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Rad53, a yeast checkpoint protein involved in regulating the repair of
DNA damage, contains two forkhead-associated domains, FHA1 and
FHA2. Previous combinatorial library screening has shown that FHA1
strongly selects peptides containing a pTXXD motif. Subsequent location
of this motif within the sequence of Rad9, the target protein, coupled
with spectroscopic analysis has led to identi®cation of a tight binding
sequence that is likely the binding site of FHA1: 188SLEV(pT)EA-
DATFVQ200. We present solution structures of FHA1 in complex with
this pT-peptide and with another Rad9-derived pT-peptide that has ca
30-fold lower af®nity, 148KKMTFQ(pT)PTDPLE160. Both complexes
showed intermolecular NOEs predominantly between three peptide resi-
dues (pT, �1, and �2 residues) and ®ve FHA1 residues (S82, R83, S85,
T106, and N107). Furthermore, the following interactions were implicated
on the basis of chemical shift perturbations and structural analysis: the
phosphate group of the pT residue with the side-chain amide group of
N86 and the guanidino group of R70, and the carboxylate group of Asp
(at the �3 position) with the guanidino group of R83. The generated
structures revealed a similar binding mode adopted by these two pep-
tides, suggesting that pT and the �3 residue Asp are the major contribu-
tors to binding af®nity and speci®city, while �1 and �2 residues could
provide additional ®ne-tuning. It was also shown that FHA1 does not
bind to the corresponding pS-peptides or a related pY-peptide. We
suggest that differentiation between pT and pS-peptides by FHA1 can be
attributed to hydrophobic interactions between the methyl group of the
pT residue and the aliphatic protons of R83, S85, and T106 from FHA1.
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Introduction

During the last decade, a class of modular recog-
nition domains such as SH2, SH3, PTB, and WW
domains, which are involved in mediating protein-
protein interactions in cellular signal transduction,
has been studied extensively.1,2 The forkhead-
associated (FHA) domain, originally identi®ed by a
database screen centered on the conserved regions
in forkhead-type transcription factors3 and found
since in more than 200 otherwise unrelated
proteins{,4 is now emerging as an important mem-
ber of this growing class. The domain, about 55 to
75 amino acid residues in size as determined by
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sequence alignment, has three conserved blocks
separated by two divergent segments of variable
length. However, structural and functional studies
strongly suggest that ¯anking sequences are
required on both sides for structural integrity of
the domain.5,6

Rad53, a checkpoint protein involved in regulat-
ing the repair of DNA damage in yeast,7 contains
two FHA domains: one residing in the N terminus
(FHA1) and another in the C terminus (FHA2).
These are the only FHA domains whose tertiary
structures have been determined in the free for-
m.5,8,9 Despite relatively low sequence homology,
they are structurally similar, consisting mainly of
antiparallel b-sheets that fold into a twisted b-
sandwich. Signi®cant differences, however, are
noticeable in some of the elements (turns, loops,
and a-helix) that connect 11 structurally equivalent
b-strands.

The ligand speci®cities of FHA1 and FHA2
domains have been under intense investigation,
particularly by means of a high-throughput peptide
library approach. The FHA2 domain has been
demonstrated to bind both pY-peptides5,9 and pT-
peptides.10,11 For FHA1, a consensus ligand motif of
pTXXD has been identi®ed, where Asp is required
at the �3 position and Ala/Ile is preferred at the �2
position for high-af®nity recognition.8,10 Through
sequence matching we have identi®ed a pT-peptide
with a binding af®nity of 0.3 mM in the target pro-
tein Rad9, 188SLEV(pT)EADATFVQ200 (abbreviated
as pT2 peptide), and suggested that this pT residue
is the most likely recognition site by the FHA1
domain. Four other Rad9-derived peptides con-
taining the pTXXD motif display at least tenfold
lower af®nity (Kd � 4-70 mM). For example,
148KKMTFQ(pT)PTDPLE160 (abbreviated as pT1
peptide) has an intermediate binding af®nity with a
Kd of 10.2 mM as measured by surface plasmon
resonance.8

On the basis of 1H and 15N chemical shift per-
turbations upon pT-peptide binding, we have
also mapped a potential binding site in FHA1
that involves several highly conserved residues.8

Here, we present the solution structures of two
complexes, FHA1-pT1 and FHA1-pT2. In
addition, we have re®ned the solution structure
of free FHA1 and examined binding af®nities of
the corresponding pS-peptides and a related pY-
peptide to FHA1. While our work was in pro-
gress, the crystal structure of the FHA1-pT2
complex was reported.10 Comparisons between
the two FHA1 complexes with different pT pep-
tides, between solution and crystal structures for
one of the complexes, and between the af®nities
of pT and pS/pY peptides to FHA1 provide
important insight into the recognition of pT pep-
tides by the FHA1 domain.
Results and Discussion

Refinement of the free FHA1 structure

The structure reported previously8 was re®ned
by adding 221 NOE (including 113 long-range
NOE) restraints and by revising a few NOE assign-
ments via (1) structure-based iterative assignments,
(2) 3D 13C-edited NOESY performed in 90 % H2O/
10 % 2H2O, and (3) crosschecking with NOE
assignments in the complex structures. The gener-
ated structure retains the same architecture and
topology as reported previously, but the irregular
elements that connect b-strands have been
improved (Figure 1). First, the b2-b3 helical loop is
better de®ned. The addition of the constraints from
I62 to both L92 and E95, in addition to previous
NOE assignments between I62 and G94, con®rmed
a contact between this loop and the b4-b5 turn.
Second, there is considerable improvement in the
b30-b4 long loop due to several revised and
additional NOEs. Speci®cally, two incorrectly
assigned NOEs, caused by similar chemical shifts
(� 1.30 ppm) between the methyl group of A73
and one of the Hb spins in Y76, were corrected.
The NOE assignments between I43 and Y76, and
between I43 and L78 have further brought the
stretch of Y76-R83 close to the b2 strand. Last, in
the re®ned structure residues V134-I140 (around
the b9-b10 turn) move closer to the b30-b4 loop, a
modi®cation partially attributed to the NOE
assignments between R83 and V136, and between
I81 and D139.

For the ensemble of 20 selected structures, the
root-mean-square deviation (RMSD) is 0.47 AÊ for
the backbone atoms (N, Ca, and C0) and 0.92 AÊ for
all heavy atoms of residues 28-157, 0.41 AÊ for the
backbone atoms and 0.84 AÊ for all heavy atoms
when the b2-b3 helical loop (residues 52-62) is
excluded. The corresponding values are 0.74, 1.26,
0.51, and 0.96 AÊ , respectively, for the previous
ensemble of solution structure.8 The region most
distant from the potential binding site, including
the N terminus, b2-b3 helical loop, b4-b5 turn, and
the C-terminal a-helix, is the least de®ned. This
likely results from internal mobility rather than a
paucity of experimental constraints, since few short
or long-range NOEs were observed in the b2-b3
helical loop and since three backbone amide
groups, viz. G94, D96 and G97, remain elusive in
the b4-b5 turn.

Structure of the FHA1-pT2 peptide complex

The intermolecular NOE constraints as well as
intra-peptide NOE constraints in the complexed
form were obtained by applying isotope-®ltering
techniques to the FHA1-peptide complex in which
FHA1 was uniformly labeled with 15N and 13C iso-
topes (Figure 2). As described previously,8 the
FHA1-pT2 peptide is in slow exchange on the
NMR time-scale. In the 2D 13C/15N-®ltered
NOESY experiment, two sets of peaks were



Figure 1. Stereoview showing
superposition of Ca traces of 20
re®ned free FHA1 structures (resi-
dues 28-157). Major improvements
are highlighted with red (b2-b3
helical loop), green (Y76-R83), and
blue (V134-I140). (b) A ribbon dia-
gram of a representative FHA1
structure. The 11 b-strands are
numbered as described.8
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observed due to excess peptide, corresponding to
pT2 peptide in free and complexed forms. An
additional 2D NOESY experiment on free pT2 pep-
tide was performed to assist the intra-peptide NOE
assignments in the complexed form. The majority
of intermolecular NOEs were assigned from 3D
13C-edited (f2),

13C/15N-®ltered (f3) NOESY. A total
of 22 intermolecular NOEs were collected, which
involve only three residues from the pT peptide
(pT, �1, and �2) and ®ve residues from FHA1
(S82, R83, S85, T106, and N107) (Table 1). These
constraints, taken together with intra-FHA1 and
intra-peptide constraints, were used for structural
calculation. The structural quality of the FHA1



Figure 2. Selected regions (f1 and f3 dimensions) of the 3D 13C-edited (f2),
13C/15N-®ltered (f3) NOESY spectra per-

formed on two FHA1-phosphothreonine peptide complexes: (a) FHA1-pT2; (b) FHA1-pT1. Both f1 and f3 are proton
dimensions, and the chemical shifts of f2 dimension (13C) are labeled at the corner of each selected region.
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domain is similar to that of the free form reported
above. However, as shown in Figure 3(a), the pT
peptide was not well converged due to the lack of
NOE involving the phosphate (pT) and the carbox-
ylate (Asp) groups. Some ``arti®cial'' constraints
were thus employed as described below.

We previously suggested that three positively
charged residues grouped in the potential binding
site (R70, R83, and K87) were devoted to recog-
nition of the phosphate group.8 This suggestion
was examined in the context of the above FHA1-
pT2 complex structure. Among the ensemble of the
selected structures, the distances are 6.64(�) 1.48 AÊ

for the Cz/R70-P/pT atom pair, 11.54(�0.54) AÊ for
the Cz/R83-P/pT atom pair, and 10.69(�1.31) AÊ

for the Cz/K87-P/pT atom pair. This analysis indi-
cates that among the three pairs only the inter-
action between R70 and pT is plausible. However,
further structural inspection suggests that N86
may interact with pT, while Asp at the �3 position
could be the interaction partner of R83: the average
distances are 5.75(�0.54) AÊ for Cg/N86-P/pT, and
7.80(�2.33)AÊ for Cz/R83-Cg/(pT � 3). Taken
together, due to the ionic nature of these side-
chains, the phosphate group of pT likely interacts
with the side-chain amide group of N86 and the
guanidino group of R70, while the carboxylate
group of D(pT � 3) is likely to be recognized by
the guanidino group of R83. These proposed inter-
actions are supported by the observation of chemi-
cal shift perturbations: (a) among the 11 side-chain
NH2 resonance signals of Asn and Gln that do not
coalesce in the random coil region, only those of
N86 and N107 show visible perturbation
(�ppm 5 0.37 and 1.15 ppm for one of Hd protons
in N86 and N107, respectively). (b) In the region of
NHe of arginine residues (15N � 85 ppm), only two
resonance signals, NHe from R70 and R83, experi-
ence perturbations, with �ppm of 0.88 and 2.14
ppm, respectively, upon peptide titration
(Figure 4(a)). The large chemical shift perturbations
are evidence for their participation in peptide bind-
ing. Consequently, the structure was re-calculated
with three arti®cial constraints as mentioned
above, and the resulting structures are shown in
Figure 3(b) (key residues) and Figure 5(a) (com-
plete structure). The structural statistics for both
the FHA1 domain and the pT-peptide are summar-
ized in Table 2.

Comparison of the FHA1 structures in the free
and pT2-complexed forms

The superimposed backbone atoms of the mean
FHA1 structures in the free and pT2-complexed
forms have an RMSD of 0.42 AÊ . Apparently, the
pT2 peptide induces little, if any, change in back-
bone conformation. In addition, the orientations of



Figure 3. Overlay of heavy atoms of residues R70, R83, N86, K87, pT, and D(pT � 3) in the ensemble of 20 NMR-
derived FHA1-pT2 complex structures generated (a) without and (b) with addition of three ``arti®cial'' constraints.
The guanidino groups of R70 and R83, the side-chain amide group of N86, and the side-chain amino group of K87
are highlighted in red, while the phosphate group of pT and carboxylate group of D(pT � 3) are highlighted in
green.

Table 1. Intermolecular NOEs assigned in FHA1-pT2 and FHA1-pT1 complexes

FHA1-pT2 complex FHA1-pT1 complex

Protons Intensity Protons Intensity

Hb2/S82-Hd/F(pT-2) Medium
Hb3/S82-Hd/F(pT-2) Medium
Hb2/S82-He/F(pT-2) Medium
Hb3/S82-Hd/F(pT-2) Medium

Hb/S82-Hb/E(pT�1) Medium Hb/S82-Hb/P(pT�1) Weak
Hb/S82-Hg2/E(pT�1) Very weak
Hb/S82-Hg3/E(pT�1) Very weak
Ha/R83-Hg2/pT Medium Ha/R83-Hg2/pT Medium
Ha/R83-HN/E(pT�1) Weak
Ha/R83-Hb/E(pT�1) Medium Ha/R83-Hb/P(pT�1) Medium
Ha/R83-Hg/E(pT�1) Weak
Ha/R83-HN/A(pT�2) Very weak
Ha/R83-Hb/A(pT�2) Very weak
Ha/S85-Hg2/pT Strong Ha/S85-Hg2/pT Medium
Hb/S850-Hg2/pT Very weak

Ha/T106-Hg2/pT Medium
Hb/T106-Hb/pT Weak

Hb/T106-Hg2/pT Strong Hb/T106-Hg2/pT Medium
Hg2/T106-Hg2/pT Medium Hg2/T106-Hg2/pT Strong
Ha/T106-Hb/A(pT � 2) Weak

Ha/T106-Hg2/T(pT�2) Weak
Hb/T106-Hb/A(pT�2) Very weak
Hg2/T106-Ha/A(pT�2) Medium

Hg2/T106-Hg2/T(pT�2) Weak
Hg2/T106-Hb/A(pT�2) Strong Hg2/T106-Hb/T(pT�2) Medium
HN/N107-Hg2/pT Weak HN/N107-Hg2/pT Weak
Hd21/N107-Hg2/pT Weak
Hd22/N107-Hg2/pT Weak
Hd21/N107-Hb/E(pT�1) Weak
Hd22/N107-Hb/E(pT�1) Weak

FHA1 Complexes with Two Phosphothreonine Peptides 567



Figure 4. 1H-15N HSQC spectra showing peptide binding. The FHA1 in free and complexed forms are indicated by
blue and red, respectively. (a) pT2 titration: NH/S85 experiences one of the largest chemical shift perturbations, and
NHe/H88, which is close to the binding site, is hardly perturbed. The backbone amide groups of N86 was observed
only in the pT-peptide complexes. A and B indicate the peaks of NH2/N86 and NH2/N107, respectively, in the com-
plexed form. (b) pS2 titration: the peaks designed by from A to H are NH2/N86, NH2/N107, NH/G108, NH/K87,
NH/R83, NH/N71. NH/S82, and NH/I81. They were slightly perturbed when the ratio of pS2 to FHA1 was titrated
to 4.5. These perturbations are consistent with the observations in pT2 titration, but the extent is much smaller. The
broken-line arrow indicates a possible shifting of NHe/R83, and circled peaks are folded NHe resonance signals of
the arginine residue.
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the binding site residues are relatively unaltered.
As an example, the hydrogen bond between two
highly conserved residues, Ne2/H88 and O/G108,
is sharply de®ned in both free and complexed
forms, and the resonance signal of NHe2/H88 was
barely perturbed (�ppm 4 0.05 ppm). Relatively
minor conformational change was reported in the
Src SH2 domain when it binds to a high-af®nity
pY-peptide.12 However, ligand binding may alter
the mobility around the binding site, a possibility
that warrants further investigation by means of
dynamic studies.13 In conclusion, the FHA1
domain may exist in an optimal peptide-binding
con®guration and is ready to bind pT2 peptide
from a structural point of view. The peptide recog-
nition process may further exploit the electrostatic
interactions. As shown in Figure 6, the positive
surface charge is highly concentrated at the ligand
binding site and the electrostatic potential is favor-
able for interaction with the negatively charged
phosphate group of the pT residue and the carbox-
ylate group of Asp at the �3 position. The import-
ant role of electrostatic interactions for the
recognition of phosphorylated peptides has been
proposed and revealed in SH2 domains.14

Structure of the FHA1-pT1 peptide complex

The FHA1-pT1 complex, in contrast to the
FHA1-pT2 complex, is in fast exchange due to rela-
tively weak binding. The pT1 peptide induces a
perturbation pattern in the 1H-15N HSQC spectrum
of FHA1 similar to that displayed by the FHA1-



Table 2. Structural statistics of 20 FHA1-pT2 and 20 FHA1-pT1 complex structuresa

FHA1-pT2 complex FHA1-pT1 complex

FHA1 restraints
Long-range NOE (ji ÿ jj5 5) 796 787
Medium-range NOE (1 < ji ÿ jj < 5) 238 237
Sequential NOE (ji ÿ jj � 1) 535 530
Intraresidue NOE 572 562
Hydrogen bond constraints 39 � 2 39 � 2
Dihedral angles fa 96 96
Dihedral angles ca 96 96

Peptide restraints 38 33
FHA1-peptide restraintsb 22 � 3 16 � 3
RMSD for distance restraints (AÊ ) 0.030 � 0.001 0.030 � 0.001
RMSD from idealized covalent geometry

Bonds (AÊ ) 0.0035 � 0.0001 0.0035 � 0.0001
Angles (deg.) 0.438 � 0.003 0.434 � 0.003
Impropers (deg.) 0.316 � 0.007 0.309 � 0.010

PROCHECK (Ramachandran plot)c

Most favored regions (%) 84.2 � 1.4 84.1 � 1.2
Additionally allowed region (%) 12.1 � 1.1 12.4 � 1.6
Generously allowed region (%) 2.9 � 0.9 3.0 � 0.9
Disallowed region (%) 0.8 � 0.6 0.5 � 0.4

RMSD with respect to mean structure
Backbone (residues 28-51, 63-157) 0.46 � 0.09 0.45 � 0.08
Heavy atom (residues 28-51, 63-157) 0.89 � 0.11 0.87 � 0.07
Backbone (residues 28-157) 0.56 � 0.11 0.55 � 0.12
Heavy atom (residues 28-157) 1.04 � 0.14 1.03 � 0.14
Backbone (residues pT-pT � 3)d 0.81 � 0.28 1.14 � 0.33
Heavy atom (residues pT-pT � 3)d 1.26 � 0.21 1.33 � 0.23

None of the complex structures exhibited distance violations greater than 0.4 AÊ .
a The torsion angle restraints were derived by using TALOS.25

b Three arti®cial constraints are included as listed in Materials and Methods.
c Only the residues 28-157 in FHA1 are included in these statistics.
d The RMSD values of the peptide residues pT-pT � 3 were calculated when the FHA1 domain was best superimposed in the

regions of residues 28-51 and 63-157.
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pT2 complex, albeit to a lesser extent (Figure 7).
This is indicative of a similar binding mode in both
complex structures, which is further supported by
intermolecular NOE assignments (Table 1). A total
of 16 inter-molecular NOEs were assigned, coming
primarily from three peptide residues (pT, �1 and
�2) and ®ve FHA1 residues (S82, R83, S85, T106,
and N107). These assignments are comparable to
those in the FHA1-pT2 complex, with the excep-
tion of the tentatively assigned NOEs between
Hb/S82 and the aromatic spins of Phe at the ÿ2
position. A set of three arti®cial constraints, identi-
cal with those described above, was utilized in the
structural calculation. The 20 selected structures
are shown in Figure 5(b), and the statistics are
listed in Table 2. The structural quality of the
FHA1 domain in this complex is comparable to
that in the FHA1-pT2 complex, but the peptide
appears to be less de®ned than the pT2 peptide in
the FHA1-pT2 complex. Nevertheless, it can be
concluded that the pT1 peptide binds FHA1 in a
fashion similar to that observed in the FHA1-pT2
complex, in which the four pT-peptide residues
(pT-pT � 3) that contribute the most signi®cant
points of contact stretch across the positively
charged surface of FHA1 in the same orientation.
Structural basis for the pT peptide sequence-
specificity of FHA1

It has been reported that some modular recog-
nition domains can bind different ligands with
different binding modes. For example, the Src SH3
domain binds two peptides selected from a library
screening with opposite orientations.15 However,
the structural results show that pT1 and pT2 do
share a similar binding mode. It is thus inferred
that what differs between two pT peptides with
different af®nity is not how they bind to the FHA1
domain, but rather the number of favorable inter-
actions between the peptide chain and FHA1
residues.

Figure 8 shows detailed interactions between
FHA1 and the two pT peptides. Speci®cally, two of
the seven highly conserved residues, R70 and S85,
together with non-conserved N86 form either
hydrogen bonds or salt-bridges to the negatively
charged phosphate group and thus contribute to
recognition of the pT residue. The importance of
these residues is underscored by the results of
mutagenesis studies.10,16 The surface of the FHA1
domain makes extensive contact with the side-
chain methyl group of pT, the possible signi®cance
of which is addressed below. In the pT peptide,
the three residues immediately C-terminal to pT
are likely to be key determinants of sequence speci-



Figure 5. Stereoview of 20 over-
laid structures of (a) FHA1-pT2
and (b) FHA1-pT1. The Ca traces of
FHA1 include residues from 28 to
157, and only the heavy atoms of
residues pT through the �3 pos-
ition are shown. The phosphate
groups are highlighted in red.
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®city. In particular, the interaction between the
carboxylate group of Asp at the pT � 3 position
and the guanidino group of R83 may be most
important. While ionic interactions involving pT
and the �3 residue (Asp) may provide a large por-
tion of binding af®nity, we propose that the bind-
ing speci®city of FHA1 is ®ne tuned by
interactions with the �1 and �2 residues. One of
the major speci®city-determining factors is likely to
be the interaction between the �1 residue and the
non-conserved S82. Although the carboxylate
group of E (the �1 residue) in the pT2 peptide
is not well de®ned, due to a lack of NOEs, the
distance of 5.21(�0.75) AÊ between Cg/E(pT � 1)



Figure 6. Charge distribution at the surface of FHA1.
Positive, negative, and neutral potentials are blue, red,
and white, respectively.
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and Og/S82 does suggest a hydrogen-bonding
potential between the hydroxyl group of S82 and
the carboxylate group of E(pT � 1). Apparently,
such a possibility is eliminated in the FHA1-pT1
complex, where Pro resides at the pT � 1 position.
Although, by this model, the important inter-
actions are limited to pT and the following three
residues in the peptide that collectively account for
most of the buried surface (�350 AÊ 2), a titration
experiment with pT2 truncated to six residues,
191V(pT)EADA196, revealed a roughly 30-fold
decrease in binding af®nity, suggesting that resi-
dues beyond the pT-pT � 3 core contribute to
binding af®nity.

Finally, it is worth pointing out that FHA1 resi-
dues, unlike SH2, cannot be separated into two
groups devoted to the recognition of the phos-
phorylated residue and the determination of
sequence speci®city. As listed in Table 1, some
FHA1 residues in the binding region can interact
with pT as well as residues C-terminal to pT. It is
well established that a unique pY-binding pocket
in SH2 is credited for the discrimination against pT
or pS peptides.1,12 It is interesting to know whether
FHA1 can differentiate pT from pY and/or pS pep-
tides, as addressed in the following section.

Differentiation between pT and pS peptides
by FHA1

Although pS-speci®city and pT-speci®city are
usually categorized in the same class in protein
kinases and protein phosphatases, FHA1 appears
to be able to differentiate pT-peptides from pS-pep-
tides. Screening of FHA1 binding to the pS peptide
library acetyl-AXXX(pS)XXXABBRM-resin, per-
formed as described before for the corresponding
pT library,8 has failed to generate positive beads
(data not shown). An immediate question is how
the FHA1 domain discriminates pS from pT. As
listed in Table 1, about one-third of the assigned
intermolecular NOEs in the FHA1-pT2 complex
come from the methyl group of pT with four
FHA1 residues. In particular, the intensities of
NOEs with aliphatic protons of R83, S85 (highly
conserved), and T106 are of medium to strong
intensity (Figure 2). The hydrophobic interactions
involving this methyl group could be essential for
docking of the phosphate group and/or maintain-
ing its interactions with FHA1 residues. This
interpretation was further substantiated by the
results of binding experiments described below.

We substituted pS for pT in the pT1 and pT2 pep-
tides (the resulting peptides are designated as pS1
and pS2 peptides, respectively) and examined the
pS peptide binding af®nity of FHA1. When the
molar ratio of pS2 to FHA1 was about 4.5, the fol-
lowing minor perturbations (�ppm � 0.05 ppm) in
the 1H-15N HSQC spectrum were observed
(Figure 4b): NHe/R70, NH/N71, NH/I81, NH/S82,
NH2/N86, NH/K87, NH2/N107, and NH/G108.
The most signi®cant observation is the disappear-
ance of the signal tentatively assigned to NHe/R83,
a phenomenon that has been observed in the
titration of weak binding pT peptides at concen-
trations below saturation. These results indicate
that the FHA1 residues that are assumed to be
responsible for the interactions with the three resi-
dues C-terminal to pS were perturbed, though to a
much smaller extent. On the other hand, the FHA1
residues that interact with the phosphate group of
the pT peptide experience signi®cantly smaller or
even no perturbations in the presence of the pS2
peptide. For example, no visible perturbations were
observed for NH/S85 or NH/T106. It can be
inferred that the interactions between these residues
and the pS residue are signi®cantly weakened, or
simply lost, relative to the interactions with pT.
Based on titration experiments, it is estimated that
Kd of the FHA1-pS1 or FHA1-pS2 complex is sig-
ni®cantly greater than 1 mM. Taken together with
other reports,10,17 it can be concluded that FHA1 is
able to discriminate between pT and pS peptides by
a factor of at least 1000 when the peptide sequence
has been optimized for pT binding.

Regarding pY peptide binding, only a heptapep-
tide derived from Rad9, 826DIY(pY)LDI832, was
tested. The peptide was selected as a compromise
between the size of the pY side-chain and the
requirement for Asp C-terminal to the phosphory-
lated residue. While this peptide and other Rad9-
derived pY peptides have been shown to bind the
FHA2 domain, virtually no chemical shift pertur-
bations were observed when this pY peptide was
titrated to 4.5 times the FHA1 concentration.



Figure 7. An illustration of chemical shift perturbations of backbone amide groups upon titration with (a) pT1 and
(b) pT2. The combined 1H and 15N chemical shift differences were calculated using the equation:

�ppm � ���dHN�2 � ��dN � aN�2�1=2

in which aN is the scaling factor (0.17) used to normalize the 1H and 15N chemical shifts.28 The residues were grouped
into three different colors according to the magnitude of perturbations: blue, �ppm < 0.05 ppm; green, 0.05
ppm 4 �ppm < 0.20 ppm; and red, �ppm 5 0.20 ppm. The ®ve most perturbed residues in the FHA1-pT2 complex
are: N71, 0.49 ppm; S85, 0.49 ppm; K87, 0.48 ppm; T106, 0.30 ppm; and S82, 0.27 ppm. The top ®ve in the FHA1-pT1
complex are: N71, 0.45 ppm; S85, 0.36 ppm; K87, 0.26 ppm; T106, 0.26 ppm; and N107, 0.23 ppm.

572 FHA1 Complexes with Two Phosphothreonine Peptides



Figure 8. Detailed illustration of pT-peptide binding in (a) the FHA1-pT2 complex and (b) the FHA1-pT1 complex.
Note a potential H-bond (broken red line) between E(pT � 1) and S82 in the FHA1-pT2 complex as well as hydro-
phobic interactions (in both complexes) between the methyl group of the pT residue and the side-chains of T106 and
highly conserved S85 from FHA1.
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Comparison with crystal structure study

While our work was in progress, the crystal
structure of the FHA1 in complex with a peptide
similar to the pT2 peptide, SLEV(pT)EADAT-
FYAKK, was reported.10 The FHA1 solution and
crystal structures, in the complexed form, are simi-
lar, with a RMSD of 1.51 AÊ for backbone atoms of
residues 31-153 (Figure 9). In both structures, the
regions most distant from the binding site are rela-
tively less well de®ned, including the b2-b3 helical
loop, the b4-b5 turn, and the C-terminal a-helix.
This may explain the major discrepancy between
the two structures in the b2-b3 helical loop (RMSD
2.51 AÊ for backbone atoms of residues 52-62).
There is also a visible difference in the vicinity of
the b9-b10 loop (RMSD 2.76 AÊ for backbone atoms
of residues 136-140), which is close to the binding
site. An average �ppm of 0.11 ppm has been
observed for these residues upon pT2 binding,
with the largest one in V136 (0.22 ppm).

Compared to the crystal structure, the inter-
action between pT2 and FHA1 is less clearly
de®ned in the NMR work, due to the nature of
NMR experiments. The residues N-terminal to the
pT residue could be ¯exible in solution, and thus
no intermolecular NOEs were observed for these
amino acid residues. The NOEs involving side-
chain protons attached directly to heavy atoms
other than carbon, such as the hydroxyl group of
S82 and S85, are hardly observable. Nevertheless,
the NMR-derived FHA1-pT2 complex structure
generally agrees with the X-ray structure. Further-
more, the results of NMR and X-ray studies nicely
complement each other: while the X-ray crystal
structure has revealed well-de®ned ionic inter-
actions between FHA1 and the pT-peptide, the
NMR method has been very useful and ef®cient in
this work for providing site-speci®c information
upon pT, pS, or pY ligand binding. NMR was
employed to determine another FHA1 structure in
complex with a lower binding af®nity pT peptide,
which might be dif®cult for the X-ray method.
These results taken together have greatly enhanced
our understanding of the structural basis of the
ligand speci®city of FHA1.

Materials and Methods

Materials

The fragment containing 14-164 of Rad53 was
expressed and puri®ed as described,8 including uni-
formly 15N and 15N/13C labeled proteins. Protein concen-
tration was determined spectrophotometrically by
measuring absorbance at 280 nm and using an extinction
coef®cient of 12,900 Mÿ1 cmÿ1. All the pT, pS, and pY
peptides were purchased from Genemed Synthesis, Inc.,
CA. Each peptide, puri®ed by analytical reverse-phase
HPLC and veri®ed by mass spectrometry, was desalted,
buffer-free, and more than 90 % pure.



Figure 9. The overlay of FHA1
ribbon diagrams (residues 31-153)
in a pT2-complexed form deter-
mined by NMR (green) and crystal-
lography (red). Two residues are
numbered to highlight the regions
with larger discrepancies.
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NMR experiments

The samples used for NMR experiments contained ca.
0.5 mM protein, 10 mM sodium phosphate, 1 mM DTT,
1 mM EDTA in either 90 % H2O/10 % 2H2O or 100 %
2H2O at pH 6.5. Peptides were dissolved in 10 mM
sodium phosphate buffer to make ca. 20 mM stock sol-
utions at pH 6.5. For the structural re®nement of free
FHA1, a 3D 13C-edited NOESY experiment was carried
out on a Bruker DMX-600 machine using a 15N/13C-
labeled FHA1 sample dissolved in 90 % H2O/10 % 2H2O
to provide NOE assignments from aliphatic protons to
amide protons. Ligand binding experiments were
performed by recording a series of 2D 15N-1H HSQC
spectra on 15N-labeled protein samples with addition of
aliquots of peptide stock solutions. All the NOESY NMR
experiments in the study of complex structures were
performed at 20 �C using a mixing time of 100 ms on a
Bruker DRX-800 spectrometer equipped with a 5 mm
triple-resonance probe with three-axis gradients. Isotope-
®ltered experiments were performed on a FHA1-pT2
complex sample ([13C/15N-FHA1]:[pT2 peptide] � 1:2)
dissolved in 90 % H2O/10 % 2H2O. The 3D 13C-edieted
(f2), 13C/15N-®ltered (f3) NOESY18 and 2D 13C/15N-®l-
tered NOESY18,19 were conducted to identify intermole-
cular and intra-peptide NOEs, respectively. The sample
used above was then lyophilized and reconstituted in
100 % 2H2O for the 3D 13C-edited NOESY.20 This and a
3D 15N-edited NOESY data set21,22 carried out on another
complexed sample ([15N-FHA1]:[pT2 peptide] �1:2, dis-
solved in 90 % H2O/10 % 2H2O) were analyzed to extract
the intra-FHA1 constraints in the complexed form. The
2D homonuclear NOESY and TOCSY experiments were
performed on the pT2 peptide solution to assist the
assignments involving pT2. A set of parallel experiments
was conducted on the FHA1-pT1 complex.

Structure calculation

Solution structures of free FHA1, FHA1-pT2, and
FHA1-pT1 were determined utilizing a dynamical
annealing protocol23 implemented in the program CNS.24

The constraints include the distance restraints derived
from the identi®ed NOEs, H-bonds, and the backbone
torsion angle restraints derived from TALOS program.25

In the complex structure calculation, three arti®cial dis-
tance restraints were included: 5.5(�0.3) AÊ for the Cz of
R70 to the P atom of pT, 5.0(�0.3) AÊ for the Cg of N86 to
the P atom of pT, and 4.2(�0.3) AÊ for the Cz of R83 to
the Cg of pT � 3. These numbers were derived from the
FHA1-pT2 crystal structure.10 The resulting structures
were analyzed by PROCHECK26 and MOLMOL.27 For
each structural calculation, the ®nal 20 structures with
lowest energy were selected from a total of 50 calculated
ones. The structure Figures were produced using the
program with MOLMOL,27 and the NMR spectra were
generated with XWINNMR (Bruker, Inc.).

Protein Data Bank accession numbers

The coordinates have been deposited in the RCSB
Protein Data Bank with accession codes 1K3J (re®ned
FHA1), 1K3Q (FHA1-pT2), and 1K3N (FHA1-pT1) and
will be released upon publication of this work. The cor-
responding minimized average structures are 1J4O, 1J4Q
and 1J4P, respectively.
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