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Synthesis and Characterization of a Long, Rigid
Photoswitchable Cross-Linker for Promoting Peptide and
Protein Conformational Change

Fuzhong Zhang, Oleg Sadovski, and G. Andrew Woolley*®

Azobenzene-based photoswitchable compounds can be use to
photocontrol a variety of biochemical systems. In some cases,
their effectiveness may be limited by the size of the conforma-
tional change that the switch undergoes. To produce an azoben-
zene photoswitch that undergoes a large end-to-end distance
change upon isomerization, we synthesized 3,3'-diazene-1,2-di-
ylbis{6-[2-sulfonato-4-(chloroacetylamino)phenylethynyllbenzene

sulfonic acid} (DDPBA). This long, rigid, water-soluble, thiol-reac-
tive cross-linker undergoes an end-to-end distance change of
~13 A upon isomerization. DDPBA was successfully cross-linked
to peptides through cysteine side chains. The photoswitch under-
goes trans-to-cis photoisomerization maximally when irradiated
at 400 nm, although the efficiency of production of the cis
isomer is lower than for simpler azobenzenes. Under steady-state

Introduction

Covalent attachment of azobenzene compounds to biomole-
cules can be used to photoregulate biological systems. Azo-
benzene has been used to photoregulate peptide structures,’'”
3 enzyme activities,*® oligonucleotide function,”? protein/
DNA binding"®"? and ion channel activities.*"'

A general way of using azobenzene to generate a change in
biomolecular activity is to use photoisomerization to produce
a conformational change in the biomolecule. When azoben-
zene is introduced as a covalent cross-link, the end-to-end dis-
tance change upon isomerization of the chromophore can
generate such structural changes.>*'®'! The degree of biomo-
lecular structural change will, in general, depend on the mag-
nitude of the end-to-end distance change of the azobenzene
compound. For unmodified azobenzene, this distance change
is approximately 3 A" In previous studies, azobenzene was
cross-linked through amide,”” amine,”” carbamate, urea®®' and
peptide bond linkers.?? While these moieties extend the end-
to-end distance of the photoswitch, their flexibility can also
reduce the effective change in this distance upon isomeriza-
tion. For example, with the amide-functionalized azobenzene,
3,3'-bis(sulfonato)-4,4'-bis(chloroacetamide)azobenzene
(BSBCA), the end-to-end distance distribution was 11-15 A for
the cis form and 19-23 A for the trans form so that a minimum
end-to-end distance change of only ~4 A is still possible.”*

Moroder and colleagues recently introduced an azobenzene-
based cross-linker bearing rigid alkyne units at each end that
was successfully used to photocontrol the conformation of col-
lagen peptide sequences.”**?! The alkyne units significantly
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illumination conditions, the percentage of cis form produced in-
creases as temperature increases; ~56 % cis is obtained at 60°C.
Thermal relaxation occurs with a half-life of approximately
75 min at room temperature. When DDPBA was attached to an
a-helical peptide with two cysteine residues at i and i+14 posi-
tions, an increase in helix content was observed after photoirra-
diation. When cross-linked to another peptide with two cysteine
residues spaced at i and i+21 positions, a decrease in helix con-
tent after trans-to-cis isomerization was observed. Due to the
small percentage of cis form produced under the experimental
conditions, the CD signal changes were small. However, the large
structural change upon photoisomerization provided by this
cross-linker can potentially be used to photoswitch other bio-
chemical systems.

extend the length of the cross-linker, but the presence of sp*-
hybridized carbon atoms on either side of the alkyne can also
permit flexibility that mutes end-to-end distance changes pro-
duced. Standaert and Park have also reported efforts aimed at
maximizing biomolecular conformational changes by design-
ing azobenzene-based photoswitches incorporating extended
biphenyl units with a variety of substitution patterns.'”*
While several of these compounds look very promising from
examination of molecular models, their conformational effects
on peptides have yet to be measured experimentally.

Herein, we report the synthesis of a long and rigid azoben-
zene derivative, 3,3'-diazene-1,2-diylbis{6-[2-sulfonato-4-(chlor-
oacetylamino)phenylethynyl]lbenzene sulfonic acid} (DDPBA; 1)
that can be introduced into peptides and proteins by reaction
with Cys side chains. We attached this photoswitch to two
model a-helical peptides, and the behaviour of these cross-
linked peptides was characterized.
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Results and Discussion

Cross-linker and peptide design

We chose an oligo(phenylene ethynylene) (OPE) scaffold for
the design of a long, rigid linker since it provides a linear and
symmetrical structure with limited conformational heterogene-
ity. We wished to maintain site-specific reactivity with peptides
and proteins as well as water solubility. Site specificity can be
achieved by reaction with Cys residues; azobenzene cross-link-
ers based on thiol-reactive functional groups, including iodoa-
cetyl or chloroacetyl groups,””"?® methanethiosulfonates® and
alkyl halides™? have been used previously. Cys residues can
be easily introduced by solid-phase peptide synthesis or site-
directed mutagenesis. Four sulfonate groups were incorporat-
ed to provide water solubility and inhibit hydrophobic associa-
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tion after cross-linking. A non-sulfonated version of the cross-
linker proved only sparingly soluble in water, thus making re-
action with peptides difficult.*

Synthesis was performed as outlined in Scheme 1. The pro-
duction of 5 was adapted from the work of Temkina et al. and
Ruggli and Peyer®"*? Reduction of 5 to the diamine com-
pound 6 was achieved cleanly with zinc in ammonium hydrox-
ide. Subsequent oxidation to produce the azo compound 7
yielded, in addition to the desired compound, higher oligo-
mers as well as insoluble material. Selective monoprotection of
6 would avoid these side reactions, but would add two more
synthetic steps and would require chromatographic purifica-
tion of the monoprotected compound. HPLC isolation of 7 is
straightforward, and the higher oligomers obtained as side-
products could prove useful for other applications.

The end-to-end distance of DDPBA (1) in the trans and cis
conformations was estimated by using molecular dynamics
simulations (Figure 1). Models were built by using the program
HyperChem (v.8) with methyl groups replacing the Cys p-
atoms to represent the cross-linker structure after reaction
with a peptide or protein. The S-S distance for the trans
isomer ranged from 30-33 A. In the cis form, the range was
13-24 A (Figure 1A). The most probable distance was 31.5 A in
trans and 18.4 A in cis, a difference of ~13 A. The minimum
distance change is 6 A, almost double that of the BSBCA cross-
linker.”?

We then designed two test peptide sequences with Cys resi-
dues spaced to match either the trans or cis form of the cross-
linker. Both peptide sequences are derived from the general
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(3) 4)
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Scheme 1. Synthetic route to 3,3'-diazene-1,2-diylbis{6-[2-sulfonato-4-(chloroacetylamino)phenylethynyl]benzene sulfonic acid} (DDPBA; 1).
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Figure 1. A) Graph of end-to-end distances for trans and cis forms of DDPBA calculated from molecular dynamics simulations. S—S spacings in ideal helical
peptides with Cys residues at i, i+14 and i, i+21 are also shown. B) Primary sequences of a) XFZ21, b) XFZ14 and ¢) XGSH. C) Models of a) trans DDPBA-XFZ21

and b) cis DDPBA-XFZ14.
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sequence Ac-(EAAAK),-A-NH, de- A) B)
veloped by Baldwin, Stellwagen 025 — - 0.25 -
etal.,®** which is helical and
monomeric in aqueous solution. 0.20 0.20
A tryptophan with a glycine ;
spacer was added at the N ter- < 0.15— < 015497
minus of each sequence to
permit concentration measure- 0.10 010 7
ments by UV/Vis absorbance.®
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The peptide FZ21 (Figure 1B)
was designed to fit to the trans 000 — : : : : e 0.00 : : : : = :
form of the cross-linker. This 300 350 400 450 500 550 600 300 350 400 450 500 550 600
peptide has Cys residues spaced A/nm 4/nm
at i and /421 in the sequence so
that. when the peptide adopts Figure 2. UV/Vis spectra of A) DDPBA in water (—), methanol (-----) and DMSO (-+-), and B) XFZ14 in water/40%

’ Pep P acetonitrile; trans (—); cis ().

ideal a-helix geometry, the S

atoms of the Cys side chains are

spaced (32.8 +2) A apart (when side-chain rotamers are consid-
ered). Peptide FZ14, with Cys residues spaced at i and i+14 po-
sitions, was designed to fit to the cis form of DDPBA. The S-S
distance in this peptide is (21.8+2) A. These distances overlap
closely with preferred trans and cis end-to-end distances of the
DDPBA cross-linker, respectively. Models of each cross-linked
peptide (XFZ21 in trans form and XFZ14 in cis form, where X
represents cross-linked peptide) are shown in Figure 1C.
DDPBA was also treated with the small tripeptide glutathione
to serve as an unstructured peptide-bound control.

UV spectra and solvent dependence

Figure 2 shows UV spectra of the trans form of DDPBA in
water, methanol and DMSO. The maximum absorbance in
water (10 mm phosphate buffer, pH 7.0) occurs at 400 nm, red
shifted when compared with BSBCA cross-linker, which absorbs
at 370 nm. A molar extinction coefficient of DDPBA of
25600m~'cm™' at 400 nm in 10 mm phosphate buffer was de-
termined by quantitative NMR, as described in the Experimen-
tal Section. When dissolved in an organic solvent, 4,,,, shifts to
longer wavelengths. In DMSO, the maximal absorbance is at
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430 nm, 30 nm longer than that in aqueous solution. This sol-
vation effect has been observed previously in amino-substitut-
ed azobenzenes,”*?*3 put less with alkyl- and amide-substi-
tuted azobenzenes such as BSBCA. Presumably the more ex-
tended m system of DDPBA makes the UV/Vis spectrum of this
molecule more sensitive to the solvation environment than
with BSBCA. After DDPBA had been attached to glutathione or
other peptides, the UV/Vis spectra were similar to that of free
cross-linker (data not shown).

cis and trans isomers of peptide-linked DDPBA can be sepa-
rated by reversed-phase HPLC. By coupling a diode array spec-
trophotometer to the HPLC system, it is possible to obtain a
spectrum of the cis isomer before any significant thermal relax-
ation has occurred. The spectra of cis and trans isomers ob-
tained in this way are shown in Figure 2B. The spectrum of the
cis form shows a peak near 335 nm and the absorption at
400 nm decreased. The maximum wavelength of the trans
form spectrum obtained in this way shifted to 407 nm due to
the solvent effect (in 40% ACN/water), as discussed above. At
400 nm, the ratio of molar extinction coefficients between the
cis and trans forms is 1:4.65 (In 40% ACN/water). This ratio was
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used to estimate the percentage of cis form in later experi-
ments.

Thermal isomerization kinetics

In aqueous solution, the peak in the trans—cis difference UV-
visible spectrum is centred at 400 nm (data not shown). Ac-
cordingly, this wavelength of light was used to generate the
cis form. We measured the thermal relaxation rate constants at
several different temperatures and calculated the activation en-
ergies (Table 1). The cross-linked peptides have slightly longer

Table 1. Thermal relaxation half lives and activation energies.
Thermal relaxation half-life [min]
T[°C Free cross- XGSH XFZ14 XFZ21
linker
20 75.6+0.8 1M6+2 159+3 10242
30 31.54+0.2 38.2+0.2 53.9+0.2 37.2+0.1
40 9.704+0.07  14.1+0.03 21.440.08 13.44+0.05
50 5.85+0.03 5.36+0.08 7.59+0.05 5.06 +0.02
60 2.4340.01 2.174+0.01 3.9440.03 2.03+0.01
70 1.08+0.04 0.89+0.01 1.394+0.02 1.07 +£0.01
Activation
energy 16.8+0.1 19.4+0.2 18.6+0.2 18.6+0.1
[kcalmol~"]

relaxation half-lives than the free DDPBA at any temperature.
Nevertheless, all of these photoswitchable molecules show
single-exponential thermal relaxation behaviour with half-lives
of approximately 75 min at room temperature (23°C). Very sim-
ilar overall behaviour was found for BSBCA-linked molecules,
including similar activation energies. Although the DDPBA
linker is a more delocalized chromophore, a feature that can
lead to enhanced thermal relaxation rates,?®*”’ more atoms
must move to achieve the isomerization transition state with
the DDPBA linker than with the smaller BSBCA photoswitch;
this perhaps accounts for a comparatively slower relaxation
rate.

Photoisomerization and the

G. Woolley et al.

amount of the cis form produced is 87% for BSBCA,®® only

24% cis-DDPBA is produced. Moreover, we found that under
steady-state conditions (continuous irradiation), the percent-
age of cis-DDPBA produced increased as the temperature was
increased. For example, Figure 3 shows UV spectra of XFZ14,
with and without continuous irradiation at 400 nm, at different
temperatures. Without 400 nm irradiation (Figure 3A), the
spectra at different temperatures are nearly identical, thus indi-
cating that the temperature dependence of the UV spectrum
is minimal. However, under continuous irradiation (Figure 3B),
the absorption band at 400 nm decreases as the temperature
increases from 4 to 60°C. This decrease in absorbance at
400 nm indicates an increase in cis content of the sample and
not simply a temperature dependence of the cis spectrum,
because rapid cooling to 20°C of a sample irradiated at 60°C
produces more cis-DDPBA than a sample irradiated at 20°C.
This temperature-dependent behaviour is opposite to that of
BSBCA and its derivatives; in that case the percentage of the
cis form under continuous irradiation decreases as temperature
increases.

Under constant illumination, the ratio of cis to trans isomers
at the steady state is given by Equation (1):

[CI.S} _ krrans _ ¢tmns€tmnsl Fl 0 (.I )
[tanS] kcis + kthermo ¢cisscileI0 + kthermo

and the percentage of cis isomer is [Eq. (2)]:

¢tmns£ trans l Fi 0

is %0 = 100
¢s % % qbtransetransl":lo + ¢CisgciSlFI0 + kthermo

()

Here, ki, is the rate constant for trans-to-cis photoisomeri-
zation, k., is the rate constant for cis-to-trans photoisomeriza-
tion and Ky.ermo IS the rate constant for cis-to-trans thermal iso-
merization. I, is the light intensity, F is the photokinetic factor,
Ouans @aNd ;s represent the quantum yields for trans-to-cis and
cis-to-trans photoisomerization, respectively, &,,,s and & repre-

. 0.6 — 0.6
photostationary state
Upon irradiation of DDPBA at 0.5 0.5
400 nm, the spectrum shifts to-
wards that of the cis form (cf. 0 G
Figure 3A and B). We found that,

R < 034 < 034

under our standard experimental
conditions (a Xenon lamp cou- 02 02
pled to a monochromator), the
percentage of cis form produced 0.1+ 0.1+
is much less for both DDPBA
and its derivatives than that of 0.0 | : | | | 0.0 | : | | |
BSBCA-linked peptides, despite 300 350 400 450 500 550 300 350 400 450 500 550
the lamp intensity’s being some- Alnm Alnm

what higher at 400 nm than at
370 nm. For example, at 20°C,

under conditions in which the in 1cm pathlength cuvette.)
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Figure 3. A) Spectra of XFZ14 without 400 nm irradiation at various temperatures. B) Spectra of the same sample
obtained in the presence of continuous 400 nm irradiation. (20 um of XFZ14 in 10 mm phosphate buffer at pH 7.0
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sent molar extinction coefficients for trans and cis, and [ is the
path length.®®

Normally, the quantum yields ¢, and ¢, are relatively in-
dependent of temperature so that the primary effect of tem-
perature is to decrease the steady-state percentage of the cis
isomer by increasing the rate constant for thermal cis-to-trans
isomerization. This decreased cis percentage with increased
temperature is observed for BSBCA derivatives. However, with
DDPBA derivatives (for example, XFZ14 (Figure 3)), although
increasing the temperature from 10 to 60°C increases the rate
constant for cis-to-trans thermal relaxation by 120-fold
(Table 1), an increased cis percentage is observed at 60°C
(Figure 3). This result suggests that, under the conditions of
Figure 3, the thermal relaxation rate is much smaller than pho-
toisomerization rates (Kyemor Keis aNd Kyqns), and that the ratio of
Drans OVEr ¢ increases with temperature. If so, we expect the
following to be observed: 1) At any fixed temperature, if the ir-
radiation light intensity is increased, the percentage of cis form
should increase to a maximum (the photostationary state) set
by the ratio [Eq. (3)]:

d)rrans Etrans (3)
¢trans€tran5 + (/)cis Ecis

and this maximum will be larger at higher temperatures.
2) If the irradiation light intensity is reduced, to the point
where k., and ki, are smaller than Kky.mo lower temperatures
will produce more cis form because thermal relaxation is slow.

To test these predictions, we recorded UV-visible spectra of
XFZ14 under steady-state conditions with different irradiation
light intensities. The light intensity was varied by placing dye
solutions of various concentrations in the irradiation beam (see
the Experimental Section). Figure 4 shows that the percentage
of cis form produced under different irradiation conditions
matches the expectations described above (for example, when
the irradiation light intensity was reduced by 75%, more cis
form was produced at 40°C than at 60°C). At 60°C, a maximum
of approximately 56 % cis form could be obtained. Higher tem-

50
404

30

% cis

20

ﬂT T T T T 1

00 02 04 06 08 1.0

Relative light intensity (400 nm)

Figure 4. Percentage of cis form produced under steady-state illumination at

10 (x), 40 (0) and 60°C (e@). Data taken at each temperature were fitted to
Equation (2). (22 pm of XFZ14 in 10 mm phosphate buffer at pH 7.0.)
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peratures led to prohibitively fast thermal relaxation. The cis
percentage could perhaps be increased by using a narrower
excitation source centred at 400 nm such as a laser or mercury
arc lamp. Irradiation of a sample with intense light at 400 nm
at a high temperature (60°C) followed by rapid cooling of the
sample in the dark can also be used to maximize production
of the cis isomer.

The relatively inefficient production of the cis isomer of
DDPBA when compared to the BSBCA cross-linker might be
due to the influence of the phenyl ethynyl units on the photo-
chemical properties, as has been suggested recently by Tour
and colleagues.”® The size and rigidity of the DDPBA system
places a requirement for rapid movement of many atoms
during the short-lived excited state of the azobenzene chro-
mophore;*? this perhaps leads to the decreased quantum
yields for isomerization, and an increase in their temperature
sensitivity, as compared to the BSBCA system.

Effects of the cross-linker on peptide conformations:
Circular dichroism spectra

Finally, we examined the effects of the cross-linker on peptide
conformations using the test peptides FZ21 and FZ14 de-
scribed above. The un-cross-linked peptides in 10 mm phos-
phate buffer at 20°C show 65 and 32% helix content for FZ21
and FZ14, respectively (data not shown). The trans (dark-adapt-
ed) form cross-linker was expected to stabilize the o-helical
structure in XFZ21 and to destabilize a-helical structure in
XFZ14. Destabilization was observed for XFZ14, in which only
20% helix content was observed. In XFZ21, the a-helical
content was 41%, higher than that of XFZ14 but lower than
un-cross-linked FZ21. If one examines a space-filling model of
XFZ21, it is evident that the cross-linker must pack very closely
upon the peptide surface (Figure 5). Perhaps steric interference

Figure 5. Model of XFZ21 showing close-packing between the DDPBA cross-
linker (dark grey) and the peptide (light grey) van der Waals surfaces.

causes some distortion of ideal helix geometry and accounts
for the lower than expected helicity.

We then photoisomerized the cross-linked peptides by ex-
posing them to 400 nm light. Approximately 15% of cis form
was produced under our experimental conditions for the rea-
sons discussed above. In XFZ21, a decreasing of the negative
signal at 222 nm was observed upon irradiation (Figure 6A);
this indicated a decrease in a-helix content consistent with the
prediction that the cis form of the cross-linker is less compati-
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was purchased from City Chemical (New York, USA) and
used without purification.

1) Synthesis of 2-[bromo(6-nitro-1,1-dioxido-3H-2,1-benzox-
athiol-3-yl)methyl]-5-nitrobenzenesulfonic acid (4): The
sodium salt of 3 (16 g, 0.034 mol) was dissolved in water
(75 mL) at 55-58°C. Then bromine (3.46 mL, 0.065 mol)
was added with vigorous stirring. After 5 min, the reac-
tion mixture was cooled to 0-5°C. The precipitate was
filtered, then recrystallized from water to give 4.7g
(25%) of 4 as a yellow solid. 'HNMR (400 MHz,
[DgIDMSO): 6=6.60 (d, J=9.4 Hz, 1H), 7.73 (d, J/=9.4 Hz,
1H), 8.01 (d, J/=8.7 Hz, 1H), 8.15 (d, J=8.5Hz, 1H), 833
(dd, J=8.7, 2.4 Hz, 1H), 8.58 (dd, J=8.5 Hz, 2.4 Hz), 8.62

A) B) 0
-2000
5 5
£ £
< S _4000
£ £
o (5]
[=)] [o]
@ (3]
° S -6000 —
=} fas
-8000 —
-15x10 |
T T T T T -10000 T T T T T ]
200 220 240 260 200 220 240
Alnm Alnm

Figure 6. CD spectra of A) XFZ21 and B) XFZ14. Each peptide was scanned at 4, 20 and
37°C. Spectra after dark-adaptation are shown with solid lines. Spectra taken after irradia-
tion (~15% cis isomer) are shown with dotted lines. (50 um peptide in 10 mm phosphate

buffer, pH 7.0.)

ble with FZ21 a-helical structure. For peptide XFZ14, an in-
crease in a-helix content (corresponding to an increase in the
negative signal at 222 nm) was observed after irradiation (Fig-
ure 6B). This is consistent with the prediction that the cis form
of the cross-linker fits a folded a-helical structure of XFZ14.
The overall trends of the structural changes observed with
both cross-linked peptides are thus consistent with the de-
signs. We attribute the small magnitudes of the CD changes
mainly to the low yield of cis isomer obtained. However, it is
also possible that the helix-coil cooperativity of these relatively
short peptides is low, and the peptides are sufficiently flexible
that they can locally distort in response to cross-linker isomeri-
zation rather than undergoing a large-scale unfolding/folding.
Larger effects of photoisomerization may be seen with a target
biomolecule that undergoes more rigid-body motion (for ex-
ample, monomer/dimer, hinge motion).

Conclusions

We report the synthesis and characterization of a long, rigid,
water-soluble, thiol-reactive cross-linker. The cross-linker can
readily form intramolecular bridges in peptides and can induce
conformational changes in test peptides upon isomerization.
trans-to-cis photoisomerization can be accomplished by irradi-
ating the cross-linker at 400 nm. The yield of cis isomer is tem-
perature dependent, with higher yields at higher temperature
(~56% at 60°C). Thermal relaxation from the cis to the trans
isomer occurs with a half-life of approximately 75 min at room
temperature. The large end-to-end distance changes exhibited
by the cross-linker upon isomerization can in principle be used
to induce large structural changes in biomolecular systems.

Experimental Section

Synthesis of the cross-linker: Compound 3 (2,2'-(E)-ethene-1,2-
diylbis(5-nitrobenzenesulfonic acid; dinitrostilbene disulfonic acid)
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(d, J=2.4Hz, 1H), 8.63 ppm (d, J=2.4 Hz, 1H); *C NMR
(101 MHz, [DIDMSO): 6 =44.2 (s, 1C), 81.6 (s, 1C), 120.4
(s, 10), 122.7 (s, 1C), 124.9 (s, 1C), 129.1 (s, 1C), 130.5 (s,
1C), 1343 (s, 1C), 1353 (s, 1C), 138.0 (s, 1C), 141.6 (s,
10), 1426 (s, 1C), 1483 (s, 1C), 149.8 ppm (s, 1C); HR-
ESI-MS: (negative mode) C,,HgN,0,,S,Br calcd: 506.8809,
obs: 506.8828.

260

2) Synthesis of 2,2'-ethyne-1,2-diylbis(5-nitrobenzenesulfon-
ic acid) (5): A 50% solution of potassium hydroxide (30 mL) was
added to a stirred solution of 4 (9 g, 0.017 mol) in water (150 mL)
at 60-70°C. The precipitate was collected and recrystallized from
water to yield 5 (4.9 g, 65%) as a brown solid. '"H NMR (400 MHz,
D,0): 6=8.07 (d, J=8.6Hz, 2H), 844 (dd, /=8.6, 2.3 Hz, 2H),
8.75 ppm (d, J=2.3 Hz, 2H); *CNMR (101 MHz, [DJDMS0): 6=
97.5 (s, 2C), 1224 (s, 20), 124.1 (s, 2C), 127.1 (s, 2C), 135.9 (s, 2Q),
146.8 (s, 2C), 151.1 ppm (s, 2C); HR-ESI-MS: (negative mode)
Cy4H,N,0,05, calcd: 426.9547, obs: 426.9570.

3) Synthesis of 2,2'-ethyne-1,2-diylbis(5-aminobenzenesulfonic acid)
(6): Zinc powder (Aldrich, 2 g, 0.030 mol) was added in one portion
and at room temperature to a vigorously stirred solution of 5 (1 g,
2.7 mmol) in 35% ammonium hydroxide/water (150 mL). After
24 h, the solid was filtered off, and the solvent was reduced to
50 mL by rotary evaporation. The precipitate was filtered again,
and the remaining liquid was mixed with silica gel, evaporated to
dryness and introduced onto a silica gel column. The product was
chromatographed by using ethyl acetate/methanol (7:3) as the
mobile phase to give 0.58 g (67%) of 6 as a red solid. 'H NMR
(400 MHz, D,0): 6=6.9 (dd, J=8.2, 23 Hz, 2H), 7.3 (d, /=23 Hz,
2H), 7.5 ppm (d, J=8.2 Hz, 2H); *CNMR (101 MHz, D,0): 6=91.2
(s, 2C), 109.9 (s, 2C), 114.1 (s, 2C), 118.2 (s, 2C), 135.7 (s, 2C), 143.8
(s, 2C), 1470 ppm (s, 2C); HR-ESI-MS: (negative mode)
C,,H,1N,0,S, caled: 367.0064, obs: 367.0059.

4) Synthesis of 3,3'-diazene-1,2-diylbis{6-[2-sulfonato-4-(amino)phenyl-
ethynyllbenzene sulfonic acid} (7): In a 50 mL round-bottom flask,
compound 6 (1.725 g, 4.7 mmol) was suspended in distilled H,O
(18 mL), and the pH was adjusted to 8-9 by the addition of
sodium carbonate. The solution was cooled in an ice-salt bath to
—5°C, then a sodium hypochlorite solution (19 mL, 4% available
chlorine (Aldrich)) was added dropwise over 6 min. The reaction
mixture was left to stand at 4°C for 2-3 days. The reaction mixture
was then filtered, and the mother liquor was evaporated under re-
duced pressure at room temperature. The solid residue (~100 mg)
was dissolved in distilled H,O (10 mL) with tetrabutylammonium
bromide (200 mg) and injected (100-500 uL fractions) onto an
HPLC column (Zorbax SB-C18, 9.4 mm x 25 cm). Eluent: solution A:
90% H,0, 10% MeOH+1 g/2.5L tetrabutylammonium bromide,
solution B: THF. Conditions: gradient from 2 to 10% solution B
over 50 min (5 mLmin~"). The product elutes at 26-28 min and is
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the most intense peak (detector at 440 nm). Excess tetrabutylam-
monium bromide was removed by passing the resulting solution
over a cation-exchange column (SP Sephadex G25 (Sigma) equili-
brated in distilled H,O after regeneration with 0.1% NaCl, 2.5x
25 cm) to yield 048 g (6%) of 7 as a red solid. "H NMR (400 MHz,
D,0): 6=6.9 (dd, J=8.2, 23 Hz, 2H), 7.3 (d, J=2.3 Hz, 2H), 7.6 (d,
J=82Hz, 2H), 79 (d, J=8.6Hz, 2H), 8.1 (dd, J=8.6 Hz, 2.7 Hz,
2H), 8.4 ppm (d, J=2.7 Hz, 2H); *CNMR (101 MHz, D,0): 6=90.7
(s, 2C), 104.9 (s, 2C), 1084 (s, 2C), 114.0 (s, 2C), 117.8 (5, 2C), 121.9
(s,2C), 123.9 (s, 2C), 1249 (s, 2C), 1354 (s, 2C), 136.4 (s, 2C), 143.9
(s, 2C), 143.9 (s, 2C), 144.6 (s, 2C), 148.5 (s, 2C), 150.8 ppm (s, 2C);
HR-ESI-MS: (negative mode) C,gHsN,0,,5,%” calcd: 364.9907, obs:
364.9898.

5) Synthesis of 3,3'-diazene-1,2-diylbis{6-[2-sulfonato-4-(chloroacetyl-
amino)phenylethynyllbenzene sulfonic acid} (DDPBA) (1): NaOH
(~35 pmol) was added to a solution of the tetrabutylammonium
salt of 7 (15 mg, 8.5 pmol) in water to bring the pH to ~8, then
chloroacetyl chloride (7 pL, ~85 pumol) was added at 0°C. After
15 min of stirring, the pH was again adjusted to pH~8 by adding
NaOH followed by chloroacetyl chloride (7 pL). After a further
5 min, the precipitate was filtered and washed with cold water
several times then with THF to give 1 (9.4 mg, 60%) as a red solid.
'H NMR (400 MHz, [DJDMSO): 0=4.3 (s, 4H), 7.6 (d, J=8.4 Hz, 2H),
7.7 (dd, J/=8.4, 2.2 Hz, 2H), 7.8 (d, J=8.2Hz, 2H), 7.9 (dd, J=8.2,
2.3 Hz, 2H), 8.1 (d, /=2.2 Hz, 2H), 8.3 (d, J=2.3 Hz, 2H), 11.1 ppm
(s, 2H); ®CNMR (101 MHz, D,0): 6=45.8 (s, 2C), 93.0 (s, 2C), 97.8
(s, 2C), 115.6 (s, 2C), 118.6 (s, 2C), 119.8 (s, 2C), 120.9 (s, 2C), 1244
(s, 2C), 124.8 (s, 2C), 135.5 (s, 2C), 136.1 (s, 2C), 138.7 (s, 2C), 149.2
(s, 2C), 150.7 (s, 2Q), 165.7 (s, 2C), 167.4 ppm (s, 2C); HR-ESI-MS:
(negative mode) C;,H,Cl,N,0,,5,27 calcd: 440.9623, obs: 440.9605.

Peptide synthesis and cross-linking: The peptides FZ14 (acetyl-
WGACEAAAREAAAREAACRQ-amide) and FZ21 (acetyl-WGACEAAAR-
EAAAREAAAREAAARCAQ-amide) were prepared by using standard
Fmoc-based solid-phase peptide synthesis protocols.”™ All pep-
tides were HPLC-purified on a Zorbax SB-C18 column with a linear
gradient of 10-70% acetonitrile/water containing 0.1% trifluoro-
acetic acid. The compositions of the peptides were confirmed by
MALDI-MS (FZ14, calcd: 2131.0 Da, obs: 2131.3 Da; FZ21, calcd:
2771.3 Da, obs: 2771.0 Da.)

Cross-linking of peptides and covalent linking to glutathione with
compound 1 was preformed as follows: a final concentration of
0.5 mm peptide or glutathione was dissolved in sodium phosphate
buffer (50 mm, pH 8.5) containing TCEP (10 mwm). A final concentra-
tion of 2mm of cross-linker was added, and the mixture was
stirred at 37°C for 12 h. The reaction was quenched by neutraliza-
tion with 1% trifluoroacetic acid. The cross-linked peptides (XFZ14
and XFZ21) and the glutathione derivative of compound 1 (XGSH)
were then HPLC-purified by using the same method as described
above. Yields for cross-linked peptides were between 60 and 80 %.
The compositions of the cross-linked peptides were checked by
MALDI-MS (XFZ14, calcd: 2943.0 Da, obs: 2943.3 Da; XFZ21, calcd:
3583.0 Da, obs: 3583.2 Da. XGSH, calcd: 1426.1 Da; obs: 1426.2 Da).

UV/Vis spectra and photoisomerization: UV/Vis absorbance spec-
tra were obtained on a Shimadzu UV-2401PC UV/Vis recording
spectrophotometer or a diode array UV/Vis spectrophotometer
(USB4000, Ocean Optics Int., Dunedin, FL, USA) coupled to a tem-
perature-controlled cuvette holder (Quantum Northwest, Inc., Spo-
kane, WA, USA) The latter arrangement was used to determine
thermal relaxation rates, and steady-state spectra under UV/Vis illu-
mination. Irradiation of the sample, at 90° to the measuring beam,
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was carried out with a xenon lamp (Osram 450 W XBO/2 OFR) cou-
pled to a double monochromator with slits at 16 and 16 nm.

The molar extinction coefficient of DDPBA was determined as fol-
lows: an NMR sample with a mixture of DDPBA and a known con-
centration of CH,Cl, in [Dg]DMSO was prepared. The concentration
of DDPBA was measured by comparing the areas of methylene res-
onance of CH,Cl, with the area of the aromatic ring signals of
DDPBA. The DDPBA sample was later diluted in phosphate buffer
(10 mm, pH 7.0), and UV/Vis spectra were taken to calculate the
molar extinction coefficient.

Rates of thermal cis-to-trans isomerization were measured at a
series of temperatures by monitoring absorbance changes at
400 nm after photoirradiation. All curves were fitted to single-ex-
ponential decay kinetics.

To obtain the UV/Vis spectrum of the cis state, a diode array UV/Vis
spectrophotometer was used as a detector for the HPLC chromato-
graph. The sample was prepared by irradiating (400 nm) XFZ14
(50 um) in phosphate buffer (10 mm, pH 7.0) at 50°C in a quartz
cuvette until no further decrease in A,pnm Was observed (~5 min).
The sample was then diluted sixfold by the addition of ice-chilled
water (400 pl). Immediately after dilution, the cuvette was trans-
ferred into an ice bath. The sample was injected into HPLC after it
had been cooled to <10°C. cis and trans isomers were separated
on a Zorbax SB-C18 column with a linear gradient 10-70% aceto-
nitrile/water containing 0.1% trifluoroacetic acid (flow rate:
2 mLmin™"). The diode array UV/Vis spectrophotometer was set to
take scans continually with an integration time of 600 ms for each
spectrum.

For steady-state spectra, XFZ14 (22 um) in phosphate buffer
(10 mm, pH 7.0) was incubated at a series of temperatures and irra-
diated with the xenon lamp (400 nm) until no further absorbance
change was observed. The spectra were recorded immediately
(<0.2 s) after the shutter controlling the xenon lamp was closed.
The irradiation light intensity was manipulated by setting a 1 cm
quartz cuvette containing different concentrations of a 400 nm-ab-
sorbing dye in front of the sample cuvette to act as a filter. The
400 nm-absorbing dye was prepared by incubating dithiol-2-nitro-
benzoate (DTNB) with two equivalents of (-mercaptoethanol in
phosphate buffer (50 mm, pH 8.5) for 1 h. This stock solution was
then diluted for use. The relative light intensity falling on the test
sample was calculated from the absorbance of the filter dye solu-
tion. The wavelength distribution of the irradiation light (a narrow
peak centred at 400 nm) was unaffected by the presence of the
filter dye.

Circular dichroism measurements: CD spectra were recorded on
an Olis RSM 1000 circular dichroism spectrophotometer with a
Quantum Northwest peltier accessory. CD measurements were car-
ried out at 4, 20 and 37°C in a T mm pathlength cuvette with pep-
tide concentrations of 50 um in phosphate buffer (10 mm, pH 7.0).
Each spectrum was scanned from 260 to 195 nm with an integra-
tion time of 3s at each wavelength. All spectra were averaged
from 3 scans and baseline-corrected by using a blank consisting of
phosphate buffer (10 mm, pH 7.0). To obtain CD spectra of the irra-
diated state, cross-linked peptide (50 um, 400 pl) was irradiated at
50°C in a quartz UV/Vis cuvette for 5 min. The cuvette was then
quickly transferred into an ice bath for cooling. From this solution,
350 pL was transferred to a CD cuvette for scanning. The remain-
ing 50 uL sample was used to determine by UV/Vis spectrometry
the percentage of the cis form present.
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Molecular modelling: Models of cis and trans cross-linkers were
built by using HyperChem (v.8, Hypercube Inc.) with the linker ter-
minated with methyl groups to represent the (3-carbon of Cys in
the cross-linked peptide, and minimized by using the Amber99
force field. Restraints were added to the azo bond for the cis con-
formation (force constant 16). Molecular dynamics runs were per-
formed in vacuo essentially as described previously® with a dis-
tant-dependent dielectric, and 1-4 scale factors of 0.833 for elec-
trostatic and 0.5 for van der Waals interactions, a step size of 1 fs
and 300 K as the simulation temperature. Trajectories were ana-
lyzed to verify that numerous torsion angle changes occurred for
all single bonds during the course of the simulation so as to
ensure that conformational space was adequately sampled. All-
points histograms were then produced for the S-S distance during
the full set of simulations for each isomer.
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