PROTEINS: Structure, Function, and Bioinformatics 55:214—-217 (2004)

STRUCTURE NOTE
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Introduction. Gankyrin, a newly described oncoprotein,
is identical to the p28 subunit of the 26S proteasome. The
protein is derived from an oncogene linked to hepatocellu-
lar carcinoma (HCC) and thus represents a potential
target for drug therapy against liver cancer. As the name
indicates, gankyrin contains an ankyrin repeat stack (6
repeats) with a 38-amino-acid N-terminal domain [Fig.
1(a)], and the first letter “g” stands for “gann,” which
means cancer in Japanese. Similar to other ankyrin-
repeat proteins, gankyrin mediates protein-protein inter-
actions with diverse regulatory proteins, including the
retinoblastoma tumor suppressor (Rb), the cyclin-depen-
dent protein kinase 4 (CDK4), melanoma antigen A4
(MAGE-A4), and the S6 ATPase of the 26S proteasome.' ™

Rb, the first described human tumor suppressor,* plays
an important role in regulating the cell cycle. The inactiva-
tion of Rb is thought to be involved in the majority of
human malignancies.® X-ray structures of complexes of
the pocket domain of Rb with a peptide derived from the
papillomavirus E7 protein® and with a fragment of SV40
large T antigen,” which contain the LXCXE Rb-binding
motif have been determined. Interestingly, the sequence of
gankyrin also contains a potentially Rb-binding LXCXE
motif.® Recently, gankyrin was shown to be involved in the
destabilization of Rb,! and its involvement in the Rb
pathway was demonstrated using both in vivo and in vitro
approaches.® The effect of gankyrin on Rb phosphorylation
is exerted through CDK4, which was reported to form a
gankyrin-CDK4-cyclin D2 ternary complex similar to the
previously established p16'™¥44.CDK4-cyclin D2 complex.
Therefore, gankyrin appears to compete with the tumor
suppressor pl6™NEA* for CDK4 binding. However, the
binding of gankyrin to CDK4 does not affect CDK4 activ-
ity, indicating that the binding modes of p16™XA4 and
gankyrin to CDK4 might be different. Furthermore,
gankyrin uses different surfaces for Rb and CDK4 binding,
i.e., the first three or four ankyrin repeats are involved in
CDK4 binding, whereas the fifth repeat contains the
LXCXE motif implicated Rb binding. MAGE-A4 is a mem-
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ber of the MAGE (melanoma antigen) family, a large group
of proteins that contain a well-conserved ~200-amino acid
region known as the MAGE-homology domain.'®'* A
recent report demonstrated that MAGE-A4 binds to
gankyrin and suppresses its oncogenic activity.® Finally,
gankyrin specifically binds to the C-terminus of the protea-
somal S6 ATPase of the 26S proteasome.'? GST pull-down
analyses using full-length gankyrin and various gankyrin
deletion mutants demonstrated that a full-length, presum-
ably correctly folded, gankyrin is essential for interaction
with the S6 ATPase.?

In addition to biochemical studies of gankyrin and its
molecular interactions, the crystallization of human
gankyrin and its yeast homolog have been recently re-
ported.'®'* Here, we report the X-ray structure of human
gankyrin to 2.8 A resolution, which was determined within
the Protein Structure Factory'® structural genomics pro-

gram.

Materials and methods. A cDNA fragment correspond-
ing to the open reading frame of gankyrin (GenBank
AAH11960) was amplified by PCR from a ¢cDNA clone of
the German Resource Center (RZPD, http://www.rzpd.de),
under the identifier MPMGp800G03570, using primers
Pr1388 and pQE276, of sequences 5-GAGGATC-
CGAGGGGTGTGTGTCTAACCT-3" and 5'-GGCAAC-
CGAGCGTTCTGAAC-3’, respectively. The PCR product
was cloned into the vector pQTEV (GenBank accession no.
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X-RAY STRUCTURE OF HUMAN GANKYRIN

HTERM 1 MEGCVSNLMVCHMLAYSGKLEELKESILADKSLATRTDG 38
GANK1 39 --—-- DSRTALHWACSAGHTE I VEFLLOLEVPVNDEDD 71
GANKZ 12 ————- AGWSPLHIAASAGRDE I VEALLGKGAQVNAVNG 104
GANK3 105 ----- NECTPLHYAASKNRHE TAVMLLE GEAMPDAKDH 137
GANKA 138 --—-- YEATAMHRAARKGNLEMIEILLYYKASTRIQDT 170
GANKS 171~ EGNTE EVEERKLLVSQGASTYIENE 103
GANKE 203 -———- EEKTPLOVAK--GGLGLILKRMVEG-——————— 226
CONSENSUS ------G-TPLH-AA--GH---V--LL--GA-------

- 1+ —

Fig. 1. (a) Sequence of human gankyrin. The six ankyrin repeats are
aligned with the ankyrin consensus sequence.®° In the fifth ankyrin repeat,
the potentially Rb-interacting LXCXE sequence motif is highlighted.
Below the sequence, the position of the a-helices are indicated. (b)
Ribbon diagram of human gankyrin. The N-terminal domain is colored
red, and the six ankyrin repeats are colored individually. (c) Structure of
the fifth ankyrin repeat. Side chains of the Rb-binding motif are shown
explicitly. The residues corresponding to the Rb-binding motif (LXCXE)
are indicated within the brackets. (d) Superposition of the structures of
gankyrin and p16™%*A (bound to CDK6, PDB entry 1BI7). The ankyrin
repeats are numbered.

AY243506) using restriction enzymes BamHI and Notl.
The resulting plasmid was introduced into Escherichia coli
SCS1 cells carrying the Rosetta plasmid (Novagen). The
resulting clone used for protein expression has the PSF
clone ID 108465 and is available from the RZPD under the
ID PSFEp250A062.

Clone 108465 was grown to an ODgg, of 1.5 in 4 L of SB
medium [12 g/L, Bacto-tryptone, 24 g/L yeast extract, 0.4%
(v/v) glycerol, 17 mM KH,0O,, 72 mM K,HPO,], supple-
mented with 20 pg/mL thiamine, 100 pg/mL ampicillin,
and 34 pg/mL chloramphenicol in shaker flasks. Protein
expression was induced with 1 mM isopropyl-B-p-thiogalac-
topyranoside (IPTG) for 4 h at 37°C. All further steps were
performed between 4 and 8°C. Cells were pelleted by
centrifugation and resuspended in a threefold volume of 20
mM Tris-HCI, pH 7.4, 300 mM NaCl, 10 mM imidazole, 5
mM 2-mercaptoethanol, 1 mM PMSF, a protease inhibitor
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cocktail tablet (EDTA-free, Roche) and 500 units Benzo-
nase (Merck, Darmstadt). Cells were lysed by sonification,
followed by centrifugation (23,000 G, 45 min) and filtration
through a 0.22-pm syringe filter. The filtrate was applied
to a 1.6 mL Ni POROS20 column (Applied Biosystems) in
four batches. After washing with 30 column volumes of 20
mM Tris-HCl, pH 7.4, 300 mM NaCl, 10 mM imidazole, the
protein was eluted using 250 mM imidazole. The eluted
protein was supplemented with 2 mM dithiothreitol and 1
mM EDTA. The His-tag was removed with 1.2 pg TEV
protease overnight. After fourfold dilution with 20 mM
Tris-HCl, pH 7.4, the protein was bound to a 1.6 mL
HQ-POROS20 column (Applied Biosystems) and eluted
with a NaCl gradient. The protein was further purified on
a Superose 12 16/50 column (Amersham Biosciences),
equilibrated in 20 mM Tris-HCI, pH 7.4, 100 mM NaCl,
followed by concentration with Biomax concentrators (Mil-
lipore, 10-kDa cutoff) to a final concentration of 18.3 mg/ml
in 600 L. The purified and concentrated protein was
checked for monodispersity by dynamic light scattering
(Laser Scatter201, RiNA GmbH, Germany).

Crystals of gankyrin were obtained by the sitting-drop
method using a 96-well Greiner plate at 20°C from drops
containing 400 nL of protein (18.3 mg/mL) plus 400 nL of
reservoir solution (3.5 M Na formate, pH 7.0) equilibrated
against 75 pL of reservoir solution. All pipetting steps
were done using semiautomated dispensing systems.®
Single crystals suitable for diffraction experiments, belong-
ing to space group P4,2;2 with unit cell dimensions of a =
116.4 A and ¢ = 74.4 A and one molecule in the asymmetric
unit (76% solvent content), grew within 3 days. Native
diffraction data were collected to 2.8 A resolution from a
single crystal on a MAR345 imaging plate detector at the
BESSY (Berlin) beamline PSF-ID14.2. Before data collec-
tion, the crystals were cryoprotected using mother liquor
containing 10% glycerol and flash-cooled directly in the
liquid nitrogen stream. The data were processed using the
program DENZO and scaled with SCALEPACK.?° The
data collection statistics are shown in Table I.

The crystal structure was determined by molecular
replacement using the program MOLREP.%! The search
model was prepared using SWISS-MODEL, an automated
protein modelling server®? using the “first approach mode”
(only amino acid sequence is required to build a model).
The search model of gankyrin was based upon the tem-
plate structures of Protein Data Bank entries 1N1I, INOR,
1MJO, and 1NOQ1, which were selected automatically by
the server. The best solution obtained from MOLREP
yielded a correlation coefficient of 0.474 (0.340 for the
second best) for one molecule in the asymmetric unit. A
few cycles of refinement with the program REFMAC?®
resulted in free R falling to 0.458 from 0.571, and the
figure of merit increasing to 0.548 from 0.295, which
provided a strong indication that the solution was correct.
The phases were subjected to prime-and-switch phasing
using RESOLVE?* to remove model bias. Further phase
improvement was achieved using the free-atom refine-
ment method in ARP/wARP.2> TLS parameters were
determined and TLS restrained refinement®® was per-
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TABLE . Data Collection and Refinement Statistics

Data collection

Data set . Native
Wavelength (A) 1.0000
Resolution (A) 28
Total observations 169,487
Unique observations 12,978
Completeness (%)? 99.8 (99.3)
Boym® 0.072(0.62)
Average lo(l)? 35.4(4.0)

Refinement .

Resolution range (A) 20-2.8
No. of reflections 12,144
No. reflections in R, set 632
Rfactor® 0.187
Free Rfactor® R 0.233
r.m.s.d. bond lengths (A) 0.011
r.m.s.d. bond angles (°) 1.281
No. of nonhydrogen atoms 1680
Average Bfactor (A%) 28.9

agtatistics for the highest resolution bin (2.9-2.8 A) are given in parenthe-
ses.

PR =33 [Fh) | — k| RN/, | Fuh) | -

°Free Rfactor was calculated using a 5% randomly selected subset of the
total number of reflections.

formed. The final refinement statistics are shown in Table
I for a model consisting of 223 residues and 53 water
molecules. The three N-terminal residues cannot be seen
in the electron density. The atomic coordinates and struc-
ture factors are available from the Protein Data Bank
under accession code 1QYM. The figures were prepared
using Molscript,?” Bobscript,2® and Raster3D.2°

Results. The structure of gankyrin consists of five com-
plete ankyrin repeats, one incomplete ankyrin repeat at
the C-terminus and the N-terminal domain [Fig. 1(b)].
Each ankyrin repeat forms an L-shaped structural unit
consisting of a B-turn, followed by two antiparallel a-heli-
ces and a long loop leading to the turn of the next repeat.
The last ankyrin repeat lacks the long loop. Pairs of
a-helices from adjacent ankyrin repeats pack in parallel
forming four-helix bundles with a left-handed twist. Each
repeat is slightly twisted counterclockwise and forms
spiral-like steps. The overall fold of the N-terminal domain
resembles an ankyrin-repeat structure even though the
level of sequence identity with the consensus sequence is
much lower [see Fig. 1(a)]. In the crystal, the N-terminal
surfaces of neighboring molecules interact with each other
and form a spiral stack upwards and complete a bow or
core-like structure with a large solvent accessible surface
(not shown).

The fifth ankyrin repeat (GANKS5) of gankyrin contains
the retinoblastoma-binding motif, LXCXE, which is impor-
tant for inactivation of Rb. The structure of the GANK5
and the Rb-binding motif together with neighboring resi-
dues are shown in Fig. 1(c). Interestingly, the Rb-binding
motif 1" LACDE®2 of gankyrin is located within an a-he-
lix («11). In contrast, in the X-ray structures of complexes
of the pocket domain of Rb with a peptide derived from the
papilloma virus E7 protein® and with a fragment of SV40
large T antigen,” which contain the LXCXE Rb-binding
motif, it adopts a B-sheet conformation. The side chains of
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1178, D181, and E182 and the backbone oxygen atom of
C180 are solvent-exposed, whereas the side chains of A179
and C180 are buried within the molecule [see Fig. 1(c)].
Therefore, L178, D181, and E182 might play important
roles in Rb binding, which is consistent with previous
mutagenesis studies. Gankyrin interaction with Rb is
absent in an E182A point mutant, and only a weak
interaction remains with the gankyrin L178A point mu-
tant.! Peptides with substitution of one of the three
conserved residues of the LXCXE motif (L178A, C180A,
and E182A) lost their ability to disrupt the binding of
gankyrin to Rb.°

Previously, truncation mutagenesis studies on gankyrin
suggested that the first three or four ankyrin repeats are
involved in CDK4 binding. Moreover, gankyrin competes
with p16™K4A for CDK4 binding.® The NMR structure of
p16INK4A hag been reported,'® but the mechanism of CDK
inhibition by this molecule has remained elusive because
of the difficulty in obtaining structural information about
CDK4. However, the possible nature of interactions be-
tween p16"™K44 and CDK4 were analyzed in detail through
a large number of mutants,'® and it was concluded that
residues H66, D84, R124, E26, and D82 are important for
binding to CDK4. The X-ray structure of the CDK6-
p16™E4A hinary complex!”'® shows a continuous binding
interface which buries a large surface area. The second
and third ankyrin repeats of p16'™N%A4 contribute most of
the interactions, whereas its first and fourth repeats
engage in fewer interactions. A least-squares superposi-
tion of the C* positions of corresponding ankyrin repeats
from gankyrin and pl16™F44 [Fig. 1(d)] yields an rms
displacement of 1.03 A. However, major structural differ-
ences are obvious, mainly at the second ankyrin repeat of
gankyrin. Gankyrin and pl6™W¥44 exhibit very low se-
quence similarity, and the CDK4-binding residues of
pl6™NK4A are not conserved in the gankyrin sequence,
suggesting that the mode of binding to CDK4 and the
biological activity may be quite different between the two
proteins.
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NOTE ADDED IN PRESS

Since submission of this article, a structure of gankyrin
in a different crystal form®' and the crystal structure of
Nas6p, the yeast homolog of gankyrin®? have been pub-
lished.
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