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ABSTRACT: The photoisomerization of azobenzenes provides a general means for the
photocontrol of molecular structure and function. For applications in vivo, however, the
wavelength of irradiation required for trans-to-cis isomerization of azobenzenes is
critical since UV and most visible wavelengths are strongly scattered by cells and tissues.
We report here that azobenzene compounds in which all four positions ortho to the azo
group are substituted with bulky electron-rich substituents can be effectively isomerized
with red light (630—660 nm), a wavelength range that is orders of magnitude more
penetrating through tissue than other parts of the visible spectrum. When the ortho
substituent is chloro, the compounds also exhibit stability to reduction by glutathione,

enabling their use in intracellular environments in vivo.

B INTRODUCTION

Photochemical switches are broadly useful tools; they permit
one to use a highly versatile reagent, light, to direct molecular
responses in a reversible (on/off) manner. A number of
molecular classes are known to undergo photoisomerization.
The majority of these, however, require UV light for at least
one of the photoswitching directions. Except in certain model
organisms, such as C. elegans and the zebrafish” and in
specialized organs such as the eye, in vivo single-photon optical
applications require red (or near-infrared) light to achieve
significant penetration through tissue.” Naturally occurring
photoswitches such as the phytochromes and the rhodopsins
have evolved to undergo red-light photochemistry, and several
of these are being engineered as tools for manipulating
molecular processes in vivo.”* These photoswitches are limited
to protein photocontrol, however, and their requirement for
large protein cofactors limits versatility for nanotechnology
applications.

The photoisomerization of azobenzene, discovered in 19378
is a well-defined and extensively applied process. The parent
molecule is approximately planar in its thermally stable trans
conformation. Irradiation with UV light produces the cis
isomer, which has a bent conformation and a much larger
dipole moment. These molecular changes have been used to
drive a myriad of functional outcomes in various settings.”®
While application of azo compounds in living cells and tissues
has been achieved in specific cases,”””'* the limitations of using
UV light in vivo have driven efforts to prepare azo compound
that operate with longer wavelengths of light.">"¢

Previously we found that the tetra-ortho-methoxy-substituted
azobenzene derivative (1-rf) has n—z* transitions in the visible
(blue/green) region that are well separated for the cis and trans
isomers making photochemical switching possible without
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using UV light.'” Unlike derivatives in which the z—z*
transitions are shifted to longer wavelengths,m’19 these ortho-
substituted species showed slow (hours) thermal back
reactions.

C2-bridged azobenzene species have also been reported that
have well-separated n—z* transitions and can be isomerized
with visible light.zo_22 In these cases, however, the trans isomer,
which has the longer-wavelength absorption band, is
thermodynamically less stable than the cis isomer. Control of
molecular processes in settings where only long-wavelength
light can penetrate may be easier to achieve if light drives
production of the thermodynamically less stable isomer and the
system relaxes thermally in the dark.

Recently Aprahamian and colleagues™ and Hecht and
colleagues™ have reported that BF,-coordinated azobenzenes
and ortho-fluoro-substituted azobenzenes, respectively, can also
exhibit visible light switching properties. Since visible light
switching is appealing for use in biological systems that are
sensitive to UV light, we decided to explore more fully the
behavior of this type of photoswitch. We report the discovery
that a variety of tetra-ortho-substituted azobenzene compounds
can be effectively isomerized with red light (see Chart 1). In
addition, ortho-chloro-substitution confers stability to reduc-
tion by glutathione enabling use of these switches in
intracellular environments in vivo.

B MATERIALS AND METHODS

Synthetic Methods. The compound 1-rf was prepared
previously.'” The route employed in that case proved difficult to
adapt to the synthesis of a chloroacetamido-substituted version (1)
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Chart 1. Tetra-Ortho-Substituted Azobenzene Derivatives
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suitable for cross-linking to peptides. Instead we adopted the synthetic
route shown in Scheme 1.

Scheme 1. Synthesis of 1¢
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“Conditions and reagents: (a) p-Toluenesulfonyl chloride, pyridine,
100 °C, 1 h, yield 80%; (b) NaNO,, HNO,/AcOH, yield 60%; (c)
Conc. H,SO,, 16 b, yield 70%; (d) i) NaNO,, dil. HCI, 0—5 °C, 20
min ii) 3,5-dimethoxyaniline, H,O, sat. NaHCO; (pH 8-9), 5 °C to
rt, 12 h, yield 31%; (e) SnCl,, anhyd. DMSO, 48 h, yield 7%; (f)
chloroacetyl chloride, triethylamine, CHCl;, 5 °C to rt, 12 h, yield
62%.

This approach makes use of the para-directing property of the tosyl
group under the specific reactlon conditions to cleanly give 7 as
originally noted by Wepster.”®> Reduction of 9 to give 10 gave low
yields likely for the same reasons that the final compound is sensitive
to reduction by glutathione (vide infra).

The syntheses of 3 and 3-rf were achieved as shown in Scheme 2. In
this case a reductive step was avoided; the azo unit was formed using
potassium permanganate and copper sulfate?® and elaborated using a
Suzuki reaction to give 13. Initial nitration of 1-bromo-3,5-
dimethoxybenzene led to the production of two isomers. The major
product was 1-bromo-3,5-dimethoxy-2-nitrobenzene. The production
of 2 using KMnO,—CuSO,-SH,0 was successful, but the yield was
low; a highly polar side product was formed, which we could not
characterize. The yields of Suzuki cross-coupling reactions were also
comparatively low. Even though we used nearly 3—4 equiv of
arylboronic acids and long reaction times, significant amounts of
mono-coupled products were isolated. Yields of the bis-coupled
products might be improved by systematic testing of different solvents
and reaction conditions.

Syntheses of the tetra-ortho-halo derivatives (4, 4-rf, and 5-rf) are
outlined in Scheme 3. AgO oxidation of commercially available 4-
acetamido-2,6-dibromoaniline led to 5-rf in only 10% yield and several
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Scheme 2. Synthesis of 3 and 3-rf*
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“(g) HNO;, Ac,0, 0 °C to rt, 4 h, yield 19%; (h) Fe, NH,Cl, MeOH,
reflux 4 h, yield 57%; (i) KMnO,—CuSO,-SH,0, dichloromethane,
reflux, 48 h, yield 20%; (j) 4-aminophenylboronic acid hydrochloride,
Pd(PPh;),, NaHCOj,, anhyd. 1,2-dimethoxyethane, 90 °C, 24 h, yield
54%; (k) chloroacetyl chloride, K,COs, anhyd. DMF, 0 °C—r1t, 3 h,
yield 62%; (1) 4-acetamidophenylboronic acid, Pd(PPh;), K,CO,,
anhyd. 1,4-dioxane, 110 °C, 24 h, yield 33%.

Scheme 3. Synthesis of 4, 4-rf, and 5
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“(m) HCHO, NaHSO,, EtOH/H,0, 70 °C, 24 h, yield 84%; (n) i)
NaNO,, H,80,, AcOH/DME, 0° C, 2 h, ii) 14, DMF, 0 °C to rt, 72 h,
iii) 20% NaOH, 70 °C, 2 h, overall yield 26%; (o) Na,S, 1,4-dioxane/
EtOH/H,0, 90 °C, 24 h, yield 42%; (p) chloroacetyl chloride,
pyridine/diethyl ether, 0 °C to rt, 1 h, yield 67%; (q) acetic anhydride,
pyridine, 0 °C to rt, 12 h, yield 70%; (r) AgO, acetone, rt, 72 h, yield
10%.
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Table 1. Sequences and Properties of Cross-Linked Peptides

peptide sequence”
FK11 WGEACAREAAAREAACRQ
pAib WGEACAABAABAABACRQ
Edbl-A WGEACARAAAARAAACRQ
R10-A WGEACAREAAAAEAACRQ
RS-A WGEACAAEAAAREAACRQ
RSRI10A WGEACAAEAAAAEAACRQ
E-rich WGEACAREAEAREAECRQ
A8-G WGEACAREAGAREAACRQ
pG WGEACAREGGGREAACRQ
JRK-7 EACARVBAACEAAARQ
SS-17b WGACEAAAREAAAREAAARECAAQ
FK1 lb WGEACAREAAAREAACRQ
FK11¢ WGEACAREAAAREAACRQ
GSH yECG (X2)

ac

Amax (7—7*) (nm)

Amax (n—=7%) (nm) cis 7, (h)?

363 489 6
367 474 13
350 482 12
372 490 22
362 483 4.3
373 493 2.0
366 491 7.2
360 477 17
359 471 27
359 470 -
358 480 36
357 479 45
327 480 3.5
369 471 -

B” denotes an Aib residue; all peptides are N-acetylated and C-amidated. ”Cross-linked with 3. “Cross-linked with 4. “Measured at 37 °C.

highly polar to nonpolar side products were produced, which we could
not characterize. One could prepare S-rf via a diazonium coupling
reaction sequence of four steps as used for 4-rf, but the overall yield
would appear to be less than 10%. In general, we obtain low yields for
diazo coupling reactions of di-ortho-substituted donors and di-ortho-
substituted acceptors, which we believe is due to steric hindrance
caused by the ortho substituents. Higher yielding synthetic approaches
to these types of compounds would be very useful.

Peptide Synthesis and Cross-Linking. The peptides listed in
Table 1 were prepared using standard Fmoc-based solid-phase peptide
synthesis methods and purified by reverse-phase HPLC on a
semipreparative RX-C8 column (Zorbax, 9.4 mm ID X 255 mm)
using a linear gradient of 10—65% acetonitrile/H,O (containing 0.1%
trifluoroacetic acid) over a course of 25 min. The molecular
compositions of peptides were confirmed by ESI-MS [M*].

The cross-linking reactions of peptides were generally carried out in
50% DMSO/water. A solution of 0.5 mM peptide (freshly purified by
HPLC) and 2 mM cross-linker in SO mM Tris buffer at pH 8 was
stirred at 40 °C under a nitrogen gas atmosphere for 20 h. The
progress of the reaction was monitored using MALDI mass
spectrometry. The reaction was dried under high vacuum, and the
cross-linked peptide was purified by HPLC (SB-C8 column, as
described above) using a linear gradient of 10—70% acetonitrile/water
(containing 0.1% trifluoroacetic acid) over the course of 25 min. The
compositions of cross-linked peptides were confirmed by ESI-MS.

Microinjection into Zebrafish Embryos and Fluorescence
Imaging in Vivo. Zebrafish embryos (Danio rerio, AB strain) were
maintained at 28 °C and staged as described in Kimmel et al:>” 3 L
of each peptide: Fl-(Pro),-FK11) linked to 4 (in PBS, 1.0 mM), and
the unlinked control peptide FI-(Pro),-FK11) (in PBS, 1.3 mM) were
backfilled into glass needles, and ~3 nL of each were injected into the
yolk of 1—2 cell-stage embryos (n > 25 for each group). Embryos were
maintained in the dark. Images were captured with a Lumar VI2
fluorescent stereomicroscope (Zeiss) with an Axiocam MRc digital
camera and software. Development appeared normal as determined by
comparing injected embryos to uninjected embryos at each stage
(Figure S6 in Supporting Information [SI]). Fluorescence imaging and
time courses were carried out on an Olympus IX71 microscope with a
UPlanFL 10X/0.30 NA objective lens. The illumination source was a
103-W/2 short arc mercury lamp (3000 Im). Photoswitching was
carried out at room temperature (~23 °C). A fluorescein filter set
(Omega Optical Inc. Alpha Vivid XF100-3, ex. 450—490 nm, em.
505—580 nm) was used for imaging the embryos and as the blue light
source to trigger cis-to-trans isomerization. A customized CyS filter set
with excitation filter (630AF50/25R (606—650 nm)) was used as the
red light source to cause trans-to-cis isomerization. Exposure to ~5 s
of red light (nominally (out of focus) 60 mW/cm?) was routinely used
to produce the maximum amount of the cis isomer.
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B RESULTS AND DISCUSSION

Red-Light Photoswitching of 1. To explore the suitability
of tetra-ortho-methoxy-substituted azobenzene derivatives for
biomolecule photocontrol, we synthesized the thiol-reactive
derivative 1 suitable for linking to peptide and protein targets.
We used 1 to cross-link the helix-forming peptide FK11, which
has Cys residues spaced i, i+11 in the sequence (Table 1). This
peptide is well-established as a sequence where helix—coil
transitions can be driven by cis—trans isomerization of
azobenzene switches.”®

Surprisingly, attachment to the peptide caused a red-shift in
the absorbance of 1 relative to the reference compound 1-rf in
water (Ao 490 vs 470 nm) (Figure 1a). While this A, is still a
long way from the red region of the spectrum, the n—z* band
has a tail past 600 nm (Figure 1a). Moreover, if one plots the
ratio of the absorbance of the trans and cis isomers of 1 linked
to the FK11 peptide, it is seen that the trans isomer has a larger
absorbance than the cis throughout the wavelength range 500—
700 nm (Figure 1b). This behavior is not observed with
common azobenzene photoswitches that do not have the tetra-
ortho-substitution pattern. We therefore decided to irradiate
the sample with red light (635 nm, 90 mW/cm?*) and found
nearly complete (~98%, based on comparison with the isolated
cis isomer of 1-rf)'” conversion to the cis isomer (Figure 1a).
As expected, trans-to-cis isomerization of the photoswitch also
drove helical folding of the attached peptide (Figure 1c,d). We
found that irradiation with 660 nm light of similar intensity (80
mW/cm?) also produced trans-to-cis isomerization but at a
slower rate consistent with a weaker absorbance of the
photoswitch at longer wavelengths (Figure la). Because the
thermal back reaction is slow (7, 6 h, Table 1) even a
relatively slow rate of photochemical trans-to-cis isomerization
produces the cis isomer at a competitive rate. Near-IR
wavelengths (760 nm, 1 W/ cm?) however, proved ineffective
in causing isomerization. The trans isomer can be regenerated
(to ~85%) rapidly with blue light (Figure S1 in SI).

From a biological applications standpoint, the importance of
being able to drive isomerization with red rather than green
light can be appreciated simply by shining a red vs a green laser
pointer at one’s hand; the absorption coefficients of oxygenated
mammalian tissue differ by a factor of ~100 between 635 nm
(red) and 535 nm (green) wavelengths.3 Red-light-driven
isomerization thus makes optical manipulation of targets in
higher organisms possible.

dx.doi.org/10.1021/ja402220t | J. Am. Chem. Soc. 2013, 135, 9777-9784
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Figure 1. (a) UV—vis spectra of the peptide FK11 (WGEACAREAA-
AREAACRQ) cross-linked with 1. Dark-adapted (trans) spectra and
red-light-irradiated (635 nm, 90 mW/ cm? for 5 min or 660 nm, 80
mW/cm? for 25 min) spectra in $ mM NaPi buffer pH 7.0, 20 °C. (b)
Ratio of the absorbance of the dark-adapted cross-linked peptide to
that of the red-light-irradiated sample (trans/cis) (c) Model of the
FK11 peptide cross-linked with 1 in trans and cis states. (d) Circular
dichroism (CD) spectra of 1-cross-linked FK11 indicate a red-light-
driven decrease in helix content.

Red-Light Photoswitching Occurs with a Variety of
Peptides. Concerned that this result was due to a peculiarity
of the interaction of 1 with the specific peptide sequence FK11,
we made a series of analogues of the peptide that varied greatly
in helical propensity and/or amino acid composition near the
photoswitch attachment site (Table 1). The 4,,,, of the n—z*
transition of the trans isomer varied significantly among these
peptides (Table 1). However, all of these, even those with
extremely weak absorbance in the red region of the spectrum,
could be isomerized effectively with red light (Figure S1 in SI).
Red-light-driven trans-to-cis isomerization resulted in a
decrease in the a-helix content of the attached peptide in
each case (Figure S2 in SI). As expected, the rate of trans-to-cis
conversion with red light of a given intensity and a given
wavelength depended on the molar extinction coefficient of the
switch/target combination.

Factors Affecting the Position of the Absorption
Bands. Time-dependent density functional theory calculations
suggest that the red-shift of the n—7* band of the trans isomer
arises due to a destabilization of the HOMO centered on the
azo nitrogen lone pairs because of the close proximity of the
methoxy oxygen lone pairs."” We propose that the variability of
the position of the trans n—7z* band among 1-cross-linked
peptides is due to variation in solvent H-bonding to the azo
nitrogens and methoxy groups and concomitant alteration in
the degree of coplanarity of the aromatic rings. This hypothesis
is consistent with the finding that the position of the n—n*
transition of the trans isomer of 1-rf is temperature sensitive in
water."”

A specific example of the effects of H-bonding on the
absorption properties of a tetra-ortho-methoxy azobenzene
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compound was encountered during the preparation of
derivatives of 1. Two distinct crystal forms of para-bromo
tetra-ortho-methoxy azobenzene (2) were isolated from a
chloroform/methanol solution. In one form, the aromatic rings
are highly twisted at an angle of 65° (Figure 2a). In the second
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Figure 2. X-ray crystal structures of 2 without solvent (a) and with
cocrystallized chloroform molecules (b). In the solvent-free form, the
rings are highly twisted at an angle of 65°. In the second crystal form,
the H atoms of each of two chloroform molecules interact with an azo
nitrogen atom and oxygen atoms from two methoxy groups. These
interactions result in a much more planar ring system. (c) Calculated
(TD-DFT, B3LYP/6-311++G**) spectra of 2 based on the X-ray
structures before and after optimization (opt). Only the nonplanar
structures show long wavelength n—7* absorption bands.

form, the H atoms of each of two chloroform molecules H-
bond with an azo nitrogen atom and oxygen atoms from two
methoxy groups (Figure 2b). These interactions result in a
nearly planar ring system. Time-dependent density functional
theory calculations (B3LYP/6-311++G**) on each of these
structures confirm large changes in the position of the n—z*
(and m—z*) bands (Figure 2c), and indeed, the two crystal
forms have distinct colors (orange, yellow).

The Generality of Red-Light Switching with Tetra-
Ortho-Substituted Azo Compounds. To further test the
generality of the tetramethoxy scaffold as a red-light switch, we
synthesized the extended derivatives 3 and 3-rf (Scheme 2).
The trans isomer of compound 3 has an end-to-end distance of
~20 A, and this changes to ~12 A upon isomerization to cis.””
Photocontrol of the structure of larger peptides and proteins is
likely to be facilitated with longer rigid photoswitchable cross-
linkers of this type.*® The X-ray structure of the trans isomer of
3-rf showed the compound was also nonplanar (Figure 3b). A
red-shifted n—7z* band and effective red-light driven trans-to-cis
isomerization (93% cis) was observed with 3-rf in solution
(Figure 3a, Figures S3, S4 in SI). Attachment of photoswitch 3
to peptides with Cys residues spaced i, i+17 (trans) and i, i+ 1
(cis) was found to enable red-light-driven helix—coil transitions,
either increasing or decreasing helix content, depending on the
Cys spacing (Figure 3c,d, Figure S2 in SI).

We then tested whether oxygen substituents were strictly
required by synthesizing ortho-chloro- and -bromo- derivatives
(4-rf, 5-rf) (Scheme 3). The chloro and bromo species also
gave trans isomers with red-shifted n—z* transitions that could
be effectively isomerized to the cis form with red light (Figures
S3, S4 in SI). Cross-linking of the peptide FK11 with 4 again
led to photocontrol of helix content upon red-light illumination
(Figure 4). The result is therefore quite general.

dx.doi.org/10.1021/ja402220t | J. Am. Chem. Soc. 2013, 135, 9777-9784
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Figure 3. (a) UV—vis spectra of cross-linked with 3. Dark-adapted
(trans) spectra and red-light-irradiated (635 nm, 90 mW/cm? for 5
min) spectra in S mM NaPi buffer pH 7.0, 20 °C. (b) X-ray structure
of trans 3-rf. (c) Model of FK11 cross-linked with 3 in trans and cis
states. (d) CD spectra of 3-cross-linked FK11 showing a red-light-
driven increase in helix content.
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Figure 4. (a) UV—vis spectra and (b) CD spectra of compound 4
cross-linked to peptide FK11 (see Table 1 for sequence) under the
indicated irradiation conditions in 10 mM sodium phosphate buffer,
pH 7, 20 °C.

We did not synthesize the corresponding fluoro derivative
since it was not predicted (B3LYP, 6-31G*) to show a large
separation of n—z* bands. However, Hecht and colleagues have
reported that, in fact, this derivative does show separation of
the n—7* bands, particularly when an electron-withdrawing
para-substituent is present.”* It would be of significant interest
to test if this compound, too, undergoes red-light switching.
The trans isomer of the BF2-substituted azo compound
reported by Aprahamian et al. has a higher extinction coeflicient
than the cis isomer at wavelengths greater than 600 nm and,
thus, may also be expected to undergo red-light-driven
isomerization. The surprising enhancement of the thermal
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relaxation rate reported for this compound in the presence of
oxygen may complicate biological applications, however.?

Resistance to Reduction by Glutathione. A second
concern besides the wavelength for photocontrol in vivo is the
chemical and metabolic stability of the photoswitch. Azo
compounds may undergo photobleaching, reduction by
intracellular glutathione, or enzymatic metabolism. These
processes depend critically on the specific structure of the
azo compound and its redox potential.">*' The tetra-ortho-
methoxy compounds 1 and 3 were found to be stable to
photobleaching but underwent slow reduction (z;,, & 1 h) in
the presence of 10 mM reduced glutathione in their trans
isomeric states (Figure SS in SI). This sensitivity to reduction
means that only extracellular use and short-term intracellular
use are possible in vivo.

The tetra-ortho-chloro-substituted azobenzene compound 4,
however, proved resistant to reduction by glutathione in both
isomeric forms (Figure S) and was also stable to photo-
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Figure S. Stability to photobleaching and to reduction by glutathione
of 4-cross-linked FK11 (a) Multiple cycles of red-/blue-light switching
in 10 mM phosphate buffer, pH 7. (b) Photoswitch 4, in the trans
state, cross-linked to FKI11 was incubated in 10 mM reduced
glutathione for 16 h at 25 °C. The first scan is shown as a solid
black line. Intermediate scans are shown as red lines. The final scan is
shown as a black dotted line. No change is evident. Normal red/blue
light photoswitching (as in Figure 4) was observed after this
incubation. (c) Photoswitch 4, in the cis state, cross-linked to FK11
was incubated in 10 mM reduced glutathione for 16 h at 25 °C.
Thermal cis-to-trans isomerization also occurs over this time period.
Normal red-/blue-light photoswitching was observed after this
incubation.

bleaching (Figure S). This result was unexpected since chloro
substituents are more electron-withdrawing than methoxy
substituents and so might be expected to increase susceptibility
to reduction. The nonplanar conformation of the trans isomer
decreases the electron-donating ability of the methoxy groups
via resonance, but the methoxy group is still less electron
withdrawing than the chloro group via induction.”

The mechanism of reduction of azo compounds by thiols has
been studied by Kosower and colleagues who determined that,
for diazenedicarboxylic acid derivatives, the thiol attacks one
azo nitrogen atom, and the second azo nitrogen atom becomes
protonated to give a sulfenyl hydrazine derivative.”®

dx.doi.org/10.1021/ja402220t | J. Am. Chem. Soc. 2013, 135, 9777-9784
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The azo compounds studied here are more electron rich than
the compounds studied by Kosower. We hypothesize that thiol
attack in the present case is facilitated by prior, or concomitant,
protonation of the azo group to enhance its electrophilicity. If
this is the case, the enhanced rate of reduction of the tetra-
ortho-methoxy compound by glutathione could be due to a
higher effective pK, of the azo group. We determined the ease
of protonation of the tetra-ortho-methoxy (1)- and tetra-ortho-
chloro (4)-substituted FK11 by measuring UV—vis spectra as a
function of pH (panels a and b of Figure 6). These data confirm
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Figure 6. Protonation of the azo group of 1-cross-linked FK11 (a)
becomes significant below pH 4, whereas no protonation is evident for
4-cross-linked FKI11 even at pH 1.3. The pHs are indicated in the
figure. (b). Calculated minimum energy structures (B3LYP/6-311+
+G**) of 1-rf (c) and 4-rf (d) indicate that protonation leads to a
planar structure for 1-rf. The protonated 1-rf may be represented as
shown in (e) and is expected to be attacked by thiols more easily than
the unprotonated form.

that the tetra-ortho-methoxy species is more easily protonated
than the tetra-ortho-chloro 4-substituted FK11 peptide. The
conformations of the protonated cross-linkers were determined
using computational methods (B3LYP/6-311++G**) and are
shown in panels ¢ and d of Figure 6. The tetra-ortho-methoxy
compound is planar, while the tetra-ortho-chloro species
remains twisted. The planar conformation of the protonated
tetra-ortho-methoxy compound again implicates H-bonding to
the methoxy groups as playing an important role in the
behavior of these compounds. Protonation of an azo nitrogen is
expected to facilitate attack by thiols as shown in Figure Ge.
This may occur prior to, or in concert with, nucleophilic attack.

Red-Light Photoswitching in Vivo. To examine the
possibility of photoswitching with red light with photoswitch 4
directly in vivo, a fluorescent reporter sequence (fluorescein-
[p]-PPPPPPPPPEACAREAAAREA-ACRQ; Fl-(Pro),-FK11)
was designed. D-Amino acids were used to avoid degradation
of the reporter peptide by proteases in vivo."® Fluorescein was
chosen since its emission spectrum overlaps to different extents
with the n—z* bands of the trans and cis isomers of 4; thus,
fluorescence should be quenched to different extents by the
trans and cis isomers via fluorescence resonance energy
transfer. Blue light was expected to excite fluorescein and
simultaneously drive cis-to-trans isomerization of the photo-
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switch. Also, intense red light was expected to drive trans-to-cis

isomerization without exciting (or bleaching) fluorescein.
Figure 7 shows models of the fluorescent reporter peptide

cross-linked with 4. A solution of the peptide was first irradiated
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Figure 7. (a) Models of the fluorescent reporter peptide fluorescein-
[0](Pro)y-FK-11 cross-linked with 4 in the trans (blue irradiated and
cis (red irradiated) states. The trans state results in greater quenching
of fluorescein emission. (b) In vitro photoswitching in 20% DMSO in
phosphate buffered saline. Samples were pre-irradiated with red light
to convert them to the cis state. Samples were then irradiated with
blue light (460 nm), and fluorescence emission at 520 nm was
monitored as a function of time. Blue light excites fluorescein and
simultaneously switches the azo group from cis to trans. As the blue
light intensity was increased by increasing the excitation mono-
chromator slit width (indicated), the rate of cis-to-trans isomerization
increased. No fluorescence change was seen if the sample was not first
converted to the cis isomer with red light (black trace).

with red light to convert the photoswitch to the cis isomeric
state. The solution was then exposed to blue light, and the time
course of fluorescence emission was monitored. As expected,
blue light produced a time-dependent fluorescence decrease as
it converted cis species into trans (Figure 7b). The rate of this
process depended on the intensity of the blue-light source
(which was varied by varying the excitation slit width in the
fluorescence spectrophotometer in Figure 7b).

To test photoisomerization in vivo, the reporter peptide was
microinjected into zebrafish embryos. The zebrafish provides a
convenient model system for in vivo testing of photoswitchable
peptides and proteins."® First, microinjection into the yolk at
the yolk—cell interface during embryogenesis ensures the
photoswitchable biomolecule is carried throughout the
organism to all types of cells and tissues. Second, the optical
transparency of the fish embryos enables convenient
fluorescence monitoring of the photoswitch using a blue-
light-absorbing/green-light-emitting dye, and finally, blue light
can be used to reset the switch in order to rapidly test many
cycles of photoswitching. Zebrafish embryos (n > 25 for each
group) were injected at the 1—2 cell stage with the FI-(Pro)o-
FK11 peptide cross-linked with 4 or an uncross-linked control
peptide and subsequently imaged at 5.5 h post fertilization
(hpf) or 24 hpf. In all cases, there was no evidence of gross
morphological changes or delays in the rate of development,
indicating no apparent peptide toxicity (Figure S6 in SI).
Robust fluorescence changes confirming red-light/blue-light
switching were seen at least until the early pharyngula period of
development®” (~30 h) (Figure 8a,b) The fluorescently labeled
peptide fluorescein-(Pro),-FK11 lacking a photoswitch did not
show any time-dependent emission, only a linear bleaching
(Figure 8c,d).
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Figure 8. (a) Fluorescence image of a zebrafish embryo (early
pharyngula stage/~30 hpf) containing the fluorescent reporter peptide
fluorescein-[p](Pro),-FK-11 cross-linked with 4. (b) Measurements of
fluorescence intensity at the zones indicated by black boxes in (a), as a
function of time during blue light irradiation. As was observed in vitro
(Figure 7), a change in fluorescence emission was seen only if the
peptide was first switched with red light (indicated by red bars). No
pre-irradiation with red light (indicated by black bar) before blue light
produces no exponential (switching) transient, only a background
slope due to fluorescein reporter photobleaching. Note the blue light
intensity is ~1000 fold higher here than in Figure 7. (c) Fluorescence
image of a zebrafish embryo (~30 hpf) containing the fluorescent
reporter peptide fluorescein-[p](Pro),-FK11 without a photoswitch.
(d) Measurement of fluorescence intensity of the nonswitchable
peptide as a function of time during blue-light irradiation after pre-
irradiation with red light as in (b).

B CONCLUSIONS

As a class, the tetra-ortho-substituted azobenzene compounds
described here extend the versatility of azobenzene-based
switches for in vivo use by providing the capability of
conformational control using red light. Red light can effectively
penetrate tissue in most organisms, and red-light-absorbing
compounds can permit studies on whole living animals.***>
These red-light switchable azo compounds can be readily
synthesized and derivatized for attachment to a wide variety of
targets. Their small size combined with their robust and
predictable conformational changes can be used to rationally
design a wide range of light-driven molecular responses.
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