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Synopsis

The circular dichroism (CD) spectra of poly-L-proline and of poly-L-glutamic acid and
poly-L-lysine in their charged states have been studied as a function of temperature.
The variation of CD spectra with temperature is inconsistent with the assignment of

- the speetrum of such charged polypeptides to an unordered chain conformation, but
does support our earlier assignment to a locally ordered structure—what we have called
the extended helix conformation. These results also strengthen our previous assignment
of the CD spectrum of an unordered chain, and indicate that three conformational states
(e-helix, extended helix, and unordered) should be incorporated in our thinking about
conformational transitions in polypeptides.

INTRODUCTION

The circular dichroism (CD) spectra of regular polypeptide chain strue-
tures, such as the a-helix, 8 pleated sheet, polyprolines I and II, and colla-
gen, are satisfactorily characterized and well accepted. There has been
controversy, however, over the assignment of the CD spectrum of the un-
ordered polypeptide chain.

Because the pH-induced cooperative transitions in many properties of
poly-L-glutamic acid (PGA) and poly-L-lysine (PL) were taken to cor-
respond to a helix-to-coil transformation, the CD spectra of the charged
forms of these polypeptides was initially believed! to represent that of a
random coil. It was subsequently pointed out? that the spectrum of dena-
tured collagen did not correspond to that of the charged polypeptides:
while the latter had an intense negative band near 200 nm and a weak posi-
tive band near 220 nm,* denatured collagen was characterized by a much
weaker negative band near 200 nm and no positive band at longer wave-
lengths. Denatured collagen was considered to be a superior model sys-
tem for an unordered chain,? and this view received support when it became
possible to produce similar spectra with poly-L-proline (PP) in concentrated
aqueous CaCl, solution.* That this is a spectrum associated with a new
chain eonformation and not with a specific salt interaction effect was shown
by the fact that the same spectrum resulted from a variety of treatments.®
This has been more recently confirmed by the fact that 64 CaCl; has no
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effect on the CD spectrum of a rigid model compound.® Finally, both
PGA and PL could also be shown to give such spectra in the presence of
salts.®

If, then, the CD spectra of charged PGA and PL are not to be attributed
to unordered polypeptide chains, what is their structural origin? We had
suggested?® that this spectrum probably arises from a local, relatively or-
dered backbone conformation, one which in this case would be expected to
result from the repulsive interactions between side chain charges. This
conformation, a roughly threefold lefthanded helical structure,® was sub-
sequently shown to be a reasonable one from energy caleulations.” 1t also
was consistent with the effect of counterions and non-aqueous solvents on
the spectrum.® It should be noted that we did not claim that electrostatic
repulsions were the only interactions that would give rise to this extended
helical (EH) structure.’ Evidence has since been obtained® that a wide
variety of factors, such as low temperature, side-chain steric hindrance in
the absence of intrachain hydrogen bonding, protonation of the backbone
by strong acids, interaction of urea and guanidine hydrochloride with
the backbone carbonyls, and interaction of monovalent cations with
the earbonyls, ean also lead toward the EH state. The fact that the CD
spectrum of poly [N5-(2-hydroxyethyl)-L-glutamine] in water’® resembles
that of charged PGA is therefore not an inconsistency, as is assumed by the
above authors.!’ Qur assignment has received additional strong experi-
mental support from the observation'? that poly(ala gly gly) can be dem-
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Fig. 1. Circular dichroism spectrum of poly-i-proline II (Sigma, molecular weight
55,000) as a function of temperature. This and all subsequent spectra were recorded in
temperature jacketed cells, using a Sproul modified Durrum-Jasco ORD-UV-5 recording
spectrometer.
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onstrated to have an EH structure and to give a CD spectrum similar to
that of charged PGA and PL.

Despite the above evidence, it has still been argued from thcoretical'®:!*
and experimental!!15—18 studies that the CD spectrum of charged PGA or
PL corresponds to that of a random chain. The forece of the theoretical
arguments is removed by more detailed calculations,'®* which show that
the predicted spectrum of the unordered chain in fact does not agree with
that observed for the charged models, but is completely consistent with
that proposed by us.*®? The experimental studies introduce no new rele-
vant arguments, and therefore derive their assignment from the earliest
proposal.!

It is clear that any additional experimental evidence and arguments re-
lating to the assignment of the CD spectrum of charged PGA and PL will
be of value in helping to resolve the above problem. In this connection we
have studied the effect of temperature on the CD spectra of some polypep-
tides which we have suggested are in the EH structure. We belicve that
the results of these studies support this assignment and confirm that the
suggested alternate assignment to an unordered chain is incorrect. In
addition, they throw light on the role of the unordered chain in conforma-
tional transitions in polypeptides.

RESULTS AND DISCUSSION

1. Poly-L-proline. The 3; lefthanded helical structure of PP II can
serve as a model for the EH conformation in polypeptides, particularly if
account is taken of the peak shifts resulting from the difference in chromo-
phore.?512  We have therefore examined the CD spectrum of PP II as a
function of temperature, and the results are shown in Figure 1 for the range
of 5° to 55°C. The change is not very large, but it is seen that the bands
are definitely more intense at the lower temperature. The question arises
as to the structural basis of this spectral effect.

Many arguments suggest that the above spectral intensification arises
from a greater chain rigidity at the lower temperature which gives rise to
an effectively longer speetroscopic unit. KExperimental studies on model
compounds show that the CD speetra of rigid molecules are, in general, more
intense than those of flexible molecules.?! Theoretical studies of CD spec-
tra as a function of helix length!?:2? also confirm that the dichroism per resi-
due is greater the longer the helix. In the case of PP it has been calculated
that the binding of water to the imide group tends to rigidify the chain.??
The heating of a solution of PP II leads to a weakening interaction between
the chain and the bound water, the PP II in fact, ultimately precipitating
as a crystalline solid at high enough temperatures.?*% At the same time,
elevated temperatures also eontribute to enhanced chain motion and flex-
ibility. Thus, all of the evidenee points to a ‘“loosening’’ of the 3; structure
PP 11 as the temperature is raised, leading to a weakening of the bands in
the CD spectrum.
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Fig. 2. Circular dichroism spectrum of collagen (rat tail tendon) as a function of
temperature. (A) native; (B) heat-denatured, at 60°C; (C) same sample as (B), cooled
to0 25°C and run immediately. (- - - is the spectrum of a film prepared from (B).)

It should be noted that this intensity change cannot be attributed to
changes in solution volume with temperature: for the 50°C change shown
in Figure 1 the intensity change is expected® to be about 79, whereas the
actual change is about 15%,. This is further substantiated by studies on
collagen (compare Fig. 2). We find (see Fig. 2A) that when native eollagen
is heated from 5° to ~37°C no change occurs in the CD spectrum (the
volume change over this temperature interval is expected to be about 49,
which is within experimental error). Furthermore, any general changes in
bandwidth with temperature must be minimal over such a temperature
range, since we see no significant change in the CD speetrum. It appears
that the integrity of the triple-helical structure is maintained prior to dena-
turation, and in the absence of conformational changes the CD spectrum is
influenced relatively little by temperature. If collagen is heated above
40°C it denatures, and the CD spectrum is a good approximation to an
unordered chain25 (compare Fig. 2B). Similar results have been obtained
recently.? The CD spectrum is somewhat sensitive to temperature (com-
pare Fig. 2C), in a manner consistent with early optical rotation measure-
ments on many molecules,? but this probably arises from small changes in
conformational equilibrium with temperature. As we have noted before,®
there is no single characteristic unordered structure, and therefore CD
spectra are expected to vary somewhat, particularly in band intensities, as
a function of the details of chain conformation. It is interesting to note
that the CD spectrum of collagen is positive below about 184 nm. This



CIRCULAR DICHROISM 2313

0
5 ! | | ] 1
200 220 240 A (om)

Fig. 3. Circular dichroism spectrum of poly-L-glutamic acid, New England Nuclear (at
pH 7) as a function of temperature.

had not been reported before, but is consistent with the form of CD curve
predicted!®-® for an unordered chain.

2. Poly-L-glutamic Acid. The effect of temperature on the CD spec-
trum of charged PGA is shown in Figure 3. Again we see that lowering
the temperature results in an intensification of the spectrum, a result which,
by analogy with PP II, we interpret as arising from a rigidifying of the
structure. At elevated temperatures the spectrum weakens, as well as
changing its shape.

These results reveal the difficulty in attributing the characteristic spec-
trum of charged PGA to an unordered chain conformation. If such an
assignment were appropriate to the 5°C spectrum, then we face the para-
doxical situation that raising the temperature to 25°C, which should give
rise to a more random structure results in a weakening of the spectrum. In
fact, as the temperature is raised to 55°C (see Fig. 3) the spectrum departs
dramatically fromits form at 5°C. Thisis hardly consistent with an assign-
ment of the 5° spectrum to an unordered chain, but this behavior is in
agreement with an assignment to a more regular, viz., the EH, structure.

The above temperature behavior, on the other hand, is entirely consistent
with our previous assignment of the CD spectrum of the unordered poly-
peptide chain.4* Asthe temperature is raised, we expect that an increasing
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Fig. 4. Circular dichroism spectrum of poly-1-lysine, New England Nuclear (at pH 7
as a function of temperature.

proportion of the chains will develop unordered conformations. The CD
spectrum will then consist primarily of a superposition of the CD spectra of
unordered and of EH conformations. The exact form of this curve will
depend on the detailed CD curves taken for these structures (and, of course,
on the possible presence of small amounts of a-helix or other specific con-
formations), but the curves in Figure 3 for 40°C and 55°C are of the shape
and magnitude expected from such a combination.

It should be noted that the above curves are not likely to be a result of a
mixture of only a-helix and EH conformations. In the latter case, such as
conversions produced by a change in pH, there is an isodichroie point at
about 204 nm. For the temperature effect there is no isodichroic point
but a region of crossover, and this oceurs at longer wavelength (206-209 nm).
Thus, at least three states are probably involved: the a-helix, the EH, and
unordered conformations.

3. Poly-L-lysine. The temperature effects on the CD spectrum of the
charged form of PL are similar to those for PGA (see Fig. 4). In addition,
data on the degree of dissociation of charged PL as a function of tem-
perature?® show that this does not change over the temperature range in
which we observe changes in the CD spectrum. This shows that the latter
changes do not arise from a change in pK with temperature (which we also
assume to be the case for PGA). It should be noted that although no
changes in optical rotatory dispersion with temperature were observed,?®
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Fig. 5. Circular dichroism spectrum of poly-1-aspartic acid, New England Nuclear (at
pH 7) as a function of temperature. (5°C curve is below 55°C at A = 198 nm.)

this is not inconsistent with our results sinee CD is a much more sensitive
technique.

4. Poly-L-aspartic Acid. This polypeptide, when charged, does not
give the normal two-band spectrum of the EH conformation?® (see Fig. 5).
Yet when the temperature is lowered from room temperature to 5°C the
spectrum of the EH conformation is approached (compare Fig. 5). This
behavior is consistent with the interpretation which we have given above.

In conclusion, the temperature variation of the CD spectra of charged
PGA and PL is inconsistent with their being in an unordered state but does
support their assignment to a local EH conformation.?* On the other hand,
these spectral variations do lend additional support to our earlier assign-
ment of the CD spectrum of the unordered polypeptide chain.#5 It should
be noted that the temperature variations of the CD spectra of various se-
quential polypeptides!?.?7-3.31 gre in complete agreement with the conclu-
sions reached here.

The recognition that the unordered and EH structures are different
conformational states has important implications with respect to “helix—
coil transitions.” It suggests that we should incorporate a third struc-
tural state in the considerations of conformational transitions. Thus,
the pH-induced transition in PGA or PL involves a transformation between
a-helical and EH structure, but a certain fraction of the conformations
consist of unordered states, the fraction increasing with temperature.
Other experimental results, such as the optical behavior of poly-y-benzyl-L-
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glutamate in different dichloroacetic acid-ethylene dichloride mixtures as a
function of temperature,3? also seem best explained by assuming that a truly
unordered state is approached only at high temperatures. An extrapola-
tion of the bo data of different homologs of poly [N5-(2-hydroxyalkyl)-L-
glutamine] of differing alkyl side chain length as a function of tempera-
ture®® again indicates the existence of three structural states with the un-
ordered only existing at high temperatures. While a two-state helix—coil
theory is clearly more attractive, experimental evidence requires the in-
clusion of three conformational statesin real polypeptide systems.
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