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• We determine how guanidinium chlo-
ride affects hydrophobic contact-pair
formation.

• Guanidinium chloride disrupts interac-
tions between large hydrophobic pairs.

• Guanidinium chloride does not strongly
affect small hydrophobic pairs.
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Guanidinium chloride (GdmCl) is one of the most common protein denaturants. Although GdmCl is well known
in the field of protein folding, themechanism bywhich it denatures proteins is not well understood. In fact, there
are few studies looking at its effects onhydrophobic interactions. In thiswork the effect of GdmCl onhydrophobic
interactions has been studied by observing how the denaturant influencesmodel systems of phenyl and alkyl hy-
drophobic contact pairs. Contact pair formation is monitored through the use of fluorescence spectroscopy, i.e.,
measuring the intrinsic phenol fluorescence being quenched by carboxylate ions. Hydrophobic interactions are
isolated from other interactions through a previously developed methodology. The results show that GdmCl
does not significantly affect hydrophobic interactions between smallmoieties such asmethyl groups and phenol;
while on the other hand, the interaction of larger hydrophobes such as hexyl and heptyl groups with phenol is
significantly destabilized.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Guanidinium chloride (GdmCl) and urea are the two most widely
used denaturants in biochemistry. Surprisingly, the mechanism by
which they denature proteins is still not completely understood
pour).
[1–14]. There are twomethods bywhichGdmCl denaturation is thought
to occur: indirectly through alteration of the local water hydrogen
bonding network and directly through direct interaction (hydrogen
bonds and stacking interactions) between the protein and the denatur-
ant. GdmCl is the main focus in this research as there have been few
experimental data that focus on the effect of GdmCl on hydrophobic
interactions between hydrophobes.
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Perhaps one of the simplest hydrophobic interactions is that
between two hydrophobes. This simple system lends itself well to
investigations of co-solute effects on hydrophobicity [15–19] and
there have been quite a few theoretical studies done with regard to
studying denaturant effects on pairwise hydrophobic interactions [4,8,
20–22]. O'Brien et al. looked at the influence of GdmCl on methane
(Me) pairs as well as M+–M− ion pairs, where M+ and M− are the
methane molecules covered in positive and negative charges, respec-
tively, using MD simulations [22]. They found that Me–Me pairs are
stabilized by the addition of GdmCl to the aqueous solution, while the
M+–M− ion pairs were greatly destabilized. Based on these results
O'Brien et al. suggest that the guanidinium ion has strong electrostatic
interactions with the ion pair, which leads to their destabilization [22].

The hypothesis that electrostatic interactions contribute to the
denaturation properties of GdmCl has also been suggested by Godawat
et al. Their calculations confirm that small hydrophobic pairs are stabi-
lized by the addition of GdmCl to the aqueous solution; interestingly,
the same work also shows that large hydrophobic pairs are destabilized
by adding the denaturant [20]. These results were attributed by
Godawat et al. to be the result of: (a) the guanidinium ion is “multisite”
which promotes van der Waals interactions with large hydrophobes,
(b) guanidinium ions are much more concentrated at surfaces of large
hydrophobes than in the bulk solution [20,22], and (c) the guanidinium
ion's planar shape promotes stacking interactions with protein side
chains [23]. Thus, factors other than hydrogen bonding to the poly-
peptide backbone may contribute significantly to protein denaturation.
In fact, hydrogen–deuterium exchange (1D NMR) experiments [24] and
neutron diffraction studies [25] indicate that mechanisms other than
direct hydrogen bonding to the polypeptide backbone [22,26,27] are
involved in guanidinium ion denaturation.

Since interactions other than direct hydrogen bonding play a role in
the guanidinium denaturation process, we need to understand how this
ion affects hydrophobic interactions. However, most analyses of GdmCl
effects are from MD simulations. Therefore, it is vital to also obtain
experimental evidence of how this denaturant influences hydrophobicity.
This work looks into how GdmCl affects interactions between
hydrophobic phenyl and alkyl groups in aqueous solution by examining
the quenching of phenol fluorescence by a variety of aliphatic carboxylate
ions. Previously, we have developed amethodology for isolating the con-
tribution of phenol–carboxylate interactions to fluorescence quenching
data [15,17,19]. Using the same methodology the hydrophobic interac-
tions between phenol and carboxylate ions, in the presence of GdmCl,
are quantified. Our results show that the addition of GdmCl has a
small effect on aqueous solutions containing small hydrophobic pairs
(acetate-phenyl and propionate-phenyl); while adding the denaturant
to aqueous solutions of phenyl and large hydrophobes such as butyrate,
heptanoate, and octanoate, causes the hydrophobic pairs to destabilize.

2. Experimental

2.1. Materials

Sodium formate, sodium propionate, and taurine were purchased
from Sigma-Aldrich (St. Louis, MO). Sodium Acetate, hydrochloric acid
solution, and sodium hydroxide were purchased from Fisher Scientific
(Hampton, NH). Sodium heptanoate and sodium octanoate were pur-
chased from TCI America (Portland, OR). The phenol was purchased
from J.T. Baker Chemical Co. (Phillipsburg, NJ) and guanidiniumchloride
was purchased from Chem-Impex International Inc. (Wood Dale, IL).

2.2. Methods

Phenol fluorescence was measured in the presence of five quencher
(carboxylate ion) concentrations, at each of five different GdmCl
concentrations (1.50, 1.88, 2.25, 2.63, and 3.00 M). The addition of
quencherwould therefore contribute less than 20% to the ionic strength.
All samples had 10 mM taurine buffer and 200 μM phenol present. All
samples were adjusted to pH 8.5 with concentrated HCl/NaOH. All sam-
ples were prepared in triplicate. Steady-state fluorescence spectra were
collected using a Fluorolog-3 Horiba Jobin Yvon spectrofluorometer
(Edison, NJ). Fluorescence spectra were collected using an excitation
wavelength set to 270 nm; excitation and emission slits were set to
5 nmband pass resolution. All samplesweremeasured at room temper-
ature (20 °C) and held in a 10 × 3 mm2 quartz cuvette. The molar
extinction coefficient of phenol in water is 1373 M−1 cm−1 [28], there-
fore, no appreciable inner-filter effect corrections need to be applied to
the measured phenol fluorescence values. The quenching assays were
monitored by changes in fluorescence intensity at the emission
maximum of 297 nm as a function of quencher concentration. All data
was analyzed by the use of Sigma Plot 12 software (Point Richmond,
CA).

3. Results and discussion

3.1. Results

This work uses fluorescence quenchingmethods to study the effects
of GdmCl on hydrophobic pair interactions. Our model system is the
contact pairs formed between carboxylate ions and phenol. Phenol
fluorescence is known to be quenched by carboxylate ions through
dynamic quenching [15–19]. As an example, Fig. 1 shows the effects of
sodium acetate on phenol fluorescence, the observed quenching
shows a linear Stern–Volmer profile: [29]

F0
F

¼ 1þ KSV Q½ � ¼ 1þ kqτ Q½ �: ð1Þ

In this equation, F0 is the fluorescence of phenol in the absence of
quencher, F is the fluorescence of phenol in the presence of Q molar of
quencher; the parameter KSV is the Stern–Volmer constant, which is
composed of two components: kq is the quenching rate constant and
τ is the fluorescence lifetime of phenol in the absence of a quencher.

In these experiments we have specifically looked at phenol fluores-
cence being quenched by formate, acetate, propionate, butyrate,
heptanoate, and octanoate ions. We have also looked at the effects of
GdmCl on the quenching properties of these anions. The addition
of GdmCl to phenol in the presence of these quenchers showed no
deviation in the linear Stern–Volmer behavior. However, the addition
of GdmCl causes a drop in KSV values, which is visualized in Fig. 2. It
can also be seen in Fig. 2 that there are outliers in the data points. This
may be a result of GdmCl affecting the phenol fluorescence lifetime.
We therefore measured the effects of GdmCl on phenol fluorescence
in the range of denaturant concentrations studied and observe that
GdmCl can slightly increase (approximately 5%) phenol fluorescence.
Therefore, we have corrected these small effects on the KSV constants
by multiplying the obtained Stern–Volmer parameters by a factor of
I0/I(C):[17]

K
0

SV Cð Þ ¼ KSV � I0
I Cð Þ ð2Þ

where KSV
' (C) is the “corrected” Stern–Volmer constant, I0 is thefluores-

cence intensity of phenol at 1.5 M GdmCl, and I(C) is the fluorescence
intensity of the same amount of phenol measured at a given
guanidinium concentration of C when there is no quencher present.
Fig. 3 demonstrates that the correction applied in Eq. (2) makes
the fits more linear and demonstrates that the observed outliers
in Fig. 2 result from fluorescence lifetime variations. A compilation
of measured KSV and corrected KSV

' (C) values can be found in
Table 1. The KSV

' (C) constants show a decline with [GdmCl] and are
linearly related to the denaturant's concentration using the
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following equation:

K
0

SV Cð Þ ¼ y0 þα� GdmCl½ �: ð3Þ

The fitting parameters of these plots (Fig. 3) can be found in
Table 2. It may be noted that the KSV values of octanoate show larger
uncertainties (3 percent relative error) compared to other mea-
surements. This reflects the fact that octanoate solutions at high con-
centrations exhibit surfactant-like qualities that limit pipetting
reproducibility.
Fig. 1. (a) The quenching of phenol fluorescence by acetate ions (from top to bottom: 0M,
0.075 M, 0.150 M, 0.225 M, 0.300 M). Excitation and emission slits are set to 2 nm
bandpass; (b) Stern–Volmer plots for the quenching of phenol fluorescence by acetate
in water (closed triangles) and 3.000 M GdmCl (closed squares).
3.2. Identifying the contribution of contact pair formation to the
quenching data

The carboxylate quenching of phenol fluorescence can be represented
by Scheme 1:

F� þ Q
→

kon

←
koff

F� � Q� �
→
kpt

Fþ Q

where F* is the excited fluorophor, Q is the quencher, [F* ⋅ Q] is the
encounter complex formed between the quencher and the fluorophor,
kpt is the rate of energy transfer between the quencher and the excited
fluorophor within the encounter complex, and F is the fluorophor in the
ground state. Acetate and formate quench phenol fluorescence by a
“reaction controlled” proton transfer process from the excited phenol
hydroxide to the acetate/formate ion [16,18]. As previously mentioned,
the quenching occurring is dynamic and not static; therefore the Stern–
Volmer quenching constant based on the parameters of Scheme 1 can
be represented as:

KSV ¼ kqτ ¼ Kec � kpt � τ ð4Þ

where kq is the rate constant associatedwith dynamic quenching, τ is the
fluorescence lifetime of phenol in the absence of quencher, Kec is the
equilibrium constant associated with the formation of the encounter
complex, and kpt is the intrinsic rate of proton transfer from the excited
phenol to the carboxylate ion. It has been shown that proton transfer
occurs significantly when the acceptor and donor moieties are separated
by 0–5 water molecules [30]. Therefore, in order for the quenching
process to compete with fluorescence the hydroxyl and carboxylate
groups must be within 9 Å of one another. Since this value is smaller
than the sum of the van der Waals diameters of the fluorophor and
quencher molecules, we can assume that there is a high probability that
the encounter complex involves reacting molecules coming into van der
Waals contact with one another.
3.3. Isolating the contribution of the hydrophobic effect to contact
pair formation

We have previously developed a methodology to isolate the hydro-
phobic contribution to KSV [15,17,19]. The free energy of contact-pair
formation between any alkyl-carboxylate and phenol, ΔGec, is assumed
to be comprised of the following two interactions: (a) the interaction
between the carboxylate head group and the phenol moiety, and
(b) the mostly hydrophobic interaction that exists between phenol
and the alkyl tail. This can be represented by:

ΔGec≈ΔGhead þ ΔGalkyl: ð5Þ

If the formate-phenol contact pair formation energy is subtracted
from that of any other phenol-carboxylate, we obtain:

ψ ¼ ΔGecf gcarboxylate− ΔGecf gformate≈ΔGhead þ ΔGalkyl−ΔGformate: ð6Þ

Any co-solute's effect on contact pair formation can be calculated
by subtracting the value of ψ at any given GdmCl concentration S,
from that of ψ determined when there is 1.5 M of GdmCl co-solute



Fig. 2. The effects of GdmCl on the measured Stern–Volmer constant KSV of phenol fluorescence, quenched by: (a) formate, (b) acetate, (c) propionate, (d) butyrate, (e) heptanoate, and
(f) octanoate.
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present:

Δψ ¼ ψ S½ �−ψ S½ �¼1:5M

¼ ΔGhead þ ΔGalkyl−ΔGformate

� �
s½ �
− ΔGhead þ ΔGalkyl−ΔGformate

� �
S½ �¼1:5M

:

ð7Þ

The concentration of 1.5MGdmClwas chosen as our reference point
because at lower guanidinium concentrations the quencher species
would also contribute significantly to the ionic strength. Rearranging
the terms gives the following:

Δψ ¼ ΔGheadð Þ S½ �− ΔGheadð Þ S½ �¼1:5M

n o
− ΔGformateð Þ S½ �− ΔGformateð Þ S½ �¼1:5M

n o

þ ΔGalkyl

� �
S½ �
− ΔGalkyl

� �
S½ �¼1:5M

� �
:

ð7aÞ

If the effects of GdmCl on ΔGhead and ΔGformate are assumed to be
linear, which is valid at values close to 1.5 M:

ΔGheadð Þ S½ � ¼ ΔGheadð Þ S½ �¼1:5M þm� S½ � ð8aÞ

image of Fig.�2


Fig. 3. The effects of GdmCl on the corrected Stern–Volmer constant K′SV(C) of phenol fluorescence, quenched by: (a) formate (closed triangles) and acetate (open triangles), (b) formate
(closed triangles) and propionate (open triangles), (c) formate (closed triangles) and butyrate (open triangles), (d) formate (closed triangles) and heptanoate (open triangles), and
(e) formate (closed triangles) and octanoate (open triangles).
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ΔGformateð Þ S½ � ¼ ΔGformateð Þ S½ �¼1:5M þ n� S½ � ð8bÞ
SV formate
where m and n are constants, inserting Eqs. (8a) and (8b) in Eq. (7)
results in:

Δψ ¼ m−nð Þ� S½ � þ ΔGalkyl

� �
S½ �
− ΔGalkyl

� �
S½ �¼1:5M

� �
: ð9Þ

Formate is a carboxylate with a pKa of 3.8, the pKa of acetic acid
is 4.75 (acetic acid) and that of the rest vary between 4.87 and 4.89
[31]. Since the experiments were performed at pH 8.5 all carboxylate
groups used are essentially deprotonated. Therefore, electrostatic
interactions between phenol and the various alkyl-carboxylate head
groups should be similarly affected byGdmCl, whichmeans that the fac-
tor of (m− n) is small and similar for all quenchers. Thus,Δψmostly re-
flects the difference between the alkyl–phenyl interaction in the
presence and absence of additional GdmCl. If the parameterφ is defined
for any given alkyl–carboxylate quencher:

Φ ¼ −RT ln
KSVð Þalkyl‐carboxylate

Kð Þ
� 	

: ð10Þ

image of Fig.�3


Table 1
Compiled measured (KSv) and corrected (K′SV(C)) Stern–Volmer constant values of vari-
ous carboxylate ions, obtained from the quenching of phenol fluorescence. These values
are plotted in both Fig. 2 and Fig. 3.

Quencher [GdmCl] (M) Measured KSV (M−1) Corrected K′SV(C) (M−1)

Formate 1.500 4.49 ± 0.03 4.49 ± 0.03
1.875 4.34 ± 0.02 4.32 ± 0.02
2.250 4.10 ± 0.00 4.17 ± 0.00
2.625 4.09 ± 0.03 4.06 ± 0.03
3.000 3.92 ± 0.01 3.94 ± 0.01

Acetate 1.500 5.64 ± 0.03 5.64 ± 0.03
1.875 5.43 ± 0.02 5.39 ± 0.02
2.250 5.32 ± 0.01 5.33 ± 0.01
2.625 5.14 ± 0.04 5.09 ± 0.04
3.000 5.02 ± 0.02 4.96 ± 0.02

Propionate 1.500 5.41 ± 0.02 5.41 ± 0.02
1.875 5.26 ± 0.02 5.23 ± 0.02
2.250 5.11 ± 0.03 5.11 ± 0.03
2.625 5.10 ± 0.02 4.99 ± 0.02
3.000 4.67 ± 0.03 4.70 ± 0.03

Butyrate 1.500 5.79 ± 0.05 5.79 ± 0.05
1.875 5.59 ± 0.05 5.47 ± 0.05
2.250 5.44 ± 0.04 5.41 ± 0.04
2.625 5.14 ± 0.04 5.14 ± 0.04
3.000 4.96 ± 0.07 4.98 ± 0.07

Heptanoate 1.500 4.92 ± 0.04 4.92 ± 0.04
1.875 4.80 ± 0.03 4.70 ± 0.03
2.250 4.63 ± 0.02 4.52 ± 0.02
2.625 4.54 ± 0.02 4.45 ± 0.02
3.000 4.17 ± 0.03 4.13 ± 0.03

Octanoate 1.500 5.72 ± 0.16 5.72 ± 0.16
1.875 5.46 ± 0.13 5.43 ± 0.13
2.250 5.40 ± 0.17 5.25 ± 0.17
2.625 5.21 ± 0.14 5.01 ± 0.13
3.000 4.86 ± 0.15 4.73 ± 0.15

Scheme 1. Suggested mechanism for the quenching of excited state phenol (F*) fluores-
cence by quencher molecules Q.
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The values of K′SV(C) are obtained from the linear fits of Table 2. We
may now define Δφ:

ΔΦ ¼ Φ S½ �−Φ S½ �¼1:5M ¼ −RT ln
KSVð Þalkyl‐carboxylate

KSVð Þformate

� 	
S½ �

þ RT ln
KSVð Þalkyl‐carboxylate

KSVð Þformate

� 	
S½ �¼1:5M

: ð11Þ

Substituting Eq. (4) in Eq. (11) we obtain:

ΔΦ ¼ Δψ−RT ln
kpt

� �
alkyl‐carboxylate

kpt
� �

formate

0
B@

1
CA

S½ �

þ RT ln
kpt

� �
alkyl‐carboxylate

kpt
� �

formate

0
B@

1
CA

S½ �¼1:5M

: ð11aÞ

Changes in activation free energies of proton transfer processes due
to salt addition are described by linear free energy relationships [16,18].
Table 2
Linear regression fitting parameters obtained from correlating the data in Fig. 3 to Eq. (3).

Quencher α (M−2) y0 (M−1) r2

Formate −0.36 ± 0.02 5.01 ± 0.05 0.99
Acetate −0.44 ± 0.04 6.27 ± 0.10 0.97
Propionate −0.44 ± 0.04 6.08 ± 0.10 0.97
Butyrate −0.52 ± 0.05 6.54 ± 0.12 0.97
Heptanoate −0.49 ± 0.05 5.64 ± 0.12 0.97
Octanoate −0.64 ± 0.03 6.68 ± 0.07 0.99
Therefore, the GdmCl dependence of the activation energy can be
assumed to be:

ΔΦ ¼ Δψþ ΔG‡ þα S½ �
� �

alkyl‐carboxylate
− ΔG‡ þ β S½ �
� �

formate

− ΔG‡
� �

alkyl‐carboxylate
þ ΔG‡
� �

formate
¼ Δψþ α−βð Þ S½ �:

ð12Þ

Phenol is a neutral molecule, therefore there are no primary salt
effects on the rate constants and changes in ionic strength will thus
have small effects on the activation free energy [32]. In addition to
this, the pKa values of the carboxylates are close to each other.
Therefore, the factor (α − β) should also be small and similar for all
alkyl-carboxylate quenchers. Re-writing Eq. (12) gives:

ΔΦ ¼ ΔGalkyl

� �
S½ �
− ΔGalkyl

� �
S½ �¼1:5M

� �
þ m−nþα−βð Þ S½ � ð12aÞ

where the first term isolates the contribution that the interaction
between hydrophobic phenyl and alkyl moieties makes to K′
SV(C) values; while (m− n+ α− β) is small and should be essentially
constant for the longer carboxylates which have essentially the same

pKa values. The derivative d ΔΦð Þ
d GdmCl½ � will quantify how the interactions

between the hydrophobic phenyl and alkyl moieties are influenced by
the addition of GdmCl. Fig. 4 plotsΔφ as a function of GdmCl concentra-
tion. The values of Δφ are obtained from the corrected Stern–Volmer
constants using Eq. (11) and at each given GdmCl concentration the
value of K′SV(C) is obtained from Table 2 linear parameters. It can be
seen from the Δφ plots that the GdmCl affects phenyl–alkyl contact
pairs in a size-dependent fashion. This becomes clear in Fig. 5 when
Fig. 4. GdmCl concentration dependence of ΔΦ as defined by Eq. (10). The initial slopes
are: phenyl-methyl = −6.84E−03, phenyl-ethyl = 7.74E−04, phenyl-propyl =
2.36E−02, phenyl-hexyl = 4.23E−02, and phenyl-heptyl = 7.51E−02; the initial

slopes have units of kJ�L
mol2

.

image of Scheme�1


Fig. 5. Initial slope d ΔΦð Þ
d GdmCl½ �
h i

GdmCl½ �¼1:5 M
values plotted as a function of hard sphere diame-

ters of the alkyl tail groups, the diameters are obtained fromReference [32], the coefficient
of determination of this plot is r2 = 0.93.
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d ΔΦð Þ
d GdmCl½ �
h i

GdmCl½ �¼1:5 M
is plotted as a function of (dv)2 the cube of the hard

sphere diameter [33] of the alkyl group, demonstrating a linear correla-
tion with size.

This observed size dependence can be further explained if we adopt
the formalism suggested by Graziano [34], in this case, ΔGalkyl can be
broken up into two terms:

ΔGalkyl ¼ ΔGcav þ ΔGatt ð13Þ

where ΔGcav represents the contribution from the reversible work that
is required to make a cavity that will accommodate the alkyl group in
the solvent and ΔGatt is the contribution from the reversible work that
is required to turn on attractive interactions between the solvent
molecules and the alkyl moiety, if we expand the derivative we obtain:

d ΔΦð Þ
d GdmCl½ � ¼

d ΔGcavð Þ
d GdmCl½ � þ

d ΔGattð Þ
d GdmCl½ � þ m−nþα−βð Þ : ð14Þ

The calculations of Graziano show that [35–37]: a) the addition of
GdmCl makes it more difficult to form a cavity in the aqueous solution,
this promotes hydrophobic contact-pair promotion; b) on the other
hand, the addition of GdmCl increases themagnitude of attractive inter-
actions between the alkyl moiety and the solvent molecules disrupting
the hydrophobic contact pair. In other words, adding GdmCl makes
ΔGcav more negative while simultaneously making ΔGatt more positive.
For spherical hydrophobic solutes both ΔGcav and ΔGatt depend on the
hydrophobic surface area, but the attractive interactions show a much
sharper dependence on the cube of the solute diameter. Therefore,
beyond a certain solute size, the attractive contributions will dominate
the value of d ΔΦð Þ

d GdmCl½ �
h i

GdmCl½ �¼1:5 M
resulting in the observed sign change.

Based on these results we can suggest that guanidinium ions affect
hydrophobic interactions in a size dependent fashion. The denaturant
is either indifferent towards, or slightly stabilizes, the interactions
between small hydrophobes; however, as the size of the interacting
hydrophobes increases, the denaturant becomes more and more
effective in disturbing the stability of contact pairs formed between
the molecules.

4. Conclusions

In this work we have determined the effect of GdmCl on hydro-
phobic interactions between contact-pairs formed between phenyl
and alkyl moieties. Due to the simplicity of our model system, we
were able to isolate the effect of GdmCl on hydrophobic interactions.
We were able to quantitatively show that the presence of GdmCl may
stabilize smaller hydrophobic pairs; while, on the other hand, GdmCl
was shown to destabilize hydrophobic contact pairs formed between
phenol and larger hydrophobes. Our findings are in agreement with
molecular dynamic simulations mentioned earlier [20], which showed
that methane pairs are stabilized by the addition of GdmCl, but large
hydrophobes are destabilized. These results are consistent with other
observed experimental results. Guanidinium destabilizes micelles and
lipid bilayers [38,39], which are considered to be large hydrophobes.
Protein folding studies have also shown that interactions between
small hydrophobes are being stabilized by GdmCl, causing residual
order to persist in guanidinium unfolded protein, defining a non-
random-coil denatured state [40–43].

The mechanism by which guanidinium chloride denatures proteins
has been questioned and studied for many years. Folded proteins are
extremely complex and there are numerous interactions that hold the
protein's secondary and tertiary structure together. As an example, the
main interactions are those of hydrogen bonding, electrostatic, and
the hydrophobic effect. How these interactions are affected by the
presence GdmCl is the main topic for discussion and it is still not clear
which mechanism the denaturant partakes in to destabilize the folded
structures of proteins. However, as far as simple hydrophobic interac-

tions are concerned, the linear dependence of d ΔΦð Þ
d GdmCl½ �
h i

GdmCl½ �¼1:5 M
on

(dv)2 indicates that guanidinium interacts with hydrophobic molecules
through surface-mediated interactions. This can be done through:
modulating hydrophobic hydration, guanidinium is able to accumulate
at the surface of hydrophobic molecules because it is first, weakly
hydrated and breaks fewer hydrogen bondswhile it accesses the hydro-
phobic surfaces [20,44,45] and second, the ion's planar shape allows it to
stack parallel to the alkyl surface [20,44,45]; the stacking of the
guanidinium ion alsopromotes a disruptionof hydrophobic interactions
between protein side chains through van derWaals interactions between
the denaturant and hydrophobic molecules [20]. Hydrophobic dehydra-
tion and van der Waals interactions are surface-dependent, therefore,
van der Waals interactions become more dominant when the denatur-
ant is interactingwith hydrophobes having large surfaces. This confirms
that non-hydrogen bonding interactions play a role in the denaturating
properties of the guanidinium ion. This being said, recent spectroscopic
data [46,47] demonstrate that the addition of guanidinium ion changes
the hydrogen bonding properties of the aqueous solvent system.
Therefore, it is possible that a “unified description” similar to that
suggested by Moeser and Horinek for urea, may provide a realistic
picture of guanidinium denaturation [48].
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