
es analoaous to the one described here occur " 
with other transposable elements, then the 
proposed excision-loss mechanism could ex- 
plain unusual patterns in the distribution 
and ab~lndance of transposable elements 
among related species (12). 
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Human Lipoprotein Lipase Complementary DNA 
Sequence 

Lipoprotein lipase is a key enzyme of lipid metabolism that acts to hydrolyze 
triglycerides, providing free fatty acids for cells and affecting the maturation of 
circulating lipoproteins. It has been proposed that the enzyme plays a role in the 
development of obesity and atherosclerosis. The human enzyme has been difficult to 
purify and its protein sequence was heretofore undetermined. A complementary DNA 
for human lipoprotein lipase that codes for a mature protein of 448 amino acids has 
now been cloned and sequenced. Analysis of the sequence indicates that human 
lipoprotein lipase, hepatic lipase, and pancreatic lipase are members of a gene family. 
Two distinct species of lipoprotein lipase messenger RNA that arise from alternative 
sites of 3'-terminal polyadenylation uTere detected in several different tissues. 

L IPOPROTEIN LIPASE (LPL) PLAYS A 

major role in the regulation of lipid 
metabolism. Its primary function is 

the hydrolysis of the core triglycerides of 
circulating chylomicrons and very lour den- 
sity lipoproteins (VLDL). In a broader 
sense, LPL affects the maturation of several 
classes of lipoprotein particles and map fa- 
cilitate the transfer of cholesteryl esters to 
endothelial cells. Thus, the fate of plasma 
cholesterol, as well as triglycerides, depends 
on the proper function of LPL. Lipoprotein 
lipase is synthesized in parenchymal cells of 
Inany tissues, but functions on the lunlinal 
surface of vascular endothelium. where it is 

dietary or endogenous triglycerides to  
monoglycerides and free fatty acids, which 
are taken up by cells for oxidation (muscles) 
or storage (adipose). The enzymatic activity 
is regulated bp nutrients and hormones to 
allow tissues to respond to energy require- 
ments and storage needs ( I ) .  T o  obtain new 
insight into structural, regulatory, and ge- 
netic features of LPL, we have cloned and 
sequenced LPL complementary DNA 
(cDNA) derived from human adipose tis- 
sue. 

LPI, clones from a mouse macrophage 
cDNA libray were identified by screening 
with antibodies to bovlne milk LPL 121. We 

anchored by a membrane-bound glycos- used a 500-base pair (bp) mouse partial 
aniinoglycan chain. In the presence of the cDNA clone to identie clones from a hu- 
cofactor apoliprotein C-11, LPL hydrolyzes man adipose tissue cDNA library (3). Se- 

- - 

quence analysis of overlapping cDNA clones 
yielded the DNA and predicted protein 
sequence of the 448-amino acid LPL pro- 
tein, which is preceded by a 27-residue 
prepeptide (Fig. 1). 

The human LPL cDNA clones that were 
initially sequenced (designated LPL35 and 
LPL37) contain 174 bp of 5' and 1556 bp 
of 3' untranslated sequence and contain 
3155 bp overall. The poly(A) tail is preced- 

%TO \\~honi reprint requests should be addressed. ed by the common polyadenylation signal 

AATAA&%. However, when cloned LPL 
cDNA was radiolabeled and hybridized to 
poly(A)' RNA derived from several hum'm 
tissues, nvo bands of roughly equal intensity 
were seen in each positive tissue (Fig. 2). 
The hvo RNA species are approximately 
3350 and 3750 nucleoticies in length. The 
LPL messenger LXA (mRNAj is seen most 
abundantly in adipose and adrenal tissues, in 
moderate intensity in kidney and intestine, 
and in barely detectable amounts in pancreas 
and placenta. We did not detect LPL 
mRNA in liver, HepG2 (hepatoc).te) ceIls, 
or white blood cells. 

The two different sized RNA species 
might be due to alternative sites of poly- 
adenylation, splicing, or transcription initia- 
tion of the RNA. Several experiments were 
undertaken to address these possibilities. 
Oligonucleotide-primed cDNA synthesis of 
adipose mRNA suggested that only one 5' 
end of the message occurs at about 175 
nucleotides upstream of the translation initi- 
ation codon. This is about 39 nucleotides 
farther 5' than the beginning of the cDNA 
sequence shon~n in Fig. 1. To explore the 
possibilit\: of alternative splicing, which 
could affect the protein coding portions of 
the mRNA, we subjected nine independent 
LPL cIlNA clones to restriction enzvme 
analysis. The only differences seen could be 
attributed to the clones being of various 
lengtl-is. The issue was resolved-by the even- 
tual isolation of clones that extended farther 
in the 3' direction. The original cDNA 
library was rescreened with a 210-bp restric- 
tion fragment derived from the 3' terminus 
of clone LPL37. This fragment was used as 
a probe because eight of the nine originally 
characterized LPL clones were found to 
terminate within or near a stretch of ten 
adenosine residues contained within the 3' 
untranslated region. This oligo(A) stretch is 
not a true poly(A) tail; no polyadenylation 
signal sequence precedes it and clone LPL37 
extends through this region and terminates 
farther downstream in a poly(A) tail. This 
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sequence apparently serves as a site for oli- 
go(dT) priming of reverse transcriptase, and 
is thus an impediment to extended synthesis 
of cDNA clones that begin at the true 
poly(A) tail or tails. Screening with the 
restriction fragment probe yielded numer- 
ous clones containing the 3 '  region of LPL 
cDNA. The sequence of clone LPL46 over- 
laps the sequence of LPL37 but is polyade- 
nvlated 395 nucleotides farther down- 
stream. The polyadenylation sequence AA- 
TAAA also precedes this alternative site of 
polyadenylation (Fig. 1). These results dem- 
onstrate that the two LPL hybridizing 
mRNAs of roughly 3350 and 3750 nucleo- 
tides represent LPL message terminating at 
roughly equal frequency at polyadenylation 
sites separated by 395 nucleotides. Hence, 
the total cDNA sequence of 3550 bp shown 
in Fig. 1 representi all but approximately 39 
nucleotides of 5' untranslated sequence of 
the two mRNA species, plus poly(A) tails of 
several hundred nucleotides located at either 
one of two alternative 3' termini. 

The first ATG of the cDNA clone initiates 
an open reading frame coding for a 475- 
amino acid protein. The amino terminus of 
the mature protein was determined by com- 
parison of the cDNA sequence with 19 
residues of amino-terminal protein sequence 
of human LPL purified from plasma treated 
with heparin (4). The human protein se- 
quence begins with Ala-Asp-Gln and con- 

Fig. 1. DNA sequence analysis of human lipopro- 
tein lipase cDNA. DNA sequence was determined 
by dideoxy chain termination methods (14). Nu- 
cleotides (left of each row) are numbered from the 
5' terminus of the cDNA clone LPL35. The 
complete predicted amino acid sequence of LPL is 
shown below the DNA sequence. Negative amino 
acid numbers refer to the predicted leader prepep- 
tide; positive numbers refer to the mature protein. 
The mature amino terminus (boxed in) is posi- 
tioned by agreement with 19 amino-terminal 
residues of human LPL reported by Bengtsson- 
Olivecrona and colleagues (4). The predicted N- 
linked glycosylation sites are underlined and ami- 
no acids in common with the interfacial binding 
site of porcine pancreatic lipase are marked below 
by an asterisk. Double underlines indicate the 
conserved poly(A) signal hexanucleotide that pre- 
cedes the two alternative sites of polyadenylation, 
which occur at nucleotides 3155 and 3550 (indi- 
cated by asterisks). Two sequenced clones con- 
tained poly(A) tails at nucleotide 3155. In con- 
trast, clone LPL46 has a single A residue at 
position 3155 and extends downstream to a po- 
ly(A) tail at 3550. The sequence shown is the 
composite of overlapping clones LPL35, LPL37, 
and LPL46. Three apparent sequence polymor- 
phism~ were discovered in the 3' untranslated 
region: the nucleotides marked by closed circles 
are A rather than G (nucleotide 1611), C rather 
than T (2743), and G rather than A (2851). As 
discussed in the text, many cDNA clones termi- 
nated in the region of ten consecutive A residues 
in the 3' untranslated region, which is marked by 
an open circle. 

tains 18 of 19  residues that agree with the vine LPL. Thereafter, residues 6 to 17  of 
cDNA sequence. The mature -amino termi- human LPL can be aligned with residues 8 
nus is preceded by an apparent signal pep- 
tide of 27 amino acids. This prepeptide 
consists of the typical hydrophobic core 
bounded by charged residues, which is 
cleaved from the mature protein after the 
second of three consecutive alanine residues. 
The amino-terminal residues and the se- 
quence of ten different tryptic peptides of 
bovine milk LPL have been reported (5 ) .  
The amino termini of human and bovine 
milk LPL have diverged more than the rest 
of the molecule. The first five residues of the 
human mature protein sequence do not 
resemble the amino-terminal residues of bo- 

to 19  of bovine  with only one mis- 
match. Overall, bovine and human LPL 
show almost total sequence conservation. Of 
the 139 amino acids identified in the bovine 
tryptic fragments (excluding the amino ter- 
minus), 134 (96%) are identical with their 
counterparts in the human protein. Presum- 
ably this reflects strong evolutionary pres- 
sure to maintain the structure of the en- 
zyme. 

The human cDNA sequence predicts a 
translated molecular weight of 50,394 for 
the mature protein. If one takes into account 
the estimated carbohydrate content, this is 

1 CCCCTCTTCCTCCTCCTCAAGGGAAAGCTGCCCACTTCTAGCTGCCCTGCCATCCCCTTTAAAGGGCGACTTGCTCAGCGCCAAACCGCGGCTCCAGCCC 

101 TCTCCAGCCTCCGGCTCAGCCGGCTCATCAGTCGGTCCGCGCCTTGCAGCTCCTCCAGAGGGACGCGCCCCGAG ATG GAG AGC AAA GCC CTG 
-27 Met Glu Ser Lys Ale. Leu 

193 CTC GTG CTG ACT CTG GCC GTG TGG CTC CAG AGT CTG ACC GCC TCC CGC GGA GGG GTG GCC GCC GCC GAC CAA AGA 
-21 Leu Val Leu Thr Leu Ala Val Trp Leu Gln Ser Leu Thr Ala Ser Arg Gly Gly Val Ala Ala m A s p  Gln Arg 

268 AGA GAT TTT ATC GAC ATC GAA AGT AAA TTT GCC CTA AGG ACC CCT GAA GAC ACA GCT GAG GAC ACT TGC CAC CTC 
5 Arg Asp Phe Ile Asp Ile Glu Ser Lys Phe Ala Leu Arg Thr Pro Glu Asp Thr Ala Glu Asp Thr Cys H i s  Leu 

343 ATT CCC GGA GTA GCA GAG TCC GTG GCT ACC TGT CAT TTC AAT CAC AGC AGC AAA ACC TTC ATG GTG ATC CAT GGC 
30 Ile Pro Gly Val Ala Glu Ser Val Ala Thr Cys H i s  Phe Asn H i s  Ser Ser Lys Thr Phe Met Val Ile H i s  Gly 

418 TGG ACG GTA ACA GGA ATG TAT GAG AGT TGG GTG CCA AAA CTT GTG GCC GCC CTG TAC AAG AGA GAA CCA GAC TCC 
55 Trp Thr Val Thr Gly Met Tyr Glu Ser Trp Val Pro Lys Leu Val Ala Ala Leu Tyr Lys Arg Glu Pro Asp Ser 

493 AAT GTC ATT GTG GTG GAC TGG CTG TCA CGG GCT CAG GAG CAT TAC CCA GTG TCC GCG GGC TAC ACC AAA CTG GTG 
80 ASn Val Ile Val Val Asp Trp Leu Ser Arg Ala Gln Glu H i s  Tyr Pro Val Ser Ala Gly Tyr Thr Lys Leu Val 

568 GGA CAG GAT GTG GCC CGG TTT ATC AAC TGG ATG GAG GAG GAG TTT AAC TAC CCT CTG GAC AAT GTC CAT CTC TTG 
105 Gly Gln Asp Val Ala Arg Phe Ile Asn Trp Met Glu Glu Glu Phe Asn Tyr Pro Leu Asp Asn Val H l s  Leu Leu * * *  
643 GGA TAC AGC CTT GGA GCC CAT GCT GCT GGC ATT GCA GGA AGT CTG ACC AAT AAG AAA GTC AAC AGA ATT ACT GGC 
130 Gly Tyr Ser Leu Gly Ala H i s  Ala Ala Gly Ile Ala Gly Ser Leu Thr Asn Lys Lys Val Asn Arg Ile Thr Gly * * *  * * * * * * 
718 CTC GAT CCA GCT GGA CCT AAC TTT GAG TAT GCA GAA GCC CCG AGT CGT CTT TCT CCT GAT GAT GCA GAT TTT GTA 
155 Leu Asp Pro Ala Gly Pro Asn Phe Glu Tyr Ala Glu Ala Pro Ser Arg Leu Ser Pro Asp Asp Ala Asp Phe Val 

793 GAC GTC TTA CAC ACA TTC ACC AGA GGG TCC CCT GGT CGA AGC ATT GGA ATC CAG AAA CCA GTT GGG CAT GTT GAC 
180 Asp Val Leu H i s  Thr Phe Thr Arg Gly Ser Pro Gly Arg Ser Ile Gly Ile Gln Lys Pro Val Gly His Val Asp 

868 ATT TAC CCG AAT 
205 Ile Tyr Pro Asn 

GGA 
Gly 

GGT ACT TTT CAG CCA GGA 
Gly Thr Phe Gln Pro Gly 

TGT 
CYS 

AAC ATT GGA GAA GCT 
Asn Ile Gly Glu Ala 

ATC 
Ile 

CGC GTG ATT GCA GAG AGA GGA 
Arg Val Ile Ala Glu Arg Gly 

943 CTT GGA GAT GTG GAC CAG CTA GTG AAG T ~ C  TCC CAC GAG CGC TCC ATT CAT CTC TTC ATC GAC TCT CTG TTG AAT 
230 Leu Gly Asp Val Asp Gln Leu Val Lys Cys Ser H i s  Glu Arg Ser Ile H i s  Leu Phe Ile Asp Ser Leu Leu Asn 

1018 GAA GAA AAT CCA AGT AAG GCC TAC AGG TGC AGT TCC AAG GAA GCC TTT GAG AAA GGG CTC TGC TTG AGT TGT AGA 
255 Glu Glu Asn Pro Ser Lys Ala Tyr Arg Cys Ser Ser Lys Glu Ala Phe Glu Lys Gly Leu Cys Leu Ser Cys Arg 

1093 AAG AAC CGC TGC AAC AAT CTG GGC TAT GAG ATC AAT AAA GTC AGA GCC AAA AGA AGC AGC AAA ATG TAC CTG AAG 
280 Lys Asn Arg Cys Asn Asn Leu Gly Tyr Glu Ile Asn Lys Val Arg Ala Lys Arg Ser Ser Lys Met Tyr Leu Lys 

1168 ACT CGT TCT CAG ATG CCC TAC AAA GTC TTC CAT TAC CAA GTA AAG ATT CAT TTT TCT GGG ACT GAG AGT GAA ACC 
305 Thr Arg Ser Gln Met Pro Tyr Lys Val Phe H i s  Tyr Gln Val Lys Ile H i s  Phe Ser Gly Thr Glu Ser Glu Thr 

1243 CAT ACC AAT CAG GCC TTT GAG ATT TCT CTG TAT GGC ACC GTG GCC GAG AGT GAG AAC ATC CCA TTC ACT CTG CCT 
330 H i s  Thr Asn Gln Ala Phe Glu Ile Ser Leu Tyr Gly Thr Val Ala Glu Ser Glu Asn Ile Pro Phe Thr Leu Pro 

1318 GAA GTT TCC ACA AAT AAG ACC TAC TCC TTC CTA ATT TAC ACA GAG GTA GAT ATT GGA GAA CTA CTC ATG TTG AAG 
355 Glu Val Ser Thr Asn Lys Thr Tyr Ser Phe Leu Ile Tyr Thr Glu Val Asp Ile Gly Glu Leu Leu Met Leu Lys 

1393 CTC AAA TGG AAG AGT GAT TCA TAC TTT AGC TGG TCA GAC TGG TGG AGC AGT CCC GGC TTC GCC ATT CAG AAG ATC 
380 Leu Lys Trp Lys Ser Asp Ser Tyr Phe Ser Trp Ser Asp Trp Trp Ser Ser Pro Gly Phe Ala Ile Gln Lys Ile 

1468 AGA GTA AAA GCA GGA GAG ACT CAG AAA AAG GTG ATC TTC TGT TCT AGG GAG AAA GTG TCT CAT TTG CAG AAA GGA 
405 Arg Val Lys Ala Gly Glu Thr Gln Lys Lys Val Ile Phe Cys Ser Arg Glu Lys Val Ser H l s  Leu Gln Lys Gly 

1543 AAG GCA CCT GCG GTA TTT GTG AAA TGC CAT GAC AAG TCT CTG AAT AAG AAG TCA GGC TGA 
430 Lys Ala Pro Ala Val Phe Val Lys Cys H i s  Asp Lys Ser Leu Asn Lys Lys Ser Gly End 

AACTGGGCGAATCTACAGA 

1622 ACAAAGAACGGCATGTGAATTCTGTGAAGAATGAAGTGGAGGAAGTAACTTTTACAAAACATACCCAGTGTTTGGGGTGTTTCAAAAGTGGATTTTCCTG 

1722 AATATTAATCCCAGCCCTACCCTTGTTAGTTATTTTAGGAGACAGTCTCAAGCACTAAAAAGTGGCTAATTCAATTTATGGGGTATAGTGGCCAAATAGC 

1822 ACATCCTCCAACGTTAAAAGACAGTGGAAAAGTGAAAAGTGCTGTTTTGTCCTTTGAGAAAGAAATAATTGTTTGAGCGCAGAGTAAAATAAGGCTCCTTC 

1922 ATGTGGCGTATTGGGCCATAGCCTATAATTGGTTAGAACCTCCTATTTTAATTGGAATTCTGGATCTTTCGGACTGAGGCCTTCTCAAACTTTACTCTAA 

2022 GTCTCCAAGAATACAGAAAATGCTTTTCCGCGGCACGAATCAGACTCATCTACACAGCAGTATGAATGATGTTTTAGAATGATTCCCTCTTGCTATTGGA 

2122 ATGTGGTCCAGACGTCAACCAGGAACATGTAACTTGGAGAGAGGGACGAAGAAAGGGTCTGATAAACACAGAGGTTTTAAACAGTCCCTACCATTGGCCTGC 

2222 ATCATGACAAAGTTACAAATTCAAGGAGATATAAAATCTAGATCAATTAATTCTTAATAGGCTTTATCGTTTATTGCTTAATCCCTCTCTCCCCCTTCTT 

2322 TTTTGTCTCAAGATTATATTATAATAATGTTCTCTGGGTAGGTGTTGAAAATGAGCCTGTAATCCTCAGCTGACACATAATTTGAATGGTGCAG~AAAAA 

2522 GGTCATGCTTCAGTTGTACTTCCAGTGCGTCTCTTTTGTT~~TGG~TTTGA~ATGAAAAGATAGGTTTGAGTT~AAATTTTG~ATTGTGTGAG~TT~TA~ 

2622 AGATTTTAGACAAGGACCGTTTTTACTAAGTAAAAGGGTGGAGAGGTTCCTGGGGTGGATTCCTAAGCAGTGCTTGTAAACCATCGCGTGCAATGAGCCA 

2722 GATGGAGTACCATGAGGGTTGTTATTTGTTGTTTTTAACAACTAATCAAGAGTGAGTGAACAACTATTTATAAACTAGATCTCCTATTTTTCAGAATGCT 

2822 CTTCTACGTATAAATATGAAATGATAAAGATGTCAAATATCTCAGAGGCTATAGCTGGGAACCCGACTGTGAAAGTATGTGATATCTGAACACATACTAG 

2922 AAAGCTCTGCATGTGTGTTGTCCTTCAGCATAATTCGGAAGGGAAAACAGTCGATCAAGGGATGTATTGGAACATGTCGGAGTAGAAATTGTTCCTGATG 

3022 TGCCAGAACTTCGACCCTTTCTCTGAGAGAGATGATCGTGCCTATAAATAGTAGGACCAATGTTGTGATTAACATCATCAGGCTTGGAATGAATTCTCTC. 

3122 TAAAUATGATGTATGATTTGTTGTTGGCATCCCCTTTATTAATTCATTAAATTTCTGGATTTGGGTTGTGACCCAGGGTGCATTAACTTAAAAGA - * 
3222 TTCACTAAAGCAGCACATAGCACTGGGAACTCTGGCTCCGAAAAA~TTTGTTATATATAT~AAGGATGTT~TGG~TTTA~ATTTTATTTATTAG~TGTAA 

3322 ATACATGTGTGGATGTGTAAATGGAGCTTGTACATATTGGAAAGGTCATTGTGGCTATCTGCATTTATAAATGTGTGGTGCTAACTGTATGTGTCTTTAT 

3422 CAGTGATGGTCTCACAGAGCCAACTCACTCTTATGAAATGGGCTTTAACAAAACAAGAAAGAAACGTACTTAACTGTGTGAAGAAATGGAATCAGCTTTT 
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1 2 3 4 5 6 1 8 9  Fig. 2. RNA Northern blot hybridization. 
Poly(A)+ mRNA (5 pg) was isolated from frozen 
human tissue or cell samples and subjected to 
elccwphoresis in a 1% asmse, 6% formalde- 
hyde &I, trar&crccd to ni&ellul&, and hybrid- 
ized with 32P-labcled LPL cDNA done LPL35 in 
5 x SSC, 50 mM sodium phosphate (pH 6.8), 5 x 
Denhardt's solution, 50% formamide, 10% dex- 

i tran sulfate, and 200 @ml of boiled sonicatcd 
salmon sperm DNA at 42'C. The filter was then 
washed in 0.2X SSC containing 0.1% SDS at 
65°C and exposed to x-ray film for 8 hours (15). 
RNA source-s are: lane 1, liver; 2, intestine; 3, 
adrenal; 4, kidney; 5, adipose; 6, pancreas; 7, 
placenta; 8, white blood cells; 9, HepG2 (hepato- 
cyte) cells. In all six tissues where LPL mRNA is 
present, two hybridizing species of about 3750 
and 3350 nudeotides appear in roughly equimo- 
lar amounts. The inset at the bottom shows a 
portion of the same filter exposed for 40 hours in 
order to vis& the weak signal in lanes 6 and 7 
and to fiuther emphasize the negative lanes 1, 8, 
and 9. 

consistent with reports of apparent molecu- 
lar weights of human LPL of approximately 
60,000 (I). There are three potential aspara- 
gine-linked glycosylation sites (Asn-X-Ser; 
Asn-X-Thr) in the LPL sequence. The ami- 
no acid content of the DNA-derived se- 
quence within the range of direct amino 
acid composition data obtained by four dif- 
ferent groups (6). Only the predicted num- 
ber of cysteine and W o p h a n  residues dif- 
fer markedly tkom the one group that deter- 
mined these particular amino acids. No sig- 

nificant homology could be found in the 
human LPL sequence to the purported ac- 
tive site peptide of bovine milk LPL present- 
ed by Reddy and colleagues (7). It is unlike- 
ly that this can be accounted for by diver- 
gence of bovine and human LPL, given the 
high degree of sequence conservation. 

This study places lipoprotein lipase firmly 
in a gene family that includes hepatic and 
pancreatic lipases. Hepatic lipase has many 
properties in common with LPL, including 
its location on v d a r  surfaces. However, it 

hLPL 
1 0  2 0  3 0 

ADQRRDFIDIESKFALRTPEDTAEDTCHLIPGVAE * * * *  * . .  . 
rHL GQGVGTEPFGRNLGATEERKPLQKPEIRFLL-FKDESDRLGCQLRPQHPE 

1 0  20 30  40 

4 0 5 0  6 0  7 0  80  
hLPL SVATCHF~SKTFMVIHGWTVTGMYESWVPKLVMLYKREPDS-NVIW * * -  * * * * * . *  * *  * * * *  * ** . 
rHL TLQECGFNSSHPLVMIIHGWSVDGLLETWIWKIVGALKSRQSQPVNVGLV 

5 0  6 0  7 0  80  9 0  

9 0  1 0 0  110  120  1 3 0  
hLPL DWLSRAQMYPVSAGYTKLVGODVARFINWMEEEFNYPLDN ** ** *** ** ** *** ***** 

140  150  1 6 0  170  180  
hLPL AHMGIAGSL--TNKKVNRITGLDPAGPNFEYAEAPSRLSPDDADFVDVL ** *** * ********** ** ******* *** 
rHL AHVSGFAGSSMGGKRKIGRITGLDPAGPMFEGTSPNERLSPDD~WDAI 

1 5 0  1 6 0  170  1 8 0  1 9 0  

1 9 0  200 210  220 230 
hLPL HTFTRGSPGRSIGIQKPVGHVDIYPNGGTFPPGCNIGEAIRVIAERGLGD ***** * * ** ***** ***** * *** ** 
rHL HTFTREHMGLSVGIKQPIAHYDFYPNGGSFQPGCHFLELYKHIAEHGLNA 

200 210 . 220  230 240 

290 300  310  320  330  
hLPL CNNLGYEINKVRAKRSSKMYLKTRSQMPYKVFHYQVKIHFSGTESETHTN .* .** * ** * *. *** ** 
rHL CNSLGYDIRRIGHAKSKTLFLITRAQSPFKVYHYQFKIQFI-NQMEKPIE 

300  310  320  330  340  

340  350  360  370  380  
hLPL QAFEISLYGTVAESENIPFTLPE-VST&$YSFLIYTEVDIGELWKLK * * ** ** ** ** ** ***** *** 
rHL PTFTMTLLGTKEEIKKIPITLGCGITSNKTYSLLITLDKDIGELIMLKFK 

350  360 370  380  390  

390  400 410 420 
hLPL WKSDSYFS--WSD------WWSSPGFA---IPI(IRVKAGEl'QKKVIFCSR * * * *  ******* ** 
rHL WENSAVWANVWNTVQTIMLWDTEPHYAGLILKTIWVKAGETQQRMTFCP- 

400 410 420 430  440 

430  440 
hLPL EKVSHLQ-KGKAPAVFVKCHDKSLNKKSG * ** **.** .* 
rHL DNVDDLQLHPTQEKVFVKCDLKSKD 

450 460  470  

m. 3. Comparison of lipoprotein 
lipase and hepatic lipase. The top 
line presents the amino acid se- 
quence of the mature human LPL 
protein derived from cDNA se- 
quencing, and the bottom line is 
the cDNA-derived sequence of rat 
hepatic lipase reported by Kornar- 
omy and Schotz (9). Asterisks indi- 
cate conserved amino acids. The 
predicted N-linked glycosylation 
sites of LPL are double underlined 
and the region of homology to the 
interfacial biding site of porcine 
pancreatic lipase is underlined. The 
overall amino acid homology is 
46%. A similar pairwise compari- 
son of human LPL and porcine 
pancreatic lipase reveals 28% ho- 
mology. 

lacks the apoliprotein GI1 cofamr require- 
ment of LPL and may, in fact, be inhibited 
by apo GI1 (8). Pancreatic lipase is an acid- 
stable enzyme that requires a protein cofac- 
tor, colipase, for maximal activity. As shown 
in Fig. 3, the cDNA-derived protein se- 
quences of human LPL and rat hepatic 
lipase (9) have 46% homology. Human 
LPL and porcine pancreatic lipase are 28% 
homologous. If one considers the diver- 
gence due to different species of origin, the 
protein similarities are very dramatic. Com- 
parison of the sequences of these related 
lipases suggests which portions of the pro- 
tein are responsible fbr both shared and 
unique functions such as catalysis and sub- 
strate, heparin, and cofamr binding sites. 
Structural features already established for 
related proteins can be inferred to apply to 
LPL if local homology exists, and thus 
direct the course of experimental confirma- 
tion. For example, the interfacial lipid-bind- 
ing region of porcine pancreatic lipase has 
been identified (10). The sequences are ex- 
tremely homologous in this region. Thirteen 
of 18 residues surrounding the "essential 
serine" of the interfacial biding site of 
porcine pancreatic lipase are identical to 
human LPL (these identical residues are 
marked by asterisks in Fig. 1). Homology to 
this region has also been noted in hepatic 
lipase, rat lingual lipase, and human lecithin- 
cholesterol acyltransferase (9, 11). 

Computer analysis of the protein se- 
quence predicts certain features of overall 
structure. The algorithm of Kyte and Doo- 
little (12) yields a moderately hydrophobic 
index of hydropathy equal to -0.42. The 
interfacial binding site discussed above lies 
in one of several regions of particularly 
hydrophobic nature. Application of a pro- 
tein saucture algorithm (13) predicts an a- 
helix content of about 40%. None of the 
predicted helical stretches are of obvious 
amphipathic nature, which would be indica- 
tive of domains of interaction with the 
phospholipid surface of lipoprotein parti- 
cles. The availability of cloned lipoprotein 
lipase cDNA will allow analysis of the defect 
responsible for LPL deficiency in certain 
subjects and facilitate elucidation of the 
structure and function of this vital enzyme 
of lipid metabolism. 
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Ubiquitin Is a Component of Paired Helical 
Filaments in Alzheimer's Disease 

Paired helical filaments (PHF), which constitute a distinct type of pathological 
neuronal fiber, are the principal constituent of neurofibrillary tangles that occur in the 
brain of patients with Alzheimer's disease. Their insolubility in sodium dodecyl sulfate 
and urea has prevented the analysis of their subunit composition by gel electrophoresis. 
A monoclonal antibody (DF2) was isolated that specifically labeled PHF at both the 
light and electron microscopic levels. It labeled a small polypeptide (5 kilodaltons) that 
was shown to be ubiquitin in immunoblots of the soluble fraction of brain homoge- 
nates. To obtain direct evidence that ubiquitin is a component of PHF, PHF were 
heated with concentrated formic acid and digested with lysylendopeptidase; ubiquitin- 
derived peptides were then identified by reversed-phase high-performance liquid 
chromatography. Two fragments in the PHF digest were identified as derived from 
ubiquitin by protein sequencing. This procedure should make possible definitive 
identification of other PHF components. 

T H E  PROGRESSIVE FORMATION OF 

unusual neuronal fibers characterizes 
Alzheimer's disease (AD), which is 

the most common cause of intellectual fail- 
ure in aged hunans. These fibers are com- 
posed of two 10-nm filaments wound into a 
helix with a half-periodicity of 80 1x11 and 
are thus termed- paired helical filaments 
(PHF) (1). They accumulate as large peri- 
karyal masses, called neurofibrillary tangles 
(NFT), or occur as small bundles in dystro- 
phic neurites that form plaques in AD brain. 
The nature of PHF currently draws much 
attention because of their unusual morvhol- 
ogy, their apparent specificity to human 
brain, and a possible correlation between 
their concentration in the brain and the 
degree of dementia (2). 

The first step to understanding the origin 
and nature of PHF should be the identifica- 
tion of their components, but available data 
conflict. This fact is attributable to the insol- 
ubility of PHF (3) ,  which has prevented the 
application of conventional analytical meth- 
ods. Another approach has been to search 
for normal soluble proteins, possible precur- 
sors of the PHF, that are immunoreactive 

with pol!~clonal antibodies to PHF (4). This 
apprdach has led to the immunochemical 
identification of the microtubule-associated 
phosphoprotein, tau, as the major antigenic 
determinant of PHF 15'). Bv means of a 

\ ,  . 
similar strategy, we have characterized one 
monoclonal antibody to PHF whose speci- 
ficitv differs from that of ~olvclonal PHF 

L J 

antibodies and have found that it recognizes 
ubiquitin. Furthermore, we have developed 
a new procedure to digest PHF proteolyti- 
cally and identified ubiquitin-derived frag- 
ments by protein sequencing. This approach 
will be generally applicable to the analysis of 
other comvonents of PHF. 

PHF &re purified in the presence of 
sodium dodecyl sulfate (SDS) according to 
a previous method, with minor modifica- 
tions (4); the resultant fractions are referred 
to as SDS-PHF. SDS-PHF were emulsified 
with complete or incomplete Freund's adju- 
vant and injected into a Lewis rat. Three 
days after the last intravenous injection, rat 
spleen cells were fused with Sp 210-Ag14 
mouse myeloma cells. Within eleven 96-well 
plates, 276 wells were positive by enzyme- 
linked immunosorbent assay (ELISA) for 
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cells secreting rat immunoglobulin. The sec- 
ond screening for PHF-reactive antibodies 
with sonicated PHF in an ELISA gave 43 
positive wells. Of these 43 wells, 3 wells 
showed strong reactivities with NFT. After 
cloning by limiting dilution, one hybridoma 
(DF2) was established. DF2 monoclonal 
,antibody was of the immunoglobulin M 
class by the Ouchterlony double-difusion 
test. 

We have confirmed specific binding of 
DF2 to PHF in several ways. (i) DF2 
stained virtu all!^ all isolated NFT prepared 
under nondenaturing conditions (4). The 
numerous very small tangles obsewed after 
staining with DF2 resembled those stained 
with the polyclonal antibodies to PHF (Fig. 
1A). (ii) Tangles isolated by extensive ex- 
traction with SDSIME (2-mercaptoethanol) 
(4) were also intensely stained with DF2, 
suggesting that a DF2-defined epitope is 
tightly bound to PHF and not dissociated in 
SDS. (iii) DF2 decorated PHF, as shown by 
immunoelectron microscopy (Fig. 1B). Im- 
munogold particles conjugated with DF2 
were obsewed on PHF, but not on such 
contaminating elements in the PHF frac- 
tions as collagen fibers, membranous struc- 
tures, or other organelles. (iv) DF2 stained 
both neurofibrillary tangles and senile 
plaque neurites in formalin-bed AD brain 
sections; fine neurites in the cerebral cortex 
were also immunostained (Fig. 1C). How- 
ever, unlike pol!~clonal PHF antibodies (4), 
DF2 definitely stained the background of 
the tissue sections in both AD and normal 
brains. The absence of such background 
staining in the isolated NFT preparations 
could be ascribed to a lack of sduble DF2- 
immunoreactive proteins since these tangles 
were obtained by sedimentation through a 
sucrose layer (4). These observations sug- 
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