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Multiple Pancreatic Lipases. Tissue Distribution and 
Pattern of Accumulation during Embryological Developmentt 

William S. Bradshawt and William J. Rutter* 

ABSTRACT: Two lipases, designated A and B, have been de- 
tected in extracts of rat pancreas and in pancreaticjuice. These 
enzymes can be distinguished from each other and from other 
esterolytic enzymes on the basis of their electrophoretic 
mobility and chromatographic properties as well as their sub- 
strate specificity and the differential effects of sodium tauro- 
cholate on their activity. Significant levels of lipases A and B 
are apparently found only in the pancreas and pancreatic 
juice; these enzymes were not detected in a number of other 
embryonic and adult tissues. Total lipase activity was mea- 
sured in rudiments obtained from developing rat and mouse 
embryos and from postnatal and adult animals. A low but 
significant level of lipase A activity was found in the earlier 
stages of development of the rat pancreas (12 to 14 days 
gestation). This level was significantly higher than that 
present in other tissues of the embryo and, hence, is considered 
to be developmentally significant. The lipase specific activity 

P ancreatic lipase (EC 3.1.1.3, glycerol-ester hydrolyase) is 
one of the specific exocrine enzymes secreted by the pancreas 
in the pancreatic juice. Studies on purified pancreatic lipase 
from hog (Marchis-Mouren et al., 1959; Entressangles et al., 
1966) indicate that the enzyme specifically hydrolyzes the 
primary ester bonds of emulsified triglycerides of long-chain 
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of isolated rudiments increases dramatically (over 1000-fold) 
in embryos from 15 to 18 days gestation reaching a second 
plateau of activity characteristic of the late embryonic and 
newborn pancreases. The quantitative and temporal aspects 
of this pattern of development were duplicated in 13-day 
embryonic rat pancreases cultured in oitro. Lipase B was first 
detectable in the 18-day embryonic rat pancreas; the level 
slowly increases until birth at which time lipase B represents 
approximately 10 % of the total lipase activity. Subsequently, 
however, the relative level increases substantially, for in the 
adult animal, lipase B contributes more than 50% of the total 
activity found in pancreatic extracts. The biphasic develop- 
mental pattern of lipase specific activity is similar to that found 
for a number of other specific exocrine proteins during pan- 
creatic development and supports the concept of a biphasic 
process of differentiation in the exocrine cells. 

fatty acids. The purified hog enzyme has been shown to be 
electrophoretically and chromatographically homogeneous 
(Marchis-Mouren et al., 1959) and only a single lipase was 
detectable in rat pancreas by means of immunoelectrophoresis 
(Pascale et a/., 1966). However, a partially purified hog lipase 
has been resolved by Sephadex chromatography into two 
active components of significantly different molecular weight 
(Sarda et al., 1964). The conversion of the “rapid” lipase to 
the “slow” form by methanol-ether extraction suggested that 
the former was a lipid-bound derivative of the latter. 

We report here the results of studies aimed at determining 
(1) the number of distinct proteins contributing to pancreatic 
lipase activity; (2) the distribution of these lipases in other 
adult or embryonic tissues ; (3) the patterns of accumulation 
of lipase activity in the developing pancreas in Eiuo and in aitro. 

The developmental profiles of lipase activity emphasize 
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equivalents) was incubated at 37" for 5 min with enzyme and 
sodium borate buffer in a final volume of 70 pl in stoppered 
(6 x 10 mm) glass culture tubes, previously flushed with 
nitrogen. Shaking during the incubation period had no effect 
on activity. The reactions were terminated by the addition 
of 10 p1 of 1 N HCI. Carrier oleic acid (10 pg; >99% purity, 
Applied Science Laboratories) was added to each tube. 

RESOLUTION OF HYDROLYSIS MIXTURE. The entire reaction 
mixture was extracted three times with 50 p1 of chloroform. 
Following separation of the chloroform and aqueous layers 
by centrifugation at Z00Og for 1 min, the components of the 
hydrolysis mixture were resolved by thin-layer chromatog- 
raphy (tlc) on silica gel G (according to Stahl, Brinkmann 
Instruments, Inc.). Chloroform extracts (three SO-p1 portions) 
were withdrawn from the incubation tubes and applied by 
means of a Hamilton micro-syringe to tlc plates (5 X 20 cm) 
previously activated by heating at 100' for at least 30 min. 
The plates were developed using a solvent system consisting 
of petroleum ether (bp 3@6Oo)-ether-acetic acid (60:40:1, 
v/v) in a tank lined with absorbent paper saturated with the 
solvent. About 45-min development time was required for the 
solvent front to reach the top of a plate (20 cm). The plate 
was then removed from the tank and let stand 15 min while 
the solvent evaporated. Lipid spots on each plate were visual- 
ized by incubating the plate in a tank containing solid iodine 
crystals. The pattern of lipid spots from a typical plate pro- 
cessed in this manner is shown in Figure 1. After marking the 
lipid-containing areas, the plates were heated a few minutes 
on a hot plate until the yellow color in each spot disappeared. 

DETERMINATION OF REACTION RATES. The zone containing 
the oleic acid and a small area on either side of it were sec- 
tioned into fractions each of which was removed with a razor 
blade and placed into a separate scintillation vial and counted 
in Kinard (1957) solution in a Packard Tri-Carb liquid scintil- 
lation spectrometer. The remainder of the plate (excluding the 
origin), containing all glyceride species, was counted in a 
separate vial. The counting efficiency was 80-85% as deter- 
mined with ['C]toluene as standard. At least ninety per cent 
of the initial counts io each incubation was recovered by this 
procedure. Counts in oleic acid were determined by subtract- 
ing the counts at the base of each peak from the total counts 
under that peak of radioactivity. The calculation of per cent 
hydrolysis was then based on the ratio of counts in oleic acid 
peak to total counts on each plate. In  each group of assays, 
reaction mixtures lacking enzyme were processed in an identi- 
cal fashion in order to determine the background level of 
counts in oleic acid (presumably contributed by nonenzymatic 
hydrolysis). This value never exceeded 0.6 % hydrolysis. After 
subtraction of the per cent hydrolysis in the blank, the net 
microequivalents of free acid liberated during the incubation 
period was readily calculated (Bradshaw, 1968). 

'One unit of lipase activity was defined as the quantity of 
enzyme liberating 1 pequiv of free acid (either oleate or 
palmitate) per min under the conditions of the assay. The 
specific activity was defined as units of lipase activity per 
milligram of protein. The protein concentration was deter- 
mined using a modification (Rutter, 1967) of the method of 
Lowry ef ul. (1951). Crystalline bovine serum albumin was 
employed as astandard. 

ASSAY CHARACTERISTICS. Rates obtained from assays utiliz- 
ing different emulsion preparations were normalized by 
comparison with the rates obtained for a standard lipase 
preparation. The standard used was a 0.024% solution 
of pancreatic lipase (PL 111, 15-25 units/mg, Worthington 
Biochemical Corp.). Rates for this standard varied by a factor 
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FIGURE 1: Hydrolysis of triolein by pancreatic lipase. Extracts of 
a reaction mixture to which a crude sonicate of adult rat pancreas 
had been added were resolved by thin-layer chromatography as 
described in Methods. Lipid spots were visualized in iodine vapor 
and their identities confirmed by comparison with standard samples. 

the stringent and multiphasic nature of the regulation of 
specific protein synthesis in pancreatic differentiation. 

Methods 

Radioussay of Pancreufic Lipase Activity. PREPARATION OF 
EMULSIFIED SUBSTRATE. Triolein (5  pl; 4.6 mg; unlabeled, 
>99% purity from Applied Science Laboratories) and ben- 
zene (1&20 d) containing approximately 5 X low pmole 
and 2 X 10' cpm of [lCCltriolein (specific radioactivity 35.4 
mCi/mmole, radiochemical purity >98 %, Nuclear-Chicago 
Corp.) were added to 1.0 ml of an aqueous medium consisting 
of 3 . 6 x  gum arabic (Sigma Chemical Co.), 0.1 M NaCI, 
5 X 1W4 M CaCI,, and 7.4 mM sodium taurocholate (Sigma 
Chemical Co.) in 0.05 M sodium borate buffer (pH 8.5). 
Mixing was carried out for 10 minutes using a Sorvall Omni- 
Mixer (approximately 40,000 rpm); the mixing canister was 
partially submerged in ice water during the last 8 min. Ali- 
quots of the labeled triolein (10-20 MI) in benzene were stored 
before use at room temperature in sealed-glass ampoules 
under nitrogen to prevent oxidation. Assays performed in the 
presence of an amount of benzene corresponding to the 
initial concentration revealed that there was no effect of the 
organic solvent on lipase activity. 

Some of the earlier results were obtained with a different 
assay procedure employing the incubation technique described 
by Borgstrom (1964) and using ['C]tripalmitin as substrate. 
Labeled and unlabeled substrate in benzene were added to the 
reaction tubes. Following evaporation of the solvent and 
addition of the aqueous medium the stoppered tubes were 
mixed thoroughly on a Vortex mixer and the contents incu- 
bated with enzome. Significantly higher rates and more re- 
producible emulsions were obtained by using the liquid sub- 
strate (triolein) and mechanical emulsifying techniques de- 
scribed above. 

INCUBATION OF ASSAY. The emulsion (SO pl; containing a 
total substrate concentration of 10-2 M in terms of oleic acid 
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no greater than 1.5 from emulsion to emulsion. Using our 
assay system, the average specific activity of this standard 
preparation was 35 pmoles of oleic acid/min per mg of protein. 
The value obtained for measurements performed using a 
potentiometric titration (Marchis-Mouren et al., 1959) was 
23. Increasing the substrate concentration in the same volume 
failed to give increased rates. It is thus presumed that lipase 
is functioning at or near maximum velocity under these assay 
conditions. 

The results of several lipase assays performed during in- 
creasingly longer incubation periods showed that linear hy- 
drolysis was dependent on the total accumulation of free 
fatty acid produced and was not directly a function of incuba- 
tion time; the decreases in rate seen routinely at 15-20x 
hydrolysis may reflect an inhibition of the reaction by hydro- 
lytic products. This same limitation of enzymatic rate was ob- 
served in experiments measuring activity against enzyme con- 
centration. The lipase activity of rat pancreas was propor- 
tional to enzyme concentration over the same range (15-20 %) 
of hydrolysis. 

Assays containing either bovine serum albumin or boiled 
pancreatic protein at concentrations equivalent to those of 
active pancreas preparations exhibited the same control 
values. On the other hand, high levels of foreign tissue (for 
example, up to 400 pg of protein of a sonicate of rat liver) 
added to an incubation mixture, reduced the activity by as 
much as 6 0 x  though linearity persisted. The liver proteins in 
concentrations up to 400 pg assayed alone exhibited no 
detectable activity. The inhibitory effect of high concentra- 
tions of other foreign tissue may be due to substrate binding 
by extraneous protein (bovine serum albumin likewise 
inhibited and is known to bind fatty acids and lipids), or by 
addition of a significant quantity of endogenous unlabeled 
triglyceride to the system by some other direct interference 
with catalysis. 

Colorimetric Lipase Determination. Seligman et al. (1949) 
and later Kramer et al. (1963) developed a colorimetric assay 
for pancreatic lipase based on the hydrolysis of chromogenic 
naphthyl alkanoates in the presence of various bile salt 
activators. We have modified these procedures as follows. A 
solution containing 0.2 ml of enzyme, 0.5 ml of 0.4 M Tris- 
chloride buffer (pH 7.4), and (when present) 0.1 ml of sodium 
taurocholate (17.8 mg/ml) in a volume of 0.8 ml was pre- 
incubated at 37" for 5 min. The reaction was then initiated 
with the addition of 0.2 ml of &naphthyl stearate ( 5  mg/ml in 
methoxyethanol, Mann Research Laboratories), @-naphthyl 
nonanoate (Nutritional Biochemicals), a-naphthyl acetate 
(K & K Laboratories), or other naphthyl ester @-naphthyl 
laurate, Mann Research Laboratories). Following an incuba- 
tion period (37") of routinely 3 min, the reaction was stopped 
with 0.2 ml of Fast Blue RR dye (4 mg/ml, Dajac Labora- 
tories). (However, a linear response to enzyme was obtained 
during at least a 15-min period.) After 3 min, 0.6 ml of glacial 
acetic acid was added and the tube was agitated. After an 
additional 5 min, the insoluble precipitate was extracted with 
2.0 ml of ethyl acetate, and the tubes centrifuged for 10 min 
at 2000g. The absorbance at 540 mp was determined using a 
reagent blank without enzyme. @-Naphthol was employed 
as a standard, and activities were reported as micromoles of 
P-naphthol produced per min per mg of protein. Under those 
conditions a linear colorimetric response was obtained up to 
an absorbance of 1.6 (20 pmoles of @-naphthol). 

Cellulose Acetate Zone Electrophoresis. Electrophoresis 
was performed on cellulose polyacetate strips (Sepaphore 111, 
Gelman Instrument Co.). Applying the samples 2.5 in. from 

the end of the 3.75-in. strip resting in the cathodic section of 
the buffer chamber enhanced the mobility of several protein 
bands of interest. Electrophoresis was carried out at pH 8.6 
(0.05 M Veronal) and 300 V (approximately 1 mA/strip) for 
2.5 hr at 4". Protein bands were detected with Coomassie 
Brilliant Blue R-250 (Colab Laboratories, Inc.). 

Esterolytic Acticity Staining. Following electrophoresis, the 
cellulose acetate strips were placed, application side down, on 
an assay mixture solidified in agar in 100 X 15 mm petri 
dishes (Falcon Plastics). Two per cent Special Noble Agar 
(Difco) in 0.05 M Veronal buffer (pH 8.6) was boiled for 
several minutes until homogeneous and maintained at 60". 
To 10 ml of the agar solution was added 10 ml of Veronal 
buffer containing 10 mg of Fast Blue RR salt and 0.2 ml of a 
stock substrate solution ( 2  % naphthyl alkanoate in dimethyl- 
formamide) at the same temperature. The agar-reaction 
mixture was solidified ( 5  ml/Petri dish) and stored for as long 
as 4 hr at 4" before use. On incubating electrophoretic strips 
at 37", proteins with esterase activity appeared as brownish 
or red bands depending upon the A or B configuration of the 
substrate, respectively. In those assays testing taurocholate 
activation, electrophoretic strips were removed from the buffer 
chamber and placed on a glass plate covered with Parafilm. 
Each strip was then cut longitudinally down the center with a 
razor blade and one-half was assayed on an agar plate con- 
taining 2.3 X M sodium taurocholate, the other half on a 
plate lacking this bile salt. In some instances esterase inhibi- 
tors were added to the incubation mixture. These included: 
diethyl-p-nitrophenyl phosphate (E-600), eserine sulfate, p-  
chloromercuribenzoate (K & K Laboratories), and diiso- 
propyl fluorophosphate (DFP, Sigma Chemical Co.). 

Quantitatice Assay for Electrophoretically Resolced En- 
zymes. In some experiments, the proteins separated by elec- 
trophoresis were eluted from cellulose acetate strips and 
assayed for activity against triolein. Strips were placed on 
Parafilm and cut transversely into sections of equal width 
parallel to the origin. These sections were then cut into very 
small pieces which were introduced into tubes containing the 
[ 4C]triolein-containing reaction mixture. The specific activities 
obtained in this manner have been reported in terms of micro- 
equivalents oleic acid hydrolyzed per minute per milligram of 
protein applied to the electrophoretic strip. The amount of 
original activity that was recovered after electrophoresis by 
this technique was a function of the amount of protein applied 
to a strip: at relatively low levels of protein (5-10 pg) 90% of 
the initial activity was recovered, while with increased 
amounts, 100-200 pg of protein, as little as 2-3% activity 
was recovered. 

Animals and Deterniination of Gestational Age. Sprague- 
Dawley rats (Northwest Rodent Co., Pullman, Washington), 
were employed in this study both as a source of tissues, and in 
the production of enzymes. Mouse embryos were obtained 
from crossing DB A/2J males with BALB,CJ females, supplied 
by Roscow B. Jackson Memorial Laboratories, Bar Harbor, 
Maine. 

Pregnant females were detected by daily examination for the 
presence of vaginal plugs. Fertilization (day zero of embryonic 
life) was assumed to have taken place at noon on the day 
when a plug was discovered. (Mating usually takes place at 
midnight 1 3  hr, and it is known that fertilization occurs 

1 Abbreviations used are: G-2, a-naphthyl acetate; C-9, &naphthyl 
nonanoate; C-12, P-naphthyl laurate; (2-18, 6-naphthyl stearate: 
DEAE, diethylaminoethyl; E-600, diethyl-p-nitrophenyl phosphate, 
Paraoxon. 
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tents in constant agitation. Appropriate experiments on ac- 
tivity showed that release of soluble protein and enzyme ac- 
tivity reached a maximum after 1 min. When sonicates were 
prepared in this manner and examined under a phase-contrast 
microscope, only cell debris could be detected; no intact cells 
could be detected. 

Following sonication, the microfuge tubes were centrifuged 
at 4" for 2 min (Spinco microfuge) at a constant speed of 
15,000 rpm, and the supernatant assayed for enzyme activity 
and protein content. 

Collection of Pancreatic Juice. Pure pancreatic juice was 
obtained from adult male rats by cannulation of the pan- 
creatic duct at a point immediately before its junction with 
the duodenum. A second cannula inserted in the bile duct 
between the liver and pancreas was used to divert the flow 
of bile, hence the juice obtained from the first tube was bile 
free. Following the operation, animals were placed in a re- 
straining cage and fed ad libitum on their regular diet. Pan- 
creatic juice was collected in small tubes in ice for immediate 
use or frozen in tubes packed in Dry Ice. In successful ex- 
periments, 5-10 ml of juice was collected per day for 3-4 days 
beginning 24 hr after the operation. The protein content of 
the juice was 18 mgjml. 

Organ Culture Methodology. Organotypic cultivation of 
embryonic pancreas was carried out according to Clark and 
Rutter (1968). Intact pancreatic rudiments were placed on 
Millipore Filters (0.80 p, ultrathin HA filters, Millipore 
Filter Corp.) in sterile Petri dishes containing a medium con- 
sisting of Eagles Basal Medium, Earle's salts (Grand Island 
Biochemical Co.), 2 m M  glutamine, 100 units/ml of penicillin, 
100 rg/mI of streptomycin, and 10% freshly prepared chick 
embryo extract. Cultures were maintained at 37" in an at- 
mosphere of 95% air-5% C02.  The medium was changed 
every 2 days. 

FIGURE 2: Resolution of pancreatic lipases A and B by zone electm 
phoresis on cellulose acetate. A crude sonicate of adult rat pancreas 
was prepared from 800 mg of fresh tissue in 200 pl of water con- 
taining 1W3 M phenylmethyl sulfonyl fluoride and IO-' M ethyl 
p-guanidinobenzoate. Three-microliter aliquots containing 150 
pg of protein were applied to cellulose acetate strips and electro- 
phoresis carried out under the conditions described in Methods. 
One of the strips was fixed for 2 min in 20% sulfoselicylic acid and 
then immersed for 5 min in Coomassie Blue (CB). Other strips were 
stained for esterase activity against a-naphthyl acetate (C-Z), 0- 
naphthyl nonanoate (C-9), @-naphthyl laurate (C-IZ), and 0- 
naphthyl stearate (C-18). The right half of each strip, labeled (tauro- 
cholate), was assayed for enzyme activity in the presence of sodium 
taurocholate, the left half in its absence. The incubation periods at 
37" for each half-strip were 5 min (+tc) and 2 hr (-le). Short 
horizontal dashes indicate bands detected visually. + and - in- 
dicate anode and cathode of the buffer chamber, and) denotes the 
application origin. 

approximately 12 hr later (Asdell, 1946).) The gestation period 
for rats is 22 days, for mice, 19 days. The average litter size 
for rats was 10-12, for mice, about 8. 

Rhesus monkey pancreas was obtained through the Re- 
gional Primate Center, and human pancreas from University 
Hospital, University of Washington, Seattle. The human 
pancreatic juice was the kind gift of Dr. Patricia J. Keller, 
Department of Oral Biology, University of Washington, 
Seattle. AU other animals tissues were obtained freshly 
frozen through Lab Associates, Inc., Kirkland, Washington. 

Tissue Preparation. Adult male rats (25a-300 g) were sacri- 
ficed by decapitation, adult mice by cervical dislocation. Tis- 
sues were removed immediately, minced with scissors in 
iced beakers, and introduced into micrnfuge (Beckman In- 
strument Co.) tubes. Some organs including pancreas, paro- 
tid gland, and duodemun, were freed from fat and extra- 
neous material under a dissecting microscope prior to mincing. 

Excised embryonic pancreas rudiments were also collected 
in microfuge tubes, care being taken to transfer as little as 
possible of the dissecting medium. Pancreas rudiments were 
transferred using Pasteur pipets drawn out to a very fine 
bore. For early embryonic states (11-15 days) when a large 
amount of tissue was required, pancreases from several lit- 
ters were pooled and stored at -20" prior to sonication and 
assay. No difference in lipase activity could be detected 
between pancreases assayed immediately after dissection and 
those stored at -20" for as long as 4 weeks. 

An appropriate quantity of tissue suspended in a known 
volume of distilled water in the microfuge tubes was dis- 
ruped when submitted to sonication for 2 min (Branson 
Sonifier Model S-125, Heat Systems Co., Melville, N. Y.), 
Maximum power was applied (power supply setting of 8) and 
an output of 8-11 A was maintained over the sonication pe- 
riod. The tubes were taped on the bottom of a plastic beaker 
and covered with ice and water. During the sonication period 
the Soniiier probe was allowed to touch the surface of the 
tube (about 0.5 cm below the surface of the liquid in the 
beaker) and was moved along its length thus keeping the con- 
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Results 

Resolution of Lipases A and B by Zone Electrophoresis 
on Cellulose Acetate. Extracts of adult rat pancreatic tissue 
(fresh or frozen immediately after sacrifice of an animal) 
were subjected to zone electrophoresis on cellulose acetate. 
Typical results are shown in Figure 2. The first strip (left) 
was stained for protein with the dye Coomassie Blue; eleven 
distinct bands were visualized by this procedure. The next 
four strips were tested for esterolytic activity toward homol- 
ogous naphthyl esters of increasing fatty acid chain length. 
Six bands of hydrolytic activity against the C-2 and C-9 sub- 
strates were detected. Only two of these, bands 1 and 5, were 
also capable of cleaving the C-12 and C-18 homologs under 
these conditions. Band 5 was designated lipase A and band I 
lipase B. Band 5 (lipase A) was further characterized by a 
striking increase in activity against all substrates in the pres- 
ence of taurocholate. Lipase B (band I), on the other hand, 
was significantly inhibited by this bile salt. From the time 
required for development of an equivalent color intensity, 
the reaction rates for these substrates decrease in the order 
C-9 > C-2 > C-12 > C-18 for both lipases A and B. By this 
same criterion, the activity of lipase A toward all naphthyl 
alkanoates in the presence of taurocholate was greater than 
that of lipase B in its absence. 

In these experiments approximately 0.15 mg of pancreatic 
protein was applied to the strips. This quantity was necessary 
for visualization of the weakly active esterases, bands 2 and 
6. Under these conditions, in the presence of taurocholate 
the development of color in lipase A using u-naphthyl acetate 
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PIGURE 3: Separation of lipase A and B activities. Crude lipase 
proparations from rat pancreas were submitted to electrophoresis 
on cellulose acetate, and to lipase activity staining with and without 
taurocholate by procedures described in Methods. @-Naphthyl 
stearate was the substrate. (1) An aliquot (11.5 rrg of protein) fcom 
a sonicate of 18-day embryonic pancreas containing lipase A; 
(2) an aliquot (9.7 fig of protein) of stage IV (acetone precipitate) 
from theprocedure of Melius and Simmons (1965) containing 
lipases A and B; (3) an aliquot (0.5 pg of protein) of the effluent 
from a DEAE-cellulose column according to Vandermeers and 
Christophe (1968) beginning with fresh adult pancreas. 

or p-naphthyl nonanoate required less than 5 min. Continued 
incubation of such plates resulted in gradual diffusion of the 
color so that detection of the other bands of activity was not 
possible in this system. On the other hand, 2 hr was required 
for maximum color development of bands in the corre- 
sponding half of the strip incubated without the bile salt. 
Thus, the apparent differences seen in Figure 2 in the activity 
of bands 2,3,4,  and 6 in the presence and absence of tauro- 
cholate are due to the difference in incubation time. Actually, 
the minor hands of activity are neither inhibited nor activated 
by inclusion of taurocholate in this test system. 

The effect of inhibitors was tested in this system 1 0 - 6  M 
diethyl-pnitrophenyl phosphate (E-600) inhibited nearly all 
the activity of both lipases A and B, either with or without 
taurocholate. Diisopropyl fluorophosphate (l0V M) at (IOW 
M) resulted in marked but not complete inhibition of both 
lipases, but had little or no effect on either enzyme at a con- 
centration of 1WS M. These observations agree with these re- 
ported for the purified lipase from hog pancreas (Desnuelle 
et al., 1960; Sarda et al., 1964). Neither eserine sulfate nor 
p-hydroxymercuribenzoate at a concentration of M 
had any detectable effect on either lipase activity. 

Only lipases A and B were detected in pancreatic juice 
from rat (Figure 7). The respective electrophoretic mobilities, 
substrate specificity, and response to taurocholate of the lipases 
in pancreatic juice were identical with those from whole tissue 
preparations. Two analogous lipases were also detected in 
human pancreatic juice (Figure 6). These results support the 
conclusion of two lipase activities and suggest that both ac- 
tivities are found in the zymogen granules. 

Separation of Lipase A and Lipase B Actiuities. Further 
evidence suggestive that lipase A and B are distinct enzymes 
comes from the detection in both crude and purified lipase 
preparations of one activity in the absence of the other. The 
two activities are not, therefore, procedural artifacts. As 
shown in Figure 3, only lipase A was detected in extracts 
of the pancreas from 18-day embryos. The purification pro- 
cedure of Vandermeers and Christophe (1968) carried out 
on adult rat pancreas yielded lipase B free of lipase A. On 
the other hand, when a butanol extraction procedure used by 
Melius and Simmons (1965) for the purification of lipase 
from hog pancreas was carried out on frozen, adult rat pan- 
creas, a preparation containing both lipases A and B resulted. 

0 IO 30 30 
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FIOURE 4: Differential effects of taurocholate on lipases A and B. 
Aliquots of increasing protein content from the rat pancreas pre- 
paration described in Figure 3 were assayed colorimetrically for 
lipase activity using @-naphthyl stearate as substrate. Triangles, 
18-day embryonic rat pancreas. Circles, effluent from DEAE 
cellulose column of adult pancreas purified according to Vander- 
meers and Christophe (1968). Open symbols, without sodium 
taurocholate. Closed symbols, with sodium taurocholate. 

When a homogenate of fresh, adult rat pancreas containing 
both lipase activities was chromatographed on DEAE-cellu- 
lose at pH 8.2, the cationic lipase B appeared in the first 
void volume, while the anionic lipase A remained on the 
column. These observations then indicate lipases A and B 
ate discrete entities, and suggest a means for resolution and 
partial purification of each enzyme. 

Diferential Effects of Taurocholate on Lipase A and B 
Acfiuities against Naphthyl Esters. A quantitative estimation 
of the specific effects of sodium taurocholate on the lipase 
A and B catalyzed hydrolysis of p-naphthyl stearate is pre- 
sented in Figure 4. Values for the activity ratio ftauro- 
cholate/-taurocholate were 18, 2.3, and 0.08 for the prepa- 
ration of lipases A, A + B, and B respectively. 

Acfiuify toward Triolein. Lipases A and B both catalyze 
the hydrolysis of emulsified triolein (Figure 5) .  Following 
zone electrophoresis of a crude homogenate of adult rat 
pancreas, one-half of a cellulase acetate strip was assayed by 
activity staining using naphthyl ester substrates, and the other 
half was cut transversely into fractions which were assayed 
for hydrolytic activity against radioactive triolein. Two peaks 
of activity were detected which corresponded with the elec- 
trophoretic mobilities of lipases A and B as determined by 
colorimetric activity staining of the complementary strip. 
In contrast to their relative activity against naphthyl esters, 
however, lipase B possessed greater activity toward triolein 
than did lipase A. Thus, the enzymes have a different sub- 
strate specificity. The ratio of lipase A to lipase B activity in 
this experiment was 0.5, a value which is maximal because the 
lipase B fractions were assayed under nonoptimal conditions. 

Aftempts to Inferconvert Lipase A and Lipase B. The pos- 
sibility that one of the lipases was a derivative of the other 
was tested by attempting to interconvert the forms, either 
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by removing or adding lipid materials, or by treatment with 
proteinases. In view of the report of Sarda et al. (1964) that 
a high molecular weight lipase activity in hog pancreas could 
he converted to a form of lower molecular weight by meth- 
anol-ether extraction, preparations, containing only lipase 
A or lipase B were subjected to extraction by lipid solvents. 
Aliquots of the enzymes were extracted for 90 min at 4“ 
with equal volumes of butanol, chloroform-methanol (3: 1, 
v/v), and methanol-ether (1 :1, vjv. After centrifugation, cel- 
lulose acetate electrophoresis was performed on the precipi- 
tates and the aqueous and organic solvent phases which re- 
sulted. No indication of conversion of lipase A to lipase B 
was found. When the solvent-treated enzymes were assayed 
for lipase activity colorimetrically, losses in total activity 
were incurred, hut the ratios of these activities in the presence 
and absence of taurocholate was not altered for either lipase 
A or B. Similarly, no “transformation” of the one lipase form 
to the other was observed when triolein and oleic acid were 
added to these preparations. 

The alternative possibility, that a second lipase was pro- 
duced by proteolytic modification of the first was tested by 
observing the effects of trypsin on crude pancreatic extracts. 
Sonicates prepared from pancreases of 18-day embryonic 
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FIGURE 6 :  Pancreatic lipase multiplicit) i n  variou spccics. All 
tissues surveyed heie were taken from adult animals. Rat, mouse, 
and rhesus monkey pancreases were taken from freshly sacrificed 
animals. Human pancreas, obtained through Universiiy Hospital, 
Seattle, was frozen 24 hr after death of the individual. All other 
tissues and human pancreatic juice were obtained freshly frorcn. 
Quantities of these tissues from 0.5 to 0.8 g wet weight were sonicated 
in 200 fil of distilled water containing IO-.: M phenylmethyl sul- 
fonyl fluoride and either 10V M ethyl p-guanidinobenzoate or 0.1 7; 
soybean trypsin inhibitor. Zone electrophoresis and lipase activity 
staining using p-naphthyl stcaratc werc as described i n  Figure 2. 

rats (containing only lipase A) and from 28-day postnatal 
rats (containing both lipases A and B) wcrc incubated in the 
presence of a quantity of trypsin sufficient to convert all of 
the chymotrypsinogen in the system to chymotrypsin after 
a 10- to 20-min incubation at 37“. I n  control experiments, 
aliquots of each enzyme werc incubated with no additions, 
and with the protease inhibitors p-nitrophenyl p-guanidino- 
benzoate, and phenylmethyl sulfonyl fluoride lo-’ M. Samples 
were then removed and subjected to zone electrophoresis, 
and assayed for lipase activity by staining, using naphthyl 
esters as substrates. In thc control treatments, the qualitative 
lipase patterns of the two pancreas prcparations were un- 
changed after incubation for as long as 24 hr. In the presence 
of trypsin, the lipase A activity in embryonic pancreas de- 
creased somewhat over the incubation period but at no time 
was lipase B activity detectable. Similarly thc relative dis- 
tribution of the two lipases did not change during trypsin 
incubation with the postnatal rat pancreas preparation. Wc 
conclude that no significant interconversion of the two en- 
zymes occurred under the conditions employed. 

Multiple Pancreatic Lipuses in Vuiious Species. Multiple 
pancreatic lipases have been detected in several species by 
the zone electrophoresis of crude extracts on cellulose acetate 
followed by esterolytic activity staining (Figure 6). Single 
lipases of distinct electrophoretic mobilities, activated by 
taurocholate, were observed in dogfish and chicken. One, 
two, three, and four lipase bands all activated by taurocholate 
(analogous to rat lipase A) were observed in beef, rabbit, 
guinea pig, and hog, respectively. No activity inhibited by 
taurocholate (like lipase B) was observed in any of these 
species. However, one hand stimulated by taurocholate and 
another inhibited by taurocholate were detected in mouse, 
rhesus monkey and human. In the mouse, the taurocholate- 
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FIGURE 7: Tissue distribution of lipases and esterases in the rat. Crude Sonicates of tissues from adult male rats were prepared, subjected io 
electrophoresis on cellulose acetate, and assayed by activity staining as detailed in Figure 2. The quantity of protein applied to a strip varied 
from 30 to 130 f ig ,  Letter assignments for the various bands were made on the basis of electrophoretic mobilities of preparations processed 
under identical conditions in the same buffer chamber, and also mixing experiments in which joint preparations containing two or more tissues 
were applied to a single electrophoretic strip. (+) Activation by taurocholate. (-)Inhibition by taurocholate 

stimulated activity was always diffuse and required a much 
longer time for color development than did the rat activity. 
This pattern was not altered when either fresh or frozen 
tissues from a number of mouse strains were tested. The 
taurocholate-activated band from human pancreatic tissue 
and human pancreatic juice was likewise diffuse and exhibited 
a mobility different from the rat enzyme. 

Distribution of Esterases andLipases A and B in Rat Tissues. 
A number of tissues of the adult rat have been screened for 
the presence of esterases and of lipases A and B, using the 
criteria employed above. Representative zymograms from 
preparation of tissues from a single male adult are shown in 
Figure 7. Pancreatic juice is included as a reference for the 
two lipases. This experiment reveals multiple esterase ac- 
tivities in rat tissues. For example, at least nine esterases 
were resolved in a sonicate of the duodenum. However, only 
the pancreas exhibited measurable hydrolytic activity toward 
B-naphthyl stearate. Moreover, none of the activity bands 
was significantly affected by taurocholate. The most mobile 
esterase in liver showed slight activation by the bile salt, but 
its R,  (0.8) was clearly greater than that of pancreatic lipase 
A (0.43). 

Table I summarizes a more extensive series of electro- 
phoretic analyses of esterase activities in adult rat tissues. 
Each tissue studied exhibited a unique complement of ester- 
ases. Some activities (bands D, E, and K) were common to 
most of the tissues examined; others (bands B, C, and M) were 
restricted to a few tissues. None of the tissues contained bands 
H and A, that is enzyme activities with the properties oflipases 
A and B. 

In addition to the qualtitative studies described above, 
radioactive lipase assays using emulsified triglycerides were 
performed on a number of adult and embryonic tissues. 
Lipase activity was not detectable in most nonpancreatic 

tissues. In certain tissues (e.g., liver) the activity was above 
control values but there was no  proportionality between ap- 
parent activity and protein concentration over a 100-fold 
range. Thus, we believe this apparent activity is probably 
due to nonspecific hydrolysis, rather than low endogenous 
levels of lipase. At any rate, the specific lipase activities in the 
pancreas were at least 10,OOO-fold and most often lO0,OoCr 
fold higher than in any nonpancreatic tissue. 

Attempts to measure lipase activity in extracts of nonpan- 
creatic tissue after zone electrophoresis (Figure 8) also failed 
to reveal significant activity. The negative results obtained 
with this technique for preparations of adult liver, duodenum, 
and epididimal fat pad, and heads from embryos in the 11th 
and 12th day of gestation contrasted with our ability to de- 
tect significant lipase activity in pancreatic rudiment of a 
14-day rat embryo. Thus the levels of activity if they exist in 
other tissues must be lower than those present in the earliest 
phase of pancreatic development mutter ef al., 1968a,b). 

Ontogeny of Pancreatic Lipase Actiuity. The profile of 
lipase activity measured in pancreatic rudiments excised from 
embryonic and postnatal rats is shown in Figure 9. A low 
but significant level of lipase activity was present in the pan- 
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FIGURE 8: Levels of lipase activity in rat tissues following zone electrophoresis. Lipase activity was assayed using both trioloin and naphthyl 
esters as described in Figures 2 and 5. (a) Adult rat liver. Protein (0.41 mg) was applied to the strip. The background level of activity in a 
control reaction mixture with no additions was 1.1 % hydrolysis. (b) 14-day embryonic rat pancreas. 70 pg of protein was applied to the strip. 
Background activity in the no additions control was 1.67 % hydrolysis. A. Pan., adult pancreas. 

TABLE I: Tissue Distribution of Lipases and Esterases in the 

Bands of Estereolytic Act. 

Total &Naphthyl 
No. *-Naphthyl Acetate 0-Naphthyl Nonanoate Stearate Effect of Taurocholate Tissue 

Pancreas 6 A DEF HI A F H1 A H A ( + P H ( - ) d  
Pancreatic juice 2 A H A n A H A(+).H(-)d 
Duodenum 9 BCDE G IJKL D E  G IJKL 
Liver 7 DEFG IJ M DEFG IJ M M (+Y 
Kidney 8 DEFG IJ M EFG K M M (+Y 
Spleen 5 DE G JK D E  G K 
Adipose 

Epididimal 4 DEF K D E  K 
Brown 4 DEF K DE K 
Subserosa1 4 DEF K DE K 

Parotid 5 B DE JK DE K 
Submaxillary 4 DE JK DE K 
Brain 3 DE K DE K 
Heart 5 DEF JK D E  K 
Testis 4 DEF I DEF I 

See Chart I for key. Crude sonicates of tissues from adult male rats were prepared, subjected to electrophoresis on cellulose 
acetate, and assayed by activity staining for esterase activities as described in Methods. The quantity of protein applied to a strip 
varied from 30 to 130 pg. Letter assignments of the various bands were made on the basis of electrophoretic mobilities of prepara- 
tions processed under identical conditions in the same buffer chamber, and also mixing experiments in which joint preparations 
containing two or more tissues were applied to a single electrophoretic strip. ' (+), activation by taurocholate. (-), inhibition 
hv taiirnrhnlatP 

creas at day 12 and persisted through day 15. Then a dramatic 
rise in lipase specific activity began on the 16th day and con- 
tinued until day 19 when a second plateau was reached at a 
specific activity three orders of magnitude higher than that 
at day 12. The inflection point of this curve occurred at ap- 
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proximately 17 days. Considerable (fourfold) variation in 
the specific lipase activity existed in the pancreas of adult 
males and females. However, no correlation of activity with 
age or nutritional state was detected. 

Lipase specific activity measurements were also carried Out 
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FIGURE 9: Lipase activity in the developing rat pancreas. Whole 
rudiments of embryonic rat pancreas, and pancreases cultured 
in citro were collected, and prepared for assay of both protein 
content and lipase activity using [Wltriolein as substrate by pro- 
cedures described in Methods. NB = new born. 

on embryonic rat pancreases maintained in organ culture. 
Essentially normal development of whole 13-day pancreatic 
rudiments (including both epithelial and mesenchymal ele- 
ments) can be achieved in citro. Differentiation in these pan- 
creases at the morphological level closely parallels that in 
vivo (Pictet et al., 1972). As shown in Figure 9, the specific 
lipase activity was also indistinguishable in the in Givo and in 
vitro systems. 

A similar profile for lipase activity in the pancreatic rudi- 
ments of mouse embryos is shown in Figure 10. The sig- 
moidal character of the curve and magnitude of the develop- 
mental increment resembled those for the rat. However, the 
developmental profile in the mouse is shifted 36-48 hr to 
later embryonic ages. 

The observations of constant specific lipase activity during 
the early phase of pancreatic development and the lack of 
detectable activity in other tissues raise the question whether 
lipase activity is present in the presumptive exocrine cells 
from the initiation of pancreatic development. The pancreatic 
diverticulum in the rat begins to emerge from the gut at ap- 
proximately the 20-25 somite state (11 days). Dissection of 
early diverticula from 25 somites (11-day) or 35 somites (12- 
day) embryos was too tedious to be practical, so lipase assays 
were carried out on regions of the gut isolated during these 
periods and compared to those of other somite as well as 
the head regions. The results are presented in Table 11. Li- 
pase activity was readily detected in 12-day embryonic gut 
sections. Specific activity was about tenfold lower in the 
11-day gut sections, but was still severalfold higher than 
the background level of activity seen with the head and 
somite fractions of the same embryo. The total amount of 
lipase activity found in an 11-day gut section corresponds 
roughly to that found in 100 cells of the isolated 13-day pan- 
creatic rudiment (this value correlates well with the approx- 
imate size of the pancreatic diverticulum at 25 somites). 

o'ool 
1'1 1'2 113 114 1'5 116 /7 I$ NB 
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FIGURE 10: Lipase activity in the developing mouse pancreas in cim. 
Whole rudiments of embryonic mouse pancreas were collected and 
prepared for assay of both protein content and lipase activity using 
[14C]tripalmitin as substrate by procedures described in Methods. 

These observations, semiquantitative as they are, support 
strongly the contention that lipase A is present at a low steady- 
state concentration within the pancreas but not present in 
other tissues during the entire early phase of morphogenesis 
from the formation of the initial pancreatic diverticulum 
until the period of cytodifferentiation begins at approximately 
15 days. 

Lipases A and B in Development. Embryonic and postnatal 
rat pancreases were tested for lipases A and B by the cellulose 
acetate electrophoresis technique with the activity stain. As 
shown in Figure 11, lipase A accounted for nearly all of the 
activity in the embryo and, indeed, for most of the activity 
through 3 weeks after birth. At days 15 and 16, lipase A ac- 
tivity could only be detected using P-naphthyl nonanoate but 

TABLE 11: Lipase A Activity in Sections of Early Rat Embryos: 

Lipase Act. 

% HY- Act. :ll-Day 
Tissue drolysis Sp Actb  Gut 

12-day Gut 0.16 8 x 10-3 16 
12-day Somites O b  < I  x 10-4 <2 x 10-1 
12-day Head O b  <2 x 10-4 <4 x 10-1 
11-day Gut 0.03 5 x 10-4 1 
11-day Somites O b  <I x 10-4 <2 x 10-1 
11-day Head Ob <8 x 10-5 <1 x 10-1 

a Rat embryos were divided into heads, guts (including all 
internal organs except heart), and somites (limbs and early 
vertebrae). Sonicates were prepared from these tissues, sub- 
mitted to zome electrophoresis, and subsequently assayed for 
lipase A activity by the procedures outlined in Methods. 
Quantities of protein from 30 to 80 Fg were applied to the 
cellulose acetate strips. 6 Micromoles of oleic acid per minute 
per microgram of protein applied to strip. 
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juice, whose activity to triolein is inhibited by bile salts at pH 
8. In other systems, for example, hog pancreatic lipase, the 
stimulatory effect of taurocholate is well known (Borgstom, 
1964). Thus, there is precedent for both effects of bile salts. 
We have shown that the purification procedure developed by 
Vandermeers and Christophe (1968) for rat pancreatic lipase 
yields only lipase B while that of Melius and Simmons (1965) 
developed for the hog pancreatic lipase but applied to the 
rat pancreas yields a mixture of lipases A and B. The basis 
for the resolution oflipases A and B by DEAE-cellulose chro- 
matography is presented here. The resolution of taurocholate- 
activated and taurocholate-inhibited lipase activity from the 
pancreas and/or pancreatic juice of the mouse, rhesus monkey, 
and the human suggests the presence of both activities in 
these species, as well. On the other hand, taurocholate-in- 
hibited lipases are not found in a number of other species 
(although two, three, and four bands of taurocholate-activated 
lipase were found in rabbit, guinea pig, and hog pancreatic 
extracts, respectively). These results then suggest a wide- 
spread, but not ubiquitous distribution, of lipase A and lipase 
B activities, and furthermore indicate the likelihood of 
multiple forms of lipase A in several species. 

The resolution of two activities with different catalytic 
properties is not conclusively indicative of two discrete en- 
zymes. This is especially true for an enzyme like lipase which 
operates at the interphase between aqueous and nonaqueous 
phases. Sarda et ai. (1964), for example, report a marked 
change in the mobility of lipase activity of G-200 Sephadex 
by treatment with methanol-ether in the presence of deoxy- 
cholate. The authors suggest a lipid-bound aggregate as the 
high molecular weight species. In addition, there is always the 
possibility of proteolytic conversion in pancreatic secretions. 
The transformation of zymogens to active enzyme is well 
known. Recently a zymogen form of phospholipase A has 
been reported (Arnesjo et a/., 1967; De Haas et a/ . ,  1968). 
In the present instance, however, all attempts to demonstrate 
conversion of one lipase activity to the other have been un- 
successful. The present report of multiple lipases is not the 
only instance of redundancy in specific exocrine proteins. 
Three distinct amylases were recently purified from rabbit 
pancreas (Malacinski and Rutter, 1969). Moreover, two tryp- 
sinogens (Marchis-Mouren, 1965; Pascale et ai., 1966) and two 
insulins (Smith, 1966) have been reported in the rat. 

Distriburion af Pancreatic Lipases. Both lipases A and B 
appear restricted to the pancreas. Considerable experimental 
effort was made to detect these enzymes in other tissues but 
no significant activity toward long-chained naphthyl alka- 
noates or toward triolein was evident. At least, the specific 
activity in adult rat pancreases was 10C106 times greater than 
any other tissues tested. Lipase activity, if present, in these 
other tissues was within the limits of sensitivity of the assay 
procedures employed. These results, then, suggest that the 
pancreatic lipases are cell specific proteins, and there is 
strongly selective expression of these genes in the mammalian 
systems studied. The case for unique distribution of several 
other pancreatic exocrine proteins has been presented else- 
where (Rutter et ai., 1967,1968a). 

Deuelopmenral Profire of Lipase Acfiuities. The sensitive, 
highly specific assay employed here has allowed the detec- 
tion of lipase activity throughout the course of pancreatic 
development. Parsa et a / .  (1966) observed lipase activity in 
the embryonic pancreas. They noted the significant decrease 
between days 19 and 18 and by linear extrapolation of their 
assay values suggested the appearance of this enzyme on day 
15. The present work emphasizes that the enzyme is present 

FIGURE 11: Ontogeny of pancreatic lipases A and B in the rat. De- 
tails ofthe procedure used are described in Figure 2. 

at subsequent embryonic days, the less reactive ,¶-naphthyl 
stearate could be used with successively decreasing concen- 
trations of protein. Lipase B was first detectable at about 
19-days gestation age. A lipase distribution (A:B = <0.5) 
characteristic of the adult organ was not observed until 
approximately the time of weaning (28-days postpartum). 

The relative activities of lipases A and B during pancreatic 
development were estimated by cellulose acetate electropho- 
resis of the appropriate pancreatic extract and subsequent 
assay of sections of the strips for hydrolytic capacity against 
labeled triolein. This method is inherently highly sensitive 
and specific (if cumbersome), but its utility was limited by a 
troublesome and as yet uncontrolled variation in the hydro- 
lytic rates observed with “control” segments of the cellulose 
acetate in practice strips, remote from the area containing 
lipases A or B. This fact thus limited the sensitivity of the 
assay. Using this procedure, however, a significant level of 
lipase B activity was readily demonstrated in the pancreases 
of 19-day embryos. Before this time, lipase B activity was not 
detectable; the limits of sensitivity of the assay indicate the 
ratio of lipase A: lipase B was at least 150. From 19 days in 
utero until 28 days after birth, the lipase A to B ratio still 
remains rather high (28 to 5 )  but the lipase A to B ratio is 
less than 1 in older animals. 

Discussion 

Muitipiicity of Pancreatic Lipases. The present description 
of lipases A and B from rat pancreas is, to our knowledge, 
the first demonstration of multiple independent pancreatic 
lipase activities in a single species. Resolution of these two 
activities was affected by electrophoresis on cellulose acetate 
as well as by column chromatogrpphy on DEAE-cellulose. 
At pH 8.2-8.6, lipase A behaves as an anion and lipase B as 
a cation. Lipases A and B also exhibit different substrate 
specificities. Lipase A cleaves naphthyl alkanoates at a much 
higher rate than does lipase B, while the reverse is true for 
the hydrolysis of emulsified triolein. The most striking differ- 
ence between the two enzymes, however, is in the effect of 
sodium taurocholate upon their activities toward naphthyl 
alkanoates. Lipase A activity is strongly enhanced by tauro- 
cholate while lipase B activity is inhibited by this bile salt. 

A number of previous studies (Marchis-Mouren, 1965; 
Vandermeers and Christophe, 1968; Pascale et al., 1966) have 
detected only a single lipase activity in hog and rat pancreas 
by chromatographic, immunological, and electrophoretic 
procedures. Matson and Volpenhein (1966) have however 
reported a single lipase activity in lyophilized rat pancreatic 
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even in the earlier pancreatic rudiments and probably from 
the initial formation of the pancreatic diverticulum. The 
accumulation of lipase activity is a sigmoidal function of the 
developmental stage. Its specific activity is low and relatively 
constant during the early stages of development (12-15 days 
in the rat) and then is increased by three orders of magnitude 
to another steady-state level-that present in the fully differ- 
entiated tissues. A similar developmental profile is seen for 
the mouse pancreas, though over a slightly different period 
of gestation age. Two facts of considerable developmental 
significance arise from these data. The first is that the lipase 
level is apparently a characteristic of this period of differ- 
entiation. This level of activity is considerably higher than 
that present in nonpancreatic embryonic or adult tissues 
tested. (The specific activity of the youngest pancreatic rudi- 
ment isolated (a 12-day embryo) is at least 100-fold higher 
than that present in surrounding embryonic tissues including 
gut and somites or in adult tissues.) Furthermore, although 
the level of lipase within the cells of the early pancreatic rudi- 
ment is low compared to those of the adult pancreatic exo- 
crine cell, it nevertheless represents significant synthetic ac- 
tivity. If the turnover numbers of mouse and hog pancreatic 
lipase are assumed to be identical (1.2 X l o 4  mmolesimin per 
mg of lipase) and the molecular weight of the pancreatic lipase 
is assumed to be 38,000 (Sarda et al., 1964), then employing 
the relationship 13,000 cells/mg per protein for 12-day em- 
bryonic rat pancreas and 1600 cells/mg per protein for the 
fully differentiated rat pancreas (W. R.  Clark and W. J. 
Rutter, unpublished data, 1968) it can be calculated that on 
the average, 700 molecules of lipase are present in each pan- 
creatic cell during this early phase of development. Finally, 
other members of the exocrine pancreatic proteins have been 
detected during this early period. Relative activities are sim- 
ilar those in the differentiated state when each is present at 
much higher levels (Rutter et al., 1967, 1968a). 

The early accumulation of lipase may coincide with the 
beginning of pancreatic organogenesis (the primary develop- 
mental transition). The constant specific activity maintained 
over the early developmental period is suggestive of a single 
differentiative state which we have termed the “protodiffer- 
entiated” state (Rutter et ai., 1967, 1968a). The rapid increase 
in specific activity observed in pancreatic rudiments between 
15 and 18 days of embryonic age occurs during the period 
when cytodifferentiation (development of an extensive endo- 
plasmic reticulum and golgi apparatus together with zymogen 
granules) occurs within the exocrine cells (Kallman and Grob- 
stein, 1964; Rutter et al., 1964a,b). The fully differentiated 
cell contains somewhere between five and ten million lipase 
molecules, an increase of four orders of magnitude on a 
cellular basis (or three orders of magnitude on a protein 
basis since the protein content per cell increases about eight- 
fold during this period). This period of striking accumulation 
of specific exocrine proteins in cytodifferentiation is considered 
evidence of a specific regulatory transition. More extensive 
morphological and enzymatic evidence in support of this 
multiphasic concept of differentiation is presented and dis- 
cussed elsewhere (Rutter et al., 1967, 1968a,b). 

It is emphasized that lipase activity in the embryonic pan- 
creas is primarily lipase A. The other exocrine specific pro- 
teins studied have similar but not identical developmental 
profiles. The pattern of development of lipase B, on the 
other hand, is singularly different. It is not detected until 
the later stages of embryonic life, but becomes the dominant 
lipolytic activity in the adult. This suggests that the level of 
lipase B is regulated by different effectors than is lipase A 

and perhaps the rest of the exocrine proteins. Independent 
regulation of the synthesis of certain exocrine proteins has 
been realized for some time, at least changes in the diet effect 
the enzymatic constituents independently (Reboud et a/., 
1964, 1966). Lipase B activity might be influenced by the 
diet or by the levels of specific hormones since these change 
during the period of dramatic changes in the relative levels 
of lipase B activity. Another possibility should also be con- 
sidered. Our studies on very early embryonic pancreases have 
been carried out primarily on the dorsal pancreas. The ventral 
pancreas develops independently and fuses with the dorsal 
pancreas at about 18-19 days-approximately the time that 
lipase B is first detected. It seems possible therefore that 
lipase A is produced by the dorsal and lipase B by the ventral 
pancreas. This can be readily tested using a recently developed 
culture procedure (Spooner et ai., 1971). 

Finally, the closely similar developmental profiles of pan- 
creatic rudiments developing in vitro or in vivo suggest that 
the mechanisms of regulation of lipases A and B and other 
exocrine proteins during development may be effectively in- 
vestigated using the in citro system. 
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Purification and Properties of Dihydrofolate Reductase from an 
Amethopterin-Resistant Strain of Streptococcus fueciurnt 

L. D'Souza, P. E. Warwick,$ and J. H. Freisheim* 

ABSTRACT : Dihydrofolate reductase from an amethopterin- 
resistant strain of Streptococcus faecium has been isolated and 
purified (ca. 360-fold) employing a procedure that involves 
sonication of intact cells, filtration through Bio-Gel P-150, 
and chromatography on hydroxylapatite and DEAE-Sepha- 
dex. Two forms of the enzyme (I and 11) were separated follow- 
ing hydroxylapatite chromatography. Rechromatography of 
form I1 enzyme on hydroxylapatite resulted in the conver- 
sion of I1 to I as judged by electrophoretic analysis. Form I 
enzyme was isolated in ca. a 40% overall yield following 
DEAE-Sephadex chromatography. At pH 6.5, the turnover 
number was 6000 moles of dihydrofolate reduced min-' mole-' 

D ihydrofolate reductase (EC 1.5.1.3), which catalyzes 
the TPNH-dependent reduction of dihydrofolate to tetra- 
hydrofolate, has been obtained in essentially pure form from 
chicken liver (Kaufman and Gardiner, 1966; Kaufman and 
Pierce, 1971 ; Huennekens et a[., 1970), L-1210 lymphoma 
(Perkins et al,. 1967), Streptococcus faecium (Nixon and 
Blakley, 1968), and Lactobacillus casei (Gundersen et al., 
1972) among others. This enzyme appears to be the main, if 
not the only, target site for the 4-amino-4-deoxy analogs of 
folic acid. 

Elevated levels of dihydrofolate reductase have been re- 
ported for certain cell types exhibiting amethopterin resis- 
tance as compared to that observed in the corresponding 
sensitive parent strain. This phenomenon has been observed 
in amethopterin-resistant strains of various bacteria (Frei- 
sheim et al., 1972; Crusberg et a/.; 1970; Dunlap et al., 
1971 ; Nixon and Blakley, 1968; Sirotnak and Salser, 1971) 
as well as in certain mammalian (Hakala, 1965) and tumor 
cells (Sartorelli et a/., 1964; Friedkin et al., 1962). 

of enzyme at 25". The enzyme showed a single protein band 
following polyacrylamide gel electrophoresis and was mono- 
disperse in the ultracentrifuge ( s ~ ~ , , ~  = 2.10 s). The reductase 
had a molecular weight of ca. 20,000 as judged by sedimenta- 
tion equilibrium analysis, gel filtration, and amethopterin 
titration. Amino acid analyses indicated the presence of one 
cysteine residue and nine tryptophan residues per mole of 
protein. The circular dichroic absorption spectrum of the 
enzyme revealed the presence of an aromatic side-chain 
Cotton effect consisting of three distinct ellipticity bands in 
the 250- to 310-nm region. 

The results of this study describe the purification and cer- 
tain molecular properties of dihydrofolate reductase from an 
amethopterin-resistant strain of S .  faeciunz. A comparison 
of certain properties of the enzyme isolated in the present 
study to those of the dihydrofolate reductases isolated by 
Nixon and Blakley (1968) suggest that different strains of 
amethopterin-resistant S .  faeciurn were employed. 

Materials and Methods 

Materials. The amethopterin-resistant strain of S .  faeciuni 
(ATCC 8043) was a gift from Dr. Carl Smith, University of 
Cincinnati. The characterization of this strain in terms of 
specific growth requirements is being done by Dr. Smith 
and coworkers. Dihydrofolate was prepared from folic acid 
(Calbiochem) by the dithionite method of Futterman (1957) as 
modified by Blakley (1960). TPNH was obtained from P-L 
Biochemicals. DEAE-Sephadex A-50 was obtained from 
Pharmacia Fine Chemicals. Hydroxylapatite (Bio-Gel HT) 
and Bio-Gel P-150 were purchased from Bio-Rad Labor- 
atories. The hydroxylapatite was mixed with an equal weight 
of Celite (Baker) as a support to obtain better chromato- 

treated as described by Kaufman and Gardiner (1966). All 
other chemicals were of reagent or analytical grades. 
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