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ABSTRACT Protein 4.2 (P4.2) comprises -5% of the
protein mass of human erythrocyte (RBC) membranes. Ane-
mia occurs in patients with RBCs deficient in P4.2, suggesting
a role for this protein in maintaining RBC stability and
integrity. We now report the molecular cloning and charac-
terization of human RBC P4.2 cDNAs. By immunoscreening a
human reticulocyte cDNA library and by using the polymerase
chain reaction, two cDNA sequences of 2.4 and 2.5 kilobases
(kb) were obtained. These cDNAs differ only by a 90-base-pair
insert in the longer isoform located three codons downstream
from the putative initiation site. The 2.4- and 2.5-kb cDNAs
predict proteins of -77 and =80 kDa, respectively, and the
authenticity was confimed by sequence identity with 46 amino
acids of three cyanogen bromide-cleaved peptides of P4.2.
Northern blot analysis detected a major 2.4-kb RNA species in
reticulocytes. Isolation of two P4.2 cDNAs implies existence of
specific regulation of P4.2 expression in human RBCs. Human
RBC P4.2 has significant homology with human factor XIII
subunit a and guinea pig liver transglutaminase. Sequence
alignment of P4.2 with these two transglutaminases, however,
revealed that P4.2 lacks the critical cysteine residue required
for the enzymatic crosslinking of substrates.

Membrane skeletal proteins play an important role in regu-
lating the viability and mechanical properties of erythrocytes
(RBCs) (1, 2). All major RBC membrane proteins have been
identified, most have been characterized, and several have
been cloned (3-6). Isoforms of many RBC membrane pro-
teins have been identified in various types of cells and tissues
(1, 2). Protein 4.2 (P4.2), which represents =-5% ofthe protein
mass of human RBC membranes, is one of the last major
membrane proteins to be characterized. P4.2 has an apparent
molecular mass of -72 kDa and associates with the cyto-
plasmic domain of the anion exchanger, band 3 (7). Recent
evidence suggests that P4.2 interacts with ankyrin and may
function to stabilize ankyrin in the membrane (8). Individuals
whose RBCs are severely deficient in P4.2 experience vari-
ous levels of anemia, further indicating an important func-
tional role for this protein (8).
We now report the molecular cloning and characterization

of the full-length cDNA for human RBC P4.2.¶ Two cDNA
sequences have been identified that differ only by a 90-
base-pair (bp) insert located near the 5' end of the coding
region. The presence of two P4.2 cDNAs resembles the
transcript heterogeneity found in membrane skeletal protein
4.1 (9-11) and nonerythroid a-spectrin (6) and suggests that
regulation ofP4.2 expression exists in human RBCs, possibly
by alternative splicing.

MATERIALS AND METHODS
Screening of Agt11 cDNA Library. Affinity-purified rabbit

anti-human P4.2 IgG prepared by Rybicki et al. (8) was used
to screen a cDNA expression library in Agtll constructed
from human reticulocyte mRNA, kindly provided by J. G.
Conboy and Y. W. Kan (5). Immunoscreening of the Agtll
expression library was performed according to Huynh et al.
(12), except that positive clones were identified with goat
anti-rabbit IgG conjugated with horseradish peroxidase (Bio-
Rad). For each 150-mm Petri dish, 5 x 104 plaque-forming
units were used.

Subcloning and Sequence Analysis. cDNA inserts from
positive phage clones were subcloned into pBS(+) plasmids
(Stratagene). Unidirectional deletion clones were generated
by using BAL-31 exonuclease (13), and cDNA fragments
were sequenced with T3 and T7 primers by the dideoxynu-
cleotide chain-termination method (14). Sequence analysis
and GenBank data base searches were performed by IBI
Pustell sequence analysis software (International Biotech-
nologies).
5'-End Extension of cDNA. Three oligonucleotides were

prepared in a technique based on the polymerase chain reac-
tion (PCR) to synthesize the missing 5' sequence of the partial
cDNA clone: pl was composed of nucleotides (nt) 7-23 of
clone 7 (c.7); p2 was complementary to nt 36-52 of c.7 plus an
EcoRI restriction site at its 5' end; p3 was composed of the
EcoRI polylinker and the poly(dC) originally used for the
first-strand cDNA synthesis when the library was constructed.
The sequences of pl, p2, and p3 were, respectively, 5'-
dTGAGGATGCTGTGTTCC-3', 5'-dTCGAAlJCGTACTC-
CATGCGCTGAG-3', and 5'-dGCGGLAAlTCCCCCCCCCC-
CCCC-3', with the EcoRI sites underlined. p2 and p3 were
used as PCR primers, and the reticulocyte cDNA library (5 ,u
with 106 phages per pl) was used as a template. The reaction
product was electrophoresed and stained with ethidium bro-
mide. The major band was excised and subcloned into pGEM
3zf plasmids (Promega). From >500 transformants, 24 colo-
nies were randomly chosen to make minipreparations of
plasmid DNA, of which 80%o were positive when hybridized
with 32P-labeled pl.
Western Blot Analysis of Fusion Proteins. Recombinant

lysogens of three positive Agtll clones were prepared and
induced for expression of 8-galactosidase fusion proteins (12).
Clear lysate containing the fusion proteins was separated by
SDS/PAGE (7.5% polyacrylamide gel) (15), transferred to

Abbreviations: LTG, guinea pig liver transglutaminase; nt, nucleo-
tide(s); ORF, open reading frame; PCR, polymerase chain reaction;
P4.2, protein 4.2 of human erythrocytes; RBC, erythrocyte; XIIa,
subunit a of human factor XIII.
tTo whom reprint requests should be addressed.
IThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M30646 and M30647).
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(16), and immunostained with the affinity- Expression of Fusion Proteins and Amino Acid Sequence
iuman P4.2 IgG and a goat anti-rabbit IgG Analysis of Cyanogen Bromide Fragments. In addition to the
aline phosphatase (Promega). coding capacities of the cDNAs, two other lines of evidence
anogen Bromide-Cleaved Fragments. Pu- support the identity of these cDNAs as P4.2. An %175-kDa
repared according to Korsgren and Cohen f3-galactosidase fusion protein encoded by recombinant
vith cyanogen bromide (17). The cleaved phage c.7 was detected by anti-P4.2 antibody (data not
)ncentrated in a Speed Vac Concentrator shown). Since 8-galactosidase contributes 114 kDa to the
ptide fragments were separated by HPLC fusion protein, c.7 insert encodes a peptide of -61 kDa. The
[, 30 x 4.6 mm; Brownlee Lab) with a combined protein size of c.7 and c.16 (15 kDa) or c.12 (18
acid/acetonitrile linear gradient (0-90% kDa) is close to the apparent molecular mass of P4.2. The

in) at a flow rate of 1 ml/min. The peptide most convincing evidence for the authenticity of the cDNAs
10inm were collected, concentrated, and was the complete match of 46 amino acids from three
ABI 1470 gas phase protein sequenator independent cyanogen bromide peptides of P4.2 with the
IS). amino acid sequence deduced from the cDNA (Fig. 2, boxes).
d RNA Blot Analysis. Human reticulocyte Sequence Analysis of the P4.2 cDNAs. The complete nucle-
(8) from peripheral blood of an anemic otide sequence of P4.2 cDNA and the deduced amino acid
oxysmal nocturnal hemoglobinuria. The sequence of P4.2 are shown in Fig. 2. The cDNA has a 227-nt
hxoresed on a 1% agarose/formaldehyde untranslated region upstream from the putative ATG start
d onto nitrocellulose paper, and hybrid- codon. The nucleotide sequence CAACC ATG G around this
ed probes generated by random-primer initiation site is similar to the consensus sequence for initi-
eia LKB). ation found in higher eukaryotes (19), except that the second.-Iia 'KB). nt in the P4.2 cDNAs is A rather than C. This ATG initiation

site is followed by an ORF through the c.7 cDNA. There is
RESULTS another ATG at nt -179 to -177, but it is followed by an

DNA Clones. Immunoscreening of 5 x 101 in-frame termination codon 19 nt downstream. The presence
or absence of the 90-nt insert (underlined in Fig. 2) gives risewith anti-human P4.2 antibody yielded 12 to two P4.2 cDNA sequences. The 2.4-kb cDNA containsclones, 6 of which contained large-sized 2382 nt with an ORF of 691 amino acids, predicting an

1.2 to 1.8 kiobases (kb). The 1.8-kb insert =77-kDa protein; the 2.5-kb cDNA contains 2472 nt with an
cross-hybridize with those of c.4 (1.4 kb), ORF of 721 amino acids, predicting an =80-kDa protein. The
(1.2 kb), suggesting that these four clones cDNA ends in a poly(A) tail, and the 3' untranslated region
ing nucleotide sequences. is relatively short, containing only 82 nt. There is no polya-
s indicated that c.7 had a poly(A) tail and denylylation signal sequence AATAAA, but a sequence
ng frame (ORF) at the 5' end. Restriction AATCIAAA is located at nt 2204-2211.
nucleotide sequences showed that these RNA Blot Analysis of Human Reticulocytes. Northern blot

-lones contained the 3' portion of the analysis using c.7 insert as a probe detected a 2.4-kb RNA
g lengths from the 5' end (Fig. 1). Since species in human reticulocytes (Fig. 3). This result indicates
it molecular mass of 72 kDa, its cDNA is that the cDNAs obtained in this study (2382 and 2472 bp) are
i coding region of =2.2 kb. Hence, the apparently the full-length cDNAs for P4.2. Overexposure of
was not long enough for the entire coding the blot showed two additional minor bands of 3.9 and 1.7 kb.

. .
Toobanhemssngedf

Structural Analysis of P4.2. The amino acid sequence
of cDNA. To obtain the missing 5' end of derived from the 2.5-kb cDNA contains =43% nonpolar,
formed PCR 5'-end extension by using -35% polar, 40%o acidic, and 412% basic amino acid
1 according to the sequences of c.7 insert residues. The most abundant amino acids are leucine (82
s in the cDNA library. Sequencing of the residues) and alanine (60 residues). There are 49 serine and
wtended cDNA clones (including c.12 and 43 threonine residues (potential sites for 0-glycosylation),
;wed that they had identical sequences, representing 13% of the total residues. There are 16 cysteine
,est one (c.12) had a 90-bp insert near the residues, 6 potential N-glycosylation sites (Asn-Xaa-
region (Fig. 1). The combined length of Ser/Thr) at Asn-103, -420, -447, -529, -604, and -705, 1

Inded cDNAIs 2.4 kb (or 2.5 kb with the potential cAMP-dependent phosphorylation site (basic-
Znce analyses showed that they contained basic-Xaa-Ser) at Ser-278 (20), and 9 potential protein kinase
kb, respectively, and thus were capable C phosphorylation sites (Ser/Thr-Xaa-Arg/Lys) at Ser-7,
in of "'72 k~a. -57, -58, -154, -222, -449, -455, and -666, and Thr-287 (21).

There is one Arg-Gly-Asp sequence at 518-520. Secondary
;0;Suz~g,xO,O S structure analysis using the Chou and Fasman method (22)

M

II predicted that P4.2 contains -33% P-sheet, -24% a-helix,
I U+ + + + 3, and -45% reverse turns.

C.7 Hydropathy analysis of the deduced amino acid sequence
'.8 using the algorithm and hydropathy values of Kyte and

c.s Doolittle (23) revealed a major hydrophobic domain (residues
-" 298-322; Fig. 4, b). This hydrophobic region was predicted to

be mainly a 8-sheet structure with a possible turn. There is
* I| a strongly hydrophilic region (residues 438-495; Fig. 4, c).

1.0 1.5 2.0 2.5 Toward the C terminus of this region, there is a highly

diagram of human RBC P4.2 cDNAs. Honi- charged segment predicted to be an a-helix (residues 470-
resents the coding region. Lines flanking it 492; underlined in Fig. 5) and containing a large number of
untranslated regions. Three clones isolated by both positively and negatively charged residues, especially

7, c.8, and c.9) and two clones obtained by PCR glutamic acid.
16) are shown below. The dashed V-line on c.16 Homology searches of GenBank 59 (released March 1989)
of the 90-bp insert found in c.12. and NBRF-PIR Protein Sequence Database (release 19,
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GA
CaM CaA AG TOC CIT

Net Gly Gln Gly Glu

anr rV- as- Orvl. ti

ACT GGT OCG GA GT ACC AGC AGA GAG GGA
CAT ATT T1C TOT CIG GIA GAC A AA COM

10
Pro Ser Gln Arg Sor Thr Gly oum Ala Gly
cCM AMC C o:COC7G AA OM CIT OCT GG

;u
Asp Ph. Gin Ala Ala Arg Asn Glu Glu

GAC Tm CG GM OCA AG AAC AAT GA; GAM
90

Ala Phe Lou Pro Ala Lou Lye Lye Vol Ala

OCA TIm CSG CCr OCC CTG A AG GTG 0CC

130

SMr Ala Val Vol Glu Glu Arg Asp Ala Gin

AGT GCA GOT CGI GAG CMG AGR GA? GCC CA
170

Lou Gly Gin Phe Thr Lou Lu Ph. Mn Pro

TTG GG? CMG TCC ACA CG CTn Tmr AM Coc
210

Ala Asp Cys I1- Gin Ala Glu SMr Trp Asp
GCT GC TOC AC CAG GCA GAG TCC TOG GC

250

Vol Ala Arg Vol Lou Gly Ala Lou Lou His
GTG GOC Ci CM 10G G0T OCC T7G CTM CAT

290
II* L*u Arg Gin Trp Lou Thr Gly Arg Gly
ATC CT0COG CM TO CTC AOC CCGX 0CC

330

Thr Ph. Ala SMr Ala Gin Gly Thr Gly Gly
AG TT? 0CC TCm OA CG GOC C 0?GT GC

370
Cys Trp Not Lys Arg Gly Lau Pro Cy

CMG TC ASC AAG COC GOC CSG C ;

Lys Glu Gly Tnr Gly Lou Thr Pro

GTC AAG GMG GCM AMG CTM G0 CMG A= CCG
450

Thr Lys Tyr Vol Gly AMn Ile SMr Thr
ACA AMG GTT GOC AAM ATC AMC AC

490
Vol Lys Glu Lys Arg Glu Lys
GC CG AAA GCM AAM ATG GMA Occ GG AAA

530

Al1 Gin Ilo Ser Vol Thr Lou Vol Asn His

GCM CMG ATC TCA GGAC G? AAT CMC

Lou His Lou Thr Lou Ser Al Amn Lou Glu

CTG CM CMC AG CMc AGT GCM AAM CTG GMA
610

Sr Mer AMn Lou SMr Cys Phe Ala Gin

TCT GAA TOC AAC CST AMC TOC TI? OCT Ca
650

GIn Amn Sr Lu Asp Ala Glu Asp
CMG AMC T0C CTA GAT GOC A1GGT G GAC

690
Lys Ph. Gin Thr Pro Thr His Vol Gly
AM

TrC CMG 7TC ACG OCA ACA CAT GCG GGC

A

A

A

GI
Ci

GTA GO GA G AM AA
AGR AGG ACC CCA GM

20
LM Tyr Ala Ala Pro
Cr TMa GM GMC cc

CAT GTC AGG CMr CMt ACA GA GrA GCG 0GG GGA GGr TmT GCT ATS
GCA ACA GM TGa GWO AGG COC Imf CTG COG CCa AGr GGA TAA GAG

30
Ala Ala Ser Pro Vol Phe Ile Lys Gly Ser
Gc Rc Car Wn TIC ATn MA G AGT

His HRi TAr Lys Ala Lou SMr 8Mr Arg Arg Lou Ph. Vol ArM Ar Gly Gin Pro Ph. Thr
Ca Cac ACC AM G0CC CtCMC TCOG0CM CTC mT GCM AG GCM CMG Ca: TTC AMC

100 110
Lou Thr Ala Gin Thr Gly Glu GIn Pro Ser Ly Io AMn Arg Thr Gin Al& Thr Ph. Pro
CrC MCT GA CAA ACT Gr CM OCT AM ATC AM M MC CAAM GC ACA TGC CCA

140 150
SMr Trp Thr II1 SMr Vol Thr Thr Pro Al& Asp Ala Vol Ie. Gly His Tyr SMr Lou Lou
TOC TOG AC ATC TCT GCG AOC AMA CC GM GCM OCT GCC ATT GC CMC TAC TKG C1T CM

180 190
Trp AMn Arg Glu Asp Ala Vol Ph. Lou Lys Mn Glu Al& Gin Arg u r
TOG AMT AMA GAG GA? CC? GCG .C CTG AAM ART OCT CM CMa GA G TTG

-0 4w 220 T23
Ph. Gly Gin Ph. Glu Gly Asp Vol II- Asp Lou SMr Lou Arg Lou Lou Sr Lys Asp Lys
TmT C CAG TIC MG GA? CG ATr GC CMT CM C CTG aGC AMG C AAG

260 270
Phe Lou Lys Glu Gin Arg Val Lou Pro Thr Pro Gin Thr Gin Al& Thr Gin Glu Gly Ala
Tm? CM AAG GAG CAG AMG GSC C O MC COG CMG ACC CAM GCC aCc CAG RMGGG GCC

300 310
Arg Pro Vol Tyr Asp Gly Gin Ala Trp Vol Lou Alo Ala Vol Al& Cys Thr Vol Lou Arg
CGA CC? GTM TAT GAT GC CAG GCC TGO CM TSG OCT CT G1T OCT TOC ACA CMG CMG OGM

340 350
Arg Lou Lou II- Asp Glu Tyr Tyr AMn Glu Glu Gly Lou Gin AMn Gly Glu Gly Gin Arg
OGT CT? CMC ATA GAT GM TMAC TAT MAT GCG GAG GtA CIT CMG AAC GM GAA CM AMA

380 390
Gln Gly Tyr Asp Gly Trp Gin Il. Lou His Pro SMr Ala Pro AMn Gly Gly Gly Vol Lou

CAM ?GT TAT GA GCM TOG CAM ATS GG CC CA AGT OCT OCT AMT GGA GGr GM GTC CTG
420 430

Us Vol SMr Asp Lou Ph Ala Ala II1 Mn Ala SMr Cys Vol Vol Trp Lys Cys Cys Glu

MA GrG TC GAC CTS TI? GCT GM ATA AT GXC TCA TGT GTG GTC TOG AAG TOC TGT GAG
460 470

Ly Gly Vol Gly SMr Asp Arg Cys Glu Asp I1- Thr Gin AMn Tyr Lys Tyr Pro Glu Gly
AG iGO GTG G9C AGT GAC CM TOC GCG GAC ATC ACT CAG AA TAC AAG TAT CCr GAA GS

500 510
op An Gly Ile Arg Pro Pro SMr Lou Glu Thr Ala MSr Pro Lou Tyr Lou Lou Lou Lys
;AC AAC G ACaTc CGT aCT CMC AGT CTC GCM ACT GCM AGT CC CTG TAC CTG CTC TTG AA

540 550
or Glu Gan Glu Lys Ala Vol Gln Lou Al- Ii Gly Vol Gin Ala Vol His Tyr Asn Gly
Or GCM CAG GCG AA GMCA GTG CAM CMC GM AT GCMG GC CA GCT OTA CAC TAC AAC GST

500 590
ye II- Ile Thr II- Gly Lou Ph. Ph. SMr AMn Ph. Glu Arg AMn Pro Pro Glu Asn Thr
AG ATA ATA ACC ATC 0C CTG TIC TTC TCC AMT TI? C AG AAC OCA OCM GCG AAC ACC

620 630
lu Asp Ile Ala II- Cys Arg Pro Ris Iou Ala I1- Lysiot Pro Glu Lys Al Glu Gan
AA GAC ATT GOC AT? TGT AGA OCA CAC CrT 0QC ATC AAGIATG OCR GAG AAA GCA GAG CAG

40 670
,ys Vol Ile SMr Ile Lou Gly Arg Gly Lou II- His Arg Glu Arg SMr Tyr Arg Ph. Arg
GS GTG ATC TCC ATC CMG GSA AGG GCG CTC ATT CAC AA GCG AMG AGC TAC AGA T CWT

700 710
mu Gln Arg Lou Thr Vol Glu Vol Asp Cys n Not Ph. Gin Mn Lou Thr AMn Tyr Lys
TC CAG AGA CMC ACT GTG G CGM C TOC A ATG TTC CAM AAC CTA ACC AAC TAT AAA J

Gly Not Asp Ala Lou
GGG ATIG GAT GOC CTG

Iie Iie Lou Tyr Phe
ATC ATC CTG TAC TIC

Ile SMr SMr Lou Gly
ATI TOC AGT CTG GGG

Lou Gin Vol SMr Gly
CTG CAM GTC TCA GGC

Amn Gln Asn Gly Lou
AAC Ca MT GGT CTC

Gln Val Glu Lye Trp
CAG GTA AAG TOG

Lou Lou Asn Lye Arg
TTG CTG AAC AAG CGC

Cys Lou Gly II1 Pro
TGC CMG GGM ATC OCT

Gly Arg Ile Trp I1-
GOC AGR ATC TCG ATC

Gly SMr Cys Asp Lou
GGG TCC TGT GAT CMG

Asp Gly Thr Lou Glu
GAT GGG ACA CMG GAG

Ser Lou Gln Glu Lye
TCT Cr CAG GAA AAA

Ala Pro SMr SMr Lou
GCA COC AGC TCC CTA

Vol Lou Alo Ala Lys
GC CIT OCT GOC AM

Ph. Lou Arg Lou Thr
TIC CrT AGA CMC AMC

Tyr Gin Pro Lou Thr
TAT CAA CM CMC MA

SMr Val Tip Pro Glu
TCA CG TGG CT GMA

SMr Val Thr Val Val
AGC C AC GTG GTA

TCC AGA TTC TTA AGC -121

GAG COGGCCT GCA ACC -1
40

i Gly II1 Lys Sor Cys

;0? ATC AAG AGC TGr 120

80

Arg Ala Pro Vol Arg
CM GCT OCA GTC oGr 240

120
Asp Arg Lys Trp Trp

GAC CGA AAG TGG TOG 360

160

Arg Lys Gin Lou Lou
AMG AAG CAA CTC CTC 480

200

I1- Tyr LTu Gly Thr
ATC TACCG GGT|ACA 600

240

Ser GIn Pro Vol His
AGC CAG COG GTG CAC 720

280

Arg Gly Sor Vol Pro

OGG GOC AGC GSG COC 840

320
Ala Arg Vol Vol 1hr
GCC CGC GTG GTG ACC 960

360

Pho Gin Thr Sor Thr
TIC CAG ACT TCC AC1 1080

400

Vol Pro Val Arg Ala

GIG CCG GTC AGA GCA 1200

440

Lou Thr Aop Ser Asn
TIG ACT GAC TCC AAC 1320

480

Glu Val Lou Glu Arg
GAG GTG CTG GAG AGR 1440

520

Pro Lou Arg Gly Asp
CCC CTG AGA G0G GAT 1560

560

Lou Trp Arg Lys Lye

CTC TGG AGG AAG AM 1680

600

Ala Net Ala Thr HRs
GCC ATG GCA ACA CAC 1800

640

Ala Ser Val Sor Lou

GCC TCA G AGC CTC 1920

680

Asn Thr Hot Cys Ala

AMC ACC ATG TGT GCC 2040

720

Ala Pro Glu Lou Sor
0CC CCT GAM CTA TCA 2160

Al&
GCT TAM ACT TOC AMC TCT ATC AC ACT CMC CMGM MC CIT CTA CMA AA GA AM ATG TOC TM GAA A AAA A

FIG. 2. Composite nucleotide sequence of P4.2 cDNA and deduced amino acid sequence. The first nucleotide of the putative ATG initiation
codon is designated as nucleotide position 1. The underlined (without arrow) sequence represents the 90-bp insert in the larger cDNA. Boxed
residues are those matched with the amino acid sequences obtained from three independent cyanogen bromide-cleaved peptides of purified P4.2.
Positions where the primer sequences were derived for PCR extension are underlined with double arrowheads (pl) and a single arrowhead (p2).

updated December 1988) revealed that the amino acid se-

quence of human RBC P4.2 has significant homology with
subunit a of human placental factor XIII (XIIIa, plasma
transglutaminase; refs. 24, 26, 27) and also with the guinea pig
liver transglutaminase (LTG; ref. 25) (Fig. 5). While the two
transglutaminases are themselves 35.3% identical, P4.2 has
24.6% and 33.5% identity with X111a and LTG, respectively.
Fig. 5 shows the alignment of these three proteins by the
method of Feng and Doolittle (28). In this alignment, a total
of 122 residues are identical in all three proteins (Fig. 5,
asterisks). The strongest homology is found in residues

~- kb

18S "-- 1. 1kb k

FIG. 3. Northern blot analysis
of human reticulocyte RNA. A
major 2.4-kb hybridizing RNA
was detected with c.7 probe (see
Fig. 1). The other two arrows in-
dicate the minor bands (3.9 and 1.7
kb) that appeared after overexpo-
sure. The standards used for size
estimation were 18S rRNA (01.8
kb) and 28S rRNA (-4.8 kb). The
line at the top of the gel represents
the origin.

293-325 of P4.2 (Fig. 5, large box), in which 20 of the 33
residues, or 60.6%, are identical for all three proteins. This
highly conserved region contains the catalytic thiol sites of
X111a and LTG where Cys-Trp is required for transglutami-
nase activity (24, 26). P4.2, however, despite the high ho-
mology around the active site, has an alanine (residue 298 of
P4.2; Fig. 5, arrow) instead of cysteine at the corresponding
position.
The hydropathy plots for XIIIa, LTG, and P4.2 show

similarities (Fig. 4), especially with regard to the hydrophobic
region labeled b (residues 298-322 in P4.2), which overlaps
with the 60.6% identity area (residues 293-325 in P4.2) in the
larger box of Fig. 5. This region begins with the critical
cysteine residue in X111a and LTG and the corresponding
alanine in P4.2. In the region marked c in Fig. 4, P4.2 has a
strongly hydrophilic region; it is less hydrophilic in LTG and
least in X111a. Near the center of this hydrophilic region in
P4.2 lies a potential Ca2+ binding site (Fig. 5, small box), as
identified by its alignment and homology with X111, and other
Ca2' binding proteins (24).

DISCUSSION
In this communication, we report the cloning and sequencing
of cDNA encoding the human RBC membrane P4.2. Two
P4.2 cDNA sequences were obtained: one contains 2382 nt
with an ORF of 691 residues; the other, with a 90-nt insert,
contains 2472 nt with an ORF of 721 residues. These predic-
tions are in good agreement with the apparent molecular mass
of P4.2 (==72 kDa). The finding of the two P4.2 cDNAs is
consistent with the immunostaining pattern of P4.2 on SDS/
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FIG. 4. Hydropathy plot of the deduced amino acid sequence of
human P4.2 (with regions marked a, b, and c) and its comparison with
subunit a of human factor XIII and guinea pig liver transglutaminase
LTG. The hydropathic index was obtained from windows of seven
amino acids. The three plots are aligned according to the highly
conserved hydrophobic region (designated b: residues 298-322 in
P4.2), which contains the transglutaminase active site in XIIIa (24)
and LTG (25). The catalytic cysteine of the active sites of the
transglutaminases and the corresponding alanine in P4.2 (see arrow
in large box in Fig. 5) are all located at the point of transition from
hydrophilic to hydrophobic regions-i.e., the beginning of area b. In
the P4.2 panel, area a (residues 4-33) shows the hydrophobic
characteristics ofa 30-amino acid insert in the 2.5-kb cDNA, and area
c (residues 438-495) shows the strongly hydrophilic region of P4.2.

PAGE, which showed a diffuse band slightly higher than the
major 72-kDa band (data not shown).

ft. *1 . .tttff . t * *

XIIIa GVNLQEFLNVTSVHLFKERWDTNKVDHHTDKYENNKLIVRRGQSFYVQIDF S RPYDPRRDLFRVEYVIGRYPQENKG
LTG MAEDLILERCDLQL EVNGRDHRTADLCRERLVLR RGQPFWLTLHFEG RGYEAGVDTLTFNAVTGPDPSEEAG
P4.2 MGQALGIKSCDFQA ARNNEEHHTKALSSRRLFVRRGQPFTIILYFRAPVRAFLPALKKVALTAQTGEQPSKINR

*t * ff f* *a*t

XII Ia TYI PVPIVSELQSGKWGAKIVMREDRSVRLSIQSSPKCIVGKFRMYVAVWTPYGVLRTSRNPETDTYILFNPWCEDDAVY
LTG TMARFSLSSAVEGGTWSASAVDQQDSTVSLLLSTPADAPIGLYRLSLEASTGY QGSSFVLGHFILLYNPRCPADAVY
P4.2 TQATFPISSLGDRKWWSAVVEERDAQSWTISVTTPADAVIGHYSLLLQVSG RKQLLLGQFTLLFNPWNREDAVF

*ftft ** £* * * *0*5 * * * f *

XI IIa LDNEKEREEYVLNDIGVIFYGEVNDIKTRSWSYGQFEDGILDTCLYVMDRAQMDLSG RGNPIKVSRVGSAMVN
LTG MDSDQERQEYVLTQQGFIYQGSAKFINGIPWNFGQFEDGILDICLMLLDTNPKFLKNAGQDCSRRSRPVYVGRVVSAMVN
P4.2 LKNEAQRMEYLLNQNGLIYLGTADCIQAESWDFGQFEGDVIDLSLRLLSKDKQVEK WSQPVHVARVLGALLH

ftf *t ftfttft * ftttfff ftftftft*tftftftft tft *f
XI IIa AKDDEGVLVGSWDNIYAYGVPPSAWTGSVDILLEYRSSE NP VRYGQCWVFAGVFNTFLRCLGIPARIVTNYFS DNDA
LTG CNDDQGVLQGRWDNNYSDGVSPMS'WIGSVDILRRWKDYGCQR VKYGQCWVFAAVACTVLRCLGIPTRVVTNFNSI DQNS
P4.2 FLKEQRVLPTPQTQATQEGALLNKR RGSVPILRVWLTGRGR P VYDGQLWVLAAVACTVLRCLGIPARVVTTFASI QTGG

* ii*t ftft ft* t t* f

XI IIa NLQMDIFLEEDGNVNSKLTKDSVWNYHCWNEAWMTRPDLPVGFG GWQAVDSTPQENSDGMYRCGPASVQAIKHGHVCFQ
LTG NLLIEYFRNESGEIEGN KSEM4IWNFHSLLGGVVDDQAGPGAWVRGVQALDPTPQEKSEGTYCCGPVPVRAIKEGHLNVK
P4.2 RLLIDEYYNEEGLQNGEGQRGRIWIFQTSTECWMKRGLPCQGYD GWQILHPSAPNGGGVLGSCDLVPVRAVKEGTLGLT

XI IIa FDAPFVFAEVNSDLIYITAKKDGTHVVENVDATHIGKLIVT IT DGMMDITDVYKFQEGQEEERLALETA LMYGA
LTG YDAPFVFAEVNADVVNWIRQKDGS LRKSINHLVVGLKISTK VGRDEREDITHrYKYPEGSEEER EAF VRANH
P4.2 PAVSDLFAAINASCVVWKCCEDGTLELTDSNTKYVGNNISTK VGSDRCEDITQYKYPEGSLQEKEVLERVEKEKMERE

XIIIa KKPLNTEGVMKSRSNVDMDFEV ENAVLGKDFKLSITFRNNSHNRYTITAYLSANITFYTGVPKAE FKKETFDVTLEPL
LTG LNKLATKEEAQEETGVAMRIRVGQNMTMGSDFDIFAYITNGTAESHECQLLLCARIVSYNGVLGPVCSTNDLLNLTLDPF
P4.2 KDNGIRPPSLETASPLYLLLKAPSSLPLRGDAQISVTLVNHSEQEKAVQLAIGVQAVHYNGVLAAKLWRKK LHLTLSAN

XIIIa SFKKEAVLIQAGEYMGQLLEQASLHFFVTARIN ETRDVLAKQKSTVLTIPEIIIKVRGTQVVGSDMTVTVEFTNPLKET
LTG SENSIPLHILYEKY GDYLTESNLIKVRGLLIEPAANSYVLAERDIYLENPEIKIRVLGEPKQNRKLIAEVSLKNPLPVP
P4.2 LEKIITIGLFFSNF ERNPPENTFLRLTAMATHSESNLSCFAQEDIAICRPHLAIKMPEKAEQYQPLTASVSLQNSLDAP

XIIIa LRNVWVHLDGPGVTRPMKK MFREIRPNSTVQWEEVCR PWVSGHRKLIASMSSRSLRHVYGELDV QIQRRPS
LTG LLGCIFTVEGAGLTKDQKS VEVPDPVEAGEQAKVRVDLLPTEVGLHKLVVNFECDKLKAVKGYRNV IIGP
P4.2 MEDCVISILGRGLIHRERSYRFRSVWPENTMCAKFQFT PTHVGLQRLTVEVDCNMFQNLTNYKSVTVVAPELSA

PCR-extended sequences contain 44 nt (including the 17-nt
primer) overlapping with the 5' end of c.7 obtained directly
from the cDNA library. Furthermore, both the PCR-extended
sequences (after removal of the nucleotides overlapping with
c.7) and c.7 insert hybridized strongly with a P4.2 partial
genomic DNA clone (unpublished observation). All of the
above show that the PCR products were part of the P4.2 gene.
The c.12, however, does not have the first 7 nt (ACAAACT)
at the 5' end of c.7. These 7 nt may represent the end ofanother
insertion/deletion sequence that was not amplified and sub-
cloned during PCR extension. Interestingly, an ACAAACT
sequence is found further upstream at nt 279-285.
The mechanism by which the two P4.2 isoforms arise is

unknown. Alternative splicing is an attractive possibility,
especially in light of recent findings that isoforms of protein
4.1 mRNAs are generated by such a mechanism (9-11). The
junction sequence around the 90-bp insert are G/G and T/G,
which have been reported as junction nucleotides between
exons (29, 30). This 30-amino acid insert has the character-
istics of signal peptides containing a stretch of hydrophobic
residues and shows homology with the internal sequences of
a group of tyrosine kinase-related transforming proteins-
e.g., c-src (31). This 30-amino acid insert may represent an
imported exon. The expression and possible function of this
insert warrants further study. RNA blot analysis indicates
that the cDNAs obtained in this study represent the full-
length message for P4.2 in reticulocytes, although the 90-nt
difference ofthese two isoforms cannot be resolved. Whether
the two minor hybridizing RNA species (3.9 and 1.7 kb)
represent additional isoforms or messages of related proteins
in reticulocytes needs to be investigated.

P4.2 binds to the cytoplasmic pole of band 3 in membranes
(32, 33) and to ankyrin and protein 4.1 in solution (33). The
availability of the P4.2 cDNAs has allowed us to conduct
preliminary studies on the functional domains of P4.2, in-
cluding those involved in its binding to other proteins. P4.2
contains 43% hydrophobic amino acid residues and shows at

FIG. 5. The alignment of human P4.2 with
X1110 (694 amino acids) and LTG (689 amino
acids). Asterisks indicate residues that are iden-
tical in all three proteins. The alignment neces-
sitates removal of the 30-amino acid insertion
from the long isoform of P4.2-i.e., the shorter
isoform (691 amino acids) is used in this plot.
Gaps are allowed for maximizing identity. The
region with the greatest identity is enclosed in
the larger box (residues 293-325 of P4.2), which
contains the highly conserved active site with
Cys-Trp (CW) in X111a and LTG (24). Arrow
indicates the presence of alanine in P4.2 instead
of cysteine at this site. Smaller boxed area
(residues 452-463 of P4.2) is the potential Ca2+
binding site of X111a. Underlined sequence (res-
idues 470-492 of P4.2) is the highly charged
region in P4.2 with a predicted a-helical struc-
ture flanked by nearby proline residues. Amino
acids are designated by the single-letter code.
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least one domain of high hydrophobicity (Fig. 4, b). The
hydrophobic region(s) might interact with membrane lipids or
allow P4.2 to fold within itself. Since the hydrophobic domain
labeled b is highly conserved in P4.2 and the two transglu-
taminases, it may be important in forming the active site itself
and/or positioning the sites in cells.

It is interesting that P4.2 contains one potential cAMP-
dependent phosphorylation site, since Suzuki et al. (34) have
previously reported that P4.2 was phosphorylated by a
cAMP-dependent protein kinase and that phosphorylation
was stimulated by heavy metal ions.

P4.2 has significant homology with XIIIa (24, 26, 27) and
LTG (25), especially around their active sites. XIIIa, the final
component in the coagulation pathway, plays an important
role in the stabilization of fibrin clots by covalently crosslink-
ing fibrin monomers through y-glutamyl-E-lysine bridges and
by preventing proteolysis (35). Liver transglutaminase has
some ofthe activity associated with the plasma membrane and
may be responsible for forming covalently crosslinked matri-
ces of proteins at sites of cell-to-cell contact (36). P4.2,
however, has alanine instead of the cysteine indispensible for
transglutaminase activity (37) in the active site area. It is
possible that P4.2 may use this site to bind other RBC
membrane proteins without forming covalent crosslinks. P4.2,
along with protein 4.1, has been proposed to be one of the last
membrane proteins synthesized during RBC maturation (38).
P4.2 may contribute to the stabilization of the membrane
skeleton through its binding with membrane proteins and thus
protects them from being degraded (e.g., by proteases) or
crosslinked (e.g., by cytoplasmic transglutaminase). Many
proteins that are labile in the cytosol become resistant to
degradation once assembled into the skeletal network (39).
The phylogenetic history of the three proteins can be

inferred from their relative similarities. The human P4.2 is
more similar to LTG than XIIIa, but it appears to have
undergone a faster rate of change, suggesting that P4.2 is an
offshoot of a tissue enzyme.
Our finding of P4.2 cDNAs in the human reticulocyte

cDNA library indicates that circulating reticulocytes retain
intact P4.2 mRNAs. Immunoreactive analogs of P4.2 are also
present in nonerythroid cells and tissues, including platelets,
brain, and kidney (40, 41). These results raise the possibility
that P4.2, like protein 4.1, may be a ubiquitous component of
cell membranes, although its function in other cells may differ
from that in RBCs. The availability of the cDNA for P4.2
should aid considerably in the study of structure-function
relationships of this protein, including investigations on the
mechanisms responsible for P4.2 deficiency in human pa-
tients and the expression of P4.2 in different tissues and
during differentiation.
Note. Korsgren et al. (42) have also obtained a cDNA sequence of
human RBC membrane P4.2. Their nucleotide sequence, except for
the following, is identical to our shorter isoform: (i) Absence of the
first 39 nucleotides at the 5' end; (ii) C instead of A at -188 and
absence of T at -37; (iii) four synonymous differences: G instead of
A at 420, T vs. G at 531, and C vs. G at both 1137 and 1215; (iv) two
nonsynonymous differences: G vs. C at both 1138 and 1216; (v)
absence of AG at 1094-1095 and presence of extra CC after 1109,
causing a frameshift in the intervening nucleotides. iv and v result in
seven amino acid differences.
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