
Photochemically-Activated Probes of Protein–Protein
Interactions

Sandip K. Nandy, Richard S. Agnes, and David S. Lawrence*
Departments of Biochemistry, The Albert Einstein College of Medicine of Yeshiva University,
1300 Morris Park Avenue, Bronx, New York 10461-1602

Abstract

The activity of light-activatable (“caged”) compounds can be temporally and spatially controlled,
thereby providing a means to interrogate intracellular biochemical pathways as a function of time
and space. Nearly all caged peptides contain photocleavable groups positioned on the side chains
of key residues. We describe an alternative active site targeted strategy that disrupts the interaction
between the protein target (SH2 domain, kinase, and proteinase) and a critical amide NH moiety
of the peptide probe.

Living cells have been referred to as the test tubes of the 21st century.1 Indeed, a host of
reagents have been described for inhibiting, manipulating, or visualizing a wide variety of
intracellularly relevant processes. Nonetheless, key challenges remain before the cell-as-a-
test-tube analogy can be fully realized. A particularly confounding attribute that
differentiates living cell biochemistry from its counterpart in the test tube is that the cell, not
the investigator, controls where and when a given transformation occurs. Light-activatable
(“caged”) compounds allow the investigator to retain control over the activity of the bio-
reagent, even after it has entered the cell.2 In this regard, a number of caged derivatives of
small molecules, including ATP, glutamate, NO, and many others, has been described.2c
Furthermore, recent interest in defining the temporal and spatial dynamics of signaling
pathways, biochemical cascades largely driven by protein–protein interactions, has led to the
construction of caged peptide derivatives.3 The latter compounds are designed to engage
specific protein recognition motifs, but only upon photoactivation. Several examples of
peptide-based protein kinase sensors3e,g and inhibitors3b as well as 14-3-33d and SH23c,f
domain-targeting species have been reported. The general strategy for the preparation of
these peptidic species is based on the side-chain modification (with photolabile groups) of
key residues required for biorecognition, such as Ser or Tyr for protein kinases or
phosphorylated Ser or Tyr for 14-3-3 and SH2 domains, respectively. Unfortunately, many
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amino acids lack side chain functionality necessary for modification whereas the preparation
of caged derivatives of those that can be modified is typically a multistep, off-resin, process.

Protein–protein interactions are often dependent upon one or a few key amino acid residues.
These residues must be able to achieve the requisite contacts with the protein-binding
partner in order for recognition and/or catalysis to occur. In many instances, the amide NH
of the essential and/or adjacent residue is crucial for proper orientation of the critical side
chain. We reasoned that the incorporation of a photolabile moiety on this key amide nitrogen
could significantly compromise recognition or catalysis, via loss of amide hydrogen bond
donating ability and/or the presence of a sterically demanding light-cleavable substituent.
This notion has been examined via the design, synthesis, and characterization of caged
peptides for three different protein interaction domains.

To the best of our knowledge, there have only been two reports of backbone-caged peptides.
Darszon, Yumoto, and their colleagues described a backbone-substituted glycine residue
that was prepared off-resin as an Fmoc(N-o-nitrobenzyl) derivative and subsequently
coupled to the growing peptide chain.4 These investigators reported difficulties in coupling
the subsequent residue, a serine moiety, to the N-alkylated glycine. However, they found
that acyl fluorides or diisopropylcarbodiimide furnished the desired material. More recently,
Johnson and Kent examined photoremovable N-benzylated protecting groups as part of Boc
chemistry solid-phase peptide synthesis.5 These investigators likewise found that the
subsequent addition of a standard amino acid to the caged residue could be problematic,
particularly if hindered amino acids were involved.

We examined whether the caged residue could be prepared directly on the resin, a strategy
that could be immediately applied to conventional commercially available side chain
protected amino acids. Solid-phase peptide synthesis was performed using Fmoc chemistry
on the Rink resin. The Fmoc group was removed, via standard piperidine treatment, from the
residue to be caged (Scheme 1). The free N-terminal amine of 1 was exposed twice to 4,5-
dimethoxy-2-nitrobenzaldehyde to ensure complete conversion to the imine and then
reduced with NaBH3CN to furnish the desired N-benzylated derivative 2 (HPLC and
electrospray mass spectrometry).4,5 Unfortunately, as reported by Darszon, Yumoto, and
Kent,6,7 we found that addition of the subsequent amino acid to the N-benzylated residue
was problematic. For example, Darszon and Yumoto’s diisopropylcarbodiimide protocol
was employed to couple Fmoc-Ser to (N-o-nitrobenzyl)Gly-peptide resin, but failed to
furnish the desired product 3. This may be a consequence of the significantly more sterically
demanding nature of the side chain phosphorylated Fmoc-Tyr residue to be coupled.
Ultimately, we discovered that the activating agent PyBroP8 provided the desired pTyr-
derivatized peptide 3 (however, see compound 10, vide infra). Subsequent solid-phase
synthesis proceeded uneventfully to furnish 4.

Src homology (SH) 2 domains play a key role in organizing, assembling, and activating
signaling complexes.9 These domains bind to phosphorylated Tyr- (pTyr) containing
residues positioned within an appropriate amino acid sequence context on a peptide or
protein.8 For example, the Lck SH2 domain displays a moderate affinity (KD ≈ 1–5 μM) for
peptides of the general form Ac-pTyr-Xaa-Xaa-Ile-amide (Figure 1). Previous structural
studies have reported that the amide moiety linking the pTyr-Xaa dyad forms a key
hydrogen bond with the SH2 domain.9b The caged derivative 4 was prepared via the Scheme
1 protocol. We also prepared the corresponding analogue 5, which contains the photolabile
group on the pTyr-amide moiety. Kd values were acquired via a competition assay using a
previously described dapoxyl-labeled peptide,10 which displays a 4-fold fluorescence
enhancement upon binding to the Lck SH2 domain (Supporting Information). The caged
derivative 4 has a significantly lower SH2 domain affinity (127 ± 6 μM) than the parent
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peptide 6 (2.6 ± 0.2 μM). By contrast, the difference in affinity between 5 (43 ± 10 μM) and
6 is somewhat more modest. The latent ligand 4 is converted to the high affinity form 6
upon photolysis. Furthermore, longer photolysis times generate larger yields of the active
peptide 6 (Supporting Information). The latter property represents one of the distinct
advantages associated with caged compounds, namely the ability to control both the timing
and the quantity of the photoactivated species.

Proteinases participate in a diverse array of biochemical processes that range from the
generation of biologically active proteins from their immature counterparts to the
degradation of aged or otherwise defective proteins. Like many other proteins that act on
protein substrates, proteinases are capable of utilizing short peptides of the appropriate
amino acid sequence as substrates. Chymotrypsin’s distinct preference for Phe at the scissile
bond is most noteworthy within the context of caged peptides ligands. The aromatic side
chain lacks a modifiable substituent and is therefore not susceptible to the standard side
chain caging strategy.

Chymotrypsin substrate recognition and subsequent hydrolysis is dependent upon the amide
moieties of the scissile bond and of adjacent residues. Indeed, N-methyl substitution at the
scissile amide (and at the amide moieties at nearby residues) renders chymotrypsin
substrates resistant to proteolysis.11 N-methylation not only results in the loss of a key
hydrogen bond required for substrate recognition, but also introduces a steric factor that
compromises active site incorporation. With these features in mind, we prepared a caged
fluorescent substrate for chymotrypsin that contains a C-terminal coumarin at the scissile
position. Previous studies have demonstrated that the free coumarin, generated upon
proteolysis, is highly fluorescent.12 The peptide substrate 7 (Scheme 2) was synthesized
using an Fmoc solid-phase protocol (Supporting Information). The corresponding caged
derivative 8 was prepared by interrupting the standard protocol at the Phe-courmarin stage
with the Scheme 1 caging strategy. Peptide 7, and its caged analogue 8, were examined as
chymotrypsin substrates. Compound 7 is an efficient substrate (Km = 6.3 ± 1.3 μM; Vmax =
7.2 ± μmol/min-mg) and exhibits a 6-fold enhancement in fluorescence upon complete
hydrolysis. By contrast, the caged derivative 8 is inactive as a chymotrypsin substrate
(Figure 2). As in the case of the caged SH2 ligand 4, increasing photolysis times converts
increasing amounts of caged analogue (8) to the active substrate (7). To the best of our
knowledge, compound 8 is the first example of a caged proteinase sensor.

Hydrogen bonds play a critical role in orienting the phosphorylatable Ser of Leu-Arg–Arg-
Ala-Ser-Leu-Gly-amide (9) into the active site of the PKA. Indeed, N-methylation of the
Ala-Ser-amide moiety reduces the PKA-catalyzed efficiency (kcat/Km) of phosphorylation
by 7 orders of magnitude.13 Crystallographic studies revealed that the amide NH of Ser is
within hydrogen-bonding distance of the side chain hydroxyl and is also oriented toward the
incoming phosphoryl group from ATP (Figure 1B).14 Consequently, we anticipated that
steric bulk, positioned at this sensitive site (10), could have a deleterious effect on
phosphoryl acceptor capability. Compound 10 was prepared in a fashion analogous to that
outlined in Scheme 1. However, we discovered that Fmoc-Ala could not be coupled to the
reductively alkylated Ser residue using the PyBroP protocol. Instead, coupling was achieved
using the acid chloride of Fmoc-Ala.15 The efficiency of PKA-catalyzed phosphorylation of
peptide 10 was assessed via a [γ-33P]-ATP assay. In the absence of photolysis, peptide 10 is
not phosphorylated (Figure 3). Photolysis of 10 generates the active substrate 9 (mass
spectrometry) that, upon addition of PKA, furnishes the phospho-product (scintillation
counting). Furthermore, longer photolysis times generate larger quantities of radiolabeled
product.
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In summary, we have described an on-resin, solid-phase method that directly furnishes
caged peptides in a straight-forward fashion. These derivatives, represented by an SH2
ligand and substrates for a protein kinase and a protease, provide a means to control both the
timing of target protein interaction as well as the amount of active material unleashed even
after the bio-agent has been delivered to the cell (e.g., via microinjection).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
On-Resin Synthesis of Caged Peptide 4, Structure of the Alternatively Caged Peptide 5, and
Structure of the Parent SH2 Domain-Directed Peptide 6
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Figure 1.
(A) pTyr peptide (ball and stick) bound to the SH2 domain of Lck. The key NH amide
moiety linking the pTyr (red bar) and Glu residues is highlighted (white arrow) and shown
within hydrogen-bonding distance of the His-180 carbonyl (space filling).9b (B) PKA
substrate peptide (ball and stick) complexed with an ATP transition state mimic (ADP/AlF3;
yellow space filling). The phosphoryl acceptor Ser (red arrow) and the key amide NH (white
arrow) are highlighted.14
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Scheme 2.
Chymotrypsin Substrate 7, its Caged Counterpart 8, and the Caged PKA Substrate 10
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Figure 2.
Caged peptide 8 (0 min) is not hydrolyzed by chymotrypsin as assessed by a fluorescent
continuous assay (λex = 380 nm; λem = 460 nm). Longer photolysis times produce greater
amounts of active substrate and therefore enhanced reaction rates.
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Figure 3.
Caged peptide 10 (Y) is not phosphorylated by PKA as assessed by a fixed time point assay.
Longer photolysis times produce larger amounts of active substrate and therefore enhanced
reaction rates.
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