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ABSTRACT: The conformations of poly(p-glutamic acid), PDGA, in helix, helix-to-coil transition, and random
coil regions were studied by smali-angle X-ray scattering. Analysis of data was carried out by comparing the
observed scattering curves with theoretical ones for broken rods, rodlike chains joined by flexible coils, and
random coils, respectively, as presented in the preceding paper in this issue. It is shown that the conformation
of helical PDGA can be represented by freely hinged rods each of length of ca. 45 A, whereas the conformation
in the helix-to-coil transition region can well be represented by a model of several rods joined by flexible coils.
The scattering curve of the random-coiled form is far from the Debye function.

Introduction

Ever since the conformational transition of poly(b- or
L-glutamic acid) (PGA) was discovered by Doty et al.,1?
PGA has attracted great interest®® as a model for the
formation of protein structures because of the existence
of a-helical regions in natural proteins. As a result, the
local and overall conformations of PGA in the helical re-
gion, the helix-to-coil transition region, and the randomly
coiled region have been well characterized. However, de-
tails on the conformation during the helix-to-coil transition
still remain unclear. That is, the molecule in a helix-to-coil
transition region is supposed to consist of a mixture of
helical rods and random coils, but the detail in the mixture
. has not yet been clarified. Moreover, the detail in the
structure of the molecule in a helical region has not been
made clear either.

In the preceding paper in this issue,’ it was pointed out
that such conformations of polypeptides, which usually
have broad molecular weight distributions, could be clearly
resolved if we observe the particle-scattering function in
the range of large wave vector, h, in small-angle X-ray
scattering (SAXS). In the large h range of X-ray scat-
tering, the particle-scattering function is insensitive to
molecular weight and also molecular weight distribution,
since the scattering from only a part of the chain can be
observed. In the present work, the conformations of PGA
in three conformational regions are analyzed by SAXS.
The conformational analysis is carried out through com-
parison of observed scattering curves with corresponding

0024-9297/88/2221-2756$01.50/0

Table I
Three Samples for SAXS Measurements
samples Cp, g/dL i C, N
A 0.53 0.275 0.02
(PDGA) B 0.53 0.500 0.02
C 0.53 0.900 0.10

theoretical ones, derived in the preceding paper’ in this
issue.

Experimental Section

(1) Samples and Preparation. Poly(p-glutamic acid), PDGA,
kindly provided by Ajinomoto Inc., was purified by precipitation
from aqueous solution with a 1:3 mixture of methanol and acetone
and, after dialyzation, was freeze-dried from aqueous solution.
The apparent number-averaged (3.3 X 10%) and apparent
weight-averaged molecular weights (5.5 X 10*) were determined
by gel permeation chromatography (Toyo Soda GPC HLC-802A),
using a coiled state of the sample with degree of neutralization
of 100% in 0.3 N NaCl and poly(ethylene glycol) as a standard
sample.

Three samples of PDGA (sample A, B, and C) were prepared
for the measurements of SAXS. According to the potentiometric
titration method, the degree of neutralization (i) was adjusted
to preassigned values so that the sample may take different
conformations; helix (rod) form (sample A), a mixture of helix
and coil forms (B), and a random-coiled form (C). The helix
content of sample B was 56% from the analysis of the poten-
tiometric titration curve.* The values of { and an added salt
concentration, C,, for three samples are listed in Table I. The
polymer concentrations (Cp) of all samples were fixed to be 0.53
g/dL.
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Figure 1. Observed scattering curves of poly(sodium D»-
glutamate), PDGA, with various degrees of neutralization, i, and
added salt concentrations, Cs: A, sample A, i = 0.275, Cs = 0.02
N; B, sample B, i = 0.500, Cs = 0.02 N; C, sample C, i = 0.900,
Cs = 0.10 N. Polymer concentration, C,, is 0.53 g/dL for all
samples. Curves B and C were shifted a distance of 0.40 and 0.95
upward along the ordinate, respectively.

(2) Measurements of SAXS. In order to get a sufficiently
high signal-to-noise ratio from such a dilute solution of PDGA
(Cp = 0.53 g/dL), the SAXS experiments were carried out on a
focusing optics using synchrotron radiation as an X-ray source,
set up in the Photon Factory of the National Laboratory for High
Energy Physics at Tsukuba, Japan. The wavelength of the X-ray
was 1.488 A, and the distance between the sample and the plane
of registration was 1900 mm. The scattering intensity was detected
by a position-sensitive proportional counter (PSPC) with 512
channels. The details of the instrumentation and the procedure
are described elsewhere.?

The scattering intensities recorded were not converted to those
on an absolute scale. Therefore, observed scattering intensities
were allowed to be multiplied by a suitable factor for fitting to
a theoretical curve.

(3) Numerical Computations. The data analysis of PDGA
was carried out according to the following process. The net
scattering intensities from solute molecules, I, which were given
as the difference between the observed scattering intensities for
solutions and solvents, were analyzed without any slit corrections,
since the size of the X-ray source was small enough to be able
to regard it as a pinhole source.

For a thick molecule, I, is a product of Iy, and I,,>'° where
Tinin 18 the scattering intensity from a hypothetical polymer coil
with zero cross section and I, is the scattering intensity from a
cross section of a polymer coil. Needless to say, Iy, can be
compared with theoretical scattering curves, which are, in general,
developed for a hypothetical polymer chain with no cross section.

I, is theoretically expressed by?°

I, = exp{~(1/2)(R2yh% (1)

where (R,2)!/? is the radius of gyration of the cross section, and
h is the magnitude of the wave vector, defined by (4/A) sin (6/2),
where 6 is the scattering angle, and A is the wavelength of the
incident beam (1.488 A). As is well-known, Iy, of a rod molecule
is inversely proportional to h,%!° so the plot of In (I3,.h) vs h2 should
be a straight line, according to eq 1. From its slope we can estimate
the values of (R,2). A polymer coil can be regarded as a rod
molecule in a following scattering angle range:

1/L <h <1/{R )2 2)

where L denotes the length of a rod. If the above procedure is
applied to the data in the scattering angle range given by eq 2,
the values of (R.?) for PGA and then I, can be evaluated. Iy,
can be calculated from the experimental data of I}, and I, thus
obtained and then employed in the plot of Iy,h? vs h.

Results

Figure 1 shows the observed scattering curves of PDGA,
I, v8 k. This scattering behavior is the one characteristic
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Figure 2. Plot of In (I ;h) vs h? for estimating the radius of
gyration of cross section of PDGA chain: A, sample A; C, sample
C.

of ordinary polyelectrolyte solutions:''"8 a maximum
appears in the range of k of about 0.06-0.07 A1, and it is
accentuated and moves to a higher angle, as i becomes
higher. The maximum may be due to a combination of
intra- and intermolecular interferences as was proved in
a small-angle neutron-scattering experiment.'® Therefore,
discussion in the present paper should be given to the data
above ca. 0.08 Al in h.

Since sample A takes a helix form, its conformation can
be regarded as a rod. Sample C, which has a randomly
coiled conformation, is also regarded as a rod if observa-
tions are done at sufficiently high angles to satisfy eq 2.
In these rod regions, the effect of cross section on scattering
curve can be estimated from the plot of In (I ,,.h) vs h? as
stated in the Experimental Section. As shown in Figure
2, the plots can be regarded as straight lines with negative
slopes in the range of h? of 0.022-0.054 A2 for sample A
and 0.040-0.088 A2 for sample C. From the slopes, we can
estimate the radii of gyration of cross section, {R.2)'/?, to
be 4.3 and 1.1 A for samples A and C, respectively. It is
clear that the products of these values and corresponding
upper scattering angle limit, 0.0541/2 and 0.088%/2 A-1, re-
spectively, are smaller than unity, obeying eq 2.

The conformation of sample B takes a mixture of helix
and coiled forms, and hence, the above procedure for the
estimation of the radius of gyration of cross section, (R2)g,
cannot be applied to this sample. However, it can be
shown®® that (R.?)g may be calculated from (R 2) ey for
the helical form and from (R,2).y for the coiled form,
according to the following relation:

(Rcs2>B = g<Rcs2>helix + (1 - g) (Rcs2>coil (3)

if the helix content g is known. If the observed helix
content of sample B, g = 0.56, and (R.2) for sample A and
C, corresponding to (R ) neiix and (B2) o1, TESPECtively,
are substituted into eq 3, (R.2)g!/? can be estimated to
be 3.3 A.

From these values of (R.2), we can calculate I, and,
consequently, I, for the three samples. I,;;, thus obtained
was plotted in the form of Iy;,h? vs h in Figure 3.

Discussion

The conformations of PDGA in the helical region, the
helix-to-coil transition region, and the randomly coiled
region may be represented by freely hinged rod, rodlike
chain joined by flexible coils, and randomly coiled chain,
respectively. As shown in the preceding paper’ in this
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Figure 3. Observed Kratky plot, Iiih? vs h, for PDGA: A,
sample A; B, sample B; C, sample C. Curves B and C were shifted
a distance of 0.05 X 1072 and 0.1 X 1072 upward along the ordinate,
respectively.

issue, the reduced scattering intensities for all these models
are given by the following equation:

(Ry) _
(NA + Nna)?
f? _ 4,8 2f? e -
N 2A(8) 2 sin 5 + i A%(B) g

2, e Ll el 2
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4)

where f is the ratio of contour length of rod portions to that
of a whole polymer chain, such as

NA

f=nNa+NA

)

w, A(B), 8, and v are defined by the following equations:

_no® _ )1(12(411')2 . 2(9)
w= R sin 2 (6)

AB) = (1/8) fo “(sin ¢ /2) dt )
8 = Ah 8)
L= sn; 8 ©)

In general, eq 4 represents the scattering intensity for N
rods of length A joined alternatively by N random coils,
each of which consists of n segments of length a. In the
extreme cases of f = 0 and f = 1, it represents ones for
random coil chain and freely hinged rods, respectively.

In the sample preparation, we usually express the helix
content g by the ratio of the number of monomers involved
in rod portions to that in the whole polymer chain.
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Figure 4. Comparison between the observed Kratky plot, Iy;,h*
vs h, of sample A (open circles) and the calculated ones for freely
hinged rods of various numbers, Ny A, 7; B, 8; C, 9; D, 10; E,
11; F, 12; G, 13; H, 14; 1, 15; J, 16. The contour length of the
polymer chain L = 1315 A. An arrow in the figure indicates the
value of h, above which the normalized particle-scattering function
becomes insensitive to the molecular weight.
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Figure 5. Comparison between the observed Kratky plot, Iyih?
vs h, of sample A (open circles) and the normalized theoretical
ones for freely hinged rods of various contour lengths, L: A, 658;
B, 1315; C, 1973; D, 2630; E, 3290; F, 3948; G, 4606; H, 5260 A.
The rod length A, = 45 A,

Therefore, it seems more practical to express eq 4 in terms
of helix content, g. The helix content, g, is given by

— cNA
nNa + ¢cNA

Since f is related to g through the relation,

;= {1 + c(é - 1)}_1 (11)

the reduced scattering intensity in eq 4 can be regarded
as a function of g. In the case of PDGA, ¢ is estimated to
be 2.41 on the basis of molecular data that the pitch of the
helical PDGA is 5.4 A/turn and its 5 turns involve 18
ﬁ%lomer units and the length of 1 monomer unit is 3.615

The observed scattering curve of sample A was analyzed
by comparing it with the theoretical curve for broken rods,
eq 29 in the preceding paper,” which can be obtained from
eq 4 with f = 1. In theory, an unknown parameter, the
number of broken rods in the molecule (N), or its length
(Ay) is required for calculation if the contour length of the
polymer chain at the unhelical state (L) is given. That is,
we have the following relationship:

L= CNvo (12)

g (10)
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Figure 6. Comparison between the observed Kratky plot, I;;;,h?
vs h, of sample B (filled triangles) and the calculated ones for
broken rods joined by flexible coils with various rod numbers,
Ny A,7;B,8,C,9,D,10;E, 11; F, 12; G, 13; H, 14; ], 15; J, 16.
The contour length of polymer chain L = 1315 A and the coil
length @ = 8 A. An arrow in the figure has the same meaning
as in Figure 4.

The molecular weight of PDGA per unit contour length
is 41.8 A", and the weight-averaged molecular weight of
the present sample is 5.5 X 104 so L is estimated to be ca.
1315 A. If we fix L, therefore, calculated scattering curves
are obtained as a function of N;,. The calculated curves
are shown, together with the observed one of sample A,
in Figure 4.

As easily seen, the observed scattering curve can be
satisfactorily reproduced by a theoretical curve with N,
of 12, except in a lower scattering angle region of less than
0.08 A1, where the observed scattering curve should also
be contaminated by possible intermolecular interactions,
judging from the appearance of a bump in Figure 1. If N,
thus obtained is substituted into eq 12, A; can be estimated
to be ca. 45 A. Since the normalized theoretical scattering
curves, obtained by multiplying the intensities by the
contour length of a chain, are almost independent of the
contour length above 0.08 A%, as seen in Figure 5, the value
of A, seems to be unaltered even when the molecular
weight distribution of PDGA is taken into consideration.
A, thus obtained satisfies the relation given by eq 2: the
product of A, and the observed lower limit in Figure 2,
0.0221/2 A1, are sufficiently larger than unity.

The observed scattering curve of sample B was analyzed
through comparison with theoretical curves for broken rods
joined by flexible coil portions, eq 4. In eq 4, we need to
know the three values of N, A, and w, which is a function
of the number of segments in a coil portion n, segment
length a, and scattering angle 6, as shown by eq 6. How-
ever, we have the following interrelations among N, 4, n,
and a:

L = nNa + ¢cNA (13)

in addition to eq 6 and 10. Here, it is assumed that the
length of a is equal to the unperturbed effective bond
length of randomly coiled PGA, 8 A, which was obtained
from the measurements of the light scattering and the
intrinsic viscosity by Hawkins and Holtzer.2! Under this
assumption, A and Rg? can be expressed as a function of
N, where Rg? is defined as na?/6 so that it can be related
to w through the relation, w = Rg?h2. The calculated
scattering curves are shown as a function of N, together
with the observed curve of sample B, in Figure 6.

It is evident that the observed scattering curve of sample
B is in good agreement with a theoretical one with N =
12, the same number for sample A, except in a lower
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Figure 7. Comparison between the observed Kratky plot, Iy h?
vs h, of sample B (filled triangles) and the normalized theoretical
ones for broken rods joined by flexible coils with various contour
lengths: A, 658; B, 1315; C, 1973; D, 2630; E, 3290; F, 3948; G,
4606; I}-{, 5260 A. The rod length A = 25 K and the coil length
a=8A.

scattering angle region. The reason for the disagreement
in the low-angle region would be the same as in the case
of sample A. From the fact that normalized theoretical
scattering curves with various contour lengths are almost
coincident above 0.12 AL, as seen in Figure 7, it seems
certain that the value of N thus determined is not altered
by taking into account the molecular weight distribution
of the sample. The coincidence of the breaking points, N
(=12), in PDGA in a helical region and in a helix-to-coil
transition region seems to suggest that helix-to-coil tran-
sition of PDGA might proceed by extending a region of
disordered portions at hinges of the helical rods.

It is of interest to compare our present result with that
obtained from the analysis of the helix—coil transition curve
on the basis of the statistical theories.?? According to these
theories, the average number of residues per helical se-
quence, ny, in a sufficiently long chain at the midpoint of
the helix—coil transition can be related to the initiation
parameter for the formation of helical sequences, s, as
follows:

nN = 0'—1/2 (14)

Snipp et al. report that o = 3 = 2 X 107 for poly(L-glutamic
acid) in aqueous solution.??. Using ¢ = 3 X 107, we can
obtain ny = 18. This value is in satisfactory agreement
with our present result of ny = 17 at the helical content
of 0.56.

The observed scattering curve of sample C was analyzed
through comparison with theoretical curves for random
coils, eq 27 in the preceding paper.” The length, a, was
assumed to be 8 A. In Figure 8 are shown the normalized
theoretical scattering curves as a function of contour
length, together with an observed curve of sample C. It
is clear that the scattering curve of sample C cannot be
represented by that of a Gaussian chain. The reason for
this discrepancy may be the same as observed for flexible
polyelectrolytes, poly(sodium acrylaté).24% That is, the
segment distribution in the polyelectrolyte coil is far from
the Gaussian distribution. In the calculation for sample
B, too, it is assumed that the Debye model is applicable
to coiled portions in the sample. In this case, however, the
failure of the Debye model does not manifest itself,
probably since the contribution of the coiled portion to the
whole Ih? vs h curve is smaller. ,

Equation 4 has been derived for an ideal single chain.
Accordingly, it is required that eq 4 should be applied to
an isolated chain in solution. That is, the concentration
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Figure 8. Comparison between the observed Kratky plot of
sample C (crosses) and the normalized theoretical ones for a
Gaussian chain with various contour lengths: A, 658; B, 1315;
C, 1973; D, 2630; E, 3290; F, 3948; G, 4606; H, 5260 A. The coil
length a = 8 A.

of sample solutions should be dilute enough compared with
a critical concentration, C,*, where polymer chains are set
to overlap one another. C,* in grams/milliliter is given
by

M,
Cp* = :
A,(4/3)x(S2)3/210%

where M, A,, and (S?)'/2 are the molecular weight, Avo-
gadro’s number, and the radius of gyration of a polymer
chain in angstroms, respectively. If the values of @, L, and
A, obtained above are employed, C,*'s for samples A and
C are roughly estimated to be 6.8 and 12.0 g/dL, respec-
tively. The present sample concentration, 0.53 g/dL, is
sufficiently smaller then these values of C *.

Finally, it should be added that it is not cliear from this
work whether 45 A obtained for each length of freely
hinged rods is a physical constant for a helical PGA or not.
More experiments using the samples with different mo-
lecular weights may be required to answer the question.

(15)
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