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ABSTRACT: The sequence preceding the 3’-terminal po-
ly(adenylic acid) [poly(A)] tract of the immunoglobulin «
chain mRNA from mouse myeloma MOPC 41A was studied
by analysis of complementary DNA (¢cDNA). Short 32P-la-
beled cDNA was synthesized on the mRNA using DNA
polymerase I of Escherichia coli and oligo(dT) as a primer.
The cDNA was characterized by analyzing the oligonucleo-
tides produced by digestion with T4 endonuclease IV. The
sequence was also studied by an adaptation (Brownlee, G. G.,
and Cartwright, E. M. (1977), J. Mol. Biol. (in press)) of a
rapid sequencing method using gel electrophoresis (Sanger,
F.,and Coulson, A. R. (1975), J. Mol. Biol. 94, 441). Labeled
c¢DNA of variable length, synthesized using reverse tran-
scriptase of avian myeloblastosis virus, was extended with this
enzyme in four reactions, each of which contained only three
deoxynucleoside triphosphates (dNTPs). Displaying the

Messenger RNAs (mRNAs) of eukaryotes contain a
noncoding region before the 3’-terminal poly(A)! tract (for
reviews, see Proudfoot and Brownlee, 1976; Adams, 1977).
Determination of more sequences in this region should help to
clarify its function. Direct sequence analysis of eukaryotic
mRNAs has proven difficult, because it is not generally fea-
sible to label the molecules sufficiently in vivo. Therefore at-
tention has turned to sequencing methods based upon analysis
of radioactive cDNA made on mRNA templates. Labeled
¢DNA of high specific activity can be prepared with a-32P-
labeled dNTPs in a reaction catalyzed either by a viral reverse
transcriptase or by DNA polymerase I of Escherichia coli,
which gives shorter products (Proudfoot and Brownlee, 1974,
Cheng et al., 1976; Proudfoot, 1976). Since the synthesis is
generally primed by oligo(dT) on the poly(A) tract of the
mRNA, the cDNA sequence is complementary to the 3'-ter-
minal portion of the mRNA.,
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products of these “minus” reactions on a polyacrylamide gel
permitted a tentative sequence of about 100 residues to be read
directly. A “plus” gel system, based upon selective degradation
of cDNA in the presence of single dNTPs, gave less satisfac-
tory results. The combined results established the sequence for
the first 59 residues adjacent to the poly(A) in the mRNA and
provided a tentative sequence for the next 45 residues. The
sequence does not reach the « constant coding region, so the
3’ noncoding region in this mMRNA must be more than 100
residues long. The first 60 residues are identical with the se-
quence reported by others for the equivalent region of a dif-
ferent mouse « chain mRNA, but the subsequent sequences
appear to differ; if substantiated, this result would indicate that
there is more than one « constant region gene in the mouse.
There is littie homology with sequences determined in 3'-ter-
minal noncoding regions of other mRNAs.

We have analyzed cDNA made on an immunoglobulin light
chain (x) mRNA, purified from mouse myeloma MOPC 41A
(Mach et al., 1973; Cory et al., 1976). A sequence of 45 resi-
dues in the equivalent region of a different mouse « chain
mRNA (MOPC 21) has been reported briefly by Milstein et
al. (1974) and subsequently corrected (Proudfoot and
Brownlee, 1976, and personal communication). We hoped that
a comparison of the two nucleotide sequences would indicate
whether the mRNAs for these two « chains, which differ
considerably in their variable regions but may have identical
constant regions (Gray et al., 1967; Svasti and Milstein, 1972),
possess the same sequence in their 3’-terminal noncoding re-
gions.

We first characterized the x cDNA by digestion with T4
endonuclease 1V, which makes scissions preferentially at
certain deoxycytosine residues (Sadowski and Hurwitz, 1969;
Galibert et al., 1974; Proudfoot and Brownlee, 1974; Bernardi
etal., 1976). To confirm and extend the partial sequence de-
termined in this way, we then used an adaptation of the rapid
gel sequencing technique of Sanger and Coulson (1974), which
was developed for RNA templates by Brownlee and Cart-
wright (1977). In this technique, labeled cDNA of variable
length is elongated in four separate reactions, each containing
only three dNTPs, and the products are displayed by electro-
phoresis on a polyacrylamide slab gel; the resulting labeled
bands on an autoradiogram then permit a tentative sequence
of about 100 residues to be read directly. This technique has
promise as a general approach to determining sequences in
RNA molecules.
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Materials and Methods

Materials. Reverse transcriptase from avian myeloblastosis
virus was kindly provided by Dr. J. W. Beard and a dCT,CA?
primer was a generous gift from Drs. M. Smith and S. Gillam.
E. coli DNA polymerase I (Klenow fragment), micrococcal
nuclease, and spleen phosphodiesterase were obtained from
Boehringer-Mannhein, West Germany; pancreatic ribonu-
clease, snake venom phosphodiesterase, and £. coli alkaline
phosphatase (BAPF) were from Worthington, and T1 ribo-
nuclease was from.Sankyo Ltd., Tokyo. Unlabeled dNTPs and
pdT,o were obtained from P-L Biochemicals, Wis., and a-
32P-labeled dNTPs from Amersham. Cellogel electrophoresis
strips were from Chemetron (Milano) and plastic-backed
DEAE-cellulose thin layers (40 X 20 cm, MN 300 DEAE)
were obtained from Macherey-Nagel, West Germany.

Preparation of cDNA. MOPC 41A « chain mRNA was
purified as described previously (Cory et al., 1976). Just prior
to cDNA synthesis, the mRNA was heated together with the
oligo(dT) primer at 90 °C for 1 min; this approximately dou-
bled incorporation. a-32P-labeled cDNA was synthesized es-
sentially as described by Proudfoot (1976): a 100-uL reaction
contained 20 mM Tris-Cl (pH 7.8), 20 mM KCl, 13 mM 2-
mercaptoethanol, 0.5 mM MnCl,, 10 units of DNA poly-
merase I, 4 ug of mMRNA, 0.9 ug of oligo(dT)o), 100 uM each
of three dNTPs and the labeled dNTP (100-150 Ci/mmol)
at 3 uM. After incubation at 37 °C for 30 min, synthesis was
stopped by adding 10 uL of 0.1 M EDTA. Typically 20 to 50%
of the radioactivity was incorporated into trichloroacetic acid
insoluble material. To destroy the template, the sample was
treated with 0.3 M NaOH at 37 °C for 18 h; it was then neu-
tralized and extracted twice with phenol-chloroform-isoamyl
alcohol (50:50:1), followed by three ether extractions. The
cDNA was then chromatographed on a Sephadex G-50 col-
umn in distilled water and the material in the void volume dried
down on a Biichi rotary evaporator.

Digestion of cDN A with T4 Endonuclease IV. The enzyme,
prepared by the method of Bernardi et al. (1976), was a gen-
erous gift from Drs, J. Maat and H. van Ormondt (Leiden).
It was stored at —20 °C in 20 mM potassium phosphate, 0.15
M (NH4);S04, | mM EDTA, 10 mM 2-mercaptoethanol, and
30% glycerol. The cDNA was heated at 100 °C for 3 min in
50 uL of distilled water, chilled, and digested with 20 uL of
enzyme in a 100-uL reaction containing 20 mM Tris-Cl (pH
8.3), 10 mM MgCl,, and 5 mM mercaptoethanol. After in-
cubation at 37 °C for 18 h in a sealed capillary, the digest was
chromatographed on a Bio-Gel P-2 column (Bio-Rad) in dis-
tilled water; the material in the void volume was dried down,
taken up in 5 gL of 10 mM EDTA, and fractionated in the
two-dimensional system of Brownlee and Sanger (1969).

Partial Digestion with Venom Phosphodiesterase. An oli-
gonucleotide efuted from a 1-cm? spot on the homochroma-
togram was typically digested with 10 ug of enzyme in 10 uL
of 0.02 M Tris-Cl (pH 8.9) and 0.01 M MgCl,. For short
oligonucleotides (5 to 15 residues), aliquots incubated at 37
°C for 0, 30, 45, and 60 min were pooled; for larger oligonu-
cleotides, the times were 0, 30, 60, and 120 min. Pooled aliquots
were mixed with 1 uL of 0.1 M EDTA and fractionated in the
two-dimensional system using a 30-min hydrolyzed, dialyzed
3% homomixture (Brownlee and Sanger, 1969).

Depurination. Total cDNA was depurinated as described
by Ling (1972), except that the diphenylamine (Sigma) was
purified by distillation; the products were fractionated in the
two-dimensional system above. Oligonucleotides were depu-

2 Except where indicated otherwise, all the sequences in the text contain
deoxynucleosides.
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rinated similarly (Galibert et al., 1974), and the products were
fractionated on 110-cm sheets of DEAE paper by electro-
phoresis at pH 3.5 for 18 h at 1.1 kV together with markers
from depurination of the total cDNA. A portion of each olig-
onucleotide was dephosphorylated before depurination by
incubation at 37 °C for 2 h in 20 uL of 20 mM Tris-Cl (pH
8.9)-5 mM MgCl; containing 0.4 mg/mL alkaline phospha-
tase.

Nearest Neighbor Analysis. Oligonucleotides were digested
for 18 h at 45 °C in a 30-uL reaction containing 5 ug of mi-
crococcal nuclease and 2 ug each of pancreatic and T1 ri-
bonucleases in 0.05 M NH4COs3 (pH 9), 0.25 mM CaCl; and
2.5 mM g-glycerophosphate. (These strong conditions were
required for complete digestion.) The samples were then dried,
washed, dissolved in 15 L of 0.05 M ammonium acetate, pH
6, and 2 mM EDTA containing 0.5 mg/mL spleen phospho-
diesterase and digested again for either 5 or 16 h at 37 °C.
Digests were then dried down, taken up in 5 uL of water, and
subjected to electrophoresis at pH 3.5 on Whatman 3 MM
paper for 1 h at SkV (Barrell, 1971). The products pCp and
Tp, which did not separate, were eluted and separated by
electrophoresis at pH 3.5 on DEAE paper for 16 h at 0.9
kV.

Limited cDNA Synthesis. Very short cDNA transcripts
were prepared, using either DNA polymerase I or reverse
transcriptase by limiting the concentration of one dNTP
(Cheng et al., 1976; Proudfoot, 1976). A reaction, typically
in 10 uL, contained two dNTPs at 50 M, the 3?P-labeled
dNTP at 3 uM, and the “limiting” dNTP at 25 to 100 nM.
With pdT;g as primer, the molar ratio of primer to template
was 100; with pdT,oCA, it was 20. Prior to synthesis, the
mRNA and primer were heated together to 90 °C for 1 min,
chilled, and then incubated in 0.07 M Tris-Cl (pH 8.3) and
0.07 M KCl for 30 min at 37 °C. Synthesis was carried out at
37 °C for 30 min, and the reaction mixtures were loaded di-
rectly on DEAE-cellulose thin layers.

The Gel Sequencing Method (Adapted from Brownlee and
Cartwright, 1977). The mRNA (3 pg) and a 20-fold molar
excess of pdT;oCA were first heated at 90 °C for 1 min, and
then incubated at 37 °C for 30 min in 0.07 M KCland 0.07 M
Tris-Cl (pH 8.3) to permit hybridization. To get the full range
of product sizes required for this sequencing method, we found
it best to mix cDNA synthesized in two reactions. Each con-
tained 0.04 M Tris-Cl (pH 8.3), 0.04 M KCl, 10 mM di-
thiothreitol, 5 mM MgCl,, 30 pg/mL mRNA, 7 pg/mL
pdT0CA, and 10 units of reverse transcriptase, but the sub-
strate concentration differed: (a) a short product was made
(usually in 50 uL) with each dNTP at 3 uM; (b) a longer
product was made (usually in 25 uL) with three dNTP at 10
M and the labeled dNTP at 3 uM. Sometimes, a third reac-
tion (¢) was included in which each unlabeled dNTP was 50
M but the Mg2* concentration was dropped to 0.5 mM. The
reaction mixtures were incubated at 37 °C, and S- or 10-uL
aliquots were added to 50 uL of 0.05 M EDTA after 0.5, 1, 2,
3,5,and 10 min for a and b, and after 10, 20, and 30 min for
¢. The pooled aliquots were then extracted once with water-
saturated phenol, and the phenol was removed by three ether
extractions. Residual ether was evaporated and the cDNA
passed through a Sephadex G-50 column at 4 °C in 10 mM
KCl-2 mM Tris-Cl (pH 7.8). Fractions containing the cDNA
were dried down.

The cDNA was rehybridized to excess mRNA (Brownlee
and Cartwright, 1977) by taking up the cDNA in a 20-uL
volume containing 4 ug of mRNA and a final concentration
of 1 M KCI-50 mM Tris-Cl (pH 7.8). The sample was heated
at 100 °C for 1 min, incubated at 65 °C for 75 min, chilled, and
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A i T
FIGURE 1: Depurination fingerprints of cDNA labeled with (a) dATP

and (b) TTP. The depurination products were fractionated by electro-
phoresis and then homochromatography, as described by Ling (1972).

diluted to 40 uL with water; 4-uL aliquots were than taken for
incubation in “plus” and “minus” reactions. The four “minus”
reactions contained 0.04 M Tris-Cl (pH 8.3), 5 mM MgCl,,
10 mM dithiothreitol, 1 unit of reverse transcriptase, 4 uL of
hybrid and 15 uM of each of three dNTP in 10 pL; after in-
cubation at 37 °C for 30 min, synthesis was stopped by adding
1 pL of 0.1 M EDTA. The “plus” reactions (10 uL) contained
0.04 M Tris-Cl (pH 7.8), 0.5 mM MnCl,, 20 mM mercapto-
ethanol, 4 uL of hybrid, 1 unit of DNA polymerase I, and 50
pM of a single ANTP. The samples were incubated at 30 °C
for 30 min and then 1 gL of 0.1 M EDTA was added.

Gel electrophoresis was carried out on 12 or 15% polyac-
rylamide slab gels (20 X 40 X 0.2 ¢cm) containing 7 M urea,
0.09 M Tris-borate (pH 8.3), and 2.5 mM EDTA (Brownlee
and Cartwright, 1977). The acrylamide was Bio-Rad “elec-
trophoresis purity” grade and the urea was Schwarz/Mann
Ultra Pure or B.D.H. “Aristar”. The acrylamide stock solution
(29 g of acrylamide to 1 g of bisacrylamide) and urea were
deionized together by stirring for 1 h with Bio-Rad AG 501-X8
ion-exchange resin (4 g/100 mL solution) and the resin re-
moved by filtration. Samples for the gel were taken up with 10
uL of 0.03% bromophenol blue-0.03% xylene cyanol FF-2.5
mM EDTA in 90% deionized formamide and heated at 90 °C
for 3 min before loading. The gel was run at room temperature
at constant voltage (600 V, 30-40 mA) until the bromophenol
blue reached the bottom of the gel for a short run (about 5 h)
or until the xylene cyanol FF dye was 35 cm from the top
(about 10 h). For an autoradiographic exposure of more than
1 day, the gels were either frozen or fixed with 10% acetic acid
for 20 min.

Results

Analysis of cDNA Using Endonuclease I'V. To monitor the
complexity of different cDNA preparations made on the «
chain mRNA, depurination fingerprints (Ling, 1972) proved
useful. In general, dATP-labeled preparations gave a simple
depurination fingerprint like that in Figure 1a, and dGTP-
labeled preparations a slightly more complex one, while the
dCTP- and TTP-labeled preparations usually gave highly
complex fingerprints like that shown in Figure 1b. Analysis
of the size of different cDNA preparations by electrophoresis
on polyacrylamide gels (not shown) led to a similar conclusion;
the dGTP- and dATP-labeled products were predominantly
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FIGURE 2: Endonuclease IV fingerprints of (a) [32P]dATP-labeled cDNA
and (b) [32P]dGTP-labeled cDNA.

50 to 100 residues in length, while the preparations labeled with
dCTP or TTP were mainly several hundred residues long.

We then digested different cDNA preparations with T4
endonuclease 1V, which yields products primarily of the
structure pdC . . . Noy (Galibert et al., 1974; Proudfoot, 1976;
Cheng et al., 1976; Bernardi et al., 1976). We obtained the
simplest and most reproducible fingerprints with dATP-labeled
c¢DNA, one of which is shown in Figure 2a. The fingerprint of
dGTP-labeled cDNA (Figure 2b) was rather different, but we
were able, by subsequent analysis, to relate a few of the
oligonucleotides to those present in Figure 2a. No satisfactory
fingerprints were obtained from several preparations of dCTP-
or TTP-labeled cDNA, probably because the cDNA was too
complex. Usually the endonuclease IV fingerprints contained
large amounts of undigested, or partially digested material on
the origin, some of which can be seen in Figure 2b. The origin
material in the dATP fingerprint (Figure 2a) proved to be
mainly poly(A), as expected from other studies (Proudfoot and
Brownlee, 1974; Proudfoot, 1976); this accounts for the mas-
sive amount of P; present in the corresponding depurination
fingerprint (Figure la). However, with other input labels,
depurination analysis of the origin material indicated that it
was nearly as complex as the initial cDNA.

The analysis of oligonucleotides isolated from the endonu-
clease IV fingerprints is shown in Table I. First a nearest
neighbor analysis was made; the method used to fractionate
the products did not resolve pCp, derived from 5’ ends from Tp,
but these two products could be resolved subsequently. Second,
each oligonucleotide was subjected to depurination, which
yields products of the form p(Py),.p, in addition to P; from the
purine-purine linkages. The products were fractionated by
electrophoresis at pH 3.5 on DEAE paper (Galibert et al.,
1974), and the mobilities of those studied here, as well as many
marker oligonucleotides, are shown in Figure 3. To identify
5’-terminal pyrimidine tracts, a portion of each oligonucleotide
was dephosphorylated before depurination (Ziff et al., 1973).
For example, if the depurination products from a dATP-la-
beled oligonucleotide included pCpTp, while the dephospho-
rylated oligonucleotide gave CpTp instead, one could conclude

4119



BERNARD ET AL.

‘99 Jo pus ¢ pawnsard ay) uodn
Paseq st sasatpjuared ur ) YL y "us9s 1onpoid 9sedjnuoxs [erjIed ISO[RWS dU} JO ZIS J[} WOI) A[dYI{UN 1B SINPISII FUTUSAIIIUT PUR A] SSBIJONUOPUS JO AIDHIOAdS 31} JO MIIA Ul A[oxy] ST snurwra) ¢ d oyl
frLVOLV WRIuod jsnul 99) Jo pud | S 911 JB1[] $91BIIPUL §) U0 SI[NSII 3]} M uosueduwod VgV )M uosaeduwiod £q papnoxa 218 sINPISAI [FUOTIIPPE AUk (saouanbos v [ (nd) pue Yy Aq papedaid aq jsnur
2ouanbas poatrsp-aseaonuoxa ay L, "d(1L ‘))d dwos Jo 20udsaId 3} 10§ SHUNOIOE ST} Juny} oM PUE OPIIOAONUOSIO IJOUR [IIM PIIBUILERIUOD SEM $9Dy “umouy Jou ST 19pIO Y} dIayM ouanbas oy jo syred
070TpUI SBWIUIO) pue $3sdyjuared ()Fus] paurwiisiapun jo ded e 91edoIput s10(] g 'sosdyjuared ut uaaid st dT, snid d)yd Suneuonor1faI JO 1[NsaI Ayl {I9qUINU PAZIOI[EIL U} O) SAIIR[SI PAssaldxa s3msay fPa[oqe|
10U “IN ‘(SPOYI9W PUE S[ELI2IER 995) uorje[AIoljdsoijdop IajJe pue a10jaq syonpord uoneurindop Surreduwiod Aq PIUTWIIDIA(] » "USAIS ST IoqUINU PAZI[E} Y} O} SATIR[aI P[AIA Fejour A} ‘payyriuenb arom sjjus
-31 9} 2IAYM p UIIS 9q P[NOD YdS ISIF A1 1B SAIEDIPUI HO-,€ B MY ‘(JUIR] 00} JIIM 10) [[oM IAJOSII JOU PIP YOIM 20uanbas a1 jo s11ed 91edIpUI $10(] 5 “IZIS UMOUY JO dUO PUE JONPOId B UsImIaq SOpl
-09ponu jurej Surunod Aq AJensn ‘wWeISoIeWOIOOWO A} U0 uonisod woiy payewrnsa sem [15uaf AL g -7 9IS LUT PIILIIPU 3SOY) 9T€ SIAQUINU 1) PUE JLNP Po[eqel-d, - Jndur oY) sa)edIpul 13))9] SYLp

HODYyyv LVOLV(D) DV - o1 <l N qgdidg HOHyyvvivoly: - ST 89
(d1)
HOyDDHVVVY - OIng * 01 07 IN 1qd1d HOypDoVYVY" - ST LD
(dr)
MO Y VYVVLVOLY(Dd) 1T I'1 IN 4 d1d HODDHVVVVLY - €1 99
HOLy)9V.LLVIVVVDd (dpdy ‘dL7) STO7 (v)dod 'qd:dpd «drd ‘dpL1d HOvO9VILVLY " €1 8V
(dpdy ‘dL7) qr1e
HOOLYDIOHVILI(VL ‘'VV)VDd 0¢ TToI (v)dod ‘dyd g1 drd g0 ‘dLLd 0'T HOn L y)OVLLY * ¥1 LV
(dr)
HOLHvOVY “(DInd * "HV) - 01 9 IN 4 <d1d HOHyovy - ¥l 59}
OLOCL  VOLLVLLLY - (d1) Q¥ d
07 gl IN yd(L0)d ‘dLd ‘d LL¢ VOLLVLLID S o
(d1)
SOLOYL) CLL 31 0l "IN 4 4drrd «d(Q “1)d 0¢ £D
(dod| ‘dL7) Hopdadgrdrdot S VIVVOLLVLLLOVOLDY -
S VIVVOLLVLLLOVILOVOVY VDL £t yieeor (v)dod ‘d(L*0)d 07 ‘d(O 1) ¢°¢ pue " "LLIJVILOVOVY " 0g £V
gpasodoid 20udnboag dp+dpd dondydD o Teue ps1onpoid uoneurmdacq 5 UO011$ITIp HETIONUOXD [BIIIRY (sonpisar) pou
. dnoid qU3ua] joupoid
/£ 'TBuUE 10QUSIou 1521eoN e poyemmSy

"V N0 WOIj $1onpoid uonsadyq A] osea[onuopuy jo sisA[euy :f A TdV.L

18, 1977

16, NO.

VOL.

BIOCHEMISTRY,

4120



3’ NONCODING SEQUENCE FROM IMMUNOGLOBULIN MRNA
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FIGURE 3: Electrophoretic mobility of depurination products on DEAE
paper at pH 3.5. The blue dye marker xylene cyanol FF (B) migrated about
22 cmin a standard run of 18 hat 1.1 kV. P;ran 3.7 times as far as the dye
marker.

that the 5 end of the oligonucleotide was pCpTpA . . .. Finally,
a major portion of each oligonucleotide was partially digested
with the 3’-exonuclease venom phosphodiesterase, and the
products were resolved by a two-dimensional procedure (see
Galibert et al., 1974). Examples of partial digestion are shown
in Figure 4. In this “wandering spot” method, the 3’-terminal
residue removed at each step is inferred from the shift in mo-
bility between successively smaller products; the shift expected
from former studies (Galibert et al., 1974; Donelson et al.,
1975) for removal of each mononucleotide is indicated by ar-
rows in the insets in Figure 4. Unfortunately we were unable
to obtain the full range of partial digestion products from any
oligonucleotide, and indeed none were obtained from some
oligonucleotides, even with digestion conditions considerably
stronger than usual.

The analysis of the prominent oligonucleotide A3 isolated
from the dATP fingerprint (Figure 2a) will illustrate the way
in which sequences were derived. Partial exonuclease digestion
in two experiments, one of which is shown in Figure 4, sug-
gested the tentative sequence . .. AAGACTCACTTTATT-
GAATA . ... Toaccount for the label in the smallest partial
product detected, another A must precede this sequence and
pCp(A) was found to be the 5’ terminus, suggesting that the
sequence begins pCAAAG . . .. The sequence inferred thus far
accounts for the pC(A), Pu(C,T)A, Pu(T;C)A, and Pu(T)A
sequences required by the depurination analysis (Table I).
Similarly, the nearest neighbor analysis required 3 A-A se-
quences, one internal C-A, the 5’-terminal pC-A, one T-A, and
one or two G-A sequences, all of which are accounted for. The
partial analysis of closely related dGTP-labeled products G3
and G4 confirmed the Pu-T-T-G and A-G sequences and
suggested that the 3’-terminal portion of the oligonucleotide
contains a Pu(T4C)TG sequence (Table I).

No unequivocal overlaps were found between the sequences
of the endonuclease IV products analyzed in Table I. However,
a comparison of the analyses of A3 and G5 suggests that G5
may overlap the 5 end of A3. Moreover, an overlap may exist

BIOCHEMISTRY, VOL. 16, NO. 18, 1977

*
@
A
A G A ®
¥
C k| ®
T L 3
® A
-
* A'
A
- L4
L ®
G i
@ -
Te ¢
G [ ]
°
a

FIGURE 4: Fractionation of partial venom exonuclease digestion products
from oligonucleotides (a) A7 and (b) G6. The oligonucleotides were iso-
lated from the fingerprints shown in Figure 2. Arrows in the inset indicate
the mobility shifts expected on removal of each nucleoside monophos-
phate.

between the 3’-terminal AGCATG of A7 and the 5'-terminal
..AG .. (C)ATG of G8.

5’-Terminal Portion of the cDNA. Since we did not identify
endonuclease [V products containing oligo(dT) (Table 1), we
had recourse to the “limited synthesis” method (Cheng et al.,
1976; Proudfoot, 1976) to determine the 5’-terminal part of
the cDNA sequence. In this method, synthesis of cDNA is
restricted to products about 10-40 residues long by supplying
one of the four dNTPs at only 10 to 100 nM; the products
found represent predominantly “pauses” at the position where
the limiting dNTP would be incorporated (Proudfoot, 1976;
Cheng et al., 1976).

Since the 5’ end of MOPC 21 cDNA is known to be oli-
go(dT)CA . . . (Proudfoot and Brownlee, 1976), we tested as
primer, in addition to pdT,p, the oligodeoxynucleotide
pdT;oCA, which was synthesized by Drs. S. Gillam and M.
Smith by the method of Gillam et al. (1974). The products
were fractionated directly by homochromatography, and
Figure 5 shows those obtained when TTP was limiting. The
results indicated that both pdT;g, used in the experiment of
Figure 5a, and pdT;oCA, used in that of Figure 5b, primed
synthesis. Nucleotides 1 and 2 in Figure 5a appear as double
spots, probably because of incomplete “phasing” by the low
TTP concentration (see Cheng et al., 1976).

The analysis of the limited synthesis is given in Table II.
Identification of the product dT;oCon (line 1, Table II) to-
gether with the excellent priming obtained with pdT;pCA
suggested that the cDNA sequence begins T,CA . . .. More-
over, a major product in a similar experiment in which dATP
was labeled (limiting dGTP) was identified as pdT10CAAon.
Taken together with the results on product 2 in Table 11, this
indicated that the sequence starts T,CAAG . .. Analysis of
oligonucleotide 3 (Table II) required PuTG and GC(Pu) se-
quences, and the analysis of a similar TTP-labeled product (not
shown) required a GTG sequence; this suggested that the
cDNA sequence begins T,CAAGTGC ... Comparing the
analysis of oligonucleotide 6 in Table II with the sequences in
Table I strongly suggests that its sequence overlaps that of A3
and G5 in Table I; evidence confirming this overlap was pro-

4121



BERNARD ET AL.

E g Sn = b
CQ| SC3%
NE| 2§52
T n82E
P L g,
S| 3 ES9SE
SII| EZez
SSS| EREE
% h:t E: t g e ER:
g Smm=| 2ET2
I TR
% LJQQ?D LOO £ 2
S FRERRRIREEE -3
= S SERERER S2EL 3
HEEE R L b IR S
(] J g
S CREERREERERERIR-EEY 4
iR E 1
Loy
S ) = < 1 5
S5 BEREEE 3 |
SCEEFEEEEIR R 6
833 333333 3Le2 > ¥
o< < sEEs # 8
QLLQ QLuLQLQLl EQes
FERE EEEEREE| S S g o
TTT YW v T T T T <2;":-.°m
O : o <« é
A =2 R &
S| EhEe el e
; PR G
k5] &) 0o 8 s 2 b
= T L ow a
k=] = E<g @
= ol agEs o .
& ﬁ ;‘ o & i: FIGURE 5: Fractionation by homochromatography of cDNA synthesized
g o~ s 5 % with limiting TTP. In a, cDNA was made with DNA polymerase I, a pT1o
g g g B es 2 primer and [32P]dCTP; in b with reverse transcriptase, the pdT;oCA
s | g - [: [-[: CREhae primer and [32P]dGTP. The dark streak near the top in b results from
=1} Sas 1 §8agg trailing by the labeled dGTP.
8 & I = Py
= o & osdd | 5E2ER . - . o .
3 o o BEE s R EQ vided by other limited synthesis experiments in which the input
5 & §2853 32P]dATP, dGTP, or dTTP. The sequences of the
o) -5 = 22°2 Ex272 label was [*?P] , , . quel
& weoE v R gz smaller limited synthesis products in Table IT were interpreted
8y ooy 22 % £ on the basis of this overlap, which is italicized in the table. Thus
2 Lg: L‘g; g -—;; 28k the limited synthesis data taken together with the sequences
E ) P ol anll e c2e 822 of A3 and G5 provided a tentative sequence for the first 27
£} o . .
- E 2 222 2 8 .EDE 5 residues after the oligo dT (Table 1I).
& 8 ) g dad 3595° E Rapid Sequencing of the cDNA by Gel Electrophoresis. In
E E ST o zzcs 53% § g order to confirm and extend the cDNA sequence, we then used
b 2% & 288 | g gﬁ an adaptation (Brownlee and Cartwright, 1977) of the method
o al 3 E S g of Sanger and Coulson (1974). First, reverse transcriptase was
§ &5 S| &8 E g g used to synthesize a set of labeled cDNA molecules extending
£ " 5 Z % g g g2 variable distances from a!‘stgrtin”g point fixed by the primer
o 3 g & & REE™ e pdCT;oCA. Then, in the “minus” system, the cDNA was ex-
= 3 &g & = 8~ = é" = tended further in four separate reactions, each of which con-
15 = v & gab s o3 252 tained only three dNTPs, so that synthesis of each cDNA
§ -§ S &2 &‘ ) = e:‘ ks 5 8 é molecule would progress to the position of the missing dNTP.
S £ o " &8 z & 2 E =g :. The products were then displayed by electrophoresis in four
ERE . 25 85ER o E 25 5% channels of a 15% polyacrylan;i;i; slabl gel. N
- |2 A (O ST 44 X a—=0 & Figure 6a shows that ver results were obtained wi
g % : (28;6; 2 g g q 5‘" 2 E E g [; % the n?inus system. The sequingcc “read” by considering which
5 EES E0EE EegE e ; s ;
2 | BEEER EREE %| & g5S = 2 channel contained a labeled band at each position on this gel
& H E2g? 2 (or on other gels) is shown on the left in the figure. This se-
< | & 2 ‘?3. ppe Syg&ee quence is consistent with the endonuclease IV data in Table
& 5 g3t Id be read starting onl
a ) =) cowna §8 < I. In the gel shown, the sequence could be read starting only
; % N E "é ?, 2% from position 15 (13 residues from the primer), but on several
2 & & &&EE E£esTEE other gels, it could be read from position 10, and in one ex-
b p = 222 & 2g38 g ~ periment, from position 5. Moreover, Figure 6b shows that with
p< g 28 s888 g 2 .% £ g 2 a longer gel run the minus system permitted a sequence to be
S “lpeeg o232 G| E8835t read with little ambiguity out to at least residue 104.
g FRHA< ma-a <3 ?é’ :'E 2 A related technique developed by Sanger and- C0ulspn
= P §~ 3 gg 4 (1974) is the “plus” system; labeled cDNA (hybridized to its
= B0 = - . . . . . .
o S| v Fwoad é %-u § @ template) is incubated in four reactions, ea::h of which contains
) g2 CEZEZ a single dNTP and a polymerase with 3’-exonucleolytic ac-
i e ¢S Aan tivity, such as T4 DNA polymerase. Each cDNA molecule

4122 BIOCHEMISTRY, VOL. 16, NO. 18, 1977



3/ NONCODING SEQUENCE FROM IMMUNOGLOBULIN MRNA

"minus” "plus”
ACGT ACGT S b
]
90 A
%‘ %‘n 6
sk 55 s 5
¢
taf W A
? i3 §
50 A A 50 80 AG
: % Ly
17
45 2 o 45 oL 8
M i § =
A A 0 A !
o T m 40 6 -
[A) A A ]
: : | -
A wies o A -
LI 35 A 1
1 % E b
(P [i] 60 A
30
T ——— t.
% A G \ :
( m 55 Gk
s r;un D I
T
A T 50 . i
20 $ [?] 20 s
§ (c) . T
4 W
I5 i q " !
0 ;
L —
35 i i ‘Q
B

FIGURE 6: Fractionation of cDNA products subjected to the “minus” and “plus” reactions during (a) a short run; (b) a longer run. For the short run,
a 15% polyacrylamide gel was subjected to electrophoresis at 600 V for 8 h; for the long run, a 12% gel was run at 600 V for 12 h. In a, the sequence
on the left is that read using the minus system, while the sequence on the right is that read from the plus system. Only the sequence read from the minus
system is shown in b. Solid brackets enclose residues which cannot be seen clearly in this gel but were detected on others; broken brackets enclose residues
not detected by the gel method but known from endonuclease I'V products. Residues where the gel method leaves an ambiguity are shown within pa-
rentheses. The asterisk at position 57 indicates where two C residues are required from the analysis of product G6 (Table I).

should then be degraded to the position where the dNTP
supplied can be inserted. Brownlee and Cartwright (1977) have
introduced a plus system based upon the 3’-exonucleolytic
activity of E. coli polymerase I, which can be blocked by a
single ANTP complementary to the template (Brutlag and
Kornberg, 1972). The results we obtained with this system are
shown on the right side of Figure 6a. It is clear from the bands
on the gel that degradation was not random. Moreover, the
sequence inferred from the plus system was in part consistent
with that obtained with the minus. However, there were many
gaps and several prominent artifacts were found regularly.
These include the C at position 18 and the C and G at position
37. The source of these artifacts is not clear (see below).

Discussion

Determination of the cDN A Sequence. Figure 7 illustrates
the way in which the sequence of the MOPC 41A « chain
cDNA was built up from the endonuclease IV data, limited
synthesis experiments, and the gel sequencing method. From
position 5 to 59, the sequence read from the gel is strongly
supported by the other data. We regard the sequence beyond
position 59 as tentative since the sequence was derived from
the “minus” gel method alone. From the agreement in the

BIOCHEMISTRY, VOL.

earlier part of the sequence, it seems likely that this gel method
gives about 90% accuracy.

The major limitations of the endonuclease IV procedure
were that the fingerprints were not reproducible and that often
a large fraction of the cDNA was undigested. We were unable
to obtain oligonucleotides labeled separately with each of the
four dNTPs, and this hampered the determination of olig-
onucleotide sequences. In part, the irreproducibility of the
fingerprints, found also by Cheng et al. (1976), may reflect the
difficulty of controlling the length of cDNA preparations; it
is known that endonuclease I'V will not digest double-stranded
DNA (Sadowski and Hurwitz, 1969), and it is conceivable that
cDNA molecules of different length assume conformations
with different base-paired regions. Another problem with this
procedure was that no clear overlaps were found between the
digestion products, nor with the oligo(dT) primer. It was
possible, however, to determine the sequence immediately after
the primer by the limited synthesis method, developed in recent
studies on other cDNAs (Cheng et al., 1976; Proudfoot,
1976).

In accord with studies by Brownlee and Cartwright (1977)
and Hamlyn et al. (1977), we obtained good results with the
“minus” gel sequencing method. The band patterns were re-
1977 4123
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FIGURE 7: Derivation of the sequence of MOPC 41A «x cDNA. Lines
below the sequence indicate endonuclease 1V products and the dotted line
limited synthesis products. The line above the cDNA sequence indicates
the sequence read from the “minus™ gel system, and the gaps in that line
indicate positions where no residue was detected. Residues in parentheses
were detected on only one gel, and dashes in the sequence indicate positions
where the spacing on the gel suggests another residue should be insert-
ed.

producible and there was little ambiguity, in the sense of two
bands at the same position on the gel. Although the sequence
near the primer has not usually been detected in gel experi-
ments by others, quite short sequences were often detectable
with our procedures.

A significant problem encountered with the “minus” gel
technique was that certain bands were consistently very faint,
or absent. Presumably faint bands result mainly from low levels
of the corresponding products in the initial synthesis, which
may be due in turn to barriers caused by the secondary struc-
ture of the template. A more even distribution of products in
the initial synthesis could be achieved by mixing cDNA made
under different conditions (see Materials and Methods). We
found that faint bands in the lower region of the gel can also
result from “read-through” during the minus reactions.
Read-through occurred mainly in our early minus C reactions
and could be reduced by lowering the ANTP concentration in
those reactions, so we think it resulted from traces of dCTP
contaminating one of the other dNTPs. Another problem,
noted by Sanger and Coulson (1974), was that in runs of a
single nucleotide, we seldom saw all members of the series. In
theory, the length of the resulting gap on the gel should allow
one to determine the number of missing residues, but variation
in the spacing between bands introduced uncertainty. For
example, based upon the gel results alone, we probably would
not have placed all four A residues at positions 52-55 nor two
C residues at position 57-58. Related problems with the gel
technique have been found by others (Fiddes, 1976; Air et al.,
1976; Brownlee and Cartwright, 1977).

Our attempts to use a “plus” gel system based upon the
3’-exonucleolytic activity of E. coli DNA polymerase 1
(Brownlee and Cartwright, 1977) were less successful. A
puzzling, persistent artifact was found in which a few strong
bands appeared as doublets at positions where a single residue
was required by other data (see Results). This result raises the
possibility that the E. coli enzyme sometimes adds an extra
residue to the end of a transcript in a nontemplate dependent
fashion, although it is difficult to explain why this would
happen only with certain sequences. Some misincorporation
by this enzyme at the ends of transcripts made on RNA tem-
plates has been reported by Proudfoot (1976). Other problems
with the plus system were that some regions of the gel were
almost blank and that many positions gave an ambiguous se-
quence. These deficiencies may result from overdegradation
by the E. coli enzyme. Somewhat better results on ovalbumin
c¢DNA have been obtained by Brownlee and Cartwright (1977)
at pH 9.2, but the reaction conditions were found to be very
critical. Our attempts to improve the plus system by altering
the reaction temperature or the concentration of enzyme or
dNTP have not been successful.

Significance of the mRNA Sequence. By complementarity,
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FIGURE 8: Sequence proposed for the 3’-terminal portion of MOPC 41A
x mMRNA. The sequence is the RNA complement of that shown in Figure
7, and the parentheses and dashes are used as indicated in that figure
legend. The residues are numbered starting from the poly(A) tract.

the sequence near the 3’ end of the MOPC 41 A « chain mRNA
can now be written as shown in Figure 8. To determine whether
any of this sequence reaches the coding region, it was compared
with the partial nucleotide sequence which can be inferred from
the C-terminal amino acid sequence of the x chain. No overlap
was found, so the noncoding region in the MOPC 41A mRNA
must be more than 100 residues long. This is not particularly
surprising, because oligonucleotide sequences presented by
Milstein et al. (1974) suggested that this region in the MOPC
21 mRNA may contain 200 + 50 residues. The equivalent
regions in rabbit - and 8-globin mRN As contain about 89 and
95 residues, respectively (Proudfoot, 1976), and that in oval-
bumin mRNA probably contains more than 250 residues
(Cheng et al., 1976; Brownlee and Cartwright, 1977).

The sequence of the first 45 residues before the poly(A) in
Figure 8 is identical with the sequence of the equivalent region
in MOPC 21 mRNA (Milstein et al., 1974; Proudfoot and
Brownlee, 1976, and personal communication). Since sub-
mission of our manuscript, Hamlyn et al. (1977) have reported
the sequence of 88 residues before the poly(A) in the MOPC
21 mRNA. The sequence of the first 60 residues is identical
with that reported here, but the two proposed sequences differ
at a number of residues after position 60. This result may in-
dicate that there is more than one C, gene in the mouse.
However, because the apparent differences reside mainly in
the length of runs, further analysis of the sequences in this
region will be required to determine whether the differences
are real, or result from methodological problems. Other types
of data do not clearly indicate whether there is a single mouse
C, gene. The reported amino acid sequences for the MOPC 41
and MOPC 21 « constant regions are not in fact identical, but
the differences involve two interchanges which may be due to
sequencing errors (Gray et al., 1967; Svasti and Milstein, 1973;
McKean et al., 1972; Schiff and Fougereau, 1975). Nucleic
acid hybridization data indicate that the « constant region gene,
together with the associated noncoding region, is present in one
to five copies in a haploid mouse genome (Faust et al., 1974;
Honjo et al.,, 1974; Stavenzer et al., 1974; Tonegawa et al.,
1974; Rabbitts et al., 1975). Even if there were only a single
constant region gene, it is not obvious that two different «
mRNAs would have identical noncoding regions, because this
region might be altered during the presumed translocation
event (Gally and Edelman, 1970) which links the « variable
and constant regions genes.

Earlier it was suggested that two base-paired loops exist near
the poly(A) sequence in the k mRNA, in §-globin mRNA and
possibly in many other mRNAs (Proudfoot and Brownlee,
1974); however, consideration of other messenger sequences
and a more quantitative assessment of the probable stability
of the proposed loops raised doubts about this (Proudfoot,
1976; Cheng et al., 1976). For example, the two loops proposed
for the k mMRNA, which involve pairing of residues 2-6 with
15-19 and 25-31 with 37-43, would have only marginal sta-
bility (AG of formation = —3.3 and —2.0 kcal, respectively),
as assessed by the rules of Tinoco et al. (1973). Indeed, the
sequerce reported here contains no long self-complementary
sequences; this may mean that the region has a relatively un-
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defined secondary structure, or that it forms base pairs with
another part of the molecule. It is noteworthy that the sequence
contains no lengthy U-rich region; therefore the sequence
cannot form extensive base pairs with the poly(A) tract. There
is evidence that the poly(A) sequences of some mammalian
mRNAs are hydrogen-bonded at a U-rich sequence (Jeffery
and Brawerman, 1975).

Nucleotide sequences have now been determined in the
¥’-terminal region of six purified mRNAs of vertebrates (the
a- and B-globin mRNAs of rabbit and man, the mouse « chain
mRNA, and the chicken ovalbumin mRNA), and Proudfoot
and Brownlee (1976) have compared the sequences of the first
30 residues preceding the poly(A) tracts. The only common
feature is the hexanucleotide AAUAAA, located within the
sequence 14 to 25 residues from the poly(A) tracts. We have
compared the longer sequence reported here with the known
sequences in other mRNAs but have found no further notable
homology. Thus the hope that comparison of the sequences
would reveal a highly conserved region, concerned with some
common messenger function such as termination of tran-
scription, processing from a nuclear precursor, or poly(A)
addition, has not yet been realized. Nevertheless, the extensive
homology found between sequences in the 3’ noncoding regions
of the globin mRNAs of rabbit and man argues that this region
does have some sequence-specific function (Proudfoot and
Brownlee, 1976).
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