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Photosensitized Oxidative Dimerization at Tyrosine by a
Water-Soluble 4-Amino-1,8-naphthalimide
E. Dalles Keyes,[a] Katalin Kauser,[b] Kevin S. Warner,[b] and Andrew G. Roberts*[a]

The oxidation of proteins generates reactive amino acid (AA)
residue intermediates, leading to protein modification and
cross-linking. Aerobic studies with peptides and photosensi-
tizers allow for the controlled generation of reactive oxygen
species (ROS) and reactive AA residue intermediates, providing
mechanistic insights as to how natural protein modifications
form. Such studies have inspired the development of abiotic
methods for protein modification and crosslinking, including
applications of biomedical importance. Dityrosine linkages
derived from oxidation at tyrosine (Tyr) residues represent one
of the more well-understood oxidation-induced modifications.

Here we demonstrate an aerobic, visible light-dependent
oxidation reaction of Tyr-containing substrates promoted by a
water-soluble 4-amino-1,8-naphthalimide-based photosensi-
tizer. The developed procedure converts Tyr-containing sub-
strates into o,o’-Tyr-Tyr linked dimers. The regioselectively
formed o,o’-Tyr-Tyr linkage is consistent with dimeric standards
prepared using a known enzymatic method. A crossover study
with two peptides provides a statistical mixture of three distinct
o,o’-Tyr-Tyr linked dimers, supporting a mechanism that
involves Tyr residue oxidation followed by intermolecular
combination.

1. Introduction

Covalently linked extracellular proteins provide unique and
diverse structural characteristics of the extracellular matrix
(ECM), determining its biomechanical properties and allowing
distinct functionality of tissues.[1] The structure and function of
the cellular microenvironment provided by ECM proteins are of
high biological significance and have a wide range of patho-
logical and potential therapeutic implications. For example, the
enzyme-mediated formation of pyridinoline and desmosine
cross-links (Figure 1, A) found in the abundant connective tissue
proteins, collagen and elastin, respectively, provide the ECM
with tensile strength and elasticity, thereby enabling tissues to
resist permanent deformation and withstand recurring mechan-
ical stress.[1,2] At the molecular level, desmosine-type reaction
products (A) derive from lysyl oxidase catalyzed unsaturation at
the lysine ɛ-amino sidechain. In a similar enzyme-mediated
manner, peroxidases (e.g., horseradish peroxidases, HRPs)
process hydrogen peroxide to affect chemoselective oxidation
of electron-rich aromatics, including the phenolic moiety of
tyrosine (Tyr) residues.[2–8] As a prototypical example, reactive
oxidized Tyr intermediates, such as the tyrosyl radical, can
undergo further non-enzymatic reactions leading to stable,
covalently linked products (Figure 1, B).[5,6,9] The o,o’-Tyr-Tyr
linkage (B) is among the more well-understood of such
modification endpoints. Related aryl-derived linkages can also

be formed following photooxidation of the electron-rich amino
acid residues histidine (His), phenylalanine (Phe), tryptophan
(Trp), and Tyr upon protein exposure to sunlight.[10–14]

Photooxidation reactions can occur directly by incident UVB
radiation absorption at a residue chromophore or indirectly as
mediated by a photosensitizer. Specifically, covalently-linked
dityrosine moieties (B) are targeted by studies aimed at
understanding how oxidation-induced cross-links are formed
and how their presence can alter the physical properties of a
system.[1] These understandings have inspired the development
of abiotic protein modification methods, including numerous
biomedical therapeutic applications.[15–18]

1.1. Background

Recently, Kelly and coworkers delineated the solvent-depend-
ent photophysical properties of 4-amino-1,8-naphthalene
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Figure 1. Representative amino acid residue derived cross-links.
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imides, such as dimer 1 (Figure 2).[19] Both the water-soluble
dimer (1) and a monomeric analog (not shown), produce
reactive transients (Eq. 1, PS=photosensitizer) upon excitation
with 416-nm light in phosphate buffer at pH=7.4.

1PS0 !
1PS* ðsinglet stateÞ ! 3PS* ðtriplet stateÞ (1)

These short-lived reactive intermediates are able to reduce
electron-deficient substrates, such as methyl viologen, by
photoinduced single-electron transfer (PET) with quantum
yields of Φ=0.00778 for 1 and Φ=0.0503 for the monomer.
The indirect photophysical characterization of these transients
suggest the intermediacy of an intramolecular charge transfer
(ICT) state with intrinsic biradical character, which is effectively
stabilized in polar solvents (e.g., buffered aqueous conditions).
The singlet states of 1 and its monomeric counterpart exhibit
strong ICT characteristics and are highly solvatochromic,
consistent with studies concerning electronically excited states
of 4-amino-1,8-napthalimides.[20–26] Interestingly, aqueous con-
ditions are proposed to stabilize transient reactive intermedi-
ates while enhancing non-radiative decay pathways. This
enhancement is markedly pronounced in studies using 1.

These nascent photophysical characterization studies were
concluded with speculation on how photoexcited 4-amino-1,8-
naphthalimides might react with oxidizable amino acid resi-
dues. Indeed, structurally similar photosensitizers (e. g., 1,8-

naphthalimides) have been reported to affect oxidation of
amino acid residues within macromolecules like proteins and
nucleic acids under aqueous conditions.[27–30] However, the
mechanisms leading to covalent modification as a result of
amino acid residue oxidation are unexplored, and the molecular
nature of these modifications have yet to be characterized.

The mechanistic understanding of such photoinduced
oxidative processes has led to the development of clinical
applications for tissue cross-linking and wound sealing.[16–18,31,32]

Similarly, related methods utilize light to activate a photo-
sensitizer and induce oxidation at amino acid residues via one-
electron events. These photoinduced oxidation events are
notable as they can be temporally controlled. Such processes
are well-established for electron-rich aromatics, Trp and Tyr,
and have been reviewed.[10,15,33,34] The oxidative conversion of
Tyr residues into dityrosine-linked products is commonly
studied as the covalent o,o’-Tyr-Tyr cross-link is readily charac-
terized and tractable if excised from the modified substrate.
This linkage can be directly characterized by fluorescence
spectroscopy, where the o,o’-Tyr-Tyr moiety imparts a diagnos-
tic emission maximum (λfl

max) at 400 nm.[35] Alternatively, the
presence of a Tyr-Tyr cross-link can be inferred by quantifying
the dabsylated Tyr-Tyr derivative that results upon acid-
catalyzed proteolytic digestion of a protein substrate followed
by derivatization of the hydrosylate with 4-(4-dimeth-
ylaminophenylazo)benzenesulfonyl chloride in aqueous bicar-
bonate buffer.[36] Due to the biological implications regarding
photoinduced oxidation of Tyr residues to give Tyr-Tyr cross-
links and other Tyr oxidation products, photochemical strat-
egies that probe the mechanism of these reactions are of great
interest. Accordingly, photosensitized oxidation is among the
most well-studied methods of Tyr modification. Exemplary
organic photosensitizers known to affect chemoselective oxida-
tion at Tyr include: riboflavin-5’-phosphate (2), Rose Bengal (3)
and pterin (4) (Fig. 2).[17,37–45] The pterin (4) system has been
shown to affect oxidations at Trp residues as well. Inorganic
systems, such as tris(2,2’-bipyridyl) ruthenium(II) complexes
used with ammonium persulfate as a co-oxidant are also
known.[13,46]

1.2. Proposed study

Despite the thorough photophysical characterization study, the
reactivity of excited-state intermediates derived from photo-
sensitized-1 with oxidizable amino acid residues (e.g., Cys, His,
Met, Phe, Trp, and Tyr) is unknown. The photoexcited triplet-
state of 1 (Eq. 1, 3PS*) is capable of reducing methyl viologen by
a PET process,[19] thus it is feasible that 1 can promote the
formation of reactive oxygen species (ROS) and induce amino
acid residue oxidation by a type I or II photosensitized oxidation
mechanism.[47] Indeed, the one-electron reduction potential of
molecular oxygen (3O2) is more positive than that of methyl
viologen (E(O2/O2

*� ))= � 0.16 V vs. NHE),[48] thus, the formation
of superoxide (O2

*� ) via quenching of the photoexcited triplet-
state of 1 (Figure 3A) represents a plausible initiation event for
the oxidation of Tyr residues (Figure 3B). Photosensitized

Figure 2. Reagents for oxidative dimerization at tyrosine: Chemical photo-
sensitizers (1-4) and horseradish peroxidase (5, HRP, PDB: 1W4W) can affect
dimerization at tyrosine.
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oxidation mechanisms involving the generation of superoxide
(O2

*� ), via PET to 3O2 or singlet oxygen (1O2), are understood to
affect amino acid residue oxidation,[47,49] however, in polar
aqueous media, the possibility of H-atom abstraction events or
direct amino acid residue oxidation by the ICT state of 1 cannot
be excluded. Therefore, we set out to evaluate these proposed
pathways using photosensitizer 1 and Tyr-containing systems
under aerobic, aqueous conditions.

2. Results and Discussion

The following research objectives were explored to understand
the reactivity of photosensitizer 1 as a reagent for Tyr oxidation:

2.1. Research objectives

I. Prepare a series of dityrosine and Tyr-Tyr linked peptide
standards using HRP (5).

II. Examine the reactivity of photosensitizer 1 for the oxidative
dimerization of Tyr-containing systems. Characterize Tyr-Tyr
linked products by comparative spectroscopic analyses with
the standards obtained from Objective I.

III. Understand how 1 affects photosensitized oxidative dimeri-
zation at Tyr residues.

2.2. Preparation of dityrosine by HRP-catalyzed oxidation and
by photosensitized oxidation using 1

Using reported conditions, Ac-Tyr-OH 6 was treated with HRP(5)
and H2O2 to prepare a synthetic standard of dityrosine 7.[50] As
described, Ac-Tyr-OH (6) is effectively dimerized in a 0.2 M
solution of sodium borate buffer (BB) with H2O2 and HRP (5,
3,000 units) at 37 °C for 24 hours (Scheme 1). Following purifica-
tion by reverse-phase HPLC (RP-HPLC), synthetic 7 was charac-
terized by 1H and 13C nuclear magnetic resonance (NMR)
spectroscopy and direct injection mass spectrometry with
electrospray ionization (DIMS-ESI), and the spectra were found
to be in agreement with previous studies.[11,40,51]

With 7 as a comparative standard, conditions for the
photosensitized oxidative dimerization of Ac-Tyr-OH (6) were
evaluated using 1. In a preliminary screening, it was found that
visible-light irradiation (blue LEDs, peak wavelength: 445 nm;

radiant flux: 60 W; irradiance: 50 mW/cm2) of 1 in 100 mM
sodium phosphate buffer (PB) solution at pH=7.0 effectively
promoted the oxidative dimerization of 6 to provide dityrosine
7. Characterization of the RP-HPLC purified 7 by 1H and 13C NMR
spectroscopy confirmed the dimeric identity as an o,o’-linked
C� C bond (see the Supporting Information). Further analysis by
LC and DIMS-ESI indicated the production of an additional
isobaric, dimeric product. However, efforts to isolate sufficient
quantities of this minor product for characterization were
unsuccessful. Due to considerable literature precedent, this
compound is tentatively assigned as isodityrosine, a constitu-
tional isomer of 7 which is bridged through a biaryl ether C� O
linkage.[5,40,52,53]

2.3. Photosensitized dimerization of Tyr-containing
pentapeptides

The successful formation of 7 prompted the synthesis and
evaluation of two peptides bearing internal Tyr residues,
namely, Ac-AKGYG-NH2 (8, R1 =CH3) and Ac-GKGYG-NH2 (9, R1 =

H) (Scheme 2). Pentapeptides 8 and 9 were synthesized using
standard Fmoc- based solid-phase peptide synthesis (SPPS)
protocols and were isolated following preparative RP-HPLC and
characterized as their trifluoroacetate salts (see the Supporting
Information).[54,55] Their respective dimers, 10 and 11, were
prepared as standards using the abovementioned conditions
with HRP and H2O2 (Scheme 2, see the Supporting Information).

With 8 and 9 in hand, conditions for preparing respective
pentapeptide dimers 10 and 11 by photosensitized oxidation
were evaluated (Scheme 2). Preliminary efforts focused on
determining the optimal pH for photosensitized peptide
dimerization at Tyr. Three experiments evaluated the effect of
pH with selected values: pH=4.0, 7.0 and 10.0. Solutions of 1
(19 μmol, 1.0 equiv) and 8 (19 μmol, 1.0 equiv) in 100 mM PB
(pH=4.0, 7.0, or 10.0) were irradiated by a continuous blue LED
light source (60 W; 50 mW/cm2) at room temperature for 1 hour.
Analysis of the photolyzed solutions by RP-HPLC indicated the
production of a compound which exhibited a retention time
matching that of standard 10 (tr =10.22 min, see the Supporting

Figure 3. Proposed amino acid (AA) residue oxidation pathways to generate
cross-links.

Scheme 1. Oxidative dimerization at tyrosine: Horseradish peroxidase (5,
HRP) with H2O2 and photosensitizer 1 can affect tyrosine dimerization.
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Information). This suggests the internal Tyr residue (8) under-
went photosensitized oxidation and dimerization to provide 10
in 3.2% yield. Interestingly, the dimerization of 8 exhibited pH-
sensitivity, with higher quantities of 10 produced under alkaline
conditions, pH=10 (Figure 4A). Additional support for this
observation was obtained upon evaluation of purified 10 by
DIMS-ESI, which revealed a monoisotopic mass for [M+2H]2+ =

535.2 Da corresponding to dimer 10. These findings were
further corroborated by the analogous dimerization of penta-
peptide 9 to form dimer 11 (Scheme 2).

Following pH-optimization (Figure 4A), the effect of buffer
concentration on peptide dimerization was explored (Fig-

ure 4B). Solutions of 1 (19 μmol, 1.0 equiv) and pentapeptide 8
(19 μmol, 1.0 equiv) in varying concentrations of PB (10–
1000 mM, pH=10) were photolyzed for 1 hour as previously
described. The production of 10 was enhanced as a function of
increasing buffer concentration, and the highest yield (5.0%)
was achieved in 500 mM PB as determined by interpolation
using a calibration curve (see the Supporting Information).
Interestingly, the yield of 10 diminished when the reaction was
conducted in 1 M PB, however, further investigation is required
to fully understand the implications of phosphate ion concen-
tration on the photosensitized reactions presented in this work.

Scheme 2. Peptide dimerization at tyrosine: 1 and HRP (5) with H2O2 can affect oxidative dimerization at tyrosine in pentapeptides 8 and 9.

Figure 4. Optimization of conditions for the photosensitized oxidative dimerization at tyrosine in pentapeptide 8. A. variable pH: pH=x, 1 equiv 1, 100 mM PB,
rt, 1 h; B. variable phosphate concentration: 1 equiv 1, X mM sodium phosphate, rt, 1 h; C. variable equivalents of 1: X equiv 1, 500 mM PB, pH=10.0, rt, 1 h; D.
reaction duration (minutes): 1 equiv 1, 500 mM PB, rt.
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The formation of 10 using variable amounts of 1 (0.25–5.0
equivalents) was investigated while the concentration of
pentapeptide 8 was kept constant at 1.0 equivalent (Figure 4C).
As described above, solutions in 500 mM PB (pH=10) were
photolyzed for 1 hour and the reactions were subsequently
analyzed by RP-HPLC to assess the production of 10. Here, the
quantity of 1 was observed to have a marked impact on
photosensitized oxidative dimerization, giving 10 in 6.7% yield
when 2.5 equivalents were employed. Notably, these results are
consistent with previous studies regarding the use of hydro-
philic 1,8-naphthalimides for photochemical crosslinking of
proteins.[29]

After identifying the appropriate pH, PB concentration, and
optimal amount of 1 for generating Tyr-Tyr linked peptide
dimers, optimization efforts were concluded by monitoring the
formation of 10 over time. Solutions of 1 (47.5 μmol, 2.5 equiv)
and 8 (19 μmol, 1.0 equiv) in 500 mM PB (pH=10) were
continuously photolyzed, and reaction progress was monitored
by RP-HPLC. The yield of 10 was calculated at several time
points (0–600 min; see the Supporting Information). The
production of 10 was deemed optimal at 300 minutes (13.2%
yield, Figure 4D). Surprisingly, the yield of 10 appreciably
decreased after 300 minutes, where, after 10 hours of irradi-
ation, the observed yield of 10 is reduced to 2.4%. The
depreciation of 10 is interesting and further investigation is
warranted to understand this product loss. As previous reports
have demonstrated that dityrosine crosslinks can be further
oxidized to a variety of oxygenated products, prolonged experi-
ment times (Figure 4D, >300 min) may also result in the
formation of oxygenated products that derive from 10.[45] Such
compounds were not detected in our studies, however, the
observation of a minor trimeric product with a monoisotopic
mass of [M+3H]3+ =534.9 Da suggests 8 can react with
accumulated 10 to form higher order adducts.

Overall, the optimal conditions can be partly rationalized.
The efficiency of photooxidation reactions conducted at higher
pH can be explained by the greater susceptibility of the Tyr
phenolate form to undergo oxidation.[56] We find 2.5 equiv. 1
(38 mM 1 in buffer) and a certain buffer threshold, between
200–500 mM PB, to be optimal for photoxidation at Tyr. Our
range of studies suggest that photosensitizer equivalency and
buffer concentration are connected to the solubility of 1. The

microheterogeneity of 1 at higher concentrations (>2.5 equiv.
1= >38 mM) could explain the moderate decrease in produc-
tive photooxidation. Likewise, we observe the formation of a
precipitate after 45 min of irradiation in 1 M PB. Precipitate
formation, regardless of chemical identity, could confound
conversion efficiencies.

With optimized conditions, we were interested in under-
standing product distributions that result from the photo-
sensitization of 1 in the presence of an admixture of 8 and 9
(Scheme 3). Evaluation of the crude reaction by RP-HPLC
revealed a statistical distribution of homodimers 10 and 11, as
well as heterodimer 12, in an approximate 1 :1 :2 ratio,
respectively (Figure 5). These results are consistent with those
obtained from the homo- and heterodimerization of 8 and 9
obtained via HRP-mediated oxidation, suggesting that peptide
dimers are formed by the intermolecular combination of
oxidized Tyr residues.

Scheme 3. Oxidative heterodimerization at Tyr: Photosensitization of 1 affects oxidative dimerization at Tyr. With a 1 :1 admixture of pentapeptides 8 and 9,
two homodimers (10 and 11) and one heterodimer (12) are formed.

Figure 5. An experiment with 1 and a 1 :1 admixture of pentapeptides 8 and
9 provides a statistical mixture of dimeric products 10, 11, and 12.
Homodimers, 10 and 11, and heterodimer, 12, are observed by HPLC with
UV detection at 220 nm. Labeled peaks are identified by mass spectrometry.
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2.4. Characterization of Tyr-Tyr linked pentapeptide dimers

To confirm the connectivity of the Tyr-Tyr linkages present in
10–12, their preliminary characterization (i. e., HPLC retention
and DIMS-ESI analyses) was followed by comparing their
respective 1H NMR spectra against the HRP-generated stand-
ards. The 1H NMR spectra of 10, 11, and 12 matched those of
their respective standards where, importantly, they exhibited
identical ABX patterns in the aromatic region (dd, J=8.2,
2.2 Hz). The diagnostic ABX patterns can be qualitatively
appreciated by comparing the 1H NMR spectrum of linear 8 to
that of dimer 10 (Figure 6A and Figure 6B). Assignment of the
o,o’-Tyr-Tyr linkage (2,2’-) connectivity was further supported
upon conducting 2-D NMR 1H-1H COSY (Figure S26), 1H-13C
gHSQC (Figure 6C), and 1H-13C gHMBCAD (Figure 6D and Fig-
ure 6E) experiments with 10 obtained in DMSO-d6 at 800 MHz.
The desymmetrized phenolic moiety of 10 can be mapped by
analysis of 1H-1H COSY (Figure S26) and gHSQC (Figure 6C)
spectra to distinguish Ha, Hb and Hc as labelled. Next, a
gHMBCAD experiment enabled the characterization of multi-
bond 1H-13C correlations for each proton on the aromatic ring,
Ha, Hb and Hc (Figure 6D), as well as for the phenolic proton, Hx

(Figure 6E).
Peptide dimers 10 and 11 were further characterized by

absorption spectroscopy. Compared to tyrosine, the phenolic
protons of dityrosine are more acidic (pKa 7.25).[44] As a result,
the acid and base forms have diagnostic absorbance maxima in
acidic (λmax =283 nm) and alkaline (λmax =315 nm) media.[35,45]

This is notably demonstrated in the UV absorption spectrum of
dimer 10 (Figure 7), where the chromophore arising from the
Tyr-Tyr linkage exhibits distinct pH dependent absorption
maxima at 287 nm (pH=4.0) and 316 nm (pH=10.0) in 500 mM
PB. Upon further analysis, the molar extinction coefficients (ɛ)
for 10 and 11, respectively, were calculated as 7914�
17 M� 1·cm� 1 and 7699�19 M� 1·cm� 1 at 316 nm (see the
Supporting Information). The absorption maxima and extinction
coefficients of 10 and 11 reported here are similar to previously
reported values for free dityrosine, thus, they provide additional
support for assigning the connectivity as the o,o’-Tyr-Tyr link-
age.

3. Conclusion

In summary, these studies demonstrate photosensitized oxida-
tion reactions that take place using blue-light irradiated 1 with
Tyr-containing substrates. Photosensitizer (1) is capable of
affecting oxidation at Tyr residues within peptides under
aqueous conditions at room temperature. These reactions
appear to be sensitive to solution pH and buffer concentration,
suggesting that the efficiency of the photosensitized Tyr
oxidation may be dependent on the local environment of the
application. Studies at neutral conditions, pH=7.0, demonstrate
that Tyr can be oxidized by 1 within minutes of light irradiation.
Peptide homodimerization and crossover experiments per-
formed using 1 under aqueous conditions support that oxidized
Tyr residues react in an intermolecular fashion to form stable

Tyr-Tyr dimers. These dimeric o,o’-Tyr-Tyr products were
purified by RP-HPLC and characterized using DIMS-ESI, UV
absorption spectroscopy, and NMR spectroscopic techniques.
Structural identities were confirmed by comparative analysis
with the o,o’-Tyr-Tyr product standards obtained from HRP-
catalyzed oxidative dimerization studies using the same model
peptides. The experiments outlined in this report provide a
model by which other photosensitizers designed to affect
oxidation at Tyr residues can be evaluated. In future studies, we

Figure 6. An analysis of dimer 10 NMR spectroscopy supports the assigned
2,2’ connectivity and structural desymmetrization at tyrosine. A. 1H NMR
spectrum of peptide 8 acquired at 500 MHz in DMSO-d6. B. 1H NMR spectrum
of dimer 10 acquired at 800 MHz in DMSO-d6. C. 1H-13C gHSQC spectrum of
10 acquired at 800 MHz in DMSO-d6. D and E. 1H-13C gHMBCAD spectrum of
10 acquired at 800 MHz in DMSO-d6.
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will examine the reactivity of photosensitizer 1 within more
complex proteinogenic substrates to uncover the oxidation-
induced reactivity of other amino acid residues.[7,8,57]

Experimental Section
For details regarding general materials, equipment, analytical
methods, optimization studies, characterization of compounds, and
additional experimental procedures, please see the Supporting
Information.

Optimized general procedure for pentapeptide dimerization
photosensitized by 1: To a test tube containing a magnetic stir bar
was added linear peptide (0.019 mmol, 1.0 eq.) and photosensitizer
1 (0.0475 mmol, 2.5 eq.). Upon addition, the solids were dissolved
in 1.26 mL of 500 mM sodium phosphate buffer (pH=10). The test
tube was then capped with a rubber septum and pierced with a
vent needle to maintain an aerobic atmosphere. The resulting
solution was continuously photolyzed at room temperature for
5 hours using a USTELLAR blue LED flood lamp (peak wavelength:
445 nm; radiant flux: 60 W; irradiance: 50 mW/cm2, 6.0 cm from the
source) that was placed 6.0 cm from the surface of the test tube.
Following photolysis, the mixture was diluted with 2.0 mL of
deionized water and purified by preparative RP-HPLC (method: 0%
B for 2 min, then 0% B to 20% B over 25 min; λ=220 nm) to give
the desired peptide dimer as a fluffy colorless solid following
lyophilization.
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