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ABSTRACT: Water-soluble, random copolymers containing L-tryptophan and N®-(3-hydroxypropyl)-L-glutamine
have been synthesized, fractionated, and characterized, and the thermally induced helix—coil transitions of
these copolymers in water have been investigated. The incorporation of L-tryptophan was found to increase
the helix content of the polymers at all temperatures in the range 0-60 °C. The Zimm-Bragg parameters
o and s for the helix—coil transition in poly(L-tryptophan) in water were deduced from an analysis of the melting
curves of the copolymers in the manner described in earlier papers. The computed values of s indicate that
L-tryptophan enhances helix growth at low temperatures and reduces it at high temperatures; the large value
of ¢ indicates that, in water, this residue has a tendency to promote helix—coil boundaries at all temperatures.

I. Introduction

This paper is concerned with the determination of the
helix—coil stability constants of L-tryptophan in water and
is a continuation of the series of papers®'® in which the
conformational preferences of the naturally occurring am-
ino acids in water have been investigated by use of the
“host—guest” technique. In this technique, a water-soluble,
a-helical host homopolymer with nonionizable side chains
is selected, and various amounts of a guest residue are
incorporated into it to form random copolymers. By
studying the thermally induced helix—coil transitions in
these copolymers, it is possible to calculate the Zimm-
Bragg® helix—coil parameters o and s for the guest residues
from an examination of their influence on the helix—coil
transition properties of the host homopolymer. L-Tryp-
tophan residues are incorporated into copolymers with an
N5-(3-hydroxypropyl)-L-glutamine host, and the thermally
induced helix—coil transitions in these copolymers in water
are studied.

Although no experimental determination of the helix-
coil stability constants for L-tryptophan in aqueous solu-
tion has been reported, several studies on the relative
preference of L-tryptophan residues for helix and coil
conformations have been carried out. Poly(L-tryptophan)
has been investigated in organic solvents,?'2% and both
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block and random copolymers of tryptophan and amino
acids with ionized as well as nonionized side chains have
been studied in water®32 and in organic solvents,?2?3.26-2832
The results of the present study indicate that, in water,
L-tryptophan has a pronounced ability to promote helix—
coil boundaries at all temperatures and that it can either
enhance or reduce helix growth, depending on the tem-
perature.

The synthesis of water-soluble random copolymers of
L-tryptophan with N°-(3-hydroxypropyl)-L-glutamine is
described in section II, and the experimental characteri-
zation of these copolymers and their melting behavior in
aqueous solution are presented in section III. Finally, in
section IV, the data are analyzed by means of an appro-
priate form of the theory® to determine the helix—coil
stability parameters of L-tryptophan in water. The theory
is based on evidence®®®* that short-range interactions
dominate in determining the local conformation of a po-
lypeptide or protein. The parameters for L-tryptophan are
compared with empirical observations on the behavior of
this residue in proteins and with a theoretical analysis of
these quantities.

II. Experimental Section
A. Preparation and Characterization of the Copolymers.
The synthesis of the copolymers was achieved by first co-

© 1980 American Chemical Society
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Table I
Composition and Chain Lengths of
Unfractionated Poly{Glu(OBzl), Trp]

L-Trp content

polym of reacn reacn time, _
no. mixt, mol %  A/I¢ h Dp?
A 10 40 2.75 588
B 15¢ 80 19.0 382
Cc 15 26 4.5 750

¢ Ratio of anhydride to initiator, ® By viscometry in
DMF. ¢ Under the reaction conditions used here, only
~6-7% Trp was incorporated in the final polymer (see
Table II).

polymerizing the N-carboxyanhydrides (NCA’s) of L-tryptophan
and v-benzyl L-glutamate in dioxane, using sodium methoxide
as an initiator. The vy-benzyl ester groups were then substituted
by 3-hydroxypropylamide groups to yield the desired poly[N®-
(3-hydroxypropyl)-L-glutamine, L-tryptophan].

B. Materials. L-Tryptophan was purchased from Aldrich and
recrystallized at least twice from 50% aqueous ethanol imme-
diately before use. 3-Aminopropanol (Aldrich) was dried over
Linde molecular sieves (4 &), distilled under reduced pressure
in a nitrogen atmosphere, and stored over molecular sieves.
Guanidine hydrochloride (Ultrapure) was obtained from
Schwarz/Mann. Mercaptoethanesulfonic acid (3 N; sequanal
grade) was purchased from Pierce. All other reagents and solvents
were identical in quality and preparation with those used in paper
9 of this series.!!

Poly[N5-(3-hydroxypropyl)-L-glutamine], P(HPG), samples of
weight-average degree of polymerization DP, = 120, 220, and 360
were fiactions IIC, IIB, and IIID, respectively, of paper 2 of this
series.

C. Synthesis. N-Carboxyanhydrides. v-Benzyl L-glutamate
N-carboxyanhydride was prepared by treatment of y-benzyl
L-glutamate (synthesized according to the procedure of Prestige
et al.*%) with phosgene, using tetrahydrofuran® or dioxane as a
solvent, as described by Hirschmann et al.®’

L-Tryptophan N-carboxyanhydride was synthesized by using
L-tryptophan which had been recrystallized from 50% aqueous
ethanol immediately before use. Since L-tryptophan is light
sensitive, all reactions were protected from light as far as possible.
The L-tryptophan was treated with a 10-20% excess of phosgene
in dioxane. The mixture was stirred at 40 °C until all of the
tryptophan had dissolved, and the greenish solution was con-
centrated and then diluted with ethyl acetate. Activated charcoal
was added, and the solution was filtered over Celite and then
treated with one volume of hexanes. A brownish green oil sep-
arated on cooling at =70 °C. The oil was removed and the su-
pernatant was treated with more hexanes. This procedure was
repeated until all of the oil had been removed. The colorless
supernatant was decanted and treated with more hexanes, and
the white crystals were isolated. L-Tryptophan N-carboxy-
anhydride was prepared in yields of about 8-10%; mp 144-145
°C [lit. mp: 135 °C,*® 145-146 °C%], Anal. Calcd for C;oH;(N,Os:
C, 62.61; H, 4.38; N, 12.17. Found: C, 62.45; H, 4.44; N, 12.12.
Only trace or no Cl was found.

Poly[vy-benzyl L-glutamate-co-L-tryptophan], Poly[Glu-
(OBzl), Trp]l, Copolymers A-C. Random copolymers of v-
benzyl L-glutamate with up to 14% L-tryptophan were synthesized
by polymerization of the N-carboxyanhydrides in dioxane with
sodium methoxide as initiator.!! The progress of the polymeri-
zation reaction was monitored by assaying for unreacted N-
carboxyanhydrides as described in paper 10 of this series.!? Yields
from the polymerization were generally in the range of 80-85%.
The polymers were isolated by pouring the reaction mixture into
absolute ethanol as usual.!* The chain lengths of these polymers
were determined roughly with the viscosity-molecular weight
relationship of Fujita et al.,® using dimethylformamide as a solvent
(see section IID4), and are given in Table I.

Poly[ N°-(3-hydroxypropyl)-L-glutamine- co-L-tryptophan],
Poly(HPG, Trp), Copolymers I-III. The copolymers A—C were
dissolved in dioxane and treated with 3-amino-1-propanol at 50
°C under nitrogen, in the dark, to yield water-soluble copolymers,
poly(HPG, Trp) polymers I-III, respectively, as described pre-
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Table II
Characterization of Fractionated Copolymers
L-Trp —
polym frac- content,? M,/ _

no. tion mol% 1073M,°? M,° DP,?

I 1 10.6 65.4 1.39 351
2 10.5 46.7 1.12 251
3 10.0 36.1 1.09 194
4 10.7
5 10.8

I 1 6.5
2 6.6
3 6.5 46.6 1.09 250
4 6.5 30.0 1.01 161
5 6.7

III 1 14.5
2 13.0
3 13.1
4 13.5 26.6 1.28 143
5 14.1 10.8 1.10 58

¢ Determined by hydrolysis in 3 N mercaptoethane-
sulfonic acid. ¥ By conventional sedimentation equilib-
rium, with an extrapolation to zero concentration. _The_
mean residue weight for all fractions was 186.2. ¢ M,/M,,
is reported for the run at the lowest concentration,

viously.® The course of the aminolysis reaction was monitored
as described in paper 10!2 and terminated when no fewer than
99.5% of the benzyl groups had been exchanged. The reaction
mixture was then poured into an excess of 1 N acetic acid and
then dialyzed against water at 20 °C, in the dark, until amines
could no longer be detected by a ninhydrin test on 0.1 mL of the
dialysate.® The water-soluble poly(HPG, Trp) was recovered by
lyophilization in 50-80% yield, based on the number of moles
of poly[Glu(OBzl), Trp]. The crude polymer was fractionated
by the procedure described in paper 2 of this series.* After
fractionation, the polymers were dissolved in water, lyophilized,
and dried in vacuo over P,05. The lyophilized fractions were
stored over P,05;/KOH in the dark. The composition and chain
lengths of the fractions analyzed for their thermally induced
helix—coil transitions are summarized in Table II.

D. Analytical Methods. 1. Determination of Composition.
Despite the availability of convenient and accurate methods for
the analysis of most amino acids, the determination of tryptophan
has remained difficult. Largely due to its acid lability, methods
for its analysis suggest hydrolysis under carefully controlled
acid*#2 or alkaline conditions in the presence of reducing agents*
or by enzymatic means.** Alternatively, spectrophotometric
procedures employ reagents which produce colored products on
reaction with tryptophan.**%" The near-ultraviolet absorption
spectra of tryptophan in alkali,?® in guanidine hydrochloride,?
or in H,0% have also been used for quantitative analysis of
tryptophan. Fluorescence®® and magnetic circular dichroism®%2
measurements have recently been applied as methods to determine
the tryptophan content of peptides and proteins.

Three methods of tryptophan analysis were employed to de-
termine the composition of the copolymers: (i) amino acid analysis
following hydrolysis with 3 N mercaptoethanesulfonic acid,®® (ii)
spectrophotometric measurement of the tryptophan content in
polymer solutions in 6 M guanidine hydrochloride,*® and (iii)
evaluation of tryptophan content, using magnetic circular di-
chroism measurements.®’

a. Amino Acid Analysis. The copolymer fractions were
hydrolyzed in evacuated, degassed, sealed ampules, according to
the procedure of Penke et al.,%° using 3 N mercaptoethanesulfonic
acid for 22 h at 110 °C. A Technicon TSM amino acid analyzer
was used for the analyses. For those fractions which were used
to obtain melting curve data, two separate samples were hydro-
lyzed. The average experimental error in the determination of
the composition for these water-soluble fractions was £5%. One
to three milligrams of tryptophan was reacted with I mL of 3 N
mercaptoethanesulfonic acid in the described way for 22 h to check
for loss of tryptophan during hydrolysis. Free tryptophan gave
recoveries of about 95% after 22 h. Standard mixtures of glutamic
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acid and tryptophan were also subjected to the same hydrolytic
conditions. The same Glu:Trp ratios were achieved when the
samples were analyzed before and after hydrolysis, showing no
loss of glutamic acid and no loss of tryptophan due to the presence
of glutamic acid. An advantage of the mercaptoethanesulfonic
acid method of hydrolysis was that it was then not necessary to
evaporate the hydrolysates which might cause side reactions such
as the loss of glutamic acid through ester formation with 3-
amino-1-propanol.'®

b. Spectrophotometric Determination of Composition.
The method of Edelhoch® was used to determine the tryptophan
content of the various fractions of copolymers I-III. In a typical
determination, a 1-mL aliquot of a copolymer solution was dis-
solved in 5 mL of a 7.2 M guanidine hydrochloride solution to
make a 6 M guanidine hydrochloride solution (pH 6.5, 0.02 M
phosphate). Absorbance measurements at 280 nm were made on
a Cary 14 spectrophotometer; ey = 56905 determined for N-
acetyl-L-tryptophanamide in 6 M guanidine hydrochloride (pH
6.5, 0.02 M phosphate) was used for calculating the concentration
of tryptophan. Another aliquot of the original copolymer solution
was used to determine total concentration of copolymer by ni-
trogen analysis (see below). A combination of these results yielded
the dcomposition of tryptophan in each of the copolymer fractions
studied.

¢. Magnetic Circular Dichroism (MCD) Measurements.
Studies of tryptophan-containing peptides and proteins and of
indole derivatives have demonstrated that the discrete and
prominent magnetically induced dichroic band between 290 and
300 nm, characteristic of tryptophan, can serve as a convenient
and nondestructive means for quantitative analysis of the resi-
due.%% The magnitude of the positive MCD band is a linear
function of tryptophan content. Using the molar magnetic el-
lipticity per tryptophanyl residue, 777 deg cm® dmol™ kG, the
quantitative measurement of the tryptophan was based on the
measurement of the positive band and a comparison of its intensity
with that of a known concentration of N-acetyltryptophanamide
(solutions made up gravimetrically from water-recrystallized and
vacuum-dried crystals). Assessment of the total polymer con-
centration, by nitrogen analysis (see below), in conjunction with
the molar concentration of tryptophan from MCD measurements
gave the tryptophan content. A value of ¢y for tryptophan in
these copolymers in H,O was determined from a combination of
measurements of MCD and A, made on aqueous solutions of
fraction 2 of copolymer I (see Results).

Magnetic circular dichroism measurements were made with
a Cary 61 circular dichroic spectrophotometer equipped with a
Varian Model V4145 superconducting magnet, energized by a
Varian V4106 power supply. A magnetic field strength of 45.5
kG was used. Scans were made at a speed of 0.2 nm/s with a
spectral bandwidth of 2 nm. CD measurements were made with
a Cary 61 spectropolarimeter equipped with a Cary 6001 CD
attachment. A cylindrical neckless cuvette constructed of Suprasil
of 1-cm path length was used. Absorbances of all samples were
maintained below 1.0 absorbance. Absorbance spectra were ob-
tained with a Cary 14 spectrophotometer equipped with a Cary
tungsten-iodine high-intensity light source. All measurements
were made at ambient temperatures of 21-23 °C,

In a typical experiment, a solution of the sample to be analyzed
was placed in a cuvette and its absorption spectrum was measured
with a Cary 14 spectrophotometer using air as the reference. The
cuvette was transferred immediately to the Cary 61 to record the
corresponding MCD spectrum. The CD spectrum of the sample
was also measured. Base-line spectra were measured, using
deionized, distilled water by the same three techniques.

CD data are reported as molar ellipticities, [6] = 100(0)/bM
in units of deg cm?/dmol, where 0 is the ellipticity in degrees as
obtained directly from instrumental readings, b is the path length,
and M is the molar concentration of the sample. Values of [0y,
the molar magnetically induced ellipticity, were determined from
the difference between the ellipticity in the presence of the
magnetic field and the natural CD and are normalized to a field
of 1 kG with units of deg cm? dmol™ kG

The ratio of ellipticity of the positive MCD peak near 290 nm
of N-acetyl-L-tryptophanamide to its absorption at 280 nm
measured on the Cary 14 (0.0621° at 43.3 kG) served as a control
standard to calibrate the magnitude of the magnetic field.

Macromolecules
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8, deg. x 102
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Figure 1. Observed absorbance (A) and ellipticity in the presence
of a 45.5-kG magnetic field (B) for aqueous solutions of fraction
I-2 of various copolymer concentrations (w/v) %: (a) 0.0259%;
(b) 0.0225%; (c) 0.0182%; (d) 0.0148%; (e) 0.0109%; (f)
0.0068%. In the absence of the magnetic field, there was no
observable ellipticity in this wavelength region.

Concentrations of the standard N-acetyl-L-tryptophanamide so-
lutions were based on absorption: eg = 5520.8 An estimated
overall error based on the summation of operational factors in-
volved in MCD (i.e., signal /noise, magnetic field setting) is ~£5%.
The UV and MCD spectra for various concentrations of copolymer
I, fraction 2 are shown in Figure 1.

2, Determination of Concentration. The concentrations
of the copolymers in the solutions used in the various physical
measurements were determined by micro-Kjeldahl nitrogen
analysis, using Lang’s method™ for digestion and the semiauto-
mated method of detection of ammonia of Noel and Hambleton.”
In order to ensure complete digestion of the indole moiety, a
time-dependent study of concentration vs. digestion time was
performed on a standard L-tryptophan solution, whose concen-
tration was determined by absorption: L-tryptophan, e = 5600.%
For digestion times =3 h, the agreement in concentration by
absorption and by nitrogen analysis was £3%. Therefore, all
copolymer samples were digested for 3 h, The error in these
concentration determinations, made by nitrogen analyses, was
estimated to be £3%.

3. Assay for D-Amino Acids. The starting amino acids as
well as the final copolymers, poly(HPG, Trp), were checked for
the presence of D residues by the L-leucyl dipeptide or L-glutamy!l
dipeptide methods of Manning and Moore™ for L-glutamic acid
or L-tryptophan, respectively. The starting amino acids were found
to contain less than 0.1% of their D isomers.

Tryptophan and glutamic acid were isolated separately from
acid hydrolysates (3 N mercaptoethanesulfonic acid) of the co-
polymers prior to derivatization. Complete separation of these
two amino acids from the hydrolysate of 5-10 mg of polymer was
achieved by column chromatography on a 0.8 X 20 ¢cm column
of Dowex AG1-X8 (200-400 mesh) in the acetate form, using a
modification of the method of Hirs et al.” The column was eluted
first with distilled water to separate 3-amino-1-propanol and
tryptophan, sequentially, and then with 0.5 N acetic acid to remove
the glutamic acid (flow rate 15 mL/h). The mercaptoethane-
sulfonic acid was retained on the column resin. For best results
each column was used only once. The L-Glu-L-Trp and L-Glu-
D-Trp dipeptides were separated on a Technicon Auto Analyzer
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Table III
Determination of L-Tryptophan Content

mol % of tryptophan

hydrolysis A, in
copolym with 6 M A,y in HO
fraction MES® Gdn-HC1? using epop©
I-1 10.8 10.3 10.5
I-2 10.5 10.2 10.0
1-3 10.0 10.1 10.6
II-3 6.5 6.6 6.8
iI-4 6.5 6.5 7.0
111-4 13.5 13.0 13.6
I1I-5 14.1 13.7 13.1

@ See ref 69; MES = mercaptoethanesulfonic acid.
b See ref 59; Gdn-HCl = guanidine hydrochloride. ¢ See
ref 67,

with 0.2 N sodium, 0.1 M citrate elution buffer at pH 4.68 on a
120-cm column of Chromobeads B at 62 °C. The L-Leu-L-Glu
and L-Leu-D-Glu dipeptides were separated on the same system
with 0.4 N sodium, 0.05 M citrate buffer at pH 2.9. By this
technique, the tryptophan and glutamic acid residues in the
polymers were found to contain less than 3% of their D isomers,
after correction for racemization during hydrolysis, as determined
by carrying a mixture of L-tryptophan, L-glutamic acid, and 3-
amino-1-propanol through the same procedure.

4. Viscometry. The viscosities of the tryptophan copolymers
could not be determined in dichloroacetic acid (DCA), the usual
solvent,* because of the immediate destruction of the indole moiety
by this solvent, as indicated by gross discoloration of the solutions.
Therefore the intrinsic viscosity of each of the copolymers A-C
was determined in dimethylformamide at 25.0 £ 0.1 °C in a
Cannon-Ubbelohde semimicro dilution viscometer. A rough es-
timate of the molecular weight was determined for these polymers
by using poly(y-benzyl L-glutamate) as a model and the rela-
tionship determined by Fujita et al.?® for this polymer in di-
methylformamide.

5. Optical Rotatory Dispersion and Circular Dichroism
Measurements. The optical rotatory dispersion (ORD) and the
circular dichroism (CD) measurements were made on a Cary
Model 60 spectropolarimeter equipped with a Model 6001 CD
attachment. Temperature control was maintained to within £0.2
°C with water-jacketed quartz cells. The ORD studies used in
estimating the helix content of the copolymers were performed
at two or more concentrations for each fraction in the range
0.05-0.35% (w/v) over the wavelength range 450-320 nm. The
solutions were filtered through 0.45-um Millipore filters before
use. The optical rotation of solutions of tryptophan copolymers
could be determined only down to 320 nm because of interference
by the absorbance of the indole moiety at lower wavelengths.

6. Molecular Weight Determination. The weight- and
z-average molecular weights of the poly(HPG, Trp) fractions were
determined on aqueous solutions by the conventional sedimen-
tation equilibrium method, using a Spinco Model E ultracen-
trifuge. The sedimentation equilibrium data were analyzed by
the procedure described by Chervenka.” Determination of the
initial concentration was made by calibrating the fringe shift
against polymer concentration as in paper 7. ? The concentration
dependence of the weight-average molecular weight, M,, was
determined for each sample, and M, was computed from the run
at the lowest concentration for each fraction. The estimated
precision in the values of DP,, was £5%.

The partial specific volumes (D) of the several fractions, required
for the calculation of the molecular weights, were determined from
the amino acid content as described by Cohn and Edsall.” A value
of 5 = 0.79 for P(HPG) was used in the calculation of 7 for the
copolymers.*

II1I. Results

A. Characterization of the Copolymers. Table I
summarizes the composition of the reaction mixtures and
the composition and average degree of polymerization

(DP) of the unfractionated poly[Glu(OBzl), Trp] co-
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Figure 2. Concentration dependence of molecular weights for
fractions used in analysis to obtain s and s: (¢) 10.6% T'rp, DP
= 351 (fraction I-1); (O) 10.5% Trp, DP = 251 (fraction I- 2)
(0) 10.5% Trp, DP = 194 (fraction I-3); (@) 6.5% Trp, DP
250 (fraction I1-3); (¥) 6.5% Trp, DP, = 161 (fraction II-4); (A)
13.5% Trp, DP = 143 (fraction III-4); (v) 14.1% Trp, DP,,

58 (fraction III-5) The error symbols represent the experxmental
error in each measurement.

polymers. A comparison of the various methods used to
determine the tryptophan composition of the copolymers
is presented in Table III. The results for a particular
fraction are in agreement to within £5%. Table II sum-

marizes the composition, DP,, and M,/M,, data for those
fractions of the corresponding exchanged copolymers
poly(HPG, Trp) which were used to determine the Zimm-

Bragg parameters ¢ and s. The usual decrease in DP
attributed to transamidation during aminolysis™ is ap-
parent by a comparison of Table I and Table IL

The data in Table 1I indicate that the amino acid com-
position is independent of the chain length for a series of
fractions from a given copolymer parent. While this cri-
terion has been used in previous papers in this series to
indicate that the polymers were sufficiently random for
the purpose required here, a more rigorous proof was
provided for copolymers containing methionine™ as a guest
residue, by analyzing the distribution of methionine in the
fragments which result from treatment of the copolymers
with CNBr. In any case, the assumption in the theory that
the copolymers are truly random has been shown to be not
too critical. The presence of short blocks of guest residues
(number of such residues ~10-15% of ¢ /%) has been
shown to have little effect on the melting behavior of a
random copolymer.?

The concentration dependencies of the apparent mo-
lecular weights of the fractions studied are shown in Figure
2. The data have been extrapolated to infinite dilution

to obtain DP,. The values of M,/M, for the fractions do
not depart significantly from unity, indicating that the
fractions used in the determination of ¢ and s were rela-
tively homogeneous. This is important, since the molecular
weights are fairly small and, with shorter chains, the theory
used to calculate ¢ and s makes more stringent demands
on the uniformity of chain length of the samples than with
chains approaching infinite length, effectively DP,, ~ 600
or greater.

As a means of ensuring internal consistency in the
various physical measurements (molecular weight, ORD,
CD, etc.) which would be subject to error introduced by
spurious results from a particular series of micro-Kjeldahl
analyses, a calibration curve was prepared from careful
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Figure 3. Plot of the number of fringes obtained from a synthetic
boundary run in the ultracentrifuge against the concentration of
the sample obtained from nitrogen analysis.

measurements of concentration, ¢, in fringe units, from
synthetic boundary runs in the ultracentrifuge against
polymer concentration assayed by nitrogen analyses. The
calibration curve so obtained is shown in Figure 3. All
the solutions studied were checked against this curve for
consistency in the concentration measurements.

Several copolymer solutions were checked for any pos-
sible destruction of tryptophanyl! residues due to photo-
oxidation which might have occurred during preparation
and handling. N-Formylkynurenine, the major degrada-
tion product,’®® can be recognized by its absorption
spectrum, Ay, at 321 nm, ¢ 3750, and 260 nm, ¢ 1098082
at pH 7.0; therefore, if tryptophanyl side chains were de-
stroyed, the absorption at 280 nm would fall and that over
300 nm and near 260 nm would rise. UV absorption
spectra of the copolymer solutions were recorded before
and after the solutions were used for determinations of b,
No decrease in the ratio Aygy/Asy; or in Aggg/Agg Was
observed for any of the copolymer fractions, indicating that
less than 3 X 10 mol of N-formylkynurenine was formed
(using ¢ = 2750 at 321 nm?®?).

The presence in the copolymers of less than 3% of the
tryptophan content as D-tryptophan (and similarly for
glutamic acid) is not considered to be large enough to affect
the computed values of ¢ and s significantly.

A value of ey = 5700 (£5% ) was determined for tryp-
tophan from the results of MCD and A, measurements
(Figure 1). The mol % tryptophan for all other copolymer
fractions could be determined by using this value, Aqg, and
nitrogen analysis. This value of ¢ may be compared with
€250 = 5690 and 5520%7 for N-acetyl-L-tryptophanamide
in 6 M guanidine hydrochloride and H,0, respectively, and
with 5600 for L-tryptophan in H,0.5

B. ORD and CD Data for the Copolymers. The
ORD and CD data in the region 190-240 nm for repre-
sentative fractions of poly(HPG, Trp) in water are shown
in Figure 4. Both the ORD and the CD data are inter-
pretable in terms of combinations of right-handed a-helix
and random-coil states,®% the relative contribution of
each conformation being a function of both temperature
and composition.

One assumption that is made when the types and
amounts of backbone structure in a protein or a poly-
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Figure 4. (A) ORD and (B) CD data in water for representative
fractions of tryptophan copolymers: (a) 6.5% Trp, DP,, = 161
at 20.2 °C; (b) 6.5% Trp, DP, = 250 at 20.2 °C; (c) 13.5% Trp,
DP,, = 143 at 20.2 °C; (d) 10.0% Trp, DP,, = 194 at 20.2 °C; (e)
10.6% Trp, DP,, = 351 at 20.2 °C; (f) 10.6% Trp, DP, = 351 at
5.3 °C. The first and last curves are labeled in the 208-240-nm
range. Others follow in alphabetical order.

peptide are estimated from a given rotatory parameter, i.e.,
from b, [M 233 nmy OF [©]280 nm» is that the peptide bonds
of the backbone chain are the only source of optical activity
contributing to the rotatory parameter.® The presence
of Cotton effects due to the aromatic transitions of that,
may interfere with the visible or far-UV ORD and CD
measurements. Contributions to the ORD and CD spectra
of the copolymers arising from the tryptophan side-chain
transitions are not evident, however, in the spectra of
Figure 4, when compared with spectra of poly(L-trypto-
phan) or copolymers of tryptophan in a variety of sol-
vents?"% and amount to at most a very small perturbation
on the large amide background. This result is consistent
with available experimental evidence, e.g., that of Peggion
and co-workers,?” who reported that the CD spectrum of
a 16% copolymer of L-tryptophan and y-ethyl L-glutamate
studied in ethylene glycol monomethyl ether is that of a
pure right-handed o helix, with negative bands at 208 and
222 nm; the latter values are in quantitative agreement
with those previously reported for polypeptides in the
a-helix conformation.?8 The CD spectrum of an « helix
is distorted by incorporation of increasing amounts (>16%)
of L-tryptophan, with the 208- and 222-nm bands of the
a helix being replaced by a negative band at 220 nm and
with a positive band (attributed to exciton splitting?’)
appearing at 230 nm.%" This change is gradual but not
linear with the mole fraction of tryptophan.?’ In the co-
polymers studied in this paper, however, the tryptophan
content is below those reported?” to show CD bands at-
tributable to side-chain chromophores. Our spectra
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Figure 5. Temperature dependence of —b, for poly(HPG, Trp) copolymers in water. The melting curves of of poly(HPG) (lines without
experimental points) of DP; = 120 (fraction IIC of paper 2), DP, = 220 (fraction IIB of paper 2), and DP, = 360 (fraction ITID of
paper 2) are included for comparison: (A) (O) 10.5% Trp, DP = 251, (0) 6.5% Trp, DP, = 250; (B) (&) 13.5% Trp, DP = 143,

(0) 10.6% Trp, DP = 351; (C) (4A) 6.5% Trp, DP = 161, (0) 10.0% Trp, DP = 194. The points are the experimental ones and
the lines represent the smoothed data used in subsequent calculatlons The error symbols reflect the errors in b, arising from errors
in the determination of solution concentration and in the slope of the Moffitt-Yang plot.

showed no evidence of a positive CD band at 230 nm.
Because of the low mole fractions of tryptophan in our
copolymers and because of the nature of our host amino
acid, any specific orienting of tryptophan side chains (that
might have led to exciton splitting) would be expected to
be minimal and would result in negligibly small side-chain
rotational strengths.

The information in Figure 4 clearly demonstrates that
incorporation of L-tryptophan increases the helix content
of the copolymer (compare curve D of Figure 3 of paper
2% with curve d of Figure 4B). The ORD curves labeled
e and f in Figure 4A show that, for a particular polymer
fraction, the relative amount of helix decreases as the
temperature increases, thus indicating that the copolymers
undergo a thermally induced helix-to-coil transition in
water.

The ORD spectra of aqueous solutions of the polymers
in the range 450-320 nm were used to calculate the value
of the Moffitt—Yang parameter b, at various temperatures.
Data for six representative fractions are shown in Figure
5, together with data obtained earlier on P(HPG).4 ORD
spectra were extended only down to 320 nm in order to
minimize contributions to b, from the long-wavelength
tryptophanyl transition. The Moffitt-Yang plots used to
determine b, show no departure from linearity in the range
450-320 nm. Although there are no discernible contribu-
tions of the tryptophan chromophore in the far-UV ORD
and CD spectra of the copolymers, there may, however,
be contributions of the aromatic chromophores to the
visible ORD since side-chain chromophores may interact
with one another and with the peptide chromophore and
the various Cotton effects would contribute to the tail of
the ORD in the visible region. An upper limit of possible
tryptophan side-chain contributions to by and their pos-
sible effect on the computed conformational parameters
of tryptophan are discussed in section IIIC. The procedure
used to obtain the curves of Figure 5 was otherwise the
same as shown in paper 7.° No concentration dependence
was observed, and all curves were reproducible. The error
symbols in Figure 5 reflect two standard deviations in b,
(or in helix content 6,) calculated®® from standard devia-
tions in the concentration (£0.025b,) and in the slope of
the Moffitt—Yang plot (&3, in b, units). The reversibility
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Figure 6. Plot of —b, vs. temperature to demonstrate the re-
versibility of the helix—coil transition. The filled symbols were
determined while heating the solution and the open symbols were
determined while cooling the solution (6.5% Trp copolymer, DP
= 250).

of the transition was checked for each melting curve. In
Figure 6, the reversibility of one of the transitions studied
is shown in detail

Several observations can be made from these thermally
induced melting curves. First, at low temperature, in-
corporation of L-tryptophan increases the helix content of
a copolymer relative to that of the corresponding homo-
polymer (i.e., the one of similar chain length). Only at high
temperatures do the helix contents of copolymer and
homopolymer approach each other. Second, for similar
chain-length copolymers at a given temperature, the ability
of tryptophan to increase helix content is not linear in the
mole fraction of tryptophan. This was also observed for
copolymers containing L-tyrosine!? and L-methionine.!6
These aspects of the copolymer transition behavior will
be delineated with the aid of the helix—coil transition pa-
rameters obtained for tryptophan in section IV.

C. b, for Complete Helix and Complete Coil. For
the homopolymer P(HPG) studied in paper 2,* the mag-
nitude of b, for the complete helix has been taken as —750
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Table IV
Values of b, for Copolymers in Trifluoroethanol and Guanidine Hydrochloride
copolym  L-Trp content, o —
fraction mol % solvent T,°C b, (DPy) b, (DPy)?
I-2 10.5 TFE 2.8 —727 (250) ~720 (300)
1I-4 6.5 TFE 2.2 -669 (161) —-690 (210)
I11-4 13.5 TFE 2.3 -688 (143) -660 (150)
I11-5 14.1 TFE 2.3 ~638 (58) —650 (100)
111-4 13.5 6 M Gdn-HCI 70.2 +35

¢ Maximum values of b, at ~5 °C for samples of P(HPG) in methanol, with the indicated I_)?w’s from Figure 3 of Okita

et al.*

and that for the complete coil as zero. Because these values
may vary with the nature of the side chain® and especially
because there may possibly be contributions to b, from the
tryptophanyl side-chain chromophore, in contrast to their
apparent absence in the ORD and CD curves in the 190—
240-nm range (Figure 4), several fractions were examined,
first, in trifluoroethanol (TFE) at ~2.2 °C to determine
by for the complete helix and, second, in 6 M guanidine
hydrochloride at 70.2 °C to determine b, for the complete
coil. In each case, by was corrected for the dispersion of
the refractive index of the solvent.! The results are shown
in Table 1V, together with values of b, for homopolymers
of P(HPG) of corresponding chain length.%?

Values of —b, less than 750 for the homopolymers in-
dicate that the infinite-chain behavior (100% helix con-
tent) is attained only when the chain length approaches
1000 residues. Small chain lengths have a correspondingly
smaller fraction of helical residues.

The values of —-b, obtained for the copolymers in TFE
indicate several things. First there is the expected decrease
in the values of —b; with decreasing chain length, for a
given composition. Second, the values of —b; increase with
increasing tryptophan content, for a given chain length.
These increases in —by reflect either (i) a gain of helix
content (from the action of tryptophan as a possible helix
maker), (ii) a positive contribution to —b, from the tryp-
tophanyl side-chain chromophore without change in con-
formation, or (iii) a gain in helix content, compensated by
negative contributions to —-b, by tryptophanyl! side-chain
chromophores. Third, whatever the cause of the high
values of by, several of these values are the same (within
an experimental error of £15-20 b, units) as those of the
host homopolymer of the corresponding chain length; e.g.,
the values of by = 727 and 669 for I-2 and II-4, respec-
tively, are similar to the values 720 and 660 for homo-
polymers of approximately the same chain length; thus,
the effect of tryptophan incorporation on -b, is indeed
small. Even though we cannot specify the reason for this
effect, we suspect that it arises from a gain of helix content
(see earlier discussion of Figure 4).

Nevertheless, to exclude the possibility that the value
of by, might be erroneous because of rotational contribu-
tions from side-chain tryptophanyl Cotton effects to the
tail of the helical ORD curve measured from 320 to 450
nm, the CD spectra of several polymers were examined in
the near-UV region from 260-320 nm in H,0 and TFE as
was done in the case of the tyrosine copolymers.!? In no
case were any dichroic bands distinguishable from the base
lines in the 260-320-nm region of the CD spectrum of the
tryptophan copolymers. This is in agreement with further
results of Peggion et al.,?” i.e., that observable deviations
from base-line CD at 268 nm appear only at tryptophan
content >16% (and our copolymers contain <16% Trp).
Only low-temperature CD studies on model compounds
such as N-acetyl-L-tryptophanamide®-% and H-Trp-Trp-
OH*-192 have shown ellipticities resulting from the L, and
L;, near-UV bands of tryptophan, i.e., at 77 and 203 K,

respectively, but not at 298 K.

A possible rationalization is that the bands appearing
in the near-UV region at low temperature reflect the
conformational rigidity of the aromatic residue (i.e., a re-
striction of the torsion angles x; and x,).1® As with these
model compounds, multiple conformations may exist for
the tryptophan side chains of the copolymers at 298 K,
which are interconvertible by rotations about single bonds.
The circular dichroism spectrum at 298 K appears to
represent the weighted average of all these conformations.
For some, the circular dichroism bands of a given vibronic
transition may be negative; for others, the same circular
dichroism band may be positive.®® Thus, at 298 K the
circular dichroism strength for some conformations would
cancel that of others. When the temperature is lowered
to 77 K, the lower energy conformations would become
more heavily populated in accordance with the Boltzmann
factor. The average circular dichroism strength would
increase because a much larger fraction of the tryptophan
molecules would have the same circular dichroism spectra.
Presumably, this is why the near-UV bands of tryptophan
are seen only at low temperature. The tyrosine copolymer,
on the other hand, did exhibit a near-UV CD band at room
temperature.!? Because of the symmetry of the tyrosine
side chain (whereby a 180° variation of x does not change
the position of the aromatic ring), in contrast to the
tryptophan side chain, a much larger fraction of the tyr-
osine molecules would have the same CD spectra even at
room temperature, resulting in a higher circular dichroism
strength as evidenced by the prominent near-UV CD band.
Nevertheless, the contribution of the tyrosy! side-chain
chromophore, calibrated from this observed ellipticity, was
shown'? to have a negligible effect on the calculated values
of o and s.

While the above observations are reassuring that there
are no discernible contributions from side-chain trypto-
phan chromophores to the value of —b,, there are still both
positive and negative Cotton effects which, in principle,
could contribute to —b;. Negative Cotton effects have been
observed at 225 nm in compounds such as H-Gly-Trp-
(Gly),-Trp-Gly-OH, where n = 0, and in H-Trp-Trp-OH
and H-Trp-Trp-Gly-OH, provided that the N-terminal
a-amino group is not protonated.”® This characteristic
behavior in the 220-230-nm range has been attributed to
a conformation in which the two aromatic side chains are
rigidly positioned (but not stacked) relative to each other;
stacking interactions do not appear important in stabilizing
this conformationally rigid structure.!® Rather, intra-
molecular electrostatic interactions (e.g., hydrogen bonding
or polar interactions between the aromatic side chain and
the peptide backbone) are suggested to be the salient
forces.!00

Positive Cotton effects have been observed in com-
pounds such as H-Gly-Trp-(Gly),-Trp-Gly-OH, with n =
1, 2,% and in synthetic aromatic-containing polypeptides
in ordered conformations.!®-1% In the case of poly(L-
tryptophan) a value of +570 for the Moffitt-Yang param-
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Table V
Comparison of the Values of 61,, Calculated with the Approximate and Exact Theories? for Finite Chains
L-Trp content, . (0n)theor
mol fraction DP,, T,°C (9 n)exptl Lifson® Allegra® Lehman-McTague®
0.135 143 0 0.447 0.481 0.483 0.481
30 0.280 0.296 0.297 0.296
60 0.144 0.145 0.145 0.145
0.106 351 0 0.567 0.532 0.532 0.532
30 0.319 0.307 0.307 0.307
60 0.143 0.144 0.144 0.145
0.065 250 0 0.455 0.476 0.475 0.473
30 0.233 0.244 0.243 0.242
60 0.100 0.113 0.114 0.114

¢ The parameters used for P(HPG) were those of Table II in paper 2.*

b The parameters used for L-tryptophan were ob-

tained by fitting the data by the Lifson theory with 0 = 6.8 x 1073, ¢ The parameters used for L-tryptophan were obtained

by fitting the data by the Allegra theory with ¢ = 7.7 x 1073,

eter b, in DMF has been reported,? even though poly(L-
tryptophan) has been shown to be a right-handed « he-
1ix.22%" The observed +b, value for poly(L-tryptophan) may
arise from interactions between indole residues which are
not simply additive (i.e.,, a conformational-dependent
stacking in a helical array).?? Positive side-chain Cotton
effects may partially cancel the negative peptide Cotton
effect in the range 200-240 nm and therefore may result
in too low an estimate for the a-helical content. However,
the far-UV ORD spectrum for helical polypeptides con-
taining 10% of tyrosine was calculated and this curve was
the same within experimental error as that for helical
polypeptides lacking aromatic side chains.!® Fasman et
al.’% showed that aromatic groups would not be expected
to display significant Cotton effects if these groups com-
prise less than 10% of the total amino acid residues.
Hence, for tryptophan content less than 10%, the effect
on b, would be of the same order of magnitude as the
experimental error in evaluating it.

In order to show that these effects do not influence the
computed values of ¢ and s, we will first assume that the
increase in -by in TFE results only from a negative con-
tribution of the tryptophanyl side-chain chomophore to
the rotational strength [i.e., the (=) ;e Would be smaller
if the guest residue did not possess an optically active side
chain]. Thus we will assume that —b, = 750 for the com-
plete helix in the copolymer and correct the observed
values (~bg)q1eq by adding a correction by'(T) to obtain the
corrected value (—bg) .o which, when divided by 750 gives
6y, [which will be lower than the value of 6, computed by
omitting the correction term by/'(7)].

To exaggerate the tryptophanyl side-chain contribution
all values of (=bg)gpeq Will be decreased by a certain per-
centage, equal to the percent tryptophan in the particular
fraction being studied [i.e., values of (—bg),eq for fractions
I-1, I-2, and I-3 will undergo a 10% reduction, II-3 and II-4
a 6.5% reduction, and III-4 a 13.5% reduction], at all
temperatures. The values of ¢ and s will then be recom-
puted with these new values (~bg) o

It is also possible, however, that the larger values of -b,
in TFE for the copolymers as compared to the homo-
polymers reflect a large increase in the helix content of the
copolymers which has been decreased by positive contri-
butions to the rotational strength from the tryptophan side
chains [i.e., the (~bg) g would be larger if the guest residue
had the same helix-promoting ability of tryptophan but
did not possess an optically active side chain].

To test this assumption and show its effect on ¢ and s,
the values of (—bg)psq Will be increased to compensate for
any positive contribution from the tryptophan side chains.
Fractions I-1, I-2, and I-3 will have their values of (~bg),ped

increased by 10%, II-3 and II-4 increased by 6.5%, and
I11-4 increased by 13.5%.

Thus, all values of (=bg) g Were corrected to (=by)cor bY
an addition or subtraction of by(T) (the magnitude of
which depends on the tryptophan content of the particular
fraction studied) and converted to 6, by dividing by 750.
The values of ¢ and s were computed from these
“corrected” melting data by the same procedure (to be
presented in section IV) used to analyze the “uncorrected”
melting data.

Despite the intentionally exaggerated values (designed
to overestimate any tryptophanyl side-chain contribution
to by), the correction had only a moderate effect on the
calculated thermodynamic quantities [an increase in
(—bg)obsq led to an increase in s and a reduction in o, while
a decrease in (—by) g led to a decrease in s and an increase
in o], their variation being within the originally determined
limits of experimental error. This correction of the ex-
perimental helix contents also did not lead to any better
agreement with the recomputed theoretical melting curves,
either collectively (as measured by the parameter 7; see
below) or in groups (e.g., for groups of polymers of specific
tryptophan content). For these reasons, the Discussion
which follows will focus on the results obtained by using
values of —by = 750 and 0 for the complete helix and coil,
respectively, together with the experimentally measured
values of (-by), viz., (=bg)gpsa-

IV. Discussion

Helix—Coil Parameters for Poly(L-tryptophan). The
melting curves described in section III were analyzed ac-
cording to the LAPS (Lifson-Allegra-Poland-Scheraga)
hierarchy of approximations to obtain the Zimm-Bragg
parameters ¢ and s for poly(L-tryptophan) in water. This
procedure has been discussed extensively in previous pa-
pers in this series.>® First, the approximation corre-
sponding to the theory of Lifson!® was used to obtain
estimates of the parameters; then, better values were ob-
tained with the second approximation, corresponding to
the theory of Allegra.!® Finally, the data from the Allegra
approximation were checked with the exact theory of
Lehman and McTague!!® in three representative cases.
(All computer programs used in these calculations can be
obtained as directed in footnotes 26 and 27 of paper 1.%)
The results of these calculations are shown in Table V,
along with the original experimental data for comparison.
Both the second-order (Allegra) and the first-order (Lifson)
approximations give results which agree well with those
obtained from the Lehman-McTague method. The higher
order Allegra approximation will be used in all subsequent
discussion of the tryptophan parameters.
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Figure 7. Determination of the best temperature-independent
value of ¢ as the one which corresponds to the lowest value of
7 for the tryptophan copolymers, using the Allegra approximation.
The arrow represents this best value (7.7 X 107%), while the
brackets represent the limits of the error in ¢ (discussed in section
). ;I‘he Lifson theory yielded a slightly lower value of o, 6.8
X 107°,

The close agreement between the approximate theories
and the exact theory arises here because the values of s
for HPG and Trp are both close to unity over the range
of study and because the difference between the values of
¢ for P(HPG) and poly(Trp) is small and the respective
values of ¢ are large. As was shown in paper 1,3 this be-
havior causes the approximations to converge very rapidly
to the exact results. In fact, as we have seen, even the
first-order theory is adequate for fitting the data.

The copolymer melting data were analyzed by finding
the best value of ¢ by application of the “goodness of fit”
criterion, expressed in terms of the parameter r defined
in paper 2. With ¢ taken as independent of temperature,
the best fit of the copolymer data was obtained by mini-
mizing r. Figure 7 shows a plot of 7 vs. ¢ for the ap-
proximation corresponding to the Allegra theory. The best
value of ¢ was taken as 7.7 X 1073, (The value of ¢ obtained
from the Lifson theory was 6.8 X 107%.) The uncertainty
in the best value of ¢ was determined by calculating the
value of this parameter for each fraction at each temper-
ature individually, using in the calculation the values of
s corresponding to the “best” 0. To represent accurately
the skewness of the resulting distribution of ¢ values, an
arithmetic average of all values of ¢ greater than the best
value (¢ = 7.7 X 107%) was computed. Similarly, an ar-
ithmetic average was computed for all values of ¢ less than
the best value. These arithmetic averages are shown as
error limits in Figure 7. The temperature dependence of
o was computed by finding the “best” value of ¢ at each
temperature for all fractions. The resulting variation of
o with temperature was found to be well within the limits
of error of a temperature-independent 0. Therefore, ¢ was
taken to be independent of temperature in the determi-
nation of s(7T) for L-tryptophan. The melting data for
fraction III-5 have been omitted from the analysis because
their inclusion increased the value of T considerably. Since
this fraction has a low value of DP, and a high content
of Trp, it may involve specific Trp—Trp interactions pre-
sumably not present in the other fractions.

The values of s at each temperature were found from
both the Lifson and Allegra theories, using the appropriate
“best” value of ¢, and are given in Table VI. It can be
seen that the agreement between the two approximate
theories is very good, particularly at the higher tempera-
tures.

Macromolecules

Table VI
Values of the Zimm-Bragg Parameter s for
Poly(L-tryptophan) in Water from 0 to 60 °C

s

s

T, T,
°C  Lifson® Allegra® °C  Lifson® Allegra®
0 1.104 1.123 35 1.03g 1.04g
5 1.105 1.125 40 1.027 1.029
10  1.109 1.129 45  0.99g 0.99g
15 1.094 1.119 50 0.97¢ 0.969
20  1.08¢g 1.107 55  0.954 0.945
25  1.07g 1.083 60 0.933  0.924
30 1.05g 1.065

¢ Computed with the Lifson theory, using o = 6.8 X
1073, % Computed with the Allegra theory, using o =
7.7 X 1073,

09r
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Figure 8. Plot of s vs. T for poly(L-tryptophan) in water. The
error symbols are described in section IV. The solid line is drawn
to pass through all the points.

In Figure 8 the temperature dependence of s is shown
for the Allegra theory. The error symbols on the computed
values of s are standard deviations in s at a given tem-
perature as calculated from the values of s found, with ¢
held fixed (=7.7 X 107%), when each fraction was fit indi-
vidually at that particular temperature. The values of s
calculated in this way were not found to vary in any regular
way with composition, implying that there are no discer-
nible tryptophan-tryptophan interactions in these co-
polymers. Such interactions should indeed be minimal for
“random” copolymers of the compositions employed in
these studies.

Figure 9 shows the computed melting curves, using the
best-fit Allegra values, along with the experimental points.
The error symbols on the computed curves arise from the
errors in composition (£5%) and molecular weight (£5%);
no allowance has been made for possible errors in the
Zimm-Bragg parameters for P(HPG). In all cases, the
agreement between the calculated and experimental values
of 6y, is reasonably good.

The values of the thermodynamic parameters AG® (the
free energy), AH® (the enthalpy), and AS°® (the entropy)
for the conversion of a coil residue of L-tryptophan to a
helical one at the end of a long helical sequence can be
obtained from the values of s and its temperature depen-
dence. Figure 10 shows a plot of AG® (=—RT In s) vs.
temperature with error symbols calculated from the
standard deviation in s. The enthalpy AH®,, was calcu-
lated from this plot, and the error in this quantity is de-
rived from the procedure used to find the slope of the AG®
vs. temperature curve at 20 °C. The entropy at 20 °C was
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Figure 9. Companson of the calculated melting curves obtained from the parameters of the Allegra theory (with ¢ = 7.7 X 1078 for
L-tryptophan given in Table VII and those of poly(HPG) of Table II in ref 4, with the experimental points for the copolymers in water.

The curves for poly(HPG) DP =120, DP = 220, and DP = 360 (see ref 4) are included for comparison: (A) (D) 10.5% Trp, DP
= 251, (0) 6.5% Trp, DP, = 250; (B) (a) 13.5% Trp, DP = 143, (Q) 10.6% Trp, DP = 351; (C) (A) 6.5% Trp, DP = 161, (0)

10.0% Trp, DP, = 194. The error symbols indicate errors in the calculated values of 8y, arising from the errors in composition and
chain length, See Figure 5 for additional errors in experimental points.
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Figure 10. Plot of -RT In s (i.e., AG®) vs. T for poly(L-trypto-
phan) in water. The solid line has been drawn through the points
obtained from the Allegra approximation (with ¢ = 7.7 X 107%),
The error symbols were calculated as described in section IV.

Table VII
Thermodynamic Parameters for L-Tryptophan
AG®,, cal/mol  —~59: 24 AS°,,eu —1.34 + 0.61
AH®,,cal/mol -452: 156 o 7.7x 1073

then calculated by using AG° and AH® at 20 °C. The
thermodynamic parameters at 20 °C are summarized in
Table VIIL.

The AG® vs. temperature curve has a minimum in the
temperature range 5-30 °C. In this region, where the slope
is very small, any small variation in the value of AG® (or
s) has a large effect on the computed value of AH®,
Therefore, the values of AH®,, and AS°®y presented in
Table VII should be considered only as rough estimates
of these quantities.

Comparison with Other Results. Although no pre-
vious determinations of the helix—coil stability constants
for L-tryptophan in water have been made, some qualita-
tive results have been reported. Adler et al.,*! working with
random copolymers of N®-(2-hydroxyethyl)-L-glutamine
and L-tryptophan in water (temperature not reported),
found that incorporation of L-tryptophan promoted helix

formation in the copolymers, in qualitative agreement with
our result that tryptophan is a helix former (large value
of s and s > 1 for T < 45 °C).

A quantitative measure of the tendency toward helix
formation can also be obtained from X-ray data in proteins
of known three-dimensional structure. Statistical analyses
of the conformation of tryptophan in proteins has led to
the designation of tryptophan as a helix maker.111-12¢
Unfortunately, in the case of tryptophan, a representative
analysis of this type (the frequency of occurrence of the
a-helical conformation of tryptophan) is made difficult by
the low frequency of occurrence of this residue in proteins.

Therefore, the data of these references!'®124 were re-
calculated as relative frequencies, using the procedure of
Isogai et al.'® The normalized relative frequency'? of
finding tryptophan in the helix was found to be 1.462,
based on 8 proteins,!'® 1.139, based on 15 proteins,'!® 1.368,
based on 16 proteins,'* 1,069, based on 20 proteins,'?! 1.08,
based on 29 proteins,!? 1.105, based on 16 proteins,'?
0.957, based on 26 proteins,'?* and 0.986, based on 23
proteins (unpublished data in connection with ref 125). If
this normalized relative frequency is equal to the value of
1, then the relative frequency with which tryptophan is
found in the helix is the same as the relative frequency
with which the helix conformational state is found in the
entire protein sample (i.e., tryptophan is indifferent with
respect to being in the helical conformational state). The
magnitude of the normalized relative frequency depends
on the sample size, on the choice of proteins in the sample,
and on the limits of the dihedral angles (¢, ¥) used to
assign a particular residue to the a-helical state, and these
factors may account for the variation in the values of the
normalized relative frequencies reported above.

Relative frequencies of occurrence of interior helical
states compared to all other states in proteins can be in-
terpreted in terms of the statistical weight .34 It should
be recognized that computations of values of s from fre-
quenmes of occurrence imply the assumption that ¢ = 1;
i.e., no account is taken of the influence of nelghborlng
residues when computing the frequency of occurrence of
any type of residue in a helical state. Tanaka and Scheraga
also point out!?%'?4 that any quantitative comparison be-
tween results obtained from X-ray data and those obtained
from analyses of experimental data on polypeptides is
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premature because of the present incomplete under-
standing of the effects of solvents on these parameters.

From a theoretical analysis, Finkelstein et al.!%® assigned
a value of s = 1.1 for L-tryptophan (which we interpreted,
from their context, as pertaining to 20 °C). This is in
excellent agreement with our experimental value of s =
1.10; at the same temperature.

Implications. Tryptophan is a widely distributed
naturally occurring amino acid, essential to man and many
living organisms. It contains the largest aromatic side
chain of all of the amino acids that occur in proteins and
contributes significantly to the optical, stereooptical, and
fluorescent properties of proteins.!?” Tryptophanyl resi-
dues have been postulated to be involved in enzyme ca-
talysis'?12 and substrate binding!3%13! and their spectral
characteristics are considered to be important gauges of
protein conformation.!3271% These residues may assume
a structural role in the stabilization of the three-dimen-
sional structure of a protein by interaction with other
nonpolar side chains or, as indicated by its large value of
o, may participate in the determination of or initiation of
a-helical regions in proteins.

Copolymers of poly(HPG, Trp) have been shown to be
more helical than the corresponding homopolymer
P(HPG) of the same chain length. The values of s for
L-tryptophan, deduced from the application of the theory,
indicate that L-tryptophan forms a stable helix, and the
value of o, the largest of any of the amino acids studied
thus far, except for uncharged glutamic acid, indicates that,
relative to other amino acids, L-tryptophan is a stronger
promoter of the formation of boundaries between helix and
coil states.

The effect of bulky nonpolar side chains on the stability
of the o helix has been studied by Auer and Doty'®" in
block and random copolymers of poly(L-leucine) and
poly(L-phenylalanine). L-Leucine residues were found to
form more stable a-helical systems than L-phenylalanine
residues. The relative instability of L-phenylalanine res-
idues was attributed to steric interference between the
bulky side chain of L-phenylalanine and the o-helical
backbone in a-helical poly(L-phenylalanine). Auer and
Doty proposed that L-tryptophan could be expected to
provide at least as much steric interference with the po-
lypeptide backbone as that of L-phenylalanine and would
be expected to form a less stable o helix than that of
leucine. At 25 °C, L-leucine, L-phenylalanine, and L-
tryptophan were found to have s values equal to 1.14,%0
1.07,° and 1.08, respectively.

In aqueous solutions, bulky nonpolar side chains might
also participate in favorable noncovalent interactions (i.e.,
hydrophobic interactions) between themselves, which are
capable of enhancing the overall conformational stability
of a-helical polypeptides. Auer and Doty also considered
the relative helical stability of L-alanine and L-leucine.®
In aqueous medium, the L-leucine residues form more
stable helical sequences than do L-alanine residues. Mo-
lecular models suggest that, in the « helix, side-chain in-
teractions between the isobutyl side chains of L-leucine
residues may occur, whereas none are found between the
methyl side chains of L-alanine residues. These associa-
tions form the basis for the stabilization of L-leucine res-
idues in water.

Since the side chain of L-tryptophan is large enough to
permit pairwise interactions with near neighbors in the «
helix, L-tryptophan residues may be expected to form more
stable helical sequences than do L-alanine residues. A
comparison of the values of s obtained by the “host-guest”
technique, at 25 °C, is 1.14%° for L-leucine, 1.08 (this work)

Macromolecules

for L-tryptophan, and 1.06 for L-alanine.

For L-tryptophan, a combination of these two effects,
(i) steric interference of the aromatic side chain with the
polypeptide backbone and (ii) noncovalent interactions
between the side chains themselves (hydrophobic stabi-
lization),'38139 regults in a favorable contribution toward
the overall stability of the a-helical sequences in water, as
is evidenced by the value of the helix—coil stability constant
s (=1.08) at 25 °C.
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ABSTRACT: In paper 1, we described a differential-geometric representation of protein backbone structure
which reflects the influence of both short- and medium-range interactions. In this paper, we continue our
development of this representation, particularly of its application to the comparison of protein structures.
Initially, two mathematical features of the representation are discussed. They are (a) the dependence of the
curvature (x;) and torsion (7;) on the sign of p;p;,; (where p; is the scalar product of two nonperpendicular
unit vectors at the ith and (i — 1)th a-carbon atoms, respectively), and the conditions under which p;p;4, changes
sign, and (b) the existence (and size and shape) of a gap in the (x, 7) plane, centered on the 7 axis. Both of
these features lead to discontinuities in x and , analogous to those which exist in systems with periodic boundary
conditions. Application of these results to the distribution of residues in a large protein sample in (, 7) space
reveals the existence of a continuum of bend structures, ranging from ag-like bends through flat structures
to ap-like bends. A corrected treatment of chain handedness is then given, thereby greatly increasing the
utility of the differential-geometric method for determining chain handedness. A discussion is given of the
inversion of the (x, 7) representation to recover C* coordinates, and results of such an inversion are presented
for bovine pancreatic trypsin inhibitor. We then develop a function to represent the conformational distance
between structures represented by any two points in the (x, 7) plane. The utility of this distance function
is demonstrated by comparison with a new superposition method for backbone segments composed of four
C= atoms which requires no computational optimization of superposition. The differential geometric comparison
method is applied to two specific cases: (a) the comparison of reduced and oxidized cytochrome c, treated
preliminarily in paper 1, and (b) the comparison of oxidized cytochrome ¢ and glyceraldehyde phosphate
dehydrogenase. The results demonstrate the validity and utility of the differential-geometric comparison
method. This method is then used to illustrate the detection of conformational similarity between two portions
of a protein molecule, the test case being two domains of ferredoxin. Finally, a general discussion of the
differential-geometric representation is given. It is pointed out that this representation is complementary
to other representations of protein structure in current use, in that it operates on a length scale (that of four
C* atoms) not conveniently treated by these others. It is therefore capable of revealing structural features
that are not transparently evident in other representations. In addition, it is noted that comparison of the
(x, 7) and (¢, ) representations reveals a type of degeneracy in protein folding in which a given type of structure
on one length scale can be attained in several ways through combinations of structures on smaller length scales.

I. Introduction

In the first paper in this series® (hereafter referred to
as paper 1), a differential-geometric (DG) representation
of protein backbone structure was presented. The fun-
damental unit of folding treated by this representation is
a length of backbone consisting of four C* atoms (three
virtual bonds in the virtual-bond representation). The
conformation of such a unit is described in terms of the
curvature (x;), the torsion (7;) and the two virtual bond
angles (0;, 6,4;). It was demonstrated in paper 1 that the
various types of characteristic backbone structure fall into
regions of varying degrees of localization in the («, ) plane,
independent of the virtual bond angles. It was also pointed
out that the DG representation provides a method for
comparing the local folding of two backbone conformations
at every point along the chain. The preliminary method
suggested in paper 1 involved separate comparisons of «
and of 7 of the two conformations at each residue.

In this paper, we improve the comparison procedure by
constructing a function which represents the conforma-
tional distance between two points in the (x, 7) plane and
by using this function to measure the structural similarity
of two four-C* units. For this purpose, we first develop
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a number of mathematical properties of the DG repre-
sentation. We also correct an error in the discussion of
chain parity (handedness) in paper 1, thereby greatly ex-
tending the usefulness of the DG p;p;;; for determining
local parity.

In section II, we summarize the DG notation briefly. In
section III, we begin our treatment of mathematical
questions. Two points will be covered: (1) the dependence
of x; and 7, on the sign (r;), p;p;+;, and the conditions under
which p;p;+; changes sign, and (2) the existence, and the
size and shape, of a discontinuity in the (x, 7) plane, cen-
tered on the 7 axis. In section IV, we give a corrected
treatment of parity. In section V, we discuss the inversion
of the (x, 7) representation to recover C* coordinates.
Section VI deals with the construction of the distance
function in (x, 7) space and the comparison of conforma-
tions. Two methods are presented—a superposition me-
thod which allows the determination of actual atomic
deviations between two four-C* units without the necessity
for computational optimization of superposition and the
DG method. The former is used as a standard by which
to judge the accuracy of the latter. The DG method is then
used in section VII to discuss the comparisons of several
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