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ABSTRACT: Oligopeptides were conjugated to the thermoresponsive polymeNpaltyflbutyramide) (PNVIBA)

by the graft polymerization of the correspondiNgcarboxyamino acid anhydrides from the amino side groups
of P(NVIBA-co-vinylamine)s. The PNVIBA- graft-L-aspartic acid (LAA) with random-coiled graft chains showed

a quick coil-globule transition accompanied by an endotherm due to chain dehydration across its low critical
solution temperature (LCST) upon heating. In contrast, {il\PBA- graft-L-glutamic acid (LGA} s with a-helical

graft chains showed a slow transition accompanied by not only an endotherm but also an exotherm. A circular
dichroism (CD) study indicated that the oligoLGA grafts changed their conformation accompanying the coil
globule transition of the PNVIBA backbone but recovereddhleelix at just above the exothermic temperature.

IH nuclear magnetic resonancéd(NMR) indicated that the proton signals from the PNVIBA backbones and
oligoLGA grafts were clearly detected just above the LCST, but only the PNVIBA protons reduced their intensity
above the exotherm temperature. Thus, the present peptide grafts avttelecal conformation interfered with

the thermoresponsive shrinking of the PNVIBA backbone by acting like spring cushions.

Introduction with the thermoresponsive polymer may give a more relevant
model than the conventional ones. Here, we prepared peptide
thermoresponsive polymer conjugates to develop the protein
denaturation model, with the peptide spring triggered by the
hydrophilicity change during the thermoresponsive-egibbule
Jransition in water. Synthetic poly(amino acid)s have been
prepared by a ring-opening polymerization of the amino acid
N-carboxyanhydride (NCA) initiating from the amino groups.

If the poly(amino acid) chain was grafted onto a thermorespon-
sive polymer backbone, then the conformational information
of the backbone structure may be transmitted to the graft chains.
For example, Maeda et al. reported that the helical chirality of
poly(L-glutamic acid) chains grafted onto the polyacetylene
derivative backbones could be induced to helically wind the
achiral backbone® However, the combination of a thermore-
sponsive backbone and poly(amino acid) grafts has never been
made, presumably because the most widely studied thermore-
sponsive polymers were polyacrylate derivatives, including poly-
(N-isopropylacrylamide) (PNIPAMY? which is difficult to
derive amino groups from as the NCA initiator because of the
poor copolymerizability of acrylate monomers with allylamine
or vinylamine (VAm). On the other hand, we have prepared
another thermoresponsive polymer pdly(inylisobutyramide)

The conformational control of biopolymers is very important
for investigating the biological roles of their secondary struc-
tures. In particular, when molecules change their structure to
resist to the motion or structural transformation of other
molecules, these molecules act as so-called “molecular cushion
and have attracted researchers’ attention. DNAA,? and
proteing sometimes play a significant role as a molecular spring
in biological systems, whereas in synthetic systems, small
molecules such as helicefgjtamin A% and porphyrin deriva-
tives® have also functioned as molecular springs. Some of them
functioned as the molecular cushions. As far as we know, a
synthetic polypeptide cushion working in water has not been
previously reported, although a heptapeptide spring driven by
changing the composition of an organic solvent mixture has
been reported.The polypeptide conformation was controlled
by changes in the pF10 ionic environment!1? tempera-
ture314and so on, inducing an-helix — coil transition and
ano-helix — g-sheet transition. In addition, specific poly- and
oligopeptides showed helihelix transitions including a screw-
sense inversidf-t®and a helix-pitch changefor example, upon
a change in environmental polarity and hydrophilicity. These

conformation changes of the polypeptides may be related to (PNVIBA)2 which showed a sharp ceiglobule transition at

their actions as mglecular cushions. ] ambient temperature and easily allowed the incorporation of
Thermoresponsive polymers have been studied as one of thegming groups. In this article, we synthesized graft copolymers
most simple and relevant protein models because they show ayjith PNVIBA backbones and oliga-aspartic acid (LAA) or
coil—globule transition which is one of the most drastic gjigo{.-glutamic acid (LGA) graft chains and investigated their
conformational changes accompanying dehydration, just like stryctural transformation behavior. We found that the ol
protein shrinking during denaturatiéh.However, the coi- globule transition of the backbones effectively affected the poly-
globule transition was much quicker than general protein (amino acid) secondary structure, and conversely only the

denaturation via a molten globule transient state. This may be y-helical grafts interfered with the backbone shrinkage.
due to the different primary structure of the thermoresponsive

polymers from the proteins. The conjugation of the peptide chain Experimental Section

Materials. Poly(vinylamine) (PVAmMM,, = 60 000) was kindly

t Kagoshima University. gifted by Dia-Nitrix Co. Ltd. and used after purified by neutraliza-

 Osaka University. tion and 1 week dialysis in pure water for removal of the impurities.
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reagent, triethylamine (Tokyo Kasei Kogyo Co., Ltd.) used as a
pH controller, isobutyric acid (Wako Pure Chemical Industries, Ltd.)
used for PVAm modification, and triphosgene (Tokyo Kasei Kogyo
Co., Ltd.) used folN-carboxyamino acid anhydride syntheses were
used as receiveds-Benzyli-aspartic acid (BLA; Wako Pure
Chemical Industries, Ltd.) ang-benzyli-glutamic acid (BLG;
Wako Pure Chemical Industries, Ltd.) used as monomers for graft
polymerization were used as receivét|N'-Dimethylformamide
(DMF), tetrahydrofuran (THF), ethyl acetate, and hexane used as
solvents were used after purification by distillation over drying

reagents such as calcium hydride and sodium metal. Methanol used

as a solvent was used as received. PNVIBK, & 15 000) prepared
by the previously reported proced#frevas used as a control sample.

Synthesis: P(NVIBA-co-VAm). P(NVIBA-co-VAmM) was syn-
thesized by a modification of PVAm by isobutyric acid in the
presence of EDC by the procedure reported previot¥sihe
composition of the NVIBA units to the total repeating units was
95 mol % as confirmed by proton nuclear magnetic resonaihte (
NMR) in D,O by the reported method (yield: 60 wt %). The
structures were confirmed by infrared (IR) spectroscopy. IR
(ATR): 1623 (amide I) and 1548 cr (amide Il).'H NMR (400
MHz, D,O): 6 = 1.1 ppm (CH in NVIBA side chain),0 = 1.4—

1.8 ppm (CH in main chains)y = 2.3—2.6 ppm (CH in NVIBA
main chain),0 = 2.8-2.9 ppm (CH in VAm main chain)y =
3.7-4.0 ppm (CH in NVIBA side chain).

N-Carboxyaminoacid Anhydrides. N-Carboxyamino acid an-
hydrides (NCA; 45 mmol) of BLA and BLG were synthesized by
a reaction with triphosgene (15 mmol) in THF (400 mL) fbh at
45°C and recrystallized in a mixed solvent of hexane/ethyl acetate
repeatedly using widely reported methods (yields: 72 and 76 wt
%, respectively). Their structures were confirmed by IR &Hd
NMR spectroscopy. The IR spectra of the NCAs were almost the
same as each other. IR (ATR):= 3250 (—NH), 1836, 1789 (&

O of acid anhydride), 1724 cri (C=0 of ester)!H NMR of NCA
of BLA (400 MHz, CDCE): 6 = 2.87, 3.10 ppm (m, 2H3-CH,),
0 = 4.58 ppm (t, 1Ha-CH), 6 = 5.15 ppm (S, 2H; Chki¢), 0 =
6.19 ppm (s, 1H; NH)¢ = 7.36 ppm (m, 5H; aromaticiH NMR
of NCA of BLG (400 MHz, CDC}): 6 = 2.13, 2.31 ppm (m, 2H;
B-CHy), 6 = 2.61 (t, 2H;y-CHy), 6 = 4.37 ppm (t, 1Ha-CH), 6
= 5.15 ppm (s, 2H; Chi¢), 0 = 6.30 ppm (s, 1H; NH)y = 7.36
ppm (m, 5H; aromatic).

PNVIBA Grafted by Poly(amino acid) Benzyl Esters. The
P(NVIBA-g-BLG) copolymer was synthesized by the following
procedure. The ring-opening polymerization of NCA for BLG (2.74
mmol) was performed without any catalyst in a DMF/THF mixture
(35.9 mL, 3/7 viv) for 168 h at room temperature under a nitrogen
atmosphere, initiating from an amine group of P(NVIB&Am)
(amine group: 0.137 mmol). The polymerization proceeded
homogeneously, and the reaction solution was dialyzed in a large
amount of THF for 2 days while replacing the solvent repeatedly
and then in water for 7 days, followed by freeze-drying to yield
the final product (yield: 64 wt %). The P(NVIBA-BLA)
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Figure 1. (@) Molecular structure of P(NVIBA-LGA) and the
correspondingH NMR spectrum. (b) CD spectra of the P(NVIBg\-
LGA) solution measured at pH 2.1 and pH= 5.5.

P(NVIBA-g-amino acid)s. The R NVIBA-g-L-glutamic acid
(LGA)} copolymer was synthesized by the following procedure.
Deblocking of the benzyl group from BLG was performed by an
alkaline hydrolysis in a methanol solution of P(NVIBHABLA)

(0.1 M, 31.2 mL) using NaOH (1 N, 3.26 mL) at room temperature
for 24 h. The reaction solution was then dialyzed in water for 5 h
while replacing the solvent repeatedly to remove the low-molecular-
weight impurity such as benzyl alcohol. The freeze-drying yields
a powder of P(NVIBAg-LGA) (yield: 91 wt %). Since théH
NMR signal of the phenyl protons at= 7.3 ppm and the integrated
intensity ratio of isopropyl Cklproton peaks (6 0.95) to main-
chain CH proton ones (1H) was estimated as 5.4 (Figure 1a), we
can confirm that the deprotection was completed while little

copolymer was synthesized by an analogous procedure (yield: 65hydrolysis of the NVIBA units occurred. The assignment of

wt %). Their structures were confirmed by IR addl NMR

P(NVIBA-g-LGA) protons was confirmed by another NMR

spectroscopy. The IR spectra of the NCAs were almost the sametechnique such a¥i—*H COSY and HOHAHA.**C NMR and

as each other. IR (ATR)r = 3280 (~NH), 1732 (G=0 of ester),
1656 (amide 1), 1520 cnt (amide II).*H NMR of P(NVIBA-g-
BLA) (400 MHz, DMSOds): 6 = 1.1 ppm (CH in NVIBA side
chain),0 = 1.4—1.8 ppm (CH in main chains)y = 2.3—2.6 ppm
(CH in NVIBA main chain),0 = 2.9-3.3 ppm 3-CH,), 6 = 3.7—
4.0 ppm (CH in NVIBA side chain)y = 4.6 ppm @-CH), 6 =
5.2 ppm (CH-¢), = 7.0-7.4 ppm (NH of peptides)y = 7.5
ppm (phenyl).0 = 8.0—-8.5 ppm (NH of NVIBA).'H NMR of
P(NVIBA-g-BLG) (400 MHz, DMSOdg): 6 = 1.1 ppm (CH in
NVIBA side chain),0 = 1.4—1.8 ppm (CH in main chains)y =
2.0-2.2 ppm f3-CHy), 6 = 2.3—2.6 ppm (CH in NVIBA main
chain andy-CH,), 6 = 3.7—4.0 ppm (CH in NVIBA side chain),
0 = 4.3-4.5 ppm (t—CH), 6 = 5.2 ppm (CH-¢), 6 = 7.0-7.4
ppm (NH of peptides)y = 7.5 ppm (phenyl)p = 8.0—8.5 ppm
(NH of NVIBA).

IH-13C HMQC also supported the successful synthesis of P(N-
VIBA-g-LGA). The NMR spectra are shown in the Supporting
Information. The P(NVIBAg-LAA) was synthesized by an analo-
gous procedure (yield: 90 wt %). Their structures were confirmed
by IR and'H NMR spectroscopy. The IR spectra of the NCAs
were almost the same as each other. IR (ATR): 171:8@Cof
carboxylic acid), 1628 (amide 1), 1554 cfn(amide I1).'"H NMR

of P(NVIBA-g-LAA) (400 MHz, D,O): 6 = 1.1 ppm (CH in
NVIBA side chain),0 = 1.4—-1.8 ppm (CH in main chains)y =
2.3—2.6 ppm (CH in NVIBA main chain)¢ = 2.5-3.0 ppm (d,
B-CHy), 6 = 3.5-4.0 ppm (CH in NVIBA side chain and-CH),

0 = 4.4-4.6 ppm (-CH). 'H NMR of P(NVIBA-g-LGA) (400
MHz, D,0O, Figure 1a):0 = 1.1 ppm (CH in NVIBA side chain),

0 = 1.4-1.8 ppm (CH in main chains)y = 2.0-2.2 ppm f-

CH,), 6 = 2.3—2.6 ppm (CH in NVIBA main chain ang--CH,), CDV
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Scheme 1. Synthetic Roots of P(NVIBAg-amino Acid)s by the Ring-Opening Polymerization of Amino Acid NCAs Initiating from the
Amino Side Group of P(NVIBA-g-VAm)
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0 = 3.7-4.0 ppm (CH in NVIBA side chain)y = 4.3—4.4 ppm Differential scanning calorimetry (DSC) studies were performed
(o-CH). using a Seiko Instrument Inc. DSC-210. All experiments were

Measurements.Fourier transformation infrared (FT-IR) spectra performed in a nitrogen gas atmosphere over a temperature range
of the particle surface were recorded by the attenuated total from 20 to 95°C at a heating rate of 2C min~1. The hydrogel
reflection (ATR) method on a Perkin-Elmer Spectrum One FT-IR specimens were hermetically sealed with water in an aluminum
spectrometer after 64 scans (4 dmesolution) over the range from  pan.

4600 to 600 cm™. CD spectra were recorded by a JASCO spectropolarimeter J-725

IH NMR spectra of the graft copolymers were measured for the under a nitrogen atmosphere after the solution was settled for at
structural determination with a NMR spectrometer (Varian Unity least 10 min at each temperature. The polymer solution was poured
INOVAG600 spectrometer) at 600 MHz. The temperature dependenceinto a 10 mm quartz sample cell set in a Peltier-type thermally
of 'H NMR signals of the graft copolymers in,D was measured controlled cell holder.
with a NMR spectrometer (JEOL FX 400) at 400 MHE NMR ) )
chemical shifts in parts per million (ppm) were recorded downfield Results and Discussion
from 0.00 ppm using tetramethylsilane (TMS) as an internal  Syntheses of Graft Copolymers.The P(NVIBA-g-amino
reference. ) ) acid)s were prepared by three-step procedures as follows

The clouding behavior of the polymer aqueous solution was (scheme 1). First, PVAMMy: 6.0 x 10%) was modified by
investigated by ultravioletvisible spectroscopy (JASCO modgl isobutyric acid in the presence of EDC to yield P(NVIBA-
V-550 spectrophotometer). The polymer solution was poured into VAM) (1) with a VAm composition of 5 mol %, which was

a 1 mm quartz sample cell set in a Peltier-type thermally controlled determined by aH NMR study focusing the methylene protons

cell holder. The rate of temperature change wa€Imin-1. The ) ) . . .
temperature dependence of the light transmittance at a wavelengtt? the main chains using the previously reported metod.

of 500 nm was monitored, and the low critical solution temperature Copolymer1 was water-soluble and showed a pH-dependent
(LCST) was determined as the temperature at 50% of the curve coil—globule transition at a lower critical solution temperature
bottom. (LCST); i.e., it showed a clouding behavior at around"lmCDV
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Figure 2. Temperature dependence of light transmittance of PNVIBA and its copolymer solutions. (a) PNVIBA, P(NMLBA), and P(NVIBA-
g-VAm) solution upon heating at pH 2.1. (b) P(NVIBAg-LAA) solution upon heating and cooling at pH 2.1. (c) P(NVIBAg-LGA) solutions
upon heating at pH= 2.1. (d) P(NVIBAg-LGA) solutions upon heating and cooling at pH2.1, 4.5, and 6.0.

upon heating at pH= 12 (K, of VAm: 10.0%° but showed no conformation. The P(NVIBAg-LAA) prepared here also adopted
thermoresponse at pH 2.1. This result indicates that the ceil the random coil conformation, as confirmed by a CD study (data
globule transition of PNVIBA was very sensitive to the not shown). On the other hand, P(NVIB#LGA) was syn-
condition of the side groups attached to the backbone. Secondthesized without such an isomerization and showed right-handed
the polymerization of NCAs for benzylaspartate (BLA) and o-helix CD patterns with two minima negative Cotton effects
benzylL-glutamate (BLG) was initiated from the amino side at 222 nm (n— x*) and 208 nm ff — z*) at pH = 2.1 (Figure
group of copolymerl. The'H NMR spectra showed that the  1). The ellipticity ratio 0f6,,460,0s was about 0.8, which agreed
signals for the VAm methylene protons disappeared completely, well with the reported value in the-helix of the oligoLGA
suggesting that all of the amino groups played a role as anchain with 14.5 repeating uni#8.Although the PLGA grafts
initiator for NCA polymerization. From the integrated intensity adopted thex-helix conformation (clear two minima) over the
ratio of amino acid side-chain proton peaks to the main-chain pH range of 2.15.0, the CD spectrum of the copolymer at pH
proton ones iftH NMR spectra, the averaged polymerization = 5.5 showed the typical Cotton effects of a random coil
degree for either poly(amino acid) graft chain was estimated as conformation (Figure 1). Since the — &* transition peak

14, which was slightly lower than the in-feed ratio of NCA to became shaper at the higher pH, the random-coil content
VAm units (20 mol/mol). Since the VAm composition was only increased by increasing pH. These results indicate that the
5 mol %, corresponding to the presence of amino groups at fixation of the PLGA chain end at the PNVIBA backbone did
every 20 units, we can hypothesize that the poly(amino acid) not interfere with adopting the-helical conformation or with
graft chains were prepared under negligibly low steric-hindrance. the helix—coil transformation. Similar transformation phenom-
The graft copolymerg and3 were insoluble in water but soluble  ena for oligoLGA grafts have also been observed in the poly-
in methanol. The methanol solution &fand 3 showed a CD (phenylacetylene) backbone syst&husing these two samples,
peak with a negative cotton effect at a wavelengthaf 222 the mutual effects of the polypeptide conformation and the-coll
nm despite too high noise arouid= 208 nm, suggesting the  globule transition of the PNVIBA backbone were investigated.
formation of ana-helical structure for the graft chains of PBLA Thermoresponse of P(NVIBAg-amino acid)s. The tem-

and PBLG. Third, the benzyl groups ®and3 were deprotected  perature dependence of the ligiit€ 620 nm) transmittance

by alkaline hydrolysis using NaOH in methandHd NMR for a P(NVIBA-g-LAA) solution of pH = 2.1 with a high
studies demonstrated that the deprotection of the benzyl groupconcentration (concentration of NVIBA units: 0.02 M) was
was selective, without any damage to the amides of either the measured. The light transmittance showed a steep declination
NVIBA units or the graft backbones to produce copolymérs  at around a LCST of 59C, which was higher than that of
and5. Both P(NVIBA-g-amino acid)s# and5 were soluble in PNVIBA (38 °C) (Figure 2a), where the LCST is defined as
water. According to the literature, the deprotection of ply(  the temperature at the half point of the minimum transmittance.
benzylL-aspartate) using NaOH induced an aspartate isomer-The incorporation of the hydrophilic graft chain was effective
ization, giving rise to a complex structure withh and/-peptide in increasing the LCST as reported in other systé¥38The

bonds to yield the poly(-/3-LAA)2! with a random coil difference in the LCST between P(NVIB4LAA) and PN_CDV
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VIBA was 23 °C. On successive cooling, a clear solution of a) PNVIBA (pure water)
P(NVIBA-g-LAA) was recovered at around 5&, as shown jﬁ
in Figure 2b. The thermoresponse was very quick upon either

T

P(NVIBA-g-LGA) (pH=2.1)
D-

heating or cooling, and the LCST was independent of the
thermal history. The DSC thermogram of P(NVIBALAA)
showed a small but distinct endotherm at°&8 indicating that
the clouding accompanying the dehydration of the polymeric
chain to show the coitglobule transition. The CD spectra T
showed the Cotton effects of a random-coil state regardless of
the temperature, indicating that the PLAA graft chains did not
adopt ana-helix, even under the hydrophobic milieu created

<+— Endo

30 35 40 45 50 55 60 65

by the globule backbones. As a consequence, the random coil Temperature (°C)

graft chains barely affected the ceijlobule transition, except

for increasing the LCST. b) e ™S
Since the P(NVIBAg-LGA) solution also showed clouding "'\

behavior upon heating, the temperature dependence of the light h,’\dJ\’/J

transmittance was recorded (Figure 2c). The curve of the change sgec f_ 2 N & A2 L___A

in light transmittance also showed a sudden drop at around 35 ﬂ

°C, but the declination was not so steep. The LCST of |

P(NVIBA-g-LGA) was just 3°C lower than that of PNVIBA, 40°CL\_/\____,/\/\'\_/\J

but 24 °C lower than that of P(NVIBAg-LAA). This result n v

suggests that the PLGA graft chains have hydrophilicity similar 50°C h_ ¥ A v o5

to the PNVIBA backbone but lower hydrophilicity than the water v

PLAA grafts, presumably due to the one methylene longer side 6000‘]»\ v N J{

chain of LGA residues than LAA. In contrast to P(NVIBg\-

LAA) and PNVIBA,2 the LCST of P(NVIBAg-LGA) upon 4 * 5 (ppmh) ! 0

cooling was 10°C lower than that upon heating (Figure 2d). Figure 3. (a) DSC thermograms of PNVIBA in pure water and the

This large hysteresis may imply a difference in copolymer P(NVIBA-g-LGA) solution at pH= 2.1. The black arrows show the

hydrophilicity between the heating and cooling processes. At endothermic peaks, whereas the white arrow shows the exothermic peak.
! 1 : .

pH = 4.5 where the charging of the PLGA grafts should be (b) *H NMR spectra of the P(NVIBA3-LGA) solution at various

. . . temperatures. The arrows refer to those peaks which reduced their
enhanced, they still adopted thehelical conformation, and the inter?sity with increasing temperature. P

LCST upon heating increased to 35. Furthermore, the light R . .
transmittance was constant at 40% even above the LCST,anOI 60°C. On the other hand, Grand CH main-chain protons
marked as andb aroundd = 1.6 and 3.8 ppm, respectively,

presumably due to the increased degree of charging, while theand around = 2.5 and 1.1 ppm marked agside chain CH)

thermal hysteresis could still be observed. At pt6.0 where reduced their signal intensity upon increasing temperature to
the PLGA grafts adopted the random coil conformation due to 50 °C and finally disappeared at 8C. In thed + h' signal,

the repulsion between the charged glutamate side chains, theth K reduced their intensit . ing t i
drop in light transmittance no longer occurred. Since a=pH b i pea rI(IE UCT( er tITI ensity u%ontlgl:)reasmg flmpter:ature,
2.1 induced the most distinct ceiglobule transition under the ut a smafl peax was Stll remained at BU, suggesting tha

a-helical conformation of the graft chains, the structural study on(;y F[_he n;?géﬁhswl% p_rotolns may dcljsappear._ Slncle tt:e
was made under these conditions. reduction o signal means a decrease in molecular

) _ _ mobility,?® the NVIBA units and main chains reduced their

Thermodynamic Study of P(NVIBA-g-LGA). To investi- — mopility in the globule state at 50 and 8C, while the graft
gate the reason for the gentle declination curve of the light chains kept their molecular mobility constant regardless of the
transmittance around the LCST, we investigated the chain packpone state. Here it should be noted that the NMR signals
dehydration behavior by DSC (Figure 3a). The agqueous solution ¢ the main-chain protons kept their intensity strong at@0
of PNVIBA showed an endotherm accompanying the €oil 514 did not disappear completely at 3G, even above the
globule transition due to the dehydration of the polymer ch®ins. | cST. This result suggests that the backbone dehydration
On the other hand, it was quitg unique that the DSC thermogram ¢qnfirmed by the endotherm in the DSC thermogram might not
of the P(NVIBA-g-LGA) solution showed not only an endo-  requce the molecular mobility over the temperature range of
therm at the onset temperature of-‘€comparable to the LCST  the proad exotherm, presumably due to a force resistant to the
but also a broad exotherm in the temperature range 6500 main-chain globule. Since the P(NVIB&LAA) with random
°C. These thermodynamic results imply that a transition of chain ¢ grafts did not show such a strange phenomenon, the PGLA
rehydration or structural organization may occur just after the grafts adopting the helical conformation may have been resistant,
coil—globule transition. possibly due to the grafts surrounded by the shrinking back-

The temperature dependence of the polymer structure in abones. If this assumption is true, then the environment of the
D,0/DCI solution ([DCI]: 102 M) was studied by*H NMR PGLA grafts may change due to the hydrophobic and nearly

(Figure 3b). The'H NMR spectra show every €H proton globule main chains predictably to induce a conformational
signals in P(NVIBAg-LGA) over the range of chemical shifts change.
0 = 0.0-4.5 ppm as marked bg, b, d, e, f', ¢, andh’ where Secondary Structures of P(NVIBAgQ-LGA). The P(N-

the prime was attached to denote the graft chain protons. TheVIBA-g-LGA) retained high transparency regardless of the
PLGA graft protons ab = 2.0 and 2.2 ppm were marked gis temperature in the dilute solution at a concentration of 0.01 wt
and kept their intensity constant regardless of the temperature,%. We then recorded the temperature dependence of the Cotton
although the intensity of’ at 6 = 4.4 ppm was not well effects from the CD spectra of the P(NVIBgLGA) solution
recognized because of the overlapping water signal at 40, 50,at pH= 2.1. Even above the LCST, linear dichroism (LD)8bV
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a) 2,000 was reduced to 0.58 (Figure 4b). From this blue shift and the
heating

ellipticity, we can hypothesize two possible conformational
changes of the oligoLGA grafts: one is a deformation to a
random coil structure, and the other is a transformation to a
right-handed &-helix structure which is tighter and more
elongated than am-helix and has a different hydrogen-bonding
pattern (— i + 3 for 31¢-helix, i — i + 4 for a-helix). Besides,
it is noteworthy that the minimum of f~ z* transition peak
= became a shoulder in the CD spectra recorded at 35 af@,40
20°C. 60°C although the copp_lymer_ ir_\ the intermediate state showed the
45°C, clear n— z* transition minimum under the condition of 2C

and pH= 2.1 (Figure 1). According to the literature, on the
40°C pH-induced helix-coil transformation of oligoLGA%? the
-10,000 transient state from the-helix to a random coil showed a blue
190 200 210 220 230 240 250 shift of thesr — * transition peak similar to our results, but
Wavelength (nm) both peaks of the — z* and n— z* transitions became weak
because of a decrease in the helix content. Since the intensity
tHoo—o-oo—p of the peaks at 205 and 222 nm in the present P(NVIBA-

o LGA) became stronger and constant, respectively, we can
deduce that the possibility of a transformation to a random caoill
conformation is very low. On the other hand, Formaggio et al.
215 reported that an oligopeptide adopting thelelix conformation
in water showed a blue shift of the — #* transition peak
210 around 205 nn3? although other grhelical peptides in organic
_o_mg_ O—0—> solvents such as trif_ll_Joroacetic acid and hexafluoro-2-propanol

blue:i { red o showedr — * transition peaks at around 208 niithe present
205 Shift 00! shift P(NVIBA-g-LGA) showed chirospectroscopic patterns in water
similar to the above-mentionedghelical peptides but showed
a [0]22d[ 0] 205 ratio of 0.58, which is a bit higher than the values
in the literature (0.150.55)24 presumably indicating the
A A coadoption of the @-helix/random conformation. The adoption
of 310-helix may be supported by the shoulder morphology (not
A A minimum) of the n— x* transition peak. Although we
attempted to estimate thgghelix composition according to
the literature’;22-?the blue shift of ther — z* transition peak
and the short length of the graft chain made it difficult to obtain
valid values of the molar ellipticity for each hefX.Several
o6 b studies have reported the conditions under which polypeptides
preferably adopt a;3-helix conformation: (1) short length?®
(2) high concentratiof’ and (3) low polarity solvent:28 Since
0.5 1 ) . ) ) the short chain of the oligoLGA surrounded by shrinking
10 20 30 40 50 60 70 backbones upon dehydration fulfills these three conditions, the
adoption of the gr-helix and/or random-coil conformation seems
Temperature (OC) to be a reasonable phenomenon. The P(NVIBBAGA) recov-
Figure 4. (a) CD spectra of the P(NVIBA-LGA) solution at pH= ered the CD spectrum of aw-helix over 45°C. As a conse-
2.1 measured at various temperatures upon heating. (b) Temperaturegquence, one can hypothesize from Figure 4a that the transition
dependence of the wavelengths showing ellipticity minimums and the of the q-helix — other conformation (@-helix or random coil)
molecular ellipticity ratios for ther—s* and n—x* transitions. — a-helix occurred upon heating in water (pH 2.1).

obstructive noise was not detected in the wavelength range over  We additionally studied the chirospectroscopic change of
195 nm, and repeated measurememts=( 3) reproducibly P(NVIBA-g-LGA) solut|.o.n in the cooling process (Figure 5).
showed the same CD spectra. PNIVIBA, of course, showed no While thex — s* transition peak located at a wavelength of
Cotton effects regardless of the temperature (data not shown).208 nm at 60°C, the peak went back to 205 nm at 40,
Figure 4a shows representative CD spectra from a P(NVIBA- indicating the recovery to the intermediate state. The successive
g-LGA) solution of pH= 2.1 measured at various temperatures. Neating induced the red shift to 208 nm again, indicating that
Similar to the PNIVIBA, P(NVIBAg-LGA) showed negative the oligoLGA transformation occurring over 4Q is reversible.

Cotton effects at wavelength minimums of 222 {n x* On the other hand, ther — 7* transition peak kept the
transition) and 208 nma(— x* transition); the P]24[6]20s wavelength around 205 nm even at 20, and besides the

ratio was~0.8, which is typical for the right-handethelical sample settled at 3C for 24 h still showed the peak at 205
form22 We showed the temperature dependence of the wave-"M- The result |nd|cat(_as that thg ollgoLGA conformatlon did
lengths for the n— z* transition and ther — z* transition not re_turn to thea-hell_x. The dlffe_rence in transfor_matlon
and their ellipticity ratios. At 30C and lower, similar Cotton ~ Pehavior between heating and cooling process may induce the
effects of thea-helix were detected. On the other hand, the ~ hysteresis of transmittance change shown in Figure 2d.

— gr* transition became more intense and showed a modest Molecular Cushion Effects of Peptide Grafts.We sche-
blue shift to 205 nm, and the ellipticity ratio of th@]p»2[0]20s matically illustrated the thermodynamic structural transforma&%\/
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220 CHRE
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L 215
- PNVIBA:globule
g’ PLGA: a-helix
O 210 Figure 6. Schematic illustration of the change in the P(NVIBA-
?>, p Fol LGA) conformation upon heating at pH 2.1.
‘;‘ 205 Ly 0/ blue a-helical conformation, thus removing the spring effects. We
shift can hypothesize that the broad exotherm may be due to the
200 hydration of the oligoLGA grafts and the segregation of the
10 20 30 40 50 60 70 backbone and grafts. In the cooling process from 60 t6&0
Temperature (°C) the conformation of oligoLGA grafts changed back frarmelix

Figure 5. (a) CD spectra of the P(NVIBA-LGA) solution at pH= of to 31(rhe_llcal or rfindom coil, indicating _the oligoL GA
2.1 measured at various temperatures upon cooling. (b) Temperaturelf@nsformation occurring over &L was reversible. However,
dependence of the wavelengths showing ellipticity minima. the 3-helical or random-coiled structure was maintained at 5
°C even if the main chain adopted the coiled conformation as
behavior of a P(NVIBAg-LGA) solution at pH= 2.1 in Figure shown in the top right of Figure 6. The intermediate state may
6. Below the LCST, P(NVIBAg-LGA) adopted the random coil  be stabilized by PNVIBA main chains, presumably because the
conformation for the PNVIBA backbone and arhelix con- PNVIBA chains had a similar hydrophilicity with the oligoLGA
formation for the oligoLGA grafts as shown in the top left of chains as mentioned above (in the explanation of Figure 2c).
Figure 6. When the temperature increased slightly higher than However, the keep of the copolymer at°€ for 1 month
the LCST, the P(NVIBAg-LGA) solution showed a light trans-  recovered the-helix conformation. Just after cooling, succes-
mittance decline less steep than the PNVIBA and P(NVIBA- sive second heating of the P(NVIB&LGA) solution in the
g-LLA) solutions which had random-coil grafts. The DSC intermediate state showed the thermoresponse, but the clouding
showed an endotherm which was much smaller than that of temperature was largely increased to around®5indicating
PNVIBA. Over this temperature range, the backbone was dehy- the oligoLGA conformation strongly affects LCST.
drated and started to shrink, but the thermoresponse was slow, fgr comparison, we additionally synthesized the P(NVIBA-
incomplete, and under an intermediate state similar to the molteng.| GA) having a shorter graft chains (8 LGA units) and studied
globule state in protein folding, presumably due to the steric the conformation and cushion effects. The CD spectrum of
hindrance of the rigid-rodx-helical grafts of the oligoLGA P(NVIBA-g-LGA) having a shorter graft chains showed the
acting like a spring cushion. Inside the shrinking backbone, the pegative Cotton effects (minimum: 216 nm) typicajfetrand
oligoLGA grafts were concentrated under the hydrophobic en- strycture, and the DSC thermogram showed a sharp endotherm
vironment, which induced the helix transformation. In this state, pyt no exotherm (CD and DSC: Supporting Information),
the [0]224[6]20s ratio did not increase despite the graft chain genying the cushion effect. Then the cushion effect in the

concentration, suggesting that the graft chains were easily jam-peptides grafted to the thermoresponsive backbones may be
med and were not regularly associated. The CD study suggestspecific to thea-helical conformation.

that the oligoLGA may adopt a;@helix or random-coil con- )

formation (Figure 6, middle). When the temperature increased Conclusion

slightly higher, the DSC thermogram showed an exotherm, P(NVIBA-g-amino acid) copolymers were successfully syn-
meaning a hydration. The elevated temperature may enhancehesized by the graft polymerization of the corresponding NCA
the molecular motion of the oligoLGA and the hydrophobic initiating from the amino side groups of P(NVIBée-vinyl-
effects of PNVIBA backbone, which could induce the segrega- amine)s. Although oligoLLA grafts with 14 repeating units in
tion shown at the bottom of Figure 6, the hydrophobic core of the P(NVIBA-g-LAA) adopted a random-coil conformation,
PNVIBA and the hydrophilic grafts of oligoLGA. At this stage, oligoLGA grafts with 14 repeating units in the P(NVIBg-

the oligoLGA grafts imbibe water sufficiently to recover the LGA) adopted anx-helical conformation. P(NVIBAG-LAA) CDV
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showed an ordinal coitglobule transition accompanied by a (11) Dai, Q.; Prorok. M.; Castellino, F. J. Mol. Biol. 2004 336, 731-744.
sharp endotherm in its DSC due to chain dehydration acrossgg '(\g‘)”%‘:égi gt?”(‘g’gggnv/&B_'O}‘égﬁrgllso“xlﬁgl%ﬂ 3&;59\(1__1:3;” "
the LCST upon heating, whereas the P(NVIBA:GA) with Macromolecule2004 37, 1370-1377. (b) Kaneko, T.; Tanaka, S.;
a-helical graft chains showed a slow transition like protein Ogura, A.; Akashi, MMacromolecule005 38, 4861-4867.
denaturation, accompanied by not only a broad endotherm but(14) Emst, J. T; Kutﬁki, 0, Detzgath, A. K Jiang, S.; Lu, H.; Hamilton,
I r xotherm. Circular dichroism D i _ A. D. Angew, Chem. Int. ER002 41, 278-281.

asot ?jtt)ho?q[he olt. e LGAC Cuﬁa td ¢ fo S é(; ) s;;ﬁ els sug (15) Watanabe, J.; Okamoto, S.; Satoh, K.; Sakajiri, K.; Furuya, H.; Abe,
gested that the oligo grafts transtormed Trom axmelix A. Macromolecules1996 29, 7084-7088.
to a more highly pitched:g-helix or random coil. Proton nuclear  (16) Pieroni, O.; Fissi, A.; Pratesi, C.; Temussi, P.; CiardelliJFAm.
magnetic resonancéH NMR) indicated that the proton peaks Chem. Soc1991 113 6338-6340. _ _
of the PNVIBA backbones and oligoLGA grafts were clearly (17 ﬁ;cjéﬁg?:clﬁiegééi 2373";%"7(;;""2'8;3/2 %t'{) ﬁ'ﬁé Iljl'o Pé”ISYijeoré I?-
detected just above the LCST, but the PNVIBA protons reduced v N.; Lushchik, V. B.; Kleinin, S. I; Bychkova, V. E.; Piitsyn, O.
their intensity while the PLGA protons kept their intensity above B. Macromoleculed995 28, 7519-7524. (c) Tamura, T.; Yamaoka,
the exotherm temperature. Then the oligoPGA grafts adopting ggzlius%usgl'(c?)';}ffnnl:tgih' SA:;Jgggzgk/i\B\l(om?gmgIekgqlc%%%?( ;, "
the.a-hellcal structure may be surrounded. by dehy.drated.and Akashi. M.Langmuiri99§ 15, 4056-4061. i P
shrinking backbones and can act as a helical cushion resistan{18) Maeda, K.; Kamiya, N. Yashima, Ehem—Eur. J.2004 10, 4000~
to the coil-globule transition of the PNVIBA backbone. At 4010. _ _
more elevated temperatures, P(NVIBA:GA) recovered the ~ (19) (&) Heskins, M.; Guillet, J. 8. Macromol. Sci., Chem.968 2, 1441

. . . 1455. (b) Juodkazis, S.; Mukai, N.; Wakaki, R.; Yamaguchi, A,;
a-helix conformation, presumably due to the segregation Matsuo, S.; Misawa, HNature (London)200Q 408 178-181. ()
between the backbones, and the exotherm may be due to graft

Stayton, P. S.; Shimoboji, T.; Long, C.; Chilkoti, A.; Ghen, G.; Harris,
hydration and segregation. Although the oligoLGA conformation é MH F]ijffmafL:Aé ﬁNtatur? l_(LOSdO)f{)gl’gg%?;é&;g_ 25—247(4-) (3) Chhsn,
o ; : .; Hoffman, A. SNature (London . (e) Yoshida,
changg occurring in the hlgher temperature range was reversible, R.. Uchida, K. Kaneko, Y.: Sakai, K. Kikuchi, A.: Sakurai, Y.:
3io-helical or random-coiled conformation was kept even at 5 Okano, T.Nature (London)L995 374, 240-242.
°C, and the further keeping at 4C recovered thex-helix (20) (a) Yamamoto, K.; Serizawa, T.; Muraoka, Y.; Akashi, Macro-
conformation. The present oligoLGA grafts of P(NVIBf- molecule2001, 34, 8014-8020. (b) Suwa, K.; Wada, Y., Kikunaga,
LGA) are the first synthetic peptide cushions reported to be Y.; Morishita, K. Kishida, A; Akashi, M.J. Polym. Scl., Part A:

) are y pepuae p \ Polym. Chem1997 35, 1763-1768. (c) Kunugi, S.; Takano, K.;
working in water and may be considered as a good protein Tanaka, N.; Suwa, K.; Akashi, Mlacromoleculeg997, 30, 4499~
denaturation model having one of the most familiar amino acid ‘F1)5(|)1- (dc):ﬁkasigég/'&Ngﬁn%O%: Kishida, 4. Polym. Sci., Part A:

. . ) olym. Chem ; —303.
sequences. For example, we can imagine that the slow dena(21) Harada, A. Kataoka, KSciencel999 283 65-67.
turation of most proteins via a molten globule state may be (22) Rinaudo, M.; Domard, AJ. Am. Chem. Sod.976 98, 6360-6364.
associated with the presence of@itelical spring cushion. In (23) Jardetzky, O.; Lefevre, J. FEBS Lett.1994 338 246-250.
addition, the combination of thermoresponsive backbones with (24) éa) Ftormaggi(g, E-; irisme;]. M.;JRoTssi,_ IT.: gchrimin,EP.: gazpéggh B,
H H roxterman, Q. b.. Kampnuis, J.; Toniolo, em—eur. J.
hgllcal blqpolymer grafts may lead to the development of a good 6, 4498-4504" (b) Toniolo, C.. Formaggio, F.; Tognon, S.: Broxter-
bioactuating system. man, Q. B.; Kaptein, B.; Huang, R.; Setnicka, V.; Keiderling, T. A.;
McColl, H.; Hecht, L.; Barron, L. DBiopolymers2004 75, 32—45.
Supporting Information Available: H—!H COSY, HO- (25) Using the peak analyzing application (GRAMS/AI ver.7, Thermo
HAHA, 3C NMR, and*H—13C HMQC spectra of P(NVIBAg- Galactic), the peak fitting of the negative CD peaks recorded at 35

. ; ; ; e e and 40°C over a wavelength range shorter than +260 nm gave
LGA); deta”ed anal}/5|s of CD peak fitting and IR peak shift, three main peaks at 202, 207, and 222 nm (and a negligibly small
(related with ref 25); and CD spectrum and DSC thermogram of peak at around 245 nm) with a good fitting correlatiorRBf= 0.999
P(NVIBA-g-LGA) with 8 LGA units which adopted thg-strand. (the fit peaks are shown in the Supporting Information). If we ignore
This material is available free of charge via the Internet at http:// the contribution of random conformation for Cotton effects and focused
pubs.acs.org. on the helical conformation, the following calculation can be made.

If we can assume that th@]p,J[6]207 value is 0.8 for am-helix (from
ref 27), whereas thef]224[6]202 ratio is 0.3 for a g-helix (from ref
28); the real value off]]202,—»+ is 4240 deg cm dmol at 35°C and
5470 deg cm dmof at 40°C. Then the §]22, values from the @-
helix can be calculated as 1270 deg cm dra@t 35°C and 1640
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