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Summary

Reversible photocontrol of peptide and protein confor-
mation could prove to be a powerful tool for probing
function in diverse biological systems. Here, we report
reversible photoswitching of the helix content in short
peptides containing an azobenzene cross-linker be-
tween cysteine residues at positions i, i + 4, ori, i +
11 in the sequence. Trans-to-cis photoisomerization
significantly increases the helix content in the i, i + 4
case and significantly decreases the helix content in
the i, i + 11 case. These cross-linker designs signifi-
cantly expand the possibilities for photocontrol of pep-
tide and protein structure.

Introduction

Optical control of peptide/protein conformation can be
a powerful biochemical tool for probing protein function
in diverse systems [1-4]. Chromophores, such as azo-
benzene, that undergo reversible cis-trans photoisomer-
ization, can, in principle, be used for reversible confor-
mational control of proteins [5-7]. We are interested
primarily in designs that can operate in water and that
are simple enough to allow the mechanism of the photo-
control to be understood in structural terms. In this way,
the design might be transferable and could be used to
control a wide variety of proteins. Moroder, Chmielew-
ski, and colleagues have incorporated azobenzene
groups directly into the backbone of cyclic peptides
[8-11] and have studied the conformational effects of
photoisomerization in these systems. Conformational
effects of azobenzene-containing side chains have also
been studied [12-16].

Recently, we reported a reversible means of control-
ling helix stability that involved the incorporation of a
photoisomerizable azobenzene cross-linking reagent (1)
into an engineered peptide system [17]. A thiol-reactive
azobenzene cross-linker was combined with a peptide
containing Cys residues spaced at positions i, i + 7 in
the sequence. This design (designated JRK-7-X) was
based on molecular modeling studies that indicated that
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the azobenzene cross-linker in the trans conformation
was too long to allow the i, i + 7 residues and intervening
residues to adopt an a helix conformation. When the
cross-linker was in the cis conformation, its length better
matched the spacing of i, i + 7 residues in an ideal «
helix, and it would thus be expected to act as an entropic
helix stabilizer. Since Cys residues can be introduced
via site-directed mutagenesis into proteins, this azoben-
zene-based cross-linker strategy offers a general way
of photocontrolling protein conformation (and thereby
activity).

In general, the dark-adapted state of azobenzene
is >99% trans isomer [9, 18], whereas the percentage
of cis isomer that can be achieved upon irradiation is
typically 70%-90% depending on the system. This fact
sets intrinsic limits on the extent of the photocontrol of
protein activity that may be possible using azobenzene.
If the trans formis active, a 10-fold change in the concen-
tration of the active species is possible (e.g., from >99%
trans in the dark to 10% trans upon irradiation). How-
ever, if the cis form is the active form, a larger change
in the concentration of the active species is possible
(e.g., from <1% in the dark to 90% upon irradiation). To
maximize photoswitching, one would likely want to have
the dark-adapted state as the inactive state of the sys-
tem. This may correspond to having the trans form of the
cross-linker stabilize or destabilize a helix, depending on
the structure of the target system.

We have applied our molecular modeling strategy in
designing further versions of cross-linked peptides that
significantly extend the versatility of this approach to
the photocontrol of protein structure. Using improved
molecular modeling methods, peptides with Cys spac-
ingsati,i +4andi,i + 11 were designed, synthesized,
and evaluated. We find that the i, i + 4 arrangement
leads to a relatively disordered peptide in the dark-
adapted state and a large increase in the helix content
upon irradiation at 370 nm (trans-to-cis isomerization),
a change similar to that seen with an i, i + 7 spacing
for the JRK-7-X peptide. In contrast, the i, i + 11 system
is highly helical in the dark-adapted state, and the helix
content decreases dramatically upon irradiation at 370
nm (trans-to-cis isomerization).

Results and Discussion

Peptide Design

A combined quantum mechanics and molecular me-
chanics (QM/MM) approach was employed to assess
the energetic cost of fitting the cross-linker (1) in cis
and trans forms to helical peptides with different Cys
spacings. It was expected that, if a significant difference
existed between the compatibility of cis and trans con-
formations of the cross-linker with a helical geometry,
photoswitching of peptide conformation would be ob-
served. The relative energies predicted by this modeling
approach are presented in Figure 1. The graph shows
the calculated potential energy of the trans form of the
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Figure 1. Compatibility of Cis versus Trans Cross-Linkers with Dif-
ferent Cys Spacings

The potential energy difference is calculated by taking the energy
of the trans conformation and subtracting the energy of the cis
conformation for each Cys pair spacing investigated. A positive
energy difference implies that, for that Cys spacing, a peptide with
a cis cross-linker will be more helical than when the linker is trans.
A negative energy difference implies the opposite: that a peptide
will be more helical when the linker is in the trans form than when
in the cis form.

cross-linker minus that of the cis form for each Cys
spacing. A positive energy difference implies that a cis
cross-linker is more compatible with the helical geome-
try of the peptide than is a trans cross-linker. A negative
energy difference implies the opposite: a trans cross-
linker is more compatible with the helix.

As expected, based on our previous work [17], the
cis form of the cross-linker is more compatible with an
i, i + 7 Cys spacing (two helical turns) than is the trans
form of the cross-linker. This leads to an increase in
peptide helical content upon trans to cis photoisomer-
ization [17]. For Cys spacings of i, i + 4 through i, i +
8, a peptide cross-linked by the cis isomer is predicted
to be more helical than the trans form (Figure 1). Of
these spacings, i, i + 4 and i, i + 5 provided the largest
energy differences between cis and trans. The i, i + 4
cis cross-linker had a lower absolute conformational
energy than the i, i + 5 case, suggesting that it would
fit a-helical peptide geometry better. Thus, the i, i + 4
peptide was selected for further investigation by molec-
ular dynamics (MD). For 5 ns of solvated MD, the cis i,
i + 4 peptide remained helical. The trans i, i + 4 peptide
unwound from an initial « helix to an extended backbone
conformation in the first 200 ps.

For spacingsi,i +10,i,i + 11,and i, i + 12, the trans
isomer was predicted to be more helix stabilizing than
the cis isomer (Figure 1). The absolute conformational
energy of the trans isomer was very high in the i, i + 12
case, however, and so this peptide was not investigated
further. In four separate 5-ns simulations of both the i,
i + 10 and the i, i + 11 trans cross-linked peptides, the
peptide backbone conformation remained helical for the
entire duration of the run. This demonstrated that both of
these spacings would be effective at stabilizing helicity.
The i, i + 11 peptide was selected over the i, i + 10
peptide for several reasons. First, viewed on a helical
wheel, the angle between the side chains of residues
spacedi, i + 11 (~15°) is far less than fori, i + 10 (~90°),
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Figure 2. Structures of Peptide Variants and Azobenzene Reagents

A structure of the azobenzene cross-linking reagent and primary
sequences of the cross-linked peptides; AZO refers to the cross-
linker (1) after reaction with the two cysteine side chains.

so that the linker would not have to twist around the
helix. Second, the i,i +11 case cyclizes 1 more residue
thani, i + 10, so that an entropic helix-stabilizing effect
would occur over 12 residues rather than 11. Third, the
cis cross-linker is expected to be more helix destabiliz-
ing at ani, i + 11 spacing than at an i, i + 10 spacing.

Thus, the Cys spacings of i, i + 4 and i, i + 11 were
selected for testing in an experimental model peptide.
The peptide sequences to be synthesized were chosen
based on the extensive work of Baldwin, Stellwagen,
and others showing that short alanine-based peptides
of general sequence Ac-(EAAAK),-A-NH, are monomeric
and have significant helical content in water [19, 20].
The high alanine content of these peptides, central to
their helical propensities [21], makes conformational
analysis by routine NMR analysis difficult due to severe
signal overlap [22-24]. However, extensive spectro-
scopic studies using CD, FTIR, and selected NMR meth-
ods have shown that the « helix is the predominant
secondary structure adopted by these systems, with
some fraying at the C- and N-terminal ends [22-28].
Since the CD technique has been used extensively for
the determination of relative helix content in alanine-
based peptides [20, 29, 30] as well as in a wide range
of proteins [31-33], we felt that it could be used as a
reliable reporter of secondary structural changes that
occurred upon photoisomerization. We synthesized two
peptides, FK-4 and FK-11 (Figure 2), which are analogs
of Ac-(EAAAR);, with Cys residues ati, i + 4, and i, i +
11 spacings, respectively. Each of the peptides was
then treated with the azobenzene cross-linking reagent
(1) (Figure 2) as described in the Experimental Proce-
dures.

Photocontrol with an i, i + 4 Cys Spacing

Molecular models of peptides with the azobenzene
cross-linker attached to Cys residues with ani, i + 4
spacing are shown in Figure 3. The cis form of the cross-
linker is predicted to be compatible with an «-helical
conformation of the peptide, whereas the trans form of
the cross-linker is too extended for such a spacing. The
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Figure 3. Energy-Optimized Molecular Models of FK-4-X

Schematic models of trans FK-4-X (left) and cis FK-4-X (right). The
peptide backbones are represented by a silver ribbon. The cysteine
side chain and cross-linker atoms are colored according to atom
type: carbon = green, nitrogen = blue, oxygen = red, and sulfur =
yellow. Hydrogens are omitted for clarity. The helical model is the
final frame of a 500-ps MD run after starting from a helical conforma-
tion. To generate the coil model, the peptide was built in SYBYL,
and a random backbone conformation was generated. The cross-
linker was then attached to the peptide, and the complete molecule
was subjected to energy minimization, with the linker atoms con-
strained to their initial positions. A further round of energy minimiza-
tion was then undertaken with all atoms free to move.

trans form of the cross-linked FK-4-X peptide is thus
expected to unfold in solution.

The UV/Vis absorption spectrum of the dark-adapted
(trans) form of the cross-linked FK-4-X peptide in aque-
ous solution is shown in Figure 4A (solid line). The ab-
sorption maximum occurs near 370 nm, typical for an
amide-substituted azobenzene w—=* transition [18]. Ir-
radiation of the peptide solution with 370-nm light for 5
min (~5 mW) produces a solution that is 90% =+ 3% cis
isomer (Figure 4A, dotted line). The spectrum of the pure
cis form of the chromophore (obtained as described in
the Experimental Procedures) is shown for reference
(Figure 4A, dash-dot line). The absorbance change is
fully reversible in the dark, with a half-time of about 36
min at 25°C and 6 min at 37°C (Table 1). These half-lives
are longer than those observed previously in our study
of the thermal cis-trans isomerization of the JRK-7-X
peptide (Table 1), especially at 25°C.

The secondary structure of the FK-4-X peptide was
investigated using circular dichroism (CD) spectros-
copy. Figure 4B (solid line) shows the circular dichroism
spectrum of the dark-adapted cross-linked peptide with
the azo group in the trans conformation. The spectrum
is typical of a mixture of disordered structure with a
small percentage of helix content [31].

When the cross-linked peptide was irradiated at 370
nm, the intensity of the negative CD band at 222 nm
increased significantly (Figure 4B, dotted line), the mini-
mum at 202 nm shifted to 207 nm, and the intensity of
the maximum at 190 nm increased significantly. The
spectrum of the cis peptide was thus characteristic of
an o helix (minima at 222 nm and 208 nm, maximum at
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Figure 4. Effects of Photoirradiation on Secondary Structure of
FK-4-X

(A) UV/Vis spectrum of FK-4-X (35 uM, 5 mM phosphate buffer [pH
7.0)) in the dark-adapted state (solid line) and after irradiation at 370
nm (dotted line). The spectrum of the pure cis chromophore is shown
as a dash-dot line.

(B) CD spectrum of FK-4-X (35 uM, 5 mM phosphate buffer [pH 7.0])
in the dark-adapted state (solid line) and after irradiation at 370 nm
(dotted line). The calculated CD spectrum for the 100% cis peptide
is shown as a dash-dot line.

190 nm), whereas the trans peptide was characteristic
of a predominantly disordered structure. The corrected
spectrum for the 100% cis peptide (dash-dot line) was
calculated based on the observed percentage conver-
sion by UV/Vis spectroscopy (see above).

The magnitude of the change in the CD spectrum
of the cross-linked peptide upon photoisomerization is
dependent on temperature. Lower temperatures result
in larger changes, primarily because lower temperatures
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Table 1. Half-Lives for Thermal Relaxation of Cross-Linked
Peptides

25°C 37°C

T2 (Min) Ty (mMin)
FK-4-X 36.5 = 0.5 5.9 + 0.3
JRK-7-X2 22 + 0.5 5.6 + 0.3
FK-11-X 123 = 0.3 2.5 + 0.2
Gluthathione-X 12.8 £ 0.3 3.5+ 0.3

aData from [17].

significantly increase the apparent helix content of the
cis form of the peptide (data not shown). While differ-
ences in 0, indicate changes in the helix content, as-
signment of a particular value of 6, to a particular per-
centage helix is more difficult [34]. Using the simple
assumption that 6, for the 100% helix is given by
40,000 X ([n — 4]/n), where n is the number of residues
[35], the light-induced transition shown in Figure 4B
is from the 15%-53% helix. The structural transition
observed upon photoisomerization of the cross-linked
peptide is fully reversible. If the cis form of the peptide
is kept in the dark, the CD spectrum of the trans form
is recovered with a time course that matches, within
experimental error, that seen using UV/Vis spec-
troscopy.

Thei, i + 4 spacing thus appears to permit photostim-
ulated increase of helical structure from a largely disor-
dered dark state.

Photocontrol with an i, i + 11 Cys Spacing

Molecular models of peptides with the azobenzene
cross-linker attached to Cys residues with an i, i + 11
spacing are shown in Figure 5. In this case, the trans
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Figure 5. Energy-Optimized Molecular Models of FK-11-X

Schematic models of trans FK-11 (left) and cis FK-11 (right). The
peptide backbones are represented by a silver ribbon. The cysteine
side chain and cross-linker atoms are colored according to atom
type: carbon = green, nitrogen = blue, oxygen = red, and sulfur =
yellow. Hydrogens are omitted for clarity. The helical model is the
final frame of a 500-ps MD run after starting from a helical conforma-
tion. To generate the coil model, the peptide was built in SYBYL,
and a random backbone conformation was generated. The cross-
linker was then attached to the peptide, and the complete molecule
was subjected to energy minimization, with the linker atoms con-
strained to their initial positions. A further round of energy minimiza-
tion was then undertaken with all atoms free to move.
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Figure 6. Effects of Photoirradiation on Secondary Structure of FK-
11-X

(A) UV/Vis spectrum of FK-11-X (44 M, 5 mM phosphate buffer [pH
7.0]) in the dark-adapted state (solid line) and after irradiation at
370 nm (dotted line). The spectrum of the pure cis chromophore is
shown as a dash-dot line.

(B) CD spectrum of FK-11-X (44 pM, 5 mM phosphate buffer [pH
7.0]) in the dark-adapted state (solid line) and after irradiation at
370 nm (dotted line). The calculated CD spectrum for the 100% cis
peptide is shown as a dash-dot line. Inset: long-wavelength CD
spectrum of FK-11-X (44 n.M, 5 mM phosphate buffer [pH 7.0]) in
the dark-adapted state (solid line) and after irradiation at 370 nm
(dotted line).

form of the cross-linker is predicted to be compatible
with an «-helical conformation of the peptide, whereas
the cis form of the cross-linker is too short to fit such
a spacing. The cis form of the cross-linked FK-11-X
peptide is thus expected to unfold in solution.

UV/Vis absorption spectra of the dark-adapted (trans)
and irradiated forms of the cross-linked FK-11-X peptide
in aqueous solution are shown in Figure 6A. Irradiation
at 370 nm for 5 min (~5 mW) led to 80% =+ 3% of the
cis isomer. The spectrum of the pure cis form of the
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chromophore is shown for reference (Figure 4A, dash-
dot line). Thermal reversion to the trans form is signifi-
cantly faster than in the FK-4-X case (Table 1). In fact,
the half-life for thermal reversion in this case is similar
to that observed with the model compound glutathione-
X in which the cross-linker is attached to two molecules
of glutathione (Table 1). The rate of thermal reversion is
related to the energy barrier between the cis ground
state and the transition state in each case. It is notewor-
thy that, for cis cross-linkers attached to (what are ex-
pected to be) disordered peptides, these activation bar-
riers are lower than when the cross-linkers are attached
to ordered (helical) peptides.

Figure 6B shows CD spectra obtained for FK-11-X in
the dark-adapted (solid line) state and after irradiation
(dotted line). Based on the percentage conversion by
UV/Vis spectroscopy, a spectrum for the 100% cis pep-
tide was calculated (dash-dot line). In direct contrast to
the FK-4-X case, the dark-adapted FK-11-X peptide is
highly helical (66%). Irradiation causes a substantial de-
crease in helical content (to 26%). The FK-11-X system
thus permits a photostimulated decrease of helical
structure from a largely helical dark state.

As with the FK-4-X case, an isodichroic point is ob-
served at 203 nm, indicating the existence of a simple
two-state equilibrium between helical and disordered
forms of the peptide. We found no evidence of peptide
self-association. The same CD change and isodichroic
point were observed in solutions of varying peptide con-
centrations (5-80 M), and no evidence of light scatter-
ing or of B-type secondary structures typical of an aggre-
gated peptide [13, 16] were seen.

Interestingly, the CD spectrum of the dark-adapted
FK-11-X peptide shows features not observed with the
FK-4-X peptide (or with the JRK-7-X peptide [17]). In
particular, the negative band at 222 nm is more pro-
nounced than the band at 208 nm (this is not observed
in the FK-4-X spectrum [Figure 4B]). Also, there is a
small positive ellipticity at 250 nm in the dark-adapted
FK-11-X spectrum. Furthermore, an exciton-type CD
signal is observed at longer wavelengths (Figure 6B,
inset) in the FK-11-X dark-adapted state and is not ob-
served with FK-4-X (data not shown) and disappears
upon irradiation (Figure 6B, inset). This signal is presum-
ably due to transitions in the azobenzene chromophore
in which chirality is induced by its proximity to the pep-
tide. Indeed, the models (Figure 5) indicate that the trans
cross-linker will be tightly packed against the helical
FK-11-X peptide and may have hindered rotation. Azo-
benzene transitions may also account for the extra nega-
tive ellipticity at 222 nm and the weak positive band at
250 nm.

Significance

The activities of proteins with key helical domains in-
volved in function, such as leucine zippers and helix-
loop-helix transcription factors, and certain proteins
involved in signal transduction, might be reversibly
photocontrolled using this reagent. Such photocon-
trolled proteins could be useful for probing the impor-
tance of timing in biochemical networks.

Experimental Procedures

Molecular Modeling

Initial models of the cross-linker in cis and trans conformations were
constructed using SYBYL 6.7 (Tripos). These starting structures
were then optimized using Gaussian 98 [36] with the B3LYP density
functional theory method [37] and the 6-31G* basis set. The B3LYP/
6-31G* quantum mechanical (QM) representation has previously
been shown to represent the geometry of azobenzene well [38, 39].
Eight 16-residue polyalanine helices were also built in SYBYL, each
one containing two Cys that are a specific number of residues apart.
The N termini of the peptides were acetylated, and the C termini
were amidated. Cys spacings from i, i + 4 to i, i + 12 were investi-
gated. The i, i + 9 spacing was not investigated, because the side
chains of these two residues lie on opposite sides of the helix. The
peptides were subjected to energy minimization using the AMBER
96 forcefield [40] until convergence was reached.

For each of the eight peptides, the cross-linker was joined to the
two Cys residues in either the cis or the trans state. To investigate
multiple conformations of the Cys side chains, the x; angle was set
at either 180° (trans) or —60° (g+) prior to the cross-linker being
attached. For a Cys residue in an « helix, a x; angle of 60° (g—) is
sterically unfavorable due to the close contact between the sulfur
and the backbone carbonyl of the residue located at the i—3 position
[41]. The linker from CPB to CB of each Cys was then subjected to
energy minimization using extra parameters incorporated into the
AMBER 96 forcefield (parameterization will be described elsewhere),
with atoms of the rest of the peptide constrained to their starting
positions. Optimization was then repeated using a QM/MM repre-
sentation as implemented in ROAR 2.0 [42]. The atoms of the linker
and the side chains of the Cys were represented by the AM1 Hamilto-
nian [43]. All other atoms of the peptide were represented by the
AMBER 96 forcefield. Only the atoms represented by AM1 were
allowed to move; all others were constrained to their original posi-
tions.

Finally, a single-point QM potential energy calculation was per-
formed. The peptide was deleted, leaving only the linker and the
Cys side chains up to the « carbon. A single-point energy calculation
was then performed using the B3LYP method and the 6-31G* basis
set using Gaussian 98. This final calculation thus provides an esti-
mate of the energy cost of fitting the linker to a particular Cys
spacing of an «a helix. The whole process was repeated four times
for each linker conformation and each peptide.

Cross-linked peptides with Cys spacings of i, i + 4;1i, i + 10; or
i,i + 11 were subjected to simulations using the molecular dynamics
program Sander Classic from the AMBER 6.0 suite of programs
[44]. Each peptide was solvated by a truncated octahedral box of
approximately 3000 TIP3P waters [45]. Periodic boundary condi-
tions were used so that solvent molecules would be free to move.
A constant dielectric (¢ = 1) was used. The nonbonded pair list was
subjected to a cutoff of 14 A and updated every 50 steps. The
periodic system was then subjected to energy minimization, fol-
lowed by slow heating from OK to 297K. This was followed by
100,000 steps of constant pressure equilibration. During the equili-
bration process, all peptide atoms were restrained to their original
positions so that the production run would start with the peptide
backbone in an a-helical conformation. For the production run, all
restraints were removed, so all atoms in the system were free to
move. Each system was simulated for 5 ns with a time integration
step of 2 fs.

Synthesis of Azobenzene Cross-Linking Reagent

The azobenzene cross-linking reagent containing two cysteine-
reactive iodoacetamide groups (structure 1) was synthesized as
previously reported [17].

Peptide Synthesis

Standard fluorenylmethoxycarbonyl-based solid-phase peptide
synthesis methods were used to prepare the two peptides, FK-4:
Ac-EAAAREACARECAARQ-NH, and FK-11: Ac-EACAREAAARE
AACRQ-NH,. Peptides were constructed on Pal-resin (capacity 0.55
mmol/g) (Advanced ChemTech). Coupling used 3 equivalents HATU
(O-[7-azobenzotriazol-1-yl]-1,1,3,3-tetramethyluronium hexafluoro-
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phosphate) (Sigma-Aldrich Canada), 6 equivalents DIPEA (N,N-
diisopropylethylamine), and 3 equivalents amino acid (Novabio-
chem). Peptides were purified by HPLC (Apex Presil C18 8. column
[Jones Chromatography]) using a linear gradient of 0%-80% aceto-
nitrile/H,O (+0.1% trifluoroacetic acid) over 45 min for FK-4 (eluted
at 39.1% acetonitrile) and a gradient of 0%-30% acetonitrile/H,O
(+0.1% trifluoroacetic acid) for 10 min, followed by a gradient of
30%-45% acetonitrile/H,0O (+0.1% trifluoroacetic acid) for 19 min,
for FK-11 (eluted at 36% acetonitrile). The peptide primary structures
were confirmed by electrospray ionization MS and amino acid analy-
sis (HSC Biotechnology Service Centre); FK-4: observed 1746.3 Da;
calculated (Cg;H115N2,02S,) 1746.9 Da, and FK-11: observed 1746.5
Da; calculated (CgH115sN2/024S,) 1746.9 Da. The purity by HPLC
was >95%.

Peptide Cross-Linking

Intramolecular cross-linking of Cys residues in FK-11 by 1 was per-
formed as described by Kumita and coworkers [17]. Cross-linked
peptides are indicated by an “X” following the peptide identification
(e.g., FK-11-X).

For FK-4, the cross-linking procedure was modified due to the
uncross-linked peptide being 50% helical. Cross-linking of FK-4
was performed with the cross-linker in the predominantly (helix ac-
commodating) cis state. In a total volume of 500 | 64 mM Tris-ClI
buffer (pH 8), uncross-linked FK-4 (0.79 mM) and TCEP (1.19 mM)
were combined and incubated for 18 hr at room temperature; this
was performed under nitrogen to ensure that the cysteine residues
were in their reduced state. A 10 mM solution of 1 (in DMSO) was
made and irradiated with 370-nm light (in a 1-cm quartz cuvette)
for 10 min. A total of 60 pl of the irradiated 10 mM solution of 1 was
combined with 440 I DMSO. The cross-linker solution was kept at
18°C in an ice-water bath, and the peptide was added, stirred, and
exposed to light (Sylvania GRO-LUX Daylight lamp [875 lumens])
for 10 min. The addition of the irradiated solution 1 was repeated
three times (at 10-min intervals) for a total reagent concentration of
2.0 mM. The reaction mixture was stirred for an additional 20 min
while exposed to ambient light. The solvent was removed from the
reaction mixture under high vacuum.

Unreacted 1 was removed by Biogel P4 gel-filtration chromatogra-
phy, and the peptides were purified by HPLC (Zorbax SB-C18 col-
umn) using a linear gradient of 0%-80% acetonitrile/H,O (+0.1%
trifluoroacetic acid) over the course of 45 min for FK-4-X (eluted at
38.8% acetonitrile) and FK-11-X (eluted at 40.9% acetonitrile). The
peptide primary structures were confirmed by MALDI MS and amino
acid analysis (HSC Biotechnology Service Centre); FK-4-X: observed
2039.0 Da; calculated (CgsHi2;N305S,) 2039.2 Da, and FK-11a-X:
observed 2038.7 Da; calculated (Cg;H;2;N3102S,) 2039.2 Da.

UV/Vis Analysis and Photoisomerization
UV spectra were obtained with a Perkin-Elmer Lambda 2 spectro-
photometer using the same thermostatted quartz cell (0.1-cm path-
length) in which CD analysis was performed. Peptide concentrations
of cross-linked species were calculated using a molar extinction
coefficient of 28,000 (367 nm) for the dark-adapted azo group.
Photoisomerization was accomplished by irradiating thermostat-
ted peptide solutions with a 70 W Metal Halide Tri-Lite Lamp (World
Precision Instruments) coupled to a 370 = 10-nm band pass filter
(Harvard Apparatus Canada). Photoisomerization was complete (as
judged by the lack of any further changes in UV spectra) in =5 min.
Spectra for pure trans and cis forms of the azobenzene cross-linker
were obtained using a Waters 996 photodiode array (PDA) detector
coupled to an HPLC system comprised of a Waters 600 series con-
troller and pump (Waters). Trans and cis isomers of FK-11-X and
JRK-7-X were separated on an Alltima C-18 5-pm (250 mm X 4.6
mm) column preceded by an Econosil C-18 10-um guard cartridge
(Alitech). A linear gradient of 20%-70% A over 10 min followed by
70% A for 5 min (where solvent A was 80% acetonitrile/20% water,
with 0.1% trifluoroacetic acid) was used. The total concentration of
the sample was calculated based on the molar extinction coefficient
for the dark-adapted (trans) form. By comparing the peak areas at
310 nm (an isosbestic point), the percent of each isomer present in
the sample could be determined.

Circular Dichroism Measurements

Circular dichroism measurements were performed with a Jasco
Model J-710 spectropolarimeter. All measurements were made in
a thermostatted quartz cuvette (0.1-cm pathlength). Temperatures
were measured using a microprobe directly in the sample cell. All
samples were dissolved in 5 mM phosphate buffer (pH 7.0). Spectra
reported are averages of three individual experiments of five scans
each, with the appropriate background spectrum subtracted. A scan
speed of 10 nm/min, with a 0.5-nm band width and a 4-s response
time, was used. The mean residue weight used for both FK-4-X
and FK-11-X was 109.1. Using the percent cis observed by UV/Vis,
theoretical 100% cis CD spectra were calculated using Equation 1:

6(100% cis) = [6(observed after irradiation) — (fraction trans

X 6 (dark-adapted))]/fraction cis. 1)

Helix content was calculated by using the simple assumption that
the 100% helix gives a 65, value of 40,000 X ([n — 4]/n), where n is
the number of residues [46]. In the case of the trans CD spectrum
of FK-11-X, 0, was substituted for 6, in this expression due to a
contribution to 65, from the azobenzene chromophore (see Results
and Discussion).
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