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ABSTRACT: Osmolytes found endogenously in almost all living beings
play an important role in regulating cell volume under harsh environment.
Here, to address the longstanding questions about the underlying
mechanism of osmolyte effects, we use femtosecond mid-IR pump−
probe spectroscopy with two different IR probes that are the OD
stretching mode of HDO and the azido stretching mode of azido-
derivatized poly(ethylene glycol) dimethyl ether (PEGDME). Our
experimental results show that protecting osmolytes bind strongly with
water molecules and dehydrate polymer surface, which results in
promoting intramolecular interactions of the polymer. By contrast, urea
behaves like water molecules without significantly disrupting water H-
bonding network and favors extended and random-coil segments of the
polymer chain by directly participating in solvation of the polymer. Our
findings highlight the importance of direct interaction between urea and
macromolecule, while protecting osmolytes indirectly affect the macromolecule through enhancing the water−osmolyte
interaction in a crowded environment, which is the case that is often encountered in real biological systems.

Almost all living organisms need to adapt to environmental
stresses such as extreme pressure, temperature, pH,

cellular dehydration, high extracellular salt, and the presence
of denaturing highly concentrated urea and salts inside cells like
those in the mammalian kidney.1,2 Cells adapt to such stresses
by accumulating certain small organic molecules, known as
osmolytes. Osmolytes are known to have profound effects on
protein stability. A few of them are denaturants like urea,
whereas others like trimethylglycine (TMG), trimethylamine
N-oxide (TMAO), etc. act as protecting osmolytes even under
denaturing conditions by stabilizing native protein structures.
The ability of TMAO to promote protein folding was
interestingly used to study the mechanisms of mis-folding
processes of disease-causing proteins like prion protein,3 tau
protein (related to Alzheimer’s disease),4 and α-synuclein.5,6 An
important question that has not yet been fully elucidated is how
osmolyte molecules affect protein stability in living cells? A
number of studies emphasized the importance of either direct
interactions between osmolyte molecules and protein via
hydrogen bonds (H-bonds) and other electrostatic interactions
or favorable van der Waals interactions between osmolyte
molecules and protein’s amino acids, which essentially shift the
equilibrium between folded and unfolded protein structure
toward its folded (native) state.7−12 Other studies, however,
showed that osmolyte molecules modulate or disrupt the H-

bonding network of water, which then indirectly induces
changes in the delicate balance between the forces and
entropies of folded and unfolded protein states. As a result,
the stability of the protein is modified.13−18

In the case of urea, recent time-resolved IR and vibrational
sum-frequency-generation spectroscopic studies showed that
urea does not have any long-range effect on the fluctuating H-
bonding network and structural dynamics of water.8,19,20 Only a
small fraction of water molecules that are doubly H-bonded to
urea exhibit slow reorientation dynamics compared to those in
bulk water. By contrast, TMAO, an important protecting
osmolyte, interacts with water molecules strongly and has a
tendency to slow down the rotation of water molecules close to
its hydrophobic part.17,21−23 However, all the previous time-
resolved vibrational spectroscopic studies aimed at revealing
osmolyte effects considered binary aqueous solutions consisting
of water and osmolyte molecules without any other cosolute
molecules. In a real biological system, osmolyte molecules are
dissolved in complicated and crowded solution, e.g., intra-
cellular environment, which contains various finite-sized
molecules constituting 30−40% of the total cell mass.24
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Understanding the mechanism of osmolyte effects in such a
crowded environment instead of simple osmolyte−water
solutions is thus of significance in elucidating their biophysical
roles. Nonetheless, since it is almost impossible to carry out
time-resolved IR studies on osmolyte effects in vivo, we here
consider aqueous osmolyte solutions with highly concentrated
macromolecules. Using two different IR probes, namely,
deuterated water and azido-derivatized polymer, in combina-
tion with thr femtosecond mid-IR pump−probe (PP) method,
we address two important questions: (i) what are osmolyte
effects on fluctuating water H-bonding network structure as
well as on vibrational population and rotational dynamics of
water? and (ii) do osmolyte molecules affect the conformation
of macromolecule by directly interacting with the polymer or
indirectly changing water H-bonding network?
Here, the polymer of interest is poly(ethylene glycol)

dimethyl ether (PEGDME: Scheme 1) composed of a

repeating unit of ethylene oxide (−O−CH2−CH2−). PEG is
a well-known macromolecular crowder due to its high water
solubility and its ability to modify the nature of the interaction
between its ether oxygen and water by altering its local dipole
moment through dihedral rotations along the C−C and C−O
bonds of each ethylene oxide unit. In fact, PEG chain segments
can adopt a number of conformations due to the rotations
along those single bonds in each O−CH2−CH2−O unit.25,26

The previous studies have demonstrated that the preferred
conformation in the O−CH2−CH2−O segment is trans−
gauche−trans (tgt) form among various possible conformations
with marginally different energies. The tgt conformation for the
O−CH2−CH2−O segment introduces a helical structure
formation in the PEG chains. The preference of the gauche
conformation around the central C−C bond, i.e., tgt
conformation (in O−CH2−CH2−O segment), is mainly
attributed to three possible factors. The first is H-bonding
between the ether oxygen atoms of the PEG chain and water,
where a single water molecule bridges between the adjacent
ether oxygen atoms separated by one oxyethylene (OE) unit. In
addition, one or two water molecules can act as a bridge
connecting between two ether oxygen atoms separated by two
OE units. The second factor is related to the observation that
the distance between the oxygen atoms in the O−CH2−CH2−
O segment in the gauche conformation is approximately 0.29
nm. This coincides with the nearest-neighbor oxygen−oxygen

distance, 0.285 nm, in liquid water.27 Therefore, the PEG unit
segments do not strongly perturb water H-bonding network
structure. The third is an electrostatic factor. Because the O−
CH2−CH2−O segment in the gauche conformation has a larger
dipole moment than the same segment in the trans
conformation, it hence interacts more favorably with water.
In addition, tgt conformer allows all the ether oxygen lone pairs
into the center of a helical structure, without overlapping, which
allows more efficient packing of the segments as the
intermolecular repulsion is minimized. Any change of dihedral
conformations, such as C−C bonds with a trans conformation
and C−O bonds with a gauche confirmation, causes the helical
structure to become random-coil-like structures so that both
helical and random-coil-like conformers could coexist in
solution. This conformational change among the segments
due to PEG’s ability to alter its local dipole moment through
dihedral rotations along the C−C and C−O bonds modifies its
interaction with surrounding molecules.
Recently, we have shown that the femtosecond IR PP

measurement method is of use to identify two distinctively
different water molecules: those interacting with other water
molecules (OD−w) and the others interacting with ether
oxygen atoms of PEGDME (OD−e).25 In the case of
PEGDME, it is known that, in water−rich solutions, they
adopt extended conformations with a large population of
random−coil−like segments, while, in water−deficient sol-
utions, they favor helical segments because ether oxygen atoms
need to adopt to a reduced number of H-number partners
(water molecules). Our IR PP studies of the OD stretching
mode of 5% HDO in highly concentrated PEGDME solutions
showed that the vibrational properties and populations of these
two water species is in correlation with conformational
transition of PEGDME from random-coil to compact and
approximately helical structure above 50 wt % concentration of
PEGDME in water.25

In the present work, the main goal of research is to find
experimental evidence for elucidating the underlying mecha-
nism of both denaturing and protecting osmolyte actions in
macromolecular crowded environments, where two different
IR-probes, namely, the OD stretching mode of HDO and the
azido stretching mode of an azido-derivatized PEGDME
(PEGME−N3: Scheme 1), are used. The OD stretching
mode of HDO in isotopically diluted water (2.5% D2O in H2O)
is an ideal IR probe for monitoring highly local structural
dynamics of water.19,25,28−32 The azido stretching mode of
PEGME−N3 with exceptionally large IR dipole strength
provides information on the local hydration environment
around the azido-derivatized PEG, which could vary from one
osmolyte to the other.19,25,33−35 The concentration of
PEGDME in all aqueous solutions is 50 wt %, which mimics
the crowded environment in cytoplasm of living cells. Note also
that it is this 50 wt % concentration of PEGDME that is close
to the critical concentration associated with its conformational
transition from random-coil to helical structures. Three
different types of protecting osmolytes considered in the
present study are amino oxide (TMAO), amino acid derivative
(TMG), and polyol (sorbitol), while the denaturant is urea
(Scheme 1).

IR Absorption Spectra. In binary water−osmolyte
solutions, osmolyte molecules except urea cause a red-shift of
the OD stretch IR spectrum (Figure S1), which results from
redistribution of equilibrium H-bond numbers and H-bonding
strengths.28,36,37 The FTIR spectra of the OD stretching mode

Scheme 1. Molecular Structures of Poly(ethylene glycol)
Dimethyl Ether (PEGDME) and Its Azido Derivative
(PEGME−N3)

a

aThe chemical structures of urea, trimethylamine N-oxide (TMAO),
trimethylglycine (TMG), and sorbitol (Sor).

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.7b03297
J. Phys. Chem. Lett. 2018, 9, 724−731

725

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b03297/suppl_file/jz7b03297_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.7b03297
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpclett.7b03297&iName=master.img-001.jpg&w=172&h=121


in ternary water−osmolyte−PEGDME (50 wt %) solutions are
presented in Figure 1. The peak position of the OD stretch IR
band is independent of added urea concentration in 50 wt %
PEGDME solution (Figure 1e). By contrast, as the
concentration of protecting osmolytes increases, the OD
stretch band of 5% HDO + 50 wt % PEGDME solution
undergoes a blue-shift except sorbitol (Figure 1e). In aqueous
solutions of PEGDME, HDO molecules interact with either
other water molecules (OD−w) or ether oxygen atoms of
PEGDMEs (OD−e).
To measure the frequency shifts of the OD stretching modes

of OD−w and OD−e water species separately, each OD stretch
IR spectra was fitted with two Gaussian functions (Figure S2).
Our recent work on PEGDME has shown that the peak
position of the OD−w isotropic PP spectra is independent of
PEGDME concentration.25 Therefore, the Gaussian peak
position of the OD stretch band of OD−w species at a given
osmolyte concentration in 50 wt % PEGDGE solution was set
to the same value obtained from the corresponding binary
osmolyte−water solution without PEDGME19 at that particular
osmolyte concentration. An important observation here is that
the peak shifts of both OD−w and OD−e components are
anticorrelated with each other. For example, urea causes the
OD−e peak position to shift to low frequency, while protecting
osmolytes (TMAO, TMG, and Sor) make the OD−e peak
position shift to high frequency (Figure 1f). Such anticorrela-
tion in OD−e stretch frequency shifts suggests that the surface
of PEGDME is well hydrated in urea solution, whereas
protecting osmolytes dehydrate surface region of PEGDME,
similar to what happens in high concentrations of PEGDME.25

Another IR probe considered here is the azido stretch mode
of PEGME−N3. The peak frequencies of the azido stretching
mode of PEGME−N3 in 50 wt % PEGDME for varying
osmolytes provide information on local structure and effective
concentration of water molecules. Figure 2 presents the azido
stretch IR spectra of PEGME−N3 in 50 wt % PEGDME +
osmolyte solutions. It has been known that the azido stretching
mode frequency does not strongly depend on solvent polarity
but does depend on the number and orientation of H-bonded
water molecules; however, the number density of H-bonding

partners (water molecules) appears to be the dominant factor
in determining the solvatochromic azido frequency shift.33

Bearing this aspect in mind, let us examine the azido IR stretch
bands more in detail. First of all, it is observed that the peak
frequency of the azido IR band of PEGME−N3 appears to be

Figure 1. FTIR spectra of the OD stretching mode of HDO in 50 wt % PEGDME solution (blue shaded area). The OD stretch IR spectra of HDO
in 50 wt % PEGDME solutions with urea (a), TMAO (b), TMG (c), and sorbitol (d). The peak frequencies for different osmolytes are plotted in
panel e. The horizontal dash lines in panel e correspond to the peak frequencies of the OD stretching mode in neat water (lower dashed line) and
aqueous 50 wt % PEGDME solution without osmolytes (upper). FTIR spectrum at each osmolyte concentration was fitted with a Gaussian function
with two different peaks that correspond to OD−water (OD−w, fixed at values taken from the binary solutions of osmolyte-water) and OD−ether
(OD−e), respectively (see Figure S2 for fitting results). The dashed lines in panels f and e are the peak frequencies of the OD−w and OD−e species
in aqueous 50 wt % PEGDME solution, respectively, which were obtained by carrying out fitting to the FTIR spectrum with two Gaussian functions.

Figure 2. FTIR spectra of the azido stretching mode (of PEGME−N3)
in aqueous 50 wt % PEGDME (gray shaded area) solution without
osmolytes. The azido stretch IR spectra of PEGME−N3 in aqueous 50
wt % PEGDME solutions with added urea (a), TMAO (b), TMG (c),
and sorbitol (d). The peak frequencies are plotted in panel e. The peak
frequency of the azido stretching mode of PEGME−N3 is obtained
with pseudo-Voigt function fitting (see Figure S3 for details on fitting).
The horizontal dash lines correspond to the peak frequencies of the
azido stretching mode in dichloromethane (lower line) and 50 wt %
PEGDME (upper line), respectively.
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negligibly dependent on urea concentration (Figures 2a,e),
which indicates that the surface region of each PEGDME
remains well hydrated even in the presence of urea. This further
shows that urea molecules that are known to be compatible
with water molecules can even form H-bonding interactions
with PEGDME. By contrast, the addition of protecting
osmolytes to 50 wt % PEGDME (with PEGME−N3) induces
a red-shift of the azido stretch IR band. This is strong evidence
that the surface of PEGDME is dehydrated, compared to the
hydration state of PEGDME in 50 wt % PEGDME solution, by
the dissolved osmolyte molecules. The extent of dehydration
near macromolecule’s surface region is largest in TMAO and
smallest in TMG. This is in excellent agreement with previous
studies, where both TMAO21 and sorbitol19 have long-range
effects on water H-bonding network and dynamics while
TMG19 perturbs water H-bonding network only in its vicinity.
Vibrational Population Relaxation. To further confirm

the existence of two distinctively different groups of water
molecules, i.e., OD−w and OD−e, the vibrational relaxation
analyses of IR PP data were performed. Here, it should be
noted that the vibrational lifetime is determined by the

distribution and strength of coupled intra- and intermolecular
modes.38 In the 50 wt % PEGDME solution with 5% HDO, the
vibrational lifetimes of the two water species, OD−w and OD−
e, are expected to be different. The isotropic IR PP spectrum
(see Figure S4 for two representative isotropic IR PP spectra)
of the OD stretch mode exhibits both positive peak at 2520
cm−1 originating from ground-state bleach (GSB) and
stimulated emission (SE) contributions and negative peak
below 2430 cm−1, which is associated with excited−state
absorption (ESA) contribution. The overall decay of the
isotropic IR PP signal can be fitted with two exponentially
decaying components and one ingrowing heating component
(see Supporting Information for fitting results). The decom-
posed isotropic IR PP eigenspectra of the bulk-like water
component (OD−w) and the water interacting with PEGDME
(OD−e) in various osmolyte solutions are shown in Figure 3.

Water’s Point of View. One of the most important
observations in the present work is that the decay times of the
fast component (OD−w) in 50 wt % PEGDME solution are
almost independent of the concentration and type of osmolytes
(Figures 3k and S5). This is in fact consistent with our previous

Figure 3. Vibrational population relaxation of the OD stretching mode is biexponential in aqueous 50 wt % PEGDME solutions, and the fast and
slow components can be assigned to those of OD−w and OD−e, respectively. The decomposed isotropic PP spectra of the OD stretching mode in
aqueous 50 wt % PEGDME solutions with osmolytes are shown in panels a−j. The measured vibrational lifetimes and rotational relaxation times of
the OD stretching mode are plotted in the lower panels (k−n). The vibrational lifetimes of the OD stretching mode of OD−w species neither
depends on osmolyte type nor its concentration. Details of the heating correction procedure can be found in the SI (Figure S6). The anisotropy
decays at the center frequency of the OD stretching mode were fitted to a single exponential function (with time constant of τr) with an offset (rslow),
i.e., r(t) = r0 exp(−t/τr) + rslow (Figure S8). Here, r0 and rslow are approximately the populations of OD−w and OD−e species, respectively. The error
bars signify error range obtained while fitting the raw data.
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work in the binary osmolyte−water solutions without macro-
molecular crowders.19 Although the water H-bonding network
is perturbed by the presence of osmolyte molecules (FTIR;
Figure 1) in 50 wt % PEGDME solution, a significant
population of water relaxes on a time scale similar to that in
pure water. This strongly indicates that the strong and robust
water−water H-bonds are present even in such a macro-
molecule-crowded aqueous solution, in addition to those water
molecules interacting with ether oxygen atoms of PEGDMEs.
Unlike the fast lifetime component (OD−w), the decay time

of the slow component (OD−e) becomes increasingly slower
with increasing concentration of protecting osmolytes dissolved
in 50 wt % PEGDME solution (see Figure 3l). We believe that
the dependence of OD−e lifetime on the nature of osmolyte is
important in understanding the role of osmolyte molecules on
the hydration of macromolecule. Interestingly, the vibrational
lifetimes of both the OD−w and OD−e components are
independent of the urea concentration (Figure 3k,l). This again
supports the notation that urea and water are interchangeable,
and furthermore urea molecules are equally effective in
solvating ether oxygen atoms of the macromolecule. By stark
contrast, protecting osmolytes significantly slow down the
vibrational relaxation of OD−e, which can be evidence that
they dehydrate the surface region of PEGDME. To explain this,
let us consider the number of water molecules per ether group
in 50 wt % PEGDME solution (with no osmolyte), which is
estimated to be approximately 2. The average number of water
molecules per ether group decreases to 1 at 70 wt % PEGDME.
Experimentally, we found that an increase in wt % of PEGDME
slows down the vibrational population relaxation of the OD−e
species. More specifically, the vibrational lifetime of the OD−e
component increases from 4.3 ± 0.2 to 5.1 ± 0.2 ps on
increasing concentration of PEGDME from 50 to 70 wt %.25 In
the present work with a fixed PEGDME concentration, we
observed that adding protecting osmolytes to the (50 wt %)
PEGDME solution also slows down the vibrational lifetime of
the OD−e component from 4.3 ± 0.2 ps (0 M osmolyte; 50 wt
% PEGDME) to 4.9 (2 M TMAO) or 5.0 (2 M TMG) or 4.9
(2 M Sorbitol) ps. Therefore, the added osmolyte molecules,
similar to the case that the concentration of PEGDME is
increased, induce a significant dehydration of the surface of
PEGDME. Such osmolyte-induced dehydration of the macro-
molecule would result in a greater cooperation and promotion
of intramolecular interactions between the CH2 segments and
the ether oxygen atoms as well as water-bridging H-bonding
interactions between the ether oxygen atoms of the PEG chain.
In addition, dehydration of PEG surface water will enhance H-
bonding interactions between inner water molecules within the
helical segments in the macromolecule. All these factors
combined induces conformational changes of PEGDME upon
increasing osmolyte concentration.
For PEGDME, the structural change could be related to an

increasing heterogeneity in the conformations of O−CH2−
CH2−O segments or a change in equilibrium between the
populations of helical and random-coil segments.39,40 Such
conformational shift toward helical structures upon adding
protecting osmolytes to the PEGDME solution is similar to the
case in water-deficient solution, where the PEG macro-
molecules tend to adopt crystalline structures similar to solid
PEG.40 As shown below, direct evidence of considerable change
in the conformation of PEGDME as protecting osmolyte
concentration increases can be inferred from the mid-IR PP

measurements of IR-probe-labeled macromolecule itself
(PEGME−N3).

Water Orientational Relaxation. Polarization-selective
mid-IR PP measurements provide critical information on
rotational times of water (HDO) molecules (see SI for
experimental details). For HDO in neat water, it was shown
that the anisotropy r(t) decays exponentially with a time
constant of 2.3 ± 0.2 ps.28 The orientational relaxation of each
individual water molecule involves both breaking and reforming
of H-bonds of the water molecule in a bifurcated H-bond
configuration with two other water molecules (one incoming
and the other outgoing).41 Any hindrance to such processes
either by reduced number of H-bonding partners or excluded
volume due to neighboring hydrophobic molecules can
contribute to the slowdown of water rotation.36,42 In the 50
wt % PEGDME solution, the orientational relaxations of both
the OD−w and OD−e species are affected by the presence of
PEGDME. Here, the anisotropy decay (r(t)) is fitted with one
exponential function and a constant offset, i.e., r(t) = r0 exp(−t/
τr) + rslow, where τr and rslow (offset) represent the rotational
time constant of OD−w and the anisotropy amplitude of slowly
rotating OD−e (>10 ps), respectively. The constant offset
signifies the population of water molecules that are H-bonded
to ether oxygen atoms of the macromolecule−note that the
rotational time of the OD-e species cannot be measured within
the experimental time window determined by the vibrational
lifetime of the OD stretching mode of OD−e. The rotational
time constant τr of OD−w increases marginally with increasing
concentration of urea (up to 4 M) and the offset remains
almost independent of urea concentration (up to 4 M). This
observation again supports our finding that PEGDME in
aqueous urea solutions remains well solvated (hydrated) by
sufficient amount of water molecules even in the presence of
dissolved urea molecules.
In the cases of the protecting osmolytes, the offset value is

not only concentration-dependent but also much higher than
that in the 50 wt % PEGDME solution without protecting
osmolyte molecules. The higher offset values mean that
protecting osmolytes dehydrate the surface region of
PEGDME, which is quite similar to those water-deficient
solutions in a highly crowded aqueous environment. The
reason for the increase in the value of the slow component
(offset) is mostly due to strong osmolyte−water H-bonding
interactions, which then reduces the probability of breaking and
reforming of H-bonds of water molecules in the surface region
of the macromolecule.

Macromolecule’s Point of View. The isotropic IR PP
spectra of PEGME−N3 consists of a positive peak originating
from GSB and SE at around 2120 cm−1 and a negative ESA
peak below 2070 cm−1 (Figure S7A). In dichloromethane
solution, there are two (population relaxation) decay
components of the azido stretching mode of PEGME−N3,
where the corresponding decay time constants are 1.4 and 6.3
ps (Figure 4a,b).25 On the other hand, in the aqueous 50 wt %
PEGDME solution, both the fast and slow time components
become much faster (lower dash lines in Figure 4a,b). Noting
that the azido group strongly interacts with a water molecule,
our observation is additional evidence that the azido-group of
PEGME−N3 can be a good IR reporter about its local H-
bonding environment.
In the case of the denaturizing osmolyte, urea, the vibrational

lifetime of the azido stretching mode does not depend on the
concentration of urea (up to 4 M), which corroborates with our
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suggestion that surface hydration region of PEGDME remains
unaffected by the presence of dissolved urea molecules because
it does not cause any significant perturbation to water H-
bonding network.
In contrast with urea, protecting osmolytes slow down the

vibrational energy relaxation of the azido stretching mode of
PEGME−N3. The corresponding vibrational lifetimes in 2 M
protecting osmolyte and 50 wt % PEGDME solutions are fairly
close to those of PEGME−N3 in dichloromethane. This means
that the extent of surface hydration around each PEGDME is
reduced by the dissolved protecting osmolyte molecules, which
could be an important clue about the conformational transition
of PEGDME upon dehydration induced by added protecting
osmolyte molecules. Since each urea molecule fits very well in a
given water H-bonding network, the dissolved urea molecules
keep the PEGDME chain extended and well-hydrated, which
makes random-coil structures of PEGDME stable and favored
over helical conformations. However, protecting osmolytes
induce a notable shift of the equilibrium toward the less
hydrated state favoring helical confirmation. In the 50 wt %
PEGDME solutions with protecting osmolytes, osmolyte-
induced dehydration therefore promotes intramolecular inter-
actions between segments in each individual PEGDME, which
makes the relative population of helical segments increase. This
is consistent with the fact that macromolecular association

constants under crowded conditions increase as much as 2−3
orders of magnitude relative to those in the dilute solution.43

Urea-Induced Conformational Transition of PEGDME.
The conformational transition of PEGDME segments can be
experimentally estimated by comparing the C−H stretching
vibrations of PEGDME at ∼2919 cm−1 (associated with
random-coil configuration of PEGDME) and ∼2883 cm−1

(both random-coil and hel ical conformations of
PEGDME).39,40 Since urea does not have any vibrational
modes that absorb IR fields in the frequency range from 2800
to 2960 cm−1, the ratio of the IR absorbance at 2883 to that at
2919 cm−1 provides direct information on the PEGDME
conformational propensity. Interestingly, this absorbance ratio
decreases with the addition of urea (Figure 4c,d), which
indicates a slight increase in the population of random-coil
segments. This can be understood by noting that urea
molecules are capable of forming ideal H-bonding interactions
with other water molecules.

Biological Implications. On the basis of the present
experimental results, we would like to discuss how osmolyte
molecules might operate in a biologically crowded environ-
ment? As mentioned earlier, there exist two different viewpoints
in many studies about its mode of action, i.e., direct and
indirect mechanisms. Urea, one of the most potent denaturants,
remains a neutral spectator in aqueous solutions. It neither
weakens nor strengthens the H-bonding network of water.19

Our experimental data thus rules out urea being considered as a
water structure breaker. Urea solvates macromolecule
PEGDME equally well like water, and the surface hydration
shell of the macromolecule remains well hydrated even at a
high concentration of urea (4 M). The favorable interaction
between urea and PEGDME makes the macromolecule adopt
random coil segments over the helical structure. Although the
macromolecule’s backbone unit, which is O−CH2−CH2−O in
the case of PEGDME differs from the peptide bond in proteins,
they share some commonality like presences of hydrophobic
and hydrophilic segments and relatively free dihedral rotational
degrees of freedom both in PEGDME and protein. Our
experimental results support the “direct” mechanism based on
urea’s tendency to accumulate around both the protein
backbone and side chains, owing, for example, to strong
dispersion interactions between urea molecules and protein
backbone moieties that preferentially stabilize the unfolded
state as suggested by previous studies.7−12

All protecting osmolyte molecules studied in the present
study, however, prefer to make strong osmolyte−water H-
bonding interactions. This leads to a decrease in the activity of
water in solution. Water’s fluctuating H-bonding network
always competes, whenever possible, with protein’s intrinsic H-
bonding partners to form additional H-bonds with, for example,
protein backbone peptides. Any decreased strength and number
of water H-bonds with the protein would destabilize the
unfolded state of proteins, where more peptide units are
exposed to solvent. This is to say, protecting osmolytes can
enhance intraprotein interactions by reducing the number of
available water molecules that are competing for hydration sites
at the protein. The direct evidence of this indirect mechanism is
confirmed by our experimental results indicating a certain
degree of dehydration of macromolecule by protecting
osmolyte molecules in macromolecular crowding solutions.
Here, our dual-IR-probe approach with femtosecond polar-

ization-selective IR PP measurement method has been shown
to be useful to elucidate the underlying mechanism of

Figure 4. Vibrationally excited state of the asymmetric azido stretching
mode of PEGME−N3 decays biexponentially (τ1 and τ2) in
dichloromethane as well as in osmolyte solutions with 50 wt %
PEGDME. As protecting osmolyte concentration increases, both fast
and slow components decay similar to those in dichloromethane. The
ratios of the C−H stretching mode absorbance at 2883 cm−1 to that at
2919 cm−1 are plotted in panel c, whereas the C−H stretch IR spectra
are shown in panel d. The peak at around 2919 cm−1 corresponds to
the C−H stretching vibrations of PEGDME in random-coil structures,
whereas that at around 2883 cm−1 results from the C−H stretching
vibrations of PEGDME in both random-coil and tgt (trans−gauche−
trans) helical conformations.
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osmolyte’s operation on a simple macromolecule (polymer).
The vibrational population relaxation of the OD−e water in the
presence of urea is similar to that in 50 wt % PEGDME
solution with no urea. Also, the vibrational lifetime of the azido
stretching mode of PEGME−N3 is independent of the
concentration of urea. These two observations provide evidence
that urea molecules can interact with the macromolecule, which
in turn suggests that urea’s ability to denature proteins does not
arise from its indirect effect on the structure of water but from
its more direct interactions with proteins. Unlike urea,
protecting osmolytes, TMAO, TMG, and sorbitol, slow down
the vibrational energy relaxation of the OD stretching mode in
the OD−e species, as compared to that in 50 wt % PEGDME
solution with no protecting osmolyte. In addition, the
vibrational lifetimes of the azido stretching mode of
PEGME−N3 in 2 M protecting osmolyte solutions are close
to those in dichloromethane solution. This is important
evidence that protecting osmolytes can enhance protein
stability by attenuating the strength of the H-bonds formed
between protein polar groups and water. It will be interesting to
extend our dual IR probe approach to systems of increasing
complexity like proteins to shed light on the role of osmolyte
molecules in protein conformations.
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