TYROSYL CD oF RNase S AND A

Interactions Contributing to the Tyrosyl Circular

Dichroism Bands of Ribonuclease S and At

E. Hardin Strickland

ABSTRACT: The near-ultraviolet circular dichroism (CD) bands
of ribonuclease (RNase) S and A are examined theoretically
by using the coordinates of crystalline bovine pancreatic
RNase S. The tyrosyl CD is assumed to arise principally from
coupling between the near-ultraviolet (!Ly) tyrosyl band and
the 7—m* transitions located on other moieties. The calculated
tyrosyl CD bands give about 709 of the CD observed for
RNase S at 275 nm. The remaining CD is attributed mainly
to a negative disulfide band having its extremum located
below 270 nm. Part of the disulfide CD results from the
inherent dissymmetry of the four disulfide bridges in RNase S.
Most of the tyrosyl rotatory strength arises from interactions
between Tyr-73 and Tyr-115; i.e., the far-ultraviolet aromatic

Extensive vibronic structure has been observed in the
near-ultraviolet CD! and absorption spectra of RNase S
and A (Horwitz er al., 1970; Horwitz and Strickland, 1971).
By comparing the vibronic structure of these proteins to that
found for tyrosyl model compounds, the approximate CD
contributions of the tyrosyl and cystinyl side chains were
estimated. In the RNase A spectrum between 275 and 310
nm, about 40-5097 of the CD strength has been attributed
to disulfide, 45-35% to the three tyrosyl residues with ex-
posed hydroxy groups, and 20-159%; to a single buried tyrosyl
residue (Tyr-25). The CD spectrum of RNase S is similar
except that Tyr-25 seems to have lost much of its CD intensity
and has its absorption band shifted to shorter wave-
lengths.

Investigations using both crystals and solutions indicate
that the hydroxy groups of Tyr-73, -76, and -115 are free to
interact with the solvent (Wyckoff er al., 1970; Richards and
Wyckoff, 1971; Woody er al., 1966; Li er al., 1966). Tyr-97
is completely buried and has its hydroxy group hydrogen
bonded to the carbonyl oxygen of Lys-41 (Richards and
Wyckoff, 1971). The hydroxy group of Tyr-92 is hydrogen
bonded to the carbonyl oxygen of Lys-37. Tyr-25, which is
mostly buried in RNase S, has its hydroxy group hydrogen
bonded to a carboxylate oxygen of Asp-14. In crystalline
RNase A the environment of Tyr-25 may be somewhat differ-
ent, since it is located close by the single peptide bond that is
selectively cleaved by subtilisin (Wyckoff er al., 1967).

Recently Chen and Woody (1971) and Hooker and Schell-
man (1970) have described theoretical studies on the CD bands
of tyrosine compounds. Certain aspects of their techniques
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! Abbreviations used are: CD, circular dichroism; Ae, e for left
circularly polarized light minus that for right circularly polarized light;
RNase A, bovine pancreatic ribonuclease; RNase S, subtilisin-modified
RNase A,

transitions of each tyrosyl couple with the 'Lj transition of
the other. In addition, coupling between their 'Ly, transitions
causes a small exciton CD component, which affects the shape
of the spectrum. Smaller exciton CD components result from
interactions between tyrosyl pairs 92-97 and 25-97. A portion
of the total tyrosyl rotatory strength arises from coupling
with the peptide transition at 190 nm. In the case of RNase S,
the rotatory strength calculated for Tyr-25 is small, The cal-
culations suggest, however, that an altered orientation of the
Tyr-25 side chain may give a strong CD band due to coupling
with the aromatic transitions of Phe-46 and His-48. Such a
conformation change could account for the negative CD
band (288.5 nm) given by Tyr-25 in RNase A.

may be used to calculate the tyrosyl CD bands in proteins.
Their results, together with studies on heme proteins (Hsu
and Woody, 1971), suggest that electric dipole-electric dipole
coupling may be the major source of tyrosyl CD bands in
proteins. The near-ultraviolet transition of each tyrosyl side
chain may couple with the strong far-ultraviolet transitions
of other nearby moieties. Strong coupling interactions may
be expected primarily with aromatic amino acids, peptide
bonds, and other groups having = orbitals.

This communication describes a theoretical analysis of the
near-ultraviolet tyrosyl CD bands of RNase S, based upon
electric dipole-electric dipole coupling. To obtain the neces-
sary atomic coordinates, the conformation of RNase S
in solution and in glasses at 77°K is assumed to be identical
with that reported for the crystalline state (Richards and Wyc-
koff, 1971). These calculations have revealed several inter-
actions which give major tyrosyl CD bands. From this in-
formation, it is possible to identify conformation changes
which may measurably affect the near-ultraviolet CD spec-
trum of RNase S. The interactions of Tyr-25 are examined in
detail, because its CD bands are altered in RNase A. Some
consideration is also given to possible static perturbations of
tyrosyl side chains and to the inherent optical activity of the
disulfide bridges.

Methods and Theoretical Considerations

The mechanisms giving rise to optical activity have been
derived in detail by Tinoco (1962) and summarized by Schell-
man (1968). When an optically inactive chromophore is
placed in a dissymmetric environment, CD bands may arise
from one or more of the following mechanisms: (A) electric
dipole-electric dipole coupling (nondegenerate or degenerate),
(B) static perturbations (one-electron mechanism), and (C)
electric dipole-magnetic dipole coupling (x-m). In each of
these mechanisms the chromophore gains CD by means of
interactions (either static or dynamic) with the other moieties
in the protein. Attention will be focused primarily upon the
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TABLE I: Characteristics of »-#* Transitions in Various
Chromophoric Groups,

Chromophoric Excited A wd X 10
Group State (nm)  (cgs units) g¢,°
Phenolic ring of Tyr L), 2717 1.2¢ e
1L, 227 2.45
1By, 192 4.74
B, 192 4.68
Pheny! ring of Phe 1B, 189 4.5 J
1B, 189 4.5
Peptide bond NV, 190 305 g
NV, 125 1.7
Side-chain amides of NV, 181 2.75" g
GIn and Asn
Carboxylate of Glu NV, 173¢ 2.6' g
and Asp
Imidazoly! ring of 1 210 2.4 !
His (uncharged) 2 210 1.1/
3 164’ .8
4 1557 1.6/
Guanidino group of 1 ~170F 3§ I
Arg 2 ~170* 3-5 {

%), wavelength. The spectra are shown in McDiarmid
(1965) and Gratzer (1967). ® u, transition moment. In the
calculations.u was obtained from the individual monopoles
and their coordinates: u = Z,g,Xy7 + Znqn¥sl + Z@nZini
where the summation is made over all the monopoles for a
specific transition. Monopole values were scaled by a multi-
plicative factor so that the calculated u had value given in this
table. © Reference for g,, the transition monopoles. ¢, were
placed directly above and below the nuclear plane and centered
on the nuclei; i.e., the monopoles were placed in the region
of the = orbitals. Unless indicated otherwise, the separations
used were those derived by Woody (1968). At carbon atoms,
+1.08 A; at nitrogen atoms, +0.981 A; at oxygen atoms,
+0.774 A. Some calculations presented in Tables IV and VI
used the monopole separations given by Nielsen and Schell-
man (1971). At C, = 0.707 A; at N, +0.589 A; at O, +0.505
A. ¢ i for 'L, tyrosyl band is taken from Hooker and Schell-
man (1970) and Strickland et al. (1972). ¢ Chen and Woody
(1971). /Hsu (1970). ° These transition monopoles were
calculated from the direction and magnitude of u (Woody
and Tinoco, 1967). * Average of values given by Nielsen and
Schellman (1971).  Hooker and Schellman (1970). ¢ Values
are based upon theroetical calculations (Hsu, 1970). * Esti-
mated from a partial spectrum of arginine (McDiarmid, 1965).
! Approximate monopoles were calculated from the wave
functions of the guanidinium ion (Paoloni, 1959) and scaled
to give a dipole strength of 20 X 10~ cgs unit. The transition
intensities were then divided equally among the three orienta-
tions permitted by symmetry,

nondegenerate electric dipole-electric dipole coupling, be-
cause this mechanism seems best able to produce the
intense tyrosyl circular dichroic bands observed in ribo-
nuclease.

Electric Dipole-Electric Dipole Coupling (Nondegenerate).
The method for calculating rotatory strength is similar to that
used by Hsu and Woody (1971) for heme optical activity. The
interactions between the near-ultraviolet tyrosyl transition and
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the transitions in other groups were considered pairwise using
the equation

21I‘V|2MM
R, = - ERUN . 1
he(h? — Mz)(R“ v X w) M

where /1 = Planck’s constant, ¢ = velocity of light, Vi, = the
interaction energy between the two transitions, A, = wave-
length of the near-ultraviolet tyrosyl band ('Ly), \; = wave-
length of the second transition, y; = transition dipole moment
of the !Ly, band, located at center of phenolic ring, y: = di-
pole moment of the transition coupling with g, and is located
at the center of second chromophore, Ry = R; — R, = the
distance from the center of the first tyrosyl ring to the center
of the second chromophore,

I treated interactions of the 'Ly, transition from each tyrosyl
residue with the far-ultraviolet =—m* transitions of the follow-
ing moieties: the aromatic side chains of Phe, His, and other
Tyr; the amide groups of the peptide backbone and of side
chains (GIn and Asn); the carboxylatc ions; and the guanidino
groups (Arg). The rotatory strength for the interactions be-
tween two groups was the summation of the individual inter-
actions of the 'L, tyrosyl transition in residue one with each
of the far-ultraviolet transitions in the second group.

The interaction energies in eq 1 were calculated using the
point monopole approximation? (Woody, 1968; Hsu and
Woody, 1971).

Vi = 33 DA )

i &k €gulagx

where g, = kth monopole for the L, tyrosyl transition, ¢,; =

Jth monopole for the transition in the other group, roy =

distance between these monopoles, and ey = dielectric
constant a‘ optical frequencies for the region between tie
monopoles. The summations included each 'L, monopole
of the tyrosyl ring interacting with each monopole belonging
to the other group. The transition monopoles and other
characteristics of the chromophores may be obtained from
the literature (Table I).

Note that the interaction energy eq 2 has a dielectric con-
stant term in the denominator. I have taken the dielectric
constant to be unity, in keeping with the assumptions made
by others (Chen and Woody, 1971; Hooker and Schellman,
1970). This approximation secems satisfactory when the two
chromophores are nearly in van der Waals contact. When
other moieties lie between the two interacting chromophores,
the dielectric constant should be set equal to the square of
the index of refraction. This quantity cannot be determined
precisely, though it probably lies between 1 and 2.5. Thus
the calculated rotatory strengths are overestimated by an
uncertain amount when the interacting groups have a large
separation, e.g., 10 A, Evidently the rotatory strength falls
off more rapidly with distance than the 1/R?* dependence
expected for a dielectric constant of 1.

To be completely rigorous, the interactions of tyrosyl with
the peptide bonds should be treated by matrix methods that
take into account the simultancous amide~amide interactions
(Chen and Woody, 1971; Bayley et af., 1969). Nevertheless, a
pairwise treatment of the tyrosyl-amide interactions probably
does not significantly incrcase the uncertainty ip these cal-

2 Since the dipole-dipole approximation is unreliable for small separa-
tions (Chen and Woody, 1971), it was not used to calculate Via
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culations, because other uncertainties also exist. These in-
clude: the exact crystal structure of RNase S (see below),
whether the structure is the same in solution and in the crystal,
the separation of the transition monopoles above and below
the nuclear plane (Table I), and the dielectric constant
value.

Coupling of the tyrosyl 'L, transition with the o—¢* transi-
tions was not calculated. These vacuum ultraviolet transitions
are not well characterized. Furthermore, since each bond has a
og—o* transition, they tend to be distributed almost randomly
around each phenolic ring. Thus their CD contributions are
likely to cancel one another. In the case of heme CD bands,
Hsu and Woody (1971) reported that coupling with the o-o*
transitions of alkyl groups is probably substantially smaller
than coupling with the aromatic 7—#* transitions.

Degenerate Dipole-Dipole Coupling. The interaction be-
tween 'L, transitions on two different tyrosyl rings does not
affect the net rotatory strength, but can alter the shape of the
near-ultraviolet tyrosyl bands (Strickland et a/., 1970b). These
degenerate interactions were calculated using the following
equations (Tinoco, 1963; Schellman, 1968)

Ry = iL(Rﬂ'yz X ur) 3
2\

1
17:*: = X‘ = Vm/hc (4)

1

where R.. = rotatory strengths of the two absorption bands
centered at 7., and #_ wave numbers, respectively.

The exciton CD spectra were generated by summing the
positive and negative components after splitting them by the
calculated value (Strickland er al., 1970b). The actual ex-
citon CD spectra may be somewhat weaker. These calcula-
tions may overestimate the splitting, because strong coupling
was assumed (Kasha, 1963). Actually the tyrosyl L, transi-
tion has intermediate intensity.

Static Perturbations. Schellman (1966) has described in
detail the mechanism by which static perturbations may in-
duce optical activity in a chromophore. The dipolar and ionic
groups of a protein are the most effective perturbations. The
amount of CD induced by these groups depends upon their
geometry and upon the symmetry of the chromophore. Since
the phenolic side chains have two symmetry planes (Horwitz
et al., 1970), the static perturbations are less effective than
would be the case with a less symmetrical chromophore. If
the perturbing group is an ion, the rotatory strength gener-
ated by the interaction decreases as 1/R?, where R is the dis-
tance from the center of the phenolic ring to the center of the
other group. For dipolar perturbing groups, the distance
dependence (1/R%) is even steeper. Thus perturbing groups
need to be practically in van der Waals contact to induce CD
in the phenolic chromophore. In addition, a perturbing group
cannot induce any CD if it lies in one of the two symmetry
planes of the phenolic ring. These restrictions suggest that the
static perturbation mechanism is less likely to induce major
tyrosyl CD bands than is the dipole-dipole coupling mech-
anism. Nevertheless, polar groups near tyrosyl side chains in
RNase S have been tabulated.

RNase S Crystal Data. Calculations were made using
RNase S coordinates (set 6B, revised April 1971) kindly
supplied by Professor Wyckoff and his coworkers. Prelimi-
nary calculations were carried out with the coordinates pub-
lished by Wyckoff er al. (1970). The interactions between aro-

matic moieties were not much changed by refinement of the
RNase S coordinates. In contrast, the total rotatory strengths
calculated for the tyrosine—peptide bond interactions were
altered, especially for Tyr-92.

Computations revealed that the bond lengths obtained
from the RNase S crystal data sometimes deviated by more
than 0.1 A from the standard dimensions observed in the
X-ray studies of amino acids and small peptides. No attempt
was made to give each residue the standard bond lengths, even
though these deviations may cause some error in the cal-
culated rotatory strength. Instead the error was partially elim-
inated by correcting the rotatory strength in the following
way. The sizes of the monopoles for each transition were
scaled by a constant fraction so that the resulting dipole
moment for each residue gave the experimental value listed in
Table 1.

Some interpretation of the crystal data was required before
interactions with the four histidiny! residues could be evalu-
ated. The X-ray data on RNase S do not distinguish between
the nitrogen and carbon atoms of the imidazolyl rings. Tenta-
tive assignments can be made, however, by using the hydro-
gen-bonding scheme proposed by Richards and Wyckoff
(1971). Any imidazolyl atom bonded to a hydrogen acceptor
atom in an adjacent moiety must be a >NH group. Specific
atoms in the list of atomic coordinates were identified by
calculating the distances from each imidazolyl atom to the
designated hydrogen acceptor atom. The hydrogen-bonded
nitrogen atom was clearly distinguished by its short separa-
tion (about 2.4-3.0 A) from the hydrogen acceptor atom.
Each imidazolyl ring appears to have only a single bond to a
hydrogen acceptor atom belonging to RNase S. Thus the
other imidazolyl nitrogen atom was assumed to have differ-
ent degrees of protonation, depending upon the pH. Judging
from the pK values of the histidinyl side chains (Meadows
et al., 1968), the second imidazolyl nitrogens are more than
half-protonated in RNase S used for the X-ray studies (crys-
tals grown at pH 5.9-6.0). The rotatory strength calculations
must be based upon coupling with the unprotonated imid-
azole ring, because no transition monopoles are available
for the protonated form.

Results

Nondegenerate Electric Dipole—Electric Dipole Coupling
between Tyrosyls. Coupling of the tyrosyl 'L, transition in
each residue with the far-ultraviolet transitions of the other
tyrosyl side chains is summarized in Table II. Only the inter-
actions between Tyr-73 and Tyr-115 produce a large rotatory
strength (total of about —7 X 10=% cgs unit). The other
pairs of tyrosyl side chains are too far apart (10 A or more)
to give much rotatory strength.

Coupling of Tyrosyl and Phenylalany! Transitions. None of
these interactions contribute significantly to the rotatory
strength of RNase S. Nevertheless, the interactions between
Tyr-25 and Phe-46 are of interest due to the proximity of their
side chains (6.5 A between centers). The net rotatory strength
is small only because the two individual interactions have
opposite signs (Table II). Coupling of the 'L, transition in
Tyr-25 with the By band in Phe-46 gives 1.2 X 10- cgs
unit, whereas coupling with the !B, band gives —1.4 X 10~40
cgs unit,

Coupling of Tyrosyl and Histidinyl Transitions. With one
exception, the histidinyl side chains are too far from the phe-
nolic rings to give much rotatory strength (Table III). The
imidazolyl ring of His-48, however, is in van der Waals con-
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TABLE 1I: Near-Ultraviolet Tyrosyl Rotatory Strength Resulting from Coupling with Transitions in Other Tyrosyl and Phenyl-

alanyl Side Chains of RNase S.

Tyrosyl Side Chain

73 115

76 25 92 97

Ry® R, X 10 Ry R, X 109 Ry
2 (A) (cgs) (A) (cgs) (A)

s X 104 Ry

R. X 104 Ry
(cgs) (A)

R. X 10% Ryy R, X 10%

ce) (A (cgs) (A) ()

Tyr-73 1L, 6.0 -1.4 10
1By, 0.4
1B, -2.5

Tyr-115 1L, 6.0
1By,
1B,

Tyr-76 1L, 10
1By
1B,

Tyr-25 1L, 27
1B,
1B,

Tyr-92 1L, 36
1By,
1B,

Tyr-97 'L, 29
1B,
1B,

Phe-8 1By 12
1B,

Phe-46 1By 23
1B,

Phe-120 1By 14
1B, _

Total R, X 1040 -
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other chromophoric center.

tact with the phenolic oxygen® of Tyr-25. This interaction
gives a calculated rotatory strength of —1.3 X 10-4® ¢cgs unit.

Coupling of Tyrosyl and Peptide Transitions. The rotatory
strengths for coupling between the tyrosyl Ly, band and the
NV, transition in a single peptide bond vary both in magni-
tude and in sign (Figures 1 and 2). When the moieties are
nearly in contact (4-5 A between centers), the absolute magni-
tude of the rotatory strength sometimes exceeds 1 X 10—
cgs unit. Most interactions, however, give less than =1 X
10— cgs unit. For separations exceeding 10 A, the absolute
magnitude of the rotatory strength is below 0.3 X 10-% cgs
unit,

The total rotatory strength for each phenolic ring is ob-
tained by summing the individual interactions. These values
vary from 1.8 X 1074 ¢gs unit for Tyr-76 to —2.4 X 10—%
cgs unit for Tyr-97 (Table IV)

In the case of Tyr-76, the calculated rotatory strength is
significantly influenced by the choice of monopole separations
above and below the nuclear plane (Table IV). For the strong

3 See Figure 4F in Wyckoff er al. (1970) for approximate orientation.
Richards and Wyckoff (1971) have revised the hydrogen-bonding scheme
so that a carbon atom of the imidazolyl ring contacts the phenolic
oxygen.
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interaction between Tyr-76 and peptide bond 60, the smaller
separation used by Nielsen and Schellman (1971) gives 309
less rotatory strength than does the larger separation used by
Woody (1968). In general, the two separations may yield
somewhat different rotatory strengths when the interacting
groups are approximately in contact. For groups not in con-
tact, the choice of separations is not so important. With the
exception of the Tyr-76 peptide interactions, the sums of all
peptide interactions give rotatory strengths that are similar
for either the large or the small monopole separations (Ta-
ble IV).

Calculations were also made of coupling between the pep-
tide NV, transition (125 nm) and the tyrosyl !Ls transition.
These interactions do not contribute measurable rotatory
strength.

Tyrosyl Coupling with Transitions of Other Groups. The
guanidino groups of the four argininyl side chains are all more
than 8 A away from the phenolic rings. Calculations indicated
that these coupling interactions are too small to give measure-
able rotatory strengths.

Among the 12 carboxylate groups, only Asp-14 and Glu-
86 are close by phenolic rings. Even in these cases, the calcu-
lated rotatory strengths are small (Table V). In addition, the
carboxylate group of Glu-86 is poorly defined in the electron-
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TABLE 1ii: Near-Ultraviolet Tyrosyl Rotatory Strength Resulting from Coupling with Transitions in Histidinyl Side Chains of

RNase S.
Tyrosyl Side Chain
73 115 76 25 92 97

Ry X Rs X R, X Ry X Ry X Ry X

Ry’ 104 Ry 104 Ry 1040 Ry 1040 Ry 104 Ry 104
e on® (A) (cgs) (A) (cgs) (A  (cgs) (A (cgs) (A (cgs) (A) (cgs)
His-12 16 -0.1 17 0.1 20 0 14 0.1 20 0 13 0.1
His-48 22 0 24 0 21 0 5.7 -1.3 24 0 15 —0.1

His-105 15 0.1 20 0.1 9.1 0 21 0 36 0 26 0
His-119 11 0 12 -0.1 19 0 22 0.1 25 0 20 0.1
Total Rs X 104 0.1¢ 0° 0 —-1.1 0 0°

# 2 on, chromophoric group whose transitions couple with the 1L, tyrosyl transition. ® Ry, distance between ring centers. ¢ Ap-
parent discrepancy of total Rs value from sum of individual R; values results from errors caused by rounding off individual values.

density maps (Wyckoff er al., 1970), suggesting that it
may have motility, which further reduces its effective coupling.

There are three close interactions with side-chain amides:
Asn-62 with Tyr-73, GIn-60 with Tyr-76, and Asn-27 with
Tyr-97. Judging from their contours in the electron density
maps, these amides are relatively rigid in crystalline RNase S
(Wyckoff er al., 1970). Both Asn-27 and GIn-60 are hydrogen
bonded, which permits their oxygen and nitrogen atoms to be
distinguished. In the case of Asn-62 either the O% or the
N? atom contacts the C* atom of Tyr-73. Owing to the
strong permanent dipole moment of amides, the most prob-
able orientation seems to be with the NH, group nearest the

4

1o

1 ! 1 A L 1

81012 2 4 6 8 0 12
Rzy| (A)

FIGURE 1: Dependence of rotatory strength (R) upon distance
(|Rx)) for coupling the 'Ly, transitions of Try-73, -115, and -76 with
the m—7* peptide transitions at 190 nm. The values for these inter-
actions (up to 12 A) are plotted using a number to designate which
peptide bond is involved. This number corresponds to the residue
providing the C atom for the peptide linkage.
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7 orbitals of the phenolic ring. In spite of the proximity of
these side-chain amides to tyrosyl residues, the summations
of their dipole-dipole couplings give rotatory strengths of
less than =0.3 X 10~40 cgs unit/tyrosyl, if the N® atom of
Asn-62 contacts the ring of Tyr-73. Even if the O atom
(Asn-62) is nearest the ring, the rotatory strength of Tyr-73
increases by only 0.3 X 10740 cgs unit (Table V).

Degenerate Dipole—Dipole Coupling (Exciton). The sizes of
the exciton CD spectra resulting from coupling between the
Ly, tyrosyl bands may be evaluated from the Ae values sum-
marized in Table VI. The interaction between Tyr-73 and
Tyr-115 causes the largest exciton CD component (Aemax
0.56 M~1 cm~1), Smaller exciton effects result from the tyrosyl
pairs 92-97 and 25-97.

Static Perturbations. Each of the tyrosyl side chains is lo-
cated close by at least several polar groups in RNase S (Ta-

— — ————
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FIGURE 2: Distance dependence for coupling of the !L, tyrosyl
transitions of Tyr-25, -92, and -97 with the peptide m—7* transitions
at 190 nm.
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TABLE 1v: Effect of Monopole Position in 7 Orbital upon the Calculated Rotatory Strength of near-Ultraviolet Tyrosyl Bands.

R, X 104 for Tyrosyl Side Chains (cgs)

73 115 76 25 92 97
All Interactions with L S? Le S? Le S? L S? L® N L S?
Other Tyr side chains -3.7 —-40 -37 -39 0.4 0.4 0.5 0.4 -0.1 -0.1 0.9 0.9
Phe side chains 0.1 0.1 0.1 0.1 -0.1 -0.1 -0.3 —-0.7 0 0 -0.5 —-0.4
Peptide bonds (NV)) —-1.3 ~-1.4 —-1.5 —-1.3 1.8 1.4° 0.6 0.5 -04 =02 ~-24 2.3
His side chains 0.1 0.1 0 0 0 0 -1.1 —-1.1 0 0 0 0
Total Ry X 1040 —-48 —-52 =51 =51 2.1 1.7 -0.5 -0.9 -05 -03 -2.0 -—1.8

“L, monopoles separated from the nuclear plane by larger distances used by Woody (1968). See Table 1. S, monopoles
separated from the nuclear plane by smaller distances used by Nielsen and Schellman (1971). ¢ This difference results primarily
from the different interactions with peptide bond 60.

TABLE Vv: Moieties Having Either Strong Dipole-Dipole Couplings or Small Separations from the Tyrosyl Side Chains
of RNase S.

R.2 X 104 R X 104
42 on® Fwin? A)  Ruf (A) (cgs) s on® Fmin® (A)  Ru® (A) (cgs)
Tyr-73 Tyr-76
Tyr-115 3.0 6.0 g'ge Gln-60 2.2 5.0 -0.1
Asn-62 1.3 4.3 g PB-60 2.4 4.8 1.7
PBN.57 3 so 07 PB-74 3‘4’1 5.9 0.5
PB-58 1.3 3.7 0.2 PB-75 2.2 3.3 0
PB-59 2.7 5.6 0.1 Tyr-25
PB-60 3.2 5.7 0.4 Phe-46 3.4 6.5 —0.2
PB-61 3.0 5.4 -0.8 His-48 3.6 5.7 -1.3
PB-71 2.1 4.7 -0.2 Asp-14 3.6 5.6 0.2
PB-72 1.0 3.6 0.6 PB-25 1.6 4.0 0.8
Cys-58-110 3.0 PB-81 4.8 7.7 0.7
Met-29 3.3/ 5.9
Thr-82 2.7 4.4
Tyr-97
Tyr-115 Glu-86 4.0 6.2 ~0.2
Tyr-73 2.7 6.0 =35 Asn-27 32 5.6 ~0.2
PB-58 3.3 5.9 ~0.5 PB.26 30 5's 02
PB-110 1.8 4.5 —0.9 PB.27 44 66 06
PB-111 2.1 3.3 —0.3 PB-39 4.8 6.8 0.7
PB-115 2.2 4.4 0.8 PBAL 59 54 —0.7
Cys-58-110 2.7 PB-42 3.6 5.9 0.5
PB-84 3.2 5.8 0
PB-85 2.7 4.8 ~0.7
PB-95 2.5 5.1 -0.1
Tyr-92 PB-96 2.3 4.3 -0.7
PB-37 2.8 4.9 0.5 Met-30 1.47 4.2 g
PB-38 1.6 4.3 —-0.3 Thr-36 3.47 4.9
PB-39 2.7 5.1 0.4 Cys-26-84 3.57
PB-92 1.7 4.3 1.2 Cys-40-95 2.67

® 4, on, group interacting with the tyrosyl 'Ly transition. PB designates peptide bond. Amino acid abbreviations designate
the side chain of residue. ? r,i,, smallest separation between the 'L, tyrosyl monopoles and the second group’s monopoles.
(*L,, monopoles are located on C§ and Ce atoms of phenolic ring.) ¢ R., distance between the centers of the two interacting
groups. ¢ R, tyrosyl rotatory strength from dipole-dipole coupling. ¢ 0.3, for NH, nearest phenolic ring; 0.6, for >C = 0
nearest phenolic ring (see text). 7 Smallest separation between the tyrosyl monopoles and the heteroatom of the other amino
acid side chain. ¢ Perturbing group nearly lies in a symmetry plane of the phenolic ring. * PB = peptide bond.
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TABLE vI: Exciton Circular Dichroism Bands of Tyrosyl Side
Chains in RNase S.

TABLE ViII: Inherent Optical Activity of the Disulfide Bonds of
RNase S.

Interacting  Ae® Ag® R..* X Ap®
Pair?® M lem™) (M~lcm™Y) 104 (cgs) (cm™Y)
73-115 0.56 0.36 *19.5 +14.67
92-97 0.48 0.31 +=42.7 F5.2
25-97 —0.10 —0.06 *15.4 F2.9

? Omitted pairs have negligible Ae values. ® Value at the
longest wavelength peak. Band shapes are shown in Figure 3.
°Value at the next peak having same sign as the longest
wavelength peak. ¢ R.,, rotatory strengths of the two absorp-
tion bands split by =A5. ¢ As = =Vy/he, splitting of de-
generate 'Ly, bands, calculated using large monopole separa-
tions from nuclear plane (see Table I). / =9.8 cm~! is obtained
using small monopole separations.

ble V). Mostly these polar groups are the moieties involved
in dipole coupling with the Ly tyrosyl transition. Tyr-97
and -73 contact numerous polar groups, which seem almost
randomly distributed around their side chains. Probability
considerations suggest that the rotatory strengths from static
perturbations of these two phenolic rings would tend to can-
cel extensively. The side chain of Tyr-25 is in contact with
both a carboxylate group (Asp-14) and an imidazolyl ring
(His-48).% The carboxylate group of Asp-14, however, lies
nearly in a symmetry plane of the phenolic ring, which pre-
cludes much rotatory strength from this perturbation. The
rings of Tyr-92, -76, and -115 contact the fewest polar moie-
ties.

Disulfide Bonds. The four disulfide groups of RNase S
have dihedral angles that are near 490 or —90° (Table VII).
By applying a quadrant rule, the sign for the inherent CD of
each disulfide can be predicted from the dihedral angle
(Ludescher and Schwyzer, 1971). The quadrants are bounded
by the dihedral angles which do not give inherent optical
activity (0, =90, ==180°). Three of the four disulfide bonds of
RNase S have inherent CD that is negative in the longest wave-
length region (Table VII). The sign of the total CD inherent
from all four disulfides can be determined by considering
further the angular dependence of the inherent CD. For dihe-
dral angles near +90°, the absolute magnitude of the inherent
CD increases as some function of the deviation from +90 or
—90°, Evidently the positive CD band from Cys-26-84 (angle
of —90° — 10.8°) is more than cancelled by the negative band
of Cys-65-72 (angle of 4+-90° + 14.4°). Since the other two
cystinyl side chains have negative CD, the net CD contribu-
tion inherent from the dissymmetry of all four disulfides
should be negative.

Discussion

Calculations of nondegenerate electric dipole-electric
dipole coupling have revealed several interactions which
contribute to the near-ultraviolet tyrosyl CD bands of RNase
S. The largest interactions involve the side chains of Tyr-73 and
Tyr-115, which are located close by each other. Their inter-
actions give a calculated rotatory strength of about —7 X
10—4% cgs unit (Table V). The size of this calculated value lies
within the range observed for model compounds containing

CD Sign
of Longest
Cys Dihedral Angle” (deg) A Band*®
26-84 —100.8 (—90 — 10.8) +
65-72 104.4% (490 + 14.4) -
58-110 —84.6 (—90 + 5.4) —
40-95 —84.6(—90 + 5.4) -

? Measured using the convention and diagram of Ludescher
and Schwyzer (1971). Calculations based upon 1971 crystal
data of Wyckoff and coworkers. ® This angle is 20° greater
than the value obtained using the earlier data of Wyckoff
etal. (1970).

two tyrosyl -side chains located in promixity. For example,
the near-ultraviolet rotatory strength of L-tyrosyl-L-tyrosyl-
diketopiperazine at 140°K is 6.6 X 10~4° cgs unit (Strickland
etal.,1970b).

Several of the other important coupling interactions in
RNase S involve aromatic side chains near Tyr-25. Coupling
the 'Ly, transition of Tyr-25 with the far-ultraviolet transitions
of the imidazolyl moiety in His-48 gives a calculated rotatory
strength of about —1 X 10~%° cgs unit (Table V). In addition,
the interaction of Tyr-25 with the phenyl ring of Phe-46 is
potentially important. Although these moieties are near each
other, the calculated rotatory strength is small in RNase S
(Table V). A local conformation change, however, could
cause a major tyrosyl CD band to arise from the interaction
of Tyr-25 with the side chain of Phe-46. In RNase A, Tyr-25
does have a measurable negative CD band at 288.5 nm (Hor-
witz et al., 1970). Probably the 288.5-nm CD band of RNase
A results at least partly from the interactions of Tyr-25 with
the aromatic side chains of Phe-46 and His-48.

The CD of RNase S arises also from the 1L tyrosyl transi-
tions coupling with the NV, transitions of the peptide bonds.
Most of the tyrosyl interactions with a single peptide bond
give rotatory strengths whose absolute magnitudes are less
than 1 X 10—% cgs unit. The interaction between Tyr-76 and
peptide bond 60, however, may be as large as 1.7 X 10=%
cgs unit (Table V). This range of values is comparable to that
observed for tyrosyl compounds with a single aromatic side
chain and with one to two amide or ester linkages (Strickland
et al., 1970b, 1972). Apparently the rotatory strengths cal-
culated for tyrosyl interactions with single peptide bonds in
RNase S have approximately the correct size. This agreement
lends support to the validity of the dipole-dipole coupling
calculations.

The rotatory strengths for tyrosyl coupling with all peptide
bonds vary from about 2 X 10-4 to —2 X 10~*% cgs unit per
tyrosyl (Table IV). This range is only slightly larger than that
calculated for coupling with a single peptide bond. In spite
of the numerous peptide groups surrounding some tyrosyls,
e.g., Tyr-97, the total rotatory strengths are held down by
cancellation of contributions having opposite signs (Figures
1and 2).

Evidently the relative sizes of the different coupling inter-
actions in RNase S are similar to those reported to occur in
poly(L-tyrosine) (Chen and Woody, 1971). Most of the near-
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FIGURE 3: Comparison between the tyrosyl CD bands calculated
for RNase S and the CD spectrum observed for RNase S at
77°K. The experimental trace (EXP RNase S) is taken from
Horwitz and Strickland (1971). =Tyr, sum of the individual
tyrosyl CD bands and their exciton components; X-X. CD
spectrum of Tyr-73, -115, and -76 obtained by converting their
rotatory strengths (Table IV); B—B, CD spectrum of Tyr-25, -92,
and -97: X X X, exciton CD component for Tyr-73-115 interac-
tion; B B B, exciton CD component for sum of Tyr-25-97 and Tyr-
92-97 interactions (Table VI). The shapes of the calculated CD con-
tributions were determined from the tyrosyl spectra of model com-
pounds (Horwitz er al., 1970; Strickland er /.. 1970b, 1972). For
Tyr-73, -76, and -1135, the CD spectrum was assumed to have the
same shape as that of L-tyrosine in water—glycerol (1:1, v/v) at
77°K (Aeat 277 nm = 0.56 X R, X 10%), For Tyr-25, -92, and -97.
the shape was taken from the CD spectrum of L-tyrosine ethy] ester
in ether-pentane-alcohol (5:5:2, v/v) at 140°K (Ae at 279.5 nm =
0.60 X R, x 10%).

ultraviolet tyrosyl CD arises from coupling with the far-
ultraviolet m—7* transitions of aromatic side chains, but some
also results from coupling with the peptide m—#* transition
at 190 nm.

Next I shall compare the tyrosyl CD spectrum calculated
from dipole—dipole coupling with the CD spectrum observed
for RNase S under appropriate experimental conditions.
First, note that the tyrosyl side chains appear to be relatively
rigid in RNase S, since the rotatory strength measured from
250 to 310 nm (pH 7) is nearly identical at 297°K and below
(Horwitz and Strickland, 1971). Secondly, due to better res-
olution of the vibronic structure at low temperatures, the
77°K CD spectrum of RNase S provides the most rigorous
test for the calculated spectrum. Thirdly, the wavelength
positions of the individual tyrosyl CD spectra should be se-
lected in accordance with a previous analysis of the 77°K
absorption spectrum of RNase S (Horwitz and Strickland,
1971). Therefore, the 0-0 bands were placed at 283.5 nm for
the three tyrosyls with hydroxy groups available to the sol-
vent (73, 76, 115) and at 286 nm* for the three tyrosyl side
chains that are hydrogen bonded to other moieties of the
protein (Figure 3). These wavelengths were also used to posi-
tion the degenerate exciton CD components (Tyr-73-Tyr-
115, Tyr-92-Tyr-97, Tyr-25-Tyr-97).

The tyrosyl CD spectrum calculated for RNase S (ZTyr)
reliably reproduces the shape of the tyrosyl vibronic structure

* This wavelength is consistent with the 3.5-nm red shift observed
when the hydroxy group of N-stearyl-L-tyrosine n-hexyl ester is hydro-
gen bonded to a carbonyl oxygen of an amide (Strickland er al.,
1972). Since the hydroxy groups of Tyr-25, -92, and -97 are hydrogen
bonded to excellent proton acceptors, their 0-0 bands may be expected
at longer wavelengths.
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observed experimentally at 276 and 283 nm (Figure 3). These
negative vibronic bands arise primarily from the nondegener-
ate dipole-dipole coupling between Tyr-73 and Tyr-115.
In agreement with the CD spectrum measured for RNase S,
the calculated trace lacks obvious vibronic structure at 286
nm, the position of the 0-0 band for Tyr-97, -92, and -25.
Even though the CD calculated for Tyr-97 is appreciable, its
0-0 band is obscured by the positive bands from the exciton
CD components (Figure 3).

The most obvious difference between the RNase S CD
spectrum and the calculated tyrosyl spectrum (ZTyr) is that
the calculated curve has less CD, especially in the region be-
low 270 nm. The total rotatory strength calculated for all
tyrosyl side chains (Table IV) is about 5597 of the rotatory
strength observed experimentally for RNase S between 320
and 250 nm (—20 X 10~% cgs unit). Some rotatory strength
also comes from the phenylalanyl CD bands at 268, 262, and
255 nm (Horwitz er af., 1970; Horwitz and Strickland, 1971).
However, measurements based upon the size of these vibronic
bands (Strickland ef al., 1970a) suggest that the phenylalany!
contribution is only about —0.5 X 1074 cgs unit. Most of
the difference between the RNase S spectrum and the calcu-
lated tyrosyl spectrum probably is due to the cystinyl CD
bands. A previous analysis of the experimental spectrum sug-
gested that a broad, negative disulfide CD band extends well
below 270 nm (Horwitz and Strickland, 1971; Horwitz er al.,
1970). The long-wavelength edge of this disulfide CD band can
be observed in the RNase S spectrum from 310 to 295 nm, a
region where tyrosyls do not have CD bands at 77°K (Figure
3).

In general, disulfide CD bands may arise from inherent
dissymmetry and also from interactions with a dissymmetric
environment (Linderberg and Michl, 1970). Both mechanisms
may be operative in the case of RNase S. Tts four disulfide
bridges may interact with the surrounding moieties. In addi-
tion, the disulfides of RNase S are inherently dissymmetric,
having a net negative CD in the long-wavelength region (sce
Results). This inherent CD band, however, may contribute
only a portion of the total disulfide CD of RNase S, since the
dihedral angles deviate by only 5 to 15° from +90° or —90°
(Table VII). For example, cyclo-L-cystine, which has a di-
hedral angle of 90°, lacks optical activity in its long-wave-
length absorption band (Donzel er «/., 1972). On the other
hand, L-cystine does have a near-ultraviolet CD band (Bey-
chok, 1965; Coleman and Blout, 1968), even though its di-
hedral angle is near £90° (Perahia and Pullman, 1971). In-
terestingly, the Ae value for the long-wavelength band of vL-
cystine changes from —0.4 M~ cm™? at 293°K to — 1.5 M™°
em~! at 77°K, apparently due to increased rigidity (Takagi
and Ito, 1972). Evidently the long-wavelength CD band of
rigid cystiny! side chains may be appreciable even when the
dihedral angle deviates from =90° by only small amounts
(perhaps 5-20°). Similar effects in RNase S may account for
its disulfide CD band (Ae =~ —3 M~ !'cm~! at 276 nm, Figure
3).

After correcting for the disulfide and phenylalanyl CD
bands of RNase S there is approximate agreement between
the experimental RNase S CD spectrum and the tyrosy! spec-
trum calculated from dipole—dipole coupling. This agreement
suggests that the major sources of tyrosyl CD in RNase S
have been identified. Fortunately the largest couplings, those
between Tyr-73 and Tyr-115, can be evaluated most accurately.
The electron densities of Tyr-73 and Tyr-115 are well defined,
suggesting that their side chains are fairly rigid in the crystal
(Richards and Wyckoff, 1971). Although these side chains are
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near each other, they are in contact only at their phenolic
oxygen atoms (Figure 4F in Wyckoff et al., 1970). Thus the
separation of the transition monopoles from the nuclear
planes has only a small influence upon the calculated rotatory
strength (Table IV). In addition, the interaction energy can
be calculated reliably using a dielectric constant of unity,
because the region between the phenolic rings of Tyr-73 and
-115 is mainly unoccupied.

The only other tyrosyl side chains having appreciable cal-
culated rotatory strengths in RNase S are Tyr-76 and -97
(Table IV). For these weaker CD bands arising mainly from
interactions with neighboring peptide bonds, the rotatory
strengths could vary by 30-50% for small changes in the
atomic coordinates. The rotatory strength calculated for
Tyr-97 is especially uncertain, because its side chain is poorly
defined in the electron-density maps of crystalline RNase S
(Wyckoff et al., 1970). Evidently multiple conformers may
exist even in the crystalline state. Thus the conformation in
solution or in a glass (77°K) may be different from the pro-
posed X-ray coordinates.

Having evaluated the tyrosyl CD bands resulting from elec-
tric dipole-electric dipole coupling, the possible contributions
from other mechanisms will be considered. In principle, static
perturbations may induce some near-ultraviolet rotatory
strength, because each tyrosyl side-chain contacts several
peptide bonds or other polar groups (Table V). The actual
contribution from this mechanism, however, is probably
small. The distribution of perturbing groups does not seem
especially favorable for inducing large tyrosyl CD bands
(see Results). More importantly, Hooker and Schellman
(1970) have reported that static perturbations are an unlikely
source for tyrosyl CD.

Optical activity may also arise from coupling of electric
dipole transitions on phenolic rings with the magnetic dipole
transitions of the disulfide bridges in RNase. R. W. Woody
(1971, personal communication) has suggested that this mech-
anism (u-m) may give rise to strong disulfide optical activity
in the near-ultraviolet region. Since Tyr-73, -115, and -97
are in proximity to disulfide bridges (Table V), their near-
or far-ultraviolet transitions may perhaps couple with the
magnetic moment of the disulfide transitions. Coupling of
this type may be appreciable in RNase S. For gliotoxin,
Woody (1971) has found that the near-ultraviolet CD spec-
trum is dominated by coupling of the diene transition with a
disulfide transition.

At this point, let us consider the extent to which the inter-
actions calculated for RNase S apply to RNase A. Unfortu-
nately the structure of crystalline RNase A is not sufficiently
well refined to permit calculations of rotatory strengths. At
present, the structures of RNase A and S appear similar in
most regions, except where the single peptide bond is cleaved
in RNase S (Richards and Wyckoff, 1971). Evidently the
bond cleaved between residues 20 and 21 causes an altered
environment for the Tyr-235 side chain of RNase S, at least in
solution, thereby changing its CD and absorption spectra
(Horwitz and Strickland, 1971). The calculations for RNase
S suggest that the CD intensity of Tyr-25 is sensitive to a local
conformation change (see above). Among the remaining
tyrosyls of RNase A, it may be anticipated that the inter-
actions between Tyr-73 and Tyr-115 are a major source of
rotatory strength. Possibly the tyrosyl-peptide interactions
of RNase A differ significantly from those of RNase S, be-
cause these rotatory strengths may be altered by even small
changes in the atomic coordinates.

The theoretical findings on RNase optical activity have

implications for experimental studies based upon pH changes
and chemical modification. First, consider some effects of
ionizing the “exposed” tyrosyl side chains. At neutral pH’s
the phenolic oxygen atoms of Tyr-73 and -115 are in contact
and appear accessible to the solvent (Wyckoff et al., 1970;
Richards and Wyckoff, 1971). After ionization of their phe-
nolic hydroxy groups, these rings will almost certainly be re-
pelled apart and probably will have some motility. Both of
these changes would tend to decrease the rotatory strength
due to their dipole-dipole coupling. On the other hand, the
phenolate side chains would tend to have about 80%, more
rotatory strength, because the dipole strength of their 'L,
transitions is 80 % larger than that of the phenolic side chains.
In addition, ionization of the tyrosyl side chains may possibly
affect the CD bands of neighboring disulfides, by means of
the u-m coupling mechanism, by static perturbations, or per-
haps by altering the conformations of the cystinyl side chains.
Many of the effects mentioned above may influence the near-
ultraviolet CD band of RNase A, when the exposed tyrosyls
become ionized; e.g., at pH 11 the CD extremum is shifted
to 288 nm and is intensified by 509 (Pflumm and Beychok,
1969; see Simmons and Glazer (1967) for results at pH 11.5).

With chemical modification techniques, it is essential to
evaluate if the conformation is altered and to determine which
tyrosyl side chains have been modified. Sometimes the “bur-
ied” tyrosyl side chains react more rapidly than the “exposed”
ones (Myers and Glazer, 1971); e.g., the buried tyrosyls of
cytochome c¢ are selectively nitrated (Dickerson et al., 1971).
The ambiguity of which tyrosyls have been modified may
account for some of the conflicting CD spectra of modified
RNases. For example, Simons (1971) reported a 509 loss
of CD at 275 nm following acylation of three tyrosyls in
RNase A, whereas Pflumm and Beychok (1969) found only a
109 loss. Another requirement for interpreting CD spectra
is to know the spectral characteristics of the modified side
chain. Many modified tyrosyl chromophores have both near-
and far-ultraviolet transitions that may couple with 7—*
transitions of unmodified tyrosyls or other protein moieties,
thereby creating new optical activity in the near-ultraviolet
region.
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Contribution of Tyrosine to Circular Dichroism Changes
Accompanying Neurophysin—Hormone Interaction®

Esther Breslow* and Jane Weis

ABSTRACT: The contribution of changes in tyrosine ellipticity
to circular dichroism changes accompanying neurophysin-
hormone interaction was assessed by replacing tyrosine-2 of
hormone analogs with phenylalanine and by nitrating the
single tyrosine of the protein. Substitution of phenylalanine
for tyrosine in position 2 of binding peptides led to almost
total loss of typical 280-nm ellipticity changes associated with
binding, but had little effect elsewhere in the spectrum.
Changes in the environment of tyrosine-2 are therefore the
major source of the 280-nm ellipticity changes. Nitration of
neurophysin had no effect on far-ultraviolet ellipticity changes
associated with binding, slightly reduced changes in the 230-
to 250-nm region, and led to new ellipticity changes above
300 nm which were attributed to perturbation of the nitro-

Ihe specific noncovalent complexes of the neurophysins
with oxytocin and vasopressin are of interest not only because
of their role in the physiology of the hormones (Sachs, 1969;

tyrosine. Titration studies indicated that the nitrotyrosine
pK was lowered 0.6 pH unit by binding. The effects of binding
on the ellipticity and pX of the nitrotyrosine were independent
of the nature of the peptide side chain in position 1 and of
residues 3-9 when differences in binding affinity were allowed
for. These data are interpreted in terms of a model which
places the neurophysin tyrosine near the protonated a-amino
and the side chain in position 2 of the bound peptide. Of
changes elsewhere in the spectrum which accompany inter-
action of native neurophysin with the hormones, the results
further implicate disulfide transitions in ellipticity changes
above 291 nm and in the 230- to 250-nm region. Far-ultra-
violet changes are tentatively attributed principally to side-
chain chromophores.

Sawyer, 1961) but also because they provide useful and acces-
sible models for the study of protein-protein interaction.
Studies in this laboratory (Breslow and Abrash, 1966; Bres-
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