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Abstract
While the thermodynamic effects of trimethylamine oxide (TMAO), urea and guanidine
hydrochloride (GdnHCl) on protein stability are well understood, the underlying mechanisms of
action are less well characterized and, in some cases, even under debate. Herein, we employ the
stretching vibration of two infrared (IR) reporters, i.e., nitrile (C≡N) and carbonyl (C=O), to
directly probe how these cosolvents mediate the ability of water to form hydrogen bonds with the
solute of interest, e.g., a peptide. Our results show that these three agents, despite having different
effects on protein stability, all act to decrease the strength of the hydrogen bonds formed between
water and the infrared probe. While the behavior of TMAO appears to be consistent with its
protein-protecting ability, those of urea and GdnHCl are inconsistent with their role as protein
denaturants. The latter is of particular interest as it provides strong evidence indicating that
although urea and GdnHCl can perturb the hydrogen-bonding property of water, their protein-
denaturing ability does not arise from a simple indirect mechanism.
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1. INTRODUCTION
It is well known that both the stability and solubility of a protein in aqueous solution can be
altered by the addition of certain cosolvents, such as TMAO and urea. While there is a large
body of research1–37 on how such stabilizing/destabilizing effects might take place, a
coherent view of the underlying mechanism of action at the molecular level has not been
reached. For example, it is still under debate whether urea and GdnHCl, both of which are
commonly used as protein denaturants, affect the structure and dynamics of the solvent
water molecules to such an extent that would significantly reduce the strength of stabilizing
interactions in proteins.38,39

One of the distinctive physical properties of water is its strong ability to form hydrogen
bonds (H-bonds), these interactions are essential for protein folding. As such, many previous
studies40–45 have focused on investigating whether commonly encountered protectants (e.g.,
TMAO) and denaturants (e.g., urea and GdnHCl) affect the H-bond network of water
molecules and, if so, to what extent. For example, Vanderkooi and co-workers have
demonstrated, using IR spectroscopy and molecular dynamics (MD) simulations,46 that the
addition of TMAO results in a significant change in the vibrational spectrum of water,
whereas the addition of urea has little effect. While such studies have provided significant
insights into our understanding of how a given cosolvent interacts with water, and how such
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interactions might change the structure of water, they offered little, if any, direct information
on how the cosolvent of interest mediates the strength of the H-bonds formed between water
and a third molecular component (e.g., a protein) in solution. Because water-protein H-
bonding interactions are known to play a critical role in determining not only protein
stability, but also protein solubility, it would therefore be very useful if one could devise a
method that allows a direct assessment of how a given cosolvent mediates the ability of
water to form H-bonds with proteins. It is well known that the vibrational frequency of
nitriles is sensitive to local solvation environment51–66 and, especially, H-bonding
interactions67–69 and thus is ideally suited to serve as a site-specific probe in this regard.
Herein, we use this H-bonding probe to directly evaluate how the addition of TMAO, urea
or GdnHCl affects the water-solute H-bonds of interest.

2. EXPERIMENTAL SECTION
Reagent-grade urea, GdnHCl, TMAO, and NaCl were purchased from Aldrich (Saint Louis,
MO) and used as received. Their concentrations were determined by the refractive index of
the corresponding solution. The PheCN-Peptide was synthesized on a PS3 peptide
synthesizer (Protein Technologies), purified by reverse-phase liquid chromatography, and
verified by mass spectrometry. The peptide concentration was determined optically using
the absorbance of the peptide solution at 280 nm and a molar extinction coefficient of 850
cm−1 M−1. All FTIR spectra at a resolution of 1 cm−1 were collected on a Magna-IR 860
spectrometer (Nicolet, WI). The details of the setup have been described elsewhere.70 The
pathlength was 53 μm for all measurements, except when 13C-urea was used as a cosolvent,
where a 14 μm sample cell was used.

3. RESULTS AND DISCUSSION
Acetonitrile (ACN) is the simplest organic nitrile compound, whose stretching mode has
been extensively studied and characterized in a large number of solvents.71–74 It is found
that the nitrile group readily forms H-bonds with protic solvents and, more importantly for
the current study, its stretching frequency shows a correlation with the H-bonding ability of
the solvent, with the relation that a higher frequency corresponds to a stronger C≡N-solvent
H-bond.74 For example, in water the C≡N stretching band of ACN is centered at 2259.8
cm−1, whereas in methanol it shifts to 2259.0 cm−1.73 Therefore, ACN constitutes a
convenient model system to probe whether the addition of a third molecular component will
affect the strength of the C≡N–H2O H-bond(s).

As shown (Figure 1), the nitrile stretching vibrational band of ACN in water collected at
room temperature clearly shows a red-shift upon addition of TMAO (4.8 M), from 2260.0 to
2258.4 cm−1. This result provides the first direct indication that TMAO, which by itself
cannot form H-bonds with the nitrile group, can effectively reduce the strength of the C≡N–
H2O H-bond(s). To further confirm this finding, we also repeated the measurements at other
temperatures. As indicated (Figure 2), the abovementioned red-shift is maintained over the
entire temperature range of the experiment. Furthermore, in both pure water and the TMAO
solution, the center frequency of the nitrile stretching band decreases with increasing
temperature, due presumably to thermally induced weakening of the corresponding C≡N–
H2O H-bond(s).76

What is more interesting to note is that urea and GdnHCl also induce a similar red-shift in
the nitrile stretching band of ACN (Figure 2). This result is rather unexpected as both
cosolvents are well known to have an opposite effect on protein solubility and stability
compared to TMAO. On the other hand, addition of NaCl leads to a slight but measurable
increase in the nitrile stretching frequency (Figure 2). Thus, taken together, these results
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corroborate our expectation that the nitrile stretching vibration can be used to probe
cosolvent induced changes in local H-bond environment.

It is well recognized that the solute-solvent interaction energy is influenced by many factors
and thus is difficult to determine, especially based on spectroscopic data alone.77 On the
other hand, it is possible to quantify the change in local electric field and thus the change in
solvent-solute electrostatic interaction energy using experimentally determined vibrational
frequency shift of an appropriate vibrator and its Stark tuning rate. However, application of
the C≡N stretching vibration in this regard is not straightforward as Cho and coworkers have
shown that the nitrile stretching frequency shift caused by C≡N–H2O H-bonding
interactions cannot be quantitatively described by a simple linear Stark effect relationship.78

Therefore, below we only seek to obtain a qualitative estimate of the extent to which the
ACN-water electrostatic interaction energy changes in response to addition of a given
cosolvent, by assuming that the vibrational frequency shift of the nitrile moiety can be
described by its Stark tuning rate. For ACN, this assumption may not be totally
unreasonable as the computational results of Cho and coworkers51 have suggested that the
electric field vector components parallel to the C≡N molecular axis are the dominant factors
of the nitrile stretching frequency shift induced by C≡N–H2O H-bonding interactions. The
Stark tuning rate of the nitrile stretching vibration of ACN has been determined to be 0.43
cm−1/(MV/cm).79,80 By assuming the permanent dipole moment of ACN (3.92 D) to be
independent of solvent conditions, a simple calculation indicates that the addition of TMAO
(4.8 M) results in a decrease in the ACN-water electrostatic interaction energy due to
decreased H-bonding interactions by approximately 0.69 kcal/mol. While this value cannot
be simply interpreted as the TMAO-induced change in the solvation energy of ACN, its
trend is nevertheless consistent with the role of TMAO as a protein protectant.

The ability of urea and GdnHCl to decrease the nitrile stretching frequency of ACN seems to
be inconsistent with their protein-denaturing abilities. To verify the findings obtained with
ACN, we further measured the effect of the abovementioned cosolvents on the nitrile
stretching frequency of a pentapeptide that contains an unnatural amino acid, p-
cyanophenylalanine (PheCN). Similar to that of ACN, the nitrile stretching mode of PheCN
has been shown to be sensitive to the local hydration status of peptides and proteins and,
hence, can be used as a local H-bond reporter.67,76,81 The primary reason that we employ a
short peptide (sequence: GK-PheCN-TV, hereafter referred to as PheCN-Peptide), instead of
a model protein, is to avoid the denaturant-induced conformational transitions of the latter,
which could complicate data interpretation.

As shown (Figure 3), similar to that observed for ACN, addition of TMAO induces a red-
shift in the nitrile stretching band of the PheCN-Peptide, in comparison with that obtained in
pure water. This result further corroborates the above notion that TMAO, with its inability to
directly form a H-bond with the nitrile group, must mediate the nitrile-water interaction by
reducing the corresponding H-bond strength. Perhaps more important is that, consistent with
the results obtained with ACN, both urea and GdnHCl induce a similar, albeit smaller, red-
shift in the nitrile stretching frequency of the PheCN-Peptide (Figure 4). In comparison,
addition of NaCl results in a blue-shift in the nitrile stretching frequency and hence a
strengthening of the corresponding C≡N–H2O H-bond(s). While the current spectroscopic
results do not allow a direct assessment of the effect of the added cosolvents on water-water
H-bonding interactions, those obtained with NaCl appear to be consistent with several
previous studies,82 which demonstrated that with increasing NaCl concentration, the
strength of water-water H-bonds decreases.83,84

Despite having distinctively different effects on protein stability, our results suggest that
TMAO and urea both act to decrease the C≡N–H2O H-bond strength. To verify that this
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effect is not specific to the nitrile probe, we further studied the effect of TMAO and urea on
the amide I' band of N-methylacetamide (NMA), a compound that contains a single amide
unit and has been widely used as the simplest model of protein backbone.85,86 The amide I
band of polypeptides arises mainly from the backbone C=O stretching vibrations and is an
established IR probe of protein conformations,87 due to its sensitivity to various structural
determinants, such as H-bonding interactions. Unlike nitriles, forming a stronger H-bond
with the solvent will lead to a decrease in the amide I' vibrational frequency of NMA.

As shown (Figure 5), the amide I' band of NMA obtained in TMAO solution is shifted to
higher wavenumber compared to that obtained in D2O, akin to the dehydration-induced
blue-shift of the amide I' band of helical peptides.88 Thus, this result indicates that addition
of TMAO decreases the strength of the H-bond(s) formed between the carbonyl group and
water molecules, in agreement with the simulation study of Gao and coworker.89 As
indicated (Figure 5), 13C-urea shows a similar effect (but to a lesser extent). It should be
noted that because 12C-urea absorbs strongly in the amide I' region, 13C-urea was used
herein to allow the measurement of part of the amide I' band of interest. This result is
consistent with the results of Cremer and coworkers,90 which demonstrated that urea and its
methyl derivatives can cause the amide stretching vibration of Poly(N-isopropylacrylamide)
to shift to higher frequencies. Taken together, the C≡N and C=O results therefore argue
strongly that the observed decrease/increase in the strength of solute–H2O H-bonds is not
specific to the spectroscopic reporter used; rather, it intimately reports the perturbation of
the cosolvent of interest on water's hydrogen bonding ability.

Our observation that TMAO decreases the solute-water hydrogen bonding interactions is
consistent with its ability to protect proteins from unfolding. Water always seeks to form
additional H-bonds, e.g., with any exposed protein amide units; hence, decreasing the
protein-water H-bonding interaction strength is expected to strengthen the intra-protein H-
bonds, as observed in a recent MD simulation,91 and consequently increasing the stability of
the folded state. In addition, our results are in agreement with several previous
studies.39,92,93 For example, Vanderkooi and co-workers have shown that addition of
TMAO to a mixture of 5% H2O and 95% D2O leads to a significant broadening, primarily at
the low-frequency side of the OH stretching band, indicative of an enhancement of the
population of a more strongly H-bonded water species.46 It is reasonable to assume that such
water species would form weaker H-bonds with other solute molecules, as observed in the
present case. Similarly, our TMAO results are corroborated by the molecular dynamics
(MD) simulation study of Gao and co-workers,88 which indicated that TMAO enhances the
tetrahedral water structure and weakens the interactions between the amide carbonyl group
and water molecules.94 In addition, our results suggest that when considering the fact that
proteins normally contain a large number of sites capable of forming hydrogen bonds with
water, the TMAO-induced weakening of protein-water H-bonds could play an important
role in the overall stabilizing effect of TMAO, which is entirely consistent with the notion
that TMAO acts to make water a poor solvent for the protein backbone.42,95,96

Many studies have shown that urea and GdnHCl are only weakly hydrated and,
consequently, have little effect on the water-water H-bonding network.81,97,98 Thus, it is
surprising that our results indicate that these cosolvents not only have a significant effect on
the C≡N–H2O H-bond(s), but they act to reduce the strength of such H-bonds. In addition,
the data obtained with NMA (Figure 5) suggests that urea could also decrease the interaction
between water and protein backbone carbonyls, though probably to a lesser extent compared
to TMAO. Considering the fact that both urea and GdnHCl are strong protein denaturants,
these results are rather intriguing. In other words, based on these results alone one might, for
example, predict that urea is a protecting osmolyte, instead of a denaturing one. Thus, these
results provide strong evidence in support of the notion that urea and GdnHCl destabilize
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proteins via specific binding interactions98,99 and, in particular, the conclusion reached by
Zhou and coworkers that the electrostatic (hydrogen-bonded) interactions only plays a
relatively minor (even negative) role in urea-induced protein denaturation.37 Furthermore,
our results are consistent with the viewpoint that for a given denaturing agent a direct
correlation may not exist between its denaturation efficiency and its ability to modify water
structure.82,100

Since both urea and guanidinium are hydrogen bond donors, it is possible that the observed
vibrational frequency shifts do not report a change in the corresponding solute-water H-
bonding environment. Instead, they correspond to the formation of a new type of H-bond,
i.e., that formed between the nitrile moiety and denaturant. While we cannot entirely rule out
this possibility, we believe this is an unlikely scenario, at least in the case of the PheCN-
Peptide. This is because ample evidences in the literature suggest that urea and guanidinium
show preferential binding to hydrophobic sidechains (PheCN in the current case), in a
parallel or side-to-side fashion,97 which is incompatible with a hydrogen-bonded
configuration in which the denaturant and PheCN are aligned in a head-to-tail manner. In
addition, if the denaturants participate directly to form either new or additional H-bonds, the
nitrile stretching frequency is expected to increase, which is not observed.

In light of the current findings, it would be quite useful to design new experiments that
would allow a more direct visualization of the specific interactions between denaturants and
proteins. In principle, such interactions could be studied in great detail by multidimensional
infrared spectroscopy, for example, by examining the vibrational couplings between two
well chosen vibrators, one on the peptide (such as a nitrile group on the sidechain or an
amide carbonyl on the backbone), and another on the cosolvent (such as urea's carbonyl
group).

4. CONCLUSIONS
In summary, we have investigated how TMAO, urea and GdnHCl affect the hydrogen
bonding interactions between a solute molecule of interest and water via the vibrational
frequency shift of a nitrile IR probe, aiming to shed new insight into the protecting or
denaturing mechanism of these cosolvents. Our results demonstrated that all three
cosolvents act to decrease the strength of the hydrogen bonds formed between water and the
nitrile moiety. We believe that this is an important finding as it suggests that (1) both urea
and GdnHCl are capable of perturbing the structure of water, at least the water-water
interactions in the hydration shell of the solute, (2) simply knowing how a given cosolvent
affects the structure and dynamics of water is probably insufficient to allow an accurate
prediction of its protecting or denaturing efficiency, and (3) more specifically, urea and
GdnHCl denature proteins through specific interactions with the targets.
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Figure 1.
The C≡N stretching vibrational bands of ACN (~10 mM) in water and 4.8 M TMAO
aqueous solution, as indicated. These data were collected at 25.9 and 25.1 °C, respectively.
For easy comparison, the spectrum obtained in TMAO solution has been scaled.
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Figure 2.
Temperature dependence of the peak frequency of the C≡N stretching vibrational band of
ACN (~50 mM) obtained under different solvent conditions, as indicated. The
concentrations of the cosolvent or cosolute in each case were: [TMAO] = 4.8 M, [Urea] =
5.2 M, [GdnHCl] = 5.1 M, and [NaCl] = 5.0 M.
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Figure 3.
The C≡N stretching vibrational bands of the PheCN peptide (~15 mM) in water and 4.8 M
TMAO aqueous solution, as indicated. These data were collected at 27.7 and 25.2 °C,
respectively. For easy comparison, the spectrum obtained in TMAO solution has been
normalized to that obtained in water.
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Figure 4.
Temperature dependence of the peak frequency of the C≡N stretching vibrational band of
the PheCN-Peptide obtained under different solvent conditions, as indicated. The
concentrations of the cosolvent or cosolute in each case were: [TMAO] = 4.8 M, [Urea] =
5.2 M, [GdnHCl] = 5.1 M, and [NaCl] = 5.0 M.
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Figure 5.
FTIR spectra of NMA in the amide I' region at 25.0 °C under different solvent conditions, as
indicated. The concentrations of TMAO and 13C-urea were 4.7 and 5.1 M, respectively.
Since the C=O stretching vibrational band of 12C-urea overlaps strongly with that of
NMA, 13C-urea was used in the current case. The NMA concentrations were ~50 mM for
the 13C-urea experiment and ~10 mM for other measurements. For easy comparison, the
spectra obtained in TMAO and 13C-urea solutions have been normalized to that obtained in
D2O.
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