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Thermodynamic Studies of Transfer Ribonucleic Acids. 1.

Magnesium Binding to Yeast Phenylalanine
Transfer Ribonucleic Acidf

Giovanni Rialdi,f J. Levy,§ and R. Biltonen*

ABSTRACT: The thermodynamics of magnesium ion (Mg?*t)
binding to yeast phenylalanine transfer ribonucleic acid
(tRNATP®) have been determined calorimetrically. At low
temperature, where tRNAFhe exists in its folded state, the
enthalpy of Mg?* binding was found to be 0 = 100 cal/mole
of ligand. This result is taken as evidence for the absence of a
thermodynamically significant conformational change upon
Mg?*+ binding. Using the large heat of reaction between Mg?*
and EDTA, the extent of Mg?* binding to tRNAF" in both
its folded state and unfolded state has been measured over
a free Mg?* concentration range of 0-2.5 mMm. Mg?** binding
to folded tRNAF!e can best be represented in terms of two
sets of independent binding sites characterized by occupancy
numbers N4 = 4 and N.4 = 20 with association constants

’I:le relationship between the structure and function of
transfer ribonucleic acid has been extensively studied (Fresco
et al., 1966; Gantt er al., 1969; Dudock er al., 1970). An im-
portant result of such studies was the recognition that a
unique three-dimensional conformation is necessary for the
macromolecule to perform its biological function (Fresco
et al., 1966). The significance of the role of Mg?* in the struc-
ture-function relationship has also been examined (Henley
et al., 1966; Lindahl er al., 1966; Adams er al., 1967; Reeves
et al., 1970; Ishida and Sueoka, 1968a,b; Ishida er al., 1971;
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Kia = 106 M~ tand K>y = 1.1 X 10*M~ 1. Analysis of the com-
bination of the present results and data previously obtained
for mixed tRNA at higher Mg?" concentration suggest the
existence of a third set of independent binding sites. Mg?*
binding to unfolded tRNAT?e can be interpreted in terms of a
single set of independent binding sites with Kz = 7 X 103
M~1. These results show that Mg?* binding to tRNA is thermo-
dynamically characterized by a large, positive entropy change,
presumably due to release of water from solvated Mgt
upon binding. In addition it now appears that Mg?+ stabilizes
the folded conformation of tRNAF!e simply because Mg~
binds better to the folded form than to the unfolded form
of the macromolecule.

Robison and Zimmerman, 1971b). For example, Mg+
has been found to influence the thermodynamic stability
of the folded conformation of tRNA (Dudock er al., 1970).
Some investigators have also suggested that Mg?*t is an
absolute requirement for the biologically active conformation
(Lindahl er al., 1966; Adams er al., 1967 ; Reeves et al., 1970).
Since the interaction of Mgt with tRNA appears to be a
rapid and reversible phenomenon (Ishida and Sueoka, 1968a),
Mgt must exert thermodynamic, rather than kinetic, con-
trol on the structure of tRNA. For this reason a complete
thermodynamic description of the interaction of Mg?*" with
tRNA is necessary to understand this problem. Sander and
Ts 0 (1971) have studied the binding of Mg?+ to tRNA using a
divalent cation-specific electrode, but were unable to obtain
reliable data below free Mg?t concentrations of about 0.1 mm.
Others have investigated manganese binding to tRNA using
proton magnetic relaxation (Cohn er al., 1969) and electron
spin resonance (Danchin and Gueron, 1970a) techniques.
However, the characterization of the interaction has been
limited because complete thermodynamic information has
not been obtained.
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In this paper we wish to report a calorimetric study of
Mg2+ binding to yeast phenylalanine tRNA (tRNAFEe) which
provides a complete thermodynamic description of the pro-
cess over the range of 0-2.5 mM free Mg?* concentration. Our
results clearly show that the free energy change for the pro-
cess is dominated by a favorable entropy change, that there
exist at least two sets of independent binding sites on the
macromolecule, and that Mg?* does not induce a thermo-
dynamically significant structural change in the macromole-
cule under the conditions of our experiments. Furthermore,
an analysis of the combined results of our studies and those of
Sander and Ts’o (1971) suggests that there are three sets of
apparently independent Mg?* binding sites on tRNA. There
is no strong evidence of any cooperative interaction. Conse-
quently, although Mg?* greatly influences the thermodynamic
stability of tRNA, it does not appear to be an absolute re-
quirement for the existence of the folded form of the molecule.

Experimental Section

Phenylalanine tRNA (tRNAFhe) isolated from Brewer’s
yeast and purified according to the method of Wimmer e al.
(1968), was purchased from Boehringer-Mannheim (lot
7470106) and used without further purification. The reported
activity was approximately 1000 pmoles of phenylalanine
accepted/Asso unit and represented 96-99 77 of the total biolog-
ical activity. The EDTA used was Fisher ACS certified grade.
All other reagents were of the highest purity available.

tRNAPEe golutions were prepared by dissolving 5 mg of
material in 10 ml of a stock solution of buffer containing 5
mM sodium phosphate (pH 7.2) and 5 mm NaCl. This solu-
tion was exhaustively dialyzed overnight at 4° against a solu-
tion of 3 mM EDTA in the same buffer to remove all divalent
cations. Further dialysis against the stock buffer solution
removed the EDTA. The tRNAF"¢samplewasthen diluted with
buffer to a concentration of approximately 10-% M and dia-
lyzed against a stock buffer solution containing a known
amount of MgCl,. Stock solutions of MgCl, were titrated
with EDTA, using Eriochrome Black T as the indicator, to
determine the Mg?* concentration. The concentration of all
tRNAPR samples was determined spectrophotometically
at room temperature using an extinction coefficient of 550,000
1./mole at 257 nm (Levy, 1971).

Equilibration of unfolded tRNAFPEe with a buffer solution
containing a known concentration of Mg?* was achieved
by rapid passage of a tRNAPFte solution through a G-25
Sephadex column at high temperature where the macromole-
cule was unfolded. These columns were made and equili-
brated with buffer containing a known concentration of
MgCl; at high temperature (75-82°). Since these columns
were extremely fragile, new ones were prepared for each
experiment. The tRNAFhe solutions were maintained on
the column for approximately 15 min. This length of time
was sufficient for equilibration as demonstrated by the elution
profile, shown in Figure 1, which was obtained for a sample
of tRNAFEe dissolved in 3P radioactively labeled phosphate
buffer and then eluted with nonradioactive phosphate buffer
at 82°, Essentially complete separation of the 22P label from
the tRNATPke shows that equilibration was accomplished.
The tRNAFEe samples, thus equilibrated with Mg?+ at high
temperature, were then eluted from the column and used in
the calorimetric experiments to determine Mg?t binding
to unfolded tRNAFke,

All calorimetric measurements were performed with an
LKB batch microcalorimeter, the details of which have pre-

0.0. [cpm X103

4

2

20 FRACTION
|
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FIGURE 1: Elution profile of tRNAF?e dissolved in 32P buffer solution
and eluted with ““cold” buffer, ( Y Azgg, (—+=) cpm.

viously been described (Monk and Wadso, 1968). Approxi-
mately 4 ml of a tRNAPEe solution and 2 ml of 3 mm EDTA
buffer solution (or MgCl;, solution), both at the same
pH, were mixed in the calorimeter, and the heat absorbed
was measured. The exact amounts of components added to
the calorimeter cell were determined by weighing the filling
syringes before and after filling. The reference cell contained
equivalent amounts of buffer solution. The pH of the final
tRNAFPRe-_EDTA mixture was measured and found to vary
by less than 0.01 pH unit from that of the original solutions.
The heats of dilution of all components were measured sep-
arately and subtracted from the observed heats to obtain
the heat of reaction. The calibration of the calorimeter was
performed electrically and checked by measuring the heat
of dilution of sucrose.

Results

Experimental Rationale. When tRNAFPe in the absence
of Mg?*,! is mixed with a known amount of MgCl, the total
heat of mixing is

Q=Qt+Qm+Qx (1)

where Q; and Q. are the heats of dilution of tRNAThe and
MgCl; and Qy is the heat of reaction between Mg?* and the
macromolecule. The respective heats of dilution were ob-
tained in separate experiments and subtracted from the mea-
sured heat to obtain the heat of reaction. In a series of ex-
periments at 25° in which the final rota/ concentration of
Mgt was either 0.33 or 1.0 mm, the heat of reaction was
found to be 0 = 2 kcal/mole of tRNAFhe at both concen-
trations. In all experiments the [Mg?+]/[tRNAFhe] ratio was
greater than 60:1. At these concentrations of Mg?*, approxi-
mately 20 moles of Mg?* is known to be bound per mole of
tRNA (see following results) (Sander and Ts’o, 1971). On
the basis of these results it can be concluded that the heat of
Mg?* binding to tRNAF?e js 0 = 100 cal/mole of ligand.
Despite the lack of any significant heat change associated

1 The absence of Mg?* was verified by the fact that the heat of mixing
of this solution with excess EDTA produced no measurable heat except
for that of dilution of the various components, This means that less
than 0.3 mole of Mg?+/mole of tRNAFhe were present in our solutions.
2473
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FIGURE 2: Binding of Mg?* to RNAPhe as a function of Mg?* con-
centration at 25°, pH 7.2, mM Na-phosphate buffer, 5 mm NaCl.
Solid line calculated assuming Nia = 4, Naa = 20, Kja = 108 M1,
and K;, = 1.1 X 104 M1, See text for details.

with Mg? binding to tRNAFPe the binding reaction can
still be monitored calorimetrically by making use of the large
heat of reaction between EDTA and Mg?*. The experiments
were carried out in the following manner. A buffered solu-
tion of tRNAFPhe was extensively dialyzed at 4° against a
large excess volume of buffer solution containing a known
concentration of MgCl,. Thus, except for a small Donnan
membrane correction (Tanford, 1961), the concentration
of free Mg?* is identical in both solutions. The total concen-
tration of Mg?* in the tRNAT!e solution is

My =1+ M + raCy €3

where the total concentration of Mg?* in the dialysate is M,
C; is the concentration of tRNAFhe, , is the average number
of moles of Mg?* bound per mole of tRNAFhe in its folded
state at 25° and 6 is the Donnan correction factor which is
small and can be approximately calculated knowing the salt
concentration. Equal volumes of the tRNAF"® solution and
the dialysate were then separately mixed with buffer solution
containing an excess of EDTA in the calorimeter. The two
respective heats of mixing are

Q(IRNA) = Qd“ =+ (1 =+ 5)QE =+ rAVCt(AHE — AHA) (3)
and
Q(buffer) = Qait’ + Q= 4

Qui1 and Qq;1’ are the sum of the heats of dilution of the
components in each solution and were measured separately.
V is the volume of the tRNAP!e solution and dialysate used.
AHzg is the molar heat of reaction between free Mg?t and
EDTA, and AH, is the molar heat of binding of Mg?*
to tRNAFhe, Op = MVAHE. It thus follows that

AQ = Q(IRNA) — Qui — (Q(buffer) — Qun”)  (5)
= 0Qp + raVC(AHg — AH,)
Since AHy = 0 =+ 100 cal/mole

_AQ — 480k

6
VC.AHw ©

ra

Thus a knowledge of AQ, V, C,, AH%, and 6 allows a deter-
mination of r4 as a function of Mg?*t concentration. ¥ and
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C, were determined as indicated in the Experimental Section.
6 was calculated in the usual manner at the various MgCl,
concentrations and was found to always be less than 1.7(Cy/
M), this high value being obtained at 2.5 mm MgCl, concen-
tration. The value of AHE, determined in a separate series
of experiments by mixing known amounts of MgCl, with
excess EDTA, was found to be 7.6 &= 0.1 kcal/mole under
the ionic conditions of all experiments.

The derivation of eq 6 is based on two assumptions. (1)
EDTA does not interact with tRNAFP!¢ to produce any mea-
surable heat and (2) the concentration of EDTA used in all
experiments is sufficient to remove all Mg?* bound to the
tRNAFPPe, The first assumption is supported by the fact that
mixing tRNAFe, in the absence of Mg?*, with excess EDTA
results in zero heat production. The second assumption merely
influences the meaning of r4. If the concentration of EDTA
used failed to remove some bound Mg?* because the binding
constant of Mg?* to tRNAF?® was extremely large then these
experiments would fail to “measure” the number of such
bound Mg?*, and our estimates of r4 would be systematically
lower than the true values. However, our final EDTA con-
centration was approximately 10? times greater than the
final tRNAP"e concentration in all experiments. Therefore, the
tRNAFPe could effectively compete with the EDTA for the
Mg?*, only if the Mg?* binding constant for tRNAF?® were
on the order of 10% times greater than the Mg?* binding con-
stant for EDTA, or about 100 M~1,

Binding of Mgt 1o Folded tRNAF™. The values of rs ob-
tained as a function of free Mg+ concentration at 25° are
tabulated in Table I, and graphically represented in Figure 2.
The details of the binding curve are not apparent in Figure 2,
but a representation of the data in terms of a Scatchard plot
(Scatchard, 1949) (+s/M vs. ra), shown in Figure 3, clearly
exhibit the saliant features. It appears that over a range of
0-2.5 mm Mg?*t, Mg?* binding to tRNAT!® can be described
in terms of approximately 25 binding loci per macromolecule.
Graphical extrapolation, using several representations of the
data (Klotz and Hunston, 1971), indicate that the number of
binding loci, N4, is 24 = 1. Sander and Ts’o (1971) have
previously observed that a Scatchard representation of similar
data for mixed yeast tRNA was linear over a concentration
range of about 0.1-2 mm Mg?*, Our data over the equivalent
range (ra > 10) can also be represented in terms of a single
set of binding sites as shown by the broken line labeled A in
Figure 3. The apparent binding constant obtained from the
slope of that line is 1.6 X 104 M~ which is in excellent agree-
ment with the “intrinsic” binding constant of 1.7 X 10+ M~}
reported by Sander and Ts’o (1971). However, the extreme
nonlinearity of our Scatchard representation clearly shows
that all sites can not be both independent and equivalent.
Since the data can not be accounted for in terms of a single
set of independent binding sites, the next simplest analytical
model is one using three parameters—a single set of binding
sites with interaction between sites. Assuming a one-dimen-
sional finite lattice with a regular distribution of sites, possible
binding curves were simulated to ‘““fit” the data by systemat-
ically varying values for the intrinsic binding constant and
the interaction parameter. No representation could be found
which would “fit”’ the data without serious systematic devia-
tion at either the low or high Mg?*" concentration portion
of the curve. Consequently a model of the next highest degree
of complexity, two sets of independent and identical binding
sites, was assumed. It will be shown that this model represents
the data satisfactorily throughout the entire range of Mg?**
concentrations studied.
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TABLE 1: Extent of Mg?+ Binding to tRNAF?e as a Function
of Mg?*t Concentration, pH 7.2, 5 mM Na-Phosphate, 5 mm
NacCl.

[Mg>*]
(um/1) ra® (exp) ra® (caled) Art
0 0 0 0
1 2.6 2.2 —-0.4
2.8 —-0.6
3 4.7 3.6 -1.1
4.9 -1.3
5 4.2 4.4 +0.2
4.6 -0.2
10 4.8 5.6 +0.8
5.0 +0.6
15 9.0 6.6 —-2.4
50 8.8 11.0 +2.2
8.9 +2.1
10.0 +1.0
90 14.3 13.8 -0.5
100 15.6 14 .4 -1.2
15.8 -1.4
200 18.8 17.7 -1.1
300 18.8 19.3 +0.5
400 23.3 20.3 -3.0
500 21.8 20.9 -0.9
600 22.2 21.4 -0.8
750 22.2 21.8 —-0.4
22.8 -1.0
1000 220 +0.7° 22.3 40.3
1100 22.0 22.5 +0.5
2500 23.3 23.3 0

¢ Experimental values obtained as discussed in text,
b Calculated values assuming Nia = 4, Noa = 20, K1y =
1 x108M Y and Kos = 1.1 X 104 M2, ¢ Ar = ry (caled) —
ra (exp). ¢ Average of six experiments.

Recently, Klotz and Hunston (1971) derived, for the general
model of m sets of independent and equivalent sites, the
appropriate mathematical relationships for the intercepts
and slopes obtained by the usual methods of graphical anal-
ysis of binding data. They derived expressions for four appar-
ent binding constants which are defined by

m
K, = > NiKy” Q)

i=1

where v = —1, 0, 1, and 2, and N; is the number of inde-
pendent and equivalent sites of type i with association con-
stant K;. Using these mathematical relationships, unique solu-
tions for all relevant parameters, N; and K;, can be obtained
only in cases with one or two independent sets of loci. As-
suming two sets of sites initial estimates of Nja =< 4, K4 =~
8 X 105 ML, Nay == 20, and Koa == 104 M~! were obtained.
Various binding curves were then computer simulated by syste-
matically varying these initial estimates, assuming Ny = Nix +
Noa = 24. The set of parameters which best fit our binding data,
with an average deviation of +0.7 mole of Mg?* bound per
mole of tRNAP"e was found tobe Nig = 4, Noy = 20, K4 =1
X 108 M~ % and K4 = 1.1 X 104 Mm~1, The errors in Nia and
N,s and K,s were estimated to be =1 and +2 X 103 M,

4.0
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FIGURE 3: rs/[Mg?*] vs. ra using the data in Figure 2. The solid line
was calculated using the same binding parameters as for Figure 2.
Line A was calculated assuming a single set of binding sites with
N = 24 and K = 1.6 X 104 m~1. Lines B and C were calculated
assuming N, Nza, and K, were the same as for the solid line but
with K14 = 3 X 10° Mt and 2 X 10° M1, respectively. See text
for details.

respectively. The reliability of the estimate of K, is best
given by the range of values which can reasonably fit the
data. If Kia were less than 3 X 105 M~! or greater than 2 X
108 M~1, serious systematic deviation between the calculated
and experimental values of r, at low binding would be ob-
served. This is demonstrated in Figure 3 where the broken
lines labeled B and C were calculated for both of these ex-
treme values for Ky, assuming the values of the other param-
eters to be those given above. Although the error in our
estimate of K4 is large, we can still safely conclude that the
simplest model which can satisfactorily fit our data is one
containing two sets of independent and equivalent binding
sites characterized by the values given above. The adequacy
of this representation is demonstrated in Table I, where cal-
culated values of ra are compared with the experimental
values, and in Figures 2 and 3, where the solid lines were
calculated using this model. The complete thermodynamic
quantities, obtained from the following equations assuming
a standard sate of 1 mole/l., are summarized in Table I1.

AG®° = —RTIn K

AH® — AG® ®
T

AS° =

Binding of Mg®* to Unfolded tRNAT?, Although the Mg?*+
binding characteristics of folded tRNAFhe are important,
they do not, in themselves, directly provide an explanation of
the stabilization of tRNAF? by Mg?+, For such an explana-
tion it is minimally necessary to know the difference between
Mg?t binding to folded and unfolded tRNAFhe,

In principle, Mg?* binding to unfolded tRNAF"e can be
studied in a manner analogous to that just described for
folded tRNAFke, However, in this case, the equilibrium dial-
ysis would have to be performed at temperatures sufficiently
high (greater than 70°) to maintain the tRNAF»® in its un-
folded state at all Mg?** concentrations (Levy, 1971). Un-
fortunately unfolded tRNATF"® rapidly aggregates (Levy,
1971), and because a long time is required for equilibration
by dialysis, the tRNAFPhre would irreversibly aggregate during
the preparative procedure. Therefore, in order to prepare
unfolded tRNAF e equilibrated at all Mg?* concentrations,
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FIGURE 4. (A) Binding of Mg?* to unfolded tRNAFhe at approxi-
mately 80°, Solid line was calculated for Ng = 27, Kg = 7 X 10?
M~1, Dotted line is the calculated binding curve for folded tRNAThe
at 25°. (B) rg/[Mg?*] vs. rg using the data in Figure 4A,The solid line
was calculated using the same binding parameters as for Figure 4A.

it was necessary to devise a method whereby equilibration
could be rapidly achieved at high temperature. The technique
used consisted of rapidly (~15 min) passing the tRNAThe
solution through a Sephadex column previously equilibrated
with a known concentration of Mg?* as described in the Ex-
perimental Section. The total concentration of Mg?* in the
eluent tRNAPPe solution is

M. = M + rsC )]

where M is the concentration of free Mg?*" and rg the average
number of moles of Mg?** bound per mole of unfolded
tRNAFRe After elution, the solution was rapidly cooled to
room temperature where the tRNAF?e refolded, and the con-
centration of both free and bound Mg?* changed because the
binding characteristics of folded and unfolded tRNAFhe are
presumably different. Hence, at low temperature: M, = M —
Ar(Cy) + (rs + Ar)(Cy), where Ar is the average number of
Mg?+ which are bound to or released from tRNATPe as it re-
folds at low temperature. This change in the concentration of
free and bound Mg?* does not prevent the determination of
rp as can be seen in the following equations. The heat of mix-
ing measured at 25° (where the AH of binding of Mg?* to the
folded form is essentially zero) is given by

Q(tRNA) = Qdil + QE —_ ArVCtAHE +
(rs + ANVCy(AHg — AHy) (10)

Since AH, =0

Q(URNA) = Qa1 + Qr + reVCAHE an
Thus rs can be directly determined. The results which were
obtained by this method are summarized in Figure 4. These
results have a large statistical scatter (for reasons to be dis-
cussed later) and cannot be used to obtain a highly reliable
estimate of the binding parameters. However, least-squares

fitting of the data, assuming a single set of independent and .
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TABLE 11: Thermodynamic Quantities for Mg2+ Binding to
tRNAFRe at 25°, pH 7.2, 5 mM Sodium Phosphate, 5 mum
NaCl.

Folded tRN AP Unfolded tRNAPH

Na =4 =1

Noa = 20 = 1 Ny =27 =3

Kia =1 X 105717

Ky = 1.1 X104 = Kg =7 X 10 =
2 X 108m? 2 X 108 m!?

AGiy = —8.2+0.5
kcal/mole

AGy = =55 £ 0.1 AGg = —=5.3x£0.2
kcal/mole kcal/mole

AHy = 0 %= 100 AHy = 0°
cal/mole®

ASija = 28 = 2

cal/(mole deg)
AS:s = 184 0.6
cal/(mole deg)

ASg =17.8 =20.7
cal/(mole deg)

?See text for estimate of error. ® Average value for all
binding sites. * Assumed value; see text for discussion.

equivalent binding sites, did provide an estimate of Ny = 27
=+ 3, Kg = 7000 &= 2000 m~!. Thus, although we cannot un-
equivocally conclude the existence of only one set of sites for
unfolded tRNAF™, we can state that, over the range of Mg?*
concentration studied, folded and unfolded tRNAT!e phe-
nomenologically possess approximately the same number of
sites and that all sites are of a stronger affinity in the folded
than in the unfolded form. It is also to be noted that K, the
estimated association constant for the unfolded form, is very
similar to estimates of the Mg?" binding constant (X ~6000
M~ 1) for single-strand polyribonucleotides (Sander and Ts’o,
1971). The thermodynamic quantities calculated for Mg?*
binding to unfolded tRNAT?¢ are also summarized in Table
1I.

Discussion

Sources of Error. Before beginning any discussion of the
significance of these results, it is useful to clearly delineate the
possible sources of error in the data. The useful sensitivity of
the calorimetric instrument used in these experiments is about
10-50 ucal (including corrections for the differential heat of
mixing), whereas the total amount of tRNAF" ysed in each
experiment was approximately 3-5 X 107% mole. Thus the
absolute error in any measurement is on the order of 2 kcal/
mole of tRNAT!e, It is this error which is reported for AHa,
the heat of Mg?* binding to tRNAFPe, This represents an
error in N of approximately =0.3. An additional systematic
error results from any error in the extinction coefficient
(Levy, 1971) used to calculate the concentration of tRNAThe,
This error is estimated to be less than 5%, and, therefore,
should not seriously affect either the accuracy of AH, (which
is limited only by instrument sensitivity), or the shape of the
Mg?* binding curves (i.e., the values of the obtained binding
constants). However, N,, the extrapolated value for the total
number of binding sites per tRNAFPe molecule, could be in-
correct by 5% or approximately ==1. This error is on the
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order of the statistical error of the extrapolation, and it is this
error which is reported.

The errors outlined above are minor when compared to the
other errors which exist. To calculate r4, the average number
of moles of Mg?* bound per mole of tRNAF" the measured
heat had to be corrected for several other sources of heat pro-
duction (cf. eq 4). The heats of dilution and the error in Mg?*+
concentration due to the Donnan membrane effect were gen-
erally small, but Qg, the heat of reaction of free Mg?* with
EDTA, was very large, particularly at high concentrations of
free MgCl,. At 1 mM free Mg?*, for example, M was ten times
greater than r,C;. Thus the heat in which we were interested
amounted to about 109 of the actual heat measured. In our
experiments Q could be determined with a precision of about
+0.3%. At 1 mm Mg?* the random error in r was therefore
about +0.7. This is reflected in the standard error of £0.7
obtained for a series of 6 experiments at 1 mm MgCl; (¢f. Table
I). The significance of this error, of course, varied linearly
with Mg?*+ concentration. This, in fact, is a limitation of the
calorimetric technique in measuring ligand binding when the
heat of a secondary reaction is used to monitor the binding
reaction. If A H, had been sufficiently large, then the extent of
binding could have been directly measured, as has been done
for other systems (Bolen et al., 1971 ; Bjurulf er @/., 1970).

While the sensitivity and precision of the calorimeter place
certain limitations on the accuracy of our data, it is the repro-
ducibility of the preparation of the solutions used in the ex-
periments which most severely limits the accuracy of these
measurements. In another series of experiments, where the
thermal stability of tRNAF" was measured spectroscopically
as a function of free Mg?*, difficulty in reproducing the data
at very low Mg?t concentration was observed. This apparently
was the result either of not effectively achieving complete equi-
librium during dialysis or of divalent cation contamination by
glassware. Our laboratory, as well as others (Reeves et al.,
1970), has found that equilibration of the EDTA concentra-
tion across dialysis membranes is very slow. Dialysis was
therefore performed for Jong times in the manner described in
the Experimental Section. Nevertheless, the possibility of an
error due to this effect exists, and such an error would produce
large relative errors in the apparent free Mg?* concentration,
particularly at low concentrations of MgCl,. For this reason
Qr was never calculated, but instead, was directly measured
in the calorimeter. Even with this precaution, however, our
results at very low Mg2* concentration could have significant
systematic error. This error is estimated to be maximally
about =10~% M in terms of the actual free Mg?+ concentra-
tion.

The errors resulting from equilibration of tRNAF"® with
MgCl; on Sephadex columns were particularly large as evi-
denced by the scatter of the data shown in Figure 4. This was
certainly not due to any limitations in the calorimetric tech-
nique, but most likely due to preparation of the tRNAF!e so-
lutions. The equilibration columns were used at high tem-
perature, where they are extremely fragile, and new columns
had to be made for each experiment. The length of time during
which the tRN AP was maintained at high temperature was
somewhat variable (=10%), and it is known that some ag-
gregation occurs in the unfolded state. Consequently, the
scatter of the data for Mg?* binding to unfolded tRNAT?® is
probably the result of variation in the degree of aggregation of
our samples.

Significance of AH . The finding that AH,, the enthalpy of
Mg?* binding to tRNAF?e in the folded state, is equal to zero
very strongly suggests that Mgt does not produce any ther-

modynamically significant alteration in the conformation of
tRNAFte If Mg?* binding did produce a conformation
change, then the apparent heat of binding would be given by
AHy = AHc + raAHying, where AHy;ng is the true binding
enthalpy change, and AHc is the conformational enthalpy
change. Consequently, the only way to observe AHy, = 0 and
simultaneously have a significant conformational change in
tRNAPF?e structure is if a fortuitous cancellation of the con-
formational enthalpy and the term raAHyinq occurred. Such
a cancellation is extremely unlikely. Additional support for
the lack of a conformational change comes from the fact that
AH, was found to be zero at two different free Mg?* concen-
trations, where the degree of binding (rs) varied. Since AH,
is independent of r4, AHyinq must be zero, and consequently
AHe must also be zero. In addition no change in the absorp-
tion spectrum of tRNAF® a5 a function of Mg concentra-
tion was observed at 25° (Levy, 1971). We thus conclude that
Mg?* does not directly alter the structure of tRNAFre,

It is to be noted that both fluorescence changes (Eisinger
er al., 1970; Robison and Zimmerman, 1971a) and variation
in the apparent sedimentation coefficient of tRNAF!e (Romer
et al., 1970) have been observed as a function of the total Mg?2+
concentration. The “Y”’ base of tRNAFhe shows an enhance-
ment of fluorescence intensity upon binding Mg?* (Eisinger
et al., 1970; Eisinger and Lamola, 1971 ; Robison and Zimmer-
man, 1971a). This could well be due to a reduction of solvent
quenching upon “tightening’’ of the tRNAFhe structure in the
region where Mg?* binds (Eisinger and Lamola, 1971). Romer
and coworkers (1970) have observed an increase in g Of
tRNAPF! upon addition of Mg?*. This could be the result of
a change in the partial specific volume of the macromolecule,
which would be expected upon ion binding, but which was
not taken into account. Neither of these events need be of gen-
eral thermodynamic significance as reflected in the enthalpy
of Mg?* binding. Consequently our results do not appear to
contradict any previous work.

Thermodynamics of Mg*™ Binding to Folded tRNAT*, The
calorimetric data show that, at Mg?* concentrations less than
2.5 mm, the binding of the divalent cation to tRNAFPe can be
described in terms of two distinct independent and equivalent
sets of sites. These data are quantitatively consistent with
those of Sander and Ts’0 (1971) over the concentration range
of 2 mm Mg?t to ~100 um Mg?+ as will be demonstrated.
Because of the limited sensitivity of the divalent cation-spe-
cific electrode, they were unable to demonstrate the existence
of the set of very strong binding sites observed in these studies.
However, the existence of a strong set of divalent cation
binding sites on tRNA has previously been demonstrated by
proton magnetic relaxation studies (Cohn er al., 1969) of
Mn?* binding to Escherichia coli bulk tRNA and purified
tRNAFre The results of Cohn er al. (1969) are qualitatively
consistent with our results although they interpret their data
in terms of negative cooperative interactions between strong
sites in addition to the existence of a set of weaker sites. It is
not clear, however, that their data require a mathematically
more complicated model than the one presently proposed.
Recently electron spin resonance studies of Mn?* binding to
E. coli bulk tRNA (Danchin and Gueron, 1970a,b) have in-
dicated an apparent positive cooperative interaction between
the first 6-10 Mn?* bound. Such a cooperative effect has not
previously been observed, and is also inconsistent with the
results presented here for Mg?* binding to yeast tRNAFhe,
We feel this difference is not due to intrinsic differences in the
binding of Mn2* and Mg?*, but is probably either the result of
a systematic error in one of the two studies, or more likely due
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FIGURE 5: ra vs. log [Mg?*]. (@) represents the present data and (O)
calculated (Sander, 1970) for mixed tRNA assuming 78 phosphate
groups/tRNA, The latter data were obtained at a concentration of
10 mM tRNA phosphate in 1.3 mum sodium phosphate buffer. Line A
was calculated assuming the binding parameters given in Figure 2.
Lines B and C were calculated assuming an additional third set of
independent and equivalent sites with N4 = 14 and K = 70 M7?
and 100 M~1, respectively.

to the possibility that some tRNA species are partially un-
folded at room temperature in the absence of Mg?™ or Mn?*,
This latter possibility is suggested by recent studies (Levy,
1971) of the thermodynamics of the unfolding of tRNAFhe,
which indicate that the folded form is only marginally stable
at room temperature in the absence of Mg?*+. If several of the
different species in the mixed E. coli tRNA used in the Mn?**
studies were less stable than yeast tRNATP"e under similar con-
ditions, and hence partially unfolded, initial binding of Mn?"
would cause refolding to occur, and hence an apparent posi-
tive cooperative binding effect would be observed. Obviously
the validity of this conjecture awaits further study. In the
sense that both Mn?+ and Mg?®* possess at least two sets of
binding sites at ion concentrations less than ~3 mm, it thus
appears that the binding of the two divalent cations to tRNA
is similar.

The fact that AH, = 0 shows that a large positive entropy
change is the main thermodynamic driving force for the bind-
ing of Mg?t to folded tRNAFPe, This fact is consistent with
similar results obtained for the binding of Mg?* to various
mononucleotides (Belaich and Sari, 1969; Zimmer et a/l.?) in
aqueous solution, Krakauer (1971) has also concluded that
Mgt binding to polyribonucleotides is thermodynamically
dominated by a positive entropy change. The source of this
favorable entropy change is probably due to the release of
water molecules which are strongly coordinated to fully sol-
vated Mg?*+ (Belaich and Sari, 1969; Krakauer, 1971).

The existence of two sets of Mg?** binding sites on tRNAFhe
could be due to the conformational characteristics® of tR-
NAFhe A likely possibility would be that the strong sites are
such that the number of coordinated water molecules in the
Mg**tRNAP?Pe complex is minimal, whereas in the weaker
sites more water molecules are able to coordinate with Mg?*
in the complex (Danchin and Gueron, 1970b). This difference
could be the result of variations in the number and geometrical
arrangement of potential interacting groups of the “site.”

2 8. Zimmer, G. Rialdi, and R. Biltonen, manuscript in preparation.

3 The possibility exists that the strong binding sites of tRNAFhe are
due to the “unusual” base composition. This is based upon analysis of
the Mg2*-dependence of the thermal-unfolding transition of tRNAFPhe
which indicates that both folded and unfolded forms may have a set of
strong binding sites (K > 5 X 10% (J. T. Levy and R, Biltonen, to be
published). While the present data neither support nor refute this
possibility, it is a point worthy of further study, and will also be dis-
cussed in a following communication.
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The results which have been reported in this paper have been
limited to the concentration range of 0-2.5 mm free Mg?t.
However, our results for tRNAT?e can be combined with those
of Sander and Ts’o (1971) for mixed yeast tRNA to provide a
representation of Mg?* binding to tRNA over the range of
0-0.01 m Mg?* which is shown in Figure 5. Good agreement
between the two sets of experiments is observed. Our results
obtained over the range of 0-2.5 mMm Mg?* can be described
in terms of two sets of independent sites with a total of 24
loci. The dotted line, labeled A, was calculated for such a
model. However, the results of Sander and Ts’o (1971) indi-
cate additional binding beyond 24 sites/molecule at higher
Mg?* concentrations. Analysis of the combined results indi-
cate that this further binding is probably best described in
terms of a third set of independent sites which number ap-
proximately 14 and have an association constant, K3y =~ 100
m~1. This conclusion is based on the observation that dra/
[d In (Mg?*")] is increasing in the vicinity 10-% m Mg?*, The
lines labeled B and C in Figure 5 were calculated assuming a
third set of independent binding sites with N34 = 14 and K;a
= 70 and 100 m~!, respectively. While reasonable agreement
between the calculated and experimental curves is found, it
must be understood that other models, including those with
interaction between sites, could possibly be developed which
would satisfactorily represent the combined results. More
detailed analysis of the combined results is not warranted,
however, since systematic errors between the two sets of data
most certainly exist,

Thermodynamics of Mg Binding ro Unfolded 1RNAF™.
The enthalpy change of Mg?* binding to tRNAT"® in the un-
folded state, AHg, has not been determined, but it is quite
likely that it is also about zero. There are several reasons for
this conclusion. First, if AHg < 0 in unfolded tRNAP" one
would expect stronger binding of Mg?* to unfolded than to
folded tRNA.P" This is inconsistent with these results and
with the fact that Mg?+ thermodynamically stabilizes the
folded form. Second, if AHp was significantly greater than
zero, one would expect much weaker binding to the unfolded
form compared to the folded form than is actually observed.
The difference in AG, the standard free energy of Mg?* bind-
ing, between the weak sites of the folded form (K ~ 1.1 X 10*
M~1) and the unfolded form (K ~ 7 X 10% m~1) is approxi-
mately 200 cal. If the entropy increase upon binding was iden-
tical for both forms, then A Hp for the unfolded form would be
only 200 cal per site, Third, the thermodynamics of tRNAFhe
unfolding as a function of Mg?** concentration recently deter-
mined by Levy (1971) can not be explained in a simple fashion
if AHp for unfolded tRNAThe is significantly greater than
zero. It thus follows that the primary driving force for Mg?*
binding to unfolded tRNAT!e is a positive entropy change.
Consequently, the thermodynamic characteristics of Mg~
binding to both folded and unfolded tRNAF" appear to be
qualitatively similar.

In summary, our data indicate the existence of at least two
sets of Mg?* binding sites in folded tRNAFhe, both of which
are stronger than the apparent single set found for the un-
folded form. In all cases the binding reaction is driven by a
large positive entropy change, most likely resulting from the
release of water molecules. There is no evidence of Mg?* pro-
moting a thermodynamically significant conformational
change in the molecule. Thus the simplest explanation for the
stabilizing effect of Mg?* on tRNAF!e is that Mg+ binds with
a stronger affinity to the folded than unfolded form. This con-
clusion is consistent with recent thermodynamic studies on
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the unfolding of tRNAF"® as a function of Mg?" concentra-
tion (Levy, 1971; Levy and Biltonen?¥).
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Specificity and Spectral Resolution of an L-Glutamate
Dehydrogenase—-Monocarboxylic Amino Acid Complext

Russell A. Prough and Harvey F. Fisher*

ABSTRACT: We recently reported differential spectroscopic
evidence demonstrating the existence of an L-glutamate de-
hydrogenase-L-leucine complex. Extension of these spec-
troscopic studies shows that a variety of monocarboxylic
amino acids can combine with the enzyme to form such a
complex and that two groups of these complexes can be dis-
tinguished by their difference spectra. The difference spectra
consist of two components: (1) a blue-shifted tryptophan
perturbation spectrum which occurs in complexes of all of
the amino acids and (2) a red-shifted tyrosine perturbation

Recently we established the presence of a glutamate de-
hydrogenase-L-leucine complex with ultraviolet differential
spectroscopic methods and suggested that this complex may

t From the Veterans Administration Hospital, Kansas City, Missouri
64128, and the University of Kansas, School of Medicine, Kansas City,
Kansas. Received January 27, 1972, This work was supported in part by

spectrum which appears only in complexes formed by amino
acids possessing long aliphatic side chains. The ability of
amino acids of one class to displace the amino acids of the
other class in these complexes indicates a common binding
site for all of the amino acids. The ligand requirements for
complex formation and for formation of a 279-nm peak
allow a simple estimation of the maximum distance between
the two enzyme chromophores involved in the formation of
this enzyme-ligand complex.

be related to the leucine activation of the glutamate dehydro-
genase reaction (Prough et al., 1972). It was shown that the
dissociation constant of this complex was approximately
270 uM and that the dissociation constant w 1s independent of
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