In the skin, nuclei of cells of the epi-
dermis (Fig. 2C) were labeled, most
strongly in the basal layers (Fig. 2, C and
D), in the external root sheath of the hair
(Fig. 2D), and in the basal layer of the
sebaceous glands.

In the pituitary, radioactivity was ob-
served in nuclei of certain cells (Fig. 2E)
in the pars distalis (//). In addition, pi-
tuicytes in the infundibular process were
weakly labeled as in animals injected
with ®H-labeled estradiol (6). In the para-
thyroid most of the nuclei of parenchy-
mal cells were labeled (Fig. 2F). This
provides evidence of a direct action by
1,25(OH),D; on the parathyroid hor-
mone system as hypothesized previously
).

The localization of target cells in the
pituitary, parathyroid, and stomach in-
dicates that calcium homeostasis is regu-
lated by central as well as peripheral en-
docrine mechanisms. Although nothing
is known about the involvement of the
pituitary, the cells in the stomach may be
hormone (probably gastrin) producing
cells, because gastrin has been shown to
modulate the concentration of calcitonin
in the blood and vice versa (/2). The oc-
currence of radioactivity in presumed
endocrine cells of the stomach suggests
that 1,25(OH),D; is a modulator in the
interaction between gastrin and calcito-
nin.

Our results demonstrate the potential
of the histological approach. Not only
were we able to confirm and cyto-
logically define biochemically character-
ized target tissues, but we were also able
to add several new cell types to those al-
ready described. With the discovery of
previously unidentifed target cells of
1,25(0H),D; or metabolites of the com-
pound, modifications must be made in
the present models for calcium homeo-
static mechanisms. Although we do not
know what effects the hormone has on
podocytes, cells of the macula densa,
cells of the pars distalis, pituicytes, and
endocrine cells of the stomach, exten-
sive studies of other tissues, such as
bone and thyroid, as well as of the cell
types identified herein, should help to
answer this question. '
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A Glucose-Controlled Insulin-Delivery System:

Semisynthetic Insulin Bound to Lectin

Abstract. A stable, biologically active glycosylated insulin derivative that is com-
plementary to the major combining site of concanavalin A has been synthesized.
Hormone release is proportional to the quantity of glucose present. Glucose regula-
tion of exogenous insulin delivery could have important applications in the therapy of

diabetes mellitus.

Although injectable insulin has been
available for the treatment of diabetes
mellitus for more than 50 years, the
simple replacement of the hormone is
not sufficient to prevent the pathological
sequelae associated with this disease.
The development of these sequelae is be-
lieved to reflect an inability to provide
exogenous insulin proportional to the pa-
tients’ varying concentrations of blood
glucose (7). In fact, recent surveys in
which hemoglobin A,;. measurements
were used have revealed that a large per-
centage of diabetic outpatients have poor
diabetic control (2). In recent years, sev-
eral biological (3, 4) and bioengineering

CHOH  CHO
. NoBH3CN,
Maltose+insulin—— 3y, HOGH OH H .
HO 0-CH~C—C~CHp-NH-Insulin
OH H OH

CHpOH CHaOH
bogH
0-CH-C~-C~CHp-NH-Insulin

oo

Amadori

rearrangement. . \O"

Fig. 1. Formation of insulin derivatives hav-
ing terminal a-D-glucose residues. The Schiff
base adduct between maltose and insulin un-
dergoes an Amadori rearrangement to form
the 1-deoxyfructosyl-a-1,4-glucopyranoside.
In the presence of sodium cyanoborohydride,
the imminium moiety is reduced to the corre-
sponding glycitol.

0036-8075/79/1207-1190$00.50/0 Copyright © 1979 AAAS

(5) approaches have been suggested for
the development of a more physiological
insulin delivery system and these are in
various stages of exploration. In this re-
port we propose a chemical approach to
the problem. The principle is to synthe-
size insulin derivatives with attached
oligosaccharides, which are complemen-
tary to the binding site of lectins. The re-
lease of bound insulin derivative would
be a function of the derivative’s binding
constant to the lectins and of the glucose
concentration.

Insulin derivatives complementary to
the major combining site of the lectin
concanavalin A were synthesized by us-
ing modifications of previously described
methods for coupling aldehydes to pri-
mary amines 6, 7) (Fig. 1). Oligosaccha-
rides, selected according to their dif-
ferential affinities for binding to con-
canavalin A (8), were incubated with
porcine insulin at molar ratios ranging
from 12:1 to 650:1 for periods of 1 to 14
days at 37°C in 0.1M sodium phosphate
buffer, pH 8.0. Incubations were carried
out in the presence and in the absence of
0.25M sodium cyanoborohydride. Un-
reacted oligosaccharides were removed
by gel filtration on Bio-Gel P-6, and un-
reacted insulin was separated by affinity
chromatography on concanavalin A
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Fig. 2. Elution profiles obtained from 20 mg of
unmodified insulin (A) and maltose-insulin de-
rivative (B) applied to columns (inside diame-
ter, 24.0 by 1.5 cm) of immobilized con-
canavalin A. Initial buffer was 1 mM MgCl,, 1
mM CaCl,, S0 mM NaCl, and 25 mM sodium
phosphate, pH 7.4. At the point indicated by
the arrow, 0.2M glucose in column buffer was
added. Fractions (2.0 ml) were collected at a
flow rate of 15 to 20 ml/hour.

coupled to Sepharose 4B. The semi-
synthetic insulin derivatives were stored
at 4°C. Further details of the isolation
procedure and the characterization of
the derivatives will be described else-
where (9).

Carbohydrate content was determined
by the phenol-sulfuric acid method (/0),
and protein was determined by the meth-
od of Lowry (/1). Bioactivity of the
semisynthetic insulins was assessed in
rats by use of the blood-glucose depres-
sion assay modified from one described
earlier (/2). Lectin-binding was eval-
uated by conventional affinity chroma-
tography methods (/3) in which con-
canavalin A coupled to Sepharose 4B
was used.

In this report the results of the unre-
duced maltose-insulin derivative are giv-
en. The amount of carbohydrate that re-
acted with insulin increased linearly with
time (9). After 5 days of incubation, the
maltose-insulin derivative contained 1.76
moles of covalently bound carbohydrate
per mole of insulin monomer. Since sub-
stitution of all three primary amino
groups has been reported to result in ap-
proximately 90 percent loss of hormone
activity (I4), this incubation time was se-
lected to maximize yield while mini-
mizing loss of biological activity. Typical
bioactivity data for this maltose-insulin
derivative are presented in Table 1. Vari-
ous preparations ranged from 78 to 95
percent of unmodified insulin bioacti-
vity. Insulin derivatives were stable at
4°C for at least 7 weeks, regardless of

7 DECEMBER 1979

whether reducing agent had been added
).

Unmodified insulin did not bind to im-
mobilized concanavalin A (Fig. 2A) and
was completely recovered in the buffer
wash; none was eluted by the addition of
glucose. In contrast, all of the maltose-
insulin derivative was bound to con-
canavalin A (Fig. 2B). None was eluted
by the buffer wash, and all of this
derivative could be displaced from con-
canavalin A binding sites by a 1000:1
molar excess of glucose. Glucose-pulse
experiments with the lectin-bound malt-
ose-insulin derivative demonstrated that
hormone release is a function of the
quantity of glucose present (Fig. 3).

These data demonstrate the feasibility
of synthesizing stable, biologically active
semisynthetic insulin derivatives that are
complementary to the major combining
site of lectins. Since the quantity of glu-
cose present determines the amount of
bound hormone that is liberated from the
lectin, these derivatives could have im-
portant applications in the therapy of di-
abetes mellitus. Glucose regulation of
exogenous insulin delivery might be ac-
complished by using soluble lectin-gly-
coinsulin complexes inside hollow-fiber
devices of appropriate porosity. Since
concanavalin A binding affinity for vari-
ous saccharides varies more than tenfold
), a mixture of different high- and low-
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Fig. 3. Elution profile obtained from 20 mg of
maltose-insulin derivative applied to a column
(inside diameter, 12.0 by 1.5 cm) of immobi-
lized concanavalin A. Initial buffer was 1 mM
MgCl,, 1 mM CaCl,, 50 mM NaCl, and 25 mM
sodium phosphate, pH 7.4. Displacement of
hormone was accomplished by using 1.0 ml
pulses of column buffer containing varying
amounts of glucose. Glucose content is in-
dicated over the appropriate arrows. Frac-
tions (1.7 ml) were collected at a flow rate of
10 to 15 ml/hour. :

Table 1. Bioactivity of maltose-insulin deriva-
tive. After an overnight fast, each animal re-
ceived 0.1 mg of protein per 100 g of body
weight by subcutaneous injection. Each of the
animals served as its own control, receiving
the maltose-insulin derivative on day 1, and
control insulin on day 2. Blood glucose de-
pression was determined 60 minutes after in-
jection using a Beckman Glucose Analyzer 2.
S.E.M., standard error of the mean.

Blood glucose depression

Ani- Maltose- Control
mal insulin insulin
derivative (mg/ P
(mg/100 ml) 100 ml)
A 61 75
B 64 70
C 66 79
D 63 79
E 69 64
F 74 73
Mean = 66.17 = 73.33 = <.1
S.E.M. 1.92 2.35

affinity semisynthetic insulins could be
combined to produce the most clinically
desirable elution profile. Further investi-
gation is needed to explore these possi-
bilities. ,
MICHAEL BROWNLEE*
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