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cis/trans Photoisomerization of Secondary Thiopeptide Bonds

Jianzhang Zhao,*'™"! Jean-Claude Micheau,*'*! Carolyn Vargas,"” and

Cordelia Schiene-Fischer*!®!

Abstract: The reversible cis/trans pho-
toisomerization of secondary thiopep-
tide bonds has been systematically
studied with UV-visible absorption, ca-
pillary electrophoresis, 'H NMR spec-
troscopy, and circular dichroism meth-
ods. It was found that the concentra-
tion of the cis conformers could be in-

Introduction

As the recognition, reactivity, and stability of peptides and
proteins are conformer specific, modulation of the backbone
conformation of peptides or proteins has attracted great at-
tention.™ Photoswitching of the conformation of peptides
is an ideal method for achieving this goal because the only
external stimulus needed is light irradiation. However, the
reported molecular models for photoswitching of the pep-
tide conformation usually involve a bulky organic moiety
that is not an amino acid, such as a photochromic azoben-
zene or spiropyran group.>**! Although some promising re-
sults have been obtained, the inherent disadvantages of this
approach are the limited biocompatibility of the hybrid pep-
tide and the problem that the final effects imposed on the
backbone by the isomerizing moiety are unpredictable, that
is, it is impossible to predict which peptide bond will be set
in the cis (or trans) conformation following the photoswitch
because the isomerization constraint is transferred from the
photoresponsive center to the peptide chain through flexible
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creased from less than 1% in the ther-
mal equilibrated solution to up to 20 %
in the photostationary state. The rota-
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tional barriers of the thiopeptide bond
and the pH dependence of the isomeri-
zation rates were also studied. The
quantum yields of the trans—cis and
the cis—trans processes were deter-

photo- . . .
mined from photokinetic analysis.

bonds. Therefore, the challenge in the photomodulation of
the backbone conformation of peptides is to find a novel
photoresponsive constituent that can trigger the conforma-
tional change of a peptide upon illumination, by directly set-
ting the peptide bond at a specific site in the cis or trans
conformation, but that at the same time introduces only
minimum perturbation of the peptide chain so that the
modified peptide behaves like the native one. Unfortunately,
most reported photochromic organic moieties fail to meet
this critical requirement.”) In our present study, however,
the secondary thiopeptide bond has turned out to be a novel
and attractive photoresponsive constituent.

Recently, the thiopeptide bond has attracted considerable
interest because of its effects of conformation restriction,
enhanced proteolytic stability, and modulable activity and
selectivity.”! It has been shown that the thioxylated N-alkyl-
amide peptide bond is photoswitchable and that the cis con-
former can be generated by irradiation.'”) However, for this
kind of thioxylated prolyl peptide bond, the increase in cis
conformers can also be achieved by a slow thermal equili-
bration process,['! which does not take place for secondary
peptide bonds. For the latter, a synthetically demanding con-
formation-restriction method has to be used to obtain the
thermodynamically unfavorable cis conformers.'""l Here
we prove that significant photoswitching occurs with secon-
dary thiopeptide bonds and, more importantly, that the sec-
ondary thiopeptide bond can undergo dual-directional pho-
toswitching, that is, it can be photoswitched from the trans
conformation to the cis conformation and vice versa; this is
different to the situation with the reported N-alkyl thiopep-
tide bonds.

A few established methods are available to study the cis/
trans isomerization of peptide bonds, such as 'H NMR spec-
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troscopy line-shape analysis or magnetization-transfer ex-
periments,’> UV-resonance Raman spectroscopy,' and sol-
vent-jump and coupled assays for the cis—trans isomeriza-
tion of prolyl peptide bonds.'” However, these methods
suffer from some limitations. For example, the signal-to-
noise ratio is low for the UV-resonance Raman spectroscopy
method and signal overlapping is often encountered with
the NMR spectroscopy method.l'” In addition, these meth-
ods are usually based on the steady state (there is no or
only a small shift of the cis/trans equilibrium) and they are
indirect, instrumentally or technically demanding ap-
proaches for studying cis/trans isomerizations.

The study of the cis/trans isomerization of secondary
amide bonds in dipeptides by monitoring the UV-visible ab-
sorption of the amide C=0O groups after a jump in pH value
has been reported.'”! This method is based on the shift of
the cis/trans equilibrium by rapid pH variation and on the
differential UV-visible absorptions of the cis and trans iso-
mers of the secondary oxo peptide bonds. Inspired by these
recent developments, we found that the cis/trans isomeriza-
tion of four representative thiopeptides, H-Phe-y[CSNH]-
Ala-OH (1), H-Ala-yp[CSNH]-Phe-OH (2), H-Ala-
[CSNH]-Ala-OH (3), and Ac-Ala-p[CSNH]-Ala-NH, (4)
(Scheme 1), can be studied with the UV-visible monitoring
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Scheme 1. Schematic representation of the cis/trans equilibrium and the
structures of the trans conformers of the thiopeptides used in the study.

method under continuous monochromatic irradiation. Other
highly sensitive methods, such as capillary electrophoresis,
'HNMR spectroscopy, and circular dichroism™ were also
successfully used to characterize the cis/trans isomerizations.
The rotational barrier of the thiopeptide bond was deter-
mined from temperature-variable kinetic measurements.

As the cis/trans isomerizations of secondary peptide
bonds could also be crucial for the stability, recognition, and
catalytic capability of proteins,™ our studies pave the way
for future conformation-activity correlation investigations
of bioactive secondary peptide bonds.
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Results and Discussion

UV-visible absorption: For the N-methyl thioacetamide or
B-thiopeptides,???! the UV-visible absorption, circular di-
chroism, and Raman spectra are different for the cis and
trans conformers.”! Similarly, the UV-visible absorption
spectrum of peptide 1 shows a significant change under UV
irradiation of 254 nm, with an isosbestic point at 274 nm
(Figure 1). Analogous spectral changes could also be ach-
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Figure 1. UV-visible absorption spectra of peptide 1 (c=1.4x

10*moldm™ in 5.0x10>moldm™ sodium phosphate buffer, pH 7.0,
16°C): Equilibrated peptide (—), peptide after 3 min of irradiation at
254 nm (----), and thermally re-equilibrated peptide after 4 cycles of irra-
diation (+++++). Inset: The n—u* absorption of the equilibrated peptide at
the same pH value and temperature (c=1.3x 1072 moldm™).

ieved with laser irradiation at 337 nm (in this case, it is an
n—n* excitation; inset of Figure 1). It is unprecedented for
such a significant spectral difference to be caused by irradia-
tion in cis/trans conformers of pseudopeptide bonds. The
UV-visible spectrum of the re-equilibrated peptide solution
can be fully restored and remained unchanged after several
cycles of irradiation-re-equilibration. This observation indi-
cates that the photoisomerization is fully reversible and
there is no noticeable photochemical degradation during
several photoisomerization cycles. Similar spectral changes
are also observed for peptides 2—4. On the contrary, signifi-
cant photodecomposition has been observed for N-methyl
thioacetamide and the oxo secondary peptide bonds.!'*2!]

Figure 1 shows that the cis conformer of peptide 1 has a
stronger absorption near 300 nm, whereas the frans con-
former gives a stronger absorption near 270 nm. Therefore,
the equilibrium of the cis and trans conformers of 1 is dual-
directionally photoswitchable.”! Similar results were also
observed for 2-4.

Capillary electropheresis (CE): The irradiated solutions of
peptides 1-4 were also investigated by high-performance
CE.”*?!l When the new electropherogram was compared to
the electropherogram of the nonirradiated peptide, it could
be seen that a new peak appeared after irradiation. This
peak was assigned to the cis conformer, which was generat-
ed by irradiation (supported by its UV-visible spectrum, ob-
tained in situ with a diode-array CE instrument), and its rel-
ative concentration was determined to be about 9% for
peptide 1. By extrapolating to the photostationary state
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(PSS), the cis concentration has been corrected as 11% at
pH 3.0, 20% at pH 4.0, and 19% at pH 7.0. The new peak
disappeared completely after sufficient re-equilibration
time. The reversibility of the electropherogram offers anoth-
er confirmation that the change in the UV-visible absorption
was caused by reversible cis/trans isomerization of the sec-
ondary thiopeptide bond. The UV-visible spectra deter-
mined in situ gave a reliable absorption-peak position for
the cis and trans isomers and confirmed that the isosbestic
point is indeed at 275 nm. Our method offers a new ap-
proach for the direct determination of the UV-visible ab-
sorption spectrum of the unstable cis conformers, a tough
task that usually has to be done by indirect spectra analy-
sis.””! However, it should be noted that this CE approach is
limited to systems exhibiting sufficiently slow isomerization
rates.

'"H NMR spectra analysis: 'H NMR was also used to study
the changes of peptide 1 with irradiation (Figure 2). After ir-
radiation, a peak assigned to the cis conformer appeared (in

In[cis]
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Figure 2. 'HNMR spectra of peptide 1 with irradiation (c=3.0x
102 moldm ™ in D,0). The alanine CH; region at 1.4 ppm is shown.
(The signal of the cis conformer appears at 0.9 ppm.): a) Thermally equi-
librated peptide solution, b)peptide after 45 min of irradiation at
254 nm, and c) peptide after 30 min relaxation in darkess at 5°C. Inset:
Evolution of the first-order re-equilibration of the irradiated peptide 1,
as monitored through the concentration of the cis conformer. k=
(2.98+£0.03)x107*s™" at 5°C (0) and Kkg=(5.04+0.05)x10"*s™" at
10°C (o).

the alanine CH; region)!'® and its ratio was determined to
be around 13%. Under these conditions, the cis concentra-
tion at the PSS was determined to be about 14% (pH 7.0), a
value that roughly agrees with the CE analysis. The percent-
age of the cis conformer at the PSS is affected by several
factors, such as the wavelength and the power of the irradia-
tion, the temperature, and so forth. By monitoring the ther-
mal re-equilibration (inset of Figure 2), the first-order cis/
trans isomerization rate constant (k,,,) was determined to
be (2.9840.03)x10*s ™" at 5°C and (5.04+0.05)x10*s ™" at
10°C. These results agree with those derived from the pho-
toswitch UV-visible absorption data, for which the kg
values are of the same order of magnitude (2.95x107*s™! at
5°C and 5.29x107*s7! at 10°C).

Circular dichroism (CD) analysis: As the cis/trans isomeriza-
tion of the thiopeptide bonds occurs in the proximity of
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chiral centers, the CD spectrum should report such bond-ro-
tation events.'"”) After irradiation, the CD response of pep-
tide 1 at 268 nm changed to the opposite sign (Figure 3a).
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Figure 3.a) CD spectra of peptide 1 with irradiation (c=1.4x
10 moldm™ in a 5.0x 107> moldm™ sodium phosphate buffer, pH 7.0,
14°C): Thermally equilibrated peptide (—), peptide after irradiation at
254 nm for 3 min (-----), and re-equilibrated peptide (s++++); b) first-order
evolution of the 268 nm molar ellipticity of peptide 1 after irradiation at
254 nm for 1 min: kg =(8.7340.14)x10~*s7'; ¢) CD spectra of peptide
3 (¢c=1.2 x10"*moldm~ in 5.0x 10~ mol dm > sodium phosphate buffer,
pH 7.0, 16°C): Thermally equilibrated peptide (—), peptide after irradi-
ation at 254 nm for 3 min (-----), re-equilibrated peptide (s++-+).

This finding suggests that the molecular geometry around
the chromophore (C=S) was changed significantly upon irra-
diation. After re-equilibration, the original CD spectrum
was fully recovered. The molar ellipticity at 268 nm was
used to monitor the re-equilibration process. At 14°C, a
first-order rate constant of k=(8.73+0.14)x107*s™" was
obtained (Figure 3b), which was comparable to those ob-
tained from UV-visible absorption spectroscopy (Kpq=
(8.4340.01)x107*s™!). Peptides 2—4 gave similar results (as
an example, the result with peptide 3 is depicted in Fig-
ure 3c).

Rotation barrier of the thiopeptide bond (AG™): As it has
been established that the cis/trans isomerization was caused
by photoswitching, the UV-visible absorbance at 290 nm was
used to monitor the re-equilibration process of peptide 1
after irradiation."”’ The nonlinear single-exponential regres-
sion of the relaxation curve gave a first-order rate constant
of kypsa=(1.0440.00)x107*s™! (16°C) and a determination
coefficient of #=0.9999. The perfect fitting of the experi-
mental data shows that the process is a well-defined first-
order reaction, as expected for a cis/trans isomerization of
peptide-bond conformers. A pH-jump experiment (inset of
Figure 4), which is known to be able to shift the cis/trans
equilibrium of peptide bonds with ionizable side chains,"”!
gave a similar rate constant of k,,y=(9.70+0.17)x107*s!
(r*=0.8805). However, the signal-to-noise ratio for the pho-
toswitch method is greatly improved over that of the pH-
jump experiments (Figure 4 and the 7* values). Therefore,
the cis/trans isomerization rate constants of peptides 2—4
were also studied by using a similar photoswitch method.
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Figure 4. Time course of cis-to-trans reverse isomerization of peptide 1
(1.4x10*moldm™ in 5.0x10>moldm~ sodium phosphate buffer,
pH 7.0, 16°C) after irradiation at 254 nm for 2 min. Cis/trans isomeriza-
tion rate constant Kgp.=(1.0440.00)x 107 s~ (=0.9999). Inset: Time
course of cis/trans isomerization of peptide 1 following a pH jump
(pH 1.1—6.9). Peptide 1 (1.2x10°moldm™) in HCI (0.1 moldm~>;
pH 1.1) was diluted 16-fold in sodium phosphate buffer (0.05 moldm;
pH7.0) at 16°C. Cis/trans isomerization rate constant kg,,=(9.70+
0.17)x107*s™" (#*=0.8805). The solid lines represent the single-exponen-
tial nonlinear regression. For clarity, only some of the recorded data
points are displayed.

The temperature dependence of the isomerization rate
constants kg, were analyzed by using Eyring plots to obtain
the activation enthalpy and entropy of the rotation
(Figure 5). The activation parameters for the rotational bar-
rier of peptides 1-4 are listed in Table 1. Due to the greatly
improved signal-to-noise ratio, the photoswitch method gave
Eyring plots with much better linearity (shown by 72,
Table 1). The results of the activation energy are in reasona-
ble agreement with the reported rotational barrier for the
Ala-Ala peptide bond (69.9 kImol )" and the theoretical
calculations that the rotational barrier of thiopeptide bond
will be increased in comparison to that of oxo peptide
bonds.””! The cationic, zwitterionic, and anionic forms have
different rotational barriers. This effect is caused by the dif-
ferent driving forces lying on the opposite charges on the N
terminus and the C terminus of the peptides.'¥l The rota-
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Figure 5. Eyring plots of the cis/trans isomerization of the thiopeptides 1-
4 (6.0x10*moldm ™ peptide in 5.0x107>moldm~ sodium phosphate
buffer, pH 7.0): Peptide 1 (2), peptide 2 (), peptide 3 (o), and peptide
4 (0). Inset: Eyring plot of peptide 3 at pH 3 (o), pHS (¢), and pH 9
(2). The result obtained from the solvent-mediated pH-jump (from 1.7 to
6.9) is also included (4). Error bars (1-2%) for the respective ke
values at different temperatures are omitted for clarity.

tional barrier is sensitive to the amino acid sequence of the
thiopeptides. To the best of our knowledge, this is the first
successful measurement of the rotational barrier of thiopep-
tide bonds, based on a facile, yet accurate, spectroscopic
method.

pH Dependence of the cis/trans isomerization rate constants
(kopsa): The pH dependence of the cis/trans isomerization
rate constants k., of thiopeptides 1-3 was also studied in
detail (Figure 6).%" The results were applied to the modified
Henderson-Hasselbalch equation.'”! The k,./pH profile of
peptide 1 is drastically different from that of the oxo dipep-
tides (for example, the profile of the oxo peptide Ala-Ala,
shown as a dotted line in Figure 6). The slower cis/trans iso-
merization will result in an increased rotation barrier
(AG™). For all pH-sensitive peptides such as 1-3, the rota-
tional barrier is higher in the anionic form than in the cat-
ionic form (Table 1). The k,,/pH profile of peptides 2 and

Table 1. Characteristic kinetic and thermodynamic parameters for the cis/trans isomerization of the thiopeptide bond of compounds 1-4.

[a] [b

kobsd

[s7]

Kopsa™

[s7']

1+ (1.6040.00) x 1072 (1.25+0.07) x 1072
1+ (3.79+0.00) x 1073 (3.24+0.34)x 1073
1- (1.82+0.00)x 1073 (1.55+0.32)x 1072
2+ (2.394+0.01)x 1072 (1.66+0.10) x 1072
2+ (8.04+0.02)x 1073 (8.21+0.40)x 1073
2— (2.85+0.01)x 1073 (3.0240.42)x10°*
3+ (3.7240.01)x 1072 (2.7940.24)x 1072
3+ (9.32+0.01)x 1073 (8.68+0.94)x 1073
3+ (8.45+£0.03)x1072 -

3- (5.84+0.01)x107? (3.17+£1.37)x107*
4 (3.17£0.01)x 102 -

AH ASFle AGT 2lel

[kImol '] [Imol 'K [kImol ™

67.9+1.5 —53.7+5.0 84.0 0.9975
74.4+0.7 —44.0+2.3 87.6 0.9996
80.1+1.0 —32.0+3.7 89.7 0.9993
66.7+1.2 —543+4.0 83.0 0.9994
80.3+1.4 —183+4.7 85.8 0.9994
83.6+1.3 —16.0+4.3 88.4 0.9995
67.5+0.8 —473+2.7 81.7 0.9972
68.9+0.7 —547+2.3 85.3 0.9995
81.6+12.7 —12.7+42.3 85.4 0.8923
65.3+0.4 —733+3.3 87.3 0.9998
64.7+0.9 —58.0+3.0 82.1 0.9989

[a] kopsq value of the cationic (+), zwitterionic (4 ), or anionic (—) forms of the peptides at pH 2.0, 7.0, and 9.0, respectively, and at 27°C. [b] k. Value
from the fitting of the k,./pH value profile obtained with the modified Henderson-Hasselbalch equation for measurements taken at 27°C. [c] AH™ and
AS* values from the Eyring plots at pH 2.0, 7.0, and 9.0, for the cationic (+), zwitterionic (&), and anionic (—) forms of the peptides, respectively. AH*
and AS™ were obtained simultaneously with the Eyring plot. [d] AG* value from the Gibbs equation for measurements taken at 27°C. [e] Determination
coefficients of the Erying plot fitting. [f] The data were obtained from pH-jump experiments.
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Figure 6. pH dependence of the cis/trans isomerization rate constants
(kopsa) for peptide 1 after photoswitching (c=6.0x10"*moldm™ in a
0.05M phosphate buffer at various pH values, 27°C; marked by 0, left
vertical axis scale). The pH-dependence profile of the k., for the pep-
tide Ala-Ala is included as a comparison (+++-, left vertical axis scale).!”!
pH dependence of the cis content of peptide 1 (marked by o, right verti-
cal axis scale; determined by the 'HNMR spectroscopy method at
27°C). The solid lines represent the calculated curves according to the
modified Henderson-Hasselbalch equations with pK, values of 3.0
(COOH) and 7.7 (NH;*). Error bars (1-2%) for the respective Ky
values are omitted for clarity.

3 shows a similar result. For the thiopeptides, the k.. value
at high pH values is much smaller than that in low pH con-
ditions. It is preliminarily supposed that the thermodynami-
cally unfavorable cis conformers of thiopeptides 1-3 are ki-
netically stabilized at high pH values, possibly by an intra-
molecular hydrogen bond (COO™ at the C terminal as a hy-
drogen-bond acceptor and CS—NH as a hydrogen-bond
donor).”? The '"HNMR spectroscopy temperature coeffi-
cient of the thioamide proton of peptide 1 was determined
to be around —4.45 ppbK™'. Such a value supports our hy-
pothesis because it is known that if the temperature coeffi-
cient of the amide proton is higher than —4.5 ppb K™ then it
is highly possible that an intramolecular hydrogen bond
exists.[*]

Based on the equilibrium constant for peptide 1 (NMR
spectroscopy determination), and the Henderson-Hassel-
bach simulation, the respective isomerization rate constants
of the cis—trans (kc_r) and trans—cis (ky_c) processes
were derived (Table 2). The results show that the rate con-
stant for the spontaneous process of trans—cis can be ne-
glected and the variation of the k. values at different pH
values (Figure 6) was mainly due to the change in the rate
constant of the cis—trans process (kc_r).

From the cis content/pH profile, the free Gibbs energy
gap for the cis and trans isomer of peptide 1 (AG®) was

Table 2. Cis/trans isomerization rate constants (kc_r and kr_c) for the secondary thiopeptide bond in peptide

1 in the cationic (14), zwitterionic (1+), and anionic (1—) forms.

found to vary from 14.1 kJmol ! in the zwitterionic form to
19.2 kJmol ™ in the cationic form. This result confirms that
the free Gibbs energy gap of the cis and trans peptide-bond
conformers, which is usually smaller than 8.4 kJ mol~! in oxo
peptides, has been increased by thioxylation.”*>]

Determination of the photoisomerization quantum yields:
For photokinetic analysis purposes,”*™! the above cis/trans
photoisomerizable thiopeptides can be considered as the
well-known (2@, 1k) model.*¥ The whole process involves
two photoisomerizations (trans—-cis and cis—trans; hence
there are two unknown quantum yields or 2&) and one ther-
mal relaxation (cis—trans; hence there is one first-order
rate constant or 1k, which can be determined from relaxa-
tion monitoring). The thermal process from trans to cis was
neglected.

The two quantum yields were determined with sufficient
accuracy from the photokinetic analysis of absorbance
versus time curves recorded under continuous monochro-
matic irradiations. The analysis compares the effect of the ir-
radiation, which promotes the frans to cis isomerization, to
the effect of the thermal relaxation of the cis to the trans
isomerization. However, as the effect of the irradiation is
not only the trans to cis photoisomerization, but also the re-
verse process, it was necessary to use at least two different
irradiation wavelengths in order to vary the relative impor-
tance of the two photochemical processes. This approach,
which does not need previous knowledge of the spectrum of
the unstable conformer, is particularly useful when the pho-
toisomer is too labile to be easily isolated. From the practi-
cal point of view, the rates of the three processes are used to
establish a differential equation [Table 3; Eq. (1)] that gives

Table 3. Primary photo- and thermal reactions used for the photokinetic
analysis (/, is the photon flux and F is the photokinetic factor).

Process Rate

trans (T)—cis (C) (Prc) vi=Drce' [ T),F
cis (C)—trans (T) (Pcr) vy = @cre o[ClULF
cis (C)—trans (T) (k) vs=k,[C]

rise to the evolution of the concentration of the trans (T)
species (see the Experimental Section for more details).

d[T]/dt = —v1 +v2 +v3 1)

at PSS, d[T]/dr = 0, and v1 =12 +13

Beer’s law and mass balance
are used for the calculation of

1+ 1+

1- the absorbance at any wave-

cis conformer [% ]! 0.045 0.35
Kopsa [s7']™ (1.25+0.07)x 1072
ke [s7'] (125+0.07)x 1072
ky_c [s71]¢ (5.65+£0.32)x 1076

(3244034)x 107
(3.234+034)x 107
(1.1440.12)x 10

0275 length [Eq. (2)], where [T,] is
(1.55 i0~32)X10:j the initial concentration of the
(1.5540.32)x10 thiopeptide in its stable trans

[a] Determined by 'H NMR analysis and the modified Henderson-Hasselbalch equation (see Figure 6).
[b] From the fitting of the k. /pH value profile with the modified Henderson—Hasselbalch equation. [c] Ac-
cording to the equilibrium constants and the equations Ky =kc_r+kr_c and ke_.r=kgsa(1—% cis). The error

limits for k-_and k;_ were estimated from that of k.

Chem. Eur. J. 2004, 10, 6093 -6101 www.chemeurj.org
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(4.28+0.88)x10°°

form, ey and ¢ are the absorb-
tion coefficients of the trans
and cis isomers, respectively,
and / is the pathlength.
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Absorbance = [(er—ec)[T] + er[To])/ (2)

The variations of the absorbance at the two irradiation
and three monitoring wavelengths were recorded (Figure 7).
The quantum yields and several absorption coefficients were
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Figure 7. Evolution of the absorbance of peptide 3 (6.0x 107> moldm* in

0.05M sodium phosphate buffer, pH7.0, 16°C) with continuous irradia-
tion. Top: Irradiation at 252 nm, 16°C: g=absorbance at 252 nm; o =ab-
sorbance at 290 nm. Bottom: Irradiation at 266 nm: o=absorbance at
266 nm; o =absorbance at 290 nm. The four experimental curves were
fitted simultaneously from Equations (1) and (2) by using parameter
values from Table 4 (solid lines represent the fitting result). For clarity,
only half of the recorded raw data points are displayed.

optimized simultaneously to achieve numerical fitting.
The results for peptides 2—4 are gathered in Table 4. (We
failed to obtain accurate quantum yields for compound 1.)

Table 4. Photokinetic parameters of the cis/trans photoisomerization of thiopeptides 2-4, back-isomerization
rate constants (kc_1, experimental determination), photon flux (experimental determination), quantum yield
of the trans-to-cis process (P;_c) and the cis-to-trans process (@c_r), cis concentration at the PSS (numerical
determination, cis/trans ratio at the PSS is given by [C]/[T]pss = Prce Il FI(Pcre lyF+kc 1)), and extinction

The photoisomerization quantum yields are comparable to
those of oxo peptide bonds, lying in the range of 0.075-0.12
as determined by Raman spectroscopy.”” For the nonaro-
matic peptides 3 and 4, the reverse quantum yield (@) re-
mains low. From the calculations, the spectra of the cis con-
formers can be reconstructed. Figure 8 allows a comparison
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Figure 8. The UV-visible absorbance spectra of the trans (—) and the
cis (-+—+) conformers of peptide 3. Top: Spectra determined in situ by
CE. Bottom: Spectrum of trans form determined by UV-visible spec-
trometry and spectrum of cis form determined from photokinetic analy-
sis.

between the UV-visible spectra of the trans and cis conform-
ers for thiopeptide 3, as determined from CE and recon-
structed from photokinetic analysis. The good agreement be-
tween the two results indicates
the validity of our photokinetic
quantum yield determinations.
The calculated cis concentration
at PSS (Table 4) is different

coefficients of the frans and cis conformers (numerical determination). Peptide solution in 5.0x102moldm~ from the CE and NMR spectro-

sodium phosphate buffer (pH 7.0, 16°C).

scopy results. However, this dif-

2 3 4 ference is easily understandable
ke x[s7] (2.07+0.00)x10°  (2.64+0.00)x10°  (1.06+0.00)x10> by taking into account the dif-
photon flux (I,) [mol'dm’cm™]  252nm  1.11x107’ 8.52x107* 8.24x1078 ferent experimental conditions.

‘ 266nm  1.36x1077 1.27x1077 1.29x1077 The photoswitch effect dis-
quantum yields (@) Dr 0.13 0.16 0.18 cussed above was also applica-
Dt 0.60 0.04 0.01 . . .
[cis] at the PSS [%] 250nm 40 50 1.0 ble to oligothiopeptides, such as
266nm 7.0 35 3.0 the His'>-thio-S-peptide (a pep-
Enans (£4s) [mol ™' dm*cm™!] 252nm 3900 (600) 6000 (4100) 6400 (1400) tide with 20 amino acid resi-
266nm 8200 (4500) 11600 (10300) 10800 (7000) dues).”™  Preliminary results
290 nm 1200 (10700) 2500 (7300) 600 (9700)

show that the activity of the
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modified ribonuclease, obtained with the above S-peptide
and S-protein, can be modulated by photoswitching.

Conclusion

In summary, a significant cis/trans photoisomerization ability
was found for secondary thiopeptide bonds and was used to
characterize the cis/trans isomerization of four representa-
tive thiopeptides. Due to the spectral differences between
the cis and trans conformers, the cis/trans photoisomeriza-
tion was systematically studied with UV-visible absorbance,
capillary electrophoresis, circular dichroism, and NMR spec-
troscopy methods. The quantum yields of the cis/trans pho-
toisomerization were determined by using photokinetic
analysis. From temperature-variation kinetic measurements,
it was shown that the thioxylated peptide bond has higher
rotation barriers than the normal oxo peptide bond. Thus,
the thiopeptide bonds shows much slower thermal re-equili-
bration rates than the normal oxo peptide bonds; this is im-
portant for the photomodulation of the peptide backbone
conformation and the bioactivity. Moreover, in comparison
to the results with the normal peptides, the cis/trans isomeri-
zation of the thiopeptide bonds is retarded at high pH
values. With the photoswitch method, this work offers the
first opportunity of a panoramic insight into the cis/trans iso-
merization of thiopeptide bonds. With secondary thiopep-
tide bonds as the photoresponsive constituent, the photoiso-
merization capability can be directly coupled to the peptide
backbone in an efficient and precise way. Further studies
will concentrate on the photoregulation of the conformation
and consequently of the bioactivity of peptides or proteins.

Experimental Section

General: Peptides 1-4 were synthesized according to the reported meth-
0ds.”*! The products were lyophilized and analyzed with HPLC, MS
(ESI), and 'H and "C NMR spectroscopy. A standard laboratory UV
lamp was used in the irradiation, with a wavelength of 254 nm and an in-
tensity of 2mWem 2 The wavelength-tunable monochromatic light
source was described previously. Data analysis of the time-course
curves, performed by single-exponential nonlinear regression by using a
SigmaPlot scientific graphing system (Version 2000), gave the isomeriza-
tion rate constants (Kgpsq)-

UV/Vis absorption spectra: The UV/Vis difference spectra for the pep-
tide-bond isomers of peptides 1-4 were evaluated from the spectra of the
peptides before and after 254 nm irradiation. A Hewlett—Packard 8452A
diode-array UV/Vis spectrophotometer was used for monitoring the UV/
Vis spectra during continuous irradiation. The integration time for the ac-
quirement of the spectra was set as the minimal value of 0.1 s to mini-
mize the side effects of the probe beam of the diode-array instrument.

'HNMR spectroscopy: All NMR measurements were performed on a
Bruker ARX 500 spectrometer operating at a 500.13 MHz proton fre-
quency. The cis content/pH value study of the peptides was performed at
27°C with a peptide concentration of 2x 107> moldm™ in solution. The
final pH value was adjusted with HCl and NaOH. The 'H NMR spectra
of the irradiated peptide was recorded at 5°C and 10°C, with a peptide
concentration of 3x1072moldm™ in solution (pH 7.0). The standard
(254 nm) UV lamp was used in the irradiation. The irradiated sample
was transferred into the spectrometer immediately after irradiation. The
typical time interval between the termination of irradiation and the start
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of measurement was 1.5 min. The pK, values of the peptide side chains
were determined by the pH titration method.

Capillary electrophoresis (CE): A Beckman P/ACE system MDQ capilla-
ry electrophoresis instrument was used. The analyses were carried out
with the following conditions: 0.05 moldm ™ sodium phosphate buffer
with the desired pH value was used as the running buffer, 30x25 pm
fused silica capillary, separation voltage of 25 kV, capillary temperature
of 2°C, UV detection at the isosbestic point of the cis and trans conform-
ers of the thiopeptides. The irradiated peptide solution was transferred
into the CE instrument immediately after irradiation. The typical time in-
terval between the termination of irradiation and the start of measure-
ment was 2 min. The typical migration time was about 210-270 s. The cis/
trans ratios were determined by Gaussian fitting of the CE peaks.

Circular dichroism (CD): The CD spectra of the peptides were recorded
with a J-710 spectropolarimeter and a 1 mm CD cuvette. For the determi-
nation of the CD spectrum without irradiation, 10 accumulations were
used. For the determination of the CD spectra of the irradiated peptide
solution, however, only 1 accumulation was used and the irradiation/re-
cording experiment was repeated 10 times. The final spectrum was the
mean result of 10 raw spectra. The temperature of the CD cuvette was
controlled by circulating water from a thermostat (+0.1°C; Haake DS,
Germany).

Determination of the rotational activation energies and the k,,/pH
value profile: The peptide solution (1.4x10~* moldm~ in 0.05 moldm
sodium phosphate buffer) was thermally equilibrated for 5 min before
each experiment by putting the sample in the cuvette holder, then irradi-
ated with the laser or UV lamp at the desired pH value and temperature.
After irradiation, the time course of the absorption at 290 nm was moni-
tored with a PerkinElmer UV/Vis/NIR Lambda 900 spectrometer. The
solution was continuously stirred with a magnetic bar within the cuvette
to ensure homogeneity. The temperature of the cuvette holder was con-
trolled by circulating water from a thermostat (+0.1°C; Haake D8, Ger-
many). The temperature was measured directly with a microthermoprobe
within the cuvette. For the pH-jump experiments, a solution of peptide 1
(1.2x107* moldm ) in HCI (0.1 moldm™?) at pH 1.1 was 100-fold diluted
into 0.05 moldm~* sodium phosphate buffer at pH 7. The time course of
the absorption at 290 nm was monitored. The final pH value was mea-
sured at the end of the monitoring process. In order to calculate the rota-
tional barriers, the temperature dependency of the isomerization rate
constants was studied and the data were applied to the Eyring plot to
obtain the activation enthalpy, AH* (in Jmol '), and the activation entro-
py, AS* (in Jmol ™' K™'), values, according to Equation (3), in which kg
(in s7") is the observed first-order rate constant, T is the experimental
temperature (in K), R is the universal gas constant, kg is the Boltzmann
constant, and 4 is the Planck constant. The rotational barriers were calcu-
lated according to the Gibbs equation [Eq. (4)].

In(kgya/T) = (~AH* /R)(1/T)+AS* /R+In(ky /h) 3)
AG* = AH* —TAS* 4)

The energy gaps between the frans and the cis conformers were deter-
mined with the van’t Hoff equation [Eq. (5)], in which the equilibrium
constant, K, was readily calculated from the cis/trans ratio of the equili-
brated solution, as determined with the NMR spectroscopy method.

AG° = —RTInK (5)

For the k., /pH value study, the cis/trans isomerization rate constants of
the thiopeptides were determined at different pH values and the rate
constants were applied to the modified Henderson-Hasselbalch equation
[Eq. (6)]. In this equation, k. is the isomerization rate constant deter-
mined experimentally, k,, k., and k_ are the isomerization constants of
the cationic, zwitterionic, and anionic forms of the thiopeptides (to be
numerically fitted), respectively, pK,' and pK,? are the acidic and basic
pK, values of the peptides (determined with the NMR titration method),
respectively, and x is the variable pH value. This equation was imbedded
within the SigmaPlot scientific graphing system (Version 2000) and the
numerical fitting gave the k., k., and k_ values.
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Photokinetic monitoring of the cis/trans photoisomerization: A Hewlett—
Packard 8452A diode-array UV/Vis spectrophotometer was used for mul-
tiwavelength monitoring of the absorption changes of the peptide so-
lution during continuous irradiation. The wavelength and resolution of
the home-assembled monochromatic light source were calibrated with
the diode-array UV/Vis spectrophotometer. The typical bandwidth of the
monochromatic beam is less than 8 nm. The monochromatic light intensi-
ty of the continuous irradiation beam was measured with a DR-1600 digi-
tal radiometer (24600-Si diode detector with an active area of 1cm?;
Gamma Scientific, USA). The peptide solution was continuously stirred
with a hydrodynamic bar within the photoreactor to ensure homogeneity.
The temperature of the photoreactor holder was controlled by circulating
water from a thermostat (+0.1°C; Haake D8, Germany). The tempera-
ture was measured directly with a microthermoprobe within the reactor.
The internal volume of the reactor was 2.0 mL. The photoreactor had an
optical pathlength of 1.6 cm. The data sampling time was set as 1 point
per 20 seconds and the integration time (the opening of the shutter of the
spectrophotometer) of each data point was 0.1 seconds. A control experi-
ment showed that such a sampling setting does not cause any photoiso-
merization. A higher sampling frequency is not recommended because
the probe beam of the diode array spectrophotometer causes undesired
photoconversion. It should be noted that in this case a continuous scan-
ning spectrophotometer (double beam, with a photomultiplier-tube de-
tector) was not applicable. For each experiment, the absorbance was re-
corded at two wavelengths (one being the irradiation wavelength).

Determination of the quantum yields from photokinetic analysis of the
absorbance (Abs) versus time curves: The 29, 1k) model® was used,
thereby giving rise to Equations (1) and (2). Four independent photoki-
netic curves were recorded at two irradiation wavelengths. The parame-
ters to be determined were the quantum yields, the molar extinction co-
efficients of the trans and the cis isomers, and the rate constant of ther-
mal re-equilibration. Most of them could be reached from independent
measurements. The UV/Vis spectra of the trans and the cis isomers of
the thiopeptide bonds could be preliminarily determined with CE analy-
sis, based on the separation of the cis and the trans conformers. The iso-
merization rate constant values for kc_r (k,) were extracted separately
from the kinetics of the reverse isomerization in the dark at the same
temperature. Experimental photokinetic curves (Abs,, versus f) were
fitted by the model (Abs versus ). The calculated curves were ob-
tained from the numerical integration of the differential kinetic equation
by using a Runge-Kutta semi-implicit procedure for the concentrations
and the Beer’s law for the absorbencies. The photokinetic factor F=
(1-10—Abs’)/Abs’ was continuously monitored with the records of the
absorbance at the irradiation wavelength (Abs’). The residual error func-
tion RE=Y,5(Abs,ca(j)—Abs.,())pj (where p is the number of plots
fitted simultaneously and j is the number of points in each plot) was com-
puted and the parameters were optimized until a minimum RE value was
reached. In our case, this was when p was 4 and j was higher than 100.
After a rough approach during which only the quantum yields were opti-
mized, all the parameters were made free in order to refine the final fit-
tings. At the end of the calculation, the set of optimized parameters was
proved to be unique.
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