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ABSTRACT: Thermodynamic and surface-specific spectroscopic investigations were carried with an elastin-like polypeptide
(ELP) containing 16 aspartic acid residues. The goal was to explore the role of the carboxylate moieties in hydrophobic collapse
and related Hofmeister effects. Experiments were conducted with a series of monovalent and divalent metal chloride salts. Both
phase transition temperature and spectroscopic data demonstrated that the divalent cations showed relatively strong association
to the carboxylate sites on the biopolymer with Ky values in the range of 1 to 10 mM. The ordering of the divalent series was:
Zn*" > Ca** > Ba®" > Sr** > Mg*". Monovalent cations displayed weaker binding which ranged from 78 mM for NH," to 345
mM for Cs*. The order for this series was: NH," > Li* > Na* > NMe," > K" > Rb" > Cs". These results are in general agreement
with the notion that strongly hydrated cations bind more tightly to carboxylate groups than do weakly hydrated cations.
Moreover, the data for the monovalent series was partially consistent with the law of matching water affinity, although Li* and
NH," did not follow the model. The series for the divalent cations did not appear to obey the law of matching water affinity at all.

B INTRODUCTION

The effects of salts on protein solubility and stability have been
known for more than a century and were first reported by Franz
Hofmeister."” These specific ion effects were later shown to be
important for numerous biological and chemical phenomena
ranging from protein—protein interactions and enzyme stability
to DNA—protein interactions and ion-channel function.>”’
Tonic effects also modulate tubulin polymerization'® and vesicle
stabilization.""'> A variety of inorganic ions has been tested for
their ability to precipitate various proteins from solution. The
overall order of a particular anion’s and cation’s effectiveness as
a protein precipitant is generally as follows:

CO,>™ > 80,>” > $,0,>” > H,PO,” > F~ > CI” > Br~
> NO,” > I" > ClO,” > SCN~

N(CH,)," > NH," > Cs* > Rb > K* > Na* > Li*
> Ca”t > Mg**
Anions to the left of chloride are well hydrated and help salt
proteins out of solution. Anions to the right of chloride
generally salt proteins into solution and are more weakly

hydrated. The salting-out anions have a higher charge-to-
volume ratio and generally have fairly weak polarizabilities.
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Salting-in anions, on the other hand, possess less charge per
unit volume and are typically more strongly polarizable.
Curiously, this trend reverses for cations. In that case, the
largest and least charged cations are most effective at salting
proteins out of solution, while divalent metal cations can lead to
increased protein solubility.

There has been debate over the years as to whether the
salting-in and salting-out effects of ions are related to bulk water
properties. More recently, consensus has begun to emerge
around the idea that salting-in and salting-out effects are more
closely related to an ion’s binding to or depletion from the
protein/water interface.”>™'® For uncharged systems, such
interactions should be with the amide backbone of a protein
rather than hydrophobic side chains.'’ ™' The influence of
cations on the thermodynamic properties of uncharged systems
is typically found to be weaker than for anions. As a result, the
specific effects of cations, even though very important, have
been harder to observe. Some recent molecular dynamics
simulations have suggested that cations interact with the
carbonyl oxygen on the amide backbones of proteins.*’
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For systems containing sites of negative charge, the influence
of cations can be much more pronounced. In fact, ion-pairing
between mobile cations in solution and fixed titratable acetate
groups on biomacromolecules is thought to affect protein—
protein associations, protein folding/stability as well as
macromolecular aggregation and precipitation.'”**~** The
exact nature of these interactions should be ion specific as
well as depend on the nature and charge distribution along the
protein. Some clues about the mechanisms of these interactions
can be gleaned from the analogous problem of the interactions
of ions with synthetic polyelectrolytes.* >* Nevertheless, the
ion specific nature of the interactions between sites of negative
charge on proteins and cations still remains poorly understood.

The nature of cation interactions with sites of negative charge
on proteins is inherently interfacial. Indeed, such interactions
take place at the macromolecule/water interface. As such,
surface specific techniques, such as vibrational sum frequency
spectroscopy (VSFS), can potentially provide very useful
vibrational information about these interactions.”> 3> Herein,
we used VSFS experiments along with complementary
thermodynamic data to help elucidate the nature of cation-
acetate interactions. To do this, we employed specifically
designed elastin-like polypeptides. The ELPs consisted of
repeat units of the pentapeptide, Val-Pro-Gly-Xaa-Gly, where
Xaa could be any amino acid residue except proline. These
polypeptides are highly soluble in water at room temperature.
When heated above their lower critical solution temperature
(LCST),"***** the ELPs undergo hydrophobic collapse and
aggregation. The phase transition temperature can be easily
identified macroscopically by noting where an initially clear
aqueous solution turns cloudy.

The relative hydrophobicity/hydrophilicity of ELPs can be
tuned by inserting specific amino acid residues at the guest
residue location in the constituent pentapeptide units. In this
particular study, we employed a polypeptide containing aspartic
acid residues at one-quarter of the guest residue sites. The other
three-quarters of the sites contained hydrophobic valine and
phenylalanine residues. The total chain length of the ELP was
320 amino acids long or 64 pentapeptide repeats. It is
designated ELP DV,F-64, which refers to the fact that aspartic
acid, valine and phenylalanine residues are present in the guest
residue position in a 1:2:1 ratio. Since there are 64
pentapeptides, the macromolecule possesses 16 aspartic acid
residues, which imparts a significant negative charge at neutral
and basic pH values. LCST and VSES measurements indicated
that the phase transition temperature of the biopolymer could
be correlated with the binding affinities of the cations. The data
followed a direct Hofmeister series. In the case of monovalent
cations, a correlation could mostly be made between a cation’s
enthalpy of hydration and that of acetate on the one hand and
the apparent dissociation constant between the cation and
acetate on the other. Namely, the closer the known solvation
enthalpy of the cation was to that of an acetate moiety, the
tighter the apparent binding constant would be. The two
exceptions to this were Li* and NH,*, which both showed
tighter binding than the model would predict. This is in partial
agreement with the proposed law of matching water affinity
(LMWA).**"*” However, no such correlation could be found
for the divalent cations.

B EXPERIMENTAL SECTION

LiCl, NaCl, KCl, RbCl, CsCl, NH,Cl, NMe,Cl, MgCl,, CaCl,,
SrCl,, BaCl,, ZnCl,, tris(hydroxymethyl)-aminomethane, and
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tris(hydroxymethyl) aminomethane hydrochloride buffers were
purchased from Sigma-Aldrich. The salt purities were: 99.9%
for LiCl, 99.999% for NaCl, 99.999% for KCl, 99.8% for RbCl,
99.999% for CsCl, 99.995% for NH,CI, 99.9% for NMeCl,,
99.9% for MgCl,, 99.99% for CaCl,, SrCl, 99.995% for SrCl,,
99.999% for BaCl,, and 99.999% for ZnCl, All salt solutions
and buffers were prepared by dissolving the dry salts in freshly
purified deionized water obtained from a NANOpure Ultrapure
Water System (Barnstead, Dubuque, IA) having a minimum
resistivity of 18.1 MQ.cm. For VSFS experiments in heavy
water, salt solutions were prepared in 99.9% isotopically pure
D,0O, which was obtained from Cambridge Isotope Labo-
ratories, Inc. (Andover, MA).

It should be noted that the zinc salts can form zinc hydroxide
in alkaline solutions.**** Under the conditions employed in the
current experiments, the pH of the ELP solutions was set to
9.76 in 10 mM Tris (hydroxymethyl)-aminomethane buffer.
The addition of most salts did not alter this value. However, the
pH dropped to 9.26 when 1 M ZnCl, was added to the
solution. It should be noted that this change had almost no
effect on the LCST of the ELP (Supporting Information, Figure
S1). Also, the pK, for the NH," ion is close to pH 9.25; hence,
at pH 9.76, only 24 mol % of this species was in the form of
NH,", while the rest converted to NHj.

ELP Preparation. pET plasmids having an inserted gene
sequence for ELP DV,F-64 were obtained from the Chilkoti
laboratory at Duke University. These were constructed using
recursive directional ligation.** The plasmids were transformed
into BLR (DE3) competent Escherichia coli cells (Novagen,
MERCK Chemicals). The cells were expressed for 24 h at 37
°C in TB Dry cell culture growth medium (MO Bio
Laboratories, Inc.). Expression was done in ampicillin
containing medium so as to prevent the growth of undesired
bacteria. Cells were then lysed via sonication and the cell debris
was removed using centrifugation. Treatment of the resulting
supernatant with poly(ethyleneimine) led to the removal of
unwanted nucleic acids. The ELP’s inverse phase transition
temperature and sensitivity toward inorganic salts was exploited
for the isolation and purification of the biopolymer. Specifically,
lysate solutions were subjected to a series of inverse transition
cycles (ITC). To do this, I M NaCl was added to the solution
followed by incubation at 50 °C for 1 h. This caused the ELP to
precipitate out of solution. This white precipitate was collected
as a pellet via centrifugation and the pellet was then redissolved
in cold sodium phosphate buffer (10 mM, pH 7). Generally, 2—
3 rounds of ITC were sufficient to remove all unwanted
impurities. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed to confirm the purity
and molecular weight of the final product. The concentration of
ELP molecules in aqueous solution was determined by UV
absorbance measurements at 280 nm (& = 5690 M~ lcm™").*
Dialysis of the final purified polypeptide solution was done
against purified water to remove any residual salts. Finally, the
polypeptide samples were lyophilized and stored at —80 °C
until their use in thermodynamic and spectroscopic measure-
ments.

LCST Measurements. Stock solutions (1 M) of all of the
monovalent and divalent chloride salts were prepared in 10 mM
Tris buffer at pH 9.76. Salt solutions of the desired
concentration were obtained by diluting the stock solutions
with pure buffer. For all thermodynamic measurements,
lyophilized solid samples of ELP DV,F-64 were dissolved in
aqueous salt solutions to obtain a final peptide concentration of
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10 mg/mL. Prior to making LCST measurements, all peptide
solutions were kept in an ice bath for ~30 min to ensure
complete solubilization. The phase transition temperature
measurements were made with an automated melting point
apparatus (Optimelt MPA 100, Stanford Research Systems). In
a typical LCST measurement, three capillary tubes filled with
identical ELP solutions were placed in the heating chamber of
the melting point device. The samples were then subjected to a
gradual temperature ramp and the light scattering intensity of
the samples was recorded as a function of temperature. A ramp
rate of 0.5 °C/min was used for all measurements. The built-in
camera on the instrument captured real-time images of the
samples and then used digital image processing software to
determine the onset of the LCST. All LCST values reported in
this study consisted of an average of six measurements. The
data obtained was highly reproducible and used just ~10 uL of
ELP sample per capillary tube.

VSFS Measurements. In VSFES experiments, a visible beam
and an IR beam were temporally and spatially overlapped at the
sample surface to generate a sum-frequency response.”” >
Enhancement in the sum frequency signal was observed when
the incoming IR beam was on resonance with vibrationally
active moieties at the surface. VSFS spectra were taken with a
standard VSFS setup as described in detail elsewhere.>"**
Briefly, a passive-active mode locked Nd:YAG laser (PY6lc,
Continuum, Santa Clara, CA) equipped with a negative
feedback loop in the oscillator cavity was used to generate a
1064 nm laser beam of 50 mJ/pulse with a 17 ps pulse duration.
The laser operated at 20 Hz. The 1064 nm beam was then sent
through an optical parametric generation/amplification (OPG/
OPA) stage (LaserVision, Bellevue, WA) which resulted in the
production of a frequency-doubled visible beam (532 nm) and
a tunable mid-infrared beam. The frequency of the IR beam
could be tuned from 2000 to 4000 cm™'. The visible and
infrared beams were then spatially and temporally aligned at an
air/water interface in a Langmuir trough and the resulting
VSES signal was collected using a photomultiplier tube
(Hamamatsu, Japan). In this particular study, the IR beam
was continuously tuned between 2750 cm™" to 3800 cm ™" with
a power of ~0.6 mJ/pulse at the sample stage near 3000 cm ™.
The power of incoming 532 nm beam was 1 mJ/pulse.

To take a VSES measurement, 35 mL of a salt solution were
placed in the Langmuir trough (Model 601M, Nima, U.K.).
Next, a 40 uL droplet of a 10 mg/mL stock solution of ELP
DV,F-64 was added to the top of the salt solution in the trough.
This concentration of polypeptide was sufficient to rapidly form
a highly reproducible saturated Gibbs monolayer at the air—
water interface. Control experiments demonstrated that
increasing the concentration of the added polypeptide solution
did not affect the VSES spectrum. An equilibration time of 10
min was given for the monolayer to be stabilized before starting
a VSES experiment. Longer waiting times were found to have
negligible impact on the obtained spectral profiles and
intensities. All the spectra were collected with the ssp (s-sum
frequency beam, s-visible beam, p-infrared beam) polarization
combination. The VSES spectra taken in this study were all
collected over a time period of approximately 40 min.

In a VSFES experiment, the intensity of the sum frequency
generation signal, I, is proportional to the intensities of the
input visible, I;, and infrared, I, laser beams:

Igpg U(eff(z) x L X Iy

(1)
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Where y.5?) is the effective second order nonlinear
susceptibility which can be further expressed as:

4

@ _ (2) () _ (2)
= + = + Yy — 1
D

q

)

Here, %ISIR(Z) is the frequency-independent nonresonant term

and yi'? is frequency- dependent resonant term. Furthermore,

1Y of the qth resonant mode can be written as a function of

the oscillator strength, A, the resonant frequency, oM the peak
width, [';, and the frequency of the input infrared laser, wjg.

B RESULTS
LCST Data of ELP DV,F-64 with Chloride Salts. Phase

transition temperature measurements of 10 mg/mL aqueous
solutions of ELP DV,F-64 at pH 9.76 were measured as a
function of salt type and concentration for 12 different chloride
salts. Under these solution conditions, the acidic polypeptide
residues were almost completely deprotonated (Supporting
Information, Figure S1). This pH and peptide concentration
were chosen to allow thermodynamic measurements to be
carried out over a wide range of temperatures and salt
concentrations. Figure 1 shows the effect of divalent chloride
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Figure 1. LCST response of ELP DV,F-64 as a function of the
concentration and identity of divalent metal chlorides. All experiments
were performed with 10 mg/mL ELP in 10 mM Tris buffer at pH 9.76.
Each data point represents an average of six measurements and the
dashed lines are the best fits to the data points.

salts on the LCST value of the ELP for divalent metal cations in
a range from 0 to 1 M salt. The addition of these salts to the
polypeptide solution imparted an exponential decrease in the
phase transition temperature below 100 mM salt. A shallower
more linear decrease was found as the salt concentration was
further increased. The order of decrease at the lowest salt
concentrations employed was: Zn** > Ca’* > Ba®* > Sr** >
Mg**. In other words, Zn** depressed the LCST the most in
this regime, while Mg2+ lowered this value the least. The order
rearranged at higher salt concentrations to Zn** > Ba** > Sr** >
Ca® > Mg*". In other words, the relative position of Ca*"
changed substantially.

Figure 2 shows the analogous thermodynamic data for ELP
DV,F-64 in the presence of increasing concentrations of
monovalent chloride salts. The overall trends are similar to the
divalent cations. However, the initial exponential decrease in
the LCST took place up to 500 mM salt. The ordering of the
initial decrease was: NH,* > Li* > Na* > K* > Rb* > Cs* >

dx.doi.org/10.1021/jp212243c | J. Phys. Chem. B 2012, 116, 7389—7397
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Figure 2. LCST response of ELP DV,F-64 as a function of the
concentration and identity of monovalent chloride salts. All experi-
ments were performed with 10 mg/mL ELP in 10 mM Tris buffer at
pH 9.76. Each data point represents an average of six measurements
and the dashed lines are the best fits to the data points.

NMe,". Again, there was considerable rearrangement in the
ordering at higher salt concentrations, which became: Na* ~
K*> Rb" > NH," > Cs* > Li" > NMe,".

Fitting of the Thermodynamic Data. At pH 9.76, the
aspartic acid residues on the peptide surface exist in their
deprotonated form. This imparts a high negative charge on the
ELP. As a result, the initial LCST of the ELP is quite high
because of electrolytic repulsion between the negatively
charged groups. In fact, the boiling point of the aqueous
solution in the absence of salt was reached before the LCST
could be observed. Addition of salts should result in ion pairin:
between cations in solution and the carboxylate moieties.**>
This neutralizes the negative charge on the biopolymer, which
allows the inverse phase transition to take place at lower
temperatures. Such ion pairing between the acetate moieties
and free cations in addition to charge screening should be
correlated to the exponential decrease in the ELP collapse
temperature at low salt concentrations.*' Once this relatively
strong ion pairing interaction is saturated, the significantly
weaker interactions of the ions with the peptide backbone and
hydrophobic residues become the dominant factor in
modulating the LCST. These latter interactions, which
generally involve the exclusion of ions from the polymer/
aqueous interface, lead to salting-out of the ELP. This is
strongly correlated with increasing surface tension as the ionic
strength is increased."*"® It has recently been proposed that the
molecular level origin of this salting-out effect involves
dispersion forces of the ions.*>*

The two types of interactions governing the LCST can be
modeled using eq 3, which consists of a constant, a modified
Langmuir binding isotherm and a linear term:*'

B

(M)

T=T+ M)+ —ml
Ky + [M]e™"™M

©)

where T is the phase transition temperature of the ELP in the
absence of added salt and [M] is the molar salt concentration.
The constant, B,,,,, has units of temperature and denotes the
maximum decrease in the LCST when all of the acetate
moieties on the ELP are paired with cations. The constant, b,
has units of inverse molarity and is related to the strength of the
electrostatic interactions between the negatively charged
polypeptide and the cations. The constant, Ky, represents the
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apparent dissociation constant for the specific interactions of
the cations to the putative acetate binding sites. The lower the
value of Ky the stronger the binding affinity should be. The
constant, ¢, has units of temperature/molarity and represents
the linear change in the interfacial tension of the polypeptide/
water interface as salt is added to the solution. It should be
noted that the square of the molar concentration in the
exponential term yielded an excellent fit to the data, while
choosing [M]2, [M], or [M]? in the exponential term did not.
This fit should be considered phenomenological. The dashed
lines in Figure 1 and Figure 2 are the fits of the experimental
data to eq 3. As can be seen, the fits are quite good. From the
fitting of all the monovalent and divalent salts, the extrapolated
value of T is ~140 °C. The abstracted values of Ky, B, b, and
¢ obtained from fitting are summarized in Table 1.

Table 1. Fitted Values of the Parameters Obtained from
Employing Eq 3 to the LCST Data of ELP DV,F-64

cation B, (°C) Ky (M) b (M) ¢ (°C/mol)
Mg** —94.7 0.0076 -5.73 —-14.9
Ca* —102.0 0.0036 —4.68 —14.4
Sr*t —99.9 0.0066 -2.66 -19.2
Ba** —-101.0 0.0048 —5.12 —20.6
Zn?* —109.0 0.0014 —0.24 —14.8
Li* —82.8 0.109 —12.1 -19.9
Na* -76.5 0.222 —-11.0 -314
K -72.9 0.339 -159 -352
Rb* —71.1 0.345 —162 —354
Cs* -712 0.345 —-16.8 —32.1
NH,* —85.4 0.078 —10.4 —18.8
NMe,* —612 0.295 —6.20 -21.9

As can be seen from the table, the apparent dissociation
constants, Ky, of the cations to the ELP surface are somewhat
below 10 mM for the divalent cations and below 1 M for the
monovalent cations. There is roughly a 2 orders of magnitude
difference in affinity between these groups. At the extreme, the
difference in K, between Zn** and Rb" is about 250 fold. By
contrast with the dissociation constant data, the ranges for the
other constants are much narrower. Specifically, the B, ., values
for the divalent cations are clustered around 100 °C, whereas
the monovalent numbers are closer to 80 °C with the exception
of NMe,*, which is modestly lower. Also, the values of the b
constants cluster around —10 to —1S5 for the monovalent
cations, but are near —5 for Mg**, Ca®", Sr**, and Ba®". This
difference should reflect the greater screening afforded by the
divalent metal ions. However, Zn** appears to be an exception
as it exhibits a smaller b value. This may reflect differences in
the mechanism of the collapse process with Zn?*, a tendency to
bind the carboxylate groups in a multivalent fashion, or even
the slight increase in acidity as ZnCl, is added to solution.
Finally, the linear portion of the salting out effect should be
dominated by the influence of chloride anions on the surface
tension rather than by the monovalent or divalent cat-
ions.>**** Indeed, the surface tension increments of the
various chloride salts of the cations fall within a narrow range as
the cation is varied (Table 2). The difference in ¢ values even
between Rb* and Mg** is only slightly greater than a factor of 2
(Table 1). The relatively large variation in Ky values with only
smaller differences in the other variables is in agreement with
the notion that specific cation effects are substantial for ion
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Table 2. Literature Values of Enthalpies of Hydration and
Surface Tension Increments of Cations***¢

ion AH hydr (KJ/mol) Ac” (mN L/m mol)

Li* —531 1.63
Na* —416 1.64
K —334 1.4

Rb* —-308 1.56
Cs* —283 1.56
NH," -329 1.39
NMe,* —218 0.6

Mg* —1949 3.04
Ca** —1602 32

Sr** —1470 325
Ba** —1332 2.97
Zn* —2070 2.94

“All surface tension increment values are for the corresponding 1 M
metal chloride salt solution. The ionic strength difference between
monovalent and divalent metal chloride should be taken into account
when comparing the values. Moreover, the chloride concentration is
double for the divalent metal salts.

pairing, but only modest for other factors affecting hydrophobic
collapse.

As a control experiment, the LCST values of the ELPs were
measured at pH 2.5 in the presence of the monovalent and
divalent metal chloride salts (Supporting Information, Figure
S2). The aspartic acid residues were mostly protonated under
these conditions. In this case, only a shallow linear decrease in
the LCST values was observed under all conditions as salt was
added to solution. The differences among the cations were no
more than 4 °C at 300 mM chloride salt for either the
monovalent or divalent cations. Such experiments directly
highlight the role that charged carboxylate groups play in
obtaining the exponential portion of the phase transition curves
as a function of salt concentration.

VSFS Spectral Features of ELP DV,F-64. To obtain
molecular level information on cation partitioning to the ELP/
water interface, surface specific spectroscopic measurements
were performed. VSFS measurements of a Gibbs monolayer of
ELP DV,F-64 were recorded at various salt concentrations and
pH conditions. In a first set of experiments, VSES spectra of an
ELP DV,F-64 monolayer were taken at a series of different pH
values (Figure 3). Each spectrum had the same spectroscopic
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Figure 3. VSFS spectra of ELP DV,F-64 as a function of pH. All
experiments were performed with 1 mM Tris buffer. The pH was
modulated by adding HCI.

features in the CH stretch region (~2800—3100 cm™'). The
major peak near 2875 cm™" arises from the symmetric stretch of
the methyl groups on the valine residues. A very weak shoulder
near 2840 cm™' can also be seen, which is assigned to a CH,
symmetric stretch. Another major peak was clearly visible at
approximately 2950 cm™, which is generally attributed to a
Fermi resonance of the methyl symmetric stretch as well as the
slightly higher frequency methyl asymmetric stretch.*> The
weak band near 3050 cm™ can be attributed to the aromatic
CH stretch of the phenylalanine residues present on the ELP.
The overall intensity from the CH region indicates a high
degree of ordering of the polypeptide at the air/water interface.
This is expected, as hydrophobic valine and phenylalanine side
chains should be oriented into the air and away from the
aqueous solution. There are some apparent differences in peak
heights as a function of pH, but these are caused by
constructive interference between the CH and OH stretch
regions as can be demonstrated by control experiments in D,0O
(Supporting Information, Figure S3).

The OH stretch region contains two distinct, broad spectral
features. The first is centered around 3200 cm™ and can be
assigned to the OH stretch of interfacial water molecules in a
mostly tetrahedral conformation.>*** The second prominent
OH stretch peak, centered close to 3450 cm™, is typically
assigned to water molecules that lack a full complement of
hydrogen bonds. The oscillator strength in the OH region is
highly sensitive to the pH of the bulk solution. This is expected
as more aspartic acid residues become deprotonated as the pH
is increased. Deprotonation imparts a strong negatively charged
potential at the peptide/water interface, which should align the
adjacent water layer. At sufficiently high pH, nearly all the
acidic residues become deprotonated. This is nearly true by pH
7.29, but is certainly true by pH 9.76. These numbers are in
excellent agreement with LCST data for ELP DV,F-64, which
shows a continuous rise in the inverse phase transition
temperature starting around pH 2 and leveling off near pH 8
(Supporting Information; Figure S1).

Specific Binding of Cations to the Negatively Charged
ELP Surface. To investigate the partitioning of divalent metal
ions to the negatively charged peptide interface, VSFS spectra
of ELP DV,F-64 were taken at pH 9.76 in the presence of 16.66
mM of various divalent metal chloride salts (Figure 4). When

3.5
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Figure 4. VSFS spectra of ELP DV,F-64 in the presence of divalent
metal chloride salts. All experiments were performed with a 16.66 mM
concentration of chloride salt solutions in 1 mM Tris buffer at pH
9.76. Each spectrum represents an average of three scans.
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the divalent metal ions bind to the negatively charged aspartate
moieties, the interfacial charge is neutralized, leading to lower
signal intensity in the OH stretch region. The relatively low salt
concentration was chosen to correspond to the steep
exponential decay portion of the LCST data in Figure 1. As
can be seen from the data in Figure 4, the ion that led to the
greatest attenuation in water signal intensity was Zn>', while
Mg** had the smallest effect. The order of the ions was: Zn>* >
Ca’ > Ba® > Sr*" > Mg*". This is the identical order to that
found at low salt concentrations in the thermodynamic data in
Figure 1 and also matches the order of the apparent K, values
for the putative acetate-divalent cation binding data provided in
Table 1.

Figure S shows the corresponding specific interactions
observed with monovalent chloride ions at the same pH as in
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Figure S. VSES spectra of ELP DV,F-64 in the presence of
monovalent metal chloride salts. All experiments were performed
with a 50 mM concentration of salt solutions in a 1 mM Tris buffer at
pH 9.76. Each spectrum represents an average of three scans.

Figure 4, but with S0 mM salt. These conditions correspond to
the exponential portion of the LCST data in Figure 2. The
overall binding order was found to be: NH," > Li* > Na* > K*
> Rb" > Cs" > NMe,". Again, this is identical to the low
concentration ordering found in LCST data in Figure 2.

It should be noted that the VSES spectra in both Figures 4
and S showed some very small apparent signal intensity changes
even in the CH stretching region (2800—3100 cm™'). These
changes are the result of constructive interference with the OH
stretch region and the actual CH stretch intensities remained
unchaged. As with pH changes, this can be demonstrated by
running control experiments in D,0 (Supporting Information,
Figures S4 and SS). Such control experiments demonstrate that
the surface concentration and orientation of the peptide
remained essentially unchanged regardless of the particular salt
that was employed. As such, the intensity changes in the spectra
are a result of changes in the oscillator strength in the OH
stretch region.>"

VSFS Spectra of Protonated ELP DV,F in the Presence
of Salt. The presence of a significant number of negatively
charged residues should be the overriding factor causing cation
specificity in both the above VSES and LCST data at low salt
concentration. To test this hypothesis, the VSES measurements
were repeated at pH 2.7 under otherwise identical conditions to
those shown above. Figure 6 shows the VSES response for the
divalent chloride salts, while the monovalent chloride salt data
are in Figure 7. As can be clearly seen, all the spectra are
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Figure 6. VSES spectra of ELP DV,F-64 at pH 2.7 in the presence of
various divalent chloride salts. All experiments were performed with
16.66 mM salt in 1 mM Tris buffer.
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Figure 7. VSES spectra of ELP DV,F-64 at pH 2.7 in the presence of

various monovalent chloride salts. All experiments were performed
with 50 mM salt in 1 mM Tris buffer.

essentially identical within experimental error. This means that
ELPs with protonated aspartate residues lead to essentially no
cation specific differences in the salt concentration range
employed.

B DISCUSSION

The thermodynamic data trends shown in Figure 1 and 2 are in
agreement with the qualitative interfacial partitioning tenden-
cies of the monovalent and divalent metal ions found by using
VSES. These data demonstrate that the apparent dissociation
constants for the divalent cations with the aspartate acid
residues on the ELPs range from ~1 mM to ~8 mM (Table 1).
On the other hand, the strongest binding monovalent metal ion
is Li* with an apparent dissociation constant of ~109 mM. As
such, the smallest difference in affinity between a monovalent
and divalent metal cation is a factor of 14 between Mg** and
Li*. As noted above, Zn>" has a dissociation constant which is
~250 times tighter than Rb*. The notion that divalent cations
bind to acetate between one and three orders of magnitude
more tightly than monovalent cations is consistent with
qualitative experiments describing the interactions of cations
with negatively charged synthetic polyelectrolytes, peptides,
nucleic acids and fatty acid headgroups.***’~>* Such relative
differences in interaction strengths may be a key reason for the
presence of divalent ions in catalytic sites of numerous proteins
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Figure 8. Correlation of observed Ky values for the cations with the hydration enthalpy difference between the acetate ion and the cationic species

for (A) monovalent metal chlorides and (B) divalent metal chlorides.

and enzymes as well as their role in cell-signaling pathways and
ligand—receptor binding events.**>® It should be noted that
ion pairing is a saturation effect dominant in the low salt
concentration regime. Once the binding sites became saturated,
surface tension effects dominated instead. This caused some
reordering of the LCST curves at high salt concentrations
(Figures 1 and 2). Moreover, both surface tension and binding
effects played a role at intermediate concentrations.

Since the ion pairing of cations with acetate follows the
Hofmeister series, it is reasonable to ask if Hofmeister effects
for this pairing interaction can be explained by the law of
matching water affinity (LMWA).*>"%" As noted above, this
idea predicts that ions of similar hydration energies will be
thermodynamically favored to form ion-pairs rather than
staying as separate entities in the aqueous solution. Moreover,
questions have been raised as to whether such ion-pairing
affinities could explain physiological phenomena, such as the
generation of ion gradients across cell mem-
branes 20-2250,52,57,58

On the basis of the LMWA, carboxylate moieties attached to
small molecules, peptides, polymers and proteins would be
expected to have higher affinity toward similarly hydrated
cations. This theory can be tested by correlating the abstracted
K4 values of each cation from Table 1 with the hydration
enthalpy differences between acetate and each cation. The
enthalpy of hydration for acetate is —425.0 KJ/mol*® and the
values for the individual cations are given in Table 2. A plot of
the difference between acetate’s hydration enthalpy with
respect to each monovalent cation versus the apparent Ky
value of the binding pair is provided in Figure 8A. On the basis
of the LMWA, it would be expected that the Na'-acetate
binding pair would be the tightest. More strongly and more
weakly hydrated monovalent cations should pair with acetate to
a lesser extent. As can be seen, the expected correlation is to
some extent observed, but Li* and NH,* are exceptions.
Indeed, both of these metal ions bind more tightly than would
be predicted by the model.

There are several reasons one may expect NH,* to deviate
from standard LMWA behavior. Specifically, this ion can
interact with acetate via directional hydrogen bonding in
addition to overall electrostatic afﬁnity.59 Moreover, it is
possible to form multiple hydrogen bonds between one NH,*
and acetate either in an intermolecular or intramolecular
fashion. By contrast, the tetramethyl ammonium cation, which
has no hydrogen bonding capability, comes closer to the
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expected LMWA trend. Next, Li* ions also bind more tightly
than expected. This ion’s position in the Hofmeister series is
known to shift depending upon the surrounding chemical
context.”” Li* is the smallest monovalent cation and binds it
waters more tightly than other monovalent metal cations.®"%*
MD simulations have suggested that Na* would bind to acetate
mostly via contact ion pairing, while Li* would be more prone
to form solvent shared ion pairs.”" Although the ratio of contact
and solvent shared ion pairing may ultimately explain the Li"
ion’s somewhat anomalous behavior, further spectroscopic
studies will be required to probe this subject in more detail.

The methodology described above for monovalent cations
and the LMWA was also extended to divalent cations (Figure
8B). As can be seen, the correlation between the LMWA and
the K, values for acetate-divalent cation pairing was quite poor.
In fact, there appears to be no trend in ion pairing with respect
to the heats of hydration for the various divalent cations. This
means that factors other than those associated with relative
hydration enthalpy must dominate the process. One possibility
involves the specific electronic structures of the various metal
cations. In any case, it appears that the charge on an ion, its
hydrogen bonding capability, as well as its specific electronic
structure may play a role in determining cation—anion pairing
in aqueous solution. These factors may all need to be taken into
account in addition to considerations of the ions’ relative sizes,
which is at the heart of the LMWA model.**%37%°

Finally, it should also be noted that ELP DV,F-64 contains
16 phenylalanine residues. These aromatic side chains could
potentially play a role in cation 6partitioning to the protein
surface via cation-7 interactions.’®®’ However, such inter-
actions are known to be substantially weaker than ion pairing
interactions and become even more attenuated when the
cations are freely mobile and solvated.®*”7° In the VSES
experiments performed at the air—water interface, the hydro-
phobic phenylalanine moieties should largely be pointing
upward into the air and as such are not available for binding
with the cations. The lack of ion specificity under protonated
conditions in Figures 6 and 7 is a good indication that the ion
specificity measured by VSES comes exclusively from the
deprotonated acetates. Moreover, the LCST measurements
done at low pH also confirmed this idea as those curves are
purely linear (Supporting Information Figure S2). Indeed,
under acidic conditions the LCST decrease was very small and
mostly not cation specific. Therefore, any cation—7 interactions
are assumed to be very weak, if they are present at all.
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