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Section 6: PCR
Cited on p. 108 of Searching for Molecular Solutions

This section provides a brief description of the polymerase chain reaction (PCR).

The general concept of the PCR process is depicted in Fig. 4.Na.

PCR was originated in the 1980s by Kary Mullis at Cetus Corporation, initially
using a conventional DNA polymerase from E. coli to perform sequential
extension reactions in a cycle of target template denaturation, primer annealing,
and synthetic polymerase-mediated extensions . But to denature long DNA
duplexes without recourse to drastic changes to the solution composition (as with
strong bases or other chemical denaturants), it is necessary to use heat. Thermal
denaturation unfortunately cannot avoid ‘killing’ and inactivating DNA
polymerases (such as those from E. coli) which are normally active at mid-range
temperatures (mesophilic). This means that fresh mesophilic polymerase must
be laboriously re-added after completion of each denaturation step in a repeated
cycle. But enzymes from naturally thermophilic organisms do not suffer from this
disadvantage, and the bacterium Thermus aquaticus has donated its very useful
‘Taq’ DNA polymerase for greatly simplifying PCR reactions 2 . Although many
other alternatives exist, Taq polymerase and engineered versions of it remain the

most extensively used enzymes in nucleic acid amplification.

Kary Mullis was awarded in 1993 Nobel Prize for Chemistry for his work the
discovery and development of PCR. This was controversial, in large part
because it was considered by many that PCR was built upon previous results in

the laboratory of Har Khorana * 3.

YKhorana himself received the Nobel Prize in 1968 for his work in synthetic DNA chemistry, which
was fundamentally important in the development of the now-routine synthesis of oligonucleotides.
Without the ability to make oligodeoxynucleotide primers rapidly and cheaply, the utility of PCR

itself would be severely curtailed.
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Fig. 4.Na

Schematic depiction of polymerase chain reaction (PCR) process. Primers are designed
such that they are complementary to sites within an extended target duplex sequence,
and prime polymerization in opposing directions (primer sequences themselves match
sequences on opposite strands). In the first cycle, strands are thermally denatured,
primers allowed to anneal at their respective complementary sites, and primer extension
(DNA synthesis) initiated through the presence of a thermostable DNA polymerase
(shown here as Tag polymerase) and deoxynucleotide triphosphates (ANTPs). Newly
synthesized strands are shown in red and purple for ‘top’ and ‘bottom’ strands
respectively, with segments corresponding to complementary sequences for the forward
and reverse primers shown in dark blue and dark green, respectively. Repeating the
cycle with the newly synthesized strands results in a progressive amplification as
indicated (2".N DNA molecules for n cycles and N starting molecules). The product is

bounded by the priming sites and normally is of a precisely defined length.

Although not relevant to this debate, Mullis’s colorful lifestyle and highly
unconventional opinions on unrelated subjects * tended to amplify the
controversy. But there was also a feeling in some quarters that while the
achievement itself was significant, it was nonetheless a ‘mere technique’ and did
not warrant the Nobel accolade. Other issues aside, it is quite clear that as a
molecular biological method, PCR stands head and shoulders above the rest. In
Chapter 4 of Searching for Molecular Solutions, some technigues which have not
only been widely adopted but inspired a wide range of auxiliary procedures were
noted as ‘metatechniques’. If any technique is worthy of this title, it is certainly

PCR. Its overall impact has been compared with the advent of the internet °.

At the core of the power of PCR is the requirement for nucleic acid amplification
in a huge range of molecular biological applications. Also, although the principle
of PCR is in fact quite simple (Fig. 4.Na), this technigue has lent itself to an
amazing range of applications, and has inspired the devising of other



amplification methods (to note further below). That PCR could be harnessed for
such a plethora of uses was not immediately obvious to most observers at the
outset. This is suggested by anecdotes reporting that Mullis’s superiors at Cetus
could not at first see the full value of the technique. More usefully, it can be
pointed out that if obvious, the range of PCR applications would have followed
closely upon its general availability in the late 1980s, when in fact there has often
been a prolonged gap. The spin-offs from a high-level metatechnique can take
time to take shape.

Anything approaching a comprehensive review of the wealth and variety of PCR
applications is accordingly far beyond the scope of this section (some specific
cases are mentioned at various points within Searching for Molecular Solutions).
Still, to give a hint as to the range of the versatility of PCR, we can note some
categories of its applications. Very broadly speaking, PCR is useful either for
analytical purposes, or for the directed generation of altered DNA sequences. But
in conjunction with either of these generalized applications, PCR can be also
used for preparative purposes, simply by the generation of large amounts of

desired DNA segments as defined by primer choice (Fig. 4.Na).

What PCR Can Do

Not surprisingly, the ability of PCR to amplify tiny amounts of starting material (in
the limit, one molecule of target) is central to its vast array of analytical
applications. But even if an initial DNA target is abundant (as from a readily-
grown cellular source), by the nature of the process, two primers allow the
amplification of a specific region from a huge background of irrelevant
sequences, and thus provide a rapid way of obtaining a sequence segment of
interest. This inherent feature of PCR in finding a needle in a haystack’ has
made it an invaluable aid in molecular cloning of genes when only a limited

amount of sequence information is available °. Although the thermostable



polymerases used for the PCR process act on DNA, RNA targets are readily

amplifiable by an initial reverse transcription step (thus ‘RT-PCR’).

All of these advantages underscore the use of PCR in single-cell analyses °;
forensics ’, identity testing ® and genotyping °. A vast number of PCR diagnostic

applications also exist °*3

, Which include germline or somatic mutation detection
1415 Many genetic analytic procedures involve additional essential processing
steps which enable the specific PCR amplification of interest. Without going into
detail, examples of these are techniques with DNA ligation-dependent steps:
‘inverse PCR’ **; PCR-amplified genomic footprinting *’, and digestion-

circularization PCR for detection of gene deletions *®

Because product formation during PCR grows at an exponential rate and
reaches a saturation point dictated largely by available deoxynucleotide
triphosphate (Fig. 4.Na), measurement of the amounts of product at the end of
standard cycling is a poor means of quantitating the amounts of starting target.
This was circumvented initially by using internal controls and limited cycle
numbers for generating quantitative calibration curves, and later through the
‘real-time’ ¥ generation of fluorescent signals during the amplification process

itself by various technological innovations **%°,

In the Cited Notes for Searching for Molecular Solutions for Chapter 2, the
Metagenomics section * made brief mention of another application of PCR: the
ability to amplify single molecules as ‘molecular colonies’ or ‘polonies’
(polymerase colonies) 2?2, This can be likened to the difference between growth

of a mixed bacterial population in liquid suspension compared with isolated

*This indicates that the signals are acquired during the course of the amplification process itself,
rather than at the end-point completion of the PCR run. Real-time data acquisition enables
accurate measurement of the number of cycles necessary to produce detectable fluorescence,
which correlates directly with the initial amount of starting material.

* SMS-CitedNotes-Ch2/Section 2, from the same ftp site.



colony growth from single cells on solid media. In the latter case, each colony
corresponds to a bacterial clone, and the analogous solid-phase polony

technique also provides an in vitro molecular clone for subsequent analyses.

While ‘metagenomics’ is not exactly a household word, a special area of activity
within this field has captured even the popular imagination: reconstructing
genomes from ancient DNAs of fossil origins. While ‘Jurassic Park’ scenarios are
not going to move from science fiction to reality any time soon, some amazing
achievements have indeed been accomplished. Perhaps most notably, a draft
genome sequence of the extinct human relative, the Neandthals, is due for
release in late 2009 . This feat has been rendered feasible by recent advances
in novel DNA sequencing methods, but the ‘next generation’ technologies now
commercially available for such high-throughput sequence determinations all rely
on initial PCR-based amplifications 2*?°. Two separate instances of these
advanced sequencing approaches use emulsion-based PCR amplification,
corresponding to the in vitro compartmentalization technology considered in

Chapter 4 of Searching for Molecular Solutions.

Yet an important caveat must be noted at this point, since recent advances have
rendered PCR unnecessary for high-throughput DNA sequencing per se. In fact,
dense parallel-processing sequencing be performed at the level of single
molecules ¥, which actually by-passes the need for an amplification step 22’
Moreover, this technology is scalable to the level of rapid human genome
sequencing 2. Avoiding PCR eliminates the potential drawback of amplification-
induced errors and artefacts (a subject considered in a little more detail below),
and according to the manufacturer of single-molecule technology sequencers

(Helicos Biosciences), this technology is superior in analysis rate and cost-

effectiveness to the above-mentioned ‘nest-generation’ alternatives. While single-

molecule sequencing therefore has great appeal, it is hard to predict that it will

¥ This technology is based on capture of fluorescent signals from polymerase-incorporated

nucleotides by microscopy %,
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entirely eliminate the need for PCR-based amplification to obtain sequencing
template. One such application where amplification is likely to remain a
requirement in at least some cases is the analysis of fossil DNAs, as considered
above.

PCR can be creative in the literal sense of introducing virtually any desired
mutations, insertions, or deletions at a pre-determined site within a DNA segment
>. A basic principle of note here is the fact that homology with target template is
important at the 3’ end of primers, over a long enough tract such that stable base
pairing results at the annealing temperature used for the specific PCR cycle (Fig.
4.Na). As long as this criterion is satisfied, mismatches or even long non-
homologous segments at the 5’ end of primers are acceptable, and such
sequences will be incorporated into the final duplex product. Mutational changes
within a continuous segment are arranged by initially amplifying two separate
duplexes, each with a 5" homologous segment bearing the desired sequence
alterations. A second round of PCR allows strands of the two segments to prime
on each other by virtue of their homologous tracts, and the entire fused fragment
(with the desired mutation) is then amplified by primers encompassing the entire
region. In an analogous manner, fusions between any DNA segments of interest

can be readily accomplished in a matter of hours.

PCR Limitations and Problems

It has often been noted that the great power of PCR is also its greatest
weakness. Since PCR can amplify even single molecules millions of times up to
the threshold of detection, any contaminating DNAs with homologous primer
sequences in the reaction can also be subject to amplification. Such artefacts
can be a serious problem, and rigorous steps must be taken to prevent
contamination from occurring. (A basic dictate is that any PCR test must have
‘blank’ no-template controls to confirm that nothing is amplified in the absence of

deliberately added template). Even if no environmental contaminants are present
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during the reaction run, the DNA target source itself can sometimes be
problematic. For example, published results of some of the above-mentioned
Neanderthal sequencing projects have been questioned, and discrepancies
attributed most likely to human contamination of the original Neanderthal DNA

source %°.

Other PCR artefacts can arise from cross-priming of sites within amplified
templates with other DNA segments present in the initial target mixture. The
starting material (as noted above) for many PCR applications is dependent upon
a series of sometimes complex initial steps, which can also be potential sources
of spurious ‘amplicons’ (amplified segments) unless rigorous control measures
are taken. As an example, the reverse-transcriptase step in RT-PCR is known to
be capable of generating artefactual ‘splicing’ by template switching, leading to
the subsequent amplification of spurious PCR products *°. A simple means for
improving the specificity of PCR amplification is to use a ‘nesting’ system, where
the products of an initial amplification round are subjected to another
amplification with two additional primers both bounded within the initial amplified
segment. (Theoretically, only the correct amplified segment will possess the
additional second priming sites; spurious material arising from PCR with the first
primer set will fail to be amplified with the second).

A PCR limitation observed virtually from the outset was the maximal size of
amplified segments, which appeared to be only feasible up to ~2000 base pairs.
To a large extent, this has been overcome by ‘long-distance’ PCR protocols,
whose basic innovation is the provision of small amounts of a proof-reading
thermostable polymerase ¥ !. The rationale for this is that Taq DNA polymerase
and its kindred do not possess a 3’ = 5’ exonuclease activity, and cannot
remove non-extendable nucleotide derivatives present at low levels in any

reaction. Chains which incorporate such ‘terminating’ nucleotide products are

¥ See SMS-CitedNotes-Ch2/Section 1, from the same ftp site, for more details regarding

polymerase proof-reading.
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thus blocked from any further extension, and such chance incorporations serve

to create a limit on the average longest possible amplification product. Inclusion
of proof-reading activity can solve this problem, allowing segments in the tens of
thousands of nucleotides to be amplified.

A related problem in general is PCR fidelity, since products amplified by Taq
polymerase have a high error rate resulting from lack of correction of
misincorporated (though still extendable) nucleotides. (Indeed, this has been
exploited for deliberate introduction of errors for directed evolution and other
related applications, although often the desired error rate has to be boosted
above the Tag-induced level). The error background is not usually a problem if a
PCR product is directly sequenced, since any single error occurs at a low
frequency and the ‘consensus’ sequence corresponding to the original target
template will be revealed. But if PCR products are cloned, then specific errors
within single amplified molecules are fixed and therefore a potential confounding
factor. A variety of additional polymerases from thermostable prokaryotes have
been introduced which do possess proof-reading activities, and these can have

dramatically improved fidelities over conventional Taq polymerase *.

PCR extensions and analogies

Thermal cycling has been an inherent and essential feature of PCR since its
inception, requiring the use of machines to accurately and rapidly switch between
temperatures as required by specific reaction cycles. Yet DNA amplification per
se is not necessarily restricted to such conditions, as is immediately apparent
from considering the replication of living systems themselves. Indeed, prior to the
advent of PCR, molecular biology profited handsomely from exploiting bacterial
cells as vehicles for the accurate amplification of extrachromosomal plasmids.
These systems clearly work at constant mid-range temperatures, and the
example of PCR as an in vitro amplification system has stimulated searches for

artificial isothermal amplification systems, a number of which have been
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successfully developed 3. One such example was also noted in the Cited Notes
for Searching for Molecular Solutions for Chapter 2 ¥ in the form of isothermal

amplification with a DNA polymerase from the bacteriophage 229.

In Chapter 8 of Searching for Molecular Solutions, the idea of nucleic acids as
encoding tags in various forms for chemical syntheses was considered. Many of
these require the tag amplification through a PCR step, and a related concept is
to marry the ability to amplify such a tag with the combining specificity of
antibodies. Conjugates of specific antibodies and DNA tags have thus been
exploited for ‘immuno-PCR’ **. In most such applications, the desired feature is a
PCR-based increase in detection sensitivity of immunodetection assays, and in
such instances the read-out is of a digital nature where the nature of the DNA
sequence tag is secondary to the reporting of an amplification signal itself. (A
positive signal indicates a theoretical antibody binding event). While the DNA tag
sequence need not in such circumstances report any further information,
multiplexing of such systems is possible with different fluorescent-labeled primers
for tag amplification.

A rather more direct ‘protein amplification’ has also been inspired by PCR. The
unusual proteins termed prions were referred to in Chapter 5 of Searching for
Molecular Solutions, whose defining feature is their ability to impart their aberrant
folding state to normally-folded proteins of the same primary amino acid
sequences. (The importance of prions in human pathologies such as Creutzfeldt-
Jakob disease is now well-recognized). The inherent transmissibility of the
aberrant folded state has suggested that cycles of conversion of normal protein
by prion versions could allow the detection of trace amounts of potentially
dangerous prions. This has been realized in the ‘Protein Misfolding Cyclic

Amplification’ assay, or PMCA >

¥ SMS-CitedNotes-Ch2/Section 2 (Metagenomics); from the same ftp site.
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Section 7; Part A Alternative Phage Display

Cited on p. 135 of Searching for Molecular Solutions. This section provides some
details on alternative display technologies. The first subsection (Part A) considers
some additional phage systems, and then Part B looks at a wider range of

systems.

Alternative phage display technologies

Since the maturation of filamentous phage requires extrusion through the
bacterial cell membrane rather than lysis, displayed peptides must be compatible
with this process, and certain peptide sequences are consequently under-
represented in filamentous display libraries ¥. This prompted the development of
a number of alternative lytic phage display system, including the much-studied
phage lambda *. Broadly speaking, the morphology of lambda is shared with
many types of lytic phage, where the phage genome is contained within an
icosahedral protein capsid ‘head’ attached to a tubular tail through which the
phage nucleic acid is ejected during passage into the host cell. Both head and
tail proteins of lambda can be used for display purposes separately “**, or

together “® (Fig. 4.Nb). Other Iytic phage display systems have also been

YSuch peptides can be considered a special case of ‘restricted sequences’, which can be
compared with the more general list in Table 3A2.1 in Searching for Molecular Solutions Extras,
(SMS-Extras-Ch3/Section A2; from the same ftp site). Yet at least some polypeptides which are
normally poorly displayed on filamentous phage can have their display levels greatly improved by

altering signal sequences for protein translocation *">°

, or through mutations in a component of
the Sec secretion pathway *. Also, certain mutations in gp8 themselves improve display of
proteins o, Overexpression of certain periplasmic chaperones may also be beneficial in some
circumstances *. Therefore, the exclusion of polypeptides from display by filamentous phage is
conditional for at least a subset of the total.

* Lambda can undergo both lytic and lysogenic life cycles (where the latter involves stable
integration of the phage genome into the host E. coli chromosome). Many lambda vectors have

the lysogenic genes removed, but sometimes the capacity for lysogeny is a useful feature.
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developed *"*8, and in the phage T7 system, less sequence bias has been noted

in peptide display libraries than for corresponding libraries in filamentous phage
49
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Fig. 4.Nb
Schematic representation of peptides or proteins displayed on the bacteriophage
lambda. The capsid is stabilized by the product of gene D (gpD) which can display
fusions at either its N- or C-termini *°; the tail tube is composed of the product of gene V

(gpV) which can display fusions at its C-terminus ****.
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Display has been achieved with the lytic phage T4 by means of a protein which is
dispensable for capsid formation >*°3. This also has the interesting feature that
foreign fusions with the dispensible protein (‘small outer capsid protein’, or SOC)
can be incorporated in vitro after the capsid has been pre-assembled. In such
circumstances, there is no necessary link between the phage genotype and the
novel displayed molecule, since a SOC fusion can be prepared elsewhere
(encoded by an entirely separate genetic element) and independently inserted
into the capsid. The contrast between such T4 display with and without a
genotype-phenotype link is depicted in Fig. 4.Nc, which helps to illustrate the
point that display per se does not necessarily involve the latter linkage. As
emphasized in Searching for Molecular Solutions, it is essential that the
genotype-phenotype correspondence is preserved where display technologies

are applied towards directed evolution.
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Fig. 4.Nc

Depiction of surface display involving the Small Outer capsid (SOC) protein in
bacteriophage T4 with a genotype-phenotype linkage (in vivo in host cell) and without
such a linkage (in vitro, as shown). With the in vivo case, a SOC fusion is incorporated
during virion assembly and displayed on the capsid surface, and the corresponding
phage genome is packaged within the same capsid structure. Since SOC fusions can
bind to pre-formed capsids which have initially assembled in the absence of SOC, any
structurally-compatible SOC fusion can be used for in vitro capsid incorporation
irrespective of the phage genotype.

Beyond peptides, sizable proteins have been successfully displayed on phage
4344 (detailed further in Section 8A below), and a variety of phage systems have
been used for the display of cDNA libraries ***’. The latter type of display
libraries can be conveniently probed to discover the receptors for a ligand of
interest *®. A natural extension of this has been the use of phage display systems
as a general tool for identifying and evaluating protein-protein interactions, which
is a very useful adjunct to the yeast two-hybrid system (described below in

Section 9) >,

Thus far we have a picture of phage display as a robust, versatile, and
continually developing technology. In many cases, phage display has been used
as a means for empirically obtaining information for which it is unnecessary to
repeat the experimentation once acquired. In other words, in fields where phage
display has ‘done its job’, its subsequent usage may decline. (A possible
example of this is the deployment of tailor-made zinc finger binding proteins,
(also described briefly below in Section 8B). On the other hand, new applications

64,65

of phage display, such as in materials science continue to emerge, making

prediction of its long term prospects more difficult.
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Section 7; Part B Alternative General Display
Cited on p. 135 of Searching for Molecular Solutions

Alternative General Display Technologies

Let us return to the central issue of display, which is represented in Fig. 4.9 ¥ of
Searching for Molecular Solutions. Phage are certainly not the only avenue by
which genotype and phenotype can be linked, nor the most direct. Consider the
following arrangement: a library of variant peptides or proteins are expressed as
fusions with a functional DNA-binding domain. These are encoded as a library
within a bacterial vector (usually a multicopy plasmid) which also contains at
least one copy of the target binding site for the DNA-binding domain. As such, a
covalent linkage exists between this target binding site and the coding sequence
for the fusion protein itself. Upon expression of the polypeptide-DNA protein
fusion in bacterial host cells, the plasmid is bound by the fusion protein, and thus

a genotype-phenotype link is established.

This can be regarded as yet another example of the modularity of DNA-binding
domains *. In principle, any DNA-binding domain would suffice for this purpose,
as long as its specificity and binding affinity for the target plasmid DNA sequence
were acceptable. (Clearly it is essential to have strong binding for this
application, to preserve a bona fide link between genotype and phenotype). The
above general display consideration has indeed been realized, using DNA-

binding motifs as diverse as bacterial repressors ¢’

or eukaryotic transcription
factors °®. At the DNA level, a library of variable polypeptide coding sequences
fused in-frame to a constant DNA-binding region can be prepared, somewhat

analogously to the natural situation of immunoglobulin or T cell receptor variable

¥ See also the color version of this Figure, at SMS—ColorFigures.pdf; from the same ftp site.

* Considered further in SMS—CitedNotes-Ch3/Section 4; from the same ftp site.



18

regions and their corresponding constant region genes (Chapter 3 of Searching
for Molecular Solutions). If each library member is expressed in a separate host
cell compartment (as is normally the case), then the DNA binding protein ‘grip’ on
the specific plasmid allows the corresponding coding sequence to be isolated in
parallel with selected protein or peptide function expressed within the variable

library.

There are some additional special cases of DNA display, but these are best
considered as categories of in vitro display, as covered in Chapter 3. While the
most direct link between genotype and phenotype is made by linking a
polypeptide with its encoding nucleic acid, an intervening protein coat still allows
this linkage, as we have amply seen with bacteriophages. And furthermore, we
have already seen that an entire cell can in principle act as a display ‘tag’ bearing
the genetic information encoding a selected phenotype (Fig. 4.9 of Searching for
Molecular Solutions), provided of course each cell provides a defined
environment for the expression of a specific library member. Surface expression
on bacterial cells has indeed been realized for display purposes, using a number

6971 (which naturally span the boundary

of alternative outer membrane proteins
of the outer environment into the inner periplasmic space) as protein scaffolds for

presentation of foreign inserts.

The enzyme phosphotriesterase (a member of TIM barrel family, a recurring
theme in Searching for Molecular Solutions, with an example in Fig. 5.2) is one
example of a protein which has been displayed on the surface of E. coli for
directed evolution. In this case, an alternative surface protein (an ice nucleation
protein from another bacterium) was used as the display vehicle ">, Whole cell
display has the convenience that the presentation system and replication
compartment coincide, and allows fluorescence-mediated sorting and high-
throughput screening of displayed peptides or proteins "*. A fluorescence-based
screening strategy using bacterial display of proteases has been notably

successful in isolating enzyme variants with altered substrate specificities >"°.
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Bacterial display is also useful for certain specific applications such as live
vaccines ’’. On the other hand, displayed structures on bacterial cells have
similar constraints as filamentous phage, where they must be compatible with
membrane transport in order to progess to the external environment. Phage
display systems in general have been used to a far greater extent than whole-cell
display, partly through the greater versatility of available phage options and partly
owing to their earlier historical development.

But both bacterial and phage surfaces are by definition prokaryotic systems, and
while expression in such environments is very versatile, it has certain limitations.
For example, glycosylation and certain other post-translational modification
patterns seen in eukaryotic cells will not normally be recapitulated in bacteria.
Sometimes eukaryotic protein folding itself is inefficient in these circumstances,
especially for large proteins with complex subunits . Accordingly, eukaryotic
display systems have been developed. By analogy with phage, it would seem a
logical step to evaluate eukaryotic viruses as display vehicles, and this has been

879 retroviruses 808!,

successfully applied. Display systems for baculoviruses
and adeno-associated virus % have been developed. Also by analogy with the
prokaryotic world, surface display in eukaryotic cells with suitable
transmembrane proteins is possible, initially in yeast ®* and subsequently in
mammalian cells for antibody display 2*%°. The decision to use a eukaryotic
display technology for directed evolutionary purposes in preference to a more
standard prokaryotic system will depend in large degree on the nature of the
displayed target library. For example, a mammalian cell line would not be the first
choice for many display applications due to the relative difficulties (over

prokaryotic alternatives) in making and maintaining large diverse libraries, but

¥ As arelevant example, we could note the case of land plant Rubisco enzyme of

photosynthesis, which has been refractory to functional bacterial expression. (Discussed further
in SMS—Extras-Ch5/Section A6; from the same ftp site)
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may be competitive where mammalian codon usage, folding, and processing are

over-riding factors 2.
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Section 8, Part A:  Protein Display on Phage

Cited on p. 137 of Searching for Molecular Solutions

General Protein Display with Phage Systems

This section provides an overview of phage display technologies for proteins.

Within this general area we find display of zinc finger proteins and enzymes,

which are considered in more detail in Section 8B and Section 11 below. Phage

display of proteins is a powerful tool for directed evolution by repeated rounds of
in vitro selection in favor of altered protein-protein or protein-ligand interaction

specificities.

Discrete protein domains ¢ or whole proteins of small to moderately large size

87.88 (including hormones %%

) have been displayed on phage, and variants
selected with improved binding of receptors or desired ligands. The in vitro
‘tuning’ of antibody specificities by display and selection for binding is a special
case of this kind of process (as noted in Searching for Molecular Solutions

Chapter 7), which is analogous to natural in vivo affinity maturation (Chapter 3).

Protein binding and protein folding are inter-related. An implicit requirement for
the success of a phage display binding experiment is that the protein of interest
expressed on the phage surface must be capable of assuming the correct folded
state. This principle has been validated ** and has actually been used as the
basis of folding assays *°2. Destabilization of protein binding function will tend to
occur if long foreign sequences are grafted into loop regions, while
corresponding retention of protein activity is associated with the uptake of a
stable folded state by the foreign inserted polypeptide %%, Through phage
display and selection for functional binding retention, this principle is accordingly
a means for identifying ‘foldable’ sequence grafts 2. Random fragments of native

binding proteins which retain ligand recognition are likewise selectable, and this
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constitutes an effective means for identifying the minimal regions of a protein

required for a defined functional binding task .

A properly folded protein will also be more resistant to proteases than a
sequence variant whose folding is even partially disrupted (such resistance is
also a correlate of thermal stability, as has been exploited by the ‘Proside’
strategy ). Proteases can thus be used in conjunction with phage display to
probe folding for a number of basic and applied studies. Here the Proside
approach can be instituted, or alternatively a related technique where the protein
of interest is also linked with a selectable binding tag (for positive selection of
relevant gp3 display phage) which is removed if proteolysis occurs %,
Proteolytic selection and filamentous phage display have been exploited for
finding folded proteins resulting from a known protein domain fused with
combinatorial assortments of random coding sequences, the success of which
has implications for protein evolution from non-homologous recombination events
% Using proteins initially showing sub-optimal folds, the same approach has
been used to select for variants from random mutant libraries with enhanced
folding stability ¥, a finding applicable to protein design in general. By combining
display / proteolytic selection with high-throughput sequencing, it is possible to
gain detailed information regarding the sequence correlates of specific protein
folds *°.

Despite considerable progress, accurate prediction of protein folding still eludes
us in general (considered in more detail in Chapter 9). In Chapter 5 it was noted
that the same catalytic activity in numerous cases can be performed by proteins
with quite distinct folds (analogous enzymes; Fig. 5.3), an observation which

raises many general questions relating to protein sequences, function, and

YThis procedure relies on differential susceptibility to proteases as a correlate of partial unfolding.
Displayed protein segments with improved folding will also exhibit increased protease resistance,
and are accordingly selectable on this basis *. The Proside approach will be considered further

in Section 11 below.
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folding. As an example of one of these, we could ask: what is the maximum
possible similarity of primary sequences between proteins with radically different
folds? This question should make us think again of the ‘Paracelsus Challenge’
raised in Chapter 5, which called for design of proteins with 250% sequence
similarity but divergent folding *°°. Although this challenge has been met **, the
limits of this sequence similarity / structural divergence were not defined in
themselves. Here phage display again raises its useful (if not pretty) head. By
starting with two separate proteins with distinct folds but equivalent binding
functions, it is possible (by means of mutagenesis, phage display, and selection
for retention of binding) to iteratively make changes in both of the proteins such
that progressive sequence convergence results in the altered ‘heteromorphic’
pair. Obviously, with the stringent selection applied by the display system, only
folded and functional proteins will be ‘passed’, and thus the limits of sequence
convergence (between a specific protein pair, at least) can be probed. In this
manner, the structurally distinct proteins streptococcal protein G and
staphylococcal protein A (both of which bind a specific region of human
immunoglobulin G) were evolved towards a heteromorphic pair with almost 60%
sequence identity from an initial identity of only 14% °2. Selection of protein
folding in general by phage display takes us into the realm of de novo protein
design, also considered further in Chapter 5 of Searching for Molecular

Solutions.
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Section 8, Part B:  Zinc-finger Protein Display and Zinc-finger Nucleases
Cited on p. 137 of Searching for Molecular Solutions

This section provides more detail on the specialized aspect of protein display
concerning zinc finger DNA-binding motifs. In order to accomplish this, some
general background concerning this motif is also provided. In addition, the
establishment of a ‘finger code’ for DNA recognition by zinc fingers has been
associated with the development of zinc finger nucleases as an important tool in
cellular and molecular biology, with numerous therapeutic implications. As an
adjunct to the DNA-binding protein Cited Notes Section 4 Y, a brief account of
zinc-finger nucleases is also given here, especially for contrasting with analogous
applications of homing endonucleases.

Fingering Phage and Beyond

Of all the proteins which have been successfully displayed on bacteriophages,
there is another set which is worth highlighting in a little more detail. These are
the category of DNA-binding proteins known as ‘zinc finger proteins’, and are
very significant from a scientific and biotechnological point of view. ‘Zinc fingers’
are small protein domains stabilized by coordination of zinc ions (Fig. 4.Nd),
which were initially characterized as a major class of eukaryotic DNA-binding

transcriptional regulators, including both activators 031 108 ¢

and repressors
has become apparent that beyond this role, zinc finger proteins may also bind
RNA %" and participate in protein-protein interactions *°*°®. There are also

numerous different structural classes of zinc finger proteins %% but for our
purposes here we will be concerned with the ‘classic’ zinc finger motif %,
which has a ‘Bpa’ structure based on its B-strand and a-helical content (Fig.

4.Nd). The ‘classical’ zinc finger is also referred to as a conserved ‘Cys,-His,’

¥ SMS-CitedNotes-Ch3/Section 4; from the same ftp site.
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motif, based on two histidine residues (in the C-terminal region of the a-helix)
and two cysteine residues (near a turn in the antiparallel g-strands) which

coordinate the zinc ion %112,

1315 it became evident that each ‘finger’ of a zinc-finger

From structural studies
DNA-binding protein contacts a specific triplet DNA base sequence, based on
amino acid sequence variation outside the conserved Cys,-His, motif. This in
turn suggested that zinc finger DNA recognition had a modular nature. It was
realized by three separate groups at around the same time (in 1994) that if zinc
finger proteins could be displayed on phage, a powerful means should emerge
for correlating specific finger protein sequences with target DNA sequence. This

was borne out in practice in filamentous phage systems 1618,

Fig. 4.Nd

Structure of a zinc-finger protein (the mouse intermediate-early protein Egrl or Zif268) in

complex with its DNA target sequence . A, Showing DNA duplex (whole strands with
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distinguishing colors) and orientation of the three bound zinc fingers where the a-helix of
each fits into the major groove of the DNA. Arrows in structural ribbons point in C-
terminal direction. B, as for A but looking down the end of the duplex as shown by the
arrow in A, with the chelated zinc ions as indicated. Here the DNA duplex base pairs and

phosphodiester chain are differentially colored for clarity. Source: Protein Data Bank **°

1ZAA. Images generated with Swiss-pdb viewer **°.

Phage display-mediated selection for finger domains recognizing specific base
triplets was generally successful 1*21%"12 The aim here was to attempt to
establish a ‘recognition code’ for DNA by zinc fingers through which any DNA
sequence could be targeted. If this was not quite the ultimate ‘holy grail’, it
remained a rather important quest nonetheless. If one then linked multiple
defined fingers together, theoretically it would produce a DNA-binding protein
with a pre-defined recognition specificity. Multiple zinc fingers can indeed be
assembled together to produce a multi-finger protein (or a protein with a
‘polydactyl’ nature, if you fancy a fancier label) with sequence-specific DNA
binding capacity *?*. An important aspect of the modular ‘stringing together’ of
separate zinc finger domains is the nature of the inter-finger linkage, which can
be in the form of a physical linker, or alternatively through a non-covalent
dimerization domain **?. Extended linkers also allow the possibility of non-

contiguous DNA target sites %1%,

Given that some additional complexities have suggested that DNA recognition by

each finger is not completely independent 12127128

, generation of specific
‘designer’ zinc finger proteins (recognizing a longer sequence of 9-18 base pairs)
can itself be optimized by phage display ***%. Such strategies assume that
triplet finger recognition is not sufficiently modular to use a simple recognition
code and ‘in context’ effects need to be taken into account. Yet if zinc finger
domains for each of the 64 possible base triplets can indeed be found with

independent binding, a much easier design strategy emerges. With a specific


http://www.pdb.org/
http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=1ZAA
http://au.expasy.org/spdbv/
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collection of such recognition fingers developed for a subset of these triplet

blocks, acceptable modularity has been found **

, and the aim continues to
complete the process for all 64 triplets **!. For the great majority of targets, it is
already very feasible nonetheless to design a specific zinc finger DNA binding

protein 3L,

Artificial engineering of such binding specificity is a breakthrough which then
opens up the possibility of making a variety of possible effector proteins. This too
is enabled by general protein modularity, where in a great many cases separate
functional domains can be joined with retention of their original activities. Of
undoubted evolutionary importance, it is clearly profoundly useful for
biotechnology. For productive joining with designer DNA-binding proteins,
functional modules with specific tasks include domains for nucleases **? and
methylases *3, and domains for transcriptional activation or repression ***.
Specific tools of these types convey tremendous potential power for a variety of
biotechnological and therapeutic applications ¥ in vivo ***3¢137 From within this
huge and immensely promising field, let's examine further the application of zinc

finger proteins to form zinc finger nucleases.

Firstly we should refer to the discussion of restriction and homing endonucleases
in the Cited Notes for Chapter 3 *, where the utility of Type IIA restriction
enzymes (exemplified by Fokl) was noted. These enzymes are characterized by
functional domain separation of their DNA recognition and cleavage activities,
allowing modular artificial recombination of novel recognition domains with the
original protein region which mediates double-strand cleavage. Joining a

designed zinc finger domain with the Fokl cleavage domain thus creates an

*It should also be noted that in many cases, competing alternative technologies exist. For
example, control of gene expression by artificial transcription factors based on zinc finger
domains is but one approach of a number of alternatives, including RNAi (Chapter 9) and small
molecules such as polyamides 135,

* SMS-CitedNotes-Ch3/Section 4; also from same ftp site.
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endonuclease with a tailor-made recognition specificity. Such ‘zinc finger
nucleases’ can function in mammalian cells, which has enabled technologies for
greatly increasing the frequency of both knock-outs and site-directed alterations
(‘genomic editing’). Repair of double-stranded breaks introduced into genes of
choice will introduce mutations at a high frequency which ablate expression, and
this result becomes stabilized as a heritable phenotype. This has been used for
the generation of transgenic knock-outs ****%_ But double-stranded breaks
introduced by artificial nucleases can also catalyze recombinational repair with
co-introduced homologous sequences bearing mutations of choice, resulting in
efficient genome editing **°**!. Therapeutic applications of this technology have
already been tested, by converting lymphoid cells from patients genetically
susceptible to HIV into resistant cellular derivatives by knock-out of expression of

an HIV co-receptor **,

It is useful at this point to compare zinc finger nuclease technology with that of
homing endonucleases adapted for analogous genomic applications (SMS-
CitedNotes-Ch3/Section 4). At present zinc finger domains have more versatility
towards targeting a very wide range of target choices than the present
capabilities of rationally engineered or evolved homing enzymes. On the other
hand, there are real concerns as to the absolute recognition specificities of zinc
finger nucleases, an area where homing endonucleases appear to have the
advantage *. In other words, zinc finger domain recognition may result in a level
of background non-specific DNA cleavage which might prove unacceptable for
some applications. As always, both technologies themselves are rapidly evolving,

and performance improvements in both can be expected in years to come.

To resume the major theme of this section, we should amplify the fact that
unlocking of the information embodied in zinc finger protein DNA recognition was
greatly accelerated by the concerted application of phage display. It should be

noted that this has generally not been via directed evolution by the re-iterative
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definition put forward at the beginning of Chapter 4, but rather through single-
library randomization and repeated rounds of selection from within this initial set
of variants. An important reason for this has been the rational application, from
the very beginning of the phage display work, of specific structural information
(as depicted in Fig. 4.Nd). This has enabled targeting of regions for mutation to a

limited number of sites in the zinc finger o-helices **"1%*

), such that a single
library of manageable size can realistically encompass all DNA binding diversity.
In practice, optimization of zinc finger preferences has required site-directed

mutagenesis analyses *?*1#

which can themselves be regarded as ‘evolutionary’
steps of sorts, albeit again significantly guided by rational information. The
development of zinc finger DNA binding protein technology is thus a case in point
for the effective interplay between empirical and rational strategies, as

considered in Chapter 10 of Searching for Molecular Solutions.

An arbitrary 18 base pair sequence recognized by a designer zinc finger protein
has an excellent chance of being unique in the human genome (occurring on

average only once every 4%, or 6.9 x 10** base pairs). With 49/64 triplets

131

currently usable for zinc finger design =~ (also see Zinc Finger Tools site) and

the ability to use discontinuous target sequences *?°, few if any endogenous
target regions would be entirely refractory for the design of zinc finger proteins
which would recognize them (and the remaining triplet gap will probably be
closed in the near future). This near universal coverage raises the intriguing
question of the diversity of other DNA binding motifs in nature **> and whether
alternative scaffolds are indeed superior over zinc fingers for certain specific
sequences **? (even if by a small but naturally selectable margin). An interesting
and instructive exercise for advanced molecular biologists would be to test the
fitness changes in a simple bacterium with progressive artificial adaptation and
replacement of its endogenous DNA binding proteins with equivalent zinc fingers;

ultimately leading to an organism with homogeneity in its DNA-binding


http://www.scripps.edu/mb/barbas/zfdesign/zfdesignhome.php
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scaffolding, if it was possible Y. We can also return to our considerations in
Chapter 3 of the extent to which antibodies could be generalizable as sequence-
specific binding proteins. A judgement could be readily made to the effect that
antibodies could not match the modularity of zinc finger domains for extended
DNA sequence recognition. On the other hand, although zinc fingers participate

108

in protein-protein interactions ~ it would seem unlikely that they could rival the

dazzling protein (and other) recognition abilities of immunoglobulins.

¥ Another variant on the theme of ‘molecular lipograms’ as raised in Chapter 5 of Searching for
Molecular Solutions. This would not be simple in some instances where a DNA-binding protein
binds to regions within its own conding sequence; see the section describing Lambda O protein in
Extras for Chapter 5 (SMS-Extras-Ch5/Section A7; from the same ftp site).
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Section 9:  Two-hybrid System and Protein-Protein Interaction Assays
Cited on p. 141 of Searching for Molecular Solutions

This section provides some detail on the two-hybrid system and its extensions,
and also briefly notes some additional methods of interest for the identification

and study of protein-protein binding partners.
The Two-Hybrid System and its Extensions

The two-hybrid system was developed two decades ago in the laboratory of

146,147’ and is

Stanley Fields for identifying novel protein-protein interactions
rendered possible by the modularity of protein domains. The general principles of
this system are depicted in Fig. 4.Ne. Although originally derived within yeast
host cells, analogous systems have also been adapted to bacterial **® or

mammalian 14910

counterparts. As in most molecular biological applications,
bacterial systems have advantages of larger library sizes and processing speeds,
but yeast and especially mammalian systems are more likely to ensure that
participating eukaryotic proteins fold correctly and receive appropriate post-

translational modifications.

The original and most widely-used application of the two-hybrid system has been
searches for binding partners of proteins of interest. The inherent background to
this kind of aim is the realization that, as complex self-interactive systems, the
operation of biological cells and higher organisms is fundamentally dependent on
internal molecular interactions. As such, biological systems cannot be
understood unless this network of interactions is defined. And a great deal of this
‘interactome’ ¥ (although by no means all of it) is based on a web of transient or

stable protein-protein recognition events. Taking analysis of the protein

¥ The interactome itself is considered further in the file SMS-Extras-Ch9/Section A16; from the

same ftp site.
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interactome to its logical limits asks for global, high-throughput analyses, and
large-scale two-hybrid system-based screening projects have been undertaken,

usually in yeast hosts ****°3, but also with mammalian systems *>*.
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Fig. 4.Ne

Depiction of the two-hybrid system in yeast cells for identifying protein-protein
interactions. An initial ‘reporter’ construct has coding sequence for a marker (his3) which
allows yeast growth on a selective medium, or a marker (lacZ) which allows
chromogenic screening based on enzyme activity. These are initially only expressable at
very low levels through the basal transcriptional apparatus. Upstream of the reporter
gene sequence is a recognition site for a specific DNA-binding protein domain. The latter
is fused with a target sequence for which unknown binding partners are sought (hence
the common term for such a segment as the ‘bait’). Cells harboring the reporter
construct are co-transfected with plasmids expressing the DNA-binding protein / bait
fusion, and also plasmids expressing a cDNA library expressed as a fusion between
variable cDNA segments and a constant strong transcriptional activation domain.
(Transfection conditions are designed such that on average, each cell receives a copy of
the DNA-binding protein / bait fusion plasmid and one plasmid member of the cDNA
library / activation domain fusion). Expression of each component from their respective
plasmids ensures that when a specific binding partner for the bait is expressed in the
same cell, the activation domain will be focused in close proximity to the basal
transcriptional cell protein complex. This then results in transcriptional activation and
reporter gene expression. Selection or screening for the reporter then enables

identification of the clone expressing the binding partner domain of interest (the ‘prey’).

As always, fundamental biological information can often rapidly be exploited for
applied purposes, but the two-hybrid system has many quite direct applications in
biotechnology. A useful example of this can be found in experimental systems
designed for selection of intrabodies ¥, or antibodies which retain antigen-binding

properties when expressed within cells.

¥ Further details of this topic are provided in the file SMS—Extras-Ch7/Section A11; from the

same ftp site.
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The basic principle of the two-hybrid system could be summarized with the
concepts of specific interactions / modularity / functional bridging, and these
ideas can be extended in ways considerably further than the original model.
Going in one direction, a cDNA library fused with an activation domain can be
used to search for novel domains binding to defined DNA motifs, which has been
termed the ‘one-hybrid system’. In this case, the specific DNA sequence inserted
upstream of the reporter gene is in effect the operational ‘bait’ **°. In the other
direction, the essential principle lies in the observation that more complex
bridging links between a DNA-binding protein and an activation domain can still
allow the reporting of the desired information. Alternatively, other functional
molecules can potentially replace proteins in forming a functional bridge,
provided that the net effect is activation of the reporter gene used in the system.
This burgeoning diversity of highly useful assays has often led to the
categorization of the original two-hybrid arrangement as a subset of the larger
field of ‘N-hybrid systems’. Given its interest for some topics within Searching for
Molecular Solutions, we can spend a little time looking at one of these ‘spin-offs’,
the three-hybrid system, in more detail. A variety of three-hybrid arrangements
have been devised, but let’s focus on systems which include small-molecule

mediators.

Three-Hybrid Systems

The modularity of protein domains allow DNA-binding function to be joined with
other functional domains, in particular domains which serve to transactivate
transcription. Small bifunctional molecules acting as cross-linkers are well-
known, and there is no reason in principle that a known small DNA-binding
molecule could not be linked with a small activation molecule, thereby generating
a specific low molecular weight transactivator. Tethering a small molecule to a
promoter site need not involve direct DNA binding, since a protein can be used
as an effective adaptor if it possesses the needed DNA recognition motif and the

capacity for binding a low molecular weight ligand. Nuclear hormone receptor-
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ligand fusion protein systems (such as the glucocorticoid receptor binding of
dexamethasone fused with the yeast Gal4 DNA binding protein domain) have
been used in this regard **° (Fig. 4.Nf). This kind of system allows screening for

small organic molecules which can activate transcription.

Specific Chemical
Library Mem

Glucocorticoid
Receptor
Ligand-binding
Domain

Transcription

\ |

Coactivator t:nmplei

dexamethasone

Targeted DNA Core promoter
Sequence motif

Chemical library
R2

Fig. 4.Nf

Three-hybrid screening for a chemical group capable of binding transcriptional
activating complexes. Here a specific chemical group binds to a pocket of a component
of an coactivational complex, with resulting activation of RNA polymerase-mediated
transcription from a chosen promoter in cis. Tethering of a bifunctional small activation
molecule can be effected through a moiety which binds to an adjacent transcription
factor, in this example dexamethasone associating with the ligand-binding domain of the
glucocorticoid receptor. This domain is fused with a DNA-binding domain (such as Gal4
157,158

) directed towards an introduced DNA site proximal to the promoter for the reporter

construct used for the screening assay.
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An interesting adaptation of the three-hybrid procedure termed chemical
complementation **°*° enables a reporter read-out for potentially a wide range

of enzymes breaking or forming specific covalent bonds (depicted in Fig. 4.Ng).
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Depiction of chemical complementation screening for enzyme activity, based on the
three-hybrid system (Fig. 4.Nf). A synthetic adaptor molecule is used with specific
structures (Ligands A and B) at each end joined by a linker in which a desired enzyme
substrate is inserted. Each of the ligand A and B moieties in the adaptor molecule bind

to specific protein binding domains, which are fused with a DNA-binding (A) or activation
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domain (B). The adaptor molecule allows the formation of a bridge between the DNA-
binding and activation functions, and transcriptional activation. Cleavage at the enzyme
substrate site by a specific member of an enzyme library destroys the bridge and knocks
down expression of the screenable reporter gene. The process can also be performed in
the reverse direction to search for enzymes catalyzing specific bond formation which will

activate expression from a starting low level.

Despite its power and versatility, alternative technologies to N-hybrid systems
certainly exist. One of the simplest protein-ligand analysis approaches in
principle is often termed the ‘pull-down’ approach, where a protein of interest
taken directly from its in vivo source is precipitated with a specific binding agent
(usually an antibody). By so doing, other proteins or ligands associated in situ
with the direct target protein are likewise ‘pulled-down’, and are then subject to
characterization. Often this is via mass spectrometry ¥, a field whose rapid
advances in sensitivity have made direct pull-downs often a highly competitive

option .,

Phage display (considered in some detail in Searching for Molecular Solutions
and in Sections 7A, 7B, 8A and 8B above) can also be used for cloning binding
partners, if a surface-displayed cDNA library is probed with a ligand of interest
182 In vitro display technologies can also be put to this kind of use. As noted in
Chapter 4, in vitro mRNA display employs a novel linkage between mRNA and
polypeptide translated from the same mRNA, and affords a powerful approach
for directed evolution *°3. It has also been used for searching expressed
genomes for binding proteins towards a desired protein or ligand ***'%. Since the
‘identity tag’ for translated proteins in mRNA display is relatively small (an mRNA

molecule itself), this display technology is well-suited for general searches for

¥ A little more will be said about mass spectrometry and its biological applications in the file
SMS—CitedNotes-Ch9/Section 33; from the same ftp site.
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protein interaction partners *****’. Among such applications are the identification

of partner proteins for DNA-binding proteins which function as heteromers 718,

To conclude this section, though, let’s look at some other specific protein-protein
interaction assays. The first, based on phage display, is not widely used at
present, but worthy of attention given the interest of this technological area in

Searching for Molecular Solutions.

Selectively Infectious Phage and Protein-Ligand Interactions

We have already seen that the gp3 protein of flamentous phage, which mediates
infectivity, has a highly modular domain structure (Fig. 4.10 of Searching for
Molecular Solutions). In a remarkable confirmation of the modular nature of gp3,
the N1 domain function can be separated from the remainder of the protein,
provided a non-covalent interaction of sufficient affinity serves to bridge the N1
and N2 domains together. This has been exploited in the development of protein-

protein or protein-ligand interaction systems *%*"°

, usually termed the selectively
infectious phage (or SIP) system "+ The principle of this system is depicted in

Fig. 4.Nh.
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Principles of selectively infectious phage (SIP) systems. In the top panel for in vivo
systems, a library of protein domains (light green) fused to gp3 C-terminal (CT) domains
is expressed and assembled in vivo into (non-infectious) phage. (See Fig. 4.10 of
Searching for Molecular Solutions [and the corresponding color version of this figure
from the same ftp site; SMS-ColorFigures.pdf] for more details on filamentous phage
gp3 display). Within the same cell, interaction of a specific library member with an
expressed protein fusion of an interacting ‘bait’ domain (dark green) linked with N1 and
N2 domains allows infectivity to be restored. The specific library member(s) expressing a
protein domain interacting with the bait are thus identifiable. In vitro: A CT-gp3 fusion
library expressed as above can be extruded from host cells but is non-infectious.
Infectivity can be activated in vitro by binding of an N1-N2-ligand preparation as shown.
Note that for the in vitro arrangement, the ligand can be in principle any chemical

structure, since the N1-N2-fusion itself can be prepared in vitro.
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Initial enthusiasm for the SIP system was tempered by realization of its
limitations. In the case of the in vivo version (Fig. 4.Nh) recombination can
sometimes be a confounding factor, and as with any filamentous phage display
system, biological constraints on certain displayed polypeptides exist. (See
Section 7A above). The size itself of the complex between displayed polypeptide
and binding ligand has been also defined as an important factor limiting the
applicability of this technique *"*. There is also strong competition from the
alternative technologies noted in this section. Still, it remains a viable contender
assay for specific applications as long as its strengths and limitations are

understood 172,

Let us now look at one final assay which appears to have wide appeal for future

applications.

The Protein Complementation Assay

Technigues which enable direct visualization of specific binding interactions in
living cells are of great future promise *">. One such method of interest is called

the Protein Complementation Assay (PCA) *7°

, whose name is a little deceptive
because the PCA principle is distinct from other protein complementation effects
which have been long known. Most of the latter cases involve the reconstitution
of a protein functional property (usually an enzymatic activity) by two protein
fragments which are already pre-folded into defined structures, as illustrated in

the top panel of Fig. 4.Ni.

One of the most widely used ‘conventional’ protein complementation systems is

called the a-complementation of B-galactosidase, where a defective mutant of



41

the latter enzyme exists as a non-functional dimer, unlike the tetrameric wild-type
enzyme. If a relatively small N-terminal fragment of the original enzyme termed
the ‘a-peptide’ is co-expressed with the defective dimeric protein,
complementation occurs such that the assembly of active -galactosidase

tetramers ensues *’’

178

. (This effect can also be engineered to occur via surface
phage display ~**). The phenomenon has been widely exploited by using coding
sequence for the a-peptide as a convenient site for insertional cloning in
plasmids, allowing loss of complementation-mediated enzyme activity to serve as
a useful screening guide for the presence of cloned inserts. 3-galactosidase
complementation effects have also been used as tools for monitoring protein-

protein interactions in eukaryotes *'°.

In contrast, the PCA principle involves the active folding of otherwise disordered
reporter protein segments, whose spatial juxtaposition allows a productive folding
pathway to commence, with resulting reconstitution of protein activity. The
enforced positioning of the protein fragments is engendered by means of linkage
with mutually interactive protein domains, as depicted in the bottom panel of Fig.
4.Ni. The PCA has the advantage of negligible background activity, since without
initiation of folding the reporter signal is effectively zero, unlike domain-based

protein complementation methods, which usually have detectable backgrounds
180
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Fig. 4. Ni
Protein complementation assays. In the top panel (Domain / Subunit Complementation),
pre-folded protein domains associate and reconstitute a measurable function, such as a
specific catalysis. In contrast, (bottom panel) the Protein fragment Complementation
Assay (PCA) uses interactive protein domains to drive the folding pathway of two
separate (initially unfolded) fragments of a reporter protein. Reconstitution of the reporter
than acts as a gauge of the levels of the protein-protein association of interest, with an

extremely low background.
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In certain cases, PCA-mediated fragment folding is irreversible, but reversible
systems have also been derived, and these are invaluable for the above-
mentioned in vivo monitoring of protein-protein interactions **%!8!, The assembly
of the reporter fragments is dependent on the interaction of the two protein
domains of interest to which they are linked, and relative intracellular
concentrations of the former pair therefore determine whether the reporter
activity will be reconstituted. If protein participants within interactive and dynamic
intracellular pathways are engineered as components of a PCA system, a
powerful and sensitive means for real-time monitoring of the results of artificial
systems perturbations is enabled *®. This principle has been ingeniously
exploited for analyzing the ‘off-target’ effects of drugs **!, or general study of the
effects of drugs on cellular protein interaction networks *®2. Both of these

applications are potentially of great value to the pharmaceutical industry.
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Section 10: CIS Display and Related Areas

Cited on p. 141 of Searching for Molecular Solutions

How could a direct ‘display’ link be established between a DNA molecule and its
encoded protein product, translated via an mMRNA molecule? It was noted earlier
in these Chapter 4 Cited Notes (Section 7B above) that this can be done
intracellularly by fusing an expressed library with a DNA-binding protein domain,
where the latter is designed to target a site in the same vector encoding the
library itself. In principle, the role of the bacterial cellular ‘compartment’ can be
mimicked by in vitro microcompartmentalization (as described in Chapter 4 of
Searching for Molecular Solutions). In both cases, the genotype-phenotype
linkage is mediated through non-covalent interactions (via specific recognition of
DNA sequences though the special structural features of the appropriate protein
DNA-binding domains). But other in vitro systems have been developed for
generating linkages between expressed polypeptides and their encoding DNA

sequences.

These ingenious systems depend on certain features of both general and specific
prokaryotic biology. The most fundamental (and useful) property in this regard is
the coupling of bacterial transcription and translation, unlike eukaryotic systems.
What this means is simply that bacterial translation of an mMRNA molecule on
ribosomes can begin even before the transcription process is finished ¥. In some
bacterial replication systems, this coupling has become a significant factor in
DNA replication. For the RI plasmid, the RepA protein recognizes a sequence at
the origin of replication (ori) via transient interaction with another upstream

sequence (CIS; Fig. 4.Nj).

¥ In eukaryotic cells mMRNA molecules are extensively processed in the nucleus and transported
to the cytoplasm for translation. The coupling of the processes in bacteria results in very efficient

overall expression and allows very rapid cell growth under optimal conditions.
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Principle of CIS non-covalent DNA display in vitro **3. When a polypeptide library fused
with the RepA coding sequence undergoes coupled transcription / translation in vitro, the
RNA polymerase pauses upon encountering a specific ‘CIS’ sequence. Following
completion of its translation, the RepA protein segment is directed to the CIS sequence
and then origin of replication (ori) sequence in cis (on the same DNA molecule). In this
manner an expressed library is linked to a DNA tag carrying its own coding sequence.

Abbreviations: P, promoter; RNAp, RNA polymerase.
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Non-covalent binding of RepA to the ori sequence provides a direct link between
sequences fused to RepA itself and their encoded information at the DNA level
183 The key feature of this system which enables its application with in vitro
transcription-translation systems is the faithful binding of the RepA protein in cis
(to the same DNA encoding it and its linked specific library member). It is entirely
this property which maintains the all-important genotype-phenotype linkage, and
allows a large and diverse library to be expressed in vitro with preservation of the
encoding informational linkage when functional selections are applied. Without
this cis-effect, trans-binding in a dispersed in vitro system would destroy any

correspondence between genotype and phenotype *.

Another in vitro DNA display system actually generates a covalent link between
the coding DNA and the expressed library . This operates by means of the
phage P2A endonuclease, which initiates phage DNA replication by making a
nick at a site within its own coding sequence, and then covalently attaches itself.
The arrangement then is analogous to the CIS system, except for the site and
covalent mechanism of association of the library fusion protein with the encoding
DNA. This display process has been used for antibody libraries *** and
achievable library sizes for both the P2A exonuclease and CIS systems are

theoretically comparable to mRNA display.

It should be noted here that the term ‘DNA display’ has also been applied to
another process involving the use of DNA sequences as ‘tags’ for chemical
syntheses *®°, which is in considered in Chapter 8 of Searching for Molecular
Solutions. Although not to be confused with the above biological processes, the
chemical-tag display has clear parallels with the gamut of biological display
systems we have covered in this chapter to date, and is therefore not a

misnomer from this point of view.

¥ In fact, the above-noted in vitro compartmentalization is a generalizable solution to this very
problem, where preservation of linkage between trans-acting effects and their encoding nucleic

acids is desired.
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Section 11: Enzyme Display on Phage

Cited on p. 141 of Searching for Molecular Solutions

Before phage display can become an attractive technology for directed evolution
of an enzyme, obviously the enzyme of interest has to be compatible with the
display process per se, without sacrificing initial catalytic activity. (We have
already seen above (Section 7A above) that several options exist for improving
filamentous phage display if a protein should prove recalcitrant, and lytic phage
further extend the range of displayable polypeptides). In fact, without needing to
resort to heroic means, many enzymes have been successfully displayed
through phage systems. A quick sampling of different enzymes so used includes
glycosyltransferases **¢, DNA polymerase fragments *"*%’| lipase 8, bacterial
ribonuclease '*, amylases ', and p-lactamases *°*. The principles of enzyme
directed evolution discussed in Chapters 4 and 5 of Searching for Molecular
Solutions still apply; the display technology powerfully enters the picture at the

selection level.

Let’s look briefly at how selections for changes in enzyme behavior can be
applied in this context. If directed evolution is aimed at altering an enzyme’s
substrate binding, then a relatively simple selection based on binding of mutant
enzymes from within a display library to a transition-state analog compound can
be instituted (Fig. 4.NKk-A). This kind of approach has been applied towards the
selection of catalytic antibodies 1. An alternative (but conceptually related)
strategy uses ‘suicide substrates’ which are activated by catalysis and then bind
irreversibly to an enzyme’s active site *°2. This principle has been used to select

high-activity variants from displayed B-lactamase libraries *°394,
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Some strategies for directed evolution of enzymes by phage display with gp3 systems of
filamentous phage. A, Monovalent display of an enzyme library fused to the C-terminal
region of gp3 %%1%°, Mutants with affinity for the appropriate transition-state analog
compound can be selected on solid-phase supports as indicated. (Bound phage can be
eluted by excess free analog or by engineering a specific protease site in a linker region
between the gp3 domain and the displayed enzyme). B, A more complex system for
directly selecting for catalysis. Here an adaptor domain is positioned between the gp3 C-
terminus and the enzyme, where the adaptor bears a peptide recognition signal for
another protein (‘binder of adaptor’) which is fused or complexed with the desired novel
enzyme substrate. When all cofactors (metal ions, etc.) are provided for catalysis, the
closely proximal enzyme can catalyze product formation as shown, which again is

potentially selectable on a solid-phase support.
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Direct selection for catalysis in a display system is more of a challenge. To
exploit the genotype-phenotype linkage offered by display systems, somehow a
signal from an active enzyme catalyzing a desired substrate also has to linked to
the same phage surface. This might seem daunting, but with a little applied
ingenuity some important steps in the right direction have been taken. The basic
concept involves the engineering of some form of adaptor system whereby a
desired substrate can be coupled with the phage-displayed enzyme. One way to
do this is to co-display (with the enzyme library) a peptide ligand sequence for a
specific binding protein, such that the display library can be ‘activated’ by binding
of a fusion or conjugate of the specific peptide-binding domain with a substrate of
interest (Fig. 4.Nk-B). When this is arranged, and the enzyme supplied with all
necessary cofactors, the product is generated in spatial proximity to the display
enzyme itself, and the specific phage as a whole can be selected with a solid-
phase binder of the product (Fig. 4.Nk-B).

An example of this system has used calmodulin and calmodulin-binding peptide
as the adaptor and binder of adaptor respectively *°°. This has been applied
towards the evolution of biotin ligase, where the substrate (a specific short
peptide sequence recognized by this enzyme) is coupled to the calmodulin-
binding peptide, which thus serves to enable in vitro ‘charging’ of displayed
phage enzyme with a biotinylatable substrate. Following successful catalysis by
the displayed biotin ligase, the biotinylated product is then selectable with
streptavidin (a protein with high binding affinity for biotin) **”. Though elegant in
design, such systems have not been notably successful in the selection of
altered enzymes from libraries *°#%7. In this context we should recall the
availability of the competing alternative in vitro technologies of mMRNA and
ribosome display, which are considered in Chapter 4 of Searching for Molecular

Solutions.
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The flip side of enzyme display is substrate display %

. Where an enzyme
recognizes a specific peptide sequence as its substrate, this sequence (or a
library of variants of it) can be displayed, and sequence changes which impinge
on enzyme activity can be identified if an appropriate selection can be devised for
the products of catalysis. This is relatively easy for selection of proteases, by
displaying a library where the C- and N- termini of gp3 are separated by a
randomized peptide segment (see Fig. 4.10 of Searching for Molecular Solutions
for a structural depiction of gp3 domains). Also, by various strategies, the N-
terminal domain in the same system can be engineered to bind a specific solid-
phase support Y. When the library is prepared and immobilized in this manner,
only phage bearing target sequences for the protease of interest will be released
from the support upon digestion with the specific protease itself. Now, if all
displayed gp3 proteins on the phage surface were so cleaved, then released
phage would lose infectivity, but this can be circumvented by ensuring that only
one of the five gp3 copies bears the target modification. (In other words,
monovalent display). After cleavage, infectious phage can be thus recovered and
an another cycle begun. This process allow characterization of the specific
peptide sequences within the random library which serve as substrates for the

protease of interest.

A more recent improvement in the technigue avoids the solid phase
immobilization and relies on protease removal of an additional (protease-
resistant) displayed peptide which interferes with phage infectivity *. Peptide

substrate display in general has been applied to the determination of optimal

200-202

recognition specificities for both natural proteases and their engineered

counterparts *°*. Information obtained in this manner can be used for finding

novel protease targets, with a variety of potential applications 2°+2%,

YFor example, the N-terminal domain can be modified to display a specific peptide sequence

recognized by an antibody, where the antibody is immobilized on a solid gel or resin.
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We should also consider selections for other desirable enzymatic properties
which use phage display, and stability comes to the forefront in this regard. In
Section 8A above, we made brief note of the Proside technique for stability
selection, which is based on the observation that protease resistance and
thermal stability are very frequently correlated. As with the above substrate
phage, this procedure exploits the domain modularity of filamentous phage gp3,
where it is known that insertions can be made between the N1, N2, and CT
domains without disrupting phage infectivity. If a gp3 fusion protein with the
arrangement: (N1 — N2 — (Protein of interest) — CT) is displayed on a filamentous
phage, the presence of the protein insert in effect provides a link between
protease resistance (and thereby indirectly a link with thermal stability) and the
ability of phage to infect host cells *?%, This is so because cleavage of the
intervening foreign protein sequence by a protease cuts off the essential N-
terminal domains and ablates infectivity ¥. Conversely, resistance of the inserted
protein to proteolytic cleavage allows normal infection to proceed, and thereby
provides a powerful selection for protease resistance. A non-trivial issue which
enables the success of this procedure is the great stability of filamentous phage
particles, such that treatment with moderate levels of proteases will not
significantly affect phage infectivity but can discriminate between susceptible /
resistant inserts into gp3. Application of Proside selection has yielded numerous
candidate proteins which show enhancement of thermal stability 2°"*°®, and this
approach has been claimed to be superior to computational methods °°.

Nevertheless, we should remember in this context the caveat that exceptions to

YNote that the Proside technique is in essence a negative selection exerted against unwanted
protease-sensitive phage, whereas the above substrate-phage technique positively selects for
phage with the desired protease sensitivity. So in a sense they are mirror-image approaches, and
a key difference again is at the level of display valency for gp3. As noted above, for the substrate
phage technique, monovalent display is essential, but for Proside a logical requirement is that all
displayed gp3 copies should be modified, and equally susceptible or resistant to the protease
used as the discriminator. (Were this not the case, cleavage of a specific gp3 molecule bearing
an unfolded segment on a Proside phage would not ablate activity, through remaining wild-type

gp3 on the same phage particle).



the protease resistance / thermal stability correlation can be found **°%*°. Also,
for undefined reasons sometimes enzyme insertions between the CT and N2
domains themselves are incompatible with phage maturation (as with prolyl

isomerase) 1.
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