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Genetic screens and directed evolution for protein solubility

Geoffrey S Waldo

Overexpressed proteins are often insoluble, and can be
recalcitrant to conventional solubilization techniques such as
refolding. Directed evolution methods, in which protein diversity
libraries are screened for soluble variants, offer an alternative
route to obtaining soluble proteins. Recently, several new protein
solubility screens have been developed that do not require
structural or functional information about the target protein.
Soluble protein can be detected in vivo and in vitro by fusion
reporter tags. Protein misfolding can be measured in vivo using
the bacterial response to protein misfolding. Finally, soluble
protein can be monitored by immunological detection. Efficient,
well-established strategies for generating and recombining
genetic diversity, driven by new screening and selection
methods, can furnish correctly folded, soluble protein.
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Abbreviations
CAT chloramphenicol acetyltransferase
GFP green fluorescent protein

Introduction

Conventional approaches to obtain soluble, correctly
folded protein include low-temperature expression, pro-
moters with different strengths, a variety of solubility-
enhancing fusion tags [1], and modified growth media
(reviewed in [2]). Insoluble proteins can sometimes be
chemically unfolded then refolded [3]. These approaches
can occasionally be successful, but are not ideal for high-
throughput applications. First, many different kinds of
operations must be carried out on each target. Second,
only a relatively small number of conditions can be tried
before the target is committed to the production pipeline.
Finally, these methods fail to modify the intrinsic folding
stability and solubility of the protein. Even when a
fraction of the protein is obtained in a soluble form during
initial expression or refolding experiments, the protein
may still aggregate irreversibly during subsequent
workup and concentration. This problem is especially

costly for high-throughput structural genomics during the
steps of crystallization or NMR structure determination.

An alternative approach is to somehow engineer the
target protein to improve its intrinsic folding yield, sta-
bility and solubility. When structural information is avail-
able, site-directed rational mutation can sometimes result
in proteins with improved solubility [4]. /7 si/ico methods
can be used to predict stabilizing mutations, but the
potentially deleterious effects of these mutations on
folding pathways cannot be anticipated [5]. Function-
based /z vive screening and selection methods can some-
times be devised [6]. Cell lysates may be screened for
increased activity using high-throughput liquid handling
techniques [7], but are limited by the throughput of
current liquid-handling systems. All these methods lack
generality because they require structural or functional
information about the target. Not all proteins have easily
measured activities, and it may be impractical to devise
high-throughput functional assays for large numbers of
different targets. This review describes recent advances
in methods for selecting and screening soluble proteins,
focusing on the time-frame 2001 through 2002. Particular
emphasis is given to methods suitable for high-through-
put structural genomics.

Structure and function independent screens
for improved protein solubility

A more general approach is to find better-performing,
more soluble versions of a recalcitrant protein by directed
evolution. Libraries of protein variants (random point
mutations, deletions, fragments) are generated using
well-established protocols (reviewed in [8°°]), and the
expressed gene products are screened or selected 7z vivo
or in vitro for improved solubility. Recently developed
protein solubility screening and selection methods fall
into three classes. None rely on the function of the protein
of interest. In fusion reporter methods (Figure 1), a test
protein and a reporter protein with an easily detected
function or biological activity are expressed as a genetic
fusion. Information about the folding and solubility of the
test protein is transduced to a screenable or selectable
activity by the fused reporter domain. These approaches
are simple to implement but can perturb the solubility of
the test protein. Stress-reporter methods use the innate
host cell response to misfolded proteins. In principle, no
tagging is required. Instead, stress-responsive promoters
are cloned in front of a gene product with an easily
measured function. Expression of the reporter is activated
during expression of a misfolding target protein. Some
independent means of confirming clones that evoke a
reduced stress response is necessary, since these are
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Principle of fusion solubility reporter. A reporter domain with an easily measured function is fused to a test domain via a flexible linker. (a) When the
test protein is soluble, the reporter domain is functional and its activity can be detected. (b) On the other hand, when the test protein is insoluble or
misfolded, the function of the reporter domain is compromised. The reporter domain can be any moiety with an easily measured function. The mode
of the assay depends only on the function of the reporter, which can be a selectable marker protein such as a metabolic enzyme or antibiotic

resistance protein or a screenable marker such as an enzyme or fluorescent protein. Intact proteins or fragments of proteins can be used, such as

split protein interactors.

positive reporters of stress, not of expression and solubil-
ity. Direct methods involve the physical separation of
soluble protein from insoluble protein, and the subse-
quent quantification of these fractions by immunological
means. Antibodies to tags or to intrinsic domains of the
test protein can be used.

Fusion reporter methods

In the green fluorescent protein (GFP) folding reporter
method [9], a test domain is expressed as an N-terminal
fusion with GFP. The fluorescence yield of the GFP
transduces information about the folding success or fail-
ure of the upstream fusion partner. Cells expressing GFP
fused to well-folded soluble proteins are brighter than
those expressing GFP fused to poorly folded insoluble
proteins. The GFP is used only to monitor the folding
yield of the test protein, which is subsequently expressed
without the GFP tag. In vitro recombination at a low to
moderate rate of mutagenesis is used to efficiently gen-
erate and recombine folding mutants [10,11]. Escherichia
coli expressed libraries of 1-5 x 10* variants are screened
during 3-5 rounds of forward evolution for improved
brightness on plates or by flow cytometry. Several exam-
ples of the application of this method to generate soluble
variants of intractable proteins have been published.
Bowie and co-workers [12°] engineered a soluble variant
of the SAM/TEL domain of a leukemogenesis protein.
From the structure of the evolved variant, they were able
to rationally design second-site mutations that restored
the ability of the protein to multimerize. Suh and co-
workers [13] evolved a soluble variant of a metabolic
enzyme from the human pathogen Mycobacterium tubercu-

Josis. The detailed structural information of the active site
provided clues as to the unique substrate specificity of the
enzyme. Waldo and co-workers [14°°] engineered a solu-
ble variant of a hexameric nucleoside diphosphate kinase
from the hyperthermophile Pyrobaculum aerophilum.
Refolding trials of the wild-type protein had previously
yielded insufficient correctly folded material for crystal-
lization trials. The structural information explained in
part the enzyme’s preference for the less-bulky substrate
T'T'P. Interestingly, the evolved protein selected a pair of
compensatory charge interactions at the dimer interface,
also seen in a naturally occurring human homologue.
None of the mutations were near the active site, and
the evolved protein maintained high structural similarity
with its closest human homologue. Hecht and co-workers
[15°] used the GFP folding reporter to discover more
soluble variants of the Alzheimer o/f precursor protein.
They found mutations that had previously been
described, as well as several new solubilizing mutations.
Kawasaki and Inagaki [16°] used a random PCR approach
to clone fragments of a large, insoluble protein in front of
GFP. The approach yielded several subdomains with
improved solubility. This ‘divide and conquer’ approach
should have considerable utility obtaining soluble sub-
domains of large, intractable proteins, especially for NMR
structural applications.

Davidson and co-workers recently demonstrated that the
survival of E. co/i cells on media containing the antibiotic
chloramphenicol, was positively correlated with the solu-
bility of test proteins expressed in the cells as N-terminal
fusions with chloramphenicol acetyltransferase (CAT)
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protein. Growing the cells on media containing progres-
sively higher levels of chloramphenicol provides the
selective pressure. The method was used to discriminate
a minority population of known soluble variants from a
pool of cells containing an excess of less soluble wild-type
clones [17]. Recently, Arnold and co-workers [18°] used
the method to enrich a library of mutants for more soluble
variants before the application of a lower-throughput
functional assay. The authors screened a library of inter-
species hybrids of a membrane-associated human cyto-
chrome P450 (1A2) and the heme domain of a soluble
bacterial P450 (BM3). Genetic fusions to CAT facilitated
selection for soluble protein variants. Screening for 1A2
activity (deethylation of 7-ethoxyresorufin) identified two
functional P450 hybrids that were more soluble than the
wild-type 1A2 enzyme. It remains to be seen whether the
CA'T fusion method is applicable to the wide range of
targets encountered in structural genomics, because the
CAT protein is an obligate trimer, and may lead to the
formation of higher-order aggregates of otherwise soluble
multimeric proteins. A similar problem has been encoun-
tered using tetrameric red fluorescent protein as a genetic
marker of multimeric proteins [19].

In the lacZa (B galactosidase o peptide) complementation
solubility reporter assay, the small ca. 100 amino acid
lacZa peptide tag is fused to a test protein [20°°]. If the
fusion protein remains soluble and the tag is not hidden,
the lacZa peptide can bind inactive lacZQ supplied by
the host in trans, or in vitro, restoring P galactosidase
activity. Split protein genetic complementation could
provide some advantages. First, a small tag might be
expected to have less of an effect on the folding and
solubility of the test protein compared with a larger
protein such as CAT. Second, because the complementa-
tion depends only on the accessibility of the tag in soluble
form, peptide tag solubility reporters might be especially
useful for monitoring slow protein aggregation processes.
Third, the lacZa system can function as a selectable
marker, conferring survival in the appropriate host using
minimal media in which lactose is the carbon source. This
would enable large libraries to be selected for improved
solubility (1 x 1077?). It remains to be seen whether the
lacZa. solubility reporter is suitable for high-throughput
engineering of proteins for structural genomics. To date,
the published examples of the application of the lacZa
system amount to tantalizing proof-of-principle experi-
ments in which a limited number of highly soluble or very
insoluble proteins were discriminated 7z vivo and in vitro.
No naive libraries have been screened for improved
solubility using the lacZa system, but a known soluble
protein variant gave a higher level of complementation
than the less soluble wild type [20°°]. Though small, the
lacZo peptide is not entirely innocent. Many partially
soluble proteins are insoluble when expressed as lacZa
fusions (Waldo GS ez a/., unpublished data). This effect is
not unexpected, as many split proteins have poor solu-

bility and folding characteristics compared with their full-
length counterparts [21].

Barberis and co-workers have developed a fusion reporter
system they term ‘Quality Control’ using a selectable
genetic marker for the identification of soluble single
chain antibodies (scFv). The system operates in yeast,
using fusion to components analogous to the classical ‘two
hybrid’ system [22°]. The scFv is fused to a selectable
marker protein comprising a transcription activation
domain (AD) and a peptide fragment derived from
Gal11P. If the scFV is stable and soluble, the fused
AD-Gall11P domain can associate with the DNA-bound
Gal4 (1-100) fragment, thereby activating transcription of
HIS3 and lacZ reporter genes. In the appropriate strain
background and on selective media, HIS3 expression
allows survival of the host cell (selection), whereas lacZ
allows blue/white screening. Thus, cells expressing solu-
ble scFV will survive, while those expressing unstable or
insoluble scFV will die because of the lack of expression
of the selectable marker HIS3. The authors showed a
good correlation between solubility and cell survival for
four previously characterized scFvs, three soluble and one
insoluble. It remains to be seen whether the system will
function well for the wide variety of protein scaffolds
encountered in structural genomics.

In the S-protein split protein assay, an inactive fragment
of RNase-A (S-protein) missing its N-terminal 15 amino
acids is rescued by binding to the S-peptide derived from
the N-terminal 15 amino acids of RNase-A. Recently,
Raines and co-workers [23] developed a highly sensitive
fluorogenic donor-quencher ribonucleotide substrate for
RNase-A. Cleavage of the substrate by RNase-A sepa-
rates the donor and quencher, leading to a dramatic (>180-
fold) increase in the fluorescence. This opened the door
for sensitive, rapid high-throughput detection of femto-
molar quantities of S-peptide-tagged proteins using the S-
protein complementation reaction. The fluorogenic assay
is marketed in kit form by Novagen, Inc. (FRETWorks™).
To date, the fluorogenic substrate for the S-peptide assay
has been limited to iz vitro applications, and is best suited
to screening protein expression and solubility in micro-
titer plate format. Higher throughputs will require an 77
vivo version of the assay or miniaturization of i vitro
screening methodologies.

Protein solubility is often highly dependent on stability
and folding robustness. Recent enhancements of phage
display techniques enable the selection of peptides with
increased stability, independent of protein function (i.e.
the PROSIDE technique that links increased protease
resistance with display of the infective phage tip) [24,25].
Schmid and co-workers [26] applied the PROSIDE tech-
nique to select a thermostable version of a small cold
shock protein. They demonstrated two selection pres-
sures, denaturant or elevated temperatures, providing two
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different strategies for protein stabilization. However, the
utility of this method for larger multimeric proteins
remains to be demonstrated. Baker and co-workers
[27°°] devised a clever selection stratagem for trapping
peptides with reduced entropy (increased foldedness). In
their approach, peptides are displayed at a permissive site
of an SH2 domain, which is in turn displayed on phage.
Peptides with low entropy (i.e. stability and close N and C
termini) preserve the function of the SH2 domain. The
phage pools were panned on phosphotyrosine beads to
recover folded sequences. It remains to be seen whether a
similar strategy can be applied to larger, multimeric
proteins.

Solubility and folding reporters using host
cell stress response

Bentley and co-workers [28] used a non-invasive stress
reporter based on heat shock promoter driven GFP
expression to monitor cellular stress to various stimuli
such as heat shock, osmotic stress, ethanol and induction.
The authors used differential mRNA expression and a
DNA gene chip to examine E. co/i cellular responses to
various stressors, and identified upregulation of heat
shock responsive promoters ftsH, clpP, lon, ompT’, degP,
groEL, aceA and ibpA during recombinant protein over-
expression [29]. Cortazzo et al. [30] showed they could
identify silent mutations that strongly affected the folding
yield of a protein iz vivo, using the stress-responsive
promoter to drive a reporter gene. Recently, Lesley
et al. [31°°] did a more rigorous search for K. co/i promoters
that were most strongly and specifically activated during
overexpression of misfolded proteins. A gene expression
chip containing an array of K. co/i open reading frames was
used to assess differential gene expression of K. coli
overexpressing insoluble proteins versus soluble proteins.
Certain genes were specifically activated when misfolded
proteins were expressed. On the basis of these experi-
ments, the promoter for the small heat shock protein ibpA
was selected and used to control the expression of a lacZ
reporter. The authors showed they could discriminate
soluble, partially soluble, and insoluble polyhistidine-
tagged recombinant proteins when the iz vivo stress
reporter was used in conjunction with a secondary dot-
blot screen for soluble expression using an anti-polyhis-
tidine antibody conjugate. The authors used the method
to screen a random fragment library of a large, insoluble
protein. They were able to find a small, soluble N-
terminal domain. Because stress reporters are positive
reporters of protein misfolding, but not of productive
protein folding and solubility, it remains to be seen
whether they can be used reliably alone to select for
full-length, high expresser variants.

Direct detection methods

Knaust and Nordlund [32] have developed a convenient
screen for polyhistidine-tagged soluble protein expres-
sion using filter plates and dotblots. Total cell lysate is

applied to a multiwell filter plate, and vacuum is applied.
The soluble fraction passes through the filter membrane
and is collected in a multiwell plate. The insoluble
fraction, retained on the filter plate, is solubilized using
a denaturant and collected in a second multiwell plate.
The fractions are applied to membranes, washed, probed
with antipolyhistidine antibodies, and developed. The
group demonstrated the ability to easily discriminate two
proteins (one soluble, the other insoluble) randomly
arrayed in a 96-well plate in a double-blind experiment.
Currently, the size of the libraries that can be screened is
limited by the available plastic ware. Furthermore, per-
forming the antibody blots requires lengthy cycles of
binding, washing and probing.

Peabody and co-workers [33°°] developed an interesting
screen for proteins with altered multimerization and solu-
bility. The authors grew colonies of FE. coli expressing
plasmid-encoded variants of an MS2 viral capsid coat
protein on nutrient agar plates. The colonies were over-
layed with a layer of agar containing a lysis reagent and an
antibiotic to inhibit satellite culture growth. Soluble pro-
teins diffused from the colonies and into the agar. Capture
membranes were applied to bind the released proteins,
probed using an anti-MS2 coat protein antibody, and
developed using conventional ELLISA techniques. The
authors noted that spot diameter and intensity were posi-
tively correlated with the amount of soluble protein, as
well as the rate of diffusion of the protein. Soluble variants
that were dimeric diffused faster and gave larger diameter
spots compared with clones expressing the higher-order
soluble multimers characteristic of the wild-type protein.
Soluble proteins gave much more intense spots compared
with those of an insoluble mutant. Further work is needed
to accurately discriminate increased solubility from
decreased multimerization. Obviously, the method could
also be used with an antibody to a generic tag (i.e. a
polyhistidine antibody). Currently, the method can screen
a few hundred clones per 8 cm Petri plate, as adequate
spacing between colonies is required to avoid overlap of
signals from individual colonies.

Conclusion

An ideal method for screening proteins for improved
solubility would operate on a large number of variants
(1 x 10*~1 x 10?), be able to detect improvements result-
ing from as few as one or two point mutations, would be
inexpensive, operate on any protein, and would have a
high reliability of predicting which variants will be well-
behaved during subsequent large-scale expression, pur-
ification and concentration steps. The method would be
useable 7z vivo as well as in vitro, and would not perturb
the behaviour of the protein of interest. No single reporter
so far devised embodies all these characteristics. How-
ever, given the expanding armamentarium of screening
and selection-based techniques, researchers can often
devise a selection method suitable for a particular protein.
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In the immediate future, hybrid methods could be envi-
sioned in which a series of different screens is applied in
tandem. For example, an inexpensive (but less precise)
high-throughput screen or selection for improved folding
and solubility might be followed by more expensive (but
more precise) screens for solubility, aggregation or func-
tion. Finally, for structural genomics applications, pro-
teins and their variants passing this gauntlet would be
screened using the most expensive and time-consuming
method of all — crystallizability.
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