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ABSTRACT
A cDNA clone library was prepared from liver poly(A) RNA of non-

estrogenized Xenopus laevis. Albumin coding sequences were screened by
hybridization to a cDNA prepared from poly(A) RNA enriched by sucrose
density gradient centrifugation, and by a sensitive solid-phase radio-
immunoassay to detect clones that contain templates for albumin antigenic
determinants. Nine clones were obtained by this approach, and all but one
have the cDNA inserted in phase with the 0-lactamase gene of pBR322.
Mapping of these clones with restriction endonucleases yielded 2 distinct
patterns, suggestive of heterogeneity in the coding sequences. This was
confirmed by heteroduplex analyses of hybrids formed between clones rep-
resentative of each of the 2 classes. Both classes of albumin cDNA clones
were used to select mRNAs of the same size (2.3kb) that code for peptides
that are indistinguishable by SDS gel electrophoresis. Examination of the
organization of the albumin genes by blot hybridization of the cDNA clones
to restriction fragments of Xenopus DNA failed to detect any differences
at the genomic level. The considerable diversity of the albumin cDNAs is
suggestive of a multiplicity of albumin genes, rather than differential
processing of a common precursor RNA.

INTRODUCTION

The vitellogenic response of oviparous vertebrates to estrogen is a

useful model system for the study of the regulation of gene expression by

steroid hormones. Administration of the steroid to a female or a male

animal results in the induction and accumulation of large quantities of

vitellogenin mRNA and its subsequent translation and secretion of vitello-

genin into the circulation (1,2). During this response the constitutive

production of serum proteins, and more specifically serum albumin appears

to be repressed by estrogen (3-6). In chickens the decrease in serum albu-

min is not very dramatic, although functional albumin mRNA has been shown

to decrease 2-fold and remain repressed even after vitellogenin synthesis

has ceased (3). In Xenopus, however, the response is much greater, result-

ing in the virtual cessation of albumin production both in vivo (4) and in

vitro (5,6). Albumin synthesis might therefore provide a useful model for
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both constitutive gene expression and its repression by a specific hormonal

stimulus.

To implement studies on the regulation of albumin gene expression, a

double-stranded cDNA to albumin mRNA was cloned into the Pst I site of pBR322.

In the course of mapping these cDNA clones with restriction endonucleases,

2 classes of cDNAs were found that had widely dissimilar restriction pat-

terns. The heterogeneity of these cDNAs was confirmed by heteroduplex anal-

yses. In the present report I have utilized these cloned cDNAs to examine

some properties of the albumin mRNAs and structural aspects of their corre-

sponding genes.

MATERIALS AND METHODS

Experimental Animals

Laboratory bred male Xenopus laevis were obtained from Nasco (Ft. At-

kinson, Wis.) and kept in plexiglass aquaria at 20°C with a 12 hr light-dark

cycle. They were fed frog brittle every 2 days, except that they were

fasted for 4 days prior to killing. Animals were anesthesized by a 1 ml

injection i.p. of 0.5 mg tricaine methane sulfonate (Finquel, Ayerst) in

0.9% (w/v) saline. The livers were removed, rinsed in saline, and quickly

frozen in liquid nitrogen. The animals were killed by exsanguination and

decapitation. The tissue was used the same day for preparation of RNA.

The handling of the red sheep for antiserum production was performed by

Bethyl Laboratories (Montgomery, Texas).

Isolation of Xenopus Serum Albumin

Serum from nonestrogenized Xenopus was dialyzed overnight against 50 mM

Tris (pH 7.5) and applied to a DEAE-cellulose column. This was eluted with a

linear gradient of 0 to 0.35 M KC1 and the peak eluting at 0.14 M salt was

collected. This material was concentrated and dialyzed against 20 mM sodium

phosphate buffer (pH 7.1). The dialysate was then applied to an Affi-gel

Blue column (Bio Rad), washed with 2 bed volumes of phosphate buffer and

eluted with 1.4 M NaCl in phosphate buffer. The albumin preparation was

then dialyzed against water, lyophilized, and dissolved in 50 mM ammonium

bicarbonate buffer. This was applied to a column of Sephadex G-100 (Pharma-
cia) and the albumin monomer peak was lyophilized to dryness.

Preparation of Sheep Antialbumin Antibodies

100 ug doses of albumin were emulsified in 0.5 ml of H20 with 0.5 ml of

complete Freund's adjuvant and injected intramuscularly into red sheep at 3

week intervals. The first bleeding was performed 2 weeks after the third
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injection and bleedings were done 2 weeks after each subsequent injection.

The antiserum was clarified and delipidated and the IgGlfraction was obtained

from 3 successive 33% ammonium sulfate precipitations (7). After extensive

dialysis against borate buffered saline 3 ml of the antibody preparation

was chromatographed on DEAE-Sephacel (1.6 x 20 cm column) in 17.5 mM sodium

phosphate buffer, (pH 6.8). The resultant IgG preparation contained approxi-

mately 50% by weight specific antibodies to Xenopus albumin as determined

by quantitative precipitation and double immunodiffusion (7). All protein

assays utilized the Bradford procedure (8) with a standard of bovine gamma

globulin.

Isolation of Xenopus Liver Poly(A) RNA

Total RNA was isolated from the livers of nonestrogenized Xenopus laevis

by a modification of the guanidine hydrochloride procedure of Deeley et al.

(9). It was necessary to treat the isolated nucleic acid with 20 ug/ml of

proteinase K followed by 2 extractions with buffer-saturated phenol: chloro-

form to remove residual melanin contamination. High molecular weight RNA

was separated from DNA and small RNAs by precipitation 3 times from sodium

acetate and the poly(A) RNA was selected by 2 passages over oligo(dT) cellu-

lose. The yield of poly(A) RNA was 652 ug from 15 g of tissue.

In Vitro Translation Assay and Immunoprecipitation

RNA was translated in 10 ul of a micrococcal nuclease-treated reticulo-

cyte lysate containing [35S]methionine by the method of Pelham and Jackson

(10). Samples to be examined directly by electrophoresis received H20 to 25

ul and 25 ul of 2 X loading buffer (125 mM Tris [pH 6.8], 6% SDS, 10% 2-mer-

captoethanol, 20% glycerol). These were heated at 100°C for 10 min and 10 ul

samples were then applied to a discontinuous 8.7% SDS-polyacrylamide gel (1 x

100 x 140 mm) (11). Immunoprecipitation of in vitro translation products was

performed by the method of Sefton et al. (12) using both sheep and rabbit

antialbumin antibodies. The gels were processed for fluorography by the

method of Bonner and Laskey (13) using DMSO-PP0. They were dried onto What-

tman 3MM paper and exposed to Kodak X-Omat R (XR-5) film for 17 hr at 25'C.
Sucrose Density Gradient Centrifugation

The poly(A) RNA was enriched for albumin coding sequences by centrifuga-

tion on an isokinetic gradient of 10 to 30% sucrose in 10 mM sodium acetate

(pH 5.2), 1 mM EDTA, 0.1% SDS in a SW-41 rotor for 15 hr at 153,000 x g max,

20°C. 0.4 ml fractions were collected from the bottom, adjusted to 10 ug of

yeast tRNA, and 0.2 M sodium acetate (pH 5.2), and precipitated from ethanol.

The RNA was collected, dissolved in 50 ul of H20 and translated in the retic-
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ulocyte lysate as described. This usually gave a 2-fold enrichment for al-

bumin coding material.

Synthesis and Tailing of a Double Stranded cDNA

cDNA to an albumin enriched mRNA population was prepared by the method

of Monahan et al. (14) in which the concentrations of each of the 4 deoxyri-

bonucleotide triphosphates is 1 mM and the reaction is performed at 46°C.

Single stranded regions were removed with S1 nuclease and the cDNA was tailed

at 37°C with dCMP in a 200 ul reaction containing 200 mM potassium cacodylate

(pH 7.2), 1 mM CoC12, 1 mM 2-mercaptoethanol, 10 uCi a-[32P]dCTP, 1 nM

dCTP and 25 units of terminal transferase. This DNA was used to transform a

log phase culture of E. coli 294 that had been permeablized with Ca2+. The

transformed cells were plated on L-agar containing 12.5 ug/ml of tetra-

cycline. All procedures were performed in a P1 laboratory under P1 + EK1

conditions.

Selection of Clones Bearing Albumin cDNA

TetrAmps colonies were adsorbed onto nitrocellulose filters and screened

by a modified Grunstein and Hogness procedure (15) using a [32p] cDNA prepared
from enriched albumin mRNA. In order to detect the production of albumin

antigenic determinants, the positive colonies were then screened by a solid

phase immunological procedure utilizing polyvinyl sheets onto which the anti-

body was adsorbed (16). For this assay a purified IgG preparation of sheep

antialbumin was radioiodinated by the Bolton and Hunter procedure (17) to a

specific activity of 4.6 x 106 cpm/ug.
Growth, Isolation and Restriction Digestion of Recombinant Plasmids

Cultures bearing recombinant plasmids were grown in M-9 medium by the

procedure of Norgard, et al. (18) in which the plasmid DNA was amplified by

addition of 1 mg/ml of uridine during log phase growth followed by the addition

of 100 mg of chloramphenicol/L. Plasmids were isolated by a clear lysate

procedure (19) and purified by cesium chloride density gradient centrifugation

(20). The recombinant plasmids were then digested with restriction endonu-

cleases following the protocols given by the suppliers.

Positive Translation Assay for Cloned Albumin cDNA

As a final screening procedure, cloned DNA containing the putative albu-

min cDNA was coupled to DBM paper and used to select specific mRNAs (21).
100 ug of plasmid DNA was coupled to DBM paper and 10 ug of poly(A) RNA was

hybridized to this in 20 mM PIPES (pH 6.4), 5 mM EDTA, 400 mM NaCl, 0.2%

SDS, 50% formamide at 42°C overnight. The filters were washed 4 times at

60°C in 20 mM PIPES (pH 6.4), 5 mM EDTA, 200 mM NaCl, 0.1% SDS and the RNA

6672



Nucleic Acids Research

was eluted with 1 mM EDTA (pH 7) by heating for 2 min at 1000C. It was

precipitated twice from ethanol with carrier tRNA. The final pellet was

dissolved in 10 ul of sterile H20 and 1 ul was translated in the reticulo-

cyte lysate. The product of this step was identified by immunoprecipitation.

Analysis of Nucleic Acids by Gel Electrophoresis

Multiple restriction sites were mapped by the method of Smith and Birnsteil

(22). DNA restriction fragments were electrophoresed in 1 or 1.5% agarose or 5%

polyacrylamide gels in 40 mM Tris, 20 mM sodium acetate, 2 mM EDTA buffer (pH

7.8). They were stained for 0.5 hr in 0.5 ug/ml of ethidium bromide and photo-

graphed. RNA was electrophoresed in 1.5% agarose gels in a buffer containing

50 mM boric acid, 5 mM sodium borate, 10 mM sodium sulfate, 0.1 mM EDTA (pH

8.2) and 5 mM methylmercury hydroxide. The RNA was transferred to DBM paper by

the procedure of Alwine et al. (23) and these filters were hybridized overnight
with 5 x 104 cpm/cm2 of nick translated (24) cloned DNA in 50% formamide, 5 X

SSC, 0.5 mg/ml yeast tRNA, 0.2% SDS and 1 X Denhardt's solution. They were

then washed in 2 X SSC + 0.1% SDS at 250C and in 0.1 X SSC + 0.1% SDS at 50°C.

Autoradiography was performed with Kodak X-Omat R film.

Xenopus DNA was isolated from the blood, liver and lung of a single

animal by gentle homogenization in the presence of 0.5% SDS followed by

digestion with boiled RNAase A and proteinase K and a series of extractions

with buffer-saturated phenol. The DNA was wound out onto a glass rod under

cold ethanol and the procedure of enzymatic digestion and phenol extraction

was repeated. After the DNA was wound out a second time it was dried in

vacuo and unwound into sterile water. The purity of the DNA was determined

by the ratios of its absorbance at 260, 280 and 230 nm.

For analysis of the albumin genes the DNA was digested overnight with

the appropriate restriction endonucleases and electrophoresed on a 0.8% aga-

rose gel. The restriction fragments were transferred to a nitrocellulose

sheet by the procedure of Southern (25) and were hybridized overnight at 68°C

with 106 cpm/cm2 nick-translated cloned DNA in 2X Denhardt's solution + 0.5%

SDS and 1 mM EDTA. The filters were washed 3 times (2h/wash) at 68°C with

1X SSC + 0.5% SDS. They were air dried and autoradiographed at -70°C.

Electron Microscopy of Nucleic Acid Hybrids

Plasmids were linearized by digestion with Bam HI and equivalent amounts

were mixed at a concentration of 1.5 ig/ml in 10 mM Tris, 1 mM EDTA (pH 7.6).
They were denatured by heating at 60°C for 10 min in 80% (v/v) recrystallized

formamide. 200 mM Tris, 20 mM EDTA (pH 8.5) was added to reduce the formamide

concentration to 66% and the plasmids were annealed at 25°C for 2-3 h. fd
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phage and SV40 form II DNAs were then added as single- and double-stranded

size markers followed by cytochrome c to a concentration of 0.3 mg/ml. The

DNA was picked up from a 10% formamide hypophase on parlodian-coated 200 mesh

copper grids, stained with uranyl acetate, rinsed with isopentane and rotary

shadowed with gold-palladium in an Edwards evaporator. Grids were examined in

a Zeiss EM lOA electron microscope and molecules were photographed at a magni-

fication of 9800X.

Enzymes

All restriction endonucleases except Hind III were obtained from Bethesda

Research Laboratories, as was DNA polymerase and terminal transferase. Hind

III and Si were obtained from Boehringer-Mannheim Biochemicals. AMV reverse

transcriptase was the kind gift of Dr. J. Beard of Life Sciences, Inc. Deoxy-

ribonuclease I was purchased from Worthington.

Chemicals and Isotopes

Deoxyribonucleotide triphosphates, and obligo(dT) were obtained from P-L

Biochemicals. Guanidine hydrochloride was purchased from BRL. Oligo(dT)

cellulose (type 3) was purchased from Collaborative Research. Agarose (ME)

was obtained from Sea Kem. Tricaine methanesulfonate was obtained from

Ayerst. [32P]dCTP and dTTP (2000-3000 Ci/mmol) and [3H]dCTP (25 Ci/mmol)

were purchased from New England Nuclear. [12511 Bolton-lHunter reagent was

purchased from Amersham. Autoradiography was performed on Kodak X-Omat R

film (XR-5) and enhancement was obtained with Dupont Cronex Lighting Plus

screens. All other reagents were of the highest purity available.

RESULTS

Characterization of Xenopus Serum Albumin

This study was initiated by a characterization of Xenopus serum albumin

so that monospecific antibodies to this protein could be used for the identi-

fication of its corresponding mRNA. Albumin was isolated by chromatography

of normal male serum on DEAE-cellulose followed by affinity chromatography

on Affigel blue, a resin containing Cibacron Blue that exhibits a specific

hydrophobic interaction with albumins. The protein so selected was then iso-

lated from a Sephadex G-100 column so that the monomeric form was predominant.

Albumin is a protein whose essential structural features have been highly

conserved throughout evolution so it was useful to compare the amino acid

composition of the Xenopus protein with those from bovine and human sera to

confirm the identity of the amphibian protein. These data are presented in

Table I.
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TABLE I

Comparison of the Amino Acid Composition of Xenopus Serum Albumin with Bovine
and Human Serum Albumins

Number of Residues
Amino Acid Xenopus Bovine Human

Cys 33 35 35
Asp + Asn 70 53 53
Thr 33 34 27
Ser 22 28 24
Glu + Gln 98 78 88
Pro 34 28 24
Gly 14 15 12
Ala 37 46 63
Val 25 36 39
Ile 23 14 8
Leu 57 61 61
Tyr 15 19 18
Phe 27 26 31
His 35 17 16
Lys 58 59 59
Arg 17 23 24
Met 11 4 6

The amino acid analysis of Xenopus serum albumin yielded a minimum molecular
weight of 6471 with Met as the least abundant amino acid. The number of Met
residues [11] was determined by dividing the known molecular weight (72,000) of
albumin by the minimum molecular weight. The quantities of the remaining amino
acid residues were determined by the relative abundance ratios with respect to
Met to yield a theoretical molecular weight of 71,500. The values for bovine
and human serum albumins were obtained from the data of Brown (26). Xenopus
albumin has 16 disulfide bonds as compared to 17 in the mammalian proteins
(data not shown).

The features to note about these data are the similarities in the con-

tent of Cys, Pro, Leu, Tyr and Phe between the three proteins. Pro and Cys

play essential roles in the maintenance of the three domain structure of al-

bumin (26) and Leu, Tyr and Phe are highly conserved in their location and

number in the two mammalian proteins. The complete amino acid sequence of

XSA would be necessary for a definitive comparison between these proteins,

however, these data and the physical properties of our preparation strongly

suggest that it is indeed albumin. In agreement with literature reports

(27) we have found this protein to have a relative molecular mass of 72,000

which is larger than its mammalian counterpart (69,000).
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Isolation and Preliminary Characterization of Albumin mRNA Activity

RNA was isolated from Xenopus liver by a modified guanidine hydrochlor-

ide extraction procedure and the poly(A) RNA was selected on oligo(dT) cell-

ulose. To determine the presence of mRNA coding for albumin peptides, the

poly(A) RNA was translated in a micrococcal nuclease-treated reticulocyte

lysate and the primary translation products were analyzed by immunoprecipi-

tation and SDS gel electrophoresis. For these studies we employed 2 antisera

that were raised independently against XSA. The first was a rabbit antiserum

prepared in Dr. Robin Wallace's laboratory, and the second was a sheep anti-

serum prepared in our own laboratory. The RNA samples were translated ac-

cording to the procedure described in Methods along with a sample of poly(A)

RNA obtained from HeLa cells during the late stage of adenovirus infection.

The latter served as an internal standard both for the efficiency of transla-

tion and for the size of the translation product (along with a series of

stained standards).

The data in Figure 1 show that a major band with a relative molecular mass

of 75,000 was specifically immunoprecipitated with both the rabbit and sheep

antisera to XSA. When the mobility of this peptide was compared to that of

XSA (72,000) it was found to migrate slower under all conditions examined.

1 2 3 4 5 6

120K---------
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62K e j

..i..

6 7:,O: _W

Figure 1. Analysis of in vitro translation products of poly(A) RNA. 1 ug
samples of late adenovirus poly(A) RNA (lane 1) or Xenopus poly(A)
RNA (lane 2) were translated for 1 hr at 37°C in a 10 ul reticulo-
cyte lysate containing [35S]methionine. The translation products
were immunoprecipitated with sheep antialbumin (lane 3) rabbit
antialbumin (lane 4), preimmune sheep serum (lane 5) and pre-
immune rabbit serum (lane 6). The mobilities of the molecular
weight standards were determined after staining and the gel was
then impregnated with PPO in DMSO and processed for fluorography.
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The difference of approximately 3000 in relative molecular mass is equivalent

to 26 amino acids and most likely reflects the synthesis of a precursor peptide

in vitro. The "prepro" peptide of rat serum albumin contains 24 amino acids

(28), and in the absence of sequence data on the Xenopus protein we term the

primary translation product "preproalbumin".

To approximate the size of albumin mRNA and to enrich for this species,

poly(A) RNA was centrifuged on a 10 to 30% sucrose density gradient and the

resultant fractions were translated in vitro. Messenger activity for this

protein had a sedimentation rate of 17S. Prior to this step albumin immuno-

precipitable material accounted for 17% of the TCA-precipitable peptides

produced by in vitro translation. Subsequent translation assays showed the

fraction recovered from the gradient now encoded 40% of the TCA-precipitable

peptides, a 2-fold enrichment.

Synthesis of a Double Stranded cDNA and Cloning in E. Coli

A double stranded cDNA to the preparation enriched for albumin mRNA was

synthesized by standard procedures using AMV reverse transcriptase. The con-

ditions used (46°C, 1 mM dXTPs) tend to give lower overall yields of cDNA,

however the preparation so obtained has a higher proportion of full length

transcripts. The single stranded regions were removed with S1 nuclease to

yield the preparation used for cloning. Electrophoresis of the cDNA after

denaturation with glyoxal (29) indicated that the hair-pin loop had succes-

sfully been cleaved and there was a substantial recovery of material of

>2000 bp, which should roughly correspond to the size of albumin mRNA (data
not shown).

An average of 20 residues of dCMP were added onto the 3' ends of the dou-

ble stranded cDNA using terminal transferase. 750 ng of the resultant prep-

aration was annealed with 3.2 ug of the plasmid pBR322 that had been exhaust-

ively digested with the restriction endonuclease Pst I and tailed on the 3'

ends with dGMP. This was then used to transform a log phase culture of E.

coli (294). Approximately 4000 colonies were obtained, 95% of which were

Tetr Amps.
900 colonies were picked at random and screened for serum albumin rela-

ted sequences by a modified Grunstein-Hogness procedure (16). To screen

these, a [32P]cDNA probe was prepared from the enriched mRNA preparation

and hybridized under conditions of low stringency (6 X SSC) followed by

washes of high stringency (1 X SSC). The 82 positive colonies detected by

this procedure were selected for further screening.
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Immunological Screening for Clones Producing Albumin Antigenic Determinants

With 82 putative albumin clones there was a good probability that some

of these might have the cDNA inserted in an orientation such that albumin

sequences might be expressed by the bacteria. To examine this possibility

these clones were screened by the solid phase immunoassay of Broome and

Gilbert (17). The clones were grown overnight on tetracycline containing

agar and lysed with HCC13 vapor. A set of albumin standards was then applied

to the agar surface and the colonies were overlaid with a polyvinyl chloride

plastic sheet containing sheep antialbumin. After 3 hr at 4°C the sheets were

washed and incubated overnight with the same IgG preparation that had been

radioiodinated to a high specific activity. Nine positive clones were obtained

(Figure 2). The sensitivity of antibody reaction was 1 pg of albumin. The

clones are denoted by the prefix pXlA (for Xenopus laevis albumin).

Positive Selection of Albumin mRNAs with Cloned DNA

The final identification of the albumin clones was accomplished by a

procedure in which albumin mRNA was selected from poly(A) RNA on DBM filters

containing immobilized plasmid DNA. The analysis of the in vitro translation

products from these mRNAs by SDS gel electrophoresis is shown in Figure 3.

No activity was recovered on a filter containing the control pBR322 DNA, and

all 6 cloned probes retrieved albumin mRNA. The absolute identity of these

peptides was determined in a parallel experiment by immunoprecipitation of

the translation products as in Figure 1.

Restriction Analysis of Albumin cDNA Clones

Up to this point there was no reason to presume that albumin was encoded by

by more than one species of mRNA in Xenopus. However, in the process of mapping

the cDNA clones with restriction endonucleases it became apparent that there

were 2 classes of restriction patterns. These are shown in Figure 4, with fine

structure maps for representatives of each class that comprise the full length

of the cDNAs, (pXlA 1, 23 and 14) and partial maps for some smaller clones of

the class I cDNAs (pXlA 6 and 61). It is clear from these data that there are

virtually no overlapping restriction sites between the class I and class II

cDNAs. The albumin cDNA clones are also unusual in that many restriction

enzymes do not have sites within the coding sequences. Single sites were

found for Hind III (class I and II), Eco RI (class II), Hha I (class I and II)
and Pst I (class I). Both classes have 2 Hae III sites and the class I clones

have 2 Eco RI sites. Additional sites for Mbo II and Ava II have not been

mapped to date. There were no sites for Bam HI, Hpa I & II, Taq I, Sma I, Bgl

I & II, Xba I, Kpn I, Xho I, Sst I & II, Ava I, Sal I, Sac I, Pvu I & II, Bcl
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Figure 2. Immunological screening for clones producing albumin antigenic
determinants. 82 clones selected by hybridization to [32p] cDNA
were grown on Tet agar, lysed with HCC13 vapor and overlaid with
PVC sheets containing sheep antialbumin. The PVC sheets were
washed with preimmune serum in PBS and incubated overnight with
[125I] antialbumin. Standards of 1 pg to 100 ng of albumin were
applied to the agar prior to immunoadsorption.

I and Bst EII.

The lengths of the class I clones constitute virtually the complete cDNA

for its corresponding mRNA as does the single class II clone pXlA 14 (see
below). Furthermore, all of the clones were inserted in the same orientation

in the plasmid with respect to the B-lactamase gene except for pXlA 6, which

was inverted. The expression of albumin antigenic determinants by this clone

was most likely due to read-through from the very strong P4 promoter of pBR322
(30).
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Figure 3. Positive selection of albumin mRNA on filters containing cloned
DNA. 10 ug samples of poly(A) RNA were incubated with DBM filters
containing 100 ug of pXlA 1,6,10,14,30 or 61 or pBR322 for 16 h at
42'C in 50% formamide. The RNA was eluted at 1000C with 1 mM
EDTA (pH 7) and translated in a reticulocyte lysate followed
by SDS gel electrophoresis. The samples shown were not immuno-
precipitated prior to electrophoresis.

Heteroduplex Analysis of Albumin cDNA Clones

To verify that the class I and class II cDNA clones were indeed heterogene-

ous, we prepared heteroduplexes between the 2 classes and examined the hybrids

by electron microscopy. Hybrids formed between the class I cDNA clones (such
as pXlA 1 x 23) demonstrated homology, as was expected from the restriction

maps (data not shown). However, heteroduplexes formed between the 2 classes

showed substantial mismatching. Figure 5 shows a heteroduplex formed between

the class I clone pXlA 1 and the full-length class II clone pXlA 14. It is

clear that the majority of the cDNAs did not hybridize, as evidenced by the

the presence of a single large bubble that corresponds to the sizes of the cloned

inserts as determined by gel electrophoresis. These data therefore confirm

the classification of the cDNA clones into 2 groups and underscore the differ-

ences between their coding sequences.

Analysis of Albumin mRNAs on Denaturing Gels

In light of the differences between the restriction maps of the class I

and class II cDNA clones, albumin mRNA was examined for size heterogeneity by
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Figure 4. Restriction maps of albumin cDNA clones. The representative class I
clones pXlA 1 and 23 and the full-length class II clone pXlA 14 were
mapped in detail. Together, pXlA 1 and 23 constitute the full length
of albumin mRNA. The terminal bars represent the Pst insertion
sites, which were reconstituted in all cases. The enzymes mapped
are Pst I, Eco RI, Hinf I, Alu I, Sau 3A, Hind III, Hae III and Hha
I.

electrophoresis in a methylmercury hydroxide gel (Figure 6). Samples of total

and poly(A) liver RNA were electrophoresed and blot-transferred onto DBM

paper, followed by hybridization to the class I clones pXlA 1,6, or 61, and

the class II clone pXlA 14 that were radiolabeled by nick-translation. In all

cases, the albumin clones hybridized to a single band with a length of 2300

nucleotides. These data indicate that there is no size heterogeneity detect-

able in the albumin mRNA population, and the class II clone pXlA 14 is a

full length copy of the mRNA. Taken together, the class I clones pXlA 1,6

and 61 span 83% of the cDNA, lacking only the terminal 400 nucleotides of

the 3' end. These terminal nucleotides are present in pXLA 23, which contains

the full 3' half of the cDNA. The size of the albumin mRNAs corresponds

favorably with the 2045 nucleotides that are required to code for the primary
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pXIA4

Figure 5. Heteroduplex analysis between class I and class II clones. Hybrids
were formed between pXlA 1 (class I) and pXIA 14 (class II) accord-
ing to the procedure outlined in Methods. Similar results were
obtained if the class I clone pXlA 23 was used.

translation product, leaving 250 untranslated bases. The lengths of the

polyCA) tails on albumin mRNA have not been determined.

Blot Hybridization of Xenopus DNA With Albumin cDNA Clones

Southern blot hybridization was performed with these clones on restriction

fragments of Xenopus DNA to determine if the different restriction maps of

the class I and class II cDNAs were reflected in the structural organization
of the albumin genes. DNA was isolated from a single animal of the laboratory-
bred strain of Xenopus and it was digested overnight with 'Tag I and Bam HI,
which have no restriction sites within the cDNAs, and Eco RI and Hind III,,
which both cleave the cDNAs. After electrophoresis these fragments were trans-

ferred onto nitrocellulose and replicate filters were hybridized with the

class I clonespXaA1,6,61 or with the class II clone pXIA 14 (Figure 7).
In the case of the class I clones, Bam HI released the albumin gene intact

as a large fragment of approximately 23 Kb. Tag I digestion produced a series

of fragments, which suggests that the Tag sites are contained within the

intervening sequences. The hybridization of the different class I cDNA probes

gave many similar Tag fragments, however pXlA 6 failed to hybridize to f rag-

ments of 6tKb and 4.5 Kb that were apparent when pXlA 1 was used as the

probe. These difference are accounted for by the absence of sequences from

the3r half of the cDNA in pXlA 6 (Figure 4). Differences of a similar

nature were detected when the pattern obtained with the 3' probe pXlA 61 was
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Figure 6. Analysis of albumin mRNA on denaturing gels. 100 ug of total liver
RNA or 1 ug of poly(A) RNA were electrophoresed on a 1.5% agarose
gel containing 5 mM methylmercury hydroxide. The RNA was trans-
ferred to DBM paper and hybridized to the same nick translated
probes as used in Figure 5. In this figure the probe was the
class II clone pXlA 14.

compared to those for pXlA 1 and 6. In each case, the failure of a particular

class I probe to detect any given DNA fragment can be explained by the relative

representation of the coding sequence in the cloned cDNA. The same holds

true for the hybridization of the class I clones to Hind III and Eco RI

fragments.

When the full-length class II probe pXlA 14 was hybridized to the

nitrocellulose filters, the patterns of restriction fragments obtained were

virtually identical to those obtained with the class I probes. In this case,

however, all of the restriction fragments identified with the separate class

I probes were visualized. An unusual feature of all of these filters is the

very strong hybridization to a 3.5 Kb Tag fragment. The significance of this

observation is not known. In all, these data indicate that the very different
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Figure 7. Southern blot hybridization of Xenopus DNA to albumin cDNAs.
Xenopus DNA was digested with Eco RI and Hind III (which both
have sites within the coding sequences) and Tag I and Bam HI
(which have no sites within the coding sequences). The DNA sam-
ples were electrophoresed on a 0.8% agarose gel and transferred
to nitrocellulose filters. These were hybridized to each of the
indicated cDNA clones that were radiolabeled by nick translation.

albumin mRNAs are transcribed from the same gene and are radically altered

during processing, or more likely, are encoded by 2 related genes.

DISCUSSION

There have been a number of reports in the literature dealing with

Xenopus albumin, however a definitive identification of this protein has

been lacking. Prior to any attempts at cloning nucleic acids that encode

this protein it was essential to isolate and characterize the pure peptide

and prepare monospecific antibodies to it. For this purpose we defined

albumin by its size, abundance, hydrophobicity, and chromatographic behavior

on Cibacron Blue-Sepharose. The purified protein has a relative molecular

mass of 72,000 and an amino acid composition similar to that of bovine
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and human serum albumins (Table I). The most notable features are the

similar numbers of Cys, Pro, Leu, Tyr and Phe residues between the different

albumins. These amino acids play critical roles in maintaining the 3 domain

structure (26) of albumin and would likely be conserved. Furthermore XSA

has the Cys residues organized in 16 disulfide bonds; HSA and BSA each have

17 disulfides. This purified protein was then used to raise a high titre

monospecific antiserum for use in characterizing sequences that encode al-

bumin antigenic determinants.

The isolation of liver poly(A) RNA and the preparation of the cDNA

clones was straightforward. These clones were screened for Amps Tetr pheno-

type, hybridization to a 32P-cDNA prepared from an enriched poly(A) RNA

preparation, and by a sensitive solid-phase radioimunoassay to detect the

production of albumin antigenic determinants. In all, 9 clones were selected

in this manner, all but one of which have the cDNA inserted in the same orien-

tation with respect to the 0-lactamase gene of pBR322. This is similar to

the results obtained by Chang et al. (31) with dihydrofolate reductase and may

be the result of read-through from the very strong P4 promoter of pBR322 (30).

When these clones were mapped with restriction endonuleases they were

found to fall into 2 groups, termed here class I and class II. The members

within each class had overlapping restriction patterns, however there were

virtually no similarities in the restriction maps between the 2 classes.

For the purpose of clarity, I have concentrated on 3 of these clones, pXlA

1, 23, and 14. Clones 1 and 23 together constitute the full length of the

class I cDNA and represent the 5' and 3' ends, respectively. Clone 14 is

a full length copy of the class II cDNA.

To determine if the heterogeneity in restriction maps was due to hetero-

geneity in the coding sequences, hybrids were formed between the representative

cDNA clones and these were examined by electron microscopy. These experiments

confirmed the observations based on restriction mapping and demonstrated that

the cDNAs share little homology. Together, the restriction mapping and hetero-

duplex analyses indicate that the sequences that encode Xenopus albumin are

widely divergent.

In the present study, I examined albumin mRNA and its in vitro translation

products by electrophoresis under denaturing conditions and was unable to detect

any size heterogeneity. Total and poly(A) RNA from Xenopus liver displayed a

single band of 2.3 kb when DBM blots of methylmercury hydroxide gels were

hybridized to nick translated probes from either the class I or class II cDNAs.

Furthermore, no size heterogeneity was detectable for mRNAs that were first
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isolated on DBM-f liters containing the cloned cDNAs (data not shown). In

addition, the data in Figure 3 show that the translation products of these

mRNAs have identical mobilities on SDS gels.

Some aspects of the structural organization of the albumin genes were

probed by Southern blot hybridization of Xenopus DNA restriction fragments to

both class I and class II cDNA clones. In these experiments, the DNA was

digested with Eco RI and Hind III, which both have sites within the cDNAs,

and Taq I and Bam HI, which do not. Hybridization of the nitrocellulose filters

to the various class I probes shown in Figure 7 resulted in overlapping patterns

that reflected the relative representation of the mRNA sequence that was present

in the respective cDNA clones. When the full-length class II cDNA clone pXlA 14

was the probe, the pattern obtained was identical to that observed with the

class I probes.

There are several possible interpretations for these data. First, there

is but one albumin gene and the different mRNAs that encode the protein are the

product of differential processing of the primary transcript, as has been ob-

served for immunoglobulin p mRNA (32,33). I feel this is unlikely because

the heteroduplexes formed between the class I and class II cDNA clones show

very little homology, and one would expect these to be similar based on results

obtained with other genes. Second, there are 2 albumin genes with enough

homology between their sequences that the hybridization conditions employed

did not differentiate between them. Third, there are 2 albumin genes that are

similar in their structural organization and this was demonstrated by similar

hybridization patterns obtained with the class I and class II cDNA probes. At

present I cannot differentiate between the latter 2 possibilities; however,

this is under investigation and should be clarified upon isolation of the

genes from a DNA library. Finally, the observation of 2 mRNAs for albumin

supports an earlier report by Bisbee et al. (34) that Xenopus laevis has 2

albumin peptides and it lends support to the notion proposed by these authors

that the genome of Xenopus is duplicated.
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NOTE: Subsequent to the original submission of this manuscript, a report
appeared from Westley et al. [(1981) Nucl. Acid Res. 9,3557-35741 on the prep-
aration of cDNA clones to Xenopus albumin. There are considerable differences
between the restriction maps presented in that paper and those presented in
this manuscript.
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