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Poly(ethylene glycols) (PEGs) are popular polyethers that
have been used in wide-ranging fields including chemical
biology, medical chemistry,') and materials science.”) In
protein engineering, owing to their high water solubility,
low toxicity, and low antigenicity, PEGs have been used for
enhancing refolding, assisting crystallization, increasing water
solubility, and prolonging the blood circulation time of
proteins. In relation to these applications, the introduction
of PEGs by covalent-bond formation, that is, PEGylation,[” is
an important method for improving the stability of proteins.
However, chemistry of pure PEG molecules remains unex-
plored, as most conventional PEGs are polydisperse.”! For
example, it was not until very recently that the synthesis of
a discrete PEG 44-mer (M =1956) was accomplished."
Moreover, PEGs are linear polymers and their structural
diversity is limited, although recent studies have indicated
that the properties of PEGs and their analogues change
drastically depending on the molecular weight and top-
OlOgy.[la‘k]

Herein, we propose a practical approach to the formation
of PEGs with higher dimension structures having topological
diversity by using monodisperse oligoethylene glycol and
pentaerythritol (PE) as a junction unit. PE has four hydroxy
groups, and therefore allows multiple PEGs to be connected
with the introduction of minimal structural difference from an
ethylene glycol unit; the resulting structure has hydroxy
groups at the vertex, like the termini of linear PEGs. As the
first example of structured monodisperse PEGs, we synthe-
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sized trianglular PEG analogue 1, (M = 883) which consists of
three tetraethylene glycol (TEG) and three PE units
(Scheme 1a). Interestingly, 1 undergoes dehydration,
which is associated with conformational switching between
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Scheme 1. a) Molecular structures of structured monodisperse PEGs

1 and 2. b) A schematic representation of the heat-responsive con-
formational change of 1. Left and right structures are molecular
models gauche-1 and anti-1, respectively, where all the ethylene units
adopt either gauche or anti conformation (C blue, O red, and H white).
The structures were optimized by a molecular mechanics calculation
with Merck molecular force field (MMFF) by using Spartan’08.

the gauche and anti forms (Scheme 1b), at lower temperature
than the corresponding linear version, 2 (Scheme 1a). This
unique feature could be applied for the manipulation of
proteins,”! that is, 1 exhibits the ability to suppress protein
thermal aggregation, unlike 2 or PEG-1000, which is a con-
ventional linear PEG of a similar molecular weight (M, =
993).

1 was synthesized from PE by the procedure shown in
Scheme 2. First, three hydroxy groups of PE were protected
selectively (3 and 4) and the residual free hydroxy groups
were coupled with tosylated TEGs to afford ditosylate 5 and
diol 6. Williamson ether synthesis between 5 and 6 and
subsequent stepwise cleavage of triisopropyl (TIPS) and
benzyl (Bn) groups successfully yielded compound 1.1°
Similarly, 2 was also synthesized by Williamson ether syn-
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Scheme 2. Synthesis of 1. a) 1) CH;C(OEt);, TsOH-H,0, toluene;

2) BnBr, KOH, DMSO; 3) HCl (aq.), MeOH, then Na,CO;; 4) TIPSCI,
imidazole, DMF, 41% over 4 steps. b) TrCl, Et;N, DMAP, CH,Cl,,
quant. yield. c) 1) NaH, TsO(CH,CH,0),PMB, THF; 2) DDQ, CH,Cl,,
water; 3) TsCl, Et;N, CH,Cl,, 60% over 3 steps. d) 1) NaH, TsO-
(CH,CH,0),Ts, THF; 2) ZnBr,, CH,Cl,, MeOH, 54% over 2 steps.

e) 1) NaH, THF; 2) TBAF, THF; 3) H,, Pd/C, EtOH, 32% over 3 steps.
See the Supporting Information for the details. Bn=benzyl, DMAP =4-
dimethylaminopyridine, DMF = N,N’-dimethylformamide, DMSO =di-
methyl sulfoxide, TBAF =tetra-n-butylammonium fluoride, TIPS =tri-
isopropylsilyl, Tr=trityl, Ts = p-toluenesulfonyl.

thesis between the PE and TEG units. 1 and 2 are colorless
oils, and readily dissolve in water at room temperature.

It is known that in water linear PEGs undergo a heat-
responsive conformational change, whereby C—C bonds in
the gauche form at room temperature change into the anti
form at high temperatures.”) Infrared (IR) spectroscopic
analysis of a neat sample of 1 at 25°C showed absorption
bands at 1458 and 1352 cm™', which are characteristic to the
CH, vibration of the ethylene glycol units in gauche con-
formation (see the Supporting Information, Figure S2, blue
line).'"" Upon being heated to 120°C, 1 displayed an
intensified absorption band at 1328 cm™', with a relatively
intensified band at 1473 cm™' (see the Supporting Informa-
tion, Figure S2, red line), thus suggesting that the ethylene
glycol units change the conformation from gauche to anti
form.” This conformational change is also indicated by
variable temperature *C nuclear magnetic resonance (VT
3C NMR) spectroscopy, in which a downfield shift of all the
peaks in the spectrum of 1 in D,O (1.6 mgmL™") occurs at
elevated temperatures (see the Supporting Information,
Figure S3).""!

With respect to the conformation at the junction between
PE and TEG, variable temperature heteronuclear multiple-
bond correlation (VT HMBC) experiments also indicate that
rotation around C—O bonds occurs. In the HMBC measure-
ment, 'H and "*C atoms in a gauche relationship display either
no cross peak or a weak cross peak because of the small */y
value.” Indeed, at 25°C, a cross peak between 'H at C4 and
13C at C2 was too weak to be observed, however a cross peak
appeared upon heating the sample up to 60°C (see the
Supporting Information, Figure S4).”) Hence, this marked
alteration of the cross peak intensity suggests that the torsion
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angles around the C—O bonds between the PE and TEG units
(C2 and O3 atoms) change from an anti to a gauche relation-
ship upon increasing the temperature. These spectroscopic
studies indicate that dynamic changes in the conformation of
1 are triggered by heating.

As is the case with 1, 2 shows downfield shift of the
13C NMR signals upon an increase in temperature from 20°C
to 80°C, thus suggesting the gauche-to-anti conformational
change of the ethylene glycol units (see the Supporting
Information, Figure S5). As such gauche-to-anti conforma-
tional change is known to increase the hydrophobicity of
PEGs,** we then investigated their hydrophobicity in terms
of dehydration. Hydrated PEGs are known to exhibit a linear
relationship between 1/5 and T/T, where n and T represent
the viscosity of water and temperature, respectively, since the
mobility of a PEG chain is governed mainly by the viscosity of
the solvent (Figure 1).7%) Actually, 2 shows an almost linear
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Figure 1. "H NMR T,/T values of 1 (circles) and 2 (squares) in D,O
plotted as a function of the reciprocal of water viscosity (17) and
temperature (T). T, values were measured for '"H NMR signals
corresponding to 'H at C5, C7, and C8 of 1 and C2, C4, C5, C7, C8,
C10, C18, C20, and C21 of 2.

correlation between 7,/T and 1/5 in the temperature range
between 20 and 80 °C, thus indicating that 2 is hydrated below
80°C. In contrast, although 7)/T values of 1 showed a linear
correlation with 1/5 below 60 °C, this correlation did not occur
above 60°C, thus strongly indicating that dehydration of
1 occurs around 60°C. As well as 2, conventional linear PEGs
are known to dehydrate over 80°C."”l Thus, the low dehy-
dration temperature of 1 is likely due to a distinct effect of
structuralization into the 2D trianglular geometry.

The unique thermo response of 1, whereby the hydro-
phobicity is increased at a rather lower temperature than for
linear PEGs inspired the following hypothesis. Namely, after
dehydration at high temperatures, 1 is able to interact with
thermally unfolded proteins, which have more exposed
hydrophobic residues on the surface than the folded ones,
and then is able to prevent their aggregation. This is
a practically important issue for the manipulation of ther-
apeutic proteins.

When chicken-egg-white lysozyme was dissolved in phos-
phate-buffered saline (PBS, pH7.4; 3.0 mgmL™) in the
absence and presence of 1, 2, or PEG-1000 (30 mgmL™), all
the resulting mixtures afforded clear solutions at 20°C
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Figure 2. Photographs of lysozyme in PBS (3.0 mgmL™") at 20°C (top)
and 90°C (bottom). a and b) no additive, c and d) with 2
(30 mgmL™), and e and f) with T (30 mgmL™).

(Figure 2). Upon heating the sample without any additives up
to 90°C, white precipitates appeared owing to thermal
aggregation of denatured lysozyme (Figure 2b). The samples
containing either 2 or PEG-1000 also gave similar precipitates
shortly after heating (Figure 2d, and the Supporting Infor-
mation, Figure S6). In sharp contrast, the lysozyme solution
containing 1 remained colorless and transparent, even after
incubation at 90°C for 30 min (Figure 2f). These simple
experiments clearly demonstrate that only 1 effectively
suppresses thermal aggregation of lysozyme.

The enzymatic activity of lysozyme after heat treatment
were investigated to evaluate the ability of the additives to
suppress thermal aggregation (Figure 3). Lysozyme in PBS
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Figure 3. Enzymatic activity of lysozyme (3.0 mgmL™'=0.21 mm) after
heating (98°C, 30 min) with different concentrations of additives
(1 red; 2 orange; L-arginine hydrochloride black; PEG-1000 blue).

(3.0 mgmL ™ =0.21 mm) containing no additives completely
lost its activity after incubation at 98°C for 30 min (Figure 3,
Omwm). In contrast, nearly 80% enzymatic activity was
retained even after such harsh thermal treatment when
1 (30 mm) was present (Figure 3, red line). Interestingly, the
presence of 2 barely helped lysozyme retain enzymatic
activity (Figure 3; orange line), thus clearly demonstrating
that the topology of PEGs drastically influences their proper-
ties. Also the presence of PEG-1000 barely improved the
outcome (Figure 3, blue line). Notably, the capability of 1 to
suppress thermal aggregation is significantly higher than that
of L-arginine, which is known to be a high-performance
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aggregation suppressor (Figure 3, black line), and its ester
derivative (Figure S7).11%

The effect of 1 on the higher-order structures of lysozyme
were investigated by circular dichroism (CD) and VT
"HNMR spectroscopy. Upon being heated from 20°C to
90°C, for a PBS solution of lysozyme containing no additive
there was a significant decrease in the intensity of CD bands
around 210 nm and 225 nm, corresponding to the secondary
structures (f sheet and a helix, respectively); these signals did
not recover, but in fact decreased after cooling to 20°C
(Figure 4a). In contrast, in the presence of 1, the intensity of
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Figure 4. CD spectra of lysozyme (0.5 mgmL~'=0.035 mm) in PBS
buffer with a) no additive and b) 1 (25 mgmL™" =28 mwm). Arrows
indicate the directions of spectral changes upon heating (left; 20°C
(blue), 40°C (pale blue), 60°C (dark yellow), 80°C (orange), to 90°C
(red)) and cooling (right; 90°C to 20°C).

the CD bands at 90 °C was higher than that in the absence of 1,
and the signal intensity was mostly recovered after cooling to
20°C (Figure 4b). These CD spectral changes are consistent
with the changes in enzymatic activity of lysozyme after
heating (Figure 3). It should be mentioned that the CD signals
of 1 were recovered upon repeating the heat treatment cycles
(see the Supporting Information, Figure S8).

We investigated the conformational states of lysozyme
during heating in more detail by using VT '"H NMR spec-
troscopy. It is known that the protons of folded proteins
exhibit a wide range of chemical shifts owing to the
anisotropic magnetic fields of proximal aromatic or carbonyl
groups, whereas denatured proteins exhibit chemical shifts of
protons in a rather narrower range (6 =8.5 to 0.8 ppm), such
as short linear peptides adopting a random coil conforma-
tion.''! In fact, a PBS solution of lysozyme (1.0 mgmL ™=
0.070 mm) showed signals of protons from d =11 to —2 ppm
at 40°C (see the Supporting Information, Figure S9).'? Upon
heating to 70°C, the peak intensities decreased in the
magnetic field regions downfield of 6 =8 ppm and upfield
of 0 =0.6 ppm, and further heating up to 80°C resulted in the
disappearance of peaks in those regions. At 80°C, lysozyme
changes into a random coil state, in which the secondary
structures are no longer retained. At 90°C, intensities of all
the signals significantly decreased as a result of the thermal
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aggregation mentioned above, and the disappeared signals
did not recover even after cooling to 40°C.®l On the other
hand, a mixture of lysozyme (1.0 mgmL ' =0.070 mm) and
1 (33 mgmL " =37 mm) also showed many signals in a wide
range of chemical shifts at 40°C (Figure 5a), with a slightly
different spectral profile from intact lysozyme in the aromatic
region. Thus, 1 is likely to interact with lysozyme at this
temperature while preserving lysozyme's ternary structure. It
is of great importance that several signals in the upfield and
downfield regions persisted at 80°C and even at 90°C with
significant intensities (Figure 5a, filled circles), thus strongly
indicating that lysozyme remained dissolved in the buffer at
such high temperatures and retained partial higher-order
structures. Moreover, the original signals mostly recovered
after cooling to 40°C (Figure 5a, filled squares). The five
signals observed in the high magnetic field region can be
assigned to the alkyl protons of Leu8, Leul7, Thr51, Leu56,
I1e98, Met105, and Lys116 according to a literature,'? where
the original secondary and ternary structures around those
residues are deemed to be recovered after the heating
process. As shown in Figure 5b, these residues are located
in the secondary structures such as a-helix (Leu8, I1e98 and
Met105), B-sheet (Thr51), and loop (Leu56) or close to a-
helix (Leul7 and Lys116), and are distributed in the whole
molecule. Of importance, Thr51, Leu56, 11e98, and Met105
are located beside a large cleft, that is, the active site.'""! Thus,
1 stabilizes lysozyme to preserve the partial higher-order
structures as well as the solubility in the buffer at elevated
temperatures, which in turn results in the suppression of
thermal aggregation and the recovery of the native confor-
mation after cooling.

Here, it is of importance to investigate the relevancy of
the thermal gauche/anti conformational change of 1 and 2 to
their capability to suppress aggregation. Fluorescence aniso-
tropy (FA) measurement of lysozyme displayed aggregation
features of lysozyme upon an increase in temperature
(Figure 6). A slowly tumbling molecule, namely a large
molecule or an aggregate, exhibits a large FA value compared
with small molecules. Actually, lysozyme, in the absence of
additives, showed a monotonic increase of FA values upon
elevation of temperatures above 30°C (Figure 6, blue curve
and squares),'”! thus indicating that heating encourages
aggregation of lysozyme, and the size of the aggregates
increases with increasing temperature. The mixture of lyso-
zyme and 2 displayed a similar tendency (Figure 6, orange
curve and diamonds), that is, as expected, 2 hardly influences
the aggregation of lysozyme at temperatures above 30°C. In
clear contrast, the mixture of lysozyme and 1 exhibited
a gradual decrease of FA values from 20°C to 50°C, followed
by a steep increment at 60°C and a subsequent decrement
(Figure 6, red circles and curve). The decrease of FA values
from 20°C to 50°C is deemed to result from the increased
tumbling rate of lysozyme, without aggregation. The incre-
ment of the FA value around 60°C is likely due to complex-
ation of lysozyme with 1, and not to protein aggregation as is
suggested by the subsequent FA values above 70°C. As
mentioned above, dehydration of 1 accompanied by a gauche-
to-anti conformational change occurs around 60°C, which
coincides with the temperature at which complexation occurs.
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Figure 5. a) "H NMR spectra of a mixture of lysozyme

(1.0 mgmL™"'=0.070 mm) and 1 (33 mgmL™" =37 mwm) in PBS at
40°C, 70°C, 80°C, and 90°C, followed by cooling to 40°C. The high-
magnetic-field region (0 <0.6 ppm) of the spectra are magnified three
times compared to those in the low-magnetic-field region

(6>6.6 ppm). Filled circles represent the detectable proton signals of
lysozyme at 80°C and 90°C, and suggest that partial higher-order
structures of lysozyme were retained. Proton signals recovered after
cooling to 40°C are marked with filled squares. b) Side and top views
of the crystal structure of lysozyme (PDB ID: 2HUB). The residues for
which the corresponding 'H NMR signals were recovered after cooling
to 40°C are labeled on the space-filling representation. The red parts
represent the binding site residues (Glu35, Asp52, Asn59, Trp62,
Trp63, Asp101).

Therefore, it is likely that the dehydration of 1 allows for
interaction with lysozyme at high temperature to suppress
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Figure 6. Fluorescence anisotropy changes of lysozyme (0.70 um) in
the absence (blue) and presence of 1 (red, 0.20 mm) or 2 (orange,
0.20 mm) in PBS buffer (pH 7.4) upon an increase in temperature
from 20°C to 98°C. Excitation and emission wavelengths are 295 and
335 nm, respectively.

aggregation. It should be noted here that because 2 stays
hydrated below 80°C, denatured lysozyme is likely to
aggregate before being bound by 2.

In summary, we have demonstrated that the structured
monodisperse PEG analogue 1, having a triangular structure,
has a low dehydration temperature compared with the
corresponding linear PEGs, and suppresses protein thermal
aggregation with high efficiency. Thus, the structuring of PEG
from a linear geometry into higher-dimensional ones affects
the physicochemical nature of PEGs to bring about the
distinctive biochemical effect of 1. We believe that detailed
studies using monodisperse PEG analogues with diverse
structures offer a better and reliable understanding of the
characteristics of PEGs and these characteristics can be
exploited to explore new applications of PEG-related com-
pounds. Further studies on the capability of 1 to suppress the
aggregation of other proteins and on other structured PEGs
are now in progress.
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