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The ability to control the specific conformation of peptides or
proteins is highly desirable in the design of bioactive
materials,[1] optical data storage devices,[2] or for triggering
the folding/unfolding of oligopeptide chains.[3,4] Conforma-
tional changes in macromolecules can be achieved by
incorporating a photoresponsive “monomer” into the mole-
cule backbone;[5] such a monomer is capable of converting
light energy into a permanent change in geometry. This
approach is also seen in biological receptors[6–9] where the
photoisomerization of organic chromophores is used to switch
between different conformations. One of the most prominent
examples of such switches is the protonated Schiff base (PSB)
of retinal found in rhodopsin proteins. This chromophore
undergoes a cis!all-trans photoisomerization that triggers a
conformational change of the native protein scaffold.[10,11]

We recently concluded that synthetic PSBs may provide
suitable frameworks for the design of molecular switches or
motors.[12] We demonstrated that 5-methyl-4-(5’-methyl-
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cyclopent-2’-enylidene)-3,4-dihydro-2H-pyrrolinium, 1 in
Scheme 1, a PSB featuring a “locked” backbone, satisfies
the criteria for an efficient switch.

Previous studies on the octapeptide (OP) H2N-Ala1-
Cys2-Ala3-Thr4-Cys5-Asp6-Gly7-Phe8-COOH, derived

from the thioredoxin reductase active site, revealed that this
chain can be conveniently used to prepare a bicyclic peptide
incorporating the azobenzene (Ab) photoisomerizable unit
and a disulfide bridge.[7–9] In such a system light irradiation
may be used to permanently switch the conformation of the
peptide.

Herein, our target is to investigate the photoisomerization
mechanism of an analogue system, 1-OP in Scheme 1, where
Ab is replaced with the computationally tractable[13] PSB unit
1. While in previous studies,[3] which focused on longer
timescales, the photochemical step was treated empirically,
herein we show that the photoisomerization of cis-1-OP can
be characterized by the novel quantum mechanics/molecular
mechanics (QM/MM)[14,15] strategy recently applied to rho-
dopsin[16] and featuring a CASPT2//CASSCF QM level (see
Experimental Section). To determine the intrinsic factors
driving the transmission of the photoinduced strain to the
peptide backbone we focus on gas-phase 1-OP. The results
indicate that while the switch starts to change immediately
after excited state (S1) population, the change of the peptide
moiety occurs only after decay to the ground state (S0). The
resolution of the structure of the conical intersection funnel
(CI) driving the S1!S0 decay, allows the effect of the S0

energy surface on the initial S0 dynamics of 1-OP to be
explored. This effect is simulated at the QM level by running a
3 ps ground state Car–Parrinello[17] molecular dynamics
(CPMD) trajectory.

Photoexcitation of cis-1-OP initiates the relaxation along
the S1 energy surface (Figure 1), ultimately leading to a CI
located approximately 30 kcalmol�1 lower in energy. The
deformation driving the reactant out of the Franck–Condon
(FC) region corresponds to a skeletal single-bond contraction
and double-bond expansion (the reactive C4�C1’ double
bond is lengthened to 1.48 B) coupled with an approximate 38
increase of the C5-C4-C1’-C2’ torsion angle. Further evolu-
tion along the same coordinate, leads to a transition structure
(TSex) located about 4 kcalmol�1 higher than cis-1-OP.
Analysis of the TSex structure indicates that the corresponding

barrier is due to the steric repulsion between the hydrogen at
C3 and methyl group at C5’. The steric repulsion is decreased
by further twisting about the C4�C1’ bond that drives the
system along a barrierless region of the S1 path. Along this
region the stretching deformation of 1 decreases, the C4�C1’
bond length stabilizes at 1.46 B, and the twisting about this
bond becomes dominant. The CI structure, located at the
bottom of the S1 surface, features a central double bond
twisted by 898.

Inspection of superimposed peptide backbones of the cis-
1-OP and CI structures (Figure 2) reveals that, despite the
difference in twist of unit 1 of approximately 758 in these two
structures, the peptide conformations are still remarkably
similar with a root-mean-square (rms) deviation of less than
0.6 B. Both conformations exhibit a right-handed helical
shape at Ala3 and an inverse g turn centered on Asp6.

To provide mechanistic insight into the ground-state
decay we have calculated the S0 path departing from CI and
leading to the photoproduct (trans-1-OP ; Figure 1). The S0

energy profile displays an approximately 0.9 kcalmol�1 bar-
rier at 1028 twisting, suggesting the presence of a restrain
force, attributed to initial peptide deformation. Further
progression along the isomerization coordinate induces a
limited change in energy up to 1148 followed by a slope
leading to the trans-1-OP energy minimum (characterized by
a trans configuration of the switch).

Even though the superimposed peptide backbones of cis-
1-OP, CI, and photoproduct structures share a common
overall fold, trans-1-OP displays a more extended (stretched)
conformation. Rms deviation between the CI and trans-1-OP
peptide is about 1.5 B. Analysis of the standard dihedral
angles f and y along the backbone reveals that the helical
character of Ala3 in the product is less pronounced than in the

Scheme 1. Subsystems of cis-1-OP treated by quantum mechanics
(QM) and molecular mechanics (MM). Box (dotted lines) encloses 1.
Angles a, b, a’, and b’ are discussed in the text.

Figure 1. Energy profiles along the paths describing the S1 and S0 relax-
ation. The structures (geometrical parameters in [H] and [8]) document
the progression of the molecular structure of 1 and related link
regions. The agreement between different computational methods is
also shown (for computational details see Experimental Section and
Supporting Information). * S1 CASPT2//CASSCF/6-31G*/Amber, * S0
CASPT2//CASSCF/6-31G*/Amber, & PBE/6-31G*; ~ CP plane-wave
PBE.
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reactant. However, cis- and trans-1-OP differ mainly in the
orientation of the inner cycle formed by the disulfide bridge
between Cys2 and Cys5. In fact, the limited twisting of the
Cys2-S-S-Cys5 dihedral angle by about 258 is accompanied by
the reorientation of residues Asp6, Gly7, and Phe8 of the C-
terminal part of the peptide backbone.

The response of the peptide secondary structure to the
isomerization of 1 is described in terms of the changes in the
hydrogen–bond pattern (a–e, see Figure 2). The results
suggest that on S1 there is no change in the number or
location of the hydrogen bonds (three hydrogen bonds,
indicated as a, b, and c in Figure 2, could be detected).
However, upon departure from the CI structure and relaxa-
tion on the S0 energy surface, two new hydrogen bonds d and e
that run between the Thr4 carbonyl group and the N7-H
group of the link region and between the N+-H group of 1 and
the Ala3 carbonyl group are formed. Similarly, the hydrogen
bonds a and b between the Asp6 hydroxy and Phe8 carbonyl
groups and between the N7-H of the link group and the Ala3
carbonyl, respectively, are broken. The only hydrogen bond
that remains intact during both the S0 and S1 relaxations is c
between the N-H group of Gly7 and the carbonyl group of
Cys5. The treatment of the hydrogen bonds between atoms
treated by QM and MM methods, has been validated by
comparing the QM/MM and the full PBE-functional opti-
mized structures of cis- and trans-1-OP. It is shown that by the
QM/MM methods the hydrogen bonds a, b, and d are less
than 0.04 B longer at the PBE level. A larger difference is
found for the bent hydrogen bond e that is 0.14 B longer
when computed at the PBE level.

The link regions between the switch 1 and the octapeptide
are made up of the -CH2-NH- and -CH2-CO- groups

connected to carbon atoms C5 and C2’, respectively (see
Scheme 1). Accordingly, the evolution of these links is
characterized in terms of the values of the angles a (C4-C5-
C6-N7) and b (C5-C6-N7-C8), and a’ (C1’-C2’-C6’-C7’) and b’
(C2’-C6’-C7’-N8’). It is apparent from Figure 1 that a and b

undergo a limited overall change (+ 408 and �188) with
respect to a’ and b’ (+ 1338 and �1458). Since, these changes
provide information on the way the photoinduced torsional
strain is transmitted from the switch to the octapeptide, we
conclude that the strain is transmitted asymmetrically by the
two link regions. This behavior is easily related to the fact that
a and b are made stiffer by the involvement of the N7-H, C8=
O, and N+-H groups in the hydrogen-bond network. Notice
that the change of a’ and b’ along the S1 path is very limited.
Thus, similar to the octapeptide chain, the link region changes
mainly during S0 relaxation.

Information on the effect of the S0 path on the early S0

relaxation dynamics including the relative timescales of the
leading molecular modes, are obtained through the analysis of
a 3 ps CPMD trajectory. As shown in Figure 1, both CPMD
(CP plane-wave PBE) and Gaussion98 PBE/6-31G* yield
energy profiles qualitatively close to the QM/MM one. The
largest discrepancies are found in the initial part of the path
where the density functional theory (DFT) curves show an
inflection. The consistency of DFT//CASSCF and CASPT2//
CASSCF S0 energy profiles for PSBs has been previously
evaluated.[18] The relaxation process of the chromophore is
monitored by the time evolution of the torsional deformation
and length of the C4�C1’ bond. The relaxation of the peptide
is monitored by studying four hydrogen-bond lengths. Finally,
the evolution of the link region between the switch and the
peptide is studied by monitoring the a’ and b’ angles.

As shown in Figure 3 the relaxation of the switch is
characterized by coherent changes in torsional deformation

and bond lengths. In fact, both quantities approach the S0

equilibrium values in less than 0.5 ps. No back oscillation
towards the S1 values is observed. On the other hand, the
change in the peptide secondary structure reported in
Figure 4 is consistent with a slower process (> 3 ps). In fact,
although breaking of hydrogen bond a seems to occur on the
picosecond timescale, a large oscillation is observed which
continues up to 3 ps. An oscillatory behavior is also observed
for the switching in the hydrogen bonds b and d. After 1 ps b is
broken while d is formed. However, after 2 ps these hydrogen
bonds are pushed back to their original positions, while at
2.5 ps a new inversion takes place. Remarkably, after 3.0 ps a,

Figure 2. Top: superposition of the cis-1-OP (red), CI (blue), and trans-
1-OP (magenta) structures. Bottom: hydrogen-bond patterns of CI and
trans-1-OP. The hydrogen bonds a–e are discussed in the text.

Figure 3. Time evolution of the C5-C4-C1’-C2’ dihedral angle [8] and
C4-C1’ bond length [H]. The arrows indicate the trans-1-OP values.
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b, and d seem to have reached the final values of the S0 trans-
1-OP energy minimum. The behavior of hydrogen bond e is
different. Although initial relaxation promotes formation of
this (looser and bent) hydrogen bond just after 0.6 ps, the
bond breaks and remains substantially broken up to the end
of the simulation. This bond will require a longer time to
reach the predicted equilibrium value. A behavior that can be
associated to the bent geometry of e that features a N�H···O
angle of 1328.

The dynamics of the link region is displayed in Figure 5.
There is a high correlation between angles a’ and b’ all along

the simulation. They move according to a hula-twist motion (a
clockwise and counterclockwise twist about two adjacent
bonds) of the -CH2- unit of the link. This movement provides
a way to efficiently bend the linkage without introducing
angular strain. The trans-1-OP product values are reached in
less than 1 ps.

In conclusion, we describe the mechanism of photo-
induced strain transmission in a naked macrocyclic cation. (Of
course, owing to its effect on the hydrogen-bond stability and
formation, a protic solvent may substantially change the
mechanism and timescale of the relaxation. Solvent and
counterion effects on 1-OP are currently under investigation).
While the photoinduced conformational transition from cis-1-
OP to trans-1-OP involves a total rms deviation of 2.0 B, only
a fraction of this change occurs during the S1 evolution, which
mainly features stretching relaxation and an approximately

908 twisting of the switch unit 1. The documented S1

relaxation path indicates an ultrafast S1!S0 decay dynamic
at room temperature. In fact, 1) there is only a small barrier
restraining the S1 evolution and 2) a S1/S0 conical intersection
provides a fully efficient S1!S0 decay channel. These
conclusions are consistent with the behavior observed for
experimentally accessible Ab-peptide analogues[3,9] where
decay to S0 occurs in under 1 ps. Our reaction path and
trajectory analysis indicate that the peptide relaxation occurs
entirely on S0 on a much longer timescale. Indeed, while the
relaxation of the switch is substantially completed within
0.5 ps, the hydrogen bonds b, d, and e oscillate even after 2 ps
with e still broken after 3 ps. On the other hand, the
asymmetric relaxation of the link regions is found to occur
on an intermediate time scale (< 1 ps) indicating a sequential
(switch!link!peptide) mechanism for the transmission of
the strain generated by the switch. Loosely, these results are
consistent with ultrafast IR spectroscopy measurements on an
Ab-peptide analogue indicating that the photoinduced pep-
tide stretching dynamics (that is associated with the redis-
tribution of the strain) is completed in a time window between
6 and 20 ps.[9] Finally, notice that within the first half-
oscillation in Figure 4, the backbone changes described by
the trajectory and S0 relaxation path of Figure 1 (i.e. the static
minimum energy path) are similar. Indeed, a transient
geometry close to trans-1-OP is generated and lost after
0.7 ps indicating that the path accelerates the system directly
towards the product structure.

Experimental Section
Computational Details: Our QM/MM implementation is based on a
hydrogen link-atom scheme with the frontier placed at the CO�CaH
and NH�CaH bonds of Ala1 and Phe8, respectively (see Scheme 1).
The ab initio QM calculations are based on a CASSCF/6-31G* level.
The active space comprises the full p system of 1 (six electrons in six
p orbitals). For the MM part we use the Amber force field[19] with
standard or re-parameterized van der Waals potentials. CASSCF/6-
31G*/Amber geometry optimizations are carried out with the
GAUSSIAN98[20] (G98) and TINKER[21] programs. To account for
dynamic electron correlation effects, re-evaluation of the energy of
the optimized structures was carried out at the multiconfigurational
second-order perturbation theory level using the CASPT2 imple-
mentation of MOLCAS-5[22] and a two-root state-averaged CASSCF
zeroth-order wavefuntion (CASPT2//CASSCF/6-31G*/Amber level).
The initial relaxation direction (IRD) method[23] was used to locate
the steepest-descent direction to be followed when computing the S1

(starting at cis-1-OP) and S0 (starting at CI) branches of the reaction
path of Figure 1. To simulate the S0 relaxation dynamics a single
CPMD trajectory starting at CI with zero initial velocities (the
sensitivity of the trajectory to a random distribution of velocities at CI
has been tested. a’ and b’ are found to be the most sensitive variables)
was calculated at the full QM level, using the PBE exchange-
correlation functional[24] with a plane-wave basis set and ultrasoft
pseudopotentials.[25,26] Additional single-point CPMD and G98 PBE/
6-31G* calculations were performed on the QM/MM S0 branch to
check the consistency of DFT and QM/MM results. See Supporting
Information for further computational details.
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Figure 4. Evolution of the hydrogen bonds a, b, d, and e defined in
Figure 2. The arrows indicate the trans-1-OP values.

Figure 5. Time evolution of the link-region torsional angles a’ and b’.
The arrows indicate the trans-1-OP values.
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