
Structure of Human Ki67 FHA Domain and its Binding
to a Phosphoprotein Fragment from hNIFK Reveal
Unique Recognition Sites and New Views to the
Structural Basis of FHA Domain Functions

Hongyuan Li, In-Ja L. Byeon*, Yong Ju and Ming-Daw Tsai*

Departments of Biochemistry
and Chemistry, Campus
Chemical Instrument Center
The Ohio State University
Columbus, OH 43210, USA

Recent studies by use of short phosphopeptides showed that forkhead-
associated (FHA) domains recognize pTXX(D/I/L) motifs. Solution struc-
tures and crystal structures of several different FHA domains and their
complexes with short phosphopeptides have been reported by several
groups. We now report the solution structure of the FHA domain of
human Ki67, a large nuclear protein associated with the cell-cycle. Using
fragments of its binding partner hNIFK, we show that Ki67-hNIFK bind-
ing involves ca 44 residues without a pTXX(D/I/L) motif. The pThr site
of hNIFK recognized by Ki67 FHA is pThr234-Pro235, a motif also recog-
nized by the proline isomerase Pin1. Heteronuclear single quantum coher-
ence (HSQC) NMR was then used to map out the binding surface, and
structural analyses were used to identify key binding residues of Ki67
FHA. The results represent the first structural characterization of the
complex of an FHA domain with a biologically relevant target protein
fragment. Detailed analyses of the results led us to propose that three
major factors control the interaction of FHA with its target protein: the
pT residue, þ1 to þ3 residues, and an extended binding surface, and
that variation in the three factors is the likely cause of the great diversity
in the function and specificity of FHA domains from different sources.
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Introduction

The forkhead-associated (FHA) domain has been
demonstrated to be a modular phosphopeptide-
binding domain.1 – 5 It has been identified in more
than 200 proteins with great functional diversity,
including DNA damage repair and signaling pro-
teins, kinesins, ring-finger proteins, forkhead tran-
scription factors, nuclear inhibitor of protein

phosphatase 1 (NIPP-1), and Ki67.6 Results from
studies with short pT-containing peptides and pep-
tide libraries indicate that FHA recognize
pTXX(D/I/L) motifs. The structures of several
FHA domains and their complexes with short
phosphopeptides have been reported.1,3,4,7 – 11 How-
ever, the biological target proteins of FHA domains
have been proposed or identified in only a few
cases, including RLK5 (KAPP FHA domain),12

Rad9 (two FHA domains of Rad53),13 Chk2 (Chk2
FHA domain),14 Pan3 (Dun1 FHA domain),15 and
Hklp216 and hNIFK17 (Ki67FHA domain). Some of
the evidence is indirect and remains to be verified
further. Most of these suggested target proteins
contain multiple pTXX(D/I/L) motifs. For example,
Rad9 contains five TXXD motifs (potential binding
motif for the FHA1 domain of Rad53 binding) and
22 TXX(I/L) motifs (potential binding motif for
the FHA2 domain of Rad53). Specific binding sites
have been suggested in some cases on the basis of
the results from short phosphopeptides.4 However,
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in no case has the actual pT residue recognized by
an FHA domain been demonstrated by chemical
or structural analysis of the complex between
FHA and a protein-binding partner.

The Ki67 protein was originally identified as an
antigen which was recognized by a monoclonal
antibody Ki67.18 This antigen is present in the
nuclei of cells in the G1, S, and G2 phases of divid-
ing cells as well as in mitosis but not in the G0

phase of quiescent cells.19 This stringent feature
has made Ki67 a popular prognostic and diagnos-
tic tool.20 The location of Ki67 is dynamically
related to cell cycle. It is a constituent of compact
chromatin21 and is vital for cell proliferation, since
removal of Ki67 protein using antisense nucleo-
tides prevents cell proliferation.22 Recent studies
showed that the C terminus of Ki67 interacts with
heterochromatin protein 1 family and potentially
plays a role in higher-order chromatin
organization.23 All these suggest that Ki67 protein
is involved in the protein interaction network that
drives cell division cycles. Since Ki67 contains an
FHA domain, recent biological studies suggested
that Ki67 protein could interact with phosphory-
lated proteins through its FHA domain. Two
Ki67FHA domain interacting proteins, Hklp216

and hNIFK,17 have been identified. Both are phos-
phorylated in mitotic cells and could be involved
in complex signal transduction pathways. Under-
standing the structural basis of the interactions
between Ki67 and its binding partners will contrib-
ute to our knowledge not only on the functions of
Ki67 but also on the control of cell-cycles.

Here, we present the structure of the Ki67FHA
domain. The specific phosphoamino acid recog-
nized by Ki67FHA was identified by use of various
synthetic phosphopeptide fragments of hNIFK.
The binding motif was shown to be different from
all other FHA domains studied with short phos-
phopeptides. The detailed binding interaction was
characterized by a 44 amino acid residue phospho-
peptide corresponding to the residues 226–269
from the biological target protein hNIFK. A new
view to the mechanism of FHA recognition is
proposed.

Results and Discussion

Solution structure of Ki67FHA and comparison
with other FHA domains

The construct for the Ki67FHA domain contains
residues 1–120 of Ki67 and eight additional linker
residues (GSPEFPGG) attached to the N terminus
of Ki67FHA. The fragment is unstable and has a
tendency to aggregate, thus NMR experiments
were performed at lower temperature (17 8C) and
lower concentration (,0.5 mM). While N and C-
terminal residues exhibit characteristics of flexible
random coiled conformation, residues 4–100 dis-
play well-dispersed HSQC peaks. Of this core sec-
tion, all but six (R12, S13, E55, S65, T66, N67)

backbone amide groups and more than 95% of all
NMR resonances were assigned. The unassigned
amides were not detected in 15N– 1H heteronuclear
single quantum coherence (HSQC) most likely due
to exchange broadening.

The structures of Ki67FHA were calculated using
a simulated annealing protocol using the NIH
version24 of the program X-PLOR.25 The total num-
ber of distance and torsion angle restraints that
were applied to the calculation is 1921, and thus
ca 20 restraints per residue. The best-fit superposi-
tion of the final 22 ensemble structures is shown
in Figure 1 and structural statistics are provided
in Table 1. The structures are well defined, satisfy
the experimental restraints, and show very good
covalent geometry. All residues are observed in
the allowed Ramachandran space. They also show
very good structural convergence with r.m.s.d.
values of 0.37(^0.05) Å for the backbone atoms
and 0.84(^0.05) Å for the heavy atoms excluding
the disordered loop between b strands 1 and 2
(residues 11–16). The disorder of the loop is likely
a result of intermediate loop motions in chemical
shift time-scale because the two backbone NH
groups in the loop (R12 and S13) are not detected
in 15N–1H HSQC and the loop exhibits little
medium or long-range NOEs.

Residues 4–100 of Ki67 show a b-sandwich scaf-
fold essentially identical with those of the FHA
domains from Rad53,1,3,4 Chk211 and Chfr.7 Search
of structures in the Protein Data Bank using the
program DALI26 confirmed that Ki67FHA shows
close structural similarity (Z-score . 10 to
Ki67FHA) to all FHA domains in the data bank:
Rad53 FHA1 (Z-score ¼ 11.5 for free FHA1, 1J4O;
12.8 and 11.3 for the FHA1/pT peptide complexes,
1G6G and 1J4P, respectively), Rad53 FHA2 (Z-
score ¼ 10.6 for free FHA2, 1FHQ; 10.8 for the
FHA2/pY peptide complex, 1J4K), and Chk2 FHA
(Z-score ¼ 12.3 for the FHA/pT peptide complex,
1GXC). Sequence alignments of Ki67FHA to other
FHA domains using the structural homology are
shown in Figure 2A. Note that the loop length and
structures vary substantially although all the 11 b-
strands are highly conserved in all FHA domains.
It is interesting to note that Ki67FHA has the smal-
lest number of residues to fold into the FHA
characteristic b-sandwich because their loops are
shorter than the corresponding loops in the other
FHA domains. Figure 2B shows the comparison of
the ribbon diagrams between Ki67FHA and Rad53
FHA1. It is clear that these two FHA domains are
well superimposed: the backbone atomic r.m.s.d.
value is 1.6 Å when the extended loops found in
FHA1 between b2 and b3 and b9 and b10 are
excluded. Figure 2B also displays the side-chains
that have been identified to interact with the phos-
phate group of the phosphorylated peptides in
FHA1, FHA2, and Chk2. It is interesting to observe
that residues 31(Arg), 45(Ser) and 46(Lys) of
Ki67FHA are located in a three-dimensional space
very similar to the corresponding ones of the
other three FHA domains. Their interactions with
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the phosphate group have been observed in all the
structures of FHA-phosphopeptide complexes
determined previously. On the other hand, S65 of
Ki67 FHA is found in a rather distant position
from that of the corresponding residue of Rad53
FHA1 (T106, which was shown to interact with
the phosphate group).3 It remains to be established
whether S65 of Ki67 is not involved in the inter-
action with the phosphate group, or the loop struc-
ture around residue 65 is not well defined due to
the lack of its assignment.

Ki67FHA does not bind short phosphopeptides
containing pTXX(D/I/L) motifs

Previously, the binding of FHA domains has

been shown to be highly dependent on the linear
sequence near pT, particularly at the þ3
position.2 – 4 However, the three approaches that
have been used to identify tight-binding peptides
for other FHA domains have not been successful
with the Ki67 FHA domain. (a) The library screen-
ing method which has successfully identified the
tight binding phosphopeptides for FHA1 domain
and FHA2 domain of Rad53,4,8 was used to screen
Ki67FHA. The three libraries used in this study
are X1X2X3(pT/pS/pY)X4X5X6. In all experiments,
FHA1 was used as a positive control. Under the
conditions when FHA1 gave more than 90% of
Asp at the þ3 position, Ki67FHA did not show
a clear selection at the þ3 position or other posi-
tions. (b) As a complementary approach, synthetic

Figure 1. A, Stereo view showing superposition of the backbone traces (N, Ca, C0) of the final 22 ensemble structures
of Ki67FHA (residues 4–100). B, The ribbon diagram.
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pT-peptides with different types of residues at
the þ3 position were used to titrate 15N
Ki67FHA in HSQC NMR experiments. These
include peptides with aromatic, hydrophobic,
acidic and basic residues at position þ3.
Addition of up to 2 mM of any of these peptides
to a 0.4 mM Ki67FHA solution causes no obser-
vable chemical shift changes on the HSQC spec-
trum of Ki67FHA. (c) We next tested the binding
of short phosphorylated peptides from the bio-
logical targets of Ki67FHA. Seven peptides (11–13
residues) corresponding to possible phosphoryl-
ation sites within the identified binding motif in
hNIFK and Hklp2 proteins were synthesized
and used for HSQC titration. These include five
peptides from Hklp2 centered at conserved ser-
ine and threonine residues (S1021, S1088, S1134,
T1144 and S1169) and two peptides from hNIFK
centered at T234 and T238 whose mutation has
been reported to disrupt tight binding in vivo.17

None of the peptides caused any chemical shift
change in the 15N HSQC spectrum of Ki67 FHA,
indicating lack of binding. Overall, the results
are very different from those of other FHA
domains studied to date, which are able to bind
more than one type of short phosphopeptide. It
is possible that only longer peptide fragments

from the biological partner are able to bind to
the FHA domain of Ki67.

Identification of a tight-binding 44 residue
fragment consisting of a (pThr)Pro motif from
the biological binding partner hNIFK

On the basis of yeast two-hybrid experiments,
Ki67FHA has been suggested to interact with a 44
residue fragment from hNIFK covering residues
226–269. Furthermore, pull-down assays using
mitotic cell extract-treated hNIFK and mutants
suggested that phosphorylation at T234 and/or
T238 are required for tight binding in vivo.17 We
therefore overexpressed this 44 residue fragment
of hNIFK (designated as hNIFK44) in Escherichia
coli as a fusion protein with a solubility enhance-
ment tag GB1 domain.27 This tag greatly increased
the yield and stability of hNIFK but did not inter-
act with Ki67FHA domain directly or indirectly as
tested by NMR. HSQC NMR experiments demon-
strated that Ki67FHA indeed binds to hNIFK44,
albeit weakly; details of NMR results are described
in the next section. The Kd value was determined
using surface plasmon resonance (SPR) to be
around 100 mM.

The results described above suggested that a

Table 1. Structural statistics for the FHA domain of Ki67

22 Conformer ensemble Regularized mean structure

A. r.m.s.d. from experimental restraintsa

Distance restraints (Å)b

All (1756) 0.035 ^ 0.002 0.032
Sequential ðlI 2 jl ¼ 1Þ (392) 0.030 ^ 0.003 0.029
Medium ðli 2 jl , 5Þ (141) 0.034 ^ 0.008 0.038
Long ðli 2 jl $ 5Þ (808) 0.043 ^ 0.002 0.038
Intra-residue (353) 0.013 ^ 0.010 0.012
Hydrogen bonds (62)c 0.028 ^ 0.003 0.019

Dihedral angle restraints (8) (165)d 0.485 ^ 0.114 0.493

B. r.m.s.d. from idealized covalent geometry
Bonds (Å) 0.0028 ^ 0.0003 0.0028
Angles (deg.) 0.547 ^ 0.018 0.593
Impropers (deg.) 0.431 ^ 0.021 0.540

C. Measures of structural quality
Ramachandran plote

Most favored regions (%) 81.4 ^ 1.5 84.4
Additionally allowed regions (%) 18.4 ^ 1.8 15.6
Generously allowed regions (%) 0.2 ^ 0.5 0.0
Disallowed regions (%) 0.0 ^ 0.0 0.0

EL–J (kcal/mol)f 2337 ^ 9 2338
Coordinate precision (Å)g

Backbone atoms 0.37 ^ 0.05 –
All heavy atoms 0.84 ^ 0.05 –

a The number of restraints is given in parentheses. The restraints were exclusively from the core residues 4–100.
b None of the ensemble structures exhibited distance violations greater than 0.5 Å.
c All hydrogen-bonding restraints involve slowly exchanging NH protons.
d Dihedral angle restraints comprise 72 f, 71 c and 22 x1 angles. None of the structures exhibit dihedral angle violations greater

than 68.
e Calculated by PROCHECK. Poorly defined regions (residues 1–4, 1–16 and 100–120) were excluded in the statistics.
f EL–J is the Lennard–Jones van der Waals energy calculated with the CHARMM empirical energy function and is not included in

the target function for simulated annealing or restrained minimization.
g Coordinate precision for the ensemble is defined as the average atomic r.m.s.d. value from the mean structure obtained by averaging

the coordinates of the 22 ensemble structures best fit to each other excluding poorly defined regions (residues 1–4, 11–16 and 100–120).
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tight-binding fragment could be obtained upon
phosphorylation of the Thr residues in hNIFK44.
Attempts to achieve Thr phosphorylation by
commercially available protein kinases were
unsuccessful. As an alternative approach, three
phosphopeptides corresponding to hNIFK44 with
phosphorylation at T234, T238 or both (designated
as SP44-234p, SP44-238p, and SP44-234-238dp,
respectively) were chemically synthesized and
tested for binding to Ki67 FHA by SPR. Tight bind-
ing was observed for SP44-234p and SP44-
234_238dp (Kd ¼ 1.63 mM and 1.38 mM, respect-
ively) but not for SP44-238p, indicating that phos-
phorylation at T234 but not T238 is essential to
mediate the tight binding. The synthetic peptide
SP44-234p, which has the following sequence, was
used for further structural analysis as described in
the next section.

226KTVDSQGP(pT)PVCTPTFLERRKSQVAELND
DDKDDEIVFKQPISC.

While both hNIFK44 and SP44-234p are able to
bind to Ki67 FHA as described above, the 1D pro-
ton NMR experiment indicated that neither dis-
plays clearly folded tertiary structures in the free
form. Structure needed for specific binding is likely
to be induced upon binding with the FHA domain.

There are two significant aspects in the results
described above: a long phosphopeptide is
required for binding to Ki67 FHA, and a proline
residue follows immediately the phosphothreonine
site. In the other known binding partner protein of
Ki67FHA, Hklp2, the only conserved threonine
(T1144) in the mapped binding region is also fol-
lowed by a proline residue.16 Since the function of
Ki67 is closely related to cell proliferation and the
cell cycle is controlled by specific kinases such as

Figure 2. A, Sequential and structural alignments of Ki67 FHA to FHA1 and FHA2 of yeast Rad53, the human Chk2
FHA domain, and the FHA domain of the Chfr mitotic checkpoint protein. The b-strands are shown in red, and helices
found in loops are shown in cyan. Identical residues are indicated by stars. B, Stereo view of the superposition of the
ribbon diagrams of Ki67FHA (magenta) and Rad53 FHA1 (green, 1G6G). The 11 b-strands are numbered sequentially
as in FHA2,8 namely 1–10 for antiparallel strands and 30 for the parallel b-strand. The side-chains of 31, 45, 46 and 65
in Ki67 are colored in red, and the corresponding residues in FHA1 where they interact directly with the phosphate
group of a pT peptide are in blue.
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cyclin-dependent kinases (CDKs), it is tempting to
associate Ki67FHA phosphoprotein binding
activity with the kinase activities. CDKs and
MAPKs (mitogen-activated protein kinases) have
been reported to recognize Thr-Pro motif.28 While
previous studies with other FHA domains show
that small phosphopeptides are sufficient to con-
vey tight binding, little is known about whether
these FHA domains bind to their biological target
proteins in a similar way. On the other hand, in a
few cases including Ki67FHA, the region of FHA
domains involved in binding to their biological tar-
get has been mapped to a region of a few hundred
residues using in vivo methods, but the exact phos-
phorylation site has not been demonstrated by in
vitro experiments. The results in this study serve
to bridge this important gap.

NMR analyses of the interaction of
Ki67 FHA with phosphorylated and
non-phosphorylated fragments

Tight binding of Ki67FHA with SP44-234p was
characterized by slow-exchange chemical shift
changes in both 31P NMR and 15N-HSQC
experiments. Figure 3 shows the overlay of the

HSQC spectra of the Ki67FHA domain in the free
form and complexed to SP44-234p. Assignment of
the 15N-1H HSQC resonances of Ki67FHA complex
with SP44-234p was conducted by comparing
their NOE patterns with those of free Ki67FHA
using 3D 15N-edited NOESY. This approach
allowed us to assign the Ki67FHA 15N-1H reson-
ances in the complex for all but 11 residues, and
thus to identify the residues affected by the bind-
ing. R38, R93 and S94 could not be assigned
because of insufficient NOE evidence. However,
these residues are likely involved in binding
because their HN peaks were not found within
0.3 ppm compared to the peptide-free position.
R12, S13, E55, S65, T66 and N67 could not be
assigned because these residues were not assigned
in the free Ki67 FHA. I33 and F63 are located in a
region too crowded to assign. The summary of the
chemical shift perturbation introduced by binding
of SP44-234p is shown in Figure 4A. The greatest
perturbations are observed in the loop between
b30 and b4; all residues in this loop are labeled as
red or orange, as shown in Figure 4B.

Binding of the non-phosphorylated fragment
hNIFK44 was also examined by HSQC NMR.
The binding is clearly weak as the peaks shift

Figure 3. Overlay of the 15N HSQC spectra of Ki67FHA in the free form (black) and with the 44 amino acid phospho-
peptide SP44-234p bound (red). Only the assignments of the free form are shown in order to avoid overcrowding. The
assignments of the complex were performed as described in the text.
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Figure 4. A, Chemical shift perturbations of the Ki67FHA backbone amide groups upon binding SP44-234p (brown)
and hNIFK44 (green). The combined 1H and 15N chemical shift differences, calculated using the equation
Dppm ¼ [(DdHN)2 þ (DdN £ aN)2]1/2, where aN is the scaling factor (0.17) used to normalize the 1H and 15N chemical
shifts,9,39 were plotted against residue numbers. The residues with no data shown are those with Dppm , 0.1 ppm,
those unassigned, or proline residues (no HN protons). The residues with comparable brown and green bars are
mostly the residues in the extended binding surface. The residues with high brown bars but no green bars or negative
green bars (chemical changes in different directions) are mostly the residues involved either directly or indirectly in
the binding of the (pT)PVC residues as described in the text. B, Mapping of the SP44-234p-binding site on the Ki67
FHA structure. The residues were grouped into five groups using rainbow colors: red, D $ 0.4 ppm; orange, 0.3–
0.4 ppm; yellow, 0.2–0.3 ppm; green, 0.13–0.2 ppm; and blue, ,0.13 ppm. In addition, three residues, R38, R93
and S94 are defined as possible binding residues and are labeled in magenta because their NH peaks disappeared
and were not found within ^0.3 ppm compared to the peptide-free HSQC. Residues numbers are given for red and
orange residues.
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gradually, but it is specific, since it was not
observed for other FHA domains such as FHA1
and FHA2 of Rad53 used as controls. The chemical
shift changes are also summarized in Figure 4A.
The results suggest that the FHA residues involved
in the binding of hNIFK44 are generally the same
as those involved in the binding of SP44-234p,
with the exception of the residues involved in the
binding of pThr. In consistence with this interpret-
ation, mutations of hNIFK44 T234 to Ala or Glu
caused little perturbation in binding as suggested
by HSQC experiments. The Kd values of Ki67FHA
binding to T234A and T234E mutants determined
by SPR were nearly identical with that of wild-
type hNIFK44 reported above, which support the
interpretation of NMR results.

New view: FHA domain recognition involves
three main factors

Previous results indicate that FHA domains
recognize primarily the pT residue and the
pT þ 3 residue (D, I, or L). Our present results
clearly indicate that Ki67 FHA does not follow
the “þ3 rule”. On the basis of the results
described above, we propose that three major
factors control the interaction of FHA with its
target protein: the pT residue, residues þ1 to
þ3 (rather than residue þ3 alone), and an
extended binding surface, and that variation in
the three factors likely leads to the great diver-
sity in the function and specificity of FHA
domains from different sources. The pT speci-
ficity is likely to be universal for all FHA
domains biologically, though we have shown
that Rad53 FHA2 can bind to pY peptides.8 The
residues involved in pT binding are likely to be
conserved among all FHA domains. On the
other hand, the other two factors are likely to
vary greatly among different FHA domains. We
further analyze and suggest possible interactions
between Ki67 FHA and the SP44-234p peptide
as follows.

Possible FHA residues interacting with pT

The sequential/structural alignments given in
Figure 2 show that Ki67 FHA contains all the
essential residues to interact with the pT phosphate
group of peptides: R31, S45, K46 (or N, R in other
FHA) and S65 (or T). Together with the chemical
shift change results (Figure 4), we suggest that
Ki67FHA interacts with the pT phosphate group
using these residues.

Possible FHA residues interacting with
residues 11 to 13

Previously it was proposed that the binding
specificity of pTXXD in FHA1 is largely deter-
mined by R83 via a salt-bridge,3,9 whereas that of
pTXXI/L in FHA2 is by R617 and I681 via hydro-
phobic contacts.10 Ki67 FHA has Val (V43) and Ile

(I91) as the corresponding residues, suggesting
that Ki67 FHA would prefer hydrophobic residues
at the pT þ 3 position. However, SP44-234p has a
Cys at position pT þ 3 although the neighboring
residues are hydrophobic. It is interesting to men-
tion that many hydrophobic residues are defined
as the hot-binding ones (red and orange in Figure
4B): I10, V15, L28, F29, I37, I39, L41, V43, V44 and
F95. This suggests that hydrophobic interactions
may play a significant role in the binding speci-
ficity in Ki67 FHA.

Like the known structures of FHA complexes
with short phosphopeptides, we think that the
pTPVC residues exist in an extended confor-
mation, with proline in the trans form. It is poss-
ible that FHA domains have evolved to bind the
pTXXX motif in an extended conformation
through backbone interactions, in addition to
side-chain recognitions. A paired H-bonding
between the backbone CO of pT þ 1 and NH of
pT þ 3 and the side-chain NdH and COd of a
conserved Asn residue (N107 of FHA1,3 N655 of
FHA2,10 N166 of Chk2,11 and N67 of Ki67) are
observed in all structures of pT peptide-FHA
complexes, which suggests the H-bonding may
play a role in keeping the extended backbone
structure of the pT peptide.

Identification of an extended binding surface

The binding of Ki67 FHA with the non-phos-
phorylated fragment hNIFK44 and its phosphory-
lated counterpart SP44-234p share some common
features, which can be considered to represent the
extended binding surface. This is indicated by ca
20 peaks showing similar chemical shift changes
in both complexes. Based on such analyses, this
new interface includes the loop residues between
b1 and b2, namely I10, K11, G14 and V15, and
many residues of b10, a strand neighboring b1
and b2.

Such an extended binding surface, however, has
not been observed for the Rad53 FHA domains,
since their binding sites were mapped by use of
short phosphopeptides. It remains to be estab-
lished whether the extended binding surface also
plays important roles for the Rad53 FHA domains
when they bind to longer phosphopeptides. Ana-
lyses of the differences in the structures of free
FHA domains indicate potentially significant
differences in the length and structure of the loop
between b9 and b10. In Ki67 FHA, b9 and b10 are
connected by a single residue forming a tight b
turn, whereas in FHA1 and FHA2, the b strands
are longer and they use more (four to five) residues
to form a loop, resulting in a protruding and
lengthy loop. It is possible that the short and con-
cise b9/10 loop structure may readily allow the
pTXXX binding site to be continued to the back of
the structure containing b1–2 and b10 to form a
tertiary and extended binding surface. On the
other hand, FHA1 and 2 are not expected to pro-
vide such a continuous binding surface due to the
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protruding b9 and b10 structure, allowing only a
short and localized binding surface. Therefore, in
FHA1 and FHA2, the specificity of the þ3 position
may be more important than in Ki67 FHA to
ensure tight binding for short pT peptides (ca
1 mM Kd). Note that Chk2 FHA also has a long
b9/10 loop and also shows the þ3 specificity, simi-
lar to FHA1 and FHA2.

An accessory binding surface was suggested by
the study of Chk2 FHA11 based on the deleter-
ious effect on its binding to BRCA1, CDC25A29

and p5330 when I157, a distant residue from the
pT recognition residues, is mutated to Thr. The
extended binding surface observed in this study
is different from the accessory binding surface
in that it is an extended part of the pT recog-
nition residues and provides additional affinity
and specificity.

Conclusions and future perspectives

Complete solution structure of the Ki67FHA/
SP44-234p complex is not yet available because it
requires preparation of 13C,15N-labeled synthetic
phosphopeptide SP44-234p. However, the struc-
ture of free Ki67FHA, along with extensive func-
tional and structural analyses, has provided
significant insight into the mechanism and func-
tion of FHA domains as described here. Further-
more, our results also raise the following
important points which could lead to a broad
impact in understanding how FHA domains med-
iate signal transduction processes in living cells.
(a) Previous results indicate that the major mech-
anism of recognition by FHA domains is the
pTXX(D/I/L) motif. This is apparently not the
case with Ki67FHA. The result indicates great
diversity in FHA specificity and calls for further
studies of different FHA domains. (b) The results
of FHA binding studies obtained by use of short
phosphopeptides (10–15 residues) should be trea-
ted with caution. It is possible that the recognition
site elucidated by use of short phosphopeptides is
only chemically meaningful. This could explain
why the results with short phosphopeptides have
not led to unequivocal identification of the actual
biological binding site of most other FHA domains.
Our results suggest that longer peptide fragments
or the whole binding protein should be used in
future structure–function analyses of FHA
domains. (c) Whether the proline in the (pT)P
motif is cis or trans is a very interesting question,
particularly since phosphorylation-dependent pro-
line isomerization is an important mechanism to
regulate the cell-cycle.31,32 While we favor the trans
form in the structural analysis described above, it
remains to be verified by complete structural deter-
mination of the complex. Recently tumor suppres-
sor p53 has been shown to be under the control of
Pin1 through a conformational change.33,34 The
hNIFK was proposed to be involved in rRNA
metabolism.17 A potential regulation mechanism is
through a conformational change at the (pT)P

motif. Whether prolyl isomerases are involved in
this process and how they are related to the recog-
nition by Ki67FHA is important in understanding
cell-cycle controls.

Materials and Methods

Gene cloning, expression and purification of
Ki67FHA and hNIFK44

The cDNA clone AA262877 harboring a partial open
reading frame corresponding to Ki67FHA, and
BE790697 harboring a partial open reading frame for
hNIFK, were purchased from Incyte Genomics. Primers
were designed to amplify the coding region correspond-
ing to residues 1–120 of Ki67 and residues 226–269 of
hNIFK using polymerase chain reaction (PCR). The PCR
product of FHA was subcloned into the BamHI and NotI
sites of a pEG vector, a derivative of pET29a with GST
gene downstream T7 promoter to generate pEG-KiFHA.
The pEG-KiFHA plasmid was transformed into E. coli
BL21 (DE3) CodonPlus cell (from Stratagene) for over-
expression. GST-Ki67FHA protein was purified by a
glutathione-agarose column (Pharmacia). After GST was
removed by thrombin digestion, Ki67 FHA was purified
using S100 column (Pharmacia). The PCR product of
hNIFK was subcloned into the BamHI and XhoI sites of
a pGB vector downstream from the GB1 gene to generate
pGBhNIFK(226–269). The pGBhNIFK(226–269) plasmid
was transformed into E. coli BL21 (DE3) CodonPlus cell
(from Stratagene) for overexpression. The fragment
(designated as hNIFK44) was purified through a nickel-
NTA column (QIAgen) followed by an S100 column
(Pharmacia).

Synthesis of phosphopeptides

The three phosphopeptides corresponding to
hNIFK(226–269) with phosphorylation at 234, 238, and
both positions were synthesized using in-house standard
solid-phase synthesis techniques. The synthetic peptide
SP44-234p was then obtained from Genemed. For the
peptides synthesized using solid-phase synthesis, an
extra homoserine lactone was appended at the C termi-
nus as the result of CNBr cleavage.

The commercially obtained SP44-234p was affinity-
purified: 15N labeled Ki67FHA protein was mixed with
ten times the amount of SP44-234p, adjusted to pH 7.5
with 1 M Hepes and incubated for one hour at 4 8C. The
mixture was loaded onto a S100 column and eluted
with S100 buffer (5 mM Hepes (pH 7.5), 150 mM NaCl,
2 mM DTT, 1 mM EDTA). Corresponding fractions were
collected and examined with SDS/20% PAGE.

NMR spectroscopy and structure determination

All spectra were recorded at 17 8C on NMR samples
containing ca 0.3–0.5 mM protein, 10 mM Tris–HCl buf-
fer (pH 8.4 at 4 8C), 2 mM DTT and 1 mM EDTA using
Bruker DRX800, DRX600 and DMX600 spectrometers.
Later the buffer condition was changed to 5 mM Hepes
(pH 7.5), 2 mM DTT, 1 mM EDTA, 150 mM NaCl for
optimal resolution. 1H, 13C and 15N sequential assign-
ments were achieved using heteronuclear multi-dimen-
sional experiments.35,36 Inter-proton distance restraints
were derived from 2D NOESY and 3D 13C-edited NOE
and 15N-edited NOE experiments, which were recorded
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using mixing times of 80–100 ms. Approximate inter-
proton distance restraints were grouped into four distance
ranges: 1.8–2.7 Å, 1.8–3.3 Å, 1.8–5.0 Å and 1.8–6.0 Å,
corresponding to strong, medium, weak and very weak
NOEs, respectively. In addition, 0.5 Å was added to the
upper limit of inter-proton distance restraints involving
methyl groups. For hydrogen bonds, distance restraints
of 1.5–2.5 Å (H–O) and 2.4–3.5 Å (N–O) were
employed. Slowly exchanging amide protons were
detected from the 1H-15N HSQC spectrum of lyophilized
protein freshly dissolved in 2H2O at 10 8C. The backbone
torsion angle (f and c) restraints were obtained using
TALOS.37 The x1 torsion angle restraints were derived
by quantitative J-correlation spectroscopy.38 The exper-
imentally determined distance and torsion angle restraints
(Table 1) were applied in a simulated annealing protocol
using the NIH version24 of the program X-PLOR.25 An
ensemble of 100 structures was generated and the final
22, the major structural family with lowest X-PLOR tar-
get function values, were selected. The regularized
mean structure was calculated by restrained energy
minimization of the mean structure of the final 22
structures.

Library screening, HSQC NMR and surface
plasmon resonance

HSQC NMR was performed as described,9,10 as were
library screening and SPR.4

Coordinates

Coordinates have been deposited at the RCSB Protein
Data Bank, with accession numbers PDB ID 1R21 and
RCSB ID RCSB020341. Chemical shifts have been depos-
ited at the BioMagResBank (BMRB), with accession num-
ber 5959.
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