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In various chemical systems, enthalpy-entropy compensation (EEC) is a well-known rule of

behavior, although the physical roots of it are still not completely understood. It has been

frequently questioned whether EEC is a truly physical phenomenon or a coincidence due to trivial

mathematical connections between statistical-mechanical parameters—or even simpler: A phantom

effect resulting from the misinterpretation of experimental data. Here, we review EEC from

another standpoint using the notion of correlation, which is essential for the method of factor

analysis but is not conventional in physics and chemistry. We conclude that the EEC may be

rationalized in terms of hidden (not directly measurable with the help of the current experimental

set-up) but physically real factors, implying a Carnot-cycle model in which a micro-phase

transition (MPT) plays a crucial role. Examples of such MPTs underlying physically valid EEC

should be typically cooperative processes in supramolecular aggregates, like changes of structured

water at hydrophobic surfaces, conformational transitions upon ligand-biopolymer binding, and so

on. The MPT notion could help rationalize the occurrence of EEC in connection with hydration

and folding of proteins, enzymatic reactions, functioning of molecular motors, DNA de- and

rehybridization, as well as similar phenomena. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4714726]

In the recent papers,1,2 the effects of genetic variants of

TGACGTCA DNA binding motif, as well as of successive

C-terminal truncation of leucine zippers, on the energetics of

DNA binding to bZIP domains in Jun transcription factor

have been studied using analytical laser scattering in combi-

nation with isothermal titration calorimetry. The systematical

study1 reveals that the bZIP domains exhibit differential

energetics in binding to DNA fragments containing single

nucleotide variations within the TGACGTCA canonical

motif. Further, it has been persuasively shown2 that the suc-

cessive C-terminal truncation of residues leading up to each

signature leucine significantly compromises the binding of

bZIP domains to the canonical DNA motif. Moreover, in

both these works, a valid enthalpy-entropy compensation

(EEC) has been revealed.

When speaking of the EEC finding, the works of

Seldeen and colleagues1,2 reference our paper,3 where we

have suggested a generalized model to rationalize the EEC

phenomenon in terms of hidden, but physically real, factors

implying a (real or imaginary) Carnot cycle in which some

kind of micro-phase transition (MPT) plays a crucial role.

But the authors1,2 have not applied our model to their EEC

data.

The present communication reports on the results of

processing the EEC data of Refs. 1 and 2 with our model,3 as

well as some further discussion on leucine zippers role in

DNA binding.

Mathematically, the EEC can be expressed as a linear

regression of enthalpy H on entropy S, that is, H¼ a*Sþ b,

where a is the so-called “compensation temperature” and b
has energy dimension.

By fitting the relevant data from Table I in Ref. 1 with

such an expression, we obtain a reliable and definite H-S lin-

ear regression (see Fig. 1 and its legend for the details of the

regression analysis), with the coefficients: a¼ 305 K,

b¼�7.48 kcal/mol. Thus, on the S-T diagram of the

FIG. 1. Enthalpy-entropy plot, with 25 points of the experimental data,1 and

its best linear fit. The regression equation for this plot is DH
¼ 1.023*T*DS� 7.475, T¼ 298.15 K, standard error for the slope is 0.027,

standard error for the intercept is 0.658, the correlation coefficient is 0.992,

its standard error is 0.026, and residual sum of squares is 2.429. According

to the conventional residual-based diagnostic tools, there is little evidence

against the normality of the data set, whereas according to the F-statistic,

there are little or no real evidences against the linearity of the plot.

Therefore, we obtain a valid linear regression, with the slope greater or

equal to 1.a)Electronic addresses: starikow@tfp.uni-karlsruhe.de and norden@chalmers.se.

0003-6951/2012/100(19)/193701/4/$30.00 VC 2012 American Institute of Physics100, 193701-1

APPLIED PHYSICS LETTERS 100, 193701 (2012)

http://dx.doi.org/10.1063/1.4714726
http://dx.doi.org/10.1063/1.4714726
http://dx.doi.org/10.1063/1.4714726


corresponding “imaginary/hidden Carnot cycle,” the temper-

ature is slightly going up from room temperature 298.15

to 305 K, whereas the pertinent entropy difference is

DS¼ b/a¼�24.51 cal/(mol K).

Similarly, by fitting the relevant data from Table II in

Ref. 2 with the same expression, we obtain a reliable and

definite H-S linear regression (see Fig. 2 and its legend for

the details of the regression analysis), with the coefficients:

a¼ 291 K, b¼�8.91 kcal/mol. Hence, on the S-T diagram

of the corresponding “imaginary/hidden Carnot cycle,” the

temperature is slightly going down from room temperature

298.15 to 291 K, whereas the pertinent entropy difference is

DS¼ b/a¼�30.62 cal/(mol K).

Hence, systematic modification of the nucleotide

sequence in the DNA binding motif is corresponding to an

“imaginary artificial heat pump” picture, whereas changing

the length of the leucine zipper can thermodynamically be

described as an “imaginary artificial refrigerator” model. By

analogy with DNA-dye binding,3 the “refrigerator” effect

means that the dynamics of the bZIP domain is anti-corre-
lated with the DNA motions: The less motile the bonded

bZIP (“cooling”), the more intensive are the motions of the

DNA and its counterion-hydration shell (“heating”), and vice

versa. Accordingly, the “heat pump” picture implies that the

dynamics of the bZIP domain is correlated with the DNA

motions: The more motile the bonded bZIP (“heating”), the

more intensive are the motions of the DNA and its

counterion-hydration shell (“heating”), and vice versa.

Furthermore, in analogy with DNA binding to diazapyr-

ene cations carryng different electric charges,3 getting rid of

the L5 heptad of the LZ, one omits two lysine residues, and

therefore an electric charge of þ2. Further, cutting out the

L4 heptad, one omits one arginine and one glutamic acid res-

idue, so that there is no electric charge change, whereas the

L3 heptad contains no charge amino-acid residues at all.

Finally, deleting the L2 or L1 heptads, one omits one lysine

and one glutamic acid residue, or two lysine and two

glutamic acid residues, respectively, and produces no electric

charge change again. With this in mind, we can see that,

along with diminishing their LZ chain length, the DL5,

DL54 and DL543 mutants lose an electric charge of þ2 in

comparison to the wild type, and this situation is indeed

more or less similar to what has taken place in the DNA-

diazapyrene binding studies.4 It is important to note here that

DNA-diazapyrene binding can also be described as an

“artificial refrigerator.”3

Along with this, just modifying DNA nucleotide

sequence does not influence the electrostatics of the DNA

protein complex. Besides, the lengths of the corresponding

DNA and protein fragments remain the same. This resembles

the situation studied at binding of piperazinylcarbonylox-

yalkyl ligands to DNA,5 which can be interpreted as an

“artificial heat pump” as well.3 Immobilized DNA together

with the immobilized proper stretch of the protein that

directly binds to it will be capable of contributing the full

enthalpic factor to the overall binding constant. At the same

time, the effective transmission of the molecular dynamics

from the immobilized DNA-protein complex to the neigh-

boring leucine zipper will significantly decrease the corre-

sponding entropic factor.

Hence, the DNA-bZIP binding ought to be a dynamical

process with the complicated interplay between the electro-

static and hydrophobic factors, while DNA can be most

effectively immobilized near the bZIP binding region when

the LZ dynamics becomes more intensive. And, vice versa,

to promote the bonded DNA motility/release, one would

have to somehow constrain the LZ dynamics. Being immobi-

lized through the dynamics of the leucine zipper, DNA frag-

ment will in turn “tame” the dynamics of the very “binding

active site” of the bZIP domain. Therefore, enthalpy-entropy

compensation is, physically, not like a “potential barrier to

be overcome,” as the authors1,2 conclude. Instead, it ought to

be a generalized “smart method” used by biological macro-

molecules to achieve both enthalpic and entropic gains in

one and the same process like molecular recognition, thus

tremendously increasing the efficiency of the latter.

The above is only one example of how the approach

published in Ref. 3 could be applied to interpret systematical

kinetic or equilibrium-thermodynamic studies of rather com-

plicated processes. Whereas the work in Ref. 3 gives a thor-

ough theoretical analysis of the EEC phenomenon, here we

would like to present the simple interpretational algorithm:

1. Thorough and systematical experimental data on EEC

should first be obtained (like in the Refs. 1 and 2, for

example). But mind that not every experimentally

revealed EEC is a valid one! Typically, one must use in-

dependent experimental approaches for one and the

same specimen (set of specimens) to get enthalpy and

entropy. If the latter both are obtained, say, as a result of

the conventional Arrhenius or van’t Hoff analyses, this

is not a physically chemically interpretable EEC.

2. The conventional linear regression of the experimental

enthalpy on the experimental entropy data must be found

in the standard way, to evaluate the a and b parameters.

Then, the “Carnot entropic parameter,” b/a, can be

determined.

FIG. 2. Enthalpy-entropy plot, with 4 points of the experimental data,2 and its

best linear fit. The regression equation for this plot is DH¼ 0.976*T*

DS� 8.907, T¼ 298.15 K, standard error for the slope is 0.034, standard error

for the intercept is 1.681, the correlation coefficient is 0.999, its standard error

is 0.034, and residual sum of squares is 2.679. According to the conventional

residual-based diagnostic tools, there is no evidence against the normality of

the data set, whereas according to the F-statistic, there are little or no real evi-

dences against the linearity of the plot. Therefore, we obtain a valid linear

regression, with the slope less or equal to 1.

193701-2 E. B. Starikov and B. Nordén Appl. Phys. Lett. 100, 193701 (2012)



3. The results thus obtained can be interpreted using the

own experimental data and the information known from

the literature.

The algorithm in itself is pretty easy, with the third step

being surely the most non-trivial one. But this should not

constitute any “inviolable fortification” for the specialists in

the respective fields.

To this end, it is very important to summarize the intrin-

sic difficulties, as well as the positive breakthroughs con-

nected with employing the EEC concept in different fields of

physical chemistry.

Specifically, first of all, we have to mention here the

simple intrinsic relationship between the effect of solvent

and temperature on the chromatographic retention in the

reversed-phase-chromatography (RPC) that arises from the

previously observed enthalpy-entropy compensation, which

ought to be an “extrathermodynamic” relationship, as sev-

eral author groups conclude, after the detailed statistical-

mechanical analysis and careful, systematical experimental

work.5,6

Along with this, the EEC phenomenon has even been

considered something which ought to be overcome (!) to

achieve the proper molecular host-guest “binding affinity.”7

On the other hand, the EEC can in principle be treated as a

kind of driving force when studying protein folding and

hydration8,9 (especially, in dealing with the salt and osmo-

lytic effects on the molecular-scale hydrophobic hydration

and interactions10).

Still, as concerns molecular/macromolecular binding (or

combined binding-folding/refolding) processes, the role of

the EEC phenomenon is not just unambiguously “impeding,”

as one might immediately conclude after carefully reading,

say, Ref. 7, as clearly demonstrated in the recent papers.1,2,11

The EEC phenomenon is, furthermore, definitely relevant to

enzymatic processes, to the interaction of amino-acid resi-

dues in proteins with the water of hydration, in particular, as

well as—most probably—to the molecular/supramolecular-

crowding-induced self-assembly, in general.12–14

Interestingly, several recent works devoted to the EEC

phenomenon completely support the standpoint that the EEC

is of essential mechanistic significance for the processes

involving the host-guest (supra)molecular binding, as well as

the physical-chemical events triggered by the latter ones.

And, along with all this, the EEC phenomenon ought to be

deeply rooted in the thermodynamics.15–19

Remarkably, all the most recent works are completely in

line with the above conclusion, for they are demonstrating

examples of the correct and successful usage of the EEC

concept when trying to explain systematical experimental

data obtainable in different fields of physical chemistry.20–23

When investigating the physical-chemical significance

of the enthalpy-entropy compensation principle, it is

extremely important to find the detailed connection of the

latter to the basics of thermodynamics, as well as to properly

refine the sense of the entropy notion. And such studies are

also underway in several groups all over the world, see, e.g.,

the recent works.24–28

The pertinent studies are going on since the last century

very intensively (see, e.g., Refs. 29–32, as well as the

cmprehensive treatise on the theme33). Those studies were

devoted to finding the correct phenomenology, which could

in principle be capable of rationalizing many different

aspects of the EEC (for example, the isokinetic/isoequili-

brium relationships, the so-called “Meier-Neldel Rule”). The

reasoning that time had sounded in a very interesting, but a

rather unpromising way:

“There are few topics in chemistry uin which so many

misunderstandings and controversies have arisen as in con-

nection with the so-called isokinetic relationship (IKR) or

compensation law. Up to date, a great many chemists appear

to be inclined to dismiss the IKR as being accidental. The

crucial problem is that the activation parameters are mutu-

ally dependent because of their determination from the ex-

perimental data. Therefore, it has been stressed repeatedly.

the isokinetic plot (i.e., DHþþ against DSþþ) is unfit in prin-

ciple to substantiate a claim of an isokinetic relationship. At

the same time, however, it is a fatal error to dismiss the IKR

because of that fallacy.”29

Based upon the above-sketched mindset, a very interest-

ing model of the so-called “multi-excitation entropy (MEE)”

has been advanced and carefully tested in detail.32,33 The

authors of the model and their sincere followers are seriously

concerned with the. “… Arguments are then presented for

the importance of entropy and particularly of MEE in both

kinetics and thermodynamics, when activation energies are

large … The behaviour of systems with low activation ener-

gies, or at high temperatures, to which the MEE model does

not apply …”33

Well, the phenomenological models cannot inherently

be universal, so that, it is definitely about time to recall the

great words of Einstein:

A theory is the more impressive the greater the
simplicity of its premises is, the more different [sic]
kinds of things it relates, and the more extended is its
area of applicability. Therefore the deep impression
which classical thermodynamics made upon me. It is the
only physical theory of universal content concerning
which I am convinced that, within the framework of the
applicability of its basic concepts, it will never be
overthrown.34 …
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