Biophysical
Chemistry

ELSEVIER Biophysical Chemistry 101—102002 485-495

www.elseviercom/locate/bpc

Maximum-entropy calculation of free energy distributions in
tRNAS

Douglas Poland*

Department of Chemistry, The Johns Hopkins University, Baltimore, MD 21218, USA

Received 8 August 2001; received in revised form 12 December 2001; accepted 12 December 2001

Abstract

We have previously shown that the distribution function describing the probability that a biological macromolecule
picked at random has a particular enthalpy value can be calculated from the temperature dependence of the heat
capacity of the macromolecule. The free energy as a function of enttifdpy energy distributioncan then be
determined from the enthalpy probability distribution. In addition, the free energy distribution at an arbitrary
temperature can be calculated from the free energy distribution at a reference temperature. Here we apply this
approach to a family of similar macromolecules, namely a set of transfer RNAs, specifically™fRNA | RNA
tRNAMet tRNAS® tRNA”P and tRNA'"®. Using published heat-capacity data, we calculate the enthalpy probability
distribution functions for all of these molecules at five different temperatures covering the range from 30Go 80
We then use these distributions to give a reference free-energy distribution, from which the thermodynamics at any
temperature can be calculated for each species. We compare the reference free-energy distribution for the five tRNAs
and find that, while the overall form of the distributions is similar, the local behavior of the functions varies
considerably between the species.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction macromolecule is known, these data can then be
converted into a set of moments of the enthalpy
Biological macromolecules in an aqueous solu- distribution function, and that the moments, using
tion exhibit a wide range of different enthalpy the maximum-entropy method, can be used to
values. The quantitative description of this varia- calculate the enthalpy probability distribution
tion is the enthalpy distribution function, which itself. We have applied this method to various
gives the probability that a molecule picked at Proteins[2] using the heat capacity data of Mak-
random will have a particular value of the enthalpy. hatadze and Privaloy3]. The most interesting
We have recently showft] that if the experimen- feature of these probability distributions is that for

tal temperature variation of the heat capacity of a many proteins they are bimodal, with a peak at
low enthalpy(representing the native statand a
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0301-4622/02/$ - see front matt@€r 2002 Elsevier Science B.V. All rights reserved.
Pll: S0301-462202)00161-8



486 D. Poland / Biophysical Chemistry 101—102 (2002) 485-495

dependence of the heat capacity leads to a bimodal
distribution function, supporting the two-state pic-
ture of protein denaturatiokwith broad fluctua- 200
tions in the enthalpy of both native and denatured
forms). A significant feature of this analysis is
that no model is assumed: the two-state picture
naturally emerges from the experimental heat- . .
capacity data. B
We then extended this kind of analysis to obtain o e - ST T
the free energy corresponding to a particular
enthalpy state, which was shown to be equivalent 20 40 60 80 100
to an empirical method for calculating the density ()
of states as a function of enthal®]. An impor-
tant property of the free energy as a function of Fig. 1. The heat capacity in units of kJ mol K vs. the
enthalpy is that this distribution function can be centigrade temperature for tRNX . The data are taken from
. . ... Privalov and Filimonov{6]. The three curves are for different
obtained at any temperature by a simple modifi- sa;t congitions: the low, broad curve is for the case of 150 mM
cation to the free-energy distribution at a reference Nacl; the middle curve is for the case of 150 mM NaCl and
temperature. Thus, this reference free-energy dis-1 mM MgCl,; and the high curve is for the case of 1 mM
tribution contains all of the thermodynamics of the MgCl..
macromolecule at any temperature. We have
recently applied these ideas to the denaturation of The broadC(T) curves for all six tRNA mol-
proteins[5). ecules (expressed in kJ mofF K! using the
In the present paper we apply this method to a molecular weights iri6]) are shown in Fig. 2. The
set of tRNA molecules with the purpose of com- solid dots indicate the values of the temperature
paring the free-energy distributions for a set of about which we form expansions of the heat
similar molecules. The data we use are those of capacity to obtain the enthalpy probability distri-
Privalov and Filimonov[6], who have measured butions. We outline this procedure in the next
the heat capacity’,(7), for the tRNA molecules ~ Section.
for the amino acids valine, phenylalanine, methi-
onine, isoleucine, serine and aspartic acid at vari- 2. Enthalpy probability distributions
ous salt conditions. We copied and enlarged their
published curvedcontained[6] in their Fig. 1 The starting point for our free energy calculation
and then computer-interpolated smooth curves is the experimental temperature dependence of the
through a large set of data points. The results for heat capacity, as shown in Fig. 2. A particular
tRNAP"™ are shown in Fig. 1. The three curves value of the temperature is picked, such as any
correspond to different salt conditions: the low one of the solid dots in Fig. 2, as an expansion
curve is for 150 mM NacCl; the middle curve is center. Designating this reference temperature as
for 150 mM NaCl and 1 mM MgGl ; and the high 7,, we define AT as the difference between a
curve is for 1 mM MgC} . There are similar data general temperaturg and 7,
for the other five species. In the present paper we AT=T—T (1)
focus on the broadest curvé®r 150 mM NaC), '
both because we can obtain these data accuratelylhe temperature variation of the heat capacity in
from the published graphs and because we wantthe neighborhood of; is then fitted to a series in
to examine the behavior of the free-energy distri- powers of AT [the Taylor series expansion of
bution for these molecules over a wide range of Cy(T) in terms ofAT]:
temperature. In the final section of this paper we _ 2
treat the intermediate peak for tRN% F:_:Ji\}?en in Co(T)=a+bAT +cAT"+ ... @
Fig. 1. where
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Fig. 2. The heat capacity in units of kJ mél K
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vs. the centigrade temperature for the tRNAs for phenyalanine, methionine,
serine, aspartic acid, valine and isoleucine. The conditions are for the case of 150 mM NacCl, the conditions corresponding to the

broad curve shown in Fig. 1. The solid dots indicate the temperatures about which expansions have been made.

a=CyTy); b=(9Cy/dT),;

o= (°C,/iT),, )
The series given in Ed.2) is truncated at a finite
number of terms. In particular, obtaining,
through the quadratic term in AT is
straightforward.

Using some elementary statistical mechanics,
we can show{1] that the temperature derivatives
of the heat capacity given in Eq3) are related
to the moments of the enthalpy distribution. We
define P(H) as the normalized enthalpy distribu-
tion for a given temperature, which is the proba-
bility that a molecule picked at random has an
enthalpyH. The first two moments of this distri-
bution are:

H,= f H P(H)dH, H2=fH 2P(H)dH 4
with the mth moment being given by:
H,= J H™ P(H)dH (5)

As we have showiil], we can obtain a set of the
enthalpy moments directly from the temperature
dependence of the heat capacity, specifically, from
the constants:;, b and ¢ of Eqg. (3). Given the
expansion of the heat capacity through the term in
AT? given in Eg.(2) is enough information to
experimentally obtain the first four enthalpy
moments. Given just the value of, at T, is
enough information to obtain two enthalpy
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Fig. 3. The enthalpy probability distributio®(H), as a func-
tion of the enthalpy in units of kJ mol for tRNA® at the
temperature of the maximum in the heat capat$.7°C) as
shown in the broad curve in Fig. Avhich is repeated in Fig.
2). There are three curves shown giving the results of using
two, four, and six moments, respectively, to calcule¢er). In

this case the three results are essentially identical.

moments, while an expansion ¢f, that is quad-
ratic in AT yields six such moments.

Given a finite set of enthalpy moments, we then
use the maximum-entropy methddl,7] to obtain
an approximation to the functio®(H). In this
method, a general distribution functioR(x) is
expressed as follows:

P(x)=exgd —g(x)] (6)
where
gx)= i X" Nom @)

m=0

Specifically, the method involves a technique
whereby we take a set of moments, tHg, and
convert these into a set of parameters,Xh&@iven

in Eqg. (7). The numerical technique to obtain the
\ values from the moments involves a non-linear
iteration procedure that is simple and quick. If we
have the values oft moments, we can then
calculate thex parameters through, (the param-
eter\, acts as a normalization constanifthe more
moments we have, the mobpe parameters in Eq.
(7) that can be calculated, and the closer the
approximate distribution thus obtained will be to
the actual distribution. If we have only two
moments, then the distribution function obtained
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is of the classic Gaussian form. If we have four
moments, then we can resolve two peaks in the
distribution function; this bimodal behavior is
observed inP(H) for many proteins[2]. We can
observe that for the tRNA molecules treated in the
present work the distribution functions converge
very rapidly to a limiting form as the number of
moments used is increased.

As an example of the construction of the distri-
bution functionP(H), we show the results obtained
when we pick the temperature-expansion center
for tRNAP"at the peak in the,(T) function that
is shown in Fig. 2. Expanding,(7) about this
temperature in a quadratic IM\T gives six
moments of the enthalpy distribution at the given
temperature. Using the maximum-entropy method,
we then obtainP(H) using successively two, four
and six moments. The results of this calculation
are shown in Fig. 3. It is evident that the results
for the three cases are almost superimposable,
indicating that in this case the Gaussian form of
the distribution function is quite accurate, which
is in contrast to the behavior found in many
proteins, where the four-moment distribution is
qualitatively different from the two-moment distri-
bution [2].

We note that for the case where we use only
two moments, the enthalpy probability distribution
function can be given without using the maximum-
entropy method. The result is:

T3

80 b

T2
40 T5 T

T

40 100

Fig. 4. The heat capacityin units of kJ mor* K?*) as a
function of the centigrade temperature of tRNIA  for the case
of 150 mM NaCl showing the five temperature-expansion
centers.
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(8

P(H)=
o\2m

exp{ (H—H1)?/20?]
where H, is the average enthalpy at temperature
T. The quantitys is given by either of the two
forms given below:

0 =\|RT?Cy(T)=H,— (9)

where R is the gas constant in appropriate units
and H, is the second moment. The result of Eq.
(8) applies when the range @f is not restricted,
that is when there are neither lower or upper
bounds toH. In that case, Eq(8) gives the same
result as the maximum-entropy method. If there is
a lower boundfor example, in the distribution for
the kinetic energy of an ideal gas where the energy
must be greater than zerahen we must use the
maximum-entropy methoil].

H%

3. Free energy distributions

Given an approximate enthalpy distribution
function, we can then define a corresponding free
energy as the potential fat(H) as follows:

P(H)=exg —G(H)/RT|/exd — G/RT| (10)
where
exd —G/RT|= fexp[ —G(H)/RT|dH (1)

The quantityG is the usual Gibbs free energy and
G(H) is that part of G that corresponds to a
particular value of the enthalpy.

To understandz(H) further, it is useful to use
the analogy with the Helmholtz free energy for a
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Fig. 5. The lower graph shows the enthalpy distribution func-
tion, P(H), as a function of the enthalpy in units of kJ
mol~* evaluated at the five temperatures indicated in Fig. 4.
The upper graph gives the corresponding functi@pirRT as
given by Eq.(19) for each of the five distributions in the lower
graph.

A(E)=E—RTInQ(E) (14

What we have done in Eq13) and Eq.(14) is

to write the total free energy, in terms of a
quantityA(E) referring to a particular value of the
energy. We are thus using the partition function of

single molecule expressed as a sum over all energystatistical mechanics to introduce the concept of

states(the canonical partition function

Y L QE
The quantity Q(E) gives the number of ways a
fixed energyE can be arranged in the molecule,
and it is important to note tha@ (E) is independ-
ent of temperature. We then rewrite HJ2) as:

exd —A/RT|=Y" expg —A(E)/RT|

where

exp —A/RT|= )exd —E/RT | (12)

(13

A(E), but it is important to emphasize that we do
not require a specific model of the system in order
to do this.

The quantityG(H) used in Eg.(10) and Eq.
(11) is the analog ofA(E) used in Eq.(14), that
is:

G(H) (15

At constant pressurg; and H replaceA and E,
the appropriate thermodynamic functions for the
condition of constant voluméfor condensed sys-

=H—TS(H)
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Fig. 6. The upper graph shows five sections of the function
G"/RT,, obtained from the five sections @¥'/RT shown in
Fig. 5 and scaled to the same reference temperdfiraising
Eq.(22). The lower graph shows the functi@h,/RT,, formed

by eliminating the jumps between the pieces of the function in
the upper graph. The vertical lines indicate the position of the
joints between the original pieces.

tems there is little difference betweeh and A
and betweenE and H). Since we consideH a
continuous variable, the sum in Ed13) is
replaced by an integral over all values®Bfin Eq.
(12). An explicit example of the use of Eq12),
Eqg. (13) and Eq.(14) and moments to calculate
probability distributions is given elsewhef#].

The quantity of interest in Eq(10) and Eg.
(11) is G(H)/RT, which we can form fronG(H)
given in Eq.(15):
G(H)/RT =H/RT —S(H)/R (16)

We then introduce a special version of Hd.6)

in which the appropriate quantities are evaluated
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Fig. 7. The functionG(H)/RT as a function of the enthalpy in
kJ mol~* at the five temperatures shown in Fig. 4 as obtained
from the reference functiot,.,/RT,, using Eq.(18).

Gu(H)/RT w=H/RT ,— S(H)/R (17)

The quantityS(H) that appears in both Eq16)
and Eq.(17) is not a function of temperature,
since it is the analog akln Q(E) in Eq. (12) and
Eq. (14). The total entropy, for example as given
by using the totalA of Eq. (12), is of course
temperature-dependent, bRIn Q(E) is not. We
can then subtract Eq16) from Eq.(17) andS(H)
cancels, giving the important relation:

G(H)/RT = Go(H)/RT m— E[i _ 1] (19

R\T,, T

Gm(H/RTm

50}

25}

1 1 1
2000 3000 4000

H (kJ/mole)

-1000 0 1000

Fig. 8. The reference functions,,/RT,, as a function of the
enthalpy in kJ mot? for the six tRNAs illustrated in Fig. 2.

at a reference temperature, which we designate asrne reference temperature is taken agGdor each. The zero

T,

of free energy is taken a8,,=0 at H=0.
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Fig. 9. The difference, as defined in E(R5) between the reference functia®,/RT,, for tRNAP" and the other amino acids
considered as a function of the enthalpy in kJ niol

This gives the functionG(H) at an arbitrary = The quantitiesG'(H) and G(H) are the same to
temperature in terms of the functia@n,(H) at the within a temperature-dependent constafif,RT.
reference temperaturg,. Thus, if we know the  We illustrate the construction and nature of the
reference functiorG,,,(H), we can then calculate functionsG'(H)/RT using tRNA"e as an example,
the thermodynamics and the distribution functions since from Fig. 2 the behavior af (7) for this

at all other temperatures. Our task in the present system is the simplest of the six tRNAs considered.
paper is to obtain and compare tig,(H7) func- In Fig. 4 we repeat the graph of,(7) for
tions for a set of tRNAs. tRNAPhe indicating with solid dots five different

rel\;\:?onbe&?wgggpiiguﬁgg (?LIG)(H?V eunSI?r? éhe temperature values to be used as expansion centers.
9 q: The five temperature values chosen afex 30,

(10). We assume that we have obtained a set of 44, 53.7, 68.7 and 83.9C. At each temperature

enthalpy moments from an expansion@f(7) in .
powers of AT and, using the maximum-entropy center we construd@(H) and then, using Eq19),
calculateG'(H) /RT.

method, have converted the moments into an ) i

approximate distribution functioR(H). Taking the The P(H) andh G'(H)/RT functions thus

logarithm of P(H), we have from Eq(10): obtained for tRNA" at each of the five tempera-
’ ' tures indicated in Fig. 4 are shown in Fig. 5. In

G'(H)/RT = —InP(H)=G(H)/RT —G/RT  (19) Fig. 3 we showed that, for tRN&® af; (the
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temperature of the maximum i@,), the function
P(H) was approximated very well by the form
constructed from only two moments, with the
result that theP(H) functions for this system are
approximately Gaussian. The(H) functions can
be quite asymmetric or even bimodal, so this need
not be true in general. For the present example,
the approximately Gaussian shapeRif{) trans-
lates into the simple behavior 6f (H) /RT shown

in Fig. 5, in which the curves are approximately
symmetric about the minimum, each containing
only a single minimum corresponding to the single

0.002
T<Tm
0.001r 1
0 L " 1
0 1000 2000 3000 4000
0.002
T=Tm
0.001f 1
0
0 1000 2000 3000 4000
0.002
T>Tm
0.001- 1
G s L A L
0 1000 2000 3000 4000

Fig. 10. Schematic probability distributioR(H), as a function
of the enthalpy for the case where the distribution is bimodal
reflecting the existence of two distinct speciésative and
unfolded. As the temperature is increased, the probability of
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Fig. 11. Schematic probability distributiof(H), as a function

of the enthalpy for the case where the distribution at all tem-
peratures is unimodal and simply shifts the maximum to higher
values of the enthalpy as the temperature is increased.

maximum inP(H). We note that as the temperature
is increased fronf; to Ts the maximum inP(H)
simply moves to a higher value df, and that
there is no qualitative feature that is different with
respect to the function &fy, the temperature of
the heat capacity maximum.

An important feature illustrated by the curves
shown in Fig. 5 is that by choosing a range of
temperature expansion centers, as illustrated in
Fig. 4, we then cover a wide range &f values,
as shown by théd scale in Fig. 5. In particular,
the five P(H) functions shown overlap one anoth-

the native species decreases and the probability of the unfolded €, and thus leave no gaps in the values rbf

species increases.

covered. The functior’(H)/RT is thus sensitive
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H fixed). Thus, by using a range of temperatures
we can construct aG'(H)/RT function at any
0001 temperature that is accurate over a very wide range
of H values (in the present case, the whol¢
scale shown in Fig. b

Thus, takingT,, as a general reference temper-
ature, we can use Eq18) to relateG'(H)/RT to

P(H)

0.0005 -

G w/RT
! ! H
° 1000 2000 3000 G'm(H)/RT n=G'(H)/RT + R
H (kJ/mole) 1 1
X [— - —J +C(T.T ) (20
Fig. 12. A schematic illustration of a probability distribution, T, T
P(H), as a function of the enthalpy for the case where the
system has a number of significant structures, each with a fairly Where
broad probability distribution. In this case the sum of the indi-
vidual curves yields a unimodal overall distribution. C(T.Tw)=G/RT —G/RT , 21

particular temperature and rangefvalues. The  the constant:
importance of Eq(18) is that theH dependence

of G'(H)/RT at the temperature indicated can be G"w(H)/RT = G'(H)/RT + E(L _ EJ (22)
shifted to any temperaturékeeping the range of R\Tn T
2 moments 4 moments
0.001} 0.001}
0 h 0 .
-1000 0 1000 -1000 0 1000
6 moments
0.001 0.001
" To00 0 1000 "=To00 0 1000

Fig. 13. The probability distributionP(H), as a function of enthalpy in kJ mot  for the middle peak in Fig. 1 for tRRA ; the
expansion temperature is the temperature of the maximum in the heat capacif§C6%MHown are the distributions obtained using
two, four and six moments; the final graph shows the three curves plotted together.
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We can now construaf”,, over a very broad range
of H using the G'(H) given in Fig. 5 at five
different temperatures, and relating them all to
T,, using Eq.(22). The result of this operation is
shown in the upper graph in Fig. 6. Each of the
five pieces of the curve shown represents one of
the G’ functions shown in Fig. 5 transformed by
Eqg. (22). It is evident that between each segment
there is a jump discontinuity, which arises because
the normalizing constants;(7,7,,) in Eq. (20),

were not used. We can accomplish the equivalent

of using the correct constants simply by eliminat-
ing the jump discontinuities in the upper graph,
giving the result shown in the lower graph in Fig.
6. It is now evident that we have a smooth,
continuous curve representing,(H)/RT,, over a
very wide range off values. We take the reference
point for the constant€ asT,, and hence set this
guantity equal to zero foG,,. We thus delete the
prime on G, .

Given the complete functiorG,(H), we can
then construcG(H) at any other temperatufeot
just the five temperature values used in the con-
struction of G,,,(H)] using Eqg.(18). It is evident
in the lower graph in Fig. 6 tha,,/RT,, for T,,=
30 °C has a shallow minimum al =0, which
means that the most probable value Ffat this
temperature ig7=0 [as shown by thé?(H) curve
for T, in Fig. 5. Using Eq.(18) to construct
G(H)/RT for higher temperatures has the effect of
successively moving the position of the minimum
in G(H)/RT to higher values ofH (again, as
illustrated in Fig. 9. The portions ofG(H)/RT in
the neighborhood of the respective minima for the

D. Poland / Biophysical Chemistry 101—102 (2002) 485-495

back to the originalC, data. GivenG(H), we
have:

(Hy= J Hexd —G(H)/RT| dH

/fexp[ —G(H)/RT| dH

(H?) = fHZexp[ —G(H)

/RT]dH/ f exd —G(H)/RT] dH (23

Then

c

p=

oT

Since P(H) was constructed using at least the first
two moments of the enthalpy distributiofi.e.
P(H) gives at least the first two moments of the
enthalpy distribution exactly then Eq.(23) and
Eq. (24) give the original experimental value of
C,, exactly.

[(H?—(H)?|/RT? (24)

4. Comparison of the thermal behavior of the
tRNASs

We have carried out a similar analysis for each
of the six tRNAs shown in Fig. 2 using the same
T,, (30°C) for each and taking the zero 6f(H)/
RT,, at H=0 for T,. The reference function
G(H)/RT, for all six of the tRNAs is shown in
Fig. 8. It is evident on the scale of that figure that

five temperature values we have already used arethe reference free-energy distributions for all of

shown in Fig. 7(we of course are not restricted
to these values of the temperaturaMe again
emphasize that all of the curves shown come from
Gn/RT,, shown in the lower graph in Fig. 6 and
transformed to higher temperature values using Eq.
(18). The G(H)/RT curves shown in Fig. 7 then
translate directly to the?(H) curves by the use of
Eqg. (10), with the normalization condition given
by Eqg.(11); in fact, the free energy curves shown
in Fig. 5 are the normalized versions of the free
energy curves shown in Fig. 7.

For completeness, we note that, giveé(H), or
equivalently P(H), at any temperature, we can
calculateC, at the same temperature, thus coming

these molecules are very similar. Yet it is clear
from the behavior ofC,(T) for these molecules
shown in Fig. 2 that there are differences in the
thermal behavior. This is best shown by plotting
the difference in the G,, functions. Taking
tRNAPPe (the simplest cadeas a reference, we
define the difference function for a general amino
acid X:

AG[X]=G[Phd— G {X] (25)

These functions are shown in Fig. 9, and it is now
evident that there are indeed marked differences
in the behavior of this function for different
molecules.
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The general behavior of(H) found for the
tRNAs is contrasted with that found in many
proteins[5]. Fig. 10 qualitatively shows the pattern
for the case in which there is a bimodB(H),
indicating native and unfolded forms; the two
peaks change in relative intensity as a function of
temperature, shifting from one to the other. This
is in contrast to the behavior typical of the tRNAs
as shown in Fig. 11, wher(H) has a single peak
at all temperature values, the maximum simply
shifting to higher enthalpy values as the tempera-
ture is increased.

The probability distribution for tRNAs we find,
as shown in the lower half of Fig. 5 for tRNIA®
is similar to that shown in Fig. 11. We note that
this does not mean that there is a population of
more or less distinct structures. This is illustrated
in Fig. 12, where five separate peaks represent
five species. Each peak is relatively broad, and
when they are added together the result is an
overall unimodal peak. By changing the relative
intensity of each peak, a migrating peak can then
be obtained, as shown in Fig. 5.

Finally, we return to a consideration of the other
peaks in Fig. 1. As mentioned earlier, the problem
with treating the sharper peaks in Fig. 1 is that it
is very difficult to obtain accurately the experi-

495

mental data from the published graphs. Here we
treat the middle peak and expand the heat capacity
about the temperature of the maximum. In Fig. 13
we show theP(H) distribution functions obtained
from these data using two, four and six moments.
In this case, differences are observed in the distri-
bution functions obtained using different numbers
of moments. In particular, the distribution function
obtained using six moments exhibits notable shoul-
ders. However, when plotted together, as shown in
Fig. 13, the three curves are approximately similar.

References

[1] D. Poland, Maximum-entropy calculation of energy
distributions, J. Chem. Phys. 112000 6554—-6562.

[2] D. Poland, Enthalpy distributions in proteins, Biopoly-
mers 58(2001) 89-105.

[3] G.I. Makhatadze, P.L. Privalov, Energetics of protein
structure, Adv. Protein Chem. 42995 307-425.

[4] D. Poland, Densities of states in gases, liquids and
solids, J. Chem. Phys. 112000 9930-9939.

[5] D. Poland, Free energy distributions in proteins, Pro-
teins: Struct. Funct. Genet. 42001 325-336.

[6] P.L. Privalov, V.V. Filimonov, Thermodynamic analysis
of transfer RNA unfolding, J. Mol. Biol. 1221978
447-464.

[7] A. Tagliani, On the application of maximum entropy to
the moments problem, J. Math. Phys. 34993
326-337.



	Maximum-entropy calculation of free energy distributions in tRNAs
	Introduction
	Enthalpy probability distributions
	Free energy distributions
	Comparison of the thermal behavior of the tRNAs
	References


