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1. Introduction

1. Introduction

1.1 Peptide bond cis/trans isomerization
1.1.1 Peptide bond structure and conformation

Peptide bond (amide bond) is the linkage between amino acid residues in peptides and
proteins. It plays a fundamental role in protein folding and structure. An electronic
interaction between the amide nitrogen lone pair and the carbonyl © system results in a
partial double bond character for the C—N linkage such that only two conformations are
energetically preferred (Scheme 1.1) (1). The conformations where the dihedral angle ®
(Co-C-N-C,) is restricted to either 180° or 0° are designated to trans and cis, respectively.
Other properties of the amide group, like a shortened C-N distance, reduced C=0O
stretching frequency, and reduced nitrogen basicity are also satisfactorily explained by this

resonance model (2).

a 0 0O

trans cis

Scheme 1.1 Resonance structures (a) and preferred conformations (b) of a peptide bond

A large number of experimental and theoretical work supports that the spontaneous
isomerization of amide bonds occur via a C—N rotation pathway but not via nitrogen
inversion (3, 4). The rotational pathway defines transition states that feature a twisted
structure with ® = 90°, thus disrupting resonance stabilization (Scheme 1.2). The atomic
motions involved in the rotation process include C-N bond lengthening, nitrogen and

carbon pyramidalization, solvent cage reorganization and bond rotation. Based on

1



1. Introduction

population analysis using the AIM model, Wiberg et al. reported that charge redistribution
during C—N rotation occurs mainly at the nitrogen and carbonyl carbon atoms, while the
charge density at the carbonyl oxygen varies very little (5), indicating the complexity of the

amide bond structure.
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Scheme 1.2 Transition states of peptide bond rotational cis/trans isomerization

The majority of the peptide bonds in protein structures are constrained to the trans
conformation (6) due to a steric repulsion between the alkyl substituents of both sides of the
amide moiety in cis conformation (Scheme 1.1b). However, surveying the protein structure
database has identified a very small part of peptide bonds adopting the cis conformation (®
~ 0°). More precisely, about 6% Xaa-Pro peptide bonds were found in cis form (7-10),
while only 0.03% of the Xaa-nonPro peptide bonds in cis conformation (9). Aromatic
residues are highly favored to flank the cis peptide bond, where the cis conformation is
additionally stabilized by CH---m interactions (11-16). The high propensity of peptidyl-
prolyl bonds (prolyl bonds) to adopt cis conformation is due to the dialkyl substitution on
the imide nitrogen, which results in a similar environment of the carbonyl in cis and trans
conformation. Actually, in aqueous solution the prolyl peptide bond populates 6-20% cis
conformation with a cis—#rans rotational barrier range from 16 to 22 kcal/mol depending
on the sequential context (17, 18). For secondary amide peptide bonds, the cis population in
aqueous solution is generally lower than 0.1%, with a cis—trans rotational barrier of ~ 16
kcal/mol (19, 20). Free energy differences between the cis and trans conformations have
been reported to be only ~ 0.5 kcal/mol for Xaa—Pro bonds and ~ 2.5 kcal/mol for Xaa—
nonPro bonds (7). Based on these values and assuming thermodynamic equilibrium at 20
°C, Xaa—Pro bonds should populate about 30% cis conformation (21), and Xaa—nonPro
bonds should populate about 1.5% cis conformation (22). These numbers are much larger
than the values obtained from statistical analysis of protein structure database. Notably, the

cis peptide bond was found more abundant in high resolution crystal structures, indicating
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that the cis peptide bond is probably under-accounted due to inappropriate refinement in the

low resolution structures (9).
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Figure 1.1 Nonenzymatic catalysis of peptide bond cis/trans isomerization. Catalysis by a hydrophobic
environment that stabilizes a more apolar twisted transition state (a), by N-protonation (b), by intramolecular
H-bonding to N (c), by nucleophilic attack on carbonyl carbon (d), by base via an enolate anion (¢), and by

metal coordination (f).

1.1.2 Chemical and enzymatic catalysis of cis/trans isomerization

The cis/trans rotational barrier is strongly influenced by the solvent. For instance, by
changing the environment from a nonpolar aprotic solvent to water, the rotational barrier
increased by up to 3 kcal/mol (23). This effect was rationalized by a selective stabilization
of the more polar ground states in water. In addition, several ways are found to catalyze the
amide bond cis/trans isomerization (Figure 1.1). Brensted acids are able to catalyze amide
cis/trans isomerization through a small but kinetically significant quantity of N-protonated
intermediate (24), although the oxygen atom is the preferred site of protonation in amides
(25). Intramolecular hydrogen bonding to the amide nitrogen has also been shown to

catalyze the cis/trans isomerization (26). Furthermore, nucleophilic attack was found to
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catalyze the cis/trans isomerization (27) and has been proposed to be involved in the
catalytic cycle of PPlases (28). In addition, strong bases like sodium methoxide can
catalyze the cis/trans isomerization by deprotonation of the C, proton (29). Finally, metal
ions are also able to catalyze the cis/trans isomerization in case the nitrogen coordinates to
metal ions (30).

Hindered peptide bond rotation () along with mobile single bonds (¢, ) on either side of
the peptide unit is fundamental to the formation of the three-dimensional structure of
proteins. Due to the considerably slow cis/trans isomerization of peptide bonds compared
with the single bond rotation, the presence of a cis peptide bond remarkably retards the
folding process. A general possibility to accelerate peptide bond cis/trans isomerization in
bioorganisms is enzyme catalysis. In fact, nature has devised ingenious enzymes to catalyze
the peptide bond rotation. The first family was found to catalyze the cis/trans isomerization
with substrate specific to peptidyl-prolyl bonds (PPlase) (31, 32). Currently, the PPlase
family comprises three members: cyclophilins, FK506 binding proteins (FKBP), and
parvulins (33). These three PPlase members have distinct substrate specificities and are
sensitive to different types of inhibitors. The second family (APIase) has been identified in
the Hsp70 protein DnaK, which selectively accelerates the cis/trans isomerization of
secondary amide bonds (34). PPlases are widely distributed throughout all living organisms
including Mycoplasma genitalium, a bacterium that possesses the smallest known genome
of any freely self-replicating organism (35). The high diversity and ubiquitous occurrence
of PPlases suggest that they have multiple cellular functions. The APlase function of Hsp70
molecular chaperones is considered to allow kinetic proofreading of folding by rapid

scanning of APlase-sensitive sites of unfolded polypeptide chains (18).
Cyclophilins
- PPlases\ FKBP

Peptide bond Parvulins
cis/trans Isomerases

Hsp70
~ APlases {

Scheme 1.3 Enzymes found to catalyze peptide bond cis/trans isomerization
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1.2 Cis/trans isomerization in protein folding and function

The prolyl bond cis/trans isomerization, due to its rather slow rate, has long been
recognized as a rate-limiting step in the folding/unfolding pathway of many proteins (36-
40).

fast folding _ | slow proline
isomerization

U > N

With the discovery of PPIases, those slow folding and unfolding processes were found to be
enzymatically catalyzed (41-44). Mutation of the proline to a non-proline residue showed a
decrease of the conformational stability and a change of the folding kinetics (45-47). A cis
peptide bond was also reported to speed up the fast folding phase in phosphoglycerate
kinase, probably due to the restriction of conformational space accessible to the molecule
(48). Using the Pro39Ala variant of ribonuclease T1, which retains a cis peptide bond
between Tyr® and Ala® in the native state, Schmid et al. showed that slow cis/trans
isomerization of this secondary amide peptide bond is also a rate-limiting step in protein

folding and unfolding (49).

The cis conformation reverses the local orientation of the main chain and leads to a
significant shrinking of the atom distance between Cf’_l and C:Z (Xaa;_;—Pro;) compared to

the trans conformation. Moreover, this one bond-mediated conformational change could be
amplified by a lever-arm effect (50). On the molecular scale, the cis/trans isomerization has
been found to be able to trigger a conformational switch, by which it functions like a
molecular switch or timer to regulate protein function (51). For example, in the cell
signaling protein Interleukin-2 tyrosine kinase (Itk), Pro287 undergoes CypA-catalyzed
cis/trans isomerization. The cis-Pro-containing SH2 conformer exhibits a 3.5-fold higher
affinity to the Itk SH3 domain compared with the trans conformer binding to the same
ligand, while the trans-Pro-containing SH2 conformer binds phosphopeptides with a 4-fold
greater affinity than the cis conformer (Figure 1.2). Thus, the cis and trans prolyl bonds of
the Itk SH2 domain mediate separate, specific binding events that may have functional
implications in T cell signaling (52, 53). Moreover, cis/trans isomerization has been shown
to be implicated in neurodegeneration (54), amyloid formation (55), channel gating (56)
and phage infection (57). Interestingly, peptide bond cis/trans isomerization has been

suggested as a key stage in the chemo-mechanical cycle of motor proteins (58).
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trans prolyl imide bond
o]
H:N
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Figure 1.2 Proline-driven conformational switch in the Itk SH2 domain. The prolyl bond in the loop adopts

cis pronI imide bond

different conformations thus regulates the molecular recognition of Itk (52).
1.3 Photocontrol of backbone conformation in peptides and proteins

The ability of proteins to undergo conformational switching is central to protein function
(59, 60). Such a conformational change can be initiated by many factors such as a change in
temperature, pH, voltage, ion concentration, phosphorylation, reduction potential, binding
of a ligand, etc. (61, 62). Interestingly, nature has already used light as a trigger to control
protein structures. For instance, rhodopsin uses light-triggered cis/trans isomerization of
retinal to induce the conformational movement of the opsin, which is coupled with a neuron
action potential (63). The phytochrome can also undergo conformational switch by light

(64).

Photoisomerization, which conducts a conformational switch of a chromophore by light, is
an appealing approach because the light of appropriate wavelength may not damage the
system under study and can be used remotely and noninvasively. The high resolution with
which light can be manipulated both temporally (fs) and spatially (um) makes it possible to
investigate fast processes such as protein folding. Methods of photocontrol from molecule
to cell level have seen explosive growth (65-68). Photocontrol of protein backbone
conformation is of great interest, due to its unique roles in protein folding and function.
While a large number of studies conducted photocontrol by introducing a chromophore to
protein side chain (69-73), much less attention was paid on photomodulation of the protein
backbone, due to the difficulty of incorporating a chromophore into the backbone and the
concomitant worse structural compatibility of the large chromophores with the protein

conformation.

To photocontrol the polypeptide backbone, the chromophores have to meet the following
requirements: (i) the photoswitchable moiety has to show two different isomeric forms that

can be transformed into each other using different wavelengths of light; (i1) the wavelengths

6
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should be no less than the absorption of the peptide bond itself; (iii) the photoreaction
should be reversible and the reaction rate has to be fast if a light-induced chemical
transformation is used in time-resolved experiments; (iv) the molecular switch should be
able to induce strong force on the attached peptide chain to exert a conformational
rearrangement upon irradiation; (v) the photochemical quantum yield should be sufficiently
high and the side reactions should be negligible; (vi) importantly, the trigger molecule
should be structure-compatible, which means that at least one of the conformations of the

chromophore can adopt a similar structure as the unmodified one.

Azobenzene and stilbene derivatives are prominent examples used to design backbone
photoswitchable peptides (74, 75). For instance, the azobenzene (Figure 1.3a) has been used
to mimic a turn structure and study the folding and refolding of the beta-hairpin (76, 77). It
has also been incorporated to the amyloid-f to study the turn nucleation in amyloid-f3 self-
assembly (78, 79). Moreover, a computational designed N-alkylated indanylidene pyrroline
(NAIP) moiety (Figure 1.3b) has also been used to photoswitch a cyclic peptide (80). Very
recently, thehemithioindigo—hemistilbene system (Figure 1.3¢) has been incorporated to the
backbone of linear and cyclic peptides and their photoproducts were formed in the range of

10-30 ps (81, 82).

R’ R?
a R
hv1
D0 ‘
X hv2 _
X=N,CH R X=X
E 4
b ; R R?
R +
_ 440nm  HNEN_
HN< = A R
7 OMe E OMe
C
402 nm _
490 nm

NHR?

Figure 1.3 Photoswitching of the peptide backbone via azobenzene (X = N) or stilbene (X = CH) derivatives
(a), N-alkylated indanylidene pyrroline (NAIP) derivatives (b) and hemithioindigo-based derivatives (c).
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1.4 Thioxo peptide bonds and their application on photocontrol of peptide backbone

conformations

Unfortunately, all azobenzene, stilbene, NAIP and hemithioindigo-based moieties are rather
large compared to the amide bond in the peptide backbone and thus disrupt the hydrogen
bonding network of the original amide bond. Moreover, their large aromatic systems may
cause a poor aqueous solubility, which may be an issue for biochemical applications.
Therefore, photoswitches with better structural compatibility are needed. Notably, the
peptide backbone itself could be switched from trans conformation to cis by UV light
irradiation (83, 84). However, the high energy of the excitation light (206 nm), which leads
to a photo-decomposition, and the non-selectivity render it not applicable for site-specific
protein conformational control. Remarkably, a simple oxygen to sulfur one-atom
substitution allows the resulted thioxo peptide bond [CS—NH] to be selectively switched
from the trans conformation to cis by using UV light near 260 nm, without any influence

on the non-modulated peptide bonds (85, 86).

S S
)J\ ~Yaa hv )J\ _H
Xaa N = Xaa N
| hv/A |
H Yaa
trans cis

Scheme 1.3 Photoisomerizatoin of the thioxo peptide bond. The #rans conformation can be stimulated to cis

by ~260 nm irradiation. The cis conformation can return to ¢rans by thermal decay or 291 nm irradiation (86).

The thioxo peptide bond is an isostere of the regular amide bond. It preferentially adopts a
trans-planar conformation featuring shorter C—-N distance but longer C=S distance,
resulting in an increased C—N rotational barrier by ~3 kcal/mol (87). The thioxo amide
proton is more acidic than regular amide and hence is a stronger hydrogen bond donor,
whereas the thioxo carbonyl sulfur is a slightly weaker hydrogen bond acceptor than regular
amide (Scheme 1.4) (88-90). Hence, the special hydrogen bond accepting and donating
ability of the thioxo peptide bond makes it very useful to probe molecular interactions. For
example, a thioxo scan has been employed to investigate the backbone interactions in the
transition state of a coupled protein folding and binding reaction (91). Therefore, it is not
surprising that the thioxo peptide bond is shown to be compatible for helix (92-95), turn

(96-99) and hairpin (100) secondary structures, though a slight destabilizing effect of an -
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helix has been observed (101). The thioxo analogues of bioactive peptides showed a
generally enhanced resistance toward proteases (102-105) and diverse biological effects
(106-110). Conformational energy and free energy calculations of thioxo peptide bonds
suggest that they are conformationally more restricted than the regular peptide bonds (111,
112). Therefore, the excellent bio-compatibility of the thioxo group renders it an excellent

photoswitch to backbone conformational control.

Amides
bond length ca. 1.24 A VDW radius 1.52 A
bond energy ca. 170 kcal/mol /
o}
R
R1)I\N 2

{j<—— PK,ca 17

170-195 nm (n-7* transition)
210-220 nm (n-m* transition)

Thioxo amides
250-280 nm (n—mn* transition)
340-400 nm (n—m* transition)

VDW radius 1.80 A

bond length ca. 1.65-1 68 A / slightly weaker H-bond acceptor than O

S
.R
R1)J\N 2 _
|l| stronger acid (pK, 11-13)
stronger H-bond donor
-enhanced stability towards various proteases

-restriction of conformational freedom
-enhanced polarity

increased barrier of rotation
by 2-3 kcal/mol

Scheme 1.4 Comparison between amides and thioxo amides (Ref. 92).

An oxygen to sulfur substitution leads to a drastic red shift of the n-n* and n-n* transition
to ~260 and ~330 nm, respectively. The trans—cis photoisomerization can be efficiently
triggered by UV light at 254 nm, resulting in a red shift of the UV absorption (Figure 1.4a).
The cis—trans thermal decay lasts from minutes in thioxo amide bonds to hours in thioxo
imide bonds (85, 86). The cis—trans isomerzation can be accelerated by 290 nm irradiation
and further by 310 nm irradiation (Figure 1.4b) (86). Quantum efficiency for trans—cis
photoisomerization is 30-40% without wavelength dependence, while the cis—trans

photoisomerization proceeds with 60-70% quantum efficiency (113).
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UV OFF 291 nm ON

0.4+

290 nm
0.3 1

310 nm ON
~
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™~270 nm O

0.2+

©~~270 nm ON
T T T T
250 300 250 400 0 2000 4000 6000 8000
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Figure 1.4 UV/Vis spectroscopic behavior of thioxo peptide bond upon photoisomerization (114). (a).
UV/Vis spectrum of Phe-y[CS-NH]Ala before irradiation (solid line), after irradiation (254 nm, 3 min) (dot-
dash line) and after re-equilibration (dots). Inset: the difference spectrum during irradiation (cis isomer has a
stronger absorbance in the 275-325 nm region, which was a maximum at 290). (b). Dual-directional
photoswitching monitored at 290 nm. Two runs are presented (270 nm irradiation and UV switch off: circles;
270 nm irradiation, 291 nm irradiation, 310 nm irradiation: squares). Irradiation wavelength changes are
marked on the curves. The solid lines represent nonlinear single exponential fits. Measurements are performed
in sodium phosphate buffer, pH 7.0, 16 °C. Figures are taken from Ref. (114).

The cis/trans photoswitching of the thioxo group finishes within a few hundred picoseconds
(115) and has been applied to probe the ultrafast breaking and formation of hydrogen bonds
as well as conformational dynamics (116-119). Wildemann et al. have shown that reversible
photoswitching the thioxo peptide bond in y[CS—NH]*-S peptide bound to S-protein leads
to a reversible control of the w[CS—-NH]*-RNase S enzyme activity (Figure 1.5) (120). A
similar approach provided clear evidence for a cis-prolyl-preferred binding of Phe-Tyr-
y[CS—-NH]Pro-Trp-Gly-NH, with the insect kinin receptor (121). The unique hydrogen
bonding ability of thioxo peptide bond coupled with a photoswitchable property makes it a
promising tool for the study of protein structure and function. However, the high-energy
254 nm UV light used for photoswitching and the relatively fast cis to trans decay may

limit the application of thioxo photoswitch in some cases.

trans-y[CS—-NH] -RNase S cis-p[CS-NH]*-RNase S
active inactive

Figure 1.5 Reversible control of y[CS-NH]*-RNase S enzymatic activity by photoswitching the y[CS-NH]*
S peptide conformations (120).

10



1. Introduction

1.5 Selenoxo amides and their potential as a photoswitch

Selenium is a heavier element than sulfur in the chalcogen group and represents an essential
trace element in animals, including humans. The selenium-substituted analogue of cysteine,
selenocysteine (Sec or U), was identified as the 21* proteinogenic amino acid (122, 123).
Selenocysteine is often found in enzymatic active sites, where the selenol group functions
either as a nucleophile, as a metal ligand or as a redox element (124, 125). For instance,
glutathione peroxidase was the first selenoprotein identified in mammals (126). It protects
cells from oxidative damage by catalyzing the reduction of H,O, and other organic
peroxides (125, 127). The catalytic cycle of glutathione peroxidase is considered to include
an oxidation of a Sec selenol group by hydroperoxide to form a selenenic acid, which is
further converted to a selenenylsulfide by glutathione. The selenenylsulfide bond is then
reduced by an additional glutathione and thus regenerates a selenol group at the Sec residue

of the enzyme (Scheme 1.5) (128).

G-SH
ROH E-SeOH
H20
ROOH
E-SeH E-Se-SG

7

G-SS-G G-SH
Scheme 1.5 The general mechanism of glutathione peroxidases (128).

Table 1.1 Comparison of chalcogen atomic properties

Properties Oxygen Sulfur Selenium Tellurium
Van der Waals radius rypw (in A) (129)  1.52 1.80 1.90 2.06
Electronegativity y (Pauling scale) (1) 3.44 2.58 2.55 2.1
Polarizability a (in A?) (129) 0.80 2.90 3.77 5.5
Redox potential (mV) * (130) n.a.’ -233 -488 n.a.’
pK, ° (131) n.a.t 8.3 5.2 n.a’

# versus the normal hydrogen electrode (NHE)
® values from Cys and Sec

¢ not available

11
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While the special role of selenol functional group of Sec in peptides and proteins is well
documented, the selenoxo carbonyl C=Se has never been studied in polypeptide systems.
Due to the weak double bond character and strong nucleophilicity of selenium, the selenoxo
carbonyl group is unstable and prone to polymerization (132). Steric or resonance
stabilization from neighboring groups is required to form stable selenoxo compounds (133).
Selenoxo amides for example have proved to be very useful compounds in organic
transformations, but the high reactivity makes them unstable in solution especially in case
of the aliphatic selenoxo amides (134-136). Thus, the compatibility between selenoxo
substitution and peptide synthesis protocols has never been investigated, and selenoxo

peptides have not been reported so far.

Despite the difficulty to construct selenoxo amide bonds and the reported instability, the
unique features of thioxo peptides prompted us to explore the world of the selenium-
substituted peptide bond analogue (i.e. selenoxo peptide bond or selenoxo amide bond).
Fortunately, the recent development of a new selenation reagent, Woollins’ reagent (137,
138), has provided great benefit to the synthesis of selenoxo amides (139, 140). Previous
theoretical and experimental work of selenoxo amides has shown that the C—N bond is
shorter than that in thioxo amides, whereas the C—Se bond is longer than that in thioxo
amides. Moreover, the selenoxo amides favor a Z conformation but more planar than thioxo
amides (141-145). These features were explained by an increased partial double bond
character in the C—N bond, owing to an enhanced delocalization of the nitrogen lone pair
electrons to the C=Se group (146). The structural properties of chalcogen-substituted
amides indicated an increased C—N double bond character in the order of O < S < Se < Te
(Figure 1.6). However, the extreme instability of the telluroxo amides makes them

unfeasible for biochemical application.

1_22& _ 1% P 1_832i P 2.056 I P
| | 1.316T
|

1376 N 1.353N 1.346 N

Figure 1.6 Bond lengths of chalcogen-substituted amides (141, 142)

The rotational barrier of selenoxo amide is generally ~1 kcal/mol higher than that of thioxo

amides (146-148). The UV absorption wavelengths of the selenoxo amides are located
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1. Introduction

around 290 nm and 350 nm for the n—n* and n—n* transitions, respectively (149), which
are shifted to longer wavelengths compared to thioxo amides. As the thioxo amide bonds in
peptides have shown a reversibly photoswitchable property, the selenoxo amide bonds are
expected to be photoswitchable as well. Moreover, a longer excitation wavelength and a
longer lifetime of the cis isomer compared to the corresponding thioxo congeners are

anticipated.

13
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2. Aims and objectives

In order to investigate the photoswitching activity of selenoxo peptide bonds and their

influence on peptide structure, this work focuses on:

® synthesizing selenoxo peptides with high enantiopurity and studying their chemical

properties including the stability in aqueous solution;

® characterizing the photoswitching properties of selenoxo peptides, such as excitation
wavelength, cis content in the photostationary state, thermodynamic parameters of

cis—trans decay, and comparing them to the corresponding thioxo peptides;

® cvaluating the electronic effects of selenoxo substitution imposed on peptides, such as
nuclear shielding of the surrounding atoms, amide proton acidity, C—N rotational

barrier, n---m* interaction and NH---7 interaction.
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3. Materials and methods

3. Materials and methods

3.1 General information

Reagents: All reagents, amino acids, and solvents were purchased from commercial
suppliers and used without further purification. Amino acids were purchased from Merck-
Novabiochem or Bachem. Acetonitrile (HiPerSolv CHROMANORM?" isocratic grade) was
purchased from VWR. Other chemicals including Woollins’ reagent were purchased from
Sigma Aldrich (p.a. grade). Resins were purchased from Merck-Novabiochem. Human

Cyp18 was laboratory-produced.
Thin layer chromatography (TLC) was carried out with Merck TLC silica gel 60 Fasa.

Column chromatography was conducted with Merck silica gel 60 (0.040-0.063 mm, 230—
400 mesh ASTM).

Analytic HPLC was performed on a SYKAM HPLC system equipped with
LiChroCART® (Merck) 125-4 RP8 (5 um) column; flow rate: 1 ml/min; standard linear
gradient from 5% to 100% B (A: 0.05% TFA/H,O, B: 0.05% TFA/ACN) in 30 min;
detection wavelength: 220 nm. In the case of enantiopurity analysis, a GRACE Vydac®

208TP54, C8, 5 um, 4.6 x 250 mm column and isocratic elution were used.

Preparative HPLC was performed on a SYKAM HPLC system equipped with
LiChrosorb® (Merck) 250-25 RP8 (7 um) column; flow rate: 15 ml/min; (A: 0.05%
TFA/H,0, B: 0.05% TFA/ACN)

Solid phase peptide synthesis (SPPS): Standard Fmoc protocol and PyBOP/DIPEA
coupling system were used. In the case of thioxo peptides, a modified protocol was
employed. Peptide amides were synthesized on Sieber amide resin or 2-Chlorotrityl resin.

Peptide acids were synthesized on Sasrin resin or Wang resin.

NMR spectroscopy: Spectra were recorded using Bruker DRX 500 spectrometer equipped
with a 5 mm 'H/"*C/"N triple-resonance probe or a 5 mm BBO probe. 'H and "*C chemical
shifts were referenced to external 2,2-dimethyl-2-silapentane-5-sulfonate; '’Se chemical
shifts were referenced to external selenous acid at 1300.0 ppm (150). For chemical shift
assignments, standard 2D IH/IH-TOCSY, 'H/'H-ROESY and 1H/13C-HSQC spectra were

collected with the carrier placed in the center of the spectrum on the water resonance, which
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3. Materials and methods

was suppressed by applying either presaturation or a WATERGATE sequence. Standard 1D

"’Se-NMR spectra were collected with a relaxation delay of 3 .
Mass spectrometry

The identity of the peptides and intermediates was verified by electrospray ionization mass
spectrometry on a VG-BIO-Q Triple Quadrupole Tandem Electrospray mass spectrometer
(Fisons Instruments, San Carlos, CA) and a MALDI-Tof Reflex mass spectrometer (Bruker
Daltronik)

Infrared spectroscopy

ATR-FTIR spectra were recorded using FTIR Tensor 27 spectrometer (Bruker) equipped
with a BIOATR II cell and a MCT detector that was cooled with liquid nitrogen. 10 pl of
the peptide samples in THF solution (peptide concentration: 1-5 mg/ml) were placed onto
the crystal of the ATR cell. Collected spectra represent averages of 64 scans (resolution 2

cmfl).
UV/Vis spectroscopy

Measurements were performed on a Hewlett Packard 8453 Diode Array UV/Vis
spectrophotometer where an integration time of 0.2 s was set for spectra acquisition, or on a
Perkin Elmer Lambda 900 UV/Vis/NIR spectrometer where the slit width was set to 0.2 nm
and the integration time was set to 1 s. Quartz UV cells of 1 cm path length were used for
all measurements. The temperature was controlled by water circulating through a

thermostat.
Photoisomerization

Peptide solution in a quartz cuvette (I cm) was irradiated by UV light using a home-
assembled monochromatic light source (Figure 3.1). The optical building block includes a
Hamamatsu L2423 200 W Mercury-Xenon lamp housed in a E7356 lamp housing
(Hamamatsu Photonics, Japan) and a PTI 101 monochromator (Photon Technology
International, Inc. USA). Slit width of the monochromator was set to 6 mm. The
temperature of the sample holder was controlled by water circulating through a thermostat.
In the case of thioxo peptides, direct irradiation using a 254 nm UV lamp was sometimes

applied. (Care must be taken since the high-energy UV light is harmful to eyes and skin!)
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i
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Figure 3.1 Apparatus used for photoirradiation

3.2 Experimental part

3.2.1 Solution phase synthesis

3.2.1.1 Synthesis of Fmoc-Ala-y[CS-NH]-6-nitro-benzotriazole
Fmoc-Ala-2-amino-5-nitroanilide (The same procedure as dipeptide synthesis)

N-Methylmorpholine (2.2 ml, 20 mmol) was added to a solution of Fmoc-Ala-OH-H,O (3.2
g, 10 mmol) in THF (100 ml) at -20 °C, followed by dropwise addition of isobutyl
chloroformate (2.6 ml, 20 mmol). The mixture was stirred for 10 min, then 4-nitro-1,2-
phenylenediamine (1.53 g, 10 mmol) was added, and the resulting slurry was stirred at -
20 °C for 1 h and at rt for 3 h. The precipitate was filtered off and the filtrate was
evaporated to dryness. The residue was washed with EtOAc (250 ml) and the insoluble
yellow solid was collected as pure product. The eluate was collected and washed
successively with 1 M NaH,POy, brine, 5% NaHCOs, and brine again, and then dried with
MgSO, and evaporated to dryness. The yield was 72%.

Fmoc-Ala-y[CS-NH]-2-amino-5-nitrothioanilide

P4Sio (0.44 g, 1 mmol) was mixed with Na,CO; (0.108 g, 1 mmol) in THF (100 ml). The
mixture was stirred under an argon atmosphere for 1 h at rt and then cooled to 0 °C. To this

clear solution was added Fmoc-Ala-2-amino-5-nitroanilide (2 mmol), and the reaction
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mixture was stirred at 0 °C for 30 min and then at rt for 2.5 h. The mixture was filtered and
the filtrate was evaporated to dryness. The residue was dissolved in EtOAc and washed
with 5% NaHCO; (2 x 30 ml) and the aqueous layers were back-extracted with EtOAc (75
ml). The combined organic layers were washed with brine, dried over MgSO,, and
evaporated to yellow solid. Further purification could be conducted with silica gel column

chromatography.
Fmoc-Ala-y[CS-NH]-6-nitrobenzotriazole

To a solution of Fmoc-Ala-y[CS-NH]-2-amino-5-nitrothioanilide (0.5 mmol), dissolved by
gentle warming at 40 °C and then cooled to 0 °C in glacial acetic acid (30 ml), NaNO, was
added (0.052 g, 0.75 mmol) in portions over 5 min under constant stirring. After 30 min,
ice-cold water (100 ml) was added and the precipitated product was filtered and washed
thoroughly with water. The orange solid was dried in vacuo at rt overnight and used in

coupling without further purification.
3.2.1.2 Synthesis of Bz-Val-Gly-OH

Bz-Val-Gly-OtBu solid was treated with 50% TFA/DCM for 30 min and evaporated to oil.
To this flask was added cold Et,O and the white precipitate was washed 3 times with cold

Et,O. After evaporation under reduced pressure, the pure product was obtained.
3.2.1.3 Synthesis of thioxo peptides (Representative procedure)
Boc-Ala-y[CS-NH]Ala-OMe

Boc-Ala-Ala-OMe (137 mg, 0.5 mmol) was dissolved in 10 ml dry benzene and, after
addition of Lawesson’s reagent (0.5 equiv.), the resulting heterogeneous mixture was
refluxed for 2 h under argon atmosphere. The solvent was evaporated under reduced
pressure. The residue was dissolved in EtOAc and washed with NaHCO; and brine. The
organic layer was dried with MgSO, and then evaporated to oil. Further purification was

performed by p-HPLC with a yield of 75%.
Procedure for Boc deprotection

To a flask containing Boc-Ala-y[CS-NH]Ala-OMe (109 mg), ZnCl,-Et,O solution (1 mol/l,
5 ml) was added. The mixture was stirred for 5 hours at rt and then evaporated to oil under

reduced pressure. To this flask was added 1 ml acetonitrile and the precipitate was extracted
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with additional acetonitrile (1 ml x 2). The extract was collected and evaporated to oil. The

product was purified by p-HPLC (RP18) with a yield of 53%.
Procedure for coupling

38 mg (0.2 mmol) H-Ala-y[CS-NH]Ala-OMe and 57 mg (0.21 mmol) Bz-Val-Gly-COOH
were dissolved in dichloromethane. To this solution 104 mg (0.2 mmol) PyBOP were added,

followed by 69 pl (0.4 mmol) DIPEA to trigger the coupling reaction. The product was
isolated by p-HPLC (RP8) with a yield of 66%.

3.2.1.4 H-Trp-y[CS-NH]Leu-OH

Boc-Trp(Boc)-Leu-OtBu (863 mg, 1.5 mmol) was dissolved in 15 ml dry benzene and, after
addition of Lawesson’s reagent (610 mg), the resulting heterogeneous mixture was refluxed
for 2 h under argon atmosphere. The solvent was evaporated under reduced pressure. The
residue was dissolved in EtOAc and washed with NaHCO; and brine. The organic layer
was dried with Na,SO4 and then evaporated to oil. To this flask was added 10 ml 50%
TFA/2.5% TIS/2.5% H,O/DCM. After 30 min, the solution was evaporated to oil and
subjected to p-HPLC purification (RP8). After lyophilization, the pure product H-Trp-
y[CS-NH]Leu-OH was obtained as white solid with an overall yield of 41%.

3.2.1.5 Synthesis of selenoxo peptides (representative procedure)
Boc-Ala-y[CSe-NH]Ala-OMe

Boc-Ala-Ala-OMe (300 mg, 1.1 mmol) was dissolved in dry toluene and, after addition of
190 mg Woollins’ reagent (0.5 equiv.), the resulting heterogeneous mixture was refluxed
for 2 h under argon atmosphere. The solvent was evaporated under reduced pressure. After
p-HPLC (RPS) purification and lyophilization, the pure product was obtained as brown
solid with a yield of 37%.

H-Ala-y[CSe-NH]Ala-OMe

To a flask containing Boc-Ala-y[CSe-NH]Ala-OMe (25 mg) was added 1 ml ZnCl,-Et,0O
solution (1 mol/l). The reaction mixture was stirred under argon atmosphere for 5 h at rt and
then evaporated to oil under reduced pressure. To this flask was added 0.5 ml acetonitrile

and the precipitation was extracted with additional acetonitrile (1 ml x 2). The extract was
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collected and evaporated to oil. The product was isolated by p-HPLC (RP18) with a yield of
69%.

Bz-Val-Gly-Ala-y[CSe-NH]Ala-OMe

Bz-Val-Gly-OH (14 mg) was dissolved in THF and cooled down to -20 °C. To this solution
N-methylmorpholine (11.2 ul) was added, followed by isobutyl chloroformate (6.7 ul).
After 3 min, a precooled solution of H-Ala-y[CSe-NH]Ala-OMe (12 mg) in THF was
added. The mixture was stirred 1h at -20 °C and then 1 h at rt. The precipitate was removed

by filtration and the filtrate was evaporated under reduced pressure. The product was

purified by p-HPLC (RP8) and lyophilized to yield 16 mg light yellow floccules.
3.2.1.6 H-Trp-y[CSe-NH]Leu-OH

Boc-Trp(Boc)-Leu-OtBu (863 mg, 1.5 mmol) was dissolved in dry toluene and, after
addition of 450 mg Woollins’ reagent (0.53 mmol), the resulting heterogeneous mixture
was refluxed for 2 h under argon atmosphere. The reaction mixture was filtered and the
solvent was evaporated under reduced pressure. The slurry was re-dissolved with EtOAc
and washed with NaHCO3 and brine. The organic layer was dried and evaporated to oil, to
which 30 ml 50% TFA/5% TIS/DCM was added. After 30 min, the solution was evaporated
to oil and subjected to p-HPLC purification (RPS8). After lyophilization, the pure product H-
Trp-y[CSe-NH]Leu-OH was obtained as yellow solid with an overall yield of 30%.

3.2.1.7 Elongation of the selenoxo dipeptide at the C-terminus
Bz-Val-Gly-Ala-y|[CSe-NH] Ala-Ala-NH,

Bz-Vla-Gly-Ala-y[CSe-NH]Ala-OMe (5 mg) was dissolved in NaOH solution (0.1M, 4
ml). After 30 min, the solution was neutralized by 1 M HCI to pH ~6. The solution was
extracted with 10 ml EtOAc and the organic phase was washed with water and brine. The
organic layer was dried and evaporated at reduced pressure. After p-HPLC purification, 2
mg pure Bz-Val-Gly-Ala-y[CSe-NH]Ala-OH was obtained. The product was re-dissolved
in I ml DCM and cooled to 0 °C. To this solution was added 1 equiv. H-Ala-NH,-HCI, 1
equiv. HATU and 3 equiv. DIPEA. The reaction mixture was stirred for 1 h and then the
solvent was evaporated under reduced pressure. The product was separated by p-HPLC,

which gave rise to 1.5 mg pure solid after lyophilization.
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3.2.1.8 Alkylation of the selenoxo amide group

Boc-Ala-y[CSe-NH]Ala-OMe (10 mg) was dissolved in 1 ml NaOH (0.1 M) at 0 °C (ice
bath). To this solution was added methyl iodide (6 ul). After 1 h stirring, the reaction flask
was placed to refrigerator (-20 °C) for 5 days and then analyzed by p-HPLC. The peaks

were collected for mass spectrometric analysis.
3.2.2 Synthesis of thioxo peptides by SPPS

200 mg Fmoc-Sieber amide resin (0.71 mmol/g) was swelled for 2 h in DCM. After
deprotecting the Fmoc group (20% piperidine/DMF, 5 min x 3), the amino acids were
coupled with the standard Fmoc strategy with 3-fold excess of amino acid activated with
PyBOP in the presence of DIPEA. Thioxylation was performed by adding 2.5 equiv. Fmoc-
Ala-y[CS-NH]-6-nitrobenzotriazole in DCM to the free peptidyl-resin at 4 °C for 1 h and
then at rt overnight. The resin was then washed thoroughly and treated with 2%
piperidine/1% HOBt/98% DMF (v/w/v, 4 x 2 min). Further elongation was identical to the
normal Fmoc peptide chemistry. The peptide was cleaved from the resin by treatment with
2% TFA/DCM for 30 min. The solution was evaporated to oil and then purified by RP-
HPLC.

3.2.3 pK, determination

The peptide water solution was titrated with KOH solution. pH values were read from a pH
meter, with the exception that values > 12 were calculated by the amount of KOH added

and transformed to proton activity by Davies equation:

JI

—-lg /., =0.5z,z,| ——=—0.157

1++/T

(f.1s the mean molar activity coefficient of an electrolyte that dissociates into ions having

charges z; and z; as a function of the ionic strength /).

The change of absorbance was monitored at 296 nm for selenoxo peptides and at 266 nm
for thioxo peptides. The pK, values were obtained by fitting the absorbance vs. pH plots

according to the Henderson-Hasselbalch equation.

21



3. Materials and methods

For measurements in deuterated water, peptides were dissolved in 99.9% deuterated water
and the pD was adjusted by adding DCI or KOD solution in D,O. The pD values were
calculated by pD = pHicading + 0.4.

3.2.4 UV/Vis spectroscopic characterization of photoisomerization

The ground state spectrum of peptide samples in buffer solution was collected in the dark.
After 5 min irradiation with UV light at appropriate wavelength (thioxo peptide: ~260 nm,
selenoxo peptide: ~290 nm) to achieve the photostationary state (PSS), a spectrum was
recorded immediately. The difference spectrum was obtained by subtracting the spectrum in
the ground state from the spectrum in the PSS. The irradiation wavelength was optimized

based on the wavelength in the trough of the difference spectrum.

In order to obtain the time course of cis to trans decay, the peptide solution was irradiated
for 5 min in a cuvette at the desired temperature and then moved to the cuvette holder of the
UV/Vis spectrophotometer (Figure 3.1). The monitoring at the appropriate wavelength was
then started immediately. The typical time for the cuvette transfer was 2-3 s. The

temperature was controlled by water circulating through a thermostat.
3.2.5 NMR spectroscopic characterization of photoisomerization

A 600 pl peptide sample was irradiated (in a 1 cm quartz cuvette) at the appropriate
wavelength and then transferred immediately to the NMR tube and placed in the magnet of
the NMR spectrometer. The first spectrum was generally recorded 2-3 min after termination

of the irradiation.
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4. Results

4.1 Synthesis and characterization of selenoxo peptides
4.1.1 Synthesis

To build the selenoxo peptide bond, we chose the selenation strategy by using Woollins’
reagent (2,4-diphenyl-1,3,2,4-diselenadiphosphetan-2,4-diselenide), which has been
employed to selenate amides very efficiently (139, 151). The selenated dipeptides were then
elongated at the N- or C-terminus (Scheme 4.1).
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Scheme 4.1 Synthesis of selenoxo peptides.
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Figure 4.1 HPLC analysis of the selenating reaction mixture. The sample was taken from the reaction mixture

after 2 h refluxing in the presence of 0.5 equiv. Woollins’ reagent. Solvent gradient: 5-100% B, 30 min. The

black line and dashed line are chromatograms monitored at 220 and 295 nm, respectively.
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The peptide bond of the fully protected dipeptides was selenated successfully by using
Woollins’ reagent. The selenated products were obtained with a moderate yield for the
secondary amide peptide bonds, but a very low yield for the imidic peptide bond in Boc-
Ala-Pro-OMe. Fmoc-Ala-Pro-OMe, on the other hand, could be selenated with a much
better yield (Table 4.1). Due to the strong acidity of H,Se released from the reaction
mixture, a small part of Boc-deprotected product was also observed (Figure 4.1). The

selenated products are less polar than the substrates and could thus be easily purified by p-

HPLC.

The Boc protecting group was deprotected by 1 M ZnCl, ether solution without observable
side reactions. Alternatively, 50% TFA could also be used to deprotect the Boc group. In
the case of Fmoc deprotection, 5% piperidine/DMF was used. All products were able to be
purified by preparative HPLC using acetonitrile/water eluting system. Coupling of the N-
terminal segment Bz-Val-Gly-OH with the free amino group of the dipeptide ester was
carried out by mixed anhydride method with a yield above 60%. The resulting selenoxo

peptides were obtained as light yellow solid after HPLC purification and lyophilization.

Table 4.1 Synthesis of protected selenoxo dipeptides and selenoxo amide®

Entry Product Reaction time (h) Yield (%)
1 Boc-Ala-y[CSe-NH]Ala-OMe 2 37

2 Boc-Ala-y[CSe-NH]Ala-OMe 2 92°

3 Boc-Ala-y[CSe-NH]Phe-OMe 1.5 45

4 Boc-Ala-y[CSe-N]Pro-OMe 1.5 3

5 Fmoc-Ala-y[CSe-N]Pro-OMe 6 55°¢

6 Fmoc-Ala-y[CSe-NH]Ala-OMe 3.5 30°¢

7 Boc-Leu-y[CSe-NH]Trp(Boc)-OtBu 3 > 50

8 CH;-y[CSe-NH]CH; 2 > 50

* Reactions were conducted under argon atmosphere, subsequent operations were performed in air. A mixture
of substrate and 0.5 equivalent Woollins’ reagent in anhydrous toluene was heated to 125 °C. The resulting
orange solution was cooled to room temperature and the solvent was removed under reduced pressure. The
product was separated by HPLC.

®0.3 equivalent of Woollins’ reagent was used.

© 3 equivalent of Woollins’ reagent was used.
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For the synthesis of the endo-selenoxo peptides, the C-terminal ester of the selenoxo
peptides was hydrolyzed by 0.1 M NaOH. The resulting selenoxo peptide acid was coupled
with H-Ala-NH, by using HATU in the presence of DIPEA. Like the case of thioxo
dipeptides, where the C-terminal elongation always encounters a problem of epimerization
(152), extension at the C-terminus of the selenoxo dipeptide also resulted in partial
epimerization. For example, Bz-Val-Gly-Ala-y[CSe-NH]Ala*-Ala-NH, was obtained with
~ 40% D-Ala* epimer. Fortunately, the epimers of Bz-Val-Gly-Ala-y[CSe-NH]Phe*-Ala-
NH; could be separated by preparative HPLC.

4.1.2 General characterization
4.1.2.1 Mass spectrometry

Mass spectrometry was used to identify the peptides and intermediates. It should be noted
that the positive mode did not work well for some selenoxo compounds, while the negative
mode could show the molecular ions. The list of the retention times (tg) and mass-to-charge
ratios (m/z) of all peptides is shown in Table 4.2. A typical isotope pattern on the mass

spectrum of a mono-selenoxo peptide is shown in Figure 4.2.

555.0
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0.0+

536 540 545 560 555 560 565 miz

Figure 4.2 Isotope pattern in the mass spectrum of a mono-selenoxo peptide.
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Table 4.2 Analytical data for the synthesized peptides

?Iame Peptide tg (min)" e
Calculated Found

la Bz-Val-Gly-Ala-Ala-OMe 12.7 435.2 [M+H]" 435.0
2a Bz-Val-Gly-Ala-Phe-OMe 16.4 511.3 [M+H]" 511.0
3a Bz-Val-Gly-Ala-Pro-OMe 12.7 461.2 [M+H]™ 461.1
1b Bz-Val-Gly-Ala-y[CS—NH]Ala-OMe 14.4 4512 [M+H]" 451.0
2b Bz-Val-Gly-Ala-y[CS—NH]Phe-OMe 19.2 5272 [M+H]" 527.1
3b Bz-Val-Gly-Ala-y[CS—N]Pro-OMe 15.5 461.2 [M+H]" 461.0
4b Bz-Val-Gly-Ala-y[CS—-NH]Ala-Ala-NH, 11.8 507.2 [M+H]"  507.1
) Bz-Val-Gly-Ala-y[CS—NH]Phe-Ala-NH, 15.4 583.3 [M+H]" 583.1
6b Ac-Gly-Ala-y[CS—-NH]Phe-NH, 10.5 351.1 [M+H]"  350.9
7b Ac-Val-Ala-y[CS-NH]Phe-Gly-Gly-Ala-Phe-OMe  15.3 762.3[M+Na]” 762.2
8b Ac-Val-Ala-y[CS-NH]Phe-Gly-Gly-OH 11.9 508.2 [M+H]" 508.1
9b H-Leu-y[CS—-NH]Trp-OH Z;’”izlzl 3342 [M+H]"  334.0
1e Bz-Val-Gly-Ala-y[CSe-NH]Ala-OMe 15.5 497.1 [M-H]”  496.8
2¢ Bz-Val-Gly-Ala-y[CSe-NH]Phe-OMe 20.1 5732 [M-H]”  572.9
3¢ Bz-Val-Gly-Ala-y[CSe-N]Pro-OMe Z;’”ﬁ;gz 5252 [M-H]  525.0
4c Bz-Val-Gly-Ala-y[CSe—NH]Ala-Ala-NH, 11.5 5552[M+H]" 555.0
5¢ Bz-Val-Gly-Ala-y[CSe-NH]Phe-Ala-NH, 15.2 629.2 [M-H]”  629.0
10c¢ Boc-Val-Gly-Ala-y[CSe—-NH]Ala-OMe 16.0 4952 [M+H]™ 495.1
11d élcv-l\gal-Ala-Phe-Gly-Gly-Ala-\y[CSe—NH]Phe- 15.8 810.3[M+Na]® 810.1
12¢ ﬁ;}gﬁ;‘g[CS'NH]Phe'Gly'Gly'Ala""[Cse‘ 17.3 8043 [M+H]"  804.1
13¢  Ac-Gly-Ala-y[CSe-NH]Ala-OMe 8.4 338.1 [M+H]"  337.9
9¢ H-Leu-y[CSe-NH]|Trp-OH Z?"‘i;? 382.1 [M+H]"  381.9

*a, b, ¢, refers to oxo peptide, thioxo peptide, selenoxo peptide, respectively; d refers to the thioxo and
selenoxo dual-labeled peptide.

® RP-HPLC conditions: LiChroCART® (Merck) 125-4 RP8 (5 pm) column; flow rate: 1 ml/min; linear
gradient from 5% to 100% B (A: 0.05% TFA/H,0, B: 0.05% TFA/ACN) in 30 min; detection wavelength:
220 nm.

¢ the m/z of the selenoxo peptides was calculated based on *’Se.

26



4. Results

4.1.2.2 Hydrophobicity and HPLC analysis

Compared with the regular peptides, the selenoxo congeners were considerably more
hydrophobic, as manifested by their decreased aqueous solubility and retention behavior in
HPLC. In the analytic RP-HPLC, the retention times of selenoxo peptides were 2-3 min

longer than the oxo congeners, but only 1 min longer than the thioxo congeners (Figure 4.3,

Table 4.2).
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Figure 4.3 Superposition of the HPLC chromatograms of the Bz-Val-Gly-Ala-y[CX-NH]Ala-OMe peptide
series (X =0, S, Se). Solvent gradient: 5% to 100% B in 30 min.

4.1.2.3 Stability of selenoxo peptides

The selenoxo peptides were stable in neutral aqueous solution for several days without any
observable change. Under basic (pH 9.0) conditions, partial ester hydrolysis and an
accelerated selenium to oxygen exchange was observed (Figure 4.4). Hence, the selenoxo
peptides are much more stable than the smaller selenoxo amides, which have been reported
to decompose under oxygen-containing conditions and should be handled in a moisture-

and oxygen-free environment (134, 151, 153).

0.3500 0.3200
PH7.2,1 day HE01 JH3D, 1 day pHO.0, 1 day
0.2800 0.9600 0.7560
01480 0.1800 0.1280 -ester
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800 1040 1280 1520 17.60 20.00 a.00 10.40 12.80 15.20 17.60 20.00 8.00 10,40 1280 1520 1760 20.00

Figure 4.4 Stability of Bz-Val-Gly-Ala-y[CSe-NH]Ala-OMe in aqueous solution. A small amount of peptide
was dissolved in 30 mM phosphate buffer (pH 7.2), 50 mM sodium acetate buffer (pH 3.5) or 20 mM Gly-
NaOH (pH 9.0) buffer. After 1 day of incubation, the purity was analyzed by HPLC with the detection
wavelength set to 220 nm. Blue arrow indicates the C—terminal ester hydrolyzed peptide. Orange arrow
indicates the peptide undergone selenium to oxygen exchange.
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Interestingly, the C-terminal ester in selenoxo peptides was found to be more labile to

alkaline hydrolysis than that in thioxo and oxo peptides (Table 4.3).

Table 4.3 C-terminal ester hydrolysis in oxo, thioxo, and selenoxo peptides *

Peptide time (d) Ester hydrolysis (%)
Bz-Val-Gly-Ala-Ala-OMe 2 2.5
Bz-Val-Gly-Ala-y[CS-NH]Ala-OMe 2 4.6
Bz-Val-Gly-Ala-y[CSe-NH]Ala-OMe 2 5.8

* Measurements were conducted in 30 mM phosphate buffer (pH 8.0) for 2 days at rt.

4.1.2.4 Enantiopurity

Because of the stronger hyperconjugation with the selenoxo carbonyl group, the alpha
carbon might encounter epimerization during selenation. By comparison with the
synthesized D-epimer, epimerization occurred at about 7% in Bz-Val-Gly-Ala-y[CSe—
NH]Ala-OMe (Figure 4.5a, b). However, the oxo peptide was found to also contain a
similar amount of D-epimer (Figure 4.5¢), which should be resulted from the Boc-Ala-Ala-
OMe substrate. Therefore, the selenation reaction itself is nearly free of epimerization, and
no epimerization occurs in the coupling step in N-terminal elongation.

a L-
Bz-VGA-y[CSe-NH]A-OMe

0.07

D- Bz-VG'AA-OMe
0.06
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o 0.04 -
Bz-VGPA-y[CSe-NH]JA-OMe &
0.03 1
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Figure 4.5 Enantiopurity analysis of Bz-Val-Gly-"Ala-y[CSe-NH]Ala-OMe (a), Bz-Val-Gly-"Ala-y[CSe-
NH]Ala-OMe (b) and Bz-Val-Gly-"Ala-Ala-OMe (c). Analyses were performed on a SYKAM HPLC system
equipped with a GRACE Vydac® 208TP54, C8 (5 pum), 4.6 x 250 mm column. Isocratic elution of 22%
ACN/H,0 was used for selenoxo peptides while 18% ACN/H,O was used for oxo peptide. Detection was
performed at 295 nm, and the solvent flow rate was set to 1 ml/min.
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4.1.2.5 UV/Vis spectroscopy

The UV/Vis absorption spectra of the selenoxo peptides indicated a clear red shift
compared to the oxo and thioxo peptides (Figure 4.6). In Bz-Val-Gly-Ala-y[CSe-NH]Ala-
OMe, the strong absorption band centered at 294 nm was assigned to the m—n* transition
with an extinction coefficient (¢) of 11280 M'cm™', and the weak band around 367 nm (g =
177 M'em ™) was assigned to the n—m* transition, based on the absorption pattern of thioxo
peptides (85, 120, 154). Thus, the electronic excitation wavelengths of selenoxo peptides
are approximately 30 nm longer than the corresponding thioxo peptides (Figure 4.6). When
the selenoxo peptide bond was flanked by aromatic residues, the absorption maxima moved
to slightly longer wavelengths. For instance, the Bz-Val-Gly-Ala-y[CSe—NH]Phe-OMe
showed a m—n* transition at 296 nm and a n—n* transition at 372 nm. For imidic selenoxo
peptide bonds, the absorption bands were further red-shifted, with the n—n* and n-n*

transition bands appearing at 302 nm and 376 nm, respectively (Figure 4.6).
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Figure 4.6 (a) n—n* transition bands in the UV/Vis spectra of Bz-VGAA-OMe (black line), Bz-VGA-y[CS—
NH]A-OMe (red line), Bz-VGA-y[CS-N]P-OMe (pink line), Bz-VGA-y[CSe-NH]A-OMe (blue line) and
Bz-VGA-y[CSe-N]P-OMe (green line). (b) n—n* transition bands of Bz-VGA-y[CS-NH]A-OMe (red line),
Bz-VGA-y[CS-N]P-OMe (pink line), Bz-VGA-y[CSe-NH]A-OMe (blue line) and Bz-VGA-y[CSe—N]P-
OMe (green line). Absorption intensity was normalized by concentration and all spectra were recorded in 33
mM phosphate buffer (pH 6.5), at 10 °C.
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4.1.2.6 NMR spectroscopy
"H-NMR

The "H-NMR spectra of selenoxo peptides indicated a strong downfield shift of the
selenoxo amide proton resonance frequency as well as a much faster exchange with water
compared to the oxo and thioxo congeners. For example, in the Bz-Val-Gly-Ala-y[CX—
NH]Phe-OMe peptides series, the nm (phe) Was shifted downfield from 8.45 ppm to 10.6
ppm and to 10.74 ppm in the order of X = O, S, Se (Figure 4.7a). Surprisingly, the peak
broadening of the selenoxo amide proton was so intense that it needed to be confirmed by a
two-dimensional "H-"H correlation spectrum (Figure 4.7b). Moreover, H,, adjacent to the
selenoxo group were also shifted downfield (discussed in 4.6). The selenoxo peptides did
not show any cis conformation related signals in aqueous buffer, while the imidic selenoxo
group in Bz-Val-Gly-Ala-y[CX-N]Pro-OMe showed a cis content of 7.1% in the
equilibrated state, which is slightly higher than 6.6% found in the corresponding oxo and

thioxo congeners.
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Figure 4.7 (a) Amide proton signals of Bz-VGA-y[CX-NH]F-OMe (X = O, S, Se). (b) Amide proton region
from the 'H-"H TOCSY spectrum of the selenoxo congener. Spectra were recorded in 50 mM sodium acetate

buffer (pH 6.0) at 10 °C.
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BC.NMR

The "°C resonance frequencies of the selenoxo carbonyl groups were ~215 ppm, which is
about 40 ppm higher than in the oxo congener (~175 ppm). The alpha carbons adjacent to

the selenoxo group were also obviously shifted downfield (discussed in 4.6).
”’Se-NMR

The 7’Se resonance frequency of the selenoxo carbonyl was about 390 ppm in the selenoxo
peptide bonds and about 450 ppm in the imidic selenoxo peptide bonds (Table 4.4).
Interestingly, the "’Se chemical shift in the cis conformer of Bz-Val-Gly-Ala-y[CSe—
N]Pro-OMe is 14 ppm higher than in the ¢trans conformer (Figure 4.8).

trans
cis

T T T T T T T T T T T T 1

474 472 470 468 466 464 462 460 458 456 454 452 ppm

Figure 4.8 7’Se-NMR spectrum of Bz-VGA-y[CSe-N]P-OMe. Spectrum was recorded with 0.8 mM peptide
in 33 mM phosphate buffer (pH 6.5) at 10 °C after 10 min of irradiation at 296 nm.

Table 4.4 7’Se chemical shifts in selenoxo amide bonds *

Peptides dse (ppm)

Bz-Val-Gly-Ala-y[CSe—NH]Ala-OMe 387.5
Bz-Val-Gly-Ala-y[CSe—NH]Phe-OMe 391.1
Bz-Val-Gly-Ala-y[CSe—-NH]Ala-Ala-NH, 423.5

Bz-Val-Gly-Ala-y[CSe-NH]Ala-OH 3232 b

363.8
Bz-Val-Gly-Ala-y[CSe—N]Pro-OMe trans: 455.0; cis: 469.0
Ac-Gly-Ala-y[CSe-NH]Ala-OMe 380.8
CH;[CSe-NH]CH; ¢ trans: 523.5; cis: 566.9

* Spectra were collected in 33 mM phosphate buffer (pH 6.5) at 10 °C.
® Value measured at pH 3.0.
¢ Measured in CDCl;, 20 °C.
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4.1.2.7 Acidity of the selenoxo and thioxo amide protons

The UV/Vis spectra of selenoxo peptides were found to be highly sensitive to pH increase,
especially when the pH was above eight, where the n—n* band showed a drastic decrease
(Figure 4.9). Interestingly, the spectrum could be recovered after neutralization (Figure 4.9).
The imidic selenoxo peptide, on the other hand, did not show such a behavior (Figure 4.10).
Therefore, considering the fact that thioxo substitution lowered the pK, of the amide proton
from > 15 to ~12 (155), those observed spectroscopic changes should be due to dissociation
of the selenoxo amide proton, i.e. a re-arrangement from selenoxo to selenoimidate anion
(Scheme 4.2), as indicated by the disappearance of the characteristic absorption bands of
the selenoxo carbonyl group. Instead, a new band appeared at ~260 nm might be assigned
to the n-c* transition of [C(Se”)=N—]. In case of the imidic selenoxo group [CSe—N<],
where no amide proton exists, this type of re-arrangement could not take place. Fitting the
pH vs. absorbance plots according to the Henderson—Hasselbalch equation gave rise to pK,
values of 9 — 10 for selenoxo peptides (Table 4.5). For comparison, the pH-dependent
absorbance of the thioxo peptides was also measured, featuring pK, values around 11.5

(Figure 4.11, Table 4.5) which is about 2 units higher than the selenoxo peptides.

Se SeH - Se

Absorbance (AU)
o o -
o Y o
L L

Absorbance (AU)
Absorbance (AU)

240 260 280 300 320 340 360 380 240 260 280 300 320 340 360 380 2D &0 E) &0 & eD &N &) 4D
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4.9 pH-dependent UV/Vis spectra of selenoxo peptides. (a) 70 uM Bz-VGA-y[CSe-NH]A-OMe in
water titrated with KOH or HCI solution. Inset: titration curve monitored at 294 nm. (b) 65 uM Bz-VGA-
Y[CSe-NH]F-OMe in water titrated with KOH or HCIl solution. Inset: titration curve monitored at 296 nm. (c)
82 uM Bz-VGA-y[CSe-N]P-OMe in water titrated with KOH solution. All spectra were recorded at 20 °C.
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Figure 4.10 pH-dependent UV/Vis spectra of the thioxo peptide Bz-VGAy[CS-NH]FA-NH, in aqueous

solution titrated with KOH solution at 20 °C. Inset: the absorbance at 266 nm fitted to the Henderson-
Hasselbalch equation, resulting in a pK, value of 11.0 for the thioxo amide group.

Table 4.5 pK,’s of thioxo and selenoxo peptides in aqueous solution *.

Peptides pK,

1b Bz-VGAy[CS-NH]JA-OMe  ~12
2b Bz-VGAy[CS-NHJF-OMe  ~12
4b Bz-VGAy[CS-NHJAA-NH, 11.5
5b Bz-VGAy[CS-NHJFA-NH, 11.0
8 Ac-VAy[CS-NH]GG-OH 113
lc Bz-VGAy[CSe-NH]A-OMe 9.8
2¢ Bz-VGAy[CSe-NHJF-OMe 9.5
4¢c Bz-VGAy[CSe-NH]AA-NH, 9.6
5¢ Bz-VGAy[CSe-NHJFA-NH, 9.1

* Values were obtained by titrating the peptide solution in water with KOH at 20 °C. pH values were read
from the pH meter except for pH > 12, which is calculated by the amount of KOH added and transformed to
proton activity by Davies equation.
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4.1.2.8 Alkylation on selenoxo group

Alkylation of selenoxo amides generally proceeds on the selenium atom but not on the
nitrogen. The methylated derivatives have been shown to be very hygroscopic and easily
hydrolyzed (156). To test the possibility of protecting the selenoxo group by alkylation, we
conducted the methylation reaction of Boc-Alay[CSe-NH]Ala-OMe in DCM in the
presence of 1 equiv. methyl iodide and 1 equiv. DBU, but no Se-methylated product formed.
However the methylation in aqueous basic solution yielded selenoimidate Boc-
Alay[C(SeCH3)=N]Ala-OH successfully, which features an absorption maximum at 260
nm (Figure 4.11).

0.5000 —|
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0.4000 - Boc-Ala-y[CSe-NH]-OH 0.6398
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0.3194
0.3000 01592
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Figure 4.11 HPLC analysis of the reaction mixture of methylation. Reaction condition: 10 mg Boc-
Alay[CSe-NH]Ala-OMe was dissolved in 0.1 M NaOH aqueous solution and cooled with ice-water bath, to
which was added 1 equiv. methyl iodide. After 1 hour, the reaction flask was put into refrigerator (-20 °C) for
5 days and then sampled to HPLC analysis.
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4.2 Photoisomerization
4.2.1 Characterization of photoisomerization by UV/Vis spectroscopy

The photoisomerization property of the selenoxo peptides was firstly characterized by
UV/Vis spectroscopy. The UV/Vis spectrum of peptide Bz-VGA-y[CSe-NH]A-OMe was
significantly red-shifted upon irradiation with 286 nm UV light, indicating an increase in
the amount of cis conformer upon irradiation. After extensive equilibration in the dark, the
original spectrum could be fully restored (Fig. 4.13a). This photoisomerization was
reversible for at least 4 cycles. The difference spectrum shows that the absorbance at 286
nm was decreased most while that at 317 nm was increased most after irradiation, with an
isosbestic point at 300 nm (Figure 4.12b). Similar photoswitching behavior was observed
for other selenoxo peptides. By monitoring the absorbance at 317 nm after photoirradiation,
a rate constant of 9.9 x 10°* s™' was obtained for Bz-VGA-y[CSe-NH]A-OMe at 10 °C.
The peptide Bz-VGA-y[CSe-NH]F-OMe, where an aromatic side chain followed to the

selenoxo group, showed a slower decay (k =4.4 x 107*s™).
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Figure 4.12 UV/Vis absorption spectra of 34 uM Bz-VGA-y[CSe-NH]A-OMe in 33 mM phosphate buffer
(pH 6.5) at 10 °C. (a) Overlaid spectra in the ground state (black line), after 5 min of irradiation at 286 nm
(blue line), and after four cycles of irradiation/equilibration (dotted line). Inset: time course of the thermal
decay after irradiation. The red line represents the least squares fit with first order exponential equation,
resulting in a rate constant of 9.9 x 10 s7". (b) Difference spectrum after photoirradiation.

The cis content in the ground state was so low that it was not detected in the NMR
measurement, thus the UV/Vis spectrum represents the absorbance of the trans form. Using
the UV/Vis spectra at ground state and PSS as well as the cis/trans ratio measured by NMR
and extrapolated to PSS, the UV/Vis spectrum of the cis conformer was calculated based on
Beer-Lambert’s law (Figure 4.13).The cis conformer showed an absorption maximum at

310 nm (e = 12620 M'em™).
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Figure 4.13 (a) UV/Vis spectra for trans (black line), PSS (red line), and cis states (blue line), respectively.
Measurements were performed with 51 uM Bz-VGA-y[CSe-NH]A-OMe in 33 mM phosphate buffer, pH 6.5,
10 °C. (b) The difference of extinction between the cis and trans conformers.

Photoisomerization of the imidic selenoxo peptide bond in Bz-Val-Gly-Ala-y[CSe-N]Pro-
OMe was also characterized. Unlike the case of [CSe-NH-], there was no obvious band
shift for [CSe-N<] after irradiation by 296 nm UV light, rather, it only showed a slight but
obvious increase in absorption intensity (Figure 4.14). Surprisingly, the cis to trans decay
of [CSe-N<] in Bz-VGA-y[CSe-N]P-OMe was extremely slow, with a calculated rate
constant of 1.3 x 107 s (Table 4.6), that is, a half-life of 15 h.
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Figure 4.14 UV/Vis spectra of Bz-VGA-y[CSe-N]P-OMe in the ground state (black line), after 5 min
irradiation (red line) and after extensive equilibration (dots). The spectra were recorded with 15 uM peptide in
33 mM phosphate buffer, pH 6.5, 40 °C. Inset: absorption band of n-n* transition (¢ = 40 mM).
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Table 4.6 UV/Vis absorption bands and cis—frans isomerization rate constants in thioxo

and selenoxo peptides.

7\4max (nm) hveff kct b

Peptide .
n-m*  p-m* (om)° (s-1)

Bz-Val-Gly-Ala-y[CS-NH]Ala-OMe 263 326 258 (6.7+0.7)x 10
CS-NHJPhe-OMe 265 ~330 259 (2.6 +0.2)x 107
CSe-NH]Ala-OMe 294 367 286 (9.9 +0.1)x 10

CSe-NH]|Phe-OMe 296 374 288 (4.4+0.1)x10™

vl
Bz-Val-Gly-Ala-y[
Bz-Val-Gly-Ala-y[
Bz-Val-Gly-Ala-y[
Bz-Val-Gly-Ala-y[CSe-N]Pro-OMe 302 373 296 1.28x107°¢

H-Trp-y[CSe-NH]Leu-OH 288 ~380 293  (5.1+0.1)x 10*

* hveg is the most efficient photoswitching wavelength derived from difference spectrum
® Data were collected in 33 mM phosphate buffer (pH 6.5) at 10 °C.
¢ Value extrapolated from Eyring plot.

By measuring the temperature-dependent rate constants of cis—trans decay after
photoisomerization, the Eyring plots were obtained (Figure 4.15). The thermodynamic
parameters for the cis—trans isomerization in thioxo and selenoxo peptides could thus be
derived from Eyring equation (Table 4.6). For the sake of comparison, the AG* of an oxo

peptide was also derived based on the literature data.
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Figure 4.15 Eyring plots. The rate constants at different temperatures were measured in 33 mM phosphate
buffer, pH 6.5. The rate constants were then fitted to the Erying equation:

In(ke/T) = (-AH*/R)/(1/T) + In(kg/h) + AS*/R

where R is the universal gas constant; kg is the Boltzmann constant and h is the Planck constant.

37



4. Results

Table 4.7 Thermodynamic parameters for the cis—trans isomerization of oxo, thioxo and
selenoxo peptides

Peptide AH* (kI mol™)* AS* (UK 'mol™)* AG* (kcal mol™")®
AAY[CO-NH]AA ¢ 63.2+2.8 -29+ 8.6 17.1£1.2
Bz-VGAy[CS-NH]A-OMe 69.6 £ 1.2 -41+4.1 19.4+£0.6
Bz-VGAy[CS-NH]F-OMe  77.5%+0.7 2024 199+0.5
Bz-VGAy[CSe-NH]A-OMe 67.1+1.4 -67+4.6 20.5+0.6
Bz-VGAy[CSe-NH]F-OMe 76.4+2.4 -41 £ 8.0 21.0x 1.1
Bz-VGAy[CSe-N]P-OMe 60.3+29 -125+9.3 229+1.3

* from the Eyring plots
® based on Gibbs function AG* = AH* - TAS* with T =283 K
¢ from data in ref. (19)

4.2.2 Characterization of photoisomerization by NMR spectroscopy

To further confirm the photo-initiated frans—>cis isomerization, 'H-NMR spectra were
collected before and after irradiation. Taking Bz-Val'-Gly*-Ala’-y[CSe-NH]Ala*-OMe as
an example, a new signal appeared at an upfield position after 5 min irradiation at 286 nm,
which disappeared after extensive relaxation (Figure 4.16a). Therefore, by comparing with
the photoisomerization of thioxo peptides, which also showed an upfield-shifted cis signal
after irradiation (120), this new peak was assigned to the cis form of the Ala® methyl group.
Other selenoxo peptides showed similar behaviors (Table 4.8). In the ground state, the cis
conformer of [CSe-NH] was not detected due to its extremely low population; upon
irradiation, the amount of cis content (extrapolated to PSS) was increased to 11.2% in Bz-
Val-Gly-Ala-y[CSe-NH]Ala-OMe, 20% in Bz-Val-Gly-Ala-y[CSe-NH]Phe-OMe and
23% in Bz-Val-Gly-Ala-y[CSe-NH]Pro-OMe (Figure 4.16). The rate of cis—trans decay
was very slow for [CSe-NH<] (Figure 4.16c), which is consistent with the UV/Vis

measurements (Table 4.6).
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Figure 4.16 'H-NMR spectra of 0.51 mM Bz-Val-Gly-Ala-y[CSe-NH]Ala-OMe (a), 0.2 mM Bz-Val-Gly-
Ala-y[CSe-NH]Phe-OMe (b), and 0.8 mM Bz-Val-Gly-Ala-y[CSe-N]Pro-OMe (c) in 33 mM phosphate
buffer (pH 6.5) at 10 °C. Peptide samples were irradiated in a quartz cuvette at the appropriate wavelength for
5 min and then transferred immediately to the NMR spectrometer (Bruker DRX 500 MHz). The methyl group
signals of Ala’ were employed to determine the cis/trans ratio. The asterisk indicates an impurity. (d) NMR-
monitored cis-to-trans back-relaxation curves of Bz-Val-Gly-Ala-y[CSe-NH]Ala-OMe (o), Bz-Val-Gly-Ala-
y[CSe-NH]Phe-OMe (o) and Bz-Val-Gly-Ala-y[CSe-N]Pro-OMe (V) following a 5 min UV irradiation.
Back-conversion from the cis to trans conformer occurred with half-life times of 12.6 and 29.4 min for (o)
and (e), respectively, whereas (V) showed no significant decrease in the cis proline content over a period of
two hours at the applied temperature (10 °C).

Table 4.8 Characteristic cis signals in '"H-NMR spectra.

Entry Peptides - trans cis Appm
1 Bz-Val-Gly-Ala-y[CSe-NH]Ala-OMe Ala’ 1.43 1.35 0.08
Ala* 1.57 1.54 0.03
2 Boc-Val-Gly-Ala-y[CSe-NH]Ala-OMe Ala’ 1.44 1.37 0.07
Ala* 1.58 1.54 0.04
3 Bz-Val-Gly-Ala-y[CSe-N]Pro-OMe Ala’ 1.36 1.31 0.05
4 Bz-Val-Gly-Ala-y[CSe-NH]Phe-OMe Ala’ 1.34 0.61 0.73
5 Ac-Ala-y[CS-NH]Phe-NH, Ala' 1.33 0.63 0.70
6 Ac-Cys-Ala-y[CO-NH]Phe-Cys-His- Ala’ 1.27 0.79 0.48

* Values are from Ref.(120); " Values are from Ref.(20)
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4.3 Selective photoswitching of thioxo and selenoxo peptide bonds

As described in 4.2.1, the efficient photoswitching wavelength of selenoxo peptides is
around 290 nm, which is 30 nm red shifted compared to the corresponding thioxo peptides.
Therefore, it might be possible to selective excite the selenoxo or thioxo chromophores in
the same peptide chain. To test this hypothesis, a thioxo and selenoxo dual-labeled peptide
Ac-Val-Ala-y[CS—NH]Phe-Gly-Gly-Ala-y[CSe—NH]Phe-OMe was synthesized.

4.3.1 UV/Vis spectroscopic characterization

The UV/Vis spectrum of peptide Ac-VA-y[CS-NH]FGGA-y[CSe—NH]F-OMe featured
two bands at 270 nm and 298 nm, which are originated from the thioxo and the selenoxo
chromophore, respectively (Figure 4.17). After irradiation at 254 nm (6 mm slit), the
excitation of the thioxo group was accompanied by a partial switching of the selenoxo
group, as indicated by a small increase at 320 nm in the difference spectrum (Figure 4.18a).
Exciting the selenoxo group with UV light at 288 nm (6 mm slit) led to a partial excitation
of the thioxo group (Figure 4.18b). Nevertheless, by carefully adjusting the wavelength and
slit (reduces the bandpass of the light beam), a better selective photoswitching could be
achieved. To selectively switch the thioxo chromophore, the light beam was set to 254 nm
with 2 mm slit (Figure 4.19). From the difference spectrum, 6% cis-[CS—NH] conformer
was estimated to be formed after 6 min irradiation. To selectively switch the selenoxo
chromophore, the light beam was set to 300 nm with 4 mm slit (Figure 4.20). 11% cis-
[CSe—NH] conformer was estimated to be formed after 5 min irradiation. Therefore, the
selectivity is controlled by the light purity, while the switching efficiency (amount of cis

isomer in PSS) is controlled by the light intensity.
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Figure 4.17 UV/Vis spectrum of Ac-VA-y[CS-NH]FGGA-y[CSe-NH]F-OMe in 33 mM phosphate buffer
containing 5% DMF collected at 10 °C.
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Figure 4.18 UV/Vis difference spectra of Ac-VA-y[CS-NH]FGGA-y[CSe—-NH]F-OMe in 33 mM phosphate
buffer containing 5% DMEF collected at 10 °C. (a) Irradiation condition: 254 nm, 6 mm slit. (b) Irradiation
condition: 288 nm, 6 mm slit.
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Figure 4.19 UV/Vis spectra of Ac-VA-y[CS-NH]FGGA-y[CSe-NH]F-OMe (52 uM) in 33 mM phosphate
buffer containing 5% DMF collected at 10 °C. (a) Irradiation condition: 254 nm, 2 mm slit. (b) Difference
spectrum.
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Figure 4.20 UV/Vis spectra of Ac-VA-y[CS-NH]FGGA-y[CSe-NH]F-OMe (27 uM) in 33 mM phosphate
buffer containing 5% DMF collected at 10 °C. (a) Irradiation condition: 300 nm, 4 mm slit. (b) Difference
spectrum.
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4.3.2 NMR spectroscopic characterization

The photoswitching of Bz-VA-y[CS-NH]FGGA-y[CSe-NH]F-OMe was also confirmed
by "H-NMR spectroscopy. Switching the thioxo chromophore by irradiation at 260 nm
produced a new signal at 0.61 ppm, which was identified as the methyl group resonance of
Ala® in the cis conformation (Figure 4.21b). Switching the selenoxo chromophore by
irradiation at 288 nm produced a new signal appeared at 0.67 ppm, which was identified as
the methyl group resonance of Ala® in the cis conformation (Figure 4.19¢). Switching both
chromophores by irradiation at 288 nm for 10 min followed by 260 nm for 4 min led to the
appearance of both signals of 0.61 ppm and 0.67 ppm. Although the cis signals were very
weak due to a high percentage of organic solvent (50% DMF) used to increase the peptide
solubility, these results clearly indicated that two different conformations were produced

upon irradiation at different wavelengths.
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Figure 4.21 'H-NMR spectra of Ac-VA-y[CS-NH]FGGA-y[CSe-NH]F-OMe before and after UV
irradiation. (a) ground state, (b) 10 min irradiation at 260 nm, (c) 10 min irradiation at 288 nm, (d) 10 min
irradiation at 288 nm, followed by 4 min irradiation at 260 nm, (e) after equilibration. All spectra were
collected with 1.7 mM peptide in 50% DMF/phosphate buffer (15 mM, pH 6.5) at 10 °C.
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4.3.3 Influence of the conformation of the selenoxo group on the cis—trans

isomerization of the thioxo group

By selectively switching the thioxo chromophore, the rate constant of the subsquent
cis—trans decay was determined as (4.6 £ 0.1) x 107 s7'. To avoid the influence from the
selenoxo chromophore, the monitoring wavelength for the cis—trans decay of w[CS—NH]
was set to 258 nm. Since the cis—trans decay of the selenoxo peptide bond is considerably
slower than the thioxo peptide bond, sequential excitation of the two chromophores could
be achieved by 10 min irradiation at 288 nm followed by 260 nm irradiation for additional 4
min. In the dark reaction, the decay of cis-[CS—NH] finished while the [CSe—NH] is still in
cis state. In this case, the rate constant of cis-[CS—NH] decay was determined as (4.0 + 0.1)
x 107 57!, which is slightly smaller than that in the single excitation experiments (Figure
4.22, Table 4.9). Therefore, the decay of the thioxo cis isomer was influenced by the

conformation of the selenoxo group.
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Figure 4.22 Time courses of the cis-[CS—NH] decay after selectively switching the thioxo group by 258 nm
irradiation (circles) and after 10 min irradiation at 288 nm followed with 4 min irradiation at 260 nm
(diamonds). Measurements were conducted at 10 °C with 20 uM Ac-VA-y[CS-NH]FGGA-y[CSe-NH]F-
OMe in 30 mM phosphate buffer (pH 6.5) containing 5% DMF.

Table 4.9 Influence of different conformations of y[CSe-NH] on the y[CS-NH]
cis—trans isomerization rate of Ac-VA-y[CS-NH]FGGA-y[CSe-NH]F-OMe

Peptide conformation ke for [CS-NH] (s ) ®

cis-y[CS—NH], trans-[CSe-NH] [ (4.6 £0.1) x 107
cis-[CS-NH], cis-[CSe—NH] (4.0+0.1)x 107

* Time courses were recorded at 10 °C with 20 uM peptide in 30 mM phosphate buffer (pH 6.5) containing

5% DMF. Values represented an average of at least 3 times.
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4.4 Enzymatic catalysis of cis—trans isomerization of selenoxo peptides

The peptidyl-prolyl cis/trans isomerization is well known to be catalyzed by human
cyclophilin 18 (hCyp18). Herein, the ability of hCyp18 to catalyze selenoxo prolyl peptide
bond cis—trans isomerization was tested. The cis content of Bz-VGA-y[CSe—N]P-OMe in
the equilibrium was determined as 7.1%. After irradiation at 296 nm to achieve a higher
cis/trans ratio, the cis—trans decay of [CSe—N] preceded slowly with a rate constant of
(1.5 + 0.2) x 107 s7'. Addition of 20 pl 100 mM hCyp18 to the photoswitched sample
resulted in a rate constant of (1.3 + 0.4) x 10" s™' which did not show any acceleration on

the cis—trans decay (Figure 4.23).
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Figure 4.23 Time courses for the cis—trans decay of Bz-VGA-y[CSe—N]P-OMe in the presence (red circles)
and absence of hCypl8 (black dots). Solid lines represent the least squares fits with exponential decay
equation (first order), resulting in a rate constant of 1.12 x 10 5" and 1.58 x 10~ s in the presence and
absence of hCyp18, respectively. Experimental condition: 2 ml 20 uM peptide solution in HEPES buffer (50
mM, pH 7.8) was irradiated for 5 min at 296 nm; then 20 ul hCyp18 (100 mM in HEPES buffer, pH 7.8) or
buffer (as a control) was added to the cuvette and the cis—trans decay was monitored at 30 °C.
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4.5 pH-dependent cis—trans isomerization of selenoxo peptides
4.5.1 Cis—trans isomerization of selenoxo peptides in alkaline aqueous solution

The cis—trans isomerization of the selenoxo peptides was found to be very sensitive to the
pH conditions, especially above pH 8.0 (Figure 4.24, 4.26, 4.27). In contrast to a first-order
exponential decay at neutral conditions, the decay at high pH showed a sigmoid curve
(Figure 4.24b). Comparison of curve shapes did not reveal any dependence on peptide
structure from Bz-VGAy[CSe-NH]FA-NH; to Bz-VGAy[CSe-NH]AA-NH, and Bz-
VGAy[CSe-NH]A-OMe (Figure 4.25, 4.27). Similar to the photoisomerization at neutral
conditions (Figure 4.12a), the UV/Vis spectrum at alkaline conditions upon irradiation
could also be restored after equilibration (Figure 4.27). In contrast, the cis—trans
isomerization of the imidic selenoxo group [CSe—N<] in Bz-VGA-y[CSe-N]P-OMe was
not accelerated by increasing the pH up to 10 (Figure 4.28); instead, a slight decrease of &,

was observed, which might be resulted from the small amount of the ester-hydrolyzed

peptide.
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Figure 4.24 Time courses of the cis decay with peptide Bz-VGAy[CSe-NH]FA-NH, (1 mM phosphate
buffer) at pH 7.1 (a) and pH 9.9 (1 mM Gly-NaOH buffer) (b). Experiments were performed in 4.5 uM
peptide solution at 20 °C. Excess of cis conformer was achieved by UV irradiation (288 nm, 4 min) and its
decay was monitored at 320 nm. For the time course at pH 7.1, a first-order rate constant of 2.58 x 107 s™'
was calculated. The time course at pH 9.9 was fitted by equation (I) (see discussion in 5.4.2), resulting in an
apparent rate constant k,,, = 0.053 s”'. The solid lines represent least-squares fits. The plots of the residuals
are given at the top of each graph.
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Figure 4.25 pH-dependence of cis—trans isomerization of Bz-VGAy[CSe-NH]A-OMe at 20 °C.
Measurements were performed with 10 uM peptide in 1 mM Gly-NaOH (for pH > 8) or 1 mM phosphate
buffer (pH < 8). Time course recorded at pH < § was fitted by exponential equation (first order). Time courses
recorded at alkaline conditions were fitted by equation (I) (see discussion in 5.4.2). Irradiation condition: 286
nm, 4 min.
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Figure 4.26 pH-dependence of cis—trans isomerization of Bz-VGAy[CSe-NH]AA-NH, at 20 °C.
Measurements were performed with 6 uM aqueous solution by adding NaOH solution to achieve an
appropriate pH. Final pH was determined after photo-initiated cis—trans decay. Time course recorded at pH
6.6 was fitted by exponential equation (first order). Time courses recorded at alkaline conditions were fitted
by equation (I) (See discussion in 5.4.2). Irradiation condition: 288 nm, 4 min.
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Figure 4.27 Reversible photoisomerization of 50 uM Bz-VGAy[CSe-NH]FA-NH, in 1 mM Gly-NaOH
buffer, pH 9.0, at 20 °C. Irradiation condition: 288 nm, 4 min.
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Figure 4.28 pH-dependence of k., determined for Bz-VGAy[CSe-N]P-OMe at 30 °C. Measurements were
performed in 1 mM phosphate buffer (pH 8.0) and 1 mM Gly-NaOH buffer (pH > 8). Irradiation condition:
296 nm, 4 min.

4.5.2 Peptide stability under photoswitching condition

To test the stability of the selenoxo peptide upon irradiation at alkaline conditions, NMR
and HPLC analyses were performed before and after irradiation. HPLC analysis indicated
that, although partial epimerization (Figure 4.29, green line) was observed after very long
incubation period (1 week) at pH 9.8, the sample undergone a photo-initiated cis—trans
decay did not show any degradation or epimerization (Figure 4.29, red line). '"H-NMR
experiments also confirmed that no new signal appeared after photoisomerization (Figure
4.30). Those results indicated that the observed kinetic behaviors are only resulted from

conformational changes.
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Figure 4.29 HPLC chromatograms of Bz-VGAy[CSe-NH]FA-NH, before (black line) and after (red line)
photoisomerization in 1 mM Gly-NaOH, pH 9.2. For comparison, the sample incubated at pH 9.8 for 1 week
(green line), which showed partial epimerization, and the pure Bz-VGAPy[CSe-NH]FA-NH, epimer (black
dots) were also analyzed. Column: LiChrospher® 100, RP8 (5 pm) LiChroCART® 125-4; mobile phases:
0.05% TFA/H,0 (A); 0.05% TFA/ACN (B); gradient: 5-100% B, 30 min; flow rate: 1 ml/min.
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Figure 4.30 'H-NMR spectra of 0.4 mM Bz-VGAy[CSe-NH]FA-NH, in 20 mM Gly-NaOH at pH 7.0 (a),
pH 9.6 (b), and pH 9.6 after 5 min irradiation at 288 nm (c). The arrow indicates the shift of the Ala’ methyl
group signal upon pH jump from 7.0 to 9.6.

4.5.3 Concentration dependence of cis—frans isomerization rate at alkaline conditions

It was found that the rates for cis—trans isomerization of Bz-VGAy[CSe-NH]A-OMe at
alkaline conditions is concentration-dependent, with a faster rate at high sample
concentration. The rate constants calculated based on the proposed mechanism (discussed
in 5.4.2) were linearly increased upon concentration increase (Figure 4.31). Extrapolating

the concentration to zero resulted in a ;2 value of 0.1 s,
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Figure 4.31 Concentration dependence of kgg"of Bz-VGAy[CSe-NH]A-OMe in 1 mM Gly-NaOH buffer

(pH 9.7) at 20 °C. kgg“ values were derived from equation (IT) with restrictions of k., = 0.003 s™' pK"“* = 9.8,

and pK® = 9.7 (in Discussion, Figure 5.6b). The linear fit resulted in a slope of 0.0057 and an intercept of
0.10s™".
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4.5.4 Solvent deuterium Kinetic isotope effect on the selenoxo amide dissociation and

cis—trans isomerization

Solvent deuterium kinetic isotope effect (SKIE) is very usful to evaluate the involvement of
water molecules in a reaction since a hydrogen bond with deuterium is slightly stronger
than that involved with ordinary hydrogen (157). It has long been known that the pK, of
weak acids are larger in deuterium oxide (D,0) than in protium oxide (H,O) (158). The pK,
of Bz-VGAy[CSe-NH]JFA-NH, was determined as 9.1 in water solution (Figure 4.32),
whereas the pK,in heavy water was 9.75, i.e. 0.65 units higher than in water. As the
dissociation of selenoxo amide proton has strong influence on the rate of cis—trans decay,

the SKIE was determined as a value of &y, (H,O)/ky; (D,O) = 1.13 + 0.04 at the same level

of dissociation, i.e. pH 9.2 in H,O and at pD 9.85 in D,O (Figure 4.32b). At pH 6.6, the
selenoxo group is overwhelmingly in the protonated form with the SKIE value of

kel(H2O)/ke(D>0) = 1.004 + 0.008.
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Figure 4.32 (a) pH-dependent UV/Vis spectra of Bz-VGAy[CSe-NH]FA-NH, in aqueous solution. (b) pH-
dependent dissociation of the selenoxo amide proton in H,O and D,O monitored at 296 nm. The solid curves
represented the least squares fit to Henderson-Hasselbalch equation, resulting in a pK, value of 9.1 in H,O and
9.75 in D,0O, respectively. All spectra were collected at 20 °C.

4.5.5 C-N rotational barrier and nitrogen inversion barrier

The rotational barrier of Bz-VGA-y[CSe—-NH]A-OMe at pH 6.5 was determined as 20.7
kcal/mol at 20 °C (Table 4.7), whereas both C—N rotation and nitrogen inversion
contributed to the cis—trans isomerization in alkaline conditions (discussed in 5.4). The
apparent rate constants for cis—trans isomerization could be obtained using equation (I)
(see discussion 5.4.2). Presuming that k., is not pH dependent within the actual pH range,

the k7 was calculated using equation (II). Based on the concentration vs. k;> relation in
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Figure 4.31, the uncatalyzed inversion rate constant k. was derived as ki = ki —
0.0057¢ (where c is the peptide concentration). Thus, the Eyring plot for the uncatalyzed
nitrogen inversion in selenoimidate anion of Bz-VGAy[CSe-NH]A-OMe at pH 9.7 was
obtained (Figure 4.33), which showed a linear trend. A barrier of 18.4 kcal/mol was

calculated for the E—Z inversion in the selenoimidate anion (Table 4.10).
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Figure 4.33 Eyring plots of cis—trans isomerization and E—Z inversion of Bz-VGAy[CSe-NH]A-OMe.
Data at pH 6.5 (dots) and pH 9.7 (triangles) were measured in 33 mM phosphate buffer and 1 mM Gly-NaOH

buffer, respectively.
Table 4.10 Kinetic and thermodynamic parameters of cis—frans isomerization and E—Z

inversion in Bz-VGAy[CSe-NH]A-OMe.

AS*® AG*®
k(s *® AH*® (kJ mol™)
(JK'"mol™") (kcal mol™)
[CSe—NH-] pH 6.5, cis—trans (2.9 +0.45)x 10° 67.1+ 1.4 —67+1.3 20.7+0.4
[C(Se)=N-] pH 9.7, E—~Z 0.125+0.01 ¢ 445+1.5 -110£5.1 184407

? values at 293 K.
® from the Eyring plots.
¢ based on Gibbs function AG* = AH* — TAS* with T =293 K.

¢ ke caleulated based on k1 = k22— 0.0057c (¢ = 10 pM).
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4.5.6 pH-dependence of the cis—#rans isomerization of thioxo peptides

For the sake of comparison, the pH dependence of k., was also studied for thioxo peptides.
As shown in Figure 4.34a, in contrast to the selenoxo peptides that showed a remarkable
acceleration upon pH increase, the cis—trans isomerization rate of Bz-VGA-
y[CS—-NH]FA-NH, revealed a decreasing trend at high pH conditions. Moreover, no
sigmoid decay behavior was observed (Figure 4.34b). Bz-VGA-y[CS-NH]AA-NH,

showed a similar behavior.
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Figure 4.34 (a) pH-dependent cis—trans isomerization of Bz-VGAy[CS-NH]FA-NH, (20 uM) at 20 °C. An
excess of cis isomer was achieved by irradiation with 260 nm UV light for 4 min and the cis decay was then
monitored at 290 nm. (b) Superposition of time courses of pH 6.5 and pH 11.5. Solid lines represent the least-
squares fits with exponential decay equation (first-order). Data for pH < 8 and pH > 10.8 were measured in 1
mM phosphate buffer; data for 8 < pH < 10.8 were measured in 1 mM Gly-NaOH buffer.

4.5.7 Irreversibility of the photoisomerization under high pH conditions

When we investigated the pH-dependent cis—trans isomerization, we found that at high pH
conditions photoisomerization was not reproducible by re-irradiation. Namely, after one
cycle of photoisomerization-relaxation, a re-irradiation led to only a weak absorbance
increase at 320 nm, and the decay was apparently faster than after the first irradiation
process (Figure 4.35). Even adding some fresh peptide solution into the irradiated peptide
solution, an efficient photoisomerization of the mixture could not be observed (Figure 4.36).
Surprisingly, by neutralizing to pH 7.3, the photoswitching efficiency could be restored
(Figure 4.35) and showed a cis—trans decay rate constant of 3.2 x 10~ s™', which is close
to the value of 2.58 x 107 s™' measured at the normal conditions (1 mM phosphate buffer,

pH 7.1).
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Figure 4.35 Repetitive irradiation of 15 uM Bz-VGAy[CSe—NH]FA-NH, in 5 mM Gly-NaOH, pH 8.8. After
three irradiation-relaxation steps, the peptide solution was neutralized with HCI to pH 7.3 and irradiated again.
The time interval among each irradiation (288 nm, 4 min) is 15 min.
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Figure 4.36 The time course of cis—trans decay irradiation of 5 uM Bz-VGAy[CSe-NH]FA-NH, in 5 mM
Gly-NaOH (pH 9.2) monitored after the first irradiation (a). After 10 min decay the same sample was re-
irradiated and the time course was monitored for 5 min (b). To the same cuvette was added 10 uM new
peptide stock solution and irradiated again, and the time course was then monitored (c).
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4.6 Comparative analysis of the physicochemical properties of peptides upon

chalcogen substitutions

The physicochemical properties of oxo, thioxo and selenoxo peptide bonds always follows
the same general trend. For example the AG* increases in the order of Se > S > O. However,
the widely used electronegativity of the chalcogen atoms is apparently not applicable to
explain such substitution effect, thus a further analysis is required. For this purpose, the
following peptides (Table 4.11) as well as some literature data were employed to
investigate the influences of thioxo and selenoxo modulation on the backbone structure of

peptides and proteins.

Table 4.11 Peptides used for evaluating the effects of chalcogen substitution on peptide backbones.

Name Sequence

la Bz-Val-Gly-Ala-Ala-OMe
1b Bz-Val-Gly-Ala-y[CS-NH]Ala-OMe
lc Bz-Val-Gly-Ala-y[CSe-NH]Ala-OMe

2a Bz-Val-Gly-Ala-Phe-OMe
2b Bz-Val-Gly-Ala-y[CS—NH]Phe-OMe
2c Bz-Val-Gly-Ala-y[CSe—NH]Phe-OMe

3a Bz-Val-Gly-Ala-Pro-OMe
3b Bz-Val-Gly-Ala-y[CS—N]Pro-OMe
3¢ Bz-Val-Gly-Ala-y[CSe—N]Pro-OMe

4.6.1 Absorption bands in UV/Vis spectra

The electronic absorption of amide bonds in peptides and simple amides has been studied
extensively to date. In secondary amide bonds, the m—n* transition generally is found at
185-190 nm and the n—n* transition at 210-220 nm (159). Upon oxygen to sulfur
substitution in Bz-VGAy[CX-NH]JA-OMe (1), the resulting thioxo group of peptide 1b
showed characteristic electronic absorption bands at 263 nm (n—n* transition) and at 326
nm (n—n* transition). These bands were further red-shifted to 294 nm and 366 nm,

respectively, in the corresponding selenoxo peptide 1¢ (Figure 4.6).
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Figure 4.37. Correlation of A, versus electronegativity for the Bz-VGAy[CX-NH]A-OMe (X = O, S, Se)
peptide series.

When the electronic absorption data of the chalcogen-substituted peptides were plotted
against the corresponding chalcogen atomic electronegativities (Table 1.1, pp11), no simple
correlation could be obtained (Figure 4.37). The atomic polarizability, on the other hand,
revealed perfect linear trends (Figure 4.38a). Moreover, the same linear correlation is also

observed in the case of imidic peptide bond (Figure 4.38b).
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Figure 4.38 Correlation of A, versus polarizability for the Bz-VGAy[CX-NH]A-OMe and Bz-
VGAy[CX-N]P-OMe (X = O, S, Se) peptide series. For the oxo peptide bond, wavelength values of 185 nm
and 214 nm were chosen as representative for the n—n* and n—n* transitions, respectively (159).

4.6.2 Infrared spectroscopy

The infrared spectra of the oxo, thioxo and selenoxo forms of Bz-VGAy[CX-NH]A-OMe
peptide series were collected in tetrahydrofuran. The NH stretching band in oxo peptide
was centered at 3287 cm™. In case of X = S or Se, a new peak appeared at lower frequency
(Figure 4.39a), which may be due to the lower bond strength of N—H upon chalcogen
substitution. Interestingly, the NH stretching frequencies were also linearly shifted with the

increasing chalcogen atomic polarizabilities (Figure 4.39b).
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Figure 4.39 (a) The NH stretching region of Bz-VGAy[CX-NH]A-OMe in infrared spectra collected in THF
at rt. (b) vy plots against chalcogen atomic polarizability.

4.6.3 NMR spectroscopic analysis of oxo, thioxo, and selenoxo peptides

In order to better understand the electronic properties of peptide bonds upon chalcogen-
substitution, the 'H, *C and "’Se (natural abundance) resonances of a series of model
peptides (Table 4.11) were assigned using multidimensional NMR (Appendix Tables Appl-
App9). The "H-NMR spectra of the Bz-VGAy[CX-NH]F-OMe peptide series showed that
the 'H resonances of both Ala’ and Phe' amide protons were continuously downfield
shifted in the order O < S < Se (Figure 4.7a), thus indicating that, although the heavier
chalcogen atoms are less electronegative than oxygen, the heavier chalcogen substitution

resulted in an increasing “electron-withdrawing” effect on the peptide amide protons.
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Figure 4.40 (a) Plot of chemical shift values of the Ala’ and Phe* amide protons versus chalcogen atomic
polarizability. Spectra were recorded in 50 mM sodium acetate buffer, pH 6.0, 10 °C. (b) Plots of *C=X (X =
0, S, Se) and (c) the adjacent two alpha carbons chemical shift values versus chalcogen polarizability for the
Bz-VGAy[CX-NH]F-OMe peptide series. Spectra were recorded in 33 mM phosphate buffer, pH 6.5, 10 °C.

Analogous to the above-described linear relationships, the chemical shifts of the amide
proton in Ala® and Phe* also linearly varies against the chalcogen polarizabilities (Figure

4.40a). Furthermore, linear correlations to the chalcogen polarizability were found for the
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BC chemical shift values of the chalcogen-substituted carbonyl carbon (i.e., “C=X) as well
as the two adjacent C, atoms (Figure 4.40b, 4.41c). A slight deviation of the *C=X vs.

polarizability plot may be due to the anisotropic effect of the large S and Se atoms.

Similar chalcogen-dependent electronic effects were observed also for the Bz-
VGAy[CX-NH]A-OMe and Bz-VGAy[CX-N]P-OMe peptide series. In the latter case,
the chemical shifts of both frans and cis prolyl conformers were assigned (Figure 4.41,
Tables in Appendix).
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Figure 4.41. °C and ""Se NMR resonance assignments of Ala’ and Pro* in the #rans and cis prolyl conformers
of Bz-VGAy[CX-N]P-OMe peptide series. Chemical shift values in blue and red color highlights BC nuclei
showing significant downfield or upfield shifts, respectively, in the order O & S = Se. "'Se chemical shifts
are indicated in pink. Spectra were recorded in 33 mM phosphate buffer, pH 6.5, 10 °C.

The chemical shift values of all *C nuclei within a three-bond distance to the chalcogen
atoms again displayed linear correlations to the polarizability (Figures 4.43). Moreover,
comparison of the observed frequency shifts in the C, and Cs resonances of Pro” revealed a
stereochemical influence on the electron-withdrawing effects exerted by the chalcogen
atoms, depending on the relative conformation of the peptide bond. While the C, resonance
of Pro* showed a stronger downfield shift in the #rans prolyl conformer (slope = 3.41) than
in the cis prolyl conformer (slope = 1.48), the opposite trend was observed for the Cs
resonance of Pro*, where the downfield shift is stronger in the cis conformer (slope = 3.85)
than in the trans conformer (slope = 1.82) (Figure 4.42c). These data suggested that the
electron-withdrawing effect due to the chalcogen atom is dependent not only on the
through-bond distance but also on the spatial arrangement of those bonds. Considering the

pronounced double bond character between carbonyl carbon and amide nitrogen, the
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aliphatic carbon nucleus in Z position to the chalcogen atom is always more strongly
deshielded than the aliphatic carbon in E position. This stereochemical influence on nuclear
shielding, which is due to the stronger >J coupling between the substitutents positioned in E
conformation across a double bond, apparently becomes more pronounced in case of X =S,
Se than X = O, probably due to the enhanced double bond character of C—N in the heavier
chalcogen-substituted peptide bonds.
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Figure 4.42 Correlation plots showing °C chemical shift values versus chalcogen polarizability in the Bz-
VGAy[CX-N]P-OMe peptide series.

Interestingly, the carbonyl "*C resonances of the C-terminal amino acid in the oxo, thioxo
and selenoxo forms of the same peptide sequence are considerable shielded in the order of
Se > S > O. In other words, while heteronuclei within a three-bond distance to the
chalcogen are generally increasingly deshielded with higher chalcogen order, the C-
terminal carbonyl carbon at a four-bond distance to the chalcogen in contrast are
increasingly shielded. Analogous shielding trends for the C-terminal carbonyl carbon atom
were also found in the Bz-VGAyY[CX-NH]A-OMe and Bz-VGAy[CX-NH]F-OMe
peptide series (Figure 4.43). It must be noted, however, that the shielding trend in the cis
conformer of the Bz-VGAy[CX-N]P-OMe peptide series showed a larger magnitude than
in the frans conformers, which coincides with the reduced electron depletion of the Pro* Cy,

in the cis conformer due to the different stereochemical arrangement.
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4.6.4 Influence of chalcogen substitutions on the C-N rotational barrier and other

chemical properties

The above described relationships of the chalcogen atomic polarizabilities with the UV/Vis
absorption wavelengths, NH vibration frequencies and nuclei shielding intrigued us to
analyze whether other physicochemical parameters of the chalcogen-substituted peptide
bonds also show a linear relation to the chalcogen atomic polarizabilities. Therefore, the
chalcogen atomic polarizabilities were plotted against C—N rotation barriers, dipole

moments and pK, values in oxo, thioxo and selenoxo peptides or amides.

The rotational barrier values of peptides 2b and 2¢ were listed in Table 4.7. For the
corresponding oxo peptide bonds, a value reported for the peptide Ala-Ala-y[CO-NH]Tyr-
Ala-Ala was employed (19), since the rotation barriers of peptide bonds preceding aromatic
residues feature similar amplitudes. The dipole moments were all taken from a model study
of CH3[CX-N](CHs), (X = O, S, Se) in benzene (160). For the pK, values of the oxo,
thioxo and selenoxo peptide bonds, we applied 17.5 (obtained from Gly-Gly (161)), 11.6
(obtained from 1b), and 9.8 (obtained from 1c¢), respectively. Remarkably, all plots in
Figure 4.44 delineate nearly perfect linear correlations. Moreover, the decreasing pK,
values of the heavier chalcogen-substituted peptides coincide with the above-mentioned

line broadening of the amide proton signals due to faster solvent exchange (Figure 4.7a).
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Figure 4.44. Correlation plots of chalcogen polarizability versus rotational barrier (a), dipole moment (b) and
pK., value (c) of the chalcogen-substituted peptides or amides. The origin of the data is described in the text.
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5. Discussion

5.1 Synthesis and characterization of selenoxo peptides

Modification of peptide backbones by thioxo substitution has been well developed during
the last two decades. Especially, the thioxylation method that uses a highly reactive
thioxylation building block has been widely used to synthesize endo-thioxo peptides with
site-specificity and high enantiopurity. Importantly, this method has proven compatible
with Fmoc-based solid phase peptide synthesis (162, 163). Up to date, three types of
building blocks have been developed that no racemization observed in the thioxylation
reaction (Figure 5.1): (I) Benzimidazolinone (164), (II) Benzotriazole (165) and (III)

Phthalimide (166). The benzotriazole derivatives are most widely used.

S 0 H S
H _N _N H
N J( PG w)J\N “N _N
PG N™ “NH R PG N
R R
0]
O5N
I I III

Figure 5.1 Thioxylation building blocks. PG = protecting group.

However, attempts to synthesize the selenium-substituted surrogates of those three types of
derivatives were not successful (167). Therefore, we turned our attention to the selenation
strategy where Woollins’ reagent (2,4-diphenyl-1,3-diselenadiphosphetane 2,4-diselenide)
is used to selenate a protected dipeptide as shown in Scheme 4.1. Most peptide bonds were
selenated with a moderate to high yield, except for the imidic peptide bond (Table 4.1).
Replacing the Boc protecting group with Fmoc led to an apparent improvement in yield,

although the selenation reaction was much slower due to the steric hindrance by the Fmoc

group.

Despite the high reactivity of the selenoxo carbonyl, deprotection of the Boc protecting
group succeeded by using ZnCl,-Et,0 solution or 50% TFA/DCM. The coupling of the free
amino dipeptide ester with the C-terminal fragment was carried out by the mixed anhydride
method, resulting in selenoxo peptides with a moderate yield. The present method provides

a possibility to synthesize selenoxo peptides for the first time.
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By deprotecting the C-terminal ester group of the selenoxo peptides, elongation at the C-
terminal carboxyl was also possible. However, as in thioxo peptide synthesis (97, 168-171),
a partial epimerization was also encountered (Figure 5.2). Nevertheless, the epimers could

be separated by HPLC in some cases.

hy oX R X ,I 0 X_C”/O hoX R
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L. N & R o
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Figure 5.2 Epimerization during activation of the C-terminal carboxyl of thioxo and selenoxo peptides via the
thiazolone and selenazolone intermediates.

On the other hand, alkylation of the selenoxo group is shown to take place on the selenium
and form a selenoimidate (Figure 4.11, pp34), thus this reaction might be used to protect the
selenoxo group. Therefore, by carefully choosing the protection group, the elongation at the
C-terminus might be conducted in an epimerization-free manner by preventing the
formation of the selenazolone intermediate (Scheme 5.1). However, further studies are
needed to prove this strategy.
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Scheme 5.1 A possible epimerization-free pathway to elongate the selenoxo peptide at the C-terminal end.
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The selenoxo peptides are stable in aqueous solution at neutral or near-neutral conditions.
At alkaline conditions, an accelerated selenium to oxygen exchange was observed (Figure
4.4, pp27). Moreover, like in thioxo peptides (172), the peptide bond or the ester bond next
to the selenoxo group is prone to break under certain conditions through an Edman
degradation-like mechanism (Figure 5.3). Nevertheless, the selenoxo peptides showed
much better stability than the small selenoxo amides, which have been reported to undergo
decomposition in solution (134). The moderate stability in aqueous solution allows us to

investigate the physicochemical properties under near-physiological conditions.
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Figure 5.3 Fragmentation of selenoxo peptides.

The selenium atom is much larger and less electronegative than oxygen. Therefore, weaker
hydrogen bonding ability and larger hydrophobic area of the selenoxo peptide bonds were
expected, which is confirmed by a longer retention time than the oxo and thioxo congeners
in the reverse-phase HPLC analysis (Figure 4.3, pp27). The observation that the solubility
of selenoxo peptides was poorer in aqueous solution but better in organic solvent is

consistent with those properties.

The element selenium has six natural isotopes. Only "’Se (7.58%), having a nuclear spin
quantum number of ', is NMR-active, thus enabling us to collect high-resolution '’Se-
NMR spectra (173). 7’Se-NMR spectra acquired for selenoxo peptides (Table 4.4, pp31)
showed ’Se resonance values are in the range of 380-470 ppm. Those values were shifted
markedly to higher field compared to the values reported for small selenoxo amides in

organic solvents (~600 ppm) (151), probably due to a strong shielding by the water
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molecules in aqueous solution. In the peptide bond, the nearly identical shielding of 'O in
the frans and cis conformations indicated a similar solvation model in the two
conformational states (174, 175). In Bz-VGAy[CSe—N]P-OMe, however, the ”’Se nucleus
in the trans conformation is 14 ppm more shielded than in the cis state (Figure 4.41, pp56),

which may result from an electronic influence by the C-terminal carbonyl.
5.2 Photoisomerization of selenoxo peptide bonds

Previous work by Frank et al. (85) and Zhao et al. (86) has revealed that the thioxo peptide
bonds in aqueous solution have a strong absorption band around 260 nm (n-n*, & 12000
M'em™) and a weak band around 330 nm (n-n*). Excitation of the n-n* band with UV
light near 260 nm could selectively switch the thioxo peptide bond conformation from trans

to cis with high quantum efficiency but without any effect on the regular peptide bonds.

Compared with the thioxo peptide bonds, the electronic absorptions of selenoxo peptide
bonds are further shifted to ~295 nm and ~370 nm for n-7* transition and n-* transition,
respectively (Figure 4.6, pp29). This implies that the excitation energy for the photo-
triggered trans—cis isomerization might be lower in selenoxo peptide bonds. In fact, the
selenoxo peptide bonds can be efficiently photoswitched in phosphate buffer by using UV
light with a wavelength of ~290 nm, which is ~30 nm longer than the thioxo congeners.
The full recovery of the UV/Vis spectrum and the clear isosbestic point at 300 nm (Figure
4.12a, pp35) indicate that the photoisomerization of the selenoxo group is reversible. The
cis content in the photostationary state ranges from 11% to 37% depending on residues
flanking the selenoxo group. However, it should be noted that the cis content depends not
only on the irradiation wavelength but also on light intensity, beam/sample area ratio,
sample concentration, temperature and solvent. A further improvement of the cis content
may thus be achieved by a careful optimization of those factors. The UV/Vis spectrum of
the cis conformer constructed by using Beer-Lambert’s law showed an absorption
maximum at 310 nm, which is 16 nm longer than the value of 294 nm for the trans
conformer. The maximal difference in UV absorbance between the cis and trans
conformers is located at a wavelength of ~320 nm (Figure 4.12b, pp35). UV light at this
wavelength may thus be used to trigger the cis—trans photoisomerization, as a similar case

with thioxo peptide bonds was confirmed (86).
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Photoswitching of the selenoxo imide bond in Bz-VGAy[CSe—-N]P-OMe was conducted by
irradiation at a wavelength of 296 nm. In contrast to selenoxo amide bonds, a spectral
redshift did not occur in the selenoxo imide bond upon irradiation and only a slight increase
in absorption intensity was observed. The reason for this behavior is that the double alkyl
substitutions at the nitrogen results in a similar intramolecular environment for the selenium
atom in both cis and frans conformations (Figue 5.4), thus leading to a nearly identical

influence on the electronic excitation energy of the C=Se group.

RSGLR_;R\/[SEN
O — T
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trans cis

Figure 5.4 cis and trans conformations of imidic selenoxo peptide bond.

The cis—trans decay of selenoxo peptide bonds are considerably slower than in the
corresponding thioxo peptide bonds. As shown in Table 4.7, the AG* of selenoxo peptides
is generally ~1 kcal/mol higher than that of thioxo peptides. This observation is consistent
with the theoretical calculation that the nitrogen delocalizes more lone pair electron density
to C=Se than to C=S (141, 146). The deceleration of cis—trans isomerization in selenoxo
peptides is driven entirely by a large unfavorable activation entropy term (Table 4.7, pp38).
The lower frans—cis excitation energy and the slower cis decay rate compared to the
thioxo photoswitch enable the selenoxo peptide bond to serve as an efficient, structure-
compatible photoswitch to trigger the conformational changes. Selenoxo photoswitch can

thus be applied in a wider range of conformation-specific processes.

For the oxo and thioxo peptide bonds flanked with non-aromatic side chains, the cis
conformer could not be detected due to rapid decay or signal overlap in NMR spectra.
However, the cis signal of Ala>-CHj in Bz-VGAy[CSe-NH]A-OMe was observed in a
slightly upfield shifted position (Figure 4.16a, pp39). This shielding effect might be caused
by steric crowding of the two Ala-CHj3 groups but not by the Bz group (Figure 5.5), because
substituting Bz with Boc showed a similar pattern of signals (Table 4.8, pp39). In the case
of Bz-VGAy[CSe-NH]F-OMe, the close proximity of the Ala’-CH; group and Phe-phenyl
ring in the cis conformation (Figure 5.5), which is stabilized by a CH--& interaction (9, 176,
177), led to a considerable shielding on Ala’-CHj. This shielding effect must be due to the
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ring current rather than to the anisotropic effect of the selenium atom, as a strong shielding
of the CHj group in cis conformation was also observed in oxo and thioxo peptide bonds

flanked with Phe but not in selenoxo peptides lacking Phe residue (Table 4.8, pp39).
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Figure 5.5 Side chain orientation in frans and cis conformations of the selenoxo peptide.

Cis/trans isomerization of the prolyl peptide bonds are catalyzed efficiently by cyclophilins.
However, even though the thioxo substrate Ala-Xaa-y[CS-N]Pro-Phe-NH-Np (Xaa = Ala,
Gly, Np = 4-nitroaniline) could bind the catalytic center of hCyp18 in a similar manner as
the oxo form, Schutkowski er al. have shown that no accelerated cis/trans isomerization
could be observed (178). In contrast, competitive inhibition did occur, with apparent K;
values ranging from 200 to 600 uM. In case of the selenoxo peptide Bz-VGAy[CSe—N]P-
OMe, the cis—trans isomerization was not catalyzed by hCyp18 either (Figure 4.23, pp43).
Probably, the weaker hydrogen bond-accepting ability of thioxo and selenoxo groups and/or
the large size of sulfur and selenium atoms impede the catalytic reaction. The increased
hydrophobicity of the chalcogen-substituted peptides might be the reason for their stronger
binding to hCyp18.
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5.3 Multiple conformational photocontrol of the thioxo and selenoxo dual-labeled

peptide

Although most peptide bonds overwhelmingly adopt a trans conformation (typically >
99.9% under unrestrained conditions) except for the imide bond preceding proline, the
energetically less favored cis peptide bond is known to play an important role in protein
folding and function. Nature chooses proline and the corresponding cis/trans isomerases to
confer a cis/trans conformational control on proteins. Moreover, multiple cis peptide bonds
are also often found in native protein structures (9, 179, 180). Biological organisms can use
complicated enzymatic systems to regulate these conformational transitions with high
spatial and temporal specificity. However, artificial control of multiple cis/trans
1somerization processes is of great challenge because of the lack of tools to site-specifically

manipulate the peptide bond conformations.

Nevertheless, in the last decade, site-selective replacement of the peptide bond oxygen with
sulfur has provided the first tool to artificially manipulate the cis <> trans interconversion
by using light, with minimal perturbation of the original peptide structure (120, 121). Now,
the oxygen to selenium substitution provides another photo-controllable tool to manipulate
the peptide bond conformation. Interestingly, the excitation wavelength difference (AL ~30
nm) between the thioxo and selenoxo photoswitches enabled us to selectively switch only
one of those two chalcogen-based photoswitches (Figure 4.19, pp41; Figure 4.21, pp42).
Additionally, switching of both chromophores allowed us to evaluate the intramolecular
influence of one cis peptide bond on another. In Ac-VAy[CS-NH]FGGAy[CSe—-NH]F-
OMe, for example, a rate constant of 4.6 x 10~ s' for the decay of the cis-y[CS—NH] bond
was determined after selectively exciting the thioxo chromophore. By switching both
y[CS—-NH] and y[CSe—NH] bonds to cis conformations (Scheme 5.2), the cis-y[CS—-NH]
decay featured a rate constant of 4.0 x 10~ s, which is slightly slower than in case of
y[CSe—NH] in trans conformation. Hence, this indicates that one cis peptide bond could
influence the thermodynamics of cis—trans isomerization of another peptide bond, though
the specific interaction for the influence cannot be determined based on the current data.
Given the importance of cis/trans isomerization in protein folding, the multiple
photocontrol of the cis/trans isomerization might provide a special tool to analyze the
energy landscapes of protein folding. On the other hand, the thioxo and selenoxo dual

labeling could also be applied for the multiple photocontrol of protein function.
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Scheme 5.2 Photocontrol of peptide backbone conformations in the thioxo and selenoxo dual-labeled peptide.
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5.4 Cis—trans isomerization of selenoxo peptide bonds under alkaline conditions: C—N

rotation versus nitrogen inversion
5.4.1 Effect of pH on peptide structure and cis—frans isomerization

The majority of experimental data for the spontaneous isomerization supported the
assumption that the barrier of cis/trans isomerization in aqueous solution is from the C—N
rotation rather than nitrogen inversion (3, 4, 181). Due to the extremely weak acidity of the
peptide amide proton (pK, = 18) (182), the presence of the deprotonated form, i.e. the
imidate anion, is generally negligible in water. Nevertheless, the amide proton exchange is
strongly accelerated at alkaline conditions via the imidate intermediate (183). Despite the
strong effect of OH™ on proton exchange, cis—trans isomerization appears insensitive to
moderate pH variation (184). This is due to the extremely short lifetime of the imidate
anion, which is too short to allow the C—N bond to rotate or the nitrogen lone pair to invert.
On the other hand, Perrin et al. showed that, the imidate anions are constantly present under
extremely basic conditions (in potassium hydride organic solution) and could interconvert
between their E and Z conformations via the nitrogen inversion pathway but not via the

C=N rotational pathway (185, 186).

In contrast to the oxo amide bonds, the cis—trans isomerization rate of selenoxo peptides
was remarkably accelerated at high pH values (Figure 4.24, 4.25, 4.26, pp45-46).
Intriguingly, the time-course for cis—trans decay varied depending on pH, with first-order
exponential kinetics at neutral conditions (Figure 4.24a) yet with a sigmoid curve at
alkaline conditions (Figure 4.24b). However, the cis—trans isomerization of the selenoxo
imide bond [CSe—N<] in Bz-VGAy[CSe—N]P-OMe was not accelerated at high pH up to
10 (Figure 4.28, pp47).

5.4.2 Mechanistic analysis of the pH-dependent cis—frans isomerization in selenoxo

peptides

The fact that cis—trans decay of the selenoxo imide bond was not accelerated by OH™
indicates that a nucleophilic attack on the selenoxo carbonyl carbon is unsuitable for
explaining the high isomerization rates for the secondary selenoxo amide bonds.
Deprotonation of the C, atom attached to the C=Se can also be excluded, since this would

lead to an epimerization that was not observed in the HPLC profiles and the NMR spectra
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(Figure 4.29, pp47; Figure 4.30, pp48). Considering that the rate dependence on pH
becomes sluggish after a sharp increase, the highest interconversion rate could be reached
in a pH region corresponding to the complete formation of the selenoimidate anion (Figure
5.6). Given the structural features of this anionic species, which must make rotational
movements at the C=N bond more energy-demanding, nitrogen inversion represents an
alternative pathway for rapid cis isomer decay. Notably, it has been proposed that the E/Z
interconversion of the N-Arylformimidate anion takes place via nitrogen inversion pathway
in organic solvent (186). As the proton transfer steps are fairly fast and not rate-limiting for
the slow conformational interconversions in aqueous solutions, the frans and cis conformers
could rapidly equilibrate with the Z and E selenoimidate anions, respectively, in the
photostationary state (Scheme 5.3). Furthermore, the sigmoidal decay curves at high pH
values (Figures 4.24b, 4.25, 4.26, pp46), and the linear concentration dependence of
isomerization rates (Figure 4.31, pp48) indicate the possibility of an autocatalytic term in
the cis isomer decay. This term is most likely due to the transient presence of the Z
selenoimidate anion for nucleophilic attack on the imine carbon atom of the E conformer,
thus increasing the apparent rate of cis—trans decay (Scheme 5.3). The resulting
tetrahedral adduct (discussed in 5.4.6) disrupts the amide resonance and would have a very
low energy barrier for isomerization. This type of catalysis is consistent with the very high

nucleophilicity of anionic selenium compounds (187).

In addition, the cis content is negligible for secondary selenoxo amide peptide bonds in
equilibrium (Figure 4.16, pp42). For the selenoimidate anion, the E content should also be
very low at equilibrium due to the strong lone pair repulsion in the E configuration. Hence,
we can assume that k, >> k. and kgz >> kzg, thus allowing us to ignore the reverse

reactions in Scheme 5.3.

Se Se
[ - . H
R)LN,R < - RJ\’T‘
trans H Se o cis R Scheme 5.3 Cis/trans isomerization,
+ _ >~N..,,, + _ nitrogen inversion and proton dissociation
H “OH \vH H 1 OH in selenoxo peptides at alkaline conditions.
- _ The conventional cis, trans notation is used
Se Se to define the conformation of the peptide
)\\ R’ - )§ o bonds, whereas the configuration of the
R 0 N Kez R '}l selenoimidate anions is defined by the Z, E
Z [ S o e R notation.
-
0
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As a consequence, the rate equations for the cis isomer decay based on the mechanism
depicted in Scheme 5.3 can be derived as follow:

Ket )
rans e— cis

H* Ktrans H* || KCis
27 E + 7
kez
) . .. . dcis] .
The rate for cis—trans isomerization is: =—k,[cis] (1)
. . . d[E]
The rate for Z—FE inversion is: r =—k,,[EN[Z] (2)
¢

Considering that E is in fast equilibrium with cis, the overall decay rate of cis is defined as:

dleis] BV g Leist ke, [ENZT 3)
dt dt
cisz[E][H+] . trans:[z][H+]
[cis] ’ [trans]

= [E]1=10"""Dcis];  [Z]=10"""""[trans]
The whole peptide concentration:
C, =[trans|+[Z]+[cis]+[E] = 107K P0[ 21+ [ Z]+[cis]+ 107K cis]

C, 1+ 10% 7K

= [Z]=
1+10PK " —P 14 10WK™ —PiD)

[cis]

(pH—-pK™)
C, 1410

14+10PK™ =P 1 410K —PD

By substituting [E]=10"""7 X cis] and [Z]= [cis] into (3),

we get:
w. dlci 1+ 10WPH-PK™)
(1+10@7#K ))M:—k, [cis]—k,, 107775 cis] CO, _1x10 — [cis] |-k, 10P7PX [cis]
dt ct EZ 1+ lo(pK -pH) 1+ 10(pK —-pH) non
= _ dlcis] —dt ()
107K 1 1
[eis] Wkgz[ds]— oy Coker s K
1+10% P 1+10@W™ 7D 1+10®PH-PK)
St lo(PH-pK‘”) B 1 1
ct. a= 1 + IO(pKzrans_pH) EZ ° app - 1 + lo(pKtmns pr) 0"YEZ 1 + 1O(pH7chiX) ct
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Formula (4) = dlcis] = dt ()

[cis](a[cis] —k,, )

t

[eis] d[cis] _ J-t

Integrating formula (5) at both sides: I .

[cisTy [CiS](Cl[CiS] - kapp)

k
= [eis] = ©)
a+( app _a)ekupp’
[cis],

Considering 4,,, = [cis]e;,,, , equation (6) can be rewritten as:

A _ k‘lPP
320 — k L + AOO (I)a
b+ (- —b)e !
AA
where
AA is the absorbance increase after irradiation,
Ago 1s the absorbance at infinite time,

kapp 1s the apparent rate constant of cis—trans isomerization:

1

app = trans _
1+10P% 0

kct (II) s

F—
0TEZ 1+ 10®2H-PK)

(pH_chis )
10 k,,

(1 + lo(pKtmns_pH)) 6‘320 b

b is a constant at given pH: b =

and k% is the observed rate constant of Z—E isomerization: kpy = C,k,, (III).

5.4.3 Kinetic data analysis

The sigmoid kinetic curves were fitted perfectly using equation (I), and the resulting

apparent rate constants k,,, for cis—trans isomerization were pH-dependent. The pH vs.

kapp plot for Bz-VGAy[CSe-NH]FA-NH, was well fitted by equation (II) (Figure 5.6a),

resulting in a pK, of 9.3 for the cis form and an observed rate constant (k') of 0.077 s™! for

E—Z inversion, which is 35-fold fast than the rate of the C—N rotational pathway (0.0022

s7"). Peptide Bz-VGAy[CSe-NH]JA-OMe shows similar pH dependence of kapp (Figure

5.6b), where fitting by equation (II) gave rise to a pK, of 9.7 for the cis form and an k2> of

0.17 s, which is 59-fold fast than the rate of the C—N rotational pathway (0.0029 sh.
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According to equation (III), k% should be concentration-dependent. This was verified by a

linear increase of k, with peptide concentration (Figure 4.31, pp48). By extrapolating the
concentration to zero, the non-autocatalytic E—Z inversion rate constant in Bz-
VGAy[C(Se )=N]A-OMe was found as 0.1 s”', which is still 32 times faster than the rate
of C—N rotation in [CSe—NH].

a b
0.08 — 0.20
0.06 — 0.15
= w
L 0.04 1 5 0.107
§ <
x
0.02 0.05
0.00 0.00 :

T
10

1
1"

7 8 9 10 11 12

pH

Figure 5.6 pH-dependent cis—trans isomerization (k,,,) for 4.5 uM Bz-VGAy[CSe-NH]FA-NH, (a) and 10
uM Bz-VGAy[CSe-NH]A-OMe (b). Fitting the pH vs. k,,, plot in (a) by equation (II), with experiment-
determined restrictions of k., = 0.0022 s™' and pK”*" = 9.1, resulted in k;? =0.077 s and pK** = 9.3. Fitting

the pH vs. &, plot in (b) by equation (II), with experimentally determined restrictions of k. = 0.0029 s and
pK"™ =9.8, resulted in kj'=0.17 s~' and pK* = 9.7. Phosphate buffer (1 mM) was used at pH < 8 and Gly-

NaOH buffer (1 mM) at pH > 8. Data were collected at 20 °C.

The amide C—N rotation is generally known to be insensitive to solvent deuteration (188),
whereas in the selenoimidate anion, since the hydrogen bond between the nitrogen lone pair
of C=N and solvent water should be broken before the lone pair inversion, a slower

inversion rate is expected in deuterated water. The solvent deuterium kinetic isotope effect

(SKIE), defined as k;2 (H,0) / ky2 (D,O), was measured with Bz-VGAy[CSe-NH]FA-

NH,; using the same ratio of the ionized and unionized species in H;O (pH 9.2) and D,O
(pD 9.85) (Figure 4.32b, pp49). The SKIE value of 1.13 £ 0.04 indicated that solvent
reorganization occurs in the transition state of nitrogen inversion to a much higher extent
than in case of the rotational pathway, where the value of k., (H,O) / k., (D,O) = 1.004 £
0.008 is consistent with the SKIE obtained for cis/trans isomerization via the rotational

pathway in regular amide bonds (189, 190).
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5.4.4 Nitrogen inversion barrier in the selenoimidate anion

The Eyring function was used to evaluate the thermodynamic properties of the nitrogen
inversion. As Figure 4.33 shows, the Eyring plot displayed a very good linearity, indicating
that the activation enthalpy (AHI) is constant in the current experimental temperature range.
The activation energy for the non-catalyzed E—Z inversion was determined as 18.4
kcal/mol from the Eyring plot and Gibbs equation, which is 2.3 kcal/mol lower than the
C—N rotational barrier of 20.7 kcal/mol (Table 4.10, pp50). The large negative entropy (-

110 J K" mol™) indicates a significant solvent participation and reorganization.

The E—Z inversion barrier in the N-benzylformimidate anion has been determined as 23.3
kcal/mol in DMSO-ds (191) and for the N-benzylthioformimidate anion in MeOD a value
of 19.6 kcal/mol was reported (192). The presently determined inversion barrier in
selenoimidate anion in basic aqueous solution (18.4 kcal/mol) is lower than in the former
two cases. Even though the polarity of the used solvents is not exactly the same, a linearly
decreasing trend is clearly observed in the AGgz* vs. chalcogen polarizability plot (Figure
5.7), which is in agreement with the hypothesis (discussed in 5.5) that the chalcogen atomic
polarizability dominates the physicochemical properties of [CX-NR—-] (X =0, S, Se; R =H,
alkyl).

24

23 4 DN

22 4 N
21 N

20 - N

AGg,* (kcal/mol)

19 - N Se

18 1 ] ) I 1 L
05 10 15 20 25 30 35 40

Polarizability (A%)

Figure 5.7 E—Z inversion barrier versus chalcogen atomic polarizability in [C(X)=N-] (X =0, S, Se). The
value of 23.3 kcal/mol for imidate anion was taken from the N-benzylformimidate anion in DMSO-d; (191).
The value of 19.6 kcal/mol for thioimidate anion was taken from the N-benzylthioformimidate anion in
MeOD (192). The value of 184 kcal/mol for selenoimidate anion was determined with Bz-
VGAy[C(Se )=N-]A-OMe in 1 mM Gly-NaOH buffer (pH 9.7).
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The pH-dependence of the thioxo peptide Bz-VGAyW[CS—-NH]FA-NH, indicated that the
cis—trans isomerization is slower at high pH conditions than at neutral conditions (Figure
4.34, ppS1). This is reasonable to be rationalized by a slower or similar nitrogen inversion
barrier in the thioimidate anion compared to the normal cis—trans rotation. Hence, only the

selenoimidate anions are able to invert rapidly and accelerate cis—trans isomerization.

Consequently, the selenoxo peptide bond, due to its low pK, and rapid E/Z inversion under
mild basic conditions, provides a non-enzymatic pathway to accelerate the dynamics of
peptide backbone conformation in a site-specific manner. Chalcogen substitutions may also

be helpful to study other anionic peptide bond involved biochemical processes.
5.4.5 Autocatalysis of conformational interconversion of the selenoimidate anion

The selenolate anion RSe™ (R = alkyl or aryl) is strongly nucleophilic and has widely been
used as organoselenium catalyst (187, 193). Taking into account that: (i) the k., in [CSe—N<]
is not sensitive to pH variation, (ii) the rate acceleration only occurs in selenoxo peptides
but not in thioxo peptides, (iii) no loss of selenium and no loss of C,, chirality take place, (iv)
the catalysis features steric specificity, (v) a weak electrophilicity of the carbon in C=Se,
and (vi) the nucleophilic attack on the carbon of C=N is well established (194-197), the
catalytic pathway might be a nucleophilic attack by the negatively charged selenium in the
Z form to the imine bond carbon in the E form of the selenoimidate anion, forming a

tetrahedral intermediate that allows rotation around a C—N single bond (Scheme 5.4).
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Scheme 5.4 Possible autocatalytic mechanism of the E—Z. inversion of selenoimidate anion

The first order exponential decay of the thioxo peptide at high pH conditions (Figure 4.34b)
indicated that no autocatalysis takes place in the thioimidate anion, probably due to the

weaker nucleophilicity of anionic sulfur than anionic selenium.
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Although the autocatalysis can explain the sigmoid decay curves, the reason for the
irreversible photoswitching at alkaline conditions (Figure 4.35) is still not clear. UV/Vis
and NMR spectra showed no degradation during the photoswitching. We, therefore,
propose that a photo bleaching might occur upon photo-irradiation. However, a detailed

explanation of this effect is not possible based on the current data.
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5.5 Electronic effects of chalcogen substitution in peptide bonds
5.5.1 Electronegativity and polarizability

The concept of electronegativity, symboly, first proposed by L. Pauling (198), is
a chemical property that describes the tendency of an atom or a functional group to attract
electrons (or electron density) towards itself. It has become an indispensible tool for
chemists. Unfortunately, electronegativity is not a directly measurable experimental
property of an isolated atom. On the other hand, atomic polarizability, symbol o, a basic
physical entity that reflects how readily the electron cloud of an atom can be distorted, has
been tabulated quite comprehensively and with high precision by theoretical calculations as
well as experimental measurements (129, 199). The atomic polarizability proved to be
linearly related to the charge capacity (200), symbol k, which plays an important role in the
determination of charge density redistribution in molecule formation. Sanderson (201-203)
stated that, when atoms interact to form a molecule, their electronegativities change until
they achieve an equilibrium. This principle of electronegativity equalization has been
rationalized based on a firm theoretical foundation (204-206), which implies that the
electron-attracting tendency of an atom in a molecule depends not only on its initial
intrinsic affinity for electronic charge but also on its ability to accommodate this additional
charge, i.e. its charge capacity, as formulated by Politzer (200). The magnitude of the
charge capacity depends upon the repulsion between the electrons already present on the
atom and the approaching charge; therefore, there is no doubt for a close relation between
charge capacity and atomic size. For example, while fluorine exerts a strong initial
attraction on the electrons in a molecule, its small size leads to the formation of a highly
concentrated electron distribution, thus permitting relatively little additional electronic
charge to be accommodated around the fluorine atom. In fact, an increase in polarizability
and decrease in electronegativity from the first to subsequent rows of the periodic table are

well documented (207).

In contrast to the electronegativity, the atomic polarizability has been greatly under-
appreciated in chemistry (208), although it proved very useful in explaining a number of
puzzling observations such as (i) the gas phase acidities of halogen-substituted acetic acid
molecules (209) and (ii) the higher partial negative charge of sulfur compared to oxygen in

thiocyanate versus cyanate ions (210).
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5.5.2 The role of chalcogen atomic polarizability in amide bonds

Glendening and Hrabal (146) suggested that chalcogen polarizability may be responsible
for the higher rotational barriers observed for thioxo and selenoxo analogues of formamide.
In good agreement with this theoretical study, the results presented here for sulfur- and
selenium-substituted peptide bonds provide experimental proof that several
physicochemical properties of [CX-NR] (X = O, S, Se) the peptide bond are in fact
dominated by the polarizability rather than the electronegativity of these chalcogen atoms.
Aside from the observed deshielding effects, the electron movements furthermore resulted
in (1) lower electronic excitation energies, (ii) lower NH stretching frequencies, (iii) higher
C—-N rotation barriers, (iv) larger dipole moments, and (v) higher acidity of the amide
proton as reflected by the decreasing pK, values as well as increasing NH line-broadening

effects in the NMR spectra.

In regular amide bonds, the strong electronegativity of oxygen is generally considered as
the main driving force for electron delocalization from nitrogen to oxygen. Interestingly,
since the *C chemical shift typically reflects the electron density at the carbon atom (152),
the NMR-derived resonance assignments of carbon nuclei within a three-bond distance of
the chalcogen atom demonstrate that an increasing amount of electron density is withdrawn
in the order O < S < Se (Figures 4.39b,c. pp55). At first glance, it certainly seems puzzling
that the less electronegative sulfur and selenium atoms withdraw more electron density than
oxygen. Nevertheless, previous ’N-NMR studies also have reported that, despite its high
electronegativity (y= 3.04), the chemical shift of the nitrogen in thioamides experiences a
pronounced downfield shift relative to the corresponding amides (211, 212), which suggests
that the electron density in fact is drawn from nitrogen to sulfur. These observations can be
explained by Wiberg’s theoretical calculations (5, 213), which indicate that there are two
components, ¢ and 7 electrons, involved in the movement of electron density. The nitrogen
attracts nearby o electrons, while its own 1 electrons are disengaged and move toward the
chalcogen. The lower electronic excitation energies of the thioxo and selenoxo peptides are

in accordance with such an increased n-electron contribution to the resonance structure.

Moreover, the more w electrons are delocalized from the nitrogen in such a manner with
increasing atomic polarizability in the order O < S < Se, the more & electrons need to be

attracted from the adjacent nuclei to compensate the m-electron deficiency, thus leading to a
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reduction of the electron density at the neighboring atoms. The delocalization of the -
electron component shrinks the 2p orbitals and causes a significant increase of the
paramagnetic term (211), resulting in a drastic '°N downfield shift in thioamides. The
withdrawal of the o component is reflected by the corresponding downfield shifts we
observed in the adjacent °C,, "Hy and *Cs (Pro*) resonances (Figures 4.41, pp56; Figure
4.43, pp57). As a consequence, our present NMR data as well as previous '"N-NMR data
on thioamides (211, 212) and twisted amides (214, 215) thus support the significance of

resonance form II (Scheme 1.1,).

Politzer et al. (216) suggested that the intrinsic electronegativity determines the electron
distribution when only a limited amount of polarizable electronic charge is present in the
system, whereas the charge capacities, which are directly related to the polarizability, may
become the dominant factor when considerable polarizable charge is available. Consistent
with this hypothesis, our data suggest that the oxygen in the peptide bond apparently is
quickly saturated and achieve an equilibrium despite its initially strong attraction for charge,
whereas sulfur and selenium, with lower electronegativity values but considerably higher
polarizabilities (Table 1.1, ppll), are much more effective in accommodating a larger

amount of electronic charge.

5.5.3 n—n* interaction in selenoxo peptides

Recently, Raines et al. (217-222) reported a new weak non-covalent interaction, n-m*
interaction, which is expected (i) to occur in polypeptide chains between one lone pair (n)
of a backbone chalcogen and the antibonding orbital (t*) of the carbonyl carbon in the
subsequent peptide bond and (ii) to contribute to the stability of helical structure elements
such as a-, 310- and PPII-helix. It has been furthermore reported that replacement of oxygen
by sulfur strengthens the n-n* interaction because sulfur is a better electron-pair donor
(217). As a consequence, the n-n* interaction should be further enhanced in selenoxo
peptides. Since this through-space interaction is possible only in the trans conformation, we
now compared the nuclear shielding in trans and cis conformers of the selenoxo peptide
Bz-VGAy[CSe-N]P-OMe (Figure 4.41, pp56). However, the shielding of "’Se and
deshielding of '*C=0 in the trans conformation relative to the cis, are unlikely to reflect the

electron delocalization of n-nt* interaction. Linear-like relationships between the chalcogen
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atomic polarizability and the chemical shift value of the C-terminal carbonyl carbon are
found independent of the stereochemical arrangement (Figure 4.43, pp57), which suggests
that these shielding trends are dominated by the substantial through-bond effect, possibly
masking an additional contribution due to the n-n* interaction. However, the slight but
apparent deviation from the linearity of nuclear shielding in the trans conformers, might
hint at additional geometry-related factors that could derive from through-space effects such

as the n-t* interaction (Figure 5.8b).
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Figure 5.8 (a) Biirgi—Dunitz trajectory. (b) Possible n-n* interaction in selenoxo peptides.

In oxo peptides, a meaningful n—x* interaction is expected at an O---C distance < 3.2 A and
an O--C=0 angle of 109° + 10° (222), i.e. similar to the Biirgi—Dunitz trajectory (Figure
5.8a) (223) that is crucial for nucleophilic attack on a carbonyl group. A survey of a
recently published crystal structure of the selenoxo compound CsHsy[CSe—NH]Val-OMe
(224) found out that the Se---C=0 distance is 3.4 A, i.e. shorter than the theoretical van der
Waals distance 3.6 A, and the Se--C=0 angle is 110.9° (Figure 5.9), i.e. similar to the
perfect Biirgi—Dunitz trajectory. These values, therefore, strongly suggest a n-n* interaction
between Se and C=0. Although the nuclear shielding in the NMR spectra provided no
direct evidence for a n-m* interaction in the selenoxo peptides, the currently available

crystal structure does support an interaction between the C=Se and the following C=0.

Figure 5.9 n-n* interaction in the crystal of
C¢Hsy[CSeNH]Val-OMe. The structure was
drawn based on the atomic coordinates report-
ed in Ref. (224).
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The enhanced alkaline hydrolysis of the C-terminal ester in selenoxo peptides compared to
their oxo and thioxo congeners (Table 4.3) probably is due to the stronger n-n* interaction
as well as the stronger nucleophilicity of the selenium anion, which functions as an

intramolecular catalyst (Figure 5.10).

O o
Ser ” N ~
’ N L
~
Xaa N "

Figure 5.10 n-7* interaction and ester hydrolysis
On the other hand, in the case of C-terminal carboxylic acid at pH 6.5, the negatively
charged COO™ strongly repulses with the Se via n)(n Pauli repulsion (Figure 5.11), thus
forcing the COO™ to re-orientate to other direction and leading to an upfield shift of the "’Se
resonance. However, lowering the pH to 3, where part of the COO is protonated, the "’Se
resonance shifted back downfield again (Table 4.4), probably due to a recovery of the n-n*

interaction between the Se and the carboxyl group.

Figure 5.11 Repulsion between the Se atom and the negatively charged carboxyl.
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5.5.4 NH---w interaction in selenoxo and thioxo peptides

Recently, more and more attention has been given to the local interactions in intrinsically
unstructured proteins and folding intermediates (225-228). The NH---w interaction has been
found to play a role in stabilizing both the local and 3D protein structure (177, 229, 230).
Due to the partial positive charge of amide proton, the NH:--w interaction is weaker than the
cation---1 interaction (231-233) but stronger than the CH---w interaction (229, 234-237). In
spite that the NH---m interaction has been shown to exist between the aromatic ring and the
amide proton of the same residue in the trans conformation of -Pro-Xaa- peptides (Xaa is
an aromatic residue) (229), most of the NH---n interactions have been discussed in the
context of protein tertiary structures (238), and a general occurrence of the NH--m

interaction in oligopeptides is lacking.

The UV/Vis absorption spectrum (m—7m*: 296 nm; n-n*: 372 nm) of Bz-
VGAy[CSe-NH]F-OMe is slightly red-shifted compared to Bz-VGAy[CSe-NH]A-OMe
(m—m*: 294 nm; n—n*: 364 nm). This difference may be resulted from the interaction
between NH and the phenyl ring (Figure 5.12a). Due to the considerably enhanced acidity
of the selenoxo amide proton, the NH---w interaction should be stronger than in case of the
regular amide. Such a steric arrangement is also supported by the shielding of the NH
resonance in the presence of Phe’ (Table 5.1), which shows a 0.1 — 0.15 upfield shift
compared to the Ala* congeners, where the NH---w interaction is missing. Interestingly, the

Adnw4) values are also linear with the chalcogen atomic polarizability (Figure 5.12b).
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Figure 5.12 (a) NH--m interaction between the peptide backbone and aromatic side chains. (b) The Adnp)

values plot against chalcogen atomic polarizability.
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Table 5.1 Chemical shift values of the amide proton in the C-terminal residue of Bz-

VGAy[CX-NH]A-OMe and Bz-VGAy[CX-NH]F-OMe peptide series *

X 8NH Ala (4) SNH Phe (4) ASNH(4)

(ppm) (ppm) (ppm)
O 855 8.45 -0.10

10.20 10.06 -0.14
Se 10.89 10.74 -0.15

* Data were collected in 50 mM sodium acetate buffer (pH 6.0) at 10 °C.

As the UV absorption of the peptide bond is usually around 220 nm, the weak effect due to
a NH---m interaction is most likely masked by the solvent absorbance. The selenoxo peptide
bond, which is characterized by a strong red-shift in the UV spectrum, might provide an
easy yet sensitive probe to evaluate the role of NH---m interactions in stabilizing local

peptide structure.
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6. Summary and outlook

— Protected dipeptides were successfully selenated in an epimerization-free manner by
using Woollins’ reagent. The desired selenoxo peptides could then be synthesized by
elongation at the N- and C-terminal ends. An unexpected stability of the selenoxo
peptides allowed us to investigate their photochemical and physicochemical properties

in aqueous solution.

— The selenoxo peptide bonds can be photoswitched from frans to cis conformation by
UV irradiation at ~290 nm, which is ~30 nm longer than the efficient photoswitching
wavelength (~260 nm) of thioxo peptide bonds. The cis—trans thermal decay was quite
slow, with the lifetime ranging from 17 min to 21 h depending on the residues adjacent
to the selenoxo group. The corresponding cis—trans rotational barrier for the selenoxo
peptide bonds ranged from 20.5 to 22.9 kcal/mol, which is about 1 kcal/mol higher than
for the thioxo analogues. The reduced photo-excitation energy and enhanced thermal
stability of the cis conformation makes the selenoxo peptide bond applicable to study a

wider range of conformation-specific processes than their thioxo congeners.

— For the thioxo and selenoxo dual-labeled peptide, the selective photoswitching of either
the thioxo or the selenoxo chromophore could be achieved by carefully adjusting the
irradiation wavelength. The switching orthogonality enabled us to selectively
photocontrol the peptide backbone conformation and to study the intramolecular
influence of one peptide bond conformation on the conformational dynamics of another
one. For the peptide Ac-VAy[CS-NH]FGGAy[CSe—-NH]F-OMe, the cis state of
[CSe—NH] retarded the cis—trans decay of [CS—NH] from a k., value of 4.6 x 107 s

(in case of [CSe—NH] in the trans state) to 4.0 x 107 ™.

— The [CSe—NH-] bond can undergo a rapid cis—trans decay via a selenoimidate nitrogen
inversion pathway under alkaline conditions. The inversion rate is about 30 times faster

than the C—N rotation rate.

— The inversion process in the selenoimidate anion was autocatalyzed, i.e. the Z
conformer was able to catalyze the E—Z inversion. This remarkably faster cis/trans
isomerization at alkaline conditions, which occurs via a nitrogen inversion pathway,

provides a nonenzymatic way to enhance the backbone flexibility.
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The cis—trans isomerization of the selenoxo imidic prolyl bond in Bz-Val-Gly-Ala-
y[CSe—N]Pro-OMe could not be catalyzed by the peptidyl prolyl cis/trans isomerase
hCyp18.

Chalcogen substitutions are able to exert some structural and electronic effects on the
peptide chain, for example, an increased cis/trans rotational barrier and a remarkably
enhanced amide proton acidity in the selenoxo group. Chalcogen electronegativity,
which was generally thought to be the source of these changes, cannot explain these
chalcogen substitution effects. Instead, atomic polarizability of chalcogen atoms
provides a reasonable interpretation. i.e. many structural and physicochemical
properties in [CX-NR-] (X = O, S, Se; R = H, alkyl) such as UV/Vis absorption
wavelength, C—N rotational barrier, pK, and stretching frequency of NH, chemical shift
of '"H and "C in NMR, dipole moment, and nitrogen inversion barrier in the imidate
anions are linearly correlated with the chalcogen atomic polarizability. These linear
correlations emphasize that not only the chalcogen electronegativity but also the
polarizability, the capacity of an atom to adopt additional electron density, plays an
important role in the structure of chalcogen-substituted peptide bonds. The linearity also
provides a predictable way of estimating the impact of a certain selenoxo substitution on

the peptide backbone structure and dynamics.

Two non-covalent intramolecular interactions, NH---® and n—n*, have been discussed
for the selenoxo peptides. The selenoxo peptide, due to the stronger electron-donating
ability of Se, may adopt a conformation featuring a significant n—n*. The enhanced
acidity of selenoxo amide proton strengthens its interaction with the aromatic side chain
flanked to the selenoxo group, resulting in a slight redshift of the UV/Vis spectra and an
upfield shift of the HN resonance in the '"H-NMR spectra compared with the selenoxo
peptide bond flanked with nonaromatic side chain. Interestingly, the NH---n interaction
in the Bz-Val-Gly-Ala-y[CX-NH]Phe-OMe peptide series also showed a linear
relationship with the chalcogen atomic polarizability. Therefore, the selenoxo
substitution may provide a valuable way to evaluate these non-bonding local

interactions in peptides.

The work depicted in this PhD thesis represents only the beginning of selenoxo peptide
chemistry. Future work might be focused on the following aspects: (i) improving the

synthesis to yield more complicated selenoxo peptides; (ii) applying the selenoxo
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substitution to model peptides of significant biological importance to study the
conformation-specific and electronic effects; (iii) expanding the selenoxo substitution to

protein systems via chemical ligation strategy.
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Appendix

Appendix

Chemical shift values in some representative oxo, thioxo and selenoxo peptides.

Notes:

1. Chemical shifts values are in ppm; 2. Values from the phenyl ring are listed in “other H” or “other C” in the
order H(2)/H(3)/H(4) for 8-'H and C(1)/C(2)/C(3)/C(4) for 8-"*C. 3. All spectra are collected in 33 mM
phosphate buffer (pH 6.5) at 20 °C except for those with other statements.

Table Appl. Bz-Val-Gly-Ala-Ala-OMe.

residue HN CO H, Co Hp Cp other H other C
Bz 174.4 7.78/7.52/7.63 135.7/130.1/131.4/135.1
Val' 8.64 1774 428 63.6 220 32.5 1.06/1.03 20.9/21.1

Gly> 8.84 173.8 3.96 452
Ala® 824 1775 431 523 139 192
Ala* 855 177.7 439 515 141 186

Me 3.71 55.5

Table App2. Bz-Val-Gly-Ala-y[CS-NH]Ala-OMe.

residue HN CO H, C, Hg (g other H other C
Bz 174.3 7.78/7.52/7.62  135.7/130.1/131.4/135.0
Val' 8.63 1774 4.28 63.5 220 32.5 1.06/1.02 20.8/21.1

Gly* 8.84 173.5 3.96 453

Ala’® 8.33 2089 4.68 58.0 1.44 228
(C=S)

Ala* 1020 176.6 4.84 573 1.52 18.1

Me 3.71 55.6
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Table App3. Bz-Val-Gly-Ala-y[CSe-NH]Ala-OMe.

residue HN CcO H, C. Hg Cp other H other C Se
Bz 174.3 7.79/7.53/7.63 135.8/130.1/131.4/135.2
Val' 8.64 1773 430 63.6 221 32.6 1.06/1.03 20.9/21.2

Gly 885 1734 398 454

Ala’ 840 2153 470 60.8 143 229 387.5
(C=Se)

Ala* 10.89° 175.8 495 60.1 1.58 18.1

Me 3.73 557

* Value determined in 50 mM sodium acetate buffer at pH 6.0.

Table App4. Bz-Val-Gly-Ala-Phe-OMe.

residue HN CO H, C, Hg Cp other H other C
Bz 174.3 7.78/7.52/7.62 135.7/130.1/131.3/135.2
Val' 8.62 1774 428 635 221 325 1.06/1.03 20.8/21.0

Gly 878 173.7 3.93 45.1
Ala’ 8.18 177.3 4.25 523 1.26 19.2
Phe’ 8.45 1759 470 56.8 3.21/3.04 39.1 7.24/7.33/7.28 138.9/131.9/131.4/129.8

Me 3.70 555

Table AppS. Bz-Val-Gly-Ala-y[CS—-NH]Phe-OMe.

residue HN cCO H, C, Hg Cp other H other C
Bz 174.4 7.78/7.52/7.62  135.8/130.1/131.4/135.1
Val' 8.61 1773 430 63.5 2.20 32.6 1.06/1.03 20.8/21.1

Gly’ 8.79 1733 3.93 453

Ala® 828 209.1 4.63 583 135 226
(C=S)

Phe’ 10.06 175.1 5.30 62.2 3.33/3.23 38.4 7.25/7.33/7.29  138.7/131.9/131.4/129.9

Me 3.69 55.6
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Table App6. Bz-Val-Gly-Ala-y[CSe—-NH]Phe-OMe.

residue  HN CcO H, C, Hg Cp other H other C Se
Bz 174.3 7.79/7.52/7.63 135.7/130.1/131.3/135.2
Val' 8.62 1774 431 63.5 2.21 32.7 1.06/1.03 20.9/21.2

Gly? 8.80 1732 3.94 453

Ala’ 833 2155 4.66 609 1.35 22.7 391.1
(C=Se)

Phe* 10.74* 1742 545 652 3.40/3.28 384 7.27/1.34/7.28  138.3/131.9/131.5/129.9

Me 3.71 55.7

* Value determined in 50 mM sodium acetate buffer at pH 6.0.

Table App7. Bz-Val-Gly-Ala-Pro-OMe with Pro* in #rans conformation.

residue  HN CO H, C, Hg Cp other H other C

Bz 174.4 7.79/7.53/7.63  135.7/130.0/131.3/135.1
Val' 8.64 1773 427 63.6 220 325 1.06/1.03 20.9/21.1

Gly’ 8.82 173.5 3.97 45.0

Ala’ 8.23 1757 4.61 50.5 137 18.0

transPro* -~ 177.4 4.47 622 2.30/2.01 31.3 2.03/3.80/3.68 27.3/50.2

Me 3.74 55.7

Table App7’. Bz-Val-Gly-Ala-Pro-OMe with Pro* in cis conformation.

residue HN CO H, C, Hg Cp other H other C
Bz 174.4 7.79/7.53/7.63 135.7/130.0/131.3/135.1
Val' 8.64 1773 427 63.6 220 325 1.06/1.03 20.9/21.1

Gly>  8.82 173.5 3.97 45.0
Ala® 813 175.6 452 50.1 129 192
cisPro* - 177.5 476 62.3 2.33/224 33.4 1.98/1.88/3.61/3.47 24.3/49.8

Me 3.74 55.7
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Table App8. Bz-Val-Gly-Ala-y[CS—N]Pro-OMe with Pro* in #rans conformation.

residuee.  HN CO H, C, Hg Cp other H other C
Bz 174.3 7.79/7.52/1.63 135.7/130.2/131.4/135.1
Val' 8.63 177.2 431 635 220 32.6 1.06/1.03 20.9/21.2
Gly’ 8.84 173.0 3.96 45.4
Ala’ 837 2052 490 551 139 214
(C=S)
transPro’ - 1760 491 69.1 2.37/2.14 31.0 2.16/4.02/3.91 27.3/54.3
Me 3.72 55.7

Table App8’. Bz-Val-Gly-Ala-y[CS—N]Pro-OMe with Pro* in cis conformation.

residue. HN CO H, C, Hg Cp other H other C
Bz 174.3 7.79/7.52/7.63 135.7/130.2/131.4/135.1
Val' 8.63 1772 431 63.5 220 326 1.06/1.03 20.9/21.2
Gly’ 884 173.0 3.96 45.4
Ala’ 8.12 2045 477 546 133  23.0
(C=S)
cisPro' - 175.1 5.07 65.7 2.43/2.38 33.5 2.07/1.96/3.98/3.72 24.3/57.6
Me 3.75 563

Table App9. Bz-Val-Gly-Ala-y[CSe-N]Pro-OMe with Pro® in trans conformation.

residue HN CO H, C, Hg Cp other H other C Se

Bz 174.3 7.79/7.53/1.63 135.8/130.1/131.3/135.0

Val' 8.63 1772 432 634 220 325 1.06/1.03 20.9/21.1

Gly’ 8.85 173.0 3.97 454

Ala’ 844 2109 484 575 136 214 455.0
(C=Se)

TransPro* - 175.1 4.97 72.4 2.40/2.18 30.8 2.24/2.19/3.89/3.84 27.2/55.5

Me 3.73 55.7
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Table App9’. Bz-Val-Gly-Ala-y[CSe—N]Pro-OMe with Pro* in cis conformation.

residue HN CcO H, Cq Hg Cp other H other C Se
Bz 174.3 7.79/7.53/7.63 135.8/130.1/131.3/135.0
Val' 8.64 177.1 4.35 63.3 222 326 1.06/1.03 20.9/21.1

Gly’ 8.89 172.0 4.00/3.89 45.4

Ala’ 8.15 209.6 4.71 569 131 233 469.0
(C=Se)

cisPro* - 173.9 5.03 66.6 2.44 334 2.10/2.01/3.99/3.71 24.1/61.3

Me 3.76 56.2

Table App10. Ac-Gly-Ala-y[CSe-NH]Ala-OMe.

residue HN CO H, Co Hg Cp Se

Ac 174.3

Gly' 8.39 173.7 3.93 45.3

Ala? 8.53 2153 4.72 60.7 1.44 22.8 380.8
(C=Se)

Ala’® 10.94  175.7 4.99 60.4 1.59 18.1

Me 3.76 55.7

Table App11. Bz-Val-Gly-Ala-Phe-y[CSe—NH]Ala-OMe “.

residue HN CO H, C. Hg G other H other C
Bz 174.2 7.77/7.50/7.61 130.0/131.3/135.1/135.6
Val' 8.62 177.2 432 634 220 32.7 [].05/1.02 20.8/21.1
Gly’ 877  173.1 3.95/3.87 45.2
Ala’® 8.37 2153 469 619 135 227
(C=Se)
Phe* 174.0 5.09  66.6 3.27 39.2 7.24/7.35/7.30 131.7/131.5/130.0/138.0
Ala’ 8.56 180.3 410 522 1.13 19.0

NH, 7.41/7.16

* Spectra were collected in 20 mM Gly-NaOH buffer (pH 7.0) at 20 °C.
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Table App11°. Bz-Val-Gly-Ala-Phe-y[CSe-NH]Ala-OMe “.

residue  HN CO Hq Ca Hg (g other H other C

Bz 7.74/7.47/7.58  130.0/131.4/135.1
Val' 428 634 216 328 1.01/0.98 20.8/21.1
Gly? 3.92/3.84 453

Ala® 459 619 127 226

Phe* 505  67.6 321 395 7.20/731/726 131.7/131.4/129.8
Ala’ 409 522 112 19.1

NH,

* Spectra were collected in 20 mM Gly-NaOH buffer (pH 9.0) at 20 °C.

Table App12. Ac-Val-Ala-y[CS—-NH]Phe-Gly-Gly-Ala-y[CSe—~NH]Phe-OMe *.

residue  HN CO Hq Co Hg Cp other H other C

Ac 202 248

val'! 822 421 621 213 327 0.92 21.7/20.3
Ala®  8.48 474 588 132 231

Phe’  9.80 535 623 3.41/325 39.2 7.30/7.27/7.21 131.9/130.8/129.1
Gly'* 830 3.95.3.90 45.4

Gly 8.1 3.93/3.79 45.1

Ala®  8.17 486 602 136 237

Phe’  10.94 538 652 331 387 7.31/7.31/7.25 131.9/130.8/129.1
OMe 3.68 546

* Spectra were collected in DMF solution.
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