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Manganese(I1) and Substrate Interaction with
Unadenylylated Glutamine Synthetase ( Escherichia coli W).
[. Temperature and Frequency Dependent Nuclear

Magnetic Resonance Studies’

Joseph J. Villafranca,* David E. Ash,* and Frederick C. Wedier

ABSTRACT: A comprehensive study of solvent interaction
with unadenylylated glutamine synthetase (E, ) has been
conducted using the enzyme isolated from Escherichia coli
W. The longitudinal, (1/7,)s, and transverse, (1/72p)p.
proton relaxation rates were measured with various enzyme
samples as a function of frequency (6-48 MHz) and tem-
perature (1-40 °C). With Mn(lIl) bound at the “tight”
metal ion site approximately two water molecules are rapid-
ly exchanging with bulk solvent. This number is reduced to
approximately one in the presence of glutamine. All data
were successfully analyzed according to the Solomon-
Bloembergen-Morgan (SBM) scheme for dipolar relaxa-
tion of water protons interacting with enzyme-bound
Mn(I1). The correlation time for this process varies from 1
to 3 X 10~ for the complexes described above. Significant
contributions to the correlation time arise from both 1/7,
the exchange rate for water molecules bound at the metal
site, and from 1/7,, the electron spin relaxation rate for
Mn(1]1) with the latter rate showing a frequency depen-
dence at the magnetic field strengths used in this study. A
study of Mn(ll) binding to E;; at 25 °C revealed two
classes of metal ion sites, a “tight” set of one per subunit
with Kp = 5.0 X 1077 M and a “weak” set of one per sub-
unit with Kp = 4.5 X 1073 M. In the presence of glutamine
the affinity of the first site for Mn(1I) was unchanged but
the Kp value for the weak site changed to 3 X 107° M. In

The interaction of metal ions with glutamine synthetase
purified from Escherichia coli has been reviewed by
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E;; samples with Mn(1I1) bound at both the tight and weak
metal ion sites the data are interpretable with two rapidly
exchanging water molecules interacting with each bound
Mn(I1) ion. With saturating amounts of glutamine or of
ADP or of glutamine plus ADP plus arsenate, the proton
relaxation rates progressively decreased suggesting that the
substrates or inhibitors used were interacting with the
bound Mn(II) ions resulting in diminished solvent accessi-
bility to these bound ions. These results are interpretable in
terms of ligand substitution into the coordination sphere of
the bound Mn(II) ions. Indeed this is probably the case for
Mn(Il) at the weak metal ion site since Hunt et al. ((1975),
Arch. Biochem. Biophys. 166, 102) showed that Mn{II)
can bind as the Mn(II)-ADP complex to the second metal
ion site. Results of proton relaxation rate data on E; ;7 with
Mn(I1) bound at both.the tight and weak metal ion sites led
to the conclusion that these metal ion sites are >6 A apart.
In comparison with proton relaxation rate data on fully ad-
enylylated glutamine synthetase (E;i5) as studied by Vil-
lafranca and Wedler ((1974), Biochemistry 13, 3286), the
first “tight” metal ion site in E,; 3 has three rapidly ex-
changing water molecules. Mn(Il) has a weaker binding
constant to Ejj s (Kp ~ 5 X 1076 M) at the pH value used
in both studies and a suggestion is made that an additional
protein ligand is binding to Mn(I1) in glutamine synthetase
when the subunits are not adenylylated.

Ginsburg (1972). Two sets of Mn(II) binding sites are ob-
served that have important effects on the protein. Metal ion
binding to 12 high affinity binding sites (one per monomer
of the dodecamer) produces an ultraviolet spectral change
at 290 nm in the protein (Shapiro and Ginsburg, 1968) and
the release of two protons (Hunt and Ginsburg, 1972).
Binding of a second set of 12 metal ions with weaker affini-
ty than the first set releases one proton (Hunt and
Ginsburg, 1972) with no accompanying ultraviolet spectral
change. Full catalytic activity is seen when the second set of
metal ion sites are saturated. A third much weaker set of
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metal ion sites exist which are apparently not needed for
catalytic activity.

Recently Hunt et al. (1975) have shown that Mn(II)
binds randomly to the two subunit metal ion sites and that
an active enzyme can be formed by sequential binding of
Mn(II) and ADP to the second metal ion sites or the direct
binding of the Mn-ADP complex. The affinity of the sec-
ond set of sites for Mn(II} is increased by the simultaneous
presence of glutamine and reciprocally the K’ value for
glutamine is decreased by increasing Mn(II) concentra-
tions. The higher affinity for Mn-ADP (K ~ 1078 M) in
the presence of glutamine (Rhee et al.,, 1974; Rhee and
Chock, 1975) provides a rationale for the lack of activity of
the unadenylylated enzyme in the biosynthetic assay when
Mn(II) is present.

The present studies involve the use of proton nuclear
magnetic resonance (!H NMR) studies to probe the envi-
ronment of the Mn(II) sites on the unadenylylated gluta-
mine synthetase and the effect of substrates on these sites.
This represents a continuation of our studies with glutamine
synthetase in both the. adenylylated and unadenylylated
states (Villafranca and Wedler, 1974).

Experimental Section

Materials. Glutamine synthetase was isolated from E.
coli W in a state of low adenylation (E; ;) as described pre-
viously (Woolfolk et al., 1966). Imidazole, glutamine, and
ADP were products of Sigma. All other chemicals were re-
agent grade of the highest quality available® The subscript
1.7 refers to the average state of adenylylation of the 12
subunits.

Methods. Enzyme dissolved in 0.01 M imidazole buffer
containing 0.1 M KCI (pH 7.0) was dialyzed vs. buffer con-
taining 0.1 mM MnCl,. The enzyme was then dialyzed vs.
buffer devoid of MnCl, until approximately 1 equiv of
Mn(II) per subunit was obtained. The Mn(II) content was
determined in two ways: (1) by atomic absorption spectros-
copy using a Jarrell-Ash spectrophotometer and (2) by elec-
tron paramagnetic resonance (EPR) using a Varian E-12
spectrometer operating at 9 GHz. In the latter method the
protein was precipitated by perchloric acid and centrifuged
and the amount of Mn(II) determined as described pre-
viously (Cohn and Townsend, 1954). The two methods
agree to within +2%. When necessary enzyme solutions
prepared for NMR experiments were concentrated in a col-
lodion bag apparatus.

The enzyme was assayed before and after NMR experi-
ments using the y-glutamyl transferase assay. The specific
activity was 80 pmol of y-glutamylhydroxamate formed per
min per mg under the following conditions: 20 mM Tris-
arsenate, 20 mM NH,OH, 0.05 mM ADP, 30 mM L-gluta-
mine at pH 7.0, 37 °C, in a final volume of 0.5 ml. Other
conditions of this assay are given in Hunt et al. (1975). The
enzyme had the same activity before and after all experi-
ments and retained activity after months of storage at 4 °C.

The longitudinal or spin-lattice relaxation time, T, of
the protons of water in various samples containing enzyme,
Mn(II), and substrates was measured at 6, 12, 24, 35, and
48 MHz using a =, 7, /2 pulse sequence generated by an
NMR Specialities pulsed spectrometer equipped with a
SEIMCO broad band RF unit and receiver. The variable
temperature unit utilized a heated or cooled flow of N; and
maintained the temperature to within &1 °C.

Transverse or spin-spin relaxation times, T», were mea-
sured using the Meiboom-Gill (1958) modification of a

Carr-Purcell pulse train. All other details of relaxation
measurements with the aforementioned pulse spectrometer
have been given elsewhere (Villafranca and Colman, 1974;
Villafranca and Wedler, 1974).

The method of analysis of Ty and T3 data for the protons
of solvent interacting with protein systems containing
bound Mn(II), substrates, and inhibitors has been given in
detail elsewhere (Villafranca and Colman, 1974; Villafran-
ca and Wedler, 1974) and only a brief outline will be pre-
sented. Equations for the paramagnetic contributions to the
longitudinal and transverse relaxation rates due to solvent
protons interacting with enzyme-bound Mn(II) are given in

(I/Tlp)b=n/(Tlm+7m) (1)
(1/T2p)o = nf(Tom + Tm) (2)

These relaxation rates depend upon the number of interact-
ing water molecules, #, their lifetime in the complex, mm,
and the longitudinal and transverse relaxation times in the
coordinated complex, Ty and Tam, respectively. As was
the case for the adenylylated enzyme (Villafranca and
Wedler, 1974) the electron-proton dipolar terms predomi-
nate for 1/ T and 1/ Ty, with

37
V/Tim = 4 [1 +w1c2]7'c12] @)
1/Tom=A [2Tc1 +—l57—°‘—] (4)
1+w127c12
Vraa=1/rc+ 1 /7 + 1 /75 (5)

as given by Reuben et al. (1970) and Dwek et al. (1974).
Since the protein complex has a molecular weight of
600 000 the rate of reorientation, 1/, is negligible; a
major contribution to 1/7 is the longitudinal electron spin
relaxation rate, 1/7g;, for enzyme-bound Mn(II) (see full
equations for dipolar relaxation in Dwek et al. (1974)).

For the magnetic field strengths used in this study (1.4-
11.2 kG) the electron spin relaxation rate is itself frequency
dependent and this phenomenon was taken into account by
use of the Bloembergen-Morgan (1961) treatment for the
frequency dependence of 1 /75

-

Ty

47, ]
+
1+ wr,?2 1+ dwdr?

(6)

where 7, is the correlation time that is related to the rate at
which the zero-field splitting is modulated by solvent im-
pact on the enzyme-Mn(II) complex. The terms in B are
given in Rubinstein et al. (1971). The use of eq 6 for macro-
molecular complexes gives a satisfactory fit to the experi-
mental data although the equation was developed for evalu-
ation of the frequency dependence of the proton relaxation
rates in aqueous Mn(II) solutions.

The temperature dependencies of 1/7, amd 1/Ty, are
not easily predicted from inspection of eq 3, 4, and 6. The
temperature dependence of 7, is expected to be

7v = 7,9 exp(Ev/RT) )
and of 1 /7 is
AHY  ASt
1 /7w = (kT/h S =
/mm = ( /)CXP[ =7 TR ] (8)

For the case where 74 contributes significantly to the
correlation time, 7., the temperature dependence of eq 1 is
dramatically different from the situation where 7. is not
frequency dependent (see Figure 2 of James and Cohn,
15 1976 537
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FIGURE I: Scatchard plot of the binding of Mn(II) to glutamine syn-
thetase (E; 7). The experimental conditions are given in Methods. 50
mM glutamine was included for the experimental data designated by
open circles. T = 25 °C,

1974). For values of B and 7, that are larger than 0.1 X
1020 rad?/s2? and 2. O ps (the values for free Mn(II)), the
(1/Tip)b values at lower frequencies (6 and 12 MHz) are
actually less than the corresponding values at 24 MHz. A
plot of eq 3 does not predict this for a frequency indepen-
dent correlation time. Thus, whenever the above mentioned
situation is observed, 75; is 2 predominant contributor to ..
There are numerous examples of this phenomenon in the lit-
erature (Peacocke et al., 1969; Reuben and Cohn, 1970;
Lanir et al., 1975; Koenig et al., 1973).

The data were fit to the various NMR equations by the
previously outlined method (Villafranca and Wedler,
1974). When the smallest percent error between calculated
and experimental (1/71;)p values was obtained by comput-
er analysis, the fit to the data was deemed acceptable. One
restriction was that the proton to metal ion distance was in
the range 2.75-2.90 A.

Results

Binding Constant of Mn(Il) to Unadenylylated Gluta-
mine Synthetase (F17). Using the technique of electron
paramagnetic resonance (EPR) to measure the free Mn(II)
concentration (as described for Mn(II) binding to fully ad-
enylylated glutamine synthetase (Villafranca and Wedler,
1974), the binding constant of Mn(II) to unadenylylated
enzyme was measured at pH 7.0 (0.01 M imidazole-0.1 M
KCl) and 25 °C. The binding constant of Mn(II) to the
tight metal ion site thus determined is 5.0 (£1.0) X 107" M
compared to a value of 5.3 X 1077 M determined by Hunt
et al. (1975). It was noted during the course of the EPR
binding experiments that if a spectrum was recorded within
1 min of sample preparation, a slow decrease in the ampli-
tude of free Mn(II) signal was observed. To avoid the com-
plications of any time-dependent changes in Mn(II) binding
to apoenzyme (Kingdon et al., 1968) an incubation period
of 10 min was routinely employed before measuring free
Mn(II). After this period of incubation the amount of free
Mn(1I) present in each sample could reproducibly be deter-
mined.

The Mn(II) binding data were plotted in the Scatchard
manner (Figure 1) and a biphasic binding curve was ob-
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tained. These results are similar to those presented by Den-
ton and Ginsburg (1969). The biphasic behavior was ana-
lyzed using the method outlined by Villafranca and Mild-
van (1971) (see eq 2 in this reference) for two thermody-
namically noninteraction sets of Mn(II) binding sites.! The
Kp value for the second (weak) set of 12 sites was 4.5
(£0.5) X 107> M in good agreement with the value of Hunt
et al. (1975) of 5.0 X 1073 M, The agreement in binding
constants between this work and that of Hunt et al. (1975)
is remarkable, considering the fact that the protein concen-
trations used for the binding measurements in the two labo-
ratories differ by up to three orders of magnitude. This re-
sult is reassuring and means that no gross changes occur in
metal ion binding when very concentrated solutions of en-
zyme are prepared and used for magnetic resonance experi-
ments. One therefore has some assurance that these data
are relevant to the results obtained in the dilute solutions,
e.g., spectrophotometric assays which are performed for ki-
netic and activity measurements.

The binding of Mn(II) to E; 7 was also determined in the
presence of 50 mM glutamine (Figure 1). While there is
greater scatter in the experimental data, it is clear that glu-
tamine tightens the binding of Mn(II) to the second (weak)
set of metal ion binding sites (Kp = 3 X 107% M). The first
(tight) set of binding sites is unaltered. This is in accord
with the data of Hunt et al. (1975).2 Although our Mn(II)
binding data described above were in the presence of gluta-
mine with no ADP added, Hunt et al. (1975) reported that
the presence of 107 M ADP in the binding experiments
produced little effect on the binding constant of Mn(II) to
the second set of metal ion sites. Our data confirm that
added glutamine produces a tightening of Mn(1II) bound to
the second set of sites.

Frequency and Temperature Dependence of Water Pro-
ton Relaxation Rates in Solutions of E, ;. Proton longitu-
dinal relaxation rates of E|7;-Mn(II) solutions (Mn(II) at
the tight metal ion sites) measured in the temperature
range 1-40 °C and the frequency range 6-48 MHz are
plotted in Figure 2. When these data are compared to theo-
retical plots, good initial estimates of the parameters in eq
1-8 can be obtained by inspection. Salient features of the
data are (1) the frequency dependence of (1/7T )y, (2) the
fact that the relaxation rates are lower at 6 and 12 MHz
than at 24 MHz, (3) the maxima exhibited at a number of
frequencies as the temperature is increased, and (4) the de-
crease in (1/7T1p)p shown in Figure 2B when 50 mM gluta-
mine is present (compared to Figure 2A with no glutamine
added). Explanations for the above characteristics follow.
(1) The frequency dependence of the data is attributable to
the frequency dependent part of eq 3. This must mean that
Tim > Tm since no frequency dependence is predicted for
Tm dominated longitudinal relaxation. (2) A dominant pro-
cess contributing to 7; must be 7, the relaxation time of

! Each set of binding sites represents the binding of Mn(11) to the 12
subunits. Thus the first set of 12 sites (per dodecamer) has a binding
constant of 5.0 X 107 M and the second set of 12 Mn(II) sites (per
dodecamer) has Kp = 4.5 X 1075 M. No cooperativity was detected in
the binding of the first or second set of Mn(II) ions from the limited
amount of data obtained. Denton and Ginsburg (1969) and Hunt et al.
(1975) also noted a lack of cooperativity in the Mn(1I) binding.

2 While this NMR and EPR work was in progress, Drs. A. Ginsburg
and E. Stadtman very kindly supplied us with unpublished results on
unadenylylated glutamine synthetase. These data were of invaluable
assistance in understanding and interpreting our results presented in
this paper.
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FIGURE 2: The longitudinal proton relaxation rates of solvent in solu-
tions of E; 7 as a function of the absolute temperature. {A) Solutions of
E;7(0.20 mM) in 10 mM imidazole buffer (pH 7.0) containing 0.1 M
KCl and 0.187 mM MnCls; (B) identical with solution A but also con-
taining 50 mM glutamine. The error bars are indicated at a few points
for clarity. The lines represent theoretical curves based on the equa-
tions outlined in the text and the values in Tables I and II.

the electron spin. This feature of proton relaxation rate data
has been seen previously in many enzyme systems (But-
tlaire and Cohn, 1974; Villafranca and Wedler, 1974; Lanir
et al., 1975) and produces the frequency dependence of 7
via eq 6. The result is that the (1/Tp)p values are lower at
6 MHz than at 24 MHz for this system, (3) The maximum
exhibited in the data at 24 MHz, Figure 2A, is due to a
maximum in 7T, in eq 3 that occurs when wire = 1. This
maximum should shift to the left in plots of (1/T ) vs.
1/T as the frequency increases. This feature is clearly seen
for the data at 24 and 48 MHz, verifying the inequality 7',
> rm and the predictions? of eq 1 and 3. (4) The predictions
of eq 1-4 for the case where Tom, Tim > 7m are that T,/
Typ > 1 for 48 MHz and 7. = 10~9-10-8. This is the situa-
tion as described below for the (1/72p)p data.

Transverse relaxation rates for solutions of E; 7-Mn(II)
in the absence and presence of 50 mM glutamine are pre-
sented in Figure 3. The data were taken as a function of
temperature (1-40 °C) and frequency (6-48 MHz). (1/
T2p)b values in the absence of glutamine at 6 MHz have
nearly the same values as the (1/Tp)p data while at 48
MHz the transverse relaxation rate data are larger at all
temperatures than the corresponding longitudinal relaxa-
tion rate data. The observations for the 48 MHz data are
consistent with the conditions Tim, Tam > 7m and wi?re] >
1 in eq 1-4 while wi?r¢; < 1 for 6 MHz.

In the presence of 50 mM glutamine, all (1/73;)y values
are lower than the corresponding values in the absence of
glutamine. The data at 48 MHz have a negative slope. This
condition arises if Tam < 7m and predicts that (1/7T2p)s ~
n/7m. Thus the maximum in the plot of (1/T3p)e vs. 1/T
reflects the condition where T2m = 71 Arrhenius plots of
the log of the turnover rate vs. 1/7 are linear from 10 to 50

3 The shift of the predicted maximum in (1/7p), data as a function
of 1/T (in the limit when (1/Tip)y = n/T1m) at various frequencies
can more easily be seen in Figure I of Villafranca and Colman (1974).
In Figure 5 of Dwek et al. (1974), theoretical plots of 1/T1pand 1/T3,
vs. 1/T are presented for aquo-Mn(II) and are instructive for under-
standing the temperature and frequency dependence of relaxation rate
data. ) )
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FIGURE 3: The transverse proton relaxation rates of solvent in solu-
tions of E; 7 as a function of the absolute temperature, The solid lines
are for data taken at 6, 24, and 48 MHz on solutions identical with
those described in Figure 2A. The dashed lines are for data on enzyme
solutions plus glutamine (as in Figure 2B). The lines are theoretical
curves for transverse relaxation processes derived from the values listed
in Tables I and II and the appropriate equations listed in the text.

°C (F. C. Wedler, unpublished data) which precludes the
possibility of temperature-dependent changes in the struc-
ture of the complexes giving rise to the behavior of the
NMR data in Figures 2 and 3.

Table I lists the values of B, 7v, Tm, #, and the activation
energies for the correlation times. These values are the best
fit to the longitudinal and transverse relaxation rate data in
Figures 2 and 3 and the lines drawn through the data points
are the theoretical curves generated from eq 1 to 8 using
these values. In Table II, values for 1 /7 and 1 /7 are listed
at 20 °C for three frequencies. 1/7. was calculated from eq
5 and used to compute Ty and T, The numerical value
of n was then computed for the overall analysis. Compiled
values of n/(Tm + 7m) and n/(Tom + 7m) are listed in
Table II and compared to the (1/Typ)s and (1/75p)b data
for Ey 7-Mn(1I) with and without glutamine present.

The frequency dependence of 1/7s is apparent from
Table II. As a result of the frequency dependent correlation
time and the form of eq 3, the (1/Tp)p value at 24 MHz is
larger than the value at 6 MHz. The value of 1/7, repre-
sents a significant contribution to 1/7. in the frequency
range covered in these experiments. At 48 MHz [/7q is
about four times 1/7, for E; 7-Mn(II) and about twice the
value of 1 /7 for E; 7-Mn(II)-glutamine.

In enzyme solutions which contain glutamine (Figure
I1B), the (1/Tp)s values are lower than the corresponding
values obtained in the absence of glutamine. The data are
frequency dependent but the temperature dependence at
each frequency has changed upon addition of glutamine to
E;7-Mn(II). The reasons for these changes are multifar-
ious. In Table I one can see that B, 7,, 7, and » have
changed. These changes lead to different values for 1/7
and 1/r. (Tables I and II). The overall analysis leads to the
conclusion that the correlation time changes upon addition
of glutamine and also the hydration number of bound
Mn(II) decreases from ~2 to ~1.

As shown above, the (1/T2;)p data in solutions of E; 7~
Mn(II)-glutamine are reduced in value compared to (1/
Typ)b data on Eq7-Mn(II). The T/ T2p ratio at 48 MHz
for Ey 7-Mn(II) at 1 °C is 4.1 and this value is decreased to
3.3 when glutamine is added. This is due in part to the
change in 7. (Table II) but the increase in 7, from 44 to
120 ps results in a significant contribution to (1/7T2,)s from
15 1976 539
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Table I: Comparison of Constants for Water Protons Interacting with Mn(11) Bound to Unadenylylated Glutamine

Synthetase and Its Complexes.

Constant E, .—Mn(lD) E, ,—Mn(II)-Glutamine
B (rad/s)? (0.190 = 0.003) x 10?° (0.210 = 0.003) x 10?°
74 (20°C), s 7.5x 1072 6.6 X 10712
£y, cal/mol 1.20 = 0.05 1.50 = 0.05
m 520 °0), s (0.23=0.10) x 1077 (0.48 £ 0.20) x 1077
AH¥ | cal/mol 6.60 £ 0.10 6.60 = 0.10
ASt eu ~1.0:0.4 -24+0.6
n 1.94 1.14
@ This is the number of water molecules at 2.85 A.
Table 1I: Comparison of Computed Relaxation Rates and Experimental Relaxation Rates.
Computed Experimental
Ur? X 107 1ref X 1077 [Ty + rm)] [0/ Tom + 1)} (1/Tiplp X 107 (1/T2p)b X 107
Complex4 v (MHz) (s™) (s™) X 107 (s™) X 107 (s7™) (s™) (s™)
E, ,—Mn(II) 6 0.634 1.098 4.00 4.66 3.96 4.40
24 0.269 0.933 6.70 8.76 6.65 8.20
48 0.102 0.566 3.60 12.5 3.60 11.4
E, ,—Mn(I)- 6 0.632 0.861 2.66 3.03 2.86 3.30
glutamine 24 0.300 0.529 4.10 5.15 4,25 5.32
48 0.122 0.351 2.24 7.32 2,25 7.75

@ Values at 20 °C. ® Calculated from eq with B and 1 values in Table I. ¢ Computed from 1/7¢ = l/ry + Y7 + U7 with /7 = 0.4 X 107
U/rm =0.460 X 10% for E, ,~Mn(I); /7, = 0.225 X 108 for E, ,—Mn(II}-glutamine.

Tm (Tam = 78 ps at 1 °C, 48 MHz). Thus the (1/T2p)s
values have a negative temperature coefficient at low tem-
peratures (Figure 2) as expected when (1/T3)p ~ 1/7m.
The binding of glutamine may lead to a conformational
change in the protein which affects the number of ligands
on Mn(II), or glutamine may bind directly to the Mn(II)
giving these changes. These alternatives will be discussed
later in this paper.

Solvent Relaxation Rates in the Presence of Two Mn(II)
Bound to E; 7. Using the binding constants for Mn(1l) to
the two sets of metal ion binding sites of E| 7, solutions were
prepared in which both sets of sites were fully occupied.
This required that free Mn(II) was present in these solu-
tions. The concentration of free Mn(II) was determined in
each solution by EPR measurements over the same temper-
ature range of the NMR experiments and the paramagnetic
relaxation due to free Mn(II) was substracted as described
earlier (Villafranca and Wedler, 1974). The (1/71,), data
for Mn(II)-E; -Mn(11) are presented in Figure 4. The re-
laxation rates are frequency dependent and have a similar
frequency and temperature dependence as solutions of
E|»-Mn(II). Values for (1/T,)s are approximately dou-
bled for Mn(I1)-E; 7-Mn(Il) suggesting that the second
metal ion site has a similar “‘environment” as the first site in
terms of access and exchange of solvent and perhaps num-
ber of coordinated water molecules.

Computations of B, 7, 7m, and n were made for Mn(II)-
E\ 7-Mn(II) using eq 1-8 with the assumption of no dipolar
(or spin-exchange) interactions between metal ion sites.
This assumption will be discussed later in this paper. The
correlation times for the data in Figure 4 should be similar
to the values in Figure 2 since the (1/7,)p values have the
same relative relationship to one another.*

4 This would not be expected if ry was shortened appreciably (at
least an order of magnitude) by close proximity of the two Mn(11) ions.
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In Table III are the values for B, r,, 7, and n. These
values are composites for both of the Mn(Il) sites so
changes in these values from the E; 7-Mn(II) complex can-
not be evaluated in a straightforward manner. It is tempting
to say that since n = 4.0 for Mn(II)-E; 7-Mn(Il) that each
Mn(II) has two bound water molecules rapidly exchanging
with bulk solvent.

Solvent Relaxation Rates in Solutions of E| 7 with Two
Bound Mn(II) and Substrates Present. Separate solutions
were prepared of Mn(II)-E; 7-Mn(II) containing 50 mM
glutamine or 0.25 mM ADP, or 50 mM glutamine plus 0.25
mM ADP plus 50 mM AsO42~. Using a computer program
developed by Dr. Paul DeMaine of the Computer Science
Department of The Pennsylvania State University to solve
multiple simultaneous chemical equilibria, the concentra-
tions of all the species described below were computed. The
binding constants of Mn(II) to the two metal ion sites in the
presence of glutamine are 5.0 X 1077 and 3.0 X 107% M.
The binding constant for glutamine to the enzyme in the
presence of excess Mn(II) is 2.0 X 107> M and the binding
constant for Mn(II) to glutamine is 0.7 M (Hunt et al,,
1975).

In the presence of ADP, the binding of Mn(II) to the
first metal ion site was 5.0 X 1077 M. For the second metal
ion site in the presence of ADP two possible modes of bind-
ing must be considered: (1) Mn(Il)-E,;7 + Mn(lI)~-ADP
= Mn(ID)-E; 7-Mn(II)-ADP, and (2) Mn(I)-E; -
Mn(II) + ADP = Mn(I)-E; 7-Mn(1)-ADP. The stabili-
ty constants are similar for both pathways (Hunt et al,
1975) and a value of 3.1 X 107® M was used. A binding
constant of 1.3 X 104 M for ADP-Mn(1I) was also includ-
ed for this analysis.

When ADP, glutamine, and AsQO4?~ are present the
binding constant for Mn(I1)-ADP to Mn(I1)-E; 7 has de-
creased to a value of 3.5 X 1078 M (Hunt et al., 1975). The
stability constant for Mn(I)-AsO42~ is 1.3 X 1072 M. The
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(Tlp)b x 10°%, sec

FIGURE 4: Longitudinal relaxation times plotted vs. frequency for
complexes of E; 7, Mn(11), and substrates. Solutions of E; 7 in 10 mM
imidazole buffer (pH 7.0) containing 0.1 M KCI were made up as fol-
lows: (A) 0.187 mM E; 7, 0.43 mM, MnCly; (B) 0.187 mM E; 7, 0.43
mM MnCl,, 50 mM glutamine; (C) 0.187 mM E,; 7, 0.43 mM MnCl,,
0.25 mM ADP; (D) 0.187 mM E, 7, 0.43 mM MnCl,, 0.25 mM ADP,
50 mM glutamine, 50 mM arsenate. Free Mn(11) was measured for all
solutions as mentioned in Methods. The lines drawn through the points
were computed using the appropriate equations from the text and the
values in Table III. T = 25 °C.

constant for AsO4%~ binding to the quinary enzyme com-
plex formed from two Mn(II) ions, ADP, and glutamine
and was estimated from the K, for P; (Denton and
Ginsburg, 1970) and a value of 1.3 X 1072 M used. The Kp
for P; was estimated as 5 X 1073 M by Timmons et al.
(1974). Using this latter value did not significantly change
the results since high AsO42~ concentrations were used in
the present studies.

In Table III and Figure 4 are the data and numerical re-
sults of the NMR studies on these complexes. From Figure
4 one can see that the values of (7p)p are quite different
for the various complexes. The curves are the computed
theoretical curves for the values of constants listed in Table
II1. Using the stability constants outlined above and the
general procedure given by Villafranca and Wedler (1974)
the values of n (the number of solvent water molecules) list-
ed in Table III are for the complexes outlined in the table.
The presence of glutamine or ADP lowers the apparent »
value from 3.0 to ~2.0. When AsO42~, glutamine, and
ADP are added, » is lowered further to ~1.0. This strongly
suggests ligand displacement on bound Mn(II) by these
substrates and arsenate. Substrate-induced changes in the
ligand environment of bound Mn(II) may be indirect, how-
ever, and produce changes in (1/71p)b. EPR data in the ac-
companying paper are consistent with the latter interpreta-
tion. These complexes with E; 7 will be discussed in a later
section of this paper.

Discussion

The binding constants of Mn(II) to the two metal ion
sites per subunit have been measured using EPR techniques
and are in agreement with those obtained by Hunt et al.
(1975). The increased affinity of the enzyme for Mn(II) at
the second set of metal ion sites in the presence of gluta-
mine is also confirmed. The experiments reported in this
paper were conducted under conditions of high enzyme con-
centration compared to the low enzyme concentrations em-
ployed by Hunt et al. (1975), which implies that the protein
behaves similarly over a wide concentration range. This is
an important consideration when one wants to compare ki-
netic data which are usually obtained at 10~6-10"% M en-
zyme concentration, with spectroscopic data with enzyme in
the range 107°-10~2 M. ,

The analysis of the frequency and temperature depen-
dence of the proton relaxation rates of solvent interacting

Table 111: Computed Constants for Mn(IDD—E, ,—~Mn(1I)
Complexes at 25 °C.

Ba
(rad/s)? P Tm®
Complex X 10720 sx 10'%  sx 107 nd
Mn(D)~E, ,~Mn(Il) 0.22 10.0 0.5 4.0
Mn(1)—E, ,—Mn(I1) 0.20 6.0 0.3 2.0
plus Gln
Mn(ID—E, ,—Mn(Il) 0.18 14.0 0.6 2.2
plus ADP
Mn(I)—E, ,—~Mn(II) 0.20 10.0 0.3 1.2
plus Gin, ADP,
AsO2~

@ +().01 for all values. 2 +1.0 for all values. € £0.1 for all values.
d Computed using a Mn(II) to water proton distance of 2.82 A for
all complexes.

with Mn(II) at the tight enzyme binding sites led to the
conclusion that ~2 rapidly exchanging water molecules are
in the primary coordination shell. These data appertain to
the unadenylylated glutamine synthetase where the stability
constant is ~1.5 X 107 M~!, The number of rapidly ex-
changing solvent molecules in the primary coordination
shell of the tight Mn(II) site of the fully adenylylated en-
zyme is ~3 (Villafranca and Wedler, 1974) and the stabili-
ty constant for this form of the enzyme is ~2.5 X 105 M~1.
A self-consistent but not necessarily proven explanation for
the above data is that an additional protein ligand is bind-
ing to the Mn(II) in the unadenylylated enzyme giving the
concomitant increase in affinity for Mn(II) at the tight
metal ion site. For both E; 7 and E;; g solvent accessibility
to the Mn(II) is diminished in the presence of glutamate or
glutamine, suggesting a hindrance to rapid water exchange
by proximity of these substrates or by direct coordination to
the enzyme-bound Mn(II). Neither explanation has been
substantiated beyond the experiments reported in this paper
or our earlier paper.

The (1/T1p)p and (1/T2p)p data have been fit to the Sol-
omon-Bloembergen-Morgan (SBM) scheme. The correla-
tion time for the relaxation processes is frequency depen-
dent thus demonstrating that the electron spin relaxation
time contributes to 7.. At higher frequencies (48 MHz,
Table II), 7., now contributes significantly to 7 since 7 is
becoming much longer as the magnetic field increases. This
prediction is verified by EPR experiments in which the
spectrum of bound Mn(II) was observed to narrow at in-
creasing magnetic fields.’

The data presented in this paper on E;; with Mn(II)
bound at two sites per subunit provide some clues to the role
of both Mn(II) ions in catalysis. Each bound Mn(II) ap-
pears to be accessible to solvent and the proton relaxation
rate data are interpretable in terms of the SBM scheme
(Table IIT). No drastic changes in 7,1 are apparent from the
frequency dependence of 1/T, (Figure 4) and the data are
consistent with a decrease in the number of rapidly ex-
changing water protons upon subsequent addition of gluta-
.mine, ADP, and arsenate. Only gross effects in the quanti-
ty, n, can be computed with no knowledge obtained about
which metal ion is becoming less accessible to solvent. How-
ever, using previous data available on E; 7 (Ginsburg, 1972;

5 The spectrum of bound Mn(1I) was narrower at 35 GHz (~12 500
G) than at 9 GHz (~3200 G) (Villafranca et al., 1976).
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Hunt et al.,, 1975) one can make reasonable interpretations
of the changes seen in these relaxation rate data.

The contention that there is little or no interaction be-
tween the two E; 7 bound Mn(II) ions is supported by data
in the literature on systems where interaction was found.
Spin-spin interactions between bound Mn(II) ions (Abrag-
am and Bleaney, 1970; Owen, 1961) or dipolar interactions
{which would lead to broadened EPR lines) should result in
appreciable shortening of 75 and consequently 7. These ef-
fects have been seen by Owen (1961) for Mn doped in MgO
where nearest neighbor Mn(I1) ions are 2.97 A apart and
next nearest neighbors are 4.2 A apart. If the Mn(II) ions
were this close in Mn(II)-E; 7-Mn(II), then 7. would be
predicted to be different for this complex compared to
Ei 7-Mn(II). These effects are not seen if a comparison of
the tabulated constants in Tables I and III is made. Data
presented in the next paper on the EPR spectra of bound
Mn(II) ions also support the conclusion that the bound
Mn(II) ions at the weak and tight sites are >6 A apart.
Thus the use of the SBM scheme to analyze these data
seems justified.

Since Mn-ADP was shown to bind to the second Mn(II)
binding site, the decrease in n from 4 to 2 upon binding
ADP to Mn(II)-E; 7-Mn(Il) could reflect a decrease in
solvent hydration by binding of ADP to the Mn(II) bound
at the second site. The addition of glutamine and arsenate
to the enzyme complex formed with ADP shows a further
decrease in n to ~1 which could reflect glutamine binding
to the first Mn(II) binding site. The synergistic binding of
Mn-ADP to the second Mn(II) site in the presence of glu-
tamine could change the protein conformation around the
metal sites and as a result lower the number of rapidly ex-
changing solvent water molecules. Nonetheless the fact that
Mn-ADP binds to the second site would support the con-
tention that the decrease in » in the Mn(II)-E; 7-Mn(II)-
ADP complex is due to ligation of Mn(II) by the phosphate
oxygens of ADP at the second metal ion site.

At present the enzyme complex may be envisioned as

R
(0]
“0==C 'NH,
ADP—O—P |
o °
| J/ |
Mn(II) Mn(ID)

The role of Mn(II) at the first metal ion site could be to
bind the vy-carboxyl of glutamate prior to nucleophilic at-
tack by the carboxylate moiety on phosphorus of ATP (as
shown by '80 experiments of Boyer et al. (1956) and Kow-
alsky et al. (1956)). A highly immobilized water molecule
between Mn(lIl) and glutamate is also consistent with the
data presented herein and could serve as a template to “or-
ient” the carboxyl group for attack on phosphorus followed
by nucleophilic attack by ammonium on a vy-glutamy! phos-
phate intermediate.

R

l
O/C\O
H\o/H

Mn(ID)

Electron paramagnetic resonance data presented in the
subsequent paper (Villafranca et al., 1976) provide evi-
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dence for glutamine and methionine sulfoximine binding at
or near the tight metal ion site. This latter compound is
known to bind tightly to glutamine synthetase and to be
phosphorylated by bound ATP (Ronzio et al., 1969; Rowe
et al., 1969).

The preliminary data reported in this paper suggest bind-
ing and catalytic roles for both metal ions bound to gluta-
mine synthetase. In addition to producing a conformational
change in the protein the tightly bound Mn(II) may also be
intimately involved in the catalytic mechanism. Distance
measurements of ~5 A between the y-carboxyl of L-gluta-
mate and Mn(II) at the tight site support the role of the
Mn(II) ion to orient the y-carboxyl (J. J. Villafranca and
F. C. Wedler, unpublished results). Further insight into
structure-function relationships in glutamine synthetase is
the aim of our future research effort.
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