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Treatment of hamsters with the fl-agonist isoproter-
enol caused a dramatic increase in a series of unusual 
proteins in the parotid and submandibular glands.
These proteins are acid soluble and they contain high
amounts (mol %) of glutamate plus glutamine (30-35), 
proline (23-30), and glycine (12-25). Three proteins
(HP.15, HlP.3a, and HP,13b) were isolated from tri-
chloroacetic acid extracts of parotid glands of isopro-
terenol-treated hamsters. The basic protein (HP,15) 
was not retained by l)EAE-cellulose and did not con-
tain phosphate or carbohydrate. Two acidic proteins
(llP13a and ltP,13b) had the same apparent molecular 
weight on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, but these separated bywere DEAE-
cellulose chromatography. HP,13a and HP43b con-
tained -1.3 and 5.7 phosphate residues/mol of protein, 
respectively. Levels of mRNAs encoding this series of 
proteins showed striking increases following isopro-
terenol treatment as determined by cell-free transla-
tions and Northern analysis. Feeding tannins to rats 
and mice mimicks the effects of isoproterenol treat-
ment on the parotid gland (Mehansho, H., Hagerman,
A., Clements, S., Butler, L., Rogler, J, and Carlson,
1). M. (1983) Proc. Natl. Acad. Sci. U. S. A. 80, 394P-
3952; Mehansho, H., Clements, S., Sheares, B. T., 
Smith, '., and Carlson, D. M. (1985) J. Biol. Chem. 
260, 4118-4-123)). However, hamsters on a high tan-
nin diet (2%) did not respond like rats and mice and 
instead displayed an unusual growth inhibition. 
%Veanlinghamsters maintained on a 2% tannin diet 
initially lost weight for 3 days and then failed to gain
weight for up to 6 months when kept on this diet. 
Essentially a normal growth rate was observed when 
the tannin-fed hamsters were switched to a normal 
diet. 

Salivary glands of' various animals can synthesize, or can 
be induced to synthesize, a group of l)roteins which are unit
sially high in proline, tile so-called proline-rich proteins 
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(PI1s)' (1). These proteins collectively constitute about 70% 
of the proteins in human salivary secretions (2). The PRPs 
are encoded by multigene families (1) and can undergo various 
post-translational modifications including proteolysis, phos
l)horylation, and glycosylation. These unusual proteins are 
presumfably constitutive in human saliva (2), but families of 
similar proteins are dramatically increased or induced in 
parotid and submandibular glands of rats (3, 4), mice (5, 6),
and hamsters (this report) by isoproterenol treatment. The 
nucleotide sequences of several PRImRNAs from rat (7, 8), 
mouse (8), and human (9) and the structures and organiza
tions of' complete genes of' PIP inultigene families from the 
mouse (10), hamster (11), and human (12) have been reported.
Proteins derived from the nucleotide sequences are all char
acterized by four general regions: a putative signal peptide, a 
transition region, andthe repetitive region, a carboxyl-ter
minal region (1). 

Previously we found that feeding tannins mimicked the 
effects of' isoproterenol on parotid glands, causing glandular
hypertrophy and induction of l'RPs in rats (5) and mice (13).
The apparent tissue-specific synthesis and the appearance of 
PRPs in saliva suggest a biological function in the oral cavity
and gastrointestinal tract. Evidence has been presented that 
these proteins have high affinities for tannins and that they 
can reverse the detrimental effects of tannins in the diets of 
rats (13) and mice (5). However, hamsters do not respond to 
dietary tannins by inducing the synthesis of' PRPs and as a 
result tannins show an unusual ability to inhibit growth.
Tannins are also unusually toxic to hamsters. We have iso
lated and partially characterized three proteins from hamster 
l)arotid glands which are high in glutamate (or glutanine), 
l)roline, and glycine and which are dramatically induced by
isoproterenol treatment. In an attempt to determine the rea
sons for the different responses to tannins, assays for 0
adrenergic receptors and adenylate cyclase veie performed 
on membrane preparations from parotid glands of rats and 
hamsters. Cell-free translations and Northern analysis were 
carried out on control and isoproterenol-treated animals to 
determine the extent of induction of PRI mRNAs. 

EXPERIMENTAl IROCEItJRES 
Materials-All materials were of highest purity available and were 

purchased from commercial sources unless otherwise indicated. The 
following were purchased from resl)e(tive - ,apanics:I.-13,,.:'H] pro
line (100 Ci/imnol), gelatin, ICN or Nutritional Miochemicals; 3-1 I2111
iodocyanopindolol (200 Ci/minol), Amersham ]orp.; dl-isoprotere
nol. HCI, ATP, cAMP, lvsozyme, plhosplhoenolpyruvate, pyruvate kinase, iinding )rotein, chymotrvlsina, Sigma; EN 'IANCF, Du Pont

'The abbreviationi e are: N )li,proline-rich protein; SDS,uSel 
sodiuin dodecyl salfate; PA(;F, polyacrylanide gel elect rophoresis;
H29, hamster proline-rich protein gene; CNlir, cyanogen tIromide. 
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New England NucleaI,; molecular weight standards, Bio-Rad; trypsin-
tosvlphenYlalnnyl chloromethyl ketone, clostripain, Worthington;
Stat)hvh,',icics aur'us protease, Miles Laboratories Inc.; Quebracho 
extrat t,Frask Chemical Co.; reticulocyte lysate, gift from Dr. David
Kuhn, Department of Bicwhenistry, Purdue University; high tannin
sorglum (Savanna), and low tannin sorghum (RS-610) were grown
at the lturdue I 'niversity Agronomy Farm. 

F'eding Trials---Male (;olden Syrian hamsters (50-60 g) were 
maintained on Purina lab ('how for 5-6( days before starting the 
feeding experiments. Sorghum diets were prepared as described else-
whert, I:0. Feed and water were provided ad libiturn. Tannin contents 
were ineasured by a tompetitive binding assay (14). The condensed 
htnnin contents of Savanna sorghuai grain and Quebracho extract 
were 2 and 5")., respect ively. Gielatin, Quebracho extract, or an amino
acid mix equivalent to gelatin in amino acid composition was added 
itsirghium diets as indicated at -' of the dry weight. 
Isor terni'riil 'atin'nt---Male (.olden Syrian hamsters (90-100g)fed Purint Lh ('how were utilized as gland donors. Each hamster 

was iinjected intralieritoneally with the indicated amount of'd/-isopro-
Ierenl 11( 'Idaily as descrihet by Muenzer et (l. :. Unless otherwiseinolicatetl, hamsters were treated daily withi .1) mg of isoproterenol
for 10 days. 

Isolafi;mn if i'rolin'-rit'h I'r 'ins ----Aninials were anestlhetized with 
.,oiiun pent iI) rhital and killed i).vexsango ination. The parotid and 
suliindiliutir glands were reiioved and stripped of'connective tissuC
mid fat. Trichloroacetic acid extractions were perforied as described 
lhv Mlehansho and a'rlsn .1l The acid-soluble traction, which
coltains most of the proline-rich proteins, was fairther fractionated 
liyI)EAE-cellulose chrottatography. About 2.. tog of sample was 
applied to a c-hunin 11.5 x 70 cmii) which had previously been e(uilii-
hrated withi .5itiM iphosphate huffer, pIH 8.0. After washing with 150 
nl fl'
the equilibrating tuffer. elution was carried out with i linear 
gralient ranging from t to I M NaCl. 

.Ani-rin ' Ib'rPrepartrion- ('rude tmeinb ranes were prepared as de
scrihed IYL.udford and 'l'ahno (15) wit I a slight modification. Fresh 
parot idglands fron normal rats and hamsters were homogenized in
21)voiines (g/i Iiiflibuffer A (12.5 iim soditin phosphate, pH 7.4, 

.t M N ail'. and plienylti ethystilfi nyl fluoride (15 pg/m l)) for 3, s,
idtibe ext ract was cent rifuged am3 1 010 x g for 1h. One-half of the

pellets were suspiended in tbe sante volne of' Buffer A (20 inl/g
tissue) with itaI)iunce loniogenzer. This ('rude inenbr'le prepara-
tin was used fur tlie I-hdroxvbenzy pindolol linding experiments.
The remainder of the pellets was suspended in 4 volunes of cAMP
issavy t toMbuffr I5) Tris -HC, pH 7.5.I mm EDTA), and this 
ti'mVlirate ireparat in was, used fr assaying adenylate cyclase ictv-i,Y. 


fl.dr',o'r Assa-'lie ability of thelcptour Binding mere-


iro ei reparatios t I niida was determined byli 1--agoh ist using
Ii udru)xvihenzv pi idili (15). A final volutoe of I ml contained 0.5 il 
it menhraie suspension. 11.2 mg of lysozyrte, 10 MinGIcNAc, and 
20)) liiii '"l-hydru)xvltzv lpindulol The assav mixture was inifo 

itlted at :17 ' 
fir I li. Assays were carried out in the presetnce and
alusenmce if 10 pm dl-iriraohiiuli. Membranes were collected on glass-
fiber filters., and ittiod "'Ihydroxvbenzvpiindluil was measured in 

' titer. 
.Ido'ntvlai' \Iltv.- sv--,,\denvlate cyclase activities of parotids' ls, 

niemihrote preparatiins were tiieasured according tt tie procedures

of Itudilrd and 'l'alaio (16) and 'lovey it al. (17). Assav mixtures 

Ifinal v )lui e. 100 hl(cnsisted o f .10 ii ,)'T ris- ICI ( i ll7.4 ), 10 mm 

Mgt'l.. 1) in1M thephyllinie, 1).1 to xi El)TA, 10 niM phosplinenolpy-

rovtte, 25 jtig ofIpvrivate kinase. I iiiM1 ATI, and 50 pIof emibrane 

suspensiotn. 'l'he,e were inubated ftir 10 mini at 
 37 'C.Amounts of 

'AMPgenerated were estimated by the ncompetitive protein binding

tehnique (17). 


I'rt,'n )'t'rmination--- 'roline-rich Iroteins usually lack aro-

ieti amin acids anid are estimated bv absorbaice at 2:30 ni.The 

calculated extitntiotn toefficient for tte of' these proteins is EE",, -t25 1-1).'rotein in ieniraie preparatiots wts measured by tlie Lowry
ietiltid 118) ising Ittine serum aliutinits a standard. 
.- td - l'rotein samlles (0.1-0.3 mog) were hydro-Iin IaIt.si., 


Iyz('d iandanalvzed as ilescrilied earlier (4). 
Ir'in St.'Si 'itnci ' (vsis--T le amino-terninal regions of three

prite ins fri hister parotid glands II),15, and HtP4:b)HP-tla, 
s.,re sequenced according to HeriiodsonIt (.,(19).

I'troli tic Iige.stiouns of II.15 and 111.a--Iticubat ion conditions 
f()r itease Ireatments were: cl)s) riptain, 50 m aiitoniu Iticar-p' 
in)titate, ((.27 %1inercalttoethatiol, 37 -,', 4 Ii;S. aurous ]prtease, 5)
imt inionium acetate, 37 V(', 18 Ii; trypsin, 0.011M ICI,:37 'C, 6 Ii; 

chymotrypsin, 0.5% NaHCO:l, 37 'C, 6 h. Enzyme/substrate ratios 
(w/w) for clostripain, S. aureus protease, trypsin, and chymotrypsin 
were 1:50, 1:40, 1:50, and 1:50, respectively. Cyanogen bromide diges
tion was perlormed as described (20).

Isolation and Analysis of mRNA-Total RNA was prepared by
using the guanidine thiocyanate-cesium chloride procedure described 
in Chirgwin etal. (21). RNA was translated in a rabbit reticulocyte
lysate system, and the translation products were analyzed as described 
previously (6). Northern blot analysis was performed as described by
Thomas (22) using electrophoresis in 1.5% agarose gel containing 2.2
mM formaldehyde (23). :0P-Labeled exon IllI of hamster PRP gene
H29 (11) was prepared by nick translation and was used as a probe
for hybridizations. The filters were treated as described previously 
(6).
 

RESULTS 
Effects of Isoproterenol Treatment-Isoproterenol treat

ment has a dramatic hypertrophic effect on the parotid andsubmandibular 
glands of rats (3, 4) and mice (5) with the

sizes of these glands increasing by about 10- and 5-fold,
resI)ectively, after 10 days of' treatment. Increases in sizes of 
the parotid and submandibular glands of' hamsters were es
sentially negligible (<0.5-fold), but isoproterenol treatment
of' Lamsters (lid induce the svnthesis or accumulation of acid

soluble proteins abott 6-8-fold (Table I). As found with rats 
(:1) and mice (5), these )roteins were high in proline but were 
aIlsotnusually high in glutamate (or glutamine) (Table II).

Elect rophoret ic patterns of' acid-soluble proteins and gly
coproteins induced in salivary glands of hamsters treated with 

TABLE I 
Effects of isoproterenol treatment on gland wcights and on amounts 

of acid-soluble proteins 
-_______ . . ... Weight.... .. . .. ... . . . ..
 

( Oat AcId-sotutle proteins
Pirotid Stibiiandihular Parotid Submaindibular 

. . . . . .tissue
 
Isoproterenol
 
0 0.32 0.70 5.5 10.7
 
0.5 mg 0.42 0.80 22.8 48.1 
1.0 tng 0.38 0.85 29.7 8. 61.5 mg1.5 mg 0.400.40 0.800.80 27.627.6 8:3.663.5 

2.5 mg 0.50 1.00 37.9 67.4 
:....mg. 0.50.0.85.31.6"83.5 

11 
A mino acid compositions 

HP45 H-1t3a HP431) H291 
-..l.. . 100 Rit 

Asxl 7.9 10.3 10.8 10.7As r .1 1.4 1.6 1.2 
Thr 0.1 1.4 1.6 1.2
8cret 0.63 1 3.7 4.23 . 7 4.7.7 4.9 
Glx 31.7 34.1 30.7 34.9 
Pro 30.8 22.6 23.5 20.1 
Gly 24.8 12.2 14.1 14.2
 
Ala 
 ND 1.9 2.3 1.7lie ND 0.80.5 1.2 
Leu 0.5 1.3 1.4 
 1.8
 
Tyr ND ND 0.6 0.6 
HisLs 0.5 3.0 3.1 1.21.3 5.1 3.4 3.6Arg 0.9 5.9 :,4 3.6 
eArg 0.9 3.9 3.3 3.6 

Met ND ND 0.2 0 
Phe 0.9 ND ND 0.6 

"Amino acid composition derived fro the nucleic acid sequence
of hamister Pil' gene H29 (11) its given in Fig. 9 aid assuming "SAla 
is the N-terminal amino acid of' the mature protein. 

'Asx = Asp + Asn. 
GIx Gil+ Gin. 

'ND, not detected. 
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varying amounts of isoproterenol are shown in Fig. 1. The 
profiles and levels of most proteins were essentially un-
changed when the amount ofisoproterenol was increased from 
0.5 to 3.5 mag/animal. Several proteins are glycosylated, es-
pecially in isoproterenol-treated submandibular glands (Fig.
1B). A glycoprotein of M H,, of 89,000 (GP89) showed an 
unusual regulatory pattern; it was induced dramatically in 
parotid glands of hamsters treated with 2.5 mg of isoprotere-
nol/day. 

lProtein Isolations--The acid-soluble proteins extracted 
with l0"i, trichloroacetic acid from parotid glands of isopro-
terenol-treated hamsters were partially resolved by DEAE-
cellulose chromatography (Fig. 2). Fractions in peak- 1, 111, 
IV, and V lacked absorhance at 280 tm, which is consistent 
with results obtained witi other PRlPs (3). To check for 
homogeneity, each fraction from )eaks I through V was as-
sayed by S1)S-PAGE (data not shown). As illustrated in Fig. 
2 (inset), peak I which was not retained by the DEAE-
cellulose C0lumn11 appears as one protein in SDS-PAGE. and 
this protein has a M,,,,,, of'-15,000 (HP-5). Peak III includes 
at least 3 proteins. Peaks IV and V contain glycoproteins 
HP43a and H1431), each with a M,,,,,, of' 43,000. A minor 
contaminant of -P43h was removed by repeating the DEAE-
cellulose chromatography wit h a lower salt gradient. 

(ompositional Analysis-The amino acid compositions of 
HP45, HP43a, and HP43h are presented in Table I. These 
proteins are all high in glutamic acid (or glutaminet, proline,
glycine, and aspartic acid (or asparagine). They either lack or 
contain very low amounts of aromatic and sulfur-containing 
amino acids. HP-n3a and HP-131) are different, but they do 
have similar amino acid compositions. HP-13a and HP-,3b 
contain -1.3 and 5.7 meol of phosphate/meol of protein, respec-
lively (Table It. The amino acid composition of the protein
encoded by hamster PRP gene H29 ( 11) is similar to, but not 
identical with, Ather HP43a or HP43b. 

Partial ,in:no Acid Seq ences Jf HPI5, ttP43a, and 
Hl'.13h--Sequences of the amino-terminal regions of HP,15, 

HP43a, and HP-1b are compared together wit h,sequence data 

from proline-rich proteins of rat, mouse, and human (Fig. 3).

There is about 73C' homology in the first I1 amino acids of 
HP-l4a and HP43h. When the sequence of H P43a is compared

with the amino acid sequence derived from PRP gene H29 

(residues 15-25) (11), there is a single substitution at position 

8; aspartic acid HP-13a) (codon GA'/,.) for isoleucine (H29)

(codon ATA). \Vhen sequences of HP43a and HP43h were 

aligned with peptides encoded by PRP cDNAs of mouse 


PAROTID 
IPR(mg) 0n0oo--i Cn 

Fi. I. SDS-polyacrylamide gel 
electrophoresis of acid-soluble frac- 92.5
tions from the parotid and subman- 66.2
dibular glands of convrol and isopro
terenol (IPR)-treated hamsters. 45.0-
Acid-soluble extracts equivalent to 3 mg 
of tissue were applied to each lane. A, 
protein staining; B, carhhydrate stain
ing; Al, molecular mass markers in kilo- 31.0daltons; phosphorylase b, 92.5; bovine 
serum albumin, 66.2; ovalblumin, 45; carbonic anhydrase, 31; soybean trypsin in- 21.5hibitor, 21.5; and lysozvme, 1-4.4. 

14.4 - CBA 

A. C00massie 

(pMP125) and rat (pRP33), there were two regions of homol
ogy for all four peptides. The basic PRP, HP45, had no 
homolog, with either HP43a or HP43b (or with other basic 
PRPs from rat (8), mouse (8), and human (24)). Both HP43a 
and HP43b have relatively high amouros of serine and thre
onine which are potential sites for phosphorylation and gly
cosylation. For example, residue 9 in HP43a and HP43b is 
missing from sequence analysis as would be expected if it was 
either glycosylated or phosphorylated. 

Treatment with Proteases and ('NBr-HP45 and HP43a 
were treated with various proteases and with CNBr. A char
acteristic difference was observed between HP15 and HP43a 
(Fig. 4). HP45, the basic PRP, was resistant to S. aureus 
protease VS whereas HP43a was an excellent substrate. Both 
behaved similarly toward clostripain and trypsin. Chymotryp
sin hydrolyzed HP45 extensively, but HP43 appeared to have 
a single cleavage site. As expected, both HP45 and HP43a 
were resistant to CNBr. 

Binding AssaYs of Hamnster I'roline-rich Proteins to Tan
nins-A high affinity for tannins is one of the characteristic 
properties of PRPs (13). The relative affinities of tannins for 
four PRPs from hamster parotid glands were measured by a 
binding assay using '"C labeled bovine serum albumin (14).
These proteins have about an 8-fold greater affinity for tannin 
than does bovine serum alhunin (Fig. 5). Results of these 
binding assays are comparable to those obtained fo rat (13) 
and mouse '5) PRPs. 

Cell-free Translations-TotalRNAs prepared from parotid
glands of isol)roterenol-treated and control hamsters were 
translated in vitro by the reticulocyte lysate system (Fig. 6)
in the presence of [HIH-proline. Isoproterenol treatment in
creased demonstrably the in vitro synthesis of several pro
teins. Many proteins induced by isoproterenol treatment were 
apparently present normally in low aniounis. Two polypep. 
tides (Al, 58,000 and a low molecular weight protein) disap
peared with isoproterenol treat ment. This observation is con
sistent with the reduction or disappearance of a-amylase and 
parotid-sl)ecific )rotein in cell-free translations of RNAs from 
isoproterenol-treated rats (7) and mice (6). Cell-free transla
tions with ["Sjmethionine (not shown) clearly demonstrated 
the dramatic decrease in n-amnyiase. 

Northern Hvbridization-ReIati,,echanges of PP mRNAs 
after isoproterenol treatment were rdetermined by Northern 
analysis using exon Ill of hamster 1PRP gene H29 (1H) as the 
probe (Fig. 7). Isoproterenol treatment caused about a 10-fold 
induction in PRP i1RNAs. 'his increase is considerably lower 

SUBMANDIBULAR PAROTID SUBMANDIBULAR 
2 0n0o A24 0n n). 2 o CL: :un 0 ouAo--2Cnr.O 00 -- u t 
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Blue B. Periodic Acid Schiff's 
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M I IM Z 

92.5 K

1.20 750 
45.0 K 

0 31.OK-
Fir. 2. DEAE-cellulose chroma-

tography of the acid-soluble corn- < .80-
 -500 
ponents from hamster parotid 21.5 K- X*' _
 

glands. Elution was performed as de- I
 
scribed under Proce- E
"Experimental E14.4K-
dures." Analysis of peaks, I, I1, IV, and 
V by SDS-polvacrylamide gel electro- 0 250 
phoresis is shown in the inset. 

C 

cm 
0 0 

0 22 44 66 88 110 
FRACTION NUMBER (5 ml) 

Fi,. 3. Comparison of the N-ter- Hamster HP43b: Ala Thr Leu ryr - Glu - Asp - Ser Pro XXX Ser - Leu 

minal regions. H29, hamster PRP gene Hamster HP43a: Ala Thr I le Tyr - Glu - Asp - Ser Asp XXX Gin - Leu
 
(derived sequence) (11); HP45, hamster
 
basic PP; HP43a and HP43b, hamster Hamster H29: Ala Thr 1i, Tyr - Glu - Asp - Ser Ile Ser Gin - Leu 

acidic PRPs (inthis report); pRP33,rat Rat pPP33: Gi- Val Ile Tyr Gi- Asp Se- Ser Ser Gin Leu
 
cDNA encoding an acidic PRP (7);
 
pMPI25,mouse cDNA encoding acidic Mouse pMP123: Glu lie Thr Tyr - Glu - Asp - Ser Asp Set Gin Lau
 

PRP (8);protein A, human acidic PRP HumanProtein A: Glu Asp Leu Asn - Giu - Asp - Val Ser Gin Glu - Asp 

(2);113-I,
human basic PRP (24); XXX 
are likely glycosylted or phosphorylated Human IB-I: Glu Asn Leu Asn- Glu - Asp - Val - Ser Gin Glu - Glu 

serines or threonines. Hamster HP45: Phe Pro - fin Gly- ls - Pro -Asn -Gin Gly Phe - Gly - Pro -Lys -Gin -

HP45 HP43o PROTEASES 
1 2 34 5 6 12 3 4 56 12345 

FI;. 4. Protease and CNBr treat- A.,
 
ment of lIP45 and HP43a. I,no en- 45 K
zyine; 2, S. aureus V8; 3, clostripain; , ,
 
tr.psin; 5, chymotrypsin; 6, CNBr. Pro- 43 K
tease digest ions and CNBr cleavage were
 
performed as described tinder "Experi- ",
 
nental Procedures." Molecular weight W
 
marker=, are indicated by dashes. 

than the 70-fold increase observed in mice (6). Parotid glands lost about 20( of their weight and within about 20 days after 
of hamsters, however, have higher basal levels of PRP mRNAs the diets were switched, both groups were close to the same 
than did the mouse. As observed in rat (8) and mouse (6), two weight. Growth curves for rats on high and low tannin diets 
major size classes of RNAs were detected, are shown in Fig. 8 (inset). The addition of either gelatin or 

Effects of Feedinga Diet High in Tannin-Unlike with rats the amino acid mix to the low tannin diet had little effect on 
(13) and mice (5), feeding high tannin sorghum (Savanna) to growth rate (Table IV) In ccntrast, when gelatin, which also 
hamsters for 3 days failed to cause either glandular hypertro- has a high affinity for tannins, was added to the high tannin 
phy or an increase inthe levels of PRPs (Table I1). Upon diet, the weight gains of the hamsters improved dramatically 
prolonged feeding of high tannin sorghum, an unusual inhi- (Table IV) and were essentially the same as hamsters main
bit ion of growth w ,s observed (Fig. 8). In fact, after 6 months tained on low tannin sorghum. Savanna plus an amino acid 
on Savanna sorghum, hamsters were essentially (±5 g) the mix equivalent to the composition of gelatin, on the other 
same weight as at 3 days (data not shown). At this point (6 hand, had no effect on the tannin-mediated growth inhibition. 
months), diets were switched and hamsters previously on The lack of effect of the crystalline amino acid mix eliminates 
Savanna grew at close to the normal rate observed for the the possibility that the beneficial response to gelatin in the 
younger aninmals. Hamsters switched to the high tannin diet high tannin diet involves the amino acids or total nitrogen 
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Ft. 5. ('ompetitive binding curves between 
 14C-labeled bo
vine serum albumin (BSA) and hamster PRlIs for tannin. 
Increasing aniont, of conilmetitor were inixed with 100 mg of 11C
labelel hoviet sermun allutbin in 640 pl of 0.2 \I acetate tuffer (p1H
-L.S,.'l IIli, was aldlel 16)10pIi f t.ie!lian(l containing 20 jg ofiitannin. 
After centrilogati on, supernatant fluids were removed and discarded. 
The pelts were w\.ish,, dissolved in 100 PI of ; S1)S, and assayed
f ir radioactivit v I) sci'ntillatiii colillting. lnhihition of binding was 
C('aculatvi as descrihed (111. ('onpet itor proeins added were hamster
'ill's I',P89 (I. IP.15 ;A), HlP-13a (A), HI)43) (0), and hovine 

serul) albumlinin(0). 

B N IPR 

- 58 K 

-38 K 

-32 K 

- 27 K 

FIc. 6. Cell-free translations of mRNAs from hamster pa-
rotid glands. Translations were otcarried with the reticulocyte 
Ivsate ssteml and labeled with [:'Hhproline. About 5 P1 of each 
transltion iixure was anayzed by fluorography. B, no added RNA; 

N, nor,,ia; 1P1R, isolroteretail treated. 

provided 1- the gelatin and suggests the formation of -I
tannin-gelatin complex. In contrast, rats maintained on high
tannin diets (2'i tannin) survived and gained weight after an 
initial weibht loss (13 ); the ability to gain weight was clearly
the reslt o)f in(htii 4f I)l' sPynthesis l;y tantiins (13).

'nthouhbtdly thle severe adverse effectls to1 hiansters of, diets 
high in tannitis are due to the lack of indu(tinn of the tissue-
speci I'Il' muintigene family. Increasing the taititin content 
)f' tihe high tannin diet fromn 2 to 41 hy adding Quehracho 

M.W. NOR I P R 

Std.
 
bp.
 

1353
1078 

Fit;. 7. Northern hybridization analysis of RNA from pa
rotid glands of normal and isoproterenol-treated hamsters.
RNAs (10 pg) from parotid glands of normal (NOR) and isoproterenol
treated (IPR) were elect rophoresed, blotted, and ihy-idizd to :P 
iaheled probes. Al. I.Std. bp., molecular weight stan lards (base 
pairs), prepared hy a tlelll digest of X- 174 DNA. 

Effects on hamstersalivaryglands of feeding sorghunm with high. ....... . .. ~tannin heteels . . .. ... . 

Diet, a(id Weight Avid-sohotle proteins 

Pairid Sdtitntia ljhlrI 'aroti Stuhblluanrlitillar 

,glg tissul. 

RS-610 0.21 0.,16 .1.1 1 1.) 

Savanna 0.23 0.45 .1.6 12.2 
Hamsters were maintained either on RS-610 (low tannin

sorghum) or on Savanna (high tannin sorghumt) diets for 3 days. 

40- /j RS60

v 30 
... 3'':/// 

2u 

SAo 
-o -- , - _ _ 

Fl(;. 
0 9 

8. Effects of high tann
16
DAYSin (Sav

24 
anna) and 

32 
low tannin 

(RS-610) sorghum diets on rate of growth of hamsters. ln.met, 
rate of growth of rats fed Savatina, (0-0) and 1S-61t) (0 ----. )
(1 i). 
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TABLE IV 
Effects of tannins, gelatin, Quebracho, and an amino acid mix on 

g.roth rate of hamsters 

Diet 

RS-610 + gelatin (4 ) 

RS-610 + amino acid mix 14 %)h 
1S-610 + Quebracho (4% ' 
Savanna Ihigh tannin sorghum) 
Savanna + gelatin (.%)Savantna + amni no acid mix (-1%)
Savanna + Quobracio 4x ) 

Weight gain'.. .. . .
 
7 days 1.1days 21 days 

-

7.1 20.1 29.7 


10.4 24.2 28.2 
-20.0 (1 )d -24.8 (2) -28.7 

-8.7 	 -9.0 -9.7 

.,5 16.0 22.8
-6.6 -.1.6 -3.0)

-9.0 (2) --26.3 3 (1) 
-- 2.3 --

"Weight gains are averages ol six hamsters unless indicated, 
Amino acid mix was composed as equivalent to the amino acid 

composition of gelatin. 
*Quebracho extract. 

d Numbers inparentheses indicate animals that died. 


TABLE V 
/i-Rc'eptorsand adenylate cyclase activities 

'Ihound0l cAMIP synthesized 

(aspartate instead of' isoleucine) (Fig. 3). The amino acid 
sequence of HP43a is blank in position 9, and the derived 
sequence from H29 has a serine in this position. Therefore, 
this serine is likely phosphorylated or glycosylated. This same 
reading frame also encodes a polypeptide of 5 tandemly re
peated peptides of amino acid sequence Pro-Pro-Gin-Gin
Glu-Gly-Gln-Gln-Gln-Asn-Arg-Pro-P ro-Lys-Pro-Gly-Asn-Gln-Glu-Gly (Fig. 9 (11)). If HP43a is encoded by H29, it 

would contain 19 glutamates in 169 amino acids, which would 
explain why it is an excellent substrate for S. aureus V8 (Fig. 
4, lane 2). From residues 53-63 (Fig. 9, Asp-Glu-Glu-Gly-Asp-
Asp-Asp-Gly-Glu-Glu-Asp), nine out of eleven amino acids 
are acidic, identifying the polypeptide encode by H29 as anacidic PRP. Based on the derived amino acid sequence, there 
is only one chymotrypsin site among 169 amino acids (F-45) 
which is consistent with the protease studies of HP43a (Fig. 

4, lane 5). From the results obtained so thr (composition 
analysis, acidic nature, N-terminal sequence analysis, and 
sensitivity to proteases), we concluded that H29 codes for 
HP43a or a very closely related protein. 

Northern analysis (Fig. 7) showed two size classes of mes
sages, 1100 and 850 bases, which is common to rat and mouse 

p (6). The calculated size of' hamster PRP mRNA encoded by
Membines-pnlnlgprotein pmotiprotein 

' 
Rat parotid 10.3 x 10 18.5 

Hamster parotid 6.7 x 10' 13.5 


-l-Hydroxybenzylpindolol was used as a ligand.
 

extract was extremely toxic to hamsters (Table IV), and 
within 3 days halt'of t oxheanimals died. 

withi 3 days lat~yclaThehalffth anda died.Assays forp-ReceptorsandAden*vlat C*vclase Activity-The 
tannin-niediated induction of' PllPs inrats and mice was 

completely blocked by the s3-agonist propranolol (25). Since 
hamsters failed to respond to tannins, it was possible that 
hamster parotid glands have fewer il-receptors and less ade-
nlate tyclase activity. Results obtained from t'l-hydroxy-
benzylpindolol binding studies clearly showed that membrane 
preparations from both rat and hamster parotid glands con-
tained essentially the same nut.ber ofl-receptors (Table V).

Moreover, membrane preparations from rat and hamster pa-
rotid glands formed 18.5 and 13.5 pmol of cyclic AMP, re-
spectively, per ing of protein (Table V). Thus, the failure of 
hamster parotid glands to respond to tannins is not due to 

H29 is 727 nucleotides plus the poly(A) tail. Possibly a mes

sage of 850 bases is encoded by H29. The wide range in sizes 
of induced PRPs (25-55 kDa, Fig. 6) cannot be explained by
only two size classes of messages, and the anomalous behavior
of PRPs on SDS-PAGE as demonstrated for translation 

products of rat PRP mRNAs (7) likely occurs with the ham
ster. 

hamster basic PRP HP45 was not phosphorylated
(Table 1I), which is different from human basic PRP LB-1 
(24). Also there was no N-terminal homology of HP45 with
other basic PRPs from rat, mouse, and human. On the other 
hand, N-terminal sequences among human, rat, and mouse 
acidic PUPs, and hamster acidic PRPs HP43a and HP43b 
are quite conserved (Fig. 3). As we reported previously (11),
the evolution of the N-terminal region of acidic PRPs is 
apparently under negative selection against replacement sub
stitution. In other words, the N-terminal regions of basicPRPs are under less stringent functional constraint than 
those of acidic PRPs. Recently, Braunlin et al. (28) reported 
that the N-terminal fragment of a human acidic PRP is 
involved in calcium binding, and this might explain the func

either a decrease in adenylate cyclase activity or to fewer /I- tional constraint. 
receptors. 

DISCUJSSION 
Proline-rich proteins and glycoproteins are specifically syn-

thesized and secreted by salivary glands of various animals. 
In addition to the hamster PRPs reported here, these unusual 
proteins have been isolated and characterized from human 
(see Ref. 2 for a review), rat (3, 4), mouse (5, 8), monkey (26), 
and rabbit (27). Mainly as a result of work from our laboratory 
it is now known that PRPs of mice, rats, and hamsters are 
tissue-specific products of multigene tamilies which are dra-
matically induced by isoproterenol. These unusual proteins 
pose a number of interesting problems concerninggene struc-
ture and evolution, regulation of gene expression, post-trans-
lational niodification,, and protein conformation. 

Ann et al. H11) reported the complete sequence of hamster 
lPRI gene H29. The amino acid composition of the derived 
polypeptide encoded by H29 (Fig. 9) is compared to those of 
HP43a and -1P.13b (Table I1). The derived sequence of' one 
reading frame from exon 11of H29 is Ala-Thr-Ile-Tyr-Glu-
As)-Ser-lle-Ser-(iln-Leu-Ser (11) which is identical to the N-
terminal sequence ol' HP43a (Fig. 3) except in position 8 

With regard to regulation of PRP gene expressions, a 

different picture is presented by hamsters: (i) hamsters re
spond to isoproterenol treatment by an increased synthesis of 
PRPs (Figs. 1,6, and 7), but there is little, if any, hypertrophic 
response (Table I) when compared to mice and rats; (ii) 
feeding tannins has essentially no effect on hamster salivary 
glands (Table III); (iii) hamsters fed a diet containing 2% 
tannin lose weight for about 3 days, as do rat. (13) and mice 
(5), but then an unusual continued growth inhibition is ob-

IM t Vv t ALALLA C1 SIGNALPEPTIDE 
15AI YI SI S 0 a t S TRANSITIONREGION 

27C a a o6 Q a 0P6 0 t11 Q a P a0FPP 
48
0 p S A S D I L 6 0 D D t 1 E D6 N A PI G 
70pp 0 Q 6Gf I Q K P R P P K P 6 N a 6 REPEAT REGION 

1PPa a t a a a N RP P KP 6 N 0 F 6
 
1i1 pa a a a a N RPP K P I 0
 

13P P a a a a a Q p KPGN 0 C6 
11 P 0 F6Q0a NRP P K P G N a F G 
lilP P a a S t tIS t18  CARSOXY-TERMINUS 

Fi;. 9. Amino acid sequence derived from 131111gene 1t29. 
Repeat region arranged to align honmologous sequences. 



12:350 	 Tissue-sp'ciicInducible Gene,Expression 

ser'ed (Fig. 8). Hamsters maintained on 2"' tannin diets 
failed to grow and even at (t) days were essentially at the 
same hody weight as at 1days. When the diets are switched, 
the experimenta! animals gained weight at almost the normal 
rate for von n g haisters, while the control animals, now oin a 
2" tannin (liet, lost altout 2(1 off their weight. In about 2)) 

tys. botI groutpjs of' haisters were close to tihe same weight. 
I laisters' I)lHIs have a similar al'tfinityit tanttan n nl\lle tlli 
pared t o th ose l' ratt ll in t se (Fig. 5) so this uInusual growt h 
tlhihit ion cannot he explaine(l by the failure of hamster PR~Is 
to hind tannins. ('learl. the detrimentl effects of tainins 
Isee 	 Ref'. _'tr review) were reversed 1)v of'29 a the induction 
IlHlPs in rats t11) and itice (5). Hanisters are unusually
stiscelihle ti tanttnins, but this can lie reversed lv addition ofi 
gthtt in iii tie diet ('l'ahie IV). Increasing the tannin content 
(I the diet to .1" was fatali to hatisters with ,nany animials 
dlvitig wit hin :i davs. There were no difTer,nces in the number 
tf".-- iecptiors atdti lt acliv'it v I aden 'clase (Table V)ev 
httweet halitt er t partlid gltds. and there wereait(I ia 

seve'ral stri ng conservat ois at the nucletitide level of' 5'-
tiatikitig regiotns hetween lhaitster and t ouse PUP.genes ( I I ),
ittltling cAMl-indticilhle elements 

T ainins ingested in ]a rna ai on t.;ll, usedI as' treatmllent for
Si. iClements, 

hurns andt as adjuvant fur harium eneitas. (itin cause carci-
itotms. liepatlmoxitit v, and iparentl tv herIat ological and 
toxic Irthleits Isee Ref. 29 f'ur a review). We helieve that the 
llRlts in saliva eoitsi-itite the first-line defense against tin-
tnis itgested. l)ietarv tannins and their indhuction and inter-
tet insIwit It PR ls have recent lv been reviewed (29). A iiech-onis 	 fo reula Of tie PP 1111tiglleio o[i le ep'resio
itisiti ftir re~gulat iii of the expressitin tif the l) ) multigene 

famtilies hy isip rttereno and hy tannins tindoultedly is to 
ltiteltlate levels ofI'cAN\l itrough activattttin of)-receptors in 
lie pm(ftid glands. The ntode tif inducing a j'-agonist by

dictarv tannins is as vet unknwn. Experiments using cell 
tratnsfl'ct ittns wit h itnouse and latntster lPl)- genes wit h differ-
ent 5'-Utst ream cleletitns have ilenlified tile nucleot ide se-
qtuence indtchihle ivy cAM!1 , isoproterenol, tor forskolin as 
AV'( TAA(C'('TA.' The underlined G is missing in hamster 
I'RI' gene 1129 (I I). This sequence is missing froi the 5'-
tistreami region ti' the hunitan I) I genes (12) and likely
explains tle inducltion oif' IPRI) genes it mice, rats, and 1ati1- 18. lowrv, 0. H., Rosehrough, N. ,J..Farr, A. L., and Randall, H.,I. 
sters atid the eist itttlive ntature in hi aits. 

The response in the cast. tf' mice and rats tir the lack of' 
resp se in the case 01' hamisters tIo dietary tannins is likely 
mduildltted liv events in the gastrintestinal tract. Addititin f1' 

it' -- Ilticker proltiantiltl ti tie diet blocks the effects off 
tanins ()i the partolid glanis (t' rats and mice (29). Data on 
,-retceptitrs and adenv Yclase suggest that inductl ion f ) l's 
in hitnisters is mtduated 1Iv I-atginists and 1-receittirs. in-
formatinn i traiisfet ions with PRI' genes NI'2 (G) and 1-129 
11 i and witlI gene deletions of' lie 5'-tipstream regiin (tf 
tese gevnes clearly shotws that cA.NII' is at leatst otne cat istive(olh .XI '2 llll)Sl denica ttlslr; m1). 	 igler, ,J., Butler, I,., ind Carlson,a (,l.nd I211ha\, NI. (198-5) Fed.I'mc. 44, .|o)I;
eg u hf l H ,' i Ntl c a nd 11 2 9l F . G.,Offnier, ;. )., nidi me l m( osti e nca l u pt re a m i2. . "p.ntim l'rixler, R. F. (1985) J . re ultttrv seq utenees si t ali t lie lck f regult itt tf ex ires-

siti of the Iminster PHI mulligene family I tivtannins appar-
enly is nut it tlhe glandular level. The unusual growth-

'. S. Wright. 1). K. Atn, aid I). M. ('irlsto, unpuhilished ,tltser-
vat tiIs. 

inhibiting effects of' hamsters by tannins do not result in 
stunting, at least not within 6 months of feeding, since these 
animals resl)onded to a change in diet by exhibiting essentially 
normal growth. Effects on hormones regulating growth pat
terns need to ie investigated. 

.. tiiii'/h'dg,r',tts--Wewisht) thaik I)rs. Mark Hermodsoi and 
Scott HItckel for perfiorming tihe amino acid sequencing and Dr. Tom 
Asquith tor performing the tannin iinding studies. 
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