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TMDSC data have been employed to observe the effect of NaCl on the inverse temperature transition of the
model elastin-like polymer (GVGVR9:.. NaCl causes a decreaseTinand an increase iAH. The increase in
enthalpy appears both in the enthalpy related with the folding of the polymer and in the contribution associated
with disruption of the structured water of hydrophobic hydration. It has been suggested that the presence of NaCl
may cause a better formation of water structures surrounding the apolar polymer chains.

Introduction this aggregated phase is a matter of certain controversy. The
most established model points to a folded state in which the
The understanding of the “inverse temperature transition” polymer chains adopt a dynamic, regular, nonrandom structure,
(ITT)Yin elastin-like polymers (ELPs) has become a key issue called af-spiral, involving one type I|3-turn per pentamer,
not only in this area but in more general research due to the and stabilized by intraspiral interturn and interspiral hydrophobic
interest in understanding the hydrophobic associatn its contacts:!! During the initial stages of polymer dehydration,
relation to protein folding. Furthermore, the use of this  hydrophobic association gtspirals takes on fibrillar form that
phenomenon in new nano(bio)technological applications that grows to a several hundred nanometer particle before settling
involve smart molecules makes the study of the ITT much more into the visible phase-separated sttt That regular repeating
relevant!~® dynamic pentameric structure seems to account for the frequency
ELPs are made from the recurrence of short peptide se-localized relaxations that grow to remarkable intensity as the
quences, or some modification of them, that appear repeated inassociations of the inverse temperature transition develop, say
the natural elastin. The most common ELP is based on thein the vicinity of 5 MHz and 3 kHz dielectric relaxatioA%;2
monomer (GXGVP) where G stands for glycine, V fevaline, and in the NMR relaxation studi@323Additionally, that model
P for L-proline, and X is any amino acid except prolh€The structure also has been used to explain the entropic elasticity,
polymer (GVGVP) is considered as a model for the ELPs.  perfect storage, and return of energy expended in elastomeric
The extraordinary properties of ELPs and their potential to force development shown by these polym&ts.

be exploited in advanced applications have triggered their  on the other hand, some works, such as those by Daggett's
interest in hot areas such as biomedicine, biomimicry, or group, making use of molecular dynamics simulati&or
nanotechnology. Some of the relevant properties displayed by the works from Gross et &l.point against the existence of these
the ELPs include mechanical properties ranging from almost regular structures in the folded state of the polymer.

ideal elastomefso plastics; outstanding biocompatibility; and Shifts inT; as a consequence of different stimuli are the base
acute smatt and self-assembly 12 behavior. Furthermore, they of the SO-Cat”e d AT, mechanismt.15.282%nd the “amplified

can be synthesized by recombinant DNA technolégn AT; mechanism®° These two mechanisms make possible the

genetically modified organisms, which makes possible the . . o - R
. design of smart polymers with sensitiveness to different stimuli
development of polymers with an unmatched degree of com- .
such as pH, light, and pressure.

plexity and control in their compositich.The biosynthesis ; . i
provides an absolute control of the sequence and polymer The ITT is a complex and multistep transitighSome of
architecture, with the inexistence of randomness in amino acid the processes are endothermic, likely associated with the loss

stereochemistry, comonomer arrangement, and molecular weigh©f hydrophobic hydration, while other are oppositely signed
(MW).6.15 exothermic. Those are assigned to the physical association of

chains (van der Waals cohesive interactions). The magnitude
of the exothermic component is less than one-third of the
endothermic componeft. Temperature modulated differential

The most striking feature of the ELPs is their ITT. In aqueous
solution, and below a certain critical temperatufg, (the free
polymer chains remain disordered, random coils in soléfion i g '
that are fully hydrated, mainly by hydrophobic hydratiéd? scanning calorimetry (TMDSC) has been the only technique
On the contrary, abov&, the chain hydrophobically folds and ~ UP o now able to separate both componéfita.general terms,

assembles to form a phase-separated state. The actual state J™MDSC is able to separate thermally overlapping phenomena
with different time dependences by using a heating program
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particular dynamical conditions by finding a frequency for the 214Mm
periodic component low enough for the faster process to follow VW
the oscillating temperature changes (“reversing”) but high

enough to impede alternating behavior of the slower (“non- 171 M
reversing”) one. In the case of the ITT, it has been proven in a 1Wig

previous work? that the physical association of chains (exo- t28m

thermic) appears in the reversing component whereas the loss j/’_

of hydrophobic hydration (endothermic) appears mainly in the o 086 M

non-reversing component, and that behavior is depending on B \\///

the frequency. n "\\/,_—-—-——- 0.43M
In this work, we study the influence of the NaCl concentration

on the exothermic and endothermic components of the ITT. The v 0.00M

interest in studying the effect of this model salt on the ITT is
of relevance because NaCl is being used in many applications : T r r r T

using elastin-like polymers as an easy and convenient way to 0 10 20 30 40 so

control T;. However, the effect of NaCl on the ITT has been T (in °C)

reported in the literature mainly as a phenomenological descrip- rigyre 1. Conventional DSC thermogram of a 50 mg/mL (GVGVP)zs1
tion,*35and no real studies have been carried out to explain polymer solution in the presence of cosoluted NaCl. [NaCl] concentra-
the actual effect of NaCl and, by extension, salts on this tions are indicated in the plot.

phenomenon. It is well known that salts cause a significant,
concentration-dependent, decrease Tinand an intriguing
increase in the transition enthalpiHl). In this work, we study

35
A

the effect of NaCl on the endothermic and exothermic compo-
nents of the ITT using TMDSC as a way to shed light on the 2
physical basics of the influence of NaCl on the ITT.

20 B

Materials and Methods (=8
15 1
ELP (GVGVP)s; was prepared by recombinant DNA technology

and expressed bigscherichia colifermentation. Complete description 10
of this procedure and essential characterizations of the gene product,
(GVGVP)s,, have appeared detailed in the literatéfre. 5 -

DSC and TMDSC experiments were performed on a Mettler Toledo

822 with liquid-nitrogen cooler. Calibration of both temperature and 0 . . .’ . .
enthalpy was made with a standard sample of indium. In a typical DSC 0.0 0.5 1.0 1.5 2.0
or TMDSC run, 25uL of the solution was placed inside a standard 40 35

uL aluminum pan hermetically sealed. The same volume of water was B

placed in the reference pan.

DSC experiments were performed at 40/min from 5 to 65°C 1
after 15 min at 5C. To follow the dependency of the thermal behavior
of the polymer solution on polymer concentration, NaCl concentration _ 25
was fixed at 0.86 M, while polymer concentration varied between 1 B2
and 1000 mg/mL (per mL of solvent). 2
TMDSC was performed using a sinusoidal temperature function I§ =7
superimposed to a heating ramp. The conditions for the sweep in 4
frequency were: heating ramp= 1 °C/min; amplitude A = 0.1°C; 15 1 ‘
and the periodP = 0.3-0.8 min. 50 mg/mL (0.49 mM) aqueous
solution of the polymer was prepared for a salt concentration ranging |

from 0 to 2.14 M to follow the dependency on NaCl concentration.
The experiments were performed with a period of 0.6 min and were
repeated four times. The error bars correspond to a confinement of
95%. Positive enthalpies represent endothermic processes, and negative
enthalpies represent exothermic. [NaCl] /M

0.0 0.5 10 15 20

Figure 2. Influence of the salt concentration in the T; (A) and AH

Results and Discussion (B) for a 50 mg/mL (GVGVP)2s; aqueous solution.

concentration. Only a slight deviation from this trend can be

The ITT of the elastin-like polymer (GVGVR); is shown observed for high [NaCl]. On the other hand, the enthalpy shows
in a conventional DSC experiment as an endotherm (Figure 1). a clear increase with the NaCl concentration (Figure 2B).
When NaCl is added, the peak shifts to lower temperatures, In conventional DSC, the endothermic peak taking place on
while its area increases (Figure 1). Usually, the peak minimum heating the polymer solution has been attributed to the disruption
is considered as the transition temperaturg &nd the peak of the water structures during the transitf@rso an increase in
area can be identified with the enthalpy of the endotheXi)( this parameter must be understood as an increase in the number
The quantitative dependency of these calorimetric parametersof ordered water structures of hydrophobic hydration or an
on NaCl concentration can be seen in Figure 2. According to increase in the state of order of them or both. Interestingly, these
that figure, there is a linear decrease Tinversus the salt  results are in contradiction with those shown by otherpolyn&:ei5§/
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that exhibit lower critical solution temperature (LCST), such 5
as poly{-isopropylacrylamide) (PNIPAM) or poly(vinyl methyl

ether) (PVME). For those synthetic polymers, there is a decrease 4
in the enthalpy when different salts, including NaCl, are present.
This fact has been explained as being caused by the disruption
of the ordered water surrounding the extended polymer chain,
which changes from structured water to bulk water when
heated above LCSY. This different behavior between the
polymers that exhibit a LCST and the ELPs is likely due to the
fact that the last ones show a more complex process involving
not only the disruption of the water structures and the
hydrophobic association but also an increment in order in the
main chain with a subsequent stabilization. Therefore, 0
although there is a certain trend in the literature to assume that
elastin-like polymers are just one more member of the LCTS P (min)

polymers, this could be fallacious because ELPs show quité Figure 3. AHy as a function of the oscillation period for a 50 mg/
different behavior under certain circumstances, such as the onenL (GVGVP),s; aqueous sample with [NaCl] = 0.86 and 1.71 M

-AH,, (Jig)

0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

remarked here. (heating ramp, r = 1 °C/min; amplitude, A = 0.1 °C).
TMDSC experiments were carried out to gain further insight os |

on the actual effect of NaCl addition on the calorimetric 1A

parameters. This will provide supplementary clues on how the

addition of NaCl influences the water structures or their 50

interaction with the polymer chain.

In TMDSC, the endothermic peak of the ITT splits in two
thermograms that represent overlapping processes, the non
reversing that is endothermic and the reversing that is exother-
mic, and their enthalpies depend on the frequency of the
oscillation in the TMDSC experiment. At low periods (high 35 -
frequency), both the hydratierdehydration and the folding
unfolding processes cannot follow the temperature program, then 4, |
both appear in the non-reversing component, whereas no
contribution is shown in the reversing component. On the 25 L ‘ ' ‘ )
contrary, at high periods (low frequencies), both processes can 0.0 05 10 15 20
follow the temperature program and appear in the reversing
component, so this component equals the total. However, for
intermediate frequencies, the difference in kinétiosakes those
processes that have an exothermic behavior, basically the
folding, take place in the reversing component and those with
endothermic behavior, basically the disruption of ordered water
structures, take place in the non-reversing component.

Only the contribution of the water of hydrophobic hydration

and the hydrophobic association of the polymer chains have
been considered here to account for the exothermic and I
endothermic components found in the transition enthalpy. In
principle, the contribution of hydrophilic hydration and the
formation and breaking of hydrogen formed both intramolecu- 14 -
larly or with water in the hydrophilic parts of the polymer,
mainly around the amide bond, could be also present. However, 12 A T " , "
the number of water molecules involved in ordered hydrophobic o0 05 1o 15 20
hydration structures has been previously estimated to be around [NaCl] /(mg/mL)
100 water molecules per pentamer by dielectric relaxétion Figure 4. Enthalpy components obtained from TMDSC experiments
170 water molecules per pentamer by DSC experiménts. of a 50 mg mL~1 (GVGVP),s;: aqueous solution in the presence of
Therefore, due to the huge amount of water molecules involved NaCl as a function of [NaCl] (heating ramp, r = 1 °C/min; amplitude,
in the formation of hydrophobic hydration, as compared to those A = 0-1 °C; period, P = 0.6 min). (A) Enthalpy of the reversing
presumably involved in the interaction with the amide bonds CO’EF’?WS”F- Ef) E”thaépyhOf the non-reversing component. Positive
in the polymer backbone, the calorimetric contribution of those enthalples indicate endothermic processes.

is likely negligible. The actual dependency aH;e, at Py on NaCl concentration
Figure 3 showsAH,e, (in absolute values) as a function of has been plotted in Figure 4A, whereas the enthalpy dependency
the period at different salt concentrations. The curves show aof the non-reversing component has been plotted in Figure 4B.
maximumAH;e,, which takes places &y = 0.6 min for the This increase in enthalpy keeps the ratiéli,/AHe, around
three NaCl concentrations tested. Therefore, we can assume that-3.7 andAHnonre/ AHrev around—4.8.
this period is the one that yields a maximum split of both ~ As it can be seen in that figure, both the endothermic and
components. Additionally, an increase &H, can be also the exothermic components increase as NaCl concentration
observed in that figure with the addition of NacCl. increases. Because the endothermic component is relatedé(bt{}e

4.0 1

—AH,, (Jig)

A HOI'H'GV(J’g)
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161 Figure 6. AH (per grams of polymer and per grams of water) of
14 | (GVGVP),s5; water solutions, with and without NaCl cosolution, as a
function of [([GVGVP)zs1]. (—O—) with NaCl and per gram of polymer;
) 12 1 (—0O-) without NaCl and per gram of polymer; (—l—) with NaCl and
2 10 per gram of water; (—@®—) without NaCl and per gram of water.
g
8] components of the TMDSC increase when the total enthalpy
6 increases, only experiments with conventional DSC have been
4. carried out. As it is seen in Figure 5A, there is an increment in
T for high and low polymer concentrations being the minimum
2

of T; between 40 and 125 mg/mL. Along with these increases

1 10 100 1000 in T, there is a decrease ikH (Figure 5B). Both increases in

[(GVGVP),,,]/(mg/mL)

Figure 5. Dependence of T; and AH on [(GVGVP)zs1] (concentra-
tion: mg/(mL of solvent)) as obtained by conventional DSC with
(—0O-) and without NaCl cosolution (—®-). (A) Transition temperature
(the curve for the cosolution with NaCL has been
plotted in a different y-axis for better comparison of the polymer

T; and decreases itH are caused by different effects. For high
polymer concentrations, the incremenflirand decrease inH

are due to the deficiency of water. In that water deficiency state,
only the most stable hydrophobic hydration structures are
formed, which causes a logical increase Tp while AH

decrease¥’ On the other hand, the increase Ta with the
decrease in polymer concentration has been proved by turbi-
dimetry and DSCG1383°That increase i fits well with the
disruption of the water structures during the ITT, the effect of |ogarithm of the concentratiom(= mIn(C) + b) in the work
NaCl cannot be explained as a disruption of this structured water o Meyer et a8 The data presented here also fit that function
because that would have the opposite effectdfhonrev AS for low concentrations being= —0.97 and—0.62°C for the
discussed before, tha.t fact Is just the opposite from that found solution without and with NaCl, respectively, so these param-
for pqumers that eXh'I,o't LCST. ) ) eters also depend on the salt concentration. In addition to the
As it has been mentioned befctethe meghanlsm by Wh'Ch increase inTy, there is a decrease iH with the decrease in

NaCl affects the ITT cannot be a nonspecific electrostatic type polymer concentration. That behavior can be explained by a

nor_the direct ion bm(_jlng to _spemﬁc_groups on the peptlc_ie decrease in an interchain cooperativity that could take place
chains, because the side chains of this polymer are essentially

uncharged and mainly apolar. According to the presented dataund_er_ dilute solutions. This Ia_lck of efficient inFrachain coop-
and taking into account the behavior accounted in the literature €ativity would hamper the folding process, causing the observed
for different ELPs showing different mean polarities, the effect thermal effects.

of the increase in [NaCl] in the thermal parameter is totally It can be also seen in Figure 5 that the polymer solution in
equivalent to an increase in the hydrophobicity of the polymer the presence of NaCl shows low&rand higherAH than the
chain, which, as it has been shown before, causes the decreassolution without NaCl for all of the polymer concentrations.
in T, the increase iMH,! and the simultaneous increase (in  This fact would indicate that there is not a real competition for
absolute figures) of botAHnonrevand AHrey.®? Therefore, the  water between the apolar moieties and the salt ions.

effect of NaCl could be understood as an offset effect of the If the enthaloy is presented per arams of water. and assumin
solvent polarity. In this sense, an increase in [NaCl] could cause . Py'S pres perg . ’ 9
that for high concentrations all of the available water forms part

an increase in the polarity of the solvent, and that higher f the hvdrati t th | dth . bulk .
difference in polarity with respect to the hydrophobic moieties © the hydration of the polymer and there is not bulk water, it

of the polymer causes more and more ordered structuresS POSsible to see the effect of NaCl on those structures (Figure
surrounding the polymer chains. 6). The transition enthalpy per gram of water does not reach a
Previous works have shown that the dependency of the horizontalline. This fact clearly indicates that there are several
thermal parameters on the polymer concentrations, for a wide tYPes of water structures with different stability and, accordingly,
concentration range going from excess to deficiency of water, different “melting” enthalpied! Also, as the enthalpy per gram

can be used to estimate the quality of hydrophobic hydration of water for the solution with NaCl is higher than that for the
and number of molecules per pentamer implied in that.this solution without NaCl, there exists a clear effect of the presence

work, a similar study has been carried out with and without the of NaCl that can be interpreted as an increase in the quality of
presence of NaCl (Figure 5). As both enthalpies in the the ordered hydrophobic hydration. CDV

concentration effect); (B) total enthalpy of the endotherm (per grams
of polymer).
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Conclusions (15) Girotti, A.; Reguera, J.; Arias, F. J.; Alonso, M.; Testera, A. M.;
Rodfguez-Cabello, J. GVlacromolecule004 37, 3396-3400.

The influence of NaCl in the ITT of a model ELP can be (16) San Biagio, P. L.; Madonia, F.; Trapane, T. L.; Urry, D. @hem.
followed by calorimetric TMDSC and conventional DSC. The Phys. Lett.1988 145 571-574.

. . - (17) Rodfguez-Cabello, J. C.; Alonso, M.; Perez, T.; Herguedas, M. M.
different results gathered in this work showed that the presence Biopolymers200Q 54, 282-288.

f)f NaCl causes a concgntration-dependent depreai,eaind (18) Manno, M.; Emanuele, A.; Martorana, V.; San Biagio, P. L.; Bulone,
increase inAH. According to TMDSC experiments, both D.; Palma-Vittorelli, M. B.; McPherson, D. T.; Xu, J.; Parker, T.
exothermic and endothermic components comprising the DSC M.; Urry, D. W. Biopolymers2001, 59, 51-64.

endothermic peak increase as [NaCl] increases. That, in addition (19) Henze, R.; Urry, D. WJ. Am. Chem. Sod.985 107, 2991-2993.
to data coming from conventional DSC in water deficient (20) Buchet, R.;Luan, C.-H. Prasad, K. U.; Harris, R. D.; Urry, D. W.

. . . ; J. Phys. Cheml98§ 92, 511-517.
solutions, points to the interpretation of the effect of NaCl as (21) Venkatachalam, C. M.: Urry, D. Wht. J. Quantum Chem., Quantum

causing a better organization of the polymer in the folded state Biol. Symp.1986 12, 15-24.
and a more extense and better structured corona of hydrophobic (22) urry, D. W.; Trapane, T. L.; Igbal, M.; Venkatachalam, C. M.; Prasad,
hydration surrounding the apolar moieties in the extended state K. U. Biochemistryl985 24, 5182-5189.

of the polymer chain. Finally, these results can also shed light (23) Urry,_D. W.; Trapane, T. L.; McMichens, R. B.; Igbal, M.; Harris,
on the mechanisms that govern the ITT, pointing out the R. D.; Prasad, K. UBiopolymersl98§ 25, S209-5228.

. - . (24) Urry, D. W.; Hugel, T.; Seitz, M.; Gaub, H.; Sheiba, L.; Dea, J.;
differences between this mechanism and the one shown by other Xu, J.: Hayes, L. Prochazka, F.; Parker, T. Ideal Protein Elasticity:

polymers showing LCST. The Elastin Model. InElastomeric Proteins: Structures, Biome-
. u chanical Properties and Biological RoleShewry, P. R., Tatham,
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