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Abstract: The effect of temperature and solvent environment on the relative stability of the distorted 12-s-cis and distorted
12-s-trans conformers of 11-cis-retinal is analyzed using an approximate solvent effect theory. The formalism includes the
partitioning of the solvation energy into van der Waals, electrostatic, and cavity formation terms and the use of multiple lin-
ear regression techniques to obtain information about the molecular characteristics of the solute conformers. The 12-s-trans
conformer is observed to have a cavity radius 0.03 A larger, and a dipole moment 2.2 D larger, than those of the |2-s-cis con-
former. The “free space” energies of the two conformers differ by only 0.6 kcal/mol with the 12-s-cis the more stable. In hy-
drocarbon solvent at room temperature, the ratio of ]2-s-cis to ] 2-s-trans conformers is roughly two to one, but increasing
solvent polarity or decreasing solution temperature increases the population of 12-s-trans conformer by increasing the impor-
tance of the electrostatic term usually at the expense of the cavity formation term. The former term favors population of the
conformer with the larger dipole moment (12-s-trans), whereas the latter term favors population of the conformer with the
smaller cavity size (12-s-cis). The van der Waals term is relatively insensitive to solute conformational changes and for the
solvents investigated is of negligible importance in determining solute conformational stability. The possibility that the 12-s-
trans geometry may represent the opsin incorporated conformation of the visual chromophore in rhodopsin is discussed.

Although 11-cis-retinal’s mechanistic importance in ver-
tebrate vision has been established for many years,> many
of its photophysical properties are not yet completely under-
stood. For example, 11-cis-retinal exhibits unusual band in-
tensity fluctuations in its absorption spectrum with changes
in temperature and solvent environment.** As shown in
Figure 1, this characteristic is unique to |l-cis-retinal;
other isomers of retinal show much smaller intensity
changes for identical ranges in solvent polarity and temper-
ature.’

A number of investigators®-!22 have suggested that
changes in an equilibrium population of distorted 12-s-cis!'3
and distorted 12-s-trans'3 conformers (with the latter more
populated at lower temperature®-!! or higher solvent polari-
ty!!) are responsible for both the observed temperature and
solvent polarity effects (see Figure 2). Although recent nu-
clear magnetic resonance investigations'? confirmed the
presence of both conformers at room temperature, a quanti-
tative picture of how the solution environment affects con-
formational stability is still lacking.

In the present paper we investigate the nature of this con-
formational equilibrium by studying the effect of solvent
environment on the band intensities in |1-cis-retinal’s ab-
sorption spectrum. The solvent effect theory that is used to
explain the observed spectral changes is presented in the
Theoretical Section and applied in Results and Discussion.
The prominent features of this formalism include the parti-
tioning of the solvation energy into van der Waals, electro-
static, and cavity formation terms and the use of multiple
linear regression techniques to obtain information about the
molecular characteristics of the participating solute con-
formers. The results of this analysis not only provide rea-
sonably accurate estimates of the cavity size, dipole mo-
ment, and “free space” energy differences between the 12-
s-cis and 12-s-trans conformers, but also supply the first
quantitative picture of how solvent environment and solu-
tion temperature determine conformational stability in 11-
cis-retinal.

Experimental Section

Chemlcals. [1-cis-Retinal, in the form of extensively purified
single crystals, was generously donated by Paul K. Brown. Cyclo-
hexane, ethyl ether, and acetonitrile were purchased from Eastman
Kodak Co. and were all spectroquality. Propionitrile'4 (Eastman

Kodak Co.) and isopropyl ether (MC/B Chemical Co.) were puri-
fied by multiple distillations on a 3-ft column packed with glass
helices. The distillations were monitored by taking absorption
spectra of the middle fraction and were discontinued when the ab-
sorption “cutoff” (1 o.d., l1-cm cell) was at a wavelength lower
than 2200 A. The above procedure successfully removed all im-
purities with absorption bands in the 2200-6000 A region.

lsopentane and 3-methylpentane (Aldrich Chemical Co.) were
purified by passing through a silver nitrate alumina column pre-
pared by the following procedure.”’ Alumina (500 g; Merck chro-
matographic grade) was added to | 1. of 4 N HNOj and stirred for
15 min. The acid was decanted off and the acidic alumina neutral-
ized by continuously rinsing it with distilled water followed by vac-
uum filtration drying. The silver nitrate solution was prepared by
dissolving 60 g of AgNOQs into 150 m] of distilled water. (All steps
involving the silver nitrate must be performed in total darkness or
under a red safety light.) ACS grade methano] (500 ml) was then
added to the AgNOj solution. The resulting mixture was combined
with the neutra] alJumina and the solvent partially removed using a
rotary evaporator. The powdered alumina was then completely
dried in a vacuum desiccator in the presence of a neutral desiccant
for 24 hr at 50°C.

Absorption spectra were recorded on a McPherson 700 series
doublc-beam spectrophotometer at a spectral bandwidth of 2.0 A.
Room temperature spectra were obtained using matched l-cm
pathlength cells with the appropriate solvent as reference. Low
temperature spectra were obtained using l-cm pathlength “lolli-
pop” cells immersed in liquid nitrogen with air as the reference.
The absorption spectra were subsequently corrected for solvent,
Dewar, and cell absorption using graphical subtraction.

Theoretical Section

The total energy of a solute-solvent system can be conve-
niently partitioned into the following contributions

Eiotat = Esolute + Evaw + Ees + Ecuy (1)

where Euc represents the energy of a given molecular
conformation of the solute under “free space” or “vacuum”
conditions, and the latter three terms represent the energy
of solvation. E.qw is the energy associated with nonbonded,
nonelectrostatic (van der Waals'¢-1%) interactions between
the solute and solvent molecules, E., is the energy due to
static and induced solvent-solute dipole-dipole interactions,
and E.,, is the energy required to form a solvent cavity of
sufficient size to accommodate the solute molecule. This
latter term is always positive and is balanced by the electro-
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Figure 1. Absorption spectra of all-trans, 9-cis-, 11-cis-, and 13-cis-
retinal at 295 and 77 K in nonpolar (PMh = isopentane, methylcyclo-
hexane: S:1, v/v) and polar (EPA = ethyl ether, isopentane, ethanol;
5:2:2. v/v) solvents. The spectra are reproduced with permission from
ref 5 and 8. but the cis band, n,7* and A« labels were added by us.
The vertical lines associated with the n,z* labels identify vibronic band
maxima in the 77 K spectra.t

static and van der Waals terms which are always negative.
We will observe, as have other investigators,20 that the van
der Waals term is relatively insensitive to solute conforma-
tional changes and can be safely neglected provided the sol-
vents are appropriately chosen.

Our formalism is based on a statistical theory which ap-
proximates solute-solvent interactions in terms of point di-
pole interactions. This approach is sufficient as long as
there is no appreciable overlap of the electron distributions
of the solute and solvent molecules. Consequently, solvents
which might form hydrogen bonds (e.g., alcohols) or charge
transfer complexes (e.g., halogenated hydrocarbons) with
the solute must be excluded from the present analysis.

E.4w. The energy due to van der Waals interactions be-
tween two molecules includes both attractive and repulsive
nonbonded interactions. A simplified formulation based on
a combination of the London dispersion equation and Born-
type repulsion can be written?!

Evaw = Briy™'? = (3/2)(eweyryy™ L/ (I + )] (2)

where B is a repulsion constant, r;, is the separation be-
tween the two molecules,?? and «, and /; are the molecular
polarizability and ionization potential for molecule i. This
equation can be modified for use in solvent effect calcula-
tions by treating the solute and solvent molecules as polari-
zable spheres with radii. a, and a,, respectively. (Through-
out this paper, the u subscript will be used to designate so-
lute parameters and the v subscript to designate solvent pa-
rameters.) The radii are defined by the volume of the mole-
cule (V) as derived from the bulk density (d)
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ll-cis, 6-s-cis, |2-s-cis
Figure 2, The 12-s-cis and 12-s-trans conformers of | 1-cis-retinal. The
numbering convention and important dihedral angles are indicated.
Since all of the known isomers of retinal have distorted 6-s-cis dihedral
angles, the "6-s-cis™ label is usually omitted.

a=(3V/4m)!/3 = 3M /47 NAd)'/? (3)

where M is the molecular weight, and N, is Avogadro’s
number. The intermolecular separation is defined as the
sum of the appropriate cavity radii divided by V2 [i.e., ryu
= 0.71(a, + a,)],?? and the polarizability is defined using
the Lorentz-Lorenz expression®?

a=[(n*=1)/(n? + 2)]a’ (4a)

where #n is the index of refraction appropriate to the solvent
or solute. For the solute, it is convenient to choose a value
for n which is reasonable for a broad range of molecules.
Although most authors choose a value for n such that o, =
a?/2 (n = 2),2%.25 this value considerably overestimates
the polarizability of most solute molecules. For large poly-
enes like 11-cis-retinal, the hypothetical solution refractive
index is estimated to lie in the range 1.6-1.8. Accordingly,
in the present treatment we will use the following relation-
ship to define the solute polarizability

ay =a,’/2.5 (4b)
Equation 2 can now be written:

E.qw = —0.6Nja,’a,*[0.71(a, + a,)] 7% X
(udv/(Iy + 1)][(n% = 1)/ (n* + 2)]G;  (5a)

where /V, is the number of nearest neighbor solvent mole-
cules surrounding a given solute molecule, and the G, term
is defined as

G,=1-B[(a, +a,)"% (5b)

where B’ is a semiempirical repulsion constant (different
from that used in eq 2) appropriate for the collision radii of
the solute and solvent. G, can range in value from 0.7 t0 0.2
based on a comparison of the van der Waals energies calcu-
lated using eq 5 with values calculated using Sinanoglu’s
formalism.'® For a solute the size of 11-cis-retinal in sol-
vents of medium sized molecules, the number of nearest
neighbors can be set approximately equal to 15. Choosing a
representative value for G of 0.5, eq 5a reduces to:

Eaw = —4.5la,a,2[0.71(ay + a,)] 8 X
(Tulv/(u + 1)][(n2 = 1)/ (n> +2)] (6)
Preliminary calculations indicated that the E.4. term was

usually lower in magnitude and always much less sensitive
to solute conformational changes (which affect a,) than the
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Table I. Solvent Parameters4
ky(Wuy)-
Solvent V,A3%b a, Ac Iy, eV n € ky(1)d e f(cav)e.€  f(cav)/ig
Cyclohexane 180.6 3.5065 9.8 1.4235 2.016 0.647 24.4 54.3 44.6
Isopentane 194.9 3.5969 10.32 1.3509 1.835 0.674 14.5 41.9 34.6
n-Hexane 218.5 3.7366 10.18 1.3723 1.880 0.672 18.1 43.0 349
Ethyl ether 174.0 3.4629 9.6 1.3495 4.249 0.757 16.5 44.2 38.9
Isopropyl ether 236.3 3.8350 9.20 1.3655 3.880 0.738 17.3 45.0 37.8
Acetonitrile 87.8 2.7570 12.2 1.3416 36.50 1.358 27.6 57.5 63.9
Propionitrile 117.7 3.0405 11.7 1.3636 26.51 1.290 26.7 51.5 57.2

@ All parameters are for 25°C and are extrapolated to this temperature if necessary. Data are from J. A. Riddick and W. B. Bunger, “Organic
Solvents”, Wiley-Interscience, New York, N.Y., or the CRC Handbook of Chemistry and Physics, 50th ed. ? ¥V = 1.66053(M/d), where M is
molecular weight and d is density in g/ml at 25°C. ¢z = (3V/4n)'/?, where V is given by footnote b. ¢ Calculated using eq 22. € Calculated

using eq 18./ Calculated using eq 18 and 21. & In dynes/centimeter.

E.s and E,, terms. Since E and E.., can be calculated at
a higher level of approximation than Eygw, and since the
vdw term provides no information concerning the solute
that is not also available from analysis of the cavity term, eq
6 was used to choose solvents which minimize the impor-
tance of E.qw. The solvents that were chosen are listed
along with their important parameters in Table I. As we
will demonstrate in Results and Discussion, the effect of so-
lute conformational changes on E.qw for the above solvents
is roughly one order of magnitude smaller than E,, or E.,.

E. The calculation of the energy due to static and in-
duced solvent-solute dipole-dipole interactions is based on
a modification of the Onsager cavity approximation?® in
which the spherical ““‘Onsager’’ cavity is replaced with an el-
liptical cavity more appropriate for long chain polyene so-
lutes like 11-cis-retinal. In this approximation, the solute is
represented as a point dipole at the center of an ellipsoid
whose volume equals that of the solute. The electrostatic
energy is given by eq 7.24d

Ees = —0.5Miotal * Roo (7

Roo is the reaction field which physically represents the
electrostatic field at the solute molecule created by the po-
larization of the surrounding medium by the solute’s point
dipole.2® Mo is the total dipole moment of the solute ex-
pressed as a sum of permanent (Mgo) and induced (ouRoo)
components

Mota1 = Moo + auRoo (8)

where «, is the polarizability of the solute. The reaction
field for an elliptical cavity is given by eq 924°

Roo = Mio/a®M3A4(1 — A)(e = D/[e+ (1 —)A4ll  (9)

where ¢ is the static dielectric constant of the solvent, a, is
the mean cavity radius of the solute (see below), and A4 is
the elliptical integral defined in eq 10.

A=0.5(r1/r3)(r2/r3) X
j; TAls + (r /) 2s + (rafr3)?] 12 X
[s +1]2"1ds  (10)

The variables ry, 72, and r3 are the lengths of the principal
axes of the ellipsoid, where r; is defined as parallel to the
dipole moment vector. Equation 10 has been constructed in
terms of ratios of these axes to emphasize that this integral
can be solved by determining only the relative dimensions of
the ellipsoid that best encloses the solute molecule. The ab-
solute size of this ellipsoid is, nevertheless, relevant in deter-
mining the mean cavity radius, a,. This latter variable is
most easily evaluated, however, using eq 3 and, when neces-
sary (see Results and Discussion), a model compound to de-
termine an appropriate value for the density, 4.

The integral A4 for a given conformation of 1 1-cis-retinal
was evaluated using INDO molecular orbitals to predict the
direction of the dipole moment vector relative to the Carte-
sian coordinates of the molecular framework. The geometry
of the 12-s-cis conformer was taken from the crystal struc-
ture of Gilardi and co-workers.?” A corresponding structure
for the 12-s-trans conformer was generated by rotating the
12-13 torsional angle from 12-s-cis (38.7°) (the crystal di-
mension) to 12-s-trans (141.3°) to produce equivalent out-
of-plane distortion in ¢;,_;3. Using a six-point Gaussian
quadrature numerical integration technique (accurate to
+0.006 for eq 10), the following values for the elliptical in-
tegral were obtained: A(12-s-trans) = 0.14, A(12-s-cis) =
0.22. For comparison, 4 equals %5 for a spherical cavity (r;
=ry=r3).

Equations 7, 8, and 9 can now be combined to yield

E. = —0,5‘(M002/Qu3)f/\(e) (auMOOZ/au6) [f/\(e)](zl} | )
a

where

A =340 —A)(e=D/fe+ (1 —)A -
[Baud(l — A)(e— 1)/as’}} (11b)

Both of these equations can be simplified by treating the
ay/a,® term as a constant appropriate for the solute mole-
cule(s) of interest. For large polyenes, a,/a,* = 1/2.5 (see
eq 4b), and eq 1 1a and 11b reduce to:

Eo = —0.5(Mgo?/a )1 + fa(e)/2.51fale) (12)
where
Sale) =7.54(1 — A)(e—1)/[2.5(e+ A —€A) —
340 = A)e—=1)] (13)

In order to use the above electrostatic field equations in a
least-squares analysis of solute parameters, it is necessary to
separate the solute dependent (4) and solvent dependent (¢)
variables appearing in fa(e). This variable separation is ac-
complished using eq 14 and 15, which were derived?® to
minimize the error (inevitable in a separation of two func-
tionally interdependent variables) in the parametric regions
[1.8 <e=<40]and [0.] £ 4 <0.5].

Sale) = Sa[5(e = 1)/ (3¢ + 4.5)] (14)

where

fA =274 409542 (15)

The cavity ellipticity, ¢a, diverges from unity in proportion
to the extent that the solute cavity deviates from perfectly
spherical dimensions. Given the previously defined values
for A, the two conformers of |1-cis-retinal produce cavity
ellipticities of 0.4 and 0.65 for the 12-s-trans and 12-s-cis
geometries, respectively. Although errors introduced in cal-
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culating the electrostatic field using eq 14 (as an approxi-
mation to eq 13) can approach 30% in high dielectric sol-
vents like acetonitrile,?® uncertainties in other parameters
(see below) are such that this source of error is not impor-
tant for the analysis presented in Results and Discussion.
Replacing 11-cis-retinal’s elliptical cavity with a spherical
cavity, however, would produce errors on the order of 300%
in the calculated electrostatic field indicating the impor-
tance of using elliptical cavities for studying the effect of
solvent environment on large polyenes.

Applying the above variable separation to eq 12 we ob-
tain

Ees= _O-S[KA(MOOZ/au”] X
[1 + Fa2(e = 1)/ + 4.5)1[5(c = 1)/ + 4.5)]  (16)

where the first pair of brackets enclose variables dependent
solely upon the characteristics of the solute molecule. The
¢ term, which is an average cavity ellipticity appropriate
for both solute conformers {fa = [({a(12-s-cis) + {a(12-s-
trans)]/2 = 0.53}, is introduced so that the values of the ex-
pressions in the last two brackets of eq 16 can be treated as
solely solvent dependent. The advantages of retaining both
the ¢ and {4 terms in the above equation will be demon-
strated in Results and Discussion. In those instances when
the solute molecule is nearly spherical, or order of magni-
tude estimates of the electrostatic stabilization energy are
sufficient, {4 and &4 (both of which equal unity for a spher-
ical cavity) can be dropped from eq 16.

Ecav. The energy required to form a solvent cavity of suf-
ficient size to accommodate the solute molecule is propor-
tional to the work required to separate the solvent mole-
cules. It is therefore related to the van der Waals and elec-
trostatic forces that attract a solvent molecule to one of its
own kind. In the macroscopic approximation, the energy of
cavity formation is approximately given by the product of
the surface area of the cavity and the surface tension of the
solvent, . In the highly curved microscopic cavity, how-
ever, a correction for curvature must be included. Sinanoglu
has described a formalism based on the thermodynamic
properties of pure liquids and dilute solutions which in-
cludes microscopic curvature corrections,!®!% and we adopt
his procedures with only minor modification.

The cavity formation energy (Ec.v) is given by eq 17

Ecv = 47ra2kv(¢uv)f(cav) (17)

where f(cav) represents the energy part of the surface ten-
sion appropriate to a microscopic cavity

fleav) = v[l = (8lnvyy/aln T) — (2£,7/3)] (18)

7. is the surface tension of the solvent at absolute tempera-
ture, T, and £, is the coefficient of thermal expansion of
the cavity defined as

Euv = (l/quv)(aVuv/aT)p (19a)

where V', is the volume of the cavity. £, is dependent upon
the properties of both the solute and solvent, but calcula-
tions by Halicioglu and Sinanoglu?? indicate that £, is clos-
er to the solvent expansivity than to the solute expansivity.
Accordingly, we approximate £,, as follows

fw=[(di/dy) = 1]/(12—11) (19b)

where d| and d; are solvent densities at temperatures ¢; and
¢y, respectively, and t; = T + 5°,and ¢, = T — 5°. Similar-
ly,o1n+y,/oIn T will be approximated as

aln 'yv/a InT= [2T/(V| + ug)][(ﬂl - V:)/(l] - tg)](
2
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The k,(¥uy) term in eq 17 is a constant dependent upon
the volume fraction ¥, (= V,/V,) of the solvent (molecu-
lar volume = V) and solute (molecular volume = V) and
is defined in eq 21

kv(‘puv) =1+ ¢uv2/3(kv(l) - 1) (21)

k(1) is a dimensionless microscopic cavity factor appropri-
ate to the pure solvent and is evaluated semiempirically
using the following expression

k.(1) = 0.5963 + 75.14f(, cav) — 561 .8[f(e, cav)]?
(22a)

where

f(e, cav) = ¢[f(cav)]~2 (22b)

with f(cav) in dyn/cm (see eq 18).
Results and Discussion

The solvent theory presented above will now be applied to
11-cis-retinal by using least-squares regression techniques
to determine the molecular characteristics of the 12-s-cis
and 12-s-trans conformers needed to account for the solvent
effects observed in the absorption spectrum of 11-cis-reti-
nal. We will observe that the calculated differences in the
conformer cavity radii and dipole moments are close to
values predicted using model compounds and approximate
molecular orbital theory. Of greatest import, however, is
the observation that the ‘“‘free space” energies of the two
conformers differ by only 0.6 kcal/mol with the 12-s-cis
conformer the more stable. This result, when evaluated in
terms of the predicted conformational dependence of the
solvation energy, indicates that the 12-s-cis conformer is
populated to roughly twice the extent of the 12-s-trans con-
former at room temperature in hydrocarbon solvent. As we
will discuss in section B, this observation provides an impor-
tant insight into the mechanisms operating to produce the
observed temperature effects.

(A) Application of Theory to 11-cis-Retinal in Solution.
Neglecting the effect of the van der Waals term (see
above), the difference in energy between an s-cis and s-
trans conformer can be written as a combination of eq 1, 16,
and 17

Etruns — Ecis = Esolulc(trans) - Esolulc(Cis) (233)

+0-5[(§AM002/a3)cis - ({AMOOZ/a3)lruns] X
[1+1.1(e = 1)/(3e + 4.5)][S(e — 1)/(3e + 4.5)] (23b)
'+'4‘7"[a1.rur1s2 - aciszl [kv(‘puv)f(cav)] (23C)

where the 12-s label is temporarily dropped to conserve
space. Applying simple Boltzmann statistics to the relative
population of s-cis vs, s-trans conformers, we can write

RT In (Ncis/ Nirans) = Erans — Ecis (24)

where N, and N are the number of molecules with 12-
s-cis and 12-s-trans conformations, respectively. Although
the above formula neglects the effect of entropy, calcula-
tions indicate that the entropy contribution is relatively
small for the present system (see Appendix) and can be
safely ignored at-the present level of approximation.

In order to calculate (Ncis/Nirns), we will take advan-
tage of a general feature of polyene electronic absorption
spectra. In the 2000-6000 A region, linear polyenes exhibit
one intense absorption band which corresponds to the cano-
nically allowed B, <~ A, 7% <« r transition. When cis link-
ages are present, however, a second, less intense, absorption
band appears roughly 1400 A to the blue of the longest
wavelength band.3? This dependence on conformation of the
intensity of this higher energy transition leads to the desig-
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Table II. Observed and Calculated Solvent Effect on the
Absorption Spectrum of 11-cis-Retinal

RTIn (A band/A?\max)

Caled
Solvent Obsd. Neglects 52 Max S§b
Cyclohexane -0.18, -0.198 -0.202
Isopentane -0.21, -0.209 -0.211
n-Hexane -0.22, -0.210 -0.207
Ethyl ether -0.24, -0.259 -0.259
Isopropyl ether -0.25; -0.255 -0.253
Acetonitrile -0.30, -0.297 -0.302
Propionitrile -0.30, -0.303 -0.299
Regression coefficients Value4. ¢ Value4 ¢
a,, b, kcal/mol -0.229(a,) -0.198(b,)
a,b,, D¥A? -0.00593(a,) -0.00543(b,)
a,, b, A? 1.187(@,) 1.299(b,)
Coefficient of determination (#?) 0.943 0.924

4 Calculation neglects the contribution of surface entropy to the
energy of cavity formation (see Results and Discussion). 2 Calcula-
tion based on “maximum entropy” approximation (see Appendix).
¢ The symbol which is used in the text to label a given regression
coefficient is given in parentheses.

nation “cis band”, and the intensity of this transition serves
as a sensitive diagnostic tool for detecting cis configurations
in polyenes.’! The intensity of the “cis band” is considera-
bly enhanced by the presence of cis linkages near the center
of long chain polyenes.’? In particular, recent calculations
on | l-cis-retinal predict that the oscillator strength for ex-
citation into the 2500 A cis band increases from 0.2 to 0.6
as the geometry changes from a distorted 12-s-trans (150°)
to a distorted 12-s-cis (30°) conformation.!!33 Conversely,
these calculations predict that the total oscillator strength
in the Am,« region at 3620 A decreases from 1.0 to 0.5 for
the same geometry change. Accordingly, the intensities of
these two transitions are predicted to be sensitive measures
of 12-s-cis vs. ] 2-s-trans conformational populations.

Applying Beer’s law to the determination of (N¢/
Nirun), We can write

N, _ Ay, (trans) « R = Agi band(trans)
Nlr;ms Acis bund(CiS) - A)\,““(Cis) R

(25a)

where
R = (Acrs bund/A )\,“‘,x)obsd (25b)

A is the molar absorptivity at the band maximum of the
transition designated in the subscript. The labels *‘(trans)”
and “(cis)” in eq 25 refer to absorption bands for the bands
for the pure 12-s-trans and pure |2-s-cis conformers, re-
spectively, and N, and N, ;.n, are mole fractions (i.e., N,
+ Niuns = 1.0). Although experimental molar absorptivi-
ties are not available for the pure 12-s conformers, ranges
for the absorptivities can be postulated by reference to the
other isomers of retinal.*$

35000 < Ay, (trans) < 45000 (26a)
18000 < Ay, (cis) < 26000 (26b)
6000 < Aeis buna(trans) < 11000 (26¢)
18000 < Acis bund(cis) < 26000 (26d)
42000 < [A,,,.. + Acis bind] < 50000 (27)

The above ranges apply to room temperature and polar and
nonpolar solvent environments and are in units of 1. mol™!
cm~ 1

In order to evaluate Ni,/Nun, it 1S convenient to ex-

press the right hand side of eq 25 as a power function in the

observable molar absorptivities

NCiS/Nlrans = Cal(Acis band/AAmax) CBobsd] (28)

where the two constants, Cs and Cg, are empirically de-
fined to fit eq 25 for given values of the parameters in eq 26.
To evaluate Ca and Cg, least-squares regression techniques
were applied to match eq 28 to eq 25 for the observed
(Table II) and predicted (eq 26) absorptivities. The full
range of values in “4” (eq 26) were tested subject to the re-
strictions imposed by eq 27 and, in each case, the least-
squares coefficient of determination, r2, was greater than
0.95 (mean = 0.992). This behavior indicates that eq 28
represents a satisfactory approximation to eq 25 for the en-
tire range in conformer populations expected. Ca was ob-
served to have a large range, whereas Cg showed minimal
variation;

4.2 < Ca <104, Cx (average) = 7.4
2.5< Cg < 3.1, Cg (average) = 2.8

(29a)
(29b)

The uncertainties in the calculated solute parameters intro-
duced as a result of the uncertainties in the above constants
are dependent upon the property being calculated. Accord-
ingly, a quantitative discussion must await the final analysis
of the solvent data,

Equations 23 and 24 can now be written:

RTIn (Acis bund/A)\,“ux) = ag +
ai[l+ 1.1(e—1)/Be +4.5)][5(e = 1)/(3e + 4.5)] +

ax[kv(Yuv)f(cav)]  (30)
where
a9 = (1/Cg)[Esolue(trans) — Egoue(cis) — RT In (CA()3]I)
ar = [1/(2Cs)][(§aMoo?/a%)cis — (§aMoo?/a@*) rans]
(32)
and
a, = (4w /Cpg)[a?(trans) — a’(cis)] (33)

(Acis band/ Ax,,,) Was measured for the seven solvents listed
in Table I, and Figure 3 shows the effect of a representative
set of these solvents on 11-cis-retinal’s absorption spectrum.
The values of the constants ag, a;, and a; were determined
by the multiple linear least-squares method. The complete
solvent effect data are compiled in Table 11 and graphically
presented in Figure 4.

As Figure 4 demonstrates, the simple theory embodied in
eq 30-33 is sufficient for semiquantitative prediction of the
observed solvent effects. We note that the displacements of
solvent data points from the linear regression line are not
proportional to the polarizability of the particular solvent
(eq 4), indicating that our neglect of the van der Waals
term is not the principal source of error.

If we substitute the a; regression coefficient from Table
11 into eq 33 and include the range of values predicted for
Cy (eq 29b), we obtain

a3(12-s-trans) = a?(12-s-cis) + 0.27 (£ 0.03) A2 (34)

Assuming an average solution volume for |1-cis-retinal of
500 A3 (see ref 34), eq 34 predicts a(]12-s-trans) = 4.937 A
and a(12-s-cis) = 4.910 A. The difference between these
two values is of greater physical significance

a(12-s-trans) = a(12-s-cis) + 0.027 (£ 0.005) &, (35)

It is interesting to compare the result in eq 35 with the dif-
ferences in cavity radii calculated for the crystal geometries
of all-trans vs. 11-cis-retinal 27-30.%7
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Figure 3. The effect of solvent environment on the absorption spectrum
of 11-cis-retinal.

a(all-trans-retinal) = a(11-cis-retinal) + 0,047 A
(36)

The smaller difference in cis vs. trans cavity radii for rota-
tion about the 12,13 single bond relative to rotation about
the 11,12 double bond is believed to involve two factors.
First, the equilibrium dihedral angles for the 12-s-cis and
12-s-trans conformers of 11-cis-retinal are predicted to be
very distorted from planarity,'??? minimizing the cavity
size differences between these two geometries. Second, eq
35 represents cavity radii differences for a solution environ-
ment, whereas eq 36 is for the pure crystal; we might expect
a highly ordered crystalline lattice to be more sensitive to
conformational differences.

If we substitute the a, regression coefficient from Table
Il into eq 32, assume a3 = 120 A3 (see ref 35), use the pre-
viously defined values for {4 (see Theoretical Section), and
include the full range of values for Cg, we find

0.4Mqo?(12-s-trans) = 0.65Mgg2(12-s-cis) +
40(£03)D? (37)

Assuming the dipole moment for 1l-cis-retinal lies in the
range 3-7 D, the difference in dipole moments for the two
conformers is

| Mool (12-s-trans) = |Mgg| (12-s-cis) + 2.2 (£ 0.3) D
(38)

The above value is in agreement with the dipole moment
differences calculated for the 12-s conformers of 11-cis-ret-
inal by Weimann and co-workers using CNDO molecular
orbital procedures.®® These authors studied a range of
12-13 torsional angles and calculated dipole moments for
the 12-s-trans conformer 1.8-2.3 D (CNDO/2) [2.5-2.9 D
(CNDO/S)] larger than those calculated for the 12-s-cis
conformer,

Substituting the ag regression coefficient into eq 31 and
including the full range of values predicted for C and Cg
(eq 29), the difference in the “‘free space” energies of the
two 12-s conformers is predicted to be

Eotute(12-s-trans) = Egojye(12-s-cis) +
0.6 (£ 0.3) kcal/mol (39)

The above result is consistent with the NMR analysis and
consistent force field (CFF) calculations of Rowan, War-
shel, Sykes, and Karplus.!?® The CFF calculations predict
the “free space’ energy of the 12-s-cis conformer to be 1.5
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Flgure 4. Observed vs. calculated values of RT In (Acis band/ Armax) fOF
the solvent effect on 11-cis-retinal’s absorption spectrum. Values cal-
culated neglecting the contribution of surface entropy to cavity forma-
tion are represented by solid circles. Values calculated assuming a
maximum contribution of surface entropy to cavity formation (see Ap-
pendix) are represented by dashed circles.

Table III. The Effect of Conformation on the Solvation Energy
(kcal/mol) of the 12-s-cis and 12-s-trans Conformers of
11-cis-Retinal

Solvent
Parameter4 Isopentane Ethyl ether Acetonitrile
AE 440 -0.04 -0.03 -0.04
es® -0.13 -0.34 -0.62
AE, 4 0.16 0.19 0.31
AE € -0.01 -0.18 -0.35

@ Calculated using the solvent parameters listed in Table I and the
following solute parameters: /, = 8.0 eV, ¢ (12-s-trans) = 0.40,
§A(12-scis) = 0.65,a(12-s—traqs) =4.937 A,a(12-s-cis) =4.910 A,
[Myol(12-s-trans) = 6.2 D, and [ M, [(12-s-cis) = 4.0 D. b AE 4, =
Eydw(12-s-trans) — Eygw(12-s-cis), calculated using eq 6.¢ AE g =
Ees(12-s-trans) — Eeg(12-5-cis), calculated using eq 16. 4 AE,, =
Ecay(12-s-trans) — E¢ay(12-s-cis), calculated usingeq 17. € AEg) =
AEyqw + AEeg + AEc,y. A negative value of AEgq indicates that
the 12-s-trans conformer is preferentially stabilized by the solvent
environment.

kcal/mol lower in energy than the 12-s-trans conformer, a
value slightly larger than that observed. In addition, the
NMR analysis indicates that, at room temperature in ace-
tone solvent, the difference in the total conformer energies
is less than | kcal/mol and that, at a temperature of —47°C
in the same solvent, the 12-s-trans conformer is more popu-
lated. Using our solvent effect theory, we calculate a differ-
ential solvation energy (AE in footnote e of Table I11) for
I l-cis-retinal in acetone of 0.3 kcal/mol at 25°C and ~0.5
kcal/mol at —47°C with both values energetically favoring
the 12-s-trans conformer. (The latter value is a rough esti-
mate based on the analysis presented in section B below.)
These values suggest that, in acetone at room temperature,
the 12-s-cis conformer dominates by ~60% but that, at a re-
duced temperature of —47°C, the populations of the two
conformers are essentially equivalent. Since the uncertainty
in our calculation of the low temperature equilibrium is at
least +15% in conformer population, our results are not in-
consistent with the NMR analysis, indicating a higher pop-
ulation of the 12-s-trans conformer at —47°C.

The important numerical results of the solvent effect
analysis are summarized in Table I for three representative
solvents. The following observations can be made:
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Figure 5. The effect of temperature on the absorption spectrum of 1 -
cis-rctinal in 3-methylpentane. The vibronic structure appearing in the
30000-37000 cm™' region of the 77 K spectrum is associated with the
7* «— n transition.®

(1) The effect of the van der Waals term on conforma-
tional stability is relatively unimportant for the solvents in
Table I, and its neglect in the least-squares analysis (eq
30-39) was justified. This term is not inherently negligible,
however, and for solvents with high refractive indices this
term might become relatively important.

(2) For hydrocarbon solvents, the electrostatic and cavity
terms cancel to within 0.] kcal/mol. This indicates that, in
these solvents, the conformer equilibria depend primarily on
the relative “free space” energies of the 12-s-cis and 12-s-
trans conformers.

(3) As a consequence of observation 2 and the ‘“‘free
space” energies in eq 39, the 12-s-cis conformer predomi-
nates by roughly 2 to | over the 12-s-trans conformer at
room temperature in hydrocarbon solvent. This result has
important mechanistic implications for the temperature ef-
fect on the absorption spectrum of 1l-cis-retinal (see
below).

(4) As solvent polarity increases, the electrostatic term
becomes increasingly dominant resulting in a preferential
stabilization of the 12-s-trans conformer because of its larg-
er dipole moment (eq 38).

(B) The Effect of Temperature on the Absorption Spec-
trum of 11-cis-Retinal. The effect of temperature on the ab-
sorption spectrum of 1l-cis-retinal was first described by
Wald and co-workers in 1959.% They noted that the intensi-
ty of the Amax absorption band increased markedly on cool-
ing in contrast to the behavior of the all-¢rans-, 9-cis-, and
13-cis-retinals which showed little or no band intensity
changes in their absorption spectra with temperature. More
detailed measurements by Sperling and Rafferty>® and by
Becker and coworkers® demonstrated that, in | 1-cis-retinal,
the “cis band” decreased in intensity in proportion to the
increase in the An,x intensity, and that the temperature ef-
fect was more pronounced in polar solvents. All of these ef-
fects are shown in the spectra of Figures 1 and 5.

A number of investigators®-!22 have recently suggested
that the equilibrium between the 12-s-cis and 12-s-trans
conformers, with the latter conformer more populated at
lower temperatures, provides the most reasonable explana-
tion for the temperature effect on the absorption spectrum
of 11-cis-retinal. Our solvent effect analysis, however, indi-
cates that, in hydrocarbon solvents at room temperature,
the 12-s-cis conformer is more stable by approximately 0.6
kcal/mol (see observation 3 and eq 39). Consequently,

Boltzmann statistical effects would work against the popu-
lation of 12-s-trans conformers with decreasing temperature
and, in order to explain the observed results, it is necessary
to show that, as temperature decreases, the 12-s-trans con-
former is increasingly solvated (stabilized) relative to the
12-s-cis conformer by the solvent environment.

A quantitative description of low temperature solvent ef-
fects is hindered by the lack of appropriate solvent data at
reduced temperatures, However, a qualitative picture can
be presented based on the following considerations.

() As the temperature is decreased, the solvent contracts,
resulting in an increase in its refractive index and dielectric
constant. These parameter changes increase the magnitude
of the van der Waals and electrostatic terms, both of which
preferentially stabilize the 12-s-trans conformer (see Table
I1I).

(ii) As the temperature is decreased, the cavity radius of
the solute decreases by an amount proportional to the ex-
pansivity of both solvent and solute.?? A decrease in cavity
radius increases the magnitude of the electrostatic term at
the expense of both the van der Waals and cavity terms. As
above, the net effect is an increased stabilization of the ]2-
s-trans conformer with decreasing temperature.

The above two effects will be slightly counteracted by an
increase in the f(cav) term (eq 18) with decreasing temper-
ature. However, preliminary calculations indicate that the
increase is relatively small and is of secondary importance
in determining the effect of temperature on E... Conse-
quently, the 12-s-trans conformer is predicted to be prefer-
entially stabilized as the temperature is decreased, even in
hydrocarbon solvents. In polar solvents, the temperature ef-
fect is magnified because the electrostatic term increases in
importance relative to the cavity term in the same fashion
as observed for room temperature solvent effects (see obser-
vation 4).

Implications for Rhodopsin Stereospecificity

The stereospecificity of the opsin matrix in rhodopsin has
been the subject of numerous investigations.?*-42 Although
it has long been known that the visual chromophore in rho-
dopsin has an 1-cis double-bond linkage,?® the assignment
of the torsional conformation of the 12-13 single bond re-
mains uncertain.*!*2 The semiempirical calculations of
Honig and Karplus predict the 12-s-cis conformer to be
0.83 kcal/mol more stable than the 12-s-trans conformer.42
On the basis of these calculations, these investigators sug-
gested that the 12-s-cis geometry may represent the opsin
incorporated conformation of the visual chromophore in
rhodopsin.

Assuming that the conclusions drawn for retinal also
apply to the protonated Schiff’s base, our observation of a
free space energy difference between the two | 1-cis-retinal
12-s conformers of 0.6 kcal/mol suggests that the relative
stability of the 12-s-cis conformer is not sufficiently large to
preclude 12-s-trans from being preferred in rhodopsin. Ste-
reospecific binding in opsin could easily “override” such a
small energy difference. Furthermore, extrapolation of our
solvent effect data to the aqueous solvent environment of
the chromophore prior to incorporation suggests that the
12-s-trans conformer dominates by approximately 2:1.
Thus, the thermodynamic implications of the solvent effect
analysis support neither conformer over its 12-s counter-
part.

Evidence in favor of a particular chromophore geometry
in rhodopsin, however, may be found by applying our inter-
pretation of the effect of temperature on the conformational
stability of 11-cis-retinal in solution (see Results and Dis-
cussion, section B) to an analysis of the retinal photoisomer-
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ization data of Kropf and Hubbard.*? These authors dem-
onstrated that 1l-cis-retinal displayed an anomalous tem-
perature dependence in its quantum efficiency for photo-
isomerization, For all-trans-, 9-c¢is-, and |3-cis-retinal, the
quantum efficiency decreases with decreasing temperature
as would be expected for a process with a barrier to isomer-
ization. In contrast, the value for 1 1-cis-retinal increases as
the temperature is lowered.*> Assuming that the equilibri-
um shifts toward the 12-s-trans conformer as temperature
decreases (Results and Discussion, section B), the increase
in quantum efficiency is consistent with the conformational-
ly variant level ordering scheme proposed by Birge, Schul-
ten, and Karplus.!! It is interesting to compare the above
effects with those observed when 9-cis- and 11-cis-retinal
are combined with opsin. For example, the cis — trans pho-
toisomerization quantum efficiency for 9-cis-retinal de-
creases from 0.5 to 0.2 upon incorporation into isorhod-
opsin.*? This decrease is to be expected since the pigment
matrix will increase the barrier to isomerization due to ste-
reospecific binding which must be destroyed to accommo-
date cis-trans interconversion. The quantum efficiency for
11-cis-retinal, however, increases from 0.2 to 0.6 upon in-
corporation into rhodopsin.*? This increase suggests that
the 12-s-trans geometry represents the opsin incorporated
conformation of the visual chromophore in rhodopsin since
this conformer is expected to have a lower barrier to photo-
isomerization.!'#* Consequently, the increase in 11-cis-ret-
inal’s quantum efficiency upon either lowering solution
temperature or incorporation into the pigment system is as-
sociated with similar conformational effects.

These arguments are consistent with recent investigations
of retinal analogues which found that 11-cis-14-methylreti-
nal,*! 1l-cis-13-desmethyl-14-methylretinal,*! and 11-cis-
13-desmethylretinal*> combined with opsin to form stable
pigment systems. For stereochemical reasons, these analo-
gues are expected to highly favor the 12-s-trans conforma-
tion.
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Appendix

Analysis of the Effect of Entropy on the Calculation of
Conformer Parameters. In deriving the solvent effect equa-
tions used in Results and Discussion, the effect of entropy
of solvation was neglected. By applying 2 “maximum entro-
py” approximation to the calculation of the free energy of
solvation, we now demonstrate that the neglect of entropy
was appropriate. The differences in the calculated solute
parameters based on the “maximum entropy” approxima-
tion, relative to those calculated neglecting entropy (Results
and Discussion), are well within the experimental errors as-
sociated with the uncertainties in the Ca and Cg constants.

Equation 24 can be written in the thermodynamically
correct form as follows:

RT In (Ncis/Nlrans) = Grans — Geis (40)

where Gyr4ns and G5 are the total free energies of the 12-s-
trans and 12-s-cis conformers, respectively, and the remain-
ing terms retain their previous meanings (see eq 24). The
total free energy is partitioned in the same fashion as for
the total energy

365
Giotal = G°sotute + Gudw + G5 + Geay (41)

where G°g . represents the standard free energy of a
given molecular conformation of the solute under *‘free
space” conditions. The latter three terms represent the free
energy of solvation and are defined as follows.

Gyaw. The van der Waal’s free energy can be expressed in
terms of E.q4w (eq 6) using the relationship

Guaw = (1 = x)Evqw (42)

where x is a proportionality constant that relates the vdw
entropy to the vdw energy. Halicioglu and Sinanoglu'® have
found that this proportionality is fairly constant for both
polar and nonpolar solvents and assign x a value of 0.436,
G 4w is therefore smaller in magnitude than E,4 and can
be disregarded in an analysis of conformational stability for
reasons identical with those given for neglecting E,q4y in the
solvent effect analysis of Results and Discussion.

G.s. Within the confines of Onsager reaction field theory,
no differentiation exists between electrostatic energy and
electrostatic free energy. This result can be understood by
evaluating the thermodynamic probability, Q, associated
with a point dipole at the center of a sphere. This parameter
measures the number of ways that a given macrostate can
be achieved and is equal to unity for a point uniquely de-
fined in space.*® Hence, the entropy (S = k In Q) &s zero,
and G is equivalent to E¢q:

Gy =Ees—kTInQ=E (43)

In deriving eq 43, energy and enthalpy are considered indis-
tinguishable. This approximation is appropriate for both the
electrostatic'® and cavity formation®’ terms.

Geav- The free energy of cavity formation is given by eq
44

Gcav = Ecav - TScav (44)

where
Scav = =47k, Yu)¥v(3 In v, /T + 2£,,/3) (45)

Scuv is the surface entropy of the cavity, k,9)(¥,,) is the mi-
croscopic cavity entropy factor defined below, and the re-
maining terms have the same meaning as in eq 18.
ky®)(Yuv) can be calculated using eq 21 except that the
k(1) term appearing in this expression must be replaced by
k.,©)(1), the microscopic cavity entropy factor appropriate
to the pure solvent. This latter parameter is more difficult
to evaluate than k(1) but, for the considerable majority of
solvents for which this term has been determined, k,&)(1) is
smaller than k.(1).*® For the purposes of testing the effect
of entropy on our solvent effect analysis, we can assume a
maximum value for S.,, by setting k,%}(1) = &,(1). Within
this “maximum entropy” approximation, G.,, takes the
simple form:

chv(max S) = 47a2kv(¢uv)7v (46)
Equation 40 can now be written (see derivation of eq 30):

RT In (Acis bund/A)\,\mx) = bO +
b1+ 11— 1)/(e +4.5)][5( = 1)/(3¢ + 4.5)] +
bz[kv(\z/uv)')’v] (47)

where bg, b;, and b, are constants dependent upon the so-
lute and are defined in an identical fashion as the ag, a;, and
ay coefficients in eq 31-33, respectively. Least-squares
values for these constants were determined using the same
data and regression techniques outlined for the analysis of
eq 30. The results are tabulated in the right hand column of
Table II and yield the following calculated differences in
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12-s-cis vs. 12-s-trans conformer parameters. (For a de-
tailed discussion of the approximations involved in generat-
ing the following relationships, see the derivations of eq
34-39))

a(12-s-trans) = a(12-s-cis) + 0.029 (£ 0.005) A, (48)

|Mog| (12-s-trans) = |Mog| (12-s-cis) + 2.1 (£ 0.3) D
(49)

G°.ome(] 2-s-t‘rans) = G°olute(12-s-cis) +

0.7 (£ 0.3) kcal/mol  (50)

The above values, when compared with those given in eq 35,
38, and 39, demonstrate that the uncertainties in the Ca
and Cg constants are a far more significant source of error
than our neglect of entropy in the analysis presented in Re-
sults and Discussion. Since the values in eq 48-50 are de-
rived using the “maximum entropy” approximation, they
may (or may not) be more accurate than the solute parame-
ter relationships given in Results and Discussion. It is worth
noting that the coefficient of determination for the least-
squares fit for the ““maximum entropy” approximation is
0.924, a value slightly smaller than that observed for the
analysis in neglecting surface entropy entirely (0.943, see

Table II).
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Abstract: Analyses have been made of the proton magnetic resonance spectra, in neutral and alkaline media, of 1--D-arabi-
nofuranosylcytosine and some of its O’-methyl derivatives and of some O’-methylarabinofuranosyluracils. In particular,
changes in chemical shifts of specific protons were correlated with ionization of the sugar 2’ and 3‘ hydroxyls. In aqueous
medium the neutral forms of the foregoing derivatives possess comparable populations of the forms C(2’)endo and C(3')endo
and of the three classical exocyclic 5-CH,OH conformers. For those derivatives with free 2’ and 5" hydroxyls, dissociation of
the “up”™ 2’-OH leads to an unusual modification in the sugar conformation, hitherto not encountered in solution, viz.,
C(2")endo-C(3')exo and gauche-gauche, accompanied, and probably constrained to this form, by formation of an intramo-
lecular hydrogen bond with the 5'-OH as donor, 5-OH-.O(2"){~); this conformation is similar to that observed in the solid
state for the neutral forms of arabinofuranosyluracil and arabinofuranosylcytosine. No marked changes in conformation
occur when either the 2’-OH or 5-OH is etherified, nor with cytidine. Dissociation of the 3’-OH does not lead to detectable
changes in conformation of arabinonucleosides, but, in the case of 2’-O-methylcytidine leads to a preference for the form
C(2')endo. The marked preference for the conformation anti is maintained on dissociation of the sugar hydroxyls. In the case
of 3'-0-methylarabinofuranosyluracil, and of arabinosylcytosine, it proved possible to evaluate the pK for dissociation of the
2’-OH from the dependence of chemical shifts and coupling constants on the degree of alkalinity of the solutions. it is shown
that 'H NMR titration of sugar hydroxyls in general is a feasible procedure. The lower rate of alkali-catalyzed exchange of
the pyrimidine H(5) in arabinofuranosyicytosine, relative to its 5’-O-methyl and 3’,5'-di-O-methyl derivatives, is shown to be

related to the intramolecular hydrogen bond in the former.

Considerable attention has been devoted to studies on the
possible effects on nucleoside and nucleotide conformations
of protonation and/or ionization of the heterocyclic base
residues. No attempts appear to have been made to analyze
the potential influence of dissociation of the sugar hydrox-
yls; in fact, in a '"H NMR investigation of the influence of
base ionization on the conformation of pseudouridine, Des-
lauriers and Smith?? avoided the use of pH values above 11
so as to eliminate possible complications from sugar hy-
droxyl dissociation. Much earlier the 'H NMR spectra of
some nucleosides were recorded at pH values up to 14 by
Jardetzky and Jardetzky,?® but no attempt was made to in-
terpret the observed effects.

It was long ago shown that dissociation of the sugar hy-
droxyl(s) of pyrimidine nucleosides is reflected in important
modifications of the electronic absorption spectra of the
heterocyclic bases,® indicative of some type of interaction
between the two. More recently, the use of the aglycone as a

uv “‘probe” has made possible in some instances reasonable
estimates of the acidities of these hydroxyls.

During the course of some studies on the acidities of the
sugar hydroxyls of some nucleosides, it was noted that very
marked changes in the coupling constants of the pentose
protons of araC* and 3'-maraU (Scheme I) occurred under
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