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UV Resonance Raman Study of the Spatial Dependence afHelix Unfoldingt
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We used ultraviolet resonance Raman (UVRR) spectra to examine the spatial dependence and the
thermodynamics ofi-helix melting of an isotopically labeled-helical, 21-residue, mainly alanine peptide.

The peptide was synthesized with six natural abundance amino acids at the center and mainly perdeuterated
residues elsewhere.,@euteration of a peptide bond decouples-€& bending from N-H bending, which
significantly shifts the random coil conformation amide 11l band; this shift clearly resolves it from the amide

[Il band of the nondeuterated peptide bonds. Analysis of the isotopically spectrally resolved amide Il bands
from the external and central peptide amide bonds show that the six central amide bonds have a higher
a-helix melting temperature~32 °C) than that of the exterior amide bondsH °C).

Introduction at the Pittsburgh Cancer Institute by the solid-phase peptide

An elucidation of the mechanism of protein folding requires synthesis meth,Od' . L
the understanding of the structural and dynamical aspects of InStrumentation. The UV—Raman instrumentation is de-
a-helix unfoldingi# Previous theoretical examinations of SCfibed in detail elsewhef€’ UVRR spectra were measured
a-helix unfolding predicted that at equilibrium all but the longest USing 204 nm excitation obtained by anti-Stokes Raman shifting
a-helices would contain only a single helix sequence and that the third harmonic of an Infinity YAG laser (Coherent Inc.) in
this helix would unfold from its ends.Recent transient 2 The Raman scattered light was collected imd35

fluorescence prob IR absorptiorf,and UV resonance Raman ~ Packscattering geometry and dispersed by a Spex double
(UVRR) studie® have found that the unfolding dynamics monochromator. An intensified CCD detector (Princeton Instru-

occurs on a 200 ns time scale and that the kinetics have theMents Co.) was used for detection. The samples were measured

appearance of a two state unfolding mechanism. However, N a temperature-controlled free-surface flow stream.
detailed kinetic temperature-dependent measurements indicate All spectra were normalized to the CJOinternal standard
that the unfolding does not show a simple two state Arrhenius band at 932 cm'. The broad 1640 cnt H,O Raman bending
behaviort This clearly signals that the true mechanism follows band was subtracted using a measured solvent reference
an intrinsically complicated energy landscape. spectrum.

Our recent kinetic UVRR investigatioh%have allowed us The CD spectra were measured by using a Jasco 710
to examine the dynamics of peptide unfolding by examining spectropolarimeter.
the evolution of the UVRR spectra caused by a ns T-jump. The
Raman spectra are highly resolved and can be used toResults and Discussion
guantitatively determine the secondary structure composition.

The obvious next step in the study of the helix unfolding process 10 Spectrally spatially resolve the central from the exterior
is to understand the spatial dependence of unfolding. peptide bonds we compared the UVRR of natural abundance

We show here that it is possible to determine the spatial de- AP t0 the deuterium labeled peptidAAAAAAA- RAAAAR-

pendence of peptide unfolding through isotopic labeling. Isotopic AAAA -R-AA (AdP), where A is L-Ala(2,3,3,3-D). Both
labeling shifts the vibrational bands such that the conformational PEPtide termini are fully deuterated, except for the residue
evolution of an isotopically labeled region can be resolved from Nineteen arg group, while the central two arg and the four ala
the conformational evolution of an unlabeled region. We, thus, &€ natural abundance.

measure the temperature-induced melting of different parts of UVRR Spectra of AP and AdP. Figure 1 shows 204 nm
the o-helix, and find different melting temperatures for the excited UVRR spectra of AdP and the natural abundance alanine

exterior versus the central peptide amide bonds. peptide (AP) at low{0.2°C) and high €70 °C) temperatures
as well as their temperature difference spectra. AP &7 %
Experimental Section essentially pure random coil and shows bands ®#60 cnt?,

~1550 cn1?, ~1380 cnt?, and~1249 cnt! which are assigned
to the amide I, amide Il, gH bending and amide Il vibrations,
respectivelyt We measure an amide Ill Raman cross section
of ~60 mBarn/(peptide bondr).

As shown previously, the temperature-induced spectral dif-
ferences result from the-helix—random coil transition com-
bined with a modest temperature dependence for the random
coil Raman bands.The AP difference spectrum (Figure 1c)

T . “. ) . shows a peak at 1234 crhdue to the loss of the random caoil
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Materials. The deuterated alanine was obtained from Gly-
copep Chemicals, Inc. The alanine based polypeptide (AP) of
composition A(AsRA)3A and the deuterium labeled peptide

AAAAAAAA- RAAAAR-AAAA -R-AA (AdP)

whereA is L-Ala(2,3,3,3-D) were synthesized>(95% purity)
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Figure 1. 204 nm excited UV RR spectra of the 21 unit peptide AP _. .
(AAAAAAAA -RAAAAR-AAAA-R-AA) (a, b, ¢) and the deuterated Figure 2. (A) Temperature dependence of the AP and AdRelicity

eptide AP AAAAAAAA- RAAAAR-AAAA -R-AA, where A is as calculated from CD measurements using the method described in
E)-A?Ia(z 3,3,3-D)) (d, e, ) at—0.2°C (b, €),470 °C (’a d) and their ref 1. The CD data were fitted to expressions for the molar ellipticity

difference spectra (c, f). The experimental setup is described in referencegn%?%gl;sa_taee”c(l:zllfrgggoﬁ fesriugquggj :gzemzﬁggzhgg:cf&f;gnﬁom
1. The 932 cm! band of 0.15 M sodium perchlorate was used as an '~ P P

internal standard, and the peptide concentrations were 0.5 mg/mL. Wethe UVRR of AP @), nondeuterated central amide bony) (and

"~ L ] . .~ deuterated external amide bond®) ©of AdP. Thea-helix composition
utilize a spectral accumulation time of 20 min, with a spectral resolution - . .
of ~10 cr?rl. The star marks a peak assigned to m%lecular oxygen. was ratioed to the total number of AdP peptide bonds (twenty). Solid

L lines are the best fits obtained using egs 1 and 2 with the parameters
Spectra (c) and (f) were multiplied by 2. listed in Table 1, assuming the magim?mhelical fractions (?.7 for
) o AP, 0.3 for the central peptide bonds of AdP, and 0.4 for the external
difference features also occur, such as the derivative shapetheptide bonds of AdP(C) a-Helical fraction temperature dependence
amide | feature, due to the fact that the random coil amide | from Figure 2B normalized to the number of peptide bonds of the
band occurs at higher frequency than doesdHeelix form. central and of the external segments that can forndelix. Solid
The UVRR spectra of AdP differ from those of AP mainly ::ggsa:?;et;]r;ethbslgfgs obtained using eqs 1 and 2 with the parameters
in an upshift of the & deuterated amide Il band te1325 ’
cm 19713 The deuterated amide Il band displays a dramatically py the conversion of deuterated amide bonds fromotteelix
increased Raman cross sectiomgf17 mBarn/(peptide bond {5 the random coil conformation.
sr). In addition, the ¢—H bending band intensity decreases due  The intensity of the 1325 cm deuterated amide Ill difference
to deuteration of some of the,&arbon amide bonds. spectral peak is determined mainly by the difference in the amide
Thus, the~1325 cm! band intensity derives mainly from ||| Raman cross section between thehelix and the random
the amide Il band from the deuterated amide bonds. The coil deuterated amide bonds, since there is little change in the
nondeuterated part of AdP shows a spectrum similar to that of amide 11l frequency between the-helix and random coil
AP (Figure 1); the shoulders observecdt240 and 1380 crrt conformations. The temperature dependence of the frequencies
in the spectrum of AdP derive from the amide IIl bands of the appears to be negligible, as is evident from the lack of a
nondeuterated amide bonds. The remainder of the AdP spectrunyerivative feature in the difference spectrum.
is very similar to that of AP. The intensities of the 1240 and 1370 chdlifference spectral
The AdP difference spectrum shows peaks at 1240, 1325, peaks are determined mainly by the increase in the number of
and 1370 cm?, in addition to the derivative shaped amide | random coil amide bonds, since only random coil amide bonds
difference band (Figure 1f). The 1240 and 1370 émeaks give rise to the peaks at 1235 and 1370~émThus, the
are similar to those in the AP difference spectrum (Figure 1c). magnitude of the deuterated and nondeuterated peptide bond
They derive from the amide Il and & bending bands of the  temperature difference spectral peaks is proportional to the total
increased concentration random coil conformation within the number of amide bonds undergoing the conformational transition
nondeuterated, center of AdP. In contrast, the 1325'drand, from a-helix to random coil.
absent in the difference spectrum of AP (Figure 1c), derives Melting of AP and AdP. Figure 2A shows the calculated
mostly from the deuterated part of AdP and is dominated o-helical fractions of AP and AdP determined from their
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Spatial Dependence ef-Helix Unfolding

TABLE 1: Thermodynamic Parameters? for AdP and AP
Coil<>Helix Transition

Tm AH AS

°C kcal/mobeptide kcal/(moeptiae K)
AP 17+5 —14.8+2 —514+6
AdP, ends 55 —14.4t4.1 —51.9+14
AdP, center 325 —18.745.5 —61.2£18

aThe thermodynamic parameters are listed with the standard errors

(£20). We fitted the melting curves of Figure 2 with egs 1 and 2 using
the Levenberg-Marquardt approximation procedure (SPSS software).
These equations have three independent paramételrsAS, and the
maximuma-helical fractionfmax (Or fdmay). If we determine all three
parameters from fitting, without constraints, the errors in determination

of those parameters will be much higher than those presented in Table

1. However, we estimated the maximal helical fractifns andfdmax
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curves by assuming the simplest two-state model for both
internal as well as penultimate amide bonds of AdP:

f
fo(T) = A )
1+ exp{— ﬁ + E
fdmax
expg— ==—=+1+t—
RT R

Heref,(T) andfd,(T) are the temperature-dependent fractional
o-helix content of the central and exterior peptide bonds, while
fmax IS the maximum o-helix fraction of the six central

from independent data, as noted above, and used them as fixednondeuterated peptide bondeiax is the a-helix fraction of
parameters in our fitting. This resulted in the smaller standard errors the eight exterior peptide bonds which can occur imamelix;

guoted in Table 1. The parametex#i and AS mutually compensate,
which increases their estimated standard errors.

andfyax = 6/20 = 0.3 andfdnax = 8/20= 0.4.
Although we see clear differences Tq, the differences in
AH and AS for the central residues compared to the external

measured CD spectra, according to the method described in refresidues, are within the error bars of the modeling, due to the

1. Figures 2B and 2C show the calculatethelical fraction of
AP and the spatially resolved calculatechelical fractions of
the central six and exterior fourteen amide bonds of AdP

limited spectral signal-to-noise ratios. We will revisit this issue
in the future when we obtain higher signal-to-noise ratio data
from higher concentration peptide samples; we presently have

determined by analyzing the UVRR spectra as described in theonly small amounts of the AdP peptide.

appendix below.

The Figure 2A CD data show the expected identicdielix
melting curves for AdP and AP, which yield, = 5 °C for the
average peptide bond melting temperatures. As previbusly

Conclusions

The work here demonstrates that UVRR of a selectively
deuterium labeled-helical peptide allows us to spatially resolve

discussed in detail, we calculate a significantly higher average the conformation of individual peptide bonds. We observe

peptide bondl', = 17 °C from the Figure 2B UV Raman data
because the Raman spectra more heavily weight shmtei-

cal segments than do the CD speétt&This modeling assumes
that a total of six penultimate residues will not formaihelix,
since they cannot have both stabilizieghelix hydrogen bonds.
Thus, we expect that a maximum of eight of the thirteen
deuterated external peptide bonds can be involved ut-halix
(62% maximuma-helix fraction).

The Figure 2B peptide melting curves are scaled to the tota
number of amide bonds (twenty), while the Figure 2C melting
curves are scaled to show the relatorsdnelical fraction of the
central six residues and the relatigeehelical fraction of the

significantly higherT,, values for peptide bonds in the center
of the peptide compared to the external peptide bonds. We are
beginning nsec UV resonance Raman T-jump studies of this
peptide to spatially resolve the dynamicsoehelix unfolding.
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| Appendix

Spectral Analysis.The APa-helical fraction was calculated
from the AP Raman spectra using the temperature-dependent
AP o-helix and random coil basis Raman spectra and the

exterior eight dueterated residues that can potentially fom an procedure of ref 1.

a-helix.
Figures 2B and 2C show significantly different melting curves

for the central and exterior AdP peptide bonds. The six central
peptide bonds show a complete melting curve with an apparent

Tm = 32 °C (Figure 2C). The central six peptide bonds are
essentially 100%:-helical at 0°C and have negligible--helix
content at 60°C.

In contrast, the exterior peptide bonds ar60% o-helical
at 0°C and are negligibly-helical by 40°C. We calculate a
Tm = 5 °C. Thus, at the average AdP and AP peptide bond
melting temperature of,= 17 °C, where then-helix confor-
mation involves half (seven) of all of the amide bonds capable
of forming ana-helix (fourteen),~80% of the six central amide
bonds (-five) occur in ana-helix. In contrast, only~20% of
the exterior peptide amide bonds (eight) ar&elical (approx.

We modeled the AdP UVRR specttél,v) by

(T, v) = fdy(T)*1do(T, v) + fd(T)-1d, (T, v) +
fu(M1o(T, v) + £ (1)1 (T, v) (3)

whereT is the temperature andis the Raman frequency. The
termsfdy(T) andfy(T) are the fractionat-helix content of the
deuterated and nondeuterated segments of AdP{daid) and

fic(T) are the fraction random coil content of the deuterated and
nondeuterated segments of AdP and are normalized by the total
number of amide bonds in the peptide (deuterated plus non-
deuterated)ldy(T, v) andld,(T, v), are the spectra of the pure
o-helix and the random coil (rc) conformations of the deuterated
segments of AdPIly(T, v) and I,(T, v) are theo-helix and
random coil spectra of the nondeuterated peptide segments.
Thus, fde(T) + fdie(T) + fo(T) + fie(T) = 1.

two) as shown in Figure 2C. These results, which demonstrate  The o-helical amide I frequency and band shape are

a decreased, for exterior amide bonds, are predicted by théory
and are similar to the results 8C NMR studies of thex-helical
peptide acetylW(EAAARHA.1S

We calculated the thermodynamic parameters for the central

and exterior peptide bonds (Table 1) from the UVRR melting

temperature independent, while the AP random coil amide I
shows modest temperature dependéntherefore,|dy(T, v)
= ldo(v) andl(T, v) = lo(v)

We find that the random coil deuterated amide Il band is
also essentially temperature independent. This probably results
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from the fact that ¢ deuteration removes the variable contribu-
tion of C,—H bending?~1! which is responsible for the large
sensitivity of the amide 11l band to the peptide bond conforma-
tion.? Therefore Id.(T, v) = Id(v) for the amide Il spectral
region (1206-1400 cnt?).

Thus, we can modify eq 3

I(T, v) = fdy(T)-1d,(v) + fd (T)-Id (v) + f(T) 1, (v) +
fe() (T, v) (4)

At high temperatureT = 70 °C), AP and AdP are essentially
100% random coil (Figure 2A and ref 1). Thusg, deuterated
andn, nondeuterated amide bondg (- n, = n = 20) occur in
the random coil form. The high temperatuifie, AP spectrum
I(Ty,v) is thus, from eq 4

nd nn
(T, v)= ﬁ"drc(V) + F-Irc(Tl, V) (5)
and the difference spectrum between high and low T»
temperatures can be written

A= I(Ty, v) = I(Ty, v)
= fd(T)*[1do(v) — 1d (V)] + Fo(T)[1o(v) —

IrC(TZ! v)] — %'[Irc(Tzv) - Irc(Tli v)] (6)

Here we used eq 4 for the low-temperature spectt(ifpv)
and eq 5 for the high-temperature spectrk(ify,v). Since the
1240 cnt! AdP difference spectral peak results from the
o-helix—random coil transition of the nondeuterated part of
AdP, from eq 6 we obtain

Al(vy) = fo(T) [l (v2) = Li(T2)] — %’[lrc(TZ' V) =
Irc(Tlv Vl)] (7)

Herewv, is 1240 cmit and [dq(v1) — Idi(v1)] = 0, since there
is no contribution of the deuterated segment to the 1240'cm
spectral change. Using the previously calculatedhperature-
dependent AP UVRR spectra for thehelix 1,(») and random
coil conformationsl (T, v), we determined the temperature
dependence of thex-helical fraction of the nondeuterated
(internal)a-helical segment§,(T2) from eq 7. The temperature
dependence of this calculatedhelical fraction is shown in
Figure 2B,<.

We calculated thei-helical fraction of the deuterated part of

lanoul et al.

cm! band Raman cross sections on tidelix and random
coil composition. Using values df(T,), obtained from eq 7
by using the 1240 cm nondeuterated amide Ill band, we can
calculate the produdty(T2)[Ide(v) — Idi(v)] from eq 6 since
all other parameters are known.

10, (1) 110, (v) — 10,09] = Al(v) — (T T1 () —
(T 7] + 01 (T ) = 1 (T 7] ()

wherev; is 1325 cntl. We obtained the value ofd,(v,) —
Idrc(v2)], which we assume is temperature independéfiom

the measured value @,(T) at T = 0 °C obtained by subtracting
the a-helical fraction of the nondeuterated part of AdP from
the calculatedt-helical fraction of AP, since AP and AdP show
identical a-helical fraction temperature dependencies, Figure
2A. These calculated values are shown by ¢ha the Figure
2B. In the future we will directly determine more accurate values
of [Idu(v2) — ldie(v2)] and its actual temperature dependence
from UVRR spectra of fully deuterated peptides.
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