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In recent years the phage display approach has become an increasingly popular
method in protein research. This method enables the presentation of large peptide
and protein libraries on the surface of phage particles from which molecules of de-
sired functional property(ies) can be rapidly selected. The great advantage of this
method is a direct linkage between an observed phenotype and encapsulated geno-
type, which allows fast determination of selected sequences. The phage display ap-
proach is a powerful tool in generating highly potent hiomolecules, including: search
for specific antibodies, determining enzyme specificity, exploring protein-protein
and protein-DNA interactions, minimizing proteins, introducing new functions into
different protein scaffolds, and searching sequence space of protein folding. In this
article many examples are given to illustrate that this technigue can be used in differ-
ent fields of protein science. The phage display has a potential of the natural evolution
and its possibilities are far beyond rational prediction. Assuming that we can design
the selection agents and conditions we should be able to engineer any desired protein
function or feature.

Application of molecular biology techniques  ferent, approaches. The older method, the site
to protein science provided two, basically dif-  directed mutagenesis, enables introduction of
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single or multiple amino-acid substitution(s)
into a protein sequence [1-2]. This method is
based on the assumption that, at the present
level of protein understanding, we can ration-
ally predict the influence of a particular muta-
tion on protein function. It is also usually as-
sumed that effects of single mutations are ad-
ditive, i.e. a functional feature of a protein
(e.g. enzyme activity, protein stability) can be
enforced after stepwise introduction of sev-
eral single mutations [3].

The alternative methods are based on the
combinatorial principle [4]. Several (typically
3-6) codons are randomized simultaneously
up to 64 possible triplets, yielding a library of
protein variants. The number of amino-acid
sequences represented in the library depends
on the number of randomized codons (amino-
acid positions) and the extent of randomiza-
tion for a given codon.

The most popular version of the combinato-
rial approach, called the phage display, is
presentation of a protein library on the sur-
face of bacteriophage (usually M13 phage)
particles [56-6]. The protein is displayed
through fusion of its gene to the coat protein
gene, what leads to presentation of a natively
folded protein variant on a single phage parti-
cle. The phagelinked proteins of desired fune-
tional property(ies) can be rapidly selected if
an appropriate and sufficient selection proce-
dure can be developed [7]. Most typically, se-
lection is achieved through affinity chroma-
tography and should be repeated several
times to enrich the pool of phages in genuine
high-affinity protein variants presented. A
great advantage of this method is a direct link-
age between an observed phenotype and en-
capsulated genotype, which allows fast deter-
mination of selected variants. The selection
step is the most crucial in the whole proce-
dure, according to the rule: “you get what you
select for” [7].

Compared to site directed mulagenesis, com-
binatorial protein design seems quite an irra-
tional approach, although an intelligent strat-
egy both to generate a library and to search

for a desired property of the protein requires
substantial invention. Moreover, in view of
the enormous size of the protein sequence
space [B], iterative strategies of successive li-
braries, which progressively accumulate posi-
tive mutations had to be developed [9-11].
Fast progress can also be observed in develop-
ment of new selection procedures that more
closely reflect those of the natural evolution
[12-14].

In the last years application of phage display
resulted in spectacular achievements, that
have been reviewed elsewhere [15-26], and
include: development of new protein drugs,

. minimization of proteins, engineering of

novel binding sites, and many others. In this
article we will review some of these most re-
cent accomplishments which provided new
proteins with selected functional features.
Virtually in all cases a rational design of these
macromolecules would be very unlikely.

THE IDEA OF PHAGE DISPLAY

The phage display of peptides was presented
for the first time by George Smith in 1985 [5]
and some years later the same laboratory cre-
ated the first library on the surface of a fila-
mentous phage [6]. Since that time a lot of
various peptides and proteins have been ex-
pressed on the phage capsid.

The idea of phage presentation is based on
the engineering of phage particles, which in a
place of some coat protein molecules contain a
fusion composed of the missing protein (or its
part) and a desired peptide/protein linked to-
gether through a short spacer, Inside a parti-
cle, there is DNA coding for a protein ex-
pressed on the phage surface. This provides a
simple relation between the sequence of the
protein variant expressed on the particle and
the enclosed DNA sequence that is far more
easier to analyse.

Most usually, the phage chosen for a pro-
tein/peptide presentation is the M13 filamen-
tous bacteriophage. It offers a few different
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Fhagemid containing fusion gene, E.coll origin of
replication, sighal for packing into M13 particles and
gene for ampicillin resistance is transformed into E.
coli strain.
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Figure 1. Schematic representation of phage display idea on the example of selection of the library of
M13 displayed BPTI on bovine trypsin [57].

88, single-stranded.

possibilities for expression, two of which are  coat protein (pVIII), which provides a multiva-
most frequently applied: one through major  lent presentation, and the other through mi-
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nor coat protein (pIII) for a monovalent dis-
play [27]. Sometimes, peptides are fused also
to other coat proteins of filamentous phage,
for example pVI [28]. Another, though less
popular, bacteriophage used in the phage dis-
play approach is A phage [29-31].

The idea of phage display strategy is summa-
rized in Fig. 1. The first step of this approach
is creation of a capsid fused expression sys-
tem of a desired molecule. The subsequent
randomization (full or partial) of a part of the
gene, followed by an enrichment procedure,
leads to the selection of a subpopulation of the
library possessing the desired functional
property(ies). Finally, the DNA sequence ob-
tained from selected varianis should be deter-
mined. The whole procedure, if successful,
provides a consensus protein sequence for a
selected feature(s).

Display systems are based on two alternative
genetic constructs. The first is just a phage ge-
nome coding also for a fusion protein. The
other is composed of a phagemid wvector,
which contains the fusion gene and the pack-
ing signal for enclosure of this DNA into
phage capsid, and the helper phage, which is a
source of the phage proteins.

The construetion of a library is accomplished
by several different methods. The most fre-
quently used are cassette mutagenesis or dou-
ble PCR. High yields of randomized sequence
synthesis, ligation, and transformation are
important for sufficient representativeness of
the presented protein/peptide library.

An important factor, called the library repre-
sentativeness (p), defines the probability
value that all variants will exist in the pool of
phages. The theoretical value of the represen-
tativeness, p(n.t), can be calculated from the
equation (1) [32]:

t
pn =1 - 2 (-1** x [”} X [1 - 3] )
hal k n

where n is the number of variants in the li-
brary, and ¢ is the number of independent
transformants, phage particles, etc. For large

n, the equation (1) can be approximated with
equation (2) [32]:

’n
pln, =% (2).

The graphical illustration of the function
p(n,t) for different n is given in Fig. 2.

The actual representativeness of the library
should be verified by DNA sequencing of a
number of individual clones and/or of the en-
tire DNA pool.

When introducing mutations, different ran-
domization schemes can be applied. The full
randomization of a given codon can be
achieved with either NNN (N = equimolar G,
C, A, T) or NNS (8 = equimolar G, C), though
the second one is more suitable, because it
leads to smaller differences in the numbers of
codons representing two different amino ac-
ids. That is extremely important, because dif-
ferences in frequencies of different variants
in a library have some pressure on selective
binding to a target protein. In many particular
cases there is no need to fully randomize all
amino-acid positions. Some combinations of
equimolar nucleotide mixtures (given in

p(nit) [%]
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Figure 2. Plots of the library representativeness
p{n,f) for different numbers of variants (n) versus
the ratio of the number of independent transfor-
mants (f) to n [32].
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brackets) and the resultant amino acids are

given below:

® GA[G/C] codes for Asp and Glu;

® A[A/G]A codes for Lys and Arg;

* [A/G][A/G]IC/G] results in charged amino
acids: Asp, Glu, Lys, Arg and also Asn, Ser,
and 2 Gly;

®T[T/A/G]IG/C] gives large hydrophobic
residues: Phe, Trp, Tyr, Leu and Cys, and
amber stop codon;

# aliphatic amino acids: Ala, Val, Gly, Leu, Ile,
Thr are obtained with [T/A/G]C/G/T]A,
which also gives Arg, Ser and amber stop co-
don.

The nucleotide mixtures do not have to be
equimolar and can be optimized to give par-
ticular subsets of amino acids [33].

The library selection can be performed in dif-
ferent ways, but almost all of them are based
on the affinity chromatography principle. Dif-
ferent approaches use panning in 96-well
plates, small affinity columns, slurry of an im-
mobilized target or magnetic beads. In each of
these procedures the target protein is bound

to some carrier enabling easy selection of the
phage presented mutants exhibiting the de-
sired affinity. An efficient selection procedure
should usually consists of a number (two to
twelve) rounds of enrichment and propaga-
tion of selected phages. With the aim to
achieve high specificity molecules, the enrich-
ment can be also performed in the presence of
negatively selecting agents.

IMMUNOGLOBULINS

Fab fragments of antibodies (Fig. 3) were
among the first proteins expressed on the
phage surface [15, 16, 34-42]. Application of
the phage display approach to presentation of
immunoglobulin and creation of their librar-
ies offered a new method for monoclonal anti-
bodies isolation, which did not demand tradi-
tional immunization procedures. It also en-
abled searching for high affinity human or hu-
manized [38] monoclonal antibodies, which
could not be easily obtained in any other way.

light chain

antigen binding site

variable region —

heavy chain

constant region

light chain

antigen binding site

Figure 3. Three dimensional structure of immunoglobulin [70]. Different fragments of the molecule are

indicated.
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Among antibodies isolated by phage display is
human anti-HIV immunoglobulin of picomo-
lar activity [39], directed against HIV enve-
lope glycoprotein gpl20. Another example
was isolation of the first human IgE of known
specificity from a phage displayed library
[40]. In this case, the library of IgE Fab frag-
ments from peripheral blood lymphocytes of
an allergic patient was expressed on the phage
surface and selected for binding to a grass pol-
len allergen.

The potential use of phage antibodies in tu-
mor targeting has also been demonstrated
[41]. Researched on mice antibody fragments
specific for an angiogenesis-associated fi-
bronectin isoform demonstrated their ability
to mark solid tumors, as markers of newly
forming blood which are present in the most
aggressive ones and should be reachable intra-
venously. The ability of these antibody frag-
ments to target tumors can be used for cancer
detection, when coupled to some fluorescent
or radioactive agent. They can be also used for
delivery of drugs, toxins, photosensitizers for
immunophotodynamic therapy or enzymes
for antibody-directed enzyme prodrug tumor
therapy.

Usually, antibodies are phage displayed in
the form of Fab or scFv fragments (see Fig. 3),
and so they lack glycosylation and the struc-
tural region responsible for complement acti-
vation and cell-mediated effector functions of
native antibodies. It is possible to mimic the
function of a constant antibody region by add-
ing a second binding site and creating bispe-
cific immunoglobulins [42]. To demonstrate
that such diabodies can activate the immune
response, the phage antibody specific for Clq,
the first component of the complement sys-
tem, which binds to immune complexes, and
also for hen egg lysozyme has been engi-
neered. The diabody was able to recognize the
lysozyme and to trigger complement-
mediated effector functions. Thus, it ap-
peared to mimie the binding of Clg to con-
stant regions of complexed immunoglobulins,

Catalytic antibodies demonstrate the chemi-
cal potential of immune structures. Since
their introduction, numerous antibodies of
different catalytic possibilities have been ob-
tained [43]. Usually, antibody catalyzed reac-
tions proceed with rates 10°-10%fold faster
than the uncatalyzed ones [43]. Phage display
also offers possibilities to select catalytic anti-
bodies with stronger and optimized binding to
the substrate [44].

PROTEINASE INHIBITORS

Protein inhibitors of serine proteinases are
ideal candidates for drug design using phage
display strategies, since they interact with the
cognate enzyme via a sequential epitope
called the proteinase binding loop [45, 46].
This six-aminco-acid residue segment deter-
mines to a major extent the energetics of in-
teraction with a proteinase. Of utmost impor-
tance is the P1 position (nomenclature accord-
ing to [46]) which is located in the central part
of this loop, while flanking positions, particu-
larly in the case of specific enzymes, contrib-
ute to the energetics of recognition. There-
fore, an applied phage display strategy often
includes randomization of several residues in
this region.

Basic pancreatic trypsin inhibitor (BPTI)
and other inhibitors of similar architecture
were frequentily phage displayed to direct
their specificity toward different proteinases.
The P1 residue of BPTI is Lys15 which is re-
sponsible for extremely strong binding of the
wild type inhibitor to bovine trypsin. In the
first attempt, plll fused BPTI was partially
randomized at positions 15 to 19 with the aim
to direct its activity toward human leukocyte
elastase [47-48]. The wvariants selected
adopted 4-5 mutations and exhibited an over
1 x 105.fold increased affinity towards the en-
zyme.

Another BPTIlike protein, called the Alz-
heimer amyloid fS-protein precursor (APPI),
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was used to select its variants capable of
strong inhibition of tissue factor — factor Vila
(TF-VIIa) complex [49-50]. This complex ini-
tiates the blood clotting cascade, hence, its in-
hibitors are of pharmaceutical interest. The
selection was performed on immobilized TF
that was subsequently complexed with VIla
factor to mimic native conditions. The binding
loop region, together with positions 34 and
39, which also contact the proteinase, were
randomized to all possible amino acids in
three different libraries. A consensus amino-
acid sequence was found, which differed from
the wild type APPI at four positions and inhib-
ited the TF-VIla complex 150-fold stronger
than did the parent inhibitor. However, it also
inhibited four other plasma serine prote-
inases (factors Xa and XIa, kallikrein and plas-
min). In order to find a sequence which binds
only to TF-VIla complex, a selection was per-
formed in the presence of factor Xa, kallikrein
and plasmin. The phage-presented sequences
were selected which could bind to the immobi-
lized TF-VIla complex and simultaneously
did not interact with the other three enzymes
present in soluble form. The variants obtained
strongly bound to TF-VIla complex and up to
10* weaker to the remaining three enzymes.
This example nicely shows that different se-
lection strategies can be adopted and the se-
lected sequences will rather precisely reflect
the conditions which were designed. The same
libraries which were used for the TF-VIla
complex were also used to find strong inhibi-
tors of kallikrein [51]. Again, several strong
inhibitors could be selected with affinity over
10" higher than that of wild type of APPL
Similar experiments were also performed
using the first domain of human tissue factor
— another example of BPTI-like protein — and
selection was performed toward plasmin, kal-
likrein and thrombin [52, 53]. For the first two
proteinases strong inhibitors could be easily
found. However, in the case of thrombin, an
enriched consensus variant did not inhibit
this enzyme in a purified form. Most likely the
variant was selected because it exhibited an

affinity not toward the active site but to an-
other region of the enzyme surface.

Unpredictable results were obtained when
the library of APPI randomized at five loop po-
sitions was selected for affinity toward chy-
motrypsin [54, 55]. This proteinase is known
to prefer large hydrophobic side chains — Trp,
Phe, Tyr, Leu and Met — at the P1 position of
inhibitor [56] which to a large extent deter-
mines energetics of the chymotrypsin-inhibi-
tor interaction. Surprisingly, instead of the
amino acids mentioned, high frequencies of
Asn and His were selected. Our results on the
library of P1 randomized BPTI enriched on
chymotrypsin are more in keeping with
known preferences of this proteinase, with
Leu selected and Trp, Met, Tyr, and Phe also
observed after the selection [57].

SUBSTRATE PHAGE DISPLAY

Substrate phage display is a powerful tool
which might simplify proteinase specificity
determination [58-61]. This technology is
based on a phage presentation of a random-
ized peptide sequence which is inserted be-
tween a capsid protein and some protein do-
main (e.g. growth hormone) that interacts
with another protein (e.g. growth hormone re-
ceptor) as demonstrated in Fig. 4. The ran-
domized peptide sequence serves as a sub-
strate library and growth hormone enables an
attachment of phages to immobilized growth
hormone receptor., After treatment of this
construct with proteinase, the phages present-
ing a sequence susceptible to proteolysis are
released to the solution and analysis of their
DNA sequence allows to determine the prote-
inase specificity.

MINIMIZED PROTEINS
Although typically only about 5-15 amino-

acid residues are involved in protein function,
protein domains are composed of at least
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potentlal site
of proteclytic action

phage particle

randomized
oligopeptide

Figure 4. The il-
lustration of sub-
strate phage dis-
play method [58
-61]). Details of
the procedure
are described in
the text.

30-60 residues. According to the common
opinion, the major part of a protein molecule
serves as a scaffold which ensures the optimal
conformation of the functional residues. It is
of interest whether it would be possible to re-
duce the size of a protein while still retaining
its function. This task seems to be beyond pos-
sibilities of directed mutagenesis, as a signifi-
cant reduction of protein sequence will lead to
loss of protein activity and, eventually, only a
coincidental set of mutations might lead to
function recovery. Thus, the phage display
strategy appeared to be a method of choice. In-
deed, four last years provided successful ex-
amples of generating highly active minimized
proteins [23, 26].

The first successfully reduced protein was
atrial natriuretic peptide (ANP) which, in
natural version, is built of 28 residues and
contains one Cys7-Cys23 disulfide bond [10].
The procedure of ANP minimization is sum-
marized in Fig. 5. Alanine scanning muta-
genesis of ANP revealed that mutations at
seven positions led to at least 10-fold lowering
of affinity toward the extracellular domain of
ANP receptor. Five of those residues form a
sequential functional epitope on one side of
peptide surface. In the first step of the minimi-
zation procedure an alternative Cys6-Cys17
disulfide bond was introduced to close this
functional sequence into a smaller ring. Al-
though relocation of the disulfide resulted in

100-fold reduction in receptor binding, in the
next step almost full affinity was recovered
through phage display randomization of five
non-critical residues combined with selection
for receptor binding. Next, the C-terminal
part of ANP was shortened by deleting
GIn18-Tyr28 segment, which caused again a
300-fold reduction in receptor binding. After
this truncation the recovery of the biological
function was accomplished through phage dis-
play reoptimization at residues following
Cys17. Finally, optimization of the four resi-
dues flanking the Cys6-Cys17 disulfide com-
bined with removing of the first N-terminal
residues yielded the 15-residue peptide that
binds only seven times weaker to the receptor
than the wild type ANP. Comparative alanine-
scanning mutagenesis revealed that basic
structural and functional epitopes were simi-
lar in full-length and in minimized version of
ANP, as judged from similar drops in affinity
after mutations at analogous sequence posi-
tions.

This example clearly shows that 50% reduc-
tion of protein size with preservation of its
function is possible. It involves, however, a
long systematic multistep optimization of pro-
tein sequence, which seems to be possible only
via combinatorial methods.

The second protein successfully minimized
was a 59%residue threehelix bundle, the Z-
domain of staphylococeal protein A [11]. This
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A) ANP residues important
for receptor binding have
been determined by alanine
scanning mutagenesis

B) Introduction of alternate
disulfide bond resulted in
formation of smaller ring (100
fold reduction of affinity)

C) Phage display
randomization followed by
selection for receptor binding
(almost full recovery of
affinity)

D) Removing of the nine
C-terminal residues
followed by phage display
optimization

E) Removing of the four N-
terminal residues gave 15
amino acid mini-ANF with
slightly reduced receptor
affinity compared to ANF

Figure 5. The overview of the procedure for ANP minimization

[10]. Residues mutated or selected via phage display randomiza-

tion at particular step are marked with white dots,

protein binds the constant frag-
ment (Fe) of IgG through helix-1
(residues 7-18) and helix-2 (resi-
dues 20-38) while the third helix
is not involved in contacts with Fe.
Unlike in the ANP, the Fc binding
determinants are sequentially dis-
continuous, this making protein
minimization substantially more
difficult. Truncation of the domain
to the 38-residue two-helix peptide
resulted in loss of the binding ca-
pability due to destabilization of
its helices. The full recovery of bio-
logical activity could be accom-
plished in this case again through
iterative multistep procedure that
included phage display optimiza-
tion of the hydrophobic residues
that interacted with helix-3, opti-
mization of 5 residues that form a
helix-1-helix-2 interface and, fi-
nally, construction of next 5 librar-
ies comprising 19 residues to im-
prove contacts with Fe. A solution
NMR structure of this truncated
two-helix Z domain which contains
13 mutations showed that this do-
main, although it had adopted a
spatial structure similar to that of
the three-helix domain, was sig-
nificantly less stable [62]. The sta-
bility could be enhanced through
introduction of Cysl0-Cys39 di-
sulfide bond and truncation of 5 C-
terminal residues. This final ver-
sion of minimized domain Z binds
to Fe with the same affinity as the
wild type three-helical protein.

In the third example the filamen-
tous phage display method was
used to find peptide sequences ca-
pable of recognizing the extracel-
lular domain of the human
erythropoietin (EPO) receptor
(EPOR) [63]. Human erythro
poietin is a glycoprotein composed
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in half of a 165 aminoc-acid residues protein
and in half of a carbohydrate moiety. Initial
studies allowed to isolate an 8-residue cyclic
peptide flanked by Cys residues from the li-
brary of peptides presented on pVIII, that was
capable of competing with EPO for binding to
EPOR. Further optimization of this peptide
sequence was accomplished by displaying it as
a plll fusion in such a way that three Cys-
flanking residues were added at both N- and C-
termini. As a result a family of closely related
peptides with enhanced binding and EPOR
agonist activity were obtained. These peptides
have no homology with the sequence of EPO.
The most surprising is that despite a huge re-
duction in size (2 kDa compared to 34 kDa)
they can mimic the action of EPO inducing a
tyrosine phosphorylation pathway.

MIRROR IMAGE PHAGE DISPLAY

Another surprising possibility of the phage
display was described by Schumacher et al
[64] who generated a peptide composed of D-
amino-acid residues capable of interacting
with natural Src homology domain 3 (SH3). In
this method phage display is applied to select
L-peptides that bind to D-enantiomer of a tar-

get protein in order to, by a principle of mirror
image, find a sequence of D-peptides that bind
to the L-protein (see Fig. 6). At present this ap-
proach is limited to relatively small protein
targets (up to about 100 residues) which can
be chemically synthesized and purified to ho-
mogeneity, hence a 60-amino-acid protein was
chosen to tesl the method. Interestingly,
when the phage display library was screened
with D-SH3 protein, peptides were isolated
that were sequentially unrelated to those se-
lected against 1-SH3. The selected peptides
contained a single disulfide bond that was not
present in peptides selected against L-protein,
and bound to D-SH3 with an affinity slightly
lower than that of optimal ligand for L-SH3.
Upon reduction of this disulfide bond the pep-
tide became inactive. Heteronuclear 'H-'°N
NMR correlation spectra of the L-SH3-D-
peptide complex showed that only part of the
binding site for D-peptide overlaps the site for
L-peptide. It is likely that D-peptides binding
even stronger to L-SH3 domain could be ob-
tained through further optimization of the
contact area.

Thus, a biological barrier limiting encoded
peptide and protein libraries to those com-
posed of L-amino acids has been passed by.
This opens possibilities to construct drugs re-

Figure 6. The principle of
mirror image phage dis-
play with SH3 domain as
a target protein [84].
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sistant to proteolytic enzymes and, therefore,
also of limited humoral immune response
through MHC class II system.

SCAFFOLDS FOR INTRODUCTION OF
NEW BINDING SITES

A different class of phage display approach
is connected with the transplantation of bind-
ing sites into new protein frameworks. In this
method we ask whether it is possible to adapt
another protein structure to generate a high
affinity receptor site that natively exists in a
completely other protein scaffolding. This
idea was tested by introducing an antigen-
binding site into a few proteins, thus generat-
ing in them antibody-like activity (Fig. 7). For
this purpose Ku & Schultz [65] adopted a cyto-
chrome bzg9 four-helix bundle framework and,
after intensive randomization of two loops
connecting helices 1-2 and 3-4, obtained a cy-
tochrome able to selectively bind to the conju-
gate of N-methyl-p-nitrocbenzylamine and bo-
vine serum albumin.

In another attempt, 13 residues of Z domain
of staphylococcal protein A were randomized

and panned against three different proteins:
Taq DNA polymerase, human insulin and hu-
man apolipoprotein [66]. Degenerated resi-
dues are located on two a-helices involved in
the binding of the Fe fragment of antibody.
The selected clones had binding constants for
respective proteins in micromolar range and a
secondary structure similar to that of the par-
ent sequence.

FOLDING AND STABILITY

Despite that phage display appears to be the
method of choice, there are relatively few pa-
pers on applications of combinatorial strate-
gies to protein folding and stability. O'Neil et
al. [12] presented an IgG binding protein —
the B1 domain of bacterial protein G, on M13
phage. The phages presenting the B1 domain
exhibited a small plaque phenotype, compared
to wild type M13. Interestingly, protein mu-
tants that were significantly destabilized also
produced the large plaque phenotype, ena-
bling easy identification of less stable vari-
ants. In a systematic approach a library of the
B1 domain was created using random muta-

Ay

13 residues

A) Z domain of staphylococcal protein A

from two 1gG binding helices

9 residues from loops 4

connecting helices 1-2 and 3-4

5) cytochrome b._,

Figure 7. Examples of protein scaffolds for introduction of novel binding activities [65, 66].

A) In Z domain 13 residues from two helices were chosen for randomization to generate binding sites for Taq DNA
polymerase, human insulin and human apolipoprotein [66]. B) In eytochrome bggp nine residues from loops con-
necting helices 1-2 and 3-4 were randomized to induce IgG-like activity toward the conjugate of N-methyl-pnitro-

benzylamine and bovine serum albumin [65).
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genesis that comprised two third of the se-
quence including the helix and the last two -
strands. Many large plaque forming phages
were isolated, sequenced and expressed and
characterized by biophysical methods. The
less stable mutants comprised those with dis-
rupted packing of the hydrophobic core, desta-
bilized secondary structure and altered hydro-
gen bonding network.

In a more general approach Gu et al. [67]
searched from a large phage display library
for protein variants that fold. As a model the
62-residue IgG-binding domain B1 of bacterial
protein L. was chosen. It was assumed that the
selection procedure based on IgG-binding re-
quires the protein variants to be pronerly
folded. Indeed, the enrichment of the wild
type library, compared to the library in which
an additional strongly destabilizing IledAsp
mutation was installed, was at the level of 10°.
It is surprising that both libraries differed
only by one mutation placed in the hydropho-
bic core which did not contact the Ig(G. In the
proper library 14 residues in the first two -
strands of protein L were partly randomized
and after a selection procedure checked for
their amino-acid sequences. The protein vari-
ants which could bind to IgG accumulated up
to 9 mutations. The expression and biophysi-
cal characterization of 6 chosen mutants with
5-9 substitutions and significantly different
sequences showed that they possessed rela-
tively well defined tertiary structure albeit of
significantly lowered stability.

In a distinct approach the 57-residue src
SH3 domain was tested for the ability to re-
cover its architecture from the simplified 5-
amino-acid alphabet [9]. Five amino acids
were chosen for this purpose: Lys, Glu, lle,
Ala and Gly. Because of experimental limita-
tions on the size of library, the sequence of the
domain was divided into three parts and ini-
tially simplified independently. The simplifi-
cation could be achieved at 38 of the 40 posi-
tions that were randomized in these libraries.
Next, SH3 variants with the sequence simpli-
fied throughout the entire length were ob-

1998

tained by random splicing of the simplified
segments. In this manner two highly simpli-
fied sequences were generated — in one of
them 40 of the 45 simplified residues were
represented by one of those 5 amino-acid resi-
dues. Biophysical analysis showed that both
variants share typical features of a small
monomeric globular protein similar to wild
type SH3, including: stability and folding, dis-
persion of NMR signals, gel filtration behav-
iour, CD and fluorescence spectra.

DNA-BINDING PROTEINS

Proteins responsible for DNA binding are of
great importance in cell biology. The selection
of DNA binding proteins of new specificities is
required for biotechnology, medicine and re-
search [68]. The phage display offers a tre-
mendous tool for generating such novel affini-
ties.

Zine fingers (Zif) are ideal models to study
protein-DNA interaction and to engineer
models of different specificities [18]. Proteins
known as zinc fingers occur as modular struc-
tures composed of a few small domains of
similar structure, each stabilized by a zinc
atom. Such a domain recognizes three con-
tiguous base pairs, so identification of fingers
binding to all 64 possible codons would give a
chance to create combinations of domains
that could recognize any DNA sequence [69].
Since altering of the specificity often requires
changing multiple amino-acid residues, the
phage display offers a wonderful methodology
for this purpose.

The thorough analysis of sequence specific-
ity was based on the structure of Zif 268, the
three zinc finger murine transcription factor
which recognizes a nine base pair sequence
(Fig. 8) [69]. The phage display of the random-
ized domains of Zif 268 was applied and tested
for binding to different DNA sequences. The
engineered structures were able not only to
bind to a target sequence and to discriminate
between very similar binding sites, but also
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Figure 8. The three dimensional structure of the
zine finger Zif 268 complexed with double DNA
helix [7T1].

The loops contacting DNA strand were targets for ran-
domization followed by selection for novel binding af-
finities [G8-69].

could block in mammalian cells the transerip-
tion of DNA containing a given target se-
quence. The specificity changes of Zif 268
have also been engineered by others [68].

We thank Dr. Antoni Koscielski for helpful
discussion on the problem of library represen-
tativeness.
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