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tion of dietary TAGs commences in the stomach, where 
gastric lipase partially releases the fatty acids from TAG 
( 1 ). The emulsion particles move from the stomach and 
mix with digestive enzymes from the pancreas in the 
duodenum where digestion proceeds. The pancreas 
synthesizes and secretes multiple lipases, including the 
well-characterized colipase-dependent pancreatic triglyc-
eride lipase (PTL), carboxyl ester lipase (CEL), and the 
recently described pancreatic lipase-related protein-2 
(PLRP2) ( 2–5 ). All have the ability to hydrolyze TAGs. Un-
der normal circumstances, the assimilation of dietary fat is 
extremely effi cient, with >95% of dietary TAGs hydrolyzed 
and absorbed by the intestine ( 6 ). Steatorrhea is a major 
symptom in pancreatic insuffi ciency or exocrine pancreas 
failure, because gastric lipase cannot compensate for the 
loss of pancreatic lipases. Thus, pancreas-derived lipases 
are central to the effi cient digestion of dietary TAG. 
Despite the critical function of pancreatic lipases in di-
gestion, the physiological role of each lipase remains un-
certain. A series of in vitro and in vivo studies of human 
and mouse pancreatic lipases have provided confl icting 
data about the roles of these lipases and have raised ques-
tions about the suitability of mouse models to understand 
the function of lipases in humans. 

 For many years, it has been assumed that PTL is the pre-
dominant triglyceride lipase in the digestion of dietary 
TAGs. Curiously, PTL is inhibited by normal constituents 
of the duodenum, such as bile acids, phospholipids, or di-
etary proteins. Colipase, another pancreatic protein, forms 
a complex with PTL and reverses the inhibition of PTL in 
the duodenum ( 7 ). The colipase-PTL complex likely ac-
counts for roughly 60% of dietary TAG hydrolysis in hu-
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 Dietary fats are predominantly triacylglycerols (TAG), 
which consist of three fatty acids linked to glycerol. Dietary 
TAGs must be hydrolyzed by lipases to release acyl chains 
and monoacylglycerol for effi cient absorption. The diges-
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 MATERIALS AND METHODS 

 DNA manipulations 
 Mouse cDNA clones for PTL (clone ID 30316303, Genebank 

ID BC061061) and PLRP2 (clone ID 6431510, Genebank ID 
BC094923) were purchased from Open Biosystems (Huntsville, 
AL). cDNAs encoding mature mPTL, mPLRP2, human PTL 
(hPTL), and hPLRP2 protein were amplifi ed by PCR and sub-
cloned into  Pichia pastoris  protein expression vectors pHILS1 and 
pPICZ � A, respectively. In these plasmid constructs, the yeast 
PHO1 signal peptide and  � -factor mating signal peptide were 
used to replace mouse PTL and PLRP2 native secretion signal 
peptides, respectively. The sequence of the cDNA was verifi ed by 
dideoxynucleotide sequence analysis. 

 Expression and purifi cation of recombinant proteins 
 Recombinant proteins were produced in  Pichia pastoris  GS115. 

Plasmid DNAs, pHILSI/mPTL and pPICZ � A/mPLRP2, were lin-
earized by Bgl II and Sac I, respectively. The linearized plasmid 
DNAs were transformed into the competent yeast strain GS115 
by electroporation, and positive colonies were selected according 
to the method described previously ( 17 ). Media from the methanol-
induced cultures were analyzed by immunoblot and lipase activ-
ity assay as described previously ( 18, 19 ). 

 Large-scale expression of recombinant proteins was accom-
plished according to the methods described, with minor modifi -
cations ( 17 ). For each transformation, the transformant with the 
highest secreted protein level was chosen to inoculate 10 ml buff-
ered minimal glycerol-complex medium (pH 6.0). The overnight 
culture was then used to inoculate three liters of the same me-
dium and grown until the optical density at 600 nm was between 
6.0 and 10.0. The harvested yeasts were resuspended in 1,000 ml 
of buffered minimal methanol complex medium (pH 6.0). The 
cultures were allowed to grow at 28°C for 30 (mPLRP2) or 48 h 
(mPTL) with daily 1% methanol supplementation. 

 The clarifi ed culture supernatant was further concentrated 
down to  � 50 ml at 4°C over a Pellicon XL Biomax 30 membrane 
(Millipore, Bedford, MA). The sample was dialyzed at 4°C over-
night against double-distilled H 2 O containing 2 mM benzami-
dine, and then adjusted to contain 10 mM MES at pH 6.0 for 
mPTL and at pH 5.5 for mPLRP2. The sample was applied to a 
Mono S FPLC column (Pharmacia) equilibrated with 10 mM 
MES at the corresponding pH. Chromatography was controlled 
with an AktaExplorer system (Amersham Biosciences, Piscataway, 
NJ). The bound recombinant protein was eluted from the col-
umn using a linear concentration gradient from 0 to 200 mM 
NaCl within 60 min at a rate of 1 ml/min. Fractions containing 
recombinant protein were identifi ed by A280, lipase activity as-
say, and further gel staining. The purest fractions were pooled 
and concentrated over an Amicon Ultra-15 30K MWCO centri-
fuge fi lter (Millipore), and the buffer was exchanged to 20 mM 
Tris-Cl (pH 8.0). The protein concentration was determined by 
UV light spectrophotometry at A280 using an extinction coeffi -
cient of E 1cm  1%  = 1.24 for mPTL and E 1cm  1%  = 1.33 for mPLRP2. 

 Determination of protein integrity 
 The purifi ed proteins were analyzed by gel staining to confi rm 

their homogeneity and integrity. Briefl y, 6 µg of each isolated 
protein was resolved by 10% SDS-PAGE and stained with GelCode 
Blue Stain Reagent (Pierce, Rockford, IL). The gel staining was 
scanned by Molecular Imager VersaDoc MP 4000 System (Bio-
Rad, Hercules, CA). 

 Protein extraction and Western blot 
 To quantify the relative protein amount of PTL and PLRP2 

in the mouse pancreas, seven (four males and three females) 

man adults ( 1 ). The importance of colipase, and by 
extension, of PTL in dietary fat digestion was supported by 
a mouse model of colipase defi ciency, in which adult mice 
had signifi cant steatorrhea on a Western diet ( 2 ). Subse-
quently, another study reported a mouse model of PTL 
defi ciency ( 6 ). Unexpectedly, although PTL defi ciency de-
layed dietary fat absorption early in the digestive process, 
the overall TAG absorption effi ciency was normal in PTL-
defi cient mice, even when they were fed a high-fat diet. 

 There may be several possible explanations for the dif-
ferences in these mouse models. PTL may actually have a 
limited role in dietary fat digestion, or other pancreatic li-
pases may compensate for the loss of PTL. In either case, 
colipase must interact with other lipases. CEL was initially 
considered a candidate for the residual lipolytic activity in 
the intestinal lumen of PTL-defi cient mice. Characteriza-
tion of PTL  � / �  /CEL  � / �   mice eliminated CEL as a major 
compensatory lipase for PTL defi ciency because PTL  � / �  /
CEL  � / �   mice exhibited normal fat assimilation when fed a 
normal fat diet, and fat absorption only decreased mod-
estly when fed a high-fat diet ( 8 ). Fat malabsorption in 
PTL  � / �  /CEL  � / �   mice was much less severe than in colipase-
defi cient mice ( 2 ). Furthermore, CEL does not require 
colipase for activity in vitro. 

 Mouse PLRP2 (mPLRP2) is another candidate to com-
pensate for PTL defi ciency. PLRP2-defi cient mice experi-
ence fat malabsorption as suckling pups, a time when PTL 
expression is absent, indicating that mPLRP2 has TAG li-
pase activity in vivo ( 2, 5, 9 ). Additionally, mPLRP2 is the 
only source of colipase-dependent lipase activity in the 
neonate mouse pancreas ( 9 ). These two observations also 
offer a clear explanation for the steatorrhea in colipase-
defi cient mouse pups prior to the expression of PTL ( 2 ). 
Thus, colipase-stimulated mPLRP2 activity is a major contrib-
utor to TAG digestion in mouse pups. Although adult PLRP2-
defi cient mice had normal fat absorption, mPLRP2 may have 
an increased role when mouse PTL (mPTL) is absent. 

 The major diffi culty with the hypothesis that mPLRP2 
compensates for mouse PTL is the lack of kinetic charac-
terization of mPLRP2. This characterization is critical for 
interpreting any results in mice because the kinetics of 
PLRP2 varies considerably among species. For instance, 
human PLRP2 (hPLRP2) has almost no activity in the 
presence of bile salt micelles and is not reactivated by coli-
pase ( 10–12 ). The same is true for horse PLRP2 ( 13 ). It 
has been suggested that the major physiological role of 
hPLRP2 is as a galactolipase ( 10, 12, 14, 15 ). In contrast, 
rat PLRP2 has activity in the presence of bile salt micelles 
even in the absence of colipase. Colipase stimulates 
rat PLRP2 activity against short-, medium-, and long-chain 
TAGs ( 16 ). The kinetics of mPLRP2 has not been deter-
mined previously, and it is unknown whether purifi ed 
mPLRP2 has activity in the presence of bile salt micelles or 
whether its activity is stimulated by colipase. In the present 
study, we expressed and purifi ed recombinant mPTL and 
mPLRP2 and characterized their kinetic properties to pro-
vide additional insight into the role of PLRP2 in the mouse 
and to help determine whether the mouse mimics the pro-
cess of dietary fat digestion in humans. 
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suring the lipase activity remaining in the water phase after the 
separation of the oil phase. The ability of colipase to anchor li-
pases to trioctanoin was done as described for intralipid ( 20 ). An 
amount of 0.5 ml of trioctanoin was emulsifi ed in 14.5 ml of bind-
ing buffer [50 mM Tris-HCl (pH 8.0), 2.0 mM Ca 2 Cl, 150 mM 
NaCl] in the presence of 4 mM NaTDC. Aliquots (0.5 ml) of the 
emulsion were dispensed in 1.5 ml microcentrifuge tubes, and 
then the desired amount of colipase and either 6 µg of mPTL 
or mPLRP2 were added. The mixture was incubated at room 
temperature with shaking for 2 min, transferred to an Amicon 
Micron-100 Ultrafi ltration tube (Millipore), subjected to centrifu-
gation at 800  g  for 10–30 min. The lipase activity of 50 µl clear 
fi ltrate was assayed against tributyrin in 0.5 mM NaTDC in the 
absence of colipase. The assay included controls with lipase alone 
or lipase plus colipase. Lipase absorption ability was calculated as 
follows: Bound (%) = 100  �  the fi ltrate lipase activity / the fi l-
trate lipase activity in control. 

 RESULTS 

 Expression and purifi cation of recombinant mPTL 
and mPLRP2 

 The recombinant mPTL and mPLRP2 were produced 
in  Pichia Pastoris  GS115 in large scale after 30 or 48 h meth-
anol induction, and then purifi ed through one-step Mono 
S column purifi cation system. The fi nal yield was  � 8-10 
mg for mPTL, and  � 1 mg for mPLRP2. The homogeneity 
of purifi ed recombinant proteins was ascertained by 10% 
SDS-PAGE and was followed by gel staining (  Fig. 1  ). 
 Protein purity was 91% for mPTL and 98% for mPLRP2. 
The major band for mPTL was around 50 kDa. The major 
bands for both preparations and the faster migrating mi-
nor bands in the PTL sample reacted with PTL antisera, 
indicating a minor amount of proteolytic degradation in 
the PTL preparation (data not shown). mPLRP2 con-
tained two bands around 53 kDa, which represents differ-
ences in glycosylation ( 16 ). The identity of purifi ed protein 
was verifi ed by robust lipase activity against various TAGs 
as described below. 

 Bile salts and colipase effects 
 We fi rst characterized the effects of bile salts and coli-

pase on the catalytic activity of mPTL and mPLRP2 against 
various TAGs. In the absence of colipase, mPTL activity 
was stimulated by low NaTDC concentration, and it was 
completely inhibited by micellar concentrations of bile 
salt (>1.0 mM NaTDC) (  Fig. 2  ).  In contrast, mPLRP2 had 
activity against all three TAG substrates over NaTDC con-
centrations from 0 to 4 mM. Colipase increased lipase ac-
tivities of both mPTL and mPLRP2 at all concentrations of 
bile salts tested, but the increase was greater for mPTL. As 
taurocholate is the major bile salt species in rodent bile, 
we also measured the lipase activity of mPTL and mPLRP2 
against triolein in varying concentrations of NaTC. Al-
though both lipases exhibited lower activity when assayed 
with NaTC, a similar pattern was observed with NaTDC 
( Fig. 2D ). For each substrate and bile salt, the ratio of 
mPTL- and mPLRP2-specifi c activity in the presence of 
colipase remained relatively constant, ranging between 2 
and 4. The activity of mPLRP2 exceeded that of hPLRP2 

11-wk- old Balb/C mice were euthanized. Pancreas tissues were 
quickly excised and snap-frozen in liquid nitrogen and then stored 
at  � 80°C. Pancreatic protein extraction was carried out as described 
previously ( 9 ). Each whole pancreatic tissue (average wet weight 
 � 150 mg) was thawed and sonicated 6× 10 s in 1.5 ml of ice-cold 
protein lysis buffer [50 mM Tris-HCl, 0.5% Na-deoxycholate, 
0.1% SDS, 150 mM NaCl, 1 mM EDTA (pH 7.5)] containing 
EDTA free complete protease inhibitor cocktail (Roche Diagnos-
tics). The homogenate was centrifuged at 18,000  g  for 10 min at 
4°C. The resulting supernatant was further diluted 10 times with 
lysis buffer and mixed with 2× protein loading buffer (Bio-Rad) 
and boiled for 5 min. Then 10 µl of each sample was analyzed on 
a 10% SDS-PAGE, along with molecular weight markers and vary-
ing amounts of purifi ed recombinant mPTL and mPLRP2 pro-
teins. The resolved proteins were transferred onto nitrocellulose 
membranes (Bio-Rad). After incubation with blocking buffer 
(LI-COR, Lincoln, NE) for 1 h, the membrane was incubated with 
a rabbit polyclonal antibody against hPTL at 1:3000 dilution in 
blocking buffer for 1 h, and then with IRDye 680 goat anti-rabbit 
IgG (LI-COR) at 1:10,000 dilution for 30 min ( 19 ). The immuno-
blots were scanned by ODYSSEY INFRARED IMAGER, and band 
density was quantifi ed by the rectangle method (LI-COR). 

 Lipase activity assay 
 Triglyceride lipase activity was determined at 25°C using the 

pH-stat method as previously described ( 20–22 ). Unless other-
wise stated, the reaction was carried out for 5 min in the presence 
or absence of a 5-fold molar excess of recombinant human coli-
pase at the indicated sodium taurodeoxycholate (NaTDC) con-
centration. As taurocholate is one of the major bile salt species in 
duodenal juice from mice, we also measured the lipase activity of 
mPTL and mPLRP2 against triolein at varying sodium tauro-
cholate (NaTC) concentrations. To determine the effects of in-
testinal luminal proteins on mPTL and mPLRP2 lipase activity, 
assays were performed in 12 mM NaTC using triolein as substrate 
in the presence of 3.75% of BSA with or without colipase ( 23 ). 

 Galactolipase activity was determined at 25°C using the pH-stat 
method. An amount of 5 mg of digalactosyldiacylglyceride was 
emulsifi ed in 15 ml of the standard assay buffer containing 4 mM 
NaTDC. Then 40 µg of mPLRP2 or 3 µg hPLRP2 was assayed. 
Phospholipase activity was measure in the pH-stat using 200 mg 
of egg yolk phosphaditylcholine emulsifi ed in assay buffer con-
taining 1 mM Tris-Cl (pH 8.0), 20 mM calcium, and 13.3 mM 
deoxycholate. Then 20 µg of PLRP2 was assayed. Activity was de-
termined from the rate over 5 min for each substrate. Colipase 
did not affect activity the assays, and it was not included. 

 To evaluate whether mouse or human PLRP2 substantively com-
pensates for lipase activity when the corresponding PTL is absent, 
we assayed the total lipase activity of 2.5 µg PTL and 1.0 µg PLRP2 
in the presence of 0.5 µg colipase (the molar ratio of colipase:PTL = 
1:1). We then measured the total lipase activity of 2.5 µg PTL and 
1.0 µg PLRP2 alone under the same conditions. The relative lipase 
activity in each assay was expressed as a percentage of the activity 
when both PTL and PLRP2 were included in the assay. 

 Colipase titration 
 The interactions of mPTL and mPLRP2 with colipase were as-

sayed by adapting the method described previously ( 24 ). The as-
says were performed by measuring lipase activity over a range of 
colipase concentration (0-53 nM) with a constant concentration 
of lipase (2.6 nM) and excess substrate (0.2 ml of trioctanoin) in 
4 mM NaTDC assay buffer in a total volume of 15 ml. 

 Interfacial absorption assays 
 The interfacial absorption of mPTL and mPLRP2 was assayed 

by mixing the enzyme with trioctanoin emulsion and then mea-
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early with colipase concentration. Consequently, lipase 
activity is directly proportional to the formation of a 
colipase-PTL complex. The mouse lipase and colipase 
were premixed with or without S153G and added to the 
reaction mixture together. In the absence of S153G, mPTL 
had lower activity than mPLRP2 as predicted by the titra-
tion curves, suggesting that mPTL has lower affi nity for 
colipase than does mPLRP2 ( Fig. 3B ). mPLRP2 had sig-
nifi cant activity without colipase, and colipase stimulated 
activity another 40% under these conditions. The inclu-
sion of S153G completely eliminated mPTL activity, but it 
had no signifi cant effect on mPLRP2 activity. The results 
suggest that the interaction of mPTL with colipase is 
weaker than the interaction of either hPTL or mPLRP2 
with colipase. 

 Ability of colipase to anchor lipases to substrate 
 Current models of colipase function hypothesize that 

colipase restores activity to bile salt-inhibited lipase by an-
choring lipase to the substrate. As the lipase activity of 
mPLRP2 and mPTL was at the same scale and the colipase 
affi nity of mPLRP2 was greater than that of mPTL, we fur-
ther measured the ability of colipase to anchor mPTL and 
mPLRP2 onto trioctanoin in 4 mM NaTDC. Like PTL 
from other species, mPTL lacked the ability to absorb to 
trioctanoin without colipase (  Fig. 4  ).  The addition of 
5-fold molar excess of colipase anchored  � 85% of mPTL 
absorbed onto trioctanoin. In contrast, 90% of mPLRP2 
absorbed to trioctanoin, regardless of the presence or ab-
sence of colipase. The interfacial-specifi c activity was calcu-
lated from the binding data and the overall specifi c activity 
of mPLRP2 in the presence and absence of colipase. In the 
absence of colipase, the specifi c activity of mPLRP2 at the 
lipid interface was 560 U/mg. In the presence of colipase, 
the interfacial-specifi c activity increased to 1,850 U/mg. 
Thus, the main effect of colipase is to increase the specifi c 
activity of mPLRP2 at the interface, whereas the main ef-
fect of colipase is to increase interfacial absorption of 
mPTL. 

 Compensation of total lipase activity by mPTL or 
mPLRP2 

 To determine if mPLRP2 can compensate for mPTL de-
fi ciency under physiological conditions, we set up assays 
against triolein containing physiological ratios of the two 
lipases and colipase. We fi rst quantifi ed the molar ratio of 
mPTL to mPLRP2 from adult mouse pancreas extracts by 
Western blot analysis (  Fig. 5A  ).  The molar ratio of mPTL 
to mPLRP2 was 2.8 ± 0.8 ( Fig. 5B ), which is similar to the 
molar ratio of PTL to PLRP2 protein in human pancreatic 
juice assayed by ELISA ( 27 ). To closely mimic the molar 
ratio of mPTL to mPLRP2 in vivo, we measured the total 
lipase activity of 2.5 µg mPTL and 1.0 µg mPLRP2 in the 
presence of limited colipase. We chose a 1:1 molar ratio of 
colipase to mPTL because that is the approximate ratio of 
the two proteins in pancreatic juice of various species, in-
cluding humans ( 28 ). We also assayed the lipase activity of 
2.5 µg mPTL and 1.0 µg mPLRP2 alone under the same 
conditions to mimic the situation when one of the lipases 

for three different triglyceride substrates (  Table 1  )  ( 10 ). In 
particular, the activity of hPLRP2 was quite low against the 
long-chain substrate triolein in the presence of bile salt 
micelles. In contrast, hPLRP2 had better activity against 
phospholipids and galactolipids than did mPLRP2, al-
though the mouse enzyme can hydrolyze both substrates 
( Table 1 ). 

 Interaction with colipase 
 To better characterize the differences in colipase inter-

action between mPTL and mPLRP2, we measured the abil-
ity of colipase to activate these two lipases over a range of 
colipase concentrations in the presence of excess trioc-
tanoin and a constant amount of lipase. From these data, 
we determined the concentration of colipase that restored 
half-maximal activity to the lipases ( K d  ) and the concentra-
tion that restored maximal activity ( B max  ). The apparent  K d   
and  B max   were determined by nonlinear regression. Given 
the large excess of substrate in the assays, the apparent  K d   
most likely refl ected the interaction between colipase 
and lipase rather than the interaction between colipase and 
the substrate. The colipase titration curves for mPTL and 
mPLRP2 are presented in   Fig. 3A  .  As expected from the 
previous experiment, the  B max   of mPTL was higher than 
that of mPLRP2 (4244 versus 1717 U/mg). Unexpectedly, 
the apparent  K d   for mPTL was 6-fold higher than that de-
termined for mPLRP2 (12.5 versus 2.0 nM). The same val-
ues for hPTL were 4740 and 2.85 nM. Interestingly, the 
plateau for hPTL and mPLRP2 began at lower colipase 
concentrations than that for mPTL. 

 To determine if there was a difference in the ability of 
mPLRP2 and mPTL to interact with colipase, we investi-
gated the ability of the mouse lipases to compete with 
S153G, an inactive hPTL, for colipase binding ( 25 ). This 
mutant interacts with lipids and colipase indistinguishably 
from wild-type hPTL ( 26 ). We measured activity against 
trioctanoin in 4 mM NaTDC using a lipase-to-colipase mo-
lar ratio of 1 to 0.5, a range where lipase activity varies lin-

  Fig.   1.  SDS-PAGE of purifi ed recombinant mPTL and mPLRP2. 
An amount of 6 µg of each protein was dissolved in 2× protein 
sample buffer and separated by 10% SDS-PAGE. The gel was stained 
with GelCode Blue reagent. The positions of the molecular marker 
are given on the left of the fi gure. Lane 1: mPTL. Lane 2: mPLRP2. 
MW, molecular weight marker.   
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lipase activity of mPTL was inhibited by BSA (1,600 com-
pared with 400 U/mg), whereas the lipase activity of 
mPLRP2 remained unchanged (800 U/mg) ( Fig. 7B ). 
The addition of BSA reversed the ratio of specifi c activity 
of mPTL to mPLRP2 from 2:1 to 1:2. 

is absent. Under these simulated conditions, mPTL had 
90% of the activity of the two lipases together (  Fig. 6A  ). 
 Importantly, mPLRP2 alone still had 70% of the total li-
pase activity for both lipases together ( Fig. 6A ). These 
fi ndings indicate that under physiological conditions, 
mPTL and mPLRP2 can compensate for the absence of 
the other lipase. In contrast, the same experiment with hu-
man PTL and PLRP2 showed that hPLRP2 could not com-
pensate for the absence of hPTL ( Fig. 6B ). 

 Effects of BSA on mPTL and mPLRP2 lipase activity 
 It’s well known that denatured dietary proteins add fur-

ther complexity to the lipid-water interface and present 
obstacles for PTL binding with interfacial substrates ( 29 ). 
To determine if mPLRP2 was similarly affected by protein, 
we tested the effect of BSA on the lipase activity of mPTL 
and mPLRP2 in 12 mM NaTC. In the absence of colipase, 
BSA completely inhibited mPTL, but it had no effect on 
mPLRP2 activity (  Fig. 7A  ).  In the presence of colipase, the 

  Fig.   2.  Effects of bile salts and colipase on the ac-
tivities of mPTL and mPLRP2 on various TAGs. Li-
polytic activities were measured using the standard 5 
min pH-stat assay with 2 µg mPTL or mPLRP2 with 
emulsifi ed tributyrin (A), trioctanoin (B), and tri-
olein (C) at varying concentrations of NaTDC or with 
triolein at varying concentrations of NaTC (D), in 
the absence (dotted lines) or presence (solid lines) 
of a 5 molar excess of colipase. Each data point 
(mean ± SD) is the result of triplicate experiments.   

 TABLE 1. Activity of mouse and human PLRP2 against 
various lipids 

Lipase Activity (U/mg)

Lipid mPLRP2 hPLRP2

Tributyrin 2623 ± 14 200 ± 9.0
Trioctanoin 1659 ± 18 190 ± 3.0
Triolein 918 ± 143 25 ± 0.4
Digalactosyldiacylglycerol 10.5 ± 0.8 100 ± 7.0
Phosphatidylcholine 5.9 ± 0.4 20 ± 6.4

Activities were measured at pH 8.0 using the pH-stat method as 
described in Materials and Methods. A 5-fold molar excess of colipase 
was included in the assays of the triglycerides. The assays were done at 
least three times. Data is mean ± SD.
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absence of information regarding human defi ciencies, in 
vitro biochemical functional studies comparing human to 
mouse lipases can provide a solid foundation to interpret 
data obtained from mouse models and to better appreci-
ate the physiologic implications in humans. Despite the 
use of mouse models to study the function of lipases in 
digestion, little is known about the biochemical properties 
of mouse lipases. To help reconcile data in mice with hu-
man physiology, we expressed recombinant mPTL and 
mPLRP2 in  Pichia pastoris  GS115 and characterized their 
biochemical properties in vitro. 

 Several conclusions about mPTL and mPLRP2 perti-
nent to their role in dietary fat digestion can be made from 
the reported investigations. First, mPLRP2 has signifi cant 
activity against TAGs, comparable to that of mPTL. Sec-
ond, unlike mPTL, which is inhibited by bile salt micelles, 
mPLRP2 has activity in the presence of bile salt micelles 
even when colipase is absent. Third, colipase stimulates 
the activity of mPLRP2 at all concentrations of bile salts. In 
fact, the apparent affi nity of mPLRP2 for colipase is greater 
than that of mPTL. Differences in interfacial absorption 
and in activity in the presence of BSA suggest that the role 
in the molecular mechanism of lipolysis for colipase may 
differ between mPLRP2 and mPTL. Lastly, the physiologi-
cal concentration of mPLRP2 is suffi cient to compensate 
for the loss of mPTL activity. 

 Both mPTL and mPLRP2 exhibit robust lipase activity 
against various TAGs in the presence of colipase, and their 
lipase activities are comparable. The activity of mPTL 
against substrates with varying acyl chain length ranged 
from 2- to 4-fold higher than the activity of mPLRP2 at all 
bile salt concentrations. Still, the activity of mPLRP2 is 

 DISCUSSION 

 Dietary fat assimilation has been an interesting research 
fi eld for years. Strategies have been explored to improve 
dietary fat digestion and absorption for proper develop-
ment in neonates, and to modestly reduce fat digestion 
and absorption in treating obesity in adults. Genetically 
modifi ed mice are common, useful models to examine the 
function of lipases in dietary fat digestion. Extrapolating 
results in mice to humans is always problematic, particu-
larly when clear examples of human defi ciency are not 
readily available to compare with the mouse model. In the 

  Fig.   3.  The colipase dependence of mPTL, hPTL, and mPLRP2. 
A: The assays were done using the pH-stat method in the presence 
of 4 mM NaTDC. Each assay included 2.6 nM of each lipase, 180 
mM trioctanoin, and the indicated concentrations of colipase. B: 
Competition between S153G and mPTL or mPLRP2 for colipase. 
The assays were done in the pH-stat with trioctanoin and 4 mM 
NaTDC. An amount of 10 µg mPTL or 10 µg mPLRP2 (13 nM 
lipase), 1 µg colipase (6.5 nM, molar ratio of colipase to lipase of 
0.5), and 10 µg S153G PTL when indicated were mixed and added 
to the assay reagents. Each assay was performed in triplicate.   

  Fig.   4.  Binding of mPTL and mPLRP2 to trioctanoin. Binding 
was determined with 6.0 µg mPTL or mPLRP2 and expressed as 
the percentage of total lipase activity bound to the lipid phase after 
centrifugation, as described in “Materials and Methods.” Filled bar, 
mPTL; hatched bar, mPLRP2.   

  Fig.   5.  Immunoblot and quantifi cation of mPTL and mPLRP2. 
A: Pancreas total protein extract samples were run on a 10% SDS-
PAGE along with purifi ed recombinant mPTL and mPLRP2, trans-
ferred onto nitrocellulose membrane, and blotted with rabbit 
anti-human PTL polyclonal antibody. Top band: mPLRP2; Lower 
band: mPTL. Lanes S1-S6, purifi ed recombinant mPTL and 
mPLRP2 protein samples with varying amounts; Lanes 1-7, indi-
vidual pancreas protein extraction sample from seven adult mice. 
B: Quantifi cation of protein molar ratio of mPTL:mPLRP2.   
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results suggest that the role of colipase in the ternary com-
plex with the lipid-water interface and mPLRP2 is distinct 
from that of mPTL. With mPTL, colipase has a primary 
role in anchoring mPTL at the interface. Colipase may 
also stabilize the lid domain of mPTL in an active confor-
mation ( 31 ). Through these two functions, colipase facili-
tates the activity of PTL and is, in fact, required for PTL 
activity in vivo, as evidenced by studies with colipase-
defi cient mice ( 2 ). In contrast, colipase is not required for 
mPLRP2 absorption to the interface. Even so, colipase 
stimulates the activity of mPLRP2. It may do this by stabiliz-
ing the lid domain in an active conformation or by orient-
ing mPLRP2 on the interface in a more productive 
complex. Unexpectedly, the interaction between mPLRP2 
and colipase appears stronger than the interaction be-
tween hPTL and colipase, and mPTL appears to have 
weaker affi nity for colipase than does either hPTL or 
mPLRP2. 

 The structural basis for the differences in behavior 
among mPTL, hPTL, and mPLRP2 is not evident from ex-
amining the structures. Comparison of the residues impli-
cated in colipase binding by the crystal structure of the 
PTL-colipase complex shows that they are well conserved. 
The only exception is the substitution of the tyrosine at 
position 406 in mPTL and hPTL with an asparagine in 
mPLRP2. The same substitution is present in hPLRP2, 
which is not activated by colipase, making it unlikely this 
change contributes signifi cantly to the differences between 
the lipases. Even though the presumed colipase interact-
ing residues in the lid domain of the three lipases are con-
served, there are important structural differences in the 
lid domain that increase the mobility of the human and 
rat PLRP2 lid domains compared with the domain in PTL 
( 11, 32 ). Residues in the lid of hPTL form polar interac-

much higher than CEL activity, suggesting that mPLRP2 
can contribute to TAG digestion in the mouse ( 23 ). We 
provided additional evidence for a physiological role of 
mPLRP2 in vivo by performing assays with physiological 
ratios of mPTL, mPLRP2, and colipase. Under these con-
ditions, TAG hydrolysis by either mPTL or mPLRP2 alone 
was nearly as effi cient as when both lipases were included 
in the assay. These results provide an explanation for the 
absence of signifi cant effects on dietary fat digestion in 
adult mice defi cient in either mPLRP2 or mPTL ( 6, 30 ). 
Under physiological conditions, mPTL and mPLRP2 com-
pete for the limited colipase to boost their lipase activity. 
The defi ciency of mPTL or mPLRP2 increased the molar 
ratio of available colipase for the remaining lipase, a situa-
tion that would increase the activity of the remaining li-
pase. In each case, the activity of the remaining lipase 
should be suffi cient to prevent steatorrhea, even without a 
compensatory increase in mRNA ( 6 ). The somewhat lower 
activity of mPLRP2 would also explain the observation that 
fat digestion was delayed in mPTL-defi cient mice ( 6 ). 

 Mouse PTL and PLRP2 had distinctive responses to bile 
salts, protein, and colipase. Bile salt micelles completely 
inhibited mPTL, and colipase was required for activity. Al-
though colipase increased mPLRP2 activity, it was not re-
quired; mPLRP2 had signifi cant activity in the absence of 
colipase. Mouse PLRP2 effi ciently absorbed onto lipid and 
bile salt emulsions without colipase, whereas mPTL lacked 
the ability to absorb onto the emulsion without colipase. 
Furthermore, in the presence of colipase, BSA substan-
tively inhibited mPTL lipase activity, but it had no appar-
ent impact on mPLRP2 lipase activity. Collectively, these 

  Fig.   6.  Mutual compensation of lipase activity by PTL and PLRP2. 
The assays were done by the standard pH-stat method using excess 
triolein as substrate with limited colipase. Each assay included ei-
ther 2.5 µg PTL + 1.0 µg PLRP2, 2.5 µg PTL, or 1.0 µg PLRP2 in the 
presence of 0.5 µg colipase. The results were expressed as the per-
centage of total lipase activity of 2.5 µg PTL + 1.0 µg PLRP2. Each 
data point (mean ± SD) is the result of triplicate experiments. A: 
Mouse lipase. B: Human lipase.   

  Fig.   7.  Effects of BSA on mPTL and mPLRP2 lipase activity. Li-
polytic activities were measured in the standard 5 min pH-stat assay 
with 2 µg mPTL or mPLRP2 on emulsifi ed triolein in 12 mM NaTC 
with or without 3.75% BSA in the absence (A) or presence (B) of a 
5 molar excess of colipase. Each data point (mean ± SD) is the re-
sult of triplicate experiments.   
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gum arabic in the assay signifi cantly increased the activity 
of hPLRP2 against triolein, compared with emulsifi cation 
with bile salts ( 10 ). The activity of hPLRP2 in the duode-
nal lumen with a test meal is unknown at present. Interest-
ingly, hPLRP2 had no activity against bovine milk, a fi nding 
that has implications for the role of hPLRP2 in human 
newborns ( 10 ). Even though humans have delayed expres-
sion of PTL similar to the pattern described in mice, fur-
ther studies in human newborns are required before it is 
concluded that PLRP2 is essential for effi cient fat diges-
tion in human newborns, as is the case in mice ( 37 ). 

 In summary, we have expressed and characterized re-
combinant mPTL and mPLRP2 in vitro. Unlike hPLRP2, 
mPLRP2 possesses high lipase activity against various TAG 
substrates with specifi c activities comparable to those of 
mPTL. Mouse PLRP2 also exhibits excellent abilities to in-
teract with colipase and to absorb onto the lipid-interface, 
and to resist inhibition by proteins. The unique biochemi-
cal characteristics of mPLRP2 indicate that PLRP2 may 
contribute signifi cantly to TAG digestion in mice and may 
be able to compensate when PTL is absent or inhibited. 
Because the properties of mPLRP2 differ from those of 
hPLRP2, results regarding dietary fat digestion in mice 
may not be applicable to humans. Consideration of these 
differences should be kept in mind when interpreting data 
obtained in mouse models.  
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