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Abstract The molecular models of two microbial lipases and 
human pancreatic lipase (PL) have suggested the existence of 
common structural motifs including a buried active site shielded 
by an amphipathic surface loop. In an effort to explore the role 
of residues comprising the loop of lipoprotein lipase (LPL), we 
have used site-directed mutagenesis to generate three new LPL 
variants. In variant LPLMl we deleted 18 amino acids leaving 
a loop of only 4 residues which resulted in an LPL protein in- 
active against triolein substrates. In contrast, two other LPL var- 
iants with only partial deletions, involving the apical section of 
the loop [LPLMP (-8 amino acids) and LPLM3 (-2 amino 
acids)] manifested normal lipolytic activity. These findings indi- 
cate a critical requirement for the maintenance of charge and 
periodicity in the proximal and distal segments of the LPL loop 
in normal catalytic function. This is further highlighted by the 
detection of a mutation in the proximal section of the loop in a 
patient with LPL deficiency at position 225 which results in a 
substitution of threonine for isoleucine. Bill The intact catalytic 
activity of the partial deletion variants (LPLMP and LPLM3) 
further suggests that the apical residues of the loop contribute 
minimally to the functional motifs of the active site. We support 
this postulate by showing that the conserved glycine in the apical 
turn section (G229) can be substituted by glutamine, lysine, pro- 
line, or threonine without significantly affecting catalytic ac- 
tivity.- Henderson, H. E., Y. Ma, M-S. Liu, I. Clark-Lewis, 
D. L. Maeder, J. J. P. Kastelein, J. D. Brunzell, and M. R. 
Hayden. Structure-function relationships of lipoprotein lipase: 
mutation analysis and mutagenesis of the loop region. J. Lipid 
RCS. 1993. 34: 1593-1602. 

Supplementary key w o r d s  gene defect mutation mutagenesis 

Numerous lipases are active in the metabolism of 
dietary and endogenously synthesized triacylglycerols. 
Prominent amongst these in humans are the intravascular 
lipases, lipoprotein lipase (LPL) and hepatic lipase (HL), 
which function as pivotal enzymes in the metabolism of 
lipoprotein triacylglycerol and phospholipid. Both these 

enzymes are close homologues of pancreatic lipase (PL) 
with which they form part of a dispersed gene family 

Lipoprotein lipase is the most comprehensively studied 
member of this gene family and structure-function 
studies at the protein level have revealed the presence of 
several functional domains. These include an active site, 
sites for the binding of polyanions such as heparin and 
heparan sulfate, an activator polypeptide (apoC-11), lipo- 
proteins (interfacial binding site), and free fatty acids (4). 
Evidence in favor of specific residues involved in these 
functional domains has come from a variety of sources 
that include comparative analyses of the cDNA-derived 
amino acid sequences of LPL from human (5) and other 
mammalian species such as cow (6) and mouse (7), the 
characterization of naturally occurring mutations in the 
genes for LPL and HL (8-lo), and the study of in vitro- 
generated variants of LPL and HL (11-14). 

Furthermore, the high degree of amino acid homology 
among LPL, HL, and PL has allowed for the identifica- 
tion of functionally important residues by extrapolation 
from the molecular model of PL (15). 

It is now known that the enzymes in this family each 
comprise two structural domains with the larger N-terminal 
sections containing the active sites. These sites manifest a 
common catalytic triad of serine, aspartic acid, and histi- 
dine. The N-terminal domain also carries some of the 

(1-3). 

Abbreviations: PL, pancreatic lipase; LPL, lipoprotein lipase; HL, 
hepatic lipase; PCR, polymerase chain reaction. 
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residues of the polyanion binding sites and this same do- 
main is presumed to interact with the activator polypep- 
tide, apoC-I1 of LPL (14). In contrast, PL complexes with 
its activator, colipase, through residues on the C-terminal 
domain (16). 

The amino acid sequences of numerous prokaryote and 
eukaryote lipases are now known (17, 18). Only one region 
of significant amino acid homology exists in all the lipases 
examined to date and comprises the active site serine and 
the immediate flanking residues (19). The molecular 
model of PL (15) shows that this conserved section is part 
of the multi-stranded beta sheet structural core of the 
catalytic domain and presumably is also part of the cen- 
tral domains of other lipases. 

The three-dimensional structure of two fungal lipases, 
R. miehei and G. candidum has also recently been reported 
(20-22) and it is evident that several structural motifs are 
conserved in the lipolytic enzymes. One of these is a short 
amphipathic loop(s) that overlays the channel leading to 
the residues of the catalytic triad where it functions as a 
“lid.” The active sites are therefore buried in their respec- 
tive molecules and are not accessible to lipid substrates; 
access must involve a repositioning of the flexible sections 
at the lipid-water interface. This is clearly demonstrated 
by the structural model of R. miehei where crystallization 
as a transition state complex reveals an exposed active site 
and a displaced loop that rests in an adjacent polar cavity 
(21, 23). Repositioning of the loop in the R. miechei lipase 
not only provides substrate access but also expands the 
hydrophobic surface around the active site. This ex- 
panded surface area presumably interacts with the non- 
polar core of the lipid micelle thereby stabilizing contact 
between enzyme and substrate. This interaction addition- 
ally creates a hydrophobic “seal” around the catalytic 
pocket that likely excludes bulk water, thereby allowing 
access of triglyceride to the active site through diffusion. 
This hypothesis of lipase action at the lipid-water inter- 
face predicts a crucial role for the loop section in masking 
the hydrophobicity of the active site and in stabilizing the 
interfacial binding region. 

The loop region of LPL comprises 22 amino acids and 
is formed by disulfide bridging between Cys216 and 
Cys239. These residues are coded for by exons 5 and 6 
which together with exon 4 code for some of the most con- 
served regions of the LPL sequence. It is not surprising, 
therefore, that approximately 90% of the missense muta- 
tions described in patients who manifest with LPL defi- 
ciency are found in these exons (8, 9). Many of these mu- 
tations occur between residues Ser172 and Gly210 in exon 
5 which represents the longest conserved segment be- 
tween LPL of different species. In contrast, no mutations 
have yet been described in the loop region which is poorly 
conserved between species. 

In this manuscript we report on the first naturally oc- 
curring point mutation within the LPL loop region at 

position 225, which significantly impairs catalytic activity 
towards long-chain triacylglycerol substrates. In contrast, 
we also show that the conserved glycine at position 229 is 
not essential for normal activity. We further show that de- 
letion of 18 of the 22 amino acids from this region yields 
a defective enzyme while two smaller partial deletions are 
well tolerated. These data indicate variability in the 
structure-function constraints of different loop residues 
and also suggest that the residues deleted from the loops 
of the active mutants contribute little to the structural in- 
tegrity of the interfacial binding region and the functional 
motifs of the active site. 

MATERIALS AND METHODS 

LPL mutagenesis 

Site-directed mutagenesis of the full-length LPL cDNA 
cloned into the CDM8 expression vector was carried out 
as described (24, 25) where the two-primer method of 
Zoller and Smith (26) was used. Mutagenic primers for 
the loop deletions were chosen to contain 15 or 18 bases 
flanking the section of cDNA to be deleted. The amino 
acid residues substituted in generating the missense mu- 
tations and those deleted in creating the loop variants are 
shown in Fig. 1. 

The I225+T substitution was created with primer (A) 
while the conserved glycine at position 229 (codon GGA) 
was substituted by lysine (AAA), proline (CCA), gluta- 
mine (CAA), and threonine (ACA) by using the degener- 
ate oligomer (B). Loop mutant LPLMl contained a dele- 
tion of 18 amino acids (-18 aa) being residues G219 to 
L236 and was generated using primer (C); mutant 
LPLM2 (-8 aa; residues V224 to G231) was generated by 
primer (D) and LPLMJ (- 2 aa; residues E227-R228) 
using primer (E). 

The nucleotide sequences of the 5 oligomers used were: 
(A). 5’-GCmECGCGTGACTAGAGAGAGGA-3’ (27 
bp); (B). 5 ’ -TGCAGAGAGA(C/A)(C/A)AC?TGGAGAGAT- 
3‘ (22 bp); (C). 5’-CAGCCAGGATGTAACATTI 
GTGAAGTGCTCCCACGAG-3’ (36 bp); (D). 5‘- 
ATlGAGAAGCTAn=CGC/GAmIGGACCAGCWGTG- 
3‘ (35 bp); and (E). 5’-AXCGCGTGATTGCA/ 

Mutant clones were detected by colony blot hybridiza- 
tion analysis using the mutagenesis oligomers as probes. 
All codon substitutions and deletions were confirmed by 
sequence analysis. 

Transfection of COS-1 cells 

GGACTTGGAGATGTG-3’ (31 bp). 

The mutant cDNAs were introduced into COS-1 cells 
by electroporation essentially as described (25). Cells were 
cultured for 48 h in DMEM/lO% FCS containing heparin 
at 40 pg/ml and then for 12 h in fresh medium containing 
heparin. Medium was removed, snap frozen, and stored 
at -7OOC. 
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DNA analysis 

Genomic DNA from the proband was subjected to 
PCR amplification of the coding sequence of each of the 
10 exons of the LPL gene (29). Each PCR-amplified exon 
was sequenced either directly or after cloning into a TA 
cloning vector (Invitrogen). Both strands were sequenced 
and DNA changes were confirmed by several rounds of 
repeat PCR and sequencing from different genomic DNA 
isolates. Nucleotide numbering is taken from that of the 
LPL cDNA sequence lodged in GenBank under accession 
number M15856. 

Analysis of secondary structure 

Secondary structure of the loop region of LPL was ana- 
lyzed using both the GCG programs and "Peptidestruc- 
ture" (30) running on a VAX computer or the SAGA!! 
protein sequence analysis software running under MSDOS 
(DISoft; 255 Thems House, 144 Battersea Park Rd, Lon- 
don SWll 4NB). Hydrophobic moments and hydropho- 
bicities were calculated using Eisenberg's consensus 
hydrophobicities (31) and a moving window of variable 
size. 
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Fig. 1. Amino acid sequence of the loop region of LPL. The isoleucine 
(I225), substituted by threonine in the proband, and the conserved gly- 
cine residue (G229), substituted by proline (P), threonine (T), glutamine 
(Q), and lysine (K), are boxed. Also shown are the sequences of the three 
loop deletion mutants with the deletion boundaries shown by dotted 
lines. 

Lipoprotein lipase activity and mass 

LPL activity against triacylglycerol substrates was 
measured using a radiolabeled triolein-phosphatidylcho- 
line emulsion as previously described (27). Results are 
given as nmol oleic acid/min per ml. The total medium 
volume per dish was 10 ml. LPL mass was measured by 
ELISA using the 5D2 monoclonal as the capture and con- 
jugated antibody (28). Results are expressed as ng/ml. 

Subject 

The proband was of Dutch ancestry and presented in 
early childhood with the classical features of LPL 
deficiency, including acute abdominal pain with pancre- 
atitis, chylomicronemia with a markedly elevated plasma 
triglyceride level of 25 mmol/l, and complete deficiency of 
LPL activity in postheparin plasma but a normal incre- 
mental mass level of 331 ng/ml. 

Computer modeling 

The crystallographic coordinates of human PL were 
kindly supplied by Dr. E Winkler (Central Research 
Unit, E Hoffman-La Roche, Bade). Molecular modeling 
was carried out using Biosym Insight I1 and Discover soft- 
ware on a silicon Graphics W-4D-35G workstation. To re- 
lax the high energy structures, the PL monomer and the 
mutant analogs were subjected to energy minimization 
and unrestrained molecular dynamics at 300 K for 10 
picoseconds and the resulting structure was minimized. 
Non-bonded cutoffs of 10 A were used in calculations. 
Deletions or amino acid replacements were made to the 
PL monomer to give the mutations that were homologous 
to LPL M1,2,3 and I225T. Comparative analysis of the 
primary sequence of PL with those of LPL and HL was 
carried out using the sequence alignment reported by 
Datta et al. (32). 

RESULTS 

DNA sequence analysis of the proband 

LPL exonic sequence was found to be normal except 
for two single-base transitions that altered the primary 
sequence of the enzyme. These were a previously reported 
substitution of Arg243 by His (33) and a new T - C  tran- 
sition at nucleotide position 929, converting the ATT 
codon for isoleucine at position 225, to the ACT codon of 
threonine (Fig. 2). Sequence determination of cloned 
PCR products showed that these mutations resided on al- 
ternate alleles, confirming compound heterozygosity in 
this patient. The T-C transition of the 1225-T substitu- 
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mass was present but only at 80% of the control value (53 
vs. 66 ng/ml; Fig. 3A). In contrast, transfection of LPL 
cDNA with each of the four residue 229 variants revealed 
values for mass and activity which were approximately 
50% of those obtained with the normal LPL cDNA tran- 
script. 

The LPL activity and mass levels in the medium of the 
COS-1 cells transfected with the loop deletion mutant 
cDNAs are given in Fig. 3B. Deletion of almost the entire 
22 amino acid loop region (mutant LPLM1; -18 aa; Fig. 
1) completely abolished catalytic activity towards the tri- 
olein substrate. In contrast, mutant LPLM2 containing a 
smaller 8-residue deletion, appeared to be unaffected as it 
showed 95% of control activity (60 vs. 63 nmol oleic 
acidlmin per ml). Mutant LPLM3 however, showing only 
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Fig. 2. Nucleotide sequence of a section of exon 5 from one LPL allele 
showing the T-C transition at position 929 resulting in the substitution 
of threonine for isoleucine at residue 225 in the loop region of LPL. 
Nucleotide and codon positions are taken from the published cDNA se- 
quence (5) under GenBank accession # M15856. 
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tion generates the CTGCAG palindrome of the restriction 
enzyme Pstl and can readily be detected by amplification 
of exon sequence by PCR, digestion with Pstl, and deter- 
mination of the fragment pattern by agarose electrophore- 
sis. This substitution occurs in exon 5 of the LPL gene 
and replaces one of the residues in the surface loop that 
covers the active site of the enzyme. 

Mutagenesis 

LPL activity and moss IeveLs. Medium from COS-1 cells 
transfected with the normal LPL cDNA revealed normal 
catalytic activity and mass while that from the cells trans- 
fected with the cDNA carrying the I225+T base transi- 
tion revealed significantly impaired catalytic activity 
(close to 10% of normal). However, LPL immunoreactive 

LPL L P L ~ ~  L P L ~ Z  L P L ~ J  
” 

(-1600) ( -600 )  ( - 2 0 0 )  

Fig. 3. LPL activity and mass levels in the 12-h culture media from 
COS-1 cells transfected with the normal human LPL cDNA and the 
mutated cDNAs. A: cDNAs carrying single amino acid substitutions at 
positions 225 and 229 in the loop region of LPL. B: cDNAs carrying de- 
letions for the loop mutants. Results are expressed as a percentage of the 
levels determined in the medium of cells transfected with the normal 
LPL cDNA. The actual values obtained are given in parentheses and are 
nmol oleic acidlmin per ml for lipase activity and ng/ml for enzyme 
mass. I, Ile; G, Gly; K, Lys; T, Thr; Q Gln; P, Pro. 
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a 2 amino acid deletion, was less active at 58% of control 
value (37 nmol oleic acid/min per ml). 

Secondary structure analysis 
The LPL loop. Predictions of secondary structure in the 

loop region of LPL vary remarkably depending on the 
specifics of the algorithm and implementation (Table 1). 

In comparative secondary structure predictions we 
used the SAGA! and GCG program to analyze the loop 
structures of HL and PL. While the predictions for HL 
were essentially similar to those for LPL, the predicted 
structures for PL differed significantly. This must reflect 
the greater homology between LPL and HL (54-59%; 
GCG “Distance” program) than between PL and either of 
the other two lipases (20-30%). Further, neither of the 
three programs predicted the conformation of the PL loop 
as actually revealed in the molecular model of PL based 
on X-ray diffraction data (15). 

DISCUSSION 
In this manuscript we report on the first naturally oc- 

curring mutation in the surface loop covering the active 
site of LPL. Although this finding indicates a critical re- 
quirement for residues in the region, this does not apply 
to all amino acids as we also show that a closely situated 
conserved glycine can be substituted without dramatically 
affecting catalytic activity. Furthermore, we demonstrate 
that the loop motif is required for normal function, as de- 
letion of most the motif destroys catalytic activity towards 
long-chain triacylglycerols. A completely intact loop is, 
however, not essential as partial deletions are relatively 
well tolerated. While this manuscript was being written 
two other reports on the activities of in vitro-generated 
loop mutants appeared in the scientific literature (35, 36). 
Both studies indicated that the loop region and secondary 
structure is critical for lipolysis. Here we have studied a 
different set of mutants and, in addition to confirming 
these findings, report on the importance of specific resi- 
dues and sections of the loop. 

The three-dimensional structures of unrelated lipid 
metabolizing enzymes such as lipases (15, 20-22), phos- 
pholipase A2 (39, 40), and cholesterol oxidase (41) have 
revealed the existence of several conserved structural 
motifs. All show a buried active site whose hydrophobic 
residues are shielded by a flexible surface loop. Access to 
the active site requires a conformational change through 
repositioning of the loop. While little is known about the 
mechanism of this repositioning, features such as hinge 
regions, amphipathic helices, and critical main domain 
interactions have been identified in the loop motifs of 
some enzymes (15,21, 23). Given the proposed complexity 
of function, it is perhaps surprising that the mutation 
described in this manuscript is the first detected in the 
loop section of LPL, particularly as LPL-deficient pa- 
tients have been extensively investigated worldwide and 
numerous mutations have been described with particular 
aggregation in exon 5 (Fig. 4). 

Our finding that deletion mutant LPLM1, in which the 
length of the loop has been reduced to 4 residues, has no 
catalytic activity towards triolein indicates the critical re- 
quirement for the loop in lipolysis of long-chain triacyl- 
glycerols. Similar findings were reported by Dugi et al. 
(36) for their loop mutant in which the entire motif had 
been replaced by the 4 amino acid loop of protein kinase 
C. Both these findings are in keeping with the results of 
earlier studies on purified bovine LPL (42) where it was 
shown that scission of the loop by tryptic cleavage at the 
exposed Arg228 (now known to be centrally positioned in 
the loop) resulted in an enzyme incapable of hydrolyzing 
long-chain triacylglycerols but retained activity towards 
short-chain esters. 

Removal of the entire loop region from the enzymes in 
the LPL/HL/PL family would not be expected to alter the 
alignment of the catalytic triad residues as they are not in 
contact with side chains of the loop residues. This was 
suggested by a study (36) of an inactive loop mutant, lack- 
ing almost the entire loop region, which was found to re- 
tain activity towards the short-chain ester tributyrin. 

TABLE 1. Predictions of secondary structure in the loop region of lipoprotein lipase 

Predictions Algorithm + Program 

216 225 239 

CNIG EA1 RV I AERGLGDVDQLVKC 

. . . . HHHHHHHHH . . . h h h h h h h . 
t t . . . . , . . . . t t t t t t B B B B B B .  
. . HHHBBBHHHHHHBBBBTBBBB. 
.HHHHHHHHHHTTTTHHHHHHHH. 

I I I 
LPL loop 

t t t  t t , . . . . t t t t t B B B .  . . . . . CF-SAGA!! 
CG-GCG peptide structure 
GOR-GCG peptide structure 
CF-not stated (35) 
GN - “Helwheel” program (36) 

~~ ~ ~ _ _  

H, strong alpha helix; t,  turn; ., random coil; h, weak alpha helix; B, beta sheet. CF, Chou-Fasman (34); GOR, 
Garnier-Osguthorpe-Robson (37); GN, Gamier-Novotny (38). 
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Fig. 4. Exons 5 and 6 of the LPL gene showing the 
regions coding for the amino acid residues of the loop 
motif. This motif comprises residues 217 to 238 and is 
depicted in black. Also shown are the locations of the 
described missense mutations in the LPL gene. Refer- 
ences to these mutations and others in the LPL gene 
are summarized in 8 and 9. 

Loop 
21 7 238 
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The molecular basis for the loss of catalytic activity in 
the LPLMl mutants is not clear. This may involve an es- 
sential requirement for the loop in the binding of sub- 
strate at the active site as suggested by Dugi et al. (36). 
Alternatively, it may involve a primary requirement for 
the loop in the conformational change of other segments 
of the molecule whose side chains are in intimate contact 
with the loop and which also hinder substrate access to the 
active site. This occurs in PL where the loop residues are 
in contact with the side chains of residues of two noncon- 
served loops (residues 75-79 and 212-216) (15) and likely 

also applies to the active site of LPL. Support in favor of 
the loop being involved in maintenance of the conforma- 
tion of other regions comes from our computer modelling 
studies of PL where removal of all but 4 residues of the 
loop induced a significant shift in the spatial orientation 
of an adjacent loop comprising residues 208 to 216 of PL 
(Fig. 5, A+B). It is possible that a simiiar alteration has 
occurred in the orientation of the adjacent loops in our in- 
active mutant LPLMl and that access to the catalytic site 
is permanently interrupted. It is equally feasible, however, 
that these loop-deficient mutants are inactive, as the loop 
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Fig. 5. 
access to the catalytic site (red) (A). 
of the adjacent loops, significantly alt 
alter the conformation of the channel to the catalytic triad (C). 

Molecular modeling of PL reveals the N and C terminal domains (yellow) and the loop (purple) linked by disulphide bonds (blue) shielding 
ions of PL homologous to the deletion of 18 amino acids in LPL induce a si@cant shift in orientation 
the channel to the active site (B). In contrast, deletion of 2 residues from PL does not appear to significantly 

Hmderson et a[. Mutation analysis and mutagenesis of the loop region of LPL 1599 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


* * * * 
Fig. 6. Amino acid sequence alignment of the loop 216 229 239 

262 

regions of human LPL, PL, and HL. The conserved 
glycine is boxed while asterisks mark positions of con- 
served hydrophobicity. The alignment is taken from 
Datta et al. (32) while residue numbering is taken 
from the cDNA-derived sequences for LPL ( 5 ) ,  PL 
(43), and HL (32). 254 

225 I L P L C N I G E A I R V I A E R G L G D V D  Q L V K C  

238 

23 1 

PL C K K N I L S Q I V D I D G I W E G T R D F A A C  

HL C E F L E L Y R H I A Q H G F N A I T  Q T I K C  

region is primarily involved in the binding of lipid sub- 
strates, and that this property is essential for access to the 
active site (36). 

The secondary structures of the loop motifs in LPL and 
HL are unknown at present. Although it is possible that 
these structures will be similar to that of the homologous 
PL, which has an extended conformation comprising a 
short apical helix with flanking sections of random coil 
(Fig. 5), several factors suggest a different secondary 
structure. First, sequence homology between the lipases 
over the loop regions is low as these sections show only a 
single amino acid identity with each other while 4 
residues only are homologous when hydrophobicity in- 
dexes are considered (Fig. 6). Secondly, in vitro mutagen- 
esis experiments involving the loop motif of LPL (35, 36) 
have shown that the entire loop of this enzyme can be 
replaced by that of HL without affecting catalytic activity. 
Interchange with that of the PL loop, however, produces 
an inactive chimeric protein. These features suggest 
divergent secondary structures for the loop regions of 
LPL and PL. 

To examine this further we compared the computer- 
derived predictions of secondary structure for the loop 
sections in all three enzymes (data not shown). We were 
unable, however, to draw any firm conclusions as the pre- 
dictions were found to vary for each lipase depending on 
the computational approach used and also none of the 
programs used actually predicted the conformation of the 
loop observed in the molecular model of PL derived from 
X-ray diffraction data. These predictions, however, were 
compatible with a similar loop geometry for LPL and HL 
which is distinctly different from that of PL. 

Prior mutagenesis studies in the loop region of LP (35, 
36) have demonstrated a critical requirement for main- 
tenance of periodicity and charge particularly in the prox- 
imal and distal segments of the LPL loop. Data from our 
patient support these findings as the I225T substitution 
occurs in the proximal section of the loop motif and lies 
within a triplet of hydrophobic residues (Table 1). The in- 
troduction of the hydrophilic hydroxyl group of threonine 
into this triplet presumably abolishes a critical hydropho- 
bic interaction of the loop residues with either the lipid 
substrate or the main domain of the molecule. 

To determine whether the entire loop is required for 

normal function, we generated two mutants, LPLMP and 
LPLM3, with partial deletions in this region. The intro- 
duced deletions spanned 8 and 2 residues, respectively, 
and involved the apical section of the loop and were de- 
signed to maintain the symmetry and net charge of the 
loop (Fig. 1). In contrast to the catalytically defective ac- 
tivity of LPL M1, both LPL M2 and LPL M3 were 
found to hydrolyze triolein, indicating that the N and C 
terminal sections of the loop are required for normal func- 
tion. Other loop deletion mutants have also previously 
been generated (35) but were found to be inactive. 
Although these deletions involved similar numbers of 
residues, those deleted were not sequential and were 
selected to maximally disrupt the secondary structure of 
the loop. These findings again point to the critical re- 
quirement for preferred structure in the loop of LPL. 

The near-normal functioning of mutants LPLM2 and 
LPLM3 indicate that the residues at the tip of the LPL loop 
do not form an indispensable part of the catalytic channel 
or active site motifs which are generated at the lipid-water 
interface. To further explore this interpretation we gener- 
ated a series of mutants carrying different substitutions at 
position 229 which lies within the apical region of the loop 
segments. Glycine is found at this position and was 
selected for substitution as it is the only amino acid con- 
served in the loop regions of the three lipases (Fig. 6). 
Conservation was presumed to indicate a requirement for 
conformational freedom particularly as the loop must 
undergo a conformational change during activation at the 
lipid-water interface. Residues of differing side chain 
chemistries were introduced and comprised proline, 
threonine, lysine, and glutamine. None of these substitu- 
tions yielded a significantly catalytically defective enzyme 
(Fig. 3A), indicating a high degree of tolerance for se- 
quence variation in the apical segment of the LPL loop. 
This finding further supports the possibility of redun- 
dancy in the apical section of the loop as revealed by the 
normal hnctioning of the partial deletion mutants. In 
contrast, the finding of the first naturally occurring muta- 
tion in the proximal section of the loop, together with the 
complete loss of catalytic activity following deletion of 18 
amino acids from the loop, supports the critical role for 
this region of the loop in maintaining normal catalytic 
function of LPL. 181111 

1600 Journal of Lipid Research Volume 34, 1993 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


The authors wish to thank Dr. Fritz Winkler (Hoffman- 
La Roche, Basle) for providing the crystallographic coordinates 
of human pancreatic lipase. We are grateful to Drs. Erkelens and 
Bruin of the Academic Hospital (University of Utrecht) for al- 
lowing us to study their patients. The financial assistance of the 
Heart and Stroke Foundation of British Columbia and Yukon, 
the Canadian Genetic Diseases Network, the Medical Research 
Councils of Canada and South Africa and the University of 
Cape Town (UCT), and NIH Grant DK02456 is gratefully ac- 
knowledged. JJPK is a clinical investigator of the Dutch Heart 
Foundation. H H  is a visiting scientist from UCT, YM is an 
MRC (Canada) postdoctoral research fellow and MRH is an es- 
tablished investigator of the BC Children’s Hospital. 
Manum$ received 15 Februav 1993 and in miredfonn 26 April 1993. 

REFERENCES 

1. Terpstra, l?, and A. B. Geert. 1988. Homology of 
Drosophila yolk proteins and the triacylglycerol lipase fam- 
ily. J.  Mol. Biol. 202: 663-665. 

2. Kirchgessner, T. G., J. C. Chuat, C. Heinzmann, J. 
Etienne, S. Guilhot, K. Svensen, D. Ameis, C. Pilon, L. 
D’Auriol, A. Andalabi, M. C. Schotz, F. Galibert, and A. J. 
Lusis. 1989. Organization of the lipoprotein lipase gene and 
evolution of the lipase family. Proc. Natl. had. Sci. USA. 86: 

Semenkovich, C. F., S. H. Chen, M. Wims, C. C. LUO, W. 
H. Li, and L. Chan. 1989. Lipoprotein lipase and hepatic 
lipase mRNA tissue specific expression, developmental 
regulation, and evolution. J.  Lipid Res. 30: 423-431. 

4. Persson, B., G. Bengtsson-Olivecrona, S. Enerback, T. 
Olivecrona, and H. Jornvall. 1989. Structural features of 
lipoprotein lipase: lipase family relationships, binding in- 
teractions, non-equivalence of lipase cofactors, vitellogenin 
similarities and functional subdivision of lipoprotein lipase. 
Eur. J.  Biochem. 179: 39-45. 

5. Wion, K. L., T. G. Kirchgessner, A. J. Lusis, M. C. Schotz, 
and R. M. Lawm. 1987. Human lipoprotein lipase com- 
plementary DNA sequence. Science. 235: 1638-1641. 

6. Senda, M., K. Oka, W. V. Brown, F’. K. Qasba, and Y. 
Furuichi. 1987. Molecular cloning and sequence of a cDNA 
coding for bovine lipoprotein lipase. Proc. Natl. had. Sci. 

7.  Kirchgessner, T. D., K. L. Svensen, A. J. Lusis, and M. C. 
Schotz. 1987. The sequence of cDNA encoding lipoprotein 
lipase; a member of a lipase gene family. J Biol. Chem. 262: 

8. Hayden, M. R., and Y. Ma. 1992. Molecular genetics of 
human lipoprotein lipase deficiency. Mol. Cell Biochem. 113: 

9. Santamarina-Fojo, S. 1992. Genetic dyslipoproteinemia: 
role of lipoprotein lipase and apolipoprotein C-11. Cum 
Opin. Lipidol., 3: 86. 

10. Derewenda, Z. S., and C. Cambillau. 1991. Effects of gene 
mutations in lipoprotein and hepatic lipases as interpreted 
by a molecular model of the pancreatic triglyceride lipase. 
J.  Biol. Chem. 266: 23112-23119. 
Faustinella, E, L. C. Smith, C. E Semenkovich, and L. 
Chan. 1991. Structural and functional roles of highly con- 
served serines in human lipoprotein lipase. J.  Biol. Chem. 

12. Ma, Y., T. Bruin, S. Tuzgo, B. I. Wilson, G. Roederer, S. L. 
Ming, J. Davignon, J. P. Kastelein, J. D. Brunzell, and 

9647-9651. 
3. 

USA. 84: 4369-4373. 

8463-8466. 

171-176. 

11. 

266: 9481-9485. 

M. R. Hayden. 1992. Two naturally occurring mutations at 
the first and second bases of codon aspartic acid 156 in the 
proposed catalytic triad of human lipoprotein lipase. J. Biol. 

13. Davis, R. C., G. Stanke, H. Wong, M. H. Doolittle, D. 
Ameis, H. Will, and M. C. Schotz. 1990. Hepatic lipase: 
site-directed mutagenesis of a serine residue important f w  
catalytic activity. J.  Biol. Chem. 265: 6291-6295. 

14. Wong, H., R. C. Davis, J. Nikazy, K. E. Seebart, and 
M. C. Schotz. 1991. Domain exchange: characterization of 
a chimeric lipase of hepatic lipase and lipoprotein lipase. 
Pmc. Nad had. Sci. USA. 88: 11290-11294. 

15. Winkler, F. K., A. D h c y ,  and W. Hunziker. 1990. Struc- 
ture of human pancreatic lipase. Nature. 343: 771-774. 

16. van Tilbeurgh, H., L. Sarda, R. Verger, and C. Cambillau. 
1992. Structure of the pancreatic lipase-procolipase com- 
plex. Nature. 359: 159-162. 

17. Kugimiya, W., Y. Otani, Y. Hashimoto, and Y. Takagi. 
1986. Molecular cloning and nucleotide sequence of the 
lipase gene from Pseudomonus fmg; Biochem. Biopbs. Res. 
Commun. 141: 185-190. 

18. Holm, C., T. G. Kirchgessner, K. L. Svenson, G. Fredrick- 
son, S. Nilsson, C. G. Miller, J. E. Shively, L. Heinzman, 
R. S. Sparkes, T. Mohandas, A. J. Lusis, P. Belfrage, and 
M. C. Schotz. 1988. Hormone sensitive lipase: sequence, 
expression and chromosome localisation to 19 cent-q 13.3. 
Science. 241: 1503-1506. 

19. Derewenda, Z. S., and U. Derewenda. 1991. Relationships 
among serine hydrolases: evidence for a common structural 
motif in triacylglyceride lipases and esterases. Biochem. Cell. 
Biol. 6 9  842-851. 

20. Brady, L., A. M. Brzozowski, Z. S. Derewenda, E. Dodson, 
G. Dodson, S. Tolley, J. P. Turkenburg, L. Christiansen, B. 
Huge-Jensen, L. Norskov, L. Thim, and U. Menge. 1990. 
A serine protease triad forms the catalytic centre of a tri- 
acylglycerol lipase. Nature. 343: 767-770. 

21. Derewenda, U., A. M. Brzozowski, D. M. Lawson, and 
Z. S. Derewenda. 1992. Catalysis at the interface: the anat- 
omy of a conformational change in a triglyceride lipase. 
Biochistty.  31: 1532-1541. 

22. Schrag, J. D., Y. Li, S. Wu, and M. Cyglar. 1991. Ser- 
His-Glu triad forms the catalytic site of the lipase from 
Geotrichum candidum. Nature. 351: 761-764. 

23. Brzozowski, A. M., U. Derewenda, Z. S. Derewenda, G. G. 
Dodson, D. M. Lawson, J. P. Turkenburg, E Bjorkling, B. 
Huge-Jensen, S. A. Patkar, and L. Thim. 1990. A model for 
interfacial activation in lipases from the structure of a fun- 
gal lipase-inhibitor complex. Nature. 351: 491-494. 

24. Ma, Y., H. E. Henderson, M. R. Ven Murthy, G. 
Roederer, M. V. Monsalve, L. A. Clarke, T. Normand, P. 
Julien, C. Gagne, M. D. Lambert, J. Davignon, P. J. 
Lupien, J. D. Brunzell, and M. R. Hayden. 1991. A muta- 
tion in the lipoprotein lipase gene as the most common 
cause of familial chylomicronemia in French Canadians. 
A? Engl. J.  Med 324: 1761-1766. 

25. Zoller, S., and M. Smith. 1987. Oligonucleotide-directed 
mutagenesis: a simple method using two oligonucleotide 
primers and a single stranded DNA template. Methodr 
Enzymol. 154: 329-350. 

26. Henderson, H. E., Y. Ma, M. F. Hassan, M. V. Monsalve, 
A. D. Marais, E Winkler, K. Gubemator, J. Peterson, J. D. 
Brunzell, and M. R. Hayden. 1991. Amino acid substitu- 
tion (Ilel94-Thr) in exon 5 of the lipoprotein lipase gene 
causes lipoprotein lipase deficiency in three unrelated pro- 
bands: support for a multicentric origin. J.  Cfin. Invest. 87: 

C h  267: 1918-1923. 

2005-2011. 

Henderson et al. Mutation analysis and mutagenesis of the loop region of LPL 1601 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


27. Iverius, P. H., and J. D. Brunzell. 1985. Human adipose tis- 
sue lipoprotein lipase: changes with feeding and relation- _ _  - - 
ship to post heparin plasma enzyme. J.  Physiol. 249: 
E107-El14. 

28. Babirak, S. P., P. H. Iverius, W. Y. Fujimoto, and J. D. 
Brunzell. 1989. The detection and characterisation of the 
heterozygous state for lipoprotein lipase deficiency. Arterio- 
sclerosis. 9: 3 2 6- 3 3 4. 

29. Monsalve, M. V., H. E. Henderson, G. Roederer, P. Julien, 
S. Deeb, J. J. P. Kastelein, L. Peritz, R. Devlin, T. Bruin, 
M. R. Ven Murthy, C. Gagne, J. Davignon, P. Lupien, 
J. D. Brunzell, and M. R. Hayden. 1990. A missense muta- 
tion at codon 188 of the human lipoprotein lipase gene is 
a frequent cause of lipoprotein lipase deficiency in persons 
of different ancestries. J.  Clin. Invest. 86: 728-734. 

30. Devereux, J., P. Haeberli, and 0. Smithies. 1984. A com- 
prehensive set of sequence analysis programs for the VAX. 
Nucleic Acih Res. 12: 387-395. 

31. Eisenberg, D. 1984. The three-dimensional structure of 
membrane and surface proteins. Annu. Rev. Biochem. 53: 

32. Datta, S., C. C. Luo, W. H. Li, P. van Tuinen, D. H. 
Ledbetter, M. A. Brown, S. H. Chen, S. W. Liu, and L. 
Chan. 1988. Human hepatic lipase. J.  Biol. Chem. 263: 

33. Ma, Y., M-S. Liu, D. Chitayat, T. Bruin, U. Bieseigel, P. 
Benlian, L. Foubert, J-L. De Gennes, H. Funke, I. 
Forsythe, S. Blaichman, M. Papanikolaou, D. W. Erkelens, 
J. J. P. Kastelin, J. D. Brunzell, and M. R. Hayden. 1993. 
Recurrent missense mutations at the first and second base 
of codon Arg243 in human lipoprotein lipase in patients of 
different ancestries. Hum. Mutut. In press. 

34. Chou, P. Y., and G. D. Fasman. 1978. Empirical predic- 

595-623. 

1107-1110. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

tions of protein conformation. Annu. R ~ D .  Biochem. 47: 

Faustinella, F., L. C. Smith, and L. Chan. 1992. Functional 
topology of a surface loop shielding the catalytic centre in 
lipoprotein lipase. Biochktry. 31: 7219-7223. 
Dugi, K. A., H. L. Dichek, G. D. Talley, H. B. Brewer, Jr., 
and S. Santamarina-Fojo. 1992. Human lipoprotein lipase: 
the loop covering the active site is essential for interaction 
with lipid substrates. J.  Bioi. Chem. 267: 25086-25091. 
Garnier, J., D. J. Osguthorpe, and B. Robson. 1978. Analy- 
sis of the accuracy and implications of simple methods of 
predicting the secondary structure of globular proteins. 
J.  Mol. Biol. 1 2 0  97-120. 
Novotny, J., and C. Auffray. 1984. A program for prediction 
of protein secondary structure from nucleotide sequence 
data: application to histocompatibility antigens. Nucleic 
Acidr Res. 12: 243-255. 
White, S. P., D. L. Scott, Z. Otwinowski, M. H. Gelb, and 
P. B. Sigler. 1990. Crystal structure of cobra-venom phos- 
pholipase A2 in a complex with a transition-state analogue. 
Science. 250: 1560-1566. 
Scott, D. L., S. P. White, Z. Otwinowski, W. Yuan, M. H. 
Gelb, and P. B. Sigler. 1990. Interfacial catalysis: the 
mechanism of phospholipase A2. Science. 2 5 0  1541-1546. 
Vrielink, A., L. F. Loyd, and D. M. Blow. 1991. Crystal 
structure of cholesterol oxidase from Brcvibactm'um stmlicum 
refined at 1.8 A resolution. J.  Mol. Biol. 2 1 9  533-554. 
Bengtsson-Olivecrona, G., T. Olivecrona, and H. Jornvall. 
1986. Lipoprotein lipases from cow, guinea pig and man: 
structural characterization and identification of protease- 
sensitive internal regions. Eur. J.  Biochem. 161: 281-288. 
Lowe, M. E., J. L. Rosenblum, and A. W. Strauss. 1989. 
Cloning and characterization of human pancreatic lipase 
cDNA. J.  Biol. Chem. 264: 20042-20048. 

251-276. 

1602 Journal of Lipid Research Volume 34, 1993 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

