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ABSTRACT: The thermodynamic characteristics associated with conformational change of poly(β-benzyl
L-aspartate) (PBLA) in the solid state are studied by using 13C high-resolution solid-state NMR. PBLA was
chosen because four different conformations, i.e., the right-handed (RR-) and left-handedR-helices (RL-helix),
left-handed ω-helix (ωL-helix), and antiparallel β-sheet (β-sheet), can be prepared separately, and the
thermally induced transition occurs among them. In this work, we analyze spectral changes due to
conformational transformation of PBLA and determine the enthalpic and entropic changes associated with
the transformation of RR-helix to other conformations; the enthalpic changeΔH per residue becomes ca. 1.4
kJ mol-1, and the entropic changeΔS per residue becomes ca. 3.5 J K-1 mol-1. With using theseΔH andΔS
values, we show that the observed transition curve can be reproduced by a simple statistical model.

1. Introduction

Amechanism that leads a polypeptide to fold into a particular
secondary structure is a topic of long-standing interest. To clarify
themechanism, determination of the thermodynamic parameters
of secondary structures is of prime importance. For such studies,
poly(β-benzyl L-aspartate) (PBLA) is a quite excellent model
polypeptide because four conformations, i.e., the right-handed
(RR-) and left-handed R-helices (RL-helix),

1 left-handed ω-helix
(ωL-helix),

2 and antiparallel β-sheet (β-sheet),3 can be prepared
by precipitation from the concentrated chloroform solution or by
treating with temperature. Previous studies have reported the
conditions that affect the conformational stability of PBLA and
the transition fromone conformation to another.3,4 Recently, the
conformational transformation of PBLA in the solid state has
been studied with the high-resolution solid-state NMR method,
and the relation between the secondary structure (main-chain
conformation) of PBLA and the 13C or 15N NMR chemical shift
parameter has been established.5-9 However, no studies so far
have been reported on thermodynamic parameters of secondary
structure of polypeptides in the solid state. In this work, we
present 13C high-resolution solid-state NMR spectra of various
heat-treated PBLA samples and analyze spectral changes due to
conformational transformation of PBLA. From the analysis, we
determine the enthalpic and entropic changes (ΔH and ΔS)
associated with the transformation. Further, it is shown that,
by using the obtained ΔH and ΔS values, a simple statistical
model proposed by Zimm and Bragg10 does reproduce the
observed transition curve.

2. Experimental Section

2.1. Samples. Poly(β-benzyl L-aspartate) (PBLA-1, MW=
26 600) was purchased from Sigma Chemical Co. Ltd. Each

PBLA powder sample of the weight of 20-25 mg was heated
under N2 gas in an oil bath at various controlled temperatures
for various heat-treatment time. After heating, the samples were
quickly quenched into icy water to freeze the conformational
transition of the samples. The temperature of the oil bath was
kept constant within (2 K by a control system. Heat treatment
was done at six different temperatures (378, 388, 393, 398, 403,
and 408 K), which encompass the temperature of the endother-
mic peak observed by DSC measurement (not shown).

Four reference PBLA samples, having different dominant
conformations, were prepared as follows from PBLA synthe-
sized in our laboratory (PBLA-2). PBLA-2 was obtained by
polymerization of β-benzyl L-aspartate-N-carboxy anhydride in
1,2-dichloroethane at 303 K using triethylamine as an initiator,
as reported previously.6 The conformation of the PBLA-2
sample thus obtained was the RR-helix form. The RL-helix form
was obtained from the RR-helix sample by precipitation from
the concentrated chloroform solution and diethyl ether system.
The RR sample can also be converted either to theωL form or to
the β form by heating at 423 K for 3.5 h or at 493 K for 3 h,
respectively, in vacuo.2,11

2.2. NMR Measurements. The NMR experiments were car-
ried out at 14 T by using an Apollo spectrometer and a triply
tuned CPMAS probe (Doty Sci. Inc.) for 4 mm rotors. The
resonance frequency is 150.918 MHz for 13C. The observed 1H
spin-lattice relaxation times in the laboratory frame (T1) and in
the rotating frame (T1F) for the RL-helix, RR-helix, and β-sheet
samples of PBLA-2 are similar (T1 ∼ 1.5 s and T1F ∼ 3.0 ms)
while those forωL-helix are longer (T1∼ 2.0 s andT1F∼ 7.0ms).
In the following, we show that the ωL-helix signals are not
appreciable in PBLA-1. Hence, in this work, we use a contact
time for CP of 2 ms and a recycling-delay time of 4 s for all
samples and assume that the relative intensity of the peaks
corresponding to each conformation in a 13C spectrum is
proportional to the amount of each conformer in the sample.
The rf-field intensity for both CP and 1H CW decoupling was
about 70-80 kHz. The 13C chemical shifts were calibrated in
ppm relative to TMS by taking the 13C chemical shift of the
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methine carbon nuclei of solid adamantane (29.5 ppm) as an
external standard. All the experiments were made at room
temperature under the magic-angle spinning (MAS) frequency
of 14 kHz.

3. Results and Discussion

Figure 1 shows the 13C spectra of the four reference samples of
PBLA-2. In Figure 1, only the CdO region is shown, which
contains the signals of the carbonyl (CdO) carbon in the main
chain and the ester carbon in the side chain. The measured 13C
isotropic chemical shifts of the two carbons in RR, RL, ωL, and β
forms, reported in Table 1, were used for spectral fitting. The
measured values are similar to those reported previously,5-9 but
some deviations are notable, which may be attributed to the
better resolution achieved by using a higher magnetic field (14 T)
in this work.

Figure 2 shows spectral changes induced by increasing time of
heat treatment for PBLA-1 sample at 398 K. In comparison with
the spectra in Figure 1, it is clear that the structure of the
commercial PBLA-1 sample without heat treatment is mostly
RR-helix (Figure 2a). With the heat treatment at 398 K for 1 min
(Figure 2b), 2min (Figure 2c), and 5min (Figure 2d), it is notable
that the intensities of the carbonyl and ester carbon signals of
the RR-helix at ca. 175 and 169 ppm, respectively, decrease
with concomitant increase of resonance signals between 171
and 173 ppm. The observed spectral changes are consistent with
the previously reported conformational changes, namely,
RR-helix gradually changed to β-sheet.9

The relative peak intensities were determined by using least-
squares fitting the observed carbonyl and ester spectra to a sumof
Gaussian peaks. Table 1 indicates that seven peaks may be used
for fitting. In the course of analyzing the experimental data, we
found that inclusion of the ωL does not improve the fitting

appreciably; the relative ratios for theωL signals obtained are less
than 2%. We therefore omitted the ωL peaks from the spectral
analysis; in other words, six peaks (five peak positions) were used
for fitting. The absence of the ωL conformation in the heat-
treated PBLA-1 samples may be attributed to its structural
instability for PBLA with smaller molecular weight than that of
the reference PBLA-2 sample synthesized.6

Figure 3 shows that the observed 13C spectrum of PBLA-1
heated at 398 K for 2 min (Figure 3a) can be fitted adequately to
the sum of five Gaussian peaks (Figure 3b). The relative inten-
sities of the carbonyl and the ester peaks thus obtained were
added for each conformation (RR, RL, and β), and the fractional
contents were plotted as a function of the heat-treatment time.
Figure 4 shows the results for three of the six heat-treatment
temperatures examined.

Figure 1. 13C CPMAS spectra of PBLA-2, whose dominant conforma-
tion is (a) RR, (b) RL, (c) ωL, and (d) β. Only the CdO region is plotted.
The vertical dotted lines designate the positions of the isotropic
chemical shifts listed in Table 1.

Table 1. 13C Isotropic Chemical Shifts (ppm) of Carbonyl and Ester
Carbons of PBLA-1 for the Four Secondary Structures

RR RL ωL β

carbonyl 175.09 173.31 172.72 171.32
ester 169.16 172.29 170.15 171.32

Figure 2. 13C CPMAS spectra of PBLA-1 after heating at 398 K for
various times.

Figure 3. Signal decomposition of 13CCPMAS spectrum. (a) Observed
spectrum of PBLA-1 heated at 398 K for 2 min and (b) least-squared
fitting of the spectrum (a) with using five Gaussian peaks.
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Prior to a quantitative analysis of the results, several features
may be invoked via simple inspection of the raw data in Figure 4.
The postulated route for the conformational transformation upon
heating,3,9 namely, RR, changes at first to RL (ωL) and finally
converted into β is an oversimplified picture. Figure 4 clearly
indicates that RR changes to either RL or β. In fact, not all RR

changes into another conformations; some RR remains even at a
longer heat-treatment time. This invokes us that at the longest heat-
treatment time for each heat-treatment temperature the PBLA
sample reaches a thermal equilibrium. Note here that at the lowest
heat-treatment temperature (378 K) the ratios for RL and β do not
increase appreciably evenwith heat treatment of 4 h. Therefore, for
this temperature, we did not assume that the thermal equilibrium is
achieved and omitted from the following analysis.

For simplicity, we express the transformation ofRR to another
conformation by first-order reaction, with its rate equation given
by

dðAðtÞ-A1Þ
dt

¼ -kðAðtÞ-A1Þ ð1Þ

where A(t) is the fractional content of RR, k is the rate constant,
and A1 is the fractional content of RR at thermal equilibrium.
Equation 1 can be formally solved to as

AðtÞ ¼ A1 þðA0 -A1Þ expð-ktÞ ð2Þ
whereA0 is the fractional content ofRR at t=0. By takingA0,A1,
and k as adjustable, we least-squares fitted the observed heat-
treatment time dependence of the RR data to eq 2. The solid lines
associated with the RR data (the square) in Figure 4 are the best-
fit ones. We analyzed all heat-treated spectra in a similar way to
deduce A0, A1, and k at each heat-treatment temperature THT,
and the best-fitted rate constants k were plotted against THT in
Figure 5. It is clear that there is a transition of the k value between
393 and 398 K. This temperature is consistent with the tempera-
ture of the endothermic peak observed by measurement DSC
(ca. 392 K; DSC data not shown).

In the above, it was indicated that the “RR to other” transfor-
mation can be approximately expressed by using the single
first-order rate equation. This leads us to estimate the conforma-
tional excess energy ΔE from A1 at each THT by assuming the
Boltzmann distribution for RR:

ΔE ¼ -kBTHT ln
1-A1

A1

� �
ð3Þ

The obtainedΔE values are then plotted againstTHT in Figure 6.
Interestingly, we found a linear relationship between ΔE and
THT. This linearity further suggested us to express ΔE using the
Gibbs free energy ΔG as

ΔE ¼ ΔG ¼ ΔH-TΔS ð4Þ
where ΔH and ΔS are enthalpic and entropic changes in the
conformational transformation. By fitting the observed ΔE vs
THT data to eq 4, we have the best-fitted ΔH and ΔS values as

Figure 4. Fractional content of RR (squares), RL (triangles), and β
(circles) plotted against the heat-treatment time at (a) 388, (b) 398, and
(c) 408 K. The solid line for RR (squares) is the best-fit one while the
other two lines are for eye guidance.

Figure 5. Rate constant k plotted against the heat-treatment tempera-
ture. The temperature of the endothermic peak observed by DSC
measurement (ca. 397 K) is designated by the vertical dotted line. The
solid lines are for eye guidance.
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182 ( 5 kJ mol-1 and 461 ( 11 J K-1 mol-1, respectively. The
positive enthalpic change is consistent with the endothermic peak
observed by DSCmeasurement and the positive entropic change
indicates that the “RR to other” transformation is driven by
entropy. From the averagedmolecular weight of PBLA-1 (MW=
26600), we calculated the averaged number of the residues in our
sample is about 130. Hence, the enthalpic changeΔH per residue
becomes ca. 1.4 kJ mol-1 and the entropic changeΔS per residue
becomes ca. 3.5 J K-1 mol-1.

Wildman et al. examined the stability of β-sheet in poly-
(L-alanine) (PLA) by using solid-state NMR.12 They analyzed
13C CPMAS spectra of PLA after mechanical grinding to obtain
equilibrated ratios of R-helix and β-sheet at room temperature
and 77 K for two PLA samples with different molecular weight.
From the two ratios, they obtained ΔG=-260 J mol-1 for the
conversion of RR-helix to β-sheet. Hence, for both PBLA and
PLA, β-sheet is more stable than RR-helix in the solid state. As
PLA does not have conformationally flexible side chain, this
implies the conformational entropies of the PBLA and PLA
backbones in their β-sheet conformations are larger than those in
their RR-helices. For a PLA random coil, a conformational
entropy of ∼14 J K-1 mol-1 per residue has been estimated13

and, as expected, is larger than theΔS value observed for the RR-
helix to other conformations in PBLA.

In solution, conversion of secondary structures is affected
largely by environment, leading intuitive discussion of the ther-
modynamical parameters obtained more complex. For a recent
example, Meier and Seelig examined the effect of chain length of
(KIGAKI)n peptide on the conformational change from a ran-
dom coil conformation to a β-sheet structure in a membrane
environment.14 They founda negative free folding energy ofΔG=
-630 J mol-1 per residue and a negative entropy term TΔS=
-0.4 to -2.1 kJ mol-1 per residue; the reaction is endothermic
and is driven by entropy. As the β-sheet formed on themembrane
surface is a better ordered system, the positive entropy contribu-
tion deserves some explanation, which they ascribed to release of
hydration water.

In Figure 7, we plot the fractional content of non-RR con-
formations at equilibriumas θ=1 - A1 as a function of THT.
Further for comparison, we plot the fractional content of non-RR

conformations obtained for the lowest THT (378 K) at heat-
treatment time of 4 h and that obtained for a non-heat-treatment
sample (plotted at 373 K). Note that, for these two, the system is
not fully equilibrated. Figure 7 is the so-called transition curve,
and to explain its shape we adopted the matrix model proposed

by Zimm and Bragg.10 In this model, it is assumed that each
residueof apolypeptide can adopt one of only twoconformations;
in the present case, PBLA was described as a sequence of the
RR-helix region and the non-RR-helix region. Here we denote
the two regions by “0” and “1”, and the equilibrium constant s for
the “0” to “1” transition is given by using the free energy ΔG in
eq 4 as

s ¼ expð-ΔG=RTÞ ð5Þ
Further, we define the statistical weight g as follows: g=1 for any
“0” that appears (after a “0” or “1”); g=s for any “1” that appears
after another “1”; g=σs for any “1” that appears after “0”. The
parameter σ is introduced for the idea that there should be a
difference between “1” after “0” and “1” after another “1”. For
most proteins, it is envisaged that σ , 1 < s because the
propagation of non-RR conformation is more favorable than
nucleation of non-RR conformation from RR conformation.
Suppose the initial state of a peptide is all “0”; a small σ factor
means that it is difficult to have a seed of “1”. However, in the
present case, σ is considered to be large because the initial nonheat
treated sample already contains “1” (non-RR conformation).

The partition function Z for the sequence that has n elements
with k’1’s sequence can be described as

Z ¼ Zn
1 þZn

2 ð6Þ

Z1 ¼ 1

2
f1þ sþ ½ð1-sÞ2 þ 4σs�1=2g ð7Þ

and

Z2 ¼ 1

2
f1þ s-½ð1-sÞ2 þ 4σs�1=2g ð8Þ

If the macromolecule has n elements, then we have

Z ¼ 1þ
Xn
k¼1

Akσs
k ðAk ¼ n-kþ 1Þ ð9Þ

The probability p (k), which means that there are k’1’s, can be

Figure 6. Transition energy plotted against heat-treatment tempera-
ture. Solid linewas obtained by least-squared fitting of the experimental
data to eq 4.

Figure 7. The relation between θ and the heat-treatment temperature;
the filled circles are the experimental values, and the lines are calculated
using eqs 5, 7, 12 and experimentally obtained ΔH and ΔS for five
different σ values as designated in the figure. The crosses are the
experimental values obtained for samples not reached to thermal
equilibrium.
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calculated as

pðkÞ ¼ σskðn-kþ 1Þ=Z ð10Þ
Then the fraction of non-RR, denoted by θ, is given by

θ ¼ Ækæ
n

¼
X kpðkÞ

n
¼

X ðn-kþ 1Þkσsk
nZ

ð11Þ

With
P

k[(n - k þ 1)σsk]=sdZ/ds, we have

θ ¼ ðs=nZÞ dZ=ds ¼ ð1=nÞ d log Z=d log s ð12Þ
Using eqs 2, 3 and 9 and the experimentally obtainedΔH andΔS
values, the relation between θ and T can be calculated for a
σ value. A satisfactory agreement between the experimental and
the calculated data is observed for σ > 0.75. The discrepancy at
low temperatures can be ascribed to the insufficient heat treat-
ment to achieve thermal equilibrium. The above analysis shows
that the simple Zimm-Bragg model can be applied to conforma-
tional transformation occurring in the solid state.

In this work, we used the fractional content of theRR signal for
conformational analysis and determined the enthalpic and the
entropic changes for the “RR to the other” process. Similar
analysis can also be applied for the other signal, say, the β signal
to obtain the thermodynamical parameters for the formation of
β-sheet. Since theβ signal is overlappedappreciably by theRL and
ωL signals and further the temperature range we used for heat
treatment is too low to obtain intense β signals, we have not tried
to analyze theβ signal. Furthermore, the choice ofRL as the initial
conformationwould also be interesting as it allows us to study the
disentanglement process of RL. Such experiments are undergoing
and will be published elsewhere.

Lastly, we would like to point out that the present work does
not answer a question of whether do each of these regular PBLA

conformations exist in a separate solid phase or do they simul-
taneously exist along each PBLA chain. Neither previous X-ray
studies nor DSC measurements can clarify this so far. We are
currently examining this by solid-state NMR, and the result will
be published elsewhere.
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