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Abstract
We tested the general applicability of in situ proteolysis to form protein crystals suitable for
structure determination by adding a protease (chymotrypsin or trypsin) digestion step to
crystallization trials of 55 bacterial and 14 human proteins that had proven recalcitrant to our best
efforts at crystallization or structure determination. This is a work in progress; so far we
determined structures of 9 bacterial proteins and the human aminoimidazole ribonucleotide
synthetase (AIRS) domain.

Analysis of large-scale structural genomics studies (http://targetdb.pdb.org) shows that, of
all proteins that enter crystallization trials, two-thirds will not crystallize and half of those
that do crystallize cannot be optimized to form suitable crystals for structure determination
—a final success rate of ~15% from purified protein to structure. Given the resources that
are invested to generate a purified, concentrated protein and to perform extensive
crystallization trials, this level of attrition is of considerable concern.

For decades, scientists have exploited the fact that fragments or domains of proteins often
either crystallize better, or form more well-diffracting crystals, compared with the intact
protein. In the earliest instances, protein fragments had been prepared in large scale from the
purified protein and then crystallized. This method proved successful1,2, but its widespread
use was limited by the need to purify large amounts of the intact protein and the difficulty in
purifying protease-derived fragments in a homogeneous form. These limitations had been
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overcome with the advent of recombinant protein expression and the development of
biological mass spectrometry. The protease fragments of the protein of interest could be
prepared in small scale by limited proteolysis and their exact masses determined using mass
spectrometry3–6. By cloning the region(s) of the gene that corresponded to the protease-
resistant domain(s), the fragment(s) could be expressed in recombinant form, purified to
homogeneity and then crystallized. The same principle is also used to identify well-behaved
fragments of proteins with known domain structure; in this case the strategy is to identify the
approximate boundaries of the domain of interest using sequence alignment, to screen many
recombinant versions of this domain for expression (differing slightly in their N- and C-
terminal boundaries), and then to select the fragment(s) that can be produced in soluble form
for purification and crystallization (S. Gräslund et al.; unpublished data.). These methods are
now widely used to generate samples for protein crystallography.

Proteolytic fragments of proteins have also been crystallized serendipitously. In most cases,
the purified protein or the crystallization solution had been contaminated with trace amounts
of protease and the proteolysis occurred during crystallization. There are many well-
characterized cases of this occurring, for example, references 7 and 8, and doubtless there
have been many more undocumented examples. Given the historical success of
serendipitous proteolysis, recent efforts have explored the possibility of purposely adding
trace amounts of a purified protease to the crystallization solution. Some of these
experiments have proven successful9–13, suggesting that this approach may be more
generally useful than had been appreciated previously.

Here we explored the efficacy of in situ proteolysis by incubating trace amounts of
chymotrypsin in crystallization trials of 55 different bacterial proteins whose structures had
not been determined previously. Chymotrypsin has a preference for hydrophobic residues,
which are likely to be less frequent than the sites for other proteases. All bacterial proteins
were appended with a hexahistidine tag and a recognition site for the TEV protease
(MGSSHHHHHHSSGRENLYFQG14 or MGSSHHHHHHSSGRENLYFQGH). This
hexahistidine tag contains chymotrypsin cleavage sites (Tyr and Phe). Of the 55 proteins, 20
had previously failed to crystallize either in the presence or absence of the hexahistidine tag
in screens of >182 conditions and several rounds of refinement (data not shown). The other
35 proteins had formed crystals that were unsuitable for structure determination either
because they diffracted to low resolution or because the diffraction properties were poor
(data not shown).

We repurified the 55 different bacterial proteins with hexahistidine tags, concentrated them,
incubated them with chymotrypsin (1:100 w/w) and screened them for crystallization at
room temperature (20–25 °C) in 96 conditions (Supplementary Table 1 and Supplementary
Methods online). For some of the proteins, while reproducing the crystals, we also used
alternate concentrations of chymotrypsin (as little as 1:10,000 wt/wt; data not shown). To
test whether useful crystals could be obtained by in situ proteolysis using other proteases, we
also treated some of the recalcitrant proteins with trypsin. To date, of the 20 proteins that
never crystallized, 9 formed crystals, and we determined structures for two of these proteins
(Table 1, Supplementary Fig. 1a,b and Supplementary Results online). Of the 35 proteins
that had formed crystals of poor quality, 30 generated crystals with chymotrypsin or trypsin
treatment. We determined six structures using crystals obtained with chymotrypsin treatment
(Table 2, Supplementary Fig. 1c–h and Supplementary Results). We also determined one
structure using crystals obtained with trypsin treatment (Agrobacterium tumefaciens protein
ATU0434; Supplementary Fig. 1i and Supplementary Results); this protein had produced
poorly diffracting microcrystals in the presence and absence of chymotrypsin.
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Within the crystals, we mapped the proteolytic sites using mass spectrometry; in all cases,
the N- and/or the C-terminal regions were trimmed (Supplementary Table 2 online).
Although it is possible that an internal loop might have been digested5,12,15, we did not
observe this in the small sample set that we studied. The analysis of the efficacy of
chymotrypsin and trypsin in promoting crystallization of the 55 sample proteins is a work in
progress; we have not adequately investigated all the new crystals.

It is possible, even likely, that the proteins whose crystallization properties were improved
using in situ proteolysis might also have been successfully crystallized with other methods,
such as the use of multiple expression constructs. It is also possible that the fragment of a
protein that would have the best crystallization properties might have not been able to be
expressed in recombinant form; indeed it is often observed that unstructured N- or C-
terminal extensions are required for recombinant expression. In these cases, the use of in situ
proteolysis would appear advantageous.

To explore whether in situ proteolysis may prove efficacious even for those proteins for
which many different constructs had been explored, we added chymotrypsin to
crystallization trials of 14 human proteins that had resisted crystallization or structure
determination, despite attempts to purify and crystallize an average of 16 different constructs
per target. We generated crystals for 2 of the 4 targets that had never crystallized and
generated new crystal forms for 4 of the 10 proteins that had crystallized previously (data
not shown). Although a work in progress, we determined one structure, of the AIRS domain
of the human glycinamide ribonucleotide synthetase (GART). GART comprises three
domains; only the structure of the middle AIRS domain had not been determined previously.
We had designed many expression constructs of the human AIRS domain based on a
structure-based sequence alignment with the homologous bacterial protein, but none of these
constructs had produced a soluble protein (data not shown). We incubated the full-length
GART, which was soluble, with chymotrypsin and by good fortune, the N- and C-terminal
domains (two-thirds of the protein) were removed, permitting crystallization and structure
determination of the AIRS domain (Protein Data Bank (PDB) code 2V9Y; Supplementary
Fig. 1j and Supplementary Results). Thus, it may be strategic to identify the versions of the
protein that express, purify or concentrate the best, even though they might possess
predicted unstructured regions, and then crystallize this extended form of the protein in the
presence and absence of protease.

We used primarily a single concentration of protease. Although this has the clear benefit of
simplicity, the enzyme activity is doubtless far from optimal in most of the crystallization
conditions tested. It is possible that higher success rates could be achieved by optimizing the
amount of the protease in each of the crystallization buffers, or by using other proteases. We
also explored only one temperature of crystallization; this parameter will clearly affect the
reaction.

As a caveat, we noticed that crystals grown by this method are sometimes difficult to
reproduce. On occasion, a new titration of protease was required to generate the crystals, and
in two instances (HP0029 and Atu0899), we were unable to repeatedly generate crystals of
the quality used to determine the structure. Clearly, the procedure would benefit from
standardization of the process and exploration of its versatility. We have not tested tags
other than hexahistidine or the potential utility of in situ proteolysis for membrane proteins
and protein complexes.

Using existing strategies, almost 85% of the proteins entering crystallization trials do not
generate crystals suitable for structure determination. Even if our lower estimates of the
success rate of in situ proteolysis (9 new structures for 55 recalcitrant proteins) is achieved
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in larger studies, the method should substantially increase the amount of structures
determined.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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