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ABSTRACT: Intramolecular cross-linking of peptides by the light-sensitive compound diiodoacetamide-
azobenzene has been shown to permit reversible photocontrol of the helix-coil transition. Cross-linking
between Cys residues spaced ati and i + 7 positions with the trans form of the linker was found to
produce a decreased helix content compared to that of the non-cross-linked peptide. Photoisomerization
to the cis form of the linker led to substantially higher helix content than in the non-cross-linked peptide.
Detailed conformational analysis of the system leads to the conclusion that photocontrol of helix content
does not involve specific interactions between the linker and the peptide. Instead, the change in peptide
helix content caused by photoisomerization can be predicted by comparing the length ranges of the cis
and trans forms of the linker with the expected distance distribution of the Cys attachment points in the
intrinsic conformational ensemble of the peptide. The analysis presented here should help to guide the
use of these and related linkers for the conformational control of a variety of peptide and protein systems.

The photoisomerization of protein-bound chromophores
is used by Nature to direct complex responses of biological
systems to light. Examples include phototaxis in bacteria,
phototropism in plants, and vision in higher organisms.
Engineering-directed biochemical responses to light, if this
could be accomplished in a general way, would provide an
avenue for probing and manipulating complex living systems
(1-3).

The azobenzene chromophore is attractive for use as a
component in such engineered systems since azobenzene
photoisomerization takes place quickly, with a high quantum
yield, and is relatively insensitive to the local environment.
In addition, azobenzene photoisomerization occurs with
wavelengths of>300 nm so that the light used to produce
isomerization is not strongly absorbed by the protein and
nucleic acid present in biological targets (4-7).

Recently, we were successful in controlling the helix
content of a JRK-X model peptide system through the
incorporation of a photoisomerizable azobenzene cross-linker
(8, 9). A thiol-reactive azobenzene cross-linking reagent was
combined with a peptide containing Cys residues spaced at
positions i and i + 7 in the sequence. The dark-adapted
peptide was predominantly unfolded in water and upon being
exposed to light (370 nm) became substantially helical as
judged by circular dichroism (CD)1 spectroscopy. In further

work, we exploredi andi + 4 spacing and thei andi + 11
spacing of Cys residues. The former behaved in a manner
similar to that of thei andi + 7 case, whereas the latter led
to a stabilized helical conformation in the dark-adapted
(trans) state and helix unfolding upon photoisomerization to
the cis state (10, 11).

SinceR-helices are essential components of many protein
structures, and since Cys residues can be introduced easily
via site-directed mutagenesis, this azobenzene-based cross-
linking strategy offers a general way of photocontrolling
protein conformation (and thereby activity). However, to be
used successfully in a rational manner, the structural basis
of photocontrol of conformation must be understood. We
have therefore undertaken a detailed conformational analysis
of the original peptide system in an effort to understand how
photoisomerization of the cross-linker causes conformational
changes in the peptide.

EXPERIMENTAL PROCEDURES

Peptide Synthesis, Cross-Linking, and Purification.The
peptide JRK (acetyl-EACARVAibAACEAAARQ-NH2) was
synthesized by Jerini Biotools (Berlin, Germany) using
established methods. The azobenzene cross-linking reagent
was synthesized and used for intramolecular cross-linking
of Cys residues as detailed by Kumita and co-workers (8).
The cross-linked form of the peptide is denoted with a ter-
minal X following the peptide identification (i.e., JRK-X).

UV-Vis, Circular Dichroism, and Photoisomerization.UV
spectra were obtained with a Perkin-Elmer Lambda 2
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spectrophotometer using the same thermostated quartz cell
(path length of 0.1 cm) in which CD analysis was performed.
Photoisomerization was accomplished by irradiating ther-
mostated 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) ine5 min. Spectra for
pure trans and cis forms of JRK-X were obtained as described
previously (9).

Circular dichroism measurements were performed with a
Jasco model J-710 spectropolarimeter. All measurements
were taken in a thermostated quartz cuvette (path length of
0.1 cm). Temperatures were measured using a microprobe
directly in the sample cell. All samples were dissolved in 5
mM phosphate buffer (pH 7). Reported spectra 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 bandwidth of 0.5 nm and a response
time of 4 s, was used. Using the percent cis observed by
UV, theoretical 100% cis CD spectra were calculated using
the equationθ(100% cis)) [θ(observed after irradiation)
- fraction trans× θ(dark-adapted)]/(fraction cis).

NMR Spectroscopy of JRK-X.NMR spectra of trans-
JRK-X [1.1 mM, 90% (v/v) H2O/D2O, pH 3.1] were obtained
by placing the sample in the dark at 25°C for a period of at
least 24 h prior to acquisition. Samples containing cis-JRK-X
were prepared by irradiating the NMR tube using the same
70 W metal halide Tri-Lite lamp used for CD measurements.
Thermal conversion of cis-JRK-X to trans-JRK-X was
minimized by immersing the NMR tube in a 100 mL
graduated cylinder containing an ice/water mixture. After
45 min, the irradiated sample was returned to the magnet.
The amide protons on the cross-linker provided a convenient
measure of the extent of isomerization from trans- to cis-
JRK-X (cis, 10.26 ppm; trans, 10.36 ppm). Under these
conditions,∼50-60% cis-JRK-X was typically obtained.

1H two-dimensional (2D) TOCSY spectra of dark-adapted
JRK-X and irradiated JRK-X were recorded at 800 MHz and
4 °C using the NANUC (Edmonton, AB) 800 MHz Varian
Inova spectrometer equipped with a 5 mmVarian PFG probe.
Some spectra were also obtained with a 500 MHz Varian
Unity spectrometer equipped with a 3 mm NaloracInd3
probe. A DIPSI spin lock sequence (tm ) 60 ms) (12) was
employed, and water suppression was achieved with a 3-9-
1-9 Watergate pulse sequence (13). Watergate TOCSY
spectra were acquired over a spectral window of 12 000 Hz
(in both thef2 and f1 dimensions) with a gain of 26, ad1

delay of 1 s, 512t1 increments, 2048 complex data points,
and 16 transients. Also, 16 steady state pulses were run at
the start of these experiments. Thermal relaxation of cis-
JRK-X to trans-JRK-X constrained the total experiment time
to 8 h sospectra were acquired with only 16 transients.
Signal-to-noise ratios were maintained by acquiring and
processing two identical irradiated spectra and adding these
processed spectra using the madd.mac routine provided in
the FELIX 2000 software package (Accelrys, San Diego,
CA). Cross-peaks from trans-JRK-X and cis-JRK-X were
observed in these spectra. Comparison to dark-adapted (trans)
JRK-X spectra permitted assignment of cis cross-peaks.

1H 2D NOESY spectra were recorded at 800 MHz and 4
°C in a fashion similar to that used for Watergate TOCSY

spectra. The NOESY spectrum of trans-JRK-X was acquired
(tm ) 400 ms) with 64 transients, while three spectra were
acquired (16 transients;tm ) 400 ms) and processed in an
additive manner for irradiated JRK-X. Other parameters for
the acquisition of NOESY spectra were set as follows.
Spectra were acquired over a window of 10 000 Hz (f1) ×
12 000 Hz (f2) with a gain of 26, ad1 delay of 1 s, 512t1
increments, 2048 complex data points, and 16 steady state
pulses. Spectra were generally collected with a mixing time
of 400 ms since studies on a closely related peptide used
this condition (14). To determine if spin diffusion was
occurring in these NOESY spectra, comparative spectra were
acquired with mixing times of 200 ms. Difference restraints
generated from these spectra were virtually identical to those
generated with a mixing time of 400 ms.

A backbone HN chemical shift temperature dependence
study was performed using the 500 MHz Varian Unity
spectrometer equipped with a 3 mmNaloracInd3 probe. The
Watergate TOCSY pulse sequence described above was used
with the following adjustments. The spectral window was
reduced to 6000 Hz (bothf1 andf2; tm ) 80 ms), and either
eight transients (dark-adapted JRK-X) or 16 transients
(irradiated JRK-X) were used. Spectra were recorded at 2,
7, 12, 17, 22, and 27°C for dark-adapted JRK-X and at 2,
7, 12, and 17°C for irradiated JRK-X.

An 800 MHz phase-sensitive COSY spectrum of irradiated
JRK-X was acquired at 4°C for the evaluation of NH-HR
coupling constants for both trans- and cis-JRK-X. Suppres-
sion of the water signal was achieved by inserting a
presaturation pulse prior to the COSY pulse sequence. COSY
spectra were acquired over a spectral window of 9000 Hz
(f1) × 12 000 Hz (f2) with a gain of 26, ad1 delay of 1 s,
256 t1 increments, 16K complex data points, eight steady
state pulses, and 16 transients.

NMR Data Processing.Both TOCSY and NOESY spectra
were analyzed using FELIX 2000 (Accelrys). The spectra
were processed in the following manner.D1 was zero-filled
from 2048 complex points to 4096 points. A 60° phase-
shifted sine bell squared window function was then applied
to D1, followed by Fourier transformation and appropriate
phasing. Data in theD2 dimension were linearly predicted
from 512 points to 2048 points using a forward linear
prediction algorithm provided by FELIX. TheD2 data set
was further extended by zero-filling from 2048 points to 4096
points. A 60°-shifted sine bell squared window function was
then applied toD2, followed by Fourier transformation and
appropriate phasing. These spectra were referenced on the
TSP signal.

Full sequential spin system identification of trans-JRK-X
and cis-JRK-X was performed according to the procedure
outlined by Wüthrich (15) using FELIX. Eighteen spin
systems were identified for both trans-JRK-X and cis-JRK-
X: 16 for the main chain amino acids, another for the cross-
linker, and another for the C-terminal amide moiety.

To generate distance restraints, peak volumes in the
Watergate NOESY spectrum were calculated using FELIX
2000. Cross-peaks from Val6 Hâ1 to Val6 Hγ (2.70 Å) and
from Cys10 Hâ1 to Cys10 Hâ2 (1.78 Å) were chosen as
reference (scalar) peaks. Xplor-based NOE distance restraints
were calculated for all assigned peaks. Distance restraints
were categorized into small (1.5-2.5 Å), medium (1.5-3.5
Å), and weak (1.5-6.0 Å) bins.
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The presat psCOSY spectrum was processed using
nmrPipe (16). The following processing scheme was em-
ployed. The 90° phase-shifted sine bell squared window
functions were applied toD1 and D2 prior to Fourier
transformation. Data in theD2 dimension were linearly
predicted from 256 points to 512 points and then further
extended by zero-filling to 4096 points. Coupling constants
were determined using ACME software using the procedure
described previously (17).

Molecular Dynamics Simulations of JRK-X.Simulated
annealing (SA) molecular dynamics was used for analysis
of the NOE data. The amino acid sequence of JRK (Ac-
EACARVAibAACEAAARQ-NH2) was built in SYBYL
with the conformation of the peptide backbone set as random.
The peptide was then subjected to energy minimization using
the AMBER force field (18) with the PARM96 parameter
set. A distance-dependent dielectric was used to implicitly
represent the charge screening effects of the aqueous solvent.
NOEs involving cross-linker protons were not included for
analysis of the peptide backbone structure of cis-JRK-X (see
the Discussion). All unique cis NOEs were included along
with those involving protons of the side chains of the Glu,
Arg, and Gln residues. NOEs were introduced as flat-
bottomed distance restraints between hydrogen atoms. The
peptide was heated to 3000 K over the course of 50 ps and
then held at this temperature for a further 100 ps. The force
constant for the restraints was increased from 2 to 20 kcal
mol-1 Å-2 after the heating stage and kept at this value for
the rest of the simulation. The peptide was then slowly cooled
from 3000 to 0 K over the course of 150 ps and once more
subjected to energy minimization. This process was repeated
10 times, and in each case, the final structure was assessed
and any deviation from the NOE distance restraints was
analyzed. As a control, peptide structures were also generated
by the same SA protocol without NOE restraints. The SA
protocol followed for trans-JRK-X was the same except that
every unambiguous NOE was included as a distance restraint
for each SA run. In total, 50 runs were conducted.

For the analysis of linker dynamics, simulations of the
short AACAAVAibAACA peptide (with Cys residues cross-
linked by the azobenzene cross-linker) representing residues
1-11 of JRK-X were carried out. The backbone of the
peptide was restrained to anR-helical conformation, and an
octahedral periodic system of 1000 TIP3P waters was
employed. Missing parameters describing the linker azo units
were added to the AMBER force field (19). The system was
heated from 0 to 283 K over the course of 50 ps, and then
constant-pressure dynamics was performed for 200 ps to
equilibrate the system to the required density. Six runs of
50 ns were then performed. For each simulation, the starting
conformation of the linker was different. The first 10 ns of
each simulation was discarded, and only the final 40 ns was
analyzed.

Helix-Coil Modeling with SYBYL, AGADIR, and
FOLDTRAJ.Conformational searches of isolated linkers with
methyl groups replacing Cysâ-atoms were performed using
the systematic search option in SYBYL. All single bonds in
the isolated linkers were rotated in 30° increments except
those connecting the rings to the azo group. These, together
with bond angles and bond lengths, were constrained to the
values found from X-ray crystallographic studies of azoben-
zene (20, 21) and high-level computational studies (22).

AGADIR (http://www.embl-heidelberg.de/Services/serrano/
agadir/agadir-start.html) was used to predict overall helicity
as well as helix length probabilities. Normally, AGADIR
calculates energies for each helix window length and from
those builds the partition function to estimate overall and
residue-based helicities (23, 24). The program was modified
simply to group calculated probabilities by helix length, sum
the individual probabilities for each length, and output these.
A copy of the modified program is available on request.

The “residue fragment” feature of FOLDTRAJ was used
to generate an ensemble of structures with a helical content
distribution matching that predicted by AGADIR. This was
accomplished by adding helical fragments of various lengths
to the start of the peptide, with probabilities proportional to
AGADIR predictions. Effectively, this inserts ideal helical
segments of varying length into an otherwise randomly
generated backbone structure.

RESULTS

Photoisomerization of JRK-X

The structure of the cross-linked JRK-X peptide in cis and
trans forms is shown in Figure 1A. Calorimetric measure-
ments have found the ground state of the unmodified
azobenzene chromophore to be more stable in the trans
conformation than in the cis state by 49 kJ/mol (25). At
equilibrium in the dark, unmodified azobenzene is thus only
0.0000003% cis at room temperature. Calorimetric measure-
ments have not been performed on JRK-X; however, NMR
analysis of the dark-adapted peptide reveals no trace of the
cis isomer so thate1% would be the maximum present.
Accordingly, trans-JRK-X is at least 15 kJ/mol more stable
than cis-JRK-X and may be∼50 kJ/mol more stable.

Cis-JRK-X isomerizes to trans-JRK-X in the dark via a
thermal process (5). Rates of thermal cis-to-trans isomer-
ization were measured for a series of temperatures by
monitoring the absorbance at 370 nm after irradiation to
convert a percentage of the solution to the cis isomer. The
energy barrier for thermal cis-to-trans isomerization of
JRK-X was calculated to be∼78 kJ/mol.

Upon irradiation of JRK-X solutions with light at 370(
10 nm, excited states are produced for which the barrier to
cis-to-trans isomerization is substantially smaller than the
thermal barrier (Figure 1B) (5, 7). Reversion to the electronic
ground state after excitation thus produces a mixture of cis-
and trans-JRK-X. Since cis-JRK-X does not absorb as
strongly as trans-JRK-X at 370 nm (Figure 1C), irradiation
of a solution of JRK-X at 370 nm produces a photostationary
state that is substantially cis-JRK-X (Figure 1C). No evidence
for azobenzene photobleaching was observed. The percentage
of cis-JRK-X obtained depends on the relative molar
extinction coefficients of the cis and trans forms at 370 nm,
the quantum yield for cis-to-trans versus trans-to-cis pho-
toisomerization, the rate of thermal reversion from cis to
trans, the sample concentration, and the intensity of the light
source. Using a 0.35 mW source, an∼50 µM solution of
JRK-X at 10 °C reached a photostationary state that was
77% cis as judged by an analysis of UV spectra (Figure 1B;
see Experimental Procedures for details). At the concentra-
tions required for NMR measurements, the same light source
produced 50-60% cis-JRK-X.

Light-Sensitive Peptide Biochemistry, Vol. 43, No. 49, 200415331



CD Analysis of Backbone Conformational Change in
JRK-X

Figure 2 (solid line) shows the CD spectrum for dark-
adapted JRK-X with the azobenzene moiety in the trans
conformation. This spectrum is typical of a largely disordered
peptide structure with a small degree of helicity (26). Upon
irradiation with 370 nm light, the CD spectrum shown in
Figure 2 (dotted line) was obtained. The intensity of the CD
band at 222 nm increased; the minimum at 200 nm shifted
to 207 nm, and a strong maximum at 190 nm appeared. This
spectrum is characteristic of anR-helix (26). Under these
conditions, 77% of the cis isomer is obtained on the basis
of the observed UV spectrum. The CD spectrum expected
for the pure cis form of the peptide can be calculated simply
by correcting the 77% cis spectrum for the presence of 23%

trans; the resulting spectrum is shown in Figure 2 (dashed
and dotted line).

Although the CD spectrum is diagnostic for the presence
of helix, a quantitative determination of helix content is
complicated by the lack of consensus about the mean residue
ellipticity expected for 100% helix (27). Using the simple
assumption that 100% helix gives aθ222 value of -40000
× [(n - 4)/n], wheren is the number of residues (28), gives
a value of 60% helix for the cis form of the peptide and
11% helix for the trans form at 10( 1 °C in 5 mM NaPO4

(pH 7.0). For reference, the spectrum of non-cross-linked
JRK is also shown (dashed and double-dotted line). This
indicates a helix content for the non-cross-linked peptide of
25%, a value intermediate between those of the dark-adapted
and irradiated states.

The helix-coil structural transition observed by CD upon
photoisomerization was fully reversible. CD spectra of
varying percentages of cis-JRK-X exhibited an isodichroic
point at 203 nm which suggests the existence of a simple
two-state equilibrium between helical and disordered forms
of the peptides (29). CD spectra were independent of peptide
concentration over a range of 5-225 µM, indicating the
absence of self-association. Similarly, no evidence for self-
association was observed in NMR samples with a concentra-
tion of >2 mM.

NMR Analysis of the Backbone Conformational Change
in JRK-X

1H NMR spectra were recorded for dark-adapted JRK-X
and irradiated JRK-X in a 90% H2O/10% D2O mixture at
pH 3.1 and 4°C, conditions similar to those used for the
CD measurements. The lower pH was used to decrease amide
exchange rates and optimize the resolution of NH chemical
shifts. A lowered pH caused only a slight decrease in helicity
of cis-JRK-X as judged by the intensity of the CD signal at
222 nm and had no effect on the CD of trans-JRK-X. The
half-life of cis-JRK-X is∼4 h at this temperature and pH.
Standard TOCSY, COSY, and NOESY spectra were acquired
using established methods (14). Sixteen spin systems were
identified for trans-JRK-X by analysis of dark-adapted
spectra. A further 16 spin systems for cis-JRK-X were
identified in irradiated spectra. There was no evidence for

FIGURE 1: (A) Primary structure of JRK-X in trans and cis forms. (B) Simplified energy diagram for the isomerization of JRK-X. Note that
the profiles of the S1 and S2 excited state surfaces are those proposed for unmodified azobenzene and are shown here for illustrative
purposes only. These have not been measured in this work. (C) UV-vis spectra for trans-JRK-X (s), cis-JRK-X (-‚-), and the photostationary
state (‚‚‚).

FIGURE 2: CD spectra of trans-JRK-X (s) and JRK-X upon
irradiation (‚‚‚) and spectrum corrected for 100% cis (-‚-). The CD
spectrum of non-cross-linked JRK under the same conditions is
shown (-‚‚-).
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multiple conformations exchanging slowly on the NMR time
scale as has been reported for some other azobenzene-
containing cyclic peptides (30). Spin system connectivities
were determined from the NH-NH region of the1H-1H
NOESY spectra. In addition to the amino acid spin systems,
trans- and cis-JRK-X linker chemical shifts were identified
(Tables I and II of the Supporting Information).

Chemical Shift Analysis.NMR chemical shifts are useful
qualitative markers of structural elements in peptides (31).
Residues in helices typically show HR chemical shifts upfield
of their random coil values. Residues inâ-strand extended
conformations show a comparable downfield shift. For trans-
JRK-X, five of 15 HR resonances are shifted upfield of their
respective random coil values. Cis-JRK-X has 12 of 15 HR
chemical shifts upfield of their random coil values (Aib7
does not have anR-proton). No shifts downfield of random
coil values were observed.

Chemical Shift Temperature Gradients.Andersen et al.
(32) have presented a detailed analysis of the relationship
between the temperature dependence of peptide NH back-
bone chemical shifts and peptide conformation. In the
absence of temperature-induced conformational changes,
amide proton chemical shifts exhibit a temperature depen-
dence that is influenced by their hydrogen bonding environ-
ment (33). Intramolecularly hydrogen-bonded NHs typically
show ∆δ/∆T values of-2 ( 1.4 ppb/°C, while solvent-
exposed NHs typically display gradients between-5 and
-11 ppb/°C (32). Trans-JRK-X NHs exhibited∆δ/∆T values
more negative than-5 ppb/°C for 13 of 15 residues. In
contrast, 13 of 16 cis-JRK-X NH shifts have∆δ/∆T values
more positive than-4 ppb/°C.

Peptide conformational changes with temperature (e.g.,
helix unfolding) will also contribute to the observed chemical
shift temperature gradients, and may dominate them (32).
For flexible peptide systems, Andersen et al. have proposed
using correlations between NH chemical shift temperature
gradients and NH chemical shift deviations from random coil
values as indicators of changes in conformational equilibria
(32). Using their approach, we find a correlation coefficient
(R) of 0.3 and a slope of-1.2 ppt/°C for trans-JRK-X. These
values increase to 0.6 and-7.3 ppt/°C, respectively, for cis-
JRK-X, indicating a shift toward a dominant helical confor-
mational state with a mole fraction on the order of 0.35-
0.7 (32). Positive NH temperature coefficients observed for
Arg15 and Gln16 in cis-JRK-X may reflect fraying at the
C-terminal end of a helical structure.

Coupling Constants (NH-HR). Scalar coupling constants
between NH and HR protons are sensitive to backboneφ

(æ) angles (15, 34). 3JHNR values ofe4 Hz are typical of
helical conformations, whereas extended conformations
typically give coupling constants of>9 Hz (31, 34). Figure
3A shows the NH-HR region of a1H-1H COSY spectrum
of an irradiated sample of JRK-X. Trans-JRK-X peaks are
colored blue, and cis-JRK-X peaks are colored red. Coupling
constants were extracted from this spectrum using ACME
(17) and are compiled in Figure 3B. Trans-JRK-X coupling
constants are consistent with extensive averaging of confor-
mations, whereas cis-JRK-X coupling constants are generally
less than 5 Hz with several less than 4 Hz, consistent with
a significant fraction of helical structure. The larger coupling
constants of Arg15 and Gln16 are consistent with some
C-terminal fraying of the helix.

Nuclear OVerhauser Effects.NOE measurements are
useful indicators of secondary structure even in peptide
systems that are expected to adopt multiple conformations
in solution (14). Medium-range NOEs of the NH-NH (i, i
+ 1) type are considered indicative of helical structure (35).
Only one such NOE was observed for trans-JRK1-X, where
Aib is at positioni. This is probably because theφ andψ
angles of Aib are restricted to helical space (36), and thus,
there is local helicity at this residue. The lack of NH-NH
(i, i + 1) NOEs implies the trans peptide is, overall, not
helical. Indeed, analysis of the complete set of trans-JRK-X
NOEs gave no pattern indicative of conformational prefer-
ences of the peptide backbone, the peptide side chains, or
the cross-linker. Using the observed NOEs as distance
restraints, trans-JRK-X structures were produced using the
simulated annealing protocol described in Experimental
Procedures. No overall secondary structural preference was
noted. A cluster analysis was performed using Moil-View
(37) in which all the structures were overlaid by fitting the
heavy atoms of the cross-linker. The peptide backbones of
the 50 structures were not observed to preferentially occupy
any region of space around the cross-linker.

In contrast, NOESY spectra of cis-JRK-X provided several
strong indicators for the presence of substantial helical
structure. For instance, three HR-HN (i, i + 3) NOEs
(between residues 3 and 6, 6 and 9, and 8 and 11) were
observed, all of which are intermediate in intensity, indicating
the presence of conformations in which these protons are
<4 Å apart.

When Val and Aib occur consecutively in a peptide, the
relative locations of the four methyl groups (twoR-methyl
groups of Aib and twoγ-methyl groups of Val) provide
excellent indicators of localR-helicity. All the NOEs
observed between Val6 and Aib7 for cis-JRK-X together with
predicted distances between protons in these two residues
when the peptide backbone adopts anR-helical conformation

FIGURE 3: (A) 1H-1H COSY spectrum of JRK-X. Trans cross-
peaks are blue, and cis cross-peaks are red. (B) Measured coupling
constants between NH and HR protons.

Light-Sensitive Peptide Biochemistry, Vol. 43, No. 49, 200415333



are shown in Figure 4. These NOE data are only consistent
with the peptide backbone of both residues adopting an
R-helical conformation.

In an R-helix, a carbon or sulfurγ-atom is sterically
hindered from adopting a gauche- (60°) ø1 conformation.
Thus, for aâ-branched residue such as valine, only the
â-hydrogen is sterically allowed to occupy this position (38).
The presence of substantial helical structure would thus
restrict the range of chemical environments sensed by the
γ-methyl protons of Val6. Consistent with this is the
observation that for cis-JRK-X thepro-Randpro-Sγ-methyl
groups of Val6 have substantially different chemical shifts,
whereas in the trans form of the peptide, they have
overlapping chemical shifts. Likewise, thepro-R andpro-S
methyl groups of Aib have different chemical shifts in cis-
JRK-X and overlapping shifts in trans-JRK-X (Figure 3,
Tables I and II of the Supporting Information). The presence
of a helical secondary structure has previously been reported
to cause differential shifts forpro-Randpro-Smethyl groups
of Aib (39).

In each of the energy-minimized structures produced
following simulated annealing, the peptide backbone of
residues 1-12 adopted a continuousR-helix. Peptide struc-
tures generated by the same simulated annealing protocol
but without NOE restraints adopted only disordered confor-
mations. However, even with all the NOE distance restraints
included, the backbone of residues 13-16 adopted no

consistent conformation. The side chains of Arg5, Arg15,
Glu11, and Gln16 also showed no consistent conformational
preferences, indicating that each likely populates several
different conformers with no single conformer being sig-
nificantly preferred.

Conformational BehaVior of the Azobenzene Cross-Linker

For both cis and trans forms of the cross-linker, a single
set of resonances were observed, indicating a single confor-
mation or, more likely, a rapidly averaging set of conforma-
tions. Moreover, protons on the aromatic rings that inter-
convert through ring rotation [e.g., HC (Figure 1)] were
equivalent at 800 MHz, indicating rapid rotation of the
chromophore on the NMR time scale. This result indicates
that no strong, noncovalent interactions occur between the
cross-linker and the peptide in either trans or cis conforma-
tions. Since the peptide backbone of trans-JRK-X appears
to have no significant conformational preferences, a mobile
cross-linker in trans-JRK-X is not surprising. NOEs between
the cross-linker and the peptide were included in simulated
annealing of trans-JRK-X and led to no consistent confor-
mational pattern.

In the case of cis-JRK-X, rotation about the Nazo-Caromatic

bonds in the cis azobenzene moiety will lead to changes in
the twist sense (∆ vs Λ) of the cross-linker. The observation
of a single shift for HC (Figure 1, Table II of the Supporting
Information) indicates that these isomers interconvert quickly.

FIGURE 4: (A) Ball-and-stick representation of Val and Aib as part of anR-helix. Atom coloring is as follows: cyan for C, white for H,
red for O, and blue for N. (B) Section of the1H-1H NOESY spectrum showing ValγCH3 cross-peaks to Val and Aib NH protons. In
cis-JRK-X, thepro-R and pro-S γ-methyl groups of Val6 have substantially different chemical shifts, whereas in the trans form of the
peptide, they have overlapping chemical shifts. (C) Observed NOEs between individual protons or methyl proton groups are listed along
with the distance in angstroms of these protons in an AMBER-minimizedR-helix. Distances involving methyl hydrogens are measured
from the center of the carbon atom. NOE strengths are represented by a single-letter code: S for strong, I for intermediate, W for weak,
and x for no NOE observed.
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That the conformation of the cis linker is dynamic is also
supported by the NOE data. Nine NOEs were observed
between the aromatic and amide linker protons and the
methyl protons of Val and Aib side chains of the cis-JRK-X
peptide. Of these, five were between the linker and Val and
four between the linker and Aib. Because of the distances
between these amino acid side chains in anR-helix, the linker
must move between at least two conformations (one in which
it is near the Val side chain and one near the Aib methyl
groups) to satisfy the distance requirements for producing
all these NOEs.

DISCUSSION

Two central questions were addressed in this study. (i)
What is the detailed nature of the light-induced conforma-
tional change in the JRK-X peptide? (ii) What is the
mechanism whereby cis-to-trans isomerization of the chro-
mophore induces this change?

What Is the Detailed Nature of the Light-Induced Con-
formational Change in the JRK-X Peptide?A detailed
analysis of the1H-1H COSY and1H-1H NOESY spectra
was carried out to extract information about the conforma-
tions of the trans and cis forms of JRK-X. A summary of
peptide backbone conformational data extracted from the
NMR analyses of cis and trans-JRK-X is presented in Figure
5. For trans-JRK-X, chemical shift data, NH/HR chemical
shift temperature dependences, NH/HR coupling constants,
and NOE data all point to a family of disordered conforma-
tions with extensive conformational averaging and NH-
solvent H-bonding. CD data are also consistent with this
conclusion.

For the cis peptide, chemical shift data, NH-HR chemical
shift temperature dependences, and NH-HR coupling con-
stants and NOE data all point to substantial helical content
at least residues 2-11. There is no NOE evidence for or
against helicity for residues 12-16, but chemical shift data,
NH-HR chemical shift temperature dependences, and NH-
HR coupling constants all support helicity at the C-terminal
end of the peptide. There is no evidence for dominant
conformations of the side chains of Arg5, Glu11, Arg15, or
Gln16. It is expected that these are generally mobile and
surrounded by solvent. The peptide thus displays considerable
helix content but at the same time is likely sampling a variety
of unfolded conformations. These lead to averaging of side
chain Val dihedral angles, for instance, as well as some
averaging of backbone dihedrals. Indeed, it would be highly

unlikely that a peptide of this size would adopt a single
conformation in water. Fraying from the C-terminal end is
also not unexpected (40).

The cross-linker itself appears to be mobile in both cis
and trans conformations on the basis of the absence of any
NMR peaks that could be attributed to restricted rotation of
either of the azobenzene rings. For the cis form, NOE cross-
peaks suggested that the linker adopted at least two preferred
families of conformations: one in which it was close to the
Val side chain and the other in which it was close to Aib.
This hypothesis was tested with molecular dynamics (MD)
simulations. A total of 240 ns of simulation was performed
on a fully solvated but simplified cis-JRK-X peptide in which
Arg and Glu side chains were changed to Ala. A helical
structure was maintained by adding backbone constraints.
As hypothesized, two main conformational populations were
found in which the linker was either interacting with the Val
side chain or the Aib methyl groups (Figure 6).

At no point during any of the simulations was the linker
near both the Val and Aib residues at the same time. The
relative populations for each state were averaged over all
simulations (Figure 6). Both the near-Val and near-Aib
positions of the linker were fairly stable on the time scale
of the MD simulations. During the total simulation time of
240 ns, a change from one state to the other was only
observed 11 times. Interconversion between the∆ and Λ
forms was monitored by recording the value of the C-C-
NdN bond torsion angles for each ring (Figure 6). Numerous
interconversions between the∆ andΛ forms were observed
during the simulations. A preference for the∆ form (right-
handed) was observed when the linker was close to either
the Val or Aib residue, but not when is was near neither
residue.

What Is the Mechanism whereby Cis-to-Trans Isomeriza-
tion of the Chromophore Induces This Conformational
Change?Since the linker is mobile, backbone conformational
change does not seem to be driven by high-affinity, nonco-
valent stabilizing interactions between the linker and the
peptide, for instance, between the cis form of the linker and
the underlying residues. This conclusion is supported by the
finding that varying these amino acids does not appear to
have a substantial effect on the conformational transition
(e.g., Ala, Ala in place of Val, Aib) (9). This leaves instead
steric effects caused by the change in linker length upon
isomerization as the likely cause of the conformational
change.

FIGURE 5: Summary of conformational parameters derived from NMR data.
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Previous studies on the effects of intramolecular cross-
links on helix-coil transitions, and on protein folding in
general, have been treated by considering the reduction in
entropy of the unfolded state induced by the linker (41-
43). For the helix-coil transition in particular, cross-links
are often described in terms of increasing the probability of
nucleation (σ in Zimm-Bragg orυ2 in Lifson-Roig helix-
coil transition theory). A detailed study by Kise and Bowler
(41) on the effect of a Ru(III)-induced cross-link between
His residues showed, however, that both nucleation and
propagation parameters were affected.

A similar approach to the one employed by Kise and
Bowler might be employed here to assess the effects of the
azobenzene cross-linker on the JRK-X helix-coil transition.
However, while the cis form is expected to decrease the
entropy of the coil state and be compatible with a helical
conformation, the trans form of the cross-linker decreases
both the entropy of the coil stateand the stability of the
helical state. Moreover, the description of the effects of the
cross-linker in terms of modified initiation and propagation
parameters does not easily lead to an understanding of what
aspects of the linker (e.g., length and flexibility) are important
for inducing the observed transition. Such an understanding
would help in the rational application of the cross-linker as
well as in the design of improved cross-linkers.

Therefore, in an effort to understand, in a quantitative
manner, the observed change in helix content, we began by
considering what the distribution of Cys-Cys distances
would be in the non-cross-linked peptide. This distance is
not directly available experimentally from the NMR data,
and molecular dynamics simulations may not reliably provide
an equilibrium distribution of the distance. However, standard
helix-coil transition theory successfully describes the equi-
librium conformational behavior of short monomeric peptides
in water (44). In particular, the AGADIR formalism and
algorithm shows excellent predictive ability (23, 24). When
the sequence of the non-cross-linked JRK peptide (with Ala
substituting for Aib since AGADIR is not parametrized for
Aib) is provided as input, together with solution conditions
from the CD measurements (10°C, 10 mM phosphate buffer,
and pH 7), AGADIR predicts a helix content of 21%, a value
in good agreement with the helix content of 25% estimated
above. Indeed, the Aib for Ala substitution would be likely
to increase the helix content slightly (36). A modification to
the AGADIR program was then made so that, in addition to
predicting overall helix content, helix length probabilities
were also calculated (i.e., the probability of a helix of length
x occurring anywhere in the 16-residue peptide, wherex
varies from 4 to 16).

The helix content and distributions predicted by AGADIR
were then used as input for FOLDTRAJ. FOLDTRAJ is a
probabilistic all-atom protein structure sampling algorithm
(45). It uses geometrical constraints together with a Lennard-
Jones type potential for self-avoidance and is capable of
rapidly sampling conformational space without lattices. We
used FOLDTRAJ to generate a family of∼100000 structures
of non-cross-linked JRK. The overall helix content in this
distribution and the distribution of helix lengths matched
closely that predicted by AGADIR. The structures generated
by FOLDTRAJ were then used to produce a probability
distribution of distances between Cys sulfur atoms for the
conformational ensemble. This distribution is shown in
Figure 7.

Despite the relatively low overall helix content, the
distribution is sharply peaked at the Cys-Cys (S-S) distance
expected for a standardR-helical conformation (∼10.8 Å).
Similar peaked distributions for peptide end-to-end distances
have been reported previously as part of a Monte Carlo
statistical mechanical study of the helix-coil transition using
a hard-sphere model of polyalanine based on Lifson-Roig
theory (46). Note that JRK peptides with very low total helix
content (∼5%) show a broad distribution with a maximum
at longer S-S distances (Figure 7, dotted line).

FIGURE 6: (A) Two conformations of the linker observed during
MD simulation of cis-JRK-X. The azobenzene rings are near the
Val residue in the image on the left and near the Aib residue in the
image on the right. Peptide backbones are represented as ribbons;
the side chains of Val and Aib are shown as space-filling diagrams,
and the linker is in stick format. (B) Summary of linker dynamics
from MD simulations of cis-JRK-X.
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Covalent attachment of an azobenzene cross-linker must
constrain this distribution. To a first approximation, let us
suppose the constraints are primarily steric; that is, the linker
simply does not allow S-S distances outside a particular
range, the allowed ranges being different for cis and trans
conformations of the linker. To estimate what these ranges
are, we performed systematic conformational searches of
each isomer of the linker by rotating each single bond in
the structure as described in Experimental Procedures. The
range of S-S distances was found to be 6-14.6 Å for the
cis form (red area in Figure 7) and 17.1-18.7 Å for the trans
form (blue area in Figure 7).

The range of distances available to the cis form is larger
than the range available to the trans form as a consequence
of the bent structure. Note that we have not made any attempt
to rank the relative energies of these forms; the intent was
simply to examine the range of S-S distances that would
be available to the isolated cross-linkers. When these ranges
are superimposed upon the distribution of S-S distances for
the non-cross-linked JRK peptide (Figure 7), it is im-
mediately evident that the cis range encompasses the spike
in the distribution at 10.8 Å whereas the trans range does
not. If one then calculates the helix content associated with
each of these subsets of peptide structures (available from
the FOLDTRAJ output), one finds 48% helix for the cis
range and 2% helix for the trans range. This result is a direct
consequence of the greater likelihood of a long helix
occurring near the 10.8 Å peak.

This simple analysis thus describes semiquantitatively the
nature of the observed effect; i.e., trans-to-cis isomerization
of the covalently attached linker causes a very substantial
increase in helix content (2% predicted vs 11% experimental
for the trans conformation; 47% predicted vs 60% experi-
mental for the cis form) simply by restricting S-S distance
ranges. There are a variety of possible reasons for the
inexactness of these predictions. First, the ranges of S-S
distances calculated are only approximate and do not take
into account the bond and torsion angles required to make
the covalent attachment of the peptide to the linker. In
addition, no account is taken of possible steric clashes
between the linker and the peptide.

The analysis presented here, while simplified, does provide
a straightforward means for thinking about how linker
structure affects the peptide conformational transition. For
instance, it suggests that if the conformation of the cis linker
were more restrictive, so that only distances between 10 and
12 Å were permitted, even greater helix content for the cis
cross-linked peptide might result. However, it may be that
as the switch (or the peptide) becomes more conformationally
demanding the dynamics and the energetics of isomerization
are affected. The analysis also implies that for peptides with
near-zero helix content, i.e., pure random coil, cis-to-trans
isomerization of an attached linker would have little effect
on helix content since the helix content of both cis-allowed
and trans-allowed S-S ranges would be low. Consistent with
this prediction, the difference in helix content between cis
and trans cross-linked JRK peptides is observed to decrease
with an increase in temperature (8).

In summary, we have shown that the effect of cross-linker
photoisomerization on the equilibrium helix content of an
attached peptide can be predicted by comparing the range
of S-S distances in the intrinsic conformational ensemble
of the peptide with the range compatible with the chemical
structure of the linker. This analysis provides a framework
for the rational application of this and related intramolecular
cross-linkers to the control of peptide and protein structure.
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