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UV resonance Raman intensities of indole ring vibrations were examined in solutions of different solvent properties
to establish the correlation between the intensity and the environment of the indole ring, the main side-chain component of
amino acid tryptophan. Each of the Raman bands that are enhanced through resonance with the By, electronic transition gives
the highest intensity when the indole NH site is hydrogen-bonded with a proton acceptor in hydrophobic environments.
On the other hand, the Raman bands that gain intensity through resonance with the L, transition are most enhanced when
the indole ring is not hydrogen-bonded. Although these changes in Raman intensity result from small red and blue shifts of
the By and L, absorptions, respectively, the Raman intensity changes are much greater than the changes in UV absorption
spectra. UV resonance Raman intensities are thus expected to be useful markers of hydrogen bonding and hydrophobic

interactions of tryptophan residues in proteins.

Tryptophan (Trp) has the bulkiest side chain among the
amino acids that occur in proteins. The main part of the Trp
side chain is an indole ring, which carries an NH group on its
hydrophobic aromatic ring. Hydrogen bonding at the NH site
and hydrophobic interactions of the ring with its surroundings
are both important factors that determine the role of a Trp
residue in the structural stabilization and functioning of the
protein.

Raman spectroscopy provides key information on the in-
teractions of Trp residues in proteins. Previous studies have
shown that the wavenumbers of w4 (ca. 1490 cm™'), w6
(ca. 1430 cm™!), and w17 (ca. 880 cm™—') Raman bands
of the indole ring reflect the hydrogen bonding state at the
NH site."? A correlation has been found between the inten-
sity ratio of the @7 Fermi doublet at 1360/1340 cm™! and
the strength of hydrophobic interaction of the indole ring.”
The utility of these Raman bands as markers of hydrogen
bonding and hydrophobic interactions has been demonstrated
in visible and UV Raman studies on the structures of pep-
tides and proteins."*—'? Occasionally, however, the Raman
marker bands are overlapped by other Raman bands and so
they cannot be fully utilized.

In UV resonance Raman spectra, Raman bands gain in-
tensity through resonance with one or more UV absorption
bands, and the Raman intensity sensitively reflects changes
of the resonant UV absorption bands, which might be caused
by environmental changes such as hydrogen bonding and
hydrophobic interactions. The indole ring has three UV
absorption bands in the 200—300 nm region and Raman ex-
citation in this wavelength region produces strong Raman
scattering.'*~'® The intensities of UV resonance Raman
bands of the indole ring are thus potential markers of the
hydrogen bonding at the NH site and/or hydrophobic in-
teractions of the indole aromatic ring. Previously, it was

reported that certain Raman bands of Trp excited at 230 or
240 nm showed large intensity increases associated with en-
vironmental changes.*®!'” The observed intensity increase
was ascribed to an increased resonance effect resulting from
a red shift of the By, absorption band at ca. 220 nm.*® How-
ever, detailed relationships between the environment and UV
resonance Raman intensity have not yet been elucidated.

In this study, we have conducted a systematic investigation
of the effects of hydrogen bonding and hydrophobic interac-
tions on the UV resonance Raman bands of the indole ring by
using 3-methylindole (skatole), a model compound for Trp,
dissolved in solvents with different hydrogen-bonding and
hydrophobic/hydrophilic properties. UV resonance Raman
scattering was excited at several wavelengths in the 230—
270 nm region and the intensities of Raman bands were mea-
sured as a function of excitation wavelength. Comparison
of the excitation profiles observed in different solvents has
shown that the Raman bands that are enhanced through res-
onance with the By, transition become strongest when the in-
dole ring is hydrogen-bonded in hydrophobic environments.
On the other hand, the Raman bands that are enhanced via
resonance with the L, transition, give the highest intensity
when the indole NH site is not involved in hydrogen bond-
ing. A further detailed examination of the effects of hydrogen
bonding has revealed a few Raman bands whose intensities
and wavenumbers serve as possible markers of hydrogen
bonding.

Experimental

Skatole, methanol, 1-butanol (hereafter abbreviated butanol), cy-
clohexane, and hexamethylphosphoric triamide (HMPA) were pur-
chased from Nacalai Tesque. Hexane of HPLC grade and sodium
perchlorate (NaClO4) were purchased from Kanto Kagaku Co. H,O
was distilled and deionized on an ion-exchange column.
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Raman spectra were recorded in a 180° back-scattering geometry
on a fore-prism UV Raman spectrometer (JASCO TR-600UV)'®
equipped with a CCD detector (Princeton Instruments) of 576 pix-
els ICCD-576) or 1152 pixels (LN/CCD-1152). Excitation was ef-
fected by the following two laser systems: (a) a dye laser (Lambda
Physik FL.3002) pumped by a pulsed XeCl excimer laser (Lambda
Physik LPX240i), which was used to obtain frequency-doubled UV
pulses at 235, 240, 245, 250, 255, 260, 263, and 267 nm (repetition
rate 200 Hz, average power 0.6—1.2 mW) and (b) an intra-cavity
frequency-doubled Ar ion laser (Coherent Innova 300 FReD) from
which continuous-wave (CW) radiation of 229 or 257 nm (2—4
mW) was obtained. Saturation of Raman intensity due to ground-
state depletion'®?” was negligibly small under the pulse excitation
conditions employed here?" and could not occur for the CW ex-
citation. Since the pulse laser system provided a wider range of
wavelength tuning than the CW laser system, we used the pulse
laser for recording Raman excitation profiles. The CW laser was
used for a detailed examination of the effects of hydrogen bonding.

To obtain Raman excitation profiles, an aqueous solution of ska-
tole was prepared at a concentration of 1 mM (1 M =1 mol dm ™).
Skatole was also dissolved in methanol, butanol, and cyclohexane at
5 mM concentration. NaClO4 was added to the aqueous and meth-
anol solutions at concentrations of 100 and 500 mM, respectively.
Intensities of Raman bands of skatole in aqueous and methanol
solutions were measured relative to the peak intensity of the 933
cm™! band of ClO,™. Tt is known that C1O4™ is an ideal standard
for Raman intensity measurements in the UV spectral region.??
For butanol and cyclohexane solutions, solvent Raman bands were
used as intensity references because NaClO4 was insoluble in these
solvents. To determine the Raman intensities of butanol and cyclo-
hexane, we first determined the relative intensity of the 1032 cm ™
band of methanol with respect to the Cl04~ 933 cm ™" band. Then,
the intensities of the 1299 cm ™' band of butanol and the 1266 cm ™"
band of cyclohexane relative to that of the C1O4~ band were eval-
uated from Raman spectra of binary mixtures of solvents by using
the methanol 1032 cm™" band as a secondary intensity standard.
The determination of solvent Raman intensities was performed at
every Raman excitation wavelength employed here.

For examination of the effects of hydrogen bonding, Raman
spectra were excited at 229 and 257 nm. Skatole was dissolved in
hexane (1 and 5 mM for 229 and 257 nm excitation, respectively)
and a small amount of HMPA was added to the solution. The hydro-
gen-bonding state of skatole was monitored by recording infrared
spectra in the N—H stretching region. The Raman bands of solvent
hexane were used as intensity references to compare the Raman
intensities of indole ring vibrations in the absence and presence of
hydrogen bonding.

UV absorption spectra of skatole in solutions (concentration
0.05—0.10 mM) were recorded on a Hitachi 220A spectropho-
tometer with a 1 mm cell. Infrared spectra were recorded on a
Hitachi IR-7000 Fourier-transform spectrometer.

Results and Discussion

Solvent Effects on UV Absorption Spectra.  Figure 1
shows UV absorption spectra of skatole dissolved in sol-
vents with different hydrogen-bonding and hydrophobic/hy-
drophilic properties: cyclohexane (non-hydrogen-bonding
and hydrophobic), butanol (hydrogen-bonding and hydro-
phobic), methanol (hydrogen-bonding and weakly hydro-
phobic), and H,O (hydrogen-bonding and hydrophilic). In
the wavelength region examined (210—310 nm), the By
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Fig. 1. UV absorption spectra of skatole in cyclohexane,

butanol, methanol, and H,O solutions.

transition gives the strongest absorption. The wavelength
of absorption maximum (Apax) of the By, band is located at
220.4 nm in H,O solution. In cyclohexane solution, the Ayax
does not change from that of aqueous solution, but the extinc-
tion coefficient at Ay.x becomes larger by about 10% with
a slight decrease in bandwidth. Hydrophobic interactions
seem to increase the peak absorption intensity. Significant
red shifts of the Anax are observed for methanol (1.4 nm)

“and butanol solutions (2.6 nm), with concomitant increases

in extinction coefficient in this order. Since the proton ac-
cepting ability of the solvent in hydrogen bonding is in the
order butanol > methanol>>H,0,?® the red shift correlates
with the strength of hydrogen bonding at the indole NH site.
(The NH stretching band of skatole was covered by a much
stronger OH stretching band of the solvent and could not be
detected in infrared and Raman spectra.) Hydrogen bonding
in hydrophobic environments is most effective in causing the
red shift and intensity increase of the By, absorption band.
In the 250—300 nm region, a broad feature is observed
for H,O solution. This is due to an overlap of the stronger
L, (ca. 275 nm) and weaker Ly, (ca. 290 nm) transitions.?*?>
On going from H,O solution to methanol or butanol solution,
both the L, and Ly bands shift to the red by 1—3 nm. In
cyclohexane solution, on the other hand, the L, band largely
shifts to the blue, while the Ly, band remains almost unshifted.
The significant blue shift of the L, absorption in non-hydro-
gen-bonding solutions and the relative insensitivity of the
Ly band to solvent properties are consistent with the results
of previous solvent effect studies on indole derivatives.”?®
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Since the L, band shows a further blue shift on going from
non-hydrogen-bonding solution to the vapor phase,* hydro-
phobic interactions seem to be a factor to shift the L, band to
the red. Accordingly, the blue shift of the I, band in cyclo-
hexane solution is ascribed solely to the absence of hydrogen
bonding.

Solvent Effects on UV Resonance Raman Intensity.
We have examined UV resonance Raman spectra of ska-
tole in cyclohexane, butanol, methanol, and H,O solutions
by using excitation wavelengths of 235, 240, 245, 250, 255,
260, 263, and 267 nm. Figures 2 and 3 show the spectra
excited at 235 and 260 nm, respectively. With 235 nm exci-
tation, strong Raman scattering is observed for the w1 (ca.
1620 cm™1), w3 (ca. 1560 cm™"), w7 (ca. 1350 cm™!), and
w16 (ca. 1010 cm~!') modes. These vibrations except w1
are known to gain intensity from the By, transition.2"?” The
intensity of the w1 band mainly comes from the B, transi-
tion, which is located at a shorter wavelength (ca. 195 nm).?"
The Fermi doublet of w7 is not well resolved in the spec-
tra because of a small separation of the doublet in skatole.®
With 260 nm excitation, the w1 (ca. 1620 cm™!) and w2
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Fig. 2. Comparison of 235-nm-excited resonance Raman

spectra of skatole in cyclohexane, butanol, methanol, and
H,O solutions. The intensity was calibrated with the 933
em ™! band of CIO, ™ added as an internal intensity standard
(methanol and H,O solutions) or with the solvent Raman
bands whose intensities were determined separately as de-
scribed in text (cyclohexane and butanol solutions). Solvent
Raman bands were subtracted from the spectra after the in-
tensity calibration.
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Fig. 3. Comparison of 260-nm-excited resonance Raman

spectra of skatole in cyclohexane, butanol, methanol, and
H,O solutions. The intensity was calibrated with the 933
cm™! band of C10,™ added as an internal intensity standard
(methanol and H,O solutions) or with the solvent Raman
bands whose intensities were determined separately as de-
scribed in text (cyclohexane and butanol solutions). Solvent
Raman bands were subtracted from the spectra after the in-
tensity calibration.

(ca. 1580 cm™!) bands are selectively enhanced as shown
in Fig. 3. The other bands including the w3, w7, and w16
bands are not much enhanced. The selective enhancement
of the w1 and w2 bands was also observed in UV resonance
Raman spectra of aqueous Trp excited at 260 and 279 nm.?”

The UV resonance Raman intensities of the w1, w3, w7,
and w16 bands are plotted as a function of the excitation

‘wavelength in Fig. 4. In these excitation profiles, the peak

intensity of a Raman band is displayed as a relative value with
respect to that of the 933 cm~! band of equimolar ClO, .
The w1 band is moderately intense in the 240—270 nm re-
gion and becomes stronger when excited at 235 nm. This
is because the w1 band is mainly enhanced by preresonance
with the B, transition and the effect of resonance with the
By, transition becomes prominent only when the excitation
wavelength is very close to or within the By, absorption band.
The overlapping contributions from the B, and By, transitions
make the solvent dependence of the w1 intensity somewhat
complicated. In the wavelength region where the By, preres-
onance effect is dominant (> 240 nm), the w1 band is a little
stronger in hydrophobic environments (cyclohexane) than in
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Fig. 4. Excitation profiles for the (a) w1, (b) w3, (c) @7, and (d) w16 Raman bands of skatole in cyclohexane, butanol, methanol,
and H,0 solutions. The intensity is displayed as a relative value with respect to that of the 933 cm ™" band of equimolar C10, ™.

hydrophilic environments (H,0). On the other hand, when
the By, resonance effect is significant, such as in the spectra
excited at 235 nm, the @1 band is slightly more enhanced in
hydrogen-bonding and hydrophobic solvents (methanol and
butanol) than in the other solvents (cyclohexane and H,0).
Although the w1 intensity is affected by the solvent as de-
scribed above, the intensity change is no more than 35%.
The w1 band may be used as an intensity reference when
other intensity standards are not available.

The excitation profiles of the w3, w7, and w16 bands in
Fig. 4 show that these Raman bands gain intensity through
resonance with the By, transition but not through preresonance
with the B, transition. The solvent effects on the excitation
profiles of these Raman bands are therefore simpler than
those on the w1 excitation profile. Generally, the Raman

bands of w3, w7, and w16 are stronger in methanol and
butanol than in cyclohexane and H,O, and the intensity ratio
between the two groups of solvents becomes 2—4 when ex-
cited at 235 nm. The large solvent dependence of the Raman
intensity at shorter wavelengths is consistent with the red
shift and intensification of the By, absorption band observed
in the formen group of solvents. It is interesting to note that
UV Raman bands recorded under By, resonance conditions
show significant intensification only in the presence of both
hydrogen bonding and hydrophobic interactions. The w3,
w7, and w16 intensities may be used to detect the hydro-
gen bonding at the NH site of Trp located in hydrophobic
environments.

Figure 5 shows the excitation profile of the @2 band, which
is largely enhanced through resonance with the L, transition.
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Fig. 5. Excitation profile for the w2 Raman band of skatole
in cyclohexane, butanol, methanol, and H,O solutions. The

intensity is displayed as a relative value with respect to that
of the 933 cm ™! band of equimolar C10, ™.

When the excitation wavelength is close to or within the
L, absorption band (250—270 nm), the @2 band is much
stronger in cyclohexane than in the hydrogen-bonding sol-
vents (H,O, methanol, and butanol). The specific intensifi-
cation of the w2 band in cyclohexane is consistent with the
blue shift of the L, absorption band in this solvent. The exci-
tation profile of the w2 band closely traces the change of the
L, absorption band in different solvents (compare Figs. 1 and
5). This observation proves that the @2 band gains intensity
from the L, transition if the excitation wavelength lies in
the 250—270 nm region. If the L transition, whose Ayayx
is insensitive to solvent properties, significantly contributed
to the Raman intensity of w2, the w2 intensity would not
have shown such a large solvent dependence. The L,-res-
onant Raman bands are thus expected to become stronger
upon disruption of a hydrogen bond. The intensification of
the w2 Raman band may be regarded as a marker of the non-
hydrogen-bonded state of Trp when the protein is excited at
250—270 nm.

Effects of Hydrogen Bonding. Trp residues are some-
times buried in the hydrophobic interior of the protein and are
hydrogen-bonded with other amino acid side-chains or with
water molecules trapped in proteinous cavities. The strength
of hydrogen bonding varies or the hydrogen bond disrupts

upon conformational change of the protein in the process

of protein functioning. The present solvent effect study has
shown that the By-resonant Raman bands such as w3, w7,
and w16 would give high intensities when the indole ring of
Trp is interacting with its hydrophobic surroundings and the
indole NH site is hydrogen bonded with a proton acceptor.
In the same state of Trp, the L,-resonant Raman bands such
as w2 are expected to be weak and to gain intensity upon
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disruption of the hydrogen bond. To elucidate the effects
of hydrogen bonding in hydrophobic environments in more
detail, we have examined UV resonance Raman spectra in
a wider wavenumber range with a higher spectral resolu-
tion and a higher signal-to-noise ratio by using the LN/CCD
detector and the CW UV laser described in Experimental
section.

Figures 6 and 7 show resonance Raman spectra of ska-
tole excited at 229 (resonant with By) and 257 nm (resonant
with L,), respectively. Skatole was dissolved in hexane in
the absence (trace a in each figure) and presence (trace b) of
a small amount (ca. 0.1% v/v against hexane) of HMPA, a
strong proton acceptor.” Infrared spectra showed that about
60% of skatole molecules are hydrogen-bonded in the pres-
ence of HMPA. (A minimal amount of HMPA was added
to avoid change in hydrophobic interaction.) The bottom
trace (¢) in each figure shows the difference spectrum, b—a.
The positive peaks in the difference spectrum indicate that
intensity increases upon hydrogen bonding.

With 229 nm excitation (Fig. 6), the w3, w7, and w16
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Fig. 6. Raman spectra of skatole excited at 229 nm: (a) hex-
ane solution, (b) hexane solution containing a trace amount
(0.08%, v/v) of hexamethylphosphoric triamide (a strong
hydrogen bonding acceptor), and (c) the difference spec-
trum, b—a, showing the effects of hydrogen bonding. The
skatole concentration was 1 mM. The intensity was cali-
brated with the Raman bands of solvent hexane and then
the solvent Raman bands were subtracted.
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trum, b—a, showing the effects of hydrogen bonding. The
skatole concentration was 5 mM. The intensity was cali-
brated with the Raman bands of solvent hexane and then
the solvent Raman bands were subtracted.
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bands give prominent positive peaks in the difference spec-
trum as expected. Likewise, the w17 (ca. 880 cm™!) and
w18 (ca. 755 cm~1) bands, which are also By-resonant,? 27
show significant intensity increases. The intensities of these
fundamental bands are good markers of hydrogen bonding.
A new feature revealed by these spectra is the intensity in-
crease and wavenumber shift of a band at 1510—1520 cm ™!,
which is assigned to the overtone of w18 (2w 18).® The in-
tensity increase of 218 is proportional to that of the funda-
mental w18, and the wavenumber shift of 2w18 (from 1511
to 1519 ecm™1) is about twice that of w18 (from 755 to 758
cm™!). According to the Raman spectra reported for Trp
derivatives in the crystalline state,” the @18 wavenumber is
756%1 and 759+1 cm~! when the indole N-H stretching
wavenumber is above (weakly hydrogen-bonded) and below
3400 cm™! (strongly hydrogen-bonded), respectively. Al-
though the change of the w18 wavenumber is too small to
be used as a marker of hydrogen bonding, the wavenumber
difference (8 cm™!) of 218 between the hydrogen-bonded
and non-hydrogen-bonded states is large enough to be distin-
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guished. Accordingly, both the intensity and wavenumber of
218 may be used to monitor the hydrogen bonding at the
indole NH site. A significant intensity increase of the 2w18
band has been observed to occur upon structural transition
from the CO-ligated to unligated state of hemoglobin in 230-
nm-excited resonance Raman spectra.®?®

The band at 1768 cm ™! in Fig. 6 is assigned to the com-
bination @16+ w18.*” The intensity of this band increases
with hydrogen bonding. Likewise, the 1640 cm™' band
assignable to the combination w17+ w18 increases in in-
tensity. The wavenumbers of these combination bands do
not appear to change because the upshift of one component
(w18) upon hydrogen bonding is compensated by the corre-
sponding downshift of the other component (w16 or w17).
The w16+ w18 band is located in a window region of UV
resonance Raman spectra of proteins and it would not be
overlapped by other Raman bands. Actually, a band of mod-
erate intensity assignable to w16+ w18 has been observed
in a 229-nm-excited Raman spectrum of bacteriophage fd,
which contains one Trp residue in each of the 2700 copies
of 50-residue coat protein subunit.” The intensity of this
combination band is thus expected to be a useful hydrogen
bonding marker. On the other hand, the @17+ @18 band may
not be useful because its intensity increase is rather small and
the band would be covered by the tail of a tyrosine Raman
band at 1616 cm~!, which is also enhanced with excitation
around 230 nm.?"*"

Another interesting feature in Fig. 6 is the intensification
of w10 upon hydrogen bonding. Concomitant with the inten-
sity increase, this band shifts from 1226to 1236 cm ™!, which
is accompanied by a small (3 cm™') upshift of the neighbor-
ing w9 band. The w8 band at 1297 cm™! also intensifies
and shifts by +10 cm ! upon hydrogen bonding, though the
intensity increase of w8 is smaller than that of @10. The
w8, w9, and w10 bands are relatively weak but still observ-
able in protein Raman spectra if the excitation wavelength is
around 230 nm.*® The intensities and wavenumbers of these
Raman bands, in particular of w10, may serve as markers of
hydrogen bonding.

With 257 nm excitation, only the w1 and w2 bands show
significant intensity changes upon hydrogen bonding (Fig. 7).
The intensity decrease of w2 is much larger than that of w1
and the intensity ratio I(w2)/I(w1) changes from ca. 0.9 to
ca. 0.6 upon formation of a hydrogen bond at the indole
NH site. The I(w2)/I(w1) ratio may be used to monitor the
hydrogen bonding as proposed previously.

The w2 mode is unique among the indole ring vibrations
in its specific resonance with the L, transition. According
to a normal coordinate calculation on the indole ring,*® the
w?2 mode is an in-phase stretching vibration of the C4—Cg
and C¢—C; bonds (for atom numbering, see Fig. 1). The
atomic displacements in the @2 vibration may be closely
related to the geometrical change of the indole ring upon L,
transition but not upon By, nor L, transition, resulting in a
strong coupling of the w2 vibration with the L, electronic
transition and in the L,-specific resonance Raman enhance-
ment of w2.3Y A molecular orbital calculation study has
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predicted that the L, transition causes shortening of both the
C4—Cy and C¢—C; bonds, but the L;, transition does not.>? No
other vibrations of the indole ring involve in-phase stretching
of the C4;—Cy and C4—C7 bonds.*® This may be the reason
why the w2 band alone shows the L,-specific resonance en-
hancement. The unique property of the w2 band has been
exploited in determining the direction of the L, transition
moment from its Raman intensity in polarized UV resonance
Raman spectra.’®

In this study, we have examined the resonance Raman
intensities of indole ring vibrations and their dependence
on the environment by using excitation wavelengths in the
230—270 nm region, where UV resonance Raman spectra
of proteins are usually excited. The results have shown that
the intensities of Bp-resonant Raman bands become stronger
upon formation of a hydrogen bond at the indole NH site,
while the other part of indole ring is interacting with hydro-
phobic surroundings. On the other hand, the L,-resonant
Raman bands are most enhanced when the indole ring is
not hydrogen-bonded. The correlations between the UV
resonance Raman intensity and the environment of the in-
dole ring are expected to be useful in studying the hydrogen
bonding states and hydrophobic interactions of Trp residues
in proteins.
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