Kligar, D. Siopolym. (Biospectros.)
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