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Abstract: A detailed analysis of the esr spectra of aqueous solutions of concanavalin A at Q-band frequency is presented. 
Three species were studied: (i) Mn2+-concanavalin A; (ii) Mn2+,Ca2+-concanavalin A, and (iii) the a-methyl glucoside 
complex of the latter form. The spectra correspond to high spin Mn2+ at the slow tumbling limit where only the —'/2 ** xk 
fine structure transitions are observable. The other transitions are smeared out by the large anisotropy due to the quadratic 
zero field splitting interaction. The — '/2 *» xk transitions exhibit sufficient structure due to second-order effects to allow a de­
tailed analysis of the magnetic and dynamic parameters. It was found that in all three forms they are identical within the ex­
perimental accuracy to those found in single cyrstals of Mn2+,Ca2+-concanavalin A. Theoretical spectra of the —'/2 •*•*• '/2 
transitions were calculated for different values of line width and rotational correlation times and compared with the experi­
mental spectra. From the line shape analysis, information on the correlation times associated with the Mn2+ ions in the vari­
ous concanavalin A forms was derived. It was found that for species ii and iii these correlation times could be identified with 
the diffusion of the molecule. In species i, i.e., Mn2+-concanavalin A, the observed correlation times were shorter, indicating 
some extra mobility of the Mn2+ binding site. 

In the preceding paper1 (henceforth referred to as I) we 
discussed the esr spectrum of single crystals of Mn 2 + ,Ca 2 + -
concanavalin A. We here extend this work to esr studies of 
concanavalin A solutions. When Mn 2 + is bound at the tran­
sition metal binding site, S l , a characteristic spectrum, is 
observed. The spectrum changes when Ca 2 + is bound at the 
Ca 2 + binding site, S2. No further changes are observed 
when a-methyl glucoside is bound to the protein.2 These 
spectra have not been understood in enough detail to allow 
their quantitative interpretation in terms of the structure of 
the transition metal binding site. The magnetic parameters 
derived in I have aided us in the analysis of the solution 
spectra of Mn2+-concanavalin A, Mn2+,Ca2+-concanavalin 
A, and its a-methyl glucoside complex, which we present 
here. We find that the magnetic parameters of the Mn 2 + in 
the various concanavalin A species are practically the same 
as in the single crystal of Mn2+,Ca2+-concanavalin A. 
However, the measurements yielded new information on the 
dynamics of the Mn 2 + site. It is shown that the correlation 
time for Mn2+-concanavalin A is considerably shorter than 
for the other two species, in which S2, or S2 and the saccha­
ride binding site are occupied. 

The spin hamiltonian of the Mn 2 + ions in single crystals 
of Mn2+,Ca2+-concanavalin A was determined by studies 
of the angular dependence of the esr spectrum. If the small 
anisotropy in the hyperfine tensor and the small asymmetry 
in the ZFS interaction are neglected, it is found to have the 
form 

3C gMJHS + ASI + D - gS(S + 1) (D 

As discussed in I, this hamiltonian yields a spectrum con­
sisting of five fine structure bands each split into six hyper­
fine components. The line shape of the solution spectrum 
depends on the dynamics of the Mn 2 + site. In the slow mo­
tion limit, which is often the case for protein molecules, the 

spectrum may approximate that of a powder. Analysis of 
such spectra in manganese binding proteins has been at­
tempted before.2'3 For the case D « g(SH one expects only 
the — %*-*• '/2 (M = V2) fine structure components to give 
strong absorption peaks, corresponding to %5 = 0.26 of the 
total esr intensity. The rest of the transitions, i.e., the M ^ 
'/2 fine structure components, are either very weak or com­
pletely smeared out because of their large anisotropy. In the 
powder, the M = 1^ transition has an overall width of the 
order D2/H due to second-order anisotropy in the ZFS 
term. When there is sufficiently rapid rotational motion the 
line shape is sensitive to the magnitude of the rotational 
correlation time associated with the Mn 2 + ion. Thus, the 
line shape can be used to study the dynamics of the metal 
binding site of the protein solution. 

We have found that, in fact, only the — '/2 ** 1Ii transitions 
of the Mn 2 + spectra are observed in concanavalin A solu­
tions. Their line shape is affected strongly by binding of 
Ca 2 + but also by changes in pH and temperature. These ef­
fects can be accounted for in terms of rotational motion of 
the Mn 2 + site, and we have derived correlation times for the 
various cases. The general theory used to derive the correla­
tion times is reviewed in section II. The analysis of the spec­
tra is given in section III, and the results are discussed in 
section IV. It appears that these correlation times can be 
identified with the rotational diffusion of the whole protein 
molecule for Mn2+,Ca2+-concanavalin A and its saccharide 
complex but that in Mn2+-concanavalin A there is a consid­
erably shorter correlation time reflecting an independent 
more rapid rotation in the Mn 2 + site. 

I. Experimental Section 

Concanavalin A, prepared from Jack bean meal as in I, was pur­
chased from Miles-Yeda (Rehovot). The demetallized protein was 
prepared by dialysis of acidified protein against twice-distilled 
water as described.4 The protein was subsequently dialyzed against 
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Figure 1. Simulated absorption spectra for the -1A *» xk transition for 
a spin S = % with axial ZFS in the slow motion limit, calculated as de­
scribed in section II. The calculations are for D/Ho = 0.0186 and vari­
ous values of line widths and 1/T as indicated in the figure. The spectra 
in the left column are contracted by X2.5 in the vertical dimension rel­
ative to that for the other two columns. 

1 M NaCl freed of metal ion impurities by treatment with a metal-
chelating resin (Dowex A-I). Concentration of concanavalin A 
was estimated spectrophotometrically on the basis of Eicm1 % (280 
nm) = 12.4.5 

Demetallized concanavalin A in 1 Af NaCl was mixed with ap­
propriate volumes of concentrated solutions of MnCh, CaCh, «-
methyl glucoside and tris-HCl buffer solutions to a final protein 
concentration of 24 mg/ml (pH 6 or 7, tris concn 0.2 M, NaCl 
concn 0.85 A/).6The manganese concentration was 5.5 X 1O-4 M 
which |was |less than 70% of the equivalent concentration of bind­
ing sites. Thus the equilibrium concentration of free Mn2+ was 
very small (less than 2%, estimated by equilibrium dialysis) and 
made a negligible contribution to the observed spectra. The solu­
tion of Mn2+,Ca2+-concanavalin A contained 3 X 1O-2 M Ca2+ 

and the saccharide complex was prepared by adding 3 X 1O-2 M 
a-methyl glucoside. 

Most of the esr measurements were made on a Varian E-12 
spectrometer operating at Q band (TEo n cavity) and equipped 
with a variable temperature unit. The solutions were placed in 
quartz capillaries (0.1-mm i.d.) drawn from 3-mm quartz tubes. 

II. Theory of Line Shape of the — yk *~* 1A Transition 

It will be shown in section III that only the M = V2 tran­
sitions of the Mn 2 + are observed in the solution spectra of 
concanavalin A. The line shapes of these signals correspond 
to that expected for a powder with no motion at all or to 
M n 2 + complexes with relatively long correlation times. The 
analysis of these line shapes for the case of a rotating ZFS 
tensor is quite complicated but can be done in the frame­
work of the general theory proposed by Freed, et al.7 For 
the particular case of the —xk ** '/2 transition when D < 
g@H, a detailed theory has been recently developed by 
Baram, et al.8 

The angular dependence of an M = lk transition is1 (to 
second order in D and neglecting the asymmetry parame­
ter) 

H(1Z2, m) = /f0(»i) - 2 - ^ - (9 cos4 9 -

10 cos2 0 + 1) (2) 
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Figure 2. As in Figure 1 for the absorption derivatives. The spectra in 
the first column are contracted by XlO in the vertical dimension rela­
tive to the other two columns except for the uppermost spectrum in the 
first column where the factor is X20. 

where H(lh., m) is the resonance field of the mXh hyperfine 
component, Ho(m) = (hv/gMnft) ~ mA, and 6 is the polar 
angle between the major component of the ZFS tensor and 
the magnetic field. The powder spectrum is therefore con­
fined (for negligible line width) to the region 

and it diverges (as &H~XI2) at both ends.9 For finite line 
width but without motion the theoretical spectrum is as 
shown in the upper curves of Figures 1 and 2. For signifi­
cant rotational motion the line shape can be calculated by 
the method described in ref 7. The relevant set of equations 
is 11-22 and the required parameters are H0 (OJ0), D (A2'0), 
the line width 1/72, and the correlation time r (j2 = 
T R / 6 ) . (The symbols in parentheses correspond to the nota­
tion in ref 7.) Spectra calculated for a number of l / 7 2 

values as a function of 1/T are shown in Figures 1 (absorp­
tion) and 2 (absorption derivatives). The spectra corre­
sponding to "no motion" were also calculated using this 
method but 1/T was set much smaller than 1/72, so that it 
had no effect on the line shape.»In these calculations, equa­
tions up to / = 40, which well fulfill the convergence criteri­
on, were used. We have compared the experimental spectra 
of the concanavalin A solutions with simulated spectra of 
the type shown in Figure 2 to derive best fit values for r and 
the line width, l / 7 2 . 

III. Esr Spectra of Concanavalin A Solutions 

(a) Mn2+,Ca2+-Concanavalin A. A Q-band spectrum of 
an Mn2+,Ca2+-concanavalin A solution is shown in the 
upper trace of Figure 3. The high field component is shown 
on a more expanded scale in the upper traces of Figure 4 for 
a number of experimental conditions. It may be seen that 
the line shape is both pH and temperature dependent. Spec­
trum a of Figure 4 (pH 7) is very similar to that expected 
for the powder M = xh. fine structure component without 
motion (cf. Figure 2). In fact, this spectrum is almost iden­
tical in shape to that which we have obtained from a sample 
of a collection of tiny crystals or of a lyophilized solution of 
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Figure 3. Esr spectra of concanavalin A solutions at pH 6 at 3°. Spec­
tra a and b are for Mn2+,Ca2+-concanavalin A at Q band and X band, 
respectively, while c and d are the corresponding spectra for Mn2+-
concanavalin A. 

(a) (b) ( c ) J 

A \r r-
(d) / (e) l\ 

Figure 4. The high field hyperfine component of the esr spectra (Q 
band) of concanavalin A solutions. The upper row corresponds to 
Mn2+,Ca2+-concanavalin A: (a) pH 7, room temperature; (b) pH 6, 3° 
(c) pH 6, 40°. The lower row corresponds to Mn2+-cqncanavalin A: 
(d)pH6, 3°;(e)pH6,40°. 

Mn2+,Ca2+-concanavalin A.2 Note in particular the asym­
metric shape of the line, the inflection, and the weak "for­
bidden" transitions between the strong peaks. 

To prove that the observed signals are, indeed, the M = 
xh. transitions, quantitative intensity measurements were 
made. Two solutions were compared; (i) Mn2+,Ca2+-con-
canavalin A of the composition described in the experimen­
tal section (pH 7), and (ii) the same solution as i to which a 
negligible volume of concentrated HCl was added (pH 1). 
Under these conditions the Mn2+ in solution ii is released 
from the protein4 and the esr signal is that of free manga­
nese in which all fine structure components are coalesced 
into a single sextet. The second solution thus displays the 
full intensity of the Mn2+ spectrum. An example of such 
spectra is shown in Figure 5, where (taking into account the 
settings of the spectrometer) the difference in the intensity 
is clearly demonstrated. Quantitative measurements by 
double integration were performed on spectra recorded on a 
more expanded scale than shown in Figure 5. The same 
capillary was used for both measurements and was placed 
at exactly the same position in the cavity. An average ratio 
of 0.31 for the relative total intensity in the two solutions 
was obtained, in good agreement with the ratio of 0.26 ex-

Figure S. Esr spectra (Q band) of Mn2+,Ca2+-concanavalin A solu­
tions, (i) pH 7, modulation amplitude 0.63 G, gain X125. (ii) Same as 
i after addition of a drop of HCl, pH 1, modulation amplitude 1.25 G, 
gain 20, i.e., at a sensitivity approximately one-third of the upper spec­
trum. 

pected if only M = 1^ transitions are observed in the 
Mn2+-protein complex. 

From the spectrum shown in Figure 3 the following pa­
rameters were derived; A — 92.5 ± 0.6 G and gMn = 
2.0007 ± 0.0004, where in the calculation a small correc­
tion arising from second-order effects of the hyperfine in­
teraction was included.10 To estimate the ZFS interaction 
we have used the spectrum at pH 7 (Figure 4a) which, as 
discussed above, corresponds to powder without motion. We 
assume that, as in the single crystal, the asymmetry term is 
small and can be neglected (i.e., we set E = 0). In fact, this 
spectrum resembles very closely that calculated for powder 
without motion in the second column of Figure 2. 

In the absence of motion, and neglecting line width ef­
fects, the width 8 of the powder spectrum of a single hyper­
fine component is (eq 3) 

6 = (50/Q)(D2Zg^H0) (4) 

In the case of a finite line width, but as long as I/T2 is 
smaller than 5, the peak to peak separation, 5', of the two 
main extrema in the derivative spectrum (see definition in 
upper spectrum of central column in Figure 2) is very close 
to S. For example, in the powder spectra shown in the first 
row of Figure 2, we find (from left to right) 8' /8 = 1.0, 1.0, 
and 1.2 for increasing line widths. 

The experimental peak to peak separation is different for 
the various hyperfine components, as may be seen in Fig­
ures 3 and 5. This is due to a small higher order cross term 
effect of order AD2JHo2. It can be included in the calcula­
tions by adding a term1' 

-(2150/81)(m.AD2/(guM
2 (5) 

to the right-hand side of eq 4. Taking this correction into 
account as well as the effect of the line width, the ZFS in­
teraction could be calculated from the peak to peak separa­
tion of the various hyperfine components in the experimen­
tal spectrum. The average result is D/gMnfi — 250 G and 
(1 /1Ti)IgMnP = 9 G. Analysis of the line shape in these 
spectra also allows us to set an upper limit for 1/T of ~3 X 
107 sec-1. An independent estimate for D is obtained from 
the relative intensity, R, of the forbidden transitions, which 
according to theory is given by1' 

R 
5 1 2 / D \ 2 /35 2 \ 

-i*\ZJnj{T-m -m) (6) 

From the experimental spectra of the type shown in Figure 
3, D values in the range 240 to 280 G were obtained. These 
ZFS values, as well as those for A and g, are very close to 
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Table I. Esr Line Widths, 1/T2, and Correlation Rates, 1/r, for Concanavalin A Molecules in Aqueous Solutions 

. pH7 . 
25 ° . 

(VT1)IgxJ, 
Gauss 1/r, 107 sec-1 

Mn2+,Ca2+-Concanavalin A 9 <3 
Mn2+-Concanavalin A 23 30 
Stokes-Einstein 3.2 

Mn2+,Ca2+-Concanavalin A 9 <3 9 6 9 18 
Mn2+-Concanavalin A 23 30 23 30 23 90 
Stokes-Einstein 3.2 3.6 10 

those for single crystals. It appears, therefore, that the spin 
hamiltonian parameters of the Mn 2 + ions in crystals and so­
lutions of Mn2+,Ca2+-concanavalin A are the same, 
suggesting that the immediate environment of the manga­
nese ions is not changed upon crystallization. 

At this point it is of interest to emphasize the advantage 
in working at Q band (35 GHz) rather than at X band (9.5 
GHz). Since the resonance field, HQ, is lower at X band, 
the overall anisotropy, 5, of the allowed transitions is larger 
and, at the same time, the intensity of the forbidden transi­
tions is considerably higher. Consequently, the resolution of 
the X-band spectra is much poorer and not very useful for 
quantitative analysis (cf. Figure 3). 

We next turn to the discussion of the solution spectra at 
pH 6. Examples are shown in Figures 3 and 4 and are quite 
different from those of pH 7; the inflection disappears and 
at higher temperatures the line narrows and becomes sym­
metric. Since the relative intensity of the forbidden transi­
tion is similar to that of pH 7, these changes must be relat­
ed to enhanced rotational motion rather than to changes in 
D. To obtain the correlation times, we compared the experi­
mental spectra with simulated ones with various 1 / T2 and 
1/r values. The best fit was obtained with the same 1/7^ 
as for the pH 7 solution and larger 1/T values (Table I). 

When a-methyl glucoside is added to the Mn 2 + ,Ca 2 + -
concanavalin A solution there is essentially no change in the 
line shape of the esr spectra indicating that the magnetic 
parameters and the correlation times are not modified by 
saccharide binding. 

(b) Mn2+-Concanavalin A. Solution spectra of Mn2+-con-
canavalin A at pH 6 are shown in traces c and d of Figure 3 
and the high field hyperfine component is reproduced on a 
more expanded scale in Figure 4. As for the Mn 2 + ,Ca 2 + -
concanavalin A complex, here too the observed spectrum is 
that of the M = xk transitions only, as determined by inten­
sity measurements. The line shape at 3° is still asymmetric 
but considerably less structured than in the previous case. 
In fact the forbidden transitions are barely seen. From the 
width and shape of the various hyperfine components it was 
found that D must be about the same as for Mn 2 + ,Ca 2 +-
concanavalin A but that 1/7^ and especially 1/r have in­
creased. The results are summarized in the second row of 
Table I. 

The accuracy of the experimental results in Table I is es­
timated to be 30% for Mn2+,Ca2+-concanavalin A and 50% 
for Mn2+-concanavalin A. These error limits are estimated 
from the range of fit of the calculated with the experimental 
spectra. The larger error for the Mn2+-concanavalin A 
complex results from the fact that in this form there are 
fewer sharp features in the spectrum, and therefore a wider 
range of 1/7^ and 1/r values produce a reasonable fit. It 
should also be remembered that the simulated spectra (Fig­
ures 1 and 2) were obtained from the angular dependence of 
the term D2/Ho and neglecting the small contribution of 
the term in D2AfH0

2. 

IV. Discussion 

Concanavalin A is a dimer of molecular weight 55,000 at 
pH 6, while at pH 7 it aggregates into tetramers. From the 

pH6 . 
, 3 ° , , 4Q 0 , 
(VT2)Ig1xJ, (VT1)Ig11J, 

Gauss 1/r, 107 sec-1 Gauss 1/r, 107 sec-1 

Stokes-Einstein relation for spheres of density 1/0.7312 the 
correlation times for the rotational diffusion of both the di-
mers and tetramers were calculated and are reproduced in 
the bottom row of Table I. These results are indeed very 
similar to those obtained from the line shape analysis of the 
Mn2+,Ca2+-concanavalin A species indicating that in this 
case the experimentally determined correlation times are 
those of the molecular rotation of the entire protein mole­
cule. The results for 1/r of the Mn2+-concanavalin A are, 
however, considerably higher than for Mn2+ ,Ca2+-concana-
valin A. Since there is no change in the degree of aggrega­
tion between the two forms, the shorter correlation time in 
Mn2+-concanavalin A must indicate that the release of 
Ca 2 + from S2 allows faster motion in the part of the mole­
cule housing the Mn 2 + site. It is noteworthy that prelimi­
nary fluorescence polarization measurements gave a rota­
tional diffusion rate, l / r r o t ~ 14 X 107 sec - 1 at room tem­
perature and pH 6 for the Mn2+,Ca2+-concanavalin A 
complex in good agreement with the results of Table I. A 
similar value for l / r r o t was obtained for the Mn2+-con-
canavalin A complex. 

The natural line width, 1/T2, in Mn2+,Ca2+-concanav-
alin A is similar to that in single crystals.' There it was ar­
gued that the line width is due to distribution in both the 
magnitude and orientation of the ZFS tensor. Most proba­
bly the distribution in the magnitude of D is also the main 
source for the line width in the solution. The difference in 
line width between Mn2+,Ca2+-concanavalin A and Mn 2 + -
concanavalin A is, however, quite striking. The larger width 
in the latter complex may indicate that the distribution of D 
in Mn2+-concanavalin A is larger than in the former. This 
is also consistent with the suggestion'3 that S1 in Mn 2 + ,Ca 2 + -
concanavalin A has a more rigid structure than it does in 
concanavalin A, in which only Sl is occupied. 

Since the submission of this manuscript a paper has ap­
peared on the esr of concanavalin A solutions by Goldam-
mer and Zorn.14 Their interpretation of the spectra differs 
significantly from ours and their conclusions concerning the 
dynamic and magnetic parameters of the protein solutions 
are in direct disagreement with ours. The disagreement is 
due to the failure of these authors to realize that in the esr 
spectra of the Mn2+-concanavalin A solutions only the —1^ 
** xk fine structure components are observed, indicating 
that the Mn 2 + in the protein is associated with long correla­
tion times (TD > 1). In this region the relaxation theory 
employed by Goldammer, et al., does not apply and its use 
will lead to erroneous conclusions. 
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It is desirable to know the conformation of enzymes and 
oligopeptides in solution in order to relate changes in their 
conformation induced by chemical modifications to changes 
observed in their pharmacological properties and thereby 
obtain the structure vs. biological activity relationships. 
Spectroscopic techniques such as nuclear magnetic reso­
nance (nmr) and infrared (ir) spectroscopy have been ap­
plied to the problem of obtaining the structure in solution. 

One of the most important types of information sought is 
which NH groups are hydrogen bonded and which are not. 
In nmr studies there are two methods commonly used to ob­
tain this information once the peaks in the nmr spectrum 
have been assigned to particular NH protons in the mole­
cule. 

The first method is to add D2O to the solution and follow 
the rate of deuterium exchange of the NH to ND as mani­
fested by a decrease in area of the NH peak in the 1H nmr 
spectrum. This decrease occurs because H and D resonate 
at quite different frequencies in a fixed magnetic field. Hy­
drogen bonds are then ascribed to the slower exchanging 
NH protons. The use of isotopic exchange to obtain confor­
mational information has been employed by Stern, Gib­
bons, and Craig in their measurements on Gramacidin S 
and by other researchers.1 6 There are several problems as­
sociated with interpreting the results of such experiments. 
The method cannot determine whether protons which ex­
change slowly are hydrogen bonded or merely inaccessible 
to the D2O and whether they exchange rapidly because they 
are nonhydrogen bonded or because they are in rapid equi­
librium between two different conformations. In addition 
there is no intrinsic means of determining how long the 
half-life for the exchange should be in order to ascribe a hy­
drogen bond to that proton. 

The second method is evaluation of the temperature de­
pendence of the chemical shift (d5/dT) of an NH proton 
peak.7"12 In this approach an NH proton peak which under­
goes no upfield shift on heating (d8/dT = 0) is said to be 
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intramolecularly hydrogen bonded while the molecule N-
methylacetamide, which is used as a model for the nonin-
tramolecularly bonded case, has a d<5/dr value of 6 X 10 -3 

ppm/°C in dimethyl sulfoxide (DMSO) or aqueous solu­
tion.13 There are also problems associated with interpreting 
the results of this type of experiment. The method cannot 
determine whether a proton has a low db/dT value as a re­
sult of a lack of bonding to the solvent because the NH is 
intramolecularly hydrogen bonded or because the NH pro­
ton is inaccessible to the D2O; nor does it contain any in­
trinsic means of determining how near zero the d5/d7" 
value of an NH group must be for it to be assigned to a 
bonded rather than a free state. In addition there is no ex­
planation for the observed d5/dT values less than zero9 or 
greater than 6 X 1O-3 PPmZ0C1' and no means to deter­
mine the effect on 5 and therefore on d8/dT of reorienta­
tion of nearby magnetically anisotropic groups. 

Thus, each of the two nmr methods for establishing hy­
drogen bonded NH groups have inherent problems in the 
interpretation of the results. There is the additional diffi­
culty that the results of the two methods are occasionally 
directly opposed to each other. For example, in valinomycin 
the NH group which only slowly exchanges on adding D2O 
is found to have the larger rather than the smaller db/dT 
value.5 

From ir studies there is a method commonly used to ob­
tain information on the presence of hydrogen bonded am­
ides. The data of Richards and Thompson14 on bonded and 
nonbonded amides in CCU and CHCI3 show that a non-
bonded CONHR group will have an NH stretching fre­
quency about 3440 cm - 1 while a hydrogen bonded NH in a 
CONHR moiety will occur about 3350 cm -1. A number of 
researchers have examined the infrared spectra of oligopep­
tides to determine the occurrence of hydrogen bonding.15"18 

For example, the potassium complex of valinomycin in 
CHCI3 solution shows only one band at 3309 cm - 1 which 
led to a proposed structure in which all the NH groups were 
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