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ABSTRACT: Glycine betaine (GB) is a naturally occurring osmolyte that has been widely
recognized as a protein protectant. Since GB consists of a methylated ammonium moiety, it can
engage in strong cation-m interactions with aromatic amino acid sidechains. We hypothesize that
such specific binding interactions would allow GB to decrease the stability of proteins that are
predominantly stabilized by a cluster of aromatic amino acids. To test this hypothesis, we
investigate the effect of GB on the stability of two B-hairpins (or mini-proteins) that contain such
a cluster. We find that for both systems the stability of the folded state first decreases and then
increases with increasing GB concentration. Such non-monotonic dependence not only confirms
that GB can act as a protein denaturant, but also underscores the complex interplay between
GB’s stabilizing and destabilizing forces toward a given protein. While stabilizing osmolytes all
have the tendency to be excluded from the protein surface which is the action underlying their
stabilizing effect, our results suggest that in order to quantitatively assess the effect of GB on the
stability of any given protein, specific cation-n binding interactions need to be explicitly
considered. Moreover, our results show, consistent with other studies, that cation methylation
can strengthen the respective cation-m interactions. Taken together, these findings provide new

insight into the mechanism by which amino acid-based osmolytes interact with proteins.
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Introduction

Glycine betaine (GB) or N,N,N-trimethyl glycine (Figure 1) is a naturally-occurring osmolyte,
responsible for maintaining osmosis of environmentally stressed cells by retaining intracellular
water and cytoplasmic volume and diluting cellular biopolymers.!#* Additionally, like other
osmoprotectants, such as trimethylamine N-oxide (TMAO), GB can act as a thermoprotectant,
stabilizing the native structure of proteins and counteracting the denaturing effect of destabilizing
osmolytes (e.g., urea).'”~17 For example, it has been shown that GB can effectively increase the
thermal melting temperature of various proteins, such as citrate synthase, P-galactosidase,
ribonuclease A, and hen egg white lysozyme.!'!5 Following the widely accepted mechanism of
action for protein protecting osmolytes, it is generally believed that the ability of GB to protect
proteins against thermal denaturation arises from its preferential exclusion from the protein
surface.!7%:10.18-20 Thig ‘non-direct-interaction’ mechanism would exclude the possibility that
GB can destabilize proteins, which requires direct and preferential interactions between the
osmolyte molecules and protein backbone units and/or sidechains. However, as a molecular
cation, it is expected that GB is able to interact with protein aromatic residues, i.e., phenylalanine
(Phe), tyrosine (Tyr), and tryptophan (Trp), via cation-m interactions.?!?’ Indeed, the
crystallographic study of Schiefner et al? on the complex formed between GB and the
periplasmic ProX protein revealed that the quaternary ammonium moiety of GB is situated in a
rectangular indole box where the ligand binding is stabilized by cation-r interactions. Therefore,
we believe that this ability to directly interact with aromatic sidechains makes it possible for GB
to destabilize proteins that are rich in aromatic residues but lacking a specific binding site

tailored for quaternary ammonium cations.
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The strength of a cation-n interaction depends on the chemical identity of the cation and &
systems involved, their relative position/orientation, as well as the solvent environment.?!-?> For
aromatic sidechains, the indole ring of Trp has been shown to be a more favorable © system for
interacting with cations.?! Whereas for cations, substituted organic ammonium ions (e.g.,
R-NH;" and R-N*(CH3);) are frequently found to be involved in cation-m interactions in
proteins.?!-23:2326 For example, binding of the neurotransmitter acetylcholine (ACh) to nicotinic
acetylcholine receptor proteins is promoted by a cation-w interaction involving a Trp residue on
the protein and the trimethylammonium cationic moiety of ACh.283! Similarly, this type of
interactions is found to play a critical role in recognizing post-translational modifications of
histone and chromatin proteins where the positively charged e-amino groups of lysine (Lys)
residues are methylated to interact with aromatic cages consisting of two or four aromatic
residues.’>33 Moreover, Waters et al. have shown that each consecutive N-methylation on a Lys
sidechain enhances the magnitude of its cation-m interaction with a Trp residue in a peptide
environment.?® Based on these studies, we hypothesize that GB can act as a denaturant toward
proteins that are stabilized by aromatic residues, especially Trp, and its denaturing efficiency is
higher than that of the less methylated analogues. To validate this hypothesis, we studied the
effect of glycine (Gly), N,N-dimethylglycine (DMG), and GB (Figure 1) on (1) the hydration
status of an indole analog, 7-cyanoindole (7-CNI), and (2) the thermal stability of a mutant of the
Trpzip5 B-hairpin®+3> wherein the two native Trp amino acids are replaced by 5-cyanotryptoan
(5CN-Trp) (the corresponding mutant is hereinafter referred to as SCN-Trpzip5) and a mutant of
the Trpzip2 B-hairpin3#33 wherein the four native Trp amino acids are replaced by 5CN-Trp (the

corresponding mutant is hereinafter referred to as SCN-Trpzip2).
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The first study is aimed to determine whether these cationic molecules can directly
interact with the indole (or indole-like) ring. The reason that we use 7-CNI instead of indole is
based on a recent study by Mukherjee et al.>® which demonstrated that the fluorescence of 7-CNI
is much more sensitive to the local hydration status than that of indole. As shown (Figure 2), GB
absorbs strongly in the far-UV region (190-240 nm), thus preventing the application of circular
dichroism (CD) spectroscopy to quantitatively assess GB-induced conformational changes of
polypeptides composed of only native amino acids (especially when high concentration of GB is
required), whose far-UV CD spectra are typically located in this wavelength range. Therefore,
we choose to use SCN-Trpzip5 and SCN-Trpzip2 in the second study, since both B-hairpins
produce a unique CD signature at wavelengths greater than 240 nm due to exciton coupling
between 5CN-Trp residues.’® Because this CD band is further shifted from the absorption
spectrum of GB, it allows us to use CD spectroscopy to conveniently probe the dependence of
the thermal stability of those mini-proteins on the concentration of GB, which is necessary to
help uncover any complex stabilizing-destabilizing behaviors of this osmolyte. Interestingly, our
results show that for both model systems, whose folded B-hairpin conformations are stabilized by
a cluster of aromatic residues,* GB can exert, simultaneously, two opposite effects on their
stability, with one being stabilizing and the other being destabilizing. Since these two effects
have different dependences on the GB concentration, the net result is that the B-hairpin stability
first decreases and then increases with increasing GB concentration. We believe that this is an
important finding as it provides direct evidence showing that GB can act as a protein denaturant

and hence offering new insight into the molecular actions of GB.

Experimental details
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Materials and sample preparation

All materials were of the highest purity and used as received. Specifically, 7-cyanoindole (99%)
was obtained from Ark Pharm Inc., glycine, dimethylglycine and betaine anhydrous were
obtained from Fisher Chemicals. SCN-Trpzip2 (sequence: SWeNTWeNENGKWeNTWenK,
where Wy represents SCN-Trp) and SCN-Trpzip5 (sequence: GEWNTYDDATKTFTWeNTE)
were synthesized on a microwave-assisted Liberty Blue peptide synthesizer (CEM, Matthews,
NC, USA) using Fmoc-protected amino acids purchased from Protein Technologies (Tucson,
AZ, USA). Synthesized peptide was further purified by reverse-phase high-performance liquid
chromatography (HPLC) and its identity was confirmed by mass spectrometry. Peptide samples
were prepared by dissolving an appropriate amount of lyophilized peptide solid in either water
(for SCN-Trpzip2) or pH 7.0 phosphate buffer (for SCN-Trpzip5) in the presence or absence of
the desired osmolyte co-solute. The co-solute concentration was calculated based on mass and
solution volume. The peptide concentration was determined optically using the absorbance at

280 nm and a molar extinction coefficient of 5500 M-! cm™! for 5SCN-Trp.

Spectroscopic measurements

UV-vis absorption spectra were collected on a Jasco V-650 UV-vis spectrophotometer using a
1.0 cm quartz cuvette at room temperature. CD spectra were measured on a Jasco J-1500 circular
dichroism spectrometer using a 1 mm quartz cuvette. All samples used in the CD measurements
had a peptide concentration of ca. 50 uM. Fluorescence spectra were collected on a Jobin Yvon
Horiba Fluorolog 3.10 fluorometer using a 1.0 cm quartz cuvette at 25 °C and an excitation
wavelength of 308 nm. The spectral resolution and scanning rate were set at 1.0 nm and 1 nm/s,

respectively. For each 7-CNI sample, a background fluorescence spectrum was collected using
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the corresponding co-solute solution only and was subtracted from that of the sample solution.
All samples used in the fluorescence spectral measurements had the same 7-CNI concentration
(ca. 20 uM). Fourier-transform infrared (FTIR) spectra were collected on a Nicolet Magna-IR
860 spectrometer with 1 cm!' resolution at room temperature. Samples were prepared by
dissolving a calculated amount of 7-CNI in either methanol (MeOH) or a 2.0 M GB in MeOH
solution, reaching a final concentration of ca. 20 mM. Other details about the sample holder,
which consists of two CaF, windows separated by a 50 um spacer, and the FTIR set-up have

been described elsewhere.3’

Global fitting of CD thermal melting curves
To provide a more quantitative estimate of the effect of GB on the thermal stability of a given -

hairpin, we used the following two-state model to globally fit all the CD thermal melting

curves:38

0,(T)+ K (T)-6,(T)

[61(T) = K (T) 1)
K (T)=exp(-AG(T)/RT) )
AG(T)=AH, +AC, (T ~T,)~T[AS, +AC, -In(T/T,)] 3)
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Here, [0)(T) is the CD signal, &(7) and &y(7) are the folded and unfolded CD baselines,
respectively, K.q(7) is the folding equilibrium constant, 7;, = AH,/AS, is the thermal melting
temperature, AH,, is the enthalpy change at 7;,, AS, is the entropy change at 7;,, and AG, is
the heat capacity change. In the current analysis, both G(7) and &,(7) were assumed to be
temperature independent, i.e., Op(7) = a and 6y(7) = b, where a and b are constants and were

treated as global fitting parameters.

Fluorescence lifetime measurements

Fluorescence decay kinetics were measured on a home-built, time-correlated single photon
counting (TCSPC) apparatus, the detail of which has been described elsewhere.?® Briefly, the
excitation pulse (270 nm) was generated by frequency tripling of the fundamental output of a
femtosecond Ti:Sapphire oscillator. An electro-optical pulse picker (Conoptics, Inc.) was used to
decrease the repetition rate of the system to 21 MHz. Fluorescence emission was isolated
through a combination of a 355/45 nm bandpass filter and a 300 nm long-pass filter (Semrock)
and collected with a MCP-PMT detector (Hamamatsu R2809U) under magic angle polarization
condition and digitized by a TCSPC board (Becker and Hickl SPC-730). Fluorescence decay
curves were fit to exponential functions using the Fluorofit program (PicoQuant GmbH) and an
experimentally determined instrument response function (IRF). All measurements were carried

out at room temperature, using a 1.0 cm quartz cuvette and a sample concentration of 20 uM.

Isothermal titration calorimetry (ITC)
A MicroCal iTC200 (Malvern, United Kingdom) was used for the ITC experiment, where the

sample cell contained a 100 puM SCN-Trpzip5 aqueous solution and the injection syringe

8
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contained an aqueous GB (i.e., ligand) stock solution. Unlike common biological ITC
measurements where the highest ligand concentration reached at the end of the titration is in the
high uM or low mM range, the current case requires a much higher GB concentration. Therefore,
to avoid producing a very large ligand dilution heat from each injection, the ITC measurements
were divided into six segments; each has a different initial GB concentration. Specifically, for
the first three segments a 0.5 M GB stock solution was used and the GB concentration in the
sample cell covered the range of 0.05-0.16, 0.16—0.32, and 0.32-0.40 M, respectively. For the
next three segments a 1.0 M GB stock solution was used and the GB concentration in the sample
cell covered the range of 0.40-0.47, 0.47-0.53, and 0.53—0.60 M, respectively. In addition, for
the first group, each segment consisted of 13 injections with an injection volume of 3 pL;
whereas for the second group, each segment consisted of 20 injections with an injection volume
of 2 puL. All other instrument settings were the same, which were: initial delay 60 sec., spacing
180 sec., filter period 5 sec., measurement temperature at 25 °C, reference power of 6 pcals™!,
and stirring speed of 750 rpm. Furthermore, for each ITC segment, a control experiment where

the sample cell contained only buffer (i.e., water) was performed to determine the corresponding

heat of ligand (GB) dilution.

Results and Discussions

Effect of co-solutes on the fluorescence property of 7-CNI

To assess whether Gly and its methylated derivatives can associate with indole-based aromatic
sidechains, we measured their effect on the fluorescence intensity and lifetime of 7-CNI. The

experimental design is based on the premise that such attractive interactions would bring the co-
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solute molecules in question toward 7-CNI, thus altering its hydration status and, in turn, its
fluorescence property.3°

As shown (Figure 3), all three co-solutes increase the fluorescence intensity of 7-CNI in a
concentration dependent manner. However, in comparison to that of Gly, the effects of DMG
and GB are larger. For example, in the presence of 2.5 M Gly, the peak fluorescence intensity of
7-CNI is increased by a factor of 1.5, whereas at the same concentration, DMG and GB increase
the fluorescence intensity of 7-CNI by a factor of 1.7 and 3.3, respectively. As the study of
Mukherjee et al.’® has demonstrated that dehydration increases the fluorescence quantum yield
of 7-CNI, these results suggest that these co-solute molecules can reduce the degree of hydration
of 7-CNI, most likely by accumulation near the surface of the fluorophore via cation-wt
interactions.

To further substantiate this notion, we carried out fluorescence lifetime measurements.
As shown (Figure 4), in the absence of any co-solute, the fluorescence decay of 7-CNI in water
can be fit by a single-exponential function with a lifetime (z¢) of 1.9 ns, which is in agreement
with the study of Hilaire et al*® However, in the presence of co-solute molecules, the
fluorescence decay becomes slower (Figure 4). For example, the 7z values of 7-CNI obtained in
2.5 M Gly, DMG and GB solutions are 2.4, 3.5 and 4.2 ns, respectively. Moreover, similar to
that observed in the fluorescence intensity measurements, the 7z of 7-CNI increases with
increasing co-solute concentration and GB is the most effective in this regard (Figure 5). Since
the fluorescence decay rate of 7-CNI is slower in various organic solvents and mixtures of water-
organic solvents,’*40 as compared to that in water, these results provide additional evidence in
support of the aforementioned view that these co-solutes can engage in specific interactions with

the aromatic ring of 7-CNI, as such interactions would lead to preferential accumulation of the

10
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co-solute molecules around the fluorophore and hence a reduction of its interaction with water
molecules.

Because the C=N stretching frequency of nitrile-indoles depends on local
environment,*%4! we also employed infrared (IR) spectroscopy to assess the interactions between
GB and 7-CNI. Since FTIR measurements require a relatively high solute concentration (mM)
and 7-CNI is only sparingly soluble in water, methanol (MeOH) was used in this case. As shown
(Figure 6), in MeOH the C=N stretching vibrational band of 7-CNI consists of a strong peak at
2220 cm!' and two weaker ones at 2232 and 2244 cm™!, respectively. As observed for 4-CNI,*!
these spectral features most likely arise from Fermi resonance. As indicated (Figure 6), addition
of GB (2.0 M) leads to appreciable changes in the C=N band of 7-CNI. First, it undergoes a
small but detectable red-shift, indicating that, consistent with the fluorescence result, in the
presence of GB the 7-CNI molecules are situated in a more hydrophobic environment.*? Second,
its bandwidth becomes substantially narrower, indicating that the 7-CNI molecules in this case
experience a more homogeneous environment. Since cation-m interacting forces are short ranged
and are strongly directional, preferential binding of GB molecules to 7-CNI via such interactions
is expected to make the local environment of 7-CNI more ordered and, as a result, leading to a
decrease in the inhomogeneously broadened bandwidth of the C=N stretching vibration.
Therefore, these IR results corroborate the notion that GB can engage in cation-m interactions
with indole and indole-like aromatic rings.

Taken together, the equilibrium and time-resolved spectroscopic data presented above
suggest that the strength of the interaction between 7-CNI and these Gly-based co-solutes
increases with the degree of ammonium methylation. This trend is consistent with several

previous studies indicating that N-methylation of the ammonium moiety facilitates cation-w
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interactions, as replacing a hydrogen atom with a methyl group reduces the enthalpic penalty
arising from cation dehydration (or desolvation) required for complex formation.?!?*2¢ Such
favorable hydrophobic desolvation effects have been observed in various systems. For example,
this effect has been invoked to explain that (1) the affinity of ammonium-containing ligands
towards the aromatic binding pocket of factor Xa, a serine protease protein, increases with
methylation of the ligand,> (2) stepwise increasing methylation from MeNH;* to Me,N* resulted
in a trend of increasing affinity for tris-indole based hosts,* (3) the strength of the cation—m
interaction between a Lys and a Trp in a B-hairpin is increased upon N-methylation of the Lys
residue,>* and (4) the recognition of the neurotransmitter acetylcholine, which carries a
quaternary ammonium group, by its receptors consisting of an aromatic amino acid binding

pocket.?8:31

Effect of co-solutes on the thermal stability of SCN-Trpzip2 and SCN-Trpzip5

The fluorescence results obtained with 7-CNI provide strong evidence showing that GB can
effectively interact with indole-based aromatic amino acids. However, these results alone are
insufficient to validate the idea that GB can serve as a protein denaturant (for those rich in
aromatic residues). Therefore, to provide further information in support of this point, we
employed CD spectroscopy to determine the effect of those Gly derivatives on the thermal
stabilities of two B-hairpins, SCN-Trpzip2 and SCN-Trpzip5, which correspond to the Trp/5CN-
Trp mutants of the well-studied Trpzip2 and Trpzip5 B-hairpins, respectively. We chose these
model systems not only because they are folded at room temperature, but also because their
folded conformation exhibits a positive and intensive CD band at a wavelength greater than 240

nm (243 and 248 nm for SCN-Trpzip2 and SCN-Trpzip5, respectively), arising from exciton

12
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coupling between two adjacent SCN-Trp sidechains.?> While the corresponding wild-type Trpzip
B-hairpins also give rise to a positive exciton CD band, the peak position of this band is at ca.
230 nm. As indicated (Figure 2), GB has a strong far-UV absorption band peaked at 195 nm. As
a result, even for a 1 mM GB solution the sample has appreciable absorbance in the wavelength
range of 210 — 240 nm. Therefore, this absorption feature of GB is expected to significantly
reduce the transmittance of the sample solution and hence the signal-to-noise ratio of the
corresponding CD signal near this wavelength region when GB concentration ([GB]) is high
(i.e., hundreds of mM and higher). To alleviate this undesirable influence, we chose to use those
Trpzip mutants because their characteristic CD bands are further red-shifted from the GB
absorption band. In addition, the intensity of these exciton CD bands is sensitively dependent on
the separation distance between the two interacting SCN-Trp residues, making them useful in
monitoring the thermal denaturation process of the 3-hairpin conformation.

As expected, the intensity of the exciton CD band of SCN-Trpzip5 depends on [GB]
(Figure 7). Interestingly, however, the intensity first decreases and then increases with increasing
[GB]. This non-monotonic dependence indicates that at least two opposite effects are at play,
with one being destabilizing and the other being stabilizing, and that these two effects have
different dependences on [GB]. To provide a more quantitative assessment of the effect of GB on
the thermal stability of the B-hairpin conformation of SCN-Trpzip5, we carried out further
thermal melting measurements by following the CD signal at 248 nm using samples having the
same peptide concentration but different GB concentrations. As shown (Figure 8), the amplitudes
of the CD thermal melting (T-melting) curves at 5.0 °C also exhibit a non-monotonic dependence
on [GB], thus corroborating the results of the spectral measurements. In order to more

quantitatively evaluate the thermal stability of the SCN-Trpzip5S B-hairpin under different

13
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solution conditions, we used a two-state model to globally fit the CD T-melting curves.3®
Specifically, we assumed that the folded and unfolded CD baselines are independent of [GB] and
temperature, hence being treated as global fitting parameters (see experimental section). As
indicated (Figure 8), this model can adequately fit all the CD T-melting curves with those
thermal melting temperatures listed in Table 1. As expected, the thermal melting temperature
(Tm) of 5CN-Trpzip5 also exhibits a non-monotonic dependence on [GB], with a minimum
(hereafter referred to as [GB]in) occurring at around 0.5-0.6 M (Figure 9). In addition, the T},
value (39.4 °C) obtained at [GB] = 0 is comparable to that (42 °C) reported for the wild-type
Trpzip5,3* indicating that the SCN-Trp/Trp mutations slightly affect the thermal stability of the
Trpzip B-hairpin and that SCN-Trpzip5 is a valid model system in the current case.

Next we performed an isothermal titration calorimetry (ITC) experiment, treating SCN-
Trpzip5 and GB as the protein and ligand, respectively. We expect that the heat released upon
titrating a GB solution into a SCN-Trpzip5 solution will show a trend that is different from the
commonly observed ITC titration data, which typically exhibit a monotonic dependence on the
ligand concentration. This is because not only GB can bind to the SCN-Trp sidechains in SCN-
Trpzip5, it can also shift the folding-unfolding equilibrium constant of the [-hairpin
conformation (Figures 8 and 9). In other words, besides the normal binding event, a
conformational transition also contributes to the total heat measured in the ITC experiment.
While the former process is always accompanied by a negative enthalpy change (AH), the latter
one can have either a positive or negative AH value depending on whether addition of GB
promotes 5CN-Trpzip5 to unfold (positive AH), which occurs when [GB]<[GB],,, or fold
(negative AH), which occurs when [GB]>[GB]y.. Therefore, we predict that the net heat

signature obtained from the aforementioned ITC measurement will exhibit a non-monotonic

14
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dependence on [GB]. As shown (Figure 10), the ITC raw data (for each injection the heat arising
from GB dilution has been subtracted) indeed show such dependence. Specifically, as the
concentration of GB increases, the net amount of heat released upon addition of an aliquot of GB
into the peptide solution (100 uM) first decreases and then increases, with a minimum occurring
at ca. 0.4-0.5 M concentration of GB. This dependence on [GB] is similar to that observed for
the T;, of the SCN-Trpzip5 B-hairpin (Figure 9), hence providing further evidence in support of
the notion that GB can unfold this mini-protein at relatively low concentrations.

GB has been mostly regarded as a protectant osmolyte, which is supposed to only
increase protein stability, prevent irreversible aggregation and restore protein activities. Indeed,
various protein systems have been shown to become more stable in the presence of GB,>1544
including, for example, ribonuclease A (RNase A), hen egg white lysozyme, bovine serum
albumin (BSA), and a-lactalbumin (a-LA). Therefore, in the context of those previous studies
the results obtained with SCN-Trpzip5 seem to be surprising. However, the ability of GB to
significantly-destabilize or unfold a mini-protein stabilized predominantly by a cluster of
aromatic residues is not unexpected when considering the fact that GB can directly bind to
hydrophobic sidechains.'®# In fact, it has been suggested that the nonpolar character of GB
could allow it to more favorably interact with hydrophobic moieties (comparing to Gly), hence
competing with or reducing its protein stabilization effect.?%4¢ Indeed, consistent with this line of
thought several studies have shown that although addition of GB causes the T, of the protein in
question to increase, the net increase exhibits a nonlinear dependence on [GB] and is maximized
at a certain GB concentration.!>!¢ While such dependence of T}, on [GB] indicates that GB can
exhibit both protein stabilizing and destabilizing properties, it is worth noting that the

destabilizing effect observed in those previous studies is much less pronounced and only
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observed at very high [GB] (4-5 M), in comparison to that observed in the current study.
Furthermore, to the best of our knowledge, our study demonstrates for the first time that the GB
can act as a denaturant,® causing a significant shift of the folding-unfolding equilibrium of a
Trpzip mini-protein towards the unfolded state.

To further validate the conclusions reached above, we measured the effect of GB on the
CD spectra of another B-hairpin, SCN-TrpZip2, which is stabilized by four SCN-Trp residues. As
shown (Figure 11A), the intensity of the SCN-Trp exciton CD band at 243 nm of this peptide
exhibits a similar [GB] dependence as that observed for SCN-TrpZip5. More specifically, at
relatively low concentrations the effect of GB is to decrease the characteristic CD signal,
whereas at relatively high concentrations this effect is reversed. As indicated (Figure 11B), while
the corresponding CD T-melting curves show consistent [GB] dependence, they do not show the
characteristics of a cooperative or two-state folding-unfolding transition. However, if we were to
use the aforementioned model to globally fit these T-melting data, we obtained those 7, values
listed in Table 1. Although the corresponding fits (Figure 11B) are less quantitative, the results
nevertheless corroborate the notion that GB can either destabilize or stabilize the B-hairpin
conformation of SCN-Trpzip2, depending on the concentration.

Finally, we compared the effects of Gly, DMG and GB on the stability of SCN-Trpzip2.
As indicated (Figure 12), at 1.0 M concentration, GB induces a significant decrease in the
intensity of the exciton CD band, whereas DMG and Gly have a much smaller effect. Therefore,
these findings are consistent not only with the fluorescence results obtained with 7-CNI but also
with the notion that methylation of a cation can increase its binding affinity towards an aromatic

sidechain via cation-m interactions. Moreover, our results are in agreement with previous studies
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demonstrating that cation-7 interactions play a key role in the complexation of GB with several

proteins,*’*® where the binding pocket is rich in Trp residues.

Furthermore, it is worth noting that our findings could be tested in future studies by
‘tuning’ the underlying cation-nt interaction strength. Gao and coworkers*->* have shown that
through ring fluorination one could create unnatural aromatic amino acids, such as
pentafluorophenylalanine and difluorotyrosin, that prefer hydrophobic to cation-m interactions.
Therefore, one potential model system for this purpose is a Trpzip5S mutant wherein the Trp
residue is replaced by a highly fluorinated Trp amino acid. We expect that, if this Trpzip5S mutant
can fold and our conclusion is true, GB will have a lesser effect on its B-hairpin stability,

compared to SCN-Trpzip5.

Conclusions

Glycine betaine (GB) has been widely studied, due to its role as an important osmoprotectant in
nature. Specifically, many studies have shown that GB (typical at high concentrations) can
increase the stability of various proteins, indicating that it is a protein stabilizer. However,
because GB can interact favorably with aromatic moieties via cation-r interactions, it is possible
that GB can act, under certain concentration conditions, as a denaturant for proteins that are rich
in aromatic amino acids. To test this possibility, we investigate the dependence of the thermal
melting temperature (7;,) of two Trpzip B-hairpins (SCN-TrpZip5 and SCN-TrpZip2) on GB
concentration ([GB]). We find that the 7}, of both systems exhibits a complex and non-
monotonic dependence on [GB]. For example, the T}, values of the SCN-TrpZip5 B-hairpin are
ca. 39.4, 21.1, and 36.5 °C when [GB] = 0.0, 0.5, and 0.8 M, respectively; and those of the SCN-
TrpZip2 B-hairpin are ca. 56.0, -4.8, and 58.9 °C when [GB] = 0.0, 1.0., and 2.0 M, respectively.

17
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Thus, taken together, our results show that for these B-hairpins, which are stabilized mainly by a
cluster of aromatic amino acids, GB can exert both stabilizing and destabilizing effects and the
net result depends on [GB]. Based on this finding, we believe that the ability of GB to engage in
cation-mt interactions should be considered explicitly in assessing its effect on the folding-
unfolding equilibrium of any protein rich in aromatic residues. Furthermore, consistent with
previous studies, our results show that increasing the methylation level of ammonium-based

cations can increase the cation-m interaction strength.
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Table 1. Thermal melting temperature (71,) values of SCN-Trpzip5 and SCN-Trpzip2 at different

GB concentrations, obtained by globally fitting the corresponding CD T-melting curves.

[GB] (M) SCN-Trpzips: T, (° C) [GB] (M) SCN-Trpzip2: Ty, (° ©)
0.00 394+2.0 0.0 56.0+2.0
0.25 352+£1.0 1.0 -48+2.0
0.35 343+1.0 2.0 589+2.0
0.40 24.1+£2.0
0.50 21.1£1.0
0.65 31.6 £ 2.0
0.80 36.5+1.0
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Figure Captions

Figure 1. Zwitterionic forms of the co-solutes used in the current study.

Figure 2. Absorption spectrum of a 1 mM GB sample in a 1 cm pathlength cuvette.

Figure 3. Normalized fluorescence spectra of 7-CNI obtained in different co-solute solutions, as
indicated. In each case, the 7-CNI concentration was maintained at a constant value (ca. 20 uM),
whereas the concentrations of the corresponding co-solute were 0.0, 0.5, 1.5, and 2.5 M,
respectively. In addition, the fluorescence intensities were normalized with respect to that

obtained in 2.5 M co-solute concentration.

Figure 4. Representative fluorescence decay curves of 7-CNI obtained in water and different
co-solute (1.0 M) solutions, as indicated. In each case, the black line corresponds to a single-
exponential fit to the decay kinetics and the corresponding residuals are given in the top panel.

The resultant z¢ values are 1.9, 2.1, 2.6, and 2.7 ns for water, Gly, DMG, GB, respectively.

Figure 5. Dependence of the fluorescence lifetime of 7-CNI on co-solute and co-solute

concentration.

Figure 6. Normalized FTIR spectra of 7-CNI in MeOH (blue) and a 2.0 M GB MeOH solution

(red), showing the difference in the C = N stretching vibrational bands.
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Figure 7. CD spectra of SCN-Trpzip5 obtained at 4.0 °C and different GB concentrations, as

indicated.

Figure 8. Normalized CD T-melting curves of S5CN-Trpzip5S obtained at 248 nm and in
phosphate buffer (pH 7.0) solutions of different GB concentrations, as indicated. In each case,
the CD intensity was normalized against the CD signal obtained in buffer at 0 °C. The solid
black lines are global fits to the two-state model described in the text, and the dashed lines

represent the global folded and unfolded CD baselines, respectively.

Figure 9. Dependence of the thermal melting temperature (7;,) of SCN-Trpzip5 on GB

concentration.

Figure 10. ITC heat signature obtained by injecting a GB solution into a SCN-Trpzip5 solution,
where the corresponding heat of dilution has been subtracted. For each segment, the respective
change in [GB] is indicated. The smaller positive peaks observed are mostly due to solvent

mismatch as the GB concentration in the syringe was relatively high.

Figure 11. (A) CD spectra of 5CN-Trpzip2 obtained at 4.0 °C and at different GB
concentrations, as indicated. (B) CD T-melting curves of SCN-Trpzip2 obtained at 243 nm and at
different GB concentrations, as indicated. The solid black lines are global fits to the two-state

model described in the text.
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Figure 12. CD spectra of SCN-Trpzip2 at 4 °C, in water and different co-solute (1.0 M)

solutions, as indicated.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 12
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