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Abstract

A net increase in the backbone rigidity of the kinase-interacting FHA domain (KI-FHA) from the
Arabidopsis receptor kinase-associated protein phosphatase (KAPP) accompanies the binding of a
phosphoThr peptide from its CLV1 receptor-like kinase partner, according to 1°N NMR relaxation
at11.7 and 14.1 T. All of the loops of free KI-FHA display evidence of nsec-scale motions. Many
of these same residues have residual dipolar couplings that deviate from structural predictions.
Binding of the CLV1 pT868 peptide seems to reduce nsec-scale fluctuations of all loops, including
half of the residues of recognition loops. Residues important for affinity are found to be rigid, i.e.
conserved residues and residues of the subsite for the key pT+3 peptide position. —This behavior
parallels SH2 and PTB domain recognition of pTyr peptides. PhosphoThr peptide binding increases
KI-FHA backbone rigidity (S?) of three recognition loops, a loop nearby, seven strands from the f-
sandwich, and a distal loop. Compensating the trend of increased rigidity, binding enhances fast
mobility at a few sites in four loops on the periphery of the recognition surface and in two loops on
the far side of the p-sandwich. Line broadening evidence of psec to msec-scale fluctuations occurs
across the six-stranded B-sheet and nearby edges of the B-sandwich; this forms a network connected
by packing of interior side chains and H-bonding. A patch of the slowly fluctuating residues coincides
with the site of segment-swapped dimerization in crystals of the FHA domain of human Chffr.
Phosphopeptide binding introduces pisec to msec-scale fluctuations to more residues of the long 8/9
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The NMR relaxation data and their model-free interpretation are available for free and bound KI-FHA under BMRB accession codes
5841 and 6474 at www.bmrb.wisc.edu.
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recognition loop of KI-FHA. The rigidity of this FHA domain appears to couple as a whole to pThr
peptide binding.
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FHA domain; phosphoThr-binding module; protein-protein interactions; NMR relaxation; relaxation
dispersion; dynamics; residual dipolar couplings

FHA domains bind phosphothreonine- and phosphoserine-containing partners in diverse
eukaryotic signaling pathways that include DNA damage repair, cell proliferation, pre-mRNA
splicing, forkhead transcription factors, Ring-finger proteins, and Kinesins (1). Several high-
resolution structures of FHA domains have appeared (2-8), but no detailed studies of their
dynamics. Flexibility often appears to correlate with binding events, including affinity of
protein modules for peptides (9-11). Residue-specific effects on the affinity of SH2 domains
for phosphotyrosine peptides are not fully explained by the structures but do correlate with
rigidity of interfacial side chains (12). Peptide-binding dependent changes in backbone motions
of the c-Src SH3 domain help explain its unfavorable entropy of peptide binding and show that
the binding stabilizes the SH3 domain both near and far from the interface (13). Investigation
of the dynamic character of an FHA domain should add insights into behaviors affecting
binding and stability.

The FHA domain investigated herein is from Arabidopsis kinase-associated protein
phosphatase (KAPP), a key downstream regulator of receptor-like protein kinase (RLK)
signaling pathways in plants (14). KAPP has a C-terminal protein phosphatase 2C (PP2C)
domain that dephosphorylates RLK partners to attenuate the activation of the receptor complex
(15). KAPP was shown to interact with these RLKs from Arabidopsis that include HAESA
(formerly RLK5) (14), CLAVATAL (16), RLK4 (17), TMK1 (17), WAK1 (18), FLS2 (19),
BAK1 (20), and SERK1 (21). KAPP uses its kinase-interacting FHA domain (KI-FHA) to bind
epitopes of RLKSs activated by phosphorylation of serine or threonine residues. KI-FHA
minimally comprises 119 amino acids, i.e. residues 180 to 298 of KAPP (22). The solution
structure of KI-FHA is a sandwich of a five-stranded mixed [ sheet with six-stranded anti-
parallel B-sheet (7), like most other structures of FHA domains (2,3,5) and SMAD MH2
domains(23), despite sequence identities of less than 20% (7). The six-stranded B-sheet is an
array of three B-hairpins: the 1/2, 10/11, and 7/8 B-hairpins (see below). The 5/6 B-hairpin lies
in the middle of the five-stranded B-sheet. Sequence identity among diverse FHA domains is
restricted to Gly211, Arg212, Ser226, His229 and Asn250 in KI-FHA numbering (22) of the
3/4, 4/5, and 6/7 loops on the edge of the five-stranded B-sheet that forms a surface for binding
phosphorylated peptides and proteins (3,4,7). The 8/9 and 10/11 loops also appear to contribute
to the phosphoprotein (RLK) recognition surface of KI-FHA from KAPP (7). A second surface
on an independent face of FHA domains was proposed to be a potential self-recognition surface
(7) and coincides with the B-hairpin that rearranges to make the segment-swapped dimer
reported in the FHA domain of Chfr (6). Crystallographic B factors of FHA domains are low,
especially in the B-strands (5), suggesting rigidity. Phosphopeptide binding does not appear to
alter the structure of FHA domains significantly (4,6,24—-26). This suggests that FHA domains
may use a rigid, pre-formed surface for recognizing phosphoprotein partners.

Many protein-protein interaction sites do, however, have some flexibility revealed by NMR
relaxation, often fluctuating over the psec to msec range (12,13,27-33). NMR relaxation rates
result from the density of motions that reorient the bond probed, described by spectral density
functions that are Fourier transforms of time correlation functions of the bond reorientation.
The model-free formalism estimates primarily the amplitude and secondarily the time scale of
intramolecular motions faster than the rotation diffusion of globular proteins (several nsec),
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by fitting spectral density functions (34,35). The amplitude of fast internal bond reorientations
can be estimated from the generalized order parameter S2 that ranges from a value of 1.0 for
full restriction to 0.0 for full lack of restriction (34,36). The model-free approach also can yield
a line broadening term that results from fluctuations occurring on a time scale of psec to msec.
Alternatively, 15N relaxation data are occasionally interpreted by the reduced spectral density
approach. Examples of its application in molecular recognition are refs (33,37). Without
explicit modeling of protein tumbling, this approach suggests frequency distribution of amide
bond reorientations at 1H and 1°N Larmor precession frequencies, as well as much lower
frequencies (38—41). Another means of finding structural averaging from psec to tens of msec
is to evaluate agreement of residual dipolar couplings (RDCs), measured from weakly aligned
NMR samples, with the static structural model (42,43). Comparison of the RDC fits with
relaxation data can help assess structural averaging (44).

This first investigation of binding-linked mobility changes of an FHA domain compares the
backbone dynamics of representative KI-FHA from Arabidopsis KAPP, free and bound to a
pThr peptide we identified from its CLAVATAL (CLV1) receptor-like kinase partner. CLV1
is required in Arabidopsis for balancing proliferation and differentiation of shoot and floral
meristems. KAPP negatively regulates CLV1 in plant development (45). 1°N relaxation data
from two magpnetic fields are interpreted using both the model-free formalism (34-36) and a
reduced spectral density function. Structural fitting of residual dipolar couplings provides an
independent assay sensitive to additional time scales. All the loops manifest fluctuations in
nsec in the free state, but fewer do in the bound state. In the bound state, many residues have
increased rigidity or S2 whether near or far from the phosphopeptide binding site. Around seven
residues have clearly decreased rigidity or S2 as well. Fluctuations on the psec to msec scale
map to a larger swath and a smaller patch of the six-stranded p-sheet.

Materials and Methods

Preparation of KI-FHA

GST-tagged KI-FHA, containing Arabidopsis KAPP residues 180-313, was expressed in E.
coli, enriched with 1°N, and purified as described (46). After proteolytic removal of the N-
terminal GST tag, a linker of Gly-Pro-Leu-Gly-Ser remained at the N-terminus of KI-FHA,
the NMR-observable amides of the Leu-G1y-Ser of this linker are assigned KAPP residue
numbers of 177-179. Purified KI-FHA was exchanged into 20 mM sodium phosphate (pH
6.3), 120 mM NaCl and 7% D,0 for NMR. NMR samples of KI-FHA were 0.33 to 0.6 mM,
the solubility limit.

Synthesis, purification, and NMR sample uses of CLV1 pT868 peptide

The pT868 peptide, comprising residues 863-875 of the receptor kinase CLAVATAL of
Arabidopsis, was synthesized with an Advanced ChemTech 396 multiple peptide synthesizer
(Louisville, KY) using standard Fmoc chemistry and solid phase synthesis. Each Fmoc amino
acid was coupled at least twice, except for the building blocks for the phosphothreonine and
the subsequent amino acid that were coupled three times. Cleavage and side chain deprotection
were achieved by treating the resin with 87.5% trifluoroacetic acid / 2.5% thioanisole / 2.5%
phenol / 2.5% water / 2.5% ethanedithiol / 2.5% triisopropylsilane. All reagents were HPLC
or peptide synthesis grade and obtained from Fluka (Milwaukee, WI), Novabiochem (San
Diego, CA), or VWR Scientific (St. Louis, MO). The crude product obtained was characterized
by HPLC (Beckmann Coulter, Fullerton, CA) and LC-ESI-MS (Thermo Finnigan, San Jose,
CA). The product was purified to greater than 80% by semi-preparative HPLC using an in-
house-optimized multi-step gradient. 1°N-H TROSY at 22°C monitored the effects of the
CLV1 pT868 peptide on the KI-FHA amide spectrum when titrated up to a 4:1 ratio of
peptide:protein. A sample of 0.795 mM pT868 peptide and 0.53 mM KI-FHA, providing ~94%
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saturation at the Kp of 20 uM, was used to measure a full set of standard relaxation data at
each of two magnetic field strengths. A sample of 1.16 mM pT868 peptide and 0.33 mM KI-
FHA, providing ~98% saturation at the Kp of 20 M, was used to measure standard in-phase
R, and TROSY -enhanced, relaxation-compensated R, at 600 MHz.

15N NMR relaxation measurements

Spectra monitoring 1°N R; and R, relaxation rates and °N{1H} steady-state NOE were
acquired at 25 °C at both 600 and 500 MHz. Relaxation dispersion experiments were collected
at 22 °C at 600 MHz. A Varian Inova 600 MHz spectrometer (Univ. of Missouri) was used
with either a high-sensitivity 5 mm TH{13C/15N} cryogenic probe with shielded z gradient coil
or a5 mm HCN triple resonance probe fitted with an xyz gradient coil. The Bruker DRX-500
spectrometer at the Univ. of Missouri was used with an 8 mm triple resonance probe with an
actively shielded z gradient coil (Nalorac, Martinez, CA). The Bruker DMX-500 at NMRFAM
was used for 1SN{1H} steady-state NOE and R; at 500 MHz as it is fitted with a very sensitive
5 mm Cryoprobe™ with shielded z gradient coil. The temperature settings of Missouri’s 500
and 600 MHz instruments were calibrated using ethylene glycol from room temperature
upward and using methanol below room temperature. The actual temperatures are within 1 °
C of the nominal temperatures and within 1 °C between the two instruments. The 600 MHz
R1 and R, pulse sequences used sensitivity-enhanced gradient-based coherence selection
(47), implemented in Biopack. Cross-correlation was suppressed from Rq and R, spectra
(48). For good water suppression with cryogenic probes and economy of pulses for the 8 mm
probe, home-implemented 3-9-19 WATERGATE (49) versions of sequences of ref (50) were
used for 1°N{1H} steady-state NOE, 500 MHz R and R,. The relaxation-compensated CPMG
pulse sequence of ref (51) was applied to the free state of KI-FHA and the TROSY-enhanced
version (52) to the bound state, using the Inova 600 for each. 1, delays were in both cases set
for 2ms and 7.5 ms = pulse spacing, to identify sites of exchange broadening on the msec scale.

Using relaxation-compensated CPMG sequences with ¢y = 1 ms (z pulse spacing of 2 ms),
total relaxation delays were 16, 32, 48, 64, 80, 96 ms using the sequence of ref (51) or 8, 32,
64, 96, 128, and 160 ms using the sequence of ref (52). At tcp = 3.75 ms (r pulse spacing of
7.5 ms) total delays were 30, 60, 90, and 120 ms using the sequence of ref (51) or 30, 60, 90,
120, 150, and 180 ms using the sequence of ref (52). Relaxation delay periods at 500 MHz
were 20", 60, 120", 240, 400", 600 and 860" ms for Ry and 16”, 32, 48", 64, 80", 112, 144" ms
for R,. Asterisks (*) indicate points duplicated for estimating uncertainties in peak heights. 500
MHz R; data of free KI-FHA were found to reproduce well between Missouri’s DRX-500 with
conventional probe and NMRFAM’s DMX-500 with Cryoprobe™. Delay times at 600 MHz
were 10, 20", 50, 100", 200, 350", 500, and 700" ms for Ry and 10%, 30, 50", 70, 90%, 110, and
130" ms for Ry. For KI-FHA in the free state, the 600 MHz R; and R results from the
conventional probe were repeated with the cryogenic probe and averaged. NMR spectra were
processed using Sybyl 6.8 or NMRPipe 2.3 (53). Uncertainties in Ry and R, relaxation rates
were generated by relaxation fitting simulations with SPARKY 3 (54) using 40 iterations with
addition of Gaussian-distributed random noise. To obtain 2°N{*H} NOEs, spectra were
measured with and without 3.5 seconds of proton saturation, in an interleaved manor to
maintain identical sample conditions. The non-saturated spectra reference spectra had
relaxation delays of 9.2 seconds at 500 MHz and 12 seconds at 600 MHz to allow water
magnetization to recover completely and avoid saturation transfer. Identical pairs of NOE
spectra were collected in triplicate, except for the free state at 500 MHz collected in duplicate,
to evaluate standard deviations for each residue. Standard rules of statistical error propagation
were applied to arithmetic combinations of relaxation rates.
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Reduced spectral density analysis of 1°N relaxation

The spectral density function, J(w), for an N-H bond vector describes the frequency spectrum
of its reorientation. J(w) decreases monotonically with frequency o and has nearly zero slope
at high frequency, i.e. J(oyton)=J(on)= J(oy—oy). (Recall that my is negative.)
Consequently, three spectral density functions for each amide are sufficient and well-
approximated from measurements of just 1°N Ry and R, and {*H}-1°N NOE enhancement.
The three spectral density expressions resulting are (38-40):

Tei(0)=[ 6/3d” +4¢*1(-R1 /2+R3 — 37/5) (1)
Jw)=[4/3+4* 1R, - To/5) @
J(0.87w,,)=40/(5d%) @)
0=(NOE — 1)(y,/7,)R1 )

where d = pohyNyH<INH 3> /(872); ¢ = wn(oy — 6.1 )/N3; oy — o | is the chemical shift anisotropy
estimated to be —170 ppm; v, and yy are the gyromagnetic ratios of *H and 1°N; and oy and
oy are the Larmor frequencies of 1H and 15N. J(o) at ®=0, oy, and 0.87w were estimated
from both 500 and 600 MHz relaxation data. The reduced spectral mapping approach needs
no models of internal motion or of anisotropy in Brownian tumbling of the protein.

Model-free analysis of 1°N relaxation

Model-free calculations were performed using the ModelFree 4.1 suite of programs provided
by Prof. Arthur G. Palmer (55). Estimates of 1., and anisotropy of the rotational diffusion tensor
were obtained from R,/Rq ratios using the program TENSOR?2 (56) after filter coarse- and
fine-filtering out residues undergoing motion on the ps to ns or ps to ms timescales (57); see
Results. The 15N CSA was set to the approximation of —170 ppm (9,58). To anticipate
systematic effects upon S2 of the unknown variation in 1°N CSA (59) of KI-FHA, parallel
model-free calculations were fixed to a range of other CSA values. At —150 ppm, S2 averages
0.015 + 0.019 above S2 at =170 ppm. At —190 ppm, S2 averages 0.029 + 0.026 below S at
—170 ppm. The uncertainties for R1 and R, were set to 5% of their values as suggested (60).
Uncertainties in the dynamics parameters were obtained using 400 steps Monte Carlo
simulations carried out using Modelfree 4.1. Under the assumption of a wobbling-in-a-cone
motional model, the amplitude of the maximal cone semi-angle of N-H bond excursions can
be estimated from order parameter S using the relationship (34):

_ cos(#)+cos2(6)

S
2 (5)

Selection of spectral density expressions

Relaxation rates were fitted to one of five forms of spectral density functions (Tablel), where
Tm and Dy/D | were fixed to estimates from Ro/R ratios (Table 2). To accommodate data from
two magnetic fields leading to higher model-free ¥2 errors and to avoid under-fitting and bias
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(61), long-established Akaike's Information Criterion (AIC) (62) was used as the principal
method of statistical model selection as described (61). Akaike's information criterion is
computed as y2 + 2k, where k is the number of parameters evaluated from among S 2, T,
Rex and Sg 2 (61,62). AIC was used to test need to let 1, range up to 2 nsec in expressions 2
and 4 of Table 1. By monitoring Ry 500MHz j R, 600MHZ after 4 correction for psec internal
motion, the PINATA algorithm suggested nsec-scale motions in additional residues with ratio
< 0.96 (63). The e term of these residues was allowed to range up to 1 nsec. The suitability of
use of 1 to 2 nsec 1, was confirmed by elevated J(on=61 MHZz) (eg. 2) since the baseline at
each spectral density frequency marks the rigid structural core (11). To justify use of the
exchange broadening term Ry (expressions 3 and 4 in Table 1), F-testing of model-free 2,
using data from the two fields, was required to show a P value < 0.25 in addition to satisfying
AIC. Alternatively, relaxation dispersion data with increased line broadening at slower CPMG
pulsing rate, i.e. Ro(7.5 ms) — R»(2 ms) beyond uncertainty above the baseline, was considered
clear evidence of exchange on the msec scale and sufficient justification for use of Rey.

Residual dipolar coupling analysis

RESULTS

RDCs were measured using liquid crystals that align in the magnetic field, introducing a small
net average alignment (< 0.001) of KI-FHA. 1Dy values were measured using 0.5 mM K-
FHA in the presence of Pf1 phage (64) at 9.6 mg/ml and using 0.4 mM KI-FHA in 5% (w/v)
C12E6 / hexanol liquid crystalline medium (65). RDCs were obtained by comparing

coupled 15N IPAP-HSQC spectra of KI-FHA in the absence of orienting media against spectra
of KI-FHA weakly oriented using the phage or PEG/hexanol media. 1Dy values of successive
sets of five neighboring residues were fitted by singular value decomposition (SVD) to the four
lowest energy structural models of KI-FHA (PDB code 1MZK) to obtain alignment tensor
parameters as described (44). The application here is novel in using a group of NMR structures
rather than an X-ray structure. In simulating the range of uncertainty of the alignment parameter
Szz, estimated uncertainty in atomic coordinates of 0.3 A and of 1 Hz in measurements

of 1Dy values were included in 512 * 1024 fits introducing random noise of this size.
Repetition for the group of NMR structures in effect incorporated further structural uncertainty.

15N relaxation in free and phosphoThr peptide-bound states

15N NMR relaxation parameters of KI-FHA, free and bound to an excess of a 13-mer pThr
peptide from CLAVATAL (CLV1), were determined at 298 K, at both 500 MHz and 600 MHz
to enhance insight into the amplitude and timescale of backbone dynamics. The peptide, dubbed
CLV1 pT868, comprises residues 863-875 of the Arabidopsis CLAVATAL receptor-like
kinase (RLK): PEYAY (pT)LKVDEKS. Multiple sequence alignment of kinase domains of
RLKs indicates that the threonine that we phosphorylated in this CLV1 pT868 peptide
corresponds to Ser1060 of the BRI1 RLK, one of two neighboring residues phosphorylated at
the C-terminal end of the activation loop of kinases (66). This suggests pT868 of CLV1 might
also be phosphorylated in vivo, making it the most likely of our KI-FHA-binding
phosphopeptide candidates to be physiologically relevant. At 298K, CLV1 pT868 binds Ki-
FHA with apparent Kp of 21 uM by NMR at pH 6.3 and 16 pM by titration calorimetry at pH
7.5; details will be described elsewhere. Of 114 observable backbone amide peaks, 99 in the
free state and 102 in the bound state were resolved well enough for quantitative analysis of
their relaxation and dynamics. Single exponentials fit well the R, and R, relaxation rates. The
exception isin 500 MHz R4 spectra where four to five residues have anomalously fast relaxation
(marked with gray squares in Figure 1b, Figure 2b) that approaches or exceeds the theoretical
limit of 3.14 s™1 when fitted with a single exponential; their biphasic relaxation is possibly an
artifact of the exchange broadening that these particular backbone peaks undergo. In the free
state of KI-FHA, the peaks of the following were too overlapped for reliable fitting: 1187 /
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L210/S223, D217 /1293, N235/L.283, V198 / S200 / E224 | S248, and M246 / L264. In the
CLV1 pT868-bound state of KI-FHA, the spectral overlap remains in the first two peak clusters
listed. With the 0.33 to 0.6 mM KI-FHA concentrations employed, particularly high S/N was
assured by detection with a cryogenic probe at 600 MHz and a cryogenic probe for some of
the 500 MHz data.

High backbone 1°N{1H} NOEs indicate that KI-FHA is generally rigid on the psec timescale
infree and CLV1 pT868-bound states (Figure 1a, Figure 2aand Table 2). Negative NOE values
and low R, values (Figure 1a,c) at the termini indicate their very high mobility and that the
folded domain extends from KAPP residue Ser180 through Ser295. 1°N{*H} NOEs, especially
at 600 MHz, lower than 0.65 suggest such residues to be enriched in fluctuations on the psec
to nsec scale. In free KI-FHA, such residues with higher amplitude fast motions are found in
the 2/3 loop, 3/4 loop, 4/5 loop, and the long 8/9 loop (Figure 1a). Elevated Rq values were
shown to correlate with nsec internal fluctuations (67). In the free state, there are residues in
all the loops and termini that have higher-than-average R values, suggesting they may undergo
nsec fluctuations. In the pT868-bound state of KI-FHA, all the loops show less of this trend of
elevation of Ry (Figure 2b).

Sites of high R, can suggest fluctuations on the pisec to msec timescale. In the free state, residues

with at 600 MHz R, exceeding 13.8 572, i.e. > 1.5 ¢ above the coarse-filtered R,=12.65~! (Table
2), came under consideration for conformational exchange broadening processes on the psec
to msec scale. These residues lie in the 1/2 B—hairpin, the 3/4 loop, B4, the 4/5 loop, the 7/8
loop, B8, and 10/11 B-hairpin (Figure 1c). (The term B-hairpin refers to both anti-parallel
strands and the intervening loop). Relaxation-compensated CPMG R, measurements
comparing averaged R, between faster and slower pulsing of CPMG = pulses can exaggerate
the line broadening of msec-scale chemical exchange processes (51). Elevated AR, = Ry(7.5
ms) — Ro(2 ms) in Figure 1d clearly suggest msec exchange broadening to occur in the 1/2 -
hairpin, the 4/5 loop, 8, the 9/10 loop, 10/11 B-hairpin, and C-terminus. Most of these residues
evidently with msec-scale motions are found in a swath across the six-stranded p-sheet, i.e. its
B1, B2, p10, and B11 strands. Similar inspection of elevated 600 MHz R, values with CLV1
pT868-bound present at 3.5-fold excess suggest the same segments of bound KI-FHA to
undergo exchange broadening, plus the 6/7 recognition loop (Figure 2c). For the bound state,
elevated AR, = Ry(7.5 ms) — Ro(2 ms) in Figure 2d is very similar to that of the free state
(Figure 1d), including the patterns of msec exchange broadening in the 1/2 p—hairpin, 10/11
B-hairpin, and C-terminus.

J(wy) reduced spectral density evidence of nsec motions in KI-FHA

Reduced spectral density fitting of the relaxation data (39,40) gives temporal insight into the
backbone mobility of free and bound KI-FHA . Elevated J(wy) values, where on=60.8 MHz,
in free KI-FHA (Figure 3a) suggest that all of its loops and its termini have sites enriched in
nsec-scale fluctuations. J(wy) values of pT868-bound KI-FHA are lower overall with fewer
elevated excursions (Figure 3a). Much of the general trend to lower J(wp) values in the bound
state may be a consequence of its slower tumbling and higher basal Je(0) (not shown). In the
pThr peptide-bound state, however, locally more attenuated J(wy) values suggest that all of
the loops have residues with nsec fluctuations apparently quenched (Figure 3a). The following
B-strands have residues with apparently fewer nsec fluctuations: especially 1, but also one to
two residues in each of B-strands 6 through 11 (Figure 3a).

Fluctuations in the loops of free KI-FHA are corroborated by deviations of 1°N-1H residual
dipolar couplings

Residual dipolar couplings (RDCs) can respond to motional averaging over a wide, continuous
range of timescales from psec to tens of msec (42,43), an advantage over spin relaxation studies.
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Deviations of measured RDCs from RDCs predicted from the alignment of the protein structure
can result from static or dynamic discrepancy from the protein structural coordinates (42,43).
All 1Dy RDCs were fitted to the whole of each of the ten lowest energy structures from the
KI-FHA ensemble (PDB code 1mzk) using PALES (68). Deviations of individual 1Dy RDCs
from those predicted by fits using singular value decomposition (SVD) are represented in
Figure 3b as ay2-like quantity that is normalized by the D, description of the range of observed
RDCs. Several loops have 1Dy RDCs that deviate from RDCs predicted by the structure,
where L is for loop: L1/2, L2/3, L4/5, L5/6, L6/7, L7/8, L8/9, and L10/11 loops. 8 and the
C-terminus also have residues with deviating 1Dy RDCs (Figure 3b). A majority of the sites
of 1Dy deviation have higher-than-average RMSD in the ensemble of structures. Most cases
of (1DNH, meas - 1DNH, calc)/Da deviations in the free state (Figure 3b) have elevated J(oy)
evidence of nsec-scale motions (Figure 3ba). The (1DNH, meas - 1DNH' calc)/Dga parameter
appears to respond independently to many but not all possible sites of apparent nsec scale
motion.

We also used the method of ref (44) to fit successive quintets of 1Dy RDCs to the atomic
coordinates of their respective fragments of the KI-FHA structural model. Deviations of
molecular segments’ alignment tensors from the overall protein alignment may result from
dynamic or static deviations (43). The following segments of the backbone deviated beyond
uncertainty from prediction from the coordinates using weak protein alignment in two different
media: Glul85 — GIn195 that span the 1/2 hairpin loop, Ala197 to Lys209 in the 2/3 loop to
B3, Ala230 — Trp234 in 35, Thr237 — Trp241 in the 5/6 loop to 6, and Asp263 to Trp269 in
the 8/9 loop (see Figure S1 and description in Supporting Information). All of these deviant
segments, except for B-strand 5, are enriched in motions on the scales of either psec — msec or
nsec (Figure 1d, Figure 3a, Figure 4).

Hydrodynamics of KI-FHA, free and bound to CLV1 pT868 peptide

Rotational correlation time t,, (overall tumbling) and rotational diffusion anisotropy can be
estimated from Ro/R1 ratios (and atomic coordinates) using rigid residues where the Ry/R
ratio depends only on 1y, in the limit of small amplitude fast internal motions (te<<tp) (69).
An attractive two-stage procedure for identifying such residues without discarding R,/R ratios
made high or low by anisotropy of diffusion is that of ref (57). The results of the coarse filtering
stage using those authors’ NormaDyn software with the 500 and 600 MHz data collected for
free and bound states are presented in Table 2. Typically about 80 candidate residues having
acceptably high I°N{*H} NOE and acceptably moderate R, remained after coarse filtering.
The purpose of the subsequent fine filtering stage is to remove additional residues poorly fit
by simple model-free expressions 1 and 2 (Table 1) due to motions on the nsec or psec to msec
scales (57). We enhanced the fine filtering stage by removing (1) residues with msec scale
exchange broadening according to relaxation dispersion (Figure 1d, Figure 2d), (2) residues

likely to have nsec motion due to J(w,) > J(w, )+10 where on= 60.8 MHz (Figure 3a), or
(3) residues requiring the exchange broadening term Rgy in preliminary model-free simulations
according to statistical model selection. Around 40 residues survived this enhanced fine
filtering (Table 2).

The trustworthy, fine-filtered data from 600 MHz with cryogenic probe were fitted to the NMR
structure of free KI-FHA (PDB accession code 1MZK) to assess correlation time and
anisotropy of rotational diffusion using the TENSOR2 program of ref (56). The ratio of the
principal moments of inertia of free KI-FHA is 1.00:0.91:0.55. The free state is estimated to
have 1, of 7.57 £ 0.08 nsec with Dy/D_L = 0.81 + 0.07 (oblate) and the pT868-bound state to
have 1, of 10.70 £ 0.07 with Dy/DL =1.21 + 0.06 (prolate). (Note that a prolate to oblate shift
was reported for peptide binding to an SH3 domain (13).) For the free and bound states, both
oblate and prolate axially symmetric fits are acceptable with high statistical confidence and
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have y2 similar to within 10%. Such two-minimum behavior suggests the possibility of fully
anisotropic diffusion (70). Indeed, a fully anisotropic diffusion model is statistically
significantly better for the bound state. The limitation to axial symmetry of Modelfree 4.1 used
here and widely could add a very modest systematic bias, but little difference in S2 values
results from switching between oblate and prolate models for KI-FHA (not shown).

These tr, estimates for KI-FHA at 25 °C are comparable to the 1, values of monomers of
similar size and temperature (33,71,72). The unlabeled free state of KI-FHA is 124 residues
and 13.3 kD by ESI-MS while the complex is 12% larger at 137 residues and 14.9 kD.
Saturation with the 1.6 kDa, 13-mer pT868 peptide increases R,/R1 more than expected (Table
2). The resulting increase in apparent Stokes radius with the pT868 peptide bound is around
9%. Why does the increase in 1, upon saturation with the 1.6 kDa pT868 peptide appear to be
~1.5 nsec more than expected? To investigate whether peptide binding promotes self-
association, a complex of 0.53 mM KI-FHA with 1.5-fold excess of pT868 peptide was diluted
2.3-fold, resulting in perhaps a 4% average drop in Ry values (Table 2). This decrease parallels
the decrease in pT868 peptide saturation from 94% at 0.53 mM KI-FHA to 88% at 0.23 mM
KI-FHA, i.e. the enhanced weighting of the free state contribution to apparent 1, when diluted.
If self-association were substantial, a larger drop in R, and estimated t,,, ought to have
accompanied 2.3-fold dilution. A more likely alternative explanation could be that the greater
extent of nsec fluctuations of the loops in the free state may decrease its effective Stokes radius
relative to the bound state. (Note that a case of greater slowing of rotational diffusion upon
peptide-binding to a monomer has been reported, where coupling between altered internal
motion and diffusional shape seems larger (73).)

Spectral density function selection for model-free simulations

Model-free simulations of the relaxation data proceeded with hydrodynamics parameters tp,
and D/D_L fixed at the values listed in Table 2. Use of relaxation data from two magnetic
fields in the model-free approach more reliably defines the S2, Rey (excess line broadening),
and 1, (internal correlation time) parameters. Data at two magnetic fields also provides enough
measurements to use three-parameter fits where needed. Five measurements were used for both
the free and bound states of KI-FHA, namely 600 MHz R4, R,, and NOE and 500 MHz R4
and NOE. Omission of 500 MHz R4 gave very similar results. The spectral density functions
(Table 1) most appropriate for use in model-free simulations were chosen primarily using AIC-
based statistics (61) augmented by other experimental identification of msec motion from
relaxation dispersion parameter AR (tcp) (ref 51) (Figure 1d,Figure 2d) and of nsec motion
from the reduced spectral density function J(wn=60.8 MHz) (ref 41) (Figure 3a), as described
in Materials and Methods. The spectral functions selected from among the choices of Table 1
are listed in Table S1 of Supporting Information, by residue number for free and bound states
of KI-FHA.

General model-free outcomes for free and bound states

Excluding the termini, S2 values appear to average 0.902 and 0.946 for the free and pT868-
bound states of KI-FHA, respectively. For the non-terminal residues compared in both states,
AS2hound-free @verages 0.042 with a median AS2pond-free OF 0.036 and average uncertainty of
0.037. These suggest that phosphoThr binding results in enhanced overall rigidity on psec to
nsec scale. Model-free t values (Figure 4c) are joined by elevation of both J(wy) (ref 41)
(Figure 3a) and Rq (ref 67) (Figure 1b) in suggesting nsec motions in all of the loops and termini
of free KI-FHA except for the 1/2 loop. Fewer of these residues in the CLV1 pT868-bound
state of KI-FHA show such evidence of nsec motions (Figure 2b, Figure 3a, Figure 5c, Figure
7), suggesting that peptide binding quenches nsec motions globally. Where the loops are
enriched with nsec scale fluctuations, especially in the free state, the S2 values can be regarded
as overestimates, as established by methods that account for coupling of internal nsec motion
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with rotational diffusion (74, 75). The relaxation data and model-free results for KI-FHA, free
and bound to CLV1 pT868, were deposited under BMRB accession codes 5841 and 6474,
respectively, at www.bmrb.wisc.edu.

pThr peptide binding surface and its slower dynamics

Titration of °N-enriched KI-FHA with the CLV pT868 peptide shifted the amide peak
positions of loops on one edge of the B-sandwich of KI-FHA.. Significant amide chemical shift
changes occur at Leu210 - Val213 of the 3/4 loop; Lys221 - Ser223, Val225, and Gly227 -
His229 of the 4/5 loop; Met246 — Asn250 and Thr252 of the 6/7 loop; Asp263, Gly265, Arg267,
and Trp269 of the 8/9 loop; and Gly284 - Thr287 of the 10/11 loop (Figure 6¢,d). Nsec-scale
motions characterize the free state of several residues quite perturbed by the pT868 peptide:
Arg212, Val213, Ser223, Val225, Lys228, Leu249, Asn250, Arg267, Thr285, and Thr286
(Figure 3a, Figure 4c). Much slower conformational fluctuations over psec to msec are shared
by the free and bound states of these pT868-perturbed residues: Val213, Ser216, Lys228,
Arg267, and Thr286 (Figure 4b, Figure 5b). Exchange broadening > 1 s™1 suggests that
fluctuations in the psec to msec regime also occur at Ser223 and Glu224 in the free state (Figure
4b) and at His229 and Gly251 in the bound state (Figure 5b).

Binding effects on flexibility on fast timescale in recognition interface

Largely conserved recognition loop residues shown to be essential for binding phosphorylated
receptor kinase domain (22) are clearly rigid. Their apparent S? values in free / bound states
are: 0.99/0.999 for Gly211, 0.92 / 0.92 for His229, and 0.96 / 0.99 for Asn250 (Figure 4a,
Figure 5a). Binding appears to quench nsec fluctuations of Asn250 (Figure 3a, Figure 4c, and
Figure 5¢). Near the five most conserved residues in the recognition loops are non-conserved
residues with greater mobility and significant changes of S2 upon binding of the pT868 peptide
from CLV1. Fluctuations in the free state of greater-than-average amplitude are suggested by
apparent S2 < 0.8 of residues of the 3/4, 4/5, and 8/9 recognition loops: Ser216, Asp222,
Glu224, Lys228, Ser260, and Ser266 (Figure 4a). Lys228 and Glu224 of the 4/5 loop, Ser266
of the 8/9 loop, as well as Ser216 and Val213 of the 3/4 loop undergo striking increases in
rigidity on the psec-nsec scale upon pT868 peptide binding (Figure 6). Leu220, Asp263, and
Leu283 of these recognition loops are rigidified to a smaller degree. Also at the interface,
Gly251 of the 6/7 loop, Arg267 of the 8/9 loop, and T286 of the 10/11 loop in contrast become
more flexible on the fast time scale in the complex (Figure 6a,b).

Long-range effects of binding on fast timescale motion

For a number of residues outside this binding surface for phosphorylated RLKs (Figure 6d),
mobility of KI-FHA on the psec to nsec scale changes upon binding the pT868 peptide from
the CLV1 RLK. In the loops of the 1/2 and 10/11 B-hairpins pointing toward the interface,
residues where binding increases the amplitude of psec-nsec motions (drop in S2) are Ala191
and Thr286 (Figure 6a,b). In the loop of the 7/8 p-hairpin distant from the interface, binding
may have increased the fast motion of Ser256 (Figure 6a). By contrast, pT868 peptide binding
appears to have increased rigidity in B-strands of all four of the B-hairpins. This is especially
evident in both strands of the 1/2 p—hairpin, both strands of the 5/6 —hairpin, B8 of the 7/8 p—
hairpin, and more subtly in both strands of 10/11 B—hairpin (Figure 6a,b). The apparent changes
in S2 in the highly disordered termini are unlikely to be significant since the termini lack the
globular diffusion behavior needed for accurate description by the model-free approach (Figure
6a). The 2/3 loop and 9/10 loop each cross between the two B-sheet layers of the sandwich and
are most distant from the binding surface. The peptide binding effect on the 2/3 loop includes
mobilization of Ser202 and increased rigidity of Ser203 and Leu206 (Figure 6a). The
phosphoThr peptide binding rigidifies Leu275-Asp278 of the remote 9/10 loop.
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Binding effects on flexibility on slow timescale

Exchange broadening suggests motions on the psec to msec timescale for around 49 residues
in the free state and 51 residues in the bound state of KI-FHA, by relaxation dispersion (Figure
1d, Figure 2d) or statistical need for Rey term in model-calculations (Figure 7). The slow
fluctuations affect a contiguous swath of residues across 2, p1, 11, and p10 of the six-stranded
sheet (appearing left to right in Figure 7, Figure 8). Adjacent to this central swath are other
clusters of slowly exchanging residues. At the edge of the five-stranded sheet, 34 and the 3/4
and 4/5 recognition loops are affected (Figure 7a). At the extreme opposite edge of the six-
stranded sheet, residues of 8, the 7/8 loop, and the 8/9 loop manifest motions on the psec to
msec scale (Figure 7a). Also exchanging are residues in the 1/2 and 10/11 loops near the binding
site, the faraway 2/3 and 9/10 loops, and C-terminus. With the CLV1 pT868 peptide present
at 3.5-fold excess, the peptide is expected to saturate 98% of KI-FHA based on the Kp of 20
UM, At 98% saturation, Gly265 and Lys268 -Gly270 of the 8/9 peripheral recognition loop
and Gly251 of the 6/7 recognition loop have exchange broadening (Figure 4b, Figure 5b, and
Figure 7). Asp222, Gly227, and Thr285, with peaks most shifted and broadened during titration
with the pT868 peptide (Figure 6a), are too broad in the peptide-saturated state for relaxation
fitting.

Dissociation of CLV1 pT868 peptide from KI-FHA

Intermediate exchange broadening during titration with the pT868 peptide can be exploited to
estimate the exchange rate key. The off-rate ko is equivalent to key, since kg, is not at all
limiting, being of the order of ~5.107 M~1s71. The range of key and kot possible is defined by
the binding-induced chemical shift changes of Gly227 of Avy =569 Hz and Thr285 of Avy =
356 Hz at 600 MHz; spectral and thermodynamic details will be published elsewhere. Gly227
in the slow-intermediate exchange regime limits key to the range of 2.2*Avy g227 > ke > 0.01*
AV G227, 1.8. 1250 571 > koy > 5.7 571, Thr285 in the fast-intermediate exchange regime limits
Kex t0 this range: 100* Avy 1285 > Kex > AV Togs, i.€. 35,600 571 > key > 356 s~1. Combining
these two ranges, leads to the conservative estimate that kofr and key lie between 356 s and
1250 s1 for the pT868 interaction with KI-FHA. When pT868 is present at 1.5-fold excess
conferring 94% saturation of KI-FHA, additional exchange broadening is seen in recognition
loops in a comparison of 600 MHz R, values at 94% and 98% saturation. This is most evident
in the 6/7 loop, followed by the 8/9 loop, the 4/5 loop, and conserved Gly211 (Figure S2 of
Supporting Information). A set of model-free results were obtained from relaxation
measurements at the 1.5-fold excess of pT868 that results in ~94% saturation of KI-FHA. At
94% saturation relative to 98% saturation, more residues in recognition loops manifest
chemical exchange broadening, namely at 6/7 loop residues Met246, Leu249, Asn250, and
Thr252, as well as conserved Gly211 and Asp263 and Ser266 of the 8/9 loop (Figures S2, S3
of Supporting Information). Since each of these residues undergo chemical shift changes upon
titration with the pT868 peptide (Figure 6a), it appears likely that their broadening at 94%
saturation results from the peptide’s apparent off-rate of between 350 and 1250 s™2.

DISCUSSION

Rigidity of residues conserved in the recognition site of FHA domains

Along the edge of the five-stranded B-sheet, conserved Gly211, Arg212 (3/4 loop), Ser226,
His229 (4/5 loop), and Asn250 (6/7 loop) (KAPP numbering) are very rigid (Figure 4a, Figure
5a) and critical for forming the phosphoprotein binding site of FHA domains; the arginine,
serine, and asparagine contact the phosphoThr of the ligand (3, 5-7, 22, 25, 26). The high
rigidity of Gly211 and Arg212 of the 3/4 loop and His229 of the 4/5 loop (Figure 4, Figure 5)
is consistent with the structure-stabilizing role proposed for conserved Gly211 and His229
(KAPP numbering) (3). The unique conformation of absolutely conserved Gly211 could be
important for positioning Arg212 to interact with the phosphate of the partner. Gly211 and
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Arg212 being recessed and largely buried under the interaction surface may confer their
rigidity. When the S2 values of Gly211, Arg212, His229, and Asn250 are interpreted with a
diffusion-in-a-cone model of motion (36), the estimated amplitudes of N-H bond reorientations
of their psec — nsec have cone semi-angles of 5° / 2°, 11° / NA, 14°/13°, and 10° / 4°, for the
free / bound states respectively. The backbone rigidity of Gly211, Arg212, His229, and Asn250
in the free state decreases energetic costs of loss of configurational entropy upon binding.

Non-conserved residues of the phosphoprotein-binding surface

Rigidity and

Comparison of FHA domain structures of divergent sequence (3,76) suggested that KI-FHA
residues Glu224 in the 4/5 loop, Leu249 in the 6/7 loop, and Thr285 in the 10/11 loop may
contribute to the key pT+3 site and KI-FHA’s distinctive phosphopeptide specificity (7). In
yeast Rad53 FHA domains, two more residues appear to contact the pT+3 peptide position
(77); the first is equivalent to Gly284 and the second possibly to Thr286 of the 10/11 loop of
KAPP. The amide peaks most shifted upon addition of the CLV1 pT868 peptide (with radial
Awnn > 0.15 ppm; Figure 6¢) suggest a broad phosphoThr peptide recognition surface (Figure
6d). This same broad phosphoprotein (RLK)-binding surface is suggested by Evolutionary
Trace analysis and extensive conservation among plant KAPPs on its flanks (7). Most residues
of this surface are not, however, widely conserved among FHA domains (7). These non-
conserved residues of the recognition loops can be placed in three groups of psec-nsec mobility
(S?). The first group is very rigid in both free and pT868-bound states: Lys221, Gly227,
Leu249, Trp269, and Gly284. The second group is more flexible in the free state, undergoes
restriction in the bound state, and is listed here with estimates of wobbling-in-cone semi-angles
(see eq. 5) for free / bound states in parentheses: Val213 (18°/ 8°), Ser216 (35° / 23°), Glu224
(28° 1 17°), Lys228 (34°/ 10°), and Ser266 (27° / 13°). — These are from solvent-exposed
portions of the 3/4, 4/5, and 8/9 loops, with the central 4/5 loop seeming to be in especially
intimate contact with the phosphopeptide (Figure 6). The third group at the edge of the
recognition surface has increased mobility in the pT868-bound state and is listed with estimated
cone semi-angles: Gly251 (5°/ 16°) of the 6/7 loop, Arg267 (21° / 26°) of the 8/9 loop, and
Thr286 (18° / 25°) of the 10/11 loop.

role in affinity of residues at the pT+3-site and conserved neighbors

Rigid portions of the phosphoprotein-binding surface could confer affinity to this FHA domain
and others. This hypothesis derives from observations on modules binding pTyr peptides: First,
the residues of a PTB domain that contact a relevant pTyr peptide are rigid, presumably
promoting enthalpically favorable van der Waals contacts (78). Second, in the association of
SH2 domains with pTyr peptides, high rigidity is characteristic of sites conferring affinity
(12). Clearly, mostly conserved Gly211, Arg212, Ser226, His229, and Asn250 (KAPP
numbering) are rigid in the free state (Figure 4) and apparently essential for affinity for receptor-
like kinase domains (22). This behavior is consistent with the studies of pTyr peptide
recognition. The pT+3 position of peptide ligands is the most important determinant of their
affinity for FHA domains (3,79). The non-conserved residues that divergent FHA domains
place around the pT+3 site appear to be important for affinity (77). These residues of KI-FHA
of KAPP, namely Gly227, Leu249, Gly284, and Thr285 are rigid (Figure 4,Figure 5),
consistent with the theme of high rigidity of residues conferring affinity (12,78).

Significance of pThr peptide binding-dependent flexibility changes remote from RLK binding

site

Energetic costs of pThr peptide binding include the loss of conformational entropy of the
peptide, at sites in the 3/4, 4/5, and 8/9 recognition loops, at sites in seven B—strands, and in
three other loops (1/2, 2/3, and 9/10 loops) (Figure 6a,b). In the free state, there appears to be
more nsec-scale motion than in the bound state in all five recognition loops, other loops, and
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B8 (Figure 3a, Figure 4c, Figure 5¢). Since S2 is more likely to be underestimated at these
locations (74, 75) in the free state, the binding-linked increases in rigidity and the entropic
costs at these recognition loop residues could be underestimated. The modest increases in
rigidity of seven of the 11 B-strands may not represent just costs in configurational entropy.
The binding-dependent increases in S2 appear to occur across networks of hydrogen-bonded
residues across both p-sheets; one such network includes p3-5-p6—B9 while another network
includes p2—-p1-B11-310 (Figure 6b). The increased rigidity seen in both B-sheets suggests the
possibility of improved hydrogen-bonding and side chain packing or van der Waals contacts,
for a favorable change in the enthalpy of the bound state. This could provide part of the
compensating favorable enthalpy driving the association of pThr peptides to KI-FHA (Ding et
al., to be published) and to another FHA domain (3). Peptide binding was also observed to
rigidify and stabilize an SH3 domain both near and far from the interface(13). Precedent for
enthalpic stabilization at long-range was suggested by antibody binding to lysozyme increasing
its hydrogen exchange protection to the distal side (80). Sites of binding-enhanced fast motions
of KI-FHA seen in the 1/2, 2/3, 6/7, 7/8, 8/9, and 10/11 loops provide favorable increases in
conformation entropy to compensate the entropic costs listed above.

Flexibility of recognition surface in view of breadth of specificity

Several non-conserved residues of the recognition loops are more flexible than average: Ser216
(3/4 loop); Asp222, Glu224, Lys228 (4/5 loop); Ser260, Gly265 - Arg267 (8/9 loop); and
Thr286 (10/11 loop). The mobility of these in the free state appears to be on the nsec scale
(Figure 3a, Figure 4c). The studies of SH2 domain affinity for pTyr peptides suggest that
flexibility correlates well with contact sites of little importance to affinity. -- Mobility on the
psec to nsec scale in a recognition surface may decrease the contribution of the mobile groups
to affinity by diminishing favorable, strongly distance-dependent van der Waals interactions
(12). Flexibility in the phosphoprotein-binding surface of KI-FHA and other FHA domains
might confer their breadth of specificity. An example of such flexibility could be the 8/9 loop
of KI-FHA of KAPP that distinguishes it from the phosphoprotein-binding surface of other
FHA domains. This 8/9 loop of KI-FHA is clearly longer, more solvent-exposed, and mobile
on the nsec scale. The prominence and mobility of the 8/9 loop may be important in KAPP’s
recognition of several RLK targets in plants. Arabidopsis KAPP interacts in a phosphorylation-
dependent manner with the following receptor-like kinases critically important to plant
development and defense against infection: CLV1 (81), HAESA (82), WAK1 (18), BAK1
(20), SERK1 (21), and FLS2 (19). KAPP being promiscuous enough to attenuate multiple
RLK-dependent signaling pathways in plants is supported moreover by KAPP being a single
gene product without any known paralog of overlapping function (17). Yet, KAPP failed to
interact with a number of kinases tested (17). The psec - nsec mobility of the RLK-binding
surface of KI-FHA could foster the limited diversity of RLK partners recognized by KAPP.
Perhaps an analogy could be drawn with the cytokine IL-2 where the flexible portion of its
ligand-binding surface binds a far greater diversity than does the rigid portion (83). Both the
psec-nsec flexibility and binding-inducible psec to msec mobility of the recognition loops
could enable KI-FHA of KAPP to adjust to a minority of the 417 RLKSs encoded by the
Arabidopsis genome (84).

Significance of psec to msec fluctuations of 6-stranded B-sheet remote from phosphoprotein
binding surface

Slow fluctuations of 2, B4, and p8 on the edges of the p-sandwich of KI-FHA may simply
result from their solvent exposure. The largest line broadening evidence of fluctuations on the
psec to msec scale occurs at Ser256 of the 7/8 loop (Figure 4b, Figure 5b, Figure 7).
Neighboring residues of the 7/8 p-hairpin, p10, and the 9/10 loop also display line broadening
evidence of conformational exchange on the psec to msec scale (Figure 4b, Figure 5b, and
Figure 7). This patch of slowly fluctuating residues coincides with a potential interaction
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surface predicted by Evolutionary Trace analysis to include many of the same residues of the
B7/8 hairpin, 310, and the 9/10 loop (7). It is unlikely that a phosphoprotein partner can wrap
80° around from the phosphorecognition surface to this face of FHA domains. The 37/8 - L9/10
- B10 patch coincides with the site of segment-swapped dimerization in crystals of the FHA
domain of human Chfr (6). (In concentrated solutions of the Chfr FHA domain, the dimer is a
minor form relative to the predominant monomer (6).) Perhaps the slow conformational
fluctuations of the 37/8 - L9/10 - B10 patch facilitate rearrangements such as the straightening
of the 7/8 B-hairpin of the segment-swapped Chfr FHA dimer. The question has been raised
as to whether this independent patch could be a site of dimerization of FHA domains more
generally (7). An alternative postulate regarding the patch is that it might play a role in self-
recognition of another part of the same protein chain or signaling assembly (7). Slow
fluctuations over psec to msec have been observed at a number of protein-protein interaction
sites (27-29, 33, 85).

A swath of contiguous residues across the six-stranded sheet undergo exchange broadening of
their amide lines (sheet in foreground of Figure 7). Most of these have interior side chains
arrayed in two packed rows across 2, B1, p11, and B10, plus B4 of the other sheet (Figure 8).
Among these nine side chains, four—Leul84, 11e281, VVal289, and Val291-- are among a dozen
hydrophobic positions characteristic of the folding core of all FHA and SMAD MH2 domains
(7). The upper row comprises Leu218 of B4, Leul94 of B2, Val186 of B1, Val289 of p11, and
I1e281 of B10, progressing left-to-right across Figure 8. The lower row comprises His196 of
B2, Leul84 of B1, Val291 of 11, and Asp279 of B10. The tight packing of this cluster of
interior side chains plus the inter-strand hydrogen bonds might coordinate the backbone
motions on the psec to msec scale.

To recap, the conformational fluctuations of the loops on the nsec scale in the free state of Kl-
FHA are diminished when the pT868 peptide fragment of the CLAVATAL1 receptor kinase
partner is bound (Figure 3a). A network of residues across the six-stranded B-sheet undergoes
conformational fluctuations on the psec to msec scale independent of binding state (Figure 8).
Microsec to msec scale fluctuations are found at in a patch of residues at B7/8 - L9/10 - B10
corresponding to the site of crystallization-promoted, segment-swapped dimer formation in
the FHA domain of human Chfr (Figure 7). With the phosphoThr peptide bound, more sites
in the 6/7 and 8/9 recognition loops display evidence of psec to msec scale motion (Figure 5,
Figure 7). Most of the broadening in the 6/7 loop seems to result from the peptide’s off-rate of
several hundred per sec. Peptide binding-enhanced rigidity of ten or more residues of
recognition loops and adjoining 1/2 loop is compensated by flexibility increases on the fast
timescale of six residues on the periphery of the active site (Figure 6). The net overall increase
in rigidity of KI-FHA phosphoThr peptide bound, with average AS?=0.04, includes increased
rigidity at sites in seven B-strands (Figure 6); this suggests the possibility of long-range
enhancement of favorable enthalpy to compensate entropic costs of binding. Favorable binding
enthalpy is likely from the backbone rigidity at the conserved residues clearly important to
affinity and from neighboring residues most likely to contact the key pT+3 position that
influences affinity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
FHA domain Forkhead-associated domain
HPLC high pressure liquid chromatography
KAPP kinase-associated protein phosphatase
LC-ESI-MS liquid chromatography-electrospray ionization mass spectrometry
NOE nuclear Overhauser effect
RDC residual dipolar coupling
RLK receptor-like kinase of plants
R spin-lattice or longitudinal relaxation rate
Ry spin-spin or transverse relaxation rate
SVD singular value decomposition
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Figure 1.

15N relaxation data of KI-FHA measured at 500 and 600 MHz and plotted vs. residue from the
KAPP sequence: a) 1SN{*H} NOE plotted as Isat/ Ingnsat, b) spin-lattice relaxation rate constant,
R, c) spin-spin relaxation rate constant, R, and d) relaxation-compensated CPMG
measurement of AR, =R5(7.5 ms) — Ry(2 ms), where 7.5 and 2 ms are the spacing between =
pulses of the CPMG trains. 25 °C was used for a) — ¢). 22 °C was used for d). Uncertainties
were estimated as described in Methods. In b), gray squares mark four cases of poor single
exponential fits due to the clear presence of a second, fast, T,-like exponential decay; for the
four affected residues, the fit of the slow decaying component is shown with black squares.
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The locations of B-strands are marked with gray bars in each panel. Filled squares represent
500 MHz data. Open circles represent 600 MHz data.
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pT868-bound KAPP Residue
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Figure 2.

15N relaxation data of KI-FHA, bound to the CLV1 pT868 peptide at 25 °C, and plotted vs.
residue number from the KAPP sequence: a) 15N{*H} NOE, b) Ry, ¢) Ry and d) AR, =Ry(7.5
ms) — Ry(2 ms). 25 °C was used for a) — ¢). 22 °C was used for d). The peptide was present at
1.5-fold excess, except for the 3.5-fold excess used for R, measurements in c¢) and d) at 600
MHz. The symbol code of Figure 1 is used.
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Evidence for nsec backbone motions. a) Reduced spectral density function J(wy) plotted vs.
residue, where op=3.8*108 rad/sec since the relaxation data were collected at 600 MHz. Open
squares represent the free state and filled triangles represent the state bound to pT868 from
CLV1. b) Sites in free KI-FHA where residual dipolar couplings (RDCs) deviate from those
predicted by SVD fits to the NMR structural coordinates of KI-FHA (PDB code 1mzk).
Squared deviations of individual 1Dy measured RDCs from those predicted by SVD fits of
all RDCs to the entire backbone are normalized by D, the axial component of the powder
pattern distribution of RDCs observed. This quantity is averaged for the ten lowest energy
NMR structures of KI-FHA.
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Figure 4.
Model-free dynamics results for the free state of KI-FHA from fits of 15N relaxation at two

fields, 500 MHz and 600 MHz. a) The generalized order parameter S2, b) the line broadening
term Rgy and c) the internal correlation time 1, are plotted vs. sequence position in KI-FHA.
Locations of B-strands are marked with bars.
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Model-free dynamics results for KI-FHA bound to CLV1 pT868 using 1°N relaxation collected
at both 500 MHz and 600 MHz. a) The generalized order parameter S2, b) the line broadening
term Rey and c) the internal correlation time 1 are plotted vs. sequence position in KI-FHA.
Locations of B-strands are marked with bars.
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Figure 6.

Comparison of pT868 peptide-induced changes in KI-FHA flexibility over psec to nsec and in
amide NMR peak positions at the interface. a) Changes in the generalized order parameter
S2 upon the binding of the pT868 peptide are plotted vs. residue of KAPP. The locations of
B-strands are marked with gray bars. Residues with S2pound — S2free > 0.065, marked by a dashed
line, represent the upper 30-percentile of AS? values. b) Sites of AS2 are colored on the stereo
view of the backbone of free KI-FHA with tube width proportional to 1 - S2fe, i.€. for the free
state. In (a), residues rigidified by pT868 peptide binding are colored dark blue where
S2hound — S2ree > 0.14 and lighter blue where 0.14 > AS? > 0.065. Residues mobilized by
pT868 peptide binding are colored red where S2pound — S2free < —0.065. b) Shifts of amide
NMR peaks of KI-FHA upon addition of a 4-fold excess of the CLV1 pT868 peptide are plotted
vs. location in KAPP. The radial shift of the peak Aony = (Aoy?+(Aon/6)2)Y2, where Aoy
and Aoy are the changes in 1H and 15N dimensions in ppm. In d), pT868-induced chemical
shift changes, Awnn, are mapped onto the stereo view of the backbone of the free KI-FHA
structure with tube width proportional to 1 - S2,0und, representing the bound state. Residues
are colored in red where Aoy > 0.35, orange where 0.35 > Aonp > 0.15, and gold where 0.15
> Aoy > 0.067. A few of the most shifted residues are labeled. In ¢) and d), unobservable
residues are colored a darker shade of gray.
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Figure 7.

Mapping of sites of psec to msec scale fluctuations and of nsec scale motions, of backbone
amide peaks upon the KI-FHA NMR structure for the free state (a) and pT868-bound state (b).
In (a) and (b), residues with Rey > 1 s~1 exchange broadening evidence of the slower motions
are colored red and those with 1 s™1 > R, > 0 571 are colored orange. Residues with apparent
1e > 0.7 nsec are marked with blue spheres. Unobservable residues are colored a darker shade
of gray. Structural elements with Rgy in free KI-FHA are labeled in (a). In (b), residues are
labeled where binding of the pT868 peptide introduces Rgy. The binding surface for
phosphoThr peptides or phosphoproteins (receptor-like kinases such as CLV1 in plants) is
indicated with red arrows. Residues in the bound state undergoing too much chemical exchange
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broadening for relaxation fitting are labeled in pink; these residues exhibit intermediate
exchange broadening during titration with the pT868 peptide.
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Figure 8.

A network of two tiers of packed interior side chains, plotted in blue, where the backbone is
affected by conformational exchange detected as line broadening. The color code of the
backbone is that of Figure 7a.
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Table 1

Spectral density functions used to fit relaxation data in the extended Lipari-Szabo model-free approach

Model Fit parameters Spectral density function

1 s J(@)=2/5{(S*tm)/[1+(wtm)’1}

2 St J(@)=2/5{(S?tm)/[1+(wtm)’]+[(A-SA)TV[1+(wr)]}

3 S2, Rey J(0)=2/5{(S%tm)/[1+(wtm)?T}

4 5%, Te, Rex J(@)=2/5{(SPtm [1+(0tm)]+[(1-SA)TV[1+(wr)’]}

5 52 8¢, e J(@)=(2SA5){(SsPtm)/ [1+(0Tm)T+ [(1-SA) T/ [1+(0)T}

1= 1 Tm/(Te+tm), Where tm is the isotropic rotational correlation time and te is the effective correlation time for internal motions. s2= Sf2832 is

the square of the generalized order parameters. Sf2 and 852 are the squares of the order parameters for the internal motions on the fast and slow time
scales.
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