
Journal of Photochemistry and Photobiology A: Chemistry 173 (2005) 21–28

Reversibility of conformational switching in light-sensitive peptides
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Abstract

Reversible photo-control of protein structure and function is used by Nature to direct complex biological response to light. Reversibility
is a feature that has been difficult to reliably achieve in analogous biomimetic systems. We report here measurement of the thermal and
photoisomerization rates for peptide model systems in which isomerization of an intramolecularly linked azobenzene unit causes a helix-coil
transition in the peptide. Reversibility is maintained and indeed the quantum yield forcis-to-transphotoisomerization is enhanced in these
systems compared to an unstructured glutathione adduct of the chromophore alone. Reversibility can be understood by considering the intrinsic
conformational preferences of the peptides to which the linkers are attached and how these preferences impact the stabilities of the transition
s
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. Introduction

Using light to control the activity of biomolecules is an at-
ractive strategy for probing function in complex living sys-
ems. Photo-sensitive biomolecules can be introduced into
ells and manipulated non-invasively with a high degree of
patial and temporal control[3,4]. For instance, caged com-
ounds, in which a light flash is used to produce a step in-
rease in the concentration of a bioactive species, have facil-
tated studies of muscle contraction, intracellular signalling,
nd neurotransmission[5,6]. Whereas, synthetic caged com-
ounds undergo an essentially irreversible photochemical re-
ction, nature has evolved reversible means of coupling light
ignals to cellular chemistry as evidenced by the phototropic
esponses of plants via phytochromes and bacteria via pro-
eins like photoactive yellow protein (PYP) (e.g.[7–9]). Such
eversible systems can produce more sophisticated sorts of
emporal responses than caged compounds.

However, synthetic chromophores that undergo reversible
is–trans photoisomerization in isolation have sometimes

been found to lose this property when coupled to ano
molecule [10-15]. For example, Shinkai and colleagu
[12–14,16], and Erlanger[17] have studied the behaviour
numerous azobenzene derivatives functionalized with c
ethers and other metal ion-binding groups. Thecis forms
of these compounds bind their targets (metal ions) via
trostatic interactions. In many cases strong target bindin
hibits the thermal and photo-chemicalcis-to-transisomeriza
tion process (i.e., the reversibility of the system)[18]. Another
example of loss of reversibility was reported by Mascare
and co-workers who used an azobenzene based cross
to artificially dimerize the basic regions of the DNA bind
protein GCN4[11]. The cis photoisomer of this constru
was found to bind DNA more tightly than thetrans isomer;
however DNA binding was found to completely inhibit t
cis-to-trans photoisomerization and thermal isomerizat
processes[11]. Very recently, Majima et al have report
introduction using biosynthetic methods of an azobenz
bearing unnatural amino acid at the dimer interface o
enzyme BamH1[21]. Regulation of activity was achieve
but again reversibility was compromised.
∗ Corresponding author. Tel.: +1 416 978 0675; fax: +1 416 978 0675.
E-mail address:awoolley@chem.utoronto.ca (G.A. Woolley).

To be able to design effective, reversibly photo-controlled
proteins, we must understand how to avoid this undesirable
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loss of reversibility. Recently, we reported the photo-control
of helix content in model peptide systems through the incor-
poration of a photo-isomerizable azobenzene cross-linking
reagent[22-24]. When a thiol-reactive azobenzene cross-
linker was combined with a peptide containing Cys residues
spaced at positionsi, i + 7 in the primary sequence (desig-
nated JRK-X (X—meaning cross-linked)), the dark-adapted
cross-linked peptide was predominantly unfolded in water.
Upon exposure to light (370 nm)trans-to-cis isomerization
occurred and the peptide became substantially helical as
judged by circular dichroism (CD) and nuclear magnetic res-
onance (NMR) spectroscopy (Fig. 1). When the azobenzene
cross-linker was installed between Cys residues spaced at
positionsi, i + 11 in the sequence (designated FK-11-X), the
opposite behaviour was observed, i.e.,trans-to-cis photoi-
somerization caused a substantial decrease in helix content
[24] (Fig. 1). In contrast to some closely related systems
[10,11,21], reversibility of both thermal and photoisomeriza-
tion were maintained with these peptides. We explore here
why this might be so and how such behaviour might be pre-
served if the cross-linking strategy is applied to other peptide
and protein systems.

2. Experimental
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Fig. 1. (a) Chemical structure of the azobenzene containing cross-linker, (b)
models showing the increased helicity induced in the JRK-X peptide upon
trans-to-cis isomerization of the attached azobenzene cross-linker. The pep-
tide sequence is shown below the model. (c) Models showing the decreased
helicity induced in the FK-11-X peptide upontrans-to-cis isomerization of
the attached azobenzene cross-linker.

buffer pH 7.0. Absorption spectra were recorded with a diode
array UV–vis spectrophotometer (Ocean Optics Inc., USB
2000) coupled to a temperature controlled cuvette holder
(Quantum Northwest, Inc.). Irradiation of the sample (at
90◦ to the light source and detector used for the absorbance
.1. Helix-Coil modelling with AGADIR, FOLDTRAJ
nd SYBYL

Conformational searches of isolated linkers with me
roups replacing Cys� atoms were performed using SYBY
Tripos, Inc.). Systematic searches were performed by r
ng all single bonds in the linker in 30◦ increments. Bon
ngles and bond lengths were taken from X-ray cryst
raphic studies[25,26]and high-level computational stud
f azobenzene[27]. S–S distances in transition state str

ures were estimated by setting the NN bond torsion angl
o 90◦ (rotation) or by setting one NN C bond angle to 180◦
inversion)[28]. The program AGADIR (http://www.embl-
eidelberg.de/Services/serrano/agadir/agadir-start.htm) was
sed to predict overall helicity as well as helix length pro
ilities. The ‘residue fragment’ feature of the FOLDTR

29] program was then used to generate an ensemb
eptide structures with helical content distribution ma

ng that predicted by AGADIR[30]. This was accomplishe
y adding helical fragments of various lengths to the
f the peptide, with probabilities proportional to AGAD
redictions. Effectively this inserts ideal helical segmen
arying length into an otherwise randomly generated b
one structure.

.2. Photokinetic analysis

Solutions (∼20�M) of cross-linked peptide and the co
rol azobenzene-glutathione adduct (prepared as des
reviously[31]) were prepared in 10 mM sodium phosph

http://www.embl-heidelberg.de/services/serrano/agadir/agadir-start.html
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measurements) was carried out using a xenon lamp (450 W)
coupled to a double monochromator with slits at 4 nm
and 4 nm. Two wavelengths of irradiation (λ1 = 341 nm and
λ2 = 367 nm), both within the�–�* absorption band of the
chromophore, were chosen for two sets of photokinetic mea-
surements. In the first set, the peptide solution was excited
with 341 nm light and the absorbance at 341 and 390 nm was
recorded. During the second set, 367 nm light was used for ir-
radiation and the absorbance at 367 nm and 390 nm was mon-
itored. Usually a total irradiation time of 500–600 s was used
with a 10 s sampling period. The light intensity in mol/l s at
each wavelength of excitation was determined directly in the
working cell using an aqueous solution of potassium ferriox-
alate[32]. The light used to record the absorbance spectrum
was of very low intensity and caused negligible isomeriza-
tion. The working cell was a quartz cuvette of 1 cm pathlength
with a stirring bar at the bottom and contained 1 ml of the
peptide solution.

For analysis of the acquired data, a program was writ-
ten using IDL software (Research Systems Inc.). For nu-
merical integration of the two sets of differential equations
the Runge–Kutta (RK4) algorithm was used. Numerical fit-
ting of the experimental data to the photokinetic curves was
performed simultaneously using either of two minimization
methods – POWELL or AMOEBA[33] (both gave similar
results). The rate constants for thermal back isomerization
w oki-
n
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Fig. 2. Simplified energy diagram for the isomerization of azobenzene. The
transition state structure shown for the thermal process is that for the in-
version mechanism although this has not been unequivocally established
([1,2]).

consider how attachment to the JRK and FK-11 peptides af-
fects both thermal and photoisomerization in turn.

3.1. Thermal isomerization

We compared the rate ofcis-to-trans isomerization of
the cross-linked peptides to the rate of isomerization of the
same azobenzene chromophore linked to two glutathione
molecules. Glutathione is the common name given to the
tri-peptide�Glu–Cys–Gly that occurs as an intracellular me-
diator of redox potential[40]. It is highly soluble in water but
does not adopt any well-defined secondary structure (e.g. he-
lix). The glutathione adduct has the same chemical structure
(up to the peptide backbone) as the cross-linked peptides and
confers water solubility on the cross-linker so that the iso-
merization process can be studied under exactly the same
solution conditions. Rates of thermalcis-to-trans isomeriza-
tion were measured for a series of temperatures by monitoring
absorbance at 370 nm after irradiation to convert a percent-
age of the solution to thecis isomer. All curves could be fit
well by single exponential decay kinetics. Energies of acti-
vation were calculated using the method of Bunce[41] and
are collected inTable 1.

To assess how the attached peptides might affect the rela-
tive stabilities of theciscross-linker and the transition state,
we calculated the distance distribution of the linker attach-
m

ere determined in the dark immediately after the phot
etic experiments at the same temperature.

. Results

Fig. 2 provides a simplified overview of the isomeriz
ion of the azobenzene chromophore[34]. Calorimetric mea
urements have found the ground state of the unmod
zobenzene chromophore to be more stable in thetrans
onformation by 49 kJ/mol relative to thecis state [35].
is-azobenzene isomerizes to thetrans form in the dark
ia a thermal process[36]. Upon irradiation of azobenze
olutions, excited states are produced for which the b
rs tocis/trans isomerization are substantially smaller th

he thermal barrier (Fig. 2) [37,38]. Reversion to the ele
ronic ground state (S0) thus produces a mixture ofcis- and
rans-azobenzene. If, at the wavelength chosen for irra
ion, the trans form absorbs much more strongly than
is form (∼360 nm in the present case) then irradiation
uces a photostationary state that is substantiallycis (e.g.
0%). Irradiation at other wavelengths produces phot

ionary states with different isomer ratios. There is no w
ength for which complete conversion to either isomer ca
chieved. No evidence for azobenzene photobleaching
bserved during the irradiation times studied in the pre
ase.

Attaching the azobenzene chromophore to ano
olecule can significantly alter the energy landscape
icted in Fig. 2 as described in the introduction[39]. We
 ent points expected for the peptides alone.Fig. 3shows the
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Table 1
Half-lives and activation energies for thermal isomerization

T (◦C) Half-life (min)

JRK-X FK-11-X G-X (control)

7 112.20 76.70 76.67
15 65.71 41.10 32.85
25 26.74 12.92 11.50
37 7.88 4.26 3.59
45 3.71 1.95 1.74
Ea 77.6± 0.6 kJ/mol 74.6± 0.5 kJ/mol 74.1± 0.5 kJ/mol

distributions of S–S distances in the non-cross-linked JRK
and FK-11 peptides expected based on helix-coil theory for
peptides with overall helix contents of∼25% (JRK) and 50%
(FK-11). These are the observed helix contents for JRK and
FK-11 in non-cross-linked form at low temperatures in water
[22]. Also shown for reference are the distance distributions
for the same peptides at high temperatures (a limiting “fully
denatured” situation). The S–S distance distribution for the
JRK peptide with 25% helical content shows a sharp peak
at 10.8Å, the S–S distance for Cys residues spacedi, i + 7
in a standard�-helix. The S–S distance distribution for the
FK-11 peptide with 50% helical content shows a peak near
16.9Å, the S–S distance for Cys residues spacedi, i + 11 in
a standard�-helix.

We wished to compare these distance distributions with
those that can be accommodated by an unperturbedcis-cross-
linker, a trans-cross-linker and a cross-linker with the ex-
pected geometry of the inversion and the rotational transition
states[1,42]. To estimate what these ranges are, we performed
conformational searches by systematically rotating each sin-
gle bond and determining the ranges of S–S distances in each
case. Some representative structures are shown inFig. 4.

Note that we have not made any attempt to rank the relative
energies of these rotameric forms; the intent was simply to
examine the range of S–S distances that would be available
to the isolated cross-linkers. The energy differences between

Fig. 4. Representative S–S distances. From left to right: theciscross-linker
(left), the rotational transition state, the transition state for inversion and
the transcross-linker (right). The bent forms of the cross-linker result in a
greater range of S–S distances as single bonds rotate.

single bond rotamers are small compared to the available
thermal energy. The S–S distance ranges may be regarded
approximate upper bounds although bond angle and bond
length vibrations could expand these ranges slightly.

To a first approximation we assume that the cross-linker
limits the conformational distribution of the attached peptide
to one of these allowed ranges. Thus, a JRK-X peptide with
a cis cross-linker would have a conformational distribution
represented by the section of the full distribution under the
bar labelled “cis” in Fig. 3a. As discussed previously, this
assumption provides a straightforward explanation for the
increase in peptide helical content upontrans-to-cis isomer-
ization of the linker since the spike in the distribution corre-
sponding to highly helical states falls in this region[22,43].

F ces (0Å in itions
o line sh ver
c stributi ed
F ontent n-
l of struc llowed
b wed by ed by a
r

ig. 3. (a) Histogram showing the distribution of Cys–Cys (S–S) distan
f the experiments (overall helix content 25%) (solid line). The dotted
ontent is 5% (e.g. at high temperature). (b) Histogram showing the di
K-11 peptide under the conditions of the experiments (overall helix c

inked FK-11 where the overall helix content is 5%. The total number
y aciscross-linker (cis); that allowed by atranscross-linker (t), that allo
otational transition state (rot) are shown.
.2tervals) expected for the non-cross-linked JRK peptide under the cond
ows the expected distribution for non-cross-linked JRK where the oall helix

on of Cys–Cys (S–S) distances (0.2Å intervals) expected for the non-cross-link
50%) (solid line). The dotted line shows the expected distribution foron-cross
tures was∼100,000 in each case. In both (a) and (b), the distance range a
a linker in the inversion transition state structure (inv) and that allow
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Likewise for the FK-11 case thetransform of the cross-linker
coincides closely with the spike in the distribution at 16.9Å
whereas thecis-range does not (Fig. 3b). Thus,trans-to-cis
isomerization causes a decrease in helical content. Our con-
cern here is not with the end states however, but with effects of
the peptide conformational distribution on the isomerization
process.

A subset of the peptide structures encompassed by the
“cis-allowed” range (Fig. 3) have S–S distances that are also
compatible with the S–S range permitted by a cross-linker
with an inversion transition state structure (boxes labelled
“inv”). A larger subset of thecis-allowed conformations is
compatible with S–S range allowed by a cross-linker in a ro-
tational transition state (boxes labelled “rot”). Thermalcis-to-
transisomerization events of the azo group in the cross-linked
peptides would be most likely to occur from one of these sub-
sets of cross-linked peptide conformations.Cispeptides out-
side this range would not isomerize before undergoing fluctu-
ations to achieve an S–S distance compatible with a transition
state cross-linker structure. Therefore, to estimate the effect
of the attached peptides, JRK and FK-11 on the barriers for
thermal isomerization of the cross-linker, we calculated the
ratio of the number of conformations in the overlap between
the cis-range and the inversion transition state range to the
number of conformations in the fullcis-range in each case.
We chose to use the inversion subset since this is smaller
t t on
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t
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3

(

merization processes we used the photokinetic method de-
scribed by Pimienta et al[44]. This approach is particularly
useful for the present situation in which there is a thermal
process competing with photoisomerization. Three processes
were considered to be occurring simultaneously when a so-
lution of cross-linked peptide or the glutathione control was
continuously irradiated and stirred:

Photoisomerization:

A → B; with a rate v1 = φABεA(λex)[A]lFI0 (1)

Photo-induced back isomerization:

B → A; with a rate v2 = φBAεB(λex)[B]lFI0 (2)

Thermal back isomerization:

B → A; with a rate v3 = kBA[B] (3)

whereφAB andφBAare quantum yields,εA(λex) andεB(λex)
are the extinction coefficients at the excitation wavelength,
[A] and [B] are concentrations,l is the optical pathlength of
the sample (1 cm),I0 is the intensity of the excitation,kBA is
the rate constant for thermal back isomerization (determined
above) andF is the photokinetic factor:

F = 1 − 10−OD(λex)

OD(λex)
(4)
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han the rotation subset and would give an upper limi
he expected size of the effect. For the distributions show
ig. 3, this leads to equilibrium constants (#cis-range struc

ures/#cis∩ transition state range structures) ofKeq= 5.6 for
RK-X andKeq= 2 for FK-11-X. At 1◦C, this translates int
free energy of stabilization of thecis form of the linker rel-
tive to the inversion transition state of∼4 kJ/mol for JRK-X
nd 1.6 kJ/mol for FK-11-X. The extra stabilization of thecis

orm of the azobenzene cross-linker in JRK-X compare
he glutathione adduct calculated from the experimental
s 4 kJ/mol. For FK-11-X the stabilization is less (0.5 kJ/m
he experimental data thus matches closely the value c

ated from the foregoing simple analysis.
At higher temperatures the peptides have a lower he

ontent and the S–S distributions become more like t
hown by the dashed lines inFig. 3. Under these condition
he ratio (#cis-range structures/#cis∩ transition state rang
tructures) is somewhat smaller for JRK-X and larger for
1-X. Presumably because the effect of temperature o
elix content of the peptide is rather gradual it does not

o a noticeably nonlinear Arrhenius plot. InsteadEa calcu-
ated from the experimental data is probably a low estim
f Ea for cis-to-transthermal isomerization of JRK-X at lo

emperatures and an overestimate for the barrier for iso
zation at higher temperatures and vice-versa for FK-11

.2. Photoisomerization

In order to determine quantum yields for thetrans-to-cis
designated A→ B) and thecis-to-trans (B → A) photoiso-
here (OD(λex)) is the optical density at the excitation wa
ength. The kinetic equation for the rate of change of [A] is
iven by:

d[A]

dt
= −v1 + v2 + v3 (5)

sing this rate equation together with the Beer–Lamber
or absorbance of the photoreaction mixture at any w
ength:

D(λ) = εA(λ)[A]l + εB(λ)[B]l, (6)

nd the equation for the conservation of matter at any mo
f irradiation:

A] + [B] = [A]0, (7)

he parametersφAB, φBA and �B(λex) as well as the ab
orbance spectrum of B can be extracted from a nume
nalysis of the photokinetic curves (plots of absorbance
us time under continuous irradiation). Two sets of pho
etic curves corresponding to two different wavelength

rradiation must be determined. These two wavelengths
ie in the same absorption bands for both A and B. In a
ion, the dark adapted spectrum of A as well as the spec
f the reaction mixture at the last acquisition time during
adiation must be recorded so that the spectrum of B ma
alculated.

With realistic starting values of the unknown parame
he differential Eq.(5) was integrated numerically for ea
et of measurements. Then the solutions were applied to
6) and(7) to obtain simulated curves of OD versust. Then,
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Fig. 5. A set of photokinetic curves obtained for JRK-X at 25◦C (10 mM
phosphate buffer, pH 7.0). Experimental points are plotted as symbols; cal-
culated fits are lines.

the parametersφAB, φBA andεB(λex) were optimized in an
iterative procedure designed to minimize the residual error
(calculated as the sum of squares of differences between the
simulated and experimental curves). A representative set of
curves obtained for the cross-linked JRK-X peptide irradiated
in the�–�* band is shown inFig. 5.

The quantum yields derived from this fitting procedure are
collected inTable 2. Note that increases inφBA (cis→ trans)
are seen for both JRK-X and FK-11-X compared to the
azobenzene linker attached to glutathione (G-X). A smaller
absolute effect, but in the opposite direction is observed for
φAB(trans→ cis).

To calculate the absorption spectrum of the unstable iso-
mer B (cis) one needs to know the value ofεB at anyλ which
is obtained after the curve fitting process. Then, the con-
centrations of A and B in the photoreaction mixture can be
calculated from Eqs.(6) and(7) at any time during the irradi-
ation. The desired spectrum is then the absorption spectrum
of the reaction mixture at any time minus the spectrum of A
(the puretrans isomer) multiplied by its fraction at the same
moment of time. This procedure for calculating the spec-
trum of B (cis isomer) serves as an independent check of the
entire fitting procedure since a spectrum of the purecis iso-
mer can be directly obtained by rapid separation ofcis and
trans states using a diode-array spectrophotometer coupled

Fig. 6. Calculated (solid line) and experimental (dashed line) adsorption
spectrum of thecis isomer of JRK-X. The spectrum of thetrans form
(dash–dot line) is shown for reference. Similar spectra were obtained for
FK-11-X.

to a high performance liquid chromatograph.Fig. 6 shows
that the calculated and experimental spectra of the purecis
isomers agree closely except for below 300 nm where differ-
ences in the solvent and buffer conditions between the HPLC
and the photokinetic experiments cause intensity shifts al-
though spectral shape is preserved.

4. Discussion

One source of the difference in the apparent reversibility
of the present system compared to some of those examined
previously may be the chemical nature of the chromophore
used in each case. Although both systems employed azoben-
zene derivatives, the amide-substituted azobenzene deriva-
tives studied here have intrinsically smaller thermal barriers
for isomerization than alkyl substituted, ether substituted or
carbonyl substituted derivatives[14,45]. Photoisomerization
quantum yields, however are similar for this chromophore
and other azobenzenes[46,47].

In considering the thermal isomerization process, a central
question is how the attached molecule affects the relative
stabilities of thecis ground state and the transition state for
thecis-to-transthermal process. With the compounds studied
by Shinkai, thecis forms bind their targets (metal ions) via

T
Q

T

→ cis)

01
2 01
3 01
able 2
uantum yields for photoisomerization (�–�* irradiation)

(◦C) JRK-X FK-11-X

φAB (trans→ cis) φBA (cis→ trans) φAB (trans

1 0.07± 0.01 0.47± 0.05 0.07± 0.
5 0.10± 0.01 0.49± 0.05 0.08± 0.
7 0.11± 0.01 0.54± 0.06 0.09± 0.
G-X (control)

φBA (cis→ trans) φAB (trans→cis) φBA (cis→trans)

0.50± 0.05 0.10± 0.01 0.39± 0.03
0.62± 0.06 0.12± 0.01 0.38± 0.03
0.63± 0.07 0.14± 0.01 0.43± 0.04
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electrostatic interactions. It is clear that if these stabilizing
interactions are removed in the transition state a higher barrier
to thermal reversion will inevitably result[18].

Thus, thermal reversibility appears to be preserved in this
case because easily accessible peptide conformations exist in
which the normal transition state for inversion (or rotation)
can be accommodated. Single bonds provide flexibility in the
azo linker structure so that the transition state is compatible
with a significant range of peptide S–S distances. However,
as intrinsic peptide helical content increases, the S–S dis-
tance range will tend to encompass less of the distance range
required for access to a transition state (particularly an in-
version transition state) so that thermalcis-to-trans isomer-
ization would be more and more inhibited. Of course, as the
temperature is increased, the helix content of even highly he-
lical peptides is likely to decrease permitting access to S–S
distances that would permit inversion of the azo linker. A
corollary of the foregoing is that attachment of the azoben-
zene cross-linker to a peptide or protein may alter the relative
stabilities of transitions states for inversion and for rotation
and so may in fact influence the isomerization mechanism.
As the constraints of thecisform of the chromophore become
more stringent in terms of S–S distance, a rotational pathway
may be favoured owing to the greater overlap in compatible
S–S distances.
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for cis-to-trans isomerization is observed for both peptides
compared to the glutathione adduct. A detailed analysis of
the origins of these effects is complicated by that fact that
even for unmodified azobenzene, the relative energies of dif-
ferent excited states and the barriers to their interconversion
continue to be subjects of lively discussion[2,28,34,50–52].
A few studies have examined how the structure of an at-
tached molecule can alter the quantum yield for azobenzene
photoisomerization[1,39,42]. Specifically, increased quan-
tum yields fortrans-to-cisphotoisomerization have been ob-
served previously with azo compounds in which a rotational
transition state was expected to be sterically inhibited and an
inversion transition state allowed[1,42]. However, it is not
clear that the azobenzene derivatives employed by these au-
thors do in fact sterically prevent rotation since analogous stil-
bene derivatives (where inversion cannot occur) still isomer-
ize [53,54]. Instead, reduced rotational freedom of azoben-
zene phenyl rings in these derivatives has been proposed to
lead to increased quantum yields[34,42].

The observation of an increased quantum yield forcis-to-
transisomerization implies either that thecispeptide confor-
mation enhances productivecis-to-transphotoisomerization
or inhibits a pathway to S0. Various characteristic motions
of helical peptides including longitudinal vibrations of�-
helices occur on the picosecond timeframe[55,56]. These
motions may couple productively with an isomerization co-
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.1. Photoisomerization

The photoisomerization process is essentially diffe
rom the thermal process in that∼330 kJ/mol of energy i
eposited upon absorption of 365 nm photons. In the pr
ase only�–�* excitation was studied since�–�* excitation
ould be employed during application of these molec
s biochemical photo-switches. In contrast to the the
ase, the peptide conformational ensemble is unlike
e relaxed with respect to the transition state structur

he azobenzene group. Time resolved optical rotatory
ersion measurements and infrared measurements on
ystems[48,49] have shown clearly that peptide conform
ional changes occur more than four orders of magni
ore slowly than the linker isomerization event. The

ect of the peptide on the photochemicalcis-to-trans iso-
erization process must therefore reflect effects of thcis

ground state) peptide conformational distribution on the
ited state energy landscape. Likewise, any effects o
eptide on the photochemicaltrans-to-cis isomerization pro
ess must reflect effects of thetrans (ground state) peptid
onformational distribution on the excited state energy l
cape.

As noted above, attachment of azobenzene groups
helators and DNA-binding peptides has caused inhib
f photoisomerization, presumably because the structu
ibits motion along any coordinate (rotation or inversion

he excited state. In the present case,trans-to-cis photoiso-
erization is slightly inhibited by attachment to both the J
eptide and the FK-11 peptide but an increased quantum
e

rdinate to increase the quantum yield. As the temper
s increased, however, the helix content decreases su
ially [22] whereas the observed quantum yield incre
Table 2). Thus, perhaps, as described above, the atta
eptide instead inhibits a dynamic mode of the azoben
hromophore and thereby inhibits deactivation to S0.

In any case, the observed effects of the attached pep
n quantum yields for photoisomerization in either direc
re not very large and in no case is isomerization substan

nhibited. This feature of the systems – vital from the sta
oint of the design of an effective biological photoswitc
an be understood to a first approximation in the same
er as described above for the thermal isomerization pro
he flexibility of the peptide attachment is such that r

ively unperturbed transition states can be accessed th
otation of a few single bonds. Both the photoisomeriza
rocess and the thermal isomerization process are the
ot much changed from that undergone by the unatta
hromophore. As can be seen from the analysis presen
he Results section the effects of these model peptides o
arriers tocis-to-transthermal isomerization can be predic
emi-quantitatively simply by considering how the S–S
ances in the intrinsic conformational distributions of the p
ides overlap with S–S distance ranges of the chromop
n its various forms. The same approach could be ap
o other designed photoswitches if a reliable estimate o
onformational dynamics of the target could be obtaine
her through experiment (e.g. NMR analysis) or molec
imulation. In this way, one may be able to avoid the crea
f photoswitches where reversibly is compromised.
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