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Abstract: A structural basis for activation and substrate specificity of src tyrosine kinases, and
regulation of protein—protein association by tyrosine phosphorylation is described. Lyn, a src-fam-
ily tyrosine kinase, recognizes and phosphorylates the immunoreceptor tyrosine-based activation
motif, ITAM, a critical component in transmembrane signal transduction in hemopoietic cells. The
structure of an ITAM peptide substrate bound to an active form of Lyn tyrosine kinase was deter-
mined by high-resolution NMR, and a model of the complex was generated using the crystallo-
graphic structure of Lck, a closely related Src-family kinase. The results provide a rationale for
the conserved ITAM residues and specificity of Lyn, and suggest that substrate plays a role in sta-
bilizing the kinase conformation optimal for catalysis. It is our hope that the Lck-ITAM peptide
model complex will be useful in aiding structure-based drug design efforts that target substrate
binding determinants in the design. Concerning the regulation of protein—protein association, we
report on a complex between erythrocyte band 3 and two glycolytic enzymes, aldolase and glyc-
eraldehyde-3-phosphate dehydrogenase. The formation of this complex is negatively regulated by
tyrosine phosphorylation of band 3 by p72syk tyrosine kinase. In red blood cells, this association
results in a decrease in glycolysis due to competitive inhibition of the glycolytic enzymes. The
structure of band 3 recognized by the glycolytic enzymes was determined by solution NMR, and
found to be a loop structure with tyrosine centrally positioned and excluded from intermolecular
contact. Thigohosphorylatiorsensitiveinteraction, or PSI, loop may be the basis of a general
mechanism for negative regulation through tyrosine phosphorylatimag John Wiley & Sons, Inc.
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1. INTRODUCTION

Tyrosine phosphorylation of proteins is a fundamental feature to the transduction of extracellular sig-
nals into the cell to govern cell growth or death, proliferation, and differentiation. Careful control of
protein—protein associations and enzymatic activity through tyrosine phosphorylation at various
steps along a signaling pathway is essential to ensure proper cellular function. Phosphorylation of
proteins at specific sites can modulate, either positively or negatively, protein—protein associations
or subtle changes in the level of enzymatic activity throughout the signaling cascade. Incorrect trans-
duction of signals has been associated with a large number of human diseases, including cancer,
artheroschlorosisand immune—related diseasas such, protein tyrosine kinases, the proteins re-
sponsible for phosphorylation in signaling, are of intense interest as targets for drug therapy against
these diseases. Knowledge of the structure of these proteins and their complexes is important to drug
design efforts by providing a basis for a detailed understanding of the function and specificity of
these proteins in the cell, and the underlying physical features controlling function through tyrosine
phosphorylation. In this report, we describe two structures of signaling complexes: a src-family ty-
rosine kinase complex with a natural substrate, and a downstream complex between erythrocyte band
3 and aldolase for which tyrosine phosphorylation negatively mediates complex formation.

2. LYN-SUBSTRATE COMPLEX

An initial step in signaling, following stimulation of the B-cell receptor (BCR), is activation of the
src-family tyrosine kinase, Lyn (Fig. 1), to phosphorylate the immunoreceptor tyrosine-based acti-
vation motif (ITAM) of the co-receptor lg= The ITAM region is a sequence motif (D/EX7D/
EX2YX2L/IX7YX2L/1) defined from only 6 of 26 residue’s:®Lyn preferentially phosphorylates

the first tyr residue of the ITAM:” Results of mutational studies indicate that competent signaling
through ITAM requires phosphorylation of both tyr residéi@dlonetheless, the kinase responsible

for in vivophosphorylation of the second tyr residue o&IgFAM has not been identified, although

blk may serve this rol& The doubly phosphorylated ITAM region serves as a docking site for
p72syk, and the signal cascade propagates upon phosphorylation and activation of syk to multiple
pathways.
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Figure 1. |nitial events in B-cell signaling through the B-cell receptor (BCR). Antigen-binding immunoglobulin molecules
(Ag) bind BCR to activate Lyn, a src-family tyrosine kinase. Lyn phosphorylates the immunoreceptor tyrosine-based
activation motif (ITAM) region of the Ig-a co-receptor. Phosphorylated Ig-a serves as a binding site for other signaling
proteins, such as p72syk, to continue the signaling cascade.
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Enzymatic activity of src-family kinases is controlled subtly by its own state of phosphorylation
and by the competition between inter- and intramolecular binding of the SH2 and SH3 domains. Ac-
tivation associated with SH2 and SH3 domain interactions is an increase of up to 10 fold in activi-
ty, not several orders of magnitutleSrc-family kinases have two phosphorylation sites; the inac-
tive form of src kinases is phosphorylated on tyr 527 (c-Src numbering) in the c-terminal tail, while
phosphorylation of tyr 416 activates the enzyme. The crystallographic structures of src-family ki-
nases in the inactive form (i.e., singly phosphorylated at ty*82%revealed significant and unan-
ticipated features important to activation of these kinases. While the negative regulatory residue, ptyr
527, on the C-terminal tail binds intramolecularly in the ptyr site of the SH2 domain, as anticipated,
this interaction was not found to block access to the active site. A second unexpected finding is the
interaction of the linker region between the SH2 and the kinase domains with the SH3 binding site.
These domain—domain contacts were suggested to be significant in determining the relative orien-
tation of two lobes of the kinase doma#:3

A. Structure Determination of an ITAM Peptide Bound
to Lyn Tyrosine Kinase

The structure of a 12-residue peptide derived from thelT§M (Ac-DENLYEGLNLDD-NH2)

was determined by NMR in combination with restrained molecular dynamics (Gaul, Geahlen, Har-
rison, Post, to be submitted). Exchange-transferred nuclear Overhauser enhancement (et-NOESY)
was used to define distance restraints of ITAM peptide bound to the kinase domain of Lyn (kLyn).
Bacterial expression of a glutathione-S-transferase (GST)—kLyn fusion clone yielded sufficient
protein (3—4 mg/L culture) for NMR studies. The ITAM peptide (ITP) was chemically synthesized.

The structure of ITP bound in the active site of Lyn was determined from the interproton dis-
tances for ligand—ligand proton pairs estimated from the et-NOESY cross-peak intensities. Such use
of the et-NOESY experiment requires a fast exchange of the small-molecule peptide between free
and bound staté3—17 corresponding typically to a 30M dissociation constant. The dissociation
constant estimated from the Michaelis Menton congtdhts 13uM (B. Gaul and C. Post, unpub-
lished results), which is appropriate for et-NOESY analysis.

In the et-NOESY approach, distance information of a small molecule ligand bound to a large
molecule is obtained as a result of the exchange process, and the exploitation of the dependence of
the NOE cross-relaxation on molecular sig&he sample is prepared with large molar excess of
ligand. Rapid exchange of the peptide between free and bound states results in averaging chemical
shift, linewidth, and NOE interaction according to the molar ratio of free and bound peptide. In the
free state, the peptide does not give rise to an appreciable NOE intensity because of the fast tumbling
rate of the small molecule. When the peptide binds the protein, and thus adopts the slow tumbling
rate of the macromolecule, cross-relaxation is an efficient process and NOE crosspeak intensity, re-
flecting the bound-state structure of the peptide, is observed. The NOE signal is measured from the
averaged ligand resonance which is dominated by the free peptide linewidth and chemical shift val-
ues. Interproton distances separating ligand protons are estimated from these intensities in a fashion
similar to direct NOE intensities. NOE interactions involving either one or two protein protons are
not generally measurable in an etNOE experiment due to the broad linewidths of the protein.

The bound ITAM peptide structure was defined from 98 NOE interactions. Importantly, all
residues manifested interactions with a residue 2 or more residues apart in sequence. The occurrence
of these long-range interactions significantly increases the accuracy of the etNOE structure (Eisen-
messer, Zabell, Post, submitted for publication). The convergence of the structures determined by
restrained molecular dynamics using both the X-PLOR and CHARMM programs is 2.0 A overall
for 20 conformations selected from consistency with the NMR data and low internal energy. The lo-
cal structure of both termini is significantly more ordered; after superposition of the main-chain
atoms N, Ca, C of either residues 1 to 7 or 8 to 12, the rms value for these main-chain atoms is 0.69
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Aand 0.71 A, respectively. All structures satisfy the NMR distance restraints; the average number
per structure of interproton distances exceeding the restraint limits by more than 0.1 A is 0.55, in ex-
cellent agreement with the NMR data.

The structure of bound ITAM substrate to kLyn, shown in Figure 2, is an irregular helical struc-
ture for the main chain. The side chains are directed radially outward from the main chain, although
to a degree less than found in a reguldrelix. The etNOESY data reveal few main-chain—main-
chain hydrogen bonds.

B. Model for the ITAM Substrate-kLck Complex

The ITAM peptide was docked onto the surface of the kinase domain using the known crystallo-
graphic structure of an activated src-family kinase domain, kEElo other kinase structures were
used as templates to initially dock the ITAM structure on the surface of kLck. Crystallographic co-
ordinates are known for peptide inhibitor complexes of cyclic-AMP dependent protein kinase
(cAPK)?° and a peptide substrate analogue bound to insulin receptor kinase*{IRKividual
NMR structures were initially positioned by superposition of the main-chain atoms of the phospho-
ryl-acceptor residue, and manually manipulated using the QUANTA graphics program to remove
strong steric clashes. Each of the 20 models was subjected to molecular dynamics including the NMR
distance restraints. Inclusion of the NMR distance restraints is critical for docking a flexible peptide
the size of the ITAM peptide.

The cAPK peptide inhibitor binds in the cleft between the N-terminal and C-terminal lobes of
the kinase domain. On the other hand, the IRK peptide contacts primarily the surface of the C-
terminal lobe, with only the acceptor tyrosine contacting residues in the active site at the interface
of the lobes. Of the two binding modes, the docking strongly favors the binding mode which occurs
in the cleft at the interface between the two lobes. The factors that support the cleft binding mode
are (1) better agreement with the NMR distance restraints, (2) significantly better convergence after
restrained molecular dynamics of the ITAM peptide to a consistent orientation of binding, (3) good
steric complementarity, (4) extensive intermolecular hydrogen bonding, and (5) orientation of the
acceptor tyrosine in a catalytically competent conformation. The distinction in structural conver-

Figure 2. Stereoview of the 12-residue peptide substrate (DENLYEGLNLDD) derived from the Ig-a ITAM. The structure
is that of the substrate when bound to activated kLck as determined by the etNOESY method.
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gence between the two potential binding modes strongly supports binding in the cleft between the
two subdomains, similar to cAPK inhibitor binding. The ITAM peptides based on the cAPK tem-
plate have a lower NOE restraint energy (average value is 0.6 kcal/mol), while those based on the
IRK template have an average value equal to 4.0 kcal/mol. In addition, the ITAM peptides based on
the cAPK template are displaced several angstroms on the kLck surface, while those based on the
IRK template remain within 1 to 2 A for the main chain. Given these factors, hereafter we consider
only the cleft model of the Lyn-ITAM substrate complex.

Restrained molecular dynamics and energy minimization optimize the binding interactions with
respect to the energy. In the resulting model complex, shown in Figure 3, ITAM is well positioned
for catalysis. ITAM fits between the N- and C-lobes of the kinase domain, and the acceptor tyrosine
interacts well with active site residues. Figure 3 includes the ITAM substrate docked to the apo form
of activated kLck, plus the superposition of ATP (not included in the docking procedure) obtained
by overlaying coordinates from the cAPK-ATP complex structfifEhe acceptor tyrosine makes
strong hydrogen bonding interactions with the catalytic base residue Asp 364 (386 in scr number-
ing). Moreover, the orientation of the tyrosine hydroxyl group withytpéosphoryl group of ATP
is nearly ideal for nucleophilic attack. It should be emphasized that this nearly ideal ITAM sub-
strate—ATP orientation is a result of ITAM substrate-enzyme interactions governing the docking of
the substrate. Thus, the activated kinase structure and the bound structure of the ITAM peptide ap-
pear sufficient for a catalytically reasonable binding of ITAM, without dependence on interactions
with ATP.

The first tyrosine residue of the tgéTAM is the major site phosphorylated by Lyn upon acti-
vation of the signaling pathway in B-cells, while the second tyrosine is less extensively phosphory-
lated®” The sequence for both tyrosine residues af IFAM is the hallmark YXXL, but the two
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Figure 3. Model of the ITAM substrate-kLck complex. The ITAM peptide (yellow), with the conformation determined by
NMR, was docked to the crystallographic structure of activated kinase domain (blue) of kLck'® based on the template
structure of the cAPK-peptide inhibitor complex?° (see text for details). The conformation of the activation loop (red) is
well defined in this phosphorylated, active form of kLck. ATP (green) coordinates from a binary complex of cAPK were
overlaid on the kLck-ITAM model to illustrate the good alignment of the ITAM substrate for catalysis. ATP was not pre-
sent during the docking calculation. (A) The full kinase domain shown with the N-lobe on top and the C-lobe on bottom.
(B) Expanded view of the active site region. The catalytic base is D386 (c-src numbering). E(P—3) and E(P+1) of ITAM,
conserved residues of Ig-a, contact the C- or N-lobes, respectively.
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differ at the P-3 and P+-2 positions; these positions around the two tyrosine residues are either Glu
or Cys, and either Gly or Asp, respectively. The ITAM-kLck model complex offers an explanation
for the distinction in activity by Lyn between the first and second tyrosine sites. The carboxylate
group of Glu (P-3) mysakes several hydrogen bonds with the kinase which could not be reproduced
by Cys. Moreover, the main-chain dihedral angle values of Gh2JRorrespond to the region of

&, ¥ space uniquely favored by glycine. To the extent that these two features are important for bind-
ing, they provide the basis for preferential phosphorylation of the first ITAM tyrosine.

C. Recognition and Activation by ITAM Substrate

ITAM binding in the cleft between the two lobes of the kinase catalytic domain implies a role of sta-
bilization of the active form of the enzyme. Based on crystallographic results from numerous free
and ligated forms of tyrosine kinases, activation appears to depend in part on the orientation of the
N- and C-lobeg? (The N- and C-lobes of the kinase domain are the top and bottom halves of kLck
as viewed in Fig. 3.) Specifically, the degree of openness between the lobes is thought to influence
active site accessibility and positioning of catalytic residues. While the exact consequence of the rel-
ative orientation of the two lobes is not fully understood, the differences observed crystallographi-
cally strongly implicate the coupling of lobe—lobe displacement with enzymatic activity. Bound
ITAM modeled here displays multiple contacts with both lobes of the catalytic domain. These con-
tacts involve extensive interaction with the activation segment of the C-lobe, and the nucleotide-
binding loop, the33-«C loop, and the N-terminus afC in the N-lobe. Such bridging of the lobes
would serve to stabilize the orientation appropriate for optimal catalysis.

Phosphorylation of tyr 394 (416 in src numbering) in the activation segment positively regulates
kinase activity. The model for substrate binding in the cleft provides a rational for the influence of
the phosphorylation state on substrate binding, while a mode of binding primarily involving the C-
lobe would present a less direct dependence between phosphorylation of tyr 394 and substrate bind-
ing. As modeled, ITAM recognizes the form of the enzyme in which the activation segment is phos-
phorylated, while binding appears inhibited in the absence of phosphorylation. Overlaying the active
kLck and the inactive src kinase structures demonstrates a strong steric clash between ITAM sub-
strate and the activation segment in the unphosphorylated state.

3. PSI LOOP IN BAND 3-GLYCOLYTIC
ENZYME COMPLEXES

In addition to enzymatic activation and regulation of the association of signaling proteins, tyrosine
phosphorylation is key in regulating protein—protein interactions among downstream complexes.
Phosphorylation mediates, in either a positive or negative manner, the formation of protein com-
plexes other than those involving protein kinases, adapter proteins, phosphatases or other signaling
proteins. One such downstream complex occurs in erythrocytes. Band 3, a substrate of p72syk, as-
sociates with glycolytic enzymes and localizes them to the menf8ré&fg-ig. 4). The glycolytic
enzymes aldolase and glyceraldehyde-3-phosphate dehydrogenase (G3PDH) bind the unphospho-
rylated form of band 3 and are reversibly inactivated upon binding. Phosphorylation?Byesyk
leases the enzymes, and glycolysis levels in the cell inctédsat is, tyrosine phosphorylation is
a negative control mechanism in the case of band 3-glycolytic enzyme association. The levels of gly-
colytic intermediates can be varied 30-fold by altering the level of band 3-enzyme association
through phosphorylation of banc?3Nonetheless, the physiological role that tyrosine phosphory-
lation plays in maintaining proper cellular functioning in erythrocytes remains elusive.

Crosspeak intensities were measured in the et-NOESY experiment on a 15-residue peptide from
the N-terminus of band in the presence of either ald8laseG3PDH?° The band 3 peptide (B3P)
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Figure 4. Schematic drawing of erythrocyte band 3 phosphorylation by p72syk. Unphosphorylated band 3 binds and
inhibits the glycolytic enzymes, aldolase, glyceraldehyde-3-phosphate dehydrogenase, G3PDH, and phosphofructo
kinase, PFK. Phosphorylation of band 3 disrupts the band 3-glycolytic enzyme complex, reversing inhibition.

(MEELQDDYEDMMEEN-NH2) contains tyr 8, one of two phosphorylation sites involved in bind-

ing and regulating activity of glycolytic enzymes. Distance restraints derived from the etNOESY in-
tensities were used in restrained molecular dynamics to determine the bound-state structure of band
3 peptide in the unphosphorylated form. A characteristic pattern of NOE intensities was observed for
both the aldolase and G3PDH complexes; there are numerous intensities between the aromatic ring
protons of tyr 8 and side-chain protons of leu 4 and met 12.

The band 3 structure defined by the etNOE data is a loop conformation which folds around the
tyrosine side chain and is stabilized by nonpolar interactions of the triad leu 4, tyr 8, and met 12, and
by a hydrogen bond between the side chains of tyr 8 and asp 1phdkEhorylatiorsensitivein-
teraction (PSI) loop is recognized by both alddi&aad G3PDH?®The internal structure of the PSI
loop is well defined from the NMR data, while the terminal residues are more disordered. This vari-
ation in the degree of structural order is consistent with the NMR linewidths of B3P in exchange with
aldolase. Thus, the conformational heterogeneity found after restrained molecular dynamics is a rea-
sonable reflection of conformational mobility present in solution.

The PSI loop was docked to the active site of aldd&$he stoichiometry of binding and com-
petitive binding between B3P and the aldolase substrate indicate the active site for B3P binding. The
modeled complex, shown in Figure 5, has the PSI loop positioned infeliheel of aldolase in
proximity to the active site residues and other highly conserved regions of aldolase. Binding is pri-
marily electrostatic in nature as illustrated by the blue surface, which corresponds to electro-positive
potential in Figure 5, being in close contact with asp 6 and asp 7 of B3P. Tyr 8 makes no intermole-
cular contacts, unlike tyrosine binding where the phosphorylated form is the recognized state for
SH2 domains and PTB domains. A number of intermolecular hydrogen bonding interactions are
found. Furthermore, there is high steric complementarity between the PSI and the aldolase active site
pocket.

When tyr 8 of human erythrocyte band 3 is phosphorylated, aldolase inhibition is disrupted and
full catalytic activity return$® The mechanism for negative control of the association between band
3 and the glycolytic enzymes is suggested from the model for the B3P-aldolase complex to be an in-
tramolecular negative repulsion of the band 3 phosphoryl group with acidic band 3 residues distant
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Figure 5. The PSI loop of band 3 modeled in the active site of aldolase. The bound-state structure of the PSI was de-
termined by NMR. The aldolase structure from x-ray crystallography is represented by a GRASP3“ colored according to
the electrostatic potential where blue is positive potential and red is negative potential. The electrostatically positive pock-
et of aldolase complements both electrostatically and sterically the PSI loop. Labeled residues of the PSI loop are
important for intramolecular stabilization (L4, Y8, M12) or intermolecular interactions (D6, D7, E9). (Reprinted with per-
mission of The American Chemical Society. This image originally appeared in Biochemistry 1995:34;16581.)

to the phospho-tyrosine site (Fig. 6). In particular, asp 10 is spatially near the position that would be
occupied by a phosphoryl group on tyr 8. As such, the PSI loop conformation is not consistent with
phosphorylation of tyr 8. The electrostatic repulsion is born out by calculations of the internal non-

bonded energy for the phosphoryl group shown in Table I. The calculations also show that there is
no steric conflict associated with phosphorylation, in contrast to the binding of isocitrate dehydro-

genase which involves direct conflict with substrate binding by a phosphorylated active site ser-

ine31-32The intramolecular nature of the destabilization suggests that a PSI loop mechanism for neg-
atively mediating protein—protein interaction might be a general one.

Given the potential generality of the PSI-loop based mechanism for negative regulation of pro-
tein—protein interactions through tyrosine phosphorylation, we have examined other syk substrates
for a possible PSI loop structure. Indeed, we find a potential PSI loop which may play a signaling
role in B-cells. The control of microtubulin polymerization depends on binding of the microtubulin
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with phosphorylation

Figure 6. Schematic drawing of the PSI loop mechanism for tyrosine phosphorylation mediating against protein—protein
association. The tyrosine side chain is buried within the PSI loop by leucine (P—4) and methione (P+4). Aspartic acid
(P+2) hydrogen bonds to the tyrosine. Phosphorylation of tyrosine, while not sterically excluded, destabilizes the PSI
loop by electrostatic repulsion involving acidic residues distant in sequence but near in space.

associated protein called tau. Tau is needed to promote microtubule formation and associates with
monomeric tubulin at a region that includes tyr 432, a site shown to be phosphorylatecfby syk.
Phosphorylation of tubulin mediates against binding by tau and against the formation of microtubu-
lin. Moreover, the sequence of tubulin surrounding tyr 432 (MAALEKDYEEVGVDS) includes the
motif characterizing a PSI loop. This sequence motif, LXXXYXD/EXZ, where Z corresponds to a
hydrophobic amino acid, includes the leu at the P-3 position and the hydrophobic amino acid to form
a hydrophobic triad, and the acidic residue at the Bosition to provide electrostatic repulsion in

the phosphorylated state, destabilizing the PSI loop conformation and mediating against a complex
involving recognition of the PSI loop (Fig. 6). We predict that tau recognizes a PSI loop upon bind-
ing tubulin.

4. CONCLUSION

Peptide-protein models of two protein—protein complexes involved in signaling were described.
Substrate recognition and enzymatic activation related to binding of an ITAM substrate to the src-
family kinase, Lyn, depend on both amino acids defining the ITAM sequence motif and on the in-
tervening amino acids. The structure of a natural substrate bound to a src-family kinase offers po-
tential to facilitate structure-based drug design efforts with improved specificity over the known
inhibitors which are ATP analogues. From a complex of nonsignaling proteins, but also regulated
through tyrosine phosphorylation, a PSI loop conformation was found. In the complex of B3P with
either aldolase or G3PDH, the PSI loop folds around the tyrosine residue, rather than have the tyro-
sine side chain extended and accessible for intermolecular contact. Phosphorylation of this tyr would
destabilize the PSI loop, and thus disrupt formation of the band 3 complex. The structural similari-
ty of B3P bound to aldolase and G3PDH underscores the importance of the PSI loop in phospho-
tyrosine regulation of protein—protein interactions, and potential general use of this structural motif
for negative control through tyrosine phosphorylation.
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