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Mechanism of Phenylalanyl-tRNA Synthetase of Escherichia coli K

10. Modulation of Catalytic Properties by Magnesium
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ABSTRACT: The association of phenylalanyl-tRNA and Mg?*
follows a biphasic concentration dependence as indicated by
the active site directed fluorescent indicator 2-p-toluidinyl-
naphthalene-6-sulfonate. The macroscopic dissociation
constants are 0.16 £ 0.03 and 4.1 £ 0.5 mM. The effect of
Mg?* on the association of enzyme and MgATP, on the
synergistic binding of MgATP and t-phenylalaninol, and on
the pre-steady-state synthesis and pyrophosphorolysis of the
enzyme-phenylalanyladenylate complex in the absence and the
presence of tRNAP™ has been measured by established
equilibrium and stopped-flow techniques using 2-p-toluidi-
nylnaphthalene-6-sulfonate. At 10 mM Mg?*, the association
of enzyme and MgATP is biphasic with dissociation constants
of 0.25 £ 0.03 and 9.1 £ 1.7 mM. At 2 mM Mg?*, a single
dissociation constant of 5.0 = 0.5 mM is indicated. The
coupling constant of the synergistic reaction is 15 at 1 mM

Magcsium ions are known to be required as cofactors
during the aminoacylation of tRNA as catalyzed by the
aminoacyl-tRNA synthetases. Their general function is to
chelate with ATP, which only in this form is active as a
substrate (Cole & Schimmel, 1970). Additional magnesium
is necessary to achieve maximum enzymatic activity. This is
because the cation associates with the synthetase and with the
transfer ribonucleic acid. While the cation requirement of
native tRNA has been generally accepted, there are only a
few examples for the need to associate with the synthetases
(Craine & Peterkofsky, 1976; Bartmann et al., 19735a; Holler,
1976). In the present publication, we have focused on the
question whether magnesium is capable of modulating the
ligand binding properties and catalytic rates of phenyl-
alanyl-tRNA synthetase.

Materials and Methods

L-Phenylalanyl-tRNA synthetase (EC 6.1.1.20) was pre-
pared from Escherichia coli K 10 in the presence of phe-
nylmethanesulfonyl fluoride as described by Hanke et al.
(1974). Specific activity was 15000 nmol of aminoacyl-tRNA
mg™' h™' and 1.95 active sites per enzyme (molecular weight
270000). Inorganic pyrophosphatase (EC 3.6.1.1) from yeast
was obtained from Boehringer (Mannheim) in the form of a
1 mg/mL (200 U/mg) suspension in 3.2 M ammonium
sulfate. tRNAPP having an amino acid acceptance of 1200
pmol per A, unit (at pH 7 in H,O) was purchased from
Boehringer. Enzyme activity and tRNA charging capacity
were measured as described by Kosakowski & Bock (1970).
Complete charging was achieved by using comparable amounts
of tRNA and synthetase. The charging was routinely followed
over a time period of 20 min. The number of active sites was
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Mg?* and 290 at 10 mM Mg?*. The Hill constant of the
sigmoidal dependence is 3.6. The strengthening of the syn-
ergism is believed to reflect a Mg?*-dependent coupling of the
synergistic reactions at the two active sites of the enzyme, the
coupling being negligible at | mM and maximal at 10 mM
Mg?*. The pre-steady-state rate of adenylate synthesis is
accelerated by the presence of Mg?*. The effect is to decrease
the value of the Michaelis—-Menten constant of MgATP.
Another effect is to increase the rate constant when tRNAFhe
is present. At subsaturating [MgATP], the [Mg?*] depen-
dence of the observed rate constant is hyperbolical in the
absence and sigmoidal (Hill constant, 3.5) in the presence of
tRNAPP. The rate of the pyrophosphorolysis is enhanced by
a decrease of the Michaelis—Menten constant of MgPP;. The
effects on the thermodynamics and kinetics parallel the oc-
cupancy of the low-affinity Mg?*-binding sites of the enzyme.

established by the filter assays described previously (Bartmann
et al., 1975a; Rainey et al., 1977).

Uniformly labeled L-['*C]phenylalanine with a specific
radioactivity of 350-500 Ci/mol was obtained from Radio-
chemical Centre (Amersham). TNS! was purchased from
Serva (Heidelberg) and ATP from Boehringer (Mannheim).
L-Phenylalaninol was from Fluka (Buchs) and has been an-
alyzed for homogeneity as described (Kosakowski & Holler,
1973). a,5-Methyleneadenosine triphosphate from Miles was
chemically homogeneous according to chromatography on
polyethylenimine—cellulose thin-layer sheets, Polygram Cel-300
from Machery and Nagel/Diiren (Goody & Eckstein, 1971).
All other chemicals (analytical grade) were from Merck
(Darmstadt).

In most experiments, the buffer contained 50 mM Tris-HCl
(pH 7.5), 0.1 mM EDTA, and 0.2 mM dithioerythritol.

Equilibrium Fluorescence Measurements, Dissociation
constants were determined for the binding of ligands by ti-
tration of the highly fluorescent synthetase-TNS complex as
has been described (Kosakowski & Holler, 1973; Bartmann
et al., 1975a). A Perkin-Elmer MPF-2A fluorescence
spectrophotometer thermostated at 25 £ 0.5 °C and 4 X 10
mm quartz cuvettes (excitation light entered the narrow side)
from Hellma (Miillheim) were used.

Circular Dichroism. Spectra were obtained by using a
Roussel-Jouan Dichrographe II with scale expansion (AE =
2 X 107%/mm). Cuvettes with 5-mm pathlength were used.
The sample absorbance was 0.75.

Kinetic Measurements. Kinetics were followed by the
observation of the time-dependent decrease of the fluorescence
intensity concomitant with the displacement of TNS from the
phenylalanine-specific binding site of the synthetase (Kosa-
kowski & Holler, 1973). Rapid mixing of the reactants was
performed with a Durrum-Gibson stopped-flow spectropho-

! Abbreviations used: TNS, 2-p-toluidinylnaphthalene-6-sulfonate;
APCPP, «,8-methyleneadenosine triphosphate; Tris, 2-amino-2-
hydroxymethyl-1,3-propanediol; EDTA, (ethylenedinitrilo)tetraacetic acid.
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tometer with fluorescence equipment as described (Rainey et
al., 1977; Bartmann et al., 1975a). Both drive syringes
contained TNS, buffer, and MgCl, at identical concentrations.

The progress of the change in the fluorescence intensity was
recorded on a Tektronix 7623A storage oscilloscope by using
a 7A18 dual trace amplifier and a 7B53A dual time base unit.
The stored oscilloscope traces were photographed and eval-
uated as first-order kinetics. In all cases, the time dependence
could be fitted within 80-90% of the total change in the
fluorescence intensity by a single exponential. The obtained
values of the first-order rate constants were analyzed as a
function of the concentrations of reactants according to eq 1

[Phe],[MgATP],
kobsa = k¢ +
([Phe]o + Kppe) (IMBATP]y + Kygatp)
[MgPP],
bKMgPPiPhe~AMP + [MgPP{],

k

(M

as has been described previously (Holler & Calvin, 1972;

Bartmann et al., 1975a; Hyafil & Blanquet, 1977). The

various symbols are defined by eq 2. Equation 1 is an ap-
E-Phe

Phe MqATP

KmgatpPhe

/

E-Phe-MgATP 2)

ApheMgATP
* o | 4

E-MgATP
E:Phen AMP MqPP,

] L/(MUF,P’PMA/AMP

E-Phen/AMP + MgPP;

VA

MgATP

proximation because of the following assumptions. (a) The
formation of the complexes from free reactants is in pree-
quilibrium with the synthesis of the adenylate. (b) The
formation of the ternary enzyme-substrate complex is described
by the dissociation constants of the binary complexes, Kpy,, =
KppeMEATP and Kygate = Kngate™™. (¢) The concentration
of accumulating free MgPP; is low in order to neglect the
competition between MgATP and MgPP;, for associating with
the enzyme. (d) Substrates are in excess over the synthetase
so that initial concentrations can be used. (e) The observed
decrease of the fluorescence intensity can be correlated with
the synthesis of E-Phe~ AMP, which does not dissociate during
the time elapsing for the measurement.

Assumptions a and b would be justified, for instance, if the
observed values of the Michaelis—Menten constants, K,oeatp),
Koypney» and Kpougep,), were identical with the values of the
dissociation constants for the binary complexes. In any other
case, the overall form of eq 1 is tentatively maintained and
the symbols for the dissociation constants are replaced by those
for the Michaelis—Menten constants. We shall refer to these
in the Results. Assumptions ¢ and d can be satisfied by the
choice of appropriate concentrations. Assumption e is likely
to be valid if the complexes E-Phe and E-MgATP-nMg** form
and dissociate considerably faster than the intermediate is
synthesized. Results of control experiments were in accord
with this assumption,

Equation 1 is further simplified by neglecting the term for
the reverse reaction. Similarly, the formation of the adenylate
(in eq 1, the term containing the rate constant k;) is omitted
when the reverse reaction is investigated. This simplification
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FIGURE 1: Titration of the enzyme-TNS complex with MgCl,.
Observation of the increase in fluorescence intensity. The reaction
mixture contains 50 mM Tris-HCI buffer (pH 7.5 at 25 °C), 0.02
mM EDTA, 0.2 mM dithioerythritol, 8 uM TNS, and 0.4 uM
phenylalanyl-tRNA synthetase. MgCl, is added with a 10-uL syringe
in small quantities. The increase in intensity of the fluorescence emitted
by the enzyme-bound TNS is given with respect to the initial intensity
of the fluorescence F, (Mg?* absent) and is plotted as a function of
the Mg?* concentration in A and according to the method of Eadie
(1942) in B. The drawn curve is computed by use of the values of
the microscopic dissociation constants and of the maximum
fluorescence intensities given in Table I. The equation used is AF/F,
= 0.66[Mg?*]/(0.171 X 107 + [Mg?*]) + 1.01[Mg?*]/(3.9 X 10°
+ [Mg?*]) as has been suggested by Klotz & Hunston (1971). The
tangents given in B are the best fit of the computed curve with the
experimental points. The effect of NaCl on fluorescence intensity
is given for comparison. The chelating effect of EDTA is taken into
account by assuming that all EDTA was complexed to Mg?* (Kjss
= 1.6 uM; Lynch & Schimmel, 1974). The effective concentrations
of Mg?* and of Mn?* are calculated as the difference between the
total cation concentration and the concentration of EDTA.

holds as long as the concentrations of the substrates of the
neglected reactions are low with respect to their dissociation
constants. In the present case, the following limits were
considered: [MgATP] < 0.1Kygatp; [Phe] < 0.1Kpp;
[MgPP]] < 0.01Kygpp™™~*MP. Another crucial point requires
that the values of k;and &y be of similar size. During synthesis
of up to 1 uM adenylate, the presence of 5-10 ug/mL in-
organic pyrophosphatase is sufficient to almost instantaneously
hydrolyze the released pyrophosphate.

Results

Enzyme-Mg?* Complexes. When a mixture of phenyl-
alanyl-tRNA synthetase and TNS was titrated with Mg?*,
an increase of the intensity of the fluorescent light emitted by
the dye is observed (Figure 1). This increase has been plotted
as a function of the Mg®* concentration by the method of
Eadie (1942). The experimental points do not follow a linear
relation as would have been expected for a single class of
binding sites but indicate a biphasic dependence (Figure 1B).
The simplest explanation was to assume two classes of binding
sites. The dissociation constants which pertain to each class
have been determined by the tangent method of Klotz &
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Table I: Phenylalanyl-tRNA Synthetase Complexes of Mg?*,
Mn?*, or Spermine Tetrahydrochloride as Detected by the
Fluorescence of Enzyme-Bound TNS¢

dissoc constants (mM)

cation AFm(‘)/FO AF, (2)/F0 1 2
Mg?* 0.5=0.1 0.95+0.20 0.17=20.03 39+0.5
(0.16) 4.1)
Mn?* 0.18 £ 0.05 0.64 +0.10 0.030 = 0.002 4.5:0.5
(0.030) (4.5)
spermine** 0.26 = 0.05 0.74 + 0.10 0.005 z 0.002 0.23 + 0.10
(0.005) 0.23)

@ The evaluation of the parameters for Mg?* is described in the
text and is carried out in the same way for the other cations. Dis-
sociation constants are microscopic or macroscopic (in parenthe-
ses). Average errors are given with respect to three or four deter-
minations. Conditions are 50 mM Tris-HCl buffer (pH 7.5 at 25
°C), 0.02 mM EDTA, 0.2 mM dithioerythritol, 2-13 uM enzyme,
0.02-28 mM MgCl,, 0.006-10 mM MnCl,, and 0.001-5 mM
spermine hydrochloride.

Hunston (1971). The method is based on the assumption of
independent binding sites. This model may not hold in the
face of the results obtained for the substrates (Bartmann et
al., 1975a), which suggest sequential binding and anticoop-
erativity. At the present, the exact mechanism is unknown,
and the true values of the individual dissociation constants
cannot be assigned.

A set of microscopic dissociation constants was calculated
according to Klotz & Hunston (1971) for each set of tangents
drawn in Figure 1B. By using the constants, a curve was
computed as shown in the figure. The best fit with the ex-
perimental points was obtained for the slopes 0.49 mM~ and
6.0 mM~!, The microscopic and macroscopic dissociation
constants are given in Table I. The computation was based
on the maximum degrees of the increase in fluorescence in-
tensity corresponding to the occupation of the two classes of
binding sites. AF.,/F, belongs to the high affinity sites and
is obtained as the intercept of the tangent on the low con-
centration side (Figure 1B). AF.(;/F, belongs to the low
affinity sites. It is obtained from the intercept(2) of the
tangent at the high concentration side according to AF. ;) =
intercept(2) — AF.(;)/Fy. The values are included in Table
1

Experiments with TNS concentrations varying between 2
uM and 13 uM gave very similar results. In another ex-
periment, it was shown that the observed increase in
fluorescence intensity cannot be attributed to an unspecific
effect of the increase in ionic strength during the titration. The
presence of NaCl from 0 to 125 mM in place of MgCl, re-
vealed only a marginal increase of the fluorescence intensity
following a linear concentration dependence (Figure 1).

tRNAP at 5 uM which almost saturates both binding sites
(Bartmann et al., 1975a) had no effect on the results observed
in its absence. Saturating concentrations of L-phenylalanine
(10 mM) completely abolished the fluorescence effects of
Mg?*, whereas MgATP at 5 mM did not suppress the increase
in fluorescence intensity completely.

Complexes of the Enzyme and Manganese(I) or Spermine.
Manganese(1l) and sperminium ions are generally known to
replace Mg?* in many biological reactions. Their ability to
bind to phenylalanyl-tRNA synthetase and to increase the
fluorescence intensity was found to be similar to that of Mg?*.
Again, biphasic concentration dependences were observed, the
thermodynamical and fluorescence properties being sum-
marized in Table I. For the three cations, the values of the
dissociation constants of the two classes of binding sites are
separated by factors between 25 for Mg?* and 150 for Mn?*
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and the ratios of AF .,/ Fo:AF ./ F) to be in the range of 1.9
to 3.5. Spermine binds strongest followed by manganese(II).
They probably occupy the same loci on the enzyme as may
be concluded from an experiment in which a titration was
performed with Mg?* after the first binding site(s) had been
(almost) saturated with spermine (15 uM). In this case, a
monophasic titration curve was obtained for Mg?* following
the dissociation constant of 4.9 £ 1.0 mM.

A Search for Spectrophotometric Effects of Mg**. Circular
dichroism of the enzyme was measured at zero, ] mM, and
10 mM concentrations of Mg?*, The synthetase was present
at 2 mg/mL in Tris-HCI buffer (pH 7.5, 25 °C). An average
of three runs was collected at each condition by using identical
solutions and adding minute volumes of a Mg?* stock solution
(less than 0.5% v/v) or water to the sample and reference,
respectively. The spectra (250~320 nm) were identical within
experimental error.

Fluorescence spectra were measured for solutions which
contained 0.15 uM phenylalanyl-tRNA synthetase and which
were otherwise identical with those of the circular dichroism
measurements. The emission spectra were recorded between
300 and 400 nm (with excitation at 290 nm) and the excitation
spectra between 240 and 320 nm (with emission at 333 nm
= maximum). Again, the spectra were found to be inde-
pendent of Mg?*.

Kinetics of Mg** Binding to the Enzyme-TNS Complex.
Enzyme (0.16 uM) in a solution containing 50 mM Tris-HCI
(pH 7.5), 0.4 mM dithioerythritol plus or minus 1 mM EDTA,
and 9 uM TNS was mixed at 25 °C with 20 mM MgCl, in
a solution containing the same ingredients except EDTA. A
stopped-flow apparatus was used. An increase in fluorescence
intensity was observed, 90% of which followed a single ex-
ponential decay with kpq = 206 = 11 s7! and 10% following
a slow time dependence with k.4 of approximately 0.7 s,
This slow dependence possibly reflects unspecific binding of
TNS (other than at the phenylalanine-specific site) and was
not further investigated. In an experiment using the same
ingredients except that the enzyme solution contained 10 mM
MgCl, instead of EDTA and the other solution 20 mM EDTA
instead of MgCl,, a decrease in intensity was observed con-
sisting again of 90% which followed a kg = 250 = 30 57! and
10% a kyq Of approximately 0.7 s™'. In another experiment,
the fluorescence was observed upon mixing the enzyme and
varying amounts of L-phenylalanine. The decrease in
fluorescence intensity was single exponential (kgpsq = 220 &
20 s7!) and the kinetics independent of the concentration of
the amino acid. Similar results were obtained for the satu-
ration of the enzyme with MgATP in solutions that contained
2-10 mM MgCl,. Also, neither MgPP; (0.05-10 mM) nor
tRNAPP (0.01-20 uM) had an effect on the kinetics seen for
the mixing of MgCl, and enzyme-TNS.

Enzyme:MgATP Complexes. The enzyme-TNS complex
was titrated with MgATP in the presence of 2 mM and 10
mM MgCl,, respectively. The essential conditions are given
in Figure 2. The fluorescence intensity was observed to
decrease in a monophasic (2 mM MgCl,) and biphasic (10
mM MgCl,) manner, respectively. The monophasic depen-
dence covers the concentration range 0.1-10 mM MgATP.
The values of the dissociation constants and of the maximum
decrease for the MgATP-binding sites were calculated from
the biphasic titration curve as described under Figure 1. As
is seen in Figure 2, the calculated curve gives a rather poor
fit to the experimental points for reasons that are not un-
derstood at the moment. In the case of the monophasic ti-
tration curve, the dissociation constant was calculated from
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FIGURE 2: Linearized plot of the decrease in fluorescence intensity
following the association of MgATP to enzyme.TNS in the presence
of 10 mM Mg?*. The biphasic binding of MgATP is evaluated
according to the method described in Figure 1. The tangents and
the drawn curve give the best fit to the experimental points. The
equation used for the computation is AF/F, = 0.15[MgATP]/(0.26
X 1073 + [MgATP]) + 0.449[MgATP]/(8.8 X 1073 + [MgATP]).
AF refers to the decrease in fluorescence intensity at the concentration
of MgATP added and Fy the fluorescence intensity in the absence
of MgATP. Conditions are 50 mM Tris-HCI buffer (pH 7.5 at 25
°C), 0.8 uM enzyme, 8 uM TNS, 0.02 mM EDTA, and 0.4 mM
dithjoerythritol. MgATP consists of equimolar solutions of MgCl,
and ATP at pH 7.5.

Table II: Titration of Enzyme-TNS with MgATP¢

dissoc constant

Mg microscopic macroscopic
(mM) AF,/F, slope (mM) (mM) (mM)
2 030+0.04 50=z0.5 5.0:0.5

10 0.15+0.02 0.26+0.03 0.26+0.03 0.25:0.03
045+0.05 4507 8.8+1.5 9.1+1.7

@ 1-Phenylalanyl-tRNA synthetase was titrated as described for
10 mM Mg?* under Figure 2. Plots of AF/F, vs. (AF/F,)[Mg-
ATP] ™! are monophasic at 2 mM and biphasic at 10 mM MgCl,.
For conditions other than [Mg?®*], see Figure 2.

the slope of a AF/F,vs. AF/F,[MgATP]™! plot (Holler et al.,
1971). The results are listed in Table II.

Synergistic Enzyme Complexes of MgATP and 1-
Phenylalaninol. The formation of an enzyme-L-phenylalaninol
complex is followed in the presence of TNS by measurement
of the decrease in fluorescence intensity (Kosakowski & Holler,
1973). The amino alcohol binds to the site of L-phenylalanine,
and the mechanism that leads to the observed decrease in
intensity is probably the same as for the amino acid (Kosa-
kowski & Holler, 1973). Enzyme-TNS was titrated with the
amino alcohol at various constant concentrations of Mg?*. The
degree of the intensity decrease was plotted as a function of
AF/{phenylalaninol] according to the method applied in Figure
1. The dependence was linear in all cases. The dissociation
constants were calculated from the slopes of the lines with the
best fit to the experimental points. The competition between
TNS and L-phenylalaninol leads to somewhat higher values
for the apparent dissociation constants in comparison with the
true values in the absence of the dye. The concentration of
TNS was 4 uM; the dissociation constant of the enzyme-TNS
complex is 0.069 mM at zero Mg?* and 0.02 mM at 10 mM
Mg** (Holler & Kosakowski, 1973). Since Ky (app)/

Table III: Enzyme-L-Phenylalaninol Complexes at Various
Concentrations of Mg?* @

Mg* (mM) 0 12 3 5 7 125
Kppeol (MM) 0.23% 0.22 0.22 031 0.53 0.86 1.2

@ Experimental conditions are 50 mM Tris-HCl buffer (pH 7.5 at
25°C), 0.02 mM EDTA, 4 mM dithioerythritol, 4 uM TNS, 0.4-
0.8 uM phenylalanyl-tRNA synthetase, and 0.02-5 mM L-phenyl-
alaninol. The fluorescence of TNS was measured in a Hitachi
Perkin-Elmer MPF-2A fluorometer. 2 Holler et al., 1975.

Kg(true) = 1 + [TNS]/K 4 ™S, the values calculated from
the slopes are off by 6-20%. This deviation falls within the
experimental error, and the values of the dissociation constants
are given in Table III without correction.

The synergistic coupling is expressed as an enhancement
of the affinity of either MgATP or L-phenylalaninol to form
an enzyme complex when the other ligand is bound prior to
this association (Kosakowski & Holler, 1973; Blanquet et al.,
1975). Titrations were performed with L-phenylalaninol at
various concentrations of MgATP and Mg?*. Each binding
curve, obtained as a decrease in fluorescence intensity of TNS
at progressive concentrations of L-phenylalaninol, was eval-
uated by the method mentioned under Figure 1 to obtain the
apparent dissociation constant of the enzyme-phenylalaninol
complex, KppM8*TF(app). Since all plots of AF vs. AF/
[phenylalaninol] were linear with respect to the best fit of the
experimental points, this constant was calculated directly from
the various slopes.

The dissociation constant has been derived by Kosakowski
& Holler (1973) to be related to the concentration of MgATP
and the four dissociation constants defined in the reaction
scheme (eq 3) by eq 4. The symbol [MgATP], refers to the

MgATP-E
Pheol

MgATP

% KPheol"N
E
Nﬂ KMqATF%

MgATP-E-Pheol  (3)

Pheol MgATP
E - Pheol
KPheolMgATP(app) =
Kmgatp' ™! Kmeate + [MgATP],
Kpneal (4)

KMgATPPheol + [MgATP], Kumgate

initial concentration of MgATP. In case the nucleotide
concentration is high so that (MgATP], > Kygarp ™, €q 4
is approximated by eq 5. The effect of one ligand on the

Pheol Pheol
Knmgate " Kppeol o

[MgATP],

KPheolKMgATP

KPheolMgATP(app) = K -
MgA'

(5)

dissociation constant of the other is defined as the coupling
constant s (eq 6). The coupling constant was determined as

KMsATP Kpheo

s =
K MgATP

Pheol KppeoMEATP (6)
follows. The measured Kpy.,M8ATP(app) was plotted as a
function of [MgATP],™! at conditions that led to the ap-
proximation eq 5 ((MgATP)], = 0.2 mM). The experimental
points could be fit in all cases by linear approximations (not
shown). With the known values for Kpy.,, the coupling
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FIGURE 3: Effect of magnesium on the synergistic coupling constant.
The coupling constant is computed as § = Kygatp/ Kmgate’ ™ from
secondary plots as is described in the text. Experimental conditions
are 50 mM Tris-HCI (pH 7.5 at 25 °C), 0.02 mM EDTA, 0.4 mM
dithioerythritol, 0.4-0.8 uM phenylalanyl-tRNA synthetase, 4 uM
TNS, 0.002-3 mM L-phenylalaninol, and 0.1-2 mM MgATP, The
Hill plot in the figure inset is based on the equation (s = Smin) / (Smax
~ Smin) = [magnesium]”/(K, , + [magnesium]”), where n denotes the
Hill constant (Hill, 1910) and X, the concentration of Mg at §,,,/2.

constant was calculated from the intercept of the line which
gave the best fit to the points. Equation 5 is also suitable to
determine indirectly the dissociation constant of the binary
enzyme-MgATP complex that functions in the synergistic
coupling. For this purpose, the value of the slope was divided
by the value of the intercept.

In Figure 3, the coupling constant, s, is plotted as a function
of the magnesium concentration. The dependence is sigmoidal.
At 1 mM Mg?* the coupling constant is s = 15 and, at 28
mM, s = 290. The concentration of Mg?* at (Smay — Smin)/2
is 5 mM. The Hill constant from the double-logarithmic plot
(Hill, 1910) in the figure inset is 3.7.

The dissociation constant of the enzyme-MgATP complex
which participates in the synergistic coupling was determined
on the basis of eq 5. The Mg?* dependence is sigmoidal
(Figure 4). The limits are Kyarp(max) = 1.4 mM and
Kygarp(min) = 0.2 mM. The Mg?* concentration at
(KyvgaTp(max) — Kygarp(min))/2 is 4 mM. The value of the
Hill constant is determined to be 3.6 (Figure 4, inset).

Effect of Mg* on the Dissociation Constants of the En-
zyme-L-Phenylalanine-MgATP Complex and on the Rate of
Synthesis of the Enzyme-Phenylalanyladenylate. In a first
approach, the enzyme-L-phenylalanineeMgATP complex was
studied by the replacement of MgATP by MgAPCPP, which
cannot react with L-phenylalanine because of the substitution
of oxygen by a methylene group. It was found that the
dissociation constant for L-phenylalanine was not affected in
the presence of 1-10 mM of the analoque at different (1-10
mM) concentrations of MgCl,. However, the analogue ap-
pears to be a fairly poor substitute since the coupling between
the binding of MgAPCPP and of L-phenylalaninol to the
enzyme is weak (s = 5~10 compared with s = 390 in the case
of MgATP).

The dissociation constants for L-phenylalanine and MgATP
in the enzyme-L-phenylalaninesMgATP complex were de-
termined in the form of the Michaelis—Menten constants of
the synthesis of the enzyme-phenylalanyladenylate complex.
Measurements were conducted at various concentrations of
MgCl,. The technique was to follow the time dependence of
the decrease in fluorescence intensity in the presence of TNS
(see Materials and Methods).

In the absence of tRNAP", phenylalanyl-tRNA synthetase
and one of the substrates were mixed with the other substrate
in a stopped-flow apparatus. The results were the same
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FIGURE 4: Effect of magnesium on the dissociation of the en-
zyme-MgATP complex as measured by the synergistic coupling
phenomenon. The dissociation constant Ky,atp Which functions in
the synergistic coupling is computed from the slopes and intercepts
of secondary plots according to eq 3 as described in the text. The
synergistic partner is L-phenylalaninol {0.002-3 mM). The limiting
values Kygatp(max) and Kyarp(min) were used to derive the Hill
plot in the inset. As in Figure 5, the bars refer to the average scattering
from three to five determinations. The experimental conditions are
the same as in Figure 3.

whether MgATP or phenylalanine was incubated with the
enzyme. The reaction mixture contained TNS, and a first-
order reaction (up to 90% completion of the reaction) was
observed as a decrease of the fluorescence intensity of the dye.
As argued in the Discussion, the reaction is attributed to the
formation of the enzyme-phenylalanyladenylate complex. The
rate constant of the reaction was found to depend on the
concentration of MgATP, L-phenylalanine, and Mg?* as will
be described.

In the first experiments, the concentration of MgATP was
varied at either | mM or 10 mM MgCl, (Figure 5). It is seen
that the Michaelis—-Menten constant, K, wmga1p), is the source
of the Mg?* dependence. An interference by pyrophospho-
rolysis is ruled out by the presence of inorganic pyro-
phosphatase. The measurements were performed at 2.3 uM
L-phenylalanine, at which only 5-10% of the enzyme was
bound to the amino acid (assuming a dissociation constant of
20-35 uM; Bartmann et al., 1975a). Measurements were
repeated at 46 uM L-phenylalanine, where 60-70% of the
enzyme should be bound to L-phenylalanine. In response, the
values of kg increased as is expected on the basis of eq 1.
The rate constants kgpe(max) at saturating [MgATP] were used
to estimate Kppre) = 52 & 20 uM at 1 mM Mg?* and 94 £
40 uM at 10 mM Mg?*. The values are not definitely higher
than the value 20-35 uM for the dissociation constant of the
binary complex. However, together with the values of
Knmgap) that are shifted from 2.9 to 5 mM (1 mM Mg*")
and from 0.6 to 1.1 mM (10 mM Mg**) when [Phe] increases
from 2.3 to 46 uM, they might indicate antagonistic binding
of L-phenylalanine and MgATP.

The experiment in Figure 5 indicates that the Mg?* de-
pendence is expressed by the values of Kymgate)- The study
was completed by measuring kg at conditions of 0.1 mM
MgATP and varying concentrations of MgCl,, where the
system was sensitive because of Kopg ~ [MEATP]/KpyMgatr)
at [MgATP] < Kpymeatp) (€9 1). The values of kg are given
with reference 10 kqpeq (10 mM MgCl,) for practical reasons
and are plotted in Figure 6A. In the kgpeq VS. Kopsa/ [M2**]
version (Eadie, 1942), the points were fitted by a linear relation
with Kpmg) = 4 £ 1 mM.

In the presence of tRNAP™, one of the syringes contained
MgATP and phenylalanyl-tRNA synthetase and the other
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FIGURE 5: Synthesis of phenylalanyladenylate in the absence of tRNA.
The time-dependent synthesis of the enzyme-phenylalanyladenylate
complex is followed by the decrease in fluorescence intensity in the
presence of TNS. Values of k.4 are determined from first-order plots
at varying concentrations of MgATP. They are plotted according
to Eadie (1942) in the figure inset. Error bars refer to averaged
deviations. Conditions are 50 mM Tris-HCI (pH 7.5 and 25 °C),
0.1 mM EDTA, 0.2 mM dithioerythritol, 2 uM TNS, 2.3 uM L-
phenylalanine, 150 nM synthetase, and 10 ug/mL inorganic pyro-
phosphatase. Concentrations of Mg?* are 1 mM (@) and 10 mM
(0).

L-phenylalanine. Concentrations of TNS and MgCl, were
identical in both syringes. MgATP and L-phenylalanine could
be interchanged without affecting the kinetics. Furthermore,
identical results were obtained when MgATP, L-phenylalanine
plus tRNAP* were mixed with the solution of the synthetase.
The kinetics were very similar at 1| mM MgCl, with those
where tRNAP* was absent. But they consisted of two,
well-separated phases, one in the 50-500-ms and one in the
2 10-s range, where [Mg?*] was 10 mM. The rapid decrease
constituted 50-60% of the overall decrease observed at
equilibrium. It was assigned to the formation of the
synthetase-phenylalanyladenylate because of the following
reasons. (1) The reaction was not seen when preformed
enzyme-adenylate complex was mixed with the tRNAPR, (2)
The amplitude of the second reaction became less than 8%
when the Mg?* concentration was lowered from 10 mM to 1
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mM MgCl,. At this concentration, phenylalanyladenylate has
been shown to be the only species contributing to the
fluorescence decrease (Bartmann et al., 1975a). (3) The time
scale was that of the reaction seen in the absence of tRNAPhe,

The slow decrease in fluorescence intensity during the second
phase is attributed to the aminoacylation of tRNAP", The
reasons are as follows. (1) The kinetics are consistent with
steady-state aminoacylation, where the synthesis of Phe-
tRNAP" js followed radioactively. The steady-state rate
constant has been determined to be 3 5! (Holler, 1976). At
0.094 uM synthetase and 0.054 uM tRNAP*, the fluorescence
decreases with a first-order rate constant of 1.8 £ 0.2 s7!, at
0.58 uM synthetase and 0.54 uM tRNAP with a rate constant
of 2.0 £ 0.2 57!, (2) The kinetics are found to be sensitive to
a variation of the concentration of MgATP. The dependence
is hyperbolical and follows a K, value of 0.25 £ 0.05 mM.
The value is compatible with the K, of 0.17 mM reported for
the steady-state kinetics of the aminoacylation (Holler &
Kosakowski, 1973). (3) The overall change in fluorescence
intensity of the slow reaction follows a saturation dependence
when [tRNAP] is varied between 0.01 and 1.4 uM (not
shown). The tangents to the titration curve at low and high
[tRNAP*] (for details, see Bartmann et al., 1975b) intersect
at 0.1 uM. This value compares with the concentration of 0.1
uM enzyme held constant. The 1:1 stoichiometry is attributed
to the formation of an enzyme-Phe-tRNAF™ complex as has
been described for mixtures of enzyme and Phe-tRNAF™ alone
(Holler, 1976).

The rate constant of the synthesis of the enzyme-adenylate
complex (Table I'V) was measured as a function of [MgATP]
in the presence of either I mM or 10 mM MgCl, (Figure 7).
Contrary to the experiments in the absence of tRNA* (Figure
5), both the parameters K ygatp) a0d Agpeamax) are affected
here. The dual dependence expresses itself as a sigmoidal
function when k.4 is measured as a function of [Mg?*] at
fixed amounts of substrates (Figure 6B). The Hill constant
is 3.5, and [Mg?*] at half-maximum rate is 3.6 mM.

In another set of experiments, [Phe] was varied between 2.3
and 100 uM. The dependence of k.pq as a function of [L-
phenylalanine] gave rise to K pyey = 40 £ 7 uM as computed
from an Eadie (1942) plot (not shown). The value is consistent
with the value of the dissociation constant of the binary en-
zyme-L-phenylalanine complex (20-35 uM; Bartmann et al.,
1975a) and at variance with the higher K, values in the
absence of tRNAPP  Because of eq 1, kopsqman) = ki
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FIGURE 6: Rate of synthesis of phenylalanyladenylate as a function of Mg?*. Conditions are 50 mM Tris-HCI buffer, pH 7.5 (@), or 10 mM
potassium phosphate buffer, pH 7.5 (O), 2.3 uM L-phenylalanine, 0.1 mM MgATP, 2 uM TNS, 0.15 uM synthetase, 0.1 mM EDTA, and
0.2 mM dithioerythritol. Temperature was 24 + 0.1 °C. (A) tRNAP" is absent. Results are plotted according to Eadie (1942) in the inset.

The drawn curve is obtained for Kpymg+) = 4 mM. (B) [tRNAPhe

can be fitted by the Hill equation kqa(rel) = [Mg?*t]*°/([Mg?*]*

is 0.54 uM and [L-phenylalanine] = 90 uM. The experimental points
+ 3.6 X 107%).
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Table IV: Kinetic Parameters of the Synthesis and the Pyrophosphorolysis of the Enzyme-Phenylalanyladenylate Complex?

Mg2* tRNAPhe MgATP
(mM) (uM) Phe (uM) (mM) Kmphe) WM) KmegaTp) (MM)  Kmmegppy) (MM)  kopsa(max) (57')
1 2.3 var 2.9+0.3 3.6+0.5
1 46 var 5220 S=1 40+ 5
10 2.3 var 0.6 + 0.07 3.2+0.3
10 46 var 94 240 1.1:0.1 44 =5
1 0.54 19 var 1.5+0.2 7.0:04
10 0.54 19 var 0.54 + 0.09 27 £2
10 0.54 var 0.5 40+ 7 40=5
1 2.3 0.2 0.3 £ 0.005 605
10 2.3 0.2 0.060 + 0.005 6035
1 0.63 11.5 0.5 0.57 £ 0.07 10515
10 0.54 2.3 0.2 0.14 = 0.02 90 =+ 10
¢ The parameters have been obtained from experiments in Figures 5~8 and those described in the text. In all experiments, except where
[MgPP;] is varied, the concentration of pyrophosphate is negligible because of its hydrolysis by inorganic pyrophosphatase. The values

Km(mgpp;) have been corrected for the formation of Mg,PP; as is described in the text.

The values K (phe) in the absence of tRNA have

been calculated on the basis of eq 1 and the values of kypgq(max) for 2.3 uM and 46 uM, respectively.

Table V: Kinetic and Equilibrium Constants of the Synthesis of Enzyme-Phenylalanyladenylate?

Mg?* (mM) Phe (uM) tRNAFRE (UM) ke (s°1) ky (s7) kefky, Keq (uM)
1 2.3 420 = 220
46 86 = 30 72 +8 1.2:z04 720 4 400
10 2.3 430 = 260
46 134 + 50 605 22:09 780 = 470
1 19 0.54 22:4 105 = 15 0.21 = 0.05 500 = 170
10 19 0.54 84 + 14 90 10 0.93 + 0.19 170 + 50
- 0.54 83+ 18 : 0.92£0.22 170 = 60

¢ Rate constants k¢ and ky, of the amino acid activation reaction, eq 2, are computed on the basis of eq 1.

The values of the Michaelis-

Menten constants, of Kgpsq(max) and of the substrate concentrations in Table I'V are used. The equlllbnum constant Kq is calculated on the
basis of eq 8. Conditions are 50 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, 0.2 mM dithioerythritol, and 25 °C.
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FIGURE 7: Synthesis of phenylalanyladenylate in the presence of
tRNAPR Experiments are the same as under Figure 5 except that
the reaction mixture contained 19 uM L-phenylalanine, 0.54 uM
tRNAPP 0.083 uM enzyme, 4.5 uM TNS, and either | mM MgCl,
(®) or 10 mM (O) and the other components under Figure 5.

[MgATP]/(Kugate + [MgATP]) when [Phe] is varied and
[MgATP] = 0.5 mM is held constant. By substituting the
values of MgATP and K mgatp) = 0.54 mM (at 10 mM
MzgCl,, 0.54 uM tRNAFP), a value of k; = 83 s7! was ob-
tained. This value is the same as that obtained from the data
of Figure 7 when [MgATP] was varied and [Phe] held
constant (see Table V).

Effect of Mg®* on the Kinetics of Pyrophosphorolysis of
the Enzyme-Phenylalanyladenylate Complex. Pyrophos-
phorolysis was initiated by a rapid mixing of a 5 min (25 °C)
preincubated mixture of phenylalanyl-tRNA synthetase,
L-phenylalanine, MgATP and inorganic pyrophosphatase with
a solution containing MgPP;. The concentration of the py-
rophosphatase (0.2-1 ug/mL) is sufficient to hydrolyze PP;
during incubation with the synthetase but not to appreciably
affect the concentration of MgPP; during the short time of the
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FIGURE 8: Pyrophosphorolysis of phenylalanyladenylate in the absence
of tRNAP The reaction is initiated in a stopped-flow apparatus
by mixing a solution containing the enzyme-phenylalanyladenylate
complex with a solution of magnesium pyrophosphate. The adenylate
complex is prepared by preincubating 0.05-0.17 uM phenylalanyl-
tRNA synthetase, 0.2-0.4 mM MgATP, 2.3-4.6 uM L-phenylalanine,
and (0.2-1 pg/mL) inorganic pyrophosphatase for 5 min at 25 °C
in one of the syringes. The substrates are supplied in the same
concentrations to the other syringe together with MgPP,. Other
conditions were 50 mM Tris-HCl buffer (pH 7.5 at 25 °C), 10 mM
MgCl,, 4 uM TNS, 0.1 mM EDTA, and 0.2 mM dithioerythritol.
The values of kq have been corrected with 0.5 5”1 for the resynthesis
of the adenylate on the basis of eq 1.

kinetic measurement. Pyrophosphorolysis was followed by an
increase in the fluorescence intensity of TNS. The reactions
were first order in both the presence and the absence of
tRNAP", Controls with L-phenylalanine or MgATP alone or
in the presence of tRN AP did not exhibit the time-dependent
fluorescence change. Simple dilution of the incubation mixture
with buffer instead of the MgPP, solution also did not give rise
to the observed reactions. The sign and, in the absence of the
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tRNA, the magnitude of the reaction amplitude are in accord
with the reaction of the adenylate and MgPP; to give L-
phenylalanine and MgATP. At low concentrations, these
products dissociate from the enzyme, allowing the reassociation
of TNS and the reappearance of the fluorescence.

When plotted as a function of [MgPP;] (tRNAF" absent),
the observed rate constants followed a simple hyperbolic curve
(Figure 8). In this plot, the tendency of pyrophosphate to
form a dimagnesium salt has been taken into account by
multiplying the observed Michaelis-Menten constant,
Kougppy» With the factor 0.3 at 10 mM MgCl, (and 0.9 at
1 mM MgCl,). The factors were calculated from the dis-
sociation constant of 4.5 mM which pertains to Mg,PP; =
MgPP; + Mg?t (Lambert & Watters, 1957) and with the
assumption that Mg,PP; cannot associate with the synthetase
(as shown for isoleucyl-tRNA synthetase by Cole & Schimmel
(1970)). The values of Kimgpp, are found to decrease as the
concentration of Mg?* increases (Table IV). The value of
Kopsd(max) is the same for 1 mM and 10 mM Mg**. The effect
of tRNAP™ is to increase the values of both K grp, and
kobsd max)*

T}(1e o)verall increase in fluorescence intensity varied as a
function of [Mg?*] when tRNAP" was present. It was the
same for the presence and absence of tRNAP* at | mM Mg?*
but up to 40% smaller at 10 mM Mg?*. This difference could
be overcome at high [TNS] (>40 uM). It is attributed to the
interaction of Phe-tRNAP with enzyme-TNS (Holler, 1976).
Since the effect of increasing concentrations of MgCl, from
1 to 10 mM invariably causes an increase of the ionic strength,
controls were added to recognize unspecific effects. Of the
salts NaCl (0.5 M), (NH,),SO, (0.032 M), KF (0.025 M),
and KCl (0.4 M) all were moderately inhibitory for the rate
of synthesis of the adenylate and. of the pyrophosphorolysis
(conditions of Figure 5 at 0.1 mM MgATP for the synthesis
and of Figure 8 at 0.03 mM MgPP, for the pyrophosphoro-
lysis). Rate constants decreased two- to threefold. Since this
effect has the opposite sign, it cannot contribute to the observed
rate acceleration by Mg?*. Furthermore, a specific effect by
the Tris-HCI buffer can be ruled out in the case of the
adenylate synthesis since the results for phosphate buffer are
comparable (Figure 6A).

Discussion

Phenylalanyl-tRNA synthetase of E. coli consists of subunits
with molecular weights 39000 (a) and 94000 (3). The
quaternary structure is of the (a8),-type “pseudo-dimeric”
structure (Hanke et al., 1974; Fayat et al., 1974). The enzyme
has two active sites, which are occupied in an anticooperative
fashion by each, L-phenylalanine and tRNAP" (Bartmann et
al.,, 1975a). Anticooperative binding between unlike substrate
molecules has been reported for L-phenylalanine and tRNAPhe
(Bartmann et al., 1975a) and between tRNAP' and Phe-
tRNAPh (Giintner & Holler, 1979). Mg?* has been shown
to bind directly to the enzyme affecting reactivation kinetics
after pH 2 dissociation into subunits (Hanke et al., 1975) and
to be an activator of the catalytic aminoacylation of tRNAFhe
(Bartmann et al., 1975a; Holler, 1976). The other details of
the effects of Mg?* are summarized here.

Binding of Mg** to Phenylalanyl-tRNA Synthetase.
Neither the intrinsic protein fluorescence nor the circular
dichroism reveals whether Mg?* interacts with the enzyme.
Gross conformational changes of the protein backbone would
be excluded for this reason. Binding is visible in the presence
of TNS. The observed change in fluorescence intensity is
caused by an increase of the affinity to form the fluorescent
enzyme-TNS complex as the value of the dissociation constant
varies from 0.069 t0 0.02 mM in the presence of 0-12.6 mM
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Mg?* (Holler & Kosakowski, 1973). Rapid mixing experi-
ments show that this effect occurs faster than does the as-
sociation of TNS to form more complex. The increase in
fluorescence intensity follows a biphasic concentration de-
pendence (Figure 1 and Table I), indicating two classes of
Mg?* binding sites. Whether the sites are nonequivalent in
the free enzyme or whether their occupancy follows negative
cooperativity remains to be investigated. The binding at the
low affinity sites causes a larger effect than that at the high
affinity sites. The larger effect is paralleled by the activation
of both the adenylate synthesis (Figures 5-7, Table IV) and
the tRNA-aminoacylation (Bartmann et al., 1975a; Holler,
1976) and also by a strengthening of the synergistic coupling
(Figure 3). Biphasic concentration dependencies have been
measured for the binding of Mn?** and spermine-4HCl. These
cations inhibit catalysis at concentrations at which they occupy
the low affinity sites (Holler et al., 1975a; E. Holler, to be
published).

How Many Mg** Ions Interact with the Enzyme? The
strengthening of the synergistic coupling and the activation
of the catalytic reactions follow, in all but one case (Figure
6A), a sigmoidal Mg?* concentration dependence (Figure 3-5
and 7; Bartmann et al., 1975a). Hill constants are of the order
3.5-3.7 and could be related to the cooperative association of
the enzyme and at least four Mg?* ions. Another explanation,
which takes into account the hyperbolic concentration de-
pendencies in Figures 1 and 6A, is that the observed Hill
constants are the products of an interplay of more than one
Mg?*-dependent elementary reaction. An example is the Mg?*
dependence of kg, of the adenylate synthesis in the presence
of tRNAP* (Figure 6B). Here, both the parameters Knamgate)
and Kgpea(max) are Mg?* dependent (Figure 7 and Table IV).
The dependence of kg, can be formulated by eq 7 where the

kobsd =
[Mg2+]x
Ky, + [Mg*]*

[MgATP]
(Mg
K + [Mg*)”

kmaxw

+ [MgATP)

)

corresponding new Hill constants x and y could be less than
3.5, indicating cooperativity for less than four Mg?* ions. The
equation is obtained from eq 1, including the abbreviation of
Kmaxe for ki[Phe]/(Knmgate) + [Phe]) when Mg?* is satu-
rating and K va1p) for the Michaelis-Menten constant under
the same condition. It is also possible that, in those non-
sigmoidal cases, the cooperativity is lost because, for some
unknown reason, the association of the Mg?* ions is uncoupled.
Work is underway to clarify that point.

Anticooperative Binding. We have previously determined
the dissociation constant of the enzyme-MgATP complex to
be 0.6 mM at 15 mM Mg?* by the same technique as is used
here (Kosakowski & Holler, 1973). This, and the observation
of only a monophasic titration curve, is at variance with the
results in Figure 2 and Table II. The reason for the previous
value is the comparably narrow range of 0.3-2 mM MgATP,
over which the fluorescence change was fitted by a hyperbolic
saturation curve. The results of a titration with 0.1-10 mM
MgATP at 2 mM Mg?* (Table II) were again ascribed to a
monophasic concentration dependence. If, as is the case for
the titration at 10 mM Mg?* (Figure 2), the value AF.qy/F,
of the high affinity sites is only 25% of the total decrease of
the fluorescence intensity, then AF.(,/Fy at 2 mM Mg**
should be less than 0.1 and would be difficult to detect. To
summarize, the fluorometric method might not be adequate

m(MTP)
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to indicate biphasic binding under all conditions. A reliable
method would be equilibrium dialysis. However, the method
suffers from the requirement of millimolar concentrations of
the enzyme to form measurable amounts of E-(MgATP),
complexes.

Under the assumption of rapid preequilibrium, the values
of the Michaelis—-Menten constants for the adenylate synthesis
can be compared with the values of the dissociation constants
obtained under noncatalytical conditions. Inspection of Figures
5 and 7 reveals monophasic functions of k. as [MgATP]
is varied. If the affinity of the substrate to bind to the first
and second active site is not the same, one of these must display
a catalytic activity that is hardly detectable.

As in the case of Mg?* in Figure 1 and with MgATP in
Figure 2, biphasic binding curves have been obtained by
equilibrium dialysis for L-phenylalanine and by equilibrium
gel filtration for tRNAPh (Bartmann et al., 1975a). Two
molecules of the same substrate were bound to the enzyme
at saturating conditions. Because the enzyme has been found
by chemical (Hanke et al., 1974, 1975), by immunochemical
(Hennecke et al., 1977b), and by genetical analysis (Comer
& Bock, 1976; Hennecke et al., 1977a) to consist of only single
kinds of « and @ subunits, it is highly probable that the
properties of the active sites are identical in the unliganded
enzyme and that the binding of the substrates and of Mg?*
follows an anticooperative fashion.

Coupling Phenomena. Increasing [Mg’t] affects the
binding of TNS (Holler & Kosakowski, 1973), of L-
phenylalaninol (Table I11), of MgATP (Figures 4 and §5), and
of MgPP; (Table IV) but not of L-phenylalanine (Bartmann
et al., 1975a). The value of the dissociation constant of the
enzyme-L-phenylalaninol complex increases, while the values
of the Michaelis—Menten constants for MgATP and MgPP,
of the adenylate synthesis and the pyrophosphorolysis, re-
spectively, decrease. The source of the coupling appears to
be an increased positive charge at the active site(s) when Mg**
is bound. Such a change could generate a repulsion of the
positively charged L-phenylalaninol and an attraction of the
negatively charged MgATP and MgPP, but would have no
effect in the case of the zwitterionic L-phenylalanine. The
coupling does not occur with the unliganded enzyme-MgATP
complexes as is concluded from the similar values of the
dissociation constants 6 mM (Kosakowski & Holler, 1973),
5 mM, and 9.1 mM (Table II) at zero, 2 mM, and 10 mM
Mg?*, respectively. A prerequisite for the coupling seems to
be the additional binding of either L-phenylalaninol or -
phenylalanine.

A synergistic coupling has been reported for the binding of
L-phenylalaninol and MgATP (Kosakowski & Holler, 1973).
At zero [Mg?*], the coupling is not detected unless ATP is
substituted by adenosine (Kosakowski & Holler, 1973). At
1 mM Mg?*, the coupling constant for MgATP (s = 15) is
comparable with the coupling constant for adenosine (s = 19)
(Figure 3) and the binding of MgATP to the high affinity site
is indicated (Figure 4). As [Mg”*] becomes higher, the values
of the coupling constant and of the dissociation constant for
MgATP increase in a sigmoidal fashion (Figures 3 and 4). At
10 mM Mg?*, the coupling constant is s = 290 and the
dissociation constant 1.4 mM. Our speculation is that the
coupling observed at 1 mM Mg?* reflects the synergistic
reaction at a single active site, while the coupling at 10 mM
Mg?* involves a simultaneous synergistic reaction at both
active sites. For instance, binding of L-phenylalaninol to a
single site couples at 10 mM Mg?* with the complex formation
of MgATP at the two active sites simultaneously. This ex-
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plains why the dissociation constant for MgATP assumes
higher values at higher [Mg?*] (Figure 4). Moreover, the
synergistic coupling constant, §.,,, is expected on this basis
to be the product of the coupling constants at single active sites,
Smaxs = SminSmin = 15 X 15 = 225. The observed value is s,
= 290 (Figure 3). Such a coupling between active sites could
be interesting with respect to half-of-the-sites reactivity, which
has been discussed for phenylalanyl-tRNA synthetase of yeast
(Fasiolo et al., 1977).

Kinetics and Thermodynamics of the Adenylate Synthesis.
The interpretation that the observed decrease in fluorescence
intensity is related to the synthesis of enzyme-bound adenylate
is based on the following arguments. (1) Phenylalaninol
adenosine monophosphate, a structural analogue of phenyl-
alanyladenylate (Cassio et al., 1967), is a competitive inhibitor
with respect to L-phenylalanine (Santi et al., 1971), a fact
predicting the displacement of TNS by the adenylate. (2)
When PP; is removed by inorganic pyrophosphatase, the
decrease in fluorescence intensity is almost maximal at less
than 1 uM Phe and less than 0.1 mM MgATP, because the
adenylate is synthetized, but is almost zero under noncatalytic
conditions. (3) Previous kinetic results obtained by the
fluorescence technique are in agreement with results from
radioactive measurements (Bartmann et al., 1975a; Mulivor
& Rappaport, 1973).

Rate constants k; were computed from the results in Table
IV on the basis of eq 1, assuming saturation by both MgATP
and Phe. They are summarized in Table V. The rate constant
k, for the pyrophosphorolysis was taken to be equal to Kgpsdimar)-
The equilibrium constant k¢/ky is of the order of unity in
almost all cases. In the presence of tRNAP*® and 1 mM Mg?*,
the equilibrium constant is definitively smaller (Table V).
Previously determined values at | mM Mg?* in the absence
of tRNAPhe were 0.3~0.5 (Bartmann et al., 1975a). An
equilibrium constant K, has been defined (Holler & Calvin,
1972) as shown in eq 8. Values of K, have been computed

_ [E][MgATP][Phe]

_ kam(Phe)Km(MgATP)
“ " [E-Phe~AMP][MgPP] =~ &

(8)

Km(MgPP,)

by using the K, values and rate constants in Tables IV and
V. They are found to be independent of [Mg>*] except when
tRNAP" is present (Table V). In this case, the enzyme-
adenylate complex forms somewhat easier at 10 mM Mg>*
than at 1 mM. A comparison with previous work indicates
that the present values are higher by factors 3—13 (Bartmann
et al., 1975a; Mulivor & Rappaport, 1973). The disagreement
is not subject of an error fluctuation but presumably a con-
sequence of different experimental approaches. Conditions
of Bartmann et al. (1975a) were 2 uM Phe and 0.1 mM
MgATP. Their computations were based on the erroneous
value of 0.6 mM for the dissociation constant of the en-
zyme-MgATP complex and they were not aware of the an-
tagonistic binding of Phe and MgATP. One of their conditions
is the presence of MgPP; as is the case in the ATP-PP; ex-
change measurements of Mulivor & Rappaport (1973). If
MgPP; binds to the active sites in an anticooperative fashion
and if the binding affects the complex formation of the other
substrates, different results for K, are likely to be obtained.

It can be seen from Tables IV and V that tRNAPh
modulates the values of Kymgatp): Kmmgpry» k¢ (at 1 mM
Mg?*), and K. The modulation is at its maximum a factor
of 5. It expresses a coupling between the binding of tRNAFPh,
MgATP, or MgPP,. Santi et al. (1971) observed a decrease
of the ATP-PP; exchange rate in the presence of tRNAP* and
came to a similar conclusion. The difference between the K,
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values for Phe and MgATP of the adenylate synthesis and the
steady-state aminoacylation of tRNA (Santi et al., 1971;
Holler & Kosakowski, 1973) can probably be explained ki-
netically as has similarly been discussed in the case of chy-
motrypsin (Gutfreund & Sturtevant, 1956; Hess et al., 1970)
and of phenylalanyl-tRNA synthetase (Holler & Kosakowski,
1973).

Other Aminoacyl-tRNA Synthetases. 1t has been generally
accepted, and has been demonstrated for the L-isoleucine-
specific and the L-arginine-specific enzymes of E. coli, that
MgATP is the active form of ATP during catalysis by
aminoacyl-tRNA synthetases (Cole & Schimmel, 1970; Craine
& Peterkofsky, 1976). Loftfield & Eigner (1969) have
postulated that a second metal ion is required in the iso-
leucine-specific system of E. coli. The direct uptake of Mg?*
in the millimolar concentration range by the same enzyme has
been demonstrated by Holler (1973). A requirement for a
second Mg?* has been derived from catalytic steady-state
kinetics in the case of arginyl-tRNA synthetase by Craine &
Peterkofsky (1976). The action of magnesium during the
transfer of L-phenylalanine from AMP to tRNAP by phe-
nylalanyl-tRNA synthetase of yeast has been attributed to the
stabilization of a native conformation of tRNAP (Robinson
& Zimmerman, 1971). Von der Haar (1976) has related
biphasic steady-state kinetics of aminoacylation by the same
enzyme to the existence of two forms of the synthetase that
are interconvertable in the presence of magnesium. Hyafil
& Blanquet (1977) observe competition between Mg?* and
L-methioninol for methionyl-tRNA synthetase of E. coli in
the millimolar concentration range of the metal ion. It is
suggested that the cation could be involved in the opening of
a preexisting ion pair. Such a pair has been postulated to
interact with the amino acid and ATP (Holler et al., 1975).

Conclusion

The catalytically significant dissociation constants of
MgATP and MgPP; and their Michaelis~Menten constants
vary considerably as a function of the reaction condition and
of the concentration of Mg?*. The effects of Mg?* seem to
arise from an interaction between 2 or more Mg?* and the
enzyme by a modulation of the coupling between the active
sites.
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