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ABSTRACT. On the basis of the results from our laboratory and others, we recently suggested that the
ligand specificity of forkhead-associated (FHA) domains is controlled by variations in three major
factors: (i) residues interacting with pThr, (ii) residues recognizing-tfieto +3 residues from pThr,

and (iii) an extended binding surface. While the first factor has been well established by several solution
and crystal structures of FHAphosphopeptide complexes, the structural bases of the second and third
factors are not well understood and are likely to vary greatly between different FHA domains. In this
work, we proposed and tested the hypothesis that nonconserved residues G133 and G135 of FHAL and
1681 and D683 of FHA2, located outside of the core FHA region of yeast Rad53 FHA domains, contribute
to the specific recognition of theé-3 position of different phosphopeptides. By rational mutagenesis of
these residues, the specificity of FHA1 has been changed from predominantly pTXXD to be equally
acceptable for pTXXD, pTXXL, and pYXL, which are similar to the specificities of the FHA2 domain

of Rad53. Conversely, th¢3 position specificity of FHA2 has been engineered to be more like FHAL
with the 1681A mutation. These results were based on library screening as well as binding analyses of
specific phosphopeptides. Furthermore, results of structural analyses by NMR indicate that some of these
residues are also important for the structural integrity of the loops.

Recently, a phosphorylation-dependent recognition do- form two large twisted antiparallgi-sheets folded into a
main, known as the forkhead-associated (FHifgmain, has  B-sandwich.

been shown to mediate_proteiproteirj interactions in many The biological functions of FHA domains are very diverse.
cellular processes of different specids-@). Although the  Therefore, the structurefunction relationship of FHA

FHA domain has been found in more than 200 different gomains and the structural basis of interactions between FHA
proteins, the tertiary structure has only been obtained for yomains and their binding proteins have been subjects of
yeast Rad53 (which consists of two FHA domains, FHAL exiensive research in many laboratories. The biological
at the N-terminus and FHA2 at the C-terminus), human pinding protein and the actual binding site have been
Chk2, human Chfr, human Ki67, and plant kinase-associated,nequivocally identified in only very few case2-16).

protein phosphatase (KAPP5<11). While the level of  Nevertheless, a wealth of information about the ligand

seqU(oence homology of FHA domains is relatively low gpecificity of FHA domains has been obtained by use of short
(~20%), the tertiary structures reveal a remarkably similar phosphopeptides and phosphopeptide libraries consisting of
folding, consisting of-strands linked by several loops to 15 residues§—7, 9, 17—20). These studies with short

phosphopeptides showed that, while the Rad53 FHAL
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R70 and S85 and a nonconserved N86 of FHA1 (or R605,
S619, and R620, respectively, of FHA2). The roles of these
residues in the recognition of the pThr residue have been
supported by the results of site-directed mutagenésig) (

This paper focuses on how the FHA domains of Rad53
specifically recognize distinct pf3 residues. The goal is
to use the approach of site-directed mutagenesis to make
FHA1 show FHA2-like specificity and vice versa. The results
indicate that single-point mutation of nonconserved residues
residing outside the core region at the C-terminus could
change the binding specificity of the protein. Furthermore,
structural analyses of the mutants suggested that some of
these nonconserved residues also contribute to maintaining
the right orientation of peptide-binding loops.

A

MATERIALS AND METHODS

Materials. The pT and pY peptides used in this study were
Rad9-derived peptides, synthesized by Genemed Synthesis,
Inc. (South San Francisco, CA). All other chemicals were
obtained from Aldrich Chemical unless stated otherwise.

Site-Directed Mutagenesis of FHA1 and FHA2 Domains
The pET29at) vector (Novagen) containing the genes
encoding the FHA1 domain (residues-1¥%64) and the FHA2
domain (residues 573730) of Rad53 with GST fusion at
the N-terminus were used as a template for generating single
mutants [GSTFFHA1(G133l), GSTFHA1(G135D), GST
FHA2(1681A), and GSTFHA2(D683A)] and double mu-
tants [GSTFHA1(G1331/G135D) and GSTFHA2(1681A/
D683A)]. Mutagenesis was performed by using the Quick
Change site-directed mutagenesis kit (Stratagene). The
sequence of mutagenic forward primers, with base substitu-
tions underlined, used for generating each mutant are listed
here: FHA1(G133l), 5GAAATAACCGTTATCGTAG-
FfUREhL Dti%gera;nnsd str;%wiggoti?gaik?i)inttﬁéag%té%t\(fﬁn the GCGTGGAA-3; FHA1(G135D), 5ACCGTTGGTGTA-
phosphopep , : ) GATGTGGAATCAG-3; FHA1(G1331/G135D), 5GA-
EADATFVQ peptide complexq) and (B) the FHA2-EVEL(pT)- A
QELP pep(tgid% pcomplex E‘)rom-lothe ISII\/I)R structuré8gy. H?Shl)y AATAACCGTTATCGTAGACGTGGAATCAG-3; FHA2-
conserved residues are colored cyan. The possible H-bonding(I681A), S-GAAATCAAGATCGCATGGGATAAAAACA-
between the FHA domain and the peptide is shown with dashed 3'; FHA2(D683A), 3-CAAGATCATTTGGGCAAAAAA-
lines, and interm_olecular NOEs are repr_ese_nted as double-h_eadettAATAAA-g "> and FHA2(I681A/D683A), 5GAAATC-
arrows, where thick, thln,.and fine lines indicate strong, medium, AAGATCGCATGGGCAAAAAACAATA-3'. DNA se-
and weak NOEs, respectively. quences were subsequently verified with a 3700 DNA

On the basis of these studies, we proposed that the liganc@nalyzer (Applied Biosystems, Inc.).
specificity of FHA domains is controlled by three major Protein Expression and Purificatiomhe'>N-labeled GST
factors (residues interacting with pThr, residues recognizing fusion proteins of the mutants were expresseiisoherichia
the +1 to +3 positions of pT peptides, and an extended coli BL21(DE3), using M9 medium containingNH,CI. The
binding surface) and that variations in the relative roles of protein purification was performed using glutathione agarose
the three factors likely contribute to the diverse ligand (Sigma) followed by removal of the GST tag with thrombin
specificity and diverse biological functions of FHA domains (Sigma) digestion. Subsequently, the proteins were purified
(12). by S-100 gel filtration chromatography. The protein samples
Although the results obtained with short phosphopeptides were finally maintained in 10 mM phosphate buffer, 1 mM
may not reveal the actual biological binding site, they give EDTA, and 5 mM DTT (pH 6.5). The purification was
useful information for understanding the structural basis of verified throughout by SDSPAGE analysis. Protein con-
FHA recognition. To this end, we have reported the solution centrations were spectrophotometrically determined at 280
structures of the complexes of FHA2 with a pT peptide nm, using extinction coefficients of 12 660 and 15 220'M
[EVEL(pT)QELP] and a pY peptide [EDI(pY)YLD], and cm ! for FHA1 and FHA2 domains, respectively.
the solution structure of the complex of FHA1 with a pT Analysis of Phosphopeptide Binding Affinity by Surface
peptide [SLEV(pT)EADATFVQ]. Another group has re- Plasmon ResonancBinding analysis by SPR was performed
ported the crystal structure of the complex of FHAL1 with on a BIAcore 3000 instrument at 2&. The peptides were
another pT peptide [SLEV(pT)EADATFAKK]R). Analyses first biotinylated, as previously described)(The biotiny-
of these structures, as shown in Figure 1, indicate that bindinglated peptides were then immobilized on a SA sensor chip,
of the pThr residue involves primarily conserved residues which had been pretreated and conditioned according to the
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manufacturer’'s recommendations. The buffer used through-
out the SPR experiment consisted of 10 mM phosphate and

1 mM EDTA (pH 7.4). Each peptide was immobilized at
each channel with a flow rate 1@L/min until a baseline
increase of 86200 resonance units (RU) was obtained.
Subsequently, the chip was washed with 50 mM NaOH and
1 M NacCl to remove the nonspecific bound peptides. After
the peptide immobilization, a protein solution with an

increasing concentration was passed through the chip with

a flow rate of 10uL/min for 4 min. The chip surface was
regenerated with 50 mM NaOH drl M NacCl after each
individual measurement to obtain the original baseline for

subsequent measurements. As a consequence of the protei

binding to the peptide, the RU changes with time, providing

the sensorgram. At the equilibrium stage of the sensorgram, _ 1 1
dionconserved residues and the possible effects of mutations of these

the absolute RU changes at each protein concentration wer

recorded and used for calculating the dissociation constants

(Kq).

Analysis of Phosphopeptide Binding Affinity by NMR
NMR experiments were performed on a Bruker DMX-600
spectrometer at 20C. The samples contained 10 mM
phosphate buffer, 1 mM EDTA, and 5 mM DTT in a 95%
H,0/5%2H,0 mixture at pH 6.5. The protein concentration
used in the experiment was 6:8.6 mM. Peptide binding

experiments were conducted by recording a series of two-

dimensional (2D)!*N HSQC spectra for uniformly*N-
labeled samples with different peptide concentrations at pH
6.5. The dissociation constant&gf were calculated by

Yongkiettrakul et al.
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Ficure 2: Diagrams illustrating our hypotheses about the roles of

residues. Highly conserved residues and nonconserved residues are
colored dark red and purple, respectively. The dotted lines represent
the interactions between the pT peptide and the protein.

structures indicated that the corresponding residue, R617,
possibly forms a salt bridge with D683 in FHA2. The residue
corresponding to D683 is G135 in FHA1l. Thus, we
hypothesized that changing G135 to D could create a salt
bridge between R83 and D135, thus inhibiting the ability of
R83 to interact wit a D at the p#3 position. Conversely,
changing D683 to A could free up the side chain of R617
and force FHAZ2 to prefea D at the pT3 position. Likewise,

we hypothesized that changing G133 to | could make FHA1

assuming single-site binding and a fast exchange regime, agnore likely to accept a hydrophobic residue at thet3T

described previouslylg, 23).

pT Peptide Library Screeniné\ ladder pT peptide library
[AXX(pT)XXXXABBRM-resin] was used in this study.
Purified FHAL(WT), FHA1(G135D), FHA2(WT), and FHA2-
(I681A) proteins were biotinylated with sulfo-NHS-biotin
as described by the manufacturer. The screening of bioti-
nylated wild-type FHA1 (0..tM) and FHA2 (1.0uM), as
positive controls, was conducted with 60 mg of TentaGel
beads containing pT peptide libraries. Screening of FHA1-
(G135D) was performed with 60 mg of beads and.20
biotinylated protein. For the screening of FHA2(I1681A), the
experiment was carried out with 40 mg of bead ang:50
biotinylated protein. The details of the screening procedure
were similar to those in the previous study.(Positive blue
beads were selected from the library screening. Peptides wer
then removed from the beads and subjected to amino aci
sequencing by a MALDI-TOF mass spectrometer (Reflex
IIl, Bruker Daltonics). The negative control in which the
reaction was conducted without the biotinylated protein
yielded colorless beads only.

RESULTS AND DISCUSSION

Hypothesis: Nonconseed Residues Are liolved in
pT+3 Recognition The residue likely to be responsible for
the preference of D at the pi3 position by FHAL is R83

position, and changing 1681 to A could reduce the preference
of FHA2 for a hydrophobic residue at the {8 position.
Therefore, we decided to construct G133I, G135D, I681A,
D683A, and double mutants G133I/G135D and 1681A/
D683A. Note that these four residues are all nonconserved
residues located at the loops connecting fgkstrands.

Loop Conformations Are Perturbed in the Mutanige
first examined the possible structural roles of the four
nonconserved residues: G133, G135, 1681, and D683. All
mutants were expressed as soluble GST fusion proteins
followed by removal of the GST tag. It was found that two
of the mutants, FHA2(D683A) and FHA2(1681A/D683A),
precipitated nearly completely after removal of the GST tag.
This result suggests, indirectly, that the R617683 salt

bridge between thg3' —/54 loop and thg39—410 loop is
dinvolved in the stabilization of the structure of FHA2.

The four remaining mutant proteins could be purified in
the soluble form. However, significant precipitation was also
observed for FHA1(G133l). Since G133 is located in the
initial part of the loop formed by th9—/310 strands, the
introduction of a bulky group in the G133I mutant possibly
affects the local conformation of th89—/510 loop and
exposes the hydrophobic residue isoleucine, resulting in the
protein precipitation. Less protein precipitation was observed
in the FHA1(G1331/G135D) double mutant, possibly due to
compensation for the effect of the G133l mutation by the

which forms a salt bridge with the side chain of D at the G135D mutation. In support of this interpretation, it was
pT+3 position as shown in Figure 1. A possible strategy found that the G135D single mutant exhibited enhanced
for changing the specificity of FHAL is to substitute R83 protein stability and solubility, as no protein precipitation
with a different residue. However, the corresponding residue was observed throughout the purification.

is also an arginine (R617) in FHA2. Thus, a different strategy = The four mutants that could be obtained in the soluble
was used to change the specificity of FHA1 to be FHA2- form were further characterized BN HSQC NMR experi-
like. As illustrated in Figure 2, detailed analysis of the ments. Figure 3 shows the superposition of the spectra of
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Ficure 3: Comparison betweeiN HSQC spectra of the wild type and mutants. (A) Wild-type FHA1 domain (black) and mutant G133l
domain (red). (B) Wild-type FHA2 domain (black) and mutant 1681A domain (red). The assignments in brackets are for side chains.

FHAL(WT) with G133l (panel A) and FHA2(WT) with

shown in the figure are based on previous assignments of

I681A (panel B). The spectra of the other two mutants, the WT FHA domains &, 7, 18, 19). The peaks for the
G135D and G1331/G135D, are not shown. The assignmentsmutants were assigned on the basis of the visual comparison
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Ficure 4: Ribbon diagrams of FHA1 and FHA2 domains showing the comparison of the effect of the (A) G133lI, (B) G135D, (C) and
G1331/G135D mutants of the FHAL domain and (D) the 1681A mutant of the FHA2 domain. The combined chemical shift changes due to
the mutation were calculated according to the equatioPApm = [Adun? + (Adnow)? Y2, where Adpn and Ady are the!HN and 15N

chemical shift differences in parts per million, respectively, ands the scaling factor used to normalize € and>N chemical shifts

(0.17) @6). The residues are color-coded according to the degree of the combined chemical shift changes: graggfmyn0.1 ppm,
turquoise if 0.1 ppm< minAppm < 0.3 ppm, and purple if miippm > 0.3 ppm. The mutated residues are represented as spheres. The
structures were viewed with MolMoR{, 28).

with the WT spectra. Overall, a large number of peaks are qualitatively, whether the designed mutations led to changes
shifted in all four mutants. Consistent with the interpretations in ligand specificity. The pT peptide library [AXX(pT)-
on the basis of precipitation of samples described above, XXXX] was used, and the experiment was performed as
G133l displayed the greatest perturbation in the HSQC previously described 7. Wild-type FHA1 and FHAZ2
spectrum, in which two-thirds of the peaks are shifted and domains were used as controls in this study. As shown in
17 peaks disappear. Figure 5A, the results clearly show that, in agreement with

On the basis of the assignments and structures of wild- previous reports?), the wild-type FHA1 domain prefers the
type FHA1 and FHA2, the residues with different degrees pT peptide containing D/E at th€3 position (75% abun-
of chemical shift changes are shown in Figure 4 for all four dance). On the other hand, the G135D mutation led a
mutants. As shown in Figure 4A, most of the residues of significantly reduced preference of D/E at th& position.
the FHA1(G133Il) mutant with larger shifted resonances are This result indicates that G135 is one of the determinant
located ing3'—p4, f5—p6, andS9—[10 loops, which are  residues for FHAL specificity, and supports the hypothesis
responsible for phosphopeptide binding. Some of the con-illustrated in Figure 2 that changing G135 to D could lead
served residues involved in pTXXD peptide binding, R70, to a salt bridge between R83 and D135, thus inhibiting the
R83, S85, T106, and N107, are among the residues with theability of R83 to interact wih a D at the p#3 position.
largest shifts. These results suggest that the G133l mutation So far, the preference at the % position of the FHA
likely perturbs the orientation of the loops involved in the domain has never been tested. In this study, the use of a pT
phosphopeptide binding. Some of the residues in the peptide library containing random residues at thetgT
pB-strands are also perturbed, but only with small chemical position allowed us to examine the preference of FHAL at
shift changes. The pattern of chemical shift perturbation in the pT+4 position of the phosphopeptide. The result in
the G1331/G135D double mutant is very similar to that of Figure 5B shows that there was not a certain residue
the G133l single mutant, as shown in Figure 4C. Smaller predominantly selected at the $# position from the
and less global changes were observed for G135D, but thescreening of either wild-type or mutant FHA1. This evidence
residues with perturbed chemical shifts are also located suggests that the pA4 residue may not contribute to the
mainly in the loops as shown in Figure 4B. For the FHA2- specific interaction between FHAL and the pT peptide.
(I681A) mutant, the degree of perturbations is smaller than  Although the results of library screening for G135D
that of the other three FHA1 mutants as shown in Figure support our hypothesis, it took a very high concentration of
4D. the mutant proteins to obtain blue beads, possibly due to

As we have advocated, the functional role of a mutated the loss of clear preferences for specific sequences. Further-
residue cannot be unequivocally assigned if the structure ofmore, such results are only qualitative. In addition to FHA1-
the mutant protein is perturbed, since the effect of the (G135D), we also screened FHA2(1681A) against the same
function could be caused by structural perturbatia24.( pT peptide library but were unable to obtain blue beads even
However, chemical shift changes are an overly sensitive at a very high concentration of the mutant protein 50).
indication of structural perturbations. It is possible that the Again, this observation indirectly supports the importance
structural perturbations in the mutants are not sufficient to of 1681 in the recognition of ligands, but it is based on
cause unpredicted functional changes. Thus, we proceedecdhegative results. We therefore did not perform further library
to study the functional properties of the mutants as describedscreening but turned to quantitative binding analyses as
in the following sections. described in the next section.

Library Screening Indicates Changes in Ligand Specificity = NMR and SPR Analyses of Binding of Phosphopeptide to
We first used the library screening approach to examine, the Mutants Three phosphopeptides were used to examine
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A 80 and S619 of FHA2 (Figure 7). This conserved serine residue

has been suggested to directly interact with the pThr residue
of the phosphopeptide6( 18—20). Its NH cross-peak is
located in a distinct position in thEN HSQC spectra and

is very sensitive to mutagenesis as shown in Figure 3.
Binding of an FHA domain to a phosphopeptide almost
always causes shifts of this cross-pe&B<20).

It is of interest to mention that binding of phosphopeptides
can also change the dynamic property of the mutants. For
example, some of the weak and invisible cross-peaks in the
5N HSQC spectrum of the FHA1(G133l) mutant became
strong and visible upon titration with the SLEV(pT)-
EADATFVQ phosphopeptide (spectra not shown).

Changes in the Ligand Specificity of the Mutants
shown in Table 1, the ligand specificities of wild-type FHAL
and FHA2 differ significantly, in agreement with previous
reports b, 7, 18). FHAL binds peptide | (pTXXD) tightly
(Kq = 0.4 uM) and peptide Il (pTXXL) weakly Kq = 149
uM) and does not bind peptide Il (pYXL), whereas FHA2
binds the three phosphopeptides in the following order of
affinity: peptide Il Kg = 13 uM) > peptide Il Kq = 100
uM) > peptide | Kqg = 335uM). As we have anticipated,
the two single mutants and one double mutant of the FHA1
domain all bind peptide Il and peptide 11l witky values
comparable to those of FHA2. The affinities of these three
mutants for peptide | have also decreased by a factor of
5—25, though not abolished. These results support our
hypotheses that changing G135 to D could lead to a salt
bridge between R83 and D135, thus inhibiting the ability of
R83 to interact wih a D at the p¥3 position, and that
changing G133 to isoleucine could make FHA1 more likely
to accept a hydrophobic residue at the8l'position.

The results in Table 1 also show that the 1681A mutation
of the FHA2 domain significantly weakened the pTXXL
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Ficure 5: Preference for an amino acid at (A) thHe8 position
and (B) the+4 position relative to the pT residue observed from
the screening of FHAL1(WT) and FHA1(G135D) against the AXX-
(pT)XXXX peptide library. The percent abundance is the percent
appearance of each residue at the randomized position.

the affinities of the four FHA mutants for phosphopeptides:
SLEV(pT)EADATFVQ (peptide 1), EVEL(pT)QELP (pep-  peptide binding affinity, as evidenced by an increase in the
tide I1), and EDI(pY)YLD (peptide Ill, a phosphotyrosine Kq for peptide Il from 13 to 16%M. There is little change
peptide). All three phosphopeptides correspond to partial in the binding affinity toward peptides | and Ill. This result
sequences of Rad9, a potential binding partner of the FHA1 again supports an important role of 1681 in the specific

and FHA2 domains?, 18, 19). The structures of the FHA1
peptide I, FHAZ-peptide Il, and FHAZ2 peptide Il com-
plexes have all been determined by NMR in our laboratory,
and their binding properties have been characterizetid—

interaction between the FHA2 domain and the EVEL(pT)-
QELP peptide, and the hypothesis that elimination of the
hydrophobic side chain of 1681 could lead to decrease in
the strength of the FHA2ZEVEL(pT)QELP interaction.

20). Thus, these phosphopeptides serve as good systems for Taken together, our structural and functional analyses

examining the properties of the mutants.

The binding properties of all four mutants toward all three
peptides were studied ByN HSQC titration experiments.
Dissociation constantK§) were measured from the NMR

indicate that, despite the substantial perturbation in the
conformation of the mutants, it is possible to change the
ligand specificity, making FHA1 more like FHA2 and vice

versa. Thus, these nonconserved residues appear to play both

experiments in the cases of weaker binding (fast exchangestructural and functional roles.
on the NMR time scale). When the binding was strong and  Comparison with Other FHA Domain®verall, the results
the free and bound species were in slow exchange on thedescribed in this paper provide further insight into the
NMR time scale, th&y was determined by surface plasmon functional diversity of FHA domains. As we have proposed
resonance (SPR) experiments. Both methods have been usettcently, three major factors contribute to the ligand specific-
previously for FHA domains. The dissociation constants are ity of FHA domains. The recognition of the pThr residue is
summarized in Table 1. contributed mainly by conserved residues in/ii8e-4 loop
Analyses of the results N HSQC titration experiments  of Rad53 FHA domains. The nonconserved residues men-
indicated that many peaks corresponding to amino acids intioned in this work, which vary for different FHA domains,
the peptide binding regions undergo significant chemical shift contribute to the recognition of pfA3 residues. The third
changes upon addition of increasing concentrations of factor is an extended binding surface observed for Ki67 FHA
phosphopeptides. Peaks corresponding to R70, R83, and S8%11). It remains to be established whether the third factor is
displayed the greatest shifts. The chemical shift changesunique to Ki67 or also exists for other FHA domains.
caused by addition of phosphopeptides are illustrated by the Variations in the structural basis of gB recognition are
NH cross-peak of a single residue, S85 of FHAL (Figure 6) further illustrated by comparing the structures of FHA
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Table 1: Dissociation Constants for Phosphopeptide Binding of Wild-Type and Mutant FHA Domains

Kq (uM)
FHA1 domain FHA2 domain
phosphopeptide WT G133l G135D G1331/G135D WT I681A
(I) SLEV(pT)EADATFVQ 0.414+ 0.1 2.70+ 0.58 10.49+ 1.37 2.69+ 0.2} 339 138
(1) EVEL(pT)QELP 149 20 15 28 13 165
(1) EDI(pY)YLD ndd 73 202 120 100 266

2 Data obtained by SPR analyses; the rest of the data were obtained from NMR arfa}atesobtained from ret8. ¢ Data obtained from ref
. 9 Not detected.

SLEVpTEADATFVQ EVELDTQELFP EDIpYYLD SLEVDTEADATFVQ
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Ficure 7: Chemical shift change of the backbone amide group of
S619 of the FHA2 domain observed frdfiN HSQC spectra upon
peptide titration at peptide-to-protein ratios of O (black), 0.5 (brown),
1 (green), 2 (blue), 4 (pink), and 8 (red). The arrows indicate the
direction of chemical shift change.

ppm 1z.0 5 Bpm

G135D G135D

126

128 T T T
12.5 2.0 12

pEm

Conclusion Of the many protein domains involved in
signal transduction, the FHA domain is one that has
demonstrated great functional diversity. Understanding the
structural basis of this functional diversity will be very
important in understanding the mechanism of signal trans-
duction. Our laboratory has been working toward this goal
by reporting structurefunction relationships of Rad53
FHA1, Rad53 FHA2, Ki67 FHA, and Chk2 FHA(7, 11,

Ficure 6: Chemical shift change of the backbone amide group of 18-20, 25). In this work, we have moved another important

S85 of the FHAL domain observed froN HSQC spectra upon step in this direction by examining the structural basis of
peptide titration at peptide-to-protein ratios of 0 (black), 0.5 (brown), the recognition of the p¥3 residue by FHA1 and FHA2 of
1 (green), 2 (blue), 4 (pink), and 8 (red). Rad53.
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for the +3 recognition differs between these two cases.

Whereas the specific pf3 recognition of FHA2 is mainly
determined by a nonconserved 1681 located in38e 510
loop, the specific recognition of Chk2 for hydrophobic
residues at the p¥3 position is determined by a shallow
pocket on the protein surfacB)( For Ki67 FHA, there is a
leucine, 190, which corresponds to 1681 of Rad53 FHA2 on
the basis of structure-based alignments. However, the Ki67
FHA domain does not specifically recognize hydrophobic
residues at the p#3 position. Understanding this difference
must await the availability of the structure of the Ki67 FHA
complex with its binding partner; so far, only qualitative
structural analyses of the complex have been repoft#d (
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