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ABSTRACT e
Libraries
(of mutants)
We describe a rapid, eukaryotic, in vitro method for __———__ Mutagene in vitre
selection and evolution of antibody combining sites £ Ewoli ™ it
using antibody—ribosome—mRNA (ARM) complexes as L\ ) 2
selection particles. ARMs carrying single-chain (V. /K) Yu Ty Wiy s o
binding fragments specific for progesterone were TR } frﬁgmf}:r
selected using antigen-coupled magnetic beads; ‘
selection simultaneously captured the genetic RT-PCH fikemns

information as mMRNA, making it possible to generate
and amplify cDNA by single-step RT-PCR on the
ribosome-bound mRNA for further manipulation. Using
mutant libraries, antigen-binding ARMs were enriched
by a factor of 10 4-105-fold in a single cycle, with further
enrichment in repeated cycles. While demonstrated
here for antibodies, the method has the potential to be
applied equally for selection of receptors or peptides
from libraries.
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Figure 1. The ARM display cycle, showing the generation of an ARM library
by mutagenesis of ap)/K template, antigen-selection of a specific binding
ARM and recovery of the genetic information by RT-PCR.

There is considerable interest in the display of large libraries of
proteins and peptides and means of searching them by affinitgptures the relevant genetic information (mMRNA), cDNA can be
selection. The key to genetic exploitation of a selection methagenerated and amplified by single-step RT-PCR on the ribosome-
is a physical link between individual molecules of the library anthound mRNA for sequencing, expression and further manipulation.
the genetic information encoding them. A number of cell-based From the anti-progesterone antibody DB3, we have previously
display methods are available, e.g. on the surfaces of phag)es ( constructed a single-chain fragmenty(X) comprising the heavy
bacteria 8) and animal viruses}]. Display of a peptide library chain variable domain ¢y linked to the complete light chain (K)
on prokaryotic polysomes in a cell-free system has also be€h0,11). Using the ‘megaprimer’ PCR methoti?], DB3 Vy/K
described %) and recently this method was modified to displaymutants were produced aty\positions H100 or H35 (He,M. and
and select single-chain antibody fragmefs ( Taussig,M.J. unpublished), binding site contact residues for
Here we report a eukaryotie, vitro method for rapid selection progesteronel@). DB3R is a mutant in which tryptophan H100 was
and evolution of antibbody combining sites using antibody-substituted by arginine; when expressed filgscherichia coli
ribosome—mRNA (ARM) complexes as selection particles (FigdB3R V/K binds strongly to progesterorié;(10° M—3) but has
1). The concept is based on two experimental results: (i) singlee affinity for testosterone or BSA. In contrast, mutants at H35
chain antibodies are functionally produciedvitro in rabbit  (DB3"35V/K) do not bind progesterone. Here we have employed
reticulocyte lysates7] and (i) in the absence of a stop codon,DB3R and DB3'3°> mutants to test the principle of ARM selection.
individual nascent proteins remain associated with their To generate M/K DNA fragments for production of ARMs,
corresponding mMRNA as stable ternary polypeptide—ribosomd2CR was performed using appropriate templates together with
MRNA complexes in cell-free systendsd). We have applied these (i) an upstream T7 primer, containing the T7 promoter, protein
findings to a strategy for preparing libraries of ARM complexesnitiation sequence and degenerate sequence complementary to
and have selected ARMs carrying a specific combining site usimgouse antibody'Sequences, and (ii) a downstream primer, D1,
antigen-coupled magnetic beads. Since selection simultaneouklgking a stop codon. The T7 primer sequence was
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5'-gcgcgaatacgactcactatagagggacaaaccatgsaggtcmarctcgagsagtcw- | 2 3 4 56 78 1 9
gg-3 (s = c/g, m = alc, r = a/g and w = alt); the D1 primer was
5'-tgcactggatccaccacactcattcctgtigaaget3y/K PCR  constructs
(from 1 ng to 1ug) either purified by QIAquick (QIAGEN) or
unpurified, were added to 30 of the TNT T7 Quick Coupled
Transcription/Translation System (Promega) containing rabbit reti-
culocyte lysate with 0.02 mM methionine, and the mixturgu(R5
incubated at 30C for 60 min. o . o

For ARM selection, magnetic beads (Dynal) were coupled to
bovine ~ serum  albumin = (BSA), = progesterone-BSA,  gigyre 2. (a) Specific selection of DESARMS by progesterone-itBSA-
testosterone-3-BSA (Sigma) or purified rat anti-maus@tibody.  coupled beads. Lane 1, RT-PCR of non-translatedROBRNA selected by
Antigen- or antik-conjugated beads (B8l) were added to the progesterone-1i-BSA beads; lane 2, RT-PCR of DBARMs selected by
translation mixture and transferred fC4for a further 60 min, with progeStem”e'g‘ggﬁ é’ea(‘jjs_? I'a”e 43'R_'?%F(*:R°f fDEIBS?;\T?'\ﬁ Se'le"te‘f‘ Ey
gentle vibration to prevent setting. Beads were recovered b oge o o L oA B e R e ey bz
magnetic particle concentrator (Dynal), washed three times Witkestosterone-3-BSA beads: lane 6, RT-PCR of DRRMs selected by BSA
50l cold, sterilised phosphate buffered saline (PBS), pH 7.4beads; lane 7, PCR of DBRRMS selected by BSA beads; lane 8, 1 kb DNA
containing 0.1% BSA and once with PBS alone. The beads wergarker. B) Non-binding of a DB33>ARM library to progesterone-ttBSA-

: : : coupled beads. Lane 1, RT-PCR of solution control; lane 2, RT-PCR & DB3
treated at 37C for 15 min with DNase | (Pmmega) in m RMs selected by rat anti-coupled beads; lane 3, RT-PCR of [B8RMs

transcription buffer (P_romega) containing 4 U of enzyme, followedselected by progesteronectBSA beads; lane 4, RT-PCR of D& ARMs
by three washes with 50l PBS and resuspension in 10 selected by ant- beads; lane 5, RT-PCR of D83 ARMSs selected by
nuclease-free water. progesterone-1i-BSA beads. €) Selection of DBB from ARM libraries

; . A containing different ratios of DBBand DB3135 mutants. Selection was with
To produce and amplity cDNA from the mRNA of antigen progesterone-Hi-BSA coupled beads. Lane 1, ratio of DE3B3H350f 1:10;
SeleCted. ARMs, RT-PCR was _performed by addingl bead lane 2, 1:18 lane 3, 1:18, lane 4, 1:1¢ lane 5, 1:18, lane 6, DB&35 mutant
suspension to 2l RT-PCR mixture (either Access RT-PCR library alone; lane 7, 1 kb DNA marker. The program for single-step RT-PCR
System, Promega or TitarOne Tube RT-PCR System, Boehringer was one cycle at 4€ for 45 min, followed by one at 9€ for 2 min, then
Mannheim) containing the T7 primer (above) and a newA0 cycles consisting of 9€ for 30 s, 54C for 1 min and 68C for 2 min;
. ' , . finally one cycle at 68C for 7 min was followed by 4C.
downstream primer, D2, &gtgagggtgctgctcatg-3designed to
hybridise at least 60 nt upstream of ther®d of ribosome-bound

MRNA. The use of D2 avoids isolating the mRNA from ARM

complexes (Fig.1). Products were analysed by agarose gehfter selection with progesteronesdBSA beads (Fig2B, lane
electrophoresis and sequenced. 5); translation of DB33®> was demonstrated by selection with

For further cycles of ARM generation, PCR products were addaskads coated with rat amtiantibody (Fig2B, lane 4). This was
directly to the TNT Transcription/Translation System. In a secongarried out as a side-by-side comparison with DE=g. 2B,
cycle, the RT-PCR downstream primer, D3jgggtagaagtigticaag- lanes 2 and 3). When DNA mixtures containing BBsnd
aag-3, was designed to hybridise upstream of D2; similarly in th@B3H35 mutants in ratios from 1:10 to 19 &ere displayed as
third cycle the primer D4, Stggatggtgggaagatgg-ybridising  ARM libraries, a band of M/K size was in all cases recovered
upstream of D3, was used. While the recovered DNA becomester a single cycle (FigC, lanes 1-5). Direct sequencing of PCR
progressively shorter in each cycle, full lengtiy/K/ can be  products before and after the ARM cycle confirmed the selection of
regenerated in any cycle by recombinational PCR. The shortenipgg3R. Thus, before selection DB3was not detectable in the
only affects the constant domain of the light chain. 1:10—1:1@ ratio libraries, whereas after selection [PB8as the

To demonstrate antigen-specific ARM selection, BB3/K  dominant species recovered from the 31 1:16 ratio libraries
was translateth vitro and the ARMs exposed to magnetic beadsind comprise@50% of the PCR product recovered from the 2:10
coupled to BSA, progesteroneetBSA or testosterone-3-BSA. library. This data indicated that 4a.(-fold enrichment of this
After RT-PCR, a single DNA fragment was detected only fronfragment was achieved in one ARM cycle.
progesterone-H-BSA coupled beads (FigA, lanes 2,4 and 6),  While a 1:16 DB3RDB3"35library did not produce a detectable
consistent with the specificity of DB3vy/K. Binding of the  RT-PCR band after one cycle (Filane 2), two further cycles of
DB3R ARM was also sensitively inhibited by free progester-ARM generation and selection led to recovery of&\band, with
one-11-hemisuccinate, but not by related steroids which do ndicreasing intensity at each repetition (Ry.lanes 3 and 4).
bind the intact antibody, confirming the specificity of the nascergequencing again confirmed the selection of thefB&yment.
antibody (data not shown). The recovered fragment was furtherHere we have demonstrated that the genetic information for an
confirmed as DBB by sequencing. No bands were obtainecantibody fragment can be retrieved from ARM complexes,
when PCR alone was carried out on antigen-coupled beads aftemprising nascent protein, ribosome and mRNA, after selection
ARM selection (Fig2A, lanes 3, 5 and 7), or when the procedureon immobilised antigen. Using ARM libraries, 4:Q(P-fold
was performed with non-translated DB8RNA (Fig.2, lane 1).  enrichment of a specific combining site was obtained in a single
Thus, the band recovered by RT-PCR was due to amplification oycle, with further enrichment in subsequent cycles. This is
mRNA selected via the combining site of DBand not from  significantly greater than that reporté®Q0-fold per cycle) for
DNA contamination or mRNA carryover. prokaryotic polysome display of antibody fragmeiils $ince the

To investigate selection of a specifigy¥ fragment from  TNT system containS10 ribosomes/ml (supplier’s information),
libraries, DB® was mixed with the random DB3% non- ARM libraries at least 28 in size should be achievable with the
progesterone-binding mutants. When the B#3nutant library  current protocol. Thus, ARM display may permit efficient isolation
alone was displayed as ARMs, no DNA band was recoverabté antibodies from large libraries made from [ymocytes or
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Figure 3. Enrichment of DBB from a 1:16 (DB3R:DB3139) library by repeated
ARM display cycles. Selection was with progesteroreB$A coupled beads.

1
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3

Lane 1, 1 kb DNA marker; lane 2, RT-PCR after first cycle; lane 3, RT-PCR after 4
second cycle; lane 4, RT-PCR after third cycle. The shortening of the band betweer?

cycles 2 and 3 is due to the use of different primers (D3 and D4, respectively).

generatedn vitro. Mutations can be continously introduced in
repeated cycles without the need for DNA cloning steps; mutan

with desired properties such as improved affinity can be sequential

selected, leading to evolution of desired combining sites.
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