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Abstract: The near-ultraviolet circular dichroism spectrum of ribonuclease S has been investigated. Theoretical calculations,
based upon the X-ray crystal structure of the enzyme, have been carried out by means of a matrix formalism which includes
the configuration interaction of excited states. The results of the calculations indicate that the features observed in the
near-ultraviolet circular dichroism spectra of this protein arise from electronic transitions associated with the tyrosine and
cystine chromophores. The optical activity of these transitions arises primarily from coupling interactions involving similar
transitions on other residues and nearby amide transitions. The fact that the theoretical calculations, which were based upon
coordinates derived from the crystalline state, show reasonable agreement with experimental circular dichroism data determined
in solution is good evidence that the structures which exist in these two states must be quite similar.

Introduction

The development of physical and chemical techniques suitable
for probing the conformation of molecules in solution has long
been the object of considerable effort by numerous investigators.
Recent evidence that there may be significant differences between
the conformations assumed by certain proteins in solution and in
the solid state makes it imperative that such techniques be de-
veloped.1? Otherwise, investigation of the mechanism of action
of enzymes and proteins by the integration of functional data
obtained from solution studies with structural data derived from
X-ray diffraction studies of crystals is difficult or impossible.

As a result of their inherent dependence upon the orientation
of the electronic transition dipoles of a molecule, few, if any,
spectroscopic techniques are more sensitive to molecular con-
formation than optical rotatory dispersion (ORD) and circular
dichroism (CD). Over the past few years, several investigators
have developed theoretical methods which permit the semiquan-
titative calculation of the chiroptical properties of a molecule as
a function of conformation. One such formalism, which is a matrix
formulation of the theory of optical activity, has been developed
and applied to a diverse array of problems.>® This method is
based upon the configuration interaction of excited states, and
implicitly includes all of the specialized mechanisms involving the
interaction of molecular groups which are known to be of im-
portance in the generation of optical rotatory power.

A preliminary report from this laboratory describing the ap-
plication of this theoretical method to the calculation of the
chiroptical properties of the 'L, transitions of the tyrosine residues
of ribonuclease S (RNase S) has been published.” In addition,
Strickland® has utilized a different theoretical approach to in-
vestigate the optical activity of lower energy transitions which arise
from the side-chain chromophores of this protein. The present
paper is a report on the application of an origin-independent version
of the matrix formalism of Bayley et al. to all of the side-chain
chromophoric groups which make significant contributions to the
near-UV CD spectrum of RNase S.

The experimental CD spectra of ribonuclease A, S, S/, and
S-protein have been reported previously,”!” There appears to
be a negative near-UV Cotton effect near 275 nm and a positive
band of varying intensity near 240 nm. The negative band at 275
nm is thought to arise from some of the six tyrosine residues with
possible additional contributions from the four disulfides.’1* It
has been suggested that the predominant contribution to this band
arises from the interaction of tyrosines-73 and -115.% The positive
band at 240 nm increases in magnitude with increasing pH and
decreasing temperature.!%® This would suggest that the tyrosine
residues that are exposed to the solvent make at least partial
contributions to the positive ellipticity of this band. However,

*Taken in part from the Ph.D. Dissertation of Warren J. Goux.

disulfide contributions in this region of the spectrum have not been
ruled out.*18-20

Experimental Methods

Bovine ribonuclease S, grade XII-S, was purchased from Sigma
Chemical Co. and used without further purification. All protein
solutions were 0.1 N in sodium chloride. Concentrations of protein
were determined spectroscopically by using a molar absorbance
of 9800 M! at 277.5 nm and a molecular weight of 13 683,212
The pH of the sample solutions was adjusted to within 0.1 pH
unit by the addition of NaOH or HCl. A 1.0-cm cell was used
for recording CD spectra in the wavelength region from 320 to
235 nm and 0.05-0.01-cm cells were used at lower wavelengths.

All CD spectra were recorded on an extensively modified Cary
60 recording spectropolarimeter which utilizes a Princeton Applied
Research Model 124A lock-in amplifier for signal detection. The
data were acquired with the aid of a PDP-11 digital computer
which is equipped with a GT-40 graphics display system. The
computer was programmed to average data for a predetermined
number of scans, process the data, and display the results on the
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graphics display unit and an associated terminal. It is possible
to measure CD difference spectra with this instrumentation by
repetitively scanning the spectra of interest, storing the data on
magnetic disks, then subtracting one spectrum from the other by
means of computer software. All spectra were scanned at rates
of from 35 to 70 nm/min with appropriate time constants. Details
of this instrumentation will be described in a future publication.

Theoretical Methods

The theoretical formalism which was employed to calculate the
chiroptical properties of RNase S is similar to that used previously
for the investigation of several model compounds.>**-% The
present method is an origin-independent variant of the matrix
formalism of Bayley et al.,’ which is based upon ideas first sug-
gested by John Schellman in 1968. Instead of calculating rotatory
strengths by means of electric and magnetic transition dipole
moments and eq 1, transition linear and angular momenta are

Rk = Im {uox-Mgq} e))

utilized to define a quantity, the chiral strength, cok, which is the
chiroptical analogue of the oscillator strength of ordinary spec-
troscopy. The chiral strength, one of several known moments of
the rotatory strength,?’-?® is defined by eq 2 where « is the fine

x

oKk = 3 Re {pok-Lio} (2)
structure constant, po is the linear momentum moment, L is
the angular momentum moment, and all quantities are expressed
in atomic units. This formalism avoids the origin dependence and
conservation problems associated with the calculation of rotatory
strengths with finite basis sets by means of the original matrix
method.»?#¥  Transition linear and angular momenta can be
determined from known electric and magnetic transition moments.
Theoretical chiral strengths can be readily compared with ex-
perimental circular dichroism spectra by calculating molar el-
lipticities by means of eq 3, where Agg is the characteristic

18Ne? Aok’
= e 2K AOMo0/ Bkl 3)
Vrme? Aok

wavelength in cm (a factor of 1077 must be included in eq 3 if
wavelengths are expressed in nm), Ay is the exponential half-
width, and the other symbols have their usual meanings. The
numerical value of the constant term at the beginning of the
equation is 1.7234 X 10!, Furthermore, chiral strengths can be
converted to rotatory strengths by eq 4.

3he?

Ry= —2—
' 8xtme

AokCoK (4)

The procedure for carrying out actual calculations is essentially
the same as that reported by Bayley et al.> That is, an interaction
Hamiltonian matrix is set up and transformed to diagonal form
by a unitary matrix, yielding the eigenvalues and eigenvectors for
the problem. The unitary matrix is used to transform linear and
angular momentum moments from the independent systems
representation into the interaction representation. These moments
are then used in eq 2 to compute chiral strengths. In the present
case, eq 4 has been employed to convert the calculated chiral
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strengths to the more familiar rotatory strengths.

In order to utilize side-chain chromophores as probes of local
structure, it is necessary to assess the contributions which tran-
sitions localized on specific chromophores make to the strength
of a given CD band. To a first approximation, one can consider
the sign and magnitude of the chiral strength that arises from the
mutual interaction of two electronic transitions to be dependent
upon the product of two terms, the interaction energy and the
optical factor.?! The interaction energy is the energy associated
with the electrostatic interaction between the transitions which
are coupling whereas the optical factor depends upon the relative
geometries of the transition moments. Thus, a given transition
may give rise to a large Cotton effect as a result of a large in-
teraction energy, a large optical factor, or both. Since the
magnitude of the interaction energy will vary inversely with
distance, a pair of transitions may not give rise to a significant
contribution to the chiroptical power if they are too widely sep-
arated. On the other hand, even though two transitions are in
close proximity, they may not couple significantly unless the optical
factors are favorable.

In the present theoretical formalism, there is extensive mixing
of many of the localized transitions to produce final eigenstates
of the system. This is especially true for transitions which are
degenerate or near degenerate with other transitions in the protein,
e.g., the 1L, excited states of the six tyrosine residues.”® Since
extensive mixing of excited states can occur, one cannot always
correlate specific electronic transitions localized on given amino
acid residues with observed spectral features. Indeed, in theory,
the chiral strength of a given transition is influenced to some extent
by all of the transitions on the remaining chromophoric groups
of the molecule. However, since the chiral strength that is de-
veloped by a given transition, or group of transitions, depends upon
the energies, physical separation, and orientation of the transition
moments, certain interactions should be more significant than
others. It is possible to estimate the relative significance of
coupling interactions by careful analysis of the eigenvectors and
the individual intertransition coupling terms which are summed
to determine the overall chiral strength of the band under con-
sideration. This is not a trivial undertaking in the case of a
problem such as the present one since it is necessary to investigate
the elements of IV arrays of dimension NV X N, where N is the
number of electronic transitions in the basis set. Nevertheless,
in many cases, it is possible to at least estimate the contribution
of some specific interchromophore interactions to certain spectral
features.

The spectroscopic data needed for the calculation include en-
ergies and polarizations for the electronic transitions on each
chromophore. Data for the peptide chromophore were taken from
the paper by Bayley, Nielsen, and Schellman? except for the fact
that a wavelength of 220 nm was utilized for the amide n—=*
transition instead of 212 nm.*> Tyrosine optical parameters were
calculated from the data used in previous model-compound in-
vestigations.* Although optical data for histidine are available
both for the protonated and free-base forms,? calculations have
been carried out for only the protonated form. No attempt was
made to include the electronic transitions of phenylalanine, since
these transitions apparently make only minor contributions to the
near-UV CD spectra.

Ribonuclease has four disulfide bridges formed by cystines-
26-84, -40-95, -58-110, and -65-72. Transitions on these
chromophores may give rise to optical activity in the near-UV by
interaction with transitions occurring on other groups in the
molecule. An additional contribution can arise from inherent
dissymmetry of the disulfide group. If one considers only the data
taken from the 7B set of coordinates, which is a set which has
been refined to fit X-ray intensities, the only disulfide in RNase
S which might be expected to give rise to a really large chiral
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strength by virtue of its inherent dissymmetry is cystine-40-95,
as the others have dihedral angles that are reasonably near 90°.
Since the 7B coordinates were utilized for these calculations,
inherent dissymmetry contributions to the chiral strength arise
only from cystine-40~95. However, it should be pointed out that
disulfide dihedral angles determined from some earlier sets of
coordinates indicate appreciable deviations from 90° for several
of the residues.

Linderberg and Michl** were the first to extend the model
proposed by Bergson3>% to the calculation of transition energies
and the inherent optical activity of the disulfide chromophore.
Woody?” has recently extended the Bergson treatment of the
disulfide group to include two additional transitions. His theory
suggests these two transitions arise from excitation of nonbonding
orbitals, predominantly 3s in nature, to o excited states. These
transitions, which he designates as ny-o* and ny—o*, are degenerate
for dihedral angles of £90°. Woody also predicts two other n—o*
transitions which arise from nonbonding orbitals that are pre-
dominantly 3p in nature. These transitions have properties similar
to the n—o* transitions of Linderberg and Michl, and are desig-
nated n;—o* and ns—c*. At dihedral angles of £90°, the n;—¢*
and ng—o* transitions are also degenerate. Optical data, including
the electric and magnetic transition dipole moments associated
with the four n—o* transitions, are presented by Woody. These
optical parameters have been adapted for inclusion in the present
calculations. Although these data may represent an oversim-
plification, they have been successfully used for the calculation
of the chiroptical properties of the epidithiopiperazinedione group.®®

An additional problem arises in assigning energies to the four
disulfide transitions. Woody’s theory predicts that all four n—o*
transitions should occur in the UV region above 190 nm. Tran-
sitions from the #-type n; and n4 nonbonding orbitals should lie
lower in energy than the o-type n, and n; orbitals. The SCF
calculations of Yamabe et al.,*® in which contributions from 3d
and 4s orbitals were neglected, preserve this simplified picture
of w-type and o-type nonbonding orbitals. For dihedral angles
of £90°, this work predicts that the two o-type nonbonding orbitals
lie 1-2 eV lower in energy than the two w-type orbitals. However,
some theoretical calculations in which 3d orbitals are included
indicate that the situation may be somewhat more complicated.
For example, CNDO calculations carried out by Richardson et
al.®® predict that for a dihedral angle of 90° there should be six
disulfide transitions, all to the red of 230 nm.

Numerous experimental studies on sterically constrained di-
sulfide systems of known chirality have also been undertaken. 1~
Absorption and CD studies on 1,2-dithianes indicate that the
variation in energy of the long-wavelength n—o* transitions with
change in dihedral angle agrees reasonably well with the pre-
dictions of the Bergson model.® The o-type n—o* transitions are
not as well understood but are thought to occur in the 190~205-nm
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Figure 1. Near-ultraviolet circular dichroism spectra of ribonuclease S
as a function of pH. All curves represent an average of four sample scans
and four base-line scans. Ionic strength was 0.1, and the temperature
was 27 °C for all solutions.

region of the spectrum. As might be expected from simple mo-
lecular orbital theory, these higher energy transitions appear to
be less sensitive to changes in dihedral angle.

Wavelengths of 250 nm were assigned to the nj—¢* and n—o*
transitions for those disulfides which have dihedral angles near
£90°. This is in reasonable agreement with the assignment of
these transitions at 250 nm in the vapor-phase spectrum of di-
methyl disulfide and at 252-256 nm in L-cystine derivatives.**
However, the situation is somewhat more complicated in the case
of the disulfide which has a dihedral angle of -70°. In this case,
the n;—o* and n,—~g* bands should be split, one to the red of 250
nm and the other to the blue. For example, difference CD spectra
of 2,7-bis[S-(acetamidomethyl)cysteine]gramicidin S, which has
a disulfide dihedral angle of 120°, reveal bands at 272 and 230
nm.*® Thus, in the present calculations, the n;~¢* and n,~o*
transitions of cystine-40-95 were assigned at 260 and 240 nm,
respectively.

There is even more uncertainty in the wavelength of the higher
energy disulfide transitions.’”#*>*® In any event, these transitions
are less likely to couple strongly with the near-UV transitions
which are of interest in this investigation. Since the omission of
these transitions from the calculation should not lead to serious
errors insofar as the interpretation of the chiroptical properties
of the near-UV chromophores are concerned, they have not been
included.

RNase S coordinates were supplied by Wyckoff and Powers
of Yale University. Hydrogen atoms were added to the « carbon
and amide nitrogen atoms, assuming standard bond angles and
distances.’! Static charges were obtained for each of the amino
acid residues by using the method of Del Re, Pullman, and co-
workers®? as presented by Poland and Scheraga.®’

Theoretical calculations initially carried out on polypeptide
model systems have indicated that if effects due to highly ordered
secondary structure are of no concern most of the optical activity
of a protein can be accounted for by including only the structure
in the immediate vicinity of the chromophores of interest. Since
it is the primary objective of the present study to account for the
near-UV optical activity originating from side-chain chromophores,
the only amide transitions included in the calculations were those
which fell within 8 A of the v carbon of each tyrosine side chain
and the amides immediately adjoining each of the cystine residues.

An effective dielectric constant of two has been assumed for
all computations. The calculations were carried out on the Itel
AS-6 computer of the University of California, Santa Barbara
Computer Center.
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Figure 2. Mean-residue ellipticity of ribonuclease S at 242 nm as a
function of pH.

Experimental Results

Figure 1 shows near-UV CD spectra of RNase S in dilute salt
solution as a function of pH. At all pH values investigated, there
is a negative Cotton effect near 275 nm. Between pHs 4.2 and
8.5, there are no marked changes in the ellipticity of the 275-nm
band. Fine structure associated with the band is visible at 261
and 283 nm. Strickland et al.’ have reported similar fine structure
in the low-temperature CD spectra of ribonuclease A. At pH 3.35,
the band is decreased in amplitude by roughly 50%. In more acidic
solutions, the magnitude of the band is decreased even more.
However, these changes are reversible, as can readily be dem-
onstrated by neutralization of the acidic solutions. These results
are consistent with other data for the reversible denaturation of
RNase in acidic solutions.??54% At pH values above 8.5, the
275-nm band increases in magnitude and is shifted to the red.
Similar CD data have been reported for RNase A.1%1!

There is a small positive Cotton effect at 241 nm at pH values
from 4.2 to 6.95. A magnitude of 25 deg cm?/dmol was observed
at the extremum of this band. This is somewhat lower than the
value reported by Pflumm and Beychock under slightly different
conditions.!%!! Under more alkaline conditions, the band increases
markedly in intensity and shifts to the red. Similar behavior has
been reported previously by others,1213

The ellipticity of the 240-nm band at the extremum is plotted
as a function of pH in Figure 2. A derivative plot of these data
yields an apparent pX of 9.5. Although this value must be re-
garded as only an approximate one, it is in reasonable agreement
with the intrinsic pK of 9.66 which has been reported for the
exposed tyrosine residues of RNase A by Tanford and co-work-
ers.”” As the pH is decreased below 4.0, the band at 241 nm
decreases in magnitude and is blue shifted. It was not possible
to observe a low pH plateau in the titration curve. However, the
low pH portion of the curve shown in Figure 2 is in agreement
with the spectroscopic titration of RNase S as reported by
Richards and Logue.**

In order to determine the effect of binding inhibitors, the CD
difference spectra of RNase S and RNase S in the presence of
3’-cytosine monophosphate (3-CMP) were measured over the
wavelength region of interest. The results of these investigations
are presented in Figure 3. The difference spectrum reveals an
increase in the magnitude of both the negative Cotton effect at
275 nm and the positive one in the 240-nm region upon binding
of 3'-CMP.

Theoretical Results

Results of the calculation of the chiroptical properties of the
near-UYV absorbing side-chain transitions of RNase S are reported
in Table I. Calculated rotatory strengths and wavelengths are
presented for the tyrosine, cystine, and histidine residues. Data
are shown for the two lowest energy disulfide transitions, i.e., the
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77, 6409-6413 (1955).
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Figure 3. Circular dichroism difference spectrum of ribonuclease S in
the presence of 3’-cytosine monophosphate vs. ribonuclease S (ribo-
nuclease S with 3’-cytosine monophosphate-ribonuclease S). Ionic
strength 0.1; temperature 27 °C. Curve is an average of four scans.

Table I. Theoretical Mean Residue Rotatory Strengths for
Selected Side-Chain Transitions of Ribonuclease S

wave-
length,
residue transition nm R (DBM)
Tyr-25 'Ly 275.1 0.00338
'L, 225.9 0.00488
'By, 195.0 0.0669
'B, 192.6 0.00381
Tyr-73 'Ly, 275.1 0.00217
'Ly 225.7 0.00266
'By, 197.5 -0.0290
'B, 195.3 -0.171
Tyr-76 'Ly 275.0 —-0.00633
'L, 225.1 0.0591
'By, 194.9 0.106
'B, 193.6 -0.00414
Tyr-92 'Ly, 275.1 —-0.00143
'L, 225.2 0.353
'By, 196.6 -0.0359
'B, 193.5 0.0213
Tyr-97 'Ly, 275.0 0.00317
'Ly 225.1 —-0.0689
'By, 195.7 -0.00991
'B, 194.5 -0.0328
Tyr-115 'Ly, 275.0 —-0.00106
'L, 224.7 -0.0179
'By, 192.2 -0.124
'B, 194.7 0.166
Cys-26-Cys-84 n,-o* 250.2 -0.00101
n,o* 250.1 0.00509
Cys-40~Cys-95 n-o* 260.2 -0.00381
n,o* 240.1 0.0101
Cys-58-Cys-110 n,-o* 250.2 0.00443
n,~c* 250.2 0.000324
Cys-65-Cys-72 n,-o* 250.1 —-0.00358
n,o* 250.4 —-0.00315
His-12 I 207.0 —-0.0850
L 179.2 —-0.00537
His-48 I, 207.2 0.0759
L 179.4 0.00461
His-105 I, 206.6 -0.00186
I, 179.7 0.00191
His-119 I, 205.1 0.0172
I, 179.8 —0.000633

ones which are designated as the n;—¢* and ns—o* transitions by
Woody.” Where appropriate, the rotatory strengths which are
reported include contributions that arise from inherent dissym-
metry. Results are also given for the four lowest energy transitions
that are associated with the phenolic chromophore of tyrosine and
the two lowest energy imidazole transitions. The imidazole
transitions are denoted as I; and I, for the higher and lower
wavelength bands, respectively, whereas the Platt notation®®*? is
employed for the phenolic bands.

(58) J. R. Platt, J. Chem. Phys., 17, 484-495 (1949).
(59) J. R. Platt, J. Opt. Soc. Am., 43, 252-257 (1953).
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Table II. Principal Coupling Interactions Contributing to the Rotatory Strength of Tyrosine Residues ('Ly, and 'L, Transitions)®

Tyr-25 Tyr-73

Tyr-76 Tyr-92 Tyr-97 Tyr-115

lLb lLa lLb lLa

lLb

lLz-:. lLb lLa. lLb lLa lLb lLa

Asn-24 n-m* - +4
Tyr-25 'By

Tyr-25 'B, ++
Tyr-25 n-n* +++

Tyr-25 n-n* ++ ++ +
Cys-26-Cys-84 n -o* -—

Cys-26-Cys-84 n,-o* -—

Cys-26 m-n* - ++

Asn-27 m-n*

GIn-28 m-n* -

Thr-36 n-n* +

Lys-37 m-n* - ++

Asp-38 m-n*

Arg-39 m-m*

Cys-40-Cys-95 n,-o* -

Cys-40-Cys-95 n,-o*

Lys-41 n-n*

Lys-41 n-n* ++ +

His-48 1, - +++ ++
Ala-56 m-n* - ++
Cys-58-Cys-110 n~o* +

Cys-58 n-n* —-—
GIn-60 n-n*

GIn-60 m-n* - +

Lys-61 m-n* -

Thr-70 m-n* - ++
Asn-71 n-m* -
Asn-71 m-m* —-—
Cys-72 m-n* - +4++
Tyr-73 'L,

Tyr-73 'By, -

Tyr-73 'B, ++

Tyr-73 n-n*

GIn-74 n-n* -

Ser-75 m-m* ++

Tyr-76 'B,

Asp-83 m-m*

Cys-84 m-n*

Arg-85 n-n* +

Glu-86 m-m*

Ty1-92 'By, -

Tyr-92 'B,

Tyr-92 n-n*

Tyr-92 n-m*

Pro-93 n-n*

Asn-94 n-n* -

Cys95 m-m* + -

Ala-96 n-n*

Tyr-97 'By +++

Tyr-97 'B, —

Tyr-97 n-n*

Lys-98 m-m* -

His-105 1,

Val-108 n-n*

Ala-109 m-n*

Cys-110 n-n* +
Cys-110 m-m* —-—
Glu-111 n-n* +

Gly-112 n-m* -

Pro-114 n-n* —-—
Tyr-115 'L, —-—
Tyr-115 'By, + —-———
Tyr-115 'B, + - ++4+
Tyr-115 n-m* -—

Pro-117 m-m* —-—
His-119 1, —-—

++

+ +

++

+ 4+

++
++

++ + 4+

- —— 44+
+ —_—
- 4+
+++ ++
++

-- ++
++

|
+
+

++ ++4+ +

++ ++

++

+++
++

++ -

@ See text for definition of symbols.

As was pointed out earlier, it is possible to estimate the relative
significance of various intertransition interactions in the origin-
independent matrix formalism. Tables II and III summarize
rotatory strength contributions associated with the tyrosine L,
and !L, transitions, and the disulfide n—o* transitions, which result
from coupling interactions; contributions which arise from inherent

dissymmetry are not included. The symbols represent weak,
moderately strong, and very strong positive or negative contri-
butions to the rotatory strengths of the transitions listed across
the top of each table. Three plus or minus symbols indicate that
the approximate contribution to the rotatory strength is greater
than or equal to 107> DBM, two symbols denote a magnitude
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Table I1I, Principal Coupling Interactions Contributing to the
Rotatory Strength of Cystine n,-o* and n,-o* Transitions®

Cys-
Cys26-84 40-95 Cys-58-110 Cys-65-72
n~ N~  ng-
o* o* o*

n- ng- n-ng- n-
o* o* o* o* of

Asn-24 m-n* —-—

Tyr-25 'B, —— -—-— ++ 4+ +++
Tyr-25 nm-n*  ——

Asn-27 m-m*  — ++

Gln-28 m-m* ++

Met-29 n-n* ——

His-481, ++

Ala-56 m-m* - ++
Thr-36 m-n* -

Asn-38 m-n* -+

Val-57 men* — —
Cys-58 m-n* ++ —-—

Val-63 m-m* - =
Cys-65 n-n* - - - -—
Thr-70 n~n* - ++ -
Asn-71 m-n* ++ —= 4+ 4+
Cys-72 n-n* -— ++
Tyr-73 'L, ++ 4+
Tyr-73 'Ly, ++ e s S 5
Tyr-73 'B, ++ +++ —— 4+ +
Thr-82 n-n* ++ +

Asp-83 m-m* - -
Ser-90 m-n*

Lys91 #-n* +
Tyr-92 'L,

Tyr-92 le +
Tyr-92 'B,

Pro-93 n-m* +
Asn-94 m-n* -
Ala-96 m-r*  +

Tyr-97 'L, + o+t o+ 4+

Tyr-97 'By ++ ++ +

Tyr-97 'B, ++ +++ + 4+ + ++ - +
Lys-98 m-7* 4+4+ -—-— -

Thr-99 7-n* +4+ —-—

Thr-100 7-n* ++

Val-108 m-n* ++ +4+ 4+
Ala-109 m-mr* - o 4
Tyr-115'B, + + ++  ++ = 4
Tyr-115 ‘B, ++ ++ ++
Tyr-115 n-n* ++  -— - +
Val-116 n-n* + ++ - ++
His-119 1, - 4+ -

++++

@ See text for definition of symbols.

which is less than 107? but greater than or equal to 107 DBM,
and one symbol indicates that the contribution is less than 107
but greater than 10~ DBM. For example, the 7—=* transition
of the peptide group of tyrosine-25 interacts with the 'L, transition
of the phenolic chromophore of the same residue to make an
estimated contribution of between 107 and 102 DBM to the
rotatory strength near 225 nm.

As was pointed out earlier, since there is extensive mixing of
the degenerate transitions after configuration interaction, it is often
impossible to assign a rotatory strength contribution to a single
residue. Thus, the m—=* transition of the lysine-37 peptide in-
teracts strongly with the !L, transitions of tyrosines-25, -76, -92,
and -97 to make a net negative contribution to the rotatory
strength of the 'L, bands. The coupling of the !L,, 'L,, and !B,
transitions of specific tyrosine residues with the 'L, excited-state
configurations of other tyrosine residues gives rise to a net negative
contribution to the rotatory strength near 275 nm. A large positive
rotatory strength contribution is associated with the tyrosine 'L,
bands as a result of extensive coupling with the !B, and !B,
transitions of other residues.

A quantitative summary of the results of two different sets of
calculations of the rotatory strengths of the near-UV absorbing
chromophores of RNase S is shown in Table IV. The data in
the first column of the table were obtained from calculations in
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Table IV. Summary of Calculated Mean Residue Rotatory
Strengths for Ribonuclease S

Tyr, His, and  Tyr, His, Cys,

transition 8-A peptides and 8-A peptides
Tyr 'Ly, -0.0026 -0.0001
Tyr 'L, 0.020 0.0079
Cys n-o* (260 nm) -0.0038
Cys n-¢* (250 nm) 0.0021
Cys n-¢* (240 nm) 0.010
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Figure 4. Theoretical circular dichroism spectra of ribonuclease S.

Gaussian band shapes assumed. All bandwidths were 12 nm except for
the disulfides which were as indicated on the figure.

which only the six tyrosine residues, the histidines, their adjacent
amide groups, and all additional amide chromophores within 8
A were included in the basis set. The data in the second column
were obtained with a basis set which included all of the above
chromophores plus the four disulfide chromophores of the cystine
residues. These data include the rotatory strength contribution
due to disulfide inherent dissymmetry. Calculated CD spectra
are shown in Figure 4. All of the curves were computed from
theoretical results which included the disulfide chromophores, and
resulting inherent contributions to the rotatory strength. The
curves differ only in that different bandwidths, i.e., half-widths
at 1 /e of maximum amplitude, were used for the disulfide tran-
sitions; values of 12, 16, and 20 nm were employed. Bandwidths
of 12 nm were utilized for all other transitions.

Discussion

The data of Table II suggest that many of the peptide transitions
surrounding the tyrosine side-chains couple with the 'L, transitions.
However, for the most part, it appears that these interactions make
only relatively small contributions to the rotatory strength of the
1L, states.

The only disulfide transitions which make appreciable con-
tributions to the rotatory strength of the tyrosine !L, bands are
the n;—¢* and n,—o* transitions of cystines-26—-84 and -40~95,
and the ny—o* transition of cystine-58—110. These transitions
interact predominantly with tyrosines-25, -92, and -97. Presum-
ably, this is a result of large interaction energy terms resulting
from the proximity of these disulfides to the tyrosine residues
involved.

The predominant contributions to the rotatory strength of the
tyrosine 1L, bands arise from coupling interactions among the
tyrosines themselves. Especially noteworthy is the interaction
between tyrosines-73 and -115. Coupling of the !B, transitions
on residues 73 and 115 and the !L, states of tyrosines-115 and
-73, respectively, gives rise to a large portion of the rotatory
strength associated with the 'L, band as summarized in Table
I1. The close contacts which these residues make with each other,
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as well as favorable optical factors, account for this contribution.

At least in principle, one might expect exciton-type interactions
to occur among the !Ly transitions. Although such interactions
should not change the net rotatory strength of a given band, the
resulting splitting could drastically alter the band shape, and
thereby affect the observed CD spectrum. The formalism which
was utilized to carry out these calculations does allow for such
interactions, and is capable of computing both the rotatory strength
and splitting that might result. However, such degenerate coupling
appears to be very small in the case of the tyrosine !L,, transitions.

1t should be pointed out that many of the coupling interactions
which have been found to be important in generating tyrosine 1L,
rotatory strength were also identified as being significant by
Strickland.® Most of the differences which do exist are of a
quantitative nature, i.e., there is agreement insofar as the sign
of the contribution is concerned, but there are differences as to
the relative magnitude of the interaction. This is certainly not
surprising in view of the fact that the present calculations have
been carried out by means of a matrix-based configuration in-
teraction formalism, whereas Strickland’s earlier work was based
on pairwise coupling. These differences in method certainly might
be expected to lead to the assignment of optical activity to
somewhat different sources.

The contribution of the tyrosine L, transitions to the 275-nm
CD band is complicated by the possibility of rotation about the
dihedral angle x*. Semiempirical conformational energy calcu-
lations® were carried out in an attempt to assess the relative
significance of this possibility. These calculations revealed minima
in conformational energy which are consistent with the values of
x? calculated from the 7B set of X-ray coordinates for all of the
tyrosine residues except number 76. In the case of tyrosine-76,
conformational energy minima were found near 30, 100, and 140°;
the last value essentially coincides with that found in the crystal
structure. The minimum at 30° appears to be slightly lower in
energy than the minimum at 140° whereas the 100° minimum
is slightly higher in energy. A barrier height of less than 1
kcal/mol was calculated, which would indicate that there is a
possibility of a significant distribution of conformers at room
temperature.

Optical calculations were carried out with x? of tyrosine-76 fixed
at these three values. These calculations indicated that more
negative rotatory strengths are predicted for the 275-nm Cotton
effect when x? of tyrosine-76 assumes values smaller than those
found in the crystal. For example, the rotatory strength for the
conformer with x? equal to 30° is approximately twofold larger
than that calculated for the conformer found in the crystalline
state. The increase in negative ellipticity which would result from
assuming a value near 30° for x? of tyrosine-76 would bring the
theoretical results into better agreement with experiment. How-
ever, these results must be considered preliminary since there is
considerable uncertainty as to the reliability of semiempirical
conformational energy calculations such as these.

As is obvious from Table 11, interactions with peptide transitions
make a greater contribution to the rotatory strength of the tyrosine
!L, bands than was the case for the tyrosine !Ly bands. Most of
the larger contributions come from coupling with adjoining amide
w—m* transitions. However, significant interactions also occur
with peptide n—=* transitions which lie in the vicinity of the
tyrosine side chains. For example, in the case of tyrosine-25,
coupling with the n—* transition of the adjoining amide group
makes a larger contribution to the !L, rotatory strength than the
w—r* transition of the same peptide group does. These interactions
appear to result from the u—m coupling mechanism, which is
known to make important contributions in some cyclic peptide
systems.® However, this mechanism can make significant con-
tributions to the rotatory strength only if the interacting transitions
are physically close together.’! Furthermore, the fact that the
energies of the peptide n—=* transitions are close to those of the
I, transitions would be expected to enhance the contributions

(60) G. N. Ramachandran and V. Sasisekharan, Adv. Protein Chem., 23,
283-437 (1968); H. A. Scheraga, Adv. Phys. Org. Chem., 6, 103-184 (1968).
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arising from this mechanism. It should also be noted that, for
the most part, these coupling interactions involving the tyrosine
1L, transitions and adjacent amide n—z* and x—=* transitions
result in positive contributions to the 'L, rotatory strength, as one
might expect on the basis of Woody’s results with dipeptides.!
Although many such interactions are not sufficiently strong to
be among the principal coupling interactions of Table II, they
nevertheless generally result in positive contributions to the rotatory
strength of the tyrosine !L, bands. A significant exception is
tyrosine-115, where coupling between the L, and m—r* transitions
results in a negative contribution.

In many cases, the transitions which make positive contributions
to the tyrosine L, rotatory strengths are the same ones which
make negative contributions to the tyrosine !L, bands. This reflects
a change in the sign of the optical factor with a 90° change in
the polarization of the tyrosine transitions. As an example, the
IB, bands of tyrosines-73 and -115 make significant positive
contributions to the rotatory strength of the 240-nm band in
RNase S while making sizable negative contributions to the ro-
tatory strength of the 275-nm band.

Table II shows that there is a negative contribution to the
rotatory strength of the tyrosine 'L, band as a result of coupling
with the lower energy histidine bands. The interaction of histi-
dine-105 with the !L, transition of tyrosine-76, and histidine-119
with the tyrosine-73 !L, transition, appears to make a significant
negative contribution. This is not surprising, especially in the case
of histidine-105, since this residue lies near tyrosine-76 in the
crystal structure. However, the contribution to the rotatory
strength arising from this interaction may be overestimated since
both tyrosine-76 and histidine-105 are solvent accessible. His-
tidine-48 is in van der Waals contact with tyrosine-25, and as a
result, there is a significant interaction between its lower energy
transition and the 1L, transition of this tyrosine residue. A large
positive contribution to the 1L, rotatory strength results.

As in the case of the 'L, transitions, it is possible that the
tyrosine !L, bands may undergo exciton-type coupling among
themselves. In fact, the calculations predict a relatively small
exciton effect for these transitions. They are predicted to give
rise to a positive couplet, but the calculated splitting is quite small,
approximately 1 nm. It is unlikely that the presence of such a
couplet could be observed experimentally. The relatively large
positive contribution which arises from the nondegenerate in-
teractions of the !L, transitions and the negative peptide Cotton
effects that lie just to the blue would completely mask it.

The disulfide chromophores also make significant contributions
to the circular dichroism of RNase S in the regions of the spectrum
where the tyrosine !Ly and 1L, transitions occur. Cystine-40-95
has a negative inherent rotatory strength associated with its nj—o*
transition at 260 nm and a contribution of opposite sign which
arises from the n,~g* transition at 240 nm. The magnitude of
the inherent negative rotatory strength at 260 nm is decreased
as a result of coupling interactions with the B, and !B, transitions
of tyrosines-92 and -97, which result in positive contributions.
Similar coupling interactions add to the positive inherent con-
tribution to the rotatory strength of the n,—~o* band at 240 nm.
Coupling with surrounding amide #—=* transitions appears to
make little contribution to the rotatory strength of either of the
n—o* transitions associated with cystine-40-95.

As is obvious from Table 111, the interaction of the degenerate
n;—o* and n4—o* transitions of cystines-26-84, -58-110, and
-65-72, which are not inherently optically active, with the !B, and
IB, bands of tyrosines-73, -97, and -115 and with the m—7*
transitions of amides 71 and 108 makes a positive contribution
to the rotatory strength at 250 nm. Coupling of the n—g* tran-
sitions of cystine-58—110 with the adjoining peptide #—r* transition
on alanine-109 makes a negative contribution. A negative rotatory
strength contribution also arises from the interaction of the lower
energy histidine transitions with the degenerate disulfide bands.
This rotatory strength arises primarily as a result of a strong
interaction between active-site histidine-119 and cystine-65-72.

(61) R. W. Woody, Biopolymers, 17, 1451-1467 (1978).
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In summary, the negative ellipticity near 275 nm in the theo-
retical CD spectra of Figure 4 results from a negative tyrosine
IL, band near 275 nm in conjunction with a negative disulfide
n;—¢* contribution near 260 nm. The predominant tyrosine
contribution to this band arises from coupling of the 'L, transition
on residue 73 with the higher energy B bands of residue 115, and
vice versa. The overlap of the negative n—=* peptide band with
the positive tyrosine !L, band at 225 nm makes a significant
contribution to the positive ellipticity near 240 nm. Interactions
involving coupling of tyrosine B bands and !L, transitions make
major contributions to the positive ellipticity at this wavelength.
Disulfide bands at 240 and 250 nm also contribute to the positive
ellipticity in this region. The magnitude of the positive band that
appears to fall near 240-245 nm in the curves of Figure 4 is
overestimated in comparison with its experimental counterpart.
The extrema also appear to fall about 5 nm to the blue of the
corresponding experimental band. These discrepancies probably
result from the fact that a significant amount of ordered secondary
structure was not included in the theoretical calculations. Such
structure would be expected to induce the backbone amide
transitions to give rise to a large negative Cotton effect just to
the blue of the band in question, thus diminishing its magnitude
and red shifting the apparent wavelength of the maximum.

Rotatory strength associated with the inherently dissymmetric
disulfide of cystine-40-95 gives rise to negative ellipticity at 260
nm and positive ellipticity at 240 nm. The positive ellipticity that
is calculated at 250 nm is contributed primarily from coupling
of the degenerate n—g* transitions of the other three cystine
residues with the B bands of the tyrosines.

The results of the calculations clearly indicate that the disulfides
make significant contributions to the rotatory strength of RNase
S in both the 275- and 250-nm regions. In fact, the data as
summarized in Table IV indicate that the disulfides make larger
contributions at both wavelengths than do the tyrosines. However,
it should be pointed out that this distinction is at least to some
extent artificial since the excited states of some of the tyrosine
and disulfide transitions undergo considerable configuration in-
teraction. This situation is reflected in the fact that the magnitude
of the rotatory strength calculated for the 275-260-nm region is
approximately the same whether or not the disulfides are included
in the basis set.

The foregoing results clearly indicate that the Cotton effects
which are associated with the side-chain chromophores of RNase
S arise primarily from local interactions. As a result, they should
be strongly dependent on the fine details of tertiary structure of
all interacting chromophores in their immediate vicinity. Thus,
they should serve as useful probes of tertiary structure at the
microscopic level.

The changes in the experimental CD spectrum on going to
higher pH may be accounted for as follows. As a result of X-ray
structural data and chemical modification studies, it appears that
tyrosines-73 and -115 are exposed to the solvent.’>6283 Titration
of these residues to their phenolate forms should have the effect
of increasing the absorption coefficient of the !L, and 'L, tran-
sitions without appreciable change in the polarizations of the
associated transition moments. In addition, both the 'L, and 1L,
bands are red shifted upon titration to the phenolate anion. The
increased intensity should also give rise to an increase in rotatory
strength. Indeed, the 275-nm band in the CD spectrum of RNase

(62) R. W. Woody, M. E. Friedman, and H. A. Scheraga, Biochemistry,
§, 2034-2048 (1966).

(63) H. W. Wyckoff, D. Tsernoglou, A. W. Hanson, J. R. Knox, B. Lee,
and F. M. Richards, J. Biol. Chem., 245, 305-328 (1970).
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S is red shifted and shows an increased negative ellipticity. The
increased intensity and red shift of the 'L, transitions result in
an increase in positive ellipticity in the 240-nm region. Thus, the
titration curve of Figure 2b reflects the titration of tyrosines, and
in all probability includes major contributions from residues 73
and 115.

A word may be in order with respect to the interaction of
histidine transitions with the near-UV tyrosine and disulfide
transitions. The calculations suggest that the histidines induce
negative contributions to the rotatory strength of the tyrosine L,
bands, and histidine-119 apparently makes a large negative
contribution to the 250-nm disulfide band. However, no detectable
change was observed in the 240~250-nm portion of the spectrum
in the pH region corresponding to the titration of these histidine
side chains. This result is not totally unexpected since protonation
of the imidazole group probably causes only a relatively small
change in the polarization of the transition moment associated
with the lower energy histidine transition.?> However, this would
appear to infer that significant pH-dependent conformational
changes of the histidine-119 side chain, similar to those suggested
by Richards and Wyckoff,> are unlikely. Richards and Wyckoff
have also reported movement of the histidine-119 side chain in
the X-ray density maps of RNase S when various inhibitors are
bound. If this motion occurs in solution, one might expect to see
changes in the CD spectra of the enzyme in the presence of
inhibitors. The CD difference spectrum reported in Figure 3 shows
that there is a decrease in the ellipticity of the 275-nm band and
an increase in the 240-nm band upon binding 3'-CMP. Thus, it
appears likely that both the 240- and 275-nm Cotton effects could
serve as possible probes for the putative motion of the histidine-119
side chain that has been suggested in proposed catalytic mecha-
nisms.

Finally, it should be pointed out that the agreement between
experiment and theory is really quite good, given the magnitude
of the problem and the uncertainties associated with some of the
data which were used in the calculations. Admittedly, the am-
plitude of the Cotton effect near 275 nm has been underestimated
whereas the one near 240 nm has been overestimated. Never-
theless, there is at least semiquantitative agreement; the bands
are of the correct sign, and the quantitative differences between
experiment and theory, as revealed by comparison of Figures 1
and 4, are considerably less than one order of magnitude. Ob-
viously, the situation could be made to appear even more favorable
if the bandwidths of all of the transitions were treated as adjustable
parameters in computing the theoretical curves of Figure 4.

Since these calculations were based upon atomic coordinates
derived from X-ray-diffraction studies of crystals, the rather good
agreement between experiment and theory would seem to indicate
that there must be a considerable degree of similarity between
the structures existing in the two states. This is made more
significant by virtue of the fact that these results apply to the
side-chain groups, where one might expect more marked deviations
from the solid-state structure than within the peptide backbone.
Although vibrational distortions certainly might be expected to
occur, the average equilibrium structure which exists in solution
must be quite similar to the one found in the crystalline state
insofar as RNase S is concerned.
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