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The morphology of apoptotic cells is characterized by
“membrane blebbing ” with membrane-enclosed apoptotic
bodies being released. These are engulfed by pha-
gocytes, preventing an inflammatory reaction.
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Molecular Mechanisms of
Death-Receptor-Mediated Apoptosis

Ute Sartorius, Ingo Schmitz, and Peter H. Krammer*&

Apoptosis, also called “programmed cell death”, can be induced by
a variety of stimuli including activation of death receptors by the
corresponding death ligands. Death receptors are a subgroup of
the tumor necrosis factor (TNF)/nerve growth factor (NGF) receptor
superfamily and are characterized by a death domain, which is
required for signal transduction. Upon apoptosis induction,
caspases, a family of aspartyl-specific cysteine proteases, are
activated, which are the main executioners of apoptosis. Finally,
specific death substrates are cleaved, resulting in the morphologic
features of apoptosis. Depending on the cell type, activation of
mitochondria is of central significance for apoptosis induction. This
signaling pathway can be modulated by different pro- and anti-

1. Introduction

Programmed cell death was discovered by C. Vogt in the middle
of the nineteenth century™ by observation of the morphology of
dying cells during the metamorphosis of amphibians. Within
more than one hundred years after the initial description,
programmed cell death was rediscovered by several investiga-
tors. In the landmark paper by Kerr, Wyllie, and Currie®® the name
“apoptosis” for non-necrotic cell death was coined. Since then,
apoptosis has become a major research area in biology and
medicine.

Apoptosis is crucial for tissue homeostasis in multicellular
organisms. It plays an important role in many physiological
processes, especially in the immune system, in the nervous
system, and in development.® % For example, apoptosis of cells
in the interdigital spaces is involved in the development of
fingers and toes out of the limb buds. Furthermore, many
diseases are associated with either too much or too little
apoptosis, such as AIDS, cancer, and autoimmunity.®! Generally,
two distinct ways of cell death are discriminated: necrosis and
apoptosis. Necrotic cell death occurring upon tissue injury is a
passive process. The damaged cell is enlarged, finally the plasma
membrane disrupts, and cytosolic components are released into
the extracellular space, causing an inflammatory reaction. In
contrast, apoptosis is an active reaction. On the molecular level,
the cell death program consists of three parts: initiation,
execution, and termination of apoptosis. Apoptosis can be
initiated by many different stimuli including growth factor
withdrawal (“death by neglect”), UV- or y-irradiation, chemo-
therapeutic agents, or by a family of transmembrane proteins
called death receptors. In most cases, the execution phase is
characterized by shrinkage of the cells, membrane inversion and
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apoptotic proteins such as Bax and Bcl-2, which are localized at the
mitochondria. Furthermore, apoptosis initiation can be prevented
at the death receptor level by FLICE (caspase-8)-inhibitory proteins
(FLIPs). Deregulation of apoptosis is associated with diseases like
cancer, autoimmunity, and AIDS. Therefore, the elucidation of cell
death pathways and the identification of modulators of apoptosis
have many therapeutic implications.

KEYWORDS:

apoptosis - biological signal transduction - CD95 - receptors
- tumor therapy

exposure of phosphatidylserine, blebbing (zeiosis), fragmenta-
tion of the nucleus, chromatin condensation, and DNA degra-
dation. In the termination phase, membrane-enclosed vesicles,
the small remainders of the cell (“apoptotic bodies”), are
engulfed by phagocytes,®™? which prevents an inflammatory
reaction. This review focuses on the signaling by death
receptors, particularly the CD95 pathway, since its molecular
mechanisms have been almost completely elucidated.

2. Death receptors and death ligands

The growing subfamily of death receptors is part of the TNF-/
NGF-receptor superfamily. This superfamily is characterized by
two to five cysteine-rich extracellular domains. The death
receptors are characterized by an intracellular death domain
(DD), which is crucial for transduction of the apoptotic signal. Six
members of this subfamily are known so far, namely TNF-R1
(CD120a), CD95 (APO-1 or Fas), DR3 (APO-3, LARD, TRAMP,
WSL1), TRAIL-R1 (APO-2, DR4), TRAIL-R2 (DR5, KILLER, TRICK2),
and DR6.”! Among these, CD95 is the best characterized death
receptor.’! CD95 is a widely expressed glycosylated cell surface
protein of approximately 45 to 52 kDa (335 amino acids).?! It is a
type | transmembrane receptor and can also occur in a soluble
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Tumor Immunology Program
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German Cancer Research Center
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form.5l The soluble form is generated by differential splicing
with the transmembrane part being spliced out and may
contribute to regulation of apoptosis.”

Death receptors are activated by their natural ligands which
have co-evolved as a death ligand family, called the TNF family,
corresponding to the death receptors (Figure 1). Except for LTa,
the death ligands are type Il transmembrane proteins, of which
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the respective soluble forms can be generated by the activity of
metalloproteases. Several studies have reported that the soluble
form of CD95L is capable of inducing apoptosis,®! whereas
others describe the membrane-bound form of CD95L as the only
active form.'% ™ A recent in vivo study has demonstrated that
only membrane-bound CD95L induces apoptosis and elicits an
inflammatory reaction whereas soluble CD95L even has sup-
pressive effects.l'?

Closely related to the death receptors are the so-called decoy
receptors. These comprise TRAIL-R3 (DcR-1, LIT, TRID),'>-"* TRAIL-
R4 (DcR-2, TRUNDD),""s 71 OPG,"® and DcR-3 (TR6).'"! The latter
binds to CD95L and another ligand called LIGHT,!"* 2% the others
to TRAIL.?" However, no correlation between the expression of
TRAIL-R3 or TRAIL-R4 and resistance to TRAIL-induced apoptosis
could be demonstrated so far.?24 Therefore, it remains to be
elucidated whether these receptors actually function as decoys.

3. Initiation of CD95-mediated apoptosis
3.1. Trimerization of CD95 by CD95 ligand

Triggering of CD95 by either agonistic antibodies or CD95L leads
to oligomerization of CD95 receptors. Oligomerization of the
death receptors by oligomerized ligands is essential for the
transduction of the apoptotic signal since CD95 monomers and
dimers do not induce apoptosis.?” The most probable structure
to transmit an apoptotic signal is a CD95 trimer since this
structure corresponds to the predicted trimeric structure (based
on results from X-ray crystallography) of members of the TNF-R
superfamily, for example LTo complexed with TNF-R129 and
TRAIL2 complexed with TRAIL-R2.128 29

3.2. The death domain

The intracellular part of CD95 does not contain any consensus
sequences which would predict an enzymatic activity. A deletion
of 15 amino acids of the C-terminus of CD95 has been shown to
increase CD95-mediated apoptosis.*? Further deletions inhibit
the CD95 signal completely. By comparing the sequence of the
intracellular part of CD95 with that of TNF-RI, a homologous
region of 68amino acids has been defined. Moreover, by
deletion and point mutagenesis Tartaglia etal.’" defined a
region of TNF-RI essential for the cytotoxicity of the receptor.
This stretch is 80 amino acids long and was later called “death
domain” (DD). The DD also contains the valine residue (Val 238)
mutated in Ipr¢ mice (see Section 6.2), which abolishes signaling
of apoptosis. The three-dimensional structure of the CD95 DD
has been determined by NMR spectroscopy. It consists of six
antiparallel, amphipathic o-helices arranged in a novel fold
which is likely to be important for binding intracellular signaling
molecules.?? Further DD-containing proteins were found to be
binding to the CD95 receptor, namely FADD (Mort1)B> 34 and
RIP.3% |In addition to its DD, FADD also contains a so-called death
effector domain (DED), with both domains being important for
homophilic interactions, for example with caspase-8 (see
Section 3.3).
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Figure 1. Death receptors and death ligands. Ligands are shown at the top, receptors at the bottom. Death receptors
and death ligands are designated in black and grouped in a box. Homologues, including decoy receptors, are shown in
gray. The plasma membranes are illustrated as horizontal lines, death ligands as rectangles. Cysteine-rich domains in the
extracellular part of death receptors are depicted as diamonds. The black rectangles in the intracellular part are the
death domains of the death receptors, which are essential for delivering the apoptotic signal.

3.3. The death-inducing signaling complex (DISC)

As CD95 does not contain an enzymatic activity, the death signal
must be transmitted by signaling proteins which associate with
the receptor upon stimulation. Such a complex of proteins was
identified that associated only with stimulated CD95 (Fig-
ure 2).B9 Treatment of CD95-positive cells with the agonistic
monoclonal antibody anti-APO-1 and subsequent immunopre-
cipitation of CD95 (APO-1 or Fas) resulted in the identification of
four cytotoxicity-dependent APO-1-associated proteins (CAP1 -
4) that associated within seconds after CD95 triggering. These
proteins were resolved on two-dimensional (2D) isoelectric
focussing/SDS-polyacrylamide gels. CAP1 -4 formed a complex
with CD95 termed the death-inducing signaling complex (DISC).
CAP1 and 2 were identified as two different serine-phosphory-
lated species of FADD binding to CD95 in a stimulation-
dependent fashion in vivo. The phosphorylation of FADD,
however, is independent of stimulation. This phosphorylation
exclusively occurs at Ser 194 and was found to correlate with the
cell cycle.?

When FADD dominant negative (DN; the C-terminal DD-
containing part, without DED) was stably transfected into cells,
the formation of the DISC was altered. FADD-DN was recruited to
CD95 instead of the endogenous FADD, and analysis on 2D gels
revealed that CAP3 and CAP4 were not part of the DISC

CHEMBIOCHEM 2001, 2, 20-29

CD95 triggering connected two
levels in the apoptosis pathway,
the CD95 receptor level with the
intracellular level of the apoptosis
executioners, the caspases (see
Section 4.1).

The finding that caspase-8 is
part of the CD95 DISC in vivo
suggested its activation at the
DISC level. It was shown recently that the entire cytoplasmic
caspase-8 pool is converted into active caspase-8 subunits at the
DISC.#! After stimulation, FADD and pro-caspase-8 are recruited
to CD95 within seconds after receptor engagement. According
to the “induced proximity model”, oligomerization of the
recruited pro-caspase-8 is sufficient for its autoproteolytic
activation, upon which the active subunits of caspase-8 are
released into the cytoplasm.“>*4 This leads to a cascade of
caspase activation events induced by caspase-8. The order of
caspases in this cascade has been partially elucidated.” * In a
similar fashion as in CD95 signaling, caspase-8 is involved in the
signal transduction of the other death receptors as revealed by
the study of caspase-8 knock-out mice®” and analysis of the
TRAIL-R2 DISC.1“8-501

4. Execution of apoptosis
4.1. Caspases

A number of recent studies with knock-out mice have demon-
strated that caspases play an important role in apoptosis and
development." 52 Caspases are a growing family of aspartyl-
specific cysteine proteases.*” They are not only essential for
death-receptor-proximal events but also for execution of
apoptosis, since inhibition of caspases by a broad-spectrum
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of the mechanisms regulating apoptosis. Most of the
known splice variants have been described at the
MRNA level. The number of isoforms expressed as
proteins, however, seems to be more limited.[54
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4.2. Death substrates

The activity of caspases characterizes the execution
phase of apoptosis. Therefore, the search for sub-
strates cleaved by caspases during apoptosis should
provide insight into the more downstream events
involved in apoptosis signaling. Several of these so-
called “death substrates” have been identified so far.
Among these are molecules involved in DNA repair,
ribonucleoproteins, signaling molecules, structural
proteins of the cell, and oncoproteins (for review see
[55]). An example for signaling molecules is the DNA
fragmentation factor (DFF)®! also called caspase-
activated DNase (CAD).’%® %7 Signaling molecules can
either be activated or inactivated by cleavage depend-
ing on their mode of action. Cleavage of structural
proteins may account for some of the massive
morphological changes, such as membrane blebbing,
nuclear fragmentation, and the formation of apoptotic
bodies during apoptosis. Therefore, different features
of apoptosis might be analyzed at the level of caspase
targets. However, caspase activation does not neces-
sarily lead to apoptosis but can occur even without
inducing cell death.[68 5

The number of identified caspase substrates will be
increasing in the future. Further studies are necessary

Figure 2. CD95 signaling pathways. Ligation of CD95 results in DISC assembly and release of
the active caspase-8 subunits. c-FLIP blocks activation of caspase-8 directly at the DISC. In

type | cells, CD95 triggering causes strong caspase-8 activation at the DISC, directly leading to
the activation of other caspases like caspase-3 and subsequently to apoptosis. In type Il cells,

to unravel the caspase cascades induced by the
different death receptors and to identify specific
targets for caspases that establish the link between
caspase activation and more downstream events in
apoptosis.

only a small amount of DISC is formed resulting in mitochondrial activation and the release of

apoptogenic factors such as cytochrome c and AIF. In the cytosol, the active
apoptosome is formed, initiating a caspase cascade downstream of mitochon-
dria. Pink box = death domain; light blue box = death effector domain.

caspase inhibitor does not prevent death but results in necrosis
rather than apoptosis.>> 54 So far, fourteen mammalian caspases
have been identified, which can be subdivided into three
families based on their sequence homology and substrate
specificity®™ (Table 1).

Caspases are synthesized as proenzymes (zymogens) that are
activated by proteolytic cleavage. The active enzyme is a
heterotetrameric complex of two large subunits containing the
active site and two small subunits, as deduced from the crystal
structures of caspase-1, caspase-3, and caspase-8.55-%% Activa-
tion of caspases has been reported for various apoptotic
stimuli.®! A variety of splice variants of several caspases have
been reported." They function either as promoters or inhibitors
of caspase activation. 63 Thus, differential splicing may be one
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Table 1. The caspase family. All known mammalian caspases are listed by
numbers. Synonyms, references, and specificity group are indicated.

Name Alternative Name Reference Groupt!
Caspase-1 ICE [134, 135] |
Caspase-2 ICH-1, Nedd-2 [136, 137] 1l
Caspase-3 CPP-32, Yama, Apopain [138-140] I
Caspase-4 ICH-2, TX, ICE-rel-ll [141-143] |
Caspase-5 ICE-rel-lll, TY [143, 144] |
Caspase-6 Mch2 [145] 1]
Caspase-7 Mch3, ICE-LAP3, CMH-1 [146 - 148] 1]
Caspase-8 FLICE, MACH, Mch5 [39, 149, 150] 1]
Caspase-9 Mché, ICE-LAP6 [151, 152] 1]
Caspase-10 Mch4, FLICE2 [150, 153] 1]
mCaspase-11 mICH-3, mCASP-11 [154, 155] n.d.
mCaspase-12 mCASP-12 [155] n.d.
Caspase-13 ERICE [156] |
Caspase-14 [100, 157, 158] n.d.

[a] n.d.=not determined.

CHEMBIOCHEM 2001, 2, 20-29





Death-Receptor-Mediated Apoptosis

5. Regulation of apoptosis

Apoptosis can be modulated directly at the death receptor level.
For instance, the glycosylation status of CD95 has been shown to
modify CD95-mediated apoptosis.”” 7" Inside the cells apoptosis
can be regulated at different levels. For example, inhibitor of
apoptosis proteins (IAPs) inhibit caspases directly.”? Here, we
will focus on the modulation of apoptosis initiation at the DISC
level and on the regulation of the mitochondrial pathway.

5.1. Modulation of apoptosis initiation by c-FLIP

Recently, a family of proteins containing death effector domains
(DED) was found by searching the data bases. Some of these
proteins are components of the class of y-herpes viruses such as
herpes virus Saimiri (HVS), human herpes virus 8 (HHV 8), a virus
associated with Kaposi sarcoma, and moluscum contagiosum
virus. These proteins were called viral FLICE-inhibitory proteins
(v-FLIPs). v-FLIPs contain two DEDs, by means of which they bind
to the CD95 DISC and thus inhibit the activation of caspase-8.
v-FLIPs capable of inhibiting apoptosis mediated by several
death receptors (CD95, TNF-R1, DR3, and TRAIL-R1), suggesting
the use of similar signaling pathways by these receptors.’3-7

A human homologue of v-FLIP was identified by several
laboratories and termed c-FLIP/FLAME-1/I-FLICE/Casper/CASH/
MRIT/CLARP/Usurpin.7683 At the protein level, c-FLIP exists in
two splice variants, a short one and a long one.® The short form
structurally resembles v-FLIP whereas the long form has a similar
domain structure as caspase-8 but an inactive enzymatic site. It
interferes with the generation of active caspase-8 subunits at the
receptor level in both CD95 typel and typell cells (see
Section 5.2.2) (Figure 2).[84 8

It was reported that in melanoma cell lines resistance to TRAIL-
induced apoptosis correlated with the expression of c-FLIP.?%
However, this observation could not be confirmed by others.*!
In contrast to death-receptor-mediated apoptosis, cell death
induced by y-irradiation, chemotherapeutic agents, and perfor-
in/granzyme B cannot be inhibited by c-FLIP

5.2. Regulation of signal transduction
5.2.1. The Bcl-2 family

Bcl-2 was discovered first in the development of human follicular
lymphoma, a B-cell malignancy.®” The Bcl-2 family is charac-
terized by several homologous a-helical amino acid stretches,
called Bcl-2 homology domains, BH1-4. According to their
function, Bcl-2 family members can be differentiated into anti-
apoptotic (e.g. Bcl-2, Bcl-x,) and pro-apoptotic proteins (e.g. Bax,
Bak). The BH4 domain is specific for the anti-apoptotic group,
whereas the BH3 domain is required for apoptosis induction.
This is illustrated by a subgroup of the pro-apoptotic Bcl-2 family
members, the BH3-domain-only proteins (e.g. Bid, Bad, Bim).[8®

Although the impact of Bcl-2 family members on apoptosis is
quite obvious, the biochemical mechanism of their function has
not yet been elucidated completely. Several models have been
established to explain apoptosis promoting and inhibiting
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functions. The first model was based on the heterodimerization
properties of the family members, suggesting that the ratio
between pro- and anti-apoptotic family members determines
cell fate.®® However, the scenario became more complex when
mitochondria joined the apoptotic play. Upon apoptosis induc-
tion by a variety of stimuli, the mitochondrial transmembrane
potential (AW,,) is rapidly lost, and apoptogenic factors such as
cytochrome ¢ are released from the mitochondrial intermem-
brane space into the cytosol (see Section 5.2.2).

Some family members (e.g. Bcl-2, Bcl-x., Bak, Bax) have a
transmembrane domain in common, targeting these proteins to
intracellular membranes like the endoplasmic reticulum, the
nuclear envelope, and the mitochondrium. Research has con-
centrated on the latter. It has been shown that Bcl-2 family
members can regulate the opening of the so-called permeability
transition pore (PT pore), a multiprotein ensemble containing
proteins from both mitochondrial membranes. Indeed, Bax and
Bcl-2 interact with proteins of the PT pore complex, namely
adenine nucleotide translocator and voltage-dependent anion
channel.®*-°2 Moreover, Bcl-x, and Bid are structurally similar to
pore-forming bacterial toxins,'>*"! and Bcl-2, Bcl-x, Bid, and Bax
are capable of forming pores in artificial membranes.® *
However, the connection between the PT pore, loss of AW,,,
and the release of apoptogenic factors is not clear so far.

Another hypothesis for the anti-apoptotic function of Bcl-2
and Bcl-x, proposes an interaction with the so-called apopto-
some, the formation of which leads to apoptosis. The active
apoptosome consists of the adapter protein Apaf1, cytochrome ¢,
and caspase-9. Apafl was reported to bind to Bcl-x, in over-
expression systems.l' 191 With endogenous proteins, however,
this could not be confirmed.!'*?

The effect of Bcl-2 on CD95-mediated apoptosis is subject of a
controversial discussion. This controversy has recently been
resolved by experiments described by Scaffidi et al.'%! and will
be discussed in the next section.

5.2.2. Two CD95 signaling pathways

By comparing different cell lines with respect to CD95-mediated
apoptosis signaling pathways, two cell types, termed type | and
typell, were identified.'%* %4 |n typel cells, induction of
apoptosis is accompanied by activation of large amounts of
caspase-8 at the DISC. This is followed by rapid cleavage of
caspase-3, the main executioner caspase, prior to loss of AW,,,
suggesting that a caspase cascade independent of mitochondria
is activated (Figure 2).

In contrast, in typell cells activation of the mitochondrial
pathway is required. This pathway is important for many
apoptotic stimuli, for example chemotherapeutic drugs.s 1%
In these cells, DISC formation is significantly reduced and
activation of caspases occurs mainly subsequent to the loss of
AW 1'%1 Therefore, in type Il cells mitochondria play a role as
“amplifiers” to initiate the executionary apoptosis caspase
cascade. Activation of mitochondria is mediated by the pro-
apoptotic BH3-only Bcl-2 family member Bid. Bid is cleaved by
caspase-8 which is activated in low amounts at the DISC of type Il
cells. Truncated Bid translocates to the mitochondria and
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induces loss of AW, and release of apoptogenic factors like
cytochrome ¢, several pro-caspases, and apoptosis-inducing
factor (AIF).'%¢1% |n the cytosol, cytochrome ¢ binds to Apafi,
which recruits dATP and pro-caspase-9 after oligomeriza-
tion."% ™M At this complex, termed the apoptosome, pro-
caspase-9 is autocatalytically processed to the mature enzyme
and initiates a caspase cascade downstream of the mitochon-
drium (Figure 2).M2 13!

It should be noted that in both typel and typell cells
mitochondria are equally activated upon CD95 triggering. In
both cell types apoptogenic activities of mitochondria are
blocked by Bcl-2 overexpression. However, only in type Il but not
in type | cells Bcl-2 overexpression blocks caspase-8 and caspase-
3 activation as well as apoptosis. Therefore, in type Il cells CD95-
mediated apoptosis is dependent and in type | cells independent
of mitochondrial activity.

By the analysis of specific knock-out mice, it can be dissected
which apoptotic pathway is utilized by specific cell types. For
example, thymocytes from caspase-9- and Apaf1-deficient mice
are sensitive to CD95-mediated apoptosis, suggesting thymo-
cytes to be type | cells.'""*"% In contrast, hepatocytes from Bid-
deficient mice and embryonic fibroblasts from Apaf1-deficient
mice are resistant to CD95-induced killing, identifying them as
type Il cells.["7 118l

6. Physiological and pathological relevance of
apoptosis

6.1. Involvement of apoptosis in the lymphoid system

In the normal lymphoid system, apoptosis occurs in primary
lymphoid organs such as the bone marrow, liver, and thymus. Its
function is to eliminate non-functional precursor cells with non-
rearranged or aberrantly rearranged non-functional antigen
receptors. In addition, apoptosis is essential for deletion of
autoreactive Tcells in the thymus, which is the basis of central
self-tolerance. Peripheral deletion by apoptosis is a second line
of establishing self-tolerance and downregulation of an exces-
sive immune response, for example in lymph nodes and in the
spleen. Only lymphocytes that survive this process determine
immunological memory. The CD95/CD95L system contributes
substantially to the elimination of peripheral lymphocytes after
an immune response, mediated by the so-called “activation-
induced cell death” (AICD).!"%-122

6.2. Gene defects in the CD95/CD95L system

Several mouse mutations have been identified that cause similar,
complex disorders of the immune system, manifested as
lymphadenopathy (enlargement of the lymph nodes) and
autoimmunity. In Ipr (lymphoproliferation) mice a retroviral
insertion causes a splicing defect of the CD95 gene, premature
termination, and greatly reduced expression of CD95 mRNA. In
Ipr9 mice a point mutation (1225N or V238N) in the intracellular
“death domain” of CD95 abolishes the transmission of the
apoptotic signal. In gld (generalized lymphoproliferative disease)
mice a point mutation in the Cterminus of CD95L impairs its
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ability to interact successfully with CD95 to initiate apoptosis.
Thus, a failure of apoptosis accounts for the complex immune
disorders in Ipr and gld mutant mice (for review see refs. [123,
124]). The finding that Ipr and gld mutations are defective in the
CD95/CD95L system has greatly helped to determine the physiol-
ogical role of CD95-mediated apoptosis in the immune system.

A human disease phenotypically resembling Ipr and gld
mutant mice is the autoimmune lymphoproliferative syndrome
(ALPS). It is characterized by mutations in CD95 (type la), CD95L
(type Ib), and presumably caspase-10 (typell), which impair
deletion of T lymphocytes by apoptosis.''?!

6.3. Clinical implications

Apoptosis has come a long way from the description of its
morphological features to a molecular understanding of its
signaling pathways and its physiological and pathological
consequences. It adds a new chapter to the understanding of
the pathogenesis of many diseases. Generally, there are diseases
with too little apoptosis like cancer and autoimmunity and
diseases with too much apoptosis like AIDS. Cancer could be
regarded as a disease with too little apoptosis where the net
increase of the tumor burden is the sum of an increased growth
rate and a decreased apoptotic rate. The induction of apoptosis
by chemotherapeutic agents, for example cisplatin, has general
implications for the clinical situation (for review see refs. [126,
1271).

Recent studies reveal that FLIPs might be involved in tumori-
genesis. In B cells transformed with Epstein-Barr virus, resist-
ance and sensitivity to CD95-mediated apoptosis correlates with
the ratio between c-FLIP and caspase-8.1'%! Furthermore, tumor
cells transfected either with v-FLIP encoded by human herpes
virus 8 or with murine c-FLIP have a growth advantage in
vivo.l'? 1391 A dysregulation of c-FLIP expression also disturbes
the homeostasis of normal cells. Indeed, retrovirus-mediated
expression of c-FLIP in lymphocytes results in autoimmunity due
to an accumulation of activated B and Tcells.'"*" In contrast, AIDS
is characterized by too much apoptosis in cells of the lymphoid
and non-lymphoid compartment, particularly in CD4-positive
TCQ”S.“SZ’ 133]

7. Summary and outlook

During the last decade, the pathways resulting in apoptosis were
partially elucidated at the molecular level. It is now important to
increase our understanding of the molecular events that
determine the particular steps of apoptosis and to develop
methods of targeting apoptosis-regulatory molecules to specific
cells of different tissues. Particularly, through using such
methods the modulation of apoptosis will become an estab-
lished therapeutic tool for the treatment of diseases. In addition,
therapeutic windows for apoptosis modifiers have to be
determined which only affect aberrant cells while leaving normal
cells intact. By understanding the signaling pathways of
apoptosis, it might be possible to reconstitute the normal level
of apoptosis.
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The Ribosome Functions as a Ribozyme
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Introduction

One of the most exciting developments in
biological chemistry in the last two dec-
ades has been the discovery that RNA can
catalyse chemical reactions. This is no
longer the sole preserve of protein-based
enzymes, and raises the intriguing possi-
bility that in the early appearance of life
on this planet it may have passed through
a phase in which RNA served twin roles as
both informational and catalytic mole-
cules.

However, RNA has a number of draw-
backs as a macromolecular catalyst com-
pared to proteins, the most serious of
which is the much more limited range of
functional groups that can be brought
into play. For example, RNA has to work
much harder to modulate the pK, values
of bases if they are to play a role as
general acid/bases at neutral pH. The
range of chemistry catalysed by RNA in
natural ribozymes has been quite limited
to date. These have all involved breaking
or ligating phosphodiester linkages in
RNA by means of transesterification re-
actions. It was demonstrated that the
group | intron ribozyme could be per-
suaded to exhibit aminoacyl esterase
activity,"" but the rate enhancement ach-
ieved was feeble; this is not surprising
given the very different stereochemistry
of this reaction compared to the normal
activity of the ribozyme.

However, the range of reactions that
RNA can catalyse has been greatly ex-
tended in the laboratory by using RNA
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translation

enzymes that have been selected from
large randomised sequence pools. RNA
species have thus been isolated that can
bring about cleavage of DNA,Z RNA
polymerisation® and ligation,® alkyl
transfer®™ and acyl transferase activity."
Even relatively exotic chemical reactions
can be efficiently catalysed by RNA,
exemplified by the isolation of a 38-
nucleotide (nt) RNA that accelerates a
Diels—Alder cycloaddition reaction in
trans by over 10*fold.”

But it now turns out that nature can be
quite adventurous too, and that RNA
catalysis is of central importance in one
of the most important reactions in life.
New crystallographic studies of the large
subunit of the ribosome at nearly atomic
resolution have revealed that peptide
bond synthesis is performed by an RNA
catalyst, without the direct involvement
of protein.

Protein synthesis and the ribosome

Protein synthesis is one of the most
fundamental processes occurring in the
cell. It requires the repeated formation of
peptide bonds between amino acids in a
sequence determined by the order of
trinucleotide codons in the messenger
RNA (mRNA) that carries the base se-
quence transcribed from the gene. The
translation process is accomplished on a
large, specialised RNA - protein complex
called the ribosome. Transfer RNA (tRNA)
molecules function as adaptor species in
translation; they “read” the sequence of
the mRNA through complementarity of
their anticodon loops to individual co-
dons, and carry the appropriate amino
acid through acylation of their 3’ termi-
nus.

The bacterial ribosome has a molecular
weight of around 2.6 MDa, sedimenting
at 70S in the ultracentrifuge. At low

CHEMBIOCHEM 2001, 2, 31-35 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

magnesium ion concentration it dissoci-
ates into two subunits, with a 2:1 mass
ratio. The small subunit sediments at 30S,
comprising the 16S ribosomal RNA
(rRNA) and 21 proteins, while the large
subunit sediments at 505, and comprises
the 23S and 5S rRNAs and approximately
31 proteins. In the initiation of translation
the small subunit binds to the mRNA
before the large subunit, and it is the 30S
subunit that is primarily responsible for
mediating the decoding of the mRNA
sequence. By contrast, the role of the
large subunit is the formation of the
peptide bonds, generally termed the
peptidyl transferase reaction. Thus the
small and large subunits play separate
roles of information processing and
chemistry, respectively.

The ribosome has two main sites at
which aminoacyl-tRNAs are bound during
the translation process. These are termed
the P (peptide) and A (amino acid) sites.
The process begins with the binding of N-
formylmethionine-tRNA  (which  looks
somewhat like a pseudo-peptide) at the
P site, and in fact this is the stage at which
the 50S subunit binds to form the
complete ribosome. A second aminoac-
yl-tRNA then binds in the A site, with its
anticodon bound to the second codon, at
which point the chemistry can begin
(Figure 1). The nitrogen atom of the a-
amino group of the aminoacyl-tRNA
bound at the Asite attacks the carbon
atom of the carbonyl group of the P-site-
bound aminoacyl-tRNAMet, forming a pep-
tide bond. The result is a free tRNA bound
at the Psite, with the nascent peptide
attached to the tRNA at the Asite. At this
point the translocation step occurs; like
many steps of translation this requires the
participation of a G protein and GTP
hydrolysis. The free tRNA diffuses away
(via the E site in bacterial ribosomes), and
the peptidyl-tRNA translocates into the
P site. A new aminoacyl-tRNA binds at the
newly vacant A site, and a second cycle of
peptide bond synthesis begins. This con-
tinues until a termination codon is en-
countered.
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Figure 1. Schematic representation of protein synthesis on the ribosome. The mRNA is decoded by the tRNA
species on the 30S subunit, whereas peptide bond synthesis is catalysed on the 50S subunit. This involves
nucleophilic attack by the nitrogen atom of the a-amino group of the aminoacyl-tRNA held at the A site on the
carbon atom of the carbonyl group of the peptidoacyl-tRNA bound at the P site.

The structure of the ribosome

The last three years have seen a deter-
mined onslaught on the structure of the
ribosome by crystallography (reviewed in
ref. [8]). Structures of both subunits®™
and the entire ribosomel'? have been
solved at different levels of resolution.
The most recent chapter in this story has
come from Steitz, Moore and colleagues,
who have presented the crystal structure
of the bacterial 505 subunit at 2.4 A
resolution.3! The atomic resolution per-
mitted the fitting of 2711 out of the
2923 nt of 23SrRNA; in most cases the
sequence could be read from the electron
density map with confidence. In addition,
the entire 5SrRNA and 27 ribosomal
proteins were fitted.

The global shape of the large subunit is
approximately that of a hemisphere 250 A
in diameter, with a relatively flat side that
forms the interface with the small subunit
(Figure 2). There is a deep groove running
across this face, which turns out to
contain the active site. The edge of the
structure contains a number of protuber-
ances, consistent with previous electron
microscopic images. The secondary struc-
ture of the 23S rRNA is largely in agree-
ment with earlier estimates, and can be
considered as being organised in six
domains (termed |-VI). However, in the
three-dimensional structure these are
extensively interconnected, forming a
single large entity. The overall structure
is largely determined by the RNA, the
surface of which is decorated with pro-

32

teins. Some of these are entirely globular,
but some are partly or completely ex-
tended and run deep into the RNA core of
the ribosome. The RNA contains many
interesting features of secondary and
tertiary structure, including base triples,
pseudoknots and helical junctions. The
determination of this structure increases
the size of the database of available
RNA structures by a significant factor,
and mining this information is going to
provide a valuable source of insight into
RNA conformation for a long time to
come.

The peptidyl transferase centre

The peptidyl transferase centre of the
ribosome was located™ by using two
cleverly designed inhibitors of translation.
These were both based on puromycin,

D. M. J. Lilley

which is an analogue of an aminoacyl-
tRNA. One of these inhibitors, the phos-
phoramidate of the trinucleotide CCdAp
and puromycin (CCdA-p-puromycin),
uses a phosphate linkage to mimic
the tetrahedral intermediate of peptide
bond formation, and binds tightly to
the ribosome as a result." These com-
pounds were soaked into the ribosome
crystals, and the peptidyl transferase
centre was thus located in electron
density difference maps. It was found to
be in the centre of the side facing the 30S
subunit, deep within the cleft running
across this face (Figure 3). Moreover, a
100 A tunnel runs from this point to the
far side of the 50S subunit, and is the
presumed path by which the nascent
polypeptide chain exits the ribosome into
the cytosol.

The central region of the interface side
of the large subunit is largely devoid of
protein, and the nearest section of pro-
tein was found to be 18 A away from the
peptide analogue bound at the peptidyl
transferase centre. The region is entirely
composed of tightly packed RNA from
domain V of the 23S rRNA. Since there is
no way in which any protein could come
close to this site, Steitz, Moore and
colleagues conclude that peptidyl trans-
fer must be an RNA-catalysed reaction.['¥
This is consistent with known genetics on
the dispensability of proteins, and with
earlier studies of Noller and colleagues®
who showed that whereas the peptidyl
transferase activity of ribosomes is exqui-
sitely sensitive to RNA degradation, it is
apparently unaffected by procedures that
remove proteins.

Figure 2. The structure of the 50 subunit of the ribosome at 2.4 A resolution. The 23S rRNA is coloured grey,
and the 55 rRNA yellow. The proteins are coloured red. A) The view onto the side that interfaces with the 30S
ribosomal subunit. Note that the centre is devoid of protein. B) The view onto the reverse side that forms the
outer surface of the 50S ribosomal subunit. (These images were prepared using the deposited coordinates of

Steitz and co-workers,'"*! PDB code 1FFK.)

CHEMBIOCHEM 2001, 2, 31-35
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Figure 3. Location of the peptidyl transferase centre on the 505 subunit of the ribosome. The 23S and

5S rRNA are shown in grey and yellow, respectively, with the active-site nucleotides highlighted in red. The

proteins have been removed from these images for clarity. A) View looking down on the face that interfaces
with the 30S ribosomal subunit. B) View rotated 90° about the vertical axis, showing the deep cleft that runs
across the interface. (These images were prepared using the deposited coordinates of Steitz and co-workers,!"

PDB code 1FFK.)

So if the peptidyl transferase centre is
not an enzyme, what is it? The inhibitor
CCdA-p-puromycin was bound to a site in
the RNA derived by the folding together
of two regions within domain V. Interest-
ingly, the RNA sequence in this region is
similar to that of an RNA selected by
Zhang and Cech for its ability to catalyse
peptide bond synthesis.'” The closest
nucleobase to the nascent peptide bond
was found to be adenine 2486 (corre-
sponding to A2451 in the conventional
numbering of Escherichia coli 23S rRNA).
Perhaps surprisingly, the atom N3 of this
base was located 3 A from the oxygen
atom of the phosphoramide moiety (anal-
ogous to the carbonyl oxygen atom of
the nascent peptide linkage), and 4 A
from the nitrogen atom of the amide
group (Figure4A). No other titratable
group was found closer than 5A, and
thus this was essentially the only candi-
date for a functional group that might
participate in the reaction as a general
base.

At first sight, nucleobases appear to be
rather poor raw material for this kind of
chemistry, because their pK, value is
generally so low. This is one of the
problems RNA always faces in performing
the role of an enzyme, compared to a
protein which has much more promising
functional groups. However, in principle
the environment could alter the pK, value
to bring it closer to neutrality, that is,
comparable to the pH at which the
ribosome functions. There is evidence
for the perturbation of the pK, value of
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a critical cytosine in the hepatitis delta
virus ribozyme,"® ™ and NMR spectro-
scopic data indicate that an adenine base
in the lead-dependent ribozyme (lead-
zyme) has a pK, value close to neutral-
ity.20]

So is there experimental evidence in
favour of a substantially altered pK, value
of A2486 in the 23SrRNA of the 50S
subunit? Nissen et al.™ point out that the
N—O distance in the crystal structure
indicates that the adenine N3 atom is
protonated at the pH of the crystal (5.8),
implying a pK, of >6 for this nitrogen
atom. There is also evidence for a pertur-
bed pK, of A2486 in solution, derived by
measuring the reactivity to methylation

L

pr— e H“x =y No
Crp e
rib \N_H A g

~oH 2

O=f\ o~
—0

(¢1C)

Figure 4. The active site of the ribosome. A) Stereo view of the position of the nascent peptide, and the

proposed active-site nucleotides. The tetrahedral carbon centre (actually a phosphate group in the inhibitor

used to determine the structure) is shown in space-filling representation. The nearest nucleobase is adenine

2486 (yellow), which is hydrogen-bonded to guanine 2482 (blue). G 2482 is hydrogen-bonded to the buried
phosphate group (purple/red) of A2485. (Image prepared from the deposited coordinates of Steitz and

co-workers,''l PDB code 1FFZ.) B) A mechanism to explain an elevated pK, value of atom N3 of adenine 2486.
The proposed charge relay mechanism!'¥ involves shuttling protons from atom N2 of G 2482 to A2485, and
from atom N6 of A 2486 to 06 of G 2482, forming imino tautomers of the two bases. The result is that the

negative charge of the buried phosphate group of A 2485 is relayed to atom N3 of A 2486, thereby raising its

pK, value. rib = ribose.
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by dimethyl sulfate as a func-
tion of pH. In an accompany-

ing paper, Strobel and co- A2486

workers?! show that the pK,  tRNAQ _o C,N
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around neutrality, although per‘J\/H’ ¢=0 H

they cannot distinguish be- OtRNA f 2
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which the pK, value of the N3 NH, RNAGS C_H/ H\?/

atom of A2486 might be ( N pep OtRNA

raised in the environment of J/ ___/N /

the ribosome." They note N o

that A2486 is hydrogen-
bonded to the guanine base
of G2482. In addition, G2482
forms a hydrogen bond to the
buried phosphate group of
A 2485. They suggest that the
proton on atom N2 of G2482
(i.,e. the exocyclic amine
group) could be transferred
onto the phosphate group,
leading to tautomeric shifts of
both A2486 and G2482 to imino forms,
with the result that the negative charge
ends up being localised on the N3 atom
of A2486 (Figure4B). In essence, they
propose that the pK, value of this nitro-
gen atom is raised by a charge relay
mechanism from the phosphate group
via the intervening guanine base, render-
ing it able to serve as a general acid/base
functional group in catalysis at cellular
pH. A nearby tightly bound potassium ion
may also play a role in this.

tRNA-OH

The mechanism of peptide bond synthesis

The formation of the peptide bond
requires attack of the a-amino group of
the A-site-bound amino acid on the
terminal carbonyl carbon atom of the
peptide in the P site. It is proposed! that
a proton of the amino group is trans-
ferred to the N3 atom of A 2486, thereby
increasing its reactivity as a better nucle-
ophile (Figure 5). In addition, it is sug-
gested that the resulting tetrahedral oxy-
anion is stabilised by accepting a hydro-
gen bond from the transiently
protonated N3 atom of A2486. On reso-
lution of the tetrahedral intermediate, the
proton is finally transferred to the 3’ oxy-
gen atom of the liberated tRNA in the
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Figure 5. The catalytic mechanism of peptide bond synthesis
proposed by Steitz, Moore and colleagues.'¥ A2486 plays a key
role, as a general base to increase the nucleophilicity of the
attacking nitrogen atom, in the stabilisation of the oxyanion
transition state, and in the departure of the leaving group. pep =
nascent peptide chain.

P site, which can then diffuse away, via
the Esite of the ribosome. The mecha-
nism should probably be regarded as a
working model at present, and will un-
doubtedly be subjected to intense exper-
imental scrutiny and refinement in the
next period.

A number of features of the proposed
mechanism of peptidyl transferase bear
comparison with protein enzymes, and in
particular with the serine proteases. En-
zymes like a-chymotrypsin essentially
carry out the opposite of peptide bond
formation, and the peptidyl transfer can
be compared to the reverse of the first
half of this reaction. In addition, the serine
proteases use a charge relay system
(Asp'2—His* - Ser'®) to increase the re-
activity of a serine hydroxy group in the
nucleophilic attack on the carbonyl group
of the peptide bond.?? The RNA and
protein enzymes use a number of com-
mon features in their catalytic strategies,
including orientation of reacting groups,
acid/base catalysis and transition state
stabilisation in the active site, and mod-
ulation of functional group pK, values.
Despite the very different character of the
two biopolymers, RNA and protein may
have arrived at rather similar mechanisms
to carry out related tasks.

D. M. J. Lilley

Conclusion

The most important conclusion of the
new study of the 50S subunit can be
simply stated—the ribosome is a ribo-
zyme! This is an extremely significant
finding for a number of reasons. It places
RNA catalysis centre stage in cell function,
carrying out one of the most important
reactions in the processes of life. No
longer is RNA catalysis the sole preserve
of a few slimy things found in ponds and
the like, but it is playing a key role in all
cells. Moreover, the demonstration that
peptidyl transfer is catalysed by RNA
markedly extends the range of chemistry
that ribozymes carry out in nature. Pre-
viously all the known ribozymes carried
out variations on the theme of phosphor-
yl transesterification reactions, but nucleo-
philic attack on an sp? carbon atom is a
significant new departure in ribozyme
chemistry. The ribosome may afford us a
glimpse into the postulated RNA world
that existed before proteins provided the
chemical muscle of the cell. Thus the
ribosome may be a kind of molecular
fossil sitting inside us all. This poses the
question of whether there are other
ribozymes carrying out important func-
tions in the cell that are hitherto unsus-
pected. An obvious contender for this
would be the spliccosome. The chemical
similarity of mRNA splicing and the
group Il intron ribozyme'?3 suggests that
the former could well be RNA-catalysed,
and no enzyme has yet been assigned to
this role. It would take a brave man to bet
against this. The ribosome has provided a
huge shot in the arm for RNA chemistry,
and the field is now set to march on to
further glories.

The author thanks David Norman for his
considerable expertise with molecular
graphics, Chris Proud for comments on
the manuscript and the Cancer Research
Campaign for support of research in this
laboratory.
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Polyketides comprise a large family of
structurally diverse natural products that
possess broad ranges of biological activ-
ities.! These therapeutically important
agents are synthesized by successive
Claisen condensations of extender units
derived from (methyl)malonyl-CoA with
an acyl-CoA starter unit in a manner
reminiscent of fatty acid synthesis. Up
until recently, two types of microbial
polyketide synthases (PKSs) were widely
recognized through molecular genetics.”?
In analogy to the fatty acid synthases
(FASs), the distinction between the phy-
logenetically related type | and the type Il
PKSs is the organization of their various
catalytic sites. Type| describes a system
of one or more multifunctional proteins
that contain a different active site for
each enzyme-catalyzed reaction in poly-
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ketide carbon chain assembly and mod-
ification. These fall into two subgroups,
the modular typel PKSs of bacteria
(i.e., 6-deoxyerythronolide B synthase,
DEBS) and the iterative typel PKSs
of fungi (i.e., 6-methylsalicylic acid syn-
thase, MSAS). In contrast, the type Il PKS
system is comprised of individual pro-
teins largely carrying one enzymatic ac-
tivity that is used iteratively in the bio-
synthesis of bacterial multiaromatic prod-
ucts (i.e., actinorhodin and tetraceno-
mycin).

Recently, the groups of Horinouchi!
and Thomashow! independently charac-
terized a new polyketide biosynthetic
pathway in bacteria for the assembly of
small aromatic metabolites. These new
bacterial PKSs, which Bangera and Tho-
mashow classify as type III,* are members
of the chalcone synthase (CHS) and
stilbene synthase (STS) superfamily of
PKSs previously only found in plants.”!
These enzymes are structurally and mech-
anistically quite distinct from the typel
and type Il PKSs and use free CoA thio-
esters as substrates without the involve-

ment of 4’-phosphopantetheine residues
on acyl carrier proteins.

Members of the CHS/STS superfamily of
condensing enzymes are relatively mod-
est-sized proteins of 40-47kDa that
function as homodimers and typically
select a cinnamoyl-CoA starter unit and
carry out three successive extensions with
malonyl-CoA."! Release of the tetraketide
followed by cyclization and/or decarbox-
ylation yields a chalcone or a stilbene
(Figure 1a). CHSs appear to be ubiquitous
in higher plants and catalyze the first
enzymatic reaction to flavonoids, which
exhibit a wide range of biochemical,
physiological, and ecological activities.
The X-ray crystal structure of CHS2 from
the legume Medicago sativa (alfalfa) was
recently determined and provides impor-
tant structural information on the reac-
tion mechanism of a plant PKS.®! Several
new additions to the CHS/STS superfamily
have emerged from plants and deviate
from the chalcone and stilbene biosyn-
thetic model by utilizing non-phenylpro-
panoid starter units, varying the number
of condensation reactions, and having
different cyclization patterns (e.g. acri-
done and 2-pyrone synthases).”? Thus,
plant enzymes in the CHS/STS superfamily
are growing in number and function and
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ketide carbon chain assembly and mod-
ification. These fall into two subgroups,
the modular typel PKSs of bacteria
(i.e., 6-deoxyerythronolide B synthase,
DEBS) and the iterative typel PKSs
of fungi (i.e., 6-methylsalicylic acid syn-
thase, MSAS). In contrast, the type Il PKS
system is comprised of individual pro-
teins largely carrying one enzymatic ac-
tivity that is used iteratively in the bio-
synthesis of bacterial multiaromatic prod-
ucts (i.e., actinorhodin and tetraceno-
mycin).

Recently, the groups of Horinouchi!
and Thomashow! independently charac-
terized a new polyketide biosynthetic
pathway in bacteria for the assembly of
small aromatic metabolites. These new
bacterial PKSs, which Bangera and Tho-
mashow classify as type III,* are members
of the chalcone synthase (CHS) and
stilbene synthase (STS) superfamily of
PKSs previously only found in plants.”!
These enzymes are structurally and mech-
anistically quite distinct from the typel
and type Il PKSs and use free CoA thio-
esters as substrates without the involve-

ment of 4’-phosphopantetheine residues
on acyl carrier proteins.

Members of the CHS/STS superfamily of
condensing enzymes are relatively mod-
est-sized proteins of 40-47kDa that
function as homodimers and typically
select a cinnamoyl-CoA starter unit and
carry out three successive extensions with
malonyl-CoA."! Release of the tetraketide
followed by cyclization and/or decarbox-
ylation yields a chalcone or a stilbene
(Figure 1a). CHSs appear to be ubiquitous
in higher plants and catalyze the first
enzymatic reaction to flavonoids, which
exhibit a wide range of biochemical,
physiological, and ecological activities.
The X-ray crystal structure of CHS2 from
the legume Medicago sativa (alfalfa) was
recently determined and provides impor-
tant structural information on the reac-
tion mechanism of a plant PKS.®! Several
new additions to the CHS/STS superfamily
have emerged from plants and deviate
from the chalcone and stilbene biosyn-
thetic model by utilizing non-phenylpro-
panoid starter units, varying the number
of condensation reactions, and having
different cyclization patterns (e.g. acri-
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are not limited in their substrate specific-
ity to plant-specific cinnamoyl-CoA starter
units.

The exciting discovery revealed by
Funa etal. at the University of Tokyo is
the characterization of a CHS-like enzyme
in the bacterium Streptomyces griseus.?!
The CHS-homologous gene rppA confers
red-brown pigmentation in S. griseus. In-
cubation of malonyl-CoA with recombi-
nant RppA carrying a poly-histidine tag
for convenience in protein purification
resulted in the formation of 1,3,6,8-tetra-
hydroxynaphthalene (THN; Figure 1b).
Air oxidation of THN vyielded flaviolin,
the precursor to the pigmented melanin
polymers. Co-incubation of malonyl-CoA
with either p-coumaroyl-CoA or acetyl-
CoA did not provide alternative products,
indicating that RppA is not a CHS and that
malonyl-CoA serves as the starter unit.
Funa etal. note that this scenario is
consistent with the proposed THN bio-
synthetic pathway in which the final ring
closure of the pentaketide may be assist-
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ed by the decarboxylation of the carboxy
group derived from the starter unit.
Amino acid alignment of RppA with CHSs
revealed the conserved cysteine residue
at position 138 within the active-site
motif. This residue was confirmed to
function as the active-site cysteine, as a
mutant enzyme with a serine replace-
ment at Cys138 was not enzymatically
active. Thus, as in plant CHSs and STSs,
RppA Cys 138 functions as the active site
of the condensing reaction that covalent-
ly binds the starter unit prior to conden-
sation. The in vivo function of rppA was
further correlated to melanin-like pig-
ments in a S.griseus rppA disruption
mutant that produced pigmented spores
only upon restoration with a plasmid
carrying the rppA gene. This pigmenta-
tion process differs from that in other
streptomycetes in which spore pigment
polyketides are generated by type
Il PKSs.l'®!

Washington State University research-
ers, Bangera and Thomashow, indepen-

dently reported that the bacterial polyke-
tide 2,4-diacetylphloroglucinol (DAPG) is
similarly synthesized by a CHS-like protein
(Figure 1¢).™ This broad-spectrum anti-
microbial agent is produced by plant-
associated fluorescent pseudomonads.
The CHS-homologous gene phlD is a
constituent of the biosynthetic operon
phlACBD that includes a set of three
genes conserved in bacteria and archaea.
In vivo expression studies in Escherichia
coli demonstrated that all four genes are
required for the synthesis of both mono-
acetylphloroglucinol (MAPG) and DAPG.
Further expression of individual genes or
the incomplete operon indicated that
PhID alone cannot catalyze the synthesis
of MAPG, but rather must function col-
lectively with PhIACB. PhlA and PhIC are
homologous to cysteine-deficient keto-
synthases and to thiolases, respectively,
whereas PhIB lacks homology to other
known proteins. Bangera and Thoma-
show speculate that these proteins are
responsible for generating the acetoace-
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tyl-CoA starter unit for PhID. Furthermore,
the PhIACB proteins collectively convert
MAPG to DAPG. In vitro expression stud-
ies with recombinant proteins are needed
to further investigate this proposed bio-
synthetic system.

Six additional bacterial CHS homo-
logues, or typelll PKSs, of unknown
functions have been deposited in genetic
databases and suggest that this new
polyketide biosynthetic pathway may be
widespread in bacteria. The biosynthetic
gene cluster for the vancomycin group
antibiotic chloroeremomycin contains a
CHS homologue (ORF27)M"! that is pre-
sumably involved in the assembly of the
3,5-dihydroxyphenylglycine (DHPG) resi-
due that Williams and co-workers dem-
onstrated in 1982 to be acetate-derived
(Figure 1d)."? Expression of a CHS-like
gene is regulated by the phytochrome
gene ppr in the purple photosynthetic
bacterium Rhodospirillum centenum.''
The photoactive yellow protein domain
of Ppr contains the chromophore 4-cou-

99/88

] Amycolatopsis orientalis ORF27 (T17474)

98/-

-/95

Streptomyces coelicolor Actl-ORF1 (Q02059)
Streptomyces glaucescens TemK (AAA67515)

Amycolatopsis mediterranei RifB (AAC01711)

Pseudomonas flucrescens PIC (AAC38076)
Penicillium patulum MSAS (P22367)

marate that functions in plant CHSs as the
CoA thioester starter unit. Although the
function of the R.centenum typelll PKS
has not yet been characterized, it is
tempting to speculate that it may operate
as a bona fide CHS, as this bacterium has
the rare ability to produce the phenyl-
propanoid p-coumarate. Genome se-
quencing of the bacteria Streptomyces
coelicolor, Mycobacterium tuberculosis, Ba-
cillus subtilis, and Deinococcus radiodurans
identified further CHS/STS homologues of
unknown functions.

The eight CHS-homologous bacterial
proteins in the database are clearly mem-
bers of the growing CHS/STS superfamily
of condensing enzymes and belong to a
third class of bacterial PKSs. These pro-
teins are phylogenetically unrelated to all
other microbial PKSs and FASs, including
those that are functionally equivalent
(RppA and the fungal type | PKS WA are
collectively THN synthases) or from the
same bacterial species (P. fluorescens con-
tains both type | (PItC) and type Il (PhID)

bacteriai
type Il PKSs
Streptomyces coelicolor WhiE-ORF3 (P23155) a
Saccharopolyspora erythrea EryA-DEBS2 (CAA44448) bacterial
Streptomyces venezuelae PikAIl-3 (AAC69330) type | PKSs
7] fungal
Aspergillus nidulans WA (Q03149) a type | PKSs
Pseudomonas fluorescens PhiD (AAB48106)
Streptomyces griseus RppA (BAA33495)
Streptomyces coelicolor A3(2) cosmid 25tG58 bacteriai
Mycobacteriumn tuberculosis (G70621) type il PKSs
Bacillus subtilis (AAA96613)
Deinococcus radiodurans (AAF11641)
Rhodospirillum centenum ChsA (AAD43969) |
Gerbera hybrida 2PS (CAA86219) ]
9s/92| (— Ruta graveolens ACS (860241)
r Petroselinum crispum CHS (P16107)
Oryza sativa CHS (CAA61955)
L Vitis sp. CHS (S53314) f;lfgs/STsS
r Lycopersicon esculentum CHS2 (P23419)
— Arachis hypogaea STS (AAA96434)
Glycine max CHS2 (JQ2249)
Pisum sativum CHS (BAA22045) B
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PKSs, while S. coelicolor has both type Il
(Actl and WhiE) and type lll PKSs) (Fig-
ure 2). The structural and functional sim-
ilarities of the bacterial type lll PKSs with
the plant CHSs imply a common evolu-
tionary origin that may have evolved
through horizontal gene transfer be-
tween plant-associated bacteria and
higher plants. These suggestions are
supported by distance matrix calculations
and maximum likelihood analysis (Fig-
ure 2).

On the basis of these studies, the
occurrence of bacterial type lll PKSs ap-
pears widespread. In that regard, Funa
etal. speculate that THN may be an
intermediate in the biosynthesis of a
small group of prenylated naphthoqui-
nones produced by several Streptomy-
ces spp. strains.® Such members include
the monoterpene-substituted naphtho-
quinones naphterpene!™ and furaquino-
cin A" the sesquiterpene-substituted
naphthoquinones marinone and neomar-
inone,™ and the dimethylallyl/monoter-

Figure 2. Phylogenetic tree of bacterial type Ill PKSs in
relation to ketosynthase domains from other types of
PKSs. Sequences were retrieved from GenBank (acces-
sion numbers given in parentheses) and aligned with
ClustalX. (The S. coelicolor sequence from cosmid
25tG58 was rather retrieved from http://sanger.ac.uk/
Projects/S_coelicolor/.) The tree was constructed by
applying maximum likelihood (Puzzle 4.0 and ProtMI
programs) and distance matrix methods (ProtDist from
the Phylip package) and using the PAM and JJT models.
The tree was rooted with a bacterial FAS sequence as
outgroup (not shown). Numbers at branching points are
quartet puzzling/ProtDist bootstrap support values.
Only values >70% are shown. Different groups of PKSs
form monophyletic clusters as shown by strong boot-
strap support values. Bacterial type Il PKSs and plant
CHSs/STSs appear to be of common ancestry. In contrast
to the above maximum likelihood tree, the distance
matrix/neighbor-joining tree (data not shown) places
the A. orientalis ORF27, P.fluorescens PhID, S. griseus
RppA and S. coelicolor sequences as sister taxa to the
plant CHSs/STSs.
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Figure 3. Structures of prenylated naphthoquinones from Streptomyces spp. The postulated THN-derived

units are depicted in red.

pene-disubstituted naphthoquinones be-
longing to the napyradiomycin family
(Figure 3).'7 Feeding experiments sup-
port this claim, as the naphthoquinone
core in naphterpene and furaquinocin A
is derived from a symmetrical naphtha-
lene unit that is acetate-derived.l'* '™
The seminal work by the groups of
Horinouchi and Thomashow in the func-
tional characterization of the bacterial
type lll PKSs RppA and PhID, respectively,
will undoubtedly heighten interest in
this new group of condensing enzymes
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in bacteria. The occurrence and func-
tional breadth of the typelll PKSs will
definitely be subjects of future commu-
nications.
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Photocontrol of DNA Duplex Formation by Using
Azobenzene-Bearing Oligonucleotides

Hiroyuki Asanuma, Xingguo Liang, Takayuki Yoshida, and Makoto Komiyama*!

The duplex-forming activities of oligonucleotides can be photo-
modulated by incorporation of an azobenzene unit. Upon isomer-
izing the trans-azobenzene to the cis form by irradiation with UV
light, the T, value of the duplex (with the complementary DNA) is
lowered so that the duplex is dissociated. The duplex is formed
again when the cis-azobenzene is converted to the trans-
azobenzene by irradiation with visible light. The photoregulation
is successful irrespective of the position of the azobenzene unit in
the oligonucleotides. The trans-azobenzene in the oligonucleotides
intercalates between two DNA base pairs in the duplexes and

Introduction

Recently, much interest has been given to the artificial control of
bioreactions."” One of the most important applications is the
regulation of the expression of a specific gene by antisense and
antigene strategies.? Various types of functionalized oligonu-
cleotides have been prepared for these purposes.’! However,
there have been no reports on modified oligonucleotides that
alter the duplex-forming activity in response to photostimuli and
are applicable to the photoregulation of bioreactions. These
compounds should be valuable tools for biotechnology, molec-
ular biology, therapy, and other applications.

In a preliminary communication,” the authors incorporated a
photoresponsive azobenzene into the side chain of oligonucleo-
tides (see Scheme 1).%> ¢ Upon irradiation with either UV light or
visible light, the azobenzene unit undergoes cis - trans isomer-
ization, and accordingly the duplex-forming activities of the
modified oligonucleotides (with respect to their complementary
counterparts) are reversibly modulated.”? By using these modi-
fied oligonucleotides, double-stranded DNA can be converted to
two single strands (and vice versa) at a predetermined place and
at a desired timing.

In the present work we have studied the photoregulation of
duplex formation in more detail. By thermodynamic and
spectroscopic analyses, the following points are clarified: 1)
How does the position of azobenzene unit in the oligonucleo-
tides affect the photoregulating activity?; 2) which of the
thermodynamic parameters (the enthalpy change and the
entropy change) governs this photoregulation?; and 3) what is
the mechanism of the photo-regulation? Applications of these
modified oligonucleotides to the photocontrol of enzymatic
reactions are discussed.
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stabilizes them because of a favorable enthalpy change. The
nonplanar structure of a cis-azobenzene is unfavorable for such an
interaction. These photoresponsive oligonucleotides are promising
candidates for the regulation of various bioreactions.
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Scheme 1. Structures of azobenzene-modified oligonucleotides (top) and se-
quences of the oligonucleotides used in this study (bottom).
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Results and Discussion

Photoinduced change of T,, values for oligonucleotide
duplexes

Typical melting curves for the duplex formation between the
azobenzene-modified oligonucleotide A;XA,(P) and Tg the
oligonucleotide with the complementary sequence, are shown
in Figure 1. Before the photoirradiation, the azobenzene unit in
A;XA,(P) is overwhelmingly (about 90%) present in the trans
form, as confirmed by HPLC analysis."” Consistently, the solution
has a strong absorption around 350 nm (assignable to trans-
azobenzene), and the absorbance around 440 nm (for cis-
azobenzene) is virtually zero. Under these conditions, the
melting temperature (T,,) of the A;XA,(P)/Tg duplex is 24.8°C

0.7 L " 1 L L
-10 0 10 20 30 40 50

T/°C —

Figure 1. Melting curves of the trans-A;XA,(P)/Tg duplex (black line) and the cis-
A3;XA,(P)/Tg duplex (gray line).

Editorial Advisory Board Member:!
Makoto Komiyama

was born in Utsunomiya, Japan, in
1947. After graduating from the
University of Tokyo, he entered the
Graduate School of this university
and obtained his Ph.D. in 1975. He
then worked as a postdoctoral fellow
with Prof. Myron L. Bender at North-

western University in Evanston, Illi-

nois (USA). In 1979 he returned to the 1

University of Tokyo as an Assistant

Professor. In 1987 he became an Associate Professor at the
University of Tsukuba, and, since 1992, has been a Full Professor at
the University of Tokyo. Only recently he moved to the Research
Center for Advanced Science and Technology of this university. His
research interests include bioorganic and bioinorganic chemistry
(especially DNA and RNA hydrolysis), host - guest chemistry
(cyclodextrins), functional polymers, and others. He was awarded
with an Award for Young Scientists from the Chemical Society of
Japan, a Japan IBM Science Award, an Award from the Rare Earth
Society of Japan, the Inoue Prize for Science, and the Award of the
Society of Polymer Science, Japan.

[*] Members of the Editorial Advisory Board will be introduced to the readers
with their first manuscript.

40

M. Komiyama et al.

(black line in Figure 1). This value is close to that (23.7 °C) of the
unmodified Ag/Tg duplex. Upon irradiation with UV light (300 <
A <400 nm), the trans-azobenzene residue is promptly isomer-
ized to the cis form (irradiation is carried out for 30 min).
Concurrently, the T,, value of the duplex is lowered to 15.9°C
(gray line in Figure 1). The change in T, (AT,), induced by the
trans —cis isomerization, is 8.9 °C. Still greater values of AT, are
obtained for other duplexes (Table 1).

Table 1. Melting temperatures (T,) of the duplexes between the modified
oligonucleotides and their counterparts of complementary sequence.”!

Duplex Polar fraction (P) Less polar fraction (L)
T [°Cl AT, [°C] T [°C] AT, [°C]

trans  cis trans cis

Ag/Tg (native) 23.7

XA,/Tg® 355 256 99

AXA¢/Tg 337 215 122 313 233 8.0

AXA/T, 27.2 204 68 24.8 20.1 47

AXA/T, 24.8 159 89 19.9 14.7 5.2

XT,/Ag" 37.2 269 103

TXTe/Ag 358 217 144

T XTs/Ag 296 90 206 24 66 158

T:XT,/Ag 20.2 —-3.0 232 9.1 -3.0 12.1

GXG,/CPd 322 230 92

[a] [A,XA,] = [T, XT,] =50 umoldm~3, [NaCll=1.0moldm= at pH7.0
(10 mmoldm~3 phosphate buffer). [b] The diastereomers could not be
separated by reversed-phase HPLC. [c][G3XG,]=[Cg]=10 umoldm3,
[NaCl] =0 moldm~3.

When the mixture is further irradiated with visible light (1 >
400 nm), the cis-azobenzene unit is isomerized to the trans form.
The melting curve of the resultant solution is virtually super-
imposable on that observed before the first UV irradiation. The
duplex-forming activity of the oligonucleotide has been rever-
sibly modulated by the photoirradiation.

Effect of azobenzene unit position in the oligonucleotides on
the photoregulation

The T,, values for various duplexes are summarized in Table 1.

From these results, the following conclusions can be drawn:

1. In both A-Tand G-C duplexes, the T, value is notably changed
by the photoisomerization of the azobenzene unit. The range
of AT, is 5-23°C for the duplexes studied here.

2. Without exception, the duplexes containing a trans-azoben-
zene unit are more stable than those containing a cis-
azobenzene unit.

3. An azobenzene unit near the 5 end of the oligonucleotide
stabilizes the duplex (for both the cis form and the trans
form). However, the stabilization is inefficient when the
azobenzene unit is placed in the middle of the duplex.
These effects are especially prominent in the duplex formation

by the oligo(T)s bearing an azobenzene group (see Table 1).

When the position of the azobenzene group is systematically

changed from the 5" end of the oligonucleotide to its middle

(XT,, TXTs, T,XT5, and T;XT,), the T, values of the respective

duplexes monotonically decrease. Significantly, the decrease in

the T, value for the cis isomers (from 26.9 to — 3.0°C) is far more
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drastic than that for the trans isomers (from 37.2 to 20.2°C). As a
result, the greatest AT,, value (23.2°C) is observed for the T;XT,/
Ag duplex.!™

T,, differences between the diastereomers of modified
oligonucleotides

The AT,, values for the P diastereomers are always greater than
the corresponding values for the L isomers (see Table 1). For the
T;XT,4(P)/Ag duplex, AT,,=23.2°C, whereas the value for the
T;XT,(L)/Ag duplex is 12.1°C. These differences in AT, mainly
stem from the fact that the P isomers containing trans-azoben-
zene units provide more stable duplexes than do the L isomers:
The T, value of the trans-T;XT,(P)/Ag duplex (20.2°C) is by 11.1°C
higher than that of the trans-T;XT,(L)/Ag duplex (9.1 °C). With the
oligonucleotides bearing cis-azobenzene groups, however, the
difference in T, between the P and the L isomers is only within
24°C. These effects are remarkable, especially when the
azobenzene unit is attached to a position in the middle of the
oligonucleotide.['?

Photocontrol of the formation/dissociation of DNA duplexes

The formation of the A;XA,(P)/Tg duplex and its dissociation are
satisfactorily photocontrolled (Figure 2). The temperature was
kept constant at 20 °C, and the absorbance at 260 nm before the

Ll
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(trans)
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Figure 2. Photoinduced change of the absorbance at 260 nm of a solution
containing A;XA,(P)/Te. Irradiation with either UV or visible light was carried out
for 20 min at the positions indicated by arrows. Conditions: 20°C, pH 7.1,

10 mmoldm~3 phosphate buffer, [NaCl] =1 moldm~3, [A;XA,(P)] = [T, =

50 umoldm=3,

photoirradiation was taken as the reference. For these measure-
ments, neither temperature, pH, ionic strength, or other factors
were changed. Under these conditions, the A;XA4(P)/Tg duplex is
efficiently formed (T, = 24.8 °C for the trans isomer of A;XA4(P)).
Upon irradiation with UV light, the absorbance at 260 nm rapidly
increases (open circle). The duplex is largely dissociated into two
single-stranded oligonucleotides, and the hypochromicity due
to duplex formation disappears (T,,= 15.9°C for the cis isomer).
Next, visible light is applied, and the absorbance decreases to
the value before the UV irradiation (closed circle). These changes
are reversibly repeated without apparent deterioration.
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Thermodynamic parameters for duplex formation of modified
oligonucleotides

For all the A, XA,/Tg duplexes listed in Table 2, the exothermicity
(— AH°) for the modified oligonucleotides bearing trans-azoben-
zene units exceeds that for the oligonucleotides with cis-
azobenzene units. The differences are 56 kJmol~' for the

Table 2. Thermodynamic parameters for DNA duplex formation by the
oligonucleotides bearing either a trans- or a cis-azobenzene unit.”!
Duplex AG° [kimol~"] AHe [kJmol ] AS° [Jmol~'K-"]
trans cis trans cis trans cis
XA,/Tg —33.6 —271 —198 — 184 —552 —526
AXA4(P)/Tg —31.6 —243 —182 —141 —503 —391
AXA4(L)/Tg —30.6 —244 —193 —137 —544 —378
AXA,P)/Tg  —27.1 —23.6 —136 —128 —364 — 351
AXA)/T, —253 —228 —139 —130 —382 —361
[a] At T=298 K.

AXA4(L)/Tg duplex and 9kJmol-' for the A;XA,(L)/Tg duplex.
On the contrary, the entropy change (AS°) is favorable for duplex
formation by the oligonucleotides containing cis-azobenzene
groups, rather than by the ones containing trans-azobenzene
groups. The exothermicity (— AH°) increases with the increase in
T (Figure 3 A), but TAS® decreases (Figure 3B). It is concluded
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Figure 3. The dependencies of (A) the exothermicity [— AH°] and (B) TAS° (T =
298 K) on T,, for the formation of A,,XA,/Ts duplexes; the open circles represent
data for A XA, oligonucleotides bearing trans-azobenzene groups, whereas
closed circles represent those containing cis-azobenzene groups (data taken from
Table 2).

that the change of AH° is the driving force for the observed
photoregulation (the formation of a DNA duplex after cis —trans
isomerization and its dissociation after trans —cis isomerization).
Interestingly, the plot of AH° versus TAS° provides a fairly
straight line (Figure 4). The data points for both cis-azobenzene-
and trans-azobenzene-modified oligonucleotides can be fitted
to the same graph. The contributions of AH° and AS° are
compensating each other in all these systems.

For a series of oligonucleotides containing trans-azobenzene
units, the exothermicity (— AH°) is greater when the residue X
(see Scheme 1) is closer to the 5 end (see the left-hand side
column in Table 2). The same is true for the oligonucleotides
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Figure 4. Compensation of TAS° (T = 298 K) and [— AH°] for the formation of
A.XA,/Tg duplexes. Open circles represent data for A, XA, oligonucleotides
bearing trans-azobenzene groups, whereas the closed circles represent those
containing cis-azobenzene groups (data taken from Table 2).

containing cis-azobenzene units. These orders are identical with
those for increasing stability (increasing T,,) of the duplexes.
Apparently, the formation of duplexes is also governed by the
AH° term 3

Spectroscopic monitoring of the duplex formation by the
modified oligonucleotides

The trans-azobenzene unit in A;XA,4(P) shows an absorption
maximum at 352 nm. When Tg is added to the solution (at a
temperature below the T, of the trans-A;XA,(P)/Tg duplex), the
absorption band of the azobenzene shifts towards longer
wavelengths. At a temperature higher than the T,, of the duplex
(24.8°C), however, the spectrum is hardly changed even after
addition of Tg. As the temperature is lowered, the concentration
of the trans-A;XA,(P)/Tg duplex increases and accordingly the
absorption maximum of the azobenzene is changed (Figure 5).

0
300
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A /am—1>n
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Figure 5. UV/Vis spectra of the trans-A;XA,(P)/T, duplex at different temper-
atures. Conditions: pH 7.0, 10 mmol dm~3 phosphate buffer, [NaCl] = 1 moldm—3,
[AsXA,(P)] = [Tg] =50 umol dm™.

Consistently, the plot of A,,., vs. temperature has a sigmoidal
shape, and the midpoint is close to the T, of the duplex.
Furthermore, on the formation of this duplex, a weak but explicit
CD isinduced in the 300 -500 nm region (solid line in Figure 6 A).
This induced CD corresponds to the absorption by the trans-
azobenzene. Note that this spectrum (solid line in Figure 6 A) is
obtained at 0°C, which is below the T, of the duplex (24.8°C). As
expected, no CD is induced at 50 °C where most of the duplex is
dissociated into two single-stranded DNA oligonucleotides
(dotted line in Figure 6A). The circular dichroism in the 200-
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Figure 6. CD spectra of the trans-A;XA,(P)/Ts duplex (A) and the cis-A;XA,(P)/Tg
duplex (B) at 0°C (solid line) and 50°C (dotted line). Conditions: pH 7.0,

10 mmoldm~3 phosphate buffer, [NaCl] =1 moldm=3, [A;XA,(P)] = [T =

50 umoldm~=3.

300 nmregion (corresponding to the absorption of nucleic acid
bases) is also strengthened.

All these results indicate that the trans-azobenzene moiety,
which has a planar structure," intercalates between two base
pairs of the DNA duplex.'™ Consistently, the induced CD around
350 nm is very weak (Figure 6A). This result shows that the
corresponding 1 - t* transition moment (which is parallel to the
long axis of trans-azobenzene) is parallel to the plane of DNA
base pairs (as expected from the intercalation mode).'® If the
azobenzene moiety were to be placed parallel to the long axis of
the duplex, a strongly positive CD should be induced.

When the trans-azobenzene moiety in A;XA4(P) is isomerized
to the cis form by UV irradiation, a notable CD is also induced in
the 200-500 nm region (Figure 6B). Probably, the cis-azoben-
zene is not directly interacting with the DNA bases. Since the
nonplanar structure of cis-azobenzene!'” is unfavorable for
intercalation into DNA duplexes, it would destabilize the duplex
by steric repulsion.

As shown by the thermodynamic analysis (Table2), the
cis —trans isomerization of the azobenzene moiety facilitates
duplex formation because of a favorable AH° term. The
increased exothermicity for the trans-azobenzene-modified
oligonucleotides is ascribed to the stacking interactions of the
azobenzene with the adjacent base pairs. These interactions are
stronger than the hydrogen bonds in Watson-Crick A/T base
pairs so that the duplexes of modified oligonucleotides (con-
taining trans-azobenzene units) are even more stable than the
native duplexes (e.g., the A4/Tg duplex). When an azobenzene
unit is placed in the middle of an oligonucleotide, the resulting
duplexes are destabilized. This finding is consistent with the
previous results that internal mismatches destabilize duplexes to
a greater extent than terminal mismatches.'®

Conclusions

By introducing a photoresponsive azobenzene group into
oligonucleotides, the formation/dissociation of DNA duplexes
has been successfully photoregulated (Figure 7). The T, values
are significantly changed, irrespective of the position of the
azobenzene unit in the oligonucleotides. In these photoregula-
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Figure 7. Schematic illustration of the photoregulation of duplex formation by
using photoisomerization of azobenzene units.

tions, the trans-azobenzene stabilizes the duplexes by interca-
lation, whereas the cis-azobenzene destabilizes them. The
present modified oligonucleotides are suitable for the photo-

regulation of gene expression (and of various enzymatic (4

reactions), since 1) the structural modification of the oligonu-
cleotides is minimized,™ 2) the photoregulation is reversible and
involves no side reaction, and 3) light is a clean and easily
controllable stimulus. According to our recent experiments,
these photoresponsive oligonucleotides can be successfully
used as modulators of DNA elongation by T7 polymerase.!'’)
Whether DNA elongation is terminated at a desired site or
proceeds down to the end of the template DNA is clearly
dictated by photoinduced cis—-trans isomerization of the
azobenzene.

Experimental Section

Materials: The phosphoramidite monomer 3 bearing an azobenzene
group was synthesized according to Scheme2 (details of the
synthesis are described in the Supporting Information).® 2,2-
Bis(hydroxymethyl)propionic acid, N,N’-dicyclohexylcarbodiimide,
N-hydroxybenzotriazole, 4-aminoazobenzene, 4,4’-dimethoxytrityl
chloride (DMT-CI), 4-(dimethylamino)pyridine, and 1H-tetrazole (To-
kyo Kasei), as well as 2-cyanoethyl N,N,N',N'-tetraisopropylphosphor-
diamidite (Aldrich), were commercially obtained and used without
further purification. Pyridine and dimethylformamide (DMF) were

Ho—, @ a) Ho-, @
)
OH OH
47%
1

DMTO~, @
DMTO~—, ) )%NAQ—N\\
o)
]
OH NC\/\O,P\NJ\
75%
2 3

Scheme 2. Synthesis of the phosphoramidite monomer 3. a) 4-aminoazobenzene, dicyclo-
hexylcarbodiimide, 1-hydroxybenzotriazole, DMF; b) 4,4'-dimethoxytrityl chloride (DMT-CI),
4-dimethylaminopyridine, pyridine, CH,Cl,; c¢) 2-cyanoethyl N,N,N’,N'-tetraisopropylphosphor-

diamidite, TH-tetrazole, CH;CN.
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distilled after being dried over CaH,. The conventional phosphor-
amidite monomers, controlled-pore glass (CPG) columns, and other
reagents for DNA synthesis were purchased from Glen Research Co.

Synthesis of azobenzene-modified oligonucleotides and separa-
tion of the isomers: All the modified oligonucleotides shown in
Scheme 1 were synthesized on an automated DNA synthesizer by
using the phosphoramidite monomer 3 and conventional mono-
mers. After the recommended workup, they were purified by
reversed-phase HPLC (Merck LiChrospher 100 RP-18(e) column, flow
rate 0.5 mLmin~', linear gradient 5—25% (25 min) acetonitrile in
water containing 50 mmoldm~ ammonium formate, detection at
260 nm). These modified oligonucleotides occur in two diastereo-
meric forms (a and 3, Scheme 3) due to the chirality of building block
X (see Scheme 1). Furthermore, the azobenzene residue in each of

Q 9
o:g—OHON\\N@ O=P-OH
o 0
HN HaN HoN
0 N—=N “ N-=N
© N2 NH Q@ ¢ N\ P
0=P-07 o N°'N N. 0=P-07 4 NN
o §2F S on §2
0 0
0=P-OH O=P-OH
© 9
«a B

Scheme 3. The two diastereomers of the modified oligonucleotides (o and {3)
with respect to the configuration of building block X (see Scheme 1).

them is either in the cis form or the trans form. In the present study,
all of these four isomers were completely separated by the reversed-
phase HPLC described above. The first and the third fractions (in the
order of increasing retention time) were the cis and the trans isomers
of one diastereomer, whereas the second and the fourth fractions are
the cis and the trans isomers of the other diastereomer.®! Hereafter,
the cis and the trans isomers of the former (more polar) diastereomer
is designated as P, whereas the corresponding stereo-
isomers of the latter (less polar) diastereomer is
designated as L (e.g., trans-A;XA4(P) and cis-A;XA,(L)).
With three oligonucleotides (XA, XT,, and G;XG,), the a
and 3 diastereomers were not sufficiently separated by
HPLC, and thus they were used as the mixtures (note
that the cis and the trans isomers were completely
separated even in these cases).

Characterization of the modified oligonucleotides:
The matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectra (negative mode) were
in satisfactory agreement (within experimental error)
with the expected structures. Compounds A XA,,: m/z:
XA;, 2507; AXA4(P), 2507; AXAq(L), 2507; A, XAs(P), 2507;
A,XAq(L), 2509; AsXA,(P), 2505; A;XA,4(L), 2504 (calcd for
[A XA, — H*']: 2504); compounds T,XT,,: m/z: XT,, 2440;
TXT4(P), 2443; TXT4(L), 2441; TXTs(P), 2445; T,XTs(L),
2446; T,XT4(P), 2444; T XT,4(L), 2444 (calcd for [T XT,,—
H*]: 2441); G;XG,: m/z: 2616 (calcd. for [GsXG, —H':
2616).
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Photoisomerization of the azobenzene-modified oligonucleoti-
des: In order to isomerize the azobenzene unit from the trans form
to the cis form, the oligonucleotide solutions were irradiated with
light from a 150-W xenon lamp through a UV-D36C filter (Asahi
Technoglass Corporation). Infrared light was cut off by using a water
filter. The intensity of light at the specimens was 5.3 mWcm~2. For
the cis—trans isomerization, an L-42 filter was used (the light
intensity was 230 mWcm=2). Under these conditions, the isomer-
ization (either trans —cis or cis —trans) was usually equilibrated
within 1 min. To ensure the completion of isomerization, however,
irradiation was continued for 20-30 min.

Measurement of the melting temperatures of the duplexes: The
absorbance at 260 nm was monitored at pH70 (10 mmoldm—3
phosphate buffer). The T,, value was determined from the maximum
in the first derivative of the melting curve. The temperature ramp
was 1.0°Cmin~". The concentration of each of the DNA oligomers
was 50 pmoldm=3, the salt concentration was 1 moldm=— NaCl
(unless otherwise stated). The melting curves for cooling and heating
were virtually identical to each other. In the determination of the T,
value of the cis isomer duplexes, the UV light was applied in the
middle of the measurement in order to minimize the effect of
thermal cis —trans isomerization. By these procedures, the fraction
of the cis isomer in the specimens was kept almost constant at 70 %
throughout the measurement.

Spectroscopic measurements: The UV-visible spectra were meas-
ured on a JASCO model V-530 spectrophotometer, while the circular
dichroism (CD) spectra were recorded on a JASCO model J-725
spectropolarimeter. Both spectrometers were equipped with pro-
grammed temperature controllers.

Determination of the thermodynamic parameters of duplex
formation: The enthalpy change (AH°) and the entropy change
(AS°) for the duplex formation were determined by using Equa-
tion (1),

T.7' = (230R/AH°)log(c/4) + (ASY/AHP) )

where ¢, is the total concentration of oligonucleotides comprising
both the modified oligonucleotide and its counterpart (R is the gas
constant). The ¢, values were varied from 2 to 100 pmoldm=3. The
changes in Gibbs free energy at 25°C (AG°(298 K)) were calculated
from the AH® and AS° values.
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Isolation and Amino Acid Sequence of a Serine
Proteinase Inhibitor from Common Flax
(Linum usitatissimum) Seeds

Irena Lorenc-Kubis, Jolanta Kowalska, Bogustawa Pochron, Aneta Zuzto, and

Tadeusz Wilusz*@

LUTI (Linum usitatissimum trypsin inhibitor), a member of the
potato inhibitor | family, has been isolated from seeds of flax by
ethanol fractionation, ion exchange chromatography on CM-
Sephadex C-25, affinity purification on immobilized methylchymo-
trypsin (o-chymotrypsin in which His57 has been converted to
3-methylhistidine) in the presence of 5m NaCl, and finally by
reversed-phase HPLC. The 7655 Da inhibitor consists of a single
polypeptide chain of 69 residues with one disulfide bridge. The
molecule is acetylated at the N terminus. Its primary structure has
been determined after limited proteolysis of the native molecule
with trypsin at the reactive site, cleavage with cyanogen bromide
or arginyl endopeptidase (Arg-gingipain), and alcoholytic deace-

Introduction

It has been known that protein proteinase inhibitors, widespread
in the animal, plant, and microbial kingdoms, have a variety of
inhibitory specificities and structures. They were classified into
families according to Laskowski on the basis of their primary
structure, topology of disulfide bridges, and the position of the
reactive site."! Plant proteinase inhibitors seem to be part of the
defense mechanisms that protect plants against attack by pests
and pathogens, because they are mainly active against exoge-
nous enzymes.

The known plant proteinase inhibitors belong to at least nine
families: Kunitz (STI),”? Bowman - Birk (BBI),®! squash,”* cereal,™
rape seed arrowhead,” potato I,¥ potato I, and barley.'”
Some of them seem to be restricted to only one botanical family,
for example, inhibitors of the squash family (Cucurbitaceae).
Representatives of others families, for example the potato
inhibitor I, were isolated from Solanaceae,® Gramineae, Legu-
minosae,"? Amaranthaceae,"® and Cucurbitaceae.'

Here, we report on the purification and the primary structure
of the trypsin inhibitor from seeds of common flax (Linum usita-
tissimum), abbreviated as LUTI, a member of the Linaceae family.
The purification procedure involved affinity chromatography on
immobilized methylchymotrypsin (a-chymotrypsin in which
His 57 has been converted to 3-methylhistidine) in the presence
of 5m NaCl, which enables adsorption of the strong trypsin
inhibitor with no or only weak antichymotrypsin activity.'
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tylation of the N-terminally blocked serine. The association
constants (K,) of LUTI with bovine B-trypsin and a-chymotrypsin
are 3.58x 10°m~" and 5.02x 10°m~", respectively. High NaCl
concentration (3m) increased the association constant of LUTI
with a-chymotrypsin to 6.64 x 10’m~". To our knowledge, LUTI is
the first serine-proteinase-type inhibitor isolated from a plant of the
Linaceae family.

KEYWORDS:

enzyme inhibitors -
sequence determination

hydrolases - proteinases - proteins -

Results and Discussion

Isolation of the inhibitor

The purification procedure outlined above resulted in the
isolation of the homogenous protease inhibitor from common
flax seeds. The removal of the seed coats rich in mucilage at the
beginning of the purification procedure improved the prepara-
tion and increased the concentration of extracted proteins. The
inhibitor was isolated from the ethanol-precipitated proteins by
CM-Sephadex C-25 chromatography followed by chromatogra-
phy on immobilized methylchymotrypsin.

In the ion exchange chromatography the inhibitor was eluted
as a single, symmetrical peak (data not shown). In the affinity
chromatography all antitrypsin activity was adsorbed on the
column only in the presence of high salt concentration (5m
NaCl). Bound inhibitor was eluted in two peaks: the first with
water and the second with 0.01n HCI (Figure 1). Finally, both
inhibitor peaks (I and Il) were purified and rechromatographed

[a] Prof. T. Wilusz, Dr. I. Lorenc-Kubis, M.Sc. J. Kowalska, M.Sc. B. Pochron,
M.Sc. A. Zuzto
Institute of Biochemistry and Molecular Biology
University of Wroctaw
Tamka 2, 50-137 Wroctaw (Poland)
Fax: (+48) 71-3752-608
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Figure 1. Affinity chromatography of trypsin inhibitor from flax on immobilized
methylchymotrypsin. Samples of 50 mL (440 mg of protein) containing 5m NaCl
at pH 7.5 were loaded on the methylchymotrypsin — Sepharose 4B column (140 x
25 mm), equilibrated with 0.05m Tris-HCI buffer, pH 7.5, containing 5m NaCl. The
column was washed intensively with equilibrating buffer containing 5m NaCl until
the A, value dropped below 0.02. Finally the inhibitor was eluted with water
(peak I) followed by 0.01~ HCI (peak Il). Fractions of 8 mL were collected at a flow
rate of 140 mLh~.

by reversed-phase (RP) HPLC on a C,3 column (Figure 2). After
this step the recovery was close to 40%, and the specific activity
had increased 600-fold.
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Figure 2. Reversed-phase HPLC rechromatography of the inhibitor peaks | and Il
from the previous dffinity chromatography (see Figure 1). The proteins were
applied to a Nucleosil-100 C,g column (10 um; 250 x 8.0 mm i.d.) and eluted with
acetonitrile (linear gradient in 0.1 % TFA).

Recently, we applied 5m NaCl for the purification of trypsin
inhibitors from Cucurbitaceae family seeds and porcine pancreas
on immobilized chymotrypsin.'! Only in the presence of a high
concentration of salt were these trypsin-specific inhibitors
adsorbed on the affinity column and later eluted in their virgin
forms (i.e., with the reactive-site peptide bond not split) either
with water or 0.01n HCI. In the case of LUTI we were not able to
use the immobilized, catalytically active chymotrypsin because
this enzyme, in both the presence and the absence of 5m NaCl,
inactivated the inhibitor (data not shown). Instead, we used
immobilized, catalytically inactive methylchymotrypsin for the
purification of the inhibitor from the flax seeds.
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Characterization

On the basis of the similar mobility in both reducing (Figure 3)
and native (data not shown) gel electrophoresis, the elution
conditions in RP-HPLC (Figure 2), identical molecular weight of
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Figure 3. SDS-PAGE of HPLC-purified inhibitor. Lane 1 and 2: inhibitor from
peak | (10 ug) and peak Il (10 ug), respectively; lane 3: molecular weight markers.

7655 £ 2 Da (Figure 4), and similarity in amino acid compositions
(Table 1), we assumed the inhibitors of peak| and Il to be the
same protein. To support this suggestion we rechromatograph-
ed the pure inhibitor of peaks| and Il on immobilized
methylchymotrypsin under the conditions described in the
legend of Figure 1. Both inhibitor preparations were adsorbed in
the presence of 5m NaCl and then eluted in two peaks: the first
with water and the second with 0.01 N HCl (data not shown). The
proportions between peaks | and Il in both cases were similar to
the ones shown in Figure 1.
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Figure 4. Mass spectra (electrospray ionization) of HPLC-purified peaks | and Il of
LUTI.

Because these results indicated that the proteins of both
peaks were identical, further characterization was performed
only for the inhibitor of peak!| (LUTI). We are not yet able to
explain why LUTI has a tendency to elute in two protein peaks in
the chromatography on immobilized methylchymotrypsin after
its adsorption in the presence of 5m NaCl. To our knowledge,
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Table 1. Amino acid compositions of LUTI and its fragments obtained after proteolytic and chemical cleavage.”’

Amino acid LUTII LUTLHII T, G G R, R,

Asp 7.77 (8) 8.41 3.94 (4) 2.07 (2) 4.07 (4) 2.07 (2) 1.15 (1)
Ser 3.82 (4) 3.82 0.95 (1) 1.03 (1) 1.08 (1) 1.11 (1) 1.29 (1)
Glu 448 (4) 4.23 0.00 (0) 3.08 (3) 1.09 (0) 2.04 (2) 1.27 (1)
Gly 5.76 (5) 5.60 1.01 (1) 1.27 (1) 1.28 (1) 333 (3) 1.78 (1)
His 244 (3) 2.83 1.85 (2) 0.85 (1) 1.99 (2) 0.00 (0) 0.87 (1)
Arg 5.90 (6) 6.43 2.02 (2) 2.08 (2) 220 (2) 0.00 (1) 0.00 (0)
Thr 4.25 (4) 3.88 1.99 (2) 0.91 (1) 296 (3) 1.12 (1) 0.91 (1)
Ala 6.33 (6) 6.19 0.00 (0) 5.45 (5) 0.66 (0) 3.20 (4) 1.89 (2)
Pro 3.58 (3) 3.16 0.94 (1) 0.00 (0) 1.08 (1) 2.00 (2) 0.00 (0)
Tyr 0.00 (0) 0.00 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0)
Val 7.51 (10) 8.40 4.54 (6) 2.54 (3) 4.67 (6) 1.85 (2) 1.76 (2)
Met 147 (2) 1.99 0.00 (0) nd. (1) 0.00 (0) 0.00 (1) 0.00 (1)
Lys 3.84 (4) 4.08 0.00 (0) 1.06 (1) 1.08 (1) 242 (2) 2.19 (2)
lle 2.60 (3) 24 1.67 (2) 0.57 (1) 1.67 (2) 0.00 (0) 0.72 (1)
Leu 223 (2) 2.38 0.00 (0) 1.03 (1) 0.24 (0) 1.05 (1) 1.17 (1)
Phe 1.09 (1) 1.16 1.00 (1) 0.00 (0) 0.97 (1) 0.00 (0) 0.00 (0)
Cys®! 2.15 (2) 1.73 nd. (1) n.d. (0) nd. (1) nd. (1) n.d. (0)
Trpl 2.13 (2) 242 nd. (1) nd. (0) nd. (1) nd. (1) nd. (0)
total (69) (24) (23) (26) (24) (15)
[a] Numbers in parentheses are calculated from the corresponding sequence of LUTI. LUTII and LUTIII represent inhibitor eluted from immobilized
methylchymotrypsin with water and 0.01~ HCl, respectively. [b] Cysteine was determined after oxidation of LUTI with performic acid.“® [c] Tryptophan was
determined according to ref. [47].

only Ryan and Feeney applied immobilized methylchymotrypsin
for the purification of serine proteinase inhibitors. They purified
avian ovomucoids, which, contrary to LUTI, were strong
chymotrypsin inhibitors and adsorbed in batch procedure on
methylchymotrypsin — Sepharose resin at low salt concentration,
and were then eluted as single active fractions at pH 2.0.'

Inhibitory activity

LUTI was found to be a strong inhibitor of bovine S-trypsin (K, =
3.58 x 10"°m7"). It also weakly inhibited a-chymotrypsin, sub-
tilisin BPN’, subtilisin Carlsberg, and cathepsin G, while human
leukocyte elastase (HLE) and porcine pancreatic elastase (PPE)
were not affected. At 3m NaCl the K, value for a-chymotrypsin,

subtilisin BPN’, subtilisin Carlsberg, and, to a lesser extent, the
other enzymes was significantly increased (Table 2). For the
inhibition of chymotrypsin by LUTI we studied the dependency
of the association constants on the NaCl concentration. In the
absence of NaCl the association constant was K, =5.02 x 10°m~,
whereas NaCl concentrations of 1, 2, and 3m increased its value
to 1.74 x 106m~", 1.54 x 10’m~" and 6.64 x 10’m~", respectively.
Recently, we observed that at a high NaCl concentration the
trypsin-specific inhibitors (Kazal-type inhibitor from bovine
pancreas and inhibitors from the squash family) also exhibited
antichymotrypsin activity.'™

Incubation of LUTI with a-chymotrypsin in 30 mol % excess for
72 h at pH 8.0 and 25°C caused a loss of antitrypsin activity of
the inhibitor in either the presence or the absence of 4.5m NaCl.

Table 2. Inhibition of serine proteinases by LUTI.

Enzyme Substrate Equilibrium association constant (K, [v~'])
Name Conc. [v] Compd. Conc. [m] no NaCl 0.5m Nacl 3m Nacl
bovine S-trypsin 8.05x 1071° Bz-Val-Gly-Arg-pNA 241 x10°° 3.58 x 10" n.d. n.d.
(EC3.4.21.4)
subtilisin BNP’ 2.80 x 1077 Suc-Ala-Ala-Ala-pNA 246 x 1074 5.74 x 107 n.d. 2.00 x 10°
(EC3.4.21.14) (1.72 x 1078)8
subtilisin Carlsberg 2.30x 1077 Suc-Ala-Ala-Ala-pNA 1.64 x 107* 447 x 108 n.d. 1.25 x 10°
(EC 3.4.21.62) (9.06 x 109
cathepsin G 7.10x 1078 Suc-Ala-Ala-Pro-Phe-pNA 1.74 x 107 n.d. 1.72 x 10° 3.56 x 10°
(EC 3.4.21.20)
bovine a-chymotrypsin 3.93x 1077 Suc-Phe-pNA 1.24 x107* 5.02 x10° n.d. 6.64 x 107
(EC3.4.21.1)
human leukocyte elastase 484 x107° MeO-Suc-Ala-Ala-Pro-Val-pNA 1.39x107° n.d. 9.12 x 10* 2.88 x 10°
(EC3.4.21.37)
porcine pancreatic elastase 7.57 x 107° Suc-Ala-Ala-Ala-pNA 1.64x 107 8.56 x 10° n.d. 293 x 10*
(EC 3.4.21.36)
[a]l Numbers in parentheses are the concentrations of subtilisins used for determination of K, in the presence of 3m NaCl. Bz=benzoyl; MeO = methoxy;
pNA = p-nitroanilide; Suc = succinyl.
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The antitrypsin activity of LUTI was found to be unaffected when
the inhibitor was incubated with trypsin in 30 mol% excess
under analogous conditions (data not shown).

The antitryptic activity of LUTI was not affected by modifica-
tion of guanidyl groups of arginine residues with 1,2-cyclo-
hexanedione (CHD), whereas acetylation of free amino groups
with acetic anhydride led to its inactivation. This indicated the
involvement of a lysine residue in the reactive site of the
inhibitor.

Sequence studies

Attempts to determine the amino acid sequence of LUTI
revealed that it has a blocked N terminus. Alcoholytic deblocking
of the native inhibitor with trifluoroacetic acid (TFA) in methanol
permitted the determination of an N-terminal sequence of
24 residues (SRRXPGKNAXPELVGXSGNMAAAT). This suggested
that LUTI has an N-acetylamino acid at the N-terminal end. The
presence of N-acetylserine at the N terminus was confirmed both
by NMR spectroscopic studies and by mass spectrometry (see
above). The 'H NMR spectrum shows a sharp singlet peak at 6 =
2.0 corresponding to the CH; moiety of the acetyl group. In
addition, a strong NOE signal was observed between the amide
proton of Ser1 and the methyl protons at 6 =2.0."")

It would be interesting to know why only some inhibitors
belonging to the potatol family have an N terminus that is
blocked by acetylation.'* '® A similar phenomenon is observed
in the squash inhibitor family where also only some of their
members possess a blocked N terminus, but in this case it is a
pyroglutamic acid residue." For antiproteolytic activity it is not
relevant whether inhibitors have a free or blocked N terminus, so
it seems to be unimportant for their function as defensive
proteins that can protect plants against insects and pathogens. It
is possible that proteinase inhibitors in plants play multiple roles
that might be connected with more than only the inhibition of
proteolytic enzymes. Products of their proteolytic degradation
can appear in the process of germination and perform important
regulatory functions. These functions might depend on whether
the peptides have blocked or free N termini. Enzymatic degra-
dation of the basic pancreatic trypsin inhibitor (BPTI) with
clostripain is an example of the generation of bioactive peptides
with antimicrobial activity from an inhibitory protein.’2%

The remaining part of the amino acid sequence of LUTI was
determined in several steps. Incubation of the protein with a

1 10 20 30
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catalytic amount of trypsin at pH 3.2 converted part of the virgin
inhibitor into a modified form (with the reactive-site peptide
bond split). The modified form of LUTI (Figure 5) was reduced
and alkylated, and the resulting peptides were separated by RP-
HPLC (data not shown). Peptide T, was submitted to sequence
analysis without further treatment. Peptide T, was digested with
Arg-gingipain, the product mixture obtained by enzymatic
cleavage was separated by RP-HPLC (data not shown), and the
amino acid sequences of peaks R, and R, were elucidated.
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Figure 5. Reversed-phase HPLC of trypsin-modified LUTI (150 ug) on a Nucleosil-
100 C,5 column (10 um; 250 x 8.0 mm i.d.). The proteins were eluted with
acetonitrile (linear gradient in 0.1 % TFA).

On the basis of the finding that LUTI has two methionine
residues (Table 1) the reduced and alkylated inhibitor after
purification on RP-HPLC (data not shown) was cleaved with
CNBr. The resulting peptides were separated by RP-HPLC, and
peaks C, and C; (data not shown) were sequenced. The amino
acid sequences of the isolated peptides afforded the entire
primary structure of LUTI. The sequence of LUTI coincided well
with the amino acid compositions of the isolated peptides and
the intact protein (Table 1). The molecular weight of LUTI was
determined to be 7655 + 2 Da by mass spectrometry, which is in
good agreement with the theoretical value of 7653.4 Da, which
was calculated according to Equation (1).

Mirotein = {Zmaa —68 mH;O} + Mcy,co— 1 (1

The complete amino acid sequence of the LUTI is shown in
Figure 6. The protein consists of a single polypeptide chain of
69 amino acids and contains one disulfide bridge. The protein

40 N 50 60 69

<SRRCPGKNAWPELVGKSGNMAAATVERENRNVHAIVLKEGSAMTKDFRCDRVWVIVNDHGVVTSVPHIT

Deacet. [ G R Xmmmmmm e >
Try
CNBr

Arg-ging.

Figure 6. Amino acid sequence of common flax trypsin inhibitor (LUTI). Deacet. indicates the amino acid residues determined after alcoholytic deacetylation of
N-terminally blocked inhibitor. Try, CNBr, and Arg-ging. stand for the peptides derived from trypsin, CNBr, and Arg-gingipain cleavage, respectively. X indicates non-

identified amino acid residues. The arrow indicates the reactive-site peptide bond.
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CMTI-V
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Figure 7. Alignment of the amino acid sequence of LUTI (trypsin inhibitor from common flax (Linum usitatissimum) seeds with those of inhibitors belonging to the
potato inhibitor | family. ATSI = trypsin and subtilisin inhibitor from amaranth seeds (Amaranthus caudatus),?” ATI= trypsin inhibitor from amaranth (Amaranthus

hypochondriacus) seeds;!’) CMTI-V = inhibitor of trypsin and Hageman factor from pumpkin (Cucurbita maxima),/¥ BGIA =

inhibitor of Streptomyces griseus protease

from seeds of bitter gourd (Momordica charantia),"® PFTI= trypsin inhibitor from pumpkin fruit phloem exudate;?? ASI-1= subtilisin inhibitor from seeds of adzuki
beans (Vigna angularis);/’? CI-1 and CI-2 = chymotrypsin inhibitors from barley (Hordeum vulgare) seeds;?> 4 TI-|= wound-induced inhibitor from tomato

(Lycopersicon peruvianum) leaves,® DI-1 = trypsin inhibitor from fruit of wild tomato,?" ERI =

tomato ethylene-responsive inhibitor;?9 PI-| = potato inhibitor I,?”

GTl = inhibitor from a tobacco genetic tumor,;¥ LIE = eglin C from leech (Hirudo medicinalis).?”’ Gaps inserted into a sequence to preserve homology are indicated by
dashes (--); the P, residue of the reactive site is indicated by an arrowhead; shaded areas indicate residues that are identical with the sequence of LUTI.

revealed significant homology to the potato | inhibitor family,
particularly to inhibitors ATSI and ATl from Amaranthaceae
(Figure 7). It seems that the presence of a disulfide bridge in
some potato!l family members is not required for their
antiproteolytic activity. Plunkett and Ryan have shown that
the reduction and carboxymethylation of a single disulfide
bond in proteinase inhibitor | from potato tubers had no effect
on its inhibitory function.®® To our knowledge LUTI is the first
serine proteinase inhibitor isolated from the Linaceae plant
family.

Experimental Section

Materials: The seeds of Linum usitatissimum were supplied by
Garden Seed Company (Wroctaw, Poland). a-Chymotrypsin
(EC 3.4.21.1), subtilisin Carlsberg (EC 3.4.21.62), N-a-benzoyl-oL-Arg-
p-nitroanilide (BAPNA), N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide, N-
succinyl-Ala-Ala-Ala-p-nitroanilide, N-methoxy-succinyl-Ala-Ala-Pro-
Val-p-nitroanilide, N-succinyl-L.-Phe-p-nitroanilide, N-benzoyl-Val-Gly-
Arg-p-nitroanilide, Tris(hydroxymethyl)aminomethane (Tris), 2-[4-(2-
hydroxyethyl)-1-piperazinyllethanesulfonic acid (HEPES), dimethyl-
sulfoxide (DMSO), phenylmethylsulfonyl fluoride (PMSF), divinyl
sulfone, and iodoacetic acid were from Sigma (St. Louis, MO, USA);
porcine pancreatic elastase (EC3.4.21.36) and p-nitrophenyl p-
guanidinobenzoate - HCI (NPGB) from Merck (Darmstadt, Germany);
methyl p-nitrobenzenesulfonate, cyanogen bromide, reagents for
SDS-PAGE and trifluoroacetic acid (TFA) from Fluka (Buchs, Switzer-
land); subtilisin BNP" (EC 3.4.21.14); dithiothreitol (DTT) and 1,2-
cyclohexanedione (CHD) were purchased from ICN Biomedicals
(Costa Mesa, CA, USA). Sepharose 4B, DEAE-Sephadex A-25, and
molecular weight markers for sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) were from Pharmacia LKB Biotech-
nology (Uppsala, Sweden). The reversed-phase Nucleosil-100 C;q
(10 um; 250 x 8.0 mm i.d.) column was from Knauer (Berlin, Germa-
ny); YM 3 membrane filter was purchased from Amicon (Danvers,
MA, USA).
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Methylchymotrypsin was prepared by the method of Nakagawa and
Bender,®" and traces of nonmodified enzyme were inactivated with
PMSF. Bovine trypsin (EC3.4.21.4) was prepared according to
Wilimowska-Pelc and Mejbaum-Katzenellenbogen,® and bovine (-
trypsin was isolated from this preparation as described by Liepniecks
and Light.®¥ CathepsinG (EC3.4.21.20) and human leukocyte
elastase (EC3.4.21.37) were purified by the method of Watorek
etal.®¥ Arg-gingipain (EC 3.4.22.37) was a gift from Dr. J. Potempa
from the Institute of Molecular Biology, Jagiellonian University
(Krakoéw, Poland). Cucurbita maxima trypsin inhibitor | (CMTI 1) was
prepared according to Polanowski etal.®® Turkey ovomucoid
(OMTKY) was separated after Bogard et al.>®

All other reagents were of analytical or HPLC-grade purity.

Preparation of trypsin inhibitor: Ground flax seeds were washed
twice with five volumes (w/v) of acetone. Quickly sedimented coats
and coarse particles were discarded and finely ground meal was
collected by centrifugation and dried under vacuum. Defatted meal
(600 g) was extracted with 0.1m acetate buffer, pH 5.0 (6 L) for 1 h at
4°C with mechanical stirring, and the supernatant solution was
isolated by centrifugation for 30 min at 9000 x g. Mucilage from the
supernatant was precipitated at room temperature with an equal
volume of ethanol and removed by filtration. To the clear super-
natant four volumes of cold ethanol (—20°C) were added, left for
24 h at 4°C, and then the crude protein precipitate was collected by
centrifugation and dried under vacuum. The resulting powder was
solubilized in distilled water (500 mL) and clarified by filtration. To the
protein solution an equal volume of 0.1m acetate buffer, pH 5.5, was
added, and the mixture was applied to a CM-Sephadex C-25 column
(260 x 35 mm) preequilibrated with 0.05m acetate buffer, pH 5.5. The
proteins were eluted with a gradient of 0-0.6m NaCl in the same
buffer at a flow rate of 60 mLh=". The inhibitor peak fractions were
pooled and brought to pH 7.5 with 2m Tris, and NaCl was added to a
final concentration of 5m. The solution was then applied to a column
packed with immobilized methylchymotrypsin-Sepharose 4B
(140 x 25 mm) and equilibrated with 5m NaCl in 0.05m Tris-HCI
buffer, pH 7.5. Nonbound proteins were washed out with starting
buffer. The adsorbed inhibitor was first eluted with water (peak I) and
then with 0.01n HCl (peak Il). The inhibitor preparations of peaks |

49






BIO

and Il were concentrated and desalted on a YM 1 membrane filter
and finally chromatographed on a Nucleosil-100 C,5 column (10 pm;
250 x 8.0 mm i.d.) with an HPLC system.

Protein assay: The amount of protein was estimated by either the
microbiuret method of Goa®” or by spectrophotometric measure-
ment of the absorbance at 215 (A,;5) and 225nm (A,,;) and
calculating the concentration ¢ by using Equation (2).1*8

clmgmL] = 144 (Ays—Aps) @

Measurement of enzyme and inhibitory activities: Enzyme activ-
ities were measured spectrophotometrically at 410 nm after 10 min
incubation at 25°C in 0.1m Tris-HCI buffer, pH 8.0, with 20 mm CaCl,,
by using BAPNA for S-trypsin % and N-succinyl-Ala-Ala-Pro-Phe-p-
nitroanilide for a-chymotrypsin as substrates.*® One unit of
inhibitory activity was defined as the amount of protein required
to reduce the activity of 2 pg of an enzyme to 50% of the original
value.

Standardization of enzyme and inhibitor stock solutions: Bovine
B-trypsin and a-chymotrypsin were dissolved in 1 mm HCl, 20 mm
CaCl,; subtilisin BPN’, subtilisin Carlsberg, and PPE in 0.02m acetate
buffer, 20 mm CaCl,, pH 5.0; and cathepsin G and HLE in 0.1 m acetate
buffer, 1m NaCl, pH 5.6. Stock solutions of inhibitors were prepared in
1mm HCL p-trypsin and a-chymotrypsin concentrations were
determined by spectrophotometric titration with NPGB.*1 The
standardized trypsin solution was used to titrate LUTI, CMTI |, and
OMTKY, which in turn served to determine the activity of other
enzymes, namely cathepsin G (with CMTI 1) and HLE, PPE, subitilisin
BNP’, and subtilisin Carlsberg (with OMTKY).

Determination of equilibrium association constants: The equili-
brium association constants (K,) were determined in 0.05m Tris-HCI
buffer, 20 mm CaCl,, 0.005% Triton X-100, pH 8.3 (in the case of
cathepsin G and HLE, the buffer also contained 0.5m NaCl) at 22°C
with the method of Empie and Laskowski*? as described by
Otlewski et al.“ Increasing amounts of inhibitor were added to a
constant amount of enzyme, and after a suitable incubation time the
residual enzyme activity was measured by using an appropriate
turnover substrate (see Table 2 for details). Kinetic measurements
were performed at 410 nm, and the residual enzyme concentration
was calculated from initial slopes. The experimental data were fitted
to Equation (3), where [E,] and [l,] are total enzyme and inhibitor
concentrations, respectively, [E] is the residual enzyme concentra-
tion, and F is the enzyme —inhibitor equimolarity factor.

[El = - ([E]—Flld — K"+ \/<[Eo] = Fllo] = K.")* = 4[E] F [lo]) G

1
2
Immobilization of methylchymotrypsin: Methylchymotrypsin (1 g)

was immobilized on divinyl sulfone activated Sepharose 4B (70 mL)
according to Pepper.

Electrophoresis: Samples of inhibitor were subjected to electro-
phoresis on 16.5% (w/v) polyacrylamide gels in the presence of SDS
according to Schagger and von Jagow."!

Amino acid analysis: Samples containing 1-3 pg of protein were
hydrolyzed by vapor-phase HCl hydrolysis at 112°C for 20 h in a
protein hydrolyzer (Knauer, Germany). Hydrolysis was performed by
manual derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl
carbamate.” The derivatized amino acids were separated by HPLC
on an AccQ-Tag column (160 x 3.9 mm i.d.; Waters, USA). Trypto-
phan was determined spectrophotometrically according to Beaven
and Holiday.*”! Cysteine was determined after oxidation of LUTI with
performic acid.8!
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Enzymatic modification and proteolytic digestion: The reactive-
site peptide bond (P,—P} according to the notation by Schechter and
Berger)“? of LUTI was hydrolyzed by incubation with 2 mol% of
trypsin at pH 3.2 for 48 h at 25 °C. The N-terminal peptide T, (150 pg)
obtained after selective hydrolysis of LUTI by trypsin at pH 3.2 was
digested with about 1 mol% of Arg-gingipain for 20 h at 37°C in
200 uL of 0.3m Tris-HCI buffer, pH 7.6, containing 1 mm CaCl, and
10 mm cysteine. Prior to incubation the enzyme was activated for
15 min at 37°C in 0.2m HEPES, pH 8.0, containing 5 mm CaCl, and
10 mm cysteine.”® Peptides resulting from enzymatic digestion were
separated by RP-HPLC with a linear gradient of acetonitrile in 0.1%
TFA. The susceptibility of LUTI to a-chymotrypsin degradation was
examined by incubating the intact molecule (3.15 x 10~ mol) for
72 h at 25°C with the enzyme in 30 mol% excess in 0.05m Tris-HCI,
20 mm CaCl,, pH 8.0 (400 pL) in either the presence or the absence of
4.5m NaCl. During incubation the antitrypsin activity of LUTI was
monitored.

Chemical modifications: Free amino groups of lysine residues were
acetylated with acetic anhydride.®" Guanidyl groups of arginine
were modified with CHD.*? Carboxymethylation or alkylation of
cysteine with acrylamide after reduction of LUTI with DTT was carried
out according to refs.[48] and [53], respectively. The modified
protein was separated by RP-HPLC with a linear gradient of
acetonitrile in 0.1% TFA. Carboxymethylated LUTI was cleaved by
cyanogen bromide according to Gross and Witkop,®¥ and the
resulting fragments were separated by RP-HPLC with a linear
gradient of acetonitrile in 0.1% TFA. Alcoholytic deblocking of
N-terminally acetylated LUTI was performed according to Gheorghe
etal

Mass spectrometry: Mass spectra were recorded on a Finnigan MAT
TSQ 700 triple-stage quadrupole mass spectrometer equipped with
an electrospray ion source (ESI-MS). Samples were dissolved in
methanol/water/acetic acid (50:45:5, v/v/v) and introduced into the
electrospray needle by mechanical infusion through a microsyringe
at a flow rate of 2 uLmin~". A potential difference of 4.5kV was
applied between the electrospray needles. Nitrogen gas was used to
evaporate the solvent from the charged droplets. At least twenty
scans were averaged to obtain each spectrum. Transformations of
the resulting spectra were performed with the BioWorks software
package (Finnigan MAT).

Amino acid sequence determination: Sequence analyses were
performed on a gas-phase sequencer (Model 491, Perkin-Elmer/
Applied Biosystems, Foster City, CA, USA). The PTH-derivatives were
analyzed by online gradient HPLC on a SPHERI-5 PTH column (5 pm
Cig5 220 x 2 mm i.d.; Perkin — Elmer) using the microgradient delivery
system Model 140C equipped with a programmable absorbance
detector Model 785A (both from Perkin — EImer/Applied Biosystems).
The amino acid sequence of LUTI has been deposited in the SWISS-
PROT protein data bank under the accession number P82381.

This work was supported by grant 6PO4A 05015 from the Polish
Committee for Scientific Research (KBN). The authors wish to
express their gratitude to Dr. Jan Potempa from the Institute of
Molecular Biology, Jagiellonian University, Krakow (Poland) for a
gift of purified Arg-gingipain.
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Cell-Surface Recognition of Biotinylated Mem-
brane Proteins Requires Very Long Spacer Arms:
An Example from Glucose-Transporter Probes

Makoto Hashimoto, Jing Yang, and Geoffrey D. Holman*®!

Glucose transporters (GLUTs) can be photodaffinity labelled by
(diazirinetrifluoroethyl)benzoyl-substituted glucose derivatives and
the adduct can be recognised, after detergent solubilisation of
membranes, by using streptavidin-based detection systems. How-
ever, in intact cells recognition of photolabelled GLUTs by avidin
and anti-biotin antibodies only occurs if the bridge between the
photoreactive and the biotin moieties has a minimum of 60-70
spacer atoms. We show that a suitably long bridge can be
synthesised with a combination of polyethylene glycol and
tartarate groups and that introduction of these spacers generates

Introduction

Membrane proteins are often only partially exposed to the
external solution surrounding cells and have binding sites that
are buried within their central regions, which lie deep within the
lipid bilayer. This inaccessibility presents major problems in
attempts to tag these proteins by biotin in a form where they
can be recognised by avidin or anti-biotin antibodies. The
problem is compounded because the biotin binding site in
avidin, which can be used for detection, is buried 9 A below the
surface.! Detection will therefore require the close approach of
two large macromolecules that both have deep binding pockets.
This problem particularly applies to membrane glucose trans-
porters (GLUTs) which expose short exofacial loops at the outer
surface of the cell? which are difficult to label with conventional
biochemical approaches. In addition, mutagenesis studies on
these proteins indicate that the substrate binding pocket lies
deep between the transmembrane segments.’> 4

The GLUT4 protein is of particular importance as a pharmaco-
logical target as it is present only in insulin-responsive tissues.®
In the basal state, GLUT4 is sequestered into an intracellular
reservoir membrane compartment. The exposure of GLUT4 at
the cell surface is regulated by insulin signalling, which initiates a
signalling cascade that ultimately results in the stimulation of the
exocytosis of GLUT4-containing vesicles and the fusion of the
vesicles with the plasma membrane.-® This process is defective
in Typell diabetes®™ and, therefore, methods for rapid
monitoring of the extent of the GLUT4 translocation between
membrane compartments are needed.

We have developed a series of photoaffinity probes based on
a dihexose structure, in which hexose moieties (p-mannose or b-
glucose) are linked through their 4-OH positions to a 2-amino-

52 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

hydrophilic products that can be cleaved with periodate. Intro-
duction of the very long spacers does not appreciably reduce
the affinity of interaction of the probes with the transport
system.

KEYWORDS:

membranes - photo-

bridging ligands
affinity labelling

- carbohydrates -

propyl spacer, to probe the cell-surface exposure of GLUTA4.
Comparisons of aryl azide,"? benzophenone!™! and aryl diazir-
inetrifluoroethane™ photoaffinity labelling derivatives of hexo-
ses have suggested that the latter are most suitable as they are
highly efficient cross-linkers with good specificity. A (diazirinetri-
fluoroethyl)benzoyl moiety!">-'”! has been attached through an
amide link to the central amine group. More recently a
biotinylated version of this compound has been developed
in which a linker to biotin is attached through the hydroxy group
of the 2-hydroxy-4-(1-diazirine-2,2,2-trifluoroethyl)benzoyl moi-
ety.'8 1 This compound has been used to assess the cell-surface
exposure of GLUT4 in the human muscle of control and Typelll
diabetic patients and marked impairments in the insulin-
stimulated translocation of GLUT4 were evident using this
technique.™

New applications that were envisaged for the biotinylated
photoaffinity probes for GLUT4 (including high-throughput
screening of pharmacological reagents) required recognition of
the biotin moiety by avidin or anti-biotin antibodies in intact
cells. We were initially surprised to find that the first generation
of biotinylated hexose affinity probes referred to above (which
were used in detergent-solubilised extracts of cells) were not
suitable for assays in intact cells. We therefore developed a range
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of new compounds with additional spacers between the biotin
and the labelling site on the GLUT4 protein. In the course of
developing new spacers to allow more exposure of biotin to
detection systems, it also seemed desirable to develop a
cleavable link in the spacer as this would allow easy release of
the tagged protein from the macromolecule detection system.

Results and Discussion
Synthesis of biotinylated spacers

The synthesis of a relatively short spacer, compound 1, contain-
ing biotin was readily accomplished by the sequential solution
assembly of biotin with diethylamine, then tartaric acid, and
followed by another reaction with diethylamine (Scheme 1).
Succinate (from succinic anhydride) was used as a terminal acid

= NH
B= E=HN >

O OH (0]
T= )W S= )J\/\[(OH
OH O (@]
(e}
O =HN 7 NH
CzHN/\/\/\n/

o}
1 B-E-T-E-S

2 B-E-T-E-T-E-S
3 B-O-T-E

4 B-O-T-O-S
5 B-C-O

Scheme 1. Assembly of biotinylated and tartarate-linked spacer arms. Compo-
nents were assembled by conventional amide coupling methods with either solid-
phase supports (for 1, 2) or through solution chemistry employing N-hydroxy-
succinimide esters (3-5). An amide bond between the substituents is indicated
bya—.

for convenient coupling to any ligand containing an amino
group. Conventional methods for amide bond formation, which
involve dicyclohexylcarbodiimide and N-hydroxysuccinimide,
were initially used. However, solid-phase methods?” were found
to be more convenient for assembly of both E-T-E-S and E-T-E-T-
E-S. Release from the support was followed by reaction of the
terminal amino group with biotin N-hydroxysuccinimide. In this
way, compounds 1 and 2 (Scheme 1) were generated in good
overall yield (50-60% from the carbamate-linked ethylene
diamine on Wang resin?%),

CHEMBIOCHEM 2001, 2, 52-59

The synthesis of the long spacers 3 -5 involved generation of
a diamino compound 9 from hexaethylene glycol (6, Scheme 2).
Allylation of 6 using allyloromide and sodium hydride gave 7.
The allyl compound was then oxidised to a diol and cleaved to

6 HO{OfoH
o8
y D

SO o
7

v o
B: O\ 2 X, /OB
g NTROSNT
y  iiia) o 0
» HN*NH o} o} HN"NH
9 HZN/\Q/O\%;NHZ L Z;S\\\/\)J\H/*O\a;\uk/\/\zgg
y iiib)
10

1 BooHN O~ NHBoc
iv)

12 BocHN " {~O~1 NH,

Scheme 2. Synthesis of a 25-atom spacer from hexaethylene glycol. i) Allylbro-
mide, NaH, DMF, 0°C, 90 %; ii) a. OsO,, periodate, diethyl ether/water, 0°C;

b. benzylhydroxylamine hydrochloride, pyridine/EtOH, RT, 68 %; iii) a. LiAIH,, THF,
0°C; b. (Boc),, THF, 0°C, 55%; iv) TFA/EtOAc, extraction with water then CHCl,,

58%; v) biotin N-hydroxysuccinimide, DMF, RT, 70 %. Boc = tert-butoxycarbonyl,
TFA = trifluoracetic acid.

the aldehyde using catalytic quantities of osmium tetroxide in
the presence of sodium periodate. Treatment of the crude
aldehyde with benzylhydroxylamine hydrochloride gave the
protected oxime 8, which was purified by silica gel chromatog-
raphy. Reduction of the oxime with lithium aluminium hydride
gave the diamino compound 9. Attempts to use 9 in solid-phase
assembly were unsuccessful. Furthermore, it was found that 9
could not be mono-biotinylated even with very low stoichio-
metric amounts of biotin N-hydroxysuccinimide. The bis-biotin
compound 10 was always produced. The bis-biotin compound
was most efficiently produced in good yield with a 2:1 ratio of
biotin N-hydroxysuccinimide to 9. In order to obtain a mono-
biotinylated derivative we therefore synthesised the mono-Boc
compound 12. This was most efficiently accomplished by
conversion of 9 into the di-Boc compound 11. Compound 11
was then partially hydrolysed by brief treatment with trifluoro-
acetic acid. The mono-Boc compound 12 could be separated
from the di-Boc compound 11 using water extraction from an
ethyl acetate solution of the hydrolysate. The mono-Boc
derivative was then further purified from the bicarbonate-
neutralised water layer by extraction into chloroform.

Once obtained, 12 was found to be a very useful and versatile
compound for producing the desired mono-biotin and subse-
quently tartarate-linked derivatives 3 and 4 and the caproate-
linked compound 5. The free amino groups in 3 and 5 were
considered suitable for coupling to any ligand (or protein)
containing a free carboxylic acid group. Similarly, the succin-
ylated compounds 1, 2 and 4 were considered useful compounds
for coupling to any ligand (or protein) with a free amino group.
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Synthesis of hexose photolabels

The 4-OH position has been found to most useful for derivatisa-
tion with photoreactive groups as there is good tolerance of
bulky groups at this position.?" We have therefore synthesised a
series of compounds starting from the glucose acetal compound
13 (Scheme 3).22 Allylation of 13 with allyl bromide and sodium
hydride gave 14 in quantitative yield. Subsequent oxidation with
osmium tetroxide and cleavage with periodate gave an ethanal
derivative which was converted into the oxime 15. Reduction of
15 with lithium aluminium hydride then produced the protected
4-aminoethyl derivative of glucose, 16. Acid hydrolysis then gave
17, which was crystallised as the hydrochloride salt. An
alternative stategy was adopted to produce a 4-OH linked
glucose containing a terminal carboxylic acid group. Compound

R=0H 13
R=0 R

Vi)

QBZ

N
HO O R
19
l vii)
BocHN

ot S

20
l viii

BocHN

t-BuOWO\a)VR‘
0 721
l i)

18 23

Scheme 3. Synthesis of 4-OH-substituted p-glucoses. i) Allylbromide, NaH, DMF,
0°C, 88%; ii) a. OsO,, periodate, diethyl ether/water, 0°C, 75 %; b. NH,OH, HCl,
pyridine/ethanol, 83 %; iii) LiAIH,, THF, 0°C, 67 %; iv) 1m HCl, 100°C, 90 min,
quantitative; v) a. 2-[2-(2-(2-tert-butoxycarbonylaminoethoxy)ethoxy)ethoxy]-4-
[1-diazirine-2,2,2-trifluoroethyl] benzoic acid N-hydroxysuccinimide ester, DMF,
(Et);N, RT, 50-70%; b. TFA/water, 0°C; vi) NaH, 1,3-dichloro-2-propane benzyl
oxime, DMF, then NaH, hexaethylene glycol, 43 %; vii) H,, Raney nickel, ethanol,
water, then (Boc),, THF, RT, 73 %; viii) tert-butylacrylate, Na, THF, RT, 64 %; ix) a. 1m
HCl, 100°C, 90 min; b. (Boc),, THF, RT, 49 %; x) a. TFA, water, 0°C; b 4-(1-diazirine-
2,2,2-trifluoroethyl)benzoic acid N-hydroxysuccinimide ester, DMF, (Et);N, RT, 50 -
70%.

54

G. D. Holman et al.

13 was first derivatised with 1,3-dichloro-2-benzyloxime
(1.5 equivalents) and sodium hydride and then cross-linked by
the addition of 2 equivalents of hexaethylene glycol to give 19.
Reduction of the benzyloxime using Raney Nickel as the catalyst
gave an amine, which was subsequently protected by con-
version into the Boc derivative 20. Compound 20 was then
treated with tert-butyl acrylate in the presence of sodium as
catalyst to give 21. Acid deprotection was followed by amino
group reprotection to produced 22. Following purification, 22
could be conveniently deprotected to give the corresponding
amine compound. The amine group was considered useful for
coupling to aryl diazirinetrifluoroethyl groups while the carbox-
ylic acid group was considered useful for coupling to the
biotinylated linkers.

Compounds 17 and 22 were converted into photoreactive
diazirinyl compounds 18 and 23 with 2-[2-(2-(2-tert-butoxycar-
bonylaminoethoxy)ethoxy)ethoxy]-4-[1-diazirine-2,2,2-trifluoro-
ethyl] benzoic acid N-hydroxysuccinimide ester!® ' and 4-(1-
diazirine-2,2,2-trifluoroethyl) benzoic acid N-hydroxysuccinimide
ester?s], respectively, with Boc deprotection steps as required.
Finally the photoreactive hexose products were amide linked to
the biotinylated linkers to give the final products (24-28,
Scheme 4) for biological evaluation.

Biological studies

Each of the compounds was tested as a competitive inhibitor of
2-deoxy-p-glucose uptake into insulin-stimulated rat adipocytes
to determine whether the long spacer arms altered the affinity of
the interaction between the ligands and GLUT4. The extents of
inhibition are indicated by the K; or half-maximal inhibition
values (Figure 1 and Table 1). For comparison, the K; values for
the previously used compounds ATB-BMPA and Bio-LC-ATB-
BMPA are listed. It can be seen that introduction of a biotin
group, or indeed the very long spacer arms, does not markedly
alter the affinity of interaction (Figure 1 and Table 1). The slightly
higher K; values for the glucose derivatives 24 -28 are in part
due to the monohexose structure. We have previously shown
that a dihexose structure increases the affinity by about twofold
relative to a monohexose compound.?” The advantage of the
dihexose structure lies mainly in the increased hydrophilicity, in
contrast to the monohexose compounds in which the hydro-
phobicity of the aryl diazirinetrifluoroethyl moiety is not so well
balanced. The increased hydrophilicity produces compounds
that are readily soluble in aqueous buffers and which do not
permeate cell membrane lipids. Using the linkers described here,
the requirement for a dihexose structure is reduced as the
presence of the hydrophilic tartarate groups and amide linkages
balances the hydrophobicity of the aryl diazirinetrifluoroethyl
group.

After labelling of intact rat adipocytes with compound 24, we
treated the cells with 5 mm periodate for 15 min. This was
sufficient to cleave the link to the biotin. Subsequently,
biotinylated cells were solubilised in the nonionic detergent
Thesit (C;,E;) and subjected to a precipitation protocol using
streptavidin agarose. In this procedure the non-biotinylated and
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Scheme 4. Assembly of the biotinylated diazirinetrifluorobenzoyl glucose compounds 24 - 28 by coupling of the indicated
spacers and photoreactive p-glucose compounds. i) DMF, 0.1m NaHCO;, RT, 30- 50 %.
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Figure 1. Determination of affinity constants for biotinylated glucose analogues
with varying spacer-arm length. Half maximal inhibition constants (K; values) for
analogue inhibition of glucose-transport activity were determined in insulin-
stimulated rat adipocytes. Compound 24 (o) with a 30-atom spacer is compared
with compound 26 which has a 72-atom spacer (m).
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periodate-cleaved GLUT4 can-
not bind and was removed in
the washing steps. The bound
protein was then eluted and
resolved by SDS-PAGE. The
GLUT4 was detected using a
GLUT4 C-terminal peptide anti-
body (Figure 2)

The data in Figure 2 suggest
that the link to biotin in 24 was
accessible to a small molecule,
such as periodate, added to
intact cells. However, when we
assessed the extent to which
biotin attached to GLUT4 could
combine with avidin in the
intact cell situation, we were
surprised to find a problem
associated with accessibility to
this large macromolecule (avi-
din tetramers have a molecular
mass of 60 kDa). This difference
in accessibility to periodate and
avidin was assumed to be re-
lated to a steric constraint im-
posed by the juxtaposition of
two large proteins. One meth-
od chosen for assessing the
extent of avidin interaction in-
volved precipitation of GLUT4
from a Thesit-solubilised cell
lysate. This was followed by
resolution of the precipitated
protein by SDS-PAGE and de-
tection of the biotin by a strep-
tavidin-HRP polymer, Amdex
(Figure 3a). No significant re-
duction of the biotin signal
from 24 occurred following
the avidin treatment in intact
cells, suggesting that no com-
plex was formed. Also shown in
Figure 3a are comparisons of these data with the shorter
compounds Bio-LC-ATB-BMPA and the longer compounds 25,
26 and 27. Only the biotin signals from the very long compounds
26 and 27 were reduced following the avidin treatment. The
spacer atoms between the photoreactive diazirine and the
carbonyl group of the biotin number 21 for Bio-LC-ATB-BMPA
and 30, 38, 72 and 63 for compounds 24, 25, 26 and 27,
respectively.

We also studied the cell-surface avidin interaction by carrying
out streptavidin precipitation of the biotinylated protein,
followed by detection with the GLUT4 antibody. No cell-surface
avidin inhibition of the GLUT4 signal was detected for com-
pounds 24 or 25 when this alternative detection method was
employed (results not shown). Figure 3b is an example of this
type of experiment using the long linker compounds 27 and 28,
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Table 1. Length of spacer arms for compounds 24 - 28 and several reference
compounds, and half maximal inhibition values (K) obtained from experi-
ments with these compounds.

Compound Spacer length® K; [um)te!
ATB-BMPAL! none 247
Bio-LC-ATB-BMPAL! 21 273
24 30 438
25 38 477
26 72 409
27 63 488
28 64 464

[a] The spacer length was taken as the number of atoms between the
carboxylate of biotin and the carbon of the diazirine group. [b] The K; values
were from single experiments for compounds 24 and 25 and from the mean
of two experiments for compounds 26 — 28, each with transport rates from
at least five concentrations of inhibitor determined in triplicate. [c] See
ref. [14]. [d] See ref.[19].
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Figure 2. Periodate cleavage of biotinylated GLUT4 in rat adipose cells. Rat
adipose cells were labelled using 24 and the labelled membrane proteins were
streptavidin agarose precipitated and resolved by SDS-PAGE, transferred to
nitrocellulose and blotted for GLUT4. Treatment with 5 mm periodate for 15 min in
intact adipose cells cleaved the central C—C bond in the tartarate group of the
spacer to generate two aldehyde groups (left panel, R' is the biotin moiety and R is
the photolabel-GLUT4 adduct). This treatment reduced the GLUT4 signal (right
panel).

which both showed an avidin interaction in the intact-cell
situation. Comparable avidin-inhibition results were obtained
using either detection method for compound 27 (Figure 3).
We have also studied the interaction of biotinylated GLUT1
from human erythrocytes with an anti-biotin antibody in the
presence and absence of competing avidin. The rationale was to
establish that the accessibilty problem also existed when a
different macromolecule was allowed to interact with a biotiny-
lated glucose transporter in intact cells. The extent of interaction
of biotinylated GLUT1 with the FITC-labelled anti-biotin antibody
was monitored by confocal microscopy. No signal was detected
when GLUT1 was biotinylated with Bio-LC-ATB-BMPA or com-
pounds 24 and 25. However, when using compounds 27 (with
the 63 spacer atoms) we obtained a very sharp punctate signal
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Figure 3. Avidin interaction with biotinylated GLUT4 requires a very long linker
in the photolabelling reagent. In (a) rat adipocyte GLUT4 was photolabelled by
Bio-LC-ATB-BMPA and compounds 24 - 27 and immunoprecipitated with a GLUT4
antiserum conjugated to protein-A sepharose. The biotin signal was detected by
streptavidin — horse radish peroxidase (HRP) polymer (Amdex). Only the signals
from the longer spacer compounds 26 and 27 were reduced by addition of avidin
to intact cells. In (b) rat adipocyte GLUT4 was labelled by 27 and 28, streptavidin
agarose precipitated and detected using a GLUT4 antibody. The signals from
these long spacer-arm compounds were reduced by addition of avidin to intact
cells.

(Figure 4a) that was completely displaced by competing avidin
(not shown) or by competing glucose during the labelling step
(Figure 4b).

In conclusion, new linker reagents have been generated and
have been shown to have utility in overcoming the problem of
detecting a biotin-tagged membrane protein using macromo-
lecules such as avidin and anti-biotin antibodies in the intact cell
situation. The reagents contain periodate-cleavable tartarate
groups. This feature increases the utility of the compounds as
the tartarate groups provide increased hydrophilicity and a
means of releasing the tagged protein from the detection
system. The incorporation of the long linkers described into
suitable ligand probes should facilitate the high-throughput
analysis required for drug screening. With the increased
accessibility to detection systems, intact cells could be used in
multiple-array systems.

Experimental Section

Chemical synthesis: Generally, chemical products were purified by
silica gel chromatography using mixtures of ethyl acetate and
methanol, or (for the hydrophilic final products) ethyl acetate,
methanol and water with 1-5% ammonium hydroxide. Protected
sugars and the polyethylene glycol derivatives were analysed by
'"H NMR spectroscopy (400 MHz, JEOL JNM GX-400) and FAB mass
spectrometry (VG Autospec). Deprotected final derivatives were
analysed by FAB mass spectrometry. As examples of the synthesis
methods employed, we describe below the synthesis of the key
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Figure 4. Confocal images of biotinylated GLUT1 in human erythrocytes.
Compound 27 (0.5 mm) was used to biotinylate GLUT]1 either in the absence (a) or
presence (b) of 0.5 m glucose. Following labelling, the cells were washed to remove
excess reagents, conjugated with fluoroscein-isothiocyanate-labelled anti-biotin
antibody and then examined by confocal microscopy with a x 64 lens and

488 nm excitation of the fluorescein-tagged transporter. The z-plane focal image
illustrates cell-surface labelling.

spacer intermediate 12 and the key glucose carboxylic acid
intermediate 22. The routes to the aminoethyl glucose compound
17 employed similar methods to those described for 22 (ether
formation, oxime reduction and acetal hydrolysis). All other com-
pounds were produced by amide coupling in solution or on solid
phase supports.

Preparation of the mono-Boc polyoxyethylene spacer compound
12: NaH (60% with oil, 8.4 g, 210 mmoles) was added to hexaethy-
leneglycol (6; 20 g, 71 mmoles) in DMF (100 mL) at 0-4°C. After
30 min, allylbromide (d = 1.4, 20 mL, 231 mmoles) was added and the
reaction was stirred at 0-4°C for 3 h. MeOH (5 mL) was then added
to quench the reaction, and the solution was partitioned between
water and CH,Cl,. The water layer was further extracted twice with
CH,Cl, and the combined CH,Cl, layers were dried over Na,SO,.
Evaporation under reduced pressure afforded 7 as colourless oil
(23 g, 64 mmoles, 90 %). 'H NMR (400 MHz, CDCl;, TMS): 6 =5.92 (2H,
m, 3J(H,H)=18.8, 10.5, 5.5, 1.2 Hz, CH,CH), 527 (2H, d, 3J(HH)=
18.8 Hz, CH,CH), 5.18 (2H, d, 3J(HH)=10.5 Hz, CH,CH), 4.03 (4H,
dx 2, 3J(HH)=5.5, 1.2Hz, OCH,), 3.68-3.57 (24H, m, OCH,CH,0);
FAB-MS: m/z 363 [M+H]*, 385 [M+Na]".

Compound 7 (21.7g, 60 mmoles) in diethyl ether (100 mL) was
stirred vigorously with water (100 mL). OsO, (2.5% solution in
2-methyl-2-propanol, 8.75 mL) and NalO, (50 g, 234 mmoles) were
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then added. The solution was stirred for 4 h at room temperature.
MeOH (100 mL) was added and the precipitated salts were removed
by filtration through celite. The solution was concentrated and EtOH
(300 mL) and pyridine (150 mL) were added, followed by benzyl
hydroxylamine hydrochloride (22 g, 138 mmoles). After 4 h at room
temperature, the solution was concentrated and partitioned be-
tween water and CH,Cl,. The water layer was further extracted twice
with CH,Cl, and the combined CH,Cl, layers were dried over Na,SO,,
concentrated and applied to a silica gel column equilibrated in
EtOAc:light petroleum ether (1:1). The product was eluted with
EtOAc:2 % MeOH. This was concentrated to afford 8 as a colourless
oil (23.5 g, 41 mmoles, 68 %). '"H NMR (400 MHz, CDCl;, TMS): 6 =7.51
(1H, t, 3J(HH)=5.9Hz, NCH), 7.38-728 (10H, m, Ph), 6.90 (1H, t,
3J(H,H) = 3.5 Hz, NCH), 5.09 and 5.08 (each 2H, s, OCH,Ph), 4.34 (2H,
d, 3J(HH)=3.5Hz, OCH,), 412 (2H, d, 3J(H,H) =5.9 Hz, OCH,), 3.66 -
3.58 (24H, m, OCH,CH,0); FAB-MS: m/z 577 [M+H]*, 599 [M+Na]*.

LiAlH, (1m solution in THF, 100 mmoles) was added to 8 (21.8g,
38 mmoles) in THF (600 mL) at 0—-4°C. After 4 h, 10m NaOH (5 mL)
and enough water to decompose the excess LiAlH, were added
slowly at 0—4°C. The precipitated salts were removed by filtration
through Celite and di-tert-butyl-dicarbonate (1m solution in THF,
80 mmoles) was added. After 1 h, the solution was concentrated and
partitioned between EtOAc and water. The water layer was further
extracted three times with EtOAc. The combined organic layer was
washed with saturated NaCl solution and dried over Na,SO,. The
solution was filtered, concentrated and applied to a silica gel column
equilibrated in EtOAc. The product was eluted with EtOAc:2-10%
MeOH. Concentration then afforded 11 as a colourless oil (11.9g,
21 mmoles, 55%). '"H NMR (400 MHz, CDCl;, TMS): 6 =3.68-3.60
(24H, m, OCH,CH,0), 3.54 (4H, t, 3J(H,H) = 5.1 Hz, OCH,), 3.31 (4H, t,
3J(H,H)=5.1 Hz, CH,NCO), 1.44 (18H, s, C(CH,),); FAB-MS: m/z 569
[M+HI]*, 591 [M+Na]*.

Compound 11 (0.28 g, 0.5 mmol) was dissolved in EtOAc (3 mL), and
TFA (1 mL) was added at 0-4°C. The reaction mixture was heated at
40°C for 30 min and then partitioned between EtOAc and water. The
EtOAc layer was extracted three times with water. The EtOAc layer
contained 11, which was reutilised. The combined aqueous phase
was neutralised with saturated NaHCO, and extracted five times with
CHCl;. The combined CHCI; layers were dried over Na,SO,, filtered
and concentrated to afford 12 as a colourless oil. (0.14 g,
0.29 mmoles, 58%). 'H NMR (400 MHz, CDCl;, TMS): 6 =3.66-3.57
(24H, m, OCH,CH,0), 3.54 (4H, t, 3J(H,H) = 4.7 Hz, OCH,), 3.32 (2H, t,
3J(H,H) = 4.7 Hz, CH,NCO), 2.93 (2H, br.t, CH,N), 1.44 (9H, s, C(CHs)s);
FAB-MS: m/z 469 ([M+H]").

Preparation of the glucose carboxylic acid compound 22: Com-
pound 13 (1.84 g, 6 mmoles) was dissolved in DMF (15 mL). NaH
(60% with oil, 360 mg, 9 mmoles) was added and then, after 15 min
at 0-4°C, 1,3-dichloro-2-propanone-O-benzyloxime®! (2.08 g,
9 mmoles) was added with rapid mixing. The reaction was then
stirred for a further 4h at room temperature. Monitoring the
progress of the reaction by thin layer chromatography in hexane:
EtOAc (4:2) revealed formation of the monochloro intermediate and
consumption of 13 (R; of the intermediate 0.6, Rr of 13 0.25).
Compound 6 (3.4 g, 12 mmoles) in DMF (15 mL) and NaH (60 % with
oil, 360 mg, 9 mmoles) were then added and the reaction was left
overnight at room temperature. AcOH (2 mL) was added slowly
followed by enough water to quench the reaction. The product was
partitioned between CH,Cl, and water and the water layer was
further extracted twice with CH,Cl,. The combined organic layers
were dried over Na,SO,, concentrated and the product was applied
to a silica gel column equilibrated with EtOAc:light petroleum ether
(1:1). Impurities and residual DMF were eluted with EtOAc and the
product was eluted with EtOAc:1% MeOH. The product was
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concentrated to give 19 as a colourless oil (2.15g, 2.88 mmoles,
48%). '"H NMR (400 MHz, CDCl;, TMS): 6 =738 -7.28 (5H, m, Ph), 5.09
and 5.07 (2H, s x 2, CH,Ph), 4.46-4.14 (4H, m, OCH,), 4.35 (1H, d x 2,
3J(HH)=6.4 Hz, H-1), 4.22 (1H, m, H-5), 4.11 (1H, m, H-2), 4.04-3.94
(3H, m, H-3 and H-6), 4.30-4.15 (4H, m, OCH,), 4.08-3.94 (4H, m,
OCH,), 3.65-3.56 (25H, m, OCH,CH,O and H-4), 3.42-3.39 (6H, m,
OCH,), 1.42-1.33 (12H, m, C(CH5),); FAB-MS: m/z 770 [M+Na]".

Compound 19 (2.6 g, 3.48 mmoles) in EtOH (10 mL) and Raney Nickel
(50% suspension in water, 10 mL) were stirred rapidly under
hydrogen for 2 h. The solution was filtered and concentrated and
then dissolved in THF (20 mL). Saturated NaHCO; solution was added
to bring the pH value to 8.0 and then this solution was rapidly stirred
with di-tert-butyl-dicarbonate (1m solution in THF, 6 mmoles). After
30 min at room temperature, the solution was partitioned between
CH,Cl, and water. The water layer was further extracted twice with
CH,Cl,. The combined organic layers were dried over Na,SO,,
concentrated and then applied to silica gel column egqilibrated in
EtOAc. The product was eluted using EtOAc:3-6% MeOH and
concentrated to give 20 as a colourless oil (1.9g, 2.54 mmoles,
73%). '"H NMR (400 MHz, CDCl;, TMS): 6 =4.37 (1H, d x 2, 3J(HH) =
6.4 Hz, H-1), 422 (1H, m, H-5), 4.11 (1H, m, H-2), 4.04-3.93 (3H, m,
H-3 and H-6), 3.90-3.65 (3H, m, CHN and OCH,), 3.65-3.56 (27H, m,
OCH,, OCH,CH,0O and H-4), 3.48-3.38 (6H, m, OCH,), 1.44-1.34
(21H, m, C(CH), and C(CH,),); FAB-MS: m/z 744 [M-+H]*, 766
[M+Na]*.

Compound 20 (1.75 g, 2.36 mmoles) in THF (20 mL) was stirred at
room temperature with Na (11 mg, 0.5 mmoles). After 30 min, tert-
butylacrylate (d=0.875, 500 uL, 3.4 mmoles) was added and the
reaction was stirred for 3h. AcOH (30 uL) was then added to
neutralise the solution. The solution was concentrated and applied
to a silica gel column equilibrated in EtOAc. The product was eluted
with EtOAc:0.2-1% MeOH to give 21 as a colourless oil (1.31g,
1.51 mmoles, 64 %). '"H NMR (400 MHz, CDCl;, TMS): 6 =4.37 (1H, d x
2, 3J(HH)=6.4Hz, H-1), 422 (1H, m, H-5), 411 (1H, m, H-2), 4.03-
3.94 (3H, m, H-3 and H-6), 3.90-3.69 (3H, m, CHN and OCH,), 3.69 -
3.57 (29H, m, OCH,, OCH,CH,O and H-4), 3.48-3.37 (6H, m, OCH),
2.50 (2H, t, CH,COO, 3J(HH)=6.6 Hz), 1.44-1.32 (total 30H, m,
C(CH5), and C(CHs);); FAB-MS: m/z 894 [M+Na]".

Compound 21 (1.27 g, 1.46 mmoles) in 1m HCl (6 mL) was heated at
100°C for 90 min. The solution was cooled and neutralised with
NaOH (10m solution, 6 mmoles). Thin layer chromatography analysis
(MeCN:EtOH:AcOH:water; 9:1:1:1) revealed a single product (R; 0.3).
The amine was converted into its N-Boc-protected derivative for
purification and analysis. The solution of amine was concentrated to
ca. TmL and the pH value was further adjusted to 8.5 by careful
addition of 10m NaOH. Di-tert-butyl-dicarbonate (1m solution in THF,
3 mmoles) was added and the solution was vigourously stirred at
room temperature for 16 h. The solution was concentrated and
dissolved in EtOAc:MeOH (1:1). Precipitated salts were removed by
filtration and, after further concentration, the solution was applied to
a silica gel column equilibrated in EtOAc:MeOH (1:1). The product
was then eluted with EtOAc:MeOH:water (12:6:1) to give 22 as a
slightly yellow oil (0.49 g, 0.71 mmoles, 49 %). '"H NMR (400 MHz, D;0,
TMS): 6 =5.25 and 4.60 (together 1H, d and d, 3J(H,H)=2.9, 7.8 Hz,
H1-a and H1-6 respectively), 4.20-3.15 (37H, m, all other protons),
2.48 (2H, t, 3J(HH)=6.6 Hz, CH,COO0), 1.52-1.40 (9H, m, C(CH,););
FAB-MS: m/z 712 [M+Na]*.

Preparation of cells, and assays of glucose transport activity:
Human erythrocytes?® or rat adipose cells'® were prepared as
previously described. Rat adipocytes were stimulated with 20 nm
insulin and incubated with the indicated inhibitors at concentrations
of up to 800 um, before addition of the transported substrate,
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2-deoxy-p-{*H}-glucose, at a trace concentration (50 ) that was well
below its K., value. The rate constant for uptake in the presence (V)
and absence (V,) of inhibitor (/) were then used to calculate the K;
value according to the equation V,/V=1+ I/K,.'"¥

Photoaffinity labelling: Human erythrocytes® or rat adipose cells!'
were maintained at 18°C in the presence of 300-500 um photo-
reactive probe for 1 min either in the presence or absence of the
competing ligands, as described in the figure legends. The
erythrocyte and adipocyte samples were then irradiated for 1 min
in a Rayonet photochemical reactor using 300 nm bulbs. Excess
reagent was removed by extensive washing in physiological
buffers™ and then, where indicated in the figure legends, 0.3 pm
avidin was added to block the cell-surface tagged transporters.
Excess avidin was then removed by washing the cells.

Detection of biotinylated GLUT4 by blotting: Cell samples were
homogenised in HEPES/EDTA/sucrose (HES) buffer (255 mm sucrose,
1mm ethylenediaminetetraacetate (EDTA), 20 mm 2-[4-(2-hydroxy-
ethyl)-1-piperazinyllethanesulfonic acid (HEPES), 1 ug mL~" antipain,
aprotinin, pepstatin and leupeptin, and 100 um 4-(2-aminoethyl)ben-
zenesulfonyl fluoride hydrochloride (AEBSF), pH 7.2). Homogenates
were washed once with HES buffer and subjected to centrifugation
(554000 g for 30 min at 4°C) to obtain a total membrane fraction.
This pellet was solubilized in phosphate buffer saline (PBS; pH 7.2)
with 2% of Thesit (C;,E;) and the protease inhibitors (antipain,
aprotinin, pepstatin and leupeptin, each at a concentration of
1TugmL=") and 100 um AEBSF. The samples were solubilized for
50 min at 4 °C with rotation and were then subjected to centrifuga-
tion (20000g for 20 min at 4°C). Biotinylated proteins in the
supernatants were either immunoprecipitated using a GLUT4
antiserum as previously described or were precipitated with
streptavidin beads (Pierce, Rockford, IL). Following GLUT4 immuno-
precipitation, complexes were released into electophoresis-sample
buffer (62.5mm tri(hydroxymethyl)laminomethane (Tris; pH 6.8),
2% SDS, 10% glycerol) at room temperature. The steptavidin
precipitates were washed four times with PBS buffer containing
1% Thesit with protease inhibitors, four times with PBS containing
0.1% Thesit plus protease inhibitors and once in PBS. Electro-
phoresis-sample buffer was added to each pellet. The sample was
then heated to 95°C for 30 min. The samples were subjected to
centrifugation (2300g for 1min) and the supernatants were
removed. The pellets were washed with additional electrophoresis-
sample buffer, heated to 95°C for 30 min and resubjected to
centrifugation.

Mercaptoethanol was added (10 % final concentration) to the above
samples in electrophoresis-sample buffer and these samples were
then subjected to SDS-PAGE (10% gel). Proteins were transferred to
nitrocellulose membranes. Membranes were blocked with 5%
nonfat milk in Tris-buffered saline — 0.1 % Tween (TBS-T) and washed
six times with TBS-T. Membranes were either incubated with
streptavidin-HRP (Amdex, Amersham) or with affinity-purified anti-
GLUT4 C-terminal antibody!"* in TBS-T containing 1% bovine serum
albumin (BSA; 2 h at room temperature), followed by washing (six
times in TBS-T) and detection using secondary antibody linked to
horseradish peroxidase. GLUT4 protein was visualized with enhanced
chemiluminescence (ECL).

Detection of biotinylated GLUT1 by fluorescence microscopy:
Human erythrocytes were photolabelled as described above and
then washed five times in PBS with 3% goat serum and 1% BSA to
remove excess ligand. The erythrocytes were then mixed with a 1:25
dilution of the manufacturers (Vector Lab) solution of fluorescein
isothiocyanate labelled anti-biotin antibody at 4° C for 2 h and then
washed six times in PBS with 3% goat serum and 1% BSA. Confocal
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images were obtained using a Zeiss LSM510 system with a x 64 lens
and 488 nm excitation. z-plane focal sections were obtained to
demonstrate cell-surface labelling.

This work was supported by the Medical Research Council (UK), the
Wellcome Trust and the British Diabetic Association.
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Synthesis and Biological Evaluation of
Nonylprodigiosin and Macrocyclic Prodigiosin

Analogues

Alois Furstner,*® Jaroslaw Grabowski,™ Christian W. Lehmann,? Takao Kataoka,®

and Kazuo Nagai®

Nonylprodigiosin (4) and various of its analogues have been
prepared by Suzuki cross-coupling reactions of a well accessible
pyrrolyl triflate with (hetero)aryl boronic acid derivatives bearing
alkenyl side chains. The resulting alkenes or dienes were subjected
to metathesis dimerization or ring-closing metathesis (RCM)
reactions, respectively, by using a ruthenium indenylidene complex
as the catalyst. The biological activity of the products thus obtained
was tested in two different assays monitoring i) the proliferation of
murine spleen cells induced by lipopolysaccharides (LPS) and
concanavalin A (Con A), and ii) the vacuolar acidification of baby
hamster kidney (BHK) cells. Compounds 4 and 21 suppressed
Con A-induced T-cell proliferation much more potently than LPS-
induced B-cell proliferation. Furthermore, compounds 4 and 26
markedly inhibited vacuolar acidification, although other com-

Introduction

Recently it has been shown that deeply red colored prodigiosin
alkaloids produced by a restricted group of Streptomyces and
Serratia strains exhibit significant immunosuppressive activities
at doses that are not cytotoxic."* The molecular and cellular
target of undecylprodigiosin (1), the most abundant member of
this family, has yet to be determined, although it is known that
this compound acts as H™/Cl~ symporter that uncouples proton
translocation and thereby leads to perturbation of vacuolar
acidification. Moreover, the data presently available suggest that
the mechanism of action of this compound and its closely
related cyclic congeners such as 2-4 is distinctly different from
that of cyclosporin or FK-506 which define the standards in the
field of immunotherapy.>® As a consequence, a synergetic
effect on the immune system is observed if, for example, 1 and
FK-506 are administered simultaneously.”!

Although the actual therapeutic window may be too narrow
for direct clinical applications of 1-4/® these alkaloids con-
stitute important lead structures in the search for synthetic
analogues with more favorable pharmacological properties.”’ All
attempts to map the structure -activity relationship in prodi-
giosin alkaloids, however, must consider their specific propen-
sity to exist in two isomeric forms, I and I, in solution (Scheme 1).
The interconversion and equilibrium distribution strongly de-
pends on the pH value of the medium, that is, on the degree of
protonation of the basic nitrogen atom.® Because it is unlikely

60 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

pounds exhibited no or only marginal effects. Thus, the immuno-
suppressive activity of prodigiosins toward T-cell proliferation
seems to be mediated through cellular targets distinct from
vacuolar acidification, and the prodigiosin analogues might be
powerful tools to dissect these biological responses. The X-ray
crystal structure of the macrocyclic product 25 has been deter-
mined, showing that the replacement of one pyrrole ring of the
parent compound 4 by a phenyl group does not alter the overall
electronic features of the remaining heterocyclic ring system of
these alkaloids.
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Synthesis and Bioactivity of Prodigiosins

Scheme 1. Different isomers of the heterocyclic domain of prodigiosins stabilized
by intramolecular hydrogen bonds.

that both isomers show the same affinity to the yet unknown
biological receptor, prodigiosin derivatives with a defined
configuration may be of considerable interest for more detailed
biochemical and pharmaceutical investigations.

Therefore, we reasoned that the naturally occurring macro-
cyclic nonylprodigiosin (4), isolated in 1970 by Gerber from
Actinomadura madurae,"® constitutes a particularly attractive
target since its alkyl chain spans all three heterocyclic rings and
thereby locks the Z configuration of the azafulvene entity. We
have recently completed an efficient total synthesis of 4 based
upon a Suzuki cross-coupling reaction for the formation of its
heterocyclic domain and a ring-closing olefin metathesis (RCM)
for the cyclization of the macrocyclic ring."" 2 Here we describe
the preparation of various nonylprodigiosin analogues by
exploiting the flexible design of our synthesis blueprint. Upon
comparison with the biological activity of the acyclic parent
compound 1, these new derivatives provide insights into the
links between the configuration of the azafulvene unit as well as
the presence of an intact pyrrolylpyrromethene chromophore
and the biological response to alkaloids of this type.

Results and Discussion
Chemistry

Our total synthesis of nonylprodigiosin (4) is based on the
disconnections shown in Scheme 2.M"! Thus, RCM leads to the
efficient formation of the macrocyclic ring from diene 5,/'> '
which was assembled by a Suzuki reaction of the boronic acid 7
with the heteroaryl triflate 6.5 ¢ The latter is derived from the
lactam 8 that can be prepared in a few routine steps on a
multigram scale from commercially available precursors. Due to
its stability and easy accessibility, we reasoned that this
compound may serve as a convenient platform for the
preparation of various analogues of 4 if synthon 7 is replaced
by other suitably functionalized boronic acid derivatives.

This concept was put into practice as shown in Schemes 3 and
4.Thus, a palladium-catalyzed Suzuki reaction of triflate 6 with N-
Boc-pyrrol-2-ylboronic acid (11)'" affords product 12, which
differs from undecylprodigiosin (1) only in the length of the alkyl
chain and the presence of a double bond that provides a handle
for further functionalization. Likewise, cross-coupling of 6 with
the readily accessible phenylboronic acid derivative 14 gave
product 15 in good yield.l'®

Similar attempts to prepare prodigiosin analogues, however,
in which one of the pyrrole units is replaced by another
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Scheme 2. Retrosynthetic analysis for nonylprodigiosin (4). OTf = triflate = tri-
fluoromethanesulfonate.

13 X=Br
b)

14 X = B(OH),
15

Scheme 3. Synthesis of dienes 12 and 15. a) [Pd(PPh;),] (cat.), ag Na,CO;, DME,
85°C, 73%; b) 1. nBulLi, Et,0; 2. B(OMe);; 3. aq HCI; ¢) [Pd(PPh3),] (cat.), ag
Na,CO;, DME, 55°C, 60%. Boc = tert-butoxycarbonyl.

16 X=0,n=1

17 X=0,n=8 19 X=0, n=1

18 X=S, n=1 20 X=0,n=8
21 X=8§, n=1

Scheme 4. Synthesis of dienes 19-21. a) 1. nBuli, Et,0; 2. 1-bromo-4-pentene
(—16, 73%; — 18, 36 %), or 1-bromo-11-dodecene (— 17, 93%); b) 1. nBuli, THF;
2. B(OMe);; 3. triflate 6, [Pd(PPh;),] (cat.), ag Na,CO;, DME, (—19, 78 %; —20,
64%; —21, 81%).
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heteroaromatic ring, met with failure." The problem was traced
back to the high lability of the required furan- or thiophene
boronic acid derivatives, which undergo rapid protodeborylation
and could therefore not be obtained in sufficiently pure form. To
circumvent this problem, we employed the “in situ” borylation/
Suzuki cross-coupling method?” summarized in Scheme 4. Thus,
deprotonation of 2-(4-pentenyl)furan (16) with nBuLi followed
by addition of B(OMe); affords a borate complex which is
transferred by a cannula into a solution of triflate 6 in 1,2-
dimethoxyethane (DME). Addition of catalytic amounts of
[PA(PPh;),] and aqueous Na,CO; effects a smooth cross-coupling
of these components affording product 19 in 78% yield.
Compound 20 bearing a longer side chain on the furan ring as
well as the thiophene analogue 21 have been prepared
analogously.

These alkene derivatives were then subjected to RCM or
metathesis dimerization reactions by using the newly developed
ruthenium indenylidene complex 22 (Cy=cyclohexyl) as the
catalyst of choice (Table 1).2" In its presence, alkene 12 under-

Sued

Table 1. Preparation of nonylprodigiosin and its analogues by RCM or
metathesis dimerization.!
Product

Substrate!® Yield [%]

20 Me 24 57

93

[a] All reactions were carried out in refluxing CH,Cl, with 5-10 mol% of
complex 22 as the catalyst. [b] HCl salts of the substrates were used for RCM.
[c] Nonylprodigiosin (4) is obtained by hydrogenation of its unsaturated
analogue formed by RCM, see ref. [11]; the site of ring closure is indicated by
the dotted line.
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goes a high-yielding dimerization with formation of product 26
containing two tethered pharmacophore units.?? In line with
our previous investigations on RCM-based macrocycliza-
tions,'* ' the hydrochloride salts of dienes 15, 19, and 20
cyclize without incident to the corresponding nonylprodigiosin
analogues 25, 23, and 24, respectively, in good to excellent
yields if the reactions are carried out under high-dilution
conditions. Only the thiophene derivative 21 resisted ring
closure; this failure, however, can be explained by the well
precedented incompatibility of standard metathesis catalysts
with sulfur-containing substrates.”?3!

Structure

The chemical behavior of prodigiosins can be inferred from the
two tautomeric forms Il and IV, which differ essentially in the
localization of the basic site within the heterocyclic ring
system.?? Whereas recent NMR studies seem to indicate that
protonation occurs preferentially at the nitrogen atom of the
Cring thus favoring tautomer L% an X-ray crystallographic
study of 4- HCl showed beyond doubt that this compound in the
solid state is best represented by tautomer V.

L] v

To study how the replacement of one of the pyrrole rings by a
different arene entity affects the electronic pattern within the
7t system of the pharmacophore, an X-ray diffraction study of
compound 25 has been carried out (Figures 1 and 2).>! The
analysis of the relevant bond lengths shows that the central
B ring constitutes the basic azafulvene entity, very much in line
with the situation found in the parent compound 4. Therefore it
must be concluded that modifications of the A ring as described
in this paper do not alter the overall electronic features of the
remaining heterocyclic domain, thus rendering products 23 - 25
relevant mimics for nonylprodigiosin.

Biological evaluation

The novel prodigiosin derivatives have been compared with
undecylprodigiosin (1) in two different kinds of experiments.
Specifically, this refers to i) proliferation of murine spleen cells
induced by lipopolysaccharides (LPS) and concanavalin A
(Con A), and ii) vacuolar acidification of baby hamster kidney
(BHK) cells where prodigiosins were previously found to exhibit
characteristic features at the cellular level.

LPS stimulation induces B-cell proliferation whereas Con A
stimulation induces T-cell proliferation. Compound 1 suppressed
the Con A-induced proliferation of Tcells at an ICs, value of
0.6 nm which was a significantly lower concentration than the
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Figure 1. Molecular structure of compound 25; in the crystal the tautomer with
the hydrogen atom attached to N2 is present. Anisotropic displacement
parameters are shown at 50 % probability and hydrogen atoms have been
omitted for clarity. Selected bond lengths [A] and angles [°]: N1-C1 1.407(4), C1-
C24 1.450(5), C24-C23 1.340(4), C23-C22 1.448(5), C22-N1 1.325(4), C1-C2 1.364(4),
C2-C3 1.404(5), N2-C6 1.353(4), C6-C5 1.379(4), C5-C4 1.383(5), C4-C3 1.394(5), C3-
N2 1.392(4), C6-C7 1.495(4), C10-C11 1.481(5), C11-C12 1.296(6), C12-C13 1.467(5),
C20-C22 1.491(4); C11-C10-C9 113.2(3), C12-C11-C10 127.3(4), C11-C12-C13
128.9(5), C12-C13-C14 109.7(3). The values for the intramolecular hydrogen bond
(N2H--N1 2.27 A, N2-H---N1 122°) are comparable to those for 384 examples of
pyrrolylpyrromethene units (mean NH---N distance 2.4(2) A, mean N-H---N angle
118(8)°) contained in the April 2000 version of the Cambridge Structural
Database.

ICs, value toward the LPS-induced proliferation of B cells (15 nm).
Although in these assays the activity of all new prodigiosin
derivatives was substantially lower than that of 1, compounds 4
and 21 exhibited an inhibitory profile similar to that of
compound 1 in that these derivatives suppressed the Con A-
induced T-cell proliferation more strongly than the LPS-induced
B-cell proliferation (Figure 3, Table 2). The lower activity of the
macrocyclic derivative 4 as compared with the parent com-
pound 1 may be caused by the fact that one

conformation of its pharmacophore is

locked as discussed above (see Introduc- 100 1
tion); alternatively, one may speculate that 75
the flexible undecyl side chain of 1 plays an 50
important role for the insertion of this DP/: 25
alkaloid into biological (e.g. lysosomal) 0
membranes. Further structural variations 04 1 10
are necessary in order to distinguish be- CM—
tween these possibilities.

Prodigiosins were shown to act as H*/CI~ 100
symporters that uncouple proton transloca- T 75
tion resulting in perturbation of vacuolar py 50
acidification.™ 29 This biological activity was o 25
assessed by staining BHK cells with a 0
fluorescent dye (acridine orange) that is ot 1 10
accumulated in the acidic granules. Fluo- clum—p

rescent orange dots represent intracellular
acidic granules such as lysosomes over the
green background of cytoplasm and nuclei.
Compound 1 significantly decreases the
intensity and number of orange dots (Fig-
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Figure 2. Side-on view of compound 25 showing the planar arrangement of the
two pyrrole rings and the phenyl ring. The alkyl chain deviates from this plane up
to 1.28 A. This is caused primarily by the torsion angle C14-C15-C16-C17 of
—106.7° which forces the alkyl chain out of the molecular plane. In addition,
there are two gauche conformations, located at C9-C10 and C13-C14. The C=C
double bond forms a dihedral angle of only 18° with the ring plane, mainly due to
the torsion angles around C10-C11 and C12-C13, which deviate by 47.8° and
74.3°, respectively, from the anti-periplanar arrangement.

ure 4), which indicates the blockage of vacuolar acidification.
Prodigiosin derivatives 4 and 26 also significantly prevent
vacuolar acidification, whereas all other compounds exhibit no
or only marginal effects. Thus, the data suggest that three

Table 2. Summary of the biological effects of prodigiosin derivatives on the
proliferation of murine spleen cells.l”!

Compd B-cell proliferation T-cell proliferation 1Cs, ratio
1Cs [nM] 1Csp [nM] (B cell/Tcell)

1 15 0.6 24
4 360 26 14

21 1900 130 15

23 1500 2900 0.5

24 7900 23800 2.8

25 12000 4300 2.7

26 850 240 3.6

[a] ICs, values for inhibition of LPS-induced B-cell proliferation and Con A-
induced T-cell proliferation were measured. The ratio of the two IC;, values
(B-cell proliferation versus T-cell proliferation) was calculated.

21
100 100
75 75
50 50 —O— LPS
25 25 —@— ConA
0 0
100 1 10 100 1000 0.01 0.1 1 10
c/nm—p» c/um —p
24 25 26
100 100 100
75 75 75
50 50 50
25 25 25
0 0 0
100 041 1 10 100 0.1 1 10 100 0.01 0.1 1 10
c/lum—p c/um —p> c/um—p

Figure 3. Biological evaluation of the effects of prodigiosin derivatives on the proliferation of murine
spleen cells. Mouse spleen cells were stimulated with 10 ugmL~" of LPS (open circles) or 2 ugmL-" of Con A
(filled circles) in the presence of the compounds at serially diluted concentrations for 3 days. The
proliferative response was assessed by an MTT assay. Data points represent the average of triplicate
experiments; P = proliferation.
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| Concentration (.m)

0.1/ 1 | 10]100| MIC
L Ml B ol B 5 1
4 i+ 1-10
21 — | >100
23 + |>100
24 — | >100
25 — [>100
26 — |+ 10

Figure 4. Biological evaluation of the effects of prodigiosin derivatives on
vacuolar acidification. BHK cells were pretreated with prodigiosin derivatives at
the indicated concentrations for 30 min and further incubated in the presence of
5ugmL-" acridine orange for 30 min. The stained cells were examined by
fluorescence microscopy. A) No compounds (negative control); B) 1 (10 um); C) 4
(10 um); D) 21 (100 um); E) 23 (100 um); F) 24 (100 um); G) 25 (100 um); H) 26
(10 um). I) The table shows the concentrations at which the prodigiosin derivatives
tested had (+) or did not have (—) an effect on vacuolar acidification; the
minimum inhibitory concentration (MIC) for each compound is also given.

pyrrole units are essential for the inhibitory activity of prodigio-
sins on vacuolar acidification.

Other types of inhibitors of vacuolar acidification such as
concanamycins A and B (inhibitors of vacuolar-type H™-ATPase)
exhibit immunosuppressive activity in vitro and in vivo similar to
prodigiosins, and also display preferential suppression of Con A-
induced T -cell proliferation.!" 2! We assumed that these agents
augment the toxic effect of Con A by upregulation of Con A
receptors on the cell surface through preventing the acid-
ification of the Golgi apparatus and affecting glycoprotein
processing. In this work, however, the immunosuppressive
activity on Con A-induced T-cell proliferation and the inhibitory
activity on vacuolar acidification were dissected especially with
two prodigiosin derivatives, 21 and 26, that essentially affect
only one of these two biological responses. Thus, the immuno-
suppressive activity of prodigiosins is caused by mechanisms

64

A. Fiirstner et al.

other than the inhibition of vacuolar acidification, and the
analogues presented in this paper might be powerful tools to
address the molecular targets specific for T-cell functions.

Experimental Section

General: All reactions were carried out under Ar in pre-dried
glassware by using Schlenk techniques. The solvents were dried by
distillation over the drying agents indicated and were stored and
transferred under Ar: CH,Cl, (P,0,,), DME (Na/K), diethyl ether, 1,4-
dioxane, THF (magnesium/anthracene). Flash chromatography:
Merck silica gel (230-400 mesh) or activated aluminum oxide
(Aldrich, neutral, Brockmann |, standard grade, ca. 150 mesh) with
hexanes/ethyl acetate in various ratios as eluent. NMR spectroscopy:
Spectra were recorded on a Bruker AMX 200 or DPX 300 spectrom-
eter in the solvent indicated. Chemical shifts () are given in ppm
relative to TMS, coupling constants (J) in Hz. IR spectroscopy: Nicolet
FT-7199, wavenumbers in cm~'. MS: Varian CH-5 (70 eV); HR-MS:
Finnigan MAT SSQ 7000 (70 eV). Melting-point determination: Gal-
lenkamp apparatus (uncorrected). Elemental analyses: Dornis &
Kolbe, Milheim (Germany). Commercially available reagents (Aldrich,
Fluka) were used as received.

Chemical syntheses

(1-tert-Butoxycarbonyl-2-pyrrolyl)boronic acid (11): nBulLi (1.6m in
hexanes, 3.90 mL, 6.24 mmol) is slowly added to a solution of 2,2,6,6-
tetramethylpiperidine (765 mg, 5.41 mmol) in THF (11 mL) at —78°C
under Ar. After stirring for 10 min at this temperature, the mixture is
allowed to warm to 0 °C within 30 min. After cooling again to — 78°C,
a solution of N-Boc pyrrole (830 mg, 4.96 mmol)=?”! in THF (20 mL) is
added at such a rate that the temperature remains below — 65 °C.
The reaction mixture is stirred for 2 h at — 78 °C prior to the addition
of B(OMe); (1.54 g, 14.82 mmol) in THF (40 mL). The reaction mixture
is allowed to warm to ambient temperature overnight. For workup,
aq HCl (0.25m, 14 mL, 3.5 mmol) is added, the solvent is evaporated,
the residue is extracted with Et,0 (3 x 15 mL), the combined organic
phases are washed with water (2 x 6 mL) and dried (Na,SO,). The
solution is slowly concentrated until a solid starts to precipitate. The
mixture is then kept at 0°C and the precipitated product is filtered
off. Trituration with cold Et,0 and drying of the residue in vacuo
affords the boronic acid 11 (660 mg, 63%) as a colorless solid.l"”
'"H NMR (300 MHz, CDCl,): 6 =742 (dd, 1H, J= 3.2, 1.6 Hz), 7.28 (br.s,
2H), 7.08 (dd, J=3.3, 1.7 Hz, 1H), 6.24 (t, J/=3.3 Hz, 1H), 1.60 (s, 9H);
3CNMR (75 MHz, CDCly): d=152.2, 128.7, 127.0, 112.0, 85.5, 27.9;
"B NMR (64 MHz, CDCl,): 6 =26.2; MS (El): m/z (%): 211 (10) [M]*, 155
(19), 138 (9), 111 (62), 110 (15), 93 (11), 57 (100), 41 (25), 29 (13).

3-(4-Pentenyl)phenylboronic acid (14): nBulLi (1.6m in hexanes,
5.00mL, 8.00mmol) is added to a solution of 1-bromo-3-(4-
pentenyl)benzene (901 mg, 4.00 mmol) in Et,O (10 mL) at 0°C. After
stirring for 90 min at this temperature, the mixture is allowed to
warm to rt. and stirred for another 3 h. After cooling to —78°C,
B(OMe); (831 mg, 8.00 mmol) in Et,0 (2 mL) is added, the reaction
mixture is warmed to 0°C and quenched with 10% aq HCI. The
reaction mixture is extracted with Et,O, the organic layer is extracted
with 10% aq NaOH (3 x ), the combined alkaline extracts are acidified
with 10% aq HCl until pH~1-2 is reached, and the precipitated
solid is filtered off. The acidic filtrate is extracted with Et,0, the
extracts are dried (Na,SO,) and evaporated to give a second crop of
the product. The crude boronic acid 14 (195 mg) thus obtained is
used for the next step without further purification.

2-(4-Pentenyl)furan (16): Compound 16 (4.22 g, 73 %) is obtained as
a colorless liquid according to ref.[28] by using furan (3.07 mL,
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42.27 mmol) and 5-bromo-1-pentene (6.30g, 42.27 mmol) as the
starting materials. '"HNMR (300 MHz, CDCl,): 6 =729 (dd, J=1.8,
0.7 Hz, 1H), 6.27 (dd, J/=3.3, 1.8 Hz, 1H), 5.97 (dd, J=3.3, 0.7 Hz, 1H),
5.81 (ddt, /=16.9, 10.3, 6.6 Hz, 1H), 5.27-4.95 (m, 2H), 2.63 (t, J=
76 Hz, 2H), 2.16 -2.06 (m, 2H), 1.78 - 1.68 (m, 2H); *C NMR (75 MHz,
CDCly): 0=156.1, 140.7, 138.2, 114.9, 110.0, 104.8, 33.1, 27.3, 27.2; IR
(neat): 7=3115, 3078, 2978, 2935, 2862, 1641, 1597, 1508, 1438, 1384,
1345, 1237, 1175, 1147, 1077, 1007, 914, 885, 798, 729, 599 cm~'. MS
(El): m/z (%): 136 (19) [M]*, 107 (7), 94 (76), 92 (13), 82 (20), 81 (100),
53 (29), 39 (17), 27 (15).

2-(11-Dodecenyl)furan (17): Compound 17 (1.954 g, 93%) is ob-
tained as a colorless syrup according to ref.[28] by using furan
(643 pL, 8.85 mmol) and 12-bromo-1-dodecene (2.187 g, 8.85 mmol)
as the starting materials. '"H NMR (300 MHz, CD,CL,): 6 =7.29 (dd, J=
1.9, 0.8 Hz, TH), 6.28 (dd, J=3.1, 1.9 Hz, 1H), 5.99-5.97 (m, 1H), 5.83
(ddt, J=16.9, 13.3, 6.7 Hz, 1H), 5.03-4.90 (m, 2H), 2.61 (t, J=7.5 Hz,
2H), 2.09-2.01 (m, 2H), 1.68-1.51 (m, 2H), 1.44-1.29 (m, 14H);
3CNMR (75 MHz, CD,Cl,): 6 =156.9, 140.7, 139.4, 113.9, 110.1, 104.6,
33.9, 29.7, 29.7, 29.6, 29.5, 29.3, 29.3, 29.1, 28.2, 28.0; IR (neat): 7=
3115, 3077, 2926, 2854, 1641, 1597, 1507, 1465, 1440, 1147, 1007, 994,
910, 885, 795, 726 cm~'; MS (El): m/z (%): 234 (16) [M1*, 123 (10), 95
(44), 94 (16), 82 (35), 81 (100), 67 (10), 55 (17), 41 (24); HR-MS: m/z:
calcd for C;4H,60 234.198365, found 234.198907.

2-(4-Pentenyl)thiophene (18): A solution of thiophene (2.84 g,
33.81 mmol) in Et,0 (20 mL) is added to nBuLi (1.6m, 21.13 mL,
33.81 mmol) in Et,O (20 mL) at 0°C. The mixture is allowed to warm
to r.t. and stirred for 90 min. After cooling to —15°C, a solution of
5-bromo-1-pentene in Et,0 (20mL) is added and the resulting
mixture is refluxed for 30 h. The reaction mixture is cooled to r.t. and
poured onto crushed ice. The aqueous layer is extracted with tert-
butyl methyl ether, dried (Na,SO,), and concentrated. The crude
product is purified by distillation (b.p.=80-81 °C at 20 mbar) to give
product 18 (1.84g, 36%) as a colorless liquid. '"H NMR (200 MHz,
CD,CL,): 6=7.11 (d, J=5.1 Hz, 1H), 6.91 (dd, J=5.1, 3.5 Hz, 1H), 6.79
(d, J=3.5Hz, 1H), 5.85 (ddt, /=171, 10.4, 6.6 Hz, 1H), 5.08 -4.95 (m,
2H), 2.84 (t, J=75Hz, 2H), 2.18-2.07 (m, 2H), 1.84-1.69 (m, 2H);
13CNMR (50 MHz, CD,Cl,):  =145.5, 138.4, 126.7, 124.2, 122.9, 114.7,
33.1, 31.1, 29.3; IR (neat): ¥=3076, 2976, 2933, 2856, 1641, 1535,
1440, 1240, 1076, 991, 912, 851, 819, 693 cm~'; MS (El): m/z (%): 152
(14) [MIT, 123 (7), 110 (67), 98 (29), 97 (100), 53 (10), 45 (14), 39 (12);
elemental analysis calcd for CoH,,S (152.26): C 71.00, H 7.94; found: C
70.92, H 8.06.

12: A solution of triflate 6 (243 mg, 0.60 mmol),"" LiCl (76 mg,
1.80 mmol), the boronic acid 11 (380 mg, 1.80 mmol), [Pd(PPh,),]
(35 mg, 0.03 mmol), and aq Na,CO; (2 m, 1.8 mL, 3.60 mmol) in DME
(12 mlL) is stirred at 90°C for 20 h under Ar. A standard workup
followed by flash chromatography on neutral alumina using
hexanes/ethyl acetate (6:1 —2:1) as the eluent provides compound
12 (141 mg, 73 %) as a dark red solid. '"H NMR (300 MHz, CD,Cl,): 6 =
6.88 (s, 1H), 6.73 (dd, J=3.6, 1.3 Hz, 1H), 6.65 (dd, J=2.5, 1.3 Hz, 1H),
6.52 (d, J=3.7Hz, 1H), 6.17 (dd, J=3.6, 2.5 Hz, 1H), 6.14 (s, 1H), 5.88
(d, J=3.7 Hz, TH), 5.79 (ddt, J=16.9, 10.3, 6.6 Hz, 1 H), 5.02-4.91 (m,
2H),3.98 (s,3H), 2.11 (t, J=6.6 Hz, 2H), 2.01-1.92 (m, 2H), 1.34-1.24
(m, 4H); *CNMR (75 MHz, CD,Cl,): 6 =169.5, 160.6, 144.4, 139.0,
138.8, 128.4, 128.3, 122.8, 121.3, 116.0, 114.1, 113.2, 110.4, 108.8, 95.9,
58.6, 33.5, 28.9, 28.9, 27.1; MS (El): m/z (%): 321 (100) [M]*, 306 (12),
266 (10), 253 (31), 252 (69), 238 (26), 221 (7), 118 (11), 91 (33).

15: A solution of triflate 6 (110 mg, 0.27 mmol),"™ [Pd(PPh;),] (31 mg,
0.027 mmol), and the boronic acid 14 (195 mg of the crude product)
in DME (15 mL) is treated with ag Na,CO; (2.2m, 0.9 mL, 1.98 mmol)
and the resulting mixture is stirred for 2.5h at 85°C. A standard
extractive workup followed by flash chromatography on neutral
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alumina using hexanes/ethyl acetate (50:1 —10:1) as the eluent
provides diene 15. The fractions containing the product are
combined and concentrated to a small volume, treated with a
solution of HCl in Et,0, and evaporated in vacuo. This affords 15-HCI
(71 mg, 60 %) as a dark red solid. '"H NMR (300 MHz, CD,Cl,): 6 = 14.58
(br.s, 1H), 13.47 (br. s, 1H), 8.24 (s, 1H), 8.17 (d, /=77 Hz, 1 H), 741 (t,
J=76Hz 1H), 733 (d, J=7.7 Hz, 1H), 7.24 (s, 1H), 705-7.03 (m, 1 H),
6.34-6.32 (m, 2H), 5.95-5.77 (m, 2H), 5.09-4.92 (m, 4H), 4.03 (s,
3H),3.01 (t, J=76 Hz, 2H), 2.72 (t, /=77 Hz, 2H), 2.17 - 2.09 (m, 4 H),
1.91-1.76 (m, 4H), 1.56 - 1.46 (m, 2H); *C NMR (75 MHz, CD,Cl,): 6 =
166.8, 157.7, 156.6, 143.6, 138.8, 138.7, 133.3, 132.1, 128.9, 128.8,
128.5, 127.2, 126.3, 120.9, 120.8, 114.7, 114.5, 114.3, 94.7, 59.1, 35.1,
33.5, 334, 30.5, 28.6, 28.5, 28.3; IR (KBr): 7= 3396, 3334, 3073, 2996,
2927, 2856, 2752, 1622, 1572, 1545, 1525, 1484, 1459, 1362, 1269,
1239, 1183, 1133, 1048, 982, 949, 911, 815, 778,694 cm~'; HR-MS (FAB,
positive mode): m/z: calcd for C,;H;,N,O 401.259288, found
401.258099.

19 HClI: A solution of the furan 16 (170 mg, 1.25 mmol) in THF (3 mL)
at —78°C under Ar is treated with nBuLi (1.6m in hexanes, 0.78 mL,
1.25 mmol). The solution is allowed to warm to 0°C and stirred for
1 h. After cooling again to —78°C, B(OMe); (167 puL, 1.50 mmol) is
introduced and the solution is allowed to warm to 0 °C and stirred for
2h. Triflate 6 (104mg, 0.27 mmol)," [Pd(PPh,),] (25 mg,
0.022 mmol), and DME (5 mL) were placed into a second flask. The
borate complex is transferred by syringe into the second flask at
40°C and aq Na,CO; (2m, 1.10mL, 2.20 mmol) is added to the
reaction mixture. Stirring at 80°C for 3 h followed by a standard
extractive workup and flash chromatography on neutral alumina
with hexanes/ethyl acetate (50:1 —6:1) as the eluent provides diene
19. Treatment of the free base thus formed with a solution of HCl in
Et,0 and evaporation of the solvent affords 19-HCI (86 mg, 78 %) as a
red solid. '"H NMR (200 MHz, CD,Cl,): 6 =14.20 (br.s, 1H), 13.73 (br.s,
1H), 8.50 (d, J/=5.5Hz, 1H), 718 (s, 1H), 7.01-6.97 (m, 1H), 6.34 (d,
J=5.5Hz, 1H), 6.33-6.27 (m, 2H), 5.92-5.75 (m, 2H), 5.10-4.91 (m,
4H), 4.00 (s, 3H), 2.93 (t, J=11.6 Hz, 2H), 2.69 (t, J=11.6 Hz, 2H),
2.12-2.01 (m, 4H), 1.79-1.68 (m, 4H), 1.48-1.39 (m, 2H); *CNMR
(50 MHz, CD,Cl,): 6 =166.6, 162.2, 155.7, 146.0, 143.6, 138.8, 138.0,
131.5, 1270, 121.3, 120.3, 118.9, 115.1, 114.3, 113.9, 110.1, 93.3, 59.1,
33.5, 33.1, 28.6 (2 x ), 28.2, 27.8, 27.0; IR (KBr): #=3423, 3088, 2927,
2856, 1640, 1611, 1547, 1411, 1286, 1233, 1184, 1136, 1047, 989, 964,
909, 783 cm~"; MS (El): m/z (%): 390 (100) [M —HCI1*, 375 (14), 335
(25), 322 (24), 321 (32), 307 (15), 140 (9), 118 (15), 105 (16), 41 (14); HR-
MS: m/z: calcd for C,5H;50N,0, 390.230727, found 390.229664.

20 - HCl: A solution of the furan 17 (465 mg, 1.98 mmol) in THF (5 mL)
is treated with nBuLi (1.6m in hexanes, 1.24 mL, 1.95 mmol) at —78°C
under Ar. The solution is allowed to warm to 0°C and stirred for 1 h.
After cooling again to — 78°C, B(OMe); (264 pL, 2.38 mmol) is added
and the solution is allowed to warm to 0 °C and stirred for 2 h. Triflate
6 (192 mg, 0.47 mmol)," [Pd(PPh,),] (52 mg, 0.045 mmol), and DME
(15mL) are added into a second flask. The borate complex is
transferred by syringe into this second flask at 40°C followed by
addition of aq Na,CO; (2.2m, 1.80 mL, 3.96 mmol). The resulting
mixture is stirred at 80°C for 3 h. A standard extractive workup
followed by flash chromatography on neutral alumina with hexanes/
ethyl acetate (50:1 —6:1) as the eluent provides diene 20; treatment
of the free base thus formed with a solution of HCl in Et,0 and
evaporation of the solvent affords 20-HCI (158 mg, 64 %) as a dark
red solid. '"H NMR (300 MHz, CD,Cl,): 6 = 14.03 (br.s, 1H), 13.58 (br.s,
1H), 8.45 (d, J=3.5Hz 1H), 717 (s, 1H), 6.96 (t, J/=3.0 Hz, 1H), 6.32
(d, J=3.5Hz, 1H), 6.30-6.27 (m, 2H), 5.90-5.75 (m, 2H), 5.05-4.90
(m, 4H), 4.04 (s, 3H), 298 (t, /=76 Hz, 2H), 2.73 (t, /=76 Hz, 2H),
2.15-2.00 (m, 4H), 1.84-1.69 (m, 4H), 1.67-1.29 (m, 16 H); '*C NMR
(75 MHz, CD,CL,): 6 =166.6, 162.8, 155.7, 146.2, 143.5, 139.4, 138.9,
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131.4, 126.0, 121.3, 120.5, 118.9, 114.3, 113.9, 113.9, 110.0, 93.2, 59.1,
33.9, 33.5, 29.6, 29.6, 29.5, 29.4, 29.2 (2 x ), 29.0, 28.6 (2 x ), 28.4, 28.2,
27.8; IR (KBr): 7 = 3439, 3081, 2996, 2927, 2854, 1631, 1611, 1554, 1544,
1495, 1441, 1360, 1288, 1226, 1181, 1039, 978, 969, 906, 781 cm~'; HR-
MS (FAB, positive mode): m/z: calcd for C;,H,,N,O,: 489.348102,
found 489.347792.

21: Substrate 18 (152 mg, 1.00 mmol) is added to nBulLi (1.6 m, 625 L,
1.00 mmol) in Et,0 (5 mL) at 0°C. The mixture is allowed to warm to
r.t. and stirred for 90 min. The reaction mixture is cooled to —15°C
and B(OMe); (139 pL, 1.25 mmol) is added. The mixture is warmed to
0°C and stirred for 1 h, then allowed to warm to ambient temper-
ature and stirred for another 30 min. The reaction mixture is
concentrated to a small volume and transferred to a solution of
triflate 6 (62 mg, 0.15 mmol)™ and [Pd(PPh,),] (18 mg, 0.156 mmol)
in DME (5 mL). Ag Na,CO; (2m, 1.00 mL, 2.00 mmol) is added and the
resulting mixture is refluxed for 3 h. A standard extractive workup
followed by flash chromatography on neutral alumina with hexanes/
ethyl acetate (30:1 —6:1) as the eluent provides diene 21; treatment
of the free base thus formed with a solution of HCl in Et,0 and
evaporation of the solvent affords 21 -HCI (55 mg, 0.124 mmol, 81 %)
as a dark red solid. "H NMR (300 MHz, CD,Cl,): 6 =14.19 (br.s, 1H),
13.52 (br.s, 1H), 8.83 (d, J=3.9Hz, 1H), 714 (s, 1H), 6.98-6.95 (m,
2H), 6.29 (dd, /=3.9, 1.5Hz, 1H), 6.09 (d, J/=1.9 Hz, 1H), 5.91-5.77
(m, 2H), 5.10-4.92 (m, 4H), 4.00 (s, 3H), 2.98 (t, J= 7.6 Hz, 2H), 2.89 (t,
J=76Hz 2H), 2.19-2.08 (m, 4H), 1.86-1.75 (m, 4H), 1.55-1.45 (m,
2H); *CNMR (75 MHz, CD,Cl,): 6 =166.7, 156.0, 153.8, 150.1, 138.8,
1379, 134.1, 131.8, 129.42, 1275, 126.9, 121.1, 119.0, 115.1, 114.3,
114.0, 94.6, 59.1, 33.5, 33.0, 30.6, 29.8, 28.6, 28.5, 28.2; IR (KBr): 7=
3413, 3169, 3052, 2926, 2856, 1723, 1639, 1583, 1548, 1505, 1447,
1409, 1383, 1286, 1185, 1045, 989, 906, 807, 771 cm~'; MS (El): m/z
(%): 406 (100) [M]*, 351 (18), 337 (33), 192 (5), 148 (8), 121 (17); HR-
MS: m/z: calcd for C,5H5,N,OS 406.207885, found 406.208770.

23-HCI: A solution of diene 19-HCI (26 mg, 0.06 mmol) in CH,Cl,
(25 mL) is slowly added to a solution of the ruthenium carbene
complex 22 (5 mg, 0.006 mmol) in CH,Cl, (50 mL) and the resulting
mixture is refluxed for 40 h. For workup, the reaction mixture is
washed with sat. aq Na,CO;, the organic layer is dried (Na,SO,), and
the solvent is evaporated. The residue is subjected to flash
chromatography on neutral alumina with hexanes/ethyl acetate
(20:1 —6:1) as the eluent. The combined fractions containing the
product are concentrated to a small volume, treated with a solution
of HCl in Et,0 and evaporated in vacuo. This affords 23 - HCI (15.5 mg,
64 %) as a dark red solid. The ratio of isomers is E:Z=4:1. '"H NMR
(300 MHz, CD,Cl,): 6 =14.14 (br.s, TH), 13.22 (br.s, 1H), 713 (s, TH),
710 (d, J=3.4Hz 1H), 6.27-6.22 (m, 2H), 6.18 (s, 1H), 5.93-5.84 (m,
1H), 5.57-5.48 (m, 1H), 4.00 (s, 3H), 2.93-2.83 (m, 4H), 2.18-1.77
(m, 8H), 1.50-1.40 (m, 2H); *C NMR (75 MHz, CD,Cl,): Eisomer: 6 =
167.2,163.0, 155.5, 145.7, 142.7,130.9, 130.7, 129.7, 128.1, 122.1, 119.6,
118.5, 114.4, 109.8, 92.8, 59.4, 31.7, 31.2, 29.3, 28.3, 28.2, 273, 26.9;
Zisomer (resolved signals): 0 =131.1, 130.1, 130.0, 127.7, 119.7, 1177,
109.7,92.7,59.3, 28.8, 28.7,28.1 (2C), 27.6, 27.5, 27.4; IR (KBr): 7 = 3423,
3071, 2923, 2851, 1616, 1540, 1501, 1415, 1345, 1247,1237,1177, 1130,
1032, 968, 884, 799, 781, 703, 667 cm~'; MS (El): m/z (%): 362 (100)
[(M—HCDI*, 347 (15), 280 (11), 105 (8); HR-MS: m/z: calcd for
C,5H56N,0, 362.199427, found 362. 200162.

24 - HCl: A solution of diene 20-HCI (131 mg, 0.249 mmol) in CH,Cl,
(100 mL) is slowly added (over 4 h) at 40°C to a solution of the
ruthenium indenylidene complex 22 (23 mg, 0.025 mmol) in CH,Cl,
(250 mL). After stirring for 22 h at this temperature, the reaction
mixture is cooled to r.t., washed with sat. ag Na,CO; and the organic
layer is dried (Na,SO,) and evaporated. Flash chromatography of the
crude material on neutral alumina with hexanes/ethyl acetate
(30:1 —2:1) as the eluent provides 24, which after concentration to
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a small volume, treating with a solution of HCl in Et,0, and
evaporation of the solvent in vacuo is isolated as the deeply red solid
hydrochloride salt 24-HCI (71 mg, 57 %). The ratio of isomers is E:Z=
2.4:1. "TH NMR (300 MHz, CDCl;): 6 =13.98 (br.s, 1H), 13.47 (br.s, 1H),
8.15 (d, J=3.4Hz, 1H), 7.06 (s, 1H), 6.87-6.85 (m, 1H), 6.22 (d, J=
3.4 Hz, 1H),6.19-6.07 (m, 2H), 5.39-5.19 (m, 2H), 3.97 (s, 3H), 3.01 -
2.95 (m, 2H), 2.74-2.69 (m, 2H), 2.06-1.69 (m, 8H), 1.41-1.03 (m,
16H); *CNMR (75 MHz, CDCly): Eisomer: 0 =166.2, 162.4, 156.2,
145.6, 143.2,131.3, 130.7, 129.4, 126.9, 121.1, 120.1, 118.9, 114.2, 110.7,
92.8, 58.9, 32.9, 31.7, 29.6, 29.2, 28.9, 28.8, 28.7, 28.5, 28.3, 28.2, 28.1,
28.0, 27.8, 26.9; Zisomer (resolved signals): 6 =166.0, 162.9, 156.1,
145.1, 143.1, 131.4, 130.3, 126.9, 120.8, 119.3, 114.0, 110.1, 92.7, 28.9,
28.6, 27.9, 27.0, 26.7; IR (KBr): 7 =3425, 3111, 2923, 2851, 1626, 1547,
1506, 1451, 1384, 1352, 1278, 1244, 1181, 1129, 1043, 966, 884, 838,
793, 776 cm~'; HR-MS: m/z: calcd for C;,H,4N,0O, 460.308977, found
460.307802.

25:25 A solution of diene 15-HCl (67 mg, 0.153 mmol) in CH,Cl,
(100 mL) is slowly added to a solution of the ruthenium indenylidene
complex 22 (5 mg, 0.006 mmol) in CH,Cl, (100 mL) and the resulting
mixture is refluxed for 24 h. For workup, the reaction mixture is
washed with sat. ag Na,CO; and the organic layer is dried (Na,SO,)
and evaporated. Flash chromatography of the residue on neutral
alumina with hexanes/ethyl acetate (20:1) as the eluent affords
product 25 (49 mg, 86 %) as an orange crystalline solid. The ratio of
isomers is E:Z=10:1. 'H NMR (300 MHz, CD,Cl,): 6 =8.16 (s, 1H), 755
(dd, J=6.4,1.2Hz, 1H), 7.37 (t, /=76 Hz, 1H), 7.28 (d, J/=7.6 Hz, 1H),
6.88 (s, 1H), 6.58 (d, J=3.6 Hz, 1H), 6.14 (s, TH), 6.03 (d, J=3.6 Hz,
1H), 5.52-5.49 (m, 2H), 3.92 (s, 3H), 2.79-2.73 (m, 4H), 2.19-2.15
(m, 2H), 2.02-1.98 (m, 2H), 1.87-1.77 (m, 4H), 1.64-1.55 (m, 2H);
13CNMR (75 MHz, CD,Cl,): Eisomer: 6 =168.5, 165.4, 143.3, 142.9,
141.1,134.5, 130.7, 130.7, 130.3, 130.0, 128.6, 126.6, 125.0, 119.9, 117.7,
110.2, 94.6, 58.4, 33.2, 32.3, 30.0, 29.6, 29.4, 28.6, 28.2; Zisomer
(resolved signals): 6 =130.5, 130.1, 128.4, 125.8, 120.5, 1179, 110.1,
94.8, 35.0, 31.0, 28.3, 28.0, 27.3, 26.7, 26.2; IR (KBr): #=3453, 3092,
3040, 3008, 2925, 2848, 1629, 1583, 1566, 1547, 1492, 1453, 1359,
1227, 1189, 1157, 1113, 1042, 939, 902, 776, 761, 695, 676, 654 cm~';
MS (EI): m/z (%): 372 (100) [M]*, 357 (22), 329 (7), 290 (18), 275 (5), 186
(3), 165 (3), 118 (7); HR-MS: m/z: calcd for C,sH,sN,O 372.220163,
found 372.221209.

26-HCI: A solution of 12-HCl (28 mg, 0.078 mmol; obtained by
treatment of compound 12 with a solution of HCl in Et,O and
evaporation of the solvent) and ruthenium indenylidene complex 22
(3.6 mg, 0.004 mmol) in CH,Cl, (4 mL) is refluxed for 30 h. For workup,
the reaction mixture is washed with sat. ag Na,CO;, the organic layer
is dried (Na,SO,) and evaporated, and the residue is subjected to
flash chromatography on neutral alumina with hexanes/ethyl
acetate (4:1 —1:1) as the solvent. The combined fractions containing
the product are concentrated to a small volume, treated with a
solution of HCl in Et,0, and evaporated in vacuo. This affords 26 - HCI
(25 mg, 93%) as a dark red solid. The ratio of isomers is E:Z=2.7:1.
"H NMR (300 MHz, CD,Cl,): 6 =12.92 (br.s, 2H), 12.72 (br.s, 2H), 12.69
(br.s, 2H), 7Z219-7.17 (m, 2H), 6.94 (s, 2H), 6.93-6.92 (m, 2H), 6.81 -
6.79 (m, 2H), 6.32-6.29 (m, 2H), 6.15 (dd, J=3.8, 1.8 Hz, 2H), 6.07 (d,
J=1.9Hz 2H), 5.39-5.36 (m, 2H), 3.93 (s, 6 H), 2.84 (t, /=75 Hz, 4H),
2.05-1.97 (m, 4H), 1.75-1.64 (m, 4H), 1.43-1.33 (m, 4H); *CNMR
(75 MHz, CD,Cl,): Eisomer: d = 166.6, 152.7, 149.0, 130.3, 129.2, 127.3,
126.0,122.3 121.6,117.9, 116.3, 112.5, 112.0, 93.2, 59.0, 32.3, 29.2, 28.7,
28.1 ; Zisomer (resolved signals): 6 =132.0, 129.8, 110.3, 29.4, 28.8,
28.2, 27.0; HR-MS: m/z: calcd for C33H,,N;O, 615.344748, found
615.343202.

Biological evaluation: The bioassays were basically performed as
previously described with a slight modification.! 2% Proliferation of
murine spleen cells: Mouse spleen cells from C57BL/6 mice (female,
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6-10 weeks old) were stimulated with 10 upgmL~" of LPS or
2 ugmL=" of Con A in the presence of indicated concentrations of
prodigiosin derivatives for 3 d. The cells were then pulsed with
0.5mgmL~" of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reagents for 8 h. The dye was solubilized with 5%
sodium dodecyl sulfate (SDS), and the absorbance at 595 nm was
measured. Visualization of vacuolar acidification: Baby hamster
kidney (BHK) cells were pretreated with indicated concentrations
of prodigiosin derivatives for 30 min and then treated with 5 ug mL™'
of acridine orange for 30 min. The stained cells were washed with
phosphate-buffered saline and examined by fluorescence micro-
scopy.
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With some members in clinical trials, the epothilones command
attention as potential anticancer agents of considerable prom-
ise. In addition to several naturally occurring substances, an
impressive array of epothilone analogues has been constructed
and biologically evaluated.™ 2 We have previously reported the
“partial” construction of two 12,13-cyclopropyl epothilone A
analogues.® Their structures recently came under closer scrutiny
by us and by a Bristol-Myers Squibb (BMS) group, whose
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independent synthesis of one of these compounds led to a
revision of its structure.™ Here we wish to report i) an
unambiguous chemical synthesis of cis-(12S,13S)-cyclopropyl
epothilone A (2) and its 15R epimer 3; ii) the correct structure of
the previously synthesized cyclopropyl epothilones and a
mechanistic rationale for their unexpected formation; iii) the
chemical synthesis of cis-(12S,135)-cyclobutyl epothilone A (4)
and its 15Repimer 5; and iv) the molecular modeling and
biological evaluation of the newly synthesized compounds.
Remarkably, compounds 2 and 4 exhibit potencies comparable

1: 4: (125,135,15S)-cyclobutyl
2: epothilone A

O: epothilone A
CHjy: (125,135,155)-cyclopropy!
epothilone A

X =
X =

o) 6H o O OH O
3:(125,13S,15R)-cyclopropyl 5:(125,135,15R)-cyclobutyl
epothilone A epothilone A

to those of epothilone A (1) in cytotoxicity studies, supporting
the notion that the overall shape of the epothilone scaffold is a
most significant feature in these structures for biological activity,
as opposed to the epoxide oxygen atom whose presence
appears to be less relevant, at least for in vitro biological activity.

To probe the effect of the epoxide oxygen atom of epothilone
on the molecule’s ability to exert its biological action, the
cyclopropyl and cyclobutyl analogues 2 and 4 were designed
and targeted for chemical synthesis. Their 15R-epimeric counter-
parts (compounds 3 and 5) were expected to arise concurrently
from a similar synthetic sequence and their biological evaluation
would shed further light on the existing structure - activity
relationships (SARs) within the epothilone class. Molecular
modeling™* *! revealed almost identical conformations for epo-
thilone A (1) and its analogues 2 and 4, but quite different
shapes for the 15Risomers 3 and 5. The unambiguous total
synthesis of 2 was also expected to elucidate the uncertainty
regarding the structures of the previously synthesized® cyclo-
propyl epothilones.

The synthetic plan toward the designed analogues was
patterned after our macrolactonization approach?#¢ to epothi-
lone A with one new stratagem regarding the coupling of two of
the fragments. Specifically, a Nozaki-Kishi coupling reaction!”
was envisioned for the union of the C7-C15 segment [alde-
hydes 12 (see Scheme 1) and 34 (see Scheme 4)] with the
heterocyclic side chain fragment [vinyl iodide 16 (see
Scheme 2)]. Significantly, this strategy would also ensure access
to both C15 epimers but could, if so desired, be modified to
deliver only one of the two by using an oxidation —asymmetric
reduction protocol.
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The projected synthesis of the cyclopropyl epothilones
required building blocks 12 (see Scheme 1), 16 (see Scheme 2),
and 21 (see Scheme 3). While 21 was available from our previous
work,® 12 and 16 were synthesized in this study as follows.
Aldehyde 12 was derived in optically active form from the
enantiomerically enriched cyclopropane 6® (Scheme 1). Thus,
Swern oxidation of 6 was followed by a Wittig reaction and acidic
hydrolysis to afford the homologated aldehyde 7 in 85 % overall
yield. A second Wittig reaction employing commercially avail-
able phosphonium salt 8 led to a mixture of cis and trans olefins
9 (ca. 20:1, 78 %) which was reduced with diimide (generated in
situ) to the saturated alcohol 10 (94 %). Acetylation of the free
hydroxy group in 10 (100%) followed by hydrogenolysis of the
benzyl ether led to alcohol 11 (78 %) which was oxidized to the
corresponding aldehyde (899%) with TPAP/NMO. This two-step
reaction was necessary because direct hydrogenation of 9 with a
variety of transition metal catalysts produced compounds in
which the cyclopropyl ring was opened. The latter compound
was homologated to the desired aldehyde 12 by the two-step
procedure described above for the generation of 7 (Wittig
reaction followed by acidic hydrolysis) in 50% overall yield. The
vinyl iodide 16 was constructed from aldehyde 132" by a
sequence involving i) acetylene formation (96 %); ii) methylation
(95%); and iii) hydrozirconation - iodination (40 %) (Scheme 2).1!

Intermediates 12 and 16 were coupled by the Nozaki-Kishi
procedure employing CrCl,/NiCl,,” furnishing a diastereomeric
mixture of alcohols 17 (ca. 1:1 ratio, 72%) (Scheme 3). This
mixture was taken through the sequence until chromatographic
separation of the two isomers became feasible upon Yamaguchi
macrolactonization (see below).® Silylation of 17 furnished silyl
ether 18 (100%) which was deacetylated (DIBAL, 99%) and
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a) Swern oxidation
b) MeOCH,PPh3CIl, NaHMDS
c) H30+

Hovq\ O&\/ﬂ\
OBn OBn
d) nBuLi,

HO\/‘V PPhsBr

e) (NCOzK),
_ AcOH, py |

HO\)j/\/q\oB
10

f) Ac,0, EtN, 4-DMAP
g) Hp, Pd(OH),/C

Scheme 1. Synthesis of aldehyde 12. a) (COCl), (1.5 equiv), DMSO (2.0 equiv),
Et;N (5.0 equiv), CH,Cl,, — 78 —0°C, 1 h, 95 %; b) MeOCH,PPh,Cl (1.5 equiv),
NaHMDS (1.5 equiv), THF, —78 —0°C, 1 h; c¢) HCl (cat.), acetone/H,0 (9:1, v:v),
50°C, 1h, 90% (for 2 steps); d) 8 (1.3 equiv), nBuLi (1.9 equiv),THF, —78°C, 1h,
78% (cis:trans ca. 20:1); e) (NCO,K), (20 equiv), HOAc (40 equiv), pyridine, 25°C,
48 h, 94%; f) Ac,0 (1.1 equiv), Et;N (2.5 equiv), 4-DMAP (0.1 equiv), CH,Cl,, 0°C,
30 min, 100%; g) 20 wt % Pd(OH),/C (cat.), H, (1 atm), EtOAC/EtOH (1:1, v:v), 2 h,
25°C, 78%; h) TPAP (0.05 equiv), NMO (1.5 equiv), MS (4 A), CH,Cl,, 25°C, 1h,
89%; i) NaHMDS (1.1 equiv), 0°C, 5 min, THF, then MeOCH,PPh;Cl (1.3 equiv), 0°C,
5 min, 67%; j) HCI (cat.), acetone/H,0 (9:1, v:v), 50°C, 2 h, 87 %. Bn =benzyl,

4-DMAP = 4-dimethylaminopyridine, NaHMDS = sodium hexamethyldisilazide,
NMO = N-methylmorpholine N-oxide, py = pyridine, TPAP = tetra-n-propylam-

monium perruthenate.
\ /% )'\,(PSE} | />— ) [CpZZr(H)CI]
AN Nk
R
13 14:R=H 16

H
b) LIHMDS, [ 15. R - Me
Mel

h) TPAP, NMO

i) MeOCH,PPhsCl,
NaHMDS

I) H30*

S
Was
N

Scheme 2. Synthesis of the C16 - C22 fragment 16. a) Phosphonate (1.2 equiv),
NaOMe (1.2 equiv), MeOH, — 40 —0°C, 30 min, 96 %; b) LIHMDS (2.5 equiv), Mel
(7.0 equiv), THF, —78 —0°C, 8 h, 95%; c) [Cp,Zr(H)CI] (1.1 equiv), THF, 45°C, 1h,
then 1, (1.5 equiv), 0°C, 15 min, 40%. Cp = cyclopentadienyl, LIHMDS = lithium
hexamethyldisilazide.

oxidized (DMP, 96%) to afford aldehyde 20 via hydroxy
compound 19. The coupling of aldehyde 20 with ethyl ketone
21 following the previously developed stereoselective aldol
protocol'*? proceeded smoothly and furnished aldol 22, whose
silylation led to the tetrasilyl ether 23 (82% overall yield).
Selective removal of the primary silyl group from 23 with HF - py
gave alcohol 24 (81 %) whose sequential oxidation with DMP
and NaClO, resulted in the formation of carboxylic acid 25.
Selective desilylation at C15 (TBAF) generated hydroxy acid 26
(68% for three steps). Yamaguchi macrolactonization!'*? of 26
led to a mixture of lactones 27 and 28 (ca. 1:1, 82 %), which were
separated chromatographically. Finally, deprotection of 27 and
28 with TFA completed the synthesis of 2 (91%) and 3 (90 %)
whose identities were secured by spectroscopic studies and
comparisons of their spectra with those of authentic samples of
epothilones 1 and 2. As indicated in Scheme 3, the lack of
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a) CrCly,
NiCl, (cat.)

b) DMP
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macrolactonization
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) TFA [28
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R=TBS
:R=H

Scheme 3. Total synthesis of cyclopropyl epothilone analogues 2 and 3. a) 12
(1.0 equiv), 16 (2.0 equiv), CrCl, (10.0 equiv), NiCl, (cat.), DMSO, 25°C, 7 h, 72%
(ca. 1:1 ratio of C15 epimers); b) DMP (1.2 equiv), CH,Cl,, 0 —25°C, 30 min, 96 %;
¢) (—)-DIPCI (3.0 equiv), Et,0, — 15—25°C, 23 h, 79% (R:S = 1:24); d) TBSOTf
(1.1 equiv), 2,6-lutidine (2.5 equiv), CH,Cl,, — 78°C, 30 min, 100 %; e) DIBAL

(2.0 equiv), CH,Cl,, —78°C, 99%; f) DMP (1.2 equiv), CH,Cl,, 0—25°C, 30 min,
96 %; g) LDA (2.45 equiv) in THF, —78°C, then 21 (2.4 equiv) in THF, —78°C, 1 h;
then —40°C, 0.5 h; then 20 (1.0 equiv) in THF, —78°C, 4 min; h) TBSOTf

(2.0 equiv), 2,6-lutidine (5.0 equiv), CH,Cl,, 0°C, 2 h, 82% (for 2 steps); i) HF - py
(20 % (v/v) in pyridine), THF, 0°C, 4 h, 81 %; j) DMP (1.2 equiv), NaHCO; (2.5 equiv),
CH,Cl,, 0—25°C, 30 min; k) NaClO, (2.5 equiv), 2-methyl-2-butene (75.0 equiv),
NaH,PO, (2.0 equiv), tBuOH/H,0 (5:1, v:v), 25°C, 20 min; I) TBAF (6.0 equiv), THF,
0—25°C, 15 h, 68% (for 3 steps); m) 2,4,6-trichlorobenzoyl chloride (2.4 equiv),
Et;N (6.0 equiv), THF, 0°C, 1.5 h; then add to a solution of 4-DMAP (2.2 equiv) in
THF, 75°C, 2.5 h, 82 % (27:28=1:1); n) 20 % TFA in CH,Cl,, 0°C, 2 h, 91 %; 0) 20%
TFA in CH,Cl,, 0°C, 14 h, 90 %. DMP = Dess — Martin periodinane, DIBAL = diiso-
butylaluminum hydride, DIPCI = B-chlorodiisopinocampheylborane, LDA = lithi-
um diisopropylamide, TBS = tert-butyldimethylsilyl, TBAF = tetra-n-butylammo-
nium fluoride, Tf = trifluoromethanesulfonyl, TFA = trifluoroacetic acid.

selectivity in the Kishi-Nozaki coupling of 12 and 16 was
“corrected” by oxidation with DMP followed by reduction with
(—)-DIPCI, furnishing the 15Sisomer of 17 in high diastereose-
lectivity (ca. 24:1).

In addition to fragments 16 and 21, the planned synthesis of
the cyclobutyl epothilones 4 and 5 dictated the availability of
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a) DMP
b) MeOCH,PPhsCl, NaHMDS
c) H30+

«ﬁ

d) NaHMDS, TMSCI

Hovq
OAc

HOVkPPmBr

e) (NCOzK),

AcOH, py;
then Hz, Pt
f) TBSOTf
g) DIBAL
h) DMP
i) MeOCHzPPhacI
_NaHMDS _0
TBSO OH 'y Thot
k) Aczo

Scheme 4. Synthesis of aldehyde 34. a) DMP, CH,Cl,, 25°C, 3 h, 96 %;

b) MeOCH,PPh,CI (1.5 equiv), NaHMDS (1.5 equiv), THF, —78°C, 1 h; ¢) HCI (cat.),
acetone/H,0 (9:1, v:v), 50°C, 1 h, 87 % (for 2 steps); d) 8 (1.5 equiv), NaHMDS
(2.9 equiv), TMSCI (1.5 equiv), THF, —78°C, 1 h, 82% (cis:trans ca. 20:1);

e) (NCO,K), (20.0 equiv), HOAc (40.0 equiv), pyridine, 25°C, 24 h; then H,, Pt,
MeOH, 25°C, 82 %; f) TBSOTf (1.0 equiv), 2,6-lutidine (2.5 equiv), CH,Cl,, —78°C,
30 min, 100%; g) DIBAL (2.0 equiv), CH,Cl,, —78°C, 99%; h) DMP (1.2 equiv),
NaHCO; (2.0 equiv), CH,Cl,, 25°C, 3 h, 94 %; i) NaHMDS (1.4 equiv), MeOCH,PPh,C/
(1.5 equiv), THF, — 78°C; j) HCI (cat.), acetone/H,0 (9:1, v:v), 50°C, 1 h, 90% (for
2 steps); k) Ac,O (1.1 equiv), Et;N (2.5 equiv), 4-DMAP (cat.), CH,Cl,, 0°C, 20 min,
67 %. TMSCI = trimethylsilyl chloride.

key building block 34. Its construction from the readily available
derivative 297 proceeded as outlined in Scheme4, the
sequence being almost identical to that for aldehyde 12 (see
Scheme 1) except for the standard adaptations that were neces-
sary to accommodate the acetate group that replaced the benzyl
group in the starting material. Thus, coupling of the three frag-
ments (34, 16 and 21) proceeded as summarized in Scheme 5 via
intermediates 35 -45 and furnished the targeted epothilones 4
and 5 in good overall yield and in optically active form.

While the spectra of the newly synthesized 2 were identical to
those of the BMS compound,* ™ they differed from those of our
previously synthesized cyclopropyl epothilone.®! This result
together with further analysis of the 'HNMR spectra (see
Figure 1) of these compounds led to a revision of the original
structures to (12R,13R)-cyclopropy! epothilone and (12S,13R)-
cyclopropyl epothilone (2b and 2a, respectively, in Scheme 6)
which are consistent with the proposed mechanistic rationale for
their formation as shown in Scheme6. Thus, contrary to
expectation, and presumably because of the neighboring-group
effect exerted by the lactone carbonyl group, overall retention of
configuration in these reactions is observed, leading to 12R,13R-
cyclopropyl (2b) and 125,13R-cyclopropyl epothilone (2 a) rather
than the originally assigned structures.!""

The biological activities of the synthesized epothilones were
initially evaluated through cytotoxicity studies by utilizing a set
of ovarian carcinoma cell lines, including a parental cell line (1A9)
and three drug-resistant cell lines, namely the paclitaxel-resistant
cell lines™ 1A9/PTX10 and 1A9/PTX22 and the epothilone-
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Scheme 5. Total synthesis of cyclobutyl epothilone analogues 4 and 5. a) 34
(1.0 equiv), 16 (2.0 equiv), CrCl, (10.0 equiv), NiCl, (cat.), DMSO, 25°C, 7 h, 89 %;
b) TBSOTf (1.1 equiv), 2,6-lutidine (2.5 equiv), CH,Cl,, — 78°C, 30 min, 100 %;

¢) DIBAL (2.0 equiv), CH,Cl,, —78°C, 99%; d) DMP (1.2 equiv), CH,Cl,, 0—25°C,

30 min; e) LDA (2.45 equiv) in THF, — 78°C, then 21 (2.4 equiv) in THF, —78°C, 1 h;

then —40°C, 0.5 h; then 38 (1.0 equiv) in THF, —78°C, 4 min, 67 % (for 2 steps);
f) TBSOTf (2.0 equiv), 2,6-lutidine (5.0 equiv), CH,Cl,, 0°C, 2 h; g) HF - py (20 % (v/v)
in pyridine), THF, 0°C, 4 h, 86 % (for 2 steps); h) DMP (1.2 equiv), NaHCO,

(2.5 equiv), CH,Cl,, 0—25°C, 30 min; i) NaClO, (2.5 equiv), 2-methyl-2-butene
(75.0 equiv), NaH,PO, (2.0 equiv), tBuOH/H,0 (5:1, v:v), 25°C, 20 min, 93 % (for
2 steps); j) TBAF (6.0 equiv), THF, 0—25°C, 15 h, 54 %; k) 2,4,6-trichlorobenzoy!
chloride (2.4 equiv), Et;N (6.0 equiv), THF, 0°C, 1.5 h; then add to a solution of
4-DMAP (2.2 equiv) in THF, 75°C, 2.5 h, 67 % (44:45=3:4); 1) 20% TFA in CH,Cl,,
25°C, 1h, 61%; m)20% TFA in CH,Cl,, 25°C, 8 h, 60 %.

resistant cell line™ 1A9/A8. These resistant cell lines harbor
distinct acquired -tubulin mutations which affect drug - tubulin
interaction and result in impaired taxane- and epothilone-driven
tubulin polymerization. The results of these biological inves-
tigations are summarized in Table 1 and reveal some important
information for the structure-activity relationships of these
compounds. In agreement with the BMS study,™ we found that
the cyclopropyl epothilone A 2 inhibits the 1A9 cell growth more
potently than the parent compound epothilone A (1). Thus, in
the parental 1A9 cells the ICy, value for compound 2 is 0.25 nm
compared with 2nm for epothiloneA (1) and 0.15nm for
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oHoHO
2: (125, 13S)-cyclopropyl epothilone A

o HoH o
1: epothilone A

o HOH o
2b: (12R, 13R)-cyclopropyl epothilone A

2a: (125, 13R)-cyclopropyl epothilone A

Figure 1. Stereochemical assignment of 12,13-cyclopropyl epothilones A based
on NMR spectroscopy (NOEs).

nBuzSn .

b) SOCIy, py

Cl

.y

nBuzSn._ Oy

TBSO. N
: N0
OTBS OTBS
46a 47a
Inversion Inversion ‘

Bs\/\'
nugn,_’_v H s

nBuaSn-L

RO,

0 OrRO

49 : R=TBS
o HFpy [, op - R-H

OR O
48 : R=TBS

c) ;
HF-py 2a:R=H

Scheme 6. Proposed mechanism for the unusual formation of 12,13-cyclopropyl
epothilones with retention of configuration. The W-shaped transition states
required for the previously proposed Sy2-type mechanism force the tin moieties
into the macrocycle and are therefore unfavorable. Instead, carbonyl-facilitated
carbocation formation is followed by elimination of tin to form the cyclopropane
ring with overall retention of configuration at C13. Hence, structures 46, 47, 2a
and 2b should replace 11, 10, 4 and 3, respectively, in ref. [3].
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Table 1. Cytotoxicity [nm] of epothilones 2, 3, 4, and 5 against selected cell lines.”

Compound Cell line

1A9 PTX10 (3270) PTX22 (3364) A8 ($274)

1Cso 1Cso RR 1Cso RR ICso RR
paclitaxel (taxol) 1.25 40 32 50 40 8 6
epothilone A 1 2 1 55 3 15 68 34
epothilone B 0.15 0.3 3 0.2 2 6 60
CP-epothilone 2 0.25 9 36 2 8 32 128
CP-epothilone 3 225 > 300 N/A > 300 N/A >300 N/A
CB-epothilone 4 3 95 32 45 15 100 33
CB-epothilone 5 180 >300 N/A >300 N/A >300 N/A

[a] ICs, values are given in nm. Relative resistance (RR) is calculated as an ICs,
value for each resistant subline divided by that for the parental cell line (1A9).
CB = cyclobutyl, CP =cyclopropyl, N/A =not applicable.

epothilone B. The (155)-cyclobutyl epothilone A 4 retains good
activity but is not as potent as compound 2. It is noteworthy that
the 15Risomers of both compounds (3 and 5) are inactive at
low concentrations against the epothilone-sensitive parental
1A9 cells (see Table 1). Molecular modeling had predicted
that the 15Risomers would not fit properly into the taxol-
binding site of tubulin (Figure 2). It is noteworthy that both
compounds 2 and 4 display a similar cytotoxicity profile against
the fS-tubulin mutants compared to epothilone A (1). In other
words, both compounds 2 and 4 lose activity against the clones
PTX10 ($270) and A8 (274) suggesting that residues 270 and
274 are important for the binding of these compounds to
tubulin.

The cytotoxicity analysis was completed by in vitro tubulin
polymerization experiments, the results of which are shown in
Figure 3 and Table2. In general, there is good agreement
between the in vitro tubulin polymerization potency and the
cytotoxicity profile of the compounds tested. Compound 2
shows superior in vitro potency to natural epothilone A (1) both
by the percentage of tubulin polymerization and by the kinetic
analysis, suggesting that this compound is able to nucleate
microtubules (which is the first step in the tubulin polymer-
ization reaction) faster than the parent compound 1. Despite the
cytotoxicity results, the cyclobutyl compound 4 also displays
superior in vitro tubulin polymerization activity to epothilone A
(1), albeit to a lesser extent than compound 2. Finally, tubulin
polymerization products of these compounds were examined by
electron microscopy. Pictures from these experiments are shown
in Figure 4, and while they confirm the formation of closed and
open microtubules in all cases, they also point to some structural
differences between taxol, the parent epothilone A (1), and its
analogues 2 and 4.

In conclusion, we have constructed two 12,13-cyclopropyl
(158 and 15R) and two 12,13-cyclobutyl (155 and15R) epothilone
analogues by total synthesis and evaluated their biological
activities. While the 155 compounds exhibited potent tubulin
polymerization activity and cytotoxicity against tumor cells, the
15R isomers were devoid of such actions. This re-enhanced the
view that while the oxygen atom at the C12—C13 site is not
necessary for biological activity, the proper configuration at C15
is absolutely essential for it.

CHEMBIOCHEM 2001, No. 1
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Figure 2. Molecular modeling of epothilone A (1), 12,13-cyclopropyl epothilone
(2), and 12,13-cyclobutyl epothilone (4) within their tubulin binding site. Top:
Superposition of epothilone A (1, carbon atoms in magenta) hydrogen-bonded to
a water molecule (hydrogen atoms in magenta) and 12,13-cyclopropyl!
epothilone A (2, carbon atoms in white). Binding of 2 displaces that water
molecule (— second water molecule with the hydrogen atoms shown in white).
The flexible carbon atoms 9- 14 of 2 enable a closer, more favorable hydrophobic
interaction between the cyclopropane moiety and the depicted side chain of
Leu 273. The displaced water molecule can still maintain its hydrogen bond to the
backbone of Thr274 (side chain is shown). Middle: 12,13-Cyclopropyl epothilo-
ne A (2, carbon atoms in white) shown with its molecular surface (three-
dimensional grid) in the taxol-binding site of tubulin. Upon inversion of the chiral
center at C15 (superimposed compound 3, carbon atoms shown in magenta), the
epothilone side chain sterically clashes with Leu 361 so that this analogue cannot
be accommodated in the binding site. Bottom: Superposition of epothilone A
(1, carbon atoms in magenta) hydrogen-bonded to a water molecule (hydrogen
atoms in magenta) and 12,13-cyclobutyl epothilone A (4, carbon atoms in white).
Binding of 4 displaces that water molecule (— second water molecule with the
hydrogen atoms shown in white). In a similar manner to the 12,13-cyclopropy!
analogue, the flexible carbon atoms 9- 14 of 4 also enable a closer, more
favorable hydrophobic interaction between the cyclopropane moiety and the side
chain of Leu 273. However, in order to satisfy the steric and pharmacophoric
requirements imposed by the taxol-binding site, the bulkier cyclobutane
derivative must adopt a less preferred conformation that is unfavorably close
(3.13 A) to the carbonyl group at position 1. (For molecular modeling methods,
see ref. [14].)
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Figure 3. Comparison of the abilities of epothilone A (1), (15S)-cyclopropyl
epothilone A (CP-epothilone, 2), (15S)-cyclobutyl epothilone A (CB-epothilone, 4)
to induce tubulin polymerization, in the presence of 0.05 mm of GTP and in the
absence of microtubule-associated proteins (MAPs). Polymerization assays with
epothilone B and paclitaxel (taxol) are included for comparison. In each assay,
7.5 um of rat brain tubulin was mixed with 3 um (curve 1) or 10 um (curve 2) of each
compound, and polymerization at 30°C was followed for 30 min. The optical
density at 350 nm (A;s,) was then recorded at 15-s intervals for 30 min. Curves 0
are included as controls, showing tubulin polymerization reactions in the absence
of the respective compound.

Table 2. Percentage and kinetics of tubulin polymerization by epothilones 2 and 4.

Compound Tubulin polymerization [%]® Time to As5,=0.15 [min]®
3 um 10 pum 3 um 10 pm
paclitaxel (taxol) 38 88 >30 18.5
epothilone A 33 87 >30 14.5
epothilone B 96 98 <1 4.0
CP-epothilone 2 73 97 73 2.7
CB-epothilone 4 46 91 >30 55

[a] The percentage of tubulin polymerization induced by each drug was
calculated by pelleting microtubules at the end of each polymerization reaction,
separating the supernatant (containing the nonpolymerized tubulin) from the
pellet (containing the polymerized tubulin) and calculating the percentage of
polymerized tubulin by the relative amount of protein in each of the two fractions
(pellet and supernatant). Values in the table show the percentage of tubulin
polymerization for both drug concentrations used. [b] Time to A;5,=0.15 shows
how fast each drug was able to induce tubulin polymerization (see Figure 4).
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Figure 4. Electron microscopy photographs of tubulin polymerization products
induced by epothilone A (Epo A, 1), (15S)-CP-epothilone A (S-CP Epo A, 2), (155)-
CB-epothilone A (S-CB Epo A, 4), and paclitaxel (Taxol). Samples were removed
from each polymerization reaction, spread on Formvar-coated, carbon-coated
copper grids, stained with 1% uranyl acetate, and analyzed with a JEOL 1200 CX
electron microscope. Bar length=100 nm.

Experimental Section

Characteristic analytical data of selected compounds:

Cyclopropyl epothilone 2: R;=0.33 (silica gel, ethyl acetate/n-
hexane, 1:1); [a]l¥ = —52.4 (c=0.4 in CH,CL,); IR (film): 7,,,,= 2932,
1728, 1689, 1505, 1457, 1371, 1256, 1187, 1152, 1077, 1037, 1009, 979,
883, 734,668 cm~'; "TH NMR (600 MHz, CDCl,): 6 =6.94 (s, 1H), 6.54 (s,
1H), 5.27 (dd, /=9.2, 3.9 Hz, 1H), 408 (m, 1H), 3.85 (m, 1H), 3.74
(br.s, TH), 3.20 (dq, /=70, 44 Hz, 1H), 2.69 (s, 3H), 2.62 (br.s, 1H),
2.53 (dd, J/=14.9, 9.2 Hz, 1H), 2.48 (dd, J=14.9, 3.5 Hz), 2.08-2.05
(m, 1H), 2.07 (s, 3H), 1.74-1.67 (m, TH), 1.57-1.42 (m, 5H), 1.36 (s,
3H), 1.32-1.26 (m, 1H), 1.19-1.11 (m, 1H), 1.17 (d, J/=7.0 Hz, 3H),
1.16 (s, 3H), 1.00 (d, J/=7.0 Hz, 3H), 0.74-0.68 (m, 2H), 0.65-0.61 (m,
1H), —0.30 (m, TH); *CNMR (150 MHz, CDCl,): 6 =220.7, 171.1,
164.9, 152.1, 138.9, 119.9, 115.9, 81.3, 73.5, 73.3, 52.3, 43.0, 39.2, 36.3,
32.2, 314, 29.4, 27.1, 22.5, 20.8, 19.1, 174, 17.0, 15.2, 13.9, 13.4, 10.0;
HR-MS (MALDI-FT-MS): m/z: calcd for C,H,NO:SNa* [M+Na*]:
514.2598, found: 514.2581.

Cyclobutyl epothilone 4: R;=0.22 (silica gel, ethyl acetate/n-hexane,
1:2); [a]F =—571 (c=0.4 in CH,CL); IR (film): ¥,,,=2931, 1789,
1685, 1508, 1458, 1378, 1257, 1185, 1149, 1046, 976, 879, 734, 662,
550 cm~'; "TH NMR (500 MHz, CDCl,): 6 =6.93 (s, 1H), 6.53 (s, 1H), 5.12
(dd, J=10.4, 2.4 Hz, 1H), 430 (dd, J/=10.4, 2.4 Hz, TH), 3.74 (m, 1H),
3.37 (br.s, TH), 3.26 (dg, J=70, 1.9 Hz, 1H), 3.18 (br.s, 1H), 2.69 (s,
3H), 2.46 (dd, J=14.7, 10.6 Hz, 1H), 2.42-2.34 (m, 1H), 2.35 (dd, J=
14.7, 2.6 Hz, TH), 2.21-2.13 (m, 1H), 2.06-2.01 (m, 1H), 2.04 (s, 3H),
2.01-1.93 (m, 2H), 1.86-1.75 (m, 2H), 1.72-1.55 (m, 3H), 1.52-1.37
(m, 2H), 1.35 (s, 3H), 1.33-1.24 (m, 3H), 1.12 (d, J=6.6 Hz, 3H), 1.09
(s, 3H), 1.02 (d, J=7.0 Hz, 3H); *CNMR (125 MHz, CDCl;): 6 =221.0,
170.5, 165.0, 152.1, 139.5, 119.1, 115.6, 80.4, 72.0, 71.9, 53.7, 41.1, 39.7,
38.6, 36.6, 35.5, 34.3, 31.6, 30.5, 26.1, 24.9, 23.9, 22.0, 19.1, 18.1, 17.2,
15.5, 11.5; HR-MS (MALDI-FT-MS): m/z: calcd for C,gH,yNOsST [M+H*1:
506.2935, found: 506.2940.
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logical systems. One of such macromolecular self-assemblages
of great interest is the amyloid fibril." The amyloid fibril is a
misfolded and undesirable state for proteins as biomolecules,
since it has been proposed to be a causative agent for a variety
of fatal diseases known as amyloid diseases, such as Alzheimer’s
disease and prion diseases.’” However, it is considered that the
fibril has a highly ordered quaternary structure, in which
numerous B-stranded polypeptide chains align regularly,™ and
thus this kind of fibril has the potential to be engineered into
proteinaceous materials.2-¢! Amyloid fibril primarily comprises a
single polypeptide species, that is, it is a homogeneous self-
assemblage. Here we report the heterogeneous assembly of
designed peptides into amyloid fibrils accompanied by a drastic
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designed peptides that homogeneously self-assembled into
fibrils.”? The peptides undergo a self-initiated structural transi-
tion from an o helix to a 3 sheet in neutral aqueous solution, and
simultaneously self-assemble into fibrils in an autocatalytic
manner.”? A coiled-coil structure composed of two amphiphilic
o helices® with double-heptad repeats (ALEQKLA), was de-
signed (this parent sequence was named 7.EKEK, Table 1). The

Table 1. Primary structures of the designed peptides.
JO. - BAIa-ALX{ QXL AALX3QXLA-BAla-C-NH
(]
S BAla-ALX1 QXoLAALXQX4LA-BAlR-C-NHy
(]
Peptide X, X, X; X4 Total charge
at neutral pH
1.EEEE E E E E -8
2.EEEK E E E K —4
3.EEKE E E K E —4
4.EKEE E K E E —4
5.KEEE K E E E —4
6.EEKK E E K K 0
7.EKEK E K E K 0
8.EKKE E K K E 0
9.KEEK K E E K 0
10.KEKE K E K E 0
11.KKEE K K E E 0
12.EKKK E K K K +4
13.KEKK K E K K +4
14 KKEK K K E K +4
15.KKKE K K K E +4
16.KKKK K K K K +8
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two polypeptide chains were linked by a disulfide bond between
cysteine residues at the Ctermini to maintain a parallel
orientation of the two a helices. Although an ideal amphiphilic
o helix was designed, the sequence also had the potential to
form an amphiphilic 3 strand.®! A 1-adamantanecarbonyl (Ad)
group was attached to the N terminus of the peptide and thus
exposed to the solvent, thus inducing intermolecular peptide
association through hydrophobic interactions.”? The amino acid
sequence of the original peptide 7.EKEK”? contains four charged
residues; two glutamic acid (negatively charged) and two lysine
residues (positively charged) (Table 1). In the present study, we
manipulated these charged residues as the complementarity-
determining residues for the assembly of the peptide into fibrils.
To this end, we prepared all types of Ad-linked peptides bearing
glutamic acid or lysine residues at positions X; to X, (Table 1).
Conformational analysis of these peptides was carried out by
circular dichroism (CD) spectroscopic, transmission electron
microscopic (TEM), and amyloid-specific dye binding studies.
The CD method provides information concerning secondary
structure, and TEM enables a direct observation of peptide
aggregates. A quantitative analysis of the amyloid fibril forma-
tion was carried out by using an amyloid-specific dye, thiofla-
vin T (ThT), which associates with amyloid fibrils, and the binding
results in a significant increase in the fluorescence depending on
the amount of fibrils present.””!

First, a conformational analysis of each peptide was carried
out. CD studies revealed that all peptides predominantly formed
an ahelix or a random-coil structure (depending on their
sequences) shortly after dissolution in the neutral buffer (at
25°C, peptide concentration 12 um). No [-sheet structure was
observed in the initial stage. Since intermolecular association of
the peptides is required for the formation of [3-sheet fibrils, it is
expected that neutral peptides assemble into fibrils more readily
than negatively or positively charged peptides. Indeed, exam-
ples in which a time-dependent transformation to [3-sheet fibrils
was observed were limited to neutral peptides, but charge
neutralization was not sufficient for 3-sheet fibril formation. The
CD, TEM, and ThT-binding studies revealed that among the six
neutral peptides (6.EEKK to 11.KKEE), four peptides, 6.EEKK,
7.EKEK, 10.KEKE, and 11.KKEE, were able to self-assemble into {3-
sheet fibrils.'” However, the time required for 3-sheet formation
and the amount of fibrils varied depending on the peptide
sequence (Figure 1; see Supporting Information for details of the
CD data). The other two neutral peptides, 8.EKKE and 9.KEEK,
were not able to form f-sheet fibrils even after four days
(Figure 1). These results suggest that the positions of positive
and negative charges are critical for the well organized assembly
of P strands, and that these four peptides have self-comple-
mentary sequences which enable them to homogeneously self-
assemble into fibrils (discussed below). None of the negatively
(1.EEEE to 5.KEEE) or positively charged peptides (12.EKKK to
16.KKKK) was able to form f-sheet fibrils (Figure 1 and Support-
ing Information)," which is likely due to their unfavorable
intermolecular interactions that prevent association.

Next, from all possible pairs of the 16 peptides (120
combinations), we searched complementary pairings that en-
abled heterogeneous assembly of two peptide species into
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Figure 1. Intrinsic ability of the peptides to self-assemble into fibrils.
Fibril formation of each peptide alone (after 4 d incubation at 12 um
peptide concentration in 20 mm Tris-HCl buffer (pH 7.4)/2.5 % TFE at
25°C) was examined by ThT-binding analysis. The fluorescence
intensities (in arbitrary units) of ThT at 480 nm (\,,=440 nm) in the
presence or absence of the peptide are shown.

amyloid fibrils. Two species were mixed at equimolar
ratios (6 um each) and incubated in neutral buffer for
24 h, and then fibril formation was examined by ThT-
binding analysis (Figure 2a). The combinations of inter-
est are those of negatively and positively charged
peptides that neutralize the net charge (blue region in
Figure 2a). Since none of them is able to form -sheet
fibrils individually (see Figure 1), assembly into fibrils is
expected only when another peptide species is present
in solution. From the combinations making up the blue
region in Figure 2 a, four specific pairings were selected
as fibril-forming ones. The TEM study confirmed that
these mixtures indeed formed fibrillar assemblages
(Figure 2b), which had a morphology similar to that of
the amyloid fibrils formed by naturally occurring
proteins such as (-amyloid or prion proteins.'? The
CD studies revealed that each of the selected four pairs
formed an a-helix structure initially, and changed to a -
sheet structure spontaneously. The a-to-f structural
transitions of these pairs, 2.EEEK/12.EKKK, 3.EEKE/
13.KEKK, 4.EKEE/14KKEK, and 5.KEEE/15KKKE, were
completed within 2, 8, 8, and 5 h, respectively (Fig-
ure 2¢), whereas each species alone existed predom-
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= 'rmlxﬂﬂi“‘{j{“‘ﬂ-f
E & | BEKKE {1 HUH Min
B F | BKEER N0 = 0
ST xEkE QDGOSR D 0
11 KKEE CHO OO Cr i
12 EKKK (18] 'H_':'-\.\,.-'-\. ;..'l..'l:.l':- 2
S e [ TARERK (O ER N _.”If'“"";";ﬂ
= B aRKER N -}
AT T ;_:CI:"'I:_.
16 KEKE { ]

Byt | .
iz :

oo G o ¥ T

LR N

b G

i,

Figure 2. Fibril formation of mixtures of two peptide species. a) Screening of pairings of two
complementary peptide species that are capable of assembling heterogeneously into fibrils.
Fibril formation of the two-peptide mixtures (after 24 h incubation in the neutral buffer at
25°C, 6 um concentration of each peptide) was examined by ThT-binding analysis. The
fluorescence intensities of ThT in the presence of the mixtures are represented by the black
color density of the circles, and a region of interest is redrawn on the right hand side. The
combinations of negatively and positively charged peptides that result in a neutral net
charge are colored in blue, and the combinations containing 7.EKEK or 10.KEKE, which have
a higher potential to form the fibrils individually, are colored in magenta. b) Transmission
electron micrograph of [3-sheet fibrils formed by the 4.EKEE/14.KKEK mixture, which was
incubated in the buffer for 24 h and then negatively stained. Scale bar length is 200 nm.
Similar images were obtained for each of the pairs 2.EEEK/12.EKKK, 3.EEKE/13.KEKK, and
5.KEEE/15.KKKE. c) Time-dependent CD spectral changes of the 5.KEEE/15.KKKE mixture. The
time course of the transition monitored by [0] at 205 nm is shown in the inset. Similar CD
data were obtained for each of the pairs 2.EEEK/12.EKKK, 3.EEKE/13.KEKK, and 4.EKEE/
14.KKEK.

inantly as an a-helix or random-coil structure over 4 d. For each
of the four pairs, the a-helicity of the mixture was higher than
that of solutions containing the single species, suggesting that
the two species interact with each other prior to -sheet fibril
formation (difference in [6],,, between the spectrum of the
mixture and the sum spectrum of each species: 2.EEEK/12.EKKK,
5200; 3.EEKE/13.KEKK, 5400; 4.EKEE/14.KKEK, 4400; 5.KEEE/
15.KKKE, 12000 degcm?dmol™'). The a-to- structural transition
profiles of these mixtures as monitored by the molar ellipticity at
205 nm are quite sigmoidal (Figure 2¢, inset). This suggests that
the transitions are autocatalytic as proposed in the a-to-f3
structural transition and subsequent fibril formation of prion
proteins.?> 71 Additional fibril-forming pairing was observed for
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the combination 8.EKKE/9.KEEK (Figure 2a), in which each
species was neutral but unable to form fibrils individually
(Figure 1). The CD study revealed that the 8.EKKE/9.KEEK mixture
underwent the a-to-f3 structural transition within 8 h, and TEM
provided similar images as for the aforementioned four pairings.

The results shown in Figure 2a clearly demonstrate that there
are complementary pairings of the peptides which enable them
to assemble heterogeneously into amyloid fibrils. From the fibril-
forming combinations 2.EEEK/12.EKKK, 3.EEKE/13.KEKK, 4.EKEE/
14.KKEK, 5.KEEE/15.KKKE, and 8.EKKE/9.KEEK we observed a
trend explaining why these pairings are compatible. As shown in
Figure 33, in all five cases, if the two species are aligned inversely,
they are able to form negative — positive charge pairings. Thus,
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for the development of thera-
pies against amyloid diseas-
es.l"”! Examining all possible
combinations of peptide
pairs, it was found that fibril
formation by 7EKEK and
10.KEKE, which had a higher
s potential to self-assemble in-
s to fibrils, was inhibited by the
positively charged peptides
(12.EKKK to 16.KKKK), but
not by the negatively charged
ones (magenta region in Fig-
ure 2a). Although it is not
clear why fibril formation
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Figure 3. Schematic representation of heterogeneous or homogeneous assembly of complementary peptides. The
complementarity required for the assembly is determined by simple negative - positive ion pairing, by which the well-defined
molecular orientation is accomplished. a) Heterogeneous fibril formation by pairing of two complementary peptides.

b) Homogeneous fibril formation by pairing of self-complementary peptides. c) No fibril formation is observed for neutral
peptides because of their palindromic sequences. d) The pairing of positively and negatively charged peptides results in a
neutral net charge but does not lead to fibril formation because the unique molecular orientation is not defined.

two species of (3 strands would be arrayed antiparallelly to form
ion pairs in the fibrils. This trend also illustrates why some neutral
peptides are able to form homogeneous fibrils, but others are
not (Figure 1). The homogeneous fibril-forming peptides, 6.EEKK,
7.EKEK, 10.KEKE, and 11.KKEE, can form ion pairs intermolecularly
if the strands are aligned antiparallelly, meaning that their
sequences are self-complementary (Figure 3b). On the contrary,
in the cases of the neutral but non-fibril-forming peptides 8.EKKE
and 9.KEEK, charge repulsion could occur in both parallel and
antiparallel arrangements due to their palindromic sequences,
so that the assembly of [3strands would be disfavored (Fig-
ure 3¢). In addition, we speculated why the pairing of 1.EEEE/
16.KKKK failed to form fibrils (Figure 2a). lon pairing of these two
species is possible in both parallel and antiparallel arrangements,
and thus the unique orientation which is apparently critical for
the assembly into fibrils cannot be defined (Figure 3d). However,
from this explanation, the pairing of 8.EKKE/9.KEEK should fail to
form fibrils, yet it enables fibril formation. The critical difference
between the pairs 1.EEEE/16.KKKK and 8.EKKE/9.KEEK is the
secondary structure in the initial stages. 1.EEEE/16.KKKK is
present predominantly as a random coil, whereas 8.EKKE/9.KEEK
initially forms an a helix. The a-helix formation in the initial stage
might be effective for inducing intermolecular associations that
result in the required molecular orientation.”’ An intermolecu-
larly antiparallel arrangement between two peptide species in
the fibrils is suggested, while the intramolecular arrangement of
the two strands is not clear. Although it has been suggested that
the polypeptide chains in amyloid fibrils adopt a cross-f3
structure in which the f3 strands are aligned perpendicularly to
the fiber axis, the precise molecular details of the structure have
not been fully resolved yet.I" > 4 Both antiparallel and parallel 3-
sheet arrangements in fibrils have been proposed.'

From a biological standpoint, compounds that inhibit fibril
formation are interesting, since they might be research targets
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was inhibited selectively by
the positively charged pepti-
des, this result may prove to
be useful for the design of
amyloid formation inhibitors.
We have achieved the het-
erogeneous assembly of two
peptide species into [-sheet
fibrils. The complementary heterogeneous assembly is accom-
plished by simple ion pairings. The results presented here may
provide a new method for constructing a heterogeneously
assembled polypeptide fibril composed of multiple species, in
which the alignment and orientation of each species are highly
ordered. The introduction of different multifunctional groups
into this construct may be possible, leading to nanoscale
materials with novel functional, physicochemical, and mechan-
ical properties.>® Furthermore, the peptides assemble into
fibrils while undergoing drastic secondary structural transition
from o helix to § sheet, which mimics one of the most critical
characteristics of prion proteins.? To efficiently study the fine
details of protein organization, the use of simplified model
peptides like those presented here leads to a clearer under-
standing of underlying mechanisms whereby conformational
changes and the aggregation/assembly of proteins occur. Such
information may divulge a system for clarifying and controlling
off-pathway aggregation of naturally occurring proteins.

Experimental Section

Peptide synthesis: Peptides were synthesized by the solid-phase
method using standard fluoren-9-ylmethoxycarbonyl (Fmoc) chem-
istry,”) and the intermolecular disulfide bond was formed in DMSO/
trifluoroacetic acid (1:9, v/v) solution.'® The peptides were purified
by reversed-phase HPLC and identified by MALDI-TOF mass spec-
trometry and amino acid analysis.

CD spectroscopy: Each peptide was dissolved in trifluoroethanol
(TFE) at 0.48 mm. The measurements were started immediately after
dilution of the TFE solution with 20 mm Tris-HCI buffer (pH 7.4). Final
concentrations of the peptides were 12 um and the TFE content was
2.5%. The concentration of the peptide solutions were determined
by quantitative amino acid analysis. We have confirmed that TFE as

1439-4227/01/02/01 $ 17.50+.50/0 CHEMBIOCHEM 2001, No. 1





the stock solvent does not significantly affect the conformational
properties of the peptides. For example, when the lyophilized
powder of 7.EKEK was directly dissolved in the buffer, that is, without
TFE, the peptide initially formed an a-helical structure which
gradually changed to the (3-sheet fibrils, as was the case when using
TFE as the stock solvent. Thus, the initial a-helix structure is not
induced by TFE. For quantitative sample preparations, TFE stock
solutions were used. CD spectra were measured by using a quartz
cell with 1.0 mm path length, and recorded in terms of mean residual
molar ellipticity ([0] degcm?dmol~").

Thioflavin T(ThT)-binding analysis: Peptide solutions were pre-
pared and incubated as described for the CD measurements. After
the indicated incubation periods, the ThT solution (240 um in water)
was added to the peptide solution, after which fluorescence
measurements were carried out.”? For the measurements shown
in Figure 1, fluorescence emission spectra of solutions of 6 um ThT in
the presence of 12 um peptide were recorded at an excitation
wavelength of 440 nm by using a 5x5mm quartz cell. For the
measurements shown in Figure 2a, fluorescence intensities of
solutions of 20 um ThT in the presence of 11 um peptide (final volume
330 pL) were recorded on a multi-well plate reader (excitation filter,
425-475 nm; emission filter, 525-535 nm) using a 96-well plate.

TEM study: Peptide solutions were prepared and incubated as
described for the CD measurements. The sample was adsorbed to a
carbon-coated copper grid and then negatively stained with a 2%
(w/v) aqueous phosphotungstic acid solution.

We are grateful to Dr. Yoshio Iwasaki (Rigaku Corporation) for the
X-ray diffraction measurement. Y.T. is a Research Fellow of the
Japan Society for the Promotion of Science. We thank Ms. Kim
Pepin for critically reading the manuscript.
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the stock solvent does not significantly affect the conformational
properties of the peptides. For example, when the lyophilized
powder of 7ZEKEK was directly dissolved in the buffer, that is, without
TFE, the peptide initially formed an o-helical structure which
gradually changed to the (3-sheet fibrils, as was the case when using
TFE as the stock solvent. Thus, the initial a-helix structure is not
induced by TFE. For quantitative sample preparations, TFE stock
solutions were used. CD spectra were measured by using a quartz
cell with 1.0 mm path length, and recorded in terms of mean residual
molar ellipticity ([0] degcm?dmol~").

Thioflavin T(ThT)-binding analysis: Peptide solutions were pre-
pared and incubated as described for the CD measurements. After
the indicated incubation periods, the ThT solution (240 um in water)
was added to the peptide solution, after which fluorescence
measurements were carried out.”? For the measurements shown
in Figure 1, fluorescence emission spectra of solutions of 6 um ThT in
the presence of 12 um peptide were recorded at an excitation
wavelength of 440 nm by using a 5x5mm quartz cell. For the
measurements shown in Figure 2a, fluorescence intensities of
solutions of 20 um ThT in the presence of 11 um peptide (final volume
330 pL) were recorded on a multi-well plate reader (excitation filter,
425-475 nm; emission filter, 525-535 nm) using a 96-well plate.

TEM study: Peptide solutions were prepared and incubated as
described for the CD measurements. The sample was adsorbed to a
carbon-coated copper grid and then negatively stained with a 2%
(w/v) aqueous phosphotungstic acid solution.
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Figure 1. Result of polyacrylamide gel electrophoresis (PAGE) after sequence-
selective hydrolysis of different RNAs (biotin-labeled at the 5’ end) by 1.

a) Hydrolysis of TAR RNA and RNA | at room temperature and pH 74. Lanes 1-6:
cleavage of TAR RNA; lane 1: incubation with 1 for 1 h; lane 2: control; lane 3:
incubation with 2 for 1 h; lane 4: hydrolysis by RNAse T1 (G-specific); lane 5:
control; lane 6: alkaline hydrolysis. Lanes 7 - 10: cleavage of RNA I; lane 7:
incubation with 1 for 1 h; lane 8: incubation with 2 for 1 h; lane 9: control;
lane 10: hydrolysis by RNAse T1. b) Hydrolysis of RNA Il. Lane 1: hydrolysis by
RNAse T1; lane 2: control; lane 3: incubation with 1 for 1 h; lane 4: alkaline
hydrolysis.

unexpected yet remarkable cleavage reaction we investigated
the dependence of this particular cleavage on the type of
nucleobase. To assess the role of U31 in the cleavage reaction we
changed U31 to A31 in one RNA (RNAI) and the contiguous
residues C30 and G32 to uridines (—U30 and U32) in a second
RNA (RNAI). As a consequence, an additional base pair
(U30-A35) was introduced, which changed the loop to a four-
base loop, in contrast to the six-residue loop present in wild-type
TAR RNA (Scheme 1).

cleaved by 1
\v 32 g 3
31lu—G\G 'AfG G
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Co A Eo A
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Scheme 1. TAR RNA and modified RNAs (RNA | and RNA ll). The 9-mer - cyclen
conjugate 1 and the arginine-rich region of the Tat protein (peptide 2) are also
shown.
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Remarkably, no cleavage was observed when U31 was
changed to A31 (Figure 1a, lane 7). Even with three uridine
residues in the loop of the RNA (RNA ), no cleavage could be
observed in the presence of 1 (Figure 1b, lane 3). This was
particularly surprising since U31, at which the cleavage was
observed originally, was still in place.

At this point we rationalized that the observed selective
cleavage of the wild-type TAR RNA was due to the known
specific interaction of the 9-mer peptide of 1 with the TAR RNA2
and an interaction between the cyclen moiety and uracil.®! The
absence of any cleavage when two unpaired uridines were
present in the loop of the RNA could then be explained by an
unfavorable location of the cyclen moiety due to the selective
binding of the 9-mer peptide in the bulge region of the RNA.
With this hypothesis in mind, we envisioned that a small library
of tyrosine-cyclen conjugates (Scheme2) could provide a
derivative that exhibits unspecific binding to RNA and cleaves
at uridines.

We chose tyrosine for the construction of the cyclen
conjugates since this amino acid could facilitate binding by
interactions of its side chain and increase the cleavage reaction
by providing an additional nucleophilic group.”™ In order to
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Scheme 2. The tyrosine - cyclen derivatives and the cyclen dimer 8.
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increase the affinity for RNA we decided to transform one amino
group of these derivatives into a guanidinium group. Addition-
ally, a dimeric cyclen derivative (8) and a cyclen moiety
containing only an amino acid spacer and one terminal
guanidinium group (4) were synthesized for this purpose.
Remarkably, only the tyrosine derivative 5° cleaved the TAR
RNA (Figure 2, lane 4). The analysis of the cleavage reaction
showed not only cleavage at U31, which was observed before
with the peptide-cyclen complex 1, but also in the bulge at
position U25. Neither derivative 4 nor the dimeric cyclen
compound 8 gave any cleavage.

tide fragment of the HIV-1 Rev protein
(Figures 5 and 7).9 These RNAs contain
unpaired regions with uridines at different

positions. The reaction of aptamer| with a i
the cyclen derivative 5 resulted in cleav- st E e
age at positions U7, U12, U15, and U18, % —
and, to a lesser extent, at C 14. No cleavage e
was observed at purine residues (Figure 5).

i

At this point we had to investigate
whether the tyrosine residue was essential
for the cleavage, or if phenylalanine ana-
logues would also give the same results. T -1 -d 4

Additionally, we wanted to confirm the
mode of action of the cleavage reaction in
which the 2’-hydroxy group would be
essential for the transesterification. Finally,

Figure 4. PAGE result
(15 % (w/v) polyacryl-
amide) after se-
quence-selective hy-

a
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Figure 2. PAGE result after sequence-selective hydrolysis of TAR RNA by cyclen
derivatives at room temperature and pH 74. Lane 1: alkaline hydrolysis; lane 2:
incubation with 1 for 1 h; lane 3: incubation with 3 for 1 h; lane 4: incubation
with 5 for 1 h; lane 5: incubation with 6 for 1 h; lane 6: incubation with 7 for 1 h;
lane 7: incubation with 8 for 1 h; lane 8: incubation with 9 for 1 h; lane 9:
hydrolysis by RNAse T1; lane 10: incubation with 4 for 1 h.

We took this as an indication that the
guanidinium group serves as the source
for a positive charge that increases the
unspecific binding of these compounds to

:: ; the RNA. The results of the cleavage of the
G - modified TAR RNAs with compound 5
A

supported our hypothesis. With RNA |, in
which the only uridine residue in the loop
was changed to adenosine, again no
cleavage was observed (Figure 3). On the
other hand, incubation with RNAII, in
which two additional residues had been
changed, two spots indicated cleavage at
the unpaired uridine residues U31 and
U32 (Figure 4).

At this stage it seemed as if the
tyrosine - cyclen conjugate 5 could serve
as a new tool for the selective cleavage of

gl

Figure 3. PAGE result
after sequence-selec-
tive hydrolysis of RNA |

by 5. Lane 1: alkaline
hydrolysis; lane 2:
control; lane 3: incu-
bation with 5 for 1 h;
lane 4: hydrolysis by
RNAse T1.
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RNA, with a preference for unpaired
uridines. To further evaluate the potential
of 5 we performed cleavage reactions with
two aptamer RNAs, which had been
described as binders for the 17-mer pep-

© WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

drolysis of RNA | by 5.
Lane 1: hydrolysis by
RNAse T1; lane 2, in-
cubation with 5 for

1 h; lane 3: control;
lane 4: alkaline hy-

ribothymidine (T) was used as the base to
see if a small modification of the uridine
would be tolerated in the cleavage reac-
tion. Figure 6 shows the results of cleaving
the modified aptamer| (aptamer Ib) with

] drolysis.
5 and the phenylalanine analogues 10 and
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Figure 5. PAGE result after sequence-selective hydrolysis of aptamer | by 5.
Lane 1: alkaline hydrolysis; lane 2: incubation with 5 for 1 h; lane 3: control;
lane 4: hydrolysis by RNAse T1; lane 5: control.
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Figure 6. PAGE result after sequence-selective hydrolysis of aptamer b by 5, 10,
and 11. Lane 1: alkaline hydrolysis; lane 2: hydrolysis by RNAse T1; lane 3:

incubation with 5 for 1 h; lane 4: incubation with 11 (16.7 mm); lane 5: incubation
with 11 (167 mm); lane 6: incubation with 10 (16.7 mwm).
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11. This aptamer contains the modified bases deoxyuridine 12
(dU12) and ribothymidine 15 (rT 15); in aptamer | these residues
were uridines. The alkaline hydrolysis (Figure 6; lane 1) shows no
spot at position 12, consistent with the absence of the 2'-
hydroxy group at this residue. In lane 3 (reaction with 5) the
previously observed hydrolysis at positions 14 and 15 appeared
again, but no hydrolysis at dU12 was observed. This strongly
supports the assumption that transesterification is the mode of
action for the cleavage and makes radical or oxidative processes
very unlikely. In lanes 4 -6 the results of hydrolysis experiments
with phenylalanine analogues, albeit in higher concentrations,
are shown. It can be seen that in these cleavage reactions the
same spots (C14, rT15) appear as with 5, but with significantly
lower intensity at 10- or 100-fold concentrations, respectively.
These findings not only confirm the hydrolytic mechanism but
also support the importance of the tyrosine hydroxy group for
the cleavage.

Since we observed uridine-selective cleavage of aptamer | we
were surprised that cleavage experiments performed with
aptamer Il showed only one band at U 23 (Figure 7). This seemed
to contradict our hypothesis of selective cleavage at unpaired
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Figure 7. PAGE result after sequence-selective hydrolysis of aptamer Il by 5.
Lane 1: alkaline hydrolysis; lane 2: incubation with 5 for 1 h; lane 3: hydrolysis by
RNAse T1.

uridine residues. We therefore analyzed the tertiary structure of
these aptamers, especially for noncanonical base pairs and small
bond angles around the scissile phosphodiester bonds.”” For
aptamer Il we found that residue U 15, at which no cleavage by 5
ocurred, is involved in a noncanonical base pair and can
therefore not be regarded as an unpaired residue. In the other
case where we observed no cleavage (aptamerll, U16), the
angle® around the phosphodiester bond was exceptionally
small (92.4°; Figure 8).

This small angle disfavors the otherwise very efficient in- line
mechanism for the cleavage of phosphodiester bonds. The
angles for the other uridine residues in the loop region of
aptamer |, for which cleavage with 5 was observed, were 115°
and 146°. On the other hand, even with angles at purine residues
in that range (125.7° for G24 in aptamerll) no cleavage was
observed. In this respect we want to point out that the data we
used for the analysis of the aptamer structures were derived
from aptamer - peptide complexes and not from the uncom-
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Figure 8. Loop region of aptamer Il. The noncanonical base pair G- U is shown as
a stick representation. The angle between the 2'-hydroxy group of uridine 16, the
connecting phosphorus atom, and the 5'-oxygen atom at C17 (92.4°) is
highlighted in green. For reasons of clarity, the bases other than U 15, U 16, and
G 18 are depicted as wireframe models only.

plexed RNAs. Additionally, binding of 5 can alter the RNA
conformation and may lead to different structures than the ones
reported. Even if the present amount of data is not sufficient to
propose the exact mode of action for the observed cleavage, the
figures are such that we never observed cleavage at purine
residues and only one minor spot for the cleavage at C15
(aptamer). Additionally, we found that no cleavage was
observed for phosphodiester bonds with small bond angles.
This disfavors the in-line mechanism, an effect that was already
observed by others and described by Egli et al.™! in the analysis
of the different extent of hydrolysis due to metal- or spermine-
induced conformational change in RNA. Our work adds another
important aspect to the field of selective RNA cleavage with
basic amines."™™ We have described a small molecule that can
cleave RNA at unpaired uridines and therefore may become a
useful tool for molecular biology. Additionally, deconvolution of
these results may lead to new structural probes that can be used
for the analysis of RNA as well as to new therapeutic approaches
that make use of specific interactions of small molecules with
RNA.

Experimental Section

The RNAs were purchased from Genset and were labeled with biotin
at their 5" ends. All experiments were performed in autoclaved
Eppendorf reaction vessels. Extreme precaution was taken to avoid
RNAse contamination. Water (Millipore quality) and all equipment
had been treated with diethyl pyrocarbonate (DEPC) and then
autoclaved prior to use. Control experiments in the presence of EDTA
showed that the observed hydrolysis was not catalyzed by metal ion
contaminations. To show that these results were no artifacts all
experiments were reproduced with newly synthesized peptides. The
RNA cleavage reaction was carried out at in a buffered solution
(pH 7.4, 20 mm Tris-HCI) containing RNA (135 nw), peptides (167 um),
tyrosine derivatives (1.67 mm), and NaCl (20 mm). The reaction
mixture was incubated for 2 h at room temperature unless otherwise
stated. After the reaction the mixture was loaded onto a 20% (w/v)
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denaturing polyacrylamide gel. After electrophoresis the RNA was
transferred onto a positively charged nylon membrane (Ambion) by
electroblotting. After immobilization at 80 °C for 30 min, followed by
the wash protocol described by the manufacturer, the RNA was
visualized with streptavidin/alkaline phosphatase and CDP-star

reagent

(disodium  2-chloro-5-(4-methoxyspiro{1,2-dioxetane-3,2'-

(5’-chloro)-tricyclo[3.3.1.137]decan}-4-yl)-1-phenyl phosphate) on Ko-
dak film.
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room temperature. HOBT (244 mg, 1.81 mmol) and ester 13 (971 mg,
1.81 mmol) were added to this solution (HOBT = 1-hydroxy-1H-benzo-
triazole). After two days the reaction was quenched by adding aqueous
NaHCO; and the aqueous layer was extracted with EtOAc (3 x 150 mL).
The organic layer was washed with water and dried over Na,SO,. After
evaporation the residue was purified by column chromatography on
silica gel (EtOAc). Compound 14 (1.513 g, 90%) was isolated as a white
solid. *C NMR: (100 MHz, CDCl;, TMS): 0 = 28.3, 39.25, 49.24, 49.54, 49.88,
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1644, 1473, 1421, 1368, 1245, 1170, 1026 cm~"; MS (FAB): m/z (%): 929 (55)
[M1*, 828 (100), 575 (27), 441 (10), 307 (11), 154 (48). Synthesis of 15:
Deprotection of the tert-butoxycarbonyl (Boc) group was achieved
following the method of R.A. Houghten etal.: R.A. Houghten, A.
Beckman, J. M. Ostresh, Int. J. Pept. Protein Res. 1986, 27, 653. Compound
14 (589 mg, 0.64 mmol) was dissolved in 10 mL dioxane. Then conc H,SO,,
(264 L) was added. The reaction was quenched after 5 h with aqueous
sat. K,CO; to adjust the pH value to 11-12. The product was extracted
with EtOAc and dried over Na,SO,. After evaporation the residue was
purified by column chromatography on silica gel (EtOAc/MeOH, 1:1) to
yield 15 (525 mg, 100 %) as a white solid. 3C NMR: (100 MHz, CDCl;, TMS):
0 =49.55, 49.68, 49.70, 50.23, 67.05, 67.10, 6742, 69.92, 114.89, 12745,
127.88, 128.28, 128.39, 128.58, 130.61, 136.17, 136.38, 137.01, 157.78;
"H NMR: (400 MHz, CDCl;, TMS): 6 =2.46-3.65 (m, 19H), 4.80-5.20 (m,
8H), 6.71-7.14 (m, 4H), 717 -7.44 (m, 20H); IR (CHCI,): 7=2999, 2964,
1697, 1473, 1420, 1367, 1245, 1121, 1027 cm~"; MS (FAB): m/z (%): 828
(100) [M]*, 630 (13), 575 (15), 307 (40), 154 (100). Synthesis of 16: Ethyl
diisopropylamine (84 pL, 0.6 mmol) was added to 3.5-dimethylpyrazole-
1-carboxamidine nitrate (121 mg, 0.6 mmol) at room temperature. Then
the free amine 15 (496 mg, 0.6 mmol) was dissolved in 833 uL DMF and

added to the guanidinium reagent. After two days the product was
precipitated as a white solid by adding diethyl ether. The product was
then washed twice with diethyl ether. The residue was purified by column
chromatography on silica gel (EtOAc/MeOH, 2:1). Compound 16
(333 mg, 64%) was isolated as a white solid. *CNMR: (100 MHz,
CDCl; + CD;0D, TMS): 0 =42.63, 49.0-50.53, 54.45, 67.60, 69.90, 114.90,
12751, 128.48, 128.54, 128.63, 130.75, 135.84, 136.16, 136.90, 157.67,
158.03, 170.33; "H NMR: (400 MHz, CDCl;, TMS): 6 =2.40-3.90 (m, 19H),
4.50-5.20 (m, 8H), 6.82 (d, 2H, J=8.0Hz), 6.07 (d, 2H, J/=8.0Hz), 7.12-
750 (m, 20H); IR (CHCl,): 7=2999, 2964, 1697, 1511, 1473, 1420, 1367,
1245,1121,1027 cm~"; MS (FAB): m/z (%): 870 (80) [M]+, 828 (24), 575 (13),
307 (44), 154 (100). Synthesis of 5 (Scheme 3): Compound 16 (328 mg,
0.38 mmol) was dissolved in 8.3 mL MeOH and 10% Pd/C (31 mg) was
added. The reaction mixture was then hydrogenated for two days. After
filtration the solvent was evaporated under reduced pressure. The
product was dissolved in water and purified on IRA 400 and by reversed-
phase chromatography (Waters Sep-Pak C18 cartridges, eluent: water/
MeOH, 1:1). Compound 5 (129 mg, 91 %) was isolated as a white solid.
BCNMR: (100 MHz, D,0, sodium 3-trimethylsilyl-[D,]propionate
([DITSP)): 6 =46.11, 46.74, 47.80, 49.62, 51.95, 55.02, 118.28, 130.20,
133.54, 157.32, 157.66, 179.68; "H NMR: (400 MHz, D,0, [D,]JTSP): d =2.7 -
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3606, 3043, 2359, 1602, 1419, 1230, 930 cm~'; MS (MALDI-TOF; Kompakt
Maldi 3 from Kratos, a-cyanocinnamic acid): m/z: 377.6 which corre-
sponds to [M]" of 5.

Cbz_ [\ Cbz Cbz [\ Cbz Cbz [\ Chbz
\N N/ N N N N
[ j [ ] NHBoc [ ] NH, >
N HN NN NN
cb \_J NHBoSPZ cbz” \__J
0C
12 Pfo 14 o 15 o
o
13
BnO BnO BnO
Cbz_ [\ Cbz
>N N NH, NHHN NH;
[ ]HNJ< r— ]HNJ( :
NN NH, NH N NH,
chz’ \_J J/
16 o 5 0
BnO HO

Scheme 3. Synthesis of 5. Cbz = benzyloxycarbonyl; Pf= pentafluorophenyl.
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