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In addressing a new drug discovery target, the generation of tractable protein substrates for functional
and structural analyses can represent a significant hurdle. Traditional approaches rely on protein
expression trials of multiple variants in various systems, frequently with limited success. The increasing
knowledge base derived from genomics and structural proteomics initiatives assists the bioinformatics-
led design of these experiments. Nevertheless, for many eukaryotic polypeptides, particularly those with
relatively few homologues, the generation of useful protein products can still be a major challenge. This
review describes the basis of efforts to forge an alternative ‘domain-hunting’ paradigm, based upon
combinatorial sampling of expression construct libraries derived by fragmentation of the encoding DNA
template, namely the methods and considerations in generating fragment length DNA from target genes.
An accompanying review focuses upon the expression screening of such combinatorial DNA libraries for
the sampling of the corresponding set of protein fragments.

It has been an implicit, if not explicit, assumption that the under-
taking of the Human Genome Project and other efforts to catalo-
gue the genes of pathogenic organisms will drive a major
expansion of the prescription pharmaceutical market [1-5]. One
basis for this prediction is that recent analyses show that the
majority of present-day drugs act upon a rather small number
(perhaps <1000) of distinct macromolecular targets (e.g. GPCRs,
nuclear receptors, ion channels, proteases, kinases, phosphodies-
terases and so on) [6]. Knowledge of the human genome sequence
opens up the potential to explore many novel, perhaps rare, target
types that have previously evaded identification by classical meth-
ods. Exploitation of these new targets will depend upon our ability
to translate the emerging genomic information into tractable in
vitro and cell-based assays of macromolecular function. In this
context, within many areas of biomedicine, there is an increasing
need to understand protein function at the atomic level, which
implies having 3D structural information derived from X-ray
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crystallography and, where applicable, multi-dimensional solu-
tion NMR spectroscopy [7,8]. Both methods of analysis place a
relatively high burden on the quantity, solubility, stability and
‘foldedness’ of the macromolecular analyte. An intrinsic bottle-
neck in such efforts is often the generation of recombinant,
soluble, tractable protein materials that can be used for both
inhibitor screening and structure-based drug discovery
approaches. In general, one finds that proteins corresponding to
whole open reading frames (ORFs) of cloned cDNAs can turn out to
be difficult or impossible to produce in a facile manner. Therefore,
a great deal of resource, both in academia and the commercial
biotechnology and pharmaceutical sectors, is expended on efforts
to obtain tractable fragments of such proteins in a paradigm that is
led by bioinformatics-driven prediction of the likely stable glob-
ular domains, or by limited proteolysis of isolated full length
proteins. In this review, we discuss an emerging principle that
attempts to bypass these ‘traditional’ approaches, by appealing to
high-throughput screening of DNA fragment libraries to identify
stable, functionally and structurally tractable fragments of poly-
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FIGURE 1

(A) A schematic capturing the conventional approach to targeted expression of protein products for structural and functional investigations. (B) Describes in
outline the basic strategy adopted in protein expression screening approaches based upon random or combinatorially generated DNA fragments.

peptides, a process that has been variously known as ‘domain
footprinting’ and ‘combinatorial domain hunting’ [9-14].

In the realm of recombinant protein production, particularly in
a heterologous organism, the importance of selecting the optimal
piece of the target polypeptide chain barely needs any exposition.
It is the universal experience of protein expression scientists that:

(a) full length proteins, particularly from more complex eukar-
yotic genes, are difficult to express, unstable, or structurally
intractable because of the overall size, intrinsic segmental
flexibility, susceptibility to proteases, or requirements for
obligate binding partners or post-translational modifications;

(b) despite the undoubted power of bioinformatic analyses to
predict functional and often structural classification of the
gene and encoded polypeptide, accurate prediction of
structured domain boundaries is compromised exactly
because the sequence identity in these boundaries is often
lower than in the core regions; and

(c) even where domain boundaries can be estimated with some
confidence, this does not always translate into successful
generation of the corresponding protein product; it appears
that the level of expression and stability of the final purified
protein ‘fragment’ is a complex function of the choice of

chain termini (amongst other factors), with possibly just a
couple of amino acid residues either way making for success or
failure.

Figure 1A describes a simplistic view of the traditionally
employed approach to soluble protein expression. The diagram
indicates that perhaps the majority of protein expression trials
meet with some degree of failure, in that the target polypeptide is
found to be insoluble or unstable. The protein chemist then resorts
to many different alternative (non-linear, and frustratingly, often
pseudo-circular) strategies to bypass the ‘roadblock’ to further
investigations. This paradigm is contrasted with the ‘upside-down
logic’ of a typical random domain sampling approach. Here, the
aim is to isolate soluble sub-fragments of a given protein target,
and the balance of effort is transferred from bespoke and a poten-
tially futile ‘local’ search for stable protein fragments to a generic,
potentially holistic screening process that in many aspects might
be automated, or at minimum requires a lower level of experi-
mental expertise for its execution.

The standard approach to maximise the chance of successfully
procuring suitable quantities of the target protein is to alter the
design of the target protein product with various combinations of
silent and strategic mutagenesis including de novo gene design,
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translational fusion strategies, alternative heterologous expression
hosts, variation of the expression conditions, cell lysis protocols
and protein solubilisation and purification routes [15-33]. Results
from both our own and many other laboratories find that this
naturally expansionist ‘trial and error’ approach quickly becomes a
challenge to the available resources (including the scientist’s
morale) and can generate apparently stochastic outcomes. As a
result of this frustration, we and others have considered whether
there might be a more standardised, holistic and perhaps exhaus-
tive solution to this general problem [9,10,12-14,34-36].

In some respects, this thinking is along similar lines to those
engaged in structural proteomics (SP) endeavours. In SP, protein
chemists set up a generic linear pipeline for construct design,
cDNA cloning, protein expression and purification. At least in
the early phase of SP programmes, the object was to cycle through
input intact cDNA molecules and simply take the tractable protein
products through to structural analysis. To first approximation the
great hope was that SP practitioners would be kept busy with the
proteins that emerged, harvesting the ‘low-hanging fruit’ of the
accessible proteome, before moving onto the more difficult cases
that require some sort of variation in the process; in an over-
simplified nutshell: many cDNAs in — some 3D protein structures
out (and effectively ignore the unsuccessful targets, at least for
now).

For other structural biologists and their colleagues, the
emphasis is somewhat different: here the target cDNA (or gene)
is the be-all and end-all of the process. We want either one or
more of the stable, soluble structured domains encoded by that
stretch of DNA, and either we do not know where to start
(because of the singleton nature of the corresponding amino
acid sequence) or we want to find the predicted domains by
another route than the standard (frustratingly challenging) one.
Here, the aim is to vary the expressed DNA constructs to gen-
erate a library of expression constructs of arbitrary size, coupled
with a process to sift out those stretches of DNA that produce
the stably folded, globular fragments that we desire. This
straightforward linear approach is illustrated schematically in
Figure 1B.

The typical domain footprinting pipeline

The complete generalisation of the bioinformatics-blind expres-
sion screening concept that can be described in its most general
sense as ‘domain footprinting’ is illustrated in more detail as a 10-
step work-flow in Figure 2. Almost all steps of this pipeline are
easily recognisable to any practising protein expression specialist;
the focus of our attention here is that this procedure is not iterated
(as in SP) over the template cDNA in Step 1, but rather over the
systematically or randomly generated sub-fragments of a single
DNA source that are obtained in Step 2. The implementation of
Step 2 can, in principle, be achieved in many different ways, and
different examples of the potential solutions are described briefly
here. We particularly describe methods that lead to fragmentation
of the template cDNA, as it were, at both ends; alternative strate-
gies that target just one end of a target cDNA to generate deletion
constructs with a constant 5’ or 3’ terminus represent a slightly
different approach and, together with later stages of the work-flow
implied in Figure 2, are considered in the second part of this review
[53].

‘Ordered’ (systematic) DNA fragmentation
Here the DNA fragments of the library are designed a priori by the
selection of construct ends:

‘Primer pair walking’

A simple approach to Step 2 of Figure 2 would be multiple,
presumably parallel PCR reactions using PCR oligonucleotide
primers that are designed to generate specific PCR products that
have sequence-defined 5’ and 3’ ends, and that can incorporate
specific restriction sites for directional and in-frame capture into
the expression vector of choice. Sequential variation of the prim-
ing co-ordinates of the individual PCR primers and combinatorial
assortment of the sets of primer pairs can then be used to generate
multiple candidate constructs, guaranteed to be in frame with any
vector-encoded translational tag. These last features make such an
approach a highly appealing strategy, but ultimately the sampling
efficiency, defined as the degree to which the process can lead to
protein products that differ by as little as a single residue, will be
limited by the cost of oligonucleotide primers and the capacity to
perform individual combinatorial PCR reactions in parallel. We are
certain that such ‘primer pair walking PCR’ searches are often
performed, but are not aware of any examples that report truly
high-throughput screening applications.

‘Random’ DNA fragmentation

Under this heading we briefly describe a number of methods that
can be used to generate DNA fragment libraries, each of which has
little or no control over the nature of the DNA ends that are
produced. These methods, therefore, have the potential advantage
of fine-sampling the fragment space, but often at the expense of
the fragments not being clonable in-frame and in a unique 5'-3’
orientation. The random fragmentation of DNA can be achieved
either by physical, enzymatic or PCR-based methods. Although all
methodologies described here are suitable for generating DNA
fragments of size appropriate for the expression of typically sized
protein products and of sufficiently high quality for expression
library construction, each procedure differs in the particular set of
advantages and limitations (see Table 1).

Physical methods

Physical methods that lead to DNA fragmentation (sonication,
nebulisation and hydrodynamic shearing) are sequence-indepen-
dent and, therefore, theoretically produce a more uniform and
random distribution of DNA pieces than enzymatic methods,
though end-repair to blunt the duplexes is usually required before
cloning. Sonication generally requires large amounts of template
DNA (10-100 pg). The fragments that are produced are distributed
over a broad size range [37] and, consequently, only limited
amounts of the fragmented DNA are suitable for cloning purposes.
The DNA fragments must, therefore, be fractionated to obtain the
desired type of protein product. A disadvantage of sonication is
that the DNA may be damaged by hydroxyl radicals that are
produced during cavitation [38]. Nebulisation generally requires
smaller amounts of DNA (0.5-5 pg) [39,40]. The DNA concentra-
tion should be relatively low, as the technique requires relatively
large solution volumes. The major advantage of nebulisation over
sonication is that altering the pressure of the gas blowing through
the nebuliser allows some control of the size distribution of frag-
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Step 1
Clone/synthesize target template cDNA

'

Step 2
Generation of DNA fragments from template

Y

Step 3
Capture of DNA fragment library into expression vector

Y

Step 4
Transformation of vector library into expression host

.

(Parallel) expression

Step 5

of expression clones

l

Step 6
Identification and selection of the positive clones
(i.e. those that have DNA fragments in-frame and express protein fragments)

Y

Identification and se

Step 7

(i.e. those that express protein in a tractable (soluble) form)

lection of ‘hit’ clones

Y

Step 8
Isolation and purification of the ‘hit’ protein fragments

4

Step 9
Validation of the physical and biochemical properties of the isolated protein fragments

Y

4

Step 10 (if necessary)
Downstream optimization of the domain boundaries by traditional means
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FIGURE 2

Conceptual representation of the 10-step generic work-flow for soluble protein domain ‘footprinting; or domain hunting using a single template DNA as a starting
point. Shotgun domain hunting is in principle possible using a collection of cDNA molecules (e.g. from a viral genome, or a cDNA library) as input. This review
focuses particularly on Step 2 corresponding to the random fragmentation of DNA. The second part of this review [53] describes other aspects of the work-flow

and describes specific examples of the application of domain hunting from th

ments. Fragment sizes of 0.7-1.3 kbp can be readily obtained.
Hydrodynamic shearing relies on the passage of a DNA solution,
driven by a HPLC pump, through a hole of very small diameter.
The process has recently been automated [41,42] and is often
called the ‘point-sink’ flow system. Repeated passage through
the small orifice results in DNA fragments of predictable size that
is tailored by the flow rate and absolute size of the orifice. In fact,
90% of the fragmented DNA can fall in the required size range.

Enzymatic methods
A variety of enzymes can fragment or degrade DNA to smaller sizes
than typically achieved with physical methods, either by internal

e literature.

cleavage of the dsDNA or by selective removal of bases at the 3’ or 5’
ends of DNA strands. Others can nick strands of dsDNA, which can
then be followed by reactions that produce dsDNA breakage at the
nicked sites. The main disadvantage of all enzymatic methodsis that
they are to some degree-dependent on the DNA sequence. Typically
the DNA fragments that result are therefore less random than those
resulting from physical methods. Size fractionation of the DNA
following fragmentation is generally required, but the main advan-
tage is that the DNA is generally of high quality and can often be
used without further treatment such as DNA end-repair.
Restriction endonucleases have DNA sequence-specific recogni-
tion sites and, consequently, the fragments they produce are non-
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TABLE 1

DNA fragmentation methods useful for the generation of DNA fragment libraries, detailing specific advantages and disadvantages

DNA fragmentation method Advantages

Disadvantages

Primer pair walking e Small amount of template required

e Costly oligonucleotide synthesis

e Designed DNA fragmentation means that the

e Time-consuming multiple PCR reactions

ends of the DNA are precisely known and of high quality

e Directional cloning is possible

e DNA fragments can be systematically generated

and are clonable in-frame with vector-encoded

elements of the construct

Physical methods (sonication,
nebulisation, hydrodynamic

e Sequence-independent random method

e Large amounts of DNA may be required particularly for
sonication

shearing) e Straightforward implementation

e DNA fragments need end-repair

e High yields from nebulisation and hydrodynamic shearing e DNA damage can result with sonication

o Size fractionation is required although
nebulisation gives a narrow size distribution

o Potential low efficiency cloning of blunt-ended DNA fragments

Restriction enzyme
digestion

e Straightforward implementation

e Non-random and sequence-dependent
DNA fragment ends

e DNA fragments easily cloned and are of high quality

o Very few cut sites result from use of a single

e Directional cloning is possible

restriction enzyme

DNase | digestion e Straightforward implementation

o DNA fragments require end-repair

o DNA cut sites are randomly distributed,
though some sequence bias can occur

e DNA fragment size distribution can be broad

o Size fractionation is required

e Potential low efficiency cloning of blunt-ended DNA fragments

Tagged-PCR (T-PCR) e Small amounts of template required

e Intermediate DNA purification step required

e DNA fragments easily cloned and of high
quality

e Sampling bias arises because of different
efficiencies in annealing of the random PCR primers

e Directional cloning is possible

Combinatorial domain
hunting (CDH)

e Simple one-step DNA fragmentation

e Cleavage sites biased to the position of A:T base
pairs; synthetic gene synthesis can limit this bias
by optimisation of the template A:T base pair composition

e Fragmentation reaction goes to completion:

no time-course dependence

o Size fractionation is required

e Tunable end-point: DNA fragment size distribution
varies only with the PCR step thymine:uracil ratio

e Use of Taq polymerase leads to risk of
adventitious mutations

e DNA ends of high quality

e Potential low efficiency cloning of blunt-ended DNA fragments

randomly distributed throughout the template. However, the
DNA fragments generated are of high quality and can be used
directly for cloning following a fractionation step that selects the
desired fragment size [43]. Depending upon the choice of enzymes
and the design of the cloning vector, one can arrange for the
fragment cloning to yield directional insertion of the DNA frag-
ments. The technique is quick and simple to use but its non-
random nature and the relatively low frequency of cut sites limits
the scope of their application.

Deoxyribonuclease I (DNase I) is the classical non-specific DNA
endonuclease that can cleave a given DNA substrate in a manner
that is often presumed to be without sequence bias. The precise
output of DNase I cleavage depends on the specific conditions of
the reaction. In the presence of Mn** ions DNase I cleaves both
strands of the DNA duplex at approximately the same site [44-46].
However, in the presence of Mg?* ions DNase I introduces nicks
into either strand of the DNA in an independent fashion [46]. The
former reaction conditions are more suitable in the context of the

present applications in that the nicks on either side of the DNA are
close together. However, the resulting DNA fragments require end-
repair before cloning and subsequent fractionation of the library
may be required since the resulting DNA fragment size distribution
can be rather broad [47]. Furthermore, in spite of the statement
above there is evidence that the local structure of the DNA can
influence the efficiency at which DNase I can cleave the DNA.

It is well known that S1 nuclease will degrade both single-
stranded RNA and DNA [48], but at high concentrations it will
continuously decompose double-stranded RNA and DNA. Empiri-
cally, we and others find that moderate concentrations of the
enzyme can usefully lead to complete cleavage at nicks or gapsin a
dsDNA if these can be introduced by artificial means [49].

PCR-based DNA fragment generation

Sections of a DNA template can be efficiently generated using PCR
amplification with tagged random sequence DNA primers
(‘tagged’ PCR or T-PCR) [50]. In this procedure, the ‘tagged’
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primers are designed with a fixed region of ca. 15-20 bp of 5
sequence non-complementary to any sequence in the template
DNA appended with 9-15 bp of randomly encoded 3’ sequence.
The method requires two or more PCR cycles. In the first PCR cycle,
the random section of a given tagged primer has the opportunity
to anneal to any cognate complementary sequence in the
sequence in the template and the polymerase then extends the
DNA as usual. In the second cycle, productive annealing of a
second random tagged primer to the reaction products of the first
PCR cycle will lead to the generation of DNA fragments terminated
with two tag sequences. An intermediate purification step to
remove unreacted tagged primers and primer dimers is then
required before the amplification of the DNA fragments by sec-
ondary primers specifically complementary to the constant region
of the tag primers. An advantage of T-PCR is that it requires only
very small amounts of DNA template. The generated DNA frag-
ments can then be cloned, either blunt-ended, or by the inclusion
of restriction sites in the tagged section of the primer. A practical
aspect of the T-PCR procedure is that the sampling profile of this
method is presumably subject to potential bias, arising from
differential annealing efficiency of G:C-rich versus A:T-rich ran-
dom primer sequences and effects of differential secondary struc-
ture propensity within individual primers. In addition because two
rounds of PCRs are required, variation in the efficiency of PCR
amplification with template length is encountered twice, tending
to lead to a bias of shorter DNA products compared to methods
that require only a single PCR step (see below).

Based upon experience of researching base excision DNA repair,
we have devised a method that we believe comes close to providing a
means to fragment randomly a DNA template in a facile manner
with very close to the theoretical limit of an absence of any sequence
bias of the fragment DNA ends [13]. This is a PCR-based procedure
that, combined with the more standard steps of clone selection,
identification and validation, we have named Combinatorial
Domain hunting (CDH). In CDH we perform an essentially standard
PCR amplification of the target template using a non-proofreading
DNA polymerase (e.g. Taq polymerase) in which the TTP compo-
nent of the reaction mix is substituted with a TTP/dUTP mixture.
Taq polymerase has the ability to incorporate a uracil in place of a
thymine in the PCR product leading to a mixture of PCR product
molecules which include essentially randomly distributed uracil
bases at the frequency related to the input TTP/dUTP ratio (typically
in the range 100:1 to 20:1). The uracil-doped amplified DNA is then
subjected to uracil-DNA glycosylase, which cleanly excises the uracil
bases, generating abasic sites that are then cleaved by endonuclease
IV to generate single-strand nicks in the DNA. Application of S1
nuclease converts these nicks to double-strand breaks, yielding a
library of blunt-ended PCR products that can be captured directly
into an expression vector ready for screening. We have developed
this procedure so that the enzymatic generation of the DNA frag-
ments following the initial doped PCR can be conducted in a single-
tube reaction that is simply allowed to reach an equilibrium end
point. Compared to the T-PCR method one requires greater quan-
tities of the template DNA, though this is not an economically
limiting factor, since one can expand the bulk of the initial PCR
reaction at will. Also the method does not suffer from a double dose
of template length dependence of the two PCR amplification rounds
inherent in T-PCR. Moreover, a very significant advantage of the

CDH DNA fragmentation method, over most of the other proce-
dures that rely on degradation of the DNA template, is that there is
no time-dependent element to the process. The use of high-quality
enzyme preparations means that the final distribution of the DNA
fragments is directly determined only by the starting TTP/dUTP
ratio. The sampling efficiency of the CDH process is determined
only by the distribution of A:T base pairs in the DNA template,
though we have noted that the intrinsic less-than-100% fidelity of
the combined enzyme reactions means that the process can lead to
DNA fragment generation in regions of the template corresponding
to contiguous G:C base pairs. Nevertheless, a further degree of
experimental control of the CDH process can be exercised by prior
synthetic gene assembly of the template to approach the desired A:T
base pair composition, a step that can also permit accounting for the
preferred codon usage of the expression host (E. coli in all applica-
tionsreported till date). Therelatively low fidelity of Taq polymerase
means that there is a risk of unexpected mutations in the generated
DNA fragments, though experience suggests that this is not a major
issue. Although one might expect mutations to be deleterious to
protein folding, when mutation in a protein expression screening
‘hit’ is found it possible that the substitution has a positive influence
on protein solubility. Indeed one can imagine wanting to reduce the
fidelity of Taq to increase the mutation rate when dealing with very
problematic protein targets. By contrast, it remains to be seen if
application of recently commercialised high-fidelity thermostable
DNA polymerases that can also incorporate uracil [51] will permit
CDH without risk of unwanted mutations.

Fragment library cloning

The precise nature of the fragment library cloning step will depend
upon the nature of the DNA ends. Both primer pair walking, T-PCR
and restriction digest library generation procedures allow the poten-
tial for sticky-end ligase-dependent capture into the expression
vector. The other physical and enzyme-based DNA fragmentation
methods described tend to generate flush-ended DNA products that
can be cloned either by blunt-ended ligase-dependent cloning, or by
ligase-independent capture methods such as is common with com-
mercially available topoisomerise-modified cut-vector products.
Typically one requires the expression vector to provide translational
start and stop codons, and coding sequence for a translational fusion
peptide or protein that will be required for detection, selection and
isolation of the expressed protein products.

Considerations of library size

Kawasaki and Inagaki [14] were the first to report a random
approach to finding the soluble domains of a large protein (see
[53]) in the process highlighting many of the salient issues that
arise in approaching domain footprinting by random DNA frag-
mentation methods. Thus, they correctly state that for an intact
protein of N amino acids, there are approximately N?/2 (actually
N(N + 1)/2) possible sub-polypeptide products of arbitrary length
P, 0 < P < N. Nevertheless, at the nucleotide level the number of
conceivable unique DNA fragments is much larger because of the
tripartite nature of the codons, #=3N(3N + 1)/2. However, this
number significantly overestimates the number of experimentally
sensible sub-constructs since one is not likely to be interested in
any polypeptides shorter than a given length (say P < 50-100
residues), or longer than a particular defined or arbitrary limit.
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By selecting DNA fragments from a range of DNA molecules with
sizes between 3L (long) and 3S (short) base pairs (e.g. by excision
from an agarose sizing gel), the corresponding number of unique
DNA constructs is reduced to

[BN—-3S)(3N—-35S+1)—- (3N -3L—-1)(3N —-3L)]
3 .

For 3N = 2.1 kbp (corresponding to a protein ‘template’ of N = 700
amino acid residues), and 3S = 300 and 3L = 750, appropriate for
targeting polypeptide fragments between 100 and 250 residues in
length, the potential unique DNA fragment space is ~710,000.
Unfortunately the prospect that a given blunt-ended DNA frag-
ment will be captured both in the correct orientation (p = 0.5) and
in-frame with the 5’ start codon (p=0.333) and any 3’-coded
affinity appendage (p = 0.333) is 1-in-18. Thus, to sample exhaus-
tively all possible truncated polypeptides one requires aiming for
library sizes running to 10°-10” independent clones. However,
experience shows that exhaustive screening appears not to be
required, since with much smaller libraries it has been possible
to discover soluble protein fragments from large genes [9,13,52].

The accompanying review considers the application of protein
expression screening procedures to libraries generated by methods
such as those described above [53].

Summary
Alongside traditional, more systematic, approaches, random trun-
cation of protein coding nucleotide sequences could well provide
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an alternative source of material to be used for domain footprint-
ing. Rather than the necessity for high levels of target holo-protein
to be assessed for its proteolytic lability and the stability of the
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