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Abstract

An unusual protein was isolated from acid extracts of normal
human pancreas and pancreatic secretion in the form of uniform
7-10-nm long single threads without visible axial periodicity or
other structure, as seen in the electron microscope. It accounts
for as much as 300 ,g/ml in some pancreatic secretions as mea-
sured by specific radioimmunoassay. The protein undergoes a
freely reversible, pH dependent, globule-fibril transformation,
being stable in the fibril form between pH 5.4 and 9.2. The
monomer at acid pH has an apparent molecular weight of
- 14,000 and consists of a single polypeptide chain, the amino
acid composition of which is rich in aromatic amino acids and
lacks carbohydrate, fatty acid, and phosphate. the amino acid
sequence of 45 residues from the amino terminus shows no ho-
mology with any other reported protein sequences other than
that of the A chain of the bovine pancreas thread protein (reported
elsewhere). A sensitive radioimmunoassay employing monoclonal
antibodies against human pancreatic thread protein failed to de-
tect the antigen in a wide range of human tissues other than
pancreas, nor was the antigen measurable in normal human sera.
Immunohistochemistry utilizing these antibodies revealed the
antigen as a component of the cytoplasm of some but not all the
pancreatic acinar cells. A physiologic function has not yet been
determined for this protein.

Introduction

An early effort to study the molecular structure of elastin by
electron microscopy after enzymatic digestion with trypsin led
to a misinterpretation of the supramolecular organization of
elastin (I) and to the discovery of an unusual filamentous con-
taminant present in "purified", crystallized, bovine trypsinogen
(2). Subsequently, this protein was shown to exhibit readily re-
versible, pH dependent thread-like polymerization (3). The phe-
nomenon of globule-fibril transformation was of considerable
interest to cell and molecular biologists of the time since it seemed
to provide a clue to understanding the changing physical prop-
erties of cytoplasm. Related molecular properties had, during
this early period of electron microscopic studies of biopolymers,
also been described for insulin (4), actin (5), and tropomyosin
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(6). However, the conditions for fibril formation of these proteins
are widely different from those of the protein described here.

The bovine pancreatic thread protein (PTP)' proved to be
a by-product (3) of the commercial preparation of purified pan-
creatic enzymes (7). It appeared as a gelled precipitate forming
during an intermediate stage in the isolation procedure. This
insoluble contaminant of commercial crystallized trypsin con-
sisted of tight, uniformly wound, double helical strands - 12
nm in diameter, each strand being smooth, -7 nm in width,
and was occasionally seen singly or in parallel pairs (1, 2). The
same structure was found in threads isolated from fresh bovine
pancreas (8). This protein, rich in aromatic amino acids, has a
molecular weight in acid solution of - 17,800 and consists of
two polypeptide chains differing in length and amino acid se-
quence. The NH2-terminal 48 residues of one chain (A) and 35
residues of the other (B) appeared to be unique among all re-
ported amino acid sequences for other proteins (8).

In 1970 (Gross, unpublished observations) a similar protein
was isolated from postmortem human pancreas by the same
extraction procedure used for bovine pancreas. Wereport here
the isolation and partial characterization of this protein, now
designated human pancreatic thread protein (PTP) from normal
human pancreas and from pancreatic secretion. Monoclonal
antibodies have been prepared against the purified protein and
were used in the development of a sensitive radioimmunoassay
to measure human PTP in tissue extracts and other body fluids.
The antibodies have also been employed in cellular localization
by immunohistochemical techniques.

Methods

Preparation of PTP. Humanpancreas tissue (- 500 g) obtained at various
times postmortem was immediately immersed in cold 0.25-M sulfuric
acid, homogenized in a blender in an ice bath, then stirred mechanically
for 24 h. The cloudy suspension was first filtered through cheese cloth
and then centrifuged at high speed. The opalescent supernatant fluid
was separated from the floating and sedimented fat and tissue debris
followed by filtration through #1 filter paper (Whatman Inc., Clifton,
NJ) covered with a I-in layer of Celite.

The slightly cloudy nonviscous solution was then fractionated by
successive ammonium sulfate precipitation and re-solution according to

the procedure of Kunitz and Northrup (7) for the preparation of pan-
creatic proteases. The preparation protocol was identical to that used in
an accompanying study of bovine PTP (8). The precipitate obtained
from the third 70% saturated ammonium sulfate fraction dissolved in
water was adjusted to pH 8.0 with sodium bicarbonate and allowed to

stand overnight at 4VC until an opalescent suspension of globular ag-
gregates formed. The precipitate that was removed by sedimentation at

20,000 g (after examination by light microscopy) contained the threads
as shown by electron microscopy. The pellet dissolved rapidly in 0.1 M

1. Abbreviations used in this paper: ELISA, enzyme-linked immunosor-
bent assay; PAS, Periodic Acid Schiff; Pth, phenylthiohydantoin; PTP,
pancreatic thread protein.
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HCI and centrifugation removed a small amount of insoluble material.
The water-clear, nonviscous solution was neutralized with NaOHto pH
7.0; this produced a large, loosely gelled, opalescent precipitate that ap-
peared rapidly and gradually settled. This cycle of acid solution and
neutral precipitation was repeated four or five times before lyophilizing
the purified material from distilled water to a white cotton-like fluff. Acid
extracts of 1-5 g of fresh pancreatic tissue obtained at surgery from
patients with pancreatic carcinoma, pseudocysts, and chronic pancreatitis
were prepared for assay for, and preparation of, PTP.

Preparation of thread protein from pancreatic secretion. 2 liters of
pancreatic fluid was obtained from an indwelling pancreatic duct catheter
in a patient who had undergone surgery for correction of recurrent pan-
creatitis due to pancreas divisum. The fluid, which had been immediately
frozen on collection, was very cloudy on thawing. The white, well packed
sediment obtained by sedimentation at 20,000 g for 30 min, dissolved
rapidly in cold 0.1 MHCL. It was centrifuged again to remove a small
amount of insoluble material before precipitation by neutralization with
NaOH. Precipitation and re-solution was repeated three or four times
before lyophilization of the final precipitate dispersed in water. Other
smaller samples of fresh pancreatic fluid were obtained by catheters post-
operatively from patients having undergone the Whipple operation for
intractable chronic pancreatitis or pancreatic carcinoma.

Phase, polarized light, and electron microscopy. Drops of unstirred
thread suspension spontaneously aggregated as microglobules in the so-
lution of the third 70% saturated ammonium sulfate precipitate from
pancreatic extract, before pH cycling purification, were examined directly
in phase and polarizing microscopes. The quarter wave (Red I) plate was
used in the latter for determination of birefringence polarity (positive or
negative with respect to the long axis) of the molecular components of
the spherites.

Drops of purified threads derived from both the tissue extracts and
the secreted fluid in the neutral pH range were allowed to sit briefly on
carbon-formvar coated grids, then were negatively stained with sodium
siliocotungstate at pH 7.4. Some grids were shadowed with chromium
at a 10'C angle. A JEOLCOModel 100B electron microscope was used
at 80 kV to examine these preparations.

pH dependence of solubility. 2 mg of purified PTP from pancreatic
secretion was dissolved in 1 ml of citrate-phosphate buffer at 14 pH
values between 2.6 and 10.5. After standing at 40C overnight the sus-
pensions were clarified in a microfuge (Beckman Instruments, Inc., Ful-
lerton, CA) and the clear supernatant fluids were diluted to concentrations
suitable for spectrophotometry at 280 nm.

Amino acid, sugar, and phosphate analyses. Hydrolysis of thread
protein obtained from extracts of pancreas was accomplished in 3 N p-
toluenesulphonic acid containing 0.2% 3-(aminoethyl)indole as described
by Liu and Chang (9) in order to preserve tryptophan. Recovery of all
other amino acids after hydrolysis was established for each one separately.
Analyses were performed in an amino acid analyzer (model 121 B; Beck-
man Instruments, Inc.) using a single column system according to the
protocol of trelstad and Lawley (10).

Gas liquid chromatographic analysis for sugars was accomplished by
the method of Rheinhold (I 1) and analysis for fatty acids was accom-
plished by the procedure of Heckers et al. ( 12), courtesy of Keyes Linsley
in the laboratory of Dr. Roger Jeanloz (Massachusetts General Hospital).
This procedure for sugars will detect and measure both neutral and acidic
types.

The phosphate content was analyzed chromatographically on a
Beckman 121M amino acid analyzer as phosphoserine and phospho-
threonine after HCI hydrolysis as described by Cohen-Solal, et al.
(13), courtesy of Dr. Melvin Glimcher (Childrens Medical Center,
Boston, MA).

Reduction and alkylation. 5 mgof lyophilized human PTP was dis-
solved in 6 Mguanidine hydrochloride in Tris-HCl 0.5 M, pH 8.2 plus
5 mMEDTA. Dithiothreitol, 20 mM, was added and after flushing with
N2 and incubation at 370C for 90 min the protein was alkylated at 40C
in the dark with 100 jA1 of buffer containing 9.4 mgunlabeled iodoacet-
amide and 100 ,1Ci iodo ["'C]acetamide (23.6 mCi/mmol). The reaction
was stopped with 0.1 M acetic acid and the preparation was dialyzed
against 0.01 N HCl.

Polyacrylamide gel electrophoresis. Protein heterogeneity and ap-
parent molecular weight were evaluated by NaDodSO4polyacrylamide
gel (1 1%, 14%, 15%) electrophoresis using molecular weight markers.
Reduced and radioalkylated preparations were also analyzed by the ra-
dioautographic procedure of Laemmli (14).

The relationship between the thread protein and neutral protease
activity, shown to be present by radioactive gelatin assay (15), was assessed
by electrophoresis in an 11% NaDodSO4acrylamide gel that included
1.5% of gelatin (16). Purified crystalline bovine trypsin (Sigma Chemical
Co., St. Louis, MO), 50 ng, was included as a control of the method,
and as a standard in a separate lane. At the end of the run, NaDodSO4
was eluted with 2.5% Triton X for 1 h at room temperature after which
the gel was incubated at 370C for 4 h in a neutral buffer, then stained
with Coomassie Blue. Both the assay and electrophoretic separation were
kindly performed by Yi-Shan Cheng of the Developmental Biology lab-
oratory, Massachusetts General Hospital, Boston, MA.

Purified human PTP was electrophoresed under nonreducing con-
ditions on a 12.5% polyacrylamide slab gel containing 0.1% NaDodSO4.
Without fixation, lanes containing the protein were excised from the gel
and individually sliced into 2-mm sections. The sections were then placed
into 100-,ul aliquots of PBS for 16 h at 20'C to elute electrophoresed
protein from the gel. Immunoactivity of the eluate was determined by
using the radioimmunoassay described herein. Parallel lanes containing
electrophoresed protein and molecular weight markers were visualized
after fixation and Coomassie Blue staining.

Amino acid sequence analysis. Gas phase sequencing was accom-
plished with an Applied Biosystems model 470A instrument (Applied
Biosystems, Inc., Foster City, CA) on 3-6-nmol samples of intact thread
protein with and without reduction-alkylation using the MHTFAI pro-
gram (Applied Biosystems, Inc.) as described (8). Phenylthiohydantoin
(Pth) amino acids were identified and quantified by high pressure liquid
chromatography as previously reported (17). The location of cysteine
residues was determined by measuring radioactivity of Pth amino acids
at each cycle in the analysis of the reduced and radioalkylated sample.
Reduction with dithiothreitol and alkylation with iodo [24C]acetamide
was accomplished as described above.

Production and characterization of monoclonal antibodies. Primary
immunization of female BALB/c mice was performed intraperitoneally
using 25 ,g of purified human PTP in 50%complete Freund's adjuvant.
A 6-10-wk interval was allowed followed by a I0-,gg boost in 100 gl
normal saline delivered intravenously. 3 d thereafter, the spleen was
removed and isolated splenocytes fused with the NSI myeloma cell line
according to previously reported protocols for soluble proteins (18, 19).
Maintenance and cloning of hybrids as well as production of ascites were
as previously described (19).

Wedeveloped an enzyme-linked immunosorbent assay (ELISA) for
the detection of anti-human PTP producing hybrids. In brief, 96-well
polystyrene plates were coated with acid-dissolved, purified PTP(40 ytg/
well) followed by incubation with hybrid cell culture supernatant fluids.
The plates were washed with buffer, incubated with goat anti-mouse
antibodies conjugated to horseradish pjeroxidase, then developed and
read with an ELISA reader as previously described (18). Similarly, the
isotypes of the anti-PTP antibodies were determined with specific goat
anti-mouse IgG,, IgGO2, IgG2b, IgG3, and IgM reagents (18).

Wedetermined if the various anti-PTP antibodies recognized the
same, closely related or distinctly different epitopes on human PTP by
competitive binding experiments. For this procedure the protein was
deposited from acid solution on the solid phase support as described
above. 1251-labeled monoclonal anti-PTP antibodies (100,000 cpm) were
incubated with increasing amounts of unlabeled homologous antibody
to generate an inhibition curve. Next, the unlabeled homologous antibody
was substituted by a different unlabeled anti-PTP antibody (from another
clone) and the radioactivity bound to the wells determined at increasing
antibody concentrations. If, for example, no inhibition of binding was
observed under these conditions, we may conclude that the second un-
labeled antibody recognized a separate and distinct determinant on the
antigen (20).

Radioimmunoassay for human PTP. Monoclonal antibodies from
double clonal cell lines of the IgG subclasses were purified for further
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study using Sepharose 4B staphylococcal protein A affinity columns
(Pharmacia Fine Chemicals, Piscataway, NJ). I ml of centrifuged, filtered
ascites fluid was placed on the column at pH 8.0. The ascites fluid was
allowed to remain on the column without washing for 30 min at 4VC
after which the column was washed with phosphate-buffered saline (PBS)
at pH 8.0 and mouse IgG isotypes were eluted sequentially with various
buffers according to a previously established protocol ( 19). Purified an-
tibodies thus obtained were dialyzed overnight against 0.15 NNaCI twice
and the protein concentration was determined by the Lowry method
(21) using bovine serum albumin as the protein standard. Iodination of
the antibodies to specific activity varying between 10 and 15 ACi/Jg with
1251 was accomplished by the Iodogen method (22).

Radioimmunoassay (RIA) was used for detecting and measuring hu-
man PTP in extracts of various tissues including pancreas, and pancreatic
secretions. 1-10 g of fresh human tissue obtained at surgery or post-
mortem were collected in cold 0.25 MH2SO4, homogenized, centrifuged,
and filtered to obtain clear or faintly opalescent extracts. These were
neutralized to pH 7-7.6 with NaOHat 4VC and assayed directly. RIA
was performed as follows: ¼/4-in polystyrene beads (Precision Plastic Ball
Co., Chicago, IL) were coated with dilutions of ascites fluid (range,
1:100 to 1:1,000) in PBS, pH 7.2, containing the antibody of interest.
After a 16-h incubation of the solid phase support with dilutions of
ascites fluid at 20'C, the beads were washed three times with distilled
water and then incubated with 200 s1 of various biologic fluids, protein
solutions, and tissue extracts. In addition, we explored various monoclonal
antibodies bound to the solid phase support, either alone or in combi-
nation, in an attempt to optimize the sensitivity of the RIAs; the radio-
labeled indicator antibody consisted of a 1251-anti-PTP monoclonal an-
tibody identical to one linked to the solid phase support. The radiolabeled
indicator antibody (100,000 cpm, sp act, 10-15 AtCi/,ug) diluted in PBS-
50% fetal calf serum (100 jl) with nonspecific monoclonal IgG (20 jg/
100 gl) as a blocker was added to the assay. The RIAs were performed
either in the forward or simultaneous sandwich mode (23-26) with in-
cubation times varying from 0.5 to 24.0 h. Incubation temperature ranged
from 4°C to 45°C. After incubation with the test sample, the beads were
washed three times with distilled water and counted in a gammawell
counter assay. Assay standards were composed of purified PTP diluted
in normal human serum.

Immunohistochemistry. Human liver, pancreas, kidney, gall bladder,
duodenum, jejunum, colon, and pancreatic carcinoma obtained at the
time of surgery were fixed for 2 h in 10% formaldehyde-PBS. The fixed
tissues were embedded in paraffin, sectioned, and stained with an avidin-
biotin horseradish peroxidase conjugated probe as previously described
(27). In addition, 38 human tissue cell lines obtained from the American
Type Tissue Culture Collection, as well as other cell lines developed in
our laboratory for other purposes (28) were prepared as monolayer cul-
tures and similarly examined for the presence of PTP.

Results

The isolation of thread protein from human pancreas obtained
at autopsy proceeded very much as did the extraction and pu-
rification of bovine PTP (8). Recovery of 22.4 mgof lyophilized,
purified human PTP was obtained from 570 g of whole wet
pancreas. No effort was made to defat the tissue or to produce
a dry powder since previous efforts at isolation from bovine
pancreas powder had been unsuccessful.

Of some interest, because of the remarkable linear ordering
potential of this protein, was the observation that the initial pre-
cipitate of threads from the final fraction of the pancreas ex-
traction procedure appeared in the form of discrete, spherically
laminated globules ranging from 0.1 to 0.3 mmin diameter
(Fig. 1 A). In the polarizing microscope, these globules revealed
a well defined Maltese cross indicating a highly ordered spherical
array of radially oriented, positively birefringent (as determined
with a quarter wave plate) filamentous units (Fig. 1 B). Where

the globules were in close proximity, there appeared to be tan-
gentially oriented bundles or sheets of positively birefringent
filamentous material. Centrifugation of this suspension produced
a compact white pellet that dissolved readily in 0.1 NHCL. After
further purification of acid solubilized material by cycling from
acid to neutral pH, it was not possible to reconstitute these un-
usual globular structures.

Electron microscopy of fresh cloudy pancreatic fluid or of a
suspension of purified threads after repeated pH cycling showed
masses of very long, unkinked filaments of uniform diameter
usually lying in parallel bundles, although seen frequently as
individuals (Fig. 2 A). The ends of these filaments were never
tapered and high magnification pictures failed to show any re-
peating pattern by either negative staining (Fig. 2 B) or metal
shadowing. Threads from these two sources were identical in
morphology by electron microscopy. Helically wound threads
similar to those seen in purified bovine pancreatic thread prep-
arations (8) were never seen in any of the pancreatic fluids or
those prepared from tissue extracts.

pH Dependence of solubility. Lyophilized human PTP dis-
solved instantly and completely in hydrochloric acid or acetic
acid below pH 4.6 to form a nonviscous solution even at con-
centrations of 1%. As observed for the bovine PTP, these recon-
stituted to an opalescent gel upon neutralization. This gel-sol
transformation was freely repeatable for an indefinite number
of cycles. The presence or absence of sodium chloride up to 0.2
Mfailed to influence this phenomenon appreciably and the same
cycling was readily obtained in citrate-phosphate buffers. A more
precise characterization of the pH dependence of solubility was
obtained by using a series of citrate-phosphate buffers ranging
in pH from 2.6 to 10.5. The pattern of solubility as a function
of pH is shown in Fig. 3. The protein began to precipitate sig-
nificantly above pH 4.6 and remained soluble until pH 9.2, above
which it returned to solution. No threads were seen by electron
microscopy below pH 3.8 or above pH 9.8. These observations
were paralleled by the amount of sediment visible by eye after
centrifugation and by quantitative turbidity measurements be-
fore centrifugation (data not shown). This pH dependence pat-
tern is very similar to that of the bovine threads except that the
latter begin to precipitate at a lower pH (8).

Homogeneity and molecular weight. NaDodSO4polyacryl-
amide gel electrophoresis of purified human PTP indicated the
presence of one major band, often but not always, accompanied
by a closely associated much fainter staining, slower moving
component not apparent in Fig. 4 but visible in Fig. 8, top. The
apparent molecular weight of the major band is - 14,000 (Fig.
4, lane 2). On reduction and alkylation the minor band disap-
peared and the major component now migrated more slowly,
with an apparent molecular weight of 15,500 (Fig. 4, lane 3).
The reduced and alkylated preparations were tagged with iodo
['4C]acetamide and a radioautograph indicated labeling of the
major band only (not shown).

Variable amounts of proteolytic activity at neutral pH were
identified in different preparations of purified PTP. However,
we were able to show by electrophoresis in gelatin-impregnated
NaDodSO4gels that the enzymatic activity migrated separately
from the thread protein (Fig. 5, lane 3) and in the range of trypsin
activity (lane 2). Trypsin itself does not stain with Coomassie
Blue or Amido Black in the bands of gelatinase activity because
of its very low amount, i.e., 50 ng. Similarly, the concentration
of proteases in PTP is below the detection level and therefore is
negligible in amounts compared with PTP.
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Figure 1. Precipitate formed at last step in isolation of human PTP from fresh pancreas. (A) Phase contrast micrograph of a
drop of suspension. Magnification, x 225. (B) Polarized light micrograph of same preparation shown in A showing a Maltese
Cross in each spherite, which indicates radially oriented filamentous units (see Results). Magnification, X 225.
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Figure 2. Electron micrograph of suspension of threads in fresh normal pancreatic fluid. Negatively stained with sodium silico-
tungstate. (A) X 79,200. (B) X 197,000.

Amino acid composition. The amino acid composition of
both human and bovine PTP is distinguished by the high aspartic
acid/asparagine, glutamic acid/glutamine, serine, and aromatic
amino acid content (Table I). The tryptophan content is higher
than that for any other known pancreatic protein. Also of interest
is the absence of any significant amount of carbohydrate, fatty
acid, or protein-bound phosphate.

Primary structure. Amino acid sequence analysis of both
tissue and secretion derived PTP revealed a single continuous

3

2

F
Figure 3. pH dependence of
solubility of human PTP.
Absorption of 280 mmof
clear supernatant fluid after
removal of undissolved por-
tion by centrifugation at
each pH value.

sequence for 45 cycles except for positions 3, 14, and 3 1, where
no Pth amino acid was identified. A repeat degradation on com-
pletely reduced and radioalkylated PTP extended the sequence
to 45 cycles with Pth S-carboxymethylcysteine identified at the
three missing residues. This sequence is identical with 26 of the
first 45 positions (58% homology) in the A chain of bovine PTP.
Both sequences are compared in Fig. 6. Cysteine residues were
present in the same positions, 3, 14, and 31 in the homologous
chains.

RIA analysis with monoclonal antibodies to human PTP.
Weestablished 23 clones producing anti-human PTPantibodies
as determined by the ELISA assay (data not shown). The isotypes
of these antibodies produced by double clonal cell lines were of
the IgG class. These monoclonal antibodies appeared to recog-
nize distinct and separate determinants on human PTPby com-
petitive binding experiments (data not shown). Wethen explored
the effects of various monoclonal anti-PTP antibodies, either
alone or in combination, in the construction of multisite RIAs
for the measurement of human PTP. Table II demonstrates a
representative experiment where various combinations of anti-
PTP antibodies have been linked to the solid phase support in
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Figure 4. NaDodSO4gel
electrophoretogram of unre-
duced and reduced and al-
kylated PTP. Lane 1, mo-
lecular weight markers (k,

_I mol wt); phosphorylase B,
t 92,500 mol wt; BSA,

66,200 mol wt; ovalbumin,
45,000 mol wt; carbonic an-
hydrase, 31,000 mol wt;
soybean trypsin inhibitor,
21,500 mol wt; lysozyme,
14,000 mol wt. Lane 2, un-
reduced PTP. Lane 3, re-
duced and alkylated PTP.
Note decreased mobility of

2 3 the reduced protein.

._.

Table I. Amino Acid Composition of
HumanPancreatic Thread Protein

Residues/mol

Amino acid Residue/1,OOO* SD Humant Bovine§"

Aspartic AcidT 131.6±6 18 23
Threonine 46.4±1 6 7
Serine 127.3±4 17 23
Glutamic acid¶ 72.0±1 10 12
Proline 38.2±3 5 8
Glycine 38.2±3 10 11
Alanine 52.0±3 7 10
Cys/2 42.2±2 5 6
Valine 63.2±5 9 7
Methionine 9.0±1 2 2
Isoleucine 27.6±1 3 5
Leucine 56.4±4 8 11
Tyrosine 52.0±1 7 6
Phenylalanine 50.0±2 7 3
Lysine 70.4±3 10 6
Histidine 15.0±1 2 4
Arginine 30.4±3 4 5
Tryptophan 35.2±4 5 8

mot/mot

CHO <0. 1
Fatty acids <0.1
Phosphates (bound) <0.1

* Mean±SD, n = 5.
fMr, 14,000.
§Mr, 17,800.
11 Reference (8).
¶ Includes amides.

order to assess their effect on assay sensitivity. In these experi-
ments the indicator probe was the HT- 110 (IgG2.) antibody la-
beled with 1251. It was striking that a combination of HT-1 10
and HT-7 (IgG,) on the bead increased the sensitivity approxi-
mately 100-fold compared with the other combinations with
HT-9 (IgG,). Experiments were performed where time of in-
cubation, temperature, and assay design ("simultaneous" vs.

Sequence Comparison between Hunan and Bovine (Chain A) PTP

10 151

1 2 3 4
Figure 5. Zymogram of PTP on an NaDodSO4gelatin-polyacrylamide
gel. Lanes 1 and 4, molecular weight markers same as for Fig. 4 (k,
mol wt). Lane 2, trypsin 50 ng, which after removal of NaDodSO4and
incubation, lysed the gelatin and appeared after staining with Coomas-
sie Blue as a nonstained band. Lane 3, purified PTP, showing wide
separation of the thread protein (stained) from the proteolytic activity
(nonstained band).

Htuan PTP: Ile Ser Cys Pro Giu Gly Thr Asn Ala T Arg Ser Tyr Cys Tyr

Bovine PTP: Ile Ser Cys Pro Ser Gly Ser Met Ala Tyr Arg Ser His Cys Tyr
(Chain A)

16 20 25 30

Hunan PTP: Tyr Phe Asn Giu Asp Arg GIu Thr Trp Val Asp Ala Asp Leu Tyr
I

Bovine PTP: Ala Leu Phe Lys Thr Pro Lys Thr Trp Met Asp Ala Asp Ile Ala
(Chain A)

31 35 40 45

Huinan PTP: Cys Gln Asn Met Asn Ser Gly Asn Leu Val Ser Val Leu Thr Gln
I I I I I

Bovine PTP: Cys Gin Lys Arg Pro Ser Gly His Leu Val Ser Val Leu Ser Gly Ala Phe Phe
(Chain A)

Figure 6. Amino acid sequence of 45 residues from the amino-termi-
nal end of reduced and radioalkylated human PTP. Comparison with
the sequence of the amino-terminal 48 residue fragment of the A
chain of bovine PTP. Homologous amino acids are linked by a verti-
cal line.
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Table II. Effect of Various Combinations of Monoclonal
Antibodies on Radioimmunoassay Sensitivity

Antibodies bound to soluble phase supportt

HT-i 10 HT-100
Antigen* HT-I 10 HT-7 HT-9 + HT-7 + HT-9

Ag/mI

100 257§ 3.8 2.9 26.5 13.2
10 309 2.5 2.3 16.5 11.6

1 41 2.4 1.98 4.4 9.7
0.1 1.14 1.99 1.48 3.4 3.7
0.01 0.85 1.60 1.35 3.0 1.5
0.0001 0.96 1.07 2.3
0.0001 0.70 0.5

* Purified thread protein diluted in normal human serum.
f In all experiments HT-I 10 was the '251-radiolabeled indicator. It was
added at -100,000 cpm per assay (sp act, 10-15 zci/gg).
§ S/N ratio defined as the mean cpm bound in the serum samples con-
taining HPTPdivided by the mean cpm of negative control serum. A
result of S/N > 2.0 was considered positive.

"forward" sandwich) were varied; we found that the optimal
procedures for measurement of human PTP in biological fluids
was the 2-h incubation, "forward sandwich" RIA performed at
370C (data not shown). Results from these studies allowed us
to construct a standard curve for PTPdispersed in normal human
serum as shown in Fig. 7. This multisite RIA employing mono-
clonal HT-I 10 and HT-7 antibodies has a lower limit of sensi-
tivity of - 160 pg/ml as determined on 10 replicate measure-
ments on PTP standards. The immunoassay appears capable of
detecting human PTP over a wide range of concentrations.

To further assess the specificity of the RIA and to ascertain

IC

the purity of the isolated thread protein, RIA analysis of the
extracts of each 2-mm slice of the 12% electrophoresis running
gel was performed (Fig. 8). Because of resolution limitations of
the slice method it was difficult to determine precisely which of
the two closely associated bands were labeled or whether both
represented the antigen. However, immunoblot analysis (not
shown) identified the faster major band as the antigen. In ad-
dition, a slower band more lightly labeled with antibody appeared
at a molecular weight of -26,000. A faint band of higher mo-
lecular weight material at the same position was also identifiable
by silver staining. This band may also be reflected in a small
peak of antibody binding in the RIA-slice analysis migrating at
an M, between 23,000 and 29,000 (three replicate runs) seen in
Fig. 8.

Tissue distribution of human PTP. Fig. 9 summarizes the
results of RIA analysis of neutralized acid extracts of various
tissues, pancreatic fluid, bovine trypsin, trypsinogen, and bovine
PTP. The thread protein was uniformly present in all human
pancreatic extracts and fluids examined although in widely
varying amounts among the different specimens. It was also
identified in two of three duodenal tissue extracts and in bor-
derline amounts in jejunum. More importantly, PTP was not
detected in neutralized acid extracts of any other tissue studied
including stomach, liver, kidney, colon, gall bladder, parotid,
or various regions of the brain. Moreover, the monoclonal an-
tibodies used in the RIA did not identify cross-reactive epitopes
on purified bovine PTP, trypsin, or trypsinogen. In contrast to
the localization of PTP in normal pancreas, this protein was not
detected in three pancreatic adenocarcinoma extracts. Thus, the
human pancreatic thread protein appears to have remarkable
specificity for the normal human pancreas. Finally, we examined
100 sera obtained from normal blood donors for the presence
of PTP; none were reactive in the RIA.

Immunoassay of pancreatic secretion. After electron micro-
scopic studies had identified threads in pancreatic fluid, addi-
tional quantitative studies were done on these fluids. In this
regard we were fortunate to have obtained for study a patient
with a normal pancreas and external pancreatic fistula where
sufficient amounts of normal pancreatic secretion were available
for analysis. Fig. 10 represents an RIA analysis of dilutions of
this secretion, which indicated a concentration of -300 tig/ml.

)'-, 20

C.)

PTP. CONCENTRATION(ng/m/)

Figure 7. Standard curve of the multisite RIA for PTP diluted in nor-

mal serum. Note that the RIA detects PTP over a large concentration
range. Lower limit of sensitivity is - 100-200 pg/ml.

0 2 4 6
cm

8

Figure 8. RIA analysis of
PTP electrophoresed in
12.5% NaDodSO4poly-
acrylamide gel. Gel was sec-
tioned into 2-mm slices;
each fraction was dissolved
in PBS and immunoreactiv-
ity was determined. All im-
munoreactive protein was
localized to one fraction.
The gel pattern stained with

W-o Coomassie Blue is shown at
top.
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Figure 9. Measurement of human PTP ac-
tivity in various tissue extracts by RIA.
Note that human PTP binding activity was
absent in bovine PTP, trypsin, and trypsin-
ogen. The vertical bars represent the differ-
ent samples of each category studied.

Samples were applied at pH 2.6 (Fig. 11, lanes 1 and 2) and pH
7.4 (lanes 3 and 4) to 7.5% polyacrylamide NaDodSO4slab gels.
A strong, sharp band moving at the same apparent molecular
weight as that of PTP confirmed it as being a major component
of the secretion.

Immunohistology. Immunofluorescence and immunoper-
oxidase studies on frozen and also fixed sections of human pan-
creas using two different antibodies were strongly positive for
acinar cells. Fig. 12 A shows the presence of PTP as discrete
irregular accretions in the cytoplasmic domains of some but not
all of the cells in any one pancreatic acina and occasionally in
the duct lumen, by immunohistologic labeling with peroxidase
using the monoclonal antibody, HT- 1 10. Islet, stromal connec-

100X

0 Xto

Concentration 300 pg/ml

100 lo- 10-2 10-3 10-4 0l5 10-6 1o0-
D/LUTION FACTOR

Figure 10. Quantitative determination of PTP in normal pancreatic
fluid. Concentration was determined from the standard curve of puri-
fied PTP (See Fig. 7).

tive tissue, and endothelial cells were negative for PTP. As shown
in Fig. 12 B, repeated staining of duodenum failed to demonstrate
the presence of PTP, a finding in contrast to RIA analysis of
neutralized acid extracts of this organ where low levels were
found. The RIA positive results from duodenum are probably
due, at least in part, to the presence of pancreatic secretion. We
were unable to demonstrate the presence of PTP by immuno-
fluorescence staining in 38 human tumor cell lines obtained
from the American Type Tissue Culture Collection or in frozen
sections of other human tissues and tumors including those of
pancreas, as shown in Table III.

Discussion

The detection, isolation, and characterization of a protein ob-
tained in a filamentous form exhibiting pH-dependent globule
fibril transformation, from normal human pancreatic tissue, de-
scribed herein, was a direct consequence of the much earlier,
accidental finding of a closely related thread-like protein with
similar solubility behavior in commercially available crystallized
bovine trypsinogen and trypsin (2, 3).

The human pancreatic thread protein isolated from acid ex-
tracts, precipitated from neutral solution under the same con-
ditions as did bovine PTP but formed small globules in suspen-
sion, which were visible to the naked eye. These consisted of
radially oriented asymmetric particles, visualized by electron
microscopy as long, uniform threads. Other components are
probably also involved, since these spherites could not be du-
plicated with the purified thread protein alone. Whether this
"morphogenetic" potential reflects some function in vivo is un-
known.

When we compared different samples of pancreatic secre-
tions, some were cloudy with masses of threads while others
were clear, yet all had demonstrable PTP by RIA. In several
instances precipitation of threads in clear fluids occurred spon-
taneously on standing at 40C. In one instance, clearing the fluid
by centrifugation was followed in a few days by clouding of the
clear supernatant fluid with another crop of threads. This phe-
nomenon suggests the presence of PTP in pancreatic fluid in a
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Figure 11. 7.5% polyacrylamide
NaDodSO4gel electrophoresis per-
formed under nonreducing condi-
tions demonstrating that PTP pro-
tein is a major component of normal
pancreatic fluid. Lanes I and 2, pan-
creatic fluid, pH 7.4; lanes 3 and 4,
pancreatic fluid, pH 2.6; lanes S and
6, purified PTP; lane 8, molecular
weight markers, same as for Fig. 4.
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Figure 12. Immunoperoxidase staining of lightly fixed sections of normal fresh tissue of (A) pancreatic acinar cells labeled with antibody HT

1 10 demonstrating the discrete accumulation of human PTP within the cytoplasm of some cells in each acina; (B) sections of duodenum

showing the lack of PTP staining in this organ.
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Table III. Summary of Immunofluorescence Staining Data

Cell line Tissue origin* Monoclonal antibodies

HT- 10 HT-7
Pancreas +++ +++
Liver - -

Kidney - -

Duodenum - -

PLC/PRF/5 Hepatoma - -

MALHAVU Hepatoma - -

SK-HEP-l Hepatoma - -

FOCUS Hepatoma - -

BT-20 Breast adenocarcinoma -

SW-480 Colon adenocarcinoma NA§ -

CACO-3 Colon adenocarcinoma NA -

COLO-320 Colon adenocarcinoma NA -

SK-MEL-6 Melanoma NA -

U87-M6 Glioblastoma NA -

A427 Lung carcinoma NA -

SK-UT-1 Mesodermal carcinoma NA -

JEG-3 Choriocarcinoma NA -

HUTN-80 Duodenal adenocarcinoma NA
CAPAN-2t Pancreatic adenocarcinoma

* All are of human origin. Fresh frozen sections of pancreas, liver, kid-
ney, and duodenum were surgical specimens.
f Other cell lines examined and found to be negative include CHANG
(liver derived), SW1 16, SKCOLD, WIDR, and SW403 (colon adeno-
carcinomas), C-33A and HELA (adenocarcinomas of cervix), HEP-2
(epidermoid carcinoma of the lung), DIET-5 11 (embryonic skin),
HELF (embryonic lung fibroblasts), D4-145 (adenocarcinoma of the
prostate), 5637 (bladder carcinoma), A498 (renal carcinoma), CAOV-
3 (ovarian carcinoma), AN3CA(endometrial adenocarcinoma), and
3T3 (mouse fibroblasts).
§ NA, not performed.

soluble form that polymerizes by an as yet unknown mechanism.
Note that protease inhibitors were not included in any of these
experiments. Slow proteolysis of a soluble higher molecular
weight precursor might be involved; or perhaps a spontaneous
conformational change initiates the globule-fibril transformation.
This process may have significant pathophysiologic implications
and needs further exploration.

The pH dependent solubility properties of human PTP are
very similar to those of bovine PTP, differing only in that pre-
cipitation is initiated in solutions of the latter at a somewhat
higher pH. Another significant difference is the single filament
structure of the human thread as compared with the double
helical configuration of the bovine analogue. Whether it is co-
incidental or a reflection of this difference in ultrastructure, hu-
man PTPdiffers significantly from bovine PTP in that the former
is a single polypeptide chain whereas the latter consists of two
quite dissimilar chains separable by reduction and alkylation.
The first 45 NH2-terminal residues of human PTP are 58% ho-
mologous with the A chain of bovine PTP. From the amino
acid composition there are five cysteine residues per mole and
only three were present in the first 45 residues, leaving two more
elsewhere in the molecule. In bovine PTP the other two are
located in the B chain. Of interest is the homologous location

of the three cysteine residues detected in the bovine A chain and
in the human polypeptide. The purity of the PTP preparation
is attested to by the extreme cleanliness of each of the early
sequencing cycles.

The slower mobility of the human PTP on reduction (Fig.
4) suggests intrapolypeptide cross-linking via disulfide bonds,
the opening of which allows extension of the structure, presum-
ably thereby increasing the Stokes radius. Reversibility was not
tested. In contrast, bovine PTP lost -3,000 D, which reflects a
disulphide linked two-chain structure in which the B chain is
the shorter by far (8).

As is the case with bovine PTP, the amino acid sequence of
human PTP appears to be unique amongst the animal proteins
thus far reported. The 45 residues from the NH2-terminal end
have been matched in 25 residue fragments against all published
sequences available to the National Biomedical Research Foun-
dation as of February 1985. The only significant homology with
the amino acid sequences of 1,020 mammalian proteins is with
the A chain of bovine pancreatic thread protein (8). However,
there has been a recent report (29) of the partial characterization
of a protein in human pancreatic fluid, which is possibly identical
to that described here. The molecular weight, amino acid
composition, and a sequence of 15 residues from the amino
terminal end (with residues 3 and 14 missing) indicate molecular
identity (30) or close similarity. This protein was said to be im-
munocross-reactive in an Ochterlony test using a rabbit anti-
serum to pancreatic fluid, with one extracted from pancreatic
stones obtained at surgery from patients with chronic calcifying
pancreatitis (29). Because of similar immunocross-reactivity with
one of two forms of trypsinogen also isolated from human pan-
creatic fluid, the authors concluded that their protein is a deg-
radation product of trypsinogen (31). Webelieve this to be un-
likely since the sequences of the human PTP and bovine chain
A polypeptides are 58% homologous and there is no homology
between bovine pancreatic thread protein and bovine trypsin-
ogen; the entire sequence of the latter has been published (32).
It is unlikely that human trypsinogen differs widely in primary
structure from the bovine form; however, its sequence has not
yet been reported.

Human and bovine PTP are not related to any of the
well characterized pancreatic proteins; at least, they are not re-
lated in primary structure. Another protein reported to be present
in human pancreatic stones in patients with alcoholic pancreatitis
and extractable in 0. 15 Msodium chloride also has a molecular
weight of 13,500 by NaDodSO4gel electrophoresis. This protein,
also present in normal pancreatic fluid and said to account for
14% of the total protein, is reported to contain phosphoserine,
phosphothreonine, and sugar (33), components which are miss-
ing in both human and bovine PTP. Solubility and amino acid
composition differ significantly from PTP. The NH2-terminal
amino acid is said to be aspartic acid or asparagine; that of human
PTP is isoleucine. The group (34) that has described both "pro-
tein X" and the pancreatic stone protein believes they are some-
how related to the calcifying mechanism responsible for pan-
creatic stones in association with alcoholism and chronic pan-
creatitis. Of related interest are the reported observations by
electron microscopy of Kern et al. (35) of fibrillar (10-30-nm
diam) precipitates in acinar luminae of normal and diseased
human pancreas. Scheele et al. (36) have identified two other
proteins in the same molecular weight range in normal human
pancreatic fluid, (pro)phospholipase A2 (17,000 mol wt) and an
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unidentified "glycoprotein 4" (15,000 mol wt). The amino acid
sequence of the former (37) is not homologous with that of PTP
and the latter is periodic acid Schiff-sensitive (PAS)-positive,
which indicates sugar in the structure. It is possible that a family
of proteins of about the same molecular weight but differing in
solubility properties and primary structure are quantitatively
important components of normal pancreatic fluid. The members
of this hypothetical family may have very different functions,
none of which have been well defined thus far.

Of interest is the fact that PTP appears to be an exclusive
pancreatic protein since we have found no evidence of it in 12
other tissues, including the various parts of the brain, using a
sensitive and specific monoclonal radioimmunoassay on neu-
tralized acidic tissue extracts and also by immunohistochemistry.
In a few certain cases of pancreatic pseudocyst and acute pan-
creatitis, significant levels of PTP were detected by RIA in the
serum. The assay was negative in 300 sera of both normal people
and patients with a wide variety of nonpancreatic diseases
(Wands et al., unpublished observations). More extensive studies
on this point are in progress.

Although the thread protein appears to be a secretory prod-
uct, it is possible that it represents a cytoplasmic filament of
some type. An increasing variety of cytoplasmic filamentous
proteins has been described and no doubt new ones will be found.
Structures such as several of the intermediate filaments, when
purified and isolated, might well resemble human pancreatic
threads in dimensions and appearance. However, in all cases in
which subunits have been isolated, the monomer appears to be
much higher in molecular weight, ranging from 52,000 mol wt
for the glial filament protein to fodrin (240,000 mol wt) (38).
Microfilamentous nets and aggregates have been described spe-
cifically for the apical region of rat pancreatic acinar cells (39).
They are described as a heterogeneous population ranging in
diameter from 50 to 100 nm. None of the cytoplasmic filaments
isolated to date appear to have the pH dependent solubility
characteristics of the pancreatic thread proteins, nor are any of
the reported sequences for such proteins homologous with that
reported here or for the bovine protein (8).

Pig kidney transaminase in the helical filament form (40),
amyloid fibrils (41), and filaments described and isolated from
the brain of patients with Alzheimer (42) and Creuzfeldt-Jakob
(43) disease and in isolates from animals with Scrapie (44), also
"prions" (45) do not have the solubility characteristics or mono-
mer size described here. Of some interest is the physical ap-
pearance of the fibrils of this group in that they appear to be
double helical with dimensions and appearances not unlike those
of bovine PTP.

However, morphological appearance is hardly a good cri-
terion for molecular or functional homology. Our RIA assay of
neutralized acid extracts of normal brain was negative for PTP;
however, we have not yet carefully examined tissue from aged
people or those with Alzheimer's disease. In addition, analysis
of extracts may be inadequate since the paired helical filaments
in these conditions are highly insoluble and probably cross-
linked. Immunohistochemistry would be more appropriate.

It is possible that this protein serves some function in the
lysosomes since it is soluble below pH 6, or perhaps it serves in
the packaging of secretion granules. Whether or not it is involved
in pathology of the pancreas, as in duct stone formation for
example (35), requires further exploration. Immunoelectron
microscopy with monoclonal antibodies should help provide

some answers, particularly with regard to possible localization
in the acinar cell cytoplasm, organelles, or secretion granules.
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