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ABSTRACT: Internal dynamics on the micro- to millisecond time scale have a strong influence on the
affinity and specificity with which a protein binds ligands. This time scale is accessible through relaxation
dispersion measurements using NMR. By studying the dynamics of a protein with different concentrations
of a ligand, one can determine the dynamic effects induced by the ligand. Here we have studied slow
internal dynamics of the N-terminal src homology 2 domain of phosphatidylinositide 3-kinase to probe
the role of individual residues for the interaction with a tyrosine-phosphorylated binding sequence from
polyoma middle T antigen. While slow dynamic motion was restricted to a few residues in the free SH2
and in the SH2 complex, motion was significantly enhanced by adding even small amounts of ligand.
Kinetic rates induced by ligand binding varied between 300 and 2080High rates reflected direct
interactions with the ligand or rearrangements caused by ligand binding. Large differences in rates were
observed for residues adjacent in the primary sequence reflecting their individual roles in ligand interaction.
However, rates were similar for residues involved in the same side chain interactions, reflecting concerted
motions during ligand binding. For a subset of residues, exchange must involve structural intermediates
which play a crucial role in high-affinity ligand binding. This analysis supports a new view of the dynamics
of individual sites of a protein during ligand interaction.

Protein function strongly depends on changes in three- can be used to determine kinetic rat&s Chemical exchange
dimensional structure in response to specific molecular rates on a micro- to millisecond time scale can be obtained
interactions {). In enzymes, for example, access of the ligand from relaxation dispersion using CafPurcel-Meiboom-—
to the catalytic site may require conformational rearrange- Gill (CPMG)! sequences. CPMG measurements have previ-
ments to provide a path of entry. Proteins that regulate signalously been used to detect exchange between different
transduction often undergo significant conformational changesconformational states of proteins and have been used to
in tertiary structure upon ligand bindin@)( Protein inter- determine kinetic rates involving states with low populations
actions which involve rearrangements strongly depend on (7, 8). Recently, Eisenmesset al. (9) used CPMG measure-
the internal dynamics of the protein. A detailed analysis of ments to determine the catalytic turnover rates for individual
protein dynamics will thus provide valuable information for residues in cyclophilin A by separating the catalytic rate from
the understanding of proteitligand interactions. NMR internal dynamics.
relaxation experiments have proven to be a powerful toolin ~ We have been using the N-terminal src homology 2
extracting dynamic parameters at atomic resoluti®ndj. domain (SH2) of phosphatidylinositide 3-kinase (PI3K) that
In the past, most relaxation studies concentrated on fastinteracts with phosphotyrosine (ptyr) containing sequences
picosecond to nanosecond dynamics. More recently, therefrom ligands such as the platelet-derived growth factor
has been increased interest in dynamics at a microsecond tdPDGF) receptor or polyoma middle T antigen (MT) as a
millisecond time scale. The inherent dynamics on this time model to examine proteirligand interactions using NMR.
scale are biologically relevant because this is the time scalePI3 kinases are important for cell functiohO-18). Inter-
of many protein-ligand interactions). Such slow dynamic  action of PI3K with middle T ligand is critical for induction
processes may involve concerted motions of larger parts ofof tumors by polyomavirusl®). Intracellular trafficking of
a protein which are relevant for biological function. PI3K is mediated by the binding of the SH2s to tyrosine-

NMR spectroscopy provides several possibilities for phosphorylated sequences of oncogenes such a2B) D
measuring dynamics on slow time scales. The broadeningreceptors such as PDGR2]( 22). The structure of N-SH2
and shape of protein signals for various ligand concentrationsis known from both NMR and X-ray studie®3—26). As

for other SH2s, it can be described as a central antiparallel
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bind tyrosine-phosphorylated sequences with specificity where 2, is the delay between 18@ulses in the CPMG

being largely determined by the three residues C-terminal pulse train and

to the tyrosine. Our NMR studies have suggested that the

structure is interactive in the sense that changes at the ptyr D, — 1 e W+ 2Aw?

+1 or +3 position C-terminal to the ptyr can have effects £ 2 (lpz + C2)1/2

throughout the structur@q). Very recently, we have shown

how line shape analysis can be used to demonstrate the _ 2 2\1/21/2

existence of structural intermediates in the binding process e = ﬁTCp[ilp WL 2]

and to measure local off-rate6 &nd unpublished data). ) 5 )
Here we use the ability of CPMG measurements to detect ¥ = (RoA — Rog — Pakex + Peke)” — Aw® + 4p,pgke,

motion on the micro- to millisecond time scale to probe the

behavior of N-SH2. Separation of internal dynamics and & =2A0(R0, — RO — Pakex T Pskey)

dynamics associated with ligand interaction was achieved

by measuring relaxation dispersion for samples with different The refocusing field is related to the delag.2between to

concentrations of the ligand. We used this information for a 18(° pulses according toc, = 1/(47cp).

kinetic analysis of the interaction of SH2 with a phospho-  Simulations of eq 1 with different relaxation ratégA

rylated high-affinity peptide derived from the binding site andR2;, for the amide nitrogens of sites A and B show only

of MT. a minor effect on the dispersion curves compared to

MATERIALS AND METHODS simulations in whichR}, = R; = RS, This effect is most

pronounced for very fast refocusing ratesg(— o).

The peptide EEEpYsMPME-NH, (MT8) was synthesized = However, relaxation dispersion at very high refocusing rates

and HPLC purified by the Tufts Protein Chemistry Facility has little influence on the values &f,, Aw, pa, andpg; it

as described previousl2Y). The purity was confirmed by mainly correlates withR). Since the difference between

NMR spectra and ESI and MALDI mass spectra. transversé®N relaxation rates of the exchanging partners is
Protein samples were prepared as described previdisly ( not very high, we have assumed i, andR; are equal.

29) usig 1 L of CELTONE-CN (MARTEK Biosciences  \when the chemical shifts of the two states are knotm,

Corp.). NMR sample conditions were 0.5 miN-labeled  can be fixed at the value of the chemical shift difference.

N-SH2 in 0.1 M KCI (pH 6.8) and a 90% #/10% DO The chemical shift time regime can be determined from the

mixture in a sample volume of 45@L. ~ static magnetic field dependence of the exchange contribution
All NMR spectra were recorded at 303 K. Relaxation to R,. The parameter

dispersion data were obtained at two static magnetic fields,
corresponding to proton Larmor frequencies of 500 and 700 Bg, T Bl [Rexo — Rext
MHz (in some cases 500 and 800 MHz) using a relaxation- = By, — Boy/ IR+ R

compensated CPMG dispersion experiment performed in a 02 TONex2 T Tex

constant time manne8). Spectra were collected as a series \ynare Rex: and Rex are the exchange contributions to the

of 14-16 two-dimensional (2D) spectra with CPMG field  yransyerse relaxation rate at static magnetic field strengths
strengths %) of 17, 33, 50, 67, 83, 100, 117, 133, 167, B andB, respectively, equals 1 for intermediate exchange.
200, .233' 267, 333, 400, 500, and 667 Hz. Repeatedyhen o< ¢ < 1, the exchange is slow on the NMR time
experiments were performed at 33 and 500 Hz. The constanty.;ie and when % o < 2. itis fast.R., was obtained from
time period was set to 60 ms; the reference experiment wasy,g gifference in the effective transverse relaxation rate in

carried out by omitting the CPMG period. Spectra Were the absence and presence of a high refocusing frlg=f
acquired with at least 1024 128 complex points. Processing Re(vep— 0) — Re(vey — o0)]. Since the time regime detected

and analysis of the NMR spectra were performed with the by relaxation dispersion is determined by the rati&gfind
use of NMRIab 80). Aw which is determined in a manner independendofhis

_ Chemical exchange on a micro- to millisecond time scale arameter is useful in assessing the consistency of the data
increases the value &, by an amounRe,. The exchange analysis

contributionRey in the measured transverse relaxation time For exchange between two sites
is minimal for fast refocusing rates in CPMG pulse trains.

(2)

For varying echo times, relaxation dispersion curves are Kag

obtained which depend on the chemical shift differences A‘k;

(Aw), the population of the two states, and the exchange

rate Kex. the measured exchange rdtg equalskag + kga. If the

Exchange rates{) were determined by fitting relaxation  exchanging sites are the free and the complexed form of a
dispersion curves to the general expression for the phenom-rotein
enological transverse relaxation rate constant in the case of
two-site exchange witlpg = 1 — pa (31—34): P+ L g PL
Koft

R(1/ry) = l/z{ Roa + R + key — the exchange rate, equalskon[L] + ko In the special case
where the concentration of the ligand is low, the equilibrium

1 Cosﬁl[[)+ coshg,) — D_ coséy)]} (1) concentration [L] will be minimal for high affinities.
27, Therefore, the measured exchange rate approaches the off-
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Table 1: >N Relaxation Dispersion Parameters of Exchanging
: Residues of Free SH2
105 Rex Aweval Kex Rg(ch_’ °°)
residue (s (ppm) (s Pa (s o
110 Y368 2.3 1.94 894 0.99 15.42 1.24
R373 2.2 0.28 1687 0.5 14.62 1.95
_ K374 2.0 0.94 91 0.98 18.42 0.18
E11s 1383 5.2 1.77 620 0.99 14.14 0.92
= F384 13.8 0.20 16 05 13.76 1.70
&£ Y390 3.8 0.88 815 0.91 13.68 1.72
120 G39P 2.4 0.73 572 0.98 12.53 1.58
F392 4.2 1.04 442  0.98 13.81 1.13
: S393 2.8 3.16 549 0.99 10.60 0.39
125 L396° 2.3 4.34 5 05 13.17 0.05
T397 2.8 0.19 500 05 17.35 1.95
F398 2.8 3.34 6 05 12.82 0.03
130 N399 2.0 0.69 118 0.98 16.02 0.48
N410° 6.0 0.65 487 0.96 21.02 1.59
S412 1.7 1.56 287 0.99 12.91 0.41

3 Rex = Ry(Vep — 0) — Ry(vep — ). P Data from 500 and 800 MHz
were analyzed.

Ficure 1: H—15N HSQC spectra of PI3K N-SH2 in the free state
(black), an initial binding state with,, of the stoichiometric amount
of the MT8 peptide (blue), and the SHRIT8 complex (red). In Table 2: Effective Transverse Relaxation Rates at High and Low
the spectrum recorded for an initial binding state, the resonancesRefocusing Field Strengths for Residues with Low Signal-to-Noise
are shifted only slightly while lines of K379 and 1381 (expansion) Ratios

are broadened. Ro(vep = 667 Hz) Ro(vep = 17 H2)
residue (s (s
rate Kex ~ Kox), and the free form is usually the only free SH2
observable specie®p{> ppL). R340 26.2 27.0
G366 28.2 32.6
RESULTS D394 20.5 25.0
R409 25.0 24.8
We have characterized motions in N-SH2 associated with N417 38.6 48.5
the binding of an eight-amino acid peptide EEEpYMPME- V422 17.4 21.8
NH, (MT8) derived from the SH2 binding region of MT '-424d. 28.3 31.3
antigen >N relaxation dispersion was assessed by measuring '”tgﬂg late state 19.2 235
transverse relaxation rate constants with varying delays Ad14 16.3 22.8
between refocusing pulses (relaxation dispersion). This was V422 21.8 26.1
done for the backbone amides of p85 N-SH2 in three SHZES')\TS complex o5 1 082
different states: (1) free N-SH2, (2) a saturated N-SH2 A414 14.8 26.0

MT8 complex, and (3) a partially titrated N-SH2 with only
150 of the stoichiometric equivalent of peptide required for o
full titration. The correspondingN HSQC spectra are shown "€ exchange contributiofex to the total transverse
in Figure 1. Relaxation dispersion curves were analyzed by 'elaxation rateR, is a qualitative measure of exchange
fitting the data to eq 1 by optimizingey, Aw, and the processes on a micro- to millisecond time scale. Enhanced
populations of the states. Results of these simulations areValues ofRex were observed for some residues in the central
presented in Tables-#. Differences in relaxation parameters /A-sheet close to the EF loop (1383 D and F384 injD’)
between the three states were used to examine the dynamicgnd for N410 in the BG loop. Interestingly, none of the
of the binding process and to derive the kinetic rates of the "esidues in the ptyr binding pocket exhibited exchange,
interaction. except R340, one of the arginines involved in the coordina-
Exchange in Free SH2We have analyzed relaxation tion of the ptyr phosphate. For R340 in the ptyr binding
dispersion for 94 residues for which the resonances werePocket, for residues R409, N417, V422, and L424 in the
not overlapped in the HSQC spectrum which is shown in BG loop, and for D394 in the EF loop and one residue in
black in Figure 1. Examples of typical dispersion curves are the BC loop (G366), high values oR, even at high
shown in panels a and b of Figure 2 for residues D337 and refocusing rates (Table 2) indicated exchange at a relatively
1338. For most residues, the transverse relaxationRateas high rate kex > 2000 s*). These residues are labeled orange
not influenced by the refocusing rates, of the CPMG in Figure 3a. Although the exchange contribution must be
sequence. This means there was no contribution fRgpto high in the BG loop, quantitative values for exchange
the transverse relaxation raf,. Most residues in the parameterfkex andkex could not be derived because of the
o-helices and in the3-sheet did not undergo exchange highR;and the resulting low signal intensity. High mobility
processes. However, we observed small exchange contribuis probably also the reason why resonances of residues
tions Rey for 15 residues listed in Table 1. The exchanging S361-H365 from the BC loop cannot be observed in any
residues are also depicted in Figure 3a on a ribbon diagramof our spectra, even at high refocusing rates in CPMG
of p85 N-SH2 which is labeled with colors from blue to red experiments. This view is supported by the exchange
for increasing values OR.y. contribution observed at the edge of the BC loop for G366.
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Table 3: >N Relaxation Dispersion Parameters of Exchanging
Residues of SH2 in the Initial Binding State

Rex Awyitr Aweval Kex R(z)

residue (s)* (ppmp (ppmf (s) pa (s «a
D330 4.3 0.04 2.95 843 0.99 13.88 0.78
S339 16.4 0.75 1478 0.65 16.00 1.95
R340 4.6 0.55 1345 0.87 1711 1.93
E341 1.9 0.22 1252 0.50 1292 1.95
N344 7.9 0.51 1536 0.50 13.28 1.95
E345 6.5 0.56 1033 0.87 12.50 —
V357 3.0 0.28 660 0.50 15.20 —

R358 7 0.51 1252 0.50 16.56 1.96
D367 4.1 1.31 917 0.97 1251 —

Y368 17.8 0.32 5.28 1937 0.98 12.75 1.01
T369 28.8 1.21 2.64 766 0.95 19.21 0.79
N378 4.5 0.31 981 0.50 1342 195
K37 57 1.75 1157 0.67 19.50 —

S380 2.4 0.30 2.15 87 0.97 154 0.04
1381° 56 1.48 636 0.74 26.98 —

1383 25.8 1.81 1706 0.83 16.74 —

F384 4.9 0.44 521 0.91 14.68 1.85
H385 4.1 0.20 2.33 460 0.99 1418 0.48
R386 4.9 0.13 1.33 813 0.98 1278 141
Y390 3.5 0.41 1203 0.84 1428 1.94
G391 3.3 0.16 315 050 14.46 1.96
F392 15.9 0.92 1745 0.77 1478 1.94
S393 6.6 0.39 3.05 518 0.99 12.08 0.37
L396 4.4 0.09 4.67 634 0.99 1343 0.25
E403 2.8 0.19 355 0.80 15.14 1.93
L404 29 0.24 913 0.50 14.48 1.95
N406 8.9 0.65 1806 0.72 1292 1.95
N41C¢¢ 40 1.71 1791 0.50 18.70 —

S412 27.9 1.30 2118 0.75 13.08 1.94

2 Rex = Ro(vep — 0) — Ro(vep — ). P Chemical shift difference of
the amide nitrogen between free N-SH2 and the N-SMZ8 complex.
¢ Fitted value forAw, not given whemAwy; was used to fit the data.
d Data from only 700 MHz were use@Data from only 500 MHz were
used.f Data from 500 and 800 MHz were analyzed.

Table 4: >N Relaxation Dispersion Parameters of Exchanging
Residues of the SH2MT8 Complex

Rex Awiiy Aweval Kex Rg(ch_’ °°)

residue (s 92 (ppmy (ppmf (sY)  pa st o
R340 4.2 0.55 399 0.92 25.65 —

E342 1.2 0.03 0.39 46 0.97 12.09 0.46
A351 5.8 0.07 1.46 782 0.98 17.00 1.39
Y368 2.0 0.32 558 0.85 19.33 -
R373 3.4 0.17 0.84 297 0.98 18.18 —

K374 1.7 0.26 349 0.94 13.18 1.86
K379 3.7 1.75 1026 0.99 13.00 1.44
S380 2.7 0.30 27 0.89 14.60 0.91
1381 4.4 1.48 648 0.99 14.45 1.20
R386 1.6 0.13 1.83 38 0.96 13.18 0.02
Y390 3.5 0.41 832 0.89 13.53 1.91
S393 2.5 0.39 537 0.94 12.22 1.86
L396 3.0 0.09 1.69 674 0.99 15.69 1.11
V401 3.7 0.25 727 0.58 16.49 1.95
N410 4.3 1.71 967 0.98 16.64 —

S412 3.8 1.30 1323 0.98 14.75 1.75
Y416 20.9 3.40 1518 0.96 19.76 —

L420 4.6 1.91 1329 0.99 13.41 1.56

2 Rex = Ro(vep — 0) — Ro(vep — ). P Chemical shift difference of
the amide nitrogen between free N-SH2 and the N-SMZ8 complex.
¢ Fitted value forAw, not given whemAwyr was used to fit the data.
d Data from only 500 MHz were used.

Exchange in the Initial Binding Steplhe successive
addition of peptide to N-SH2 causes progressively shifting
resonances for 51 of 108 residués Observation of a single
set of shifting resonances with a chemical shift reflecting

Biochemistry, Vol. 42, No. 38, 20031131

the populations of both states indicates fast exchange on the
NMR time scale Kex > Aw). This was observed for most
residues, although more complicated line shapes with signal
shoulders in intermediate titration steps were observed for a
subset of residues. These were previously interpreted to
represent intermediate conformational sta@s (o study

the dynamics induced by peptide binding, we added a low
concentration’(y of the stoichiometric equivalent of protein)

of the EEEpYMPME-NH peptide (MT8 peptide). The
HSQC spectrum of this state is shown in blue in Figure 1.
Relaxation rates for many residues of this sample represent
a steady state view of the relaxation of the protein from a
ligand-bound form to the state of the free protein. Since the
exchange partners may also be different conformers of the
protein, we have analyzed relaxation dispersion for all 94
residues for which the resonances were not overlapped in
the HSQC spectrum. This included many residues for which
no N chemical shift perturbation was observed in ligand
binding for detection of possible intermediates not seen in
the titration.

For this low concentration of ligand, the resonances were
shifted only slightly from their position in free SH2. It also
is important to note that none of the resonances exhibited
slowly exchanging signal components. The lines of many
residues were broadened as a consequence of exchange
initiated by the presence of the ligand (e.g., for residues K379
and 1381 which are known to be involved in the binding
process and whose amide resonances are depicted in the
expansion in Figure 1). For many residues, the exchange
contribution Rex was significantly enhanced compared to
those of the free and complexed states. This is depicted in
Figure 3b where residues which exhibit enhanced exchange
are grouped around the ptyr binding pocket (S339, R340,
E341, V357, and R358), in regions of the cenifatheet
which interact with the peptide (N378, K379, S380, 1381,
1383, F384, H385, and R386), in the EF loop (Y390, G391,
F392, S393, and L396), and in the BG loop (R409, N410,
S412, and A414). Enhanced exchange for S393 compared
to the free SH2 is depicted in panels ¢ and d of Figure 2,
which shows the relaxation dispersion curves of S393 in the
different states of the protein. The highest exchange contri-
butions were observed D for residues K379, 1381, and
1383, at the tip of the EF loop for F392, and in the BG loop
for N410 and S412 (Table 3). For some residues in the BG
loop (413-422), high values oR, caused intensities that
were too low to fit relaxation dispersion curves. However,
signal intensities for fast and slow refocusing rates were
significantly different, indicating that the low signal intensity
was a consequence of a high exchange contribution. This
allowed at least a qualitative measure of exchange. Examples
for this behavior include R409, A414, and V422 which are
labeled orange in the ribbon diagram in Figure 3b. Relaxation
rates in the limits of fast and slow pulsing are listed in Table
2. For residues Y408, Q415, Y416, and K419 in BG (labeled
in yellow in Figure 3b), no signal was observed after addition
of peptide which is another indication of very large amplitude
exchange processes, although a quantitative value could not
be obtained.

Exchange in the SH2MT8 Complex.N-SH2 in a sto-
ichiometric complex with MT8 is relatively rigid on a
millisecond to microsecond time scale. The exchange process
of R340 already observed in free SH2 is preserved, and an



11132 Biochemistry, Vol. 42, No. 38, 2003 Mittag et al
a D 337 b 1338
22 -
20
‘o, 18
:>,:316
14
14“" 0l o ¢ 4 o
Y ¥y 8 v oV v K3 ™
12 v ¥
10 % AA"VA a v VvVy ¥ ?
v

24
22
—20

100

200 300
v, [Hz]

S393

400 500 600 100 200

d ~ S393

o
0

9998

300 400 500 600
v, [Hz]

e 's393

=18 L N
g i \
Z 16 o\ o,
= 14!”‘”:'\’\\9\‘\ ' : < o':’ - o >
121° 7% v v C

10

100 200 300 400 500 600

Ve [HZ

100 200 300 400 500 600 100 200 300 400 500 600
v, [HzZ] Ve [HZ]

FiIGURE 2: Effective transverse relaxation ratés, as a function of the CPMG field strength, The values oR; for (a) D337 and (b)

1338 of free SH2 do not depend on the field strength (no exchange on a millisecond time scale). Solid lines are straight lines with a value

equal to the mean value &. (c and d) Effective transverse relaxation rafes,as a function of the CPMG field strengti,, for S393

(c) in free SH2, (d) in the initial binding state, and (e) in the SH2ZT8 complex. The best-fit dispersion curves using eq 1 are shown as

solid lines. Data recorded &t Larmor frequencies of 700 and 500 MHz are depicted with diamonds and triangles, respectively.

FiGURE 3: Exchange contributions for three different states of N-SH2. The exchange contriButitanthe 15N transverse relaxation rate

is depicted by color coding on the ribbon diagram of the SH2. The continuous color scale from blue to magenta to red (fram1.0 s

s 1 to 20 s) represents the amplitude & for (a) free SH2, (b) SH2 in the initial binding state, and (c) the SNX'8 complex.

Residues colored orange exhibit high exchange contributions which could not be quantified. Signals of residues colored yellow disappeared
upon addition of ligand. Residues colored gray could not be analyzed due to overlap or missing assignments. The annotation of secondary
structural elements follows the convention of Estkal. (35).

additional residue in the ptyr binding pocket, E342, shows exchanging sites, the chemical shift differences between
exchange (Figure 3c). The final complex behaved in a very exchanging partners, and the exchange tate In the
different manner from that of the intermediate state. For previous paragraph, the exchange contribuigto R, has
example, residues in th&sheet, the EF loop, and the BG been described. WhilBsx provides a qualitative measure of
loop exhibited very low amplitude exchange compared to the amount of micro- to millisecond flexibilitykex, Which
the intermediate state. describes the exchange rate, could be obtained for most
Strikingly, some residues in the complex exhibited ex- exchanging residues. As mentioned earlier, for two-site
change contributions, although ligand binding did not cause exchangekex is defined askag + ksa, Wherekas is the
any N chemical shift change. This behavior was observed forward reaction rate ankka is the backward reaction rate.
for residues E342, A351, R373, R386, and L396 which are ke in Free N-SH2 Exchange rates are mapped on the
labeled red in Figure 4b. Since exchange contributions to ribbon diagram of SH2 in Figure 5a using a color scale from
R, require a chemical shift changev, there must be some  blue (0 Hz) to magenta (1000 Hz) to red (2000 Hz). The
intermediate with 8°N chemical shift different from that of  residues for which exchange rates were calculated are
free SH2. In this case, CPMG measurements can be used tadentical to those which exhibited exchange contributions
detect exchanging conformers with low populations that R.. Exchange rates were low in most parts of free SH2. Most
cannot be detected in line shapes. residues in th@-sheet, the EF loop, and the BG loop exhibit
Exchange Rate#\s shown in eq 1, relaxation dispersion exchange rates 0f400-600 s* (Table 1). Particularly low
depends on three important parameters: the population ofexchange rates were observed for K374 in ugi(91 s1),
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Ficure 4: Conformational exchange (a) in SH2 in the initial binding state and (b) in the-8A3 complex. The exchange contributions

of residues colored green arise from binding and release of the ligand. The exchanging partners are the free and the complexed form of
SH2. Their chemical shift difference was assumed in the relaxation dispersion analysis. For residues colored red, the chemical shift difference
between the free protein and the complex could not explain the relaxation dispersion curves. Therefore, a different exchange partner must
be assumed.

Ficure 5: Exchange rates in three different states of N-SH2. The exchangekgates depicted by color coding on the ribbon diagram

of SH2. A continuous color scale from blue to magenta to red (from!@s500 s to 1000 s?) depictske for (a) free SH2, (b) SH2 in

the initial binding state, and (c) the SH®IT8 complex. Residues colored orange exhibit high exchange contributions which could not be
quantified. Signals of residues colored yellow disappeared upon addition of ligand. Residues colored gray do not exhibit exchange or could
not be analyzed due to overlap or missing assignments.

F384 ingD’' (16 s'%), and L396 (5 s') and F398 (6 §') in Exchange ratek. for the intermediate state of SH2 were

the EF loop. Y368 in3C next to the BC loop and Y390 in  significantly higher than those in free SH2 (Figure 5b).

the EF loop exhibited relatively high exchange rates of 894 Nineteen residues exhibit exchange rates of-82000 s,

and 815 s%, respectively. whereas exchange rates of 4800 s* were obtained for
kexin the Initial Binding StepFor exchange of one ligand ~ only six residues. Particularly low exchange ratgswere

molecule ke, also depends on the equilibrium concentration obtained for S380 iD (87 s*), G391 in the EF loop (315

of free ligand [LLq according to the equatiokix = Kon[L] eq s 1), and E403 inaB (355 s1). Y368 next to the BC loop

+ koir, Whereky is the off-rate andcn, is the on-rate. For (1937 s%), 1383 in3D (1706 s?), F392 in the EF loop (1745

low concentrations of peptide and high affinities, the s*), N406 and N410 irB (1806 and 179178, respec-

calculated exchange rates represent almost pure off-rates; i.efively), and S412 in the BG loop (2118 exhibited

kex & Kot In the case of SH2 and the MT8 ligand, the affinity particularly high exchange rates.

for the ligand was previously determined in competition  Interestingly, off-rates were often different for adjacent

binding of MT8 with *)P-labeled MT antigen which gave residues. For example, a sequence of residug®ishows

an IG value of 8.4uM (27). For an approximate dissociation alternating rates. A low value d¢, (87 s'1) was observed

constantKp (=korr/kon) Of 8 uM, a protein concentration of  for S380, and F382 does not exhibit exchange at all; on the

0.5 mM, and addition ot/ of the stoichiometric amount  other hand, the exchange rates of K379 (1187, $381 (636

of peptide, the concentration of free ligand amounts to 4.3 s71), and 1383 (1706 3" were significantly higher. K379,

x 107" M, and the occupancy of N-SH2 by MT8 is 4.9%. 1381, and 1383 point in the direction of theB helix and the

Only 1.7% of MT8 is not bound to protein. BG loop and are directly reflecting the binding reaction,
For exchange induced by the addition of ligand, it is likely whereas S380 is pointing toward the ptyr binding pocket.

that the two exchanging partners are the free and theThe off-rates of residues in the ptyr binding pocket were

complexed states of the protein. Therefote) was set to relatively homogeneous. The two conserved arginine residues

the values of thé®N chemical shift change of ligand binding  coordinating the phosphotyrosine phosphate, R340 and R358,

if not otherwise indicated (Tables 3 and 4). exhibited similar off-rates of 1345 and 1252 grespectively.
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Similar off-rates were also observed for adjacent residuesDynamics in the free SH2 are minimal and mainly limited
S339 and E341 (1478 and 1252 srespectively). to the loop regions. The highest valuesRg; in BG are

A subset of residues in and adjacent to loop regions (S393almost one order of magnitude smaller than those observed
in the EF loop, Y368 and T369 next to the BC loop, and with ligand present. However, some residues in BG (orange
H385, R386, and L396 next to the EF loop labeled in red in in Figure 3a) showed low signal intensities with relatively
Figure 4a) exhibited relaxation dispersions which could not high levels of exchange. These residues (R409, V422, and
be interpreted adequately using the chemical shift differencelL424) may have a hinge function for the loop. Missing
between the free and complexed SA@p_p.. The values signals of residues in the BC loop are probably also a
of Aw obtained by optimization of eq 1 are listed in Table consequence of exchange. G366 at the edge of the BC loop
3. Thus, the exchanging partners are not the free, and theexhibited high relaxation rates. Interestingly, the exchange
complexed protein and the exchange does not arise fromcontribution of F384 in8D had the highest value & with
binding and release of the ligand. In these cases, the exchanga very low exchange frequency. This may reflect the
partners for free SH2 are most likely conformers formed interaction of the F384 side chain with the BC loop. In
upon ligand binding which act as intermediates on the previous line shape analyses, this residue exhibited confor-
reaction pathway. For all of these residues, the population mational averaging when a ligand was presejt The

of the minor state obtained from the simulation wa5%. current analysis suggests that this residue already has a high
The value ofa was <1 except for that of R386, indicating  flexibility on a slow time scale in free SH2.
exchange in the slow or intermediate time regime. To measure the dynamics of the interaction of the protein

For those residues where the relaxation dispersion reflectswith the ligand, we added a small amount of ligand. Under
the relaxation of the protein from the complexed to the free steady state conditions, it is easily possible to separate the
state, the parameter (eq 2) approaches a value of 2, on-rate from the off-rate because the equilibrium concentra-
indicating fast exchange on the NMR time scale. tion of the free ligand is minimal and therefokg,[L]eq

For most residues, the population of the predominant statebecomes negligible. The choice of a low concentration also
obtained by fitting eq 1 to the relaxation dispersion data was had the advantage that signal intensities were still sufficiently
between 0.8 and 0.99 (Table 3). These values are inlarge to observe signals in CPMG measurements at small
concordance with a simple two-state binding reaction and refocusing rates. The chemical shift difference between the
reflect the expected mole fractions. However, for residues free and the fully complexed protein should represent the
S339, E341, V357, and R358 in the ptyr binding pocket, relevant chemical shift difference for the relaxation dispersion
N344 in theaA helix, N378 and K379 in5D, G391 in the effect. Residues for which a good fit could be achieved using
EF loop, and L404 and N410 in tteeB helix, we obtained  Awp_p_ are labeled green in Figure 4a. However, for a subset
populations of the minor state near 50% as obtained by of residues, the chemical shift perturbation of ligand binding
optimization of eq 1. Assuming a one-step binding mecha- was too small to fit the relaxation dispersion curves. These
nism where the protein can only appear in a complexed state residues are labeled red in Figure 4a. Fittihg for these
the population of the minor state should not exceed 5%. residues yielded small populations for another exchange
Therefore, significantly enhanced populations of the minor partner, indicative of an unidentified intermediate on the
state suggest the existence of protein intermediates stableeaction pathway. These residues are located in loop regions
on this time scale. (S393 in the EF loop) and directly adjacent to loop regions

kexin the SH2-MT8 ComplexIn the SH2-MT8 complex, (Y368 and T369 next to the BC loop and H385, R386, and
the exchange contributions and exchange rates were boti.396 next to the EF loop). This supports our previous
generally low compared to those for the sample with a small conclusion from line shape analysis that ligand binding
amount of ligand as depicted in Figure 5c. Exchange ratesrequires the formation of intermediates for some residues
were in a similar range as those for free SH2. Exceptions (6). Some (D330, Y368, S380, H385, R386, and L396) of
were observed for E342 (469, S380 (27 s'), and R386 these residues for which relaxation measurements suggested
(38 s'1) with low exchange rates, whereas S412, Y416, and intermediates exhibited hardly any chemical shift perturba-
L420 in the BG loop exhibit particularly high exchange rates tion. In these instances, intermediates were detected that
(1323, 1518, and 13295 respectively). could not be observed by line shape analysis. For T396 and

R386, some exchange was still observed in the complex.
DISCUSSION Consequently, exchange for these residues must be attributed

Here we have compared the dynamics of free PI3K N-SH2 to some conformational exchange and cannot be attributed
to those of the SH2MT8 ligand complex. Internal motions  to the dynamics of ligand binding. values between 0 and
in SH2 itself could be separated from dynamics induced by 1 show that the conformational exchange of these residues
the interaction with the ligand by measuring relaxation is on the slow or intermediate NMR time regime. Signal
dispersion in the free protein, the complexed protein, and shoulders in titration spectra further support the existence
an intermediate state with a low ligand concentration. This of slow motions.
analysis supported the role of some key residues in the EF The sudden increase in the level of exchange after addition
and BG loop together with residues in the cenffadheet of a small amount of ligand gives an impressive picture of
which play a key role in ligand binding. Because we have the dynamics in the protein resulting from the ligand
previously used line shape analysis to examine the sameinteraction. Because there was comparably slow exchange
ligand SH2 interaction, this work provides an opportunity in free SH2 and in the SH2 complex, the high level of
to compare the value of the two approaches. exchange observed in the intermediate binding state can be

Relaxation dispersion measurements provide a detailedattributed to the relaxation of the protein complex back to
picture of the dynamics induced by SHEgand interaction. free SH2. This is not necessarily the off-rate of the ligand
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because the lifetime of the bound state of the protein may analysis did not agree. Line shape analysis yielded values
be longer than the lifetime of the interaction with the ligand. for k.s of 550 s for F392 and 600 & for S412. From
This may be particularly important if the relaxation to the relaxation dispersion, we obtained much higher rates, 1745
free state requires complex concerted rearrangements in thes ! for F392 and 211873 for S412. These differences may
protein. be a consequence of the systematic error made by the
The overall picture of exchange contribution with a small assumption of two-state exchange used in the analysis. If
amount of ligand shown in Figure 1b indicates the rear- the actual mechanism of the interaction involves more than
rangements induced by ligand binding and direct ligand two states, intermediates must be taken into account for the
interaction. InterestinglyR.x alternates between very high analysis. How does this affect the rates obtained from line
and low values in a sequence of residues from K379 to F384shapes and relaxation dispersion? Clearly, intermediates
in SD. Those residues which point toward the BG and EF which are not observed will reduce the intensity of the signals
loops (K379, 1381, and 1383) adopt high values representing for intermediate ligand concentrations. There line shape
the dynamics of the interaction with the peptide. In contrast, analysis will yield a rate which is too low. However,
S380 and F384 exhibit lower values and K382 exhibits no relaxation dispersion will show an increasiglstarting at
exchange. This result suggests that motions observed on théhe highest rate that is involved in a set of parallel processes.
amide N reflect motions of side chains which may be Inthese cases, the rates measured by the CPMG method will
correlated through space. For example, the rates of 1383 andalways be higher than the rates obtained from line shapes.
F384 correlate well with rates in the EF loop and that of Interestingly, some of the residues that exhibited very high
K379 correlates with rates in the BG loop, suggesting exchange contributions in the intermediate state exhibited
concerted motion of those residues. complex lines. K379 and F392 exhibit minor shoulders in
The rearrangement of the BG loop is reflected in high one or two lines of the titration, whereas S412 exhibited
values in the hinge region (N410, S412, A41¥416, K419, significantly distorted lines during the titration with dis-
and V422) on each side of the loop. Some residues in theappearing signals. The existence of intermediate states may
BG loop can no longer be analyzed because of the highalso be supported by relaxation dispersion curves which
dynamics in this loop. Interestingly, F392 at the tip of the could not be fitted using thAw from the ligand binding. In
EF loop has the greatest exchange contribution in this loop. these cases, some other conformer must be responsible for
As previously reported, the EF loop and the BG loop are the exchange effect. Such conformers may represent inter-
linked by a stacking interaction of the aromatic side chains mediates in ligand binding.

of F392 and Y416 in the free proteir2). Upon ligand There are clearly differences between CPMG and line
binding, this interaction is dissolved which is reflected in shape analysis for the examination of molecular dynamics.
high exchange contributions for both residues. CPMG is not applied to residues that shift only in the proton

Very high exchange contributions were also observed for dimension (e.g., A360 in the beginning of the BC loop). Line
residues Y368 and T369 j#C, at the edge of the BC loop, shape analysis clearly emphasizes the complexity of the
which support the role of the BC loop region for the binding mechanism, while relaxation dispersion gives only
interaction with the ligand 25). Rearrangements in this rudimentary information about intermediates in ligand bind-
region of the protein seem to be important for reshaping the ing. However, unlike line shape analysis, CPMG analysis
ptyr binding pocket for effective high-affinity interaction. can detect intermediates even if there is no chemical shift

In the ptyr binding pocket, rates of adjacent residues are difference between free SH2 and the final complex (e.g.,
similar and reflect the off-rate of the ligand in this region. D330). Relaxation dispersion analysis also shows confor-
Similar rates are observed for residues S339 and R340, ongnational exchange in the free protein and in the final
of the two arginines which coordinate the ptyr phosphate, complex which cannot be analyzed in line shape analysis.
and E341. Interestingly, the measured rate is similar for The overall conclusions from relaxation dispersion and line
R358, the arginine which coordinates the ptyr phosphate fromshape analysis are similar. Both methods provide a direct
the other side. view of the kinetic events caused by ligand binding at the

In the final complex, Y416 is the only residue which site of individual amino acids. This analysis supports the
exhibits a large exchange contribution. Y416 had been role of key regions of the protein such as the ptyr binding
identified as a residue which undergoes a large movementpocket and the centr@glsheet. An important role of the BG
upon ligand bindingZ5, 26) and exhibited a large chemical loop and the EF loop is indicated in both analyses. Most
shift perturbation of 3.4 ppm2({). Interestingly, exchange importantly, there must be structural intermediates on the
for this and some adjacent residues (N410, S412, and L420)binding pathway. In fact, extensive conformational exchange
was not completely frozen in the complex. The large was induced by small amounts of ligand. The nature and
chemical shift change upon ligand binding is responsible for location of conformational exchange are important for high-
the high relaxation dispersion effect. affinity ligand binding. This is a new aspect in the description

The off-rates determined here can be compared to off- of protein—ligand interactions which has important theoreti-
rates previously determined using line shape analy®is ( cal and practical consequences.

Off-rates of S339 [147878 _from dispersion a_nalysis vs 1120 ACKNOWLEDGMENT
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