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ABSTRACT BUBRT1, a key component of the mitotic spindle checkpoint, is a multidomain protein kinase that is activated in re-
sponse to kinetochore tension. Although BUB1 and BUBR1 play an important role in cell division, very little is known about their
structural characteristics. We show that the conserved N-terminal region of BUBR1, comprising residues 1-204, is a globular
domain of high a-helical content (=60%), stable in the pH range 4—9 and probably organized as a tetratricopeptide motif repeat
(TPR), most closely resembling residues 16—181 of protein phosphatase 5. Because the latter presents a continuous amphi-
pathic groove and is regulated by binding certain fatty acids, we compared the properties of BUBR1(1-204) and TPR-PP5
(16—181) at air/water interfaces and found that both proteins exhibited a similar surface activity and formed stable, rigid
monolayers. The deletion of a region that probably comprises several a-helices of BUBR1 indicates that long-range interactions
are essential for the stability of the N-terminal domain. The presence of the putative TPR motif strongly suggests that the

N-terminal domain of BUBR1 is involved in direct protein-protein interactions and/or protein-lipid interactions.

INTRODUCTION

Premature separation of sister chromatids leads to the loss
or gain of chromosomes in daughter cells (aneuploidy), a pre-
valent form of genetic instability in human cancer (1). To
avoid these disastrous consequences, eukaryotic cells have
evolved a mechanism of control that ensures the high-fidelity
transmission of genetic material in mitosis and meiosis (2).
This mechanism delays the progression of mitosis until con-
densed chromosomes are properly positioned on the mitotic
spindle. The mitotic checkpoint control monitors both the
attachment of chromosomes to the mitotic spindle and the
tension across the sister chromatids generated by micro-
tubules (3). Even a single kinetochore is sufficient to prevent
progression to anaphase, as demonstrated by classic laser
irradiation and micromanipulation experiments (4,5).

The 120-kDa multidomain protein BUBR1 (also known as
BUBIB) is expressed in most cell lines and is present during
various stages of the cell cycle. It plays an essential role in
mitotic checkpoint control by phosphorylation of critical
cellular component(s) of the mitotic checkpoint pathway.
However, as cells enter late S and G2 phases, BUBRI1 levels
increase significantly. BUBR1 binds to kinetochores (6), is
able to inhibit Cdc20 in vitro (7) and is essential for the
function of the protein Sgol (shugoshin), a protector of the
centromeric cohesin Rec8 protein in fission yeast (8).

Human BUBRI1 was first identified as an interacting protein
of the kinetochore motor protein CENP-E (6) and also as a
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protein that contains regions homologous to yeast Mad3 and
BUBI (9). Mutations in the hbubl and hbubr-1 genes have
been detected in gastric cancer (10). Furthermore, the recent
identification of truncating and missense mutations of BUBR 1
in families with mosaic-variegated aneuploidy suggests that
there is a causal link between aneuploidy and cancer develop-
ment (11).

In contrast to BUB1, BUBR1 does not exhibit asym-
metry in prometaphase cells: only when both kinetochores are
attached do they come under tension, and then a reduction
in the amount of BUBRI at the kinetochore occurs simulta-
neously. Antibody injection experiments have shown that
repression of BUBR1 compromises spindle checkpoint func-
tion (3). BUBR1 RNAI cultures did not accumulate mitotic
cells on exposure to spindle toxins. However, prometaphase
cells in BUBR1 RNAI cultures often appear abnormal with
the chromosomes aligned along the length of the spindle
rather than at the metaphase plate. Although these chromo-
somes appear to be attached to the spindle, the mean inter-
kinetochore distance is reduced compared with control cells,
consistent with a reduction in pulling forces. The conserved
N-terminal region of BUBR1 exhibits a putative KEN box
motif (12). This motif is present in Mad3-like proteins as
a short N-terminal extension and it has been reported to act
as a Cdh1-dependent anaphase-promoting complex (APC) rec-
ognition signal (13). A BUBR1/BUB3 complex efficiently
inhibits the APC in a process that is Mad-2-independent (7).
Interestingly, despite the conservation of the N-terminal
domain of BUB1/BUBRI1 proteins, the KEN motif is absent
in BUB1. The implications of this difference for the function
of BUBI remain to be elucidated.

doi: 10.1529/biophys;j.105.063511
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The tetratricopeptide motif repeat (TPR) was first iden-
tified in the cell cycle division proteins cdc16, cdc23, and
cdc27 as a degenerate tandem repeat of 34 amino acid res-
idues encoding an a-helix-turn-a-helix motif (14). Muta-
tions within the TPR motifs of these proteins cause mitotic
arrest at the metaphase-to-anaphase transition. TPRs have
now been identified in a wide diversity of organisms, ranging
from bacteria to humans. This motif, which is known to
mediate protein-protein interactions, exists in proteins of
diverse biological functions such as cell cycle regulation,
neurogenesis, transcription control, mitochondrial and per-
oxisomal protein transport, Rac mediated activation of
NADPH oxidase, protein kinase inhibition, and protein fold-
ing (15). In TPR-containing proteins, this repeat motif is
often present in tandem arrays of 3-16 motifs, although
individual TPR motifs or blocks of TPR motifs may be
dispersed throughout the protein sequence.

The crystal structure of the TPR motif of protein phos-
phatase 5 residues 16—181 (TPR-PP5(16—181)) shows that
this region contains three TPR motifs (16). Adjacent TPR
motifs are packed together to form a regular series of anti-
parallel ae-helices rotated relative to one another by a constant
24°. The uniform arrangement of neighboring «-helices
gives rise to the formation of a right-handed superhelical
structure that creates a regular, elongated amphipathic (i.e.,
one side hydrophobic and the other hydrophilic) groove.
This topology also creates a continuous concave surface on
one side with a contrasting convex surface on the other. The
elongated amphipathic groove defined a novel mechanism
for protein recognition and constitutes a suitable platform
for target proteins of PP5 (16). The TPR motif mediates the
interaction of PP5 with the mammalian cryptochromes
CRY1 and CRY2 (17) and the single transmembrane atrial
natriuretic peptide receptor (18). The TPR motif of PP5 also
acts as the regulatory domain of the C-terminal phosphatase
in a process that involves the direct interaction of the TPR
motif with certain lipids such as arachidonic acid (19).

Langmuir monolayers at the air/water interphase have
been thoroughly studied for a long time. However, advances
have been achieved in recent years because of new experi-
mental techniques such as ellipsometry, polarized fluores-
cence microscopy, and Brewster angle microscopy (BAM).
These novel techniques, when applied to the analysis of
proteins at interfaces have yielded relevant physicochemical
information. For example, a series of experiments with pro-
tein films coupled to BAM demonstrated that the singular-
ities in the surface pressure-area isotherms are due to phase
changes, where each phase has a different molecular orga-
nization (20). Other studies have focused on the molecular
orientation of tetra-a-helical heme proteins (assa)2 (21) and
the interfacial properties of lipid-binding proteins (22;
reviewed in Bolanos-Garcia and Nunez-Miguel (23)).

We show that the N-terminal domain of BUBRI1 is glob-
ular, predominantly a-helical, stable in a wide range of pH,
and likely to contain the TPR motif. The latter suggestion is
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further supported by a series of comparative studies of this
BUBRI region and TPR-PP5 that include measurements of
shear elastic constant and surface activity using Langmuir-
Blodgett films coupled to BAM and null-ellipsometer. Taken
together, our studies constitute the first report on the bio-
physical, biochemical, and structural characterization of the
N-terminal domain of BUBRI.

MATERIAL AND METHODS
Materials

Vector pGEX4T-1, glutathione-sepharose resin, high-purity thrombin, and
the chromatography columns XK 26, Superdex 75 Hiload 26/60, sepharose-
glutathione fast flow and benzamidine fast flow were from Amersham
Pharmacia (Uppsala, Sweden). Ni-NTA resin was from Qiagen (West Sussex,
UK). Tablets of a cocktail of protease inhibitors were from Boehringer
Mannheim (Roche Diagnostics, East Sussex, UK). All the BUBRI protein
constructs were expressed in Escherichia coli BL21 (DE3). TPR-PP5(16—
181) was expressed in BL21 Codon plus. Both bacteria strains were from
Stratagene (Cambridge, UK). Quartz cells for circular dichroism (CD) were
from Hellma (Essex, UK). Benzamidine, imidazole, and all the salts used for
preparing buffer solutions were from Sigma (St. Louis, MO). Buffer and
protein solutions were prepared with ultrapure water (Nanopure-UV).

Methods
Cloning, expression, and purification of soluble constructs

The gene region encoding the N-terminal domain of human BUBR1(1-204)
was extended using conventional polymerase chain reaction. The amplicon
thus generated was cloned in frame downstream of the gst gene in the
pGEX4T-1 vector in the BamHI and Sall cloning sites. The identity of the
resulting vector, pGST-CD1, was confirmed by DNA sequencing. E. coli
BL21 (DE3) cells were transformed with the plasmid pGST-CD1 and the
protein BUBR1(1-204), expressed as follows: when the optical density at
600 nm of bacterial cultures grown in 2xTY broth was 0.6-0.7, cells were
induced with 0.1 mM isopropyl-3-D-thiogalactopyranoside. Cells were
harvested 4-5 h after induction. The cell pellet was washed with TBS buffer
(0.04 M Tris, 0.2 M NaCl, pH 7.4), centrifuged 20 min at 8000 rpm and
stored at —70°C until use. Frozen cell pellets were thawed on ice and
resuspended in TBS buffer containing a cocktail of protease inhibitors. Cells
were lysed in a French press at 1200 psi (SIM Aminco, Darmstadt, Germany).
After centrifugation at 20,000 rpm for 1 h at 4°C, the soluble fraction was
loaded onto an XK 26 column packed with glutathione-sepharose resin
previously equilibrated in the same buffer solution. After washing with ~20
volumes of TBS, 1 unit protease was used to digest 1 mg of recombinant
GST-BUBRI fusion. Thrombin and free GST-tag were removed using a
benzamidine fast flow column and a sepharose-glutathione column, respec-
tively. A protocol similar to that described above was used for the cloning,
expression, and purification of other GST fusions, including BUBR1(36—
204), (1-184), (1-192), (1-147), (210-340), (221-320), and (230-340).

TPR-PP5(16-181) containing a 6x-histidine tag at the N-terminal region
was expressed in E. coli BL21 Codon plus and purified by Ni-NTA affinity
chromatography according to conventional protocols. The identity of each
recombinant protein was confirmed by MALDI-TOF and N-terminal
sequencing at the PNAC facility (Department of Biochemistry, University
of Cambridge, Cambridge, UK). The N-terminal sequence analysis was
carried out according to the Edman degradation technique.

In silico analysis

The hydrophobic moment (wH) (24) was calculated using the program
(Hmoment) (available at http://bioweb.pasteur.fr/seqanal/interfaces/
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hmoment.html). The average hydrophobic moment (uH,,,) of the
amphipathic a-helices of BUBR1(1-204) was estimated according to Eq. 1:

by, = Z(/N[ZHnsinon)] + [BHncos(on)f]”),

)

where 8 corresponds to the angle formed between amino acid lateral chains
of two adjacent residues with respect to the plane of the a-helix (for an ideal
a-helix, § = 100°); N = the number of residues in that a-helix, and Hn is the
numerical hydrophobicity of the nth residue. Hn values are related to the free
energy of transfer of the amino acids from the inside to the surface of a
globular protein.

The a-helix consensus regions of BUBR1(1-204) were predicted using
the MetaPredict Protein server (http://cubic.bioc.columbia.edu/predictpro-
tein) and the suite of programmes described below.

A new implementation of the FUGUE program FugueRep (25,26) was
used to search for the TPR repeat motif in the BUBR1 sequence. Structural
profiles were created from the coordinates of each known TPR repeat protein
deposited in the Protein Data Bank. These were protein phosphatase 5 (1a17),
neutrophil cytosol factor 2 (1€96), hop chaperone (lelr, lelw), human pex5
(1fch), and bovine cyclophilin 40 (lihg). The coordinates of each Protein
Data Bank entry were split into a number of files containing single repeat
units. These were then structurally aligned using COMPARER (27) and
structural profiles representing a single repeat motif were built from the
alignment using Melody (25). Each profile was then used to search the
BUBRI sequence using the FUGUE algorithm. Where FUGUE was able to
align the profile with a region of the sequence, the hit was noted, the region
of the sequence masked, and the profile search repeated until no more hits
were found. As FUGUE scores alignments based on environment specific
substitution tables and structure-dependent gap penalties, the FugueRep
method seems to be more sensitive for the detection of structural repeats than
other sequence-based methods (26).

Circular dichroism

Far-ultraviolet (UV) circular dichroism spectra of recombinant, BUBR1
(1-204) were recorded on a Jasco J-720 spectropolarimeter (Jasco, Tokyo,
Japan) previously calibrated with camphorosulfonic acid and equipped with
a temperature control unit (JASCO PTC-348). Spectra were recorded in a
0.1-cm quartz cell, using an average time of 0.3 s and a step size of 0.5 nm at
20°C. The global a-helix content was calculated using the program CDPro
(28) and from the molar residue ellipticity at 222 nm, essentially using the
method previously reported (29). The signal dependence on protein con-
centration was calculated using several samples, with concentrations rang-
ing between 50 wg/ml and 200 wg/ml (i.e., 2-8 uM) in 0.05 M sodium
phosphate buffer, pH 7. For studies on protein stability as a function of pH,
protein solutions were prepared in 0.05 M sodium acetate, pH 4 and 5; 0.050
M sodium phosphate buffer, pH 6, 7, and 8, and 0.05 M sodium borate, pH
9. In all experiments, spectra were recorded with a 1-nm bandwidth, 0.5-nm
increment, and 20-s accumulation time, and were averaged over seven scans.
After subtraction of the buffer baseline, the CD data were normalized and
reported as molar residue ellipticity. The concentration of protein solutions
was determined from UV absorbance measurements based on the molar
absorption coefficient value (&).

Small angle x-ray scattering

Data were collected at Station 2.1, Synchrotron Radiation Source, Daresbury
Laboratory, using a two-dimensional multiwire proportional counter at
sample-to-detector distances of 1.25 and 4.25 m. Data from matching buffers
(0.050 M Tris-HCI, 0.15 M NaCl, and 0.001 M DTT, pH 7) were collected
and subtracted from the protein profiles. BUBR1(1-204) solutions at con-
centrations ranging from 4 to 10 mg/ml (=160-400 uM) were analyzed
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at 20°C. The radius of gyration, R, the maximum particle dimension, Dy,
and intraparticle distance distribution function, [p(r)] were calculated from
the scattering data using the indirect Fourier transform method program
Gnom (30).

Ellipsometry, surface pressure measurements, and
Brewster angle microscopy

Monolayers were prepared on a circular trough (S = 20 cm?) and the surface
pressure was measured with a sensor (Nima Technology, Cambridge, UK)
using a Wilhelmy plate. The ellipsometric measurements were carried out
with a house-made ellipsometer (31) operated with He-Ne laser (A = 632.8
nm, Melles Griot, Carlsbad, CA) polarized with a Glan-Thompson polarizer
(Melles Griot). The incidence angle of the light on the surface was 1° away
from the Brewster angle. After reflection on the water surface, the laser light
passed through a A/4 retardation plate, a Glan-Thompson analyzer, and a
photomultiplier. Through a computer-controlled feedback loop, the analyzer
automatically rotated toward the extinction position. In this “‘null ellip-
someter’’ configuration (32) the analyzer angle, multiplied by 2, yielded the
value of the ellipsometric angle (A), i.e., the phase difference between
parallel and perpendicular polarization of the reflected light. The laser beam
probed a surface of 1 mm? and a depth in the order of 1 wm. The ellip-
sometric angle, A, is proportional to the quantity of protein adsorbed at
the interface in the case of a monolayer. Hence, the variation of the
ellipsometric angle is a relevant probe for changes occurring at the interface.
Using the measured ellipsometric angle, A, and estimating the refractive
index increment of the protein to 0.2 ml/g, the surface concentration, I', of
adsorbed protein was calculated using the relationship between A and I’
reported by De Feijter and Benjamins (33). Initial values of the ellipsometric
angle (Ap) and surface tension of pure buffer solutions were recorded on the
subphase for at least half an hour. These values have been subtracted from all
data presented below. Values of A and surface pressure (7r) were stable and
recorded every 4 s with a precision of =0.5 and =0.5 mN/m, respectively.
Protein concentration used for ellipsometry, surface pressure measurements,
and BAM observations was in the range 1-80 ug/ml in phosphate buffer
(0.02 M sodium phosphate, pH 7).

Shear elastic constant

The principles and implementation of our experimental setup for the
measurement of the lateral rigidity of monolayers and the procedure for data
analysis have been extensively described before (34,35). Briefly, at the
center of a 48-mm-diameter Teflon trough, a 10-mm-diameter paraffin-
coated aluminum disc floats at the air/water interface, in contact with the
monolayer, whose rigidity is measured. The subphase is 5 mm deep. The
float carries a small magnet and is kept centered by a permanent magnetic
field, Bo = 6 X 107 T, parallel to the Earth’s field and created by a small
solenoid located just above the float. Sensitive angular detection of the float
rotation is achieved by using a mirror fixed on the magnet to reflect a laser
beam onto a differential photodiode. A sinusoidal torque excitation is
applied to the float in the 0.01-100 Hz frequency range by an oscillating
field perpendicular to the permanent solenoid field. The latter field acts as
a restoring torque equivalent to a monolayer with a rigidity of 0.16 mN/m.
This number set the sensitivity limit of the rheometer. The device behaves
like a simple harmonic oscillator. The resistance that the monolayer opposes
to the rotation of the float is directly measured. An important advantage of
this setup is the absence of physical link between the outside and the float
torsion (i.e., no torsion wire). This allows high sensitivities such that the
applied deformation is very small, below i, ~ 1077 where Uy corresponds
to the deformation tensor (34). The amplitude and phase of the angular
response, which reflects the rotational strain of the monolayer, is measured.
The shear elastic constant (u), which is expressed in mN/m, is measured at
5 Hz. Initial time points of all graphs (+ = 0) correspond to the first possible
measurements once the magnetic float is centered and stable, i.e., a few
minutes after mixing.
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For the experimental procedure, the amplitude and phase of the me-
chanical response of the pure subphase was first analyzed in the frequency
range 0.01-100 Hz. Then the protein solution was directly dispensed in the
trough and the mechanical response of the layer formed at the interface
recorded at the fixed frequency of 5 Hz up to the end of kinetic. At this step,
a complete measurement between 0.01 Hz and 100 Hz was performed again.
Rigidity measurements were carried out in parallel to ellipsometry. All the
experiments were performed at 18°C.

RESULTS
Fold recognition of the BUBR1(1-204) domain

The FugueRep (26) analysis of BUBR1 revealed two regions
of the sequence where each of the TPR structural profiles
consistently indicates the presence of a TPR motif in the
human BUBRI sequence and its homologs in mouse, rat,
chicken, and frog. These regions correspond to residues
149-189 and residues 421458 in the human sequence. For
the first predicted repeat region the highest Z-score obtained
was 5.56 and the lowest was 2.53. FUGUE Z-scores =6 are
reported to indicate ‘‘certain’’ hits, =4 indicate ‘‘likely’’ hits,
=3.5 indicate ‘‘marginal’’ hits, =2 indicate ‘‘guess’’ hits
and <2 are uncertain (25). The average Z-scores (number of
standard deviations above the mean score obtained by chance)
were 3.67 and 1.97, respectively. Thus, the first predicted TPR
motif is within range for marginal hits and the second is
uncertain. However, many of the individual scores for hits in
this region are in the likely range. The first repeat region
predicted by FugueRep (residues 149-189) is in agreement
with the predictions of REP, PROSITE, and SMART motif
detection programs. Moreover, as shown in Fig. 1, this region
shows good conservation of some of the residues previously
reported for this structural unit (36). A lower conservation was
observed in the other hit region (421-458) (data not shown).

Disorder prediction programs DISEMBL and GlobPlot
were used to assess the presence of disordered regions in this
protein. When using the loops/coils definition, DISEMBL
predicts that many of the residues in the region 234-379
correspond to unstructured coil between secondary struc-
tures. Likewise, the assignment of globular domains using
the Russell/Linding definition in GlobPlot also suggests that
the region 260-387 and other shorter regions predominantly
correspond to random coils with a marginal content of
a-helical structure. In agreement with these predictions, we
have observed a poor stability of several GST-BUBRI1 fusions

o W oE W A E oK P 185

Human VSLAQFYTSWAEEYEARENFRKADATFQEGIQQOKAEPLERL
Mouse VSLAQFYISWAEEYEARENFKKADIIFQEGIERXAEPLDRL
Rat ISLAQFYISWAEEYEARENFKKADIVFQQGIECKAEPLDRL
Chicken TTLAQLYITWAEELEARGSFKKADIIFQEGLNRKAEPLDKL
Xenopus VSHSLLYITWAEQFEARGNFKKADSMFQQGMQCKAEPLEKL
£000000000000000 $000000000000000

FIGURE 1 Alignment of BUBR1 homologs. The human homolog corres-
ponds to residues 149—189. This region is the strongest hit from the FugueRep
analysis and is predicted to be a TPR motif. The canonical residues that have
been reported for the TPR motif at those specific positions are shown in bold
above the aligned sequences.
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expressed in E. coli, including protein constructs encom-
passing the residues 210-340, 221-320 and 230-450.

BUBR1(1-204) is a stable, a-helical,
globular domain

The far-UV CD spectra of BUBR1(1-204) (Fig. 2 A) are
consistent with an a-helix content of 62%, stable in the pH
range 6 to 9 in the concentration range 50200 wg/ml (2-8 uM).
In contrast, at pH <3 a much lower content of a-helical struc-
ture and the predominance of disorder structure were noticed
(Fig. 2 A), which reflect the instability of this protein domain at
this extreme condition. Analytical gel filtration chromatography
and solution x-ray scattering studies of BUBR1(1-204) at higher
concentration (i.e., in the order 1015 mg/ml, ~400-600 wM)
demonstrated that this globular and compact domain is pre-
dominantly dimeric, although a small amount of tetramer was
also detected (manuscript in preparation). The estimated gyration
radii of BUBR1(1-204) in the same concentration range is 32 A,
which is close to that estimated from the crystal structure
of TPR-PP5(16-181) (=33 A), where the protein was found
to form dimers (16). Heat unfolding of BUBRI1(1-204)
monitored by CD spectroscopy showed a reversible denaturation
profile, which was similar to that of peptides of high «-helical
content (V. M. Bolanos-Garcia, manuscript in preparation).

BUBR1(1-204) is predicted to be a
surface-active domain

Some of the nine predicted a-helices of BUBRI1(1-204)
seem to be of an amphipathic nature. Because the affinity of
this class of a-helices for water/air interfaces is importantly

50 7 T T

ellipticity, mdeg

30 U ! ! I ! !
190 200 210 220 230 240 250

wavelength, nm

FIGURE 2 Far-UV spectra of human BUBR1(1-204) at pH 2 (A), 4 (m),
6 (<), 8 (V),and 9 (+).
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influenced by the magnitude of the hydrophobic moment
(uH), this parameter was estimated for each of the predicted
helices of this domain. These uH values were as follows:
helix 1 (10-28), 0.24; helix 2 (38—45), 0.11; helix 3 (53-68),
0.37; helix 4 (76-88), 0.33; helix 5 (98—110), 0.46; helix 6
(119-131), 0.50; helix 7 (135-144), 0.19; helix 8 (148—180),
0.36; and helix 9 (186-204), 0.34 kcal/mol. The average
hydrophobic moment (uH,, ) was 0.32 kcal/mol per residue,
which is similar to that observed in surface-active proteins
such as apoA-II (uH,,, = 0.41 kcal/mol per residue) and
apoC-III' (uHae = 0.32 kcal/mol per residue) (37) and
higher than less surface-active proteins such as lysozyme
(uHaye = 0.18 kcal/mol per residue) or ribonuclease A
(uH,ye = 0.13 kcal/mol per residue) (38). The product uH,y e
X F, where F corresponds to the fraction of a-helix struc-
ture, is a good estimate of the theoretical surface pressure
of a-helical proteins (39). As shown in Fig. 3, the magni-
tude of this product suggests that BUBR1(1-204) and
TPR-PP5(16-181) exhibit surface activity at water/air
interfaces.

BUBR1(1-204) forms a homogeneous, stable,
rigid film at the air-water interface

BUBRI1(1-204) was directly dispensed in the trough at a final
concentration of 30 ug/ml (1.2 uM). The ellipsometric angle
A at equilibrium (20 * 1°), which is proportional to the
quantity of protein adsorbed at the interface, as well as the
maximum surface pressure (17 mN/m), confirmed that
this domain is highly surface-active and able to form stable
monolayers (Fig. 4). After 8 h, the surface concentration re-
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e Ribonuclease A
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FIGURE 3 Theoretical surface pressure variation as a function of the

product wH,ye X F. TPR-PP5(16-181) and BUBR1(1-204) are predicted to
be surface-active proteins.
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mains constant at 3.8 mg/m’. As shown in Table 1, the
maximum surface pressure of BUBR1(1-204) is comparable
to that of other surface-active, a-helical proteins of similar
size and oligomerization state at low concentration, such as
exchangeable apolipoproteins C-I and A-I. TPR-PP5(16—
181) and BUBR1(1-204) exhibit a higher surface pressure
than other reported proteins such as lysozyme and human
serum albumin (31% and 68% a-helix, respectively), at a
similar surface concentration (38).

Adsorbed surface concentration and surface pressure of
BUBR1(1-204) and TPR-PP5(16-181) have also been
recorded at low bulk concentration (C,= 1 ug/ml; ie.,
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FIGURE 4 (A) Ellipsometric measurements of BUBR1(1-204) (O) and
TPR-PP5(16-181) (@) at 30 pg/ml (i.e., 1.2 uM and 1.5 uM, respectively),
pH 7. (B) Surface pressure measurements of BUBR1(1-204) (O) and TPR-
PP5 (16-181) (@) at 30 pwg/ml, pH 7.
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TABLE 1 Comparison of the maximal surface pressure of
several surface-active proteins recorded in the steady state

Protein 77 (mN/m) in the steady state
Apolipoprotein C-I* 21
Apolipoprotein A-I* 19
BUBR1(1-204), pH 7 18
BUBRI1(1-204), pH 2 28
BUBR1(36-204) 18
TPR-PP5(16-181) 18

*Values taken from V. M. Bolanos-Garcia, unpublished data.

40 nM and 50 nM, respectively). At this protein concentra-
tion, the first adsorption events could be recorded, which in
turn allowed several parameters relevant to surface activity
to be extracted. Two of these parameters were obtained from
the plot of I" versus 7 (Fig. 5). Here, I'y is the surface
concentration at which the surface pressure becomes
different from zero. 6 was extracted from the slope of the
-7 curve and corresponds to the increase of surface
pressure relative to the increase of surface concentration
(40). Furthermore, in the first steps of adsorption of
BUBR1(1-204) at this low bulk concentration, the transport
of protein molecules from the subphase to the interface is
assumed to be a diffusion-controlled process. Therefore, the
surface concentration I' follows the relation of Ward and
Tordai (41), which is shown in Eq. 2:

I = 2C,(Dt/3.1416)". )

The initial part of the I'-r '/ plot shows a linear correlation,

making possible the calculation of the diffusion coefficient,
Dt. For BUBR1(1-204), Dt = 4.8 107 '° m?/s, Ty = 1.1
mg/m?, and & =10 mN X m/mg. The value of the diffusion

12

10 -

surface pressure, mN/m
D
T

2.5

surface concentration, mg/m?

FIGURE 5 Surface pressure, 7, versus surface concentration, I', calculated
from ellipsometric and surface pressure measurements of BUBR1(1-204) at
1 pg/ml (40 nM), pH 7. 6 corresponds to the slope dar/dl” and I'y is the surface
concentration at which the surface pressure becomes different from zero.
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coefficient is quite comparable to that of globular proteins of a
similar size (33). Because Iy is slightly higher and 6 rather lower
than the values reported for many other surface-active proteins
(40), it seems that BUBR1(1-204) does not belong to the group
of extremely surface-active proteins.

Effect of pH on the adsorption of BUBR1(1-204)

Because the CD analysis described previously showed that
BUBR1(1-204) undergoes unfolding at pH 2 but remains
folded at pH 7, these two pH conditions were selected for
investigating the effect of the pH of the subphase on the
properties of this domain at the air/water interface. As shown
in Fig. 6, at pH 2 initial adsorption occurs rapidly and the
maximal surface pressure reaches a steady-state condition
after 30 min, which is much shorter than the time required to
reach the same condition at pH 7 (i.e., ~8 h). Interestingly,
a similar rapid migration from the bulk toward the interface
has been observed in several well characterized surface-active
lipid binding proteins of high a-helical content under similar
experimental conditions (V. M. Bolanos-Garcia, S. Beaufils,
and A. Renault, unpublished). The maximal surface pressure
of BUBR1(1-204) at pH 2 is 28 mN/m, which is much higher
than that measured at pH 7 (18 mN/m). In contrast, the
maximal surface concentration of BUBRI1 (1-204) at pH 2 is
of the same order of magnitude as that at pH 7 (4.22 and 3.54
mg/m?* +0.5 mN/m, respectively). Moreover, as Fig. 7 shows,
the formation of a rigid monolayer occurs more rapidly at pH
2 than at pH 7: w reaches a maximal value after 4 h and
remains stable for at least 14 h.

Helix 1 is important for protein stability

Although the deletion mutant BUBR1(36-204) was overex-
pressed in E. coli as a soluble protein, it shows a higher
content of disordered structure and a lower percentage of
a-helix than BUBR1(1-204) as estimated by circular dichroism.
In addition, BUBR1(36-204) was prone to form protein ag-
gregates in aqueous solution, as detected by gel permeation
chromatography and small angle x-ray scattering (data not
shown). Consequently, a thermal stability analysis on BUBR1
(36-204) could not be carried out due to the poor repro-
ducibility of independent thermal denaturation curves. How-
ever, this deletion mutant was studied in monolayers to
evaluate the effect of deleting helix 1, which contains the pu-
tative KEN box motif, on the interfacial properties of
BUBRI1. BAM observations of BUBR1(1-204) and BUBR1
(36-204) are shown in Fig. 8. BUBR1(36-204) exhibits a
similar surface pressure in the steady state as that of BUBR1
(1-204) (i.e., 18 mN/m). However, BAM observations showed
that BUB1(36-204) exhibits a dramatic change in the refrac-
tive index at the interface compared with that of BUBR1
(1-204). In agreement with BAM observations, ellipsometry
shows that BUBR1(36-204) forms a very disturbed layer, as
A steadily increased for at least 15 h, the time frame during
which the ellipsometric measurements were recorded.

Biophysical Journal 89(4) 2640-2649
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FIGURE 6 (A) Ellipsometric measurements of BUBR1(1-204) at pH 2
(O) and pH 7 (O). (B) Surface pressure of BUBR1(1-204) at pH 2 (OJ) and
pH 7 (O).

The TPR motif of PP5(16-181) is
also surface-active

TPR-PP5(16-181) also exhibits surface activity at interfaces,
with similar adsorption kinetics to that of BUBR1(1-204),
as shown in Fig. 4. In contrast to BUBR1(1-204), which re-
mained adsorbed at the interface for at least 18 h, TPR-
PP5(16-181) showed a relaxation of the surface pressure as
early as 2 h after the experiment started. However, the sur-
face concentration of this protein domain remained constant
from 5 h after the beginning of kinetic. The maximal surface
pressure reached was 18 mN/m, which is very similar to that
of BUBR1(1-204) at pH 7. The final surface concentration is
4.7 mg/m?, suggesting that TPR-PP5(16-181) is not forming
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FIGURE 7 Rheology measurements of BUBR1(1-204) (O) and TPR-
PP5(16-181) (@) at 30 wg/ml (i.e., 1.2 uM and 1.5 uM, respectively), pH 7,
and of BUBR1(1-204) at 30 wg/ml, pH 2 (). The graph shows the shear
elastic constant, u, versus time measured at the fixed frequency of 5 Hz,
during protein adsorption at the interface.

protein multilayers. Thus, both proteins exhibit a similar
surface activity and are able to form monolayers under iden-
tical experimental conditions.

To explore further the properties of the TPR-PP5(16-181)
motif versus those of BUBR1(1-204), surface rheology
measurements were carried out at pH 7 and pH 2. As shown
in Fig. 7, theology measurements suggest that monolayers of
TPR-PP5(16—-181) at pH 7 are comparatively less rigid than
those of BUBR1(1-204) at the same pH value. Much less
rigid TPR-PP5(16-181) monolayers were observed at pH 2
(u in the steady state = 34 mN/m) compared with those at
pH 7 (data not shown).

DISCUSSION

Our in silico analysis revealed two regions of BUBRI1 in the
human, mouse, rat, chicken, and frog homologs that might
exhibit the TPR motif. These regions encompass residues
149-189 and 421-458 in the human sequence. However, the
characteristic low residue conservation of TPR motifs makes
it difficult to identify more distantly related TPR motif
repeats. The TPR motif present in the N-terminal domain
of BUBRI seems to correspond to a single repeat, which is
found less often than triple or higher order repeats in humans
and other higher species (42). Interestingly, other proteins
containing a single TPR motif unit in the N-terminal region
include cdc16, cdc23, and cdc27, which play important roles
in mitosis. However, the presence of more TPR units cannot
be ruled out as individual hits scored in the likely range. We
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FIGURE 8 (A) BAM image (scale 300 um X 500 wm) of pure buffer
solution at zero time. (B) BAM image of BUBR1(1-204) at a concentra-
tion of 30 wg/ml (1.2 uM) adsorbed at 20°C, pH 7, at t = 14 h. (C) BAM
image of BUBR1(36-204) obtained under conditions identical to those of
BUBRI1(1-204).

conclude from this analysis that the N-terminal domain of
BUBRI contains a divergent TPR motif repeat.

Because TPR-PP5 was the top hit of the structural profiles
detected by FugueRep, we included in our study a series of
comparative analyses between this motif and the N-terminal
region of BUBRI1. Due to the fact that the crystal structure of
the TPR motif of PP5 shows the presence of a continuous
amphipathic groove (16) and that this motif is able to bind
certain fatty acids (19), the adsorption of TPR-PP5(16-181)
and BUBR1(1-204) at air/water interfaces was investigated.
The presence of a continuous amphipathic groove is not a
unique feature of TPR-PPS, as it is also observed in the
crystal structure of other TPR motifs, including that of Hop,
cyclophilin 40, and Nlp1 (43-45). Thus, we postulate that
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TPR motifs are generally surface-active. However, whether
the high surface activity is relevant for protein function will
have to be established in each individual case.

TPR-PP5(16-181) and BUBR1(1-204) are predicted to
be surface-active according to the product uH,,, X F. The
predicted surface-pressure values of BUBR1(1-204) and
TPR-PP5(16-181) were in good agreement with those deter-
mined experimentally. Thus, the product uH,,, X F pro-
vides a good estimation of the relative surface activity of
a-helical proteins containing amphipathic a-helices.

We observed a faster migration of TPR-PP5(16-181)
toward the interface in comparison with BUBR1(1-204) at a
similar concentration, which suggests the former exhibits a
higher hydrophobicity. Because the surface concentration of
TPR-PP5(16-181) remains constant, the decrease in surface
pressure does not seem to be due to desorption events. Instead,
molecular rearrangements may account for the adsorption
dynamics of TPR-PP5(16-181).

The deletion mutant BUBR1(36-104) was prone to form
aggregates and multilayers. The comparatively high surface
pressure of BUBR1(36-204) at the similar surface concen-
tration =4 mg/m? (the maximal surface concentration achieved
by both BUBRI1 constructs), strongly suggests that BUBR1
(36-204) undergoes dramatic conformational changes upon
adsorption, including unfolding. As BUBR1(36-204) exhib-
ited a surface pressure in the steady state similar to BUBR1
(1-204), we conclude that residues 36204 are sufficient to
confer surface activity on this domain. Helix 1(10-28) ex-
hibits a low amphiphilicity (uH = 0.24 kcal/mol) and barely
contributes to the global affinity of this protein domain for the
interface. However, helix 1 (residues 10-28), which contains
the KEN motif, confers stability to the N-terminal domain of
BUBRI in aqueous solutions and at interfaces. If the structural
stabilization of this domain is a requirement for the function in
vivo of the KEN motif as a Cdhl-dependent anaphase-
promoting complex recognition signal, it is an aspect that
requires further investigation.

The pH of the subphase has a significant influence on
the properties of BUBR1(1-204) at the air/water interface, as
changes in the pH of the solution affect the lateral interaction
between protein molecules. If BUBR1(1-204) was unfolded
at pH 7, a similar maximum surface pressure to that observed
at pH 2 would be expected. In contrast, despite the similar
surface concentration, the maximum pressure at pH 2 is much
higher than that at pH 7, suggesting that BUBR1(1-204) is at
least partially folded during early adsorption events. Because
the transition from longways-on to sideways-on adsorption
(tilting) is driven by packing requirements (46), a plausible
explanation for the increase in the amount of protein adsorbed
at pH 2 with respect to that at pH 7 is that when more mole-
cules approach the surface, they might push together some of
the previously adsorbed molecules, so that the layer becomes
more compact and presents smaller loops and tails.

The rotation coupling between the float and the contact-
ing monolayer was satisfactory because we measured the sur-
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face shear elasticity using a device that introduces very small
excitation strains (from 1073 down to 1076) to our system.
We have previously shown that pure shear elastic response
exhibits a linear stress-strain relationship over this range (34)
and that the small strains do not create plastic deformations
on fragile surface objects (35).

Surface rheology of BUBRI1(1-204) and TPR-PP5
(16-181) at pH 7 indicate that both proteins exhibit a similar
adsorption kinetic. In comparison with BUBR1(1-204),
TPR-PP5(16-181) forms less rigid monolayers, which is con-
sistent with the notion that this motif undergoes molecular
rearrangements at the interface. Nevertheless, the rigidity of
TPR-PP5(16-181) at pH 7 is relatively high, strongly sug-
gesting that this motif presents extensive medium-range and
long-range interactions. Extensive medium- and long-range
interactions are the ones most frequently observed in a-helical
proteins compared with other structural classes, including all-
B, a + B and a/B (47). Indeed, the mediation of long-range
interactions is one important functional characteristic of TPR
motifs (36). Thus, the stabilization of TPR motifs by medium-
and long-range interactions provides an explanation of the
poor stability in solution of other BUBR1 constructs where
several a-helices were deleted, including that of a-helix 9
(residues 185-204 and 193-204) and a-helices 8 and 9 (resi-
dues 148-204) (V. M. Bolanos-Garcia and T. L. Blundell,
unpublished results).

Interestingly, the crystal structure of the TPR domain of
cyclophilin 40 shows an extended form, which has been
attributed to a trapped folding intermediate (44). If this is the
case, it means that the interactions in the crystal lattice were
sufficiently strong to stabilize protein molecules in different
conformational states. In the same crystal structure, it was
also observed that the C-terminal region of a neighboring
molecule bonds to the concave face of the characteristic
superhelical structure of TPR motifs, suggesting that the
binding of TPR ligands is sufficient to stabilize this fold.
Moreover, recent studies on the TPR motif of PP5 unveiled
a coupled ligand binding-folding mechanism (48). Besides,
the coupled ligand binding-folding mechanism may be
common in this class of repeat motif (48). Taken together,
these findings might explain why only quite a few examples of
TPR motifs have been crystallized in the absence of any
ligand. Those observations may also provide an explanation
of the dimeric oligomerization state often observed in the
crystal structure of TPR motifs. We have obtained protein
crystals of the TPR motif of human BUBRI1 (residues 1-213)
that were suitable for x-ray diffraction studies (i.e., single
crystals 300-500 wm in size). However, the maximum dif-
fraction limit achieved using synchrotron radiation was in
the order of 6 A even though the crystals did not decay rap-
idly (V. M. Bolanos-Garcia and T. L. Blundell, unpublished
results). A plausible explanation for the poor diffraction limit
achieved is that protein molecules exhibited diverse confor-
mational states in the crystal lattice just as seen in the TPR
motif of cyclophilin 40. From these observations, it seems
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either that the cocrystallization of the N-terminal domain of
BUBRI1 with its ligand(s) might be crucial to obtain single
crystals of higher quality or that, if a stable construct of this
domain can be crystallized in the absence of any ligand(s), it
will form homodimers or higher-order oligomers in the
crystalline state.

This work provides a new physical insight of the N-terminal
region of BUBRI, a protein that plays an essential role in the
mitotic checkpoint control. We have provided evidence that
this region (residues 1-204) exhibits a high a-helical content,
remains stable in a wide range of pH and exhibits a close
similarity to the TPR motif of PP5 (residues 16—181) with re-
spect to its secondary structure content, globularity, adsorp-
tion, and rheological properties at air/water interfaces. The
presence of a putative TPR motif in the N-terminal region of
BUBRI strongly suggests that this region directly partic-
ipates in protein-protein and/or protein-lipid interactions,
a notion supported by the high surface activity observed at
air/water interfaces. However, the direct participation of
lipids in the regulation of any mitotic checkpoint protein has
not been reported to date.

The putative TPR motif might in turn provide the structural
framework for some of the functions of this multidomain
checkpoint control protein. Undoubtedly, the identification of
interacting partner(s) of the putative TPR motif of BUBR1
will give new insights into the function of BUBRI and, at the
same time, increase the chances of obtaining single crystals of
high quality. Both are aspects currently being investigated in
our laboratory.
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