Chapter 9

Protein Modification for Crystallization

Toshio Hakoshima

Abstract

Technological advances in data collection with synchrotron radiation sources and phasing methods includ-
ing automated model building and validation have highlighted crystallization as the rate-limiting step in X-
ray diffraction studies of macromolecular structures. Although protein crystallization remains a stochastic
event, protein engineering with the advent of recombinant methods enables us to generate target proteins
possessing a higher propensity to form crystals suitable for X-ray diffraction data collection. This chapter
presents an overview of protein engineering methods designed to enhance crystallizability and discusses
examples of their successful application.
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1 Introduction

Advanced recombinant technology and biochemical installations
significantly reduce efforts required for protein production and
purification. Moreover, the use of superb crystallization screening
kits coupled with high-performance crystallization robots has
changed previously laborious trial-and-error crystallization experi-
ments to routine laboratory work that can be executed by specialist
and nonspecialist researchers alike. However, the preparation of
single well-diffracting crystals of the target proteins remains a
time-consuming challenge. Once single well-diffracting crystals
have been obtained, however, X-ray data collection using synchro-
tron radiation and phasing of the intensity data followed by struc-
tural refinement are relatively straightforward tasks.

Two approaches have been employed to improve protein crys-
tal quality and size. Firstly, natural variation in amino acid
sequences of homologues or homologues from different species
can be exploited to identify a target with suitable crystallization
properties. Alternatively, artificial modification of target proteins by
the use of recombinant techniques can be employed to enhance the
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target protein’s propensity to crystallize or to improve the diffrac-
tion quality of the resulting crystals. In this review, we firstly intro-
duce some examples of the use of homologue proteins to
demonstrate the impact of natural sequence variations on crystal-
lizability and crystal lattices and then discuss current progress in
protein engineering methodologies used to improve the crystal
quality of target proteins that are recalcitrant to crystallization in
their wild-type form. Protein engineering methodologies can exe-
cute internal deletion of non-conserved flexible loops in addition to
frequently used N- and C-terminal truncations, in addition to the
use of fusion proteins between tags and target proteins and
between ligands and target proteins. Although these approaches
require preliminary optimization screening, the screening proce-
dures are fairly well established and therefore can be routinely
performed to obtain diffraction-quality crystals.

2 Methods

2.1 Homologous
Proteins

Historically, natural variations in the amino acid sequences of
homologues were exploited to identify targets with suitable crystal-
lization properties during the purification procedure [1, 2]. Exten-
sive application of this approach resulted in a scramble to report on
the first structure determination of transcription factors in 1990s.
How much variation in the sequences is needed to enhance the
propensity to crystallize or to improve the diffraction quality?
Human and mouse genomes share well-conserved sequences of
their homologues with high amino acid identity (>90 %), and
their conserved functionally important domains display high iden-
tity (>95 %). These high sequence identities significantly decrease
the possibility of significant improvements in crystallization or
crystal quality. In practice, homologues with less than 80 % identity
are potential targets for improvement trials. Recent examples are
mammalian T-lymphoma invasion and metastases 1 and 2 (Tiam1l
and Tiam2), which are Rac-specific guanine exchange factors (Rac-
GEFs) [3, 4], and dwarf 14 (D14) and related proteins, which are
plant hormone receptor candidates [5].

Tiaml possesses a novel functional PHCCEx domain
(~30 kDa) for plasma membrane association and specific binding
to a class of membrane proteins. The domain boundary of the
mouse Tiaml PHCCEx domain was delineated following extensive
screening of expression constructs, since several constructs pro-
duced proteins that were easily degraded during the protein purifi-
cation steps. The optimized construct produced a stable protein
sample that was successfully crystallized in the form of needlelike
crystals of a hexagonal lattice (P6422, 2 = b = 113.5 A, c=113. 8
Ay= 120°), although the crystals diffracted poorly up to 4.5 A
using synchrotron radiation at SPring-8. Several trials to improve
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the diffraction by changing conditions or using additives were
unsuccessful. Human and mouse Tiam]l PHCCEx domains share
high sequence identity (>90 %). Thus, focus was then set on
Tiam2, which is a functional homologue of Tiaml with 65 %
sequence identity. Our sequence alignment showed that the
Tiam2 PHCCEx domain possesses no large insertion or deletion
compared with Tiaml, suggesting that the sequence variation is
relatively high but suitable for possible improvement. With this
sequence variation, protein samples of the Tiam2 PHCCEx domain
were purified in a similar manner to that of Tiaml. Crystallization
screening of the Tiam2 PHCCEx domain yielded two crystal
forms, chunky crystals of tetragonal (P432,2, 2 = b= 105.6 A,
c=287.6 A) and monoclinic (P2, a# = 46.7 A b=1048 A, ¢
=116.0 Ap= 80.6°) lattices. The tetragonal crystals diffracted at
3.2 A and the monoclinic up to 2.08 A, which are sufficient for
structure determination and detailed characterization of the molec-
ular structure.

D14 and related D14-like (D14L) proteins belong to an o/
hydrolase family based on amino acid sequences and are candidates
for strigolactone and karrikin receptors, respectively. Arabidopsis
thaliana (At) and Oryza sativa (Os, rice) D14 share 74 % amino
acid identity. The recombinant protein of A:D14 was easily
prepared as a soluble protein and concentrated to 20 mg/mL to
yield crystals following conventional crystallization screening.
However, the diffraction limit of these crystals was around 4 A,
the mosaicity was large, and the diffraction spots appeared as
streaks. Compared with AzD14, OsD14 possesses an additional
non-conserved sequence of 54 residues at the N-terminus. This
N-terminal non-conserved extension contains many Gly and Ser
residues and was predicted as an intrinsically disordered random
coil. In general, Osproteins often possess such additional sequences
predicted to form random coils. N-terminal truncated OsD14
(A54) could be prepared as a soluble protein, although its solubility
was poor and the maximum concentration was 3 mg/mL. Despite
the limited suitability for structural work, the orthorhombic crys-
tals (P2,2,2;, ﬂ—480A b=2882 A, ¢=1212 A) of OD14
(A54) diffracted at 1.45 A. DI14L s also referred to as KARRIKIN
INSENSITIVE 2 (KAI2) and shares about 50 % amino acid iden-
tity with D14. The recombinant protein of AzD14L was efficiently
expressed, easily purified, concentrated to 20 mg/mL, and crystal-
lized in monoclinic crystals (P2;, # =51.0 A, b=55.6 A, ¢
—=53.1A,8=115.8° ) that diffracted up to 1.15 A.

As already mentioned in the case of OsD14, N- and/or C-terminal
truncation(s) can be frequently implemented in an effort to
improve protein properties such as stability, solubility, and crystal-
lizability. This approach could be extended to internal loop regions
that may prevent crystallization of the target proteins. One recent
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example is the C-terminal cargo-recognition domain comprising
myosin tail homology 4 (MyTH4) and 4.1 /ezrin/radixin/moesin
(FERM) subdomains, the so-called MyTH4-FERM cassette,
found in nonconventional myosins [6]. A DNA fragment encoding
the MyTH4-FERM cassette (residues 1486-2058) of human
myosin-X cloned into the pET47b [+] vector (Novagen) produced
a soluble protein, although this protein was unstable and suffered
partial degradation during purification. No crystals were obtained
from the purified sample. A protease labile region was found in the
FERM domain. Compared with the canonical FERM domain from
ezrin/radixin/moesin (ERM) proteins, the FERM domain of the
myosin-X MyTH4-FERM cassette contains a non-conserved inser-
tion of ca. 60 residues (1850-1910) located between 2B and a3B
helices (Fig. 1). Using time-of-flight mass spectroscopy (TOEF-
MS), we identified the cleavage site at S1892-F1893, which was
located within the non-conserved insertion. We designed S1892A
and F1893A mutants to prevent this partial degradation. However,
these mutant proteins were still degraded during purification. Next,
we designed truncated proteins comprising deletion of residues
forming the internal non-conserved insertion. Nucleotides encod-
ing residues 1845-1891 (A47), 1872-1891 (A20), or 1882-1891
(A10) of the non-conserved insertion were deleted from the plas-
mid using inverse PCR. To test the cargo-binding affinity of these
internally truncated MyTH4-FERM cassettes, we performed pull-
down assays with a GST-fused netrin receptor, deleted in colorectal
cancer (DCC), which is a myosin-X cargo protein. We found that
A47 possessed reduced affinity, while A20 and AlO showed
retained affinity. The MyTH4-FERM cassettes (A20) were success-
fully purified without degradation, crystallized in a monoclinic
lattice (P2, 2 =1852 A, b =49.6 A, c =94.0 A, p = 116.7°),
and diffracted at 1.9 A resolution. The complex between the
MyTH4-FERM cassettes (A20) and DCC was also crystallized in
a related lattice (P2;, # =854 A, =495 A, c=934 A,
p = 117.1°) and diffracted at 2.2 A resolution.

Interestingly, an independent structural work of a fusion pro-
tein between the myosin-X MyTH4-FERM cassettes and DCC
showed that, after extensive trials, deletion of a 36-residue fragment
(residues 1871-1906) within the non-conserved insertion was
necessary for crystallization [7]. Moreover, another structural
work of the MyTH4-FERM cassettes of myosin VIIA, which is a
close homologue of myosin-X, showed that a 30-residue deletion
(residues 1037-1066) in the MyTH4 domain but not in the FERM
domain was necessary for crystallization of the cassette bound to
Sans [8]. This 30-residue deletion is part of the non-conserved long
insertion (residues 1030-1080) between helices alM and a2M,
compared with the myosin-X MyTH4 domain.

Internal deletion was also explored in recent structural work of
the yeast Ire kinase-nuclease domain [9]. Irel is an ancient
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Fig. 1 Detection of non-conserved insertion of the FERM domain in the MyTH4—FERM cassette of nonconven-
tional myosin-X in comparison with ERM proteins. Top: Sequence alignment of nonconventional myosin-X
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transmembrane sensor of endoplasmic reticulum (ER) stress with
dual protein kinase and ribonuclease activities of the cytoplasmic
domain. Crystals derived from the Irel cytoplasmic domain were
not suitable for structure determination. To improve crystallizabil-
ity, the cytoplasmic domain was engineered to produce a variant
containing a 24-residue (C869-F892) internal deletion within the
kinase domain that removes a protease labile loop. This loop is part
of 30-residue (863-898) insertion between aE and oEF and
located at the C-terminal flanking region of the activation loop. It
is well known that protein kinase domains frequently possess inser-
tion at the activation loop and flanking regions, which contributes
to the uniqueness of each kinase. Although the activation loop is a
critical segment for kinase activity, the 24-residue deletion of Irel
did not affect the enzymatic properties of the protein in vitro. The
variant formed crystals that facilitated structural determination at
2.4 A resolution.

In conclusion, deletion of non-conserved insertions represents
one promising approach to improve protein stability and crystal-
lizability. Careful sequence alignment of target proteins is essential
for this approach. Long stretches of non-conserved insertions are
primary candidates for deletion. In the case of the aforementioned
examples, target proteins contained non-conserved insertions com-
prising more than 30 residues. The position and length of the
peptide stretch to be deleted should be optimized by trial-and-
error experiments followed by appropriate activity assays. The con-
sideration of known crystal structures of homologues to the target
proteins would greatly assist the design of the deletion.

2.3 Fusion and Protein tags are routinely used in recombinant protein expression
Chimera Proteins in order to facilitate the purification of target proteins [10, 11].
Other than short oligopeptides such as a hexahistidine, the use of
highly soluble stable proteins, such as GST (glutathione S-
transferase), MBP (maltose-binding protein), or thioredoxin, in
the preparation and expression of fusion proteins can improve
crystallizability and/or diffraction quality by modifying crystal

Fig. 1 (continued) (MyoX) from different sources and ERM proteins, radixin and moesin. Conserved or semi-
conserved nonpolar residues are in red or orange. Non-conserved insertions are marked with blue boxes. The
cleavage site of myosin-X during purification is in the blue box and highlighted with a red circle. The sources
are mouse (m), Spodoptera frugiperda (sf), Homo sapiens (hs), Xenopus laevis (xl), and Drosophila melano-
gaster (dm). Boftom: Structural comparison between the obtained myosin-X FERM domain (cyan) with internal
truncation (A20, see text) and the radixin FERM domain bound to the ICAM-2 peptide (yellow) (PDB accession
code: 1J19). The structure of the radixin FERM domain represents the canonical FERM domain structures. The
FERM domain contains subdomains A, B, and C. The non-conserved insertion found in the myosin-X FERM
domain is inserted between o2B and o 3B helices of the subdomain B. The truncated insertion of myosin-X
(magenta) displays a distinct conformation from that of radixin (green). Protease labile site is indicated with a
red arrow
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contacts. This strategy was originally applied to the DNA-binding
domain of DNA replication-related element-binding factor
(DREF), which was crystallized as a fusion protein with Escherichin
coli GST [12]. The key point of the utility of this technique lies in
the design of the linker between the tag and the target protein,
which is a determinant factor affecting crystallizability. Long linkers
containing a protease cutting site and residues from multicloning
sites found in commercial MBP-fusion expression kits should be
converted to a shorter linker to limit conformational flexibility.
Since the C-terminal end of MBP contains an a-helix, an oligo-
alanine stretch was repeatedly employed for this linker [13]. This
approach has successfully been applied to a variety of target proteins
[14-17]. The alanine stretch of the linker is expected to form an a-
helix that reduces the flexibility between the tag and target proteins,
and in some cases the alanine linker exists as a loop and produces no
direct contact between the tag and target proteins [17]. Generally,
linkers comprising three or five alanines have been frequently tested
for optimization of crystallizability of the fusion proteins. Some
mutations to reduce surface entropy have also been applied to MBP
in the fusion protein approach.

Another application concerning the use of fusion proteins
relates to stabilization of protein-ligand or protein—protein com-
plexes by increasing the local concentration in an effort to over-
come the relatively weak affinity of ligand binding to form a
complex. In this case, the ligand protein (or peptide) and its bind-
ing protein (or receptor) are fused by a linker peptide. Unlike the
linker employed for fusion proteins of tag and target proteins
described above, the linker in this case should be sufficiently flexible
to facilitate ligand approach and direct binding to the binding site.
The choice of linker length is dependent on the distance between
the N- and C-terminal ends of the ligand and the binding protein.
If the structure of the binding protein is known, extensive model-
ing could provide sufficient information for design of the linker
length and connection to the N- or C-terminal end of the binding
protein. If the structure of the binding protein is unknown, fusion
proteins with the ligand linked to the N- or C-terminal end of the
binding protein should be produced to determine which is most
suitable for complex formation. Since the linker is designed to
possess flexibility, small residues are employed such as glycine or a
mixture of alanine and serine. For example, the structure of the
complex between a-catenin and f-catenin was successfully deter-
mined using a fusion protein comprising the o-catenin-binding
segment of B-catenin (residues 118-151) linked to the N-terminus
of the D1 domain of a-catenin via a linker comprising five glycine
residues [18]. In this fusion protein, the N-terminal 55 residues of
the a-catenin D1 domain were removed since the N-terminal resi-
dues inhibit B-catenin binding to the D1 domain. Another example
is a fusion protein between the myosin-X MyTH4-FERM cassette
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and the DCC peptide, as described above [7]. To improve the
quality of the complex crystals, fusion proteins for crystallization
were tested, and fusion of the DCC peptide to the C- but not N-
terminal end of the myosin-X MyTH4-FERM cassette yielded
high-quality crystals of the complex. This C-terminal fusion protein
contained two linker residues (Ser and His) between the MyTH4—-
FERM cassette and the DCC peptide as a result of the cloning
process. Fortunately, the C-terminal very end of the cassette and
the N-terminal very end of the DCC peptide were sufficiently
flexible to form the complex. However, compared with the non-
fused 1:1 complex [6], the conformation of the DCC peptide and
its binding mode to the cassette was altered somewhat, probably
due to the fusion. Thus, the application of fusion proteins to
ligand—protein complexes should be accompanied with additional
experimental tests to verify the binding mode and ligand

conformation.
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