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Specific Immunoglobulin cDNA Clones 
Produced from Hybridoma Cell Lines and 

Murine Spleen Fragment Cultures by 
3SR Amplification 

C.A. Stillman, 1 P.J. Linton, 2 P.J. Koutz, 1 D.J. Decker, 2 N.R. Klinman, 2 and T.R. Gingeras 1'3 

1Life Sciences Research Laboratory, Baxter Diagnostics, Inc., San Diego, California 92121; 2Scripps Research Institute, 
La Jolla, California 92037 

The Isothermal 3SR amplification 
method has been employed to assist 
in cloning the V L and V~ genes from 
cells of hybridomas and splenic frag- 
ment cultures expressing antibodies 
for phosphorylcholine (PC) and es- 
tradioi (E2), respectively. As a first 
step, pools of degenerate primer 
pairs were identified complementary 
to immunoglobulin light and heavy 
chain variable (10 genes and capable 
of amplifying immunoglobulin RNA 
specifically at 42~ To evaluate the 
functionality of the 3SR-cloned im- 
munoglobulin genes, anti-PC V H and 
V L cDNAs were joined together to 
form a single chain (sc) antibody 
construct and were expressed in Es- 
cherichla coil under the regulation of 
the alkaline phosphatase (phoA) pro- 
moter. Similarly, the combination of 
a murine spleen fragment and 3$R 
methodologies were employed to 
clone a selected pool of cDNAs for 
cultures producing anti-estradiol an- 
tibodies. This approach of using the 
murine spleen fragment and 3SR iso- 
thermal amplification offers the 
advantages of B-cell follicle architec- 
ture for antigen-driven B-cell matu- 
ration and proliferation and RNA- 
specific amplification, respectively. 
The potential utility of these advan- 
tages for the production of mono- 
clonal antibodies and for providing 
the capability of studying memory 
B-cell development are discussed. 
3present address: Affymetrix, Santa Clara, California 
95051. 

R e a r r a n g e m e n t s  of the variable (V)- 
gene segments of immunoglobu l in  
heavy (VH, D, and JH) and light (V~, J~ 
and V K, JK) chains, coupled with the pair- 
ing of different rearranged V H and V L 
genes constitute the genetic repertoire 
available to mammal i an  i m m u n e  sys- 
tems in responding to foreign antigens. 
In mice this immunologic  repertoire has 
been estimated to be > 5 x  107 combina-  
tions. ~'2~ On its surface, each B cell pre- 
sents only one pair of heavy and light 
chain combinat ions  that bind the stim- 
ulating antigen. It is hypothesized that 
B cells are selected for expansion based 
on both the affinity and kinetic proper- 
ties of the antigen-cell  surface ant ibody 
interaction. (3~ It is in this manner  that the 
i m m u n e  system sorts through the com- 
inations of V H and V L gene pairings. 

Hybr idoma technology allows for the 
isolation of B cells containing specifi- 
cally paired V H and V L genes and, in 
turn, provides a source of secreted anti- 
bodies of unique specificity. (4~ The appli- 
cation of the PCR amplification to the V 
genes present in hybr idoma cell lines (s~ 
or single hybr idoma cells, ~m followed by 
subsequent  cloning and expression in 
m a m m a l i a n  cells (s~ or bacteria, ~7~ per- 
mits the isolation and retent ion of the 
original V H and V L chains in a highly 
engineered environment .  However, 
when heterogeneous populat ions of cir- 
culating lymphocytes are used as a 
source of VH and VL genes, specific pair- 
ings are lost after the PCR amplification 
and subsequent  cloning and expression. 
In an effort to recover the originally 

paired V H and V L genes, as well as to test 
novel synthetic V gene combinat ions ,  a 
bacteriophage display approach has 
been used. Antibodies engineered as sin- 
gle chain (sc) ~8~ or heterodimeric  Fab ~9~ 
constructs have been displayed on the 
surface of a f i lamentous phage (fd) as a 
fusion of the phage pIII protein.  Fusions 
of the phage pVIII protein also have 
been used to display ant ibody fragments  
on the surface of the fd phage. ~1~ 
Binding of the displayed ant ibody on the 
surface of the phage with ant igen can be 
used as a way to recover antibodies com- 
posed of the original or novel VH and V L 
gene pairings. However, because each 
phage contains only one such V H and V L 
pairing, the frequency of the occurrence 
of any single V H and V L pairing is <1 /  
108 . Consequently,  it is necessary to con- 
struct phage display libraries of 1011 cop- 
ies in order to detect specific V H and V L 
combinat ion.  To recover antibodies of 
especially high affinity or unique speci- 
ficity, the size of a phage display library 
may have to be >101~ copies. 

In this report we describe the use of 
an alternative to hybr idoma  cell lines or 
circulating lymphocytes  as a source of 
antibodies of monoc lona l  specificity. A 
spleen f ragment  culture me thod  com- 
bined with the self-sustained sequence 
replication (3SR) protocol  have been 
used to clone VH and VL cDNAs from cul- 
tures expressing anti-estradiol (E2) anti- 
bodies. The isothermal 3SR m e t h o d  of 
nucleic acid amplif icat ion was employed 
because of its capability to amplify RNA 
specifically.(13'14) 
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MATERIALS AND METHODS 

Murine Splenic Fragment Culture: 
Production of Anti-Estradiol 
Antibodies 

The splenic f ragment  culture me thod  
has been described previously. (ls-~8) The 
combinat ion of this me thod  and the 3SR 
procedure is depicted in Figure 1. Briefly, 
donor BALB/c mice were each injected 
twice with 100 ~g of estradiol b (E2) cou- 
pled to Limulus polyphemus hemocyan in  
(Hy) (gift from F. Boches, Baxter Diag- 
nostics, Inc., Miami, FL) at 2 -month  in- 
tervals. One to two months  after the sec- 
ond injection, - l x 1 0 8  to 2x108 whole 
spleen cells were collected from the do- 
nor mouse. MHC syngeneic, Hy (car- 
rier)-primed recipient mice were lethally 
irradiated with 1300 rads, and - 4 x  106 

donor  spleen cells were transferred intra- 
venously. Within 24 hr  of cell transfer, 
the recipient 's spleen was removed and 
dissected into 1-mm 3 fragments.  Each 
spleen fragment  was cultured in individ- 
ual wells of a microtiter dish in the pres- 
ence of E2-Hy for 2-3 days. Five to seven 
days later, culture fluids from the wells 
were screened by an ELISA assay (16~ for 
antibodies specific for E2 (anti-E2). 
When  limiting numbers  of B cells are 
transferred, subsequent  responses can be 
monoclonal .  However, in this case, most  
of the microtiter wells were positive, in- 
dicating that  responders were likely to be 
polyclonal. Antibodies obtained from 
positive fragments were analyzed further 
for relative affinity by an inhibi t ion 
ELISA assay wherein 10 - s  to 10 -8  molar  
dilutions of compet ing E2 were added to 

FIGURE 1 Scheme for splenic fragment culture/3SR methodologies. Steps in the scheme are 
described in Materials and Methods (see also Refs. 15-18). Conditions for 3SR reaction, cloning 
expression, and ELISA testing of produced monoclonal antibody are described in Materials and 
Methods. 

the culture-produced antibodies dur ing 
the ELISA assay. (16~ 

Culture fragments  that  were positive 
for anti-E2 ant ibody were subjected to 
extraction of total nucleic acids (DNA 
and RNA) by a modified procedure first 
described by Stallcup and Washing-  
ton. (19~ This total nucleic acid was used 
for 3SR amplif ication and subsequent  
cloning of immunog lobu l in  light and 
heavy chain cDNAs. 

Hybridoma Cell Line R2-09: 
Production of 
Anti-Phosphorylcholine (PC) 
Monoclonal Antibody 

The hybr idoma  cell line R2-09, which  
synthesizes an IgG anti-PC monoc lona l  
antibody, was used as a source of mRNA. 
This hybr idoma was generated by the fu- 
sion (4~ of SP20 hybr idoma  cells wi th  
spleen cells from a BALB/c mouse  that  
had been pr imed and boosted with PC-  
Hy. (2~ The ant ibody produced was an 
anti-PC IgG that  shared idiotype and 
DNA sequence with the TEPC-15 my- 
eloma protein variable region. (21~ Be- 
cause the nucleotide sequence and the 
antigenic specificities of the light and 
heavy chains of this ant ibody were de- 
te rmined previously (22~ the mRNA from 
R2-09 served as a control  to test whe the r  
the 3SR generic primers (Fig. 2) could 
produce the same amplif icat ion prod- 
ucts as the light and heavy chain-specific 
primers (see sequences below) that  were 
complementa ry  to the VK T15 light chain 
and V H $107 (T15) heavy chain. Total 
nucleic acid was extracted from l x  107 
cells using the AGPC m e t h o d  of extrac- 
tion. (23) 

3SR and PCR Amplification 
Reactions 

The 3SR reactions were conducted  as de- 
scribed previously, (24~ with the excep- 
t ion that  each pr imer  (Fig. 2) was present  
at 0.25 p~M and the reaction t ime was 
extended to 90 min.  The 3SR generic 
heavy chain primers used to ampl i fy  
both the anti-PC and anti-E2 mRNAs are 
shown in Figure 2A. The 5 ' -end generic 
primers were composed of two pools of 
degenerate oligonucleotides targeted to 
either the leader (92-107/92-108) or 
variable (92-109/92-110) regions of the 
heavy chain mRNAs. Additionally, an 
oligonucleotide pr imer  [(5'-AATTTAAT- 
A C GA CTCA CTA TA GGGA GA GGTGAA GC- 
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A G e n e r i c  H e a v y  C h a i n  P r i m e r s  a n d  P r o b e s  

Leadc, VH D J CH 1 
H II II II 
I, , , [ H II , n 

I1](1 200 34)0 400 
92-107 91-267 

Wl.I m, 

Q2.IIO 92-00~ s,a....--~ 

5' End Leader Region Prirner,,i 

9 2 - 1 0 7  5.ATG (GA)A(GC) TI'IGC) (TG)GG (TC)T(AC) A(AG)CT(GT)G (GA)TI'-3" 
92-101~ 5"-ATG (GA)AA TG(GC) A(GC)C TGG GT(CT) (rA)T(TC) CTC T-3' 

~'End Variable Reeion Primers 

9 2 - 1 0 9  5'-(GC)AG GT(CG) (AC)A(AG) CTG CAG (CG)AG TCT-Y 
9 2 - 1 1 0  5"-(CGIAG GTG (CA)AG CTC (CG)(AT)(AG) (CG)A(AG) (CT)C(CG) GGG-3' 

.}.'End Constant Region Primers 

91-267 5"-AATIWAATACGACTCACTATAGGGAAGTGGATAGACAGATGGGGGTG.3" 
Sense Strand Probe 

92-009 5'-TCACCGTCTCCTCAGCCA AA ACGA.3' 

G e n e r i c  L ight  C h a i n  P r i m e r s  and P r o b e s  

Leader VI. j CL 

Jl i i I t II, 
100 2130 300 400 

92-099 
SI n . .~ . .~  92-002 

9"2- Ir 

92-101 
s a n ~ - - ~  q'2 012 

S a l l ~  92-013 

5"End Variable Ret, ion pr~mcrli 

92-099 5'GA(TC) AT(TC) GT(GC) CT(CG) AC(ACG) CA(AG) TCA CCA-3 
9 2 . 1 0 0 5 " -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . -3 '  
9 2 - 1 0 1 5 ' -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . -3 '  
9 2 - 1 0 2 5 ' -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  _Q . . .-3' 

3" End Constant Rezion Primers 

92-002 5'-AATTTAATA CGACTCACTATAGGG AGCTCACTGGATGGTGGG AAGATG-3' 

Sense Strand Probe 

92-013  5"-GCTGATGCTGCACCA ACTGTATCC-3" 

FIGURE 2 Maps and sequences for generic 3SR primers and probes used to amplify immunoglob- 
ulin heavy (A) and light (B) chain mRNAs. (A) Scheme of heavy chain mRNA, depicting the 
leader, variable (VH), diversity (D), junction (J), and constant (CH1) regions with the approximate 
distance in nucleotides listed below the map. The positions and sequences of 3SR primers and 
probes are noted. The primer 91-267 contains noncomplementary T7 RNA polymerase (T7) 
promoter and transcriptional initiation sequences. For the sequence of 92-267 the T7 promoter 
and transcription initiation involves the first 21 and the next 4 nucleotides, respectively. Posi- 
tions of degeneracy are noted within parentheses. Two pools of degenerate primers each were 
made for the S' leader and variable regions of the mRNA. Oligonucleotides 92-008 and 92-009 
were used as hybridization probes for the sense and antisense 3SR products, respectively. (B) 
Scheme of a light chain mRNA. Oligonucleotide 92-002 contains T7 RNA polymerase promoter 
sequence. Four pools of degenerate primers were made for the 5' variable region. The underlined 
nucleotides in pools 92-099, 92-100, 92-101, and 92-102 distinguish each pool. 

TGGTGGAGTCTGGA-3') italic and un- 
derlined sequences specify the T7 RNA 
polymerase-specific promoter  and tran- 
scription initiation sequences, respec- 
tively] specific for the 5' variable region 

of the anti-PC heavy chain was used in a 
3SR reaction as a comparison with the 
3SR heavy chain generic primers. The 3'- 
end primer used with both generic and 
specific 5 '-end primers was 91-267, 

which hybridizes to the CH1 region of 
the heavy chain mRNA. The 3SR generic 
light chain primers are shown in Figure 
2B. Primers 92--099 to 102 hybridize to 
the 5' end of the light chain  variable re- 
gion and are composed of four pools of 
degenerate oligonucleotides.  Primer 92-  
002 hybridizes to the C L region. 

To convert  the 3SR RNA amplif icat ion 
products to DNA, 2 Ixl of each 50-1xl 3SR 
amplif ication reaction was amplif ied by 
the reverse transcriptase (RT)fPCR proto- 
col r ecommended  by the manufac tu re r  
(Perkin-Elmer Cetus, GENEAmp RNA 
kit). Heavy chain oligonucleotide prim- 
ers 92-107/92-108 (leader region) and 
92-109/92-110 (variable region) (Fig. 
2A) were used with AMV RT to synthe- 
size the first strand of cDNA. Following 
the RT reaction, pr imer 92-140 (5'-ACT- 
A G AA TTCA G T GGA TA GA CA GA T GGGGG- 
TG-3'), which contains an inserted EcoRI 
site (italics), was used to complete  the 
PCR primer pairs. For the light chain  
PCR reaction, a pr imer pool of 92-099 to 
102 was used to create the first-strand 
cDNA. Primer 92-012 was then used to 
complete the PCR pr imer  pair. During 
the RT reaction, the pr imer  concentra-  
tion was set at 1.25 tXM; dur ing the PCR 
reaction, the final concentra t ion  of each 
5'- and 3 ' -end primer was 0.25 I&M and 
1.0 IXM, respectively. The condit ions used 
for the thermal  cycling were 30 cycles, 
each cycle consisting of 1 min  at 94~ 
(denaturation),  1 rain at 55~ (anneal- 
ing), and 2 min  at 72~ (primer exten- 
sion), followed by 10 min  at 72~ and a 
4~ terminat ion  step. 

Northern and Southern 
Hybridization Analyses 

Northern  hybridizat ion analyses were 
performed on the 3SR RNA amplif icat ion 
products with a NuPAGE 8% RNA Gel Kit 
(Novex, San Diego, CA) according to the 
manufacturer ' s  instructions. Aliquots 
(10 ILl) of 3SR amplif icat ion products  
were denatured by diluting each sample 
with an equal vo lume of 2x  NuPAGE 
urea sample buffer, followed by heat ing 
for 2 min  at 85~ before electrophoresis.  
Following electrophoresis, t ransfer of 
the nucleic acids onto a Zeta Probe ny- 
lon filter (Bio-Rad, Richmond,  CA) was 
carried out  for 45 min at 0.4 A in 1• 
NuPAGE runn ing  buffer on a TE22 trans- 
fer apparatus (Hoefer Scientific, San 
Francisco, CA). The DNA was cross- 
linked to the filter by UV irradiation at 
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0.15 J/cm 2. The filters were probed with 
3Zp-labeled oligonucleotides 92-009 or 
92-013 (Fig. 2). An MspI digest of pBR322 
DNA (New England Biolabs, Beverly, 
MA) that had been prelabeled with 32p 
was included on each blot as molecular  
weight markers. 

Southern blot analyses were per- 
formed on aliquots (1-5 t~1) of PCR am- 
plification products separated on pre- 
cast 6% TBE polyacrylamide gels (Novex, 
San Diego, CA) as described previ- 
ously. (2s~ Following electrophoresis, the 
gel was soaked for 10 m i n  in 0.05 M 
NaOH and 5 m i n  in l x  TBE. Transfer of 
the nucleic acids onto Zeta Probe nylon  
filter was carried out for 45 m i n  at 0.4 A 
in 1• TBE buffer on a TE22 transfer ap- 
paratus. After the transfer, the nylon  
membrane  was washed for 5 m i n  each in 
0.1 M NaOH and H20. The DNA was 
cross-linked to the filter by UV irradia- 
tion at 0.15 J/cm 2. The filters were 
probed with 32p-labeled oligonucle- 
otides 92-009 or 92-013 (Fig. 2). 

Cloning, Nucleic Acid Sequencing, 
and Computer Analysis of Anti-E2 
Heavy and Light Chain Clones 

Because generic primers were used to 
amplify heavy and light chain  i m m u n o -  
globulin mRNAs, the amplif icat ion 
products were cloned and the clones 
were individual ly analyzed by sequenc- 
ing. A 10-1~1 aliquot of the anti-E2 leader 
heavy chain amplif icat ion reaction was 
treated with Klenow DNA polymerase (26~ 
and digested wi th  EcoRI. The blunt  end/  
EcoRI-cleaved fragments were gel puri- 
fied and ligated into pUC18 that had 
been digested previously with SmaI and 
EcoRI and treated with calf alkaline phos- 
phatase (CAP). (26) The anti-E2 heavy 
chain variable region amplif icat ion reac- 
tion (10 I~l) was digested with SalI and 
EcoRI because both  restriction endonu-  
clease sites were engineered into primers 
92-(109 to 110) and 92-140, respec- 
tively, for c loning purposes. The di- 
gested PCR fragments were gel purified 
and ligated into pUC18, which  had been 
digested previously with SalI and EcoRI 
and treated wi th  CAP. The anti-E2 light 
chain amplif icat ion reaction (10 i~l) was 
treated with Klenow DNA polymerase 
and digested with Sail. The PCR frag- 
ments  were gel purified and ligated into 
SmaI- and Sail-digested pUC18 or 
pBR322, which  had been treated with 
CAP. Dilutions of each ligation were 

used to transform competent  (z7) Escheri- 
chia coli MC1061 (recA § or HB101 
(recA- cells). (z8~ 

Nucleotide sequence analyses of 
pUC18 and pBR322 heavy and light 
chain clones were performed by the 
modif ied dideoxy nucleotide chain ter- 
mina t ion  method  described by Hsiao et 
al. (29~ Computer  analysis of the derived 
sequence was performed with MacVec- 
tor (IBI, New Haven, CT) and Line-Up 
from the University of Wisconsin Genet- 
ics Computer  Group (UWCG). 

Synthesis of Anti-PC sc Antibody 

The 3SR amplif icat ion products of anti- 
PC light and heavy chains from hybri- 
doma R2-09 were cloned into pBR322 as 
described above for anti-E2 antibodies. 
Plasmids pSHC-5 and pSLC-2 contained 
heavy and light chain anti-PC clones, re- 
spectively (Fig. 3). pSHC-5 and pSLC-2 
were linearized with PstI, and the heavy 
and light chain  inserts were joined using 
a two-step PCR reaction. The first PCR 
reaction employed pr imer  pairs 92-194 
and 92-188 and 92-195 and 92-201 (Ta- 
ble 1) to amplify the heavy and light 
chain inserts, respectively (Fig. 3). Prim- 
ers 92-188 and 92-201 contain overlap- 
ping linker sequences based on the 
Genex 212 linker (3~ (5'-GGCTCTACT- 
TC C G GTAGT GGTAAGAGCTCTGAAGG- 
TAAAGGT- 3'). The PCR fragments pro- 
duced by the first PCR step were then 
joined by a second PCR reaction with the 
pr imer  pair 92-194 and 92-195 (Fig. 3; 
Table 1). The resulting PCR fragment 
contained SalI and XmaI cloning sites at 
the termini  (Fig. 3). 

Construction of pT15-110 Expression 
Vector 

Plasmid pT15-110 was constructed for 
the expression of anti-PC sc ant ibody in 
E. coli. In vector pT15-110, the gene for 
PC sc ant ibody is under  the regulation of 
the alkaline phosphatase (phoA) pro- 
moter region and the Bacillus thuringun- 
sis cry transcription terminator.  (31) The 
phoA leader sequence is used to direct 
secretion of the antibody. Additionally, 
in pT15-110, a nucleotide sequence en- 
coding five hist idine residues is fused to 
the 3' end of the PC sc ant ibody gene. 
These his t idine residues funct ion as a 
metal  b ind ing  site (MBS) and can be 
used in a rapid partial purification of the 
antibody. A nucleotide sequence encod- 

ing the 13 amino  acids from the carboxyl 
terminus of the h u m a n  c-Myc protein (3z) 
is also fused to the 5' end of the ant ibody 
gene. These amino  acids provide an im- 
munological  tag useful for moni to r ing  
the expression and purif icat ion in West- 
ern blots and funct ional i ty  in ELISA as- 
says. 

Expression vector PT15-110 was con- 
structed as follows (Fig. 3). The phoA pro- 
moter and leader sequence and the cry 
terminator  were obtained in p lasmid 
pSYC 1087 (gift of H. Wong, Baxter Di- 
agnostics, Inc.). Oligonucleot ide 92-183 
(5'-GGCGCCGTCGCCCCGGGCATCACC- 
ATCATCACTAGGGATCC-3') was insert- 
ed into the NarI-BamHI sites (italics) of 
pSYC 1087 to form vector pMBS4. This 
resulted in the insert ion of the codons 
for five hist idine residues as well as re- 
striction enzyme sites NarI, Sail, and 
SmaI for subsequent  c loning steps. 

The original polyl inker  posi t ioned 5' 
to the phoA promoter  in pSYC 1087 was 
removed by digestion of pMBS-4 with 
ClaI and XbaI. The ends were repaired by 
Klenow DNA polymerase and religated 
to form plasmid pMBS-101. 

To form pPHO 101, ol igonucleot ide 
93--033 (5'-GAACAAAAACTCATCTCAG- 
AAGAGGATCTGGGTGCAGTCGAC-3') 
was inserted into pMBS 101, which  had 
been digested with NarI, treated with 
Klenow DNA polymerase,  and digested 
with Sail. This resulted in the addi t ion of 
the sequence encoding the c-Myc tag. 

The anti-PC sc ant ibody gene, con- 
structed by a series of PCR reactions de- 
scribed previously (Fig. 3), was then  in- 
serted into the SalI-XmaI sites of pPHO 
101 to form expression vector pT15-110. 

Expression of Anti-PC sc Antibody 

Cell Culture Conditions 

E. coli strain MM294 was t ransformed 
with pT15-110 and used as a host for the 
expression of anti-PC sc antibody.  Cells 
t ransformed with p lasmid pPHO-101 
served as a negative control. Individual  
E. coli t ransformants  were grown at 30~ 
to ~ 4 - - 5 0 D 6 o  o in phosphate  m e d i u m  
( l x  MOPS, 0.4% glucose, 0.15% vita- 
min-free casamino acids, 10 i~g/ml of 
B1, and 100 i~g/ml of ampici l l in)  (33) 
conta ining 10 mM KHzPO4. This me- 
d ium represses phoA expression. The 
cells were washed with phosphate  me- 
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TABLE 1 Oligonucleotides Used for the Synthesis of Anti-PC sc Antibody 

Primer Sequence 
Target Restriction 

Strand a gene b sites c 

92-188 
92-194 
92-195 
92-201 

AGAGCTCTTACCACTACCGGAAGTAGATGAGGAGACGGTGACCGTGGTCCCTGC AS ~ none 
ACTAGTCGACGAGGTGAAGCTGGTGGAATCTGGAGGA S ~ SalI 

ACTACCCGGGCCGTTTCAGCTCCAGCTTGGTCCCAGCA AS ~ XmaI 

GGTAGTGGTAAGAGCTCTGAAGGTAAAGGTATTGTGATGACTCAGTCTCCAACTT S ~ none 

aS (sense) refers to sequences that are identical to the target RNA; AS (anti-sense) refers to the sequences that are complementary to the target RNA. 
bHeavy chain variable region (VH) , light chain variable region (VL). 
cSalI and Sinai sites are underlined in sequence. 

dium and then  suspended in phosphate  
medium containing 0.1 mM KH2PO 4 at 
an OD6o o of -0 .08 .  E. coli cultures were 
grown under low phosphate  condit ions 
for 7 hr  to achieve maximal  anti-PC sc 
antibody expression. 

Cell Lysis and Antibody Purification 

Cell lysis was accomplished by resus- 
pending t ransformed cells (20 OD6oo) in 
1.0 ml of sonication buffer [50 mM Na 
phosphate (pH 8.0), 300 mM NaC1, 0.25% 
Tween 20, 0.1 mM EGTA, and 1 mM phe- 
nylmethylsulfonylchloride].  The cells 
were frozen on  dry ice/ethanol, thawed, 
and sonicated on ice (10 cycles of lO-sec 
bursts with 1 min  cooling, at 20 W with 
a Bronson sonifier, model  450, Danbury,  
CT). The lysed cells were centrifuged at 
11,000 rpm for 20 min at 4~ The super- 
natant  represented the total soluble pro- 
tein. The total protein concentra t ion in 
the supernatant  was measured by the 
Lowry method  ~34) with a DC protein as- 
say kit (Bio-Rad, Richmond,  CA). 

Partial Purification of Anti-PC sc Antibody 

Anti-PC sc ant ibody was partially puri- 
fied from cell lysates using a nickel 
(Ni)-NTA resin (Qiagen, Chatsworth,  
CA) according to the manufac turer ' s  rec- 
ommendat ions .  Briefly, a 50% slurry of 
Ni-NTA resin (previously equilibrated in 
sonication buffer) was added to an ali- 
quot of supernatant  cell lysate and agi- 
tated for 1 hr  at 4~ The resin was cen- 
trifuged at 14,000 rpm, and the u n b o u n d  
fraction was collected. The resin was 
then eluted with  1.0-ml aliquots of 10- 
100 mM imidazole dissolved in sonica- 
tion buffer (above). 

Western Blot and ELISA Assays 

Aliquots (5 i~1) of u n b o u n d  or imida- 

zole-eluted fractions were diluted in 
equal volumes of 2x  sample buffer [0.9 
M Tris-HCl (pH 8.45), 24% glycerol, 8% 
SDS, 0.1% Coomassie brilliant blue 
R-250, and 200 mM dithiothreitol] and 
boiled for 5 rain before resolution by 
electrophoresis on a 10-20% tricine gra- 
dient gel (Novex, San Diego, CA). Trans- 
fer to S&S Nytran nylon membranes  
(Schleicher & Schuell, Keene, NH) was 
carried out for 1.5 hr at 0.2 A. Western 
blot detection was carried out  according 
to recommendat ions  of ELC Western 
Blot Analysis System (Amersham, Arling- 
ton Heights, IL). Nylon membranes  were 
blocked first with 50 mM Tris-HCl (pH 
8.0), 2 mM CaC12, 80 mM NaC1, 5% dry 
milk, 0.2% NP-40, and 0.02% thimerosal.  
Subsequent washes and the ant ibody de- 
tection buffer contained l x PBS, 0.1% 
dry milk, 0.1% NP-40, and 0.02% thimer- 
isol. The pr imary ant ibody reaction step 
consisted of incubating the membranes  
overnight  at 4~ in a 1/500 dilution of 
monoclonal  antisera specific to c-myc 
(Oncogene Sciences, Uniondale, NY). 
During the secondary ant ibody step, the 
membranes  were incubated at room 
temperature  for 1 hr  in a 1/50,000 dilu- 
t ion of sheep anti-mouse immunoglob-  
u l in-horseradish  peroxidase detection 
complex. 

For the ELISAs each well of a 96-well 
microti ter  plate was coated with 50 l~l of 
50 i~g/ml phosphorylchol ine  conju- 
gated to bovine serum albumin (PC- 
BSA) in 0.05 M carbonate buffer (pH 9.6, 
containing 0.02% NAN,) and incubated 
at 4~ overnight.  The coated plates were 
rinsed with l x  PBS and incubated for 1 
hr with 100 Fd per well of blocking solu- 
t ion (1 x PBS, 1% BSA, 0.02% NAN3). The 
blocking solution was removed and the 
wells were washed with I x PBS. Aliquots 
(50 i~l) of E. coli lysates or fractions 
eluted from the Ni-NTA resin were 
added and reacted at room temperature 

for 4 hr. The samples were removed and 
the wells washed three t imes with l x  
PBS. The secondary ant ibody reaction, in 
which mouse  anti-c-Myc binds to the 
anti-PC sc antibody, was allowed to in- 
cubate 4 hr  at room temperature .  After 
washing with PBS, 50 I~l of 0.5 I~g/ml al- 
kaline phosphatase-labeled goat anti- 
mouse immunoglobul in  antibody (Kirke- 
gaard & Perry Laboratories, Gaithers- 
burg, MD) was added to each well and 
incubated at 4~ overnight.  The plates 
were washed four times with l x  PBS fol- 
lowing which 100 i~l of P-nitrophe- 
nylphosphate  (NPP) solution (3 mM 
NPP, 0.05 M carbonate buffer (pH 9.6), 1 
IJ.M MgC12] was added to each well. Color 
development  was allowed to proceed for 
1 hr at room temperature.  Plates were 
read at 405 n m  on a Dynatech  (Chan- 
tilly, VA) MR 5000 microti ter  plate 
reader. 

RESULTS 

Generic 3SR Primers for 
Immunoglobulin Genes and Cloning 
of Anti-phosphorylcholine 
Monoclonal Antibody from 
Hybridoma Line R2-09 

Degenerate oligonucleotide primers use- 
ful for the amplif ication of immunog lo -  
bulin light and heavy chain genes have 
been described previously. ~s,6,3s,36~ 
These degenerate oligonucleotides were 
used in PCR amplif ication reactions in 
which the specificity of the pr iming  re- 
actions was, in part, dependen t  on con- 
ducting the pr imer  extension reaction at 
a temperature  close to the mel t ing  poin t  
of the p r imer - templa te  duplex. Unlike 
PCR reactions, the 3SR reaction proceeds 
at a constant  temperature  of 42~ 
thereby providing lower s t r ingency for 
pr imer  hybridizat ion than  used for PCR 
reactions. Consequently,  it was neces- 
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sary to design and test alternative degen- 
erate oligonucleotide pr imer  pairs capa- 
ble of providing i m m u n o g l o b u l i n  
specificity for the 3SR reaction at 42~ 
The 3SR primers selected were designed 
to function generically for the amplifica- 
tion of K light chain  and most  heavy 
chain families of i m m u n o g l o b u l i n  
genes. 

To test the utili ty of the 3SR generic 
primers, heavy (Fig. 2A) and light (Fig. 
2B) chain mRNAs were ampli f ied from 
the total nucleic acid extracted from the 
anti-PC hybr idoma cell l ine R2-09. For 
amplification of the light chain mRNA, 
the 3SR generic primers were comple- 
mentary to V L sequences and were com- 
prised of 96 oligonucleotides synthe- 
sized as four degenerate groups (92-099 
to 92-102). For amplif icat ions of the 
heavy chain mRNA, sequences in the 
leader or V H regions were selected as ar- 
eas for hybridizat ion of the 5' primers. A 
total number  of 30 oligonucleotides, 
synthesized as two groups (92-107 and 
92-108), was used for the leader region, 
whereas 28 oligonucleotides were syn- 
thesized as two groups (92-109 and 92-  
110) and were used as V H region primers. 

The RNA products produced by the 
3SR amplif icat ion of the anti-PC light 
and heavy chain mRNA and analyzed by 
Northern blot corresponded to the ex- 
pected sizes (see legend to Fig. 4A). 
Southern hybridizat ion analysis of the 
DNA products produced from the 3SR 
amplification products by PCR revealed 
fragments of the expected sizes of - 4 0 0  
bp for the light chain amplif icat ion and 
-465  and 420 bp for the leader and V H 
amplifications, respectively (Fig. 4B). As 
determined by hybridizat ion (Fig. 4B) 
and direct sequence analyses (data not 
shown), the DNA produced with the ge- 
neric light chain  variable (LC-Gv) and 
the generic heavy chain  variable (HC- 
Gv) primers were identical to the prod- 
ucts produced by those derived from the 
published sequence of the light (LC-S) 
and heavy (HC-S) chains of the anti-PC 
antibody in the R2-09 hybr idoma cell 
line. (2~ The sequence analyses of the 
clones produced from the 3SR generic 
heavy and l ight chain primers revealed 
that several mismatches  could be toler- 
ated. For the degenerate heavy chain 
primers, only the 3 ' - terminal  six nucle- 
otides were c o m m o n  among  all of the 
clones. At each of the other degenerate 
positions wi th in  the primer, either of the 
alternative bases were observed. For the 

FIGURE 4 Northern (A) and Southern (B) blot analyses of 3SR and PCR amplification products. 
(A) 3SR RNA products using heavy chain leader (HC-L) and light chain variable (LC-V) 5'-end 
primers. MspI digested pBR322 fragments serve as size markers (M). The expected size products 
of 550 and 520 nucleotides were observed for the HC-L- and LC-V-primer reactions, respectively. 
(B) The 3SR RNA products were converted to cDNA using the PCR and conditions described in 
Materials and Methods. The light chain (LC) 3SR reactions carried out using anti-PC specific (S) 
or generic variable (Gv) region 5'-end primers produced identical 405-bp fragments after the PCR 
reactions as observed with Southern hybridization. The heavy chain (HC) 3SR reactions carried 
out using specific (S) or generic variable (Gv) and generic leader (GL) region 5'-end primers were 
converted to cDNA by PCR. The identical 420-bp DNA fragments are observed for both the S and 
Gv primed reactions. The expected larger 465-bp product (arrow) is observed from the use of the 
GL primers. Larger products observed above the expected cDNA products most likely represent 
chimeric products derived from each of the expected cDNA products. 

light chain primers, only the three 3'- 
terminal  nucleotides were found to be 
c o m m o n  among the clones. 

Cloning and Sequence Analysis of 
Light and Heavy Chain Genes 
Derived from Cells Expressing 
Anti-E2 Antibodies in Splenic 
Fragments Culture 

Monoclonal  antibodies specific for E2 
have been problematic to produce (F. 
Boches, pers. comm.). Such a problem- 
atic antigen provides an opportunity to 
evaluate the effectiveness of the spleen 
fragment/3SR approach for the produc- 
t ion of an ant ibody of monoclona l  spec- 
ificity. During the initial screening step 
depicted in Figure 1, cells in a splenic 
fragment culture, D1A6, were identif ied 
as producing ant ibody specific for E2 
with an affinity constant of - 1 0  -7 M. 
Total nucleic acid from cells of this frag- 
men t  was amplif ied by 3SR with the 
light and heavy chain generic primers 
shown in Figure 2. The 3SR RNA prod- 
ucts of the heavy and light chain ampli- 
fications were converted to DNA, di- 
gested with the appropriate restriction 

endonucleases, and cloned into either 
pUC 18 or 19. 

A total of 39 heavy and 36 light chain  
productive clones derived from frag- 
ment  DIA 6 were sequenced. Compara- 
tive sequence analysis of the clones us- 
ing the UWGCG LineUP program 
revealed the presence of four alleles each 
for the heavy and light chain  groups (Ta- 
ble 2). The nucleotide sequence repre- 
sentative of clones from each allelic 
group is presented in Figure 5A. The 
heavy chain  clones from groups 2, 3, 
and 4 exhibited 81-86% similari ty with 
the JSS8 V H heavy chain  family, (22'37) 
whereas clones from group 1 were mar- 
ginally similar to the $107 (79.7%) VH 
family. However, compar ison of the se- 
quences of clones of group 1 to se- 
quences in GenBank revealed a 96% sim- 
ilarity to a mouse anti-DNA rearranged 
heavy chain  variable region. (38~ Only  in 
clones from groups 2 and 4 could the 
family of the D H min igenes  be deter- 
mined  unambiguous ly  as being from 
DFL16.1 and DST4 minigenes ,  respec- 
tively. (22~ The JH minigenes  uti l ized were 
JH2,3 and JH 4. The l ight chain  clones 
from fragment  D1A 6 also consisted of 
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TABLE 2 Heavy and Light Chain Clones Obtained from Spleen Fragment 
Culture D1A6 

Minigene families 

No. of clones V 
Alleles analyzed (% homology) D 

V H clones 
1 11 S107 

(79) 
2 6 J558 

(81) 
3 15 J558 

(86) 
4 7 J558 

(83) 

V r clones 
1 16 V~ 4/5 

(92) 
2 10 V~ 19/28 

(96) 
3 6 VK 10 

(88) 
4 3 V~ 19/28 

(97) 

DSP 2.3, 2.4, 2.6 

DFL 16.1 

DSP 2.3, 7 

DST 4 

Ju 2 

j ,3 

JH4 

JH3 

J~4 

JK5 

L5 

L5 

four V~ alleles (Fig. 5B). Clones from 
groups 2 and 4 were highly similar (96- 
97%) to the 19/28 V~ family, (39) whereas 
clones from groups 1 and 3 were similar 
to the V K 4/5 (92%) and VK 10 (88%) fam- 
ilies, respectively. Light chain clones 
used the J~ 5 minigene while clones from 
group 1 used the J~ 4 minigene. 

Unlike the variable region degenerate 
primers, the leader region primers al- 
lowed for unambiguous determination 
of the sequences present at the amino 
terminus of the V H minigene. In group 1 
clones, derived from the leader region 
primers, the nucleotide sequences pre- 
dicted amino acids Val-5, Glu-6, and 
Thr-7 in place of Gln-5, Gln-6, and Ser-7 
as predicted by using the generic vari- 
able region primers. Likewise, in group 
4, clones derived from the leader primers 
contained the codon for the amino acid 
Leu at position 3 in place of Lys as pre- 
dicted by the variable region primers. Be- 
cause none of the clones of groups 2 and 
3 were derived using the leader region 
primers, the sequences produced using 
the variable region primers could not be 
confirmed. 

Expression of sc Anti-PC Antibody 

To determine whether the clones gener- 
ated by the 3SR amplification method 
produced functional antibodies, the 

anti-PC V H and V L genes were joined 
into an sc antibody construct and ex- 
pressed in E. coli. Initially, the anti-PC 
heavy and light chain 3SR products gen- 
erated by the generic primers were con- 
verted into DNA by PCR and cloned into 
pBR322 to produce plasmids pSHC-5 and 
pSLC-2, respectively (Fig. 3). The genes 
from the heavy and light chain inserts in 
pSHC-5 and pSLC-2 were linked together 
with the Genex 212 linker sequence and 
inserted into pPHO 101 to form the ex- 
pression vector pT15-110. Transfor- 
mants of E. coli strain MM294 with pT15- 
110 were grown either under inductive 
low phosphate (0.1 raM) or uninductive 
high phosphate (10 mM) conditions. The 
phoA promoter in pT15-110 expresses 
the anti-PC sc antibody only under low 
phosphate (Fig. 6). Processed (-32-kD) 
and unprocessed (-33-kD) monomeric 
as well as dimeric (-60-kD) and trimeric 
(-90-kD) forms of sc anti-PC antibody 
were observed on Western blot analyses 
of whole cell lysates (Fig. 6A). However, 
Western blot analysis of a periplasmic 
space fraction extracted with Tween 20 
and EGTA revealed that -75% of the to- 
tal sc antibody expressed by E. coli is 
processed and transported into the 
periplasmic space where it apparently is 
associated with the inner membranes re- 
quiring release by nonionic detergent 
(data not shown). 

Partial purification of the anti-PC sc 
antibody was achieved by absorption 
through the metal-binding polyhistidine 
tract inserted at the 3' end of the sc an- 
tibody (Fig. 6B). Denaturation condi- 
tions of 6 M urea was required for the sc 
antibody to bind quantitatively to the 
resin; otherwise the majority of the sc 
antibody was observed in the unbound  
fraction (Fig. 6B). The peak of the elu- 
tion profile of sc antibody occurred at 40 
mM imidazole. 

Detection of Anti-PC sc Antibody 
Activity by ELISA 

The specificity of sc anti-PC antibody ex- 
pressed by the plasmid pT15-110 and 
partially purified by the Ni-NTA resin 
was analyzed in a quantitative ELISA- 
based assay with the anti-PC sc and anti- 
c-Myc antibodies as the primary and sec- 
ondary antibodies, respectively. The 
nondenatured unbound and the 40 mM 
imidazole fractions (Fig. 6B) were tested 
for binding to the PC-BSA immobil ized 
on the microtiter well. The fraction 
eluted with 40 mM imidazole from Ni-  
NTA resin was the only material that 
demonstrated quantitative binding to 
the immobilized PC (Fig. 7). Neither ly- 
sate from the E. coli host strain nor the sc 
antibody present in the unbound  frac- 
tions was capable of binding quantita- 
tively to PC. The amount  of the sc anti- 
PC antibody produced by pT15-110 in E. 
coli was estimated, using silver-stained 
SDS-PAGE, to be <0.1% of the total cell 
protein (data not shown). 

DISCUSSION 

Development of hybridoma cell lines 
producing monoclonal  antibodies of a 
desired specificity requires multiple ex- 
perimental steps that may extend over a 
significant time period. The steps in- 
volved in production of a monoclonal  
antibody include immunizat ion of the 
animal, screening of the hybridoma, and 
antibody production, (4~ any or all of 
which may be problematic. Additional 
difficulties are frequently encountered 
even after a hybridoma cell line is iden- 
tified and clonally expanded. Expanded 
hybridoma lines can lose their ability to 
produce a specific monoclonal  antibody 
after prolonged growth in culture. This 
loss of antibody expression is also ob- 
served in cell lines that have been frozen 
and stored after clonal selection. Thus, 
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FIGURE 5 Nucleotide and amino acid sequences of the four heavy (A) and light (B) chain groups (Gl_4) cloned from spleen fragment culture D~A6. 
The CDR regions are noted in the heavy and light chain groups by overlining the appropriate sequences. The heavy chain sequences include the 
5'-end variable region primers (Fig. 2); the light chain sequences include only the last three nucelotides of the 5' end variable region primers (Fig. 
2). 
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FIGURE 6 Western blot analyses of anti-PC sc antibody. (A) The anti-PC sc antibody present in 
whole cell (E. coli) lysate. Aliquots from uninduced (U) and induced (I) cultures are presented. 
Monomeric forms of the processed (broken arrow) (~32 kD) and unprocessed (solid arrow) (-33 
kD) sc antibody are the prominent products detected by anti-c-Myc antibody, but dimeric ( -60 
kD) and trimeric ( -90 kD) forms are observed. (B) The elution profile of Ni-NTA resin. The E. coli 
lysates were either denatured with 6 M urea prior to addition to the Ni-NTA resin or left non- 
denatured. The elutions were performed stepwise using 10 (lanes 4,12), 40 (lanes 5,13), 60 (lanes 
6,14), 80 (lanes 7,15), and 100 (lane 8) mM imidazole. The unbound (lanes 1,9) and pre-elution 
buffer wash (lanes 2,3,10,11) aliquots were also analyzed. 

the stability of valuable hybr idoma cell 
lines is not  assured. 

The combina t ion  of splenic frag- 
ment/3SR methodologies  provide solu- 
tions to several of the problems as- 
sociated with hybr idoma cell line pro- 
duction, including the ability to prese- 
lect for (1) specific isotypes, (2) antibod- 
ies with binding affinities of desired 
levels, and (3) defined specificity as de- 
termined by competi t ive analog screen- 
ing. All of these parameters can be se- 
lected during the screening of the 
splenic f ragment  culture media before 

confront ing the cloning, characteriza- 
tion, and recombinant  expression chal- 
lenges. 

The utility of the spleen fragment/3SR 
approach was dependent  on identifying 
generic primer pairs for immunoglobu-  
lin genes that  would hybridize specifi- 
cally under  the low stringency condi- 
tions of the 3SR isothermal reaction (i.e., 
42~ The successful use of such generic 
primers was demonstra ted by the 3SR 
amplif ication of the mRNAs present in 
the total nucleic acid extract from anti- 
PC hybr idoma cell line R2-09. The 
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FIGURE 7 ELISA to detect affinity of Ni-NTA resin-purified anti-PC sc antibody. Aliquots (50 txl) 
from -1-150 ng of total protein contained in the E. coli host strain MM 294 lysate containing 
pPHO-101 (0), the unbound fraction from the Ni-NTA resin (11) (Fig. 6B, lane 9), and the 
fraction eluted from the Ni-NTA resin at 40 mM imidazole (A) (Fig. 6B, lane 13). The ELISA assay 
was performed as described in Materials and Methods. 

cloned products derived f rom PC-spe- 
cific and generic primers pairs were iden- 
tical for both  heavy and light chain  
genes. 

These generic 3SR pr imer  pairs were 
used to clone four groups each of light 
and heavy chain variable region genes 
from the cells in splenic f ragment  cul- 
ture D1A 6. The clones sequenced in each 
of the groups were productive, indicat- 
ing that  more  than  one m e m o r y  B cell 
colonized the splenic f ragment  D1A 6. To 
avoid obtaining mult iple sequences, 
l imiting dilution of transferred lympho-  
cytes can be performed to obtain  only 
one colonizing antigen-responsive B 
cell. However, even in this case with 
multiple heavy and light chain  alleles 
represented, it is relatively straightfor- 
ward to join together the four light and 
heavy chain clones into all 16 possible 
anti-E2 sc ant ibody combinat ions .  One 
of the combinat ions  will reflect the orig- 
inal VH and V L pairings. Even in this 
case, the need to create and screen larger 
phage display libraries is avoided. 

A functional  sc anti-PC ant ibody was 
expressed from 3SR-generated heavy and 
light chain clones derived f rom the hy- 
br idoma R2-09. Interestingly, the nature  
of the folded protein of the E. coli-ex- 
pressed anti-PC sc ant ibody required that  
the ant ibody be denatured prior to bind- 
ing to the Ni-NTA resin. This suggests 
that the metal b inding sequence located 
at the carboxyl end of the sc an t ibody 
was not  available for b inding to the 
resin. This is not  the case with the c-Myc 
peptide posit ioned at the amino  termi- 
nus of the sc antibody. Detection of the 
anti-PC ant ibody bound  to the immobi-  
lized PC in the ELISA was achieved with 
native anti-PC sc antibody. However, be- 
cause the undena tured  anti-PC sc anti- 
body that  was present in the u n b o u n d  
fraction from the Ni-NTA resin did no t  
react in the ELISA assay, it may  be con- 
cluded that  the majori ty of the anti-PC sc 
ant ibody made in E. coli is folded such 
that  it does not  recognize the immobi-  
lized PC and/or  the c-Myc tag is also un- 
available for the second ant ibody.  Such 
improperly folded sc an t ibody can be de- 
natured and refolded into a funct ional  
form as demonst ra ted  previously for an 
anti-PC sc antibody. (al) 

Additionally, the spleen fragment/3SR 
methodologies  have been useful for 
other  types of studies. One such applica- 
t ion involves the analysis of the origin of 
m e m o r y  B cells. Mechanistically, bo th  
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somat ic  m u t a t i o n  and  aff in i ty-based an- 
t igen select ion are poor ly  unde r s tood .  
We have  recent ly  e m p l o y e d  the  spleen 
fragment/3SR m e t h o d o l o g i e s  to s tudy  
the  or ig in  of p r imary  and  secondary  B 
cells in response  to mul t ip l e  exposures  
of s t imula t ing  ant igen .  <42) These  s tudies  
present  the  first in  vi t ro  c lona l  analys is  
of h y p e r m u t a t i o n  du r ing  m e m o r y  B-cell 
genera t ion .  This  was possible  because  
unl ike  cell suspens ion  cultures,  frag- 
m e n t  cultures re ta in  suff ic ient  sp lenic  
archi tecture  (i.e., ge rmina l  centers)  t ha t  
allows for m e m o r y  B-cell gene ra t ion  and  
somat ic  mu ta t ion .  Us ing  the  spleen frag- 
ment/3SR methodo log ies ,  we c o n f i r m e d  
tha t  the  progeni tors  of  m e m o r y  B cells 
differ f rom p r imary  B cells, as o r ig ina l ly  
proposed  by L in ton  et al. O7) 

The appl ica t ions  of the  sp leen frag- 
ment/3SR me thodo log i e s  have  been  in- 
vest igated on ly  recently.  O the r  applica- 
t ions tha t  take advantage  of the  ge rmina l  
center- l ike archi tec ture  of the  sp leen 
f ragments  and  the  elevated levels of am- 
pl i f icat ion capable w i th  the  RNA-specific 
3SR m e t h o d o l o g y  are cu r ren t ly  be ing  ex- 
plored.  
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