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Pancreatic Zymogen Granules Differ Markedly in

Protein Composition

E. A. MrOZ* AND C. LECHENET

The activities of both chymotrypsin and amylase in individual zymogen granules of rat
pancreas were measured by means of micromanipulation and microfluorometric
methods. The enzyme content and the ratio of amylase to chymotrypsin varied widely
among granules taken from the same animal. These results are compatible with short-
term nonparallel bulk secretion of the two enzymes through exocytosis. The distribu-
tion of each enzyme activity in a population of granules suggests quantal packaging of
amylase and chymotrypsinogen into the granules.

and export more than one substance.

The relative amounts of these sub-
stances secreted at the organ level may
change with physiological needs. To under-
stand the control of secretion by a cell that
exports more than one substance it is neces-
sary to determine whether or not the sub-
stances are packaged in a fixed ratio within
and among cells. The exocrine pancreas,
which exports at least 19 secretory proteins,
is a useful model for studying this problem.
Export is via exocytosis of proteins packaged
within zymogen granules (1). For exocytosis
to be compatible with the observed short-
term variations of the relative amounts of
secretory proteins in the pancreatic juice (2),
the ratio of secretory proteins has to be
different among granules. Immunohis-
tochemical studies have suggested that all
secretory proteins are present in all zymogen
granules (3), but these studies could not
have distinguished quantitative differences
in the ratios of the secretory proteins among
granules.

We have directly addressed the problem
of relative packaging of secretory proteins
among granules by measuring the content of
both amylase and chymotrypsinogen in indi-
vidual zymogen granules. We have found
that the composition of individual pancreat-
ic zymogen granules isolated from a single
animal can markedly differ. This observation
may reconcile the theory of exocytosis with
the finding of short-term changes in the
composition of pancreatic exocrine secre-
tion.

S ECRETORY CELLS MAY SYNTHESIZE
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Analysis of amylase and chymotrypsino-
gen in individual zymogen granules was
performed by means of a general micro-
fluorescence method (4) as adapted to en-
zyme analysis (5) and to the quantitation of
fluorescence in liquid droplets (6). Zymo-
gen granules were prepared from individual
adult female Wistar rats by a modification of
the method of Harper ez al. (7). Individual
granules were obtained by spraying a sus-
pension of granules onto a cover slip, exam-
ining the air-dried droplets of suspension via

Fig. 1. Dried droplets of a suspension of zymogen
granules. Pancreatic zymogen granules were pre-
pared from rat pancreas by the method of Harper
et al. (7), but with a homogenizing fluid of 0.65M
sucrose, 5 mM 2-(N-morpholino) ethane sulfo-
nate, pH 5.5. The pellet from one-half the ho-
mogenate of a single pancreas was gently resus-
pended in 1 ml of homogenizing fluid and
sprayed via an Effa Spray Mounter (E. F. Fullam,
Schenectady, NY) onto a siliconized glass cover
slip. The cover slip was covered with paraffin oil,
and observed with Nomarksi optics. For this
photo, individual droplets were dislodged from
the cover slip with the small glass hook shown and
moved into an array. Final magnification, x330.

differential interference-contrast optics (Fig.
1), and selecting droplets with single zymo-
gen granules. Each droplet thus selected was
dissolved and its granule lysed in 140 pico-
liters (pl) of a buffered salt solution. Por-
tions of the lysate of a single granule were
then analyzed by microfluorometric meth-
ods for their amylase and chymotrypsin ac-
tivities, the latter after activation with tryp-
sin.

In Fig. 2a, the chymotrypsin content is
plotted against the amylase content for 22
individual zymogen granules from a single
animal. The mean amount of chymotrypsin
per granule was 0.482 x 107'® mol
(£0.084 SEM) and the mean amount of
amylase per granule was 0.698 X 10™'® mol
(£0.103 SEM). The ratio of mean chymo-
trypsin to amylase was 0.69. Absolute
amounts per granule of both enzyme activi-
ties, however, varied over wide ranges. The
median content for chymotrypsin and amy-
lase was 0.4 X 108 mol per granule. There
was no significant correlation between amy-
lase and chymotrypsin content among gran-
ules. These results support the idea that
amylase and chymotrypsinogen are not
packaged into individual granules in a fixed
ratio. Differential packaging of secretory
products among and within cells has also
been observed in the bovine pituitary (8).
To determine if our results could be attrib-
uted to imprecision of the measurements,
we lysed a suspension of granules to pro-
duce a solution of homogeneous composi-
tion, and handled and assayed picoliter vol-
umes of lysate as if they were lysates of
individual granules. These results validated
the microassay of individual granules in two
ways. First, the activities of amylase and
chymotrypsin were each proportional to the
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amount of lysate assayed and the ratio of
amylase to chymotrypsin content was equiv-
alent to their ratio measured with conven-
tional, milliliter-scale assays. Second, the
ratio of chymotrypsin to amylase found in
the lysates of granules, 0.69, was equivalent
to the mean ratio calculated from individual
granule measurements. These control stud-
ies were conducted over the range of activi-
ties observed in samples of individual gran-

Fig. 2. Activities of amylase and chymotrypsin in
single zymogen granules (a) and in samples of a
lysed suspension of granules (b) from the same
animal. Droplets with individual granules under
oil were obtained as described (Fig. 1), but with
melibiose instead of sucrose in the homogenizing
fluid (to remove interference with the amylase
assay). Micropipetting and microfluorescence
procedures were as described (4-6). Droplets
with single visible granules were dissolved in 140
pl of a lysing solution [100 mA{ NaCl, 100 mM
KCl, 100 maf piperazine-N,N'-bis(2-hydroxy-
propane sulfonate), bovine albumin (2 mg/ml),
PH 8.0]; the granule was usually seen to lyse
during application of this solution. The lysate was
then taken back up into the pipette, and trans-
ferred to a glass slide for assay. Thirty-five pico-
liters of lysate was activated with 90 pl of trypsin
(5 pg/ml) for 60 minutes, and then assayed at
27°C for chymotrypsin (5). Another 35 pl was
analyzed for amylase by micromodification of the
method of Guilbault and Rietz (15). Fluorescence
increases were related to NADH production with
standard NADH, and activities of the 35-pl sam-
ples were corrected back to the original lysate,
with correction for evaporation of the 140-pl
lysate between the time of dissolving the droplet
and that of taking the 35-pl samples. Results are
presented as the number of attomoles of standard
enzyme (porcine amylase, M, 45,000; bovine
chymotrypsin A, M, 22,000) that would have
produced the observed enzyme activities. In (b),
granules from this animal were lysed and several
dilutions were made at the milliliter scale. Micro-

ules (Fig. 2b) and indicate that variation
measured between granules reflects varia-
tion in secretory protein content of the
granules.

The 14% standard deviation reported for
granule diameters (9) would mean a 48%
standard deviation in granule volumes, and
presumably thus in enzyme contents as well.
Such variation in overall content is consist-
ent with our activity data. The magnitudes
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Fig. 3. Histograms of chymotrypsin (a) and amylase (b) activities among granules shown in Fig. 2a.
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of the activities found are consistent with
those expected on the basis of reported
values for zymogen granule size and protein
content (9, 10) and for overall ratios and
activities of these enzymes from rat pancreas
(11).

The distributions of chymotrypsin and of
amylase contents among the granules ap-
peared to be quantized (Fig. 3). The chymo-
trypsin distribution is consistent with a
Poisson distribution having a “quantum
size” (amount of enzyme per subunit) of
0.24 attomoles (amol) and an average of 2.0
chymotrypsin quanta per granule (P > 0.25
by x*) (12). The amylase distribution is
consistent with a Poisson distribution hav-
ing a quantum size of 0.35 amol, and an
average of 1.30 amylase quanta per zymo-
gen granule, above a basal level of 0.25 amol
per granule (P> 0.25 by x*) (13). Such
distributions might be expected if zymogen
granules were constructed from a number of
subunits, each subunit containing a fixed
amount of one secretory protein. The exis-
tence of subunits in the construction of
zymogen granules has been demonstrated
(14). Alternatively, such quantized distribu-
tions of secretory protein contents among
granules could arise from differences among
cells in the number of subunits of zymogen
that are packaged into the zymogen granules
in each cell. If differences in protein process-
ing among cells were to be combined with
differential sensitivity to secretagogues
among cells, it would be possible for exocy-
tosis to lead to nonparallel] secretion.

Quantized distributions of amylase and
chymotrypsin were also observed when
granules were prepared from one animal
that had been maintained on a high-protein
diet. In that animal, although almost all of
30 granules analyzed still showed both amy-
lase and chymotrypsin activity, the mean
amylase content per granule was an order of
magnitude lower than the mean chymotryp-
sin content (0.072 = 0.008 SEM amol of
amylase per granule relative to 1.09 = 0.12
SEM amol of chymotrypsin per granule).
The basal level of amylase, the amylase quan-
tum size, and the mean number of amylase
quanta per granule were all lower than seen
for a normal diet.

Pancreatic zymogen granules from a sin-
gle animal thus can differ quantitatively in
composition. Short-term changes in the
composition of pancreatic juice, as seen in
the study by Adelson and Miller (2), could
result from selective secretion of granules
with different compositions. Further studies
are required to determine if differences
among granules reflect differences among or
within cells, and to determine the functional
significance of this quantitative heterogene-

ity.
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Cloned Fragm

ent of the Hepatitis Delta Virus RNA

Genome: Sequence and Diagnostic Application

K. J. DENNISTON,* B. H. HOYER, A. SMEDILE, F. V. WELLS,

J. NELSON, J. L. GERINT

Hepatitis delta virus (HDV) is a replication-defective etiological agent of hepatitis that
requires hepatitis B virus (HBV) as a helper. A complementary DNA (cDNA)
fragment of the RNA genome of HDV was cloned into the plasmid vector pBR322,
and the primary nucleotide sequence and predicted protein products of the cDNA
fragment were determined. This cloned cDNA fragment has been used as a sensitive
radioactive probe for the detection of HDV RNA in the serum of patients with either

acute or chronic HDV infections.

EPATITIS DELTA VIRUS (HDV), A
naturally occurring defective virus
of man, depends on hepatitis B

virus (HBV) for its replication and expres-
sion (I, 2). For the large population of

A

chronic HBV carriers worldwide, HDV
represents a serious medical problem be-
cause HDV infection frequently results in
severe and progressive liver disease, delta
hepatitis. Epidemics of delta hepatitis have

PheLeuAlaProProSerLysValThrGlyGlyGlyAlaArgAsnThrGlyAspGlnTrp
57 TGTTCCTAGCACCCGCTTCGAAAGTGACCGGAGGGGGTGCTAGGAACACCGGGGACCAGT 3

3’ ACAAGGATCGTGGGGGAAGCTTTCACTGGCCTCCCCCACGATCCTTGTGGCCCCTGGTCA 57
AsnArgAlaGlyGlyGluPheThrValProProProAlaLeuPheValProSerTrpHis

Nco I

Hinf I Hinf I

Bst NI

SerHisGlyMetProPheProMetLeuAspSerAspSerProProLysGlyArgProGly
57 GGAGCCATGGGATGCCCTTCCCGATGCTCGATTCCGACTCCCCCCCCAAGGGTCGCCCAG 3’

37 CCTCCGTACCCTACGGGAAGGGCTACGAGCTAAGGCTGAGGGGGGGGTTCCCAGCGGGTC 5’
LeuTrpProIleGlyLysGlyIleSerSerGluSerGluGlyGlyLeuProArgGly

Pst I

MetAlaGlyProHisSerAlaGlySerAlaPheHisProLeu
57 GAATGGCGGGACCCCACTCTGCAGGGTCCGCGTTCCATCCTTTAAA 3’

CTTACCGCCCTGGGGTGAGACGTCCCAGGCGCAAGGTAGGAAATTT 5’
3’ IleAlaProGlyTrpGluAlaProAspAlaAsnTrpGlyLysPhe

B
Pst I fst I Pst I
GC tail

| Probe
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occurred in the general population of under-
developed countries where HBV is endemic.
In developed countries the disease appears
to be limited to certain high-risk groups,
including intravenous drug addicts and he-
mophiliacs (2).

The viral nature of the HDV was estab-
lished in chronically HBV-infected chim-
panzees, an experimental model of acute
HDV infection and disease (3). In acute
phase serum, HDV circulates as a 36-nano-
meter particle having the HBV surface anti-
gen (HBs) on its surface and the delta
antigen (HDAg) and HDV RNA within
the particle (4). The 1.75-kilobase (kb)
HDV RNA is not polyadenylated, has con-
siderable secondary structure, and appears
to be single-stranded (5). The physical asso-
ciation of HDV RNA with HDAg (an
established marker of HDV infection) with-
in the viral particle (I, 4, 5), the lack of
hybridization =~ between complementary
DNA (cDNA) transcripts of HDV RNA
and HBV or host DNA’s (5), and, most
important, the near equivalence between the
HDV RNA concentration and the HDV
infectivity titer of an acute phase chimpan-
zee serum (2, 6) indicate that HDV RNA is
the genome of this unusual viral agent. No
information has been reported on the pri-
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Fig. 1. (A) The primary nucleotide sequence of
the 166-bp HDV RNA c¢DNA clone, pKD3.
Above and below the nucleotide sequence are the
predicted aminc acid sequences of the single open
reading frames in each strand. The sequence was
obtained by the method of Maxam and Gilbert
(14). Nucleotide sequence determinations were
made from 3’end-labeled Pst I termini and 5’end-
labeled Nco I, Hinf I, and Bst NI sites. These sites
are indicated above the sequence. (B) The Pst I
subfragment (139 bp + 14 bp GC tail) was used
to make the hybridization probe.
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