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Neé-Retinylidenelysyl peptides containing Tyr and Phe were prepared in order to investigate the effect of
the surrounding microenvironment on the absorption maximum of the chromophore of bacteriorhodopsin.
The absorption maximum of the retinylidene Schiff base of the lysyl peptide, Boc-Lys-Phe(or -Gly)-Tyr-
OMe, was shifted to the red relative to the peptides lacking Tyr, Boc-Lys-Phe-Phe-OMe and Boc-Lys-Phe-
OMe. UV and BC NMR studies on the Tyr-containing lysyl-peptide have confirmed an intramolecular
interaction between Tyr and the retinylidene portion in low dielectric media. A hydrogen-bond forma-
tion of the Schiff base with a Tyr side chain is supported by a theoretical estimation of the transition energy
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and the shielding constants for some models of Tyr-Schiff base complexes.
of the Tyr-contaning lysyl-peptide is discussed in terms of the 'H NMR data.

The side-chain conformation
The hydrogen-bonding

shift induced by Tyr was estimated as being no less than 10 nm.

Bacteriorhodopsin (bR) acts as a light-driven pro-
ton pump in the plasma membrane of halobacteria.?
The chromophore of bR is a retinal Schiff base
formed with Lys 216.2% It is protonated in the
initial state® and becomes deprotonated upon being
illuminated (intermediate M412).5-? The absorption
maximum of the M2 is shifted considerably towards
the red compared with an unprotonated retinal
Schiff base, e.g., N-retinylidenebutylamine. This shift
should be induced by neighboring amino acids of the
chromophore.

Recent reports on the chemical modifications of
bR&-19 and the pH dependence of the Ma2 forma-
tion!-19 have shown that tyrosine is one possible
candidate near the Schiff base in bR. Following
Engelman’s model,!® which was built on the basis of
X-ray diffraction data of bR, helices A, B, and F were
formed to lie close to helix G containing Lys 216 and
involve several tyrosine residues. Therefore, it is
interesting to study to what extent the absorption
maximum is shifted by one tyrosine spatially
arranged near a Schiff base using artificial pigments.

It has been demonstrated®-1® that Ne-retinyl-
idenelysyl peptides are useful models to study specific
interactions between a Schiff base and an amino acid.
However, the mechanism of the spectral shift in such
an artificial pigment has not been fully clarified.
Preliminary consideration using the CPK model
showed that several types of interactions involving
a hydrogen bond are possible between Tyr and the
Schiff base in tripeptide Lys(Ret)-X-Tyr, where Ret
and X stand for the N*-retinylidene group and one of
the common amino acids, respectively. We prepared
Boc-Lys(Ret)-Phe-Tyr-OMe 1, Boc-Lys(Ret)-Gly-
Tyr-OMe 2, Boc-Lys(Ret)-Phe-Phe-OMe 3, Boc-
Lys(Ret)-Phe-OMe 4, where Boc is an abbreviation
for a t-butoxycarbonyl group.

Here, we report that the absorption maximum of
an unprotonated retinal Schiff base is shifted to the
red by the perturbation of one tyrosine. Furthermore,
we discuss the origin of the red shift on the basis of
UV, H and 8C NMR spectra, and a MO calculation.

Theoretical

A 1BC NMR chemical shift was estimated according
to a theory of Karplus and Poplel? incorporated into
the CNDO/S method.2? The average excitation
energy, AE, was taken as 10.0 eV. The details of the
procedure were given in a previous paper.2) The
calculation of the m-m* transition energy was carried
out using the CNDO/S method. Some modifications
have been proposed for the CNDO/S parameters
from the originating laboratory.22:29 According to
these reports, coulomb integrals were estimated using
the Nishimoto-Mataga formula and reevaluated
values were used for core and bonding parameters.
The lowest energy (60 configurations) of all single
excitations were included in the configuration-
interaction calculations.2?

These calculations would have been computation-
ally intractable if the entire framework of the
retinylidene peptide was included. It has been shown
that neglecting the Cy and Cis methyl groups and the
saturated carbon region of the B-ionylidene ring does
not introduce any serious error to the results
concerning the electronic structure.24:29  We, there-
fore, approximate the retinal portion as all-trans N-
undecapentylidenemethylamine (hereafter abbreviat-
ed as NUPM). The molecular geometry was derived
from crystallographic data.2® The other portion of
the retinylidene peptide was represented by the
phenol ring of Tyr. The orientation of the phenol
ring to the polyene chain was determined based on a
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CPK model of the peptide containing all atoms.

Experimental

All peptides were synthesized by conventional solution
phase procedures, using dicyclohexylcarbodiimide as a
coupling regent. The Boc group was used for a-amino
group protection and methyl ester for the carboxyl group.
The e-amino group of the lysine residue was protected with
a benzyloxycarbonyl group during the coupling reaction.
The protecting group on the lysine side chain was removed
in the final step by catalytic hydrogenation using
palladium-charcoal in a methanol-acetic acid 1:1 solvent.
The final products were recrystallized from ethyl acetate-
hexane. All the intermediate and final products were
identified by their 13C NMR spectra and their purities were
checked by TLC. Retinylidene peptides were prepared by
keeping a mixture of all-trans retinal and the peptide (1:1
mole ratio) in ethanol with anhydrous potassium carbon-
ate. The products were recrystallized from ethanol-hexane.
All-trans retinal and all-trans N-retinylidenebutylamine-
(NRB) were synthesized according to the procedure given
in a previous paper.2? All the Schiff bases were handled
under a dim red light.

Absorption spectra were recorded on a Beckman model
25 spectrometer. 13C NMR spectra were recorded on a JNM
JEOL PS-100 spectrometer equipped with a PFT-Fourier
transform system at 25.15MHz. 'HNMR spectra were
recorded on a JEOL FX-400 spectrometer at 399.65 MHz.
Unless otherwise noted, all spectroscopic measurments
were made at 31+1°C. Solvents (CClsy, CHCIs, and
CH;3O0H) used in absorption studies were spectral grade and
were purchased from Tokyo Kasei Co., Tokyo. Perdeuterat-
ed dimethyl sulfoxide (DMSO-ds), CD30D, and CDCl3 were
purchased from Merck Sharp & Dohme Canada, Ltd.
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13C NMR signals of the peptide portion of compounds
1—4 were assigned by comparisons with the spectra of their
fragment peptides and the monomers.2® The signals of the
retinylidene portion were easily assigned by comparisons
with the spectrum of NRB.27:2% !H NMR resonances were
assigned on the basis of their multiplet structure, selective
homo-spin decoupling and a comparison with the
literatures.30.3D

The calculation was carried out with a HITAC M-200H
computer system.

Results and Discussion

Identification of Retinylidenelysyl Peptides 1—4 by
13C NMR and UV Spectroscopy. Figure 1 shows the
13C NMR spectra of compund 1 together with that of
NRB in CDsOD. The signals corresponding to the
peptide carbons (except the C: of Lys) were assigned
by comparisons with the spectrum of compound 1,
Boc-Lys-Phe-Tyr-OMe, under the assumption that
the chemical shifts of these carbons are little changed
by a Schiff base formation. The other signals were
assigned by comparisons with the spectrum of NRB.
As shown in Fig. 2, the signals corresponding to Cio
and Cs overlap with those of the Cg¢ of Tyr and Phe,
respectively. There are no signals suggesting to the
free retinal nor the C: of Lys having a free e-amino
group. This fact indicates the complete conversion
of retinal to the Schiff base form. The chemical
shifts of the retinylidene portion are in good
agreement with those of the corresponding carbons
for all-trans NRB. Therefore, the polyene chain was
identified as an all-trans configuration. Similar
results were also obtained for compounds 2—4. The

=0
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Fig. 1. 13C NMR spectra of compound 1 and NRB at concd 0.1 mol dm~? in CD,OD.
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peak assignments of compounds 1—4 are summa-
rized in Table 1 together with those of compound 1’,
retinal and NRB.

Figure 3-a shows the absorption spectrum of
compound 1 in methanol. The main peak is shifted
to the blue by 15nm compared with the all-trans
retinal.  This is consistent with the blue shift
observed in the formation of NRB. The peak at
275nm was assigned to the m-m* transition of the
aromatic rings by a comparison with the absorption
spectrum of compound 1.

UV and BCNMR Spectra of the Retinylidene-

Table 1.

Peptide Models of Bacteriorhodopsin
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lysyl Peptides in Low Dielectric Media. Table 2 sum-
marizes the absorption maxima of compounds 1—
4 and NRB in different solvents. In the halogenated
solvents and in hexane, the absorption maxima of
compounds 1 and 2 (which contain Tyr) were shifted
to the red compared with other compounds. The
concentration dependence of the absorption max-
imum of compound 1 was examined in carbon
tetrachloride. There was no change in the band
position in the observed concentration range(10—4—
10-5mol dm~3). Figure 4 shows the temperature
dependence of the absorption maxima of compounds

The Peak Assignments of Retinylidenelysyl Peptides 1—4, all-trans NRB and all-trans

Retinal in CD;OD at 0.1 M®

a. Retinylidene portion

b. Peptide portion

Carbon 4 2 3 4 NRBO retinal®
1 35.2 35.2 351 35.2 352 35.2
2 40.6 407 40.6 40.8 40.7 40.7
3 203 203 2.2 203 203  20.3
4 340 339 339 34.0 33.9 340
5 —9  130.5 130.5 130.8
6 139.4 139.4 139.4 139.5 138.5 138.6
7 1289 129.0 —® 128.9 128.9 130.5
8 138.9 138.9 138.9 139.0 139.0 138.6
9 1389 138.9 139.0 139.0 138.0 142.4

10 —o 1312 131.1 131.2 131.2 130.8
11 128.7 128.7 128.6 128.7 128.7 134.3
12 136.8 136.7 136.7 136.8 136.8 135.7
13 147.6  147.7 147.7 147.7 147.6 157.9
14 130.1 130.0 —9 —& 130.0 129.7
15 1624 162.4 162.3 162.4 162.2 193.2
16 29.4 29.4 29.4 204 29.4 29.4
17 29.4 294 294 294 29.4 29.4
18 22.0 220 21.9 220 22.0 22.0
199 129 12,9 12,9 12,9 129  13.0
200 132 13.2 131 13.1 131 13.2
21 61.5

22 33.9

23 21.3

24 14.1

Residue atom 1 2 3 4 1D

Lys « 56.0 56.3 56.2 55.9 55.5
B 31.5 31.4 31.4 31.5 30.4
y 24.5 24.5 24.3 24.4 24.0
/] 33.1 32.9 33.0 33.2 32.9
€ 61.5 61.5 61.4 61.5 41.4
Phe o 55.4 55.3® 54.9 55.5
B 39.1 38.9 38.4 39.0

38.4
C-1 138.0 137.9 137.9 138.0

137.7
C-4 127.6 127.8 127.8 127.7

127.6
C-2, 6 130.4 130.1® 130.3 130.4
C-3, 5 129.3 129.3 129.4 129.4
Tyr a 55.4 55.8 55.5
B 37.7 37.9 37.7
C-1 128.2 128.5 128.4
C-4 157.5 157.8 157.3
C-2, 6 131.2 130.8 131.2
C-3, 5 116.3 116.6 116.2

Gly o 43.2

C=0 174.6 175.6 174.6 174.8 174.7
173.0 173.6 172.8® 173.1 173.0
172.8 171.1 172.8
Boc C=O0 157.5 157.9 157.6 157.4 157.3
(CH.),C  80.6 80.6 80.6 80.6 80.7
Ester Me 52.5 52.5 52.6 52.6 52.6
Boc Me 28.7 28.7 28.7 28.7 28.8

a) Chemical shifts were measured as downfield shifts from internal tetramethylsilane (TMS) and are expressed in
terms of ppm. The estimated error in the chemical shift is less than 0.1 ppm. b) The numbering of the carbons

is given as shown in the following.
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c) The assignments of these compounds were taken from Ref. 27 and 29. d) Overlapping with the peak of the

aromatic carbons.
sponding to two carbons in different residues.

e) The assignments to these carbons are tentative each other.

f) Overlapping peak corre-
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Tyr C-2,6 Phe C-2,6

14
Phe C-3,5

Phe C-1

140 130

/ppm from TMS

Fig. 2. Expanded spectrum of the 125—140 ppm re-
gion of compound 1.

Table 2. Absorption Maxima (nm) of Retinylidenelysyl
Peptides 1—4 and NRB in Different Solvents

Solvent 1 2 3 4 NRB
Carbon tetrachloride 375 370 368 363 365
Chloroform 375 372 367 366 367
Dichloromethane 375 370 366 365 363
Hexane 368 365 357 358 355
Methanol 365 364 365 364 365

1, 2, and 4 in carbon tetrachloride. Upon lowering
the temperature from 40 to 5°, the absorption maxima
of compounds 1 and 2 shifted to the red by 10 nm,
but no apparent shift was detected for compound 4.
These results clearly indicate an intramolecular
interaction between the retinylidene chromophore
and Tyr in compounds 1 and 2.

This interaction is also supported by the difference
in the chemical shifts between compound 1 and
NRB. Figure 5-a shows the chemical-shift differ-
ence(A6) along the polyene chain going from NRB to
compound 1 in carbon tetrachloride. The magnitude
of the chemical-shift difference alternates between
odd- and even-numbered carbons, and the amplitude

M. Sakural, S. Tomomasa, Y. Serva, Y. Inouk, and R. Cu(j6
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Fig. 3. (a) Absorption spectrum of compound 1 in

methanol. (b) Absorption spectrum of the peptide,
Boc-Lys—Phe-Tyr-OMe.

390 T T T T

380

A max /nm

370 1

360 |

30
Temp / °cC

Fig. 4. Temperature dependence of the absorption
maxima of compounds 1, 2, and 4 in carbon tetra-
chloride. O: Compound 1, [J: compound 2, A:
compound 4.

of the alternation decreases in going from the
terminal nitrogen to the B-ionylidene ring. This
behavior of the chemical shifts suggests an increase
in the electronic polarization of the C=N bond going
from NRB to compound 1. There may be an
electron-withdrawing group or a positive charge near
the Schiff base nitrogen.

The absorption spectrum of a mixture of NRB and
the protected tyrosine (Boc-Tyr-OMe) in carbon
tetrachloride was observed. No apparent shift was
detected within an observed molar ratio (Boc-Tyr-
OMe/NRB) of 1—1000, with the concentration of
NRB being kept constant at 310~ mol dm—3. This
means that the intermolecular interaction is less
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F  5=6—7=8—9=p—N=R—B=W—5=N
CARBON NUMBER

Fig. 5. Observed (a) and calculated (b) chemical shift
differences of the polyene chain carbons going from
the isolated Schiff base to each of the complexes as

shown in Fig. 6.
(b) —: Complex I, —-—: complex II,
plex III.

———

Complex I

important in a dilute solution, although a weak
hydrogen-bond has been detected in more concentrat-
ed solutions (0.5 mol dm=3) by IR spectra.3? It is clear
that in compounds 1 and 2 the peptide framework
plays an essential role in the spatial arrangement of
the tyrosine side chain to the Schiff base.

Theoretical Analysis of the UV and 13C NMR
Spectra of Retinylidenelysyl Peptides 1 and 2. CNDO/
S calculations showed that the dipole moment of the
unprotonated retinal Schiff base is directed perpen-
dicular to the polyene axis on the polyene plane in
the ground state. Bt upon excitation to the first excit-
ed state its direction becomes nearly parallel to the
axis, and its magnitude increases from 2.7 to 3.7 D.
Assming that a dipole-dipole type interaction is the
main contributor to the spectral shift, this suggests
that the n-n* band of the Schiff base is effectively red-
shifted by an electric dipole oriented antiparallel to
the polyene axis. On the basis of CPK modeles of
compounds 1 and 2, three types of Tyr-Schiff base
complexes were selected as association models. The
geometrial configurations of these complexes are
shown in Fig.6. Complexes I and II correspond to
the models for a hydrogen-bond formation and
stacking, respectively. In complex III, the C;-O bond
of the phenol ring is arranged parallel to the polyene
axis. The phenol ring is coplanar to the polyene
plane in complexes I and III.

b t 100

o

Do

Complex 17

Complex III

4-5.0

Fig. 6. The geometrical configurations of complexes between NUPM and the phenol ring assumed in

the calculations.

(a) Complex I: hydrogen-bonding model.
electron. (b) Complex II: stacking model.

OH bond is placed on the extended line of the lone pair
C,, C,, and C, of phenyl ring is placed 3 A above Cy,, Cy5

and N atoms, respectively. (c) Complex III: parallel model.
C,-O bond of the phenol ring is arranged parallel to the polyene axis on the polyene plane.
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Table 3. The Transition Energies, E;p,,, of NUPM
and the Complexes, and the Complex Formation
Energies, AEcomp1, in the Ground State

Compound Etran/cv(nm) AELra.n/eV AEco mplc) /CV
NUPM 3.79(327.5) 0 —
Hydrogen bonding 3.73(331.6) 0.06 0.26
Stacking 3.69(335.7) 0.10 0.07
Parallel 3.78(328.3) 0.01 —
Compound 1 3.31(375)» 0.09» —

a) Observed in CCl, at room temperature. b) AFE;;.n

was evaluated by subtracting E,;,, of compound 1
from that of NRB. c¢) AE.mpm means the energy
change going from the isolated Tyr+isolated NUPM
system to the complex. This was estimated by CNDO/
2 method.

Table 3 summarizes the transition energies (Etrn) of
these complexes and NUPM, and also the complex
formation energies (AEcomp) in the ground state. The
complex formation energy is estimated as follows,

AEcompl = Es + Et. -

where E;, E, and Ecomp corresponds to the total energy
of NUPM, the phenol ring and the respective com-
plexes. The hydrogen bond length (R) and the O-H
length were taken as 2.6 and 0.96 A, respectively.
The former value corresponds to the minimum
energy structure in the ground state (determined by
CNDO/2 calculations). In the other complexes, a van
der Waals contact was assumed between the Schiff
base and the phenol ring. The tyrosine+Schiff base
system is stabilized by forming complex I or II. The
transition energy decreases upon going from an
isolated tyrosine (NUPM) to complex I or II. Figure
4-b shows the calculated chemical shift differences (Ad)
going from NUPM to each of the complexes. The
zigzag pattern (similar to Fig. 4-a) was reproduced
in the formation of complex I. Consequently, the
hydrogen-bonding model (complex I) is uniquely
acceptable as an association model in compound 1.

The hydrogen-bond length dependence was studied
for the transition energy of complex I. Its values at
R=28, 3.0 and 3.6 A are 3.76, 3.77, and 3.79€V,
respectively. The transition energy rapidly approach-
es the value at an infinite bond length (3.79 eV). This
explains the highly sensitive blue-shift of the
absorption maxima of compounds 1 and 2 with a rise
in temperature (Fig. 3). The second amino acid, Phe,
of compound 1 is more bulky relative to Gly of
compound 2. The difference in the hydrogen-bond
length, depending on the peptide framework, may
induce a slight difference in the absorption maxima
between these compounds.

NRB shows an absorption maximum at 376 nm in
2-chloroethanol,3® which is a weaker hydrogen-

Eco mpl
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Fig. 7. Schematic representation of the overall con-
formation of compound 1 in low dielectric media based
on CPK model considerations. The side chain of Tyr
is oriented to the Schiff base. The steric hindrance
about C,-C; bond of Phe is minimized.

bonding molecule (pK,=14.3) relative to the tyrosine
side chain (pK,=11.1). Considering the case of NRB,
a lower limit in the hydrogen-bond shift induced by a
tyrosine side chain can be estimated as about 10 nm,
according to the temperature dependence of the
absorption maxima of compounds 1 and 2.

Figure 7 shows a schematic representation of the
overall conformation of compound 1 as predicted
from the CPK model under the assumption of Tyr-
Schiff base hydrogen bonding. The peptide back-
bone is folded to form the hydrogen bond. The side
chain of Phe is exposed to the solvents.

The effect of a m-charge transfer interaction was
examined in the above hydrogen-bonding system. A
total charge transfer of 0.08 was found from the
polyene part to the phenol ring in both the ground
state and the first excited state, but the total n-charge
density on the phenol ring was kept constant during
hydrogen-bond formation. This means that the effect
of a m-charge-transfer interaction is negligible in this
system. This is in agreement with a report of
Komatsu and Suzuki.3® It seems that the hydrogen-
bonding shift is chiefly induced by a dipole-dipole
type of interaction between the Schiff base and Tyr.

Conformational Analysis of Retinylidenelysyl Pep-
tide 1 by tTH NMR. Table 4 summarizes the observed
vicinal spin-spin coupling constants between a- and
B-protons and the rotamer populations of com-
pounds 1 and 1. Figure 8 shows the Newman
projection of three staggered rotamers about the
Co—Cg bond of the side chain. Fractional populations
P1, Pu, and Pm were estimated by the following
equations:

Pr = (Japa—J)/(Ji—J¢) )
Pu = (Japs—J)(Ji—J¢) (2
Py =1 — (P+Py), (3)

where Japaor B) represents the observed coupling
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x = -60° x = 180° X = +60°

Fig. 8. Three stable rotamers about C,~C, bond and
their notations.

Table 4. Proton Coupling Constants (Hz) and Rotamer
Populations of Compounds 1 and 1’

Compound Residue J, sa JapB Py Py P
1’2 Phe 8.08 5.84 0.50 0.30 0.20
Tyr 9.04 4.88 0.59 0.21 0.20
i Phe 8.68 5.88 0.56 0.30 0.15
Tyr 7.36 5.36 0.43 0.25 0.31
L) Phe 6.60 6.00 0.37 0.31 0.33
Tyr 8.04 5.88 0.50 0.30 0.21

a) Observed in DMSO-d;,. b) Observed in CDCl,:

DMSO-d3=9: 1.

constant between a- and BA (or BB)-protons, and J.
and J, are the values of 3Jap for the protons whose
relative conformations are trans and gauche, respec-
tively. The values of Ji and J; are taken from
Pachler’s report:39 J,=13.56 Hz and J,;=2.60 Hz.

The relative rotamer populations of Phe in com-
pound 1’ are almost independent of the solvent
polarity. Accompanied by the formation of the Schiff
base linkage, P1 decreases along with an increase in
P, while Pr is kept constant. Consequently, three
rotamers are equally populated in compound 1 in
less polar solvents. This means that the side chain of
Phe is randomly interconverted among the three
rotamers during equilibrium. On the other hand, the
rotamer population about the C«-Cpg bond of Tyr is
non-random in compound 1, with a prefered
orientation of rotamer I. It seems that the con-
formational stability of each side chain based on a
3], analysis is consistent with that predicted from the
spatial arrangement of the side chains (Fig. 7).

In conclusion, a proximal tyrosine residue induces
the red shift of the m-n* band of an unprotonated
retinal Schiff base through the hydrogen bond in a
lower dielectric media. This hydrogen-bonding shift
is estimated to be no less than 10 nm. The tempera-
ture coefficient, dAmax/dT,was considerably large in
the artificial pigments used. The hydrogen-bonding
shift reached 20nm at 5°C. The absorption
maximum of the M2 intermediate was shifted to the
red by 47 nm compared with that of NRB in carbon

Peptide Models of Bacteriorhodopsin
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tetrachloride at 30 °C. A significant part of the red
shift in the M2 could be explained by the hydrogen-
bond formation between the Schiff base and a
proximal tyrosine.
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