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ABSTRACT

The messender RNA’s that encode the rroteins rat serum
albumin  (RSAY and rat alrhafetorrotein (RAFF) have been
rurified to wvirtusl homoseneity bw 2 combination of
immunorreciritation of roluysomes and other rshusical
isolation methods. Radiocactive cIINA cories of these mRNA’g
have been rFrerared and used to monitor the changes in
abundance of RS8A~- and RAFP-sunthesizing roluysomes ir
neonatal rat liver and in Morris heratoms 7777y 3 rat liver
tumor. These clNA rrobes have alsc been used to determine
the stabilitw and reiteration frecuency of their resrective

genes in variows rat tissues.

The RSA mRNA secuence has been converted into a series
of bacterial rlasmids bw recombinant INA methodologuy and
the RSA demne has bheen isolated from a librarw of recombinant
bacteriorhadge., Restriction endonuclease site marrings
R-loor marringy *Southern® blot and #tensive nucleotide
seauence determination have been emrlowed to elucidate the

ordganization of the cloned seuences.

The ralt serum albumin dene has been found to be
interrurted &t fourteen locations by introns. The fifteen
exons are srread over asrrrodimsatelw 13y000 nmucleotides of
contiguous cohromosomal  IINA. The evolutionarwy historw of

alhumin has been deduced by analusis of the ratterns of



tv

internal reriodic homolosivy in this dene. Albumin arrarently

evolved bw &8 series of at least three intragenic
durlications followed thw acoumulation of manw soint
mutations and small deletions. These events Frobatlw
occurred over 300 million Hears 3HO0 . The rat

alrhafetorrotein demne has been shown to be related to the
rat serum albumin dene by 3 common ancestor denes and thus
two (or rossibly more) highly comrlex denes with manwy  exons
and marny rFrotein domains have evolved by dusrlication
mechanisms. That this might be an imrortasnt dgerneral source

of the comrlexity of eukaruotic dernomes is discussed.



Charter

IT

IV

Table of Contents

Acknowledgsements

Abstract

Table of Contents

Introduction

Freliminarwy Characterization of the Rat
Serum Albumin and Rat aAlrhasfetosrotein

Mossenger RNA's ang Genes.

The Rat Serum Albumin Gened fAnalusis

of Cloned Sequences.

Nucleotide Secquence of Clomned Rat
Serum Albumin Messender RNA.

The Fimne Structure armd Evolution of
the Rat Serum Albumin Gene.

Arerercdis

Fade

ii

idi

4y
o AL

120

178



INTRODUCTION

The subdect of this dissertstion is the analusis of the
dene that encodes rat serum albumin. Refore dgoing into the
scientific detsilsy 8 word sbout the historical sidnificance
of this ture of research is arrrorriate. The concert of
"heredity® must have been extanty in some srimitive forms in
the minds of the firsgst rractitioners of asgriculturesy rerhars
ten thousand wears ado. That animals and #=lants "bred true"
fhiad to be sreereciated in order to cultivate successfullu.
Howevery a meaningfuly systematic arrroach to the science of
heredity did not really commence until Mendel did his famous
exreriments with Pisum sativum in the 18607sy or rather with
the "rediscoverye” of his work some 3% wears later by Huso de

Uries ant others.

The concerst of the ‘"dene’ was refined by Mordgan and his
students 1 Lhe eatlu rart of the rresent centuryr but the
chemical nature of the gernetic materizal remesined &8 muslery
until the second great heuristic asdvances the elucidstion of
the role and structure of IINA bw Averwsy Macleod and McCartwy
Frankliny Watson and Cricksy and many otherss of course.
This is ususlly redarded as  the beginning of "molecular
miologwy'y  and  din the auarter centurg since the rublication

of Watsarn and Crick’s rarery the field rsrodgressed raridlus



rarticulsrly in the ares of bacterizsl molecular serebics.
Frogress was not so raridy  howevery with euksaruotes. B
197%  the enormous comrlexity of the euksrwotic denomes
esrecially  thet of vertebratesy had become & limitinsg
obstacle to research. Methods such as kinetic anmslusis of
nucleic acid rensturations X-raw diffraction and neutron
scattering bw  chromatiny  erimitive secuence determinastion
agnd others aveillasble during the rreceding reriod were simelw
incarable  of resolving  the basic Teatures of individual
eubsrsotic denes. For this ressony  the dinvention of
"recomiinant DINA technolosy®y rasid [INA seuence
determinstion and "Southermn blots" have sreciritated what

can  bhe  Tairly considered to he the third revolution in the

tionlosy of  nherecditu. The research descoribed in this
dissertation bedgan during this revolution andg was sart of

it

Ferhars the most remarkable discoverw of the rast few
gesrs  wWwas bhe sresence of interrustionsy or "introns®sys with
the mRNA-coding secuences {("exons®) of most eukarwotic
HEres . The wbicuity of these elements suddests that thew
have beern around for a long times irntroms are  erobably  as

ancient &% are eukarvotes. It i likelwy that the

03]

discontinuous nature of eubkaruotic gernes has beern  imrortant

in  the evolution of eulkaruotic dernomes (Cricksy 1979 . This

agrrears to be the csse with serum albwumin. A argument 1s



advanced din  Charter 4 that umecusl recombinations between
introns of different cories of 8 rrimitive slbumin ferne were
resronsible for the internal reriodic homolosy seen in this
srotein. The same ardument csn be arrlied to chicken
ovomucoid (Stein et al.y 1280) and the multirle constant
redion domains of immunoglobulins (Tucker et al.y 1979).
There are many obher wameles  of eroteins with internal
reriodic homolodgwy (Barkery Ketcocham and Dawvhofiy 1978y  and
most or all of these are rrobabley also exameles of the
result of imtragenic duslicstion of exons bhw  recombination
within introns. Gilbert (1978) and olhers have sreculated
that similar recombinations beltween tne introns of unrelated
genes misgnt  have been an dmrortant evolutionary mechanism
for the generation of diversity in eukarwotic denomes.
According  to  this  theorws #ons  tend Lo encode discrete
rrotein functionsl “dmmains'y arnd bw Yshuffling  exons' via
recombinstion between different dHernesy new comrosites of
multiszle srotein functions could be raridle createdy and
rossibley  become fixed din the rorulationy if thew rroved
useful. The extent to which this model arrlies to
eukaruotic denes remains to be seen. The boundaries of
srotein functional domasins are mot aluwaws well-definedy and
many  Frotein functions are srobable  the net result of
olyrertides encoded by more than one  exon. Furthermorey

ary nove l association of eXons recuires that the



translational reading frame is maintained. As discussed in
Charter 4y many (a8t least 2/3) sotentizsl exon resssortments
will mnot survive because thew lead to translational

frameshniflts in the resultant mRNA.

Another conseauence of the rresence of inmtroms in  the
albumin and other dgenes is that thew must be removed somehow
bhefore the germe seauence can be translated into srotein. 1t
s evident that this tskes rlace by enzymatic excision of
the dintromic RNA from  the Frimary transcrirts with
concomitant ligstion of consecutive exons (Ffor examrler
Nordstrom et al.r 197%), dNucleotide secuence determinstion
nas  been instrumental in bedinming to analyze this rrocess.
There is little homology between intronsey even between

intromns of closely related denes (Efstratiadis et aly 1980).

Howevers survews of sequences immediately gsurroundins
intron/exon boundaries fhaes  revealed thet there edxist

"canonical® Jdunction secuences that are found at the ends of
21l dintronsy  dincluding  those of different rhulas (Seifs
Khowrw and Dhare 1979, The "GT-AG0 rule'y first enuncisted
bw  RBreathnesch et al. (1978) has thus been exranded as
follows:? The exon-intron houndary 1% similar to
CCASCYAG-BTAAGT Yy and the introm—exon boundary is similar to
TYTYYYTCAG-G® (Y=T or C). This rule can bhe arrlied to 3sll
28 of the dntronsexon  Jdunctions in the rat serum albumin

SETIE o This COMSernsus SORISNCE BEEUME S agocditional



significance when comrasred to the mucleotide secuence of a
small nuclear RNAy "UL" (Reddy et al.r» 1974y Lerner et al.y
1980y Rodgers andg Walls 19800, It is rossible to construe
the formation of 2 durlex structure including the 3’ end of
Ul RNA and the 37 andg 37 extremities of any introm. This
structure would bring addacent eMOns into Fhusical
srodimituwy and could conceivably be the srecific recodgnition
substrate of srlicing enzumes. Avvedimento et al. (1980)
nave been able to rredict the location of imtermediate
grlicing sites within an intron of the chicken collagen gene
on this basisy which strongly surrorts the validity of the
herolthesis that "ULY dis involved in intron  removal. The
rossibilitey thaet extensive dgene redgulastion is edercised at
the level of "transcorirl rrocessing” (Wold et al.s 1978y
Kemalswy and Goldbergs 1980) makes this area even more

exeiting.

Ferhars the mador motivation to examime eukarwotic
genes  1s  the desire to wunderstand how they are regulasted.
Serum aslbuminy  and  the related rsrotein alehafetorrotein
(AFF)y  rerresent rsromising subdects for research in this
Brea. As  discussed in Charter 1y  these rroteins are
characteristic swnthetic rroducts of liver heratocutess snd
as such are examerles of how the srocess of “terminal
differentistion" agrrlies to individusl dgenes., It is

arrarent from results from our laboratore and others” (Lizaoe



Conm  and Tawlory 19280) that albumin rroduction (and also
that of AFF) is controlled srimsrily st the level of
transcrirtiony o€ the albumin dene is sotively
transcribed irnto mRNA in the liver but not in other tissues.
Unfortunastelyr we cannot even bedin to exrlain why this is
s0. There was 8 naive exrectationy at least initisllwy that
examination of the chromosomal DINA that flanks the 7 ang 37
termini of the albumin dene might rrovide some insight into
how this dgene 1is redulated, We have secuenced several
thousand nucleotides at both ends of the albumin Henesr &nd
these dats are tesbulsted in the Arrendix. The significance
of most of this informationy if anwy is not get arerarent.
Immedistelyw “urstream®" from the rutative carring site of
aloumin mRNA we have Tound the oligonucleotides CCAAT  and
TATATTy  whnich have been Tound in similar form and rositions
nesr many other eukarwotic denes (Efstratisadis et al.r
19803, These maw be involved in the rositioning of RNA
rolumersse rrior to the initiation of transcristion (Waswluk
et al.y 19802y bul thew dgive no clue as to how it is decided
to transcribe or not to tramscribe the ensuing  IINA. One
hores that this reroblem will be solved socony and the
"flanking" INA secuences of the rat serum albumin  dene maw

~rove helrsful.

It should bhe kest in mind that we have not clomned the

albumin derney but merelw its INA comronent. In the nuclel



of rat cellsy this INA is associsted with historness in  the

form of nucleosomes and rerobably with other sroteins as

well. The "anatomue® of this or any  other eukaryotic dene

must  be considered to include these rroteins and the manner

in which thew interact with the ONA snd with orne arnother.

In other wordss analusis of dernomic IINA is only the first

ster in the analusis of chromatin

For seversl wears 8 redulstory role for *middle

P

reretitive” sequences has been contemslasted (Britten and

12

Navidsony 19692, We have concluded that the rat serum
albumin dene resides within g 20000 nucleotide redgion of
chromosomasl IINA that is erobably devoid of such elements.
This was wunexrecteds since "middle reretitive" seaquences are
seresd throushout sreroximately 704 of the rat gerome as &
whaole (Fearsony  Wu and Bonmersy 1978).  There are seQuences
in three introns that are rerested many times elswhere in
the dgernomey and there is & highly rereslted secuence element
located 4600 nucleotides from the 37 end of the rat serum
albhumin  dgere. Howeversy none of these elements seem to be
"middle reretitive®y ss described by Britten and Davidson.
Furthermorey there are 2000-3000 nucleotides of single-cory
DA dmmedistelw rreceding the 97 terminus of this dgemne. The
arguments concernins the srobable existence of ‘“dene
batteries” under coordinasted control are still validy but

the roley if anwry of reiterasted sequences in the redgulation



of dsenes like albumin is &8s obscure as ever.

The srimare contributions of the work leading to this
thesis are tLthe creation of 38 rat dernomic librarygs the
isolation of the rat serum 2lbumin dHene and the elucidastion
of its fime structurey (Charters 22 and 4)y the determination
of the nucleotide secuence of rat serum albumin messendger
RNA  and  the dinferred amino ascid secuence of rat serum
albwmin (Charter 3)y and the elucidation of the role rlaged
by  intradgenic and interdgernic secuence durlication in the
evolution of what can be regarded as the albumin gene familw

(Charter 4),
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CHAFTER ONE

Freliminarwy Characterization of the Rat Serum Albumin and

Ratl Alrhafetorrotein mRNA‘s and Genes.

SUMMARY

The messenger RNA‘s encoding the rat serum rroteins
albumin (RSA) and alrhafetorrotein (RAFF) have been rurified
and used as temrlates for the swunthesis of radioactive cliNA.
The sizes of the full-length cories of these two mRNA‘s were
very similars and coincide with the estimated length of
their non-role(A) secuences. Huebridizastion of these rrobes
to various eressrstions of rat liver rmolusomal RNA  revesls
that following birthy the level of RSA mRNA in liver remains
relatively constant at arrroximatelw 68,000 (+/-50%) cories
#er liver cell. RAFF concentrations in the same cells fall
rreciritously after birthy from 18,000 at rarturition to 10
or fewer cories rer cell bw 2de 6 weeks. The rate and
extent of hebridization of RSA and RAFF cINA’s  to rat
genomic IDINA  sudggest that these denes occur 38 few times rer
harloid genome. There is no detectable asmelification or
deletion of either RSA or RAFF  denes associated with
neorlastic transformation or liver differentiation. The

unchanged ratterns of hebridization of RSA and RAFF cUNA



13

erobes to "Southern blots” of restriction
endonuclease~digested rmuclear INA  from liver and tumors
indicate that there are no substantial rearrangements of

these dsenes during tumor formatior.
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INTRODUCTION

Albumin and alrhafetorrotein are the mador rroteins of
adult and fetal serumy resrectivelw. ERoth are sunthesized
at  high levels in the liver rarenchumal cells which
constitute most of the mass of that ordan. As such these
rroteins  rerresent convenient Hamrles of “terminal
differentiation® at the level of individual denes.

Alrhafetorrotein sunthesis inm liver cells declines sbrustly

following rarturition i mammals and  the srotein is
virtually absent from adult serum. Fartiazl heratectomss

chemicallwy induced heratocyte necrosis or chronic exrosure
to chemical carcimodens ocan  induce re-exrression of  the
aglrhafetorrotein dene in the adult amimzl (Sell and Reckersy
1978, Elevated serum concentration of this srotein is in
fact a widely recognized ssmertom of liver damage or
neorlasia (Sell et a8l.r 19763, In most casessy renewed
suwnthesis of alrhafetorrotein is accomranied by diminished
albumin sunthesis (Schreiber et a8l.r 19713, Howevers there
is not much alteratiomny rerhars &8 twofold increassey in
albumin gene activity during the esarly rostnatal extinction
of alrhafetorrotein sunthesis. Neverthelessy there does
seem to be some inverse relationmshir in the exrression of
these two structursl denesy and a8 comrarative anslusis of

their regulatory mechanisms rromises to he 8 constructive
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arFToach.

Arnother imrortant feature of albwumin and
alrhafetorrotein is that these rroteins share many rhusical
Frrorerties. Both rroteins are arrroximately the sasme size
(Feters et al.r 1979)y and there is some evidence of amino
acid seuence homoloswy rarticularly  at the carboxgl
terminus (Ruoslahti arnd Terrwus 19765 . There is also a
significant level of immunogenic cross-reactability between
the denstured rroteins (Ruoslahti and Engvally 19786). It is
therefore cuite rossible that these rroteins arose by  dene
durlication of & commorn ancestor. For this reasson is would
be interesting to comrare the structure of the albumin and

alrhafetorrotein mRNAs and dernes.

We have rurified the messendger RNA's encoding rat serum
albumin  (RSA) and rat slrhafetorrotein (RAFF) and have used
these as temrlates for the sunthesis of radiosctive clDNA by
reverse transcristion. Hebridization of RSA and RAFF clNA
srobes to different srerssarations of rolwsomal RNA  has  been
used to euantitate levels of these mRNA secuences 1in
neonatal rat liver and in 8 heratic tumory Morris herstomsa
7777 The cliNA rrobes have also been huwbridized to dernomic
INAy both in solution and bound to filters in the form of
*Southern blots" to characterize the RSA and RAFF dgenes in

these cells.,
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RESULTS AND DISCUSSION

CHARACTERIZATION OF ALRBUMIN AND' ALFHAFETOFROTEIN MESSENGER
RNAS . RSA anid RAFF mRNA ' 5 were surified trw
immunorreciritation (Tewlor and Schimkes 19273) of liver or
heratoma rolusomess resrectivelyy followed tal™]
role () -Serharose 4B affinitw chromstodrarhy and size
fractionation on denaturing sucrose dradientsys as described
in Materials and Methods. These rrocedures wielded RNA’'s
that were arrroxdimatelw 90-93% rure as determined bDw
analusis of in vitro translation rroducts (dats mot shown).
Figure 1 illustrates the rattern obtzined when the RSA (lane
4 and RAFF mRNA (lsne 1) rrerarations were fractionated by
electrorhoresis on  adgarose dHels dn 10mM  methwelmercurw
hudroxider which comrletelw denstures RNA secondanry
structure (Baileyw and.Davidsony 19276 RBoth RNA srecies are
rerresented bw a8 sindle rredominant band migrasting slightly
slower than the 18% rat ribosomal RNA marker. From this
mobhilitw we estimate that RSA and RAFF mRNA‘s have &
molecular weight of arrroximastelys 7655000 daltonsy or 2180
rucleotides., This includes a8 streteh of roluadenslic ascid
residuesy  the lensgth of which was estimsted bw hubridizing
an excess of radiosctive roluuridelic acid to the rurified
mRNA  and  messuring  the ssturation values bw ribonuclesse

treatment (data not shown). Such measurements indicated
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Ledgernd to Figure 1., Electrorhoresis of rurified RAFF  and
REA  mRNA s, Various amounts of different RNA samrles were
electrorhoresed on 8 13 cm adarose slab gel contasining 10 mM
methulmercury hwdroxide. Lame 15 0,75 ugd RAFF mRNA. Lanes
2 and 5% 4 ug of 3 mixture of 1465 and 235 ribosomal RENA from
E. coli and 18% and 28% ribosomal RNA from rat liver. Lane
35 4 ug of roluwdA)-containing RNA from rat liver rolysomes.

Lane 4% Q.75 ug of R5A mRNA.
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that these mRNA molecules have arrroximately 100-200
adenulate residues at their 37 ends. Thus the non-rolu(h)
segments of these mRNA‘s are both arerodimately 2030

nucleotides in length.

Figure 2 (lanes 2 and 3) 1is an  autoradiodgram of
[32-F1-1lasheled RAFF and RSA cINA  rrerarsations that were
fractionated bw slkaline adgarose del electrorhoresis. Since
& larde molar excess of oligo-dT wss used to esrime the
reverse-transcrirtion reactiony cIlNA sunthesis should have
peen initiated at the 97 end of the rolwl(d) tracts and thus
the size of "full length" clONA should corresrond the the
non-#olw(A)  rortions of the mRNA‘s. As exrectedy both cINA
srerarations  contain 8 distribution of different sized
molecules that stors abrurtly a3t  srrrodimatelw 2030
rnucleotides, In additiony it is interesting to note the
Presencé of 2 900-nucleotide band in the albumin cINA lane.
This rresumably results from rremature termination of clNA
solumerization a8t & site locsted 900 nucleotides from the
rolw(AY tract. The nature of this termination site is

unkrnowns but it does not seem to be sresent in RAFF mRNA.

Humarn and bovine serum albumins are 584 and 982 amino
acid residues in length (Davhoffy 1976)y and rat albumin is
of similar size (Charter 3). There is also a 24~amino ascid

‘ere-pro" rertide reresent on newly sunthesized rat serum



20

Ledend to Fidgure 2. Electrorhoresis of RAFF and RSA cINA.
L32~Fl~labeled RAFF and RSA cINA were rrerared from the
rurified mRNA temrlatesy as described in Materiazls and
Methods. Alicuots were electrorhoresed on 8 1% adarose slab
gel containing 30 mM NaOHy 2 mM EDTA as described (McConnmels
Simon and Studiery 1977). Followindg electrorhoresiss the
gel was neutralizedy dried and exrosed to X-raw film. The
resulting autoradiodram is shown in reverse contrast. Lanes
1 and 4% [32-Fl-lsbeled Hind III fradments of FMZ DNA used
as markers. The molecular weidghts of these fradments were
estimated by comparispn to various restriction endonuclease
fragments of @EX174 INAs and are listed inm nucleotides at the

right. Lane 2% RAFF cIiNA. Lane 35 RSA clINA.
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albumin (Strauss et al.y 1977) that is cleaved away during
the secretion rrocess. This total of 609 amino acids would
e encoded by 1827 nucleotidesy so RSA  mRNA  rrobably
contains arrrodimatelyw 200 nucleotides of wuntranslated
sequencey in asddition to the roluw(A). Humarn AFF  is also
arrroximatelw  898% amino scids  in lengthy a3nd rossesses a
"sre~sro® rertide (Feters et al.y 1979)r so 8 similar amount
of untranslated secuence should be found omn its mRNA.

ARUNDANCE LEVELS OF ALRBUMIN  AND  ALFHAFETOFPROTEIN mRENA  IN
DEVELOFING RAT  LIVER  AND  IN  MORRIS HEFATOMA 7777. 1F
reasonably homodeneous mRNA is availabhler it is rossible to
cuantitate the concentration of homologous secuences in &
samele of RNA bw messuring the rate a8t which & radioazsctive
clNa probe  hubridizes to s vast molar excess of that RNA.
Folysomal RNA was ruritied from the livers of neonatal rats
adged 1y 2v 3y 4y Gy and & weeksy Trom sdult rat livers and
from a tumors Morris heratomzs 7777. These RNA's were used
to *drive" RAFF and RSA cIiNA rrobes. The extent of reaction
was  measured bw  digestion of unrescted clINA  with S1
nuclease. The kinetic rarameters were evaluated asccording
to Equation 1 by & comruterized leasst scuares arrroach
(Materials and Methods). The hubridization data along with
the hest fitting solution to the sseudo first order rate
eauation are eresented in Fidgure 3. The rate constants

corresronding to the curves shown in this fidgure are dgiven



Ledend to Figure 3. Folusomal RNA-driven hubridizstion of
RSA (Fanel A) and RAFF (Fanel B)Y  cINA‘s. RNA excess
hubridizations were carried out 8s described in Materials
and Methods and assawed bw 851 nuclesse digestion. Total
rolysomal RNA was disolated from the livers of neonsatal rats
ased 1 week (0)y 2 weeks (0)y 3 weeks (B)y 4 weeks (V) G
weeks () and & weeks (W)y znd from adult rat liver (W)  and
from Morris heratoma 7777 (B) ss described. Hubridization
of the cliNA to rurified RSA (@) and RAFF (A) mRNA‘s are also
included for comsarison. The curves rerresent the best

fitting solutiomns to Ecuation 1.
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irn Tabhle 1.

Both rurified mRNA‘s hubridize to their cDNA cories at
a rate of arrroximately 400 Mdseﬁ'o Taking the
hubridization of single-stranded X174 INA to & molar excess
of comrlementary RNA as a standard (k=170 Mﬂsec4y
comslexity=03380 nucleotidess Galausy Britten and Davidsons
1977)y  this rate corresronds to & comrlexity of 2300
nucleotidesy which is reasonzsbly consistent with our other
measurements. It was not rFossible to detect anw
cross—-reaction of RS5A mRNA to RAFF  clNA  (or wvice versalsy
even at reduced criteria (dats not showrn). This means that
these cDNA rrobes are seeuence-srecificr and that the level
of homology betweern the two mRNA‘s must be less than 70-80%
overall. (The sctuasl extent of RSA-RAFF homoloswe is 40-50%
at the IINA levels Innis and Millers 1980y Charter 3 and our

unFublished data).

The measurements of RSA and RAFF mRNA levels in  liver
rolysomes (Table 1) reveals that Tollowing birthy there is
little chande in the concentration of a3lbumin mRNA whereas
RAFF mRNA  hass wvirtuslly disarresared by 5-6 weeks. These
mRNA levels coincide with the concentration of aslbumin  and
alrhafetorrotein in the serum. the latter declines from 2-3
mst/ml to légﬁ than 100 nd/ml bw ade 6 weeks (Sell and

Reckery 1978y, Morris heratoma 7777 sunthesizes and
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Legend to Table 1.

(a) Totsl rolysomal RNA isolsted from the source indicatedy
or rFrurified mRNA. () Fseudo first-order rate constant
corresronding to best Fitting solution of rate ecustion 1.
(c) Celcoulsted by dividing the rate of the rolusomal
RNA-driven reasction by the rate of the arFrrOorTisate
mRNA~drivern reasction. Values in  rarentheses are corude

estimates corresronding to unterminated resctions.
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l¢ FPolusomal RNA-cDNA Hubridization

Ilriver

Source(a)

Tracer

Rate (M'sec™)

)

Farameters.

Frac

Iriv

tion

ing(c)

RSA mRNA

1 wk. liver
2 wke liver
3 whk. liver
4 whk. liver
S whk. liver
& whke liver
Adult liver
Heratoms

RAFF mRNA

1 wke liver
2wk, liver
3 wk.s liver
4 wk. liver
9 wke liver
6 whe liver
Adult liver

Heratoma

RSA clINA

RAFF

CclINA

6.08

G.01

(2.0

2

10 1,00
% 10° 3,24 1 10°
% 10° 6.76 % 16°
% 107 5,46 % 10°
107 4,22 2 10°
s 10° 476 % 10
s 10° 4.22 3w 160
s 10° 2,49 1 10°
L™ 1,72 % 107
10 1,00
T 1,53 % 10°
107 2,56 w1071
107 2,12 % 10°
w167 128w 10T
107 (5.0 x 1079
1573 (< 1079
107h (< 107
10° 3,17 1 107
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7

secretes larde euantities of AFF and &8 somewhat lesser
amourt,  of  albumir. As exrectedy these mRNA srecies are
rresent at high levels in the rolusomal fraction from this
tumor, The RAFF mRNA is arrroximatelsw 18 times more
srevalent than RSA mRNA., Tser Morris and Tawlor (1978) have
made similar measurments. These authors found 8 3—-4 fold
difference in mRNA concentrationsy which adgrees more closelw
with the different RAFF a&nd RSA  suthesis rates in this
tumor,

FRELIMINARY CHARACTERIZATION OF THE ALBRUMIN AND
ALFHAFETOFROTEIN GENES. Refore undertaking to elucidate the
fine structure and regulatorw mechanisms of the RSA and RAFF

genesy it is desirable to ascertain the number of cories of

these sequences in the rat dernomevy 1o, the reiteration
frequency. It is also imrortant to address the rossibility
of rearrvsngements or amrlifications of genetic IINA

associasted with alterations in exeressiony esrecially in

tumor cells.

The rate at which sheared denomic INA  “drives® {racer
auantities of a cINA rrobe is directlw rrorortionsal to the
genomic reiteration frecuencwe of the relevant gene (Erittens
Graham and Neufeldy 1974), Fidgure 4 shows the results of
such  an  exreriment with RSACA) and RAFF (R) cINA s .
Milligram a@uantities of rat livery rat kidnew and Morris

heratoms nuclear INA sheared to 300-400 nucleotides were
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Ledend to Figure 4. Association resactions of RS5A clNaA
(Fanel A) and RAFF cliNd (Panel B) with nuclear IONA from rat
liver (@) y rat kidnew (O) and from Morris heratoms 7777 (&),
Resction mixtures of arerroximatelw 1.9 mg of sheared nuclear
INA and 5-10  rg of [32-FI-lzbeled cINA were rrerareds
denatured and incubsted to various values of eauivalent Cot
as described din Msterials and Methods. (R) 5 “mock*®
association reactions with Micrococcus lysodeibkticus DNA.
Nuele:x formation wss assawed bw digestion with 851 nuclesse.

The curves rersresent the best Fitting solutions to Eaustion
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denatured and 23llowed to reassociate in the rFresence of
radioactive cliNa, It is imrortant that the nrnonradiosctive
"driver" INA is rresent in larde excess relative to the cliNA
srobe. A sufficient mass ratio of "driver" to "tracer" was
emr~loved to assure that the molar ratio of dgenes to
homolodgous clNA seeuences was a8t least 40. The second order
rate constants were evaluated bw a3 least seuares arrroach
according to Ecustion 2 (Materisls and Methods) and are
listed in Table 2+ Two conclusions can be drawn from these
data. Firsty there is mno discernible difference in  the
concentration of either RSA or RAFF secuences in any of the
cdriver DINA’'s utilizedsy aricd therefore the enormous

differences in the level of ederression of these dgenes in

livery kidrnew and tumor cells are not due to gene
amrlification or deletion. Secondy the observed
reassociation rate constants for RSA and RAFFP  clNA  tracers

(Table 2) are arrroximately three to four times higher than
the observed rate constant of the "sindle-corw® comronent of
rat  IINA (Fearsony Wu and Bornmersy 1978)y which suddests that
these denes are rresent at arrrodimatelw 3-4 cories each rer

harloid genome.

Adrother method for estimation of derne reiteration
freauency is to huebridize increasing  amounts of  Furers
radioactive cliNa to a constant mass of dgenomic IDINA. The

saturstion slateay of such a8 reaction should corresrond to
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Table 2. Rates of Reassociation of cliNA with Nuclear [INA

NDriver(a) Tracer Rate (quedq)(b) Cories/denome(c)
-3
Kidnewy IINA RSA colINA 1.17 3 10 e
Liver DNA " 1,11 % 10° %3
Heratoma [INA m 1,12 % 10° e
Ridrnew IINA RAFF oclINA 1.32 ldg 3¢9
Liver DA . 1.34 w 107 4.0
Heratoma [INA " 1,42 % 10° 4.9

(8) Nuclear INA isolastedy shesred and hebridized to cINA  as
described in Materizls and Methods. (b)) Rest fitting solution
to rate ecuation 2, (c)Numbeyr of cories rer harloid rat denome
calculated bw dividing the observed rates by the rublished rate
for the "single-corw" comronent of rat liver DINAY 3.9 x 171

(Fearsorny W and Bormers 1978).
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the fraction of dgemnomic secuences that is comrlementarye to
the cIiNA  rrobe. Fidure 9 disrlags the results of such
saturation hubridizastion exreriments. REA and RAFF cIiNA‘s
were used to titrate shesredy denatured nuclear INA from rat
liver and Morris heratoma 7777y and hubrids were assaved bhw
their resistance to 81 nuclease (Monashans Harris and
O'Mallewy 1976)« Conversion from the rlateau values in
radioactivity to mass of hybridized cINA @ was done by
assuming that the srecific sctivity of the clNA was ecual to
that of the radiosctive rrecursors as srecified by the
manufacturer. Thus it can be calculated that there are &0
g of  RSA-encoding secuences rer 50 ug of either rat liver
or heratoma INAy & fractional value of 1.2 x 16%. Since
only one strand of the slbumin dene is carable of
hgbridizing to the cINAy this fraction should be multirlied
e two. The haplqid rat dgenome consists of arrrodimstely
2.9 M 1oq base rairsy so there are 1.2 ><]if6:< 2 1 2.9 x 10q
= 4720 base rairs of RSA-encoding secuence rer harloid
genome. This is eauivalent to sbout three cories of the
2130 nucleotide mRNA  sequencey which is in good adreement
with the hubridizstion kinetic data. Similarlus there are
arrrodimately 9 cories of the RAFF dgene according to the
saturation rlateau level., This is somewhat higher than the
reiteration freauency as inferred from the kinetic data.

This maw indicate that there are more RAFF  than R5A
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Ledend to Figure 9. Saturation hubridization of RSA  clNA
(Fanel M) and RAFF cINA (Fanel RB)Y to nuclear DONA from rat
Liver (@ and from Morris hesatoma 7777 (A, Increasing
amounts of [32-Fl-lasbeled cINA were hubridized to 8 constant
mass (30 ug) of shearedy densatured nuclesr INA 8s described
in Materisls and Methods. Duslex formation was sssswed bw

digestion with 81 nuclesse.
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seuences in  the rat deromer or that the RAFF clONA is more
contaminated with other mRNA secuences that the RSA  cliNA.
Againy there are no observed differences between tumor and

liver IDNA.

These values for the sbsolute reiteration frecuencws of
the RSA and RAFF denes should not be tsken too literslly.
While there maw in fact be multirle versions of the RSA and
RAFF  demnesy, there are wuncertsinties imherent in both the
kinetic amd ssturation meassurements that comrlicate the
interrretstion of these data. The reassociation reasctions
were assaved by 51 nuclesse didestiony which introduces
considerable deviation from ideal second order kinetics
(Smithy Brittemn and Davidsony 1975). The ‘"single corpu®
renaturation resction was asssaged bw the hudroxglarastite
chromatodrarhy methods which is sensitive rrimarily to the
rnucleation of double-stranded structuresr and therefore the
form of the observed single-corw renaturztion resction is
much closer to second order. Furthermores the RSA (see
Charters 2 and 4) and the mouse AFF (Tilghman et a8l.s» 1979)
genomic mRNA  secuences are interrurted bw  intervening
secuencesy and this could have an effect on the kinetics of
the nuclear INA/cING driver—tracer reaction. The saturation
hubridization method is rather sensitive to contaminsting
seauences in the clINA driver. Interrretation of the results

of such exreriments 3lso derends on  accurate hkriowleddge of
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the clINA srecific sctivitwr which we have rnot measured
directle., These uncertainties might lead to significant
overestimates or underestimates in derne corw number. Retter
controlsy including internal standsrdsy would undoubtedlw
imrrove the accuracw of these determinationsy but we feel
that the rroblem of detziled characterization of these and
other eukarwotic denes is much more effectively arrrosched
e means of  recombinant IINA  methodolosw. This is the
subJdect of the ensuing charters. Far the moment the
conclusion that the RSA and RAFF  denes are ‘"arrroximatelw

single~corwy® is sufficiently rrecise.

Althoush dene amrlificstion is clesrly not resronsible
for the stimulation of RSA and RAFF sroduction in liver and
tumor cellsy it is rossible that some form of gere
rearrangement might be dinvolvedr akin to that observed
durins differentiatidn of  antiboduy-rroducing cells (e.dey
Brack et al.r» 1978, Substantiazal resrrandements of dHenomic

NG should be reflected in the rsattern of restriction

endonuclesse sites in  the vicinitwy of the effected gene.
This rattern can be detected by the ‘"Southern bhlot®
techrnique (Southernsy 197%)Yy  and  the results of such

exroriments are shown in Fidures & arnd 7. Lanes 1y 2 and 3
of Figure 6 are blots of liver INA from Srradgue-lawlew ratss
liver UNA from Ruffalo rats and INA from Morris heratoms

7777 resrectively. All were didested with Eco Rils
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Ledend to Figsure 6. Filter hubridization of RS5A clNA to Eco
Rl fragments of Srrague-Dawlew rat liver DINA (lane 1)
Buffalo rat liver INA (lane 2) and Morris heratoma 7777 IINA
(lene 3. Restriction endonucleazse didgestionrs "Southern®
transfers and hebridization to [32-F1-cINA were carried out
as described din Materiasls and Melthods. The numbers at the
left corresrond to the rositions and molecular weight (in
KR) of marker restriction fragments that were
co-electrorhoresed with the genomic INA  and visualized by
etnidium poromide staining. The arrows soint to  the
rositions of the bands at 2.7 and 3.9 KR that were rresent
in the Srrague-Dawlew rat liver DNA and missing in the other

two samrles.
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lLedend to Figure 7. Filter hubridizetion of RAFF  clINA to
Feo RI1I 0 fragments of Buffalo rat  liver IINA (lamne 1) and

o

Morris heratoma 7777 INA (lane 2)y a8s in Fisure 6.
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electrorhoresedys transferred to nitrocellulose filters and
hubridized with [32-Fl-labeled RSEA cINA 85 described in
Materials and Methods. Manw bands arFrear in the
autoradiogramsy most of which &are identical in all three
lanes. No differences ocour between the Ruffalo rat liver
armgd Morris herstoms IINA‘s. A few bands are unicue to the
Srrague~Dawlew rat DINAy a2nd this maw be due to interstrain
heterogeneity st the denomic level. Fidure 7 shows &
similar exreriment comraring Ruffalo rat liver IINA and
Morris herstoma 7777 ONA blots hebridized to [32-Fl-labeled
RAFF cINA. Adainy no differences are detectedy and we
conclude from this that mador rearrandgements of the RSA or
the RAFF denes o not take rlace durinsg
heratocarcinodgenesisy a8t least mot in this rarticular tumor.
Manw of the larde number of bands visualired are arrarently
due to the small amount of contaminating secuences in our
cIiNd rrerarations. These contaminants are srobablw
hebridizing to s varietw of comrletelws different denes that
sre exrressed in liver or tumor cells, This conclusion is
based wuron  the observationsy described in Charster 2y that
cloned RSA cDNA secuenes hebridize only to six different Eco
k1 fragments of rat dernomic INA. A similar observaetion has

heen made concerning RAFF seauences (unrublished data).

In summarygy the concentration of the mRNA encodinsg RaAFF

has  been found to decline raridly in the livers of neonatal



4%

rats. This declime coincides with the extinction of
circulating AFF in this animal. RSA mRNA concentrations do

not chandge substantiaslly during this reriod.

The denes that emncode RSA and RAFF are included within
the "single-coru" fraction of the rat genomer although there
iz some indication that each may be rereated three or four
times. There are no differences in these reiteration
freceuencies when INA from rat livery rat kidnew and from
Morris heratoms 7777 are comrared. Nor is there any
detectable difference in the dgross orgasnization of the RGEA
or RAFF denes when DINA  from normal liver and tumor are

comrared bw the Southermn blot technicue.

Thus we conclude that the dramatic altersations i KHA
and RAFF edepression that take slace during develorment and
neorlastic transformation are due to redgulation of the level

of transcrirtion of these denes into stasble mRNA.
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MATERIALS AND METHODS

MATERIALS., Folwdl) Serharose 4R and cuanogen

bromide—-activated Serharose 4B were obtasined from FPharmacia.

Oligod(dT) was rurchased from Collaborative Research.
Actimomucin o anid nonradioactive deoxunucleoside
trirhosrhates were obteimned from F/L  Biochemicals. Avian

Mueloblastosis Virus Reverse Transcorirtase was a gift from
Ure Je¢ FBeardy Life Sciences Inc.y St. Fetersburgy FL.
Methylmercury hudrodide was from Alfas Chemicsalsy Ventron
Cor#.y Beverlws MA. PFM2 INA was a &gift from Dr. HeB.
Graws Jre.y Universitw of Houstomny TX. Eco R1 was rurchased
from PBeoehrinder-Mannheim and userd according to the

it

manufacturer’'s instructions. Nitrocellulose membrane filter
rarer Wwas from Millirore. C32~Fl1-rnucleoside trirhosshates
were rurchased from either New Ensgland Nuclear or Amersham.

[3-HI-labeled nmucleoside trirhosrhates were rurchased from

New England Nuclear.

ANIMALS AND HEFATOMAS. Male rats of the Serague-liawley
strain were rurchased from Simonsen Labsy Inc. (Gilrow CA)y
and were wused for disolation of albumin mRNA  and for
rreraration  of liver RNA fractions from different stadges of
develorment. Morris hersatoms 7777 was mzaintained and

transrlanted into both dastrocrnemius muscles of mature
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Buffalo strain rats as described elsewhere (Sell et al.s
19745, Only exronentially dgrowing tumors were used and
srecial care was taken to remove any necrotic or infected

tissue.

FREFARATION AND FURIFICATION OF ANTIGENS AND ANTIRODIES.

Rat serum albumin (RSA) was rurified from "Fraction V"

(Sidma) according to rublished srocedures (Taglor andd
Schimbes 1973). The final RSA sreraration was shown to bhe
homogeneous v 808 gel electrorhoresis and s

double-~diffusion Ouchterlony anslusis. Analuytical asmounts
of immunochemically rure rat azlenafetorrotein (RAFF)  were
originally obtained from rat amniotic fluid by rerested
fractionation on an isvelectric focusing column (Sell et
aley 1972). This rreraration was used to raise monosrecific
antibodies in rabbits. The Immunoglobulin G (I«G6)  fraction
from the resulting antisera were courled to cwanodgen bromide
activated Serharose 4R (Custrecasssy 1970) and wused as an

immuroadsorbent for lardge scale surification of RAFF.

The rurified antidgens were also used to raise
antibodies in doats. The I€6 fractions from the resulting
antisers was Turther rurified by adsorrtion to REA or RAFF
bound  to  Serharose 4R, The adsorbed antibody was eluted
with sterile 2 M oglwciner #H 2.7, The eluant was

neutralirzedr rreciritated with ammonium sulfate and dialuzed
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against 930 mM trisy #H 7.6y 150 mM NaCly 5 mM MsCll'

A nonimmune goat I=G fraction was inJdected
subcutaneously into a8 burro. The burro (anti-dgoat I«46) 146
was then rurified bw ammonium sulfate fractionstion and made
ribonuclesse-free by chromatodrarhy on CM cellulose and DEAE

cellulose (Schimbe et al.s 1974).

FREFARATION OF FOLYSOMES. Folysomes were rrerared from
rnormal rat liver or from Morris heratoma 7777 essentially as
described by Schimke et al. (1974). Seventeen mk of the
rostmitochondrizl surernatant was lavered onto 1 mb of 1 M
sucrose in 25 mM trisy #H 7.5y 25 mM NaCle 5 mM  Ms&Clgy 0.0
mg/ml herarin sulfate over 13 mbL of 2.5 M sucrose in the
same buffer, The rolysomes were relleted onto the 2.9 M
sucrose cushion bwe centrifugastion at 29,000 rem for 4 hr at

O .. , . . . . .
Cs and removed from this interface by runcturing the side

4
of the tube with a sterile surinde and needle. Folusomes
were used immediately either for immunorreciritation or for

extraction of total rolusomal RNA.

ISOLATION OF SFECIFIC POLYSOMES RY IMMUNOFRECIFITATION. The
#olusomes removed from the 2.9 M sucrose interface were
dizluzed overnight at 4°C, agzinst & larde volume of 50 mM
trisy rH 7.6y 150 mM NaCly 3 mM MgCly»y 100 ug/ml herarin.

The dislusate was centrifuged in a RBeckman SW 27 rotor for
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10 min a8t 115000 rem to remove addredates. The clarified
rolysome surernatant ususlly had an ortical density at 260
mm  of 10-1%5. 74 ug/ml. sgost anti-RSA  or 50 ug/ml goat
anti~RAFF were added and incubated for 45 min at 0°C. The
resulting rolwsome-antibodw comrlexes were rreciritated bu
adding a 48 fold (RSA) or 40 fold (RAFF) excess of burro
anti-goat 1466 and incubation for an additionzal 90 min with
oceasional dentle mixing., The mixture was then lasgered onto
7+ mbk of 0.5 M sucrose over 14 ml of 1.0 M sucroser both
buffered with S0 mM triss #H 7.6 150 mM NaCly 5 mM  MaCl,y
#lus 14 esch Tritonm X100 and sodium  deoxscholate  and
centrifudged for 146 min a8t 11,000 rem in 8 SW 27 rotor at
vl o The rellet was swusrended in the same buffer and
re-sedimented throush another discontinuous SUCTOSE

gradienty as before.

FURIFICATION OF RSA AND RAFF mRNA. RNA was extracted from
immunorreciritated Folusomes =31 Freviously described
(Sala-Treralt et al.» 1978)., Ethanol-rreciritated RNA was
collected by centrifugations washed with 66X ethanoly dried
by lworhilization and dissolved in 20 mM trisy =H 7.5 2 mM
EDTA and 1% SDS. The RNA was hested at 65°C. for 10 min
and thern chilled in an ice bath. The rolw(A) RNA was bound
in  this buffer to 3 rolud)-Sernarose 4R column and eluted

with 920% formamide containing 10 mM trisy #H 7.5y 1 mM  EDTA
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and  0.2%4 SDS. The eluate was addusted to 0.2 M NaCl and
rreciritated with three volumes of ethanol overnight at
~20°C. Rechromatodrarhe of the rolue(A) RNA over a8 second
rolw(l)) Serharose column was denerally rerformed to remove

residuasl ribosomal RNA contamination.

RSA arnd RAFF mkNA‘s  were further rurified from the
solu{A)-containing RNA rresarations by sedimentation throusgh
linear G-204 sucrose dgradients contzining 50X dimethwsl
sulfate. The RNA was dissolved in 600 ubl of 40 mM trisy sH
7.9y S50% dimethwl sulfatey 0.1 M LiCly S mM  EITA and  O.5%
SIS and heated at 40°C. for 10 min. The samrles were then
lawered onto 12 mk gradients and centrifudged for 20 hr at
41000 remo din @ Beckman  SW41 rotor. The reak of RNA
sedimenting at 178 was collected and sreciritsted with

ethanol.

DETERMINATION OF THE FOLYC(A) CONTENT 0OF RNA FREFARATIONS.
The content of rolw(A) in the differernt RNA rrerarations was
assaved by hubridizetion to L3~HIl-rolwedl)) essentiazlly a3

described hy Gillesriey Marshasll and Gallo (1972).

ELECTROFHORESIS OF RNA AND DINA ON DENATURING AGAROSE GELS.
Fractiomation of RNA on 1.2%7 adarose slab dgels conteining 10
mM methulmercury hudroxide was as descoribed by RBzilew and

Navidson (1974, After electrorhoresis for asrroximately ¢
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hr at 4 volts/cms the dels were rinsed in 1 M ammonium
acetate and stzined for 435 min a3t room temrerature with a
solution of 1 M ammonium ascetatey 1 usg/ml ethidium bromide.
Electrorhoresis of IINA on 1% adarose dels containing 30 mM
NaOHy 2 mM EDTA was done 8s described by McCommel et al.
(1977). Following electrorhoresisy gels were neutralized bu
soaking in 1 M Na acetater rH 5.0 for 30 mins and then dried
onto a3 riece of Whatman 3MM filter rarer on 3 heated suction

latform.

SYNTHESIS OF COMPLEMENTARY IDNA (cINA)Y FROM RSA AND RAFF mRNA
TEMFLATES . cINA’s  were sunthesized in 25-100 ul reaction
volumes containing the following? S0 mM trisy #H 8.4y 10 mM
MaCly s 460 mM NsCls 20 mM dithiothreitols 100 wusg/mbl
Actinomwedin Iy 30 ug/ml. oligo-dTy» 100 ug/ml. bovine serum
albuminy 20 ug/ml mRNAy  and 300-4600 units/ml.  reverse
transcrirtase. The resctions 2lso contained all four
deoxgnucleoside trirhosrhates st & concentration of 0.5 mM
for nonradioactive and 0.02% mM for radiosctive dNTF s, The
resctions were incubated st 46°C. for 1 hr. RNA was then
hudroluzed bw treatment with 0.5 N NaOH at  70°C. for 20
mir . Uniincorrorated dNTF sy dedgraded RNA  and other low
moleculsar weisght materials were removed bw chromastograrhy
over Serhadex G200, The excluded fractions werea

rreciritated with ethanol.
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RNA EXCESS HYRRIDIZATIONS TO RADIOACTIVE RSA AND RAFF  cliNA.
RNA  excess hubidizations to [3-HI-lsheled cIINA was carried
out in 10-50 ul. reaction volumes containing 10 mM trisy #H
7e4y 0,18 M NsCly 1 mM EDITAy 0.1% SDSy 3000 crm of the
arrrorriate cONA (sr. 2ct. 1.4 x 106 crm/ug)  and  varwing
amounﬁs of  RNA. The reaction mixtures were sealed in
silanized carillarw tubes and incubated at 68°C. for
varwing timesy wur to 72 hre Hubrid formation was detected
bw trestment of samrles with 81 nuclease (Monahany Harris
and 0Mallewy 1976). The data are rlotted as rercent of the
cIINA rsrobe in hubrid versus log Roty where "Rot" is  the
sroduct of the RNA concentration in moles of nucleotides rer
liter and the incubation time in seconds. These data were
analwzed bw use of & comruter srogram that identifies the

hest fitting solution to Ecuation 1%
c/Co = exr{(~kRot)

by 8 least-sauares algorithm (Fearsony Davidsorn and Britteny
1977 )4 "o/Co" is the fractiorn of rrobe remaining unreacted
at time "t" (in sec)s k is the first order rate constant (in

quedq) and Ro is the molar concentration of RNA.

FREFARATION OF NUCLEAR IINA. Nuclear INA to be used in

solution hubridizetions was sererared from rat livers rat



51

kidrnews and Morris heratoms 7777 by 3 modification of the
citric scid rerocedure of Hidgashi et al. (19663, The
nuclear rellets were dissolved im 100 mM NaCly 1 mM ENTAy 1%
SNS» 10 mM trisy F#H 8.0, Froteinase K was then added to a
concentration of 100 ug/ml. and the samrles were incubated at
F70 for 2 hr. The buffer was then adiusted to 0.1 M
trigy #H 8.0y and the solutions were extracted 2-3 times
with 1 wvol of rshenol/chloroform (131) amd  the DINA was
srooled from the acueous rhase after addition of 2 wvol of
cold ethasnol. This INA was dissolved in 50 mM trisy #H 7.89s
100 mM NaCly 2 mM EDTA and trested with S0 ug/ml  of
rarcrestic riboruclease A for 90 min st 37°C. SIS and
rroteinase K were then added to fimal concentrations of 0.5%
and 90 wus/mly resrectivelwy and incubstion wsas continued for
snother &0 min at 37°C. The solution was them extracted
with shenol/chloroform and rreciritated with ethanol.
Furified DNA wss dissolved in 10 mM Na acetatey #H 6.8 and
sheared in a VirTis model 40 homogenizer to a8 welidht averade
length of srerodimately 300-400 nucleotides. Fradgment sizes
of the final erersrations were measured on 3-204 alkaline

sucrose gradients.

NUCLEAR IINA/cINA REASSOCIATION REACTIONS UNDER CONDITIONS OF
INA EXCESS. INA/cING reactions were rerformed in 1050 wull

volumes in silanized carillary tubes containing 0.5 M NalClys
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1 mM EDTAy 20 mM triss eH 7.5y 0.1%Z SISy 10002000 crm of
L32-Fl-labeled cINA (s&, act. 2.2 108 cem/ug) and
varging amounts of sheared nuclear [INA, The reaction
mixtures were denatured bw heating at 105°C. for 4 min  and
were incubated at 69°C. for various times ur to 72 hr. The
extent of reaction was measured by 81 nucleasse digestion
(Monahany Harris and 0'Mallews 1976). Cot wvalues were
corrected to comrensate for the high salt concentration
(Brittensy Graham and Neufelds, 1974). The dats were

<+
*

evalusted according to Ecuation 2

~0.44
c/Co = F{(1+kCot)

b & comruterized least seuares arproachry 85  above. Foois
the fractiorm of the clNA in durlex form at terminations c/C0O
is the fraction unreacted at time "t"» Cot is the rroduct of
IINA  concentration in M nucleotides and incubation time in
sec.y corrected for the saslt corncentrationy as abovey and k
is  the second order rate constant. The exronent -0.44 is
used to correct for the non-second order kinetics of
reactions assaved by the 81 nucleasse method (Smithsy EBritten

and Davidsony 1975y Morrowy 19745,

SATURATION HYBRIDIZATION EXFERIMENTS. Fiftw micrograms  of

rdclear  IINA was mixed with irncreasing amounts of either REA
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or RAFF cINA lsbeled with [32-F1-dCTF to a3 srecific sctivitw
of 5 107 crm/ug in 10 ul. of 0.5 M NaClys 1 mM EDNTAY 0.1%
SHGy 20 mM trisy #H 7.5 The reaction mixtures were sealed
in silanized carillary tubesy denatured by heating at 105 C.
for 4 min and incubated at 69 C for 6% hr. Durlex formation
was assawed by didgestion of unreacted cIiNA with S1 nuclease
(Monahany Harris and 0'Mallews 1976)y and backsround
resistance to 81 was messured by didestion of ‘“mock”
reactions containing 50 ug of Micrococcal IINA  rather than

rat DONA.

SOUTHERN ELOTS OF RAT INA. High molecular weight cellular
INA was  extracted from rat livers and from Morris heratoma
7777 by minor modifications of the method described bw Rlin
and  Stafford (19786). The DNA srerarations obtained were
didested three times by & three-fold excess of the
restriction endonuclesse Eco Rl. The resulting fradments
were serarated bw electrorhoresis on 0.7% sdarose dels
containing 0.1 wusg/ml.  of ethidium bromides and the UNA was

visualized under ultraviolet lignht.

FILTER HYBRIDIZATIONS. IDIINA fradgments were transferred +to
nitrocellulose filters bw minmor modifications of the
technicue of Southern (1975). The filter strirs were

hiebridized to 20 ng/ml [32-Fl1-labeled RSA or RAFF cliNA (s&.
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scte 2 x 108 crm/ug) at 65°C,  for 20 hr in several mL of
hebridization solution containing 1 M NasCls 10-fold
concentrated Demhardt’s solution (Denhardts 198686)y &  mM
ENTAy 0.1% SDE» 25 ug/mb denatureds shesred E. coli IINA and
0 mM trisy FH 7.2, After hebridizations the filters were
washed at 63°C. i 7% mM NaCly 15 mM trisey pH 7.2y 1 mM
ENTAy  0.1% SDSy 0.1% Na rurorhosrhate and exrosed to
rreflashed Kodak XR-% Xe-raw film with & Cromnex Lightnins

Flus intensifier screen for 24-48 hr at -80°C.
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CHAFTER TWO

The RKat Serum Albumin Gerne! Analusis of Clorned Seauences

SUMMARY

The rat serum albumin gene has been isolsted from &
recombinant librare containing the entire rat denome cloned
im the Lambda rhage Charon 44, R-loor and restriction
analusis has revealed that this gene is selit into at least
14  fragments (exons) bw  thirteen intervening seuences
(introns)y  and  that it occuries & mindimum of 14.% KB of

gernomic ONA.
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INTRODUCTION

Recent advances in recombinant INA techrnolosy have made
it rossible to obtain virtually anwy desired genomic sequence
in cloned formy erovided an arprorriate hubridization serobe
is available. We have uwsed these technicues to isolate the

ralt sevum albumin gene.

Serum albumin synthesiz and secretion is one of the
maJdonr Fhenotyrio characteristics of vertebrate liver,
Dhservation of the sctivity and state of this demne during
develorment and in adult tissues should be informative as to
the srocess ol terminal differentiation. Albumin sunthesis
is  essentiaelly constitutive in adult liver cellssy but does
resrond signiticently to & wvarietw of stimuli {(Fetersy
1975 It is &8lso exrressed to variasble extents in
different herstoma cell lines (Tsey Morris and Tawlory
19787, The availabilitwy of cloned albumin genomic DNA will
greatly facilitste the study of this variable exrressions

rarticularly at the level of transcrist srrocessing.

Netermination of the sequence ordanizstion of the
albumin dgene is also of interesty esrecisally with regard Lo
the digsrosition of reretitive .elementﬁ and intervening
seauences.. Although regulatory (Britten and Davidsony 19469
and evolutionarwy (Gilberts 1978) significance has heen

roastulateds tne functional roley 1f snwey of these features
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of eukaruwotic gernomes vremains  unknowr. Bovine and  human
gserum  slbumins  exhibit & threefold essattern of internal
homoloswy leading to the conclusion that the albumin gene
evolved bw dintragenic durlication of & smaller (200 amino
acid) rrotein (Browny 1976). If this hurothesis is correcty

it should be reflected in the structure of the Hene.

The comrarative studies that will be rossible as  olther
dgenes are extracted from the rat and other ordganisms can bhe
exrected Lo erovide considervanle insight into the regalastion

and evolution of the eukarwotic genome.
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RESULTS

The recombinant INA methodolodgy that makes it rossible
to extract srecific sequences from s larse denome involves

consideratle manirulation of INAy including  ligetion of &

mixture of restriction fragments and several rounds of
rerlication in the bacterisal host. This creates the
rotential for two rarticularly SETLOUS artifactual
modifTications of denomic seuencess 1)y ligation of
noncontiguous restriction fragments arnd  (2)Yy  geneltic

rearrangement during rrorogation. The wsartisl restriction
library arrroach used in this studwe rrovides an effective
mechanism Tor detecting the former artifasct. Inderendently
generated colomes can be wsed to confirm the legitimacw of
the restriction mar of INA common to two or more oloness
since the rrobsbility of anw given srurious ligetion event
ocourring more than once in the sroduction of & recombinsnt
denome librarw is nedligible. Figure 1A shows the mas of
restriction sites for Eco Rls Hing III  and Sac 1 in the
cloned rat serum albumin (RSA) sene. The resion included in

clone ARSA40 is confirmed bw the mars of ARSAL4 amd ARSA30.

Verification of non-overlarring regions and exclusion
of Hross genetic artifacts seh as deletions  or
rearrangements derend uwron comrarisons made beltween  the

clomed sequences and the rat denomey which is accomslished
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Legend to Figure 1. (A) Partiasl restriction site mar for
three albumin  dgenome clonesy ARSBA30y ARSA40 and ARSAL4Y.
R=Eco RIsy H=Hind III. S=%ac Iy P=Fst 1. Molecular weidghts
were estimated bw comrarison to rhadge M2 INA didested with

Himdg I1X1. (B) Imtrom/Exorn mar of the slbumin dgene deduced

from R-loors. Blaclk bars=exonsy white bars=introns. The
dashed lime indicates redgion not tested for R-~1oo
formationr. Scale same as i (A . (Cr» Restriction site mas

for three albumin clINA clonesy eRSAS7y  eRSAB and =RS5A13.
Asterisk indicastes Hind 111 site mot found in denomic DINA

(see text).
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bw use of "Southern blots' of dgemnomic and cloned rat  UNA.
Fidure 2A shows the sattern obtsined whern ralt DINA Qs
didested with Eco R1 (2A4) or Hind III (2R)y fractionated by
electrorhoresisy transferred to mitrocellulose and driven bw
cloned albumin clNA labeled with [32-F1 bw mick translstion
(Maniatisy Jeffrew and Kleidsy 197%5). The Eco R1 digestion
results in seven bands comslementarwy to the aslbumin  srobe.
Barnd *d" i ceuite fainltl but is clearly visible in the
original sutoradiodgram and in blots rrobed with albumin cINA
(Charter 1), A mixture of two different rlasmid clones:
#RSA13 and #RSAS7y which includes arproximatelw 8% of  the
albumin mRNA  seeuence comrlexity (Charter 3)y was used as
Frobe in these exreriments. The restriction site mas  for
these cliNA clornes is shown in Figure 10, Since there are no
Eco Rl sites rresent in the srobe secuencey the sresence of
several bands in  the dernome bhlot susbdgests that either the
goene exists in multirle diverdent cories or is interrursted
by  sequences not eresent in the mRNAy or conceivaebly both.
Evidence will be rresented that shows that the albumin  Hene
is i fact interrusrted. Figure 2B shows the result of &
similar exreriment with rat INA digested with Himd III. 2}
total of seven bands can be visualized. Four of theses
labeled "a%y ¥y Moty " are consistent with the
restriction mar obtained from the dernome clomesy as are all

but the largest band in Figure 28 The remaining bandss
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Ledend to Figure 2., Rat derome blots. (A) Eco RI-didgested
and (BY Hind IIl-digested rat liver DINA snaluwzed as
described in text. The molecular weights (in KR) of the
lettered bhands are a3s follows! Lane Ay a8=3.9y b=3.1s o=27s

d=1l.6y e=1.,3y f=1.0 KB: Lane By 3=7.9y b=4.9y o=3,%r od=2.5
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indicated bw asterisksy asre unexrected. These anomalous
bands srrear with variashle intensity in different
exreriments and are rerobably due to rartisl didestion.
Howevery their arrearance also is consistent with the
hurothesis that there are multirler slisghtly diverdgent
albumin denes in the rat. The ratterns obtained with cloned
RSA cINA  rerobes are much less comelex than those shown in
Charter 1 which resulted from hubridization of L[32-FI-clNA
to similar blots. It dis likelw that most of the fainter
bands visuslized bw cINA hubridizastion (Charter 1y Figure &)

are due to contaminants in the mRNA srerarastion.

Fidure 3 illustrates snalodgous exreriments rerformed
with IINA from the various denomic clones. In these sets of
blots the albumin cliNA srobe has been clesved with Hing $II
and electrorhoreticalls fractionasted dinto "S7%¢ "middle®y
and *3’* probes (Fisure 1E). The ratterns dgenerated are
entirely consistent with that seen with whole rat liver IINA,
The molecular weights are dgiven in the ledgends to Fidgures 2
and 3. The similaritw of the clone and dernomic IINA blot
ratterns sudgdests that there has been little or rno
disrurtion of the RSA dene during the cloning rrocedures
although the resolution limit of the denome blots is
srobatly asbout 100 nucleotidesy amd small modifications or
roint mutations would most likelw be undetected. A curious

asrect of these results is revealed in Fidure 3F and 36.



Ledend to Figure 3. Albumin dgenome clone blots. Famel A
Frhotosrarh of dHel of Eco RI-didested ARSA40 DNA. Fanels Ky
C and Iy trirlicate blots of INA shown in Fasnel A erobed
with Sy middle and 37 fragments of albumin cINA cloness
resrectively (see Fidgure 10). Fanel Es Fhotodgrash of dgel of
Hingd IIl-digsested ARSA30 (left lane)ry ARSA40 (middle lane)
and  RSAL4 (right lane). Fasnels Fy G and HF trirlicste
tlots  of INA shown in sanel E hwbridized with S7(F)y middle
(G) and 37 (H) rrobes as above. The molecular weights of
the lettered bands are the same as that diven for the
corresronding bands in Figure 2., The order of the fragments
in  the mar (Figure 14) is as follows! Eco RI3 cyfresbheard,

Hirmd I11s crdebsa.
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EBoth the S’ and middle albumin mRNA srobes react with the
same Hind III fragment (band "d") which imrlies that the
Hind III site serarating these two srobes (indicated bw  an
asterisk in Figure 1R) does not exist in the denome. The
trivial exrlanation of rrobe cross-contamination is wunlikelw
since there 1is no analogous reaction when middle and 37
Frobes  are  comrared, Seuence rearrangement 13 not
resronsible  since  the shenomernon is  observed with  two
different dgerome clonesy ARSA3Z0 and ARSA40y arni tLwo
different cINA clonesy #RSA13 and FREA8 (dats nol shown) .
Furthermorey this unexrected rattermn is seen when H°  andg
middle albumin rsrobes are used to drive Hinmd III genome
blots (unrublished data). It is conceivable that this
restriction site is creasted in the mRNA by the fusion of two
addacent exons. As demonstrated im Charter 4y the latter
#elanstion is correctv Selicing of exons I and E denerates
a8 Hinmd III site in the mRNA secuence that is not rresemt  in

the germomic IINA.

The rattern of huebridizstions with the various srobes
shown  in Figure 3 also establishes the colinearitw of the
genomic and mRNA secuences. The rolaritw of the cliNA clones
was established b rnucleotide secuence determination
(Charter 3) and thus the direction of tramscristions from
left to right din Figure 1y can be inferred. These blot

hebridizstion datary in condunction with the restriction mars
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guggest that within the clorned locus there exists only one
albumin mRNA sequence which is interrurted &t lesst five

times and is disrersed over 3 minimum of 14 KE.

To verifw these observations and imrrove the resolution
bevond the limits of restriction snalusisy INA from the
genomic clones was didested with either Eco R1 or Hind IIIy
mixed with rurified aslbumin mRNA  and  incubated under
conditions suitable for *R-loor" formation (White ancl
Hogrnessy 1977). The hubrid structures that formed were then
visuslized by electron microscory. The result of these
exreriments was the identification of a total of thirteen
interrurtions in the albumin mRNA  secuence. Selected
electron microsrarhs along with interrretive drawings of the
R-1oors are shown in Figure 4, The variouws hubrids  that
formed could be iddentified bw their contour lengthss
determined by comrarison to SV40 IINA  seread on  the same
drics. This rermits ordering of R-loor structures by
consulting the dernome clomne restriction mars but  does not
sracify  the correct orientation of the fragments. In most
cases the rolarity can be deduced from the Hind III fradment
R—~-loors by ddentification of the molecules containing the
left or rartial right arms of the Charon 44 vector, I one
casey shown in Figure 4 (second sanel from left)y it was
necessary Lo assume that the end lacking a8 visible IINA

"tranch®  corresronds to the Hind III site located in the
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Legend to Figure 4, Selected electron micrograrhs alond
with interrretive drawings of R-loors. The restriction
fragments involved in the R-loors arer from left to rights
Hind III fradgments cr d and by Eco RI fradgment & and Hind
ITT fragment at+ (from ARSA40). In the tracings at the tos
of the figurey hesve solid limnes indicate DNA and the thin
lirnes rerresent albumin  mRNA. The bar a8t bpottom risght

rerresents 500 RBF.
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mRNA seeuencey that isy within exon C. This asssumstion has
since been Tournd to be correct (Charter 4). The results
obtaimed from Eco Rl-didgested clones are more difficult to
interrret due to the larder number of fragments andg thedir
similar sizes. Howevery the structures visuslized are
consistent with the Hind III fragment R-loors. Certain
hubrids do not form efficientlwyy serarently due to close
roximity to & restriction colesvegey and these tend to
arresr With one but not the other didgestion. Alsoy  the
temrerature ortima for bhubrid formation with the various
fragments differed over a few dedgrees and had to be adiusted
accordingly. The dasta from which the exon/Zintron mar was
deduced arve summarized in Table 1. These values are in some
cases the sum of two messurements which terminate on
orrosite sides of the same restriction site. All  of  the
structures rerresented bw the schematic diagram shown in
Figure 1C are surrorted by 2 minimum of 6 measurements made
from different unambiguous examrles. Howevers it s
imrortant to beer in mind the uncertainte inherent in  data
of this ture, Aside from rossible interrretive errorsy
small exons and introns might not be detectable by  electron
MiCTOSCOMY . Furthermorey verw small huebrids might not be
stable under the conditions wsed for hebridizstion or
sereading  the DNA. INA dissrlascement loors alondgside exons

were not visible in most cases. Fresumably this is due Lo
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Ledend to Table 1.

Mean sizes in nucleotide rairs of exons and introns in the
R&SA  gernomic clones. Introns are designated bw two letterss
indicating the adiazcent exons. Lengths were determined by
comEarison with simian virvus 40 INA contour lengthsy as
measured from the electron micrograrhs. These dats were
used to comstruct the schematic diagram shown in Figure 1R.

my number of samrles measured Tor each exon or intron. Sy

standard deviation of measurements.



78

Table 1. Intromn and exon lengths from R-loors formed
with RSA mRNA and RSA denomic clone restriction

fragments.

Exon Length (S r Intron Length(SIN r
) 102 (29) 12 AR 927 (64) é
B 111 (31) 11 RBC 1370 (370 21
C 95 (35) 10 cn G465 (145) 10
I 148 (34) 10 nE @78 (42) 10
E 108 (32) 12 EF 1458 (88) 19
F 163 (34) 13 FG 920 (&65) 13
G 245 (39) 1% GH 778 (&66) 14
H 189 (53) 13 HI 08 (&2) 10
I 133 (26) 10 IJ 11461 (900 11
o 131 (27) 16 JK 298 (88) 11
K 239 (31) 14 KL 1011 (74) 16
L. 146 (28) 13 .M 434 (94) 13
M 108 (29) 14 MN 1054 (163) 13
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the collarse of sindle-stranded DINAy which maw be a rrorerty
of smaller R-loors rrerared by the methods we have utilized

(Dudgaiczuk et al.y 1978)

Close examinstion of the RNA involved in the R-loows
structures reveazls & continuous translocation of duslex
regions from the S end to the 37 end of the mRNAy
surrorting  the conclusion drawn from the blot exreriments
that there is onlw one albumin dgene in  the cloned comrlex
and  that it is colinesar with the mRNA secuencer althoush
interrurtedy of course. Another interesting observation is
that exons A and N seem verw near the termini of the mRNA.
Verwy littlers if anw RNA extends bewgond the 5 side of exon
A This imrlies that wunless a2 tinw "lesder® exon is
serarated from the rest of the gene by & husge dintrom or
there is more than 8 KR of RNA cleaved from the 37 end of a
srimary transcrirty the inditiation of tramscrirtion should
be locsted somewhere on the % end of clone ARSA30 (See
Charter 4y Figure 2). Similarlys the small "whisker" of RNA
visible on the 37 side of exon N is rrobably mostly rolw(d)
(Charter 1)y sudgdesting that the zlbumin mRNA codins
sequence terminates at this roint in the denome. Neither of
the Eco R1 fragments located 37 to this terminzl exon reszocot
with albumin cIINA (unrublished datas). Since these fragments
rerresent over 10 KB of demnomic DNA 1t dis unlikelw that

there are anv albumin exons not eresent on these olones.
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DISCUSSION

The iscolation of the albumin denomic sequences in
cloned form makes it rossible to determine the structure of
the slbumin gene - or more rrorerly its DNA comronent - to
the nucleotide level of resolution if desired. Howevers it
is imrortant to recsll that the clomed dHene iz no  londger
functional rat INA but nonfunctionsl bacterioshasdge IINA. The
rossibility that resrrandgements might occur is not trivial
and could be rather misleading. We have ardgued that the
results shown are not artifactuzsl since thew were derived
from inderendentlwy denerated clomes and since the ratlterns
generated by two different restriction enzumes are verw
similar when either clone or denomic IINA is digested asnd

analured bw the Southerm blot technicue.

Rased uron the K-~loor mar and the various blots shown
it casn be tentativelw concluded that 211l of the albumin
coding secuence is located within the 3% KB of contiguous
clomed rat DNA and thet it is divided into at least fourteen
mRNA-encoding sequences or "exons' bw  thirteen intervenins
seQuences or "introns®, The rossibility remains  that
additional exons or introms exist that are too small to be
easily detectable by electron microscory,. As  shown by
extensive [INA seauence analusis (Charter 4)y the conclusions

drawn  from the R-loor dasts are essentially correcly excert
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for the width of exon C (sctuslly 212 EBF) and the wisternce
of 8 small (58 BF) exon between A and B, The rossibilitw of
multirsrle variants of the slbumin gene within the individusal
rat used to denerate the librarw has not been excluded.
Howeversy we have isolated 8 total of nime &lbumin clones
from the libresre and with the excertion of one obvious
ligation artifacty 21l contain linear rermutations of the
same rvat INA restriction fradgments. It seems unlikelw that
othery different albumin dgenes would have escared idnclusion
in the rat library or detection by slacue hwbridizetion. 0On
the other handy evidence is rresented in Charter 4 (Figure
4) suddesting that other versions of the slbumin sHene exist
in other individual rats of the Srradue-Dawlew strain. Thie
faintness of hebridizstion band o in the Eco R1 genomic bhlot
exreriment is unexrlained. Fragsment "d" contains 174 basse
rairs  of homologw to the cINA clome (#RS8A 13) that was
hubridized to the blot. This is almost twice as much as the
28 base rairs (Charter 4) of homolosy between the clNA snd
Ri fragment "e®y which hwbridizes much more intenselw than

does fradgment "d*.

There seems to be no simerle rattern to the size or
rosition of the exons in this gene. The interrusltions occur
along the entire length of the mRNA  secuence. The middle
Hind III site im the mRNA has been alidned with smino scids

2057206 by nucleotide secuence determination (Charter 3y
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Figure 2). This would mesan that aeeroximstelw 200-300
rucleotides of untranslated RNA reside a2t the 37 end of the
albumin mRNA (Fig., 1C). If exon N does in fact contain the
37 end of the mRNAy then ome and rossiblw two introns maw be
locasted within the untranslated secuence (Table 1). Introns
located in antibody genes have been found to corresrond to
dunctions between fumctional domzsins in the immunoglobulin
srotein (Sakano et al.r 1979)y and it has been sudgdested
that this relationshir mew be 3 dgeneral rrorertwy of
eukarwotic dgenes and rFroteins (Gilberty @78, Serum
albumin can  be visuslized as consisting of three domains
further subdivided into & total of mine subdomsins (Browny
19760 . It dis not rossible to conclude from the rresent
R—-loor data that there exists anw direct relationshis
tetween albumin esrotein structursl domains and the exons in
the albhumin dene. This is due to the uncertainties
associated with the meassurement of such small exons bw
electron microscorw., The elegant relationshir of RSA  dene
exons to the rattern of internsl homolodw in the srotein and
mRNA is demonstrated in Charters 3 and 4 by nucleotide

sequence analuysis.

Assuming that we have not inadvertently colorned an
inactive variant of the albumin genes the arrandement of
introns and exons has obvious ramifications redarding  the

rrocessing  of  the albumin mRNA  Frecursors. Firsty the
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tramscrirtion unit is at least 14.9 KB in  lengthy and by
analogwy to other sustems (Tilghmarn et al.y 1978y Cattersll
et al.y 1979) the srimary transcrirt can be exrected to bhe
of the same size or longer., This is three times larder than
the value rerorted bg Shafritz and coworkers (Strair et al.s
1977) suddgesting that the 265 srecies thew detected
rerresents sccumulated srocessing  intermediastes. Secondrs
there should be & minimum of thirteen different nuclear
intermediates which have been rrocessed to some extent. If
multisle rathwaws exist thern there could be many more

SEFECLES.,

By rerforming hubridization exreriments with nuclear
RNA  from ralt liver and heratoma cells and INA from the
albwmin clomes it will be rossible to test the dene
structure we haye adduced and to determime the mechanism and

kinetics of albumin mRNA biosunthesis.
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MATERIALS AND METHODS

RAT GENOME LIERRARY. High molecular weight liver DINA was
extracted from an adult male Srraegue-lawlew rat (Simonsen
Labsy Inc. Gilrow CA) bw the method of Rlin and Stafford
(1976) and alicuots were digested with Eco Fi
(Boehringer-Mannheim) under conditions addusted to oleave
either 1/3 or 1/5 of the Eco Rl sites in an ecuivalent
amount of bhacterioshage Lambda IINA. The fradgments resulting
from this rartial didestion were sedimented through a3 10304
sucrose gradient and the materiel between 10 and 20 KB was
recovered bw ethanol rreciritation. 2.5 microdgrams of this
rat DNA was ligsted with 8.9 micrograms of & rreraration of
Charon 44 "cloning  fragments® (Stermberdy Tiemeier and
Encuisty 1977y RBlattrner et als 1977). This recombimant DNA
was rackadged in vitro using extracts rrerared from defective
Lambda lusodens (NS 428 and NS 433)  rerovided bw N

Sternbers (cited shovel. The method used was that of Hohn

and  Murraw (1977). Arrroximately 20005000 inderendent
clones were obtained. The libraru Wwas amrlified

100:000~-fold by subconfluent slating on  IFS0SusF (Maniatis
et a3l.y 1978). The library is stored in 10 mM trisy #H 7.2y
100 mM NaCly 5 mM MUl s 100 wug/ml. dgelatine 304 (v/v2

glucerol at 9 C. The titer decauws under these storasde
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conditions with a half-life of arrroximately one year.

cIiNA CLONES . cIINA was swunthesized from surifed albwumin mRNA
as described (Sazla-Trerat et a3l.y» 1979y Charter 1)y excert
that a1l four dNTF’'s were rresent in the reaction mixture at
a concentration of 0.5 mM. The rrecursor srecific activitw
was arrroximatelw 1 Ci/mmol C32-FI1-dCTF. This clIiNA
contained & small amount of full-lensth material and had &
number average molecular weidght of arrroximatelw 1000 NT.
It was rendered double stranded by sequential treatment with
E. coli INA rolymersse I and 81 nuclease (Higuchi et al.s
1976) . The resulting DINA  had 8 number average molecular

weight of 600 NTF. An averadge of 10 dCMF  residues were

rolvmerized FeTr 3 —erd D terminal transferasse
(Rowchoudhuray Jaw and  Wus 1976 We Rowel.ams rersonal
communiication) . 40 nanograms  of  the tailed albumin was

mixed with 200 nanodgrams of #RR3IZ22 INA that had been cleaved
with Fst 1 and similarly tailed with dGMP residues (a8 gift
of W, Rowelkams)y  and  dnduced to co-circularize fru
incubation at 42 C. for 4 hr followed by 16 hr of slow
cooling to 4°C. E. coli strain X-1776 was transformed with
this mixture (Curtiss et al.r 1977)y bw 38 calcium-manganese
rrocedure as described by Villa-Komaroff et al. (1978).
Several hundred colomnies were obtained on surelemented

lL.-adgar rlates containing 1% udg/ml. tetracucline. Clones that
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were resistant Lo tetracuwcline and sensitive to ameicillin
(20 ug/ml) were subsecuently screened bw the Tfilter colony
hubridization method of Grunstein and Hodsness (19795) using
L32-F1-1labeled albumin cINA a3s a erobe. The most intenselu
reacting clones were selected and rlasmid INA was rrerared.
Froof of their identitw was obtained by comrarison of
rartial nucleotide sequences Lo the existing amino ascid
secuence of rat serum albumin (Isemura and IThkenskay 1978y
Charter 3). All manirulations were carried out according to

the N.I.H: Guidelines for Recombinant INA Research.

SCREENING. Arrroximatelw 15000000 rlacues from the rat
librarw were screened bw & modification of the method of
Rerton and Davis (1977)y using as &8 rerobe nick translasted
albumin  cIiNA  clones. Nine different dernome clones were
obtaineds three of whichs ARSAL4» ARSA30 and ARSA40 are the

subdect of the sresent rerort.

R~LOOFS . 50 nanodgrams of recombinent shade INA was digested
with either Eco RI or Hind IIIy mixed with 40 nanograms of
rurified slbumin mRNA in & totsl volume of 20 microliters of

70% recrustallized formamides 0.4M NaCly SmM EDRTAr 80 mM

rires mH 7.4 (White arnd Hodnessy 1977 and  incubated at

50-53°C, for 24 hr. The hubrids were seread for electron
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microscory by the modified Kleinmschmidt method (Daviss Simon
and Davidsons 1971). The #Hrids were rotary shadowed with
slatinum and ralladium (80/20) and viewed in a3 Fhillirsrs 300
electron microscore. INA contour  lengths were measured

using 8 Hewlett~Fackard didgitirzer.

RLOTS. Rat liver DNA from the same rreraration used to make
the denomic library was digested three times with a8 sixfold
excess of either Eco R1 or Hind I1Is extracted with shenol
arl rreciritated with ethasnol. 10 micrograms of the
didgested IINA was fractionated on am 8 mm-thick 0.8% adarose
slabh del buffered with S0 mM trisey 18 mM NaCls 2 mM EDRDTA 20

mM sodium acetatey #H 7.4, Electrorhoresis was at 2.9 volts

ser ocm for 16 hr. Clome DINA was didested once with a
tenfold excess of restriction endonuclease aricl Q.2

microdgrams was electrorhoresed on 8 2mm-thick dgel. Transfer
to nitrocellulose (Millirore) wss essentiaslly as described bw
Southern (19275). Washing after hwbridizstion was done at
62-63°C. with @ descending series of sslt concentrations
from 1.0 to 0,1 M NaCl in Dernhardt’s solution (lenhardt
1966)y 0417 SNSy 0.1% sodium rurorhoserhates 2 mM EDTAs 30 mM

trig =H 7.4,
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CHAFTER THREE

Nucleotide Secuence of Cloned Rat Serum Albumin Messendger RNA

SUMMARY

The recombinant INA imserts of three bacterias Flasmid
clones containing nearly all of the rat serum albumin mRNA
comrlexity nave been secuenced. Statistical snslusis of the
rnucleotide secuence revesls a rattern of rerested internal
homolosw that divides the mRNA into three arrroximatelyw
aausl gegments. Each of these homologous sedgments

corresronds to one erotein "structural domsin®s and the

“tensiveness of Lhe homologe strongly susrorts  the
Yintragenic trirlication® model of slbumin evolution. In
additioﬁv the comrlete amino acid seauence of  rat
rre-rro-albumin  has been inferred from the rmicleotide

sequence data.
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INTRODUCTION

The rrotein serum aslbumin has several attributes that
make it an attractive subJdect for Mrerimental
investidgation. It is the reredominant and charascteristic
sunthetic rroduct of adult vertebrste liver and therefore a
convenient examrle of controlled gene exrFression ir
terminally differentisted cells. Im mammalian embraeosy
there is 8 recirrocal relstionshir beltweern the exrression of
albumin  and its fetsl counterrartsy alrha~-feltorroteiny which
is an interesting rroblem of develormental biologw (Chartlter
1), Ferhars the most striking srorerty of serum albumin is
the remnasmts in its amino acid seauence of the evolutionasrw
history of this rsrotein. Disulfide crosslinks dgenerate s
sattern of loors thaet is resested threefold: defining  the
three structural domasins of serum albumin. These domains
exhibit significant smimo ascid homologwy in addition to  the
custeine residuesy and it has been suddested by Brown (1976)
that albumin evolved bw intragenic trirlication of 3 smaller
rrotein  corresronding to ome domainy which maw have in turn
evolved from & much smaller secuence by amn earlier series of
durlications an rartial deletions. Howevers this
evolutionarwy huyrothesis is based uron  amino  acid seuence
homolodgy between domains that is not overwhelminges and could
conceivably be due to converdgent evolution of oridginally

nonhomologous Sequences.
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To address this cuestion and s8s & bssis for further

researchy we have cloned the ratl serum albumin messendger RNA

as a series of recombinant INA slas

the nucleotide seuence of these
of the comrlexity of albumin mRNA
codor to within srerodimately

roluadenulstion site. A statistic

mids and have determined
clomnesy which include sll
from the asmino~-terminal

30 nucleotides of the

al snaslusis of these dats

reveals extensive internal homology in the albumin mRNA that

essentially verifies the intradenic

of albwumin evolution.

trirlication hurothesis
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RESULTS

The stratedgy used in seauencing the RSA mRNA  is  shown
in Figure 1. Most of the secuencing orerations were
rereated at least twicer and the resulting data sre rrobabluy
free of errorsy althousgh mutsations associasted with the
cloning rrocedure cannot be ruled out. Arcroximately 35
nucleotides at the extremities of the albumin mRNA failed to
agrrear in any of the cINA clones. The balance extends 1936
nucleotides from the middle of the ATG/Mets corrvesronding Lo
the amino terminus of Fre-sro-albuminy Lo 130 nucleotides
into the 3 untranslasted resion. The sequence data are
shown in Figure 2. Assuming code universalityy the amino
acid secuence of rat sre-Frro-albumin is readily inferreds
and is listed above the INA secuence. This amino  aocid
seauence dgenerally concurs with rublished secuences that
have been determined by  conventional methods (Strauss et
aley 1977y Isemura and Ikenzsksr 1978 and T. Ikenshkars
rersonal communication). There are &8 few discreranciesy
however. Amino acid rositions 353(Thr)y 3S7CGLu)y A02C6GLn)y
453 (Asm) s 454 (Leuw) and 4546(Arg) are srecified din  Ikenaksa’s
unrublished seuence data as Lusy Asry Alay Leuy Glw and
Glxs resrectivelu. There are several rossible exelanations
for these differencesy bt thew are rrobasblw not due to
erroneous [INA sequence determinations. When the amino acid

sequences of raty humarn  and  bovine  serum  albumins are
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Ledend to Fidure one. Seauencing stratedgy and restriction
mar  of  albumin clNA clones. The albumin mRNA "inserts® of
the recombinant INA slasmids FPRSAS10y =RBAS7 and =~REA13  are
SHOW The mucleotide seuence was determined bw labelling
restriction endonuclease-digested INA at the sites indicated
bw the closed circles and subdecting this "end-labelled” DING
to the chemical secuencing rrocedure of Maxam &snd Gilbert
(19805 . The direction and extent of the secuencing
determinationsg are indicated i the BTTOWS . Most
determinations were rerformed st least twice. The szcale is
in hundreds of nucleotides. The downward "tics® corresrond

to Alu I sites.
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RSA |3

RSA 510

RSA 57




Ledend to Fidure two. Nucleotide sequence. Excert for
arrroximately 35 nucleotides from either end of the mRENA
that failed to be cloneds this is the comrlete secuence of
the albumin messenger RNA. The inferred amino acid secuence
of rat sre-rro-albumin is also indicated. The “rFre" rliece

is amino scid residues 1-18 and the “"sro* riece is residues

1924,
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comrared (Dawhoffs 192760y 6174 of the rositions are found to
be identical in 2ll three rroteins. This homolodgw is rather
evenly distributed over the lendgth of the rrotein. Howevery
it is interesting to note that of the 35 custeine residuess
34 asre exsctlw comnserved inm 2ll three albumins. The one
difference is due to absence in rat aslbumin of the residues
tetween the 17th and 18th custeines. This near-rerfect
conservation imrlies that chandges in the size of the loors
generated by cwstine crosslinks are hidhly deleteriousey
whereas the erimary secuence of the srotein can diversge
rather freelwy at 8 rate turical of euksrwotic rroteins
(Wilsony Carlson and Whitey 1977). There is nothing in the
3 untranslated rortion similar to the "AATAAA" secuence
found near the rolwsdenglation sites of most mRNA's (Bernoist
el, al.y 1980))¢ This is due to & cloming failure rather
tharn 8 unicue feature of a2lbumin mRNA. The INA secuence of
the 37 end of the rat serum albumin dgene has been determined
(Charter 4y Fidure 2) and the seauence GCAATTAATAAAARATGEE is
found 134 nucleotides downstream from the termination codony

TAA.

The IINA seauence has been subdected to 3 statisticasl
analysis designed to identifw regions of extensive internsl
homologw . The results of this anaslesis are summarized in
Table 1. lerending wron how one defines "extensive

homologsy"y 38 lardge verietw of aligrments can be found. Wher
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Legend to Table 1. Fal(.25) and Fa(.28) are accident
rrobabilities calcoculated for random mateh srobabilitiess
"ty of 0.25 and 0.28y resrectivelwy (see Methods). Block Y
is mot aligned in rhase with the codon reading framer so an

amino acid comrarison is meaningless.
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the srecification is made that the homolosous redions be at
least 100 hase rairs long and have an Accident Frobabilitys
Fas of 7.0xidq or less (Materials and Melthods)sy only five
regions of homology cualifw. Four of thesesy I-1IV are in
arrroximate shase with one  another. The fifth homologw
block is distimct from the othersy being offset 212
nucleotides, It is also molt aligned in mhase with the codon
reading framey as are blocks I-IVe and thus seems wunlikelw
to rerresent "ledgitimate” homologws although it is certainlu
statistically significant (Pax6¢4xldq). Block ¥ thas been
disredarded in establishing the domain boundaries. Its
relationshiry if anyy to albumin evolution remzins to be
elucidated. There are no other homologous aligmnments with
Fa values within 8 factor of 10 of those listed in Table 1.
The four rairs of homolodgous secuence unambisuouslys define
an internsl aligrnmenty shown in Figure 3. The srotein is
thus divided imto three blocks that corresrond almost
exactly to the three "domzins® described in bovine and human
albuming by Brown (1976). This alignment slaces most of the
cesteine residues in direct rhase. Insrection of the
rositions of these homologwy bplocks and custeine residues
leads to the inferernce that there have been several small
deletions and insertions of 3y by 9 or 12 nucleotides at

various rositions in the alhumin mRNA.
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lLedend to Figure three. The horizontal lines sumbolize the
mRNA  secuencers divided into three overlarring sedmentsy the
boundaries of which are indicated at the ends of each line.
The wvertical lines denote the four "homoloswe blocks® that
define the three domasins of  albumin. The closed circles

corresrond to custeine residues.
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Whern the smino scid seaquences within easach homologw
block are comraredy the results are in sccord with the IINA
homolodgwry excert that the rercentade of matches is
significantly lower for amino acids than for nucleotidess

esrecially for blocks Iy III ard IV (Table 1).
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DISCUSSTION

Iid albumin evolve by intradenic trirlication? There is
no doubt that the internal homolosw we have found in albumin
mRiNA is statisticaslly significant. The srotein is in  fact
comrosed  of three homologous "domains®. There are only two
wads Lo #elain rartial secuence homologwdy 1y dindtisl
identity followed by mutastional diverdence and 2¢ convergent
evolution of two initially distinct sequences. There are
several arguments adgainst the latter aslternativer the most
convincing of which is based on the Taclt that the internal
thomologw of aslbumin is much greater a3t the level of the DNA
than at the level of the amino acid secuence (Table 1J.
This canneot be easilw exrlained by converdgent evolution
driven bw selective sressure on aslbumin srotein  structures.
Intragenic trirlicstion fTollowed by rartial diversence is
the only reasonasble éxrlanation for the observed structure

3

of rat serum albumin. It is rossible that other durlication
events rreceded and followed this trirlication. We have not
et heern able to conclusivelwy identifw vestidges of
intra-domain bomologsy that would indicate an earlier series
of intrasdgenic durlicationsy but there is 8 high bhaclksround
of relatively wesk inmternal homolosw that is not  in shase
with the four main blocks that define the domains. A more

sorhisticated snsalusis of the rat serum  albumin miNA

seguence might reveal reriodicitwy din this baschkdground and
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thereby identifw a8 more rrimitive "rroto-albumin® secuencers
if it exists. This cuestion is more effectivelwy sddressed
e analusis of the albumin gene rather than its mRNA. The
homolosgy bhetween exons B amng Dy F  and Hy and J and L
(Charter 4) sugdests that at least one durlication event maw
have rreceded the trirlication of domains. There is also
convincing evidence that serum albumin and alrha-fetorrotein
are related rroteinses wviz. there is aprroximatelw 40-350%
homolodgwy between the mRNA seauences that encode these two
rroteins (Inmis  and Millersy 1980y and unrublished data of
our laboratorw). This suddests uite clearlw that an
interdenic durlication of & common ancestor dene ocourred

subseauent to the domasin trirslications.

A fundamental esroblem of biolodgw is to exelsin the
comrlexity of the eukarwotic dHenome. uslication  and
divergence of geromic ONA maw account for much of this
diversityu, Survews of the rrimary secuences of manw
different sroteins reveasl 8 number of colear examrles of
internal homologw (Barkery Retcham and lavhoffs 19780y most
of which are erobably due to intrsdenic durlications.
Furthermorers manwgy conceivably mosts genes are members of
families that asrose bw interdenic durlications (Hooy
Camrbell and Elginy 1979y Long and Dawide 1980, After a
structural seauence has been durlicatedr rresumasbly one corw

can  accumulate variouws mutations at 8 rather unrestrained
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rate. This evolutionary mechanism could convert a simele
erotein with onlw orme function into s family of comslex

rroteins with many different functions.
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METHODS

CLONING FROCEDURES. The rroduction of two of the rslasmid
clones wused in the rresent exreriments (FRSAS7 and sREA13D
has been described in Charter 2. The wslasmid clone #RSAS10
was rFroduced by Cextending® 2 rerimer fragment of #REAL7
toward the 57 end of the albumin mRNA (Figure 1), The Hind
IIT Afragment nearest the 57 end of sREALY was labeled bw
*filling in" the Hind III sites with L[32-FI1-dCTF rlus the
other nonradioactive dNTF‘s and E. coli DNA rolumerase 1.
The arrrorriate rediosctive restriction fragment Was
isolated bwy electrorhoresis and huwbridized to rat liver
mRNAy which is arrroximatels 7Z  albumin-encoding secuences
bw mass (Charter 1). The hubridization was carried out in
0.18 M NaCls 10 mM tris #H 7.0y 0.1 mM EDTA at 60°C. for 30
minutes. Ecuimolar amounts of rrimer INA and albumin mRNA
sequences were included in the reaction. The "Cot" (see
Charter 1) was sufficient after 30 minutes for 90% of the
srimer to renature. The srecific heteroduslex thus formed
was Lreated without further purification with AMV reverse

transcrirtase and then with sodium hudroxide to denerate ¢

>

cliNa that extended from the second Hirmd III site to within &
few mucleotides of the car of the albumin mRNA. This cIINA
had an arrroximate size of 660 mucleotidesy asz determined hw

electrorhoresis on an alkasline adarose dgely followed bw
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exrosure to X-raw film. This material was converted to
cdouble-stranded cINA bw treatment with E. coli LINA
Folumerase I ( Hidguchi et a8l.» 1976y Charter 2). The
"full-length® doubhle stranded cIINA was isolated bw assrose
del electrorhoresisy surified el chromatograrhy on
vernovlated DEAE cellulose (see below) and “tsiled" with
oligo-dlG according to rublished rrocedures (Rowchoudhuruy
Jaw and Wus 1976), The taziled aslbumin DNA was mixed with an
ecuimolar amount of vector DINAy which was rFrerared as
follows: Surerhelical rlasmid =BR322 DNA was digested with
the restriction endonuclease Cla Iy which cleaves rRR322
oncey between the Eco R1 and Hind III sitesy within an
essential region of the tetracycline resistance dene.
Multirle didestions were ocarried out to assure comslete
digestions but care was taken to avoid nicking or otherwise
dedgrading the [INA. The Cla I sites were "filled in" bDw
treatment with E. coli IINA rolumerase I and low srecific
activity L[32-F1-dCTF and nonradioactive dGTF. This materisl
was fractionated from residusl wundigested rlasmid DNG b
agarose del electrorhoresis (there Wwas rno visible
surerhelical DNA on the dgel after staining with ethidium
bromide). The linear INA was extracted from the sgsrose by
a modified crush and soak method (Maxam and Gilberts 1980)
and surified of soluble agarose contaminants s

chromatodrashy on  benrouwlated DEAE celluloser ss described
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below. This material wes “"tailed" with oligo dC. The
duslex cDNA and vector DNA were induced to co-circularize as
described in Charter 2. This recombinant INA was wused to
transform the E. coli strain MCL061 (Casadsban and Coheny
1980) sccording to the method of Kushner (1978). Clones
that were sensitive to tetracucline and resistant to
amricillin were further screened bw huebridization to &
restriction fragment of the rat serum slbumin  Hene
containing the "leader® exon (i.e. subclone "JR"F Chaeter

4) .

SEQUENCING. Labeled IINA for secuence determination was
Frerared by  digesting eRSAS10y eRSEAS7  or rRBALI with an
arrroeriate restriction endonuclesser indicated in Figure 1
by & closed circle. This IINA was then derhosshorulated with
bacterial alksline wshosrhatase (New England Riolabs)y
denatured and labeled with [32-F1-ATF and T4 kinase as
described by Maxam and Gilbert (1978) » with slight
modifications. The labeled IINA was didested with an
arrrorriate second restriction endonucleaser and the desired
fragment serarated from others o agarose el
electrorhoresis. [INA was isolated from the del bw a3  "crush
and soask" method, This DIINA was often found to contain
soluble gel contaminaents that interfered with the secuencing
resctions. This rroblem was &alleviated bw binding the

eluted DNA to & small (0.1 mb) columrn  of benzowlated DEAE
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cellulose (Boehringer/Mannheim) in 0.1 M NalCly 10 mM triss
#H 7.2. The column was then washed with 2-3 mk of 0.3 M
NaCls and finally the rure INA was eluted with & few hundred
ul. of 0.6 M NaCly 20% ethanolsy 10 mM tris =H 7.2 and
rreciritated bw addition of 0.7 volumes of isorrorul alcohol
and freezing at -80°C. The rsartial chemical modification
and hudroluesis resctions were rerformed exactly as descoribed
bw Maxam and Gilbert. The "GxA"y "AXC"y "C*" and "CHT®
reactions were used. Electrorhoresis was on either 8% or
20% zcrglamide dgels as described by Sander and Coulson

(1978) .

STATISTICAL ANALYSIS. The validitwy of 8 diven homolosu
between two secuences was evalusted bw calculstion of an
*accoident rrobabilite"sFary which is the srobabilite that =
homolosgy ecual to or dgreater than that being considered
might arise accidentallw., The ecruation is &8 summation of

the Foisson distributions

N
i
Fa = j{:texp(~Np)J(NP Y3 )

l=n

where N is the length in nucleotides over which the homolodw
is measuredr n odis the number matches in this interval and »
is the rrobabililty thast amw dgiven rosition will be & matohy
which will be ecual to 0.25 if there is no rreference for

any of the four nucleotides at anw diven rosition. Althoush
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in  some cases minor deviation from idezal randomness was
observedr the result of over orne thousand random comrarisons
of 200 nucleotide fragments of these secuences was an
averadge homologw of 1.2 matches rer comrarison (#=0,258)y
with & standard deviation of 9.4 (data not shown). Unless
grecified otherwise (i.e. Table 1)y Fa values were
calculated assuming =025, The mRNA secuence was divided
into several segments: each of which was comrared with all
the others. A comruter srogramy written by R.F. Murerhe and
JeWe  Fosaskonwr was used to sesrch for stretches of secuence
that met or #eeeded arbitrarg criteris of homologw. No

allowance was made for garsy and thus the "homologwy blocks®

tend to have rather share boundaries near sites of

deletiorns. Homolosy wtending  over & mindimum  of 100
. . . . _ -y .

rnucleotides with a8 maximum Fa of 7x10 was considered

"leditimate” and used to establish the internal alidnments

of the albumin mRENA seuence.
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CHAFTER FOUR

The Fimne Structure and Evolution of the Rat Serum Albumin Gene

SUMMARY

The exonsy their boundaries and arrroximatelw half  of
the dintronic IINA  of the rat serum albumin dene have bheen
seauenced. In addition to the 14 exons iddentified earlier
bw R-loor snalusis (Sardent et al.r 1979)y 2 small exon has
teen detected between the "leader® exon () and exon B. The
leader exon encodes the S7-untranslated sortion of albumin

mRNA and the "rre-rro* olidorertide rresent on  the nascent
Frotein. The sites of dnmitiation and termination of
transcorirtion have been tentatively identified bw comrarison
of the 9 and 37 gene~flanking secuences to those of other
eukarvotic gemnes., ALl 28 intron/exon Jdunctioms conform  to
the *GT-AGC rule® (Breathnasch et a8l.y 1978, The three

N

homologous “domasins' of albumin a8re encoded bw three
'gubgenes® that consist of four exons each and evolved by
intragenic durlication of 8 common ancestor. The second and
fourth exons of each subdgene arrear to be the result of an
even earlier durlication event. We Frorose @ model for the

evolution of +this derne that asccounts fTor the observed

ratterns of exorn size and homolosty.
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INTRODUCTION

The tuyrical eukarmotic genome contains on the order of
10000 structural dgermnes. Althousgh ususlly considered to be
"single coruw'y manw of these denesy rossiblwy sll  of  thems
are ordganized into families of seauences related bw homolosw
and sometimes also by function. These dene families nave
arisen bw 2 long srocess of secuence durlication and
mutational divergence of a8 relativelwy small rnumber of

ancestral Frecursors.

Whern the boundaries of & durlication event fall oultside
of  the transcrirtional dndtiastion and termination signals
(interdenic durlication)s the result is the crestion of a
new  Sene. Whernn the durlication boundaries fall within &
transcrirtion unity an intradenic durlication has ocourreds
and a single dgene has been exranded into a larders
internally redundant one. Analusis of rrotein secuence data
has revealed manw exsmerles of this latter shenomenon
(Barkery Ketcham andg Davhoffy 1978). It has also been
demonstrated at the nucleic 2zcid level for the mouse
immunoglogulin heavy chain constant redgion (Tucker et a8l.s
1979y  the chicken ovomucoid dgene (Steinm et al.r 1980) and
rat serum 2lbumin (Sardenty Yang and Bonnmers 19810, These
sroteins have reriodic homologw that comstitutes rortions of

their amino zcid seauencery the basic reresting unit of whiocoh
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rerresents the vestidge of the durlicated ancestral sequence.
It is instructive to consider such denes 8s &8 srecial
variety of dgene familw whose members are Tused into & sindgle
transcrirtion unit and encode a3 single rrotein rather than a

family of swmaller rolurertides.

As mutations become fixed in a8 dene Tamily its members

s

grow less homolosgious. Whern their mRNA  homolosw falls
sufficiently lowr the dernes will become orFerational lw
"sindle-cory"y as thew will no longer be carsble of
cross—reaction in a8 molecular hubridization. Rewond this

rointsy rrotein secuence analusis is needed in order to
demonstrate relstedrness. Direct analusis of the actusl
genetic IINA seruence is an ideal mezsure of homologw because
related genes can retsin statistically significant
similarity even after their rroteins arrear to be unrelated.
Furthermores certain features of eukarwotic HEresy
rarticularly the rattern of interrustions by intronsy are
oftern verw rigidly conservedr and these can be helrsful in

the identification of extremely diverdgent derne families.

We have used nucleotide seauence analusis of the rat
gserum albumin dgene and its mRNA to elucidate the structursl
details and evolutionsry historwy of this srotein. We thave

ol

identified a3 ®"leader® exon a3t the % end of the slbumin dene

that erncodes both +the ‘*signal® olidgorertide sresent on
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nascent albumin and most or a3ll of the 3-untranslated
rortion of the mRNA. The secuences immediatelw flanking the
albumin gene have been comrared to the ecuivalent regions of
other dgenesy and rossible sites for the dnitiation and
termination of albumin dene transcrirtion therebw
identified, The gene durlication events that are evident
from the internal homology of the mRNA and srotein have heen

auite clearly rreserved in the intronsexon structure.
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RESULTS

IDENTIFICATION OF INTRONZEXON JUNCTIONS AND FUTATIVE CAFFING
ANDI FOLYADENYLATION SITES BY DINA SEQUENCE ANALYSIS. Fisure
1 shows a8 revised mar of the rat serum aslbumin dHene. The
sizes of the imtrons and exons are rresented in Tsble 1.
Exons were identified and their sizes inferred by comrarison
of denomic clone secuence datz to the nucleotide secuence of
the slbumin cDNA clones (Charter 3. Most intron sizes were
estimated by electrorhoretic mobility onn edarose  or
scrglamide dels and are accurate to  asrrroximstelw  SH.
Introns Chly JK  and LM have been comrletelw secuenceds so
their rrecise sizes are known. This mar is verw similar  to
one rresented in Chaster 2y thalt was based uron electron
microscoric analusis of KR-loors. There are two significant
differences. The exon rresently desidgnated "A" was not
detected by the R-loor exrerimentsy rresumasblwy due to its
small size and rroximitw to the end of the restriction
fragment used in the hubridization reaction. We renamed the
first exorn "Z¢* after establishing the correct structure of
the 5 end of the albumin dgene by secuence analusis. Alsoy
the width of vorn £ was erroneously measured as 9% base
rairsy which is less than half of its asctusl size. This
latter discrerancy is  difficult to exrlainy  and was

unfortunate as it temrorarily obscured the threefold
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l.edend to Figure 1. Mar of +the rat serum albumin dene.
Rlack wvertical bars denote exons. The horizontal bars
indicate the redioms of the cloned dgene that have been
seauenced to date. H=Hind IIly R=Eco R1l. The letters in
auotation marks are the nsmes of the restriction fragments

that were subclomned and sequenced.
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Legend to Table 1. #on and intron sizes and locations.

(¥)The sizes of exons Z and N derend uron  the location of
the carring and rolusdenulstion sitesy resrectiveluw. The
arrroximate values divern in rarentheses corresrond to  the
agssigrments for these shown in Figure 2. The sizes of other
exons are ambiduous by 88 many as & nucleotides due to
terminal  redundancw  of  introns. The values given result
from the assumetion that selicing conforms to the *GT-AG
rule”. () Intron sizes (excert Chy UK and LMY were
estimated from the electrornoretic mobility of restriction
fragments and are accurate to arproximately 5%4. Introns Chy
JK o and LM have been comrletelw sequenced. (XX)"1Y means
that the intron falls between the first and second
nucleotides of the codon corresronding to the amino acid
givern in column S5 "2%y between the second and thirds "3%s
between codons. in a8l1 cases it was assumed that the GT-AG

rule is followed.
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~

Table 1

Exon and intron sizes and locations in protein

& . s . locatior} .location

exon size intron size in protein in codon

Z (105) ZA 697 His 27 1

A 58 . AB 890 Leu 46 2

B 133 BC 1364 Ile 90/His 91 3

C 212 CD 809 His 161 2

D 133 DE 938 Lys 205/Leu 206 3

E 98 EF 1422 Trp 238 2

F 130 FG 978 Arg 281/Ala 282 3

G 215 GH 779 Thr 353 2

H 133 HI 1042 Val 397/Leu 398 3

I 98 1J 1182 Ala 430 2

J 139 JK 327 Tyr 476/Leu 477 3

K 224 KL 997 Thr 551 2

L 133 LM‘ 556 Glu 595/Gly 596 3

M 62 MN 1048 untranslated

N (140)
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substructure of the zlbumin gemne. O0Ff the 15,000 base mairs
of this sener 3 totzal of asrrroximastely BOO0O were secuenceds
including 211 of the exons and their boundaries and over
6000 nucleotides of intronic IINA. Although it has been
rossible to identifw the zreroximste bedginning and end of
the salbumin dgene b R-loos measurements arid blot
hebridizations (Sardgdent et al.» 1979)y the exact location of
the “carring® and roluadenglation sites are not known due to
the failure of the 57 and 3’ extremities of the albumin mRNA
to arrear in ang of the cliNA clomes. Comrarison of the 57+
and 3 -Fflanking SERUENCes to those of other
well-characterized eukarwotic genes reveals certain
nomolodies that sudgdgest locations for the termini of the

albumin tramsceristion umitl.

At the §57 end of exon Zr» the secuences CUAAT and TATATT
are fourid -120 and -45: resrectivelwy from the ATE
translation initiation codon. These are srobably wvariants
of similar seacuences fTound about 80 and 30 nucleotidesy
resrectivelyy wurstreasm from the csering sites  of  most
eukarwotic denes for which data are available (Efstratisdis
et al.s 1980). On this basiss the most likelw carring site
of the albumin gerne is one of the A residues in the region
indicated in Fidgure 2. This assidnment would rredict that
the distance from the car to the second Hind III site of the

albumin mRNA would be about 650 mucleotides. We estimated



Ledend to Figure 2. Terminal secuences of the rat serum
albumin  gene. Exornn Z includes the hudrorhobic "sidgnal®
rertide  secuence (nucleotides 16-36)y the methionine
initiation codon and the *CCAAT and "TATATTA® secuences
associated with the carring redgions of other eukargotic
genes (see text). The location of the sutative csrring site
is indicated. Exon N consists of most of the 37 noncoding
region of  aslbumin mRNA and the rutative roluadenuwlation or
termination site (; )y which is usually situated
arproximstely 17 nucleotides downstresm from the secuence
AATAAA (Renoist et al.y 19800 . Another turical secuencer
similar to TTTTCACTGCy is often found downstream from the
AATAAA. It dis found urstream from this in exon N. (X)§ the
end of the cloned cDNA secuernce. (T)3 the arrroximate 37

end of exon N sccording to R-loor meassurements.
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Exon 2
-120
ATTTTGTAATGGGGTAGGAACCAATGAAATGAAAGGTTAGTGTGGTTAATGACCTACAGT

-65 =38
TATTGGTTAGAGAAGTATATTAGAGCGAGTTTCTCTGCACACAGACCACCTTTCCTGTCA
cap site?
_q+1
ACCCCACTGCCTCTGGCACAATGAAGTGGGTAACCTTTCTCCTCCTCCTCTTCATCTCCG
Met

GTTCTGCCTTTTCTAGGGGTGTGTTTCGCCGAGAAGCACGTAAGCTAGGTA
intron ZA

Exon N

TTTCAAGGCTACCCTGAGAAAAAAAGACATGAAGACTCAGGACTCATCTCTTCTGTTGGT

intron MN
*

GTAAAACCAACACCCTAAGGAACACAAATTTCTTTGAACATTTGACTTCTTTTCTCTGTG

TTTTCACTGC
t :
CCGCAATTAATAAAAAATGGAAGGAATATACTCTGTGGTTCGGAGGTCTGTCTTCCAACG
poly A site ?

GCGCGTCTCACCCTGGCGGGCTCTAGGGCTGGGGGAAACCCTCGGTTTCCTCCCTTCATC



132

this distance to be 660+/-20 nucleotides bw slkaline
electrorhoresis of 8 cINA rreraration ‘“extended® from a
restriction  fragment rrimer hubridized to the mRNA (Charter
3y Materials and Methods sectiorn). At the 3’ end of the
albumin  dgener the rutative rolusdenulation signal seaquencery
AATAAAY is located 145 nucleotides from the termination
codorn (121 rnucleotides from the beginning of exon N).  The
37 end of the slbumin gene is srobablw seerroximatelw 17
rucleotides downstream from this hexsnucleotide. Renoist et
8l. (1980) have identified snother characteristic secuence
locsted near the roluadenglation sites the consensus from
several mRNA‘s is TTTTCACTGC . A similar SERUENcH s
TTTTCTCTGTy  is  loecated 19 nucleotides wurstresm from the
AATAAA  dn albumin mRNA. Figure 2 also indicates the
arprodimate 37 end of exon N  8s determined bw R-loos
measurementsy and the 37 end of the cliNA clone seauence. If
the gene termini are in fact at the srorosed rositionsy this
would dive 8 totsl length of srrroximatels 2030 nmucleotides
for the non-rolw(h) rortion of rat serum albumin mRNAYy which

is consistent with the measurements rresented in Charlter 1.

The introm/exon Jdunction seauences of a lardge number of
denes have been determined (Seifr Khourw and Dhary 1979
Lerner et a8l.y 1980). The consensus secuences Tor 5% and 37
intron boundaries are (A/CIAG-GTAAGT  amnd TYTYYYTCAG~Gy

resrectivelw (Y=T or C). It is almost sluwaws sossible to
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define +the srlice Jdunctions of am intron so that the first
two nucleotides are GT and the last two AG  (the "GT-AG
rule®sy ERreathnach et al.r 1978). All of the zalbumin dgene
intron/exon Junctions are similar to these models. 0f  the
fourteen intronsy six  have unambiguous srlice Junctions.
The remzining eight have ur to four rotential selice sites
due to a8 small azmount of terminasl redundsncw in the intronic
sequence. All six defined introns conform to  the "GT-AG
rules and all of the eight smbidguous introns can be

construed to do so (Fidure 3).

ALRBUMIN INTRONS CONTAIN *SIMFLE® SEQUENCES THAT ARE REFEATED
ELSEWHERE IN THE  GENOME . Figure 4 shows the results
obtained when L32-F1-lasheled genomic subclones Ware
huebridized to  “"Southern blots® of Eco Rl-didested rat DNA.
Eagh blot consists of two lanes. On the right is 9 wug of
Eco Ri-digested rat IINAy and on the left is 100 rd of either
ARSAZO (Fanels JAy JB amnd JC)y ARSA40 (Fanels Ay Ry Cs Dy Ev
and F) or ARSAL4  (Fanel K)» didested with Eco Rl. These
clone blot lanes corresrond to the ecuivslent of one corw
Fer harloid of the Sy central 15KBE or 37 redionsy
resrectively of the RSA dene (see Charter 2y Figure 16).
Easch ranel is named according to the subclone used as the
huehridizstion srobe. The locations of the various subclones

of the RSA gene are indicated in Figure 1y ercert for "J6%y



Legend to Figure 3. Srlice Jdunctions.

The terminal nucleotide seauences of exons and the relevant
cINA secuences are listed., Genomic INA homolodw to the cliNA
is underlinedy and the overlasrs rerresent rotentisl selice
gites. The arrows indicate sites that conform to the "GT-AG
rule®, Consensus sequences are rresented for albumin
srFlicing  configurations and for other eukarwotic dgenes

(LLerner et al.y 1980).
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exon Z(3') GCCGAGAAGCACGTAAGCTAGGTA
exon A(5') CCATTCCCACAGACAAGAGTGAGA
CDNA GCCGAGAAGCACACAAGAGTGAGA
exon A(3') TTTCAAAGGCCTGTAAGTTAAGAG
exon B(5') CCTGTCTTTCAGAGTCCTGATTGC
CDNA TTTCAAAGGCCTAGTCCTGATTGC
exon B(3') GACAAGTCCATTGTGAGTACATTC
exon C(5"') TCTTCCACTTAGCACACTCTCTTC
CcDNA GACAAGTCCATTCACACTCTCTTC
exon C(3') CTTTCTGGGACAGTGAGTACCCAG
exon D(5"') CCCATAATTCAGCTATTTGCATGA
cDNA CTTTCTGGGACéfTATTTGCATGA
exon D(3"') CTGACACCGAAGGTAATCCCTGGA
exon E(5') TTCTTTTGGTAGCTTGATGCCCTG
CDNA CTGACACCGAAGCTTGATGCCCTG
exon E(3"') CTTCAAAGCCTGGTATATGAATTT
exon F(5') TTCCTTTTTCAGGGCAGTAGCTCG
CDNA CTTCAAAGCCTGGGCAGTAGCTCG

exon F(3') GCGGATGACAGGGTAAAGAGGGGG

exon G(5') CCATTCTCACAGGCAGAACTTGCC
CDNA GCGGATGACAGGGCAGAACTTGCC
exon G(3') CTTCCTGGGCACGTGAGTAGATGC
exon H(5') CGCCTCAATTAGGTTTTTGTATGA
CDNA CTTCCTGGGCACGTTTTTGTATGA
exon H(3') TACGGCACAGTGGTAGGTTTCCGC
exon I(5') TTTATCTTGCAGCTTGCAGAATTT
cDNA TACGGCACAGTGCTTGCAGAATTT
exon I(3') ATTCCAAAACGCGTGAGAGTTTTT
exon J(5') TTTGTTACACAGCGTTCTGGTTCG
cDNA ATTCCAAAACGCCGTTCTGGTTCG
exon J(3') GTGGAAGACTATGTGAGTCTTTTA
exon K(5') - TCTCTTCTTTAGCTGTCTGCCATC
CcDNA GTGGAAGACTATCTGTCTGCCATC
exon K(3') AAAGAAGCAAACGTGAGGATATAT
exon L(5') GTCCTGCTGCAGGGCTCTCGCTGA
cDNA AAAGAAGCAAACGGCTCTCGCTGA
exon L(3"') TTCGCCACTGAGGTAACAAATGTC
exon M(5') TTTCCTGTTCAGGGGCCAAACCTT
cDNA TTCGCCACTGAGGGGCCAAACCTT
exon M(3"') CAACCATCTCAGGTAACTATACTC
exon N(5') TGTGTTTTCAAGGCTACCCTGAGA
CcDNA CAACCATCTCAGGCTACCCTGAGA

Rat serum albumin consensus:

exon 3' *********eA*GTéAGTA*****
G

exon 5' ** PYTYYYTCAGC*Th***xkkk*

"Universal" consensus:

exon 3' RARAKAR RN AGGTAAGT** % # # #
exon 5' *XTYTYYYTCAGGX ¥ *hkkkkkx%
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Legend to Figure 4. Geriome blots were rerformed 8%
described in Materials and Methods. Each ranel consists of
two lanes run side-be-side on the same gels on the right is
a lane of § ug of Eco Rl-digested rat liver INAy and on the
left is 100 r& of an Eco-Rl-didgested genomic clones RSA30O
in Famels JAr JC and JBy  RSA40 in Fanels Cy Fy Evy By A 3nd
Iy and RSAL4 in Fanel Ke 100 rg is ecuivalent to one cory
Fer  harloid genome of the RSA dHene when 5 ug of denomic DINA
ig used, The ranels are labeled sccording to the subclone
used as the radiosctive hubridizstion srobe. The ranels are
sresented in the same order a8s the relevant restriction
fragments arrear in the rat serum albumin dgene. Eco Rl
fragments Gy H and I were not used a3s hubridizstion srobes.
Exrosure to RKodak XRES X-raw film was done for either 7 hours
without intensificetion (Farnels JAy Fy E a3nd K or for 2

hours with an internsifier screen (8ll other ranels).
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which is a8 9 KB Eco Rl-Hind III fradment located to the left
(37 of *JC*. Filters were hubridizedr washed at 63°Co in
100 mM NaCl and exrosed for varging times s8¢ describhed in

Materials arnd Methods.

Subclones Jar Evy Fy and K generate smears of intense
radioactivity o the rat INA  lanes. These blots were
exrosed overnight without intensifier screensy and  the
radioactivity in  their "clone® lanes does not arrear under
these conditions. Subclones A and C arresar as doublets in
the dgenomic IDNA lanes. This was an unexrected findinge: as
Frevious exreriments indicated only single A& and © bands  in
rat IINA  (Charter 2 and unrublished data). This arrears Lo
be due to heterodgensity in the Serague-lavlew rat
rorulation. Different combinations of ome or two bands
homologous to either subclone A or C have been visuslized in
the DNA  of three different individual Srradgue-Dawlew ratsy
even thousn all srecimens were rurchased from the same
SOLUTCE . This heterodgeneity was observed whether gernomic or
clNA clones were uwbtilized a8z hubridizstion rsrobes. The
intensity of these doublets in the A and C genomic lanes is
comearabley or slightly lessy tham that of the "single-copuw®
denomic clone lanesy and we conclude that there are two
slightly different versions of the serum albumin dHene in
this ratys srobably one cory Fer harloid dgenome. Subolones

JCy JBRy I and B are also rresent at "single-cors® levels in
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the rat denome. I and B arrear as sindgle basnds in genomic
INAy 35 does JEB. Subclones JR and JC are Hind 11I-Eco R1
and Hind III-Hind I1I fradmentsy resrectivelws of 8 9 KB Eco
R1 fragment (*J*)s and huwbridization to such & denomic band
at single-cory intemnsitw can be seen a3t the tor of the JB
lane. The ecuivalent redion of the JC lane is rartiaslly
obscured by filter backdgroundy but it is clear that neither
does subclone JC contain any  significantlu reiterated
seauences. The rereated secuence nearest to the rutative H7

terminus of the KRSA dHemne 18 locsted arrrodimsately 4000

nucleotides awawy in fragment JA.

Im an attemsrt to characterize the rereated secuences
located within RSA introns (those locsted in subclones E and
FYr we determined the comelete nucleotide seauence of the
Eco R1  restriction fragments E and F (see Lhe Arrendix to
this dissertation). Three introns were found to contain
‘simrle® seauences that are evidentlw resronsible for at
least rart of the rereated nature of subclones E  and F.
Imtron Ch. contains an interrusted ralindromey 200
nucleotides from exon Cs (GTXES followed bw 83 nucleotides
of “comrlex® SeQLence then the comelementary
roludinucleotidey (ACIBE, Both roludinucleotide stretohes
have a few wvariant rositions. The secuence (CTYLPGTILY
occurs 40 nucleotides to the left of exorn Ey in  dintron  DE.

The wroly (AC)Y common to these two elements arrears to be
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reiterated in the mouse genome (Nishioka and Ledery 1980)5
and it is rresent in an intron in the rat srolactin dgene
(Gubbins et 3l.y 1980) and in rereated elements flanking the
rat serum albumin gene (unrublished datsy see the Arrendix
to this dissertation). 0Oligo (CT) has been fournd in the
sracer redion between ses urchin histone H24 and HlL genes
(Suresy Lowrw and Kedesy 1978). Intron EF also arrears Lo
include some reitersted secuences. The Hind III fragment to
the ridht of exon E hubridizes weaklwy with reiterated rat
INA - (date not  shown), The onlwe "simele® secuence found
within this intron is a (T)28 tract locsted 400 nucleotides
from exon E. In addition there are five tandem rerests of
AAAAL =lus  severasl slidghtly mutasted cories located 126

.....

ricleotides into introm FG.

The G+C content of gloumin introns (43%) 1%
significently lower tham the exonic level of S0k. The value
for the whole rat sernome is 427y calculsated from the melting
temrerature  of  ralt DINA (Wasllace el al.y 1977y Brittens
Granam and Neufeldy 1974). There is s two to three-fold
underrerresentation of the dinucleotide CG i aslbumin
introns and exonsy a8s has been observed in other euwkarvotic

INA seauences (Catterall et al.y 1980).

THE ALBUMIN GENE CONSISTS OF THREE HOMOLOGOUS SEGMENTS.  The

internsl roriodicity of the altwmin  dene has  bheen
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demonstrated by statistical analusis of its mRNA  seacuence
(Sardgenty Yang and Ronnery 1981). The divisiorns in the mRNA
sequence rrorosed on this bhasis corresrond to the boundaries
bhetween ons D oend E and between exons H and Lo Thus the
albumin gene is divided into  three homologous  “subdenests
pllustrated din Fidure 5a, Each contains four exonsy and
corresronds to & "structural domasin®  of the altbumin
rolurertide (Browny 1976) . Im addition there is & leader
exony Iy aned a8 37 untranslated exony Ny which do not it

into the threetfold sattern of  homoloss. The smzalls

sartially translated exon M maw bhe the remnant of & verw
early ciuslication evert €T altwmin evolution (See
Niscussiony  Fisure ). Escert Tor MO Ay the
COVPTsronLns @ROnEs of these subgenes have remained
remarkably similar A size. There is & total of 19
ositions  where the same amino acid is sresent in all three
HUDEHEN@ 6 OF  thesey ten are cuwslteine residues. The
remaining nine sre highly conserved in raly human and bovine
sarum albumins (24 oult of 27 rossible trirle matcohes). I
gerneraly  Lthe smino scid seauences encoded bw the three ratl
albumin  subdgenes have diverded sdgrestlu. The averase
irntevrdomsin amine acid homolosw iﬁ_onls 20%. Figure & shows
the best alidrnment of the rolwrestides encoded by  the
VETLOWES  @XONS . A summarw  of the intermal homoloss is

rresented in Table 2.
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Legend to Figure S. (A) Divisions in the a3lbumin dene. The
three albumin ‘subgenes” sre illustrated. The boundaries
corresronding to introns DE and HI were rredicted from the
internal homolosw of  the clNA  secuence (Sardent et al.s
1980). The exons are drawn to scaler and intron  sizes are
greciTied in the ellirses,

(B The "rroto-zlbumin geme”. 0Our model of the immediate
evolutionary rerecursor to the albumin gene consists of the
"leader® exon Z and 37 exons M and N rlus  four exonss X
A, 4 and 8§ that sre eauivalent to exons As B/F/Jy C/G/K

and D/H/Ly resrectivelw. Intron sizes are arbitrary,
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Ledgend to Figure &. Internal amine acid nomolosgs. Fertides
encodged by the fours sets of ecuivalent exons were asligned

for maximum homology by introducing  dg€ars i the shorter

SERUENCES . Two out of three matches are denoted by an
asterisk and three out of three by s double asterisk. The

first 13 amino acids of exons E and I are absent from exon
Ae When & codon is selit by an intron it is swarded to  the
@xon which  dncludes 2 of the 3 nucleotides. The numericsl
amino acid and nucleotide homologies are summarized in Table

-3

E
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Legend to Table 2. Summary of internasl homolosy,
The exons were alidned as shown in Figure 6. In each
comearisony  the total was takern to be the length of the

shorter sequencey i.e.y dars were idgnored in the tabulation.



Table 2

Summary of internal homology

Comparison Amino acids (%) Nucleotides (%)

exon A:exon E 3/20 (15) 26/58 (45)
A: I 4/20 (20) 22/58 (38)

E: I 5/33 (15) 37/98 (38)
exon B:exon F 11/43 (26) 51/130 (39)
B: J 6/44 (14) 46/133 (35)

F: J 8/43 (19) 55/130 (42)
exon C:exon G 16/71 (23) 93/212 (44)
C: K 10/71 (14) 72/212 (34)

G: K 11/72 (15) 86/215 (40)
exon D:exon H 18/44 (41) 68/133 (51)
D: L 9/44 (20) 51/133 (38)

H: L 10/44 (23) 57/133 (43)
subgene 1l:subgene 2 48/179 (27) 238/536 (44)
1: 3 29/179 (16) 191/536 (36)

2: 3 34/192 (18) 235/576 (41)
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We Tind no evidence for conservation of intron
sequences between albumin subgenes. The variations in the
intronsexon Jdunctions show no  sarticular satterny nor  is
there anw noticesble homolosye in the intronic IINA that has
been seauanced. As shown in Figure Say  the corresronding
introns in  each subdgene are auite different in sizes
sudgHgesting that ass with globin genes (Nishioka and Leders
1979y Efstratisdics el al.rs 19800y albumin introns tend to
diverge relativelw raridlugy both in secuence and in length.
The reresated elements rresent in introms Che OE amd EF are

atwwent from the corresronding introns in obther subdenes.
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DISCUSSTON

The structure of the rat serum albumin gene is  not
unlike that of other eukarwotic srotein-encoding sequences
that have beern ansluzed a8t the nucleotide level. The short
tlocks of seauences thet are characteristic of INA flanking
the 57 and 37 ends of manw euksrwotic genes are rresent at
the rositions rredicted from the R-loor datay allowing us to
infer rossible sites of tramnscoristiomnal dr;dtiation  and
termination on this basis (Figure 2). The AT-rich "Fribrnow
box'  dis  evidentlw dnvolved i the drnteraction between
srokarzotic dHenes and RNA rolumerases (FPribrowe 197%5) and
the similsr secuences found urstream from euksrwotic carring
gites msw serve an  eauwivalent surrose. AL the 37 end of
eukarvotic senesy  Lhe secuence AATAAA d1s wusuallw  Tound
arrrodimately 17 mueleotides urstream from the
rolvadenglation sitey. and thus maw be involved in the
grecificstion of tramnscrirtionsl termination (Proudfoot and
Brownleey 1976y Efstratiadis et al.y 19802, Strictly
gseeakingy the functions of "flanking secuences” are not
krnowrn. The conserved seuences urstream From the 57 end of
58 ribosomal  RNA  dgenes srresar not to be  dinvolved in
initisting tramscristion (Sskonduy Rogenhagen and  Browns
1280 . Orn the other handy similar exreriments involving in
vitro transcristion of cloned conaslbumin and ovalbumin genes

(Waswluk et al.v 12809 asuggest that the 40 nucleotides
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rreceding the carring site of this dene maw be necessarw for
correct initistion. At  the rresent timeyr the rsrimary
significance of these short secuences is their frecuent
arrearance at rarticulsar rositions relsative to structural

NS .

FROFERTIES OF ALBUMIN GENE INTRONS . The altwmin
mRNA~encodins SRALIeNCE is interrustedy as  are other

eukarsotic denesy by introns. 0f the totel demne length of

14900 nucleotidess 129200 rerrvesent dintromic  DONS. The

introrn-exon and exon-imtron Jdunctions are similar to  the

consensus  seauences that heve been asdduced by anzlusis of &

lardge mnumber of denes.

A unusual srorerty of albumin dntrons is the eresence

i dntromns CO o amdg DE of the roludinucleotides AT and TCs

Wwhich are rereated elsewhere in the rat and other denomes.

Rerested SERUIENCES ir introns misght facilitate
recombinations at these sites which could destrow the
albumin gSene. It would be interesting to know how lons

these simrle intromic rereated secuences have been  rresent.
Humarn  (Hawkins and Dugasiczagbksy 1980y mouse (Gorin  and
Tilghmany 1980) and chicken (Gordon et al.ry 1978 albumin
genes are under investigation in other laboratoriess so it

should be rossible to answer this soon.
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It is arrarent thsal aside from the rerested elemenrnts in
Lhe intronsy  the rat serum albumin gene is "sindgle corw",
There seem to be no "middle reretitive" seeuences near or
within this demne. This stretch of essentizlly single cory
INA swans arrroxdimately 205000 nucleotidesy which is nearly
10 times longer than the averadge stretch of single corg IINA
i the rat  sgenomey 85 determined D measuring the
renaturation rates of ralt [INA sheared to various lensgths
(Fearsony Wy and Bonnery 1978),  This maw rFrrove to be &
reculiar rrorerty of the rat serum albumin geney but deneral
conclusions regarding the disrosition of reresated seuences
relative to structural dgenes will have to awail the analusis
of seversl more dgenesy sreferably rerresenting different
ratesories  of mRNA rrevalence (L.e. dgenes encoding mRNA s

sresent at low levels in the cwtoslasm).

THE RELATIONSHIF RETWEEN EXONS AND PROTEIN  DOMAINS. Serum
albwmin consists of three Ystructural domains” of
arrrosimately 190 amino acids  each (Browny 19760 . These

rolurertide segments are similar in secondary and tertiarw

structure and exhibit & small but significant overall amino

acid homology. The nsscent srotein also has &8 short
"sigral" rerltide attasched to the smino terminus. The

roriodic  nature of the albumin gene 1is even more sronounced

in the nucleic acid seauence of the mRNAy snd dis in turn
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reflected in an  obwvious waw in the sattern of exon sizes.
The three structural domains corresrond to exons ARBCHy  EFGH
and ILJKL: which we have named "subdgenes" 1y 2 and 3. The
divergence at the rrotein and nucleic acid levels is
extensive and non-uniforms as shown in Table 2. Since the
subgenes rresumably result from saltatory durlication and
the diverdgence time for all exons within & given subdene is
therefore identicaly the relastivelw #tensive conservation
of some exons means  that either there has been dreater
selection on these regions of the gemne or that the basic
mutation rate iLs different for each MO e Similar
disrarities in diverdgence have been observed in the exons of

globin genes (Efstratiadis et al.y 19280,

A sireslt deal of diversitwy has evolved dn the aslbumin
rrotein by dmntragenic duslication Tollowed bw fixastion of
nucleotide substitutions. The rolarertides encoded thw
homologous  exons are auite different from one anothers and
maw have corresrondingly different fumctions. The rossible
correlation between exons and srotein *"functional domainsg®
has heen discussed at length (Gilberty 1978y Cricks 1979).
Excert fTor the leader exon (see below)y this rrorosal maw
not be rarticularly arrrorriste to albumin. A rnumber  of
sunstances have been found to bind to serum albuminy and the
active sites for easch lidgend are wusuzally confined to one

astructural  domain (reviewed by Felers and Reeds 1977)y anad
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in many cases are rrobably encoded bw  individusl HOTIS
Howevery there is no reasson to sresume that these activities
exdisted srior to the assembly of the ancestral albumin denes
since there has been such extensive amino acid secuence
divergence since the subgene duelication events.
Furthermorey the binding site for correr(ll) ions consists
of the Tirst three amino acids of secreted bovime serum
slbumin (Bradshnawy Shearer and Gurdy 192868)y so  this
*functionsl domain® is disrusted by dimtron ZA  (Table 1),
Fattw scids arrarentlw bind to  the hudrorhobic clefts
between albumin structural domzinsy which are serarated in
the gene by intromns DE and HI. The interrretation of these
results is further comrlicated by the observation that in
humans (reviewed bw Gitlin and Gitlins 1979) and rats (Esumi
et al.y 1980) +the comrlete asbsernce of serum aslbumingy
analbuminemiay  is  almost aswmetomatic. This suddests that
albumin maw have no vital function st ally which casts some
doubt  on the significance of those functional assignments

that have beern made.

Im sddition to the twelve subgene #omns  that encode
most of the albumin sroteiny there are three that have
srecial significance. At the 9 end of the dHene 1is &
“leader exon®y 2. This exon encodes the 97 untranslated

region of albumin mRNAy the 18 amino acid ‘“*ere® rerstide

(Strauss et al.y 1977 which includes the “"signel" seauence
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(Blobel and Dobbersteiny 1975) sresent om the amino terminus
of msscent aslbuminy snd the & amino acid "sro* rertide.
Fxon 2 also encodes the Tirst 2 173 amino acid residues of
the secreted rrotein. "Leader® exons are found attached to
other dHenes that encode secreted Froteins. Mouse
immuroglobulin light chain genes are ordanized in this
manner (Bermnardy Hozumi and  Tonedgawas 1978)y 35 a8re the
chickern ovomucoid (Stein et al.y 1980) and conalbumin
(Cochelt et al.y 1979) denes and the bovimne srerrooriocortin
gene (Nekanishi et sl.y 19280). Althousgh the structures of
the leader exons differ considerablyy thew do seem to encode
an eauivalent rrotein functional domainy the sidgnal rertide.
At the 37 end are two exonsy M and Ny  thaty like exon Z»
seem not to be rFrart of the subdgenes. Exon N consists
entirely of wuntramnslated mRNA secuencesy including  the
Futative 37 terminus of the albumin geme. The significance
of such an exon is not clear. Obviowslgy it has nothing to
do with erotein functiony and 37 -untranslated secuences tend
to diverdge more raridly than the coding redgion. Howeversy
these elements are conserved to some extent (Froudfoot and
Brownleey 1976)y 0 thew sresumebls have some significants
it urnkrniowny role (Setzer et al.r 1980). Exon N does have a3
functiorn in  the sense that its secuence includes the
roluadengylation site. Exorn M is rartly translated — the

termination codonsy TAAy is included in its seaquencey and it
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encodes  the COOH-terminal 13 amino acids. It does show
slight homologwy to the &7 third of exon I (15740 matching
nucleotides)y which maw be the result of one of the

durslication events (Fidgure 7).

Im summarwy exon £ can be redarded as encoding a
"Functional domain®y i.e. the signal rerltidey and the three
subgene clusters clesarlw encode the three "structural
dgomains" of albumin. QOther correlations between the exons
of the albumin dgene and  “domains®  in the srotein are

rrobabhly not Justified at rresent.

THE EVOLUTION OF THE SERUM ALBUMIN GENE. Ferhars the most
striking assrect of the sgerum slbumin dene is the claritw
with which its evolutionarw historw is ereserved in itls
SERUENCE Browr (1976) inTerred &8 trirlex structure for
this deme from the radttern of intermal smino acid homolosur
and  concluded that the three structural domzins evolved by
durlication of & common ancestor dene. This hurothesis is

strongly surrorted by our observations.

Brown estimated the two durlicstions to have taken
slace 700 MY adoy  an extrarolation from the amino acid
geauence homolodgw between domains and between human  andg
hovine albuminss and the. fossil record of memmalian

radiation. This sresumes that the selective sressures on
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albumin over the rast 80 MY are indicative of the rrecedins
billionm or sy which maw be incorrect and misleadins,
Howeversy chickern serum albumin is arrroximately the same
size 85 rat serum slbumin (Gordon et al.r 19278)y s0 it may
have & gsimilar three-domain structure. If this is soy the
domain durlications rrobably Fredste the bird-mammal
diversence that occourred asbout 300 MY asgo (Wilsony Carlson

arwd Whitey 1977).

Recause the albumin gene is so comrlexy there are manu
Flausible models that could exrlain its evolution. We have
arrlied two rrincisral criteria in order to select one of
these alternastives?! Oney the number of recombination and
rearrangemant  sters  should be minimizedy and twoy  the
translationsl readins frame shoulad he contimnuously
maintazined throughout albumin evolution. Ang  model will
have to asccount for the observed ratterns of internal
thomologgy which we intersrret as  indicstions of secuence
duslicationy  and also the 40 nucleotide difference the size

of exons A versus E oamnd T.

Frior to the two durlication eventss the
"sroto-albumin®  dgene maw  have had a structure similar to
that SHOW ir Fidgure Shy a leader exony four
srotein-encoding  exonss  exon M and  an untranslated exon

eauivalent to N. Recasuse of the dHSrester homolosgwy betuween
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srotein domsins I and IIs Rrown concluded that domain III is
the "oldest" and would rerresent the ancestral albumin dgene.
Howevers we believe that this is incorrect and that the
sroto-albumin deme was ecuivalent to the first subdene
attached +to the 5’ and 3’ terminal exons Zy M and N. The
reasoh for this conclusion is that if an exon ecuivalent to
I or E were srliced to the leader exon Zy 8 frameshift would
resulty since exon Z terminastes after the first nucleotide
in &8 codon and exons I and E bedin between codonss assuming
that the "GT-AG rule” is and has 2lwaws been followed (Table
1. The leader exon could have been one nucleotide shorter
srior to the durlicationsy but this would have to chande
when it becsme associsted with what is now exon A. It is
extremelw unlikelwy that a8 frameshifted dgemne would survive
long emnough to become fixed in the rorulation. Nor is there
any obvious mechanism that could have simultaneously deleted
40 nucleotides from the 37 end of the ancestor to exon A and
added 2 single nucleotide +to the sncestor to exon Z.
Therefore we favor the hurothesis that exons Z and A have
been associated 211 slongr i.e. subgene 1 is the

evolutionary rrecursor to the other two.

Subgene 1 has 3nt?2 nucleotidesy and this was sresumably
the case when it rerresented the sroto—-albumin Serne. As
suchy a8 simrle intradenic durlication of exons K throudh ')

would result in 8 new second subderne that would bhe
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translated out of rhase. Figure 7¢ illustrates 3 mechanism
for the first subdgene durlication that circumvents this
difficulty. A recombination evernt between erxon A and MO
M of two different cories of the sroto-slbumin derne would
duslicsate the first subgene and tranmsfer 40 nucleotides
(3ntl)  to the 3¢ end of the new exon € « This accomrlishes
g simultaneous duslication and comrensating frameshifty so0
the enlarged gene would encode & translatable srotein. This
model slso exrlains the larder size of exon E versus exon A.
The extra 40 nucleotides of exon € would not have been in
the correct resding fremer and the 13 amino acids encoded bu
this IINA maw serve merelw 8 a2 "linker® rolurerstide whoge
rarticular secuence is not imrortant. This resion of  serum
alivumin  ds  bthe most diversgent sedgment of the srotein when
raty humarn  snd bovine  albuminsg  are  comraredy which is

consistent with this interrretation.

Since subdgene 2 has 3n nucleotides (currently 576) its
durlication does not eresent a reading frame sroblem. As
sthiown A Fisure  7de this could he accomrlished tase

recombinastion within introns 82ﬁ and 56 + The result of

this (7e) would be a Heoxon  albumin dene with three
fhomolodgous "subgenes® . The dgreater asmino acid homologw

bhetween domains 1 and I1 is not exrlained by our models but
as  Tanle 2 illustratesy this diserariltly is not overwhelming

(277 amino acid homology versus 1674 and 18%)e and  the [INA
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Legend to Figure 7., Model for the evolution of the rat
serum albumin gSene.

(A) Unecual crossover hetween two cories of a S-exon  dgene
durlicates the third and fourth exons.

(B) The rew second & exon shrinks to 62 rnucleotides by a
deletion or by evolution of & new srlicing signaly creating
the "sroto-aslbumin dene®.,

(Y Umeeual crossover hetween two alleles of the
"rroto-albumin gene® . The recombination sites are 40
nucleotides into exon M and the first nucleotide of exon X,
This achieves & simultaneous durlication of most of the
srotein coding seauence and & frameshift to comrensate for
the durlication of 3nt2 nucleotides of the first subgene.
The second exon A also diverses slightly into exon § .

(L) Second mador intragenic durlications with boundaries
within introns  results in three arrroximately ecuivalent
subgenes encoding three similar rrotein domains.

(E) Diverdgence of exons to arrrodimately 40X DNA  homolodw
anicd arFrrodimatelw 20%  erotein homolosgwe  and wtensive
diverdgence of intron seQuence and S1LIRG . The
aslrhafetorrotein-albumin dene durlication maw have occurred
during this reriod.

(F) The rat serum albumin dgene.
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homolodgies are even more similar (44% versus 36% and 41%) .
Furthermorey anw argument based wuron such minor differences
in homoloswe is  considerably weskened bw the observation
(Table 22y Efstratisdis et al.r» 19280) that exons can

accumulate mutations at reculiar rates.

The rerviod rerresented by the srace between Figure Ve
and 7 srobably lasted st lesst 300 million wears and
involved the fTixstion of & larde number of nucleotide
substitutions as well as several 3y 6y 9 and 12-nucleotide
deletions and insertions in the albumin exons  (Tsble 1),
The intronic homologwe also disarreared during this reriod.
Ariother imrortant evolutionsrwy event that evidentlw took
#lace was  an dnterdenic duslication that resulted in the
creation of two genes thet evolved into what are now
recognized as  albumin  and slrhafetorrotein. The evidence
for this is & verw significant level of homoloswy (40-50%)
between the rat serum albumin and rat alrhafetorrotein mRNA
sequences (Sardenty Yang and Bonmery 1981y Inmis and Millervs

1980 Jadgodrinslkiy Sargent and Ronmery WUnse ).

It is also rossible to infer the mnature of even earlier
evolutionary events that dsve rise to the sroto-albumin
gene. There is & remarkable similarity between exons B and
8 and  their duslication sroduets. The codomn inmterrusrtion

ratterns are identicaly asnd the exon sizes and the rositions
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of the custeine residues nearly so. The IINA secuence
hoﬁoloﬂu between these exons is 477133y 417130 and 477133
matches fTor the B-Dy F-H amd J-L rairsy resrectivelurs when
thew are alidned with their 57 borders in redister (Figure
8. Assumins that IINA  secuence homology values are
Foisson—distributed and that the basic rsrobability of an
acecidental match 1is 174y the erobabilities thsat these or
higher levels of homolosgw are accidents are 0.014y 0,084 and
0.014y resrectivelws. While mone of these values are small
enough to convincingly exclude asccidental homolosws  the
srobability  thaet &ll three sairs of exons inderendentlw
aeauired homology in this waw 1s miniscule (the reroduct of
the three rairwise accident srobsbilities is 0.000017. The
sccident srobasbility Tor 135/39246 matcehes is  0.00034)., Mor
is it likelw that exons B and © converded to a hish enoush
level of homologwe to account for the sresent similaritw of
their descendantsy considering the extent of overall
divergence that hass taken #lace since the subgene
duelications. Thus we conclude that a3 durlication evenlt was
resronsible for the deneration of exons /B  and Y from 2
common  ancestor. Figure 7a illustrates &8 hurothetical
recombination event between two alleles of &8 five-exon
rrecursor  dene that would result in 8 durlication of the
third and fourth exons. The transleational reading frame

would be rreserveds but the second ¥ exon would have to be
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Legend to Fidgure 8. /3 versus g exon  homology. The
rivcleotide  and amino acid seauences of exons B and De F and
H and J and L are alidned with the S ends in redister.
Matohing nucleotides are indicatedy and the custeine
residues are underlined, There are § sites of #tensive

homologwys amino scid residue numbers 2y 10y 30y 31 and 32.
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eliminated srior to the mext durlication event. This could
ocour  either via & deletion or the evolution of a8 new 37
srlicing Jdunction (Fidgure 7b). There are 18 rositions of
amino zcid homology between second and fourth subderne exonsy
out, of a8 total of 131 sites comrared. Six of these are
custeinesy and the rest are clustered srimarily at three
rointss the second asmino scid is uwsuslly leucine (H/6)y the
tenth dis usuzally rroline (5/78)y and half of the rositions
immediately rFreceding the double custeines are lusine
residues. The double custeines are in the same alignment as
the 57 exonic boundaries and the single custeines with the
34 boundariesy so  the different exon lengths are srobably
due to insertions or deletions between the second and  third
custeine residues. The homology score caen be imrroved by
allowing for thisy but we have not attemrted to calculate

the statisticsl significance of such CoOmFEarisons.

Nucleotide secuence determination asnd analusis has been
an effective arrrosch to the studge of this comrlex dHene.
The intricate rattern of dntrons asnd exons oridinallw
elucidated bw R-loor analysis has been comrletelw resolvedy
the rsutative termini of the tramscrirstion umit have been
locatedy and the trirlication model of aslbumin evolution has
beern confirmed and elaborated. We have been able to infer
the srobable nsture of &8 series of asncienmt durlications of

multi—-exon secuences by insrection of the nucleotide
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seauence of existing denes., A number of roints have emerded
that suddest future lines of investidgation. In rarticulars
it would be interesting to krow if the
albumin-alrhafetorrotein dene family exists as cluster of
sequencesy 1if it has sdditional members and if mechsnisms
other than intradenic and interdgenic durlications were
involved in its evolution. Imn view of the comrlexitw of the
albumin deney it would also be interesting to study the
Frocesses that convert what should te a8 155000
rnucleotide~long rrimary transcrirt into the 2030 nucleotide

mRNA .

Intradenic durlication has been shown to be the
rrinciral  evolutionarw mechanism for the accretion of exons
and introns bw the ancestral srecursor to the albumin (and
alrhafetorrotein) dene. According to our models a3t least 10
of 14 introns and 10 of 15 exons were denerated in  this
fashion. In wview of the 1lardge number of rroteins with
internal reriodicity (Rarkerr Ketcham and Dashoffs 1978)y it
is  arrarent that this has been an imrortant source of

diversity in the evolution of the eukarwotic denome.
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MATERIALS AND METHODS

MATERIALS . Restricltion endonucleases were surchassed
from New England Biolabsy Relthesda Research Laboratoriesy or
Boehringer—-Mannheim. Bacterisl alkasline rhosrhatase was
rurchased from New England Riolabs. T4 Kinase was rurchased
from Boehringer-Mannheim. ALl enzumes were wused according
to the menufacturer’s instructions. 8’—[32~P]~ATP was
rurchased as a8 corudey  carrier-free scueous solution from

T:CelNes and used within 24 hours of deliverw.

CLONES.  The rat serum aloumin genomic clones were
isolated from & library of rat liver dgenomic DNA  as
described rreviously (Sardent et al. 1979). Most of the
nucleotide secuence datea and restriction endonuclease site
mar data were derived from ‘"subclones" of these denomic
clones. The Eco R1 fradments desidnated A By Cv Iy Ey and
Fo(Figure 1) were isolated from agarose dgels and ligated to
vector IINAy #BR32E (Rolivary 1978) cleasved with Eco R1 The
*JiI ratio® (Dugaicewky  Rower and Goodmany 1975) Wwas
arrroxdimatelw 1,0, Eco R1 fragment J was cleaved with Hind
ITIs which denerstes three fragments. The two Himnd III-Eco
K1 fragments were ligsated with an ecuimolar amount of the
vectory the larger Hind IIl-Eco R1 fragment of =RBR3I25. E's
coli straimn HEB101 was transformed asccording to the method of

Kushhner (1978). All orerations were rerformed in accordance
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with NIH s#uidelines for exreriments involving recombinant

I:' N lq L3

SEQUENCING. Subclone rlasmid DNA  (or recombinant
Lambds rhage IINA in the case of exons C and 1) was rurified
of low molecular weight nucleic acid contaminants iy
exclusion from Serharose CL2By cleaved with an arrrorriate
restriction endonuclessey derhosrhorglated with bacterial
glkaline rhosrhatase and labelled at the 97 ends with T4
Kimase and X?{32~P]~ATP. Following didestion with a8 second
restriction endonucleases labelled DINA fragments were
isolated from adgarose or acrylamide delsy rurified of
soluble contaminsnts by chromatosrarhy on benzouwlated DEAE
cellulose and secuenced according to minor modifications of
the methods of Maxam and Gilbert (1980)., The rroducts of
the "GEATy "AEC"y o anid “C+T" reactions were
electrorhoresed on 0.4 mm 8% acrulamide gels (Sanger and
Coulsorny 1978). Ur to 450 nucleotides could be read from a3
single labelled site. Ocecasionallyy 8 nucleotide was not
visible omn the secuencing gel exrosure. Whenever a conflict
occurred between the exonic and the clNA secuence datayr the
comslementary strand from the arrrOoFriate restriction
fragment was seauenced. ALl discrerancies between the clNA
and exon seaquences were eliminated imn this manner. The
regions  of the albumin dgene that were sequenced are denoted

i Figure 1.
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BLOTS AND FILTER HYRRIDIZATION. High molecular weight
rat  liver IINA was isolated from different adult male
Srradue-lawley rats by  the method of Rlin and Stafford
(1976) with the modification that ethanol rreciritation was
subpstituted for dialusis. Alicuots of this IINA were
didested three or four times with 2 four-fold excess of Eco
R1  (Roehrindger/Mannheim)s extracted with ~henol and
chloroform (121 mixture) and rreciritated. Electrorhoresis
on 0.77 adarose dels was rerformed bw standard technicues.
Before transferring the electrorhoretically fractionated IINA
to mitrocellulose filtersy the del was immersed for 100 sec
in 0.25 M HCl a3t room temrerature to rartially derurinate
the DNA., During the 15 minute demnsturation in 0.5 N NaOH
the IINA molecular weight is reduced to srrroximately 1000
nucleotides (data not shown)y and this arrears to imerove
the transfer of UNAy esrecially that zsbove 5000 nucleotides
in lendthy from the adarose to the filter. Otherwisey the
transfer was rerformed essentially as described by Southern
(197%). Hubridizstion was carried out a3s described in
Charter 2y excert that 20 mL glass scintillation vials were
used instead of rlastic bads 2s hubridization chambers.
After hubridizstiony the blots were washed for 2-3 hrs in
high salt buffer (Charter 2) followed by an overnight wash
at  63°C. im 0.5X SET (1X SET is 0.15 M NaCly 30 mM tris eH

7.2y 2 mM EDTAYy 0.1%Z SIS, Blots +that arreared highly
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radioasctive followindg this wash =srocedure (i.e. those
fhivbridized to subclones JAy Ev F and K) were exrosed for a
few hours without internsification. Other lanes were exrosed

for 12-72 hours with amn intensifier screen.
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AFFENDIX

The accumulated (13,600 NT as of 1-20-81) nucleotide
seaquence of IINA associsted with the rat serum albumin dene
is tabulated. Unsecuenced redions are denoted as ‘"dars"y
and the arrroximate sizes of these are dgiven. Intronic IINA

is tured in lower casey and exonic INA in usrer case.

The order of the restriction frasgments of the cloned
rat serum albumin dene is as follows?! JAy JCsy JRBy Cs Fy Gy
Es By Hy Iy Ay D a3nd Ky from the 5 to the 3’ direction. JA
is an Eco Rli-Hind III fragments JC is 8 Hind III-Hind III
fradgment and JB is 8 Hind III-Eco R1 fragment. All others
are Eco Rl1-Eco R1 fradgments. Frasgments Gy H and I were not
seauenced at all. The nucleotide sequence begins

arrroximately 3000 nucleotides from the S end of JA.

ggdattttgtgtatgtgtgtgtigtigtagtatdtagtgtgtdtdtigtatatatatatddedts
tagtgtdtatgtgtgtggtgtatatgtgtdtgtatatdatdgtdatgtatatgatgtgtgatst
tgttgttgttidttocottotagatdatdaaasataddattgtgttiitecaaacaacasatd
attctecadeotactetotagttttasadeccececctacaadoacaadasatdaceatoccas
ctatttteotattoddgaaactaasacteoctagtttaacttitdogtttatgcteoctdgceaac
ttettotdaaddotaactaaccatotagtttiazaagettacagtdtoteaasdtatdaact
ddgdaddaadocacadodatasasacaadtgtddaddactetecagaagtottdatgtoctes
ceceatacteaddctatatgtasaacdddtotdagdtdttttagaddagacactagtada

dcaddgcacadtaastdatddtocteoacectttdeaacectatttectetdacaccacaddots
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ataattadtadeadaccadttateteacttaacctaasadgdatdadtodtotgteaadan
cteateceaasteaccecatgdgttocaatatataceadss
(gar of 120 NT)
gaXtcttaatadtocasdaasatdaaataacaacadactadtocctdaadacacadgtdate
adaacdtasasassdtasaaatdtotacetotadasttactticcactdddddoadaadtdd
sdeacadaattasadecaaaacctiecatadtddasatddasaaaaaaastactaaacddaas
agatggttotticttgdatsaattocctorgdaaacttectadaaadadtddtoadgtatit
dtttdaadacadtadooatdcctagtootdtoctigtdtggatotgdataaacdcaaacs
adtaddeaatdottaadtococttidaaddtattdta
(gar of 440 NT)

dgactgttdaadectocaataattttaadacataattookdeaactdadecteteooteoddes
gteetaatteosatdgtottacacdggdeatatictaattaastettieoadgeadecaadastiaa
adgtgcttaacteottdacacaatotecatgcttacagttoateteaattdaassadaastde
ttasscadtteccattidatatidaddaattiatacteotdeotdaaactectageattecate
ctatacdtatattetatectdadaddaatdaageoacattattdttadgttacttetaasdge
atecectgtttttoasgetttotadaadateoctaacttitasasadatdaddaadacttiddaa
gccedadteaacteocecccttecteacacdgaasgteottioacdggectotacatadaaacatat
ttdddaadaacaasaccttdeaacteadetttioaaastdgtgeccoctdeottioecotdcaaactd
saatdeccaastdddadacadadgadattaassctottatdtazaztttdatdttittacata
actttaatdaasttdacaaadoctitddddddttdddgdadoticagatddeaaacatacd
casdddatttadttaasacasctttttttitttotitttddoaaddatddtatdatittiata
atddddtaddaaccastdasatdasaddttadtatddttiaatgatetacagttattadtt
333gaagtatattas3SCQastttctctQcacaézaaECACCTTTCCTGTCA&CCCCACT
GCCTCTGGCACAATGAAGTGGGTAACCTTTCTCCTCCTCCTCTTCATCTCCGGTTCTGED

TTTTCTAGGGGTGTGTTTCGCCGAGAAGCACHtsadeattctatdtttteteatectetace
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ttttstttdgtodtadgtaacddaadotadgta

(gar of 450 NT)
dgsggctddggascttoagddaatastttasateadtasadadaadadtdaasadcadost
gttdtaatttdatgtettosatattiaastatdgtittgtggtitttteteteeccecatte
ccac833623898TGAGATCGCCCATCGGTTTAAGGACTTAGGAGAACAGCATTTCAAAG
GCCTstaadgttaadaddotgaaadtoeactiastdtttigdatagtattagttecadggtte
tadgaaacceotticoesctitdadtgtdosastigtadadeadcacteaddaatadgaaat

(gar of 100 NT)
gtggtttttdcatdcactaaaacasasatiasdoadaaasaaaatdttastdaaatgtiact
tttttocttacteotdgeadacatacecocttitdatgtataadttactttttaaadtoatdaad
caaaaddasateoataagaaatctecottiedgegetidecttectttdactigectatttet
dedtasctttottdadadtosadeaccdeagtattidtastdtagtddataazaacadadaad
casadadctascddegttdaddaaddttdecttocdtdttttotatetddeactaaatot
addadgeaaadtecactastaattazaaddadaasasaaazadooatddddadgedacatgttoac
acasactededddotocgetoctotdddadgaadgectagttttacteagtedtdtaaaactt
cdgaataacaccatetacttttagtadtegttasaaatdeoadatotectotetattotad
aaatatcccceoctoasaddactteatttttaasasatatttietttecttecteactaattttat
tdtadgazateaticascdteoatadaaatt

(gar of 150 NT)
aadtatacacatdeacastatdctdttiaddaadaadoeacetdgecctectactdadggttt
SCtttct3cct3tctttcagzg?E%TGATTGCCTTTTCCCAGTQTCTCCAGAAATGCCCA
TATGAAGAGCATATCAAATTGGTGCAGGAAGTAACAGACTTTGCAAAAACATGTGTCGCT
GATGAGAATGCCGAAAACTGTGACAAGTCCATTgtgadtacattoetgatttotdaddate
tacttttotdocttttdtaatteocgagtttttoaasaddaaadeaaateacdteteteoacs

cttaadd
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(gar of 80 NT)
gactectttteootagtaatidoadaadotacacteacaasasgtoteactastatgactaas
tdtdaccttdadadtgacagtdacdatacacatdoraaddaddatdadddasadaccaca
adaacasadctataddeaaccasadaatdotdadadtaddadaaattdecttotttdass
sadadtdcaccaactdtdtaccoaatacoaatdddecttieaaaactdeadgtotdadetet
tetdgscacataatotdtgddodscac

(gar of 140 NT)
satttctatdgzscdttdaatdattitoctacaastasasttadtidaddanddansadaaatattt
tazaasatdaadtoottdadddddatatttotadaastadagaddadatotdeatttttaac
gactactaaasdtadatddtgttiattocgaagtitiacacdactdadtasaactaddett
ctoocadaddadoddadocododadgttstdtdaacatdtodetococeatggettititiit
ctecttttasttatadtdactttdctoctadatttagtdocadatadasaacacddaadd
caacctteceoteaascsgcegttadeotetttdettotetgttttatocaceacacacastact
dgegdtdcttgsttotoasdasadttacdcadaaataddcaasgtioasaddaaddoaadodo
daaddadadatttottatdgatttectittigettoatgacttitaaaasadgtaactiatacate
aasddsgtatgtotdoaddadtaadaaaasadtascattteattaacattttittttetsct
taatttdttttadtgcatdgeaaazaceac

(gar of 90 NT)
ddtgceatatectotatdtacdtacatdoaddtacatgtittottiaacedadgetttatead
cacatttggtttodacdetdacctitddctatadaddaadgtodddoacoddeadsgdgateot
38ccctttctgtcttccacttaséggngCTCTTCGGAGACAAGTTATGCGCCATTCCAA
AGCTTCGTGACAACTACGGTGAACTGGCTGACTGCTGTGCAAAACAAGAGCCCGAAAGAA
ACGAGTGTTTCCTGCAGCACAAGGATGACAACCCCAACCTGCCACCCTTCCAGAGGLLGE
AGGCTGAGGCCATGTGCACCTCCTTCCAGGAGAACCCTACCAGCTTTCTGGGACAtdad

tacccadacatotatdottdasdatassaastddddeaatadettadecddtadeacttad
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gctdgeadtoastddaasaceoceaacactgadoottidggatdeattgdaatdasttictaaas
acatastectdgataccatasadeotetacacddedacastoaaacaastdacdttttgasots
daaaacadataddacctdtgtdaaatatictdadactdadaaattdeaaaatattotdas
tacteotdasdstdtttdtgtdaatdodtgtdogtdtatdtdogtgtatdtatdeatdtgt
scdtdodtgoatgtdtgtgtigtdtgtatastdtdgtgtgtdtgtgtgtgtatgtigdgtoats
ttecteotddateasattteagtttadteadgcaacatiacateacctaastttaactactiac
cazaasatdeacacatgttaacattescagacacacacatateeacacacadacacacaca
cacacadacacacacadatacadaracacacadacacadacacanacacadacacacacs
cadacacacacacadacacacacadgatacadacacacacadacacagatacacacacaca
cacacacaaacacacacctetettticteacttaacaadadacasadaccateactoced
dgtadccoacacactdadtdaaactddecaattacaaatdocacatatatdddaasddtatd
ggttdactttaataastttecgtagtgttotdtgotdtdddgasatgactdectatgttott
cttcttcctcttcccataattcasg;Z?%%GCATGAAGTTGCCAGGAGACATCCTTATTT
CTATGCCCCAGAACTCCTTTACTATGCTGAGAAATACAATGAGEGTTCTGACCCAGTGCTE
CACAGAGTCTGACAAAGCAGCCTGCCTGACACCGAAGHtaatcocctddaaadacddaada
astatctdoctedtadgtocaacctecastottiatddctadatticaddadactodatttte
tgsatdaaacdgtotettocctottaagttaceagtddatttttgtteteatacettoeas
azscdeadeadtgdtotgadadadddasattico
(gar of 950 NT$# Eco R1 fradgment G)

gaattcttacctadeatdeacaddgattteasctecteoeceascecaasaceaasttgttttag
catadddetdtddddgaacttitgaaaddddgtoteteteoteteteteteteototetetetet
ctetetototdtgtgtatdtastdtgtatatagtatastgtdtgtasasaataacctitionas
tttttttcaactggatttctttt93tasg??EETGCCGTGAAAGAGAAAGCACTGGTCGC
AGCTGTCCGTCAGAGGATGAAGTGCTCCAGTATGCAGAGATTTGGAGAGAGAGCCTTCAA

AGCCTGdgtatatgasttttoctttaatateacadtecacatetttietdatdatadeotdtee
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satcesasasaddeotdgtdectttatasddeacttitatdaaasadgacdatadaddtdaaatogy
attastadtadtasgtigacatttttdtoeteatgetttatittaaattateaaadaattt
asgaadactittdtttttttoctasaadaadacatdtatttaaaateoteatttgctiataa
sgactdddacteodttttoaasadotiaaddaacgcadtoaadgtgattaatttactiaagtt
dtdttcteootaddotaaaadtgactgttttatgtoctdataattdaattitagecateaas
daadgctddagtiattacttitgaasttittattacasctecaactgtgtgtttttttttitas
cttttttttttotetgadotddddactgascotadgdocttigedottdetdddcaadtdce
tctaceasctdadetaaastoceceaacceceeaactdtgtiottaatoteatgtitotgttt
gatacctecteeottt
(gdar of 70 NT)

ttascdtogtodtatddgttototgdaatoecdtoageacaatiatocteacgaadesttco
ctactatcetactatecdgaasttateacadeoeaaccaasatosacacacdaddeaacttoas
tatcasacastacactdttidtdoaggcodtdactddetottdoaaaddadteteottiatt
ddadttaaddasctdaaaatdatotiddastdadadtottiggcttgtdoratadgaactia
dadsgctdtotdecddaacadtttottiddodddaddatdeoatddttadaactetotaadet
cteotddaadttaadaasttitgtiteoccceateaddaacttitagaattc

(gar of 120 NT)
ttttactdeotttectecaaatacactatdataatasttocottgatagdgtttotttitte
ctttttcagéagngﬁGCTCGTATGAGCCAGAGATTCCCCAATGCTGAGTTCGCAGAAAT
CACCAAATTGGCAACAGACGTTACCAAAATCAACAAGGAGTGCTGTCACGGCGACCTGTT
GGAATGCGCGGATGACAGGSt aaadadddddat tdoaddrotoadtcadtdaatdoaadtd
tttggtcttocaccegadgateosctidatgdgtotgtotdagtgt

(dar of 850 NT)
ttsccttccattctcacaggézaghcTTGCCAAGTACATGTGTGAGAQCCAGGCCACTAT

CTCCAGCAAACTGCAGGCTTGCTGTGATAAGCCAGTGCTGCAGAARATCCCAGTGTCTCGC
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TGAGACAGAACATGACAACATTCCTGCCGATCTGCCCTCAATAGCTGCTGACTTTGTTGA
GGATAAGGAAGTGTGTAAGAACTATGCTGAGGCCAAGGATGTCTTCCTGGGCACHL gt
agatdcctttotottegtadotitddodaadodtdtddtdtagddaddetacactaddett
cet
(gar of 600 NT)
exon H
tcadoteoadectatdgttogecteaattadGTTTTTGTATGAATATTCAAGAAGGCACCCC
GATTACTCCGTGTCCCTGCTGCTCGAGACTTGCTAAGAAATATGAAGCCACACTGGAGAAG
TGCTGTGCTGAAGGCGATCCTCCTGCCTGUTACGGCACAGT gt adgtttecdedadcea
adaacacteoacddtdctadotddddetttotdtoaddadaaadacdadetdaatte
(dar of 850 NTs Eco R1 fradgments H and I)
gtgtcaadtdacctotttdddototoddasaddddectdtaaacacaattoetttiatotts
cagé;$aé;GAATTTCAGCCTCTTGTAGAAGAACCTAAGAACTTGGTCAAAACTAACTGT
GAGCTTTACGAGAAGCTTGGAGAGTATGGATTCCAAAACGCtdadagtttttttticett
dgatcaactigtasttatattasacattiatataddceacecadgestatd
(gar of 200 NT)
tatdetatcactocadaadtaaagatacttitdattadtddaddaasaaaatottaattas
tttdgddedaatcttettgaaatatattacateaddocadttttictgtotddattaaaccea
tgtaagttattgtaastaataactttttsttacacaggg$?6¥GGTTCGATACACCCAGA
AAGCACCTCAGGTGTCGACCCCAACTCTCGTGGAGGCAGCAAGAAACCTGGEAAGAGTGE
GCACCAAGTGTTGTACCCTTCCTGAAGCTCAGAGACTGCCCTGTGTGGAAGACTATHLHa
dtocttttaasaczacatoaasadtiaacaddddacaddotdtigtecteagacettidataas
tetaactttoaddadoasdddddgttotaastatdtdetiacdtatdtatadtatocdddto
ataccctctoteoceatateotaactaagatattdaaascadtttttaatasdtoteacatdt

dcatecacastdtdcadtttossadacacacaaattaceasactdddeaadsctedgetteat

agtddgctadgtocascatdacadgtttttagtdeaccddadadoddatdttitdgtddaatact
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exon n
tgtgacctteocctotocdgettgtoteottotttadCTGTCTGCCATCCTGAACCGTCTGTG

TGTGCTGCATGAGAAGACCCCAGTGAGCGAGAAGGTCACCAAGTGCTGTAGTGGGTCCTT
GGTEGAAAGACGGCCATGTTTCTCTECTCTGACAGT TGACGAGACATATGTCCCCAAAGA
GTTTAAAGCTGAGACCTTCACCTTCCACTCTGATATCTGCACACTCCCAGACAAGGAGAA
GCAGATAAAGAAGCAAACHStdaddatatattoctttodeateotototgttticatattdgcs
tatdtattgacadtdadaacedteaactgdacaa
(gar of 700 NT)

tttdgctoccdgatttaddaccottaaactdtddoctodecatecttocegtottattttce
CtSCBCCSSBQtSEBtBtCtCCttSCtQtCCttSCtttctgtcctﬁctSCBSEEE}%TCG
CTGAGCTGGTGAAACACAAGCCCAAGGCCACAGAAGATCAGCTGAAGACGGTGATGGETG
ACTTCGCACAATTCGTGGACAAGTGTTGCAAGGCTGCCGACAAGGATAACTGCTTCGLCA
CTGAGdtaacaaatgtettctecattttgattttgtdadectticesttttotdtdeacts
gteaddtttadadgctorddaactoacatactddttaastdtdateoaatocadgattttgttt
gctacacaactdttiadtadasacedgacttacdgtadetottaatttttatettotaceacsa
ctdctdeatattacatddtiatiateactattitaddtttioaaatitagtgacdeatacdaac
atgdttddaaastactigtaaadoceagastodcotaacteatttaagcettigocetaaaat
gctacttitttdaactdadttatittatacactastddadaacattitaceattieastgtet
gaatcatttcacattecteocddgtdocotaacaacagttitatecttittattttagakxkkx
Xk¥kkgdaattcaccaastddaasctdtaasttaagcaaddooaddoacatdeattitaccatdgt
atecatcaccdatddeotatddaadtdeaaaccotaatadteoctdetaatattttteotaaca
tccaccattttttcctsttcas%EEEEQAACCTTGTTGCTAGAAGCAAAGAQGCCTTAGC
CTAAACACATCACAACCATCTCAGgtaactatactodddaattttaasacacaateataa
tcatttttcoctasaascdatesadateodataadeatitdeocaadadocacatddataaddc
cagccddeattottadgtoctotogtatddtodtoaatttidggticcatttatadatats

aaactdaacactattggtetaddgttidtacasacacadaddaddeaaccaaactadddadadg
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sadacaccaaaattasassticoaaadadecacadadttigatogtdgttttgototdgct
tacadeaaccactatatadadtiodeccatgttadecccaacctagadtatectotdaatyga
adctdaaaccagatdaatgascatttttdagstoasasacatttgtatateaatgatiocat
gtadgtitdacceatttgttoctdtdaacteatttcaccagaadtoagtgdgttotettte
ataactdatctdottteaastitotgatgtdocacatdotaasctttaascagaatttate
ttettatdacaaadeadgoctoctttdaseatatadgtddetacatddgotatatikkacaatt
ctaddtttadgadgocttitiddaadgagaatttticagecattidggtdataatddaadactits
dtassasatidtddotecatatdeaaacaasaactiactttttatttaadeaaadasccea
ataddctatasddgotattteoasaateactteagtittiadaasadastidgdagtttitsgceat
cattttdadasdacadgetttocttitgtaataaattaadtaatzadeaddtdeoccagaaat
ggtdadaccteotgactttgacacttdaddddaccadtdatdzadadddgdgtdtcacataa
atategtdtgtettetdeceace
(dar of 100 NT)

sasaaacatatteaasttticacaaaddacacatteadtticteottitgtgttttecaadGlT
;EEE#EAGAAAAAAAGACATGAAGQCTCQGGACTCATCTCTTCTGTTGGTGTAAAACCAA
CACCCTAAGGAACACAAATTTCTTTGAACATTTGACTTCTTTTCTCTGTGCCGCAATTAA
TAAAAAATGGAAGGAATATActcbdtddt toddaddtotdtottecaacddededtotea
cecotddedgggototadddotdddddasaccoteggtttoecteoccticatotoddodddda
tacdddotecatatddoasacacastddaddtaaatdttaatattcteoccaggttatagt=e
ggtdddoacddaaaceaastdticeaacateacdddatdaattodaacdadadottgoett
tdcddtdddastdagt taddddt tddddacasaddadataddaatddetitaasaddtdgact
adttdaactddtaaadtaadatdadgtidaddaasaaasactaatticaagatdagaddadas
addcttdadaadooctdotddsatoadaaasctdddtdatotddaddddtactdaadeaca
ctddatttdacdgaacoctaadagtoacacagtosaagatiodtdtiaaaastotadgdtydce

actttesctdeotagdoteottttatttdttocaddeasteadttidoteoatatadgactatgas



(B

ttttatadacttiateocasacactaddtatgadttitacatacatagteoatttatagecatygt
daastttttactdtacdtddettiadetdgtgcatatiattietacaactdgdetettittita
tttatttatttattttttttatiatettgagtatttettatatacatttesagtattatt
ccettteocodggtttocddacadacateaccotececcecteeccttocttgtgdgtgttoo
ccteceaaaccteececeatideocacectecocedeatadtotadttoactddddggttioad
tocttadeaddaccoeagddeottococttioeactddgtdetottactaddatatteattgots
cectatddddacagadtoadddgtoadgtoeatdtatagtotttagdtadtddgettagteocet
dgaadetotddttgcttgacattgttdtacttttdgggtiotodadgeacetticaaactott
ceagtteotttotgaticottoaacaddddacceatticteadgticadtdgttitdeedecds
cattedeocecctdtatttdeestatteocdgeocdtgtototeoaddadedatotacateoodgde
tectgtoddtotdgoacttotttdotteatecatottdtotaattdddtgdetgtatatat
atdddocacotdtddddeaddctotdaatdggtgticottieagtotetgtttiaatettt
gceoteotecoctteocetdooasaddgtattottittocteatitasadaaddadtdaadeatt
cacattittdgaceatecdtottdagtitecttitgttotadddacctadgdtastdeaades
tttggsgctastadocacttatoastdadgtdoataceatdtatdgtotttotdtdadgt gt
tadeoteascteoaddgatdatatttitoeadgttoeaaccatttdoctacdaagteataaactoy
ttstttttSBtagctsastaétattccattststagatstaccacattttctstatccat
tootttdttgaadddeatetgdgdttotttocadtttotddetatiataaataaddetged
astdaacatagtddadgeacdgtgtoteottttatatdtidagdeatottttdddgtatadgcecea
adadaddtatddctdgatocteoaddeagttoaatdtoesatitictdaddanscctecada
ctagatttccadgaatddttttaccagtotdoaateoceaccaacastddaddadtgticete
tttetecdgeatoctedeooadeatotactdgtoacetdagtttttdatettiagecattotes
ctddtdtdaddtgasatotoaddotacaactgdgetettaatectectecottacadttte
actttaadeatadtacttdaadoddtoatdadaccatdtdtasadadadatocttitteas

tecteottaadgectgestoctectttotetesacotdadgetttagscotocctddtaaaadgt
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atcasasdadadaaasasdactdddasasadsgtddaastddadattaddocetgacotdatadga
aacctdgctaastddadgotaattiadgccadataatttidaataadgtattgeotatticaasctas
tccaastaatgdgaccagdoatdgaadoactatotgdgagddoaceddeteadgaceceactoty
acataccasacdddaacttiasaactitdadadaasttatdecteccadgtdgcactattitioet
gadccadttotdgetttttdtddadgtosacacacadaactaaadadoccagtdcacteotdt
ttitdadadddaatoratdddaasaataatttetatetgtotgteatetdtotdgctaggtot
ctgtattttcecteastgatocadaaddotddgdotactadaacdeadeaddettactdgdd
tetgtdtdtgtgtatatastgtdtgtgtatastatgtgtatgtgtgtgtgtatactadaget
gdtcteatadgaacactdddaacatddddaacatdttiaadotdtdadcatdatttaatacs
gdggttitaggttgattttttattticdttaaaddoagtgtttdeocaasgtttottioascedgts
aadgttattiacttteccecttdeataddeotttotddddgaadeoaaaceattaaatacasct
ctooeccaatdtdadgacatdaasaaceattasdottiotddaadddddaacgdgtoctddgtton
ttttasttadadastddatidoaaadateagtdtactdactetgccectotetadtdadgdsa
cteactgtttotataactitdeadastadaactaddaasaceaasdtatdtadacatacacs
cacatecctotateotgedtatataceeatetacteatetaceceastetaccesteteoececett
tttcccatttacccatctat@catctacccatctaaccatctacctatttgcccatctac
acatctaccettetacceatetacecctetacecectetaceeatetacceatetactotd

ctececoctttetacocetdgeteooee



