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ABSTRACT. The sequential unfolding events of horse, cow, and tuna ferricytochrofegsc) as a function

of increasing temperature over the range-8% °C were investigated by resolution-enhanced two-
dimensional infrared (2D IR) correlation spectroscopy. The 2D IR analysis revealed that in the thermal
denaturation of the two mammalian cyts, the overall sequence of unfolding is similar, with denaturation
of extended-chain and turn structures occurring prior to unfolding-bé&lices, followed by denaturation

of residual stable extended-chain structures. In tunacgienaturation of all extended-chain structures
precedes the unfolding ef-helices. Moreover, in cow ¢y, unfolding of all helical components occurs

as one cooperative unit, but in horse and tuna cytke helical components behave as subdomains that
unfold separately, as proposed recently by Englander and co-workers for hors¢Baytet al. (1995)
Science 269192-197; Milne et al. (1999). Mol. Biol. 29Q 811—-822]. At higher temperatures, following

the loss of secondary structure, protein aggregation occurs in the three dyte data presented here
establish that variations in the thermal unfolding of cgtean be associated with specific sites in the
protein that influence local flexibility yet have little affect on global stability. This study demonstrates
the power of resolution-enhanced 2D IR correlation spectroscopy in probing unfolding events in homologous
proteins.

Ferricytochromec (cyt c)! mediates the transfer of Coterminal belix 255
electrons from cyt reductase to cyt oxidase in the electron
transport chain of eukaryote$-3). X-ray analysis of horse
cytc (Figure 1) reveals a single polypeptide chain organized
into five a-helical segments (yellow) interconnected by six
pB-turns (green) and extended-chain structures (blue), which
account for~45, 25, and 30% of its amino acid residues,
respectively. X-ray and nuclear magnetic resonance (NMR)
data for horse and tuna cytsreveal that both proteins
possess remarkably similar main-chain structugegi{6).
Cow cytcis assumed to be essentially identical in structure
to horse cytc since the two proteins share high sequence
identity (>97%). Notwithstanding the overall similar struc-
tural elements, the proteins exhibit significant differences
in local stabilities as probed by tryptic digestiori—©9),
Fourier transform infrared (FTIR) spectrosco@0), and 70s helix
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I (H,0) and amide'l(D,0) bands 10). Essentially identical maps. However, caution must be exercised when generating
secondary structural elements were observed in horse an®D synchronous and asynchronous contour maps from
cow cytc, whereas splitting of thet-helical absorption in spectra subjected to resolution-enhancement algorithms such
tuna cyt ¢ indicated the presence of less stable helical as FSD. In particular, overdeconvolution can give rise to
structures. Monitoring the FTIR amidehbands of the cyts  artifacts in the deconvolved spectra that can be easily
c as a function of temperature revealed that loss of secondarymisinterpreted as amidé band componentsl). In the
structure and protein aggregation occurred within a narrow present work, a signal-to-noise ratio in the amidaisorption
range <10°C). To determine whether sequential events are region of >25 000:1 and a residual water vapor absorption
involved in thermal unfolding of the cytg, we have of <0.1 milliabsorbance unit were established as criteria for
reexamined our FTIR datalQ) using generalized 2D IR FSD. As suggested by Jackson and Mant&€h (he absence
correlation analysislG), which is capable of detecting minor  of artifacts in the deconvolved spectra was verified by
structural changes in response to external perturbations sucttonfirming that the number of bands and their positions in
as temperaturelg, 17. For example, 2D IR analysis the deconvolved spectra matched those in second-derivative
revealed that the Cro repressor protein forms stable inter-spectra generated from the same raw spectral data.
mediates only after specific secondary structures are unfolded Interpretation of 2D IR Correlation PlotsTwo types of
first, which was not observed from simple Fourier self- 2D correlation plots are generated, synchronous and asyn-
deconvolution (FSD) analysid §). Likewise, Wang and co-  chronous, which represent the in-phase and out-of-phase
workers (8) observed ovalbumin protein peaks by 2D IR variation, respectively, between spectral components to an
that were detected in neither the raw nor the second- applied perturbation. The asynchronous contour plot com-
derivative spectra. The present 2D IR analysis of the thermalbined with the synchronous plot provides details on the
denaturation of cyts reveals that the sequence of events in sequence of events following an applied perturbation. As a
the unfolding of structurally homologous proteins can vary result of the symmetric and antisymmetric properties of the
significantly. cross-correlation peaks with respect to the diagonal line in
the 2D plots, only peaks above the diagonal are discussed.

EXPERIMENTAL PROCEDURES Peaks are identified 26vs Y cm™1, whereX andY represent

IR SpectroscopyrTIR spectra were recorded previously the frequencies marked on the andy-axes, respectively.
for cyts ¢ from horse (Type VI) and cow and tuna (Type Throughout this paper, solid and dashed lines in the 2D plots
XI) (Sigma) (10). Typically, after hydrogen/deuterium denote positive and negative correlation peaks, respectively.
(H/D) exchange was completeu8 of a 4 mM cytc solution According to the rules proposed by Noddb), the sign of a
in 50 mM sodium phosphate buffer (pD 7.0) containing cross-peak (positive or negative) in the asynchronous plots
0.2 M KCI was sandwiched between two Gakindows determines the sequential relationship between two bands.
(Wilmad) separated by a 56m Teflon spacer (Harrick  When the system is perturbed by increasing the temperature,
Scientific). Spectra were recorded on a Nicolet Magna IR as in the present study, a positive region in the asynchronous
550 Series Il FTIR spectrometer equipped with a deuteratedmap indicates that the spectral intensity chang¥ atcurs
triglycine sulfate KBr detector. The cell temperature was at a lower temperature than that“aif the corresponding
increased by 2C between 25 and 95C, and the FTIR synchronous peak & vs Y is also positive. On the other
spectrum was collected after the cell was thermally equili- hand, if the synchronous peak ¥tvs Y is negative, the
brated for 10 min. Spectra represent an average of 256 scanspectral intensity change Xtoccurs at higher temperature
recorded at a resolution of 2 crhusing a Happ-Genzel than that aty. A negative peak in the asynchronous map is
apodization with a velocity and aperture of 0.9494 cm/s and interpreted in a similar manner; i.€{ changes at higher
67, respectively. To improve band resolution, FSD of the (lower) temperature if the synchronous vs Y peak is
amide | bands was carried out using Omnic 3.1 software positive (negative).
(Nicolet), employing a half-width-at-half-height (HWHH) of
13 cnr! with an enhancemenkK(factor) of 2. RESULTS AND DISCUSSION

2D IR Analysis.Generalized 2D IR correlation analysis Thermal Unfolding of Horse, Cow, and Tuna Cyt$dor
of the FSD amide’l(1600-1700 cn1?) spectra taken every to reporting the 2D IR analysis of the thermal denaturation
4 °C between 25 and 81C was carried out as described of cytsc, the previous 1D analysis will be summarizddy,
previously (0) using KG2D software written by Wang.§). Curve-fitting of the FSD amid€ bpectra of horse and cow
A 5% correlation-intensity cutoff was used to generate both cyts ¢, which consisted of four bands (1671, 1653, 1641,
low- and high-resolution 2D IR plots for all three cyts and 1631 cm?), revealed similar secondary structural ele-
and 2D analysis performed on duplicate sets of FTIR thermal ments. Bands attributed to-helices, at 1653 cnt in horse
denaturation spectra resulted in reproducible 2D correlation and cow cytsc, and at 1654 and 1645 crhin tuna cytc,
plots. The KG2D software can process any spectral data (e.g.decrease in intensity with increasing temperature (Figure
Raman scattering, infrared, or ultraviolet/visible absorption) 2a—c). Splitting of thea-helical absorption into two popula-
that can be imported by Grams/32 4.01 software (Galactic). tions (1654 and 1645 cr) in tuna cytc reveals the presence
Moreover, the change in the spectroscopic signal can be dueof less stable helical structure$Qj, that likely include the
to any physical variable, such as temperature (used here)60s helix (residues 6170) based on NMR dat&( 6). Loss
time, pressure, or denaturant concentration. The advantagef absorption in horse and cow by turns at 1671 and 1641
of using the KG2D software is that it allows 3D representa- cm™ (1670 and 1644 cnt in tuna cytc) and extended-
tions of the 2D contour maps to be examined using Grams/ chain structures at 1641 and 1631 ¢ér(1644 and 1630 crt
3D 3.02 software (Galactic). Rotating and zooming the 3D in tuna cytc) accompanies the loss of helical absorption in
image aids in the identification of weak peaks in the 2D the three cyte. New bands at-1616 and 1684 cni, due
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Table 1: Correlation Table for the Deconvolved FTIR Spectra of
Horse Cytc over the Temperature Range-281 °C3 ¢

cm’ 16847 16524 16474 16374

16304 -+ R, + o t+e

16374 -+ +-= =

Absorbance

16474 -+ ++e=

16524 —4=

-2+ ; . . , . | : . ; Sequence of events for individual components
1700 1690 1680 1670 1660 1650 1640 1630 1620 1610 1600
Wavenumber {(cm™)

turns / extended chains (1637 cm™){
less stable a-helices (1652 cm™ W

U extended chains (1630 cm™){ and o-helices (1647 cm™ )4
intermolecular antiparallel f-sheet (1684 cm™)T

a Spectral data from Figure 2aColumn and row headings represent
the X andY frequencies, respectively, from the 2D maps in Figure 3.
¢ Vertical arrows represent an increadedr decreasel) in the band
intensity as the temperature is raisédhe signs ¢, —) of the X, Y
peaks above the diagonal in the 2D synchronous maps (left-hand sign)
and asynchronous maps (right-hand sign) are indic&tddrizontal
arrows indicate the sequence of intensity changés?> X andY < X
denote that the intensity changeYabccurs at lower=) or higher
(=) temperature than that & Y < X denotes that the intensity changes

-2 T T T T T T T T ! atY and X are synchronous.
1700 1690 1680 1670 1660 1650 1640 1630 1620 1610 1600

Wavenumber (cm’™')

Absorbance

Table 2: Correlation Table for the Deconvolved FTIR Spectra of
Cow Cytc over the Temperature Range-2581 °C? ¢

cm’ 16847 16524 16374

16304 = +4+ < +4+ <=

16374 -t +-=

Absorbance

16524 -+

)] Sequence of events for individual components

T T T T T T T T T
1700 1690 1680 1670 1660 1650 1640 1630 1620 1610 1600 turns / extended chains (1637cm’1)¢

Wavenumber (cm’™') ) ny
FIGURE 2: Stacked absorbance vs temperature-@b°C) plots U a-helices (1652 cm”)
of the deconvolved amidé (D,O) bands of 4 mM (a) horse, (b) extended chains (1630 cm™)d
cow, and (c) tuna cytx in 50 mM sodium phosphate buffer ) ] a
containing 0.2 M KCI (pD 7.0). Experimental details are given in intermolecular antiparallel B-sheet (1684 cm™)T
the text. Vertical arrows represent an inqreé}et(decreasell in
_the band intensity as the temperature is raised. The_ temperature a Spectral data from Figure 2BColumn and row headings represent
interval per trace is 4C, and the data were plotted using Omnic the X andY frequencies, respectively, from the 2D maps in Figure 4.
3.1 software (Nicolet). The aggregation bands (1616 and 168%cm .. See footnotes to Table 1.
reach~1/3 their final intensities at 69, 73, and 88 in (a), (b), ’
and (c), respectively.

more sensitive approach, such as resolution-enhanced 2D IR
analysis, is required to detect minor out-of-phase variations
due to noncooperative events during the thermal unfolding

1684 and 1616 cmt remained constant above 76 as seen process 16). The _assignments of the peak_s in the 2D IR
in Figure 2. Upon cooling from 95 to 2%, the aggregation plots are summarized in Tables-3 and are discussed next.
bands remained unchanged, demonstrating that the denatur- 2D IR Correlation Plots of Horse Cyt ¢n the synchro-
ation of the protein was irreversible (data not shown). The nous 2D IR plot of horse cyt (Figure 3a), three autocor-
transition-midpoint temperatured,() for aggregation and  relation peaks (along the diagonal) centered at 1684, 1652,
loss of secondary structure, as monitored by intensity changesand 1616 cm! are observed, indicating that the relative
in the amide 'l bands, overlap at 74C (bovine), 70°C intensities of these bands change with increasing temperature.
(horse), and 63C (tuna) in the 1D plots1). The elongated autopeak centered at 1652 cin the

Only a limited amount of information on the sequence of synchronous plot (Figure 3a) is broad with low resolution,
unfolding events can be obtained from the 1D spectra. A suggesting that additional peaks are buried underneath.

to intermolecular antiparallgs-sheets resulting from irre-
versible aggregation of the unfolded proteltd{ 21, 232,
grow between 65 and 7. The intensities of the bands at
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Ficure 3: 2D IR (a, ¢) synchronous and (b, d) asynchronous maps of the ahatiedrption of horse cyt constructed from the spectral
data in Figure 2a. 2D correlation plots were generated using KG2D softdard§ over the full amide'lregion (1606-1700 cnt?) and
the expanded helical region (1660625 cnT?) to increase resolution. Solid and dashed lines represent positive and negative correlation

peaks, respectively.

Table 3: Correlation Table for the Deconvolved FTIR Spectra of

Tuna Cytc over the Temperature Range-281 °C? ¢

cm’! 16847 16524 16464
16304 -+ = o= -
16464 —~ +-=
16524 .

Sequence of events for individual components

extended chains (1630 cm™)d

U stable a-helices ¢ (1646 cm™){
a-helices (1652 cm™ )

turns / extended chains (1646 cm™ )4 and less

intermolecular antiparallel p-sheet (1684 cm™)T

a2 Spectral data from Figure 28 Column and row headings represent
the X andY frequencies, respectively, from the 2D maps in Figure 5.

¢~¢ See footnotes to Table 1.

1630 cn1t were detected. The positive cross-correlation peak
at 1684 vs 1616 cnt indicates that the peak intensities
assigned to aggregation are changing in the same direction.
Likewise, positive intensity at 1652 vs 1637 thand at
1652 vs 1630 cmt indicates that the absorptions assigned
to a-helices (1652 cmt), turns/extended-chains (1637 ¢y

and extended-chains (1630 chhare changing in the same
direction. Two negative cross-correlation peaks are observed
at 1684 vs 1652 cnt and at 1652 vs 1616 crh, revealing

that the unfolding ofx-helices (1652 cmt) is accompanied

by protein aggregation (1684 and 1616 ¢&jn

Cross-correlation peaks in the asynchronous plot for horse
cyt ¢ (Figure 3b) indicate that peak intensities of some
secondary structure components vary out-of-phase (i.e., are
accelerated or delayed) with respect to each other as the
temperature is increased. Thus, the thermal unfolding of horse
cyt cinvolves sequential events that can be interpreted from
the 2D IR correlation maps. Since the cross-correlation peaks
at 1684 vs 1652 crt and at 1684 vs 1637 crhare positive
in the asynchronous map but negative in the synchronous
map, denaturation ofx-helical (1652 cm') and turns/
extended-chains (1637 cr) precedes protein aggregation

Hence, a 3D representation of the 2D map was generated1684 cm?). The negative cross-correlation peaks in the
(data not shown), and, as expected, autopeaks at 1637 andsynchronous maps (1652, 1637, and 1630 vs 1616)cm
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Ficure 4: 2D IR (a, ¢) synchronous and (b, d) asynchronous maps of the ahatiedrption of cow cyt constructed from the spectral
data in Figure 2b. See caption to Figure 3.

can be interpreted in a similar manner, with the secondary The sequence of intensity changes of peaks assigned to
structure elements denaturing at lower temperature thanthe secondary structural elements (Figure 1) in the thermal
protein aggregation. Thus, despite the apparent overlap ofdenaturation of horse cyt is summarized in Table 1.
their Ty, values in the 1D integrated intensity vs temperature Recently, NMR H/D-exchange experiments performed on
plots (10), loss of secondary structure and protein aggregation native horse cyt implicated a sequential unfolding pathway,
are not synchronous events in horse eyt where unfolding of cooperative structural units occurs as a
To examine the sequential thermal unfolding of secondary function of temperature2@, 24. It was proposed that global
structures in horse cyt(Figure 1) in greater detail, a set of  ynfolding is initiated by unfolding of the cooperative unit
synchronous and asynchronous plots with higher resolution containing residues 7485, followed by a loop between
were generated over the range 166625 cm* (Figure residues 36:61; these changes are consistent with the initial
3c,d). In the asynchronous map, the positive cross-peak (1653, in intensity we observe at 1637 chiturns/extended-
vs 1630 cm?) reveals that the-helices (1652 cmt) unfold chain). Next, the 60s helix (residues-620) and a region
before denaturation of the extended-chains (1630%m between residues 25 denature as a cooperative unit
whereas the negative cross-peak (1652 vs 1637'XM \nich can be associated with the 1652- and 1630km
indEates that disruption of t_urns/extended-chains (1637 absorption bands, respectively. The final transition to the
em ) occurs before loss af-helical structures (1652 crf). globally unfolded state is marked by the simultaneous

Moreover, a positive peak at 1637 vs 1630 émeveals . ) ! .
; P unfolding of the N-terminal (residues-32) and C-terminal
denaturation of turns/extended-chain structures (163%)cm (residues 96100) helices 23, 24, consistent with the

prior to extended-chains (1630 ch). A positive cross- . . .
. . unfolding of low-frequency-helices (1647 cm') transpir-
correlation peak (1652 vs 1647 ci) exposes the existence ing before the onset of aggregation at 1684 and 1616-cm

of a 1647-cm? band, which we assign to low-frequency

a-helices, based on previous curve-fitting of the 1D spectra (Table 1).

(10). Hence, unfolding ofi-helical components in horse cyt 2D IR Correlation Plots of Cow Cyt ®ue to their high

¢ does not occur simultaneously but sequentially, with the sequence identity and similar local and global stabilities
helices that absorb at higher frequency denaturing at lower (7, 8, 10, 25, one would expect the sequence of unfolding
temperature. events to be very similar for horse and cow cgtsThe



2D IR as Probe of Sequential Events in @ytJnfolding Biochemistry, Vol. 40, No. 28, 2008261

Synchronous 2D Correlation Synchronous 2D Correlation
1625
° " 1635
s 5
5157 5 -
£ £
3 — 3
o o
[ @ o
& 1660 g 164
= =
1680 -
i 1655 | !
1700 Yy T T i T T T T T . T T i T T T i
1700 1680 1660 1640 1620 1600 1655 1645 1635 1625
Wavenumber (cm™) Wavenumber (cm™)

Asynchronous 2D Correlation Asynchronous 2D Correlation

16001 = T
1620
‘TE i "_E 1635
s o
o 1640 )
e) o |
£ 1<
=1 = 3
& g
& 1660 g 16
s 0 S 2
1680
17004 T T T T T T T T T L T T T f Y T T
1700 1680 1660 16840 , 1620 1600 1655 1645 1635 1625
Wavenumber (cm™') Wavenumber (cm™)

Ficure 5: 2D IR (a, ¢) synchronous and (b, d) asynchronous maps of the afrattedrption of tuna cyt constructed from the spectral
data in Figure 2c. See caption to Figure 3.

synchronous map of cow cgt(Figure 4a) reveals essentially also occurs at higher temperature following denaturation of
the same broad autopeak centered at 1652 cietected for its a-helices (1652 cmt), turn/extended-chain (1637 ci),
horse cytc (Figure 3a). Autopeaks at 1637 and 1630 ém  and extended-chain structures (1630 &mHowever, the
are detected when a 3D representation of the 2D map isabsence of an-helical cross-peak (1652 vs 1647 cthin
plotted (data not shown), and the improved resolution the high-resolution asynchronous map of cow cyFigure
afforded by the 3D representation revealed additional auto- 4d) reveals cooperative unfolding afi its a-helical struc-
peaks (1684 and 1616 cr), as seen in the horse ay2D tures. This must be due to the three amino acid substitutions
map (Figure 3a). Negative cross-correlation peaks at 1684in cow cyt ¢, two of which actually occur in helical
vs 1652 cm?! and at 1652 vs 1616 crh indicate that segments: Lys60 (horse} Gly60 (cow) and Thr89 (horse)
o-helical intensity (1652 cmt) changes in the opposite — Gly89 (cow). The third substitution is in a loop region,
direction to aggregation (1684 and 1616 d&n Positive Thr47 (horse)— Serd7 (cow).
intensity at 1652 vs 1637 and 1630 chreveals that the Table 2 summarizes the correlation peaks observed in the
absorption at 1652 cm (o-helices) changes in the same synchronous and asynchronous maps of cowcegind the
direction as that centered at 1637 (turn/extended-chain) andsequence of the thermally induced intensity changes that
1630 cm? (extended-chain). In summary, from the 2D reveal the sequential events in unfolding. Initially there is
synchronous plot of cow cy, it can be concluded that as  disruption of extended-chain and/or turn structures (1637
the temperature is increased, denaturation of turn/extendedcm™) followed by the cooperative unfolding of the helical
chain (1637 cm?'), a-helical (1652 cm?'), and extended- components (1652 cm), then denaturation of extended-
chain (1630 cm?) structures is accompanied by protein chain structures (1630 crf). The appearance of aggregation
aggregation (1684 and 1616 chhas was observed for horse bands (1684 and 1616 ci) at higher temperature estab-
cytc. lishes that the protein is denatured. Thus, using the 2D IR
An elongated positive cross-correlation peak (1684 vs approach, global-stability variations between horse and cow
1652, 1637, and 1630 crf) and a broader elongated negative cytsc (7, 8, 10, 2% can be pinpointed to differences in the
cross-correlation peak (1652, 1637, and 1630 vs 16168)m unfolding sequence of their helical structures (Table 1 vs
are detected in the asynchronous plot of cowyFigure 2), which renders the cow protein more thermally stable than
4b). Hence, aggregation (1684 and 1616 &nof cow cytc the horse protein.
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2D IR Correlation Plots of Tuna Cyt dhe 1D stacked
(Figure 2c) and 2D synchronous (Figure 5a) plots reveal that
helices (1652 and 1646 cr), turns (1646 cm'), extended-
chain structures (1646 and 1630 ¢ty and aggregation
bands (1616 and 1684 ch) change in intensity with
increasing temperature as seen for horse and cowccytse

Filosa et al.

denaturation involves alteration of low-frequency extended-
chain structures (Table 3), which include residues 29 in

the heme-crevice region (Figure 1); in contrast, this is the
most stable region in horse oy{27) and very likely in cow

cyt c also (Table 2). Hence, decreased stability of the heme
crevice in tuna cyt (7, 8, 10 determines the sequence of

presence of cross-correlation peaks in the asynchronous plounfolding events as the temperature is increased. Neverthe-
(Figure 5b) indicates that the various structural componentsless, variations in local stability and unfolding do not have
of tuna cytc respond differently to increasing temperature a dramatic affect on overall stability, since the global

as summarized in Table 3. Elongated positive asynchronousunfolding of all three cyts occurs within a narrow 2C

cross-peaks (1685 vs 1652, 1646, and 1630 ¥nand
corresponding negative synchronous peaks (Figure 5a)
imply that helical (1652 and 1646 ct, turn (1646 cm?),

and extended-chain (1646 and 1630 “émstructures
denature prior to aggregation (1684 cinas in horse and
cow cytsc.

range (6575 °C) (8, 10. It is also of note that the
overlappingTy, values for the global stability obtained from
the 1D FTIR analysesl(Q) suggested that loss of secondary
structure and aggregation occur in parallel, but the 2D
analyses clearly show that these are sequential events; the
denatured proteins aggregate, rather than aggregation pro-

Several weak cross-correlation peaks are observed in themoting denaturation.

high-resolution 2D correlation maps (1625660 cm?) of
tuna cytc (Figure 5c¢,d). For instance, negative correlation
peaks at 1652 vs 1630 ctand at 1646 vs 1630 crhin

the asynchronous plot (Figure 5d) reveal that low-frequency
extended-chain structures (1630 dnlose intensity before
thea-helices, contrary to what was found for horse and cow
cyts c. Furthermore, the negative correlation peak at 1652
vs 1646 cm? indicates that the low-frequency helices (1646
cm 1) unfold before the high-frequency helices (1652 &n
which is opposite to that observed for horse cyfable 1

vs 3). Curve-fitting of the 1D spectrd @) revealed splitting

of the helical absorption in tuna cgtwith ~20% intensity

at the lower frequency. In contrast, splitting of the helical
absorption of horse cyt was only detected using the more
sensitive 2D analysis (Figure 3d), but even this approach
failed to detect helical splitting in cow cyt (Figure 4d).
Since H-bonding of the peptide carbonyl red-shifts the amide
I" absorption 26), low-frequency helices are more strongly
H-bonded and/or more solvent-exposed than those at highe
frequencies. Red-shifting of the helical absorption in tana

has been attributed to increased solvent exposure, yielding

helices that are less stable and unfold at lower temperatur
than the more buried helices with 1652-crabsorption 10).
Following loss of secondary structure, protein aggregation
occurs, giving rise to bands at 1684 and 1616 tm

The difference in the sequence of unfolding events in tuna
compared to horse and cow cytgan ultimately be linked
to the less stable heme-crevice of the tuna protéjnl().
Using mass spectrometry to monitor H/D exchange in horse
cyt ¢, Zhang and Smith27) observed that residues 283
(Figure 1), which form an extended-chain structure adjacent
to the heme, are shielded from the solvent. Assuming that
residues 2933 contribute to the low-frequency extended-
chain absorption (1630 crf of tuna cytc, their denaturation
before a-helices (Table 3) would be consistent with the
significantly decreased stability of the heme crevice in tuna
vs horse or cow cyts (7, 10.

In summary, subtle but significant differences in the
sequence of thermal unfolding events are detected by 2D
correlation analysis of the FTIR spectra of horse, cow, and
tuna cytsc shown in Figure 2. Despite their high sequence
identity (>97%), horse and cow cytsexhibit nonidentical
thermal unfolding pathways, with helical structures denatur-
ing sequentially in horse cy but cooperatively in cow cyt
c (Table 1 vs 2). The first step in tuna cyt thermal

r
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CONCLUSIONS

Using a highly homologous set of proteins, horse, cow,
and tuna cyts, with solved X-ray 2, 5 and NMR 4, 6)
structures, we have demonstrated the power of resolution-
enhanced 2D IR correlation analysis in identifying the
relative stabilities of secondary structures. The results are
consistent with those from NMR H/D-exchange experiments
performed on horse ¢y which reveal that specific structural
units unfold cooperatively23, 24. The present study also
illustrates the usefulness of resolution-enhanced 2D IR
correlation analysis in detecting subtle changes in structural
components and in uncovering sequential events in unfolding
following thermal perturbation. Clearly, a powerful feature
of this approach is the ability to distinguish between structural
elements with overlapping absorptiod6( 17 such as
o-helices of varying stabilities. In future studies, one can
envision modifying key structural residues to relate differ-
ences found by 2D IR correlation analysis in unfolding/
refolding pathways to specific sites. Furthermore, since the
acquisition of FTIR spectra is rapid and requires little sample
and FTIR equipment is relatively inexpensive, 2D IR
screening should provide an invaluable tool for identifying
candidate proteins for structure determination by NMR or
X-ray crystallography in whole-proteome studies.
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