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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 2000 s-1. High 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-
dimensional structure in response to specific molecular
interactions (1). In enzymes, for example, access of the ligand
to the catalytic site may require conformational rearrange-
ments to provide a path of entry. Proteins that regulate signal
transduction often undergo significant conformational changes
in tertiary structure upon ligand binding (2). Protein inter-
actions which involve rearrangements strongly depend on
the internal dynamics of the protein. A detailed analysis of
protein dynamics will thus provide valuable information for
the understanding of protein-ligand interactions. NMR
relaxation experiments have proven to be a powerful tool in
extracting dynamic parameters at atomic resolution (3, 4).
In the past, most relaxation studies concentrated on fast
picosecond to nanosecond dynamics. More recently, there
has been increased interest in dynamics at a microsecond to
millisecond time scale. The inherent dynamics on this time
scale are biologically relevant because this is the time scale
of many protein-ligand interactions (5). Such slow dynamic
processes may involve concerted motions of larger parts of
a protein which are relevant for biological function.

NMR spectroscopy provides several possibilities for
measuring dynamics on slow time scales. The broadening
and shape of protein signals for various ligand concentrations

can be used to determine kinetic rates (6). Chemical exchange
rates on a micro- to millisecond time scale can be obtained
from relaxation dispersion using Carr-Purcell-Meiboom-
Gill (CPMG)1 sequences. CPMG measurements have previ-
ously been used to detect exchange between different
conformational states of proteins and have been used to
determine kinetic rates involving states with low populations
(7, 8). Recently, Eisenmesseret al. (9) used CPMG measure-
ments to determine the catalytic turnover rates for individual
residues in cyclophilin A by separating the catalytic rate from
internal dynamics.

We have been using the N-terminal src homology 2
domain (SH2) of phosphatidylinositide 3-kinase (PI3K) that
interacts with phosphotyrosine (ptyr) containing sequences
from ligands such as the platelet-derived growth factor
(PDGF) receptor or polyoma middle T antigen (MT) as a
model to examine protein-ligand interactions using NMR.
PI3 kinases are important for cell function (10-18). Inter-
action of PI3K with middle T ligand is critical for induction
of tumors by polyomavirus (19). Intracellular trafficking of
PI3K is mediated by the binding of the SH2s to tyrosine-
phosphorylated sequences of oncogenes such as MT (20) or
receptors such as PDGFr (21, 22). The structure of N-SH2
is known from both NMR and X-ray studies (23-26). As
for other SH2s, it can be described as a central antiparallel
â-sheet flanked by smallerâ-sheets and twoR-helices. SH2s† This work was supported by the Large Scale Facility Frankfurt
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bind tyrosine-phosphorylated sequences with specificity
being largely determined by the three residues C-terminal
to the tyrosine. Our NMR studies have suggested that the
structure is interactive in the sense that changes at the ptyr
+1 or +3 position C-terminal to the ptyr can have effects
throughout the structure (27). Very recently, we have shown
how line shape analysis can be used to demonstrate the
existence of structural intermediates in the binding process
and to measure local off-rates (6 and unpublished data).

Here we use the ability of CPMG measurements to detect
motion on the micro- to millisecond time scale to probe the
behavior of N-SH2. Separation of internal dynamics and
dynamics associated with ligand interaction was achieved
by measuring relaxation dispersion for samples with different
concentrations of the ligand. We used this information for a
kinetic analysis of the interaction of SH2 with a phospho-
rylated high-affinity peptide derived from the binding site
of MT.

MATERIALS AND METHODS

The peptide EEEpY315MPME-NH2 (MT8) was synthesized
and HPLC purified by the Tufts Protein Chemistry Facility
as described previously (27). The purity was confirmed by
NMR spectra and ESI and MALDI mass spectra.

Protein samples were prepared as described previously (27,
29) using 1 L of CELTONE-CN (MARTEK Biosciences
Corp.). NMR sample conditions were 0.5 mM15N-labeled
N-SH2 in 0.1 M KCl (pH 6.8) and a 90% H2O/10% D2O
mixture in a sample volume of 450µL.

All NMR spectra were recorded at 303 K. Relaxation
dispersion data were obtained at two static magnetic fields,
corresponding to proton Larmor frequencies of 500 and 700
MHz (in some cases 500 and 800 MHz) using a relaxation-
compensated CPMG dispersion experiment performed in a
constant time manner (8). Spectra were collected as a series
of 14-16 two-dimensional (2D) spectra with CPMG field
strengths (νcp) of 17, 33, 50, 67, 83, 100, 117, 133, 167,
200, 233, 267, 333, 400, 500, and 667 Hz. Repeated
experiments were performed at 33 and 500 Hz. The constant
time period was set to 60 ms; the reference experiment was
carried out by omitting the CPMG period. Spectra were
acquired with at least 1024× 128 complex points. Processing
and analysis of the NMR spectra were performed with the
use of NMRlab (30).

Chemical exchange on a micro- to millisecond time scale
increases the value ofR2 by an amountRex. The exchange
contributionRex in the measured transverse relaxation time
is minimal for fast refocusing rates in CPMG pulse trains.
For varying echo times, relaxation dispersion curves are
obtained which depend on the chemical shift differences
(∆ω), the population of the two states, and the exchange
ratekex.

Exchange rates (kex) were determined by fitting relaxation
dispersion curves to the general expression for the phenom-
enological transverse relaxation rate constant in the case of
two-site exchange withpB ) 1 - pA (31-34):

where 2τcp is the delay between 180° pulses in the CPMG
pulse train and

The refocusing field is related to the delay 2τcp between to
180° pulses according toνcp ) 1/(4τcp).

Simulations of eq 1 with different relaxation ratesR2A
0

andR2B
0 for the amide nitrogens of sites A and B show only

a minor effect on the dispersion curves compared to
simulations in whichR2A

0 ) R2B
0 ) R2

0. This effect is most
pronounced for very fast refocusing rates (νcp f ∞).
However, relaxation dispersion at very high refocusing rates
has little influence on the values ofkex, ∆ω, pA, andpB; it
mainly correlates withR2

0. Since the difference between
transverse15N relaxation rates of the exchanging partners is
not very high, we have assumed thatR2A

0 andR2B
0 are equal.

When the chemical shifts of the two states are known,∆ω
can be fixed at the value of the chemical shift difference.
The chemical shift time regime can be determined from the
static magnetic field dependence of the exchange contribution
to R2. The parameter

whereRex1 and Rex2 are the exchange contributions to the
transverse relaxation rate at static magnetic field strengths
B01 andB02, respectively, equals 1 for intermediate exchange.
When 0< R < 1, the exchange is slow on the NMR time
scale, and when 1< R < 2, it is fast.Rex was obtained from
the difference in the effective transverse relaxation rate in
the absence and presence of a high refocusing field [Rex )
R2(νcp f 0) - R2(νcp f ∞)]. Since the time regime detected
by relaxation dispersion is determined by the ratio ofkex and
∆ω which is determined in a manner independent ofR, this
parameter is useful in assessing the consistency of the data
analysis.

For exchange between two sites

the measured exchange ratekex equalskAB + kBA. If the
exchanging sites are the free and the complexed form of a
protein

the exchange ratekex equalskon[L] + koff. In the special case
where the concentration of the ligand is low, the equilibrium
concentration [L] will be minimal for high affinities.
Therefore, the measured exchange rate approaches the off-
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rate (kex ≈ koff), and the free form is usually the only
observable species (pP . pPL).

RESULTS

We have characterized motions in N-SH2 associated with
the binding of an eight-amino acid peptide EEEpYMPME-
NH2 (MT8) derived from the SH2 binding region of MT
antigen.15N relaxation dispersion was assessed by measuring
transverse relaxation rate constants with varying delays
between refocusing pulses (relaxation dispersion). This was
done for the backbone amides of p85 N-SH2 in three
different states: (1) free N-SH2, (2) a saturated N-SH2-
MT8 complex, and (3) a partially titrated N-SH2 with only
1/20 of the stoichiometric equivalent of peptide required for
full titration. The corresponding15N HSQC spectra are shown
in Figure 1. Relaxation dispersion curves were analyzed by
fitting the data to eq 1 by optimizingkex, ∆ω, and the
populations of the states. Results of these simulations are
presented in Tables 1-4. Differences in relaxation parameters
between the three states were used to examine the dynamics
of the binding process and to derive the kinetic rates of the
interaction.

Exchange in Free SH2.We have analyzed relaxation
dispersion for 94 residues for which the resonances were
not overlapped in the HSQC spectrum which is shown in
black in Figure 1. Examples of typical dispersion curves are
shown in panels a and b of Figure 2 for residues D337 and
I338. For most residues, the transverse relaxation rateR2 was
not influenced by the refocusing rate,νcp, of the CPMG
sequence. This means there was no contribution fromRex to
the transverse relaxation rateR2. Most residues in the
R-helices and in theâ-sheet did not undergo exchange
processes. However, we observed small exchange contribu-
tions Rex for 15 residues listed in Table 1. The exchanging
residues are also depicted in Figure 3a on a ribbon diagram
of p85 N-SH2 which is labeled with colors from blue to red
for increasing values ofRex.

The exchange contributionRex to the total transverse
relaxation rateR2 is a qualitative measure of exchange
processes on a micro- to millisecond time scale. Enhanced
values ofRex were observed for some residues in the central
â-sheet close to the EF loop (I383 inâD and F384 inâD′)
and for N410 in the BG loop. Interestingly, none of the
residues in the ptyr binding pocket exhibited exchange,
except R340, one of the arginines involved in the coordina-
tion of the ptyr phosphate. For R340 in the ptyr binding
pocket, for residues R409, N417, V422, and L424 in the
BG loop, and for D394 in the EF loop and one residue in
the BC loop (G366), high values ofR2 even at high
refocusing rates (Table 2) indicated exchange at a relatively
high rate (kex > 2000 s-1). These residues are labeled orange
in Figure 3a. Although the exchange contribution must be
high in the BG loop, quantitative values for exchange
parametersRex andkex could not be derived because of the
highR2 and the resulting low signal intensity. High mobility
is probably also the reason why resonances of residues
S361-H365 from the BC loop cannot be observed in any
of our spectra, even at high refocusing rates in CPMG
experiments. This view is supported by the exchange
contribution observed at the edge of the BC loop for G366.

FIGURE 1: 1H-15N HSQC spectra of PI3K N-SH2 in the free state
(black), an initial binding state with1/20 of the stoichiometric amount
of the MT8 peptide (blue), and the SH2-MT8 complex (red). In
the spectrum recorded for an initial binding state, the resonances
are shifted only slightly while lines of K379 and I381 (expansion)
are broadened.

Table 1: 15N Relaxation Dispersion Parameters of Exchanging
Residues of Free SH2

residue
Rex

(s-1)a
∆ωeval

(ppm)
kex

(s-1) pa

R2
0(νcp f ∞)

(s-1) R

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
I383b 5.2 1.77 620 0.99 14.14 0.92
F384b 13.8 0.20 16 0.5 13.76 1.70
Y390 3.8 0.88 815 0.91 13.68 1.72
G391b 2.4 0.73 572 0.98 12.53 1.58
F392b 4.2 1.04 442 0.98 13.81 1.13
S393 2.8 3.16 549 0.99 10.60 0.39
L396b 2.3 4.34 5 0.5 13.17 0.05
T397 2.8 0.19 590 0.5 17.35 1.95
F398 2.8 3.34 6 0.5 12.82 0.03
N399 2.0 0.69 118 0.98 16.02 0.48
N410b 6.0 0.65 487 0.96 21.02 1.59
S412b 1.7 1.56 287 0.99 12.91 0.41

a Rex ) R2(νcp f 0) - R2(νcp f ∞). b Data from 500 and 800 MHz
were analyzed.

Table 2: Effective Transverse Relaxation Rates at High and Low
Refocusing Field Strengths for Residues with Low Signal-to-Noise
Ratios

residue
R2(νcp ) 667 Hz)

(s-1)
R2(νcp ) 17 Hz)

(s-1)

free SH2
R340 26.2 27.0
G366 28.2 32.6
D394 20.5 25.0
R409 25.0 24.8
N417 38.6 48.5
V422 17.4 21.8
L424 28.3 31.3

intermediate state
R409 19.2 23.5
A414 16.3 22.8
V422 21.8 26.1

SH2-MT8 complex
D394 25.1 28.2
A414 14.8 26.0
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Exchange in the Initial Binding Step.The successive
addition of peptide to N-SH2 causes progressively shifting
resonances for 51 of 108 residues (6). Observation of a single
set of shifting resonances with a chemical shift reflecting

the populations of both states indicates fast exchange on the
NMR time scale (kex . ∆ω). 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 states (6). To study
the dynamics induced by peptide binding, we added a low
concentration (1/20 of the stoichiometric equivalent of protein)
of the EEEpYMPME-NH2 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 15N 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 I381 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 centralâ-sheet
which interact with the peptide (N378, K379, S380, I381,
I383, 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 c 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 inâD for residues K379, I381, and
I383, 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 ofR2 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 SH2-MT8 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

Table 3: 15N Relaxation Dispersion Parameters of Exchanging
Residues of SH2 in the Initial Binding State

residue
Rex

(s-1)a
∆ωtitr

(ppm)b
∆ωeval

(ppm)c
kex

(s-1) pa

R2
0

(s-1) R

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 17.11 1.93
E341 1.9 0.22 1252 0.50 12.92 1.95
N344 7.9 0.51 1536 0.50 13.28 1.95
E345d 6.5 0.56 1033 0.87 12.50 -
V357e 3.0 0.28 660 0.50 15.20 -
R358 7 0.51 1252 0.50 16.56 1.96
D367e 4.1 1.31 917 0.97 12.51 -
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 13.42 1.95
K379e 57 1.75 1157 0.67 19.50 -
S380 2.4 0.30 2.15 87 0.97 15.4 0.04
I381e 56 1.48 636 0.74 26.98 -
I383e 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 14.18 0.48
R386f 4.9 0.13 1.33 813 0.98 12.78 1.41
Y390 3.5 0.41 1203 0.84 14.28 1.94
G391 3.3 0.16 315 0.50 14.46 1.96
F392 15.9 0.92 1745 0.77 14.78 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 13.43 0.25
E403 2.8 0.19 355 0.80 15.14 1.93
L404 2.9 0.24 913 0.50 14.48 1.95
N406 8.9 0.65 1806 0.72 12.92 1.95
N410e 40 1.71 1791 0.50 18.70 -
S412 27.9 1.30 2118 0.75 13.08 1.94

a Rex ) R2(νcp f 0) - R2(νcp f ∞). b Chemical shift difference of
the amide nitrogen between free N-SH2 and the N-SH2-MT8 complex.
c Fitted value for∆ω, not given when∆ωtitr was used to fit the data.
d Data from only 700 MHz were used.e Data from only 500 MHz were
used.f Data from 500 and 800 MHz were analyzed.

Table 4: 15N Relaxation Dispersion Parameters of Exchanging
Residues of the SH2-MT8 Complex

residue
Rex

(s-1)a
∆ωtitr

(ppm)b
∆ωeval

(ppm)c
kex

(s-1) pa

R2
0(νcp f ∞)

(s-1) R

R340d 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
Y368d 2.0 0.32 558 0.85 19.33 -
R373d 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
I381 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

a Rex ) R2(νcp f 0) - R2(νcp f ∞). b Chemical shift difference of
the amide nitrogen between free N-SH2 and the N-SH2-MT8 complex.
c Fitted value for∆ω, not given when∆ωtitr was used to fit the data.
d Data from only 500 MHz were used.
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additional residue in the ptyr binding pocket, E342, shows
exchange (Figure 3c). The final complex behaved in a very
different manner from that of the intermediate state. For
example, residues in theâ-sheet, the EF loop, and the BG
loop exhibited very low amplitude exchange compared to
the intermediate state.

Strikingly, some residues in the complex exhibited ex-
change contributions, although ligand binding did not cause
any 15N chemical shift change. This behavior was observed
for residues E342, A351, R373, R386, and L396 which are
labeled red in Figure 4b. Since exchange contributions to
R2 require a chemical shift change∆ω, there must be some
intermediate with a15N chemical shift different from that of
free SH2. In this case, CPMG measurements can be used to
detect exchanging conformers with low populations that
cannot be detected in line shapes.

Exchange Rates.As shown in eq 1, relaxation dispersion
depends on three important parameters: the population of

exchanging sites, the chemical shift differences between
exchanging partners, and the exchange ratekex. In the
previous paragraph, the exchange contributionRex to R2 has
been described. WhileRex provides a qualitative measure of
the amount of micro- to millisecond flexibility,kex, which
describes the exchange rate, could be obtained for most
exchanging residues. As mentioned earlier, for two-site
exchangekex is defined askAB + kBA, where kAB is the
forward reaction rate andkBA is the backward reaction rate.

kex in Free N-SH2. Exchange rates are mapped on the
ribbon diagram of SH2 in Figure 5a using a color scale from
blue (0 Hz) to magenta (1000 Hz) to red (2000 Hz). The
residues for which exchange rates were calculated are
identical to those which exhibited exchange contributions
Re. Exchange rates were low in most parts of free SH2. Most
residues in theâ-sheet, the EF loop, and the BG loop exhibit
exchange rates of∼400-600 s-1 (Table 1). Particularly low
exchange rates were observed for K374 in upperâC (91 s-1),

FIGURE 2: Effective transverse relaxation rates,R2, as a function of the CPMG field strength,νcp. The values ofR2 for (a) D337 and (b)
I338 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 ofR2. (c and d) Effective transverse relaxation rates,R2, as a function of the CPMG field strength,νcp, for S393
(c) in free SH2, (d) in the initial binding state, and (e) in the SH2-MT8 complex. The best-fit dispersion curves using eq 1 are shown as
solid lines. Data recorded at1H 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 contributionRex to the15N 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 (from 0 s-1 to 10
s-1 to 20 s-1) represents the amplitude ofRex for (a) free SH2, (b) SH2 in the initial binding state, and (c) the SH2-MT8 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 Ecket al. (35).
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F384 inâD′ (16 s-1), and L396 (5 s-1) and F398 (6 s-1) in
the EF loop. Y368 inâC next to the BC loop and Y390 in
the EF loop exhibited relatively high exchange rates of 894
and 815 s-1, respectively.

kex in the Initial Binding Step.For exchange of one ligand
molecule,kex also depends on the equilibrium concentration
of free ligand [L]eq according to the equationkex ) kon[L] eq

+ koff, wherekoff is the off-rate andkon is the on-rate. For
low concentrations of peptide and high affinities, the
calculated exchange rates represent almost pure off-rates; i.e.,
kex ≈ koff. In the case of SH2 and the MT8 ligand, the affinity
for the ligand was previously determined in competition
binding of MT8 with 31P-labeled MT antigen which gave
an IC50 value of 8.4µM (27). For an approximate dissociation
constantKD ()koff/kon) of 8 µM, a protein concentration of
0.5 mM, and addition of1/20 of the stoichiometric amount
of peptide, the concentration of free ligand amounts to 4.3
× 10-7 M, and the occupancy of N-SH2 by MT8 is 4.9%.
Only 1.7% of MT8 is not bound to protein.

For exchange induced by the addition of ligand, it is likely
that the two exchanging partners are the free and the
complexed states of the protein. Therefore,∆ω was set to
the values of the15N chemical shift change of ligand binding
if not otherwise indicated (Tables 3 and 4).

Exchange rateskex for the intermediate state of SH2 were
significantly higher than those in free SH2 (Figure 5b).
Nineteen residues exhibit exchange rates of 800-2000 s-1,
whereas exchange rates of 450-800 s-1 were obtained for
only six residues. Particularly low exchange rateskex were
obtained for S380 inâD (87 s-1), G391 in the EF loop (315
s-1), and E403 inRB (355 s-1). Y368 next to the BC loop
(1937 s-1), I383 inâD (1706 s-1), F392 in the EF loop (1745
s-1), N406 and N410 inRB (1806 and 1791 s-1, respec-
tively), and S412 in the BG loop (2118 s-1) exhibited
particularly high exchange rates.

Interestingly, off-rates were often different for adjacent
residues. For example, a sequence of residues inâD shows
alternating rates. A low value ofkex (87 s-1) was observed
for S380, and F382 does not exhibit exchange at all; on the
other hand, the exchange rates of K379 (1157 s-1), I381 (636
s-1), and I383 (1706 s-1) were significantly higher. K379,
I381, and I383 point in the direction of theRB helix and the
BG loop and are directly reflecting the binding reaction,
whereas S380 is pointing toward the ptyr binding pocket.
The off-rates of residues in the ptyr binding pocket were
relatively homogeneous. The two conserved arginine residues
coordinating the phosphotyrosine phosphate, R340 and R358,
exhibited similar off-rates of 1345 and 1252 s-1, respectively.

FIGURE 4: Conformational exchange (a) in SH2 in the initial binding state and (b) in the SH2-MT8 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.

FIGURE 5: Exchange rates in three different states of N-SH2. The exchange rateskex are depicted by color coding on the ribbon diagram
of SH2. A continuous color scale from blue to magenta to red (from 0 s-1 to 500 s-1 to 1000 s-1) depictskex for (a) free SH2, (b) SH2 in
the initial binding state, and (c) the SH2-MT8 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.
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Similar off-rates were also observed for adjacent residues
S339 and E341 (1478 and 1252 s-1, respectively).

A subset of residues in and adjacent to loop regions (S393
in the EF loop, Y368 and T369 next to the BC loop, and
H385, R386, and L396 next to the EF loop labeled in red in
Figure 4a) exhibited relaxation dispersions which could not
be interpreted adequately using the chemical shift difference
between the free and complexed SH2∆ωP-PL. The values
of ∆ω obtained by optimization of eq 1 are listed in Table
3. Thus, the exchanging partners are not the free, and the
complexed protein and the exchange does not arise from
binding and release of the ligand. In these cases, the exchange
partners for free SH2 are most likely conformers formed
upon ligand binding which act as intermediates on the
reaction pathway. For all of these residues, the population
of the minor state obtained from the simulation wase5%.
The value ofR wase1 except for that of R386, indicating
exchange in the slow or intermediate time regime.

For those residues where the relaxation dispersion reflects
the relaxation of the protein from the complexed to the free
state, the parameterR (eq 2) approaches a value of 2,
indicating fast exchange on the NMR time scale.

For most residues, the population of the predominant state
obtained by fitting eq 1 to the relaxation dispersion data was
between 0.8 and 0.99 (Table 3). These values are in
concordance with a simple two-state binding reaction and
reflect the expected mole fractions. However, for residues
S339, E341, V357, and R358 in the ptyr binding pocket,
N344 in theRA helix, N378 and K379 inâD, G391 in the
EF loop, and L404 and N410 in theRB helix, we obtained
populations of the minor state near 50% as obtained by
optimization of eq 1. Assuming a one-step binding mecha-
nism where the protein can only appear in a complexed state,
the population of the minor state should not exceed 5%.
Therefore, significantly enhanced populations of the minor
state suggest the existence of protein intermediates stable
on this time scale.

kex in the SH2-MT8 Complex.In the SH2-MT8 complex,
the exchange contributions and exchange rates were both
generally low compared to those for the sample with a small
amount of ligand as depicted in Figure 5c. Exchange rates
were in a similar range as those for free SH2. Exceptions
were observed for E342 (46 s-1), S380 (27 s-1), and R386
(38 s-1) with low exchange rates, whereas S412, Y416, and
L420 in the BG loop exhibit particularly high exchange rates
(1323, 1518, and 1329 s-1, respectively).

DISCUSSION

Here we have compared the dynamics of free PI3K N-SH2
to those of the SH2-MT8 ligand complex. Internal motions
in SH2 itself could be separated from dynamics induced by
the interaction with the ligand by measuring relaxation
dispersion in the free protein, the complexed protein, and
an intermediate state with a low ligand concentration. This
analysis supported the role of some key residues in the EF
and BG loop together with residues in the centralâ-sheet
which play a key role in ligand binding. Because we have
previously used line shape analysis to examine the same
ligand SH2 interaction, this work provides an opportunity
to compare the value of the two approaches.

Relaxation dispersion measurements provide a detailed
picture of the dynamics induced by SH2-ligand interaction.

Dynamics in the free SH2 are minimal and mainly limited
to the loop regions. The highest values ofRex in BG are
almost one order of magnitude smaller than those observed
with ligand present. However, some residues in BG (orange
in Figure 3a) showed low signal intensities with relatively
high levels of exchange. These residues (R409, V422, and
L424) may have a hinge function for the loop. Missing
signals of residues in the BC loop are probably also a
consequence of exchange. G366 at the edge of the BC loop
exhibited high relaxation rates. Interestingly, the exchange
contribution of F384 inâD had the highest value ofRex with
a very low exchange frequency. This may reflect the
interaction of the F384 side chain with the BC loop. In
previous line shape analyses, this residue exhibited confor-
mational averaging when a ligand was present (6). The
current analysis suggests that this residue already has a high
flexibility on a slow time scale in free SH2.

To measure the dynamics of the interaction of the protein
with the ligand, we added a small amount of ligand. Under
steady state conditions, it is easily possible to separate the
on-rate from the off-rate because the equilibrium concentra-
tion of the free ligand is minimal and thereforekon[L] eq

becomes negligible. The choice of a low concentration also
had the advantage that signal intensities were still sufficiently
large to observe signals in CPMG measurements at small
refocusing rates. The chemical shift difference between the
free and the fully complexed protein should represent the
relevant chemical shift difference for the relaxation dispersion
effect. Residues for which a good fit could be achieved using
∆ωP-PL are labeled green in Figure 4a. However, for a subset
of residues, the chemical shift perturbation of ligand binding
was too small to fit the relaxation dispersion curves. These
residues are labeled red in Figure 4a. Fitting∆ω for these
residues yielded small populations for another exchange
partner, indicative of an unidentified intermediate on the
reaction pathway. These residues are located in loop regions
(S393 in the EF loop) and directly adjacent to loop regions
(Y368 and T369 next to the BC loop and H385, R386, and
L396 next to the EF loop). This supports our previous
conclusion from line shape analysis that ligand binding
requires the formation of intermediates for some residues
(6). Some (D330, Y368, S380, H385, R386, and L396) of
these residues for which relaxation measurements suggested
intermediates exhibited hardly any chemical shift perturba-
tion. In these instances, intermediates were detected that
could not be observed by line shape analysis. For T396 and
R386, some exchange was still observed in the complex.
Consequently, exchange for these residues must be attributed
to some conformational exchange and cannot be attributed
to the dynamics of ligand binding.R values between 0 and
1 show that the conformational exchange of these residues
is on the slow or intermediate NMR time regime. Signal
shoulders in titration spectra further support the existence
of slow motions.

The sudden increase in the level of exchange after addition
of a small amount of ligand gives an impressive picture of
the dynamics in the protein resulting from the ligand
interaction. Because there was comparably slow exchange
in free SH2 and in the SH2 complex, the high level of
exchange observed in the intermediate binding state can be
attributed to the relaxation of the protein complex back to
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
be longer than the lifetime of the interaction with the ligand.
This may be particularly important if the relaxation to the
free state requires complex concerted rearrangements in the
protein.

The overall picture of exchange contribution with a small
amount of ligand shown in Figure 1b indicates the rear-
rangements induced by ligand binding and direct ligand
interaction. Interestingly,Rex alternates between very high
and low values in a sequence of residues from K379 to F384
in âD. Those residues which point toward the BG and EF
loops (K379, I381, and I383) adopt high values representing
the dynamics of the interaction with the peptide. In contrast,
S380 and F384 exhibit lower values and K382 exhibits no
exchange. This result suggests that motions observed on the
amide 15N reflect motions of side chains which may be
correlated through space. For example, the rates of I383 and
F384 correlate well with rates in the EF loop and that of
K379 correlates with rates in the BG loop, suggesting
concerted motion of those residues.

The rearrangement of the BG loop is reflected in high
values in the hinge region (N410, S412, A414-Y416, K419,
and V422) on each side of the loop. Some residues in the
BG loop can no longer be analyzed because of the high
dynamics in this loop. Interestingly, F392 at the tip of the
EF loop has the greatest exchange contribution in this loop.
As previously reported, the EF loop and the BG loop are
linked by a stacking interaction of the aromatic side chains
of F392 and Y416 in the free protein (26). Upon ligand
binding, this interaction is dissolved which is reflected in
high exchange contributions for both residues.

Very high exchange contributions were also observed for
residues Y368 and T369 inâC, at the edge of the BC loop,
which support the role of the BC loop region for the
interaction with the ligand (25). Rearrangements in this
region of the protein seem to be important for reshaping the
ptyr binding pocket for effective high-affinity interaction.

In the ptyr binding pocket, rates of adjacent residues are
similar and reflect the off-rate of the ligand in this region.
Similar rates are observed for residues S339 and R340, one
of the two arginines which coordinate the ptyr phosphate,
and E341. Interestingly, the measured rate is similar for
R358, the arginine which coordinates the ptyr phosphate from
the other side.

In the final complex, Y416 is the only residue which
exhibits a large exchange contribution. Y416 had been
identified as a residue which undergoes a large movement
upon ligand binding (25, 26) and exhibited a large chemical
shift perturbation of 3.4 ppm (27). Interestingly, exchange
for this and some adjacent residues (N410, S412, and L420)
was not completely frozen in the complex. The large
chemical shift change upon ligand binding is responsible for
the high relaxation dispersion effect.

The off-rates determined here can be compared to off-
rates previously determined using line shape analysis (6).
Off-rates of S339 [1478 s-1 from dispersion analysis vs 1120
(-220 to+310) s-1 from line shape analysis], R340 (1345
vs 1500 s-1), K379 [1157 vs 930 (-100 to+120) s-1], and
H385 [460 vs 560 (-80 to +110) s-1] obtained from
relaxation dispersion analysis and line shape analysis were
similar within experimental error. For some residues, how-
ever, the results from relaxation dispersion and line shape

analysis did not agree. Line shape analysis yielded values
for koff of 550 s-1 for F392 and 600 s-1 for S412. From
relaxation dispersion, we obtained much higher rates, 1745
s-1 for F392 and 2118 s-1 for S412. These differences may
be a consequence of the systematic error made by the
assumption of two-state exchange used in the analysis. If
the actual mechanism of the interaction involves more than
two states, intermediates must be taken into account for the
analysis. How does this affect the rates obtained from line
shapes and relaxation dispersion? Clearly, intermediates
which are not observed will reduce the intensity of the signals
for intermediate ligand concentrations. There line shape
analysis will yield a rate which is too low. However,
relaxation dispersion will show an increasedR2 starting at
the highest rate that is involved in a set of parallel processes.
In these cases, the rates measured by the CPMG method will
always be higher than the rates obtained from line shapes.
Interestingly, some of the residues that exhibited very high
exchange contributions in the intermediate state exhibited
complex lines. K379 and F392 exhibit minor shoulders in
one or two lines of the titration, whereas S412 exhibited
significantly distorted lines during the titration with dis-
appearing signals. The existence of intermediate states may
also be supported by relaxation dispersion curves which
could not be fitted using the∆ω from the ligand binding. In
these cases, some other conformer must be responsible for
the exchange effect. Such conformers may represent inter-
mediates in ligand binding.

There are clearly differences between CPMG and line
shape analysis for the examination of molecular dynamics.
CPMG is not applied to residues that shift only in the proton
dimension (e.g., A360 in the beginning of the BC loop). Line
shape analysis clearly emphasizes the complexity of the
binding mechanism, while relaxation dispersion gives only
rudimentary information about intermediates in ligand bind-
ing. However, unlike line shape analysis, CPMG analysis
can detect intermediates even if there is no chemical shift
difference between free SH2 and the final complex (e.g.,
D330). Relaxation dispersion analysis also shows confor-
mational exchange in the free protein and in the final
complex which cannot be analyzed in line shape analysis.

The overall conclusions from relaxation dispersion and line
shape analysis are similar. Both methods provide a direct
view of the kinetic events caused by ligand binding at the
site of individual amino acids. This analysis supports the
role of key regions of the protein such as the ptyr binding
pocket and the centralâ-sheet. An important role of the BG
loop and the EF loop is indicated in both analyses. Most
importantly, there must be structural intermediates on the
binding pathway. In fact, extensive conformational exchange
was induced by small amounts of ligand. The nature and
location of conformational exchange are important for high-
affinity ligand binding. This is a new aspect in the description
of protein-ligand interactions which has important theoreti-
cal and practical consequences.
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