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ABSTRACT Human apolipoprotein B-100 (apoB-100), the
ligand on low density lipoproteins that interacts with the low
density lipoprotein receptor and initiates receptor-mediated
endocytosis and low density lipoprotein catabolism, has been
cloned, and the complete nucleic acid and derived amino acid
sequences have been determined. ApoB-100 cDNAs were
isolated from normal human liver cDNA libraries utilizing
immunoscreening as well as rdter hybridization with radiola-
beled apoB-100 oligodeoxynudeotides. The apoB-100 mRNA is
14.1 kilobases long encoding a mature apoB-100 protein of4536
amino acids with a calculated amino acid molecular weight of
512,723. ApoB-100 contains 20 potential glycosylation sites,
and 12 of a total of 25 cysteine residues are located in the
amino-terminal region of the apolipoprotein providing a po-
tential globular structure of the amino terminus of the protein.
ApoB-100 contains relatively few regions of amphipathic hel-
ices, but compared to other human apolipoproteins it is
enriched in (3-structure. The delineation of the entire human
apoB-100 sequence will now permit a detailed analysis of the
conformation of the protein, the low density lipoprotein recep-
tor binding domain(s), and the structural relationship between
apoB-100 and apoB-48 and will provide the basis for the study
of genetic defects in apoB-100 in patients with dyslipoprotein-
emias.

Human apolipoprotein B (apoB) is the principal apolipopro-
tein on chylomicrons, very low density lipoproteins, inter-
mediate density lipoproteins, and low density lipoproteins
(LDLs) (1-4). In human plasma, apoB exists in two forms,
designated apoB-48 and apoB-100 that are separable by
NaDodSO4/PAGE (4). ApoB-48 and apoB-100 play several
important roles in lipoprotein biosynthesis and catabolism.
B-48 and B-100 apolipoproteins are required for lipoprotein
particle assembly in the liver and intestine. A defect in
apoB-48 and apoB-100 secretion results in abetalipoprotein-
emia, a disease characterized by a deficiency of the B apo-
lipoproteins as well as all apoB-containing lipoproteins in-
cluding chylomicrons, very low density lipoprotein, and LDL
(4). ApoB-100 also plays a pivotal role in lipoprotein metab-
olism as the ligand on LDL that interacts with the LDL
receptor and initiates receptor-mediated endocytosis and
LDL catabolism (5). Defects in the LDL receptor are
associated with severe plasma elevations of apoB-100 and
LDL (5).
The structure and physicochemical properties ofapoB-100

have been extensively studied for nearly a decade. The
analysis of apoB-100 has been difficult because delipidated
apoB-100 is insoluble in aqueous solution, and generally
aggregates in buffers containing NaDodSO4, urea, or guan-
idine hydrochloride (1-4). The molecular size of apoB-100
has been controversial, and values ranging from 8 to 400 kDa
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FIG. 1. Restriction endonuclease cleavage map and sequencing
strategy for human liver apoB-100 cDNA. The thick solid line
represents the coding region of apoB-100 mRNA. The 5'-noncoding
and 3'-noncoding sequences are represented by thin lines flanking the
coding region. Restriction enzyme sites are represented by a single
letter code. (E, EcoRl; B, BamHI; S, Sac I). The regions of the
mRNA corresponding to each of the 10 partial cDNA clones are
indicated below the map. Arrows below the clones represent direc-
tion and length of sequences obtained by the dideoxy procedure on
M-13 subclones (solid arrows -') or supercoil plasmid DNAs (bent
arrows rl ). Broken arrows (-_.) represent regions sequenced by
the Maxam-Gilbert procedure. The scale indicates the size of the
apoB-100 mRNA in kb.

have been reported (1-4, 6). The heterogeneity in apoB-100
molecular size has been attributed to the propensity of
delipidated apoB-100 to aggregate and to the reported sen-
sitivity of apoB-100 to protease cleavage (3, 4, 7). We (8, 9)
and others (10-16) have reported the partial sequence of
human and rat (17) liver apoB-100 cDNA. We now report the
complete nucleotide sequence of apoB-100 mRNA and its
derived amino acid sequence.

MATERIALS AND METHODS

Extraction ofHuman Liver mRNA. RNA was isolated from
adult human liver obtained from a 34-year-old female auto-
mobile accident victim. Frozen liver tissue was pulverized in
dry ice by a stainless steel tissue grinder. Liver powder was
then homogenized by a polytron in 4M guanidine thiocyanate
(Fluka AG) containing 0.5% sarcosyl, 0.1 M 2-mercaptoeth-
anol, and 0.1% antifoam A followed by centrifugation
through a 5.7 M CsCl cushion as described (18, 19). RNA
pellets were dissolved in sterile 10 mM TrissHCl, pH 7.4,
containing 0.5% NaDodSO4 and 1 mM EDTA and then
extracted with phenol/chloroform/isoamylalcohol (24:24:1;
vol/vol). The RNA in the aqueous phase was precipitated by

Abbreviations: LDL, low density lipoprotein; apoB-100, apolipo-
protein B-100; kb, kilobase(s).
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ATG SAC CCC CCG ASSCCCCCGCG CTG5CT C CTG CTG GCG CTG CCT GCCCG CTG CTS CTG CTG CTG6CTGCG GC GCC ABC GCC BAA GAG BAA ATG CTG
Met Asp Pro Pro AtS Pro Ala Leu Leo Ala Leo Leu Ala Leo Pro Ala Leo Leo Leu Leo Leo Leu Ala Gly Ala Arg Ala Slu Gb Gbu Met Leu

10 15 20 25 30 35 40 45
BAA MAT OTC ABC CTB BTC TBT CCA AMA SAT 6CC ACC CGA TTC MG CAC CTC CBS AC TAC ACA TAC MAC TAT BAG GCT BAG AGT TCC AGT GGA PTC CCT GGG ACT CCT BAT TCA AGA AGT
Sbu Ass Vat See Lea Val Cpu Pro Lys Asp Ala The Arg Pits Lys Hos Leu krg Lys Tyr The Tyr Ass Tyr Sbu Ala Sbu See See See Gly hal Pro Sly The Ala Asp See Akg See

50 SB s0 65 70 75 60 65
BCC ACC ABS ATC MC TGC AM OTT BAB PBI SAC BiTCCCCAS CMC TSC ABC TTC ATCPSMB ACC ABC CAB TSC ACC PBG AMA SAC BTB TAT BCC TTC AAC CCT BAB GGCC AMA GCC 1TB
Ala The Arg lie Ass Cpu Lys Vat Sbu Lea Slu Val Pro Sin Lea Cpu See Phe tIle Leo Lys The See Sin Cpu The Lea Lys Gbu Val Tyr Sly Phe Ass Pro Sbu Sty Lys Ala Leo

60 95 100 105 110 115 120 125
CTSMSAMAAACCAM MC TCTSAGBAGM MOCTGCASGCC ATI TCC ABC TATBGAG CCMSA BBTCC Air CCAGM GSBCMSCAG Sir TTC CUT TAC CCGBGACAAA BATSMAACCT ACT TAC
Lou Lps Lys The Lys Ass See Gbu Sb Phte Ala Ala Ala Met See Aeg Tyr Sbu Leu Lys Leo Ala lie Peo Sbu Sly Lys Sin Val Phe Leo Tyr Pea Gbu Lys Asp Sbu Pro The Tyr

130 135 140 145 150 155 160 165
ATCCPS MC ATC AM ABS GSC ATC air TCT GCC PCM PS 51T CCC CCA SAG ACA SM SM CCC MG CM 67GTSTTGr PS BAT ACC GTG TAT GCA MC TCC TCC ACT CACMUTACC GTC
lie Lea Ass Ilie Lys Aeg Sip Ilie Ilie See Ala Lou Leu Val Pro Peo Glu The Sbu Sb Ala Lys Sin Val Lea Phe Leo Asp The Vol Tyr Sly Anu Cpu See The His Phe The Vol

170 175 160 165, 190 195 200 205
AM ACID ABS AM GSC MT 679 GCA ABA SM ATA MCC ACT SM AGA SAC CTG 6CC CAB TOT BAT CCC TTC AMC CCC ATC CGC ACA CCC ATC ACC CCA CU OCT PCMATAM 6CGC ATG ACC
Lys The krg Lys Sly Ass Vat Ala The Gbs lie See The GSu kg Asp Leu Sly Sin Cpu Asp Aeg Pee Lys Peo Ilie Aeg The Sly lie See Pro Leo Ala Leo tie Lys Sly Met The

210 215 220 225 230 235 240 245
CGC CCC ITS TCA ACT PSG ATC ABC ABC ABC CAG MCC TOT CAC TAC ABA PCT SAC OCP AMS ASS MC CAT GTG SCA CM CCC ATC TCC MC BAB CM CAC CMTCT7C PBG CCT TTC TCC TAC
krg Pro Leo See The Lou tie See See See Sic See Cpu Sin Tye The Leu Asp Ala Lys Aeg Lys His Val Ala Sbu Ala lie Cps Lys Gbu SIr His Leo Phe Leo Pro Phe See Tyr

250 255 260 266 270 275 260 26
AM MT MG TAT 666 ATGSTPA 9CC CM 679 ABA CMG ACT US AMA CUr SM SAC ABA CCA MC ATC MC ACC CCCGCTTCMGOT SM OCOT ACT MG AMC ATG CCC PCM 0CCAM AC ACC
Lys Ass Lys Tyr Sty Met hat Ala Ste Vol The Sin The Leo Lys Leo Sbu Asp The Pro Lys Ile Ass See Arg Phe Phe Sly Sbu Sly The Lys Lys Met Sly Leo Ala Phe Sbu See

290 296 300 305 310 315 320 325
ACC AMA 7CC ABA 7CA CPT CCA MB CMS 9CC SM OCT OTU US AM ACT PCM CAS SM CTS AAM AMA PA ACC ATC TCT SAC CM MT ATC CAS ABA OCT MAT PCM UC MT AM CPSTC
The Lys See The See Pro Pro Lys Sin Ala Sbu Ala hal Leu Lys The Leoi Sin Sb Leo Lys Lys Leu The lie See Sbu SIn As Ilie Sir Arg Ala Ass Leu Phe Ass Lys Leu hal

320 335 340 345. 350 355 360 360
APT GAG CTG ACA 6CC PCM ACT SAT SM SCA GTC ABA T PCM USO CCA CASGPCAU SAC GTG 7CC ABC CCC ATC ACT UTA CM CCC USG CU CMG TCT GOA CAG CCT CAC TBC TCC ACT
The Sbu Leu krg Sly Leo See Asp Sbu Ala hat The See Leu Leo Peo SIr Leo tie Sbu hal See See Pro lie The Leo SIr Ala Leo hal SIn Cpu Sly Sir Pro SIr Cps See The

370 375 360 365 390 395 400 405
CAC A7C PCM CM 76G PS AMA COT 676 CAT GCC MC CCC CUT PS ATA SAT GTB GTC ACC TAC CTG GTC CCC CTG A7C CCC SAC CCC TCA GCA CAB CMG PS CSA SAC ATC TTC MC ATG
His lie Leo Sin Try Leo Lys Aeg hal Hos Ala Ass Pro Leo Leo tie Asp hal hal The Tyr Leo hal Ala Leo lie Pro Sbu Pro See Ala Sir Sin Leo Aeg Sbu lie Phe Ass Met

410 415 420 425 430 435 440 445
BCICAGOCGAT CMCSC AGCCCSABCCACC USG TATSGCCCTS ASC CACGCG GTCCMC MC TAT CATAM ACACCMC CPTACACSBCACCCCCSAGAGCTOCTPC AC AUT OCTMT TAC CTCATGCSM
Ala Arg Asp Sir krg See krg Ala The Leo Tyr Ala Leo See His Ala Val Ass Ass Tyr His Lye The Asn Pro The Sly The Sin Sbu Leo Leo Asp Ile Ala Ass Tyr Leo Met Slu

450 455 460 465 470 475 480 485
CMG AUT CM SAT SAC TGC APCBSSGAT SM SAT TAC ACC TAT USG AUT CTG COG GTC AUT GSA MAT ATG CCC CM ACC ATG SMG CMG UA ACT CCA SM CTC MC TPT 7CC AMC CTG AMA
Sin tie Sin Asp Asp Cpu The Sly Asp Sbu Asp Tyr The Tyr Leo Ilie Leo Arg Val Ilie Sly Ass Met Sip Sin The Met Sbu Sir Leo The Pro Sbu Leo Lys See See Ilie Leo Lys

490 495 500 505 5110 5115 520 525
TBT GTC CM ACT ABA AMS CCA TCA PSO ATS AMC CMS AMA BP BCC A7C CM OCP CTS CCC AMA ATG SAC CCT AMA GAC AMS AC CCC SAC CUT CUT CU CAG ACT UTC CUT CAT CAT OCT
Cpu hal Sin See The Lyo Pea See Leo Met Ilie Sin Lys Ala Ala Ilie Sin Ala Leo Arg Lys Met Sbu Pro Lys Asp Lys Asp Sir Sbu hal Leo Leo Sir The Phe Lea Asp Asp Ala

520 535 540 545 550 555 550 5655
TP CCC BSA SAT AM CSA PG OCP BCC TAT CUT ANTTGU ATS ABS ACT CP 7CC CMG GCC SAT AUT MC AMA AUT OTC CM AUT PA CCA 766 CM CMG MT SAC CM 676 AMC MC U
See Pro Sip Asp Lys Aeg Lea Ala Ala Tyr Lea Met Leo Met krg See Pea See Sir Ala Asp lie Ass Lys lie Vat Sir lie Leo Pro Try Sbu Sir Ass Sbu Sir Val Lys Ass Phe

570 575 Sa0 565 550 5955600 605
579 OCP 7CC CAT AUT 6CC MT AMC US MC 7CA SM SM USG SAT A7C CM SAT PTS AMA AC UA CTG AMA SM OCT PCT AMA SM TPT CM CUT CCC ACT CTC ATG GAC UTC ACA AMA
hal Ala See His lie Ala Ass Ilie Leo Ass See Sbu Sb Lea Asp lie Sin Asp Leo Lys Lys Leo hal Lys Sb Ala Lea Lys Sb See Sir Leo Pro Therhal Met Asp Phe krg Lys

610 615 620 625 630 635 640 645
UTC TP COS MC TAT CM PCM TAC AMA TP OTU 7CT CUT CCA 7CA CUT SAC CCA 6CC 7CC CCC AAM ATA SM COG MT CUT ATA irGAT CCC MT MAC TAC CUT CCT AMA CM AMC ATC
Pies See krg Ass Tyr Sin Leo Tyr Lys See hal See Lea Pro See Leu Asp Pro Ala See Ala LysleHGSb Sly Ass Lea Ile Phe Asp Pro Ate Asr Tyr Leo Pro Lys Sb See Met

650 655 660 665 670 675 680 665
PSMAPAATACC PCM ACTBCC MTSGAUMOPT CA OCPSAC PCM AM7GAG AUSSGCUSr SMCGSA AAMCCCMTGr GCCC ACAC TUCAGCTP CPT MT GBCMC CMSSGAM IMU CCA
Lea Lys The The Lea The Ala Pies Sly Pies Ala See Ala Asp Lea tIle Gialie Sip Leo Sbu Sly Lys Sly Pee Sbu Pro The Leo Sbu Ala Leo Phe Sly Lys Sin Sly Pee Pee Pro

660 666 700 705 710 715 720 725
SAC ACT BTC MC AMA OCP US TAC 795 BUT MT GCT CM OTU CPT SAT 5O7 OTC TCT MG GTC UTA 579 CAC CACCMUG6C TAT ACC AMA CAT CAT AMA CAT SAC CCC SAT ATG GTA MT
Asp See hal Asr Lys Ala Lea Tyr Try hai Ass Sip Sir hal Pea Asp Sip Val See Lys Val Lea Val Asp His Phe Sly Tyr The Lye Asp Asp Lys His Sbu Sir Asp Met Val Ase

720 735 740 745 750 755 760 765
BOA ATA AG PCM ACT TU SAC AM PCT AU AMA SAT UCG AAM CC AMA SM OTC CCC SM CCC ABA CCC TAC PCM CCC AMC USG CA SAC SAC CUTCTGTITGCC ACT PCM CAT SAC CTC
Sip lie Met Lea See Val Su Lws Lea bie Lys Asp Leu Lws See Lys Sbu Val Pro Gia Ala Arg Ala Tyr Leo Arg tie Leo Sly Sbu Sb Leo Sly Phe Ala See Leo Hes Asp Leo

US0 775 760 755 790 795 600 605
CGA PCM PG SCA MGCPG CUTP ATO 667 6CC CGC APT C9 CMS GCB AMC CCC CMS ATG AUT GSA SAC GTC AMC AC AMC CCC 7CC AMC MT CACMU TT UCAC TAC ATC UTC ATG
Sin Lea Lea Sip Lys Lea Leou Leu Met Sip Ala krg The Leu Sin Sip Hl Pro Sin Met lie Sly Sbu Val lie krg Lys Sly See Lys Asn Asp Pies Phe Leo His Tyr lie Phe Met

6110 615 620 625 630 635 640 645
SMG MT GCCMGM PTC CCC ACT GSA BPT GA UTA CMS US CM ATA TP 7CA TP BSA GTC AU OCT CCC GGA CCC MGCOCT GGA GTA AAM PC SM GTA CCC MAC ATC CAB OCT SM
Sbu Asr Ala Phe Sbu Leu Peo The Sip Ala Sip Leu Sin Le Sin Ilie See See See Sly hal Ilie Ala Pro Sly Ala Lws Ala Sly hal Lys Lea Slu hal Ala Ate Met Sin Ala Sbu

650 SW5 660 65 670 675 660 665
PSG C79CWAAAMCCC MCC5G79XGTP G0AS UT STS ACCMT ATG9BCCAM AMC AU CCS SAC TTC OCPAGOCACTBCOGOC CAGATG MC ACC MC UTC UTC CACSGAGC BGGTCTGSGAG
Leau Val Ala Lws Pro See Val See hat Slu Pile hal The Ass Met Gly lie lie lie Pro Asp Pee Ala Arg See Sly hal Sin Met Ass The Ate Pee Phe His Gia See Sly Lea Sbu

600 95 600 905 610 915 620 925
OCP BAT OiT 6CC PIA AMA OCP 666 ANCTPS AMC TA7 AU CP 7CC CCA AMS ABA CCA GTC MBG PS PC ACT GCA CCC MC ACA TTA CCT UCG GTC TPT ACC ACC AMA ACG SAC GTC
Ala His hal Ala Leaj Lys Ala Sip Lws Lea Lws Pee lie lie Pea See Pea Lys Arg Pea hal Lws Lea Leu See Sly Sly Ate The Lea Hes Lea hal See The The Lye The Sbu hal

930635 640 945 650 655 660 805
AMC CCC CPT PCM AUT SM MC ABS CMG 7CC 796 7CA CUT T9C AM CM 57GTCMCP CCC PCT MT TAC T9C ACC TCA CCC OCT TAC 7CC MC BCC ABC 7CC ABA CAC 7CC CCC 7CC TAC
ble Pro Pro Lea Iie Sbu Ase krg SIn See Try See hal Cpu Lys Sin hal Pies Pro Sip Leo Ate Tyr Cpu The See Sly Ala Tyr See As. Ala See See The Asp See Ala See Tyr

6775 5610 665 660 695 1611110105
TAT CCG CTS ACC 606 SAC ACC AGA TUA SMG PS SM PG ABC CP ABA CCA SMG AU GSM CMG TAT TP SCM ABC CCC ACC TAT SAC PCM CAC ACA SAC GAC ABA 6CC USG PC SAT ACC
Tyr Pea Leu The Sipy Asp The krg Lea Sbu Lea Gia Leu Aeg Pea The Sly Sb Ilie Sbu Gie Tyr See Vat See Ala The Tyr Sbu Leu Sir Org Sbu Asp Org Ala Lea hal Asp The

1616 1610 1626 1625 1636 1625 1646 1645
PSO AMGTPA APT CM 6CC SM GGC 9CC AM CMG ACT SMG OCP ACC AT9 ABA TTC AMA TAT MT CGSCBAG AST ATG ACC UC 7CC AP GMA GTC CM AUT CCC BATMUTGAT SiT SAC
Lea Lys Pies hat The Sin Ala Slu Sip Ala Lws Sin The Sbu Ala The Met The Pies Lys Tyr Ass Arg SIn See Met The Leo See See Sbu Vat Ste Ilie Pro Asp Pee Asp hal Asp

1656 166516661965 1676 1670 1666 1665
PCM GA ABA AM PCM ABA CUT MT SAT SM TP ACT SMG 9CC AMA ACC 7T TAC ABA PCM ACC CTG SAC AUT CMG MC: AM AMA AU ACT SAC GTC 6CC CTC ATS CCC CAC PIA ACT TOT
Lea Sip The tIle Lau krg hal Asn Asp Glo See The Sbu Sly Lys The See Tyr Org Leu The Leu Asp lie Sin Ase Lys Lys tIle The Sbu hal Ala Leu Met Sly His Leu See Cpu

1666 165 1166 1165 11 1115 1126 1125
MAC ABA AM SM SM AGA AMA AM MG 667 OTU AUT TCC ATA CCC COT US CM 6CC SM 6CC ABA AST SMG A7C PCM 0CC CCC TCC 7CC CCP CC AMA CTG CU PCM CM ATG SAC 7CC
Asp The Lws Sbu Sb Aeg Lye tIle Lys Sip Vat lie See tie Pro krg Leu Ste Ala Sbu Ala krg See Sb tIle Leu Ala Hes Try See Pro Ala Lye Leu Leo Leo Ste Met Asp See

im1120 1146 1145 1156 1155 1166 1165
CT OCT ABA OPT TAT GOC 7CC ABA CUT 7CC AM ABOST7 9CC, 796 CAT TAT BAT SM BAGMAUT SMMUTGM TOG MC ACC 6CC ACC MT CTA SAT ACC AMA AMA ATG ACT 7CC MT
See Ala The Ala Tyr Sip See The Vat See Lys Aeg Vat Ala Try Hen Tyr Asp Sbu Sb Lye tie Sbu Pete Sb Try Ate The Sly The Ass hal Asp The Lye Lye Met The See Ate

1176 117051166 1160 11661165 1266 1265
UC CP 575 SAT PCM 7CC SAT TAT CCT AM ABC USCCT ATG TAT OCT MT ABA PCM CG BAT CCC ABA GTC CPT CM ACC SAC AN9 ACT TUC CCC CAC 676 CCT 7CC AMA TA ATA CUT
Pies Pro hat Asp Lea See Asp Tyr Pea Lys See Leu His Met Tyr Ala Ass krg Leu Leu Asp His Aeg hat Pro Ste The Asp Met The Phe Arg His hal Sly See Lys Leo tIle hal

1216 1215 1226 1225 123 1235 1248 1245
GCC ATO ABC 7CC TO9 CUC AM 9CC TPT OBS ACT CUT CCP TAT 8CC CMG ACT USG CM SAC CAC PCM MT AGCCTPS AM SAG TTC MC PCM CMG MC ATG GGA USG CCA GAC 7CC CAC
Ala Met See See Try Lou Sin Lws Ala See Sip See Lea Pro Tyr The Sin The Lea Sin Asp Has Leo Asn See Leu Lys Sbu Pee Ate Leo Gie Asn Met Sly Lea Pro Asp Phe Hes

1129611 1255 126612651276 1275 12660126
AM6 CCA SM MC PCM UC ITA AMA ABC SAT 65C CCC GTC AMA TAT ACC USO MC AC MC ACT US AAM AUT BAG AUT CCP US CPCTMGCT GGCC AMA 7CC 7CC ABA BAT PIA AMC ATS
tie Pea Sbu Aso Lea Pete Lea Lws See Asp Sip kg hat Lys Tyr The Lea Ass Lys Asn See Leu Lys tie Sb tIle Pro Leo Pea Pee Sly Sly Lws See See krg Asp Leo Lws Met

1266 126 1366 1365 1316 1315 1220 1325
TTA SAC ACT CUT ASS ABA CCC 6CC PCM CAC UTC MG TCT 979 GGA TC CAT PSG CCC XT CGA SAC UTC CM PC CCP ACTMUTACC AUT CCC AMC US TAT CM PCT CM 679 CCT PCM
Lou Sbu The Vat krg The Pra Ala Lou His Pies Lys See hal Sip Pies His Leu Pro See Aeg Sb Pete Sin hat Pro The Phe The tIle Pro Lys Leu Tyr Sin Leu Ste hot Pro Leu

1336 1336 1346 1345 135061205 1366 1360
CTG 6CTO7CUTA SAC PCM 7CC ACG MT 676 TAC ACC MC USG TAC MC 795 TCC GCC 7CC TAC ACT 567 GGC MC ACC ACC ABA SAC CAT UTC AGC CU COGOCT CCT TAC CCC ATO MC
Lea Sip Vat Lea Asp Lou See The Ass Vat Tyr See Asn Lea Tyr Am Try See Ala See Tyr See Sly Sly Aso The See The Asp His Phe See Lea Arg Ala Aeg Tyr His Met Lys

1376 1375 1366 1360 1366 1360 14661465
OCT SAC TCP 59 CUT SAC PSG CUT TCC TAC MT 970 CM GUA TCT GGA SM ACC ACA TAT BAC CAC AM MT ACB UTC ACA PTA TCA 797 SAT GGB TPT PA CGC CAC AAMUTCTA SAT
Ala Asp See Vat Vol Asp Lea Lea See Tyr Ass hat Sin Sip See Sip Sbu The The Tyr Asp Hos Lws Ass The Pete The Leu See Cpu Asp Sly See Leo krg His Lys Pete Leo Asp

1416 1415 1426 1425 1436 1435 1446 1445
766 MT AMC AMA TC ACT CAT PTA SM AMA CUT SSA MC MC CCA 576 7CA AMA 667 UA PTA ATA TTC SAT 6CACT76AT 7CC 796 SCA CCC CAG ATG TPB 7CCMAiOT CCT USG SAC
See Ass Ilie Lys Pete Son His Val Slit Lws Lea Sip Ass Ass Pro Val See Lys Sip Leu Le tIle Pee Asp Ala See See See Try Sly Pro Sin Met See Ala See hal His Leu Asp

1466 145651466 14651476 1470 1466 1495
MCC AMA AM AMA CMB CAT USTT576 AMA SM 67 AM AUT SAT 960 CM UTC ABA 676 TCT TCC UTC TAT GU AMA GGC ACC TAT GCC PSCTPO76 CCC ASS CAT CCP MC ACT GCC
See Lys Lys Lys Sin His Lea Pete Vat Lws Sb Vat Lys tie Asp Sip Sin Pete krg hat See See Pies Tyr Ala Lye Sly The Tyr Sly Leo See Cpu Ste krg Asp Pro Ass The Sly

1466 1466 1566 1565 1516 1515 1526 1525
COS PCM MT 966 SAGM7C MC PS ABSGUTMC 7CC 7CC TAC PCM CM GGC ACC MC CMG ATA ABA SGA ABA TAT SMA SAT GSA, ACC PCM 7CC PCM ACC 7CC ACC XT SAT PSG CM ACT
rg LouaAsn~i SiyGl SeekAn LeuArg PeteAmiSee See The Leu Gin Sip ThreAtsnin lie The GlypArg Tyr Glu AspyGly ThreLeu See Leu Thr See The Ser Asp Leu Sin See

1536 1535 1546 1545 15506 1555 1566 1566
GGC A7C AUT AMA MT ACT OCT MCCPA AM TAT GAB MAC TAC GAB PTG ACT TUA AMA TCT SAC 8CC MT 666 MS TAT AMS AAMCTCC ACT TPT MC MC; ATS SAT ATG ACC TUC TPT
Sip tIle lie Lys Ass The Ala See Leo Lws Tyr Sbu Ate Tyr Sbu Leu The Leu Lye See Asp The Asn Sly Lys Tyr Lys Ass Pee Ala The See Ate Lye Met Asp Met The Phe See

1576 1575 15661595 1566 1566 66 1665
AM CM MT 9CACTPS TP CCT TCT SM TAT CM OCT SAT TAC SAC TCA USG ABC TC TC ABC PSG CUT TP GOAMA7CC A MT 7CC CAT GGT CU SMG TTA MT OCT SAC AMTCTA 6CC
Lys Sin Ass Ala Leu Leu krg See Sbu Tyr Sin Ala Asp Tyr Sbu See Leo Aeg Pies Phe See Lea Lea See Sly See Leo Asn See His Sly Leu Sbu Leu Ate Ala Asp tIle Leo Sly

1616 1615 1626 1625 1636 1635 1646 1645
ACTSACAMAAUT MT ACTGOTSOCTCACAMCSCG ACACPA ACC AUCGCCMSGATS GA ATA XTPACC ASTSCA ACCACC MCUST AMCTOTACTPCM TIGGTSPSGACMTBGAGCPSMT
The Asp Lws lie Asn See Sip Ala His Lye Ala The Leu Ag tIle Sip Ste Asp Sip tIle See The See Ala The The Ass Leu Lye Cpu See Leo Leu hal Leu Sbu Ate Sbu Leo Ate

1666 1650 16661 1 66I5 1676 1670 1666 1665
GCC SMG CUT 6CC PCM TCT 6CCCA TP AT6 AMA iTA ACA ACC MT G6C CCC TTC ABC SM CAC MT 6CC AMA UC ACTMPSGAT 6CC AMA 6CC 6CC CTC ACA SAG PTA 7CC CTG CGA ACT
Ala Sbu Lea Sip Leo See Sip Ala See Met Lye Leu The Tier Ass Sip krg Pee krg Sb His Ate Ala Lys Pee See Leo Asp Sly Lye Ala Ala Leo The Sbu Leo See Leo Sly See

166 1665 1766 1765 1716 1715 1726 1725
OCT TAT CMG 6CC ATG AUT PS 667 676 SAC AGC AMA MC AUT TC MC TTC AMC976 APT CM SM A, CU AMC PCM MCA MT SAC ATG ATG GGC 7CC TAT OCT SM ATG AAMGUAC
Ala Tyr Sin Ala Met lie Leu Sip hat Asp See Lye Ate lbs Pies Ate Phe Lws Vat SeeteSbnSlly Lea Lys Leu See Asn Asp Met Met Sly See Tyr Ala Sbu Met Lys Phe Asp

1736 1735 1746 1745 1750 1755 17561765
CAC ABA MC ACT PSG MC AUT 6CC 6CC TTA 7A CTS SAC TTC MT 7CA AMA CU SAC MC AUT TAC AGC TP SAC AMCMTTAT AMC CM ACT CUT MT TTA CAGCCPA CAB CCC TAT TP
His Thr Asn Ser Leu Asn tie Ala Gly Leu Ser Leu Asp Phe Ser Ser Lys Leu Asp Asn tle Tyr Ser Ser Asp Lys Phe Tyr Lys Gin Thr Val Asn Leu Gin Leu GSn Pro Tyr Ser

1776 1775 176 1705 1766 1795 1660 1665
CT6 GTA ACT ACT TT AAC ACT 6AC PS AMA TAC AAT GC PS SAT PC ACC AAC AAT CCC AAA CTA CGG CTA GAA CCC CG AG CTP CAT 6TG GCT GOT AC CTA AMA GGA GCC TAC CM
Leu Val Thr Thr Leu Asn Ser Asp Leu Lys Tyr Asn Ala Leu Asp Leu Thr Asn Asn Gly Lys Leu Arg Leu Glu Pro Leu Lys Leu His Val Ala Gly Asn Leu Lys Gly Ala Tyr GSn

1816 1815 1626 1625 1636 1635 1846 1645
AAT AAT BAA ATA AMA CAC ATC TAT 6CC ATC TV TP 6CTO CC UA TCA CA ABC TAT AMA GCA GAC ACT CTT GCT ACGTT CAG GOT GTG GAG m AGC CAT GGG CTC AAC ACA GAC ATC
Asn Asn Glu le Lys His lbe Tyr Ala tle Ser Ser Ala Ala Leu Ser Ala Ser Tyr Lys Ala Asp Thr Val Ala Lys Val Gin Gly Val Glu Phe Ser His Gly Leu Asn Thr Asp lle

FIG. 2. (Figure continues on the following page.)
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1656 1655 166 1665 1670 1875 166 166
GCT GGG CTG OCT TCA GCCATT SAC ATG AGCACAAAC TAT AATTCAGSAC TCA CTG CAT TTC AGCAAT GTC lI CGT TCT GTAATG GCC CC6 M ACC AT6 ACC ATC GATOCA CAT ACAAAT
Ala Sly Leu Ala Set Ala lie Asp Mel Ser Tht Asn Tyr Ass Set Asp Ser Leu His Pile Set Ass Pal Ph. Arg Set Val Met Ala Pro Phe Thr Mel Thr lie Asp Ala His Thr Ass

1666 1665 1666 1665 1616 1615 1626 1625
GGC AMT G6 MAA CTC OCT CTC TO6 GSA GM CAT ACT OGG CAG CTG TAT AGC MAA TTC CTS TTG AMA GCA SM CCT CTG SCA M ACT TTC TCT CAT SAT TAC AMA SOC CC ACA AGP CAT
Sly Ass Sly Lys Lea Ala Lea Ttp Sly Slu His Tht Sly Sin Lea Tyt Set Lys Pile Lea Lea Lys Ala Sbu Pto Lea Ala Phe Tilt Pile Set His Asp Tyt Lys Sly See Thr Set His

1636 1635 1946 1645 1656 1655 1666 1965
CAT CTC 6TG TCT ASS MAA AMC ATC AGT 6CA OCT CIT GM CAC MAA OTC AST 0CC CTG CUT ACT CCA OCT SMO CAS ACA SOC ACC TO0 MAA CTC MS ACC CM 71 MC MC: MT SMA TAC
His Lea Val Set Arg Lys Set lie Set Ala Ala Lea Slu His Lps Val Set Ala Lea Lea Tht Pto Ala Slu Sin Tht Sly Tht Tip Lps Lea Lps Tht SIn Pile Ase Ass Ass Slu Tyr

1676 1675 im1111 1665 166 1666 266 2666
AGC CAG SAC USG SAT OCT TAC MC ACT AMA SAT MAA AUT GGC 679 GAG CUT ACT GOA CSA ACT CTS OCT SAC CTA ACT CTA CTA SAC 7CC CCA AU MAA 676 CCA CUT TA CT MGT GAG
Set Sin Asp Lea Asp Ala Tyt Ass Tht Lys Asp Lys lie Sly Pal Slu Les Tht Sly Asg Tht Lea Ala Asp Lea Tht Lea Lea Asp See Pro lie Lps Pal Pee Lea Lea Lea Set Sbu

261 2615 2626 2625 2626 2625 2646 2645
CCC ATC AMT ATC MT SAT OCT TUA SAG ATO AGA SAT 0CC OTU SAG MS CCC CM SMA m ACA AU OTU OCT mf GTA MO TAT SAT AAA MC CM SAT OTU CAC 7CC AUT MC: CTC CCA
Pta lie Ass Ile lie Asp Ala Lea Sbu Mel Arg Asp Ala Pal Sbu Lps Pto SIn Sic Plie Tht lie Pal Ala Phte Pal Lys Tpt Asp Lys Ass Sin Asp Val His Set lie Ass Lea Pto

2650 2055 26661 2665 2679 2675 266 2056
mm GAGACC USG CMSM TAT TMTSAGOAGOMT CSACM ACC AU ATA GTSUSTC`TG GMMACOTA CAG AGAMC CTO MGCAC ATC MT AUT SAT CM liTUAGTAASAATAC ASA
Phe Phe Sic Tht Lea Sin Sbu Tyt Phi Sbu Atg Ass Atg Sin Tht lie lie Pal Pal Lea Sbu Ass Pal Sin Atg Ass Lea Lys His lie Ass lie Asp Sin Phe Pal Arg Lys Tyt Arg

2666 2665 2166 2165 2116 2115 2126 2125
GCA 6CC CTG GSA AAA CT CCA CMG CM OCT MT SAT TAT CTG MT TCA UTC MT TSO SMG AGA CM OTU TCA CAT SCC: MS SMG AAA CTG ACT OCT CTC ACA AAA MG TAT MGA AUT ACA
Ala Ala Lea Sly Lys Lea Pta Gin Sin Ala Ass Asp Tyt Lea Ass Set, Phe Ass Tip Slu Arg Sin Pal Set His Ala Lys Sbu Lys Lea Tht Ala Lea Tht Lys Lps Tyt Atg lie Tht

2136 2135 2146 2145 2156 2155 2166111 2165
SM AMT SAT ATA CMA AUT CA UTA SAT SAT SCC AAA ATC MC M MT SM AAA CTA TCT CM CTG CAG MCA TAT ATG ATA CM M SAT CAS TAT AU AAA SAT APT TAT SAT UTA CAT
Sbu Ass Asp lie Gin lie Ala Lea Asp Asp Ala Lps lie Ass Pile Ass Sbu Lys Lea Set Sin Lea Sin Thi Tyt Mel Ile Sin Pile Asp Sin Tyt lie Lys Asp Set Tyt Asp Lea His

2176 2175 2166 2155 2166 2165 2266 2205
SAT US AAA ATA OCT AUT OCT MT AUT AU SAT SM ATC AUT SM AAA UA AAA MOT CUT SAT SAG CAC TAT CAT ACC COT STA MT UrA GTA AAA MCA ATC CAT SAT CTA CAT USG M
Asp Lea Lys lie Ala lie Ala Ass lie lie Asp Sbu lie lie Sic Lys Lea Lys Set Lea Asp Sic His Tyt His Thr Arg Pal Ass Lea Pal Lys Tht Ile His Asp Lea His Lea Phe

2216 2215 2220 2225 2236 2235 2240 2245
AUT SM MT AUT SAT M MC AAA AGT GSA AST AGT ACT SCA 7CC 760 AUT CM AMT GTG SAT ACT MA TAC CM ATC ASA ATC CMGATA CM SM AAA CT CAG CMS CU MOAGMA CAC
lie Sic Ass lie Asp Phe Aee Lys Set Sly Set Set Tht Ala Set Ttp lie Sit Ass Pal Asp Tht Lys Tyr Sit IAe Atg lie Sin lie Gin Gla Lys Lee Sin Sin Lea Lps Atg His

2256 2255 2266 226 2276 2275 2286 2265
MATACA AMT ATA SAC ATCCAG'CAC CTA OCTSSOAMOAUAAACM CAC AUS AGSOCT AUT SAT OTTAGASOT CUT UA GAT CMUSSGOA ACT ACA AUT TCA M SMMAGATA MT SAT
lie Sin Ass Ilie Asp Ilie Gin His Lea Ala Sly Lys Lea Lys Sin His lie Sic Ala lie Asp Pal Atg Pal Lea Lea Asp Sit Lea Sly Tilt Tilt Ilie Set Pile Gla Arg lie Ase Asp

226 2265 2366 2365 2316 2315 23226 2325
OTU CUT GAO CAT OTC AAA CAC M OTU ATA AMT CUT AU SOS SAT M SM STA OCT SAG AAA ATC MTf 0CC UTC ASA 6CC AAA OTC CAT GAO UTA ATC SMG MGO TAT SMA PA SAC CM
Pal Lea Sic His Pal Lys His Phe Pal liA Ass Lea Ilie Sly Asp Pile Sbu Pal Ala Sic Lps Ilie Ass Ala Pile Arg Ala Lys Pal His Sbu Lea lie Sbu Atg Tyt Sic Pal Asp Sit

22360 2335 2346 2345 2356 2355- 2266 2265
CM ATC CAS GUT UA AT6 OAT AAA UrA PA SAGS6TCC CAC CM TAC MG US MA SMG ACT AUT CMG MG CTA ANC MT OTC CTA CM CM OTU MO ATAAMA SAT TAC m MAG MAA
Sin lie Sin Pal Lea Mel Asp LUs Leu Pal Sic Leu Ala His Sin Tyt LUs Lea Lys S Tilt Ilie Sin LUs Lea Set Ass Pal Lea Sit Sit Pal Lys lie Lys Asp Tpt Pile Sla LUs

2378 2375 2366 2385 236 2365 2466 2465
US OTU GSA M AUT SAT SAT OCT GTC; MS MSG CU MT SM UrA TCT M AAA ACA UTC AU7 SM SAT OUT MC AAA UC CU SAC ATO USG ATA MO AAA UTA MG TCA M SAT TAC
Lea Pal Sly Pile liA Asp Asp Ala Pal Lys Lys Lea Ass Sic Lea Set Pile Lys Tht Pile lie Gla Asp Val Ass LUs Pile Lee Asp Mel Lea lie LUs LUs Lea LUs Set Pile Asp Tpt

2416 2415 2426 2425 2436 2435 244 2445
CAC CAS M 0TH SAT SM ACC AMT SAC AAA ATC COT SAG 676 ACT CAG ASA CTC AMT SOT SM AUT CAG OCT CTG SM CTA CCA CM AAA OCT SM GCA UTA AAA CTS M UTA MAO SM
His Sit Pile Pal Asp Sic Tilt Ass Asp Lys lie Atg Sbu Pal Tht Sin Atg Lea Ass Sly Sic lie Gin Ala Lea Sbu Lea Prn Sin LUs Ala Gia Ala Lea LUs Lea Pile Lea Sic Sbu

2456 2455 2466 2465 2470 2475 2480 2465
ACC MG 6CC ACA OTU GCA 076 TAT CTG SM AGC CTA CMG SAC ACC AAA ATA ACC UTA ATC AC AMT TOO TTA CAS GSM OCT UrA AGT TCA SCA TCT USO OCT CA A7G MA 0CC AAA UC
Tilt Lys Ala Tilt Pal Ala Pal Tyt Lea Sic Set Lea Sit Asp Tilt Lys lie Tilt Lea liA lie Ass Tip Lea Sit Sic Ala Lea Set Set Ala Set Lea Ale His Mel LUs Ala LUs Pile

2466 2465 2566 2565 2516 2515 2526 2525
C6A GAG ACT CTA SM SAT ACA CGA SAC CGA ATG TAT CM ATG SAC AUT CMG CM SM CUF CM CSA TAC CTO TCT CTG PTA GSC CAG OUT TAT MGC ACA CUI OTC 5CC TAC AUT TCT SAT
Atg Sic Tilt Lea Sic Asp Tilt Atg Asp Atg Mel Tyt Sin Met Asp lie Sin Sin Sic Lee Sin Arg Tyt Lea Set Lea Pal Sly Sin Pal Tyt Set Tilt Lea Pal Tht Tyt lie Set Asp

2536 2535 2546 2545 2566 2556 2566 2565
7OO 766 ACT CUT OCT OCT MA MC CUY ACT SAC M GCA SAG CM TAT TCT ATC CM SAT TOO OCT AAA COT ATG AAA SCA UOSTPA GAS CM SOSG UC ACT SUT CCT SM ATC MA ACC
Ttp Ttp Tht Lea Ala Ala LUs Aen Lea Tilt Asp Pile Ala Sic Sit Tyt Set lie Sit Asp Ttp Ala Lys Atg Mel Lys Ala Lea Pal Sic Sin Sly Pile Tht Pal Pto Sic lie LUs Tht

2570 2575 2566 256 2566 2565 266611 266
ATC CUT 506 ACC ATG CCT 0CC M GM GTC AGT CUT CAG GCT CUT CM AAA GCT ACC UTC CAG ACA CCT SAT M ATA OTC CCC CTA MCA SAT US MSO AUT CCA TCA OTU CAG ATA MC
Ilie Lea Sly Thr Met Pro Ale Pile Sic Pal Set Lea Sin Ala Lea Sin Lys Ala Tilt Pile Sin Tilt Pta Asp Pile Ilie Pal Pto Lea Tht Asp Leu Atg lie Pta Set Pal Sin lie Ass

2616 2615 2626 262 263 2635 2666 2645
U7C MAAAACUTAMAAAMTAT AAA AC CCA TCC AOG1MTCC ACA CCA GM M ACC ATC CTMAC ACC UTC CAC AUT CCT TCC M ACA ATTSACUMOTAGM ATGMAAASTAMANATC
Pile Lys Asp Lea LUs Ass Ile Lys liA Pta Set Ang Pile Set Tht Pto Sic Pile Tilt lie Lea Ass Tilt Pile His Ilie Pta Set Pile Tht Ilie Asp Pile Pal Sic Mel Lys Pal LUs Ile

26150 2655 2666 265 267 2675 2666111 266
ATC AGA ACC AUT SAC CAS OAT MT MC MIT GAG CTG CAG 706 CCC OTU CCA GAT ATA TAT CTC AGO SAT CTG; MA P0G GAG SAC AUT CCT CTA SCO ASA ATC ACC CTG CCA SAC UTC COT
lie Atg Tilt Ilie Asp Sin Mel Lea Ass Set Sic Lea Sis Try Pro Pal Pto Asp liA Tyt Lea Arg Asp Lec Lys Pal Sic Asp Ilie Pee Lea Ala Asg lie Tht Lea Pee Asp Pile Arg

2666 2665 2766 2765 2716 2715 2726 2725
UTA CCA GM ATC GCA AUT CCA SM UC ATA ATC CCA ACT CT MC CU AMT OAT M CM OTU CCT SAC CUT CAC MAT CCA SM UTC CAG CUT CCC CAC ATC TCA CAC MCA AUT SM STA
Lea Pto Sic lie Ala Ilie Pta Sic Pile lie IAe Pto Tht Leu Ass Lea Ass Asp Pile Sin Pai Pee Asp Lea His Ilie Pta Sic Pile Gin Lea Pto His lie Set His Tht lie Sic Pal

2736 2735 2746 2745 2756 2755 2766 2765
CCT ACT M GGC MS CTA TAC AGT AUT CT6 AAA ATC CM TCT CCT CUT UTC ACA UrA SAT GCA MTf OCT SAC ATA SOS MTf GSA ACC ACC TCA GCA MC SM GCA GOT ATC GCA OCT TCC:
Pta Tilt Pile Sly Lys Leu Tyt Set lie Lea Lys Ilie Sin Set Pta Lea Pile Tilt Lea Asp Ala Ass Ala Asp lie Sly Aso Sly Tilt Tht Set Ala Asn Sic Ala Sly lie Ala Ala Set

2776 2T75 2786 2765 2766 2765 2666111 2805
ATC ACT 6CC AAA GSA GAG TCC AAA UA SM OTU C AMT M GAT M CM GCA AMT GCA CM CT TCA MC CCT MA AUT MT CCS CTO OCT CTS MS GMG TCA 676 MA UTC TCC HOC
lie Tilt Ala Lys Sly Sic Set Lys Lea Sic Pal Leu Ass Pile Asp Pile Sin Ala Ass Ale Sin Leu Set Ass Pto Lys Ile Ace Pto Lea Ala Lea Lys Sic Set Pal Lys Pile Set Set

2616 2615 2626 265 2836 2835 26146 2645
MS TAC CTO MGA ACO GAG CAT 000 AGT SM ATG CTG M 77 GSA AMT OCT AUT SAG GSA AAA TCA MC ACA GOT SCA AGT UTA CAC ACA SM MAA MT ACA CT GMA CU MST MT GSA
Lys Tyt Lea Atg Tirltui His Sly Set Sic Men Lea Pile Pile Sly Ass Ala Ilie Sic Sip Lys Set Ass Tilt Pal Ala Set Lea His Tirltui Lys Ast Tils Lea Sic Lea Set Ase Sly

26165 2855 2666 2665 2676 2675 266 2885
GTG AUT GTC MG AATAMC AMT CAG CUY ACC CTG SAT AGC MC ACT MAA TAC UTC CAC AAA USG MC ATC CCC AAA CTG SAC UTC TCT APT CAG OCT SAC MT CGC MC SMG ATC MS MAC
Pal lie Pal Lys Ilie Asn Ass Sic Lea Tilt Lea Asp Set Asn Tilt Lys Tyt Pile His Lys Lea Ass Ilie Pto Lys Lea Asp Pile Sen Set Sic Ala Asp Lea Asg Asn Sic lie Lys Tilt

2666 2865 2966 2665 2616 2615 2626 265
CTG UG AAA OCT GOC CAC ATA GCA TO0 ACT TCT TCT GSA AAA GOB TCA TOO MAA TO5 OCC TCG CCC ASA UTC TCA SAT SAG GSA MCA CAT SM TCA CM AUT MT UTC ACC ATA SM GSA
Lea Lea Lys Ala Sip His Ilie Ala Try Tilt Set Sen Sly Lys Sly Set Ttp Lys Try Ala Cys Pto Hag Pile Set Asp Sic Sly Thr His Sic Sen Sin Ilie Set Pile Tht lie Sic Sly

263 2635 2646 2645 2666 2665 266 2965
CCC CTC ACT 7CC M GSA CTG 7CC MT MG ATC AMT MC MAA CAC CTA ASA 0TH MAC CMA MC USG OUT TAT SM TCT SOC TCC CTC: MC M TCT MAA CUT SM AUT CM TCA CM OTC
Pta Lea Tht Set Pile Sly Lea Set Ass Lys Ilie Ass Set Lys His Lea Arg Pal Ass Gin Asn Lea Pal Tyr Sic Set Sly Set Lea An Pile Set Lys Lea Sic lie Sin Set Sin Pal

2670 2675 26661 266115 2666 266 36 366
OAT 7CC CAG CAT G76 GGC CAC MT OTU CTA ACT OCT AAA SOC AT6 OCA CTG M GSA SM SOSG MG OCA SMG m ACT 066 MSO CAT SAT OCT CAT UTA MT GSA MA SUT AUT GSA ACT
Asp Set Sin His Pal Sly His Set Pal Lea Tilt Ala Lys Sly Mel Ala Lea Pile Sip Sic Sip Lys Ala Sic Pile Tilt Sly Arg His Asp Ala His Lea Asn Sip Lys Pal IAe Sip Tilt

3616 3015 3026 3625 3636 3635 3646 3645
US AAA AMT TCT CUT UC M TCA GCC CAG CCA M SAG ATC ACG SCA 7CC ACA MC AMT SMA6 AfMTTUS AA 077 COT M CCA UA HGOG UA MCA 555 MA ATU SAC UTC CTG MTf
Lea Lys Ass Set Lea Pile Pile Set Ala Sin Pta Pile Sic IAe Tht Ala Set Tilt Ass Ace Sic Sly Ace Lea Lys Pal Aeg Pile Pta Lea Arg Lea Tilt Sly Lys IAe HAsp Pile Lea Ass

3656 3655 36660 3N5 3676 365 366611 366
MC TAT GCA CTG M CTG MGT CCC MST 0CC CAG CM GCA HOT 755 CM STA AGT GCT AGS UFC MT CAG TAT MA TAC MC CM MfTTUC TCT OCT GSA MAC MC SMG MC AUT ATO SAG
Ass Tyr Ala Lea Pile Lea Set Pta Set Ala Gin Sin Ala Set Ttp Sin Pal Set Ala Arg Pile Asn Gin Tyt Lys Tyt Ass Sin Aso Pile Set Ala Sip Ass Asn Sic Ass lie Met Sic

3666 3665 3166 3165 3116 3115 3126 3125
GCC CATSOTAHGA AUAMTGOASAAMGCAAM CTC6 GAT1TTC UFAMC AT CCTUTAHACA AU CCTSMAAATG COTCTA CCT TAC ACAAUATAC ACA ACT CCT CCA CTGMASAATUTC TCT CTA
Ala His Pal Sly IAe Ass Sly Sic Ala Ass Lea Asp Pile Lea Ass IA'l Pta Lea Tht ie yyPro G ppMet gra Le Pra Tyr Thr lie lie Tht Tilt Pra Pra Lea Lys Asp Pile Set Lea

3136 3135 3146 3165 31Y6 3155 3166 3165
755 SM AAA ACA BOC US MO, GMA UC US AAA ACG ACA MG CM TCA mT SAT UHA AGT PA AAA OCT CMG TAT MGAAMA MC AAA CA AGG CAT 7CC ATC MCA AMT CCT USG OCT 676
Trp Sic Lys Tilt Sly Lea Lys Sic Pile Lea Lys Thr Tilr Lys Sin Ser Pile Asp Lea Set Val Lys Ala Sin Tyr Lys Lys Ase Lys Has Arg His Sen lie Thr Asa Pee Lea Ala Val

3175 3175 3166 3185 3190 3165 326611 3266
CUY TGT GAS MC ATC AST CMG HOC ATC MAA TCC: M SAC AGO CAT M GM MAA MC MGA MC MT SCA TTA SAT TT OTC 5CC MRA 7CC TAT AMT SM ACA MAA AUT MA M SAT MA
Lea CpuSic Pile liA Ser Gin Set lie Lys Set Pile Asp Arg His Pile Sic Lys Ass Arg Ast Ass Ala Lea Asp Pile Pal Tilt Lys Set Tyr Hse Sic Tilt Lys lie Lys Pile Asp Lys

3216 3215 3220 3225 3230 3235 3246 3245
TAC AAAOCT MMAAATCT CACSAC GAGCTC CCC AGOSACC MC CMHUT CCTGGAHTAC ACT OTUCCAH TTGUSCMA TTUGM GTO TCT CCA UTCACCHTA GAG ATI6TCG OCAUTCSGC TAT
Tyr Lys Ala Sic Lys Set His Asp Sic Lea Pta Atg Tilt Pile Sin lie Pta Sly Tyr Thr Pal Pta Pal Pal Ast Val Sic Pal Set Pmo Pile Tilt lie Sic Mel Sen Ala Pile Sly Tyr

3250 3255 3260 326 3270 3275 3266 326
GTG UTC CCA MAA GCA GTC MGC H7G CCT AGT TTC 7CC ATC AUA GOT TCT SAC GTC COT 676 CCT TCA TAC ACA UHA ATC CTG CCA TCA UTA GAO CTG CCA GTC CUF CAT GTC CCT MGA MTf
Pal Pile Pta Lys Ala Pal Set Met Pmo Sen Pile Set lie Lea Sip Sen Asp Pal Arg Pal Pto Set Tyr Tilt Lea lie Lea Pto Set Lea Sic Lea Pee Pal Lea His Pal Pee Arg Asn

3265 326 3366 3365 3310 3315 3326 3325
CT MS CUT TCT CUT CCA SAT UTC MA GM USG TGT ACC MATAGHC CAT AUr M AUt CCT 0CC ATG GGC MT AUT ACC TAT SAT UTC 7CC M MAA TCA AGT OTC ATC MCA CG AMT ACC
Lea Lys Lea Set Lea Pta Asp Pile Lys Sic Lea Cpu Th Ilie Set His lie Pile lie Pro Ala Mel Sly An Ilie Tilt Tyr Asp Pile Set Pile Lys Set Sen Pal Ile Thr Lea Ace Tilt

3336 3335 3346 3345 3350 3355 3366 3365
AMTOCTSMAACUTIT MC CAOTCAOGAT AT GUTSCT CATCTC CUT TCT TCA TCT TCA TCT GTC AUT SATOCA CTGOCAMTACMAATUAGAG GC ACC ACAMAUGATOACAMAGAAAAGO GSAAss Ala Gla Lea Pile Hue Gin Set Asp lie Pal Ala His Lea Lea Set Set Set Ser Set Pal lie Asp Ala Lea Sic Tyr Lys Lea Sic Sly Tile Tilt Arg Lea Thr Atg Lys As5 Sly

3376 3375 3366 3385 3366 3365 3466 3465
US6 MG UHA GCC ACA GCT CTG TCT CTG HOC MC MAA M 070 GMG GOT AGT CAT MC MGT ACT G76 AGC UTA ACC ACG MAA AMT TG SM 670 TCA 076 OCA MAA 5CC: ACA MAA CCOGSMLea Lys Lea Ala Tils Ala Lea Sen Lea Set Ass Lys Pile Pal Sic Sly Set His HAs Set Tht Pal Set Lea Tils Thr Lys Ass Met Sic Pal Set Pal Ala Lys Tilt Tilr Lys Pmo Sic

3416 3415 3426 3425 3436 3435 3446 3445
AUT CCA AUT US ASH ATG AMTTUC MA CM GM CU AMT GSA MT ACC MO TCA MAA CCT ACT GTC TCT 7CC 7CC ATG SM M MA TAT SAT UTC AMT TCT TCA ATO CTG TAC 7CT 5CC
lie Pto lie Lea Hag Met Ass Ph. Lys Gin Sic Lea Ass Sly Ass Tilt Lys Sen Lys Pta Tilt Pal Set Set Sen Met Sic Pile Lys Tyr Asp Pile A. Set Set Met Lea Tyr Sen Tilt

3456 3455 3466 3465 3470 3475 3466 3485GCTMAAAGGA GCASUTTOAC CACMG CUHOCUST GM AGC CT ACC TCT TAC M 7CC; AUT GAGTCA TCT ACCMAAAGSASGATGTC MGGOT TCG OTU CUT TCT COSGM TAT TC SOA ACT
Ala Lys Sly Ala Pal Asp His Lys Lea Sen Lea Sic Ser Lea Tht Set Tyt Pile Set lie Sic Sen Set Tilt Lys Sly Asp Pal Lys Sip Set Pal Lea Set Arg Sic Tyr Ser Sly Tilt

3466 3495 3566 3505 3510 3515 3526 3525
AUT GCT AGT SAG 6CC MAC ACT TAC 770 MT 7CC MOAGHC: MA COG TCT TCA 676 MA CTG CAG SOC ACT 7CC MAA AUT SAT OAT A7C 760 MC CU SM GTH MAA SM MT Mi GCT GSA
lie Ala Set Sic Ala Ass Tilt Tyr Lea Ass Set Lys Set Tilt Hag Sen Set Pal Lys Lea Sin Sly Tilr Sen Lys lie Asp Asp lb. Try Ase Lea Sic Pal Lys Sic Ace Pile Ala Sly3536 3535 3546 3545 3550 3555 3566 3565GAMSCC:ACA CTC CM CGCMAT TAT 7CC CTC TOO AG6CACMAT ACGMAAAMC CAC TTACMG CTA GASGOGCCTC M UC ACCMAC GGASMCAT ACAASCMAAAGCC ACC CTSGM CTC TCT
Sic Ala Tilt Lea Gin Arg IAe Tyt Set Lea Ttp Sic His Set Tilt Lys Ass His Lea Sin Lea Sic Sly Lea Pile Pile Tilt Asn Sly Sic His Tilt Set Lys Ala Tilt Lea Sic Lea Ser

3576 3575 3566 3565 3590 3565 36660 3665
CCA 765 CM ATO TCA OCT CU OTT CMG GTC CAT GCA AST CMG CCC AGYT7CC UTC CAT SAT UTC CCT SAC CUT GGC CAG GM GTO GCC CTG MT OCT MC ACT MO MAC CAG MOAHTC AGAPto Trp Sin Met Set Ala Lea Pal Sin Pal His Ala Set Gin Pto Set Set Pile His Asp Pile Pta Asp Lea Sly Gin Sic Pal Ala Lea Ass' Ala Ace Tilt Lys Ann Sin Lys lie Atg

3616 3615 3626 3625 3636 3635 3646 3645
TOO AAA AMT GM GTC COG AUF CAT TCT GOGO TCT UTC CMG MC CAO GTC SAG CUT TCC AMT GAC CM SM MOG GCA CAC CUT SAC AUT GCA GSA TCC UHA SM GSA CAC CTA AGO UTC CT
Trp Lys Ass Sic Pal Arg lie His Ser Sly Set Pile Sin Sen Sin Pal Sic Lea Ser Ass Asp Sin Sic Lys Ala His Lea Asp lie Ala Sly Set Lea Sic Sly His Lea Atg Pile Lea

3656 365 3666 31165 3670 3675 366 3665
MAA AM AT C ATC CTA CCAOGTC TAT SAC MG AGC UTA 766 GAT UTC CTAHMA CTG OAT OTC ACC ACC HOC AUT GOT AGOGAGA CAG CAT CUT COT 077 TCA ACT 0CC M 076 TAC ACCMAA
Lys Ass lie Ilie Lea Pta Pal Tyr Asp Lys Sen Lea Tsp Asp Pile Lea Lys Lea Asp Pal Tilt Tilt Set lie Sly Arg Arg Sin His Lea Arg Pal Set Tilt Ala Pile Pal Tyr Tilt Lys

3666 3665 3766 376 3716 3715 3726 3725
MC CCC MTf SOC TAT TCA UTC 7CC ATC CCT 6TH MAA 677 USG OCT GAT MAA UTC AUT AUT CCT 000 CTG MAA CT AMT SAT CTA MAT TCA 077 CU GTC AT6 CCT HOG UC CAT OTC CCA
Asn Pro Asn Gly Tyr Ser Phe Ser lie Pro Val Lys Val Leu Ala Asp Lys Phe Ie lie Pro Gly Leu Lys Leu Asn Asp Leu Asn Ser Val Leu Val Met Pro Thr Phe His Val Pro

FIG. 2. (Figure continues on the following page.)



Biochemistry: Law et' al. Proc. Natl. Acad. Sci. USA 83 (1986) 8145

3730 3735 3740 3745 3750 3755 3700 3705
Tr ACA BAT CM CMS OTT CCA TCG TGC AAA CTT SAC TTC ABA BAA ATA CMA ATC TAT MBG MB CTB ABA ACT TCA TCA M7 0CC CTC ACC CTA CCA ABAMCT CCC BAG BTA AMA TTC CCT
Phe Thr Asp Leu Gin Val Pro Ser Cys Lys Leo Asp Pine Arg Giu lie Gin lie Tyr Lys Lys Leo Arg Thr Ser Ser Pine Ala Lou Asn Leu Pro Thr Leu Pro Gbu Val Lys Pine Pro

3770 3775 37010 3785 370 370 300 3805
SMA BTT SAT GTS TTA ABA MAA TAT TCT CMA CCA SMA SAC TCC TTG ATT CCCMTI GIAG ATA ACC 076 CCT SMA TCT CAB TTA ACT 076 TCC CAB TTC ACGS CIT CCA AMA AGT 077 TCA
Sbu Val Asp Val Leu Tinn Lys Tyr Sen Gin Pro Sbu Asp Sen Leo Ile Pro Pine Pine Slu lie Thn Val Pro Glu Sen Sin Leo Thr Vol Sen Sin Pine Tinn Leo Pro Lys Sen Vol Sen

30101 3015 3030 3025 303 3035 304 3045
OAT SOC ATl OCT BCT 110 SAT CTA MT GCA STA 9CC MAC AMO ATC BBA SACMTITASMTiT CCC ACC ATC ATC BTG CCT BAG BAB ACC All GAB AlT CCC TCC ATT MBG TTC TCT OTA CCT
Asp Gly lie Ala Ala Leo Asp Leo Asn Ala Val Ala Asn Lps lie Ala Asp Pine Gbu Leo Pro Thr lie Ilie Pal Pro Giu Gin Thn Ilie Sbu lie Pro Sen Ilie Lps Pine Sen Pai Pro

305 3055 3800 3805 3070 3075 30001 3005
BCT BOA ATT GTC Air CCT TCCMlI CMA SCA CTG ACT GCA CGC M SMG GTA SAC TCT CCC GTG TAT MT 6CC ACT TOO AST 0CC AST ITS AMA MC AMA SCA SAT TAT OTT BAA ABA GTC
Ala Glp lie Vai lie Pro Sen Pine Sin Ala Leu Thr Ala Arg Pine Giu Vol Asp Sen Pro Val Tyr Amo Ala Thn Trp Sen Ala Sen Leu Lys Ase Lys Ala Asp Tpn Vai Sbu Thn Pal

3000 3005 3000 3005 301 3015 3030 3025
CTG SAT TCC ABA TGC ABC TCA ACCD GTA CAM TTC CTA SMA TAT SMA CTA MT BTT ITS BOA ABA CAC AMA ATC SMA BAT GOT ACID TTA 0CC 707 AMG ACT AMA GSA ABA CiT GBA CAC CBT
Leu Asp Sen Thn Cpu Sen Sen Thr Pal Sin Pine Leo Gbu Tpr Sli Leo Asn Val Leu Glp Tinr Hos Lys Ilie Gbu Asp Sip Thr Leo Ala Sen Lys Thr Lys Sip Thr Leu Ala His Arg

30310 3035 304 3045 39500 300. 300110 3965
GAC TTC AST OBA SMA TAT SMA SM OAT GOC AMA TAT SMA GSA CIT CMS SM TOO SMA GSA AMA GCO CAC CTC MTf ATC AMA ABC CCA GCC lTC ACCD SAT CTC BAT CTG COC TAC CMG AMA
Asp Pine Sen Ala Gbi Tyn Glu Glu Asp kLys Tyr Gbu Sip Leu Gin Sbi Tsp Su Gly s_Ala His Leu elie LysSenPro Ala Pie ThrnAp Le His LeuArg TprnGinLys

397131115 M 321115 M~~~300 300 400 400
SAC AMG AMA OOC ATC TCC ACC TCA GBA 6CC TCC CCA 0CC STA OOC ACC 070 SOC AUS SAT ATG SAT SMA SAT SAC SAC Mi TCT AMA TOO AAC TTC TAC TAC ABC CCT CMG TCC TCT CBA
Asp Lys Len Sip lie Sen Thr Sen Ala Ala Sen Pro Ala Val Sip Thr Val Sip Men Asp Mel Asp Sbu Asp Asp Asp Pine Sen Len Tnp Asn Pine Tyr Tyn Sen Pro Sin Sen Sen Pro

4010 4015 4020 4035 40310 403 4040 4045
SAT AMA AMA CTC ACC ATA lTC AMA ACT GAG ITS ABS 67 CCO SMA 707 GAT SMG SM ACT CMG ATC AAM 0TT MT TOO GMA SM SMG OBA BCT TCT GGC ITS CTA ACC TCT CTG AMABAC
Asp Len Len Leu Tnn lie Pine Len Thr Sbu Leo Ang Val Arg Sbu Sen Asp Sbu Sb Thr Gin lie Len Val Asn Trp Sbu Slu Sb Ala Ala Sen Sip Leo Leu Thr Sen Leo Len Asp

4050 4005 40001 4005 4070 407 400011 40051AAC 076 CCC AMO 0CC ABA BOB 070 CIT TAT SAT TAT 670 MAC AMG TAC BAC TO0 SMA CAC ABA BOBG CC ACC CT6 ABA GMA 076 TCT TCA AMS CTG ASA ABA MTf CTGS CMG MC MT OCT
Asn Val Pro Lps Ala Thr Sip Val Len Tyr Asp Tyr Vol Asn Len Tyr Ibis Tsp Sbu His Thr Sip Len Tinr Leo Ang Sbu Val Sen Sen Lys Leu Arg Arg Asn Leo Sin Asn Asn Ala

41000 4005 4100 4105 4110 4115 4120 4125
SAG TOG 077 TAT CMA BBS 0CC All ABO CMA ATT SAT SAT ATl SAC 676 MGO TTC CM AMA GCA GCC ABT SOC ACC ACT GBO ACC: TAC CMA SAG TO5 AMG SAC AMG 0CC CMG MT CTG TAC
Sbu Tnp Val Tpn Sin Sip Ala lie krg Sin lie Asp Asp lie Asp Val Ang Pine Sin Len Ala Ala Sen Sip Thr Thr Sip Thr Tpr Sin Sbu Tsp Len Asp Len Ala Sin Ase Leu Tyr

4138 4135 4140 4145 4100 4155 410011 4105
BAGGM CTG iTS ACTBCASSMOOGC CAGCCMAT lTC CAGOSACTMBM SATMAC 070GTITGATBOGCYTT GTACCA OTT ACT CAA AA TC BAT ATG AA 7ACMG MOCTS A1TTAC TBA
Gin Sb Leo Leo Tnn Sin Sbu Sip Sic Ala Sen Pine Sin Sly Leu Len Asp Asn Vab Pine Asp Sip Leo Val Arg Val Thr Sin Len Pine His Met Len Vol Len His Leu lie Asp Sen

4170 4175 4100 4105 41090 4105 420011 420
CTC All SATMITGCAB C TTC CCC ABA 770 CAMmCCG BBS AMA CCT BOO ATA TAC ACT MBO SAS SMA CTT TGC ACT ASTh TC ATSAOGMBSM TA BOB ACC GTA CTS TCC CMS 070 TAT
Leu lie Asp Pine Leu Aso Pine Pro krg Pine Sin Pine Pro Sly Len Pro Sip Ilie Tpr Thr Arg Sbu Ski Leo Cpu Thr Met Pine lie krg Sbu Pal Sip Thr Val Leou Sen Sin Val Tyn
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TGC Cll MTf CTl BAT MBG TTC MT SM MITTAl CMA MC BAO CTT BAS SM OCT 707 CM SMG TTA CMG CMG ATC BAT CMA TAC All AUS 0CC CTT COT SMA SM TAT MI SAT CCA MST
Cys Leo Asn Leo His Len Pine Aso Si Pine Ilie Sin Asn Sbu Leo Sin Slu Ala Sen Sin Ski Leo Sbn Ale lie His SIn Tpr lie Men Ala Leou kg Ski Slu Tpr Pine Asp Pro Sen
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ATA 077 OOC 766 ABA 676 AMA TAT TAT SMA Cll SMA SM AMG ATA 670 MST CTO ATC AMG MC CTG TTA 677 GCT Cll AMG SAC TlC BAT 7CC SMA TAT All 670 MST 6CC TCT MAC li

lie Val Sip Tsp Thr Pal Len Ten Ten Asu Leo Asu Sb Len lie Val Sen Leo lie Len Asn Leo Leo Pal Ala Leo Len Asp Pine His Sen Ski Tyr lie Val Sen Ala Sen Aso Pine
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Thr Sen SIn Leo Sen Sen Acn Val Ala Aln Pine Leou His krg As Ilie Sic Ala Tyr Lou Sen lie Leo Thr Asp Pro Asp Sip Len Alp Len Ski Len Ilie Ala Slc Leo Sen Ala Thr
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BCT CAB SMA ATA All AMA ABC CMG 0CC All BCC ACG AM AMA ATA All 7CC SAT TAC CAC CMB CAG lITABA TAT AMA CTO CMA SAT MiTC70 GM CAMCCC 7C GAT TAC TAT SMA AMA
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4530 4536
AMG CTT 6CC CCA GSA SMA CTT ACT All AllCMlTMA 1TITMlAA ABAAATCTTC ATTTATTCTT CITTTCCAAT TGAACTTTCA BATASCACAS AAAAAMTTCA MACTGCCTAT AiTTATAMAA CBATACAGTG
Lys LUm Ala Pee Sly SI. Lai The lie No Ln ..

ABCCAGCCTT SCAGTMSCA, STABACTATA AGCABMIBCA CATATGAACT GGACCTOCAC CMABACTOOC ACCAGBOCTC SBMBBTCTC TGAMCTCABA, ABSATOOBAT TITITTSCM TrAAMGAAAA TCAMSATCTG

AGTTAlTTTO CTAAAC1TTG BOBOABSAGG ACMAATAAMT BBMTCIA 7T0OATCA TM.....A

FIG. 2. Nucleotide sequence and derived amino acid sequence of human liver apoB-100 cDNA. Amino acids are numbered below the
sequence. Residue 1 is the NH2 terminus of the mature protein. Negative numbers refer to the prepeptide sequence. Cysteine residues and
potential glycosylation sites are printed in bold type. The sequences of apoB peptides that have been published are underlined (22, 23).

ethanol. Poly(A)' RNA was isolated by oligo(dT)-cellulose
affinity chromatography.

Preparation of Human Liver cDNA Libraries. Several
human liver cDNA libraries were utilized in this study. A
cDNA library established in pBR322 has been described (20).
A cDNA library established in Xgt11 was kindly provided by
G. Ricca. A cDNA library established in pAT153 PvuII/8
was a gift from R. D. Campbell (21).

Screening the Human Liver cDNA Libraries for ApoB-100
cDNA Clones. The 5'-end-labeled synthetic oligonucleotides
and nick-translated apoB-100 cDNAs were used as hybrid-
ization probes to screen the plasmid and the XgtlO cDNA
libraries. Monospecific, polyclonal antibodies against apoB-
100 as well as monospecific, polyclonal antibodies raised
against synthetic apoB-100 peptides (18, 22, 23) were used to
screen the Xgt11 expression library as described (18).
DNA Sequence Determination. The entire apoB-100 mRNA

sequence was included in 10 overlapping cDNA clones. Both
the Maxam and Gilbert chemical modification procedure (24)
and the Sanger's dideoxynucleotides chain-termination pro-
cedure (25) were used. In the latter procedure, single-
stranded DNA templates were generated by either subclon-
ing into M13mp18 and M13mp19 or by denaturation of
supercoil plasmid DNA by NaOH (26). Universal sequencing
primers were purchased from Bethesda Research Laborato-
ries. Synthetic oligonucleotide primers were purchased from
OCS Labs (Denton, TX).

RESULTS
Identification ofHuman Liver ApoB-100 cDNA Clones. The

Xgtll human liver cDNA library was screened with a mono-

specific antibody to human apoB-100 (GR-22) and with
synthetic oligonucleotides SN-R3-1 (22) and SN-MDB-18
(23) that were based on the corresponding peptides present in
apoB-100. Four overlapping apoB-100 cDNA clones were
isolated. Clone XMDB-1 is 1.9 kilobases (kb) long and located
1.5 kb from the NH2-terminal end of apoB-100 (8, 9). The
other three overlapping clones (XMDB-2, XMDB-3, XMDB-4)
are located 0.7 kb away from the 3' end of clone MDB-1 and
have a combined length of4.2 kb (Fig. 1). To obtain the entire
sequence of apoB-100 mRNA, 30-base synthetic oligonucle-
otides homologous to the 5' and 3' end of our apoB cDNA
inserts were employed as hybridization probes to screen
several other cDNA libraries. One of the clones, pMDB-7
(Fig. 1) was isolated from a human livercDNA library, which
used the Pvu II site of pAT153/Pvu 11/8 (21). This clone
hybridized to oligonucleotide probes at the 5' end ofXMDB-1
and XMDB-2 and thus contained a minimum of 4 kb of the 5'
end of the apoB-100 mRNA. Restriction enzyme analysis
revealed an insert size of >6.0 kb indicating this clone
included sequences bridging the gap between clones XMDB-1
and XMDB-2. Clones containing the 3' half of the apoB-100
mRNA were obtained by screening the plasmid cDNA library
(18, 20) with a nick-translated cDNA probe of XMDB-4 and
synthetic oligonucleotides based on the sequence ofthe apoB
peptide MDB-18. Several clones were isolated, clone pMDB-
5 (Fig. 1) contained a 3.0-kb insert overlapping the 3' end of
clone XMDB-4. Clone pMDB-6 contained the 3'-untranslated
region of apoB-100 mRNA and 750 base pairs of the coding
region. Several clones containing the rest of the apoB-100
mRNA sequence were obtained from a plasmid cDNA library
using the 30-base synthetic oligonucleotides homologous to
clones pMDB-5 and pMDB-6.



Proc. Natl. Acad. Sci. USA 83 (1986)

Each of the putative apoB-100 cDNAs was verified by both
RNA gel and Southern hybridization analysis. Oligonucleo-
tides of each clone were also synthesized and used as
hybridization probes to human liver poly(A)+ RNA by RNA
gel blot analysis. All cDNA and synthetic probes hybridized
to the 14.1-kb apoB-100 mRNA band. In addition, monospe-
cific antibodies prepared against synthetic peptides based on
the derived amino acid sequence of the cDNA clones im-
munoblotted to apoB-100 separated by NaDodSO4/PAGE
(23).

Restriction Endonuclease Cleavage Map and Sequence De-
termination of ApoB-100 mRNA. The restriction endonucle-
ase cleavage map of apoB-100 mRNA is illustrated in Fig. 1.
cDNA inserts were isolated and subcloned into M13mp18 and
M13mpl9. In some instances, a modification of the dideoxy
sequencing protocol using end-labeling was employed (27).
Deletion subcloning (28) was used when sequencing large
cDNA inserts as in the case of clone pMDB-7. Both the plus
and minus strands were sequenced, and sequence data were
edited with the aid of a computer.

Structural Analysis of ApoB-100 mRNA and the ApoB-100
Protein. The results of our sequence studies established that
the apoB-100 mRNA is 14.1 kb long encoding a plasma B-100
apolipoprotein of 4536 amino acid residues with an amino
acid molecular weight of512,723. The completed sequence of
apoB-100 mRNA is in good agreement with the published
partial sequences of apoB-100 (8-16), except for the 3'-
untranslated region that is different from that reported by
Knott et al. (10) in many places. Computer analysis of the
nucleic acid and derived amino acid sequence revealed
several interesting features of apoB-100. Twelve out of a total
of 25 cysteine residues are located within the first 500 amino
acids at the amino terminus of apoB-100 (Fig. 2). There are
20 potential glycosylation sites, the majority of which are
located in the middle of the protein.

DISCUSSION
In the present report we have described the complete nucleic
acid and derived amino acid sequence of human liver mature
apoB-100. At 4536 amino acids, to our knowledge, apoB-100
is the largest protein cloned and sequenced. The structure
and physicochemical properties of apoB-100 have been
extensively studied for nearly a decade. However, the
analysis of this protein has been difficult because delipidated
apoB-100 is insoluble in aqueous solution and forms aggre-
gates even in buffers containing NaDodSO4, urea, or guani-
dine hydrochloride. Our cloning of the entire apoB-100
cDNA permitted the definitive determination of the molec-
ular weight of apoB-100 protein as 512,723. The first 500
residues of apoB-100 contains 12 cysteines that may form
intramolecular disulfide bridges resulting in the NH2-terminal
region of apoB-100 being folded into a globular structure. In
this respect, this region of apoB-100 is similar to that of
human serum albumin (29, 30) that has 34 cysteine residues
forming 17 pairs of intramolecular disulfide bonds. It is
known that the introns of the serum albumin gene are located
in a characteristic manner at the 5' end and reflect the domain
structure of the protein. Based on the similarity in structure
of the two proteins, we can anticipate that there are multiple
introns in the first 500 amino acid region of apoB-100.
The secondary structure of apoB-100 based on computer

analysis revealed 40% a-helix, 25% 8-structure, and 35%
random coil but very little amphipathic helical structure.
Thus, unlike other apolipoproteins, amphipathic helices are

not a characteristic feature ofapoB-100. ApoB-100, however,
has a greater percent of 8-structure when compared to other
apolipoproteins, and segments of the }-structure contain
distinct hydrophobic and hydrophilic faces.
The elucidation of the complete amino acid sequence of

apoB-100 will permit a detailed analysis of the conformation
of the protein, the LDL receptor binding domain(s), the
structural relationship between apoB-100 and apoB-48, and
the ability to study the genetic defects in apoB structure in
patients with dyslipoproteinemias.
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