A LANTHANIDE BINDING SITE OF CONCANAVALIN A

Ray, W. J., Jr.,, and Koshland, D. E., Jr. (1962), J. Biol.
Chem. 237, 2493,

Rudall, K. M. (1955), Symp. Soc. Exp. Biol. 9, 49-71.

Schram, E., Moore, S., and Bigwood, E. J. (1954), Bio-
chem. J. 57, 33.

Sheffield, H. G. (1964), J. Parasitol. 50, 365.

Spiro, R. G. (1966), Methods Enzymol. 8, 3.

Spiro, R. G. (1967a), J. Biol. Chem. 242, 1915.

Spiro, R. G. (1967b), J. Biol. Chem. 242, 4813.

Spiro, R. G. (1972), Glycoproteins, 2nd Ed., 964.

Tabor, C. W. (1970), Methods Enzymol. 12a, 955.

Trevelyan, W. E., Procter, D. P.,, and Harrison, J. S.
(1950), Nature (London) 166, 444.

Volkin, E., and Cohn, W. E. (1954), Methods Biochem.
Anal. 1, 287.

Warren, L. (1959), J. Biol. Chem. 234, 1971.

Westberg, N. G., and Michael, A. F. (1973), Acta Med.
Scand. 194, 39.

A Magnetic Resonance Study of Concanavalin A.
Identification of a Lanthanide Binding Site"

Brian H. Barber,! Bryan Fuhr, and Jeremy P. Carver*

ABSTRACT: The solvent proton relaxation enhancement
technique has been utilized to demonstrate that the plant
lectin concanavalin A (Con A) exhibits a single tight bind-
ing site (Kp == 15 uM) per 27,000 molecular weight sub-
unit for the paramagnetic lanthanide Gd3*. It was also
found that Gd** could not be competitively displaced from
its binding site on demetallized Con A by the addition of
Zn?* to occupy the transition metal ion site S1, nor by the
subsequent addition of excess Ca* to occupy site S2. When
both Mn?* and Gd3+ were added to demetallized Con A, a
combined solvent relaxation enhancement effect was ob-
served. The individual contributions of each ion to the com-
bined enhancement were extracted from the data and were
found to be identical with their contributions in the absence
of the other ion. The Ca2* effect on the relaxation enhance-
ment properties of the Con A bound Mn?* was shown to be

In view of the numerous recent applications of the plant
lectin Con A! as a probe of cell surface structure and dy-
namics (Nicolson, 1971, 1973; Inbar and Sachs, 1973;
Edelman et al., 1973), there is now considerable interest in
the detailed structural features of the protein and exactly
how these relate to its interaction with a cell surface recep-
tor (Gunther et al.,, 1973; Edelman et al., 1973; Cuatre-
casas, 1973).

It has been established that Con A is a metalloprotein
(Agrawal and Goldstein, 1968; Kalb and Levitzki, 1968;
Shoham et al., 1973) requiring the prior occupation of two
metal ion binding sites in order to exhibit specific monosac-
charide binding activity (Kalb and Levitzki, 1968). The
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completely intact in the presence of Gd3*. Thus, Gd3+
binds to a separate site on Con A, distinct from the transi-
tion metal ion site (S1) and the Ca2* binding site (S2). We
propose to designate this Gd3* binding site as S3. Gd3+
binding to site S3 was found to be effectively competed for
by the lanthanides Sm3*, Eu?*, and Tb3+ as well as Pb2+.
On the basis of the crystallographic locations previously de-
termined for the Pb?* binding sites and also the Sm>* bind-
ing sites on Con A, a tentative proposal is advanced for the
location of the single tight Gd** binding site observed in so-
lution. The location of the Gd** binding site on the Con A
monomer provides a second paramagnetic metal ion refer-
ence point on the protein structure which can be utilized in
high resolution nuclear magnetic resonance studies of this
lectin in solution.

“site induction” model for the metal ion requirements of
Con A was first advanced by Kalb and Levitzki (1968).
They proposed that each Con A monomer has a site (la-
beled S1) able to bind a variety of transition metal ions
(Mn?*, Co?*, Ni2*, Zn2*_ and Cd2*) which must be occu-
pied before the second metal ion site (S2), specific for
Ca?* is available. It was also found that both sites S1 and
S2 must be occupied in order for Con A to bind methyl a-
D-glucoside. A structural rationale for the induction of site
S2 by the occupation of S1 is offered by the recent X-ray
crystal structure of Con A (Becker et al., 1975; Hardman
and Ainsworth, 1972), in which the Mn?* (site S1) and
Ca?* are found to be approximately 5 A apart and sharing
two aspartate residue ligands (Asp-10 and -19). Recent re-
sults obtained in this laboratory (Barber and Carver, 1973,
1975) indicate that nuclear magnetic resonance (NMR)
techniques can be usefully applied to characterize such li-
gand-induced (i.e., Ca®* and methyl a-mannoside) struc-
tural perturbations for Con A in solution.

In this paper we wish to report a third metal ion binding
site per Con A monomer, most highly specific for Gd3+, but
which also binds the lanthanides Tb3+, Eu3*, and Sm3* less
tightly. We propose to refer to this site as site S3 in keeping
with the metal ion site nomenclature of Kalb and Levitzki
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(1968). Specific competition experiments employing the
PRE properties of the Con A-Gd** complex, combined
with information regarding heavy metal derivatives of Con
A (Quiocho et al,, 1971; Edelman et al., 1972; Becker et al.,
1975), allow us to limit the possible locations of the Gd3*
binding to two sites. Our data clearly indicate that site S3 is
structurally distinct from sites S1 and S2, in contrast to the
previously reported conclusions of Sherry and Cottam
(1973) on lanthanide binding to Con A but in agreement
with the more recent work of Sherry (Sherry et al., 1975).
This additional defined paramagnetic ion site per Con A
monomer has proved to be a valuable reference point in the
high resolution NMR studies of Con A in solution (B. J.
Fuhr, B. H. Barber and J. P. Carver, manuscript submitted
for publication). As well, the fact that Mn?* and Gd3* oc-
cupy independent sites on the protein enables the simulta-
neous observations of a solvent relaxation enhancement
from each of the paramagnetic ions. The resolution of this
mixed enhancement experiment into the individual en-
hancement parameters is dealt with in this study and ap-
plied to an investigation of possible S1-S3 site interaction.

Experimental Section

Materials. The Con A used in this study was obtained
from Pharmacia (Batch No 3059 and 4000) or was the gen-
erous gift of Dr. Dean Sherry. The protein was demetallized
by a modification of the acid dialysis procedure of Kalb and
Levitzki (Kalb and Levitzki, 1968). Details of the proce-
dure are discussed elsewhere (Barber and Carver, 1975).
The efficiency of the demetallization procedure was moni-
tored by atomic absorption analysis for Mn?*, Zn?*, Ca?*,
and Mg?* and in all cases the levels of contamination were
found to be less than 0.1 mol/mol of Con A monomer. Prior
to the demetallization procedure the Con A was enriched in
“fragment-free” molecules by the 1% NH4sHCO; incuba-
tion described by Cunningham et al. (1972). The buffers
used in this study, 0.05 M sodium acetate and 0.2 M NaCl,
were demetallized by passage through a column of Chelex
100 (Bio-Rad Laboratories) prior to the final pH adjust-
ment. Samples were prepared by lyophilization of the stock
solution and addition of the appropriate buffer. Con A con-
centrations were determined spectrophotometrically using
the Eicm(1%) of 12.4 (Yariv et al.,, 1968). Monomer molar
concentrations were determined on the basis of a subunit
molecular weight of 27,000 (Wang et al., 1971). Zn?* was
supplied as ZnCl, (Fisher Certified), Ca2* as CaCl; (BDH
Analar), and Pb2* as PbCl, (Fisher Certified), from stock
solutions prepared by weight in glass distilled H,O. The
lanthanides GdCls, SmCl;, TbCls, and EuCl; were ob-
tained from Alpha Inorganics and used as stock solutions
prepared by weight in glass-distilled H,O or prepared from
their oxides by addition of HCI. Concentrations of the Gd3*
stock solutions were monitored by measuring the water pro-
ton Ti. All experiments were performed in buffer solutions
between pH 5.0 and pH 5.6 under conditions for which Con
A is known to exist as a dimeric species of approximately
55,000 molecular weight (McKenzie and Sawyer, 1973)
and well below the precipitation point for lanthanide hy-
droxides (Reuben, 1971a).

NMR Measurements. The spin-lattice relaxation time,
T, values were determined using a semilogarithmic plot of
signal amplitude following a 180°-7-90° pulse sequence as
a function of the pulse spacing. All relaxation times were
measured on a Bruker variable frequency (4-62, 90 MHz)
pulsed spectrometer (B-KR322s) operating at the ambient
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probe temperature of 24 + 1°. Samples were typically of
50-150 ul in volume and were examined in acid-washed
glass tubes (Wilmad 513B-IPP).

Electron Spin Resonance (ESR) Measurements. The
ESR spectra reported were obtained on a Varian E-6 spec-
trometer operating at 9.12 GHz and a room temperature of
24°, Samples were contained in 50-ul Corning disposable
microsampling pipets and positioned in the microwave cavi-
ty in a reproducible fashion.

Theoretical Treatment

Interpretation of a Mixed PRE Experiment. Not all
paramagnetic ions can be usefully applied as solvent relaxa-
tion enhancement probes. In fact, the requirement for a sig-
nificant change in the dominant correlation time upon bind-
ing of the ion to a macromolecule restricts the list to the few
with sufficiently long 7 values so as to make rgr the domi-
nant contribution in the aquo ion. Dwek (1972) has dis-
cussed the relative merits of various metal ions in this appli-
cation and Mn?* and Gd?* clearly rank first and second in
their suitability as PRE probes. The relaxation times mea-
sured in a solvent relaxation enhancement experiment can
be used to define the enhancement parameter, ¢*,, as repre-
sented by the expression

1_1_ 1

T metal ion Tl 10 (1)
e - |

‘ Ti(metal ion T110

where the * indicates the presence of the macromolecule.
The utility of expressing the 7' values in terms of the en-
hancement parameter ¢*; lies in the possibility of relating
€*] t0 €1, a value which is characteristic of the structural
and dynamic features of the binary paramagnetic ion mac-
romolecular complex (Dwek, 1972). €*; can be expressed as

& = Xy T (1 - Xy) (2)

in which X}, represents the fraction of the total paramagnet-
ic ion in solution which is bound to the macromolecule.

If Con A had two nonidentical binding sites for Mn?*
and Gd** per monomer, it would offer the possibility of de-
tecting a combined proton relaxation enhancement from the
two paramagnetic ions simultaneously. The resolution of
the results from this type of experiment, into individual e,
values for the two ions, enables a unique approach to the
study of the interaction between metal ion binding sites on
this protein. For a PRE experiment with a single paramag-
netic species present, the spin-lattice relaxation time en-
hancement parameter, ¢*;, is defined by the expression in
eq 1. If we extend this expression, by analogy, to include the
observed relaxation times in the simultaneous presence of
two paramagnetic ions (e.g., Mn?* and Gd3*), we can de-
fine the calculated enhancement parameter, e**,, in this sit-
uation as

*

1 Yy

6** — lTl an"',Gdg* }Ti i (3)
i 4
Ty mp2r,Gadr 1Ty

“# refers to the presence of the metal binding macromole-
cule. The paramagnetic ions are present as indicated. Mak-
ing the assumption of rapid chemical exchange between
bound site H,O molecules and the bulk solvent, as well as
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FIGURE I: A plot of the change in the enhancement parameter €*, at
60 MHz for the titration of demetallized Con A and the Con A-
Zn?*-Ca?* complex with Gd3*. The values for demetallized Con A
are represented by @, and those for Con A-~Zn?*-Ca2* by O ([Zn27]
= 0.98 mM and [Ca?*] = 6.8 mM). Con A monomer concentrations
were determined spectrophotometrically as described in the text and
ranged from 0.605 to 0.505 mM over the titration.

assuming the mole fraction of total solvent in the hydration
sphere of the paramagnetic ions is small, enables one to re-
write e*¥* as

€*¢1 — leMn€b1Mn + (1 _ Xan)]¢Mn + [XbGdEMGd +
(1 - XbGd)]qud (4)

where ¢mn and ¢gq are the multiplication factors required
to interpret the relaxation times in terms of the ¢,; parame-
ters in a mixed PRE system. Implicit in the derivation is the
fact that the %, ¢, = 1 for the paramagnetic species, i,
present in the PRE experiment. By expressing in detail the
terms contributing to each relaxation time in eq 3, and rear-
ranging the expression into the form of eq 4, it can be
shown that

1
2 = : (5
¢M 1 + T1M:Mn[Gd3 ]Tg

T1Mde[Mn2"]T6

1
bg, = (6)
o 1+ TiMde[an*]TG

T1Man[Gd3*]T9

In these expressions, Tm; values refer to the spin-lattice
relaxation times for the H,O protons in the first hydration
sphere of the respective aquo ions, [Mn?*]t and [Gd3*]t
indicate the total concentration of the respective ions in so-
lution, and the free aquo ion hydration numbers of 6 and 9
have been assumed for Mn?* and Gd37, respectively
(Dwek, 1972; Reuben, 1971a). The ¢ values require the
knowledge of Timmmn and Timcq as well as the relative
concentrations of the paramagnetic ions, and an estimate of
their hydration numbers in the free aquo ion. If these fac-
tors are known, or can be determined, the mixed PRE data
can be reduced to an expression involving individual e pa-
rameters which can be compared to similar values mea-
sured in the absence of other PRE metal ions. This then al-
lows a direct measure of possible metal ion site interactions
between sites to which a PRE ion can bind and exhibit an
enhancement. Such a treatment of the mixed PRE system
for Mn2?* and Gd3* has been undertaken for Con A and the
results will be presented at a later point in this paper.
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FIGURE 2: A Scatchard plot of the binding of Gd** to demetallized
Con A and to Con A in the presence of excess Zn?* and Ca?* at pH
5.6. The points of demetallized Con A (O) and the Con A-Zn?*-Ca?*
complex (@) are based on a measured value of 7.1 for the e of the
Con A-Gd3* complex at 35 MHz. r represents the concentration of
Gd3* bound to Con A divided by the concentration of Con A mono-
mers (27,000 mol wt) and A represents the free Gd*+ concentration.
The estimated error as a result of the uncertainty in ¢*; has been in-
cluded for representative points.

Results

Gd** Binding to Con A. Gd**, in the presence of Con A,
exhibits a proton relaxation enhancement effect which can
be usefully exploited to explore the stoichiometry and de-
tails of the Gd>* interaction with Con A. Figure 1 presents
a comparison of the change in the observed enhancement
parameter ¢*; measured at 60 MHz upon titration of Con
A with Gd3* in the presence and absence of saturating
Zn?* and Ca?*. It can be seen that the enhancement due to
Gd3* is somewhat reduced when sites S1 and S2 are occu-
pied by Zn?* and Ca?*. Employing the known relationship
of e*| to ep; and Xy, the fraction of the added Gd3+ bound
to Con A (eq 2), it is possible to construct a Scatchard
(1949) plot for the interaction of Gd?* with Con A. In
order to construct the plot from titration at 35 MHz, an ey
value of 7.1 was used (as determined by the measurement
of ¢*; at 35 MHz under conditions of limiting Gd?* concen-
trations for which Xy, = 1) for all Gd3+ sites on the mono-
mer; 35 MHz was chosen since ¢,; has a maximum at this
frequency (Barber, 1974). This value is clearly valid for the
primary tight site for Gd3*+ on Con A but could be in error
for the additional binding sites. The precise number and af-
finity of the peripheral Gd** binding sites will depend upon
the accuracy of this assumption. Such Scatchard plots are
presented in Figure 2 for apo-Con A and Con A in the pres-
ence of saturating Zn?* and Ca?*. The data have been fit-
ted on the assumption that there are two noninteracting
classes of binding sites (Klotz and Hunston, 1971) using a
nonlinear least-squares curve fitting program (Carver,
1966). The solid lines in Figure 2 correspond to calculated
data for the parameter values shown in Table I.

Two solutions are given, the first is the solution obtained
when no interactions between sites of the same class is per-
mitted. The second solution is obtained when an exponen-
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Table [4
- Sample RESMS H, 7, kp,(uM) Ko, () w:" B
Apo-Con A 8.4 x 107° 0.11 = 0.05 26 =40 11+ 10 38 6 0.2
5.7 x107° 0.20 = 0.06 3.6+ 0.5 20+ 8 0.56 £ 0.31 0
Con A-Zn-Ca 6.5x 107° 0.15 = 0.04 18 =30 11+ 5 48+ 9 0.2
5.3x107° 0.19 = 0.04 33+ 0.8 15+ 5 0.83+0.28 0

@RESMS is the residual mean square deviation of the weighted nonlinear least-squares fit. #, and », are the numbers of sites per monomer in
the first and second classes, respectively. kp, and kp, are the dissociation constants for the first and second classes of sites. w, is the
exponent in the exponential interaction of kp, values. The actual expression fitted to the data was: r/4 = [n /(Kp, + A)] * [n,/(Kp, + A)].

where kp,' = sz exp(2rw, — w,) (Scatchard, 1949).

1.0 -

05 -
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L
10 20 30 40 50 60 70 80 90
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FIGURE 3: A plot representing the ability of the metal ions Sm3*,
Eu3*, Tb3*, Pb2¥, Zn2+ and Ca2* to reduce the observable enhance-
ment ¢*, at 60 MHz for Gd**+ bound to demetallized Con A. The
metal ions are represented as follows: Sm>* (0), Eu* (@), Tb3* (a),
Pb2* (M), and Zn2* (x). A further point (%) is also included to indi-
cate the subsequent addition of excess Ca?* following the Zn2* titra-
tion (final concentrations, [Zn?*] = 3.5 mM, [Ca?*] = 2.5 mM). In
each case the initial Con A monomer concentration was 0.8 mAM and
the molar ratio of Gd** to Con A monomer was 0.77:1.

tial interaction between the binding constants for the weak
sites (Scatchard, 1949) is assumed, to compensate for the
changing electrostatic interactions with the degree of satu-
ration. In either solution, a fraction of a tight site (Kp 2~ 15
ud) is found per monomer in addition to many weak sites.
The number of weak sites in uncertain, not only because of
the errors in the fitting process but also because, as noted
above, the e, value for these sites may differ from that for
the tight site. The significance of these findings is further
discussed below.

In order to relate the Gd** binding site to possible metal
ion sites previously defined in X-ray crystallographic stud-
ies and to determine the degree of specificity for the Gd**
site with respect to other lanthanides, we undertook a series
of competition experiments. The results of competition for
the Gd3* site on the Con A-Gd3* complex, as determined

4078

BIOCHEMISTRY, VOL. 14, NO. 18,

1975

7.0

1 1 1 i 1
° 4.0 8.0 12.0 18.0

M2 (mM)

FIGURE 4: A plot representing the ability of the metal ions Sm** and
Pb2* to reduce the ¢*; at 35 MHz for Gd** bound to the Con A-
Zn?*-Ca?* complex. The points for Sm3* are represented by O, and
for Pb2* by @. The initial Con A monomer concentration was 0.8 mM
([Zn?*] = 1.2 mM, {Ca®*] = 3.2 mM) and the molar ratio of Gd3* to
Con A monomer was 0.2:1.

by the reduction of the observed enhancement, by the lan-
thanides Tb**, Eu3*, and Sm3* are presented in Figure 3.
Also included are points on the competition curve for the
heavy metal ion Pb?*. The competition data in Figure 3 are
for Con A in the presence of Gd3* only, at a molar ratio of
0.77:1 with respect to the Con A monomer concentration.
Under these conditions approximately 25% of the bound
Gd3* is bound at the tight site. As seen in Figure 3 the ad-
dition of Zn?* to Con A-Gd3* under similar dilution condi-
tions at this degree of saturation does not perturb the ob-
served enhancement, nor does the subsequent addition of
excess Ca* in the presence of Zn?*. Repeating the compe-
tition experiment for Sm3* and Pb2* in the presence of ex-
cess Zn?* and Ca?* and at a Gd3>*-Con A monomer ratio
of 0.2 where more than 50% of the bound Gd** is bound at
the tight site, Figure 4, again indicates that the two ions are
similarly effective in decreasing the observed enhancement,
presumably by competitively occupying both the tight and
weak Gd3* binding sites on Con A.

The binding of Ca?* to S2 in the presence of S1 occupa-
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Table II: The Mixed Mn?* and Gd** PRE Experiment.

Sample
(mM Concn) €* | obsd? €

Con A (0.29)? 3.4¢

Mn?* (0.24)

Con A (0.29) b 5.0¢

Gd* (0.23)

Con A (0.28) b

Mn? (0.23) 4.0 4.2
Gd* (0.23)
Con A (0.24)b
Mn?* (0.20)

Gd** (0.19)
Ca?t (3.94)

a All enhancement parameters have been measured at 60 MHz.
bCon A concentrations are expressed in terms of a 27,000 mol wt
monomer. ¢These values have been used in conjunction with the
measured ey, values (see text) to determine each Xy, (eq 2).

* *

* * a
1obsd? €™ caled

3.0 2.9

tion induces the formation of a monosaccharide inhibitor
binding site (Kalb and Levitzki, 1968). It is known that the
addition of methyl a-mannoside to occupy this site perturbs
the Mn2* PRE in the Con A-Mn2?*-Ca?* complex (Barber
and Carver, 1973). In a similar experiment with Gd3* oc-
cupying S3 on the Con A-Zn2*-Ca2* complex, no pertur-
bation of the Gd** PRE (pH 5.2) was observed upon the
addition of excess methyl a-mannoside. In the presence of
Gd3*, methyl a-D-mannoside displaceable Con A binding
to Sephadex is not affected. Hence it is unlikely that the
lack of perturbation of the Gd3+ PRE by the monosacchar-
ide is due to a failure of the latter to bind in the presence of
Gd3+,

Mixed PRE Experiment. The results of the analysis ap-
plied to the measurement of a PRE effect in the combined
presence of Mn2* and Gd?* for Con A are presented in
Table II. Also included for comparison are relevant ep;
values obtained from the analogous single paramagnetic ion
PRE experiments. The €**, ;.14 parameters were calculat-
ed using the previously determined (60 MHz) ¢, values of
5.8 for Con A-Gd?* and 5.2 for Con A~-Mn?* (Barber and
Carver, 1975), coupled with the observation of ¢*; under
identical conditions of Con A and paramagnetic ion concen-
trations for each PRE ion individually, in order to deter-
mine the appropriate Xy (eq 2). In the presence of excess
Ca27, a value of 1.1 was applied for the Mn2* ¢,; (Barber
and Carver, 1975) and the unaltered value of 5.8 for Gd3*.
The values of ¢wm, (0.46) and pge (0.54) were determined
using measured 7' m; values and the procedure described
previously.

Con A-Mn?* ESR. Also bearing on the analysis of the
mixed PRE experiment and the investigation of possible
S3-S1 metal ion site interaction are the ESR results pre-
sented in Figure 5. This experiment involves the observation
of the Mn2* ESR signal in the presence of Con A without
(A) and with (B) a 1:1 molar ratia of Gd*+ to Con A mono-
mer in the system. In Figure 5A, a small amount of free
Mn?* signal is visible (fourth peak from low field indicated
by the arrow) against the background of the Con A bound
Mn?* signal. In the case with Gd>* added, Figure 5B, the
free Mn?* signal is increased (~60 uM Mn2* released) and
masks the bound Mn2* signal. A further, but smaller, in-
crease in the free Mn2* signal is also observed on doubling
the Gd3* concentration to a molar ratio of 2:1 (spectrum
not shown). In each case the Con A and Mn2* concentra-
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FIGURE 5: The ESR spectrum for Mn?* in the presence of Con A
with and without added GdCl;. Part A of this figure depicts the Mn2+
ESR spectrum of 330 uM MnCl; in the presence of 643 uM Con A
monomer at pH 5.3 in 0.05 M NaOAc-0.2 M NaCl buffer. Part B in-
dicates the spectrum recorded after the addition of GdCl; to a final
concentration of 653 uM ([Mn2*] = 330 uM, [Con A] = 643 uM).
The spectra was recorded sequentially under the same spectrometer

conditions: attenuation, 50 mW; modulation amplitude, 8 G, receiver
gain, 3.2 X 103,

tions were the same and each spectrum was recorded under
identical spectrometer conditions.

Discussion

Gd3* is a paramagnetic trivalent lanthanide which, be-
cause of its relatively long electronic spin relaxation time, 74
(relative to the other paramagnetic lanthanides), is able to
exhibit a solvent proton relaxation enhancement effect
when bound to a macromolecule (Dwek, 1972). The en-
hancement effect results from a difference in the dominant
contribution to the correlation time, ¢, for the dipolar in-
teraction between the unpaired electronic spin and the pro-
tons in the first hydration sphere H>O molecules of the
Gd3*, between the solvent and protein bound sites for
Gd3*. The use of Gd* as a relaxation enhancement probe
has been limited, but the potential has been clearly outlined
in earlier publications (Reuben, 1971a; Dwek et al., 1971;
Morallee et al., 1970).

The results indicate that the solvent proton relaxation en-
hancement technique can be successfully applied to a study
of Gd** binding to the dimeric form of Con A in the region
of pH 5.6. Analysis of the Scatchard plot of the binding
data obtained from the relaxation enhancement measure-
ments (Table I) reveals a fractional tight (Kp = 15 uM)
binding site for Gd3* in both the absence of any additional
metal ions and the presence of saturating Zn2* and Ca?*,
The most likely explanation for the fractional value ob-
served for the number of tight sites per monomer is that the
tight site is formed from two carboxyl side chains which are
partially ionized at this pH. If Gd3* bound only to doubly
ionized sites then a fractional value of n; would be expect-
ed. Secemski and Lienhard (1974) have reported a similar
effect for the binding of Gd3* to the Glu-Asp pair in lyso-
zyme and suggested the above explanation for their results.
Using the pK’s (Parsons and Raftery, 1972) reported for
the Glu-Asp pair of lysozyme (6.01 and 4.49, respectively),
the fraction of doubly ionized sites at pH 5.6 would be 0.27.
On the basis of the competition experiments (see below) it
is proposed that S3 is either at Glu-87-Asp-136 or Asp-
80-Asp 83; it therefore seems reasonable to conclude that
the fractional value for the number of tight sites per mono-
mer observed for Gd3* binding to Con A arises by a similar
effect. We are currently investigating the pH dependence of
Gd3* binding to further test this hypothesis; however, the
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pH dependent aggregation of Con A complicates matters.
The weak Con A binding sites for Gd3* are most likely the
remaining single carboxyl side chains. There are 25 free
carboxyl side chains per Con A monomer (Becker et al.,
1975), four of these are involved in S1 and S2, two more
would be expected to be involved in S3 (see below). Thus
one might expect approximately 20 weak sites with Kp’s of
~7 mM, since this is the Kp reported for Gd3* binding to
the carboxyl of acetic acid (Sillen and Martell, 1964). As
can be seen in Table I, such values are consistent with the
data when an exponential interaction between the binding
constants js assumed; however, the large experimental er-
rors involved at high degrees of saturation make accurate
determination of these parameters extremely difficult.

During the course of this work, Sherry and Cottam
(1973) reported the observation of a PRE effect with Gd3*
and Con A. Their analysis indicated a single tight Gd3*
binding site (Kp = 40 + 4 uM) and a weaker Gd3* site
(Kp = 200 = 50 uM) per Con A monomer (27,000 mol
wt.). On the basis of a comparison of these binding con-
stants with those of Mn?* for site S1 and Ca?* for S2, they
speculated that the tighter and weaker Gd** binding sites
were S1 and S2, respectively. In contrast, our results indi-
cate that the primary Gd3* site on Con A (which we refer
to as site S3) is clearly distinct from sites S1 or S2 which is
in agreement with more recent studies of Sherry (Sherry et
al., 1975). The possibility of a certain degree of Gd3* bind-
ing in site S2 at molar ratios of Gd** to monomer in excess
of 1:1, in the absence of Ca?*, cannot be ruled out; how-
ever, the data do not indicate a preferred second site after
filling of S3. The binding of Gd3* to Con A is not detecta-
bly perturbed in the presence of a sixfold excess concentra-
tion of Zn?* over the Con A monomer concentration (Fig-
ure 3). From published affinity constants for Gd3*+ and
Zn2* binding to acetic acid (6.9 and 93 uM, respectively;
Sillen and Martell, 1964) and with the aid of the Coleman
and Vallee (1961) treatment for competitive binding, the
extent of Zn’* displacement of Gd** from the weak sites
can be shown to be negligible under the conditions of the
experiment reported in Figure 3. If Gd3* were binding at
S1, then using the measured Kp of 70 uM for Zn’* binding
to S1 (Shoham et al., 1973) and the above treatment, it is
possible to calculate that Gd** would have to be binding to
S1 with a Kp of less than 0.1 gM in order that the extent of
displacement by Zn?* ians, under the conditions of the ex-
periment reported in Figure 3, be less than the experimental
error (5%). Similarly, to observe a negligible displacement
by Ca?* ions, Gd?* would have to be binding at S2 with a
Kp of 1uM or less. The fact that the tightest binding con-
stant found for Gd3* is 15 uM and that this is for a frac-
tional site is strong evidence that the tight Gd3* binding site
reported here is neither S1 nor S2. Furthermore, Gd3* is
competitively displaced from the tight site by both Sm3**
and Pb2* (see below), neither of which demonstrates any
affinity for site S1 as determined by the Con A-Ni>* equi-
librium dialysis experiments of Shoham et al. (1973). The
results of Shoham et al. (1973) also indicate that Sm3* is
not competitive for Ca?* bound to Con A, although possible
weak binding of Sm3* to S1 and S2 is suggested by the
ability of high concentrations of Sm3* to induce sugar bind-
ing activity in Con A (Sherry et al., 1975; Shoham et al,,
1973).

Gd** is competitively displaced from Con A by both
Pb2*, Sm3*, and other lanthanides. Since these ions have
similar affinities for the carboxyl group of acetic acid as
4080
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Gd3* (Sillen and Martell, 1964), they would be expected to
first displace Gd3* from the weak sites to which 75% of the
Gd3* is bound under the conditions of the experiment re-
ported in Figure 3. In order to ensure that Pb?* and Sm3*
also compete effectively for the tight site, the experiment
was repeated at a Gd3*/Con A ratio of 0.2 in the presence
of excess Zn?* and Ca2* (Figure 4). Under these conditions
50% of the bound Gd3* is bound at the tight site and yet
more than 80% has been displaced at the highest concentra-
tion of competing ion. Therefore, the results of the competi-
tion experiments indicate that S3, the single tight Gd3* site
per monomer, is not coincident with site S1, the transition
metal ion site, or S2, the Ca®* binding site. This interpreta-
tion is further confirmed by the results of the mixed en-
hancement experiment discussed below.

The Mn?* ESR signal in a preparation of Con A with
Mn2* only present and as well with a 1:1 or 2:1 molar ratio
of Gd** to Con A monomer added has been described (Fig-
ure 5). The amount of Mn2™* displaced (20%) suggests that,
in agreement with the above discussion, Gd3*+ binding at S3
may be indirectly affecting the Sl affinity for Mn>*
through modifications of the protein conformation (al-
though no conformational changes are observed in the 220-
MHz proton high resolution spectrum or in the circular di-
chroism spectrum of the protein). An alternative interpreta-
tion, supported by Sherry’s most recent results (Sherry et
al., 1975), is that Gd3* is causing displacement of Mn?*
from S1 by weak binding to S1 in addition to the strong
binding to S3 described above. No displacement of Mn?* is
observed under the same conditions, but in the presence of
Ca?*, where Mn2* is known to bind much more tightly to
S1 and Gd3* still binds strongly to S3 (B. H. Barber and J.
P. Carver, unpublished results). A similar increase in the
free Mn2* ESR signal was reported by Sherry and Cottam
(1973) upon the addition of Nd3* to the Con A-Mn?*
complex.

The requirement for heavy metal ion crystallographic de-
rivatives in the X-ray crystal structure analysis of Con A
has provided a means with which to locate the lanthanide
site S3 on Con A. Edelman and coworkers have reported
the collection of data on Pb(NQO3)> and Sm(NOj); heavy-
metal derivatives of Con A (Edelman et al., 1972; Becker et
al., 1975). The data indicate that for Sm3* there is a single
major occupancy site and two minor occupancy ones. For
Pb(NQO;); two equal occupancy sites are observed per
27,000 molecular weight monomer one of which corre-
sponds to the major Sm3? site, the other corresponds to the
weakest Sm3* site. Stimulated by the results of this study,
Edelman et al. have examined the GdCl; derivative of Con
A at 2.8-A resolution in projection and found that the Gd**
ion binds with the same relative occupancies in the same
three sites in the crystal as Sm3* (G. M. Edelman, G. N.
Reeke, and J. W. Becker, personal communication, Becker
et al,, 1975). Therefore, the major occupancy Sm** site, the
major Gd3* site, and the major Pb2* site appear to be crys-
tallographically identical in location. This information, cou-
pled with the very similar competition pattern of Sm** and
Pb2* for the Gd3* site on the Con A-Zn?*-Ca?* complex
(Figure 4) strongly suggests that the single tight binding
site for Gd3* per monomer (S3) is at the position of the
major Pb?* binding site determined crystallographically.
This site is on the surface of the molecule associated with
the side-chain carboxyls of Glu-87 of one monomer and
Asp-136 of the other monomer in the dimeric structure
(Edelman et al., 1972). The other Pb?* binding site is locat-
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ed between the side-chain carboxyls of Asp-80 and Asp-83
(Becker et al., 1975).

Hardman and Ainsworth (personal communication) have
examined SmCl; and GdCl; derivatives of Con A at 6-A
resolution. Although, only two of their sites correspond to
sites observed by Edelman et al., and although the relative
occupancies for these sites differ from those found by Edel-
man et al., they do find Gd3+ and Sm3* binding to occur in
one of the positions in the crystal in which Edelman et al.
found Pb?* to bind—Glu-87-Asp-136. They do not find
lanthanide binding at the second Pb?* site but they do find
that the Gd3* and Sm3* jons bind with the same relative
occupancies in the same three sites in their derivatives of
Con A. Although it is not possible to completely rule out the
Asp-80-Asp-83 site as being S3, the low relative occupancy
(0.13 vs. 0.50 for the Glu-87-Asp-136 site) by Sm>* and
Gd3* (Becker et al., 1975), together with the failure of
Hardman and Ainsworth to observe lanthanide binding at
Asp-80-Asp-83 in their derivatives makes such a possibility
unlikely.

The location of site S3 on the monomeric unit provides a
valuable reference point with which to exploit the paramag-
netic mapping capabilities of Gd** (and also Eu®*) in high
resolution NMR experiments (Morallee et al., 1970). In
conjunction with the similar potential for the use of para-
magnetic ions (e.g., Mn?*, Co?*, Ni2*) in site S1, Con A
offers a unique opportunity to expand and develop the ca-
pacity to assign and locate residues both on the protein and
for small molecules in exchange with sites on the protein,
using high resolution paramagnetic “mapping” techniques
(Butchard et al., 1972; Fung et al., 1973; Brewer et al,,
1973). Such experiments are presently in progress in our
laboratory and the specific influence of Gd3* on the 220-
MHz proton magnetic resonance spectrum has been dis-
cussed elsewhere (J. P. Carver, B. H. Barber, and B. J.
Fuhr, manuscript submitted for publication).

In order to more fully define the solvent PRE character-
istics of the Con A bound Gd3*, we have investigated the
frequency dependence of the relaxation properties of the
complex. The results indicate that there is a marked fre-
quency dependence of the enhancement parameter e, in
the region of 5-60 MHz, resulting principally from a fre-
quency dependence in the relaxation properties of the Con
A bound Gd3* (B. H. Barber and J. P. Carver, unpublished
results). We are presently attempting to fit the experimen-
tal results using the conventional Solomon-Bloembergen
expressions (Solomon, 1955; Bloembergen, 1957), however,
the complex nature of the frequency dependence of 7, (Reu-
ben, 1971b; Hudson and Lewis, 1970), the electron spin re-
laxation time, makes the treatment of these data more diffi-
cult than the corresponding analysis for a Mn?* complex
(Dwek, 1972). Potentially, the achievement of a satisfacto-
ry fit to the experimental data would provide an assessment
of the relative contributions to the dipolar correlation time
¢, at any particular magnetic field strength (Dwek, 1972),
and, therefore, would be of value in the use of Gd3* as a
reference point on Con A for absolute distance calculations
(B. J. Fuhr, B. H. Barber and J. P. Carver, manuscript in
preparation).

The final point of discussion for the Con A-Gd3* com-
plex concerns the use of the mixed enhancement PRE ex-
periment to confirm the independence of sites S1 and S3
and to possibly detect any influence of binding at one site on
the other. The question of whether or not the occupation of
S3 by Gd3* alters the nature of the Ca2* binding influence
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on site S1, as detected previously by PRE methods (Barber
and Carver, 1975), can also be approached. Interpretation
of the experimental results in terms of the e, enhancement
parameter has been discussed in the Theoretical Treatment
section and the results of the calculations are presented in
Table II. The good agreement shown in Table II between
the calculated and determined e**, values indicates, in sup-
port of previous evidence, that sites S1 and S3 can be mutu-
ally occupied by Mn?* and Gd3*, respectively. This conclu-
sion is based on the fact that the mixed enhancement pa-
rameter e**; can be adequately predicted by the additive
combination of the PRE effects for Gd** and Mn2* bound
to Con A when determined separately. It also appears that
the Ca?* effect upon the PRE properties of Mn2* in S1
(Barber and Carver, 1975) is completely intact in the pres-
ence of Gd3* at S3, as evidenced by the predicted decrease
in e**; 519 This also clearly demonstrates, in support of
the previous competition data, the independence of sites S2
and S3. The decrease in the affinity of site S1 for Mn?*
upon the addition of Gd3**+ (Figure 5) observed by ESR,
would be expected to reduce the fraction of Mn?* bound in
the mixed enhancement experiments. The effect is not
large, and in fact allowance for the change in Kp changes
¢**, calculated for the Mn?* plus Gd3* case to 4.0 instead
of the value of 4.2 obtained when this effect is ignored and
results in better agreement with the observed value (Table
I). In the presence of Ca?*, Mn?* remains tightly bound so
no correction is required.

In summary, we have utilized the PRE effect of Gd**
bound to Con A to ascertain that there is a single tight
binding site for Gd3* per 27,000 mol wt Con A monomer.
By reference to heavy metal ion derivatives reported for
Con A and competition experiments in solution, it has been
possible to locate the Gd** binding site as one of the sites
previously reported for Pb2*, most probably the site involv-
ing the side chains of Glu-87 and Asp-136. This site, which
we have proposed to refer to as S3, is clearly distinct from
the previously described sites S1 and S2 as determined by a
variety of competition experiments and the mixed PRE
probe technique. The complex of Gd** with Con A promis-
es both to provide an excellent system with which to develop
the understanding of Gd** as a PRE probe and perhaps
even more importantly to serve as a further defined para-
magnetic reference point for future high resolution experi-
ments with Con A in solution.
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