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Hydrogen-deuterium exchange (HX) is a valuable tool for char-
acterizing protein structural stability, solvation and water exposure,
and unfolding kinetic$:2 HX is influenced by the site-specifid<,
solvent accessibility to protonated sites, and strength of hydrogen-
bonding interactionsIn the hydrophobic core or strongly hydrogen-
bound secondary structures, HX rates are dramatically reduced due £
to shielding of exchangeable sitesIMR methods infer the degree S,
of protection and structural stability from site-specific HX measure- 5
ments34 which can be incorporated into fast-mixing experiments &
to provide information about reaction intermediatéR. spectros-
copy in conjunction with HX also provides information on solvent
exposure of the protein backbone, relying on the strong red shift
of the amide Il (Amll) vibration upon deuteration of the peptide
group NH?® IR is an appealing technique for kinetic studies, since
it can be used in combination with fast unfolding experimérits.
However, Amll is not otherwise structurally sensitive and is
typically overlapped with side-chain absorptions. Using two-
dimensional infrared (2D IR) spectroscopy, we have performed HX
experiments that combine the solvent-exposure sensitivity of Amll
with the secondary-structure sensitivity of amide | (Aml). The
correlation of transition frequencies in the Al region provides
a secondary structure-sensitive probe of protein solvent accessibility
ideal for studies of protein folding and stability.
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2D IR spectroscopy of Aml vibrations has found wide use in _
the study of protein and small-peptide conformation and dynam- 1500 G A e i
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of individual peptide groups leads to excitonic states whose wrf2ne fom1] enf2me fem]

vibrational spectrum reflects the symmetry of underlying secondary Figure 1.  FTIR and absorptive amide 141 2D IR spectra of (a) Con A,

: (b) myoglobin, (c) RNaseA, and (d) ubiquitin. The spectral regions
structures and the extent of delocalizatfdfi.In FTIR spectra, corresponding to the AmI/IAmll, and various side-chain absorptions are

antiparalle|s-sheets give rise to a two-peak Aml signature located |apeled in the middle. Dashes mark the Aml and Amli regions over which
at ~1630 cnt! (vg) and ~1690 cnt? (v), while a-helical and the slices in Figure 2 were integrated.
random coil absorptions overlap in the middle of the Aml band
(~1650 cm?). 2D IR spectroscopy of proteins has provided a as an oppositely signed doubléfThe diagonal featuresug = w)
higher level of detail about protein backbone conformation and can be assigned to components in the FTIR spectrum and are
secondary structure and is finding use in folding stuéiés. diagonally elongated as a result of inhomogeneous broadening. Off-
2D IR experiments can be extended to dissect the Aml spectral diagonal intensity arises from vibrational coupling. The Aml portion
profile on the basis of the solvent exposure of secondary structures.of the spectrum contains distinctive line shapes that arise from
For proteins immersed in f, buried residues that remain interference effects and indicate the underlying secondary structure
protonated will absorb at-1550 cnt! (Amll), while solvent- content. Z-shaped contour profiles elongated alopgs vo andy
exchanging (deuterated) residues will absorb~&t450 cnrt are characteristic gi-sheets and are observed for Con A, RNaseA,
(AmII"). The position and shape of Amill cross-peaks correlates  and ubiquitin'2 The diagonal Amll peak is observed-al550 cnt?,
the secondary structure observed by Aml vibrations with the and additional diagonal features between 1550 and 1610 arise
protonation state of Amll, isolating solvent-inaccessible secondary from side-chain absorptions by Asp, Glu, Asn, GIn, and &rgach
structures and hydrophobic regions of the protein. We have of the protein spectra exhibit cross-peaks between the Aml and
investigated the Amtll 2D IR spectra for several proteins with  Amll vibrations with strongly varying line shapes. Since Aml and
varying secondary structure motifs. Figure 1 shows the results for Amll vibrations are anharmonically couplédthese cross-peaks
four proteins: concanavalin A (Con A), myoglobin, ribonuclease arise from couplings in nonexchanged residues of the protein and
A (RNaseA), and ubiquitin. Additional protein spectra are presented directly reveal the Aml spectrum of the buried, nonexchanging
in the Supporting Information. residues and secondary structures of the protein. The cross-peaks
Resonances in the 2D IR spectrum correlate the frequency of are observed to extend along with the width of AmlIl and with
vibrational excitationv; with the detection frequenays and appear w3 peaks that pick out components from the Aml diagonal feature.

16520 = J. AM. CHEM. SOC. 2006, 128, 16520—16521 10.1021/ja0677230 CCC: $33.50 © 2006 American Chemical Society



COMMUNICATIONS

640 1660 1680 1700 1720
wyf2nc [em1]

Figure 2. Normalized slices taken alongn = wai (blue) overlapped with
the Aml slice (red) and Am | FTIR (black dashed).

To analyze these cross-peaks, slicesdar= wa; integrated
over a 30 cm® window in w; are plotted in Figure 2. These are
compared to the Aml FTIR and the Aml diagonal region projected
ontows. For Con A, as-protein, the cross-peak consists of a pair
of vertically displaced doublets ai; = 1630 and 1690 cni (Figure
1a), indicative of its antiparallgB-sheets. The lack of intensity
between 1640 and 1680 cfy seen in the cross-peak slice of Figure
2a, indicates that coil and turn regions at the edge of the protein
have exchanged. The cross-peak for myoglobiry-@motein, shows
a highly rounded and intense doublet centeredsat 1646 cnl.

The peak is red-shifted from the main Aml band, suggesting a loss
of spectral content from coil contributions. This allows one to
clearly isolate secondary structural elements from the random caoil
and solvent-exposed regions of the protein. Previous HX studies
on RNaseA, aro/g-protein, concluded that secondary structural
elements contain mixed protonation st&t@he presence of cross-
peaks in the 2D IR spectra containing all of the Aml features implies
a high degree of secondary structural stability in RNaseA at pH 7
and 5°C. The cross-peak slice (Figure 2¢) shows distinct signatures
of its -sheet andx-helices.

For ubiquitin, the 2D spectrum in Figure 1d and cross-peak slice

in Figure 2d show a round cross-peak centered at the frequency

associated witl-helices. This indicates that, even though ubiquitin
has a five-stranded mixed sheet, fhsheet of ubiquitin is relatively
labile and exchanges readily under low pH and temperature, and
the protons of the helix are least susceptible to HX. This conclusion
is consistent with ubiquitin unfolding studies, which argue that
ubiquitin’s mixed-sheet is partially disordered at the unfolding
transition state. The first 37 residues form a tightly folded core
consisting of a hairpin and helfxwhereas the remaining three
strands of the sheet are presumed to be less stable and unfold first.
The side-chain spectral features provide further insight into
solvent exposure within these proteins. In the 157610 cnt?
ubiquitin window is observed a pair of sharp diagonal peaks with

ws-elongated ridges indicating cross-peaks. We assign this feature 13) Kh

to the coupled symmetric/asymmetric guanidinium vibrations of
the Arg side chain&! The two modes appear at this frequency only
on deuterating the side chain, and they persist on full HX, indicating
that they are solvent-exposed (Figure S2 in the Supporting
Information). In the case of ubiquitin, the four arginines present
are within the loops and termini of the destabiliz8estrands.
Similar features are observed in RNaseA and lysozyme.

In addition to the structural sensitivity of the technique, 2D IR
provides information about the protein anharmonic vibrational
potential. These spectra, particularly fafproteins, show cross-
peak splittings that give a large apparent off-diagonal anharmonicity
or coupling strength. This feature most likely arises more from the
inhomogeneous broadening of Aml; however, this opens questions
about the degree of amide mode coupling in protéinsnother
feature, particularly in the3-sheet containing proteins, is the
asymmetry of the upwardwi < w3) and downward 1 > ws3)
cross-peaks. The asymmetry can be explained by destructive
interference effects between vertically elongated positive and
negative cross-peaks. The intensity mismatch is less dramatic in
the case of myoglobin and ubiquitin.

In conclusion, H/D exchange 2D IR spectroscopy can be used
to isolate spectra for buried secondary structure elements through
vibrational coupling of the Aml and AmIl modes. Coupling of the
amide modes in these isolated regions shows distinct spectral
features indicative oft-helical and/ors-sheet structure, implying
a high degree of stability of hydrogen-bonding contacts. With further
advances to expand femtosecond IR pulse bandwidths, the Aml,
Amll, and AmIlI' modes can be simultaneously probed, providing
a clear separation of solvent-accessible and -inaccessible residues.
Further, one can imagine experiments that use these probes for fast
time-resolved protein unfolding kinetics.
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