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GRAPHICAL ABSTRACT

* We determine how the osmolyte
TMADO influences hydrophobic contact-
pair formation.

*« TMAO disrupts interactions between
hydrophobic moieties.

« This disruption is not dependent on the
size of hydrophobes.
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Osmolytes are small, soluble organic molecules produced by living organisms for maintaining cell volume. These
molecules have also been shown to have significant effects on the stability of proteins. Perhaps one of the most
studied osmolytes is Trimethylamine-N-oxide (TMAO). Thermodynamic studies of the effects of TMAO on
proteins have shown that this molecule is a strong stabilizer of the protein folded state, thus being able to
counteract the effects of protein denaturants such as urea and guanidine hydrochloride. Most studies of TMAO
effects on bio-molecular stability have until now been focused on how the osmolyte reduces the solubility of
polypeptide backbones, while the effects of TMAO on hydrophobic interactions are still not well understood. In
fact, there are few experimental data measuring the effect of TMAO on hydrophobic interactions. This work
studies phenyl and alkyl contact pairs as model hydrophobic contact pairs. The formation of these contact
pairs is monitored using fluorescence, i.e., through the quenching of phenol fluorescence by carboxylate ions;
and a methodology is developed to isolate hydrophobic contributions from other interactions. The data
demonstrate that the addition of TMAO to the aqueous solvent destabilizes hydrophobic contact pairs formed
between alkyl and phenyl moieties. In other words, TMAO acts as a “denaturant” for hydrophobic interactions.
© 2013 Elsevier B.V. All rights reserved.

* Corresponding author. Tel.: +1 204 272 1546.

1. Introduction

Environmentally stressed organisms often use small, soluble, organic
molecules for maintaining cell volume [1]. The cellular cytoplasm of
these organisms accumulates these molecules at moderate to high con-
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pressure, dehydration, high temperature and pressure [1]. Hence,
these molecules are often referred to as “osmolytes.” Compensating
for stress factors is not the only way osmolytes influence organisms.
Almost three decades ago it was discovered that many osmolytes
stabilize the folded state of proteins indiscriminately [2] and the
study of osmolyte effects on proteins has led to a much greater
understanding of the molecular thermodynamics of the protein
folding process [3-10].

Of all osmolytes, the effects of TMAO (trimethylamine N-oxide)
on protein stability are perhaps most well studied experimentally
[6,10-29]. The addition of TMAO to the protein solvent medium has
been shown to protect various proteins against urea and guanidine
hydrochloride denaturation and to also induce structure in proteins
that are normally disordered under dilute in-vitro conditions. The
thermodynamic analysis of Bolen and co-workers has demonstrated
that the addition of TMAO (and other stabilizing osmolytes) to water
converts the aqueous medium into a “poorer” solvent of the polypeptide
backbone [3-6,9-14,21,30-39]. This causes the unfolded state to become
more unstable relative to the folded state of the protein and protects the
protein against denaturants that convert water into a “better” solvent of
the amide bond. However, the effects of TMAO on interactions between
hydrophobic moieties of proteins are not so well understood. Different
theoretical calculations make contradictory predictions of the effect of
TMAO on pair-wise hydrophobic interactions. Garde et al. predict that
TMAO addition has minimal effect on the thermodynamics of hydration
of methane-like solutes, [40,41] while the results of Paul and Patey
indicate that TMAO can disrupt interactions between hydrophobic
solutes [42]. In contrast, the calculations of Graziano [43] and Daggett
[44] argue that TMAO addition enhances the magnitude of hydrophobic
interactions. The only analysis based on experimental data is Bolen's
calculated transfer free energies of hydrophobic amino acid side chains
of the Nank4-7 protein [45]. These free energies are shown to take
negative values when the side chains are transferred from pure water
to 1 M TMAO solutions, indicating favorable TMAO interactions with
the side-chains.

These conflicting predictions point to the necessity of having
experimental data that can unambiguously quantify the effects of
TMAO addition on interactions existing between hydrophobic solutes
dissolved in water, thereby resolving the differences between these
predictions. This work examines how TMAQO affects interactions between
non-polar phenyl and alkyl moieties dissolved in aqueous solution by
examining the quenching of phenol fluorescence by a variety of aliphatic
carboxylates. These studies were done in a series of TMAO con-
centrations in the 0-1.0M range. In previous studies we have developed
methodologies for isolating the contribution of alkyl-phenyl inter-
actions to the fluorescence quenching data [46,47]. The same method-
ology will be used to determine how interactions between phenyl and
alkyl groups are influenced by the addition of TMAO to the aqueous
media. Our results indicate that hydrophobic contact pairs are not
indifferent towards TMAO addition to the solvent and in fact, the
presence of TMAO destabilizes hydrophobic contact pairs in all of our
studied systems. Therefore, we suggest that TMAO does not protect
proteins through altering hydrophobic interactions but rather acts as a
“denaturant” towards interactions that are stabilized through the
hydrophobic effect.

2. Experimental
2.1. Materials

TMAO, sodium formate, sodium acetate, sodium propionate and
sodium hexanoate were purchased from Sigma (St. Louis, MO). The
phenol was purchased from ].T. Baker Chemical Co. (Phillispburg, NJ).
All experiments were performed at an adjusted pH of 8.5 with an
ionic strength of 0.3 M adjusted with NaCl. The concentration of

phenol in all samples was 200 pM. All samples were measured at
room temperature (20 °C).

2.2. Methods

Steady-state fluorescence spectra were measured on a Fluorolog-3
Horiba Jobin Yvon spectrofluorometer (Edison, NJ). The sample was
held in a 10 x 3 mm? quartz cuvette. All samples were prepared in
triplicate. Fluorescence spectra were collected using an excitation
wavelength set to 270 nm; excitation and emission slits were set to
5 nm band pass resolution. Quenching studies were performed by
monitoring changes in the fluorescence intensity at the maximum
emission of 297 nm as a function of quencher concentration. All
statistical data analyses including linear and nonlinear regressions
were performed using Sigma Plot 10 software (Point Richmond, CA).

3. Results and discussion
3.1. Results

In this work we have used fluorescence quenching methods for
studying how TMAO affects the hydrophobic contribution to inter-
actions between phenol and carboxylate ions. Carboxylate ions quench
the fluorescence of phenol dynamically [46-49]. As an example, the
quenching of phenol by sodium acetate is demonstrated in Fig. 1, this
quenching follows linear Stern-Volmer behavior: [50]

Fo 1 ki@ = 1+ k70 1)

Where F, is the fluorescence of phenol in the absence of quencher, F
is the fluorescence of phenol in the presence of Q molar of quencher and
K, is the Stern-Volmer constant composed of two components: kq the
quenching rate constant and 7 the fluorescence lifetime of phenol in
the absence of quencher. In this work we have studied the quenching
of phenol by formate, acetate, propionate and hexanoate ions. In
addition, we have determined the effects of TMAO on the quenching
properties of these anions. The quenching in all cases are well represented
by linear Stern-Volmer behavior (coefficient of determination greater
than 0.99) and are given in Table 1. In addition, the effects of TMAO on
phenol fluorescence have also been measured: the addition of TMAO
significantly quenches the fluorescence of phenol via a linear Stern—
Volmer profile (Fig. 2). When quencher concentrations are greater than
0.1 M, the rate of collisions between phenol and quencher molecules
calculated by classical diffusion theory is comparable to the decay rate
associated with the excited phenol fluorophor and collisional quenching
must be present [50]. Consequently, the minimal curvature observed in
all the Stern-Volmer plots does indicate that there is an absence of any
additional ground state fluorophor association that can contribute to the
quenching process [50]. This lack of pre-association makes the presence
of both TMAO and carboxylate in the near vicinity of the dilute excited
fluorophor statistically unlikely, making the contribution of a putative
additional simultaneous quenching mechanism infeasible. The quenching
of phenol fluorescence in a solution containing carboxylate and TMAO
molecules can thus be assumed to be the result of two uncoupled kinetic
pathways. Therefore, the Ksy value measured for a carboxylate ion
dissolved in an aqueous solvent that has a given TMAO concentration
(C) will be:

Ksy = kq(carboxylate) = 7 (2)

Where kq is the rate constant for carboxylate quenching and 7 is the
fluorescence lifetime of phenol measured in the same aqueous solution
(containing TMAO) when no carboxylate is present. If 7 is constant, we
would expect to see a near-linear dependence of Ksy on TMAO con-
centration. However, because TMAO also quenches phenol fluorescence
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Fig. 1. (a) The quenching of phenol fluorescence by acetate ions (from top to bottom: 0 M,
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 squares) and 0.7605 M TMAO (closed triangles).

via Stern-Volmer behavior, in Fig. 3, we observe a hyperbolic con-
centration dependence of Ksy that can be expressed as:

To
1+ Toky (TMAO) x C

Kgy = kq(carboxylate) x (2a)

where 7y is the fluorescence lifetime of phenol measured in the absence of
TMAO and carboxylate ion and k,(TMAO) is the rate constant for TMAO
quenching. Because TMIAO quenching follows Stern-Volmer kinetics we
can rewrite Eq. (2a) as:

Ksy = kq(carboxylate) x 7, I©) (2b)

Iy

Where I, is the fluorescence intensity of phenol measured in the
absence of any quencher and I(C) is the fluorescence intensity of the
same amount of phenol measured at [TMAO] = C; we can now define

Table 1
Compiled apparent Stern-Volmer constant (Ksy) values of various carboxylate ions,
obtained from quenching phenol fluorescence. These values are plotted in Fig. 3.

0.000 44+0.1
0.152 2.99 +0.07
0.304 240007
0.456 2.15£0,04
0.608 1.67 £+ 0.04
0.761 1.47 £0.02
0.000 58+0.2
0.152 44+0.1
0.304 3.4+0.1
0.456 2701
0.608 231+0.03
0.761 2.02+0.04
0.000 5903
0.152 42+0.1
0.304 Sesfil el
0.456 2.70+0.08
0.608 23101
0.761 1.87+0.07
0.000 6.11£0.4
0.152 43+0.1
0.304 3,5 +0.1
0.456 28101
0.608 23101
0.761 2.02 +0.07

a “corrected” Stern-Volmer constant by multiplying Ksy by the ratio
%g—), this para.meterK 'sv(C) now represents quenching by the carboxylate
ion at any given concentration of added TMAO:

. I
K ¢y(C) = Kgy,, ﬁ =kyxTo (20)

The data shown in Fig. 4 and the fitting parameters listed in Table 2
demonstrate that the values of K'sy (C) are linearly well correlated with
TMAO concentration. This observed linearity is consistent with the
assumption that the quenching of phenol by TMAO and carboxylate
co-solutes proceeds through uncoupled processes. In the subsequent
analysis we will use the fitting parameters of Table 2 to calculate values
of K'sy(C) at any given osmolyte concentration. The dependence of K gy
(C) on TMAO concentration will be used to quantify the effect of this
osmolyte on hydrophobic interactions between the non-polar alkyl
and phenyl moieties.

3.2. Identifying the contribution of contact pair formation to the
quenching data

The quenching of phenol fluorescence by carboxylate ions can be
represented by Scheme 1:
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Scheme 1. Suggested mechanism for the quenching of excited state phenol (F*) fluorescence
by quencher molecules Q.

In this scheme F*is the excited fluorophor, Q is the quencher, [F*+Q]
is the encounter complex formed between the quencher and fluorophor,
kpe is the rate of energy transfer between the quencher and excited
fluorophor within the encounter complex and F is the fluorophor in the
ground state. The quenching of phenol by acetate and formate has been
shown to be a “reaction controlled” proton transfer process from the
exited phenol hydroxide to the acetate ion [48,49]. In this case, because
the quenching process is dynamic and not static, the Stern-Volmer
quenching constant based on the parameters of Scheme 1 can be
formulated as:

Koy = kqT = Kee x ke x T (3)
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Fig. 2. (a) The quenching of phenol fluorescence by TMAO (from top to bottom: 0 M,
0.1521 M, 0.3042, 0.4563 M, 0.6084 M, 0.7605 M). Excitation and emission slits are set to
2 nm bandpass; (b) Stern-Volmer plot for the quenching phenol fluorescence by TMAO
in the absence of carboxylate ions.

Where kg is the rate constant associated with dynamic quenching,
Kec is the equilibrium constant associated with the formation of the
encounter complex, kp is the intrinsic rate of proton transfer from
excited phenol to the carboxylate and 7 is the fluorescence lifetime of
phenol in the absence of quencher. Studies on the proton transfer
process show that proton transfer occurs significantly, when the
donor and acceptor moieties are separated by 0-5 water molecules
[51]. Therefore, in order for the quenching process to compete with
fluorescence the hydroxyl and carboxylate groups must be within 9 A
of one another. This value is smaller than the sum of the Van der
Waals diameters of the quencher and fluorophor molecules. Therefore,
we can assume that there is high probability that the encounter complex
involves reacting molecules coming into van der Waals contact with one
another. Because the parameter 7 depends on TMAO concentration, the
parameter K sy (C) will be used to characterize the contribution of contact
pair formation to the quenching process.

3.3. Isolating the contribution of the hydrophobic effect to contact
pair formation

The hydrophobic contribution to Ky, is isolated via the methodology
we have previously developed [46,47]. Free energy of contact-pair
formation between any alkyl-carboxylate and phenol AGe, is assumed
to be comprised of the following two interactions: a) the interaction
between the carboxylate head group and the phenol moiety, b) the
mostly hydrophobic interaction that exists between phenol and the
alkyl tail. In other words:

AGeczAGhead + AGalkyl (4)

If the free energy of contact formation of phenol and formate is
subtracted from that of any given carboxylate:

V= {AGEC }carboxylate - {AGGC } formate ~ AGhead + AGalkyl - AGformate (5 )

The effect of any co-solute on contact pair formation can be calculated
by subtracting the value of ¥ at any given TMAO concentration S, from
that of W determined when there is no co-solute present:

AV =Wig—Wg_o =
(AGhead + AGalkyl _AGformate> IS - (AGhead + AGall(yl _AGformate)

[5]=0
(6)
Rearranging the terms gives us the following:
AW = {(AGhesa)s —(AGhead) -0 } —{ (AGtormate);s — (AGiormate)s0 |
+{ (AGalkyl) 5 (AGalkyl> S0 }
(6a)

If the effect of TMAO on AGhead and AGsormate 1S assumed to be linear:
(AGhead)[S] = (AGhead)[S]:O +m N (7a)
(AGformate)[_ﬂ = (AGformate)[S]:O +n N (7b)

Where n and m are constants, inserting Eqs. (7a) and (7b) in Eq. (6)
results in:

AV = (m—n)°[S] + { (AGay) 5~ (AGaq) [5]:0} ®

Formate is essentially a free carboxylate with a pK, of 3.8, the pK, of
all other carboxylic acids varies from 4.75 (acetic acid) to 4.89 (octanoic
acid) [52]. At pH8.5 all carboxylate groups are essentially deprotonated.
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Fig. 3. The effects of TMAO on the apparent Ksy quenching constants of carboxylate ions measured for phenol fluorescence: (a) formate, (b) acetate, (c) propionate, (d) hexanoate.

The electrostatic interaction of the various carboxylate head groups
with phenol should thus be similarly affected by TMAO, therefore, the
factor (m-n) is likely to be a small constant term for all quenchers.
Therefore AW mostly reflects the difference between the alkyl-phenyl
interaction in the presence and absence of TMAO. If the parameter &
is defined for any given alkyl-carboxylate quencher:

®— —RTIn (M) o
(KSV)formate

The values of K'sy (C) are obtained from the linear fits of Table 2. We
may now define Ad:

K ;
AD — (D[s] _(D[S]:O — —RTIn <( SV)alkyl—cmboxylate)
(K N ) formate N

+RTIn ((KSV)alkyl—carboxylate) (10)
(KSV )formate [S]=0
Substituting Eq. (3) in Eq. (10) we obtain:
AdD — AW—RT In (kpt> alkyl-carboxylate +RTIn <kpt) alkyl-carboxylate
<kpt) formate s] (kpt) formate 5]=0
(10a)

Because changes in activation free energies are related to changes in
the thermodynamic free energies via linear free energy relationships

[48,49], the TMAO dependence of the activation energy can be assumed
to be linearly dependent on TMAO concentration:

A = AV + (ACH + ) —(act+pis))

alkyl-carboxylate formate

(11)
_ i i B _
(AG )alkyl—carboxylate + <AG )formate =AY+ ( B)[S]

Using the same arguments used for Eq. (7) the factor (o — ) is also
likely to be a rather small constant term for all quenchers. Re-writing
Eq. (11) yields:

A — { (8Ga) ; ~ (AGa) mzo} T (m=n+a—p)s

z{ (AGalkyl> 5 (Acﬂ”‘y’) [51:0}

In this equation, the first term isolates the contribution that the
interaction between the hydrophobic alkyl and phenyl moieties makes
to K sy(C) values. Fig. 5 plots Ad calculated from the K sy(C) values
obtained from the correlation lines of Table 2 as a function of TMAO
concentration. The values of A® become more positive as the amount of
TMAO is increased, indicating that the hydrophobic contact pair becomes
more destabilized thermodynamically. From this figure we can conclude
that TMAO disrupts the hydrophobic interaction between phenyl and
alkyl chains.

(11a)
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Fig. 4. The effects of TMAO on the corrected Stern-Volmer constants K sy (C) of carboxylate ions measured for phenol fluorescence: (a) formate (closed triangles) and acetate (open
triangles), (b) formate (closed triangles) and propionate (open triangles), (c) formate (closed triangles) and hexanoate (open triangles).

4. Conclusions

The unique folded structure of any protein results from the
total sum contribution of a variety of interactions such hydrogen
bonding, electrostatic interactions and the hydrophobic effect. Protein
denaturation (or renaturation) experiments provide useful method-
ologies for assigning each separate contribution to the overall protein
folding process. The correct determination of the contribution of each
interaction however, requires us to understand how the denaturing
(or renaturing) agent influences it. The hydrophobic effect plays a
major role in stabilizing protein molecules but a clear picture of the
effects of TMAO on hydrophobic interactions has eluded assignation
for a long time. In this work we have re-visited this problem by studying
the effects of TMAO on simple hydrophobic contact pairs formed
between alkyl groups and a benzene ring. The system is simple enough
to allow us to isolate the effect of TMAO on the alkyl-phenyl hydrophobic

Iianl::l:rzregression fitting parameters obtained from correlating the data in Fig. 4.
Quencher a(M?) oM™ i
Formate 1.57 £0.12 4.3 +0.05 0.9840
Acetate 17+ 0:2 5.89 £ 0.09 0.9456
Propionate 1.67 £0.05 5.89 £0.02 0.9969
Hexanoate 1.7+0.1 6.07 +0.05 0.9880

interaction. The data show that TMAO addition reduces interactions
between hydrophobic contact pairs in manner consistent with the
predictions of Paul and Patey and is consistent with the formal
thermodynamic analyses of Bolen indicating that adding TMAO to
aqueous solvent increases the solubility of hydrophobic moieties. In
other words, TMAO can function as a “denaturing surfactant” for
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Fig. 5. TMAO concentration dependence of Ad as defined by Eq. (9); the quenchers are:
acetate (closed circles), propionate (open squares), and hexanoate (closed triangles).
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hydrophobic interactions. This result is of particular importance to
theoreticians using protein unfolding/refolding data for developing
algorithms that predict protein structure: the effects of TMAO (and
perhaps other osmolytes) on the stabilizing hydrophobic interactions
must now also be considered. In addition, understanding how TMAO
affects hydrophobic interactions may also have potential practical
application from a biotechnological standpoint. Recent work has
demonstrated that the presence of TMAO promotes the association
between chymotrypsin and trypsin inhibitor proteins [53]. One potential
explanation of this enhanced binding may be that the presence of TMAO
loosens the S1 pocket of chymotrypsin by weakening the hydrophobic
interactions, thus making the enzyme adopt a more open “binding
competent” form towards the trypsin inhibitor. Osmolytes like TMAO
may function as important stabilizers for proteins that need to be stored
and delivered in their biologically active oligomeric forms.
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