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ABSTRACT. The protein kinase ZAP-70 is involved in T-cell activation, and interacts with tyrosine-
phosphorylated peptide sequences known as immunoreceptor tyrosine activation motifs (ITAMs), which
are present in three of the subunits of the T-cell receptor. We have studied the tandem SH2 (tSH2) domains
of ZAP-70, by both X-ray and NMR. Here, we present the crystal structure of the apoprotein, i.e., the
tSH2 domain in the absence of ITAM. Comparison with the previously reported complex structure reveals
that binding to the ITAM peptide induces surprisingly large movements between the two SH2 domains
and within the actual binding sites. The conformation of the ITAM-free protein is partly governed by a
hydrophobic cluster between the linker region and the C-terminal SH2 domain. Our data suggest that the
two SH2 domains are able to undergo large interdomain movements. The proposed relative flexibility of
the SH2 domains is further supported by the finding that no NMR signals could be detected for the two
helices connecting the SH2 domains; these are likely to be broadened beyond detection due to
conformational exchange. It is likely that this conformational reorientation induced by ITAM binding is
the main signaling event activating the kinase domain in ZAP-70. Another NMR observation was that the
N-terminal SH2 domain could bind tetrapeptides derived from the ITAM sequence, apparently without
the need to interact with the C-terminal domain. In contrast, the C-terminal domain has little affinity for
tetrapeptides. The opposite situation is true for binding to plain phosphotyrosine, where the C-terminal
domain has a higher affinity. Distinct features in the crystal structure, showing the interdependence of
both domains, explain these binding data.

The ZAP-70 protein is one of the two members of the downstream targets in the T-lymphocyte signal transduction
Syk family of nonreceptor protein tyrosine kinases (PTKs). pathway. Similar mechanisms occur in B-cell receptor
This 70 kDa protein contains two SH2 domains, arranged complexes, where src kinases phosphorylate ITAMs for Syk
in tandem and separated by a linker region, and a C-terminalrecruitment. However, Syk binding to the ITAM sequences
kinase domain. The tandem SH2 domain is connected to themay not require the involvement of both SH2 domaiss (
kinase domain through two interdomains, denoted A and B. Besides Tyr493, additional tyrosines within ZAP-70 undergo
The protein is expressed in T-cells, where it associates with phosphorylation (e.g., Tyr292, -315, and -319), playing both
the ¢ subunit of the T-cell receptor (TCR) in the early steps positive and negative regulatory roles in TCR functién (
of T-cell activation. Association occurs through the tandem 7). Tyr315 has furthermore been implicated in allosterically
SH2 domain (tSH2) binding to the immunoreceptor tyrosine regulating the function of the SH2 domair®.(

activation motifs [ITAMs, defined by the sequence  while Syk is more ubiquitously expressed among hemato-
YXX(L/MNX 6-YXX(L/I) (1, 2)], after dual phosphorylation  poietic cells, ZAP-70 is restricted to T cells. As such, ZAP-
of the tyrosines by the regulatory kinase [§5@). The latter 70 is an attractive target for pharmaceutical research;
kinase is also implicated in ZAP-70 activation, through inhibitors of T-cell activation are of potential use for
phosphorylation of Tyr493 on the catalytic domadi. (This treatment of autoimmune diseases, inflammation, and trans-
event, in turn, leads to ZAP-70-mediated activation of its plant rejection. Studies on mice deficient in ZAP-70 indicate
that there is an absolute requirement of ZAP-70 dgt
*The coordinates of the tandem SH2 domain of ZAP-70 have been T-cells and epitheliayd T-cells @). In other tissues, though,
GepeSed 1 e D e D Sk S S IMGL g, YK Can partily compensate for the 050 f ZAP. 310
Yafeng.Xue@astrazengca.com. Telephone46—31—7762085: Fax: * Several studies on hu_mar_ls with dlsruptgd ZAP-70 have
+46-31-7763792. shown that T-cell function is absent, leading to a severely
! Abbreviations: ASA, solvent accessible surface area; ITAM, compromised immune respondel{-13). Several examples

immunoreceptor tyrosine activation motif; ITC, isothermal titration _70 inhihi ;
calorimetry; SH2, src homology domain 2; tSH2, tandem SH2 domain; of ZAP-70 inhibitors have been published (see fsand

ITAM —tSH2, tandem SH2 domain complexed to the ITAM peptide; 19 for reviews).
MR, molecular replacement; rmsd, root-mean-square difference; PTK,  The structures of both Syk16) and ZAP-70 17) in

protein tyrosine kinase; TCR, T-cell receptor; TROSY, transversal ; ;
relaxation optimized spectroscopy; ZAP-70, 70 kQeassociated complex with dually phosphorylated ITAM peptides have

protein; ZAP-N and ZAP-C, N- and C-terminal SH2 domains, P€en published. As expected on the basis of the overlapping
respectively, of ZAP-70. roles the two kinases play in T-cell biology, their structures
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are fairly similar. An important difference, however, is that solution with 15% PEG3350 but otherwise identical com-
the N-terminal SH2 domain of ZAP-70 is rather unusual in position was used to mix the dropz2 of this solution was
that its phosphotyrosine (pTyr) pocket is formed by residues mixed with 1.5 uL of the protein solution. Repeated
of both the C- and N-terminal domains. The SH2 domains microseeding was necessary to grow single crystals, and we
in Syk are similar to each other and to other SH2 domains. needed fresh crystals<g days old) to obtain the best
It has therefore been concluded that, in contrast to the ZAP-diffracting power. We believe these difficulties are related
70 protein, the domains in Syk can act independently. to the nine free cysteines in the protein, which requires fresh
So far, no structures have been reported of tSH2 domainsDTT so the solutions are kept reduced. The crystal has a
of the Syk family of PTKs in the absence of substrate. Here, unit cell of 49 A x 52 A x 55 A, belonging to monoclinic
we present the crystal structure of the apo tSH2 domain of space grouP21, with af of 89.9.
ZAP-70. In addition, we have studied substrate binding to A complete data set was collected at beamline 711 at the
the protein employing NMR, using mono- and diphospho- MAX lab in Lund, Sweden. The data were collected on a
rylated peptides derived from the ITAM sequence. Among MAR345 detector at a crystatletector distance of 175 mm,
others, these studies give new insight into the functionality with 1° oscillation (wavelength of 1.0158 A). The programs
and interdependency of the two SH2 domains, and on themosfim and scala23) were used for data processing and

overall mobility within the tandem domain. scaling, respectively. In total, 39 581 reflections were ac-
cepted, corresponding to 9426 unique reflections, toa 2.5 A
MATERIALS AND METHODS resolution with arRyerqe0f 0.062 and an overall redundancy

. . . — f4.2[0.456 and 4.2, tively, in th ter shell (2.64
Protein Expression, Purification, and Characterization. 250 }-\[)] an respectively, in the outer shell (

The cDNA encoding the two SH2 domains (residue2%6)
of ZAP-70 was cloned into the pET28a expression vector
(Novagen) at theNdd and Notl sites, resulting in a His-
tagged protein at the N-terminus. After the protein had been
expressed irEscherichia colistrain BL21(DE3) at 22C,

the protein was affinity-purified from the soluble fraction
using NP*—NTA agarose (Qiagen). After the His tag had
been released by treatment with thrombin, the protein was
finally purified via gel filtration on Superdex 75pg (Phar-
macia) and concentrated by ultrafiltration (Centriprep 10

Structure DeterminationThe published structure of the
Syk tandem SH2 domains in complex with the ITAM peptide
(16) (PDB entry 1a81) was used as a search model for
molecular replacement (MR). The model was first trimmed
to remove the flexible linker region between the two SH2
domains, based on visual inspection of the model using the
graphics program O2d). After this deletion, the two
remaining domains comprised residues-145 and 174
260. These two models were used to search for the individual
) . . ' SH2 domains in separate MR runs, and the solutions were
Amicon) to 20 mg/mL in 100 mM sodium phosphate buffer brought into the same origin with a translation search for

(pH 6.80), 5(_) mM NaCl, and 5 mM DTT' one, while fixing the other. The program AmoR25) was
NMR Studies!®N-labeled as well as triplyH-, 3C-, and used to perform the MR.

**N-labeled protein samples were generated by growing the - g, rotation and translation were carried out with data
expressing cells in Celtone medium (Martek Biosciences) 1533 A resolution, followed by rigid body fitting using
enriched with these stable isotopes. All NMR experiments yata petween 15 and 2.8 A. Before rigid body fitting, a
were performed at 296 K on a Bruker Avance1600 or 800 checking for packing interaction of each solution was
MHZ system, equipped with triple-resonané®l,(**C, and  erformed to filter out unreasonable solutions. In the MR
““N) single-gradient 5 mm probes. Samples were at pH 6.8\, yjth the N-terminal SH2 domain (ZAP-N for short), the
in a 100 mM phosphate buffer, containing 50 mM NaCl, 10 ¢qrect solution was the top one from the rotation search
mM DTT, and 1 mM EDTA. Data sets were processed with (4 565, the second highest peak was 3:R0The translation
nmrPipe (8). Analysis of the triple-resonance spectra was gearch ended with a correlation coefficient of 35.6% and an
carried out with XeasyX(9), while NMRview (20) was used g factor of 52.5%, which became 51.6 and 50.7%, respec-
to follow titrations in HSQC spectra. tively, after rigid body fitting. Similarly, the run with the
All triple-resonance experiments related to the sequential c-terminal SH2 domain (ZAP-C) resulted in a correlation
assignment were acquired on a 3@0sample of 1.4 mM  coefficient of 50.4% and aR-factor of 53.3% after rigid
triply labeled ZAP-70 tSH2 % 98% 2H). Initially, a set of  pody fitting (33.5 and 53.9%, respectively, from translation).
conventional HNCO, HN(CA)CO, HNCA, HN(CO)CA,  Butthe correct solution here corresponded to the 12th-highest
HN(CA)CB, and HN(COCA)CB experiments was carried peak from the rotation search (2@%r the 12th peak vs
out at 600 MHz and used for the assignment. Later, these3 48; for the top solution). A translation search using data

experiments were repeated using TROSY versi@is22), of 15-4 A resolution was performed by fixing the first
acquired at 800 MHz. The average measuring time for eachsgjution to bring them into the frame with the same origin.
of these experiments was 4 days. This resulted in a correlation coefficient of 46.1% and an

Binding to peptides was studied usitil-labeled protein  R-factor of 44.4% (55.6 and 43.6%, respectively, after rigid
at concentrations between 0.2 and 0.5 mM, mainly by body fitting). Then 20 cycles of rigid body refinement were
recording HSQC spectra. Typical evolution times were carried out with the program refma23) using data between
around 80 ms in both dimensions, with acquisition times 20 and 2.5 A resolution. This reduced fRdactor to 38.8%.
between 30 min and 1 h. The final verification of the MR solution was based on the

Crystallization and Data CollectioriThe vapor diffusion electron density map after simulated annealing refinement
method was used for crystallization. The reservoir was with the program CNSZ6).
composed of (total of 0.5 mL) 20% PEG3350, 0.1 M HEPES  The programs refmac and CNS (later CNX) were used
(pH 8), 0.2 M NaCl, and 20 mM glutathione. Another for refinement, while O Z4) was used for model (re-)-
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Ficure 1: Electron density map 2 — F.) contoured at &, showing both an arbitrary part of the protein (ffsheet in ZAP-C) and the
phosphate molecule bound in the C-terminal phosphotyrosine pocket. This figure was generated using Mblisarijpt Raster3D45).

Table 1: Data Collection and Refinement Statistics

data collection
space group P2,
cell parametersa( b, ¢, and) 48.85 A, 52.22 A,
54.45 A, and 89.91
no. of molecules per asymmetric unit 1

solvent content (%) 47.4
resolution (last shell) (A) 2.5(2.62.5)
no. of unique reflections 9426
Rierge (%) (all/last shell) 6.2/45.6
I/o(1) (all/last shell) 10.2/1.7
completeness (%) (all/last shell) 98.1/97.8
redundancy 4.2

structure refinement
resolution (last shell) (A) 2.5 (2.562.61)

no. of reflections used (last shell, no cutoff) 9426 (1148)
fraction of test set for calculatinGree (%) 4
no. of reflections in the test set (last shell) 370 (47)

Ruork (%) 24.6

Riree (last shell) (%) 28.8 (34.4)
rmsd for bond lengths (A) 0.007
rmsd for bond angles (deg) 1.39

no. of protein atoms 2058

no. of waters 36

no. of ligand atoms (one phosphate group) 5

B2y N 8
Eisngg

Folmer et al.
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FiGure 2: Ribbon diagram of the ZAP-70 tandem SH2 domain.
The linker region is depicted in red, ZAP-N in blue, and ZAP-C in
green. Secondary structure elements are labeled according to the
notation of van Eck and co-worker32). This figure was generated
using Molscript 44) and Raster3D45).

ZAP-70 structures; these differences will hardly be affected
by this systematic overestimation.

building. Repeated rebuilding was performed. For the linker RESULTS AND DISCUSSION

region, several fragments were first built and then registered

onto the sequence. Between rebuilding steps, a simulated X-ray Structure Suggests Large Domain Reorientation

annealed omit map was used to verify the model.

Solvent accessible surface areas (ASAZJ, 28) were
calculated with the program AREAIMOL in the CCP4
package 23) using a 1.4 A radius probe. The buried areas
due to crystal packing were obtained directly from
AREAIMOL, while the buried areas due to domain inter-
action were calculated from the following relation:

ASAburied =
ASAdomain1+ ASAdomainZ_ ASAdomainl—»—domainZ

To dissect the stabilization effect of buried ASA on
individual domains, the structure was divided into three
parts: ZAP-N, residues-1111; linker domain, 112162;
and ZAP-C, 163-256. Since these domains are intercon-

upon ITAM BindingThe final refined model includes 2058
protein atoms, one phosphate group, and 36 solvent mol-
ecules. The currerR-factor andRyee are 24.6 and 28.8%,
respectively. The rmsds for bond lengths and bond angles
are 0.007 A and 1.39 respectively. Figure 1 shows the
electron density (&, — F¢, contoured at &) calculated with
the refined model. The overall quality of the current refined
structure is good as judged by the electron density map and
output from PROCHECK30). More statistics are compiled
in Table 1. The region linking the SH2 domains (residues
112-162) has a higher temperature factor than the individual
domains (averagB factor of 58.4 & vs aB factor of 49.3
A?), but the electron density is well-defined, except for some
of the linker region side chain atoms (see also Figure 5).
Figure 2 shows a cartoon of the structure. The two SH2

nected, such treatment will introduce a small overestimation domains feature the common fold observed in most SH2

of buried ASA around the connecting amino acid residues.

domains, a centrgi-sheet flanked by two helice81). The

However, the purpose of these calculations is to comparepositioning of the secondary structure elements in both SH2

the domains in the ITAM-complexe@9) and uncomplexed

domains is very similar to that in the published structure
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When this large orientation difference between the N- and
C-terminal domains in the apo and complex structures is
considered, it is of interest to refer to the complex structure
of the tSH2 domains of Syk reported bytkarer et al. 16).
These authors found six copies of the protein in the
asymmetric unit, with a substantial variety in the relative
orientation of the two SH2 domains. The two extreme
orientations of ZAP-C, when keeping ZAP-N fixed, are
related by a rotation of P8and a translation of 2 A. This
shows that even with the ITAM peptide bound, remarkable
flexibility may exist in the relative orientation of the two
domains. Obviously, much larger mobility could be expected
in the absence of the peptide, which is exactly what we
observe for ZAP-70.

We performed a buried surface analysis to further analyze
this large difference in orientation between the SH2 domains
upon ITAM binding. Interestingly, ZAP-C has a markedly
larger buried surface with the linker domain in the apo
Ficure 3: Comparison of the structures of the apo (purple) and structure than in the [TAM complex (1525 vs 992, Kee
ITAM-bound tSpHZ domains of ZAP-70. The strﬂctupr)espof the Table 2)'.Thls large bu”?d surche n the ZARSClinker
N-terminal domains (residues-405) were used to superimpose Interface in our structure is consistent with the aforemen-
the molecules. The coordinates for the complex structure were tioned observation that extensive hydrophobic interactions
published in PCT Application WO 97/0830R9). This figure was  were found between the ZAP-C and linker domains (notably,

generated using Molscrip#4) and Raster3D45). Vall14, Phel15, and Leul18 from the linker and Phe229,
(17) of the ITAM-complexed form of the protein (ITAM Tyr238, and Leu241 from ZAP-C). This, in turn, is in line
tSH2 for short). with the findings of Tsai et al.33), who found that protein

In contrast, as shown in Figure 3, the positioning of the interfaces have much higher hydrophobicities than exposed

domains themselves with respect to each other is dramaticallySurfaces. In the ZAP-Z0ITAM complex, this lower-level
different between the two forms of the protein. Consequently, interaction with the linker domain is compensated by a
the interfaces between the two SH2 domains are also verySignificant buried surface (2441%Pof ZAP-C upon binding
different. The Y-shaped structure of the complex has now 0 the ITAM peptide. To reverse the argument, for apo ZAP-
become more L-shaped; the centfasheet of ZAP-C has 70 the lack of stabilization from p_epﬂde blr_1d|ng seems to
rotated~50° from its position in the complex with the ITAM ~ have been compensated by an increase in buried surface
peptide, making an angle of11C° with the centraj3-sheet betwgen ZAP-C and the helical linker QOm_am. The_hydro-
of ZAP-N. The coiled-coil interaction of the inter-SH2 region Phobic cluster holds the SH2 domains into a different
in the complex has changed significantly, part of that conformation in the absence of the ITAM peptide, keeping
interaction being replaced by helitelix packing between the protein in the resting §tate where it cannot be activated.
the linker helix and helixaB from ZAP-C [secondary Only the large ITAM peptide has eno_ugh surface to offer to
structure nomenclature of Eck and co-worke®)]. Part of brlng a_bout the necessary conformational change that allows
the coiled coil is unwound, with residues 15557 being ~ activation.

stretched to a random-coil conformation. Consequently, helix ~ To investigate the role of crystal packing on the interdo-
oB in ZAP-C no longer interacts with ZAP-N as it does in  main orientation, we compared buried surfaces due to
the ITAM-complexed structure. In the ITAMtSH2 struc- packing to that due to domain interactions. It was found that
ture, Phell5 stacks with Trp233, whereas in the uncom-the buried surface due to domain interactions (between
plexed structure, Phell5 is close to a hydrophobic region ZAP-C and ZAP-N, and between the helical linker domain
that forms part of the phosphotyrosine pocket in the and both SH2 domains) is 333%Awvhich is~20% of the
N-terminal domain of the ITAM-tSH2 complex. This  total solvent accessible surface areas of the separate domains.
hydrophobic interface includes Leu43 from ZAP-N, Vall14, This number matches quite well with studies by Tsai et al.
Phel15, and Leul18 from the linker, and Phe229, Tyr238, (33), who analyzed a large number of stable protein interfaces
and Leu241 from the C-terminal SH2. This hydrophobic and found that all the protein interfaces classified as stable
cluster likely dominates the interaction between the two SH2 constitute~17% of the total accessible surface. As shown
domains in the uncomplexed structure. in Table 2, the buried surface at the ZAP-{thker interface

Table 2: Buried Solvent Accessible Surface Ared)(A
domain interface

ZAP-N linker ZAP-C ITAM crystal packing
total and linker and ZAP-C and ZAP-N  binding total ZAP-N linker ZAP-C
apo 3339 (20%) 1188 1525 626 3587 (14) 1172(10) 1018 (20) 1397 (15)
ITAM complex 4600 (25%) 486 992 681 2441 2908 (11) 860 (17)

2Values in parentheses are the fractions of buried surface compared to total solvent accessible surfavalaesain parentheses are the
average buried surfaces per amino acid residue.
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is 1525 &, which is larger than the surface of ZAP-C buried
in crystal packing (1397 A. It is worth noting that the buried
surface due to crystal packing (3587)As comparable in
size to that due to domain interactions (3339.Acinally,

the ratio of buried surface to total accessible surface (13 047
A?) falls within the range commonly observed in protein
crystals 84). All these calculations indicate that the packing
interactions in our crystals are within normal ranges.
Therefore, we believe that the observed orientation of the
SH2 domains in the apo crystal is genuine and biologically
relevant, and not caused by crystal packing.

Structural Changes in the C-Terminal Doma8ignificant
local differences between the free and bound state were also
found within the C-terminal domain, whereas the N-terminal
domain exhibited much less variation. Superimposition of
the respective SH2 domains of the apo and complex
structures shows an rms differencex(@oms) of only 0.35
A for residues 9-105 in ZAP-N, while a much larger value
of 0.83 A is found for the corresponding residues in ZAP-C
(163—256). Apparently, the N-terminal domain does not
undergo large changes upon ITAM binding. In contrast, the
C-terminal domain appears to adapt significantly to bind the
peptide. The largest change is around residue Glu225 in the
C-terminal SH2, thex-carbon atom of which differs by 3.3
A in the free and bound positions. In particular, the main
chain atoms around Glu225, a turn connecifitgandgF,
have taken new conformations. This turn forms part of the
leucine/isoleucine anchoring pocket for the ITAM peptide
with the general pYXXI/L motif in the ITAM-tSH2
structure. This change in the conformation of Glu225
basically closes this pocket in the apoprotein. This is clearly
seen from Figure 4, which shows a deep pocket for the
leucine of the ligand in the complex structure. This pocket
is almost completely absent in the structure of the apoprotein.

While the phosphotyrosine binding site of the N-terminal
SH2 is empty in our structure, density was found at that site
in ZAP-C. This density could only be interpreted as arising Ficure 4: Comparison of the surfaces of the apoprotein (bottom)

from a phosphate group, picked up from the crystallization and ITAM-bound protein (top). Structures were oriented after
medium. superpositioning of the C-terminal domains; the N-terminal domains

. - ] ) ) are hence in different orientations. Surfaces are colored according
ITAM Binding Stabilizes the Linker Regidfiaving access  to curvature. Note how Glu225 in the apo structure nearly

to an 800 MHz spectrometer, we anticipated that using completely closes the deep pocket into which the leucine residue
TROSY-based triple-resonance experiments, it should beof _thet%eptlde protrédes in the complex. The figure was prepared
relatively straightforward to obtain a complete backbone using the program Grasg@).

assignment for this perdeuterated 259-amino acid construct. Figure 5 shows the distribution of assigned amino acids
Nevertheless, we could unambiguously assign only 134 of within the structure of the apoprotein. Strikingly, the assigned
the 242 backbone amide groups (55%). We were left with a and nonassigned parts of the protein constitute truly distinct
fair number of peaks in the two-dimensional HSQC spectrum regions in the protein. Basically, the residues that could not
that simply did not give rise to cross-peaks in the more be assigned constitute one single region of the protein: the
demanding three-dimensional experiments. These observatwo-helix coil and parts of the SH2 domains interacting with
tions led us to conclude that the missing residues are subjecit. This can only lead to the conclusion that these helices
to conformational exchange processes, to such an extent thaare not completely stable in solution.

their resonances are broadened beyond detection in most This conclusion is further supported by CD spectra we
NMR experiments. This was supported by the fact that for recorded in the absence and presence of the IFkptide
these peaks, or amino acids, there was hardly any improve-complex (Figure 6). The spectral changes at 210 and 196
ment in going from the conventional experiments to the nm upon addition of the ITAM-peptide complex are
TROSY versions recorded at a later stage. In contrast, indicative of a gain ino-helical structure content.

significant signal-to-noise improvement was obtained for the ~ While in solution there is significant flexibility in the
resonances that had already been assigned in the convention@onnecting helices and in parts of ZAP-C, no direct evidence
spectra. Clearly, the relaxation processes of the unassignegboints to similar mobility in the crystal. Core regions for
residues are dominated by exchange, which does not benefiboth SH2 domains are well-ordered on the basis of the
from the relaxation optimization of TROS3%). electron density map and the distribution of temperature
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Ficure 5: Ribbon diagrams of apo ZAP-70 tSH2, color-coded with respect to the presence of NMR assignments (left, blue for yes and red
for no) andB-factor (right, color ramp from blue for low to red for high). This figure was generated using Molsddpafd Raster3D

(49).
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Ficure 6: Far-UV circular dichroism spectra of the ZAP-70 tandem
SH2 domain in the absenc®) and presence®) of an equimolar
amount of the ITAM-peptide complex. CD spectra of the ZAP-
70 tandem SH2 domain [1.2 mg/mL in 20 mM sodium phosphate @ |
buffer (pH 6.8)] were recorded between 185 and 260 nm &0 § =
on a Jasco J-720 spectrometer equipped with a cell with a path £ =
length of 0.01 cm. The CD spectra are the averages over 16 scans =
and were converted into molar ellipticity.

factors. Buried solvent accessible surface areas were calcu-
lated to assess to what extent the stabilization of the observed
conformation in the crystal is explained by crystal packing 5
interactions. The various calculated buried surfaces are listed = "=
in Table 2. It shows that the helical linker domain is affected
more by crystal packing than the other two domains as Ficure 7: (A) Overlay of 800 MHz HSQC spectra of the apo

indicated by the larger buried surface due to crystal packing (black) and ITAM-bound (red) ZAP-70 tSH2 domain. (B) Overlay

(an average of 20 Zper amino acid versus 10”Aor ZAP-N of 600 MHz HSQC spectra of the apoprotein (black) and of that

. . obtained after addition of a 4-fold excess of pYNEL (red). Shifts
and 15 & for ZAP-C). The total buried surface of the linker in this part of the spectrum occur predominantly at residues 17,

due to packing in our apo structure is 1018, Avhich is 40, 71, and 72, which are residues directly interacting with the
also 18% larger than that in the structure of the complex peptide. (C) Overlay of 600 MHz HSQC spectra of the apoprotein
(860 A?). Obviously, in solution the helices in the linker (black) and of that obtained after addition of a 4-fold excess of

cannot pack to other structure elements, which explains theirPYNEL (red), after addition of pYDVL. Here, shifts are much more
pronounced for these residues in direct contact with the peptide,

incr_eased mobility as observed in the NMR spectra. and (smaller) shifts are even observed for residues which are only
Figure 7A compares HSQC spectra of ZAP-70 tSH2 jjlosterically affected by peptide binding (e.g., residues 53, 62, and

before and after addition of the diphosphorylated first ITAM  64).

motif of the TCR ¢ subunit ¢ITAM1, peptide used was

LpYNELNLGRREEpYDVLD). Clearly, there are large peptide binding. This is of course in accordance with the
differences between the spectra; only few peaks have thedifference in crystal structures that we described above.
same chemical shifts in the two spectra. If the SH2 domains A more detailed comparison reveals that the spectrum of
in solution had been in the same orientation as in the complexthe protein in complex with ITAM is significantly higher in
structure, binding of the peptide would only affect residues quality than that of the apoprotein. The former has slightly
at the interface. Instead, we see changes all over the NMRbetter dispersion, but moreover, it shows more peaks with
spectrum, indicating significant structural changes upon similarly narrow line widths. In the apo spectrum, on the

@3 8338
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other hand, quite a number of peaks are broad and small, ifincomplete. Nevertheless, binding assays have demonstrated
not absent altogether, while others are narrow and intensethat this isolated domain can bind phosphorylated ITAM
As discussed above, the NMR signals from the helices in sequences30). In fact, this same study failed to show
the apoprotein could not be assigned and are broad due tdinding for the isolated C-terminal domain, the domain that
conformational exchange processes. These signals becomeught to be complete and functional judging from the crystal
sharper upon binding to the ITAM peptide, indicating that structure of the complex. Furthermore, BIAcore analyses of
the helices have taken up a more unique conformation. Thesingle-point mutants of ZAP-70 show that its N-terminal SH2
tight binding to the ITAM peptide freezes the SH2 domains domain can bind phosphopeptides in the absence of a
in a new orientation, which in turn apparently stabilizes the functional C-domain40).
two-helix coil. Obviously, NMR spectroscopy is ideally suited to studying
The results presented here agree well with an antibody protein-ligand interactions even at lower affinities, and we
study reported earliei3g). There, antibodies raised against have performed several titrations to study the binding affinity
two peptides from the inter-SH2 region had high reactivity of phosphopeptides and phosphotyrosine. Panels B and C
toward the isolated tandem SH2 domains, while antibody of Figure 7 show details of HSQC spectra recorded to study
binding was inhibited upon binding to the ITAM peptide. binding of the two tetrapeptides ITAM1 (pYNEL and
This clearly agrees with our observations that peptide binding pYDVL). An analysis of the chemical shift changes upon
induces a significant conformational change in the inter-SH2 binding shows that both tetrapeptides preferably bind to
region. A reduced level of antibody binding was also ZAP-N, whereas little or no affinity is observed for ZAP-C.
observed toward full-length ZAP-70, indicating that the inter- Furthermore, the effects measured for pYDVL are substan-
SH2 spacer is involved in intramolecular contacts with the tially larger than for pYNEL, indicating that ZAP-N has a
C-terminal kinase domair86). Interestingly, deletion of both  higher affinity for the former. This is in agreement
SH2 domains increases ZAP-70 enzymatic activity and with BlAcore studies showing that ZAP-N prefers the
results in an increased level of tyrosine phosphorylatd ( RREEpYDVLDK sequence frol§ITAML to its preceding
These findings are compatible with a model in which deletion GQNQLpYNELNL sequence4(). The crystal structure
of this tSH2 region results in a relief of a conformational reported here clearly explains the low affinity of ZAP-C for
restraint, potentially leading to a conformational change that these tetrapeptides; as was mentioned above and shown in
could expose regions for tyrosine phosphorylati@T)( Figure 4, the lle/Leu anchoring site is virtually closed in the
Increased enzymatic activity is also observed if the protein apoprotein. Our binding data are also in agreement with
binds to the ITAM peptide, suggesting that ITAM binding published ITC experiments performed on ZAP-70 and
also can relieve this conformational restraint in which the monophosphorylated peptides; although potentially both SH2
SH2 domains are implicate®®). This fits very well with domains are available for binding, only one discrete binding
the dramatic conformational change we observe upon ITAM event was observedt().
binding, both from comparison of the crystal structures and  While the C-terminal SH2 domain has less affinity for
from interpretation of the NMR data. Our data support the tetrapeptides than ZAP-N, it has higher affinity for plain
commonly accepted view in which ZAP-70 is activated phosphotyrosine than ZAP-N (data not shown). This is in
through an allosteric mechanism after binding of the SH2 line with the density for phosphate found in the crystal at
domains to the& chain of the TCR; the structural impact the phosphotyrosine pocket of ZAP-C (shown in Figure 4),
from ITAM binding is easily appreciated from Figure 3, and while this was absent at ZAP-N. This could have been
it is not difficult to imagine that such a large conformational anticipated, considering that the phosphotyrosine pocket on
rearrangement in the SH2 domains and their linker inducesZAP-N is formed through interaction with ZAP-C. In the
the necessary structural change in the kinase domain to allowapoprotein in solution, these interactions are probably not
phosphorylation and activation. there, as discussed above. In that sense, it is important to
Finally, the NMR results show that the region around helix note that the overall chemical shift changes upon pYDVL
aB in ZAP-C (residues 222256) undergoes some degree binding are relatively few (Figure 7B). Clearly, binding of
of flexibility as well. No clear NMR resonances could be the tetrapeptide does not involve a large conformational
detected for that region of the protein (intermediate exchangechange, as would be necessary to recruit the C-terminal SH2
regime). As noted above, the largest local difference betweendomain toward ZAP-N to form the complete pTyr binding
the apo and complex crystal structures is exactly at the pocket.
beginning of that region, namely, around Glu225. This turn  Binding Studies Support a CooperaiModel of Binding.
region, around the Leu/lle anchoring site, features drastically The high specificity of binding of tandem SH2 domains to
different main chain conformations between the two struc- ITAM sequences is clearly linked to the well-described
tures. In this respect, it is of interest to note that there is cooperative binding mode42, 43). A scenario can be
only one proline in the sequence following Glu225, while envisaged where different stages of recognition occur
there are four in the equivalent region of ZAP-N, which is between the ligand and the receptor. Both sides of the peptide
structurally clearly more stable. contain the pYXXI/L sequence, and can therefore in principle
Only ZAP-N Recruits Tetrapeptides pYXXhd pY Binds bind to both domains. However, our structure and binding
to Only ZAP-CAn unexpected aspect of the crystal structure data indicate that binding will likely happen first to ZAP-N
of ZAP-70 complexed to the doubly phosphorylatétiAM1 (not to the “closed” ZAP-C). Only in the (correct) case where
sequence was that its C-terminal phosphotyrosine is boundthe C-terminal half of the peptide is bound to ZAP-N will
in a pocket that is formed by contributions from both SH2 the other half have the necessary free energy potential to
domains, rather than from the N-terminal domain odly)( induce fit into the leucine binding site at ZAP-C and bring
This suggests that ZAP-N, if expressed in isolation, is ZAP-C to the correct interface with ZAP-N. This domain in
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turn completes its phosphotyrosine binding site. In such a 7.

binding process, variation in the length of the peptide
between the two pYXXL/I motifs would modulate the
specificity @3). Binding of the other half of the peptide to
ZAP-N will not bring about the same cascade, and will
remain a very weak interaction. While our data support such
a model, more quantitative binding data would be required
to verify it.

CONCLUSION

By a combined NMR and X-ray analysis, we have

demonstrated the function and interdependencies of the two

SH2 domains in ZAP-70. The crystal structure of the

apoprotein shows a vastly different interface and orientation
between the SH2 domains, compared to the ITAM-bound
protein structure. In the absence of the ITAM peptide,
mobility was observed for the helical region connecting the
two SH2 domains. Only after ITAM binding did the domains

become locked up into a more defined conformation,
stabilizing the helical region. Another key difference between

the apo and complex structures is the leucine anchoring site

in ZAP-C, which is distorted, and basically closed, in the
apoprotein.

The crystal structure reported here explains many findings
reported in the literature related to peptide binding, and
further helps in understanding the very high specificity with
which this important protein class binds its targets. In
particular, the fact that ITAM binding allows the protein to

be activated is easily understood considering the large

conformational change induced by binding.

Finally, the NMR titrations unambiguously show the
preferences of the SH2 domains for tetrapeptides or plain
phosphotyrosine. While ZAP-N is often considered to be
noncomplete, it still can bind tetrapeptides, but not phos-
photyrosine. The opposite is true for ZAP-C as explained
by the crystal structure.
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