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ABSTRACT. Few techniques for probing the role of individual amino acids in interactions of a protein with
ligands are available. Chemical shift perturbations in NMR spectra provide qualitative information about
the response of individual amino acids of a protein to its interactions with ligands. Line shapes derived
from 15N-HSQC spectra recorded for different steps of a ligand titration yield both kinetic constants and
insight into mechanisms by which the ligand binds. Here we have analyzed line shapes for 37 signals of
amino acids of the N-terminal src homology 2 domain (N-SH2) of the 85 kDa subunit of phosphatidyl-
inositol 3-kinase (PI3-K) upon binding of phosphotyrosine (ptyr)-containing peptides. Kinetic rates at
individual amino acids of the SH2 varied throughout the structure. For a subset of SH2 residues, the fine
structure of the NMR line shapes indicated slow motions induced by the presence of small amounts of
the ligand. These complex line shapes require one or more additional conformational states on the kinetic
pathway. Modeling of the observed ligand interactions suggests a quasi-allosteric initial binding step.
N-SH2 mutants with altered ligand affinity or specificity were also examined. Analysis of their line shapes
revealed three distinct classes of mutants with different kinetic behaviors.

Differential line broadening of one-dimensional NMR data an effective method for calculating line shapes derived from
is a common tool for studying chemical kinetics. It has most two-dimensional NMR spectra and have demonstrated the
often been employed to study chemical exchange or con-complexity of line shapes that can arise from certain kinetic
formational averaging of small organic molecules. For large mechanisms1?). Here we have used differential line broad-
biomolecules, line shape analysis has been reserved for somening to study binding kinetics for individual amino acids
isolated signals, such as high-field methyl resonanggs ( of the N-terminal SH2domain of the p85 subunit of PI3-
Isotope-edited two-dimensional NMR spectra offer an in- kinase (PI3-K).
creased number of opportunities for analysis of differential  PI3-K is an enzyme broadly important for trafficking and
line broadening and provide kinetic data for different cell signaling 8—18). Mitogenic signaling 19, 20), vesicle
positions in a protein both because of increased dispersiontrafficking (21, 22), cell movementZ3), rearrangement of
and because chemical shift perturbations of both nuclei cytoskeletal actinZ4), and chemotaxis26) are all normal
become accessible to analysis. This has made line shapeell functions where PI3-K plays an important role. Activa-
analysis applicable to problems of protein foldir®) &nd tion is also associated with acute stimulation such as platelet
ligand binding kinetics for larger protein8)( Line shapes  activation by thrombinZ6, 27), stimulation of neutrophils
recorded for a protein upon ligand binding contain valuable by fMet-Leu-Phe 28), and stimulation of phagocytosi&q).

information about the binding rates and mechanigpby. PI3-K pathways have important roles in oncogenesis. The
They are most easily interpreted for fast exchange on theoriginal interest in the enzyme came from its association with
NMR time scale for an individual nucleus (héie or 1°N). oncogenes such as v-src and polyoma middle T (MBD).(

Sudmeier §) has shown theoretical line shapes for ligand Retroviruses expressing mutant forms of PI3-K or its

titrations where line shapes depend on the amount of liganddownstream target Akt can induce tumo84,(32). In the

added. However, line shapes in slow exchange have also beegase of middle T, activation of PI3-K is required for tumor

analyzed assuming complex binding mechanisB)s For formation at sites such as kidney and is critical in others

gquantitative line shape simulations, the proper choice of a such as breas8g). Besides its role in stimulation of cell

suitable kinetic model is crucial. We have recently described growth, PI3-K has a role in preventing apoptosis in a variety
of cell types B4, 35). Finally, PI3-K activation is also
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Ficure 1: Structure of the p85 N-SH2. (A) Colored residues indicate those residues for which line shapes were analyzed from two-
dimensional®N-HSQC spectra. The three colors indicate three regions of lifetickgs:> 1000 s (red), 650 s < ko < 1000 s?

(yellow), andkys < 650 st (blue). The description of structural elements follows the nomenclature introduced bys&cKR) Colors

indicate different types of line shapes for individual residues of the protein. Black is for residues for which line shapes can be described
by second-order binding according totPL == PL. From blue to violet to red, line shapes show different levels of complexity as described

in footnote a of Table 1f++ (red), ++ (violet), and+ (blue)].

Intracellular trafficking of PI3-K is mediated by the of different SH2 residues with the ligand are characterized
binding of Src homology 2 (SH2) domains. Binding of SH2s by different off-rates. This is a form of dynamics measure-
to tyrosine-phosphorylated sequences of proteins such as thenent that provides information complementary to CPMG
PDGF receptor (PDGFr)37—39) or polyoma MT 40) is measurement$8, 54) that can be used to calculate exchange
part of many processes of cell regulaticfil{44). In the rates on a microsecond to millisecond time scale.
case of MT, for example, phosphotyrosine residue 315
interacts with the SH2s of the p85 subunit of PI3-K. X-ray MATERIALS AND METHODS

diffraction and NMR have established the structure of a  The wild-type pGEX3% GST—N-SH2 construct (amino
number of SH2-tyrosine phosphopeptide complexes (for a acids 321-434) and the methods used to produce SH2 for
review of SH2 structures, see #8), including the SH2s of ~ NMR analysis were described previousl$5(. Binding
PI3-K (3, 46—-50). All SH2s can be described as a central properties of the mutants P395S and P427L were also
triple antiparallelj-sheet flanked by smallgf-sheets and  reported previously56). The mutant 1381Y %2) was con-
two a-helices (Figure 1). For most SH2s, the specificity of structed by site-directed mutagenesis using the oligonucle-
the interaction with phosphopeptides is determined by the gtides -GGGGGAAATAACAAATTATATAAAATATT-
first (+1) and third ¢-3) residues after the phosphotyrosine TCATCGAGAT-3 and 3-ATCTCGATGAAATATTTTA-
(ptyr). In the case of the more N-terminal SH2 of PI3-K TATAATTTGTTATTTCCCCC-3 as previously described
(N-SH2), preferred residues at positi¢il are M, V, I, and  (57). 15N-labeled SH2 has been prepared using either rich
E, while M is the preferred residue at positiar8 (51). medium (Celtone U, Martek) or minimal medium prepared
Different classes of SH2s reveal different patterns of with 15NH,CI (Cambridge Isotope Laboratories). Factor Xa
specificity. In some cases, changes in a single amino acid(Haematologic Technologies) was used to cleave the SH2
of the protein can alter its specificity. Changing tBB5 from the fusion protein. The SH2 was further purified by
from I to Y, for example, has been shown to change the ge| chromatography (Superdex 75). The pH of both the SH2
specificity of the N-SH2 of PI3-K§2). and the ligand solution was adjusted to 6.8 by careful titration
The goal of this work has been twofold: to study how with HCI or NaOH. Phosphopeptides were synthesized and
SH2s function and to expand the ways NMR analysis can HPLC purified by the Tufts Protein Chemistry Facility).
be used to study ligand interactions. We have examined thePeptides that were used were EEEpYMPME-Nim the
interactions of tyrosine-phosphorylated peptides matching middle T sequence around the tyrosine phosphorylation site
middle T or PDGF receptor sequences known to bind PI3-K at residue 315 where PI3-K binds and SVDpYVPML-NH
with the N-SH2 of the p85 subunit. UsidgN-labeled protein from the PDGF receptor sequence at the residue 751 binding
and *H,’®N-HSQC spectra, 37 of 110 amino acids were site. The purity of peptides was evaluated using MALDI mass
accessible to differential line broadening analysis. We have spectrometry. The purity of proteins was judged by gel
compared the behavior of different peptide ligands and mu- chromatography and the fact th&t,'>N-HSQC spectra
tant SH2s. Qualitative examination of the line shapes showsexhibited a unique set of assigned signals. Concentrations
dramatic differences in the behavior of individual residues. of the protein and peptide were measured by UV absorption
These showed clear evidence for structural rearrangementat 279 nm [using extinction coefficients of 610 #cm™*
on a millisecond time scale induced by the binding process. for ptyr in peptides and 1522 M cm* for tyr in the SH2
Although such line shapes were too complex to be fully (58, 59)]. Concentrated solutions of peptides were made to
simulated, they provide information about the mechanism avoid dilution of the protein upon addition of peptide. The
of the interaction for individual amino acids. Of particular typical volume added in one titration step was-1®% uL in
interest, line shape measurements could be used to distinguisla total volume of~250 uL. After addition of the peptide,
the structural effects of different kinds of mutations. In the homogeneity of the static magnetic field was readjusted
addition, titration experiments showed that the interactions and the tuning of the probe circuit was checked.
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Ficure 2: Line shapes in the proton dimension of HSQC spectra recorded for a titration of the p85 N-SH2 with EEEpYMPNERINH
peptide) (A-C) and phosphotyrosine (D). All titrations proceed from blue (free SH2) to red (SH2 complex).

HSQC spectra were recorded on BRUKER AMX 500 (EEEpYMPME-NH,) derived from MT antigen, 51 of 108
(wild-type SH2) and DMX 500 (SH2 mutants) spectrometers SH2 residues showed chemical shift perturbations at least
with 2048 data points in théH dimension, and a minimum  2—3 times greater than the line width. Because spectral
of 256 increments in théN dimension. Spectra used for overlap made evaluation of some of these signals impractical,
line shape analysis in tH&N dimension were recorded with  only 37 residues could be analyzed in greater detail. Figure
700-1024 points in the'®N dimension. Spectra were 1A shows a ribbon diagram of the p85 N-SH2 highlighting
processed and line shapes extracted from two-dimensionalthe 37 residues for which line shapes were studied. All
spectra using NMRLab6(). Gaussian broadening was regions of the SH2 are represented, including residues
employed prior to Fourier transformation with LB5 and ~ expected to interact with the phosphotyrosine (R340 and
GB 0.05 in the incremented dimension and E8.0 and R358), with the+1 residue (K379 and 1381), and with the
GB 0.03 in the recorded dimension. +3 residue (1381, F392, and K419) in the ligand peptide as

Line shape calculations were performed as described inwell as residues which are not directly involved in ligand
ref 7 using software written for MATLAB (The Mathworks).  interactions (F384, E345, K346, and L347).

The software was written to calculate the time domain signal  The Jine shapes of individual residues in t8-HSQC

for sections of HSQC spectra. Line shapes were fitted gpactra were analyzed by examining cross sections of peaks
assuming second-order binding according te-R. = PL during titration with ligand. When protein is titrated with
using optimization routines available for MATLAB. The ligand, two general types of behavior can be expected for
accuracy of such simulations depends very much on the ratesyvr fine shapes of signals that have different chemical

For example, in very fast exchange, lines will hardly be gphigis in the free protein and in the protein complex. In the
bro_adened _and_the intensity of lines W|I_I hardly be redqced case of slow exchange on an NMR time scat@A¢ <
durlng the titration. For a peakl separation of 500 Hz, lines 71+/2), wherek is the exchange rate an the frequency
vary I|tt_le for ako of >.5000 S For this reason, the rate eparation of the exchanging signals, the intensities of the
dgtermmed from such line §hapes has a Iargg error. A deta|_le wo peaks of free and complexed forms will be proportional
?AZCXSS'ZE d?:(tr:ﬁ '?r:ir:rwcgrllln?,vzhgggdsgglﬂ)au?gﬁ 'S(:f?_l‘:g?e'sn to the relative amount of free protein and protein complex
in theegst exchange regimé into three categgk'asgf 1000 present in the mixture. No true examples_ of slow exchange
1 650 ST < koy < 1000 S, andkyy < 650 ) between the free protein and the proteliyand complex
55 = ' ff ' were observed for interactions of the MT peptide with the
RESULTS N-SH2. Complex behavior was observed for E411 because
the signal of the free protein showed a minor second
Previous work has identified residues in the p85 N-SH2 component in slow exchange, while only one signal was
that show chemical shift perturbations upon binding of present in the MT complex (not shown). For fast exchange
tyrosine-phosphorylated middle T or PDGF receptor peptidesrates kK/Av > 7lv/2), a single peak with an intermediate
(55). These chemical shift changes defined SH2 residues thatchemical shift is observed at each step in the titration.
respond to the binding of the phosphotyrosine (ptyr) or the Examples of this sort of behavior are shown in Figure 2.
first residue ¢1) or the third residue+3) C-terminal to The intermediate case of coalescerige(Av = 7/+/2) will
the ptyr of the ligand. In binding experiments with a peptide never occur simultaneously for all steps of a titration be-
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Table 1: Line Shapes of Signals of the p85 N-SH2 during a Titration with the MT Peptide

amino acid signal confp Kex? Koft (s71)d amino acid signal condp Kex Koft (s71)d
W335 950 190+ 290] F392 + 0.9 550 60+ 90]
G336 0.8 >2000 D394 + 0.8 540 100+ 170]
S339 0.85 11204220+ 310] T397 + 950 [-150+ 210F
R340 0.7 >1500' F398 >2500
Y343 1900 -390+ 990] L404 380 120+ 280]
N344 0.85 6801110+ 130] N406 0.88 6101210+ 480]
E345 710 F90+ 120] R409 ++ 0.6 260 50+ 70]
K346 640 90+ 120] N410 + 0.92 2660 410+ 340]
L347 770 100+ 140] E411 +++ -
R348 0.95 25060+ 240] S412 ++4+ 0.75 600 120+ 160F
R358 ++ 470 A414 +++ 0.65 400 60 + 80J°
A360 +++ 300f Q415 ++ 0.85 500 60+ 90°
T369 + 980 [-140+ 200] N417 c 1910 [-660+ 1850]
K379 + 930 [-100+ 120] K419 +++ 0.85 550 120+ 150F
1381 +¢ 1210 [-130+ 170] D421 +++ 0.75 400 90 + 140]
K382 + 650 [-90+ 120] V422 0.75 830+180+ 280]
1383 590 [-120+ 200] L424 480 90+ 130]
F384 ++ 920 [-180+ 260] L425 0.9 910+220+ 380]
H385 + 560 [~80 + 110]

aQualitative classification of line shapes: blank, lines could be simulated assuming a two-state-maodelor shoulders in one or two lines
of the titration;++, line shapes as described for F384 with shoulders in multiple lines of the titratior;, significant distortion of lines during
the titration with disappearing signafsFor Key, line shapes showed changes in intensity similar to that of R340 that required the consideration of
an external equilibrium?). ¢ The line in the first titration step showed a shoulder. A line shape simulation considering this extra feature yields a
higher value folk.s. ¢ Off-rate with error estimation calculated as described in the Appendix in parenth&ses: estimation failed because of the
complexity of line shapes. For these lines, off-rates are very uncertain because a two-state mechanism must be dugtienedor estimation
not possible because the signal is not altered for larger rates.

16

cause one of the effective rates depends on the ligand con-
centration 7).

Figure 2A-D shows examples of fast exchange that were
observed, where lines (in thiéd dimension) from a two-
dimensional HSQC spectrum are displayed in colors from
blue to red for successive steps of the titration. The ribbon
diagram of Figure 1B summarizes the residues that showed ‘
simple two-state behavior in black. R340 (Figure 2C)
represents a variant in this category of signals because the o m—-l-l ol |1---|:“- sha
line in the free protein has a significantly smaller intensity L
than that in the complex. Table 1 lists other residues that
showed this type of behavior. Several possible explanations — '*]
for this behavior have been explored. Relaxation measure-
ments exclude the possibility of an exceptionally high
transverse relaxation rat for this residue (U. Guther,
unpublished data). A second possibility is that slow exchange
with one or several other conformers that are unable to bind
ligand causes the reduced signal intensity of the free state.
This is unlikely because CPMG relaxation measurements do
not show increased mobility on a millisecond time scale (U.
Ginther, unpublished results). A plausible explanation would
be a reduction in hydrogen exchange rates upon binding. residue number
This possibility is generally supported by the observation Fyre3: Hydrogen exchange rates for the p85 N-SH2 determined
that most residues for which the intensity of the line in the by recording HSQC spectra after dissolving the lyophilized protein
free state was reduced are located in loop regions which arein D2O. Free SH2 (top) and SH2 complexed to the MT peptide
exposed to the solvent. Also, changes in hydrogen exchangegbmtom)' Grey bars indicate residues which exchanged too fast to

. e observed in BED.

rates have previously been shown for the N-SH2 and
interpreted to reflect changes in SH2 stabilth); Hydrogen free and complexed SH2, we favor the possibility of hydro-
exchange rates were measured for the free wild-type SH2gen exchange on a faster time scale, not accessible in simple
and for the SH2 complexed to a MT peptide (Figure 3). deuterium exchange experiments.

Clearly, hydrogen exchange rates are high in loop regions In contrast to residues that showed only a single peak at
and low in the central parts of the-sheet. However, the intermediate chemical shifts during titration, many other
signal of R340 is in fast exchange with the solvent and cannotresidues exhibited more complex line shapes (shown in red
be detected immediately after addition of@in either the on the ribbon diagram of Figure 1B). The most interesting
free or the complexed SH2. While none of these results result was the appearance of signal shoulders indicative of
explain the observed changes in signal intensity between themultiple long-lived states at some point during the titration
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Ficure 4: Line shapes showing complex behavior for four different 805 80 795 79 785 78 175
residues in a titration of the p85 N-SH2 with the MT peptide. Lines H [ppm]
proceed from blue to red for increasing concentrations of the added Figure 5: Line shapes for the titration of the p85 N-SH2 with the
peptide. PDGFr peptide (SVDpYVPML-NH).

where only a single peak was observed for free or fully direction when PDGFr peptide was added, but the line shape
complexed SH2. An example of this can already be seen inpattern is the same as for the MT peptide. Despite these
Figure 2A, where the titration step of K382 (i.e., the third gifferences in the titration, the behavior of the line shapes
line) showed two minor shoulders. appeared to be similar. Residues which showed complex
Figure 4A depicts the striking example of F384, where behavior for MT also showed complex behavior for PDGFr.
several titration steps showed signals with two to three Figure 5 shows two examples, E345 and Q415. Line shapes
shoulders. The shoulders disappeared again in signals towardor E345 were close to those expected for two-site exchange.
the end of titration. Q415 (Figure 4B) in the BG loop showed A small shoulder in one titration step suggests that a slow
very similar line shapes. Signal component analysis on the rearrangement may play a role during the titration. The same
FID proves that these signals are periodic in time and thustype of shoulder was also observed for the neighboring
not noise-related artifacts. An even greater effect was residue, K346. Line shapes for Q415 showed complex
observed for A360 (Figure 4C) and D421 (Figure 4D). features similar to those observed for the MT peptide.
Shoulders were clearly observed, for example, in the third Line Shape Analysis Shows Differences among iddl

and fourth titration steps from the_ en_d. In cross sections SH2 Residues in Local Off-Ratekine shapes contain
recorded at an earlier stage of the titration, the heterogeneity

induced by ligand binding was so great that the signal was quantit@tive as well as qua_litative informtation. Protein
essentially lost. Importantly, none of these residues showed“gand interactions characterized by very high off-rates and

an indication of shoulders in the free SH2. Also, conforma- consgquen_tly low aﬁ".‘“y show peaks Wit.h similar.intens.ities
tional averaging on a slow time scale should also be observea"’.‘nd .I|ne widths for d|ﬁergnt concentrations ofillgand n a
in high RJ/R; ratios and inR, dispersion determined by titration, An example_: of th's type O.f interaction is shown in
CPMG sequences with variable echo times. Neither mea-F19ure 2D for K382 in a titration with ptyr. For the K382

surement supports significant millisecond mobility in the free PYYT interaction, very high off-rates were expected for the
SH2 (U. Ginther, unpublished results). low affinity of ptyr (Ko ~ 1 mM) becausdor = Kokon

To test whether the effects observed were specific to the High-affinity interactions, such as the interaction of the
middle T ligand, a peptide titration was also carried out for MT peptide with K382 (Figure 2A), were characterized by
the peptide SVDpYVPML-NH, a sequence matching the Il_ne _broadenlng a_nd decreased peak intensities dur_mg_ the
tyrosine phosphorylation site at residue 751 of the PDGF titration. Quantitative a_nalys_ls can be _performed on this .klnd
receptor. Previous competition experiments showed that thisOf line shape data using simulated line shapes to estimate
peptide was only slightly lower in affinity than that from ko, the local off-rate, on a residue by residue basis. Line
MT [ICso = 13.4 vs 8.3 mM %5)]. However, peptide shapes of this type can be simulated assuming a model with
selection experiments for the SH2 showed that V is not as second-order binding (- L = PL). The mutual effect of
favored as M in ther-1 position £6). Differences in chemical ~ line shapes of the two spectral dimensions had to be
shift changes upon PDGFr titration changed the subset ofconsidered for the calculation because the chemical shifts
residues that could be analyzed. For example, K382 shiftedof both nuclei,'H and**N, were affected by ligand binding
only slightly when the PDGFr peptide was added. Analysis (7). For residues such as R340, the reduced signal intensity
of chemical shift perturbations showed that this peptide had of the free state can be handled in line shape simulations by
an effect on K379 and L420, two residues which are adding an external equilibrium for the free state as described
important for the interaction of th&-sheet and the BG loop.  previously ). This procedure accounts for any type of slow
L420, for example, showed a chemical shift in the opposite exchange which affects the line shape of the anitieand



Probing SH2 Ligand Interactions

0 20 40 100

Ficure 6: Experimental signals (lines witkr from blue to red)
and simulated line shapes-) for the E345 residue in a p85
N-SH2—-MT titration.

IH nuclei, including exchange with the solvent or between
different conformers. An example of a simulation is shown
for the interaction of the MT peptide with E345 (Figure 6).
The simulation gave a value of 710'gor the off-ratekoy.

For the MT peptide interaction with K382,lg« of 650 s*
was obtained, consistent with the micromolar affinity of the
MT peptide and diffusion-controlled on-ratdg#/Kp = 650
sY10% ~ 1 s ). This is equivalent to a lifetime
(=1ko) of ~1.5 ms for the bound state (PL). For the
interaction of ptyr with K382, line shape analysis yields a
kot value of >10* (higher rates cannot be distinguished for
the chemical shift differences observed for ptyr binding). If
diffusion-controlled on-rates are assumég; cannot be
higher thanKpkon (1072 x 1° s = 10° s71). The same
behavior and similarly high off-rates were observed for all
other residues of the SH2 which titrate upon adding ptyr
(S339, E345, R358, D359, A360369 L370, T371, 1381,
K382, 1383 H385, and F392).

Biochemistry, Vol. 41, No. 39, 20021663

Line Shape Analysis Distinguishes Different Classes of
Mutants.Many mutant N-SH2s with differing properties are
available for line shape analysiBf). Three, P395S, P427L,
and 1381Y, were selected to compare to wild type both to
understand better the wild-type line shapes and to see how
line shape analysis could be used to provide insight into the
behavior of the mutants.

1381. The D5 residue is thought to control specificity at
the +1 position. Mutation ofsD5 from 1381 to Y resulted
in a reduced affinity for peptides with a pYMPM sequence
and an increased affinity for peptides of the type pYER) (
Figure 6 shows representative line shapes for the 1381Y
mutant, which binds MT with low affinity. The line shapes
shown for A360 and for E345 are representative examples
of line shapes observed for this mutant which showed typical
features for low affinity with very high off-rates. Lines
showed no increased line width and therefore no reduced
intensity in intermediate signals during the titration. This
behavior is the same as that observed for ptyr with wild-
type SH2 (Figure 2D). Some reduction in signal intensity in
conjunction with some fine structure in line shapes was seen
in the first titration step (second spectrum) for A360.
However, shoulders in lines were very much reduced, and
the amount of reduction of the overall signal intensity is
minimal compared to that observed for the wild-type SH2.

P395S another mutant with altered specificity, is defective
in binding MT but is unaffected in its ability to bind the
PDGF receptor46). The mutation is in the EF loop and
causes a loss in the ability to select methionine at-i3e
position. At the same time, binding experiments established
that the mutant prefers valine &tl whereas the wild type
prefers M, V, |, and E, in that order, at thel position.
This change in selectivity explains why P395S retains the

Table 1 lists the results of a line shape analysis for 37 ability to bind PDGFr (pYVPM) while losing affinity for

residues titrated with the MT peptide. Lifetimes: varied

MT (pYMPM). The assignments of P395S and calculated

between approximately 0.4 and 4 ms, suggesting that thestructures will be presented elsewhere (Un(er, in prepa-

interaction with the MT peptide is not uniform for all residues

ration). Here we show how line shape analysis of titrations

of the protein. The line shapes can be roughly classified in with the MT peptide provided insight into the altered

three groups:ky > 1000 s?, 650 st < ko < 1000 s,
and ket < 650 st. The colors of Figure 1A indicate the

behavior of the P395S mutant. With regard to changing the
ligand sequence from MT to PDGFr for the wild-type SH2,

calculated off-rates for the 37 residues listed in Table 1. Off- mutation of the SH2 had some effect on which residues
rates of all three categories were observed in different partscould be subjected to line shape analysis. F392, close to the
of the protein. The differences in off-rates were not connected site of the position 395 mutation, showed a smaller chemical
to ligand interactions in any simple way. Some residues shift perturbation; T397 disappeared completely, and D394
important for ligand binding such as H385 and 1383 showed and L396 had relatively weak signals. Titration of P395S
particularly low off-rates (590 and 560°%, i.e., long with the MT peptide showed striking changes in the
lifetimes of interaction (1.7 and 1.8 ms). Relatively long nature of the lines from that observed with the wild type.
lifetimes were also observed for residues in the EF loop As seen in Figure 8A for 1381 in the nitrogen dimension
(F392 and E394). F392 is directly involved in interactions and in Figure 8B for K382 in the proton dimension, the
with the peptide. However, D394 is not and points away intermediate lines in the titration seemed to “bunch” (black
from the molecule. It seems likely that lifetimes are correlated bar) as the titration proceeds. Compared to the behavior of
to concerted rearrangements in the protein. Side chainthe wild-type SH2, addition of more ligand at intermediate
contacts, for example, between the side chains of F384 andsteps for most residues in the titration with the MT pep-
F392, may be important for cross talk between different tide results in only a small change in the chemical shift. In
structural elements of the protein. For one group of adjacentFigure 8A, intermediates seemed to be bunched around 124.7
residues, N344, E345, and K346, off-rates were relatively ppm and showed multiple signals in the spectrum of step 7
low (640-710 s), despite the fact that these residues do in the titration at al®N chemical shift of~124.7 ppm,

not play a major role in the interaction with the ligand. Their indicative of a slow exchange process on the reaction
chemical shift changes must be secondary effects not causegathway:
by direct interactions with the ligand. Astonishingly, the off-

rate for 1381 is>1000 s?, although this residue is known

to interact with thet1 residue of the bound phosphopeptide.

Kon

L
P+L-_—‘PL*QPL
Koff
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P427Lis a mutant which eliminates binding of either MT
or PDGFr £6). It has low affinity for the MT or the PDGFr
peptides Ko ~ 1 mM). These results were superficially
unexpected because the location of the mutation is in the
very end of the SH2, remote from the binding pockets of
the SH2. Chemical shifts in HSQC spectra indicated that
the mutation causes changes in the N-terminus, in the central
p-sheet, in the C-terminal residuesad8, and in BG (Figure
9A). For a large segment in BG, no signals could be
identified in either the free protein or the proteiMT
complex. This can be ascribed to flexibility in this region of
the protein and indicates that the back side contributes
stability to the structure.

= < Figure 10 shows line shapes of P427L for a titration with
77765 ’vﬁ,m;-:r:] 75 745 74 the MT peptide. For some residues such as R340 (Figure
' i o 10A), lines were clearly broadened during the titration despite
r:’)lgli?(Enthgr:%? tiicgggsl\ffgﬂZHV?%CMSTF’%(?E%(;Q.t'trat'ons of the the low affinity for the peptide. Similar line shapes were
observed for other residues érA (S339 and E345) and in
m EF (S393 and D394, cyan in Figure 9B). More striking
1

behavior was observed for 1381, as shown in HSQC spectra
A 1381 [1] at different stages of a titration with the MT peptide (Figure
10B) and in cross sections in Figure 10C. Cross sections for
1381 (Figure 10C) show complex line shapes, a common
feature of many residues of P427L. Inspection of line shapes
in intermediate spectra during the titration showed that most
signals have four to five components. The signal seemed to
almost disappear into the background at intermediate stages
of the titration. Other residues as shown in red in Figure 9B

1265 1265 1250 1245 1240 1235 1230 gave results similar to those for 1381. This behavior was
‘Nippm] completely unexpected for low-affinity binding and was
s ,P\ K350 different from the line shapes observed for the low-affinity

interaction of ptyr and wild-type SH2.

P427L also showed one additional new feature in its
titration. Despite the presence of multiple conformers, most
signals move on a straight line in the two-dimensional HSQC
spectra with increasing ligand concentrations. However, in
P427L we observe at least one signal (F392) where initial
chemical shift changes occur in th&N dimension but the
final signal appears with a strong change of both frequencies
(0.2 ppm for'H and 0.65 ppm fot*N, not shown). The signal
seems to move “around a curve” in the two-dimensional
Ficure 8: Sections from HSQC spectra in a titration of P395S HSQC SPeCtr”m- This behavior requ_irgs multiplg long-lived
with the MT peptide. Bars indicate signals which are bunched in intermediates which are not seen in intermediate spectra
subsequent spectra of the titration. during the titration.

The simplest interpretation of this behavior is that the DISCUSSION
mutant SH2 experiences fast initial binding of L (on a micro-
second time scale) associated with chemical shift changes While structural analysis can elucidate the structure of
reflecting the PL*/PL ratio followed by a slow conforma- protein-ligand complexes, understanding the mechanisms
tional rearrangement between PL* and PL. However, the by which proteins and ligands interact remains a most
PL*/PL ratio clearly depends on the ligand concentration. challenging problem. Similarly, rationalizing the behavior

A second feature of the P395S titration was equally of mutant forms of proteins is often highly problematic. Here
striking. Shoulders comparable to those observed for A360 we have used analysis of NMR line shapes to study binding
or D421 for the wild-type protein were not observed in the properties of wild-type and mutant SH2s. A major advantage
first steps of the titration. This is obviously different than of this approach over other techniques that have been used
for the wild-type N-SH2 for which multiple shoulders were to study binding kinetics is that differential line broadening
observed in intermediates in titration with either MT or using isotope-edited two-dimensional NMR spectra provides
PDGFr peptides. A reasonable interpretation of this observa-kinetic data for different positions in a protein. In addition,
tion is that the intermediates ordinarily seen in the wild type the shapes of lines reveal more detailed information about
are not induced in the P395S mutant. It seems likely that the processes involved in proteitigand interaction. The
this failure contributes to the lower affinity. N-SH2 of p85 of PI3-K is attractive for these kinds of studies
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Ficure 9: Structure of the p85 N-SH2 shown at a®3hgle compared to Figure 1. Colored residues indicate altered chemical shifts in
P427L. The mutation site is displayed in blue. (A) Red is for residues for which the chemical shift was altered in P427L compared to that
in the wild type. Green is for residues which could not be assigned in the P427L mutant. (B) Types of line shapes for residues which
change their chemical shift in the P427L mutant. Red is for signals that exhibit a large number of shoulders in multiple titration steps (e.qg.,
1381). Cyan is for signals showing relatively smooth lines comparable to those of R340 (Figure 10A).

for many reasons. PI3-K is a critical enzyme for cellular Alternatively, heterogeneity of the SH2 protein might be
signal transduction. Both interesting mutants and ligands arepossible if, for example, the factor Xa cleavage was not
available for studying binding properties. Structural studies precise. However, this explanation would predict heterogene-
using both X-ray and NMR are available for comparison to ity in the starting sample, which was not observed. Also, if
the results of the line shape analysis. Most importantly, good this was the reason for peak shapes, effects on many more
spectral dispersion permitted analysis of a large number of peaks, not just in loop regions, would be expected. Finally,
residues distributed across the surface of the SH2. Essentiallysuch heterogeneity would not explain why complexity is
all residues that could be titrated showed fast exchange,different for different residues.

iqdicating that off-rates would be on thg order of 1(?0(1).3 The observation of complex line shapes with multiple
Finally, Hensman et al 3] have studied line broadening for  shoulders after ligand binding requires one or more confor-
two of these residues (E411 and K379) of a different variant matjonal intermediates on the reaction pathway. The obser-
of the p85 N-SH2, pointing to the feasibility of such studies. y/ation that a ligand can cause comformational equilibria has
Complex Line Shape§he most striking aspect of the been made before. Earlier results with RNaée) (and
N-SH2 ligand interaction is the existence of multiple species staphylococcal nucleasé3) have suggested conformational
in the intermediate steps of the titration. Heterogeneity equilibria that are affected by ligand binding. That such
induced by ligand binding was observed for many residues behavior is observed at some residues and not others suggests
across the protein (Figure 1B). This could be seen asthat different kinetic mechanisms must be considered for
shoulders, in the case of F384 or R358, or in the apparentdifferent positions in the SH2. Mutants that exhibited lowered
loss of the signal at intermediate steps in the case of A360,affinity showed changes in this heterogeneity. For example,
Q415, K419, or D421. Most of these residues are located multiple shoulders were observed for F384 in intermediate
in loop regions or interact with loops through their side spectra in titrations of wild-type SH2 with either MT or
chains. For example, the side chain of F384 interacts with PDGFr peptides. However, for the low-affinity mutant P395S
F392 in the EF loop. In all, signals for at least 20 of 37 or I381Y, shoulders were not observed or their magnitudes
residues exhibited shoulders in intermediate spectra duringsignificantly reduced in the intermediate steps of titrations.
the titration. A reasonable interpretation for these observations is that the
How can the fine structure of intermediate signals in a intermediates ordinarily seen in the wild type are not induced
ligand titration be explained? Somewhat similar effects have in the mutants. It seems likely that this failure contributes
been reported previously in one-dimensional spectra for to the lower affinity.
helix—coil transitions of polys-benzyl L-aspartate and in Figure 11 considers some of the possibilities involving
ligand binding to RNase or staphylococcal nuclease [seemultiple conformations for the formation of shoulders in
Sykes et al.4) for a review]. Sample heterogeneity has been intermediate spectra during a titration. Initially, the idea of
suggested as one possible explanation for shoulders in NHeither parallel starting conformations (Figure 11A) or parallel
and C peaks in the helixcoil transitions. However, this  intermediates (Figure 11B) might seem attractive. However,
does not appear to be a likely explanation here. The titrationsparallel starting conformations in slow exchange requires
for the wild-type protein are virtually complete at a 1:1 heterogeneity in the free SH2 which was not observed except
stoichiometry because of the high affinity. Sequence het- for E411. The possibility that model 1A is correct but that
erogeneity of the ligand is unlikely because it is not detected the concentration of for P, is always too low to be detected
via HPLC or MALDI of the peptides and because degrada- can also be ruled out. K (=Pi/P) is small, the concentration
tion of the peptide would be expected to lead to peptides of the binding specieB; will always be low. This will cause
with very low affinity (millimolar) and high off-rates. line shapes which resemble those observed for slow ex-
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A show slow exchange between multiple signals. This is again
\ R340 not what is observed in complex line shapes of the wild-
type SH2 binding MT or PDGFr peptides.

Clearly, an additional level of complexity is required to
interpret some of the complex line shapes observed in our
titrations. One simple possibility is that heterogeneity is
induced by an encounter with the ligand (Figure 11C). In
this mechanism, the formation of €onformations is crucial
for high-affinity binding. Although Bmay still be involved
in direct interactions with the ligand (L), binding through P
will represent major pathways. This amounts to a kind of
allosteric model because the formation of binding conforma-
tions is induced by initial interaction with ligand. Allosteric
effects in a single-domain signaling protein were recently
described by Kern et al. by measuring dynamics of exchange
between active and inactive conformations for different
mutants of the signaling protein Ntr@&4).

Such a mechanism explains why line shapes are most
complex in the beginning of the titration but show a reduced
amount of complexity toward the end where they are
dominated by the signal of PL. The initial interaction of the
protein and ligand which causes formation of binding
conformers Pmust be released during the binding process
because the observed stoichiometry is 1:1. In two-dimen-
sional>N-HSQC spectra, both chemical shifts of intermedi-
e e e a7 s e a5 a5 aa ates Pwill usually be different from those of P
S 7 TDifpem] o Off-Rates. Quantitative calculations indicated that the
interactions of individual residues with ligand were charac-
terized by differences in the off-rates (Figure 1A). The
distribution of apparent off-rates over the SH2 ranging from
approximately 250 to 2500°% was clearly not uniform.
However, rates are not grouped in distinct regions of the
protein. Except for some examples (K382, 1383, 1385, F392,
D394, and T397) where rates of adjacent residues are in a
similar range, the role of the rate for an individual residue
remains a puzzle. It is, for example, not clear why the off-
rate of F398 is more than twice that of its neighbor T397.

) ) ; ) ) . One possible explanation is that the local off-rate monitored
1270 1265 J260 1255 1250 1245 on the backbone NH group represents possible interactions
N [ppr] of the side chain (which cause rearrangements of the local
Ficure 10: (A) Cross sections from HSQC spectra recorded for a geometry, resulting in chemical shift changes). This is a
titration of the P427L mutant with MT peptide (blue red) for plausible explanation for T397 and F398 because the side
Etfé't?(')rsBzcs)egr'ggsfrsoe"gtisoun%efr(')T%’gfd HSQC spectra for the SaME chains of the two residues play a completely different role
' ' in the protein. T397 is involved in the interaction with the
change, as previously shown by the simulation of line shapescentral3-sheet, while F398 points away from the protein.
for Detailed interpretation of the differences observed for
different residues represents a formidable challenge. It is
LY kon PL well-known that line shapes can be used to calculate off-
Yot rates for two-state reaction8)( These rates are not neces-
sarily a simple reflection of local contacts between ligand
with only one intermediate7]. This is clearly not the type  and protein, but rather monitor the response of the protein
of line shape observed for residues such as A360, F384,to the ligand binding. For example, residues such as E345
K419, or D421. or K346 that are not directly involved in contacts with the

An alternative mechanism (Figure 11B) describes a ligand experienced an induced chemical shift change associ-
situation where a ligand is bound by P forming different ated with line broadening which reflects the rate of conver-
binding products PLwhich are converted into the final sion between the fold of the complex and that of the free
product PL. For fast off-rates, peaks will move between the form. The associated lifetime.; describes the time the
chemical shifts of P and Rin the actual binding step. The protein spends in the bound state. In this sense, the apparent
different species Plwill convert to PL in a slow step. For  off-rates must be understood as local dynamics induced by
this mechanism, the most complex line shapes should occurigand interaction.
at the intermediate point where different species &le The conclusion that the local off-rates represent local
present. The following conversion of Plnto PL should dynamics provides a way of reconciling NMR results with
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Ficure 11: Potential mechanisms for SH2 ligand interactions.

those of surface plasmon resonance (SPR) measurementthe reverse rate). A more complex mechanism involving
where off-rates of 1. 103 s™* (65) and in a more recent  multiple conformers in intermediate spectra must be involved.
study even 0.6 S (66) were reported. Slow rearrangements One possible explanation may be that off-rates are indeed
on a millisecond to second time scale as rate-determiningon the order of 1081000 s* but on-rates are relatively low.
steps for ligand binding may explain this difference because For aKp of 1072 and ak.¢ of 1000 s?, the on-rate must be
SPR measurements observe the entire process of releasing(®, 3 orders of magnitude lower than diffusion-controlled
the peptide. This interpretation is possibly consistent with rates. Low on-rates might reflect a low availability of protein
thermodynamic data of various SH2 constructs which sug- conformers suitable for ligand interaction. For example, if
gested that a conformational change must occur duringin Figure 11C encounter with ligand did not result in
binding ©7). Ladbury et al. assumed that conformational formation of suitable species for binding, then the interaction

change must be small and limited to loop regions.
From this point of view, relatively high off-rates in the
ptyr pocket (red and yellow region mA in Figure 1A) may

would be poor. Another slightly different interpretation might
be nonproductive binding by many conformers in the
ensemble. In this case, such nonproductive interactions must

be interpreted as fast but low-affinity correlated processes be reversed before subsequent interactions with conformers

in the ptyr pocket, whereas binding in the pta region is
characterized by lower off-rates (blue in the EF and BG loop,
in AD, and inSD"). This observation sheds light on the
dynamics of the binding process. Most likely, the peptide
interacts rapidly with low affinity in the ptyr pocket followed

which are more favorable for high-affinity interactions. Such
a mechanism would also reduce the apparent on-rate.
Mutation of P395 to S, resulting in lower affinity for the
MT peptide, has a different kinetic basis than either the
I1381Y or P427L mutation. The defect in binding of the MT

by slower processes in the hydrophobic binding region which peptide by the P395S mutant is reflected in the appearance

are important for high-affinity (lower off-rates).
SH2 MutantsEach of the mutants studied here exhibited

of kinetic intermediates with a distinct chemical shift
observed for most residues that serves as a kind of “kinetic

line shapes that could be readily distinguished, not only from knot”. In principle, this situation can be described by Figure

those of the wild type but also from each other. The
qualitative behavior of the line shapes of wild-type and
mutant SH2s clearly showed that altered binding and

11C where P interacts with L to form different intermediates
PL; which convert slowly into the final product. Depending
on the ratio of all the rates, intermediates; Rill build up

specificity of mutants must be associated with different types and the conversion between PL and; Rlill show slow

of kinetic mechanisms.

exchange line shapes. This can be interpreted as a kinetic

Three different types of behavior were observed. A mutant hindrance of binding. A more detailed model along with full

such as 1381Y shows a simple reduction in affinity as shown
by higher off-rates. In this regard, it looks much like wild-
type SH2 interacting with a poor ligand such as ptyr. There
was little change in the qualitative nature of the titrations.
Interestingly, the lowered affinity was uniform across the
structure, not limited to the region of the mutation.

P427L, a mutant altered jpiG near the C-terminus of the
SH2, exhibited very different behavior. Here we have
observed complex lines with many shoulders all over the
protein. Intensities of lines were reduced during the titration.
Superficially, these lines resembled line shapes for low off-

structural analysis will be developed elsewhere (UntBar,
manuscript in preparation).

In summary, this work develops an approach to studying
the mechanism of proteirigand interactions using line
shape analysis. Line shape analysis is useful to probe pro-
cesses on a microsecond to millisecond time scale. The range
of rates accessible for quantitative analysis is similar to the
range of rates which can be analyzed by CPMG measure-
ments. However, line shape analysis has an inherent advan-
tage in that it gives insight into the mechanism underlying
an exchange process.

rates, although the affinity measured by other methods is The observed line shapes require that the interactions of
low. For some residues (e.g., F392), intermediate linesthe p85 N-SH2 with ligand involve rearrangements during
disappeared completely. This reflection of weak binding is the binding process. Slow kinetic processes in loops or
quite different from the weak binding of ptyr to the wild- regions adjacent to loops determine the overall rate of the
type SH2 or the weak binding of MT to the 1381Y mutant protein-ligand interaction. Since slow exchange in the free
where the intensities of the intermediate lines were hardly SH2 was not observed, we propose a quasi-allosteric model
reduced. Clearly, weak binding in the case of P427L cannot for the interaction with the ligand. The finding that several
just be ascribed to high off-rates in one-step binding reactions conformers exist on the binding pathway presents a serious
(P + L = PL, with ko, being the forward rate ands being challenge to studies of slow chemical exchangeadiBoersion
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Ficure 12: (A) Upper and lower error ok for theoretical line shapes simulated for a frequency separation of 150 Hz and a line width
of 15 Hz (see the Appendix). (BM? = 3@ — xref @ = Y(LSsimk — LSexp? and yef is the y@ for the optimal ratek.q for K346

calculated as described in the Appendix. (C) Theoretical and simulated line shapes for K34&.af @40 s and (D) theoretical and
simulated line shapes for K346 andkg of 550 s

is usually interpreted employing a two-state model. Consid- ko shown in Figure 12A reflects the changekig which

ering the complexity of mechanisms observed for the p85 yields the same? that was obtained for & of 550 s,
N-SH2, such a simplification would clearly not be justified. The two curves demonstrate that the upper error increases
The study of line shapes in mutants showed that three faster than the lower error. For off-rates around 8009 s
different mutants with reduced binding affinity revealed the relative error exceeds 100%. These error curves represent
completely different line shape patterns reflecting different the accuracy at whicldeal line shapes can be simulated for
mechanisms of binding. It will be of considerable interest a given set of standard conditions.

to see if the complexity of the kinetic mechanism observed  Calculation of error estimates for experimental line shapes
here for the N-SH2 is common in the interactions of other was based on a similar procedure. One of the underlying
proteins with ligands. problems was the fact that the value g [=3 (LSexp —
APPENDIX LSsim _koﬁ)z] depends strongly on artif_acts in th_e spectra. These
may include small baseline distortions outside the peak area
Error Estimation The error ofk, cannot be determined  and signals outside the simulated peaks. Such artifacts do
by typically used error estimation protocols, mainly because not influence thek for which the minimaly? is observed.
it is very asymmetric. For high rates, i.e., fast exchange, with However, these/? values obtain almost arbitrary values
little line broadening, curves will be very insensitive to caused by even small artifacts. They also change significantly
changes in the rate. For lower rates, small changes in rategddepending on the number of experimental data points used
will cause relatively large changes in line shapes. For the in the simulation. For this reason, they do not provide a good
same reason, the upper error is usually larger than the lowererror estimate. For this reason, we calculAtg = x> —
error. This is illustrated in Figure 12A which shows a yrd, Wherey,? = 5 (LSsimk — LSexp)? andyre? is they? for
theoretically determined error & to higher (dashed line)  the optimal rateAy? is very insensitive to the offset and to
and to lower (dotted line) off-rates for valueslgf between peaks outside the simulated signals and provides a good
1 and 8000 s This error was calculated using simulated relative estimate for the error. As a reference, we usgthe
line shapes for a frequency separation of 150 Hz and an off- obtained for & of 550 s for K346. The line shapes for
rate off 640 s*. Here the value of? [=Y (LSs40 — LSy) for K346 are shown in panels B and C of Figure kg[= 640
k = 550 Hz )] was chosen as an arbitrary standard s! (C) andk.,s = 550 s* (D)]. The values for upper and
because the line shapes obtained for this value appeared téower errors are listed separately in Table 1. It is important
be clearly distinct (Figure 12B,C). The calculated error in to mention that the observed error of experimental lines was
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usually very close to the error for theoretical curves without 32. Aoki, M., Batista, O., Bellacosa, A., Tsichlis, P., and Vogt, P.
noise. The reason is that the theoretical error is large
compared to the influence of noise on peaks in spectra.
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