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mixture of chloroform and glacial acetic acid (for the swellable res-
ins) or pure glacial acetic acid (for the macroreticular resins) and
an excess of 50% potassium iodide solution was added. After stir-
ring under nitrogen for 10-30 min, the iodine liberated was titrat-
ed with 0.1 N sodium thiosulfate. Blank titrations were carried out
on the corresponding ®-COOH resins and corrections were made
when required.

Epoxidation of Cyclohexene. A suspension of 3 g (2.9 mmol)
of macroreticular ®-COOOH in 10 ml of purified dioxane contain-
ing 0.2 ml (2 mmol) of cyclohexene was stirred at 40° for 6 hr.
Analysis of the product was effected by gas chromatography on a
column packed with 5% SE-30 liquid phase on Chromosorb W.
The absence of a-glycol by-product was shown by titration with
sodium metaperiodate. Results of the epoxidation reactions are
shown in Table II.
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Studies of the Dimensions of Oligopeptides by
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ABSTRACT: The efficiency of energy transfer between a fluorescent donor, L-tyrosine, and a fluorescent acceptor,
L-tryptophan, has been determined in R’/-L-Trp-L-Ala-L-Tyr-R”, R’-L-Trp-L-Ala-L-Ala-L-Tyr-R”, and R’-L-Trp-
Gly-L-Ala-L-Tyr-R” in ethanol solution. The protecting groups R’ and R” were respectively tert-butyloxycarbonyl
and methyl ester. A conformational theoretical analysis of molecules studied has been performed in parallel on the
basis of semiempirical conformational potential energy functions. In the theoretical models ali the side chains have
been represented by a methyl group. From the distribution of distances between chromophores obtained theoreti-
cally, transfer efficiencies have been computed assuming a random orientation of the chromophores (x2 = %). The
comparison of calculated efficiencies with the values determined experimentally for the same value of «2 has been
used as a check for the theoretical model. Both experimental and theoretical studies have shown that the glycyl res-
idue produces a reduction of dimensions when it replaces in a tetrapeptide a residue with a 8-carbon atom such as
the L-alanyl residue. However, only a qualitative agreement between experimental and theoretical values of the ef-

ficiencies has been obtained.

It is well established from experimental? and theoreti-
cal?3 investigations that the average dimensions of random
coils of poly(L-alanine) or its analogs are markedly reduced
when glycine is incorporated into the chain, thus replacing
an amino acid residue with a 3-carbon atom.

In oligopeptides, the glycyl residue should produce a
similar reduction of dimensions but this effect has not been
investigated up to now. Such an investigation is reported
here, and this is the first part of a more general experimen-
tal and theoretical study of the dimensions of oligopeptides
undertaken in our laboratory by means of nonradiative en-
ergy transfer®5 and of theoretical conformational analysis
with semiempirical potential functions.®7

The most complete description of the dimensions of

flexible molecules is given by the normalized distribution
f(r) of the end-to-end distances or of any other representa-
tive distances in the molecule. However, f(r) is difficult to
obtain experimentally; therefore, only average dimensions
of the molecules are studied, principally by measuring the
mean dipole moment.8 The efficiency of singlet-singlet en-
ergy transfer between chromophores attached to the ends
of the molecule can be used to determine the donor-accep-
tor distance and can also be correlated to the dimensions of
the molecule.5 In oligopeptides which are flexible, the effi-
ciency of energy transfer is equal to the average value of
the ratio Ro®/(Ro® + rc®) where rc is the distance between
the chromophores, assumed not to vary during the donor
lifetime, and Ro a characteristic spectroscopic constant,
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which depends only on the nature of the solvent and of the
chromophores for chromophores oriented at random.?

In the present study, the experimental efficiency has
been compared with the efficiency calculated theoretically
from the distribution of distances f(r.) obtained by confor-
mational analysis. The comparison is used as a check for
the theoretical model.

In the theoretical model, all orientations of chromo-
phores, the aromatic side chains of L-tryptophan and L-
tyrosine, have been assumed equally probable. The experi-
mental efficiencies have also been evaluated on the as-
sumption that chromophores are rotating freely.> Due to
this assumption the number of degrees of freedom in the
theoretical model is considerably reduced and consequent-
ly a detailed analysis of the distribution functions f(r) and
f(r.) is feasible.

From the distribution functions all the relevant average
properties have been calculated. The distribution fung-
tions, however, yield much more information on the rela-
tion between conformation and the dimensions and on the
influence of the side chains than do the average properties.

Unlike the average properties of polypeptides, the distri-
bution of the end-to-end distances cannot be obtained by
analytical methods? and have to be computed from chains
generated numerically. For this reason the distribution
functions have not yet been studied very extensively, and
the first calculation of f(r) in short unperturbed polypep-
tide chains composed of from 5 to 20 units, obtained by
Monte Carlo sampling technique, has been reported only
recently.10

In the systems studied here the number of degrees of
freedom is small so that all the relevant conformations
were generated and conformational energies have been
computed from interactions between all the atoms. Thus
interactions between distant atoms in the chain have not
been neglected, as has been done in previous calcula-
tions.210

I. Method

For a rigid system that contains one fluorescent donor D
and one acceptor A, the efficiency of singlet energy transfer
predicted by Forster’s theory*5 is

e(Ry) = R/ (Ry® + 7% (1)

R, is the distance at which the transfer would be half-ef-
ficient and depends on the refractive index of the medium
between donor and acceptor n, the spectral overlap of
donor fluorescence and acceptor absorption Jap, the quan-
tum yield of the donor §p and a geometrical factor 2. This
factor is the angular part of the dipole-dipole interaction.?
For freely rotating donors and acceptors, x2 = %.

In an oligopeptide the distance r. between the donor and
the acceptor is not rigidly fixed. The energy transfer on the
assumption that the distance r. does not change during the
lifetime of excitated state is

R 2)

We have determined the efficiency experimentally for a
constant value of Ry, assuming a freely rotating donor and
acceptor. From the theoretically determined distributions
of the distances between the donor and acceptor and the
above value of Ry, the theoretical efficiency is calculated.
The distributions of the distances are computed from an
appropriate model of the molecules and the semiempirical
potential functions.

II. Experimental Section

A. Synthesis. The three following peptides were synthesized:
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R’-L-Trp-L-Ala-Tyr-R”, R/-L-Trp-L-Ala-L-Ala-L-Tyr-R”, and
R’-L-Trp-Gly-L-Ala-R”, where R’ and R” are protecting groups
tert-butyloxycarbonyl (¢-boc) and methyl ester, respectively. The
synthesis was performed by a solid-phase method on an automatic
apparatus described by Loffet.1!

The esterification of the first amino acid was carried out as rec-
ommended by Loffet,'? and the t-boc protecting group was re-
moved by mercaptoethane sulfonic acid!® (MESNA). Coupling
reactions were carried out with N-ethylcarbonyl-2-ethoxy-1,2-
dihydroquinoline (EEDQ) as activation reagent to avoid acid
acylurea formation that occurs with dicyclohexylcarbiimide.}* The
peptides were removed from the resin by a transesterification reac-
tion.1%

The resin was a Merck resin for solid-phase peptide synthesis
(Cl, 5%). The t-boc amino acids were purchased from Fluka A. G.,
MESNA and solvents from U.C.B., and EEDQ from Pierce Chemi-
cal Co.

B. Purification. Molecular filtration on Merckogel 500 in meth-
anol and preparative silica thin layer chromatography (solvent:
CHCl; 95%, methanol 5%) allowed us to obtain pure peptides. The
peptides had satisfactory elemental analyses and were chromato-
graphically homogeneous.

Silica thin layer analytical chromatographies at different con-
centrations (maximum ratio 1:100) did not show any detectable
impurities, which means that the rate of impurities does not ex-
ceed 1%, and cannot alter significantly the measurements on the
peptides.

C. Determination of the Efficiency e(Ry). Absorption spectra
were obtained by means of a Cary Model 15 spectrophotometer,
and optical densities were obtained by means of a Zeiss Spectro-
photometer. Fluorescence spectra were recorded on a Hitachi Per-
kin-Elmer PF 2 A spectrofluorimeter. All spectra were corrected
for the wave-length dependant response of the photomultiplicator.
The response was determined by comparison of $-napthol and
phenol spectra with absolute ones found in the literature.1617 The
solutions had low optical densities (lower than 0.1) and the spectra
were recorded at a temperature of 25°,

Quantum yields of amino acids and peptides were determined
by comparison with that of L-Trp in water (0.14),'819 using the
formula

Qx — AXODL-U‘PHXZ (3)

QL-trp AL-trpODxnﬂzoz
where @ is the quantum yield of the sample (x) or of the reference
(L-Trp), A is the area of the emission spectrum, and OD is the op-

tical density of the solutions at excitation wavelength. The overlap
integral

Jap = fw FoWe (vt dy 4)
0

where fo(v) is the normalized fluorescence intensity of the donor
and ¢a(v) is the molar extinction coefficient of the acceptor, was
computed on a Hewlett-Packard 9820-A Calculator by numerical
integration method.

The Foérster critical distance Ry is given by

R® = 8.8 x 10°%2Q n™J, (5)

A random orientation of chromophores was assumed (k2 = %) and
n was taken equal to 1.36 for solutions in 95% ethanol.

The efficiency of energy transfer and the distance between chro-
mophores were determined as described by Eisinger.20

D. Results. The synthesized protected peptides have been stud-
ied in ethanol solution. The critical distance R, for the couple N-
acetyl-L-tyrosine-ethyl ester and N-acetyl-L-tryptophan—ethyl
ester in ethanol is 15.7 A. The quantum yields of these amino acid
derivatives (0.11 and 0.13, respectively) are equal to the quantum
yield of L-tyrosyl-methyl ester and t-boc-L-tryptophy! radicals in
the peptides assuming an error of 10%. Such a difference is not sig-
nificant for the determination of r, because the quantum yield of
the donor, @p, occurs only as the sixth root.

The overlap integral Jap is equal to 8.82 X 1032 A mol~L. The
fraction of light absorbed by the chromophores (fr:p* and fry:?) in
the peptides is given by

L (®)
€rryt + €qyct

]“'I‘yx]t =1 —f’rrv)\

A
fI‘rp =
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Table I
Efficiencies, e(Ry), Determined Experimentally and the
Distances, r¢, as Calculated from Forster’s Equation

(eq 1)
Lower and
upper limit of the
Exptl distance 7, for
Molecule efficiency a rigid molecule
R’-Trp-Ala-Tyr-R"’ 0.75 12.1 13.9
R’-Trp-Ala-Ala-Tyr-R’/ 0.55 14,6 15.7
R’-Trp-Gly-Ala-Tyr-R’/ 1.00 12.4

Rebative flunrescence

s 770 FES 223 Eloh]
N " N "

wavelength [r=)
Figure 1. Relative fluorescence as a function of wavelength for the
efficiencies equal to 0, 0.55, 0.75, and 1, normalized to 293 nm, and
the corresponding experimental points for L-Trp-L-Tyr (0), an
equimolar solution of L-Trp and L-Tyr (a), R’-L-Trp-L-Ala-L-Tyr-
R” (O), R’-L-Trp-L-Ala-L-Ala-L-Tyr-R” (m), and R’-L-Trp-Gly-
L-Ala-L-Tyr-R” (a).

These ratios were derived from absorption spectra of donor and
acceptor and were used to evaluate the efficiency of transfer e(Rg)
after the determination of the wavelength dependant relative
quantum yield of the peptides (@pep*/Qrrp™)

anep)‘/QTrpX = fTrp)‘ + e(Ry) Ty (M

where @pep is the quantum yield of the peptide due to an acceptor
chromophore at wavelength \, @ryp is the quantum yield of an ac-
ceptor chromophore in the peptide when no energy transfer occurs
(Aex = 293 nm).

Figure 1 represents the experimental relative fluoresence of the
three synthesized peptides of L-Trp-L-Tyr and of an equimolar so-
lution of L-T'rp and L-Tyr for different wavelengths. We consider
that the various factors discussed above give rise to an error of 10%
on the experimental efficiencies. Moreover a good estimate of the
distances can only be obtained in the range of efficiencies between
0.2 and 0.8.° If the efficiency of energy transfer is greater than 0.8
we only can say that the upper limit of the distance r. is 12.4 A (see
Table I).

ITI. Theoretical Model

Theoretical calculations have been performed on the
model shown in Figure 2. It is a nonionized tetrapeptide in
which the side chains are methyl groups and R represents
either a hydrogen or a methyl group. Standard geometry

Macromolecules

Table IT
Partial Charges on the Terminal Ends of Molecules,
Expressed as a Fraction of Electronic Charge

Atom Charge Atom Charge
N, —0.202 o’ —0.290
Hy,H, 0.101 o’ -0.27
Cy 0.242 H' 0.319
CH3 H 0 H R H 0 H

SN R N R %
\/\/.xff /?yc/\/r
C YN T

Figure 2. A poniqmzed tetrapeptide, with either glycyl or L-alanyl
residues, at the second and third position.

with a tetrahedral « carbon has been assumed for the back-
bone and the side chains.

The conformational energy has been computed assuming
that it arises from van der Waals and electrostatic pairwise
interactions between all the nonbonded atoms.

The van der Waals interaction energy has been repre-
sented by the Buckingham potential function with charac-
teristic parameters given by Liquori.?! The partial charges
on the internal residues which appear in the expression for
the electrostatic energy are taken from Brant, Miller, and
Flory,22 those on the terminal groups, shown in Table II,
have been chosen by similarity to the peptide bond for the
amino terminal end, while for the carboxy terminal end the
charge distribution proposed by Poland and Scheraga?3 for
the side chain of the aspartic acid in nonionized state has
been used.

Calculations have been performed with the dielectric
constant equal to 1, 4, and 30. Following Ralston and De
Coen,24 the hydrogen-bond energy has been represented by
the sum of electrostatic and van der Waals energies, cancel-
ing the van der Waals interaction between oxygen and hy-
drogen. This purely electrostatic interaction decreases very
rapidly when the dielectric constant increases.

IV. Calculation of the Distribution of Distances

In order to generate all the comformations of low energy,
a set of values of the angles ®, ¥ was selected from the di-
peptide energy map of glycyl or L-alanyl residues. The di-
peptide enrgy maps were computed in intervals of 20°.
Only the conformational states with energies of less than
3.25 kecal above the absolute minimum of conformational
energy have been considered. Using the above values for
each pair of the internal angles of rotation, ®;, ¥y and &3
Y3, and a constant set of values for the remaining internal
angles of rotation, the molecules have been generated nu-
merically on a CDC 6400 electronic computer.

The values given to the internal angles of rotation &1,
Wy, W4l 646, equal to —90, 160, —160, 160, 180°, respective-
ly, correspond to low-energy conformations obtained by
varying all the &;, ¥; except ®;! through the values pre-
scribed by the stereochemical code of Liquori? and by vary-
ing ®;! and 8,¢ in steps of 90°.25 The side chains have been
held in a staggered conformation. The conformational en-
ergy E arising from the interactions between all the atoms,
the distance r between C;« and C,4¢, and the distance r. be-
tween the chromophores have been computed by the above
method as a function of &5, ¥, and &3, ¥3. The distance r,
between the chromophores has been assumed to be equal to
the average value of the distance between the center of the
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Figure 3. Distributions f(r) of the end-to-end distances r(C;*-
C4%), computed for a dielectric constant e = 1.

benzene ring in L-tyrosine and the center of the pyrrole
ring in L-tryptophan. Three orientations corresponding to
the low-energy positions of the side chains of the aromatic
residues?® (x! = —120, 0, 120°) have been considered ne-
glecting the energy difference between them. With this
method of averaging r. is determined completely by &o, Vs
and ‘1’3, \1/3.

The normalized distribution f(r) is computed from the
following expression

rerR+Ar

) = 27t 2 expl—E(®y, ¥y, &5, ¥3)/RT]  (8)

i r=rg-Ar

where the summation is performed on the conformations
for which r lies in the prescribed interval ry + Ar, and z is
the partition function.

V. Results

The experimental values of the efficiencies obtained with
the two tetrapeptides and a tripeptide R’-L-tryptophanyl-
L-alanyl-L-tyrosine-R’" are shown in Table I together with
the distances r. calculated from eq 1 for a rigid system. It is
apparent from these results that a glycyl residue produces
a marked reduction of dimensions when it replaces an L-
alanyl residue. The corresponding reduction of dimensions
appears to be more pronounced than that related to the
number of units in the molecule.

Table III shows the average square of the end-to-end dis-
tance (r2) and the characteristic ratio (r?)/xl,2, where x is
the number of peptide units in the molecule and [, is the
length of the virtual bond, calculated from the distribu-
tions of distances f(r) with three different values of the di-
electric constant. For comparison, the corresponding values
for the tetrapeptide L-Ala-Gly-Gly-L-Ala are also included.

The reduction of average dimensions produced by a gly-
cyl residue is also apparent from these theoretical results.
However, the computed average dimensions of tetrapep-
tides containing a glycyl residue are larger than the average
dimensions of a trialanine.

A better understanding of the influence of the glycyl res-
idue on the dimensions of molecules studied is obtained
from the inspection of the distribution functions. The dis-
tribution functions f(r) computed with a dielectric con-
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Table ITI
Average Square of the End-to-End Distance (»?) and the
Characteristic Ratio, C,,, Equal to (r?)/xl,? Calculated
with the Dielectric Constant ¢ Equal to 1, 4, and 30

€ = 1 € = 4 e =30
Molecule » ¢, & ¢, »H C,
Ala-Ala-Ala 33.64 1.16 41.15 1.42 40.56 1.40

Ala-Ala-Ala-Ala 83.18 1,92 85.34 1.97 80.14 1.85
Ala-Gly-Ala-Ala 58.68 1.35 63.62 1.47 64.82 1.50
Ala-Gly-Gly-Ala 52,56 1.21 56.39 1.30 59.48 1.37

Dom
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Figure 4. Distributions f(r) of the end-to-end distances r(C;o-
C4%), computed for a dielectric constant ¢ = 4.
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Figure 5. Distributions f(r) of the end-to-end distances r(C;*-
C4%), computed for a dielectric constant ¢ = 30.
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Table 1Va
Energy, kcal/mol
7(Cy*=Cy%),
Molecule Set 3, 7, by v, Eqsu Eelec E A
Ala-Ala-Ala-Ala 1 -80 80 -80 80 0.1 -12.9 -12.8 8.89
2 —60 90 60 30 2.0 -11.5 - 9.5 4,58
3 =50 100 50 40 1.4 -12.2 -10.8 4.64
Ala-Gly-Ala-Ala 1 80 -80 —-80 80 —0.2 -14.2 -14 .4 6.13
2 —60 90 60 30 1.7 -11.5 - 9.8 4,58
3 -50 100 50 40 1.2 -12.2 -11.0 4.64
Ala-Gly-Gly-Ala 1 80 -80 —80 80 -0.3 -14.2 —-14.5 6.13
2 —60 90 90 30 1.9 -12.9 -11.0 4.46
3 —60 90 70 40 0.0 -11.2 -11.2 4,71

a Lowest energy conformation for three linked peptide units, the cerresponding van der Waals, electrostatic, and total conformational
energies, Evaw, Eelec, E, and the distances r between C;1® and C4® calculated with ¢ = 1 from the present work (set 1), from Venkatachalam’s

(set 2), and Chandrasekaran’s (set 3) internal angles of rotation.

Table V
Experimental and Theoretical Efficiencies e(R,) for
Ro=1574A

e(R,) calculated

Molecule Exptl e=1 e€=4 ¢=30
Ala-Ala-Ala 0.75 0.95 0.98 0.98
Ala-Ala-Ala-Ala 0.55 0.87 0.87 0.93
Ala-Gly-Ala-Ala 1.00 0.92 0.91 0.94
Ala-Gly-Gly-Ala 0.92 0.94 0.93

Figure 6. Projection of three peptide units (segment C;* to C4*) in
low-energy conformation ee, with an end-to-end distance r(C;%~
C4%) equal to 8.9 A.

stant ¢ equal to 1, 4, and 30 are shown in Figures 3, 4, and 5,
respectively.

We first consider the distribution function f(r) obtained
with the dielectric constant equal to 1. In tetralanine there
is one single maximum centered at about 9 A. In L-Ala-Gly-
L-Ala-L-Ala and L-Ala-Gly-Gly-L-Ala a new maximum ap-
pears at a shorter distance of 6 A. This maximum is respon-
sible for the reduction of the average dimensions, apparent
from the results in Table III.

An increase in the dielectric constant produces a broad-
ening of the distribution functions, but qualitatively the
same features are still present.

The maximum of the distribution function f(r) at a larg-
er distance of 9 A present in all the tetrapeptides investi-
gated theoretically corresponds to a low-energy conforma-
tion, defined by the following internal angles of rotation: &

Figure 7. Projection of three peptide units (segment C* to C4%) in
low-energy conformation e*e, with an end-to-end distance r(C;*-
C4) equal to 6.1 A.

= —80°, ¥, = 80°, &3 = —80°, ¥3 = 80°. This conformation
is referred to as ee according to the stereochemical code.”24

In the conformation responble for the maximum of f(r)
at a smaller distance of 6 A, the signs of the first two angles
of rotation are reversed so that &, = 80°, ¥, = —80°. The
corresponding conformational state e*e in the terminology
of the stereochemical code is located in the part of confor-
mational energy map accessible only to a glycyl residue or a
D amino acid.

The conformations ee and e*e are shown in Figures 6
and 7. Each is composed of two hydrogen bonded 3 — 1
and 4 — 2 seven-membered rings.

Although isolated seven-membered rings have been ob-
served experimentally,2728 a ten-membered hydrogen
bonded 4 — 1 ring known as the 8 bent has been recognized
as an essential feature of the tridimensional structure of
proteins and peptides.?®

The ten-membered hydrogen bonded ring has been stud-
ied theoretically by Venkatachalam3 and Chandrasekar-
an.3! According to our results, shown in Table IV, the ten-
membered ring has a higher energy than the ee and e*e
conformation when three linked peptide units, with L-ala-
nine or glycine on the second and third position, are being
considered.

“The broadening of the distribution function observed
when the dielectric constant increases is due to the absence
of conformations stabilized by strong hydrogen bonds.

The experimental efficiencies are compared in Table V
with the theoretical values, determined from eq 2 and from
the calculated distribution of distances between the chro-
mophores f(r.). The latter distributions are not markedly
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different from the distributions of the distances between
Cq,*and Cy, f(r).

VI. Discussion

Both experimental and theoretical results show a reduc-
tion of dimensions in tetrapeptides containing a glycyl resi-
due, as compared with the dimensions of analogs of the te-
traalanine. From the theoretical analysis it is found that
conformational states in the lower right quadrant of the
conformational energy map, accessible only to a residue
without a 8-carbon atom or to a D amino acid, give rise to a
maximum in the distribution of distances f(r) at a short
distance (Figure 3) and are responsible therefore for the
observed shortening.

The agreement between experimental and theoretical re-
sults is, however, only qualitative. For instance the appar-
ent donor-acceptor distance calculated from experimental
efficiencies and from eq 1 is larger for R’-L-Trp-L-Ala-L-
Tyr-R” than for R'-L-Trp-Gly-L-Ala-L-Tyr-R” (Table 1),
while the opposite is found for the average end-to-end dis-#
tances (r2) computed for the corresponding theoretical
models (Table IIT). Although the same trend is observed
for experimental and theoretical efficiencies (Table V), the
individual values obtained experimentally and theoretical-
ly differ considerably.

Various factors might be responsible for the lack of
agreement between experimental and calculated values.

Let us consider the experimental efficiencies and com-
pare them with the values reported in the literature. Ac-
cording to our theoretical calculations, the dimensions of
tetrapeptides containing one or two glycyl residues are al-
most identical. Our results can thus be compared to those
of Edelhoch, et al.,3? for L-Tyr-(Gly)s-L-Tyr. The apparent
intertyrosine distance r. determined by Edelhoch, et al.,
13.1 A, is somewhat larger than the upper limit of r, deter-
mined here for L-Trp-Gly-L-Ala-L-Tyr, 12.4 A. However,
the two experimental systems are not identical. Further-
more, the distances determined by Edelhoch, et al., might
be overestimated by 15% due to the value of R, adopted in
their calculations, which exceeds by the corresponding
amount the value of R reported for a similar experimental
system by different authors.33

Even if our experimental results are of the same order of
magnitude as the results obtained by others, it should be
pointed out that for tetrapeptides a lower value of Ry is
needed in order to determine the apparent donor-acceptor
distance with a better precision. Similarly, the theoretical
efficiency computed with a value of Ry lying above the
maximum of the distribution of distances f(r.) cannot be
sensitive to the detailed shape of f(r.).

The differences between the molecules studied experi-
mentally and their theoretical models represented in Fig-
ure 2 can also give rise to a disagreement between theory
and experiment. The justification for representing the mol-
ecules by the above theoretical models lies in the fact that
the dipeptide energy map for the L-alanyl residue is almost
identical with that of most amino acids with unbranched
side chains of the kind C#Hz-R34¢ including L-tyrosine and
L-tryptopan residues®® and that the blocking groups locat-
ed beyond the three dipeptide units spanned by C;« and
C4* contribute approximately a constant term to the con-
formational energy, independent of the angles of rotation
around Cy* and C52.34b

However, all interactions between aromatic side chains
or the blocking groups are necessarily being neglected in
the theoretical treatment. Among those the stacking inter-
actions between the aromatic side chains of L-tyrosine and
L-tryptophan, estimated to be of the order of several kilo-
calories, are the most important. The possibility of stacking
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interactions has been examined with Dreiding stereomo-
dels. It has been determined that the stacking between
chromophores is not possible in any of the low-energy con-
formations represented by the two linked seven-membered
rings ee and e*e, while in a ten-membered ring such an in-
teraction can occur.

While in the absence of the interactions between the side
chains the energy of any of the conformations ee or e*e is
much lower than the energy of a ten-membered ring (Table
1V), the relative stabilities might be reversed by the stack-
ing interactions between the aromatic side chains and the
considerable shortening of the dimansions observed experi-
mentally in tetrapeptides containing one or two glycyl resi-
dues could be explained by such a stabilization of the ten-
membered ring. Calculations are in progress in order to
clarify this point. )

Other factors might also be quoted when the reliability
of theoretical values is being discussed, such as the uncer-
tainty arising from the use of semiempirical potential func-
tions, among which the potential function representing the
hydrogen bond?6 is very critical in determining the relative
stabilities of various structures.

However, it appears from Tables II and V that the aver-
age properties do not change significantly when the dielec-
tric constant increases, and consequently the hydrogen—
oxygen interactions decrease.

Above all, the assumption that the chromophores are ori-
entated at random might be the most critical.

An extensive discussion of the value of the orientation
factor 2 has recently been given by Eisinger and Dale.?” As
has been pointed out by these authors, the isotropically
random orientation of chromophores has only been demon-
strated in a few cases3® although the distances obtained
from measurements of transfer efficiencies® are based on
such an assumption. Further experimental analysis of the
dipolar orientation factor «2 based on polarized emission
spectroscopy is needed in order to demonstrate that chro-
mophores are randomly oriented. In our case specific inter-
actions between chromophores and the backbone, or the in-
teractions between the chromophores, could impose a pre-
ferred orientation on the transition dipoles. A theoretical
model is under study in which the energetics of the side
chains are taken into account and from which a theoretical
value for 2 will be obtained. The present analysis can give
consistent relative values, if the orientations of chromo-
phores are comparable in all the peptides studied.

It is evident that it is not possible to determine explicitly
the distribution of distrances from a single experimental
value of the efficiency. More information can be obtained if
the efficiency e(Ro) is measured as a function of Ro° or
from the measurements of the decay of the intensity of flu-
orescence I(¢t) with time.3? The experimental results ob-
tained by either of two methods can be analyzed in terms of
a theoretical distribution functions of distances f(r.), calcu-
lated from a specific theoretical model, as discussed else-
where.?? The latter method is more suitable for the study of
f(re) in short peptides.*0

Due to various assumptions discussed above, the agree-
ment between theory and experiment obtained here is only
gualitative and might be improved in further theoretical
and experimental investigations.

The present study is, however, the first attempt of corre-
lating the experimental efficiencies of energy transfer with
the dimensions of the molecules obtained theoretically
from conformational analysis.
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ABSTRACT: The proton and !3C magnetic resonance spectra of poly(L-azetidine-2-carboxylic acid) were deter-
mined in water and in formic acid. The 100-MHz 'H nmr spectra do not give evidence of cis—trans isomerism in the
two solvents. On the other hand, the 220-MHz 'H nmr spectrum in water shows two peaks for the *CH proton. 13C
nmr spectra show two separate peaks for each carbon atom, which are assigned to cis and trans isomers of the
amide bond. Some mode! compounds have been examined to aid this assignment. The percentage of the cis isomer
decreases from water to formic acid and increases upon addition of CaCly to the water solution. High yields of high
molecular weight poly(L-azetidine-2-carboxylic acid) (mol wt = 23,000) have been obtained by the polymeric self-
condensation of the (Aze); pentachlorophenyl ester trifluoroacetate.

The study of the structure of poly(L-azetidine-2-carbox-
ylic acid) (PLAze) in solution is part of a research program
intended to elucidate the conformational effects of the re-
placement of L-proline with L-azetidine-2-carboxylic acid
(L-Aze-COOH) in polypeptide chains.

The optical properties of PLAze in solution have been
discussed in a recent paper.!

The CD spectra in water and fluorinated alcohols have
been interpreted as indicating the occurrence of disordered
chain structures. This disordering could originate from cis—
trans isomerization and/or increased range of accessible
«CC==0 rotation angles.?

Here we report investigations of PLAze in solution by
means of 3C and 'H nuclear magnetic resonance (nmr)
spectroscopy.

Materials and Methods

L-Azetidine-2-carboxylic acid (Serva) was used as re-
ceived; found: [«]22559 —123.3° (¢ 3.6% in H0). N-tert-
Butyloxycarbonyl-L-azetidine-2-carboxylic acid, N-tert-
butyloxycarbonyl-L-azetidine-2-carboxylic acid N-hydrox-
ysuccinimide ester, and L-azetidine-2-carboxylic acid pen-
tachlorophenyl ester hydrochloride were prepared as pre-
viously described.3 N-Carbobenzoxyglycine-N-hydroxy-



