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Abstract

Cooperative systems of proteins and small molecules form most of biology but are so weakly linked that
conventional mass-law formalism requiring exact stoichiometry is inapplicable. The weaknesses cannot be eliminated
but using selected families of reactions useful fragmentation of those quantities is often possible. Extra-thermodynamic
treatments based on linear-free-energy relationships(LFE) are developed to utilize enthalpy, entropy and volume
information not otherwise reliable Linkage systems build around mesophilic proteins are well suited to enforced
marriage of linear equations and scaled molecule detail because the ratio of substructure sizes on which folded
stability depends is independent of total number of amino-acid residues. Conformational changes in physiological
function usually no greater than 0.5 A closely scale to linear thermodynamic changes. The formalisms for use of˚
LFE and compensation relationships are modified to eliminate complications that have previously arisen from incorrect
inclusion of the thermal parts of enthalpy and entropy changes in free energy changes. The results are used to remove
current confusion about the basis of folded stability in proteins and to minimize the quantitative errors arising from
classical treatments of denaturation data. The enthalpy to entropy ratio given by the slope of a compensation plot(its
‘compensation temperature’) is used to characterize protein construction and function so as to extract machine
descriptions of protein linkage systems. In this way the ‘fragile’ nature of the free-energy surfaces of the myoglobin
proteins and the ‘strong’ character of those surfaces of most other mesophiles can be deduced very simply from the
Debye–Waller factors obtained in diffraction studies. The major evolutionary achievement in making proteins big is
their crystallike phase behavior. That makes entropy exactly as important as enthalpy so the scalar quantities of small-
molecule chemistry can be replaced by the vector quantities that appear necessary to make biology possible.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction w1x

In our first contribution to this issuew2x the
usefulness of enthalpy, entropy and volume data is
shown to be limited by unavoidable inclusions of
contributions from the thermal and water subpro-
cesses to which the process of interest may be
linked w3x. The two-state equilibrium of water is a
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E-mail address: lumry@tc.umn.edu(R. Lumry).

complication limited to highly aqueous solvents
but the thermal-equilibrium problem is ubiquitous
in isothermal systems. Usually these complications
make only small though still significant errors in
the use of the free energy changes as sources of
information about the processes under study but
the enthalpy, internal energy, entropy and volume
changes can be too much in error to make them
reliable sources of information. These weaknesses
are as old as thermodynamics itself but only
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recently have begun to be appreciated. They are
difficult, often impossible, to remove and as a
result limit several of the most popular uses of
thermodynamics as is illustrated here with appli-
cations to protein biology. A major research meth-
odology for systems of coupled processes called
linkage systems in biology is to divide the total
experimental enthalpy, entropy and volume data
into the contributions from each subprocess. When
coupling is obligatory as in any primary-bond
rearrangement, classical mass-action expressions
make such separations possible but any weaker
coupling is not stoichiometric and alternative
methods for estimating the contributions are nec-
essary. For such cases Wymanw4x used Maxwell’s
relations and the Gibbs–Duhem equation to
describe linkage in terms of the concentrations of
reactants and products but that methodology is
awkward in attempts to compute the thermody-
namic details in such systems. A formal treatment
based on linear-free energy phenomena(LFE)
w5,6x has advantages for such non-stoichometric
problems and it is a purpose of this contribution
to present the simple theory that in contrast to
previous attemptsw7x includes the constraint
imposed by thermal equilibrium. Its applications
are particularly useful for protein linkage systems
and its consequences must be understood for cor-
rect interpretation of denaturation data.
Linkage systems in biology consist of a driven

process, the one of central interest, and one or
more driver processes. Almost any such pairing
can be organized to demonstrate LFE behavior and
the enthalpy–entropy relationship Lefflerw8x
showed to be its invariant companion. One of the
earliest and most famous is thesr variety intro-
duced by Hammett. The various forms of the
driver are the otho and meta substituents of aro-
matic parents and the chemical reactions are the
driven set. The effect measures inductive charge
rearrangements in the primary-bonded systems and
since the latter are not stoichiometric, the LFE
methodology has made research of this kind prac-
tical. In another category the solubility of selected
series of substances in a single solvent or a single
solute in a variety of solvents demonstrate both
LFE and linear compensation behavior particularly
useful in quantifying solvent–solute interactions

both chemical and physicalw9x. The solvent and
solute sets are selected arbitrarily using the molec-
ular information available and good linearity con-
firms the selection. Linear enthalpy–entropy plots
are consequence of close approximation of a ther-
modynamic model to systematically changing
molecular properties. The former scales to the
latter but the scaling is not exact so the undertaking
is correctly labeled extra-thermodynamic. When
the scaling is accurate within small experimental
errors manipulation of enthalpy, entropy, volume
and free energy as though they are exact thermo-
dynamic quantities is often assumed and often
supported by consistency among the results. Exten-
sions to the higher temperature and pressure deriv-
atives ofH of U, S andV rarely share this limited
legitimacy. Proteins processes are particularly suit-
ed to this methodology because as shown first by
Pohl w10,11x and then by Privalov and coworkers
w12x all mesophiles are closely related through
their numbers of their residuesw13x so that in their
melting rates and thermodynamic stability each
will respond thermodynamically to changes in
many independent variables in identical or nearly
identical ways. Furthermore, in enzymes both con-
struction and function appear always to be sup-
ported by the same few devices discovered in
evolution w14,15x again suggesting considerable
thermodynamic similarity.

2. The equations

The LFE expression applying to series, indexed
i, manifesting linear enthalpy–entropy compensa-
tion behavior is

DGsDG qf(i)gi 0

with unit free-energy increment from a coupled
driven processgshyTs and advancement factor
f(i) for the ith member of the series. The temper-
ature derivatives give

B E≠f
C FDHsDH qf(i)hyTgi 0
D G≠T P
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B E≠f
C FDSsDS qf(i)sygi 0
D G≠T P

Eliminating f(i) from the two equations yields the
relationship

DHsDH yT DS qT DSi 0 C 0 C i

2B ET yTB E Ž .C≠f C FC Fqh
D G D G≠T TP C

in which is now labeledT , called the ‘com-
B Eh
C F c
D Gs

pensation temperature’.
Because the heat-capacity dependencies of the

enthalpy and entropy changes have been ignored
in this illustration, the equation as written is not
appropriate for large differences betweenT andTc

or for series in which thef values are strongly
temperature dependent.
Most of the knowledge of enzyme specificity

acquired through the years has been obtained from
measurements of changes in turn-over rate constant
or Michaelis constant in steady-state rate studies
using related series of substrates or inhibitors. The
method once called the Bergmann method and still
a major method often does not produce linear
response of the activation or standard free-energy
change computed from such parameters. When
f(i) is some non-linear function ofi, the free-
energy relationship is often detectable only through
its corresponding linear enthalpy–entropy relation-
ship so many more examples of the latter than
LFE examples can be found in the literature.
Linearity of the plot of enthalpy change against
entropy change, the ‘compensation plot’ usually
establishes that compensation is due to a single
subprocess coupled to the measured process. If so,
from a linear plot both the form off(i) and its
values can be determined. However, a major
exception is protein melting(vide infra). The
additional experiments using temperature as the
independent variable are usually worth the trouble
despite the thermal complications in using the
enthalpy and entropy values. Because aqueous
solvents interact chemically with the hydrophobic
parts of substrates, inhibiters, etc.w3x, this ther-

modynamic version of the Bergmann method is
not perfect and requires additional kinds of data
for correction.
According to this LFE model its companion

compensation relationship is linear ini for any
series having the same parent and not otherwise.
The subject is phenomenological because there is
rarely a rigorous theoretical basis for that condition
w16x. Nevertheless, the linearity is often as exact
as the data are accurate making compensation
behavior an important source of information.
As noted in the previous paragraphs, the LFE

and compensation equations given above are
incomplete and though generally used, they can
introduce major errors in the interpretation of data.
The first correction is to include the thermal-
equilibrium constraint and it is the most important
because it applies to data for isothermal processes
of any system. The failure to include the thermal
correction has made the entire subject very con-
fusing. As shown in our first contribution to this
issuew2x, the confusion arises because the internal
energy and entropy quantities each consist of a
part that contributes to the Helmholtz of Gibbs
free energy and a part that contributes the heat
and heat entropy but does not contribute to the
free energy. The expressions arew3x

y1 yE ykTiUsE q p.f. EyE eŽ . Ž .0 i 08
i

and

yEyE ykTŽ .i 0Ssqkln e8
i

y1 yE ykTiq p.f.T EyE eŽ . Ž .i 08
i

with the partition function

`B E
yE ykTŽ .i0p.f.s eC F8

D Gi

The last terms inU and S are the average energy
fluctuation and are called heat and heat entropy,
respectively. Because these cancel inA and in
changes inA, they are an invariant source of linear
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Table 1
Apparent compensation behavior in equilibrium melting

Temperature Intercept Slope TK Regression
K (KcalyM) (T )C coefficient

278 45.55 274.7 0.9905
298 45.4 284.5 0.9606
323 19.46 330 0.990
348 7.16 340 0.990
373 5.19 344.5 0.997
398 6.17 346.7 0.998

The table is based on Fig. 1 due to Privalov and Gill. The
protein collection consists of SH3 domain, BPTI, CI2, Eglin c,
Protein G, Tendamistat, Ubiquitin, Rnase T1, MetJ, cyto-
chromec, barnase, Rnase A, lysozyme(HEW), Interleukin-
1b, myoglobin, T-4 lysozyme, papain, chymotrypsin. ROP and
pepsinogen in the original list were not included because the
data are incompletew12x. Data for 278 K are unreliable because
the two-state model fails at this and lower temperatures. Data
for 398 K were obtained by extrapolation from lower temper-
atures to well beyond the maximum stability temperatures and
have no physical significance. There were no outliers so within
the errors suggested by the regression coefficient values these
proteins demonstrated the same behavior. Since enthalpy and
entropy were measured independently for the data Privalov and
Makhatadze used in constructing this table, the statistical arti-
fact frequently found to demonstrate spurious compensation
behavior is not responsible for the accurate fitting shown by
the table.

compensation behavior. As first reported by Ben-
zinger in 1967 w17x, the thermal terms do not
contribute to the free energy change in any iso-
thermal process. Only the potential energy and
zero-point vibrational energies,E , and the degen-0

eracy term, , contribute toA soyEyE ykTŽ .i 0qkln e8
i

Frank suggested they should be called ‘motive
enthalpy’ and ‘motive entropy’ after Carnot to
distinguish work terms from the heat terms now
called ‘thermal’ termsw18x. Designating the former
with subscriptm and the latter with subscriptt the
compensation-temperature expression forG is

and the thermal-equilibrium constraint
h qhm tT sc s qsm t

imposes the conditionh ys sT.t t

The free energy change in the driven process

can be computed from which is related to the
hm
sm

mean experimental temperatureT by a rearranged

form of theT expression .
h sm tsT y TyTŽ .c c cs sm m

At one limit T sT at all temperatures eitherc

because the motive terms are negligible or because
the thermal and motive terms scale by the same
factor. In either of these unusual cases the free-
energy increment is zero. This is the basis of a
‘temperature test’ for this case is opposed to
intermediate cases and the other extreme limit in
which because there is no heat-capacity change in
the driven process,T is independent of tempera-c

ture. In that limit the free energy increment for
any member of the group is equal toDDG(T)s
(T –T)DDS and the zero heat-capacity changec

means that for any member neither of the motive
quantities changes with temperature. Zero heat-
capacity change is very rare but it is found in
several protein processes that determine folded
stability w26x as is discussed in the following
section.

3. Properties of knots

Pohl found that the activation heat capacity
change for the melting rate of his mesophilic
proteins to be zero independent of temperature and
protein sizew10x. This is the rate of denaturation
from the fully-folded native protein. Most meso-
philic proteins for which the pure melting rates
have been determined have been found to fall on
Pohl’s compensation plot, which has a compensa-
tion temperature of 353 Kw19x. Gregory et al.
w20x also found that value for the proton-exchange
rates from the sites of the small substructures
responsible for folded stability. Those sites form
ubiquitous substructures called ‘knots’ because
they have to be untied before any extensive unfold-
ing can occurw21x. That compensation temperature
has been found whenever knots are rate or equilib-
rium determining and is useful as a diagnostic
devicew22x. An interesting example is the finding
by Morozov and Morozovw23x that the Young’s
modulus goes to zero at this temperature where
the mesophiles lose physical strength consistent
with the fact that with a few exceptions attributable
to large disulfide-bond populations all have the
same denaturation rates at that temperaturew24x.
It has been shown that this requires that within
small errors the fraction of total residues in the
knots is the same for most mesophilic proteins so



549R. Lumry / Biophysical Chemistry 105 (2003) 545–557

their melting rates differ only in the total number
of residuesw13x (vide infra). Thus, for the melting-
rate example the driven process is the melting rate
process and the drivers are the variations in the
number of residues.
Murphy et al. w25x divided the total standard

free-energy change into a part independent of the
heat capacity and ao o oDG sDH yTDScomp,j comp,j comp,j

part including all the heat-capacity change.

. These are
w zw zTo o *DG sDC TyT yTlnx |x |Ž .hyd,j P,j H *Ty ~y ~S

pragmatically standard changes for equilibrium
melting but they can be identified with the forward
and back absolute rate equations

kT .yDG yRTf,je
k hf oKs s ; DG
k kT .b yDG yRTb,je

h
B E B EkT kT

" "C F C Fs DG yRTln y DG yRTlnf b
D G D Gh h
B EkT

" "C Fs DH yTDS yRTlnf f
D Gh

B EkT
" "C Fy DH yTDS yRTlnb b

D Gh

The first of these applies to the rate constant for
melting and proves to be the same compensation
relationship found by Pohl. Murphy et al.w25x also
noted the compensation relationship between the
standard enthalpy and entropy changes of their
empirical compensation relationship, labeled comp
in the following identifications:

kT
. o . oDH sDH and DS qRln sDSf,j comp,j f,j comp,jh

The identifications are quantitative and establish
that both equations measure the same process, the
disruption of knots. Then the work required is
given by . This unu-o o oDG sDH yTDScomp,j comp,j comp,j

sual identification arises because the single transi-
tion state is the same as a true thermodynamic
state in which the stress factors in knot and matrix
just disappear. It has several consequences such as

being the basis for the diffusion of catalysts for
proton-exchange at knot sites without significant
matrix unfoldingw21x.
The free-energy changes for the forward and

backward rates as well as for the overall melting
are given for ribonuclease A in Table 3. These are
characteristic of the mesophile group. Murphy et
al. also discovered that for their collection of
mesophiles values for aso o oDG ,DH ,DScomp,j comp,j comp,j

tabulated by Privalov and Makhatadzew12x are
linearly relate to the total number of residues
consistent with Pohl’s finding so melting rate data
can be computed from that equation. Thecomp
enthalpy increment they reported is 1.52 kcal per
mole of average amino acid residue and the cor-
responding comp entropy increment is 4.32 caly
Kmole both independent of temperature and the
number of residues. As shown in a subsequent
section, because the ratio of those numbers is 354
K, the compensation temperature of Pohl’s melting
rate plot, these numbers apply to the knot residues
only. The back (refolding) rate process does not
depend on total number of residues in any simple
way (vide infra) and its effects are lost in the noise
of compensation plot computed for the overall
melting process on the incorrect assumption that
melting to product is a single elementary stepw26x.
Nevertheless, it is well demonstrated by these
construction features that mesophilic proteins are
much alike regardless of size so we can conclude
that a major requirement for successful evolution
of mesophilic proteins has been the maintenance
of a fixed ratio of knot to matrix residue numbers
w13x Table 1.
These results again confirm the previous deduc-

tion that folded stability of these proteins is due
to the knots. It is probably attributable to the very
low electrostatic potential energy in small, tightly
packed atom clusters centered on very strong
peptide–peptide hydrogen bondsw3,26x. Knot
strength is destroyed by expansions of clusters by
approximately 0.3 Aw26x. The heat capacity of˚
the native state is only weakly dependent on
temperature and since the activation heat capacity
is zero, the heat capacity of the single transition
state for melting is equal to that of the native state.
Furthermore, the thermal parts of entropy and
entropy changes for production of the transition
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Table 2
Variation of the melting parameters for ribonuclease A: Computed using the absolute rate theory expressions in text

Tm
.DGf

.DGb
oDGtotal

"DHf
"DSf "DHb

"DSb oDHtotal
oDStotal

K kcalymole kcalymole kcalymole kcalymole calyKmole kcalymole calyKmole kcalymole calyKmole

278 25.1 15.1 10 62.7 135 10.1 y18.2 52.5 153
298 22.4 16 6.5 62.7 135 y7.6 y79 70.3 214
323 19.1 19.1 0 62.7 135 y34.2 y164 96.8 300
348 15.7 24.2 y8.6 62.7 135 y59.7 y241 122.3 376
373 12.3 31 y18.7 62.7 135 y81.4 y301 144.1 436

The melting rate quantities are labeledf, the refolding quantities byb Equilibrium data from Makhatadze and Privalov Table 3
w12x; Rate data from Pohlw10x.

Table 3
Thermodynamic estimates of knot strength in ribonuclease A: Computed using the model of Murphy et al.w25x to correct for pre-
exponential terms and a more accurate measures of the true free-energy changes

Tm
oDGf

oDGb
oDGtotal

oDHtotal
oDStotal Tc Tc

K kcalymole kcalymole kcalymole kcalymole calyKmole forward back
K K*

278 9.9 0 10 52.5 153 354 241
298 7.3 0.8 6.5 70.3 214 354 257
323 4.1 4.1 0 96.8 300 354 267
348 0.92 7.7 8.6 122.3 376 354 279
373 y2.9 15.8 y18.7 144.1 436 � 295

Data the same as for Tables 1 and 2. *This is the compensation temperature for the rate of refolding from melted product.(see
text). �Computations for 278 and 373 K are not reliable.

state are near zero leaving only the potential energy
plus zero-point vibrational energies and the degen-
eracy entropy term. The very small thermal terms
are also consistent with the small expansion into
the transition state and the small changes associ-
ated with change in hydration. The activation
enthalpy and entropy changes are equal to the true
thermodynamic changes in the process except for
the correction for the term(kTyh) from Eyring’s
absolute rate expression which is the difference
between the absolute rate expression and the
empirical expression of Murphy et al. Table 2
gives data computed using the absolute rate expres-
sion. Table 3 gives results using the equations of
Murphy et al since the quantities, , are cor-oDGf

rected for Eyring’s pre-exponential term and to
that extent are more accurate measures of the work
required to break the knots.

4. Properties of matrices

The second and much larger substructure in
mesophilic proteins, 85% of the total of residues,

is called a matrix because it is adjustable by
mutation to carry out the physiological functions
of a protein w21x. It is intrinsically unstable and
maintained in its functionally important form under
tension by the knotsw27x. Gregory and coworkers
in proton-exchange experiments established for
exchange at matrix sites a compensation tempera-
ture near 470 Kw28x. That identifies the expan-
sion–contraction process of matrices oscillating
from relatively high atom free volumes to glasslike
rigidity w29,30x. That temperature proves to be
characteristic of matrix involvement in enzymic
catalysis(vide infra) and values in the range from
440 to 490 K thus far have been found to identify
that matrix process although passive expansion–
contraction of matrices, that is, isoergonic changes,
demonstrate compensation temperatures near
experimental temperatures. That matter is also
discussed in the last section.
The matrix process continues to escape detection

because the change in atom coordinates in con-
traction from liquidlike to glasslike state is smaller



551R. Lumry / Biophysical Chemistry 105 (2003) 545–557

Fig. 1. Equlibrium melting data for mesophiles computed by
Privalov and Gillw27x @ Linear correlations among standard
changes in thermal denaturation at 298 K:(1) ribonuclease A;
(2) egg-white lysozyme;(3) fragment K4 from plasminogen;
(4) a-chymotrypsin;(5) b-trypsin; (6) papain;(7) staphylo-
coccus nuclease;(8) carbonic anhydrase;(9) cytochromec;
(10) pepsinogen and(11) myoglobin.

than the coordinate errors in the protein X-ray-
diffractions studies but it can be measured with
precision of 0.1 A using the Debye–Waller factors˚
(‘B-factors’) tabulated in the PDBw14x. The B
factors give the most detailed information about
the distribution of atom free volumes as affected
by changes in independent variables including
residue exchanges and the steps in physiological
function. The problem with B factors at present is
their variation from laboratory to laboratory and
even from protein to protein in the same laboratory
w31x. The variations though less that 20% of the
knot values make quantitative comparisons of a
protein with potentially useful modifications unre-
liable. Once understood the problem can be cor-
rected but it now presents a major barrier to a
unified description of protein structure and quan-
titative description of the matrix expansion–con-
traction process. Fortunately, there are other
sources of information about these ‘subtle’ chang-
es. That process was first found by consolidation
of information from circular dichroism, ultra-violet
spectra, proton-exchange, fluorescence and cata-
lytic parameters for chymotrypsin, all of which
demonstrated linear enthalpy–entropy compensa-
tion behaviorw30x.
Just as the melting rate constant provides very

basic information about the disruption of the knots
in forming the single transition state, the compen-
sation behavior of the refolding rate constant
contains information about the formation of that
state from the melted species. An important differ-
ence is that in contrast to the linear relationship
between knot properties and numbers of total
amino-acid residues, the points in Fig. 1 are related
more through some other conformational charac-
teristics very likely the variation in cohesive
strength. This is illustrated below with the com-
parison of the strong protein, ribonuclease A, with
the fragile one, myoglobin.
In Fig. 1 the proteins share the intercepts at zero

heat-capacity change when normalized by the
number of residues thus demonstrating compensa-
tion behavior related to the number of residues
just as found by Pohl for the knot-dissolution rate.
Murphy et al. used that point to evaluate the
standard enthalpy and entropy changes for their
heat-capacity-independent equation for the melting

process. The values(1.52 kcalyM and 4.3 caly
MK) determined from that common point give a
ratio of 354 K for the proteins in the collection
thus independent of the numbers of residues in
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each. This is the same property of the proteins that
lie on Pohl’s compensation plot not only identify-
ing his plot with their heat-capacity-independent
equation but also adding many new points to
Pohl’s plot w24x. In both the heat capacity change
is zero.
The number of residues in a knot of a protein

may be estimated using the enthalpy increment
1.52 kcal per mole of residues by dividing the
activation enthalpy for melting from Pohl’s com-
pensation plot corrected for the intercept. However,
the numbers do not agree well with those estimated
from the lowest B values and the number of the
slowest proton-exchange sites.

4.1. Two-step mechanism of mesophile
denaturation

Despite the uncertainty, the numbers computed
for the back rate constant using our interpretation
show correctly that the usual interpretation of
protein melting data from scanning calorimetry is
not correct. The data from Privalov and Gill as
used by Murphy et al. are sufficient to show why
this is so. Although the compensation behavior in
standard melting is statistically well established
(Table 1), its linearity is an artifact resulting from
superposition of two different processes each
described quantitatively by one the pragmatic
equations of Murphy et al. Then the total melting
process consists of two conformational processes
one taking place in formation of the transition
state from the native state and the other occurring
in product formation from the transition state. In
the first the tension within and between knots and
matrices is released without significant change in
geometry. The second involves major conforma-
tional relaxation as the compact form at the tran-
sition state expands with hydration and
conformational rearrangements all contributing
high motility to the compact micelle like product.
The matrices change dramatically at the transition
state although detectably so only in the activation
entropy change in melting and in the B factors.
That the product state is compact at ambient and
higher temperaturesw33x is a consequence of the
unfavorable hydrophobic interaction Kauzmann,
Edsall and Tanford made famous and is probably

manifest in the same way for any large polypeptide
that cannot move down the electrostatic potential-
energy gradient to a native state of maximum
folding, a very rare possibility made less so only
by millennia of evolutionary selection.
As shown by Fig. 1, the standard enthalpy

change per mole of residue rises as the standard
heat-capacity increment falls, a well-known char-
acteristic of the thermal denaturation process for
these proteins and consistent with the relative
stability of the matrix as estimated for ribonuclease
A by the free energy change in the process shown
in Table 3 as . Of this group, ribonuclease AoDGb

is the most stable and myoglobin the least. Their
B factors show that the former has a strong
conformational free-energy surface and the latter a
very fragile one. Ribonuclease A consists of two
equal coils fused symmetrically into a short cyl-
inder by disulfide bonds from coil to coil and it is
probable that this use of disulfide groups provides
the high stability w22x. This protein is another
example of disulfide bonds used as a hinge in
itself not rare but the construction to accommodate
the nucleic-acid substrate is unusual despite the
presence of all standard features of enzyme
construction.
Since Brandts’ discovery of the large heat capac-

ity increase in protein meltingw34x equilibrium
melting studies and particularly those using scan-
ning calorimetry have become a major part of
protein research. His formalism for analysis of
scanning calorimetry dataw35x based on the two-
state behavior of the protein conformation supple-
mented by the two-state behavior of liquid water
provides accurate values of the total free energy
changes during protein melting but as shown in
previous sections, the enthalpy, entropy and vol-
ume changes are mixtures of motive and thermal
quantities of which only the motive quantities that
are reliable as sources of information about the
free-energy changes. By the temperature test the
standard enthalpy and entropy data for Table 1
have much larger thermal than motive parts and
because of compensation, these make only minor
contributions to the standard free-energy changes.
Then the heat capacities would have only small
between-states contributions. However, these
deductions are unlikely to be correct since the
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empirical equations of Murphy, Privalov and Gill
correctly describe the melting process as a real
two-step process though unusual in that the single
one-step transition state is identical with the prod-
uct of the first step. In 1993 Kim, Fuchs and
Woodward w36x in a singularly important study
used proton-exchange rates to detail the interaction
between knots and matrices on which the separa-
tion is based. It is primarily because of the such
proton-exchange data, that the two empirical equa-
tions of Murphy et al. have been identified with
knot disruption and product formation following
knot disruption, respectively.
As shown above, the temperature test applied to

the activation quantities for the melting rate shows
that knot disruption measure by that rate is entirely
motive regardless of mesophile size. This is con-
sistent with the very small value of the activation
heat capacity. The contributions from the second
step can be estimated from those from the melting
rate and the equilibrium thermodynamics This is
necessary because until very recently heat capacity
data from scanning calorimeters have not been
sufficiently accurate to determine the equation for
the second step. Instead of using the empirical
equation, one can compute the ratio of the activa-
tion enthalpy to activation entropy for the back
reaction as a function of temperature. The results
for ribonuclease A are given in Table 3 asT .c,back

There are acceptable data for only a few temper-
atures and the accuracy of the estimates is not
high but the ratios for the reliable temperatures are
well removed from most experimental tempera-
tures. These results suggest that the matrix disrup-
tion process is dominated by the motive changes
just as is the knot-disruption process. The thermal
parts are too small to explain the large heat-
capacity change as a within-state contribution so
it must contain a large between-state term. The
apparent compensation temperatures are slightly
lower than 300 K and since the motive parts must
have a chemical origin, the most reasonable guess
is that it is the hydrophobic interaction between
newly exposed protein groups and water. Lumry
and Rajender’sw7x review includes many values
approximately 290 K reasonably attributable to
that interaction. The relaxation process responsible
for the heat capacity is probably attributable to

changes in populations of the two water macros-
tates states as water accommodates the protein
groups. Above 290 K in dilute buffers the free-
energy change in matrix disruption is negative
rather than positive so knot formation is entirely
responsible for native-state thermodynamic stabil-
ity. The extent of expansion and mixing in the
matrix step varies from protein to protein at any
set of conditions and appears to depend on the
matrix cohesive strength rather than its hydropho-
bic interactions. The magnitude of the free-energy
contribution is closely connected to the fragiley
strong characteristic of the matrix free-energy sur-
face also observable in the standard enthalpy and
entropy changes in equilibrium melting(Fig. 1).

5. Information about linkage systems

Linkage in protein systems is phenomenologi-
cally simple as a byproduct of successful protein
evolution. The myoglobin-fold proteins of which
the hemoglobins and myoglobins are the most
studied are historical examples of such linkage
systems. Beetlestone’s group used ferric hemoglo-
bin from a large variety of African animals in the
first extensive study of residue exchange to show
that residue changes, pH changes and ligand vari-
ations with very few exceptions demonstrate linear
enthalpy–entropy compensation behavior with
compensation temperatures approximately 290 K
w32x. George and Hanania found 310 K in the first
three steps of oxygen binding by ferrous human
hemoglobinw32x. These findings were very impor-
tant in showing that evolution has found a way to
make entropy is as important as enthalpy in pro-
teins w3x. With the discovery of proteins evolution
had the device to make the motive part of the
entropy, the generalized degeneracy, as important
as the potential energy in protein construction and
function. This follows from the hemoglobin com-
pensation temperatures because they are nearly
equal to the mean physiological temperature. Then

so when sTs
B E B Es ht mC F C FT s(TyT ) q h ysŽ .c c m m
D G D Gs sm m

T the free energy change is zero. This equiva-C,

lence of enthalpy and entropy is rarely found in
small-molecule reactions and it is ubiquitous in
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protein processes only because successful evolu-
tion has found it to be a superior basis for
physiological function in enzymic catalysis as in
respiratory functionw14x.
In the ferric hemoglobin the ligand-binding,

ionization and residue changes effect changes in
conformation without much change in free energy.
Such processes can be called ‘passive’w30x. The
large substate families of the myoglobins and
presumably also of the four-chain hemoglobins
indicate an underlying conformational free-energy
surface called ‘fragile’ resulting from only small
inter-substate free-energy barriers. This is shown
by the absence of knot B factors, the high mean
value of the B factors and their small standard
deviations all indicative of averaging over the
fragile surfacew37x. Proteins with strong knots
have only a few large free-energy barriers and
undoubtedly a much limited numbers of substates
Their free-energy surfaces are said to be ‘strong’
Averaging is minimal but occurs in the expansion–
contraction process of matrices within severe limits
set by their tight tethering to the knots. Strong
proteins are another extraordinary ‘achievement’
in evolution much more sophisticated than any
man-made polymers because of their substructure
construction and probably some electronic tricks
known to spiders but not yet to man. The latter is
suggested by the exceptional strengths of knots
more like the extraordinary properties of spider
dragline silks than mesophile matrices.
The matrix expansion–contraction process dem-

onstrates high values for compensation tempera-
tures, in the range from 400 to 500 K. The 470 K
value found by Gregory et al. for proton exchange
rates at matrix sites also characterizes the forma-
tion of the pretransition state in chymotryptic
catalysisw38x. The activation enthalpy and entropy
changes are positive for proton-exchange and neg-
ative for formation of the enzyme-substrate pre-
transition state. Reductions in B factors on
substrate and inhibitor binding to chymotrypsin
show such high compensation temperatures to be
due to matrix contraction so proton-exchange
depends on transient matrix expansion as might be
expectedw39x. On average, movement along this
reaction coordinate is centered at the midpoint of
fluctuations since both expansion and contraction

processes have positive activation free energies.
Transient oscillations into contracted states with
lower matrix potential energy appear to be the
special feature of enzymic catalysis. This is the
‘entactic’ behavior of Williams and Valleew40x
and the structural details revealed by enzyme B
factors show that it consists of closure of the
dynamically matched pair of functional domains
ubiquitous in enzymesw14x. When this closure is
used to compress and distort substrates into tight
contact with protein functional groups in a reactive
pretransient state, the device has been called a
‘rack’ mechanismw32x but the name ‘nutcracker’,
recently suggested by Carloni et al.w40x, is more
correctly descriptive. The substrate is the nut in
the protein nutcracker, probably a very accurate
metaphor. Entactic behavior shows that the com-
pression forces can be large so there is some
probability that any molecule able to wander into
the nutcracker can undergo a non-specific primary-
bond rearrangement including perhaps free-radical
formation.
The enzyme mechanism advanced by Eyring,

Lumry and Spikesw41x acquired new detail with
the discovery of the matrix expansion–contraction
process as a transient source of potential energy to
close the ‘nutcracker’ so to supply mechanical rate
enhancement. It is a vectorial process very superior
in rate enhancement and substrate specificity to
the scalar enhancement provided by heat activation
on which small-molecule reactions depend. Some
further detail has been extracted from extensive
studies of chymotryptic catalysisw38x. In these
studies the compensation temperature for the initial
combination of enzyme and substrate is 200 K,
that for the each of the catalytic steps in the
Hartley–Kilby mechanism approximately 450 K
but strong inhibitors are bound at 290 K for zero
free-energy change despite the large matrix con-
tractions they producew38x. With these numbers
to relate enthalpy and entropy flux to the free-
energy flux the chymotryptic linkage system
begins to be understood in at least semi-quantita-
tive terms. Thus, using the LFE method of analysis
of data from a suitably selected set of experiments
dictated by the independent variable to be explored
the relationship of an enthalpy change to its cor-
responding free energy change is given byDGs
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in which a is a constant for the
B ET yTcC Faq DH
D GTc

series. As already noted, this relationship does not
indicate real progress becauseT contains thermalc

as well as motive terms and only the latter actually
contribute to the free-energy change. This is the
difficulty making this paper necessary since relia-
ble uses of enthalpy, entropy and volume infor-
mation depend on finding a way to isolate the
motive contributions. The separation sometime can
be estimated using the temperature dependence of
T , the ‘temperature test’ described above. Whenc

it shows thatT closely estimates(h ys ), gsc m m

.
B ET yTcC Fhm
D GTc

Enzyme evolution has found residue composi-
tions that on folding produce stable knot-matrix
conformations able to oscillate like a simple har-
monic oscillator. In linked protein systems most
of the linked subprocesses are coupled not directly
to each other but through common linkage to the
matrix processw16x. In contrast to the hemoglobins
most other mesophilic proteins show strong free-
energy surfaces and in enzymes those force coor-
dination of conformational motions in matrices
into this single degree of freedom. Thus by residue
selection rather than any intrinsic feature of poly-
peptides the phase space available to a protein is
greatly limited and each protein resembles a small
crystal of a small molecule in which entropy
reduction is due to crystal packing. The analogy
is very close since such a crystallite no larger than
a protein deviates from the artificial all-or-none
mathematical model of crystallization applicable
only to very large crystals by as much as the
protein deviates from that model. In neither is the
melting process anything like a step function.
Thus, proteins are examples of Schrodinger’s ‘ape-¨
riodic crystals’ w42x going well beyond DNA in
variety if not in function.
In protein linkage systems so long as coupling

is linear, as seems to be the normal situation,
advancement in each subprocess can be described
as an LFE expression dependent on advancement
in all the other subprocesses and when subpro-
cesses communicate with each other through pro-
tein changes, these reduce to LFE dependencies

on the matrix process. The description of the
linkage system is a description of the protein as a
machine. Each such machine has a natural oper-
ating temperature essentially that at which the
machine is in open-conformation. The coupling to
each subprocess is usefully described by an enthal-
py–entropy compensation process since the flow
of free energy is described by the set of compen-
sation temperatures. For illustration if the direc-
tions of advancement were the same for all
component processes, those with lower compen-
sation temperature than the operating temperature
gain free energy in the operation of the machine
when those higher losing free energy or vice versa.
This description is detailed elsewhere and is
sketched here to illustrate the usefulness of com-
pensation temperatures. However, it has become
clear that their use is limited by uncertainty in the
relative values of motive and thermal terms in the
compensation temperatures. In proteins motive
contributions from some of the water-dependent
processes are important to machine operation but
the minimum of data necessary to separate them
out of the total conformation process is still incom-
plete. The good linearity found in matrix compen-
sation behavior can be attributed to the small
geometric changes in the expansion–contraction
process making the molecular scaling nearly as
linear as the LFE. The protein situation will be
considerably simplified if it can be shown that the
constraints arising from tethering to the knots
usually make motive terms large and thermal terms
small. Systems in which the potentials are closely
approximated by the mean-field model, character-
istically show linear enthalpy-entropy compensa-
tion behaviour suggesting that protein linkage
systems can be treated with some accuracy by that
simple model.

6. Conclusion

The expanded state or states of proteins can be
modified for study by changes in protein activity
coefficients. For example, increasing amounts of
glycerol as cosolvent cause chymotrypsin to con-
tract thus slowing the proton exchange rates at all
sites producing higher activation energies even at
the knot sitesw43x. The associated B-value changes
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for this process of chymotrypsin have not been
reported but the variations in B values with inhib-
itor binding, residue substitutions and the proton-
exchange rates in crystals suggest that the
dynamical behavior of matrices is reasonably well
preserved in crystals. Proton-exchange rates can
put studies of temporal behavior on a sound basis
and nmr methods are especially suited for those
determinations thorough not for determining the B
factors themselves. Dielectric and acoustic relaxa-
tion methods have reported matrix conformational
relaxation times slightly less than 1 ns at 298 K
w44x. That such information is critical in explaining
protein properties such as proton exchange rates is
not generally appreciated. Contraction of matrices
toward their glasslike limit is measurable with B
factors in crystals but expanded states in free
solution may present problems. Even if all but the
largest B-factor changes are accommodated with-
out change in crystal form, it is seldom clear from
diffraction studies whether the crystal species is
liquidlike or glasslike. Strong inhibitors like the
diphenylcarbamyl group as an acylating group for
chymotrypsin and pepstatin non-covalently bound
by rhizopepsin do lock the protein into glasslike
forms but less potent inhibitors rarely have pre-
dictable effects. Similar uncertainty arises in many
site-directed-mutagenesis experiments in which
residue exchanges even in matrices can produce
dramatic changes throughout the proteinw37x. Sin-
gle exchanges in knots can destroy the knot or
more than double itsw24x strength so at present
mutant methods tend to complicate the use of
diffraction studies rather than simplifying them.
Of the powerful tools for characterizing mesophilic
proteins the B factors are the most informative
even with the quantitative deficiencies apparent in
the PDB tabulations. Fortunately, they apply with
high precision in studies of proteins that like
enzymes contain pairs of dynamically matched
functional domains. Archaea proteins and immu-
noglobulins have not yet been compared in this
way with the mesophiles.
The second most useful data are the melting

rates and the corresponding activation quantities
because they give fine detail of knot construction
and knot properties. At this stage of protein
research to provide an uncomplicated survey of

protein classes and types the rates have to be
measured in dilute buffers in the higher tempera-
ture region in which their rapidity requires special
apparatus such as the temperature-jump apparatus
used by Pohlw10x. The refolding rates can be
measured at the same time or computed from the
standard thermodynamic quantities for equilibrium
melting. With such data the melting process can
be characterized in terms of the two processes
distinguished by Murphy et al. the first giving
knot information and the second the relaxation
into the melted product. This separation is useful
because the geometric changes in the first are very
small so native state and transition state have very
similar conformations. Charge systems and
response to solvent changes are usually best stud-
ied using the second process since it is the reverse
of the assembly of the native state from the
somewhat more expanded micellelike product and
includes both protein matrix and its interaction
with environment.
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