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1. Introduction


Protein folding is the process that leads from the linear amino
acid sequence of a polypeptide chain to a defined spatial
structure characteristic for the native protein. In 1961 Anfinsen
showed that all the information needed for reaching the active
3D structure is encoded in the protein's amino acid sequence.[1]


Protein folding is initiated by collapse of the polypeptide chain,
which is driven by the ™desire∫ of hydrophobic amino acids to
escape the polar solvent water. The number of theoretical
possible but wrong conformations of a protein is incredibly high:
even a small protein consisting of 100 amino acids can adopt
1030 different structures. Reaching the correct conformation by
accidental scanning of all possible conformations would take
1011 years (assuming 1 ps per conformation). Protein folding is
however a very fast process within the range of seconds or even
milliseconds. How does a protein find the needle in the
haystack–the native structure among all the theoretical possi-
ble conformations?


2. Energy Landscapes and Folding Funnels


Initially it was proposed that proteins have to pass along specific
folding pathways to find the native structure within a very short
time. Meanwhile proteins are known to reach their correct
conformation from many different unfolded states. The mech-
anism of protein folding is therefore currently described by
folding funnels and energy landscapes (Figure 1). The native
structure represents the thermodynamically most favored status
at the bottom of the funnel. All nonnative conformations of a
protein possess a higher energy, and protein folding can be
imagined as a ball rolling down the slope of the energy
landscape. A folding funnel represents many different folding
pathways that can be used by the unfolded protein to reach the
energy minimum (native structure) quickly or slowly, depending
on the shape and the gradient of the funnel.[2]


The folding of proteins is an error-prone process, especially in
the case of large proteins built up of several domains. In the
course of the folding process intermediates may accumulate
that have hydrophobic amino acid side chains still exposed;
these can serve as sticky surfaces and promote aggregation. The


Figure 1. Folding funnels. A folding funnel represents the free energy of all
potential protein structures as a function of the possible conformations. Different
unfolded species of a protein ™roll down∫ the surface of the folding funnel. A
folding funnel contains many local minima, in which a protein can fall during the
folding process. Some local minima represent productive folding intermediates,
with a stable and nativelike structure (molten globules), while others act like a
trap and keep the proteins in a nonnative state. Reproduced from ref. [2] with
permission. Copyright (2000) Nature America Inc. (http://www.nature.com/nsb).


higher the concentration of such an aggregation-prone inter-
mediate, the more likely it is that protein aggregation occurs.
Some proteins additionally require the correct isomeric state


of a peptide bond between a proline and a neighboring amino
acid. Moreover, the correct formation of disulfide bridges is
especially important for secretory proteins containing cysteines.
Folding intermediates with wrong conformations of peptidyl ±
prolyl bonds or wrong disulfide bonds are also in danger of
aggregating. Inside the cell, both of these folding reactions are
therefore catalyzed by specific enzymes: PPIases and protein
disulfide isomerases. More precise information on these topics
can be found in comprehensive reviews.[3, 4]
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3. Folding inside the Cell


Folding processes inside the cell are much more complex than
the refolding of denatured model proteins in the test tube.
Proteins are synthesized in vivo at the ribosomes in a vectorial
manner from the N to the C terminus (Figure 2). In contrast to in


vitro experiments, which were performed with diluted (�1 gL�1


protein) proteins and complete polypeptide chains, nascent
polypeptides emerging from the ribosome do not contain the
complete information necessary for folding. In addition, the
cytosolic concentration of macromolecules including ribosomes,
nucleic acids and proteins, is enormously high (340 gL�1;
Figure 3).[5] In this crowded macromolecular environment ex-
posed hydrophobic amino acids of nascent polypeptides and
folding intermediates may interact inappropriately leading to
misfolding and aggregation (Figure 2). While, as a consequence


Figure 3. Molecular crowding. The cartoon illustrates the high density of
macromolecules (ribosomes, proteins, RNA and DNA) in the cytosol. In this
environment proteins have to fold and maintain their native structures. Derived
from ref. [5] with permission. Copyright (1991) Elsevier Science.


of this problem, cytosolic proteins should fold as fast as possible,
the folding of proteins destined for another compartment has to
be delayed in order to allow translocation through the
membrane in the unfolded state.
Due to Brownian motion and thermal vibrations even native


proteins are always in danger of spontaneously unfolding and
losing their active structure. This feature of
proteins is probably the evolutionary price for
conformational flexibility, which is essential for
protein function. For most proteins there are only
small energy barriers between the native and the
misfolded state. A number of proteins are
specifically thermolabile and their folding status
is even more susceptible to changes in the
cellular environment. Stress conditions, like a
sudden increase in temperature, can therefore
lead to unfolding, aggregation, or degradation of
many proteins (Figure 2).


4. Molecular Chaperones Control
Protein Folding


To optimize cellular protein folding, protective
systems have developed in the course of evolu-
tion. These systems consist of families of highly
conserved proteins, the so-called molecular
chaperones. Chaperones are found in high con-
centrations in all cells, from bacteria to humans.
They guide a large variety of folding processes
throughout the life cycle of proteins, from syn-
thesis to degradation (Figure 2).[6, 7] For example,


they assist the de novo folding of proteins or they form repair
machines for misfolded or even aggregated proteins, and they
are therefore especially important for the survival of cells during
stress situations. Since heat shock can induce the synthesis of
many chaperones, those are also called heat shock proteins
(Hsps). The name of each of the chaperone families is derived
from the molecular weight of the corresponding main repre-
sentative (for example, Hsp70–a protein with a molecular
weight of 70 kDa). Table 1 summarizes the structure and function
of the most important chaperone families and lists some of their
prokaryotic and eukaryotic members, as well as their co-
chaperones (regulatory and cooperating proteins). In the
following sections the functions of chaperones from Escherichia
coli, a well-understood model organism, are described.


De novo protein folding


Newly synthesized proteins in bacteria associate with the chaper-
one trigger factor, as soon as they leave the exit tunnel of the
ribosome.[8, 9] The trigger factor's high degree of conservation
within the bacterial kingdom underlines its functional impor-
tance. So far the trigger factor has not been found in the cytosol
of eukaryotic cells, but it is assumed that other proteins, like the
ribosome-associated protein complex NAC, can take over trigger
factor's function. Exposed hydrophobic side chains of the newly
synthesized polypeptides are most likely protected from wrong


Figure 2. Life cycle of proteins inside the cell. Proteins are synthesized by the ribosomes and
subsequently they are either secreted or they fold into their native structure. During these stages
proteins are in danger of undergoing misfolding and aggregtion. Even when proteins have already
reached their native conformation they are vulnerable to misfolding due to Brownian motion,
especially under heat stress. Molecular chaperones (the prokaryotic homologues are shown here)
control the folding status throughout the whole lifespan of the proteins. Possible secondary structure
elements in proteins are shown in red (� strands) and green (� helices).
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interactions by association with the trigger factor. In addition,
the trigger factor may prevent premature folding until a
complete domain has emerged from the ribosomal exit site.[10]


It is assumed that after release from the trigger factor the
newly synthesized polypeptide chain can start or continue its
folding into the native state. The speed of the folding process
and the yield of correctly folded proteins differ from protein to
protein. Small proteins can, in general, fold quickly and without
guidance of any additional chaperone into their native structure.
Large, multidomain proteins usually fold slowly and are often
trapped in nonnative and aggregation-prone conformations.
Such proteins are substrates for the chaperones of the Hsp70
(DnaK) or Hsp60 (GroEL) protein families. These chaperones
support folding into the native state by cycles of binding and
release of the protein substrates.[11±13] In contrast to the GroEL
™machine∫, which is supposed to associate exclusively with
newly synthesized proteins after their release from the ribosome,
DnaK associates with both nascent polypeptides and polypep-
tides released from the ribosome.[8, 9, 14, 15]


E. coli proteins destined for secretion are often bound by the
specialized chaperone SecB and transported to the export
machinery at the plasma membrane. Since native proteins cannot
pass the translocation channel due to their compact structures, it
is assumed that binding to SecB keeps the secretory proteins in
an export-competent and partially unfolded state suitable for
translocation. Integral membrane proteins are specifically bound
by the signal recognition particle (SRP) during their synthesis
and are guided to the SRP receptor at the plasma membrane.[16]


Chaperones repair misfolded proteins


Stress conditions like a sudden increase in temperature can
cause proteins to unfold and aggregate. Different chaperone
systems function in the cell as a protective system to prevent
protein aggregation by binding to the misfolded proteins.
Examples of this are the DnaK (Hsp70) and GroEL (Hsp60)
systems, both working together with regulatory co-chaperones,
and the small heat shock proteins IbpAB (sHsps). Interestingly,


Table 1. Chaperone families: Structure and function


Chaperone Structure ATP Examples Co-chaperone Function
family prokaryote eukaryote


Hsp100 6 ±7-mer � ClpB disaggregation together with Hsp70


ClpA proteolysis together with the ClpP protease


Hsp104 thermotolerance
disaggregation together with Hsp70


Hsp90 dimer � HtpG tolerance to extreme heat shock


Hsp90 Hop, p23,
CDC37


stress tolerance
control of folding and activity of steroid hormone recep-
tors, protein kinases, etc.


Hsp70 monomer � DnaK DnaJ, GrpE de novo protein folding
prevention of aggregation of heat-denatured proteins
solubilization of protein aggregates together with ClpB
regulation of the heat shock response


Hsp70, Hsc70 Hsp40, Bag1,
Hip, Chip,
Hop, HspBP1


de novo protein folding
prevention of aggregation of heat-denatured proteins
solubilization of protein aggregates together with Hsp104
regulation of the heat shock response
regulation of the activity of folded regulatory proteins
(such as transcription factors and kinases)


Hsp60 14-mer, 16-mer � GroEL GroES de novo protein folding
prevention of aggregation of heat-denatured proteins


CCT/TRiC prefoldin de novo folding of actin and tublin


sHsp 8 ±24-mer IbpA, IbpB prevention of aggregation of heat-denatured proteins
binding to inclusion bodies


Hsp25 (crystalline) prevention of aggregation of heat-denatured proteins
component of the lens of the vertebrate eye


trigger factor monomer trigger factor ribosome-associated
potential function in de novo protein folding


NAC heterodimer NAC ribosome-associated
potential function in de novo protein folding


SecB tetramer SecB protein secretion
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small heat shock proteins are also found within large protein
aggregates (inclusion bodies), which are often generated during
the overproduction of heterologous proteins in E. coli (see
Section 6). Since sHsps cannot promote the refolding of
misfolded proteins into the native state by themselves, it was
proposed that they serve as a buffering system binding to the
unfolded proteins during stress situations and transferring them
after the return to optimal growth conditions to the Hsp60 or
Hsp70 chaperones for refolding.[17, 18] Circumstantial evidence
from a number of different laboratories indicates that the diverse
chaperone classes form a functional network in which they
either compete for binding to unfolded proteins and/or
cooperate during protein refolding.
The importance of molecular chaperones can be demonstrat-


ed by analyzing the phenotypes of E. coli cells missing a specific
chaperone system (for example, Hsp70). E. coli cells lacking the
Hsp70 chaperone DnaK accumulate large amounts of aggregat-
ed proteins at high temperatures.[19] Figure 4 illustrates that
more than 200 different proteins aggregate in these cells at
42 �C. This pronounced protein aggregation is linked to the
inability of the mutant strain to grow at elevated temperatures.


Figure 4. Cellular protein aggregation. Aggregated proteins isolated from wild
type (A) and �dnaK cells (B) after heat shock (42 �C) were separated by two
dimensional gel electrophoresis. Each spot represents an aggregated protein
species and more than 200 spots are detectable in cells lacking the DnaK
chaperone.


Refolding of aggregated proteins


For a long time protein aggregation was thought to be a dead
end in the life of proteins, comparable with a boiled egg that
cannot be unboiled again. New studies with the model systems
baker's yeast (Saccharomyces cerevisiae), the bacterium E. coli,
and the plant Arabidopsis thaliana, however, demonstrated that
preexisting protein aggregates can be successfully disaggregat-
ed and even refolded to the active conformation.[19±22] Disag-
gregation of protein aggregates was demonstrated in vivo and
in the test tube by using thermolabile malate dehydrogenase
(MDH) as a reporter enzyme.[23] Large aggregates of MDH could
be resolubilized in vitro and MDH was refolded afterwards into
its native structure. So in theory, a boiled egg, which consists of
denatured proteins, can be unboiled again. Protein disaggrega-
tion is achieved by a bichaperone system consisting of ClpB
(Hsp104) and the DnaK (Hsp70) machine. Importantly, only the


combination of chaperone systems is active in resolubilization
and refolding of aggregated proteins. This activity of the
bichaperone system is directly linked to the survival of the
mentioned organisms at very high temperatures.[22, 24]


5. Molecular Mechanism of Chaperones


According to our current knowledge most chaperones bind to
one or several short peptide segments that are enriched in
hydrophobic amino acids. In native proteins such peptide
segments are found in the interior, the hydrophobic core.
Nascent or misfolded polypeptides expose these segments and
are therefore bound by chaperones. Thereby the association of
several segments of different polypeptides, which would other-
wise lead to aggregation, is prevented. This activity of chaper-
ones is called ™holder∫ function and can be exerted independ-
ently of adenosine triphosphate (ATP). Refolding into the active
3D structure requires the ™folder∫ function, which is ATP-depend-
ent. Two chaperone machines acting as ™folders∫ have already
been well studied: Hsp60 and Hsp70. Still relatively little is known
about the structure and function of the other chaperone families
listed in Table 1. In the following sections the molecular
mechanism for a member of each of the Hsp60 and Hsp70
chaperone families, GroEL and DnaK of E. coli, will be described.


The Hsp60 chaperone


The barrel shaped GroEL chaperone that is found in all
prokaryotes, mitochondria, and chloroplasts consists of two
stacked rings of seven subunits each.[12, 13] Figure 5 shows the
reconstruction of the GroEL structure from cryoelectron micro-
scopic pictures and the chaperone cycle that is deduced from
biochemical and structural investigations.[25, 26] Each of the two
GroEL rings forms a cavity in which misfolded polypeptides bind.
Both rings fold substrates with a phase shift (Figure 5B, green
substrate, I�VI; blue substrate, IV�III) and each cycle takes
about 15 seconds. This mechanism can be compared to a two-
stroke engine.
The folding cycle for the green substrate starts with the


association to the open ring (cis ring, I). After binding of ATP (II)
the substrate is enclosed in a ™folding chamber∫ by the
association of the GroES co-chaperone, which also consists of
seven subunits and functions as a lid (III). The substrate is
thereby prevented from interacting with proteins in solution,
analogously to an infinite dilution. ATP and GroES binding and
subsequent cooperative ATP hydrolysis in all GroEL subunits of
the cis ring induce conformational changes in the cis ring
leading to an enlargement of the folding chamber whereby the
substrate binding sites of GroEL (red circles in Figure 5B) move
away from the substrate (II, III, IV). This movement was shown to
cause a global unfolding of the bound polypeptide.[27] It is
assumed that unproductive hydrophobic interactions are there-
by broken and the protein gets a new chance to fold correctly.
Consequently, the protein substrate is lifted out of a local energy
minimum of the folding funnel (see Figure 1). Binding of ATP,
GroES, and substrate to the subunits of the idle ring (trans ring)
induces the dissociation of the GroES co-chaperone of the cis
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Figure 5. A) Reconstruction of the GroEL structure with and without the GroES
™lid∫ from cryoelectron microscopy pictures. Reproduced from ref. [25] with
permission. Copyright (1996) Cell Press. A video of GroEL ±GroES can be found on
Dr. H. Saibil's internet page (http://www.cryst.bbk.ac.uk/~ubcg16z/chapero-
ne.html). B) Model of the GroEL chaperone cycle. Two misfolded proteins (green
and blue) are simultaneously folded in a phase-shifted manner. The red circles
symbolize the hydrophobic substrate binding sites of GroEL.


ring and the release of the substrate (IV, V, VI). Some proteins fold
while still enclosed in the GroEL folding chamber (Figure 5B,
green substrate), others only after their release from GroEL
(Figure 5B, blue substrate). Many proteins need several binding
and release cycles before they reach their native structure.
One obvious problem is the size limitation of the folding


chamber of Hsp60 chaperones, which accommodates only
polypeptides smaller than 60 kDa. It is difficult to imagine how
Hsp60 could assist the folding of larger polypeptides, which
mostly consist of several domains. However, exceptions might
be possible since a recent paper reports that GroEL assists the
folding of yeast aconitase, a 82 kDa protein.[28]


The Hsp70 chaperone


In contrast to GroEL, DnaK does not enclose its substrate
completely but only binds to a single short peptide segment of
about five amino acids. DnaK consists of an N-terminal ATPase
domain and a C-terminal substrate binding domain (Figure 6A,
B). Substrate binding and release is controlled by ATP hydrolysis
to adenosine diphosphate (ADP) and ADP/ATP exchange
processes, which are regulated by the co-chaperones DnaJ and


Figure 6. A) Secondary structure representation of the ATPase domain of DnaK
in complex with ATP and Mg2� (homology model of DnaK on Hsc70; Swiss-Prot
AC code PO4475_C00001).[37] B) Secondary structure representation of the
substrate binding domain of DnaK in complex with a substrate peptide (PDB file
1DKX).[38] C) Schematic representation of the ATPase cycle of DnaK. In the ATP
state substrate is bound and released at high rates. In the ADP state the substrate
is locked into the substrate binding domain. The transition from the low affinity
to the high affinity conformation is effected by ATP hydrolysis, which is triggered
by the simultaneous interaction with the substrate and the DnaJ co-chaperone.
ADP/ATP exchange, which controls the lifetime of the DnaK substrate complex, is
regulated by the GrpE co-chaperone.


GrpE. The chaperone cycle of DnaK is shown in Figure 6C. In the
ATP state substrates associate to and dissociate from DnaK with
high rates but affinity of DnaK to substrates is low. In the ADP
state DnaK binds substrates with high affinity but substrate
exchange rates are low. The DnaJ co-chaperone, which by itself
also interacts with substrates through hydrophobic interactions,
stimulates the ATPase activity of DnaK. Experimental evidence
suggests that DnaJ ™recognizes∫ the substrate and passes it over
to DnaK whereby ATP is hydrolyzed and a segment of the
substrate is tightly enclosed.[13]


Under physiological conditions substrate dissociation is con-
trolled by ADP/ATP exchange that, in turn, is stimulated by the
GrpE co-chaperone. The cycles of substrate binding and release
are, according to recent calculations, very short (about 1 second
per cycle) and most likely have to be repeated many times until a
protein is refolded and not any longer recognized as a substrate.
However, it is not yet clear how these binding cycles promote
the refolding of misfolded proteins. According to one hypothesis
DnaK unfolds the substrate locally in contrast to the global
unfolding by GroEL.[29] This mechanism evidently has the big
advantage that it is independent of the size of the misfolded
protein substrate. It was shown that proteins of all sizes are
found among the Hsp70 substrates and that proteins larger than
60 kDa are especially dependent on Hsp70 assistance during
their folding.[8, 19]
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6. New Prospects in Biotechnology


Living cells contain a defined and regulatable arsenal of
chaperones to prevent unproductive folding reactions and to
increase the yield of properly folded native proteins.
Misfolding and aggregation, however, happen frequently
when recombinant genes are over-expressed in artifical
cellular systems which are genetically engineered for large-
scale protein production. The cellular folding capacity is
overloaded; this results in the formation of biologically
inactive, incorrectly folded proteins. The fate of the unfolded
proteins differs: unfolded recombinant proteins can be
subsequently degraded by the proteolytic machinery of the
cell or are deposited into biologically inactive large aggre-
gates known as inclusion bodies (Figure 7 and 8A). One
possible strategy to solve these problems is to elevate the
levels of molecular chaperones.


Figure 7. Bacterial cells containing inclusion bodies as visualized by electron
microscopy. The recombinant protein overproduced in bacterial cells cannot
fold correctly and forms large insoluble aggregates.


Protein production in biotechnology


The large-scale production of recombinant proteins in
biotechnology has received fresh impetus over the past
few years. Therapeutics like vaccines, growth factors, and
hormones as well as diagnostic agents and proteins used in
scientific research (for example, antibodies and DNA- or RNA-
modifying enzymes) are of particular interest in biotechnology.
The goal is to obtain the maximum yield of the properly folded
active protein. Why are the majority of proteins synthesized in
heterologous systems? Many proteins could not be isolated in
large quantities from the organism they originate from, for
example, human insulin. Very often recombinant production is
the only way to achieve sufficient amounts. For that purpose, the
genetic information encoding the protein is transferred into a
host organism. The host cell is genetically engineered in a way
that allows the large-scale production of the heterologous


protein. Different host systems are established: plant or
mammalian cell lines, insect and yeast cells, or bacteria. The
decision of which host system is favored depends on the
properties of the desired protein and the yield that can be
obtained in the particular system. Eukaryotic systems are
necessary when the recombinant protein has to be modified
posttranslationally, for example, when glycosylation is required.
Bacterial systems, like E. coli, have the advantage that they can
be genetically engineered easily and produce large quantities of
recombinant proteins in rapid, often inexpensive, fermenta-
tion processes. Among the many systems available for heterol-
ogous protein production, bacteria still remain the most
attractive.


Figure 8. Biotechnological production of recombinant protein without (A) and with
(B) optimized amounts of chaperones. A) Without sufficient amounts of chaperones
the recombinant protein is highly prone to aggregation and forms inclusion bodies.
B) The controlled co-overproduction of molecular chaperones together with the target
protein leads to increased levels of the properly folded recombinant protein. Preg�a
regulatable promoter, for example, isopropyl-�-D-thiogalactopyranoside (IPTG) con-
trolled. Possible secondary structure elements in proteins are shown in red (� strands)
and green (� helices).
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Improving protein folding


The application of molecular chaperones in biotechnology to
increase the yield of properly folded recombinant target proteins
is an attractive strategy. Nethertheless, it should be mentionend
that there is no guarantee that chaperones are always capable of
improving the solubility of recombinant proteins. No effect on
solubility was found for chloramphenicol acetyltransferease and
yeast N-myristoyl transferase when GroEL/GroES or DnaK were
overexpressed. Moreover, GroEL/ES overproduction did not
enhance the amount of soluble Adenovirus oncogene product
E1A, myc protooncogene product, and skr-related gene product
SnoN.[30±32] The beneficial effect of elevated chaperones levels
may depend on the target and, even more importantly, on the
levels and mixture of chaperones provided. None of the
individual chaperones tested can be considered as the general
folding chaperone that could prevent misfolding of all proteins.
Rather, it was shown for a variety of chaperones and different
heterologous protein substrates that individual chaperone
systems work well for one substrate but are not beneficial for
others. Different parameters have to been taken into consid-
eration, such as the relative affinities of the chaperone to the
folding intermediates of the target protein and the folding and
aggregation kinetics of the recombinant protein. These param-
eters are difficult to predict, and therefore the application of
molecular chaperones relies on trial and error experiments. With
respect to recent findings on the in vivo role and cooperation of
molecular chaperones, two alternative strategies appear to be
best suited to optimize the folding yields of overproduced
proteins in E. coli :
1) The simultaneous overexpression of several chaperone


systems together with the recombinant target protein in
the host system. This strategy would allow the provision of
sufficient amounts of chaperones inside the cell to ensure
productive de novo folding as well as to refold misfolded and
aggregated proteins into native species.


2) Chaperone mixtures could be added during or after the
purification procedure, for example, to resolubilize and refold
proteins from inclusion bodies in vitro.
Both strategies are explained in detail below.


Overproduction of molecular chaperones inside the host cell


Introducing extra copies of chaperone-encoding genes into the
host cells together with the target gene would ensure the
simultaneous overexpression of the target and chaperone
genes. In principle all host cells could be engineered like this,
but it is still easiest to do this in bacteria. Bacterial cells can be
transformed with several plasmids. These plasmids carry either
the chaperone gene(s) or the target gene, both controlled by a
regulatable promoter to ensure a coordinated coexpression
(Figure 8B).
The most promising candidates for this approach in biotech-


nology are the prokaryotic ATP-controlled chaperone systems
GroEL, DnaK, and ClpB and the ATP-independent ribosome-
associated trigger factor. These chaperone systems are well-
characterized and supposed to build a cellular folding network.


They can prevent the aggregation of misfolded proteins and
assist refolding into the native conformation. The co-over-
production of the ribosome-associated chaperone trigger factor
may enhance the folding of newly synthesized polypeptides and
thereby increase the amount of native target protein. Enhanced
levels of DnaK and GroEL systems keep the recombinant protein
in a soluble state. Furthermore, the simultaneous presence of
elevated levels of the bichaperone system, DnaK together with
ClpB, could promote the resolubilization of any aggregated
target protein.
It was shown for a variety of heterologous proteins that the


coexpression of individual chaperones increases the solubility
and decreases the aggregation of recombinant proteins when
they are coexpressed in E. coli. For example the overproduction
of trigger factor enhances the solubility of human lysozyme.[33]


The solubility and yield of two recombinant enzymes, dihydro-
folate reductase (DHFR) from Staphylococcus and human protein
tyrosine kinase (p50csk), are improved when the GroEL system is
co-overproduced in E. coli.[34, 35] The overproduction of DnaJ
elevates fourfold the amount of soluble recombinant trans-
glutaminase.[36] Some more examples are given in a compre-
hensive review.[30]


Since we now know that these chaperones cooperate with
each other, the new and most favorable strategy to go for in
biotechnology would be to express combinations of chaperones
rather than a single chaperone system. In addition, one should
consider as well that there are highly specific chaperone systems
known that assist the folding of defined proteins only. For
example, in bacteria, the Hsp70 homologue HscA is supposed to
assist specifically the folding of proteins containing iron ± sulfur
clusters.


Refolding of proteins trapped in inclusion bodies


An alternative strategy for large-scale protein purification is the
isolation of recombinant proteins from inclusion bodies. This
method is widely used since many recombinant proteins are
deposited in such large insoluble aggregates. There is also an
advantage in such an overexpression ™accident∫ because the
cell's capacity for soluble proteins is limited, whereas proteins
stored in large inclusion bodies do not interfere significantly with
the cell's metabolism. Moreover, proteins stored in inclusion
bodies are already relatively pure. These inclusion bodies can be
isolated easily by simple centrifugation steps after the disruption
of the host cells. The disadvantage of this method is that it is
complicated and inefficient. Treatment with strong denaturing
agents is the first step to regain the functional target protein
from inclusion bodies. This leads to soluble proteins but at the
same time prevents the refolding of the soluble proteins into
their native structure. Protein refolding is achieved either by
rapidly diluting the proteinaceous solution in a large volume of
buffer or by dialysis against buffer without denaturing agents.
Both steps of this procedure are complicated and might be
simplified by the use of molecular chaperones. Chaperones may
be used to either solubilize the proteins from inclusion bodies or
to promote the refolding of denatured proteins after their
solubilization. It had been demonstrated that the bichaperone
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system, DnaK and ClpB of E. coli, could do both; this system
resolubilizes aggregates of malate dehydrogenase and pro-
motes the refolding of this enzyme into the active conforma-
tion.[23] The finding that the disaggregation capacity of this
system works promiscuously for many different aggregated
proteins was very important.[19] Use of the bichaperone system
may avoid the treatment of inclusion bodies with denaturing
agents and may promote folding into the biologically active
protein conformation. The GroEL system may further facilitate
refolding of proteins. To date there is no report on the
applicability of the bichaperone and GroEL systems to solubilize
recombinant proteins deposited in inclusion bodies in vitro or in
vivo. Moreover, two major drawbacks are the costs and the need
to separate the refolded target protein from the chaperones
after the refolding process. However, the high disaggregation
and refolding capacity and the broad substrate specificity of
these chaperones hold great promise.
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G-Protein Subunit Dissociation Is not an Integral
Part of G-Protein Action
Alexander Levitzki* and Shoshana Klein[a]
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G Proteins as Signal Transducers


The concept that a guanosine triphosphate (GTP) binding
protein (or G protein) is a transducer of receptor-to-effector
signal transduction was formulated in the 1970s for hormone-
dependent adenylyl cyclase.[1] It has been shown that binding of
the hormone to the receptor triggers ex-
change of guanosine diphosphate (GDP) for
GTP on the G protein, thereby converting
the G protein from the inactive conforma-
tion to the activated form. In its GTP-bound
state, the G protein activates adenylyl cy-
clase to produce cyclic adenosine mono-
phosphate (cAMP). Hydrolysis of the GTP
terminates the signal. Since the rate of GTP
hydrolysis is approximately 100 times slower
than the rate of production of cAMP by the
catalytic unit, one hormone± receptor com-
plex is able to generate many cAMP mole-
cules per minute. Another amplification step
is between the receptor and the G protein,
since the hormone ± receptor complex inter-
acts transiently with the G protein and
dissociates from it, once the G protein has
been loaded with GTP. The receptor then
interacts with other G protein molecules.
The amplification factor of this step has been
estimated to be about 10 in the �-adrener-
gic-dependent adenylyl cyclase system.[2] For
the light-dependent activation of cyclic
guanosine monophosphate (cGMP) depend-
ent phosphodiesterase by rhodopsin, it was
found that each activated molecule of
rhodopsin activates approximately 300
phosphodiesterase molecules.[3] This mech-
anism of activation is known as ™collision
coupling∫.[2] Many other G-protein-coupled
receptor systems have since been discovered, but the main
features of the signaling pathway remain essentially similar to
those initially described for hormone-dependent adenylyl cy-
clases. The prevailing dogma for the action of G-protein-coupled
receptors is still based on the detailed biochemical studies
performed on hormone-dependent adenylyl cyclase.


The Dogma


The action of heterotrimeric G proteins is generally discussed in
terms of G� from G�� subunit dissociation (Figure 1A). Let us
review the evidence for the prevailing dogma, which depicts
G-protein activation by dissociation.
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Figure 1. Models of adenylyl cyclase activation. A) The G-protein-dissociation model. 1. The receptor, the
G protein, and the catalytic unit are all separate entities. 2. The hormone binds to its receptor.
3. Subsequent to hormone binding, the affinity of the receptor for the G protein is increased and the
G protein loaded with GDP forms a complex with the receptor. 4. Complex formation is followed by a
conformational change which opens up the nucleotide binding site and allows the exchange of the bound
GDP for cytoplasmic GTP, which is in excess. The GTP-bound G protein dissociates from the receptor
and separates into the Gs�(GTP) and G�� subunits. 5. The Gs�(GTP) seeks and binds to the catalytic unit
of adenylyl cyclase, thereby activating it. 6. Upon GTP hydrolysis, the Gs�(GDP) dissociates from the
catalytic unit and reassociates with G��. B) The G-protein-associated model. There are two differences
between this model and the one depicted in (A): The G protein remains associated with the adenylyl
cyclase throughout the activation cycle and it does not dissociate into Gs�(GTP) and G��. In both models
the receptor acts catalytically.
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1) The nonhydrolyzable GTP-analogue GTP�S induces the dis-
sociation of G proteins to give G�(GTP�S) and G��.[1, 4]


2) The addition to isolated membrane preparations of purified
G� subunits bound to the nonhydrolyzable GTP-analogues
GTP�S or GPPNHP induces full activation of downstream
effector enzymes such as adenylyl cyclase.[1, 4]


3) The over-expression of G�� subunits or their addition to the
experimental system opposes the activation caused by G�
subunits in a number of experimental systems.[4, 5] It should
be noted that the � and � subunits can only be separated
from each other at high concentrations of urea or guanidine
hydrochloride. Thus one can treat the � and � subunits as a
single entity.


4) The subunits of the retinal G-protein transducin dissociate
from the membrane and from each other when activated by
rhodopsin.[6]


The studies with transducin were the only direct biochemical
experiments showing subunit dissociation which utilized GTP.
Since transducin was the first G-protein system to be analyzed, it
was tacitly assumed that all G proteins dissociate upon the
binding of GTP. Regarding other G proteins, subunit dissociation
has not been demonstrated to occur upon GTP binding, and the
evidence for it is mainly indirect, as summarized above. Although
it is clear that G-protein subunits can dissociate under extreme
experimental conditions promoting activation, it is far from clear
that this is what actually happens in cell membranes under
physiological conditions. It seems to us that the question of
whether a G protein actually dissociates upon GTP binding
needs to be addressed in each specific case. Since both G� and
G�� subunits possess effector functions, it is important to know
in each case whether these two entities separate and act at
distant targets or whether they remain attached and act
simultaneously on the same target or targets in close proximity.
We believe that for many G proteins the data is more consistent
with the model that we proposed in 1988[2] and that the changes
between the inactive GDP-bound and active GTP-bound states
can be explained by changes in the conformation of the complex
(Figure 1B).


Kinetic Evidence against G-Protein Dissociation


In 1984, the key experiments which led to the dogma presented
in Figure 1A were published.[2, 4] These studies concerned Gs,
which activates adenylyl cyclase, and Gi, which inhibits adenylyl
cyclase. It was shown that GTP�S leads to the dissociation of Gs,
in the presence of 50 mM Mg2� ions, 150 mM NaCl, and the
detergent Lubrol PX. It was also shown that Gs� bound to GTP�S
activated the adenylyl cyclase moiety fully, in the complete
absence of the G�� subunits. Furthermore, it was shown that the
addition of G�� subunits to adenylyl cyclase inhibited the
enzyme. These findings were taken to mean that GTP must also
induce Gs to dissociate into Gs�(GTP) and Gs��. The actual
experiment to verify this assumption, utilizing GTP, was not
performed until the late 1990s (see below). Nevertheless, the
assertion was accepted and over time became dogma for all
G proteins. The model presented (Figure 1A) also offered a
molecular explanation for the inhibition of adenylyl cyclase by


the inhibitory G protein, Gi. It was suggested that Gi dissociates
into GTP-bound Gi� and G��. G�� then competes with Gs�(GTP)
for the catalytic unit and so causes inhibition of the enzyme.[4]


This dissociation model therefore offers not only a molecular
explanation for the activation of adenylyl cyclase but also for its
inhibition.
The subunit-dissociation model for adenylyl cyclase activation


is based on two main assumptions: 1) The G protein, the
activating receptor, and the adenylyl cyclase are separate
physical entities; 2) upon hormone binding, the hormone-bound
receptor interacts with the GDP-bound G protein and induces
the exchange of GTP for GDP. The GTP-bound G protein
dissociates from the receptor and splits into Gs�(GTP) and Gs��
(Figure 1A).
Kinetic studies have indeed demonstrated that the receptor


acts catalytically. The evidence for the catalytic role of the
receptor comes from two experimental approaches. Both
measure the rate of �-agonist-dependent adenylyl cyclase
activation in the presence of the nonhydrolyzable GTP-analogue
GPPNHP. This strategy allows one to measure the ™on∫ activation
rate without the ™off∫ GTPase step. In native membranes, a
gradual reduction in the number of �-adrenergic receptor
molecules, by means of an affinity label directed against the
receptor, did not diminish the maximal level of activation of Gs or
cyclase attained, but did proportionately reduce the rate of
adenylyl cyclase activation. The rate of cyclase activation
correlated linearly with receptor concentration.[7] When the �-
adrenergic-dependent adenylyl cyclase system was reconstitut-
ed from purified Gs, purified �-adrenergic receptor, and purified
adenylyl cyclase, similar results were obtained: The total pool of
enzyme was activated in the presence of agonist and GPPNHP,
and the rate of activation correlated linearly with the concen-
tration of receptor in the reconstituted vesicles.[8, 9] It should be
noted that the kinetic experiments were conducted under a very
wide range of concentrations of �-adrenergic receptor, Gs
protein, and adenylyl cyclase. Thus, the rate-limiting step indeed
seems to be the interaction between the agonist-bound
receptor and the G protein.
The catalytic nature of the receptor is the only aspect of


G-protein activation which is shared by both the subunit-
dissociation model (Figure 1A) and our original model. Our
model, however, differs from the subunit-dissociation model in
two important aspects: Firstly, the Gs protein is not a separate
entity from the catalytic moiety but is tightly associated with it
and, secondly, Gs does not dissociate into the G�s and G��
subunits upon activation (Figure 1B).[2]


The subunit-dissociation model does not take account of the
experimentally observed kinetics of adenylyl cyclase activation.
These kinetics were found to be first order, where the pseudo-
first-order constant was directly proportional to receptor
concentration.[7±9] A comprehensive kinetic analysis of the
different models for receptor�Gs�adenylyl cyclase activa-
tion[10] revealed that the only model which is compatible with
the observed first-order kinetics of cyclase activation is the one
which assumes that Gs is always coupled to the catalytic unit.[10]


All other mechanisms would yield a complex kinetic pattern of
adenylyl cyclase activation.[10] Thus the assumption that Gs is
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separate from the catalytic unit of adenylyl cyclase must be
incorrect. Indeed, Gs is firmly attached to the catalytic unit (see
below). The separation of G�s from G�� would also result in
complex kinetics of enzyme activation,[10] which are not exper-
imentally observed.
Thus, both of the assumptions on which the subunit-


dissociation model rests (namely, that the receptor, G protein,
and effector are separate physical entities and that the G protein
itself dissociates into its � and �� components) are incompatible
with the observed experimental data.


Biochemical Evidence against G-Protein
Dissociation


Biochemical evidence against G-protein dissociation has come
from a number of experimental approaches. Purification of
adenylyl cyclase in its inactive GDP-bound form and its GPPNHP-
activated form yielded complexes of the same molecular
weights.[12] In both cases, the G protein copurified with the
catalytic unit on both anion-exchange and molecular-sieve
columns. These results show clearly that Gs is tightly coupled to
the catalytic unit, both in the inactive GDP-bound state and in
the GPPNHP-activated state. Further analysis of GPPNHP-acti-
vated adenylyl cyclase in its highly purified form demonstrated
that the Gs heterotrimer remained intact, with a stoichiometry of
1:1 between the � and the � subunits.[13] Furthermore, the
stoichiometry between Gs and the catalytic unit was 1:1; this
confirmed earlier reports.[13]


As stated above, G-protein dissociation has been demon-
strated only for G proteins complexed with GPPNHP or GTP�S
under extreme conditions (in the presence of detergent or high
concentrations of Mg2� ions or salt). Direct biochemical experi-
ments actually show that GTP does not induce Gs subunit
dissociation. Rebois and co-workers[14] measured the effects of
MgCl2 and various purine nucleotides on Gs subunit dissociation
and activation. Subunit dissociation was assayed by measuring
the amount of G� subunit that was coprecipitated by Gs�-
specific antiserum. Gs activation was determined by the ability of
the protein to reconstitute adenylyl cyclase activity in rat
lymphoma membranes lacking Gs� (S49cyc�). High concentra-
tions of MgCl2 caused bound GDP to dissociate from Gs and
inactivated the protein, unless high concentrations of GDP or
GTP were present in solution. MgCl2 also caused a concentration-
dependent dissociation of Gs subunits. GTP�S shifted the MgCl2
concentration response curve for subunit dissociation to much
lower concentrations of MgCl2; this suggests that GTP�S
promotes subunit dissociation. On the other hand, GDP and
GTP were equally effective in shifting the curve to higher
concentrations of MgCl2. These results suggest that the com-
pound that activates Gs in vivo, GTP, is no more effective at
promoting Gs subunit dissociation than is GDP.[14] These results
strongly suggest that GTP does not induce Gs protein dissoci-
ation as a necessary step for adenylyl cyclase activation.
Recently another direct biochemical experiment was per-


formed to examine whether the Gs protein functions as a
heterotrimer in intact membranes.[15] When Gs� was completely
and irreversibly activated with GTP�S and incorporated into


stripped S49cyc� cells, it was a poor substrate for cholera toxin
and a weak stimulator of adenylyl cyclase unless G�� was also
incorporated. Furthermore, the level of adenylyl cyclase stim-
ulation corresponded to the amount of Gs heterotrimer that was
formed in the membranes from GTP�S-activated Gs� and G��.
These data suggest that adenylyl cyclase is stimulated by an
activated Gs heterotrimer in cell membranes.


Pheromone-Induced Mating Response in Yeast


An excellent system in which to test ideas concerning the
dissociation of G-protein subunits and their relationship to
receptors is provided by the mating response of the yeast,
Saccharomyces cerevisiae. Haploid S. cerevisiae cells have a or �
mating type and respond to pheromone mating factors secreted
by cells of the opposite mating type. In response to the mating
factors, a and � haploid cells undergo cell cycle arrest in the late
G1 phase, fuse to each other, and eventually give rise to diploid
a/� cells.[16] The secreted pheromones bind to the a/�-factor
receptors, products of the genes STE2 and STE3. The mating
signals are transduced by a G protein, the product of the genes
GPA1 (which encodes G�), STE4 (G�), and STE18 (G�). Deletion of
GPA1 is lethal, because the free G�� subunits activate the signal
transduction pathway, leading to growth arrest. Successful
mating requires the presence of all of the genes coding for
G-protein subunits.[16]


These features of the pheromone mating system show that
the G protein acts on the effector system through the G��
subunits. These findings have also been taken as a molecular
genetic proof of the G-protein-dissociation model. The pub-
lished three-dimensional structure of the G protein[17] offered a
unique opportunity to test whether or not the mating G protein
must dissociate. From the three-dimensional structure it can
easily be seen that the C-terminal end of the G� subunit is in
close proximity to the N terminus of the G� subunit. We
constructed a STE4 ±GPA1 gene fusion, which led to the
production of a protein in which the C terminus of Ste4 was
coupled to the N terminus of Gpa1. The fusion was then
introduced into yeast cells from which STE4 or both STE4 and
GPA1 had been deleted. The chimeric protein was fully functional
in the transduction of pheromone signals, and in promoting
growth arrest and mating.[18] It is therefore likely that the
receptor, upon activation, induces conformational changes in
the G protein that expose binding interfaces which allow
communication with downfield effectors. The chimeric protein
cannot undergo dissociation, but it can undergo the changes in
conformation induced by the activated receptor. The finding
that the fusion construct is fully competent to convey the signals
ascribed to both the G� and the G�� subunits implies that wild-
type proteins, albeit demonstrably capable of dissociation, may
not actually dissociate. Even if they do dissociate, it is likely that
they remain in very close proximity to each other throughout the
GTPase cycle. These results fit the currently emerging picture of
signal transmission by multiprotein complexes, which exist as
large assemblies of receptors ±G proteins ± effectors throughout
the activation cycle.
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Structural Considerations


It has been argued (for example, in ref. [17]) that the interfaces
for contact between G� and G�� and for contact with the
effector overlap. Therefore, in order for an effector to interact
with the G� subunit, the G�� would have to dissociate away. A
close examination of the contact sites shows that the residues
involved in contact between G� and G�� are distinct from the
residues involved in contact with the effector, and therefore
both interactions may be able to occur simultaneously (see
Figure 1 in ref. [18]).


Conclusion


Analysis of the current status of our knowledge of the mode of
signal transduction of G-protein-coupled receptors suggests
that the dissociation of G proteins into their subunits is not
essential for their mechanism of action. Although the rhodopsin-
dependent activation of transducin involves its dissociation,
G-protein subunit dissociation is not part of the activation of
adenylyl cyclases by hormones or pheromones. Detailed studies
are now needed to examine the behavior of other G proteins
involved in the numerous signaling pathways discovered in the
last decade.
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Glycan transfer to protein chains and the
subsequent trimming and processing of
the attached oligosaccharides represents
a critically important posttranslational
modification reaction and is a target for
future proteomic research. When conju-
gated to a protein to form glycoproteins,
oligosaccharides can alter protein folding
and charge (for example, by sialylation or
sulfation) and induce heterogeneous pro-
files as a consequence of differing glyco-
forms, thus providing a mechanism to
modulate the protein's behavior in a
complex multicellular environment. Gly-
cosylated proteins are ubiquitous compo-
nents of extracellular matrices and cellular
surfaces, where their oligosaccharide moi-
eties are involved in extensive recognition
phenomena including development, dif-
ferentiation, morphogenesis, fertilization,
the immune response, implantation, cell
migration, and cancer metastasis.[1] Every
cell in every living organism is covered
with an abundance of such diverse car-
bohydrate chains, the glycocalyx, whose
composition reflects not only cell types
but also different cell states. Interestingly,
abnormalities in protein glycosylation
have often been correlated with specific
disease states. This has lead to the devel-
opment of therapeutic agents designed
to interfere with carbohydrate biosynthe-
sis or molecular recognition[2] and carbo-
hydrate-based anticancer vaccines.[3] The


complementarity of defined sugar epi-
topes and specific protein receptors has
also found applications in vectorized drug
or probe delivery[4] and in the targeted
aggregation of pathogenic species.[5]


Progress in this field, for which the term
glycomics has been coined, is limited by
the extremely broad diversity of carbohy-
drate structures and the different contexts
in which they occur. Although this struc-
tural diversity renders carbohydrates ide-
ally suited to the transfer of biological
information, it also it makes difficult to
dissect the individual roles of each recep-
tor ± ligand pair. Automated chip-based
technologies for rapidly and quantitative-
ly assessing interactions between large
numbers of oligosaccharide structures
and proteins simultaneously, analogous
to the complementary DNA (cDNA) chip-
based technologies that have facilitated
transcriptomics,[6] could provide a leap
forward in glycomics research.[7] The work
by Wang et al.[8] at Columbia University, by
Park and Shin[9] at Yonsei University, Seoul,
and by Houseman and Mrksich[10] at The
University of Chicago represents a deci-
sive step in that direction. The first group
describe the fabrication of a carbohy-
drate-based microarray and demonstrate
that it can be successfully used to identify
carbohydrate antigenic determinants and
to detect the presence of specific com-
plementary antibodies in a given sample,
including human serum. The last two
groups have developed mono- and di-
saccharide chips as suitable tools for
studying high-throughput carbohy-
drate ± lectin interactions.
Glycoproteins play an active role in the


innate and adaptive immune response
and, in many cases, specific glycoforms
are involved in the immune process.[11]


Cells of the immune system use the
glycans on the surface of the cells that


they encounter to identify everything
from bacteria to partners. Changes in
glycoprotein glycosylation pattern may
lead, for instance, to inappropriate acti-
vation of the innate immune system,
which is in the origin of autoimmune
diseases such as rheumatoid arthritis.
Similarly, on tumor cells aberrant glyco-
sylation can expose new saccharide epi-
topes for recognition by the immune
system. The diverse repertoire of oligo-
saccharides displayed on the surface of a
cell can be exploited by viruses that first
adhere and then use the host glycosyla-
tion machinery to help avoid immune
detection. The benefits of understanding
protein ± carbohydrate interactions and
identifying carbohydrate epitopes that
are important for specific recognition
events are, thus, evident. The problem
has been addressed by intense multi-
disciplinary research in glycobiology. De-
spite important advances, the rate of
generating information, in comparison
with genomics or proteomics research, is
slow due to the cumbersome multistep
methods currently available and the lack
of high-throughput methods for charac-
terizing protein ± carbohydrate interac-
tions.
To be useful for biomedical research


and clinical diagnosis, any method for
detecting and characterizing carbohy-
drate recognition must achieve the sensi-
tivity to detect binding to specific recep-
tors when the amount of specimen is
limited, thereby circumventing the prob-
lem of intrinsic weak affinities between
carbohydrates and their target proteins.[12]


The microarray platform looks well adapt-
ed to address this issue. Presentation of
sugars on surfaces and monolayers cre-
ates a multivalent display that efficiently
mimics the natural mode of affinity en-
hancement that arises from multiple in-
teractions between the binding proteins
and the carbohydrate ligands. Several
methodologies for the immobilization of
carbohydrates and glycoconjugates on
surfaces for binding studies have been
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reported.[13] Probably the simplest one is
the known adsorption of some polysac-
charides and carbohydrate polymers onto
the plastic surface of a microtiter well
through noncovalent interactions, which
is the basis of the enzyme-linked lectin
assay (ELLA) protocol.[14] Wang et al.[8]


have adopted a similar strategy for the
fabrication of glyco-arrays: glycans
(48 compounds derived from biological
sources) were spotted onto glass slides
precoated with nitrocellulose polymer to
which they attach, without the need for
chemical conjugation. The air-dried print-
ed carbohydrate microarrays can be sta-
bly stored at room temperature and can
be used after just blocking with bovine
serum albumin (BSA) as an irrelevant
protein.
Two prior conditions for the feasibility


of the glyco-array approach in assessing
carbohydrate ±protein interactions are:
(i) a high efficiency of the immobilization
technique and (ii) the immobilized carbo-
hydrate-containing macromolecules must
preserve their recognition properties. The
second point is not trivial ; as shown by
the groups of Kahne and Whitesides,[15]


secondary interactions in carbohydrate-
derivatized monolayers may lead to a
switch in carbohydrate-binding selectivi-
ty. To address these questions, Wang
et al.[8] produced a microarray by printing
a series of fluorescein isothiocyanate
(FITC) conjugated dextrans differing in
molecular mass and structure on the
modified glass slides. By analyzing the
fluorescence intensities retained after ex-
tensive washing, they concluded that
polysaccharides of 3.3 ± 2000 kDa were
all stably immobilized. Yet the efficiency
of their immobilization was significantly
influenced by the molecular weight, with
the bigger molecules being better re-
tained. Most importantly, the printed
dextran preparations were specifically
recognized by monoclonal antibodies of
defined specificities and exhibited anti-
gen ± antibody reactivity patterns identi-
cal to those obtained by classical quanti-
tative immunoassays such as ELISA.
These results paved the way to further


explore the high-throughput nature of
the carbohydrate microarray technology.
By using a printed panel of 48 carbohy-
drate-containing macromolecules, several
distinct specificities of anti-carbohydrate


antibodies present in the human serum of
normal individuals were identified (Fig-
ure 1), including antibodies that bound to
pathogens such as Escherichia coli, Pneu-
mococcus, Meningococcus, or Haemophi-
lus influenzae.
In this particular study, most of the


detected glycan ± antibody positive bind-
ings were consistent with the expected
specificity. What makes the work by Wang
et al.[8] still more exciting is that they have
demonstrated that the carbohydrate mi-
croarray construction can also be used to
discover and characterize unexpected
biologically relevant antibody specifici-
ties. Thus, the monoclonal antibody
4.3F1, which recognizes terminal (non-
reducing) �-(1�6)-linked D-glucopyra-
nose subunits, was observed to interact
with chondroitin sulfate B derived from
pig intestinal mucosa and lacking this
epitope. To discard the possibility that this
hit was an artefact of the in vitro micro-
array assay, further experiments with
intestinal tissue from pigs and mice were
performed. The antiterminal �-(1�6)-
glucose antibody 4.3F1 clearly stained a


subpopulation of monocyte/macrophag-
es in the lamina propria of the small
intestine, therefore validating the result
obtained with the microarray platform.
The work of Wang et al.[8] focused on


the use of carbohydrate microarrays for
detection of carbohydrate antigen ± anti-
body interactions. A direct application of
the method would be the rapid diagnosis
of infectious diseases. Other potential
uses include detection of tumor cells,
identification and profiling of novel car-
bohydrate-binding proteins or carbohy-
drate-processing enzymes, and identifica-
tion of novel inhibitors of glycan ±protein
interactions. More robust immobilization
techniques may be necessary for those
channels, especially when low-molecular-
weight recognition epitopes are involved.
The approach disclosed by Park and
Shin[9] to fabricate mono- and disaccha-
ride microarrays comes to fill this gap by
covalently attaching the carbohydrate
ligands to thiol-derivatized glass slides.
The proposed three-step reaction se-
quence involves: (i) formation of a glyco-
sylamine, (ii) subsequent coupling with an


Figure 1. Schematic representation of the microarray device conceived by Wang et al.[8] Carbohydrate
antigens were spotted onto the glass slides precoated with nitrocellulose polymer with the help of a high-
precision robot designed to produce cDNA microarrays. The immobilized carbohydrate-containing macro-
molecules include: Klebsiella capsular polysaccharides (types K7, K11, K12, K13, K14, K33, and A3), Dudman's
Rhizobium tritolii A1 polysaccharide, chondroitin sulfate (A, B, and C), Pneumococcal C polysaccharide,
Pneumococcus capsular polysaccharide (types SIV, VIII, IX, XIV, and 27), cow blood group B (cow 21 and
cow 26), Bacto-agar (20 �C extract), arabino galactan (Larch CORASH), isomaltotriose (BSA and keyhole limpet
hemocyanin (KLH) conjugates), Lewisa blood group substance, human ovarian cyst blood group substance
(Beach P1, Tij II, and group A), blood group substance I (Ogunsheye 10% 2X), asialo-orosomucoid, lacto-N-
tetraose (BSA conjugate), Phosphomannan NRRL B-2448, Menningococcus capsular polysaccharide (groups B
and Y), H. influenzae capsular polysaccharide (type A), E. coli capsular polysaccharide (types K1, K92, and
K100), D-galactan (from H. pomiata and H. nemoralis), isomaltohexaose (BSA and KLH conjugates), dextran
N-150-N (average Mw 60 kDa), Hog blood group O substance (H), agalacto orosomucoid, inulin, and levan
(from B-512-E dextran). Postive hits were visualized by using either anti-human IgM-AP conjugate and Vector
Red or biotinilated anti-human IgG and Cy3-streptavidin. The stained microarrays were scanned with a
standard biochip scanning system.
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activated �-(N-maleoyl)carboxylic acid
derivative, and (iii) Michael addition of
the thiol group on the solid support to
the maleimide fragment in the armed
ligand. Finally, the unreacted thiol groups
are capped by reaction with excess N-
ethylmaleimide (Scheme 1).
The incorporation of a long-enough


spacer (C6 or longer) between the cova-


lently attached sugar and the maleimide
thioether anchor seems to be an impor-
tant requisite to warrant accessibility of
these relatively small molecules to recog-
nition events, a phenomenon already
observed in highly dense glycoclusters.[16]


In any case, probing of microspotted
slides containing appropriately tethered
N-acetyl-D-glucosamine, lactose, maltose,
and cellobiose ligands with FITC-tagged
lectins showed a binding pattern identical
to that in solution (Figure 2); this demon-
strates that microarrays prepared by this
technique allow thousands of carbohy-
drate ±protein binding assays (up to
12000 microspots in this work) to be
performed in a parallel fashion. Moreover,
the chip can be recycled without detach-
ing of the carbohydrate ligands.
The examples given above show that


carbohydrate microarrays are useful tools
to study different kinds of carbohydrate
interactions. Yet, different immobilization
techniques, such as in situ synthesis of the
oligosaccharides[14b] or the generation of
self-assembled monolayers (SAMs) onto
gold surfaces from sulfur-containing con-


jugates,[11a, 15] might be necessary for
optimization of array production and
assay performance. The latter approach
has recently been implemented by
Houseman and Mrksich[10] to generate
monosaccharide glyco-arrays that exhibit
a very good control of ligand density and
that are compatible with different detec-
tion methods, including fluorescence mi-


croscopy and surface plasmon resonance.
Their methodology to engineer the gold
surface for immobilization of the carbo-
hydrate ligands is depicted in Scheme 2.
Hydroquinone-containing SAMs are first
produced and then oxidized to the corre-


sponding benzoquinone derivatives to
which cyclopentadiene conjugates are
covalently attached through a Diels ±
Alder cycloaddition reaction.
As the Diels ±Alder reaction is rapid,


selective, and quantitative, all carbohy-
drates within the array are presented at a
uniform density. Further advantages of
this system are the possibility of quanti-
tatively determining the density of reac-
tive quinone groups from their reversible
electrochemical reduction and the inert-
ness to nonspecific adsorption of pro-
teins, with no need for the BSA-blocking
treatment; the latter provides excellent
signal-to-noise responses. Nonreacted
benzoquinone groups are inactivated by
treatment with a tri(ethylene glycol) ± cy-
clopentadiene derivative. A microarray
containing ten different monosaccharides
was prepared by this technique and
assayed against a set of lectins incorpo-
rating a fluorescent dye. The observed
specificities exquisitely matched those
observed in solution.
The above ten-spot glycochip example


is far from satisfying the requirements for
high-throughput analysis of carbohy-
drate ±protein interactions that research
in glycomics demands. Nevertheless, the
authors have already foreseen the com-
patibility of the present design with the
automated solid-phase synthesis of com-
plex n-pentenyl glycosides according to
the method of Seeberger's group.[17] The
terminal olefin can be easily transformed


Scheme 1. The key steps for the preparation of carbohydrate microarrays according to Park and Shin[9]


methodology: (i) direct formation of a glycosylamine by treatment of the free sugars (N-acetyl-D-glucosamine
(GlcNAc), lactose, maltose and cellobiose) with aqueous ammonium hydrogencarbonate/ammonium
hydroxide; (ii) coupling of the glycosylamine with the pentafluorophenyl ester of an �-N-maleoyl)carboxylic
acid derivative (the spacer arms used range from C2 to C24) ; and (iii) Michael addition of the thiol groups on the
modified glass slide to the double bond of the maleimide fragment in the conjugate. The last reaction was
accomplished in 5 h after printing at room temperature. The unreacted thiol groups were than capped by
reaction with excess N-ethylmaleimide.


Figure 2. Schematic representation of the carbohydrate chip for high-throughput detection of carbohy-
drate ± lectin interactions developed by Park and Shin.[9] The slides (7.5� 2.5 cm, up to 12000 microspots) were
probed with fluorescein-labeled lectins (Concanavalin A (ConA), Erythrina cristagalli (EC), and Triticum
vulgaris (TV)) and scanned after removal of the unbound lectins by extensive washing. The recognition
pattern in the microchip matched that in solution for the assayed sugars and lectins, that is, TV specifically
recognized GlcNAc, EC lactose, and ConA maltose. As expected, cellobiose was not recognized by any of these
lectins.
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to an aldehyde group and then chemo-
selectively ligated to an hydrazide ± tri-
(ethylene glycol) ± cyclopentadiene arm.
Interestingly, the immobilized carbohy-
drates can be further subjected to enzy-
matic elaboration, as demostrated in a
particular example: GlcNAc ligands in the
array were transformed into N-acetyllac-
tosamine ligands by the action of bovine
�-1,4-galactosyltransferase and UDP-gal-
actose. That also illustrates the potential
of this platform in the profiling of carbo-
hydrate processing enzymes.
The coalescence of increasingly effi-


cient techniques for the analysis of glycan
structure and function, such as ultrahigh-
sensitive mass spectrometric methods,[18]


with emerging improved means for the
isolation[19] or synthesis[20] of carbohydrate
libraries, will certainly accelerate the up-
coming of much larger glyco-arrays; these
in turn will extend the number of appli-
cations dramatically. Glycomics research,
diagnostic applications, and drug discov-
ery will be the major fields addressed by
carbohydrate microarray technology. The
story is just beginning. Yet the new
generations of carbohydrate microarrays
are likely to impact on our molecular
understanding of how the entire set of
glycans in an organism, the glycome,
mediates physiological and pathological
events.
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Scheme 2. The methodology of Houseman and Mrksich[10] for the preparation of glyco-arrays onto SAMs.
Titanium (5 nm) and then gold (15 nm) were evaporated onto glass coverslips which were subsequently
immersed in a methanolic solution containing hydroquinone-terminated alkanethiol (10 �M) and penta-
(ethylene glycol)-terminated alkanethiol (1 mM total thiol). Appropriately armed monosaccharide ligands
(�- and �-glucose, �- and �-galactose, �- and �-fucose, �- and �-GlcNAc, �-mannose, and �-rhamnose) were
prepared by: (i) glycosylation of the corresponding peracetylated glycosyl bromide with a N-protected amino
alcohol by using Hg(CN)2 as a promotor or (ii) photochemical addition of cysteamine to �-allyl glycosides,
followed by (iii) acylation of the terminal amino group with a cyclopentadiene-terminated carboxylic acid. To
prepare the arrays, the immobilized hydroquinone groups were oxidized to the corresponding benzoquinone
by treatment with a saturated aqueous solution of 1,4-benzoquinone. Then, 1 mL of each monosaccharide
conjugate (2 mM in H2O) was applied to specific regions of the monolayer. The coupling reaction was
accomplished in 2 h at 37 �C in a humidified chamber.
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Probing Biomolecular Interactions of Glutathione
Transferase M2-2 by using Peptide Phage Display
Maryam Edalat,[a] Sven Pettersson,[b] Mats A. A. Persson,[c] and Bengt Mannervik*[a]


The interactions between biomolecules and human glutathione
transferase M2-2 (GST M2-2) were probed by using 9- and 15-mer
combinatorial peptide libraries displayed on phage. The peptide
libraries were based on random DNA sequences fused to gIII, a
gene that expresses a phage coat protein and thus causes the
peptides to be displayed on the surface of phage particles. A
peptide sequence was enriched through binding to GST M2-2,
which indicated a successful selection. Binding studies with the
peptide displayed on phage showed binding specificity. The
sequence of the peptide had similarities to segments of proteins
in the Swiss-Prot Database, to c-Jun N-terminal kinase (JNK), and to
the protein Bcl3. JNK is linked to the regulation of the transcription


factor AP-1. Use of cell-based assays of the transcriptional activity
of AP-1 allowed a novel coactivation function of GST M2-2 to be
demonstrated. Specificity in the activation was indicated by the
lack of effect of GST A1-1. No coactivator function of GST M2-2
could be demonstrated in assays with Bcl3. These results suggest
that GST M2-2 has biological roles in addition to catalysis of
detoxication reactions, and demonstrate the potential of phage
display in functional genomics research.


KEYWORDS:


combinatorial chemistry ¥ enzymes ¥ peptides ¥ phage
display ¥ transferases


Introduction


Glutathione transferases


Glutathione transferases (GSTs) are a family of enzymes with
important biological functions. GSTs are believed to play a major
role in cellular defense against a variety of endogenous and
xenobiotic electrophilic toxins, which are mutagenic and cause
cancer and several other degenerative diseases. The enzymes
catalyze the conjugation of the tripeptide glutathione (GSH, �-
Glu-Cys-Gly) to these harmful compounds, a reaction that usually
makes the toxins chemically unreactive and water soluble.[1] The
mammalian soluble GSTs are divided into classes[2] named Alpha,
Kappa, Mu, Pi, Omega, Sigma, Theta, and Zeta based on their
primary structures.[2±4] Three-dimensional structures of members
of each class have been determined.[3] The soluble GSTs exist as
dimers, and each subunit provides an active site with determi-
nants for binding GSH (G-site) and the hydrophobic electrophiles
(H-site). The expression levels of the different GSTs are tissue
specific. In adult human liver, 80% of the total GST proteins are
Alpha class members, while the Pi-class enzyme GST P1-1 is
present in essentially all tissues except the liver. GST P1-1 is also a
major protein expressed in many tumor cells.[5±8]


Beside the established enzymatic function, it has been
suggested that GSTs may act as the intracellular binding protein,
™ligandin∫, in a manner similar to albumin in blood plasma.[9±10]


GSTs bind noncovalently poorly water-soluble, hydrophobic
compounds such as bilirubin, bile salts, steroids, heme, fatty
acids, and so on. There is evidence for a third binding pocket
between the subunits,[11±12] which, in addition to the two active
sites, could be a binding site for nonsubstrate ligands. Binding
outside the active site may occur for rat GST M1-1 (GST Yb1),


which has been shown to bind both a cyclolinopeptide A
analogue and a linear rennin-inhibiting peptide[13] without
affecting the GST activity measured with the most commonly
used substrate, 1-chloro-2,4-dinitrobenzene. It was also reported
that the uptake of bile acids in isolated liver cells was
competitively inhibited by both the cyclic and the linear peptide.
In the present investigation the binding properties of human


GST M2-2 are explored by screening against random 9- and 15-
mer peptide libraries displayed on phage. The results were
expected to reveal novel interactions between human GST M2-2
and peptides or other ligands.


Phage display


In the mid 1980s Smith fused foreign DNA that encodes a small
antigenic region of a protein to DNA that encodes the gene-III
minor coat protein in the filamentous f1 phage genome.[14] Five
copies of this coat protein are normally present on the surface of


[a] Prof. B. Mannervik, M. Edalat
Department of Biochemistry
Uppsala University, Biomedical Center
Box 576, 75123 Uppsala (Sweden)
Fax: (�46)18-558-431
E-mail : Bengt.Mannervik@biokem.uu.se


[b] Prof. S. Pettersson
Karolinska Institutet
Microbiology och Tumor biology Center (MTC)
Box 280, 17177 Stockholm (Sweden)


[c] Dr. M. A. A. Persson
Karolinska Institutet
Department of Medicine and Center for Molecular Medicine
Karolinska Hospital, 17176 Stockholm (Sweden)







B. Mannervik et al.


824 ChemBioChem 2002, 3, 823 ± 828


filamentous phage of types f1, fd, and M13. The fusion provides a
physical link between the phenotype and the genotype; in other
words, the phage particle on which the peptide is displayed also
contains the particular DNA that encodes the amino acid
sequence of the peptide. The phage that presented the
antigenic peptide were easily isolated from other phage by
binding to antibodies with affinity for the exposed epitope, a
selection procedure called ™panning∫. Moreover, these phage
could be amplified in Escherichia coli and subjected to another
round of selection to enrich the gene encoding the chosen
peptide.
This first scheme displayed multiple copies of the peptide on a


phage particle (polyvalent display) and selected for micromolar-
affinity interactions. Polyvalency can be obtained even more
effectively by fusion of the peptide to the gene VIII product, a
major coat protein.[15] The phage display technology has been
further developed for monovalent display selection of nano-
molar- to picomolar-affinity binders. The monovalency is accom-
plished by fusion of the protein or peptide onto the gene III
product carried in a phagemid and provision of a large amount
of wild-type protein III expressed from an M13 helper phage.[16]


The combination of polyvalent display with monovalent display
provides the means to select peptides that have high affinity for
a target protein.[17]


Activating protein 1 (AP-1) and c-Jun N-terminal kinase (JNK)


AP-1 transcription factors are early response genes that are
involved in transcriptional regulatory processes such as cell
proliferation and apoptosis of cells in response to cellular
stress.[18±19] The AP-1 structure that binds to DNA is a protein
dimer that consists of a Fos family member and a Jun family
member. AP-1 components are activated by numerous stimuli,
which include growth factors, antigen binding by B and
T lymphocytes, neurotransmitters, ionization and UV irradiation,
cytokines, and many others.[19]


JNK, also called stress-activated protein kinase, is a mitogen-
activated protein kinase (MAPK). JNK activates AP-1 by phos-
phorylation of the N-terminal region of c-Jun.[20] There are three
genes that encode JNKs, JNK1, JNK2, and JNK3.[21]


In the present work the polyvalent peptide display introduced
by Smith[22] was used to explore the ligandin function of human
GST M2-2. The data obtained suggest that GST M2-2 serves as an
AP-1 coactivator.


Results


Peptide libraries


The two peptide libraries used were constructed to contain 9 or
15 random amino acid sequences flanked by Cys residues. This
design leads to the creation of a disulfide bridge in the displayed
peptides and thereby constrains the variant sequences to cyclic
structures.[23] The rationale for this approach is that the entropy
loss for binding of a cyclic peptide is less than the entropy loss
for binding of a linear and unconstrained peptide, thus
cyclization promotes binding. However, the fact that in the


present case one of the libraries contained both linear and cyclic
peptides was potentially an advantage, since an earlier report
indicated that both linear and cyclic peptides interact with rat
GST M1-1.[13]


Phage peptide selection


Immobilized GST M2-2 was used to select binding sequences
from a mixture of the two peptide libraries displayed on phage.
The fraction of phage particles specifically binding to the target
GST was determined by division of the number of phage
particles recovered after a selection round by the number of
phage particles subjected to selection. The fraction that bound
to GST M2-2 increased 100-fold after the third round, which
indicates specific enrichment (Table 1). Selection with GST M2-2
was discontinued after three rounds because the sequencing
results showed a predominant clone (Table 2) and already clearly
indicated enrichment.


Seven phage clones were chosen at random for sequencing
after the last round of panning. All the peptides analyzed
contained the two Cys residues that characterize cyclic peptides.
Thus, GST M2-2 appears to have selectivity for sterically con-
strained cyclic peptides. Five clones of the seven selected were
identical (Table 2), which shows an obvious enrichment of one
particular peptide (Pm1: GVVRGPSRG).


Binding studies with phage-displayed peptide


In order to investigate the specificity of the binding of peptides
to GST M2-2, Pm1 displayed on phage was compared with an


Table 1. The fraction of phage that bound specifically (in phage/out phage) in
sequential rounds of adsoption to immobilized GST M2-2.[a]


Target protein First round Second round Third round


GST M2-2 2.7�10�8 1.6� 10�8 1.2� 10�6


[a] 50�106 colony forming units (cfu) from each peptide library were mixed
together and added to microtiter plates coated with GST M2-2. Unbound
phage were removed and the plates were washed 10 times. Specifically
bound phage were then acid eluted and the cfu were counted (™out
phage∫). ™In phage∫ refers to the number of phage present at the beginning
of a selection round.


Table 2. Peptide sequences of GST-binding phage.[a]


Phage
clone


Variant peptide sequence Number of identical
clones/total number of
clones sequenced


Pm1 AEDLELCAGVVRGPSRGACTS 5/7
Pm2 AEDLELCAALARAARLGACTS 1/7
Pm3 AEDLELCAAENRFDADLRSSALAACTS 1/7


[a] Peptide sequences were expressed on phage selected with GST M2-2.
The peptide sequences shown were obtained by sequencing phage clones
that were picked at random after the third round of selection. Bold font
identifies sequences derived from the randomized portion of the peptide
libraries.
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unrelated control peptide (Pneg), a 15-mer linear peptide (V-
1:19) with an affinity for mouse microglia.[24] Pm1 was found to
bind approximately 30-fold more tightly to GST M2-2 than does
Pneg (Figure 1). Furthermore, binding experiments showed a
decreased recovery of phage particles displaying Pm1 peptide
when GST M2-2 was added in solution to compete with the
immobilized GST M2-2 (Figure 1). These results provide evidence
that GST M2-2 interacts with Pm1 in a specific manner.


Possible interaction between GST M2-2 and known protein
sequences


The Swiss-Prot Database was searched for sequences similar to
the GST-selected peptide in order to identify proteins that could
potentially interact with GST M2-2. The C-terminal sequence of
JNKs and the Pm1 sequence are highly similar (Table 3). Eight or
nine out of twelve residues in JNK1 and JNK3 were identical to
those in Pm1 and one residue was a conservative replacement.
Similarities with JNK2 were also noted. The strong sequence
similarity in the C-termini of the JNKs means that the selectivity, if
any, of the putative interaction between JNKs and GST M2-2
cannot be deduced from the available data.
Pm1 also showed a similarity to the C-terminal region of Bcl3,


which indicates that there might be an interaction between GST
M2-2 and Bcl3. Seven residues of eleven were identical and one
residue was a conservative replacement.


Effect of GST M2-2 and JNK on AP-1


AP-1 is a dimeric transcription factor composed of Fos and Jun
protein subunits. The transcriptional activity of c-Jun is strongly
activated upon the phosphorylation of two serine residues in the
activation domain of the JNK.[20] Luciferase reporter gene
experiments showed that the transcriptional activity of AP-1 is
induced upon stimulation of cells with phorbol 12-myristate 13-
acetate (PMA), as expected (Figure 2A). Overexpression of GST
M2-2 upregulates AP-1 transcription almost fourfold (Fig-
ure 2A, C). This coactivation effect increased with the amount
of GST M2-2 DNA used for transcription. Specificity of the effect
of human GST M2-2 on AP-1 transcription was demonstrated by
overexpression of a related enzyme, GST A1-1. With this
alternative GST no significant stimulation of transcriptional
activity was noted (Figure 2B). All the in vivo experiments were
repeated three times independently in a human embryonic


kidney 293 cell line as well as in
human embryonic retinoblast
911 cells.


Effect of GST M2-2 and Bcl3 on
AP-1 transcriptional activity


Bcl3 is a nuclear protein and a
member of the I�B family that was
first isolated as a gene translocated
into the immunoglobulin � locus
and is highly expressed in B-cell
chronic lymphocytic leukemias.[25]


Bcl3 has been shown to act as a
transcriptional coactivator of AP-1
and the retinoid X receptor.[26±27]


Our studies in cell lines were based
on transcriptional activity of AP-1
upon PMA stimulation. The pres-
ence of Bcl3 increased the tran-
scriptional activity, but no signifi-
cant additional effect was obtained
by GST M2-2 (Figure 2D).


Discussion


Libraries in which random peptides
are displayed on phage were em-
ployed in an attempt to discover


Figure 1. Selective binding of phage that display peptide Pm1 to immobilized GST M2-2. The specificity was
demonstrated by comparison with the negative control phage Pneg, as well as by competition with GST M2-2 in
solution. GST M2-2 (100 �g) was immobilized in a microtiter plate well prior to addition of Pm1 or Pneg phage (50 �L).
After 10 washes the phage were acid eluted and neutralized then used to infect a fresh culture of E. coli K91 cells. The
ratio of ™in phage∫ to ™out phage∫ was calculated. For competition studies, GST M2-2 (50 �g) was added after
6 washes with PBS ± Tween 20 (0.05% (v/v)). 4 additional washes were made before the acid elution. Relative binding
values are plotted with the positive control (Pm1) given as 100%.


Table 3. Protein sequences with similarities to the GST-M2-2-binding peptide.
The Swiss-Prot Database was searched for human proteins.


Phage
clones


Query Hits Human
protein


Recognized
site (amino
acid residues)


Pm1 GVVRG-PSR-GA GVIRGQPSPLGA JNK1 408 ± 420
Pm1 GVVRG-PSRGA GVVKDQPSDA JNK2 408 ± 417
Pm1 GVVRG-PSR-GA GVVKGQPSPSGA JNK3 408 ± 419
Pm1 AGVVRGPSRGA AGVLRGPGR Bcl3 427 ± 435
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interactions of glutathione transferase M2-2 with biomolecules.
The fact that the fraction of specifically binding phage particles
increases approximately 100-fold after three rounds of panning
with GST M2-2 as the target protein is an indication of a
successful selection procedure (Table 1).
GSTs have previously been proposed to serve as an intra-


cellular carrier protein known as ligandin, which interacts with a
wide variety of ligands such as bilirubin, heme, steroids, and fatty
acids.[9±10] The results of the present study show that GST M2-2 is
capable of binding peptides and in particular a constrained
cyclic peptide sequence (Pm1).
The similarity of the GST-M2-2-binding peptide (Pm1) and the


C termini of JNKs suggests interaction between GST M2-2 and
JNKs, which indicates that GST M2-2 may be involved in cellular
regulation as a coactivator of transcription factors. JNK occurs in


three distinct isoforms: JNK1 and JNK2 are expressed ubiqui-
tously, while JNK3 is expressed primarly in the brain, heart, and
testis. Interestingly, GST M2-2 is a major GST in brain, testis, and
heart,[28] which could indicate that the regulatory interaction of
GST M2-2 and JNK3 is highly specific and tissue selective. All
three JNK genes are expressed both with and without the
C-terminal sequence[21] as a result of alternative splicing. The
reason for the splicing event is unknown. Our data indicates that
GST M2-2 binds to the C-terminal part of JNK, therefore it
appears possible that truncation of JNK serves to make it
insensitive to regulation by GST M2-2.
Other lines of evidence give support to the notion that GSTs


are linked to cellular signaling. Pi-class GSTs have been proposed
to be involved in protection of cells against reactive oxygen
species by binding to JNK1.[29] JNK itself is activated by cytokines


Figure 2. a) 293 cells were cotransfected with luciferase reporter plasmids psctGST M2-2, pcDNA3, and pcDNA�-gal. After 24 h of transfection, the cells were treated
with PMA (100 ngmL�1) for an additional 24 h before the cell lysates were assayed for luciferase activity. b) 293 cells were cotransfected with luciferase reporter plasmids
psctGST A1-1, pcDNA3, and pcDNA�-gal. After 24 h of transfection, the cells were treated with PMA (100 ngmL�1) for an additional 24 h before the cell lysates were
assayed for luciferase activity. c) 911 cells were treated as described for 293 cells in (a). d) 911 cells were cotransfected with luciferase reporter plasmid, psctGST M2-2,
pcDNA3, pBcl3, and pcDNA�-gal. After 24 h of transfection, cells were treated with PMA (50 ngmL�1) for an additional 24 h before the cell lysates were assayed for
luciferase activity. Each sample was normalized according to the activity of �-galactoside.
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(for example, TNF�), environmental stress, (such as UV radiation),
and exposure to chemicals (for example, PMA).[30±31] Wang and
co-workers have shown that Pi-class GSTs associate with the
C-terminal half of JNK (residues 200 ± 424).[32] The present work
suggests that the region of JNK binding to GST M2-2 is not
spread out over a large part of JNK, but is essentially restricted to
residues 408 ±420. In contrast to GST P1-1, which inhibits
transcriptional activity of AP-1,[33] GST M2-2 seems to coactivate
AP-1 transcription in the human embryonic kidney cell line 293
and human embryonic retinoblast 911 cells stimulated with
PMA. The binding site of JNK to GSTs seems in both cases to be
restricted to the C-terminal region of JNK. However, the tran-
scriptional outcome of this interaction appears to differ depend-
ing on whether GST P1-1 or GST M2-2 is binding to JNK. The
difference in transcriptional consequences suggest that different
GSTs display distinct regulatory functions, that is, inhibition and
coactivation. Such transcriptional activity adds a new dimension
to the cytoprotective role of GSTs.
The sequence similarity shown in Table 3 between Pm1 and


the C-terminal region of Bcl3 suggests that GST M2-2 could also
modulate the transcriptional activity of Bcl3. It was confirmed
(Figure 2D) that Bcl3 augments the activation of AP-1 by PMA as
previously reported.[25] However, addition of GST M2-2 did not
significantly influence the coactivation effect of Bcl3 (Figure 2D).
The lack of additivity suggests that GST M2-2 and Bcl3 might
compete in the coactivation of AP-1. Alternatively, a direct
interaction between GST M2-2 and Bcl3 may inhibit their
respective effect on AP-1.
Earlier work that involved peptide phage display has proved


useful in the identification of peptide ligands, for mapping
epitopes of monoclonal and polyclonal antibodies, and in
elucidation of substrate sites for proteases or kinases.[34±36] In
the present investigation, peptide phage display has been
adopted to search for novel biomolecular interactions with
glutathione transferase M2-2.
The results of this investigation support the view that GSTs


have a variety of functions in the cellular protection system. In
addition to catalysis of detoxication reactions, GSTs seem to be
involved in the response to cellular stress through interactions
with different proteins that affect gene transcription. Subse-
quent detailed characterization of such interactions in vitro and
in vivo are required to establish their biological importance.


Experimental Section


Random peptide libraries displayed on phage : The cyclic peptides
libraries consisted of 9 and 15 random amino acid residues,
respectively, flanked by Ala and Cys at the N- and C-terminal ends.
The peptides were fused to the N terminus gIII product of a
filamentous phage: N-term±AEDLELCA(X)9/15ACTS ±gIII. The phage
vector fUSE2, which carries the tetracycline resistance gene, was
modified (into the fAST vector) and used for construction of the
libraries as previously described.[23] 30% of the 9-mer library
consisted of linear peptides with a PALGTETS linker replacing the
ACTS sequence at the C terminus.


Glutathione transferase M2-2 : Recombinant human GST M2-2 was
expressed and purified as previously described.[37]


Selection of phage-displayed peptides : The target GST protein
(100 �g) in phosphate buffer saline (PBS; 50 �L) was immobilized on
the plastic surface of individual wells of a 96-well Nunc-Immuno Plate
(Maxisorp; Nunc Brand Products, Roskilde, Denmark). The plate was
incubated at 4 �C overnight. The wells were then blocked with nonfat
dried milk (5% (w/v)) in PBS for 1 hour at RT before the addition of
the phage libraries. 50� 106 cfu from each library were mixed
together and added to a well preblocked with nonfat dried milk
(150 �L, 5% (w/v)) in PBS and the library was incubated for 1 hour at
RT prior to transfer to GST-M2-2-coated microtiter wells. The phage
were incubated in the protein-coated wells at RT for 2 hours. The
unbound phage were removed and the plates were washed 10 times
with PBS (300 �L) that contained Tween 20 (polysorbate 20; 0.05%
(v/v)). Specifically bound phage were then acid eluted with glycine ±
HCl buffer (100 �L; 0.1M, pH 2.2) and neutralized with tris(hydroxy-
methyl)aminomethane (Tris) base solution (6 �L; 2M). The eluted
phage were used to infect K91 E. coli cells grown in Luria ± Bertani
(LB) broth that contained tetracycline (10 �gmL�1; OD600� 0.6).
Aliquots of 100 and 10 �L were plated on LB agar plates that
contained tetracycline (10 �gmL�1) and the remainder was propa-
gated at 37 �C overnight in LB liquid medium (50 mL) that contained
tetracycline (10 �gmL�1). The amplified phage were precipitated and
used for another round of selection. Three rounds of selection were
conducted with GST M2-2.


Precipitation of phage : Cultures of phage-infected bacteria grown
overnight were centrifuged at 3950�g for 15 min to remove the
cells. In order to precipitate the phage, polyethylene glycol
(PEG 8000; 4% (w/v)) and NaCl (3% (w/v)) were added to the
supernatant. The mixture was incubated for 30 min on ice before
centrifugation at 9900�g for 30 min. The pellet was resuspended in
PBS (1 mL), and the suspension was centrifuged at 16000�g for
5 min to remove cell debris.


DNA sequencing : Phage selected for binding to GST M2-2 were
chosen for DNA sequencing after the third round of panning. The
nucleotide sequences were determined by using the Big Dye kit
(Perkin Elmer, MA, USA) or the Thermo Sequenase Radiolabeled
Terminator Cycle Sequencing Kit (USB Corporation, Cleveland, OH,
USA) and were analyzed on an ABI375 sequencer (Perkin Elmer, MA,
USA).


Competitive binding studies with phage-displayed peptide : Four
microtiter wells were coated with GST M2-2 (100 �g) and kept at 4 �C
overnight. The wells were then blocked with nonfat dried milk (5%
(w/v)) in PBS prior to addition of phage-displayed peptide (109 cfu).
The selected on-phage peptide Pm1 was added to two of the wells,
while a nonbinding phage-displayed peptide was added to the two
other wells. After 6 washes with PBS that contained Tween 20 (0.05%
(w/v)), competing GST M2-2 (50 �g) was added, followed by
3 washes with PBS that contained Tween 20 (0.05% (w/v)) and
1 wash with PBS. The phage were acid eluted by addition of glycine ±
HCl buffer (100 �L; 0.1M, pH 2.2), neutralized with Tris solution (6 �L;
2M), and quantified by infection of freshly cultured K91 E. coli.


Incorporation of GST M2-2 and GST A1-1 into a pSTC HA tagged
expression vector : The GST M2-2[37] and GST A1-1[38] coding
sequences were amplified by PCR, digested with the endonucleases
BamHI (New England Biolabs Inc.) and XbaI (New England Biolabs
Inc.), and purified on 1% agarose gel. The sequences were then
ligated over 1 h at RT into pSTC HA3.X556 tagged expression vector
(a derivative of a vector kindly provided by Dr. Rusconi, Universit‰t
Zurich, Switzerland), which was digested with the same restriction
enzymes as above. The expression of GST M2-2 and GST A1-1 was
confirmed by Western blot analysis.
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Transfection of 293 cells and 911 cells, lysis, and luciferase assays :
The human embryonic kidney 293 cells were maintained at 37 �C in
minimal essential medium with L-glutamine (Life Technologies, Inc.)
supplemented with fetal calf serum (10% (v/v)). The human
embryonic retinoblast 911 cells were maintained at 37 �C in Dulbec-
co's modified Eagle's medium (Life Technologies, Inc.) supplemented
with fetal calf serum (10% (v/v)).


The cells were grown in 35 mm dishes to 30±40% confluence and
then transfected by using the FuGENE 6 transfection reagent (Roche,
IN, USA). 20 ± 24 h before harvesting, the cells were stimulated with
PMA (50 or 100 ngmL�). Transfection efficiencies were normalized by
using the activity of �-galactoside. The transcriptional activity was
assayed by using the luciferase assay system (Promega, WI, USA). The
Bcl3 expression vector was kindly provided by Dr. Claus Scheidereit,
Max-Delbr¸ck Center, Berlin, Germany and the AP-1 reporter
construct was a gift from Dr. Hans Wolf-Watz, Umea  University,
Sweden.
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practical assistance in the experimental work. We also want to
acknowledge Dr. Scheidereit, Max-Delbr¸ck Center, Berlin, Germa-
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with the Bcl3 expression vector and AP-1 reporter gene construct.
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Inhibition of Adhesion of Type 1 Fimbriated
Escherichia coli to Highly Mannosylated Ligands
Noriko Nagahori,[b] Reiko T. Lee,[a] Shin-Ichiro Nishimura,[b] Daniel Page¬ ,[c]


Rene¬ Roy,[c] and Yuan C. Lee*[a]


The inhibitory potencies of a number of mannosides, di- and
trivalent mannosides, a set of mannose-terminating dendrimers,
and five types of mannose-bearing neoglycoproteins were deter-
mined by using a binding assay that measures the binding of 125I-
labeled, highly mannosylated neoglycoprotein to a type 1 fimbri-
ated Escherichia coli (K12) strain in suspension. The IC50 values (the
concentration of inhibitor that causes 50% reduction in the bound
125I-ligand to E. coli) obtained by this method were much lower
than the equivalent values obtained by hemagglutination or in
assays that involve microplate immobilization. Two important
factors that strongly influence the affinity to E. coli adhesin are:


1) the presence of an �-oriented aglycon that has a long aliphatic
chain or an aromatic group immediately next to the glycosyl
oxygen, and 2) the presence of multiple mannosyl residues that can
span a distance of 20 nm or longer on a relatively inflexible
structure. The two best inhibitors, which are a highly mannosylated
neoglycoprotein with the longest linking arm between a mannose
and protein amino group and the largest mannosylated dendrimer
(fourth generation), exhibited sub-nM IC50 values.


KEYWORDS:


dendrimers ¥ FimH adhesin ¥ glycoproteins ¥ inhibitors ¥
mannose-specific adhesin


Introduction


Many bacteria including pathogenic ones express carbohydrate-
specific adhesin on their fimbriae. These fimbrial adhesins are
often implicated in the initial recognition/binding of bacteria to
host cells or persisting colonization of bacteria on certain host
cell surfaces. For example, mannose-specific adhesin (known as
the FimH protein) of type 1 fimbriated E. coli[1] is known to cause
common urinary tract infection.[2] The presence of type 1 fimbria
also appears to be important for the verotoxin-producing E. coli
strain O157:H7 that causes hemorrhagic colitis to colonize and
persist on the human epithelial cells and brush border mem-
branes.[3] Another example is the P-fimbriated E. coli that
expresses galabiose (Gal�(1,4)Gal) specific adhesin on its fimbrial
tip, through which it colonizes the human kidney and causes
pyelonephritis.
High-affinity ligands for these adhesins may be useful as


therapeutics for preventing or mitigating pathological symp-
toms. As described in this paper, we investigated the factors that
are important in determining the inhibitory potency of a ligand
for E. coli type 1 adhesin (the FimH protein). The two important
factors are the presence of an �-oriented hydrophobic group
located immediately next to mannose and the presence of a
large number of such mannosides on one molecule. The best
inhibitors we produced are neoglycoproteins and dendrimers
that are substituted with large numbers of �-mannopyranosides
with either a long aliphatic chain or an aromatic ring immedi-
ately next to the sugar, and that have a long Man-to-Man span
(possibly reaching around 20 nm). Such multivalent inhibitors
expressed IC50 values (the concentration of inhibitor that causes


50% reduction in the binding of the labeled reference ligand) in
the sub-nM level, which represents an affinity enhancement of up
to 1600-fold over the monomeric counterpart.


Results


Neoglycoproteins and other multivalent mannosides


In this study, we used a few different designs of multivalent
mannosides as inhibitors to investigate how multivalency
enhances avidity towards the mannose-specific adhesin on
E. coli K12 cells. We used five types of bovine serum albumin
(BSA) or human serum albumin (HSA) based mannoside-
containing neoglycoproteins, and their linking arm structures
(all linked through amino groups of protein) are shown in
Table 1. The AI (�CH2C(�NH)�) and AD (�CH2CONH(CH2)2) type
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neoglycoproteins contain thioglycosides and have
been used extensively in the study of hepatic and
other lectins.[4, 5] Three new types of neoglycoprotein
used in this study all contain O-mannosides, and their
linking arms are ethylaminocarboxypentyl (ALK-type),
N-(3,4-dioxo-1-cyclobuten)aminopentyl (SQA-type),
and 6-N-(ethylaminocarboxyethylcarboxy)aminohexyl
(ASA-type). HSA was used to make ALK- and SQA-type
neoglycoproteins, and BSA was used for ASA-type
neoglycoproteins.
As to small, paucivalent mannosides, all the divalent


mannosides, with the sole exception of compound
M-49, are derivatives of L-aspartic acid containing
terminal mannosyl residues as shown in Scheme 1. The
linking arm was elongated by the addition of zero to
four glycyl residues. Similarly, the trivalent structure is
based on �-L-glutamyl-L-glutamic acid to provide three
arms.[6] M-49 is a divalent mannoside in which two
mannosyl residues are separated by 49 atoms (C, N,
and O atoms). All these compounds have also been
used in many lectin studies.[6, 7]


L-Lysine-based mannose dendrimers have been used
in the study of legume lectins,[8] and their structural
designs are given in Scheme 2. DP-2, DP-4, DP-8, and
DP-16 dendrimers contain backbones consisting of 1, 3,
7, and 15 interconnected lysyl residues as scaffolds that
will provide 2, 4, 8, and 16 terminal amino groups,
respectively, through which the mannosides are linked.


Hemagglutination inhibition assay


The hemagglutination inhibition assay is a simple and
useful method for screening the carbohydrate speci-
ficity of bacterial adhesions.[9, 10] For the type 1 fim-
briated E. coli, the sensitivity of hemagglutination with
erythrocytes varies a great deal depending on the
species, the strongest being guinea pig, horse, and
fowl, followed by human, sheep, goat, and ox, in that
order. Therefore, we used horse red blood cells to test
the hemagglutination strength of E. coli cultures during
five passages of cultivation, and also to determine the
inhibitory potency of various proteins and neoglyco-
proteins. Inhibition results are presented in Table 2. As


found by others,[9, 11] mannose-containing compounds all have
inhibitory potency to varying degrees, while the corresponding
compounds containing galactose were totally ineffective.
Among Man-containing neoglycoproteins, the two types that
have short linking arms, that is, Man32-AI-BSA and Man35-AD-BSA
(see Table 1 for structures), were very poor inhibitors compared
to Man32-SQA-HSA, which has similar degrees of Man substitu-
tion but in which the sugars are linked by a longer arm.
Understandably, the level of Man substitution is also important,
since within the same neoglycoprotein type the higher sub-
stitution resulted in the better inhibitor. Mannose-containing
natural glycoproteins were also effective inhibitors. Invertase,


Table 1. Types of neoglycoproteins used in this study.


Abbrevia-
tion


Structure Spacer
length


AI 2


AD 5


SQA 8


ALK 9


ASA 14


Scheme 1. Structures of di- and trivalent cluster ligands.


Scheme 2. Structure of the dendrimeric ligand.
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which has a massive amount of mannose,[12] is a better inhibitor
than soybean agglutinin, which has only four high-mannose-
type N-glycans (12 terminal mannoses) per molecule.


Binding of 125I-Man21-ALK-HSA by E. coli


A series of tubes containing a fixed concentration of E. coli (6�
109 cellsmL�1) and varying concentrations of 125I-Man21-ALK-HSA
(with unlabeled Man21-ALK-HSA as the carrier) were incubated
for one and two hours in the cold. Similarly iodinated 125I-HSA
was used as a control. The amount of protein bound (y axis) was
plotted against the dose of radiolabeled protein (x axis) as shown
in Figure 1. Since the one- and two-hour data overlapped almost


Figure 1. Isothermal binding curves of 125I-Man21-ALK-HSA and 125I-HSA binding
to E. coli cells. �, 125I-Man21-ALK-HSA; �, 125I-HSA; �, difference in the bound
amounts between the two.


completely, only the former data were shown. The results
showed that: 1) there is no difference in the amounts of bound
ligand between one- and two-hour incubations, 2) the amount
of bound HSA increased linearly with its concentration, whereas
the binding of Man21-ALK-HSAwas much higher and increased in


a hyperbolic manner, and 3) subtraction of the bound HSA as
nonspecific binding from the amount of bound Man21-ALK-HSA
yielded a curve which indicated that saturation was reached at
around 100 nM of Man21-ALK-HSA.


Inhibition assays with 125I-Man21-ALK-HSA as a tagged
reference ligand


It is known from the existing reports that mannose appears to be
the only monosaccharide bound tightly by the E. coli adhesin.[9]


We first tested methyl �-D-mannopyranoside (Me �-Man) as an
inhibitor, since this glycoside has been frequently used by others
as the reference inhibitor.[13±15] The assays carried out at three
different concentrations of E. coli (1� 109, 3.1�109, and 8�
109 cellsmL�1) yielded IC50 values of 5.7, 8.8, and 11.5 �M,
respectively, showing only a twofold increase in IC50 value with
an eightfold increase in E. coli concentration. In contrast, Old
reported that the minimum inhibition concentration (MIC) of
hemagglutination was highly dependent on the E. coli concen-
tration.[9] For instance, an 8-fold increase in bacterial concen-
tration caused a 16-fold increase in the MIC value for mannose.
A total number of E. coli per incubation tube of approximately


1.5� 109 cells (or 6� 108 cells for pelleting) was used in all the
inhibition assays, since assays carried out under such conditions
gave adequate radioactive signals of the bound ligand with the
minimum number of E. coli cells. Inhibitors used in this study
include simple glycosides, synthetic multivalent mannosides,
and various Man-containing neoglycoproteins. Some examples
of inhibition curves are shown in Figure 2. The IC50 values


Figure 2. Some examples of inhibition curves. Percent inhibition (y axis) was
plotted against the logarithm of inhibitor concentration in �M (x axis). Curve 1 (�),
Me �-Man; curve 2 (�), PNP �-Man; curve 3 �, Man7.3-ALK-HSA; curve 4 �, Man25-
ASA-HSA; curve 5 (�) DP-16 Man-dendrimer.


obtained by nonlinear regression of the data are presented
respectively in Tables 3, 4, and 5. As seen in Table 3, �-D-
mannopyranosides were considerably inferior inhibitors than the
corresponding �-D-mannopyranosides; IC50 values of the former
were at least tenfold higher than those of the latter. Old reported
that Me �-Man was a very poor inhibitor, but he was unable to


Table 2. Inhibition of E. coli mediated hemagglutination of horse red blood
cells.


Inhibitor ICmin
[a] [nM]


Man32-SQA-HSA 313
Man19-SQA-HSA 625
Man21-ALK-HSA 625
Man11-ALK-HSA 1250
Man32-AI-BSA 25000
Man35-AD-BSA 12500
invertase 1850
soybean agglutinin 18000
Me �-Man 500000
Me �-Gal NI[b] (500 mM)
Gal34-AI-BSA NI (25 �M)
Gal33-AD-BSA NI (25 �M)
HSA NI (29 �M)
BSA NI (50 �M)


[a] Minimum concentration required to inhibit the agglutination. [b] NI: no
inhibition at the highest concentration tested, which is shown in paren-
thesis.
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obtain an inhibition value (MIC) by his hemagglutination assay.[9]


The main reason that we could obtain IC50 values of �-
mannosides probably stems from the fact that the IC50 values
obtained in our assay were lower across the board than the
values reported by others. For instance, the MIC value of Me �-
Man obtained by Old at mid-level E. coli concentrations was
around 0.15 mM,[9] as compared to the IC50 value of 0.01 mM


obtained by us. This discrepancy in inhibition potency will be
discussed in detail in the Discussion section. For the same reason
of having lower overall IC50 values, we were also able to estimate
the IC50 value of Me �-Glc to be around 200 ±500 mM, which
means that it is at least a 104-fold weaker inhibitor than Me �-
Man. As reported by others,[13, 16] an aromatic aglycon (for
example, p-nitrophenyl (PNP)) increased the inhibitory potency
tremendously. The enhanced inhibitory activity of PNP �-Man
over Me �-Man was 135-fold in our assay as compared to 30-fold
reported by Firon et al.[13] This enhancement effect appears to be
rather nonspecific, since we demonstrated that an aliphatic
aglycon, 6-trifluoroacetamidohexyl (TFA-ah), had a similar affinity
enhancement to a PNP group (Table 3). Since the TFA-ah group
gave a very strong enhancement of affinity, we tested the
hydrophobic aglycon portion alone as inhibitors, as well as the
TFA-ah �/�-glycosides of a nonbinding sugar, Gal. 6-N-(Trifluoro-
acetamido)hexanol began to inhibit at around 5 mM, but 50%
inhibition was never attained. A rough estimate of the IC50 value
is approximately 200 mM. As shown in Table 3, the presence of a
galactosyl residue decreases the IC50 value to 6.4 mM and
10.8 mM for the �- and �-D-galactosides, respectively. Thus, even
a nonbinding sugar, Gal, has a positive effect on the binding.
Since TFA-ah �-Gal is a slightly weaker inhibitor than the
� counterpart, the preference, albeit very small, for �- over �-
glycosides holds even for galactoside. Comparison of TFA-ah �-
Man and TFA-ah �-Gal shows that Man is preferred over Gal by
about 105-fold. Of the two isomeric Man trisaccharides tested,
the trimannosyl core structure, (Man�(1,3)[Man�(1,6)]Man�-
OMe), showed 20-fold higher affinity than Me �-Man, whereas
the linear Man trisaccharide (see Table 3) was only slightly more
inhibitory than Me �-Man. Firon et al. reported the affinity
increase of a tri-Man core structure over Man of 10.5-fold,[13]


which is comparable to our result of 20-fold. Thus, the increase in
affinity caused by the presence of the second and third Man
residues is considerably smaller than that generated by a
hydrophobic aglycon. Moreover, our linear trisaccharide and the
results of Firon et al. ,[13] who tested a large number of Man


oligosaccharides, suggest that the extent of enhancement
appears to be highly dependent on the linkage as well as the
overall structure of the Man oligosaccharides. In general,
oligosaccharides that contain the tri-Man core structure are
better inhibitors than most others.
Preparation of a number of multivalent mannosides of


different structural designs and their inhibitory potencies have
been reported.[14, 15, 17] The enhancement in inhibition potency of
these cluster mannosides with two to eight Man residues linked
by the ordinary O-glycosidic linkage ranged from 10- to 250-fold
over Me �-Man. However, since the nature of aglycon greatly
influences the binding affinity of type 1 E. coli adhesin, the true
affinity enhancement by these cluster mannosides is difficult to
assess. Table 4 gives our results on the inhibition potency of


multivalent glycosides. The number of atoms (C, N, and O atoms)
in the chain and the calculated IC50 values per mannosidic
residue are also given in the table. If we use Me �-Man as the
reference inhibitor as others have done, our cluster glycosides all
show affinity increases much larger than those reported by
others, the highest one being 12500-fold for the dendrimer of
DP-16. However, all of our compounds have either a�(CH2)6NH�
moiety or phenyl group immediately next to the mannosyl
residue, so that the expected IC50 value of each mannoside in the
cluster glycosides is likely to be around 80 nM. When we use this
number as the reference IC50 value, the column of IC50 value per
Man residue in Table 4 indicates that there is no affinity
enhancement for the shortest divalent structure, NAcYD(ah-
Man)2, and others with somewhat longer arms only exhibited
affinity enhancements of up to fourfold. The most significant
affinity enhancement was observed with the Man-based den-
drimers, whose affinity increased with increasing valency and
molecular size; the largest enhancement was 100-fold for the
largest dendrimer of DP-16. This dependence of affinity increase
on the number of Man residues per dendrimer may be as a result


Table 3. Inhibition potencies of glycosides towards binding of 125I-Man21-ALK-
HSA to E. coli.


Inhibitor IC50 [�M]
� �


methyl Man 10� 3 104
ethyl Man 2.6 23� 7
PNP Man 0.074�0.019 21.5
TFA-ah Man 0.074�0.009 ±
TFA-ah Gal 6400 10800
ZG-ah Man 0.09� 0.025 ±
Man�(1,6)[Man�(1,3)]Man�-OMe 0.49� 0.03 ±
Man�(1,2)Man�(1,6)Man�-OMe 3.9� 0.1 ±


Table 4. Inhibition potencies of multivalent mannosides towards binding of
125I-Man21-ALK-HSA by E. coli.


Inhibitor IC50 [nM] Number of
atoms be-
tween sugars


IC50 per Man
[nM]


monovalent
Me �-D-Man 10000
Et �-D-Man 2600
PNP �-D-Man 74


divalent
NAcYD(ah-Man)2 45 18 90
NAcYD(GG-ah-Man)2 12� 4 30 24
NAcYD(GGGG-ah-Man)2 14� 1 42 28
M-49 22 49 44


trivalent
YEE(ah-Man)3 11�3 19 33


dendrimer
DP-2 22 41 44
DP-4 5 55 20
DP-8 2.8 68 22.4
DP-16 0.9 83 14.4
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of these Man residues being engaged in binding at many
fimbrial binding sites, or due to the increased probability of Man
residues fitting in two combining sites. This aspect will be
discussed further in the Discussion section.
Table 5 gives IC50 values of various neoglycoproteins on the


protein molar basis and on the basis of Man concentration of
neoglycoproteins. Several conclusions can be made from the


results. It is quite obvious that multivalency helps to increase the
inhibitory potency, since all the Man-containing neoglycopro-
teins of SQA, ALK, and ASA types have lower IC50 values than
TFA-ah �-Man. The examination of the ALK series of neoglyco-
proteins shows that affinity increases with increasing number of
Man residues; around a sixfold increase in affinity is observed
when the number of Man moieties is increased from 7 to 21 per
molecule of HSA. The second point is that the affinity enhance-
ment is dependent on the arm length; the longer the arm
length, the larger the enhancement is. Comparison of ALK- and
ASA-type neoglycoproteins, which have similar structures (either
aminopentyl or aminohexyl) immediately next to the sugar
residue, shows that at a comparable level of sugar substitution
(20 ± 25 molmol�1), an ASA neoglycoprotein was a four to five
times better inhibitor than the ALK-type neoglycoprotein. The
third point is that the two shortest neoglycoprotein types, AI and
AD, had IC50 values much higher than other neoglycoprotein
types, in fact even higher than that of TFA-ah �-Man, even at
very high sugar substitution levels. This fact suggests that the
chemical nature of the linking arm must be a very important
factor in addition to the arm length. The AI-neoglycoproteins
have a positively charged amidino group (�SCH2C(�NH)NH�)
adjacent to mannose, and the AD series has a peptido linkage
(�SCH2CONH(CH2)2NH�) close to the sugar residue; therefore the
results suggest that the presence of a hexyl (or pentyl) moiety or
a phenyl group in the other types of neoglycoproteins is a
dominant factor in generating an effective neoglycoprotein
inhibitor. Neither the presence of the thioglycosidic linkage nor
the carrier (BSA in the AI- and AD-type) can be a significant factor
in their low inhibitory potency, because ethyl �-thio-D-manno-
pyranoside was actually a better inhibitor than Me �-Man
(Table 3), and the best type of neoglycoprotein, the ASA-type,
had BSA as the carrier. The column of IC50 value per Man residue


has considerable variation among neoglycoproteins. Interest-
ingly, aside from the AI- and AD-type neoglycoproteins that have
unfavorable linking arms, the three neoglycoproteins that
manifested the lowest IC50 value per Man residue had the
highest levels of Man substitution (�25). This suggests that for
the purpose of increasing affinity it is not wasteful to have very
large numbers of Man residues. Although perhaps only a few
Man residues in a neoglycoprotein are actually bound, the
presence of a large number of Man residues seems to improve
the probability of binding greatly. It is quite obvious from these
observations that a long hydrophobic arm and very high levels
of Man substitution are two important factors for the high
inhibitory potency of neoglycoproteins.


Discussion


Mannose-specific binding of type 1 fimbriated bacteria of
enterobacteriaceae, such as E. coli and those in Salmonella and
Klebsiella genera, is perhaps the most common and the best
studied of all the carbohydrate-mediated bacterial adherence.
The relationship between the binding affinity and the ligand
structure has been studied by a number of groups, and their
results suggest that an effective binding by this adhesin requires
an �-Man configuration,[9] that the presence of aromatic aglycon
enhances the affinity tremendously,[13, 16] and that certain
oligomannosyl structures increase the affinity over Me �-
Man.[13] The relative inhibitory potencies of various compounds
obtained in this study agree largely with these conclusions.
However, one major difference between our results and those of
others is the absolute values of IC50 obtained in our system. The
IC50 values generated in our assay are much lower than those
reported by others. For example, the IC50 value of Me �-Man in
our study was 10 �M, while that reported by Firon et al.[18] using a
yeast agglutination assay was around 0.3 mM, and that deter-
mined by an ELISA with yeast mannan coated plates was 2.5 ±
4 mM.[15, 17] As mentioned in the Results section, because of
generally much lower IC50 values obtained in our assay, we were
also able to determine or estimate the IC50 values of some very
poor inhibitors. For instance, Me �-Glc, the 2-epimer of Me �-
Man, had 104-fold lower affinity than Me �-Man, suggesting that
the axial 2-OH group of Man is a very important element in the
binding by the adhesin. Inversion of the second OH group at the
4-position (that is, Gal) caused further decrease, but only by an
additional 8.6-fold.
This difference in inhibition data most likely results from the


assay methods used. Assays used most often by others are based
on E. coli mediated yeast or erythrocyte agglutination[16, 18] or
ELISAs with microtiter wells coated with yeast mannan.[14, 15] In
both of these methods, the binding of bacteria to ligand involves
a highly clustered network of potential ligand residues, so that
the binding of bacteria is perhaps not freely reversible, and an
inhibitor would not have a fair chance of competing. In our assay,
the tagged ligand was a Man-containing neoglycoprotein, which
contained a large number of Man-bearing chains, each chain
terminating in a single residue of �-mannose. Also, the
incubation mixture containing bacteria, tagged ligand, and
inhibitor was constantly mixed. Under such conditions, the


Table 5. Inhibitory potencies of neoglycoproteins towards binding of 125I-
Man21-ALK-HSA to E. coli.


Inhibitors IC50 [nM] IC50 per mono-
saccharide [nM]


TFA-ah-�-Man 74 74


Man29-AI-BSA 175 5075
Man35-AD-BSA 87 3045
Man19-SQA-HSA 5.7 108
Man32SQA-HSA 1.0 32
Man7.3-ALK-HSA 29 212
Man11-ALK-HSA 21� 0.7 231
Man18-ALK-HSA 12 216
Man21-ALK-HSA 5.0� 1.5 105
Man25-ASA-BSA 0.88� 0.2 22
Man34-ASA-BSA 0.2� 0.01 6.8
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binding of each Man residue by the fimbrial adhesin will perhaps
be freely reversible, which allows more efficient competition by
inhibitors and results in lower IC50 values.
The IC50 value of 10 �M for Me �-Man is surprisingly low for a


simple mannoside. For comparison, IC50 values of the same
glycoside for the legume lectins, Con A, pea lectin, and lentil
lectin, are 0.13 mM, 0.6 mM, and 1.4 mM, respectively.[19] It appears
that the FimH binding pocket is well designed to engage in tight
interactions with mannose. Indications thereto are that the
solvent-accessible surface area buried by the interaction of FimH
with mannose is 368 ä2 as compared to 312 ä2 for Me �-Man
bound to Con A (J. M. J. Bouckaert, personal communication).
There are also more hydrogen bonds involved at the FimH
binding site than at the Con A site. The large affinity enhance-
ment (approximately 135-fold) due to the presence of an �-
oriented hydrophobic aglycon suggests that it lies close to a
hydrophobic surface of the adhesin. Indeed, the recently
elucidated X-ray structure of the FimH adhesin binding area
has an extensive hydrophobic patch surrounding the Man-
binding crevice.[20] It is interesting to note that PNP �-Man is a
290-fold poorer inhibitor than PNP �-Man, while a smaller
aglycon (Me and Et) has only a tenfold difference between the
� and � anomers. This suggests that a �-oriented aglycon does
not make good contact with the hydrophobic surface, so that
one cannot reap the benefit of a large hydrophobic binding
energy by the presence of a �-oriented hydrophobic aglycon.
Many interactions between lectins and multivalent carbohy-


drate ligands have varied degrees of affinity enhancement,
which is known as the glycoside cluster effect,[21] ranging from
affinity being slightly better than to almost a geometrical
increase over the one-site binding. The best example of strong
affinity enhancement is that of mammalian hepatic asialoglyco-
protein receptor (ASGP-R).[21] This receptor on the isolated rat
hepatocyte surface binds simple galactoside with an IC50 value in
the mM range, while certain Gal-terminated, biantennary and
triantennary glycans were bound with IC50 values in the �M and
nM range, respectively. The reason for this extraordinary affinity
enhancement stems from a near-perfect complementarity
between the preferred conformations of complex-type, Gal-
terminated glycans and tightly organized ASGP-R subunits on
the hepatocyte surface, thus reducing the entropical energy
expenditure during the binding process. For the E. coli FimH
adhesin system, the enhancement by divalent mannosides was
rather small, as shown in Table 4; it amounted only to about
threefold of the monomeric parent structure excluding the
concentration effect. However, highly substituted Man-contain-
ing neoglycoproteins (Table 5) with the longest connecting arm
(ASA-type) and the largest dendrimer (DP-16, Table 4) exhibited
much higher affinity with IC50 values at the sub-nM level
(approximately a 400-fold enhancement), which suggests that
at least two fimbrial adhesin binding sites were occupied. The
fact that affinity enhancement produced by neoglycoproteins is
dependent on the length of the Man-bearing chain, and that the
longest one has the highest affinity, suggests that these sites are
quite far apart and the optimal length of the Man-to-Man span
may not have been reached. This is also true for the Man-
containing dendrimers. The reason for the dependence of


affinity increase on the Man density within the same neo-
glycoprotein type is probably due to an improved chance of a
mannose residue being favorably spatially oriented for binding.
FimH adhesin of E. coli is located at the tip of fimbria.[22] There


is also some compelling evidence to suggest that adhesin also
resides along the length of fimbrial stalk.[23] However, such
laterally oriented FimH subunits may not have binding capa-
bility.[24] It is most likely, therefore, that Man residues on the high-
affinity neoglycoproteins and dendrimers bind two fimbrial tips.
BSA is an oblong-shaped molecule whose longer span is around
14 nm, and with the added length of Man-terminated chains, the
span of two Man residues may reach 20 nm for the ASA-type
neoglycoproteins. Electron micrograph images of fimbriated
E. coli and immunostained fimbriae suggest that this distance of
20 nm is probably far shorter than the average fimbrial tip
separation or average adhesin separation within a single
fimbria.[1, 23, 25] However, it is probably quite possible for two
fimbrial tips to approach the distance of 20 nm or less, at least
temporarily. Because of this large distance of separation and the
built-in flexibility between the binding sites, the affinity en-
hancement due to binding at two or more sites for the E. coli
fimbrial systems is expected to be rather small. However, the
E. coli fimbrial adhesin system can probably still generate
biologically relevant affinity by binding at two or three fimbriae,
since binding affinity at each site is considerably greater (100-
fold or more), even without a hydrophobic aglycon, than that of
ASGP-R binding a simple galactoside.
For the design of a potential inhibitor of E. coli adhesion that is


medically applicable, it is obviously prudent to incorporate a
long aliphatic chain or an aromatic residue immediately next to
mannose. For affinity enhancement by multivalency, the E. coli
fimbrial adhesin appears to require a very large distance
(�20 nm) between two mannose residues. A dendrimer con-
taining mannosides with hydrophobic aglycon may be conven-
ient and effective for this purpose, since the synthesis of
dendrimers involves repetition of simple chemical reactions and
the products obtained seem to possess a higher degree of
rigidity than linear polymers due to general crowding of both
scaffolds and sugar residues. Although we have not studied
inhibitory potency of linear multivalent inhibitors, relatively rigid
or restrictive architecture should improve the inhibitory potency
by lowering the entropical energy expenditure. In reality, very
few mannose residues may actually be engaged in the binding
process, but a large number of mannoses oriented on the
periphery of molecule should improve the efficacy of binding
tremendously. Neoglycoproteins, although excellent as scaffold-
ing for mannose presentation, are perhaps not as suitable due to
their strong immunogenicity.


Experimental Section


Materials : Methyl �- and �- and p-nitrophenyl (PNP) �- and �-D-
mannopyranosides, bovine serum albumin (BSA), invertase, and
horse red blood cells were from Sigma Chem. Co. (St. Louis, MO).
Boron trifluoride diethyl etherate, pyridine-borane, 3,4-diethoxy-3-
cyclobutene-1,2-dione (diethyl squarate), �-caprolactone, 1,8-diaza-
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bicyclo[5.4.0]undec-7-ene (DBU), and 5-aminopentanol were from
Aldrich Chem. Co. (Milwaukee, WI). N-(2-Hydroxyethyl)piperazine-N�-
(2-ethanesulfonic acid) (HEPES) was from Research Organics (Cleve-
land, OH). Fluorenylmethoxycarbonyl (Fmoc) chloride was from
Advanced ChemTech (Louisville, KY). Human serum albumin was
kindly provided by the American Red Cross. Trifluoroacetic acid was
from Fluka (Milwaukee, WI), and bicinchoninic acid (BCA) reagent
was from Pierce (Rockford, IL). Soybean agglutinin was prepared as
described elsewhere.[26] Active carbon (Carbograph) cartridges were
from Alltech (Deerfield, IL).


Preparations of the following compounds have been described
elsewhere: 6-(Trifluoroacetamido)hexyl (TFA-ah) �-D-mannopyrano-
side,[27] 6-(N-benzyloxyglycyl)aminohexyl (ZG-ah) �-D-mannopyrano-
side,[26] Man�(1,3)[Man�(1,6)]Man�-OMe (tri-Man core) and Man-
�(1,2)Man�(1,6)Man�-OMe.[28] Ethyl �- and �-thio-D-mannopyrano-
sides were prepared by the standard procedure. Di- and trivalent
mannose-containing cluster glycosides based on Asp and �-gluta-
mylglutamic acid were prepared basically by the method as
described.[6, 7] M-49 is a divalent mannoside, as shown in Scheme 1,
that has 49 C, N, or O atoms between the two mannosyl residues.
Preparation of M-49 and related compounds will be described
elsewhere. Mannose-containing dendrimers based on oligolysyl
structures were prepared as described elsewhere.[8] Structures of
these compounds are shown in Schemes 1 and 2.


Preparations of AI- and AD-type BSA derivatives (see Table 1 for
structures) have been reported elsewhere.[4, 29] Preparation of ASA-
type BSA derivatives will be described elsewhere.


General : Sugar content in the neoglycoproteins was determined by
the phenol ± sulfuric acid method.[30] Protein concentration was
determined either with the microBCA[31] or Bradford assay.[32] 1H NMR
spectra were recorded with a Bruker AMX-300 NMR spectrometer in
CDCl3, CD3OD, or D2O. Synthetic reactions were monitored with TLC
on a silica gel F254 layer precoated on aluminum sheet (E. Merck,
Darmstadt, Germany). After chromatography, TLC plates were dried
and sprayed with H2SO4 (15%) in 50% ethanol and heated for
detection of carbohydrates, with KMnO4 (5%) for double bonds, with
ninhydrin (5%) in 95% ethanol and heated for amino groups, and
with 2,4-dinitrophenylhydrazine (DNPH) reagent (0.2% DNPH, 1M


HCl in 48% ethanol) for aldehydo groups. E. coli strain K12 was
inoculated in Luria ± Bertani (LB) medium (5 mL; triptone (10 g), yeast
extract (5 g), and NaCl (5 g) in water (1 L), and autoclaved) in a test
tube and incubated at 37 �C for 48 h under static conditions. A
portion of white pellicle on the surface was transferred to a fresh LB
medium, and the cultivation under static conditions was repeated
until strong hemagglutination activity was observed (serial passage
method). After five passages, bacteria were grown in LB medium
(500 mL) at 37 �C for 48 h under static conditions. The cells were
harvested by centrifugation at 5000 rpm for 15 min and washed with
phosphate-buffered saline (PBS, 25 mM sodium phosphate buffer
(pH 7.4) containing 0.15M NaCl). Cells were suspended in PBS to give
1.6 ± 1.7� 1010 cellsmL�1. Cell concentration was determined by
measuring absorbance at 600 nm, where A600� 1.0 corresponds to
109 cellsmL�1. The cells were kept frozen at �80 �C until use.


Proteins were iodinated with carrier-free Na125I as described else-
where.[33] Briefly, chloramine T (40 �g in 10 �L) was added to a
mixture containing Na125I (0.5 mCi; 5 �L) and 0.25M sodium phos-
phate buffer (pH 7.5; 25 �L) that contained protein (10 �g). After 40 s,
iodine was quenched with NaHSO3 and KI, and the mixture was
fractionated on a 5-mL Sephadex G-25 column in 25 mM HEPES
buffer (pH 7.2) containing 0.15M NaCl. Fractions containing protein
were combined and stored in the cold with BSA (0.2 mg).


Hemagglutination : E. coli cells (1.6� 108 cells in 10 �L) were mixed
at room temperature in the U-shaped wells of microtiter plates in
PBS (20 �L) with or without a potential inhibitor. After 15 min at room
temperature, horse red blood cells (10 �L; Sigma, 10% hematocrit)
were added, and after approximately 30 min, the area of the dark
circle was noted. A small dark circle indicates the absence of
hemagglutination. In the inhibition assay, the lowest concentration
of inhibitor that causes noticeable reduction in the agglutinated area
is observed.


E. coli ligand-binding assay : The incubation mixture contained 125I-
Man21-ALK-HSA and E. coli (5�108 ± 4� 109 cells) in a total volume of
0.5 mL of 25 mM sodium phosphate buffer (pH 7.2) containing 0.15M


NaCl and 0.1% BSA in a 1.5-mL microcentrifuge tube. Tubes were
placed in an ice-water bath and tumbled end-over-end at approx-
imately 10 rpm for up to 2 h. Two 200-�L aliquots taken from each
incubation mixture were placed in chilled, narrow microcentrifuge
tubes (0.4-mL) that had been filled with an oil mixture (silicon oil/
light mineral oil, 3.8:1) to about half the length of tubes. Tubes were
centrifuged in a Fisher microcentrifuge (Model 235B) for about 1 min.
The tips of the tubes containing cell pellet were clipped off, and
placed in a 13� 100 mm glass tube, and the radioactivity was
measured by using a gamma counter (Packard MINAXI�). To assess
the inhibitory potency of various compounds, E. coli cells were
incubated with 125I-Man21-ALK-HSA (around 133-fold dilution of the
stock) in the presence of a test compound at five different
concentrations (10-fold serially diluted solutions). The range of
concentration was chosen so that 0% and 100% inhibitions were
achieved at the lowest and the highest inhibitor concentrations,
respectively. The highest concentration that can be tested for any
inhibitor is around 0.1M, since incubation mixtures with larger
amounts of inhibitor have a propensity to cause inversion of oil and
aqueous layers when centrifuged. Radioactive counts obtained
without inhibitor were set as 0%, and the counts obtained in the
presence of Me �-Man at 50 mM were set as 100% inhibition. The IC50


value is defined as the concentration of inhibitor that causes 50%
inhibition, and was obtained from the inhibition curves generated by
plotting percent inhibition versus inhibitor concentration in loga-
rithmic scale. Examples of inhibition curves are shown in Figure 2.
Most inhibitors were tested by at least two independent assays.


Man-ALK-HSA [Man-O(CH2)5CONH(CH2)2NH-HSA]:


This synthesis is summarized in Scheme 3.


N-(2,2-Dimethoxyethyl)-6-hydroxyhexanamide (1): The method of
Zhang and Kovac[34] was used for preparation of 1. �-Caprolactone
(50 g, 0.44 mol) and 2-aminoacetaldehyde dimethylacetal (5.2 mL,
47.6 mmol) were mixed and kept at room temperature for one week,
during which time the formation of product was monitored by TLC
(ethyl acetate/acetone, 1:1) by using dinitrophenylhydrazine (DNPH)
spray to develop the plates. The reaction mixture was fractionated
on a column of Sepadex LH-20 (5�190 cm) in three batches with
95% ethanol as eluant. Fractions were analyzed by TLC, and those
containing product 1 were combined and evaporated. The yield of
syrupy 1 was 98% based on 2-aminoacetaldehyde dimethylacetal.
The 1H NMR spectrum in CDCl3 had the correct ratio of OCH3 to
methylene signals.


N-(2,2-Dimethoxyethyl)aminocarboxypentyl 2,3,4,6-tetra-O-acetyl-�-
D-mannopyranoside (3): O-(2,3,4,6-Tetra-O-acetyl-�-D-mannopyrano-
syl)trichloroacetimidate (2) was prepared from 2,3,4,6-tetra-O-acetyl-
mannopyranose and trichloroacetonitrile with DBU as the catalyst.[35]


BF3 ¥ OEt2 (0.32 mL, 2.54 mmol) was added at 0 �C to a mixture of 1
(8.7 g, 39.9 mmol), 2 (6.06 g, 12.7 mmol), and 4 ä molecular sieves in
dry dichloromethane under nitrogen atmosphere. After one night at
room temperature, triethylamine (2.1 mL) was added and the
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precipitate was filtered off. The filtrate was washed with saturated
NaHCO3, dried with anhydrous Na2SO4, filtered, and evaporated. The
product was purified by gel filtration through the Sephadex LH-20 as
described above for preparation of 1. The correct fractions (as
monitored by TLC) were pooled and evaporated to yield 3 (2.84 g,
5.49 mmol). NMR analysis revealed that the product was not
homogeneous, even though it appeared as a single spot on TLC
(Rf� 0.25; toluene/acetone (1:4)). However, the two products could
be separated after O-deacetylation as described below.


N-(2,2-Dimethoxyethyl)aminocarboxypentyl �-D-mannopyranoside
(4): The product obtained above (210 mg, 0.41 mmol) was deacety-
lated in dry methanol (3 mL) containing 10% triethylamine. After
22 h at room temperature, the reaction mixture contained essentially
two products of equal charring intensity by TLC (Rf� 0.45 and 0.3;
chloroform/methanol, (5:1 v/v)). The mixture was evaporated and
separated by silica gel chromatography with chloroform/methanol
(5:1) as the eluant. NMR spectra showed that the low Rf material was
the desired glycoside 4, and its yield was estimated to be
approximately 48%. 1H NMR (300 MHz, D2O): ��5.11 (d, 1H,
J(1,2)�2.42 Hz; H-1), 4.13 (dd, 1H, J(2,3)� 3.82 Hz; H-2), 4.08 (t,
1H; CH2CH), 3.43 ± 3.28 (m, 4H; H-3, H-4, H-6ab), 3.22 (t, 2H; OCH2),
3.09 (s, 6H; OCH3), 3.00 (d, 2H; CONHCH2), 2.94 (m, 1H; H-5), 1.88 (t,
2H; CH2CONH), 1.34 (s, 3H; CH3), 1.30 ± 1.05 (m, 6H, CH2) ppm.


Conjugation of 4 to HSA: �-Acetal glycoside 4 (105 mg, 0.3 mmol)
was converted into the corresponding aldehyde by heating it in
50 mM trifluoroacetic acid (1 mL) in water at 100 �C for 20 min. The
mixture was coevaporated with dry ethanol, and the residue was
used for conjugation to the protein. A two-fold excess of pyridine ±
borane (relative to the aldehydo compound) was added to the
mixtures containing HSA (100 mg, 1.45 �mol) and either 148 or
74 �mol of the aldehyde in 0.2M sodium phosphate buffer (pH 7.0;
0.7 mL). After 48 h at room temperature, the mixtures were dialyzed
against water in the cold after adding 0.5M NaCl into the dialysis
tubing, and lyophilized. The mannose incorporations for the above
two preparations determined by the phenol ± sulfuric acid assay and


Bradford assay were 21 and 11 mol per mol of HSA,
respectively. Man7.3-ALK-HSA and Man18-ALK-HSA were
prepared similarly, but with a 10-fold lower amount of
HSA and 10-fold lower overall concentration of reactants
with 300- and 1000-fold molar excess of the aldehyde over
HSA.


Man-SQA-HSA [Man-O(CH2)5NH(C4O2)NH-HSA]:


This synthesis is summarized in Scheme 4.


5-N-(9-Fluorenylmethoxycarbonyl)aminopentyl 2,3,4,6-tet-
ra-O-acetyl-�-D-mannopyranoside (6): 5-N-(9-Fluorenylme-
thoxycarbonyl)pentanol (5) was prepared by reacting
5-aminopentanol with 1.1 equiv of Fmoc chloride in
dioxane/water (1:1) containing 2 mol equiv of sodium
carbonate at 0 �C. After stirring at room temperature
overnight, the mixture was partitioned between chloro-
form and water, and the organic layer was washed with
cold H2SO4 (0.5M) and NaCl (1.5M), dried (Na2SO4), filtered,
and evaporated. The residue was crystallized from chloro-
form/hexanes to afford 5 in 92% yield. The 1H NMR
spectrum in CDCl3 indicated a correct ratio of aromatic to
methylene proton signals. A mixture containing glycosyl
donor, 2 (3.06 g, 6.4 mmol), glycosyl acceptor 5 (2.0 g,
6.15 mmol), and 4 ä molecular sieves in dichloromethane
(10 mL) was cooled to 0 �C, and BF3 ¥ OEt2 (0.16 mL,


Scheme 4. Preparation of Man-SQA-HSA. Conditions: a) BF3 ¥ OEt2 , CH2Cl2 ,
0 �C�RT, 3.5 h; b) TEA, MeOH, RT, 48 h; c) piperidine, MeOH, RT, 48 h; d) tri-
ethylamine carbonate buffer (pH 7.3), RT, overnight; e) triethylamine carbonate
buffer (pH 9.0), RT, 18 h.


Scheme 3. Preparation of Man-ALK-HSA. Conditions: a) BF3 ¥ OEt2 , CH2Cl2 , 0 �C�RT, over-
night; b) TEA, MeOH, RT, 22 h; c) 50 mM aq TFA, heat, 20 min; d) pyridine ± borane (pH 7.0), RT,
48 h. TEA� triethylamine, TFA� trifluoroacetic acid.
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1.28 mmol) was added. The mixture was stirred for 3.5 h at room
temperature, after which time triethylamine (1.1 mL) was added and
the precipitate was filtered off through Celite. The filtrate was
washed with saturated NaHCO3 and 1.5M NaCl, and dried (Na2SO4).
After filtration and evaporation, the resulting syrup was purified by
silica gel chromatography, with successive elution with 4:1 and 2:1
(v/v) toluene/ethyl acetate to yield pure 6 (1.92 g, 48%). Rf�0.7
(toluene/ethyl acetate (1:1)) ; 1H NMR (300 MHz, CDCl3): �� 7.79 ± 7.14
(m, 8H; aromatic H), 5.37 (dd, 1H, J(3,4)� 9.9 Hz; H-3), 5.29 (t, 1H;
H-4), 5.25 (dd, 1H, J(2,3)� 3.3 Hz; H-2), 4.82 (d, 1H, J(1,2)�1.6 Hz;
H-1), 4.40 (d, 2H; CH2-Fmoc), 4.30 (dd, 1H, J(5,6a)�5.3, J(6a,6b)�
12.2 Hz; H-6a), 4.23 (t, 1H; CH in Fmoc), 4.12 (dd, 1H; H-6b), 4.00 (m,
1H, J(5,6b)�2.5 Hz; H-5), 3.75 ±3.67 and 3.54 ± 3.43 (m, 2H; OCH2),
3.25 ± 3.19 (m, 2H; CH2NH), 2.17, 2.11, 2.05, and 2.00 (4 s, 12H;
4OCOCH3), 1.74 ± 1.40 (m, 6H, CH2) ppm.


5-Aminopentyl �-D-mannopyranoside (7): Compound 6 (1.04 g,
1.59 mmol) was first O-deacetylated by treating it in a mixture of
dry methanol (4 mL) and triethylamine (1 mL) for 48 h at room
temperature. The mixture was evaporated, and the residue was
stirred for 48 h at room temperature overnight in a mixture of dry
methanol (7 mL) and piperidine (1 mL) to remove the Fmoc group.
The white solid formed was filtered off, and the filtrate was treated
with activated charcoal, filtered, and evaporated to give a yellow
syrup. The syrup was dissolved in water (5 mL) and purified by
passing it through a 150-mg Carbograph solid-phase extraction
cartridge (Alltech, Deerfield, IL), washing it with water, and then
eluting with water/methanol (95:5) to give pure 7 in 98% yield. Rf�
0.5 (isopropanol/acetic acid/water (2:1:1)) ; 1H NMR (300 MHz, D2O):
��4.83 (s, 1H; H-1), 3.89 ±3.49 (m, 7H; H-2, H-3, H-4, H-5, H-6ab, and
1H of OCH2), 3.22 (m, 1H; OCH2), 2.92 (m, 2H; CH2NH), 1.65 ± 1.32 (m,
6H; CH2) ppm.


Conjugation of 7 to HSA through a squaric acid derivative: 3,4-
Diethoxy-3-cyclobuten-1,2-dione (diethyl squarate, 8.6 �L, 58 �mol)
was added to a solution of 7 (14 mg, 52.8 �mol) in 0.1M triethylamine
carbonate buffer (pH 7.3; 0.5 mL), and the mixture was left to stand at
room temperature overnight. TLC in n-butanol/ethanol/water (2:1:1)
showed two char-positive spots (Rf� 0.78 and 0.44), of which the
upper spot (�40%) was determined to be the amino-reactive
species (results not shown). The mixture was extracted with diethyl
ether (3 mL), the aqueous solution was evaporated, and the resulting
syrup containing N-(2-ethoxy-3,4-dioxo-1-cyclobuten)aminopentyl
�-D-mannopyranoside (8) was immediately dissolved in 0.1M triethyl-
amine (1 mL). The solution was adjusted to pH 9.0 by addition of dry
ice and then added to HSA (50 mg, 0.625 �mol). The conjugation
reaction was carried out in the dark for 18 h at room temperature.
The mixture was dialyzed against water with 0.5M NaCl added to the
dialysis tubing. Lyophilization yielded Man-SQA-HSA (41 mg). The
incorporation of mannose was 19 mol per mol of HSA. Man32-SQA-
HSA (53 mg) was prepared from 50mg (0.63 �mol) of HSA and
1 mmol of 7 using the same reaction scheme.
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On the Transformation of (S)-2-Hydroxypropyl-
phosphonic Acid into Fosfomycin in
Streptomyces fradiae–A Unique Method of
Epoxide Ring Formation**
Anna Woschek,[a] Frank Wuggenig,[a] Wolfgang Peti,[b] and
Friedrich Hammerschmidt*[a]


(1S,2S)- and (1R,2S)-2-hydroxy-[1-D1]propylphosphonic acid were
synthesised from (1S,2S)-2-benzyloxy-[1-D1]propanol, which was
obtained by horse liver alcohol dehydrogenase catalysed reduction
of the corresponding aldehyde. When (1S,2S)-2-hydroxy-[1-D1]pro-
pylphosphonic acid was fed to Streptomyces fradiae, the deute-
rium was retained to the same extent in fosfomycin (cis-epoxide)
and its co-metabolite trans-epoxide. Removal of the hydrogen
(deuterium) atom from the C-1 atom of deuterated 2-hydroxypro-


pylphosphonic acids is a stereospecific process (the hydrogen atom
of (S)-2-hydroxypropylphosphonic acid is pro-R). The formation of
the O�C-1 bond of fosfomycin occurs with net inversion of
configuration, the formation of the O�C-1 bond of the trans-
epoxide with net retention.


KEYWORDS:


epoxides ¥ isotopic labelling ¥ oxidases ¥ phosphonic acids ¥
reaction mechanisms


Introduction


The number of known natural products that contain a P�C bond
is steadily growing.[1] Three of them, fosfomycin (1; the trans
isomer 2 is discussed below), phosphinothricin (3) and the
tripeptide bialaphos (4 ; Scheme 1), are produced by various
strains of Streptomyces and are of commercial importance.
Fosfomycin is marketed as a clinical antibiotic that interferes
with cell wall biosynthesis in bacteria.[2] Phosphinothricin, which
blocks glutamine synthase, and bialaphos are sold as herbi-
cides.[3]


Scheme 1. Natural products with a P�C bond.


Biosynthetic studies have shown that all natural compounds
with a P�C bond are generated from phosphonopyruvic acid (6),
which is formed by a mutase-catalysed intramolecular rearrange-
ment of phosphoenolpyruvate (5 ; Scheme 2).[4] Decarboxyla-
tion[5] of 6, followed by methylation,[6±8] gives (S)-2-hydroxypro-
pylphosphonic acid (7),[9] which is used as the precursor for
biosynthesis of fosfomycin in Streptomyces fradiae. �-Hydroxy-
phosphonic acid 7 is oxidatively cyclised (loss of two hydrogen


CO2HO(HO)2P


O


H2O3P
CO2H


O


Me
PO3H2


OH
1


5 6


7


Scheme 2. Biosynthesis of fosfomycin (1) from phosphoenolpyruvate in
Streptomyces fradiae.


atoms) to give fosfomycin.[9] The oxygen of the oxirane ring is
derived from the hydroxy group.[9±11] Furthermore, the O�C-1
bond is formed with inversion of configuration at C-1, as shown
by feeding experiments with chirally labelled (R)- and (S)-2-
hydroxy-[1-D1]ethylphosphonic acids.[6] This unique method for
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the biosynthesis of an oxirane is reminiscent of the biosynthesis
of the plant alkaloid scopolamine, where 6�-hydroxyhyoscy-
amine is dehydrogenated to scopolamine, an epoxide.[12] Con-
trary to the biosynthesis of fosfomycin, the carbon�oxygen
bond is formed with retention of configuration in the scopol-
amine synthesis. Normally, epoxides are biosynthesised by
monooxygenases from olefins.[13]


We found recently that the culture broth of Streptomyces
fradiae contains, in addition to the cis-epoxide fosfomycin, 3%
stereoisomeric trans-epoxide 2 as a co-metabolite.[14] We assume
that this compound gives a clue to the mechanism of the oxirane
ring formation. Very recently, Liu and co-workers reported the
purification of the iron-dependent protein that catalyses the
formation of fosfomycin.[11] They also proposed a radical
mechanism for the formation of the C-1�O bond.


Results and Discussion


The absolute configuration of phosphonic acids 1 and 2 is
identical at C-2, but opposite at C-1.[14] We therefore hypothesise
that a single monooxygenase performs a stepwise oxidative
cyclisation of 7 that involves intermediate radicals and produces
natural products 1 and 2. Formally, two bonds have to be broken
(carbon�hydrogen and oxygen�hydrogen) and one bond
(carbon�oxygen) has to be formed. The stereochemically
intriguing steps are the removal of the hydrogen atom from
C-1 and the formation of a bond between the oxygen atom and
C-1. In principle each step could be stereospecific or non-
stereospecific, a situation amenable to experimental verification
by use of stereospecifically deuterated 2-hydroxypropylphos-
phonic acids. Whether removal of the hydrogen atom from the
hydroxy group precedes or follows formation of the oxygen�C-1
bond does not have any bearing on the stereochemical outcome
of the cyclisation and is therefore not considered further.
Additionally, oxidation of the radical to a carbocation before
ring closure followed by loss of a proton from the hydroxy group
is feasible. Rotation about the C-1�C-2 bond is more likely for a
radical-type than carbocation-type intermediate. For simplicity,
only a combination of a stereospecific and a nonstereospecific
step for the oxirane ring formation is necessary initially. The
mechanistic proposal must account for the observation that the
formation of the oxirane ring of fosfomycin occurs with inversion
of configuration at C-1. The major pathway must be the one that
leads to fosfomycin.
We first studied the consequences for the labelling of 1 and 2


if a combination of nonstereospecific removal of a hydrogen
(deuterium) atom from C-1 and stereospecific formation of the
carbon�oxygen bond takes place with (1S,2S)-2-hydroxy-[1-
D1]propylphosphonic acid [(1S,2S)-8] as substrate (Scheme 3).
Removal of the hydrogen or deuterium atom gives radical
intermediates 9 and [1-D1]-9, respectively. Stereospecific ring
closure of both radicals with inversion of configuration gives a
mixture of deuterated fosfomycin and nondeuterated 2. Anal-
ogously, (1R,2S)-2-hydroxy-[1-D1]propylphosphonic acid [(1R,2S)-
10] should yield nondeuterated fosfomycin 1 and deuterated 2.
Secondly, we considered the consequences of stereospecific


hydrogen atom abstraction and nonstereospecific bond forma-
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Scheme 3. Possible mechanism for formation of 1 and 2 from (S)-2-hydroxy-
propylphosphonic acid stereospecifically deuterated at C-1: a combination of
nonstereospecific removal of the hydrogen (deuterium (D)) atom from C-1 and
stereospecific formation of the C�O bond with inversion of configuration.


tion for the labelling of 1 and 2 (Scheme 4). Loss of a hydrogen
atom from (1S,2S)-8 generates radical [1-D1]-9, which results
either in deuterated fosfomycin with net inversion of config-
uration, or deuterated 2 after rotation about the C-1�C-2 bond
by 180�, which constitutes net retention of configuration.
Similarly, (1R,2S)-10 will result in the formation of unlabelled 1
and 2.
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Scheme 4. Possible mechanism for formation of 1 and 2 from (S)-2-hydroxy-
propylphosphonic acid stereospecifically deuterated at C-1: a combination of
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configuration.
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These two pathways can easily be studied by use of stereo-
specifically deuterated 2-hydroxypropylphosphonic acids
(1S,2S)-8 and (1R,2S)-10. If a combination of two stereospecific
processes results in the formation of only one product, either 1
or 2, then a second oxygenase must be postulated for the
biosynthesis of 2. A combination of two nonstereospecific
processes will yield mixtures of labelled and unlabelled 1 and 2
from precursors (1S,2S)-8 and (1R,2S)-10, respectively.
To test the mechanisms presented in Scheme 3 and 4


experimentally, we synthesised deuterated (S)-2-hydroxypropyl-
phosphonic acids (1S,2S)-8 and (1R,2S)-10 (Scheme 5). The
preparation of these two precursors is in general terms similar
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Scheme 5. a) HLADH/(nicotinamide adenine dinucleotide)�/EtOH/phosphate
buffer, pH 6.9, 94%; b) Ph3P/NBS, 92%; c) (EtO)3P, bath temperature 170 �C, 81%;
d) TMSBr/allylTMS, 50 �C, 2.5 h, then H2O; Pd/C/H2; NH3/H2O, 90%; e) Ph3P/diethyl
azodicarboxylate/C6H5CO2H, 93%; f) MeOH/MeONa, 91%; g) Ph3P/NBS, 96%;
h) (EtO)3P, bath temperature 170 �C, 70%. NBS�N-bromosuccinimide, TMS� tri-
methylsilane.


to the synthesis of (R)- and (S)-2-hydroxy-[1-D1]ethylphosphonic
acid.[6] Surprisingly, the starting alcohol (1S,2S)-12 can be
prepared easily with a yield of 94% by reduction of deuterated
O-benzyl lactaldehyde (S)-11, catalysed by horse liver alcohol
dehydrogenase (HLADH).[15] This procedure is more convenient
than the laborious preparation of (S)-lactaldehyde from L-
threonine, its reduction by HLADH/[1,1-D2]ethanol and isolation


of the 1,2-[1-D1]propandiol, as reported by Abeles and co-
workers.[16] The selective protection of the secondary alcohol
would possibly add another three steps to the sequence. The
configuration of the protected diol at C-1 was assigned on the
basis of precedence.[17] The diastereomeric excess (de) and
enantiomeric excess of (1S,2S)-12 were �98% and �99%, as
determined by 1H NMR spectroscopy of the (R)-Mosher ester.[18]


Monoprotected diol (1S,2S)-12 was used to prepare the C-1
epimer (1R,2S)-16. The configuration was inverted by Mitsunobu
esterification with benzoic acid followed by a sodium methoxide
catalysed transesterification in methanol as solvent.[17] Compar-
ison of the 1H NMR spectra of the (R)-Mosher esters of (1R,2S)-16
and (1S,2S)-12 revealed that the esterification was effected with
clean inversion. The hydroxy groups of (1S,2S)-12 and (1R,2S)-16
were replaced by bromide by treatment with triphenylphos-
phane/NBS, with inversion of configuration.[18] Bromide (1R,2S)-
13 was diastereomerically pure (de� 99%), but bromide (1S,2S)-
17 had a de of only 96%, which indicates that a small amount of
double inversion by bromide took place. The next step, the
Arbusov reaction of bromide (1R,2S)-13, was the stereochemi-
cally critical step[6, 17] (see also the Experimental Section) in the
preparation of the ammonium salt of (1S,2S)-8 because of the
high reaction temperature (bath temperature 170 �C). Bromides
(1R,2S)-13 and (1S,2S)-17 gave phosphonates (1S,2S)-14 and
(1R,2S)-18 with diastereomeric excesses of 88% and 95%,
respectively. The de of the phosphonates could be determined
easily because the hydrogen resonances of the CHDP groups of
the phosphonates (1S,2S)-14 and (1R,2S)-18 are well separated in
1H NMR spectra (�� 2.18 and 1.89 ppm, respectively). These
experiments show that partial racemisation occurs under the
conditions of the Arbusov reaction[6, 17] but this racemisation can
be suppressed by suitable silylation of the glass surface.
Substitution of the hydroxy group for a bromide moiety can
bring about a trace of racemisation. The phosphonates were
deblocked to give the free phosphonic acids (1S,2S)-8 and
(1R,2S)-10, which were stored and used as their ammonium salts
for the feeding experiments.
The first four feeding experiments[10] were carried out with


deuterated phosphonic acid (1S,2S)-8 ¥ (NH3)x (corresponding to
30 mgL�1 free acid). For each experiment six 1-L Erlenmeyer
flasks, each containing 220 mL of corn starch medium, were used
to grow Streptomyces fradiae. The cells were removed by
centrifugation and the supernatants were pooled and saturated
with ammonia. The epoxides 1 and 2 were transformed into a
mixture of 1-amino-2-hydroxypropylphosphonic acids (1S,2S)-20
and (1R,2S)-22 and 2-amino-1-hydroxypropylphosphonic acids
(1R,2R)-19 and (1S,2R)-21 by heating the solution to 60 �C for
3 days (Scheme 6).[10, 14] The mixture of 2-aminophosphonic acids
(1R,2R)-19 and (1S,2R)-21 was isolated by ion exchange chro-
matography (Dowex 50, H� ; Dowex 1, AcO� ; Dowex 50, H�) ; the
less acidic 1-aminophosphonic acids are not retained on
Dowex 50, H�. The mixtures of 2-aminophosphonic acids from
the four feeding experiments were pooled and gave 22 mg
impure material. The 31P NMR (242.94 MHz, D2O) spectrum of the
mixture showed that the sample was a mixture of 2-amino-
phosphonic acid (1R,2R)-19 (96.2%) and (1S,2R)-21 (3.8%). The
1H NMR spectrum (600 MHz) demonstrated that (1R,2R)-19
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Scheme 6. Transformation of epoxides 1 and 2 into amino-hydroxypropyl-
phosphonic acids in a culture broth of Streptomyces fradiae. a) Gaseous NH3,
0 �C; b) heating at 60 �C for 3 days.


contained deuterium at C-1, but exact determination was not
possible because of overlapping impurities. Crystallisation from
water yielded 8 mg pure (1R,2R)-19, with 24% of the molecules
deuterated at C-1, as determined by 1H NMR spectroscopy
(400 MHz, D2O). The remaining mixture of phosphonic acids in
the mother liquor, in which (1S,2R)-21 was enriched relative to
(1R,2R)-19, was transformed into benzamides to facilitate
purification (Scheme 7). At first, the procedure was optimised
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Scheme 7. Derivatisation of 2-aminophosphonic acid (1R,2R)-19 : a) TBDMSCl/
pyridine/acetonitrile, reflux, 5 h; C6H5COCl, room temperature, 16 h; H2O;
Dowex 50, H� ; b) CH2N2; overall yield 23%. Derivatisation of (1S,2R)-21 and
mixtures of (1R,2R)-19 and (1S,2R)-21: a) TMSCl/pyridine, reflux, 1.5 h; C6H5COCl,
50 �C, 3 h; H2O; Dowex 50, H� ; b) CH2N2; overall yield up to 36%. TBDMSCl� tert-
butyldimethylsilylchloride.


for samples of pure (1R,2R)-19 and (1S,2R)-21 and then mixtures
of both were used (racemic 21 was also used instead of (1S,2R)-
21). The yields were low (up to 36%) despite extensive efforts to
increase them, but were sufficient for samples of biological
origin for NMR spectroscopic investigation. The aminophos-
phonic acids of the mother liquor were derivatised and yielded a
mixture (1 mg, 7%) of benzamides (1R,2R)-23 and (1S,2R)-24
purified by preparative TLC to give these compounds in a ratio of
87:13, respectively, as determined by 31P NMR (243 MHz, DMSO-
D6) and 1H NMR spectroscopy (400 MHz). The ratio of labelled to
unlabelled benzamide was 21:79 for (1R,2R)-23 and 20:80 for
(1S,2R)-24. This result shows that epoxides 1 and 2 are
deuterated and that the extent of labelling is equal.
Feeding was repeated with (1S,2S)-8 (50 mgL�1). The com-


bined yield from four runs was 20 mg crude 2-aminophosphonic
acids (1R,2R)-19 and (1S,2R)-21 in a ratio of 97:3 (determined by


31P NMR spectroscopy, 243 MHz). Crystallisation of the mixture
was carried out as previously described and gave 12 mg pure
(1R,2R)-19 (30% D at C-1, measured by 600 MHz 1H NMR
spectroscopy). The aminophosphonic acids of the mother liquor
were first investigated by 13C NMR spectroscopy (201.2 MHz,
128000 scans) and showed isotope-induced satellite doublets[9]


for C-2 and C-3 (Figure 1). The resonances of C-1 for the two


Figure 1. Sections from 13C NMR spectra (201.2 MHz, D2O) of mixtures of
aminophosphonic acids (1R,2R)-19 and (1S,2R)-21 obtained from feeding
experiments. A, B: Sections of the spectrum of the mother liquor obtained from
crystallisation of a sample isolated after feeding Streptomyces fradiae with
(1S,2S)-8 ; A: C-2 of (1R,2R)-19 and (1S,2R)-21; B : C-3 of (1S,2R)-21. C, D: The same
signals as in (A) and (B) from a sample isolated when (1R,2S)-10 was fed to
Streptomyces fradiae.


aminophosphonic acids overlap. Part A of the spectrum shows
two sets of resonances at �� 49.41 and 49.48 ppm (2d, J(C,P)�
4.6 Hz), and 49.59 and 49.67 ppm (2d, J(C,P)� 8.2 Hz). The lower
field peak of each set corresponds to unlabelled (1R,2R)-19 and
(1S,2R)-21 and that at higher field to the species deuterated at
C-1. The C-3 resonance of (1S,2R)-21 is also given (part B). The
doublet at 13.75 ppm (J(C,P)� 2.7 Hz) corresponds to the C-3
atom of unlabelled (1S,2R)-21 and that at 13.71 ppm to the
labelled compound. The ratio of (1R,2R)-19 to (1S,2R)-21 is
estimated to be 87:13 and the deuterium content of the two
aminophosphonic acids appears to be equal (about 25%). The
mother liquor was concentrated and the residue was derivatised
to give a mixture of amides (1R,2R)-23 and (1S,2R)-24 (ratio 83:17
by 31P NMR spectroscopy at 243 MHz). The difference indicated
by the ratio is possibly caused by differences in yield of
derivatisation. The 1H NMR spectrum recorded in DMSO-d6 at
400 MHz revealed that 30% (1R,2R)-22 derived from fosfomycin
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contained deuterium at C-1 and 27% (1S,2R)-23 derived from the
trans-epoxide contained deuterium.
Lastly, a feeding experiment was carried out with 50 mgL�1


(1R,2S)-10 in the same way as with (1S,2S)-8. The combined yield
from four runs was 23 mg crude 2-aminophosphonic acids
(1R,2R)-19 and (1S,2R)-21 in a ratio of 97:3 (determined by
31P NMR spectroscopy at 242.9 MHz). In this case, (1R,2R)-19 was
not crystallised to enrich the sample in (1S,2R)-21. The 13C NMR
spectrum (201.2 MHz, 128000 scans) was recorded directly. The
same parts of the spectrum as described above are shown in
Figure 1C and D. It is evident that neither aminophosphonic acid
contains deuterium. Half the crude mixture of these amino-
phosphonic acids was also derivatised. The mixture of amides
(1R,2R)-23 and (1S,2R)-24 was investigated by 1H NMR spectro-
scopy (400 MHz, DMSO-D6). None of the amides contained
deuterium.
In summary, the feedings demonstrate that (1S,2S)-8 is


transformed into a mixture of epoxides 1 and 2, each of which
contains the same amount of deuterium; 25% or 30% depend-
ing on the concentration of precursor (30 or 50 mgL�1) in the
medium. When the diastereomeric phosphonic acid (1R,2S)-10
was fed to Streptomyces fradiae, the deuterium was lost to the
medium and only unlabelled 2-aminophosphonic acids were
isolated. These findings are in agreement with a mechanism as
outlined in Scheme 4. The hydrogen atom is removed from C-1
of (1S,2S)-8 and the deuterium atom from (1R,2S)-10 to give
either a deuterated or nondeuterated intermediate, respectively.
The major pathway (about 97%) leads to fosfomycin with net
inversion of configuration, in agreement with an earlier finding.[9]


The minor pathway (3%) leads to trans-epoxide 2. A rotation
about the C-1�C-2 bond must take place before the formation of
the C-1�O bond to give net retention of configuration.
Consequently, the enzyme carries out a stereospecific removal
of the hydrogen (deuterium) atom and a nonstereospecific ring
closure. This implies that the pro-R hydrogen atom of (S)-2-
hydroxypropylphosphonic acid, the intermediate in the biosyn-
thesis of fosfomycin, is removed for the formation of the O�C(1)
bond.
Oxygenases are a large group of enzymes involved in


hydroxylations, epoxidations, desaturations and other biotrans-
formations.[19, 20] For example, a cytochrome P-450 is involved in
the biodegradation of camphor in Pseudomonas putida.[21] This
enzyme removes one hydrogen atom (either exo or endo) from
C-5 and produces 5-exo hydroxycamphor. Baldwin et al. have
shown that isopenicillin N synthase, a nonhaem iron protein,
uses dioxygen, �-(L-�-aminoadipoyl)-L-cysteinyl-D-valine and a
variety of structural analogues to make �-lactams.[22] It is
assumed that radical-type, partly configurationally labile inter-
mediates are involved in certain cases. As reported by Liu and
coworkers, the enzyme that catalyses the formation of the
epoxide ring of fosfomycin from (S)-2-hydroxypropylphosphonic
acid is a nonheme iron protein.[11] They proposed a mechanism
based on the assumption that the hydroxy group of the
substrate is first ligated to the iron. An electron is then
transferred to reduce the Fe3� ion to an Fe2� ion, dioxygen is
bound and a hydrogen is removed from C-1 to generate a
radical. Transfer of a second electron induces a collapse of the


reactive species to fosfomycin. We think that this mechanism
does not easily accomodate the inversion of configuration for
the formation of fosfomycin. One would expect preferential
formation of co-metabolite 2 with retention of configuration.
Any mechanism for the formation of the O�C(1) bond of
fosfomycin has to take into account the stereochemical findings
reported here and the concomittant formation of trans-epoxide
2 as a co-metabolite.
Interestingly, (1S,2S)-1,2-dihydroxypropylphosphonic acid


blocks the biosynthesis of fosfomycin.[9] The hydroxy group on
C-1 occupies the same position as the deuterium atom of
(1R,2S)-10. It is likely that this inhibitor becomes firmly bound to
the enzyme by ligation of the OH group at the C-1 atom to iron.
The results of feeding experiments with structural analogues of
(S)-2-hydroxypropylphosphonic acids will be published sepa-
rately.


Experimental Section


General : TLC: Merck precoated TLC plates (0.25 mm), silica gel 60,
F254; detection: UV and/or spraying with a 2% solution of CeIVSO4 ¥
4H2O in 2N H2SO4 and heating on a hot plate; flash chromatography:
Merck silica gel 60, 0.040 ± 0.063 mm; IR: Perkin-Elmer FT 1600 IR
Spectrometer; liquid samples were measured as films and solids as
nujol mulls between NaCl plates; 1H NMR, 13C NMR (J-modulated),
and 31P NMR spectroscopy: Bruker spectrometers AC 250F, AM 400,
WB 600, and DRX 800 MHz. The latter instrument was equipped with
TXI HCN z-grad or QXI HCNP z-grad probes; samples were dissolved
in D2O (about 0.3 mL) in a Shigemi microcell tube. TMS was used as
internal standard; Optical rotation: Perkin-Elmer polarimeter 241
(1 dm cell) ; melting points were measured with a Reichert Thermovar
instrument and are uncorrected.


(1S,2S)-(�)-2-Benzyloxy-[1-D1]propanol [(1S,2S)-12]: Aldehyde (S)-
11 was prepared from (S)-2-benzyloxy-[1,1-D2]propanol[18] ( [�]20D �
�44.8 (c� 0.945, CHCl3)) by Swern oxidation.[23] The crude aldehyde
was purified by flash chromatography (CH2Cl2) instead of bulb-to-
bulb distillation and used immediately for the next step. This
aldehyde (1.53 g, 9.27 mmol) was reduced according to a literature
procedure[17] and purified by flash chromatography (hexane/EtOAc,
3:1) to give alcohol (1S,2S)-12 (1.45 g, 94%) as a colourless oil. Rf�
0.23 (hexane/EtOAc, 3:1) ; [�]20D ��46.8 (c�0.9, CH2Cl2) ; Ref.[24]:
�28


D ��28.6 (neat) for alcohol dideuterated at C-1; diastereomeric
(�98%) and enantiomeric excess (�99%) were determined by
1H NMR spectroscopy (400 MHz, CDCl3) of the (R)-Mosher ester,
diagnostic resonance at 4.20 ppm (d, J�5.8 Hz, CHDO); The (R)-
Mosher ester of alcohol (1R,2S)-16 was identical to that of (1S,2S)-12
except for a resonance at 4.32 ppm (d, J�3.8 Hz, CHDO) in the
(1R,2S)-16 spectrum; IR (NaCl): ���3418, 2972, 2872, 2164, 1454,
1374, 1110, 1069, 1028 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.16 (d,
J�6.1 Hz, 3H, Me), 2.08 (d, J�4.3 Hz, 1H, OH), 3.47 (m, 1H, CHDO),
3.66 (quint, J� 6.4 Hz, 1H, CHO), 4.55 (AB system, J� 11.6 Hz, 2H,
OCH2Ph), 7.30 (m, 5H, Harom) ppm; 13C NMR (100.6 MHz, CDCl3): ��
15.81 (Me), 66.00 (t, J(C,D)�21.8 Hz, CHDO), 70.77 (OCH2), 75.46
(CHO), 127.69 (3�CHarom), 128.44 (2�CHarom), 138.43 (Carom) ppm.


(1R,2S)-(�)-2-Benzyloxy-1-bromo-[1-D1]propane [(1R,2S)-13]: Al-
cohol (1S,2S)-12 (686 mg, 4.1 mmol) was transformed into bromide
(1R,2S)-13 by a literature procedure.[18] The crude product was
purified by flash chromatography (hexane/CH2Cl2 , 1:1) to give
bromide (1R,2S)-13 (865 mg, 92%) as a colourless liquid. Rf�0.53
(hexane/CH2Cl2 , 1:1) ; [�]20D ��8.6 (c� 2.1, CH2Cl2) ; Ref.[18]: [�]20D �
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�8.4 (c� 3.0, CH2Cl2) for the compound dideuterated at C-1; IR
(NaCl): ���2977, 2868, 1454, 1376, 1137, 1115, 1088 cm�1; de� 98%
(1H NMR); 1H NMR (400 MHz, CDCl3): �� 1.31 (d, J� 6.1 Hz, 3H, Me),
3.36 (brd, J� 5.9 Hz, 1H, CHDBr), 3.73 (quint, J� 5.9 Hz, 1H, CHMe),
4.57 (AB system, J� 12.0 Hz, 2H, OCH2), 7.30 (m, 5H, Harom) ppm;
13C NMR (100.6 MHz, CDCl3): �� 18.86 (Me), 36.15 (t, J(C,D)� 22.9 Hz,
CHDBr), 71.10 (OCH2), 74.14 (CHO), 127.68 (2�CHarom), 127.71
(CHarom), 128.41 (2�CHarom), 138.13 (Carom) ppm.


(1S,2S)-(�)-Diethyl (2-benzyloxy-[1-D1]propyl)phosphonate [(1S,2S)-
14]: Bromide (1R,2S)-13 (827 mg, 3.59 mmol) was transformed
(reaction time: 3 h) into phosphonate (1S,2S)-14 by a literature
procedure that used a round bottomed flask silylated on the inner
surface.[6] Excess phosphite was removed in vacuo and the residue
was purified by flash chromatography (CH2Cl2/EtOAc, 10:1) to give
phosphonate (1S,2S)-14 (838 mg, 81%) as an oil. Rf�0.29 (CH2Cl2/
EtOAc, 10:1) ; [�]20D ��11.1 (c� 1.1, CH2Cl2) ; Ref.[18]: [�]20D ��12.32
(c� 2.8, CH2Cl2) for the compound dideuterated at C-1; de� 88% (by
1H NMR); IR (NaCl): ���2980, 1250, 1098, 1028, 966 cm�1; 1H NMR
(400 MHz, CDCl3): �� 1.25 and 1.28 (2 t, J� 7.1 Hz, 2�3H, CH2CH3),
1.33 (d, J� 6.1 Hz, 3H, H3C(3)), 1.89 (brdd, J� 7.1, 17.9 Hz, CHDP of
(1R,2S)-18), 2.18 (brdd, J�5.8, 19.2 Hz, 1H, CHDP), 3.87 (m, 1H, CHO),
4.05 (m, 4H, 2�CH2OP), 4.51 (AB system, J� 11.6 Hz, 2H, OCH2Ph),
7.29 (m, 5H, Harom) ppm; 13C NMR (100.6 MHz, CDCl3): ��16.33 and
16.35 2d, J�6.1 Hz, 2�CH2CH3), 21.05 (d, J�9.2 Hz, CH3(3)), 33.38
(dt, J(C,D)� 19.1 Hz, J(P,C)� 137.7 Hz, CHDP), 61.33 (d, J� 6.1 Hz,
CH2OP), 61.56 (d, J� 6.9 Hz, CH2OP), 70.52 (CHO), 70.61 (OCH2),
127.52 (CHarom), 127.72 (2�CHarom), 128.28 (2�CHarom), 138.35
(Carom) ppm.


Ammonium salt of (1S,2S)-2-hydroxy-[1-D1]propylphosphonic
acid [(1S,2S)-8 ¥ (NH3)x]: Phosphonate (1S,2S)-14 (810 mg,
2.82 mmol) was deblocked according to a literature procedure.[18]


The acid was dissolved in water (10 mL) and concentrated ammonia
(1 mL) was added. The solution was concentrated in vacuo. The
residue was dissolved in water (30 mL) and filtered. The solution was
concentrated again in vacuo. Drying (0.5 mm, ambient temperature)
furnished the salt (1S,2S)-8 ¥ (NH3)x (375 mg) as a crystalline solid of
unknown structure. The salt was determined to be pure by NMR
spectroscopy. The yield was assumed to be 90%. 1H NMR (400 MHz,
D2O): ��1.16 (d, J�6.1 Hz, 3H, Me), 1.60 (dd, J� 6.9, 16.3 Hz, 1H,
CHDP), 4.01 (sext, J�6.0 Hz, CHO) ppm; 13C NMR (100.6 MHz, D2O):
��23.51 (d, J� 10.7 Hz, Me), 37.92 (dt, J(C,D)�19.1 Hz, J� 127.5 Hz,
CHDP), 65.24 (CHO) ppm.


(1R,2S)-(�)-2-Benzyloxy-[1-D1]propyl benzoate [(1R,2S)-15]: Alco-
hol (1S,2S)-12 (821 mg, 4.91 mmol) was esterified by a literature
procedure[17] to give benzoate (1R,2S)-15 (1.24 g, 93%) as a colourless
oil. Rf� 0.50 (CH2Cl2); [�]20D ��15.3 (c� 4.6, CH2Cl2); IR (NaCl): ���
2976, 2869, 1721, 1452, 1315, 1272, 1115, 1071, 1027 cm�1; 1H NMR
(400 MHz, CDCl3): �� 1.23 (d, J�6.3 Hz, 3H, Me), 3.83 (dq, J� 4.3,
6.3 Hz, 1H, CHMe), 4.27 (d, J� 4.0, Hz, 1H, CHD), 4.57 (AB system, J�
12.0 Hz, 2H, OCH2), 7.24 (m, 5H, Harom), 7.37 (m, 2H, Harom), 7.49 (m, 1H,
Harom), 7.98 (m, 2H, Harom) ppm; 13C NMR (100.6 MHz, CDCl3): ��17.05
(Me), 67.49 (t, J(C,D)�22.6 Hz, CHD), 71.09 (OCH2), 72.61 (CHO),
127.57 (CHarom), 127.62 (2�CHarom), 128.34 (2�CHarom), 128.35 (2�
CHarom), 129.64 (2�CHarom), 130.15 (Carom), 132.95 (CHarom), 138.47
(Carom), 166.43 (CO) ppm; elemental analysis (%): calcd for C17H17DO3


(271.34): C 75.25, H�D 7.05; found: C 75.25, H�D 6.69.


(1R,2S)-(�)-2-Benzyloxy-[1-D1]propanol [(1R,2S)-16]: A solution of
benzoate (1R,2S)-15 (1.143 g, 4.21 mmol) in MeOH/MeONa obtained
by dissolving Na (26.4 mg, 1.15 mmol) in dry methanol (5 mL) was
stirred for 16 h and then concentrated in vacuo.[25] The residue was
purified by flash chromatography (CH2Cl2 to elute methyl benzoate;
hexane/ethyl acetate, 1:1, to elute alcohol) to yield alcohol (1R,2S)-16


(643 mg, 91%) as a colourless liquid. Rf�0.58 (hexane/ethyl acetate,
1:1) ; diastereomeric (�98%) and enantiomeric excess (�99%) were
determined by 1H NMR spectroscopy (400 MHz, CDCl3) of the (R)-
Mosher ester, diagnostic resonance at 4.32 (d, J�3.8 Hz, CHDO);
[�]20D ��46.7 (c� 0.9, CH2Cl2); Ref.[24]: �28


D ��28.6 (neat), [�]20D �
�44.8 (c�0.945, CHCl3) ; see (1S,2S)-12 for alcohol dideuterated at
C-1; 1H NMR (400 MHz, CDCl3): �� 1.17 (d, J�6.3 Hz, 3H, Me), 2.02 (d,
J�7.8 Hz, 1H, OH), 3.58 (m, 1H, CHDO; no resonance for CHDO of
(1S,2S)-12 at 3.47), 3.66 (dq, J� 3.4, 6.3 Hz, 1H, CHO), 4.56 (AB system,
J�11.6 Hz, 2H, OCH2Ph), 7.31 (m, 5H, Harom) ppm.


(1S,2S)-(�)-2-Benzyloxy-1-bromo-[1-D1]propane [(1S,2S)-17]: Alco-
hol (1R,2S)-16 (585 mg, 3.5 mmol) was transformed into bromide
(1S,2S)-17 (771 mg, 96%) by using the procedure for the preparation
of [(1R,2S)-13] . Rf�0.60 (hexane/CH2Cl2 , 1:1), [�]20D ��8.3 (c� 0.9,
CH2Cl2) ; Ref.[18]: [�]20D ��8.4 (c� 3.0, CH2Cl2) for compound dideu-
terated at C-1; de� 96% (1H NMR); IR (NaCl): ��� 3030, 2868, 1454,
1376, 1325, 1144, 1093, 1028 cm�1; 1H NMR (400 MHz, CDCl3): ��
1.31 (d, J�6.3 Hz, 3H, Me), 3.43 (dt, J(H,D)� 1.4 Hz, J� 4.9 Hz, 1H,
CHDBr), 3.36 (brd, J� 5.9 Hz, CHDBr of (1R,2S)-13), 3.73 (quint, J�
5.9 Hz, 1H, CHMe), 4.58 (AB system, J� 12.1 Hz, 2H, OCH2), 7.25 ± 7.38
(m, 5H, Harom) ppm; 13C NMR (100.6 MHz, CDCl3): �� 18.85 (Me), 36.17
(t, J(C,D)� 22.9 Hz, CHDBr), 71.09 (OCH2), 74.12 (CHO), 127.68 (2�
CHarom), 127.71 (CHarom), 128.41 (2�CHarom), 138.13 (Carom) ppm.


(1R,2S)-(�)-Diethyl (2-benzyloxy-[1-D1]propyl)phosphonate [(1R,2S)-
18]: Bromide (1S,2S)-17 (755 mg, 3.28 mmol) was transformed into
phosphonate (1R,2S)-18 (665 mg, 71%) by using the procedure for
the preparation of (1S,2S)-14. The round-bottomed flask (10 mL)
used for the Arbusov reaction was cleaned (fuming nitric acid, 70 �C,
30 min) and rinsed with water and acetone. A solution of dry pyridine
(2 mL) and triisopropylsilylchloride (1 mL) was refluxed in this flask
for 1 h. Triethylsilylchloride (1 mL) was added and refluxing was
continued for 1 h. The flask was again rinsed with water and acetone
and subsequently dried. Rf� 0.15 (hexane/EtOAc, 1:2) ; [�]20D ��11.9
(c� 1.1, CH2Cl2); Ref.[18]: [�]D20��12.32 (c� 2.8, CH2Cl2) for com-
pound dideuterated at C-1; de� 95% (by 1H NMR); IR (NaCl): ���
2980, 1249, 1028, 995 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.24 and
1.27 (2 t, J� 7.0 Hz, 2�3H, CH2CH3), 1.32 (dd, J� 0.8, 6.1 Hz, 3H,
H3C(3)), 1.88 (brdd, J� 7.1, 18.2 Hz, 1H, CHDP), 2.18 (brdd, J� 5.8,
19.2 Hz, CHDP of (1S,2S)-14), 3.91 (m, 1H, CHO), 4.04 (m, 4H, 2�
CH2OP), 4.50 (AB system, J� 11.4 Hz, 2H, OCH2Ph), 7.24 (m, 1H, Harom),
7.26 ± 7.35 (m, 4H, Harom) ppm; 13C NMR (100.6 MHz, CDCl3): �� 16.33
and 16.34 (two d, J� 6.1 Hz, 2�CH3), 21.05 (d, J� 8.4 Hz, H3C(3)),
33.37 (dt, J(C,D)�19.3 Hz, J(P,C)�138.2 Hz, CHDP), 61.33 (d, J�
6.9 Hz, CH2OP), 61.56 (d, J� 6.9 Hz, CH2OP), 70.52 (CHO), 70.60
(OCH2), 127.52 (CHarom), 127.72 (2�CHarom), 128.28 (2�CHarom), 138.34
(Carom) ppm.


(1R,2S)-2-Hydroxy-[1-D1]propylphosphonic acid [(1R,2S)-10 ¥
(NH3)x]: Phosphonate (1R,2S)-18 (659 mg, 2.29 mmol) was deblocked
and transformed into ammonium salt (1R,2S)-10 ¥ (NH3)x (380 mg) by
the procedure used for the preparation of (1S,2S)-8 ¥ (NH3)x . 1H NMR
(400 MHz, D2O): �� 1.18 (d, J� 6.1 Hz, 3H, Me), 1.66 (dd, J� 6.1,
17.2 Hz, 1H, CHDP), 4.02 (sext, J�6.0 Hz, OCH) ppm; 13C NMR
(100.6 MHz, D2O): �� 23.48 (d, J� 9.9 Hz, Me), 37.92 (dt, J(C,D)�
18.9, 128.0 Hz, CHDP), 64.98 (CHO) ppm.


(1R,2R)-(�)-Dimethyl (1-benzoyloxy-2-benzoylaminopropyl)phos-
phonate [(1R,2R)-23]: A mixture of aminophosphonic acid (1R,2R)-
19 (50 mg, 0.32 mmol), TBDMSCl (0.54 g, 3.58 mmol), dry pyridine
(0.3 mL) and dry acetonitrile (12 mL) was vigorously stirred and
refluxed for 5 h.[26] The mixture was allowed to cooled to room
temperature and benzoyl chloride (0.4 mL, 3.45 mmol) was added
and stirring was continued for 16 h. Volatile components were
removed in vacuo (0.5 mm, warming to 50 �C). HCl (0.6M, 25 mL) was







Epoxide Ring Formation in Fosfomycin


ChemBioChem 2002, 3, 829 ± 835 835


added to the residue. The mixture was refluxed for 10 min, cooled
and extracted with diethyl ether (2� 20 mL). The aqueous phase was
concentrated on a rotary evaporator. The residue was dissolved in
water (10 mL) and concentrated again. The residue was dissolved in
water and applied (about 20 mL) to a column of Dowex 50 (H�) and
eluted with water until neutral. The eluate was concentrated in
vacuo. The residue was dissolved in dry methanol and esterified with
a distilled solution of CH2N2 in diethyl ether. The solvents were
evaporated and the residue was flash chromatographed to yield
amide (1R,2R)-23 (29 mg, 23%) as a crystralline solid. M.p. : 104 ±
106 �C (toluene/hexane), Rf� 0.36 (EtOAc); [�]20D ��26.5 (c� 1.0,
CH2Cl2) ; IR (nujol): ��� 3271, 1727, 1659, 1316, 1241, 1038 cm�1;
1H NMR (250 MHz, CDCl3): �� 1.48 (d, J�7.3 Hz, 3H, CH3), 3.83 (d, J�
11.0 Hz, 3H, OCH3), 3.87 (d, J� 11.0 Hz, 3H, OCH3), 4.82 (m, 1H, CHN),
4.82 (d, J�4.8, 9.4 Hz, 1H, CHO), 7.14 (d, J�9.5 Hz, NH), 7.48 (m, 5H,
Harom), 7.61 (m, 1H, Harom), 7.84 (m, 2H, Harom), 8.10 (m, 2H, Harom) ppm;
elemental analysis (%): calcd for C14H22NO6P (391.36): C 58.31, H 5.67,
N 3.58; found: C 58.49, H 5.64, N 3.49.


General procedure for derivatisation of (1S,2R)-21, a mixture of
(1R,2R)-19 and (1S,2R)/(1R,2S)-21[26] and samples of biological
origin : Biological samples were used directly or after removal of the
major portion of (1R,2R)-19 by crystallisation from water (the solvent
was evaporated slowly). A mixture of the sample (up to 14 mg), dry
pyridine (3 mL) and TMSCl (0.05 mL, 0.39 mmol) was stirred vigo-
rously and refluxed for 1.5 h (bath temperature 80 �C).[27] Benzoyl
chloride (0.25 mL, 2.15 mmol) was added and stirring was continued
for 3 h at 50 �C. Volatile components were removed in vacuo (rotary
evaporator, then 0.5 mm/warming to 50 �C). HCl (0.6M, 10 mL) was
added to the residue. The mixture was heated for 10 min at 50 �C,
cooled and extracted with diethyl ether (2�20 mL). Further
purification and esterification with diazomethane was done as
described for the preparation of amide (1R,2R)-23. The residue was
purified by preparative TLC (hexane/ethyl acetate, 1:2). Yields were
up to 36% for pure, and mixtures of pure, aminophosphonic acids
and about 15% for samples of biological origin; Amides (1R,2R)-23
and (1S,2R)-24 have the same polarity (Rf value). 1H NMR (400 MHz,
DMSO-D6) of (1R,2R)-23 : ��1.39 (d, J�7.1 Hz, 3H, CH3), 3.751 (d, J�
10.9 Hz, 3H, OCH3), 3.762 (d, J�10.6 Hz, 3H, OCH3), 4.75 (m, 1H,
CHN), 5.52 (t, J� 8.5 Hz, 1H, CHO), 7.41 (m, 2H, Harom), 7.49 (m, 1H,
Harom), 7.54 (m, 2H, Harom), 7.69 (m, 3H, Harom), 7.99 (m, 2H, Harom), 8.46
(d, J� 8.1 Hz, NH) ppm; 1H NMR (400 MHz, DMSO-D6) of (1S,2R)-24 :
��1.43 (d, J�7.1 Hz, 3H, CH3), 3.748 (d, J�10.6 Hz, 3H, OCH3), 3.781
(d, J� 10.6 Hz, 3H, OCH3), 4.60 (m, 1H, CHN), 5.85 (dd, J�4.0, 10.4 Hz,
1H, CHO), 7.47 (m, 2H, Harom),7.54 (m, 1H, Harom), 7.62 (m, 2H, Harom),
7.76 (m, 1H, Harom), 7.81 (m, 2H, Harom), 8.06 (m, 2H, Harom), 8.57 (d, J�
7.6 Hz, NH) ppm. The resonances at 7.99 and 8.06 were normally used
for the calibration of the integration to determine the extents of
deuteriation at C-1 and the ratio of (1R,2R)-23 to (1S,2R)-24,
respectively.
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Mutants of 4-Oxalocrotonate Tautomerase
Catalyze the Decarboxylation of Oxaloacetate
through an Imine Mechanism
Ashraf Brik,[a, b, c] Lawrence J. D'Souza,[a, b] Ehud Keinan,*[a, b, c] Flavio Grynszpan,*[a]


and Philip E. Dawson*[b, d]


A designed single amino acid substitution can alter the catalytic
activity and mechanism of 4-oxalocrotonate tautomerase (4-OT).
While the wild-type enzyme catalyzes only the tautomerization of
oxalocrotonate, the Pro1Ala mutant (P1A) catalyzes two reac-
tions–the original tautomerization reaction and the decarbox-
ylation of oxaloacetate. Although the N-terminal amine group of
P1A is involved in both reactions, our results support a nucleophilic
mechanism for the decarboxylase activity, in contrast to the


general acid/base mechanism that has been previously established
for the tautomerase activity. These findings demonstrate that a
single catalytic group in a 4-OT mutant can catalyze two reactions
by two different mechanisms.


KEYWORDS:


decarboxylation ¥ imines ¥ oxaloacetate ¥
protein engineering ¥ tautomerases


Introduction


It has been observed that certain enzymes have an inherent
functional promiscuity in their catalytic mechanisms or substrate
specificities.[1±5] In principle, this promiscuity could be utilized to
generate new enzymatic activities from existing protein scaffolds
that could be developed into biotechnologically useful catalysts.
Additionally, this conversion could give insight into the natural
process of evolution. Although different chemical reactions have
been observed in these enzymes, most examples of catalytic
promiscuity have involved a generally conserved mechanism.
4-oxalocrotonate tautomerase (4-OT, E.C. 5.3.2.±), discovered


in the soil bacterium Pseudomonas putida mt-2, is a homohexa-
meric enzyme with 62 amino acids per monomer.[6] It catalyzes
the isomerization of the unconjugated �-ketoacid, 2-oxo-4E-
hexenedioate (4-oxalocrotonate; 1), to its conjugated isomer,
2-oxo-3E-hexenedioate (3 ; Scheme 1). Extensive structural and
kinetic analyses of this enzyme have enabled the determination
of the catalytic mechanism.[7] The secondary amine of the
N-terminal Pro residue, which is essential to the catalytic
mechanism, acts as a general base (pKa� 6) that transfers a
proton from C3 in 1 to C5, to afford 3 through the dienolate
intermediate 2. It is likely that this step is facilitated by an
arginine residue (ArgH� in Scheme 1) that polarizes the ketone
function and stabilizes the initial enolate product. This anion
stabilizing group is probably Arg39, as has already been
proposed on the basis of both mutagenesis[7] and calculations.[8]


Our goal was to convert 4-OT from an acid/base tautomerase
into an enzyme that utilizes an imine (Schiff base) mechanism,
since such enzymes have been engineered to catalyze syntheti-
cally useful transformations such as the aldol and retroaldol
reaction.[9, 10] Understanding the catalytic role played by the
secondary amine group of Pro1 in the wild-type enzyme (wt4-


OT) was crucial for this rational design. An interesting character-
istic of amines is their functional duality, which is well
documented for small amine molecules in solution.[11] In
particular, amines can act either as general bases or as
nucleophilic catalysts. As nucleophiles, they can form imine
intermediates or enamines that facilitate many carbonyl trans-
formation reactions, including decarboxylation of �-ketoacids.
The balance between these two catalytic modes depends in part
on the level of substitution at the nitrogen atom: secondary
amines exhibit stronger basicity than that of primary amines.[12]


In addition, secondary amines react with carbonyl compounds to
favor formation of enamine intermediates while primary amines
favor the imine tautomers (Scheme 1).[11]
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In principle, the mechanistic dual-
ity of amines could change the active
site mechanism of 4-OT with natural
or similar substrates. Replacing the
secondary amine functional group
with a primary amine could intro-
duce a nucleophilic mechanism into
the active site chemistry at the
expense of the original general
acid/base mechanism. Theoretically
the natural transformation, the tau-
tomerization of the �-keto acid, 4-ox-
alocrotonate, could proceed through
an imine mechanism.[13] Alternatively,
it has been shown that small-mole-
cule amines,[14±16] designed peptides,
and catalytic antibodies can use an
imine mechanism to catalyze the
decarboxylation of biologically inter-
esting �-keto acids such as oxalo-
acetate.
In the case of 4-OT, the terminal


secondary amine of Pro1 can be
converted into a primary amine
through the previously studied mu-
tations Pro1Ala and Pro1Gly.[17] Here
we report that these single muta-
tions convert 4-OT from a monofunc-
tional enzyme into a bifunctional
enzyme that can catalyze two mech-
anistically distinct reactions in which
each reaction utilizes a different sub-
strate.


Results and Discussion


Synthesis of wt4-OT was carried out
by using the in situ neutralization
protocol for tert-butoxycarbonyl
(Boc) chemistry.[18] The synthetic pro-
tein was purified and folded follow-
ing previously reported proce-
dures.[19] For all proteins, Met45 was
replaced with norleucine to eliminate
the possibility of oxidizing the en-
zyme during sample handling.[20] Two
mutants in which the N-terminal
proline was replaced by either ala-
nine (P1A) or glycine (P1G) were also
synthesized. (The enzymatic activities
of the biologically expressed mutants
P1A and P1G in the isomerization
reaction of 1 into 3 were previously
described in detail by Whitman and
co-workers.[17] ) The synthetic pro-
teins were characterized by ESI-MS,
HPLC and, CD spectroscopy. The CD


Scheme 1. A plausible scenario for evolution of a new mechanism in 4-OT enzymes. Either of the two specialized
enzyme families, tautomerase (such as wt4-OT, left) or ™decarboxylase type I∫ (right) could evolve from one another,
with a bifunctional enzyme, such as P1A, being an intermediate in the evolution process. The catalytic amine group
can be either primary (R�H) or secondary (R� alkyl). It was proposed that in the isomerization reaction Arg39,
which interacts electrostatically with the C1 carboxylate, also polarizes the ketone by hydrogen bonding. It has not
been determined whether Arg39 is directly involved in the decarboxylation mechanism as well.
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spectra of the synthetic wt4-OT, P1A, and P1G proteins were
identical over a pH range between 5.8 and 8.0. This indicates that
the mutations did not cause any gross conformational changes
in the synthetic proteins and agrees with results shown
previously with the biologically expressed proteins. The syn-
thetic mutants P1A and P1G were also examined for the
isomerization reaction of 1 into 3. The tautomerase kinetics were
similar to those previously reported for the recombinant
enzymes:[17] (Enzyme: rate of catalysis kcat. (s�1), Michaelis
constant KM (�M)) wt4-OT: 2047� 140, 100�20; P1A: 12� 2,
35�10; P1G: 12� 3, 60�10. This confirms that the synthetic
proteins with the additional mutation (Met45Nle) behave
similarly to those obtained by biological means.
Although the acid/base mechanism has been well character-


ized for wt4-OT and it is likely to be maintained in the P1A and
P1G mutants,[17] in princlple an imine mechanism could also
catalyze the same tautomerization through a 1,2 nucleophilic
addition.[13] In order to rule out the alternative mechanism, we
carried out the tautomerization reaction in H2


18O with both wt4-
OT and P1A. If the reaction proceeds by the acid/base
mechanism, no 18O will be incorporated in the product.
Conversely, since the imine mechanism involves hydrolysis of
the immonium intermediate by water, 18O labeling should be
observed in the C2 carbonyl group. The reaction was carried out
in buffered H2


16O and H2
18O, monitored by UV to completion,


and analyzed by ESI-MS. Only unlabeled product (158 Da) was
observed with both enzymes with no indication of the 18O-
labeled compound (160 Da) within the detection limits (�2%).
These results further support the conclusion that the acid/base
mechanism is maintained in wild-type enzymes as well as in the
P1A mutant.[17]


Another known reaction that can be catalyzed by nucleophilic
amines is the decarboxylation of �-ketoacids. For example,
oxaloacetate (OAA) is an �,�-keto acid that is a key metabolic
intermediate, acting as an acceptor for C2 units that enter the
citric acid cycle. The naturally occurring decarboxylation of
oxaloacetate involves a decarboxylase enzyme that requires a
metal cofactor.[21] Although there is no oxaloacetate decarbox-
ylase that employs an imine mechanism, the well-studied
enzyme acetoacetate decarboxylase (AAD, E.C. 4.1.1.4) has been
shown to proceed through an imine mechanism following a 1,2
nucleophilic addition.[22±24] Small amine molecules[14±16] and
designed peptides[25, 26] that catalyze the decarboxylation of
oxaloacetate by the imine mechanism have aroused increasing
interest.
We assayed wt4-OT for its ability to catalyze the decarbox-


ylation of oxaloacetate and could not detect any catalytic activity
above the background reaction (rate of background reaction
kun� 2�10�5 s�1 at pH 6.2, 22 �C) under various reaction con-
ditions, including different concentrations of enzyme and
substrate and a broad pH range (5.8 ± 8.0). By contrast, both
P1A and P1G were found to be efficient catalysts of oxaloacetate
decarboxylation. Catalysis with both mutants exhibited Michae-
lis ±Menten saturation kinetics (Figure 1) and the catalytic
parameters were found to be kcat.�0.02 s�1, KM�2 mM for P1G
and kcat.�0.08 s�1, KM�0.7 mM for P1A. This new catalytic activity
is consistent with the expectation that an active site primary


Figure 1. P1A-catalyzed decarboxylation of oxaloacetate. The reaction was
carried out at 22 �C in NaH2PO4 buffer (50 mM, pH 6.2).


amine would be less basic and more conformationally flexible
than the secondary amine of the wt4-OT.[11] Irreversible inhibition
experiments were carried out either by alkylation of the active
site amine with bromopyruvate[28] or by reductive alkylation of
the amine with acetone and NaBH3CN. In both cases complete,
irreversible inhibition of P1A was achieved. The lack of
decarboxylase activity with the otherwise identical wt4-OT
provides additional support for the role of the N-terminal
primary amine as a key catalytic group in P1A and P1G.
In principle, two different mechanisms could explain the P1A-


and P1G-catalyzed decarboxylation of OAA. Both mechanisms
involve withdrawal of electron density from the carbonyl carbon
atom, which facilitates the subsequent release of CO2. In the first
mechanism, the nucleophilic N-terminal amine of P1A or P1G
attacks the ketone of OAA to form an imine (or iminium). The
decarboxylated product (pyruvate) would then be liberated by
hydrolysis. In the alternative mechanism, activation of the
substrate is achieved by noncovalent polarization of the ketone
through a Lewis acid or hydrogen bonding. The distinction
between these two mechanisms is not trivial since carbonyl
polarization by hydrogen bonding could facilitate nucleophilic
attack by nitrogen. This polarization could be relevant to the
proposed imine mechanism in P1A, since Arg39 is appropriately
positioned to polarize the ketone, as has been proposed in the
tautomerization mechanism.[7] Alternatively, Arg39 could polar-
ize the carbonyl group sufficiently to directly catalyze the
decarboxylation. However, since the wt4-OT did not show any
detectable decarboxylase activity under various reaction con-
ditions, this mechanism is unlikely.
Further support in favor of the involvement of an imine


mechanism in the decarboxylation of oxaloacetate by P1A is
provided by the following experiments. Incubation of P1A with
1 mM oxaloacetate in the presence of NaBH3CN for 15 min at
room temperature followed by HPLC and ESI-MS analyses
indicated that more than 95% of the protein was monoalkylated
(Figure 2). The mass increase of the protein monomer (M�72)
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corresponded to reductive alkylation by one pyruvate molecule
(the product of the decarboxylation reaction). Nevertheless,
incubation of P1A with pyruvate (1 mM) under the same
conditions for 1 h did not produce any reductive alkylation


Figure 2. A) Analytical HPLC chromatogram (C-18 reversed-phase column,
0 ± 60% acetonitrile over 30 min, monitored at 214 nm) of the crude peptide
�N-C3H5O2-P1A. The enzyme P1A (1 mg, 100 �M) was incubated with oxaloacetate
(1 mM) in NaH2PO4 buffer (100 mM, pH 7.4) at 22 �C for 5 min and then the mixture
was treated with NaBH3CN (4 mM) at 27 �C for 10 min. B) ESI-MS analysis of HPLC-
purified P1A. C) ESI-MS of the modified enzyme. The crude protein was not
purified prior to the ESI-MS analysis except for removal of salts by HPLC.


product. Furthermore, pyruvate was found to be a poor inhibitor
of the decarboxylation activity of P1A (inhibition constant (Ki)
�8 mM). These results suggest that the initial decarboxylation
product, the imine of pyruvate (intermediate 7, Scheme 1), is
reduced before its dissociation from P1A. Finally, when the
reductive alkylation experiment with oxaloacetate was carried
out with wt4-OT instead of P1A no reductive amination product
could be detected, even after incubation for more than 1 h.
These results are consistent with the decarboxylase activity of
P1A and P1G, which is not observed with wt4-OT.
To identify the alkylation site of P1A, the alkylated enzyme was


subjected to proteolytic digestion by trypsin. HPLC separation of
the resultant peptide mixture afforded nine well-defined com-
ponents (Figure 3). Analysis of these components by ESI-MS


revealed that each peak corresponded to an individual peptide.
A mass of 1292.5 Da, which corresponds to the modified
N-terminal fragment, N-alkyl-A1 ± R11 (C3H5O2-AIAQIHILEGR)
was found in the HPLC chromatogram with a retention time of


Figure 3. HPLC analysis (C-18 reversed-phase column, 0 ± 60% acetonitrile
over30 min, monitored at 214 nm) of the trypsin digestion mixture of the modified
P1A. The modified P1A enzyme (100 �M) was incubated with trypsin (0.4 �M) in
tris(hydroxymethyl)aminomethane buffer (pH 8.0) at 37 �C, for 3 h. The numbered
fractions were collected and analyzed by ESI-MS in comparison with the
corresponding digestion mixture of the P1A. Fraction (retention time, MW,
peptide): 1 (9.4 min, 890 Da, E22 ± R29), 2 (11.3 min, 631 Da, E17 ± R21) 3 (13.6 min,
mixture of two peptides, 1058 Da, S30 ± R39, and 1172 Da, G48 ± K59), 4 (14.3 min,
886 Da, V41 ± K48), 5 (15.3 min, 1221 Da, A1 ± R11), 6 (15.6 min, 1292.5 Da, �N-
C3H5O2-A1 ± R11), 7 (16.2 min, 2492 Da, �N-C3H5O2-A1 ± R21), 8 (28.1 min, 6839 Da,
�N-C3H5O2-P1A), 9 (28.7 min, 6427 Da, �N-C3H5O2-A1 ± K59).


16.2 min (fraction 6). This fragment was not found in the peptide
mixture that resulted from the proteolytic digestion of the
unmodified P1A, in which the unmodified peptide AIAQIHILEGR
exhibited a different retention time (fraction 5). These results
indicate that a single site on the enzyme has been modified and
that site is located within the first 11 amino acids of the protein.
Peptide mapping for N-alkyl-A1 ± R11 with an MS/MS experiment
strongly supports the assumption that monoalkylation occurred
on the Ala1 residue. The presence of the b ions 456.1, 569.3,
706.30, 819.3, 932.4, and 1061.3 corresponded to N-terminal
fragments beginning with N-alkyl-AIAQ and ending with N-alkyl-
AIAQIHILE. These results determined the modification site within
the first four N-terminal amino acids. Since the possibility that
Gln4 acts as a nucleophile to form an imine intermediate is
highly unlikely,[27] it can be concluded that the alkylation site was
Ala1.
The progress of the reductive alkylation of P1G with


oxaloacetate and NaBH3CN was followed by HPLC and ESI-MS
in order to demonstrate that imine formation and turnover of
the substrate occur at comparable rates. As can be seen from
Figure 4, 50% of the active sites of P1G were reductively
alkylated in 40 s, while the rest of the active sites were alkylated
in the next 150 s. A previous study of the affinity labeling of wt4-
OT with 3-bromopyruvate also exhibited half-site stoichiome-
try.[28] It has been proposed that only half of the active sites are
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Figure 4. Reductive alkylation of P1A in 1 mM oxaloacetate, 4 mM NaBH3CN, and
100 mM NaH2PO4 at pH 7.4 and 22 �C. The percent alkylation was determined from
ESI-MS spectra following quenching and desalting by HPLC.


catalytically active in the 4-OT hexamer.[27, 28] Considering our
observation that the decarboxylation of oxaloacetate takes 50 s
(kcat.� 0.02 s�1) for a single turnover, the 40 s reductive alkylation
suggests that formation of the imine species is kinetically
competent with the overall reaction. When this experiment was
carried out with P1A, 50% of the active site was alkylated within
10 s and these results are in agreement with the 13 s turnover
rate (kcat.�0.08 s�1) with P1A.
An important experiment in the characterization of the imine


mechanism of AAD was the decarboxylation of acetoacetate in
the presence of NaBH3CN to trap the imine intermediate by
reduction.[22] This irreversible inhibition experiment not only
confirmed the imine mechanism but also identified the active
site amine (Lys115) by hydrolysis of the modified protein and
isolation of an �-isopropyl lysine. Two important features of this
reductive alkylation experiment with AAD should be high-
lighted: 1) the intercepted imine intermediate was that of the
decarboxylation product (acetone) rather than the substrate
(acetoacetate) and 2) an independent attempt to reductively
alkylate AAD with acetone and NaBH3CN indicated that acetone
is an inefficient substrate for the alkylation of AAD. Additional
support for the mechanism was provided by incorporation of 18O
into the product, acetone.[22]


These characteristics of ADD are analogous to our 4-OT-based
decarboxylases. Treatment of P1A with oxaloacetate and
NaBH3CN resulted in reductive alkylation of an active site amine.
This amine was shown to be the N-terminal Ala by proteolysis
and MS/MS analysis. As was the case with AAD, the intercepted
imine intermediate was that of the decarboxylation product
(pyruvate) rather than the substrate (oxaloacetate) and pyruvate
does not alkylate P1A in the presence of NaBH3CN. Efforts to
observe pyruvate by mass spectrometry have been unsuccessful,
which has prevented the analysis of 18O labeling. However, in the
case of P1A, we have further demonstrated that reduction of the
imine intermediate and turnover of the substrate occur at


comparable rates. The direct analogy between the character-
ization of AAD and the results obtained for our decarboxylase
catalysts agrees with our proposed imine mechanism.
The kcat./KM value (114 s�1M�1) of our designed decarboxylase


P1A is noteworthy considering the fact that wt4-OTexhibited no
detectable catalytic activity. When compared to catalysis by a
small-molecule amine (ethylamine: k2/KM� 8�10�4 s�1M�1),[29]


P1A has a catalytic proficiency[2] of 1.4�105. In principle, such
catalytic activity might afford sufficient selective advantage to
initiate the optimization process of adaptive evolution.[2] In order
to reach the proficiency of the naturally occurring oxaloacetate
decarboxylase, this primordial enzyme would have to improve
�4500 fold (Table 1) and would require a much more sophis-
ticated sequence of evolutionary events than the single amino
acid change described in this work.


We compared the catalytic parameters of P1A with those
reported for several oxaloacetate decarboxylases that use the
imine mechanism (Table 1). These enzymes include the naturally
occurring enzyme,[30] and representative helical-bundle-forming,
synthetic, catalytic peptides, YLK-18 (YKLLKELLAKLKWLLRKL-
CONH2)[26] and oxaldie 1 (LAKLLKALAKLLKK-CONH2)[25] (Table 1).
As can be seen, both 4-OT mutants are significantly better
catalysts for this reaction than the de novo designed peptides
that employ the imine mechanism. Another relevant catalyst
that utilizes the imine mechanism is the catalytic antibody
38C2.[9] In addition to efficiently catalyzing the aldol, retro-
aldol,[10, 31] and deuterium-exchange reactions,[32] this antibody
was also found to catalyze the decarboxylation of 2-(3�-(4��-
acetamidophenyl)propyl)acetoacetic acid (kcat.� 0.0027 s�1, kcat./
KM�2.9 s�1M�1).[33]


It has been proposed that enzyme evolution can be a
continuum in which a new catalytic mechanism is gained while
the parent activity declines.[2, 34] This is supported by several
recent studies in which elements of a given mechanism could be
altered by small changes in the amino acid sequence.[35±43] In
addition, the functional and structural duality of biopolymers has
been demonstrated with RNA.[44, 45] Since a different catalytic
mechanism has been designed in 4-OT, an interesting conse-
quence of the continuum hypothesis would be that the imine
and acid/base catalytic mechanisms (Scheme 1) are not mutually
exclusive. The previous results reported by Whitman and co-
workers, and further supported by our 18O-labeling experiments,
suggest that the P1A and P1G mutants promote the isomer-
ization reaction of 1 into 3 through an acid/base mechanism
with kcat./KM values approximately 100-fold lower than the wild-


Table 1. Catalytic decarboxylation of oxaloacetate (kun� 2� 10�5 s�1 in
50 mM NaH2PO4 at pH 6.2 and 22 �C). In all cases the kinetic parameters were
determined under the optimal pH value for the individual catalyst.


Catalyst kcat. [s�1] KM [�M] kcat./KM [s�1 M�1]


oxaloacetate decarboxylase 360 670 540000
4-OT (P1A) 0.08 700 114
4-OT (P1G) 0.02 2000 10
YLK-18 0.015 5660 2.7
oxaldie 1 0.0067 14000 0.5
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type enzyme.[17] However, the decarboxyase activity of P1A and
P1G, with the substrate oxaloacetate, is consistent with the
catalytic amine acting initially as a nucleophile, and proceeds
through an imine mechanism. The presence of significant levels
of both decarboxylation and tautomerization activity in P1A and
P1G demonstrates that different catalytic mechanisms can
coexist in the 4-OT active site.


Conclusion


We have shown that a rational change of the catalytic activity
and mechanism of 4-OT can be accomplished by a single
mutation. The wild-type enzyme catalyzes a tautomerization
reaction through a general acid/base mechanism while the P1A
and P1G mutants also catalyze the decarboxylation of oxalo-
acetate by a nucleophilic mechanism. Interestingly, these
mutants are bifunctional–they catalyze two different reactions
by unique mechanisms that use the same catalytic group. Taking
a cue from nature, a new synthetic family of nucleophilic
catalysts could be generated on the basis of the 4-OT scaffold
through selection methods and rational engineering. In addition,
since 4-OT is amenable to chemical synthesis, a variety of
unnatural amino acids can be incorporated into this scaffold.
These enzymes could catalyze aldol, retroaldol, Michael addition,
alkylation, and other carbonyl transformation reactions. Work
along these lines is currently underway in our laboratories.


Experimental Section


Kinetic experiments based on UV measurements were carried out
with a Varian-CARY 100Bio spectrometer using microcuvettes (1 cm
optical path, 80-�L capacity). CD experiments were carried out with a
AVIV 202SF spectrometer using microcuvettes (1 cm optical path,
500-�L capacity). Buffers for the kinetic measurements were freshly
prepared with deionized water. NaH2PO4 and Na2HPO4 were
purchased from Fisher Biotech (IN). All Boc-protected amino acids
were obtained from Midwest BioTech (Fisher, IN). 2-(H-benzotriazole-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate and N,N-di-
isopropylethylamine (DIEA) were obtained from Quantum Biotech-
nologies (Montreal, CA). Oxaloacetate was purchased from Acros
Organics. N,N-Dimethylformamide (DMF) and HPLC-grade acetoni-
trile were purchased from Fischer. Trifluoroacetic acid was obtained
from Halocarbon (Hackensack, NJ). HF was purchased from Mathe-
son (Cucamonga, CA).


Synthesis of 4-OT and mutants : The polypeptide chain of the
62 amino acid monomeric unit of the wt4-OT was synthesized
manually on a 0.4-mmol scale by using 11-fold excess of Boc-
protected amino acids following the in situ neutralization protocols
for Boc chemistry, as described earlier.[19] After polypeptide assembly
was completed, histidine(dinitrophenyl) groups were removed by
treatment of the Boc±peptide ± resin with a solution of 20%
2-mercaptoethanol and 5% DIEA in DMF. The cleavage of the side-
chain-protected group, simultaneously with the cleavage of the
peptide from the resin, were achieved by treatment of the dry
peptide ± resin with HF containing 4% p-cresol for 1 h at 0 �C. The
crude peptide product was precipitated and washed with cold
anhydrous diethyl ether, dissolved in 6M guanidine hydrochloride
(pH 2±3) and directly purified by preparative C-18 reversed-phase
column. Similarly to previous reports, the synthetic yields were


�10%. For the synthesis of P1A and P1G, Boc-Ala and Boc-Gly were
substituted for Boc-Pro in the final coupling. For all proteins, Met45
was replaced with norleucine to eliminate the possibility of oxidizing
the enzyme during sample handling.[20]


Kinetic studies of oxaloacetate decarboxylation : The protein
samples were freshly folded before each kinetic experiment by
dissolving the protein (0.4 mg) in NaH2PO4 buffer (1.2 mL, 50 mM,


pH 7.4). After 2 ± 3 h at 22 �C the precipitate was removed by
centrifugation and the protein concentration was determined from
the difference in absorbance at 215 and 225 nm multiplied by a
factor of 144.[46] Each kinetic experiment was carried out in NaH2PO4


buffer (50 mM, pH 5.8 ± 8.0) with a constant concentration of the
protein (1.5 ± 5 �M) and a series of oxaloacetate concentrations (0 ±
3 mM). The progress of the reaction was monitored by following the
decrease of the 265 nm absorption (representing the enol form of
oxaloacetate).[47] The kinetic parameters (kcat. and KM) were calculated
from the initial rates by using a nonlinear fit to the Michaelis ±
Menten model.


Kinetic studies of the isomerization of 1 into 3 : As described
previously[6] the rate of formation of 3 was monitored at 236 nm for
10 different substrate concentrations ranging from 20 to 160 �M. The
kinetic parameters (kcat. and KM) were calculated from nonlinear
regression data analysis.


Inhibition studies : The catalytic activity of P1A was irreversibly
inhibited with bromopyruvic acid, which is known to alkylate primary
and secondary amines in enzyme active sites, as has already been
reported for wt4-OT.[28] In a typical experiment, the enzyme (8 �M)
was incubated at 38 �C for 4 h in NaH2PO4 buffer (50 mM, pH 6.5) with
bromopyruvate (500 �M). The protein was then dialyzed seven times
before being examined as a catalyst in the decarboxylation reaction
of oxaloacetate (1.75 mM) at 22 �C and pH 6.5. No catalysis above
background activity could be detected with the modified enzyme.


Another irreversible inhibition experiment was carried out by
reductive alkylation with acetone and NaBH3CN. The enzyme P1A
(10 �M) was incubated at 22 �C for 2 h in NaH2PO4 buffer (50 mM,
pH 7.0) with acetone (5%), and then the mixture was treated with
NaBH3CN (10 mM) at 38 �C for 1 h. The protein was dialyzed seven
times before being examined as a catalyst in the decarboxylation
reaction of oxaloacetate (1.55 mM) at 22 �C and pH 7.0. No catalysis
above background activity could be detected with the modified
enzyme.


Reductive amination : To check for imine formation with oxaloace-
tate, the enzyme P1A (1 mg, 100 �M) was incubated with oxaloace-
tate (1 mM) in NaH2PO4 buffer (100 mM, pH 7.4) at 22 �C for 5 min and
then the mixture was treated with NaBH3CN (4 mM) at 27 �C for
10 min. The reaction was immediately analyzed by HPLC (C18
reversed-phase, 0 ± 60% acetonitrile over 30 min, monitored at
214 nm) and showed a single peak (Figure 2). Analysis of the
entire peak by ESI-MS showed a homogenous product corre-
sponding to a single modification of the protein.


The reductive amination rates with P1G were determined by
quenching individual reactions at multiple time points with excess
trifluoroacetic acid (0.1% solution, pH 2). The samples were desalted
by HPLC and analyzed by ESI-MS. The mass spectrum in the range
m/z 500 ±2000 was reconstructed to a single charge state (MacSpec,
Perkin Elmer) and the relative intensities of the peaks related to the
unmodified (6754 Da) and modified (6826 Da) proteins were record-
ed (Figure 4).


Trypsin cleavage : The purified �N-C3H5O2-P1A (100 �M) was incu-
bated with trypsin (0.4 �M in tris(hydroxymethyl)aminomethane
buffer, pH 8.0) at 37 �C. After 3 h, analytical HPLC (0 ± 60% acetonitrile
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over 30 min) showed that 90% of the �N-C3H5O2-P1A was cleaved,
resulting in 9 well-defined peaks (Figure 3). The fractions were
collected and analyzed by ESI-MS in comparison with the corre-
sponding digestion mixture of P1A. For details (fraction, retention
time, MW, peptide), see the legend of Figure 3. Fraction 6 (16.2 min,
1292.5 Da, �N-C3H5O2-AIAQIHILEGR) was concentrated to dryness
under vacuum and dissolved in methanol/water for MS/MS analysis.


Tandem mass spectrometry analysis : Fraction 6 (�N-C3H5O2-AIAQI-
HILEGR) was further analyzed by tandem mass spectrometry
mapping on a Thermoquest/Finnigan LCQDeca Ion-Trp mass spec-
trometer with a standard electrospray ionization source. The parent
ion (m/z 1292.5 Da) was isolated and fragmented at a normalized
collision energy of 35%. Activation Q and activation time were set at
standard values (0.25 and 30 msec, respectively). The fragments that
were observed at 456.1, 569.3, 706.30, 819.3, 932.4, and 1061.3 Da
correspond to the b-ions of the parent peptide.
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Combinatorial Synthesis of New Cationic Lipids
and High-Throughput Screening of Their
Transfection Properties
Karl Lenssen,[b] Peter Jantscheff,[a] G¸nter von Kiedrowski,[b] and Ulrich Massing*[a]


Here we describe the first synthesis ± screening approach for the
identification and optimization of new cationic lipids for gene
transfer in various cell lines. Combinatorial solid-phase chemistry
was used to synthesize a library of new cationic lipids based on
3-methylamino-1,2-dihydroxypropane as the polar, cationic lipid
part. As the nonpolar lipid part, different hydrocarbon chains were
bound to the amino group of the scaffold and the amino group
was further methylated to afford constantly cationic lipids. Lipids
were synthesized in both configurations and as racemates, and the
counter ions were also varied. By using a fully automated
transfection screening method and COS-7 cells, the cationic lipid
N,N-ditetradecyl-N-methyl-amino-2,3-propanediol (KL-1-14) was
identified as a candidate lipid for the development of an improved
transfection reagent. Screening the transfection properties of KL-1-
14 in numerous combinations with the helper lipids dioleoylphos-
phatidylethanolamine (DOPE) and cholesterol (Chol) revealed that
Chol is the most suitable helper lipid and the best KL-1-14/Chol


ratio is 0.5 ± 0.7. Compared to the standard transfection lipid N-[1-
(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulfate
(DOTAP), transfection efficiency was improved by a factor of about
40. Furthermore, by using R- and S-configured KL-1-14, it could be
shown that the configuration of the lipids had no significant
influence on its transfection efficiency. The highest transfection
efficiencies were achieved with chloride as the counter ion. The new
lipofection reagent was further tested to transfect the cell lines
MDA-MB-468, MCF-7, MDCK-C7, and primary dentritic cells (DC),
which are important for the development of new anticancer gene
therapy strategies. Even in these cells, KL-1-14/Chol (1:0.6) had
improved transfection efficiencies, which were about two to four
times higher than for DOTAP.


KEYWORDS:


cationic lipids ¥ combinatorial chemistry ¥ high-throughput
screening ¥ lipofection ¥ solid-phase synthesis


Introduction


Gene therapy is a promising strategy for treating acquired or
inherited genetic diseases such as cancer or cystic fibrosis[1] and
was first suggested in the 1970s.[2] However, despite more than
600 gene therapy studies that have been performed during the
last decade,[3] very little or no success (in terms of curing
patients) has been reported.
The fundamental hurdle in the transfer of gene therapy from


the experimental stage to clinical practice is the development of
vectors to deliver genetic material (therapeutic genes) to the
appropriate cells in a specific, efficient, and safe manner. This
problem of ™drug delivery∫, in which the drug is a gene, is
particularly challenging for genes which are large and complex
and which require targeting to the nuclei of cells. Most of the
vectors currently in use for clinical gene therapy trials are based
on attenuated or modified versions of viruses.[4] Although
efficient, there are serious safety problems associated with viral
vectors including possible activation of the patients immune
system, risk of infection with traces of the wild type virus, or
insertion mutagenesis.[5] These risks were dramatically under-
scored by the death of an 18-year-old man in an adenovirus-
based gene therapy study in 1999.[6]


A promising alternative to viral gene transfer is gene transfer
mediated by cationic lipids (lipofection).[7] Cationic lipids have


the advantage of directly interacting with the polyanion DNA,
thereby forming lipid ±DNA complexes. These mostly positively
charged complexes, or lipoplexes, are supposed to bind to and
be endocytosed by (negatively charged) cells.[8] The transferred
genetic material (DNA, RNA, or oligonucleotides) then has to
escape lysosomal degradation and to enter the nucleus to reach
its target.[9] Lipofection has some advantages over viral trans-
fection in that there is no restriction on the size of the
therapeutic gene and no risk of immunogenicity or infection.[10]


Thus, lipofection in vivo can be principally performed several
times.[11] Furthermore, cationic lipids can be synthesized in large
quantities with relatively little effort. However, in contrast to viral
gene transfer, the efficiency of lipofection is still poor,[12] and the
mechanism of lipofection is only partly understood. Nonetheless,
due to the superior safety profile of cationic lipids and for
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manufacturing reasons, 13% of all gene therapy studies
performed so far have been based on lipofection.[3]


Despite several different cationic lipids that have been
synthesized and tested for transfection purposes,[13] only
a few systematic structure ± activity (transfection effi-
ciency) relationship studies have been performed.[14]


However, a general structure ± transfection-efficiency
relationship for cationic lipids could not be drawn from
these studies. One reason for the difficulties in linking the
chemical structure of cationic lipids with their trans-
fection efficiency is that the structure is not directly
responsible for the transfection behavior. Transfection
efficiency depends predominantly on the biophysical
characteristics of the cationic lipid aggregate (for
example, liposomes, lipoplexes), which are only in part
dependent on the chemical structure of the lipids. In a
previous study with analogues of the transfection lipid N-
[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium
methyl sulfate (DOTAP)[15] which differ in their nonpolar
hydrocarbon chains, it could be shown that the trans-
fection efficiency strongly depended on the biophysical proper-
ties of the resulting liposomes and lipoplexes.[16] Minimal
alterations of biophysical properties by using lipids with different
hydrocarbon chains or by mixing the lipid with different helper
lipids could completely allow or prevent transfection. Prediction
of transfection properties from the lipid structure was not
possible.
Thus, to optimize lipofection, a synthesis ± screening approach


was performed. The approach described here comprises syn-
thesis of systematically modified cationic lipids by solid-phase
combinatorial chemistry, and subsequent testing of the novel
lipids for their transfection behavior towards various target cells
in a high-throughput screening (HTS).[17] The goal was to identify
promising new transfection lipids and, in further steps, to
develop optimized lipofection protocols for different cell types.


Results and Discussion


Chemistry


The aim of the synthetic part of the project was the development
of a suitable technology for the multiple and combinatorial
solid-phase synthesis of new cationic (transfection) lipids. The
developed strategy was based on the utilization of 4-methoxy-
trityl chloride resin. To gain access to a large number of
compounds, only commercially available building blocks were
used. Protecting groups were omitted if possible. Our synthetic
strategy resulted in a new class of cationic lipids 6 (Scheme 1).
The structure is based on 3-methylamino-1,2-dihydroxypropane
as the polar, cationic lipid part. Different hydrocarbon chains are
bound to the amino group of this scaffold to form the nonpolar
lipid part. The amino group is further methylated to get a
constantly cationic lipid. This synthetic strategy allows us to
synthesize the new lipids in different configurations and with
different counter ions.
The general synthetic route for the preparation of the cationic


lipid 6 is outlined in Scheme 1. The synthesis started with the


immobilization of (R)-2,3-epoxy-1-propanol (2) on the 4-meth-
oxytrityl chloride resin 1.[18] Reaction of the epoxide 3 with a
long-chained amine yielded the polymer-bound secondary
amine 4, with was converted into the tertiary amine 5 by
reductive amination.[19] Quaternization of the tertiary amine with
methyl iodide,[20] and cleavage from the solid phase gave the
cationic lipid 6, which was further purified by preparative HPLC.
Each step of the synthesis could be monitored by means of high-
resolution magic angle spinning NMR (HRMAS-NMR) spectros-
copy. Lipids with different alkyl chain length, chirality, and
counter ions were prepared by this synthetic route (see Table 1).
Larger amounts of racemic lipid KL-1-14 containing two
tetradecyl hydrocarbon chains were synthesized by alkylation
of 3-methylamino-1,2-propanediol with 1-bromotetradecane.


Screening/lipofection studies


For a broad and reproducible testing of the transfection
properties of the new systematically varied cationic lipids, we
recently developed a fully automated high-throughput system.
This system, which comprises the entire lipofection process from
liposome formation to reporter gene assay, allows the identi-


Table 1. Cationic lipid library of N,N-dialkyl-N-methyl-amino-2,3-propane-
diols with alkyl groups of different length.[a]


Name R1 R2 Name R1 R2


KL-1-1 C10 C8 KL-1-9 C16 C10


KL-1-2 C12 C8 KL-1-10 C18 C10


KL-1-3 C14 C8 KL-1-11 C12 C12


KL-1-4 C16 C8 KL-1-13 C18 C12


KL-1-5 C18 C8 KL-1-14 C14 C14


KL-1-6 C10 C10 KL-1-15 C14 C16


KL-1-7 C10 C12 KL-1-16 C18 C14


KL-1-8 C10 C14 KL-1-17 C16 C12


[a] All lipids were synthesized in the R or S configuration or as a racemate.
Chloride, sulfate, methylsulfate, and acetate were used as counter ions. For
R1 and R2, see Figure 1.


Scheme 1. Combinatorial solid-phase synthesis of N,N-dialkyl-N-methyl-amino-2,3-pro-
panediol with alkyl groups of different length. THF� tetrahydrofuran, DMF�N,N-
dimethylformamide, TFA� trifluoroacetic acid.
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fication of candidate cationic lipids and the development of
suitable lipofection reagents and protocols based on those
lipids. Automation of this process was necessary, because
manually testing the various cationic lipids or lipid mixtures
was extremely labor-intensive and high reproducibility could
otherwise not be guaranteed.


Screening the combinatorial lipid library for lipofection
properties : The goal of this first step was to find the cationic


lipid with the best hydrocarbon chain composition for the
development of suitable lipofection reagents and protocols. All
the R-configured lipids with different hydrocarbon chains (lipids
KL-1-1 to KL-1-17, Table 1) and with chloride as the counter ion
were tested by using a standard protocol : from each lipid, eight
different lipoplexes containing equimolar amounts of the helper
lipid dioleoylphosphatidylethanolamine (DOPE) were formed by
using eight different DNA/lipid charge ratios from 1:1 to 1:15,
resulting in a lipofection profile for each lipid (Figure 1). The COS-


Figure 1. Lipofection results (lipofection profiles) of lipoplexes from the R-configured cationic lipids KL-1-1 to
KL-1-17 (Table 1) in a mixture with equimolar amounts of DOPE (counter ion: chloride) and the pCMVluc
plasmid. Each bar represents the mean (� standard deviation) of three wells of a 96-well microtiter plate. The
x axis (left) represents the transfection efficiencies expressed in relative luciferase units (RLU) [lu�g�1protein] .
The x axis (right) represents the viability of the cells compared to untreated control cells. The y axis represents
the different cationic lipid/plasmid-DNA charge ratios (1 ± 15).
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7 cell line was used for this first lipofection study, since
COS-7 is easy to transfect and differences between the
lipids are easy to identify. For comparison, the trans-
fection efficiency of the well-known cationic lipid
DOTAP at its best lipid/DNA charge ratio of 2.5 was
also determined in each run.
All new lipids had high transfection efficiencies


ranging from about 11000 ±170000 lu�g�1 protein,
which corresponds to 250 ±3860% of the DOTAP
values. The transfection efficiencies strongly depended
on the hydrocarbon chains of the lipids. In general,
increasing the overall length of the hydrocarbon chains
resulted in higher transfection efficiencies. An overall
length of at least 28 CH units seems to be necessary for
transfection efficiencies tenfold higher than those of
DOTAP. But, the combination of the hydrocarbon
chains also seems important. Of the lipids 10, 14, and
17, which all have a total of 28 CH units, the most
effective was lipid 14 which bears two C14 hydrocarbon
chains.
The transfection profiles of the most effective lipids


of this group are similar and have a peak (highest
transfection efficiency) for lipid/DNA ratios of two to five. For the
most effective lipids, the viability of the cells at maximum
transfection efficiency usually decreased to roughly 50%. An
exception is the lipid 14, which has the highest transfection
efficiency as well as only a minor toxicity of about 70% viability.
We therefore chose lipid 14 for the further development of a
versatile transfection reagent.


Influence of helper lipids on transfection efficiencies : The
previous screening experiments were performed with lipoplexes
containing equimolar amounts of the helper lipid DOPE. Here,
the influence of different ratios of the helper lipids DOPE and
cholesterol (Chol) on transfection efficiency of KL-1-14 were
tested. The transfection behavior of KL-1-14 without any helper
lipid was also tested.
Transfection efficiency of KL-1-14 without helper lipids was


very low and reached only about twice the transfection
efficiency that was found for the standard lipid DOTAP.
Independent of the amount of DOPE incorporated into the
lipoplexes (ratios of DOPE/KL1-14: 0.3, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0,
and 1.2), transfection behaviors (maximum transfection efficien-
cies and transfection profiles) of all mixtures were similar and
comparable to the profile of KL-1-14/DOPE (1:1) as shown in
Figure 1 (individual data for all mixtures are not shown).
Using Chol as the helper lipid for KL-1-14, the transfection


efficiencies were no longer similar for the different Chol/KL-1-14
ratios (Figure 2). The highest transfection efficiencies were found
for Chol/KL-1-14 ratios of 0.5 ± 0.7. Higher or lower ratios led to
lower transfection efficiencies, which were similar to those of the
KL-1-14/DOPE mixtures. The toxicity of all mixtures was similar
and moderate (about 70% survival at maximum transfection
efficiency, data not shown).


Influence of the configuration, methylation, and the counter
ion of KL-1-14 on transfection efficiency : We compared the


transfection efficiency and toxicity of KL-1-14 synthesized in the
R and S configurations (with 0.6 mol% Chol as the helper lipid
(see above)). The transfection efficiencies for both lipids were
statistically similar. Thus, for further experiments, KL-1-14 was
synthesized as the racemate.
Methylation of KL-1-14 was an important prerequisite for its


transfection properties. A KL-1-14 analogue that was not
methylated did not transfect at all. It could be assumed that
the nonmethylated KL-1-14 was not sufficiently protonated at
physiological pH values so that the formation of a bilayer
structure from these lipids was not possible. As previously
shown for DOTAP analogues, formation of a lipid bilayer is an
important prerequisite for a cationic lipid to be a transfection
lipid.[16, 21]


We further investigated the influence of four different counter
ions on the transfection behavior of KL-1-14 (methylsulfate,
sulfate, chloride, and acetate). As shown in Figure 3, the use of
chloride as counter ion resulted in the highest transfection
efficiency. With methylsulfate or sulfate as the counter ion,
transfection efficiency was reduced to 70 ±73% of the values
found for chloride. Use of acetate as the counter ion led to the
lowest transfection efficiency, which was only 57% of the
chloride values.


Transfection properties toward different cell lines : For testing
the transfection properties of KL-1-14 toward the mamma
carcinoma cell lines MDA-MB-468 and MCF-7, the polarized cell
line MDCK-C7, and the primary dentritic cells, KL-1-14 was used in
its racemic form with chloride as the counter ion and as a
mixture with 60 mol% Chol. The transfection efficiencies were
generally lower relative to those found for COS-7 cells (see
above) as shown in Table 2. For the mamma carcinoma cell lines
MDA-MB-468 and MCF-7, transfection efficiencies were reduced
by a factor of about 10, for the MDCK-C7-cells by a factor of
about 80, and for the dentritic cells by a factor of about 500.


Figure 2. Maximum lipofection efficiencies in RLU [lu�g�1 protein] of the most effective
lipoplexes of R-configured KL-1-14 in a mixture with Chol in different Chol/KL-1-14 ratios (0.3 ±
1.2; counter ion: chloride) and the pCMVluc plasmid (charge ratio: seven or nine). Each bar
represents the mean (� standard deviation) of three wells of a 96-well microtiter plate.
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Nevertheless, the transfection efficiencies found for KL-1-14/Chol
(1:0.6) were generally higher than with DOTAP. For the mamma
carcinoma cell lines, transfection efficiencies with KL-1-14/Chol
(1:0.6) were four times higher than with DOTAP. For MDCK-C7
and dentritic cells, the increase was 1.3 ± 2.5-fold. We also tested
KL-1-14 as an equimolar mixture with DOPE for its transfection
efficiencies toward the mamma carcinoma cell lines and the
dentritic cells. Again, transfection efficiencies were greatly
reduced even for the KL-1-14/DOPE mixture and were similar
to the values found for KL-1-14/Chol (1:0.6).


Conclusion


Improving and easing the process of transfection is the key to
establishing gene therapy in clinical practice. Today, compared
to viral transfection techniques, lipofection is less effective, but


has strong advantages concerning safety aspects, versatility, and
manufacturing aspects. To become a routinely used method,
lipofection has to be improved.
This study describes the first synthesis ± screening approach


for the identification and optimization of new cationic lipids for
gene transfer in various cell lines. For the first time, combinatorial
solid-phase chemistry was used to synthesize a library of new
cationic lipids, differing in their nonpolar lipid part, configura-
tion, and counter ions.
From the combinatorial cationic lipid library, the lipid N,N-


ditetradecyl-N-methyl-amino-2,3-propanediol (KL-1-14) was
identified by systematic screening as a suitable lipid for the
development of a new transfection reagent. Continuing system-
atic investigations of the transfection conditions revealed that
Chol is a suitable helper lipid, and that the best KL-1-14/Chol
ratio is 0.5 ± 0.7. Furthermore, it could be shown that the


Figure 3. Lipofection results (lipofection profiles) of lipoplexes from the racemic KL-1-14 in a mixture with Chol (ratio 0.7) with different counter ions (MeSul�
methylsulfate, SO4� sulfate, Cl� chloride, Ac� acetate) and the pCMVluc plasmid. Each bar represents the mean (� standard deviation) of three wells of a 96-well
microtiter plate.


Table 2. Transfection efficiencies of KL-1-14 in a mixture with Chol (ratio: 0.7) or DOPE (ratio : 1.0) toward the mamma carcinoma cell lines MDA-MB-468 and MCF-7,
the polarized cell line MDCK-C7, and the primary dentritic cells.[a]


Lipofection reagent Mamma carcinoma cells Polarized cells Primary cells
MDA-MB-468 MCF-7 MDCK-C7 DC (5 days)


KL-1 ± 14/Chol 19640� 8725 (n� 6), 424%[b] 19985�19295 (n� 5), 393%[b] 2490� 175 (n�3), 187%[b] 395� 135 (n� 3), 134%[b]


KL-1-14/DOPE 17515� 5760 (n� 5), 378%[b] 9250� 1865 (n�5), 182%[b] ± 410� 115 (n�3), 139%[b]


DOTAP 4630� 910 (n� 9) 5085� 3005 (n�7) 1330� 165 (n�3) 295� 160 (n� 3)


[a] Transfection efficiencies of the KL-1-14 lipoplexes were compared to the transfection efficiency achieved with the standard transfection lipid DOTAP. Results
were given in RLU [lu�g�1protein] and, for easier comparison, standardized on the lipofection efficiency of DOTAP-lipoplexes which was set to 100%.
[b] Compared to the respective DOTAP value.
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configuration of the lipids has no influence on the transfection
efficiency and that use of chloride as the counter ion led to the
highest transfection efficiencies.
By using this new transfection reagent, we compared its


transfection behavior toward various cells, which are important
for the development of new gene therapy strategies. It could
be demonstrated that even in these cell types KL-1-14/Chol
(1:0.6) had improved transfection efficiencies, which were 1.3 ±
8 times higher than those with the well-known cationic lipid
DOTAP.
The synthesis ± screening approach presented in this study is a


powerful tool to identify promising cationic transfection lipids
and to optimize the transfection protocol for individual cell lines.
Thus, this method might also be useful for the identification of
optimal transfection reagents for therapeutic gene transfer.
Further studies with additional cell systems and new lipid
libraries might contribute to transfer gene therapy from an
experimental stage to a widely used clinical standard.


Experimental Section


General : THF was distilled over sodium prior to use. CH2Cl2 and DMF
were distilled over CaH2. 4-Methoxytrityl chloride resin was pur-
chased from Advanced Chemtech. All other chemicals were of the
highest commercial purity and purchased from Sigma, Fluka, or
Acros. 1H HRMAS-NMR spectra (600 MHz) were recorded on a
Bruker DRX-600 instrument in CDCl3. The identities of the products
were verified by MALDI-TOF mass spectrometry (2,5-dihydroxyben-
zoic acid (DHB) as matrix) and 1H NMR spectroscopy (400 MHz). Lipid
libraries were synthesized by a SYRO II parallel synthesizer. Prepara-
tive HPLC purification was performed on a Shimadzu LC-8A
chromatograph, equipped with an evaporative light scattering
detector (column material : Kromasil 5 NH2; CHCl3/MeOH (95:5)).


General synthetic route for the preparation of N,N-dialkyl-N-
methyl-amino-2,3-propanediols :


As an example, the synthesis is described for the lipid KL-1-17
containing a C16 and a C12 hydrocarbon chain (Table 1).


Immobilization reaction : A solution of (R)-2,3-epoxy-1-propanol (2 ;
65 mg) and N,N-diisopropylethylamine (135 mg) in anhydrous THF
(4 mL) was added to 4-methoxytrityl chloride resin 1 (50 mg,
0.085 mmol). After stirring the suspension for 48 h, the resin was
filtered, washed several times with CH2Cl2/methanol/N,N-diisopro-
pylethylamine (17:2:1), THF, and CH2Cl2 , and dried in vacuo. 1H
HRMAS-NMR (600 MHz, CDCl3): �� 2.5 (s; CHOCHH), 2.7 (s; HOCHH),
3.0 (s ; CH2CHO), 3.3 (s ; CHOCHH) 3.4 (s; HOCHH), 3.7 (s ; OCH3) ppm.


Synthesis of secondary amine 4 : The resin-bound epoxide 3 was
suspended in absolute ethanol (4 mL). Hexadecyl amine (210 mg;
dodecyl, tetradecyl, and octadecyl amine were also used) was added,
and the reaction mixture was heated to 65 �C for 12 h. The resin was
filtered, washed several times with ethanol, THF, and CH2Cl2 , and
dried in vacuo. 1H HRMAS-NMR (600 MHz, CDCl3): �� 0.9 (s; CH3), 1.3
(s; CH2), 3.6 (s ; OCH2, CHO, CH2N), 3.7 (s ; OCH3) ppm.


Synthesis of tertiary amine 5 : The intermediate resin 4 and sodium
triacetoxyborohydride (185 mg) were suspended in anhydrous
CH2Cl2 . Dodecanal (160 mg; octanal, decanal, and tetradecanal were
also used) was added and the reaction mixture was stirred for 3 h.
The resin was filtered, washed with methanol and CH2Cl2, and dried


in vacuo. 1H HRMAS-NMR (600 MHz, CDCl3): ��0.9 (s ; CH3), 1.3 (s ;
CH2), 3.6 (s ; OCH2, CHO, CH2N), 3.7 (s; OCH3) ppm.


Quaternization of tertiary amine 5 : The resin-bound tertiary amine
5 was suspended in anhydrous DMF. Methyl iodide (120 mg) was
added and the mixture was stirred for 12 h. The resin was then
filtered, washed with DMF and dichloromethane, and dried in vacuo.
1H HRMAS-NMR (600 MHz, CDCl3): �� 0.9 (s; CH3), 1.3 (s; CH2), 3.6 (s ;
OCH2, CHO, CH2N), 3.7 (s ; OCH3) ppm.


Cleavage of lipid 6 from the resin : Resin-bound lipid 6was stirred in
a 5% solution of trifluoroacetic acid in dichloromethane. The resin
was filtered and washed several times with CHCl3/CH3OH (4:1). The
solutions were combined and evaporated under reduced pressure,
and the product was purified by preparative HPLC. 1H NMR
(400 MHz, CDCl3): �� 0.8 (t, 6H, J�6.5 Hz; CH3), 1.2 (br s, 52H;
CH2), 3.2 (s, 3H; N��CH3), 3.3 (m, 2H; NCH2), 3.4 (m, 2H; CH2O), 3.6 (m,
1H; CHO) ppm; MS (MALDI-TOF, DAB): m/z : 498.9 [M]� . Generally,
yields were in the region of 75 ± 85%.


Exchange of counter ions (for example, acetate, chloride, sulfate, or
methylsulfate) was achieved by subsequent extraction of a solution
of the respective lipid in CHCl3/MeOH (4:1) with a saturated aqueous
solution of sodium acetate, sodium chloride, sodium sulfate, or
sodium methylsulfate.


Transfection studies:


Cell culture : Mamma CA cell lines MDA-MB468 (American Type
Culture Collection (ATCC) HTB-132) and MCF7 (ATCC MTB-22), canine
normal kidney epithelial cell line MDCK (NBL-2; ATCC CCL-34), and
SV40-transformed African-green-monkey kidney cell line COS-7
(ATCC CRL-1651) were routinely passaged in Dulbecco's modified
Eagle's medium (DMEM) and minimum essential mediumwith Earle's
salts (EMEM; both from GIBCO BRL, Karlsruhe, Germany) supple-
mented with 1% L-glutamin solution (100� ), 1% penicillin/strepto-
mycin solution (100� ) (GIBCO BRL, Karlsruhe, Germany), and 10%
fetal calf serum (FCS; BioWhittaker, Verviers, Belgium) at 37 �C with
5% CO2 in a humidified atmosphere. For the screening, cells were
maintained in 96-well culture plates (Greiner, Frickenhausen, Ger-
many) in EMEM or DMEM/10% FCS/1% penicillin/streptomycin
(200 �L) in a humidified atmosphere at 37 �C with 5% CO2. The cells
were seeded 24 h prior to transfection into the microtiter plate at
5000 ±10000 cells per well to reach a confluence of 50% at the time
of transfection.


Dentritic cells : Dendritic cells (DC) were derived from highly purified
circulating CD14(�) monocytes. In a first step, peripheral blood
mononuclear leukocytes (PBL) were isolated by Ficoll ± Paque
(Pharmacia Biotech AB, Uppsala, Sweden) density centrifugation
from the blood of healthy control persons. The following immuno-
magnetic purification of the monocytes from PBL was performed by
using CD14 Microbeads and MiniMACS high-gradient magnetic
separation columns (Miltenyi Biotech, Bergisch Gladbach, Germany)
according to manufacturer's instructions. Isolated monocytes (5�
105 mL�1) were cultured in RPMI-1460 (Gibco BRL, Karlsruhe,
Germany) medium supplemented with 10% human recombinant
GM-CSF (0.05 �gmL�1) and IL-4 (0.025 �gmL�1; PromoCell, Heidel-
berg, Germany) in six-well plates. Aliquots of the cells were
reanalyzed by fluorescence activated cell sorter (FACS) with anti-
CD14 monoclonal antibodies (mAbs; Pharmingen, San Diego, CA).
After 5 ± 6 days, nonadherent cells were collected and the purity of
DCs was determined by FACS analysis with a FACSort flow cytometer
(Becton Dickinson, Mountain View, CA) and the CellQuest software
for data processing as recently described elsewhere.[22] For this FACS
analysis, HLA class I (clone W6/32), HLA-DR (clone HB55; Dr. G.
DeLibero, Basel, Switzerland), CD1a, CD3, CD11c, CD14, CD54, CD80,
CD83, and CD86 specific mAbs (Pharmingen, San Diego, CA), and
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R-PE-goat anti-mouse immunoglobulin (Ig; Southern Biotechnology
Associates, Inc. , Birmingham, AL) were used. Binding specificity was
determined by using IgG1 (MOPC-21), IgG2a (UPC-10), or IgG2b
(MOPC-141) isotype control mAbs (Sigma-Aldrich Chemie, Buchs,
Switzerland).


Transfection vector: Vector pEGFPLuc (BD Biosciences Clontech,
Palo Alto, CA) is a commercially available reporter vector encoding a
fusion protein of green fluorescent protein (GFP) and luciferase (Luc).
All information is available at the Clontech homepage (http://
www.clontech.com/techinfo/vectors/vectorsE/pEGFPLuc.shtml).


Determination of the transfection properties : Determination of the
transfection behavior of the new lipids was performed by using an
automated assay system as described in detail by Regelin et al.[17] In
brief, the method consists of two parts: 1) the preparation of
liposomes and formation of lipoplexes from the different lipids, and
2) cell transfection and determination of transfection properties.


1. Pretransfection assays: Cationic lipids in organic solvents were
transferred into glass test tubes. The organic solvents were removed
under a stream of nitrogen to create a thin lipid film on the surface of
the glass tube. 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic
acid (HEPES) buffer (20 mM plus 130 mM NaCl, pH 7.4) was added
and the tubes were transported into a water bath sonicator in which
a dispersion of small cationic liposomes is formed. The liposomal
dispersions are distributed to the 96 wells of a deep-well plate, and
reporter plasmid DNA is added to allow formation (1 h) of the lipid/
DNA complexes (lipoplexes). For the subsequent quantification of
transfection efficiency (part 2), a reporter plasmid carrying the firefly
luciferase gene under the control of the CMV promoter is used to
form lipoplexes.


2. Transfection assays: After lipoplex formation, the robot took the
cell culture microtiter plates from the incubator and removed the lid
from the plates. Immediately prior to transfection, culture medium
(100 �L) was carefully removed from each well by the robot and
lipoplex dispersions (90 �L) were dispensed into the wells (tripli-
cates). The FCS concentration during transfection was therefore
5.3%. The lids were replaced and the microtiter plates (MTP) were
returned to the incubator. After 4 h, the cells were automatically
retrieved, the cell monolayers were carefully washed by using the
special drop mode of the plate washer, fresh medium was added,
and the cells were incubated for a further 42 h before harvesting. The
MTP containing the cells were transported to the robot, the medium
was removed, and the cells were washed by using the drip mode of
the microplate washer and then lysed. Cell lysates were diluted and
aliquots were transferred to white microplates for the luciferase
activity assay and transparent plates for the bicinchoninic acid (BCA)
protein assay (Interchim, Montlucon, France). Assay-specific stand-
ards and controls were added to the microplates, and luciferase
activity and protein content of the lysates were measured. Trans-
fection efficiencies were calculated by dividing luciferase activity by
protein content. Dividing protein content of transfected cells by
protein content of nontransfected control cells resulted in a relative
measure of cytotoxicity.
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Selection of Small-Molecule Mediators of the
RNA Regulation of PKR, the RNA-Dependent
Protein Kinase
Coby B. Carlson, Richard J. Spanggord, and Peter A. Beal*[a]


The RNA-dependent protein kinase (PKR) is a component of the
interferon antiviral response and a member of the class of RNA-
binding proteins with a double-stranded RNA binding motif. PKR is
activated when it binds to double-stranded RNA (dsRNA) or viral
replicative intermediates that comprise dsRNA and this activation
results in the inhibition of protein synthesis. Some viruses circum-
vent this activity through the synthesis of highly structured decoy
RNAs that bind PKR and block activation. Small-molecule media-
tors of the binding of PKR to these RNA inhibitors would be useful
tools to further define the importance of specific PKR ±RNA
complexes in vivo and may possess antiviral activity. Here we
investigate the ability of a library of structurally diverse peptide ±
acridine conjugates (PACs) to target a complex formed between the
dsRNA binding domain (dsRBD) of PKR and a viral RNA inhibitor.
We used a novel screening method based on the cleavage of RNA


ligands with ethylenediaminetetraacetic acid ¥ Fe modified protein.
The selection revealed a PAC (9-anilinoacridine-4-Hyp-Nap-Nap,
where Hyp is trans-4-hydroxyproline and Nap is 1-napthylalanine),
able to inhibit the binding of the PKR dsRBD to RNA with an IC50


value of 10� 5 �M. Furthermore, the structural requirements for
inhibition by the selected PAC were substantiated in an indepen-
dent PKR activation assay. We found that the potency of inhibition
by an intercalating ligand can be increased by the introduction of a
substituent that does not increase the overall charge of the
molecule. This result is important for the design of inhibitors of
PKR ±RNA binding that function inside living cells.


KEYWORDS:


antiviral agents ¥ bioorganic chemistry ¥ combinatorial
chemistry ¥ peptides ¥ RNA recognition


Introduction


The RNA-dependent protein kinase (PKR) is an interferon-
inducible enzyme that is involved in protein synthesis inhibition
and the antiviral response in human cells.[1±4] This serine/
threonine kinase is activated during viral infection by binding
to double-stranded RNA (dsRNA) through a mechanism that
involves autophosphorylation.[5±8] Once activated, PKR can
subsequently phosphorylate the alpha subunit of the translation
initiation factor eIF2 and repress protein synthesis.[9±11] Viruses
have evolved a variety of different mechanisms to inactivate this
kinase. As a counter measure to PKR, adenovirus and Epstein Barr
virus synthesize RNAs (VA and EBER, respectively) with extensive
duplex structure that competitively bind PKR and block activa-
tion.[12±14]


Regulation of the activity of PKR by kinase activating and
inhibiting RNAs involves a sequence motif known as the dsRNA
binding motif (dsRBM) found in many dsRNA-binding pro-
teins.[15] PKR (�68 kDa) contains 2 copies of this dsRBM located
in the N-terminal dsRNA binding domain (dsRBD) of the
protein.[16±17] Enzymes that contain this type of binding module
are involved in a multitude of biological processes that range
from RNA editing to translational regulation.[18±23]


RNA-binding molecules that inhibit the formation of protein ±
RNA complexes have the potential to serve both as research
tools and as therapeutic agents that interfere with the function
of specific RNAs.[24±31] For instance, compounds with the ability to


target and disrupt the complexes formed between specific viral
inhibitory RNAs and PKR would aid in the study of the role these
RNAs play at various points in the process of viral infection. In
addition, these compounds would have the potential to be
developed into new antiviral agents. For this purpose, an
inhibitor should be cell permeable, able to bind the target RNA
with high affinity, and should prevent the association of the RNA-
binding protein. However, the number of molecules able to
inhibit of the formation of specific protein ± RNA complexes is
rather limited.[32±34] We showed previously that triple-helix-
forming oligonucleotides can be used to prevent the interaction
between PKR and regulatory RNA ligands.[35] However, the
charge, molecular weight, and stability of these oligoribonu-
cleotides make it unlikely that they could function in vivo.
Therefore, we are developing a different class of RNA-binding
molecules which may have the desired properties.


[a] Prof. P. A. Beal, C. B. Carlson, Dr. R. J. Spanggord
Department of Chemistry
University of Utah
315 South 1400 East
Salt Lake City, Utah 84112 (USA)
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The 9-anilinoacridines comprise
a class of small molecules that are
known to intercalate into DNA and
inhibit topoisomerase II.[36] Ana-
logues such as the antitumor drug
amsacrine are able to permeate
into the cell and are highly potent
against P388 leukemia and Lewis
lung carcinoma.[37±38] Recently,
9-anilinoacridines have also been
shown to bind duplex RNA by
intercalation.[39] Our approach to
the development of high-affinity
RNA-binding compounds is to syn-
thesize an acridine intercalator that
is modified with peptide appen-
dages such that the peptide func-
tional groups are directed into the
grooves of the RNA structure in the
bound complex. In this way, addi-
tional affinity could arise from the
introduction of stabilizing interac-
tions between the peptide and the
unique surface of the RNA duplex
groove. Furthermore, the peptide
appendage could make stabilizing
contacts at bulged, mismatched, or
looped nucleotides found adjacent
to the intercalation site in more
structurally complex RNA targets.
We previously reported the prepa-
ration of two acridine-based mon-
omers capable of directing struc-
turally diverse peptide substituents
into nucleic acid grooves.[40±41] Both
compounds are compatible with
standard solid-phase peptide syn-
thesis (SPPS) procedures and can
be readily integrated into the synthesis of combinatorial libraries
of peptide ± acridine conjugates (PACs).
In order to screen libraries of these compounds for their ability


to disrupt the formation of a PKR±RNA complex, we employed
an assay developed to monitor the RNA-binding properties of
the dsRBD of PKR (Figure 1). Previously, we site-specifically
modified the PKR dsRBD with ethylenediaminetetraacetic acid
(EDTA) ¥ Fe and applied the technique of affinity cleavage to
characterize structural features of the complex formed between
PKR and VAI RNA, an inhibitor of the PKR kinase activity
generated by adenovirus.[42] This binding assay was here used to
screen a 108-compound library of PACs. We find that the potency
of inhibition of the PKR-dsRBD±VAI-RNA complex by these PACs
varies depending on the structure of the peptide. Additionally,
relative potencies are observed in a separate PKR activation assay.
These studies indicate that the efficacy of inhibition by an intercala-
tive ligand can be increased without increasing the overall
charge of the molecule. This result is important for the design of
inhibitors of PKR ±RNA binding that can permeate into cells.


Results and Discussion


Preliminary screening


DNase I footprinting has been used to select small molecules
from mixtures for their ability to target specific DNA sequen-
ces.[43] In order to assess whether our affinity cleavage assay
could similarly determine the relative potencies of inhibition, we
first tested four different small molecules for their ability to
prevent the PKR dsRBD from binding adenovirus VAI RNA. The
classical intercalator 9-aminoacridine (9-AA, Figure 2a) is com-
mercially available and has been shown by X-ray crystallography
to intercalate into dsRNA.[44] To evaluate the importance of the
aniline substitution at the 9-position and of a simple carbox-
amide at the 4-position, 9-anilinoacridine-4-(N-methyl)carboxa-
mide (9-Ani, Figure 2a) was prepared in our laboratory. Ser-Val-
Acr-Lys (SVAcrK, Figure 2a) is a PAC that we previously synthe-
sized and whose binding to duplex nucleic acids was demon-
strated.[36] Ser-Val-Lys-Lys (SVKK, Figure 2a) was designed to test


Figure 1. Schematic diagram of the protein affinity cleavage screening assay for inhibitors of formation of a protein ±
RNA complex. The RNA-binding domain of PKR is modified with the hydroxyl radical generator EDTA ¥ Fe and, when
allowed to bind VAI RNA under reaction conditions that produce hydroxyl radicals, the protein cleaves the RNA in
specific regions. Acridine libraries can be introduced along with the protein and RNA to test for inhibition of the affinity
cleavage reaction, which signifies disruption of the protein ±RNA complex.
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the requirement for acridine in the peptide sequence but
maintain the same overall charge as SVAcrK.
Each of these compounds was assayed for its ability to prevent


complex formation by titration of the small molecule into the
affinity cleavage reaction between EDTA ¥ Fe modified PKR dsRBD
and VAI RNA (see the Materials and Methods Section). It was
previously shown that the intensity of the bands on a gel that
results from an affinity cleavage reaction correlates with the
fraction of nucleic-acid-binding molecule bound to its target.[45]


We used this relationship to determine the relative potencies of
inhibition by measuring differences in cleavage efficiency at the
apical stem loop of VAI RNA. In addition, these data were used to
calculate an IC50 value for inhibition.
The differences in the relative potencies of the four com-


pounds assayed are evident from the gel in Figure 2b. The
control peptide with no acridine (SVKK) did not exhibit any
inhibition, even at the highest concentration used (IC50�


300 �M). 9-AA and 9-Ani inhibited the affinity cleaving reaction
with IC50 values of 109�25 and 155� 1 �M, respectively. SVAcrK
displayed an IC50 value of 37�9 �M (Figure 2c), perhaps as a
result of the presence of two additional positive charges with
respect to the other compounds. These results indicate that a
simple charged tetrapeptide cannot effectively prevent the
binding of the PKR RBD to VAI RNA. Interestingly, aniline
substitution at the 9-position and simple carboxamide substitu-
tion at the 4-position had only a minimal effect on inhibition by
the acridine intercalator. The variation seen may be caused by
the aniline substituent, which lowers the basicity of the acridine
ring nitrogen and thus the fraction of protonated species at pH 7.
Each of the acridine intercalators blocked binding at higher
concentrations.


The PAC is the most potent inhibitor of the four compounds
tested in this initial screen. We conclude that both the peptide
and acridine domains are required to achieve the observed
potency of SVAcrK. An increase in the amount of positive charge
on the molecule may in fact enhance the binding affinity for
RNA, but at the price of specificity and limitation of access to the
whole cell environment (that is, ability to permeate the cell).
Therefore, we wished to define structural modifications of the
PAC that would increase the potency of inhibition without
increasing the overall charge of the molecule. For this reason, we
prepared a combinatorial library of PACs that contained only
neutral and uncommon amino acid monomers.


Library synthesis


A 108-compound library was synthesized by split-and-pool
chemistry as nine mixtures of twelve PACs by using neutral and
uncommon amino acids. Each compound in the library was
synthesized by SPPS, capped at the N terminus with 9-anilino-
acridine,[40] and has the general structure denoted as Acr-X-Y-Z
(Figure 3a). The peptide substituents have an effect on the
potency of the compound so we chose to initially optimize the
peptide structure at the 4-position of the acridine ring for the
purposes of this study.
The relatively small size of the library we chose to analyze


initially (one that did not include any of the 20 common amino
acids) led us to select monomers with unique functional group
diversity to target the different structures found in RNA. Six
different amino acids were used: D-asparagine (D-Asn, a), �-
alanine (�-Ala, b), and trans-4-hydroxyproline (Hyp, c), 2-furyl-
alanine (Fur, d), 4-nitrophenylalanine (NO2F, e), and 1-napthyl-


Figure 2. a) Chemical structures of the small molecules used in preliminary screening. See the text for definitions. b) Affinity cleavage gel showing the major site (boxed)
of PKR dsRBD cleavage of VAI RNA.[42] For reaction conditions, see the Materials and Methods Section. Inhibition reactions were performed with increasing concentrations
(0, 10, 20, 50, 100, 300 �M) of 9-AA (lanes 1 ± 6), 9-Ani (lanes 7 ± 12), SVAcrK (lanes 13 ± 18), and SVKK (lanes 19 ± 24). A control reaction was also carried out with
unmodified E29C PKR dsRBD under identical conditions (lane ™unmod∫). c) Histogram plot of the IC50 values determined for each compound (average of three
experiments). IC50 values: 9-AA, 109� 25 �M; 9-Ani, 155� 13 �M; SVAcrK, 37� 9 �M; SVKK, determined to be greater than the highest concentration tested (300 �M).
Lane T1� ribonuclease; Lane OH� alkaline hydrolysis.
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alanine (Nap, f ; Figure 3b). We chose these amino acids to probe
various structural parameters of the tripeptide, such as hydrogen
bond donors/acceptors, flexibility, rigidity, and �-stacking.
Three of the nine mixtures of twelve compounds contained


D-Asn as the X group, the next three had �-Ala, and the remaining
three featured Hyp. The Y group consisted of one of three pairs
of monomers: D-Asn and Nap, �-Ala and Hyp, or Fur and NO2F.
The Z group incorporated any one of the six possible amino
acids mentioned. All mixtures were analyzed by using reversed-
phase HPLC and electrospray ionization (ESI) mass spectrome-
try.[40] 94% of the expected library members were identified with
few contaminating peaks in the mass spectra, which suggests a
good level of purity of the mixtures for use in library screening.


Screening of the library and deconvolution


Each of the nine mixtures described above was tested for its
ability to inhibit the binding of the PKR dsRBD to VAI RNA. Each
mixture was titrated into the affinity cleavage reaction in the
same fashion as described earlier. Again, the relative cleavage
efficiencies were compared and one mixture displayed signifi-
cant inhibition (mixture 3, Figure 3c).


Figure 3. a) Structure of the 108-member deconvolution library of peptide ±acridine conjugates. b) Six neutral and uncommon amino acids were incorporated as
groups X, Y, and Z of the peptide appended to the 4-position of the 9-anilinoacridine ring. The library was composed of 9 mixtures that contained 12 compounds each.
c) Histogram plot of the relative cleavage efficiency for each mixture tested (average of two experiments). This value represents the potency of inhibition of the affinity
cleaving reaction and is obtained as a ratio of the cleavage efficiency in the presence and absence of a fixed concentration of mixture (10 �M). Mixture 3 was determined
to be the most potent, with the lowest relative cleavage efficiency.


Figure 4. a) Histogram plot of the relative cleavage efficiency of each individual
compound from mixture 3. The amount of cleavage observed with no compound
added is set to a value of 100% and is represented in column 0. The columns
correspond to the PACs: Acr-Hyp-(D)Asn-(D)Asn (25), (D)Asn-�Ala (26), (D)Asn-Hyp
(27), (D)Asn-Fur (28), (D)Asn-NO2F (29), (D)Asn-Nap (30), Nap-(D)Asn (31), Nap-
�Ala (32), Nap-Hyp (33), Nap-Fur (34), Nap-NO2F (35), Nap-Nap (36). b) Chemical
structure of PAC-36, the compound that displays the highest potency (lowest IC50


value) in the PKR affinity cleavage screening assay. c) Curve plotting the IC50 value
for PAC-36. This value was determined to be 10� 5 �M (average of at least three
experiments at each concentration).
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The peptide structures in mixture 3 had Hyp as the X group,
either D-Asn or Nap as Y, and any one of the six amino acids as Z.
Based on the screening profile of this mixture, all 12 members
(compounds 25 ±36 ; compounds 1 ±24 are those in mixtures 1
and 2) were resynthesized, HPLC-purified, and assayed individ-
ually. The results of deconvolution are presented in Figure 4a.
PAC-36 (Figure 4b) repeatedly displayed the best potency
(lowest IC50 value) in the affinity cleaving assay, with an IC50


value of 10� 5 �M (Figure 4c). We were thus able to use the
affinity cleavage assay to screen a library of PACs and select a
compound with a charge-neutral substituent fused at the
acridine 4-position that is more potent than SVAcrK (IC50�
37 �M) and similar in potency to the highly positively charged
aminoglycoside antibiotic, neomycin (7.5 �M). Analysis of neo-
mycin inhibition of PKR dsRBD binding to VAI RNA is shown in
the Supporting Information.


Structure ± function analysis of PAC-36


Next, we sought to define the minimum structural requirements
for the most potent inhibitor, PAC-36. We synthesized the
compounds Acr-Hyp, Acr-Hyp-Nap, and Arg-Hyp-Nap-Nap (Fig-
ure 5a) by SPPS. Acr-Hyp and Acr-Hyp-Nap are PAC derivatives
with a truncated peptide substituent, and Arg-Hyp-Nap-Nap was
prepared to verify the importance of 9-anilinoacridine in the
sequence. Surprisingly, none of the three additional compounds
prepared exhibited any potency for inhibition for PKR-dsRBD
binding to VAI RNA (up to 200 �M; Figure 5b and 5c). We
conclude that both the acridine domain and the complete
peptide sequence are responsible for the observed potency of
PAC-36.


Testing the selectivity of PAC-36


Affinity cleaving studies have shown that the dsRBM I of PKR has
a major binding site in the apical stem of VAI RNA as well as a


Figure 5. a) Chemical structures of the compounds used in the structure ± function analysis of PAC-36. b) Affinity cleavage gel showing the major site (boxed) of
PKR dsRBD cleavage of VAI RNA (for reaction details, see the Materials and Methods section). The inhibtion reactions were performed with no test compound
added (lane 1), Acr-Hyp (lanes 2 ± 5: 10, 30, 100, 200 �M), Acr-Hyp-Nap (lanes 6 ± 10: 10, 30, 100, 200 �M), PAC-36 (lanes 11 ± 15: 0.1, 1, 10, 100, 200 �M), and
Arg-Hyp-Nap-Nap (lanes 16 and 17: 100, 200 �M). c) Histogram plot of the IC50 values determined for each compound (average of three experiments). PAC-36 displayed
an IC50 value of 10� 5 �M, whereas Acr-Hyp, Acr-Hyp-Nap, and Arg-Hyp-Nap-Nap did not inhibit the reaction even at the highest concentration tested (200 �M).


Figure 6. a) Secondary structure of the 92-nt RNA aptamer used to activate
full-length PKR in the autophosphorylation assay.[47] b) 15% SDS gel and histogram
of the results from a PKR autophosphorylation assay. Reactions were performed
with full-length enzyme (�100 nM) and �-32P-ATP in the absence (no activation,
lane 1) or presence (activation, lanes 2 ± 9) of RNA aptamer (1.5 �M) in the reaction
buffer. Reactions were carried out without a test compound (lanes 1 and 2), with
PAC-36 (lanes 3 ± 7: 1, 5, 10, 50, 100 �M), and with Acr-Hyp (lanes 8 and 9: 1,
100 �M). The relative activation of PKR (phospho ± PKR) was calculated as the ratio
of autophosphorylation with and without the addition of test compound (average
of two experiments).
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minor site in the central domain.[42] PAC-36 inhibits the binding
at both sites with similar potency (see the Supporting Informa-
tion). This result suggests that this compound does not have a
high selectivity for the apical stem site on VAI RNA and may
inhibit the binding of PKR to other RNA ligands.
The binding of PKR to both kinase-activating and kinase-


inhibiting RNA ligands was previously analyzed in our labora-
tory.[46] Consequently, we tested the selectivity of PAC-36 for
other RNA ligands of PKR. We assessed its ability to inhibit the
affinity cleavage reaction with a 92-nucleotide (92-nt) activating
RNA aptamer selected from a random pool of RNAs (Fig-
ure 6a).[47] PAC-36 prevented complex formation between PKR
and this RNA aptamer with a similar potency to that seen for VAI


RNA (data not shown), as was expected from the PAC-36
inhibition of binding to both VAI RNA binding sites. However, it is
important to consider that all of these binding sites contain
extensive duplex structure to which both PAC-36 and the PKR
dsRBD may bind.
The fact that the RNA aptamer is an activator of PKR kinase


activity enabled us to test the inhibition potency of our PACs in
an independent assay and confirm the structure ± function
relationships observed. When bound to an activating dsRNA
and adenosine triphosphate (ATP), full-length PKR undergoes
autophosphorylation reactions at multiple serine and threonine
residues, which enables it to phosphorylate protein substrates
such as histone IIA or eIF-2�.[10, 48] Figure 6b shows that PAC-36
blocks the autophosphorylation of full-length PKR with an IC50


value of 40� 7 �M. Acr-Hyp and Acr-Hyp-Nap display no
observed inhibition (up to 100 �M), as predicted by affinity
cleavage results.


Conclusion


The results reported here demonstrate that a screening assay
based on the affinity cleavage of RNA ligands by an EDTA ¥ Fe
modified mutant of the PKR dsRBD can effectively assess the
ability of individual molecules, as well as libraries of compounds,
to inhibit the formation of specific PKR ±RNA complexes. A low-
micromolar inhibitor of PKR±RNA binding was discovered by
using this approach. This assay has the benefit of not only testing
the potency of the inhibitor, but also the selectivity if multiple
binding sites exist on the RNA target. Although PAC-36 is not
selective for a specific site on VAI RNA, it is clear that the
complete structure of the peptide appendage controls its
potency. Furthermore, structural requirements for inhibition of
PKR ±RNA binding by the selected peptide ± acridine conjugate
were substantiated in an independent PKR autophosphorylation
assay.
All of the PACs found in mixture 3 had limited water solubility


and we hypothesize that this characteristic contributes to the
ability of PAC-36 to inhibit PKR ±RNA binding (calculated
partition coefficient, ClogP� 8.0). This solubility could also
explain why the truncated derivatives did not compare well. In
solution, PAC-36 might bury hydrophobic side chains into
pockets presented by the protein ±RNA complex, perhaps
between base pairs in the duplex secondary structure. Naph-
thalene has been shown to stack in a duplex structure more


strongly than any of the natural bases.[49] Additional experiments
are required to fully define the mechanism of inhibition by PAC-
36.


Materials and Methods


Library and single compound synthesis : Each PAC library (mix-
tures 1 ± 9), individual PAC (SVAcrK, PACs 25 ±36, Acr-Hyp, Acr-Hyp-
Nap) and peptide (SVKK, Arg-Hyp-Nap-Nap) was synthesized by
using 9-fluorenylmethoxycarbonyl (Fmoc)-protected amino acids
(Advanced ChemTech & PepTech) on Rink Amide resin (NovaBio-
chem; 0.72 mmoleg�1 loading) according to standard SPPS proto-
cols.[50±51] Use of 9-anilinoacridine acids has been previously descri-
bed.[40±41] Cleavage from the resin was accomplished with a solution
of trifluoroacetic acid (TFA)/triisopropylsilane/H2O (95:2.5:2.5). The
solution was separated between water and diethyl ether and then
the aqueous layer was neutralized with triethylamine and concen-
trated by lyophilization. PAC libraries were loaded onto a Sep-Pak
cartridge (Waters), eluted with an 80:20 mixture of CH3CN/H2O in TFA
(0.1%), concentrated, and characterized by reversed-phase HPLC and
ESI mass spectrometry. Individual PACs and peptides were HPLC-
purified on a reversed-phase C18 column (4.6�250 mm, Vydac) over
60 min with a flow rate of 2 mLmin�1. Stock solutions of each library
mixture and of individual compounds were prepared to uniform UV
absorbance (�� 442 nm) assuming an average extinction coeffient
of 4000M-1cm-1.


RNA preparation : VAI RNA was generated by transcription with T7
RNA polymerase as previously described,[42] dephosphorylated with
shrimp alkaline phosphatase (SAP; Pharmacia) and purified on a 12%
denaturing polyacrylamide gel. The 92-nt RNA aptamer was also
generated by transcription with T7 RNA polymerase as previously
described,[47] dephosphorylated with SAP, and purified on a 16%
denaturing polyacrylamide gel. Dephosphorylated RNAs were 5�-32P
end-labeled with [�-32P]-ATP and again gel purified by following
standard protocols.[52]


Affinity cleaving screening assay : The RBD of PKR was mutated
(E29C) and modified with EDTA ¥ Fe as previously described.[42]


Protein ±RNA complexes were formed by mixing PKR RBD (1 �M)
with 5�-end-labeled VAI RNA at RT for 7 min in tris(hydroxymeth-
yl)aminomethane (Tris) ±HCl (25 mM; pH� 7.0), NaCl (10 mM), and
tRNA (30 �gml�). Although this concentration of tRNAmay affect the
relative IC50 values for the compounds tested, a rigorous investiga-
tion was not performed. It is possible that our ligands bind tRNA as
well, but it is also known that the presence of a carrier nucleic acid
affects the dissociation constant of PKR for dsRNA.[53] PKR-RBD±RNA
complexes (20 �L final reaction volume) were further incubated with
increasing concentrations of test compound (in 6% methanol) for
5 min at RT. These mixtures were probed by initiation of hydroxyl
radical formation with H2O2 (0.01%) and sodium ascorbate (5 mM) at
RT for 3 min. Reactions were quenched with water (80 �L) followed
by phenol/chloroform extraction and ethanol precipitation. Cleaved
RNA was resuspended in loading dye (7 �L; 96% formamide in 0.2X
Tris-borate EDTA with xylene cyanol dye) and analyzed on a 12%
denaturing polyacrylamide gel. Data were obtained from the gels by
using storage phosphor autoradiography and a STORM phosphor-
imager (Molecular Dynamics). Analysis of the cleavage data was
performed with Image Quant software (Molecular Dynamics).


PAC inhibition of PKR autophosphorylation : Full-length PKR was
expressed and purified as previously described.[35] Autophosphor-
ylation reactions were performed as follows: PKR (100 nM approx-
imate final concentration) was added to a sample with or without the
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92-nt RNA aptamer (1.5 �M) in a Tris ±HCl (20 mM, pH� 7.6) buffer that
contained KCl (100 mM), EDTA (0.1 mM), and MgCl2 (2 mM) and kept
on ice for 10 min. PKR±RNA complexes were then incubated with
increasing concentrations of PACs for 5 min at RT. Histone IIA and [�-
32P]ATP were then added to final concentrations of 250 �gmL�1 and
2 �M, respectively, and kinase reactions were allowed to proceed for
5 min at 30 �C. The reactions were placed on ice and subsequently
quenched by boiling in SDS-PAGE loading buffer. The products were
resolved by 15% SDS-PAGE. Labeled proteins were visualized and
band intensities were quantified by storage phosphor autoradiog-
raphy as above.


IC50 curve calculations : The cleaved nucleotides 58, 59, and 60 of VAI


RNA were quantified and combined for each compound concen-
tration (see Figures 2b and 5b). The unmodified protein lane was
used as the background and the 0 �M compound lane was fixed at
100% RNA cleavage. All other lanes were calculated as % cleavage,
which signifies the amount of RNA bound by protein. An IC50 for
each compound was calculated by fitting all data to the equation,


% cleavage � (range/1� ([PAC]/IC50)slope))�background


with the least squares method of the KaleidaGraph software. Each
experiment was carried out in triplicate and plotted values are
averages� standard deviation.


Calculated logP (ClogP): The calculated logP value for PAC-36 was
obtained by using the ChemOffice Ultra 2001 software (Cambridge-
Soft) and the ChemSAR plug-in for the Excel 2000 program
(Microsoft). This parameter is a measure of the lipophilicity of a
compound. The ClogP value obtained for PAC-36 is 8.0. For
comparison, the ClogP value for the antitumor drug amsacrine is 4.7.


Supporting information : HPLC and mass spectral data for mixture 3
and individual PACs and complete VAI RNA affinity cleaving gels for
9-AA, 9-Ani, SVAcrK, SVKK, mixture 3, PAC-36 (Acr-Hyp-Nap-Nap), and
neomycin are available in the Supporting Information.
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Specificity Studies of Bacillus 1,3-1,4-�-
Glucanases and Application to Glycosynthase-
Catalyzed Transglycosylation
Jon K. Fairweather,[b] Magda Faijes,[a] Hugues Driguez,[b] and Antoni Planas*[a]


Bacillus 1,3-1,4-�-glucanases hydrolyze 1,3-1,4-�-gluco-oligosac-
charides with a retaining mechanism. The binding-site cleft of these
endoglycosidases is composed of six subsites (�4 to �2) of which
subsite �3 makes the largest contribution to transition state
stabilization. The specificity of this subsite is here analyzed for both
glycosidase and glycosynthase activities in the wild-type and the
nucleophile-less E134A mutant Bacillus licheniformis enzymes. A D-
galactosyl residue on the nonreducing end of a trisaccharide
substrate is accepted by the enzyme and binds at subsite �3 in the
productive enzyme ± substrate complex. The wild-type enzyme
catalyzes the hydrolysis of the substrate Glc�4Glc�3Glc�MU (Glc�
glucosyl, MU� 4-methylumbelliferyl) with a kcat/KM value only 1.3-
fold higher than for the Gal�4Glc�3Glc�MU (Gal�galactosyl)


substrate. The corresponding �-fluorides act as good donors for the
glycosynthase condensation reaction with mono- and disaccharide
acceptors catalyzed by the E134A mutant. Whereas self-condensa-
tion and elongation products are also obtained as minor
compounds with the Glc�4Glc�3Glc�F donor, nearly quantitative
yields of single condensation products are obtained with the
Gal�4Glc�3Glc�F donor, in which the axial configuration of the
4-OH group on the nonreducing end prevents self-condensation
and elongation reactions.


KEYWORDS:


carbohydrates ¥ enzymes ¥ glycosidase ¥ glycosynthase ¥
hydrolases


Introduction


The bacterial 1,3-1,4-�-glucanases (EC 3.2.1.73), or lichenases, are
highly specific to �-1,4 glycosidic bond cleavage at 3-O-
substituted glucopyranosyl residues in mixed linked �-1,3-1,4-
gluco-oligosaccharides and polysaccharides (barley �-glucan
and lichenan).[1±3] Bacillus 1,3-1,4-�-glucanases have been studied
in detail in one of our laboratories through mechanistic,
specificity, and structure ± function analyses (for a recent review,
see Ref.[4]). These enzymes are family-16 glycosyl hydrolases
(according to the current classification based on sequence
similarities[5] ) of 25 ± 30 kDa molecular mass with a monomeric
jelly-roll �-sandwich structure[6] and an open binding site cleft
typical of endodepolymerases.


All known substrates of 1,3-1,4-�-glucanases (polysaccharides
and purposely synthesized oligosaccharides for kinetic stud-
ies[7±9] ) are gluco-oligomers. Subsite mapping studies have
shown that the binding-site cleft contains four subsites on the
nonreducing side of the scissile glycosidic bond of the substrate.
Subsite �3 makes the largest contribution to binding and
transition state stabilization.[10] We here report the synthesis of a
substrate analogue used to evaluate the specificity of this
subsite. The analogue has a galactosyl unit in the position that
will occupy subsite �3 in the enzyme± substrate complex
(compound 2, Scheme 1) and the kinetic parameters of the
enzyme-catalyzed hydrolysis of this analogue are compared to
those of the normal substrate of the homologous series
(compound 1), which places a glucosyl unit in that subsite. If a
galactosyl residue on the nonreducing end of the substrate is
tolerated by the enzyme, this trisaccharide structure may be


Scheme 1. Substrates for 1,3-1,4-�-glucanase used in this study.


used as a glycosyl donor in glycosynthase reactions catalyzed by
the E134A mutant of 1,3-1,4-�-glucanase.
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Glycosynthases are engineered retaining glycosidases in
which mutation of the catalytic nucleophilic residue renders
the enzymes hydrolytically inactive but able to catalyze trans-
glycosylation reactions of glycosyl fluoride donors that have the
opposite anomeric configuration to that of the normal substrate
of the parental wild-type enzymes (Scheme 2). The glycosyn-


thase methodology was introduced for the exo-acting enzyme
�-glucosidase from Agrobacterium faecalis[11] and was also
developed on the endo-acting 1,3-1,4-�-glucanase from Bacillus
licheniformis[12] in 1998, and since then it has been successfully
applied to few other enzymes (cellulase from Humicola inso-
lens,[13] �-mannosidase from Cellumonas fimi,[14] �-glycosidase
from Sulfolobus solfataricus,[15] and 1,3-�-glucanase from Hor-
deum vulgare[16] ). High transglycosylation yields (typically 60 ±
90% in isolated products) are obtained in contrast to the
conventional kinetically controlled transglycosylation by wild-
type enzymes. In some cases, the glycosyl fluoride donor and the
transglycosylation product may also act as acceptors, provided
that the configuration of the condensable hydroxy group on the
nonreducing end of the donor has the same stereochemistry as
the normal acceptor. This situation leads to self-condensation of
the donor or elongation of the transglycosylation product,
respectively. Different strategies to control these undesired
reactions have been proposed: 1) selection of a donor with a
different configuration of the hydroxy group that normally acts
as acceptor,[11, 13] 2) use of a temporary protecting group on the
polymerizable hydroxy group of the donor,[17, 18] or 3) addition of
an excess of acceptor to decrease the probability that the donor
acts as an acceptor.[18]


We analyze here the behavior of a ™blocked∫ donor with
respect to the glycosynthase activity of the E134A mutant 1,3-
1,4-�-glucanase from B. licheniformis. If compound 2, which has a
galactosyl unit on the nonreducing end, is a good substrate for


the wild-type enzyme, the corresponding �-glycosyl fluoride 4
may be used as a glycosyl donor in glycosynthase reactions
catalyzed by the E134A 1,3-1,4-�-glucanase. Compound 4 could
condense with an acceptor but self-condensation and elonga-
tion reactions would be prevented by the 4IIIOH axial config-
uration of the donor, whereas these reactions occur to some


extent with the homologous Glc�4Glu�3Glu�F (Glc�
glucosyl, Glu�glutamate) donor (3).


Results and Discussion


Chemical synthesis of substrates 2 and 4


We adopted a straightforward approach to the
synthesis of the trisaccharide motif Gal�4Glc�3Glc
common to the substrates of interest (2 and 4,
Scheme 3, Gal�galactosyl). Condensation of lactosyl
trichloroacetimidate 5[19] with the alcohol 6[20] gave
the trisaccharide 7 in good yield (81%). Hydrogenol-
ysis followed by acetylation yielded 8, which was
further subjected to acetolysis to provide a trisac-
charide template 9 from which derivatives could be
produced. In one case, the bromide 10, conveniently
generated by using HBr/AcOH, was glycosylated with
4-methylumbelliferone under phase transfer catalytic
conditions[7] to give the glycoside 11 in moderate
yield (47%) with some elimination product also
obtained (22%). Transesterification under Zemplen
conditions gave Gal�4Glc�3Glc�MU (2). Alternatively,
treatment of trisaccharide 9 with HF/pyridine afford-


ed exclusively the �-fluoride 12 in good yield (78%). Conven-
tional O-deacetylation with sodium methoxide in methanol then
afforded Gal�4Glc�3Glc�F (4).


Hydrolase specificity of the wild-type enzyme


The second-order rate constants kcat/KM (kcat� the catalytic
constant, KM� the Michaelis constant) for the hydrolysis of the
4-methylumbelliferyl glycosides 1 and 2 catalyzed by the wild-
type 1,3-1,4-�-glucanase from B. licheniformis were determined
at pH 7.02 and 35 �C. Kinetic results are shown in Figure 1. No
saturation was reached since substrate concentrations ([S]) were
below KM values. kcat/KM values were calculated as the slope of a
plot of reaction velocity v versus [S] at low substrate concen-
tration. The enzyme-catalyzed hydrolysis of both substrates
gives a ratio kcat/KM (1):kcat/KM (2) of 1.3, which means that an
equatorial or axial 4-OH group in subsite�3 has almost no effect
on substrate binding. This small difference corresponds to a ��G
value, given by �RTln({kcat/KM(1)}/{kcat/KM(2)}), of only 0.16 kcal ¥
mol�1 for transition state destabilization of the Gal substrate
over the normal Glu substrate. This result is in agreement with
current structural information.


Subsite mapping studies on the 1,3-1,4-�-glucanase of
B. licheniformis[10] and B. macerans[21] concluded that subsite �3
has the largest contribution to binding and transition state
stabilization. The modeled structure of an enzyme± substrate


Scheme 2. Hydrolase and glycosynthase activities of retaining glycosidases. a) Glycosidic
bond hydrolysis catalyzed by a wild-type glycosidase. b) Glycosynthase reaction catalyzed by a
non-nucleophilic mutant glycosidase.
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Scheme 3. Synthesis of the Gal�4Glu�3Glu substrates 2 and 4. a) Trimethyl-
silyl trifluoromethanesulfonate (TMSOTf) in CH2Cl2 ; b) i) H2, Pd/C (MeOH),
ii) Ac2O/pyridine/dimethylaminopyridine; c) H2SO4, Ac2O (AcOH); d) HBr (AcOH);
e) 4-methylumbelliferone, Bu4NI, NaOH (1M in CHCl3) ; f) NaOMe (MeOH); g) HF
(pyridine). MU� 4-methylumbelliferyl.


Figure 1. Kinetics of the enzyme-catalyzed hydrolysis of substrates 1 and 2.
v0� initial rate of reaction, [E]� enzyme concentration.


complex[22] showed more protein ± carbohydrate contacts in
subsite �3 than in any other subsite. Moreover, mutational
analysis of enzyme± substrate interactions provided experimen-
tal evidence in agreement with the model and quantified the
energetic contribution of hydrogen-bonding interactions.[21] The
model proposes that Glu61 forms a bidentate H bond with the
6-OH (Glc[�2]) and 2-OH (Glc[�3]) groups, Asn24 hydrogen
bonds with the 6-OH (Glc[�3]) group, and the 3-OH (Glc[�3])
group is within H-bonding distance of the Tyr22 and Arg63 side
chains (Figure 2). The 4-OH of the Glc residue in subsite �3 does


Figure 2. Modeled enzyme± substrate complex. The protein ± carbohydrate
interactions in subsite �3 are shown. Amino acid numbering corresponds to the
B. macerans 1,3-1,4-�-glucanase.[4]


not participate in any hydrogen bond with any residue of the
protein in the gluco (equatorial) configuration and there is room
in the pocket to accommodate a galacto (axial) configuration.


Glycosynthase reactions catalyzed by E134A 1,3-1,4-�-
glucanase


The fact that the trisaccharide unit Gal�4Glu�3Glu binds
productively in subsites �3 to �1 validates its use in a
glycosynthase reaction. To this end, the reactions of the two
trisaccharide donors Glu�4Glu�3Glu�F (3) and Gal�4Glu�3-
Glu�F (4) with two acceptors (13 and 14, Scheme 4) were
compared and both initial rates of transglycosylation and yields
in condensation products were evaluated. Reactions were
performed in maleate buffer (pH 7.0) with CaCl2 (0.1 mM) at
35 �C, conditions known to be optimal for the E134A glycosyn-
thase.[12] Kinetic results are summarized in Table 1. Initial rates of
condensation and elongation were determined at both 1:1 and
1:5 donor/acceptor molar ratios. Yields at the indicated times are
also given. These values are rather low because the reactions
were performed at low enzyme concentrations in order to
monitor initial formation of products. Reactions were monitored
by HPLC with a UV detector and so only products that contained
the MU chromophore (condensation and elongation products)
were detected, not the products of the eventual self-condensa-
tion of the donor (in the case of 3).


Reaction of donor 3 with the cellobioside acceptor 14 in a
1:1 molar ratio with 0.25 �M enzyme (entry 1, Table 1) gave the
condensation product 16 at an initial rate of 0.21 s�1. The
octasaccharide 18 (the elongation product that arises from a
second condensation of the donor with the initial condensation
product 16) was also formed at a lower rate (0.04 s�1) and
accumulated to give 5% yield after 24 h. When the donor/
acceptor ratio was increased to 1:5 (entry 3), the condensation
rate was faster (0.9 s�1; 66% yield after 24 h) but elongation still
occured and compound 18 accumulated to give a 9% yield after
24 h.
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The equivalent reaction with the Gal donor 4 and acceptor 14
showed initial rates of condensation that were essentially the
same as with the Glu donor 3 (entry 7, Table 1), but no elongation
product was formed at all. The reactions at 1:5 donor/acceptor
ratio and 12.3 �M enzyme (entries 4 and 10) show a condensation
yield with the Gal donor 4 of 76% after 20 min reaction, whereas
the yield is 55% with the Glu donor 3, for which 8% forms the
elongation product. The remaining 13% yield difference be-
tween the donors may correspond to self-condensation of 3 but
this was not determined.


The glucoside 13 is a poorer acceptor (slower rate) in the
reaction with the Glu donor 3 than with the Gal donor 4
(entries 5 and 11, Table 1). Whereas the condensation yield with 4
was 40%, the overall yield of condensation plus elongation with
the Glu donor 3 was only 30%. In this case, self-condensation of
3 may be more important than in the previous series of results
because the monosaccharide acceptor 13 has weaker binding to
the enzyme than the disaccharide 14 and the donor itself is able
to compete more effectively for the acceptor subsites of the
enzyme, which leads to self-condensation. No competing self-
condensation is obtained with the Gal donor since self-
condensation is blocked by the 4IIIOH axial configuration but
also because binding of the donor to the acceptor subsites


would be weaker than with the Glu
donor, which results in a faster rate of
condensation.


Preparative glycosynthase reac-
tions were performed with the cello-
bioside acceptor 14 and both �-
glycosyl fluoride donors 3 and 4 by
using a larger amount of enzyme, as
detailed in the Experimental Section.
Reactions were completed after 20 ±
30 min. The yield of isolated conden-
sation product 20 was nearly quanti-
tative for the Gal donor 4. The struc-
tures of the condensation products
16 and 20 were established by MS
and NMR spectroscopy as detailed in
the Experimental Section. The newly


formed glycosidic bond is a �1,4 bond for both the Glu and Gal
donors; in the 1H NMR spectra, a new signal in the anomeric
region assignable to an H-1 proton in a �1,4-linkage (�4.6 ±
4.5 ppm, J�7.8 Hz) is observed and the signal corresponding
to C-4II appears in the �� 79.2 ± 78.7 ppm region of the 13C NMR
spectra, which is characteristic of a �1,4 linkage. Moreover, the
condensation products 16 and 20, as well as 15 and 19, were
substrates of the wild-type 1,3-1,4-�-glucanase. This result
provides an additional proof of the regiochemistry of the
glycosidic bond produced by the glycosynthase since the
B. licheniformis enzyme is strictly cleavage specific and hydro-
lyzes �1,4 linkages on 3-O-substituted glucopyranosyl units.[3]


Conclusions


1,3-1,4-�-Glucanase from B. licheniformis accepts both D-galacto-
syl and D-glucosyl residues in subsite �3 of the binding-site cleft
and catalyzes the hydrolysis of the substrate Glc�4Glc�3Glc�MU
with a kcat/KM value only 1.3-fold higher than that for the
Gal�4Glc�3Glc�MU substrate.


The glycosynthase reaction catalyzed by the E134A 1,3-1,4-�-
glucanase mutant is regio- and stereospecific for formation of �-
glycosidic linkages with the 4-OH group of the acceptor in a


Scheme 4. Glycosynthase reactions catalyzed by E134A 1,3-1,4-�-glucanase from B. licheniformis.


Table 1. Initial rates and product yields of the glycosynthase reactions of donors 3 and 4 catalyzed by E134A 1,3-1,4-�-glucanase.[a]


Entry Donor Acceptor D:A[b] [E] [�M] Condensation Elongation
Product v0/[E] [s�1] Yield [%] (time) Product v0/[E] [s�1] Yield [%] (time)


1 Glu�4Glu�3Glu�F (3) Glu�4Glu-MU (14) 1:1 0.25 16 0.21 20 (24 h) 18 0.04 5 (24 h)
2 1:1 12.3 16 25 (20 min) 18 15 (20 min)
3 1:5 0.25 16 0.90 66 (24 h) 18 0.12 9 (24 h)
4 1:5 12.9 16 55 (20 min) 18 8 (20 min)
5 Glu-MU (13) 1:1* 2.5 15 0.12 20 (4 h) 17 0.08 10 (4 h)
6 1:5 10.1 15 51 (3 h) 17 5 (3 h)
7 Gal�4Glu�3Glu�F (4) Glu�4Glu-MU (14) 1:1 0.25 20 0.23 45 (24 h) ± ± –
8 1:1 12.3 20 46 (20 min) ± –
9 1:5 0.25 20 0.89 71 (24 h) ± ± –
10 1:5 12.3 20 76 (20 min) ± –
11 Glu-MU (13) 1:1* 2.5 19 0.26 40 (1.5 h) ± ± –


[a] Conditions: maleate buffer (50 mM, pH 7.0), CaCl2 (0.1 mM), 35 �C. [b] Donor to acceptor molar ratio. [Donor]�2 mM, except for entries marked *, where
[Donor]� 3 mM.
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gluco (equatorial) configuration. Reaction of the glycosyl donor
Glc�4Glc�3Glc�F with an acceptor gives self-condensation and
elongation products in addition to the donor ± acceptor con-
densation product (major product). The equatorial 4-OH group
on the nonreducing end of either the donor or the condensation
product can act as an acceptor for another molecule of the
fluoride donor. The 4-OH group of the Gal�4Glc�3Glc�F donor is
in the axial configuration, which prevents self-condensation of
the donor as well as elongation of the condensation product and
preparative yields are nearly quantitative.


Experimental Section


General methods : Optical rotations were performed with a Perkin-
Elmer 341 Polarimeter in a microcell (1 mL, 10-cm path length) in the
specified solvents at ambient temperature. 1H and 13C NMR spectra
were recorded on a Bruker AC-300 or a Varian Gemini-300 (300 MHz
for 1H and 75.5 MHz for 13C) spectrometer, either in deuteriochloro-
form (CDCl3) with residual CHCl3 (�H�7.24) and CDCl3 (�C� 77.0) as
internal standards or in d6-dimethylsulfoxide ([D6]DMSO) or deuter-
iumoxide (D2O) with residual DMSO (�H� 2.49) and [D6]DMSO (�C�
39.7) as internal standards, at ambient temperature (298 K) unless
specified otherwise. Where necessary, assignment of signals in NMR
spectra was aided by COSYexperiments. Mass spectra were recorded
either at high resolution (HRMS) on a VG-ZAB or low resolution (MS)
on a Nermag R-1010C spectrometer by using the FAB technique with
NaCl as the matrix, or on a VG Platform for ESI. Flash chromatography
(FC) was performed on Merck silica gel (40 ± 63 �m) under positive
pressure with the specified eluents. Reversed-phase chromatogra-
phy was performed on Sep-Pak (C18) cartridges (300 mg) with the
eluents specified. All solvents used were of analytical grade.
Evaporation of the solvents was effected under reduced pressure
on a rotary evaporator. The progress of the reactions was monitored
by analytical TLC on commercially available silica gel 60 F254 pre-
coated aluminium plates (E. Merck, Darmstadt). Compounds were
visualized (TLC) by charring with 5% sulfuric acid in MeOH/water
and/or by visualization under UV light. All reactions that involved
organic solvents were performed under argon. The term workup
refers here to dilution with water, extraction into organic solvent
(specified), sequential washing of the organic extract with aq HCl
(1M, where appropriate), saturated aq NaHCO3 and NaCl solutions,
followed by drying over anhydrous MgSO4, filtration, and evapo-
ration of the solvent.


Enzyme and substrates : Wild-type and E134A mutant 1,3-1,4-�-
glucanases from Bacillus licheniformiswere expressed and purified as
reported elsewhere.[12, 23] Both enzymes were lyophilized for
storage (at �20 �C) and dissolved in the reaction buffer prior to
use. In addition to the compounds 2 and 4 here described (see
below), other substrates were prepared as previously reported:
Glu�4Glu�3GluMU (1),[7] Glu�4Glu�3Glu�F (3),[12] and Glu�4GluMU
(14).[24] 4-Methylumbelliferyl-�-D-glucoside (13) was from Fluka.


Syntheses of substrates 2 and 4 :


Methyl (2,3,4,6-tetra-O-acetyl-�-D-galactopyranosyl)-(1�4)-(2,3,6-tri-
O-acetyl-�-D-glucopyranosyl)-(1�3)-2-O-benzyl-4,6-O-benzylidene-
�-D-glucopyranoside (7): A mixture of the lactosyl trichloroacetimi-
date 5[19] (934 mg, 1.20 mmol), the alcohol 6[20] (335 mg, 0.90 mmol),
and molecular sieves (powdered 4 ä; 200 mg) in CH2Cl2 (20 mL), was
stirred at room temperature for 30 min. TMSOTf (0.040 mL,
0.22 mmol) was then introduced with continued stirring (5 min),
followed by addition of Et3N (0.10 mL). The mixture was filtered, the


solvent evaporated, and the residual oil subjected to flash chroma-
tography (30 ± 50% EtOAc/petrol ether) to yield the trisaccharide 7
(22 mg, 81%) as a colorless oil ; [�]D: �11.6� (c� 0.7, CHCl3) ; 1H NMR
(CDCl3): �� 1.91 ± 2.06 (10s, 30H; COCH3), 3.22 ± 3.28 (m, 1H; H-5III),
3.32 (s, 3H; OCH3), 3.47 (dd, 3J(1,2)� 3.8 Hz, 3J(2,3)�9.3 Hz, 1H; H-2I),
3.54 (dd, 3J(3,4)� 3J(4,5)� 9.1 Hz, 1H; H-4II), [3.63 ± 3.82 (m), 3.99 ±
4.04 (m) and 4.12 ± 4.20 (m), 10H; H-1II, H-3I, H-5I,II, H-6I�III] , 4.31 (d,
3J(1,2)� 7.7 Hz, 1H; H-1III), 4.45 (d, 3J(1,2)� 3.8 Hz, 1H; H-1I), [4.46 (d,
2J�12.0 Hz, 1H,) and 4.72 (d, 2J�12.0 Hz, 1H,) ; CH2Ph], 4.83 (dd,
3J(1,2)� 3J(2,3)�7.7 Hz, 1H; H-2II), 4.86 (dd, 3J(2,3)� 10.4 Hz, 3J(3,4)�
3.5 Hz, 1H; H-3III), 4.97 (dd, 3J(1,2)� 7.8 Hz, 3J(2,3)� 9.1 Hz, 1H; H-2III),
5.01 (dd, 3J(2,3)� 10.4 Hz, 3J(3,4)� 8.0 Hz, 1H; H-3II), 5.08 (dd,
3J(3,4)� 3J(4,5)� 9.1 Hz, 1H; H-4I), 5.28 (dd, 3J(3,4)� 3.4 Hz, 3J(4,5)�
0.8 Hz, 1H; H-4III), [7.22 ± 7.28 (m, 6H) and 7.38 ± 7.42 (m, 4H); Ph] ppm;
13C NMR (CDCl3): �� 20.43 ± 20.78 (7C; COCH3), 55.32 (OCH3), 60.75,
61.78, 61.93 (C-6I±III), 66.58 (C-4III), 68.99, 70.58, 70.92, 72.68, 72.42,
73.22, 73.86, 75.95, 77.88, 78.82, 80.63 (12C; C-2I±III, C-3I±III, C-4I,II, C-5I±III,
CH2Ph), 98.72, 100.40, 101.03, 101.55 (C-1I±III, CHPh), 126.17 ± 129.16,
137.37, 137.89 (12C; Ph), 168.83 ± 170.27 (7C; CO) ppm; HR MS (FAB):
m/z : calcd for C47H58O23: 1013.3267 [M�Na]� ; found: 1013.3258.


Methyl (2,3,4,6-tetra-O-acetyl-�-D-galactopyranosyl)-(1�4)-(2,3,6-tri-
O-acetyl-�-D-glucopyranosyl)-(1�3)-2,4,6-tri-O-acetyl-�-D-glucopyr-
anoside (8): Palladium on charcoal (30 mg; 10% palladium by mass)
was added to a solution of the trisaccharide 7 (318 mg, 0.32 mmol)
and glacial acetic acid (50 �L) in MeOH (15 mL) and the mixture was
vigorously stirred under an atmosphere of hydrogen for 12 h). The
mixture was then filtered, evaporated, and co-evaporated (toluene)
and the residue was treated with pyridine (5 mL), Ac2O (4 mL), and
N,N-dimethylaminopyridine (30 mg) and the mixture stirred for 2 h.
MeOH (2 mL) was added and the solvent coevaporated (toluene).
The residual oil was subjected to flash chromatography (40 ± 80%
EtOAc/petrol ether) to yield the decaacetate 8 (271 mg, 90%) as a
colorless foam; [�]D��23.3� (c�1.0, CHCl3); 1H NMR (CDCl3) ��
1.93 ± 2.41 (10s, 30H, COMe), 3.37 (s, 3H, OMe), 3.54 (ddd, 3J(4,5)�
9.2 Hz, 3J(5,6)� 1.8, 4.7 Hz, 1H; H-5I), 3.75 (dd, 3J(3,4)�9.5, 3J(4,5)�
9.1 Hz, 1H; H-4II), 3.79 ±3.84 (m, 1H; H-5III), 3.87 (ddd, 3J(4,5)�
10.2 Hz, 3J(5,6)�2.4 and 4.6 Hz, 1H; H-5II), [4.01 ± 4.12 (m, 5H), 4.16
(dd, 3J(5,6)� 4.6 Hz, 2J(6,6)� 12.4 Hz, 1H) and 4.37 (dd, 3J(5,6)�
1.9 Hz, 2J(6,6)�12.0 Hz, 1H); H-3I, H-6I±III) ] , 4.43 (d, 3J(1,2)�7.9 Hz,
1H; H-1II), 4.61 (d, 3J(1,2)�8.0 Hz, 1H; H-1III), 4.77 (dd, 3J(1,2)� 8.2 Hz,
3J(2,3)� 9.5 Hz, 1H; H-2III), [4.81 ± 4.86 (m, 2H) and 4.89 ± 4.96 (m, 2H);
H-1I, H-2I, H-3II,III), 5.06 (dd, 3J(1,2)�7.8 Hz, 3J(2,3)� 10.4 Hz, 1H; H-2I),
5.09 (dd, 3J(3,4)� 8.9 Hz, 3J(4,5)� 9.2 Hz, 1H; H-4I), 5.31 (dd, 3J(3,4)�
3.2 Hz, 3J(4,5)� 0.8 Hz, 1H; H-4III) ppm; 13C NMR (CDCl3): �� 20.31 ±
20.93 (10C; COMe), 55.38 (OMe), 60.72, 62.09, 62.21 (C-6I±III), 66.57
(C-4III), 67.28, 68.03, 69.10, 70.73, 70.90, 71.53, 72.50, 72.83, 73.21,
76.09, 76.19 (C-2I±III, C-3I±III, C-4I,II, C-5I±III), 96.73 (C-1I), 100.54, 101.05
(C-1II,III), 169.04 ± 170.64 (10C; CO) ppm; MS (FAB, positive mode):
m/z : 961 [M�Na]� .


(2,3,4,6-Tetra-O-acetyl-�-D-galactopyranosyl)-(1�4)-(2,3,6-tri-O-ace-
tyl-�-D-glucopyranosyl)-(1�3)-1,2,4,6-tetra-O-acetyl-D-glucopyra-
nose (9): H2SO4 (0.14 mL) was added to a solution of the methyl
glycoside 8 (251 mg, 0.27 mmol) in Ac2O (7.0 mL) and AcOH (3.0 mL)
and the mixture was stirred at room temperature (16 h). NaOAc (1 g)
was added with continued stirring then the mixture was filtered
through Celite and the solvent evaporated. The residue was
dissolved in CH2Cl2 (10 mL) and subjected to workup and flash
chromatography (40 ± 70% EtOAc/petrol) to yield an anomeric
mixture of acetates 9 (184 mg, 71%) as a colorless oil (� :�, 9 :1) ;
partial 1H NMR (CDCl3): ��5.54 (d, 3J(1,2)� 8.2 Hz, 1H; H-1I ±�), 5.36
(d, 3J(1,2)�3.6 Hz, 1H; H-1I-�) ppm; 13C NMR (CDCl3): � (�-anomer)�
20.22 ± 20.76 (11C; CH3), 60.68, 61.58, 61.99 (C-6I±III), 66.49, (C-4III),
67.31, 69.07, 69.82, 70.63, 70.79, 71.20, 71.38, 72.49, 73.00, 75.83, 76.12
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(C-2I±III, C-3I±III, C-4I,II, C-5I±III), 89.06 (C-1I), 100.61, 100.96 (C-1II,III),
168.55 ± 170.56 (10C; CO); HR MS (FAB): m/z : calcd for C40H50O27Na:
1005.2490 [M�Na]� ; found: 1005.2505.


(2,3,4,6-tetra-O-acetyl-�-D-galactopyranosyl)-(1�4)-(2,3,6-tri-O-ace-
tyl-�-D-glucopyranosyl)-(1�3)-2,4,6-tri-O-acetyl-D-glucopyranosyl
bromide (10): HBr (1.0 mL, 2.7 mmol; 30% in AcOH) was added to a
cooled (0 �C) solution of the acetate 9 (55 mg, 56 �mol) in CH2Cl2
(5.0 mL) and the mixture was allowed to warm to room temperature
(6 h). The solution was further diluted (CH2Cl2), poured onto an ice ±
water suspension and subjected to workup and flash chromatog-
raphy (50% EtOAc/petrol ether) to yield the bromide 10 (48 mg,
86%) as a colorless foam; [�]D��44.4� (c� 1.0, CHCl3) ; 1H NMR
(CDCl3): ��1.92 ± 2.15 (10s, 30H, CH3), 3.59 ± 3.65 (m, 1H, H-5I), 3.72-
�3.85 (m, 2H, H-3I, H-4I), [4.00 ± 4.24 (m, 7H) and 4.41 (dd, 3J(5,6)�
1.8 Hz, 2J(6,6)� 11.2 Hz, 1H); H-5II,III, H-6I-III) ] , 4.42 (d, 3J(1,2)�7.8 Hz,
1H; H-1II), 4.63 (d, 3J(1,2)�8.0 Hz, 1H; H-1III), 4.75 (dd, 3J(1,2)� 4.0 Hz,
3J(2,3)� 9.7 Hz, 1H; H-2I), 4.77 (dd, 3J(1,2)� 8.2 Hz, 3J(2,3)� 9.3 Hz,
1H; H-2III), 4.01 (dd, 3J(2,3)� 8.9 Hz, 3J(3,4)�3.3 Hz, 1H; H-3III), 5.05
(dd, 3J(2,3)� 8.9 Hz, 3J(3,4)� 10.0 Hz, 1H; H-3II), 5.06 (dd, 3J(1,2)�
7.7 Hz, 3J(2,3)� 10.4 Hz, 1H; H-2II), 5.10 (dd, 3J(3,4)� 3J(4,5)� 9.2 Hz,
1H; H-4I), 5.31 (dd, 3J(3,4)� 3.8 Hz, 3J(4,5)� 0.8 Hz, 1H; H-4III), 6.47 (d,
3J(1,2)� 4.0 Hz, 1H; H-1I) ppm; 13C NMR (CDCl3): �� 20.31 ± 20.77
(10C; CH3), 60.76, 61.07, 62.07 (C-6I±III), 66.57, 66.62, 69.07, 70.72, 70.86,
71.56, 72.39, 72.65, 73.02, 75.92 (12C; C-2I±III, C-3I±III, C-4I±III, C-5I±III),
87.27 (C-1I), 100.61, 100.99 (C-1II,III), 168.93 ± 170.48 (10C; CO) ppm.


4-Methylumbelliferyl (2,3,4,6-tetra-O-acetyl-�-D-galactopyranosyl)-
(1�4)-2,3,6-tri-O-acetyl-�-D-glucopyranosyl)-(1�4)-2,4,6-tri-O-ace-
tyl-�-D-glucopyranoside (11): A vigorously stirred mixture of the
bromide 10 (48 mg, 48 �mol), 4-methylumbelliferone (35 mg,
200 �mol), tetra-nbutylammonium iodide (20 mg, 48 �mol) in CHCl3
(4.0 mL), and NaOH (1.5 mL, 1.5 mmol; 1M) was heated under reflux
for 6 h. The mixture was diluted with CHCl3 (5 mL) and the phases
separated. The organic extract was washed with NaOH (1M) and
saturated NaCl solution, dried (MgSO4), filtered, and evaporated.
Flash chromatography (50 ± 80% EtOAc/petroleum ether) of the
residue yielded two products:


3-O-[ (2,3,4,6-Tetra-O-acetyl-�-D-galactopyranosyl)-(1�4)-2,3,6-tri-O-
acetyl-�-D-glucopyranosyl)]-2,4,6-tri-O-acetyl-1,5-anhydro-D-arabino-
hex-1-enitol (10 mg, 22%) was isolated as a colorless oil ; 1H NMR
(CDCl3): �� 1.94 ± 2.12 (10s, 30H, CH3), 3.59 ± 3.88 (m, 3H, H-4II,
H-5II,III), [4.02 ± 4.17 (m, 5H), 4.29 ± 4.37 (m, 2H) and 4.53 (dd, 3J(5,6)�
2.0 Hz, 3J(6,6)�11.9 Hz, 1H); H-3I, H-5II, H-6I±III] , 4.47 (d, 3J(1,2)�7.7 Hz,
1H; H-1II), 4.62 (d, 3J(1,2)�7.7 Hz, 1H; H-1III), 4.82 (dd, 3J(1,2)� 8.0 Hz,
3J(2,3)� 9.3 Hz, 1H; H-2II), 4.94 (dd, 3J(2,3)� 10.4 Hz, 3J(3,4)� 3.5 Hz,
1H; H-3III), 5.08 (dd, 3J(1,2)� 7.9 Hz, 3J(2,3)� 10.4 Hz, 1H; H-2III), 5.15
(dd, 3J(1,2)� 3J(2,3)� 9.1 Hz, 1H; H-4I), 5.31 ± 5.35 (m, 2H; H-3II, H-4III),
6.55 (s, 1H; H-1I) ppm; 13C NMR (CDCl3): �� 20.47 ± 20.76 (10C; CH3),
60.84, 61.44, 67.73 (C-6I±III), 66.67 (C-4III), 68.29, 69.13, 70.77, 70.98,
71.95, 72.15, 72.77, 72.94, 74.19, 76.09 (11C; C-2I±III, C-3I±III, C-4I,II,C-5I±III),
100.84, 101.13 (C-1II,III), 126.10, 137.95 (C-1I, C-2I), 169.107 ± 170.42
(10C; CO) ppm; HR MS (FAB): m/z : calcd for C38H50O25Na: 929.2539
[M�Na]� ; found 929.2538.


Glycoside 11 (25 mg, 47%) was obtained as a colorless oil ; 1H NMR
(CDCl3): �� 1.92 ± 2.12 (30H, COCH3), 2.37 (d, 4J(3�,CH3)�1.1 Hz, 3H;
CH3), [3.57 ±3.62 (m, 1H), 3.74 ± 3.86 (m, 3H), 3.95 (dd, 3J(2,3)�
3J(3,4)� 9.1 Hz, 1H), 4.01 ± 4.23 (m, 5H), and 4.38 (dd, 3J(5,6)�
2.0 Hz, 3J(6,6)�11.9 Hz, 1H); H-3I, H-4II, H-5I±III, H-6I±III] , 4.42 (d,
3J(1,2)� 7.9 Hz, 1H; H-1III), 4.58 (d, 3J(1,2)� 7.0 Hz, 1H; H-1II), 4.80
(dd, 3J(1,2)�8.2 Hz, 3J(2,3)�9.5 Hz, 1H; H-2II), 4.91 (dd, 3J(2,3)�
10.4 Hz, 3J(3,4)�3.5 Hz, 1H; H-3III), 4.98 (dd, 3J(1,2)� 3J(2,3)� 9.5 Hz,
1H; H-2I), 4.99 (d, 3J(1,2)�7.9 Hz, 1H; H-1I), 5.06 (dd, 3J(1,2)�7.9 Hz,
3J(2,3)� 10.4 Hz, 1H; H-2III), 5.11 (dd, 3J(3,4)� 3J(4,5)� 9.1 Hz, 1H;


H-4I), 5.25 (dd, 3J(2,3)� 9.3 Hz, 3J(3,4)� 8.0 Hz, 1H; H-3II), 5.31 (dd,
3J(3,4)� 3.2 Hz, 3J(4,5)� 0.8 Hz, 1H; H-4III), 6.15 (d, 4J(3�,CH3)� 1.1 Hz,
1H; H-3�), 6.84 ±6.88 (m, 2H; H-8�, H-6�), 7.45 ± 7.49 (m, 1H; H-5�) ppm;
13C NMR (CDCl3) �� 20.33 ± 20.81 (10C; COCH3), 60.71, 62.02, 62.26
(C-6I±III), 66.56 (C-4III), 68.00, 69.11, 70.71, 70.86, 71.26, 72.26, 72.49,
72.69, 73.07, 76.02, 78.78 (C-2I±III, H-3I±III, H-4I,II, H-5I±III), 98.36, 100.86,
101.07 (C-1I±III), 103.65 (C-8�), 113.10 (C-3�), 114.09 (C-6�), 115.40 (C-4a�),
125.65 (C-5�), 152.12 (C-4�), 154.81 (C-1a�), 159.25 (C-7�), 160.66 (C-2�),
168.77 ± 169.94 (10C; COCH3) ppm; HR MS (FAB): m/z : calcd for
C48H58O28Na: 1105.3012 [M�Na]� ; found: 1105.3028.


4-Methylumbelliferyl �-D-galactopyranosyl-(1�4)-�-D-glucopyrano-
syl)-(1�3)-�-D-glucopyranoside (2): NaOMe (50 �L; 0.10M in MeOH)
was added to a cold (0 �C) solution of the decaacetate 11 (21 mg,
19 �mol) in MeOH (5.0 mL) and the solution was slowly warmed to
room temperature over 2 h, during which time a precipitate was
formed. Water was added and the solution was treated with the
Amberlite IR-120 resin (H� form) until it reached neutral pH value.
Filtration, evaporation of the solvent, and lyophilization of the
residue yielded an off-white colored powder that was further purified
by reversed-phase chromatography to afford the title glycoside 2
(9 mg, 70%); 1H NMR ([D6]DMSO): �� 2.33, (br s, 3H; CH3), 3.15 ±3.80
(m, 18H; H-2I±III, H-3I±III, H-4I±III, H-5I±III, H-6I±III), 4.19 (d, 3J(1,2)�7.1 Hz,
1H; H-1III), 4.55 (d, 3J(1,2)�8.0 Hz, 1H; H-1II), 5.05 (d, 3J(1,2)�7.5 Hz,
1H; H-1I), 6.37 (q, 3J� 1.3 Hz, 1H; H-3�), 6.97 ± 7.04 (m, 2H; H-8�, H-6�),
7.63 ± 7.68 (m, 1H; H-5�) ppm; 13C NMR ([D6]DMSO): ��19.26 (CH3),
61.13, 61.52, 61.85 (C-6I±III), 68.98, 69.42, 71.76, 73.35, 73.76, 74.31,
75.33, 75.93, 76.43, 77.12, 80.05 (C-2I±III, C-3II,III, C-4I±III, C-5I±III), 86.05 (C-
3I), 100.39, 103.95, 104.26 (C-1I±III), 104.58 (C-8�), 112.64 (C-3�), 115.06
(C-6�), 115.91 (C-4a�), 127.93 (C-5�), 155.20 (C-4�), 156.19 (C-1a�), 160.86
(C-7�), 163.37 (C-2�) ; HR MS (FAB): m/z : calcd for C28H38O18Na:
685.1956 [M�Na]� ; found: 685.1956.


(2,3,4,6-Tetra-O-acetyl-�-D-galactopyranosyl)-(1�4)-(2,3,6-tri-O-ace-
tyl-�-D-glucopyranosyl)-(1�3)-2,4,6-tri-O-acetyl-�-D-glucopyranosyl
fluoride (12): HF (5.0 mL; 70% in pyridine) was added to a cooled
(0 �C) polyethylene vessel that contained the heptaacetate 9 (87 mg,
90 �mol) and the mixture was kept at 4 �C for 12 h. CH2Cl2 (6.0 mL)
was added and the combined solution poured onto a stirred
suspension of ice in aq NH3 (60 mL; 3M). The solution was subjected
to workup (CH2Cl2) and flash chromatography (40 ± 60% EtOAc/
petrol ether) to afford the fluoride 12 (65 mg, 78%) as a colorless oil ;
1H NMR (CDCl3): ��1.94 ± 2.18 (10s, 30H, CH3), [3.56 ± 3.63 (m, 1H),
3.73 ± 3.86 (m, 2H), 4.00 ± 4.24 (m, 7H), and 4.40 (dd, 3J(5,6)� 1.9 Hz,
3J(6,6) 11.2 Hz, 1H); H-3I, H-4II, H-5I±III, H-6I±III] , 4.44 (d, 3J(1,2)�7.9 Hz,
1H; H-1II), 4.62 (d, 3J(1,2)�8.2 Hz, 1H; H-1III), 4.79 (dd, 3J(1,2)� 8.1 Hz,
3J(2,3)� 9.6 Hz, 1H; H-2III), 4.88 (ddd, 3J(1,2)� 2.9 Hz, 3J(2,3)�11.1 Hz,
3J(2,F)� 24.8 Hz, 1H; H-2I), 5.04 (dd, 3J(2,3)� 11.3 Hz, 3J(3,4)� 8.0 Hz,
1H; H-3II), 5.08 (dd, 3J(1,2)� 7.9 Hz, 3J(2,3)� 10.2 Hz, 1H; H-2II), 5.12
(dd, 3J(3,4)� 9.5 Hz, 3J(4,5)�8.9 Hz, 1H; H-4I), 5.32 (dd, 3J(3,4)�
3.2 Hz, 3J(4,5)�0.8 Hz, 1H; H-4III), 5.64 (dd, 3J(1,2)� 2.7 Hz, 3J(1,F)�
53.2 Hz, 1H; H-1I) ppm; 13C NMR (CDCl3): �� 20.37 ± 20.71 (10C,CH3),
60.76, 61.41, 62.17 (C-6I±III), 66.59, 66.88, 69.13, 70.76, 70.90, 71.52,
72.69, 73.14, 75.72, 76.03 (C-2II,III, C-3I±III, C-4I±III, C-5II,III), 70.09 (d,
4J(5,F)� 3.8 Hz, C-5I), 72.21 (d, 3J(2,F)�24.0 Hz, C-2I), 100.74, 101.09
(C-1II,III), 104.01 (d, 2J(1,F)�210 Hz, C-1I), 169.06 ± 170.58 (10C; CO);
HR MS (FAB): m/z : calcd for C38H51FO25: 949.2601 [M�Na]� ; found:
949.2608.


�-D-Galactopyranosyl-(1�4)-�-D-glucopyranosyl-(1�3)-�-D-gluco-
pyranosyl fluoride (4): NaOMe (0.10 mL; 1.0M in MeOH) was added to
a solution of the hexaacetate 12 (54 mg, 58 �mol) in MeOH (10 mL)
and the mixture stirred and allowed to warm from 0 �C to RTover 2 h.
The solution was treated with Amberlite IR-120 resin (H� form) until it
reached neutral pH, filtered, the solvent evaporated, and the residual
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oil lyophilized (H2O) to yield the fluoride 4 as a colorless foam (31 mg,
99%). MS (FAB, positive mode): m/z : 529 [M�Na]� .


Kinetics of hydrolysis by the wild-type 1,3-1,4-�-glucanase : Kinetic
measurements were performed by following the changes in UV
absorbance caused by the release of 4-methylumbelliferone by using
matched 1-cm path length cells in a Varian Cary 4 spectrophotom-
eter with a Peltier temperature control system that maintained the
cells at 35 �C. The rates of the enzyme-catalyzed hydrolyses were
determined by incubation of the substrate at the appropriate
concentration in citrate ±phosphate buffer (citric acid (6.5 mM),
Na2HPO4 (87 mM), pH 7.2, CaCl2 (0.1 mM)) for 5 min in the thermo-
stated cell holder. Reactions were initiated by the addition of the
enzyme and the absorbance change at ��365 nm (���
5440M�1 cm�1[10] ) was monitored. The concentration of stock sol-
utions of substrates Glu�4Glu�3GluMU (1) and Gal�1Glu�1GluMU (2)
were determined by UV spectrophotometry by using the molar
extinction coefficient reported for 4-methylumbelliferyl glycosides
(�316nm�13600M�cm�1[24] ).


Kinetics of glycosynthase reactions by E134A 1,3-1,4-�-glucanase :
Glycosyl donor and acceptor were dissolved in maleate buffer
(50 mM; pH 7.0) that contained CaCl2 (0.1 mM), and preincubated at
35 �C for 5 min. Reactions were initiated by addition of E134A 1,3-1,4-
�-glucanase (final volume 0.3 mL). Concentrations for the different
experiments are indicated in Table 1. The reaction mixtures were
incubated at 35 �C, and aliquots were taken at different time intervals
and diluted 1:10 in deionized H2O for HPLC analysis (NovaPak C18
column, 1 mLmin�1, 16% MeOH in H2O, UV detector at �� 316 nm).
Initial rates v0 were calculated from the linear portion of the HPLC
progress curve (area versus time) and expressed as v0/[E] in s�1


(Table 1). Reaction yields were calculated from the peak areas in the
chromatogram at the indicated times (Table 1).


Preparative glycosynthase-catalyzed reactions :


a) donor 3� acceptor 14 : The enzyme E134A 1,3-1,4-�-glucanase
(1 mg) was added to a solution of 3 (11.2 mg, 0.022 mmol, 1 equiv)
and 14 (50 mg, 0.099 mmol, 4.5 equiv) in phosphate buffer (3.7 mL;
100 mM, pH 7.0) that contained CaCl2 (0.1 mM) and the solution was
incubated at 35 �C for 30 min. The reaction mixture was loaded
directly onto a reversed-phase chromatography column (Lichroprep
RP-18, Lobar-A, Merck) and eluted with H2O (150 mL) followed by a
0±25% gradient of MeOH in H2O. The excess acceptor 14 (41 mg)
was eluted first.


The pentasaccharide 4-methylumbelliferyl �-D-glucopyranosyl-
(1�4)-�-D-glucopyranosyl-(1�3)-�-D-glucopyranosyl-(1�4)-�-D-
glucopyranosyl-(1�4)-�-D-glucopyranoside (16) was isolated as a
white powder after lyophilization (11 mg, 50%); 1H NMR (D2O, 30 �C):
��2.41 (s, 3H; CH3), 3.30 ± 4.10 (m, 30H; H-2I±V, H-3I±V,H-4I±V, H-5I±V,
H-6I±V), [4.52 (d, 3J(1,2)� 7.8 Hz, 1H), 4.56 (d, 3J(1,2)�8.1 Hz, 1H), and
4.60 (d, 3J(1,2)�8.1 Hz, 1H); H-1II,III,V] , 4.80 (d, 3J(1,2)� 8.1 Hz, 1H;
H-1IV), 5.20 (d, 3J(1,2)� 7.8 Hz, 1H; H-1I), 6.21 (s, 1H; H-3�), 7.02 (d,
3J(8�,6�)� 2.1 Hz, 1H; H-8�), 7.10 (dd, 3J(5�,6�)� 9.0 Hz, 3J(6�,8�)� 2.4 Hz,
1H; H-6�), 7.67 (d, 3J(5�,6�)� 9.0 Hz, 1H; H-5�) ppm; 13C NMR (D2O, 30
�C): �� 18.6 (CH3), 60.4 ± 61.2 (C-6I±V), 68.6, 70.1 (C-4III,V), 73.2 ± 76.6
(C-2I±V, C-3I,II,IV,V, C-5I±V), 79.2, 79.1, 78.7 (C-4I,II,IV), 84.5 (C-3III), 100.2 ±
104.2 (C-1I±V, C-8�), 112.0 (C-3�), 114.6 (C-6�), 115.9 (C-4a�), 127.3 (C-5�),
154.5 (C-4�), 156.8 (C-1a�), 160.1 (C-7�), 165.3 (C-2�) ppm; MS (ES): m/z :
calcd for C40H58O28Na: 1009.31 [M�Na]� ; found: 1009.30.


The octasaccharide 18 (elongation product) was obtained in 9%
yield (3 mg); 1H NMR (D2O, 30 �C) �� 2.50 (s, 3H; CH3), 3.15 ± 4.10 (m,
48H; H-2I±VIII, H-3I±VIII,H-4I±VIII, H-5I±VIII, H-6I±VIII), 4.46 ± 5.00 (H-1II,VIII), 5.30
(d, 3J(1,2)�7.8 Hz, 1H; H-1I), 6.34 (s, 1H; H-3�), 7.18 (d, 3J(5�,6�)�


6.3 Hz, 1H; H-6�), 7.81 (d, 3J(6�,5�)� 9.3 Hz, 1H; H-5�) ; MS (ES): m/z :
calcd for C58H88O43Na: 1495.46 [M�Na]� ; found: 1495.48.


b) donor 4� acceptor 14 : E134A 1,3-1,4-�-Glucanase (0.5 mg) was
added to a solution of 4 (4.62 mg, 0.0091 mmol, 1 equiv) and 14
(21.2 mg, 0.04 mmol, 4.6 equiv) in phosphate buffer (1.5 mL, 100 mM,
pH 7.0) that contained CaCl2 (0.1 mM). The solution was incubated at
35 �C for 20 min. Reversed-phase chromatography of the reaction
mixture (Lichroprep RP-18, Lobar-A, Merck, eluted with H2O (150 mL)
followed by a 0 ±25% gradient of MeOH in H2O give first the excess
acceptor 14 (17 mg), followed by the condensation product
4-methylumbelliferyl �-D-galactopyranosyl-(1�4)-�-D-glucopyrano-
syl-(1�3)-�-D-glucopyranosyl-(1�4)-�-D-glucopyranosyl-(1�4)-�-
D-glucopyranoside (20 ; 9 mg, 98%); 1H NMR (D2O, 30 �C) �� 2.45 (s,
3H; CH3), 3.25 ± 4.10 (m, 30H; H-2I±V, H-3I±V,H-4I±V, H-5I±V, H-6I±V), 4,46 (d,
3J(1,2)� 7.5 Hz, 1H; H-1V), [4.56 (d, 3J(1,2)�8.1 Hz, 1H) and 4.59 (d,
3J(1,2)� 8.1 Hz ,1H); H-1II,III] , 4.79 (1H; H-1IV), 5.26 (d, 3J(1,2)�7.8 Hz,
1H; H-1I), 6.27 (d, 4J(3�, CH3)� 1.2 Hz, 1H; H-3�), 7.09 (d, 3J(8�,6�)�
2.4 Hz, 1H; H-8�), 7.14 (dd, 3J(5�,6�)�8.7 Hz, 3J(6�,8�)�2.4 Hz, 1H; H-6�),
7.74 (d, 3J(5�,6�)� 9.0 Hz, 1H; H-5�) ppm; 13C NMR (D2O, 30 �C): ��
18.7 (CH3), 60.5 ± 61.6 (C-6I±V), 68.6(C-4III), 69.2 (C-4V), 71.6 ± 76.0 (C-2I±V,
C-3I,II,IV,V, C-5I±V), 79.0 (C-4I,II,IV), 84.6 (C-3III), 100.1 ± 104.3 (C-1I±V, C-8�),
112.1 (C-3�), 114.7 (C-6�), 116.0 (C-4a�), 127.5 (C-5�), 154.7 (C-4�), 156.8
(C-1a�), 160.2 (C-7�), 164.9 (C-2�) ppm; MS (ES): m/z : calcd for
C40H58O28Na: 1009.31 [M�Na]� ; found: 1009.30.
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Aspartyl Phosphonates and Phosphoramidates:
The First Synthetic Inhibitors of Bacterial
Aspartate-Semialdehyde Dehydrogenase
Russell J. Cox,* Jennifer S. Gibson, and MarÌa Bele¬n Mayo MartÌn[a]


The synthesis of methylene phosphonate, difluoromethylene
phosphonate and phosphoramidate analogues of aspartyl phos-
phate, together with reduced analogues, is described. These
compounds were shown to be effective inhibitors of aspartate-
semialdehyde dehydrogenase (ASA-DH) from Escherichia coli.
However, despite the structural similarity of the compounds,
different patterns of inhibition were observed, indicative of two


phases of recognition and binding. Correlation between measured
inhibition constants with pKa values supports the theory that
binding at the phosphate binding site is optimised for singly ionised
phosphate analogues.


KEYWORDS:


antibiotics ¥ dehydrogenases ¥ inhibitors ¥ phosphonates ¥
phosphoramidates


Introduction


The enzyme aspartate-semialdehyde dehydrogenase (ASA-DH,
E.C. 1.2.1.11)[1] lies at the start of the bacterial pathways leading
to L-lysine (1), via diaminopimelic acid (DAP, 2),[2] and to other
amino acids such as L-threonine (4), L-methionine (5) and L-
isoleucine (6) (Scheme 1).[3] Because of the requirement for
amino acids by bacterial protein biosynthesis and the absence of
ASA-DH frommammalian metabolism, ASA-DH could be a useful


Scheme 1. Role of ASA-DH in the microbial biosynthesis of cell wall and protein
components.


target for the development of new classes of antibacterial
compounds. This potential is heightened when it is recognised
that DAP (2) also plays a crucial role in bacterial replication
because of its role as a cross-linking element in the peptidogly-
can layer of the cell wall of both Gram-positive and Gram-
negative organisms.[4] ASA-DH is also operative in fungi where it
is known that inhibitors of aspartate metabolism show anti-
fungal activity.[5]


The mechanism of ASA-DH has been investigated with
classical kinetic methods[6] and the recent publication of an
X-ray crystal structure has supported many of the mechanistic
conclusions.[7] For the forward (biosynthetic) reaction aspartyl-�-
phosphate (7) acts as the substrate (Scheme 2). Upon binding to
ASA-DH, the �-carbonyl group of 7 is intercepted by an active
site nucleophilic cysteine sulphur atom, forming a (presumed)
tetrahedral intermediate 9 which then expels inorganic phos-
phate to form the enzyme-bound thiolester 10. The 4-proR
hydride from nicotinamide adenine dinucleotide phosphate,
reduced form, (NADPH) is then transferred to the thiolester
carbonyl group, forming a second (presumed) tetrahedral
intermediate 11 which collapses to release aspartate-�-semi-
aldehyde (ASA, 8) and ASA-DH.
On the basis of this mechanistic rationale, we designed a series


of potential inhibitors of ASA-DH by using the substrate
structure 7 as a starting point. The enzyme utilises phosphate
as an excellent nucleofuge and we reasoned that attenuation of
the leaving group ability could provide inhibitory compounds.
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Bristol, BS8 1AS (UK)
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Scheme 2. Likely chemical mechanism of ASA-DH and structures of substrate
and intermediate analogues 12 ±16.


Thus, difluorophosphonate 12[8] and phosphonate 13 were
considered as potential substrate mimics. In the case of the
difluorophosphonate 12 it could reasonably be expected that
enhanced electrophilicity of the �-carbonyl group could lead to
significant covalent attachment to the active site nucleophile.
The effect of adjacent fluorine atoms on the pKa value of
phosphonic acids has also been investigated and in some cases
it has been claimed that difluoromethylene phosphonates can
effectively mimic phosphates in terms of both steric factors and
pKa value.[9] The phosphoramidate 14 was also considered as a
candidate inhibitor. Although the �-carbonyl group of 14 is
unlikely to possess significant electrophilic character, the pKa
value of the phosphoramidate closely matches that of the
phosphate. We also considered the use of the reduced
phosphonate analogues 15 and 16 which, although unable to
form covalent linkages to ASA-DH, might mimic the presumed
tetrahedral intermediates.


Results


Difluoromethylene Phosphonates


Differential protection of the carboxylate groups of aspartic acid
has been well investigated. In order for the later selective
attachment of the phosphonate at the �-carbonyl group we
decided to use methyl ester protection at this position. Thus, L-
aspartic acid (17) was selectively monomethylated at the �-


carbonyl group by treatment with one equivalent of thionyl
chloride in methanol (Scheme 3) following the method of
Schwarz et al.[10±12] The protected amino acid was precipitated
as the hydrochloride salt 18 which was then N-tert-butoxycar-
bonyl (Boc) protected under standard conditions to give the
carboxylic acid 19. Finally tert-butyl ester formation was
achieved by an N-ethyl-N�-(3-dimethyl-aminopropyl)carbodi-
imide (EDCI) mediated coupling reaction with tBuOH to afford
the desired protected aspartate 20.


Scheme 3. Synthesis of differentially protected L-aspartate and aspartate semi-
aldehyde. a) SOCl2, MeOH, �10 �C; b) Boc2O, MeOH, NaHCO3, RT; c) tBuOH,
CH2Cl2 , EDCI, DMAP, RT; d) Boc2O, NaH, THF, � ; e) DIBALH, Et2O, �78 �C; f) LDA,
THF, �78 �C. Boc� tert-butyloxycarbonyl, DIBALH� diisobutylaluminium hy-
dride, DMAP� 4-dimethylaminopyridine, EDCI�N-ethyl-N�-(3-dimethyl-amino-
propyl)carbodiimide, LDA� lithium diisopropylamide, THF� tetrahydrofuran.


Berkowitz et al. have shown that methyl esters can be treated
with the lithium difluorophosphonate 22 to afford protected
ketodifluoromethylene phosphonates in a single step.[13] How-
ever, treatment of the protected aspartate 20 with the
preformed lithium salt 22 did not result in a productive reaction.
Subsequent double Boc protection to give the fully protected
aspartate 23 was then achieved in order to remove the acidic
carbamate proton (Scheme 3). Compound 23 was also unreac-
tive towards 22. Percy and co-workers have recently reported
the successful use of CeCl3 to improve the yields of these
reactions.[14] However, even under these conditions, no signifi-
cant product formation was observed.
It was clear from these results that the �-methyl ester was


insufficiently electrophilic to react with 22. We then considered
increasing the reactivity of the electrophile by forming the
corresponding aldehyde. The mixed ester 23 was treated with
diisobutylaluminium hydride (DIBALH) to afford the correspond-
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ing aldehyde 24 (Scheme 3), but this too was unreactive towards
the lithium anion 22.
In order to simplify the synthesis, and to reduce possible steric


crowding of the aldehyde, we chose to synthesise the methyl
ester aldehyde 25 according to the method of Vederas and
Sutherland. Thus, L-aspartic acid 17 was treated with refluxing
HCl in anhydrous MeOH to form the bis-ester 26 (Scheme 4).
Double Boc protection then afforded the fully protected
aspartate 27.[10, 15] The diester 27 was treated with DIBALH to
form a mixture of the desired aldehyde 25 (71%), the
corresponding alcohol 28 (5%) and unreacted starting material
27 (10%).[16, 17] There was no indication of reduction of the �-
ester. The alcohol 28 could be smoothly oxidised to the aldehyde
25 with the Dess ±Martin periodinane[18] in 75% yield.


Scheme 4. Synthesis of fully protected L-aspartate semialdehyde and attempted
conversion into difluoromethylene phosphonate. a) MeOH, HCl, � ; b) Boc2O, THF,
NaH � ; c) DIBALH, Et2O, �78 �C, 71% for 25, 5% for 28, 10% for 27; d) Dess ±
Martin periodinane, CH2Cl2 , RT; e) 22 (7.5 equiv), THF, �78 �C.


Treatment of aldehyde 25with one equivalent of 22, however,
did not result in formation of the desired secondary alcohol. A
high excess (7.5 equivalents) of 22 gave a low yield (approx-
imately 14%) of the diastereomers 29a and 29b, but the yield
could not be increased. We reasoned that under highly basic
reaction conditions, a retro-aldol reaction of the intermediate
oxyanion 30 would be favoured. We therefore attempted to
perform a similar reaction under more neutral conditions.
In a series of control reactions, benzaldehyde (31) was treated


with the trimethylsilyl (TMS) protected phosphonate 32 at 0 �C in
the presence of catalytic fluoride (CsF, tetrabutylammonium
fluoride (TBAF) or tetrabutylammonium tribromide (TBAT)) to
give the expected benzylic alcohol 33, as reported by Obayashi
and Kondo, in excellent yield (Scheme 5).[19] The use of TBAF as
the fluoride source gave significantly better yields (98%) than
those reported in the literature[19] when using CsF (58%).


Scheme 5. Synthesis of difluoromethylene phosphonates. a) 32, THF, TBAF
(10 mol%),�78 �C, 96% for 33, 51% for 35 ; b) Dess ±Martin periodinane, CH2Cl2 ,
RT; c) TMSI, then ion exchange. TBAF� tetrabutylammonium fluoride, TMSI�
trimethylsilyl iodide.


Hydrocinnamaldeyde (34) also reacted smoothly to give the
corresponding secondary alcohol 35 under these conditions.
Under the catalytic fluoride conditions the intermediate


alkoxides are presumably trapped as trimethylsilyl ethers which
are not prone to retro-aldol reactions. The silyl ethers are then
cleaved during workup and purification to give the relatively
stable alcohol. The benzylic alcohol 33was then treated with the
Dess ±Martin periodinane. This smoothly afforded the desired
ketophosphonate 36. Deprotection was achieved by treatment
of the ketone 36 with trimethylsilyl iodide (TMSI) and the
resulting ketophosphonate 37 was purified by anion exchange
chromatography.
The synthetic aldehyde 25 was then used under identical


conditions to give the expected mixture of diastereomers of the
secondary alcohols 29a and 29b in 55% yield after optimisation
(Scheme 6). Although the yield of the reaction was moderate,
the balance of unreacted aldehyde 25 could be recovered from
the reaction. Oxidation of the alcohols 29a�b with the Dess ±
Martin periodinane then gave the desired fully protected
ketophosphonate 38.
Deprotection was achieved in two steps. Treatment with an


excess of TMSI cleaved the ethyl esters and the two Boc groups,
but, rather surprisingly, left the methyl ester intact ; thus, the
partially deprotected compound 39 was formed. However,
further treatment with aqueous KOH rapidly hydrolysed 39
and gave the desired amino acid 12, which was purified by ion
exchange chromatography. The purified target compound was
isolated as a 6:4 mixture of hydrate and keto forms. Alcohols
29a�b were also deprotected and purified following the same
procedure.


Methylene phosphonates


The nonfluorinated D-enantiomer of 13 has been previously
reported as a potent N-methyl-D-aspartate (NMDA) antagonist.[20]


Two synthetic approaches have been considered. That used by
Baldwin et al. has featured ring opening of an appropriate �-
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Scheme 6. Synthesis of difluoromethylene phosphonates. a) 32, THF, TBAF
(10 mol%), �78 �C, 3:1 mixture of diastereomers ; b) Dess ±Martin periodinane,
CH2Cl2 , RT; c) TMSI; d) aq KOH, then ion exchange; e) TMSI, then KOH, then ion
exchange.


lactam,[21] while Whitten et al. have described the addition of
LiCH2P(O)(OEt)2 to methyl esters.[20] We realised that modification
of our procedure could also provide access to 13. Thus,
treatment of the bis-methyl ester 27 with lithium diethylmethy-
lene phosphonate afforded the desired ketophosphonate 40 in
approximately 50% yield (Scheme 7). The tert-butyl ester 41 was


Scheme 7. Synthesis of methylene phosphonates. a) LiCH2P(O)(OEt)2 , THF,
�78 �C; b) aq HCl, �, then ion exchange; c) aq NaBH4, 0 �C, then ion exchange,
2:1 ratio of diastereomers.


observed as a byproduct in low yield, presumably as a
consequence of attack at the carbamate group. The nonfluori-
nated anion is clearly significantly more reactive than its
difluorinated analogue 22 which did not react under similar
conditions. The ketophosphonate 40 was deprotected by treat-
ment with refluxing aqueous HCl followed by ion exchange
chromatography to give the desired 13. Treatment of 13 with
NaBH4 afforded a diastereomeric mixture of the secondary
alcohols 16a�b.


Phosphoramidate


N-Phosphoryl amides have been synthesised by the treatment of
primary amides with ClP(O)(OEt)2 . We thus attempted to treat
the methyl ester 23 with ammonia in order to produce a suitable
amide. However, treatment of 23 with liquid ammonia at reflux
temperature (�33 �C) for 12 h failed to give more than 1%
conversion (LC ±MS analysis). Similar results were obtained with
refluxing NH3/tetrahydrofuan (THF) and refluxing NH3/H2O. We
therefore considered adding an intact P�N unit to a suitable
aspartate derivative. It is clear, from the failed reactions with
ammonia and the difficulties in adding lithium nucleophiles to
methyl esters such as 23, that the aspartate coupling partner
would have to possess enhanced electrophilicity. In this case, the
use of an aldehyde would be inappropriate because of the ease
of retro-aldol reactions and acid chloride functionality would be
incompatible with the Boc and tBu protection.
We therefore treated the methyl ester 23 with 1 equivalent of


KOH in H2O/CH3CN to afford the potassium salt 42 (Scheme 8).
This was soluble in anhydrous CH2Cl2 , and treatment with ethyl


Scheme 8. Synthesis of �N-phosphoryl asparagine. a) KOH (1.0 equiv), CH3CN/
H2O, 40 �C; b) CH2Cl2 , EtOCOCl, RT; c) 44, RT; d) TMSI (5.0 equiv), CH2Cl2/CH3CN,
0 �C�RT, then ion exchange.


chloroformate then provided the mixed carbonate anhydride 43.
This active ester was then treated with an excess of the lithium
salt 44 of commercially available diethyl phosphoramidate in
situ. This afforded the desired fully protected N-phosphoryl
amide 45 in good yield. Deprotection was achieved under mild
conditions by using 5.0 equivalents of TMSI at 0 �C to afford 14
after extraction into H2O and lyophilisation. Use of excess TMSI,
elevated temperatures or extended exposure to aqueous acid
conditions resulted in the formation of aspartic acid and
asparagine as observed by TLC and LC±MS.


Enzyme assays


ASA-DH is most conveniently assayed in the ™reverse∫ biosyn-
thetic direction due to the instability of the substrate aspartyl







R. J. Cox et al.


878 ChemBioChem 2002, 3, 874 ±886


phosphate (7). ASA (8) itself was synthesised from allylglycine in
a simple procedure involving ozonolysis in 1M aqueous HCl
followed by treatment with dimethyl sulfide.[22] The resulting
aqueous solution containing ASA (8) and dimethyl sulfoxide
(DMSO) was stable when stored at �20 �C for prolonged
periods, showing no diminished activity in ASA-DH assays over
time.
The assay procedure was performed by using L-ASA (8 ;


0.35 mM), inorganic phosphate (15 mM) and NADP� (150 �M,
Scheme 9). These conditions were based on the published


Scheme 9. Assay procedure for ASA-DH. ASA (8) was prepared by reductive
ozonolysis of allylglycine.[22] The production of NADPH was monitored spectro-
photometrically at 340 nm.


Michaelis constant (KM) values of the substrates.[6] Under these
conditions satisfactory rates of NADPH formation were observed
at 340 nm of around 3 �Mmin�1 (that is, 2% NADP� con-
versionmin�1, Figure 1). In initial inhibition assays we added
the difluoromethylene phosphonate 12 (1 ± 10 mM) to standard
ASA-DH assay mixtures, but we were disappointed to observe
no apparent inhibition of the reaction.


Figure 1. Typical plot of NADPH production versus time for a standard ASA-DH
assay containing ASA-DH (2.8 �g), 350 �M ASA (8), 150 �M NADP� and 15 mM


phosphate in 0.2M tris(hydroxymethyl)aminomethane (pH 8.6). The enzyme was
tested for denaturation at 37 �C over the indicated time.


We reasoned that under the high phosphate concentrations
required to force the enzyme to run in the reverse direction, the
active site may be significantly occupied by phosphate, effec-
tively blocking the binding by 12. In order to test this theory we
preincubated ASA-DH with 12 in the absence of all substrates at
37 �C for varying periods of time. Aliquots of the enzyme/12
solution were then tested for residual activity. In the absence of
phosphate, 12 does inhibit ASA-DH in a time- and concentration-
dependent manner (Figure 2). The inhibition is not irreversible


Figure 2. Inhibition of ASA-DH by 12. A) Inhibition of ASA-DH by preincubation
with 12 at 0.66 mM. � uninhibited reaction; � preincubation with 12 for 0 min;
� preincubation with 12 for 12 min; � preincubation with 12 for 25 min;
� preincubation with 12 for 68 min;� preincubation with 12 for 138 min. B) Rate
of inhibition of ASA-DH at varying concentrations of 12 (� 0.66 mM; � 2.5 mM;
� 5.0 mM) without phosphate and at 2.5 mM 12 (�) in the presence of 15 mM


phosphate.


however, as indicated by the fact that 100% inhibition was not
observed. In addition, when enzyme that had been treated with
12 for some time was diluted into the assay reaction, the activity
of the inhibited enzyme slowly recovers, resulting in curved
plots. The effect is most clearly observed in the enzyme samples
which are initially most inhibited (for example, crosses in
Figure 2A).
Evidence for binding at the active site was obtained by


performing the inhibition reactions in the presence of inorganic
phosphate–significant protection from inhibition was observed
when inorganic phosphate was present. Based on this assay
procedure, an inhibition constant (KI) value of 95 �M was
calculated for 12.
We next examined inhibition by a mixture of the diastereo-


meric alcohols 15a�b. In both preincubation and direct assays
this mixture of compounds did not appear to show significant
inhibition. The same lack of activity was displayed by the mixture
of nonfluorinated diastereomeric alcohols 16a�b.
The nonfluorinated ketophosphonate 13 was then tested in


preincubation assays. In contrast to the activity observed for 12,
this compound showed both relatively weak and slower
inhibition under these conditions. However, in direct assays this
compound caused much more evident inhibition in the
presence of phosphate. Standard Michaelis ±Menten analysis
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of this inhibition (varying concentrations of ASA (8), phosphate
and 13) revealed that 13 inhibits ASA-DH competitively versus
ASA with KI�750 �M and noncompetitively versus phosphate
with KI� 2.13 mM (Figure 3A).
The phosphoramidate 14 was also tested as an inhibitor of


ASA-DH. No apparent time-dependent inhibition was observed
when 14 was incubated with ASA-DH alone. However, 14
showed clear competitive inhibition versus ASA (KI� 214�
120 �M) and competitive inhibition (KI� 92� 40 �M) when as-
sayed versus inorganic phosphate in the standard activity assay
(Figure 3B).


Discussion


Because of its position at the start of branching pathways to
diverse amino acids in bacteria, ASA-DH is potentially a good
target for the de novo design of antibacterial compounds.
Despite this fact surprisingly little information has been gathered


regarding inhibition of ASA-DH. The com-
pounds described here are the first system-
atically designed and synthesised com-
pounds shown to inhibit the enzyme. Other
compounds are known to inhibit ASA-DH,
however. The chloroketone 46 is an irrever-


sible inhibitor of ASA-DH, presumably because of covalent bond
formation with the nucleophilic active site cysteine.
Kish and Viola have recently reported results of a study on the


substrate and inhibition properties of various metal oxyanions as


mimics of phosphate.[23] A range of species were studied;
arsenate and vanadate were found to be effective substrates of
ASA-DH, while perrhenate, tungstate, phosphonate, tellurate
and, most effectively, periodate were found to be inhibitors. It
was suggested that charge on oxygen might be the key to
binding, although the best inhibitor, periodate, has an anom-
alous oxyanion charge. Surprisingly pKa values of the species
were not considered. When we correlate the pKa values of the
inhibitory/substrate species with their respective binding con-
stants (Figure 4), a clear preference for pKa values in the region of
7.5 ± 8 for good inhibitors/substrates is evident.
Our results also support the importance of pKa values of the


binding species at the phosphate site. The substrate for the
reaction, aspartyl phosphate (7), would be expected to have a
second phosphate pKa value in the region of 4.8 ± 5.4.[24] The
difluoromethylene phosphonate 12 would likely have a rela-
tively low second phosphate pKa value (values in the range of
4.2 ± 5.0 have been reported).[25] This compound shows very poor
ability to compete with phosphate, as would be expected. On
the other hand, the methylene phosphonate 13 competes much
better in the presence of phosphate. pKa values in the region of
6.1 have been measured for similar compounds.[24] The phos-
phoramidate 14 has a slightly higher pKa value (values in the
range of 6.2 ± 6.4 have been reported)[26] and our inhibition
experiments show a much better inhibitory profile compared to
the methylene phosphonate 13.
These observations are rationalised by observation of the


active site of ASA-DH from recently reported crystallographic


Figure 3. Inhibition of ASA-DH by 13 and 14. Plots of 1/rate versus 1/[substrate] for: A) 13 ; � uninhibited reaction; � 1.0 mM; � 2.5 mM; � 5.0 mM; � 10 mm; � 20 mM;
B) 14 ; � uninhibited reaction; � 1.0 mM; � 1.5 mM; � 2.0 mM; � 2.5 mM. Left-hand panels show inhibition against ASA (8), right-hand panels show inhibition against
inorganic phosphate.
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Figure 4. Relationship between second pKa values of inhibitory and substrate
species and measured binding constants. �: Inhibitory activity of (from left)
perrhenate, tungstate, phosphonate, tellurate and periodate. �: Substrate activity
of (from left) arsenate, phosphate and vanadate. �: Compounds from this study
as indicated (a� estimated value). KI and KM data were taken from the work of
Kish and Viola.[23]


investigations.[7, 27, 28] Generation of a model structure of 12
covalently bound to Cys135 reveals potential substrate binding
residues (Figure 5). In the model structure a single positively
charged species (Arg267) interacts with bound phosphate, while


Figure 5. Model of 12 (centre) covalently bound to Cys135 (rear) in the active site
of ASA-DH and showing key potential binding residues Arg267 (right), Arg102
(left), Glu241 (below) and catalytic His274 (rear). The model was generated by
using the PDB coordinates for ASA-DH (file: 1gl3.pdb) and the flexible ligand
docking package Gold (Cambridge Crystallographic Data Centre). The figure was
constructed with the VMD Molecular Graphics program[37] and rendered with
PovRay.


the ASA carboxylate is bound by Arg102. Arg267 has already
been implicated as a substrate binding residue by site-directed
mutagenesis experiments.[29] This implies that the species bound
at the phosphate binding site should have a single negative
charge, that is, it should be a singly ionised anion. Species with a
high second pKa value will better fulfil this criterion, while more
acidic species, such as tungstate and the difluoromethylene
phosphonate 12, will be doubly ionised and less likely to be
recognised at the active site.


The effect of fluorine on 12 is, however, more complex than
merely lowering the phosphate pKa value. Its inductive activation
of the adjacent �-carbonyl group, evinced by the observation of
stable hydrate forms of 12 and 39, makes covalent attachment
to the active site thiol of ASA-DH energetically more favourable.
Because of this, 12 shows good inhibition of ASA-DH (in the
absence of phosphate). Lack of fluorine in compound 13 results
in very poor time-dependent (that is, likely covalent) inhibition,
while 14, with its deactivated amide �-carbonyl group, shows no
detectable time-dependent inhibition.
Future inhibitor design will have to heed both phosphate


mimic pKa values and polarisation of the carbonyl group to
ensure maximal inhibition. Steric considerations may also be
important as the tetrahedral alcohols 15 and 16 all showed
negligible inhibition of ASA-DH.


Experimental Section


All reagents were used without further purification unless otherwise
stated. The Dess ±Martin periodinane[18] was prepared according to
the improved method of Ireland and Liu.[30] TLC was carried out on
Merck glass plates coated with 0.2 mm silica gel, eluted with the
indicated solvent and visualised with ultraviolet light (254 nm) or
developed with permanganate, phosphomolybdic acid, ninhydrin
(with previous HCl treatment if needed) or o-anysaldehyde solutions
and heated with a hot-air gun. Merck Kieselgel 60 was used for flash
chromatography according to the method of Still et al.[31]


IR absorption spectra were measured on a Perkin Elmer FT-IR
Paragon 1000 machine with oil or solid samples mounted directly
over the diamond cell. Melting points were obtained on an
electrothermal melting point apparatus and are uncorrected. Optical
rotations were measured with Perkin-Elmer 141 and 241C polar-
imeters in 1 dm cells. [�]D values are given in units of
10�1 degcm2g�1.


NMR spectra were recorded on JEOL�270, JEOL�300, JEOL�400
and JEOL�500 spectrometers at the indicated frequency. Chemical
shifts of samples dissolved in CDCl3 are reported in ppm downfield
from tetramethylsilane, while shifts of samples in D2O are reported
downfield from sodium 3-(trimethylsilyl) propionate. 31P NMR was
referenced to phosphoric acid and 19F NMR was referenced to
trifluoroacetic acid. 13C NMR spectra were obtained under broad-
band proton-decoupled conditions {1H}. 31P NMR spectra were
obtained under the indicated conditions.


Mass spectra were determined with a Micromass Autospec mass
spectrometer by EI at a potential of 70 eV or by CI. LC ±MS analyses
were run with a Waters/Micromass system comprising a Waters
600 LC system equipped with both Waters 996 photodiode array and
platform MS detectors running in ES� mode. Chromatographic
separations were achieved with a Phenomenex C8 reverse-phase
column (4.6� 250 mm) run at 1 mLmin�1. Solvent A: 0.1% TFA in
water. Solvent B: 0.05% TFA in CH3CN. Samples (20 �L) of approx-
imately 1 mgmL�1 were injected. The gradient was as follows: 0 min,
0%B; 13 min, 99% B; 17 min, 99% B; 18 min, 0% B; 20 min, 0% B.
The void volume of the system was 3.0 mL. Data analysis was
performed with MassLynx v3.3 software. Elemental analyses were
carried out in the microanalytical laboratories of the University of
Bristol.


Enzyme assays : Stock solutions were made with Milli-Q water and
ACS grade reagents. ASA-DH was expressed and purified from
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recombinant Escherichia coli (provided by Dr. A. Hadfield, Univeristy
of Bristol). The decrease or increase in �-NADPH concentration was
observed at 340 nm over 600 seconds in a Pharmacia-LKB Ultro-
spec III spectrophotometer equipped with a water-heated (37 �C)
cuvette holder. The buffer solutions were prewarmed to 37 �C before
use by immersion in a water bath. The other stock solutions (see
below) were stored on ice.


The assay was performed in the following way: Buffer solution
(910 �L, 0.2M tris-(hydroxymethyl)aminomethane (Tris), 1.0 mM ethyl-
enediamintetraacetate (EDTA), pH 8.6), phosphate solution (10 �L,
1.5M) ASA-DH solution (20 �L, 14 �gmL�1) and ASA (8)[22] (30 �L,
11.5 mM) were introduced, in that order, into a 1000-�L quartz
cuvette which was placed in the spectrophotometer. Then, NADP�


(30 �L, 5 mM) was added, and the subsequent reaction was
monitored at 340 nm over 600 s. Data points were collected every
2 s and the plots were analysed with Microsoft Excel.


The synthetic compounds 12±16 were then tested for inhibition by
using standard procedures.


(2S,4RS)-(5,5-Difluoro-4-oxo-2-amino-5-phosphoryl)butyric acid
(12): Under anhydrous nitrogen, a solution of (2S)-methyl-2-
[bis(tert-butyloxycarbonyl)]amino-4-oxo-5,5-difluoro-5-(diethoxy)-
phosphoryl pentanoate (38, 200 mg, 386 �mol) in a mixture of
anhydrous CH2Cl2 (6 mL) and anhydrous CH3CN (6 mL) was cooled to
0 �C. Freshly distilled trimethylsilyl iodide (400 �L, 2.66 mmol) was
added and the solution was stirred for 30 min. The reaction mixture
was allowed to reach RTand then stirred for a further 1.5 h. Deionised
water (12 mL) was added to the mixture, which was then stirred for
30 min. The aqueous layer was separated and washed with EtOAc
(5�10 mL). The aqueous solution was lyophilised to give a dark
yellow solid (180 mg) and pertinent analysis showed that, apart from
the methyl ester group, all other protecting groups were removed. A
45:55 mixture of the ketone and hydrate forms of 39 was obtained.
1H NMR (300 MHz, D2O, hydrate and keto forms) 4.40 ±4.20 (m, 1H,
�CH), 3.70 ± 3.17 (m, 2H, �CH, hydrate), 3.63 (s, 3H, OCH3), 2.44 ±2.29
(m, 1H, �CH), 2.25 (dd, 1H, 2J(H,H)�15.4 Hz, 3J(H,H)�9.0 Hz,
�CH) ppm; 13C NMR (75.5 MHz, D2O, hydrate and keto forms): ��
200.3 (m, COCF2), 170.5 (CO2Me, hydrate), 169.4 (CO2Me), 124.4 ±
110.3 (m, CF2), 95.2 ± 94.2 (m, C(OH)2, hydrate), 54.2 (OCH3), 54.0
(OCH3, hydrate), 49.2 (�CH, hydrate), 47.7 (�CH), 38.1 ± 37.5 (m, �CH2,
hydrate), 34.2 ± 33.5 (m, �CH2) ppm; LC±MS (ES�, CH3CN/H2O): RT�
3.2 min, m/z (%): 523 (11, [2M]H�), 303 (14, [M�CH3CN]H�), 284 (4,
[M�Na]�), 280 (75, [M hydrate]H�), 262 (100, [M ketone]H�).


A solution of KOH (2 mL, 5M) was added dropwise to an aqueous
solution (6 mL) of the hydrate and ketone. The mixture was stirred at
RT for 5 h and the solvent was evaporated to give a yellow solid that
was purified on a cation-exchange column (Dowex AG50-Wx8). The
ninhydrin-positive and LC±MS-positive ([M]H�� 248) fractions were
collected. The aqueous residue was lyophilised and a light grey solid
was obtained as a 2:3 mixture of the ketone and hydrate forms of
(2S)-12 (7.3 mg, 353 �mol, 93%). [�]D23�2.2 (c� 0.5 in H2O); IR (solid):
3169 (N�H), 2922 (C�H), 1736 (C�O), 1617 (NH2, N�H), 1173 (P(O)OH,
P�O), 1056 (C�F)cm�1; 1H NMR (400 MHz, D2O): �� 4.05 (dd, 1H,
3J(H,H)� 4.1, 8.05 Hz, �CH, hydrate and keto), 3.39 (dd, 1H, 2J(H,H)�
19.8 Hz, 3J(H,H)� 4.1 Hz, �CH, keto), 3.32 (dd, 1H, 2J(H,H)� 20.1 Hz,
3J(H,H)� 7.8 Hz, �CH, keto), 2.35 (dd, 1H, 2J(H,H)� 15.4 Hz, 3J(H,H)�
4.4 Hz, �CH, hydrate), 2.17 (dd, 1H, 2J(H,H)� 15.4 Hz, 3J(H,H)� 8.2 Hz,
�CH, hydrate) ppm; 19F NMR (283 MHz, D2O): ���120.2 (brd, 2F,
2J(F,P)�84.1 Hz, keto), �122.6 (dd, 1F, 2J(F,F)� 301.8 Hz, 2J(F,P)�
90.6 Hz, hydrate), �123.5 (dd, 1F, 2J(F,F)� 300.0 Hz, 2J(F,P)� 0.3 Hz,
hydrate) ppm; 31P NMR (122 MHz, D2O, {1H}): �� 0.7 (t, 2J(F,P)� 85 Hz,
keto), 3.3 (dd, 2J(F,P)�87 Hz, 2J(F,P)� 89 Hz, hydrate) ppm; 13C NMR
(75.5 MHz, D2O): ��70.1 (m, CF2), 65.2 (CHOH), 55.5 (�CH), 54.0


(OCH3), 52.9 (OCH2CH3), 30.3 �CH2), 28.6 (C�CH3), 16.9
(CH3�CH2) ppm; MS (EI�): m/z (%): 355 (18), 341 (16), 281 (72), 267
(18, [M hydrate�H]H�), 248 (25, [M ketone]H�), 229 (42), 207 (78), 190
(32), 185 (6, [M hydrate�PO3H2]�), 167 (6, [M ketone�PO3H2]�), 137
(98), 135 (100), 128 (36), 125 (48), 119 (60); LC ±MS (ES�, CH3CN/H2O):
RT� 3.5 min, m/z (%): 495 (20, [2M]H�), 290 (45, [M�CH3CN]H�), 270
(50, [M�Na]�), 266 (75, [M�H2O]H�), 248 (100, [M]H�).


(2S)-2-Amino-4-oxo-5-phosphoryl pentanoic acid (13)[21, 32]: (2S)-
Methyl-2-[bis(tert-butyloxycarbonyl)]amino-4-oxo-5-(diethoxy)phos-
phoryl pentanoate (40, 670 mg, 1.50 mmol) was dissolved in 5M HCl
solution (5 mL). The solution was heated under reflux for 3 h. After
cooling to RT, the mixture was washed with ethyl acetate (4� 40 mL).
The aqueous solution was evaporated to afford a solid product
which was dissolved in H2O. The aqueous solution was passed
through a cation-exchange column (Dowex AG50-Wx8). The ninhy-
drin-positive and LC±MS-positive ([M]H�� 212) fractions were
combined and freeze-dried, to give the product 13 as a colourless
solid (315 mg, 1.49 mmol, 98%). [�]25D �5.2 (c�0.44 in H2O), (ref. [21]:
[�]25D :�5.4 (c�0.25 in H2O)); IR (solid): �	max� 2910 (C�H), 1706 (C�O),
1595 (NH2, N�H), 1198 (P(O)OH, P�O)cm�1; 1H NMR (270 MHz, D2O):
��4.23 (dd, 1H, 3J(H,H)� 5.8, 4.5 Hz, �CH), 3.46 ± 3.12 (m, 2H, �CH),
3.05 (dd, 2H, 2J(H,H) 21.8, 2J(H,P)� 1.32 Hz, �CH2P) ppm; after D2O
exchange 1H NMR (300 MHz, D2O): �� 4.22 (dd, 1H, 3J(H,H)� 5.8,
4.5 Hz, �CH), 3.43 ± 3.26 (m, 2H, �CH) ppm; 31P NMR (122 MHz, D2O,
{1H}): �� 15.0 (s) ppm; 13C NMR (75 MHz, D2O): ��203.6 (d, 2J(C,P)�
7 Hz, �C�O), 171.1 (CO2H), 49.0 (d, 1J(C,P)�153 Hz, �CH2P), 48.4
(�CH), 42.8 (�CH2) ppm; LC±MS (ES�, CH3CN/H2O): RT�4.0 min, m/z
(%): 423 (32, [2M]H�), 271 (8, [M�CH3CN�H2O]H�), 253 (12,
[M�CH3CN]H�), 212 (100, [M]H�).


�N-Phosphoryl-L-asparagine (14): (2S)-�N-diethoxyphosphoryl-
�N,�N-bis(tert-butyloxycarbonyl)-L-asparagine tert-butyl ester (45 ;
160 mg, 305 �mol) was dissolved in anhydrous CH2Cl2 (6 mL) and
anhydrous CH3CN (6 mL) and the solution was cooled to 0 �C under
dry N2. Freshly distilled trimethylsilyl iodide (234 �L, 1.53 mmol) was
added to the mixture and the reaction was stirred at 0 �C for 1 h. The
solution was then allowed to warm to RTand stirred for another 2 h.
Finally distilled water was added (3 mL) and the mixture was stirred
for 1 h at RT. The crude reaction mixture was washed successively
with CH2Cl2 (3� 7 mL) and EtOAc (3� 7 mL). The aqueous layer was
collected, the solvent was evaporated and the orange mixture was
purified on a cation-exchange column (Dowex AG50-Wx8). Ninhy-
drin-positive and LC±MS-positive ([M]H�� 213) fractions were
collected and the mixture was lyophilisied. 14 was obtained as a
colourless solid (47 mg, 221 �mol, 72%). [�]D24 �2.7 (c� 0.5 in
CH2Cl2) ; mp: 168 ± 169 �C; IR (oil) ; �	max� 3427 (O�H), 3170 (CONH,
N�H), 2843 (C�H), 1668 (N�H), 1429 (OH), 1180 (P(O)OH, P�O)cm�1;
1H NMR (300 MHz, D2O): �� 4.31 (dd, 1H, 3J(H,H)�5.9, 4.95 Hz, �CH),
3.05 (dd, 1H, 2J(H,H)� 18.3 Hz, 3J(H,H)� 5.9 Hz, �CHH), 2.97 (dd, 1H,
2J(H,H)� 18.3 Hz, 3J(H,H)� 4.9 Hz, �CHH) ppm; 31P NMR (121 MHz,
D2O, {1H}): ��0.7 (s) ppm; 31P NMR (121 MHz, D2O): ��0.7 (m) ppm;
13C NMR (75 MHz, D2O): �� 193.3 (d, 2J(C,P)� 38 Hz, �CO), 177.2
(CO2H), 45.1 (�CH), 28.8 (d, 3J(C,P)� 2.9 Hz, �CH2) ppm; LC±MS (ES�,
CH3CN/H2O): RT� 2.7 min, m/z (%): 254 (5, [M�CH3CN]H�), 213 (8,
[M]H�), 143 (7), 142 (100), 119 (5, [M�NHPO3]H�), 101 (86); MS (EI�):
m/z (%): 254 (60 [M�CH3CN]H�), 225 (35), 213 (5, [M]H�), 153 (24), 127
(100).


(2S,4RS)-5,5-Difluoro-4-hydroxy-2-amino-5-phosphoryl pentanoic
acid (15): (2S-4RS)-Methyl-2-[bis(tert-butyloxycarbonyl)]amino-4-hy-
droxy-5,5-difluoro-5-(diethoxyphosphoryl) pentanoate (29) (66.7 mg,
130 �mol) was dissolved in a 1:1 mixture of anhydrous CH2Cl2
(1.5 mL) and CH3CN (1.5 mL) and the resulting mixture was cooled
to 0 �C. Freshly distilled trimethylsilyl iodide (99 �L, 663 �mol) was
added to the solution which was stirred for 20 min. The reaction







R. J. Cox et al.


882 ChemBioChem 2002, 3, 874 ±886


mixture was allowed to reach RT and then stirred for 1.5 h. After
adding water (2 mL) the mixture was stirred for further 10 min. The
aqueous layer was collected, washed with EtOAc (5� 3 mL) and the
solvent was evaporated. The solid was redissolved in water and
lyophilised to give a dark yellow solid (54 mg, 109.2 �mol, 84%).
Pertinent analysis showed that all protecting groups except the
methyl ester had been removed. Two diastereomers (A, minor, and B,
major) were observed. 1H NMR (300 MHz, D2O): �� 4.25 ± 4.12 (m,
1H, �CH, A), 4.30 ± 4.12 (m, 1H, �CHOH, A), 4.30 ± 4.12 (m, 1H, �CH,
B), 4.2 (t, 1H, 3J(H,H)�6.1 Hz, �CH, B), 3.74 (s, 3H, OCH3, A), 3.72 (s,
3H, OCH3, B), 2.46 (ddd, 1H, 2J(H,H)� 15.4 Hz, 3J(H,H)�6.2, 2.1 Hz,
�CH, B), 2.41 ± 2.30 (m, 1H, �CH, A), 2.26 ± 2.14 (m, 1H, �CH, A), 2.06
(ddd, 1H, 2J(H,H)� 15.8 Hz, 3J(H,H)� 9.2, 4.8 Hz, �CH, B) ppm;
19F NMR (283 MHz, D2O): ���119.25 (ddd, 1F, 2J(F,F)�294.2 Hz,
2J(F,P)�90.45 Hz, 3J(H,F)� 8.2 Hz, B), �119.4 (ddd, 1F, 2J(F,F)�
295.1 Hz, 2J(F,P)� 91.3 Hz, 3J(H,F)�10.7 Hz, A) �126.6(ddd, 1F,
2J(F,F)� 294.0 Hz, 2J(F,P)� 90.95 Hz, 3J(H,F)� 17.2 Hz, A) ; �126.75
(ddd, 1F, 2J(F,F)�294.0 Hz, 2J(F,P)� 90.2 Hz, 3J(H,F)�17.2 Hz,
B) ppm; 31P NMR (122 MHz, D2O, {1H}): �� 3.5 (t, 2J(F,P)�91 Hz, B),
3.4 (t, 2J(F,P)� 91 Hz, A) ppm; LC±MS (ES�, CH3CN/H2O): RT�
3.65 min (B), 3.75 min (A), m/z (%): 526 (10, [2M]H�), 305 (8,
[M�CH3CN]H�), 264 (100, [M]H�), 204 (5, [M�CO2Me]�), 186 (6,
[M�CO2Me�H2O]H�).


The solid was dissolved in distilled water (1 mL), a solution of KOH
(0.5 mL, 2.0M, 58 mmol) was added dropwise and the resulting
solution was then stirred overnight at RT. The solvent was removed
by freeze-drying and the obtained yellow-brown solid was purified
by cation-exchange chromatography (Dowex AG50-Wx8). Ninhydrin-
positive and LC±MS-positive ([M]H�� 250) fractions were collected
together and lyophilised to give a mixture of diastereomers (A,
minor, and B, major) of 15a�b as a light grey solid (23 mg,
93.6 �mol, 72% overall). [�]25D : �11.5 (c� 2.3 in H2O); IR (solid): �	max�
3139 (N�H), 3139 (O�H), 2892 (C�H), 1616 (NH2, N�H), 1440 (O�H),
1160 (P(O)OH, P�O), 1033 (C�F) cm�1; 1H NMR (300 MHz, D2O): ��
4.30 ± 4.05 (m, 1H, �CH, A�B), 4.30 ± 4.05 (m, 1H, �CH, A�B), 2.48 ±
2.40 (m, 1H, �CH, A), 2.41 ± 2.30 (m, 1H, �CH, B), 2.32 ± 2.21 (m, 1H,
�CH, B), 2.06 ± 1.96 (m, 1H, �CH, A) ppm; 19F NMR (283 MHz, D2O):
���19.7 (ddd, 1F, 2J(F,F)� 284.1 Hz, 2J(F,P)� 82.2 Hz, 3J(H,F)�
12.7 Hz, A), �120.6 (ddd, 1F, 2J(F,F)� 282.65 Hz, 2J(F,P)� 82.3 Hz,
3J(H,F)� 11.9 Hz, B), �123.8 (ddd, 1F, 2J(F,F)� 284.9 Hz, 2J(F,P)�
81.1 Hz, 3J(H,F)� 13.6 Hz, B), �24.55 (ddd, 1F, 2J(F,F)�284.9 Hz,
2J(F,P)�82.2 Hz, 3J(H,F)�14.7 Hz, A) ppm; 31P NMR (122 MHz, D2O,
{1H}): �� 1.7 (t, 2J(F,P)� 86 Hz, B), 1.65 (t, 2J(F,P)� 86.5 Hz, A) ppm;
13C NMR (75.45 MHz, D2O): �� 171.5 (CO2H, A�B), 124.5 ± 115.0 (m,
CF2, A), 119.7 (ddd, 2J(C,F)� 264 Hz, 2J(C,F)� 261 Hz, 2J(C,P)�189 Hz,
CF2, B), 69.1 ± 68.2 (m, �CHOH, B), 68.4 ± 67.6 (m, �CHOH, A), 50.7
(�CH, B), 50.5 (�CH, A), 30.2 (�CH2, B), 29.8 ± 29.7 (�CH2, A) ppm; LC±
MS (ES�, CH3CN/H2O): RT� 3.5 min (B), 3.6 min (A), m/z (%): 386 (35),
250 (100, [M]H�), 208 (17), 170 (75).


(2S,4RS)-2-Amino-4-hydroxy-5-phosphono pentanoic acid (16):[32]


(2S)-2-Amino-4-oxo-5-phosphono pentanoic acid (13, 93.2 mg,
440 �mol) was dissolved in distilled water (1.5 mL) and cooled to
0 �C. NaBH4 (40 mg, 98%, 1.036 mmol) was added to the solution
which was then stirred for 2 h at 0 �C. The reaction was monitored by
TLC (NH3/isopropanol (50:50), Rf ketone� 0.32, Rf alcohol� 0.28) and
LC±MS. The solution was acidified to pH 3 (HCl, 1M) and allowed to
reach RT. The solvent was removed by freeze-drying. The sample was
purified by cation exchange (Dowex AG50-Wx8). Ninhydrin-positive
and LC±MS-positive ([M]H��214) fractions were collected and the
sample was lyophilised to give a light-yellow solid (85.6 mg,
402 �mol, 91%). A mixture of two diastereomers (A, minor, and B,
major) of 16 was obtained in a 2:1 ratio. [�]25D : �6.6 (c� 0.93 in H2O);
IR (solid); �	max�3170 (O�H), 3018 (N�H), 2852 (C�H), 1588 (NH2,


N�H), 1238 (P(O)OH, P�O)cm�1; 1H NMR (300 MHz, D2O): �� 4.00 ±
3.85 (m, 1H, �CH, B), 3.91 ± 3.75 (m, 1H, �CH, A), 3.68 (dd, 1H,
3J(H,H)� 8.25, 3.5 Hz, �CH), 3.58 (dd, 1H, 3J(H,H)�8.6, 3.7 Hz, �CH,
A), 1.94 (ddd, 1H, 2J(H,H)� 15.2 Hz, 3J(H,H)� 8.6, 2.15 Hz, �CH, A),
2.08 ± 2.01 (m, 1H, �CH, B), 1.79 (ddd, 1H, 2J(H,H)� 15.2 Hz, 3J(H,H)�
10.3, 3.7 Hz, �CH, A), 1.72 ±1.56 (m, 2H, �CH2P, A), 1.70 ± 1.56 (m, 1H,
�CH, B), 1.70 ± 1.56 (m, 2H, �CH2P, B) ppm; 13C NMR (75 MHz, D2O)
174.9 (CO2H, B), 174.8 (CO2H), 67.4 (br s, �CH, B), 65.5 (d, 4J(C,P)�
1.87 Hz, �CH), 54.3 (d, 2J(C,P)�4 Hz, �CH, B), 52.8 (d, 2J(C,P)� 4 Hz,
�CH), 38.2 (d, 3J(C,P)� 11 Hz, �CH, B), 38.1 (d, 3J(C,P)�11 Hz, �CH2),
36.7 (d, 1J(C,P)�129 Hz, �CH2P, B), 36.5 (d, 1J(C,P)� 129 Hz,
�CH2P) ppm; 31P NMR (121 MHz, D2O, {1H}): �� 24.9 (s, A), 20.6 (s,
B) ppm; LC±MS (ES�, CH3CN/H2O): RT� 3.4 min (A�B), m/z (%): 488
(100%), 427 (13, [2M]H�), 356 (38), 255 (10, [M�CH3CN]H�), 214 (66,
[M]H�).


�-tert-Butyl-�-methyl-N,N-bis(tert-butyloxycarbonyl)-L-aspartate
(23): A mixture of 20[33] (0.65 g, 2.14 mmol), sodium hydride (60% in
oil, 0.13 g, 3.25 mmol) and tert-butyloxycarbonyl anhydride (0.7 g,
97%, 3.60 mmol) was stirred in anhydrous THF (35 mL). The solution
was heated under reflux for 4 h. The reaction was quenched with
water and extracted with CH2Cl2 (3� 50 mL). The organic layers were
collected, dried over anhydrous Na2SO4 and filtered, and the solvent
was removed under reduced pressure to give a yellow oil (1.2 g).
Purification by flash column chromatography (from EtOAc/hexane
(15:85), Rf�0.27, to EtOAc/hexane (20:80), Rf�0.32) yielded the
product 23 as a colourless solid (0.7 g, 1.85 mmol, 86.2%). [�]25D :
�13.0 (c�2.01 in CH2Cl2) ; mp: 64 ± 66 �C (from EtOAc/petroleum
ether (40 :60)); IR (solid): �	max�2982 (C�H), 2937 (C�H), 1731 (C�O),
1720 (C�O), 1368 (C�(CH3)3), 1175 (C�-O), 1108 (C�O)cm�1; 1H NMR
(300 MHz, CDCl3): ��5.27 (dd, 1H, 3J(H,H)�7.3, 6.5 Hz, �CH), 3.63
(s, 3H, OMe), 3.16 (dd, 1H, 2J(H,H)� 16.4 Hz, 3J(H,H)�7.3 Hz, �CH),
2.61 (dd, 1H, 2J(H,H)� 16.4 Hz, 3J(H,H)� 6.5 Hz, �CH), 1.44 (s, 18H,
N�(CO2C(CH3)3)2), 1.37 (s, 9H, C�(CO2C(CH3)3) ppm; 13C NMR
(100.5 MHz, CDCl3): �� 171.3 (CO2Me), 168.6 (CO2tBu), 152.0 (NCO),
83.1 (C(CH3)3), 81.9 (C(CH3)3), 55.7 (�CH), 51.8 (OCH3), 35.4 (�CH2),
28.0 (N�(CO2C(CH3)3)2), 27.8 (CCO2C(CH3)3) ppm; MS (CI�): m/z (%):
347 (4, [M�C4H9]H�), 304 (29, [M�Boc�H]H�), 292 (26), 248 (9),
204 (6, [M�2Boc�2H]H�), 192 (61), 148 (84, [M� 2Boc�
C4H9�3H]H�), 102 (79, [CO2C4H9]H�), 57 (100, [C4H9]�) ; elemental
analysis: calcd (%) for C19H33NO8: C 56.56, H 8.24, N 3.47; found:
C 56.56, H 8.27, N 3.54.


tert-Butyl-N,N-bis(tert-butyloxycarbonyl)-L-aspartate-�-semialde-
hyde (24): A solution of 23 (202 mg, 0.5 mmol) in anhydrous diethyl
ether (2.5 mL) was cooled to �78 �C. DIBALH (600 �L, 1.0M,
0.60 mmol) was added by syringe. The reaction was quenched with
water (0.5 mL) after 10 min and the solution was allowed to warm to
RT over 30 min. The mixture was dried with anhydrous Na2SO4 and
filtered through a Celite layer. The pad was washed with diethyl
ether. The solvent was evaporated to yield a colourless oil (208 mg).
The oil was purified by column chromatography (EtOAc/hexane
(20:80), Rf�0.31) to give 24 (123.0 mg, 329 �mol, 61%) as a
colourless solid. [�]24D : �6.0 (c� 1.13 in CH2Cl2) ; IR (solid): �	max�
2963 (C�H), 2927 (C�H), 1736 (C�O), 1700 (C�O), 1367 (C�(CH3)3),
1010 (C�O)cm�1; 1H NMR (300 MHz, CDCl3): �� 9.79 (dd, 1H,
3J(H,H)� 1.5, 1.3 Hz, �CHO), 5.42 (dd, 1H, 3J(H,H)� 7.0, 6.0 Hz, �CH),
3.37 (ddd, 1H, 2J(H,H)� 17.6 Hz, 3J(H,H)�7.0, 1.5 Hz, �CH), 2.77 (ddd,
1H, 2J(H,H)�17.6 Hz, 3J(H,H)�6.0, 1.3 Hz, �CH), 1.52 (s, 18H,
N�(CO2C(CH3)3)2), 1.44 (s, 9H, CCO2C(CH3)3) ppm; 13C NMR
(75.5 MHz, CDCl3); ��198.8 (CHO), 168.6 (CCO2), 152.1 (NCO), 83.3
(N�(CO2C(CH3)3)2), 82.2 (CCO2C(CH3)3), 53.7 (�CH), 44.6 (�CH2), 28.0
(N�(CO2C(CH3)3)2), 27.8 (CCO2C(CH3)3) ppm; MS (EI�):m/z (%): 373 (12,
[M]�), 57 (100); LC ±MS (ES�, CH3CN/H2O): RT� 17.3 min, m/z (%): 374
(5, [M]�), 318 (6, [M�C4H9�H]), 274 (4, [M�Boc�H]H�), 262 (19,
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[M� 2C4H9�2H]H�), 218 (19, [M�Boc�C4H9�2H]H�), 206 (42, [M�
3C4H9�3H]H�), 162 (100); elemental analysis: calcd for C18H31NO7: C
57.89, H 8.37, N 3.75; found: C 57.56, H 8.27, N 3.84.


Methyl-N,N-bis(tert-butyloxycarbonyl)-L-aspartate-�-semi-alde-
hyde (25)[17, 34] and methyl-N,N-bis(tert-butyloxycarbonyl)-L-homo-
serinate (28):[17, 34]


Method A: Dimethyl-N,N-bis-(tert-butyloxycarbonyl)-L-aspartate[34]


(27, 3.39 g, 9.39 mmol) was dissolved in anhydrous diethyl ether
(60 mL) and cooled to �78 �C. DIBALH (13 mL, 1M, 13.0 mmol) was
added through a syringe and the reaction mixture was stirred for
15 min. The reaction was quenched with water (5 mL) and the
mixture was stirred at RT for 30 min. The reaction mixture was
treated with anhydrous Na2SO4 and filtered through a pad of Celite,
then more diethyl ether was added to wash the Celite layer. Finally all
the solvent was evaporated and a transparent oil was obtained
(3.39 g). The oil was purified by flash column chromatography
(EtOAc/petroleum ether (20:80), Rf� 0.29) to give 25 as a colourless
solid (2.19 g, 6.62 mmol, 71%). [�]24D : �53.3 (c� 2.25 in CHCl3),
(ref. [34]: [�]24D : �54.9 (c�2.0 in CHCl3)) ; IR (solid): �	max� 2981 (C�H),
1739 (C�O), 1699 (C�O), 1367 (C(CH3)3 , C�H), 1114 (C�O)cm�1;
1H NMR (300 MHz, CDCl3): ��9.80 (t, 1H, 3J(H,H)�0.9 Hz, �CHO),
5.45 (dd, 1H, 3J(H,H)� 6.4, 6.0 Hz, �CH), 3.70 (s, 3H, OMe), 3.42 (ddd,
1H, 2J(H,H)� 17.6 Hz, 3J(H,H)�6.4, 0.9 Hz, �CH), 2.83 (ddd, 1H,
2J(H,H)� 17.6 Hz, 3J(H,H)�6.0, 0.9 Hz, �CH), 1.51 (s, 18H,
N�(CO2C(CH3)3)2) ppm; 13C NMR (100.5 MHz, CDCl3): ��198.4
(CHO), 170.3 (CO2Me), 151.7 (NCO), 83.7 (C(CH3)3), 54.7 (�CH), 52.6
(OCH3), 45.0 (�CH2), 28.0 (C(CH3)3) ppm; MS (CI�): m/z (%): 331 (4,
[M]�), 281 (75), 102 (8, [CO2C4H9]H�), 57 (100, [C4H9]�).


Following the elution of 25, 28 was also isolated (EtOAc/petroleum
ether 20:80, Rf� 0.18, changing eluent to EtOAc/petroleum ether
50:50, Rf� 0.31) as a colourless solid (150 mg, 450 �mol, 5%). [�]25D :
�23.3 (c� 1.23 in MeOH), (Ref. [35] [�]25D : �36.6 (c�1.58 in MeOH));
1H NMR (300 MHz, CDCl3): ��5.00 (dd, 1H, 3J(H,H)�9.8 Hz, 3J(H,H)�
4.7 Hz, �CH), 3.73 (s, 3H, OCH3), 3.79 ± 3.67 (m, 1H, �CH), 3.63 ±3.49
(m, 1H, �CH), 2.64 ± 2.47 (br s, 1H, OH), 2.47 ± 2.36 (m, 1H, �CH),
2.07 ± 1.97 (m, 1H, �CH), 1.50 (s, 18H, N�(CO2C(CH3)3)2) ppm; 13C NMR
(75.5 MHz, CDCl3) 171.4 (CO2Me), 152.5 (NCO), 83.8 (N�(CO2C(CH3)3)2),
59.0 (�CH2OH), 55.5 (�CH), 52.4 (OCH3), 33.0 (�CH2), 28.0
(N�(CO2C(CH3)3)2) ppm; MS (CI�) m/z (%): 334 (3, [M]H�), 278 (24),
234 (44, [M�Boc�H]H�), 222 (45), 202 (42, [M�Boc�CH2OH]H�),
160 (64), 146 (59), 134 (90, [M� 2Boc�2H]H�), 102 (82, [CO2tBu]H�),
74 (54, [tBuOH]�), 57 (100, [C4H9]�) ; MS (EI�): m/z (%): 333 (2, [M]�),
303 (6, [M�CHOH]H�), 277 (8, [M�C4H9]H�), 274 (17, [M�
CO2CH3]H�), 259 (12, [M�C4H9�H2O]H�), 245 (6, [M�O2C4H9]H�),
233 (4, [M�Boc�H]H�), 116 (5, [NCO2tBu]H�), 102 (6, [CO2tBu]H�), 74
(17, [tBuOH]�), 57 (100, [C4H9]�) ; LC ±MS (ES�, CH3CN/H2O): RT�
15.9 min, m/z (%): 375 (7, [M�CH3CN]�), 334 (100, [M]H�), 278 (30,
[M�C4H9�H]H�), 234 (15, [M�Boc�H]H�), 178 (47, [M�Boc�
C4H9�2H]H�) ; HRMS (CI�): calcd for [M]H�, C15H28NO7: 334.1866;
found: 334.1847; calcd for [M�Boc�H]H�, C10H20NO5: 234.1341;
found: 234.1342.


Method B: A solution of 28 (80 mg, 0.239 mmol) in anhydrous CH2Cl2
(2 mL) was added to a solution of Dess ±Martin periodinane (305 mg,
0.719 mmol) in anhydrous CH2Cl2 (2 mL). After stirring for 30 min, the
mixture was poured into a saturated aqueous solution of NaHCO3


(10 mL) containing Na2S2O3 (1.7 g). Diethyl ether was added to the
mixture. Finally the organic layer was collected, dried (Na2SO4), and
filtered, and the solvent was removed under reduced pressure to
give a colourless oil (68 mg, 86%), which was purified by flash
column chromatography (EtOAc/hexane (25:75), Rf� 0.32) to afford
25 (59 mg, 0.18 mmol, 75%).


(2S,4RS)-Methyl-2-[bis(tert-butyloxycarbonyl)]amino-4-hydroxy-
5,5-difluoro-5-(diethoxyphosphoryl) pentanoate (29): Under an
atmosphere of anhydrous N2 a solution of 25 (2.86 g, 8.63 mmol) and
32 (2.28 mL, 9.06 mmol) in anhydrous THF (50 mL) was cooled to
�60 �C. TBAF (1.0M, 1.03 mL, 1.03 mmol) was added. A red coloration
was observed at this point which turned to black-red with time. The
solution was stirred overnight and allowed to reach RT. The solvent
was evaporated and a red oil was obtained (4 g). The crude sample
was purified by flash column chromatography (EtOAc/hexane
(60:40), Rf� 0.38 and Rf� 0.33 for diastereomers A and B, respec-
tively) to give 29 in a 1:3 mixture of the diastereomers A and B
(2.37 g, 4.57 mmol, 53%) as a colourless oil and also diastereomer B
separately (95 mg, 183 �mol, 1%) as a colourless oil.


Diastereomer A (minor): [�]27D : �4.3 (c� 3.0 in CH2Cl2) ; 1H NMR
(400 MHz, CDCl3): ��5.08 (dd, 1H, 2J(H,H)�10.3 Hz, 3J(H,H)� 4.4 Hz,
�CH), 4.34 ± 4.25 (m, 4H, 2�OCH2CH3), 4.04 ± 3.95 (m, 1H, �CHOH),
3.75 (s, 3H, OCH3), 3.66 (d, 1H, 3J(H,H)� 5.36 Hz, OH), 3.30 (d, 1H,
3J(H,H)� 5.4 Hz, �CHOH), 2.51 ± 2.43 (m, 1H, �CH), 2.33 ± 2.27 (m, 1H,
�CH), 1.50 (s, 18H, N�(CO2C(CH3)3)2), 1.38 (t, 6H, 3J(H,H)� 7.12 Hz, 2�
OCH2CH3) ppm; 19F NMR (283 MHz, CDCl3): ���116.7 (ddd, 1F,
2J(F,F)� 305.0 Hz, 3J(F,P)� 102.5 Hz, 3J(H,F)�6.2 Hz), �126.1 (ddd,
1F, 2J(F,F)� 305.0 Hz, 3J(F,P)� 103.2 Hz, 3J(H,F)� 18.4 Hz) ppm;
31P NMR (162 MHz, CDCl3, {1H}): �� 7.3 (dd, 3J(F,P)� 103.0 Hz,
3J(F,P)�102.0 Hz) ppm; 13C NMR (75 MHz, CDCl3): ��171.0 (CO2Me),
152.0 (NCO), 124.0 ± 113.5 (m, CF2), 83.7 (N�(CO2C(CH3)3)2), 70.0 ±68.1
(m, �CHOH), 64.8 ± 64.5 (m, OCH2CH3), 54.7 (�CH), 52.1 (OCH3), 29.6 ±
29.3 (m, �CH2), 27.8 (C�CH3), 16.2 (d, 3J(C,P)� 1 Hz, CH3�CH2) ppm;
MS (CI�): m/z (%) 548 (29, [M�CH2�CH2]H�), 520 (12, [M]H�), 464 (11,
[M�C4H9�H]�), 446 (2, [M� (C4H9�H2O)]H�), 420 (35, [M�
Boc�H]H�), 364 (21, [M�Boc�C4H9�2H]H�), 346 (11, [M�Boc�
C4H9�H2O�2H]H�), 320 (100, [M� 2Boc�2H]H�), 57 (34, [C4H9]�) ;
HRMS (CI�): calcd for [M]H�, C20H37NO10F2P: 520.2127; found:
520.2123.


Diastereomer B (major): [�]27D : �12.0 (c�0.423 in CH2Cl2) ; mp: 58 ±
60 �C (from CH2Cl2/Et2O (25 :75)); IR (solid): �	max� 3309 (OH), 2980
(C�H), 1748 (C�O), 1710 (C�O), 1367.5 (C(CH3)3 , C�H), 1251 (P�O),
1144 (C�O), 1017 (C�F) cm�1; 1H NMR (400 MHz, CDCl3): �� 5.19 (dd,
1H, 3J(H,H)� 8.0, 5.1 Hz, �CH), 4.43 ± 4.30 (m, 1H, �CHOH), 4.35 ±4.25
(m, 4H, 2�OCH2CH3), 3.73 (s, 3H, OCH3), 3.20 (d, 1H, 3J(H,H)� 5.4 Hz,
�CHOH), 2.74 (m, 1H, �CH), 1.99 ± 1.92 (m, 1H, �CH), 1.50 (s, 18H,
N�(CO2C(CH3)3)2), 1.39 (dt, 6H, 3J(H,H)�7.1 Hz, 4J(H,P)�1.4 Hz, 2�
OCH2CH3) ppm; 19F NMR (283 MHz, CDCl3): ���117.3 (ddd, 1F,
2J(F,F)� 304.1 Hz, 2J(F,P)�100.0 Hz, 3J(H,F)� 6.2 Hz), 126.47 (ddd,
1F, 2J(F,F)� 304.1 Hz, 2J(F,P)� 105.0 Hz, 3J(H,F)� 19.2 Hz) ppm;
31P NMR (121.4 MHz, CDCl3, {1H}): �� 8.3 (dd, 2J(F,P)�105 Hz,
2J(F,P)�100 Hz); 31P NMR (121 MHz, CDCl3): �P�9.3 ± 7.4 (m) ppm;
13C NMR (75.5 MHz, CDCl3): �� 171.1 (CO2Me), 151.8 (NCO), 124.0 ±
113.5 (m, CF2), 83.5 (N�(CO2C(CH3)3)2), 65.0 ± 64.9 (m, �CHOH), 54.9
(�CH), 53.4 (OCH3), 52.3 (m, OCH2CH3), 30.9 ± 30.7 (m, �CH2), 28.0
(N�(CO2C(CH3)3)2), 16.2 (d, 3J(C,P)�1 Hz, CH3�CH2) ppm; MS (CI�):
m/z (%): 548 (29, [M�CH2�CH2]H�), 520 (2, [M]H�), 464 (11, [M�
C4H9�H]H�), 446 (2, [M�C4H9�H2O�H]H�), 420 (35, [M�
Boc�H]H�), 364 (21, [M�Boc�C4H9�2H]H�), 346 (11, [M�Boc�
C4H9�H2O�2H]H�), 320 (100, [M� 2Boc�2H]H�), 57 (34, [C4H9]�) ;
HRMS (CI�): calcd for [M]H�, C20H37NO10F2P: 520.2127; found:
520.2123.


(2RS)-Diethyl-[(1,1-difluoro-2-hydroxy-2-phenyl)ethyl] phospho-
nate (33):[19, 36] Diethyl-[difluoro(trimethylsilyl)methyl] phosphonate
(125 �L, 96%, 0.5 mmol) was dissolved in anhydrous THF (2 mL).
Benzaldehyde (51 �L, 99%, 0.5 mmol) was added and the solution
was cooled to �78 �C. A solution of TBAF (1M, 90 �L, 90 �mol) in
anhydrous THF (2 mL) was prepared and cooled to 0 �C. The reaction
mixture was stirred overnight and allowed to reach RT. Finally the
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mixture was filtered, the solvent was evaporated and a red oil was
obtained. The crude product was purified by silica chromatography
(EtOAc/hexane (50:50), Rf� 0.24) to give 33 as a colourless oil which
crystallised upon standing (141 mg, 0.48 mmol, 96%). Mp: 72 ± 75 �C
(EtOAc/petroleum ether (40 :60)), (ref. [36]: 76 ± 77 �C); IR (solid):
�	max� 3324 (O�H), 3011 (C�H aromatic), 2988 (C�H), 2914 (C�H),
1250 (P�O), 1037 (P�O�alkyl), 1008 (C�F) cm�1; 1H NMR (300 MHz,
CDCl3): ��7.54 ± 7.32 (m, 5H, ArH), 5.20 ±5.05 (m, 1H, CHOH), 4.34 ±
4.10 (m, 4H, 2�OCH2), 4.15 ± 4.00 (brm, 1H, CHOH), 1.34 (dt, 3H,
3J(H,H)� 7.0 Hz, 4J(H,P)� 0.6 Hz, CH3), 1.31 (dt, 3H, 3J(H,H)�7.2 Hz,
4J(H,P)� 0.7 Hz, CH3) ppm; 19F NMR (121 MHz, CDCl3): ���114.30
(ddd, 1F, 2J(F,F)�304.1 Hz, 2J(F,P)�99.5 Hz, 3J(H,F)�6.2 Hz),
�125.12 (ddd, 1F, 2J(F,F)�304.1 Hz, 2J(F,P)�105.1 Hz, 3J(H,F)�
20.1 Hz) ppm; 31P NMR (282 MHz, CDCl3): �� 6.9 (dd, 2J(F,P)�
105 Hz, 2J(F,P)� 99.5 Hz) ppm; 13C NMR (75.5 MHz, CDCl3): �� 134.6
(m, ArC1), 128.8 (Ar), 128.1 (Ar), 117.9 (ddd, 1J(C,F)�272, 265 Hz,
1J(C,P)� 205 Hz, CF2P), 73.5 (ddd, 2J(C,F)� 26, 22 Hz, 2J(C,P)� 15 Hz,
CHOH), 65.0 (ddd, 2J(C,P)� 14 Hz, 4J(C,F)� 7, 2 Hz, 2�OCH2), 16.3 (d,
3J(C,P)� 5 Hz, CH3), 16.2 (d, 3J(C,P)�5 Hz, CH3) ppm; MS (EI�): m/z
(%): 294 (35, [M]�), 274 (67, [M� F�H]�), 243 (58), 226 (76), 188 (74,
[CF2P(O)(OEt)2]�), 161 (51), 160 (44), 140 (100), 132 (83), 137 (10,
[P(O)(OEt)2]�), 109 (47), 107 (48, [C6H5COH]H�), 84 (75), 77 (52,
[C6H5]�) ; MS (CI�):m/z (%): 294 (30, [M]�), 221 (75), 188 (60), 161 (40),
140 (94), 132 (70), 84 (100), 77 (40), 74 (60); LC ±MS (ES�, CH3CN/H2O):
RT� 14.6 min, m/z (%) 589 (31, [2M]H�) 354 (5), 336 (8,
[M�CH3CN]H�), 317 (2, [M�Na]�), 295 (100, [M]H�), 277 (22, [M�
OH]�) ; HRMS (CI�): calcd for [M]H�, C12H18O4F2P: 295.0911; found:
295.0910.


(2RS)-Diethyl-[(1,1-difluoro-2-hydroxy-4-phenyl)butyl] phospho-
nate (35): Hydrocinnamaldehyde (86 �L, 97%, 627 �mol) was
dissolved in anhydrous THF (5mL) and cooled to 0 �C. Diethyl-
[difluoro(trimethylsilyl)methyl] phosphonate (77.64 �L, 96%,
307 �mol) and TBAF (1.0M, 78 �L, 78 �mol) were added to the
mixture. The reaction mixture was stirred for 7 h at RT. The solvent
was evaporated under reduced pressure to give a red oil (360 mg)
which was purified by silica chromatography (EtOAc/petroleum
ether (30:70), Rf� 0.20) to give 35 as a colourless oil (103.6 mg,
0.322 mmol, 51%). IR (oil): �	max� 3361 (OH), 3028 (C�H), 2985 (C�H),
2934 (C�H),1252 (P�O), 1164 (P�O�alkyl), 1015 (C�F) cm�1; 1H NMR
(400 MHz, CDCl3): �� 7.31 ± 7.16 (m, 5H, Ar), 4.35 ±4.20 (m, 4H, OCH2),
4.04 ± 3.88 (m, 1H, CHOH), 3.31 (br s, 1H, OH), 2.98 ± 2.90 (m, 1H,
PhCHH), 2.75 ± 2.65 (m, 1H, PhCHH), 2.10 ± 1.89 (m, 2H, CH2CHOH),
1.36 (br t, 6H, 3J(H,H)� 7.3, CH3) ppm; 19F NMR (282 MHz, CDCl3): ��
�116.70 (ddd, 1F, 2J(F,F)�303.5 Hz, 2J(F,P)� 101.5 Hz, 3J(H,F)�
7.35 Hz), �125.45 (ddd, 1F, 2J(F,F)� 303.5 Hz, 2J(F,P)� 105 Hz,
3J(H,F)� 18.4 Hz) ppm; 31P NMR (162 MHz, CDCl3, {1H}): �� 7.65 (dd,
2J(F,P)�105, 101.5 Hz) ppm; 13C NMR (100.5 MHz, CDCl3) ; �� 141.2
(Ar), 128.5 (Ar), 128.4 (Ar), 126.0 (Ar), 118.05 (ddd, 1J(C,F)�274, 263.5,
1J(C,P)� 205 Hz, CF2P), 70.9 (ddd, 2J(C,F)� 25, 23 Hz, 2J(C,P)� 14 Hz,
CHOH), 64.9 ± 64.8 (m, O�CH2), 31.25 (CH2�Ar), 30.4 ± 30.25 (m,
CH2�CHOH), 16.3 (d, 3J(C,P)� 5 Hz, CH3) ppm; MS (CI�): m/z (%): 323
(34, [M]H�), 295 (18, [M�C2H4]H�), 267 (14, [M�C4H9�H]H�), 249
(18, [M�C4H9�H2O�H]H�), 155 (10, [H2C�COH�CPFO3H2]�), 117
(29, [C6H5CH2CH2C]�), 105 (39, [C6H5CH2CH2]�), 91 (100, [C6H5CH]�) ;
HRMS (CI�): calcd for [M]H�, C14H22O4F2P: 323.1224; found: 323.1218.


Diethyl [(1,1-difluoro-2-phenyl-2-oxo)ethyl] phosphonate
(36):[14, 19, 36] A solution of 33 (196 mg, 666 �mol) in anhydrous CH2Cl2
(5 mL) was added to a solution of Dess ±Martin periodinane (590 mg,
1.39 mmol) in anhydrous CH2Cl2 (5 mL). The reaction was quenched
after 40 min with a saturated aqueous NaHCO3 solution (20 mL)
containing Na2S2O3 (2.64 g). The organic layer was washed with a
saturated solution of NaHCO3 (20 mL), dried (Na2SO4), filtered and
evaporated to give a colourless oil (245 mg). The crude product was


purified by silica chromatography, eluting with EtOAc/petroleum
ether (40:60, Rf�0.25), to give 36 as a colourless oil (183 mg,
626 �mol, 94%). IR (oil): �	max� 3021 (C�H), 2988 (C�H), 2917 (C�H),
1694 (C�O), 1240 (P�O), 1095 (P�O�alkyl), 1017 (C�F)cm�1; 1H NMR
(400 MHz, CDCl3): �� 8.15 (m, 2H, o-Ph), 7.65 (m, 1H, p-Ph), 7.51 (m,
2H,m-Ph), 4.42 ± 4.25 (m, 4H, 2�OCH2), 1.38 (dt, 6H, 3J(H,H)� 7.1 Hz,
4J(H,P)� 1.4 Hz, 2�CH3) ppm; 19F NMR (283 MHz, CDCl3): ���110.0
(d, 2J(F,P)�96.0 Hz) ppm; 31P NMR (162 MHz, CDCl3, {1H}): �� 4.1 (t,
2J(F,P)�96 Hz) ppm; 13C NMR (75 MHz, CDCl3): ��188.8 (td, 2J(C,P)�
14 Hz, 2J(C,F)� 25 Hz, CO), 134.85 (Ar), 132.1, (Ar), 130.5 (Ar), 128.75
(Ar), 120.0 ±110.1 (m, CF2), 65.5 (d, 2J(C,P)� 7 Hz, CH2), 16.4 (d,
3J(C,P)� 6 Hz, CH3) ppm; MS (CI�): m/z (%): 309 (18), 293 (6, [M]H�),
292 (11, [M]�), 247 (33, [M�OEt]�), 219 (6), 156(8), 105 (100), 84 (11),
77 (61, [C6H5]�), 65 (9) ppm; LC±MS (ES�, CH3CN/H2O): RT�11.4 min,
m/z (%): 495 (15, [2M�Na]�), 473 (14, [2M]H�), 319 (17), 300 (18,
[M�CH3CN�Na]�), 278 (100, [M�CH3CN]H�), 259 (18, [M�Na]�), 237
(85, [M]H�) ; HRMS (CI�): calcd for [M]H�, C12H16O4F2P: 293.0754;
found: 293.0761.


(1,1-Difluoro-2-oxo-2-phenyl-ethyl)phosphonic acid (37): Com-
pound 36 (44 mg, 150.5 �mol) was dissolved in anhydrous CH2Cl2
(2 mL) and CH3CN (2 mL) under a dry nitrogen atmosphere and
cooled to 0 �C. Freshly distilled TMSI (94 �L, 617 �mol) was added
and a yellow solution was obtained. After 15 min stirring, the
reaction mixture was warmed to RT. Water (2 mL) was added and the
mixture was stirred for 30 min. The aqueous layer was collected and
washed with EtOAc (5�5 mL). The aqueous solvent was evaporated
under reduced pressure. The residue was lyophilised and 37 was
obtained as a dark solid (36 mg, 148 �mol, 98%). 1H NMR (400 MHz,
D2O): �� 8.07 (d, 2H, 3J(H,H)� 7.8 Hz, Ar o-H), 7.64 (t, 1H, 3J(H,H)�
7.8 Hz, Ar p-H), 7.48 (t, 2H, 3J(H,H)�7.8 Hz, Ar m-H) ppm; 19F NMR
(282 MHz, D2O): ���111.8 (d, 2F, 2J(F,P)� 86.0 Hz) ppm; 31P NMR
(122 MHz, D2O, {1H}): ��0.6 (t, 2J(F,P)� 86 Hz) ppm; 13C NMR
(75.5 MHz, D2O): �� 193.7 ± 187.2 (m, CO), 135.9 (Ar), 133.2 (Ar),
131.2 (Ar), 129.2 (Ar), 120.8 ± 113.4 (m, CF2) ppm; LC±MS (ES�,
CH3CN/H2O): RT� 11.4 min, m/z (%): 495 (15, [2M]Na�), 473 (14,
[2M]H�), 319 (17), 300 (18, [M�CH3CN]Na�), 278 (100, [M�CH3CN]H�),
259 (18, [M]Na�), 237 (85, [M]H�).


(2S)-Methyl-2-[bis(tert-butyloxycarbonyl)]amino-4-oxo-5,5-di-
fluoro-5-(diethoxy)phosphoryl pentanoate (38): A solution of a
mixture of diastereomers of 29 (260.0 mg, 500 �mol) in anhydrous
CH2Cl2 (6 mL) was added to a solution of the Dess ±Martin period-
inane (530 mg, 1.25 mmol) in anhydrous CH2Cl2 (5 mL). The reaction
was stirred for 45 min and quenched with a saturated aqueous
solution of NaHCO3 (42 mL) containing Na2S2O3 (7.40 g). The mixture
was stirred for 15 min and extracted with diethyl ether. The organic
layer was washed with a saturated solution of NaHCO3 (40�3 mL).
Finally the organic layer was dried (Na2SO4) and filtered, and the
solvent was evaporated. A colourless oil was obtained (240 mg). The
crude product was purified by flash column chromatography (EtOAc/
hexane (40:60), Rf� 0.31) to give the desired product as a colourless
oil which crystallised from CH2Cl2 to afford colourless needles
(227 mg, 439 �mol, 88%). [�]23D : �11.85 (c�4.5 in MeOH); mp: 115 ±
117 �C (from CH2Cl2) ; IR (solid): �	max�2933 (C�H), 2873 (OCH3, C�H),
1744 (C�O), 1719 (C�O), 1368 (C(CH3)3), 1252 (P�O), 1016 (C�F)cm�1;
1H NMR (400 MHz, CDCl3): ��5.54 (dd, 1H, 3J(H,H)�7.1, 5.6 Hz, �CH),
4.3 ±4.4 (m, 4H, 2�OCH2CH3), 3.80 ± 3.89 (dd, 1H, 2J(H,H)� 19.0 Hz,
3J(H,H)� 7.1 Hz, �CH), 3.73 (s, 3H, OCH3), 3.09 ± 3.11 (dd, 1H, 2J(H,H)�
19.0 Hz, 3J(H,H)� 5.6 Hz, �CH), 1.51 (s, 18H, N�(CO2C(CH3)3)2), 1.39 (t,
6H, 2J(H,H)� 7.1 Hz, 2�OCH2CH3) ppm; 19F NMR (283 MHz, CDCl3):
���118.6 (dd, 1F, 2J(F,F)� 315.7 Hz, 2J(F,P)� 97.0 Hz), �117.1 (dd,
1F, 2J(F,F)� 315.5 Hz, 2J(F,P)�96.0 Hz) ppm; 31P NMR (162 MHz,
CDCl3, {1H}): �� 3.5 (t, 2J(F,P)� 97 Hz) ppm; 31P NMR (121 MHz,
CDCl3): �P� 3.5 (tq, 2J(F,P)�97 Hz, 3J(H,P)� 8 Hz) ppm; 13C NMR
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(75 MHz, CDCl3): �� 196.0 (m, COCF2), 169.8 (CO2CH3), 151.5 (NCO),
136.2 (m, CF2P), 83.7 (N�(CO2C(CH3)3)2), 65.5 (d, 2J(C,P)� 7 Hz, 2�
OCH2CH3), 53.3 (CH), 52.7 (OCH3), 39.3 (�CH2), 27.9 (N�(CO2C(CH3)3)2),
16.3 (d, 3J(C,P)� 5.6 Hz, CH3�CH2) ppm; MS (CI�): m/z (%): 517 (1,
[M]�), 462 (18, [M�C4H9�H]H�), 446 (32), 416 (20, [M�Boc�H]H�),
390 (44), 318 (100, [M�2Boc�2H]H�) 301 (24), 188 (11,
[CF2P(O)(OCH2CH3)2]H�), 106 (14), 57 (85, [C4H9]�) ppm; LC±MS
(ES�, CH3CN/H2O): RT� 17.3 min, m/z (%): 577 (6,
[M�CH3CN�H2O]H�), 559 (6, [M�CH3CN]H�), 540 (18), 536 (22,
[M�H2O]H�), 518 (47, [M]H�), 462 (52, [M�C4H9�H]H�), 418 (7, [M�
Boc�H]H�), 362 (18, [M�Boc�C4H9�2H]H�), 318 (100, [M�
2Boc�2H]H�), 301 (8, [M� 2Boc�H2O�2H]H�), 201 (28); elemental
analysis: calcd for C20H34F2NO10P: C 46.42, H 6.62, N 2.71; found: C
46.49, H 6.17, N 2.42.


(2S)-Methyl-2-[bis(tert-butyloxycarbonyl)]amino-4-oxo-5-(dieth-
oxy) phosphoryl pentanoate (40) and tert-Butyl-2-(diethoxy)
phosphoryl acetate (41): Diethyl methylphosphonate (2.41 mL,
16.0 mmol, 1.04 gmL�1) was dissolved in anhydrous THF (10 mL)
and cooled to �78 �C. Butyllithium (6.14 mL, 2.5M, 15.3 mmol) was
added dropwise and the reaction was stirred for 20 min. In a second
flask 27[34, 35] (1.12 g, 3.4 mmol) was dissolved in anhydrous THF
(8 mL), cooled to �78 �C and added dropwise through a cannula to
the first mixture over a period of 30 min. The reaction mixture was
stirred for 1 h at �78 �C. It was quenched with glacial acetic acid
(875 �L, 15.3 mmol) and the mixture was allowed to reach RT
gradually. The product was extracted with EtOAc (3� 30 mL). The
organic layers were collected, dried (Na2SO4), filtered and evaporated
to yield a brown solid (2 g). The residue was purified by flash column
chromatography, initially with EtOAc/petroleum ether eluent (60:40,
Rf� 0.20) followed by EtOAc/petroleum ether (80:20, Rf� 0.34), to
give the desired product 40 as an oil (810 mg, 1.6 mmol, 50%). [�]25D :
�5.23 (c� 0.53 in MeOH); IR (oil): �	max� 2981 (C�H), 1744 (C�O),
1718 (C�O), 1367 (C(CH3)3 , C�H), 1252 (P�O), 1140 (C�O)cm�1;
1H NMR (300 MHz, CDCl3): �� 5.46 (dd, 1H, 3J(H,H)� 7.4, 5.1 Hz, �CH),
4.20 ± 4.06 (m, 4H, OCH2), 3.67 (s, 3H, CO2CH3), 3.58 (dd, 1H, 2J(H,H)�
17.85 Hz, 3J(H,H)� 7.4 Hz, �CH), 3.18 (dt, 1H, 2J(H,P)� 49.4 Hz,
2J(H,H)� 13.7 Hz, �CH), 3.11 (dt, 1H, 2J(H,P)� 48.9 Hz, 2J(H,H)�
13.7 Hz, �CH), 2.90 (dd, 1H, 2J(H,H)�17.85 Hz, 3J(H,H)�5.2 Hz,
�CH), 1.47 (s, 18H, N�(CO2C(CH3)3)2), 1.30 (dt, 6H, 3J(H,H)�7.1 Hz,
3J(H,P)� 2.2 Hz, 2�OCH2CH3) ppm; 31P NMR (121 MHz, CDCl3, {1H}):
��20.3 (s) ppm; 31P NMR (121 MHz, CDCl3): �P� 20.30 ± 20.06
(m) ppm; 13C NMR (75.5 MHz, CDCl3): �� 198.4 (d, 2J(C,P)� 6 Hz,
�CO), 170.5 (CO2Me), 151.7 (NCO), 83.5 (N�(CO2C(CH3)3)2), 62.7
(d, 2J(C,P)� 6 Hz, OCH2), 62.6 (d, 2J(C,P)� 6 Hz, OCH2), 54.2
(�CH), 52.5 (OCH3), 44.9 (�CH2), 42.7 (d, 1J(C,P)� 127 Hz,
�CH2P), 28.0 (N�(CO2C(CH3)3)2), 16.3 (CH3�CH2), 16.2 (CH3�CH2) ppm;
±MS (ES�, CH3CN/H2O): RT� 15.95 min, m/z (%): 482 (100, [M]H�) ;
MS (CI�): m/z (%): 310 (18), 282 (100, [M� 2Boc�2H]H�), 195 (28),
167 (12, [COPO(OEt)2]H�), 139 (11, [HPO(OEt)2]H�), 57 (12,
[C4H9]�) ; HRMS (CI�): calcd for [M]H�, C20H37NO10P: 482.2155; found:
482.2131.


tert-Butyl 2-(diethoxy)phosphoryl acetate (41) was also isolated from
the column as a colourless oil (Rf� 0.25, ethyl acetate/petroleum
ether (40:60); 43.0 mg, 0.17 mmol, 5%). 1H NMR (300 MHz, CDCl3):
��4.20 ± 4.06 (m, 4H, 2�OCH2), 2.85 (d, 2H, 2J(H,P)� 21.7 Hz, PCH2),
1.44 (s, 9H, C(CH3)3), 1.34 (m, 6H, 2�OCH2CH3) ppm; 31P NMR
(121 MHz, CDCl3, {1H}): �� 21.4 (s) ppm; 31P� (121 MHz, CDCl3) �P�
21.6 ± 21.1 (m) ppm; LC±MS (ES�, CH3CN/H2O): RT� 14.5 min, m/z
(%): 275, (15, [M]Na�), 253 (100, [M]H�).


�-tert-Butyl-N,N-bis(tert-butyloxycarbonyl)-L-aspartate potassium
salt (42): Compound (23) (2.58 g, 6.39 mmol) was dissolved in a
0.91M KOH solution of CH3CN/H2O (1:1, 7 mL). The mixture was
stirred for 30 h at RT. The crude mixture was washed with EtOAc


(3�10 mL) to remove the unreacted starting material. The aqueous
layer was separated, solvent was evaporated and 42 was obtained as
a colourless oil that became a colourless solid upon standing (2.03 g,
4.76 mmol, 75.5%). [�]25D :�5.67 (c� 1.13 in H2O); mp: 112 ± 115 �C; IR
(oil): �	max� 2979 (C�H), 2935 (C�H), 1732 (C�O), 1728 (C�O), 1582
(N�CO), 1400 (CO2


�), 1350 (C�(CH3)3, C�H), 1300 (C�(CH3)3 , C�H),
1150 (C�O), 1150 (C�O) cm�1; 1H NMR (300 MHz, CDCl3): ��5.23 (dd,
1H, 3J(H,H)� 7.3, 6.2 Hz, �CH), 2.86 (dd, 1H, 2J(H,H)� 15.75 Hz,
3J(H,H)� 7.3 Hz, �CH), 2.44 (dd, 1H, 2J(H,H)� 15.75 Hz, 3J(H,H)�
6.2 Hz, �CH), 1.40 (s, 18H, N�(CO2C(CH3)3)2), 1.35 (s, 9H,
CCO2C(CH3)3) ppm; 13C NMR (75.5 MHz, CDCl3): ��178.5 (CO2K),
171.3 (CCO2tBu), 153.0 (NCO), 85.8 (C(CH3)), 83.9 (C(CH3)3), 57.5
(�CH), 38.5 (�CH2), 27.4 (N�(CO2C(CH3)3)2), 27.3 (CCO2C(CH3)3)2) ppm;
MS (CI�): m/z (%): 290 (14, [M�K�Boc�H]H�), 234 (6, [M�K�
Boc�C4H9�2H]H�), 190 (10, [M�K� 2Boc�2H]H�), 178 (42),
160 (10, [H9C4O2C(NH2)CH2CH2]�), 134 (46, [M�K� 2Boc�
C4H9�3H]H�), 116 (30, [H9C4O2CCH2]�), 102 (14, [H9C4O2CH]�), 88
(60, [H9C4OC]�), 74 (40), 57 (100, [H9C4]�) ; LC ±MS (ES�, CH3CN/H2O):
RT� 16.9 min, m/z (%): 446 (13, [M�H2O]H�), 390 (54, [M�K�H]H�),
346 (48), 334 (52, [M�K�C4H9�H]H�), 290 (49, [M�Boc�K�2H]�),
178 (100).


(2S)-�-N-Diethoxyphosphoryl-�N,�N-bis(tert-butyloxycarbonyl)-L-
asparagine tert-butylester (45): The potassium salt 42 (515 mg,
1.20 mmol) was dissolved in anhydrous CH2Cl2 (11 mL) with some
molecular sieves (4 ä, 1.6 mm pellets). Ethylchloroformate (855 �L,
1.135 gmL�1, 970 �g, 8.674 mmol) was added dropwise and the
mixture was stirred for 75 min. Some colourless solid was observed
to precipitate at this point (KCl). In a second flask, diethylphosphor-
amidate (1.1 g, 97%, 6.9 mmol) was dissolved in anhydrous CH2Cl2
(5mL), cooled to �78 �C and butyllithium (2.76 mL, 2.5M, 6.9 mmol)
was added dropwise. The reaction mixture was stirred for 30 min,
allowing it to reach RT. The deprotonated phosphoramidate solution
was added dropwise to the first reaction mixture and then stirred
overnight at RT. Diluted HCl was added to the crude reaction mixture
until pH 3 was achieved. The product was extracted with CH2Cl2 (4�
50 mL), the organic layers were collected together, dried (Na2SO4),
filtered and evaporated. A pale red oil was obtained (1.27 g). The
crude mixture was purified by column chromatography, with EtOAc/
petroleum ether (30:70, Rf� 0.05) as the initial eluent with the ratio
of EtOAc being increased up to 100% (Rf�0.61), to give 45 as a
colourless oil (310 mg, 588 �mol, 49%). [�]25D : �5.0 (c�0.88 in
CH2Cl2) ; IR (oil): �	max� 3122 (CONH, N�H), 2981 (C�), 2934 (C�H),
2256 (N�CO), 1734 (C�O), 1725 (C�O), 1366 (C(CH3)3, C�H), 1234
(P�O), 1141 (C�O)cm�1; 1H NMR (300 MHz, CDCl3): ��8.32 ±8.08
(br s, 1H, HN�P) 5.38 (dd, 1H, 3J(H,H)�4.5, 7.6 Hz, �CH), 4.25 ±4.05
(m, 4H, 2�OCH2), 3.29 (dd, 1H, 2J(H,H)�16.0 Hz, 3J(H,H)�7.6 Hz,
�CH), 2.6 (dd, 1H, 2J(H,H)� 16.0 Hz, 3J(H,H)�4.5 Hz, �CH), 1.34 (m,
6H, 2�OCH2CH3) ppm; 31P NMR (121 MHz, CDCl3, {1H}): ���1.8
(s) ppm; 31P NMR (121 MHz, CDCl3): �P��1.8 to �1.9 (m) ppm;
13C NMR (75 MHz, D2O): �� 171.4 (d, 2J(C,P)�38 Hz, CO�NH�P),
168.9 (CO2tBu), 151.9 (tBuCO2N), 83.2 (C(CH3)3), 81.8 (C(CH3)3), 64.0 (d,
2J(C,P)� 6 Hz, OCH2), 63.9 (d, 2J(C,P)� 5 Hz, OCH2), 55.3 (�CH), 36.3 (d,
3J(C,P)� 9 Hz, �CH2), 28.0 (N�(CO2C(CH3)3)2), 27.8 (CCO2C(CH3)3), 16.1
(d, 3J(C,P)�3 Hz, CH3�CH2), 16.0 (d, 3J(C,P)� 3 Hz, CH3�CH2) ppm;
LC±MS (ES�, CH3CN/H2O): RT�16.4 min, m/z (%): 525 (100, [M]H�),
425 (52, [M�Boc�H]H�), 369 (24, [M�Boc�C4H9�2H]H�), 325 (5,
[M� 2Boc�2H]H�), 269 (22, [M� 2Boc�C4H9�3H]H�) ; MS (CI�): m/z
(%): 525 (1, [M]H�), 425 (12, [M�Boc�H]H�), 369 (74, [M�Boc�
C4H9�2H]H�), 341 (20, [M�Boc�C4H9�C2H5�3H]H�), 325 (12, [M�
2Boc�2H]H�), 313 (22, [M�2Boc�C2H5�3H]H�), 269 (20, [M�
2Boc�C4H9�3H]H�), 251 (28, [M� 2Boc�C4H9�C2H5�4H]H�), 180
(18, [CONHP(O)(OCH2CH3)2]�). HRMS (CI�): calcd for [M�Boc�H]H�,
C17H34N2O8P: 425.4041; found: 425.2052.
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Receptor-Dependence of the Transcription Read-
Out in a Small-Molecule Three-Hybrid System
Wassim M. Abida,[a, b] Brian T. Carter,[a] Eric A. Althoff,[a] Hening Lin,[a] and
Virginia W. Cornish*[a]


Small-molecule three-hybrid systems show promise as an in vivo
alternative to affinity chromatography for detecting small-mole-
cule ± protein interactions. While several three-hybrid systems have
been reported, little has been done to characterize these systems
and, in particular, to test the assumption that the protein ± small-
molecule interaction can be varied without disrupting the tran-
scription read-out. Recently we reported a dexamethasone ±me-
thotrexate chemical inducer of dimerization (CID) for use in the
yeast three-hybrid system, based on the well-studied ligand ± re-
ceptor pairs dexamethasone (Dex) ± glucocorticoid receptor (GR)
and methotrexate (Mtx) ± dihydrofolate reductase (DHFR). Here we
describe our first efforts to characterize this system, by focusing on
a comparison of the activity of a bacterial and a mammalian DHFR
as a test case of the influence of the ligand ± receptor pair on the
transcription read-out. By using a lacZ reporter gene, the activity of
several GR and DHFR protein chimeras with different orientations


and linker sequences and Dex ±Mtx CIDs with different chemical
linkers have been compared. In addition, Western analyses and in
vivo biochemical assays have been carried out to confirm the
integrity of the GR and DHFR protein chimeras. The transcription
read-out is found to be much more sensitive to the structure of the
protein chimeras than the CID. The most surprising result is that the
levels of transcription activation are consistently higher with the
bacterial than the mammalian DHFR, despite the fact that both
proteins bind Mtx with an inhibition constant (KI) in the low pM
range. These results set the stage for understanding three-hybrid
systems at the biochemical level so that they can be used to detect
ligand ± receptor pairs with a range of structures and dissociation
constants.


KEYWORDS:


molecular recognition ¥ protein engineering ¥ reductases ¥
small-molecule ±protein interactions ¥ three-hybrid assay


Introduction


Recently we reported a dexamethasone (Dex) ±methotrexate
(Mtx) chemical inducer of dimerization (CID) for use in the yeast
three-hybrid system.[1] In the small-molecule three-hybrid system
a dimeric ligand bridges a receptor ±DNA-binding-domain (DBD)
protein chimera and a receptor ± activation-domain (AD) protein
chimera, effectively reconstituting a transcriptional activator and
increasing transcription of a downstream reporter gene (Fig-
ure 1). Three-hybrid systems show promise for the detection of
small-molecule ±protein interactions by varying one of the
ligand ± receptor pairs ; they may be of use to identify the in vivo
targets of drugs, to evolve new ligand± receptor pairs, or to
screen complementary DNA (cDNA) libraries based on func-
tion.[2±4] The advantage of the three-hybrid system should be its
compatibility with entire cDNA libraries or large libraries of
protein variants. While several three-hybrid systems have been
reported, little has been done to characterize these systems and
understand the influence of the CID and protein-chimera
structure on the transcription read-out.[5±9] At the outset, we
wanted to characterize our Dex ±Mtx yeast three-hybrid system
and, in particular, test the assumption that the ligand± receptor
pairs (one half of the CID) can be varied without affecting
transcription activation.
One advantage to using Mtx as a CID is that the interaction


between Mtx and dihydrofolate reductase (DHFR) is very well


Figure 1. Yeast three-hybrid assay. A binding site with high affinity for the DNA-
binding protein LexA is placed upstream of a lacZ reporter gene, which encodes �-
galactosidase. A dexamethasone ±methotrexate (Dex ±Mtx) heterodimer bridges
a LexA ±dihydrofolate reductase (LexA ±DHFR) and a B42 ± glucocorticoid
receptor (B42 ±GR) fusion protein. Thus, the Dex ±Mtx small molecule effectively
reconstitutes the LexA ±B42 transcriptional activator, increasing transcription of
the lacZ reporter gene and production of �-galactosidase.
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characterized and so lends itself to biochemical studies.[10±13] It is
well established that while both bacterial and mammalian
DHFRs are inhibited by Mtx with affinity in the low pM range,
their kinetics and dependencies of binding on nicotinamide
adenine dinucleotide phosphate, reduced form, (NADPH) differ.
Thus, we reasoned that a comparison of the behavior of a
bacterial and a mammalian DHFR in our system would provide a
simple case study of the influence of the ligand ± receptor pair
on the transcription read-out. In our original system we used the
DHFR from Escherichia coli (eDHFR). For the mammalian DHFR,
we chose the murine DHFR (mDHFR) because it is one of the
better characterized DHFRs and because it has been used
extensively for studies of ubiquitin-mediated protein degrada-
tion in Saccahromyces cerevisiae.[14] While their primary sequen-
ces have diverged and the two proteins have only 29% identity,
the overall three-dimensional structures of the two proteins are
quite similar. The two proteins are thought to have similar,
conserved active-site residues based both on biochemical
studies and high-resolution structures of several complexes of
eDHFR and a close homologue of mDHFR.[11, 13, 15, 16] Both
proteins are monomeric, and the inhibition constant (KI) values
of Mtx for both proteins are indistinguishable, 1 ± 20 pM depend-
ing on experimental conditions.[17±21] Binding of Mtx to both
proteins follows a two-step mechanism, with isomerization to
the second, high-affinity complex being the rate-determining
step. The individual rate constants for both steps, as well as their
NADPH dependencies, have been determined for the bacterial as
well as mammalian DHFRs. The advantage of comparing differ-
ent species of the same receptor, as opposed to different
ligand ± receptor pairs, is that one controls for differences in
ligand solubility and the orientation of the ternary complex.
Based on previous work with yeast two- and three-hybrid


systems, we wanted to compare the activity of these two
receptors in different contexts. There are surprisingly few studies
on the influence of the CID linker on the efficiency of protein
dimerization and transcription activation. It is likely that this is
because initial reports suggested that the CID linker had little
influence on the biological read-out and considerable effort is
required to synthesize many of these molecules.[5] There are
reports, most notably with the �-keto-pipecolyl-amide FK506
analogues, where the linker strongly affects the levels of
transcription activation.[9, 22, 23] Thus, we wanted to compare
the activity of the DHFR proteins with Dex ±Mtx CIDs with
different chemical linkers. Work with the two-hybrid system
for detecting protein ±protein interactions has shown that
the nature of the protein chimeras can dramatically influence
the activity of the reconstituted transcriptional activator. This
has been reported both in individual two-hybrid screens and
in a systematic study of the relation between the dissociation
constant (KD) of a protein ±protein interaction and the level
of transcription activation by Estojak et al.[24] For example,
the interaction between Max and Myc, two eukaryotic helix ±
loop±helix proteins known to form heterodimers, could only
be detected when Max was fused to the DBD and Myc to the
AD, but not when the orientation was reversed. Thus, we
tested several different DHFR and glucocorticoid receptor (GR)
chimeras.


In our initial Dex ±Mtx three-hybrid system, a Dex ±Mtx CID
with a m-xylene linker bridged an E. coli DHFR±DBD and a GR±
AD fusion protein, thereby activating transcription of a lacZ
reporter gene. Here we have characterized this system by
comparing the levels of transcription induced by Dex ±Mtx with
E. coli DHFR and murine DHFR. To ensure that any differences
were not simply due to the small-molecule heterodimerizer, we
synthesized Dex ±Mtx CIDs with different chemical linkers and
tested the levels of transcription activation with these different
CIDs. Because previous studies with the two-hybrid system have
shown that the read-out can be protein-chimera dependent, we
also varied the structures of the DHFR and GR protein chimeras.
Finally, to begin to understand the basis for the difference in
activity between the E. coli and murine DHFRs, we determined
the expression levels and in vivo activity of the DHFR fusion
proteins.


Results


Transcription activation by the bacterial and mammalian
DHFRs differs significantly


We began by comparing the levels of transcription induced by
Dex ±Mtx with the E. coli and murine DHFRs in our original
system with DBD±DHFR and AD±GR fusion proteins and a lacZ
reporter gene (see Figure 1).[1] This system is based on the well-
characterized ligand ± receptor pairs dexamethasone ±gluco-
corticoid receptor[25] and methotrexate ±dihydrofolate reduc-
tase.[11] It employs the Brent two-hybrid system where the DNA-
binding domain is the bacterial protein LexA, the activation
domain is the artificial B42 activator isolated from a library of
E. coli genomic DNA, and the reporter is the lacZ gene under
control of eight tandem LexA operators.[26] Specifically, either the
E. coli or murine DHFR, a variant of the hormone-binding domain
of the rat GR with two point mutations, and a Dex ±Mtx CID with
a m-xylene linker (D5M) were employed.
Using standard �-galactosidase activity assays both on plates


and in liquid culture,[27] we compared the levels of transcription
activation induced by D5M in the presence of LexA± eDHFR or
LexA±mDHFR (Figure 2, lanes 3 and 4; Figure 3B). �-Galactosi-
dase levels were estimated based on enzyme-catalyzed hydrol-
ysis of the chromagenic substrate 5-bromo-4-chloro-3-indolyl-�-
D-galactoside (X-gal) in the plate assays or o-nitrophenyl-�-D-
galactopyranoside (ONPG) in the liquid assays. For the liquid
assays, the cells were lysed, and the levels of ONPG hydrolysis
were normalized based on total protein concentrations deter-
mined by a Bradford test. In the �-galactosidase assays, the
Dex ±Mtx CID is simply added along with the other components
to the cell media, and the extracellular concentrations of the CID
ranged from 10 nM to 10 �M. For both the plate and the liquid
assays, the cells were incubated in the presence of the CID for 2 ±
5 days. Control assays established that transcription activation
was dependent on Dex ±Mtx (Figure 2). As reported originally,
Dex ±Mtx-activated transcription could only be competed out
with Mtx, not with Dex (Figure 2 and data not shown). Tran-
scription activation, however, was always abrogated when either
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or both receptors were deleted from the
LexA and B42 two-hybrid proteins (Figure 2
and data not shown).
Surprisingly, while there was a robust


signal in both the plate and liquid �-
galactosidase assays with E. coli DHFR, there
was no detectable signal with murine DHFR
(Figure 2, lanes 3 and 4; Figure 3B). With the
E. coli DHFR, there was significant X-gal
hydrolysis on plates after 72 hours at 1 �M
D5M. In liquid culture, �-galactosidase syn-
thesis began to be induced at 100 nM D5M,
and at 10 �M D5M it was five times higher
than the background rate. There was no
detectable lacZ transcription above the
background rate after five days in either
plate or liquid assays for the murine DHFR
with 10 nM to 10 �M D5M.


Transcription activation shows little
dependence on CID structure


To rule out the possibility that the difference
in activity between the E. coli and murine
DHFRs was simply a reflection of different
interactions with the CID, we synthesized
Dex ±Mtx CIDs with different chemical link-


Figure 2. X-gal plate assay of Dex ±Mtx-induced lacZ transcription. Yeast strains containing a lacZ
reporter gene and different LexA and/or B42 chimeras were grown on X-gal indicator plates with or without
Dex ±Mtx and Mtx as indicated. Columns 1 ± 8 on each plate correspond to yeast strains containing
different LexA- and/or B42-chimeras. 1: LexA ± Sec16p, B42 ± Sec16p; this is a direct protein ± protein
interaction used as a positive control.[27] 2 : LexA, B42; here both receptors are deleted and it is used as a
negative control. 3: LexA ± eDHFR, B42 ± (GSG)2 ±GR. 4: LexA ± (GSG)2 ±mDHFR, B42 ± (GSG)2 ±GR. 5: LexA ±
(GSG)2 ±GR, B42 ± eDHFR. 6: LexA ± (GSG)2 ±GR, B42 ± (GSG)2 ±mDHFR. 7: LexA ± eDHFR, B42. 8: LexA, B42 ±
(GSG)2 ±GR. Each plate has a different small-molecule combination, as indicated in the figure. The Dex ±
Mtx CIDs are at 1 �M in the plate media; Mtx, at 10 �M. The plates were incubated at 30 �C for 72 hours.
GSG�Gly-Ser-Gly.


Figure 3. More quantitative liquid assays of Dex ±Mtx-induced lacZ transcription. Yeast strains containing a lacZ reporter gene and different LexA and/or B42 chimeras
were grown in liquid culture for 72 hours with different concentrations of the Dex ±Mtx CIDs as indicated. The rate of ONPG hydrolysis as a function of the log of CID
concentration (in nM) is given for yeast strains containing different LexA and/or B42 protein chimeras. 1: LexA ± Sec16p, B42 ± Sec16p (�). 2: LexA, B42 (�). 3 : LexA ±
eDHFR, B42 ± (GSG)2 ±GR (�). 4: LexA ± (GSG)2 ±mDHFR, B42 ± (GSG)2 ±GR (�). 5 : LexA ± (GSG)2 ±GR, B42 ± eDHFR (�). 6: LexA-(GSG)2-GR, B42-mDHFR (�). Error bars
represent plus or minus the standard error obtained from at least two separate trials.
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Figure 4. A time-course experiment reveals differences in the activity of D10M
and D5M. D8M behaved essentially as D10M (data not shown). X-gal plate assay
of the time course of Dex ±Mtx-induced lacZ transcription. Yeast strains
containing a lacZ reporter gene and different LexA and/or B42 chimeras were
grown on X-gal indicator plates with 10 �M D5M or 10 �M D10M, as indicated.
Columns 1 ±8 are exactly as delineated for Figure 2. The plates were incubated at
30 �C for 24 or 72 hours, as indicated.


ers (Scheme 1). Previous results with Dex ±Dex small molecules
have shown that hydrophobic linkers improve the cell perme-
ability of these CIDs (V. Cornish, unpublished results). We


reasoned that simple straight-chain aliphatic linkers would be
least likely to disrupt the interaction between Mtx and DHFR.
The synthesis of these CIDs was facilitated by the original


design of the Dex ±Mtx retrosynthesis, which allows the
chemical linker to be varied systematically.[1] Thiol derivatives
of both Dex and Mtx were prepared and then coupled to a
dihalo linker. To facilitate purification, the Dex and Mtx thiol
analogues were added one at a time rather than simultaneously
in a one-pot synthesis as reported previously. In the final steps,
2,4-diamino-6-bromomethylpteridine is added to complete the
synthesis of the Mtx portion of the molecule, and the tert-butyl
protecting group is removed. Under these conditions, the Dex ±
Mtx compounds were synthesized from two components in nine
steps in 2 ± 5% overall yield. It should be noted that the synthesis
of CIDs with shorter linkers, not surprisingly, was complicated by
competing intramolecular reactions. In particular, the straight-
chain analogue of D5M with a 5-methylene chain linker could
not be prepared due to the formation of a thiacyclohexane ring
when diiodo pentane was coupled to the Mtx thiol derivative.
At a gross level, the chemical linker in the CID has little effect


on CID-induced transcription. With the exception of the com-
pound with the shortest linker, D3M, all of the Dex ±Mtx CIDs
strongly induce transcription with the LexA±eDHFR, but not the
LexA±mDHFR, constructs. These results can be seen qualita-
tively in the plate X-gal assays and more quantitatively in the
liquid ONPG assays. On plates at a 1 or 10 �M concentration,
D5M, D8M, and D10M all show strong levels of transcription
activation in strains containing LexA±eDHFR and B42 ±GR
protein partners and weak levels or no activation at all in strains
with LexA±mDHFR and B42 ±GR protein partners (Figure 2).
These results are confirmed over a range of Dex ±Mtx concen-
trations in liquid culture assays (Figure 3).


Closer inspection, however, reveals
subtle differences among the three
CIDs that activate transcription. Based
on more quantitative liquid assays,
D8M consistently shows the highest
absolute levels of �-galactosidase syn-
thesis (Figure 3). Also, D8M and D10M
seem less sensitive to the construction
of the protein chimera than does D5M.
In plate assays with the CID at 1 �M
concentrations, D8M and D10M, but
not D5M, induce transcription of the
lacZ reporter gene above background
levels in the LexA±GR/B42 ± eDHFR
strain (Figure 2). Both D8M and D10M
activate transcription in the strains
containing eDHFR and GR at earlier
time points than does D5M at 10 �M
concentrations of CID in plate lacZ
assays (Figure 4). Also shown in Fig-
ure 4 is the fact that D10M weakly
activates lacZ transcription in strains
containing mDHFR constructs at a
concentration of 10 �M, while D5M
shows no such activation. Liquid as-


Scheme 1. Dex ±Mtx CIDs with different chemical linkers. Dex ±Mtx CIDs with a three-methylene linker (D3M), the
equivalent of a five-methylene linker (D5M), an eight-methylene linker (D8M), and a ten-methylene linker (D10M)
were prepared.
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Figure 5. More quantitative liquid assays show that D8M and D10M are able to
activate transcription in the LexA ± (GSG)2 ±mDHFR/B42 ± (GSG)2 ±GR strain. The
rate of ONPG hydrolysis as a function of the log of CID concentration (in nM) for
the yeast strain containing the LexA ± (GSG)2 ±mDHFR and B42 ± (GSG)2 ±GR
protein chimeras and a lacZ reporter gene incubated with different concen-
trations of D5M (�), D8M (�), or D10M (�). Error bars represent plus or minus the
standard error obtained from at least two separate trials.


says confirm that D8M and D10M are able to weakly activate
transcription in the LexA±mDHFR/B42 ±GR strain–no activa-
tion is observed with D5M (Figure 5).


Transcription activation depends on receptor fusion proteins


Based on both anecdotal reports and a systematic study by
Estojak et al. showing that the yeast two-hybrid assay can be
sensitive to the direction of the protein ±protein interaction,[24]


we chose to compare eDHFR and mDHFR not only with DHFR
fused to LexA and GR to B42 as in our original report, but also
with GR fused to LexA and DHFR to B42. In addition, we chose to
engineer the protein fusions both with and without (Gly-Ser-
Gly)2 linkers between the receptor and two-hybrid domains since
there is considerable evidence from the protein engineering
literature to suggest that short amino acid linkers may be
necessary to allow the two domains of a protein chimera to fold
and function properly.[28] Depending on the restriction sites used,
the commercial Brent two-hybrid vectors leave only a short
amino acid linker between the receptors and LexA and B42 (Glu-
Phe or Glu-Leu in the chimeras presented in this paper). In
addition, the B42 fusion contains a 13 amino acid hemaglutanin
(HA) epitope tag between the B42 sequence and the short
amino acid linker.
Construction of the LexA± and B42 ± receptor fusions was


facilitated by the availability of commercial vectors for the Brent
two-hybrid system, and plasmids encoding all 12 protein
chimeras (Figure 6) were prepared by using standard molecular
biology techniques. The genes encoding DHFR and GR were
amplified with PCR and then subcloned into the commercial
two-hybrid vectors, pMW103 and pMW102, which encode LexA
and B42, respectively. The (Gly-Ser-Gly)2 linkers were introduced
during the PCR amplification step. The regions encoding the
receptors that were amplified by PCR were sequenced in full.
Vectors encoding the resulting LexA± and B42 ±protein chimeras
were introduced in all combinations into S. cerevisiae strain -
V248Y, a derivative of strain FY250 containing the lacZ reporter
gene on a 2� plasmid (pMW106).


Figure 6. Protein chimeras described in this study.


In contrast to the different Dex±Mtx CIDs, there was enormous
variability in the activity of the different protein chimeras.
Changing the directionality of the system, that is, swapping the
receptors fused to LexA and B42, had significant effects on CID-
induced transcription activation. The peptide linker turned out to
have little effect on activity, and so this data is omitted for
simplicity. While D5M, D8M, and D10M cannot be distinguished
in plate or liquid assays at 10 �M concentrations after more than
3 days of incubation with the CID, earlier time points and lower
concentrations reveal greater levels of �-galactosidase synthesis
for the LexA±eDHFR/B42±GR combination than for the LexA±
GR/B42±eDHFR combination (Figures 2 and 4). This difference is
most pronounced in the case of D5M. The levels of X-gal
hydrolysis in the mDHFR strains are too close to background
levels to draw conclusions from the plate assays (Figure 2). In the
more quantitative liquid assays, however, both D8M and D10M
show induction of �-galactosidase clearly above experimental
error in the LexA±mDHFR/B42±GR strain (Figure 5); whereas
there is no detectable activation when the orientation is swapped
to LexA±GR/B42±mDHFR (data not shown).


Differences in transcription activation are not due to
variations in protein expression levels


The first question we posed was whether or not the differences
in transcription activation simply reflected variations in protein
expression levels. Decreasing the concentration of the DBD or
AD chimeras could decrease the amount of reconstituted
transcriptional activator in the cell, or there could be a complex
relationship between protein expression levels and transcription
activation. Thus, we compared the levels of expression of the
DHFR and GR chimeras by Western blot analysis (Figure 7).
Briefly, yeast strains containing the different LexA and B42
chimeras were grown to mid-log phase, the cells were lysed, and
the soluble and insoluble fractions were combined. Total protein
concentrations were determined by Bradford assays with bovine
serum albumin (BSA) as a standard. Each sample was normalized
such that 2 �g of total protein was analyzed. The protein mixture
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was separated by SDS-PAGE, transferred to a polyvinylidene
fluoride membrane, and then stained with either an anti-LexA
monoclonal antibody for the LexA fusion proteins or an anti-HA
monoclonal antibody that recognized an HA epitope engineered
into the B42 fusion proteins. A comparison of all 16 strains
examined showed little variation in the expression levels of
either the LexA or B42 fusion proteins. The minor fluctuations
observed have no correlation with the lacZ transcription data. A
representative subset of this data is shown in Figure 7. For the
B42 fusion proteins, truncated products are observed; these
products, however, are consistent for the eDHFR and mDHFR
fusion proteins, which suggests that they do not account for the
difference in transcription activation observed for these two
proteins.


Differences in transcription activation are not due to
disruption of Mtx binding to DHFR fusion proteins


An in vivo activity assay was then used to ensure that the DHFR
chimeras were being expressed in an active form in the yeast
cells. Yeast strains containing the different LexA and B42
chimeras were grown to mid-log phase in selective media, and
fluorescein-tagged methotrexate was added to the solution for
binding to DHFR. After a 24 hour incubation period, the cells
were washed and transferred to fresh media to allow efflux of
unbound methotrexate. The cells were then lysed and fluores-
cence of the lysate was analyzed. Fluorescence values were
normalized by determining total protein concentrations with a
Bradford assay. The amount of fluorescence in all strains
containing the DHFR fusion proteins is comparable (Figure 8),
which indicates that both the E. coli and murine DHFRs are being
expressed in an active form in vivo.


Differences in transcription activation are not due to
disruption of DNA binding in LexA ± receptor fusion proteins


Having shown that the DHFR domain was being expressed in an
active form in vivo, the remaining question was whether or not
the DNA-binding activity of the LexA domain was affected in the


LexA±DHFR fusion proteins. An in vivo transcription
repression assay has been established for verifying the
integrity of LexA fusion proteins. This assay measures
the levels of transcription of a lacZ gene under control
of the GAL1 promoter. Two tandem LexA operators
have been engineered between the GAL1 promoter
and the lacZ gene such that binding of functional LexA
or LexA fusion proteins disrupts transcription of the
lacZ gene. We compared the levels of lacZ tran-
scription in yeast cells containing the lacZ reporter
gene in the absence of LexA, in the presence of LexA,
and in the presence of the LexA±eDHFR, LexA ±
mDHFR, or LexA-GR fusion proteins (Figure 9). As
shown in Figure 9, with no LexA, the GAL1 promoter
activated transcription of the lacZ gene. With LexA
alone, transcription is diminished, but not completely
repressed. These low levels of transcription with LexA
alone have been attributed to the LexA protein itself


Figure 8. An in vivo fluorescence assay indicates that both the E. coli and murine
DHFRs are expressed in an active form in vivo. Yeast strains containing the
various DHFR fusion proteins were incubated in selective media with an excess of
fMtx. Unbound fMtx was then allowed to diffuse out of the cells through
successive media transfers. The cells were finally lysed, and fluorescence intensity,
indicative of DHFR activity, was measured for each of the yeast strains. 1: LexA,
B42. 2: LexA ± eDHFR, B42 ± (GSG)2 ±GR. 3: LexA ± (GSG)2 ±mDHFR, B42 ± (GSG)2 ±
GR. 4: B42 ± eDHFR, LexA ± (GSG)2 ±GR. 5: B42 ± (GSG)2 ±mDHFR, LexA ± (GSG)2 ±
GR. Error bars represent plus or minus the standard error obtained from at least
two separate trials.


being slightly activating.[29] LacZ transcription was completely
repressed in the presence of the LexA±eDHFR, LexA ±mDHFR,
or LexA ±GR fusion protein. Thus, the repression assay provides
further evidence that both the E. coli and murine DHFR± LexA
chimeras are able to fold and function properly in vivo.


Discussion


This work provides the first systematic characterization of a
small-molecule three-hybrid system. These systems show prom-
ise for screening pools of proteins or small molecules based on
ligand ± receptor interactions. The inherent assumption is that
the small molecules and protein chimeras can be varied without
disrupting the transcription read-out. Yet, there are anecdotal


Figure 7. There are no significant variations in the expression levels of either the LexA or the
B42 protein chimeras. A Western blot of a 12% SDS-PAGE gel of lysed yeast cells grown to mid-
log phase and containing different LexA and/or B42 fusion proteins. Columns 1 ± 8 are exactly
as delineated for Figure 2. Biotinylated protein MW markers (21.5 kD, 31 kD, 45 kD, 66.2 kD,
and 97.4 kD) were run in the far left lane of each gel. Gel A was stained with an anti-LexA
antibody, gel B, with an anti-hemaglutanin (HA) antibody that recognizes an HA epitope tag
engineered into the B42 protein fusions. Both gels were incubated with an avidin ± horse
radish peroxidase fusion to detect theMW markers. The LexA and B42 fusion proteins show the
expected molecular weight. LexA and B42 alone are not observed.
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Figure 9. Repression assays show that all of the LexA chimeras are able to fold
and bind DNA properly. In these assays, a reporter gene with two tandem LexA
operators between the GAL1 promoter and the lacZ gene is used such that
functional LexA fusion proteins disrupt transcription of the lacZ reporter. �-
Galactosidase activity levels of different yeast strains containing pJK101 with and
without different LexA chimeras were determined in liquid culture with ONPG. 1:
pJK101 is used without any LexA chimeras to show full activation of the lacZ
gene. 2: pJK101 with LexA. 3: pJK101 with LexA ± eDHFR. 4: pJK101 with LexA ±
(GSG)2 ±mDHFR. 5: pJK101 with LexA ± (GSG)2 ±GR. LexA ± (GSG)2 ±mDHFR
exhibited the highest repression of the lacZ gene; thus, its value of ONPG
hydrolysis was subtracted from all other repression measurements. Error bars
represent plus or minus the standard error obtained from at least twelve separate
trials.


reports of high-affinity ligand ± receptor pairs that cannot be
detected with this assay. We sought to carry out a systematic
study of our Dex ±Mtx three-hybrid system that would directly
test the influence of the ligand ± receptor pair on the levels of
transcription activation.
The most intriguing result is that, though it is well established


that both eDHFR and mDHFR bind Mtx with affinity in the low pM


range, only the eDHFR ±Mtx interaction activates transcription
significantly in this system. This result provides a clear-cut
example of related high-affinity small-molecule ±protein inter-
actions that give different levels of transcription activation in the
yeast three-hybrid system. Since the E. coli DHFR produces a
strong signal, it can be reasoned that the Dex ±Mtx CID is cell
permeable and that the B42 ±GR/Dex ±Mtx/DHFR± LexA ternary
complex is in an orientation productive for transcription
activation.
Our initial efforts to understand the basis for the difference in


activity between the two receptors show that the LexA±DHFR
fusion proteins are all being expressed in an active form in vivo,
thereby ruling out a trivial explanation for the receptor depend-
ence. Western blot analysis shows that the expression levels of
the E. coli and murine DHFR fusion proteins are all quite similar,
and in vivo activity assays, both for Mtx binding by DHFR and for
DNA binding by LexA, establish that both halves of the LexA±
DHFR fusion proteins remain active.
In addition, a comparison of the levels of transcription


activation by using CIDs with different chemical linkers and
different protein chimeras shows that the system is much more
sensitive to the nature of the protein chimera than the CID. This
result has the obvious practical implication that efforts to detect


a new ligand± receptor interaction should focus on variations in
the protein chimeras, rather than the CID. Further biochemical
characterization is needed to determine whether the variations
in transcription levels result simply from differences in stability of
the ternary complex or have more subtle implications for the
mechanism by which transcriptional activators interact with the
transcription machinery.
Perhaps the simplest explanation for the lacZ transcription


results is that while eDHFR and mDHFR have similar affinity for
Mtx, the stability of the GR/Dex ±Mtx/DHFR ternary complexes
differs for the two proteins. Currently, we are carrying out in vitro
biochemical studies to determine the stability of the GR/Dex ±
Mtx/DHFR ternary complexes for the different protein chimera
and CID combinations reported here to test this hypothesis. In
addition, mutants of both the eDHFR and mDHFR fusion
proteins that alter the NADPH dependency are being tested in
the transcription assay. Given the particularly high affinity of the
Mtx ±DHFR interaction, it is interesting to speculate that the
transcription levels will not be solely due to a thermodynamic
effect. Both proteins bind to Mtx in a two-step mechanism, with
isomerization to the second, high-affinity complex being the
rate-determining step. The initial complex for mDHFR is almost
100 times less stable than for eDHFR and is dominated by
a rapid off rate (koff). The transcriptional activator may need to be
bound to DNA with a minimum half-life in order for Mediator to
bind and stabilize the RNA Pol II preinitiation complex, or the
half-life of the Mtx ±DHFR interaction may influence the lifetime
of the TATA-binding-protein ±promoter complex during succes-
sive rounds of transcription.
The three-hybrid assay should provide a powerful method for


studying small-molecule ± protein interactions. One ligand ± re-
ceptor pair (one half of the CID) can be held constant and used
as an anchor, while the other ligand ± receptor pair is varied.
Because the small-molecule ±protein interaction controls tran-
scription of a reporter gene in vivo, the assay can be run as a
growth selection allowing millions of protein or small-molecule
variants to be tested simultaneously. The anchor ligand can be
linked to a small-molecule drug and used to screen a cDNA
library to find the cellular target for that drug. The system can be
used in the design of a new high-affinity ligand ± receptor pair or
to study a natural ligand ± receptor interaction. For this assay to
be general, however, it must be able to detect small-molecule ±
protein interactions with a range of structures and dissociation
constants. Despite this potential generality, little has been done
to characterize the influence of the small-molecule ±protein
interaction on the transcription read-out. Here we have carried
out a systematic study on the activity of a bacterial and a
mammalian DHFR homologue in the yeast three-hybrid assay.
Surprisingly, we find that, though both proteins are inhibited by
Mtx with picomolar affinity, the transcription read-out for the
two differs dramatically. This work lays the groundwork for
further biochemical studies to understand how the ligand ± re-
ceptor interaction determines the strength of the transcription
read-out. These studies should not only allow us to improve the
generality of the three-hybrid assay, but should also add to our
understanding of the mechanism of transcription activation in
eukaryotes.
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Experimental Section


Chemical synthesis : A complete description of the synthesis of the
Dex ±Mtx CIDs is given in the Supporting Information, together with
full experimental details and compound characterization.


Biological methods : A more complete description of the general
methods for molecular biology, construction of the LexA and B42
fusion proteins, preparation of the yeast strains, and Western blot
analysis is given in the Supporting Information.


Plate lacZ transcription assays : LacZ transcription assays were
carried out on plates essentially as previously described.[27] All yeast
strains were stored as 20% glycerol stocks in 96-well plates at
�80 �C. For the plate assay, the yeast strains were first transferred
from a 96-well plate glycerol stock into 96-well plates with synthetic
complete (SC) media, containing 2% glucose but lacking uracil,
histidine, and tryptophan, and then incubated at 30 �C with agitation
(80 revolutions per minute (rpm)) for 3 days. The yeast strains were
then transferred from the 96-well liquid culture plates onto X-gal
indicator plates, with or without the small molecules Dex ±Mtx, Mtx,
and/or Dex and lacking the appropriate selective nutrients, and
incubated at 30 �C for several days. The small molecules were simply
added together with the nutrients when making the X-gal indicator
plates.


Liquid lacZ transcription assays : Liquid assays with ONPG were
performed in Corning Costar 96-well plates by using an Invitrogen
(www.invitrogen.com) protocol for detection of �-galactosidase
activity in microtiter plates. Yeast strains were first transferred from
20% glycerol stocks into 96-well plates with SC media, containing
2% glucose but lacking uracil, histidine, and tryptophan, and then
incubated at 30 �C with agitation (80 rpm) for 3 days. At this time,
yeast strains were transferred to 96-well plates with SC media,
containing 2% galactose and 2% raffinose but lacking uracil,
histidine, and tryptophan, with and without varying concentrations
of Dex ±Mtx, Dex, and/or Mtx compounds. These plates were placed
at 30 �C with agitation (80 rpm) for 3 days.


Yeast cells were washed with phosphate buffered saline (PBS, pH 7.4)
and lysed in 0.25M tris(hydroxylmethyl)aminomethane (Tris, pH 8.0)
by repeated freeze ± thaw cycles. Half of the cell lysate was used to
measure the absolute �-galactosidase activity of the cells by
incubation with ONPG (1 mgmL�1) for 30 min at 37 �C, after which
time the reaction was stopped by adding 1M sodium carbonate, and
the absorbance of the solution at 420 nmwas measured by using the
HTS 7000 Plus BioAssay plate reader. The other half of the cell lysate
solution was used to calculate the total protein concentration of the
lysate by using the Bradford method with BSA as the standard. The
rates of ONPG hydrolysis were normalized to the total protein
concentration.


In vivo assay for Mtx binding by DHFR : Yeast strains were grown
in SC media (1 mL), containing 2% glucose but lacking uracil,
histidine, and tryptophan, at 30 �C with agitation (100 rpm) for
3 days. A portion of the glucose cultures was then used to inocu-
late SC media (5 mL), containing 2% galactose and 2% raffinose
but lacking uracil, histidine, and tryptophan. The culture was
grown at 30 �C with agitation (100 rpm) for 2 days. Fluorescein-
tagged Mtx (fMtx, Molecular Probes) was added to a final concen-
tration of 10 �M, and the culture was grown for another 22 h. The
cells were then washed with synthetic defined (SD) media, trans-
ferred to SC media (5 mL), containing 2% galactose and 2% raffinose
but lacking uracil, histidine, tryptophan and fMtx, and grown at
30 �C with agitation for 45 min. The wash, media transfer, and
45 min growth cycle were repeated. Cells were finally washed and
lysed in lysis buffer (1.5 mL; 50 mM 2-[4-(2-hydroxyethyl)-1-pipera-


zinyl]ethanesulfonic acid, pH 7.5, 10% glycerol, 0.5% Triton X-100,
150 mM NaCl, 0.771 mgmL�1 of dithiothreitol, 16.7 �LmL�1 of
protease inhibitor, 20 �LmL�1 of octanol) by repeated freeze ± thaw
cycles. Fluorescence in the lysate was measured using a fluorescence
spectrometer (ISA Fluoromax-2; excitation and emission wave-
lengths were 490 nm and 516 nm, respectively). A Bradford assay
was used to determine the total concentration of protein in the
lysate, so that the fluorescence values of the samples could be
normalized.


In vivo assay for LexA DNA-binding activity : The LexA repression
assays were carried out by using X-gal plate and ONPG liquid assays
essentially as for the CID-induced transcription assays. The only
difference is that the LexA fusion proteins were introduced into yeast
strain FY250 containing the reporter plasmid pJK101. pJK101 was
purchased from Origene and has two tandem LexA operators
inserted between the lacZ gene and the GAL1 promoter.
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Inositol 1,4,5-trisphosphate 3-kinase (IP3K)
catalyzes the adenosine triphosphate
(ATP) dependent phosphorylation of in-
ositol 1,4,5-trisphosphate (IP3) to inositol
1,3,4,5-tetrakisphosphate (IP4)[1] and plays
an important role in the regulation of
intracellular calcium concentration. IP3 is
a well-known second messenger that
stimulates intracellular calcium mobiliza-
tion, which is in turn responsible for
numerous intracellular responses related
to fertilization, cell growth, and secre-
tion.[2] Production of IP3 is triggered by cell surface receptor
activation by extracellular ligands that act downstream of


both the receptor tyrosine kinases and the guanosine triphos-
phate binding protein (G-protein) coupled receptors.[3] In
addition, it has been suggested that IP4, the product of the
IP3K-catalyzed reaction, also serves as a second messenger that
potentiates IP3 as a calcium oscillation regulator through
inhibition of hydrolysis of IP3[4][5] (Figure 1) and other mecha-
nisms.[6] Consequently, a specific inhibitor for IP3K will be a useful
tool to study the role of this enzyme in transmembrane signal


transduction and intracellular calcium metabolism in vitro and in
vivo.


IP3K most likely has both an ATP binding pocket and an IP3
binding pocket for the catalytic phosphate transfer from ATP to
IP3 (Figure 2). We previously synthesized all the possible inositol
phosphates (IP1 ± IP5) and tested them as competitive inhibitors
for the IP3 binding site. Among the 38 inositol phosphate
regioisomers, only I(1,4,6)P3 and three IP4 isomers exhibited
weak inhibitory effects on IP3K activity (IC50 values in the range
10 ±60 �M) while the natural substrate, IP3, had an IC50 value of
3.6 �M.[7] Many other IP3 analogues have also been synthesized
and screened against IP3K. IP3K exhibits a remarkable stereo-
and regioselectivity that allows recognition of the IP3 binding
site.[8] The anthracyclin anticancer drug doxorubucin (adriamy-
cin) has been used as an IP3K inhibitor[9] but it has shown
stronger inhibition activity towards topoisomerase II. Herein, we
report the first purine-based inhibitors of IP3K that bind to the
ATP binding site and their effects on intracellular calcium
regulation.


A purine library with structural diversity at the 2, 6, and
9-positions was recently developed to target cyclin-dependent
kinases (CDK).[10] The druglike properties of these molecules
(molecular weight� 500, computed partition coefficient� 5,
etc.) and the fact that more than 10% of the proteins encoded
by the genome depend on a purine-containing ligand for their
function[11] suggested the possibility of versatile application of
purine libraries to many different biological activities. Indeed,
novel activities distinct from CDK inhibition, such as microtubule
depolymerization[12] and sulfotransferase inhibition,[13] have
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Figure 1. Inositol phosphate signaling pathway and metabolism. ER� endoplasmic reticulum; 5-ppase�
5-phosphatase; PLC�phospholipase C.
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recently been demonstrated for compounds in this library, which
proves the usefulness of the library as a rich source of lead
compound generation. We screened the representative purine
library against recombinant IP3K[14] and discovered two promis-
ing lead inhibitors of IP3K, 1 and 2 (Figure 3), among hundreds of
purines. The active compounds from other screens, such as CDK
and compounds capable of microtubule depolymerization, did
not show any inhibitory activity against IP3K.
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Figure 3. The lead compounds selected from purine library screening.


A sublibrary of these lead structures was synthesized and
rescreened against IP3K. The results are listed in Table 1. Several
observations stand out with regard to structure ± activity
relationships (SARs). First, any substitution at the 9-position
significantly reduced the inhibitory activity. Sec-
ond, several p-substituted benzyl groups at the
6-position exhibited comparable activities, where-
as aniline-substituted purines were much less
active (10, 12). Finally, at the 2-position, a
substituted benzyl with an electron withdrawing
group inhibited the IP3K activity more strongly
than a positively charged derivative (14).


We derivatized the 2-position with various
benzyl groups in order to further enhance the
IP3K inhibition activity and to explore the 2-posi-
tion systematically. The 6-position was fixed as a
p-nitrobenzyl group (the best substituent in the
previous SAR study) (5). The results of the IP3K


inhibition study of these 2-position derivatives are summarized
in Table 2. While different electron withdrawing groups (CF3, Cl,
F) at the 2, 3, or 4-position of 2-benzylamine gave moderate
changes in activity, none of the new derivatives in this series
were more active than the lead compound 5. Repeated screen-
ing with different concentrations of ATP clearly showed that 5
binds to the ATP binding site of IP3K with an inhibition constant
Ki of 4.3 �M (Michaelis constant Km for ATP�36.8 �M). It is
noteworthy that compound 5 is a significantly weaker inhibitor
of CDK1 (IC50�100 �M).


Compound 5 was added to HL60 cells and the intracellular
calcium kinetics were measured by real-time imaging (Figure 4)
to test the effect of IP3K inhibition in cells. Upon treatment with
compound 5, the intracellular calcium level increased over 1 ±
2 mins in a dose-dependent manner and any subsequent ATP-
induced calcium release was almost completely absent at a
20 �M concentration of 5. One explanation is that the inhibition
of IP3K caused an accumulation of IP3, which was originally
maintained at a constant level by the dynamic inositol recycling
machinery, and the elevated IP3 levels caused the release of
calcium from the endoplasmic reticulum. The actual change in
IP3 level after treatment with 5 was measured by use of
radioactive IP3 and specific binding protein; the increase in IP3
concentration was two- to threefold compared to nontreated
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Figure 2. The two binding sites of IP3K for ATP and IP3.


Figure 4. Intracellular calcium signaling kinetics after the addition of the IP3K inhibitor 5 and
ATP. The inactive compound 16 was used as a control.
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cells. The inactive control compound 16 showed no effect on the
calcium signals in cells and subsequent treatment with ATP
induced a full calcium-release response. Compound 16 therfore
did not induce IP3 accumulation. One of the best CDK1 and
CDK2 inhibitors, aminopurvalanol,[15] and the tubulin depolyme-


rizing purine myoseverin,[12] were tested and did not trigger any
calcium signal increase. These compounds gave similar respons-
es to that of the control compound 16, which indicates that the
calcium effect of compound 5 is IP3K specific. Interestingly, the
previously reported IP3K inhibitor doxorubucin did not show any


Table 1. Inhibition of IP3K by the initial sublibrary.
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Ca2� ion effect in either our experiment with HL60 cells or other
experiments that used Jurkat cells.[9]


Alternatively, the Ca2� ion increase and IP3 accumulation
might arise either from an inhibition of IP3 degradation by IP3
5-ppase or from stimulation of IP3 production by PLC (Figure 1).
Compound 5, however, did not exhibit any significant effect on
the enzymatic activity of either 5-ppase or PLC at 200 �M.


In conclusion, we have identified here the first purine based
IP3K inhibitors to target the ATP binding site and have
demonstrated their in vivo calcium regulation effect. Unlike
the inositol phosphate analogue inhibitors, which are highly
negatively-charged, these purine inhibitors will easily penetrate
the cell membrane and will thus be of great use in the study of
the role of IP3K in vivo.


Experimental Section


2IP3K inhibition assay : IP3K reactions were carried out in a solution
(200 �L) that contained tris(hydroxymethyl)aminomethane (Tris) ± Cl
(50 mM, pH 8.0), KCl (100 mM), ethylene glycol tetraacetic acid (EGTA;
2 mM), ATP (50 �M), dithiothreitol (DTT; 1 mM), 2,3-diphosphoglycer-
ate (1 mM), D-I(1,4,5)P3 (20 �M), [3H]-I(1,4,5)P3 (20,000 dpm), and
various amounts of synthetic purine analogues. The reaction was
initiated by addition of IP3K that had been overexpressed in E. coli
and purified to near homogeneity and the mixture was incubated for
10 min at 37 �C. The reaction was terminated by addition of H3PO4


(1N, 50 �L). The reaction mixture was then neutralized by the
addition of KOH (1N, 50 �L) and diluted with water (500 �L). Each
sample (500 �L) was immediately applied to an anion exchange
column that contained Dowex AG1-X8 (formate form, 100 ±
200 mesh) and then subsequently washed ten times with ammo-
nium formate (0.55M, 2 mL) in formic acid (0.1M) to remove
unreacted D-I(1,4,5)P3. The product of IP3K activity, [3H]-I(1,3,4,5)P4,
was eluted with ammonium formate (1.5M, 1.5 mL) in formic acid
(0.1M) and then mixed with a complete counting cocktail solution
(Budget-Solve, Research Product International Corp. ; 10 mL) and its
radioactivity was counted by a liquid scintillation counter. The


inhibitory efficiency of the purine analogue against IP3K was
represented by an IC50 value of 50%, which was estimated by
interpolation of concentration ± inhibition curves.


Intracellular calcium measurement : HL60 cells were cultured in a
RPMI 1640 medium (Life Technologies, Inc.) supplemented with
20% bovine calf serum (Hyclone Laboratories, Inc.) in a humidi-
fied atmosphere of 95% air and 5% CO2. The concentration of
Ca2� ions within the cells was determined by Grynkiewicz's
method by using fura-2/AM dye. Briefly, cultured cells were
incubated with fura-2/AM (3 �M) at 37 �C for 50 min in fresh
serum-free RPMI 1640 medium with continuous stirring. A 2� 106-
cell aliquot was used for each assay in Ca2�-free Locke's solution
(NaCl (154 mM), KCl (5.6 mM), MgCl2 (5.6 mM), 2-[4-(2-hydroxyethyl)-1-
piperazinyl]ethanesulfonic acid (5 mM, pH 7.3), glucose (10 mM), and
EGTA (0.2 mM). Fluorescence changes at two excitation wavelengths
(340 nm and 380 nm) and an emission wavelength of 500 nm were
measured.


Quantification of inositol 1,4,5-trisphosphate : I(1,4,5)P3 concentra-
tion in the cells was determined by competition assay with [3H]-
I(1,4,5)P3 as described previously.[16] In brief, HL60 cells were treated
with compounds 5 and 16 for 10 min. The reaction was terminated
by addition of 15% (w/v) ice-cold trichloroacetic acid that contained
EGTA (0.2 mM). The cells were left on ice for 30 min to extract the
water-soluble inositol phosphates. Trichloroacetic acid was then
removed by extraction with diethyl ether. The final preparation was
neutralized with Trizma base (0.2 mM), and its pH value was adjusted
to 7.5. Assay buffer (Tris buffer (0.2 mM) containing ethylenediamete-
traacetate (EDTA; 4 mM) and bovine serum albumin (4 mgmL�1)),
[3H]-I(1,4,5)P3 (0.1 �CimL�1), and IP3-binding protein were added to
the cell extract. The mixture was incubated for 15 min on ice and
then centrifuged at 2000�g for 10 min. Water and the scintillation
mixture were added to the pellet and radioactivity was measured.
The I(1,4,5)P3 concentration in the sample was determined based on
a standard curve and expressed as pmol (mg protein)�1 in the cell
extract. The IP3-binding protein was prepared from bovine adrenal
cortex according to the method of Challiss et al.[17] The amounts of
IP3 determined are as follows (pmol (mg protein))�1: control (120�
30), compound 5 (310�50), and compound 16 (135� 42).


Phospholipase C and I(1,4,5)P3 5-phosphatase assays : PLC and
5-phosphatase assays were performed as described previously, with
slight modifications.[18] The whole rat brain was homogenized at 4 �C
in a buffer that contained Tris ±HCl (50 mM, pH 7.5), sucrose (250 mM),
EDTA (0.5 mM), EGTA (1 mM), DTT (1 mM), leupeptin (2 �gmL�1),
aprotinin (2 �gmL�1), and phenylmethanesulfonyl fluoride (0.5 mM).
The homogenate was centrifuged at 2000�g for 10 min and the
resulting supernatant was used as a source of I(1,4,5)P3 5-phospha-
tase. The reaction was initiated by addition of an appropriate
amount of the 5-phosphatase to a solution containing 2-[4-(2-
hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES; 50 mM,
pH 7.0), MgCl2 (1 mM), DTT (1 mM), [3H]-I(1,4,5)P3 (20000 cpm), and
I(1,4,5)P3 (2 �M) in a final volume of 200 �L. The reaction mixture was
incubated at 37 �C for 5 min, terminated, and neutralized by the
same method as described for the IP3K assay. The diluted reaction
mixture was analyzed directly on a Partisil SAX 10 HPLC column to
measure the amount of I(1,4)P2 produced from the reaction.
The enzyme activity of PLC was measured in the assay mixture
(200 �L), which contained phosphatidyl inositol diphosphate
([3H]PIP2 20,000 cpm; 10 �M), EGTA (1 mM), CaCl2 (10 mM), 0.1%
sodium deoxycholate, bovine serum albumin (1 mgmL�1) and HEPES
(50 mM, pH 6.8). The reaction mixture was incubated with the
appropriate amount of purified PLC at 37 �C for 10 min and
terminated by the addition of chroloform/methanol/HCl (1 mL;
50:50:0.3; v/v). The reaction product, [3H]-I(1,4,5)P3, was extracted


Table 2. IP3K inhibition by 2-substituted derivatives of 6-(4-nitrobenzyl)-
purines.
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Derivatives IC50 [�M]


5 : X� 3-CF3 10.2
17 : X� 2-CF3 18.2
18 : X� 4-CF3 67.6
19 : X� 2-F 23.4
20 : X� 3-F 49.0
21 : X� 4-F 28.8
22 : X� 2-Cl 28.0
23 : X� 3-Cl 20.0
24 : X� 4-Cl 12.7
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Lipid-modified peptides and semisynthetic lipid-modified pro-
teins have proven to be invaluable chemical tools for the study
of biological processes like membrane localization of, and signal
transduction through, lipidated proteins.[1] Paramount to the
success of this chemical ± biological approach is the availability
of efficient methods for the synthesis of such peptide conjugates
that include the attachment of suitable reporter groups for
application in subsequent biological or biophysical experi-
ments.[1, 2±4]


The techniques developed so far have given access to
different acid- and base-labile lipidated peptides. However,
peptide conjugates that include a farnesyl or geranylgeranyl
thioether and a stretch of basic amino acids, in particular a
polybasic oligolysine sequence, proved to be, and still are, major
challenges to the synthetic chemist. Currently, efficient methods
for the synthesis of such conjugates are not available. Combi-
nations of an S-lipidated cysteine with polybasic amino acid
sequences frequently occur in signal-transducing proteins that
belong to the Ras super family, such as the Rho proteins and
K-Ras 4B. This structural motif is thought to mediate, for
instance, selective intracellular localization and trafficking of
the proteins (in particular in the case of K-Ras 4B[5] ) and to play a
decisive role in protein activation/deactivation (both the Ras and
the Rho proteins may be targets of farnesyltransferase inhib-
itors[6] currently under clinical investigation.)


The problems encountered in the synthesis of polybasic
lipidated peptides are highlighted by the synthesis of the
C terminus of the K-Ras 4B protein (2) by Gelb et al.[7] In this


with HCl (1N, 0.3 mL) that contained EGTA (5 mM). After centrifuga-
tion, an aliquot (0.5 mL) of the upper aqueous phase was removed
and the radioactivity was measured with scintillation counting.
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synthesis S-farnesylation of a presynthesized and fully depro-
tected fluorescence-labeled peptide was employed as the key
step. However, as a result of competitive N-alkylation a complex
product mixture was formed that gave access to only


S


OH
N


O


NH
CH3


S


N
H


O


S


HN NH


O


O


Gly-Lys-Lys-Lys-Ser-Gly-Cys-OMe


(Lys)6-Ser-Lys-Thr-Lys-Cys-OMe


Rho A C terminus, 1


K-Ras 4B C terminus, 2


GerGer


Far


BiotAca


33


MantAca


Scheme 1. Structures of fluorescence- and biotin-labeled lipidated peptides 1
and 2, the C termini of RhoA and K-Ras 4B. Mant�N-methylanthranyl; Biot�
biotin; Aca� aminocaproic acid.


small amounts of the desired compound.[8] Although this
reaction could be considerably improved by using Lewis acid
catalysis (Zn2�) under acidic conditions, it could not approach
quantitative yield. Silvius et al.[9] investigated the synthesis of
K-Ras peptides that include a hexalysine stretch by employing a
lipidated amino acid building block. However, they did not get
access to the correct C terminus of K-Ras 4B either and had to
resort to a model compound in which the natural farnesyl
thioether was replaced by a nonnatural chemically inert undecyl
group.
The purpose of this paper is to report on the development of


methods that give rapid and reliable access to fluorescent- or
biotin-labeled lipidated peptides that include polybasic stretch-
es of amino acids by means of solution-phase synthesis or solid-
phase methodology. The characteristic C termini of Rho A and
K-Ras 4B (1 and 2, Scheme 1) were chosen as examples for the
delineation of the methodology
The synthesis of these peptides requires a protecting group


strategy that is compatible with the pronounced acid-lability of
the farnesyl group[1±3] and the required C terminal methyl ester.
The strategy also has to allow for selective deprotection of the N-
terminal amino groups and must leave the blocking functions of
the lysine �-amino groups untouched. These requirements were
fulfilled for solution-phase synthesis by employment of the base-
labile N-fluorenylmethoxycarbonyl (Fmoc) urethane as a tem-
porary N-terminal protecting group and the Pd0-sensitive N-
allyloxycarbonyl (Aloc) urethane to mask the lysine side chains in


order to build up the selectively deprotected polybasic core
peptide. We planned to couple this peptide to a prenylated
cysteine ester building block in solution.
The viability of this strategy was investigated for the synthesis


of the fluorescence-labeled S-geranylgeranylated C terminus 1
of Rho A. S-geranylgeranylated cysteine methyl ester 5[10]


(Scheme 2) was synthesized by S-alkylation of geranylgeranyl


Fmoc-Ser-Gly-Cys-OMe


GerGer


Ser-Gly-Cys-OMe


GerGer


Fmoc-Ser-OH Fmoc-Ser-Gly-OAll


6


7


d


a b, c


3 4


Scheme 2. Synthesis of S-geranylgeranylated tripeptide 7. a) TosOH ¥GlyOAll
(Tos� tosyl, Gly� glycine, All� allyl), N-(3-dimethylaminopropyl)-N�-ethyl-car-
bodiimide-hydrochloride (EDC), 1-hydroxybenzotriazole (HOBt), Et3N, CH2Cl2 , 18 h,
82%. b) N,N-Dimethyl barbituric acid, Pd(PPh3)4 , tetrahydrofuran (THF), 30 min,
97%. c) Cys(GerGer)OMe (5), EDC, HOBt, Et3N, CH2Cl2, 18 h, 79%. d) Piperidene,
CH2Cl2, 2 h, 97%.


bromide obtained from geranylgeraniol by treatment with N-
bromosuccinimide.[11] Dipeptide 4[12] was obtained by coupling
of Fmoc-protected serine 3 with glycine allyl ester. Deprotection
of the allyl group and coupling to cysteine derivative 5 yielded
fully protected lipopeptide 6, from which the N-terminal
urethane was selectively removed under basic conditions to
give lipidated tripeptide ester 7 in high yield. In a separate series
of experiments, fluorescence-labeled trilysyl peptide 15 was
synthesized. In this synthesis lysine derivative 9, which carries
three orthogonally stable protecting groups, was employed as
the key building block (Scheme 3). Compound 9 was obtained
from commercially available[13] lysine derivative 8 by esterifica-
tion with tert-butanol. Consecutive removal of the base-labile
Fmoc-urethane and carbodiimide-mediated chain elongation
with Fmoc/Aloc-protected lysine derivative 8 yielded selectively
deprotected trilysyl peptide 10 in 49% overall yield. This
compound was acylated with glycine derivative 13, which
carries the fluorescent Mant label, to yield fluorescence-labeled
tetrapeptide acid 15 after acidic cleavage of the C-terminal tert-
butyl ester. This compound was then coupled with geranylger-
anylated tripeptide ester 7 and, finally, all Aloc protecting groups
were removed simultaneously in the presence of a Pd0 catalyst,
with phenyl silane as an alkyl-trapping nucleophile.[14] The
desired fluorescence-labeled lipidated peptide 1, which contains
a highly polar trilysine sequence, was purified by gel filtration on
Sephadex LH 20 and obtained in high yield.
This fragment condensation strategy successfully gave access


to Rho A peptide 1 but it could not be applied to the synthesis of
the C terminus 2 of K-Ras 4B. In this case the peptide
KKKKKKSKTK was synthesized on a chlorotrityl resin and released
in a protected form that carried an N-terminal Fmoc group and
eight Aloc urethanes attached to the lysine side chains. This
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Scheme 3. Solution-phase synthesis of Rho A peptide 1. a) tBuOH, POCl3 ,
pyridine, 2 h, 89%. b) Piperidine, CH2Cl2 , 2 h, 97%. c) Fmoc-Lys(Aloc)-OH (8), EDC,
HOBt, CH2Cl2 , 18 h, 76%. d) Piperidine, CH2Cl2 , 2 h, 95%. e) Fmoc-Lys(Aloc)-OH (8),
EDC, HOBt, CH2Cl2 , 18 h, 72%. f) Piperidine, CH2Cl2 , 2 h, 98%. g) MantAca (11),
TosOH ¥Gly-OtBu, EDC, HOBt, Et3N, CH2Cl2 , 18 h, 60%. h) Trifluoroacetic acid (TFA),
CH2Cl2 , 1 h, 96%. i) EDC, HOBt, CH2Cl2 , 18 h, 79%. j) TFA, CH2Cl2 , 2 h, 99%. k) Ser-
Gly-Cys(GerGer)-OMe (7), EDC, HOBt, trifluorethanol/CHCl3 1:3, 18 h, 52%.
l) PhSiH3, Pd(PPh3)4, dimethylformamide (DMF), 2 h, 83%.


compound was only poorly soluble in organic solvents, could
hardly be purified, and showed little conversion in attempted
subsequent coupling steps. In the light of these unfavourable
properties we abandoned the building block strategy for the
synthesis of the K-Ras 4B peptide and developed a solid-phase
methodology to circumvent the problems encountered in the
attempted solution-phase synthesis.
Key elements of the solid-phase synthesis are, the attachment


of the first lysine in the peptide sequence to an acid-labile trityl
linker, introduction of the farnesylated cysteine methyl ester as a
building block (as opposed to S-farnesylation on a solid
support[14d]), employment of the Aloc group and trityl ethers
as masks for the side chains of the lysines and hydroxyamino
acids, respectively, and use of the base-labile Fmoc urethane for
temporary N-terminal protection.
Lysine derivative 18, which contains three orthogonally stable


blocking groups, was synthesized from the commercially
available[15] building block 17 by nucleophilic esterification
(Scheme 4). The N-tert-butyloxycarbonyl (Boc) group was selec-
tively removed and the amine that resulted was attached to the
trityl resin. Typically, a loading of 0.49 mmolg�1 was achieved
(determined by the UV±Fmoc method). The allyl ester was
selectively cleaved by treatment with a Pd0 catalyst in the
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Scheme 4. Solid-phase synthesis of K-Ras 4B peptide 2. a) Cs2CO3, MeOH, 10 min,
then allylbromide, DMF, 1.5 h (87%). b) TFA, CH2Cl2 , 3 h. c) Trityl (Trt) resin, N,N�-
diisopropylethylamine (DIEA), CH2Cl2 . d) PhSiH3, Pd(PPh3)4 , THF, 12 h. e) Cys(Far)-
OMe (Far� farnesyl), PyBOP, NMM, DMF, 3 h. f) Piperidine, DMF, 2� 4 min.
g) Fmoc-Thr(Trt)-OH, HBTU, HOBt, DIEA, DMF, 3 h. h) Protected amino acid or
BiotAca-OH, HATU, HOAt, DIEA, DMF 4 h. i) Piperidine, DMF. j) Ac2O, pyridine. Steps
(h), (i), and (j) were repeated to build up peptide backbone 23. k) Pd(PPh3)4 ,
piperidine, DMF, 5 h. l) TFA, triethylsilane (TES), CH2Cl2 .


presence of PhSiH3 (Ph�phenyl) as allyl scavenger. Subsequent
coupling with farnesylated cysteine methyl ester yielded poly-
mer-bound dipeptide 21 in quantitative yield when (benzotria-
zol-1-yloxy)tris(pyrrolidino)phosphonium hexafluorophosphate
(PyBOP) in 4% N-methylmorpholine (NMM) was employed as
coupling reagent. Use of N,N-diisopropylcarbodiimide/HOBt
instead of NMM resulted in incomplete conversion even with a
4-hour reaction time. The Fmoc group was removed from
intermediate 21 by treatment with piperidine in DMF twice for
four minutes each time and then trityl-protected threonine was
introduced by means of N-[(1H-benzotriazol-1-yl)(dimethylami-
no)methylene]-N-methylmetanaminium hexafluorophosphate
N-oxide (HBTU)/HOBt chemistry. All subsequent coupling reac-
tions were carried out in the presence of N-[(dimethylamino)-1H-
1,2,3-triazolo[4,5-b]pyridin-1-yl-methyl-ene]-N-methylmetanami-
nium hexafluorophosphate N-oxide (HATU)/1-hydroxy-7-aza-
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Collagen type IV, whose major and ubiquitous form consists of
one �2 and two �1 chains,[1, 2] forms a network that determines
the biomechanical stability and macromolecular organization of
the basement membrane and provides a scaffold into which
other constituents of the tissue are incorporated[3] . This collagen


benzotriazol (HOAT) as activating reagents and the coupling
times were extended to 3 ±4 h to avoid incomplete peptide
bond formation.
After the entire biotin-tagged and farnesylated peptide 23


had been assembled on the polymeric support, the seven Aloc
groups present were removed simultaneously by treatment with
Pd[PPh3]4 in the presence of piperidine for four hours. Removal
of the catalyst was achieved by simple washing, which rendered
the troublesome purification of the unmasked oligolysine
peptide unnecessary.
Finally, fully unmasked lipidated K-Ras peptide 2 was released


from the solid support by treatment with 1% TFA in the
presence of 2% TES. Under these conditions both O-trityl groups
present in 24 were removed as well and the farnesyl group
remained unattacked.[16] Purification of the target peptide was
readily achieved by means of HPLC on an RP-C18 column to yield
the desired biotin-tagged and lipidated oligolysine peptide 2
(Figure 1) in high purity and with 11% overall yield.


Figure 1. HPLC analysis of lipidated polybasic Ras-peptide 2. Detection at
210 nm; RP-C18PPN column; solvent A: water; solvent B: acetonitrile ; solvent C:
water with 1% TFA; gradient : 0 min 80% A, 10% B, 10% C; 40 min 35% A, 55% B,
10% C; retention time: 26.9 min.


In summary, we have developed a reliable and practical
method for the synthesis of polybasic lipidated peptides in
solution or on a solid support. In both cases an S-prenylated
cysteine methyl ester is introduced as a building block and Fmoc
and Aloc urethanes are employed for protection of the
N terminus and the lysine side-chain amino groups, respectively.
These methods give rapid access to the desired deprotected
peptides in pure form and thereby open up new opportunities
for future biological experiments to address, for instance,
selective membrane targeting by Ras, Rho and related lipidated
proteins.


This research was supported by the Deutsche Forschungsgemein-
schaft and the Fonds der Chemischen Industrie.
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also plays an important role in cell-adhesion processes that are
specifically mediated by cell-surface receptors, that is, the
integrins.[4] These molecules are transmembrane heterodimeric
glycoproteins composed of noncovalently associated � and
� subunits. Among the various known integrins, �1�1 and �2�1
were identified as specific collagen receptors by a combination
of different approaches.[5] Other integrin ligands such as
fibronectin or fibrinogen are recognized by contiguous adhesion
motifs that consist of an aspartic/glutamic acid and frequently an
additional arginine residue (RGD motif),[6] whereas collagen
binding to integrins often depends critically upon the native
triple-helical fold of the collagen molecule.[7] Correspondingly,
identification of the major cell-binding site within collagen
type IV proved to be difficult, but the site was finally located in
the disulfide-crosslinked trimeric 434 ±516 fragment (F4 sub-
fragment of fragment CB3(IV))[2] by cyanogen bromide (CB)
fragmentation followed by trypsin digestion. The essential
amino acids of the �1�1 recognition site were found to be
Arg461 of the �2(IV) chain and Asp461 of the �1(IV) chain.[8] Such
an adhesion motif, provided by a defined display of the residues
on different chains, is expected to depend not only on the triple-
helical fold, but also decisively upon the stagger of the single
chains within the triple helix. Although fluorescence resonance
energy transfer experiments performed on a related fragment of
native collagen type IV (F2 subfragment of CB3(IV)) supported an
�2�1�1� chain register,[9] the main scope of the present study
was to structurally characterize the noncontiguous �1�1 integrin
binding epitope.
The two heterotrimeric collagen peptides shown in Figure 1


were synthesized in order to mimic the integrin adhesion site of
collagen type IV.[10] These contain the sequence segments at
residues 457 ±468 of the �1 and �2 chains of collagen type IV
and were assembled into the two most plausible �1�2�1� and
�2�1�1� registers by the use of an artificial cystine knot, as
previously applied by us in the synthesis of collagen hetero-
trimers capable of mimicking the collagenase cleavage site of


collagen type I.[11] It was assumed that a stable triple helix
represents the essential prerequisite for binding of the adhesion
epitope to its receptor molecule and the collagen sequences
457 ±468 were extended C- and N-terminally with two and three
Gly-Pro-Hyp (GPO) repeats, respectively. Indeed, both hetero-
trimers A and B assume a triple-helical fold but these differ,
however, in thermal stability (melting temperature, Tm� 42 �C for
trimer A and 30 �C for trimer B), a fact that indicates a surprisingly
strong effect of the chain stagger on the stability of the collagen-
like fold.[10]


Analysis of the affinity of the synthetic heterotrimers A and B
for the �1�1 integrin was carried out by using both a commercial
sample of purified human �1�1 integrin (VLA-1) and a construct
that consisted of the extracellular portions of the �1 and �1
subunits heterodimerized by a Fos/Jun transcription factors. The
ability of the latter integrin construct to recognize and bind
collagen type IV was assessed in separate experiments that will
be reported elsewhere. Binding of the heterotrimeric collagen
peptides to human �1�1 integrin was monitored by surface
plasmon fluorescence spectroscopy (SPFS) upon fluorescence
labeling of the ligand with Cy5 dye. This assay system was
validated by reversible complexation of fragment CB3(IV) of
native collagen type IV to the membrane-embedded integrin,
which was coated on a gold surface. Dissociation of the complex
by addition of ethylenediaminetetraacetic acid (EDTA) was found
to be quantitative within 15 h, as reported in Figure 2 (left panel).
In this system the trimer A binds to the integrin receptor with a
slightly lower affinity than the trimer B (Figure 2, right panel). A
quantitative evaluation of the binding affinities was obtained by
isothermal titration calorimetry, for which the water-soluble
integrin construct was used. As reported in Table 1, KD values of
25 and 20 �M were extracted from the titration curves of trimers
A and B, respectively. Thus, trimer A, with its �1�2�1� register,
again exhibits a lower affinity than trimer B, which has a �2�1�1�
chain alignment.
The X-ray structure of the molecular complex of the �2�1


integrin I domain and a triple-helical homotrimeric collagen
peptide that contains the Gly-Phe-Hyp-Gly-Glu-Arg binding
motif of collagen type I[12] has clearly confirmed the unique
mode of interaction between ligand and receptor. The Glu
residue of the middle strand of the homotrimer coordinates the
metal ion of the metal-ion-dependent adhesion site (MIDAS)
motif whilst the adjacent arginine side chain forms a salt bridge
to Asp219 in loop 2 of the integrin. This Asp219 residue in the �2
I domain is replaced by an arginine in the �1 integrin I domain,
which allows better interaction with collagen type IV.[13] In order
to try to account for this observation and to explain the different
affinities of trimers A and B for �1�1 integrin, modeling
experiments were performed by using the X-ray structure of
the I domain of the �1 subunit.[14] The results are shown in
Figure 3. Both heterotrimers contain the crucial Asp461 residue
in the tailing chain, which binds to the divalent cation to provide
the sixth coordinating ligand of the octahedral metal complex.
In heterotrimer A (left panel) this coordination seems to be the
only stabilizing interaction. Conversely, the different alignment
of the chains in trimer B (right panel) allows for two additional
favorable interactions with the residues of the �1 integrin


Figure 1. Synthetic heterotrimeric collagen peptides A and B in the �1�2�1� and
�2�1�1� chain registers. The �1�1 integrin adhesion epitope is represented in
bold by the sequence fragments 457 ± 468 of the �1 and �2 chains of collagen
type IV. The nonsequential RGD binding motif is depicted in bold italics and
corresponds to the amino acid residues in position 461. Ac�acetyl.
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binding region. The Asp461 residue in the middle chain of the
trimer forms a salt bridge to Arg108 of the receptor (which


corresponds to Asp219 of �2�1 integrin) and Lys459 of the
leading chain is salt bridged to Glu145 of the �1 subunit. Since
salt bridges contribute significantly to binding interactions
between protein molecules,[15] this different pattern of salt
bridges may well be responsible for the higher binding affinity of
heterotrimer B when compared to heterotrimer A. Moreover, as
the triple-helical fold of trimer B is less stable (see above),
optimal fitting to the binding site may occur more easily.
Attempts to dock both collagenous heterotrimers into the


I domain of the �2�1 integrin failed since the Asp461 residue
cannot coordinate the metal ion of the MIDAS region. Within the
limits of such modeling experiments, this observation agrees
with the higher binding affinity of collagen type IV for �1�1
integrin rather than �2�1.[13] In conclusion, all the experimental
data strongly suggest that the �2�1�1� alignment of the chains
represents the natural register of collagen type IV.


Table 1. Thermodynamic parameters of binding of the heterotrimers A and B
to �1�1 integrin.


collagenous peptides �Hbind
[a]


[kJmol�1]
KD[a]


[�M]
�Sbind[b]


[Jmol�1 K�1]
�Gbind


[c]


[kJmol�1]


heterotrimer A �20.9 25 12.6 �24.4
heterotrimer B �18.8 20 22.0 �24.9


[a] Association enthalpies (�Hbind) and dissociation constants (KD) were
determined by isothermal titration calorimetry measurements at 4 �C in
Tris ¥ HCl (50 mM, pH 7.4), NaCl (150 mM), MgCl2 ¥ 6H2O (2 mM), and MnCl2 ¥
2H2O (1 mM). [b] Entropy contributions (�Sbind) were determined from the
standard equation that applies at equilibrium, �Gbind��Hbind� T�Sbind.
[c] Free energies of binding (�Gbind) were calculated from the binding
constants Kbind as �RTlnKbind.


Figure 2. SPFS binding assays of natural and synthetic collagenous peptides (fluorescence-labeled with Cy5 dye) with human �1�1 integrin embedded into a lipid
bilayer membrane system coated on a gold surface. Left panel : fluorescence signal upon formation of a complex between the CB3(IV) fragment of natural collagen
type IV and the �1�1 integrin (––) and upon dissociation of the complex 3 h (±±±) and 15 h (����) after addition of EDTA, compared to the background fluorescence
signal (�±�±) ; the angular dependence of reflectivity is also shown as a thin dotted line. Right panel : fluorescence signal upon binding of the monomer (����),
heterotrimer A (±±±), and heterotrimer B (––) to the integrin compared to the background fluorescence signal (�±�±) ; the angular dependence of reflectivity is also
shown as a thin dotted line.


Figure 3. View of heterotrimers A (left) and B (right) docked to the MIDAS-centered trench of the I domain of �1�1 human integrin. The backbone of the MIDAS region is
shown in grey ribbons. The three strands of the collagenous peptides are represented as colored sticks with the leading strand in light green, the middle strand in darker
green, and the tailing strand in turquoise, and thus show the �1�2�1� and the �2�1�1� alignments of the heterotrimers A and B, respectively. The metal ion is shown as
a magenta ball and hydrogen bonds are depicted as red dotted lines. In both heterotrimers the principal interaction involves coordination of the Asp461 of the �1� chain
(turquoise) to the metal ion. Additional favorable interactions were found in heterotrimer B (right), where Lys459 of the �2 leading strand forms a salt bridge to Glu145,
and Asp461 of the �1 middle chain forms a salt bridge to Arg108. Conversely, the arrangement of the chains in heterotrimer A does not allow stabilizing interactions with
residues of the �1 integrin I domain (compare with Figure 1 in the paper by Emsley et al.[12] ). Dark blue�nitrogen; red� oxygen.
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Introduction


Regioselective acylation of sugars at their hydroxy groups is
currently of great importance for the food, chemical, and
pharmaceutical industries.[1] Enzymes are very useful for catalysis
of these processes owing to their exquisite chemo-, stereo-, and
regioselectivity,[2] and subtilisins are among the most researched.
One of these specific transformations is the transesterification of
sucrose with fatty acid esters with a high selectivity for the 1�-
position (Figure 1; experimentally, 80 ± 90% of the products are
the 1�-product while 2 ± 5% are minor species that are largely
monoesters whose acylation positions could not be assigned;
there is no available thermodynamic data on these reactions).[3]


Figure 1. Schematic representation of the subtilisin active site (catalytic triad
and oxyanion hole) and the centres of reactions (the 6OH, 6�OH, and 1�OH sites) in
the sucrose moiety. The torsions across which conformational sampling was
carried out are indicated by dark lines.


Experimental Section


Surface plasmon resonance fluorescence spectroscopy (SPFS): The
SPFS binding experiments were carried out with a self-assembled
set-up.[16] The CB3(IV) fragment of collagen type IV and the two
synthetic heterotrimers were fluorescence-labeled with Cy5 dye
(Amersham Pharmacia, Uppsala, Sweden) and the purified human
�1�1 integrin (Chemicon Inc. , Temecula, Ca) was embedded into a
dimyristoyl phosphatidylethanolamine/phosphatidylcholine bilayer
coated onto a gold surface through use of a hydrophilic laminin
peptide layer. The binding experiments were performed at 25 �C in
tris(hydroxymethyl)aminomethane (Tris) ¥ HCl (50 mM, pH 7.4), NaCl
(150 mM), MgCl2 ¥ 6H2O (2 mM), and MnCl2 ¥ 2H2O (1 mM).


Isothermal titration calorimetry (ITC): ITC measurements were
performed at 4 �C on MicroCal VP-ITC equipment by titration of a
solution (0.5 �M) of �1�1 integrin Fos/Jun construct in Tris ¥ HCl
(50 mM, pH 7.4), NaCl (150 mM), MgCl2 ¥ 6H2O (2 mM), and MnCl2 ¥ 2H2O
(1 mM) with a solution of each heterotrimer (20 �M) in the same
buffer. The data were fitted by using a nonlinear least squares
Marquardt algorithm with three independent variables, Kbind , �Hbind ,
and the stoichiometry N (here fixed as 1);[17, 18] a single set of identical
sites was used as the fitting model.


Modeling Experiments : Complex models were created by homol-
ogy modeling with the program MAIN.[19] Energy minimization was
performed starting from the X-ray structure 1QC5[14] of the �1�1
I domain and a model for the heterotrimers based on the structure of
the homotrimer in 1DZI.[12] In addition to the atomic force field,
constraints were used to tether homologous C� positions of the
complex model to the 1DZI structure.


This study was supported by SFB 563 of the Technical University of
Munich. Elisabeth Weyher is gratefully acknowledged for the
excellent technical assistance.
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Regioselective acylation of carbohydrates leads to a range of
starting compounds for the controlled synthesis of a variety of
polymers with diverse properties.[4] An understanding of struc-
ture ± function relationships is therefore desirable. We present
here the results of a computational study that examines the
origins of this selectivity in the case of sucrose acylation.
Previous studies[5] modeled transition-state structures and found
that the 1�OH-adduct was preferred to adducts formed at the
other OH groups as the 1�OH-adduct was the least sterically
constrained. We present the results of a systematic study of this
acylation carried out by computation of the free energies of
interaction of the possible transition-state adducts and find that
in the 1�OH-adduct the sucrose moiety is the most solvent
exposed. This exposure confers a higher mobility upon the
sucrose, which translates into a larger entropic stabilization.
Computation of the enthalpic components of interactions
between a protein and its ligands is relatively straightforward
and routine. However, computation of entropies has in the past
been more difficult, limited by the complexity of the problem
and the intensive computations required.[6, 7] We apply a recently
developed method that avoids the need for intensive compu-
tations and yet seems to capture most of the entropic change in
a ligand±protein complex and is thereby attractive for high-
throughput computational screenings for lead compounds.[8]


Observations


The conformers with the lowest free energies (as a result of the
protein ± ligand interactions and the vibrational entropic con-
tribution from the librational modes of the ligand in its ™protein
cage∫[8] ) were chosen for analysis. Since we examined the
transition states, it is appropriate that the most stable state is
one that maximizes the protein ± ligand interactions. Our find-
ings are discussed below.


If only the interaction enthalpies are taken into account
(Table 1), reaction at the 1�OH-position is marginally favorable,
with a stability relative to reaction at 6OH smaller than kT
(0.7 kcalmol�1 at 318 K). In contrast, when we include the
entropic components in the free energy, we see that reaction at
1�OH is clearly more favorable than at the other two sites (by
about 4 ± 5 kcalmol�1).


Van der Waals interactions dominate and account for about
94% of the net interaction enthalpies. Sucrose accounts for 60 ±
65% of these interactions while laurate contributes the rest. This


domination by van der Waals interactions is not surprising
considering that the surface of the ligands is 68% apolar (33%
is formed by sucrose and the rest by laurate).


Table 1 reveals that both enthalpy and entropy contribute
similar amounts to the net free energy. The discriminating factor
between the 1�-adduct and the 6�-adduct is enthalpic, while it is
entropic for the 6-adduct. In the 6�-adduct, the electrostatic and
van der Waals interactions of the lauroyl moiety are destabilized
by approximately 1 ± 4kT. In contrast, one of the sucrose rings of
the 6�-adduct is more buried than in the 1�-adduct and makes
electrostatic interactions that are more stable than in the 1�-
adduct by about 2kT but are offset by van der Waals interactions
that are less stable by around 1kT (Table 2). In the 6-adduct, the
entropic destabilization relative to the 1�-adduct arises largely
from the sucrose. The sucrose in the 1�-adduct is slightly more
exposed than in the other two adducts and the increase in the
relative librational degrees of freedom of the sucrose moiety
enhance the stability of the 1�-adduct entropically by about 4kT.


In all three adducts, the oxyanion hole caused by the anionic
laurate oxygen moiety is stabilized by the side-chain amine
group of Asn155 and the backbone amide group of Ser221. In
addition, the sucrose makes three hydrogen bonds to the
protein backbone atoms and one to the side-chain amine group
of Asn155 in the 1�-adduct. Five hydrogen bonds from the
sucrose are made to the protein backbone and one to the side
chain of Thr220 in the 6�-adduct. Four hydrogen bonds are made
to the protein backbone and one to the side chain of Thr220 in
the 6-adduct.


The sucrose moiety in both 1�- and 6�-adducts is localized in
the S1 pocket of the enzyme, while in the 6-adduct the glucose
moiety lies in the S1 pocket and the fructose moiety is in the S3
pocket (Figure 2). The laurate is located near the S2 and S2�
subsites in the 1�-, 6�-, and 6-adducts, respectively.


Graphical inspection of the structures suggests two mutations
(possible through site-directed mutagenesis) at sites that are
exposed and hence unlikely to cause too much perturbation to
the protein structure and stability, and yet may lead to enhanced
reactivity at the 1�-adduct: a) Gly127 could be mutated to any
neutral residue (Ser/Thr/Asn/Gln) to introduce hydrogen bonds
between this amino acid side chain and the hydroxy groups at
positions 4 or 6 in the glucose moiety or the 6�-position in the
fructose moiety; b) Ser155Asn mutation would increase the
length of the side chain and introduce an additional hydrogen
bond between this side chain and the hydroxy group at the
6-position of the sucrose. These mutations would, of course, be


Table 1. Components of free energy for the lowest-energy conformers.[a]


Regioisomer Interaction energy
[kcalmol�1]


T�S (T�318 K)
[kcalmol�1]


�G
[kcalmol�1]


6OH � 62.98 57.41 � 120.39
(�6.45, �56.52)


6�OH � 60.64 61.12 � 121.76
(�2.90, �57.74)


1�OH � 63.46 61.96 � 125.42
(�6.04, �57.41)


[a] Electrostatic and van der Waals components of interaction are given in
parentheses.


Table 2. Contributions from the different ligands to the overall free energy of the
protein.[a]


Regioisomer Interaction energy
[kcalmol�1]


Electrostatics
[kcalmol�1]


Van der Waals
[kcalmol�1]


Entropy (T�S)
[kcalmol�1]


nlau �24.0 � 3.9 � 21.1 21.0
6OH sucr �39.0 � 2.6 � 36.4 34.7


nlau �20.8 � 1.0 � 19.8 21.7
6�OH sucr �39.9 � 1.9 � 38.0 34.1


nlau �24.2 � 3.5 � 20.7 21.1
1�OH sucr �39.3 � 2.5 � 36.7 36.7


[a] The entropy values apply at 318 K.
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subject to some complexity as a result of enthalpy ± entropy
compensations.[14] One could also mutate destabilizing residues.
Val176 is the only amino acid that destabilized the interactions
enthalpically (more than 0.1 kcalmol�1). This residue is quite
buried in the protein and so any mutation at this site could affect
the stability and folding of the protein. We have not come across
any reports in the literature that report the effects of muta-
genesis on this reaction.


If minimization was discontinued after the gradient of
potential was smaller than 10�2 kcalmol�1ä�1 (as opposed to
the 10�4 kcalmol�1ä�1 cut-off that we actually used for this
study), then the computational results indicate that the reaction
is most favorable at 6�OH (interaction energies are �61.6, �63.1,
and�61.4 kcalmol�1 for 6OH, 6�OH, and 1�OH, respectively). This
result is contrary to experimental observations and suggests that
extensive minimizations are necessary to reach minima that
allow for appropriate, more realistic discrimination between the
products. However, the discrimination achieved when minimi-
zation was discontinued earlier was made on purely enthalpic
grounds because in order to compute the entropic contributions
minimizations need to be performed until the gradient of
potentials is smaller than 0.0001 kcalmol�1ä�1.


In summary, we found that entropic factors are important in
determination of the selectivity of the enzyme subtilisin in
acylation of sucrose. An appropriate choice of simple and
realistic models that take into account the enthalpy of inter-
action of the ligands and the librational entropy of ligands in
their binding pockets can successfully identify the experimen-
tally observed product of the transesterification of sucrose by
subtilisin as the lowest energy isomer.


Methods


The enzyme Subtilisin Carlsberg (PDB entry 1cse.pdb,
resolved at 1.2 ä)[9] was used as the starting model.
Structures that mimic the transition states for reaction
at each of the three primary sites on the sucrose
(1�OH, 6�OH, and 6OH, see Figure 1) were constructed
by using the Quanta software (Accelrys Inc. San
Diego). The initial orientations of the ligands were
guided by examination of the structures of lipases
inhibited with alkylic compounds,[10] while the sucrose
was placed such that it was involved in hydrogen
bonds with the catalytic triad and with the oxyanion
hole (as shown in Figure 1). The Charmm force field[11]


was used, with appropriate parameters[12] (electro-
statics were modulated through a constant dielectric
of 9, which approximately corresponds to the solvent
mixture conditions used in such reactions, for exam-
ple, in the transesterification of disaccharides by using
hydrolases[13] ), for all calculations. Conformational
searches were carried out across 5 torsions (high-
lighted in Figure 1), by variation of each between the
g� , g� , and t states and minimization of the
conformer with decreasing constraints.[12] Minimiza-
tions were continued until the gradient of potential
energy was less than or equal to 0.0001 kcalmol�1ä�1.
We excluded rotations across torsions that would
disrupt the oxyanion-hole geometry (the anionic
oxygen moiety in Figure 1 is stabilized by the back-
bone amide group of Ser221 and the side chain amino


group of Asn155; the protons on the ring nitrogens of the cationic
His64 are hydrogen bonded to the two oxygens atoms that are
bonded to the tetrahedral carbon). This process was followed by
computation of the vibrational modes of the bound ligand.[8]


We thank the Spanish Ministry of Science & Technology and the
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