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tial energy functions may be small in the range in which they are usual-
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scribing the proline geometry in our previous paper,!® the position of
the C# atom also changes slightly as ¢ is altered by —7.4° from —67.6 to
—75.0°. However, the dominant puckering of the pyrrolidine ring may
be described as “C” puckering” because x! is altered by 24.8° from the
up (=6.1°) to the down (18.7°) ring conformation, which is larger than
the variation (—7.4°) in ¢. This discussion will not change any other
part of our previous paper.!®

Uniform pseudo-random numbers were generated by using RANDU of
the IBM Scientific Subroutine Package.
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ABSTRACT: Phenomenological theories of the form I = form II interconversion in poly(L-proline) have been pre-
sented by Schwarz (using the parameters s, o, 8/, and 87 in a 2 X 2 matrix formulation) and by the present authors
(using the parameters s, g, B¢, and Bx in a 4 X 4 matrix formulation). In addition, a molecular theory was developed
to compute s, o, 3/, and 3” under vacuum. In this paper, we take into account the effect of solvent on the parame-
ters s, o, 8/, and 8” of the isothermal poly(L-proline) form I = form II interconversion. The growth parameter s is
sensitive to the binding of solvent molecules to the peptide CO groups, but the nucleation parameters o, 8, and 8"
are not affected by this type of solvent effect. The calculated values of s and ¢ under vacuum are in good agreement
with the corresponding values derived from experimental data. By combining the theoretical values of s, o, 8/, and
8 under vacuum with experimentally determined equilibrium constants for the binding of alcohols to the peptide
CO groups (which differ in magnitude for form I and form II), it was possible to reproduce the experimental transi-
tion curves satisfactorily. Alternatively, the binding constants for alcohols, obtained by combining our theoretically
computed parameters under vacuum with experimental equilibrium transition curves, are in satisfactory agreement
with those evaluated independently by infrared spectral measurements of the binding of alcohols to the peptide CO
groups. It is pointed out that significant errors may arise in analyzing experimental data if short chains are includ-
ed with long chains in the determination of s, o, 8/, and 8 from the equilibrium transition curves. The transition of
poly(L-proline) from form II to form I when n-butyl aleohol is added to a solution of the polymer in benzyl alcohol
is brought about by the slight difference in the binding free energies of both alcohols to the carbonyl groups of form
I1. The different binding affinities of the two alcohols, ROH, to form II may arise from (a) the different hydrogen-
bond strength between the alcohol and the proline carbonyl group, and (b) possible differences in nonbonded and
electrostatic interactions between the R group and the binding-site environment of the proline carbony! group. The
greater binding affinity of form II (compared to form I) for a given alcohol is attributed to the more open and ex-

tended conformation of form IL

In accompanying papers, we considered the phenomenol-
ogical theory (paper I3) and a molecular theory in the ab-

sence of solvent (paper II¢) for the form I = form II inter-
conversion of poly(L-proline). In this paper, we consider
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the effects of solvent on this transition. Reference to equa-
tions in papers I and II will be made as I-1, II-1, etc.

~ More specifically, in paper I, we presented Schwarz’s
phenomenological theory® (using the parameters s, o, &,
and 8” in a 2 X 2 matrix formulation) and ours (using the
parameters s, g, 3¢, and 8x in a 4 X 4 matrix formulation),
and showed that both treatments are equivalent. In paper
II, we formulated a molecular theory for s, o, 8/, and 87,
and computed these quantities under vacuum. We now
consider the influence of solvent on s, ¢, 8/, and 8" at con-
stant temperature.

In paper II, we discussed the three types of solvent effect
on the poly(L-proline) transition, viz., (1) direct binding of
solvent molecules to the functional groups of the polymer,

.i.e., to the CO groups of poly(L-proline); (2) effect of the
solvent on the intramolecular interactions of the polymer
chain, e.g., the effect of the dielectric constant on electro-
static interactions; and (3) mutual effect of the solvent and
polymer on each other, e.g., hydrophobic bonding in aque-
ous solution. It was concluded in paper II that a type 2 sol-
vent effect has little influence on the parameters s, o, 8,
and 8" since the form I = form II interconversion takes
place over a very narrow range of solvent composition in
which the dielectric constant varies very little, and that a
type 3 solvent effect cannot play a significant role if this
transition occurs in organic solvents. However, a type 1 sol-
vent effect can influence the value of s (see eq II-41), but
not those of 8/, 87, or o (see eq II-42 to II-44). In fact, the
values of ¢ calculated for chains of regular down® and regu-
lar up® ring puckering (under vacuum) are in good agree-
ment with those observed experimentally in organic sol-
vents (see section IIIC of paper II). Furthermore, the form
I = form II interconversion takes place with a preserva-
tion* of D ring puckering,® without any contribution from
U,® random A or random B® puckering. Therefore, our
primary interest in this paper is on the effect of solvent on
s, B, and B” for chains with regular D puckering; i.e., D
puckering will be assumed in all computations in this
paper, except where we compare the calculated value of s
for a chain (under vacuum) with regular U puckering with
the “observed” value under vacuum.

In section I, we compute the effect of solvent on s direct-
ly from observed transition curves. In section II, we com-
pute the same quantity, making use of equilibrium binding
constants from infrared data. In section III, we compare
the results of sections I and II, and show the reasonable-
ness of the computed values of s, 8/, and . In section IV,
we compare the values of s computed theoretically with
those determined from experiment. In section V, we com-
pare the computed and experimental transition curves and,
in section VI, we provide some additional comparisons with
experiment.

I. Evaluation of s®) from Experimental Transition
Curves

Ganser et al.” studied the solvent-induced transition be-
tween forms I and II of poly(L-proline) in n-butyl alcohol
(BU):benzyl alcohol (BA) and n-butyl alcohol (BU):trifluo-
roethanol (TFE) mixtures. The transition behavior of this
polymer can be described by five parameters, viz., s [or s(®)
in solution; see the definition of s in eq I1-41], ¢, 8, and
B”, and the degree of polymerization, N. The value of N
was determined independently; ideally, the molecular
weight distribution should also be determined since it in-
fluences the transition curve significantly, especially in
samples of low molecular weight (see the next paragraph).
The four other parameters were determined by fitting” the
experimental transition data with the theory of Schwarz® in
terms of s [or s, o, 8, 87, and N, using eq 1-42 or I-81.
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We assume that the values of ¢, 8, and 8", computed
under vacuum,? also apply in solution® (see eq 11-42 to II-
44). In this section, we compute s by using the theoretical
values* of ¢, &, and 8" and adjust s® as a function of fgy
(the volume fraction of n-butyl alcohol, BU, in a mixture of
this alcohol with benzyl alcohol, BA) until we obtain a best
fit of the computed (eq 1-81) and experimental? transition
curves at 70°. In this computation, it must be realized that
experimental data for short chain lengths are unreliable for
two reasons: (1) heterogeneity of molecular weight has its
largest effect for shorter chains, and (2) the end groups of
the chain may contribute nonnegligible effects in short
chains, even if there were no molecular weight heterogene-
ity. Thus, in the curve fitting procedure, we gave greater
weight to longer chains, and omitted the data from the low-
est molecular weight sample (N = 14) of Ganser et al.” The
resulting best-fit curves are shown by solid lines in Figure
1, where the fraction of form I is plotted against fgy. The
computed relationship between s} and fgy, which yielded
the best-fitting curves of Figure 1, is shown as a solid curve
in Figure 2.

I1. Evaluation of s, Using Binding Data

A. Binding Data from Infrared Measurements. We
can obtain s in an alternative manner by combining the
theoretical values of s under vacuum with equilibrium con-
stants for binding A and B molecules (i.e., BU and BA) to
the peptide CO groups; these equilibrium constants were
obtained independently by infrared spectral measure-
ments, 10

From eq I1-37, I1-38, and II-41 (with { = 2), s in a bina-
ry solvent mixture is

1 + K'a, + Ko
) A4 5B 1)
S T+ K%, ¥ K0, (

where as and ap are the activities of BU and BA, respec-
tively. The activities of n-butyl alcohol in benzyl alcohol
were measured’ as a function of the mole fraction of n-
buty! alcohol and a relation was obtained? to convert mole
fraction to volume fraction, f. Thus, as and ag may be ex-
pressed in terms of fgy and fpa, respectively. The equilib-
rium constants for binding BU and BA to the peptide CO
group in forms I and II, K'gy, KMgy, Klga, and Kllga, were
estimated from infrared spectral measurements.10 Actual-
ly, the measurements were made on forms I and II of
poly(o-acetylhydroxyproline)® (models for cis and trans
proline, respectively) and cyclo(tri-L-proline)1© (a model
for cis proline), but we may assume that they pertain to
poly(L-proline). According to Strassmair et al.? and Knof et
al.,!0 the binding constants at 25° are

Kl'yy =6 (2)
K'ga =86 (3)
KMy, = 15 (4)
K'pa = 20-30 (5)

in units of (mole fraction)~1. As in the analysis of the ex-
perimental data,®!® we also assume that the binding con-
stants are independent of temperature, in order to compare
the results obtained from infrared measurements at 25°9.10
with those obtained from the transition equilibrium studies
at 70°.7 Substituting the values in eq 2-4, and K'lgs = 30,
in eq 1, together with a value of s = 3.26 (from Table VIII
of paper II#), we calculate s as a function of fgi. The re-
sults are given by the dashed curve of Figure 2. Another
curve for s vs. fpy (the short and long dashed curve in
Figure 2) was computed by using the values in eq 2-4, but
with Kllga = 25 and s = 3.26.
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Figure 1. Transition curves of poly(L-proline) in n-buty! alcohol:
benzyl alcohol at 70°. The fraction of form I helix, 6, is plotted
against the volume fraction of n-butyl alcohol, fau. The experi-
mental points are shown for the degree of polymerization N = 217
(0), N=90(0), N = 33 (a),and N = 14 (®), quoted from Figure 5
of ref 7. The solid curves were obtained by the fitting method for
treating experimental data, described in section 1. The dashed
curves were calculated by combining the theoretical values of s, o,
B, and 8" (for D puckering) with the binding constants of eq 2—4
and KUg, = 30 from infrared spectral measurements.>'® Curves
—--and --- - for N = 14 were obtained by methods similar to
those which gave the solid and dashed curves, respectively, except
that o = 4.57 X 1072 was used for N = 14 (given in Table I) instead
of o = 9.12 X 10™* for infinite chain length (given in Table IX of
paper I14). See section V of the text for more details.

Equations 2-5 mean that the binding of BU and BA mol-
ecules to the peptide CO group is about 2-4 times larger
when the polymer is in form II than when it is in form L
This appears reascnable in terms of the minimum-energy
structures of these two helices in Figures 3 and 4 of paper
I1.4 The carbonyl groups are almost perpendicular to the
helix axis in form II, while they are almost parallel to the
helix axis in form L. It is obvious that the carbonyl groups
in form II are much more exposed to the solvent than in
form I, where a carbonyl group is shielded by three pyrrol-
idine rings and two neighboring carbonyl groups (Figure 3
of paper II). This steric effect is probably the most impor-
tant factor affecting the binding of small molecules to the
peptide carbonyl groups in poly(L-proline); the polarizabil-
ity of the carbonyl groups may also depend on the confor-
mation of the chain. It is more difficult to account for the
fact that Klga > Klgy. However, it is this inequality, i.e.,
the better binding of BA than BU to form II, that favors
form II at high concentrations of BA. It can be shown that
this (small) difference in binding free energy (leading to
only a small change in solvent binding at a sufficiently high
value of fBa, viz., that in the transition region) is sufficient
(because of the cooperativity of the transition) to lead to
form II. When fgy increases, the solvation term in eq 1
changes in such a way that s increases (see Figure 2) and
form II is converted to form 1. Perhaps the reasons that
KUgas > KUgy are: (a) the hydrogen-bond strengths be-
tween the proline carbonyl group and the two alcohols
(ROH) may differ, and/or (b) there may be differences in
nonbonded and electrostatic interactions between the R
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Figure 2. Dependence of the growth parameter s® in n-buty! al-
cohol:benzyl alcohol mixtures on the volume fraction of n-butyl al-
cohol, feu. The solid curve was obtained by the best-fit method for
treating experimental data, described in section I, in which the
theoretical values of o, &, and 8 are used. The dashed curve was
obtained by combining the theoretical value of s with the binding
constants Klgy = 6, Klga = 6, KUgy = 15, and Kllgy = 30, which
were determined by infrared spectral measurements.?1® The curve
of — - — was obtained by using Klgy = 6, Klgs = 6, K'gy = 15, and
Klgs = 25.

group and the binding-site environment of the proline car-
bonyl group.

B. Determination of Relative Binding Constants
from Transition Data. Instead of using the infrared data
to obtain the binding constants, we can obtain their rela-
tive values, using a procedure of Ganser et al.,” by combin-
ing our theoretical values of ¢, 8, and #” and the solid
curve of Figure 2,

Ganser et al.” found a linear relationship between activi-
ty, a, and mole fraction, x, in the range of composition of
the transition, i.e.

A, = 0 + 8,x, (6)
ag = ap + Ogxg (7

where o and § are the intercept and slope, respectively, of
the approximately straight line. The relation between x4
and fa (volume fraction of A) is given? by

xa = tha/l1 = fall = 1] (8)

where t denotes the ratio of the molar volumes of solvent B
and solvent A.

Substituting eq 6-8 for the corresponding quantities of
eq 1, we obtain

s = 71 +fAQ)/(1 + /aR) (9

where

P-zsl"'}grAaA"'Ki:Ia(aB*'&s)
1 + KV a, + K'g(ag + 0p)

(10)

(t = 1) + K'[tla, + 0, — aa) +
Klgltag — a5 — 85] (11
1+ Klya, + K'y(oy + 8y)
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(b= 1) + KM [Ha, + 6, — a,] +
KM [tag — ag — 65] (12)

1+ K%, a0, + KM (ag + 6p)

R =

By varying P, Q, and R to obtain a best fit of eq 9 to the
solid curve of Figure 2, we obtain the values: P = 0.79, @ =
—0.61, and R = —0.85. The values of the a’s and §’s can be
obtained from Figure 3 of ref 7. Substituting these values
of P, @, R, aa, ag, 64, and g in eq 10-12, the following rela-
tions among the binding constants are obtained:

Ky, = 0.23K';, — 0.76 (13)

K'py = 0.63K"5y — 0.37 (14)
and

K, = 6.9K",, + 5.9 (15)

Equations 13-15 agree with the conclusions from eq 2-5
that the equilibrium constants for the binding of BU and
BA molecules to the peptide CO groups of form II are
about 2—4 times greater than those of form I.

III. Comparison of Values of s(®

We now compare the s& vs, fgy curves obtained by the
procedures of sections I and II. It can be seen in Figure 2
that these curves are sensitive to the experimental value of
Klga. Also, both the solid curve (obtained by the proce-
dure of section I) and the dashed curve (obtained by the
procedure of section II, with Kz, = 30) coincide reason-
ably well, not only in their intercepts at s = 1, but also in
their shapes in the important region of the transition (0.9 <
s'8) < 1.15). The latter coincidence implies that the theoret-
ical values® of 8’ and B” are reasonable. Also, the theoreti-
cal values of s, which led to these values of s®), are also rea-
sonable.

IV. Comparison of Theoretical and Experimental
Values of s

The coincidence of the two curves at s® = 1 implies that
our theoretical value of s = 3.26 at 70° is reasonable. This
result may be considered in another way. In section II, we
used the theoretical value of s, together with theoretical
values of o, 8/, and 8" and experimental binding constants,
to obtain s®. However, an “experimental” value of s may
be estimated using only experimental quantities. An exper-
imental curve for s® vs. fgy was derived from the equilib-
rium transition curves.” Applying eq 1 to this curve (using
the experimental binding constants), s was varied to obtain
a best fit to this s(® vs. fgu curve. The resulting value of s is
an “experimental” one. By this procedure, Strassmair et
al.? obtained s = 2.7 and 2.9 at 70° in BU:BA and in BU:
TFE mixtures, respectively. If we take into account the ex-
perimental errors and also the assumptions that the activi-
ty is equal to the mole fraction, that the equilibrium con-
stants for the binding of these alcohol molecules to poly(o-
acetylhydroxyproline), cyclo(tri-L-proline), and poly{(L-
proline) are the same, and that the binding constants are
independent of temperature, then our theoretical value of s
= 3.26 at 70° (for regular D puckering) is in reasonably
good agreement with the experimental one.

Since our theoretical value for a chain with regular U
puckering is s = 0.65 at 70° (Table VIII of paper II4), it is
suggested that the puckering in poly(L-proline) is regular D
rather than regular U. As can be seen from eq 1, if s = 0.65,
the binding of the alcohol molecules to form I would have
to be greater than that to form 11 to make s = 1 at fgy =
0.55 at 70°, which is contrary to the results of the infrared
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data (eq 2-5); this also suggests that the ring puckering
cannot be regular U.

Finally, the reproduction of the curvature of the §; vs.
fBU curve in the transition region (see section V), using the
experimental values of the binding constants (i.e., eq 2-4
and K'gs = 30), attests to the reasonableness of the theo-
retical values of s, ¢, §’, and 8" (with regular D ring pucker-
ing).

V. Computation of Transition Curves

We may now compute the transition curves for N = 217,
90, and 33 (using eq I-42 or 1-81) by combining the theoret-
ical values of s, o, 8/, and 3 at 70° with the binding con-
stants of eq 2-4 and K''gy = 30. As seen in Figure 1, the
agreement between the calculated curves and the experi-
mental points is satisfactory for N = 217 and 90. The dis-
agreement for N = 33 may be due to experimental errors,
molecular weight heterogeneity, and relatively large end ef-
fects at this low molecular weight.

There is another possible reason for the discrepancy at
low molecular weight, especially for the very short chain, N
= 14, but also for N = 33. It can be seen in Figure 6 of
paper II* that f, + fy, which gives the enthalpic contribu-
tion to ¢ (see eq II-25), converges slowly as the number of
residues, n, increases, while —R In g1g2, which gives the en-
tropic contribution to o (see eq II-26), converges rapidly.
This is also shown by comparing Table I of this paper and
the first row of Table IX of paper II.# Thus, ¢ should de-
pend considerably on chain length in the range of short
chains, because of the dependence of AH, on n. The values
of AH, and AS, for n = 12, 14, and 30 are given in Table I,
the data for which were computed in exactly the same way
as the data of Table IX of paper II for infinite chains. It
can be seen that the values of AH, for short chains differ
considerably from those for infinite chain length. [Paren-
thetically, it should be noted that 8’ and 8 do not depend
on chain length because f; — f2 — 2jfo (which gives AH 4 at
sufficiently large chain length; see eq 11-28), f3 — f4 — 2jfo
(AHgv; see eq I1-35), {—R In (g1/g2) + 2JR ln go} (ASy; see
eq I1-29), and {—-R In (g3/g4) + 2/R In go} (ASy; see eq II-
36) are constants or converge rapidly at small values of n;
furthermore, s also converges rapidly at small values of n
because fo of Figure 5 of paper II (which gives AHj; see eq
I1-18) and go of Figure 11 of paper II (which gives AS;; see
eq II-19) converge rapidly.] The behavior of AH, suggests
that ¢ values for infinite chain length should not be used in
analyzing data for short chains. Indeed, if we use o = 4.57
X 1073 for n = 14 at 70° (see Table I) instead of the infi-
nite-chain value of 9.12 X 104 (see Table IX of paper 114
in computing 61 (using the infinite-chain values of s, 8/, and
8”) we obtain better agreement with the experimental data
for N = 14, as seen in Figure 1. The use of the infinite-
chain value of ¢ = 9.12 X 10~4 for N = 14 leads to a curve
in which the values of §; are much lower in the range of fgu
> 0.7, compared with the curve drawn in Figure 1.

In the helix—coil transition in homopolyamino acids, a
nucleation parameter, o, assigned to a hydrogen-bonded
state followed by (m — 1) helical states may depend on the
number m. However, in the Zimm-Bragg theory,!' a
unique value of ¢ (independent of m for m = 3) was as-
sumed for the sake of simplicity. If 5, determined for long
chains, is used to compute a transition curve of a very short
chain, that latter would exhibit a transition which may be
described as of the all-or-none type (see the discussion of
chapter 2 of ref 12). Now, by observing only the equilibri-
um phenomenological properties of a polyamino acid sys-
tem, it is impossible to know the exact distribution of con-
formational states of the system. In other words, one can-
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Table I
o for Finite Chains of Poly(L-proline)
No. of proline® fog
residues in a AH,, keal/ AS,, eu/
sequence, n mol sequence mol sequence at 25° at 70°

12 4.03 1.60 2.50 x 107° 6.09 x 1073
14 4.22 1.60 1.80 x 1073 4,57 x 1073
30 4,71 1.60 7.06 x 107 2.03 x 107°

@ For poly(L-proline) sequences with regular D ring puckering conformations.

not determine, for example, whether an observed average
phenomenological property arises from a large number of
states or simply from the two states of the all-or-none type,
because both distributions might lead to similar average
(equilibrium) properties. For oligomers of L-proline, mixed
conformations of trans and cis in a molecule have been ob-
served by NMR experiments,!3 and also computed theoret-
ically.14 This observation implies that the form I = form II
interconversion may not be of the all-or-none type for very
short chains. It thus suggests that the parameter ¢ has to
depend on chain length for short chains; i.e., the infinite-
chain value of ¢ should not be used in describing the transi-
tion in short chains of poly(L-proline).

VI. Additional Comparisons with Experiment

In principle, similar data in BU:TFE mixtures’ could be
analyzed in the same manner. However, we have not done
so because they are not very extensive and pertain to short
chains, thus making them less reliable than the data in
BU:BA mixtures. Alternatively, in this section, we provide
some additional discussion of the following three aspects of
the experimental results of Ganser et al.” in light of the
present theoretical results. (1) According to their analysis,
the values of 8’ are 5 X 1072, <1076, and 9 X 1074, and the
values of 87 are 5.6 X 1072, 5 X 103to 5 X 104, and 1.5 X 104
in BU:BA at 70°, in BU:TFE at 70°, and in BU:TFE at 25°,
respectively, from which they concluded that 8’ and 3" are
affected significantly by solvent effects. On the other hand,
o is 107% in BU:BA at 70°, 10~ to 10~% in BU:TFE at 70°,
and 5 X 1076 in BU:TFE at 25°, from which they conclud-
ed that o is independent of solvent. In obtaining these re-
sults, Ganser et al.” gave the same weight to data for short
chains (N = 12 and 14) as well as for longer ones. (2)
Whereas the experimental curves for s® vs. fgy in BU:BA
and BU:TFE, respectively, must intersect at 100% BU
(since s®) must be the same in pure n-butyl alcohol no mat-
ter what solvent mixtures are used), this was not the case in
the data of Ganser et al.” (see Figure 8 of ref 7). (3) Strass-
mair et al.9 obtained two curves for In s® vs. fgy for the
BU:TFE system, one by varying s, g, 8, and 8” indepen-
dently to obtain a best fit to the transition curves of Ganser
et al.,” and the other by combining binding constants®1°
with the value of s obtained by suitable adjustment, using
eq 1. These two curves for the BU:TFE system did not
agree with each other, even though the two curves for the
BU:BA system (obtained by the same methods) did (see
Figure 5 of ref 9). It appears to us that the data in the
BU:BA system are more reliable because they were ob-
tained with longer chain lengths. The behavior in point 3 is
related to the discrepancy indicated in point 2, and proba-
bly arises from the nonnegligible end effects of the low mo-
lecular weight samples studied in the BU:TFE system.
Point 1 is discussed in the next paragraph.

Consider point 1, i.e., the conclusion” that 8’ and 8" de-
pend on the nature of the solvent, but ¢ does not. In paper
11,4 we concluded that 8/, 37, and o are unaffected by a type

1 solvent effect (see eq 11-42 to I1I-44). While we anticipated
that 3, 8”, and ¢ would be unaffected by type 2 and type 3
solvent effects, nevertheless the possibility does exist that
type 2 and type 3 solvent effects might affect these quan-
tities. However, if they do, then they should affect all three
quantities which are related through ¢'1, o’11, ¢’’1, and ¢'11
(see eq I-63-1-65). Thus, it was inconsistent to conclude’
that ¢ is unaffected by solvent, and then to say? that 8’ and
8" are influenced by type 2 and type 3 solvent effects; i.e.,
one cannot attribute different solvent effects on the nu-
cleation at the ends of a sequence compared with the nu-
cleation of an isolated residue in the interior of a sequence
(see eq I-63 to 1-65). As to the end effects, which cannot be
neglected, especially in short chains, one might define new
parameters ey and ec for the N and C termini, respectively,
differing from 8’ and 8" in that they would not be related
to o by eq I-63 to 1-65. These new parameters could then
include explicitly special solvation effects at the ends of the
chain, in addition to the absence of interactions from the
missing neighboring residues (see section IA of paper I9).
Then one could account for special solvation end effects,
especially in short chains. In fact, ex and ec could then in-
clude even a type 1 solvent effect (special binding by end
groups) which does not appear in 8’ and 3”. We believe that
the apparent solvent effects on 8’ and 8", obtained by Gan-
ser et al,” who included short chains in their analysis, may
be the result of identifying 3’ and 8” with ey and ec, as al-
ready pointed out above in the discussion of points 2 and 3.
For this reason, we cannot compare our theoretical values
of 8’ and #” with the experimental values that Ganser et
al.” observed in the solvent system BU:TFE at 70° (i.e., 8
<1076 and 5 X 103 < §8” < 5 X 10*) and BU:TFE at 25° [§
=9 X 107* and 8”7 = 1.5 X 10%]. As we had already conclud-
ed in the first paragraph of section III, our theoretical
values of 8’ and 8" are reasonable; these values (given in
Tables X and XI of paper II) agree qualitatively with those
observed in the BA:BU system (8’ = 5 X 10~2 and 8" = 5.6
X 1072) in that 8 < 1 and 8” < 1, because samples of longer
chain length (with negligible end effects) were used in the
study in the BA:BU system. The remaining discrepancies
may arise from the method of treating the data; i.e., we
omitted the data from the lowest molecular weight sample
in our analysis, whereas Ganser et al.7 gave equal weight to
all chain lengths in their analysis. Thus, short chains
should not be used in obtaining the phenomenological pa-
rameters s®, o, #, and §” from experimental transition
curves. A statistical mechanical theory of the form I =
form II interconversion including ey and ¢c in addition to s,
g, ', and 8", where 8’ and 8" pertain to both ends of a se-
quence, and ey and ec to both ends of the chain, was for-
mulated in section IA of paper 1.3 These parameters could
be evaluated if the structure of the terminal groups and the
nature of their interactions with solvents were known.
However, in the analyses presented thus far,” 8’ and 3,
and ey and ¢¢, are not distinguished.

Finally, we consider an additional point, which is related
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to the above discussion. As can be seen in Figures 5 and 7
of ref 7, the transition curves for the BU:TFE system cross,
but those for the BU:BA system do not. This crossing phe-
nomenon cannot be accounted for by the Zimm-Bragg
theory,!! but can be by the theory presented in paper 1.3 In
principle, it is possible to produce transition curves of vari-
ous shapes by varying 8" and 8", and the chain length N, as
shown by Schwarz;? this cannot be done with the single ini-
tiation parameter of the Zimm-Bragg theory. However, we
cannot conclude from the different behavior in Figures 5
and 7 of ref 7 that 8’ and 3” differ in the BA:BU and BU:
TFE systems. Alternatively, different end-effect parame-
ters, ¢ and ey, for the short chain length samples in the
BA:BU and BU:TFE systems can produce transition curves
of different shapes, in the same way that Schwarz obtained
transition curves of various shapes by varying 3, 87, and N.
Thus, ey and ¢ would differ for the two systems, as dis-
cussed under point 1 above, and we thus attribute the dif-
ferent behavior in Figures 5 and 7 of ref 7 to ¢y and ¢c; 8
and 8 are probably independent of solvent in these sys-
tems.

VII. Concluding Discussion

In previous sections, we compared the theoretical results
with experimental ones. In this section, we discuss other
theoretical studies related to the present one. As far as we
know, the only related studies are those of Ganser et al.,’
Holzwarth and Backman,!®> and Holzwarth and Chan-
drasekaran,!® all of whom tried to calculate the conforma-
tional energy of sequences with and without a junction, and
related this to the parameter ¢. It appears that no other
calculations of s, 3, and 8" have been reported. In the pre-
vious calculations of ¢,71518 only the conformational ener-
gy, and not the entropic contribution, was evaluated. Since
the entropic contribution to ¢ amounts to about —1 to +1
kcal/mol (in the form TAS,) under the usual experimental
conditions, this contribution cannot be neglected in deter-
mining values of ¢ in the range of 1073 < ¢ < 1078, which
corresponds to AG, = 4 to 7 kcal/mol. Further, the previ-
ous authors? 1516 did not allow for ring puckering, and did
not minimize the conformational energy to determine the
most stable form 1 and form II helical structures.
Holzwarth et al.1516 attributed the source of cooperativity
in the poly(L-proline) transition to the electrostatic inter-
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action energy. However, we find that the electrostatic ener-
gies are almost the same for the minimum-energy form 1
and form II helices (see Table II of paper 114). It is the non-
bonded interaction energies, especially the attractive inter-
actions in the compact conformation of form I, that play
the important role in determining the relative stabilities of
the helical conformations of poly(L-proline) under vacuum
(and possibly in nonactive solvents).

Finally, keeping in mind the caveats of ref 16 and 36 of
paper I1* it should be possible to calculate the effect of
temperature on the transition, and the dependence of the
transition temperature on solvent composition. For this
purpose, it would be necessary to know the temperature
dependence of the empirical energy functions, of the bind-
ing constants, and of the activities of the various solvents
in the given mixtures. With this information, the treatment
presented here could be extended to account for data on
the thermally induced transition of poly(L-proline) in
mixed solvents.
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