Extracellular Phosphorylation of a Receptor Tyrosine Kinase Controls Synaptic
Localization of NMDA Receptors and Regulates Pathological Pain

Kenji Hanamura®®’, Halley R. Washburn"’, Sean I. Sheffler-Collins” *, Nan Xia', Nathan
Henderson', Dipti V. Tillu?®, Shayne Hassler’, Daniel S. Spellman®, Guoan Zhang®,
Thomas A. Neubert®, Theodore J. Price®°, and Matthew B. Dalva'

'Department of Neuroscience and Farber Institute for Neurosciences, Thomas Jefferson
University, 900 Walnut Street, Suite 461, Jefferson Hospital for Neuroscience,
Philadelphia, PA, 19107, USA. ?Departments of Pharmacology, The University of Arizona
College of Medicine, Tucson, AZ 85721, USA. *Department of Pharmacology and Kimmel
Center for Biology and Medicine at the Skirball Institute, New York University School of
Medicine, New York, NY 10016, USA. *Neuroscience Graduate Group, University of
Pennsylvania School of Medicine, Philadelphia, PA 19104, USA. ®*School of Behavioral
and Brain Sciences, University of Texas at Dallas, Richardson, TX 75080, USA.°Present
address: Department of Neurobiology and Behavior, Gunma University Graduate School
of Medicine, 3-39-22 Showa-machi, Maebashi City, Gunma, 371-8511 Japan.
*Correspondence to: Matthew B. Dalva, PhD. (Matthew.Dalva@jefferson.edu). "These
authors contributed equally to this work.

Extracellular phosphorylation of proteins was suggested in the late 1800s when it was
demonstrated that casein contains phosphate. More recently, extracellular kinases that
phosphorylate extracellular serine, threonine, and tyrosine residues of numerous proteins
have been identified. However, the functional significance of extracellular phosphorylation
of specific residues in the nervous system is poorly understood. Here we describe a single
extracellular tyrosine whose inducible phosphorylation may represent an archetype for a
new class of mechanism mediating protein-protein interaction and regulating protein
function. We show that synaptic accumulation of GluN2B-containing N-methyl-D-aspartate
receptors (NMDARs) and pathological pain are controlled by ephrin-B-induced
extracellular phosphorylation of a single tyrosine (p*Y504) in a highly-conserved region of
the fibronectin type Il (FN3) domain of the receptor tyrosine kinase EphB2. Ligand-
dependent Y504 phosphorylation modulates the EphB-NMDAR interaction in cortical and
spinal cord neurons. Furthermore, Y504 phosphorylation enhances NMDAR localization
and injury-induced pain behavior. By mediating inducible extracellular interactions that are
capable of modulating animal behavior, extracellular tyrosine phosphorylation of EphBs
may represent a previously unknown class of mechanism mediating protein interaction
and function. Importantly, our study defines a specific extracellular phosphorylation event
as a mechanism driving protein interaction and suggests that phosphorylation of FN3
domain-containing proteins is an underappreciated mechanism contributing to the
development and function of the nervous system and synapse.
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