2119
Analysis of the Vibrational Structure in the Near-Ultraviolet
Circular Dichroism and Absorption Spectra of Tyrosine
Derivatives and Ribonuclease-A at 77°K"
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Abstract: To identify the tyrosyl circular dichroism (CD) bands in ribonuclease and to estimate their contribution
to the rotatory strength, the near-ultraviolet CD and absorption spectra of model compounds have been analyzed.
L-Tyrosine, L-tyrosine ethyl ester, N-acetyl-L-tyrosine ethyl ester, and N-acetyl-L-tyrosine amide were studied at
298 and 77°K. When these compounds are cooled to 77°K, a number of vibronic transitions become well resolved.
The 0-0 transition starts an intense progression with 800-cm~1 spacing to shorter wavelengths. A much weaker
progression involves a 1250-cm~! spacing. These vibronic transitions were identified by using p-cresol as a model
for the phenolic ring of tyrosine and assuming an effective local symmetry of C,,. Only totally symmetrical vibra-
tions are observed in the tyrosine CD and absorption spectra. The vibronic CD bands have the same sign and
occur at the same wavelengths as the corresponding absorption bands. The position of the 0-0 transition varies
between 282 and 289 nm according to the solvent, but the vibrational spacing remains fixed. This sensitivity to
solvent may lead to an apparent mismatch between the wavelength positions of CD and absorption bands for tyro-
sine dissolved in certain mixed solvents. When ribonuclease-A is cooled to 77 °K, the near-ultraviolet CD and ab-
sorption spectra reveal much fine structure belonging to the tyrosine residues. Three types of tyrosyl side chains
can be identified in the 77°K absorption spectrum of ribonuclease-A: (a) two tyrosine residues have their 0-0
transitions at 286 nm, (b) one tyrosine residue has its 0-0 transition at 289 nm, and (c) three tyrosine residues have
their 0-0 transitions at 283 nm. The spectral position of the latter band indicates that only these three residues
are exposed to the water—glycerol solvent. Ribonuclease-A has strong CD bands arising from both tyrosine
and cystine residues. The existence of a disulfide band is revealed by the gradually increasing CD between 310 and
295 nm in the 77°K spectrum. The CD contributions of tyrosine and cystine residues can be estimated by applying
the vibrational analysis worked out for tyrosine model compounds. Between 275 and 310 nm about 40-50%; of the
CD strength is attributable to disulfide, 45-35% to the three tyrosine residues in a water-glycerol environment
(exposed), and 20-15% to the tyrosine residues in a nonaqueous environment (buried). These studies indicate
that the tyrosyl CD bands of many proteins may be identified on the basis of the fine structure occurring between

275 and 290 nm.

n principle, the circular dichroism (CD) transitions of

tyrosine in the near ultraviolet should provide infor-
mation about the tertiary structure of proteins in solu-
tion.? Identifying the tyrosyl CD bands of proteins,
however, has been difficult, because tryptophan, phe-
nylalanine, and cystine residues also have bands in the
same wavelength range. In some proteins, the tryp-
tophanyl® and phenylalanyl* CD bands may be identi-
fied by their characteristic fine structure, which is
especially evident at 77°K. A similar approach may
be possible with tyrosine, since some fine structure has
been reported in the CD spectra of tyrosyl diketo-
piperazines at 298°K.5

Even in proteins lacking tryptophan, the tyrosyl CD
intensities have not been accurately assessed owing to
the ambiguity in the disulfide contribution.® For
example, the 275-nm CD band in ribonuclease-A
(RNase-A) has been attributed mostly to the tyrosine
residues, although the amount of CD from the disul-
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fide transitions has not been determined.” Further-
more, chemical modification, pH, and solvent studies
of RNase-A have given conflicting results as to whether
the buried or exposed tyrosyl side chains generate the
observed CD band.™—1©

This article describes the near-ultraviolet CD and
absorption spectra of tyrosine, three of its derivatives,
and RNase-A. High-resolution CD and absorption
spectra were obtained by working at 77°K. The fine
structure revealed by tyrosine and its derivatives at
77°K is analyzed in terms of the vibronic transitions
of p-cresol. By using this information, the CD and
absorption spectra of RNase-A can be analyzed to
determine the relative contributions from the various
types of tyrosine residues. In addition, this analysis
permits assessing the disulfide CD intensity in RNase-A
between 270 and 310 nm.

Experimental Section

Instrumentation. CD spectra were recorded on a highly modi-
fied Beckman CD spectrophotometer.? Reliable resolution of CD
fine structure was obtained by using a computer of average tran-
sients.!! Spectra were scanned repetitively at 0.3 nm/sec using
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Figure 1. Instrument trace of the absorption spectra of 35 mM
NAc-L-Tyr A in methanol-glycerol (9:1, v:v) at 298 and 77°K;
path length, 0.10 mm. Base line for 77°K spectrum was offset
0.15 unit to separate the spectra. Both solvent base lines were
flat.

either a 0.3- or a 1.0-sec time constant. For the very sharp bands
at low temperature a 1.0-sec time constant was found to be too
long, introducing an error of approximately 0.5 nm in the locations
of the bands. With a 0.3-sec time constant no tracking error was
introduced. Where accurate location of sharp bands was neces-
sary, a 0.3-sec time constant was used. Spectral half-intensity band
widths were less than 1.8 nm.

As a matter of convenience, some CD and absorption spectra
were represented by a number of Gaussian bands placed in ac-
cordance with the vibronic transitions which can be reliably identi-
fied by independent spectroscopic experiments (see Appendix).
The band widths and intensities of these bands were obtained using
the du Pont 310 curve resolver. The correctness of the Gaussian
shape for vibrational fine structure of tyrosine was tested by curve
fitting the well-resolved 0-0 transitions in the absorption and CD
spectra of tyrosine derivatives at 77°K. Gaussian bands gave a
good fit, whereas Lorentzian bands did not.

The techniques for low-temperature CD and absorption mea-
surements have been described previously.?* Four solvent systems
were used in the present study: EPA (ethyl ether-isopentane—
ethanol, 5:5:2, v:v:v), THF-D (tetrahydrofuran-diglyme, 4:1,
v:v), M-G (methanol-glycerol, 9:1, v:v), and W-G (water-glyc-
erol, 1:1,v:v). Asademonstration that our low-temperature CD
fine structure bands are not artifacts, the base lines for small CD
signals were recorded using a nonoptically active sample having
absorbance identical with that of the optically active sample.* No
artifacts were observed under the conditions used to record the CD
spectra presented here. In addition these base lines give a direct
measure of the instrument noise for each wavelength range.

Materials. L-Tyrosine (L-Tyr) was obtained from Sigma Chem-
ical Co., St. Louis, Mo. N-Acetyl-L-tyrosine ethyl ester (NAc-L-
Tyr EE), N-acetyl-pD-tyrosine ethy! ester (NAc-p-Tyr EE), and N-
acetyl-pD,L-tyrosine ethyl ester (NAc-p,L-Tyr EE) were from Cyclo
Chemical Co., Los Angeles, Calif. N-Acetyl-L-tyrosine amide
(NAc-L-Tyr A) was obtained from both Sigma and Cyclo. L-
Tyrosine ethyl ester HCl (L-Tyr EE) was obtained from Mann Re-
search Lab., Inc., New York, N. Y. All solvents were spectro
quality except tetrahydrofuran, which was chromato quality from
Matheson Coleman and Bell.

Bovine pancreatic RNase-A was obtained from Worthington
Biochemical Corp., Freehold, N. J. Two different types were used:
RAF, which according to the manufacturer may contain some
aggregates, and RASE, which is reported to be free of aggregates.
The latter preparation was exhaustively dialyzed against 50 mM
sodium phosphate (pH 7) to remove the phenol preservative. Both
types of RNase-A gave identical CD and absorption spectra. For
experiments at 77°K, RNase-A was dissolved in W-G with 25 mM
sodium phosphate, pH 7. Within our experimental error, the
RNase-A CD spectra obeyed Beer’s law over the concentration
range which could be examined at 77°K (0.6-3.6 mM). These
measurements were made using a short path length (0.2 mm) to
avoid depolarization artifacts.? The CD and absorption spectra
of RNase-A dissolved in either W-G or an aqueous solution at pH
7 were identical at 298°K. Thus the presence of 507 glycerol did
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Figure 2. Instrument trace of the absorption spectrum of 24 mM
L-Tyr EE in EPA at 77°K; path length, 0.20 mm. The dashed
lines under the spectrum indicate the Gaussian bands obtained
from the curve resolver. Arrows indicate the positions of the
Gaussian bands.

not appear to alter the CD contributions of the residues giving rise
to the near-ultraviolet bands of RNase-A.

The concentrations of tyrosine derivatives were determined spec-
trophotometrically using the following values: at 298°K, emax
1430 M~! cm™1; at 77°K for L-Tyr EE and NAc-L-Tyr EE in
EPA, e 1700 M~! cm~l.  The latter value was obtained by
assuming a constant oscillator strength for all solvents. The calcu-
lated concentrations of tyrosine derivatives in the organic solvents
may be up to 30% off, since the oscillator strength may not be
constant in all solvents.!? The concentrations of RNase-A were
determined at 278 nm (e 9800 M~ ¢cm™1),13

Results

Absorption Spectra of Tyrosine Derivatives. The
increased resolution achieved at low temperature can be
seen in Figure 1, which shows the absorption spectra
of NAc-L-Tyr A in M-G at 298 and 77°K. The 298 °K
spectrum has a shoulder near 286 nm and a broad peak
at 278 nm. The vibronic transitions underlying the
298°K spectrum were brought out by cooling. At
77°K well-resolved bands appear at 286.5 and 280.0 nm,
and shoulders can be seen at 277.2, 274.5, and 271.5 nm.

The absorption spectra of NAc-L-Tyr EE and L-Tyr
EE in nonaqueous solvents at 77°K are identical with
the curve of NAc-L-Tyr A in M-G at 77°K, except
for a small constant shift in the wavelength positions
(see below). The assignments of the vibronic transi-
tions common to all tyrosine derivatives are given for
the 77°K spectrum of L-Tyr EE in EPA (Figure 2).
Two progressions are seen. The strongest one is ob-
tained by adding multiples of 800-cm~! to the 0-0.band.
A much weaker progression involves a 1250-cm—!
spacing. In addition to the obvious fine structure,
a small contribution from a 0 + 420 cm™! band is
needed to fill up the intensity in the region between the
0-0 and 0 + 800 cm~! band. The existence of the
0 + 420 cm~! band is substantiated by its occurrence
in the vapor spectrum of p-cresol (see Appendix).

The individual vibronic transitions are less well
resolved in the spectrum of L-Tyr in W-G at 77°K
(Figure 3) than was the case with the derivatives which
could be examined in nonaqueous solvents. Neverthe-
less, the L-Tyr spectrum could be fit using a set of
Gaussian bands having the same spacings as those de-

(12) 1. E. Bailey, G. H. Beaven, D. A. Chignell, and W. B. Gratzer,

Eur. J. Biochem., 1, 6 (1968).
(13) D. B. Wetlaufer, Advan. Protein. Chem., 17, 303 (1962).
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Figure 3. Instrument trace of the absorption spectrum of 32 mM
L-Tyr in water—glycerol (1:1, v:v) at 77°K; pH 1.0; path length,
0.15 mm. Arrows indicate the positions of the Gaussian bands
(dashed lines).
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Figure 4. CD record of 0.66 mM NAc-L-Tyr A in neutral water
at 298°K; path length, 10 mm; 20 scans; time constant, 1.0 sec.
Base line (pC) is a p-cresol solution having the same absorbance
as NAc-L-Tyr A.

scribed above. The blurring in the L-Tyr spectrum
results because the band widths of the vibronic transi-
tions are wider in W-G than those observed in non-
aqueous solvents.

An addition effect of W-G is to shift the position
of the 0-0 transition. For L-Tyr in W-G the 0-0 band
occurs at 282.6, whereas for tyrosine derivatives in
nonaqueous solvents the 0-0 bands are at higher wave-
lengths (Table I).

Table I. Effect of Solvent on the Position of the 0~0 Transition
of Tyrosine Derivatives at 77°K
0-0 position,
Compd Solvent nm
NAc-L-Tyr EE THF-D 287.8
NAc-L-Tyr EE EPA 287.2
L-Tyr EE EPA 286.6
NAc-L-Tyr A M-G 286.5
L-Tyr wW-G 282.6
CD Spectra of Tyrosine Derivatives. NAc-L-Tyr A

in water has a CD spectrum whose shape is typical of
many tyrosine derivatives at room temperature. This
CD spectrum has a negative peak at 275 nm and a
strong shoulder at 280 nm (Figure 4). The CD and
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Figure 5. CD records of 0.60 mM NAc-L-Tyr EE at 298°K in
dioxane (upper curve) and in methano! (lower curve); path length,
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Figure 6. CDrecord of 24 mM L-Tyr EE in EPA at 77°K. Dashed
lines indicate the Gaussian bands obtained from the curve resolver.
Arrows indicate the positions and assignments of the Gaussian
bands; path length, 0.20 mm; 20 scans; time constant, 0.3 sec.
The base line (pC) is a p-cresol solution having the same absorbance
as L-Tyr EE. The absorption spectrum of this sample is shown in
Figure 2. The area under the CD spectrum at 77 °K is 4 times larger
than that at 298°K (298°K spectrum not shown).

absorption spectra of this compound have similar
shapes, but are not identical at 298°K. The sign of
the CD spectrum differs among the various derivatives
and may even be altered by the solvent. For example,
NAc-L-Tyr EE has a positive CD band in dioxane and
a negative band in methanol (Figure 5).

The increased resolution obtained at 77°K can be
seen in the CD spectrum of L-Tyr EE in EPA (Figure 6).
It has well-resolved bands at 286 and 280 nm and a
shoulder at 274 nm. These bands correspond in wave-
length position and relative intensity to the 0-0, 0 + 800
em~!, and 0 + 2 X 800 cm™! transitions seen in the
absorption spectrum of L-Tyr EE (Figure 2). The CD
spectrum in Figure 6 can be fit by the same Gaussian
bands which fit the absorption spectrum (after a proper
scaling factor) without any changes in wavelength
positions and with only minor changes (<10%) in
the relative intensities of the bands. NAc-L-Tyr EE
in THF-D and NAc-L-Tyr A in M-G at 77°K have CD
spectra which are approximately the mirror image of
the curve shown in Figure 6 for L-Tyr EE.

Horwitz, Strickland, Billups | CD and Absorption Spectra of Tyrosine and RNase-A
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Figure 7. CD records of 32 mM L-Tyr in water—glycerol (1:1,
v:v) at 77°K (upper curve) and at 298°K (lower curve); pH 1.0;
path length, 0.15 mm; 20 scans; time constant, 1.0 sec. The
absorption spectrum of this sample is shown in Figure 3. Labeled
arrows indicate the accurate positions of the CD bands obtained
using a 0.3-sec time constant. The base line (pC) is p-cresol. The
area under the 77°K CD spectrum is 339 larger than that under
the 298°K spectrum (from 250 to 295 nm). The areas of the cor-
responding absorption spectra agreeto within 109. Major division
indicated by double-headed arrow is 3.5 X 1075 A4.

The CD spectrum of L-Tyr in W-G is also sharpened
by cooling to 77°K (Figure 7). Just as in the absorp-
tion spectra, the individual vibronic transitions are
less well resolved in the CD spectrum of L-Tyr in W-G
at 77°K than is the case with CD spectra recorded in
nonaqueous solvents. In addition, the CD bands of
L-Tyr in W-G occur 1.0 nm toward shorter wavelengths
than the corresponding absorption bands. The band
widths and relative intensities of the resolved bands,
however, are approximately the same in both the CD
and absorption spectra.

A different type of CD spectrum is obtained for
NAc-L-Tyr EE in EPA. At 298°K a low concentra-
tion of NAc-L-Tyr EE (0.6 mM) in EPA has a small
positive CD band at 270 nm, which is 9 nm below the
absorption maximum. This apparent mismatch be-
tween CD and absorption seems to result from solva-
tion effects (see Discussion).

A high concentration of NAc-L-Tyr EE (32 mM)
in EPA has a negative CD band which coincides with
the absorption maximum at 279 nm. This change in
the CD spectrum indicates that aggregation occurs at
high concentrations. When the 32 mM NAc-L-Tyr EE
is cooled to 77°K, another type of CD spectrum results
(Figure 8). This spectrum is negative at long wave-
lengths and positive at short wavelengths, crossing the
base line at 272 nm. Another unusual feature of this
spectrum is that the 0-0 band is 409 more intense
than the 0 + 800-cm~! band. The mirror image CD
spectrum was obtained for NAc-D-Tyr EE in EPA at
77°K (Figure 8). The 77°K absorption spectra of
these aggregated derivatives are similar to the L-Tyr EE
spectrum described previously (Figure 2).

Absorption Spectra of RNase-A. At 298°K the
absorption spectrum of RNase-A has a broad maximum
at 278 nm and a shoulder at 285 nm. Cooling to 77°K
sharpens the spectrum sufficiently to reveal that these
bands are actually the summation of several overlap-
ping bands (Figure 9). At 77°K the broad shoulder
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Figure 8. CD records of 32 mM NAc-L-Tyr EE and 32 mM
NAc-D-Tyr EE in EPA at 77°K; path length, 0.15 mm; 40 scans;
time constant, 1.0 sec. The base line (DL) is 32 mM NAc-D,L-
Tyr EE. Major division indicated by double-headed arrow is 8.8
X 1076 AA4.

at 285 nm is resolved into separate bands at 286 and
283.5 nm. The main peak at 278 nm is split into bands
at 279.5 and 277 nm. In addition, shoulders can be
seen at 274, 271, 268, 264, and 261.5 nm.

The fine structure in the RNase-A spectrum at 77°K
can be used to determine which absorption bands
arise from each amino acid residue. Only the tyro-
sine, phenylalanine, and cystine residues contribute
to the near-ultraviolet spectrum of RNase-A.'S The
four cystine residues have a broad absorption band
which is very weak (about 79 of the RNase-A ab-
sorbance at 280 nm).!® Since disulfide model com-
pounds do not show any fine structure between 250
and 310 nm even at 77°K,!? the fine structure in the
RNase-A spectrum must result from the tyrosine and
phenylalanine residues.

From 250 to 268 nm phenylalanine residues have a
number of sharp vibronic transitions,* whereas tyro-
sine has only poorly resolved transitions. Presumably
the tyrosyl fine structure below 269 nm would not be
very evident in a protein containing a number of over-
lapping bands from different types of tyrosine residues
(see below). Apparently the three phenylalanine resi-
dues give rise to the shoulders observed at 268, 264, and
261.5 nm in RNase-A. Specifically these bands cor-
respond to the 0-0, 0 + 520, and 0 4+ 930 cm™! transi-
tions of phenylalanine. 4

The RNase-A absorption between 270 and 300 nm
is dominated by the tyrosyl bands. Consequently,
the fine structure in this region can be used to identify
the vibronic transitions of the various tyrosine resi-
dues in RNase-A. A complete spectral analysis is
begun by examining the long wavelength bands to
identify the positions of the 0-0 transitions of the buried
and exposed tyrosine residues. In addition to the
strong bands observed at 286 and 283.5 nm, the mathe-
matical analysis reveals a weaker band at 288.5 nm.
When the top half of the first fine structure peak at

(14) No fine structure was found in the near-ultraviolet absorption
spectra of the following disulfide compounds at 77 or 298°K: butyl

disulfide in isopentane, L-cystine dimethyl ester diHCl in M-G, a-lipoic
acid in M-G, and L-cystine in W—G (unpublished experiments).
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Figure 9. Instrument trace of the absorption spectrum of 2.8 mM RNase-A in water—glycerol (1:1, v:v) with 25 mA/ sodium phosphate
(pH 7) at 77°K. Individual tyrosine and disulfide bands are presented under the R Nase-A spectrum: —S-S-, disulfide, three types of tyrosine
residues are identified in terms of the positions of the 0-0 bands; , 288.5 nm; —0O—0O—, 286 nm; and ------ , 283.5 nm. The ab-
sorption spectrum of each type of tyrosine residue is represented by the 0-0, 0 + 420, 0 + 800, 0 4 1250, and 0 + 2 X 800 cm™! bands, ex-
cept that the 0 + 2 X 800 cm~! band was omitted from the spectrum having its 0-0 band at 283.5 nm. The remaining short-wavelength

transitions were omitted in all cases.

error of =10%,. The path length was 0.20 nm.

286 nm is fit with a single Gaussian band, the leading
edge of the RNase-A spectrum between 289 and 293 nm
is not fit by the lower part of the Gaussian band. An
additional Gaussian band must be placed at 288.5 nm
to broaden the leading edge; e.g., compare the sharp
rise of the 0-0 transition in tyrosine derivatives (Figures
2 and 3) with the leading edge of the RNase-A spectrum
(Figure 9). The existence of the 288.5-nm band is
verified by its occurrence in the CD spectrum (see
below).

The three longest wavelength bands in RNase-A
(288.5, 286, and 283.5 nm) cannot arise from a single
type of tyrosine, since tyrosine model compounds do
not have strong vibronic transitions closely spaced
around the 0-0 transition. Thus these bands must be
the 0-0 transitions of three different types of tyrosine,
which will be designated types I, II, and III. Types I
and IT have their 0-0 transitions and band widths corre-
ponding to those found for model compounds in non-
aqueous solvents. Type III resembles the absorption
spectrum of L-Tyr in water—glycerol (Table I). Having
identified the 0-0 transitions of each of the three types,
the remaining vibronic transitions of each type of tyro-
sjne can be positioned so as to reconstruct the absorp-
tion spectrum found in the tyrosine model compounds.
When all the bands are added, the observed RNase-A
spectrum is generated (Figure 9).

Thf: area under the curve of each of the three types of
tyrosines can be used to estimate the contribution of
each to the total intensity. The fractional areas of
the three types are approximately: I, 1/s; II, 1/s;
III_, '/». Since RNase-A has six tyrosine residues,
this means that one tyrosine residue has its 0-0 transi-
tion at 288.5 nm, two residues have their 0-0 bands at

286 nm, and three residues have their 0-0 bands at
283.5 nm.

The area under the RNase-A spectrum at 77°K was the same as that at 298 °K, within our experimental

)}*JJ!Y

lFV‘erT‘X‘SJ V]XXV\XVIyT

-4

e
=
O
NN S S T T T S (O N T TS T Tt

vl b
270 280 290 300

WAVELENGTH inm}

. ! .
p g b ey

Figure 10. CD spectrum of 3.6 mA/ RNase-A in water—glycerol
(1:1, v:v) with 25 mM sodium phosphate at 77°K. S-S desig-
nates disuifide. Dotted lines represent regions of extrapolation.
The method of analysis is described in the text. Distribution of
CD intensities is given in Table 1I; the exposed tyrosyl CD spec-
trum in this figure has Ad:/AAdys = 1.2; path length, 0.20 mm.
Additional shoulders are present at 261 and 255 nm (not shown in
figure). Division indicated by the double-headed arrow is 1 X
10— A4.

CD Spectra of RNase-A. At 77°K the CD spectrum
of RNase-A (Figure 10) has well-resolved bands at 282
and 276 nm and shoulders at 288.5, 267.5, 261, and 255
nm. By using both the data obtained from model com-
pounds and the resolved absorption spectrum of
RNase-A, the amino acid residues giving rise to the
RNase-A CD bands can be identified. Both CD and
absorption spectra of model compounds confirm that
tyrosyl and phenylalanyl moieties have fine structure,
whereas the disulfide moiety!%15 does not. The CD

Horwitz, Strickland, Billups | CD and Absorption Spectra of Tyrosine and RNase-A



2124

shoulders of RNase-A at 267.5, 261, and 255 nm cor-
respond to phenylalanyl transitions. The CD fine
structure seen at 288.5, 282, and 276 nm arises from the
tyrosine residues.

The RNase-A CD spectrum is more difficult to
analyze than the absorption spectrum, because the
disulfide transitions have a strong CD even though
their absorption is weak. The disulfide CD band is
clearly evident at long wavelengths. Since tyrosine
model compounds at 77°K do not have CD at wave-
lengths longer than 295 nm, the RNase-A CD from 295
to 310 nm (Figure 10) must be the leading edge of a
disulfide band. At 77°K disulfide model compounds
having a dihedral angle of approximately 90° exhibit
CD from about 320 nm.!® The relatively strong disul-
fide CD from 295 to 310 nm implies that the disulfide
CD contribution cannot be neglected at lower wave-
lengths. The disulfide CD contribution below 295
nm can be estimated only after the tyrosyl CD bands
have been identified in RNase-A. The disulfide CD
bands of RNase-A cannot be fit directly from disulfide
model compounds, because the ratio of CD to absorp-
tion does not follow a consistent pattern throughout
the disulfide band.!® In fact, the disulfide CD band of
L-cystine dimethyl ester diHCl in M-G even reverses
sign near 280 nm.!?

It will be shown in the Discussion that each tyrosyl
side chain in RNase-A would be expected to have a
CD spectrum whose shape corresponds approximately
to that observed either for L-Tyr EE in EPA (Figure 6)
or for L-Tyr in W-G (Figure 7). Consequently our
analysis of the tyrosyl CD bands in RNase involves
trying to place a CD band corresponding to each
tyrosyl absorption band in RNase-A. In the analysis
presented first (Figure 10), the ratio of CD to absorption
is kept constant for all bands of a given type of tyro-
sine residue. The half-band width of each CD band
should be the same as its absorption band. The total
CD intensity may be different for each type of tyrosine.
The shoulder at 288.5 nm fits the position of the 0-0
transition of type I tyrosine found in the RNase-A
absorption spectrum. After the height of the 0-0
band is adjusted to fit the CD shoulder at 288.5 nm,
the 0 + 800 cm™! and the remaining short-wavelength
bands must be placed to correspond with the rest of the
type I tyrosine bands in the absorption spectrum (Figure
9). The type II tyrosines with their 0-0 band at 286 nm
cannot contribute much to the CD, since no CD band
is seen at 286 nm. The band at about 282 nm in the CD
spectrum results from the type III tyrosines having
their 0-O transitions at 283 nm. Thus a Gaussian
band is put at this position, and its intensity is adjusted
to fit the observed spectra at 282 nm. Next the rest
of the type III tyrosine bands are put according to the
resolved absorption spectrum. When the CD is
summed for all tyrosine residues, their total CD in-
tensity is much too weak to fit the observed CD spectra
at wavelengths below 282 nm. The RNase-A CD
spectrum could be fitted using the tyrosine model com-
pounds and the constant ratio of CD to absorption

(15) No fine structure was observed in the near-ultraviolet CD spectra
of either L-cystine in W—G or L-cystine dimethyl ester diHCl in M—-G at
77°K. The long-wavelength edge of these CD spectra appears to begin
around 320 nm. These CD spectra at 77°K are similar to the ones re-
corded at 298°K (unpublished experiments).
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for each type of tyrosine residue only if the disul-
fide band is extended as proposed in Figure 10.

Using the procedure described above, the RNase-A
CD spectrum at 77°K was analyzed from 310 to 276 nm.
Only an approximate curve fitting was done below 276
nm, because too many uncertainties exist in determin-
ing the tyrosine and disulfide CD intensities at shorter
wavelengths. The relative contributions of tyrosyl
and disulfide CD bands were estimated by comparing
their areas under the CD spectrum between 275 and
310 nm (Figure 10). About 509 of the RNase-A
CD intensity resulted from the disulfides, 359 from
the three exposed tyrosine residues, and 159 from the
single buried tyrosine residue having its 0-0 band at
288.5 nm. The two tyrosine residues having their 0-0
bands at 286 nm contributed less than 597 and were
neglected.

The band shapes used in Figure 10 for the exposed
tyrosine residues lead to obtaining the maximal disul-
fide CD contribution. If the 0 4+ 800 ¢cm~! CD band
of the exposed tyrosine residues was permitted to be
more intense than the 0-0 band, then less disulfide CD
was required to fill up the 276-nm CD band of RNase-A.
Consequently, other analyses were carried out to deter-
mine the effects of altering the intensity distribution be-
tween the 0-0 and 0 4 800 cm~! CD bands of the ex-
posed tyrosine residues. As shown in Table II, the exact

Table II. Distribution of CD Strength in RNase-A as a
Function of the CD Shape Assumed for
Exposed Tyrosine Residues

——9 of total RNase-A CD strength——

AAm®/ Exposed® Buried«.4

AAszgy Disulfide® Tyr Tyr
1.4 37 47 16
1.3 47 38 15
1.2 50 35 15

s In the CD spectrum used to represent the exposed tyrosy! side
chains, the ratio of A4 at 277 nm to AA at 283 nm was used to
measure the shape. °® Determined from the area under the disulfide
curve from 275 to 310 nm. ¢ The total tyrosine contribution was
obtained by subtracting the disulfide area from the total area.
The distribution between the buried and exposed residues was ob-
tained by comparing the areas obtained by adding the 0-0 and
0 + 800 cm™! bands for each type of tyrosine residue. 9 Tyrosine
residue having 0-0 band at 288.5 nm. There was no contribution
from the other two buried tyrosine residues.

contributions of disulfide and tyrosine changed only
slightly, even when the increase in the ratio of CD at
the 0 4+ 800 ¢cm~! band to that at the 0-0 band was made
relatively large in comparison to the values observed
for tyrosine model compounds.

Attempts were also made to fit the exposed tyrosine
contribution using a strong negative CD spectrum and
a moderate positive CD spectrum with the 0-0 band
offset to slightly longer wavelengths. This combina-
tion of bands made the 276-nm CD much more intense
than the 282-nm CD. In addition, of course, the bands
from the buried tyrosine residue had to be included to
obtain the 288.5-nm shoulder. The RNase-A CD
spectrum, however, could not be fit using two exposed
tyrosyl species with opposite signs unless a large di-
sulfide contribution was added to minimize the CD
contribution from the exposed tyrosine residues.
When large tyrosine CD bands were used, the resulting
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Figure 11. CD record of 72 uM RNase-A with 50 mAf sodium
phosphate buffer (pH 7) at 298°K; path length, 10 mm; 20 scans;
time constant, 1.0 sec; BL indicates the base line. The existence
of the band at 288.5 nm was verified in independent experiments.

CD spectrum had much sharper fine structure than was
actually observed experimentally. Thus both the
relative CD intensities at 276 and 282 nm and the ex-
tent of resolution of fine structure in RNase-A preclude
a large tyrosine CD contribution.

In light of the above low-temperature analysis,
a critical examination of RNase-A at room tempera-
ture is necessary. As expected, the CD bands in the
298°K spectrum are not as well resolved as those
in the 77°K spectrum. Nevertheless, all bands identi-
fied at 77°K can be found in the 298°K CD spectrum
of RNase-A. As shown in Figure 11, the 282-, 276-,
268-, 261-, and 255-nm CD bands are easily identified
even at 298°K. The existence of the 288.5-nm CD
band is indicated by a slight bulge which can be seen
by sighting along the trace between 295 and 285 nm.
Area measurements demonstrated that total near-
ultraviolet CD intensity of RNase-A is approximately
the same at both 298 and 77°K (less than 1597 intensi-
fication upon cooling).

The longer wavelength part of the disulfide contribu-
tion is also clearly evident in the room-temperature
CD spectrum of RNase-A. Even at 298°K tyrosine
does not have measurable CD or absorption at wave-
lengths above 300 nm; e.g., examine the leading edge
of the spectra of tyrosine model compounds (Figures 1,
4, 5, and 7). Thus the long-wavelength tail extending
out to 320 nm in the RNase-A CD spectrum (Figure 11)
must be a disulfide band.

Discussion

An analysis of the vibrational structure in the ab-
sorption spectrum of tyrosine and its derivatives per-
mits understanding the various CD spectra observed
for compounds containing tyrosine. Cooling these
compounds to 77°K reveals much fine structure.
The absorption spectra of tyrosine and all its low mo-
lecular weight derivatives possess identical spacings
among the fine structure bands. Different solvents,
however, shift the 0-O band between 282 and 288 nm,
as has been discussed by other investigators.!¢ Over
859% of the total absorption results from the progres-
sion obtained by adding multiples of 800 cm~! to the
0-0 band.

(16) D. A. Chignell and W. B. Gratzer, J. Phys. Chem., 72, 2934
(1968), and references cited therein,
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Figure 12, Transitions resolved in the CD and absorption spectra
of tyrosine derivatives, The 0-0 and 0 4+ 800 cm™! transitions
are very intense. The 0 + 420 ¢cm™! transition is very weak. The
0 + 1250 and 0 + 1250 + 800 cm™! bands may include several
transitions in addition to the one shown (see Appendix).

The vibronic transitions of tyrosine in the near-ultra-
violet region can be identified by using p-cresol as a
model for the phenolic ring (see Appendix). Figure 12
illustrates the excited state vibrational modes involved
in the principal vibronic transitions of tyrosine. All
the observed vibrational modes are totally symmet-
rical. In principle, nontotally symmetrical vibrations
may also occur, because the effective local symmetry
of tyrosine is C,,. The transitions involving these
vibrations, however, are 100 weak to be identified in
the tyrosine absorption spectra (see Appendix).

The vibronic transitions are best resolved for tyrosine
derivatives which dissolve in nonaqueous solvents.
The water—glycerol solvent widens the band widths of
each transition. One major contributor to the broaden-
ing of vibronic bands is the random arrangement of
solvent molecules around the solute. Unlike a
crystal where each absorbing molecule occupies an
identical site, glasses and solutions contain multiple
sites having different interaction energies between the
solute and solvent, thereby broadening the spectrum.
In polar solvents the broadening is enhanced by the
stronger interaction between solute and solvent.

The information gained from the 77°K absorption
spectra facilitates interpreting the CD spectra. Each
vibronic transition in an optically active molecule
possesses both an absorption intensity and a CD in-
tensity. Thus each fine-structure absorption band
gives the position of a possible CD band, and con-
versely each fine-structure CD band indicates the loca-
tion of an absorption band. The correspondence
between CD and absorption exists only for each vi-
bronic transition. Therefore, if the vibrational fine
structure is either not resolved or is ignored, an ap-
parent mismatch may occur between CD and absorption
bands.

The 77°K spectra of L-Tyr EE in EPA, NAc-L-
Tyr A in M-G, and NAc-L-Tyr EE in THF-D il-
lustrate the ideal behavior expected as to the corre-
spondence in wavelength between CD and absorption.
Each vibronic CD transition fits an observed absorp-
tion band (within 0.5 nm). Furthermore, the ratio of

(17) (a) R. M. Hochstrasser, Accounts Chem. Res., 1, 266 (1968);
(b) H. H. Jaffé and M. Orchin in “Theory and Application of Ultraviolet
Spectroscopy,” John Wiley & Sons, Inc., New York, N. Y., 1962, p 189.
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CD to absorption intensity is nearly constant through-
out the spectrum (<1097 variation).

These ideal tyrosine CD spectra may be placed in
perspective by comparing them with the CD spectra
of phenylalanine containing compounds, which also
have an effective local symmetry of C,,. In phenyl-
alanine some vibronic transitions containing a single
nontotally symmetrical vibration have CD and ab-
sorption intensities which are almost as intense as
the bands involving only totally symmetrical vibra-
tions.* In tyrosine, owing to a large increase in the
intensities of the 0-0 band and the transitions involy-
ing only totally symmetrical vibrations, the transitions
containing a nontotally symmetrical vibration are too
weak to be identified.

Next we shall compare the sign properties of the
CD transitions of phenylalanine and tyrosine deriva-
tives. The CD spectrum of a phenylalanine compound
may have both positive and negative CD bands. In
tyrosine compounds, however, all vibronic transitions
always have the same sign—either all positive or all
negative. The shape of a tyrosine CD spectrum is
approximately identical with that of its absorption
spectrum, aside from a proportionality factor.

The nontotally symmetrical vibrations are responsi-
ble for the mixed signs in the phenylalanine CD spec-
tra.* When the transitions involving nontotally sym-
metrical vibrations are either absent or very weak,
as in the case with tyrosine, no mixing of CD signs
should occur, and the CD intensity should be approxi-
mately proportional to the absorption intensity at all
wavelengths. Even very weakly occurring nontotally
symmetrical vibrations, however, may cause minor
deviations in the proportionality between CD and ab-
sorption intensity. This behavior is in accord with
Weigang’s theoretical description of vibrational struc-
turing in CD spectra.1®

Finally we shall compare the rotatory strengths of
tyrosine and phenylalanine compounds. Some dif-
ficulties arise in making this comparison, because
solutions of these molecules appear to be equilibrium
mixtures of many conformers. The CD intensities of
some phenylalanine derivatives increase by as much as
8-fold with