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Abstract Structural determination of individual pro-
tein domains isolated from multidomain proteins is a
common approach in the post-genomic era. Novel and
thus uncharacterized domains liberated from intact
proteins often self-associate due to incorrectly defined
domain boundaries. Self-association results in missing
signals, poor signal dispersion and a low signal-to-noise
ratio in 'H-"N HSQC spectra. We have found that a
putative, non-canonical coiled coil region close to a
domain boundary can cause transient hydrophobic self-
association and monomer—dimer equilibrium in solu-
tion. Here we propose a rational method to predict
putative coiled coil regions adjacent to the globular
core domain using the program COILS. Except for the
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amino acid sequence, no preexisting knowledge con-
cerning the domain is required. A small number of
mutant proteins with a minimized coiled coil region
have been rationally designed and tested. The engi-
neered domains exhibit decreased self-association as
assessed by 'H-""N HSQC spectra with improved peak
dispersion and sharper cross peaks. Two successful
examples of isolating novel N-terminal domains from
AAA-ATPases are demonstrated. Our method is
useful for the experimental determination of domain
boundaries suited for structural genomics studies.

Keywords Domain boundary determination -
Hydrophobic interaction - HSQC - Nonspecific
self-association

Abbreviations

8-ANS 8-Anilino-1-naphthalenesulfonic acid

HSQC Heteronuclear single quantum correlation
spectroscopy

PCR Polymerase chain reaction

AAA  ATPase associated with various cellular
activities

KP60  katanin p60

NVL2 Nuclear VCP-like protein 2

VCP Valosin containing protein p97

GST Glutathione S-transferase

Introduction

An enormous amount of sequence information has
been generated from numerous genome sequencing
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projects (Wakeland and Wandstrat 2002) (also see
http://www.ncbi.nlm.nih.gov/). The next major chal-
lenge is to focus on the genome-wide analysis of pro-
tein structure/function relationships (Burley and
Bonanno 2003; Yokoyama et al. 2000; Phizicky et al.
2003). A sequence comparison of proteins from various
genome sets has provided information concerning
individual domains, which constitute an evolutionally
conserved stretch of 50-300 amino acids capable of
folding autonomously. Although many proteins are
still annotated as ‘‘function unknown”, an analysis of
mammalian genomes shows that >70% of proteins are
in fact “multidomain proteins”’, which harbor more
than one protein domains (Vogel et al. 2004). Genetic
dissection of genes encoding large proteins in order to
obtain individual domains for structural studies is a key
methodology in this field. Two major technical prob-
lems of working with individual domains in isolation
from the parent protein have emerged: (i) the isolated
domain tends to precipitate and is not well expressed in
the cytosol of bacterial expression systems, and (ii) the
isolated domain may form a soluble multimeric
aggregate by nonspecific self-association. Both prob-
lems make the NMR analysis of novel protein domains
difficult. When using solution NMR techniques, the
first criterion of a promising protein domain for
structure determination is to give a good HSQC spec-
trum. However, there is currently no rational approach
to avoid self-association of uncharacterized protein
domains.

In order to minimize self-association, we focused
on regions of the target protein likely to form a
coiled coil structure, which may act as a site for
protein-protein interaction. Coiled coil structures are
widely observed in proteins, and have been classified
as one of the common supersecondary structures for
protein-protein interactions (Yu 2002; Burkhard et al.
2001). Two to six amphipathic right-handed a-helices
interact and wrap together to form a left-handed
twist structure (Apic et al. 2001; Cohen and Parry
1990; Sanishvili et al. 2004). The periodic repeat of
hydrophobic residues in an o-helical context is
important for forming a coiled coil structure. Because
seven amino acid residues form two rounds of each
o-helix strand, the motif has a representative heptad
repeat sequence with the amino acid residues desig-
nated a to g according to their position. Studies
involving artificially designed coiled coils show that
the a- and the d-positions are particularly important
for inter-helical interactions and structural unique-
ness. For example, the coiled coil without the struc-
tural uniqueness was found to be an ensemble of
sub-optimal structures, resulting in a broadened
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NMR spectrum (Lumb and Kim 1995). The
arrangement of the packing structure in the protein
interior is an important de novo design target.
According to these concepts, many successful designs
for the control of the orientation (Oakley and Kim
1998) and the selective assembly of peptide fragments
of coiled coils have been reported (Kiyokawa et al.
2000; Schnarr and Kennan 2003; Kashiwada et al.
2000). For example, the improved packing of the
protein structure could lead to an increase in thermal
stability (Sandberg and Terwilliger 1989). By con-
trast, substitution of one or more hydrophobic resi-
dues for small or charged residues can cause
instability of a coiled coil structure as well as loss of
structural uniqueness. This strategy can easily be used
to eliminate predicted coiled coil regions of proteins,
in which mutations are introduced to destabilize such
packing.

Herein, we propose a simple prediction and design
method to minimize protein self-association by desta-
bilizing the putative coiled coil regions in the target
protein in order to improve the HSQC signal with a
minimum of experimental effort. Potential coiled coil
regions are simply predicted by the program COILS
(version 2.1) with the “~mtidk” option and weighting
of hydrophobic residues (Lupas et al. 1991). The pro-
gram takes the periodicity of hydrophobic amino acid
residues in a heptad repeat into account for prediction.
Using the “—mtidk” option, the program is more sen-
sitive to the detection of non-canonical coiled coils.
The putative coiled coil region is sometimes hidden in
one domain region of the target protein. Since the
program uses only the amino acid sequence as an input,
we can virtually design any mutant sequence to avoid
forming a coiled coil. Virtual mutants with deletion(s)
and/or amino acid substitution(s) are first analyzed by
COILS. A limited number of sequences for further
study are then selected by using the COILS score as a
guide. Using this approach, we have successfully iso-
lated two N-terminal domains derived from the AAA-
ATPases.

Materials and methods
Protein techniques

Vectors for the heterologous expression of GST
fusion proteins of the N-terminal domains from both
mouse and human katanin p60 (residues 1-90,
denoted as KP60;_gy) and nuclear VCP-like protein 2
(residues 1-93, denoted as NVL2; ;) were con-
structed using PRESAT-vector methodology, derived
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from pGEX-4T3 vector (Amersham Biosciences,
Piscataway, NJ) (Goda et al. 2004). Truncated con-
structs and the L73R mutant of mouse KP60,_o, were
prepared by site directed mutagenesis using Gene-
Editor (Promega, La Jolla, CA) according to the
manufacturer’s instructions. The solubility of GST-
fusion proteins was assayed by the CDNB colori-
metric assays according to the manufacturer’s
instructions (Amersham Biosciences). The '°N-
labeled recombinant proteins for NMR spectroscopy
were generated in E. coli BL21(DE3) from a 1.01
M9 minimal medium culture grown in the presence
of "’NH,CI as the sole nitrogen source at 30°C. The
cell lysate after sonication was cleared by centrifu-
gation and then applied to a DEAE-Sepharose col-
umn (Amersham Biosciences), and then affinity
purified by Glutathione Sepharose (Amersham Bio-
sciences) chromatography. The GST tag was removed
by thrombin “on-beads”, and the protease was trap-
ped using benzamidine Sepharose (Amersham Bio-
sciences) and then dialyzed.

NMR Spectroscopy

Samples for NMR spectroscopy contained mouse
KP60 N-terminal domains at a concentration of
approximately 0.1 mM in 5% D,0-95% H,0, 20 mM
sodium phosphate buffer (pH 7.5) and 1% CHAPS.
Samples for NMR spectroscopy contained mouse
NVL2 N-terminal domains at a concentration of
approximately 0.1 mM in 5% D,0-95% H,O and
25 mM sodium phosphate buffer (pH 6.4). '"H-'">N
HSQC spectra for KP60 N-terminal domains were
recorded on a 500 MHz Bruker DRX NMR spec-
trometer equipped with a cryogenic probe at 25°C.
'"H-"’N HSQC spectra for NVL2 domains were
recorded on a 800 MHz Bruker Avance NMR spec-
trometer equipped with a cryogenic probe at 25°C.
Data were processed by using NMRPipe (Delaglio
et al. 1995).

CD and fluorescence spectroscopy

CD spectra of mouse KP60 N-terminal domains were
measured in 0.1-cm path length cuvettes at 25°C
using a JASCO J-720W spectropolarimeter (JASCO,
Co, Tokyo). 10 uM of each protein was dissolved in
buffer containing 1 mM EDTA and 50 mM Tris-HCl
(pH 7.5). Fluorescence spectra of 8-ANS bound
to mouse KP60 N-terminal domains and bovine a-
lactalbumin were measured in a l-cm path length
cuvette at 25°C using a Shimadzu RF-5300PC spec-

trofluorophotometer (Kyoto, Japan). An excitation
wavelength of 370 nm was used and emission from
400 to 600 nm measured. Fluorescence enhancement
experiments were done by measuring the difference
spectra of fluorescence emission from various con-
centrations of 8-ANS (0-100 uM) with and without
4 uM of protein in buffer containing 1 mM EDTA
and 50 mM Tris-HCI (pH 7.5), except a-lactalbumin
(pH 2.0). Because the unit of fluorescence intensity is
arbitrary, o-lactalbumin at pH 2.0 was used as a ref-
erence of fluorescence enhancement of a molten
globule protein.

Analytical ultracentrifugation

Sedimentation velocity experiments were carried out
using an Optima XL-I analytical ultracentrifuge
(Beckman Coulter, Fullerton, CA) with a Beckman
An-50 Ti rotor. For sedimentation velocity experi-
ments, cells with a standard Epon two-channel cen-
terpiece and sapphire windows were used. Sample
(400 ul) and reference buffer (420 pl) were loaded into
cells. The rotor temperature was equilibrated at 20°C
in the vacuum chamber for 1-2 h prior to start-up.
Absorbance (OD»gg) scans were collected at 10 min
intervals during sedimentation at 50 x 10° rpm.
The sedimentation velocity experiments for KP60
N-terminal domains were conducted at concentrations
of between 0.17 and 0.4 mg/ml. Partial specific volume
of the protein, solvent density and solvent viscosity
were calculated from standard tables using the pro-
gram SEDNTERP, version 1.08 (Laue et al. 1992). The
resulting scans were analyzed using the continuous
distribution (c(s)) analysis module in the program
SEDFIT version 9.3 (Schuck et al. 2002). Sedimenta-
tion coefficient increments of 50 or 100 were used in
the appropriate range for each sample, and the fric-
tional coefficient was allowed to float during fitting.
The weight average sedimentation coefficient was
obtained by integrating the range of sedimentation
coefficients in which peaks were present.

Sedimentation equilibrium experiments were also
carried out in cells with six channel centerpiece and
quartz windows. The sample concentrations were 0.17,
0.29 and 0.4 mg/ml. The absorbance wavelength was
set at 280 nm, and data was acquired at 20°C. Data
were obtained at 15, 20, 25, and 30 x 10° rpm. A total
equilibration time of 14 h was used for each speed,
with a scan taken at 12 h to ensure equilibrium had
been reached. Data analysis was performed by global
analysis of data sets obtained at different loading
concentrations and rotor speeds using XL-A/XL-I
Data Analysis Software Version 4.0.
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Results

Initial NMR assessment of N-terminal domains
from AAA ATPases

We have analyzed members of the AAA-ATPase
family of proteins (Beyer 1997, Lupas et al. 2002);
katanin p60 (KP60) and nuclear VCP-like protein 2
(NVL2). We anticipated that the N-terminal region of
AAA-ATPases may possess modular domains
responsible for specific substrate and/or adaptor bind-
ing regions. Our recent success in determining the
structure of the N-terminal domain(s) from PEXI1
ATPase (Shiozawa et al. 2004) encouraged us to apply
such an approach to the AAA proteins. Figure 1 shows
a sequence alignment of the N-terminal 100 amino acid
region of KP60 and NVL2. Starting from the full length
sequence of mammalian proteins of both KP60 and
NVL2, orthologous sequences were retrieved from the
nr (non-redundant) protein sequence database using
PSI-BLAST. Although there had been no indication of
the presence of an isolatable domain at the N-terminus
of either protein at the starting point of this research,
the initial domain boundaries were defined as residues
1-90 and 1-93 for mouse KP60 and mouse NVL2,
respectively, because these positions are less conserved
among their orthologs (Fig. 1). Note that the newer
version of fold recognition servers (e.g. FORTE and
FUGUE) have been enabled to detect a MIT-domain
like region at the N-terminus of KP60, after the
structures of MIT domain were reported (Ciccarelli
et al. 2003; Scott et al. 2005; Takasu et al. 2005). GST-
fusion expression vectors for both domains of mouse
and human orthologs were constructed, and the
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MGC40B53(1-90)
Arabidopsis(6-103)
Oryza(3-101)
Ancphelos(1-31)
Droshophilai25-118) -
Giardia[1-80)
d human(1-84} KP-RPAGF - VEIN KWK O3V 1 TENKCGKEVIH I GV LERS D)
mouse(1-84) WP - RPGVF - VIR KBk ol | SSNRCGK TG I LEs D)
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Fig. 1 Multiple alignment of protein sequences used in this
study. (a) Domain architectures of mouse katanin p60 (KP60).
(b) Domain architectures of mouse nuclear VCP-like protein 2
(NVL2). (¢) Multiple alignment of the N-terminal region of
KP60 orthologs; human (UniProtKB accession no. O75449) and
mouse (QIWVS86) katanins, human (MGC2599; Q9BW62) and
mouse (MGC40859; Q8K0T4) hypothetical proteins, Arabidop-
sis (Q9SEX2), Oryza (Q8S118), Anopheles (Q7PY77, fragment),
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domains were expressed in Escherichia coli
BL21(DE3). Preliminary experiments showed that
mouse KP60; 9o and mouse NVL2, 93 were more
soluble than the human orthologs (data not shown).
Thus, the recombinant mouse proteins were selected
for further investigation.

The 'H->N HSQC spectrum of mouse KP60,_gq is
shown in Fig. 2e. We anticipated a total of 95 main
chain amide signals for KP60,_gy (including six addi-
tional vector-derived signals), but only about 60 signals
were obtained. The dispersion of observed signals was
similar to that of a typical HSQC pattern for a folded
molecule, suggesting certain parts of the domain were
folded. We performed an extensive search of different
buffer conditions for NMR measurements of KP60,_gq
according to standard practice (reviewed in Kremer
and Kalbitzer 2001), by varying pH (5.5-7.5) and ionic
strength (0-0.5 M), prior to applying the method
described below (Fig. S1 of Supplementary Material).
Because the quality of HSQC spectra was largely
independent of salt conditions, self-association
appeared to be hydrophobic in nature. Nevertheless,
more than 30 cross peaks were still missing. Thus, we
attempted to improve the spectral quality of these
protein domains using an alternative approach such as
introducing mutations.

Fine-tuning of boundaries of mouse KP60 N-
terminal domain by destabilizing putative coiled
coil region

The sequences of mouse and human KP60,_ gy were
analyzed by the program COILS with window sizes of
14, 21 and 28 residues. These are the default values of
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Drosophila (Q9VN89) and Giardia (Q7R5W7) katanin p60. (d)
Multiple alignment of the N-terminal region of NVL2 orthologs;
human (0O15381), mouse (Q9DBY8), Xenopus (Q7ZXI4),
zebrafish (Q80319), Drosophila (smallminded; P91638), C.
elegans CED4IP (Q9US8KO), C. briggsae (CBG20797; Q60SQ4)
and Anopheles (ENSANGP00000024422; Q7PID7) hypothetical
proteins. Residue numbers are in parentheses. The sequence
alignments were generated by ClustalX
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the size of gliding window to calculate the coiled-coil
propensity (Lupas et al. 1991). In all cases, approxi-
mately 30 amino acid residues at the C-terminal region
of the putative domain showed a coiled coil propensity
of greater than 50% (Fig. 2a). Thus far, however, the
predicted coiled coil region has not been ascribed any
biological function. The length of the predicted coiled
coil region was consistent with the number of missing
cross peaks in the HSQC spectra (Fig. 2e). We there-
fore assumed that the missing signals on the HSQC
spectrum originated from the region of the predicted
coiled coil.

We designed several virtual mutants for the putative
N-terminal domain of KP60. The virtual sequences for

Retention time (min)

the N-terminal domain of KP60 were as follows:
KP60; 99 (I69R), KP60; 99 (ISOR), KP60; g9 (L73R),
KP60; g0 (L78R), KP60;_oy (V66R), KP60; 75, KP60;_7,
and KP60,_¢g. It is known that increasing the number of
heptad repeats dramatically stabilizes the coiled coil in
two-, three-and four-stranded coiled coils (Harbury
et al. 1993), and vice versa. It is known that par-
tial digestion by endogenous trypsin-like protease in
E. coli often generates products with Lys or Arg as the
C-terminal residue. Thus, we considered several trun-
cated mutants with Lys or Arg at the C-terminus, which
may avoid the heterogeneity of the C-terminal residues.
The substitution mutants involved replacing a hydro-
phobic residue with an arginine, which was expected to
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increase solubility. In general, hydrophobic residues,
such as Ile, Val, Leu, Met, Phe, Tyr and Trp, can be
substituted by either charged (Arg, Lys, Asp, Glu) or
small (Ser, Gly) residues. All the sequences were
subjected to COILS analysis, and those that gave a
substantial reduction of coiled coil propensity (KP60;_gg
(L73R), KP60;_7,, KP60,_gg) were chosen for further
study (Fig. 2b—d).

The three candidate proteins were engineered for
expression and purified. The shortest construct
KP60, ¢ tended to precipitate during protein
expression and purification. The solubility of the
KP60 N-terminal domains was semi-quantitatively
assessed by CDNB colorimetric assays of GST
activity  (Fig. 2h). Interestingly, the KP60;_gg
(L73R) mutant exhibited greater solubility than intact
KP601,9(). The KP60179() (L73R) and KP601,72
mutants were soluble, and were further analyzed by
'"H-"’N HSQC (Fig. 2f and g, respectively; expan-
sions of these spectra are available in Fig. S2). More
than 60 NH signals were detected, which were
essentially identical among all three constructs.
However, the intensities in KP60,_7, were more uni-
form than those of KP60;_9y and KP60,_g9 (L73R).
As a result, KP60;_,, was chosen for further NMR
structural determination studies. By further optimi-
zation of the solvent conditions for KP60,_7,, 98%
completeness of the HSQC signal data was achieved
(Fig. S3). Using this data, we were able to identify
the missing signals in the spectra of KP60; ¢;. The
signals originating from 73 to 90 and additional seven
signals (Y22, E62, A63, Q65, V66, K67 and 169) were
absent, and six out of the seven missing signals were
originating from the helical region adjacent to the
residues 73-90. These residues are thought to be
involved in the self-association interface, which is
consistent with our initial assumption.

The putative coiled coil region adopts a a-helix, but
is not sensitive to 8-ANS

On the basis of the good signal dispersion of the
HSQC spectra, it is likely that KP60,_7, is the core
folded domain. Thus, we assessed whether the trun-
cated region, residues 73-90, adopts a a-helical con-
formation as predicted. The CD spectra of KP60; g
and KP60,_ 99 (L73R) showed a substantial increase
of a-helicity compared to that of KP60, 7, (Fig. 3),
suggesting the presence of a helix within the putative
coiled coil region. The mutant KP60;_¢, (L73R)
exhibited reduced self-association whilst retaining the
helical structure in the residues 73-90. In contrast,
the spectra of KP60, 45 showed a drastic loss of
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helical content, suggesting that the deletion of only
four terminal residues introduced disturbance of the
proper folding of the core domain. Interestingly, the
GST-fusion form of KP60,_¢g was less soluble, which
may reflect decreased stability.

It is known that a protein in a molten-globule state
often shows broadening or elimination of signals in
"H-'>N HSQC spectra, probably because of chemical
exchange between conformationally heterogeneous
sub-optimal species (Schulman et al. 1997). Since the
signals originating from residues 73-90 were not fully
observed, KP60, oo may fit this criterion. Proteins in
a molten-globule state are known to be sensitive to
8-ANS and increase their fluorescence. Thus, we
examined whether the observed weak self-association
of KP60,_gg through the putative coiled coil region is
observable in the 8-ANS fluorescence enhancement
assay (Fig. 4). We measured 8-ANS fluorescence of
various concentrations (0-100 uM) in the presence of
4 uM KP60 N-terminal domains. The same experi-
ment was performed with o-lactalbumin instead of
KP60 N-terminal domains as a positive control for a
molten globule protein. Nevertheless, as shown in
Fig. 4, only a small fluorescence enhancement of
KP60,_gg as well as KP60; o9 (L73R) was observed.
This shows that the completeness and the signal
dispersion of 'H-'N HSQC spectra of the protein of
interest is a better diagnostic fingerprint for the
degree of transient self-association than hydrophobic
fluorescent probes.

[4] (x10-3 deg)

-30 1 | 1 1 1 1 1 1 |
200 210 220 230 240 250

Wavelength (nm)

Fig. 3 Comparison of CD spectra of KP60 N-terminal domains.
N-terminal domain variants are shown in the panel. Each 10 uM
of protein were dissolved in buffer containing 1 mM EDTA and
50 mM Tris-HCI (pH 7.5)
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Fig. 4 Fluorescence enhancement experiments of 8-ANS bound
to KP60 N-terminal domains and «-lactalbumin. The difference
spectra of fluorescence emission between ANS with and without
the protein are shown. (a) 10 uM, (b) 20 uM, (c¢) 40 pM of ANS

The putative coiled coil region caused monomer—
dimer equilibrium in solution

Sedimentation velocity provides hydrodynamic infor-
mation about the sample and establishes the size dis-
tribution of proteins due to their different rates of
migration in the centrifugal field. We analyzed the
sedimentation velocity of KP60,_g9, KP60;_o9 (L73R)
and KP60, 7, at three different protein concentrations
(0.17, 0.29 and 0.4 mg/ml) in order to assess whether
self-association was also concentration-dependent. We
analyzed continuous distribution c(s) versus sedimen-
tation coefficient for each data set by using the pro-
gram SEDFIT, because c(s) distributions provide
excellent sensitivity and resolution, enabling a clear
distinction between different sedimenting species.

Figure 5 shows the distributions of sedimentation
coefficients on KP60 N-terminal domains at the con-
centration of 0.4 mg/ml. First, we confirmed that
KP60,_7, was a monomer. The c(s) distribution of
KP60, 7, shows the presence of a single species in
the solution with a sedimentation coefficient (s) of 1.2
(£ 0.1)S. The c(s) distribution of KP60;_7, did not show
any significant change upon varied protein concentra-
tion. The molecular mass of KP60;_7, was determined
to be 9.7 (= 0.1) kDa by the sedimentation equilibrium
experiments (Fig. S4), which agreed very well with the
theoretical value (9.35 kDa) based on the amino acid
sequence.

However, the c(s) distribution of KP60,¢y and
KP60,_gy (L73R) showed that they were not simple
monomeric proteins. KP60;_9y gave a single peak, but
the shape was much broader and the peak position

were added to 4 uM of protein in buffer containing 1 mM EDTA
and 50 mM Tris-HCl (pH 7.5), except o-lactalbumin (pH 2.0).
Lower panel is x 5 magnification of upper panel. KP60 N-
terminal domain variants are shown in the spectra

much larger compared to that of KP60, 7, (Fig. 5). At
increased protein concentration (0.17, 0.29 and 0.4 mg/
ml), the weight average of the peak increased (1.7, 1.8
and 1.9 S, data not shown). These results are consistent
with a relatively rapid reversible equilibrium between
the monomer and oligomer species, which was previ-
ously assumed from NMR spectra. To further examine
the oligomerization status of KP60; ¢, we performed
sedimentation equilibrium experiments (Fig. S4). Sed-
imentation equilibrium is a good indication of a ther-
modynamic equilibrium of the self-association systems
and can be used to determine the dissociation con-
stants (reviewed in Lebowitz et al. 2002; Laue and
Stafford 1999). We applied several models for fitting. A
simple monomeric model gave an estimated molecular
mass of 20.1(x 0.2) kDa, which was greater than the
theoretical value of 11.4 kDa. In the case of KP60;_oq
(L73R), c(s) distribution profiles also showed protein
concentration-dependent peaks at positions between
that of KP60; 7, and KP60,_g9. The profile has a main
peak relatively close to the peak for KP60;_7,, with a
larger S-value component as a shoulder (Fig. 5). Upon
increasing protein concentration the shoulder became
larger. Thus, we conclude that KP60,_¢g (L73R) exists
as a monomer—dimer (or oligomer) equilibrium,
although the level of oligomerization was much less
than observed for KP60,_g.

Application of the COILS method for fine-tuning of
boundaries of mouse NVL2 N-terminal domain

The successful determination of the domain boundary
for KP60 encouraged us to apply the same approach to
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(S) (A /S)

Sedimentation coefficient (S)

Fig. 5 Distribution of sedimentation coefficients [c(s)] for KP60
N-terminal domains. Calculated c(s) is plotted versus sedimenta-
tion coefficient (s). Open box: KP60;_go, open triangle: KP60;_go
(L73R), open circle: KP60,_7,. Experiments were conducted at an
initial protein concentration of 0.4 mg/ml in 1 mM EDTA,
100 mM NaCl and 20 mM sodium phosphate buffer (pH 7.5,
20°C) and a rotor speed of 50 x 10* rpm, and data was collected
at time intervals of 10 min. The calculated values for the weight-
average sedimentation coefficient (s) ares = 1.9 S,1.4 Sand 1.2 S
for KP60;_g9, KP60;_99 (L73R) and KP60,_7,, respectively

another case, NVL2. "H-">°N HSQC spectra of mouse
NVL2, g3 are shown in Fig. 6e. As with KP60, only
about 50 signals were obtained from an expected total

of 94 amide signals for NVL2; o3 (including four
additional vector-derived signals). The sequence of
NVL2; 93 was analyzed by the program COILS
(Fig. 6a). Improved constructs for the N-terminal
domain of NVL2 were designed using a similar
approach to that described for KP60. The sequences
NVL21_82, NVL21_77 and NVL21_74 were analyzed by
COILS (Fig. 6b—d). In this case we only focused on
deletion of the predicted coiled coil region, and the
three constructs were engineered for expression and
purified. HSQC data for all these mutant proteins
showed a dramatic improvement in terms of either the
number of observed peaks or the line widths compared
to that of NVL2;, o3 (Fig. 6e-h; expansions of these
spectra are available in Fig. S5). Interestingly, several
weaker and sharper signals for NVL2, g, and
NVL2, 77, within the range of 'H chemical shift of
7.6-8.4, were not observed in the spectra for NVL2; o3
and NVL2,_7,. These signals were presumably from the
C-terminal region, which exists as a random coil, rather
than as a result of self-association. Therefore it would
appear that removal of residues 83-93 is sufficient to
hinder self-association.
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Discussion

We have shown two successful examples of rational
fine-tuning of protein domain boundaries, KP60 and
NVL2, excised from multidomain proteins, in which
the initial HSQC assessment of the domains was poor.
Our methodology circumvents the laborious practice
of improving the protein characteristics, which usually
involves engineering and screening large numbers of
mutants in order to obtain a promising HSQC signal.
This process is simplified by identifying residues likely
to cause self-association prior to mutant design. We
have employed a primitive bioinformatics approach to
help eliminate the problem of self-association.

The putative N-terminal domains of KP60 and
NVL2 gave "H-">N HSQC spectra typical of proteins
displaying a tendency to self-associate. The disap-
pearance of approximately 30 amide proton signals
originating from interfacial residues upon oligomeri-
zation was attributed to exchange broadening at equi-
librium. Interestingly, although the signals arising from
the interfacial residues disappeared, there was no
substantial line-broadening of other signals, suggesting
that the coiled coil segments are connected to the core
of the folded domain via a flexible segment. The pro-
teins may have been in equilibrium between a mono-
mer and oligomer with an uncertain association
number. If a monomer—dimer self-association equilib-
rium model is applied, the dissociation constant of the
equilibrium can be obtained from the analytical ultra-
centrifugation data. The molecular mass was con-
strained to the theoretical value and the dissociation
constant was allowed to float during fitting. The fits
were good (Fig. S4) and the dissociation constants were
calculated to be (10°~10°) M and (10°~10~*) M for
KP60,_99 and KP60,_99 (L73R), respectively. This
means that when the protein concentration is set to
0.1 mM as in an NMR sample, the monomer—dimer
ratio of the samples was approximately 1:2~7 and
1:0.1~0.5, respectively. Thus, the dimer species is
dominant for KP60;_¢y in the NMR conditions,
whereas the monomer is dominant for KP60; g
(L73R). In both cases, chemical exchange between
monomer and dimer spoiled the HSQC spectra. The
result obtained from both NMR and analytical ultra-
centrifugation was consistent with the proposed
monomer—dimer equilibrium.

Although analytical ultracentrifugation studies
showed the molecular weight average of KP60,_g) was
close to that of a dimer, we do not rule out the
potential formation of oligomers. Amino acid residues
occurring in the (a—/d-) positions of the predicted
coiled coil regions are different from the ideal amino

acids for a homotypic coiled coil formation. Specifi-
cally, either (Leu/Leu) or (Ile/Leu) in the (a—/d-)
positions respectively, form a dimeric coiled coil and
the combination of (Ile/Ile) or (Leu/Ile) affords trimer
or tetramer formation, respectively (Harbury et al.
1993). Since neither the sequences of KP60 and NVL2
met these criteria, the oligomerization through the
putative coiled coil regions is probably promiscuous.

Comparison of the HSQC spectra of the putative
coiled coil-containing domains with those of the
pruned domains show that the peak positions of dis-
persed amide proton signals are essentially identical.
This supported the conclusion that the putative coiled
coil regions are only engaged in inter-molecular
interactions rather than internal contacts. The puta-
tive coiled coil regions of KP60;_ o9 (L73R) adopt a
a-helical conformation (Fig. 3), with decreased self-
association (Fig. 5). The truncated constructs appear to
encode the minimal core structural domains, which are
monomeric in nature and therefore useful for further
structure determination.

Based on the two successful examples of this study,
we propose a flow diagram for obtaining a protein
domain suitable for structural NMR studies (Fig. 7).
Firstly, the boundaries of putative globular domains
are identified by several bioinformatics techniques.
The highly conserved region among the orthologs is
tentatively defined as a domain. In addition, sequences
likely to fall outside the putative domain are predicted
as either disordered regions (e.g., disopred2) (Ward
et al. 2004) or “linker”-like regions (e.g., DomCut)
(Suyama and Ohara 2003). Alternatively, if the target
protein exhibits high or substantial similarity to known

Identification of domain| | ClustalX | [ FORTE]

Predict the region of
oligomerization

1

Construct the expression

COILS |

v

vectors with various PRESAT-vector
N/C-termini methodology
’ v
Optimization Replacing v
of domain a "
boundaries hydrophobic Mutation |
\ residues

A 4

# No
Assessment HS@-—'
Yes

v \ 4

Improved domain 2D/3D NMR

Fig. 7 Flow-chart for optimizing domain boundaries by mini-
mizing coiled coil propensity. The steps drawn by bold lines are
skipped if an initial HSQC assessment is attempted first
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protein domains, the initial domain boundary is
defined according to the known example by using the
PSI-BLAST (Altschul et al. 1997), Pfam (Bateman
et al. 2002), SMART (Schultz et al. 1998) or ProDom
(Bru et al. 2005) servers. In addition, fold recognition
algorithms, such as FORTE (Tomii and Akiyama
2004) and FUGUE (Shi et al. 2001), are equally
helpful because they are highly sensitive in finding
distant homologs. Secondly, the sequence is subjected
to the program COILS with the “-mtidk” option. In
most cases, a putative coiled coil region is found at the
N-or C-termini of the prototype domain. Protein
sequences with either deletion or amino acid substitu-
tion at the coiled coil region are then virtually gener-
ated. The virtually generated sequences are analyzed
by COILS, and coiled coil propensity is calculated. It is
better to monitor all the scores from window sizes of
14, 21, and 28 residues, because the sensitivities may
differ. Thirdly, the expression plasmids with the
designed domain boundaries are constructed, by using
high-throughput PRESAT-vector methodology (Goda
et al. 2004). A limited number of candidate target
domains are cloned in parallel and incorporated into a
bacterial expression vector, such as a GST-fusion vec-
tor. Amino acid substitution may also be introduced.
Finally, only the most soluble proteins are subjected to
>N-labeling studies to obtain '"H-'N HSQC spectra.
In this study, we performed the initial HSQC assess-
ment for both the prototypical domains of KP60 and
NVL2 according to standard practice. However, we
propose the COILS analysis could be performed prior
to the assessment by HSQC spectra (Fig. 7).

Ideally, a protein sample for 3D-structure determi-
nation should be stable, highly soluble and should not
undergo self-association. The development of high-
throughput structural genomics requires the adoption
of novel strategies to obtain suitable protein samples.
Examples include parallel construction of different
fusion proteins (Hammarstrom et al. 2002), cell-free
expression systems using PCR-amplified DNA frag-
ments (Sawasaki et al. 2002), and parallel E. coli
protein expression in a 96-well plate format (Shih et al.
2002). These candidate proteins were isotopically-
labeled and subjected to HSQC measurements.
Finally, a ““go or no-go’’ decision of the selected pro-
tein as a target for structure determination is made
based on the quality of the HSQC spectra. Constructs
giving the best quality HSQC spectral data are ranked
for further analysis. Such a strategy is suited to maxi-
mize throughput for genome-wide structural studies
(Christendat et al. 2000). In contrast, our strategy is a
rational method that proposes to improve protein
behavior in solution using ‘“‘negative design” of

@ Springer

potential coiled coils. Additionally, we have launched
an automatic web-based server for this design method
(available at  http://www.mbs.cbrc.jp/coiled-coil/).
Adoption of our strategy might avoid discarding bio-
logically important protein samples with less promising
HSQC spectra at an early stage. Furthermore, this
design approach could be useful for preparing protein
constructs for X-ray crystallography, because the
putative coiled coil regions may prevent crystallization.
In conclusion, it is useful to examine the existence of
putative coiled coil regions associated with the target
protein domain, when the initial HSQC spectrum is
poor, or even before measuring the initial HSQC.
Furthermore, our method is widely applicable because
it does not require any preexisting knowledge of a
“not-yet-characterized” domain.

Special note

The domain boundary optimizing server is available at
http://www.mbs.cbrc.jp/coiled-coil. Access is freely
available after publication of this manuscript.
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