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Interactions of Saccharides with Concanavalin A. Mechanism 
of Binding of a- and @-Methyl D-Glucopyranoside to 
Concanavalin A as Determined by 13C Nuclear 
Magnetic Resonancef 

C. F. Brewer,*,: H. Sternlicht,$ D. M. Marcus,y and A. P. Grollman 

At3srRAc-T : Binding of a- and @-methyl D-glucopyranoside 
(uniformly labeled with 14z I T )  to concanavalin A was 
studied by pulsed Fourier transform carbon magnetic reson- 
ancc techniques. The spin-lattice relaxation times (T! )  for the 
carbon resonances of the two glycosides were measured in the 
presence and absence of the zinc and manganese derivatives of 
the protein. 7') values for the ring carbons of both sugars were 
uniformly shortened when bound to zinc concanavalin A and 
selectively shortened when bound to manganese concanavalin 
A.  The results indicate that the paramagnetic managanese ion 
in concanavalin A contributes to the relaxation of the carbon 
atoms of the bound sugars. The distance between each carbon 
atom of the bound sugars and the manganese ion was cal- 
culatcd from the paramagnetic contribution of manganese to 

C oncanavalin A (Con A),'  a protein isolated from the 
Jack bean (Cunuculiu ensrfi~rinis) (Sumner and Howell, 
1936). i i  a member of the lectin class of plant proteins. In- 
terest in Con A stems from its unusual effects on animal cells 
(cf: Sharon and Lis, 1972). The protein agglutinates cells 
transformed by oncogenic viruses (Inbar and Sachs, 1969). 
inhibits growth of malignant cells in experimental animals 
(Shoham er a/ . ,  1970), and exhibits mitogenic activity (Powell 
and Leon. 1970). Fibroblasts transformed by oncogenic 
biruscs in rirro are restored to  normal cell density by ex- 
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the 7 ,  of the sugar carbons. These measurements establish the 
three-dimensional orientation of both anomers relative to the 
transition metal site in the protein. Both sugars appear to bind 
in different orientations while remaining in the C-1 chair 
conformation with their nonreducing ends closest to  the 
manganese ion at a mean distance of 10 A. The distance 
separating the transition metal and sugar binding site in the 
protein, as determined from these measurements in solution. 
differs from the value recently proposed on the basis of 
X-ray diffraction studies. The different binding orientations 
of a- and $-methyl D-glucopyranoside account for the dif- 
ference in binding constants of the two sugars and the rela- 
tive affinities of their derivatives for concanavalin A.  

posure to trypsin-treated Con A (Burger and Noonan, 
1970). 

The biological efkcts of Con A appear to  be related t o  its 
sugar binding properties. Con A binds monosaccharides 
with the D-mannopyranoside configuration at  the 3, 4, and 6 
positions (Goldstein et id., 1965b), and interacts preferen- 
tially with the a anomers of these sugars. The ability of Con 
A to precipitate certain polysaccharides has served as a model 
for antibody-antigen reactions (Goldstein et a/ . ,  196%). 

Between pH 3.5 and 5.6, Con A exists as a dimer with a 
molecular weight of 54,000; a t  higher pH,  tetramers form 
(Kalb and Lustig, 1968; McKenzie et al.,  1972). Each mono- 
meric unit has one site (Si) that binds transition metal ions 
and another site (Sr) that binds calcium ions. Evidence has 
been presented suggesting that both the SI and Sz sites in the 
protein must be occupied for saccharide binding activity t o  
occur (Kalb and Levitzki, 1968). Derivatives of Con A in 
which Zn2+, CO'+, or Mnz+ ions occupy the SI site possess 
equal abilities t o  bind sugars. The SI site has been shown by 
X-ray diffraction studies to  be located a t  the base of a cavity 
extending to  the surface of each monomer (Weinzierl and 
Kalb, 1971). The primary sequence and electron density map 
of the protein a t  2-A resolution (Edelman et ai., 1972) and a t  
2.4-A resolution (Hardman and Ainsworth, 1972) have re- 
cently been reported. 
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Previous nmr studies of sugar binding to  proteins have 
been limited to  mono- and oligosaccharide binding to  lyso- 
zyme (cf. Dahlquist and Raftery, 1969; Millett and Raftery 
(1972)) and were experimentally restricted to  measurements of 
a few resolvable 19F and lH resonances of the sugars under 
binding conditions. Affinity constants, kinetic parameters of 
binding, and the number of binding sites on the protein were 
determined, but only qualitative differences in the binding 
orientation of anomeric sugars could be inferred from chem- 
ical-shift data. In contrast, 13C nmr can provide dynamic 
and structural information from essentially all of the carbons 
of the bound sugar. 

We have briefly reported a 13C nmr study of the binding of 
a-methyl D-ghcopyranoside t o  Con A (Brewer e? ai., 1973). 
The present paper details the mechanism of binding of a- 
and 6-methyl D-glucopyranoside, uniformly labeled with 
14% 13C, t o  Con A and to  transition metal derivatives of the 
protein as studied by pulsed Fourier transform 13C nmr tech- 
niques. The effects of the manganese and zinc derivatives of 
Con A on  the 13C spin-lattice relaxation times of the carbons 
of both sugars permit calculation of the three-dimensional 
orientation of the bound sugars relative to  the transition 
metal ion site in the protein. Different binding orientations 
and interactions were found for each anomer which may 
account for the difference in the affinity constants of these 
glycosides and explain the relative affinity constants of many 
of their derivatives. The mean distance between the binding 
site for both sugars and the MnZT ion was calculated to  be 
10 A, which contrasts with the values of 20 and 23 A pro- 
posed by Edelman et al. (1972) and Hardman and Ains- 
worth (1972), respectively, from X-ray diffraction studies of 
crystalline complexes of Con A with saccharide derivatives. 

Materials and Methods 
Synthesis of 13C-Labeled Sugars. a- and 6-MeGlc uniformly 

labeled with 1 3 . 8 z  13C were synthesized from 13C 13.8% uni- 
formly labeled D-glucose (Lot No. C-909, Merck Sharp and 
Dohme). The method consisted of refluxing 13C-labeled D- 

glucose in methanol in the presence of a cation exchange resin 
(Bartlett and Sheppard, 1969). The products, 3C-labeled a- 
and P-MeGlc, were separated on  a n  anion exchange column 
(Austin et al., 1963); elution was monitored by gas-liquid 
chromatographic analysis of the trimethylsilyl derivatives of 
the eluate. T-Labeled a-MeGlc was crystallized from 
ethanol-ether to a constant melting point, 167-169" (lit. 
mp 166" (Conchie et al., 1957), recrystallized from aqueous 
ethanol). C-Labeled P-MeGlc was also recrystallized from 
ethanol-ether to  a constant melting point, 111-112" (ht. mp 
110" (Conchie et ul., 1957), recrystallized from aqueous 
ethanol). nuclear magnetic resonance (nrnr) spectra of 
both sugars were identical with those previously reported 
(Perlin et al., 1970; Dorman and Roberts, 1970). 

Preparation of Con A Dericatioes. Native Con A, purchased 
from Miles-Yeda, contained a mixture of Mn2+, Mg2+, Zn2+, 
and Co2+ ions. Zinc Con A (Zn-Con A) and cobalt Con A 
(Co-Con A) were also obtained from Miles-Yeda. The prepa- 
ration of Mn-Con A used in this study has been reported 
elsewhere (Koenig et ul., 1973). All metal derivatives of Con A 
displayed a single band following polyacrylamide gel electro- 
phoresis a t  p H  4.3. Atomic absorption analysis confirmed 
the presence of a t  least 90% of the appropriate transition 
metal in each protein derivative and 2 equiv of transition 
metal ion per protein dimer. Atomic absorption analysis of 
these same protein solutions indicated the presence of -18% 
of the theoretical 2 equiv of Ca2+ ions per protein dimer. (In 

our nmr studies, addition of Cas+ ion did not affect the sugar 
binding activity of Con A (details will be reported elsewhere).) 
Native Con A and the transition metal derivatives were 
equally active in agglutinating sheep erythrocytes a t  ambient 
temperature (Marcus and Grollman, 1966). All metal de- 
rivatives of Con A showed the same kinetics for sugar binding 
C. F. Brewer et a/., manuscript in preparation). 

Nmr Measurements. A description of the materials and 
methods used in the nmr measurements has been published 
elsewhere (Brewer et a/., 1973). Spin-lattice relaxation times 
(TI)  were measured using the 18Oo-At-90" two pulse se- 
quence (Vold et al., 1968) and varying the time interval, Ar, 
between the pulses. Transverse relaxation times (T,) were de- 
termined from Av, the line width in hertz a t  half-height of the 
appropriate resonance using the relationship Av = (rT,)-I. 

Relaxation Theory 

Transverse, T20, and spin-lattice, T,, ,  relaxation times of 
the 13C carbons of free sugars in solution are determined pri- 
marily by fluctuating magnetic dipolar interactions between 
the spins of the 13C carbons and their directly bonded hydro- 
gen atom(s). In the presence of a diamagnetic protein that 
binds the sugars, these same dipolar interactions determine the 
relaxation times of the carbons of the bound sugar. The dif- 
ferences between the relaxation times of the free and bound 
sugars are related t o  the difference in molecular rotational 
correlation time, T ~ ,  of the two states of the sugar. The slower 
tumbling time of the sugar-protein complex increases the 
spectral density of magnetic fluctuations (Abragam, 1961) 
a t  the 13C Larmor frequencies, thereby facilitating spin tran- 
sitions between the two I3C spin energy states. 

The experimentally observed transverse and spin-lattice 
relaxation times, T, and TI, respectively, of the carbon spins 
of the sugars in the presence of the protein are given by eq 
l a  and lb ,  where TL0 and Ti, are the transverse and spin- 

lattice relaxation times, respectively, of the 13C carbons of 
the sugar in the absence of protein, f i s  the ratio of bound t o  
total sugar in solution, T2,,, and Ti,,, are the transverse and 
spin-lattice relaxation times, respectively, of the carbons 
of the sugar bound to  the protein, and T,,, is the residence 
time of the sugars on  the protein. Equations la and l b  as- 
sume that there is a n  excess of sugar in solution relative to  
the protein concentration (f<< 1) and that the differences in 
chemical shift between free and bound sugars are negligible 
(Swift and Connick, 1962). Ring carbons of the sugars are 
expected t o  have a single value for T,,, because they bind as  a 
rigid unit. Tz ,,,, TI ,,,, and T,,, are determined from studies of 
the temperature dependence of T2 and TI as  a function of f .  
T,, generally decreases with increasing temperature (Abra- 
gam, 1961) ; T,,,, generally increases with increasing tempera- 
ture (Abragam, 1961). Two processes may contribute to  Tzm 
and TI,,,: (i) diamagnetic relaxation that arises from the mag- 
netic dipolar interaction between the nuclear spin(s) of the 
13C carbon(s) and its neighboring hydrogens and (ii) para- 
magnetic relaxation that arises from the magnetic dipolar 
interaction between the 13C spin(s) and the unpaired electron 
spins of the paramagnetic ion bound t o  the protein. Para- 
magnetic relaxation must be considered for the Mn- and 
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Co-Con A derivatives, while only diamagnetic relaxation 
exists for Zn-Con A. 

For Zn-Con A, Tz,,, and TI,,, of the bound sugars are given 
by eq 2a and 2b (Abragam, 1961), where n is the number of 

( 4 n / l S ) K r c ~ - ~ ~ , j 0 . 5 [ 1  + (os - + 
1 5[1 + W I * T ~ * ] - - I  + 311 + (US + W I ) ~ T ~ ~ ] - ' ]  (2b) 

directly bonded protons and K = ? z ~ ~ s ~ ~ I ~ S ( S  + I ) ,  where #z 
is Planck's constant divided by 2 a ,  ys and 71 are the proton 
and carbon gyromagnetic constants, respectively, and S 
is the IH spin value of 0.5. The covalent carbon-proton dis- 
tance is denoted as rCH. T, is the rotational correlation time 
of the sugar-protein complex and decreases with increasing 
temperature. ws and W I  are the Larmor precession frequen- 
cies in radians per second of the lH and 13C nuclear spins, 
respectively. For the ring carbons, n = 1 ;  for C-6, n = 2. 
The assignments for n are made with the assumption that 
only directly bonded hydrogens contribute to the relaxation 
times of the 13C carbons. Intermolecular dipole-dipole re- 
laxations due to  protein hydrogens were not deemed an im- 
portant source of relaxation because of the r-6 distance fac- 
tor in eq 2a and 2b. The contribution of directly bonded I3C 
carbons t o  the observed carbon relaxation is also unimportant 
because of the low degree of I3C enrichment, the small gyro- 
magnetic constant of carbon relative to  hydrogen, and large 
carbon-carbon bond distance relative to that between carbon 
and hydrogen atoms. 

of the bound sugars are given by 
In the case of Mn-Con A or Co-Con A, TZ,,,-l and 

where T2),,,d-l and TIL,, ,d-l  are the diamagnetic contributions 
t o  the transverse and spin-lattice relaxation rates, respec- 
tively, of the 13C carbons of bound sugars (eq 2a and 2b), 
and TzP-l and are the paramagnetic contributions 
of the metal ion to  the respective relaxation rates of the 
bound sugar carbons. Assuming that TZlll ,d and Tl , , , , d  of Mn- 
and Co-Con A are the same as those for Zn-Con A, TL1,-I 
and Tip- are obtained by subtracting the reciprocal relaxa- 
tion times of the sugars bound t o  Zn-Con A from the recipro- 
cal relaxation times of the sugars bound to  Co- or  Mn-Con A 
(eq 3). (In our study T2p could not be determined because 
of the relatively long T~,, exchange times.) At 23.4 k G  TIP, 
the paramagnetic contribution to  Tim, is given by eq 4 (Abra- 

gam, 1961 ; Shulman et nl., 1965), where g denotes the elec- 
tronic "g" factor, p represents the Bohr magneton, S is the 
electron spin quantum number of the paramagnetic ion, 
TCM is the metal ion-carbon internuclear distance, and T~ 

is the electron-nuclear correlation time for dipolar inter- 
actions a t  23.4 kG. In the case of Mn-Con A, the values g = 

4450 B I O C H E M I S T R Y ,  V O L .  1 2 ,  N O .  22 ,  1 9 7 3  

2.0 and S = provide reasonable approximationi (Ruben- 
stein et a/., 1971; Reed and Cohn, 1970) The electron 
nuclear correlation time, T, is given by eq 5 ,  where T I \  the 

electron spin-lattice relaxation time at  23.4 k G .  For h4n- 
Con A T~ was found (Koenig er d., 1973) to be dominated 
by T,, the rotation correlation time of the protein in solution, 
such that re = r, (see below). The Fermi-contact contri- 
bution (Bloembergen and Morgan, 1961) to  the values for 
 TI^) was neglected. This is valid when no unpaired spin den- 
sity is delocalized from the paramagnetic ion into the sugar 
ring as found in the case of sugars bound to Con A. The expres- 
sions for follow directly from cy 2b with 11 =. 1, -ts rc- 
placed by g@#zr', rc11 replaced by ~ ~ 1 1 ,  r ,  replaced by r? rind 
ws set equal to  the electron Larmor frequency a t  23.4 LG. The 
simplified expression (eq 4) results since the electron Larmor 
frequency is several orders of magnitude larger than that 
of the 13C carbon spin. 

involve only one rotational correlation time, T ~ .  and are 
written independent of orientational factors. This is correct 
for isotropic rotational Brownian motion; howeLcr. Con A. 
a dimer at pH 5.60, should bc treated hydrodynamicall\. as a n  
axially symmetric ellipsoid with semimajor i~xes i i .  / I .  and c 
equal to 42, 20, and 20 A, rcspectikely (Edclnian iir d,, 1972). 
The rotational difusion motions of ellipsoids are anisotropic 
(Perrin, 1936; Woessner, 1962). In contrast to the isotropic 
case, the relaxation times T!,,, and Ti,, ,  of ailgars hound to  
Con A would be expected to depend on the orientations of 
Y C ~ I  and ~ ~ 1 1 .  relative. to th\: ( I  a \ i b  (Wocssnei. 1962). In a d d -  
tion, the nmr relaxation cxpressions depend on more than 
one rotational diftision tinic. The modified relayat ion ex- 
pressions are slowly varying functions of the orientation of 
the rCI1 or rclI vectors relative to the ( I  semimajor axis. 

According to  Woessner, the calculated spin relaxation 
times of any carbon of the bound sugar based on ;I coninion 
isotropic correlation time for all carbons (eq 221. 2h, x n d  4) 
could be in error by 50% depending on the orientation fac- 
tors and diferences in the rotation dilfusion times about thc 
ellipsoidal axis. The anisotropic rotational motion o f  the 
protein could therefore cause a n  absolute error of -10% 
in the calculated carbon m&il ion distances a s  oht;iined 
from the isotropic expression. However, thc relative error in 
the calculated distances between the carbons of the sugar and 
the metal ion could still be small ( < S % ) .  For c\r imple,  in 
cases where the carbon -metal ion distances are ~tiltickntly 
large, all rCR7 vectors makc approximately the siinic angle 
with the semimajor axes. LI. A common isotropic tumbling 
correlation time for the protein sugar complex could thcre- 
fore be used to  calculate the relative disianccs o f  the h u g a r  
carbons to the metal ion with a n  error of Icsb than 5 % .  

The above dipolar cxpressions for T 2 , ,  7' 

Results 

Effect ojProrein Binding on the ! 3C Kesonunccs oj r i l e  Siiglirs. 
The proton-decoupled 1 3C nmr spectrum of '"C-enriched 
a-MeGlc is shown in the upper part of Figure 1. The carbon 
resonance assignments are listed above each peak. Small 
peaks on either side of major peaks result from 'T ' "C 
coupling between directly bonded 3C carbons. 

The I3C spectrum of the CY anomer in the presence of Zn- 
Con A (Figure 1A) or any of the other Con A derivatives 
shows line broadening which is reduced if a n  c'xces\ of 
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FIGURE 1 :  Proton-decoupled I3C nmr spectra of I3C-enriched a- 
methyl D-glucopyranoside at pH 5.6 and 25" and (A) in the presence 
ofZn-Con A ;  (B) in the presence olZn-Con A and a-methyl D-man- 
nopyranoside. The concentrations used were: 1.25 X 
enriched a-methyl D-glucopyranoside, 8.7 X M Zn-Con A, 
and 4 X M a-methyl D-mannopyranoside. Spectra A and B are 
shown on an expanded scale. The small peaks ( X )  in spectrum B 
are those of a-methyl D-mannopyranoside. 

M 

a-methyl D-mannopyranoside, a competitive binding sugar 
(Goldstein et ai., 1965b), is added to  the solution (Figure 
1B). The line broadening in Figure 1A is, therefore, due to  
specific protein-saccharide binding and not due t o  factors 
such as viscosity changes in the solution. Line broadening 
in the spectrum of the p anomer also occurs in the presence 
of the protein. No chemical shifts of the carbon resonance 
positions for either sugar were observed upon addition of 
protein to  solution, or as a function of temperature. 

The integrated signal intensity of the proton decoupled 
13C resonances of the sugar carbons in the presence of the 
protein was reduced by approximately a factor of 2 relative 
to  the spectrum of the free sugars. These results indicate a 
loss of the nuclear Overhauser enhancement (NOE) for the 
sugar carbon resonances upon binding to  the protein. The 
NOE was regained upon addition of an excess of a-methyl 
D-mannopyranoside to  the solution. 

The change in line widths a t  half-peak height of the car- 
bon resonances of the a anomer showed a linear relationship 
to  the total sugar concentration (6.1-25 mM) in the presence 
of a constant atnount of protein (0.49-0.87 mM). A similar 
plot for the @ anomer was nonlinear, indicating incomplete 
binding to the protein. The affinity constant for the @ anomer 
was calculated to  be 70 i 15 a t  2.5" from these data. This 
value was used to  determine f ,  the fraction of bound to  total 
sugar in solution in the presence of protein. Figure 2 shows a 
plot of the change in line width of the resonance of C-6 of 
the 6 anomer as a function of f .  The linear reationship (Fig- 
ure 2 )  demonstrates that the observed line broadening of 
the 6 anomer also results from specific binding to  the pro- 
tein. 

Effects of Temperature on the I3C Resonances of the Sugars 
in the Presence of the Con A Derioatioes. Temperature de- 
pendence (between 4 and 45") of the line widths of C-l and -6 
resonances for both sugars in the presence of native Con A 
at  p H  5.60 is shown in Figure 3. Line broadening, repre- 
sented as log [ f / r (Av  - Avo)], is plotted against the re- 
ciprocal absolute temperature, where AV and Auo are the line 
widths at half-peak height of the 13C sugar resonances in the 
presence and absence of protein, respectively. j / r ( A v  - 
AVO) is equal to  T2,,, + T,~,  (eq la). Between 4 and 2 5 " ,  the  line 
widths for the carbon resonances of the (Y anomer were 

TOTAL SUGAR CONCENTRATION x 10' (MOLEWLITER) 
2.5 1.25 0.61 

1 

BOUND SUGAR f =  FREE SUGAR 

FIGURE 2: Plot of the change in the C-6 line width of *3C-enriched 
(3-methyl D-glucopyranoside in the presence of 8.7 X M "native" 
Con A as a function of A the ratio of bound to unbound sugar in 
solution. The total sugar concentration present ranged from 0.61 X 

M. The affinity constant, K,, is based on two 
independent sugar binding sites per Con A dimer (molar 54,000). 

to 2.5 X 

nearly the same and broadened with increasing tempera- 
ture. In this temperature region, the a anomer exchanges 
slowly on the nmr time scale between free and protein-bound 
environments, and the line-broadening effects are dominated 
by the residence time of the sugar on the protein (T,,, > T2m). 
Above 2 5 " ,  the line widths of the ring carbons of the a ano- 
mer begin to narrow, indicating intermediate to fast ex- 
change between free and protein-bound environments (Le . ,  
T2nr > T,~,) ,  since T,,,, is known to increase with increasing 
temperature (Abragam, 1961). The line width of C-6, how- 
ever, continues to increase above 25' which indicates that 
C-6 of the a anomer was still undergoing slow exchange with 
the protein ( T , , ~  > T2m). This result is consistent with T,,,, of 

TEMP ('Cl , 
39 5 

I I I I I 1 

T-' xIO' ( O K - ' )  

FIGURE 3 :  Plot of the line broadening of the C-1 and C-6 resonances 
of 13C-enriched a- and @-methyl Dglucopyranoside at pH 5.60 in 
the presence of "native" Con A as a function of temperature. 
The line broadening effects are expressed as log [ f /n (Au  - AVO)] 
where Av - AVO denotes the change in line width in the presence of 
protein and f denotes the ratio of bound to unbound sugar. The 
total sugar concentration varied from 0.61 X to 5 X M. 
The Con A concentration varied from 4.8 X lo-' to 8.7 X lo-' M. 
The measurements at 50" were complicated by the instability of the 
protein at this temperature. 
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FIGURE 4: Plot of the 13C magnetization recovery cs. pulse interval, 
At; for 1.25 X XI 'Glabeled a-methyl D-glucopyranoside in 
the presence of (a) 8.7 X M 
Mn-Con A. 2[1 - (M/Mo)]-' is equal to 2.718 when At = TI. MO is 
the full magnetization value of a given carbon after 6T1 times (com- 
plete relaxation) following the 180" pulse; M denotes the net 
magnetization value (represented by the observed signal intensity) 
after the pulse interval. A[. following the 180" pulse. 

M Zn-Con A and (b) 8.7 X 

C-6 being shorter than T?,,, of the ring carbons, since C-6 
possesses a n  extra proton. At 2 5 " ,  the a anomer was deter- 
mined to  have a T~,, = 2.5 x lo-? sec. Similar findings were 
obtained for the transition metal derivatives of the protein. 

The results for the p anomer (Figure 3) are similar t o  those 
observed for the a anomer, but differ in the magnitude of 
T,,), At 25', T ~ ~ ,  for the B anomer was 2.5 x sec. This 
value was determined from a temperature study of the line 
width of C-6 (Figure 3). since T?,,, influences this carbon's 
line width less a t  25' than for ring carbons with single bonded 
protons (Figure 3). The 7&, value of the ring carbons for both 
sugars bound to  native Con A a t  25" was estimated to  be 
6 I 2 X sec. T?,,, of C-6 for both sugars was half of this 
value due to  the presence of an extra proton. Similar data 
between 4 and 25' were obtained for the sugars in the presence 
of the various transition metal derivatives of Con A. 
TI Meusirrements o f ' t h e  Sugurs in the Presence of Con A. 

T,,,, could not be accurately determined from the effects of 
protein binding on the transverse relaxation times of the 13C 

sugar carbons at  25" due to  the relatively large contribution 
of T ~ , ,  (Figure 3) t o  the observed T,. 13C spin-lattice relaxation 
times (TI) of the sugar carbons in the presence of protein 
were therefore determined. Since TI,,, 2 T2,,,,, depending on  
the rotational correlation time of the sugar-protein complex 
(Doddrell et d., 1972), contributions of T~~~ to  the observed 
TI can be relatively minor. 

T,  values for each of the carbon resonances of 13C-enriched 
a-methyl D-glucopyranoside can be determined simulta- 
neously by the 180°-Ar-90c pulse sequence method (Vold 
et  ul., 1968). The same is true for the /3 anomer, except that 
carbon resonances 3 and 5 overlap. A typical plot of the 
magnetization recovery of the I3C carbons of the a anomer 
in the presence of Zn- and Mn-Con A as a function of the 
pulse interval, At ,  i s  shown in Figures 4a and 4b, respec- 
tively. Each of the 13C carbons of the sugar experiences a 
reduced, as well as a unique, relaxation time in the presence 
of Mn-Con A due to  the presence of the paramagnetic Mn2- 
ion. No significant difference in the observed TI of the car- 
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TABLE 1: Spin-Lattice Relaxation Time of l3C Carbons of 01- 

Methyl D-Glucopyranoside in the Presence of the Zinc, Cobalt, 
and Manganese Transition Metal Derivatives of Con A at 
25" ( T ~ , ,  = 0.025 * 0.005 sec; Concentration of Protein, 8.7 x 
10- M). 

Con A 
Transit ion TI (sec)a 

- 

TQd,e Metal Car- Free fb = f" = 
Derivative bon sugar 0.071 0.14 T,,, (sec) (sec) 

Free sugar 
(no protein) 

Zn-Con A 

Co-Con A 

Mn-Con A 

1 1 .09  
2 1 .06  
3 1 . 0 3  
4 1 .03  
5 1.07  
6 0 .60  
1 0 . 8 6  0 . 7 1  0 . 2 6  
2 0 . 8 2  0 .72  0.26 
3 0.82 0.72 0 .29  
4 0 .84  0 .72  0.30 
5 0 .83  0 . 7 5  0.28 
6 0 .45  0 .40  0 . 1 2  
1 0 .84  0.24 
2 0 . 8 4  0.26 
3 0 .85  0.32 
4 0.85 0.32 
5 0.82 0.22 
6 0 .47  0 . 1 3  

0 .  28d 

0 .  27d 

1 0 56 0 45 0 069 0 091 
2 0 46 0 32 0 036 0 040 
3 0 40 0 29 0 026 0 028 
4 0 40 0 29 0 026 0 028 
5 0 49 0 38 0 048 0 057 
6 0 33 0 24 0 029 0 038 

a Tl times were determined accurately to 10 .03  sec. Total 
sugar concentration was 2.5 X 10-2 bi. Total sugar concen- 
tration was 1.25 X lo-' M. An average Tlm of ca. 0.28 sec 
for the ring carbons of sugars bound to  Zn- and Co-Con A 
was used in  calculating TID. The differences in the individual 
TI, values reflect experimental errors in determining TI values. 
e The estimated error in TIP is cu. =k 15 z for the ring carbons 
and ca. =t25z for C-6. 

bons of either sugar was observed in the presence of Zn- or 
Co-Con A. Small corrections for r,,) were made (eq lb)  in 
calculating the TI,,, data. 

Measurements of the Afiniry Consrunts o f  the Sugars. De- 
termination of the affinity constants. K,, for binding of cy- 

and 6-MeGlc to  Con A at  25" has been described elsewhere 
(Brewer er d. ,  1973). The K ,  values found for the cy and /3 
anomers were 1700 i 300 M-' and 70 i 15 M-', respec- 
tively. The ratio of the affinity constants for the two anomers 
agrees well with the literature value of 28 determined at  2" 
from hapten-inhibition experiments (So and Goldstein, 
1968). The nmr calculated value for the K ,  of the /3 anomer 
at 2" also agrees well with the literature value (So and Gold- 
stein, 1968). 

Discussion 

Binding oj' cy- und P-MeGlc to Zn-Con A. The observed 
spin-lattice relaxation times of 13C ring carbons for both 
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TABLE 1 1 :  Spin-Lattice Relaxation Time of the 13C Carbons of 
$-Methyl D-Glucopyranoside in the Presence of the Zinc, 
Cobalt, and Manganese Transition Metal Derivative of Con 
A a t  25" (rm = 2.5 X sec; Concentration of Protein, 
8.7 x 1 0 - 4 ~ ) .  

Con A 
Transition TIQ (sec) 

Metal Car- Free f = f = Tipdse 
Derivative bon Sugar 0.049b 0.073c Tlm (sec) (sec) 

Free sugar 1 1 .08  
(no protein) 2 1 .05  

4 1 . 0 6  
3, 5 1 .06 
6 0 .56  

Zn-Con A 1 0.88 
2 0.85 
4 0 .86  
3, 5 0 .81  
6 0 .43  

Mn-Con A 1 0 .63  
2 0.55 
4 0 .37  
3, 5' 0.50 
6 0 .36  

0.26d 
0 . 2 2 J  

0 . 0 9  O . l l d  
0 . 5 6  0.078 0 .11  
0 . 4 8  0.058 0.075 
0.36 0.030 0.034 
0.42 0.045 0.054 
0 .34  0.053 0 . 1 0  

TABLE 111: Experimental (Exp) and Computer Fitted (CF) 
Distances between the Manganese Ion and Carbons of a- and 
P-MeGlc to  Mn-Con A a t  25". 

Distance (A) 
Carbon TIP (sec) Exp' CF 

a-[ TIMeGlc 1 0.091 
2 0.040 
3 0.028 
4 0.028 
5 0.057 
6 0.038 

2 0.075 
3b 0.054b 
4 0.034 
5 b  0.054b 
6 0.10 

p-[13C]MeGlc 1 0.11 

11 .7  1 1 . 5  
10 .2  10 .4  
9 . 6  9 . 8  
9 . 6  9 . 4  

10.8 10 .6  
10 .1  10.4 
12.0 12.0 
11 .2  1 1 . 4  
10 .6  10 .0  
9 . 9  10 .2  

10 .6  10.9 
11 .8  11 .5  

' rr is 8 X lo-* sec at  25". The estimated error in r (A) for 
this r ,  value is ~ t 0 . 3  A. bThese resonances are unresolved 
at  23.4 kG. TIP is a n  apparent average value for the relaxation 
time. 

a TI times were determined accurately to  d~0.03  sec. ' Total 
sugar concentration was 2.5 x 10-2 M. Total sugar concen- 
tration was 1.25 X M. f was calculated using an affinity 
constant K: equal to  70 f 15 1. mol-' a t  25". An average 
value for Tl,,, of the P anomer bound to Zn-Con A is based 
on a K: = 70 + 15.1 mol-'. An average of ca. 0.26 sec for 
the ring carbons and 0.1 1 sec for C-6 based on the combined 
data of a- and P-MeGlc was used in calculating TIP (see 
Table I). e The estimated error in TIP is slightly larger than that 
given for the a anomer (Table I). 'The C-3 and C-5 resonances 
are unresolved. Tl and the common TI,,, and Tlp values given 
above represent apparent values and are subject to  appreciable 
uncertainty. 

a- and P-MeGlc were uniformly shortened in the presence of 
Zn-Con A (Tables I and 11). TI,,, values for the bound sugars 
were calculated from eq 1b; r,,, values for a- and P-MeGlc 
at  25" were 2.5 x and 2.5 x sec, respectively, as 
determined from temperature studies of the observed line- 
width behavior of the sugar carbons in the presence of the 
protein (Figure 3). (A discussion of the kinetics of binding of 
a- and P-MeGlc is presented elsewhere (Brewer et a/.,  1972).) 
The TI", value obtained for C-6 of both sugars is shorter by a 
factor of 2 than those of the ring carbons, suggesting that the 
principal mechanism for spin-lattice relaxation of the 3C 
carbons in the bound sugar is intramolecular 13C-'H dipolar 
relaxation involving directly bonded hydrogen(s). Tlm values 
for the ring carbons of the sugars bound to  Zn-Con A were 
observed to  be essentially the same despite the expected aniso- 
tropic tumbling motion of the protein and can be assigned an 
"effective" common isotropic rotation correlation time (rr). 
The cy anomer has a high affinity constant and binds all of the 
protein in solution allowing an accurate determination o f f .  
Thus, precise calculation of Tr was obtained from the TI,,, data 
of the a anomer bound to Zn- or Co-Con A. 

Two possible values for T~ satisfy eq 2b: 8 X 10-5 and 2 x 
sec. The longer value for r ,  was chosen for reasons that 

have been discussed elsewhere (Brewer er al., 1973). The 
T ,  value for the sugar-protein complex suggests that the 
sugars are tightly bound to  the protein and tumble with a 
time characteristic of the tumbling time of the protein. 

Binding of a-MeClc to Co-Con A .  TI values of the a anomer 
in the presence of paramagnetic Co-Con A were the same 
as those observed in the presence of Zn-Con A (Table I). 
This result was expected since the electron spin-lattice re- 
laxation time, rs,  of the cobalt ion bound to  protein should 
be very short a t  23.4 k G  (Eisinger et al., 1962; S.  Koenig, 
R.  Brown, and C. F. Brewer, unpublished data) and thus 
rC = rS for the sugar bound to  Co-Con A. With a short rs, 
Co-Con A is not an effective source for electron-nuclear 
relaxation and would only contribute to  nuclear relaxation of 
the sugar carbons if the sugar was bound to  or very close to 
the ion. The fact that the sugars have the same Tlm and T~ 
values for Zn- and Co-Con A implies that they are not di- 
rectly bonded to  the metal ion and that the conformation and 
sugar binding properties of the protein are not particularly 
sensitive to  the type of ion in the transition metal binding site. 
In addition, no significant changes were observed in the visible 
spectrum of the cobalt ion in the protein upon binding of 
either sugar (C. F. Brewer, unpublished observation). 

Binding of a- and P-MeGIc to Mn-Con A .  In the presence of 
Mn-Con A, observed Tl values of the I3C carbons of both 
sugars were selectively shortened relative to  their Tl values in 
the presence of Zn- or Co-Con A. These results indicate that 
the protein bound sugars experience additional relaxation due 
to  the presence of the paramagnetic manganese ion in the 
protein. The Mn2+ ion is an efficient source for electron- 
nuclear dipolar relaxation because of its relatively long elec- 
tron spin-lattice relaxation time (Mildvan and Cohn, 1970). 
Tl, values for both sugars bound t o  Mn-Con A were cal- 
culated using eq l b  and were corrected for the contribution of 
T~ to  the observed TI values. 

The paramagnetic contribution to  the spin-lattice relaxa- 
tion time, Tlp, of the 13C carbons of each sugar was calculated 
by subtracting (Tim)-' for Zn-Con A from the (Tim)-' values 
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FIGURE 5 : Binding orientation of a- and p-methyl o-glucopyranoside 
relative to the transition ion site in Con A illustrated in (A) as a 
side view with the Mn2- ion in the plane of the paper and (B) a 
front view as seen from the Mnz+ ion. Views A and B are related 
by 90". In these projections using Fieser-Dreiding models, the ring 
carbons and oxygen (0) are labeled. The rotarner orientations of the 
methoxy and hydroxyl groups for both sugars are not known. 

for Mn-Con A (eq 3b). This calculation assumes that the C-H 
dipolar relaxation contribution in Mn-Con A is the same as 
that in Zn-Con A. The similarity of Tlm values for Co- and 
Zn-Con A supports this assumption. 

The distance from the Mn2+ ion to  each carbon of bound 
sugar was calculated using eq 4b and the TI ,  values for the a 
and p anomers (Tables I and 11). A value for the electron- 
nuclear correlation time, rC, in eq 4b for the Mn2+ ion dipolar 
interaction with the carbon spins of the bound sugars was 
determined from a study of the Tl of solvent water protons in 
the presence of Mn-Con A at  p H  5.60 (Koenig et al., 1973). 
The results indicate that re is dominated by rr  a t  23.4 kG.  The 
rotational correlation time of 8 x 10-8 sec determined for the 
sugars bound to  Zn-Con A was therefore used as the value of 
T c .  

Distances calculated for the carbons of both sugars to  the 
Mnz- ion are observed to be -10 A (Table 111), which implies 
that the rcll vectors, i .e. ,  distance vectors from the metal ion 
to the sugar carbons, make approximately the same angle with 
the a semimajor axis of Con A. This justifies the use of a 
common isotropic rotational correlation time in calculating 
all of the carbon-Mn2- ion distances. Relative errors of less 
than 5x are expected in TI,, values (see Theory Section). 
Absolute error in the distances will depend on  the value of rr. 
The value for r r  determined from the Zn-Con A data could 
cause an absolute error of 5-10x in the calculated rcy dis- 
tances. Considering the effects of rotational anisotropy of the 
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protein and uncertainty in rC,  absolute error in the calculated 
distances between the carbon atoms and Mn2+ ion is esti- 
mated to be <lox. 

Three- Dimensionul Orirntution (tf' CY- and $-MeClr BOltd to 
Con A .  A computer program was written to check the ac- 
curacy and precision of the Mn2--carbon ion distances (Table 
111) that were calculated from the experimental TI,, data and 
the experimentally derived value of rc. The computer searched 
for an orientation and distances of the Mnz- ion with respect 
to  the three-dimensional carbon coordinates of the Sugar ring 
such that the ratio of the distances generated corresponded to 
the best fit of the ratio of the experimental Til, data as related 
by the inverse sixth power distance relationship defined in ecl 
4. This provides an independent method of determining the 
Mn2--carbon distances for the sugars that does not reii~iire an 
experimental value for rc as was used in eq 4. The computer 
searched for all such orientations of the Mn2+ ion relative to 
the sugar ring while varying the Mn2---sugar distances be- 
tween a mean value of l and 20 A. The conformation of the 
bound sugars was assumed to be the same as that found for 
the free sugars in solution and in the crystalline state. There- 
fore, the coordinates of the a anomer and the C1 chair confor- 
mation as determined from X-ray diffraction techniques 
(Berman and Kim, 1968) were used for the internal bond 
angles of both anomers. The advantage of such a program is 
that it establishes whether or not the TI, ,  data are consistent 
with the geometrical structure of the rigid sugar ring, and if it 
does. a t  what absolute distance this agreement is greatest. 

A unique orientation (Figure 5) and restricted region of 
Mn2--carbon distances were found for the CY anomer hy the 
computer program that were in good agreement with the dis- 
tances calculated earlier from the TI,, data using the experi- 
mentally determined value for rc. The distances between the 
carbon atoms and Mn?? ion, as generated from computer 
analysis, agree with the distances calculated from nmr data to  
within 0.2 A for the ring carbons and to within 0.3 A for C-6 
(Table 111). The agreement between the computer derived and 
experimental values rapidly vanishes if the distance of the 
sugar to  the Mn" ion is varied by more than s O . 5  A. This 
agreement between computer derived and experimental values 
strongly supports the experimental value found for 7,. and 
confirms the geometrical consistency of the TI,, data 

Two orientations were found for the 8 anomer. This prob- 
ably results from the inability to  calculate unique distances for 
C-3 and -5. since these resonances overlap. One orientation is 
similar to  that shown for the a anomer except that the ring is 
0.5-1.0 A closer to the manganese ion. The computer-gen- 
erated carbon-Mn"'- ion distances for the other orientation are 
listed in Table 111. This orientation (Figure 5 )  provides a rea- 
sonable basis for explaining the diference in affinity constants 
of a- and 8-MeGlc. 

The carbon-Mn"~+ ion distances calculated from the com- 
puter program for @-MeGlc also agree very well with the T,,, 
data and nmr calculated distances for C-1, -2, -4, and -6. 
Again, agreement between the computer derived and expcri- 
mental values rapidly vanishes if the distance of the sugar to 
the Mn2+ ion is varied more than *0.5 A. 

The excellent agreement between nmr calculated distances 
and computer generated distances is consistent with the as- 
sumption that the bound sugars remain in the C1 chair con- 
formation. This result is not surprising since deformation of 
the pyranoside ring requires energy which would offset the 
binding energy of the sugars, I3C nmr chemical shifts have 
been shown to be sensitive to  pyranose steric interactions re- 
sulting from ring deformations (Perlin et d.. 1970). Lack of a 
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change in the chemical shifts of the sugar resonances in the 
presence of the protein is evidence for this conclusion. 

The nonreducing ends of both sugars are found closest to  
the Mn2f ion when bound to  the protein. Since the ion is 
bound toward the interior of the protein, the nonreducing end 
of both sugars would appear to  be directed into the Con A 
molecule. This conclusion is consistent with binding data that 
suggest that the 3-, 4-, and 6-hydroxyl groups of the a anomer 
are required for binding to  the protein (Goldstein et al., 
196513). Although both sugars bind in different orientations2 
involving the C1 chair conformation at  a distance of 10-11 A 
from the Mn2+ ion (Figure 5 )  the ring atoms of both sugars are 
superimposable. The 2-, 3-, and 4-hydroxyls of the @ anomer 
bind at  positions occupied by the 6-, 4-, and 3-hydroxyls of the 
a anomer, respectively. In essence, the pyranose ring of bound 
@-MeGlc is inverted and rotated relative to  that of bound 
a-MeGlc. 

In this regard, studies by Pollack and Sharon (1970) of 
transglycosylation reactions catalyzed by lysozyme suggest 
two superimposable conformations of @-D-glUCOSe and @-D- 

galactose that bind to  the E subsite of the enzyme. The two 
binding conformations of each sugar involved relative rota- 
tions of the sugar ring to give 1 -+ 4 and 1 - 2 linked oligo- 
saccharides with glucose or galactose at  the reducing end. In 
addition, xylose formed 1 -f 4, 1 + 3, and 1 -f 2 linkages in  
transglycosylation reactions, suggesting three different binding 
orientations of this sugar a t  the Esubsite. 

Interactions of’ a- and @-MeGk and Their Deric-atiues with 
Con A .  The binding orientation of @-MeGlc apparently re- 
flects an unfavorable steric interaction between the protein 
and the equatorial methoxy group of the sugar when it binds 
in  the orientation found for  a-MeGlc (Poretz and Goldstein, 
1970). Consequently, @-MeGlc binds in such a way that its 
methoxy group is rotated away from this unfavorable steric 
interaction to a position over the ring oxygen of bound a- 
MeGlc. In this orientation (Figure 5) ,  the 6-hydroxylmethyl 
group of (3-MeGlc binds in the position occupied by the 2- 
hydroxyl of a-MeGlc. Although the hydroxymethyl group is 
larger than the hydroxyl group, there appears to  be sufficient 
steric tolerance for it in this region of the protein based on a 
study of the binding of a series of 2-substituted derivatives of 
a-MeGlc to  Con A (Poretz and Goldstein, 1970). 

The 24-fold greater affinity of a-MeGlc for Con A than 
@-MeGlc can be related to  the respective binding orientations 
and interactions of these sugars with the protein. Considera- 
tion of relative affinity constants of certain modified deriva- 
tives of both sugars allows assessment of these different inter- 
actions. In the following analysis we assume that (a) replace- 
ment of a hydroxyl group in the sugars by a nonhydrogen 
bonding substituent results in a loss of hydrogen bonding with 
Con A at  that position and (b) the contribution to  binding 
remains unchanged for the unmodified portion of the sugar 
molecule. 

The relative binding constants of derivatives of the two 
anomers can be considered in the following manner. The 
oxygen of the methoxy group of a-MeGlc appears to  enhance 
binding by a factor of 5 relative to  the corresponding 1-deoxy 

The possibility that the manganese ion moves to different positions 
in the protein relative to the carbohydrate binding site, depending upon 
which of the two sugars is bound, can be excluded from epr measure- 
ments of Mn-Con A which showed no change in the spectrum upon the 
addition of either sugar. In  addition, the visible spectrum of Co-Con A 
was not disturbed when either sugar was bound to the protein (C. F. 
Brewer, unpublished results). 

analog, 1,5-anhydro-~-glucitol (Poretz and Goldstein, 1970). 
However, the oxygen of the methoxy group of @-MeGlc is 
rotated out of this region which most likely results in the loss 
of this interaction. The 2-hydroxyl of a-MeGlc destabilizes 
binding by a factor of approximately 2 relative to  the 2-deoxy 
analog, a-methyl 2-deoxy-~-glucopyranoside (Poretz and 
Goldstein, 1970). However, the axial 2-hydroxyl of a-methyl 
D-mannopyranoside enhances binding by a factor of 3 relative 
to  the 2-deoxy analog (Poretz and Goldstein, 1970), which sug- 
gests that a protein binding site for the sugar exists a t  this 
position. Furthermore, the 6-hydroxymethyl group of B- 
MeGlc, which binds at  the 2-hydroxyl position of a-MeGlc, 
increases binding by a factor of 11 relative to  the analog 
lacking the 6-hydroxymethyl group (@-methyl D-xylopyrano- 
side) (So and Goldstein, 1968). Thus, it appears that the 6- 
hydroxymethyl group of /3-MeGlc binds 22 times better to 
Con A than when the 2-hydroxyl of a-MeGlc is positioned at 
this site in the protein. Since the 4- and 3-hydroxyls of p- 
MeGlc bind at positions respectively occupied by the 3- and 4- 
hydroxyls of a-MeGlc, their binding energies for both an- 
o m e n  should be the same. 

The difference in binding energy between the 2-hydroxyl of 
@-MeGlc and the 6-hydroxylmethyl group of a-MeGlc, which 
are both proposed to occupy the same binding site, can also be 
determined. The binding of a-methyl 6-deoxy-6-iodo-~- 
glucopyranoside (6-iodo-a-MeGlc) is nearly 200 times less 
than a-MeGlc (So and Goldstein, 1967), and substitution of 
the entire 6-hydroxymethyl group of a-MeGlc by a hydrogen 
(a-methyl D-xylopyranoside) results in a derivative which 
binds with essentially the same affinity as 6-iodo-a-MeGlc 
(So and Goldstein, 1968). Thus, substitution of an iodine atom 
for the 6-hydroxyl of a-MeGlc eliminates binding at  this 
position. Substitution of an iodine for the 2-hydroxyl of p- 
MeGlc to give @-methyl 2-deoxy-2-iodo-~-glucopyranoside 
(2-iodo-P-MeGlc) decreases binding by only a factor of 2 (So 
and Goldstein, 1967). Assuming that substitution of the iodine 
atom for the 2-hydroxyl of @-MeGlc also results in a complete 
loss of binding at  this position, the 2-hydroxyl of @-MeGlc 
binds 100 times less than that of the 6-hydroxymethyl group 
of a-MeGlc at  this sitein the protein. 

Thus, @-MeGlc binds with the following interactions that 
differ from those of a-MeGlc: a 100-fold loss in binding by the 
2-hydroxyl a t  the site occupied by the 6-hydroxymethyl group 
of a-MeGlc, a fivefold loss in binding by the oxygen atom of 
the methoxy group, and a 22-fold enhancement in binding by 
the 6-hydroxymethyl group at  the site occupied by the 2- 
hydroxyl of a-MeGlc. Summated, the relative binding con- 
stant for @-MeGlc is estimated to  be 23 times less than that of 
a-MeGlc, compared to the experimentally determined value 
of 24. The difference in affinity constants between a- and p- 
MeGlc is assumed t o  be primarily due to weak binding of the 
2-hydroxyl of @-MeGlc at  the position in the protein which 
binds the 6-hydroxymethyl group of a-MeGlc. 

The relative affinity constants of derivatives of both sugars 
can also be explained by the different binding interactions of 
the two anomers. For example, removal of the 6-hydroxy- 
methyl group of both anomers to give the corresponding a- 
and @-methyl D-xylopyranosides results in a 270-fold loss in 
binding for the a anomer, but only an 11-fold loss in binding 
for the P anomer (So and Goldstein, 1969). This is consistent 
with the postulate that the 6-hydroxymethyl group of both 
anomers binds to  different sites in the protein. In addition, 
such sugars as a-methyl L-sorbopyranoside and @-D-fructo- 
pyranoside that bind well to  Con A can be rotated into orien- 
tation such that their structures are nearly superimposable on 
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the glucopyranoside ring, as suggested by So and Goldstein 
(1969). 

The binding of a- and (3-MeGlc to Con A also suggests a 
source of specificity for oligo- and polysaccharide binding to  
proteins that, like Con A, bind primarily to  the nonreducing 
terminal sugar. The different binding orientations of the two 
anomers suggest different spatial orientations of polysac- 
charide units connected to either of these sugars when they 
bind to  the protein. This difference may either contribute or 
diminish the binding energy of the polysaccharide. Indeed, 
polysaccharides with a-linked terminal mannopyranoside or 
glucopyranoside residues bind well to Con A, but corre- 
sponding P-linked polysaccharides show no ability to bind to  
Con A (Goldstein et al., 1965a). 

Coniparisun of Solution and Crystalline Con A-Saccharide 
Complexes. The mean value of 10 A separating the Mn?+ ion 
from bound a- or (3-MeGlc in solution contrasts with values 
for this distance derived from X-ray diffraction studies of crys- 
talline Con A-saccharide complexes. The possibility that the 
Mnz+ ion which influences the T I  rates of the bound sugars is 
located at some secondary binding site on the protein’s sur- 
face is unlikely for several reasons that have been discussed 
elsewhere (Brewer et a[., 1973). In the crystalline complex of 
myo-inositol and Con A the cyclohexane ring of the sugar is 23 
A from the Mnz+ ion (Hardman and Ainsworth, 1972). How- 
ever, it should be noted that nTj,o-inositol does not inhibit 
hemagglutination by Con A or the precipitation of dextrans 
by Con A (Edelman et al.,  1972). Since binding specificity of 
the protein in the crystalline state is not known, the precise 
relationship of the binding of myo-inositol to crystalline Con 
A to the binding of sugars such as a- and P-MeGlc to Con A 
in solution remains to be established. 

Edelman et al. (1972) report a value of 20 A for the distance 
between the sugar binding site and the transition metal 
binding site based on X-ray crystallographic studies of the p- 
(0-iodophenyl) D-ghcopyranoside-Con A crystalline com- 
plex. The iodine atom of @-lo-iodophenyl) D-glucopyranoside 
is located in the major cleft of the protein at  nearly the same 
site as the cyclohexanol ring of ~nj,o-inositol. The glucopy- 
ranoside ring was not directly observed but its position was in- 
ferred to  be in the cleft above the iodine atom, with its non- 
reducing end facing the surface of the protein and directed 
away from the Mn2+ ion. If binding occurs in the major cleft, 
our data suggest that both a- and P-MeGlc bin! near the 
bottom of this cleft a t  a mean distance of 10-11 A from the 
Mn2+ ion with their nonreducing ends facing this ion. HOW- 
ever, at present the data do not rule out the possibility that the 
carbohydrate binding site may be located elsewhere in the 
protein. 

Circular dichroism measurements indicate that Con A 
undergoes some conformational change in solution when a- 
methyl D-mannopyranoside (Pflumm et al., 1971) or a-MeGlc 
(C. F. Brewer and I. Listowsky, unpublished data) are bound. 
The cracking and dissolving of crystals of Con A upon expo- 
sure to a-methyl D-mannopyranoside (K. D. Hardman, 
personal communication) may be caused by this conforma- 
tional change in the complex. Certain proteins have been sug- 
gested to  exist in a different conformation in solution than in 
the crystalline form. For example, crystalline carboxypep- 
tidase A possesses only 0.3% of the specific activity of the 
enzyme in solution (Quiocho and Richards, 1966), and 
Johansen and Vallee (1971) have presented additional evidence 
for a difference in conformation between the crystalline and 
solution structure of carboxypeptidase A. 

Calculations of internuclear distances have previously been 

made from proton, fluorine, and phosphorus nmr measure- 
ments of small molecules complexed with paramagnetic ion 
(cJ: Shulman et al., 1965) as  well as small molecules bound to  
proteins containing paramagnetic ions (Mildvan and Cohn, 
1970; Bennick et al., 1971 ; and Butchard et al., 1972). 13C nmr, 
as demonstrated in our study and others (Fung et al., 1973), 
extends this approach to determine the three-dimensional 
orientation of small molecules bound to proteins in solution. 
These techniques can be applied to  a variety of small mole- 
cules, including drugs, that bind to macromolecules con- 
taining a binding site for paramagnetic ions. Such nmr 
measurements should define the binding site and provide in- 
formation on the solution structure of the complex. When 
X-ray diffraction data are available for the small molecule- 
macromolecule complex, a comparison of the structure of the 
complex in solution and in the crystalline form can also be 
made. 

Binding of a- and @-MeGlc by Con A may serve as a model 
for other proteins, such as enzymes and antibodies, that bind 
saccharides. Structure-activity correlations for compounds or 
drugs that bind to  macromolecules are frequently difficult to 
interpret, since a change in the orientation of a single sub- 
stituent, as suggested in the case of a- and B-MeGlc, can 
drastically alter the orientation and interactions of the small 
molecule with the protein. The different orientations dc- 
termined for the binding of a- and P-MeGlc to  Con A illustrate 
the value of nmr techniques for correlating structure-activity 
relationships among small molecules that bind to macro- 
molecules. 
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Addendum 

We have synthesized P-(o-iodophenyl) D-glucopyranoside, 
uniformly labeled with 14 $C in the sugar moiety, and used 
the nmr techniques described in this paper to  demonstrate 
that a fraction of this aryl glycoside binds to Mn-Con A 
with the nonreducing end of the sugar moiety directed toward 
the Mn2+ ion at  a mean distance of 10 A. Additional experi- 
ments indicate that some of the remaining @-iodophenyl 
glucopyranoside binds a t  a second site in the protein which 
may relate to the site discussed by Edelman et ul. (1972) for 
the crystalline complex. In addition, C. F. Brewer and K. D. 
Hardman (unpublished data) have demonstrated that P-(o- 
iodophenyl) D-galactopyranoside, an analog of &(o-iodo- 
phenyl) D-glucopyranoside that does not inhibit hemagglutina- 
tion or dextran precipitation by Con A, forms a crystalline 
complex with Con A in which the iodine atom of P-(o-iodo- 
phenyl) D-galactopyranoside occupies the same site in the 
protein as that of P-(o-iodophenyl) D-glucopyranoside. Our 
results suggest that the iodophenyl ring rather than the 
sacharide moiety is principally responsible for the binding 
of P-(o-iodophenyl) D-glucopyranoside and P-(o-iodophenyl) 
D-galactopyranoside to  crystalline Con A. 
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