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Summary

We report on the X-ray structure of three 100-amino
acid mbt repeats in h-I(3)mbt, a polycomb group pro-
teininvolved in transcriptional repression, whose gene
is located in a region of chromosome 20 associated
with hematopoietic malignancies. Interdigitation be-
tween the extended arms and cores of the mbt repeats
results in a three-leaved propeller-like architecture,
containing a central cavity. We have identified one
ligand binding pocket per mbt repeat, which accom-
modates either the morphilino ring of MES or the pro-
line ring of the C-terminal peptide segment, within a
cavity lined by aromatic amino acids. Strikingly, phe-
notypic alterations resulting from point mutations or
deletions in the mbt repeats of the related Drosophila
SCM protein are clustered in and around the ligand
binding pocket.

Introduction

Deletion of the long arm of chromosome 20 (20q) is the
second most common primary structural abnormality
seen in hematological malignancies and is found in poly-
cythemia vera, chronic myelogenous leukemia (CML)
blast crisis (Mori et al., 1997), and, to a lesser extent, in
acute myelogenous leukemia (AML) and myelodysplas-
tic syndromes (MDS) (Kurtin et al., 1996). Inactivation of
a putative suppressor gene(s) on 20q, which disrupts
normal hematopoietic stem cell regulation, has been
proposed to explain the pathogenesis of hematologic
malignancies that contain 20q deletions (White et al.,
1994). However, recently, it has been proposed that
haploinsufficiency of an essential gene product could
also underlie the pathogenesis of these disorders (Asi-
makopoulos and Green, 1996). Several chromosome 20
deletion mapping studies with primary patient material
have identified common deleted regions (CDR) of 2.6
Mb in MPD patients and 2.7 Mb in MDS and AML pa-
tients, with a 1.7 Mb region of overlap (Bench et al.,
2000). We used classical tumor suppressor gene investi-
gative methods and a large number of myeloid leukemia
cell lines (MacGrogan et al., 2001) to identify homozy-
gous deletions or rearrangements within the CDR. We
identified two cell lines with translocations within the
CDR (MacGrogan et al., 2001) and performed exon trap-
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ping using three P1 artificial chromosome (PAC) clones
that encompassed the translocation breakpoint, allowing
us to isolate exons that encode portions of a human gene
highly homologous to the Drosophila I(3)mbt (lethal malig-
nant brain tumor) gene (Koga et al., 1999). The Drosophila
I(3)mbt gene is a tumor suppressor gene, and it encodes
a member of the PcG family of transcriptional regulators
(Gateff et al., 1993; Wismar et al., 1995). Recessive or
temperature-sensitive mutations of the Drosophila
I(3)mbt gene are associated with malignant transforma-
tion of adult optic neuroblasts and ganglion mother cells
in the larval brain (Wismar et al., 1995).

The human I(3)mbt is an ~110 kDa protein and, like the
Drosophila l(3)mbt protein (Wismar et al., 1995), contains
three readily identifiable structural domains: three cen-
tral malignant brain tumor (mbt) repeats that are each
~100 amino acid residues in length, an ~20-amino acid
stretch containing an unusual C,HC zinc finger, and a
C-terminal a-helical SPM dimerization domain that is 60
amino acid residues in length (Bornemann et al., 1996;
Peterson et al., 1997). Recent studies have shown that
human I(3)mbt is a transcriptional repressor and that its
activity is largely dependent on the presence of a region
containing three mbt repeats (Boccuni et al., 2003). Over-
expression of h-I(8)mbt leads to defective chromosome
segregation and multinucleated cell formation, suggesting
a role in normal cell division (Koga et al., 1999).

The mbt modules are found in several other PcG pro-
teins and range from two to four repeats. Sex comb on
midleg (SCM) protein from Drosophila and its human
SCMH1 and SCML2 counterparts have been found to
contain two mbt repeats (Bornemann et al., 1996),
whereas the human |(38)mbt-like a/b proteins, murine
Sfmbt protein, and KIAA1617 and RU1 proteins contain
four mbt repeats (Usui et al., 2000; Wismar, 2001).

The described proteins that contain mbt repeats are
presumed to belong to the PcG family of proteins, which
have been grouped together because of their putative
role in maintaining transcriptional repression of homeo-
tic genes during development (Bunker and Kingston,
1994; Muller, 1995; Pirrotta, 1997a, 1997b; Poux et al., 2001;
Simon, 1995) Drosophila that lack both maternal and
zygotic PcG genes die with severe homeotic transforma-
tions (Breen and Duncan, 1986); they do not exhibit
proper maintenance of homeotic genes as development
progresses (Lewis, 1978; Simon et al., 1992; Struhl and
Akam, 1985; Wedeen et al., 1986). Further, three hypo-
morphic Drosophila SCM mutations that map within the
mbt repeats produce partial synthetic lethality in the
embryo (Bornemann et al., 1998), suggesting that these
mbt repeats play an important role in the function of
PcG protein complexes.

To gain molecular insights into I(3)mbt and its putative
role in PcG complexes and tumor suppression, we have
determined the crystal structures of three mbt repeats
from the human I(8)mbt homolog at resolutions up to
1.55 A. These structures not only reveal the global archi-
tecture of the three mbt repeats, but also identify aro-
matic amino acid-lined binding pockets within each mbt
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repeat for the morphilino ring of MES and/or the proline
ring of the C-terminal peptide segment. Strikingly, the
available point mutations and deletions of the related
Drosophila SCM protein map within and in the vicinity
of the ligand/peptide binding pockets.

Results

Crystallization and X-Ray Structure Determination

A cDNA construct encoding the region of the h-I(3)mbt
protein from residue 197 to 527 (henceforth designated
3mbt), which encompasses all three mbt repeats (Figure
1), was expressed in bacteria and purified to homogene-
ity. The initial crystals were trigonal (P3, space group),
with three 3mbt molecules in the asymmetric unit. The
structure was solved at 1.9 A resolution by the multiple
wavelength anomalous diffraction (MAD) technique on
crystals of the selenomethionine-labeled protein (desig-
nated seleno-met) (Table 1). The seleno-met structure
was refined to an R factor of 20.6 (Rq.. = 23.8) with all
data collectedup to1.85 A resolution (Table 1). Asecond
3mbit crystal in the trigonal P3, space group (designated
native l) was crystallized with GTP-preincubated 3mbt pro-
tein. The native | and seleno-met crystals are isomorphous,
and both diffracted to a resolution of 1.85 A. The native |
structure was refined to an R factor of 21.1 (R;.. = 24.5).
In both seleno-met and native | crystals, 312 amino acids
(residues 206-518) per monomer are well defined in the
electron density maps.

We also obtained orthorhombic (P2,2,2 space group)
crystals containing one 3mbt molecule in the asymmet-
ric unit (designated native Il), using GTP-preincubated
conditions. The native Il crystals diffracted to 1.55 A,
the highest resolution of all studied 3mbt crystals. The
structure was solved by molecular replacement and re-
fined to an R factor of 18.9 (R.. = 21.9). In native Il
crystals, the polypeptide chain could be traced for 323
amino acids (residues 204-527), including nine addi-
tional C-terminal amino acids (residues 519-527) that
were disordered in the trigonal crystals. The final refine-
ment statistics for all three structures (seleno-met, na-
tive I, and native Il) are given in Table 1. The 3mbt struc-
tures found in the seleno-met, native I, and native Il
crystals are similar. The average root mean square devi-
ations (rmsd’s) for main chain atoms (residues 206-518)
is less than 0.75 A between any two superimposed final
models selected from a total of seven crystallographi-
cally independent 3mbt structures. Sulfate anions and
2(N-morpholino-ethane sulfonic acid) (MES) ligands
were also bound to 3mbt, in addition to water molecules.

3mbt Architecture

The overall architecture of 3mbt is shown in Figure 2A.
The orthorhombic crystal structure is used for represen-
tation because of its highest (1.55 A) resolution. The
three mbt repeats are colored cyan, red, and yellow
from the N terminus to the C terminus. The 3mbt protein
adopts a mixed o/ fold with a unique triangular archi-
tecture and dimensions of 60 A X 70 A x 65 A, with
a thickness of 30 A. The three-dimensional structure
consists of three similar globular modules (~35 Ain

radius) that assemble in a propeller-like manner, with a
pseudo-3-fold rotation symmetry of ~120° (Figure 2A).
The N and C termini of the 3mbt construct are proximal
to each other and are positioned on the same side of
the propeller. This in turn generates an elongated central
cavity, which is highlighted in electrostatic surface views
of the opposing faces of the three-leaved propeller-like
arrangement (Figures 2B and 2C).

C-Terminal 8 Subunit Core and Attached

N-Terminal Long Arm

Individual mbt repeats consist of two distinctive struc-
tural motifs, a long N-terminal arm and a C-terminal 3
subunit core (Figure 2A). The N-terminal arm of each
individual mbt repeat is extended ~35-40 A away from
the C-terminal attached core and interdigitates exten-
sively within the core of its preceding neighbor, resulting
in a stable three-leaved propeller-shaped architecture
(Figure 2A). A side view of the 3mbt structure reveals
that the N-terminal arms of each repeat are located
along one face, forming the base of a bowl-like scaffold,
while the B subunit cores are located along the opposite
face, on the top of the bowl (Figure 3A).

Each B subunit core consists of five 3 strands (31-35),
a short 3;p-helical turn («1), and an « helix («2) followed
by a short B strand (36) (Figure 2A). The B1-35 strands
form a barrel-like fold, with three of the 8 strands (31-3)
forming the antiparallel component of the barrel topol-
ogy. The B2 strands are of variable length; the first repeat
is longer than the second and third repeats (Figures 1B
and 2A). The 3;p-helical turn (a1) connects 3 and 34,
and an a helix («2) connects g5 and (36; the other B
strands are connected by short nonhelical turns or
loops. The B subunit core is closed by a parallel interac-
tion between the 32 and p6 strands.

The arms are basically long loops with a variable num-
ber of amino acids (~30-45). All arms contain one «
helix (aB) and one 3,4-helical turn («C). The arm of the
first repeat is the longest, and it contains an additional
3io-helical turn, aD. The arm of the third repeat is the
shortest. The arms of the second and third repeats are
attached to the preceding repeat and contain a 3,,-
helical turn, cA. A similar turn is not found in the first
repeat. The individual 8 subunit cores superposition well
on each other (Figure 3B). In addition, the aB-linker-oC
segments of the individual arms also superposition well
on each other, while their adjacent C-terminal segments
are oriented in different directions (Figure 3C). This vari-
ability in the C-terminal segments of the three arms is
matched by the observed minimal amino acid sequence
similarity in the C-terminal region.

Interdigitation between Arms and 3 Subunit Cores

A hairpin loop (containing the f6-aA segment) connects
the C terminus of an individual 8 subunit core with the
N terminus of the extended arm of the succeeding repeat
(Figure 2A). This linkage is adjacent to a 3;y-helical turn,
«A, and an « helix, aB, of the arm segment, which serves
the role of a handle within the context of the bowl-like
topology (Figure 3A). The B subunit cores are glued on
top of the bowl-shaped scaffold formed by the N-terminal
arms of the adjacent repeats. Such interfaces between
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Figure 1. Sequence Alignments of Proteins Containing mbt Repeats

(A) Multiple sequence alignment of the N-terminal arms of 3mbt repeats from h-I(3)mbt and related family members using CLUSTALW.
Secondary structure elements defined by crystal structure of 3mbt repeats are shown above the alignment. o helices, wavy magenta lines;
310 helices, wavy orange lines; 8 strands, arrows; loops, straight lines. The helices are numbered consecutively from the N terminus. Helical
structure oA, featured with a dashed line, only exists in the second and third repeats, while aD exists only in the first repeat. The loop with
a dashed line only exists in the second and third repeats. Conserved hydrophobic, aromatic, positively charged, negatively charged, and
polar residues are marked with yellow, green, red, blue, and orange. Accession numbers (SWISS-PORT, Genbank, or PIR) are as follows: H.
sapiens (brain) I(3)mbt, Q9Y468; H. sapiens (brain) KIAA1798, Q96JM7; H. sapiens (testis), Q9Y4Q9; D. melanogaster, Q9VB52; M. fascicularis,
Q95LLY; C. elegans (R06c7.7), Q21769; C. elegans (Y48GIA.6), Q9N3Q7; D. melanogaster SCM, Q9VHAO.

(B) Multiple sequence alignment of the 3 subunit core of three mbt repeats from h-I(3)mbt and related family members, with defined secondary
structure elements as indicated in (A). The B2 region featured with a dashed line only exists in first repeat, while 36 only exists in the first
and second repeats. The loop featured with a dashed line only exists in third repeat. Structure-based sequence alignment of the Tudor domain
with the mbt 8 subunit core is shown at the bottom. Mutated residues in SCM and residues of the Tudor domain involved in binding Sm
proteins and the GAR domain are boxed. Conserved residues that form the putative drug/peptide binding pocket are highlighted with asterisks,
those involved in hydrogen bond formation (Figure 3D) are indicated by closed circles, and those involved in the hydrophobic pentad motif
(Figure 3E) are indicated by open circles. The accession number for H. sapiens SMN1-Tudor is Q16637.

repeats are mediated by stacking and hydrogen bonding
interactions involving both arm and B core residues.
The hydrogen bonds between the N-terminal arm of
the first repeat (cyan) and the 8 subunit core of the third
repeat (yellow) are highlighted in Figure 3D. Residues
(1218 and A220 [arm]) on the aB-linker-aC segment align

through main chain hydrogen bond interactions with a
conserved residue (K454 [core]) on the B1 strand (Figure
3D). In addition, a side chain-side chain hydrogen bond
is observed between W208 (arm) and E456 (core), as
shown in Figure 3D.

The stacking interface between the aB element of the



Structure
778

Table 1. Crystallographic Analysis

MAD Data Statistics for Seleno-Met

\s (Low Energy) \s (Inflection) \2 (Peak) N\ (Remote)

Space group P3,
Cell Parameters a=b=10574A,

c =90.52 A
Wavelength (A) 1.06334 0.97935 0.97914 0.95668
Resolution range (A) 50.0-1.90
Unique reflections (F > 0) 89,576 88,659 89,360 88,565
Redundancy 3.1 10.48 11.6 7.8
Completeness (%) 100 100 99.9 100
Runerge? (%) 6.1 8.5 8.1 9.5
Phasing power® (Friedel) 1.33 (1.48) - (1.22) 0.52 (1.43) 0.95 (1.19)
Reuis® (Friedel) 0.73 (0.69) — (0.74) 0.94 (0.72) 0.82 (0.78)
Mean FOM¢ 0.62/0.91
Refinement Statistics
Crystal Seleno-Met Native | Native Il
Space group P3, P3, P2,2,2
Cell parameters a=b=10574 A, a=b=105.255A, a = 86.68 A, b = 93.403 A,

c =90.52A c = 90.486 A c = 58578 A
Beamline APS-14ID APS-19BM APS-19BM
Wavelength (A) 1.06334 1.03300 1.03300
Resolution range (A) (last shell) 20-1.85 (1.90-1.85) 20-1.85 (1.90-1.85) 20-1.55 (1.59-1.55)
Unique reflections (last shell) 88,637 (4,088) 112,768 (8,263) 65,305 (4,700)

Redundancy 3.1 3.1 6.7
Completeness (%) (last shell) 97.0 (94.2) 99.9 (100) 98.8 (98.2)
Rierge® % (last shell) 5.9 (55.0) 5.5 (47.8) 6.7 (57.2)

R factor, Rg..® (%) (last shell)
Number of residues in refinement

20.6 (50.4), 23.8 (53.0)

3 X 312 = 936 amino acids,
540 H,0, 14 SO,, 8 MES 492 H,0, 9 SO,, 6 MES

Rmsd bonds (A), angles (°) 0.017, 1.58 0.017, 1.82

Average B factor (A? 31.2 24.2

21.1 (26.1), 24.5 (33.5)
3 X 312 = 936 amino acids,

18.9 (22.6), 21.9 (24.8)
323 amino acids,

528 H,0, 4 SO,, 4 MES
0.017, 1.64
16.9

2Rmerge = 2na2ill(hkl); — <I(hkl)>|/Zy3<I(hkl);> for i measurements of the intensity / of a reflection hkl.
Phasing power is root mean square of (|Fh|/E), where |Fh| is the heavy atom structure factor amplitude and E is the residual lack of closure

error; resolution range 27.5-2.5 A.

°Reuiis is the mean residual lack of closure error divided by the mean anomalous difference; resolution range 27.5-2.5 A.

4Prior to and after density modification with phase extension to 1.9 A

°R factor = 3||F(obs)| — |F(calc)||/2|F(obs)|; R is the same, calculated with 5% of data withheld from refinement.

arm of the first repeat (cyan) and both the B subunit
core and the arm segment of the third repeat (yellow)
is shown in Figure 3E. Phenylalanine F225 (arm segment)
of the first repeat is buttressed by F449 (arm segment)
of the third repeat and positions its aromatic ring over
proline P503 (core segment) of the third repeat (Figure
3E). This interface is further buttressed by stacking inter-
actions involving the third repeat core segment residues
histidine H502 and tryptophan W506. In addition, pro-
lines P516 and P517 (core segment) of the third repeat
are stacked over tryptophans W206 and W208 (arm seg-
ment) of the first repeat (Figure 3E). Similar and structur-
ally conserved residues occupy these positions in all
three repeats (Figure 1). Note the orthogonal alignments
of the proximally positioned F225 and F449 residues and
of the proximally positioned W206 and W208 residues in
Figure 3E.

Alignment and Relative Flexibility of

Three Repeats

The three mbt repeats cannot be superpositioned on
each other by a simple rotation around a single axis.
The first (cyan) and third (yellow) repeats, but not the
second (red), can be approximately related by an ~120°
3-fold symmetry rotation axis (Figure 2A). The second

repeat is bent inwards and somewhat out of the plane
of the other two repeats. This results in close proximity
of the a1 of the second repeat and B2 of the first repeat,
to generate a unique kissing a1-32 contact.

A graphical representation of the relative flexibility
within the 3mbt architecture (following superposition of
seleno-met, native |, and native Il crystal structures) is
summarized in Figure 4A. The most flexible regions
within 3mbt (indicated by increasing thickness in the
worm representation in Figure 4A) are observed at the
kissing a1-B2 interface and within the handle-like seg-
ments of the first and second repeats.

Interdomain Side to Side Contacts between 8
Subunit Cores

There are contacts between the third (yellow) and first
(cyan) B subunit cores and between the first (cyan) and
second (red) B subunit cores (Figure 2A). These interac-
tions are mediated by hydrogen bonding between resi-
dues positioned on B2, 33, and B5 of the B subunit
cores. Such hydrogen bonding alignments are observed
between residues Y255, P252, and D289 in first g subunit
core and residues D369, W389, and R374 in the second
B subunit core (Figure 4B), as well as between residues
R267 and N284 in the first B subunit core and residues
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B subunit core face

P463, P499, and D500 in the third 8 subunit core (Figure
4C). In addition, the kissing a1-B2 interface mediates
an additional hydrogen bond between S253 of 32 and
D384 of a1 (Figure 4B), the only helical elements that
are involved in inter-B subunit core interactions.

There is a variation in separation between 8 subunit
cores, with the largest separation observed between the
second and third 8 subunit cores (Figure 2A). This gap
is bridged by R444, positioned on the C-terminal arm
of the third repeat, through hydrogen bond formation
with D391 of the second repeat and D497 of the third
repeat (Figure 4D).

Bound Sulfate within Elongated Central Cavity

The elongated oval shape of the central cavity of 3mbt
has dimensions of 15 A x 10 A (Figures 2B and 2C) and
is predominantly lined by charged and polar residues
(Figure 4E). The charged residues include four aspartic
acids (D289, D495, D497, and D500) and three arginines

Figure 2. 3mbt Adopts a Triangular Propel-
ler-like Architecture

(A) Ribbon representation (orthorhombic
crystal) of the structure (8 subunit core face)
of 3mbt. The first (residues 204-309), second
(residues 310-416), and third (residues 417-
527) mbt repeats are colored cyan, red, and
yellow, respectively. Secondary structure el-
ements are indicated for the first mbt repeat,
which comprises a long N-terminal arm (B,
«C, and aD) and a 8 subunit core (31, B2, 3,
al, B4, B5, a2, and B6). aA exists only in the
second and third repeats and is indicated ex-
plicitly for clarity. a1 of the second repeat
is shown to clarify the unique kissing a1-g2
interaction (see text and Figure 4C).

(B) Electrostatic surface representation (or-
thorhombic crystal) of the B subunit core face
of the triangular propeller-like 3mbt structure.
Blue, electropositive; red, electronegative.
This face, with its extensive acidic (red)
patches, contains three ligand binding pock-
ets (numbers 1, 2, and 3 refer to the pockets
belonging to the first, second, and third re-
peats, respectively).

(C) Electrostatic surface representation (or-
thorhombic crystal) of the opposite bowl-like
face of 3mbt. This face, which contains basic
(blue) patches on the periphery, is comprised
of N-terminal arms and predominantly exhib-
its nonpolar character. Some electropositive
charge is clustered toward one side of the
surface.

A central cavity with approximate dimensions
of 10 A X 15 A can be clearly seen in both
(B) and (C).

-y

bowl face

(R356, R374, and R460), while the polar residues include
a glutamine (Q250), an asparagine (N284), and a histidine
(H498). Interestingly, a SO,>~ molecule is bound within
the central cavity and anchored through hydrogen bonds
to residues R460 and H498. In addition, hydration sites
have also been identified in this central cavity (Figure 4E).

Charge Distribution on Opposing

Propeller-like Faces

The electrostatic charge distribution patterns spanning
the two faces of the propeller-like 3mbt repeat architec-
ture are shown in Figures 2B and 2C. The face that
contains the B subunit cores exhibits an uneven charge
distribution, with acidic patches (red) predominantly lo-
cated within the second B subunit core, spanning the
kissing a1-B2 and the handle-like regions (Figure 2B).
The bowl face of the triangular propeller is predomi-
nantly nonpolar but exhibits basic patches (blue) along
the edge between first and second repeats (Figure 2C).
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Figure 3. Long N-Terminal Arm and 8 Sub-
unit Core Motifs of 3mbt

(A) Side view of the 3mbt structure (ortho-
rhombic crystal) reveals that the N-terminal
arms and B subunit cores are located along
different faces of the molecule. The N-ter-
minal arms of each repeat (colored as in Fig-
ure 2A) are located along one face (bottom),
exhibiting a bowl-like feature, while the 8 sub-
unit cores (silver) are located on the opposite
face (top), being positioned on top of the
bowl. The structurally conserved element aA-
linker-aB forms a handle-like feature along
three sides of the molecule.

(B) Superimpositions of the first (cyan), sec-
ond (red), and third (yellow) repeats of 3mbt
(orthorhombic crystal). The B subunit cores
superposition well on each other (boxed re-
gion), with resulting rmsd’s of 1.0 Aforthe Ca
atoms. By contrast the attached N-terminal
arms are oriented in different directions.

(C) Superimpositions of the N-terminal arms
from the first (cyan), second (red), and third
(yellow) repeats of 3mbt (orthorhombic crys-
tal). The aB-linker-aC segments superposit-
ion well on each other (boxed region; rmsd’s
of 0.9 for Ca atoms), while the C-terminal seg-
ments are oriented in different directions. An
element of 3,,-helical turn, «C, is only ob-
served for the arm of the first repeat.

(D) Ribbon drawing showing interdomain hy-
drogen bonding contacts between residues
from the aA-linker-aB segment of the first
N-terminal arm (cyan) and the 8 subunit core
and N-terminal arm from the third mbt repeat
(yellow). Hydrogen bond networks are indi-
cated by dashed magenta lines.

(E) Ribbon drawing showing interdomain
stacking interactions between aromatic and
proline residues from the first N-terminal arm
(cyan) and the B subunit core and the N-ter-
minal arm from the third repeat (yellow).

_\ 4.0

One well-defined pocket per repeat is clearly visible on
the B subunit core face of the 3mbt repeat architecture
(labeled 1, 2, and 3 in Figure 2B).

MES Binding Sites

All three pockets in the seleno-met structure are occu-
pied by 2-(N-morpholino) ethane sulfonic acid (MES)
ligands. A superposition of the three binding pockets
associated with the first (cyan), second (red), and third
(yellow) repeats with bound MES ligands is shown in
Figure 5A. The morpholino rings insert into the pockets,
while the sulfonic acid groups are directed outward. The
three MES ligands occupy somewhat different align-
ments within the pockets, each of which is oriented
by distinctive amino acid residues that line individual
pockets (Figure 5A). A more detailed analysis of MES
bound in the pocket of the second mbt repeat is shown
in Figure 5B; the walls of this pocket are lined by residues
D355, C363, F379, W382, and Y386. Thus, the MES li-
gand is contained within a cage lined primarily by aro-

matic amino acids. A similar distribution of amino acids
also lines the walls of the pockets of the first (D248,
F256, F272, Y275, and H279) and third (D459, R467,
F483, W486, and Y490) repeats.

Open and Closed Pocket of 3mbt

The native | trigonal crystal grown with GTP-preincu-
bated protein has MES bound only in pockets 1 and
2, while pocket 3 was closed by R461, whose bulky
guanidinium side chain flaps over the entrance of the
pocket. The guanidinium group is positioned perpendic-
ular to residue W486 and, in the process, buries residue
F483 and makes the binding site unavailable to morpho-
lino ligands.

The open and closed forms of pocket 3 on 3mbt are
shownin Figures 5C and 5D, respectively. The side chain
of R461 is exposed to solvent in the open form but is
anchored in the closed form by a hydrogen bond be-
tween its guanidinium amino group with 31-oxygen of
D459 (Figure 5D).
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Crystal Packing in Trigonal
and Orthorhombic Crystals
Two symmetry-related 3mbt molecules align through
side by side packing in the trigonal crystal (Figure 6A).
This results in a total buried surface area of 314 A? per
monomer. This value is less than the optimum cutoff
value of 856 A? for discriminating between monomers
and dimers on the basis of a recent study with a nonre-
dundant structure database (Ponstingl et al., 2000).
The nine amino acids residues (GPREPSSAS) at the
C terminus of 3mbt are disordered in the trigonal (sel-
eno-met and GTP-preincubated native I) crystal forms.
By contrast, this nine-amino acid segment (residues
519-527) can be observed in the 1.55 A resolution crystal
structure of the orthorhombic crystal (GTP-preincu-

Figure 4. Details of Interdomain Interactions
in Orthorhombic 3mbt Structure

(A) Worm representation of the superimposi-
tions of all determined structures (seleno-
met, native |, and native Il) of 3mbt repeats
(Table 1). The resulting average rmsd’s for all
main chain atoms are 0.75 A. Regions that
superposition well are indicated with thin
worm representation, while regions that su-
perposition less well are indicated with
thicker worm representation. The most flexi-
ble regions are the handle-like segments of
the second and third repeats.

The 2F, — F, electron density map of the cen-
tral cavity and interdomain interactions of
3mbt repeats at 1.55 A resolution, contoured
at 1.5 ¢, with the refined atomic model in a
ball and stick representation. Residues from
first, second, and third mbt repeat are colored
cyan, red, and yellow, as in Figure 2A. Oxy-
gen, nitrogen, and sulfur atoms are colored
red, cyan, and green, respectively.

(B) View showing inter-g subunit core con-
tacts from the first (cyan) and second (red)
repeats. An additional interaction is mediated
by a kissing a1-B2 region that involves D384
(a1 from second repeat) and S253 (32 from
first repeat).

(C) View showing inter-g subunit core con-
tacts from the first (cyan) and third (yellow)
repeats. The interactions involve unique resi-
dues compared with (B).

(D) View showing interdomain contacts medi-
ated by a unique residue, R444, from the in-
terdigitated region of the third N-terminal arm
(yellow) that pairs with residue D391 from the
second B subunit core (red) and residue D497
from the third 8 subunit core (yellow) via hydro-
gen bond networks (dotted magenta lines).
(E) View focuses on the bound SO,>~ mole-
cule in the central cavity of the 3mbt triangular
propeller structure. The SO,>~ molecule is an-
chored in the central cavity via hydrogen
bond networks (dotted green lines) with resi-
dues R460 and H498.

bated native 1l) form of 3mbt. A total of 1663 A2 buried
surface area per monomer is observed for the native Il
structure (Figures 6B and 6C). Significantly, the
C-terminal residues 519-527 from one 3mbt molecule
insert into the pocket of the first repeat of a second
symmetry-related 3mbt molecule (Figure 6C).

C-Terminal Peptide Binding Pocket

The nine-residue C-terminal tail adopts a loop fold (Fig-
ure 6D), which is stabilized by four intramolecular hydro-
gen bond networks involving the main chain and side
chain of residues P520 and S525 with E522 and P523.
The C-terminal loop inserts the ring of proline P523 into
the ligand binding cavity, where it is sandwiched be-
tween aromatic residues F256 and H279 (Figure 6E).
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Figure 5. MES Ligand Binding Pockets in Trigonal 3mbt Structures

(A) Superimposition of three mbt repeats with bound MES molecules in the seleno-met structure. A MES molecule (labeled 1, 2, and 3) is
bound to each B subunit core (colored as in Figure 2A).

(B) The mutation sites are located in and around the MES binding pocket (second mbt repeat) in the 3mbt structure (seleno-met). The morphilino
ring of the bound MES molecule (red) is encapsulated by polar and aromatic residues (silver). The electron density for bound MES is shown
in a chicken wire representation. Residues that are point mutated (magenta) and deleted (blue) are highlighted with the letters M and D,
respectively. Residue M357 in the second repeat is included, since it occupies a position analogous to R461 in the third repeat (see [C] and
[D]). Hydrogen bond networks are indicated by dotted lines (magenta). Oxygen and nitrogen atoms are colored red and blue, respectively.
(C) The surface representation of the open form of the MES (yellow) binding pocket from the third mbt repeat in the seleno-met structure.
Residues lining this pocket are indicated in black. Arginine R461 is indicated in dotted surface (pink) representation with its side chain in a
stick mode (white). Conserved residues among mbt repeats that are mutated in the SCM protein (Bornemann et al., 1998) are explicitly
indicated in blue (deletion mutations, labeled D) and red (point mutations, labeled M).

(D) The surface representation of the closed form of the MES binding pocket from the third mbt repeat in the GTP-containing native 1 structure.
The R461 arginine finger flips its long and bulky side chain into the pocket, closing this site to MES ligands. This alignment is stabilized by
a single hydrogen bond with residue D459 (point mutated in mbt of SCM protein; Bornemann et al., 1998).

Complex formation is stabilized by three intermolecular Discussion
hydrogen bonds with residues that line the binding
pocket. These include hydrogen bonds between the side

chains of residues D248 and H279 with the backbone

Circular Topology
The most striking feature of the 3mbt structure is its

and side chains of residue S524 (Figure 6E). In addition,
a hydrogen bond was detected between S525 of the
C-terminal segment and residue H251 in the binding
pocket.

three-leaved propeller-like architecture (Figure 2A), with
a SO~ ion occupying the central cavity (Figure 4E).
The interdigitation of the three mbt repeats results in a
compact fold, where the central hole is surrounded by
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Figure 6. C-Terminal Peptide Binding Pocket in Orthorhombic 3mbt Structure

(A) Packing of adjacent 3mbt molecules (cyan and gold) in the trigonal crystal, resulting in a total buried surface area of 314 Az per monomer.
(B and C) Two views of packing of adjacent 3mbt molecules (cyan and gold) in the GTP-preincubated native Il orthorhombic structure, resulting
in a total buried surface area of 1663 A? surface area per monomer. Note mutual insertion of C-terminal loops into ligand binding pockets of
the first repeat (seen clearly in [C]).

(D) The surface representation of the binding pocket from the first repeat of 3mbt, which accommodates the C-terminal loop from a symmetry-
related 3mbt molecule. The peptide backbone of the C-terminal loop is colored orange, and its side chains are indicated in yellow. The side
chain of residue Q250, represented as a dotted pink surface, is directed away from the pocket, analogous to the R461 arginine finger in Figure
5C. Mutations sites and cage residues are colored as in Figure 5C.

(E) The details of the first repeat pocket with the bound C-terminal loop. The residues involved in the binding pocket are shown in ball and
stick representation (silver). Only residues 522-524 of the C-terminal segment are shown in the ball and stick representation in the interest
of clarity, and the electron density map of this segment is shown in a chicken wire representation. Mutations sites and oxygen and nitrogen
atoms are colored as in Figure 5B. The intermolecular hydrogen bond networks between C-terminal loop and cage residues are shown as
dashed magenta lines. The main chain atoms of certain residues are shown explicitly in ball and stick representation for clarity.

the B subunit cores of three mbt repeats, while the «B
helices of the N-terminal arms project furthest outward
from the central cavity (Figure 3A). The extensive acidic
patch along the B subunit core face (Figure 2B) and
smaller basic patches on the opposing bowl-like face
(Figure 2C) of the 3mbt architecture could serve as scaf-

folds for complex formation with as yet to be identified
interacting partners. Only four-, five-, six-, seven-, and
eight-bladed propeller-like structures have been re-
ported (Fulop and Jones, 1999; Paoli, 2001); thus, to the
best of our knowledge, the three-leaved propeller-like
structure for 3mbt is novel.
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Comparison of 3mbt Architecture with Other

Cyclic Repeat Topologies

The adaptation of propeller-like topologies by repeat-
containing protein modules has been observed pre-
viously for WD40 repeats (Neer et al., 1994), RCC1 (Re-
nault et al., 1998), B subunits of heterotrimeric G proteins
(Lambright et al., 1996), techylectin (Beisel et al., 1999),
nitrite reductase (Fulop et al., 1995), prolyl oligopepti-
dase (Fulop et al., 1998), and clathrin (ter Haar et al.,
1998). These proteins adopt 3 propeller topologies char-
acterized by a donut-like architecture, coupled with a
central deep shaft. By contrast, the 3mbt topology looks
more like a flat tripedal clover (Figure 2A).

The classical B propeller donut-shaped architecture
is generated when individual domains, containing four-
stranded antiparallel g sheets, packin a circular manner,
thereby creating a central tunnel. This simplicity of the
classical B propeller donut architecture contrasts with
the circular architecture observed for 3mbt, which in-
volves interdigitation of long N-terminal arms with adja-
cent 8 subunit cores (Figure 2A). Ring closure of the
classical B propeller architecture is achieved by molecu-
lar clasp arrangements (Neer and Smith, 1996), which
involves interactions between the first B strand of the
N terminus and the last g strand of the C terminus. By
contrast, the circular topology of the repeat units in
3mbt is mediated by stacking interactions of conserved
aromatic residues that, for instance, anchor the 8 sub-
unit core of the third repeat on top of the N-terminal
arm of the first repeat (Figure 3E).

Correlating Conserved Sequence Elements
with Structural Motifs
Most members of the B propeller fold have structural
features that can be matched to internal sequence re-
peats. Several conserved sequence elements within the
mbt repeats contribute to structural motifs that bridge
the alignment of the N-terminal arms with their adjacent
B subunit cores. Thus, a hydrophobic pentad motif in-
volving primarily aromatic residues is associated with
histidine, proline, and tryptophan residues in the se-
quence element HP-W spanning B5-linker-a2 (n repeat),
a phenylalanine located adjacent to «C (n repeat), and
a phenylalanine located at the C terminus (n+1 repeat)
(Figure 1, residues indicated by open circles). This hy-
drophobic pentad motif involves H502, P503, and W506,
together with F449 and F225, as shown in Figure 3E.
Another conserved structural motif contains two
charged residues (K and E) from the signature sequence
MKLE at 1 and three residues in the handle segment
of the N-terminal arm (Figure 1, residues indicated by
closed circles). This includes the side chain-side chain
W208-E456 hydrogen bond and main chain hydrogen
bonds involving residues A220, 1218, and K454, as
shown in Figure 3D.

N-Terminal Arms Bridge Adjacent mbt Repeats

The extended long N-terminal arms bridge adjacent mbt
repeats by making contacts with the neighboring 8 sub-
unit cores, resulting in a head to tail triangular propeller-
like arrangement (Figure 2A). The oB and aC helices are
common to all three arms, while oD is only present in

the first arm, which is also the longest in length (Figure
3C). Interestingly, the extra oD helix present in the first
arm forces the loop to make an ~90° turn prior to ex-
tending the C-terminal segment away from the oB-
linker-aC segment (Figure 3C). The aD of the first arm
is located at the inner side of the third 8 subunit core
(Figure 2A), forming part of the inner shaft. The second
and third arms lack aD, and the corresponding amino
acid segment is also truncated for the third repeat (Fig-
ure 1A). Therefore, the trajectory adopted by the
N-terminal arms of the first, second, and third repeats
are quite distinct (Figure 3C), with the ends being closest
for the first repeat (cyan) and furthest for the third repeat
(yellow). The variation in the length of the C-terminal
portion (linker-aD-linker region) of the arm segments is
not only observed within the three repeats of 3mbt, but
also between mbt-containing proteins across species
(Figure 1A). Taken together, the above observations re-
inforce the conclusion that the relative orientations of
the N-terminal arms make critical contributions to the
formation of the three-leaved propeller-shaped archi-
tecture.

Accessibility of the Mobile Handle-like Segments
The handle segments of the bowl («A-linker-aB; see
Figures 2A and 3A) constitute the outer segments of the
3mbt architecture, contain conserved charged residues,
mainly glutamic acids and lysines, positioned between
the conserved hydrophobic and aromatic residues at
both ends (Figure 1A), and are exposed to solvent. It has
been proposed that these accessible charged residues,
especially the conserved glutamic acids, are important
for function (refer to the Protein families [Pfam] data-
base). Note that three successive glutamic acids (E311,
E312, and E313) project from the aA helix of the second
repeat. The handle segments are among the most mo-
bile regions of the architecture, since their positions
exhibit the largest variability amongst the seleno-met,
native I, and native Il 3mbt structures (Figure 4A).

Structural and Functional Comparison between mbt
Cores, Tudor Domains, and Chromodomains

We conducted a structural homology search in order to
identify proteins that exhibit folds similar to the mbt
repeats. The Tudor domain (Figure 7B; Selenko et al.,
2001) gave the closest match to the mbt 8 subunit core
architecture (Figure 7A) (z score, 5.8). By contrast, the
chromodomain (Figure 7C) is a more distant structural
relative of the mbt 8 subunit core (z score, 3.0). We note
that only 11%-13% of amino acids are identical between
the mbt B subunit core and the Tudor domain (Figure 1B).
The signature sequence M-K/R-L/F/V-E at 31, which is
shared among all mbt repeats, is not observed in the
Tudor domain (Figure 1B). In addition, the a1 helical turn
(cyan) is located between 33 and B4 in 3mbt (Figure 7A,
second repeat), whereas it is located after 4 in the
Tudor domain (Figure 7B). The a1 helical turn plays a
critical role in defining the shape of the ligand binding
pockets in the individual repeats within 3mbt (Figures
5B and 6E). In addition, the linker segment between a1
and B4 in the mbt repeats exhibits species-dependent
length variations, with the first mbt repeat from two C.
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Figure 7. Structural Homology between the 3mbt 3 Subunit Core, Tudor Domain, and Chromodomain

(A) Ribbon representation showing the 8 subunit core of the second repeat of the seleno-met 3mbt structure.

(B) Ribbon representation of the Tudor domain (Selenko et al., 2001). Note the difference in the position of the a1 helical turn between Tudor
domain (B) and mbt repeat (A).

(C) Ribbon representation of the chromodomain of HP1 bound to a dimethylated lysine 9 histone H3 tail (Jacobs and Khorasanizadeh, 2002).
(D) Electrostatic surface representation of the second mbt repeat of the seleno-met 3mbt structure. Refer to Figure 2B for the electrostatic
surface of the ligand binding cage.

(E) Electrostatic surface representation of the Tudor domain. Note the differences in surface charge distributions between the Tudor domain
(E) and mbt repeat (D).

(F) Electrostatic surface representation of the chromodomain of HP1. Note the cavity and the aromatic cage that accommodates the histone
H3 peptide tail and dimethylated lysine 9.

The secondary-structural elements of a1 and B4 (A and B) are colored magenta and cyan, respectively. Hydrophobic (yellow), positively
charged (red), negatively charged (blue), and polar (orange) side chains are shown in the ball and stick representation for 3mbt in (A) and the
Tudor domain in (B). Other related residues involved in the cage are indicated in silver for clarity. The electrostatic surface in 3mbt (D) and
the Tudor domain (E) is colored as in Figures 2B and 2C. The red arrow indicates the location of the ligand binding cage in the mbt structure

and the binding cavity for the histone H3 peptide tail in the chromodomain, respectively.

elegans proteins having ~15 extra amino acids inserted
between a1 and 34 (Figure 1B). The influence that these
additional sequences have on secondary structure ele-
ments and their impact on the topology of the binding
pocket will be the subject of future study.

The Tudor domain has been shown to interact with
small nuclear RNA-associated proteins (snRNPs), and
the failure to form these interactions presumably con-
tributes to spinal muscular atrophy (SMA) disease. The
interactions between Tudor and Sm proteins (Selenko
et al., 2001) and between Tudor proteins and the Gar
domain of fibrillarin (Jones et al., 2001) are facilitated

by the acidic patches on Tudor’s surface (Figure 7E).
By contrast, no negatively charged patches are ob-
served on the structurally equivalent surfaces of individ-
ual subunits of the 3mbt protein (Figure 7D, second
repeat). This implies that the B subunit core of the mbt
repeats and the corresponding Tudor domains will not
bind the same partners.

The chromodomain has been found in proteins from
a wide variety of organisms and has a common mecha-
nism of chromosomal organization for gene silencing
(Eissenberg, 2001). The chromodomain of HP1 has been
shown to recognize dimethylated lysine K9 in histone
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H3 (Figure 7C), which, in turn, directs the binding of
other proteins to control chromatin structure and gene
expression (Bannister et al., 2001; Lachner et al., 2001;
Nakayama et al., 2001). Unlike both mbt cores and Tu-
dor, the chromodomain has only three (8 strands, which
pack against a C-terminal helix (Jacobs and Khorasani-
zadeh, 2002; Nielsen et al., 2002) (Figure 7C). The ab-
sence of one B strand (31 in mbt cores and Tudor) in
the chromodomain results in a channel and a distinct
aromatic amino acid-lined cavity perpendicular to the
three B strands (Figure 7F), which is targeted by dimety-
lated lysine-containing peptides (Figure 7C).

Open and Closed States of the Binding Pocket

We have observed both open (either bound MES in the
trigonal seleno-met crystals or bound C-terminal pep-
tide segment in the GTP-preincubated native Il ortho-
rhombic dimer crystals) and closed (in GTP-preincu-
bated native | trigonal crystal) ligand binding pockets
within individual repeats of 3mbt. The most striking con-
sequence of these observations is the concept of a gate,
controlled by a single arginine residue (R461 in the case
of the third repeat), which is fully accessible to solvent
inthe open configuration (Figure 5C) but blocks entrance
into the ligand binding cavity in the closed configuration,
by hydrogen bonding to D459 (Figure 5D).

Bound Morpholino Ligands
The ligand binding pockets within individual mbt repeats
are rich in aromatic and polar amino acids (Figure 5B)
and readily accommodate MES molecules within a nar-
row range of orientations, as shown in Figure 5A. MES
is a popular buffer in protein crystallization, and a num-
ber of crystallized proteins have been found to contain
bound MES ligands. The Protein Data Bank contains 19
MES-protein complexes (Berman et al., 2000). Although
binding of MES molecules does not always reflect the
presence of a ligand binding site, MES has been found
in spaces normally occupied by the protein’s natural ligand
(Brown et al., 1999; Focia et al., 1998; Hohenester et al.,
1994; Knochel et al., 1996; Teplyakov et al., 1998), where
it can even function as an inhibitor (Fitzgerald et al., 1998).
Morpholino-like ring structures are found in several clini-
cally active drugs, including an acetylcholinesterase inhibi-
tor [8-(cis-2,6-dimethylmorpholino)-octylcarbamoylesero-
line] developed as a treatment for Alzheimer’s disease
(Bartolucci et al., 1999) and a leukocyte elastase inhibitor
(pyridone-based trifluoromethyl ketone) (Bernstein et
al., 1995).

Bound C-Terminal Peptide Segment

One pocket (third repeat) that binds MES in the seleno-
met and GTP-preincubated native | crystals also accom-
modates the C-terminal peptide (G519-S527) in the or-
thorhombic GTP-preincubated native Il crystal of 3mbt
(Figure 6D). This C-terminal peptide adopts a turn motif,
with P523 located at the apex of the turn, inserting into
the pocket, and being anchored in place through hydro-
gen bonds involving two serine residues (S524 and
S$525). Thus, the ligand binding pocket is able to accom-
modate both heterocyclic six-membered (MES) and cy-
clic five-membered proline (P523) rings, indicative of its

adaptability in accommodating ligand shape and hydro-
gen bonding potential.

Mutations in Binding Pocket Region

The biological implications of the MES/peptide binding
pocket can be evaluated from existing data on mbt re-
peat mutations. SCM proteins contain a pair of mbt
repeats and a SAM domain. Several mutations in SCM
impair its function as a PcG protein (Bornemann et al.,
1998). Two hypomorphic mutations (D215N and G275E)
within the first mbt repeat of Drosophila SCM (Figure 1B,
boxed amino acids) map in the vicinity of the identified
ligand/peptide binding pocket. These residues exhibit
a high degree of conservation among mbt repeats, and
it is likely that the mutations change the charge distribu-
tion and distort the pocket. Another SCM mutant, which
has a four-residue deletion (L270-Q271-P272-P273) in
the first repeat of SCM (Figure 1B, boxed segment),
should perturb the binding pocket because of its loca-
tion along the rim of the pocket, spanning short 36 and
the following loop segment.

The counterparts of the mutated D215 SCM residue
are D248, D355, and D459 in the first, second, and third
repeats of 3mbt. These aspartic acid residues are in-
volved in key hydrogen bond networks that determine
the open versus closed state of the binding pocket. In
the open state, D459 is hydrogen bonded with R467, an
adjacent cage residue (Figure 5C). However, additional
hydrogen bond networks involving D459 and R461 are
established to stabilize the R461 “arginine finger” align-
ment in the closed state of the binding pocket (Figure
5D). The counterparts of the mutated G519 SCM residue
are G308, D415, and G519 in the first, second, and third
repeats of 3mbt. Replacement of the glycine by a bulkier
charged residue could result in both structural hin-
drance with adjacent residues and a charge redistribu-
tion, thereby distorting the nature of the binding pocket.
The observed clustering of mutation sites in the neigh-
borhood of the binding pocket (projected onto the first
3mbt repeat in Figure 6D, the second 3mbt repeat in
Figure 5B, and the third 3mbt repeat in Figure 5C) sug-
gests that these ligand/peptide binding pockets have
a potential for playing a functional role in recognition
events.

Putative Phosphate Binding Site within Central
Cavity

The central cavity of other circular propeller-like proteins
has been previously shown to harbor ions important for
binding or enzymatic activity. Molecular recognition in
several protein-nucleotide structures, including p21Ras-
GTP (Scheffzek et al., 1997) and T7 helicase-ATP (Sa-
waya et al., 1999), have revealed that the nucleotide is
recognized by a P loop segment and that the y-phos-
phate of the bound nucleotide is hydrogen bonded to
arginine and histinine residues within the protein. Resi-
dues H498 and R460, which are coordinated to sulfate
in 3mbt (Figure 4E), could serve as the y-phosphate
sensors and potentially propagate conformational
changes upon nucleotide binding. The central cavity in
3mbt has a diameter (~15 A x ~10 A) large enough to
accommodate nucleotide triphosphate ligands or sin-
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gle-stranded oligonucleotides. Therefore, the location
of the bound sulfate could reflect a putative phosphate
binding site.

Biological Implications
The regulation of DNA replication, transcription, recom-
bination, and repair in eukaryotes is mediated by sub-
units of chromatin-remodeling complexes. These sub-
units range from chromodomains, which recognize
methylated lysine-containing histone H3 peptides, to
bromodomains, which recognize their acetylated lysine-
containing counterparts. Recently, bioinformatics searches
have identified a family of homologous motifs containing
a three-B-stranded core element, which includes mbt
repeats, a chromodomain, a Tudor domain, and SAND
and PWWP motifs (Maurer-Stroh et al., 2003).
Currently, little is known about the contribution of
mbt repeats, as a component of the PcG group, in the
dynamic remodeling of chromatin. It is conceivable that
interactions between h-I1(3)mbt and chromatin could be
mediated by the mbt repeats. Further progress will re-
quire a systematic identification of proteins that interact
with h-1(3)mbt and impact on its function. X-ray and NMR
structures have been reported for the complex between
the chromodomain of heterochromatin protein 1 (HP1)
and a histone H3 peptide dimethylated at lysine 9 (Ja-
cobs and Khorasanizadeh, 2002; Nielsen et al., 2002)
(Figure 7C). The N-methyl groups of the modified lysine
insert into an aromatic amino acid-lined pocket (Figure
7F), providing functional insights into the recognition of
methylated proteins by the 8 sheet-containing chromo-
domain. A related study has provided functional insights
into the recognition of an acetylated lysine-containing
protein by an « helix-containing bromodomain (Mujtaba
et al., 2002). Therefore, our future efforts will focus on
the characterization of putative complexes between
3mbt and modified histone peptides. Such an approach
holds promise for expanding on our current understand-
ing of the role of mbt repeats in PcG-based transcrip-
tional repression (Francis and Kingston, 2001; Simon
and Tamkun, 2002) and, ultimately, for repairing tran-
scriptional regulatory defects in the cell.

Experimental Procedures

Cloning, Expression, and Purification

The 3mbt region was amplified from a full-length human [(3)mbt
cDNA clone (MacGrogan et al., 2001) with the Expand High Fidelity
PCR System (Roche, Germany) and primers prim-for (5'-AGGAATTC
GGCCTGCAACAGGTGAGAAG-3') and prim-rev (5'-GCTGTCGAC
GGCAGAGCTGGGCTCTCT-3’), where the underlined bases are the
restriction enzyme sites. The PCR product was digested with EcoRI/
Sall and cloned into GST-fusion vector pGEX-4T-3 (Amersham).
After confirming the insert sequence, the plasmid was designated
3mbt-prim-1 and used for expression. 3mbt-prim-1 was trans-
formed into E.coli BL21(RP). Cells were grown in LB plus 100 pg
ml~" ampicillin at 37°C. At an ODg, of 0.6, expression was induced
with 0.5 mM IPTG at 30°C. Cells were harvested 16 hr after induction,
resuspended in 10 ml buffer A (50 mM Tris [pH 8.0], 5 mM DTT,
and 150 mM NaCl) per liter of culture and stored at —80°C. For
purification, cells were thawed at room temperature and lysed by
sonication. After centrifugation at 15,000 rpm, the soluble fraction
was purified by glutathione-Sepharose 4B column chromatography.
The column was washed with 5X column volume of buffer B (50
mM Tris [pH 8.0], 5 mM DTT, and 250 mM NaCl), and the eluate
was collected with buffer C (50 mM Tris [pH 8.0], 5 mM DTT, and

10 mM glutathione). The GST tag was cleaved by the addition of
thrombin (10 units/ml) to the fusion protein at 4°C. Then the protein
was dialyzed against buffer D (50 mM Tris [pH 8.0] and 5 mM DTT).
The cleaved protein was then purified from the GST tag by reloading
into glutathione-Sepharose 4B and then by loading into an anion
exchange monoQ column with buffer D. The protein was eluted with
a 30X column volume gradient that reached 100% of buffer E (25
mM Tris [pH 8.0], 5 mM DTT, and 1 M NaCl). The protein was then
further purified by gel filtration on a Superdex-75 26/60 column
equilibrated with 25 mM Tris [pH 8.0] and 5 mM DTT. Pure 3mbt
was concentrated to 10 mg ml~' and stored at —80°C.

The selenium-methionine (seleno-met)-substituted protein was
expressed in the same host cell. Five milliliters of overnight cell
culture grown in LB was added into 100 ml of minimal (M9 plus 20%
glucose plus 1 mM MgSO, plus 0.3 mM CaCl,) media and further
grown to an ODg, of ~0.6-1.0. Cells were spun down, resuspended,
and added into 1 liter of minimal media. Cells were allowed to grow
at 37°C to an ODy, of ~0.5, and then lysine, phenylalanine, threonine
at 50 mg ml~" and isoleucine, leucine, valine, and L-selenomethio-
nine at 100 mg ml~' were added into the culture. Expression was
induced 30 min after the addition of these amino acids, and cells
were harvested and purified as described above.

Crystallization, Data Collection, and Processing

Crystals of native and seleno-met 3mbt were grown by vapor diffu-
sion in sitting drops at 20°C. Drops were generated by mixing 1 pl
of protein solution with 1 pl of reservoir solution and 0.2 pl of 100
mM DTT. The trigonal crystal form was obtained from a reservoir
solution containing 100 mM MES (pH 6.5), 0.15 mM (NH,),SO,, 20%
PEG MME 5000, and 10 mM DTT. The orthorhombic crystal form
was obtained from a reservoir solution containing 100 mM MES (pH
6.5),0.1 mM (NH,),SO,, 15% PEG MME 5000, and 10 mM DTT. For the
GTP-containing 3mbt crystallization trials, protein was preincubated
with 10 mM GTP at room temperature for about 1 hr before crystalli-
zation. Trigonal crystals formed within 7 days and typically grew to
dimensions of 0.7 X 0.3 X 0.3 mm?®in 30 days. Orthorhombic crystals
formed within 4 days and grew to dimensions of 0.5 X 0.5 X 0.05
mm in 10 days. For low-temperature data collection, crystals were
transferred to the cryoprotectant (reservoir solution plus 30% [v/v]
PEG 400) for a few seconds and flash-frozen in a liquid nitrogen
stream. MAD data sets of seleno-met crystal were collected on a
MAR CCD at BioCARS (beamline 14 ID) at the Advanced Photon
Source (APS) in Argonne, lllinois. Native | and native Il data sets
from GTP-preincubated 3mbt were collected on MAR CCD at SBC
(beamline 19BM) at the APS. Images were processed and scaled
with HKL2000 (Otwinowski and Minor, 1997).

Structure Determination and Refinement

The trigonal seleno-met structure was determined by the MAD tech-
nique. Heavy-atom search, Patterson map, as well as electron den-
sity map, calculations and MAD phasing were performed with the
program CNS1.1 (Adams et al., 1997), and maps were displayed
with the program TURBO-FRODO (Cambillau and Roussel, 1997).
The heavy-atom search was applied to anomalous difference Pat-
terson maps calculated at 3.5 A, and ten well-defined selenium sites
were located. MAD phasing was then performed with data to 2.5 A
resolution. In order to find more Se sites, we used the above SAD
phases in combination with the anomalous difference structure fac-
tors to compute anomalous difference Fourier and double difference
(or log likelihood gradient) maps. Five additional selenium sites were
found. Density modification by the solvent flipping method and
phase extension to 1.9 A were performed. Values for phasing power
and figure of merit are listed in Table 1. Model building was manually
completed for one 3mbt molecule with TURBO-FRODO. Two other
3mbt molecules present in the asymmetric unit of seleno-met crys-
tals were built with a noncrystallographic symmetry option imple-
mented in CNS. The trigonal native | crystal is isomorphous to sel-
eno-met crystal and, starting from the seleno-met structure, was
directly subject to refinement.

The orthorhombic native Il structure was determined by the mo-
lecular replacement method with the refined trigonal structure as a
starting model and the program AmoRe (Navaza, 2001). Rigid-body,
positional refinement and stimulated annealing were performed in
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CNS1.1 (Adams et al., 1997). The TLS and bulk solvent parameters,
restrained temperature factor, and final positional refinement were
completed with the program REFMAC (Murshudov et al., 1997). Ry
was monitored by setting aside 5% of the reflection as a test set.
The selected refinement parameters for seleno-met, native I, and
native Il structures are listed in Table 1. A Ramachandran plot calcu-
lated with PROCHECK (CCP4, 1994) indicates that 100% of the non-
Gly and non-Pro residues in the final models lie in the most favored
and additional allowed regions. For native | and native Il crystals,
which were grown with GTP-preincubated protein, we did not detect
any difference electron density belonging to GTP molecule.

Figures showing three-dimensional structures and molecular sur-
faces were prepared with RIBBONS (Carson, 1997), MOLMOL (Kor-
adi et al., 1996), TURBO-FRODO (Cambillau and Roussel, 1997),
and GRASP (Nicholls et al., 1991).
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