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Urea facilely denatures proteins in aqueous solution. Despite its
extensive use, the molecular mechanism of this process remains
unclear.1,2 Most of the literature in this area can be summarized
into two major models: the direct mechanism and the indirect
mechanism. According to the direct mechanism, urea can “bind”
to proteins through hydrogen bonding and/or other electrostatic
interactions. By contrast, the indirect mechanism posits that urea
weakens hydrophobic interactions by perturbing water structure,
so that hydrophobic residues become better solvated.

Although there has been an increasing number of theoretical
simulations dedicated to understanding urea denaturation,2 fewer
experimental studies have recently been undertaken to address the
molecular level details of this problem. Experiments in urea solution
suggest that this molecule has little-to-no effect on bulk water
structure or the effect is not related to protein denaturation.3 On
the other hand, it is well-established that urea accumulates at the
protein/solution interface.4 Therefore, it is crucial to investigate
interfacialurea molecules and their direct and indirect interactions
with proteins. Very few experimental techniques, however, directly
probe interfacial urea. Using vibrational sum frequency spectroscopy
(VSFS),5-7 we investigated interfacial urea molecules residing at
the bovine serum albumin (BSA)/water interface. VSFS, an
intrinsically surface-specific technique, is perfectly suitable for this
task. A molecule must be preferentially orientated to be active in
VSFS. The net orientation of the transition dipole moment of a
vibrational mode can be either up or down along the surface normal
and is commonly represented with a “+” or “ -” sign, respectively.
Therefore, the absolute orientation of interfacial urea can be directly
measured. To the best of our knowledge, this is the first time that
urea has been specifically probed at the protein/water interface.
Our results indicate that its absolute orientation depends on the
sign of the charge at the interface. Such a result is more consistent
with an indirect urea denaturation mechanism as will be discussed.

First, VSFS spectra were measured next to a saturated monolayer
of BSA adsorbed at the air/aqueous solution interface at various
pH values with 0 M urea (Figure 1a). These experiments were
repeated under the identical conditions with an 8 M urea solution
in the subphase (Figure 1b). The spectral fits of the CH, OH, and
NH stretches are shown to the right of these spectra (see Supporting
Information for details). The spectra at 0 M urea give rise to a
group of peaks between 2800 and 3050 cm-1 (black dashed curves
in the fitted column), which can be assigned to CH vibrations and
their Fermi resonances originating from the hydrophobic residues
of BSA.8 These peaks are not significantly changed with pH. The
two broad peaks at∼3200 and∼3425 cm-1 (blue curves in the
fitted column) are commonly assigned to interfacial water with a
more complete and less complete hydrogen bonding network,
respectively.6,7 Unlike the CH peaks, the water peaks are extremely
sensitive to pH. In fact, strong intensity can only be observed when
the pH value is significantly higher or lower than the isoelectric
point of BSA,∼pH 5.9 At the isoelectric point, the water features
nearly vanish. More importantly, these peaks carry a negative sign

at high pH and a positive sign at low pH, indicating that orientation
of the interfacial water molecules flips. Similar observations were
made in previous VSFS studies of BSA as well as other proteins.8

When 8 M urea was introduced to the solution, a new peak at
∼3368 cm-1 arose (Figure 1b, red curves in the fitted column).
This feature is significantly sharper than the OH vibrations. Judging
from its position and shape, it is almost certainly an NH stretch
mode. In fact, peaks with very similar shapes and positions (∼3380
cm-1) have been reported before by our laboratory10 and others11

and assigned to NH stretches. Such an assignment is consistent

Figure 1. The VSFS spectra of BSA in (a) 0 M urea and (b) 8 M urea
solutions at various pH values. The open circles in the left column are
experimental data, and the solid lines are theoretical fits. The curves in the
right column are the NH (red), two OH (blue), and six CH (black, dashed)
components from the fits. The positive and negative signs represent the
relative direction of the transition dipole moment of the corresponding
vibrations. The frequency and oscillator strength for each component are
provided in the Supporting Information.
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with IR and Raman spectra where the NH stretch of urea is observed
near this frequency.12

As shown in Figure 1b, both the NH and OH vibrations adopt a
negative sign at pH 9. Assuming that the transitional dipole moment
of the NH from urea faces the same direction as the OH from water
(since both N and O are much more electronegative than H), then
the NH and OH groups must point in the same direction.
Specifically, both interfacial urea and water should be oriented with
their hydrogens pointing toward the protein and the oxygen pointing
away from it (Figure 2a). The urea peak attenuates with decreasing
pH, indicating that the osmolyte becomes increasingly less oriented
as the solution is made more acidic. At pH 5, virtually no intensity
from the urea peak can be detected, which implies that the urea
molecules are essentially randomly oriented. When the pH was
further lowered to 3, the urea peak rose again. This time, however,
it carries a positive sign, indicating that urea now orients in the
opposite direction (Figure 2b). In other words, interfacial urea flips
its orientation as the system goes through the isoelectric point in a
manner very similar to water.

It is well-established that interfacial water is very sensitive to
the charge state of the protein.7,8 The electrostatic interactions,
especially ion-dipole interactions, dictate the orientation of the
interfacial water molecules. When the protein is at its isoelectric
point, interfacial water orientation is minimal. The interactions
responsible for urea orientation should certainly be electrostatic in
nature as well.

The flipping of interfacial urea molecules with surface charge
has a couple of important implications. First, the change in
orientation should perturb the hydrogen bonding between urea and
the protein. Specifically, urea probably goes from being a hydrogen
bond donor with NH2 groups facing toward the protein at high pH
to being a hydrogen bond acceptor with the same groups facing
away from the protein at low pH (Figure 2). Second, flipping the
molecule’s orientation should strongly affect adjacent water mol-
ecules and their hydrogen bonding. Indeed, the fitted oscillator
strengths of the 3200 and 3425 cm-1 water peaks were altered by
the addition of urea (Figure 1).

It is well-known that urea is a highly effective denaturant for
proteins both above and below their isoelectric points.13 Since this
molecule flips its orientation with the modulation of the interfacial

charge, it is difficult to envision a mechanism by which electrostatic
interactions or specific hydrogen bonds between urea and proteins
are directly responsible for protein denaturation. On the other hand,
an indirect mechanism is consistent with the current results. Namely,
urea molecules affect the hydrogen bonding of interfacial water
molecules. This altered solution environment, in turn, affects the
solvation of the proteins.

Further studies are currently underway in our laboratory to
quantitatively understand changes in the alignment of interfacial
urea and water molecules as a function of solution conditions.
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Figure 2. Schematic diagram of urea orientation at the protein surface for
two different pH values. The arrows represent the local electric field.
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