
raise (Fig. 1 and Table 1) o r  lower (12) 
blood pressure, depending on the ani- 
mal's starting blood pressure, affirms the 
hypothesis that the ability of tyrosine to  
accelerate catecholamine synthesis de- 
pends on the firing frequency of cate- 
cholamine-producing cells. In hyperten- 
sive rats, it seems likely that noradrener- 
gic neurons in the brainstem fire fre- 
quently and that sympathetic outflow 
from more peripheral neurons is dimin- 
ished (12); in hypotensive animals, this 
situation is probably reversed. If tyro- 
sine exerts a similar state-dependent ef- 
fect on blood pressure in humans, it may 
have advantages over catecholamine in- 
fusions in the treatment of shock. 
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Cadmium-113 Nuclear Magnetic Resonance Studies of Bovine 
Insulin: Two-Zinc Insulin Hexamer Specifically Binds Calcium 

Abstract. By use of cadmium-113 nuclear magnetic resonance spectroscopy, a 
speciJic calcium ion binding site has been identiJied in the bovine two-zinc insulin 
hexamer. This site is composed of six glutamyl carboxylate groups clustered in the 
center of the hexamer, and is distinct from the normal zinc ion binding sites. 

We present here results of lI3Cd nucle- 
ar magnetic resonance (NMR) experi- 
ments which provide evidence that Ca2+ 
binds strongly to  a specific site in the 
central core of the bovine two-zinc insu- 
lin hexamer. The Ca2+ site is composed 
of six glutamyl carboxylate groups (Glu 
B-13) clustered in the center of the hex- 
amer, and is distinct from the normal 
z n 2 +  binding sites (1) .  X-ray crystallo- 
graphic studies of porcine zinc insulin by 
Blundell et al. (2) showed that the hex- 
amer is torus-shaped (- 50 A in diame- 
ter by 35 A high). The two z n 2 +  ions per 
hexamer are located 17 A apart on the 
threefold symmetry axis, which tra- 
verses the central cavity. Each z n 2 +  ion 
is coordinated to  three imidazolyl nitro- 
gen atoms (from His B-10) and three 
water molecules (see Fig. 1). The crys- 
tallographically identified Zn2+ sites (2) 
are designated site I,  and the Ca2+ site 

Fig. 1. Three-dimensional structural represen- 
tation of the zinc insulin hexamer, showing 
the proposed Ca2+ binding site (site 11). Liga- 
tion about Zn2+ ions (3 His, 3 HzO, site I) is 
based on the x-ray crystal structure ( I ) .  The 
experiments represented in Fig. 2 are consist- 
ent with a single site for C a Z + ,  but do not 
exclude exchange among several identical 
sites (that is, sites composed by pairing the 
carboxylates). The insulin monomer facing 
the viewer has been cut away to show the 
positions and liganding of the metal ion sites. 

proposed here is designated site I1 (Fig. 
1). 

Synthesized in the beta cells of the 
pancreatic islets of Langerhans, insulin 
is stored in secretory granules. Under 
the electron microscope, immature gran- 
ules appear to contain insulin in an amor- 
phous state. In mature graaules, insulin 
forms a dense array of 50-A units, with 
packing similar to  that found in the crys- 
talline hexamer (3) .  Because of the high 
content of zinc in pancreatic islets and 
the requirement for divalent metals in 
forming rhombohedra1 crystals, it has 
been proposed that the two-zinc insulin 
hexamer, ( ~ n ~ + ) ~ ( ~ n s ) ~ ,  is the storage 
form of insulin (2). 

Substitution of Il3Cd2+ ions for natu- 
rally occurring divalent metal ions and 
direct observation of the Il3Cd NMR 
signal has proved useful in the study of 
metalloproteins ( 4 4 .  Cadmium- 1 13 
chemical shifts depend strongly on the 
number and type of ligands coordinated 
to the metal ion. 

The Il3Cd NMR spectrum of Il3Cd- 
substituted bovine insulin hexamer at pH 
8.0 (Fig. 2A) exhibits two resonances of 
relative area 2: 1. Peak I has a chemical 
shift of 165 ppm and peak I1 occurs at 
-36 ppm. When Il3Cd2+ is added in 
small increments from an initial ratio of 
0.3 equivalent per hexamer to  a final 
ratio of 3.0, the resulting Il3Cd NMR 
spectra (not shown) have the same 
chemical shifts and 2: 1 relative area. 
When this species, which is designated 
( '13Cd2+)3(~ns)6, was titrated f rompH 8.0 
to pH 10.4 by gradual addition of NaOH, 
peak I underwent a downfield shift, 
which leveled off a t  201 ppm. Peak I1 
was unaffected. Least-squares fitting of 
peak I chemical shifts versus pH to a 
sigmoidal curve gave an apparent pK, 
value of 8.7. We propose that this pH 
dependence is caused by conversion of 
metal-bound water t o  hydroxide ion (8) .  
Gradual addition of NaCl produced a 
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downfield shift of peak I, which reached 
177 ppm at 1 .OM NaCI, without affecting 
peak 11. 

The chemical shift of peak I is consist- 
ent with Cd2+ bound to a mixture of 
nitrogen and oxygen ligands. This fact, 
plus the responsiveness to pH and C1-, 
lead us to assign peak I to Cd2+ bound to 
the crystallographically identified zinc 
sites (site I in Fig. 1). Because of the 
upfield chemical shift of peak 11, the 
relative peak area of 2: 1, and the insensi- 
tivity to pH and C1-, we suspected that 
peak I1 involves coordination of c d 2 +  
through oxygen ligands to a single site. 
Each Ca2+ site in parvalbumin (two 
sites) and concanavalin A (one site) in- 
volves hexacoordination through oxygen 
ligands, and when occupied by Il3Cd2+ 
gives resonances at -94, -98, and 
- 132 ppm (6, 7). 

In the insulin x-ray crystal structure 
(2), six carboxylate groups from Glu B- 
13 residues converge at the center of 
the two-zinc hexamer. Blundell et al. 
(2) mention a crystalline hexamer con- 
taining 3 equivalents of Cd2+. Patterson 
and Fourier maps indicated that this 
(Cd2+)3(Ins)6 is isomorphous with 
( ~ n ~ + ) ~ ( I n s ) ~ .  Two of the c d 2 +  ions oc- 
cupy the normal (His B-10) zinc binding 
sites, and the third Cd2+ is located "in 
the region of the B-13 glutamate resi- 
dues" in the center of the molecule (2). 
The UOZ2+ and pb2+ ions have also 
been found to bind in this region (9, 10). 
Therefore we propose that peak I1 in Fig. 
2A arises from Cd2+ coordinated to the 
Glu B-13 residues (site I1 in Fig. 1). 

Noting that Ca2+ binding sites in me- 
talloproteins such as parvalbumin (6), 
concanavalin A (7), and thermoly sin (1 1) 
consist primarily of carboxylate ligands, 
and that Cd2+ and Ca2+ are very similar 
in Pauling ionic radii (0.97 A), we hy- 
pothesized that site I1 might be a specific 
Ca2+ binding site in the native insulin 
hexamer. As shown in Fig. 2B, addition 
of Ca2+ to ("3Cd2+)3(~ns)6 causes a de- 
crease in the relative area of peak 11. The 
concentrations and types of metal ions 
given in the legend to Fig. 2 refer to the 
predominant occupancy of sites I and 11, 
and not necessarily to the total composi- 
tion of ions in the sample. The first 
equivalent of Ca2+ gave a ratio of 6 : 1 for 
peaks I and I1 (data not shown), and the 
second equivalent (Fig. 2B) a ratio of 
10: 1. Equilibrium was fully reached in 
less than the spectral acquisition time of 
8.5 hours. The displaced 'I3Cd2+ does 
not give rise to a detectable resonance. 
The most likely explanation is that due to 
intermediate exchange rates among a 
number of weak binding sites on insulin 
(2, 12, 13) or buffer molecules, the reso- 
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nance for the displaced Il3Cd2+ is too 
broad for detection. These experiments 
indicate that Ca2+ and Cd2+ have com- 
parable affinities for site 11, supporting 
the idea that insulin is a ca2+  binding 
protein. On the other hand, site I strong- 
ly prefers c d 2 +  over c a 2 +  . 

To test the divalent metal ion specific- 
ities of sites I and 11, we added 2 
equivalents of zn2+ to ("3Cd2+)3(~ns)6 
and observed the complete disappear- 
ance of peak I (Fig. 2C). Again, no 
resonance was observed for the dis- 
placed I3Cd2 + . Thus, site I strongly 
prefers zn2+ over Cd2+,  and site I1 
strongly prefers Cd2+ over z n 2 + .  With 
ionic radius 0.7 A ,  zn2+ is probably too 
small for effective coordination to site 11. 
The low affinity of Ca2+ for nitrogen 
ligands probably accounts for its inabil- 
ity to compete with zn2+ and Cd2+ for 
site I. 

The uniqueness of the Ca2+ site pro- 
posed in Fig. 1 raises mechanistic ques- 
tions concerning the assembly of the 
hexamer and the accessibility of site I1 in 
preformed hexamers. We prepared two 
hexamer samples, each containing ex- 
change-inert Co3+ at the His B-10 sites 
(site I in Fig. 1) by oxidation of the 
corresponding Co2+ derivatives. Bind- 

ing of Co2+ to insulin has been exten- 
sively investigated (2, 13). Solution stud- 
ies show Co2+ forms a (Co2+)2(Ins)6 
species in which c o 2 +  clearly is tightly 
bound to site I in place of zn2+ .  The first 
sample was oxidized to Co3+ after the 
addition of 1 equivalent of Il3Cd2+. The 
Il3Cd NMR spectrum (Fig. 2D) shows 
only the presence of peak 11. Addition of 
excess Ca2+ caused no decrease in the 
signal-to-noise ratio of peak 11, even 
after 48 hours. The second sample was 
oxidized to Co3+ before the addition of 1 
equivalent of Il3Cd2+. NO 'I3Cd reso- 
nance was observed even 48 hours after 
addition, indicating that substitution at 
site I1 must occur either before assembly 
of the hexamer or by removal of the 
"capping" metal ion or ions. 

Biological implications of the Ca2+ 
binding site are not clear. Calcium is 
believed to be involved in the storage of 
insulin in the pancreas, the release of 
insulin into the bloodstream, and the 
action of insulin at target cells (14-18). 
There is evidence that Ca2+ is taken up 
by rhombohedra1 zinc insulin crystals 
(19). Pancreatic storage granules contain 
high concentrations of c a 2 +  as well as 
z n 2 + ,  and 45Ca2+ accumulated within 
the granules is not readily exchangeable 
(20). Despite the presence of normal 
amounts of z n 2 + ,  depletion of c a 2 +  im- 
pedes granule maturation in cultured 
mouse islets (1 9). Finally, experiments 

Fig. 2. Cadmium-1 13 Fourier transform NMR 
spectra of aqueous 'I3Cd insulin derivatives in 
H 2 0  at 25°C and pH 8.0. Chemical shifts are 
relative to external 0.2M CdSO., in H20-P20  
(1:l). The number and type of metal ions 
given refer to the predominant occupancy of 
sites I and 11, and not necessarily the compo- 
sition of ions in the sample. (A) Spectrum of 
2.6 mM insulin hexamer plus 7.7 mM 
"3CdS04. Line widths of peaks I and I1 are 70 
and 20 Hz (total acquisition time, 12 hours). 
(B) Spectrum of 2.9 mM insulin hexamer after 
addition of 2 equivalents of Ca2+ per hexamer 
to a sample originally containing 3 equivalents 
of bound "3Cd2+ (Fig. 2A). One Ca2+ equiva- 
lent was added before the addition of "'Cd2+ 
and one after (total acquisition time, 8.5 
hours). (C) Spectrum of 2.9 mM insulin hex- 
amer after addition of 2 equivalents of Zn2+ to 
a sample originally containing 3 equivalents of 
bound 'I3Cd2+ (total acquisition time, 4.5 
hours). (D) Spectrum of 2.7 mM insulin hex- 
amer containing 1 equivalent of Cd2+ and 2 
equivalents of Co3 + per hexamer (total acqui- 
sition time, 5 hours). The sample was pre- 
pared in dilute H202  and was concentrated 
and washed by ultrafiltration, using a Diaflow 
UM-10 membrane (Amicon Corp.). Amino 
acid analysis of Co3+ peptides generated by 
proteolytic cleavage of ( C O ' + ) ~ ( I ~ ) ~  have 
shown that Co3+ occupies the normal Zn2+ 
site. The oxidation conditions used do not 
alter the amino acid composition of insulin 
(22). Reagent preparation and spectral cpndi- 
tions are described in (23). 



indicate that only a small fraction of the 
6 5 ~ ~ 2  + taken up by cultured rat islets is 
associated with the storage granules (21). 
These findings, in addition to the results 
presented in this report, point to a more 
important role for Ca2+ in the storage of 
insulin than was previously supposed. 

Finally, we note that the z n 2 +  binding 
site (site I in Fig. 1 )  is not present in 
insulin from certain species (for in- 
stance, guinea pig and coypu); however, 
the carboxylate groups (either Glu or 
Asp) ( I )  at B-13 which form site I1 are 
conserved in all insulin species se- 
quenced to date (2). 
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Evidence for Endomycorrhizae in 
Pennsylvanian Age Plant Fossils 

Abstract. Fossil fungal chlamydospores from the tissues of a number of Pennsyl- 
vanian age fossil plants are described. Features such as size, shape, wall organiza- 
tion, and the structure o f  the subtending hyphal stalk suggest aflnities ~ i t h  the 
modern endomycorrhizal fungus Glomus. 

Paleobiological studies suggest that 
the fungi are an ancient group that may 
have been among the earliest life forms 
to have evolved. Filamentous fragments 
that may represent hyphal remains and 
possible fungal spores were identified 
from Precambrian sediments (I). Despite 
the uncertainties in accurately identify- 
ing these Precambrian remains, unques- 

tionable fungi representing all of the ma- 
jor divisions are known from the Paleo- 
zoic to the Recent (2). 

Of the Paleozoic fungi that have been 
described (3), several different forms 
were identified in the petrified plant ma- 
terial that accumulated during the forma- 
tion of the Carboniferous coal swamps. 
Although fungi are known to have oc- 

Fig. 1. Endomycor- 
rhizal chlamydo- 
spores. (A) Fossil 
c h l a m y d o s p o r e s  
showing the stalk 
and multilayered 
wall ( x  160). (B) 
Hyphal attachment 
to fossil chlamydo- 
spore showing 
curved occlusion in 
the stalk (arrow) 
( x 740). (C) Fossil 
chlamydospore with 
simple hyphal at- 
tachment ( x  160). 
(D) Glomus mos- 
seae chlamydospore 
( x 160). (E) Simple 
hyphal attachment 
of fossil chlamydo- 
spore showing 
thickening of wall 
(arrow) at spore 
base ( x  740). (F) 
Glomus mosseae 
chlamydospore with 
curved septum in 
the stalk ( x  740). 
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