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Abstract

Anticalins are prepared by reshaping the ligand pocket of a natural lipocalin via protein engineering in order to
recognize a prescribed ligand. In this manner, the anticalin DigA with specificity for digoxigenin was previously
derived from the bilin-binding protein(BBP), a natural lipocalin fromPieris brassicae. The four peptide loops that
form its ligand-binding site were randomized and a cognate variant was selected from the resulting library. Here, we
propose a concept for improving the ligand-binding properties of this anticalin in an in vitro affinity maturation
process by step-wise randomization of restricted areas of the loop region. Following selection on digoxigenin-binding
activity via phage display and colony screening, several DigA variants were thus obtained. The recombinant proteins
were thoroughly characterized in terms of ligand affinity and specificity, secondary structure and thermal stability
against unfolding. The variant DigA16y19, which carries several new mutations, exhibits clearly improved affinity
for digoxigenin, withK s12.4 nM. Hence, it is suitable as a sensitive reagent in biochemical detection experiments,D

especially when produced as a functional fusion protein with alkaline phosphatase as reporter enzyme. In addition,
DigA16y19 possesses enhanced ligand specificity and recognizes part of the linker that was used for fixing the steroid
group to a carrier protein. Finally, the digoxigenin-binding anticalins appear to have high physico-chemical stability,
with T values in the 708C range. Our present findings support the notion that anticalins provide a useful class ofm

compact and robust ligand-receptor proteins that can be tailored for practical demands.� 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Anticalins are a novel class of engineered recep-
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tor proteins with prescribed ligand specificity
derived from the lipocalin foldw1,2x. The anticalin
concept arose from the perception that lipocalins,
a widespread family of small ligand-transport pro-
teins w3x, share certain structural features with
antibodies, which serve for the specific recognition
of a variety of foreign substances by the immune
system. The antigen- or hapten-binding sites of
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antibodies are composed of six hypervariable loops
(also dubbed complementarity-determining
regions, CDRs) that are fixed on a conformation-
ally conserved immunoglobulin(Ig) domain
framework. Similarly, lipocalins possess a ligand-
binding site that is formed by four peptide loops,
which are displayed on one side of a structurally
rigid b-barrel. Each loop connects one pair of
strands in the circularly closed, eight-stranded
antiparallelb-sheet which gives rise to this pecu-
liar element of supersecondary structure.
Whereas theb-barrel is highly conserved among

the various lipocalins with known three-dimension-
al structure w2x, the set of four loops exhibits
remarkable diversity, both in conformation and
length, and there is extreme sequence variability
within this family. These properties are in agree-
ment with the differing ligand specificities
observed for natural lipocalins, depending on the
organism or tissue from which they originate.
Notably, despite the resemblance with immuno-
globulins in terms of their ligand-binding function-
ality, lipocalins provide several advantages, which
raise interest in biotechnology from a practical
point of view.
First, lipocalins are much smaller than antibod-

ies or their functional fragments, with a typical
molecular size below 20 kDa. Second, they are
composed of a single polypeptide chain, so that
sources of instability, such as the weak non-
covalent association of Ig V and V domains, areH L

avoided. Third, they are easier to manipulate by
genetic engineering, because only one coding
region has to be cloned and the simpler set of four
variable loops is easier to be mutagenized than six
individual CDRs. However, in contrast with anti-
bodies produced by the immune system, lipocalins
cannot be built on demand by an organism, follow-
ing a challenge by foreign substances or invaders.
Rather, they are functionally restricted to special-
ized tasks in their physiological environment,
mainly for the transport or storage of poorly
soluble or chemically labile compounds within or
across tissues.
Consequently, we set out to expand on their

apparent potential in ligand-binding capability,
which so far seems to be marginally exploited in
nature, by reshaping the combining site of a given

lipocalin via combinatorial biochemistry and pro-
tein design. The bilin-binding protein(BBP) of
Pieris brassicae served as a model lipocalin in
order to randomize a total of 16 amino acid
positions in those four loops, which normally form
the binding site for biliverdin IX at the open endg

of the b-barrel w1x. The resulting library of
3.7=10 BBP variants was screened for binding8

activity against several haptenic ligands by means
of phage display and colony screening methods.
Indeed, engineered lipocalins, then termed antical-
ins, were isolated with nanomolar affinity values
and pronounced specificity for compounds such as
fluorescein w1x and digoxigenin w4x. Sequence
analysis of the anticalins revealed that all 16 amino
acid positions chosen for the randomization proc-
ess appeared to be highly tolerant towards side
chain substitution, thus demonstrating considerable
structural plasticity of the lipocalin loop region
and ligand-binding site.
Apart from the scientific insight that may be

gained from this approach, several practical aspects
emerge. In particular, the digoxigenin group con-
stitutes a relevant target both in biochemistry and
in medicine. This compound belongs to a group
of cardiac glycosides with high therapeutic value
w5,6x, but also with a rather narrow range of
applicable concentrations, so that sensitive and
quick methods of quantification are needed. Fur-
thermore, the hydrophilic steroid moiety is increas-
ingly utilized in the field of molecular biology as
a non-radioactive label for nucleic acids, proteins
and other biomoleculesw7–9x. The development
of reagents for its sensitive detection will certainly
contribute to this technique.
In a preceding study, we succeeded in identify-

ing anticalins from the BBP random library that
recognize digoxigenin, together with the closely
related digitoxigenin groupw4x. The K value ofD

the anticalin DigA, which was isolated from the
original random library, was 295"37 nM for
digoxigenin. In an approach of affinity maturation
by selectively randomizing just the first loop of
the binding site in this anticalin and subjecting the
collection of mutants again to screening for the
hapten, the variant DigA16 with significantly
enhanced digoxigenin-binding activity was
obtained. Both anticalins bound the steroid moiety
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irrespective of the chemical substituent attached to
C-3 of the ring system, and both exhibited even
higher affinity for the related steroid digitoxigenin,
which merely differs from digoxigenin by a miss-
ing hydroxyl group at C-12.
Here, we report attempts to raise the digoxigen-

in-binding activity of the cognate anticalin even
further by extending the affinity maturation con-
cept to remaining parts of the loop region. In
addition, we present data on the ligand specificity
and on the biophysical properties of the engineered
lipocalins, which will be important in order to
assess their potential for practical use.

2. Experimental

2.1. Recombinant DNA methodology

DNA manipulation, bacterial transformation and
phagemid production were performed according to
standard procedures unless otherwise statedw10–
12x. Nucleic acid sequencing was carried out by
means of the T7 Sequencing Kit� (Amersham
Pharmacia Biotech, Freiburg, Germany) or on an
ABI-Prism� 310 Genetic Analyzer(Perkin Elmer
Applied Biosystems, Weiterstadt, Germany) using
the BigDye� terminator kit. All plasmids
employed in this study, either for phagemid display
(pBBP24), soluble expression(pBBP21), filter-
sandwich colony screening(pBBP22) or biosyn-
thesis of a PhoA fusion protein(pBBP27), were
based on the generictet expression vectorpyo

pASK75 w13x, and their schematic composition has
been describedw4x. They are mutually compatible
in so far as the mutagenized central part of the
BBP gene can be conveniently isolated from one
plasmid by cutting withBstXI — generating two
distinct sticky ends — and directionally inserted
into another one.

2.2. Preparation of random libraries

Starting with the gene for the digoxigenin-
binding BBP variant DigA16, which had been
generated by selection from the original BBP
random library, followed by an affinity maturation
step w4x, two specialized random libraries were
constructed by polymerase chain reaction(PCR)

in order to mutagenize either loop number 3 or 4
of the binding site. For this purpose, previously
described PCR reaction conditions and oligode-
oxynucleotides(carrying a mixed base composi-
tion in the mutagenized codon positions) were
used w1x, as well as the primer STS12(59-CTT
CGA CTG GTC CCA GTA CCA TGG TAA ATG
GTG GCA-39). For the randomization of amino
acid residues 88, 90, 93, 95 and 97 in loop number
3, two PCRs(20 cycles) were performed in par-
allel using pBBP21-DigA16 as template, together
with the primer pairs GB2yGB11 or STS12yFS18,
respectively. The partially overlapping PCR prod-
ucts (with 183 and 206 base pairs) were isolated
by agarose gel electrophoresis, mixed and used as
template in the assembly PCR(20 cycles) with
the flanking primers STS12 and GB2, resulting in
the generation of the full-length gene cassette. The
mutagenized DNA fragment(371 bp) was finally
isolated, digested withBstXI and ligated with the
similarly digested phagemid display vector
pBBP24. The ligation mixture containing approx-
imately 17mg of DNA was used for electropora-
tion of E. coli K12 XL1-Blue, yielding ca.
2.2=10 transformants. The library for the random8

mutagenesis of amino acids 114, 116, 125 and 127
in loop number 4 was likewise prepared in a two-
step PCR strategy. First, PCR(20 cycles) was
carried out using pBBP21-DigA16 as template and
STS12yGB4 as primers. The 352-bp fragment was
isolated by agarose gel electrophoresis and used
as template with the primers STS12yGB2 in a
second PCR(20 cycles). The resulting mutageni-
zed 371-bp fragment was subcloned as before,
yielding ca. 2.3=10 transformants.8

2.3. Affinity enrichment by phagemid display

The two mixtures of bacterial transformants
harboring pBBP24 with the mutagenized DigA16
genes were separately propagated for each partial
library and finally combined prior to the prepara-
tion of the phagemids according to a published
procedurew4x. DigA16 variants were selected from
the mixed phagemid library by panning with a
double conjugate of bovine serum albumin
(BSA) with digoxigenin and biotin groups, in
conjunction with streptavidin paramagnetic beads
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(Dynabeads M-280 Streptavidin, Dynal, Ham-�

burg, Germany) in the following manner. The
paramagnetic particles from 100ml of the com-
mercially available suspension were washed three
times with 100ml of phosphate-buffered saline
(PBS: 4 mM KH PO , 16 mM Na HPO , 115 mM2 4 2 4

NaCl) for 1 min and blocked with 100ml of
blocking buffer(PBS containing 0.1% vyv Tween
20 and 2% wyv BSA) for 1 h. A 260-ml aliquot
of the freshly prepared phagemid solution in PBS
(containing between 4=10 and 1.3=10 pha-11 12

gemids, depending on the panning cycle) was
mixed with 40ml of a 50 nM stock solution of
the digoxigeninybiotin–BSA conjugatew4x in PBS
and incubated for 1 h. After adding 100ml of 4=
concentrated blocking buffer, the solution was
mixed with the drained beads from above and
incubated for 10 min. Finally, free binding sites
on the streptavidin beads were saturated by adding
10 ml of 4 mM D-desthiobiotin(Sigma, Deisen-
hofen, Germany) in PBS containing 0.1% vyv
Tween 20 (PBSyT). This step also served for
avoiding complexation of theStrep-tag II w14x,
which is part of the fusion protein between the
BBP variants and the M13 gene III product.
Following 5 min of incubation, uncomplexed pha-
gemids were removed by washing of the beads
eight times with 1 ml of fresh PBSyT containing
1 mM D-desthiobiotin. Remaining bound phagem-
ids were eluted by treatment with 950ml of 0.1
M glycineyHCl, pH 2.2 for 15 min. After collec-
tion of the beads, the supernatant was recovered
and immediately neutralized with 140ml of 0.5 M
Tris base. Subsequent to infection of freshE. coli
XL1-Blue cells, the phagemids were either ream-
plified and used for further panning cycles, or the
phasmid DNA was isolated and a filter-sandwich
colony screening assay was carried out.

2.4. Filter-sandwich colony screening assay

For the colony screening assay, the mutagenized
insert from the pooled phasmid DNA obtained
from the phagemid selection was subcloned via
BstXI on the vector pBBP22, which encodes a
fusion protein between BBP variants and the albu-
min-binding domain(ABD) from Streptococcus
protein G w4x. Following transformation of com-

petent E. coli TG1yF cells with the ligationy

mixture, the cell suspension was plated out on a
hydrophilic filter membrane, placed on an agar
plate and subjected to the filter-sandwich colony
screening assay as previously describedw4x. As a
result of this procedure, a second membrane was
obtained that carried the functionally immobilized
BBP variants as an invisible replica of the colonies
grown on the first membrane. These BBP variants
were attached via complex formation between the
ABD and the human serum albumin(HSA) that
had been used for coating of the second membrane.
Three membranes of this type were prepared for
probing the binding activity of the immobilized
DigA16 mutants(corresponding to ca. 500 inde-
pendent transformants per membrane) by first
incubating them with a 0.15mM solution of the
digoxigeninybiotin–BSA conjugate in PBSyT for
1 h. In order to select for variants with slow
dissociation rates, the buffer was then replaced by
a 2 mM solution of free digoxigenin in PBS.
Different stringency was applied by treating the
three membranes with the competitor in parallel
either for 10 min, for 1 min, or not at all. Finally,
all membranes were washed three times with PBSy
T and incubated for 1 h with ExtrAvidin –alkaline�

phosphatase conjugate(Sigma) diluted 1:10 000
in 10 ml of PBSyT for the detection of digoxigen-
inybiotin–BSA conjugate that had remained com-
plexed. After final washing steps, a chromogenic
reaction was carried outw4x. Colonies correspond-
ing to the most intense signals were identified,
recovered from the membrane and propagated, and
their plasmid DNA was isolated for further
analysis.

2.5. Preparation of soluble anticalins

For the production of the BBP variants, the
mutagenized gene cassette was subcloned on
pBBP21.E. coli JM83 was used for gene expres-
sion, which was induced with anhydrotetracycline
w13x. Periplasmic secretion was effected via an N-
terminal OmpA signal sequence and purification
was achieved by means of the C-terminalStrep-
tag II w14x using streptavidin affinity chromatog-
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raphy as previously describedw4x. Protein
concentrations were determined viaA measure-280

ment using extinction coefficientś w15x of280

54 150 M cm for the recombinant BBP(cor-y1 y1

rected for the native protein) and of 53 580 My1

cm for the DigA16 mutants. SDS-PAGE wasy1

performed using standard slab-gel methodology
w16x, revealing protein bands by staining with
Coomassie brilliant blue R 250(Roth, Karlsruhe,
Germany).

2.6. Fluorescence titration experiments

Fluorescence measurements were carried out
with an LS50 B fluorimeter(Perkin Elmer, Nor-
walk, CT, USA) using a 1=1 cm quartz cuvette2

thermostatted at 258C. Aliquots of the correspond-
ing ligand dissolved in DMF were successively
added — up to a final volume of 40ml, i.e. 2%
of the assay solution — to 2 ml of a 1mM solution
of the purified BBP variant in PBS buffer contain-
ing 1 mM EDTA (PBSyE). After equilibration for
1 min, the protein fluorescence was excited at a
wavelength of 295 nm and the tryptophan emission
was measured at 345 nm averaged over 10 s. The
data were normalized to an initial fluorescence
intensity of 100% and fitted by non-linear least-
squares regression with KaleidaGraph software
(Synergy Software, Reading, PA, USA) according
to the theory of bimolecular complex formation
w17x.

2.7. CD spectroscopy and thermal denaturation

Circular dichroism spectra of the purified BBP
variants were measured with a Jasco J-810 spec-
tropolarimeter (Jasco, Groß-Umstadt, Germany)
thermostatted with a computer-controlled water
bath. Protein solutions were concentrated at 100–
350mg ml in 20 mM Na-phosphate buffer, pHy1

7.5 and applied in a 1-mm pathlength quartz
cuvette sealed with a Teflon lid. Spectra were
recorded at 228C from 190 to 250 nm(bandwidth
1 nm, scan speed 50 nm min) using up to 20-y1

fold accumulation and were corrected for solution
blanks. The molar ellipticity was calculated from
the raw data according to the following equation:

u ØMl R
u sMRW 10ØcØdØNA

where c denotes the protein concentrationwmg
ml x, d is the pathlengthwcmx, N is the numbery1

A

of amino acids (always 184), and M is theR

molecular mass: 21 008 Da for BBP, 20 959 for
DigA, 20 808 for DigA16 and 20 800 for DigA16y
19.
Thermal unfolding was performed using the

same set-up by heating the sample at a constant
temperature gradient of 40 K h from 20 toy1

between 80 and 958C, depending on the protein.
Data were collected for each 0.1 K step at wave-
lengths of 212 or 213 nm, respectively, i.e. where
maximal spectral change upon unfolding was
observed for each BBP variant. After complete
denaturation, the sample was cooled again, using
the same constant rate, in order to determine the
reversibility of the reaction. The sample buffer
showed no change in ellipticity with variation in
temperature, so no corrections were made. Data
from the thermal denaturation experiments were
fitted by non-linear least-squares regression using
KaleidaGraph software and an equation for a two-
state model of the unfolding transitionw18,19x:

DH yRw 1yT y 1yT xm ( m) ( )Ž . Ž .m Tqb q m Tqb eN N U U
us

DH yRw 1yT y 1yT xm ( m) ( )1qe

wherem , b , m and b denote the parametersNN U U

for the pre- and post-transitional signal drifts,T is
the variable temperaturewKx, R is the gas constant
(8.314 J K mol ), T is the melting tempera-y1 y1

m

ture at the midpoint of transition andDH is them

enthalpy of unfoldingwJ mol x at T . Using they1
m

parameters from the corresponding curve fit, the
unfolded fraction f (u) was plotted as a function
of temperatureT for illustration:

DH yRw 1yT y 1yT xm ( m) ( )e
Ž .f u s

DH yRw 1yT y 1yT xm ( m) ( )1qe

The Gibbs free energy of unfoldingDG 9 at ambi-o

ent temperature(25 8C) was extrapolated from
T (whereDG s0) using simple integration ofm U

the van’t Hoff equation with a constantDH :m
B E298.15 Ko9 C FDG sDH 1ym TD Gm
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2.8. Preparation and analysis of PhoA fusion
proteins

For the production of a fusion protein compris-
ing the bacterial alkaline phosphatase(PhoA)
linked to the N-terminus of the BBP variant, the
mutagenized gene cassette encoding DigA16y19
was subcloned on the vector pBBP27. The PhoA-
DigA16y19 fusion protein was produced inE. coli
JM83 and purified via the C-terminalStrep-tag II,
as previously describedw4x. Protein concentration
was determined using an extinction coefficient
´ s84 970 M cm . ELISA was carried outy1 y1
280

with the fusion protein following a published
procedurew4x. Briefly, the wells of a microtiter
plate were coated with digoxigenin groups coupled
either to BSA or to ovalbumin(Ova) as carrier
protein, using unconjugated proteins for control.
After blocking, the PhoA fusion protein was
applied in a dilution series and incubated for 1 h.
Finally, the wells were thoroughly washed, and
enzymatic activity was directly detected by incu-
bation with p-nitrophenyl phosphate as chromo-
genic substrate. The change in absorption at 405
nm was measured in a SpectraMax 250 reader
(Molecular Devices, Sunnyvale, CA, USA). The
data were fitted by non-linear least-squares regres-
sion using KaleidaGraph software, as previously
describedw20x.

3. Results and discussion

3.1. Theoretical considerations and molecular ran-
domization strategy

The BBP library from which the original digox-
igenin-binding BBP variant DigA was isolated had
been prepared by targeted randomization of a total
of 16 amino acid positions. Mutagenesis was
achieved by means of a PCR assembly strategy
using oligodeoxynucleotides synthesized with
mixed bases at the randomized codons. According
to the base composition applied(usually ‘NNK’
or ‘NNS’), 32 different codon combinations cor-
responding to all 20 amino acids were allowed at
most of the positions(cf. w1x; at some positions,
certain codonsyamino acids were avoided, which

in principle does not matter for the present discus-
sion). Consequently, the theoretical complexity of
this biomolecular library amounted to
32 f1.2=10 possible mutants. This number of16 24

independent genes or proteins, which would
approximately equal 2 moles of substance in total,
cannot be physically realized at the present state
of the art in molecular biotechnology. In fact, the
complexity of 3.7=10 independent transformants,8

which was obtained after preparative ligation of
the PCR products and used for preparation of the
phagemid display libraryw1x, is not far from the
practical upper limit of 10 –10 mutants that can9 10

be currently achieved. Therefore, this number rep-
resents just a minute fraction of the amino acid
combinations within the ligand pocket of the lipo-
calin that are theoretically possible. Hence, it is
basically beyond expectation to select a variant
from this library that may exhibit the ‘optimal’
binding behavior for the prescribed ligand.
However, once a mutant has been successfully

isolated, molecular recognition of the ligand is
imprinted to its binding site and its properties may
then be further tuned by introducing limited and
local structural variations. Along these lines, the
variant DigA16 had been prepared on the basis of
the DigA biomolecule by once again selectively
randomizing loop number 1 in the context of the
three other loops, which were kept fixed in their
sequences, and subjecting the partially mutant
library to a further selection procedure. Since only
six residues were mutagenized, the theoretical
complexity of the library corresponded to
32f1.1=10 combinations in this case, which6 9

could be almost fully sampled in the experiment.
With the number of transformants amounting to
1.5=10 , the library could be expected to cover a9

significant fraction of the possible combinations
following a stochastic estimationw4,21x. Thus,
there was reasonable expectation to identify the
loop sequence conferring the best ligand affinity
in the context of the three other loops, provided
that sufficient stringency was employed during the
selection steps. As a result, the variant DigA16
exhibited 10-fold higher affinity for digoxigenin
than the parental DigA anticalinw4x.
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Fig. 1. View into the binding pocket of BBP. The three-dimen-
sional structure determined by X-ray crystallographyw22x is
shown as a ribbon diagramw25x with the bound natural ligand
biliverdin IX depicted in a ball and stick representation(lightg

grey). Apart from the C trace(with the four loops coloreda

grey and numbered), the side chains of the 16 initially ran-
domized amino acids are shown(dark grey) and labeled.

Based on these findings, we have now made an
attempt to improve the ligand-binding activity of
this engineered lipocalin even further by applying
another cycle of affinity maturation. However, at
this stage it was uncertain which of the remaining
loops would be most promising to this end. In the
previous experiment, loop number 1 had offered
an obvious choice because of its charged amino
acid composition in the DigA sequence, which
hardly seemed to be ideal for the hydrophilic, but
uncharged steroid ligand digoxigenin. Unfortunate-
ly, none of the other loops exhibited a similarly
salient feature. On the other hand, the ligand
pocket of the BBP, providing the scaffold, is rather
large and non-symmetric in shape, so that not all
of the loops could be expected to be involved in
contacts with the ligand to the same extent. Loop
numbers 3 and 4 appeared to be spatially closest
to the relevant side chains in loop number 1(Fig.
1), so that their repeated randomization provided
the best chance. Therefore, two corresponding
partial libraries were prepared, but in order to
speed up the process of affinity maturation, no
further decision between these two loops was
made. Instead, both libraries were combined and
it was left to the experiment to select for that
mutated loop which would give the larger positive
effect on the ligand-binding activity.

3.2. Affinity maturation via targeted random muta-
genesis of two loop regions

The preparation of the two libraries took advan-
tage of our previous PCR assembly strategy, albeit
in a simpler manner than for the original BBP
random libraryw1x. This time, the DigA16-encod-
ing nucleic acid was utilized as template(Fig. 2).
The two resulting PCR fragments, each comprising
a gene pool with one mutagenized loop region in
the environment of the otherwise unchanged
DigA16 sequence, were separately subcloned on a
phagemid display vector. After electroporation of
E. coli, two libraries were obtained, each with
approximately 2=10 independent transformants.8

Cultures were inoculated with the bacterial colo-
nies collected in both cases, superinfected with
helper phage, and finally combined before per-
forming the phagemid preparation. The phagemids

were then subjected to panning against digoxigenin
groupsw4x. For this purpose, the phagemid solution
was incubated with a double conjugate of BSA
with digoxigenin and biotin. Compared with the
previous selection experimentw4x, a 10-fold lower
concentration of this double conjugate was applied
in order to augment the stringency of selection.
Phagemids that had undergone stable complexation
with the digoxigenin groups were then recovered
via the biotin moiety using streptavidin paramag-
netic beads. After several washing steps, these
phagemids were finally desorbed by lowering the
pH and were used for re-infection ofE. coli. After
propagation, a fresh phagemid solution was pre-
pared and again subjected to the panning
procedure.
Altogether four panning cycles were performed

until the relative fraction of specifically recovered
phagemids remained almost constant(Fig. 3). The
phagemids eluted from the fourth cycle were used
for infection ofE. coli, followed by preparation of
phasmid DNA from the whole culture. The muta-
genized gene insert was excised from the pooled
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Fig. 2. Strategy for the targeted randomization of the BBP variant DigA16 and resulting DNA sequences of selected variants.(a) Schematic representation of the PCR
strategy employed for the construction of two partial libraries concerning either loop number 3 or number 4(the four loop regions within the gene are dotted). For
site-directed random mutagenesis of loop number 3, the structural gene of DigA16 cloned on pBBP21 was used as template in a PCR reaction with the primerGB2
and the degenerate primer GB11, resulting in fragment B. Codons carrying mixed base positions are indicated by black bars. The same template was used in a PCR
reaction performed with STS12 and FS18, yielding the partially overlapping fragment A. Both fragments were isolated, combined and employed in a second ampli-
fication with the primers STS12 and GB2. Two independentBstXI restriction sites were used for insertion of the randomized gene cassette into pBBP24, a specialized
vector for phagemid display. For the randomization of loop number 4, PCR was performed on the same template with STS12 and the degenerate primer GB4. The
missing piece contributing one of theBstXI restriction sites was appended in a subsequent amplification with primers STS12 and GB2, followed by cloning as above.
(b) DNA sequences and corresponding amino acid translation for the selected variants, in comparison with DigA16. For brevity, sequences are merely shown for
amino acid residues 19–138, corresponding to the mutagenized part of the coding region, which is flanked by theBstXI restriction sites(CCAN TGG, underlined).6

Amino acid positions that were previously subjected to mutagenesis(see text) are underlined(28, 31, 34-37, 58, 60, 69, 88, 90, 93, 95, 97, 114, 116, 125 and 127).
Nucleotides randomized in this study for in vitro affinity maturation are depicted below the DigA16 gene sequence(nomenclature according to NC-IUBw26x). Only
the mutated nucleotides with respect to DigA16 and their encoded amino acids are given, whereas identical DNA bases are represented by dots.
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Fig. 3. In vitro affinity maturation of DigA16 by phagemid display and analysis of selected BBP variants by SDS-PAGE.(a)
Superposition of the elution profiles from enrichment cycles 1–4 during the selection of DigA16 variants from the combined partial
libraries via phagemid display. The phagemid solution was incubated with a digoxigeninybiotin–BSA conjugate and complexed
particles were captured by the use of streptavidin-coated paramagnetic beads. After several washing steps, bound phagemids were
eluted under acid conditions and subjected to reamplification. The phagemid titers in several of the washing solutions, as well as
in the elution sample, were determined and plotted as the relative fraction of the total number of applied phagemids.(b) 15% SDS-
PAGE analysis of the BBP variants DigA, DigA16, and DigA16y19. Proteins in lanes 1–4 were treated with mercaptoethanol prior
to electrophoresis, whereas proteins in lanes 5–8 were kept unreduced. Recombinant BBP(lanes 1,5), DigA (lanes 2,6), DigA16
(lanes 3,7) and DigA16y19 (lanes 4,8) were prepared by secretion into the periplasm ofE. coli and purified via theStrep-tag II.

DNA and subcloned on a vector that permitted the
soluble production of anticalins as fusion proteins
with the bacterial albumin-binding domain(ABD).
The subpopulation of DigA16 mutants that had
been affinity-enriched via phagemid display was

then subjected to a filter-sandwich colony screen-
ing assayw4x. In this assay, the anticalins, which
became secreted from single colonies supported
on one filter membrane, were functionally immo-
bilized via the ABD on a second filter membrane
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that was previously coated with human serum
albumin(HSA). Binding activity was subsequently
probed with the digoxigeninybiotin-BSA conju-
gate, which became specifically complexed in
places of colonies where reactive anticalins had
been produced. Here, the stringency of detection
was further raised by performing a second incu-
bation step with an excess of free digoxigenin for
competition, so that the selection was driven for
anticalins possessing the slowest dissociation
kinetics concerning the bound digoxigenin group
(which was still attached to the carrier protein).
Digoxigeninybiotin–BSA conjugate that remained
complexed to those DigA16 mutants was finally
detected by means of an avidin–alkaline phospha-
tase conjugate.
As a result, nine colonies giving the most intense

staining signals were recovered from their filter
membrane, were propagated and used for plasmid
preparation. Sequence analysis of their mutageni-
zed inserts revealed that a total of eight different
variants were present(Fig. 2b). Remarkably, apart
from one of the clones(DigA16y24), all variants
originated from that fraction of the library where
loop number 4 had been randomized. Among
those, there was a strong preference for conserva-
tion of the Phe residue at position 114(six of
seven clones) and for substitution of Ser by Arg116

(six clones). At position 127, the original Leu
residue was either retained(three clones) or pre-
dominantly replaced by Tyr(three clones). The
Met residue at position 125 was preferentially
substituted by Leu(three clones) or Gln (two
clones). Furthermore, the majority of these clones
carried two additional mutations in loop number 3
— at residues which had not been purposely
subjected to mutagenesis(cf. Fig. 2) — i.e. at the
positions of Glu (mostly replaced by Gly) and96

Phe (always replaced by Ser). These substitu-99

tions probably arose from PCR errors during
assembly of the genetic library, and they obviously
conferred a selective advantage. Even though these
seven DigA16 variants exhibited strong similarities
in their sequences, the substitution pattern differed
in detail, so that all of them were subjected to
functional analysis.

3.3. Bacterial production and ligand-binding
assays

The genes for the selected DigA16 variants were
subcloned on an expression vector for the produc-
tion of soluble anticalins inE. coli w1x. In order to
effect efficient disulfide bond formation, the poly-
peptides were exported into the oxidizing environ-
ment of the bacterial periplasm by means of the
OmpA signal peptide. Following preparation of
the periplasmic cell fraction, the recombinant pro-
teins were isolated in a single step by streptavidin
affinity chromatography via theStrep-tag II w14x
that was fused to their C-terminus. This procedure
led to apparently homogeneous protein prepara-
tions, whereby the increased electrophoretic mobil-
ity in the absence of a thiol-reducing agent
indicated proper formation of the pair of disulfide
bonds (Fig. 3b). The yield of purified DigA16
mutants varied between 0.1 and 0.8 mg per l
culture(harvested at OD f1.0).550

The digoxigenin affinity was measured for all
variants using the method of fluorescence titration
in the same manner as described earlier for the
digoxigenin-binding anticalins DigA and DigA16
w4x. Complexation of the hydrophilic steroid was
accompanied by significant quenching of the pro-
tein’s Trp fluorescence(between 27 and 53%, not
shown) so that theK values could be preciselyD

determined from a curve fit of the fluorescence
intensity data with varying ligand concentration
(Table 1). The newly selected variant DigA16y19
exhibited the lowest dissociation constant, with
K s12.4"1.3 nM. Hence, its affinity wasD

improved almost three-fold compared with the
parental DigA16 anticalin. In contrast, the variant
DigA16y20 had the highestK value, correspond-D

ing to an affinity that was almost two-fold lower
than that of DigA16. Notably, the two variants
with the lowest affinity, DigA16y20 and DigA16y
22, carried the accidental Glu™Gly mutation96

described above, whereas those with the highest
affinity, DigA16y19 and DigA16y18, carried the
mutation Phe™Ser instead. The single variant99

where the mutagenesis was directed at loop num-
ber 3, DigA16y24, exhibited a mid-rangeK valueD

close to that of the parental DigA16 biomolecule.
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Table 1
Digoxigenin affinities of the cognate anticalins as measured by
fluorescence titration of the protein(l s295 nm;l s345Ex Em

nm)

BBP variant K wnMxD

BBP –a

DigA 295"37b

DigA16 30.2"3.6b

DigA16y15 27.2"0.8
DigA16y16 22.5"2.0
DigA16y18 13.9"2.3
DigA16y19 12.4"1.3
DigA16y20 48.2"2.3
DigA16y22 47.0"2.6
DigA16y23 29.2"3.0
DigA16y24 20.3"1.1

No detectable binding activity.a

Data fromw4x.b

Table 2
Dissociation constants for the complexation of digoxigenin
derivatives and related steroids by DigA16y19 and its progen-
itor DigA16 as measured by fluorescence titration(l s295Ex

nm; l s345 nm)Em

Ligand K wnMxD

DigA16y19 DigA16

Digoxigenin 12.4"1.3 30.2"3.6b

Digoxin 54.9"5.6 31.1"3.2b

Digitoxigenin 2.3"0.6 2.0"0.5b

Digitoxin 8.4"0.9 3.2"0.5b

Progesterone 80.6"3.5 97"15
Ouabain –a –a

No detectable binding activity.a

Data fromw4x.b

The apparently successfully optimized variant
DigA16y19 was selected for detailed analysis of
its ligand specificity. Complexation of several
digoxigenin derivatives and related steroids was
investigated, again using fluorescence titration of
the protein(Table 2). When compared with the
corresponding affinity of the original DigA16 anti-
calin, some interesting features appeared. The
affinity of DigA16y19 for digoxin, the natural
cardiac glycoside carrying a digitoxose sugar tri-
mer attached to C-3 of the digoxigenin steroid ring
system w4x, was more than four-fold lower than
that for the unsubstituted steroid, demonstrating
effective discrimination regarding the substituent
at the C-3 position of the ligand. Notably, the
same position was used for the attachment of the
hydrophilic spacer in the synthesis of the protein
conjugates that had been applied during the selec-
tion experiments. In contrast, the parental DigA16
variant did not exhibit a detectable difference in
the binding of digoxigenin or digoxin. The affinity
of DigA16y19 for digitoxigenin, which only dif-
fers from digoxigenin by a missing hydroxyl group
at C-12, was essentially unchanged compared with
DigA16, and withK s2.3"0.6 nM still some-D

what better than that for digoxigenin. However,
the corresponding glycosylated steroid digitoxin
was again bound less tightly by DigA16y19.
Ouabain, on the other hand, a functionally relat-

ed cardiac steroid glycoside, was not recognized

at all, as was previously observed for DigA16.
Instead, progesterone was bound with essentially
the same reduced affinity, both by DigA16y19 and
DigA16. This steroid hormone shows a certain
structural resemblance to digoxigenin, in so far as
the two methyl residues are preserved at positions
C-10 and C-13 and there is also an aliphatic
substitutent with the same stereochemistry attached
to C-17 in the steroid ring D. Taken together, the
second cycle of affinity maturation that was per-
formed in this study resulted in fine-tuning of the
affinity and specificity, at least in the case of the
anticalin DigA16y19, for the prescribed ligand,
and the group attached at the linker position C-3
in the steroid ring A was, for the first time, subject
to molecular recognition.

3.4. Secondary structure and thermal stability

Gel filtration experiments with the anticalins
indicated that they constituted fully monomeric
globular proteinsw4x. The secondary structure of
the different BBP variants was now investigated
by circular dichroism spectroscopy in the far-UV
region (Fig. 4). The CD spectra of DigA16y19,
DigA16 and DigA essentially revealed the same
shape as that of the recombinant BBP. The broad
minimum in the region around 210 nm is indicative
of a predominantb-sheet structure. In the case of
BBP, 48.3% of the residues adopt ab-sheet and
9.7% adopt ana-helical secondary structure, as
deduced from crystallographic analysisw22x.
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Fig. 4. Superposition of the CD spectra of BBP and its variants
DigA, DigA16 and DigA16y19. The spectra were measured in
a Jasco J-810 spectropolarimeter at 228C in a quartz cuvette
with a light path of 1 mm, by accumulating up to 20 single
spectra. Proteins were applied at a concentration of 100–350
mgyml in 20 mM Na-phosphate buffer, pH 7.5. The raw data
were used for calculation of the molar ellipticity per amino
acid with mean residue weight,Q , in order to compare theMRW

different variants(see Section 2).

Fig. 5. Thermal denaturation of BBP and its variants DigA,
DigA16 and DigA16y19 as determined by CD measurements
in the far-UV region. Purified proteins(for conditions cf. Fig.
4) were heated at a constant rate, and the ellipticity was fol-
lowed at an appropriate wavelength of approximately 212 nm
(cf. Table 3) in order to determine the fraction of unfolded
protein, f (u). T values and thermodynamic parametersDHm m

andDG 9 were derived by curve fitting(see Section 2) ando

are listed in Table 3.

Therefore, despite a total of 15 amino acids in
DigA, 17 amino acids in DigA16 and 19 amino
acids in DigA16y19 being exchanged in compari-
son with the recombinant BBP, the overall confor-
mation of the polypeptide chain was apparently
retained.
CD spectroscopy was also applied in order to

investigate the thermal denaturation behavior of
the digoxigenin-binding BBP variants. When the
protein solution was heated in a physiological
buffer to a temperature between 80 and 958C, the
minimum in the spectrum at approximately 210
nm essentially disappeared(not shown), whereby
the maximum in signal difference was detected at
212 or 213 nm, depending on the protein. Conse-
quently, the ellipticity at these wavelengths served
as a probe for the unfolding of the protein upon
controlled increase in the temperature(Fig. 5).
The shape of the denaturation transition was in
agreement with a simple two-state model of co-
operative unfolding, both for the recombinant BBP
and for its variants, DigA, DigA16 and DigA16y
19. When lowering the temperature again after
thermal denaturation had been accomplished, the
transition appeared to be largely reversible, reach-
ing at least 90% of the initial ellipticity at 258C

and revealing a mid-point temperature within"2
8C of theT value(not shown).m

The measured data could be well fitted using
the van’t Hoff equationw18,19x. From the normal-
ized denaturation curve, it appeared that the recom-
binant BBP exhibited half-maximal unfolding at
T s61.3 8C (Table 3). This melting temperaturem

is remarkable for a protein from a mesophilic
organism, i.e. the butterflyPieris brassicae. Nota-
bly, the T values for the digoxigenin-bindingm

variants were even higher, approaching 72.88C in
the case of DigA. DigA16y19 again exhibited a
somewhat lowerT value of 62.58C, i.e. close tom

the recombinant wild-type protein. However, the
individual slopes of the transition, corresponding
to the co-operativity of the unfolding event, were
slightly different, which is reflected in the varying
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Table 3
Thermodynamic parameters from reversible thermal unfolding
experiments as measured by CD

Protein Tm DHm DG 9o l
w8Cx wkJ mol xy1 wkJ mol xy1 wnmx

BBP 61.31"0.03 291.9"4.8 31.7"0.5 212
DigA 72.78"0.09 181.2"13.4 25.0"1.9 213
DigA16 70.56"0.06 273.8"17.3 36.3"2.3 212
DigA16y19 62.47"0.06 240.0"8.4 26.8"0.9 212

Fig. 6. Detection of digoxigenin groups using the PhoA-
DigA16y19 and PhoA-DigA16 fusion proteins. The wells of a
microtiter plate were derivatized with a digoxigenin–BSA and
–ovalbumin (Ova) conjugate, respectively, or unconjugated
carrier protein as a control. Each purified fusion protein was
applied in a dilution series and — after adsorption and washing
— directly detected via chromogenic reaction. The enzyme
activity measured(DA yDt) was plotted against the applied405

concentration of the fusion protein and subjected to curve
fitting.

DH values (cf. Table 3). Consequently, simplem

extrapolation of the foldedyunfolded equilibrium
to ambient temperature resulted in values between
25 and 31 kJ mol for the Gibbs free energy ofy1

unfolding, DG 9. In a preliminary study on theo

chemically induced unfolding of the BBP variants,
a similar tendency was observed regarding their
relative conformational stability. In this case,
DigA16 exhibited a reversible unfolding transition
at a midpoint concentration of 1.8 M GdnØHCl
when denaturation was followed via the pro-
tein fluorescence (Schlehuber and Skerra,
unpublished).

3.5. Construction of a PhoA fusion protein for the
detection of digoxigenin groups in an ELISA

A sensitive reagent for the detection of digoxi-
genin-labeled biomolecules is of considerable prac-
tical value. To this end, we constructed a fusion
protein of the DigA16y19 anticalin with bacterial
alkaline phosphatase(PhoA) as a reporter enzyme.
Alkaline phosphatase fromE. coli, which is a large
homodimeric protein, was fused to the N-terminus
of the anticalin polypeptide chain, which is well
accessible at the outside of theb-barrel structure.
The fusion protein was readily produced via secre-
tion into the bacterial periplasm, employing the
enzyme’s own signal sequence. Purification was
achieved by means of theStrep-tag II attached to
the C-terminus of the anticalin, similarly as
described above. The digoxigenin-binding activity
of the DigA16y19 fusion protein was then inves-
tigated in an ELISA(Fig. 6) and compared with
the analogous PhoA fusion of the predecessor
DigA16 w4x.
As a result, digoxigenin groups displayed either

by BSA or by ovalbumin(Ova) as carrier proteins

were detected with high signal strength after com-
plex formation with the fusion protein and addition
of a standard chromogenic reagent. The signals
followed a steep saturation curve, irrespective of
whether BSA or ovalbumin was used, and there
was virtually no background signal when the
underivatized carrier protein served as a control.
Notably, the sensitivity of the DigA16y19 fusion
protein appeared to be significantly improved in
comparison with the parental DigA16 version. In
summary, the repeated affinity maturation of the
digoxigenin-binding anticalin DigA, which was
initially isolated from a BBP random library, has
thus yielded a small and robust receptor protein
that should be practically useful in biochemical
detection experiments.

3.6. Conclusions

Even though the biochemical function of BBP
was dramatically changed in the course of the
repeated randomization and selection experiments,
and more than 10% of its amino acid residues
were exchanged, the secondary structure of its
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polypeptide chain remained largely unaltered, as
revealed by the CD spectroscopy studies. On the
contrary, its conformational stability appeared to
be increased, albeit no corresponding selective
pressure had been applied in our experiments.
Obviously, the high thermal stability constitutes an
intrinsic property of the rigidb-barrel architecture.
However, the significant rise in the melting tem-
perature for DigA compared with BBP was prob-
ably a serendipitous event, given that theT wasm

gradually lowered again in the course of the
following affinity maturation cycles. Nevertheless,
our findings indicate that the stability of an anti-
calin may in fact be engineered, similarly as with
recombinant antibody fragmentsw23x, provided
that appropriate selection conditions are used.
Taken together with the preceding studyw4x, we

could demonstrate that the process of in vitro
affinity maturation can be successfully applied in
order to fine-tune the binding activity and ligand
specificity of an anticalin. To this end, an effective
imprint of the molecular recognition property for
the prescribed ligand onto the binding pocket of
the lipocalin is a prerequisite. According to the
probability estimates presented above, the four
loops of the initially selected protein may subse-
quently be subjected to randomizationyselection
procedures one after the other in order to optimize
the binding behavior. A similar sequential strategy
has been proposed in the context of antibody
engineering regarding the six CDRs of an antigen-
binding sitew24x.
Generally, the initial spatial orientation of the

ligand within the pocket of the anticalin that was
selected from the naive random library is likely to
be the limiting factor for the affinity that may
finally be achieved. During the selection of digox-
igenin-binding anticalins from the BBP random
library, just one variant with high ligand affinity,
DigA, was identifiedw4x. If there had been further
variants available, most desirably with alternative
modes of binding, the affinity maturation could
have led to different, and possibly even better
results. Therefore, it is crucial to create an initial
random library with maximal functional diversity
to fully exploit the structural space and to finally
generate biomolecules with well-optimized ligand-
binding properties.

Depending on the ligand orientation and on the
success of the initial selection process, the struc-
tural influence of the individual loops on the
binding energy should differ, especially in the case
of a small haptenic ligand, which may not entirely
occupy the extended binding pocket. In the case
of the digoxigenin-binding anticalin DigA, loop
number 1 apparently exerted the strongest effect
during affinity maturation, whereas loop number 4
provided a lower contribution, and loop number 3
probably had an even lesser effect. A similar trend
appeared in the decreasing convergence of the
corresponding selected sequences. In summary,
pronounced preferences were previously observed
for the randomized positions in loop number 1,
and here for positions in the more buried part of
loop number 4, as well as for residue 99 in loop
number 3. These findings indicate that the slim
steroid moiety is likely to be complexed within
the left part of the binding pocket(cf. Fig. 1).
Based on this knowledge, additional amino acid
residues, apart from those initially chosen for the
preparation of the BBP random library, might be
considered for variation in future engineering
experiments with this anticalin.
Finally, it should be noted that the selection was

not performed with the free ligand, but with its
macromolecular conjugate. TheK values deter-D

mined for the selected DigA16 mutants with the
free digoxigenin compound may therefore be
somewhat misleading regarding the actual success
of the affinity maturation process. Interestingly,
the specificity of the present variants selected was
clearly changed compared with the parental anti-
calin DigA, which also points towards increased
influence of the spacer group attached to digoxi-
genin on the molecular recognition.
In conclusion, the method of randomizing indi-

vidual loops in the context of an otherwise unal-
tered binding site and selecting improved variants
from the resulting mixture should provide a quick,
general route to the efficient affinity maturation of
anticalins. Given their high folding stability and
facile manipulation, the novel class of anticalins
provides an obvious benefit in the generation of
cognate binding proteins for prescribed ligands,
with applications in biotechnology and medicine.
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