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Affinity maturation of a Taq DNA polymerase specific affibody by
helix shuffling

E.Gunneriusson, K.Nord, M.Uhlén and P.-Å.Nygren1 1994; McConnell and Hoess, 1995; Nordet al., 1997), dissoci-
ation constants in the range ofKD 5 10–5–10–7 M are typical

Department of Biotechnology, Royal Institute of Technology (KTH), affinities of isolated binders. Although the construction ofS-100 44 Stockholm, Sweden
phage libraries of higher complexities has been described using,

1To whom correspondence should be addressed for example, ‘brute force’ principles of scale-up (Vaughanet al.,
1996) or in vivo recombination (Cre–lox) (Griffithset al.,The possibility of increasing the affinity of a Taq DNA
1994), in most cases, the library diversity is still a limitingpolymerase specific binding protein (affibody) was
factor for the isolation of high affinity variants.investigated by anα-helix shuffling strategy. The primary

A previously described strategy to circumvent the need foraffibody was from a naive combinatorial library of the
large naive libraries to isolate high-affinity antibody fragmentsthree-helix bundle Z domain derived from staphylococcal

protein A. A hierarchical library was constructed through is the harvesting of immunoglobulin-encoding sequences from
selective re-randomization of six amino acid positions in donors immunized with the target of interest (Clacksonet al.,
one of the twoα-helices of the domain, making up theTaq 1991; Hoogenboomet al., 1998). However, such biased
DNA polymerase binding surface. After selections using libraries are of limited use for the isolation of antibodies to a
monovalent phage display technology, second generation wide range of targets. Alternatively, binders of higher affinities
variants were identified having affinities (KD) for Taq DNA can be obtained through affinity maturation of lead binders
polymerase in the range of 30–50 nM as determined by (‘first generation’ binders) isolated from naive libraries. This
biosensor technology. Analysis of binding data indicated approach includes selection of variants from hierarchical
that the increases in affinity were predominantly due libraries constructed on the basis of sequences of already
to decreased dissociation rate kinetics. Interestingly, the identified binders. For antibodies, different methods for con-
affinities observed for the second generationTaq DNA struction of such libraries for the isolation of high-affinity
polymerase specific affibodies are of similar strength as the variants have been described involving, for example, heavy
affinity between the original protein A domain and the and/or light chain shuffling (Markset al., 1992; Schieret al.,
Fc domain of human immunoglobulin G. Further, the 1996a), CDR re-randomization (Yanget al., 1995; Schier
possibilities of increasing the apparent affinity through et al., 1996b), step-wise sexual PCR (Crameriet al., 1996) or
multimerization of affibodies was demonstrated for a by using a bacterial mutator strain (Lowet al., 1996). Similar
dimeric version of one of the second generation affibodies, principles, although directed to other relevant portions of the
constructed by head-to-tail gene fusion. As compared with structure, have also been applied to the increase of affinities
its monomeric counterpart, the binding to sensor chip of non-immunoglobulin proteins, including scaffold proteins
immobilized Taq DNA polymerase was characterized by a (Martin et al., 1996) or peptides(Wrighton et al., 1996)
threefold higher apparent affinity, due to slower off-rate obtained from primary selections from combinatorial libraries,
kinetics. The results show that the binding specificity of or naturally occurring binding proteins (Lowman and Wells,
the protein A domain can be re-directed to an entirely 1993; Ballingeret al., 1998).
different target, without loss of binding strength. We have previously described the phage display-facilitated
Keywords: affibody/affinity maturation/phage display/staphylo- selection of novel binding proteins (affibodies) from combina-
coccal protein A/Taq DNA polymerase torial libraries of the three-helix bundle, 58 residue Z domain

derived from staphylococcal protein A (SPA), in which 13
amino acid positions distributed over the first two helices were

Introduction targeted for randomization (Nordet al., 1995, 1997)(Figure 1).
Using standard technology, the library sizes obtained wereFrom libraries of peptides and proteins, variants capable of
approximately 4.53107 members, which only corresponds tobinding desired target molecules can be efficiently selected
a minute fraction of the number of clones (approximately 1019)and identified using, for example,in vitro selection technologies
required for a full sampling of the variability. The affinitiessuch as phage display (Dunn, 1996; Smith and Petrenko, 1997;
observed for binders to the different targets investigated so farHoogenboomet al., 1998), ribosomal display (Hanes and
have all been in the micromolar (KD) range, albeit withPluckthün, 1997; He and Taussig, 1997) peptides on plasmids
different binding kinetics (Nordet al., 1997). The moderate(Schatz, 1993) or bacterial display (Georgiouet al., 1997).
affinities obtained for selected affibodies could possibly be aFor such selections, a correlation between library size (com-
consequence of the sparse library sizes or reflect a conceptualplexity) and the likelihood of isolating binders of higher
limitation of the approach involving the randomization of aaffinities (KD 5 10–8 M or lower) has been theoretically
discontinuous ‘paratope’ distributed over two separateconsidered (Perelson and Oster, 1979) and experimentally
α-helices.demonstrated (Griffithset al., 1994; Vaughanet al., 1996;

In this study, we have investigated if affibody variants withAujameet al., 1997). From ‘standard’ sized (106–108 members)
higher affinities for the targetTaq DNA polymerase could benaive, non-biased libraries of antibody fragments (Griffiths

et al., 1993) or protein domain libraries (Tramontanoet al., isolated from a hierarchic library, constructed in analogy with
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principles applied on the affinity maturation of antibody culture and incubated 30 min without shaking at 37°C. The
superinfected cells were spun down and used to inoculatefragments, involving shuffling of individual VH or VL domain

chains. Here, the re-randomization was instead selectively 100 ml TSB medium supplemented with 100µg/ml ampicillin,
25 µg/ml kanamycin and 100µM isopropyl-β-D-thiogalacto-directed to one of the twoα-helices making up theTaq DNA

polymerase binding surface of the affibody (helix shuffling). side (IPTG). The culture was grown at 30°C for approximately
15 h before it was pelleted by centrifugation and subjected to
rounds of PEG/NaCl precipitation. The phages were re-Materials and methods
dissolved in 1 ml phosphate buffered saline (PBS; 50 mM

Strains and plasmids phosphate, 100 mM NaCl, pH 7.2) and filtered through a
Escherichia colistrain RRI∆M15 (Rüther et al., 1981) was 0.45 µm filter. This procedure routinely resulted in a phage
used as host during library construction and phagemid work.titre of 1011–1012 phages/ml.
Strain RV308 (Maureret al., 1980) was used as host for Selections
production of soluble affibodies and strain BL21(DE3)

Selections were performed against anin vivobiotinylated Aff2–(Novagen, Inc., Madison, WI) for the production of the Aff2–
TaqDNA polymerase (Aff2–Taq) fusion protein, produced andTaq DNA polymerase fusion protein. Phagemid vector pKN1
purified as described earlier (Nilssonet al., 1997), either inwas used for library constructions as described earlier (Nord
solution or immobilized onto streptavidin coated paramagneticet al., 1995) and the vector pAff2c (Nilssonet al., 1996),
beads (Dynabeads® M280-SA, Dynal AS, Oslo, Norway).encoding a multiaffinity fusion partner containing anin vivo
Solid phase selectionsbiotinylated domain, a hexahistidyl sequence and a serum

albumin binding protein (ABP), was employed for intracellular For each panning round, a 5 mg portion of beads was washed
production (T7 system) ofTaq DNA polymerase. twice in washing/binding buffer (W/B; 1 M NaCl, 10 mM

Tris–HCl, pH 7.5, 1 mM EDTA), followed by incubation withConstruction of the hierarchical library
40 µg Aff2–Taq protein in 310µl storage solution (100 mMThe library was constructed based on the sequence of a
KCl, 100 µM EDTA, 20 mM Tris–HCl, pH 8.0, 0.5% Tweenpreviously describedTaq DNA polymerase binding protein
20 and 50% glycerol) overnight at 4°C, resulting in a target(ZTaq4:8), selected from a library of the Z domain derived from
protein concentration of approximately 4µg Aff2–Taq/mgstaphylococcal protein A (Nordet al., 1997). For library
beads. Approximately 100µl phage stock was added to 5 mgconstructions, a solid phase gene assembly strategy was
beads with immobilized Aff2–Taq, previously washed fouremployed as described earlier (Nordet al., 1995) where all
times in PBS with 0.1% Tween 20 (PBST), in a pretreatedthe oligonucleotides used were as described for Z-lib 1 except
(PBST with 0.1 % gelatin) Eppendorf tube together with 5µlfor the oligo GUEL8 (59-CAAAGAACTGGGTTGGGC-
2% gelatin (final concentration 0.1%). The panning mixtureGACCTGGGAGATCTTCAACTTACCTA-39), encoding the
was incubated with rotation overnight at 4°C and subsequentlysequence of helix one, which was kept unchanged in the
washed 10 times with 1 ml PBST. The beads were transferredhierarchical library. Briefly, 350 ngNheI/Esp3I-digested PCR
to a new pretreated tube followed by 5 washes in 1 ml PBST.product, encoding helices one and two [NN(G/T) randomiz-
Bound phages were eluted with 500µl 0.1 M glycin–HCl, pHation at six positions] was ligated into 6µg MluI/NheI-
2.2 for 20 min and the eluate was neutralized with 50µl 1 Mrestricted pKN1 phagemid. The ligation mixture was digested
Tris–HCl and 450µl PBS. Eluted phages were used to infectwith SacI and thereafter purified by extraction with phenol/
10 ml log phase RRI∆M15 cells for 20 min which werechloroform/isoamylalcohol (25:24:1), washed twice with
subsequently plated on TYE–Amp–Glu agar plates. This pan-chloroform, ethanol precipitated and finally dissolved in 30µl
ning procedure was repeated during four rounds of selection.sterile water. Samples of 2.5µl ligation mix were electroporated
Soluble selectionsinto 100 µl electrocompetent RRI∆M15 cells. Cells were

grown in 1 ml SOC medium Tryptone Soy Broth (TSB) Eppendorf tubes, phage stocks and beads were pretreated with
medium supplemented with 2% glucose, 10 mM MgCl2, PBST containing 0.1% gelatin for 1 h before use in selections.
10 mM MgSO4, 10 mM NaCl and 2.5 mM KCl for 1 h and Aff2–Taq protein was added to 100µl phage stock (PBS and
plated on TYE (15 g/l agar, 8 g/l NaCl, 10 g/l tryptone and 0.1% gelatin) to a final concentration of 10 nM or 1 nM and
5 g/l yeast extract) medium supplemented with 100µg/ml incubated on a rotator for 2.5 h at room temperature. After
ampicillin and 2% glucose (TYE–Amp–Glu) and grown over washing, 0.5 mg beads in PBS (washed twice in PBST) were
night at 37°C. Colonies were pooled in TSB medium supple-added to the phage mix to a total volume of 200µl and
mented with 100µg/ml ampicillin and 2% glucose (TSB– incubated for 15 min as before. The beads were immediately
Amp–Glu) and frozen at –80°C in aliquots with addition of washed 10 times with 1 ml portions of PBST and transferred
glycerol to a final concentration of 30%. The frequency ofto a new tube before bound phages were eluted during 10 min
religated phagemid vector was determined by PCR screeningand neutralized and used for reinfection as described above.
using phagemid-specific primers RIT27 and NOKA-2. TheProtein expression and purification
diversity of the library was analysed by solid-phase DNA

After four rounds of selections, 10 randomly picked clones fromsequencing (Hultmanet al., 1991) using the same set of
each protocol were subjected to solid-phase DNA sequencingoligonucleotides but with a biotinylated version of NOKA-2.
(Hultmanet al., 1991; Nordet al., 1997). Plasmid DNA from

Preparation of phage stocks selected clones were prepared using a standard alkali lysis
protocol (Sambrooket al., 1989). Purified plasmid (phagemid)TSB–Amp–Glu (100 ml) was inoculated with approximately

0.5–23109 cells from the constructed library or from between constructs were transformed intoEscherichia colistrain RV308
for production of soluble affibody–ABD fusion proteins asselection rounds and incubated with shaking at 37°C to give

an A600 of 0.5. About 531010 M13K07 helper phage particles follows. Overnight cultures in TSB–Amp supplemented with
5 g/l yeast extract at 37°C were used to inoculate (diluted(New England Biolabs, Beverly, MA) were added to 10 ml
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1:200) 100 ml TSB–Amp in baffled shake flasks and allowed
to grow until A600nm reached 1 before protein production was
induced with IPTG to a final concentration of 1 mM. Cultures
were further grown at 25°C for 24 h before subjected to an
osmotic shock treatment to release periplasmic proteins
(Nygrenet al., 1988). Periplasmic fractions were loaded onto
human serum albumin (HSA)–Sepharose columns for affinity
chromatography (Nygrenet al., 1988). Proteins were analysed
by SDS–PAGE on 20% polyacrylamide gels stained with
Coomassie brilliant blue R-250 using the Pharmacia Phast™
system (Amersham Pharmacia Biotech AB, Uppsala, Sweden)
and the protein concentrations were determined spectrophoto-
metrically atA280nm.

Binding studies using BIAcore
Selected affibodies were affinity ranked using surface plasmon
resonance (SPR) employing a BIAcore 2000 instrument
(Biacore AB, Uppsala, Sweden). AmpliTaq DNA polymerase
(Perkin Elmer, Norwalk, CT) or polyclonal hIgG (used as Fig. 1. Sequences of first and second generationTaq DNA polymerase
control) (Pharmacia & Upjohn AB, Stockholm, Sweden) wasspecific affibody variants. Alignment of deduced amino acid sequences of

the wild-typeZ domain, two primarily identifiedTaq DNA polymeraseimmobilized in different flow cells by amine coupling accord-
binding affibodies (ZTaq4:1 andZTaq4:8) and variants selected during theing to the manufacturer’s recommendations onto the carb-
affinity maturation using different selection protocols.oxylated dextran layer on surfaces of a CM-5 chip (research

grade) resulting in approximately 2100 and 5900 resonance
units (RU), respectively. A third flow cell surface was activated

sensor chip containing 2200 RU of immobilized AmpliTaqand deactivated for use as a blank during injections. Twelve
DNA polymerase and 4600 RU hIgG in different flow cells.newly selectedTaqDNA polymerase binding affibody variants
A blank surface (200 RU) was prepared through activation/and the original ZTaq4:8 affibody were injected over the surfaces
deactivation for use as an additional control. For calculationsat a concentration of 50 nM, diluted in HEPES buffered saline
of binding kinetic parameters, samples of ZTaqS1-1 and di-(HBS; 10 mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM EDTA,
ZTaqS1-1–ABD fusion proteins were injected at random order0.5% surfactant P-20) in duplicates in random order at a
during 5 min at a flow rate of 50µl/min at concentrationsconstant flow rate of 30µl/min for 7 min. After each injection,
ranging between 0.32 nM and 25µM (ZTaqS1-1) or 64 pM andthe surfaces were regenerated with 0.05% SDS. The five
5 µM (di-ZTaqS1-1).affibodies showing the highest equilibrium responses were

selected for further binding analyses.
ResultsKD values of selected affibodies were determined using a

CM-5 chip surface containing 1500 RU of immobilized Ampli- Library design and selections
Taq DNA polymerase. Samples ofTaq DNA polymerase From a phagemid-displayed combinatorial library of the 58binding affibodies were injected (duplicates in random order)residue, three-helix bundle staphylococcal protein A domainat different concentrations (ZTaq4:8: 0.75 nM to 25µM; second analogue Z, the selection of two affibody variants (ZTaq4:1 andgeneration variants: 0.75 nM to 7.5µM) at a flow rate of 20 ZTaq4:8) showing micromolar affinities (KD) to Taq DNAµl/min. Injections were made during 5 min and the surfacespolymerase have been previously described (Nordet al., 1997).were regenerated using 0.05% SDS. Binding curves wereAn alignment of their amino acid sequences showed that outbased on the equilibrium responses obtained andKD values of the 13 positions subjected to randomization using NN(G/T)were calculated using the BIAevaluation 2.1 software (Biacoredegenerate codons, two positions in helix one [positions 10AB). Kinetic rate constants were calculated using BIAevalu-(G) and 17 (F)] and a single position in connection to helix 2ation 2.1 software assuming a one-to-one binding model. [position 24 (G)] were identical in the two selected affibodies
Dimerization of the ZTaqS1-1affibody (Figure 1). Despite the relatively extensive amino acid substitu-

tions compared with the wild-type Z domain, studies usingThe gene encoding the ZTaqS1-1 variant was amplified in
eight 50 µl PCR reactions using oligonucleotides NOKA-6 circular dichroism spectroscopy had shown that the secondary

structure contents in the two affibodies closely resembled that(59-CCCCGTCGACCGTAGACAACAAATTCAACAAAG-39)
and NOKA-7 (59-CCCCCTCGAGCTTTTCGGCGCCTGAG- of the parental wild-type Z domain, suggesting similar overall

α-helical content (Nordet al., 1997; Tashiroet al., 1997).CATC-39) introducing recognition sites for the restriction
enzymesSalI and XhoI, respectively. Fragments were pooled, To investigate if related affibody variants could be isolated

with higher binding affinities toTaq DNA polymerase, anethanol precipitated, restricted and agarose gel purified before
ligation into the vector pKN1-ZTaqS1-1, restricted withXhoI affinity maturation strategy involving the construction of a

secondary library followed by re-selection against theTaqand dephosphorylated. Transformants were analysed by solid
phase DNA sequencing and plasmid DNA of the resulting DNA polymerase target was performed. A hierarchical phage-

mid library based on the affibody ZTaq4:8 was constructed suchconstruct pKN1-di-ZTaqS1-1 was prepared using a Jetstar mini-
prep column (Genomed, Inc., NC). Di-ZTaqS1-1–ABD fusion that helix one (containing two identities compared with the

ZTaq4:1 affibody) was kept as initially selected from the naiveprotein was produced and purified as described above. A
comparative binding analysis between ZTaqS1-1–ABD and di- library whereas the six positions previously variegated in helix

two were re-randomized using NN(G/T) degenerate codonsZTaqS1-1–ABD fusion proteins was performed using a CM-5
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Fig. 3. Affinity ranking of twelve selected affibody variants. Overlay plot of
sensorgrams obtained for twelve affinity maturedTaq DNA polymerase
specific affibodies when injected at an approximate concentration of 50 nM
over a sensor chip surface with immobilizedTaq DNA polymerase.

Biosensor binding analyses
To determine binding affinities using biosensor measurements,
12 variants were chosen for further analyses and produced as
soluble affibody–ABD fusion proteins from their respective
phagemid constructs and HSA-affinity purified employing the
5 kDa serum albumin binding fusion partner. Expression levelsFig. 2. The helix shuffling strategy. A primary affibody, selected from a

naive library of the three-helix bundleZ domain constructed through were in the range of 6–30 mg/l shake-flask culture and an
combinatorial mutagenesis of 13 surface located positions in helices one andSDS–PAGE analysis showed that the purified proteins were
two, is subjected to affinity maturation using a helix shuffling strategy. of expected size (approximately 13 kDa, data not shown). ToFrom a secondary library, constructed through selective re-randomization of

obtain an initial ranking of binding affinities, the 12 affibodiesone of the helices (here helix two) involved in the binding interaction,
second generation affibodies are selected. were separately injected at an approximate concentration of

50 nM over aTaqDNA polymerase coated sensor chip surface,
using the first generation ZTaq4:8 affibody as reference. An
overlay plot of recorded sensorgrams shows that all exceptincluding all 20 amino acids (Figure 2). This strategy should
one of the injected second generation affibodies bind to thepotentially allow for the selection of novel helix two variants
target with higher affinities than the reference variant, ascontributing toTaq DNA polymerase binding, from a more
indicated by their higher equilibrium (plateau) responsesextensively sampled diversity than present in the naive library.
(Figure 3). From a visual inspection of the post-injection partsThe resulting library of approximately 1.63107 members
of the sensorgrams, it could be seen that the interactionswas subsequently subjected to affinity selections at different
between the target and the newly selected variants werestringencies against a biotinylatedTaqDNA polymerase fusion
characterized by slower off-rate kinetics (Figure 3).protein, either in solution (10 or 1 nM concentration) or with

An analysis of complete binding curves, constructed fromthe target protein immobilized onto paramagnetic streptavidin
equilibrium responses obtained from injections of affibodiesbeads (2µM concentration). After four rounds of selection,
at different concentrations (0.75 nM to 7.5µM), showed that10 clones were randomly picked from each selection strategy
for five of the variants the affinities (KD) were in the range ofand analysed by DNA sequencing (Figure 1). The results
30–50 nM (Figure 4; Table I). This corresponds to up to a 15-showed that with increasing selection stringency, an increased
fold increase in affinity for theTaq DNA polymerase targetconvergence towards consensus sequences could be observed.
as compared with the first generation ZTaq4:8 binder. SizeThe use of a high concentration (2µM) of bead-immobilized
exclusion chromatography analysis of the affibody variant withtarget protein for four rounds of selections did not result in
the highest affinity forTaq DNA polymerase (clone ZTaqS1-1),any enrichment of frequent variants, whereas the use of low
showed that the protein did not form higher aggregates, whichconcentrations of the target protein in solution during selections
otherwise could influence on the affinity determinations (dataresulted in the enrichment of a fewer number of variants,
not shown). From calculated kinetic rate constants, determinedrepresented several times, e.g. ZTaqS10-1 (3/10) and ZTaqS1-1 (8/
from analyses of injection (on-rate) and post-injection phases10). Interestingly, for 27/28 sequenced variants, a glycine
(off-rate), it could be concluded that the increase in affinityresidue present in both the original clones was re-selected at
primarily was a result from significantly slower off-ratesposition 24. Also for other positions, amino acids initially
(Table I).found in the two parental affibodies were frequently re-selected,
Increasing the apparent affinity by affibody multimerizationfor example, valine or alanine at position 27, lysine or alanine

at position 28 and arginine at position 35. A few variants wereTo investigate if the apparent affinity for theTaq DNA
isolated regardless of the selection strategy, e.g. ZTaqS1-1 from polymerase target could be further increased by linking two
selections with 1 nM of the target in solution which was affibody moieties in a dimeric construct, the affibody variant
also found using bead-immobilized target protein (variantwith the highest affinity forTaq DNA polymerase (clone

ZTaqS1-1) was produced as a genetically fused (head to tail)ZTaqB2000–5), although at a lower frequency.
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Fig. 5. Effect of dimerization of theZTaqS1-1 affibody. Overlay plot of
sensorgrams obtained after injection ofZTaqS1-1–ABD or di-ZTaqS1-1–ABDFig. 4. Binding curves for the five affinity matured affibodies. Overlay plot
affibody fusion proteins (40 nM of both constructs) over a sensor chipof binding curves obtained after injection of different concentrations of the
surface containing immobilizedTaq DNA polymerase. Note the slowerfive second generation affibodies (d) showing the highest affinities forTaq
off-rate kinetics seen for the dimeric di-ZTaqS1-1–ABD construct indicatingDNA polymerase. As reference, also the ancestral;ZTaq4:8 affibody (u) was
the influence of avidity effects in the binding.included in the study.

Closely related sequences with a strong resemblance to theTable I. Binding data for affinity matured affibodies
initially selected binders were found in the selected clones. A

Clone KD
a (nM) kdiss (s–1 M–1) strong selection for glycine was observed at position 24

for all but one sequenced second generation variants. The
ZTaq4:8 (reference) 370 0.10 positioning at the beginning of helix two could possibly suggestZTaqS1-1 25 0.014

a structural role for this residue in theseTaqDNA polymeraseZTaqS1-2 52 0.022
ZTaqS10-4 48 0.024 specific variants, rather than being involved in the actual
ZTaqS10-5 46 0.025 binding interaction.
ZTaqS10-7 37 0.017 The affibody with the highest observed affinity (clone
di-ZTaqS1-1 8b 0.0025

ZTaqS1-1) was efficiently enriched using a low concentration of
soluble target during selections. In this variant, four of the sixaData obtained from equilibrium response analyses.

bData obtained from kinetic analyses (kon andkdiss). randomized positions are occupied by amino acids previously
Note: affinity data for the dimeric construct is dependent on the density of observed at the corresponding positions in either of the two
immobilized target. Taq DNA polymerase binding affibodies ZTaq4:1 and ZTaq4:8

previously isolated from the naive Z-library (Nordet al.,
dimeric fusion protein, di-ZTaqS1-1–ABD and analysed for 1997). This suggests that the two initially selectedTaq DNA
binding to sensor chip immobilized target protein. A com- polymerase binding affibodies as well as the newly selected
parison between response curves obtained for the dimericand affinity matured variants bind to the same site on the
variant and its monovalent counterpart clearly shows that thetarget. Thus, during selections,Taq DNA polymerase binding
binding of the dimeric version is characterized by a higherdeterminants present in the unaltered helix one could have
equilibrium response and slower off-rate kinetics (Figure 5).contributed to a directed selection of variants, resulting in a
The apparent affinity (KD) of the dimeric di-ZTaqS1-1 affibody selection advantage over variants binding to other parts of the
was calculated to approximately 8 nM, corresponding to atarget mediated by helix two only. This notion is supported
threefold increase in affinity compared with the monomericby results from affinity recovery of recombinantTaq DNA
counterpart. However, in affinity determinations of interactionspolymerase from crudeEscherichia colilysates in which both
where avidity effects are present, the obtained numbers arethe ZTaq4:8 and the ZTaqS1-1 affibodies have been used as
dependent on the density of immobilized target protein andaffinity ligands. Using both ligands, aTaq DNA polymerase
will therefore vary depending on experimental conditions.degradation product is co-purified together with the full-length
Nevertheless, the obtained increase in apparent affinity forprotein, indicating that both ligands recognize an ‘epitope’
the dimeric construct shows upon the potential of furtherlocated within this fragment (Nord,K., Gunneriusson,E.,
engineering of affibody moieties to obtain, for example,Uhlin,M. and Nygren,P.-Å., manuscript in preparation).
multimeric constructs of high binding avidities. In this study, three different selection protocols were used,

based on either having the target in solution (two different
Discussion concentrations) or immobilized onto paramagnetic particles.

Interestingly, the ZTaqS1-1 variant, shown to have one of theThe constructed hierarchical library of theTaq DNA poly-
merase binding affibody ZTaq4:8 involved a re-randomization highest affinities of the variants tested, was present among

clones isolated using both strategies. However, a more selectiveof six positions in helix 2 using NN(G/T) degenerate codons
including all 20 amino acids covered by 32 possible codons. enrichment (8/10) of this variant was seen using the target in

solution, relative to when an immobilized target was used (1/Although the library only covered approximately 1.5% of all
possible genetic variants, it corresponds to a more than 1010- 10). This suggests that the soluble selection strategy was

favourable for efficient selection of stronger binders from afold better sampling of helix two variants than in the original
Z-lib1 library from which the two parental affibodies ZTaq4:1 background of lower affinity variants. Of the variants analysed,

the five with the highest affinities were all isolated using thisand ZTaq4:8 initially were selected (Nordet al., 1995, 1997).
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Tashiro,M., Tejero,R., Zimmerman,D.E., Celda,B., Nilsson,B. and Montelione,

et al., 1995; Braisted and Wells, 1996; Janssonet al., 1998). G.T. (1997)J. Mol. Biol., 272, 573–590.
The fact that the dimeric version of the ZTaqS1-1 showed Tramontano,A., Bianchi,E., Venturini,S., Martin,F., Pessi,A. and Sollazzo,M.

(1994)J. Mol. Recognit., 7, 9–24.cooperative binding effects also suggests that higher multimeric
Vaughan,T.J., Williams,A.J., Pritchard,K., Osbourn,J.K., Pope,A.R., Earnshaw,forms of selected affibodies could be constructed to make

J.C., McCafferty,J., Hodits,R.A., Wilton,J. and Johnson,K.S. (1996)Naturethis novel class of ligands attractive reagents in different Biotechnol., 14, 309–314.
applications. Taken together, the results demonstrate that it isWrighton,N.C., Farrell,F.X., Chang,R., Kashyap,A.K., Barbone,F.P., Mulcahy,

L.S., Johnson,D.L., Barrett,R.W., Jolliffe,L.K. and Dower,W.J. (1996)possible to isolate variants of the IgG binding Z domain,
Science, 273, 458–464.directed to an entirely different target, without loss of bind-

Yang,W.P., Green,K., Pinz-Sweeney,S., Briones,A.T., Burton,D.R. and Barbas,ing strength.
C.F.,III (1995)J. Mol. Biol., 254, 392–403.
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