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Affinity, Specificity, Diversity: A Challenge for the
ABC Transporter TAP in Cellular Immunity

Lutz Schmitt and Robert Tampé*!

The immune system is a perfect piece of machinery that serves only
one purpose: to protect and defend our organism. The fact that we
are still alive, although surrounded by a hostile environment,
demonstrates impressively how well the immune system performs
this task. Over the past decades our knowledge about the functions
and components of the immune system has increased exponen-
tially. Especially for the humoral immune system and its key
players, the antibodies, a detailed knowledge about structure and
function as well as regulation and communication between the
individual components exists. In case of the cellular immune system
that knowledge is not as profound as for the humoral counterpart.
In this article we do not intend to give a complete overview about
both branches of the inmune system. Rather, we want to focus on
an essential protein of the cellular immune system, the transporter

1. The function of TAP in cellular
immune surveillance

Our organism is confronted daily with billions
of dangerous and sometimes even deadly
pathogens. The spectrum of these invaders
ranges from small organic and inorganic
molecules to viruses and bacteria. All of these
compounds are recognized and eliminated
because they bear structural elements that
are recognized as “nonself”. Everything else,
which is correspondingly called “self”, has to
be tolerated by the adaptive immune sys-
tem.l'* To ensure this task, a process, which is
called negative and positive selection, occurs in the thymus for
T-cell selection®™ and in the bone marrow for B-cell selection,
respectively. In these tissues all elements of the immune system
that recognize “self” elements are eliminated (negative selec-
tion), while the structural elements tolerating “self” elements
migrate into the periphery (positive selection). The exact
mechanisms involved in these selections as well as the molecular
events resulting in the discrimination are not fully understood
yet. Nevertheless, our immune system is able to recognize, at
least in theory, every possible three-dimensional structural
motif not present in our own organism and to consequently
eliminate it.

The adaptive immune system can be divided into two lines of
defense, the humoral™ and the cellular systems.® The cellular
immune system can be further subdivided into the class | major
histocompatibility complex (MHC) and the class |l MHC path-
ways.”! The humoral immune system employing antibodies as
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associated with antigen processing (TAP). This transmembrane
protein complex displays unique properties with respect to
recognition and translocation of a vast spectrum of antigenic
peptides. Its important role within the major histocompatibility
complex (MHC) class| mediated immune response has been
utilized by some viruses which target TAP to hide and escape from
a deadly attack by the immune system. Here we summarize the
existing data and analyze structural and mechanistic aspects of
recognition and transport by which this transporter performs its
task.

KEYWORDS:

combinatorial chemistry - membranes -
molecular recognition - peptides - proteins

search engines is able to recognize, label, and
finally eliminate a wide variety of foreign
particles such as proteins, carbohydrates, or
fatty acids, which are located in the body fluid
and the cell surface of the invader. But any
invader that is able to hide within a cell can
thwart this defense line. Thus, a cellular immune
system has evolved to ensure that infected cells
can be recognized and destroyed.

1.1. A brief introduction to the cellular
immune system

Probably one of the striking examples of the failure of the
humoral immune system is leprosy. This disease is caused by the
pathogen Mycobacterium leprae infecting macrophages. As soon
as the bacteria are hidden inside the macrophages, they are
outside the reach of antibodies which consequently fail to
prevent the disease. On the other hand, activation of the cellular
branch of the immune system protects the host against the
onset of the disease. Using MHC molecules that present
fragments of proteins (antigenic peptides) to the T-cell receptor
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(TCR) of T lymphocytes,'” the cellular immune system is able to
monitor events inside a cell (Figure 1). Thus, in principle even a
hidden, intracellular pathogen can be detected and the host cell
will be recognized as infected, thus foreign (“nonself’), and
finally be destroyed. Because MHC-bearing cells present anti-
genic peptides, they are called antigen-presenting cells (APC)."!
In general, antigen presentation refers to the fact that antigenic
epitopes (peptides) are presented at the cell surface to the TCR."
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Figure 1. The role of TAP in antigen processing and presentation. The
proteasome, a multicatalytic protease complex, degrades cytosolic proteins. TAP
transports these fragments into the lumen of the ER. Here peptides are loaded on
nascent MHC class | molecules, assisted by a complex network of chaperones.
Subsequently, matured class | MHC peptide complexes traffic to the cell surface,
where their antigenic cargo is screened by CD8" T lymphocytes.

Therefore, antigen processing refers to all processes inside the
cell that finally lead to the presentation of peptides at the cell
surface. Thus, degradation of proteins, intracellular transport of
the peptides generated, loading of these onto MHC molecules,
and the subsequent trafficking of MHC - peptide complexes to
the cell surface are processes summarized under antigen
processing. All events occurring at the cell surface of APC,
including interaction with and recognition by TCR, therefore
belong to the overall process of antigen presentation.

The binding of antigenic peptides to the MHC molecules,
stable complex formation, and subsequent presentation of the
MHC - peptide complex at the cell surface result in a read-out
modaule for the TCR.I'* '3 The same principles of self vs. non-self
discrimination as for antibodies apply for the TCR. Whereas MHC
molecules can bind and present a very large repertoire of
peptides, TCRs only recognize nonself MHC - peptide complexes
outside the thymus. Thus, only in the case of a nonself peptide
bound to a MHC molecule a stable ternary complex (MHC-
peptide - TCR) is formed.

This ternary complex constitutes another branch point for the
immune system. MHC molecules can be subdivided into MHC
class| and class Il molecules. Whereas class| MHC molecules
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present their target to the TCR of CD8" T lymphocytes (cytotoxic
T lymphocytes, CTL)"™ (Figure 1), class Il MHC molecules present
the bound antigenic peptide to the TCR of CD4™ T lymphocytes,
the so-called T helper cells. These cells are able to activate B cells
upon engagement of their TCR. The activation of the appropriate
B cell results in the production of antibodies and therefore in an
activation of the humoral immune system. This connection is
also evident by looking at the sources of antigenic peptides
presented by the two different sets of MHC molecules. Whereas
class | molecules primarily present endogenous peptide frag-
ments, class Il molecules bind peptides derived from proteins
that were taken up into the cell by endocytosis. Since TAP is only
involved in the class | presentation pathway, we will focus only
on this pathway in the following sections.

1.2. Antigen processing and presentation by MHC class |
molecules

In the class| MHC processing pathway, antigenic peptides
derived from cellular proteins are presented to the TCR of CD8* T
lymphocytes (Figure 1). In contrast to class Il MHC molecules,
which in principle connect the cellular and humoral immune
system, class | MHC molecules are the tools used by the immune
system to actively monitor events inside the cell. The engage-
ment of the TCR by the MHC peptide complex signals the
immune system to destroy this particular cell. Therefore, the
class| MHC function enables the immune system to detect
mutations that might result in cancer or cell malfunction as well
as infiltration by pathogens. This essential protection can only be
maintained if a constant formation of class| MHC peptide
complex is ensured. Peptide fragments are generated mainly in
the cytosol by a ubiquitous degradation machinery, the
proteasome (for review see ref.[15]). This threonine protease
generates protein fragments with a length preference of eight to
thirteen amino acids but shows only little sequence specificity.'®
However, loading and class | MHC peptide complex formation
take place in the endoplasmatic reticulum (ER), while most of the
antigenic peptides are generated in the cytosol. Consequently,
the membrane separating cytosol and ER represents an imper-
meable barrier that uncouples the generation of peptides from
the loading reaction. Without further transport systems, the ER
membrane would abolish any class| MHC mediated immune
surveillance simply because this membrane prevents loading of
peptides onto class | MHC molecules.

The 20S proteasome is the core of an ATP-dependent
proteolytic machinery (for recent reviews see refs.[17, 18]). The
“cylinder-shaped” core (M,~ 700 kDa) contains 28 subunits and
is found in eukaryotes, prokaryotes, and archea. The recently
accomplished X-ray structure analyses of the proteasomes from
Thermoplasma acidophilum™ and yeast?® reveal an overall
barrel architecture. The 28 subunits are arranged in four stacks
with seven subunits per stack. 5-Subunits form the two inner
rings, whereas the a-subunits form the two outer rings. In
mammals two subunits of the proteasome, termed LMP2 and
LMP7, are encoded in the class Il MHC locus.?'-2 This genetic
organization led to speculations about a potential involvement
of the proteasome in antigen processing and generation of
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peptide epitopes. The incorporation of these two subunits is
inducible by interferony (IFN-y), a common messenger mole-
cule of the immune system. In addition, a third IFN-y-inducible
subunit, MECL1, has been identified, which is not encoded in the
class Il MHC locus.?* 251 Over the years it has been demonstrated
that the proteasome serves a twofold purpose. On the one hand,
its proteolytic activity generates peptides which are degraded
further by other proteases and subsequently metabolized to
yield amino acids. On the other hand, IFN-y-stimulated exchange
of the “housekeeping” -subunits for the subunits encoded in
the classll MHC locus (LMP2, LMP7) and MECL1 creates
“immunoproteasomes”.?® Evidence has been presented that
incorporation of these subunits shifts the cleavage pattern of the
“immunoproteasome” toward more tryptic and chymotryptic
specificity.?”? This shift may enlarge the repertoire of potential
antigenic peptides, but the exact mechanism of this switch as
well as the general cleavage mechanism and specificity are still
unknown.

As already pointed out, the generation of antigenic peptides
in the cytosol requires an active transport system that shuttles
peptides across the membrane of the ER (Figure 1). The trans-
porter associated with antigen processing (TAP) performs this
critical task. It is a heterodimeric transmembrane protein with an
apparent molecular weight of approximately 150 kDa. This
protein belongs to the family of ABC (ATP-binding cassette)
transporters (see Section 2). TAP transports antigenic peptides in
an ATP-dependent manner from the cytosol into the lumen of
the ER in which the peptides are loaded onto class| MHC
molecules. This ensures that the whole process does not rely on
simple, passive diffusion of a charged species over a lipid bilayer.
However, the proteasome is not the only protease present in the
cytosol. In addition, the concentration of free peptides in the
cytosol as well as in the lumen of the ER is extremely low. From a
chemical and kinetic point of view, such a three-membered
system consisting of a peptide-generating protease, the protea-
some, a membrane-located transporter, TAP, and the accepting
protein, class| MHC, would result in a very low transport
efficiency under the conditions encountered in a cell. In addition,
simply looking at the thermodynamic equilibrium constant of
class| MHC peptide complexes highlights the problem even
more. An equilibrium constant in the pm range reflects the fact
that MHC molecules are by no means a trap for antigenic
peptides. Simply relying on diffusion, competition between
transporter binding and action of other proteases in the cytosol
as well as collision as the only event leading to loading of
class| MHC molecules cannot guarantee an effective antigen
processing. Thus for complete and efficient unidirectional TAP-
mediated transport of antigenic peptides from the cytosol into
the lumen of the ER and for fast and efficient binding of the
peptides to class| MHC molecules, accessory molecules are
required.

1.3. TAP in concert with cofactors in loading of MHC class |

Little is known about factors involved in the process of
transferring antigenic peptides from the proteasome to TAP in
the cytosol. Some results indicate that the proteasome or
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subfractions of ER-associated proteasome and TAP are in direct
physical contact.?®! Consequently, peptides may not be released
from the proteasome and may not diffuse freely within the
cytosol. Rather, an unidirectional transport mechanism forwards
peptides directly from their origin of generation to the transport
machinery TAP. There is also evidence for the involvement of
heat shock proteins in guiding peptides from the proteasome to
TAP2 Although these hypotheses are appealing, they are still
very much debated.

More is known about the involvement of proteins that are
located on the luminal side of the ER. The assembly of class |
MHC molecules is initiated by the “translocon ribosome” which
shuttles the heavy chain of class | MHC molecules into the lumen
of the ER (Figure 2). In the first step, the ER-resident chaperone
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Figure 2. Schematic illustration of the class | MHC assembly pathway within the ER. The TAP - tapasin - MHC
complex, the so-called loading complex, plays a central role in the generation of matured class | MHC peptide
complexes. Details of this spatially and temporally organized transport and loading complex are given in the text.

calnexin binds to MHC heavy chain and stabilizes it.5” The thiol-
dependent reductase ERp57 assists in the correct formation of
disulfide bonds within the heavy chains by forming a transient
complex with class| MHC heavy chain and calnexin.3-33
Subsequently, B,-microglobulin (8,m) enters the complex and
nascent class | MHC molecules are assembled. At this stage the
protein calreticulin, located in the lumen of the ER, enters the
complex and displaces calnexin.?¥ Calnexin and calreticulin act
as chaperones for glycoproteins within the ER. Despite this
common function, calreticulin binds preferably to assembled
class | heavy chain-,m dimers. In addition, calreticulin may act
in an editing cycle which retains immature class | MHC molecules
within the ER and thereby prevents export and transport to the
cell surface (Figure 2). Finally, the assembly process cumulates in
the formation of a macromolecular “transport and loading
complex” that consists of class | MHC molecules, TAP, and tapasin
(TAP-associated glycoprotein). It was shown that approximately
four class | MHC and four tapasin molecules bind to TAPE% The
ER-resident protein, tapasin, plays an essential role in forwarding
peptides from TAP to class| MHC molecules.?® Within the
“loading complex”, tapasin serves a twofold purpose. Tapasin
lacking the transmembrane domain and the cytosolic tail is
still able to promote surface expression of class | MHC molecules
but does not participate in the “loading complex”.5” In addition,
tapasin increases the level of TAP, which simply results in a
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higher amount of peptides being transported across the ER
membrane.?”! Subsequently, antigenic peptides are transferred
from TAP to the MHC molecule. The physical contact between
TAP and MHC dramatically increases the local peptide con-
centration. After forwarding peptides to the MHC molecules,
the ternary complex falls apart, and class| MHC peptide
complexes are transported to the cell surface.® 3% With this
complex network of proteins, a guided and extremely efficient
loading of antigenic peptides, generated in the cytosol by the
proteasome, via TAP onto class| MHC molecules is ensured.
Nevertheless, it is very likely that even more proteins will be
identified that are involved in the assembly of class| MHC
molecules and subsequent loading of peptides onto class | MHC
molecules.

2. The family of ABC

transporters
by
s ol Since the first description of an ABC
. --ﬂ 4.-.3 transporter in the early 1980s,*” the

number of proteins identified as
belonging to this family has increased
exponentially with the availability of
data from genome projects. Nowa-
days, ABC transporters are believed to
form the largest family of paralogous
proteins in several organisms. The
designation ABC transporters recog-
nizes a highly conserved ATP-binding
cassette,"! which is the most charac-
teristic feature of this protein family.
Based on sequence comparisons, 2% of all gene products in the
Gram-negative and Gram-positive bacteria Escherichia coli and
Bacillus subtilis, respectively, are ABC transporters, 28 ABC
transporters are encoded in the yeast genome, while between
70 and 100 of these proteins may be encoded in the human
genome. The functions range from transport of heavy metals,
such as arsenic, uptake of nutrients, such as sugars and amino
acids, to peptide and protein export (for review see refs. [42 -
44]). In addition, cystic fibrosis, which is the most common
deadly inherited disease in Caucasians, is related to a mutation of
an ABC transporter, the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) protein. Another ABC protein, the
multidrug resistance protein (MDR1), also called P glycoprotein
(Pgp), is of high medical importance and constitutes one of the
major limitations in chemotherapy. Although performing differ-
ent functions, all of these proteins including TAP share a
common architecture that forms the structural basis for this
family of membrane-spanning transport proteins (Figure 3). In
mammalian organisms CFTR and MDRT1 are probably the best-
characterized proteins of this family. Therefore, we will first
summarize some of the general structural and mechanistic
aspects of ABC transporters, with an emphasis on CFTR and
MDR1. After this introduction to ABC transporters in mammals,
we will focus on TAP, with an emphasis on mechanistic and
structural aspects of this important protein.
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2.1. Architecture of ABC transporters

All ABC transporters described so far show a four-domain
organization and utilize ATP as the source of energy (Figure 3).
The basic blueprint consists of two transmembrane domains
(TMDs), which are thought to perform the transport function,
and two nucleotide-binding domains (NBDs) providing the
energy for transport. The four domains are arranged in all
possible combinations. In Figure 3 prominent examples of the
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Figure 3. Structural organization of ABC transporters. TMDs are shown in blue,
NBD:s in red. Depicted are selected, characteristic examples for the diverse
architecture of ABC transporters from bacteria (top row) and mammals (bottom
row). Additionally, substrates are listed and the orientations of the transporter
within the membrane are indicated. Bacterial ABC transporters work in concert
with a periplasmic substrate-binding protein (purple stripes). Single letters or
numbers indicate individual subunits of ABC transporters. In the case of CFTR,
R denotes the regulatory domain (yellow) which is unique to CFTR.

family of ABC transporters are summarized schematically to
demonstrate the diversity of these fascinating membrane
proteins. In eukaryotes the four domains are generally found
on a single polypeptide chain. In the case of TAP the active
transporter is composed of two subunits, TAP1 and TAP2, which
contain one TMD and one NBD each. Although the function and
general organization of ABC transporters are known, it is still
unclear whether particular proteins form a channel, a pore, or
function in a ligand-flipping fashion.

2.2. Cellular functions and mechanistic aspects of ABC
transporters

Probably the two best-known and -characterized members of
the family of mammalian ABC transporters are CFTR and MDR1.
CFTR is a plasma-membrane-spanning, protein kinase A (PKA)
dependent chloride channel™! from the apical site of epithelia
cells®® and consists of 1480 amino acids.*” It is known that
deletion of a single amino acid (AF508) results in a lowered
chloride ion conductance. This deletion is the most common
mutation in cystic fibrosis.“®! It leads to the production of highly
viscous mucus, a commonly encountered situation in cystic
fibrosis. Additionally, it has been speculated that CFTR regulates
“outwardly rectifying chloride channels”.” It has to be stressed
that the movement of chloride ions across the plasma mem-
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brane occurs along an electrochemical gradient in a channel-like
fashion and is not simply an ATP-driven transport. Transporters
and pumps couple energy (e.g., generated from ATP hydrolysis)
stoichiometrically to the active transport of the substrate.
Channels, on the other hand, normally need no energy. In
addition, channels are diffusion-limited, and the turnover
number is several orders of magnitude larger than that of a
transporter. Thus, channels simply facilitate equilibration of the
substrate in response to concentration or electrochemical
gradients. In contrast, transporters utilize energy to transport
substrates against a gradient. This distinction has important
mechanistic consequences for CFTR. Isolation and reconstitution
of purified CFTR in artificial membranes demonstrated that CFTR
forms a channel.”” It has been shown that ATP hydrolysis does
not provide the energy for chloride ion transport but maintains
channel conductance.®" Subsequently, it was proposed that ATP
hydrolysis plays a role in opening and closing of the channel
pore.P% >3 Further studies demonstrated that both NBDs are
nonequivalent and furthermore indicated distinct functions and
a subtle regulation mechanism of gating by the NBDs.52 >4
Moreover, Kopito and co-workers* observed two open states
of CFTR. The transition between both open states violates the
principle of microscopic reversibility and necessitates an external
source of energy. This energy is provided by ATP hydrolysis and
indicates that CFTR represents an unusual ligand-gated ion
channel. NBD1 primes the channel by ATP hydrolysis and
converts the protein from an inactive into an active but still
closed conformation. Subsequent binding of ATP to NBD2
switches the conformation of CFTR to the open state (O,).
Hydrolysis of ATP bound to NBD2 creates another open
conformation (O,). Dissociation of ADP or P, generates the active
but closed conformation. Conversion into the closed, inactive
state occurs when ADP or P; dissociate from NBD1.>%

Human MDR1 is a single polypeptide chain consisting of 1280
amino acids (150170 kDa). Common to all ABC transporters are
two hydrophobic transmembrane domains and two hydrophilic
ATP-binding domains.®® This glycoprotein forms an energy-
dependent drug extrusion system that is one of the major causes
of multidrug resistance in tumor cells.5”7 Consequently, most
chemotherapeutics fail for a large number of human cancers
including colon, kidney, and breast carcinomas as well as
leukemia. In contrast to CFTR, no cellular function has been
determined so far for this clinically relevant membrane protein.
Except for the observation that MDR proteins might act as a lipid
translocase,®® the cellular function is still very much under
debate. MDR1, as opposed to CFTR, is a classic transporter that
utilizes ATP hydrolysis in a stoichiometric fashion to pump a vast
variety of drugs against a concentration gradient. MDR1
substrates include anticancer drugs such as vinca alkaloids,
anthracyclines, antibiotics, taxol and its derivatives, or cytotoxic
agents such as antimicrotubule drugs (colchicine), protein
synthesis inhibitors (puromycin), DNA intercalators (ethidium
bromide), or toxic peptides (gramicidin D, valinomycin), and
fluorescent dyes such as rhodamine 123.5%5% All these sub-
strates have only their hydrophobicity in common. Additionally,
it has been observed that MDR1 achieves both reducing drug
influx into the cytosol and increasing drug efflux from the
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cytosol.®> 61 Taking all these data together, a hydrophobic
“vacuum cleaner” model has been proposed.”® Here the
substrates of MDR1 are recognized and bound from the inner
leaflet of the plasma membrane and expelled.®? Due to their
lipophilicity, drugs that have already entered the cytosol will
repartition between the aqueous cytosol and the lipid bilayer of
the plasma membrane (Figure 4). Consequently, recognition,
binding, and expulsion of these substrates will perturb the
equilibrium of membrane partition and additional drugs will re-
enter the plasma membrane from the cytosol. Based on this
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Figure 4. Catalytic cycle of MDR1. The model was adapted from ref. [71]. Further
details are given in the text.

proposed mode of action, MDR1 both hinders drugs from
entering the cytosol and extrudes them (Figure 4). While it is
accepted that MDR1 utilizes ATP hydrolysis to energize the
extrusion of drugs, it is still unclear why MDR1 shows a high
basal ATPase activity. This might point to the cellular function of
MDR1, for example the translocation of lipophilic membrane
components.®8 Nevertheless, the ATPase activity is stimulated
up to 10-fold in the presence of substrates with a maximum
turnover number of 10 s7.% In contrast to other ATPases such as
myosin or FyF,-ATPase, which bind ATP with high apparent
affinity, MDR shows low affinity for ATP (K, 10-3-10"°m). The
absence of any phosphorylated enzyme intermediate distin-
guishes MDR1 from P-type ATPases such as the (Na™Kf)-
ATPase.® These findings led to the conclusion that ATP
hydrolysis creates a conformational state of MDR1 with a high
chemical potential. Relaxation from this state generates the
energy necessary to transport drugs. Despite the high basal
ATPase activity which discriminates MDR1 from P-, V-, and F-type
ATPases, ATP hydrolysis and drug transport seem to be coupled.
The stoichiometric ratio of hydrolyzed ATP to transported
substrate molecule is nearly 1:1, 0.83 ATP per transported
rhodamine 12352 and 0.5 to 0.8 ATP per transported valinomy-
cin.%! These observations raised the question why two NBDs are
present in MDR1. Both NBDs bind ATP with similar affinity!©* 66l
and have the capacity to hydrolyze ATP!” However, it was
shown that both NBDs possess a positive catalytic coopera-
tivity.’® ¢ |nhibition of only one of the two ATP-binding sites
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abolished drug transport completely.” In summary, a working
model (Figure 4) has evolved which shows striking similarities to
the mechanistic cycle of CFTR. ATP is bound to one of the NBDs
(C site), and substrate binds at the cytosolic side of both TMDs.
Binding of ATP to the second NBD (N site) results in hydrolysis of
ATP in the C site and formation of a conformational state with
high chemical potential.® Relaxation of this state to a state with
lower potential results in release of P; from the C site and
transport of the substrate to the extracellular site of the
transporter. Release of the drug and dissociation of ADP from
the C site results in reformation of the substrate-accessible
ground state. The only difference is that N and C sites are now
inverted”" (Figure 4). Such a scenario implies that both NBDs are
able to act symmetrically. However, it is presently not clear
whether both NBDs work symmetrically or whether one NBD
promotes the formation of the ground state of the ABC
transporter.

2.3. Nucleotide-binding domain of ABC transporters

Irrespective of the organism or the cellular function, all ABC
transporters are categorized based on a consensus sequence of
the ATP-binding domain and the four-domain organization. As
will be discussed later (see Section 2.4), both TMDs form the
substrate-binding site(s) and consequently show the lowest
sequence homology. On the other hand, the NBDs provide the
required energy and have a high degree of sequence identity.

In the absence of any high-resolution structural information,
establishing the architecture of the TMDs and NBDs relied mainly
on hydrophobicity analyses, biochemical and mutational studies,
and homologies to other proteins with known three-dimen-
sional structures. The NBDs of ABC transporters share a sequence
identity of approximately 30% over a stretch of 200 amino acids.
Within this stretch, three conserved motifs emerged from
sequence alignments. The first stretch, the so-called Walker A
motif,*Vis a glycine-rich loop (“phosphate-binding loop”, P loop)
with the consensus sequence GXXXXGKS/T (Figure 5B). Based on
the three-dimensional structures of adenylate kinase (AK),"2
Ras p21,73 F,F,-ATPase,’¥ elongation factor Tu (EF-Tu),"” and
the recently solved X-ray structure of the NBD of histidine
permease (HisP),” this loop coordinates the phosphate groups
of ATP (Figure 5A). The second consensus sequence is the
Walker B motif,*" a stretch of four hydrophobic amino acids and
an aspartate or glutamate (Figure 5B). This stretch is also
observed in AK, Ras p21, F,F,-ATPase, and EF-Tu; it participates
in phosphate binding through a conserved water molecule. The
third consensus sequence motif, the C loop (GGQR/KQ), is found
in all ABC transporters and G proteins.”” 78 The C loop is thought
to be central to connecting ATP hydrolysis with function.78-8
Based on the sequence homology of the NBDs to other ATP- and
GTP-binding proteins, various models have been pro-
posed.’® 882 Depending on the lead structure, different struc-
tural models for the NBD were obtained. Surprisingly, the
recently solved structure of HisP" revealed a complete new
protein fold with only limited similarities to F,F,-ATPase¥ and
RecA.®3l The overall shape of HisP is that of an “L"; the ATP-
binding pocket is composed of the Walker A and B motifs and is
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binding domain of the ribose import system,
demonstrated a high degree of similarity to the
HisP structure. Whether or not this structural
information will be valid for other NBDs, especially
those from export systems or mammalian sources,
remains to be seen.

2.4. The transmembrane domain of ABC
transporters: substrate recognition and
translocation channel

Based on the sequence homology one can expect a
high degree of structural similarity among NBDs of
ABC transporters. In contrast, the TMDs show less
sequence homology. All of the experimental data so
far indicate that the TMDs form the binding and
translocation site of ABC transporters. Early data
obtained for bacterial ABC transporters predicted
six transmembrane helices per TMD.®! Over the
years, the six-helix motif was confirmed experimen-
tally for other ABC transporters including CFTR and
MDR1.56 86-901 Nevertheless, exceptions from the six-
helix paradigm were observed. For example, hydro-

obicity analysis predicted eight transmembrane
TAF] LTFLHLESLSIFODVEFATFREFIYVLYLOSLTFTLRPGEVTALVGPNGRECETY 547 P . y 4 P 9
ThFZ LAFTTLOGYVEFODVEFAYPHEFCRFVLEOLTFTLRPCEVTALVAPHGBORETY 513 helices for the maltose transporter MalF.®"! Other
HiaP ===HMEEHELHVIDLEKAYO0——-HEVLECVELGARACIVTE ] I GAGRORETF 045 . o .
examples include the histidine transporters HisQ
ThRF1 ARLLAINLY PTG LI LG PLA T ENR T LHEIVAR VI EFOVIFGRSIAEETAT A1 and HlSM [40] the manganese transporter MntB [92]
TAFE?  ARLLOWLYQPTGGIVLLDEKPISITERCYLHSJVEEVGIEFVLFSGEVANRIAT 566 ! 9 P )
HisE HFLEEFSEGKT I VHGIHIHLYRIEDGGLEVATE {vFgHF 103 MDR1,%% and TAP1.°¥ Further analyses provided
FhEF]  GLOG-EIFTHEE T TAAAVESS - —— - ARSFISCLPGEY DTEVDERES -~ ——— gLss g4 strong evidence that the two additional transmem-
ThFY GLOS-CE-POEVAAARSORAEH - ——-ADIF I OEHEG I Y TIVGEEGE - ———-0LA& A0F% brane helices Of Ma": are not necessa fOr the in
HisP MHLWSHE H OLAL AERALEY I EYFVELED 157 . . ry .
vivo function of the transporter.®™ Thus, the six-
G loog Walkar B . R . if of
TAF] GOEAAVALARRLI KN VLILDOATSAI ORNSILIVEOLLYESFERYSRSVLLE A96 helix organization is very likely the core motif o
ThFZ GEQRLA TARAL Y RFRNLILEEAT SRLOV -—— - QO EQRLOTWHSRGDORTWLYT A3 H
o~ — - — DY 318 ABC transporters, Yvhereas different nun')bers of
transmembrane helices can be regarded simply as
TAP] TOELALVEQADHILFLECCGRINECCTHOILMERECC YMAMVIAPRDATE 4&434-740 .
FAFE RHELOTVORAHDI LV LgEGELOK -~ LA L ——m e e mmem e 458G &G an extension.
HiaP HAEE b RSV IFLAIQGE TEEET gy HFQ R LA GHRLE- ng1-2%0

Figure 5. A: High-resolution structure of HisR”* the ATP-binding domain of the histidine
permease complex. Coordinates of HisP were kindly provided by Dr. H.-S. Kim, University of
California at Berkeley, prior to release from the Brookhaven protein data bank.” Helices are
drawn in red, sheets in blue, loops and turns in yellow, and ATP in green. B: Sequence and
secondary-structure alignment of the NBDs of TAP1 and TAP2 on the sequence of HisP. The
secondary-structure alignment is based on the structure of HisP. Residues shown in blue indicate
P sheets and residues in red a-helical regions. Secondary-structure elements are only indicated
for HisP. Sequences were obtained from the Swiss Genbank. Alignments were performed using

the ClustalW service at the European Bioinformatics Institute.?%!

located at the end of one arm of the L (Figure 5A). The C loop is
located at the opposite end of the other arm. Both arms are
spanned by a six-stranded f§ sheet, which is surrounded by an
a/p-type structure on one side and a domain of mostly a helices
on the other side. The ATP-binding site is composed of residues
belonging to the Walker A and B motifs. Because the crystals
were obtained in the presence of ATP but in the absence of
Mg?*, any detailed interpretation of the precise arrangements
within the ATP-binding pocket will have to wait until the
structure of the Mg?*-ATP complex has been solved. Never-
theless, the recently reported structure of RbsA,®¥ the ATP-
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The general architecture of ABC transporters
consists of a six-helix TMD, NBD1, the second six-
helix TMD, and NBD2. Thus, adopting the same
topology, the differences in amino acid composition
of the TMDs create various overlapping binding
sites for a large spectrum of ligands and transported
substrates. Consequently, different functions can be
performed. On the other hand, the sequence
homology of the NBDs indicates a similar or even
identical fold that serves the purpose of providing
energy and coupling ATP hydrolysis to function. In
the case of MDR1, photoaffinity labeling indicated that more
than one drug-binding site exists.® In addition, amino acids of
both TMDs participate in substrate binding.*” *® This picture is
consistent with the low-resolution structure of MDR1.”? MDR1
has the overall shape of a cylinder, with a diameter of
approximately 10 nm, a maximum height of 8 nm, and a central
cavity of about 5 nm in diameter. Surprisingly, the cytoplasmic
site of the central pore seems to be closed. Both NBDs
presumably achieve this closure, which indicates a strong
“communication” between the single domains. ATP-induced
changes of the tertiary structure have been also observed by IR
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spectroscopy.'® In summary, a picture is emerging in which ATP
hydrolysis and/or substrate binding induces major conforma-
tional rearrangements of the protein. These changes are trans-
mitted to the TMDs that form one or more ligand-binding sites.

3. Structural aspects of TAP

TAP is a heterodimeric transmembrane protein located in the
membranes of the ER and cis-Golgi.l""" The central role of TAP in
class-I-mediated immune response was first observed in cell lines
lacking the TAP genes.['" Transfection of one or both genes into
these cell lines restored the class | MHC mediated presentation
of antigenic peptides.' 1% These transfection studies as well as
heterologous expression in insect cells and yeast demonstrated
that both TAP subunits were necessary for transport function,
indicating that a heterodimeric complex composed of TAP1 and
TAP2 is involved in antigen processing.l'®1%! The genes of TAP1
and TAP2 are located within the class |l MHC locus in close
proximity of two proteasomal subunits, LMP2 and LMP7 (see
Section 1.2).1'% Both TAP genes are made up of eleven exons.
Eight of these have the same size, and all exon/intron boundaries
are identical.'" As derived from the DNA sequence, human
TAP1 is composed of 748 amino acids (calculated molecular
weight: 81 kDa) and TAP2 of 686 amino acids (calculated
molecular weight 75 kDa). Cloning of the cDNAs and sequence
analyses revealed a strong homology of TAP to the family of ABC
transporters. In addition, sequence comparisons with other ABC
transporter revealed a close homology to MDRI1. Isolated
microsomes and semipermeabilized cells were employed to
finally prove that peptide transport from the cytoplasm into the
ER lumen was TAP- and ATP-dependent.""-"'3l Colocalization
experiments and immunogold labeling demonstrated that the
cellular location of TAP was restricted to the ER membrane and
the cisternae of the cis-Golgi apparatus.'® However, as no ER
retention signal was determined for TAP, a yet unknown
mechanism seems to retard TAP in these subcellular compart-
ments. Accessibility of domain-specific antibodies was used to
investigate the in vivo orientation of TAP."'* "5 Based on these
and other studies, it is now commonly accepted that the NBD
domains of both TAP subunits face the cytosol. In vivo studies
showed that both subunits associate very rapidly to form the
functional transporter.""® In contrast to MDR1 and CFTR, only a
very small subpopulation of TAP appears to be glycosylated
although three putative glycosylation sites exist.'"® Thus, it
seems likely that the portion of N-glycosylated TAP represents
misfolded protein.

3.1. Membrane topology of TAP

The sequence homology between full-length TAP1 and TAP2 is
around 35%. However, the sequence homology for the NBD is
around 60%, as expected for a member of the family of ABC
transporters, whereas the homology drops to only 30% for the
TMDs."7

In prokaryotic organisms membrane proteins are oriented
within a membrane on the basis of the “positive inside rule”.""®!
In the case of eukaryotic membrane proteins, the charge
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difference of the first 15 residues flanking the transmembrane
region determines its orientation. Based on this observation the
more positive portion will face the cytosol"? Further elabo-
ration of this observation showed that clusters of positively
charged amino acids (arginine and lysine) are found at the
cytosolic site of the membrane for polar stretches connecting
two transmembrane helices if the loop is shorter than 60 amino
acids.'?? Depending on the algorithm used, six to ten trans-
membrane helices were predicted for TAP1 and TAP2.%4 121-1241 |
addition, sequence comparisons with other ABC transporters
demonstrate that the first 175 N-terminal residues of TAP1 and
the first 140 N-terminal residues of TAP2 have no counterparts
(Figure 6). In these so-called N domains three to four trans-
membrane helices are predicted.'” Following the “six-helix
dogma”, the helical transmembrane “core motif” of TAP1 and
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Figure 6. Topology model of TAP. Putative transmembrane helices of the N
domains'?! are shown in gray, the transmembrane helices forming the six-helix
motif of ABC transporters are shown in blue. The peptide-binding region is
indicated in orange. The triphosphate moiety of ATP is bound through
interactions to amino acids of the Walker A and B motifs. It is assumed that
hydrolysis of ATP results in conformational changes within the NBD, which are
transmitted to the TMDs by the C loop (arrows from A to C).

TAP2 starts around positions 175 and 140, respectively. Accord-
ingly, these six transmembrane helices can be labeled TM1 to
TM6 on the basis of the sequence alignment and the homology
to P glycoprotein (Figure6). The remaining N domains are
thought to be an extension that was acquired during evolution
and might be necessary for the function and specialization of the
complex. The topology predictions demonstrated that the TAP
complex is highly asymmetric with respect to both membrane
sites. In addition to the NBDs, there are large cytoplasmic loops,
but only a small portion of the transmembrane helices contain-
ing loops reach out into the ER lumen.

3.2. The nucleotide-binding domains of TAP

The recently solved X-ray structure of HisP, the NBD of the
histidine transport system of E. coli, revealed a new protein
fold.”® Despite the presence of Walker A and B motifs®"
commonly found in ATPases,!'? the additional C loop, specific
for ABC transporters as well as the new fold observed in HisP,
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indicates that NBDs of ABC transporters might form a distinct
family of proteins. Whether or not this fold will be generally
found in all ABC transporters cannot be answered yet. However,
it is tempting to speculate that this “ABC transporter fold” is used
to enable a specific crosstalk between the “motor domain” (NBD)
and the substrate-binding and “transporter domain” (TMD).
Maybe NBDs are tailored not only to generate the necessary
energy but also to transmit the signal of hydrolysis and induce
conformational changes that allow subsequent transport to
occur. But more importantly, structural information is only
available for the ATP-bound state of HisP in the absence of Mg?*.
One has to expect conformational changes with respect to the
structures of the empty, Mg?* - ATP, ADP - vanadate-, or the ADP-
bound forms of the NBD. To answer these questions one has to
wait until the structures of these different functional states have
been solved. Nevertheless, we have used the structure of HisP to
model the NBDs of TAP1 and TAP2. Sequence alignment
(Figure 5) and superposition of human TAP1 and TAP2 onto
the structure of HisP indicate that the only major differences in
sequence occur within the loops of HisP. The overall fold
remained the same, and differences between template and
model occur only in loop regions. Interestingly, the loop
preceding the C loop is shorter in TAP1 or TAP2 than in HisP.
Whether or not this indicates a subtle fine-tuning in the
communication pathway between NBD and TMD remains
unclear.

Despite this speculation it was shown that peptide trans-
location comprises at least two mechanistic steps.'"" The first
step, peptide binding, does not require nucleotide triphos-
phates, whereas the second step, peptide transport, needs to be
energized by the hydrolysis of nucleotide triphosphates. It is
interesting to note that isolated expressed NBDs of TAP are able
to bind various nucleotide triphosphates independently of one
another, but they do not hydrolyze ATP.'?6:127] This observation
implies that hydrolysis of ATP is coupled to signals arising from
the TMDs of TAP. Alternatively, this observation might indicate
that nucleotide triphosphate binding induces a conformational
change within the protein,['? 'l which subsequently engages
the ATPase activity of the NBD"? similar to a feedback
mechanism.

3.3. Structure -function relationships

Studies on peptide binding and cross-linking to TAP have
revealed that a separate peptide-binding step precedes the
actual transport step.l'' 131-1331 Moreover, competition experi-
ments suggested that only one single peptide-binding site
exists.[''4 1321331 Modified peptides with a photoaffinity label in
combination with epitope-specific antibodies were employed to
map the peptide-binding site in more detail.'?" 34 Despite their
difference in sequence, all peptides labeled both TAP subunits.
However, the ratio of both TAP subunits labeled varied very
much depending on the actual position of the label within the
peptide. In case of TAP1, labeling was observed within two
regions. One (amino acids 376-391) is located in the cytoplas-
mic loop connecting TM4 and TM5 (Figure 6). The nomenclature
is based on the standard nomenclature for ABC transporters
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neglecting putative helices of the N domain. The second region
(amino acids 475-487) is located in the cytoplasmic loop
connecting TM6 and the NBD. Thus, regions of TAP1 closest to
the NBD were labeled. For TAP2, a mirrorlike situation was
observed.l'”"! Based on these data, the authors proposed that
ATP hydrolysis induces a conformational change on TAP that is
transmitted to the TMD. On a molecular level, these data
conclusively explain why only a heterodimeric TAP complex can
bind and subsequently transport peptides. Only the correct
quaternary structure of the complex ensures the formation of a
functional binding site for peptides and thus their translocation.
Based on these studies, the influence of polymorphic residues on
peptide specificity and transport was analyzed.'?> 3% New
polymorphic clusters in rat TAP2 were determined that influence
the peptide specificity of TAP. In addition to the loop connecting
TM4 and TM5, a region between TM2 and TM3 (amino acids 183
to 185) was identified that determines peptide specificity.

These results indicate a cooperative interaction between
different regions of the protein. Consequently, a high degree of
communication between the loops as well as the NBD has to be
expected. The close proximity between NBDs and peptide-
binding site implies that one site can sense even the slightest
conformational changes at the other site and vice versa. Whether
both NBDs are equivalent or different—as has been shown for
MDR1 and CFTR—is still an open question. It is also interesting to
note that so far all residues forming the ligand-binding site are
located close to the polar headgroups of the lipid bilayer.
Consequently, it is tempting to speculate that the transmem-
brane helices solely form a pore or scaffold that translocates
peptides upon receiving a signal which is triggered by the
crosstalk between the peptide-binding site and NBDs. The
molecular mechanism of TAP therefore is distinctly different from
the proposed mechanism of MDR1. For MDR1, at least two
substrate-binding sites have been identified, which are located
within the lipid bilayer spanning part of TAP. Nevertheless, the
data so far indicate a strong communication at least in the
cytoplasmic part of the protein. How this communication is
achieved on a molecular level has to await further structural and
mechanistic studies. But one has to keep in mind that the
energetization of the transport process by ATP hydrolysis is the
prerequisite for TAP function. Mutation of the NBD near the
Walker B motif abolished the peptide transport function of TAP
although the protein was expressed on a normal level.'* This
demonstrates dramatically how important the yet unknown
mechanisms of communication between the domains of TAP are
and how subtle the molecular regulation of these individual
steps is.

4. Affinity, specificity, and diversity of TAP

Human class | MHC molecules are separated into three allelic
series of peptide-binding proteins. Due to an extensive genetic
polymorphism of these three alleles, a repertoire of class | MHC
molecules exists in every human that is able to present, at least
in theory, almost every peptide sequence of eight to ten amino
acids to the TCR of T lymphocytes. As for TAP, the central
question was: How do class | MHC molecules achieve this task?
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The high-resolution X-ray structures of class| MHC mole-
cules!'3-*1 and pool-sequencing of peptides eluted from class |
MHC molecules!™?'%! have deciphered the principles of affinity
and specificity. Class | MHC molecules are heterodimers consist-
ing of a membrane-anchored heavy chain and noncovalently
associated f5,m (Figure 7). The MHC heavy chain is composed of
the extracellular domains a1, a2, and 3. a3 and f3,m adopt a

Figure 7. High-resolution structure of a class | MHC molecule with a bound
peptide. Side-view (A) and top-view (B) of HLA-A2 in complex with the peptide
LLFGYPVYV derived from human T cell lymphotropic virus type 1 (HLTV-1) tax
protein (PDB entry 1a07).2%! The MHC heavy chain comprising subdomains o1,
02, and a3 are shown in blue, the 3,m subunit is shown in green, and the
antigenic peptide in yellow. Peptide side chains ranging from position P3 (Phe) to
position P8 (Tyr) are pointing upward and serve as a putative recognition surface
of the TCR. Side chains that act as anchor residues (P1, P2, and P9 corresponding
to residues Leu, Leu, and Val) are located in deep pockets of the MHC molecule
and are responsible for specificity and stability of the complex.
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standard immunoglobulin fold. Each of these domains consists
of a sandwich formed by a three-stranded and a four-stranded 3
sheet that are packed against each other. The peptide-binding
groove is built up by domains a1l and a2, which form an
“intrachain dimer”."¥”! Each domain contributes four 3 strands
forming an eight-stranded antiparallel 3 sheet, which builds up
the floor of the peptide-binding groove. Additionally, two long a
helices flank the floor of the groove. The resulting groove, which
is approximately 30A long and 12A wide, is tapered and
blocked completely by bulky aromatic amino acids at both ends.
The structures provided a molecular framework as a basis to
explain the impressive ability of MHC molecules to bind and
present antigenic peptides to TCRs.® Out of the eight to ten
amino acids that are bound by the class| MHC molecule only
three positions are important for the specificity of the protein -
ligand interaction (Figure 7). These positions are called anchor
residues.'"¥”! Consequently, only a minor part of the antigenic
cargo participates in the selectivity of the complex formation
between class | MHC molecule and peptide. Conserved pockets
of the MHC molecule at both ends of the peptide-binding
groove accommodate the amino (pocket A) and the carboxy
termini (pocket F) of the peptide. The third position is a deep
polymorphic pocket (pocket C), which provides structural com-
plementarity to the main anchor residue of the peptide and
determines the MHC-allele-specific peptide-binding pattern.
Consequently, only a few MHC molecules are capable of binding
a vast number of different peptides. The recognition principle is
based mainly on rather unspecific interactions. Almost all
hydrogen bonds are formed between the protein and the
peptide backbone. The large number of van der Waals contacts
is due to the deep burial of the peptide within the binding cleft.
These unusual features promote promiscuous rather than
specific interactions while still maintaining a high degree of
affinity.'*8 Does TAP bind peptides in a similar fashion? Do rather
unspecific interactions determine the affinity? In the absence of
structural information, alternative approaches were chosen to
decipher the binding principle of TAP.

4.1. In vitro transport and binding assays for the
investigation of the biological function of TAP

Functional studies of TAP are hampered by the amount of
available protein and the stability of the protein in an artificial
environment such as a detergent micelle or lipid vesicle. So far,
only two reconstituted in vitro systems have been descri-
bed.l'4* 159 To establish an in vitro assay for peptide transport by
TAP, microsomes!'® or semipermeabilized cells!'™ "2 were
employed. In the case of semipermeabilized cells, the plasma
membrane is partially disrupted by the bacterial pore-forming
toxin streptolysin O and peptides can be introduced directly into
the cytosol (Figure 8). In the case of microsomes, cells are lysed
and microsomal vesicles are isolated by sucrose gradient
centrifugation. Transported peptides are trapped in the ER by
binding to MHC class| molecules or, more conveniently, by
glycosylation, which requires placing an N glycosylation con-
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Figure 8. Peptide transport and binding assays with semipermeabilized cells
or~isolated microsomes. Peptides are transported in an ATP-dependent manner
into the ER lumen. As indicated, side reactions such as trimming, degradation, or
re-export of transported peptides by a yet unknown exporting machinery may
occur and compete with the glycosylation of the reporter peptides or their
subsequent loading to class | MHC molecules.

sensus sequence (NXS/T) within the peptide. Glycosylated and
thus translocated peptides are quantified by binding to a sugar-
specific lectin.'"? The transport efficiency is reflected by the
extent of glycosylation. However, there are still some problems
that are summarized schematically in Figure 8. Side reactions of
the peptides, such as trimming, transport back into the cytosol,
or simply degradation, are severe drawbacks of such an assay.
Thus, peptide glycosylation does not necessarily reflect differ-
ences in peptide transport or peptide affinity for TAP. Even
competition experiments in the transport assay have to be
interpreted very carefully. As it has not been established yet
whether peptide binding, transport, or glycosylation is the rate-
limiting step in these assays, no quantitative interpretation is
possible. Even a comparison of different peptides and their
transport characteristics has to be undertaken with great
caution.

To simplify and reduce the number of unknowns, an assay was
developed that analyzes only the step of peptide binding to TAP.
The dissection of binding and transport of peptide is achieved by
ATP depletion and low temperature.l'"* 33 |n combination with
competition experiments, peptide affinity and the principles of
substrate recognition and sequence specificity of TAP were
extracted from these experiments. In contrast to the transport
assay, which is a multimolecular reaction with its own kinetic
parameters and specificity, the binding assay is a simple
bimolecular reaction that can be described very accurately, at
least in theory.
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4.2, Length and sequence specificity of TAP

Confronted with the vast number of peptides that are presented
by class| MHC molecules and therefore substrates for TAP,
several research groups started to elucidate the molecular
principles by which TAP selects its substrates. In a first set of
experiments the length preference of TAP was investigated. The
minimal length requirement for binding and/or transport is eight
amino acids.l""> 511531 Furthermore, free N and C termini are a
strict requirement for transport."'> >4 This points to a clear
correlation with the length preferences of class| MHC mole-
cules.'"* Interestingly, Koopmann et al. observed equal transport
efficiencies for peptides of 8-12 amino acids,"*® whereas
van Endert et al. determined equal binding affinities for peptides
ranging from 8 to 16 amino acids in lenght.""¥ However, no clear
cutoff for the maximal length of transported peptides could be
detected. Generally, an increased peptide length resulted in a
decreased transport efficiency.'>-'53! Interestingly, class| MHC
molecules have been identified that possess the capability of
binding peptides of up to 33 amino acids.'> One could
speculate that the transport ability of TAP for longer peptides!'>3
simply supplies such MHC molecules. On the other hand, it is
very likely that longer peptides are trimmed in the ER, thereby
enlarging the pool of antigenic determinants. There is exper-
imental evidence that trimming of peptides in the cytosol and ER
occurs,[156:157]

The TAP genes are encoded in the class Il MHC locus, and
coding sequence polymorphism has been described in human,
mouse, and rat. The observed variations in sequence comprise a
series of dimorphisms at various positions along the polypeptide
chain. Therefore, TAP alleles are defined in terms of the particular
combinations of these dimorphisms. No functional relevance is
associated with polymorphism of human and mouse TAP
regarding peptide specificity.'' 1541581591 A remarkable excep-
tion is the rat TAP2 gene. The allelic polymorphism results in the
so-called cim (class | modifier) phenomena,'s” which affects the
peptide specificity of the rat TAP complex.'> ®" The ¢im?® and
cim® TAPs differ by an exchange of 25 amino acids in TAP2. Two
of the 25 amino acids are located in the NBD, whereas the
remaining 23 are part of the TMD. Rat cim? alleles preferentially
transport peptides with a basic amino acid at the C terminus but
accept also peptides with acidic, hydrophobic, aromatic, and
polar side chains. In contrast, the cim® allele is permissive only for
peptides with hydrophobic, preferentially aromatic amino acids
at the C terminus."> This polymorphism and the resulting
functional difference of both alleles exert a profound effect on
the assembly of class| MHC peptide complexes and the
recognition by CTLs.['6% 1621

In the next step, the sequence specificity of TAP from various
species was investigated. Model peptides with a glycosylation
consensus sequence were investigated to establish specificity
patterns for various allelic variants of rat, mouse, and human
TAP[152.154.161. 1631 Eor 3| species, the C terminal peptide residue
determined TAP selectivity."** '®3 Mouse and rat TAPY (cimP)
prefer hydrophobic and accept also aromatic C-terminal peptide
residues,!'>* %4 whereas human TAP and rat TAP? (cim?) accept
every residue except Pro at the C terminus.'™> 154161 Al other
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residues of the peptide show no or only a negligible influence on
transport efficiency.

By using microsomal binding and transport assays, 250
peptides were assayed for affinity and transport ability.'**! From
these data, a putative and somewhat different peptide-binding
motif of human TAP was derived. Interestingly, residues that
serve as MHC class | anchors influenced peptide affinity for TAP
significantly. TAP preferred hydrophobic amino acids in position
P3 and hydrophobic or charged residues in position P2. From
these data, human TAP specificity appears to be mainly dictated
by the N-terminal amino acids. It was also shown that proline in
position P3 had a negative effect on peptide transport by murine
TAPI'® Comparing the proposed putative binding motif of TAP
with human MHC class| binding motifs revealed a puzzling
question. Certain alleles such as HLA-A1, HLA-B7, or HLA-B8
possess primary anchor residues that have a low affinity for TAP,
and therefore they show a low transport efficiency. This implies
that either a putative peptide-binding motif of TAP that is based
on 250 peptides only is somewhat premature or that trimming of
longer peptides generates shorter peptides that will bind to the
above-mentioned MHC alleles.

4.3. Deciphering the binding motif of human TAP by
combinatorial chemistry

Just imagine the millions of different peptides presented by
class | MHC molecules. The majority of them are transported by
TAP. Consequently, a “key -lock mechanism” for peptide recog-
nition is hard to imagine. Maybe a somewhat flexible binding
site for peptides exists, which accept basically every peptide
regardless of its sequence. Alternatively, a binding principle
similar to MHC molecules might exist. Because solving the
molecular principles of TAP affinity by conventional approaches
is simply impossible, combinatorial chemistry was applied to
determine the binding motif of human TAP['33 1671 Only the
binding step was investigated to minimize the above-mentioned
pitfalls of the transport assays. In the library used, each position
(X) contains all natural amino acids except cysteine in equal
frequency (Figure9). This results—at least theoretically—in
19°=322687697 779 different nonapeptides.'®” Based on this
tremendous amount of experimental data (Figure 10), observed
differences between a high-affinity peptide and a completely
randomized peptide were only 45-fold. For comparison, a factor
of 200-fold was observed for a class | MHC restricted octapeptide
using a similar combinatorial library."*8 Thus, human TAP seems
to be less restrictive than class| MHC molecules. With this
combinatorial approach, the binding motif for human TAP was
derived.l'®”! The principle of the positional screening employing
peptide libraries is explained in Figure 10 (for review see
ref.[169]). The strongest selectivity was observed for the
C-terminal residue. Here, hydrophobic or basic residues (Phe,
Leu, Arg, or Tyr) are preferably bound. Asp, Glu, Asn, and Ser are
disfavored. In addition, a preference for certain residues at the N
terminus was detected. At position P1, Asn and to a smaller
extent Lys and Arg, at position P2, lle, GIn, and Arg, and at
position P3, Tyr and to a smaller extent Trp are favored.
Drastically lower affinities were observed for Asp and Glu
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Figure 9. Schematic principle of the combinatorial peptide libraries used to
determine the peptide-binding motif of TAP. The combinatorial peptide libraries
consisting of (at least theoretically) 322687697 779 peptides are subdivided into
sublibraries. In a given sublibrary one position of the nonameric peptide is kept
constant whereas the remaining eight positions randomly contain the other

19 natural amino acids in equal distribution (X). By comparing individual
sublibraries (19 x 9Xs0) with the complex library (X,) the effect of each individual
amino acid with respect to its position in the peptide sequence can be derived.
By taking all these data together, the binding motif of human TAP is
established.!33 1671

(position P1), Pro (position P2), and Asp, Glu, and Gly (position
P3). Especially, the selection pattern of TAP for the C-terminal
residue correlates well with the binding specificity of human
class | MHC molecules. The selection principles at the N terminus
are less clear. Only Pro, which is an anchor residue for certain
HLA-B alleles, has a clearly destabilizing effect on peptide
binding to TAP. On the one hand, this observation argues for an
ER-resident trimming machinery. On the other hand, the
negative influence of Pro pointed to a special role of the
peptide backbone in peptide - TAP interactions.

To investigate this hypothesis, libraries were created that
contained p-amino acids at various positions.'”’ The strongest
effect was observed for the first three N-terminal residues. A
minor effect was detected for the C-terminal amino acid. To
further study the importance of the termini, “inverted” and
“retro-inverted” peptides were used (Figure 11). The inverted
peptide had a sequence identical to that of a peptide with
medium binding affinity (K, =0.146 um) for TAP, but contained
the corresponding p-amino acids. Consequently, the orientation
of the side chains of the inverted peptide is mirrored with
respect to the natural peptide. No stable inverted peptide - TAP
complex formation was detectable (K> 1000 um). Thus, the
proper orientation of the amino acid side chain of at least some
residues in the peptide is a prerequisite for binding. To extend
this analysis further, a “retro-inverted” peptide was studied. In
addition to the use of b-amino acids, the sequence was inverted.
In such a peptide the side chains have the proper three-
dimensional orientation, but the charge of the termini and the
peptide backbone are inverted. As for the inverted peptide, no
stable complex formation was observed for the retro-inverted
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Figure 11. Interplay between configuration and sequence of a peptide on its
capability to form a stable peptide - TAP complex. Incorporation of b-amino
acids creates an inverted peptide (r'r’, peptide on the left) that does not form a
stable complex with TAP. Here, the orientation of the amino acid side chains is
inverted. The retro-inverted peptide (r’r', peptide on the right) is generated by
mirroring the sequence and using again p-amino acids. Here, the orientation of
the amino acid side chains is identical to the “wild-type peptide” (R'R? peptide in
the middle), but the termini and the peptide backbone are inverted. As for the
inverted peptide, no stable complex formation was observed.

peptide (K5 > 1000 ). Further studies with a randomized library
of dodecameric peptides and a pentadecamer with defined
sequence containing p-amino acids revealed the same binding
principles. Again, residues 1 to 3 as well as the C-terminal residue
were of major importance for binding to TAPI'®”! These results
also explain on a molecular level why TAP tolerates peptides
containing bulky side chains such as fluorescent labels at certain
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positions.'33 1701711 A sterically flexible substrate-binding site will
allow the incorporation of various kinds of biophysical probes to
determine structural aspects of the peptide-binding site.

In summary, this set of experiments clearly established that
peptides are hydrogen-bonded through their free N and C
termini and the peptide backbone of residues 1-3 (Figure 12).
The side chains at the C terminus and positions 1, 2, 3 contribute
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Figure 12. Peptide-binding motif of human TAP as derived from combinatorial
peptide libraries. The results of the peptide binding assays are summarized (A).
A potential binding pocket including anchor residues and residues involved in TCR
recognition are given (B). For further details see text.
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to the binding affinity. Consequently, the selection process of
TAP occurs in regions of the peptide that are not involved in TCR
recognition.'> '3 This principle guarantees that nearly every
possible TCR recognition sequence will be transported and
presented with equal efficiency. The lack of either side chain
specificity or backbone modification at positions 4 -8 explains
why no clear cutoff for longer peptides was determined. The
absence of detectable contacts between the protein and the
peptide indicate that longer peptides “bulge” out of the peptide-
binding region of TAP. Thus, peptide selection by TAP and TCR
recognition do not interfere with each other and place minimal
restrictions on the pool of peptides available for antigen
presentation (Figure 12).172

4.4. Mechanisms of peptide binding and transport

Most of the kinetic and thermodynamic parameters for CFTR and
MDR1 were derived from reconstituted in vitro systems such as
proteoliposomes (for a summary see refs.[173-177]). These
data provided further insights into the molecular principles
underlying the biological function of these proteins. Mechanistic
studies of TAP are hampered by the fact that no isolated or
reconstituted model systems exist. So far only two procedures
for the reconstitution of TAP into liposomes have been
described.[* 5% Thus, the determination of kinetic and most
of the thermodynamic properties was exclusively derived from
microsomes or semipermeabilized cells.

Analysis of the kinetics of peptide translocation revealed that
TAP function could be dissected into two steps. The first step,
peptide binding, is ATP-independent, while the second one,
peptide translocation, is ATP-dependent.''* 33 Dissociation
constants for various peptides determined directly by binding
assays or indirectly by competition assays were in the submi-
cromolar range""* 1331531 Al of the peptides investigated
displayed a noncooperative interaction indicating a single
peptide-binding site. In addition, neither the K; value nor the
saturation value for peptide binding was affected within
experimental error by the addition of ATPI'*3 Recently the
kinetic properties of the ATP-driven peptide translocation
process of murine TAP in microsomes were studied.''”® Based
on a Michaelis - Menten analysis, a Ky value in the micromolar
range (0.66 +0.09 um) and a V,,,, value of 2.91 £ 0.25 fmol min~'
per pg of microsomes were determined. Although the concen-
tration of peptides in the cytosol has not been determined, this
value will definitely be below 1 pum. Thus, a Ky, value around 1 um
should enable TAP to react to small changes in the concentration
of cytosolic peptides. A sudden increase in peptide concen-
tration will result in immediate transport and loading onto class |
MHC molecules.

Transport assays employing (sub)cellular systems proved the
strict requirement of ATP hydrolysis for peptide translocation.
Accordingly, nucleotide depletion by apyrase and the use of
nonhydrolyzable ATP analogues completely abrogated trans-
port.l'7 1111131 These data clearly demonstrated that hydrolysis
and not merely ATP binding is a prerequisite for translocation. In
addition to ATP, GTP and UTP have been demonstrated to act as
energy sources for TAP, which implies that no clear preference of
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nucleotides for TAP exists.""" 7% Furthermore, one can speculate
that a mechanism in which peptide binding generates a signal
that triggers ATP binding and hydrolysis might act as a
protective shield against a high basal ATPase activity of TAP
and therefore a waste of ATP, as is known for hexokinase and
other kinases.!'8

Recently it has been demonstrated that nucleotide binding
has a second function in stabilizing the TAP complex.'" These
findings again point to a strong communication between NBDs
and TMDs. In addition, a peptide-stimulated ATPase activity of
the TAP complex reconstituted in liposomes was observed,!'#?
and a striking correlation between peptide affinity and ATPase
activity was found. Parallel, time-resolved fluorescence spectro-
scopy was applied to investigate the molecular steps of peptide
binding in detail."”" A two-step binding process of fluorescence-
labeled peptides to TAP was observed in the absence of ATP. The
data indicate that formation of the TAP-peptide complex is
composed of a fast, initial association step followed by a second,
slow isomerization step of the TAP complex. This structural
switch implies that TAP adopts a substrate-induced intermediate
state before the ATP-driven translocation step occurs, again
pointing to a strong communication between TMD and NBD
(Figure 12). The importance of a crosstalk between NBD and
TMD has been described by Knittler et al.?¥ Mutations of the two
glycines in the Walker A motif of TAP1 and TAP2 not only
abolished ATP binding but also peptide-mediated release of the
class | MHC molecule from the TAP complex.

4.5. Viral immune escape: TAP as target for immune
suppression

The vertebrate body is an ideal breeding ground for all kinds of
viruses. The conditions encountered there promote their
growth, survival, and reproduction. On this battlefield, the
immune system is challenged. Under the evolutionary pressure
of an effective antigen processing machinery and the cellular
immune system, viruses have developed fascinating strategies
to win this daily battle. Some viruses simply “hit and run”,
completing replication before the immune response has been
fully aroused. Other viruses have elaborated more sophisticated
ways to avoid, evade, or even modify an immune response to
their advantage (for a review see refs. [179, 183]). It is very likely
that viruses target every key molecule of the cellular immune
system. For example, the Epstein-Barr virus encodes its own
cytokine.l'® Some viruses neutralize the action of these
important immune system mediators, others eliminate class |
MHC molecules from the cell surface, thereby generating cells
that are temporarily invisible for cytotoxic T lymphocytes. Finally,
some viral strategies are directed against TAP. By disrupting TAP-
mediated translocation of antigenic peptides over the ER
membrane, parts of the cellular immune response fail. Identi-
fication of these actions will help to decipher antiviral immunity.
But even more importantly, understanding the mechanisms of
host - virus interaction will guide vaccine development by taking
advantage of millions of years of evolution.

One of the most widespread viruses is the herpes simplex
virus (HSV). Probably 30 to 50% of the human population are
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infected. HSV type 1 and 2 replicate in superficial cells such as
those of the lips or genitals. After the initial attack, HSV
establishes a latent infection in epithelia cells of neuronal tissues.
Here the virus is more or less sheltered from the cellular immune
system, and it is therefore very unlikely that the virus will be
eliminated. The virus abolishes the immune response by actively
perturbing class| MHC mediated antigen presentation.'® A
small cytoplasmic protein, ICP47, achieves this blockage by
disrupting peptide translocation across the ER membrane.[86 1871
Inhibition of TAP results in empty class | MHC molecules at the
cell surface and therefore enables the virus to escape immune
surveillance. ICP47 is a small polypeptide of 88 amino acids
(10 kDa) with no sequence similarity to any other known protein.
Interestingly, ICP47 shows high species specificity. Whereas
human TAP activity was efficiently inhibited by ICP47, a 100-fold
reduced affinity was observed for murine TAP.'8 89 Studies with
TAP-enriched microsomes revealed that ICP47 interacts with TAP
on the cytosolic side. The determined affinity constant (K,=
50 nm) indicated a stronger interaction with TAP than for most
of the peptides studied so far.!'® Thus, the molecular mecha-
nism of ICP47 seems to involve competition for the peptide-
binding site. By occupying this site, the first and essential step in
peptide translocation is blocked.[88 189

In addition to its unique amino acid sequence, ICP47 displays
fascinating structural features. First observations indicated that
the viral protein could be heated to 100°C or dissolved in
chloroform/methanol without losing its activity. Membrane
mimetics induce a conformational change from a predominantly
random-coil state to a protein with high a-helical content.'™®
Lipid-induced formation of an amphipathic a helix has been
widely described as mode of action for signal sequences™" and
peptide hormones.” Thus, this switch implies that the
interaction of ICP47 with TAP is mediated by the amphipathic
helix. To further examine the molecular principles of the ICP47 -
TAP interaction, truncated versions of ICP47 were generated and
examined.'™! C- and N-terminal deletions revealed that the
active domain is composed of residues 3 to 34. More importantly,
three charged residues (residues Asp24, Lys31, and Arg32) in the
active domain were identified as critical to function. The distance
between two of them in the sequence (seven amino acids)
mimics closely the optimal length preference of TAP. Thus, one
might speculate that both amino acids resemble the free N and
C termini of natural peptide substrates. Alanine scans of the
N-terminal core region indicated that three stretches (residues
8-12, 17-24, and 28-31) are important for TAP inhibition.!"
Of these stretches, the middle one around residues 17-24
showed the least tolerance for alanine substitutions. Both ICP47
and the N-terminal, active domain of ICP47 (3 -34) bind to both
TAP subunits and the putative peptide-binding site as demon-
strated by photo-crosslinking.['88 181941 Fyrther studies indicated
that ICP47 weakens the interaction between the two TAP
subunits. The induced “loose” association within the hetero-
dimer most likely contributes to the inability of peptide trans-
location, simply by modifying the structure of the peptide-
binding site.l%!

Recently, the NMR structure of the active domain of ICP47,
ICP47(2 - 34), has been determined in detergent solution.!"* In
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contrast to the situation in aqueous solution, in which ICP47
possesses no detectable secondary structure, ICP47(2-34)
adopts a helix-turn-helix motif in SDS micelles (Figure 13). The
authors propose that the observed helix-turn-helix motif is a
requirement for the binding of one « helix to TAP while the other

Figure 13. A: Stereoview of ten NMR structures of ICP47(2 — 34) in the presence of
the membrane mimetic SDS.I"" B: One of the structures from Figure A, with both
helices drawn in red and green and unstructured parts in orange. Amino acids
starting and terminating the helices are indicated using single-letter codes; their
numbers are also given to indicate the position in the sequence.

one remains bound to the membrane. This view is also
supported by an earlier model, in which ICP47 does not
penetrate the membrane. Rather it is located at the membrane
surface or the protein-lipid interface, thereby inhibiting TAP
(Figure 13).01°0!

Another virus that establishes a lifelong infection is the human
cytomegalovirus (HCMV). In contrast to HSV, it infects a wide
range of cells and consequently has to use a very complex
strategy to prevent class| MHC presentation of viral pro-
teins.l9% 1% Based on the diversity of the host cells of HCMYV,
this virus has developed various strategies to escape immune
surveillance. For example, a general arrest of class-I-mediated
immune surveillance is achieved by several gene products of the
unique short (US) region.l"® The recently identified glycoprotein
US6 inhibits peptide loading of class | MHC by interacting with
TAP[197.200. 2011 S6 js a type | transmembrane protein with a
molecular mass of 21 kDa and a single N glycosylation site. In
contrast to ICP47, US6 blocks TAP from the luminal side of the
ER.I'®7 201 Thus, inhibition is achieved without any participation
of the putative peptide-binding site of TAP. In contrast to peptide
translocation, peptide binding to TAP is not inhibited by US6.
These results point to an unknown control mechanism of TAP,
which is used by the virus to undermine the cellular immune
system.

Recently, a third viral strategy to evade the immune system by
targeting TAP has been described. In addition to its function in
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the ER retention of MHC class | molecules,?°> 2% the adenovirus
E3 19-kDa protein (E3/19K) blocks tapasin binding to TAP24 The
type | glycoprotein E3/19K binds separately to MHC and TAP and
therefore causes a decrease in MHC-TAP association by
mimicking tapasin and delaying class | MHC maturation.
Understanding the molecular events of ICP47, US6, and E19
interaction with TAP (Figure 14) is of major interest to decode the
principles by which viruses escape immune surveillance. But
these principles might be also used to treat immune diseases,
xenograft rejection, or even induction of immune tolerance. For
example, ICP47 is a very potent and specific immune suppressor.

A B C

herpes simplex wrus oflomegaiovins aderovins

U wow

Figure 14. Immune evasion strategies of viruses using TAP as a target. A: The
HSV protein ICP47 binds to the cytosolic face of the TAP complex, thereby
preventing peptide binding to TAP. B: The type | glycoprotein US6 of HCMV
interacts specifically with the ER-luminal face of TAP and abolishes peptide
transport by a so far unknown mechanism. C: The type | glycoprotein E3/19K
encoded by adenovirus type 2 substitutes tapasin in the “loading complex” and
prevents physical contact between TAP and class | MHC molecules. Peptides are
still transported into the lumen of the ER, but not loaded efficiently onto class |
MHC molecules.

Designing a synthetic ICP47 analogue would combine affinity
and specificity. The affinity would ensure that TAP is targeted
specifically, and functional shutdown would be achieved in a
controlled fashion. The specificity would exclude any side effects
commonly encountered with synthetic drugs. Thus, an immune
suppressor without harmful side effects would be available for
the first time. A similar scenario could be imagined for US6.
Again a synthetic mimetic would allow to perturb class | MHC
mediated antigen presentation, but without side effects. How-
ever, to achieve such a task, an understanding of the host - virus
interactions and the underlying mechanistic aspects is essential.

5. Conclusions and outlook

Over the past decade, a tremendous amount of data has been
accumulated that enhanced our understanding of the cellular
immune system at the molecular level. In case of class | MHC
mediated immune surveillance, it was shown that TAP, a member
of the exponentially growing family of ABC transporters, plays an
essential role. This membrane protein translocates antigenic
peptides across the ER membrane into the ER, where they are
loaded onto nascent class | MHC molecules. TAP function was
demonstrated in a set of elegant experiments. Subsequently, it
was shown that peptide transport is composed of a series of
independent steps. The first step, peptide binding to TAP, is ATP-
independent, while the second one requires ATP or other
nucleotide triphosphates for energizing of translocation. Se-
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quence comparisons with other members of the ABC transporter
family revealed a high homology within the NBDs, but a large
divergence in the TMDs. This observation supported the idea
that the substrate-binding site is located near or within the
membrane-spanning part. Photolabelling studies proved that
both subunits of the TAP complex form the peptide-binding site.
By applying combinatorial chemistry, it was possible to extract a
peptide-binding motif from a library of billions of nonapeptides.
The putative motif resembles the principles of MHC - peptide
recognition in which only a subset of potential contact sites is
actually used to generate stable binding. In case of TAP, the
termini as well as the first three N-terminal and the C-terminal
side chains are employed to pin down the peptide with high
affinity. The residues in between are the ones that
are recognized by the TCR. This principle ensures maximal
diversity for the pool of antigenic peptides presented at the cell
surface.

All of these results, which are the basis for our current
understanding of the molecular function of TAP, have been
derived from studies with microsomes or semipermeabilized
cells. Here, a somewhat ill-defined situation is encountered.
Neither purity nor amount of TAP nor presence of export
systems, proteases, or an ER-resident trimming machinery can be
controlled. Thus, those results have to be interpreted with great
caution. But in the absence of an artificial model system in which
the above-mentioned parameters can be controlled, these
seminatural systems provide important insights. Nevertheless,
proteoliposomes containing isolated TAP will open up new
possibilities to study mechanistic and structural aspects of this
ABC transporter. With such a model in hand, kinetic and
thermodynamic studies can be performed under various con-
ditions. The results obtained will complete our understanding of
the principles of TAP function. Open questions, such as the
communication between the NBD and TMD, the conformational
changes upon peptide or ATP binding, the interactions between
TAP, several cofactors of the macromolecular peptide transport
and loading complex, and viral effectors, will be answered.
Interesting times and a lot of astonishing results will probably lie
ahead of us.
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More than 142 million people in the world
suffer from diabetes mellitus; according
to the World Health Organisation, this
number is expected to double by the year
2025. This chronic disease, a dysfunction
of carbohydrate and lipid metabolism, is
caused by the failure of the pancreas to
produce (sufficient amounts of) insulin.
Diabetes can also be due to mutations in
the insulin receptor which prevent the
hormone from binding to and signalling
through it. Thus, both sufficient availabil-
ity of insulin and a functioning insulin
receptor are essential for glucose homeo-
stasis.

While external application of insulin
has been used for the treatment of
diabetes patients since the early 1920s,
it has so far not been possible to match
the insulin levels in healthy individuals as
they vary throughout the day, depending
on glucose uptake. Until now, the focus of
the development of insulin analogues has
been on generating variants with a modi-
fied ability to self-associate. A prominent
example is LysPro insulin®’@ which shows
a significantly reduced self-association
and fast absorption upon subcutaneous
injection. A long-acting insulin, Hoe901,
will be introduced into the market this
year. Strong interhexameric contacts in-
troduced by “crystal contact engineer-
ing"l'™ are responsible for stabilization of
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Hoe901 crystals formed in the subcuta-
neous space, thereby generating an in-
sulin depot with protracted glucose-low-
ering activity, and resulting in a much
improved basal insulin supply.l'e!

While these new developments cer-
tainly contribute to an increased quality-
of-life, several injections of fast-acting
insulins before meals plus one injection
of a long-acting preparation will continue
to be the day-to-day reality for most
type | diabetes patients. At present, an
orally applicable insulin preparation re-
mains a dream. However, chances are that
it could become reality one day, if we
continue to improve our understanding
of the interactions between insulin and its
receptor, thereby facilitating the design of
small-molecule insulin agonists. Today,
there is no full consensus as to what the
receptor binding sites of the hormone are
(see below), and even the 1:1 stoichiom-
etry of the interaction is debated by
some. This is due to the severe lack of
structural information on the insulin -re-
ceptor complex. Efforts to crystallize this
complex for X-ray structural analysis have
been made throughout the past two
decades, with little success. It became
increasingly clear that a “divide and
conquer” approach would be more prac-
tical. This route was recently followed by
Luo etal.,”” who determined the tertiary
and quaternary structure of the insulin-
receptor complex at low resolution by
cryoelectron microscopy and interpreted
their findings with the help of the avail-
able X-ray and NMR structures of isolated
domains.

The insulin receptor is a disulfide-linked
(af), dimer of molecular mass 480 kDa.
Each monomer consists of an a- and a -
chain, again linked by a disulfide bond."!
The a-chain is extracellular, whereas the
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pB-chain consists of a short extracellular
portion (which, together with the entire
a-chain, constitutes the ectodomain of
the receptor), a single transmembrane
segment, and an intracellular tyrosine
kinase domain. Thus, the insulin receptor
differs from most other tyrosine kinase
receptors by being in an intrinsic dimeric
state even in the absence of the ligand.
Binding of insulin to the extracellular a-
chain results in autophosphorylation of
specific tyrosines in the cytoplasmic do-
main and the initiation of an intracellular
signal transduction cascade.” However,
the structural basis for insulin receptor
activation upon ligand binding is a riddle
yet to be solved.

Thanks to the efforts of X-ray crystal-
lographers and NMR spectroscopists,
three-dimensional structures for some
building blocks of the insulin receptor
are available today. In 1998, the crystal
structure of the first three N-terminal
domains of the a-chain of the homolo-
gous receptor for insulin-like growth
factor 1 (IGF1) was solved.@ This frag-
ment, which comprises part of the IGF1
binding site (although it fails to bind the
hormone), consists of the domains L1,
cysteine-rich, and L2 (together known as
the “LCL region”). The same domains are
present in the insulin receptor a-chain.
The rest of the ectodomain largely com-
prises three fibronectin type lll domains,
to which both the a- and f-chains con-
tribute. Structures of several homologous
domains in other proteins, including
fibronectin itself, have been determined
by X-ray crystallography and NMR spec-
troscopy.**-4 Finally, the crystal structures
of the intracellular tyrosine kinase domain
with and without a bound ATP analogue
and a peptide substrate have been de-
termined,”*? providing a high-resolution
picture of the conformational changes
likely to occur in this domain upon
receptor activation.

Previous electron microscopic (EM)
studies have been carried out on deter-
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gent-released whole receptors®@ and
solubilized receptors reconstituted into
lipid.®! The images of the whole receptor
suggested a thin T-shaped molecule.’62*!
In contrast, images reported for the
soluble ectodomain alone showed varia-
ble shapes.*“@ Some light was recently
shed onto the ectodomain structure by
the preparation of Fab-ectodomain
complexes which revealed a U-shaped
form, containing a cleft between the two
arms wide enough to accommodate a
ligand.®® These data also provided the
first experimental evidence for the inter-
nal symmetry model proposed by De
Meyts.”? Compared to previous studies,
the approach of Luo etal? offers a
number of advantages. In contrast to
negative staining, cryofixation, as applied
in their work, should prevent any severe
chemical modification and the receptor
molecules can be expected to be in a
more functional state. Application of
STEM (scanning transmission electron
microscopy) with a beam size of only
3 A at —150°C and a low dose of 6 e A2
yields a higher resolution (20 A) and low
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Figure 1. 3D Reconstruction of the insulin - receptor complex with twofold symmetry, shown at approximately

sample damage. For identifying and de-
limiting the insulin-binding site, a 70-
atom gold cluster was coupled to the N
terminus of the B chain (residue Phe-B1)
of bovine insulin. This residue is not
directly involved in receptor binding.
The 3D reconstruction of the insulin -re-
ceptor complex at the full expected
volume is—in contrast to previous stud-
ies—compact and globular, while at an
intermediate density threshold, single
domains become visible with a strong
twofold vertical symmetry (Figure 1). The
high density of the gold label identifies
the extracellular region in the reconstruc-
tion and for most of the complexes, it
reveals the binding of just one insulin
molecule per receptor molecule.

What do we know about the insulin
binding site? Can the electron micro-
scopic 3D reconstruction help us see
conformational changes upon insulin
binding? It has been shown previously
by use of a photoreactive insulin that the
latter binds to the LCL region of the
insulin receptor.®® These three domains
(see above) form the minimal binding

Side view | 255

70% of full volume. Labels, for only one a8 monomer, refer to biochemical domains. The arrowhead (TM)
indicates the proposed position of the cell membrane. L1, C-R, and L2 = L1, cysteine-rich, and L2 domains,
respectively; CD = “connecting domain” (a putative fibronectin Ill domain); Fn1 and Fn2 = fibronectin Il
domains 1 and 2; TK=tyrosine kinase; TM = transmembrane domain. (Reprinted with permission from Luo
et al., Science 1999, 285, 1077 - 1080. ©American Association for the Advancement of Science, 1999).
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fragment of the receptor, and are respon-
sible for the initial, low-affinity ligand-
binding event.®¥ Surprisingly enough, it
was shown by the crystal structure of the
LCL region of the IGF1 receptor® that the
L domains exhibit a parallel -helix archi-
tecture with a-helices capping the N- and
C-terminal ends (Figure 2). The cysteine-
rich domain consists of a series of disul-
fide-linked modules. A large cleft is

c

Figure 2. Ribbon diagram of the L1, cysteine-rich,
and L2 domains of the insulin-like growth factor 1
(IGF1) receptor showing the putative ligand binding
site between the three domains. Residues important
for ligand binding are located on the underside of
the L1 domain (indicated by the arrow) and in the
loop of the cysteine-rich domain. (Reprinted with
permission from Garrett et al., Nature 1998, 394,
395-399. ©Nature Macmillan Publishers Ltd., 1998).

formed by the three domains, which is
believed to be the site of ligand binding.
Facing the cleft is a S-sheet from the
underside of L1 and an extended loop
from the cysteine-rich domain. The size of
the cleft as observed in the structure is
slightly too large to bind IGF1 tightly; yet
an approximately 25° rotation of the L2
domain towards the L1 domain would be
sufficient to produce a cleft in which all
three domains could contact IGF1.54 A
rotation of the L2 domain was suggested
to be one element of the signal trans-
duction mechanism used by the IGF1 and
insulin receptors. Unfortunately, the reso-
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Insulin — Receptor Structure

lution of the electron microscopic 3D
reconstruction by Luo et al.? (Figure 3) is
not yet high enough to make such move-
ment visible.

Why is there only one insulin monomer
bound to the dimeric insulin receptor?
Luo et al? observe a slightly asymmetric
location of the gold-labeled insulin on the

mains of one a-subunit and to the L2
domain of the other (Figure 3b). This is
also supported by previous results re-
viewed by Mclnnes and Sykes.®¥ Inves-
tigations with many site-specific mutants
have generated information on the resi-
dues and regions of insulin involved in
receptor binding, although it is not easy

to make a distinction between each
residue’s role in receptor interaction and

receptor surface and suggest insulin
binding to the L1 and cysteine-rich do-

Figure 3. Fitting of the known X-ray structures of domains to the 3D reconstruction from electron microscopy.
a) Schematic presentation of the domain organization for one oS monomer. Structures not to scale;
a-subunit, red; 3-subunit, blue and green; unknown structures, spheres or lines. Labels: A= activation loop, 1,
2, and 3 = positions of specific cysteine residues. Other labels as described in Figure 1. b) Fitting of LCL domains
as approximate cylinders to the insulin receptor ectodomain (wire mesh representation). One insulin molecule
(purple ribbon) is shown inserted with its receptor-binding sites contacting the L1 and cysteine-rich domains
(red) of one a-subunit and the L2 domain of the other. The gold marker (yellow) coincides with a high-density
site. ¢) Right-angle view of (b) with LCL domains, fitted tyrosine kinase structure (green),** two dimeric Fnlll
structures (blue and red), A loop (black) of the left tyrosine kinase domain in crystallographic position, and
A-loop (dark-blue) of symmetry-related kinase extended to overlap peptide substrate of opposite kinase."”
d) Right-angle top view of (c) without the LCL domains. One wire mesh square is 6.5 A. (Reprinted with
permission from Luo et al., Science 1999, 285, 1077 - 1080. ©American Association for the Advancement of
Science, 1999).
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in ensuring the integrity of the fold of the
hormone. Current belief is that there is a
primary receptor binding site comprising
residues A1-A5, A16, A19, and, perhaps,
A21 in the insulin A chain, and B12, B15,
B16, B23, B24, B25 and, possibly, B26 in
the B chain.®®e9! A secondary site consist-
ing of leucines A13 and B17 has also been
described.®" Obviously, two distinct bind-
ing surfaces on insulin are required to
achieve cross-linking to the binding sites
on each of the a-subunits of the recep-
tor.B This would also explain the neg-
ative cooperativity of insulin binding®!
and the low binding affinity of insulin
receptor monomers. B!

Prior to the work of Luo etal.,? the
relative orientation of the fibronectin
type lll (Fnlll) domains in the extracellular
juxtamembrane region was totally un-
known. There are three such domains in
tandem, one each in the a- and fS-
subunits and one shared between the
two.®»><d However, Luo etal.? did not
observe them in a linear array as in the
structure of fibronectin itself,*® but in a
much more compact form (Figure 3a).
These domains form at least two inter-
chain disulfide bonds®® and may play a
role in dimerization.”® The L2-proximal
Fnlll domain, frequently also called the
“connecting domain”, was suggested to
be involved in the signal transmission to
the tyrosine kinase.”

What does the combined information
from electron microscopy and X-ray crys-
tallography tell us about the cytoplasmic
domain? The overall architecture of the
tyrosine kinase domain comprises an
N-terminal lobe whose predominant
structural feature is a five-stranded /-
sheet, and a larger C-terminal lobe which
is mainly a-helical. ATP binds in the cleft
between the two lobes, and the tyrosine-
containing substrate binds to the C-ter-
minal lobe. Three tyrosine autophosphor-
ylation sites are present in the activation
loop of the domain (Tyr1162/1163/1158).
In the absence of insulin, a conformation
of this loop is favored with Tyr1162
engaged in the active site and both
substrate and ATP binding sites being
inaccessible.”® Upon ligand binding,
however, a conformational change places
the activation loop within reach of the
active site of the other subunit in the
dimer, thus permitting trans autophos-
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phorylation."” The latter results in a
dramatically different loop conformation
(Figure 4).5% This allows unrestricted ac-
cess to the binding sites for ATP and
protein substrates (neighboring insulin
receptor f-chain and downstream sub-
strates such as IRS-2), and facilitates the

Figure 4. Ribbon diagram of the phosphorylated
tyrosine kinase domain of the insulin receptor. The
a-helices are shown in red, the 3-strands in blue, the
nucleotide binding loop (N-loop) in yellow, the
catalytic loop (C-loop) in orange, the activation loop
(A-loop) in green, the ATP analogue AppNHp in
black, and the peptide substrate in pink (ribbon
below (311). The termini are denoted by N and C.
(Reprinted with permission from Hubbard, EMBO J.
1997, 16, 5572 - 5581. ©Oxford University Press,
1997).

proper spatial arrangement of residues
involved in MgATP coordination. The
electron microscopic study of Luo et al.”?
is not in disagreement with these ideas
but lacks the resolution to provide much
support either.

We now have an almost complete
three-dimensional picture of the mutual
arrangement of domains that compose
the insulin receptor. However, further
improvement of resolution of the model
will be required to finally shed some light
on the process of signal transmission. A
first step in that direction has been
achieved by the work discussed here.?
The newly gained knowledge of the
tertiary and quaternary structures may
assist crystallization studies and help us to
obtain X-ray grade crystals of the whole
ectodomain or even the whole receptor,
and of the complexes with insulin, thus
making real high-resolution studies pos-
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sible. On the other hand, one has to be
aware of the limitations of cryoelectron
microscopy, not only in terms of resolu-
tion. For example, the fixation of func-
tionally intact receptor molecules on a
support may not necessarily yield a
realistic model. Thus, Luo et al.? indicate
that the membrane-spanning portion of
their 3D reconstruction is much thicker
than one would expect.

In summary, it can be safely stated that
the known pieces of the puzzle fit nicely
together, but that several important parts
are still missing. Further progress in
understanding the structural basis of
receptor activation, including more accu-
rate determination of the molecular rec-
ognition sites on both the ligand and the
receptor, will in the future allow us to
focus on the development of insulin
analogues with a modified receptor in-
teraction. New and exciting advance-
ments in the design of therapeutic agents
for the treatment of diabetes almost
certainly lie ahead.
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In Situ Generation and Screening of a Dynamic
Combinatorial Carbohydrate Library against

Concanavalin A

Olof Ramstrom and Jean-Marie Lehn*!

Dynamic combinatorial chemistry (DCC) is a recently introduced
approach that is based on the generation of combinatorial libraries
by reversible interconversion of the library constituents. In this
study, the implementation of such libraries on carbohydrate - lectin
interactions was examined. The dynamic carbohydrate libraries
were generated from a small set (four or six compounds) of initial
carbohydrate dimers through mild disulfide interchange, and
selection was performed under two conditions defining either
adaptive or pre-equilibrated libraries. Upon initiation, libraries were
formed that contained comparable amounts of 10 or 21 individual
dimeric species, dynamically interchanging during the scrambling
process. They were probed with respect to binding to the plant
lectin concanavalin A, either present during library generation or
added after equilibration. The libraries could be generated easily

Introduction

Usual approaches to combinatorial chemistry are based upon
sequential and irreversible syntheses, be they performed
individually in parallel, or concertedly in the same compartment,
and all constituents of the library are more or less robust
molecules. While this methodology offers satisfactory control, its
flexibility in library generation is inherently limited, inasmuch as
all structures have to be designed distinctly and are produced
separately. If, however, dynamic features can be introduced in
the generation process, a new dimension of the combinatorial
procedure can be envisaged. In this case, the library maintains
the flexibility to self-adjust to the chosen target macromolecule
at a given time in a certain environment, and by virtue of
reversible molecular and supramolecular interchange processes,
it can adapt to the system constraints, in particular receptor-
induced molecular-recognition-driven selection events.
Dynamic combinatorial chemistry (DCC) is a recently devel-
oped approach that gives access to such self-adjusting virtual
combinatorial libraries (VCLs) and addresses the issues men-
tioned above (for reviews see refs. [1-3]). The basic features of
the DCC/VCL concept have been discussed recently.? It is based
on dynamic combinatorial libraries (DCLs) consisting of rapidly
interchanging constituents, each formed or broken down in situ
through a variety of reversible connection processes involving
noncovalent interactions, (e.g., metal ion coordination,®
stacking,” hydrogen bonding, or charge - charge interactions),
or reversible covalent reactions.”-'" The latter are especially
attractive, since bond formation and cleavage may occur under

CHEMBIOCHEM 2000, 1, 41-48
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both in the presence and absence of the receptor, and a bis-
mannose structure was preferentially bound and selected from the
mixture. Scrambling of the library in the presence of the receptor
resulted in slightly higher yields than when the receptor was added
after scrambling, indicating that the receptor to some extent acts
as a thermodynamic trap during library generation. The present
results illustrate the extention of the DCC approach to carbohy-
drate recognition groups, the generation of isoenergetic dynamic
libraries, and the implementation of either adaptive or pre-
equilibrated procedures.

KEYWORDS:

carbohydrates - combinatorial chemistry -

disulfide interchange - lectins

particular conditions and be inhibited under others. Dynamic
libraries can also be of configurational or conformational
character, for example in cis,trans isomerisation, in which the
difference in configuration can be used in the selection
process.l' 131

Carbohydrate recognition plays an important role in many
biological processes, such as cell - cell interactions, cell commu-
nication, etc.''® In addition, a multitude of enzymes are
involved in various carbohydrate-mediated processes associated
with, for example, defence, cell proliferation, and cell death, as
well as in general carbohydrate metabolism. Carbohydrate
groups are therefore highly attractive tools for generating
mimics and analogues of such recognition processes, and many
attempts have been made to evaluate the possibility of design-
ing ligands, based on naturally occurring carbohydrates, for
direct or indirect inhibition of carbohydrate-recognising en-
zymes or as potential agonists/antagonists of carbohydrate
receptors.l'”)

Lectins constitute a large class of carbohydrate-binding
proteins of which concanavalin A (Con A) is the most studied.!"®
This plant lectin is specific for a branched trimannoside core unit,

[a] Prof. Dr. J-M. Lehn, Dr. O. Ramstrém
Laboratoire de Chimie Supramoléculaire
ISIS - Université Louis Pasteur CNRS
4 rue Blaise Pascal, 67000 Strasbourg (France)
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located in N-glycosidic carbohydrate — peptide linkages of gly-
coproteins that are often associated to cell surfaces, which is the
reason why Con A is extensively used as a tool in histochemical
staining. Thus, it appeared of interest to further explore the
potential of DCC by designing a dynamic library of constituents
capable of binding to Con A. This would also provide a first step
towards the generation of efficient substrates for other bio-
logical carbohydrate-binding targets.

Implementation of the DCC approach: One may consider two
procedures in the implementation of the DCC approach
depending on whether library generation and screening are
performed in a single step or in two steps, and defining two
types of dynamic libraries.

a) Adaptive combinatorial libraries: The generation of the
library constituents is conducted in a single step in presence of
the target so that the library composition may adjust, leading to
selection and amplification of the preferred substrate(s). The DCL
may be real or virtual; screening by the target occurs in parallel
with the reversible generation of the library constituents. This is
the approach where the dynamic features are operative over the
whole process, that is, the fully dynamic procedure representing
the features analysed in detail in ref. [3].

b) Pre-equilibrated dynamic combinatorial libraries (pDCLs):
The constituents of the library are generated by reversible
interconversion and equilibration in the absence of the target,
which is added in a second step after reversibility has been
stopped. This has the advantage that one may use reversible
reactions which are not compatible with the presence of the
target, but the process is not adaptive and no amplification of
the preferred substrate can result. However, it is sufficient for
lead generation, that is, the discovery of species having the
desired activity; in its second phase, it amounts to the usual,
static combinatorial chemistry approach in which an actual, real
library is screened by the target. The resulting library may be
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termed pre-equilibrated or postdynamic combinatorial library
(pDCL).

In the present work, both procedures have been implemented
and will be described.

Design of the dynamic carbohydrate library: The binding site
of Con A has been mapped by X-ray crystallography on several
occasions and has been shown to be rather shallow, composed
of a number of threonine and tyrosine hydroxy, aspartate
carboxy, as well as asparagine and main-chain amide groups,
capable of forming a network of hydrogen bonds to the natural
substrate, the branched trimannoside unit (Man);.'" The
majority of these interactions are formed with the nonreducing,
peripheral mannoside moieties of (Man);, rather than with the
central mannose group, thus implying that the latter acts more
or less as a linker between the interacting parts. It appeared that

(Man)3

it might be possible to mimic this interaction by a type of “bola-
saccharide”, that is, a structure containing two carbohydrate
head groups joined by a spacer. If a reversible covalent bond
could be introduced in the linker region, a library of dynamically
interchanging species should then be produced, each carrying
different linkers and carbohydrate head groups. Thus, by
variation of the length of the linker region and of the
carbohydrate head groups, new analogues of the natural
trimannoside would be generated. In the present study, a
dynamic ditopic carbohydrate library was designed, and its
interaction with Con A was evaluated.”

To set up a versatile, yet robust dynamic library, an easily
controllable, reversible reaction, capable of being operated
under mild conditions, had to be selected. In addition, the
reactivity needed to be compatible with the binding of the
carbohydrates to Con A. The thiol-disulfide interconversion
fulfils these prerequisites®’ and was already applied in the
dynamic generation of an artificial tripeptide receptor.™
Scheme 1 illustrates the scrambling process brought about by
the disulfide interchange reaction.

The disulfide bond has several advantages when used in a
dynamic combinatorial protocol. Firstly, disulfides undergo rapid
interchange with thiols at moderate to high pH (>7), but the
bond formed is stable at low pH (<5), thus allowing to lock/

—_—
P m—

A-SS-A + B-SS-B A-SS-A + A-SS-B + B-SS-B
Scheme 1. Dynamic library generation using disulfide interchange. Left: starting
library of two homodimers. Right: equilibrating dynamic library of dimeric
constituents. Several homodimers may be introduced at the outset, of course,

leading to a large number of heterodimers.
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unlock the dynamic process by a simple change in pH. Secondly,
the reactivity of nonaromatic disulfides is reasonably similar, and
the equilibrium constant is close to unity, that is, to isoenergetic
behaviour. Thirdly, the interchange can be performed in aqueous
environment under mild conditions. Finally, the reaction is highly
chemoselective, so that only thiol - disulfide interchange occurs
in the presence of other functional groups. In the light of the
prerequisites for generating optimal dynamic libraries, these are
all attractive features. In the present system with Con A as a
receptor, the disulfide interchange could also be expected to
occur without any interference with the protein, since the latter
is devoid of disulfide bridges. This concern may, however, be of
minor importance when considering other proteins, since
protein disulfide bridges, often located in the interior of the
macromolecule, are unlikely to be accessible to solution phase
disulfides at low concentrations.

It has also been pointed out that, for maximising the effect of
receptor binding on the real or virtual library constituents, it was
desirable to have in hand an isoenergetic library and that one
way to achieve this was to isolate the connective functional
groups undergoing the reversible reaction from the varying
recognition head groups by means of a spacer unit.?!

The design of the initial carbohydrate library was based on
considerations concerning the mimicking of the native triman-
noside unit. Originally, a size of the linker as close as possible to
the situation in trimannoside was aimed for. However, since the
Con A binding site is rather shallow and freely accessible to the
surrounding pool of solvent, it could be envisaged that a slightly
longer, but sufficiently flexible chain could be used as well. Such
a compound would then be able to fold into a conformation
suitable for fitting into the site. Obviously, an excessively
extended linker would result in poorer binding because of a
higher entropic loss upon binding. Finally, the compounds 1-6
listed in Table 1 were chosen as a first approach to a library of
carbohydrate homodimers, containing a disulfide bridge in the
linker region. A phenylamido group was also introduced,

Table 1. Structures of the disulfide-linked carbohydrate dimers 1-6.

R4as HZa
R4VO$@.
H O—@— H
2 “%O

s
I

4a
de -
R O

H 25 O—@—NH
Compound® alf R2 R2e R* R R® n
1 (Man/Man) a OH H H OH CH,OH 3
2 (GalC,/GalC,) B H OH OH H CH,O0H 2
3(GalGy/GalCy) B H OH OH H CH,OH 3
4 (Glc/Glc) B H OH H OH CH,OH 2
5 (Ara/Ara) B H OH OH H H 2
6 (Xyl/Xyl) Ji H OH H OH H 2

[a] Man =pb-mannose; Gal C, =Dp-galactose, n=2; Gal C; =b-galactose, n=
3; Glc =p-glucose; Ara =L-arabinose; Xyl = p-xylose.
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primarily because it provided a chromophore for the subsequent
HPLC analyses. Three hexopyranosides (o-mannose, pb-glucose, -
galactose) and two pentopyranosides (L-arabinose, p-xylose)
were used as carbohydrate head groups, and two different
linkers that varied in length by one methylene group were
examined.

When analysing the generation and selection events in the
presence of the receptor, a method for its (immediate)
separation from the equilibrating library was required. For this
reason, Con A immobilised on sepharose beads was used, thus
allowing for simple filtration of the unbound species. Also,
subsequent elution of the entity bound to the beads by
acidifying the solution could easily be performed.

Upon scrambling of a homodimeric library (a vector of size n)
of the kind used in this study, a library theoretically composed of
all homo- and heterodimers should amount to a size of n?
resulting in an n x n matrix. In the case of a library composed of
heterodimers that are symmetrical, such that species A—SS—B
equals B—SS—A, the size is reduced to the corresponding

triangular matrix, consisting of n(n+1)/2 components

(Scheme 2).

[ uy b (all ap a3z llm\ (all ap apz aln\
uz ay  an ap azy 0 apn ap amy
u3 ay axn  am as, 0 0 az az,

L Uy J \aul an an3 N ann) \0 0 0 N amy

Scheme 2. Size of dimeric dynamic libraries. Left: original set of n components
that may combine two by two. Center: final equilibrated library of constituents
representing all two-by-two contributions of n components; number of
constituents =n x n. Right: case of a symmetrical library where a;= a;; number
of different constituents =n(n -+ 1)/2.

In the present study, such symmetrical libraries were em-
ployed, evaluated primarily for n=4 and 6, thus resulting in a
final library size of 10 and 21 constituents, respectively. Although
these numbers are fairly small, compared to “classical” combi-
natorial libraries, the principle can easily be extended to larger
libraries. For example, the use of a tetramer library composed of
20 different building blocks (n=20) would yield up to 20*=
160000 different, dynamically generated species.

Results
Generation of the library constituents and target binding

The libraries resulting from scrambling of the original dimers
were generated by mixing dimers 1-6 (Scheme 3) together with
an initiating reagent that is capable of reducing some of the
disulfides to the corresponding thiols. Dithiothreitol (DTT) was
found to be a good choice since this compound is efficiently
oxidised to a stable 6-membered cyclic disulfide that may be
expected not to take part in the scrambling of the library
disulfides. Upon initiation/reduction, interconversion between
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—ji—> H&o—@—ﬂiﬁﬁz\s

1-6

2

Scheme 3. Synthesis of the bis-carbohydrates 1-6 (n=1, 2; see Table 1). 1) Ac,0, DMAP, CH,Cl,; 2) H,, Pd/C, MeOH; 3) dithiodicarboxylic acid, EDC, CH,Cl,; 4) NaOMe,
MeOH. DMAP = 4-(dimethylamino)pyridine; EDC = 1-ethyl-3-(3-dimethylamino)-propyl carbodiimide hydrochloride.

the disulfides occurred, the rate of which was highly dependent
upon the pH of the solution. At high pH (> 8), scrambling was
achieved reasonably rapidly (within hours), whereas at low pH
(<5) no scrambling could be detected. On the other hand,
without initiation, no significant scrambling occurred over two
weeks. A similar pH dependence was recorded for the binding of
the carbohydrates to the receptor, in which a pH close to neutral
was preferable. A pH of 74 was chosen as a level at which a
reasonable rate of scrambling could be obtained while receptor
binding was not significantly affected. In the present system, the
library had to be diluted for practical reasons, thus requiring a
longer equilibration time as expected for a bimolecular reaction.
Figure 1 illustrates schematically the carbohydrate scrambling
process and the binding of the dimers to a receptor presenting
two recognition sites.

In the case of the library of size 10 (10-library; n=4), in the
absence of any receptor, scrambling occurred smoothly at pH 7.4
from the original species (Figure 2 a) generating all ten expected
ditopic combinations in comparable amounts, as analysed by
RP-HPLC (Figure 2b). When the receptor (in the form of
sepharose-bound Con A) was added to the equilibrating pool,
a shift in the concentrations of the different unbound consti-
tuents present in solution was recorded (Figure2c). The
fractions of some of the free species decreased, notably those
of b-mannose-containing homo- and heterodimers. To character-
ise the species actually bound to the receptor, the Con A-se-
pharose beads were eluted by acidifying the solution to pH 4,
and the composition of the eluate was analysed (Figure 2d). The
assignment of the peaks to the different constituents of the
scrambled libraries was made on the basis of the relative
retention times. Clearly, the p-mannose homodimer was most
efficiently bound to the lectin, and, to a lesser extent, the p-
mannose-containing heterodimers. All other species in the
equilibrating pool did not bind to Con A-sepharose and

HO OH Hon
RN
OH o}
HO OH z + Hon ’\§ -~
&S//&- _/ O S
: o0 o—"

remained in solution. Thus, the receptor could be used to “fish
out” the best bound species from the equilibrating pool.

When the receptor was present during the entire scrambling
process, a slightly higher yield of the bis-mannoside could be
recovered, compared to when it was added upon pre-equilibra-
tion. In the former case, the amount of bis-mannoside was
approximately 2.1 times higher than the amounts of each of the
p-mannose-containing heterodimers. In the latter situation, this
ratio decreased to 1.5. This result is indicative of an adaptive
effect where the lectin, to some extent, acts as a thermodynamic
trap during scrambling.

The same behaviour, albeit less pronounced, was observed for
the 21-library (n=6; Figure 3). Due to the larger number of
species resulting from the scrambling, difficulties in their
separation were encountered with the system used, and not
all components could be resolved under the HPLC conditions
used (Figure 3a, b). This was particularly the case for the
homodimer containing p-galactose and a linker with three
methylene units (GalGC;), and the p-xylose homodimer (Xyl),
which could not be distinguished by reversed-phase chroma-
tography (Figure 3 a). However, from cross-reference studies the
resulting chromatographic separation pattern was, as could be
expected, similar to the resulting 10-library. Upon elution from
the Con A-sepharose and analysis of the eluate (Figure 3d), a
much clearer picture could be attained: Mainly the p-mannose
homodimer and, to some extent, the p-mannose-containing
heterodimers were found to be bound, while all other library
constituents remained in the eluate.

Discussion

The present results implement a number of the general features
of the dynamic combinatorial chemistry/virtual combinatorial
library (DCC/VCL) approach.”®! They indicate that it is possible to

Figure 1. Schematic representation of the scrambling process occurring in a mixture of disulfide-linked carbohydrate dimers, such as 1-6, and of the binding of one of

the constituents to a receptor with two recognition sites.
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c) d)
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Figure 2. RP-HPLC analysis of generation and screening of the 10-library (n=4). a) Initial library; b) equilibrated dynamic library generated in the absence of Con A;
¢) equilibrated dynamic library generated in the presence of Con A; d) elution profile of species bound to Con A -sepharose.

a) b)

Xyl
GalC; Xyl
Gal C,
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Gal C, Glc Ara
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C) d)
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Figure 3. RP-HPLC analysis of the 21-library (n=6). a) Initial library; b) equilibrated dynamic library in the absence of Con A; c) equilibrated library in the presence of
Con A; d) species bound to Con A-sepharose.
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generate a dynamic library of bis-carbohydrates based on
reversible covalent disulfide bond formation between thiol-
derivatised carbohydrate components in aqueous solution
under mild conditions. The utilisation of the disulfide bond
proved to be highly useful since it allowed for comfortable
initiation of equilibration, and exchange could be stopped by
simply acidifying the solution. This provides a simple start/stop
mechanism that is easy to control. Other reversible bond types
that can be envisaged in this respect, such as those present in
imines, acetals, esters, or during alkene metathesis,?? may offer
useful alternatives to the disulfides, but in each case triggering
and control must be chemically compatible with the targeted
receptor.

Library generation and screening were accomplished follow-
ing both the adaptive and the pre-equilibration procedures,
although the amplification by thermodynamic trapping by the
receptor was rather weak.

The results show that the DCL generated can be directly
screened in situ by adding the targeted receptor to the
equilibrating pool of library components, and that selective
binding of specific constituents takes place. As long as the
chemical interconversion does not interfere with the structure or
function of the receptor and can be performed under sufficiently
mild conditions, this offers a very convenient method for the
rapid screening of a large number of compounds directly in one
step. In addition, a shift in equilibrium can be expected resulting
in amplification of the species most strongly bound to the
receptor at the expense of the others. A clear preference for
binding of the mannoside dimer 1 and to a lesser extent of the
mannoside heterodimers was observed. However, no clear
selectivity was found between the shorter C, and the longer C;
spacers, probably due to the fact that this represents only a small
relative change in length of the bridge linking the two
carbohydrate groups.

The present DCL is also an isoenergetic library, whose different
constituents are about equally populated. This is an important
feature that may in general be achieved, as is the case here, by
introducing a spacer between the variable unit(s), interacting
with the receptor site, and the constant functional group(s)
effecting the reversible connective process.®! It maximises in
principle the effect of receptor binding on the composition of
the equilibrating library.

Conclusion

The results described here further implement the general
concepts of the DCC/VCL approach, 3 in particular by exploring
carbohydrate recognition groups, by performing external con-
trol of the interconversion process (through pH change), by
achieving isoenergetic behaviour, by making use of an immo-
bilised receptor for screening the library, and by applying both
the fully dynamic, adaptive and the pre-equilibrated, postdy-
namic procedures.

In comparison to other combinatorial techniques, such as
parallel/multiple synthetic protocols and encoded solution
phase techniques, this methodology provides in principle access
to easily controlled solution phase libraries. The size of the
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libraries increases rapidly if trimers, tetramers, etc., are envis-
aged, resulting in numbers of constituents well on a par with
existing static chemical libraries. In conjunction with the in situ
receptor-binding technique, such libraries can easily be
screened, and the resulting bound antagonists/inhibitors iden-
tified. Extension to other library components, reversible proc-
esses, and biological targets is being actively pursued.

Experimental Section

Materials and instruments: Immobilised concanavalin A (Sigma,
C-9017, 15 mg protein per mL of packed gel), bis-dithiodiacetic acid
(Acros), bis-dithiodipropionic acid (Acros), and all other chemicals
were of highest commercial purity and used as received. Optical
rotations were measured with a Perkin-Elmer model 241 polar-
imeter. 'H and 3C NMR spectra were recorded with a Bruker AC200
spectrometer at 298 K. Electrospray ionisation and fast atom
bombardment mass spectra were determined by the Service de
spectrométrie de masse at the Institut de Chimie, Université Louis
Pasteur. HPLC analyses were performed with a Hewlett - Packard
series HP 1100 chromatograph, equipped with a quaternary gradient
pump, and a diode array detector.

Synthesis of the library components: The carbohydrate dimers
were synthesised from the corresponding peracetylated 4-amino-
phenyl glycosides by condensation with the bis-dithio diacids,
followed by deacetylation under standard Zemplén conditions
(NaOMe/MeOH) (Scheme 3).23! The 4-nitrophenyl glycosides used
as starting materials were commercial products (Fluka or Sigma). The
4-aminophenyl derivatives were all obtained from the commercial
4-nitrophenyl glycosides following the same procedure described
hereafter for one of them.

4-Aminophenyl  @-1-2,3,4-tri-O-acetyl-arabinopyranoside: The
4-nitrophenyl glycoside (500 mg) was slurried in dichloromethane
(2.5mL) and acetic anhydride (2.5mL). A catalytic amount of
dimethylaminopyridine (DMAP) was added and the reaction was
allowed to proceed under argon at ambient temperature overnight.
Following washing (water, HCl (ag.), NaHCO; (ag.), water), the
product solution was concentrated and dried in vacuo. The product
was subsequently dissolved in methanol (40 mL), palladium on
charcoal was added (5%, 140 mg), and reduction was performed
under H, for 4h. After removing of the catalyst by filtration,
concentration and drying, the pure product was obtained as a white
foam in 93% yield. [a]Z’ =+29 (c=1.0, CHCl;); '"H NMR (200 MHz,
CDCl;, 25°C): d =2.06 (s, 3H, Ac), 2.09 (s, 3H, Ac), 2.15 (s, 3H, Ac), 3.52
(or.s, 2H, NH,), 3.68 (dd, 1H, J,5. = 1.8, Js, 5. = 13.0 Hz, H-5€), 4.10 (dd,
1H, Jy5,=3.7 Hz, H-5a), 4.89 (d, 1H, J;,=6.7 Hz, H-1), 5.11 (dd, 1H,
J,3=92, J;,=3.5 Hz, H-3), 530 (m, TH, H-4), 5.40 (dd, TH, H-2), 6.61
(d, 2H, J,,= 8.8 Hz, H-ortho), 6.85 (d, 2H, H-meta); *C NMR (50 MHz,
CDCl;, 298 K): 6 =170.4, 170.2, 169.5, 149.8, 142.5, 118.8, 116.0, 100.6,
70.1, 69.2, 67.5, 63.1, 21.0, 20.8, 20.8; MS (FAB, positive mode): m/z:
367.3 ([M]*, calcd: 367.2); elemental analysis calcd for C,,H,,NO;g (%):
C 55.58, H 5.76, N 3.81; found: C 55.31, H 5.75, N 3.70.

4-Aminophenyl f-p-2,3,4-tri-O-acetyl-xylopyranoside: yield 94 %;
[a]® = —27 (c=0.5, MeOH); 'H NMR (200 MHz, CDCl;, 25°C): 6 =
2.06 (s, 3H, Ac), 2.07 (s, 3H, Ac), 2.09 (s, 3H, Ac), 3.45 (dd, TH, J,5,=
8.2, Jsyse=12.0 Hz, H-5a), 3.52 (br.s, 2H, NH,), 420 (dd, TH, J,s. =
49 Hz, H-5e), 497 (d, 1H, J;,=6.1 Hz, H-1), 497-5.03 (m, 3H, H-2,
H-3, H-4), 6.61 (d, 2H, J,,=8.8, H-ortho), 6.83 (d, 2H, H-meta);
3C NMR (50 MHz, CD,0D, 25°C): 6=171.7, 151.2, 144.5, 119.6, 117.7,
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101.7, 73.3, 72.6, 70.4, 63.2, 20.8; MS (FAB, positive mode): m/z: 367.1
(IM1*, calcd: 367.2); elemental analysis calcd for C,,H,;NOg (%):
C 55.58, H 5.76, N 3.81; found: C 55.47, H 5.99, N 3.76.

4-Aminophenyl f-p-2,3,4,6-tetra-O-acetyl-galactopyranoside: quant.
yield; [a]® =+ 4.6 (c=10.0, CHCl;); '"H NMR (200 MHz, CDCl;, 25°C):
0=1.98 (s, 3H, Ac), 2.03 (s, 3H, Ac), 2.06 (s, 3H, Ac), 2.15 (s, 3H, Ac),
3.55 (br.s, 2H, NH,), 3.97 (m, 1H, H-5), 412 (dd, 1H, Jz.=6.3 Hz,
H-6€), 4.22 (dd, 1H, Jsz, = 7.0 Hz, H-6a), 4.85 (d, 1H, J,,= 7.9 Hz, H-1),
5.06 (dd, 1H, J,5=10.5, J;,=3.4 Hz, H-3), 5.41 (m, 2H, H-2, H-4), 6.58
(d, 2H, J,,= 8.8 Hz, H-ortho), 6.84 (d, 2H, H-meta); *C NMR (50 MHz,
CDCl;, 25°C): 6 =170.4, 170.2, 169.5, 150.0, 142.7, 119.0, 115.9, 101.2,
76.5,71.0, 68.9, 67.1, 61.4, 20.7; MS (FAB, positive mode): m/z: 439.3
([MI*, calcd: 439.2); elemental analysis calcd for CyH,sNO,, (%):
C 54.67, H 5.73, N 3.19; found: 54.47, H 5.66, 3.06.

The other 4-aminophenyl derivatives had properties that were in
agreement with the data reported in the literature: 4-aminophenyl
-p-2,3,4,6-tetra-O-acetyl-glucopyranoside,?  4-aminophenyl a-p-
2,3,4,6-tetra-O-acetyl-mannopyranoside.?”!

The carbohydrate dimers were obtained by the following procedure:
A suspension of 4-aminophenyl glycoside (0.57 mmol), 1-ethyl-3-
(dimethylaminopropyl)-carbodiimide (0.63 mmol), and bis-dithio
diacid (0.29 mmol) was stirred for 4 h at room temperature under
argon in dichloromethane (5 mL). Following washing (water, NaHCO,
(aq.), water), and concentration of the organic phase, the product
was purified by chromatography. Subsequent deprotection yielded
the pure carbohydrate dimer.

Bis-mannoside 1: The intermediate product was purified by flash
chromatography (SiO,; dichloromethane/acetone (8:2, v/v)); yield
67 %. [a]® =+ 94 (c=0.5, MeOH/H,O (1:1, v/v)); 'H NMR (200 MHz,
CD,0D/D,0 (1:1, v/v), 25°C): 6 =2.06 (m, 4H, 5-CH,), 2.47 (t, 4H, J=
7.2 Hz, y-CH,), 2.77 (t, 4H, J=7.0 Hz, a-CH,), 3.53-3.66 (m, 2H, H-5),
3.66-3.78 (m, 6H, H-4, H-6a, H-6e), 3.88 (dd, 2H, J;,=9.2 Hz, H-3),
3.98 (dd, 2H, J,3=3.4Hz, H-2), 540 (d, 2H, J,,= 1.5 Hz, H-1), 7.05 (d,
4H, J,,=8.9Hz, H-ortho), 744 (d, 4H, H-meta); *C NMR (50 MHz,
CD;0D, 25°C): 6=172.0, 153.1, 133.0, 1214, 116.7, 99.1, 73.9, 71.0,
70.6, 67.0, 61.3, 37.5, 34.7, 24.8; MS (ES, positive mode): m/z: 745.5
([M-+H]", calcd: 744.2); elemental analysis calcd for C;,H,uN,0,,S,
(%): C 51.60, H 5.95, N 3.76; found: 51.84, H 6.18, N 3.54.

Bis-galactoside 2: Purification by preparative TLC (Chromatotron,
Al,O;; dichloromethane/1% MeOH (v/v)), yield 86%. [a]® =—46
(c=0.2, MeOH/H,0 (1:1, v/v)); '"H NMR (200 MHz, CD,0D/D,0 (1:1),
25°C): 0 =2.81 (t,4H, J=6.6 Hz, 5-CH,), 3.06 (t, 4H, J=7.1 Hz, a-CH,),
3.66-3.83 (m, 10H, H-2, H-3, H-5, H-6a, H-6¢€), 3.97 (d, 2H, J=2.6 Hz,
H-4), 4.89 (d, 2H, J,, = 7.6 Hz, H-1), 7.09 (d, 4H, J,,,,= 9.0 Hz, H-ortho),
740 (d, 4H, H-meta); *C NMR (50 MHz, CD,0D/D,0 (1:1), 25°C): 6 =
171.7,154.3, 132.4, 122.5, 1170, 101.5, 75.4, 72.9, 70.7, 68.6, 60.7, 35.7,
33.6; MS (ES, positive mode): m/z: 739.3 ([M+Nal*, calcd: 716.2);
elemental anaylsis calcd for C5H,N,0,,S, (%): C 50.27, H 5.62, N 3.91;
found: C 50.03, H 5.66, N 3.76.

Bis-galactoside 3: Purification by preparative TLC (Chromatotron,
Al,O;; dichloromethane/0.5% MeOH (v/v)), yield 36%. [a]® =—43
(c=0.08, MeOH/H,O (1:1, v/v)); '"H NMR (200 MHz, CD,0D/D,0 (1:1),
25°C): 0=2.06 (m, 4H, 5-CH,), 2.49 (t, 4H, J=6.5 Hz, y-CH,), 2.79 (¢,
4H, J=6.7 Hz, a-CH,), 3.61-3.84 (m, 10H, H-2, H-3, H-5, H-6a, H-6e),
3.96 (br.s, 2H, H-4), 4.89 (d, 2H, J,, =70 Hz, H-1), 709 (d, 4H, Jo,n =
9.0, H-ortho), 739 (d, 4H, H-meta); *C NMR (50 MHz, CD,0D/D,0
(1:1),25°C): 0 =173.4,154.2,132.5,122.6, 117.0, 101.5, 75.4,72.9, 70.7,
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68.6, 60.8, 374, 34.8, 24.8; MS (ES, positive mode): m/z: 767.2
(IM+Nal", calcd: 744.2); elemental analysis calcd for C;,H,,N,0,,S,
(%): C 51.60, H 5.95, N 3.76; found: 50.78, H 6.13, N 3.52.

Bis-glucoside 4: Purification by flash chromatography (SiO,; di-
chloromethane/acetone (8:2, v/v)), yield 67 %. [a]®® =—40 (c=0.3,
MeOH/H,0 (1:1, v/v)); '"H NMR (200 MHz, CD;0D/D,0 (4:1, v/v), 25 °C):
0=2.80(t, 4H, J=6.3 Hz, 3-CH,), 3.05 (t, 4H, J=6.9 Hz, a-CH,), 3.53 -
3.66 (M, 8H, H-2, H-3, H-4, H-5),3.71 (dd, 2H, Js 6, = 4.9, Js3 5o = 12.1 Hz,
H-6a), 3.89 (dd, 2H, Js s = 1.4 Hz, H-6€), 4.94 (d, 2H, J;,, = 7.0 Hz, H-1),
707 (d, 4H, J,,,=9.0 Hz, H-ortho), 738 (d, 4H, H-meta); *C NMR
(50 MHz, CD,0D/D,0 (4:1, v/v), 25°C): 6 =171.1, 154.2, 132.8, 121.8,
116.9, 101.1, 76.5, 76.2, 73.4, 69.8, 61.0, 35.8, 33.7; MS (ES, positive
mode): m/z: 739.2 ([IM+Nal", calcd: 716.2); elemental analyis calcd
for CoHagN,044S, (%): C 50.27, H 5.62, N 3.91; found: C 50.22, H 5.72,
N 3.77.

Bis-arabinoside 5: Purification by flash chromatography (SiO,;
dichloromethane/acetone (8:2, v/v)), yield 42%. [a]®’=—6 (c=0.2,
MeOH/H,0 (1:1, v/v)); '"H NMR (200 MHz, CD,0D/D,0 (1:1), 25°C):
0=2.83 (s, 4H, J=6.7 Hz, B-CH,), 3.08 (s, 4H, a-CH,), 3.70—3.87 (m,
6H, H-2, H-5a, H-5¢e), 3.93-3.99 (m, 4H, H-3, H-4), 4.84 (d, 2H, J,,=
6.9 Hz, H-1), 7.03 (d, 4H, J,,,=9.1 Hz, H-ortho), 7.38 (d, 4H, H-meta);
3C NMR (50 MHz, CD,0D/D,0 (1:1), 25°C): 6=171.8, 154.1, 132.3,
122.6, 117.1, 101.5, 72.4, 70.6, 68.2, 66.2, 35.7, 33.6; MS (ES, positive
mode): m/z: 657.0 ([M+HI*, calcd: 656.2); elemental analysis calcd
for CyeHs6N,045S, (%): C 51.21, H 5.53, N 4.27; found: C 51.86, H 5.26,
N 4.32.

Bis-xyloside 6: Purification by preparative TLC, (Chromatotron,
Al,O;; dichloromethane/1% MeOH (v/v)), yield 63%. [a]® =—21
(c=0.3, MeOH/H,0 (1:1, v/v)); '"H NMR (200 MHz, CD,0D/D,0 (1:1),
25°C):0=12.84(t,4H, J=6.8 Hz, 3-CH,), 3.09 (t, 4H, /= 6.4 Hz, a-CH,),
3.40-3.76 (m, 8H, H-2, H-3, H-4, H-5e), 4.00 (dd, 2H, J,5=4.6, J5,5c. =
11.4 Hz, H-5a), 4.94 (d, 2H, J;,=72Hz, H-1), 7.07 (d, 4H, J,,=9.0 Hz,
H-ortho), 7.42 (d, 4H, H-meta); *C NMR (50 MHz, CD,0D/D,0 (1:1),
25°C): 0=171.8,153.9,132.5,122.6, 117.0, 101.4, 75.8, 73.1, 69.3, 65.3,
35.7, 33.6; MS (ES, positive mode): m/z: 679.2 ([M+Na]*, calcd:
656.2); elemental analysis calcd for C,gH36N,0;,S, (%): C 51.21, H 5.53,
N 4.27; found: C 51.15, H 5.42, N 4.10.

Generation and analysis of adaptive combinatorial libraries: To a
solution of carbohydrate dimers 1-6 (10 um each) in buffer (900 pL,
100 mm Na phosphate, 50 um MnCl,, 50 um CaCl,, pH 7.4) was added a
suspension of Con A-sepharose (50 puL, ca. 5nmol ConA), and
dithiothreitol solution (50 pL, 20 mw). After equilibration at ambient
temperature for two weeks, the suspension was filtered (Millipore,
Amicon YM-100), and the sepharose particles resuspended in buffer
(400 pL). The bound carbohydrate dimers were released by addition
of HCl (100 pL, 1m), and after renewed filtration, the solutions were
analysed by RP-HPLC.

Generation and analysis of pre-equilibrated combinatorial libra-
ries: The same protocol as for the adaptive libraries was used, with
the exception that Con A-Sepharose (50 ul) was added after the
equilibration period. The resulting suspension was then allowed to
further equilibrate during 1 h at room temperature, and the bound
species were eluted and analysed as described above.

HPLC analyses: The library compositions were analysed by RP-HPLC
(LiChroCART 250-4 column, LiChrospher 100, RP-18, 5um; Merck).
The elution was monitored with a diode array detector set at 255 nm.
Injection volume: 20 uL. MeOH-H,O gradient: 0-3 min, 35%
MeOH; 3-15 min, 35—65% MeOH; 15-16 min, 65 —35% MeOH;
16—-20 min, 35% MeOH.
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Protein Folding Transition States: Elicitation of
Hammond Effects by 2,2,2-Trifluoroethanol

C.-P. Benny Yiu,”? Mauricio G. Mateu,™ and Alan R. Fersht*®!

Adaptation of the techniques of classical physical-organic chem-
istry to the study of protein folding has led to our current detailed
understanding of the transition states. Here, we have applied a
series of structure - activity relationships to analyse the effects on
protein folding transition states of 2,2,2-trifluoroethanol (TFE), a
reagent that is usually assumed to act by stabilising secondary
structure. The folding and unfolding of the highly a-helical
tetramerisation domain of p53 provides a useful paradigm for
analysing its effects on kinetics: The first step of its folding consists
of an association reaction with little, if any, formation of secondary
structure in the transition state; and the final step of the folding
reaction involves just the formation of bonds at subunit interfaces,
with the a-helical structure being completely formed. We have
systematically measured the effects of TFE on two sets of
structure —activity relationships. The first is for ® values, which
measure the degree of non-covalent bond formation at nearly

Introduction

Transition states for protein folding differ considerably from
those found for simple chemical reactions. A very large number
of non-covalent bonds are in the process of being formed and
broken in the diffuse transition state of the protein reaction in
contrast to the small number of changes in covalent bonds in
classical chemistry. Nevertheless, the introduction of protein
engineering has allowed protein folding transition states to be
analysed by techniques analogous to those of physical-organic
chemistry (for review, see ref. [1]). Protein engineering is used to
change the side chains at any position in the protein and so
construct the equivalent of reagents with different substitutions.
Kinetic and equilibrium measurements on the folding of the
mutant proteins then allow the systematic construction of
structure — activity relationships. In particular, ®-value analysis,
which parallels classical Brgnsted /3 analysis, enables the degree
of non-covalent bond formation to be ascertained for virtually
every residue in the transition state. A @ value of 1 for a side
chain in a folding reaction (®;) implies that the non-covalent
bond is fully formed in the transition state, whereas a @ value of
0 implies that the bond is as unformed as in the denatured state.

The protein transition state is also very susceptible to classic
Hammond and anti-Hammond movements on mutation and
change of solvent.”” The protein studies have the advantage that
the position of the transition state on the reaction co-ordinate
can be measured indirectly by the effects of denaturants on
kinetics and equilibria. Rate (k) and equilibrium (K) constants for
folding are sensitive to the concentration of denaturants. The
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every position in the transition state. The second is for relative
effects of the denaturant, guanidinium chloride, on kinetics and
equilibria, which measure the gross position of the transition state
on the reaction co-ordinate. We find that TFE modulated the
kinetics by a variety of effects other than that on secondary
structure. In particular, there were Hammond effects, movement of
the position of the transition state along the reaction co-ordinate,
which either significantly speeded up or slowed down protein
unfolding, depending on the particular mutant examined. The
gross effects of TFE on protein folding kinetics are thus not a
reliable guide to the structures of transition states.

KEYWORDS:

kinetics -

@-value analysis -
structure — activity relationships

protein folding - proteins -

relative sensitivities are termed the “Tanford S value”, with =
(Alog k/Aldenaturant])/(Alog K/Aldenaturant]). This § value is a
measure of the surface area of the protein that is buried in the
transition state compared with that in the native structure.

In contrast to the residue-by-residue precision of @-value
analysis, the gross effects of solvents are often used to probe the
structures of transition states. The cosolvent 2,2,2-trifluoroetha-
nol (TFE) is used as a diagnostic tool in the studies of peptides
and proteins because it promotes the formation of a-helical and
B-sheet structures.® Although it induces the self-association of
amphipathic helices, TFE weakens tertiary and quaternary
interactions.” There is continuing controversy on the mode of
action of TFE, whether it acts by specifically binding to different
states of peptides® or whether it acts by a general solvent
effect® Jasanoff and Fersht showed that earlier experiments
could be interpreted by either model.”? Kentsis and Sosnick
favoured the general nonspecific model, in which TFE destabil-
ises the denatured state.® TFE also affects the kinetics of protein
folding and unfolding™ and so is used as a diagnostic tool for

[a] A.R. Fersht, C-P.B. Yiu
Cambridge University Chemical Laboratory
and Centre for Protein Engineering, MRC Centre
Hills Road, Cambridge CB12QH (UK)
Fax: (+44) 1223-330445
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Universidad Autonoma de Madrid, Cantoblanco 28049, Madrid, (Spain)
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transition state structure. However, Main and Jackson have
questioned the use of TFE data in analysing kinetic pathways.'"”
But recently, Hamada et al. have shown that there is a correlation
between the effects of TFE and the number of local backbone
hydrogen bonds in the native state.'

The tetramerisation domain of the tumour suppressor protein
p53 (p53tet) has a folding pathway that is particularly suitable
for analysing the effects of TFE on protein folding kinetics. The
protein is a tetramer consisting of 4 x 30 residues in the
structured region, with a “dimer of dimers” symmetry of mainly
helical structures (Figure 1). It folds and assembles by a two-step
mechanism [Eq. (1)]:1'2

K
4D —_ 21, k\: N, (1

In the first step, the denatured monomer (D), which has little
a-helical structure, dimerises to form a native-like dimer (1,). This
then assembles rapidly into the tetramer (N,). The transition
states for the two steps have been analysed on the basis of
®;values, with every residue mutated to act as probes.' The
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Figure 1. Ribbon model of the three-dimensional structure of the p53 tetra-
merisation domain. The methionines found on the tetrameric interface at the
residual position 340 of each monomer are shown as a stick representation.

transition state for the first step is highly unstructured. All
@ values are close to zero, indicating that no helical structure is
present. The transition state for the second step is extremely
structured: The @;values are close to 1.0, so that the helices are
fully formed. The only bonds not fully formed are those that span
the dimer-dimer interface. We can thus examine the effects of
TFE on the kinetics of formation at a step that has essentially no
secondary structure present and one that has nearly 100%
structure. In this study, we conduct a systematic analysis of the
effects of TFE on the @ values of the folding and also the Tanford
P values. We find that TFE causes large Hammond effects that
obscure its other effects.

Results

Dependence of refolding rate constants on TFE concentration
([TFE]): The refolding rate constants in 0, 2.3, 4.5, 6.8 and 9.1%
TFE and their dependence on TFE concentrations are listed in
Table 1. The wild-type protein (wt) refolded two times faster in
9.1% TFE, and about two-thirds of the mutants have similar
values of d(log k)/d[TFE] to that of the wild-type protein (+0.01).
Many helical proteins fold much faster in TFE. For example,
common-type acylphosphatase, muscle acylphosphatase!™ and
FKBP-12"9 fold 20, 15 and 4 times faster, respectively, in solutions
containing about 10% TFE, and stefan A" lysozyme!'® and
GCN-p1'® fold 45, 3.5 and 36 times faster in 11, 5.5 and 5% TFE,
respectively.

In the range of [TFE] studied, a linear dependence was
observed for wild-type protein and all mutants except M340A.
The folding rate constants of M340A fit better to a nonlinear fit
(R=0.99) than a linear fit (R=0.93) (Figure 2). Such a nonlinear
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Table 1. Rate constants for the first step (dimerisation) and their dependence on [TFE].
Protein kIFE[105s7'm] Rate ratio M
O[TFE]
[TFEI=0% 23% 4.5% 6.8% 9.1% (9.1 vs. [%]
0% TFE)
wt (tetS) 2.89 3.31 4.64 5.38 6.18 2.1 0.038
f-strand mutants
E326A 2.52 3.31 4.10 5.10 5.93 23 0.041
F328A 0.369 0.555 0.858 1.26 1.83 4.9 0.077
T329A 1.65 2.09 2.88 344 4.13 25 0.045
Q331A 2.75 3.58 412 4.87 5.55 20 0.033
R333A 1.86 231 3.04 344 4.37 24 0.040
a-helix mutants
R335A 247 295 3.80 4.56 6.06 25 0.041
F338A 1.97 2.67 297 345 4.44 23 0.036
E339A 3.98 4.76 5.73 6.53 7.79 20 0.032
M340A 2.74 3.52 4.18 4.25 4.61 1.7 -l
R342A 1.85 2.06 2.52 241 2.99 1.6 0.021
E343A 6.65 6.56 12.3 -l —bl -l 0.058
N345A 6.91 7.79 15.6 18.6 -l -~ 0.070
E346A 248 3.20 423 5.58 5.84 23 0.043
A347G 2.77 3.12 3.30 3.74 3.71 1.3 0.015
E349A 493 4.65 6.46 5.75 8.85 1.8 0.026
L350A 3.64 4.60 5.35 5.01 7.54 2.1 0.034
D352A 4.34 5.07 6.08 6.98 7.78 1.8 0.028
[a] Nonlinear behaviour. [b] Refolding rate too high to be accurately determined. wt =
wild-type protein.

log k,

The Tanford f value for folding: The Tanford j value
for the first, dimerisation step of folding [the 4D —21,
step in Eq.(1); see Eq.(6)] in water was found to be
0.20 (Table 2). This means that the transition state is
fairly open and buries approximately 20% of the
hydrophobic surface area relative to that in the native
state. The value decreased to 0.11 in the presence of
6.8 % TFE, indicating that the transition state has even
less buried surface area and has become more similar
to the denatured state.

@; values for the first step: The @;values for the
dimerisation step in the folding process [Eq. (1)] in O,
2.3, 4.5, 6.8 and 9.1 % TFE were calculated for 17 point
mutants (Table 3). Some mutations are helix-stabilising,
for example R335A (Ncap) and the hydrophobic
mutations (hydrophobic side chains are less helix-
breaking in TFE),['” and A347G is helix-destabilising.['®
But for all the mutants (except for R342A), the &; values
were essentially zero at all concentrations of TFE
studied, indicating that the transition state is as
disordered as the denatured state. Main and Jackson
also observed unchanged @ values for the folding of
urea-denatured FKBP-12 in 9.6% TFE, where also

45|

[TFE]/ %

Figure 2. Dependence of the logarithm of the refolding rate constants of
wild-type p53tet and some mutants on TFE concentration (k¢ in s=').

behaviour is also observed for other proteins over a wide

range of [TFE].I"

Table 3. ®;Values for the first step of folding in TFE.

Protein Interactions of the Dy QJFE P[FE JFE JFE
deleted side chain [TFE]=0% 23% 4.5% 6.8% 9.1%
f-strand mutants
E326A  solvent-exposed 0.12 0.00 0.1 0.04 0.03
F328A  dimer core 0.21 0.18 0.17 0.15 0.12
T329A  solvent-exposed 0.15 0.12 0.13 0.1 0.10
Q331A intermonomer H bond 0.04 -—0.04 0.07 0.05 0.06
R333A intermonomer H bond 0.12 0.09 0.12 0.12 0.09
a-helix mutants
R335A  solvent-exposed 0.06 0.04 0.07 0.05 0.00
F338A  dimer core 0.05 0.03 0.06 0.06 0.04
E339A  solvent-exposed —-010 -0.12 —-0.06 —0.07 —0.08
M340A tetrameric interface 0.01 0.00 0.02 0.03 0.04
R342A  dimer core, solvent-exposed  0.35 0.35 0.47 0.60 0.54
E343A interdimer H bond —-106 —-090 —125 ~1al -l
N345A intermonomer H bond —-024 —-025 —-034 -023 -
E346A  solvent-exposed 0.13 0.02 0.08 —0.02 0.04
A347G  tetrameric interface 0.02 0.01 0.09 0.09 0.12
E349A intermonomer H bond -010 -007 —-0.06 —0.01 —0.07
L350A tetrameric interface —-0.12 -020 -—0.07 004 -0.12
D352A intermonomer salt bridge —-0.16 —-0.19 —0.1 —-0.11 —-0.10

[a] Refolding rate too high to be accurately determined.

Table 2. The m values and Tanford 3 values of wild-type p53tet.

[TFE] Mp_y msp Bt My Bl
[%] [kcal mol~"m~'1 [kcalmol~"m~ ]! [kcal mol~"m~ 1]t

0 5.10+0.20 —1.03+0.01 0.20 0.44+0.05 0.09
4.5 5.00+0.12 —0.85+£0.04 0.17 0.40+0.02 0.08
6.8 5.284+0.31 —0.58+0.04 0.26 +0.03 0.04

[al mp_y = O(AGp )/0[GAmCI].
Eq. (7).

[b] See Eq.(4). [c]See Eq.(6). [d]See Eq.(5). [e]See

CHEMBIOCHEM 2000, 1, 49-55

secondary structures are largely unformed in the
transition state of this protein.'”

Refolding amplitudes: The refolding amplitudes moni-
tored by the CD signal at 222 nm, which is a measure of
the extent of helix formation, were decreased only
slightly in TFE for p53tet and some mutants (Figure 3).
This would suggest little, if any, helix formation in the
denatured state as well as in the transition state.
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Figure 3. The amplitudes in the refolding of wild-type p53tet protein and 17 mutants at various concentrations of 2,2,2-trifluoroethanol.
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Figure 4. Dependence of the logarithm of the unfolding rate constants on [GdmCI] at various
concentrations of TFE for p53tet and some mutants (k, in s~'). The linear fits were used for the
determination of the unfolding rate constants in the absence of GdmCl and for determining the

was speeded up by TFE (Figure 4). Table 4 shows the
TFE dependence of the unfolding rate constants in
the absence of GAmCI. The unfolding rate constants
of the wild type increased by ca. 8-fold and ca. 176-
fold in the presence of 4.5 and 6.8 % TFE, respectively.
Conversely, proteins with a mutation in the tetra-
meric interface unfolded more slowly in 4.5% TFE
(Table 4).

The Tanford f value for unfolding: The m values of
unfolding as a function of [TFE] are shown in Table 4.
Most of the proteins show a decrease in m value with
increasing [TFE], except the mutants on the tetra-
meric interface.

The Tanford ffvalue for unfolding [the N,—2I,
step in Eq.(1); see Eq.(7)] decreased from 0.09 in
water to 0.04 in 6.8% TFE (Table 2), indicating that
the transition state of unfolding becomes more
compact with more of the surface area buried in the
presence of TFE.

@; values for the second step: The @, values for the
second, tetramerisation step of folding [the 21, —N,
step in Eq. (1); see Egs. (8) and (9)] were determined
in 0, 45 and 6.8% TFE for a number of mutants
(Table 4). In water, the values were found to be close

m values.

Dependence of unfolding rate constants on guanidinium
hydrogen chloride concentration ([GAmCI]): p53tet unfolds in
a single, first-order step to denatured monomers. At low
concentrations of TFE (0, 4.5 and, for some mutants, 6.8%),
wild-type protein and most mutants have a linear dependence
of log k, on [GAMCI] over the whole concentration range studied
(Figure 4). But the dependence for F341L and L350A (two of the
mutants on the tetrameric interface) was nonlinear at high
[GAmMCI]. At 9.1% TFE, wild-type p53tet and all but one mutant
lost the linear dependence of log k, on [GAmMCI]. This suggests a
compact transition state with a reduced sensitivity to [GdmCI].

[TFE] dependence of unfolding rate constants: At high
[GAmCI], the unfolding of wild-type protein and all mutants
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to 1 for mutations at most residual positions and

close to 0.5 for mutations at the tetramer interface, as

found.™ In 4.5% TFE, most mutants have the same
@ value of 1. Moreover, the tetrameric interface mutants F341L
and L350A have @;values increasing from 0.5 in water to
approaching 1 with increasing [TFE] (calculated using the
corresponding AAGp_y values in TFE). The &;values of M340A
increased similarly. Therefore, the transition state becomes more
native-like in the presence of TFE.

Discussion

There are two important observations from this study. The first is
that TFE can have significant effects on protein folding kinetics
by affecting mainly tertiary interactions. The second is that TFE
can cause either large increases or large decreases in the rate
constant for unfolding, depending on the particular mutant

CHEMBIOCHEM 2000, 1, 49-55





Protein Folding Transition States

Table 4. Rate constants and m values for unfolding and ®;values for the second step of folding in TFE.
Protein Interactions of the kIFE[s71] m,_y [kcalmol~"m~"]@ Mp_n JFE
deleted side chain [TFE]=0% 4.5% 6.8% 0% 45% 6.8% [kcal mol~" m~"]®! [TFE]=0% 45% 6.8%
wt 0.0029 0.024 0.22 04 04 0.3 5.1
f-strand mutants
E326A solvent-exposed 0.0026  0.023 n.d.< 05 04 nd. 5.0 1.0 10 nd
a-helix mutants
R335A solvent-exposed 0.0041 0.042 n.d. 05 04 03 58 1.0 09 nd
F338A dimer core 0.0051 0.039 n.d. 06 0.5 n.d. 6.0 1.0 1.0 n.d.
M340A tetrameric interface 11.22 0.065 0.067 03 0.5 03 6.5 04 09 1.1
F341L dimer core 0.18 0.10 n.d. 0.2 0.7 n.d. 54 04 038 n.d.
R342A dimer core, solvent-exposed 0.0025 0.032 n.d. 05 04 n.d. 5.1 1.1 0.9 n.d.
E343A interdimer H bond 0.12 0.38 n.d. 03 0.3 n.d. 5.0 —-15 —-08 n.d.
A347G tetrameric interface 0.0024 0.016 0.18 0.7 0.7 0.6 6.1 1.0 1.2 1.0
L350A tetrameric interface 0.018 0.0079 n.d. 0.5 0.1 n.d. 49 05 1.2 nd
D352A intermonomer salt bridge 0.1 0.097 n.d. 0.1 0.1 nd. 5.2 07 07 nd
[a] See Eq. (5); determined at various TFE concentrations. [b] See footnote [a] in Table 2; determined in water."® [c] n.d. = not determined, and the dependence
of logk, on [GdMCI] being nonlinear.

examined. As discussed below, the paradox of these mixed
effects of TFE results from large Hammond effects caused by TFE
that can dominate its overall effects on kinetics.

TFE affects tertiary interactions: In the absence of TFE, the
transition state of the first, dimerisation step of folding [Eq. (1)]
involves essentially no formation of secondary structure.' The
@y values of p53tet remained approximately 0 for essentially all
the mutated positions in the presence of TFE. The &;values
report back either on the degree of secondary structure
formation (for those in the helices or strand) or the direct side-
chain - side-chain interactions for those at the subunit interfaces
(listed in ref.[13]). Therefore, the first transition state lacks
secondary structure in TFE.

The transition state for the tetramerisation step has fully
formed secondary structure, and only a few hydrophobic
interactions on the subunit interface are partly formed. Yet, the
unfolding step was speeded up greatly by TFE for the wild-type
protein and most mutants. In 9.1% TFE, for example, the
refolding rate constant of wild type was doubled. But, for
proteins with mutations at the subunit interface, unfolding was
slowed down. The @;values relating to secondary structure
[Eq. (1)] remained approximately 1 in the absence and presence
of TFE, so TFE did not significantly affect secondary structure.

One possibility for the mechanism of rate enhancement in the
initial folding step is that proposed by Kentsis and Sosnick;® the
kosmotropic effect of TFE destabilised the denatured state
because of its exposed hydrophobic side chains. The Tanford
B value for folding shows that the first, dimeric transition state is
slightly compact, with 20 % of the solvent-accessible surface area
buried relative to the native state from the denatured state. In
TFE, the transition state moves significantly toward the dena-
tured state. According to the Hammond postulate, the dena-
tured state must be destabilised with respect to the transition
state, supporting the Kentsis and Sosnick view. On the other
hand, it is difficult to interpret the faster unfolding of wild-type
protein and most mutants in TFE by the general solvent model
since the transition state is less compact than the native
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structure. TFE should destabilise the transition state more than
the native state if it causes more exposed states to become less
stable and so slow down folding. Perhaps there is specific
binding of TFE to the transition state.

TFE elicits Hammond effects: In the presence of TFE, the
structure of the first transition state moves along the reaction co-
ordinate to be closer to that of the denatured state, as indicated
by the Tanford /5 value for folding decreasing from 0.2 in water to
0.11 in 6.8% TFE (Table 2). The Tanford /5 value for unfolding (see
Results and Table 2) also shows a Hammond effect, in which the
transition state of the wild-type protein becomes significantly
more compact relative to the denatured state from the native
state in TFE. Consistent with this, the &, values of p53tet that
were fractional in water, especially those in the tetrameric
interface, all tend to 1 in the presence of TFE. This indicates that
the hydrophobic interactions become more fully formed in the
transition state of unfolding, as expected for the proposed
Hammond behaviour.

Hammond effects on rate constants: The most striking
conclusion from this study is that the Hammond effect can
cause dramatic changes in the effects of TFE. In water, the rate-
limiting step in unfolding involves the breaking of a few
hydrophobic interactions, and so mutation of those hydro-
phobic residues resulted in a large increase in the unfolding rate.
In TFE, since the Hammond effect reduces the extent of bond
breaking at the subunit interface in the transition state of
unfolding, the mutations no longer affect unfolding kinetics, and
the rates tend to those of the wild type. Therefore, the
movement of the transition state closer to the native structure
in the presence of TFE actually reverses the large increase in rate
in the unfolding of wild-type protein so that some mutants
unfold more slowly in TFE. TFE thus has an indirect effect on
kinetics via the Hammond effect. This leads to the effects of TFE
on unfolding being idiosyncratic, depending on the precise
mutant observed.
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Conclusion

Transition states for protein folding are especially susceptible to
changes in the surrounding medium. Probes, such as TFE, that
perturb the whole structure and report back on gross properties
are particularly unreliable as a guide to mechanism. They are too
crude and can distort the transition state and cause artefacts in
kinetics. Hammond movements, for example, can lead to rate
changes that eclipse the other effects of TFE on kinetics.
@ values provide currently the most precise experimental data
on the structure of transition states. But, as emphasised
frequently, mutations should be made that just perturb the
energetics slightly, but measurably, since all changes in structure
can lead to movement of the transition state." It is very
satisfying that methods evolved in classical physical-organic
chemistry for the study initially of acid/base catalysis and then
covalent-bond changes in general can be so readily adapted to
complex protein reactions involving a myriad of non-covalent-
bond changes. Indeed, structure —activity and structure —reac-
tivity relationships have been the major experimental tools
responsible for our current understanding of protein folding
transition states at near-atomic resolution.

Experimental Section

Protein expression and purification: The tetS version (residues
311-367) of p53tet!' was expressed in E. coli C41(DE3) cells, a
variant of the bacterial strain BL21(DE3). 1 mm isopropylthio-3-o-
galactoside was used for induction when Agy, =0.7. The cells were
allowed to grow overnight at 25°C. Cells were harvested and the
proteins were purified as previously described. One litre of culture
can yield >20 mg of protein.

Chemical denaturation: p53tet (40 um monomer in 25 mm sodium
phosphate buffer, pH 7) was denatured at various concentrations of
GdmCl and the equilibrium monitored by measuring the CD signal at
222 nm (pathlength 1 mm). The data were converted to the fraction
denatured (fy) as a function of denaturant concentration with the
program CDMan (D. Veprintsev, MRC, Cambridge), and AGp_y, the
free energy change of unfolding, [Dlsy,, the midpoint of transition,
and mp_y, a constant of proportionality, were calculated by using
Equations (2) and (3),""¥ where P, is the monomer concentration and
[D] is the concentration of GdmCI.

AGpy = —RTIn[4P3E/(1—1;)] )

AGpy = mp_y([Dlses, — [DI) — RTIN(P3/2) (3)

Thermal denaturation: The melting of p53tet was followed, as
previously described," in the presence of 0, 4.5, 6.8 and 9.1% TFE
(v/v). For the calculation of AAGp y, the change in the free energy
change of unfolding caused by mutation, a constant value of AC, of
0.425 kcal mol~" K=" was used. Although AGC, is expected to decrease
in the presence of a monohydric alcohol,?” small changes in AC,
have only a small effect on AAGp .?" The calculation gives
essentially the same AAG_ using a range of AC, values from 0 to
0.43 kcalmol~"K.

Stopped-flow CD measurements: Protein folding measurements
were made using an Applied Photophysics SX18MV stopped-flow
unit with a CD1 accessory. The wavelength was 222 nm and the
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bandpass 9 nm. A second monochromator with a bandpass of 23 nm
was used to remove stray light. Between 3 and 10 traces were
averaged for each kinetic measurement.

Unfolding experiments were done by mixing one volume of native
protein (330 pv, in 25 mm sodium phosphate buffer, pH 7.0) with ten
volumes of GdmCI solution (in 25 mm sodium phosphate, pH 7.0) in
the presence of various concentrations of TFE. A time constant from
5 to 50 ms was used, depending on the rate of reaction. Refolding
was achieved by mixing one volume of acid-denatured protein
(198 pum, in 62 mm sodium phosphate, pH 2.2) with ten volumes of
various concentrations of TFE (in 20 mm sodium phosphate), with the
resulting buffer being 25 mm sodium phosphate (pH 7.0). A time
constant of 3.7 ms was used.

Determination of rate constants and amplitudes of reactions: The
folding reaction was fitted to a double-exponential equation. The
amplitude was found by extrapolating the signals back to zero time,
allowing for the dead time of the instrument, 7 ms, which was
determined by the colorimetric reaction of 100 mm dichloroindo-
phenol with various concentrations of ascorbate.?? The unfolding
reaction was fitted to a single-exponential equation. The logarithm
of the unfolding rate constant (logk,) of p53tet and its mutants
sometimes demonstrated a nonlinear dependence on GdmCl
concentrations. In these cases, the unfolding rate constant in water
or in the presence of TFE was either determined by extrapolating the
linear portion (if present) of the curve to zero denaturant or not
determined. The linear fits were used for the determination of the m
values as defined below.

Tanford f values: m, ; and m,_y are constants of proportionality
obtained by applying Equations (4) and (5) to Equation (1).

m.p = O(RT/2.303log k)/dIGdmCI] )

m,y = 0(RT/2.303logk,)/0[GdmCI] (5)

The S; value for folding, Sy, is a measure of the average degree of
exposure in the folding, dimeric transition state [for the 4D —2l,
step in Eq. (1)] relative to that of the native tetramer (N,) from the
denatured state (D) and is defined by Equation (6), in which, for the
reversible chemical denaturation of p53tet, my_p equals —mp_y.

Pre = Mmoo/myp (6)

P is the B;value for unfolding, which is a measure of the average
degree of exposure in the unfolding, tetrameric transition state [for
the N, —21, step in Eq. (1)] relative to that of the denatured state (D)
from the native state (N,) and is defined by Equation (7).

Pr. = mo_y/Mp_y (7)

@-Value analysis: The @;values for the first step of folding were
obtained for the folding transition state (4D —21,) with Equations (8)
and (9).

AAGy . = —RTIn(KIEE o /kiTey ®)
@ = 2(AAG,)/AAG, )

The &;values for the second step of folding were obtained for the
unfolding transition state (N, —21,) with Equations (10) and (11).

AAG,_y = —RTIn (KT, /KIE ) (10)
D = 1—(AAG, JAAGy ) )

AAGp_. is the free energy difference between the folding transition
states of wild-type and mutant proteins (per dimer), relative to the
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denatured states; AAG,_y is the free energy difference between the
unfolding transition states of wild-type and mutant proteins (per
tetramer), relative to the native states; kffi, and k(. are,
respectively, the refolding and unfolding rate constants in water or
TFE for the wild-type protein, and kfff., and k{G., are the
corresponding rate constants for the mutants. The AAG,_. and
AAG, y values in water or TFE are small (data not shown), and the
AAGp_y values in water® were used for the calculation, unless
otherwise stated.
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Pheromone Synthesis, Part 203+

Pheromonal and Kairomonal Activities Can Be
Separated: Synthesis and Bioactivity Studies of
Pine Bast Scale Sex Pheromones and Their

Analogues

Satoshi Kurosawa,? Motonobu Takenaka,®! Ezra Dunkelblum,® Zvi Mendel,®

and Kenji Mori*®!

New syntheses were achieved to secure matsuone (1), the
pheromone of the pine scale Matsucoccus matsumurae, that of
M. feytaudi (2), and that of M. josephi (3). Five analogues (4 - 8) of
1, 2, and 3 were synthesized and their bioactivities studied. The
pheromone analogue 7 showed relatively strong pheromonal
activity toward M. josephi, while it was inactive as a kairomone
toward the predator Elatophilus hebraicus. Similarly, analogue 8
acted as a pheromone for M. feytaudi, but it did not attract any of

Introduction

Pine bast scales of the genus Matsucoccus are troublesome pests
in pine forests. In 1989, the pioneering work of Lanier, Silverstein
and their respective co-workers culminated in the isolation of
and structural proposal for the female sex pheromone matsuone
(1) (Figure 1) of the red pine scale M. resinosae and the Japanese
pine scale (M. matsumurae).™ Its absolute configuration as
shown in 1 was assigned in 1991 by Kallmerten and his co-
workers on the basis of their enantioselective synthesis of 1.2
We, as well as others, also reported enantioselective syntheses of
1.5- The second pine bast scale pheromone to be clarified in
1990 was that produced by the maritime pine scale (M. feytaudi)
(2).7" We synthesized the four stereoisomers of 2, ¥ and studies
of their bioactivities by Jactel et al. established 2 as the naturally
occurring pheromone.'"” The third one, identified in 1993, was
the pheromone of the Israeli pine scale (M. josephi) (3).""" Our
synthesis of its enantiomers'? was followed by their GC
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Department of Chemistry, Faculty of Science
Science University of Tokyo
Kagurazaka 1-3, Shinjuku-ku, Tokyo 162-8601 (Japan)
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Institute of Plant Protection
Volcani Center
Bet Dagan 50250 (Israel)
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its local predators. The M. feytaudi pheromone 2 exhibited strong
kairomonal activity toward E. hebraicus, but was not active as a
pheromone mimic to attract M. josephi.
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structure — activity relationships

pheromones -

S UV

(0]
matsuone
1 (Matsucoccus matsumurae)

/\)\J\n/\/k/ X S

O (o)
2 (Matsucoccus feytaudi)

MR
(¢}
4 R=Me
5 R=(CHp;Me

\)\)\,{\/
O
7

Figure 1. Structures of the pine bast scale pheromones and their analogues.
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comparison with the natural pheromone, and the major
component of the pheromone was found to possess the
absolute configuration as depicted in 3.3 As evident from the
structures 1-3, these Matsucoccus pheromones share the same
R-configured chiral diene part, while the opposite parts of the
molecules determine their species specificity.
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In 1996, Dunkelblum etal. reported that the predator
Elatophilus hebraicus was attracted by the sex pheromone 3 of
its prey, M. josephi.l'"™ This is an example of kairomonal attraction
of natural enemies by the sex pheromones of their prey insects.
Surprisingly, however, E. hebraicus, but not M. josephi, was also
attracted by the pheromones 1 and 2, although M. matsumurae
and M. feytaudi, which emit these pheromones, do not occur in
Eastern Mediterranean countries such as Israel. This means that
the kairomone receptor of E. hebraicus may be sensitive to the
chiral diene part of the molecules 1 -3, while flexible against the
structural change in the parts characterizing the species
specificity of the Matsucoccus pheromones. It may be possible
then to find a pheromone analogue that works only as the
pheromone for M. josephi, with no kairomonal activity toward
E. hebraicus. This would enable us to trap only the pest pine scale
M. josephi, without luring and decreasing the population of its
natural enemy, E. hebraicus. Therefore, we undertook an attempt
to design and synthesize the five pheromone analogues 4 -8,
and indeed, the mimic 7 was found to show strong pheromonal
activity toward M. josephi with no kairomonal activity toward
E. hebraicus, as detailed below. The biological implications of the
present work are outlined in Figure 2.

Results and Discussion

Because the racemates of the pheromones 1 -3 are known to be
bioactive," 1% 13 extreme care is not necessary to achieve highly
enantioselective syntheses of the pheromones and their ana-
logues. The methods employed in the present synthesis, which
do not guarantee high stereochemical purities of the final
products, afforded them in 80 — 90 % stereochemical purities (see
below).
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Figure 2. a) M. josephi male (2-3 mm in length); b) E. hebraicus (4-5mm in
length) feeding on female M. josephi (3—4 mm in length); c) pheromone trap;
d) sticky plate with trapped M. josephi males and adult E. hebraicus.

Synthesis of the Matsucoccus Pheromones 1-3 and Their
Analogues 4 and 5

For the synthesis of 1-5, the coupling of the Weinreb amide
1711 (Scheme 1) with various organometallic reagents was
adopted as the key step, because this strategy enables the
preparation of different pheromone analogues. The key inter-
mediate 17 was synthesized from commercially available methyl
(5)-2-methyl-3-hydroxypropanoate (9) (Scheme 1). The tert-bu-
tyldimethylsilyl ether 10 derived from 9 was reduced with
diisobutylaluminum hydride at —78°C to give aldehyde 11,
which was subjected to Wittig olefination to give the known
unsaturated ester 12 (E/Z=95:5 as judged by 'H NMR analy-
sis).l'! Conversion of 12 to the chiral dienol 15 by the olefination
method of Buss and Warren!"”! was achieved according to Lin
and Xu,"! who prepared 15 from the methyl ester corresponding
to 12 with a tert-butyldiphenylsilyl protective group instead of
the TBS group of the ethyl ester 12. Our sample of pure 15 (as
judged by GC) exhibited a positive rotation, [a]¥ =-+43.5
(CHCI;), which was considerably larger than the previously
reported value, [alp=+29.0 (CHCI,).”! The crude acid 16
obtained by oxidation of 15 with PDC was treated with N,O-
dimethylhydroxylamine under standard conditions to give the
desired Weinreb amide 17. The overall yield of 17 was 18%
based on (5)-9 (9 steps).

Scheme 2 summarizes the synthesis of the pheromones and
analogues 1-5 by the coupling between the amide 17 and
organometallic reagents. For the synthesis of matsuone (1), a
Grignard reagent had to be prepared from the (S)-bromide 23.
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Scheme 1. Synthesis of the Weinreb amide 17. a) TBSCl, imidazole, DMF, 98 %;
b) iBu,AlH, hexane/CH,Cl,; c) Ph;P=C(Me)CO,Et, C;H,, 83 % (based on 10);
d) Ph,P(O)Et, nBuLi, THF, 98 %; e) NaBH,, CeCl;-7H,0O, EtOH; then chromatog-
raphy on SiO,, 66 %; f) NaH, DMF; g) TBAF, THF, 90 % (based on 14); h) PDC, DMF;
i) HNMe(OMe) - HCl, EDC - HCl, DMAP, iPr,NEt, CH,Cl,, 38 % (based on 15). DMAP =
4-(dimethylamino)pyridine; EDC = 1-ethyl-3-(3-dimethylamino)-propy! carbodi-

imide; PDC = pyridinium dichromate; TBAF = tetrabutylammonium fluoride;
TBS = tert-butyldimethylsilyl.

1
WCO ,H
16

We employed the commercially available (R)-configured half
ester 1818 as the starting material for the preparation of 23.
Reduction of 18 with borane gave the alcohol 19, whose tosylate
20 was treated with isopropylmagnesium chloride in the
presence of dilithium tetrachlorocuprate! to give 21. Reduction
of 21 with lithium aluminum hydride gave 22, which was
converted to the bromide 23 by standard methods. Trans-
formation of 23 to the corresponding Grignard reagent was
followed by its treatment with the Weinreb amide 17 to give
(2E,4E,6R,105)-1 in 23% overall yield based on 18 (7 steps) or
16 % overall yield based on 9 (10 steps). Our sample of 1 showed
[a]3 = — 284 (CDCl,), whereas for our previous sample a value of
[a]® = — 316 (CDCl;) was reported.”! Since there was no danger
of racemization at C-10, the present sample of 1 must be
diastereomerically impure at C-6. It therefore seems that the
present synthetic route to 1 employing the Weinreb process
suffers from slight racemization at the stereogenic center (C-6)
next to the carbonyl group.

The pheromone 2 of M. feytaudi was synthesized by treatment
of the amide 17 with the Grignard reagent prepared from (S)-3-
methylpentyl bromide (24).2% The specific rotation of 2 was
[a]¥ = —266 (CDCl;), whereas the reported value was [a]3 =
—336 (CDCL,).® Since 24 was pure, the purity at C-6 of 2 was
thought to be imperfect. The synthesis of the pheromone 3 of
M. josephi was achieved by treatment of the amide 17 with (E)-
propenylmagnesium bromide, and the product exhibited
[a]# = — 426 (n-pentane). Because the reported rotation value
of 3 was [a]Z® = —466 (n-pentane),'? the present sample of 3
was not completely enantiomerically pure.
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Scheme 2. Synthesis of the pheromones 1-3 and their analogues 4 and 5.

a) BH; - Me,S, THF, 93 %; b) TsCl, C;H;N; ¢) iPrMgCl, Li,CuCl,, THF, 52 % (based on
19); d) LiAIH,, Et,0, 77 %; e) LiBr, Me,CO, 70 % (based on 22); f) 1) Mg, THF; 2) 17,
89, 90, 80, and 81 % for 1, 2, 3, and 5, respectively; g) 17, THF, 67 %. Ts = toluene-4-
sulfonyl.

The two pheromone analogues 4 and 5 were also prepared by
treatment of the amide 17 with methyllithium and octylmagne-
sium bromide, respectively. Their specific rotations were [a]F =
—373 (CHCL,) (4) and [a]¥ = — 173 (CHC,) (5).

Synthesis of the 7-Demethyl Analogue 6 of the M. josephi
Pheromone

Scheme 3 summarizes the synthesis of the 7-demethyl analogue
6 of the M. josephi pheromone. In this case, the diene part of the
molecule 6 was attached to the chiral part in a later stage of the
synthesis by a Wittig reaction. We chose the commercially
available (R)-hydroxy ester 9 as the starting material, and it was
converted to the benzyl ether 26 by treatment with benzyl
trichloroacetimidate and triflic acid.?" Reduction of 26 with
diisobutylaluminum hydride gave 27, which was treated with
1-lithiopropyne to furnish 28. The acetylenic alcohol 28 was then
reduced with lithium aluminum hydride to give the desired
alkenol 29 with (E)-olefin geometry. After protecting the
secondary hydroxy group of 29 as its TBS ether, the benzyl
protective group of 30 was removed by reduction with sodium,
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Scheme 3. Synthesis of the pheromone analogue 6. a) CCl;C(=NH)OBn, TfOH,
CH,Cl,, 85%; b) iBu,AlH, hexane/CH,Cl,; c) MeC=CH, nBulLi, HMPA/THF, 54 %
(based on 26); d) LiAIH,, Et,0, 98%; e) TBSCI, imidazole, DMF, quant.; f) Na, NH;,
THE, 83 %; g) (COCl),, DMSO, Et;N, CH,Cl,, 48% (for 6); h) (E)-MeCH=CHCH,P(O)Ph,,
nBuLi, HMPA/THF, 31% (based on 31); i) TBAF, THF, quant. HMPA = hexamethyl-
phosphoramide; Tf = trifluoromethanesulfonyl.

dissolved in liquid ammonia, to give 31. Oxidation of 31 under
Swern conditions yielded the crude aldehyde 32, which was
immediately treated with the carbanion derived from (E)-2-
butenyldiphenylphosphane oxide.?? After the eliminative olefin
formation,?? the product 33 was obtained as a 1:1 mixture of the
E/Z isomers at C-6. Removal of the TBS protective group of 33
was followed by Swern oxidation of the resulting alcohol 34 to
give the pheromone analogue 6, [a]3' = —278 (CHCl,), in 5.6%
overall yield based on (R)-9 (10 steps).

Synthesis of the Nor-Analogue 7 of the M. josephi Pheromone

The analogues 7 and 8 are chain-shortened mimics of the
natural pheromones 3 and 2, respectively. The intermediate
32, which was employed in the synthesis of 6, was used
as the chiral part of the pheromone analogue 7. The crude
aldehyde 32 was obtained by Swern oxidation of 31 and
converted to the unsaturated ester 35 by a Wittig reaction
(Scheme 4).

Reduction of 35 with diisobutylaluminum hydride furnished
the allylic alcohol 36. This was oxidized under Swern conditions
to give aldehyde 37. Methylenation of 37 by a Wittig reaction
afforded triene 38, whose TBS protective group was removed to
furnish alcohol 39. Swern oxidation of 39 gave the pheromone
analogue 7, [a]3' = — 259 (CHC,), in 13% overall yield based on
32 (6 steps).
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Scheme 4. Synthesis of the pheromone analogue 7. a) (COCI),, DMSO, Et;N,
CH,Cl,, 55% (for 7); b) Ph;P—C(Me)CO,Et, CsHy, 32 % (based on 31); c) iBu,AlH,
hexane/CH,Cl,, 98 %; d) Ph;P(Me)Br, nBuLi, THF, 73 % (based on 36); e) TBAF, THF,
quant.

Synthesis of the Nor-Analogue 8 of M. feytaudi Pheromone

The analogue 8 was synthesized via the nor-analogue 45 of the
Weinreb amide 17 that was employed for the synthesis of 1-5
The ester 12, used as the precursor to 17, was reduced with
diisobutylaluminum hydride to furnish alcohol 40 (Scheme 5).

b
OTBS \)\/k/ 3 -
EtOZCJ\/k/ HO S OTBS

12 40
J\/k/OTBS < R —
OHC X N OR —»
41 42 R=TBS

E 43 R=H
Me
\)\/L > IL _“_’g
X CO,H N SOMe
(0]
44 45
SN
(0]
8

Scheme 5. Synthesis of the pheromone analogue 8. a) iBu,AlIH, hexane/CH,Cl,,
95%, b) (COCl),, DMSO, Et;N, CH,Cl,; c) Ph;P(Me)Br, nBuLi, THF, 69 % (based on

40); d) TBAF, THF, 88 %; e) PDC, DMF; f) HNMe(OMe) - HCI, EDC - HCI, DMAR, iPr,NEt,
CH,Cl,, 42 % (based on 43); g) 24, Mg, THF, 87 %.

Swern oxidation of 40 afforded aldehyde 41, which was
subjected to Wittig methylenation to give diene 42. Deprotec-
tion of the TBS protective group of 42 was followed by PDC
oxidation of the resulting 43 to yield the dienoic acid 44. The
corresponding Weinreb amide 45 was treated with the Grignard
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reagent prepared from (S)-3-methylpentyl bromide to give the
desired pheromone analogue 8, [a]3' = —340 (CHCI,), in 21%
overall yield based on 12 (7 steps).

Summary of Biological Activities of 1-8

Although detailed biological results will be published separate-
ly2% it is appropriate here to summarize them briefly. As we
already reported, all of the three Matsucoccus pheromones 1-3
showed strong kairomonal activity toward the predator Elato-
philus hebraicus.'™™ Attractive action on the males of the Israeli
pine bast scale M. josephi was only observed with the natural
pheromone 3, whereas 1 and 2 showed no pheromonal activity
at all. The pheromone mimic 4 had practically no activity, while 5
possessed moderate kairomonal activity, but both were inactive
as a pheromone for M. josephi. The mimic 6 showed weak
pheromonal activity but no kairomonal activity. The analogues 7
and 8 were active as pheromones for M. josephi and M. feytaudi,
respectively, while they had no kairomonal activity. Figure 3
summarizes the biological results. The analogue 7 shows strong

(0)
3

natural pheromone and kairomone

NS

O O
7 2

strong pheromonal activity
with no kairomonal activity

strong kairomonal activity
with no pheromonal activity

Figure 3. Summary of the bioactivities of the synthetic compounds 2, 3, and 7.

pheromonal activity without any kairomonal activity. This
compound may be useful to trap only the pest M. josephi
without disturbing its predator E. hebraicus. The M. feytaudi
pheromone 2 shows strong kairomonal activity toward E. he-
braicus without any pheromonal activity toward M. josephi, and
thus can trap only the predator. The naturally occurring
pheromone 3 of M. josephi works both as the pheromone and
the kairomone. In conclusion, the two different bioactivities of
the pheromone 3 could be separated to create a new compound
7 that showed only the pheromonal activity toward M. josephi.

Experimental Section

General: Boiling points and melting points were uncorrected. IR
spectra were recorded on a Jasco IRA-102 spectrometer. '"H NMR
spectra were obtained on a Jeol JNM-EX 90A (90 MHz) or Bruker
DPX 300 (300 MHz) instrument with the solvent peak as internal
standard (TMS: d,=0.00, CHCl;: 6,,=7.26, C;Ds: 0y =7.15). 3°C NMR
spectra were recorded on a Bruker DPX 300 spectrometer (75 MHz)
with the solvent peak as internal standard (CDCl;: =770, C¢Ds:
0c=128.0). Mass spectra (MS) were recorded with a Jeol JMS-
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SX 102A or a Hitachi M-80B spectrometer. Optical rotation was
measured with a Jasco DIP-1000 instrument, CD spectra with a Jasco
J-725 spectrometer. Column chromatography was conducted on
E. Merck silica gel 60, thin-layer chromatography with E. Merck silica
gel plates 60 F,g,, thickness 0.25 mm.

(S)-3-tert-Butyldimethylsilyloxy-2-methylpropanal (11): Diisobuty-
laluminum hydride (0.95m in hexane, 58 mL, 55 mmol) was added to
a stirred solution of 109 (10.0 g, 43.1 mmol) in dichloromethane
(100 mL) at — 78°C under argon. After stirring for 20 min at —78°C,
saturated aqueous Rochelle’s salt solution was added and the
temperature was gradually raised to room temperature. Water and
diethyl ether were added to the reaction mixture, the organic phase
was separated and the aqueous phase was extracted with diethyl
ether. The combined organic phases were washed with water and
brine, dried over MgSO,, and concentrated under reduced pressure
to give 9.5 g (quant) of 11 as a colorless oil. This was used for the next
step without further purification. IR (film): 7,,,, = 2720 (m, CHO), 1730
(s, C=0), 1260 cm~' (s, Si—Me); 'H NMR (90 MHz, CDCl;): 6 =0.01 (s,
6H, SiMe,), 0.83 (s, 9H, tBu), 1.03 (d, /=7 Hz, 3H, 2-Me), 2.25-2.70
(m, TH, 2-H), 3.78 (dd, J=1.0, 5.8 Hz, 2H, 3-H), 9.68 (d, J=1.5Hz, 1H,
CHO).

Ethyl (2E,4R)-5-tert-butyldimethylsilyloxy-2,4-dimethyl-2-pente-
noate (12): Ph;P=C(Me)CO,Et (18.7 g, 51.7 mmol) was added to a
stirred solution of the crude 11 (9.5 g, ca. 46.9 mmol) in benzene
(200 mL), and the mixture was stirred for 19 h at room temperature.
Saturated aqueous ammonium chloride was added, the organic
phase was separated, and the aqueous phase was extracted with
diethyl ether. The combined organic phases were washed with water
and brine, dried over MgSO,, and concentrated under reduced
pressure. The residue was purified by chromatography on silica gel
(100 g, hexane/ethyl acetate, 50:1) to give 10.2 g (83 % based on 10)
of 12 as a colorless oil. The E/Z ratio of 12 (95:5) was determined by
'H NMR analysis. n#=1.4482; [ald =+2.67 (c=142, CHCl)
[ref. [16]: []®=+2.06 (c=1.36, CHCL)]; IR (film): 7, =1715 (s,
C=0), 1650 (w, C=C), 1260 (s, Si-Me), 1085 cm~" (s, C-O); 'H NMR
(90 MHz, CDCl,): 6 =0.00 (s, 6 H, SiMe,), 0.83 (s, 9H, tBu), 0.97 (d, J=
7 Hz, 3H, 4-Me), 1.25 (t, J=7 Hz, 3H, CO,CH,CH,), 1.83 (d, J=1.5 Hz,
3H, 2-Me), 2.60 (dq, J=14, 7 Hz, 1H, 4-H), 3.48 (d, J=7 Hz, 2H, 5-H),
4.15 (q, J=7 Hz, 2H, CO,CH,), 5.66-5.82 (m, 1H, cis-3-H), 6.53 (dq,
J=14, 1.2 Hz, 1H, trans-3-H).

(4E,6R)-4,6-Dimethyl-7-tert-butyldimethylsilyloxy-2-diphenyl-
phosphaneoxido-4-hepten-3-one (13): n-Butyllithium (1.65m in n-
hexane, 30.0 mL, 49.5 mmol) was added to a stirred solution of
ethyldiphenylphosphane oxidel'! (10.8g, 46.9mmol) in THF
(150 mL) at —78°C under argon. To this solution, 12 (11.2g,
39.0 mmol) in THF (50 mL) was added, and the mixture was stirred
for 90 min at —78°C under argon. Water was added and the
temperature was gradually raised to room temperature. Ethyl acetate
was added, the organic phase was separated, and the aqueous phase
was extracted with ethyl acetate. The combined organic phases were
washed with water and brine, dried over MgSO,, and concentrated
under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (100 g, hexane/ethyl acetate, 10:1) to give 15.5g
(98 % based on consumed 12) of 13 as a gummy white solid with the
recovery of 12 (1.6 g). [¢]3' = — 2.46 (c=0.61, CHCL,); IR (film): 7., =
1655 (s, C=0), 1585 (w, aromatic), 1250 (s, Si—Me), 1190 (s, P=O
1115 cm~" (s, C=0); "H NMR (90 MHz, CDCl;): 6 =0.00 (s, 6 H, SiMe,
0.85 (s, 9H, tBu), 0.97 (d, J=7 Hz, 3H, 6-Me), 1.25-1.54 (m, 3H, 1-Me),
1.58 (s, 3H, 4-Me), 2.56 (dq, J=12, 7 Hz, 1H, 6-H), 3.20-3.56 (m, 2H,
7-H), 4.18-4.63 (m, 1H, 2-H), 6.22-6.57 (m, 1H, 5-H), 7.30-8.07 (m,
10H, aromatic); elemental analysis (%): calcd for C,,H;,05PSi (470.66):
C 68.90, H 8.35; found: C 69.10, H 8.30; HR-MS: calcd for C,,H304PSi
470.2406; found 470.2405.

)
),

CHEMBIOCHEM 2000, 1, 56 - 66





Insect Pheromones and Their Analogues

(4E,6R)-4,6-Dimethyl-7-tert-butyldimethylsilyloxy-2-diphenyl-
phosphaneoxido-4-hepten-3-ol (14): CeCl-7H,0 (11.3g,
30.4 mmol) was added to a solution of 13 (14.3 g, 30.4 mmol) in
anhydrous ethanol (200 mL) at —78°C. Sodium tetrahydroborate
(1.15 g, 30.4 mmol) was added and the stirring was continued for 3 h.
Then water was added and the temperature was gradually raised to
room temperature. The solution was then concentrated under
reduced pressure. Ethyl acetate was added to the residue, the
organic phase was separated, and the aqueous phase was extracted
with ethyl acetate. The combined organic phases were washed with
water and brine, dried over MgSO,, and concentrated under reduced
pressure. The residue was purified by chromatography on silica gel
(400 g, hexane/ethyl acetate, 2:1) to give 9.41 g (66 %) of syn product
14 and 3.07 g (21%) of the syn/anti mixture as colorless oils. 14:
[a]3' =+ 2.68 (c=0.68, CHCL,); IR (film): #,,, = 3300 (s, O—H), 1590 (w,
aromatic), 1255 (s, Si—Me), 1155 (s, P=0), 1115 cm~" (s, C=0); 'H NMR
(90 MHz, CDCly): 6 =0.00 (s, 6H, SiMe,), 0.85 (s, 9H, tBu), 0.92-1.36
(m, 6H, 1-Me, 6-Me), 1.68 (d, J=2 Hz, 3H, 4-Me), 2.36-2.95 (m, 1H,
6-H), 3.16-3.77 (m, 4H, 2-H, 7-H, OH), 3.98-4.29 (m, 1H, 3-H), 4.96 -
5.17 (m, 1H, 5-H), 7.36-7.94 (m, 10H, aromatic); HR-MS: calcd for
C,,H,;,05PSi 472.2563, found 472.2560.

(2R,3E,5E)-2,4-Dimethyl-3,5-heptadien-1-ol (15): A solution of 14
(7.69 g, 16.3 mmol) in dry DMF (100 mL) was added to a suspension
of NaH (60 % suspension in mineral oil, 3.00 g, 75.0 mmol) in dry DMF
(100 mL). The mixture was stirred at room temperature for 48 h, and
then water and diethyl ether were added. The phases were
separated, and the aqueous phase was extracted with diethyl ether.
The combined organic solution was washed with water, saturated
aqueous ammonium chloride, and brine, dried over MgSO,, and
concentrated under reduced pressure. The residue was diluted with
THF (100 mL), and a solution of tetrabutylammonium fluoride (1.0m
in THF, 32.6 mL, 32.6 mmol) was added. The mixture was stirred for
20 h at room temperature, then poured into water, and extracted
several times with diethyl ether. The ether solution was washed with
water and brine, dried over MgSO,, and concentrated under reduced
pressure. The residue was purified by chromatography on silica gel
(50 g, hexane/ethyl acetate, 20:1) to give 2.06 g (90%) of 15 as a
colorless oil. N3 =1.4891; [a]l¥ =+43.5 (c=1.02, CHCl,) [ref.[5]:
[alp=+29.0 (c=0.1, CHCI;)]; gas - liquid chromatography (column:
Chirasil-DEX CB, (0.25 mm x 25 m); at 80— 150°C, +2 °Cmin~"; carrier
gas: He, pressure 90kPa): t,=20.0 min (99.8%, (R)-isomer), t,=
20.9 min (0.2%, (S)-isomer). The enantiomeric purity of (R)-15 was
therefore 99.6% ee. IR (film): 7., = 3350 (s, O—H), 3040 (m, olefinic
C—H), 1625 (m, C=C), 965 cm~" (s, olefinic C—H); 'H NMR (90 MHz,
CDCly): 6=0.96 (d, J=7 Hz, 3H, 2-Me), 1.69-1.88 (m, 7 H, 4-Me, 7-Me,
OH), 2.69 (dq, J=11, 7Hz, 1H, 2-H), 3.22-3.57 (m, 2H, 1-H), 5.12 (d,
J=10Hz, 1H, 3-H), 5.63 (dg, /=16, 7 Hz, 1H, 6-H), 6.09 (d, J=16 Hz,
1H, 5-H); HR-MS: calcd for CsH;O 140.1202, found 140.1210.
(2R,3E,5E)-2,4-Dimethyl-3,5-heptadienoic acid (16): Pyridinium
dichromate (13.7 g, 36.4 mmol) was added to a solution of 15
(1.00 g, 713 mmol) in dry DMF (100 mL). The mixture was stirred at
room temperature for 10 h, and then water was added. The phases
were separated, and the aqueous phase was extracted with diethyl
ether. The combined organic phases were washed with water and
brine, dried over MgSO,, and concentrated under reduced pressure
to give 1.10 g (quant) of 16 as a colorless oil. This was used for the
next step without further purification. IR (film): 7,,,=3500 (m,
COO—H), 1665 cm~" (s, C=0); '"H NMR (90 MHz, CDCl;): 6 =1.25 (d,
J=6.9 Hz, 3H, 2-Me), 1.62-1.86 (m, 6 H, 4-Me, 7-H) 3.20-3.75 (m, 1H,
2-H), 5.25-6.30 (m, 3H, 3-H, 5-H, 6-H).

N-Methyl-N-methoxy-(2R,3E,5E)-2,4-dimethyl-3,5-heptadien-
amide (17): N,O-dimethylhydroxylamine hydrochloride (835 mg,
8.56 mmol), N,N-diisopropylethylamine (1.49 mL, 8.56 mmol), 1-eth-
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yl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (1.37 g,
7.13 mmol), and solid 4-dimethylaminopyridine (3 mg) were added
to a solution of crude 16 (1.10 g, ca. 7.13 mmol) in dichloromethane
(100 mL) at 0°C. After stirring for 2 h at 0°C, water was added, and
the temperature was gradually raised to room temperature. The
organic phase was separated, and the aqueous phase was extracted
with diethyl ether. The extracts were combined and washed with
water, dilute HCl, saturated aqueous NaHCO,, and brine, dried over
MgSO,, and concentrated under reduced pressure. The residue was
purified by chromatography on silica gel (10 g, hexane/ethyl acetate,
5:1) to give 541 mg (38%) of 17 as a colorless oil. n3'=1.4931;
[a]®=—984 (c=1.05 CHCL); IR (film): %, =1665 (s, C=0),
965 cm~! (s, olefinic C—H); 'H NMR (90 MHz, CDCl;): 6=1.09 (d, J=
7 Hz, 3H, 2-Me), 1.71 (d, J=1.1 Hz, 3H, 7-Me), 1.78 (d, J=1.1 Hz, 3H,
4-Me), 3.17 (s, 3H, NMe), 3.66 (s, 3H, OMe), 3.83 (dq, /=16, 7 Hz, TH,
2-H), 5.41 (d, J=9Hz, 1H, 3-H), 5.63 (dq, /=16, 7 Hz, 1H, 6-H), 6.08 (d,
J=16Hz, 1H, 5-H); elemental analysis (%): calcd for C;;H,,O,N
(197.27): C66.97,H 9.71,N 7.10; found: C 66.58, H 9.98, N 6.82; HR-MS:
calcd for C;;H;s0,N 197.1416; found 197.1409.

tert-Butyl (R)-4-hydroxy-3-methylbutanoate (19): Borane-di-
methyl sulfide complex (2.00m in THF, 13.3mL, 26.6 mmol) was
added to a stirred solution of 18 (5.00 g, 26.6 mmol) in THF (100 mL)
at —20°C under argon. The mixture was then warmed to room
temperature and stirred for 24 h. After the reaction mixture was
cooled to 0°C, water and potassium carbonate (8.0 g) were added to
the mixture, the organic phase was separated, and the aqueous
phase was extracted with diethyl ether. The combined organic
phases were washed with water and brine, dried over MgSO,, and
concentrated under reduced pressure. The residue was purified by
distillation to give 4.32 g (93 %) of 19 as a colorless oil. B.p. 92-93°C
(5 Torr); n¥ =1.4280; [a]& = +4.70 (c=1.05, CHCL,); IR (film): 7., =
3430 (s, O—H), 1725 (s, C=0), 1155 cm~" (s, C=0); 'H NMR (90 MHz,
CDCl;): 6=0.96 (d, /=6.8 Hz, 3H, 3-Me), 1.45 (s, 9H, CO,tBu), 1.64 (br,
1H, OH), 1.72-2.42 (m, 3H, 2-H, 3-H), 3.40-3.63 (m, 2H, 4-H);
elemental analysis (%): calcd for CsH,305 (174.24): C 62.04, H 10.41;
found: C 61.65, H 10.24.

tert-Butyl (R)-(4-toluenesulfonyloxy)-3-methylbutanoate (20): TsCl
(4.47 g, 23.4 mmol) was added to an ice-cooled stirred solution of 19
(3.14g, 18.0mmol) in dry pyridine (60 mL), and stirring was
continued for 20 h at 0°C. Water and diethyl ether were added to
the mixture, the organic phase was separated, and the aqueous
phase was extracted with diethyl ether. The extracts were combined
and washed with water, saturated aqueous CuSO,, water, saturated
aqueous NaHCO;, and brine, dried over MgSO,, and concentrated
under reduced pressure to give 6.62 g (quant) of 20 as a colorless oil.
This was used for the next step without further purification. IR (film):
Tmax= 1730 (s, C=0), 1600 (m, aromatic), 1360 (s, SO,), 1180 cm~' (s,
SO,); 'TH NMR (90 MHz, CDCl;): 6 =0.96 (d, J=6.5 Hz 3H, 3-Me), 1.42
(s, 9H, tBu), 1.98-2.10 (m, 3H, 2-H, 3-H), 2.46 (s, 3H, aromatic Me),
3.90 (d, J=5.5Hz, 2H, 4-H), 7.34 (br.d, J=8.4 Hz, 2H, aromatic m-H),
7.79 (br.d, J=8.4 Hz, 2H, aromatic o-H).

tert-Butyl (S)-3,5-dimethylhexanoate (21): A solution of crude 20
(6.62 g, ca. 20.2 mmol) in THF (120 mL) was added to a stirred
solution of isopropylmagnesium chloride (2.00m in THF, 45.0 mL,
90.1 mmol) at —78°C under argon. A solution of dilithium tetra-
chlorocuprate (0.50m in THF, 15.0 mL, 7.5 mmol) was added to this
mixture at —78°C under argon. The mixture was then gradually
warmed to 0°C and stirred for 14 h. Saturated aqueous ammonium
chloride solution was added to the mixture, and the temperature
was raised to room temperature. The mixture was stirred for several
minutes and filtered through Celite. The organic phase was
separated, and the aqueous phase was extracted with diethyl ether.
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The extracts were combined and washed with water and brine, dried
over MgSO,, and concentrated under reduced pressure. The residue
was purified by distillation to give 1.86 g (52 % based on 19) of 21 as
a colorless oil. B.p. 118 -120°C (55 Torr); n¥ = 1.4186; [a]Z = —3.59
(c=0.86, CHCL); IR (film): #,,,= 1725 (s, C=0), 1150 cm~' (s, C-0);
'"H NMR (90 MHz, CDCl;): 6 =0.86 (d, J=6.3 Hz, 3H, 3-Me), 0.88 (d, /=
6.3 Hz, 3H, 6-H), 0.89 (d, J=6.3 Hz, 3H, 5-Me), 0.96 - 1.35 (m, 2 H, 4-H),
143 (s, 9H, CO,tBu), 1.51-2.27 (m, 4H, 2-H, 3-H, 5-H); elemental
analysis (%): calcd for C;,H,,0, (200.32): C 71.95, H 12.08; found: C
71.38, H 12.23.

(5)-3,5-Dimethyl-1-hexanol (22): A solution of 21 (1.86¢,
9.29 mmol) in diethyl ether (30 mL) was added dropwise to a stirred
slurry of LiAlH, (706 mg, 18.6 mmol) in dry diethyl ether (50 mL) at
0°C. The mixture was stirred at room temperature for 3 h. Excess
LiAlH, was destroyed by careful addition of water (1 mL), 15%
aqueous NaOH (1 mL), and water (3 mL). The mixture was diluted
with diethyl ether, filtered through Celite, and the filtrate was
concentrated under reduced pressure. The residue was purified by
distillation to give 930 mg (77 %) of 22 as a colorless oil. B.p. 98-
100°C (40 Torr); n® = 1.4265; [a]3' = — 8.67 (c=0.55, CHCl,) [ref. [5]:
[a]lp= — 8.5 (c=3.5, CHCL,)]; IR (film): ¥,,,,, = 3350 (s, O—H), 1055 cm~'
(s, C=0); "H NMR (90 MHz, CDCl;): 6=0.85 (d, J/=6.4 Hz, 3H, 3-Me),
0.87 (d, J=6.4Hz, 6H, 5-Me, 6-H), 0.96-1.86 (m, 6H, 2-H, 3-H, 4-H,
5-H), 3.54-3.82 (m, 3H, 1-H, OH).

(5)-3,5-Dimethylhexyl bromide (23): TsCl (3.19 g, 16.8 mmol) was
added to an ice-cooled stirred solution of 22 (1.68 g, 12.9 mmol) in
dry pyridine (40 mL), and the stirring was continued for 20 h at 0°C.
Water and diethyl ether were added to the mixture, the organic
phase was separated, and the aqueous phase was extracted with
diethyl ether. The extracts were combined and washed with water,
saturated aqueous CuSO,, water, saturated aqueous NaHCO;, and
brine, dried over Na,SO,, and concentrated under reduced pressure.
The residue was diluted with acetone (80 mL). Lithium bromide
(1.68 g, 19.4 mmol) was added to the solution, and the mixture was
heated under reflux for 2 h with stirring. Water and diethyl ether
were added to the mixture, the organic phase was separated, and
the aqueous phase was extracted with diethyl ether. The combined
organic phases were washed with water and brine, dried over
MgSO,, and concentrated under reduced pressure. The residue was
purified by distillation to give 1.75 g (70 %) of 23 as a colorless oil. B.p.
96-98°C (68 Torr); nZ =1.4426; [a]% =+2.40 (c=0.93, CHCL,); IR
(film): 7, = 2975 (s, C—H), 2930 (s, C—H), 2880 (s, C—H), 1465 (s, C—H),
1385 (s, C—H), 1365 (m, C—H), 1250 cm~' (m, C—H); "H NMR (90 MHz,
CDCl;): 6 =0.63-1.02 (m, 9H, 3-Me, 5-Me, 6-H), 1.03-2.02 (m, 6H,
2-H, 3-H, 4-H, 5-H), 3.46 (br.t, J=7.2 Hz, 2H, 1-H); HR-MS: calcd for
CgH,,Br 192.0514; found 192.0530. Due to the high volatility of 23, no
correct combustion analysis data could be obtained.

(2E,4E,6R,10S)-4,6,10,12-Tetramethyl-2,4-tridecadien-7-one  (1):
(5)-3,5-dimethylhexylmagnesium bromide was prepared from 23
(1.11 g, 5.73 mmol) and magnesium (167 mg, 6.87 mmol) in dry THF
(10 mL) under argon. This reagent was added dropwise to a solution
of 17 (113 mg, 0.57 mmol) in dry THF (10 mL) at — 20 °C under argon.
After stirring for 2 h at room temperature, dilute HCl was added to
the mixture, the organic phase was separated, and the aqueous
phase was extracted with diethyl ether. The combined organic
phases were washed with water, saturated aqueous NaHCO;, and
brine, dried over MgSO,, and concentrated under reduced pressure.
The residue was purified by chromatography on silica gel (109,
hexane/ethyl acetate, 150:1) to give 128 mg (89 %) of 1 as a colorless
oil. nZ =1.4749 [ref. [3]: n&* =1.4766]; [a]3 = — 284 (c=0.87, CDCl,)
[ref. [3]: [a]3? = — 316 (c=0.47, CDCl;)]; CD (c=0.000320, n-hexane):
Ae (1) =—13.7 (296), +15.2 (239 nm); IR (film): 7., = 1710 (s, C=0),
1635 (w, C=C), 960 cm~" (s, olefinic C—=H); '"H NMR (300 MHz, CDCl;):

62

K. Mori et al.

0=0.79 (d, J=6.4 Hz, 3H, 10-Me), 0.81 (d, J=6.5 Hz, 3H, 13-Me), 0.84
(d, J=6.6 Hz, 3H, 12-Me), 0.91-1.69 (m, 6H, 9-H, 10-H, 11-H, 12-H),
1.13 (d,J=6.8 Hz, 3H, 6-Me), 1.76 (dd, J/=6.6, 1.3 Hz, 3H, 1-H), 1.81 (d,
J=1.1Hz, 3H, 4-Me), 2.39 (t, J=75Hz 2H, 8-H), 3.49 (dq, /=9.9,
6.8 Hz, 1H, 6-H), 5.19 (d, J=9.8 Hz, 1H, 5-H), 5.65 (dqg, J=15.5, 6.6 Hz,
1H, 2-H), 6.06 (dd, J=15.5, 1.0 Hz, TH, 3-H); *C NMR (75 MHz, CDCl;):
0=129, 16.5, 18.2, 19.4, 22.2, 23.3, 25.1, 29.9, 31.0, 38.4, 46.4, 46.5,
124.1, 128.6, 135.3, 135.5, 212.1. These spectral data were in good
accord with those reported in refs. [3, 4]. Elemental analysis (%):
calcd for C;;H;,0 (250.42): C 81.54, H 12.08; found: C 81.32, H 12.34.

(3S,8E,9R,10E)-3,7,9-Trimethyl-8,10-dodecadien-6-one  (2): This
compound was prepared under the same conditions as described
for the preparation of 1 by employing (S)-3-methylpentyl bromide
(24)2% (594 mg, 3.60 mmol), magnesium (105 mg, 4.32 mmol), and
the amide 17 (71 mg, 0.36 mmol) to give 72 mg (90%) of 2 as a
colorless oil. n&*=1.4740 [ref.[8]: n& =1.4796]; [a]l¥ =—266 (c=
0.85, CDCl,) I[ref.[8]: [a]¥=—336 (c=0.55, CDCl)]; CD (c=
0.000441, n-hexane): Ae (1) =—11.7 (296), +13.1 (239 nm); IR (film):
Vnax = 1715 (s, C=0), 1620 (w, C=C), 970 cm~' (s, olefinic C—H); '"H NMR
(300 MHz, CDCl;): 6 =0.81 (d, J=6.3 Hz, 3H, 10-Me), 0.85 (t, /= 7.2 Hz,
3H, 12-Me), 1.11 (d, J=6.8 Hz, 3H, 6-Me), 1.20-1.63 (m, 5H, 9-H, 10-
H, 11-H), 1.76 (dd, J=6.5, 1.3 Hz, 3H, 1-H), 1.80 (d, J=1.2 Hz, 3H,
4-Me), 2.36-2.41 (m, 2H, 8-H), 3.48 (dq, /=9.8, 6.8 Hz, 1H, 6-H), 5.17
(d, J=9.8Hz, 1H, 5-H), 5.66 (dq, J=15.5, 6.6 Hz, 1H, 2-H), 6.05 (dd,
J=155, 1.5Hz, 1H, 3-H); '*C NMR (75 MHz, CDCl;): 6 =11.3, 12.9,
16.5, 18.2, 18.8, 29.2, 30.3, 34.0, 38.5, 46.3, 124.1, 128.6, 135.3, 135.5,
212.1. These spectral data were in good accord with those reported
in refs. [8, 9]. Elemental analysis (%): calcd for C;sH,cO (222.37): C
81.02, H 11.79; found: C 81.05, H 11.59.

(2E,5R,6E,8E)-5,7-Dimethyl-2,6,8-decatrien-4-one (3): This com-
pound was prepared under the same conditions as described for
the preparation of 1 by employing (E)-1-propenyl bromide (850 mg,
7.03 mmol), magnesium (208 mg, 8.56 mmol), and the amide 17
(150 mg, 0.76 mmol) to give 108 mg (80%) of 3 as a colorless oil.
n# =1.5072 [ref.[12]: n¥ =1.5068]; [a]® =—426 (c=1.18, n-pen-
tane) [ref. [12] [a]Z® = — 466 (c=1.16, n-pentane)]; CD (c=0.000494,
n-hexane): Ae (1) =—4.70 (343), +3.20 (259), —6.39 (235), +0.105
(219), —0.281 (212 nm); IR (film): 7., = 1695 (s, C=0), 1670 (s, C=C),
1630 (s, C=C), 965 cm~"' (s, olefinic C—H); 'H NMR (300 MHz, CDCl;):
0=1.15 (d, J=6.8 Hz, 3H, 5-Me), 1.76 (dd, J=1.3, 6.6 Hz, 3H, 10-H),
1.80 (d, J/=1.1Hz, 3H, 7-Me), 1.85 (dd, J=1.6, 6.9 Hz, 3H, 1-H), 3.60
(dg, J=9.7,6.8 Hz, 1H, 5-H), 5.23 (d, J/=9.7 Hz, 1H, 6-H), 5.66 (dq, /=
15.5, 6.6 Hz, 1H, 9-H), 6.06 (dg, J=15.5, .3 Hz, 1H, 8-H), 6.15 (dg, J=
15.4, 1.6 Hz, 1H, 3-H), 6.88 (dq, J=15.4, 6.9 Hz, 1H, 2-H); *C NMR
(75 MHz, CDCl,): 6 =12.8, 16.6, 18.19, 18.22, 44.6, 124.0, 128.5, 129.7,
135.4, 135.5, 142.5, 200.3. These spectral data were in good accord
with those reported in ref.[12]. Elemental analysis (%): calcd for
C;,H;40 (178.27): C 80.85, H 10.18; found: C 80.74, H 10.40.

(3R,4E,6E)-3,5-Dimethyl-4,6-octadien-2-one (4): This compound
was prepared under the same conditions as described for the
preparation of 1 by employing the amide 17 (113 mg, 0.57 mmol)
and methyllithium (1.02m in diethyl ether, 2.00 mL, 1.95 mmol) to
give 66 mg (67 %) of 4 as a colorless oil. n3* = 1.4807; [a]¥ =—373
(c=0.77, CHCly); IR (film): ¥,,,=1720 (s, C=0), 1625 (w, C=CQ),
970 cm™! (s, olefinic C—H); '"H NMR (300 MHz, C,D¢): 6 =1.08 (d, J=
6.8 Hz, 3H, 3-Me), 1.60 (d, J=1.2Hz, 3H, 5-Me), 1.62 (dd, J=75,
1.4 Hz, 3H, 8-Me), 1.73 (s, 3H, 1-H), 3.15 (dg, J=10.5, 6.8 Hz, 1 H, 3-H),
5.29 (d, J/=9.8 Hz, 1H, 4-H), 5.49 (dq, J=15.5, 6.6 Hz, 1H, 7-H), 5.98
(dd, J=15.5, 1.1 Hz, 1H, 6-H); '*C NMR (75 MHz, C,Dy): d=13.5, 17.2,
18.9, 28.2, 47.8, 124.4, 129.9, 136.4, 136.7, 207.6; HR-MS: calcd for
C;oH:60 152.1202; found 152.1200. Due to the high volatility of 4, no
correct combustion analysis data could be obtained.
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(2E,4E,6R)-4,6-Dimethyl-2,4-pentadecadien-7-one (5): This com-
pound was prepared under the same conditions as described for the
preparation of 1 by employing octyl bromide 25 (603 mg,
3.12 mmol), magnesium (86 mg, 3.54 mmol), and the amide 17
(41 mg, 0.21 mmol) to give 42 mg (81%) of 5 as a colorless oil. n¥ =
1.4689; [a]¥ = — 173 (c=0.94, CHCL,); IR (film): 7,,,= 1715 (s, C=0),
1620 (w, C=C), 965 cm~! (s, olefinic C—H); '"H NMR (300 MHz, CDCl.):
0=0.80 (t, J=6.3 Hz, 3H, 15-H), 1.06 (d, /=6.6 Hz, 3H, 6-Me), 1.15-
1.32(m, 12H, 9,10, 11, 12, 13, 14-H), 1.69 (dd, J=6.6, 1.3 Hz, 3H, 1-H),
1.74 (d, J=1.3 Hz, 3H, 4-Me), 2.29-2.49 (m, 2 H, 8-H), 3.46 (dq, J=9.9,
6.8 Hz, 1H, 6-H), 5.19 (d, J=9.8 Hz, 1H, 5-H), 5.65 (dqg, J=15.5, 6.6 Hz,
1H, 2-H), 6.06 (dd, J=15.5, 1.0 Hz, 1H, 3-H); *C NMR (75 MHz, CDCl,):
0=12.8, 14.0, 16.4, 18.1, 22.6, 23.7, 29.07, 29.15, 29.3, 31.8, 40.7, 46.3,
124.0, 128.6, 135.3, 135.4, 211.7; elemental analysis (%): calcd for
C7Hs,0 (250.42): C 81.54, H 12.08; found: C 81.34, H 12.01.

Methyl (R)-3-benzyloxy-2-methylpropanoate (26): Triflic acid
(0.20 mL, 2.26 mmol) was added to a stirred solution of (R)-9
(10.0g, 84.6mmol) and benzyl trichloroacetimidate®"” (32.0g,
127 mmol) in dichloromethane (100 mL). The solution was stirred
at room temperature for 15h. The reaction was quenched with
saturated aqueous NaHCO;. The organic phase was separated, and
the aqueous phase was extracted several times with dichloro-
methane. The extracts and the organic layer were combined and
washed with water, saturated aqueous NaHCO;, and brine, dried
over MgSO,, and concentrated under reduced pressure. The residue
was purified by chromatography on silica gel (400 g, hexane/ethyl
acetate, 100:1) to give 15.0 g (85 %) of 26 as a colorless oil. A sample
was further purified by distillation. B.p. 102-105°C (2 Torr); n& =
1.4921; [a]3 = —11.5 (c=5.15, CHCI;) [ref. [21] [a]® = — 11.6 (c=1.0,
CHCLY)I; IR (film): 7,,,,=1745 (s, C=0), 1605 (w, aromatic), 1590 (w,
aromatic), 1500 (m, aromatic), 1100 cm~" (s, C=0); 'H NMR (90 MHz,
CDCly): 6=1.18 (d, J=7.1Hz, 3H, 2-Me), 2.78 (sextet, J=7.1Hz, 1H,
2-H), 3.63 (dd, J=6.9, 15.5 Hz, 1H, 3-H,), 3.69 (s, 3H, CO,Me), 3.79 (dd,
J=6.9, 15.5Hz, 1H, 3-H,), 4.52 (s, 2H, benzylic CH,), 7.32 (br.s, 5H,
aromatic).

(R)-3-Benzyloxy-2-methylpropanal (27): A solution of diisobutyla-
luminum hydride (0.95m in hexane, 95.0 mL, 90.3 mmol) was added
to a stirred solution of 26 (17.4 g, 83.5 mmol) in dry dichloromethane
(180 mL) at — 78°C under argon. After stirring for 20 min at —78°C,
saturated aqueous Rochelle’s salt solution was added, and the
temperature was gradually raised to room temperature. Water and
diethyl ether were added to the mixture, the organic phase was
separated, and the aqueous phase was extracted with diethyl ether.
The combined organic phases were washed with water and brine,
dried over MgSO,, and concentrated under reduced pressure to give
15.7 g (quant) of 27 as a colorless oil. This was used for the next step
without further purification. IR (film): 7,,,,=2740 (m, CHO), 1725 (s,
C=0), 1605 (w, aromatic), 1590 (w, aromatic), 1500 (m, aromatic),
1100 cm~" (s, C=0); 'H NMR (90 MHz, CDCl,): 6=1.14 (d, J=7.2 Hz,
3H, 2-Me), 2.45-2.90 (m, 1H, 2-H), 3.40-3.85 (m, 2H, 3-H), 4.52 (s,
2H, benzylic CH,), 732 (br.s, 5H, aromatic), 9.72 (d, J=2.1Hz, 1H,
CHO).

(2R,3RS)-1-Benzyloxy-2-methyl-4-hexyn-3-ol (28): n-Butyllithium
(3.04m in n-hexane, 41.2mL, 125 mmol) was added to a stirred
solution of propyne (6.5 g, 162 mmol) in dry THF (200 mL) at — 78°C
under argon. After the mixture had been stirred for 1 h at 0°C, HMPA
(20 mL) was added at —40°C under argon, and the mixture was
stirred for 10 min. After crude 27 (15.7 g, ca. 88.1 mmol) in THF
(50 mL) was added to this solution at —40°C under argon, the
temperature was gradually raised to room temperature, and the
mixture was stirred for 14 h. Water was added to the mixture, the
organic phase was separated, and the aqueous phase was extracted
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with diethyl ether. The combined organic phases were washed with
water, saturated aqueous NaHCO;, and brine, dried over MgSO,, and
concentrated under reduced pressure. The residue was purified by
chromatography on silica gel (250 g, hexane/ethyl acetate, 50:1) to
give 9.9 g (54% based on 26) of 28 as a colorless oil. An analytical
sample was further purified by distillation. B.p. 120—130°C (1 Torr);
n% =1.4482; [a]% = —33.5 (c=1.37, CHCly); IR (film): 7y = 3450 (s,
O—H), 2250 (w, C=C), 1605 (w, aromatic), 1590 (w, aromatic), 1500 (m,
aromatic), 1100 cm~' (s, C=0); '"H NMR (90 MHz, CDCl,): 6 =0.91 (d,
J=6.8Hz, 1.5H, 2-Me), 1.03 (d, J=70Hz, 1.5H, 2-Me), 1.84 (d, J=
2.0 Hz, 3H, 6-Me), 2.03 (m, 1H, 2-H), 3.00 (d, J=5.0 Hz, 1 H, OH), 3.38 -
3.82 (m, 2H, 6-H), 4.30-4.50 (m, 1H, 3-H), 4.53 (s, 2H, benzylic CH,),
7.33 (br.s, 5H, aromatic); elemental analysis (%): calcd for C;,H,50,
(218.30): C 77.03, H 8.31; found: C 77.28, H 8.35.

(2R,3RS,4E)-1-Benzyloxy-2-methyl-4-hexen-3-ol (29): A solution of
28 (9.30 g, 42.6 mmol) in diethyl ether (100 mL) was added dropwise
to a stirred slurry of LiAlH, (10.0 g, 263 mmol) in dry diethyl ether
(500 mL) at 0°C. The mixture was stirred at room temperature for
5 days. Excess LiAlH, was destroyed by careful addition of water
(10 mL), aqueous sodium hydroxide solution (15%, 10 mL), and
water (30 mL). The mixture was diluted with diethyl ether, filtered
through Celite, and the filtrate was concentrated under reduced
pressure. The residue was purified by chromatography on silica gel
(100 g, hexane/ethyl acetate, 50:1) to give 5.02 g (53%) of 29 as a
colorless oil. An analytical sample was further purified by distillation.
B.p. 130—136°C (3 Torr); n% = 1.4581; [a]¥ = — 15.9 (c=1.11, CHCl,);
IR (film): 7., = 3450 (s, O—H), 1670 (w, C=C), 1590 (w, aromatic), 1500
(m, aromatic), 1100 cm~" (s, C=0); '"H NMR (90 MHz, CDCl,): 6 =0.85
(d, J=70Hz 1.5H, 2-Me), 0.90 (d, /=72 Hz, 1.5H, 2-Me), 1.40 (d, J=
49 Hz, 3H, 1-H), 1.80-2.20 (m, 1H, 5-H), 2.75 (d, J=5.6 Hz, 0.5H, OH),
3.20 (d, J=3.4Hz 0.5H, OH), 3.85-4.25 (m, TH, 4-H), 4.45 (s, 2H,
benzylic CH,), 5.30-5.80 (m, 2H, 2-, 3-H), 7.30 (br.s, 5H, aromatic);
elemental analysis (%): calcd for C;,H,,0, (220.31): C 76.33, H 9.15;
found: C 76.27, H 9.26.

(2E,4RS,5R)-6-Benzyloxy-4-tert-butyldimethylsilyloxy-5-methyl-2-
hexene (30): Imidazole (3.88g, 57.0 mmol) and TBSCl (4.47 g,
29.7 mmol) were added to a solution of 29 (4.70 g, 21.3 mmol) in
dry DMF (50 mL), and the mixture was stirred for 15h at room
temperature. Water was added, the organic phase was separated,
and the aqueous phase was extracted with diethyl ether. The
combined organic phases were washed with water, saturated
aqueous NaHCO;, and brine, dried over MgSO,, and concentrated
under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (100 g, hexane) to give 7.52 g (quant) of 30 as a
colorless oil. ng*=1.4791; [a]% =+0.43 (c=1.08, CHCl,); IR (film):
Vonax = 1670 (w, C=C), 1500 (m, aromatic), 1255 (s, Si—Me), 1100 cm~’
(s, C=0); 'H NMR (90 MHz, CDCl;): 6 =0.01, 0.02 (each s, 6H, SiMe,),
0.86 (s, 9H, tBu), 0.90 (d, J=6.8 Hz, 3H, 5-Me), 1.66 (d, /=4.8 Hz, 3H,
1-H), 1.82 (m, 1H, 5-H), 3.15-3.55 (m, 2H, 6-H), 3.95-4.20 (m, 1H,
4-H), 4.48 (s, 2H, benzylic CH,), 5.20-5.66 (m, 2H, 2-, 3-H), 7.32 (br.s,
5H, aromatic); elemental analysis (%): calcd for C,,H5,0,Si (334.57): C
71.80, H 10.24; found: C 71.80, H 10.43.

(2R,3RS,4E)-3-tert-Butyldimethylsilyloxy-2-methyl-4-hexen-1-ol

(31): A solution of 30 (4.68g, 14.0 mmol) in dry THF (50 mL) was
added dropwise to a blue solution of sodium (3.50 g, 152 mmol) in
ammonia (400 mL) with stirring at —78°C under nitrogen. After
stirring for 20 min at — 78 °C, ammonium chloride (5.0 g) was added,
and the temperature was raised to room temperature. Water was
added, the organic phase was separated, and the aqueous phase was
extracted with diethyl ether. The combined organic phases were
washed with water, saturated aqueous NaHCO;, and brine, dried
over MgSO,, and concentrated under reduced pressure. The residue
was purified by chromatography on silica gel (60 g, hexane/ethyl
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acetate, 120:1) to give 2.84g (83%) of 31 as a colorless oil. An
analytical sample was further purified by distillation. B.p. 90-95°C
(5Torr); n¥ =1.4472; [a]¥ = —12.5 (c=1.15, CHCLy); IR (film): 7, =
3450 (s, O—H), 1670 (w, C=C), 1255 (s, Si—Me), 1100cm~' (s, C-0);
"H NMR (90 MHz, CDCl,): 6 =0.02, 0.03 (each s, total 6 H, SiMe,), 0.75,
0.85 (each d, J=7.0 Hz, total 3H, 2-Me), 0.90 (s, 9H, tBu), 1.71 (d, J=
5.3 Hz, 3H, 6-H), 1.90 (m, 1H, 2-H), 3.20 (d, J/=4.9 Hz, 1H, OH), 3.40-
4.20 (m, 3H, 1, 3-H), 5.30-5.90 (m, 2 H, 4, 5-H); elemental analysis (%):
caled for C,3H,50,5i (244.45): C 63.88, H 11.55; found: C 63.63, H 11.51.

(2S,3RS,4E)-3-tert-Butyldimethylsilyloxy-2-methyl-4-hexenal (32):
A solution of dimethyl sulfoxide (0.52mL, 733 mmol) in dry
dichloromethane (5 mL) was added to a solution of oxalyl chloride
(0.32 mL, 3.67 mmol) in dry dichloromethane (5 mL) at —60°C. After
the mixture had been stirred for 10 min at this temperature, a
solution of 31 (720 mg, 2.95 mmol) in dry dichloromethane (5 mL)
was added at —60°C. Stirring was continued for 30 min at this
temperature, and triethylamine (2.10 mL, 15.1 mmol) was added to
the mixture, which was subsequently warmed to 0°C. The mixture
was then poured into water and extracted several times with
dichloromethane. The extracts were combined and washed with
water, saturated aqueous NaHCO;, and brine, dried over MgSO,, and
concentrated under reduced pressure to give 672 mg (94 %) of 32 as
a colorless oil. This was used for the next step without further
purification. IR (film): 7.,.,=2720 (m, CHO), 1730 (s, C=0), 1670 (m,
C=C), 1630 (s, C=C), 1250 cm~"' (s, Si—Me); '"H NMR (90 MHz, CDCl,):
0=0.02, 0.03 (each s, 6H, SiMe,), 0.89 (s, 9H, tBu), 1.04 (d, /=6.8 Hz,
3H, 2-Me), 1.88 (dd, J=1.8, 6.5 Hz, 3H, 6-H), 3.00 (sextet, J=6.8 Hz,
1H, 2-H), 3.56 (dd, J=6.2, 9.8 Hz, 0.5H, 3-H), 3.80 (dd, J=6.8, 9.8 Hz,
0.5H, 3-H), 6.21 (dq, J=15.7, 1.8 Hz, 1H, 4-H), 6.88 (dq, /= 15.7, 6.5 Hz,
1H, 5-H), 9.85 (br.s, 1H, CHO).

(2E,4EZ,6R,7RS,8E)-7-tert-Butyldimethylsilyloxy-6-methyl-2,4,8-
decatriene (33): A solution of n-butyllithium (1.66m in n-hexane,
2.10 mL, 3.49 mmol) was added to a solution of (E)-2-butenyldiphe-
nylphosphane oxide?? (1.05 g, 4.10 mmol) in dry THF (30 mL) and
HMPA (1.23 mL, 707 mmol) at — 78°°C under argon. After the mixture
had been stirred for 10 min at this temperature, a solution of crude
32 (672 mg, ca. 2.77 mmol) in dry THF (5 mL) was added at —78°C
under argon. The resulting solution was stirred at — 78 °C for 10 min,
at 0°C for 30 min, and finally at room temperature for 2 h, and then
poured into ice-cooled dilute HCI. The organic phase was separated,
and the aqueous phase was extracted several times with diethyl
ether. The extracts and the organic phase were combined and
washed with water, saturated aqueous NaHCO;, and brine, dried
over MgSO,, and concentrated under reduced pressure. The residue
was purified by chromatography on silica gel (6.0 g, hexane) to give
258 mg (31% based on 31) of 33 as a colorless oil. The E/Z ratio of 33
(ca. 1:1) was determined by 'H NMR analysis. n3 =1.4688; [a] =
—12.4 (c=1.06, CHCl,); IR (film): 7., = 1670 (w, C=C), 1255cm~" (s,
Si—Me); "H NMR (90 MHz, CDCl;): 6 =0.02, 0.03 (each s, 6H, SiMe,),
0.85 (s, 9H, tBu), 0.93, 0.95 (d, J/=7.1 Hz, 3H, 6-Me), 1.65 (d, J=5.1 Hz,
3H, 10-H), 1.73 (d, J=6.5 Hz, 3H, 1-H), 2.05-2.20 (m, 1H, 6-H), 3.85
(br.t, J=5.6 Hz, 1H, 7-H), 5.00-6.50 (m, 6H, 2-, 3-, 4-, 5-, 8-, 9-H);
elemental analysis (%): calcd for C;,H5,0Si (280.53): C 72.79, H 11.50;
found: C 73.22, H 11.59.

(2E,4RS,5R,6EZ,8E)-5-Methyl-2,6,8-decatrien-4-ol (34): A solution of
tetrabutylammonium fluoride (1.0m in THF, 2.5 mL, 2.5 mmol) was
added to a solution of 33 (320 mg, 1.14 mmol) in THF (10 mL). The
mixture was stirred for 12 h at room temperature, then poured into
water and extracted several times with diethyl ether. The extracts
and the organic layer were combined and washed with water,
saturated aqueous NaHCO,, and brine, dried over MgSO,, and
concentrated under reduced pressure. The residue was purified by
chromatography on silica gel (4.0 g, hexane/ethyl acetate, 150:1) to
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give 190 mg (quant) of 34 as a colorless oil. n3*=1.4989; [a]¥ =
—18.1 (c=1.00, CHCL,); IR (film): 7,,,, = 3400 (s, O—H), 1670 (w, C=C),
990 (s), 970 cm~" (s); '"H NMR (90 MHz, CDCl,): 6 =0.97, 1.01 (d, J=
70 Hz, 3H, 5-Me), 1.24 (br.s, TH, OH), 1.60-1.85 (m, 6H, 1, 10-H),
2.00-2.90 (m, 1H, 5-H), 3.60-4.05 (m, 1H, 4-H), 5.00-6.50 (m, 6 H, 2-,
3-, 6-, 7-, 8-, 9-H); HR-MS: calcd for C,;H,50 166.1358; found 166.1363.

(2E,5R,6EZ,8E)-5-Methyl-2,6,8-decatrien-4-one (6): A solution of
dimethyl sulfoxide (0.068 mL, 0.96 mmol) in dry dichloromethane
(2mL) was added to a solution of oxalyl chloride (0.042 mL,
0.48 mmol) in dry dichloromethane (2 mL) at —60°C under argon.
After the mixture had been stirred for 10 min at this temperature, a
solution of the trienol 34 (40 mg, 0.24 mmol) in dry dichloromethane
(3 mL) was added at — 60 °C. Stirring was continued for 30 min at this
temperature, and triethylamine (0.17 mL, 1.12 mmol) was added to
the mixture which was subsequently warmed to 0°C. The mixture
was then poured into water and extracted several times with
dichloromethane. The extracts were combined and washed with
saturated aqueous NaHCO; and brine, dried over MgSO,, and
concentrated under reduced pressure. The residue was purified by
chromatography on silica gel (1.0 g, hexane/ethyl acetate, 400:1) to
give 19 mg (48 %) of 6 as a yellow oil. n% =1.5055; [a]3' = — 278 (c=
0.525, CHCL,); IR (film): %5, = 1695 (s, C=0), 1675 (s, C=0), 1635 (s,
C=C), 995 (s), 970 (s, olefinic C—H), 955 (m), 935cm~" (m); '"H NMR
(300 MHz, CDCl,): 6=1.17, 1.18 (each d, /=70 Hz, 3H, 5-Me), 1.74,
1.81 (each d, J=7.0Hz, 3H, 10-H), 1.87 (dd, J/=1.0, 7.0 Hz, 3H, 1-H),
3.35 (quintet, J=7.0 Hz, 0.5H, 5-H), 3.74 (dq, J=7.0, 9.9 Hz, 0.5H, 5-H),
5.17 (t, J=9.9 Hz, 0.5H, cis-6-H), 5.51 (dd, /=7.8, 14.4 Hz, 0.5 H, trans-
6-H), 5.60-5.85 (m, 1H, 9-H), 5.95-6.14 (m, 1.5H, trans-7-H, 8-H), 6.20
(dg, J=15.6, 1.9 Hz, 1H, 3-H), 6.30-6.42 (m, 0.5H, cis-7-H), 6.90 (ddd,
J=1.9, 70, 15.6 Hz, 1 H, 2-H); '*C NMR (75 MHz, CDCl,): 6 = 16.3, 16.7,
18.1, 184, 44.1, 48.1, 126.2, 1276, 129.2, 129.6, 129.8, 129.9, 1304,
131.1, 131.8, 132.3, 142.8, 200.1, 200.2; HR-MS: calcd for Cy;H;sO
164.1201; found 164.1194.

Ethyl  (2E,4R,5RS,6E)-5-tert-butyldimethylsilyloxy-2,4-dimethyl-
2,6-octadienoate (35): The alcohol 31 (1.83g, 749 mmol) was
oxidized under Swern conditions [(COCI), (0.85mL, 9.74 mmol),
DMSO (1.38 mL, 19.4 mmol), Et;N (5.22mL, 375 mmol)] to the
corresponding crude aldehyde 32. Ph;P=C(Me)CO,Et (94%, 3.75 g,
9.73 mmol) was added to a stirred solution of crude 32 (1.62 g, ca.
6.68 mmol) in benzene (80 mL), and the mixture was heated under
reflux with stirring for 30 h. A saturated aqueous ammonium chloride
solution was added, the organic phase was separated, and the
aqueous phase was extracted with diethyl ether. The combined
organic phases were washed with water, saturated aqueous NaHCO;,
and brine, dried over MgSO,, and concentrated under reduced
pressure. The residue was purified by chromatography on silica gel
(30 g, hexane/ethyl acetate, 400:1) to give 790 mg (32% based on
31) of 35 as a colorless oil. n¥ =1.4572; [a]¥ =+3.18 (c=1.08,
CHCl,); IR (film): #,,,,=1715 (s, C=0), 1650 (m, C=C), 1255cm™" (s,
Si—Me); '"H NMR (90 MHz, CDCl,): 6 =0.02, 0.03 (each s, 6H, SiMe,),
0.87 (s, 9H, tBu), 0.98 (d, J=6.8 Hz, 3H, 4-Me), 1.28 (t, /=70Hz, 3H,
CO,CH,CH;), 1.66 (d, J=5.1 Hz, 3H, 8-H), 1.82 (d, J= 1.3 Hz, 3 H, 2-Me),
2.53 (m, 1H, 4-H), 3.80-4.00 (m, 1H, 5-H), 4.18 (q, J=7.0Hz, 2H,
CO,CH,CH;), 5.20-5.75 (m, 2H, 6, 7-H), 6.63 (dg, J=1.3, 9.9 Hz, 1H,
3-H); elemental analysis (%): calcd for C,gH5,0,Si (326.55): C 66.21, H
10.49; found: C 66.42, H 10.39.

(2E,4R,5RS,6E)-5-tert-Butyldimethylsilyloxy-2,4-dimethyl-2,6-octa-
dien-1-ol (36): A solution of diisobutylaluminum hydride (0.95m in
hexane, 5.6 mL, 5.3 mmol) was added to a stirred solution of 35
(790 mg, 2.42 mmol) in dry dichloromethane (20 mL) at —78°C
under argon. After stirring for 30 min at — 78 °C, a saturated aqueous
Rochelle’s salt solution was added, and the temperature was
gradually raised to room temperature. Water and diethyl ether were
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added to the reaction mixture. The organic phase was separated, and
the aqueous phase was extracted with diethyl ether. The combined
organic phases were washed with water and brine, dried over
MgSO,, and concentrated under reduced pressure. The residue was
purified by chromatography on silica gel (20 g, hexane/ethyl acetate,
50:1) to give 673 mg (98%) of 36 as a colorless oil. n¥ =1.4633;
[a]® = —13.1 (c=1.03, CHCL,); IR (film): 7., = 3350 (s, 0—H), 1670 (w,
C=C), 1255cm" (s, Si—Me); 'H NMR (90 MHz, CDCl;): 6 =0.00, 0.01
(each s, total 6H, SiMe,), 0.89 (s, 9H, tBu), 0.93 (d, J=70Hz 3H,
4-Me), 1.28 (t, J=7.0Hz, 3H, CH,CH,), 1.66 (d, J=5.1 Hz, 3H, 8-H),
1.20, 1.24 (each br.s, total 1H, OH), 1.64 (m, 6 H, 2-Me, 8-H), 2.25-2.60
(m, 1H, 4-H), 3.74-4.05 (m, 3H, 1-, 5-H), 5.16-5.60 (m, 3H, 3-, 6-,
7-H); elemental analysis (%): calcd for C,¢H;,0,Si (284.51): C 67.55, H
11.34; found: C 6752, H 11.17.

(2E,4R,5RS,6E)-5-tert-Butyldimethylsilyloxy-2,4-dimethyl-2,6-octa-
dienal (37): A solution of dimethyl sulfoxide (0.52 mL, 733 mmol) in
dry dichloromethane (5mL) was added to a solution of oxalyl
chloride (0.32mL, 3.67 mmol) in dry dichloromethane (5mL) at
—60°C. After the mixture had been stirred for 10 min at this
temperature, a solution of 36 (600 mg, 2.11 mmol) in dry dichloro-
methane (5 mL) was added at —60°C. Stirring was continued for
30 min at this temperature, and triethylamine (1.70 mL, 12.2 mmol)
was added to the mixture which was subsequently warmed to 0°C.
The mixture was then poured into water and extracted several times
with dichloromethane. The extracts were combined and washed
with water, saturated aqueous NaHCO;, and brine, dried over MgSO,,
and concentrated under reduced pressure to give 638 mg (quant) of
37 as a colorless oil. This was used for the next step without
further purification. IR (film): 7,,,,=2370 (m, CHO), 1690 (s, C=0),
1645 (w, C=C), 1255cm~! (s, Si—Me); 'H NMR (90 MHz, CDCl,): 6 =
0.00, 0.01 (each s, 6 H, SiMe,), 0.87, 0.88 (each s, 9H, tBu), 1.04 (d, J=
7.1 Hz, 3H, 4-Me), 1.66 (d, J=5.4Hz, 3H, 8-H), 1.94 (d, J/=1.2 Hz, 3H,
2-Me), 2.40-2.90 (m, 1H, 4-H), 3.98 (br.t, J=5.9Hz, 1H, 5-H), 5.15-
5.80 (m, 2H, 6-, 7-H), 6.25-6.50 (m, 1H, 3-H), 9.39 (d, J=2.0Hz, 1H,
CHO).

(3E,5R,6RS,7E)-6-tert-Butyldimethylsilyloxy-3,5-dimethyl-1,3,7-
nonatriene (38): n-Butyllithium (1.55m in n-hexane, 2.40 mL,
3.72 mmol) was added to a stirred suspension of methyltriphenyl-
phosphonium bromide (98 %, 1.75 g, 4.80 mmol) in dry THF (20 mL)
at —78°C under argon. After the mixture had been stirred for 1 h at
0°C, a solution of crude 37 (638 mg, ca. 2.26 mmol) in dry THF (5 mL)
was added, and the reaction mixture was stirred for 2 h at —78°C
under argon. Water was added, and the reaction temperature was
gradually raised to room temperature. The organic phase was
separated, and the aqueous phase was extracted with diethyl ether.
The combined organic phases were washed with water, saturated
aqueous NaHCO;, and brine, dried over MgSO,, and concentrated
under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (10 g, hexane) to give 431 mg (73 % based on 36)
of 38 as a colorless oil. 3’ = 1.4663; [a]?® = — 20.2 (c=1.12, CHCL,); IR
(film): 7., = 1670 (w, C=C), 1645 (w, C=C), 1610 (m, C=C), 1255 cm™’
(s, Si—Me); "TH NMR (90 MHz, CDCl,): 6 =0.00, 0.01 (each s, 6 H, SiMe,),
0.87, 0.88 (each s, 9H, tBu), 0.92, 0.95 (each d, J/=6.8 Hz, 3H, 5-Me),
1.66 (d, J=4.8 Hz, 3H, 9-H), 1.73 (s, 3H, 3-Me), 2.55 (m, 1H, 5-H), 3.87
(br.t, J=6.5Hz, 1H, 6-H), 4.82 (d, J/=13.3 Hz, 2H, 1-H), 5.14-5.75 (m,
3H, 4-, 7-, 8-H), 6.37 (dg, J=3.5, 13.3 Hz, 1H, 2-H); elemental analysis
(%): caled for C,,H5,0Si (280.53): C 72.79, H 11.50; found: C 72.30, H
11.52.

(2E,4RS,5R,6E)-5,7-Dimethyl-2,6,8-nonatrien-4-ol (39): This com-
pound was prepared under the same conditions as described for the
preparation of 34 by employing 38 (331 mg, 1.18 mmol) and
tetrabutylammonium fluoride (1.0m in THF, 2.0 mL, 2.0 mmol) to
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give 205 mg (quant) of 39 as a colorless oil. n3*=1.4962; [a]l¥ =
—16.4 (c=1.02, CHCL,); IR (film): 7., = 3380 (s, 0—H), 1670 (w, C=C),
1640 (w, C=C), 1605 cm~' (m, C=C); '"H NMR (90 MHz, CDCl): 6 =0.94,
1.00 (each d, J=6.8 Hz, 3H, 5-Me), 1.24 (d, J=5.1 Hz, 1H, OH), 1.68 (d,
J=4.8Hz 3H, 1-H), 1.77 (d, J=1.5 Hz, 3H, 7-Me), 2.40-2.90 (m, 1H,
5-H), 3.70-4.05 (m, 1H, 4-H), 4.96 (d, /=10.9 Hz, 2H, 9-H), 5.10-5.80
(m, 3H, 2-, 3-, 6-H), 6.37 (dg, J=2.0, 10.9 Hz, 1 H, 8-H); HR-MS: calcd
for C;;H;50 166.1358; found 166.1358.

(2E,5R,6E)-5,7-Dimethyl-2,6,8-nonatrien-4-one (7): This compound
was prepared under the same conditions as described for the
preparation of 6 by employing oxalyl chloride (0.050 mL,
0.573 mmol), dimethyl sulfoxide (0.10 mL, 1.41 mmol), trienol 39
(50 mg, 0.30 mmol), and triethylamine (0.20 mL, 1.43 mmol) to give
27 mg (55%) of 7 as a yellow oil. n% =1.5031; [a]3'=—259 (c=
0.515, CHCL,); IR (film): 7., = 1695 (s, C=0), 1670 (s, C=0), 1630 (s,
C=Q), 1605 (m, C=C), 995 (m), 970 (s), 935 (m), 900 (s), 875 cm~" (m);
'H NMR (300 MHz, CDCl,): 6 =1.18 (d, J=6.8 Hz, 3H, 5-Me), 1.82 (d,
J=1.3Hz 3H, 7-Me), 1.88 (dd, J=6.9, 1.7 Hz, 3H, 1-H), 3.64 (dq, J=
9.7,6.8 Hz, TH, 5-H), 5.01 (d, J=10.7 Hz, 1H, 9-H,), 5.16 (d, /=174 Hz,
1H, 9-H,), 5.40 (d, J=9.6 Hz, 1H, 6-H), 6.16 (dq, J=15.5, 1.7 Hz, 1H,
3-H), 6.36 (ddd, /=174, 10.7, 1.0Hz, 1H, 8-H), 6.90 (dq, J=15.5,
6.9 Hz, 1H, 2-H); *C NMR (75 MHz, CDCl,): 6 =12.1, 16.6, 18.2, 29.7,
44.6, 112.3, 129.7, 131.4, 135.7, 140.9, 142.8, 200.1; HR-MS: calcd for
Cy;H,40 164.1201; found 164.1212.
(2E,4R)-5-tert-Butyldimethylsilyloxy-2,4-dimethyl-2-penten-1-ol
(40): A solution of diisobutylaluminum hydride (0.95m in n-hexane,
75.0mL, 71.3 mmol) was added to a stirred solution of 12 (9.0,
31.4 mmol) in dry dichloromethane (200 mL) at — 78 °C under argon.
After stirring for 30 min at —78°C, a saturated aqueous Rochelle’s
salt solution was added, and the temperature was gradually raised to
room temperature. Water and diethyl ether were added to the
reaction mixture. The organic solution was separated, and the
aqueous phase was extracted with diethyl ether. The combined
organic phases were washed with water and brine, dried over
MgSO,, and concentrated under reduced pressure. The residue was
purified by chromatography on silica gel (1509, hexane/ethyl
acetate, 50:1) to give 7.28 g (95%) of 40 as a colorless oil. n¥* =
1.4519; [al3'=—176 (c=1.09, CHCL) [ref.[16]: [a]®®=—11.1 (c=
1.61, CHCL)1; IR (film): #,.,=3350 (s, O—H), 1260 cm~" (s, Si—Me);
"H NMR (90 MHz, CDCl,): 6 =0.03 (s, 6 H, SiMe,), 0.90 (s, 9H, tBu), 0.95
(d, J=6.8 Hz, 3H, 4-Me), 1.50 (br.s, 1H, OH), 1.69 (d, J=1.8 Hz, 3H,
2-Me), 2.30-2.80 (m, 1H, 4-H), 3.37 (dd, J=6.8, 12 Hz, 1H, 5-H,), 3.46
(dd, J=6.8, 12 Hz, 1H, 5-H,), 4.00 (s, 2H, 1-H), 5.19 (dqg, J=9.7, 1.8 Hz,
1H, 3-H).

(2E,4R)-5-tert-Butyldimethylsilyloxy-2,4-dimethyl-2-pentenal (41):
A solution of dimethyl sulfoxide (2.27 mL, 32.0 mmol) in dry
dichloromethane (15 mL) was added to a solution of oxalyl chloride
(1.39 mL, 15.9 mmol) in dry dichloromethane (15 mL) at — 60 °C. After
the mixture had been stirred for 10 min at this temperature, a
solution of 40 (2.79 g, 11.4mmol) in dry dichloromethane (30 mL)
was added at —60°C. Stirring was continued for 30 min at this
temperature, and triethylamine (794 mL, 57.0 mmol) was added to
the mixture, which was subsequently warmed to 0°C. The mixture
was then poured into water and extracted several times with
dichloromethane. The extracts were combined and washed with
water, saturated aqueous NaHCO;, and brine, dried over MgSO,,, and
concentrated under reduced pressure to give 2.86 g (quant) of 41 as
a colorless oil. This was used for the next step without further
purification. IR (film): 7., =2720 (m, CHO), 1690 (s, C=0), 1645 (m,
C=C), 1260 cm~" (s, Si—Me); '"H NMR (90 MHz, CDCl;): 6 =0.03 (s, 6H,
SiMe,), 0.88 (s, 9H, tBu), 1.07 (d, J=6.7 Hz, 3H, 4-Me), 1.78 (d, J=
1.1 Hz, 3H, 2-Me), 2.70-3.05 (m, 1H, 4-H), 3.56 (d, J=6.8 Hz, 2H, 5-H),
6.31 (dg, J=9.7, 1.1 Hz, 1H, 3-H), 9.40 (s, 1H, CHO).
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(2R,3E)-1-tert-Butyldimethylsilyloxy-2,4-dimethyl-3,5-hexadiene
(42): n-Butyllithium (1.57m in n-hexane, 9.0 mL, 14.1 mmol) was
added to a stirred solution of methyltriphenylphosphonium bromide
(98%, 5.70 g, 15.6 mmol) in dry THF (60 mL) at — 78 °C under argon.
After the mixture had been stirred for 1 h at 0°C, a solution of crude
41 (2.869, ca. 11.8 mmol) in dry THF (30 mL) was added, and the
reaction mixture was stirred for 2 h at —78°C under argon. Water
was added, and the reaction temperature was gradually raised to
room temperature. The organic phase was separated, and the
aqueous phase was extracted with diethyl ether. The combined
organic phases were washed with water, saturated aqueous NaHCO;,
and brine, dried over MgSO,, and concentrated under reduced
pressure. The residue was purified by chromatography on silica gel
(50 g, hexane) to give 1.90 g (69% based on 40) of 42 as a colorless
oil. n% = 1.4578; [al% = — 22.9 (c=1.03, CHCL,); IR (film): 7,,, = 1650
(m, C=Q), 1615 (m, C=C), 1265cm~" (s, Si—Me); '"H NMR (90 MHz,
CDCl5): 6 =0.03 (s, 6 H, SiMe,), 0.89 (s, 9H, tBu), 0.98 (d, /=6.7 Hz, 3 H,
2-Me), 1.78 (d, J= 1.1 Hz, 3H, 4-Me), 2.50-2.85 (m, 1H, 2-H), 3.38 (dd,
J=6.9,12Hz, 1H, 1-H,), 3.49 (dd, J=6.9, 12 Hz, 1H, 1-H,), 4.96 (d, J=
10Hz, 1H, 6-H,), 5.10 (d, J=17 Hz, 1H, 6-H,), 5.26 (d, J=10Hz, 1H,
3-H), 6.36 (dd, /=10, 17 Hz, 1 H, 5-H); elemental analysis (%): calcd for
C,4H,50Si (240.46): C 69.93, H 11.74; found: C 70.26, H 11.98.

(2R,3E)-2,4-Dimethyl-3,5-hexadien-1-ol (43): A solution of tetrabu-
tylammonium fluoride (1.0m in THF, 2.5 mL, 2.5 mmol) was added to a
solution of 42 (417 mg, 1.73 mmol) in THF (5 mL). The mixture was
stirred for 4 h at room temperature, then poured into water, and
extracted several times with diethyl ether. The extracts and the
organic layer were combined and washed with water, saturated
aqueous NaHCO;, and brine, dried over MgSO,, and concentrated
under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (5.0 g, hexane/ethyl acetate, 150:1) to give 193 mg
(88%) of 43 as a colorless oil. n¥ =1.4838; [a]’ =+373 (c=1.03,
CHCl,); IR (film): ¥, = 3350 (s, O—H), 1645 (m, C=C), 1610cm~" (m,
C=C); '"H NMR (90 MHz, CDCl;): 6 =0.99 (d, J=6.7 Hz, 3H, 2-Me), 1.46
(s, TH, OH), 1.80 (d, J=1.5 Hz, 3H, 4-Me), 2.55-3.00 (m, 1 H, 2-H), 3.41
(dd, J=6.6,14 Hz, 1H, 1-H,), 3.52 (dd, /= 6.8, 14 Hz, 1H, 1-H,), 4.98 (d,
J=10Hz, 1H, 6-H,), 5.14 (d, /=17 Hz, 1H, 6-H,), 5.25 (d, J=10Hz,
1H, 3-H), 6.39 (dd, J=10, 17 Hz, 1H, 5-H); HR-MS: calcd for CgH,,0
126.1045; found 126.1038. Due to the volatility of 43, correct
combustion analysis data could not be obtained.

(2R,3E)-2,4-Dimethyl-3,5-hexadienoic acid (44): This compound
was prepared under the same conditions as described for the
preparation of 16 by employing 43 (410 mg, 3.25mmol) and
pyridinium dichromate (98%, 6.24g, 16.3 mmol) to give 516 mg
(quant) of 44 as a colorless oil. This was used for the next step
without further purification. IR (film): 7,,,,=3400 (m, OH), 1710 (s,
C=0), 1650 (m, C=C), 1615cm~' (m, C=C); 'H NMR (90 MHz, CDCl,):
0=1.30(d, J=6.7 Hz, 3H, 2-Me), 1.84 (d, J=1.2 Hz, 3H, 4-Me), 3.30-
3.70 (m, 1H, 2-H), 5.00 (d, J=10Hz, 1H, 6-H,), 5.18 (d, /=16 Hz, 1H,
6-H,), 5.55 (d, J=10Hz, 1H, 3-H), 6.40 (dd, /=10, 16 Hz, 1H, 5-H).

N-Methyl-N-methoxy-(2R,3E)-2,4-dimethyl-3,5-hexadienamide

(45): This compound was prepared under the same conditions as
described for the preparation of 17 by employing crude 44 (516 mg,
ca. 3.68 mmol), N,O-dimethylhydroxylamine hydrochloride (380 mg,
3.90 mmol), N,N-diisopropylethylamine (0.68 mL, 3.90 mmol), 1-eth-
yl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (685 mg,
3.57 mmol), and 4-dimethylaminopyridine (5mg) to give 248 mg
(42 % based on 43) of 45 as a colorless oil. % = 1.4908; [a]¥ = — 117
(c=1.15, CHCLy); IR (film): ¥,.,=1665 (s, C=0), 1640 (m, C=Q),
1610 cm~" (m, C=C); 'H NMR (90 MHz, CDCl;): 6 =1.21 (d, J=6.7 Hz,
3H, 2-Me), 1.82 (d, J=1.1 Hz, 3H, 4-Me), 3.18 (s, 3H, NMe), 3.65 (s, 3H,
OMe), 3.70-4.10 (m, 1H, 2-H), 4.99 (d, J/=10Hz, 1H, 6-H,), 5.13 (d,
J=17Hz, 1H, 6-H,), 556 (d, J=10Hz, 1H, 3-H), 6.38 (dd, J=10,
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17 Hz, 1H, 5-H); elemental analysis (%): calcd for C,,H;,0,N (183.25):
C 65.54, H 9.35, N 7.64; found: C 65.28, H 9.53, N 7.60; HR-MS: calcd
for C,oH,,0,N 183.1259; found 183.1262.

(3E,5R,9S5)-3,5,9-Trimethyl-1,3-undecadien-6-one (8): This com-
pound was prepared under the same conditions as described for
the preparation of 1 by employing (5)-3-methylpentyl bromide 24
(1.0 g, 6.06 mmol), magnesium (175 mg, 720 mmol), and the amide
45 (110 mg, 0.60 mmol) to give 109 mg (87 %) of 8 as a colorless oil.
n& =1.4745; [a] = — 340 (c=1.12, CHCL,); IR (film): 7, =1710 (s,
C=0), 1635 (m, C=C), 1600 (m, C=C), 985 (s, olefinic C—H), 895 (s),
870cm~" (m); 'H NMR (300 MHz, CDCl,): 6 =0.82 (d, J=6.2 Hz, 3H,
9-Me), 0.84 (t, J/=7.1Hz, 3H, 11-Me), 1.15 (d, J=6.8 Hz, 3H, 5-Me),
1.20-1.63 (m, 5H, 8-, 9-, 10-H), 1.83 (d, J=1.2 Hz, 3H, 3-Me), 2.40 (t,
J=72Hz, 2H, 7-H), 3.52 (dg, /=9.8, 6.8Hz, 1H, 5-H), 5.02 (d, J=
11 Hz, 1H, 1-H,), 5.17 (d, /=17 Hz, 1H, 1-H,), 5.35 (d, J/=9.8 Hz, 1H,
4-H), 6.36 (dd, J=9.8, 17 Hz, 1H, 2-H); '*C NMR (75 MHz, CDCl,): 6 =
11.3, 12.1, 16.5, 18.9, 29.3, 30.3, 34.0, 38.7, 46.4, 112.4, 131.5, 135.8,
140.8, 211.9; elemental analysis (%): calcd for C;,H,O (208.34): C
80.71, H 11.61; found: C 80.58, H 11.81.
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Epothilones are a new class of macrolides that were first isolated
from the myxobacterium Sorangium cellulosum by Héfle, Reich-
enbach and co-workers!" at the Gesellschaft fiir Biotechnologi-
sche Forschung (GBF) in Braunschweig (Germany) in 1993. In
1995, they were independ-

ently rediscovered by Bollag R

and co-workers™® in a gen- S Q.
eral screening program for _<\ ]\)
compounds with a taxol-like N s
biological activity. Upon o
more detailed biological
profiling, these investiga-
tors found that epothilones 1
are  powerful  cytotoxic
agents that—Ilike taxol—
function through stabiliza-
tion of celluar microtu-
bules.? 3 However, unlike
taxol, epothilones are capa-
ble of inhibiting the growth
of multidrug-resistant hu-
man cancer cell lines, a
finding that has generated
tremendous excitement in
the scientific community.*”!

Due to their relatively
simple structure, combined with a unique biological in vitro
profile and their enhanced solubility in water (as compared to
taxol), epothilones are highly attractive lead structures for
synthetic chemists, biologists, and clinical researchers in the
search for useful new anticancer drugs.® Epothilone B itself
exhibits potent antitumor activity in vivo, even in human tumor
models that respond poorly or not at all to taxol.®!

Besides the total syntheses of the naturally occurring epothi-
lones, numerous studies have been directed at the design and
synthesis of nonnatural epothilone analogues and the elucida-
tion of structure —activity relationships (SARs) for this class of
microtubule inhibitors.”) Although no analogue with more
potent in vitro activity than epothilone B has been identified
to date, deoxyepothilone B (which is also a minor fermentation
product; Figure 1) possesses an attractive pharmacological
profile in vivo.'?

In this paper, we report on the synthesis and biological
evaluation of a new type of epothilone A analogues 3, which are

CHEMBIOCHEM 2000, 1, No. 1

epothilone A: R = H; epothilone B: R = Me

S
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based on a macrolactam rather than the natural macrolactone
scaffold (“aza-epothilones”). Similar findings were reported in a
patent application while this study was in progress.""! Replace-
ment of the ester bond in natural epothilones by an amide
linkage as in the aza-epothilones 3 may lead to metabolically
more stable compounds with an improved pharmacological
profile in vivo.

The synthesis of the target structures 3 according to our
previously developed building block strategy for the synthesis of
epothilones® required an efficient access to the aza-fragments
10 (Scheme 1).'? To this end, commercially available allylglycine
4 was first converted into the desired Weinreb amidel' 6, which
was subsequently transformed into the optically active methyl
ketone 7 by addition of two equivalents of methyllithium.
Reaction of 7 with the ylide 8 provided the stereochemically
homogeneous trisubstituted olefin 9 in high yield. In contrast,
the corresponding phosphonate gave no reaction with 7.4

RN

3a:R=H;3b:R=Me

Figure 1. Structures of selected naturally occurring epothilones and aza-epothilones A.

Compound 9 can be directly deprotected with trifluoroacetic
acid (TFA) to give the primary amine 10a; alternatively, alkylation
of 8 with methyl iodide prior to TFA treatment furnishes the
secondary amine 10b. The stereoselective synthesis of fragment
C1-C12 11 has been previously reported by our laboratory.>®

Compound 11 was coupled with 10a and 10b in the presence
of pyBOP!! in DMF to generate the fully functionalized amides
12a and 12b, respectively (Scheme 2). Olefin metathesis em-
ploying Grubbs’ catalyst'® provided the protected lactams 13 in
very high yield, but as a 1:1 mixture of Z and E isomers which
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Scheme 1. Synthesis of thiazole-containing aza-fragments 10. Boc = tert-butoxycarbonyl; EDCl = N'-(3-dimethylaminoprop-

yl)-N-ethylcarbodiimide.
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Scheme 2. Coupling of aza-fragments 10 with epothilone fragment 11 to construct aza-epothilones 3. Cy = cyclohexyl;
DiPEA = diisopropylethylamine; pyBOP = benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate; TBS = tert-

butyldimethylsilyl.

68 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2000

1439-4227/00/01/01 $ 17.50+.50/0

could be separated by chro-
matography. Deprotection
according to our standard
protocol (HF - pyridine, pyri-
dine) gave the desired aza-
epothilones 3 in pure form
and excellent yields.
Attempts to synthesize
the corresponding epoxides
under various conditions
failed and generated only
decomposed  material.'¥
Epothilone analogues 3a
and 3b were evaluated for
their ability to promote tu-
bulin polymerization in vitro
as well as for antiprolifera-
tive activity in a cell growth
inhibition assay with human
epidermoid carcinoma cell
lines KB-31 and KB-8511.
While KB-31 cells are highly
sensitive to growth inhibi-
tion by taxol, the derived
subline KB-8511 is ca. 250-
fold more resistant to the
action of this drug due to
overexpression of the P gly-
coprotein  (P-gp)  efflux
pump. As illustrated by the
data in Table 1, 3a and 3b
are significantly less potent
inducers of tubulin poly-
merization in vitro than
epothilone A or even de-
oxyepothilone A. Likewise,
both compounds are also
less potent inhibitors of cell
proliferation, although 3a
(with a secondary amide
bond) is only 10-15-fold
less potent than the corre-
sponding reference com-
pound deoxyepothilone A.
In contrast, the N-methyl
derivative 3b is at least
400-fold less active than
deoxyepothilone A. It is thus
clear that the replacement
of the ester moiety in epo-
thilones by a more polar
amide group causes a drop
in biological activity of at
least one order of magni-
tude, even in the most fa-
vorable case. However, it
should be kept in mind that
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within the epothilone B structural framework (which we have
not addressed in this work), any analogue with a 10-20-fold
reduced activity is still an inhibitor of human cancer cell

Table 1. Induction of tubulin polymerization and inhibition of human cancer
cell proliferation by epothilones and aza-epothilones 3.

compound Tubulin poly- 1C5 (KB-31) ICs, (KB-8511)
merization [%]®  [nm]®! [nm]®!

epothilone A 63 2.10 1.90
epothilone B 85 0.19 0.19
deoxyepothilone A9 50 24.70 9.90
deoxyepothilone B! 93 2.70 1.44
3a 26 464 285

3b <10 > 10000 > 10000

[a] Induction of tubulin polymerization was determined by using a modified
version of the microtubule protein centrifugation assay!'” at 2 um com-
pound concentrations for a 20 min incubation period. Percentage numbers
indicate the relative degree of polymerization compared to 25um
epothilone B, which under our experimental conditions caused >95% of
the total tubulin to polymerize. [b]ICs, values for growth inhibition of
human epidermoid cancer cell lines KB-31 and KB-8511. Antiproliferative
assays were performed as previously described."'® Briefly, cells were seeded
at 1.5 x 10% per well into 96-well microtiter plates and incubated overnight.
Compounds were added in serial dilutions on day 1. Subsequently, the
plates were incubated for two population doubling times (3 -5 days) and
then fixed with 3.3% (v/v) glutaraldehyde, washed with water, and stained
with 0.05% methylene blue. After washing, the dye was eluted with 3% (v/
v) HCl and the optical density measured at 665 nm. ICs, is defined as the
drug concentration that leads to 50% of viable cells per well compared to
control cultures (100%) at the end of the incubation period. The data
represent the mean of three independent experiments. [c] See Figure 1 for
structures.

proliferation in the low nanomolar range (cf. the IC, value for
epothilone B in Table 1). Such analogues could still be sufficiently
potent to produce relevant pharmacological effects in vivo.
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It is now generally acknowledged that cell surface protein-
carbohydrate interactions play a crucial role in a wide range of
biological processes™ necessary for both normal physiological
function and the onset of disease. Although protein —carbohy-
drate interactions typically display high dissociation constants
with K, values in the mm to um range,”? Nature can still attain
physiologically useful avidities through the cooperative bind-
ing® of multiple copies of the ligands and receptors—the so-
called multivalent effect.

Synthetic chemists have successfully exploited this trick from
Nature’s toolbox in the synthesis of neoglycoconjugates ranging
from small cluster glycosides®™ through neoglycoproteins®® to
polymers bearing many pendant saccharide residues.”? These
synthetic tools have not only provided inhibitors with greatly
enhanced affinities over monovalent ligands, but they have also
led to considerable advances in our understanding®*® of the
nature of multivalent interactions. Glycodendrimers®” are a
special class of neoglycoconjugates that combines the well-
defined structural homogeneity of small clusters with the
nanoscale dimensions of glycopolymers. Most of the glycoden-
drimer research reported to date has involved the construction
of dendrimers bearing saccharide residues only on their
peripheries through the use of either i) a convergent strategy!'®
or by ii) the divergent modification of preexisting dendrimers.['!
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However, monosaccharides are multifunctional building blocks
and, as such, they are often found in Nature in branched
oligomers and polymers.'™™ Indeed, the use of carbohydrates as
building blocks for dendrimer construction confers a number of
desirable properties on the dendrimer. In addition to water
solubility and biocompatibility, it should be possible to exploit
the known conformational preferences!'? of oligosaccharide
monomers in order to mold the dendrimer’s size and shape in a
predetermined manner.

We recently described™ the synthesis of oligosaccharide
dendrimers based on fS-p-glucopyranosyl repeating units. This
synthesis, however, fell foul of the dogma of chemical carbohy-
drate synthesis—protecting group chemistry. In addition to the
extensive chemical manipulations required to effect both regio-
and stereoselectivity, the bulky appendages associated with the
saccharide unit introduce considerable steric crowding which
restricts the growth of highly branched molecules. Here, we
report a very different strategy for the synthesis of oligosac-
charide-based glycodendrons using reductive amination as a
chemoselective coupling reaction which allows the synthesis to
be undertaken using a minimal number of i) protecting groups
and ii) protecting-group manipulations.

Since one of our aims is to address the synthesis of large
glycodendrimers, it seemed appropriate to base our synthetic
strategy on an oligosaccharide—rather than on a monosacchar-
idel"'—monomer. We chose a linear trisaccharide, in the first
instance, as it leads to the construction of glycodendrons and
glycodendrimers with open and extended branches, while
allowing the key reactions to be performed at the primary
centers on hexopyranose units. In particular, we wanted to
locate amino functions at the C-6 positions of the two non-
reducing saccharide units: These two B groups find a comple-
mentary A function in the masked formyl group associated with
the reducing sugar. Convergent dendron synthesis results™
typically in a higher homogeneity of structure as a consequence
of only a few reactions at a time being performed on each
molecule. To achieve such a synthesis, we require an orthogonal
protecting-group strategy—albeit with a minimal number of
protecting groups present overall. UV-active N-benzoyl groups
were chosen i) to allow easy detection following HPLC, as well as
ii) to provide the necessary orthogonal protection of the primary
amino functions with respect to the reducing terminal isopro-
pylidene acetals, which can be hydrolyzed selectively in the
presence of acid catalysts. We chose a maltosylgalactose
derivative as the first AB, trisaccharide monomer to investigate
because of i) the ease of its synthesis and ii) its relatively simple
"H NMR spectrum that results from having distinctive and well
resolved “signature” resonances associated with the a- and f-
anomeric protons. The result of a molecular modeling study!® of
a first-generation dendrimer, comprising three first-generation
9-mer wedges attached to a trivalent benzeneoid core, is shown
in Figure 1. While the “diameter” of this first-generation den-
drimer is of the order of 8 nm, the second one has a “diameter” in
the region of 11 - 12 nm. The modeling studies also indicate that
such dendrimers have extended open structures which, al-
though flexible about their galactityl linkers, still retain the
conformational preferences of the maltosyl branching units.
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However, monosaccharides are multifunctional building blocks
and, as such, they are often found in Nature in branched
oligomers and polymers.'™™ Indeed, the use of carbohydrates as
building blocks for dendrimer construction confers a number of
desirable properties on the dendrimer. In addition to water
solubility and biocompatibility, it should be possible to exploit
the known conformational preferences!'? of oligosaccharide
monomers in order to mold the dendrimer’s size and shape in a
predetermined manner.

We recently described™ the synthesis of oligosaccharide
dendrimers based on fS-p-glucopyranosyl repeating units. This
synthesis, however, fell foul of the dogma of chemical carbohy-
drate synthesis—protecting group chemistry. In addition to the
extensive chemical manipulations required to effect both regio-
and stereoselectivity, the bulky appendages associated with the
saccharide unit introduce considerable steric crowding which
restricts the growth of highly branched molecules. Here, we
report a very different strategy for the synthesis of oligosac-
charide-based glycodendrons using reductive amination as a
chemoselective coupling reaction which allows the synthesis to
be undertaken using a minimal number of i) protecting groups
and ii) protecting-group manipulations.

Since one of our aims is to address the synthesis of large
glycodendrimers, it seemed appropriate to base our synthetic
strategy on an oligosaccharide—rather than on a monosacchar-
idel"'—monomer. We chose a linear trisaccharide, in the first
instance, as it leads to the construction of glycodendrons and
glycodendrimers with open and extended branches, while
allowing the key reactions to be performed at the primary
centers on hexopyranose units. In particular, we wanted to
locate amino functions at the C-6 positions of the two non-
reducing saccharide units: These two B groups find a comple-
mentary A function in the masked formyl group associated with
the reducing sugar. Convergent dendron synthesis results™
typically in a higher homogeneity of structure as a consequence
of only a few reactions at a time being performed on each
molecule. To achieve such a synthesis, we require an orthogonal
protecting-group strategy—albeit with a minimal number of
protecting groups present overall. UV-active N-benzoyl groups
were chosen i) to allow easy detection following HPLC, as well as
ii) to provide the necessary orthogonal protection of the primary
amino functions with respect to the reducing terminal isopro-
pylidene acetals, which can be hydrolyzed selectively in the
presence of acid catalysts. We chose a maltosylgalactose
derivative as the first AB, trisaccharide monomer to investigate
because of i) the ease of its synthesis and ii) its relatively simple
"H NMR spectrum that results from having distinctive and well
resolved “signature” resonances associated with the a- and f-
anomeric protons. The result of a molecular modeling study!® of
a first-generation dendrimer, comprising three first-generation
9-mer wedges attached to a trivalent benzeneoid core, is shown
in Figure 1. While the “diameter” of this first-generation den-
drimer is of the order of 8 nm, the second one has a “diameter” in
the region of 11 - 12 nm. The modeling studies also indicate that
such dendrimers have extended open structures which, al-
though flexible about their galactityl linkers, still retain the
conformational preferences of the maltosyl branching units.
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Figure 1. Molecular model®! of a first-generation dendrimer based on a trivalent
benzeneoid core depicted in black. Maltosyl units are shown in blue, galactityl
units in green and N-benzoyl protecting groups in red.

Scheme 1 outlines the initial synthesis of a first-generation
dendron 9, starting from the known!'”! peracetylated a-maltosyl
trichloroacetimidate 1 and 1,2:3,4-di-O-isopropylidene-a-p-gal-
actopyranose (2). Glycosylation of acceptor 2 with glycosyl
donor 1 using TMSOTf as the promoter gave the protected
trisaccharide derivative 3. To introduce amino functions at the
primary positions on the two glucosyl residues, the trisaccharide
was deacetylated and then the primary hydroxy groups were
protected as TBDMS ethers before reacetylating the secondary
ones to give compound 4. Treatment with triphenylphosphine
and bromine allowed 4 to be converted,'® in one step, to the
dibromide 5, which reacted readily with sodium azide to provide
the diazide 6 in excellent yield. Acetyl transfer from O-4c to N-6¢
was avoided by deacetylating 6 prior to reduction of the azide
functions by hydrogenation to give the first of the desired AB,
monomers 7.9 The aldehyde-protected version of the AB,
monomer was transformed into its N-protected counterpart 8
by N-acylation with benzoyl chloride followed by acid-catalyzed
hydrolysis of the isopropylidene groups to give the second of
the desired AB, monomers as the reducing sugar. Although the
reductive amination of 8 by 7 can be performed in aqueous
solution, it occurs much more quickly in methanolic solution,
affording the bis-secondary amine 9 as the major product. HPLC
analysis indicated?” the presence of a minor component
(Figure 2a), which was subsequently characterized as a 1:1
mixture of overalkylated products 10 having a tertiary amine
group in either of the p-glucosyl units. Partial '"H NMR spectra for
compounds 9 and 10 are shown in Figure3a, b. Further
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Scheme 1. Synthesis of the first-generation dendron 9. a) TMSOTf/CH,Cl,/4 A MS, 81 %; b) 1. NaOMe/MeOH, 2. TBDMSCI/CsH;N, 3. Ac,0/CsHsN, 73 % (over three
steps), ¢) Bry/PPh,/CH,Cl,, 95%; d) NaNy/DMEF, 95 %; e) 1. NaOMe/MeOH, 2. H,/Pd(OH), on C/MeOH, 91 % (over two steps); f) 1. BzCl/Na,CO,/H,0, 2. NaOMe/MeOH,
3. TFA/H,0 (9:1), 63 % (over three steps); g) NaCNBH,/AcOH/MeOH. Monosaccharide residue labels for compounds 9 and 10 relate to 'H NMR spectra assignments given

in Figure 3. Bz = benzoyl; TBDMS = tert-butyldimethylsilyl; TMSOTf =
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Figure 2. HPLC profiles of the products of the reductive amination, as outlined in
a) Scheme 1 and b) Scheme 2.

a) 1 1i

b) URIRT

5.6 54 5.2 5.0 4.8 4.6 4.4 4.2
-
Figure 3. Partial '"H NMR (400 MHz, CD,0D) spectra showing the anomeric
proton signals for a) compound 9 (300 K), b) the isomeric mixture 10 (300 K), and
¢) compound 13 (320 K). The a-anomeric proton signals observed for 13 in
CD,SOCD; (400 MHz) at 400 K are inset in the box. Monosaccharide residue labels

“a” to “I" are as given in Schemes 1 and 2.
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alkylation to give a bis-tertiary amine proved difficult, presum-
ably as a consequence of increased steric interactions in 10
compared with those present in compound 9. The fact that the
reductive amination turns out to be an efficient method for
preparing branched oligosaccharides assumes greater signifi-
cance when one considers that it can be achieved with minimal
protection from easily prepared trisaccharides. Although the
yield of the pure nonasaccharide was limited by the reactivity of
the secondary amino functions in 9, we found that it was
possible to prevent overalkylation by using unhindered secon-
dary amine functions in the AB, monomer (Scheme 2). Heating

Scheme 2. Synthesis of the bis-tertiary amine 13. a) 1. MeNHBn/A, 2. Ac,0/
CsHsN, 58 % (over two steps); b) 1. NaOMe/MeOH, 2. H,/Pd(OH), on C/MeOH, 50 %
(over two steps); ¢c) NaCNBH5/AcOH/MeOH, 78 %. Monosaccharide residue labels
for compound 13 relate to 'H NMR spectra assignments given in Figure 3. Bn =
benzyl.

the acetylated dibromide 5 in benzylmethylamine afforded,?"
after reacetylation to aid its purification by chromatography and
subsequent characterization, the fully protected compound 11.
To obtain the bis(methylamino) AB, monomer 12,1'¥ the acetyl
protecting groups in 11 were removed completely prior to
hydrogenolysis. The AB, monomer underwent reductive alkyla-
tion under similar conditions to those used to obtain the mixture
of 9 and 10 (Figure 2a) in Scheme 1. On this occasion, however,
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as evidenced by the HPLC trace (Figure 2 b), we obtained the bis-
tertiary amine 13 as its bis-TFA salt in 78% yield. The 'TH NMR
spectrum for this compound (Figure 3 ¢) displays similar signals
to that of compound 9 (Figure 3a), albeit with considerable
broadening of the anomeric 1c proton signal, which only
sharpens to give the expected doublet at high temperature
(inset in Figure 3 c).

We are actively pursuing the extension of this methodology
for the synthesis of higher order glycodendrons and their
attachment onto both trivalent benzenoid cores (Figure 1) and
carbohydrate-based cores including cyclodextrin derivatives.??
Also, we are investigating methods by which we will be able to
attach large bioactive oligosaccharides® and proteins?¥ in a
well-defined manner to the peripheral positions of such
glycodendrimers.

Experimental Section

8: Benzoyl chloride (164 pL, 1.42 mmol) was added dropwise to a
solution of diamine 71" (350 mg, 0.60 mmol) and K,CO; (210 mg,
1.50 mmol) in dioxane (2.3mL) and H,0O (3.5mL) at 0°C. After
warming to RT overnight, the solution was concentrated and the
residue was treated with NaOMe/MeOH (60 pmol/6 mL) to remove
the benzoate esters. Following neutralization (Amberlite IR-120 HY),
the solution was filtered and concentrated. Column chromatography
(Si0,, CH,Cl,/MeOH, 9:1 to 85:15) gave 6,6-bisbenzamido-6,6'-
dideoxy-f3-p-maltosyl-(1 —6)-1,2:3,4-di-O-isopropylidene-a-p-galac-
topyranose as an amorphous solid (335 mg, 71%). This product was
treated with 90% aqueous TFA (5mL) at RT for 15 min before
concentration to give 8 as an amorphous solid after freeze drying
from H,O (237 mg, 88%). MS (FAB): m/z: 711.3 [M+H]*, 733.1
[M-+Nal*. Although the mixture of anomers of 8 gives rise to very
complex 'H and C NMR spectra, on treating the reducing sugar
with NaBH, in MeOH, a single alditol was obtained. MS (ES): m/z:
713.3 [M+H]*, 735.2 [M+Na]*; 'H NMR (400 MHz, CD;0D): 6 =3.18 -
3.35 (m, 4H), 3.48-3.56 (m, 2H), 3.60-3.72 (m, 8H), 3.87 (dd, J=2.6,
14.0 Hz, 1H), 3.90 (td, J=1.3, 6.3 Hz, 1H), 3.98 (dd, J=4.9, 9.8 Hz, 1H),
4.06-4.13 (m, 3H), 4.30 (d, /=78 Hz, TH), 5.15 (d, J=3.7 Hz, 1H), 7.25
(t,J=76Hz 2H), 737 (m, 1H), 744 (t, J=74 Hz, 2H), 7.52 (m, 1 H), 7.74
(d, J=75Hz, 4H); *C-NMR (125 MHz, CD,0D): 6 =42.4, 42.7, 65.0,
70.2,71.2,71.3,71.7, 73.1, 73.2, 73.6, 74.3, 74.5, 74.6, 75.1, 77.5, 84.6,
103.5, 104.5, 128.3, 128.5, 129.4, 129.5, 132.5, 132.7,135.5 (2C), 170.3,
170.9.

13: A solution of 8 (37 mg, 52 pmol), 12-2TFAI (16.5 mg, 20 umol),
acetic acid (1.1 pL, 20 umol), and sodium cyanoborohydride (8.3 mg,
130 pmol) in MeOH (750 pL) was heated under reflux for 2 h, at which
time HPLC analysis indicated® the reaction to be complete. The
reaction mixture was cooled to RT and diluted with H,O (15 mL),
before being subjected to medium-pressure column chromatogra-
phy (15 g C-18 reversed phase,?” MeOH/H,O/TFA, 0:100:0.0001 to
100:0:0.0001) to afford pure 13-2TFA (34 mg, 78%). MS (ES): m/z:
1001.1 [M+2H — 2TFA]**, 2001.2 [M+H — 2TFA]*; '"H NMR (400 MHz,
CD;0D): 0 =1.30, 1.34, 1.38, 1.50 (4 x s, 12H), 3.00-3.10 (br.m, 6H),
3.22 (d, J=9.4Hz, 2H), 3.28-3.37 (m, 11 H), 3.48-3.73 (m, 23H), 3.87
(dd, J=2.8,14.1 Hz, 1H), 3.97 (dd, J=5.2, 10.1 Hz, 1H), 4.02-4.20 (m,
11H), 4.30-4.38 (m, 6H), 447 (d, J=78Hz, 1H), 463 (dd, /=24,
79 Hz, 1H), 5.16 (d, J=3.8 Hz, 1H), 5.40 (br.s, 1H), 5.52 (d, /=5.0 Hz,
1H), 7.26 (t, J=78Hz, 1H), 736 (m, 2H), 743 (m, 4H), 752 (m, 2H),
7.73 (m, 8H).
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