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Highly protonated poly(-glutamic acid) is predominantly
a-helical in agueous salt solutions, whereas the fully charge
poly(L-glutamate) polyion is randomly coiled. Potentiometric
titration of poly{-glutamic acid) with base therefore allows one
to sweep through the entire helixoil transition at a given
temperaturé~* Such titration curves reveal four distinguishable
regions as the solution is brought from highly acidic to more

d

basic pH. These have been interpreted as a region of aggrega-

tion (A), a region of helical, but dispersed, polymer (H), a
transition region (HC), and a region of random coil {S}'

These titration curves have been used to determine the

standard free energy, entropy, and enthalpy changes for transi
tion of theunchargedpoly(L-glutamic acid) from helix to coit:*

Recently, these long-extant thermodynamic data were used to
raise certain questions concerning older and newer literature

values for helix propensity, a highly significant quantity in
protein-folding studie8. However, the possibility exists that
poly(L-glutamic acid) is not molecularly dispersed, even in the
pH region earlier identified as comprising only single-chain
helices® If, in fact, aggregates persist in that region, then
dissociation free energies would contribute an unknown amount
to the observed free energies earlier ascribed solely to the-helix
coil transition.

In the original titration study of interest, the molecular
dispersal of poly(-glutamic acid) in the H region is accepted
on the basis of two types of experimental evidence: (1) certain
characteristics of the titration experiments themsélags (2)
direct measurements of molecular weight by light scattefing.

The latter demonstrate that the polymer in the H region consists

of single chains. These light scattering data were explicitly cited
in ref 4, but, although a few for neutral pH have been published,
the relevant data at acid pH have not hitherto appeared excep
in dissertation fornd.

At the time that the potentiometric titration data of ref 4 were
being collected, we were concerned that aggregation might
persist beyond A and into the H region, perhaps even leading
to metastable states and hyster@siBhe latter possibility was
eliminated by preparing several solutions (each in 200 mM NacCl
unless otherwise noted) five different ways! Ordinarily, one
starts with a water solution of sodium palyglutamate), which
is first protonated and its Nacounterions removed, then mixed
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with NaCl solution to bring the concentration of added salt to
the desired level; titration with NaOH then follows. The
different protocols are as follows: (i) protonating by mixing
with excess HCI, then dialyzing to remove Neounterions and
excess HCI, yielding a flocculent white precipitate, which
redissolves and clarifies before reaching the H region in the
titration with NaOH that follows addition of salt; (ii) protonating
and deionizing the polymer with an ion-exchange resin, then
adding salt only after titrating to a neutralization fractiar) (

of 0.1, a procedure that yields no precipitate or marked turbidity;
(iif) adding salt to resin-protonated and deionized solution,
causing opacity and partial precipitation that disappears before
the H region is reached; (iv) titrating to beyond the end point
with NaOH, then back-titrating potentiometrically with HCI;
and (v) adding salt (to 50 mM) to the resin-protonated and
deionized sample, then completely titrating one aliquot im-
mediately and titrating a second aliquot @o= 0.345, then
completing the second titration only after allowing to stand
overnight. All these protocols yield the same potentiometric
titration curve, powerful evidence that no metastable states or
hysteresis are involved outside the A region. Moreover, it was

also shown that using the ion-exchange resin column- or batch-
wise yields indistinguishable resuits.

Titration evidence also exists that these equilibrium states in
the H region in fact comprise single chains. Most obviously,
the titration curves are essentially independent of polymer
concentratior$;* which could not be true in a system that
dissociates when it unfolds. Moreover, the small observed
concentration dependence implies only a negligible difference
in the measured Gibbs energfestinally, such concentration
dependence as is observable appears only at low concentrations
of added salt;* probably because of contributions of the polymer
to the ionic strength. This is opposite to expectations from the
aggregation hypothesis, since salt fosters aggregation of poly-
(L-glutamic acid).

To provide more direct evidence, light scattering studies were
performed at 25C for various ionic strengths throughout the
H, HC, and C ranges on two of the four samples used in the
titration experiments. Although available in dissertation form
since 1967, these data have been published previously only for
the C region, in connection with a detailed study of the intrinsic
viscosity and molecular dimensions of the randomly coiled
form8 The weight average molecular weights and second virial
coefficients for all conformational regions are now presented
in Table 1, along with the pH, fraction neutralized, and titration-
categorized region (H, HC, or C) in which they reside.

Each row in Table 1 contains the results of a Zimm plot, the
scattering having been measured at 15 angles {3®) to the
incident beam for each of at least four solutions differing in
concentration. The molecular weights follow from the usual
double extrapolation to zero angle and zero concentration.
Complete experimental details and a sample Zimm plot have
been given previousl{® Since only the rows marked “C” in
the last column of Table 1 have appeared eafligre newly
reported information stems from 12 Zimm plots. The weight
average molecular weights for a given polymer in the H and
HC regions are seen to agree, within error, with those for the
completely charged, fully unfolded (C) region, no matter what
the ionic strength.

Finally, the second virial coefficients in Table 1 provide a
strong argument against the notion that the polymer is ag-
gregated in the H region. Second virial coefficients are not
determinable with great precision, and one certainly does not
expect them to be independent of molecular weight, ionic
strength, charge, or polydispersity. However, all the values
determined are strongly positive, indicating a marked preference
for solvent-polymer over polymer polymer interactions. Such
behavior is not characteristic of systems of aggregates. Indeed,
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Table 1. Light Scattering Results for Polyglutamic acid) tion® However, these studies were also performed at pH values
[NaCIy/ A in the A region, whe_re aggregation is e>_(pected. Moreover, these
mM pH /% My /kDa (mmol cn?g? region samples are polydisperse, so the helix content may be due to
the presence of material of much higher chain molecular weight
Sample G-61 h - di | . id ofi
10 4945 224 158 458 H than average. Two prior studies ofylutamic acid oligomers
50 4.845 283 153 1.76 H found very low helix content for 5-mers; these earlier studies
50 4.890 29.3 143 2.09 H employed samples fractionated by ion-exchange chromatogra-
50 5.029 33.1 145 2.20 H/HC phy1° In any event, such small helices, if they exist, may very
50 5552 601 155 4.67 HC well prefer the 3¢-helix conformationt! a structure not relevant
100  4.896 339 148 1.26 HHC {0 the present discussion.
igg’ 1'07596 9475'?;1 11%01 ?617% ?_'C In addition to exercising care in choosing pH, one should
: : ' test samples for chemical purity, where aggregation is suspected.
4000 6.798 99.0 158 1.85 C . TN .
1006 7.10 100. 152 1.45 c Poly(L-glutamic acid) is usually made by anhydride polymer-
av 152+ 6 (SD) ization of poly(-benzyl+-glutamate), followed by removal of
the benzyl groups. Residual benzyl is known to cause aggrega-
Sample G-72 Lo uti hi d f d f dab
50 4750 262 110 0.87 H tion in aqueous solution. This was tested for and found absent
50 4.793 27.0 110 1.56 H in the samples used in our experimehts.
100 4.670 27.6 123 0.98 H In the case of the polymers studied by potentiometric titration,
100 4.671 27.6 117 0.90 H then, light scattering experiments demonstrate that there is no
400 4532 340 111 0.70 H significant aggregation in the helical region, properly defined,
400° 6798 991 122 1.52 C or in any other region from which titration data were accepted
100 7.10 100. 111 1.37 C

as usable. It follows that the substantial body of data from a
variety of laboratories on poly{glutamic acid) need not be re-
a Also contained 10 mM sodium phosphate. evaluated, provided the above-described precautions have been
taken. In particular, the principal conclusion of ref 5 remains
strong aggregation, which leads to increase of molecular weightintact: theintramolecular side chain interactions in paly(
with concentration, gives apparent second virial coefficients that glutamic acid) are mimicked, perhaps fortuitously, in both

av 115+ 6 (SD)

are stronglynegative. These data prove that the palyglutamic entropic and enthalpic components, by the host polymers
acid) used in the titration experiments at issue was not employed in obtaining the older values of the helix propensity
aggregated in the H region. for a glutamic acid guest residue.
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