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1. Introduction

Liposomes due to their structural features are considered as the
closest analogues of biological cells. They can therefore be used
as models for simulating cell - cell interactions or interactions of
cells with molecules of the extracellular environment. It is well
established™ that some cell interactions are transient such as
those between cells of the immune system and the interactions
that direct white blood cells to sites of tissue inflammation. In
other cases, stable cell-cell junctions play the key role in the
organization of cells in tissues.™ 2 It will therefore be challenging
to elaborate, through molecular engineering processes, the
shape, stability, and recognizable properties of the external
surface of liposomes to render these particles susceptible to
interaction with simple molecules or other liposomes. In this
manner their behavior may mimic rather closely the processes
occurring at the external surface of cells. Analogous phenomena
may also be encountered in the interaction of living cells with
liposomes when the latter are employed as drug delivery
systems.B 4

In connection with the recognition effectiveness of the
interacting groups, as determined by their specific molecular
structure, molecular recognition is enhanced relative to isotropic
media since the interacting groups are located at the organized
liposomal interface.>” In fact, the binding constants between
complementary moieties differ by some orders of magnitude for
various types of molecular organized aggregates.”

Cell - cell adhesion realized by the interaction of the glyco-
calyx carbohydrate coat with proteins such as selectins or
integrins' was simulated by designing mixed liposomes. Such
experiments were performed®? and reviewed!"" ' years ago
involving interactions followed by agglutination of polymerized
liposomes, prepared from amphiphilic carbohydrates, with
lectins, specifically concanavalin A. On the other hand, quite
recently an artificial carbohydrate-binding receptor based on
phospholipids bearing a boronic acid moiety has been em-
ployed'? since it has been established that boronic acid
derivatives act as synthetic saccharide-binding receptors.'> 4
Carbohydrate - protein recognition has thoroughly been inves-
tigated™? justifying a separate review by itself.
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In this Minireview we discuss some examples of molecular
engineering the interacting surface of liposomes through the
incorporation, among others, of recognizable moieties. The
biomaterials obtained, characterized as tissue-like composites,
were investigated primarily by microscopic and spectroscopic
studies. Interacting liposomes were prepared following the
strategy of incorporating recognizable moieties at the interface
of liposomes and allowing the latter to interact either with
simple molecules in the aqueous environment, or with other
complementary liposomes. However, since liposomal adhesion
and fusion has also been achieved electrostatically or, in some
cases, by combined electrostatic forces and hydrogen bonding,
some typical examples will be briefly discussed before proceed-
ing to liposome aggregation that is mediated exclusively by
hydrogen bonding based on molecular complementarity. Finally,
proceeding one step further towards the biological reality,
liposome-cell and cell-cell interactions will be discussed,
employing recognizable moieties analogous to those used in
the liposomal systems.

2. Interaction of liposomes with molecules
dissolved in aqueous environment

The recognition of biotin (1) by streptavidin (see Figure 1A) is
associated with an exceptionally high binding constant of

HOOC I

10" M7, and it has been extensively investigated, 1% being one
of the first systems employed for assembling liposomes.
Specifically, Chirovolu et al."” prepared mixed unilamellar lip-
osomes that were based on dilauroylphosphatidylcholine and
contained dipalmitoylphosphatidylethanolamine-conjugated bi-
otin as a recognizable molecule. When streptavidin was added to
the biotinylated liposomal dispersion aggregation occurred,
followed by precipitation.
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Cryoelectron microscopy of the resulting liposomal aggre-
gates showed that only minimal changes in their shape and size
occurred. Tethered liposomes were formed through biotin-
streptavidin bridges''® as shown schematically in Figure 1B.
Most of the liposomes were found in large aggregates, while
only few free liposomes were seen in the micrographs. The
aggregates were bound strongly, withstanding breakage even
under the relatively large shear forces exerted during sample
preparation for cryoelectron microscopy.
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Figure 1. A: Interaction of biotin with the tetrameric protein streptavidin. B:
Schematic representation of the aggregation of biotinylated liposomes induced
by interactions with streptavidin. (Reproduced from ref. [18] with permission.)

The analogous association of mixed liposomes that were
based on lecithin and contained the terpy-functionalized
phospholipid 2 (terpy =2,2',2"-terpyridine) was induced by the
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presence of Fe' ions. Addition of the metal-complexing agent
disodium ethylenediaminetetraacetate (Na,edta) reversed the
association process, leading to the formation of a simple
liposomal dispersion™ as shown schematically in Figure 2. This
process, however, cannot be generalized since—depending on
the interacting species—even destruction of the original lip-
osomes may occur. This is the case with liposomes interacting
with the guanidinium cation (C(NH,);*) and its derivatives.?” On
titrating a dispersion of dihexadecylphosphate liposomes with
an aqueous solution containing guanidinium cation or its
derivatives, including arginine, the liposome size decreases
and they are finally transformed to micelles at a 1:1 molar
concentration ratio of the interacting species. In this case, the
guanidinium counterions are bound to the phosphate groups by
combined electrostatic and hydrogen-bonding forces and since
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Figure 2. Aggregation of terpy-functionalized liposomes induced by iron(i) ions
and dispersion of the aggregates into simple liposomes after the addition of
Naedta. (Reproduced from ref. [19] with permission.)

their sizes are such that the surfactant parameter requirement?"
[Eqg. (1)1 is fulfilled, micelles are formed.

v
—< /3 m
al

In this formula V is the volume per hydrocarbon chain, or of
the hydrophobic region of the surfactant, / is an optimal
hydrocarbon chain length related to the maximum extended
length, and a is the head group area.

3. Interliposomal interactions through
electrostatic forces or hydrogen bonding

3.1. Interactions between oppositely charged liposomes

Incorporation of positively or negatively charged lipids, at
appropriate concentrations, in liposomes originating primarily
from neutral lipids, induces their interaction. Two possible
contact interactions can occur, that is, adhesion, in which the
liposomes conjoin, but retain separate inner compartments; and
fusion, in which the particles merge sharing a common inner
compartment. These phenomena and the elucidation of the
respective mechanisms have been studied systematically em-
ploying primarily spectroscopic methods for assessing the
dynamic features of adhesion or fusion together with electron
microscopy. Lately, studying giant liposomes®?? and employing
video-enhanced optical microscopy it became possible to
observe these liposomal interactions in real time.

In some early experiments,” mixed liposomes based on
phosphatidylethanolamine and phosphatidylcholine and con-
taining low molar fractions of either a cationic lipid, 1,2-
bis(oleyloxy)-3-(trimethylammonium)propane, or an anionic lip-
id, phosphatidylserine, were allowed to interact. The main
conclusions of these investigations, as derived from detailed
turbidity and fluorescence studies, may be summarized as
follows: The composition of neutral lipid liposomes affects
significantly both their initial contact and also the subsequent
interactions. These further interactions between liposomes,
which can induce mixing of their lipids and aqueous interiors,
are surprisingly promoted rather than hindered by increasing
ionic strength. It was also shown that cationic liposomes rich in

CHEMBIOCHEM 2001, 2, 305-310





Modeling Cell - Cell Recognition with Liposomes

phosphatidylethanolamine, a lipid with relatively weak surface
hydration, can assemble and intermix with natural membranes
or liposomes predominantly consisting of phosphatidylcholine,
which usually resist the processes of bilayer association and
coalescence.

In an analogous study, Lehn et al.? studied the interactions
between charged unilamellar liposomes of various sizes that
were prepared from phosphatidylcholine and cholesterol also
containing charged components originating from dihexadecyl-
phosphate and octadecylamine. Detailed characterization with
13Cs NMR  spectroscopy, light scattering, and electron and
optical microscopy showed that oppositely charged liposomes
interact through contact followed by lipid exchange. The
progressive charge neutralization as shown by *3*Cs NMR occurs
without fusion of the internal pools of liposomes. Liposome size
is of crucial significance since it determines contact duration,
extent of lipid exchange, and distribution of surface charge
among the liposomal mixture.

In this connection giant charged liposomes were recently
prepared® consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine and cholesterol, and containing 1-20 mol%
cationic or anionic lipids. Depending on the concentration of
ionic components these liposomes of opposite charge either
adhere slowly on contact or adhere with severe membrane
distortions and even membrane layering. Microscopic observa-
tions also showed that bursting of a cationic liposome attached
to an anionic liposome could be stimulated by adhesion of a
second cationic liposome to the anionic liposome at a site
distant from the first contact. As already mentioned these
processes were followed by video-enhanced microscopy in real
time.

3.2. Interactions between liposomes bearing complementary
moieties at their surface

Taking another step towards the elaboration of liposomal surface
in order to make it susceptible for specific interactions,
complementary moieties having the capability of recognizing
each other through hydrogen bonding were introduced at their
external surface. For this purpose complementary amphiphilic
5,5-didodecylbarbituric acid (DBA, 3) or 9-hexadecyladenine
(HDA, 4) were incorporated at approximately '/7 molar ratio to

didodecyldimethylammonium bromide (DDAB) leading to the
formation of mixed liposomes.?’! Phase-contrast optical micro-
scopy and atomic force microscopy (AFM) have shown that
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interaction of these mixed liposomes led to the formation of
larger aggregates. This interaction and fusion to bigger aggre-
gates, following the collision of the mixed liposomes, can only be
attributed to the recognition of their complementary moieties,
located at the external interface of the liposomes, since both
particles are positively charged and, therefore, they would
normally repel each other. It is interesting to note that the mixed
liposomes consisting of DDAB and either DBA or HAD exhibit
excellent stability: to destroy them, more than about 40% (v/v)
ethanol has to be added. It is obvious that the incorporation of
amphiphilic barbituric acid and adenine derivatives results in the
stabilization of the simple DDAB liposomes in a way reminiscent
of the stabilization of the liposomes by the incorporation of
cholesterol.

In analogous experiments larger liposomes were also ob-
tained by the interaction of a complementary pair of liposomes,
prepared from lecithin and containing amphiphilic derivatives of
barbituric acid and triaminopyrimidine (5 and 6, respectively).’?¢!
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The recognition of the complementary moieties was facilitated
by the insertion of a suitable spacer in between the hydrophilic
and lipophilic groups. Freeze-fracture electron microscopy was
employed for following the aggregation process of the mixed
liposomes as shown in Figure 3.

Molecular recognition of liposomes, induced by biotin-
streptavidin recognition as described above, was used amongst
others in producing multicompartmental aggregates of tethered
liposomes encapsulated within a large liposome. These aggre-
gates (called vesosomes)?”! were prepared by an elegant but
rather tedious procedure. Large aggregates of unilamellar
liposomes were prepared” employing biotin - streptavidin
tethers, the size of which was reduced through extrusion,
producing in this manner a dispersion of compactly sized
liposomes with diameters ranging from 0.3 to 1.0 um. These
aggregates were encapsulated within an outer bilayer by
interaction with cochleate cylinders, which are biotin-function-
alized multilamellar lipid tubules formed spontaneously by
certain negative phospholipids, such as phosphatidylserine, in
the presence of Ca" ions. The formation is schematically shown in
Figure 4. The formation of vesosomes does not only establish the
applicability of molecular recognition for the construction of
elaborate biomimetic structures, but it also provides an elegant
method for the preparation of vehicles for multifunctional or
multicomponent drug delivery systems.
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Figure 3. Freeze-fracture electron micrographs of mixed liposomes composed of
lecithin and lipids 5 or 6 before and after mixing. A: Image of lecithin liposomes
containing lipid 5 or 6 before mixing. B: Aggregation immediately following
mixing of the complementary liposomes. Images C and D were obtained after
incubation for at least 15 minutes. (Reproduced from ref. [26] with permission.)
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Figure 4. Schematic representation of the process for the preparation of
vesosomes. (Reproduced from ref. [27] with permission.) DLPC = dilauroylphos-
phatidylcholine, DOPS = 1,2-dioleoylphosphatidylserine, DPPE = dipalmitoyl-
phosphatidylethanolamine.

Cholesterol, being a basic constituent of cell membranes, is
known to affect liposome structure and properties and therefore
experiments with liposomes incorporating varying amounts of
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cholesterol may be simulating the function of cholesterol in
cell-cell recognition. For this purpose, a pair of liposomes was
used,® originating from hydrogenated phosphatidylcholine
(PC) and incorporating dihexadecylphosphate (DHP) and 1-(4-
(dihexadecylcarbamoyl)butylguanidinium  p-toluenesulfonate
(DBG), respectively. Guanidinium and phosphate groups interact
strongly due to the combined action of electrostatic forces and
hydrogen bonding.”

These complementary liposomes interact spontaneously
upon mixing and the resulting liposomal aggregates were
observed with phase-contrast optical microscopy. The initially
formed aggregates, due to unreacted recognizable moieties,
interact further resulting in even larger aggregates, which in
certain cases encapsulate smaller liposomes as shown in Fig-
ure 5. This behavior is reminiscent of the results of previous

ﬁfj‘
a_

Figure 5. Phase-contrast optical microscopy images of liposome aggregates
immediately following mixing of the samples.

experiments'?”! obtained during the recognition of liposomal
aggregates with cochleate cylinders, which led to the encapsu-
lation of liposomal aggregates. As concluded®® from turbidi-
metric measurements and isothermal titration calorimetry,
cholesterol incorporated in liposomes significantly enhances
their molecular recognition effectiveness. It is thus possible to
tune the association capability of liposomes by changing the
incorporated amounts of cholesterol in the liposomal bilayer.
Based on this, model liposomal systems may be produced in
order to explore the role of cholesterol in molecular recognition
in cell membranes and drug delivery targeting.

4. Liposome -cell and cell - cell interactions
through complementary moieties located at
the external surface

Proceeding to systems simulating closer the behavior of bio-
logical cells, liposome-cell and cell-cell systems were inves-
tigated employing synthetically prepared recognizable mole-
cules, which were incorporated in the liposome bilayer. A
detailed work by Papahadjopoulos et al.?! set the framework for
these interactions. Thus, employing two mammalian cell lines,
CV1 and J774, and using fluorometry these authors reached the
following conclusions: Liposome uptake was dependent both
on the surface properties of the liposomes and on the cell lines.
Thus, negatively charged phospholipids incorporated into lip-
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osomes that were formed from phosphatidylcholine and
cholesterol (2:1 molar ratio) were recognized by the two cell
lines to a different extent. This is dependent on the lipid
headgroups and their charge density in the liposome bilayer.
Thus, inclusion of 9 mol% phosphatidylserine (PS), phosphati-
dylglycerol (PG), or phosphatidic acid (PA) promoted the uptake
of liposomes by CV1 cells more than 20-fold. Increasing the
percentage of these negatively charged lipids beyond 9 mol %
did not further increase the uptake. Also, inclusion of 9 mol % PS,
PG, PA, or Pl (phosphatidylinositol) in phosphatidylcholine/
cholesterol liposomes did not enhance the uptake by J774 cells,
but a drastic enhancement was observed when increased
concentrations of these ionic lipids were incorporated into the
liposome bilayer. The final conclusion is that the rate of liposome
uptake is not only controlled by the negative charge on the
liposome surface but also, as expected and desired, by the
specificity of the head group of the lipid. Furthermore, higher
surface charge density also promotes uptake, but the concen-
tration of the negatively charged lipids required for high-level
uptake is dependent on the cell type.

In an analogous manner the lipopeptide RGD-C4A2 (7) was
anchored with its lipophilic moieties in phospatidylcholine

COOH Ly
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liposomes prepared by the well-established film method. These
surface-modified liposomes were found to bind to the mem-
brane of NIH3H3I cells through intermolecular interactions.”
Making another step towards the real world of biological
systems the aggregation of cells was achieved by employing
synthetic, properly functionalized poly(ethyleneoxides) (PEOs,
8).B1 Specifically, unsymmetrically substituted PEOs bearing at
one end a hydrophobic cholesteryl group and at the other end a
hydrophilic biotin group were an-
chored in the membrane of SubT1
cells (@ human CD4-expressing T-lym-
phoblastoid cell line) through their
cholesteryl group following incubation
for 4h at 37°C. On the other hand,
the length of the PEO spacer must be
such as to protrude out of the
glycocalyx of the cell to be accessible
for interaction with the added strept-
avidin. Therefore, the molecular
weight of the PEO spacer chain
was varied between 2000 and
35000gmol~', that is, its root-
mean-square end-to-end distance
being approximately 6 to 20nm.
The interaction between biotinylated
cell membranes and streptavidin is

= img ml.

il

CHEMBIOCHEM 2001, 2, 305-310

50 g il
upgmavidin

shown schematically in Figure 6 together with optical micros-
copy images of the cells. It is interesting to note that aggregation
is reversed by addition of free biotin to the cell dispersion in a
large excess. It is therefore reasonable to assume that the
biotinylated polymer has a significantly lower binding affinity for
streptavidin as compared to that of free biotin. As claimed by the
authors, this streptavidin-mediated aggregation is not only
limited to lymphoblastoid cells; it can also occur with hepato-
cytes or bacteria.

5. Concluding remarks

The functionalization of liposomes at their external surface has
proved an effective strategy for inducing their assembly. Func-
tional groups were introduced at the stage of liposome
formation employing various lipids including the
recognizable (e.g. biotin-labeled) ones by well-
established methods. In cells, the incorporation of
functional moieties was achieved by their incuba-
tion in the presence of molecules bearing a
lipophilic membrane-anchoring group. Comple-
mentarity of the functional groups and a favorable
interplay® of entropic and enthalpic effects is the
driving force for the formation of these aggrega-
tion biomaterials that have, in certain cases, multicompartmental
properties. Although research in this field is still far from its
ultimate goal, that is, constructing tissue-like structures, the first
steps have already been made and intensification of the effort
together with ingenious experiments are required for accom-
plishing this goal. It is hoped that this Minireview will stimulate
interest in this kind of research that is instrumental for organo-
genesis.

Figure 6. Top: Schematic representation of bridging biotinylated cell membranes through binding to streptavidin.
Bottom: Photomicrographs of the same process using SubT1 cells. (Reproduced from ref. [31] with permission.)
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Thiooligosaccharides as Tools for

Structural Biology

Hugues Driguez*?!

Oligosaccharides in which at least one glycosidic oxygen atom is
replaced with a sulfur atom can be routinely synthesized and act as
competitive inhibitors of various glycoside hydrolases. Recent
studies using both X-ray crystallography and other biophysical

Introducion

In the late sixties, the first three-dimensional structure of an

enzyme was determined in Phillips’ laboratory. 2 Important

features of how enzymes work became clear. Crystallographic

studies of hen egg-white lysozyme showed a cleft, on the surface

of the protein, into which N-acetylchitooligosaccharides bind.

Two acidic amino acid residues, essential for the hydrolysis of the

substrate, lie within this groove. Modeling studies predicted that

distortion of the pyranosyl ring away from its standard “C,

conformation into a half-chair conformation, as required for

the transition state postulated by Koshland,® would be a feature

of the reaction mechanism. This distortion was demonstrated

experimentally when the structure

of a complex between lysozyme

and tetra-N-acetylchitotetrose lac- AcO

tone was solved.™ These impor- AcO

tant pieces of information were, 1 SAc

however, obtained on the basis of

the structure of the enzyme com-

plexed to either oligosaccharide

products or putative partial tran-

sition-state mimics, but not sub-

strate analogues. Indeed, a further

thirty years of work failed to reveal

the structure of an enzyme with an

oligosaccharide spanning the cat- i

alytic center. Only a hydrolytically ACO A sac

inert substrate analogue could AcO

show the first steps of the binding 2

and recognition events. The chal-

lenge for organic chemists was to

design and synthesize oligosac-

charides that could be potential

inhibitors of glycanases and mimic the various binding modes.
Such oligosaccharides should conserve the global geometry

of the natural substrate, but contain a glycosidic linkage resistant

to enzymatic cleavage. At the time, alkyl or aryl 1-thio-3-p-

galactopyranosides were known as competitive inhibitors for the

B-galactosidase from Escherichia coli™ It was therefore proposed

OAc
(0]
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techniques provide structural insight into binding, recognition, and
the catalytic mechanism of action of these enzymes.

KEYWORDS:

carbohydrates
protein structures -

enzyme catalysis
thiooligosaccharides

hydrolases

to develop the synthesis of oligosaccharides in which the
heteroatom(s) of the scissile bond(s) is (are) sulfur atom(s).

In 1978, a general method for the preparation of this class of
nonnatural compounds was developed.® This method takes
advantage of the fact that sulfur is less basic and more
nucleophilic than oxygen. Deacetylation of peracetylated 1-thio-
glucoses 1 or 2 gave the corresponding 1-thiolates 3 or 4,
respectively, which reacted by an Sy2-type mechanism with the
acylated acceptor 5 to give, after subsequent O-acetylation/O-
deacetylation steps, the expected thiodisaccharides 6 or 7 in 34
and 52 % yield, respectively (Scheme 1). Several methods for the

OH
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HO HO
HO
3 S™
TfO OBz
o
BzO
BzO
5 OMe
OH
Q _
HO HO S
HO
4

Scheme 1. First synthesis of methyl 4-thio-a-maltoside 6 and cellobioside 7. i) MeONa (1.1 equiv) in MeOH; ii) HMPA;
iii) Ac,0 in pyridine; iv) MeONa (catalytic amount) in MeOH (6 and 7: 34 and 52 % yield, respectively, over three steps).
Bz = benzoyl, HMPA = hexamethyl phosphoramide, Tf = trifluoromethanesulfonyl.

[a] Dr. H. Driguez
Centre de Recherches sur les Macromolécules Végétales (CERMAV-CNRS)
Affiliated with Université Joseph Fourier, Grenoble
B.P. 53, 38041 Grenoble cedex 9 (France)
Fax: (+33)476-547-203
E-mail: Hugues.Driguez@cermav.cnrs.fr
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syntheses of thiooligosaccharides, oligosaccharides having at
least one glycosic bond that contains a sulfur atom, have now
been published.”” These successful approaches have clearly
demonstrated that the syntheses of S-linked oligosaccharides
are, at least in most cases, quite simple and that this class of
compounds is easier to prepare than the equivalent C-glyco-
sides, another class of hydrolytically inert oligosaccharide
mimics.’® Furthermore, S-linked oligosaccharides have an addi-
tional benefit over their C-linked counterparts when used as
enzyme inhibitors: The interglycosidic sulfur atom may act as a
hydrogen bond acceptor which, as in the natural substrate,
could play an important role in binding of the ligand.

The first step in carbohydrate — protein interactions involves
substrate recognition, which is primarily dependent on the
overall conformation of the oligosaccharide. It was important to
determine how closely thiooligosaccharides, these nonnatural
substrate analogues, represent the natural compounds in
aqueous solution. This has been achieved through a combina-
tion of NMR spectroscopy, molecular mechanics calculations,
and X-ray structure analysis. Conformational studies of 4-thio-
maltose,” % 4-thiogalabiose,"™  S-a-1-fucosyl-(1 —3)-3-thio-p-
acetylglucosamine,'"?  a,a-thiotrehalose,™ and thioganglio-
sidest™ have all resulted in the consistent observations that
the thiolinkage provides a high degree of flexibility between
glycosyl units and that these molecules possess more con-
formers than their natural analogues. The results obtained for
free compounds in solution suggest that in interactions with
proteins, thiooligosaccharides can easily change their confor-
mation to enable a better fit in the catalytic site. The only X-ray
crystallographic structure of a thiodisaccharide, that of methyl
4-thio-a-maltoside, revealed—as expected—that the C—S bond
is longer than the corresponding C—O bond by about 0.4 A, but
also that the spatial distance between the interglycosidic carbon
atoms of the two residues (i.e. C1 of the second glucosyl residue
and C4 of the first) is only 0.35 A longer in the thio analogue.' In
this Concept article the syntheses of thiooligosaccharides, which
have proven useful for structural studies of some cellulases and
enzymes acting on a-glucans, are described.

2. Thiocellooligosaccharides as substrate
analogues for cellulases

Cellulases are bacterial or fungal glycoside hydrolases that
catalyze the degradation of cellulose, the major constituent of
plant biomass. They belong to at least 20 distinct families of
glycoside hydrolases, as determined from a comparison of their
amino acid sequences.'”

2.1. Substrate distortion at subsite -1 is critical for retaining
cellulases

Methyl 4'4"-dithio-, 4',4",4"-trithio-, and 4'4",4",4V-tetrathiocel-
looligosaccharides (8, 9, and 10, respectively) were obtained by
using a stepwise synthesis with elongation from the reducing
end of the oligosaccharide as shown in Scheme 2.'"! This
stepwise strategy was the only possibility for the synthesis: A
blockwise approach was precluded since it has been shown that
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displacement of a trifluoromethanesulfonate (triflate) group of
the corresponding ffanomer of the acceptor 5 gave the
expected coupling product in very low yield due an elimination
of the trifluoromethanesulfonyl (triflyl) group.'® The tetrasac-
charide 9 and the pentasaccharide 10 were subsequently found
to be excellent inhibitors for numerous cellulases."” A group of
crystallographers in York (UK) solved the structure of the
endoglucanase Cel7B from Fusarium oxysporum (formerly known
as EGI) complexed with methyl 4',4"4" 4V-tetrathiocellopentao-
side 10.1" The electron density map revealed, for the first time,
the same oligosaccharide spanning the point of enzymatic
cleavage from the — 2 to + 1 subsites (cleavage occurs between
subsites — 1 and + 1, donor and acceptor subsites are labeled
with — and + signs, respectively).?” Moreover, the conforma-
tion of the sugar unit in the —1 subsite was shifted from the
normal “C; chair into a 'S; skew-boat, with a quasi-axial
orientation for the scissile glycosidic bond (Figure 1). The ring
distortion of an internal unit of an oligosaccharide substrate to fit
into the active site was demonstrated for the first time. Such a
conformational change presents several advantages. The ob-
served distortion induces a movement (ca. 8 A) of the sugar unit
which has to fit into the + 1 subsite, and since this change of
conformation occurs only when the + 1 subsite is occupied, it is
postulated that the substrate has to be flexible to accommodate
the kink found around the catalytic point (i.e., where bond
cleavage or formation occurs) in the active site of many glycanases.

The consequences of this deformation for the mechanism of
action of retaining hydrolases acting on S-glycosides are also
very important: i) The axial attack by the catalytic amino acid (the
general nucleophile) to establish the glycosyl-enzyme inter-
mediate, with the concomitant departure of the axial leaving
group, has favorable steric and stereoelectronic implications; ii)
the interglycosidic atom of the scissile bond is in the proximity of
the second catalytic amino acid (the general acid/base) to
become protonated.

2.2. A new class of inhibitors for f-p-glycoside hydrolases

The most recently published example of the use of thiooligo-
saccharides in structural biology had its origin in an astonishing
observation also made by crystallographers in York, who studied
complexes of Bacillus agaradherans [3-1,4-endoglucanase, Cel5A,
with oligosaccharides.?" Initially, p-bromopheny! 1-thio-3-cello-
bioside was prepared as an inhibitor of Cel5A by the S2-type
condensation of a-acetobromocellobiose with p-bromobenze-
nethiolate in a manner similar to that already described for the
corresponding p-nitrophenyl 1-thio-S-p-glucoside.® While the
"H NMR spectrum (300 MHz) of this bromophenyl derivative was
in agreement with the expected compound, the structure of
Cel5A in complex with this compound revealed the presence of
p-bromophenyl 1-thio-a-cellobioside together with the expect-
ed 8 isomer in the active site.*? The very efficient trapping of the
a anomer, obviously a very minor contaminant in the original
preparation of the 5 compound, suggests that the a-cellobioside
must be a much stronger inhibitor than its corresponding
B anomer. To understand and quantify the extent of inhibition
with this unusual substrate analogue of cellulose, the mixed a/f3-
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Scheme 2. Synthesis of methyl 4-thio-a-cellodextrins 8- 10. i) Cysteamine, dithioerythritol in HMPA; ii) MeONa in MeOH; iii) Ac,O in pyridine (12, 14, 16: 35, 90, and
55 % yield, respectively, over three steps); iv) H,SO,, AcOH in Ac,0; v) HBr/AcOH in CH,Cl,; vi) Bu,NSAc in toluene (13, 15: 57 and 70 % yield, respectively, over three steps).

thiocellodextrin 17 was designed and synthesized (Scheme 3).22
The two different experimental conditions (reagents and
solvents) used for the establishment of the thio linkages in 20
and 23 were justified by the orientation of the aglycon of the
acceptors 19 and 22, respectively."¥ Compound 17 was found to
be a good competitive inhibitor of Cel5A with a K;value of
100 um. It is noteworthy that the equivalent methyl 4-thio-3-
cellobiosyl-(1 —4)-S-cellobioside?® is not an inhibitor for this
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enzyme. Compound 17 therefore binds at least two orders of
magnitude better than the substrate analogue, which mimics
natural cellodextrins, thus explaining the initial trapping of p-
bromophenyl 1-thio-a-cellobioside. The three-dimensional
structure of Cel5A in complex with the mixed a/f-thiocellodex-
trin 17 was subsequently determined by X-ray crystallography at
1.85 A resolution. This compound makes the expected inter-
actions in the —3 and —2 subsites, which places the 1,2-cis
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Figure 1. Skew-boat conformation of the — 1 glucosyl unit in the thiocellodextrin
10 bound in the active site of the retaining cellulase Cel7B from Fusarium
oxysporum. The arrow indicates the point of cleavage.

linkage (1,2-cis=a-1,4-S-linkage between Glc2 and Glc3) be-
tween the —2 and — 1 subsites and allows the inhibitor to bind
in the +1 subsite. The O-glycosidic bond, however, was not
hydrolyzed because the O-glucosyl unit “by-passed” the —1
subsite without interacting with the catalytic amino acids. The
specific location of the a-thio linkage of this compound obviates
any need for substrate distorsion around the catalytic center, as
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observed for the all-S-linked analogues; instead, binding energy
from numerous subsites spanning either side of the catalytic
center is used (Figure 2). This mode of binding seems to be quite
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Figure 2. Comparison of the binding modes of mixed a/p-thiocellodextrin by-

passing the — 1 subsite of the active site of retaining cellulases (bottom) and a
distorted B-thiocellodextrin in this subsite (top).
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general, since compound 17 acts as a
competitive inhibitor on a number of
cellulases.”? This serendipitous study may
lead to the development of a new class of -
p-glycoside hydrolase inhibitors.

BzO
3. 1,2-cis-Thiooligosaccharides

as substrate analogues for

o8z a-glucan-active enzymes

It has been known for decades that glyco-
gen and starch serve as sources of energy in
animal, bacterial, and plant cells. However,
the mode of recognition and action of the
enzymes responsible for the metabolism of
these polysaccharides are still unclear. To-
gether with maltogenic enzymes (classified
into endo- and exo-acting enzymes), phos-
phorylases and glycosyl transglycosylases
are involved in the degradation and trans-
formation of (1 —4)- and (1 —6)-a-p-glu-
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Scheme 3. Synthesis of mixed o/B-thiocellodextrin 17. i) Cysteamine, dithioerythritol in HMPA (70 % yield);
ii) Et;SiH, CF;CO,H in CH,Cl,, then Ac,0 in pyridine (91 % yield); iii) Et,NH in DMF (62 % yield); iv) MeONa in

MeOH (99 % yield). Tr = triphenylmethyl.
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cans. In the following section, the structure
and mechanism of three of these enzymes
are discussed on the basis of an analysis of
protein —inhibitor complexes.
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3.1. Structure of cyclodextrin glycosyltransferase complexed
with a f-cyclodextrin analogue

Natural cyclodextrins (CDs) are cyclic molecules produced from
starch or its (1 —4)-a-oligomers by the bacterial enzyme cyclo-
dextrin glycosyltransferase (CGTase), a member of glycoside
hydrolase family 13.'® The predominant CDs consist of six,
seven, or eight a-p-glucosyl units and are denoted a-, -, and y-
CD, respectively. Notably, branched molecules bearing one or
two glucosyl units at the C6 atom, and much larger rings have
also been reported.?*! CGTases catalyze the reaction:

Glc,=Glc,_, + CD,,

where Glc, is a linear or branched a-glucan chain with n > 8,
and CD, is an a-, -, or y-CD molecule. Each CD can then be
considered either as a product or a substrate of this reversible
reaction.”” Biochemical studies have demonstrated that a
mechanism by which the « configuration at the anomeric
carbon center of the bond to be cleaved (or formed) is retained,
involving a double-displacement process, is employed by
CGTase. The first step is the cleavage of the glycosidic bond of
the donor molecule (Glc, or CD,) with the formation of a
glycosyl-enzyme intermediate; in a second step, the nucleophilic
attack of this intermediate by the 4-hydroxy group of a terminal
glucosyl unit of Glc, or of the acceptor molecule Glc,_, leads to
the formation of CD, or Glc,, respectively. Previously, an efficient
synthesis of S-a-glucosyl-6-thio-cyclomaltoheptaose (24) was
achieved,?® as exemplified in Scheme 4. The leaving entity of the
acceptor molecule 26 was an iodine atom easily introduced into
native B-CD (25). Aimost a decade later, crystals of the inactive

CONCEPTS

mutant Glu257Ala of CGTase from Bacillus circulans strain 8 were
soaked with compound 24, and the structure of the enzyme -
substrate complex was refined at a resolution of 2.4 A by
crystallographers in Freiburg (Germany).?”? While difference
electron density maps revealed the complete cyclic molecule
bound in the active site of the enzyme, no electron density was
observed for the exocyclic glucosyl unit (Figure 3). This lack of
density probably results both from a high mobility of the
exocyclic glucosyl residue and “statistical disorder”, that is,
different binding modes of compound 24 in the active site,

Figure 3. Surface representation of CGTase from Bacillus circulans strain 8. A:
Wild-type enzyme with a 3-CD molecule bound in the active site. B: Close-up view
of the active site of the mutant Glu257Ala. The subsite designations 2, 1, 1, 2" in
this picture correspond to + 2, + 1, — 1, — 2 used in the present work. (Reproduced
from ref. [27] with permission.)
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Scheme 4. Synthesis of 6-S-a-p-glucopyranosyl-6-thiocyclomaltoheptaose (24). i) Ph;CCl in pyridine; ii) Ac,O in pyridine; iii) HBF, in H,O0/MeCN; iv) MsCl in pyridine;
v) Nal in DMF (34 % overall yield from 25); vi) cysteamine, dithioerythritol in HMPA; vii) MeONa in MeOH, then NaOH in water (80 % yield).
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leading to the distribution of the exocyclic glucosyl residue over
two, and possibly more, subsites. From an earlier biochemical
analysis?® and for steric reasons (as shown in the crystallo-
graphic study®?”), the branch is probably located in subsites — 3
or —4. The binding of B-CD in the active site involved polar
interactions with the protein only between the —1 and +3
subsites, and these tight binding lead to a ring distortion for the
glucosyl unit in the — 1 subsite. Another interesting feature of
this complex is the possible “template effect” played by Tyr 195
during the ring formation, as suggested by various site-directed
mutagenesis studies of CGTase and the absence of a residue with
an aromatic side chain in a-amylases at this position.”?*)

3.2. Motion of the two modules of glucoamylase upon
substrate analogue binding

Glucoamylases (GAs) catalyze the hydrolytic release of S-o-
glucose from nonreducing ends of starch and related oligo- and
polysaccharides. Most GAs possess a starch-binding module
(SBM) which is separated from the catalytic module (CM) by a
glycopeptide linker of variable length.2 Removal of the binding
module by proteolytic cleavage®®" reduces the activity of the
Aspergillus niger GA on insoluble starch, but not on soluble
substrates. 6“-S-p-Glucopyranosyl-6”-thiomaltooligosaccharides
27 and 28 were synthesized as inhibitors for GAs (Scheme 5).B52 A
transglycosylation reaction catalyzed by CGTase was employed
for the preparation of the acceptors 29 and 30, which were then
condensed under standard conditions with the donor 1. It was
also shown that compounds 27 and 28 bind to the SBM and
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Scheme 5. Synthesis of 6°-S-a.-p-glucopyranosyl-6°-thiomaltooligosaccharides 27 and 28. i) Cysteamine,
dithioerythritol in HMPA; ii) MeONa in MeOH (27 and 28: 84 and 78 % yield, respectively, over two steps).
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modulate the activity of GA on starch.*? This suggested the
possibility of an interaction between the two modules during
starch hydrolysis. To obtain new insights into the structure-
activity relationships of GA, heterobidentate ligands were
designed that bind to the two modules simultaneously. It was
well-known that acarbose is a potent inhibitor of GA and that
cyclodextrin may mimic the binding of amylose on two sites of
the starch-binding module, but cannot fit into the active site.
These observations suggested that one could mimic the
interaction of an amylose chain with both modules of GA by
using probes made of acarbose that was tethered to a cyclo-
dextrin. Thio linkages were chosen to connect the linkers to the
acarbose and cyclodextrin moieties, but notably this choice was
not based on the resistance of these linkages to hydrolysis, but
on their ease of establishment (Scheme 6).54

First, the thermodynamics of ligand binding to full-length GA,
GA-CM, and GA-SBM were studied by using isothermal titration
calorimetry.®” It was found that AH® of binding of the four
heterobidentate ligands 31 -34 (Scheme 6) were, within exper-
imental error, equal to the sum of AH° of binding of free
acarbose and p-cyclodextrin to both modules. This result
showed that the catalytic and starch-binding sites are in close
proximity in solution and furthermore indicated a considerable
flexibility of the linker region.

Then, the hydrodynamic dimensions of full-length GA, GA-CM,
and GA-SBM were examined by quasi-elastic light scattering
experiments. It was assumed that isolated SBM and CM both
possess spherical shapes and the two-module GA featured a
dumbbell form, so it is more appropriately considered as an
ellipsoid whose minor semi-axis length
equals approximately the hydrodynamic
radius of CM. The hydrodynamic dimensions
found for GA (157 A) as well as the isolated
CM (60 A) were in good agreement with the

OAc
o values previously determined by other
AcO techniques (141 A and 60-65 A, respective-
n Aco OAc

ly).B6 37 |t was also shown that within
experimental error the dimensions of GA
did not change in the presence of cyclo-
dextrin or acarbose alone or when both
ligands were added simultaneously. How-
ever, in the presence of the bifunctional
ligands 31-33 a dramatic drop in the
hydrodynamic radius of GA was observed
(to 124 R), whereas with the longest probe,
34, an intermediate value of 145A was
found. It seems that the presence of a
bound substrate mimic may stabilize a
closed conformation of GA. If this motion
of the two modules occurs with the natural
substrate, it may aid the processivity of the
enzyme: GA sticks to the starch chain by
way of its SBM, and the “to-and-fro” move-
ment of CM allows the cleavage of several
glucosyl residues located at the nonreduc-
ing end of this chain before the release of
the enzyme. This concept is currently under
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Scheme 6. Retrosynthetic pathway for the preparation of bifunctional ligands 31 - 34. Broken lines a and b

indicate the disconnections of the molecules.

investigation in studies using probes and glucoamylases
with peptide linkers of various lengths.B®

3.3. Recognition and mechanism of action of
phosphorylases

Bacterial or mammalian phosphorylases play a critical role
in the metabolism of starch since they catalyze the
reversible reaction:

Glc,=Glc,_;, + Glc-1-P

where Glc-1-P is glucose 1-phosphate. The phosphorolytic
cleavage occurs from the nonreducing end of maltooligo-
saccharides. From previous biochemical, molecular model-
ing, and structural studies®” it was proposed that the
binding site is located at the end of a 20-A channel
consisting of five subsites (— 1 to +4) with a kink between
subsites —1 and + 1. Modeling studies indicated that a
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maltooligosaccharide, in its ground-
state conformation, could not be ac-
commodated into the groove.r? Sev-
eral attempts to cocrystallize the en-
zyme in the presence of a substrate or
transition-state analogue failed to give
a productive complex spanning the
catalytic point. Thus, the question
whether there is a conformational
change of the protein or of the sub-
strate remained unanswered.
4-Thio-a-maltosy! fluoride (35) was
employed as a donor in a transglyco-
sylation reaction catalyzed by A. niger
a-amylase in aqueous organic medium
for the moderate-yield synthesis of the
thiomaltooligosaccharide 36, in which
only the terminal scissile bond is a thio
linkage (Scheme 7).%9 Protein crystal-
lographers in Oxford (UK) compared
the structures of the complexes of
maltodextrin  phosphorylase  (MalP)
from E. coli bound to the natural sub-
strate and the thio analogue 36, and
also determined the structure of a
ternary complex consisting of MalP,
thio analogue 36, and inorganic phos-
phate (Figure 4).4% The results showed
that the two pentasaccharide mole-
cules were bound in the same manner
through the — 1 to +4 subsites with a
twisted conformation across the cata-
lytic site. The thorough comparison of
the behavior of O- and S-linked oligo-
saccharides demonstrated once more
that thiooligosaccharides were good
mimics of the natural substrates. The
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Scheme 7. Synthesis of 4V-S-a-p-glucopyranosyl-4"-thiomaltotetraose (36). i) Taka-o.-

amylase in MeOH/phosphate

buffer (21 % yield).
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Figure 4. Structure of the active site of MalP showing the thio compound 36 and
inorganic phosphate. The thio linkage is drawn in green.

alteration in the torsion angles of the interglycosidic bonds gave
a conformation for the maltosyl residue spanning the catalytic
point which is close to the second minimum-energy conformer
predicted by molecular mechanics calculations.'® Furthermore,
the analysis of the ternary complex provided new insights into
the mechanism of action of this enzyme.

4, Conclusion

Thiooligosaccharides have been synthesized for over a quarter of
a century, and they represent the largest class of specific
inhibitors of glycanases. Six years ago a proceeding entitled
“Thiooligosaccharides: toys or tools for the studies of glyca-
nases” was published in order to stimulate the interest in these
mimics.*" Together with the advances in X-ray crytallography,
three-dimensional structures of noncovalent enzyme - substrate
complexes resulting from the events of substrate recognition
and binding can now be easily obtained. Information provided
by these structures can further allow the rational design of new
and potent inhibitors of glycoside hydrolases.
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and B. Hentrissat for fruitful discussions. This work was supported by
the CNRS and by the European Union Biotechnology Program
(contracts BIO4-CT97-2303 and BIO4-CT98-0022).
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Mixed-Linkage Cellooligosaccharides:
A New Class of Glycoside Hydrolase Inhibitors

Sébastien Fort,’™ Annabelle Varrot,?! Martin Schiilein, Sylvain Cottaz,®
Hugues Driguez,™ and Gideon J. Davies*?!

A new class of inhibitors for (3-o-glycoside hydrolases, in which a
single a-(1 —4)-glycosidic bond is incorporated into an otherwise
all-B-(1 —4)-linked oligosaccharide, is described. Such mixed f3/a.-
linkage cellooligosaccharides are not transition-state mimics, but
instead are capable of utilising binding energy from numerous
subsites, spanning either side of the catalytic centre, without the
need for substrate distortion. This binding is significant; a mixed
o/B-o-tetrasaccharide acts competitively on a number of cellulases,
displaying inhibition constants in the range of 40— 300 um. Using
the Bacillus agaradhaerens enzyme Cel5A as a model system, one
such mixed B/a-cellooligosaccharide, methyl 4",4"-dithio-o-cello-
biosyl-(1 —4)-B-cellobioside, displays a K,value of 100 um, an
inhibition at least 150 times better than is observed with an

Introduction

Oligosaccharides offer great potential as therapeutic agents, 2
and much research has been directed towards the synthesis and
evaluation of enzyme inhibitors both as mechanistic and
structural probes and for clinical assessment. In order to utilise
multiple binding sites for oligo- and polysaccharide-degrading
enzymes, inhibitors must span the catalytic centre of the
enzyme, avoiding enzymatic hydrolysis whilst ideally also
accommodating potential substrate distortion in the —1 site
(subsite nomenclature reviewed in ref.[3]). For the case of
retaining and inverting a-b-glycoside hydrolases, acarbose and
related compounds™ display these features: They are non-
hydrolysable whilst the valienamine moiety allows transition-
state mimicry, and thus the inhibitor can utilise binding energy
from numerous subsites.™ ® For the particular case of retaining
B-glycoside hydrolases (e —e enzymes in the nomenclature of
Sinnott"” ®), however, inhibitors which both span the active
centre and harness multiple binding sites have been less
forthcoming.

The enzymatic hydrolysis of equatorial glycosidic bonds with
net retention of anomeric configuration is performed through
the formation and subsequent breakdown of a covalent
glycosyl-enzyme intermediate, flanked by oxocarbenium-ion-
like transition states, (Scheme 1).°-'2 There is increasing evi-
dence that a number of these enzymes create substantial
substrate distortion at the —1 subsite of the active site. This
distortion generates numerous catalytic benefits both in allow-
ing “in-line” nucleophilic attack and removing potential repul-
sive interactions.> It is also consistent with the dictates of
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equivalent all-B-linked compound. The three-dimensional structure
of B.agaradhaerens Cel5A in complex with methyl 4",4"-dithio-a-
cellobiosyl-(1 —4)-B-cellobioside has been determined at 1.8 A
resolution. This confirms the expected mode of binding in which the
ligand, with all four pyranosides in the “C, chair conformation,
occupies the — 3, — 2 and + 1 subsites whilst evading the catalytic
(— 1) subsite. Such “by-pass” compounds offer great scope for the
development of a new class of [3-b-glycoside hydrolase inhibitors.

KEYWORDS:

carbohydrates - hydrolases - inhibitors - protein structures -
thiooligosaccharides

stereoelectronic theory since it places the lone electron pair on
the endocyclic oxygen atom antiperiplanar to the scissile
bond.l" 171 Recently, three structures of retaining S-glycoside
hydrolases from different sequence-derived families!'®2" have
been determined in which unhydrolysed oligosaccharides span
the active centre: a family-20 chitobiase in complex with its
natural substrate chitobiose (1),?? the endoglucanase Cel7B
from Fusarium oxysporum in complex with the nonhydrolysable
thiooligosaccharide 2> 2% and the endoglucanase Cel5A from
Bacillus agaradhaerens in complex with unhydrolysed 2,4-
dinitrophenyl 2-deoxy-2-fluoro--b-cellobioside (3) at low pH!"3
(Figure 1).

These structures all reveal pyranoside ring distortions in the
— 1 subsite to classical 'S; (skew-boat) or distorted “E (envelope)
conformations in which the scissile glycosidic bond is pseudo-
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driven primarily by interactions of the
sugar in the +1 subsite since the
product complexes for these, and
other, systems show no pyranoside
ring distortion.'"* 24 The energetic cost
of this distortion is reflected in the
negative contribution to binding for

o ot 6%
NSl R
HO O~y HO W\ s /

Scheme 1. Canonical reaction mechanism for a retaining (3-glycoside hydrolase (an e —e enzyme in the
nomenclature of Sinnott”” &). A covalent glycosyl-enzyme intermediate is formed and subsequently hydrolysed

via oxocarbenium-ion-like transition states.

NHCOCH;
HO HO OH

CHs
OH OH
HO HO S Q
OH s d Fo
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Ho{HO A IR\ OH OMe
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2
NO,
HO.
OH o
HO 0
Ho\% HO-\>s NOz
F
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3

Figure 1. Substrate distortion observed in retaining (e —e) [3-o-glycoside hydro-
lase structures: a distorted *E conformation for the N-acteylglucosamine moiety
of chitobiose (1) in a complex with chitobiase?; 'S skew-boat conformation for
an endoglucanase - thiooligosaccharide complex®: 24 (2) and a 'S; skew-boat in
an endoglucanase complex with 2,4-dinitrophenyl 2-fluoro-2-deoxy-3-p-cello-
bioside (3) at low pH'™I.

axial and the departing group is displaced 8-10 A “above” the
position one might predict were the — 1-subsite sugar modelled
in a “C; (chair) conformation. Distortion would appear to be
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Q 0 this (—1) subsite.” In order to gen-
) erate oligosaccharide mimics which
oH H span the active centre and thus utilise
. o fo\ binding energy from subsites on both
HO H sides of the scissile bond, inhibitors
HO ) should accommodate such distortion
0s__O . .
i and be resistant to enzymatic hydrol-
ysis.

covalent Thiooligosaccharides are hydrolyti-

glycosyl-enzyme . . . A
intermediate cally inert oligosaccharide mimics.

They have found great use as probes
for enzyme structure and mecha-
nism.[2 26-21 Here we describe a new
class of thiooligosaccharides which are
“micromolar” inhibitors of S-glycoside
hydrolases. These compounds contain
a single a-p-anomeric centre in an
otherwise all-3-p-oligosaccharide. We
present the synthesis of methyl 4" 4'-
dithio-a-cellobiosyl-(1 —4)-f3-cellobio-
side (4), its behaviour as a competitive
inhibitor of different classes of glycoside hydrolases and its “by-
pass” mode of binding as revealed by X-ray crystallography.

Results and Discussion

Initial X-ray diffraction studies on a variety of B. agaradhaerens
Cel5A - inhibitor complexes in our laboratory had revealed the
serendipitous, preferential binding of trace contaminants of a
diastereoisomer containing a single a-1,4-glycosidic linkage in
an otherwise all-3-1,4-linked cellooligosaccharide.*® NMR anal-
ysis demonstrated that the purity of all these compounds was
greater than 98% so the contaminant species must have
displayed significantly tighter binding than the f-linked com-
pound. In order to quantify inhibition by the a/3-oligosacchar-
ides, the tetrasaccharide methyl 4',4"-dithio-a-cellobiosyl-(1 —4)-
p-cellobioside (4) was specifically synthesised (Scheme 2). This
compound not only contains the appropriate a-glycosidic
linkage, but also features two S-glycosidic linkages to reduce
susceptibility to enzymatic hydrolysis.

The tetrasaccharide 4 was prepared as shown in Scheme 2.
2,3,4,6-tetra-O-acetyl-f-p-1-thio-glucopyranose (5)3'" was cou-
pled with the triflate 652 through cysteamine activation®¥ in
70% vyield. The resulting disaccharide 7 was converted, in 91%
yield, into the SAc derivative 8 by acidic hydrolysis®¥ followed by
acetylation. In situ de-S-acetylation of 8 by using diethylamine
and thioglycosylation reaction® with the glycosyl acceptor 95¢
afforded the tetrasaccharide 10 in 62% yield. After de-O-
acylation, the expected compound 4 was obtained in 99% yield

CHEMBIOCHEM 2001, 2, 319-325
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Scheme 2. Synthesis of methyl 4",4"-dithio-o-cellobiosyl-(1 —4)-B-cellobioside
(4). Bz= benzoyl, Tf = trifluoromethanesulfonyl, Tr = triphenylmethyl.

and its structure was confirmed by NMR spectroscopy.?”
Compound 4 was tested as a potential inhibitor for cellulases
belonging to family 5 (Cel5A from B. agaradhaerens and Cel5
from the fungus Acremonium sp.), family 6 (Cel6A and Cel6B
from Humicola insolens), family7 (Cel7A and Cel7B from
H. insolens), family 12 (Cel12 from Myceliophthora sp.) and fam-
ily 45 (Cel45 from H. insolens) (Table 1).

Compound 4 successfully inhibits a variety of structurally and
mechanistically unrelated cellulases, with inhibition constants
ranging from 40 to 265 um. On four of the enzymes tested the
compound shows no inhibition within the concentration range
accessible. The tightest binding inhibition is witnessed on
retaining glycoside hydrolases with 4-5 subsites such as Cel7B

Table 1. Inhibition constants for compound 4 towards enzymes from different
glycoside hydrolase families.®-2'!

Enzyme Mechanism Organism K; [um]®@
Cel5A retaining Bacillus agaradhaerens 100®!
Cel5A retaining Acremonium sp. n.d.
Cel6A inverting Humicola insolens 200
Cel6B inverting Humicola insolens n.d.
Cel7A retaining Humicola insolens 265
Cel7B retaining Humicola insolens 408
Cel12 retaining Myceliopthora sp. n.d.©
Cel4s inverting Humicola insolens n.d.f

[a] Standard errors < 10%. [b] 4"-thiocellotetraose™" is not an inhibitor for
this enzyme. Cellotriose displays product inhibition with a K;> 5000 pm.
[c] No detectable inhibition at concentrations up to 20 mw. [d] This enzyme
displays product inhibition by p-p-cellobiose with K600 um. [e] This
enzyme is inhibited by an all-f-thiocellooligosaccharide with a K=
100 pm."® [e] This enzyme has seven subsites*? and cellotetraose is not a
substrate.>”

from H. insolens® 3 and Cel5A from B.agaradhaerens“® as
might be expected for a tetrasaccharide inhibitor. Whilst the
most powerful inhibition is observed on retaining enzymes,
which may reflect the known substrate distortion expected for
these systems (discussed below), it is also interesting that an
inverting glycoside hydrolase (Cel6A from H. insolens) is also
inhibited with a K;value of 200 um. In the case of Cel5A from
B. agaradhaerens, it is noteworthy that the equivalent all-3-
linked cellooligosaccharide, methyl 4-thio-3-cellobiosyl-(1 —4)-
B-cellobioside*" is not an inhibitor for this enzyme, although
product insolubility means that we cannot rule out a K; > 15 mm.
The a-containing compound therefore binds at least 150 times
better than its all-5 equivalent, explaining our initial trapping of
these diastereosisomers from apparently pure samples. On four
of the eight systems tested compound 4 demonstrated no
inhibition at detectable levels (implying K; values >20 mm). For
the inverting endoglucanase Cel45 from H. insolens this is not
surprising, since its extended substrate-binding cleft requires
occupancy of 6-7 subsites as a minimum for productive
binding.B% 4243 |n the case of Cel5A from Acremonium and
Cel12 from Myceliophthora, the reason for non-inhibition is not
clear. These enzymes may simply not tolerate an unusual
a linkage and misplaced —1 sugar unit within the substrate-
binding environment. The spread of observed inhibition con-
stants therefore reflects the number of subsites of the target
enzyme and both the tolerance and the degree of adventitious
interactions that each individual enzyme makes with the
misplaced sugar unit.

Observation of micromolar inhibition, by a predominantly /-
linked cellooligosaccharide containing an a-glycosidic bond, on
a number of unrelated all-3-glycoside hydrolases is extremely
intriguing. The three-dimensional structure of B. agaradhaerens
Cel5A in complex with 4 was therefore determined by X-ray
crystallography at 1.85 A resolution (Table 2) in order to deter-

Table 2. Refinement and structure quality statistics for the B. agaradhaerens
Cel5A complex with compound 4.

Data quality™

resolution of data [A] 15-1.85(1.92-1.85)
Rinerge 0.048 (0.265)

mean I/o(/) 19.8 (3.7)
completeness [%] 98.7 (96.5)
multiplicity 3.0 (3.0

Refinement statistics

no. of protein atoms 2393

no. of ligand atoms 46

no. of water molecules 324

no. of calcium ions 3

resolution used in refinement [A] 15-1.85

Reryst 0.177

Riree 0.221

rms deviation 1-2 bonds [A] 0.013

rms deviation 1-3 bonds [A] 0.023

rms deviation chiral volume [A3] 0.126

avg main-chain B factor [A%] 223

avg side-chain B factor [A2] 24.7

avg substrate B factor [A?] 25.5

avg solvent B factor [A?] 34.7

[a] Data for the outer shell are given in brackets. [b] Ruege = Zpi2 |l —
() |/ Zs i D
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mine the exact mode of binding. Compound 4 binds in the true
—3, —2 and + 1 subsites of the enzyme, whilst “by-passing” the
— 1 subsite altogether. The electron density is clear for all units
and the individual pyranosides, all in the *C; chair conformation,
refine with temperature factors of 21, 17, 23 and 28 A2
respectively (Figure 2). The a-linkage is found between the —2
and — 1,5p.0ent SUbSItes.

G. J. Davies et al.

— 1 subsite altogether. The pyranoside in the displaced — 1,,rent
subsite is not in a catalytically viable position. The anomeric C1
carbon atom lies over 6 A from the nucleophilic oxygen atom of
Glu 228 whilst the interglycosidic atom of the potential scissile
bond is not in an appropriate position to make a hydrogen bond
to the catalytic acid/base Glu 139 (Figure 4).
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Figure 2. Observed electron density for methyl 4".4"-djthio-a-cellobiosyl-(1 —4)-
[B-cellobioside (4) bound to Cel5A from B. agaradhaerens. The electron density

map shown is a maximum likelihood/o,-weighted 2F ,,; — F ., map, contoured at
0.6 electrons per A and is a divergent stereo representation. Nuc = nucleophile.

Compound 4 therefore makes —3/—2 subsite interactions
identical to those observed previously in this system, in both
product and trapped covalent glycosyl-enzyme com-
plexes.l'> 4044 The a-(1 —4)-linkage at the boundary of the —2
and — 1 subsites allows the inhibitor to bind in the + 1 subsite in
a similar mode to that which would be expected in a true
productive complex, as witnessed both in Cel5A*! and in
F. oxysporum Cel7B2> 24 (Figure 3). The energetic cost of distort-
ing the —1 subsite sugar unit to form a pseudo-axial, but (-
configured, linkage is avoided since the sugar evades the correct

W'k

&g Sk

Figure 4. Interactions of Cel5A from B. agaradhaerens with compound 4. The
position of the 'S; skew-boat ring observed in a “Michaelis” complex of Cel5A! s
included for reference and is shown in red.

Published observations of all-3-linked oligosaccharide mimics
spanning the active centre of glycoside hydrolases have revealed
two modes of binding. They either adopt a distorted ring
conformation in the —1 subsite, reflecting the incipient
oxocarbenium ion, as observed in three systems: F. oxysporum
Cel7B,*! B. agaradhaerens Cel5A and Serratia marcescens fam-
ily 20 chitobiase.?? Alternatively, given sufficient binding energy
in the glycone sites, they may simply bind in a nonproductive
manner across the active centre as observed in a mutant
Trichoderma reesei Cel7A complex! and a Pseudomonas fluo-
rescens Xyn10 - xylopentaose complex.*”? The mixed a/f inhib-
itors, described here, share features common to both these
binding modes. Their intrinsic advantage, yet
also their inevitable drawback, is that they “by-
pass” the —1 subsite. The —1 subsite is
normally associated with transition-state devel-
opment and an axial glycosidic bond orienta-
tion (Figure 5). The power of the mixed f/a
approach is that the a linkage in the — 2 subsite
allows the oligosaccharide to evade the —1
subsite, but to still achieve strong binding to all

B j'\ Fiii other subsites on either side of the scissile
Yol Pase Lo s
V&
““ e bond. o ' .
N ucheophile Nuckeophiie These a/f inhibitors span the active centre in

Figure 3. Active-centre-spanning complexes of retaining cellulases reveal how an a-(1 —4)-glycosidic
bond, incorporated into an otherwise all-B-(1 —4)-linked oligosaccharide, imitates substrate distortion
at the active centre. The mixed-linkage inhibitor 4 (described here) bound to B. agaradhaerens Cel5A is
shown in red, 2,4-dinitrophenyl 2-fluoro-2-deoxy-f3-o-cellobioside (3) bound to B.agaradhaerens
Cel5A in blue and the thiooligosaccharide 2 bound to F. oxysporum Cel7B% in pale green.
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a way that imitates the distortion that occurs
along the reaction coordinate of retaining (-
glycoside hydrolases.'® The « linkage facilitates
binding across the active centre in this manner
only because adjacent glycosidic linkages in
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oxocarbenium-ion-like transition state for
the enzymatic hydrolysis of §-D-glycosides

substrate distortion observed by X-ray
crystallography with compounds that span
the active-centre (compounds 1-3,
Figure 1)

generate much more powerful j3-
glycoside hydrolase inhibitors har-
nessing the binding from multiple
subsites.

Experimental Section

General: NMR spectra were recorded
on Bruker AC 300, Bruker Avance 400
spectrometers. Proton chemical shifts
(0) are reported in ppm downfield
from tetramethylsilane (TMS), carbon

OH
H
S Q  HO o~
HO. G d
HO |« o
H OH
---8 d
OH -

oYo

Figure 5. Schematic representation of the oxocarbenium-ion-like transition state for the enzymatic hydrolysis of
glycosides, together with the substrate distortion observed in three systems crystallographically and the mode of

binding of the mixed-linkage inhibitor.

cellooligosaccharides are related by an approximate twofold
axis.”® An (axial) a linkage in the — 2 subsite mimics, in part, the
pseudo-axial, but S-configured glycosidic bond from a catalyti-
cally relevant distorted species in the adjacent (— 1) subsite. This
permits the appropriate placement of the glycon unit in the 41
subsite. Whilst most success is observed with retaining glycoside
hydrolases, it is noteworthy that moderate inhibition is also
observed for an inverting -glycoside hydrolase, notably one for
which experimental evidence for limited substrate distortion is
also known.?”]

Whilst this utilisation of the +1 subsite sugar unit clearly
generates additional binding energy, the disadvantage of the
“by-pass” compounds is that they avoid the —1 subsite. This
means that, in their present form at least, they are unable to
harness any degree of transition-state mimicry. Inhibition con-
stants, in the micromolar range, are therefore relatively modest.
We note, however, that a cellobiosyl imidazole, which is a partial
transition-state mimic, but which utilises only two (—2, — 1) of
the enzyme’s 5-6 subsites, also displays a K;value in the 50—
70 um range with B. agaradhaerens Cel5A.H) Furthermore, the
success of these compounds is also dependent both upon the
tolerance of a misplaced — 1 subsite sugar unit and perhaps also
its adventitious interaction with the protein. There is no basic
reason why the by-passed subsite moiety need actually be a
pyranoside, so we imagine that both combinatorial and rational
design approaches based upon the f3/a framework will, in future,

CHEMBIOCHEM 2001, 2, 319-325

the observed mode of binding of the mixed
a/f oligosaccharides

chemical shifts (0) are reported in
ppm with internal reference of sol-
vent. Complete assignment of the
tetrasaccharide 4 was performed by
using a combination of COSY and
TOCSY 1D, HMQC and HMBC experi-
ments. One-bond *C—'H correlations
were obtained from HMQC data, and
the position of the glycosidic linkages
was determined by using HMBC data.
High-resolution mass spectra (HR-MS)
were recorded on a VGZAB spec-
trometer and low-resolution spectra
(MS) on a Nermag R-1010C spectrom-
eter. Optical rotations were measured
with a Perkin — Elmer 341 polarimeter.
Microanalyses were performed by the
“Laboratoire Central d’Analyses du
CNRS” (Vernaison, France). Reaction progress was monitored by
analytical thin-layer chromatography using precoated silica gel 60
F254 plates (Merck, Darmstadt, Germany). All reactions in organic
media were carried out under argon using freshly distilled solvents.
After work-up, organic phases were dried over anhydrous Na,SO,.

Triphenylmethyl  S-(2,3,4,6-tetra-O-acetyl-f-b-glucopyranosyl)-
(1 —4)-2,3,6-tri-O-benzoyl-1,4-dithio-a-p-glucopyranoside (7): Dis-
tilled pyridine (1.4mL) and trifluoromethanesulfonic anhydride
(480 pL, 2 equiv) were added to an ice-cold solution of triphenyl-
methyl $-2,3,6-tri-O-benzoyl-a-p-galactopyranoside’? (1.1g,
1.47 mmol) in CH,Cl, (20 mL). The mixture was stirred for 30 min at
0°C and then for 1 h at room temperature. The solution was diluted
with water and extracted with CH,Cl,. The organic phase was
washed with aq KHSO, (20%, v/v), sat. ag NaHCO;, dried over
anhydrous Na,SO, and concentrated.

2,3,4,6-Tetra-O-acetyl-3-p-1-thioglucopyranose  (5) (535mg, 1
equiv),B" 1,4-dithioerythritol (227 mg, 1equiv) and cysteamine
(114 mg, 1 equiv) were successively added to a solution of the crude
triflate 6 in hexamethylphosphoramide (HMPA) (7 mL). The mixture
was kept at room temperature for 1 h and then precipitated into ice
water (100 mL). The solid was collected on Celite, washed with water,
then dissolved in CH,Cl,. The organic phase was washed with water,
dried over Na,SO, and concentrated. Column chromatography
(EtOAc/light petroleum, 3:7) afforded the disaccharide 7 (1.12g,

70% yield). R (AcOEt/petroleum ether, 1:1) 0.79; [a]® =+94.1 (c=
0.68, CHCl;); elemental analysis (%): calcd for C4Hsc0465,: C 65.68, H
5.14, S 5.85; found: C 65.23, H 5.05, S 5.93; MS (FAB, positive mode):
m/z: 1119 [M+Nal"; HR-MS (ESI): m/z (%): calcd for CgoHs6016S,
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1119.2907 [MNa]*, found 1119.2921; 'H NMR (CDCl,): 6 =8.10-7.05
(m, 30H, H, o), 5.80 (t, TH, J,5=J;,= 11 Hz, H-3), 5.39 (dd, TH, J;, =
5.5Hz, H-2), 5.25 (d, 1H, H-1), 5.18-4.77 (m, 6H, H-1", H-2", H-3",
H-4!, H-5!, H-6a), 4.36 (dd, TH, Jss= 1.8 Hz, J,, = 12.4 Hz, H-6b'), 4.00
(d, 2H, J=2.9 Hz, H-6a", H-6b"), 3.63 (m, TH, H-5"), 3.26 (t, 1H, J,s=
11 Hz, H-4Y, 2.00-1.62 (m, 12H, OCOCH,); *CNMR (CDCl): 6=
169.9-165.4 (CO), 144.1 (Cqaom) 1334-1270 (CH,.p), 828, 81.8
(C-1"), 75.6, 73.8, 72.3, 71.4, 69.7, 69.5, 68.2, 67.7 (C-2", C-3", C-4",
C-5", CPh,), 63.6, 61.1 (C-6"), 46.0 (C-4'), 20.4-19.9 (OCOCH,).

S-Acetyl 5-(2,3,4,6-tetra-O-acetyl-f-b-glucopyranosyl)-(1 —4)-
2,3,6-tri-O-benzoyl-1,4-dithio-a-p-glucopyranose (8): Trifluoroace-
tic acid (3 mL) was added to a solution of compound 7 (800 mg,
0.73 mmol) and triethylsilane (230 pL, 2 equiv) in CH,Cl, (3 mL). The
mixture was kept for 30 min at room temperature, then concentrated
and co-evaporated with toluene. Pyridine (3 mL) and acetic anhy-
dride (1 mL) were added to the residue and the mixture was stirred
for 1 h at room temperature. The solution was then concentrated
and column chromatography (EtOAc/light petroleum, 3:7) afforded
compound 8 (596 mg, 91%). R; (AcOEt/petroleum ether, 1:1) 0.63;
[@]® =+42.5 (c=1.0, CHCl); elemental analysis (%): calcd for
C.sHus015S,: C 5758, H 4.94, S 7.15; found: C 5754, H 4.67, S 7.20;
THNMR (CDCly): 6=8.10-732 (m, 15H, H,o.), 6.44 (d, TH, J;,=
5.1 Hz, H-1Y, 5.68 (t, 1H, J,;=J5,= 10 Hz, H-3), 5.58 (dd, 1H, H-2Y),
5.19-4.85 (m, 4H, H-1", H-2", H-3", H-4"), 4.82 (dd, 1H, J;s=3.7 Hz,
J,5=12.1 Hz, H-6a), 4.70 (dd, 1H, Jss=1.8 Hz, H-6b'), 442 (m, TH,
H-5Y, 4.20 (dd, TH, Jss=2.5Hz, J,, = 12.4 Hz, H-6a"), 407 (dd, 1H,
Js¢="5.6 Hz, H-6b"), 3.77 (ddd, 1 H, H-5"), 3.34 (t, 1H, J,s =10 Hz, H-4),
2.34 (s, 3H, SCOCH,), 2.00-1.57 (m, 12H, OCOCH;); *C NMR (CDCl;):
6=190.81 (SCO), 170.03-165.8 (OCO), 133.4-128.3 (CH,..), 814,
81.0 (C-1'"), 75.6, 73.8, 73.6, 71.4, 69.6, 68.5, 68.2 (C-2", C-3", C-4",
C-5"), 63.6, 62.1 (C-6""), 45.8 (C-4), 31.3 (SCOCH;), 20.4 (OCOCH,).

Methyl S-(2,3,4,6-tetra-O-acetyl-f-b-glucopyranosyl)-(1 —4)-S-
(2,3,6-tri-O-benzoyl-4-thio-a-p-glucopyranosyl)-(1 —4)-(2,3,6-tri-
0O-benzoyl-4-thio-f-p-glucopyranosyl)-(1 —4)-2,3,6-tri-O-benzoyl-
f-p-glucopyranoside (10): Compound 8 (560 mg, 1equiv) and
diethylamine (1 mL) were added to a solution of the triflate 93¢
(0.62 mmol) in DMF (10 mL). The mixture was stirred for 90 min at
room temperature and then concentrated. Column chromatography
(EtOAc/light petroleum, 1:1) afforded the expected tetrasaccharide
10 (703 mg, 62 %). R; (AcOEt/petroleum ether, 1:1) 0.53; [a]3 = +88.0
(c=10.67, CHCL,); elemental analysis (%): calcd for CogHggO5,5,: C 63.43,
H 4.88, S 3.53; found: C 62.69, H 4.60, S 3.73; MS (FAB, positive mode):
m/z: 1840 [M+Na]*; *C NMR (CDCl,): 6 =171.0-164.3 (CO), 133.4-
127.8 (CH,rom), 101.7, 100.0 (C-1'1), 84.6, 82.2 (C-1"WV), 75.7, 75.3, 75.0,
73.6, 73.4, 73.1, 72.9, 72.6, 71.8, 71.3, 71.0, 69.8, 68.5, 67.8 (C-2"""V,
C-3VMILYV C-4WV, C-5M1IV) 63,8, 63.5, 62.2, 61.5 (C-6""""V), 56.9 (OCH,),
46.0, 45.7 (C-4""), 20.5-20.0(0COCH,).

Methyl S-f-p-glucopyranosyl-(1 —4)-S-(4-thio-a-p-glucopyrano-
syl)-(1 —4)-(4-thio-f-p-glucopyranosyl)-(1 —4)-f-b-glucopyrano-

side (4): 1m sodium methylate (3 mL) was added to a solution of 10
(341 mg, 0.19 mmol) in MeOH (30 mL). After 7 h at room temper-
ature, the mixture was neutralized with Amberlite IR 120 H* resin,
filtered and concentrated. The residue was dissolved with water,
washed with diethyl ether and freeze-dried affording the free
tetrasaccharide 4 (132 mg, 99%). [a]?® = +84.9 (c=1.06, H,0); HR-
MS (FAB): calcd for C;sH,,0,6S, [M+Nal™: 735.1816; found 735.1815;
THNMR (D,0): 0 =5.60 (d, TH, J;,=5.1Hz, H-1"), 453 (d, 1H, J;,=
9.9 Hz, H-1Y), 438 (d, 1H, J,,=8Hz, H-1"), 4.28 (d, 1H, J,,=8Hz,
H-1Y), 4.15 (d, TH, Jss=11 Hz, H-5"), 3.91 (H-6a"), 3.90 (H-6a", H-6b"),
3.86 (H-6a'), 3.77 (H-6a"), 3.76 (H-2"), 3.73 (H-6b"), 3.68 (H-6b'), 3.62
(H-6b"Y), 3.59 (H-3"), 3.56 (H-5"), 3.52 (H-3"), 3.51 (H-3'), 3.50 (H-4', H-5),
3.44 (OCH,), 3.38 (H-3Y), 3.34 (H-4", H-5Y), 3.22 (H-2"), 3.18 (H-2""),
2.76 (t, 1H, Jo;=J;, = 11 Hz, H-4"), 2.69 (t, 1H, J,5=J;, = 11 Hz, H-4");
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BCNMR (D,0): 6 =103.4 (C-1)), 102.75 (C-1"), 86.40 (C-1"), 84.07 (C-
1Y), 80.12 (C-5Y), 79.10 (C-4"), 77.45 (C-3"), 75.96, 75.52 (C-3", C-5"),
75.10, 74.70 (C-3!, C-5'), 74.68, 73.21 (C-2"), 73.66 (C-5"), 72.77 (C-2"),
72.70 (C-2V), 70.30 (C-3"), 69.49 (C-4"), 61.97 (C-6"), 61.58 (C-6"), 60.97
(C-6Y), 60.39 (C-6'), 57.56 (OCH,), 47.52 (C-4"), 47.36 (C-4").

Biochemical studies: Kinetics and K; values were determined in a
steady-state linked assay using reduced cellohexaose as the
substrate (2-400 uv), at pH75 and at 40°C, with the Humicola
insolens cellobiodehydrogenase with cytochrome ¢, essentially as
described previously.2* % K; values were determined with the Grafit
software (version 4; Erithacus Software Ltd., Horley, UK). Mycelio-
photora thermophila Cel12 was prepared as described in ref. [51] and
Acremonium Cel5 as described in ref. [52].

X-ray structure analysis: The catalytic core domain of Cel5A from
Bacillus agaradhaerens was purified as described previously.*?! It was
desalted, washed with distilled water and concentrated to
20 mgmL-". Cel5A was preincubated with 5mm of compound 4
for 1 h prior to crystallisation and crystals of the tetragonal crystal
form of Cel5A were then grown as described.* Crystals were
mounted in a rayon fibre loop, using the precipitant 30% (v/v)
polyethylene glycol (PEG) 400 as cryoprotectant, and placed in a
boiling nitrogen stream at 100 K.

Data collection and processing, model building and refinement: All
X-ray diffraction data were collected from a single crystal. A Cuy,
rotating anode operating at 50 kV and 100 mA was used as the X-ray
source, with a MAR Research image plate detector system using
long-focusing mirror optics. Data were processed and reduced by
using the DENZO/SCALEPACK programs.®® All further computing
used the CCP4 program suite® unless otherwise stated. The
structure was determined by the difference Fourier method using
the native coordinates as a starting model (PDB code 1QHZ for the
tetragonal crystal form). The maximum-likelihood F,,, — F, electron
density map revealed unambiguous electron density for all parts of
the tetrasaccharide 4. The structure was refined using the REFMAC
program,”> and the same cross-validation subset of reflections was
maintained, as had originally been set aside during the determi-
nation of the native enzyme structure.*¥ Stereochemical dictionaries
for refinement of the substrate moiety were calculated using the
program QUANTA (Molecular Simulation, Inc., San Diego, USA).
Manual corrections to the model were performed using the X-FIT
routines of QUANTA. Water molecules were introduced automatically
using the program ARP®¢! and verified manually prior to coordinate
deposition. Coordinates have been deposited with the Protein Data
Bank®”! under PDB code 1E5J. Details of the data and model quality
are given in Table 2.
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Carboranyl Bisglycosides for the Treatment of
Cancer by Boron Neutron Capture Therapy

Lutz F. Tietze,*"? Ulrich Bothe, Ulrich Griesbach,” Munekazu Nakaichi,
Toshinari Hasegawa,” Hiroyuki Nakamura,™ and Yoshinori Yamamoto*™®!

Boron neutron capture therapy is a special type of radiotherapy for
the treatment of cancer by using boron compounds. Problems
often arise from the low water solubility of these compounds, their
unselective uptake into the cancer cells, and their toxicity. Here we
describe the novel water-soluble ortho-carboranyl bisglycosides 7
and 10 containing either lactose or glucose and the mixed
bisglycosides 1 and 28 containing glucose, mannose, and
galactose. The carboranyl bisglycosides show almost no toxicity
toward bronchial carcinoma cells of line A549 up to a concen-
tration of 0.50 mm. As anticipated, these compounds exhibit nearly

Introduction

Boron neutron capture therapy is under active investigation for
the treatment of various types of cancer."2 The approach is
based on the nuclear reaction of "B with thermal neutrons to
produce high-energy *He*" and ’Li3* particles. For a successful
application of this method a sufficient amount of boron (20-
30 ug per gram of tumor tissue) must be present in the
malignant cells.”® Substituted carboranes are highly suitable for
delivering boron due to their high boron content and their
stability in aqueous media. However, the use of most of these
carboranes is somehow limited due to their low water solubility
and their pronounced toxicity. We have recently shown that the
water solubility of the highly lipophilic ortho-carborane unit can
be greatly improved by the formation of glycosides such as
carboranyl maltoside 16." Furthermore, these compounds are

OH H
HO Q . P
Haﬁé\ﬁ OH IPFEW/H _ &
HOo % o BioH10
HO ~\g/
16 OH BioH10
® = BH
o=C

taken up into the tumor tissue to a high extent™ This
accumulation is probably caused by an interaction of the
lipophilic carborane moiety with the phospholipid double layer
of the membrane whilst the sugar moiety stays outside. We have
also prepared novel fluorine-containing carboranes to allow a

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

no uptake into C6 glioma cells; they can therefore be used for a
selective delivery into malignant cells by using conjugates of
glycohydrolases and monoclonal antibodies which bind to tumor-
associated antigens, since by enzymatic hydrolysis the bisglyco-
sides are transformed into lipophilic compounds.

KEYWORDS:

antitumor agents
carboranes - glycosides -

boron neutron capture therapy

prodrugs

noninvasive determination of the boron compounds in the
tumor tissue by F NMR spectroscopy.

However, a selective uptake of these novel carboranyl glyco-
sides into tumor cells cannot be expected. We therefore
designed a new type of carborane compounds that have sugar
molecules on both sides of the lipophilic carborane unit. We
anticipated that these compounds will not be incorporated into
the cell membranes of neither normal nor malignant cells.
However, using conjugates of glycohydrolases and monoclonal
antibodies that bind to tumor-associated antigens would permit
a selective cleavage of one or both sugar moieties to allow the
remaining lipophilic carborane unit to either penetrate the cell
membrane or to be incorporated into it.”? We therefore prepared
the ortho-carboranyl bisglycosides 7 and 10 containing either
lactose or glucose, respectively, and the mixed bisglycosides 1

[a] Prof. Dr. L. F. Tietze, Dr. U. Bothe, Dipl.-Chem. U. Griesbach
Institut fiir Organische Chemie
Georg-August-Universitdt Gottingen
Tammannstrasse 2, 37077 Gottingen (Germany)
Fax: (+49)551-399476
E-mail: Itietze@gwdg.de

=

Prof. Dr. Y. Yamamoto, Dr. H. Nakamura
Department of Chemistry

Graduate School of Science

Tohoku University

Sendai, 980-8578 (Japan)

Fax: (+81)22-217-6784

E-mail: yoshi@yamamoto1.chem.tohoku.ac.jp
Prof. Dr. M. Nakaichi, T. Hasegawa
Faculty of Agriculture

Yamaguchi University

Yamaguchi, 753-0841 (Japan)

[c

1439-4227/01/02/05 $ 17.50+.50/0 CHEMBIOCHEM 2001, 2, 326 - 334





Carboranyl Bisglycosides for Cancer Therapy

and 28 containing glucose as well as mannose and glucose as
well as galactose, respectively. Thereafter we determined the
cytotoxicity of the novel compounds, their accumulation in
tumor cells, and—in combination with neutron irradiation—
their lethal effect on tumor cells to test their suitability for cancer
therapy by neutron capture.

Results and Discussion
Syntheses

For the synthesis of the ortho-carboranyl bisglycosides 7 and 10,
decaborane(14) was heated in acetonitrile at reflux for 30 min to
give the adduct B H;,-2CH;CN,® which was then
treated with the benzylated butynyl diol 2 to give

For the synthesis of the unsymmetrical carboranyl bisglyco-
side 1, the alkynyl mannoside 12 was prepared from mannose
trichloroacetimidate (11) and 4-benzyloxy-2-butyn-1-o0l"? in
72% yield by using trimethylsilyl trifluoromethanesulfonate
(TMSOT() as promotor. Reaction of 12 with decaborane(14) gave
the carboranyl mannoside 13, which was then deprotected by
hydrogenolysis with Pd on charcoal as the catalyst to afford the
mannose carboranyl alcohol 14 in 37 % overall yield. Reaction of
14 with glucose trichloroacetimidate (8) followed by solvolysis
using sodium methoxide in methanol gave the desired unsym-
metrical carboranyl bisglycoside 1 in 44% yield as a single
diastereomer with the o configuration at the mannosidic and the
B configuration at the glucosidic bond (Scheme 3).

OAc AcO—, OAc AcO~, OAc
the carboranyl diol 3 in 48% yield; hydrogenolysis AcO 0 Aco@% b) ACO 0
. . AcO AcO =~/ , AcO
with palladium on charcoal as the catalyst led to the o. cal a) O/OBzI o OR
. . . . 3 ~N\O/
diol 4"7 in 82% yield. Stereoselective reac- 1 T\IW/H » B1oH10
tion of 4 with lactose trichloroacetimidate (5)" in
the presence of BF;-Et,0 to give 6, followed by RO-. OR C)E 13:R =Bzl
solvolysis using sodium methoxide in methanol, 14 d) RgO@% R 14 R=H
afforded the .de5|red c?rborar?yl blslact05|d(.e 7 in O\/W\/ORO 5 OSR
46 % overall yield as a single diastereomer with the BioH10
B configuration at the newly formed glycosidic bond e)E 15:R=Ac
1:R=H

(Scheme 1). Similarly, reaction of the carboranyl diol
4 with glucose trichloroacetimidate (8) and subse-
quent deprotection afforded carboranyl bisglucoside
10 in 54% overall yield (Scheme 2).

Scheme 3. Synthesis of the unsymmetrical carboranyl bisglycoside 1. a) 4-Benzyloxy-2-butyn-
1-ol, TMSOTY, dichloromethane, 0°C, 72 %; b) B,,H,,, CH;CN, reflux, then 12 in toluene, reflux
(13 was not fully purified); c) H, (3 bar), Pd/C, ethyl acetate, methanol, RT, 37 % over two steps;

d) 8, BF;- Et,0, dichloromethane, RT, 68 %; e) NaOMe, MeOH, RT, 66 %.

BzIO

_ a) RO/W/\OR
> OBz BioH10
3:R =Bzl
b)
—> 4 R=H
AcO __0OAc _OAc
o .
AcO 25 Q
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Scheme 1. Synthesis of ortho-carboranyl bisglycoside 7. a) B;,H,,, CH;CN, reflux,
then 2 in toluene, 48%; b) H, (3 bar), Pd/C, ethyl acetate, methanol, RT, 82%; c) 4,

6:R=Ac
7"R=H

BF;- Et,O, dichloromethane, RT, 68 %; d) NaOMe, MeOH, RT, 74 %. Bzl = benzyl.
OAc OR RO
a) RO
ACO=2c0 RO O\%OMOR
O. _ccly 10H10
bl ) 9:R=Ac
8 NH > 10:R=H

Scheme 2. Synthesis of ortho-carboranyl bisglycoside 10. a) 4, BF;- Et,0,
dichloromethane, RT, 83 %; b) NaOMe, MeOH, RT, 65 %.
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For the synthesis of the carboranyl bisglycoside 28 we first
prepared the alkynyl glucoside 17 in 65% yield by reaction of
4-benzyloxy-2-butyn-1-ol with glucose trichloroacetimidate (8)
using BF; - Et,0 as promotor. Reaction of 17 with decaborane(14)
gave 18, which was then debenzylated by hydrogenolysis to
afford the glucose carboranyl alcohol 19 in 33% yield over two
steps (Scheme 4).

&O%c iy

AcO OBzI
4’ Aco/é&o/

AcO O

OYCCIg
8 NH 17
—> AcO
ACO O _~o/~-OR

AcO BlOHlo

18: R = Bzl
C)E

19:R=H

Scheme 4. Synthesis of glucose carboranyl alcohol 1. a) 4-Benzyloxy-2-butyn-1-
ol, BF;- Et,0, dichloromethane, RT, 69 %, b) B,,H,,, CH;CN, reflux, then 17 in
toluene, reflux (18 was not fully purified); c) H, (3 bar), Pd/C, ethyl acetate,
methanol, RT, 33 % over two steps.

In the synthesis described above, the yield for the trans-
formation of the alkynyl glucoside 17 into the glucose carbora-
nyl alcohol 19 was only moderate. We therefore developed an
access to 19 via the carboranyl alcohol 22, which was prepared
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in two different ways: First, alkyne 20 was transformed into the
protected carboranyl alcohol 21 in 60% yield using decabor-
ane(14); subsequent reaction with paraformaldehyde and tetra-
butylammonium fluoride trihydrate (TBAF-3H,0) in THF!'3 gave
the alcohol 22 in 87 % yield. In the second approach, alkynol 23
was acetylated to give 24, which was then treated with
decaborane(14) and deprotected to yield the alcohol 22 in
44 % overall yield (Scheme 5).

0Bzl —_— 8 H OBzl b)
0 10H10 " —
HO™ g~ ~OBZI
RO d) }, BioH10
\%\ Aco/\@/\Ole 22
OBz BioH10

23:R=H
c)’:
24:R=Ac

Scheme 5. Synthesis of carboranyl alcohol 22. a) B,yH,,, CH;CN, reflux, then 20 in
toluene, 60 %; b) paraformaldehyde, TBAF - 3H,0, THF, RT, 87 %; c) Ac,O, DMAR,
dichloromethane, RT, 89 %; d) B,,H,,, CH;CN, reflux, then 24 in toluene, 63 %;

e) NaOMe, MeOH, RT, 79 %. DMAP = 4-(dimethylamino)pyridine.

Glycosidation of the carboranyl alcohol 22 with glucose
trichloroacetimidate (8) followed by hydrogenolysis of the
benzyl group gave glucose carboranyl alcohol 19 in 50% yield
over two steps. Subsequent reaction with galactose trichloro-
acetimidate (26) afforded bisglycoside 27 in 50% yield, which
was then deprotected by solvolysis to lead to the desired
carboranyl bisglycoside 28 in 89% yield (Scheme 6).

OAc —~OAc
AcO o] a) ACO%
Ac% ACO=41c0 O\/?HVOR
OTCCb 10H10
8 NH b)F 18: R = Bzl
> 19:R=H
AcO -OAc RO _OR RO
pco 2 9. Ka, RO7547-0R
AcO RO ~ N/ OR
O\H/CCI3 RO BioH10
26 NH b)h 27:R=Ac
>~ 28:R=H

Scheme 6. Synthesis of carboranyl bisglycoside 28. a) 22, BF;- Et,0, dichloro-
methane, RT (18 was not fully purified); b) H, (3 bar), Pd/C, ethyl acetate, RT, 50 %
over two steps; c) 19, BF; - Et,0, dichloromethane, RT, 50 %; d) NaOMe, MeOH, RT,
quant.

Structure determination

The structures of the new compounds were mainly determined
by ™H and 3C NMR spectroscopy. As is typical for carboranes, a
broad signal for the protons attached to boron is found in all
'"HNMR spectra at 0 =0.5-3.5. In addition, the IR spectra of
these compounds displayed a strong B—H stretch signal at ca.
2590 cm~". For the protons at the anomeric centers of the (-
glycosides, doublets with coupling constants of J=7.6-8.0 Hz
were observed. For example, the signal of the 1-H atom of the
carboranyl bisglucoside 10 appears as a doublet at 6 =4.40 with
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a coupling constant of J=7.6 Hz, clearly indicating the 3 confi-
guration. In contrast, for 1-H of the a-mannosides (e.g. 12), a
doublet with a small coupling constant J=1.6 Hz at 6 =5.04 is
found. The diastereotopic protons of the sugar CH,-O groups
resonate as separated doublets with a large coupling constant of
J=12.0-13.2 Hz. For example, two doublets with a coupling of
124Hz at 0=4.28 and 6=4.49 are found in the HNMR
spectrum of carboranyl bisglucoside 10.

In vitro studies

Toxicities and enzymatic assay: The cytotoxicity of the
carboranyl bisglycosides 1 and 10 was determined in cloning
efficiency tests on human bronchial carcinoma cells of line
A549.. 051 The incubation was performed in a serum-free
medium (Ultra Culture) without the addition of fetal calf serum
(FCS) or serum substitute (basal medium supplement, BMS) to
prevent cleavage of the glucosidic bonds by glucohydrolase
known to be present in the serum.'® The carboranyl bisgluco-
side 10 as well as the mixed carboranyl bisglycoside of mannose
and glucose 1 displayed almost no cytotoxicity up to a
concentration of 0.50 mm. In contrast, hydroxymethylcarboranes
are considerably cytotoxic with an EDs, value of 45 um.® It was
shown that the galactosyl moiety of carboranyl bisglycoside 28
was cleaved off with 3-galactosidase (Escherichia coli) in aqueous
solution at pH 7.3 and 37°C.

In vitro boron incorporation into B-16 melanoma cells: Our
concept for a selective boron neutron capture therapy requires
that the carboranyl bisglycosides are not incorporated into the
cells. Boron incorporation into B-16 cells was determined by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES). The cells were cultured in Falcon dishes (150 mm &) until
they had grown to fill the dishes (4.0-5.0 x 10° cells per dish).
The cells were incubated for 3-24 h with Eagle-MEM medium
containing the compounds (boron concentration: 10.8 ppm). At
3, 12, and 24 h, the cells were washed three times with PBS(—)
and processed for the determination of boron concentration by
ICP-AES. The results are shown in Table 1. Both mixed bisglyco-

Table 1. Boron incorporation into B-16 melanoma cells.’!

Incubation time with the boron compound

3h 12h 24h 24 [h]®!
mixed glycoside 1 n.d.@ 0.72+0.082 n.dM 1.0+0.022
bisglucoside 10 0.48+0.050 0.69+0.061 n.d.d 0.78 £0.052
maltoside 16 6.1+0.074 10+£0.58 20£1.1 -
BPA (39) 1.4+£0.21 1.9 +0.060 3.1+£0.31 5.4+0.080

[a] The cells were incubated for 3 -24 h with Eagle-MEM medium contain-
ing the boron compounds (boron concentration: 10.8 ppm). The unit of the
boron concentration is 10-° gboron per 107 cells. Each value represents the
mean + SE of triplicate experiments. SE=standard error. [b] The boron
concentration in the medium was 54 ppm. [c] n.d.=not determined. The
boron concentrations were too low to be determined by ICP-AES.
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B-16 cells in comparison with maltoside 1. The boron
concentrations in B-16 cells after administration of 10
and 1 were lower than 1.0 ppm, whereas with malto-
side 16 6.1 ppm at 3h and 20.0 ppm at 24 h after
administration were observed. When the cells were
incubated in the medium containing a higher boron
concentration (54.0 ppm) for 24 h, the boron uptakes
into B-16 cells with mixed bisglycoside 1 and bisgluco-
side 10 were 1.0 ppm and 0.78 ppm, respectively. In
comparison, with the amino acid 4-dihydroxyboryl-
phenylalanine (BPA; 29),2 171 which is used as a
standard, an uptake of 3.1 ppm was determined.

side 1 and bisglucoside 10 exhibited lower uptake into I 1,

survival fraction

0.2

¢ control
bisglucoside 10 (25 ppm)

.. maltoside 16 (10 ppm)
“® BSH (30) (10 ppm)

0.1
HO\B/OH

co,”
NHg* 29

In vitro boron incorporation into C6 glioma cells: The C6
glioma cells were incubated with the medium containing various
concentrations of the compounds (10, 25, and 40 ppm boron) for
6 h and the boron concentration in the cells was determined by
ICP-AES. The results are summarized in Table 2. A high boron

Table 2. Boron incorporation into C6 cells.[!

Concentration of the boron compound®

10 ppm 25 ppm 40 ppm
mixed glycoside 1 n.d.d 0.40+0.32 1.9+0.66
bisglucoside 10 n.d.< n.d.< n.d.<
maltoside 16 48+6.5 - -

[a] The cells were incubated for 6 h with Eagle-MEM medium containing
various concentrations of the boron compounds. The unit of the values is
107° gboron per 107 cells. Each value represents the mean + SE of triplicate
experiments. [b] Boron concentrations in the medium. [c] The boron
concentrations were too low to be determined by ICP-AES.

uptake (48 x 10~ gboron per 107 cells) was observed in the case
of carboranyl maltoside 16 (at 10 ppm in the medium), wheras
the carboranyl bisglucoside 10 as well as the mixed bisglycoside
1 exhibited very low uptakes. Actually, a boron uptake of only
1.9 ppm was observed when the cells were incubated with the
medium containing the mixed bisglycoside 1 (40 ppm of boron
concentration in solution). In the case of bisglucoside 10, the
boron concentrations in the cells were too low to be determined
by ICP-AES.

In vitro survival study of C6 glioma cells after thermal neutron
irradiation: Figure 1 shows the fraction of the cells that survived
after the thermal neutron irradiation. A thermal neutron beam
(thermal neutron fluence: 7.52 x 10" ncm~2) had some lethal
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Figure 1. Survival fraction of C6 glioma cells after exposure to boron-containing compounds
and thermal neutron irradiation. No boron compound was applied in the control experiment.
The concentrations indicated are based on the boron content.

effect on C6 glioma cells after they had been exposed to
carboranyl bisglucoside 10, mixed carboranyl bisglycoside 1, and
maltoside 16, respectively. In comparison, the bisglycosides
displayed a lower lethal effect toward the cells than the
maltoside 16. However, the boranyl thiol mercaptoundecahy-
drododecaborate (BSH; 30),? which was applied in '°B-enriched
form, had the strongest lethal effect after exposure to the cancer
cells and their subsequent treatment with the neutron beam.

o
© W

® o

30

Conclusions

For the treatment of cancer by using the neutron capture
therapy, boron compounds were applied which accumulated in
cells. However, a differentiation between malignant and normal
cells has not been possible so far. In a new concept we
developed novel carboranyl bisglycosides that do not penetrate
the cell membranes, but could be selectively transformed at the
surface of malignant cells into boron compounds, which can
then be taken up by the cells. The transformation can be
achieved by using a conjugate of an enzyme and a monoclonal
antibody, which selectively binds to the tumor cell surface. The
new compounds are highly water-soluble and show a low
cytotoxicity in cell culture tests. In the in vitro studies, the boron
incorporation with carboranyl bisglucoside 10 and mixed
bisglycoside 1 into B-16 melanoma and C6 cells was very low
in comparison to the application of maltoside 16 and BPA (29).
Irradiation with a thermal neutron beam had only a slightly
higher lethal effect on C6 glioma cells after exposure to the
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boron compounds in comparison with the control experiment.
The results clearly indicate that the bisglycosides are not taken
up into the cells due to the two hydrophilic sugar moieties at
both ends of the lipophilic carborane core. As shown in the
enzymatic assay, these compounds together with an antibody -
glucohydrolase conjugate could be used for the selective
delivery of boron into malignant cells by the enzymatic
formation of a lipophilic carborane moiety directly at the tumor
cell surface, which can then penetrate the cell membrane.

Experimental Section

Synthesis of the carboranyl bisglycosides

General: '"H NMR and *C NMR spectroscopy: Varian XL-500, XL-300
and VXR-200, Bruker AM-300; multiplicities were determined with an
APT pulse sequence. Mass spectrometry: Varian MAT 311A. The
prepared boron compounds contain the normal isotopic distribution
of boron. A broad family of peaks is therefore detected together with
the highest peaks, which correlate to "B as the main isotope being
cited. IR spectroscopy: Bruker IFS 25. Elemental analyses were carried
out in the analytical laboratory of the University of Gottingen.

All solvents were distilled prior to use. Reagents and materials were
obtained from commercial suppliers and were used without further
purification. All reactions were carried out under argon and
monitored by TLC (Macherey-Nagel & Co., Polygram SILG/UV,s,).
Products were isolated by column chromatography on silica gel
(Merck).

1,2-Bis(benzyloxymethyl)-1,2-dicarba-closo-dodecaborane (3):
Decaborane(14) (768 mg, 6.28 mmol, 1.2 equiv) in CH;CN (10 mL)
was heated at reflux for 30 min, then a solution of alkyne 2 (1.43 g,
5.37 mmol) in toluene (10 mL) was added and heating was continued
for 39 h. For work-up methanol (1 mL) was added and the solution
was heated for 10 min at reflux and then cooled to room temper-
ature. Solvents were evaporated invacuo and the residue was
purified by gradient column chromatography (petroleum ether/ethyl
acetate, 100:1—10:1) to afford 3 (990 mg, 2.57 mmol, 48%) as a
white solid. R; (petroleum ether) = 0.25; IR (KBr): 7 = 3084, 3060, 3030,
3012 (C—H), 2952, 2918, 2868 (C—H), 2634, 2604, 2564 (B—H), 742, 698
(arom); 'H NMR (200 MHz, CDCl,): 6 =3.89 (s, 4H, CH,Ccp), 4.41 (s, 4H,
CH,Ph), 716 - 7.38 (m, 10H, Ph-H); *C NMR (50 MHz, CDCl): 6 = 69.86
(CH,Cep), 73.28 (CH,Ph), 76.37 (Cep), 127,53, 128.07, 128.50, 136.63
(arom); elemental analysis (%): calcd for C;gH,4B;,0, (384.5): C 56.23,
H 7.34; found: C 56.50, H 7.53.

1,2-Bis(hydroxymethyl)-1,2-dicarba-closo-dodecaborane (4): A
mixture of borane 3 (1.23 g, 3.20 mmol) and Pd/C (348 mg, 10%
Pd) in ethyl acetate (22 mL) and methanol (10 mL) was shaken in a
hydrogen atmosphere (2.5bar) at room temperature for 18h.
Filtration, evaporation of the solvents, and filtration through a short
column of silica (petroleum ether/ethyl acetate, 2:1) gave 4 (537 mg,
2.63 mmol, 82 %) as a white solid. IR (KBr): 7 =3360 (O—H), 2954, 2884
(C—H), 2590 (B—H); "H NMR (200 MHz, [D,Jmethanol): 6 =4.10 (s, 4H,
2 x CH,); CNMR (50 MHz, [D,Jmethanol): 6 =64.18 (CH,), 81.78
(Ceg); MS (El): m/z (%): 186 (100) [M —H,0I* (calcd for C,H;¢B;,0,:
204.3).
1,2-Bis(2a,3a,6a,2b,3b,4b,6b-hepta-O-acetyl-f-p-lactopyranosyl-
methyl)-1,2-dicarba-closo-dodecaborane (6): A solution of the
carboranyl diol 4 (239 mg, 1.17 mmol) in dichloromethane (20 mL)
was stirred at room temperature for 10 min over molecular sieves
(3A), then a solution of lactose trichloroacetimidate (5) (2.58 g,
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3.30 mmol, 2.8 equiv) in dichloromethane (5 mL) was added and the
mixture was again stirred for 10min. Subsequently, BF;-Et,0
(0.20 mL, 1.6 mmol) was added and stirring at room temperature
was continued for 18.5 h. The reaction was quenched by addition of
a 3:1 mixture of triethylamine and methanol (1 mL), then the organic
layer was washed with water, brine, dried with sodium sulfate and
concentrated in vacuo. Purification by gradient column chromatog-
raphy (ethyl acetate/petroleum ether, 3.5:1 —2:1) gave 6 (1.14g,
0.79 mmol, 68%) as a white solid. R; (petroleum ether/ethyl acetate,
1:2)=0.43; [a]® =—-270 (c=0.5, chloroform); IR (KBr): #=2962,
2893 (C—H), 2589 (B—H), 1761 (C=0), 1371 (OCOCH,), 1224 (C-0);
'HNMR (500 MHz, CDCl,): 6 =1.95, 2.02, 2.03, 2.04, 2.06, 2.12, 2.13
(7s, 42H, 14 x CH,), 3.61 (ddd, J=10.1, 5.3, 2.1 Hz, 2H, 5a-H), 3.80 (t,
J=9.1Hz, 2H, 4a-H), 3.86- 3.89 (m, 2H, 5b-H), 3.94 (d, J=12.8 Hz,
2H, CH(a)H(b)C), 4.05 (dd, J=11.2, 7.5 Hz, 2H, 6b-H(a)), 4.09 (dd, J=
8.9, 5.3 Hz, 2H, 6a-H(a)), 4.12 (dd, J=8.9, 6.2 Hz, 2H, 6a-H(b)), 4.22 (d,
J=12.8 Hz, 2H, CH(@)H(b)C), 4.45 (dd, J=12.2, 1.9 Hz, 2 H, 6b-H(b)),
4.47 (d, J=8.0Hz, 2H, 1a-H or 1b-H), 449 (d, J=8.5Hz 2H, 1a-H or
1b-H), 4.87 (dd, J=9.6, 7.8 Hz, 2H, 2a-H), 4.95 (dd, J=10.3,3.5 Hz, 2 H,
3b-H), 5.08 (dd, J=10.5, 79 Hz, 2H, 2b-H), 5.17 (t, /=9.2 Hz, 2H, 3a-
H), 5.33 (dd, J=3.4, 0.9 Hz, 2H, 4b-H); '*C NMR (50 MHz, CDCl,): 6 =
20.48, 20.58, 20.60, 20.66, 20.74, 20.85 (CH,), 60.69, 61.74 (C-6a, C-6b),
68.60 (CH,Ccg), 66.54, 69.04, 70.62, 70.88, 71.08, 72.24, 72.89, 75.82 (C-
2a, C-3a, C-4a, C-53, C-2b, C-3b, C-4b, C-5b), 75.70 (Ccg), 100.3, 100.9
(C-1a, C-1b), 169.0, 169.5, 169.6, 170.0, 170.1 170.3, 170.3 (OAc); MS
(DCl): m/z (%): 1460 (100) [M+NH,+H]*, 1459 (98) [M+NH,]*;
elemental analysis (%): calcd for CsgHgsB10056 (1441): C 46.67, H 5.87;
found: C 46.38, H 5.62.

1,2-Bis(f#-p-lactopyranosylmethyl)-1,2-dicarba-closo-dodecabor-
ane (7): A solution of carboranyl bislactoside 6 (585 mg, 0.41 mmol)
in methanol (10 mL) was added to a solution of sodium methoxide
(0.10 mL, 5.4m). The mixture was stirred for 135min at room
temperature and the reaction was quenched by addition of
Amberlyte IR-120 resin (H* form). The mixture was filtered, the
solvent evaporated in vacuo, and the residue purified by column
chromatography (methanol/chloroform, 1:1) to give 7 (256 mg,
0.30 mmol, 74 %) as a slightly yellow foam. R; (methanol/chloroform,
1:1)=0.52; [a]®=—270 (c=0.5, methanol); IR (KBr): 7=3406
(O—H), 2924, 2890 (C—H), 2586 (B—H); 'H NMR (500 MHz, [D,]Jmeth-
anol): 6 =3.42 (ddd, /=94, 4.4, 2.4Hz, 2H, 5a-H), 3.47 (dd, J=9.7,
3.3 Hz, 2H, 2b-H), 3.50 (t, J=9.0 Hz, 2H), 3.52-3.55 (m, 2H), 3.57 -
3.62 (m, 4H), 3.69 (dd, J=11.4, 4.5 Hz, 2 H, 6a-H or 6b-H), 3.77 (dd, J =
12.4,7.5 Hz, 2H, 6a-H or 6b-H), 3.80 - 3.84 (m, 4H, 6a-H or 6b-H, 4b-H),
3.90 (dd, J=12.1, 2.3 Hz, 2H, 6a-H or 6b-H), 4.31 (d, /=123 Hz, 2H,
OCOCH(a)H(B)), 434 (d, J=75Hz, 2H, 1a-H or 1b-H), 445 (d, J=
8.0Hz, 2H, 1a-H or 1b-H), 4.46 (d, J=12.4Hz, 2H, OCOCH(a)H(3));
13C NMR (200 MHz, [D,Jmethanol): 6 = 61.72, 62.46 (C-6a, C-6b), 69.94
(CH,0CO0), 70.21, 72.45, 74.31, 74.66, 76.38, 76.51, 76.97, 80.31 (C-2a,
C-3a, C-4a, C-5a, C-2b, C-3b, C-4b, C-5b), 77.69 (Ccg), 103.5, 104.9 (C-
1a, C-1b); MS (ESI): m/z (%): 877 (100) [M+Na-+HI*, 1728 (35)
[2M+Na — H]* (calcd for CygHsgB;40,5: 852.9).

1,2-Bis(2a,3a,4a,6a-tetra-O-acetyl-f-p-glucopyranosylmethyl)-1,2-
dicarba-closo-dodecaborane (9): A solution of glucose trichloro-
acetimidate (8) (3.22 g, 6.54 mmol, 4.0 equiv) and the carboranyl diol
4 (338 mg, 1.65 mmol) in dichloromethane (40 mL) was stirred for
1.5 h over molecular sieves (3 A), then BF;-Et,0 (0.20 mL, 1.6 mmol)
was added and stirring was continued for 15 h at room temperature.
Work-up as described for 6 gave 9 (1.19g, 1.37 mmol, 83%) as a
white solid after purification by column chromatography (petroleum
ether/ethyl acetate, 1:1). R; (petroleum ether/ethyl acetate, 1:1)=
0.25; [a]®=—41.4 (c=0.5, chloroform); IR (KBr): 7=2964, 2898
(C—H), 2585 (B—H), 1759 (C=0), 1371 (OCOCH,), 1234 (C=0); 'H NMR
(500 MHz, CDCly): 6 =2.02, 2.03, 2.10, 2.11 (4s, 24H, 8 x CH,), 3.70
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(dd, J=10.1, 45, 24Hz, 2H, 5a-H), 399 (d, J=13.0Hz, 2H,
CH(a)H(B)Ccs), 4.12 (dd, J=12.3, 2.3 Hz, 2H, 6a-H(a)), 4.27 (dd, J=
12.5, 4.4 Hz, 2 H, 6a-H(p)). 4.29 (d, J=12.9 Hz, 2H, CH(@)H(3)Cc3), 4.52
(d, J=7.7 Hz, 2H, 1a-H), 4.99 (dd, J= 9.6, 8.0 Hz, 2H, 2a-H), 5.06 (t, J=
9.7 Hz, 2H, 4a-H), 5.20 (t, J=9.5Hz, 2H, 3a-H); *CNMR (50 MHz,
CDCly): 6 =20.54, 20.63, 20.68 (CH5), 61.48 (C-6a), 67.95, 70.75, 72.06,
72.28 (C-2a, C-3a, C-4a, C-5a), 68.85 (CH,Ccy), 75.86 (Ccp), 100.8 (C-1a),
169.2, 169.3, 170.1, 170.5 (OAc); MS (DCl): m/z (%): 884 (100)
[M+NH,+H]*; elemental analysis (%): calcd for C;,Hs,B;00,, (864.9): C
44.44, H 6.06; found: C 44.37, H 5.83.

1,2-Bis(#-p-glucopyranosylmethyl)-1,2-dicarba-closo-dodecabor-
ane (10): A solution of the carboranyl bisglucoside 9 (626 mg,
0.72 mmol) in methanol (20 mL) was treated with sodium methoxide
(0.20 mL) for 150 min at room temperature as described for 7.
Twofold purification by column chromatography (ethyl acetate/
methanol, 3:1; and dichloromethane/methanol, 5:2) gave the
bisglucoside 10 (248 mg, 0.47 mmol, 65%) as a white foam. [a]® =
—20.2 (¢ =0.5, methanol); IR (KBr): 7= 3385 (O—H), 2924, 2888 (C—H),
2588 (B—H); "H NMR (300 MHz, [D,]Jmethanol): 6 =3.18-3.36 (m, 8H,
2a-H, 3a-H, 4a-H, 6a-H(a)), 3.61-3.67 (m, 2H, 5a-H), 3.84-3.88 (m,
2H, 6a-H(B)), 4.28 (d, J= 12.4 Hz, 2 H, CH(@)H(b)Ccz), 4.40 (d, J=7.6 Hz,
2H, 1a-H), 4.49 (d, J=12.4 Hz, 2H, CH(a)H(b)Cc); *C NMR (50 MHz,
[DJmethanol): § = 62.65 (C-6a), 69.95 (CczCH,), 71.41, 74.77, 78.09 (C-
2a, C-3a, C-4a, C-5a), 77.87 (Ccp), 103.8 (C-1a); MS (DCI): m/z (%): 547
(100) [IM+NH,]* (calcd for CigH34B1001,: 528.6).

4-Benzyloxy-2-butyn-1-yl 2a,3a,4a,6a-tetra-O-acetyl-¢-p-manno-
pyranoside (12): TMSOTf (40 mL, 0.22 mmol) was added to an ice-
cold solution of mannose trichloroacetimidate (11) (4.94g,
10.0 mmol) and 4-benzyloxy-2-butyn-1-ol (1.94g, 11.0 mmol,
1.1 equiv) in dichloromethane (60 mL) with stirring in the presence
of molecular sieves (4 A), and stirring was continued for 85 min.
Work-up as described for 6 and purification by column chromatog-
raphy (petroleum ether/ethyl acetate, 2:1) gave 12 (3.65g,
721 mmol, 72%) as a yellow viscous oil. R; (petroleum ether/ethyl
acetate, 2:1) =0.24; [a]®® =+58.8 (c=1, chloroform); IR (film): 7
2932, 2860 (C—H), 1752 (C=0), 1372 (OCOCH,), 1228 (C—0); '"H NMR
(500 MHz, CDCly): 6 =2.00, 2.04, 2.10, 2.16 (4s, 12H, 4 x CH;), 4.02
(ddd, J=9.8, 5.1, 2.5 Hz, 1H, 5a-H), 4.11 (dd, J=12.4, 2.4 Hz, 1H, 6a-
H(a)), 421 (t, J=1.7Hz, 2H, CH,C=CCH,0Bzl), 4.29 (dd, /=124,
5.2 Hz, 1H, 6a-H(f)), 432 (dt, J=15.6, 1.7 Hz, 1H, 1a-H(a)), 4.36 (dt,
J=15.7, 1.7 Hz, 1H, 1a-H(B)), 4.59 (s, 2H, CH,Ph), 5.04 (d, /=1.6 Hz,
1H, 1a-H), 5.29 (dd, /=3.3, 1.8 Hz, 1H, 2a-H), 5.32 (t, J=10.2 Hz, TH,
4a-H), 5.36 (dd, J/=10.1, 3.2 Hz, 1H, 3a-H), 7.29-736 (m, 5H, Ph-H);
13C NMR (50 MHz, CDCly): 6 = 20.67, 20.72, 20.86 (4 x CH5), 55.07, 57.26
(2 x CH,C=(), 62.30 (C-6a), 65.99, 68.91, 69.34 (C-2a, C-3a, C-4a, C-5a),
71.77 (CH,Ph), 80.61, 83.47 (2 x C=C), 96.00 (C-1a), 127.9, 128.0, 128.4,
1372 (Ph-C), 169.6, 169.8, 169.9, 170.6 (4 x OAc); MS (DCl): m/z (%):
524.3 (100) [M+NH,]* (calcd for C,5H5,0;;: 506.5).

2-Hydroxymethyl-1-(2a,3a,4a,6a-tetra-O-acetyl-a-p-mannopyra-

nosylmethyl)-1,2-dicarba-closo-dodecaborane  (14): Decabor-
ane(14) (1.06 g, 8.67 mmol, 1.4 equiv) was heated in CH;CN (20 mL)
at reflux for 30 min, then a solution of alkynyl mannoside 12 (3.07 g,
6.06 mmol) in toluene (20 mL) was added and heating was continued
for 15 h. Work-up as described for 3 and purification by column
chromatography (petroleum ether/ethyl acetate, 2:1) afforded 13
(2.61 g; slightly impure according to TLC) which was directly used in
the next step. R; (petroleum ether/ethyl acetate, 2:1) =0.35; '"H NMR
(300 MHz, CDCly): 6 =2.01, 2.06, 2.08, 2.16 (45, 12H, 4 x CH,), 3.86 -
3.91 (m, 1H, 5a-H), 3.96 (d, J=12.1 Hz, 1H, C;CH(a)H(B)OBzl), 4.03 (s,

2H, CH,Ph), 4.06 (dd, /=124, 2.2Hz, 1H, 6a-H(a)), 4.16 (d, J=
12.1 Hz, 1H, CCH(a)H(3)OBzl), 4.21 (dd J=12.2, 54Hz, 1H, 6a-
H(B)), 455 (d, J=12.1Hz, 1H, OCOCH(a)H(B)), 4.61 (d, J=12.0 Hz,
1H, OCOCH(a)H(p)), 4.68 (d, J=1.1 Hz, 1H, 1a-H), 5.21-5.27 (m, 3H,
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2a-H, 3a-H, 4a-H), 7.27 -7.39 (m, 5H, Ph-H); 3*C NMR (50 MHz, CDCl,):
0=120.59, 20.64, 20.76 (4 x CH,), 62.14 (C-6a), 65.44, 68.68, 68.78,
69.51 (C-2a, C-3a, C-4a, C-5a), 67.42 (OCOCH,), 70.08 (CH,0Bzl), 73.46
(PhCH,), 74.54, 76.32 (2 x Cp), 97.14 (C-1a), 127.8, 128.2, 128.6, 136.4
(Ph-C), 169.6, 169.8, 169.8, 170.4 (4 x OAc); MS (DCI): m/z (%): 643
(100) [M+NH,]* (calcd for Cy5H40B1001;: 624.7).

A solution of 13 (2.12 g) in a mixture of methanol (10 mL) and ethyl
acetate (10 mL) was hydrogenated by using palladium on carbon
(10% Pd, 1.489) as the catalyst at 3 bar H, within 24 h at room
temperature. The mixture was filtered and concentrated, and the
residue was purified by gradient column chromatography (ethyl
acetate/petroleum ether, 1.25:1 —1.5:1) to afford 14 (980 mg,
1.83 mmol, 37% based on 12) as a white foam. R; (petroleum
ether/ethyl acetate, 1:1)=0.29; [a]® =+40.7 (c=1, chloroform); IR
(KBr): #=3002, 2958, 2894 (C—H), 2584 (B—H), 1748 (C=0), 1372
(OCOCH;), 1240, 1226 (C—0); '"HNMR (500 MHz, CDCl;): 6 =2.02,
2.08, 2.11, 2.17 (4s, 12H, 4 x CH,), 2.70-2.82 (brs, 1H, OH, D,0
exchange), 3.97 (ddd, J=9.7, 5.6, 2.6 Hz, 1H, 5a-H), 4.10 (d, J=
11.6 Hz, 1H, OCOCH(a)H(B)), 4.12-4.16 (m, 1H, 6a-H(a)), 4.20 (s,
2H, CH,OH), 4.25 (dd, J=12.4, 52 Hz, 1H, 6a-H(3)), 4.28 (d, J=
12.0 Hz, 1H, OCOCH(a)H(f)), 4.86 (s, 1H, 1a-H), 5.22-5.33 (m, 3H,
2a-H, 3a-H, 4a-H); *CNMR (50 MHz, CDCl,): 6 =20.64, 20.67, 20.78
(4 x CH,), 62.33 (C-6a), 64.04 (CH,OH), 65.47, 68.72, 68.89, 69.67 (C-2a,
C-3a, C-4a, C-5a), 67.66 (OCOCH,), 74.88, 78.84 (2 x Cp), 97.20 (C-1a),
169.7, 170, 170.1, 170.7 (4 x OAc); MS (DCl): m/z (%): 595 (10)
[M+NH,+acetyl]*, 552 (62) [M+NH,]*, 366 (100) [C;,H;s0:0+NH, —
H]*; elemental analysis (%): calcd for C;gH5,B;,0;; (534.6): C 40.44, H
6.41; found: C 40.47, H 6.69.

1-(2a,3a,4a,6a-Tetra-O-acetyl-a-p-glucopyranosylmethyl)-2-
(2b,3b,4b,6b-tetra-O-acetyl-a-p-mannopyranosylmethyl)-1,2-di-
carba-closo-dodecaborane (15): BF; - Et,O (0.10 mL, 0.80 mmol) was
added to a mixture of glucose trichloroacetimidate (8) (646 mg,
1.31 mmol, 1.6 equiv), mannose carboranyl alcohol 14 (452 mg,
0.85 mmol) and molecular sieves (4 A) in dichloromethane (20 mL)
with stirring at room temperature. After 145 min BF;- Et,O (0.10 mL,
0.80 mmol) was added and stirring was continued for 4.5 h. Work-up
as described for 6 and column chromatography (petroleum ether/
ethyl acetate, 1:1) gave bisglucoside 15 (482 mg, 0.56 mmol, 66 %) as
a white foam. [a]Z’ =+ 14.8 (c=0.5, chloroform); IR (KBr): 7=2961,
2898 (C—H), 2590 (B—H), 1754 (C=0), 1371 (OCOCH,), 1226 (C-0);
'"HNMR (300 MHz, CDCl;): 6 =2.00, 2.01, 2.02, 2.08, 2.09, 2.10, 2.11,
2.16 (8s,24H, 8 x CH,), 3.72 (ddd, J/=9.8, 4.5, 2.3 Hz, 1H, 5a-H), 3.91 -
3.97 (m, 1H, 5b-H), 4.04 (d, J=12.0 Hz, 2H, 2 x CH(a)H(B)Cz), 4.07 -
4.29 (m, 5H), 419 (d, J=12.1Hz, 1H, CH(a)H(B)Cg), 4.40 (d, J=
12.5Hz, 1H, CH(a)H(B)Cg), 4.57 (d, J=79Hz, 1H, 1a-H), 4.85 (d,
J=15Hz 1H, 1b-H), 5.03 (dd, J=9.8, 79 Hz, 1H, 2a-H), 5.10 (t, J=
9.8 Hz, 1H), 5.20-5.34 (m, 3H); *C NMR (200 MHz, CDCl,): 6 = 20.62,
20.70, 20.79 (CH,), 61.43, 61.55 (C-6a, C-6b), 62.28, 65.42, 67.38, 67.98,
68.76, 68.96, 69.66, 70.56, 72.15, 74.76, 74.85, 77.20, 96.85 (C-1b),
100.5 (C-1a), 169.2, 169.3, 169.7, 169.8, 169.9, 170.1, 170.4, 170.5
(OAC); MS (DCl): m/z (%): 884 [M+NH,+H]* (calcd for C5,H5,B1005:
864.9).

1-(f-p-Glucopyranosylmethyl)-2-(a-p-mannopyranosylmethyl)-

1,2-dicarba-closo-dodecaborane (1): The carboranyl bisglycoside 15
(336 mg, 0.39 mmol) dissolved in methanol (10 mL) was deprotected
within 50 min at room temperature by using a sodium methoxide
solution (0.10 mL) as described for 7. Purification by gradient column
chromatography (ethyl acetate/methanol, 4:1—3.5:1) gave 1
(135mg, 0.26 mmol, 66%) as a white foam. R; (ethyl acetate/
methanol, 4:1)=0.12; [a]%’ = + 30.8 (c=0.5, methanol); IR (KBr): 7=
3386 (O—H), 2930, 2892 (C—H), 2588 (B—H); 'H NMR (300 MHz,
[D,Jmethanol): 6 =3.25-3.27 (m, 1H), 3.50-3.71 (m, 6H), 3.83-3.89
(m, 4H), 4.14 (d, J=12.4Hz, 1H, CH(@)H($)Cc), 4.15 (d, J=12.1 Hz,
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1H, CH(a)H(B)Ccp), 4.31 (d, J=13.2 Hz, 1H, CH(a)H(B)Cg), 4.32 (d, J =
8.0 Hz, 1H, 1a-H), 450 (d, J=12.1 Hz, 1H, CH(a)H(5)Cc), 4.58-4.60
(br signal, TH, 1b-H); '*CNMR (50 MHz, [D,Jmethanol): ¢ =62.48,
62.86 (C-6a, C-6b), 68.11,68.31,69.92, 71.22, 71.51, 72.38, 74.74, 75.53,
7762, 77.97, 78.13, 101.6, 103.8 (C-1a, C-1b); MS (DCI): m/z (%): 546
(100) [M+NH, 1* (calcd for CygHssB1o01,: 528.6).

4-Benzyloxy-2-butyn-1-yl  2a,3a,4a,6a-tetra-O-acetyl--p-gluco-
pyranoside (17): Reaction of glucose trichloroacetimidate (8)
(2849, 576 mmol, 1.07 equiv) and 4-benzyloxy-2-butyn-1-ol
(950 mg, 5.39 mmol) in dichloromethane (50 mL) for 165 min at
room temperature over molecular sieves (3 A) using BF;-Et,0
(0.30 mL, 2.4 mmol) as described for 6 gave, after purification by
column chromatography (petroleum ether/ethyl acetate, 2:1), 17
(1.89 g, 3.73 mmol, 69 %) as a slightly yellow viscous oil. [a]Z® = — 33.3
(c=1, chloroform); IR (film): 7 = 3032, 2942, 2872 (C—H), 1756 (C=0),
1368 (OCOCH;), 1225 (C—0); '"H NMR (300 MHz, CDCl,): 6 =2.01, 2.03,
2.04,2.08 (45, 12H, 4 x CH;), 3.71 (ddd, J=10.0, 4.5, 2.5 Hz, 1 H, 5-H),
414 (dd, J=12.4, 2.3 Hz, 1H, 6a-H(a), 4.22 (t, J= 1.7 Hz, 2H, CH,C=C),
4.27 (dd, J=12.4,4.5 Hz, 1H, 6a-H(b)), 4.44 (t, /= 1.9 Hz, 2 H, CH,C=Q),
4.60 (s, 2H, CH,Ph), 4.78 (d, J=8.3 Hz, 1H, 1a-H), 5.02 (dd, /=94,
79 Hz, 1H, 2a-H), 5.1 (t, J=9.6 Hz, 1H, 4a-H), 5.25 (t, J=9.4 Hz, 1H,
3a-H); CNMR (50 MHz, CDCl,): 6 =20.60, 20.69, 20.72 (4 x CH,),
56.25, 57.28 (2 x CH,C=(), 61.74 (C-6a), 68.26, 71.02, 71.90, 72.80 (C-
2a, C-3a, C-4a, C-5a), 71.73 (CH,Ph), 80.92, 83.38 (2 x C(=C), 98.15 (C-
1a), 128.0, 128.1, 128.5, 137.2 (4 x Ph-C), 169.4, 170.2, 170.6 (OAc); MS
(DCI): m/z (%): 525 (100) [M+NH,]*; elemental analysis (%): calcd for
C,sHs00y; (506.5): C 59.28, H 5.79; found: C 59.20, H 5.96.

1-Benzyloxymethyl-1,2-dicarba-closo-dodecaborane (21): Deca-
borane(14) (788 mg, 6.45 mmol, 1.25 equiv) and acetonitrile (20 mL)
were heated at reflux for 30 min, then a solution of alkyne 20
(735 mg, 5.15 mmol) in toluene (20 mL) was added and the solution
was heated at reflux for 20 h. Work-up as described for 3, purification
by column chromatography (petroleum ether/ethyl acetate, 10:1),
and recrystallization from n-pentane gave 21 (810 mg, 3.06 mmol,
60 %) as a white solid. R; (petroleum ether/ethyl acetate, 10:1) = 0.64;
IR (KBr): 7=3083 (carborane C—H), 3060, 3039, 2891, 2867, 2848
(C—H), 2634, 2605, 2586, 2572, 2559 (B—H); '"H NMR (200 MHz, CDCl,):
0=3.88 (s, 2H, CH,Cq), 3.95-4.01 (brs, 1H, carborane C-H), 4.54 (s,
2H, CH,Ph), 7.25-7.39 (m, 5H, Ph-H); *CNMR (50 MHz, CDCl,): 6 =
57.65 (carborane C-H), 70.79 (CH,Cg), 72.46 (carborane C), 73.70
(CH,Ph), 127.7, 128.4, 128.7, 136.2 (4 x Ph-C); MS (El): m/z (%): 264 (21)
[M]*, 92 (100) [Bzl+H]*, 91 (91) [Bzl]*; HR-MS: m/z: calcd. 266.2445;
found 266.2444; elemental analysis (%): calcd for C,qH,,B;,0 (264.4):
C 45.43, H 7.63; found: C 45.16, H 7.39.

4-Acetoxy-2-butyn-1-yl benzyl ether (24): To an ice-cold solution of
4-benzyloxy-2-butyn-1-ol (23) (3.09 g, 17.5 mmol) and Ac,0 (6.0 mL)
in dichloromethane (100 mL) were added DMAP (115 mg, 0.94 mmol)
and NEt; (10 mL) and the solution was stirred at room temperature
for 18 h. The reaction was quenched by addition of aqueous HCl (1 m,
50 mL). Then the organic layer was separated and washed with
aqueous HCl (1m, 2 x 30 mL), sat. NaHCO; solution, and brine, and
dried with sodium sulfate. Distillation (bp 138°C, 0.1 mbar) gave 24
(3.42 g, 15.7 mmol, 89%) as a slightly yellow liquid. R; (petroleum
ether/ethyl acetate, 10:1) = 0.24; IR (film): 7=2942, 2856 (C—H), 1748
(C=0), 1379 (OCOCH;), 1224 (C-0), 741, 699 (Ph); "H NMR (200 MHz,
CDCly): 6 =2.11 (s, 3H, CH5), 4.21 (t, J=1.8 Hz, 2H, BzIOCH,C=C), 4.59
(s, 2H, CH,Ph), 4.74 (t, J= 1.7 Hz, 2H, AcOCH,C=C), 7.25-7.40 (m, 5H,
Ph-H); *CNMR (50 MHz, CDCl;): 6 =20.67 (CHs), 52.20, 57.22 (2 x
CH,C=C), 71.63 (CH,Ph), 80.45, 82.68 (2 x C=C), 127.8, 128.0, 128.4,
1371 (4 xPh-C), 170.1 (OAc); MS (El): m/z (%): 146 (37)
[BzIOCH,C=CCH,+HI*, 107 (43) [BzIO]*, 91 (92) [BzI]*, 43 (100)
[Ac]l*; HR-MS for C;5H,,0;5 (218.3): calcd. 218.0943; found 218.0942.
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1-Acetoxymethyl-2-benzyloxymethyl-1,2-dicarba-closo-dodeca-

borane (25): Decaborane(14) (991 mg, 8.11 mmol, 1.4 equiv) in
acetonitrile (20 mL) was heated at reflux for 30 min, then alkyne 24
(1.26 g, 5.77 mmol) in toluene (20 mL) was added and the solution
was heated at reflux for 13.5 h. Work-up as described for 3 and
purification by column chromatography (petroleum ether/ethyl
acetate, 10:1) gave carborane 25 (1.23g, 3.66 mmol, 63%) as a
white solid. R; (petroleum ether/ethyl acetate 10:1) =0.33; IR (KBr):
7=3090, 3066, 3038, 2879 (C—H), 2598, 2574 (B—H), 1747 (C=0), 1363
(OCOCH,), 1233 (C—0); '"HNMR (200 MHz, CDCl;): 6 =2.04 (s, 3H,
CHs), 4.00 (s, 2H, BzIOCH,C¢g), 4.56 (s, 2H, CH,Ph or AcOCH,Ccp), 4.62
(s, 2H, CH,Ph or AcOCH,Ccg), 722-740 (m, 5H, Ph-H); 3C NMR
(50 MHz, CDCl,): 6=20.40 (CH,), 62.41, 70.09 (2 x CH,Cp), 73.48
(CH,Ph), 74.60, 77.23 (2 x Ccg), 127.6, 128.2, 128.6, 136.3 (4 x Ph-C); MS
(ED): m/z (%): 336 (7) [M]*, 293 (8) [M — Ac]*; elemental analysis (%):
calcd for Ci5H,,B;0,0; (336.4): C 46.41, H 7.19; found: C 46.71, H 7.43.

1-Benzyloxymethyl-2-hydroxymethyl-1,2-dicarba-closo-dodeca-
borane (22): Method A: Deprotection of carborane 25: A solution of
carborane 25 (1.11 g, 3.29 mmol) in methanol (10 mL) was treated
with a solution of sodium methoxide (0.10 mL, 5.4m in methanol) for
60 min at room temperature; then the reaction was quenched by
addition of Amberlyte IR-120 resin (H form). After filtration and
evaporation of the solvent invacuo, the residue was purified by
column chromatography (petroleum ether/ethyl acetate, 4:1) to
afford the carboranyl alcohol 22 (764 mg, 2.60 mmol, 79 %) as a white
solid.

Method B: Reaction of carborane 21 with formaldehyde: A solution of
carborane 21 (1.32 g, 4.99 mmol) in THF (7 mL) was added at room
temperature to a solution of paraformaldehyde (374 mg, 12.5 mmol,
2.5 equiv) in THF (30 mL). Then a solution of tetrabutylammonium
fluoride trihydrate (4.94 g, 15.7 mmol, 3.1 equiv) in THF (12 mL) was
rapidly added by syringe and the mixture was stirred for 30 min. The
reaction was quenched by addition of an aq sat. ammonium chloride
solution (25 mL), water (100 mL), and diethyl ether (50 mL). The
organic layer was separated, washed with water (100 mL), brine
(50 mL), and dried with sodium sulfate. The solvents were evapo-
rated and the residue was purified by flash chromatography
(petroleum ether/ethyl acetate, 4:1) to afford carboranyl alcohol 22
(1.28 g, 4.35 mmol, 87 %) as a white solid. R; (petroleum ether/ethyl
acetate, 6:1)=0.15; IR (KBr): 7=3089, 3067, 3034, 2878 (C—H), 2591
(B—H); '"H NMR (200 MHz, CDCl,): 6 =2.85 (t, /=77 Hz, 1H, OH), 4.07
(s, 2H, BzIOCH,C¢g), 4.07 (d, J=7.6 Hz, CH,OH), 4.59 (s, 2H, CH,Ph),
7.25-7.42 (m, 5H, Ph-H); *C NMR (50 MHz, CDCl,): 6 =64.18 (CH,0OH),
70.61 (CzCH,0OCH,), 74.03 (CH,Ph), 75.62, 78.85 (2 x Ccg), 127.9, 128.7,
128.8, 135.5 (4 x Ph-C); MS (El): m/z (%): 294 (10) [M]*, 107 (100)
[BzIO]*, 91 (64) [BzI]*; elemental analysis (%): calcd for C;;H,,B,,0,
(294.4): C 44.88, H 7.53; found: C 44.72, H 7.24.

2-Hydroxymethyl-1-(2a,3a,4a,6a-tetra-O-acetyl-f-b-glucopyrano-

sylmethyl)-1,2-dicarba-closo-dodecaborane (19): Glycosidation of
carboranyl alcohol 22 and subsequent deprotection: Reaction of
glucose trichloroacetimidate (8) (728 mg, 1.48 mmol, 1.3 equiv) and
carboranyl alcohol 22 (339 mg, 1.15mmol) in dichloromethane
(15mL) in the presence of molecular sieves (4 A) within 18 h at
room temperature using BF;-Et,0 (0.20 mL, 1.6 mmol) as promotor
as described for 6 gave 18 as a white foam (528 mg) after purification
by column chromatography (petroleum ether/ethyl acetate, 2:1). The
compound contained traces of trichloroacetamide and was used
without further purification in the next step. R; (petroleum ether/
ethyl acetate, 2:1) =0.31; IR (KBr): # =3032, 2958, 2936, 2893 (C—H),
2639, 2590, 2574, 2559 (B—H), 1751 (C=0), 1364 (OCOCH,), 1216
(C=0); 'H NMR (300 MHz, CDCl,): 6 =2.02, 2.03, 2.05, 2.08 (4s, 12H,
4 x CH,), 3.54 (ddd, J=9.8, 4.6, 2.3 Hz, 1H, 5a-H), 3.94 (d, /=11.6 Hz,
1H, CH(a)H(5)OBzl), 3.98 (d, J=11.6 Hz, 1H, OCOCH(a)H(p)), 4.00 (d,
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J=12.0Hz, 1H, CH(®)H(p)OBzl), 4.06 (dd, J=12.4, 23 Hz, 1H, 6a-
H(a)), 4.21 (dd, J=12.4, 4.5 Hz, 1H, 6a-H(f)), 436 (d, J=12.8 Hz, 1H,
OCOCH(a)H(b)), 4.43 (d, /=79 Hz, 1H, 1a-H), 453 (d, J/=11.6 Hz, 1H,
CH(a)H(B)OBzl), 4.59 (d, J=11.7 Hz, 1 H, CH(a)H(5)OBzl), 4.99 (dd, J=
9.4 Hz, 79Hz, 1H, 2a-H), 5.05 (t, J=9.2Hz, 1H, 4a-H), 5.15 (t, J=
9.4 Hz, 1H, 3a-H), 7.30-7.42 (m, 5H, Ph-H); *C NMR (50 MHz, CDCl,):
0 =20.55, 20.60, 20.64 (CH,), 61.48 (C-6a), 67.97, 70.65, 71.93, 72.25 (C-
2a, C-3a, C-4a, C-5a), 68.71, 70.05 (2 x CH,Ccg), 73.47 (PhCH,), 75.19,
76.58 (2 x Ceg), 1004 (C-1a), 1276, 128.3, 128.6, 136.5 (4 x Ph-C),
169.1, 169.3, 170.1, 170.4 (4 x OAc); MS (DCl): m/z (%): 644 (100)
[M-+NH,+HI* (calcd for CysH,0B100;;: 624.7).

A mixture of crude 18 and palladium on carbon (10%, 549 mg) in
ethyl acetate (10 mL) was shaken in a hydrogen atmosphere (3 bar)
for 18 h at room temperature. Work-up as described for 4 gave 19 as
a white foam (309 mg, 0.58 mmol, 50% based on 22) after
purification by column chromatography (petroleum ether/ethyl
acetate, 2:1). R; (petroleum ether/ethyl acetate, 1:1)=0.21; [a]¥ =
—34.0 (c=0.9, chloroform); IR (KBr): 7#=3493 (O—H), 2955, 2945
(C—H), 2593 (B—H), 1756 (C=0), 1227 (C—0); '"HNMR (300 MHz,
CDCly): 6 =2.02, 2.04, 2.11, 2.11 (4s, 12H, 4 x CH,), 2.90-3.06 (brs,
1H, OH), 3.71 (ddd, /=10.3, 4.1, 2.8 Hz, 1H, 5a-H), 4.07 (d, J=12.1 Hz,
1H, OCOCH(a)H(p)), 4.12 (s, 2H, CH,0H), 4.19 (dd, J=12.5,3.0 Hz, 1H,
6a-H(a)), 4.24 (dd, J=12.5, 42 Hz, 1H, 6a-H(j)), 4.44 (d, J=11.7 Hz,
1H, OCOCH(a)H(B)), 4.54 (d, /=79 Hz, 1H, 1a-H), 5.00 (dd, J=9.7,
79 Hz, 1H, 2a-H), 5.08 (t, J=9.7 Hz, 1H, 4a-H), 5.23 (t, J=9.4 Hz, 1H,
3a-H); *CNMR (50 MHz, CDCl,): 6 =20.56, 20.65, 20.74 (CH,), 61.39
(C-6a), 63.80 (CH,OH), 68.06, 70.70, 71.99, 72.31 (C-2a, C-3a, C4a,
C-5a), 68.92 (OCOCH,), 74.94, 79.00 (2 x Ccs), 99.98 (C-1a), 169.4,
169.8, 170.1, 170.8 (4 x OAC); MS (DCl): m/z (%): 553 (100) [M+NH,]*;
elemental analysis (%): calcd for C,gH3,B,,0;; (534.6): C 40.44, H 6.41;
found: C 40.71 H 6.36.1® In a second approach, 19 was also prepared
by reaction of alkynyl glucoside 17 with decaborane(14) followed by
debenzylation as described for 14 in 33 % overall yield.

1-(2a,3a,4a,6a-Tetra-O-acetyl-f#-b-galactopyranosylmethyl)-2-

(2b,3b,4b,6b-tetra-O-acetyl-f-p-glucopyranosylmethyl)-1,2-dicar-
ba-closo-dodecaborane (27): Reaction of galactose trichloroacet-
imidate 26 (287 mg, 0.58 mmol, 1.3 equiv) and glucose carboranyl
alcohol 19 (237 mg, 0.44 mmol) in dichloromethane (40 mL) over
molecular sieves (4A) with BF;-Et,0 (0.10mL, 0.80 mmol) as
promotor for 21 h at room temperature as described for 6 gave
the carboranyl bisglycoside 27 (190 mg, 0.22 mmol, 50%) as a white
solid after purification by column chromatography (petroleum ether/

ethyl acetate, 1:1). R; (petroleum ether/ethyl acetate, 1:1)=0.19;
[a]® =—39.4 (c=0.9, chloroform); IR (KBr): #=2963, 2893 (C—H),
2588 (B—H), 1754 (C=0), 1371 (OCOCH,), 1226 (C—0); 'H NMR

(500 MHz, CDCl5): 6 =2.00, 2.02, 2.03, 2.07, 2.11, 2.12, 2.17 (7s, 24H,
8 x CH,), 3.73 (ddd, /=10.0, 4.5, 2.4 Hz, 1H, 5b-H), 3.94 (td, /=6.7,
1.0 Hz, 1H, 5a-H), 4.02 (d, J/=13.1 Hz, 1H, OCOCH(a)H(B)Ccg), 4.03 (d,
J=13.0Hz, 1H, OCOCH(a)H()Cc), 4.12-4.16 (m, 3H, 6a-H(a), 6a-
H(B), 6b-H(a)), 429 (dd, J=12.5, 4.6 Hz, T1H, 6b-H(f)), 431 (d, J=
13.0Hz, 1H, OCOCH(a)H(B)Cc), 4.33 (d, J=13.0Hz, 1H, OCO-

(a)H(B)Ce), 4.51 (d, J=79Hz, 1H, 1a-H or 1b-H), 456 (d, J=
79Hz, 1H, 1a-H or 1b-H), 5.02 (dd, /=9.6, 79 Hz, 1H, 2b-H), 5.04
(dd, J=10.5, 3.5 Hz, 1H, 3a-H), 5.10 (t, J/=9.7 Hz, 1H, 4b-H), 5.20 (dd,
J=10.6, 7.7 Hz, 1H, 2a-H), 5.23 (t, J=9.5 Hz, 1H, 3b-H), 5.40 (dd, J=
3.4, 0.9Hz, 1H, 4a-H); *CNMR (50 MHz, CDCl;): 6 =20.56, 20.63,
20.67, 20.72, 20.82 (8 x CH,), 60.92, 61.58 (C-6a, C-6b), 68.80, 68.93
(2 x CH,Cg), 66.77, 68.03, 68.36, 70.46, 70.82, 71.06, 72.13, 72.35 (C-
2a, C-3a, C-4a, C-5a3, C-2b, C-3b, C-4b, C-5b), 76.13 (2 x Ccg), 101.0,
101.4 (C-1a, C-1b), 169.2, 169.3, 169.4, 170.0, 170.2, 170.3, 170.6 (8 X
OAc); MS (DCl): m/z (%): 884 (85) [M-+NH,+HI", 366 (100)
[Ci4H;60:0+NH,+H]"; elemental analysis (%): calcd for C;,Hs,B10050
(864.9): C 44.44, H 6.06; found: C 44.71, H 5.93.

CHEMBIOCHEM 2001, 2, 326 -334

1-(f-o-Galactopyranosylmethyl)-2-($-b-glucopyranosylmethyl)-
1,2-dicarba-closo-dodecaborane (28): A solution of sodium meth-
oxide (0.10mL, 5.4m) was added to carboranyl bisglycoside 27
(96 mg, 0.11 mmol) dissolved in methanol (10 mL) and the mixture
was stirred for 60 min at room temperature. Work-up as described for
7 and washing of the resulting colorless film with diethyl ether gave
carboranyl bisglycoside 28 as a white solid (59 mg, 99 %), which was
pure without further purification according to the NMR spectra. Rs
(dichloromethane/methanol, 5:2) =0.34; [a]3 = — 8.0 (c= 0.5, meth-
anol); IR (KBr): 7=3387 (OH), 2924, 2892 (C—H), 2587 (B—H); '"H NMR
(500 MHz, [D,Jmethanol): 6=3.20 (dd, J=9.1, 79Hz, 1H, 2b-H),
3.23-3.29(m, 2H),3.34 (t, J/=8.7 Hz, 1H), 3.44 (dd, J=9.6,3.3 Hz, 1H,
3a-H), 3.49-3.52 (m, 1H, 5a-H), 3.54 (dd, J=9.7, 7.8 Hz, 1H, 2a-H), 3.64
(dd, J=11.9, 5.5 Hz, 1H, 6a-H or 6b-H), 3.69 (dd, /=11.3, 48 Hz, 1H,
6a-H or 6b-H), 3.76 (dd, J=11.4, 7.2 Hz, 1 H, 6a-H or 6b-H), 3.80-3.81
(m, 1H, 4a-H), 3.86 (dd, J=11.9, 1.6 Hz, 1H, 6a-H or 6b-H), 4.28 (d, /=
12.3 Hz, TH, OCOCH(a)), 4.29 (d, J=12.4 Hz, 1H, OCOCH(a)), 4.34 (d,
J=78Hz, 1H, 1a-H or 1b-H), 4.41 (d, J=79Hz 1H, 1a-H or 1b-H),
4.49 (d, J=12.4Hz, 2H, 2 x OCOCH()); *C NMR (50 MHz, [D,Jmeth-
anol): 0 =62.36, 62.44 (C-6a, C-6b), 69.67, 69.78 (2 x CH,Ccy), 70.10,
71.23, 72.01, 74.68, 76.71, 77.72 (C-2a, C-3a, C-4a, C-5a, C-2b, C-3b,
C-4b, C-5b), 77.97 (2 x Cgg), 103.6, 104.1 (C-1a, C-1b); MS (DCl): m/z
(%): 546 (100) [M+NH,]* (calcd for C;gHseB1o015: 528.6).

Biological evaluation

Ezymatic assay: Mixed bisglycoside 28 (8.1 mg, 15.3 umol) and §-
galactosidase (from E. coli, Sigma G-2513, 2.3 U) in buffer (9.0 mL,
pH 7.3) prepared from KH,PO, (0.1m) and NaOH (0.1 m) solutions were
incubated at 37°C. After 24 h the glycoside was cleaved with 80%
conversion (TLC: dichloromethane/methanol, 2:1).

Cytotoxicity tests: Adherent cells of a human tumor cell line were
seeded in triplicate in six multiwell plates at concentrations of 10?,
103, 10% and 10° cells per cavity, and were incubated with freshly
prepared solutions of the compound to be tested at various
concentrations. After cultivation (12 d) at 37°C and 7.5% CO, in air,
the medium was removed; the clones were dried, stained with
Loffler's methylene blue, and counted under a microscope. The
relative clone-forming rate was determined according to the
following formula: relative clone-forming rate [%] = (number of
clones counted after exposure)/(number of clones counted in the
control) x 100. Cells for the toxicity tests were cultivated at 37 °C and
7.5% CO, in air in DMEM (Biochrom) supplemented with L-glutamine
(4 nm, Gibco), NaHCO; (44 nm, Biochrom), and 10% fetal calf serum
(FCS; heat-inactivated for 30 min at 56 °C, Gibco). During exposure of
the cells to the test substances, the medium did not contain any FCS
to prevent enzymatic hydrolysis by glycohydrolases.!™

Tumor cells for in vitro evaluation: B-16 melanoma and C6 rat
glioma cell lines were used in the biological study. B-16 cells were
maintained in Eagle’s MEM (Nissui Pure Industries, Osaka, Japan)
supplemented with 10% fetal bovine serum (JRH Biosciences) and
1% Antibiotics/Antimycotics solution (100X; Gibco BRL). C6 cells
were maintained in Eagle’'s MEM supplemented with 10% fetal
bovine serum (FBS; ICN Biochemicals Japan Co., Ltd.), gentamicin
sulfate (50 mgL~"), and amphotericin B (250 mgL~").

In vitro boron incorporation into B-16 melanoma cells: B-16
melanoma cells were cultured in Falcon 3025 dishes (150 mm &).
When the cells had grown to fill up the dish, the cell number was
counted (4.0-5.0 x 10° cells per dish). Since all glassware and living
organisms contain trace amounts of boron, one dish was used for a
control experiment in which no synthesized compounds were
added. The boron compounds, mixed glycoside 1 and bisglucoside
10 (1.0 and 5.0x 10~*m, 10.8 and 54 ppm boron, respectively),
carboranyl maltoside 16 (1.0 x 10~*m, 10.8 ppm boron) and BPA (29)
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(1.0 x 10-3m, 10.8 ppm boron) were added to the dishes. The cells
were incubated for 3-24 h at 37°C in 20 mL of the medium (Eagle-
MEM, 10 % FBS). The cells were washed three times with Ca- and Mg-
free phosphate-buffered saline [PBS(—)], collected, chemically
digested with 2 mL of 60% HCIO,/30% H,0, (1:2) solution and then
decomposed for 1 h at 75°C. After filtration through a membrane
filter (Millipore, 0.22 um), the boron concentration was determined
by ICP-AES (Shimadzu, ICPS-1000-I1l). The boron concentration of the
control experiment was subtracted from the boron concentrations of
the cells of each dish. Three replications of each experiment were
carried out. The average boron concentration of each fraction is
indicated in Table 1.

In vitro boron incorporation into C6 glioma cells: The cells in the
cell culture dishes that were in the growth phase were washed three
times with PBS(—) and were preincubated in the culture media
containing various concentrations of the compounds (5, 10, and
15 ppm). After incubation for 6 h, the cells were washed four times in
PBS(—) and the number of the viable cells was counted by the dye
exclusion method as described above. The cells were centrifuged
again and the supernatant was removed. Then the cells were
chemically digested with a mixture of 0.15 mL of 70% HCIO, and
0.3 mL of 30% H,0, at 75°C. After incubation for 1 h, the samples
became colorless and were diluted with 2.0 mL of distilled water and
filtered through a 0.45-um filter. ICP-AES (VR1200, SEIKO Electric Co.)
was used to measure boron concentrations in the samples. Finally,
the cellular uptakes of boron were calculated based on the measured
boron concentration of the digested samples and the number of the
tumor cells present in the samples.

In vitro thermal neutron irradiation: C6 cells in growth phase were
prepared in the cell culture dishes and reincubated in the culture
media containing 25 ppm (based on the boron concentration) of
carboranyl bisglucoside 10 and mixed glycoside 1, and 10 ppm of
maltoside 16 and BSH (30). After incubation for 6 h the cells were
trypsinized and washed four times in PBS(—), and suspensions with a
cell density of 2.0 x 10* cellsmL~" were prepared. One millilitre of the
suspension in column-shaped teflon tubes was irradiated with
thermal neutrons at the Kyoto University Research Reactor (KUR) at a
neutron flux of 1.95x 10°ncm—2s~". After the thermal neutron
exposure, a colony formation assay was performed in a routine
manner to evaluate the survival of the cells.

This work was generously supported by the Deutsche Forschungs-
gemeinschaft, the Japan Society for the Promotion of Science, and
the Fonds der Chemischen Industrie.
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Pure and Scrambled Self-Aggregates
Prepared with Zinc Analogues
of Bacteriochlorophylls ¢ and d

Tomohiro Miyatake, Toru Oba, and Hitoshi Tamiaki*!

Zinc analogues of bacteriochlorophylls c and d self-assembled in
aqueous media with phospholipids. A methanol solution of zinc
chlorin and a-lecithin was put in a cellulose tube and the inner
methanol solvent was gradually replaced with water by dialysis to
form the self-assembled oligomers. Visible absorption spectra of
the aqueous solution showed that zinc chlorins formed J-
aggregates within the hydrophobic core of a-lecithin assemblies
and that the supramolecular structure of the aggregates depended
upon the stereochemistry at the 3'-position and the alkyl
substituents at the 8-, 12-, and 17*-positions of the zinc chlorin.
When the aqueous aggregates were prepared with a mixture of 3'-
epimers and/or 8-, 12-, or 17*-homologues of zinc 3'-hydroxy-13’-
oxochlorins, the structurally distinct components coaggregated to

Introduction

Green photosynthetic bacteria have unique light-harvesting
antenna systems called chlorosomes, which are ellipsoid bodies
about 100-300 nm in length."" In a chlorosome, a large number
of antenna pigments self-aggregate to form rodlike oligomers
surrounded with a monolayer of lipids and some proteins.
Absorbed light energy at the antenna pigments is funneled into
the pigment - protein complex called the baseplate, which is
part of the chlorosomal envelope facing the cytoplasmic
membrane.>3 Finally, the excitation energy transfers to a
reaction center through intermembraneous pigment - protein
complexes. The chlorophyllous pigments contained in chloro-
somal oligomers are bacteriochlorophylls (BChls) ¢, d, and e,
which are differentiated by the substituents at the 7- and 20-
positions of a chlorin ring (Scheme 1).°! Most green bacteria have
one of the chlorosomal BChl components, and some strains have
both BChl ¢ and BChld in a cell.®

The chlorosomal BChls are easily extracted from cultured cells
and the isolated pigments self-aggregate to form chlorosome-
like oligomers in nonpolar organic solvents or in aqueous
media.”? The in vitro studies support the theory that no proteins
participate in making chlorosomal aggregates, that is, the
pigment - pigment interactions alone determine the supramo-
lecular structure of the light-harvesting antenna. The infrared
absorption and resonance Raman measurements showed that
there is C(=0--H—0:-Mg bonding between the neighboring
BChls in the aggregates.®? The strong excitonic interaction
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make scrambled oligomers. However, during the dialysis, zinc 3'-
hydroxy- and 7'-hydroxy-13'-oxochlorins slowly individually ag-
gregated to give two structurally different oligomer units in the
cellulose tube. In contrast, if the two zinc chlorin components
rapidly self-assembled in an aqueous medium, these components
coaggregated to form scrambled oligomers. The present study
shows that both the molecular structure of the pigments and the
speed of the oligomerization determine the molecular arrange-
ment in chlorosome-type self-assembled oligomers.

KEYWORDS:

chlorosome - oligomers -
supramolecular chemistry

photosynthesis - self-assembly -

BChl ¢: R” = Me, R2 = Me
BChl ¢t R” =Me, R = H
BChl e: R’= CHO, R®= Me

R8 = Et, nPr, Bu, neoPentyl
R'2= Me, Et
R = stearyl, farnesyl, etc.

Scheme 1. Structure of bacteriochlorophylls c, d, and e. The asterisk indicates the
3'-position, which can be either R or S configuration.

among BChl molecules results in a significantly red-shifted Qy
absorption band and intense circular dichroism (CD) signals. The
linear dichroism spectra of isolated chlorosomes showed that
the Qy transition moments aligned parallel to the long axis of the
chlorosome." These spectroscopic studies support the sugges-
tion that chlorosomal BChls form highly ordered J-aggregates.
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Usually chlorosomal BChls found in green bacteria are
a mixture of their homologues (for example, with
different substituents at R% R'%,, and R in Scheme 1)
and/or 3'-epimers. Interestingly, the composition of BChl
elements is dependent upon the bacterial species and
the culturing conditions. For example, chlorosomes of a
green filamentous non-sulfur bacterium Chloroflexus aur-
antiacus consist of 3'-epimeric mixtures of BChlc¢ and
have several different alkyl chains at the 17-propio-
nate,l"" whereas chlorosomes of green sulfur bacteria
consist of mixtures of BChl ¢ homologues with different
alkyl substituents at the 8- and 12-positions of the
chlorin ring."> 3! Furthermore, the ratio of the BChlc homo-
logues changes when the cell is cultured under different
illumination intensity.'"4!

In vitro studies of BChl aggregates have already shown that
the absolute configuration at the 3'-position affected their
supramolecular structure. Epimerically pure BChlc and zinc
analogues were self-assembled in nonpolar organic solvents.
The oligomers of the 3'R and 3'S epimers gave different
absorption spectra.’be 1516201 Moreover, the alkyl substituents
of chlorosomal BChls also affect the supramolecular structure of
the aggregates.'®d The Qy peak of self-aggregates prepared
from purified homologues of BChl ¢ or d in hexane was gradually
red-shifted as the 8% and/or 12'-positions were methylated.7<<!
The aqueous aggregates were formed by the purified homo-
logues of BChlc in the presence of galactolipids.”” The Qy
absorption bands of these aggregates in the aqueous lipid
solution were also dependent upon the homologue species.
Similar behavior was observed in a natural system; further
methylation at the 8%position of BChl d moved the Qy peak of
living cells to a longer wavelength.’!

The structural feature of chlorosomal aggregates is roughly
understood as a result of numerous studies on in vivo and in
vitro aggregates. However, the precise supramolecular structure
of the unique antenna system has still not been identified.
Recently, much attention has been devoted to the distribution of
the epimers and/or homologues of BChls within an in vivo
chlorosomal aggregate.’¥ The acid treatment of these aggre-
gates suggested that, in Chlorobium tepidum, the BChl ¢ homo-
logues possessing different substituents at the 8- and 12-
positions are uniformly distributed in a chlorosomal aggre-
gate.l'"”? In Chlorobium limicola grown under a limited-sulfide
continuously cultured condition, BChlc and d molecules are
spatially separated and give two different oligomers of each
component.'® However, only a few in vitro models have been
prepared with a mixture of structurally different chlorosomal
BChls.[7bd. 162l

In the present study, self-assembled oligomers were prepared
with a mixture of structurally different zinc analogues of BChls ¢
and d. Mixed or pure synthetic zinc chlorins 1 -4 (Scheme 2) self-
aggregated in an aqueous medium with a-lecithin. The self-
aggregates of the zinc analogues are good models for the
chlorosomal aggregates, because the artificial aggregates re-
produce the supramolecular structure and antenna function of
natural chlorosome.!'> 161921 |n addition, the zinc analogues are
readily available and relatively stable compared to the natural
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R7 RS R2 R2 R
Me Et Me H Me
Me Et Me Me Me
Me Et Et Me Me
Me nPr  Et Me Me
Me Bu Et Me Me
Me Et Me Me stearyl
Me Et Me H Me

CHOH Et Me H phytyl
CH,OH Et Me H Me

Scheme 2. Structure of synthetic zinc chlorins 1-5.

BChls (magnesium chlorins). Spectroscopic measurements were
carried out to examine the structure of the pure and mixed
aggregates. The model studies showed that epimers and/or
homologues of zinc 3'-hydroxychlorins spontaneously coaggre-
gate to make scrambled oligomers of structurally different
pigments, while, when zinc 3'- and 7'-hydroxychlorins were
mixed and slowly aggregated, the two pigments individually
aggregated to form different oligomeric components. The in
vitro model experiments would provide information on aspects
of the supramolecular structure and biological formation of
chlorosomal oligomers that consist of several BChl components.

Results

Self-aggregation of epimerically pure zinc chlorins in an
aqueous lecithin solution

In methanol, synthetic zinc chlorins 1-4 showed a Qy absorp-
tion band at 652 or 662 nm (Figure 1a and Table 1), which is
characteristic for the monomeric form of these compounds.
Table 1 shows that neither the stereochemistry at the 3'-position
nor the alkyl substituents at the 8-, 12-, and 17%positions
affected the optical properties of monomeric zinc chlorins.
However, methylation at the 20-position of these chlorins moved
the Qy absorption maxima into the red-shifted region, as shown

a)
1op 652
A 708
A
b)
200+
6/ mdeg
O p— —__,\/_ o
| 1 | 1
600 650 700 750 800

A/ nm ——

Figure 1. a) Visible absorption spectra and b) CD spectra of zinc chlorin (3'R)-1in
methanol (dashed line) and in an aqueous a-lecithin solution (solid line).
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Table 1. Qy absorption maxima () and red-shifts caused by oligomeriza-
tion (4%) for pure synthetic zinc chlorins and natural BChls c and d.
Compound Amax [NM] AV [cm™]
monomer® oligomer®!
(3'R)-1 652 708 1210
(3'9)-1 652 720 1450
(3'R)-2a 662 732 1440
(3'S)-2a 662 713 1080
(3'R)-2b 662 724 1290
(3'R)-2¢ 662 726 1330
(3'5)-2d 662 734 1480
(3'R)-2e 662 720 1220
3 652 746 1930
4 653 714 1310
BChl ¢ 669 74749 1560
BChl d 665 7334 1400
[a] In methanol. [b] In an aqueous a-lecithin solution prepared in a cellulose
tube, unless otherwise stated. [c] In a natural chlorosome.’

by the different A,,., values for the monomers of BChls ¢ and d.
The shift is ascribed to distortion of the chlorin mt-plane because
of the bulkiness of the 20-methyl group.!¢ 21

When zinc chlorin (3'R)-1 and a-lecithin were mixed in
methanol in a cellulose tube ([(3'R)-1]~20um and [a-lec-
ithin] =~ 32 pwv) and dialyzed in water, the blue methanol solution
gradually turned into a green aqueous solution. Although this
color change was complete within 30 minutes, the dialysis was
continued overnight to minimize the amount of methanol in the
tube. During dialysis, the inner volume of the cellulose tube
increased, and the zinc chlorin components partly leaked
outside the tube or were adsorbed onto the surface of the
cellulose. Thus, the final concentration of zinc chlorin within the
tube was about 10 um. The aqueous solution of (3'R)-1 showed a
Qy absorption band at 708 nm (Figure 1a) and relatively large
CD peaks (Figure 1b). These results indicated that zinc chlorin
(3'R)-1 self-assembled to form J-aggregates in the aqueous a-
lecithin solution, in the same way as BChls c and d do in natural
chlorosomes.

Although similar observations were found in other synthetic
zinc chlorins 1-4, the values A7 for the shifts caused by
oligomerization were dependent on the stereochemistry at the
3'-position and the alkyl substituents of the zinc chlorins
(Table 1). For zinc chlorin 1 (R?°=H), the A7 value of 3'S epimer
(3'S)-1 was larger than that of 3'R epimer (3'R)-1. However, for
zinc chlorin 2a (R**=Me), the 3'R epimer (3'R)-2a showed a
more red-shifted Qy band than the 3'S epimer (3'S)-2a. Zinc
chlorins with the 3'R configuration which possessed different
alkyl substituents at the 8- and 12-positions gave different
absorption spectra, with Qy absorption maxima at 732, 724, and
726 nm for (3'R)-2a (8-ethyl-12-methyl), (3'R)-2b (8-ethyl-12-
ethyl), and (3'R)-2 ¢ (8-propyl-12-ethyl), respectively. The homo-
logues with 3'S stereochemistry also showed different Qy
absorption maxima, with values of 713 and 734 nm for (3'S)-
2a (8-ethyl-12-methyl) and (3'S)-2d (8-iso-butyl-12-ethyl), re-
spectively.

In addition, the alkyl group on the 17-propionate group also
changed the absorption bands of the aggregated zinc chlorins:
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Amax= 732 nm for (3'R)-2a (R=Me) and 720 nm for (3'R)-2e (R=
stearyl). Zinc 3-hydroxymethylchlorin 3 showed a large shift in
the Qy absorption band (A7 = 1930 cm~") compared to those for
the zinc 3-(1-hydroxyethyl)chlorins 1 and 2 (A7=1080-
1480 cm ™). Zinc 7-hydroxymethylchlorin 4 gave an absorption
maximum at 714 nm and the value of A7 was smaller than that
of the aggregated zinc 3-hydroxymethylchlorin 3. The absorp-
tion spectra of aggregated 3 and 4 in aqueous media were
similar to those previously reported for a hexane solution.”” 2% As
compound 5, the methyl ester of zinc 7-hydroxymethylchlorin,
only partly self-aggregated and remained mainly monomeric in
an aqueous a-lecithin solution, the equivalent zinc chlorin with a
long esterified alkyl group, compound 4 (R = phytyl; C,,H;,) was
used in the following experiments.

When the aggregates of zinc chlorins were prepared in the
absence of a-lecithin, the precipitates of the chlorins were found
within the cellulose tube. Thus, the additive a-lecithin surround-
ed the zinc chlorin aggregates to stabilize the aqueous
oligomers formed.

Self-aggregates prepared with a mixture of epimers and/or
homologues of zinc chlorins

Self-assembled oligomers were prepared with a mixture of
monomeric zinc chlorin components. Two structurally different
zinc chlorins were mixed with a-lecithin in methanol and the
mixed solution was dialyzed in water in a cellulose tube.
Although the zinc chlorin component was partly lost during
dialysis as noted above, HPLC analyses showed the ratio of the
two components was unchanged. Self-aggregates of pure (3'R)-
2a and (3'S)-2a showed visible absorption maxima at 732 and
713 nm, respectively (Figure2a, top). The monomers were
responsible for the peak which appears at approximately
670 nm in the spectra. The mixed aggregates of (3'R)-2a and
(3'S)-2a showed an absorption maximum at 710 nm. The second
derivative of the spectrum of the mixed aggregates showed only
the broad absorption band around 720 nm (Figure 2 a, bottom).
Thus, the absorption spectrum of the mixed aggregates (3'R)-
2a+(3'S)-2a could not be reproduced by linear combination of
the two basic spectra of the pure aggregates, (3'R)-2a and (3'S)-
2a. The result indicated that the aqueous aggregates prepared
with an equimolar mixture of the 3'R and 3'S epimers were not
composed of separated pure oligomers but of scrambled
oligomers of the two components; that is, the 3'R and 3'S
epimers coaggregated in an aqueous a-lecithin solution. The
absorption spectrum of the mixed aggregates of (3'R)-2a and
(3'S)-2a was quite similar to that of the pure (3'S)-2a oligomer,
which suggests that the 3'S epimer might control the arrange-
ment of pigments in the mixed aggregates.

Similarly, self-assembled oligomers were prepared with a
mixture of other zinc chlorin homologues. Figure 2 b (top) shows
the visible absorption spectra of the aggregates of zinc chlorin
homologues (3'R)-1 and (3'R)-2 ¢, which have different substitu-
ents at the 8-, 12-, and 20-positions; triple methylation at the 82,
12'-, and 20-positions of (3'R)-1 gives (3'R)-2¢. The individual
(3'R)-1 and (3'R)-2 c aggregates gave absorption maxima at 708
and 726 nm, respectively, while a 1:1 mixture of (3'R)-1 and (3'R)-
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Figure 2. Visible absorption spectra (top) and the second derivatives of those
spectra (bottom) for aqueous aggregates of a pure and equimolar mixture of zinc
chlorins prepared by dialysis in a cellulose tube. a) (3'R)-2a and (3'S)-2a; b) (3'R)-
2c and (3'R)-1; ¢) (3'R)-2e and (3'R)-1,; d) 3 and 4.
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2c gave an absorption maximum of 712nm. The second
derivative of absorption spectrum of the mixed aggregates
showed the presence of only a single Qy band in the solution,
and the spectrum could not be reproduced by linear combina-
tion of the two basic spectra. Thus, two homologues of zinc
chlorin, (3'R)-1 and (3'R)-2 ¢, coaggregate to produce scrambled
oligomers in vitro. A similar result was obtained for mixed zinc
chlorin aggregates with different esterified alkyl chains and
substituents at the 20-position, formed from (3'R)-1 and (3'R)-2 e
(Figure 2¢).

When zinc 3'-hydroxychlorin 3 and zinc 7'-hydroxychlorin 4
were mixed and self-assembled in a cellulose tube, the two
distinct components individually aggregated to give two
oligomeric components. The pure zinc chlorin aggregates of 3
and 4 showed visible absorption maxima at 745 and 716 nm,
respectively (Figure 2d, top). The aggregates prepared with the
equimolar mixture of 3 and 4 also gave two spectral compo-
nents with absorption maxima at 742 and 716 nm. The CD
spectral measurements (Figure 3) indicated that the pure 3

---- 8
200} e 4
— 3+4
6/ mdeg
0 s
-200
1 I 1 ]
600 650 700 750 800
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Figure 3. CD spectra of aqueous aggregates of 3, 4, and an equimolar mixture of
the two prepared by dialysis in a cellulose tube.

aggregates gave a large negative band at 754 nm and a large
positive band at 742 nm, while pure aggregates of 4 showed a
positive band at 718 nm and a broad negative band around
690 nm. The CD spectrum of the mixed aggregates provided two
positive bands at 742 and 720 nm and two negative bands at
760 and 690 nm. Thus, the absorption and CD spectra of the
mixed aggregates mainly consisted of those of pure 3 and 4
aggregates. The absorption spectra of mixed aggregates
prepared with several 3:4 ratios were systematically shifted
(data not shown). The band at around 740 nm was reduced
concomitant with an increase in the shorter wavelength band at
around 720 nm as the 3:4 ratio was decreased. The mixed
aggregates of 3 and 4 were disaggregated when methanol was
added to the aqueous solution; Figure 4 shows the absorption
spectra measured during this disaggregation. The absorption at
743 nm due to aggregated 3 changed to the absorption for the
monomer before the absorption for aggregated 4 disappeared.
A small part of the compounds might be coaggregated in the
equimolar mixture because the absorption spectrum of the
mixture showed a larger amplitude at 714 nm than that at
746 nm, unlike the spectrum expected from the pure aggregates
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Figure 4. Visible absorption spectra during the disaggregation of equimolar
mixed aggregates of 3 and 4 by addition of methanol. The concentrations of the
added methanol were 0, 50, 58, 62, 66, and 72 % (v/v).

(Figure 2d, top). However, the spectral features showed that the
zinc chlorins 3 and 4 mostly individually self-assembled to form
structurally distinct homooligomers of 3 and 4 in the cellulose
tube. The fluorescence emission spectrum of the aggregates
from an equimolar mixture of 3 and 4 (Figure 5) could also be
represented by the combination of the spectra for pure 3 and 4
aggregates. This indicated little energy exchange between the
two oligomers of 3 and 4 and suggested that the aggregated 3
and 4 were spatially separated in the aqueous medium.

rel.

A/ nm —»

Figure 5. Corrected fluorescence emission spectra of aggregated 3, 4, and their
equimolar mixture prepared by dialysis in a cellulose tube. All spectra were
measured by excitation with light at 450 nm.

Zinc chlorins 3 and 4 could give scrambled oligomers by self-
organization of the mixture within a short period. When a
methanol solution of the mixed zinc chlorins and a-lecithin was
dropped into water and shaken vigorously, the blue methanol
solution of monomeric zinc chlorins immediately turned into a
green aqueous solution.[®d In this case the self-assembly of zinc
chlorins was apparently achieved more rapidly than that by the
dialysis procedure described above. The obtained aqueous
aggregate was also stable and no precipitates were found in the
solution. Figure 6a shows the visible absorption spectra of the
pure aggregates of 3 and 4 (A,,=732"9 and 709 nm,
respectively) prepared by rapid dilution of the methanol solution
with excess water. The aggregates had slightly blue-shifted
absorption bands compared to those of the aggregates
prepared slowly in a cellulose tube (Figure 2d upper). The mixed
aggregates gave a single Qy absorption maximum at 705 nm
(Figure 6a and b). The CD spectra of the pure 3 and 4 aggregates
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Figure 6. a) Visible absorption spectra, b) the second derivatives of the visible
spectra, and c) CD spectra of aqueous aggregates of 3, 4, and an equimolar
mixture of 3+4 prepared by the rapid dilution method.

gave relatively large signals around the Qy absorption region
(Figure 6 ). The mixed aggregates, however, showed a weak and
broad negative band at around 715nm. Thus, the visible
absorption and CD spectra of the rapidly prepared mixed
aggregates could not be reproduced by combination of the two
basic spectra of the pure aggregates. In contrast to the mixed
aggregates slowly prepared by dialysis in a cellulose tube, zinc
chlorins 3 and 4 coaggregated to form scrambled oligomers
when the aggregation was achieved within a short time.

It should be noted that the spectral shapes of the mixed
aggregates described above ((3'R)-2a-+(3'S)-2a, (3'R)-2c+(3'R)-1,
(3'R)-2e+(3'R)-1, and 3+4) were independent of the concen-
trations used (approximately 5-40 um). Thus, any significant
concentration effect was not observed under the present
experimental conditions.

Discussion
Self-assembly of pure zinc chlorins

The present study showed that zinc complexes of 3'-hydroxy-
13'-oxochlorins 1-4 self-organized in an aqueous lipid solution
in the same way as BChls ¢ and d do in chlorosomes. The red-
shifted absorption and intense CD bands indicated that zinc
chlorin molecules formed J-aggregates and were strongly
exciton-coupled in an aqueous a-lecithin solution. As can be
seen from absorption spectra, zinc chlorin molecules remained
in monomeric form in methanol. When the solvating medium
was changed from methanol to water, the synthetic pigments
self-assembled in the presence of a-lecithin. If the solvating
methanol was gradually removed by dialysis, the zinc chlorin
oligomers were slowly produced within a cellulose tube. On the
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other hand, when a methanol solution of zinc chlorin was rapidly
diluted with a large volume of water, the oligomers immediately
formed in the aqueous medium. With the dialysis method, the
speed of oligomerization can be controlled in vitro.

The supramolecular structure of the chlorosome-like oligo-
mers was dependent upon the speed of oligomerization.”? In
zinc chlorin 3, the full width at half maximum (fwhm) of the Qy
absorption band for the slowly prepared oligomer (at 520 cm~';
Figure 2d, top) was narrower than that for the rapidly prepared
oligomer (at 850 cm~'; Figure 6a). In addition, the CD spectral
intensity of the slowly prepared aggregated 3 (Figure 3)
was about 10times larger than that of the rapidly prepared
aggregates (Figure 6¢c). These spectral results demonstrate
that the slowly prepared oligomer has a highly ordered arrange-
ment with a long-range chiral feature.?? In natural chlorosomes,
BChl oligomers are gradually produced concomitant with
the cell growth.”® Consequently, the dialysis procedure would
be better for making the in vitro model of chlorosomal
aggregates.

The spectroscopic measurement of the slowly aggregated
zinc chlorins showed that the arrangement of the pigments in
the self-assembled oligomers depended on both the stereo-
chemistry at the 3'-position and the alkyl substituents at the 8-,
12-,17%-, and 20-positions. The supramolecular architecture of all
the chlorosome-like oligomers would be mainly determined by
the same intermolecular linkages, 13-C=0::-H—0O--Mg or Zn.
Spectral diversity of the aggregated zinc chlorin components
might be caused by the steric factor of the alkyl groups. In the
computer-modeled rodlike structure of the BChl oligomers, the
8- and 12-alkyl substituents are located inside the rod.?* %! As
the 8- and 12-substituents of each BChl would be close to those
of the adjacent BChl, the bulkiness of these substituents would
affect the stacking of BChl molecules. Molecular modeling
studies showed that the curvature in the semi-rodlike aggregate
of dodecameric (3'R)-2 ¢ (R® = nPr, R'2 = Et) was smaller than that
in the (3'R)-1 (R®=Et, R'>=Me) aggregate: The radii of curva-
ture were 43 A and 25 A, respectively. The arrangement of
the 3'-methyl group is also important in stacking the zinc
chlorins. The energy-minimized structure of the (3'R)-2a do-
decamer gave a well-ordered supramolecular structure com-
pared to that of the (3'S)-2a dodecamer. The estimated
diastereomeric difference was consistent with the previous
results for (3'R)-1 and (3'S)-1.%% Furthermore, the large esterified
alkyl chain also changed the absorption spectra. Molecular
modeling studies in aggregated (3'R)-2e (R = strearyl) exhibited
that the esterified chains are located outside of the rod. It is
suggested that the long alkyl chain at the 17*-position interacts
with hydrophobic region of the surrounding a-lecithin layer,
which would change the size and/or the organization of the
aqueous oligomers.

Self-assembly of mixed zinc chlorins

Zinc 3'-hydroxy-13"-oxochlorins with different alkyl substituents
and/or stereochemistry at the 3'-position preferentially coag-
gregated to give scrambled oligomers, when the mixture was
self-organized in an aqueous solution. The chlorosome-like
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oligomer is formed through intermolecular hydrogen bonding
between the 3'-hydroxy and 13-keto groups, coordination
between the oxygen of the hydroxy group and the central
metal atom, 7t — 7t stacking of the chlorin rings, and van der Waals
interactions. The model study using the synthetic analogues of
BChl ¢ showed that the hydrogen bonding and coordination are
especially important for formation of the oligomers.”! As the
differences in the absolute configuration at the 3'-position and
the alkyl substituents at the 8- and 12-positions would provide a
small contribution to the intermolecular linkage, the epimers
and/or homologues of zinc chlorin molecules can coaggregate
to give the scrambled oligomers.!'6 26!

On the other hand, zinc 3'-hydroxychlorin 3 and zinc 7'-
hydroxychlorin 4 would individually self-organize to give two
distinct supramolecular units when the mixed solution was
slowly aggregated. The oligomerization of zinc 7'-hydroxychlor-
ins was partly dependent upon the esterified alkyl chain at the
17%-position: Zinc chlorin 4 (R=phytyl) afforded larger aggre-
gative and smaller monomeric visible absorption peaks and self-
aggregated more than 5 (R=methyl) in an aqueous solution.
Both the aggregates of 4 and 5, however, gave similar
absorption peaks around 715 nm. Visible spectra of mixed
pigments of 3 and 5 showed their individual self-aggregation
and also the presence of other species including the monomer
(data not shown); these spectra were more complex than those
of 3 and 4. Figure 2 c showed that the zinc chlorins with different
esterified alkyl chains at the 17*position, (3'R)-1 (R=methyl)
and (3'R)-2e (R=stearyl), did coaggregate. These phenomena
suggested that a large lipophilic side chain at the 17*-position
might improve the stability of aggregates formed, while the
difference in the esterified alkyl chain would not be related
largely to the individual self-aggregates. The oligomerization of
the chlorophyllous pigments would be mainly determined by
C=0--H—0---M bonding (where M is the metal). Consequently,
the difference in the position of the hydroxy group would be
quite important in the organization of the mixed pigments of 3
and 4. However, zinc chlorins 3 and 4 coaggregated when their
mixture was rapidly dispersed into an aqueous medium. These
results show that both the structure of pigments and the speed
of oligomerization determine whether structurally different
chlorophyllous components are scrambled or not. In the build-
up of the self-assembled aggregate, a monomer (or an oligomer)
would associate with another zinc chlorin component. If one
species is attached to the same component, the formed
aggregate would be stable. If one component was attached to
the structurally different zinc chlorin, however, the formed
aggregate would be unstable and the misfitting pigments would
be removed. In this way the chlorophyllous pigments correctly
organized to make their pure oligomers when zinc 3'-hydroxy-
chlorin 3 and zinc 7'-hydroxychlorin 4 were slowly self-
assembled. However, if organization of the aggregates is too
fast to undo the “misassociation” or the structural difference
between the two chlorophyllous components is small, the two
distinct zinc chlorins would coaggregate to form a scrambled
oligomer.

The Qy absorption bands of the scrambled aggregates
prepared with a mixture of zinc chlorin homologues were close
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to those of shorter wavelength components of the pure
oligomer (Figure 2a-c). This feature suggests that the scram-
bled oligomers were relatively unstable and could not grow into
large oligomers.

BChl aggregates in natural chlorosomes

In a native chlorosome, BChl components self-assemble to make
oligomers within a core of the chlorosomal envelope. A question
is raised about the supramolecular architecture of chlorosomal
oligomers consisting of several epimers and homologues of
BChls. The present in vitro model studies gave the following
aspects on the self-assembly of metallo-3'-hydroxy-13"-oxo-
chlorins connected with C=0:--H—0---M bonding: 1) Both the
3'-stereochemistry and the alkyl substituents affect the supra-
molecular structure of the oligomer; and 2) zinc 3'-hydroxy-13'-
oxochlorins with different 3'-stereochemistry and alkyl substitu-
ents easily coaggregate to form the scrambled oligomers. If the
chlorosomal aggregates were formed in the same manner as in
the present experiments, that is, from a pigment pool consisting
of a mixture of several chlorophyllous epimers and homologues,
then the native BChlc and d aggregates were made by
scrambling the mixture. Steensgaard etal. reported that the
pigment analysis of the acid-treated chlorosomes of Chloro-
bium tepidum suggested that BChl ¢ homologues with different
substituents at the 8- and 12-positions are uniformly distributed
within a chlorosome.'”! This proposal is comparable to the
findings in our in vitro experiments. On the other hand, in a
chlorosome from a strain of green bacterium, BChl ¢ (R? = Me)
and BChl d (R =H) molecules were spatially separated within
the chlorosomal envelope.® The present model study shows,
however, that the zinc 20-methylchlorin (3'R)-2 ¢ (R® = Me) and
20-unsubstituted zinc chlorin (3'R)-1 (R =H) coaggregated to
form the scrambled aggregates (Figure 2b). The result suggests
that the separated aggregates of BChlc¢ and d found in the
natural chlorosome might not be organized from a mixture of
BChlc and d monomers, but are more probably organized
stepwise within a chlorosome. First either BChlc or d self-
assembles from the pure pigment pool and then another BChl
self-organizes within the chlorosome.

The present study demonstrated that the method of prepa-
ration of oligomers determined whether two types of chloro-
phyllous pigments, zinc 3'-hydroxychlorins and zinc 7'-hydroxy-
chlorins, individually aggregated or coaggregated. However,
naturally occurring chlorosomal BChls differ only in their alkyl
substituents at the 8-, 12-, 17%-, and 20-positions and in the 3'-
stereochemistry. The main intermolecular linkage, C=O---H—0O -
Mg, would be a common feature in native chlorosomal
aggregates consisting of several BChl homologues and epimers.
Thus, the small structural differences found in chlorosomal BChls
would provide a small contribution to the oligomerization
step.? Even if natural chlorosomal aggregates were slowly
formed, structurally different BChls would coaggregate to
produce the scrambled oligomers composed of a mixture of
epimers and homologues of antenna pigments as occurred in
the present model experiments.
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Experimental Section

Visible absorption, fluorescence emission, and circular dichroism
spectra were measured with a Hitachi U-3500 spectrophotometer, a
Hitachi F-4500 spectrophotometer, and a Jasco J-720W spectropo-
larimeter, respectively. '"H NMR spectra were obtained with a Bruker
AC-300 spectrometer. Molecular modeling calculations were per-
formed as reported in ref. [25], with PM3 and MM + in the program
package Hyperchem version 5.1 (Hypercube Co.).

Zinc chlorins 1,119 2 3,163 3 (91 4,200 apd 520 were prepared according
to the reported procedures. a-Lecithin (.-a-phosphatidylcholine,
from frozen egg yolk, Sigma, USA) was purified by silica gel column
chromatography (eluted with methanol/dichloromethane (3:2))
before use.

Zinc methyl 8-ethyl-12-ethyl-, 8-propyl-12-ethyl-, and 8-iso-butyl-
12-ethylbacteriopheophorbidesc¢  (2b-d):  8-Ethyl-12-ethyl-,
8-propyl-12-ethyl-, and 8-iso-butyl-12-ethyl-BChls ¢ were obtained
as a mixture from cultured Chlorobium tepidum cells.?”! The isolated
BChls ¢ were transferred to zinc chlorins 2b-d according to the
reported procedure.l' The epimerically pure homologues, 2b-d,
were separated from the mixture by a single reversed-phase HPLC
run.?® Stereochemistry of the 3'-position was determined by
comparison with the reported ratio for each BChl c homologue.['? 2

Compound (3'R)-2b: HPLC:?% Retention time =12 min; '"H NMR
(CD,0D): 6 =9.73,9.49 (each 1H, s; 5-and 10-H), 6.32 (1H, q, /=7 Hz;
3'-H), 5.10 (2H, s; 13%H,), 4.55 (1 H, q, J=7 Hz; 18-H), 4.03-4.09 (1H,
m; 17-H), 4.03 (2H, q, /=7 Hz; 12-CH,), 3.75, 3.46, 3.33, 3.24 (each 3H,
s; 2-, 7-, and 20-CH;, and COOCH,), 3.73 (2H, g, J=7 Hz; 8-CH,),
2.30-2.56,2.03-2.22 (each 2H, m; 17-CH,CH,), 2.07 (3H, d, J=7 Hz;
3'-CH,), 1.88 (3H, t, J=7 Hz; 12'-CH;) 1.69 (3H, t, J=7 Hz; 8'-CHs),
146 (3H, d, J=7Hz; 18-CHy); UV/Vis (CH;OH): A, (relative
intensity) =432 (1.00), 626 (0.18), 662 (0.80) nm; MS (FAB): m/z
found: 656; calcd for C3H,oN,0,%Zn: 656 [M*].

Compound (3'R)-2c: HPLC:?%] Retention time =14 min; '"H NMR
(CD50D): 6 =9.75,9.50 (each 1H, s; 5-and 10-H), 6.33 (1H, q, /=7 Hz;
3'-H), 5.12 (2H, s; 13%H,), 4.60 (1 H, q, J=7 Hz; 18-H), 4.07-4.13 (1H,
m; 17-H), 4.03 (2H, q, /=7 Hz; 12-CH,), 3.80, 3.48, 3.36, 3.24 (each 3H,
s; 2-, 7-,and 20-CH;, and COOCH,), 3.71 (2H, t, J=7 Hz; 8-CH,), 2.35-
2.59,2.02-2.27 (2H+4H, m; 8'-CH, and 17-CH,CH,), 2.08 (3H, d, /=
7 Hz; 3'-CH,), 1.88 (3H, t, J=7 Hz; 12'-CH,), 1.50 (3H, d, /=7 Hz; 18-
CH,), 1.23 (3H, t, J=7Hz; 8-CH,); UV/Vis (CH,OH): A, (relative
intensity) =432 (1.00), 626 (0.18), 662 (0.79) nm; MS (FAB): m/z found:
670; calcd for C3,H,,N,0,%4Zn: 670 [M*].

Compound (3'S)-2d: HPLC:2% Retention time =18 min; '"H NMR
(CD,0D): 6 =9.74, 9.49 (each 1H, s; 5-and 10-H), 6.35 (1H, q, /=7 Hz;
3'-H), 5.14 (2H, s; 13%H,), 463 (1H, q, J=7 Hz; 18-H), 4.10-4.17 (1H,
m; 17-H), 4.04 (2H, g, J=7 Hz; 12-CH,), 3.82, 3.50, 3.37, 3.25 (each 3 H,
s; 2-, 7-,and 20-CH;, and COOCH,), 3.71 (2H, t, /=7 Hz; 8-CH,), 2.38 -
2.62,2.14-2.34 (3H+2H, m; 8'-CH and 17-CH,CH,), 2.11 3H, d, J=
7 Hz; 3'-CH,), 1.89 (3H, t, J=7 Hz; 12'-CH,), 1.51 (3H, d, /=7 Hz; 18-
CH,), 1.25 (6H, t, J=7 Hz; 82-(CHs),); UV/Vis (CH,OH): 4., (relative
intensity) =432 (1.00), 626 (0.18), 662 (0.79) nm; MS (FAB): m/z found:
684; calcd for C34H,,N,0,54Zn: 684 [M*].

Zinc stearyl 3'-R-8-ethyl-12-methyl-bacteriopheophorbide ¢
((3'R)-2e): Pheophytization (removal of magnesium) and zinc
metallation of BChlc extracted from Chloroflexus aurantiacus!®?
gave a mixture of zinc bacteriopheophytin ¢ with different esterified
alkyl chains: stearyl, cetyl, etc."" The stearyl ester 2 e was isolated as a
major component by reversed-phase HPLC separation?®®! (retention
time=16 min) and the 3'R epimer (3'R)-2e was isolated by a
successive normal-phase HPLC run®® (retention time =36 min).

341





BIO

"H NMR (CsDsN (0.2 %) in CDCly): 6 =9.74, 9.55 (each 1H, s; 5- and 10-
H), 6.45 (1H, g, J=7 Hz; 3'-H), 5.21 (2H, s; 13%H,), 453 (1H, q, J=
7 Hz; 18-H), 4.03-4.10 (1H, m; 17-H), 3.92 (2H, t, J=7 Hz; COOCH,),
3.82, 3.70, 3.42, 3.28 (each 3H, s; 2-, 7-, 12-, and 20-CH,), 3.77 (2H, t,
J=17Hz; 8-CH,), 2.26 - 2.44, 1.87 - 2.20 (each 2H, m; 17-CH,CH,), 2.13
(3H,d,J=7Hz; 3'-CH,), 1.71 3H, t, J=7 Hz; 8'-CH,), 1.37 3H, d, J=
7 Hz; 18-CH5), 1.15-1.33 (32H, m; COOCH,(CH.),¢), 0.87 3H, t, J=
7 Hz; COOCH,(CH,)¢CH,); UV/Vis (CH;OH): 4,,.. (relative intensity) =
433 (1.00), 626 (0.17), 662 (0.75) nm; MS (FAB): m/z found: 880; calcd
for Cs,H,,N,0,%Zn: 880 [M"].

Dialysis method of aggregate preparation (slow preparation of
aggregates): The appropriate zinc chlorin (20 pv) and a-lecithin
(32 um) were mixed in methanol (4 mL). The mixed solution was put
into a cellulose tube (Viskase Sales Co.) and dialyzed in water
(200 mL) at room temperature. After dialyzing overnight, the
aqueous zinc chlorin aggregates were obtained.

Dilution method of aggregate preparation (rapid preparation of
aggregates): The appropriate zinc chlorin (10 pvm) and a-lecithin
(16 um) were mixed in methanol (40 pL). The mixed solution was
dropped into 4 mL of water and shaken vigorously to obtain the
aqueous zinc chlorin aggregates.
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Inhibition Studies of Porphobilinogen Synthase
from Escherichia coli Differentiating between the

Two Recognition Sites

Frédéric Stauffer, Eleonora Zizzari,@ Caroline Engeloch-Jarret,“!
Jean-Philippe Faurite,?! Janette Bobalova, and Reinhard Neier*®@

Porphobilinogen synthase condenses two molecules of 5-amino-
levulinate in an asymmetric way. This unusual transformation
requires a selective recognition and differentiation between the
substrates ending up in the A site or in the P site of porphobilinogen
synthase. Studies of inhibitors based on the key intermediate first
postulated by Jordan allowed differentiation of the two recognition
sites. The P site, whose structure is known from X-ray crystallo-
graphic studies, tolerates ester functions well. The A site interacts
very strongly with nitro groups, but is not very tolerant to ester
functions. This differentiation is a central factor in the asymmetric
handling of the two identical substrates. Finally, it could be shown

Introduction

The biosynthesis of the tetrapyrrolic skeleton of the “pigments of
life"™ has fascinated chemists and biologists since their discov-
ery and their structure determination.”? Starting from the first
dedicated intermediate in the biosynthesis of the tetrapyrrolic
dyes, 5-aminolevulinic acid (ALA, 1), the macrocyclic skeleton is
synthesized in only three enzyme-catalyzed steps in a highly
convergent way (Scheme 1).%! Two condensation steps lead first
to porphobilinogen (PBG, 2)** and then to the linear com-
pound hydroxybilane, which cyclizes and rearranges to the
common precursor of all pigments of life, uroporphyrinogen Il
(Uro Ill, 3).19 The synthetic efficiency of the biosynthesis and the
importance of the tetrapyrrolic cofactors have further enhanced
the interest in studies of the biosynthetic pathway.

In this three-step sequence, the first step, formation of PBG (2),
cannot easily be imitated by chemists (Scheme 2).7-' In contrast
to this observation, the tetramerization and cyclization have
been shown to occur in the presence of acids, yielding the
natural regioisomer, Uro Il (3), as the major product.''” However,
the chemical condensation of ALA (1) in the presence of oxygen
gives an appreciable amount of the oxidized pyrazine 4.9 In the
absence of oxygen the symmetric diimine is formed as the major
product and a small amount of pseudo-PBG has been observed
as a side product.l'” '® Treating ALA (1) with Amberlite TR-45 for
a long time has been reported to give some PBG (2).'% 7

Porphobilinogen synthase (PBGS, E.C.4.2.1.24), also called
5-aminolevulinate dehydratase (ALAD), the enzyme responsible
for the nonsymmetrical condensation of the two molecules of
ALA (1), has been isolated and studied for a long time.!" PBGS is

CHEMBIOCHEM 2001, 2, 343-354 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

that the keto group of the substrate bound at the A site is not only
essential for the recognition, but that an increase in electrophilicity
of the carbon atom also increases the inhibition potency consid-
erably. This has important consequences for the recognition
process at the A site, whose exact structure is not yet known.

KEYWORDS:

inhibitors intermediates

biosynthesis
porphobilinogen synthase

lyases

widely distributed in bacteria, plants, animals, and humans.!' All
PBGSs studied so far share a considerable degree of homology™%
and most enzymes were shown to be present as octamers.?" 22
In early studies it could be shown that a Schiff base intermediate
between ALA (1) and a lysine side chain located in the active site
of PBGS can be trapped by reduction with NaBH,.”®! This result
was one of the important motivations to draw a close
mechanistic analogy between PBGS and the aldolases of
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Scheme 1. The convergent biosynthesis of uroporphyrinogen Il (3) from eight
molecules of 5-aminolevulinic acid (1), as determined by the biosynthetic and
synthetic studies performed in the groups of Akhtar, Arigoni, Battersby,
Eschenmoser, Jordan, Miiller, Scott, Shemin, and Thauer (for a review of this
pathway see ref. [69]). On the left, the retrosynthetic tree for the transformation of
eight molecules of 5-aminolevulinic acid (1) into four molecules of porphobili-
nogen (2) and finally into one molecule of uroporphyrinogen lll (3) is symbolically
represented.
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/\)\/'l\l
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Scheme 2. The dichotomy between the biosynthetic and the chemical dimeri-
zation of 5-aminolevulinic acid (1).

type 1121 The influence on the catalytic activity of PBGS of
bivalent metal ions like Zn" and Mg" was recognized and
intensively studied.”” For the Zn"-containing enzymes, the three
cysteine residues binding the metal ion could be identified.?”
For the Mg"-containing enzymes it was assumed that the
aspartate-rich region replacing the zinc finger element would
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form the ligands for the metal ion. One of the most important
findings was the determination of the sequence of recognition
of the two substrates. Using an elegant pulse-labeling experi-
ment Jordan and Seehra could demonstrate that the first ALA (1)
recognized by PBGS will form the propionic acid side chain of
PBG (2).2% ALA (1) forming the propionic acid side chain will first
interact with the Psite of the enzyme, and the second ALA
molecule will interact with the A site.?® Based on this finding an
alternative mechanism for the transformation of ALA (1) to PBG
(2) was proposed. 26 271 An impressive effort allowed character-
ization of the complexes between modified PBGS and its natural
substrate ALA (1) by sophisticated NMR spectroscopic techni-
ques.”® These spectroscopic measurements identified the Schiff
base intermediate formed with the P site of the enzyme and
gave indications about the protonation state of both this
enzyme - substrate complex and the product-enzyme com-
plex.28 29

Molecular biology has allowed the determination and com-
parison of the sequences of PBGSs from many sources.?” More
importantly, it became possible to overexpress this enzyme. In
recent years the high-resolution X-ray crystallographic structures
of PBGSs from three different sources have been publish-
ed.”?> 3032 The structures of the enzymes with an empty active
site and of the enzymes containing one of the classical inhibitors,
levulinic acid, are now available (Brookhaven Protein Data Bank,
PDB entries 1aw5, 1ylv, 1b4k). The overall structures of the PBGSs
from the three sources Saccharomyces cerevisiae, Escherichia coli,
and Pseudomonas aeruginosa are very similar. The three enzymes
crystallize as an octamer, which is a tetramer of a dimer. The
overall structure of the protein corresponds to a TIM barrel
(Figure 1A).2> 33 The N-terminal arm is responsible for a large
number of contacts between the two units of the homodimer.
The Zn" ion present in the active site is coordinated by three
cysteines (Cys 133, Cys 135, and Cys143; numbering for PBGS
from S. cerevisiae). The X-ray crystallographic structure of PBGS
showed not only the lysine residue (Lys263 for PBGS from
S. cerevisiae) identified by the reduction with NaBH,, but also the
presence of a second lysine residue in the active site (Lys210,
numbering for PBGS from S. cerevisiae). The structures contain-
ing levulinic acid at the P site clearly indicated the formation of
the Schiff base between the carbonyl group and the e-amino
group of Lys263 (PBGS from S. cerevisiae) and the hydrogen
bonding of the carboxylate to Tyr329 and Ser290 (numbering
for PBGS from S. cerevisiae).

The structures of PBGS not containing the inhibitor bound to
the active site were not well resolved in the region of the amino
acids 220 to 233. When the inhibitor was bound to the enzyme
this lid covers tightly the active site (see Figures 1B and C). The
structure of PBGS from P. aeruginosa could be determined at a
high resolution.B” The overall structure is similar to those
observed for the two other PBGSs resolved. Within the same
crystal the two active sites of the asymmetric dimer were
occupied by a single molecule of levulinic acid, but only one site
was completely closed by the lid. Only one Mg" ion is present per
dimer. The Mg" ion is not positioned at the active site, but at the
interface between the two subunits.B% A catalytic role has been
attributed to the Zn" ions present in the active site. The Mg" ion
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Figure 1. A:Structure of PBGS from S. cerevisiae. The TIM barrel fold and the N-terminal arm
are clearly visible in the schematic presentation of the secondary structure elements. The two
lysines of the active site are colored in green (Lys 263) and purple (Lys210); the two Zn" ions are
colored in blue. B: Space-filling model of PBGS without an inhibitor bound in the active site. The
lid part of the enzyme is colored in orange. The active site is accessible from the outside. C: The
structure of PBGS bound to levulinate. The lid is much more structured and covers the active site
almost completely . The two lysine residues of the active site are not accessible from the outside.
All structures were drawn with the program SYBYL 6.6 (TRIPOS Inc., St. Louis) by using the
coordinates deposited in the Brookhaven Protein Databank (PDB entries Taw5 and Tylv, which

were determined at 2.3 and 2.15 A resolution, respectively).

must play another role and an allosteric interaction of the metal
ion has been proposed that induces the complete closure
of the 1id.5%

Right from the beginning of the studies of PBGS, inhibition
experiments were undertaken to explore the active site of the

CHEMBIOCHEM 2001, 2, 343 -354
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enzyme.?*3% Our group has studied the inhibition
behavior of PBGS isolated from Rhodobacter sphaer-
oides and from E. coli.l"* 3”1 The goal of our systematic
studies is to characterize the recognition sites of
PBGS sufficiently, so that adequate analogues of the
postulated intermediates can be synthesized and
their inhibition behavior can be tested. The long-
term objective is to obtain information relevant for
the detailed understanding of the mechanism and at
the same time to have a collection of adequate
inhibitors available suited for cocrystallization with
the enzyme.

Several groups have made significant contribu-
tions to our knowledge of the inhibition behavior of
substrate analogues.'* 3839 These systematic stud-
ies have been facilitated by the availability of large
quantities of recombinant PBGS from organisms like
E. coli, S.cerevisiae, and Pisum sativum.B& Only
recently we could show that the kinetics of PBGS
depend highly on the concentration of the natural
substrate used during the test.®" Using substrate
concentrations between 4 and 80 um a parabolic
curve is observed if an inverse plot (1/[S] against 1/v)
is used to analyze the experimental results. This
parabolic curve is compatible with a mechanism in
which two substrate molecules are sequentially
recognized at the active site of the enzyme (Fig-
ure 2). The Michaelis - Menten constants for the two
sites can be calculated to be Ky, ; =4.6 uvm and Ky, =
66 um. If, however, substrate concentrations be-
tween 80 and 400 pum are used, simple Michaelis -
Menten kinetics are observed. This behavior has
been interpreted as the consequence of saturating
the first recognition site of PBGS and thereby
observing only the competition between binding
of our inhibitors and the recognition of the second
substrate by the enzyme saturated at the P site with
the natural substrate.

This peculiarity of PBGS allows one to draw
conclusions not only from the size of the inhibition
constants, but also from the change in inhibition
behavior. We interpret pure competitive inhibition
as a consequence of competition between the
natural substrate and the inhibitor for the A site of
the enzyme. Observation of mixed or uncompetitive
inhibition is a clear sign for a more complex
interaction; probably the inhibitor competes with
the natural substrate also for the Psite. In the
absence of functional groups capable of forming
irreversible covalent bonds with the enzyme, slow
binding or even irreversible inhibition is an indica-
tion that several functional groups interact syner-
gistically with the amino acids of the active site. It is probable
that interactions at both sites of the enzyme, the A and the P site,
are responsible for this behavior.

PBGS will recognize two d-amino acids 1 first, which will be
transformed into an aromatic amino dicarboxylic acid 2. What-
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Figure 2. Mechanistic and kinetic interpretation of the fact that a Michaelis — Menten kinetics is observed for the inhibition of PBGS.

ever is the mechanism of this transformation, at one point an
aliphatic dicarboxylic acid must be present as intermediate. In a
recent study we have shown that aliphatic y-ketodicarboxylates
are recognized by PBGS.*Y The chain length is an important
factor determining the inhibition behavior as well as the size of
the inhibition constant. 4-Oxopimelic acid is a moderate
competitive inhibitor, whereas 4-oxosebacic acid is an irrever-
sible inhibitor. We have interpreted this significant change in the
inhibition behavior as a function of the chain length

as a hint in favor of the mechanism first proposed by

Jordan (Scheme 3, mechanism Jordan [).4"

Jordan first (Jordan | mechanism) proposes the formation of the
key intermediate 7, which involves the Schiff base between the
two reacting starting materials. This mechanism has the
advantage of following the mechanism proposed for the Knorr
pyrrole synthesis.*” However, it has been recognized that
stereoelectronically this ring closure reaction is not favorable.*?
It is worth mentioning that it has not been possible to trap this
second Schiff base despite considerable efforts.*?!

COOH
Concentrating the mechanistic analysis on the key HoOC
step, which will connect for the first time the two OH
identical substrates, thereby creating the differentia- Shemin EnZ\N—
tion between the two ALA molecules (1), three NH;
proposals have been discussed. The first proposal or H2N 5
made by Shemin over 30years ago used a close
analogy with the aldolases of typel as a guideline.
The central point of this mechanism is the formation Jordan i C-C bond formation
of a Schiff base intermediate between the enzyme COOH
and the A-site substrate. This Schiff base is then HOOC A side P side
transformed into its corresponding enamine, which NH-Enz COOH
has the correct reactivity to form the crucial C—C / o \ HOOC
bond leading to the intermediate 5. Despite its HOOC  COOH HoN NHz
attractiveness from the mechanistic point of view,?*! Enz-NH, ? 6 - Enz-NH, /)
this proposal has been largely dismissed due to the o * o HoN H
fact that Shemin proposed the recognition of the HoN NH, HOOC COOH
A-site substrate first. This is clearly not compatible 1 \ < ) / 2
. . . ®Enz
with the results of Jordan’s pulse-labeling experi-  p_gje recognition /—<_>:N4H
ments. The formation of the same C—C bond, leading NHz HN
to the intermediate 6 as the key compound joining ® ;

the two substrate molecules for the first time, has

Jordan |
been proposed by Jordan later (Jordan Il mecha- ordan

C-N bond formation

nism).[! His proposal incorporates the sequence of
recognition events. The mechanism postulated by

346

Scheme 3. The three key intermediates postulated by Shemin and Jordan for the biosynthesis
of PBG (2). Enz=enzyme = PBGS.
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Results and Discussion

Studies with substrate analogues showing competitive inhib-
ition behavior had shown that for a good recognition the y-keto
function was necessary.** ! Replacing the amino group of the
substrate had no significant effect. This result is compatible with
our kinetic interpretation postulating the interaction of these
inhibitors at the A site. The amino group at this position does not
undergo any change during the reaction. Finally, the carboxylate
is important for a good recognition. Replacing the carboxylate
by an ester group reduces the affinity considerably, usually K
increases by at least a factor of 10-20. The carboxylate function
can be substituted by a nitro group and a considerable increase
in the affinity can be observed: K, decreases by a factor of about
100. Synthesizing and testing dicarboxylates and analogues
thereof, which contain the three functional groups mentioned
above, should allow analysis not only of the recognition
selectivity at the Asite, but also at the P site (Scheme 4).

A site A site OOC COO P site
X Enz
\
o] HoN
7
?
8 X=CO0— ’
Kj = 2200 mMm
X Y.
17 X =NO,
=28 mmM
34 X = COOCHg ] ]
no inhibitor HN
?

XY
OQ 3
HN
X,Y = COO—, COOCHg, NO,

Scheme 4. A comparison of the Jordan | intermediate with the simplified

structures was used to construct families of inhibitors. The inhibition potency of
the substrate analogues 8, 17, and 34 has been determined for comparison with
the inhibition constants of the more complex analogues of intermediates.?” 4 61

To work out this analysis, the inhibitors have to be recognized
at both sites and we have to be able to predict the orientation of
the inhibitor in the active site. The analysis of all the reported
inhibition studies of PBGS indicates that replacing the keto
function of an inhibitor reduces substantially its affinity for the
Assite. We hoped, however, that the Asite would be more
tolerant to the introduction of an amide function than the P site,
where a keto function is necessary to form the Schiff base.

Introducing an amide function at this position could have
additional advantages (Scheme 5). The key intermediate of the
Jordan I mechanism possesses an iminium ion connecting the C4
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Scheme 5. Comparison of intermediates postulated in the Jordan | mechanism
(top row) with the analogues containing an amide function as the central part
(bottom row).

atom of the A-site ALA with the amino group of the P-site ALA.
Furthermore, in the next step in the formation of the enamine,
the C4 atom stays sp2-hybridized. This double-bond character
was not completely imitated by using the dioxosebacic acid as
inhibitor. An amide function should at least partially imitate this
double-bond character. At the same time the amide group
mimics also the charge distribution found in the iminium ion and
to some extent also the polarity that is found when the amine
group of the P-site substrate is attacking the carbonyl function of
the A-site substrate. The major problem in using an amide
function resides in the fact that there is a restricted rotation
around this partial C-N double bond. It is known that the s-trans
conformer is preferred in solution for secondary amides, whereas
we have to suppose that the diacids are bound in a conforma-
tion that is close to the relative position of the two carboxylate
groups as they are found in the product.

In view of these arguments we decided to study a series of
substrate analogues first to obtain data which should allow to
evaluate the importance of the replacement of the y-keto
function by an amide group (Tables 1 and 2). The comparison of
the inhibition potency of the nitro compounds (see Table 2) with
the corresponding carboxylates (see Table 1) shows that in three
out of five cases the nitro compound is better recognized than
the carboxylate. The difference between the nitro compound
and the carboxylates is usually considerable. In the case of
compounds 17 and 8, the nitro compound is almost 80 times
better recognized than the carboxylate. The difference for the a-
fluoroketones 18 and 9 is, however, rather small: Recognition of
the nitro compound is only better by a factor of four. The
introduction of an a-fluoro substituent increases the electro-
philicity of the carbon atom of the ketone and should reduce the
nucleophilicity of its oxygen atom. The inhibition potency seems
to be considerably increased by this change in electron density.
This comes as a surprise, because most hypotheses published so
far have assumed that the keto function acts as a ligand for a
Lewis acid.“-*! |t has been speculated that Zn" would function
as the Lewis acid, which activates the ketone and facilitates
thereby the transformation into the enol or the enolate ion. The
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Table 1. Inhibition of PBGS by substrate analogues in which the keto function
is modified.

Compound K [tw] Inhibition type/remarks
o
/\)I\ 8 2200 competitive
HOOC
o
~AF 9 85 competitive
HOOC
o
~A 10 38400 competitive
HOOC OCH3
(@]
/\)I\ 1 12500 competitive
HOOC OH
(@]
~ A 12 36400 competitive
HOOC NHCH;3
o
13 24500 competitive
HOOC/\OJ\ P
(@]
14 18200 competitive
Hooc/\o)l\/NH2 P
o
HOOCAHJ\ 15 18800 competitive
o
HOOC/\NJK/NHZ 16 > 150000 not detectable

Table 2. Inhibition of PBGS by substrate analogues containing a nitro
function instead of the carboxy group.

Compound K [uml  Inhibition type/remarks
o
o N/\)I\ 17 28 competitive
2
o
o N/\)I\/F 18 21 competitive
2!
o
19 1880 competitive
OZN/\)I\OCHQ, P
0]
20 44900 competitive
OZN/\)I\OH P
o
21 - interference with the Ehrlich reaction
OZN/\)I\NHZ
o
~A 22 222800 competitive

O,N NHCHs

observation of this strong increase in inhibition potency is not in
accordance with these postulated interactions with the enzyme
active site. The combination of two factors that individually
increase the inhibition potency seems not to be additive. The
nitro fluoro compound 18 shows only a slight decrease in K
compared to the nitroketone 17, whereas the introduction of the
fluoro substituent into levulinic acid decreases the K, consid-
erably: A change of K, from 2200 um for 8 to 85 um for compound
9 is observed. Changing the keto function for a carboxylate
function or amide function thereof reduces the inhibition
potency considerably. The K, value of compounds 20 and 22,
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in which the keto function has been replaced by a deactivated
carbonyl group, is 1600- and 8000-fold bigger, respectively, than
the K| value for the standard compound 17. The amide cannot be
considered to be an inhibitor at all because the K, is so much
bigger than the K, of the natural substrate. The inhibition
constant for the primary amide compound 21 could not be
determined because this inhibitor interfered with the Ehrlich’s
reaction, which is used to determine the amount of PBG
formed.”® The comparison of the series of compounds in which
the modification of the keto function into an amide or into an
ester function has been made at the end of the chain or within
the chain is quite interesting. Introducing an amide group at the
end of the chain could mimic the imine or the iminium ion 7
formed between the two substrate molecules in the mechanism
Jordan | (see Scheme 4). The amide, and to some extent also the
ester in the chain, could be considered as a mimic for the
enamine or the enolate necessary for the ring closure reaction.
Comparing the inhibitors 10 and 12 with the compounds 13 and
15 shows that there is at most a slight difference between those
two arrangements of the functional groups. All of these
compounds are weak or even very weak inhibitors judged by
their K, values. A very interesting observation is the fact that
introducing the amino function at the end of the chain, with the
hope of adding another recognition site and thereby increasing
the affinity to the active site, does not influence the K, value in
the expected direction. The values for compounds 13 and 14 are
almost identical. In the case of the amides 15 and 16 the
introduction of the additional amino function transforms a weak
inhibitor into a compound that is no longer recognized by the
enzyme, an observation already reported by Leeper.f" This
shows that we cannot expect simple additivity in our series of
inhibitors. If the interaction at one site is optimal, the trials to
improve the inhibition potency by adding additional functional
groups (in the hope of increasing the number of contacts) are
often not successful. The other clear conclusion is that for
inhibitors which interact at the Asite of the enzyme the
replacement of the keto function by an amide group reduces
the inhibition potency substantially. As amides should be good
ligands for Lewis acids, this observation is surprising, but the
conclusion is similar as the one drawn from the introduction of
the fluoro substituent in the 5-position.

A final point has to be discussed in this context. The nitro
function seems to imitate the carboxylate very well. The nitro
analogues are often better recognized than the carboxylates
themselves. Those cases in which the introduction of a nitro
group has considerably enhanced the recognition have been
shown to be due to the interaction of the nitronate anion with
the active site of the enzyme. Careful titration of compounds 17
and 22 allowed us to determine the pK, values. It was necessary
to wait five minutes after each addition of base to establish the
equilibrium. The pK, values of 17 and 22 are 8.05 and 8.68,
respectively. This means that a considerable percentage of our
inhibitors is present in their deprotonated form. Without
spectroscopic information on the enzyme -inhibitor complex
we cannot be sure which form is present in the active site.
However, it seems reasonable to assume that the negatively
charged nitronate could be an excellent substitute for
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the carboxylate. This would be an additional reason why the
nitro compounds are generally such excellent inhibitors of
PBGS.B7

The studies of a series of linear dicarboxylic acids containing
one or two keto functions had shown that PBGS is very sensitive
to the chain length. The sebacic acid derivatives, close analogues
of the postulated key intermediate of the Jordan | mechanism,
generally showed the highest inhibition efficiency.*" It was also
shown that a three-point interaction was in general sufficient for
an excellent recognition of the inhibitor at the active site. Based
on these results we synthesized a series of analogues in which
we kept the keto function and the relative arrangements of the
functional groups constant (Table 3). Instead of the second keto
function, which should be recognized at the Asite, we
introduced an amide group. Keeping this basic skeleton
constant, we varied the groups at the end of the chain from
carboxylate to an ester or nitro group. We synthesized most of
the variations of these end groups in order to analyze the
recognition selectivity at the two sites of the enzyme. Com-
pound 23, which contains two carboxylates, was our standard
for this series of tests. This compound was an irreversible
inhibitor, like the corresponding diketone or 4-oxosebacic acid
(30). Despite the substantial reduction of recognition of an
amide at the A site, which we had established before, compound
23 interacts strongly with the active site of PBGS. Exchanging the
carboxylate at the Asite for a methyl ester function (—24)
reduced the interaction considerably and an uncompetitive

Table 3. Inhibition of PBGS by analogues of the Jordan | key intermediate.
Compound K, [um] Inhibition type/remarks
HOOC COOH
23 - irreversible
o o
HN
H3;COOC COOH
24 243 uncompetitive
o (@]
HN
HOOC COOCH3;
25 - irreversible
o o
HN
O,N COOH
26 - irreversible
o o
HN
O,N COOCH3
27 - irreversible
o o
HN
H3COOC NO,
28 20 competitive/mixed
o o
HN
O2N NO,
29 30 competitive/mixed
o [e]
HN
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inhibitor with a K| value of 243 um was obtained. The uncompe-
titive inhibition behavior is a good indication that our inhibitor
still interacts not only in the A site, but probably at both sites at
the same time. However, the potency of this inhibitor is strongly
reduced, as was expected from the studies of the substrate
analogues. Simply changing the position of the ester group from
the Asite to the Psite (—25) again resulted in an irreversible
inhibitor. This observation is compatible with a greater tolerance
for an ester function at the P site than at the A site. The amino
acids responsible for the interaction with the P-site carboxylate
are known from the X-ray crystallographic studies of PBGS
containing levulinate bound to the active site.353% 40 The
carboxy group of the levulinic acid forms three hydrogen bonds:
one with Tyr329 and two with Ser290. It can be envisaged that
with a methyl ester function only a partial disruption of the
hydrogen bonds occurs. This would explain the reduction in
recognition, rather than a total loss. The fact that the A-site
recognition seems to be less tolerant to esters is in favor of an
on - off mechanism for the recognition. The interaction could be
due to the fact that there are hydrogen bonds to one amino acid
only. This interpretation will have to be tested as soon as the
Asite of PBGS can be identified by an X-ray crystallographic
analysis. Introducing a nitro function at the A site as in 26 and 27
still leads to irreversible inhibition. This result is expected and in
complete accordance with the results obtained with the
substrate analogues. Introduction of the nitro group at the
P site (—28 and 29) gives competitive/mixed inhibitors. These
inhibitors are slightly better than the inhibitor containing the
ester function at the A site (24), but their inhibition behavior and
their K, values of 20 and 30 um, respectively, indicate that the
nitro group is by far not such a good group at the P site than it is
at the Assite. It seems clear from these results that PBGS has two
distinct recognition mechanisms for the two carboxylates. The
P-site carboxylate can be replaced by an ester function with only
a slight loss in activity. Replacing the P-site carboxylate by a nitro
group is much less favorable. However, at the A site the nitro
group is by far the best group for obtaining a high affinity. The
ester function is not well tolerated at this part of the active site.
The tolerance of the P site to the ester function is compatible
with data available from the X-ray crystallographic structures.
For a rationalization of the inversed behavior of the A site, we
have to wait for results of X-ray crystallographic analyses that
should allow us to identify the groups responsible for the
recognition mechanism.

Finally, a minimal version of the analogues of the Jordan|
intermediate was tested (Table 4). 4-Oxosebacic acid (30) is an
irreversible inhibitor.#" The nitro analogue 31 is a competitive
inhibitor with a K| value of 4900 pm. Probably this compound is
no longer recognized as an analogue of the intermediate, but it
is a substrate analogue with a long chain. This result is in
agreement with the observation reported above. When the keto
function is replaced by an amide function, very weak compet-
itive inhibitors like 32 and 33 are obtained. It is clear that the
absence of the keto function is not compensated for by the
correct chain length and the presence of two carboxylate
functions. The K, values are in the order of 20 mm, which means a
very weak inhibition.
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Table 4. Inhibition of PBGS by analogues of 4-oxosebacic acid (30).
Compound K [uwm] Inhibition type/remarks
HOOC COOH
30 - irreversible
]
O,N COOH
31 4900 competitive
(@]
HOOC COOH
32 22900 competitive
NH °
HOOC NO,
33 18200 competitive/activator
NH °
Conclusion

We could show that substrate analogues in which the keto
function had been replaced is not well tolerated at the A site of
PBGS. However, an increase in the electrophilicity of the carbon
atom of the keto function increases the inhibition potency
considerably. This is compatible with an important interaction
with a nucleophile, but not really in accordance with an
interaction with a Lewis acid such as a Zn'" ion. The amide
function, however, is well tolerated at the Asite if it is
incorporated into an analogue of the Jordan | key intermediate.
This observation allowed us to distinguish the recognition
selectivities at both sites of the enzyme. The P site of the enzyme
tolerates the substitution of the carboxylate by an ester group.
The nitro function is accepted, but does not lead to an increase
in inhibition potential. This result can be interpreted on the basis
of the known structure of PBGS. On the other hand, the A site
accepts the replacement of the carboxylate by a nitro function
very well; in most cases a considerable increase in the interaction
can be observed. Esters at the A site, however, are not tolerated.

This study clearly shows the importance of systematic studies
of specifically designed inhibitors to increase our knowledge
about the active site of enzymes. It is clear that definitive proof of
the observed results will have to wait until adequate X-ray
crystallographic structures become available. Finally, it is im-
portant to realize that we have interpreted our results on the
basis of the postulated key intermediates. However, at this stage
it is difficult—if not impossible—to distinguish between a
mechanism based on the binding of intermediates and a
mechanism based on the recognition of a bisubstrate com-
pound.Z

Experimental Section

Biochemical studies

Materials: E. coli (CR 261) was a gift from C. Roessner (Texas A&M
University). Cultivation of E.coli and purification of PBGS were
performed as described previously.>3!

350

R. Neier et al.

PBGS assay and determination of kinetic constants: The PBGS
assay is a colorimetric assay based on the reaction between PBG and
4-dimethylaminobenzaldehyde®® (Ehrlich’s reagent). The assay for
E. coli PBGS contained 4-6.4 ug PBGS and the inhibitor in 1.5 mL of
0.1m sodium phosphate buffer (NaH,PO,/Na,HPO, mixture, pH 8.1,
12.3 mm mercaptoethanol, 10 mm MgCl,:6H,0, 10 um ZnCl,). The
preincubation took place at 37 °C for 30-45 min. The substrate was
added in varying concentrations and the solution was incubated for
14 min, after which the PBGS-catalyzed reaction was stopped by
adding 1 mL of the stop reagent (20% (w/v) trichloroacetic acid,
10 mm HgCl,) at 0°C. After centrifugation (4 min, 3600 g) 1 mL of the
supernatant was treated with 1mL of Ehrlich’s reagent (1.1g
4-dimethylaminobenzaldehyde in 20 mL perchloric acid and 35 mL
acetic acid). This solution was centrifuged (4 min, 3600 g) again. The
quantity of product formed was determined by measuring the
absorbance at 554 nm (¢ =62000 mol~'cm™).

The type of inhibition was determined by using Eadie-Hofstee,
Lineweaver-Burk, and Hanes plots. The K values shown in the
different tables are the average of at least three independent assays.
K, values were calculated from the apparent Ky, values deduced from
the hyperbolic plot, which is typical of Michaelis—Menten kinetics.

Estimation of the specific activity: Protein concentration was
estimated with the Bio-Rad Protein Assay using the color change of
Coomassie Brilliant Blue G-250. This color change is followed by
measuring the absorbance at 596 nm.>* The concentration of PBGS
is deduced by comparison with a standard curve. Using this value
together with the rate of PBG formation allows the specific activity to
be calculated.

Dialysis assay: 4-6.4 ng PBGS were dissolved in 10 mL of 0.1m
sodium phosphate buffer (see above). This solution (4 mL) was
placed in two different 5-mL tubes, one containing 2.5 - 10 mg of the
inhibitor, the second (without inhibitor) was used as a reference.
After 24 h at RT, the specific activities were determined. 1 mL of each
solution was placed in a dialysis tube and separately dialyzed against
1.5 L of 0.1m sodium phosphate buffer (see above). After dialysis for
66 h at 4°C, the specific activities were determined again.

Chemical syntheses

General: THF (purum, Fluka) was distilled over K and benzophenone
under N,; the other solvents (puriss., Fluka) were used without
further treatment. TLC: silica gel 60 F,s, plates (aluminium, 0.2 mm;
Merck). Flash column chromatography: silica gel 60 (0.04 - 0.063 mm,
Fluka) at ca. 0.2 bar. Determination of melting points: Biichi 510
apparatus, uncorrected. IR spectra: Perkin—Elmer 1720 X FT-IR
spectrophotometer; absorption bands given in cm~". NMR spectra:
Bruker AMX-400 and Bruker Avance 400 ("H NMR: 400 MHz, '3C NMR:
100 MHz); Varian Gemini XL-200 and Varian Gemini 2000 ("H NMR:
200 MHz, *C NMR: 50 MHz); Me,Si as external reference (0=0);
temperature: 298 K; all coupling constants J given in Hz. Mass
spectrometry: El (70 eV) and Cl (NH; as ionisation gas): Nermag RC
30-10; ESI-MS and APCI-MS: Finnigan LCQ. HR-MS: Bruker
FTMS 4.7T BioAPEX Il (ESI-MS, positive and negative mode). GC:
Perkin - ElImer SIGMA 3B, Dual FID Chromatograph, SE 54 column
(Macherey&Nagel, /=25 m, ID = 0.32 mm, d;= 0.25 um), P (program:
5 min at 70°C, 70 —150°C at 8°Cmin~", 10 min at 150 °C). Elemental
analyses were performed by the Microanalytical Laboratory of Ciba-
Specialty SA, Marly, and by “I'Ecole d’Ingénieur” of Fribourg.

Starting materials: (4-Nitro-2-oxo-1-butyllammonium chloride
(35),* monobenzyl succinate (36),*¢ and (4-carboxy-2-oxo-1-butyl)-
ammonium chloride (1)57 were synthesized according to the
literature. (4-Methoxycarbonyl-2-oxo-1-butyl)ammonium chloride
(37): A commercial sample (>98%, Sigma) as well as a specifically
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synthesized sample were used. 3-Methoxycarbonylpropionyl chlor-
ide (38) (purum, Fluka) as well as all the other starting materials were
commercially available (Fluka or Aldrich).

Levulinic acid (8), succinic acid (11), acetoxyacetic acid (13), N-
acetylglycine (15) and glycylglycine (16), 3-nitropropionic acid (20),
and monomethylsuccinate (10) were commercially available (Fluka
or Aldrich). 5-Fluorolevulinic acid (9),°% ** aminoacetic acid carboxy-
methylester (14),%? and 4-nitrobutan-2-one (17)%" %4 were synthe-
sized according to the literature.

The synthesis and characterization of the following starting materials
or intermediates is available as Supporting Information: 3-nitro-
propionyl chloride (39), 1-diazo-4-nitrobutanone (40), [(4-benzyloxy-
carbonyl)-1-butyllammonium p-toluenesulfonate (41), [4-(methoxy-
carbonyl)-1-butyllammonium p-toluenesulfonate (42), [4-(benzyl-
oxycarbonyl)-2-oxo-1-butyllammonium  p-toluenesulfonate  (43),
methyl 5-[(3-nitropropionyl)aminolpentanoate (44), benzyl 5-{[3-
(benzyloxycarbonyl)propionyllamino}pentanoate (45), benzyl 5-{[3-
(benzyloxycarbonyl)propionyllamino}-4-oxopentanoate (46), methyl
5-{[3-(benzyloxycarbonyl)propionyllamino}-4-oxopentanoate  (47),
benzyl 5-{[3-(methoxycarbonyl)propionyllamino}-4-oxopentanoate
(48), methyl 4-oxo0-4-(2-oxocyclohexyl)butyrate (49), ethyl 9-bromo-
4-oxononanoate (50), intermediate 51, ethyl 9-nitro-4-oxononanoate
(52).

N-Methylsuccinamic acid (12): An 8m solution of methylamine in
ethanol (5.5 mL, 44 mmol) was added to an ice-cooled solution of
succinic anhydride (2.0g, 20 mmol) in ethanol (10 mL) and the
reaction mixture was stirred at 0°C for 90 min and then for 1 h at RT.
Evaporation of the solvent, addition of 1m HCl (40 mL) and ethyl
acetate (50 mL), saturation with NaCl, extraction with ethyl acetate
(8 x 50 mL), drying over MgSQ,, filtration, and evaporation of the
solvent gave the crude product (1.65 g, 63%). Subsequent purifica-
tion by recrystallization in THF/diethyl ether yielded 12 (1.0 g, 38 %)
as a white solid. M.p.108°C (ref. [64] 111°C). R=0.12 (CH,Cl/
methanol, 9:1); IR (KBr plates, film): ¥ =3600-2400 (m), 3356 (vs),
2981 (m), 2929 (m), 2732 (m), 2642 (m), 2546 (m), 1715 (s), 1635 (s),
1569 (s), 1455 (m), 1422 (s), 1413 (s), 1370 (m), 1337 (m), 1277 (m),
1239(s), 1179(s), 1163 (s), 1085 (m), 1028 (m), 986 (m), 960 (m),
939 (m), 839 (m), 703 (m), 556 (m); 'HNMR (200 MHz, [Ds]DMSO):
0=228 (“t", 3J5,=6.2, 2H, H,C(3)), 2.41 (“t", 3),5=6.4, 2H, H,C(2)),
2.55 (d, 3Js.yn=4.8, 3H, H;C(5)), 776 (m, TH, HN) 12.06 (s, 1H, HO);
13CNMR (50 MHz, [Dg]DMSO): 6 =25.5 (C(5)); 29.2, 30.0 (C(2), C(3));
171.4, 174.0 (C(1), C(4); MS (ESI, negative mode): m/z: 130 [M —1]-,
112 [M—1—H,0]-, 86 [M—1—CO,]-.

’

1-Fluoro-4-nitro-butan-2-one (18):** Pyridine hydrofluoride (Fluka,
contains ca. 70% HF; 10 mL) was added over 30 min to a solution of
1-diazo-4-nitrobutan-2-one (40) (1.43 g, 10 mmol) in diethyl ether
(15mL) at 15°C in a high-density polyethylene (HDPE) container
containing HF. The reaction mixture was stirred for 2 h at RT. Work-up
with water (20 mL) followed by extraction of the aqueous layer with
chloroform (6 x 50 mL), washing of the organic layers with anhy-
drous KEF, filtration, and evaporation of the solvent gave the crude
product (610 mg, 45%) as an orange liquid. Subsequent purification
by flash chromatography (silica gel; n-hexane/CH,Cl,, 2:1) gave the
final product 18 (260 mg, 19%) as a pure liquid (>99 % (GC), t,=9.6).
R:=0.48 (ethyl acetate/n-hexane, 2:1); IR (KBr plates, film): 7=
3028 (w), 2973 (w), 2933 (w), 1745 (s), 1558 (vs), 1427 (m), 1398 (m),
1378 (s), 1082 (m), 1045 (m), 998 (m); 'H NMR (200 MHz, CDCl,): 6 =
3.25 (td, 34,=59, Yr=2.1, 2H, H,C(3)), 472 (t, 3J,5=6.0, 2H,
H,C(4)), 4.92 (d, 2J, = 474, 2H, H,C(1)); 3C NMR (50 MHz, CDCl,): 6 =
34.4 (C(3)), 67.9 (C(4)), 84.7 (d, 'J, - =184, 1C, C(1)), 202.7 (d, 2, = 21,
1C, C(2)); “FNMR (188 MHz, CDCL): 6=8.16 (t, 2pps=477, 1F,
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FC(5)); MS (ESI, positive mode): 136 [M+1]F, 89 [M+1 — HNO,]*; HR-
MS: m/z: caled for C,H;FNO; 158.02239 [M + Nal*, found 158.02211.

Methyl 3-nitropropionate (19): Oxalyl chloride (3.54 g, 21 mmol)
and DMF (1 drop) were added under N, to an ice-cooled solution of
3-nitropropionic acid (2.51g, 19.8 mmol) in CH,Cl, (30 mL). The
reaction mixture was stirred for 15 min at 0 °C and then for 2 h 45 min
at RT. Half of the solvent was evaporated, the reaction mixture was
ice-cooled and methanol (5 mL) was added dropwise; the mixture
was stirred for 10 min at 0°C and 20 min at RT. Evaporation of the
solvent gave a crude product as a yellowish liquid; purification by
bulb-to-bulb distillation (p =0.5-0.07 mmHg, T=60°C) yielded 19
(2 04 g, 78%) as a colorless solid. R;=0.47 (ethyl acetate/n-hexane,

:1); IR (KBr plates, film): #=3009 (w), 2960 (w), 1739 (s), 1558 (vs),
1441 (s), 1407 (m), 1380 (s), 1342 (m), 1258 (m), 1218 (s), 1201 (s),
1181 (s), 872 (m), 850 (m); 'HNMR (200 MHz, CDCl;): 6 =4.64 (t,
3J,,=62, 2H, H,C(3)), 3.72 (s, 3H, H,C(1"), 2.97 (t, 3J5,=6.0, 2H,
H,C(2)); *CNMR (50 MHz, CDCl;): 6 =169.9 (C(1)), 69.6 (C(3)); 52.3
(C(1), 30.7 (C(2)).

3-Nitropropionamide (21):1! 3-Nitropropionyl chloride (39) (1.38 g,
10 mmol) was added to a 12% ice-cooled aqueous solution of NH;
(10 mL). After 10 min, the reaction mixture was acidified to pH 1 with
32% HCI saturated with NaCl. Extraction with ethyl acetate (8 x
40 mL), drying over MgSO,, filtration, and evaporation of the solvent
gave the crude solid (1.02g, 86%). Subsequent purification by
preabsorbtion onto silica and purification by flash chromatography
(silica gel; ethyl acetate) yielded 21 (401 mg, 77 %) as a white solid.
R:=0.14 (ethyl acetate). IR (KBr plates, film): 7#=23394 (s), 3203 (m),
2973 (w), 2927 (w), 2855 (m), 2799 (m), 1710(s), 1663 (s), 1630 (s),
1555 (vs), 1429 (s), 1402 (m), 1382 (m), 1310 (m), 1248 (m), 595 (m);
'H NMR (200 MHz, CDCly): 6 =2.72 (t, *J,5=6.0, 2H, H,C(2)), 4.66 (t,
3J,,=6.0, 2H, H,C(3)), 703 (s, 1H, HN), 751 (s, 1H, HN); *CNMR
(100 MHz, CDCly): 6 =16.4 (C(6)), 28.2 (C(5)), 36.5 (C(2)), 42.5 (C(3)),
178.2 (C(1)), 210.7 (C(4)).

N-Methyl-3-nitropropionamide (22): A solution of 3-nitropropionyl
chloride (39) (543 mg, 3.95 mmol) in CH,Cl, (4 mL) was added to an
8 M ice-cooled solution of methylamine in ethanol (1.1 mL, 8.7 mmol)
over 20 min. After 90 min the cooling bath was removed and the
reaction mixture was stirred for 2 h at RT. Addition of an 1m aqueous
solution of HF (20 mL) and CH,Cl, (30 mL), extraction with ethyl
acetate (3 x 30 mL), drying over MgSO,, filtration, and evaporation of
the solvent gave the crude product (1.46 g, >100%) as a brownish
oil. Subsequent purification by flash chromatography (silica gel;
ethyl acetate/n-hexane, 2:1) yielded 22 (401 mg, 77%) as a white
solid. R= 0.32 (CH,Cl,/ethyl acetate/methanol, 10:1:1); IR (KBr plates,
film): #=3337(s), 3305 (s), 3114 (w), 3022 (w), 2945 (m), 2924 (m),
2851 (w), 1674 (s), 1645 (vs), 1551 (s), 1416 (s), 1377 (s), 1340 (m),
1278 (s), 1248 (m), 1204 (m), 1165 (m), 1090 (m), 1030 (m), 952 (m),
874 (m), 738 (m), 581 (m), 492 (m); "H NMR (400 MHz, CDCl,): 6 =2.78
(d, 3Joun=438, 3H, H,C@)), 2.81 (t, 3,,=62, 2H, H,C(2)), 4.67 (t,
3J;,=6.1, 2H, H,C(3)), 6.34 (s, TH, HN); *CNMR (100 MHz, CDCl;,
DEPT): 6 =26.3 (C(4)), 32.2 (C(2)), 70.2 (C(3)), 169.0 (C(1)); MS (ESI,
positive mode): 155 [M+Na]*, 133 [M+1]*; elemental analysis (%):
calcd for C,HgN,0; (132.12): C 36.36, H 6.10, N 20.20; found: C 36.10,
H 6.15, N 21.76.

5-Amino-N-(3-carboxypropionyl)-4-oxopentanoic acid (23): A solu-
tion of the ester 46 (300 mg, 0.73 mmol) and of 10% Pd/C (30 mg) in
THF (40 mL) was shaken under H, (4 bar) for 20 h. The reaction
mixture was filtered through celite and the catalyst washed with THF
(40 mL). The filtrate was evaporated to give the crude product
(160 mg) as a white solid. Subsequent recrystallization from THF/
diethyl ether yielded 23 (85 mg, 61%) as a white solid. M.p. 160—
161°C (ref.[66]: 197-199°C); R;=0.51 (ethyl acetate/methanol/
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acetic acid, 8:1:1); IR (KBr): #=3650-2300 (m) (3039), 3386 (m),
3341 (m), 2942 (m), 1724 (s), 1691 (vs), 1634 (s), 1530 (m), 1434 (m),
1410 (m), 1386 (m), 1305 (m), 1221 (m), 1195 (m), 630 (m); 'H NMR
(400 MHz, [Dg]IDMSO): 6=2.36-2.47 (m, 6H, H,C(2,78)), 2.63 (t,
3J,,=6.3, 2H, H,C(3)), 3.91 (d, 3Js,;y =5.4, 2H, H,C(5)), 8.19 (t, s =
5.5, 1H, HN), 10.75-11.45 (s, 2H, HO); '*C NMR (100 MHz, [D;]DMSO,
DEPT, HETCOR): 6 =27.6 (C(2)); 29.2, 29.8 (C(7), C(8)); 34.1 (C(3)); 48.5
(C(5)); 171.5 (C(6)); 173.8, 173.9 (C(1), C(9)); 205.9 (C(4)); MS (ESI,
negative mode): m/z: ms 230 [M —1]~, ms-ms (230) 212 [M—1 —
H,0]~, ms-ms-ms (230, 212) 194 [M—1—2H,0]", ms-ms-ms-ms
(230, 212, 194) 150 [M—1—2H,0 — CO,]~, ms-ms-ms-ms-ms (230,
212,194, 150) 122 [M — 1 —2H,0 — CO, — C,H,]~; elemental analysis
(%): calcd for CoH;3sNOg (231.20): C 46.75, H 5.67, N 6.06; found: C
46.79, H 5.72, N 5.67.

5-{[3-(Methyloxycarbonyl)propionyllamino}-4-oxopentanoic acid
(24): A solution of the ester 48 (335 mg, 1 mmol) and of 10% Pd/C
(35 mg) in CH,Cl, (40 mL) was shaken under H, (4 bar) for 16 h. The
reaction mixture was filtered through celite and the catalyst washed
with THF (20 mL). The filtrate was evaporated to give the crude
product (260 mg) as a white solid. The recrystallization from THF/n-
hexane yielded 24 (166 mg, 68 %) as a white solid. M.p. 103-104°C;
R:=0.22 (CH,Cl,/methanol, 9:1); IR (KBr): #=3500-2500 (w) (3027),
3344 (m), 2958 (w), 2938 (w), 1733 (s), 1695 (s), 1641 (vs), 1521 (m),
1437 (m), 1411 (m), 1376 (m), 1354 (m), 1310 (m), 1196 (M), 1173 (m),
1140 (m), 631 (m), 493 (m); 'HNMR (400 MHz, [D,JDMSO): 2.40 (t,
3),5=6.4, 2H, H,C(2)), 2.43 (“t", 3J,.40r57="6.1, 2H, H,C(7 or 8)), 2.50
(“t", 3Jg70r7.6= 6.6, 2H, H,C(8 or 7)), 2.62 (t, 3J;,= 6.4, 2H, H,C(3)), 3.57
(s, 3H, HsC(10), 3.92 (d, 3J5 .y = 5.6, 2H, H,C(5)), 8.22 (t, s ="5.5, TH,
HN) 11.2-13.0 (s, TH, HO); 3C NMR (100 MHz, [D;]DMSO): 6 =27.6
(C(2)); 28.8,29.7 (C(7), C(8)); 34.7 (C(3)); 48.5 (C(5)); 51.5 (C(10)); 171.3
(C(6)); 172.9 (C(9)), 173.8 (C(1)); 205.8 (C(4)); MS (ESI, negative mode):
m/z: ms 244 [M—1]-, 212 [M—1—CH,0]", ms-ms (244) 212 [M —
1 — CH;0H]~, ms-ms-ms (244, 212) 194 [M — 1 — CH;0H — H,0O]~, ms-
ms-ms-ms (244, 212, ms-ms-ms (244, 212) 194 [M—1—-CH,0—
H,0l~, ms-ms-ms-ms (244, 212, 194) 150 [M—1—-CH,0—H,0—
CO,]~, ms-ms-ms-ms-ms (244, 212, 194, 150) 122 [M—1—CH,0 —
H,0—CO,—(CO or CH,I1-; elemental analysis (%): calcd for
CioH1sNOg (245.23): C 4898, H 6.16, N 5.71; found: C 48.78,
H 6.27, N 5.82; HR-MS: m/z: calcd for C,,H,,NO4 246.09721, found:
246.09720.

3-{[4-(Methoxycarbonyl)-2-oxobutyl]carbamoyl}propionic  acid
(25): A solution of the ester 47 (600 mg, 1.79 mmol) and of 10%
Pd/C (60 mg) in CH,Cl, (75 mL) was shaken under H, (4 bar) for 20 h.
The reaction mixture was filtered through celite and the catalyst
washed with THF (100 mL). The filtrate was evaporated to give the
crude product (650 mg) as a white solid. The recrystallization from
THF/diethyl ether yielded 25 (350mg, 80%) as a white solid.
M.p. 107 °C; R;=0.22 (CH,Cl,/methanol, 9:1); IR (KBr): #=3650-
2500 (m), 3348 (s), 3063 (m), 3027 (m), 2958 (m), 2927 (m), 2858 (m),
1730 (s), 1718 (vs), 1697 (s), 1636 (vs), 1525 (s), 1441 (m), 1423 (m),
1394 (m), 1384 (m), 1357 (s), 1311 (m), 1286 (m), 1202 (s), 1184 (m),
1140 (m), 1107 (m), 978 (m), 635(m), 537 (m), 492 (m); 'HNMR
(400 MHz, [Dg]DMSO): 6 =2.38-2.44 (m, 4H, H,C(78)), 249 (¢,
3J,,=6.6, 2H, H,C(2)), 270 (t, 3;,=6.5, 2H, H,C(3)), 3.58 (s, 3H,
H,C(10)), 3.93 (d, 35y = 5.6, 2H, H,C(5)), 8.19 (t, 35 = 5.4, 1H, HN);
13CNMR (100 MHz, [F;]DMSO): 6 =27.2 (C(2)); 29.2, 29.9 (C(7), C(8));
33.9 (C(3)); 48.5 (C(5)); 51.5 (C(10)); 171.5 (C(4)); 172.7 (C(9)); 173.9
(C(1)); 205.7 (C(6)); MS: m/z (%): 246 (6) [M+11T, 228 (4) [M — OHI",
214 (8) [M — CH;0]*, 196 (10) [M — CH,0O,]*, 168 (12) [M — C,H;05]T,
140 (4) [M — CHs0,1", 131 (12) [CsHNOs1 ™, 115 (100) [CsH,0,]F, 114
(16), 113 (40) [CsH,NO,I**, 101 (27) [C,HsO4]*, 87 (19) [C,H,0,]*, 73
(12) [C3Hs0,1%, 55 (27); elemental analysis (%): calcd for C,oH;sNOg
(245.23): C 48.98, H 6.16, N 5.71; found: C 49.03, H 6.17, N 5.73.
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5-(3-Nitropropionylamino)-4-oxopentanoic acid (26): A solution of
pig liver esterase (4 mg, 130 Umg~") in (NH,),SO, buffer (3m, pH 7.2;
0.4 mL) was added to a solution of the ester 27 (565 mg, 2.3 mmol) in
water (40 mL). The reaction mixture was maintained for 9 h at pH 7.2
by adding 0.3m NaOH then acidified to pH 1.5 with 32% HCI,
saturated with NaCl, and extracted with ethyl acetate (8 x 50 mL).
The organic layers were dried over MgSO, and filtered, and the
solvent was evaporated to give the crude product (400 mg) as a
brown oil. Subsequent recrystallization from THF yielded 26 (154 mg,
29%) as a white solid. M.p. 148°C; R;=0.37 (CH,Cl,/methanol, 7:3); IR
(KBr): 7=3650-2400 (w) (3069), 3317 (s), 2967 (w), 2922 (w), 1723 (s),
1699 (s), 1650 (vs), 1550 (s), 1433 (m), 1422 (m), 1407 (m), 1398 (m),
1389 (m), 1270 (m), 1234 (m); '"H NMR (400 MHz, [Dg]DMSO): 6 =2.41
(t, 3,5=6.5, 2H, H,C(2)), 2.63 (t, 5, =6.5, 2H, H,C(3)), 2.84 (t, 3, 5=
5.9, 2H, H,C(7)), 3.97 (d, 3Js yy="5.5, 2H, H,C(5)), 4.69 (t, 3J5, =6.2, 2H,
H,C(8)), 8.40 (t, ¥Juys=>5.2, TH, HN); 3C NMR (100 MHz, [DJDMSO):
0 =276 (C(2)), 31.2 (C(7)), 34.1 (C(3)), 48.5 (C(5)), 70.6 C(8), 169.0 C(6),
173.7 C(1), 205.4 C(4); MS (ESI, negative mode): m/z: ms 231 [M —1]-,
184 [M — 1 —HNO,]-, ms-ms (231) 184 [M — 1 —HNO,]~, ms-ms-ms
(231, 184) 166 [M— 1 —HNO,— H,0]-, 140 [M—1— HNO,— CO,],
112 [M—1—HNO, — CO, — C,H,]-; HR-MS: m/z: calcd for CgHi,N,-
NaOg 255.058750, found: 255.058743.

Methyl 5-[(3-nitropropionyl)amino)]-4-oxopentanoate (27): The
acyl chloride 39 (808 mg, 6 mmol) was added dropwise to a solution
of 37 (1.1 g, 6 mmol) in CH,Cl, (50 mL) under N, at 0°C, followed by
the addition of triethylamine (1.23 g, 12 mmol) over 30 min. The
reaction mixture was stirred for 1 h at 0°C and 1 h at RT. Work-up
with 1m HCI (30 mL) and CH,Cl, (30 mL) followed by extraction of the
aqueous layer with CH,Cl, (3 x 50 mL), drying of the organic layers
over MgSO,, filtration, and evaporation of the solvent gave the crude
product (990 mgq) as a yellow solid. Subsequent recrystallization from
ethyl acetate yielded 27 (657 mg, 44%) as a white solid. M.p. 96 °C;
Ri=0.51 (CH,Cl,/methanol, 9:1); IR (KBr):: #=3650-2800 (w),
3300 (s), 3104 (w), 3027 (w), 2984 (w), 2955 (w), 2921 (w), 2854 (w),
1744 (s), 1727 (s), 1650 (s), 1573 (m), 1552 (vs), 1442 (m), 1411 (m),
1403 (m), 1377 (m), 1366 (m), 1348 (m), 1282 (m), 1213 (m), 1181 (m),
1097 (m), 1031 (m); '"H NMR (400 MHz, [Dg]DMSO): 2.63 - 2.67 (m, 2H,
H,C(2)), 2.72-2.76 (m, 2H, H,C(3)), 2.90 (t, 3J, = 6.2, 2H, H,C(8)), 3.66
(s, 3H, H;C(6)), 421 (d, 3Js 1y =4.7, 2H, H,C(5)), 4.69 (t, Jopy=6.2, 2H,
H,C(8)), 6.58 (s, 1H, HN); *CNMR (100 MHz, CDCl,): 6 =27.5 (C(2)),
32.1 (C(8)), 34.5 (C(3)), 49.3 (C(5)), 51.9 (C(6)), 69.9 (C(9)), 168.3 (C(7)),
172.8 (C(1)), 203.7 (C(4)); MS (El): m/z (%): 246 (3) [M]"*, 215 (2) [M —
CH;01*, 115 (29) [CsH,05]", 87 (11), 85 (14), 84 (37) [C,H,O,1" *, 59 (22),
57 (14), 56 (13), 55 (100); elemental analysis (%): calcd for CgH,,N,O¢
(246.22): C 43.90, H 5.73, N 11.38; found: C 43.84, H 5.54, N 11.25.

Methyl [(4-nitro-2-oxobutyl)carbamoyllpropionate (28): The acyl
chloride 38 (808 mg, 6 mmol) was added dropwise to a solution of
35 (460 mg, 2.74 mmol) in CH,Cl, (30 mL) under N, at 0°C, followed
by the addition of triethylamine (554 mg, 5.48 mmol) over 30 min.
The reaction mixture was stirred for 1 h at 0°C and for 2 h at RT. Work-
up with 1m HCl (40 mL) and CH,Cl, (10 mL) followed by extraction of
the aqueous layer with CH,Cl, (4 x 40 mL), drying of the organic
layers over MgSO,, filtration, and evaporation of the solvent gave the
crude product (640 mg) as a yellow solid. Subsequent purification by
flash chromatography (silica gel; CH,Cl.,/methanol, 9:1) and recrys-
tallization from ethyl acetate yielded 28 (280 mg, 37 %) as a white
solid. M.p. 101-102°C; R;=0.52 (CH,Cl,/methanol, 9:1); IR (KBr): 7=
3700-2800 (w), 3284 (s), 3107 (m), 2951 (w), 2925 (m), 1737 (vs),
1641 (s), 1573 (s), 1551(s), 1433 (s), 1419(s), 1390 (s), 1356 (m),
1341 (m), 1277 (m), 1252 (m), 1193 (s), 1176 (s), 1104 (m), 1066 (m),
1035 (m), 1016 (m), 981 (m); 'H NMR (400 MHz, [Dg]DMSO): 6 = 2.43 -
2.47 (m, 2H, H,C(2)), 2.50-2.54 (m, 2H, H,C(3)), 3.1 (t, 3J5,=5.8, 2H,
H,C(8)), 3.58 (s, 3H, H5C(5)), 3.99 (d, 3Js.n=5.7, 2H, H,C(6)), 4.70 (t,
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3J5.5=5.8,2H, H,C(8)), 8.27 (t, 3Js.;n = 5.4, TH, HN); *C NMR (100 MHz,
[Dg]DMSO, HETCOR): 6 = 28.8 (C(3)), 29.6 (C(2)), 35.6 (C(8)), 48.4 (C(6)),
51.4 (C(5)), 69.4 (C(9)), 171.4 (C(4)), 172.9 (C(1)), 204.0 C(7); MS (Cl):
m/z (%): 247 (10) [M+1]7, 232 (5) [M+1—CHs]**, 215 (2) [M—
CH;O]*, 201 (12), 200 (100) [M —NO,]*, 168 (13) [M — CH,O;N]*,
132 (11) [CsHqoNOs5IH, 115 (8) [CsH,O51F, 100 (5) [C,H,O51, 55 (8);
elemental analysis (%): calcd for CoH,,N,O4 (246.22): C43.90, H 5.73, N
11.38; found: C 44.14, H 5.79, N 11.30.

3-Nitro-N-(4-nitro-2-oxobutyl)propionamide (29): The acyl chloride
39 (79 mg, 0.59 mmol) was added to a suspension of 35 (100 mg,
0.59 mmol) in THF (30 mL) under N, at 0°C, followed by the addition
of triethylamine (1 g, 10 mmol) over 30 min. The reaction mixture
was stirred for 1 h at 0°C and for 1 h at RT. Work-up with 1m HCl
(30 mL) and diethyl ether (50 mL) followed by saturation with NaCl
and extraction of the aqueous layer with ethyl acetate (6 x 30 mL),
drying of the organic layers, filtration, and evaporation of the solvent
gave the crude product (130 mg) as a yellow solid. Subsequent
purification by flash chromatography (silica gel; n-hexane/ethyl
acetate, 4:1) yielded 29 (41 mg, 30%) as a white solid. M.p. 129-
130°C; R;=0.56 (CH,Cl,/methanol, 9:1); IR (KBr): ¥ =3700 - 2800 (m),
3293 (s), 3103 (w), 2973 (w), 2917 (w), 1732(s), 1683 (m), 1651 (s),
1561 (s), 1541 (vs), 1426 (s), 1409 (m), 1398 (m), 1376 (s), 1357 (m),
1278 (m); 'HNMR (400 MHz, [D¢]DMSO): 6 =2.85 (t, 3J,;=5.9, 2H,
H,C(2)), 3.12 (t, 3, =5.7, 2H, H,C(6)), 4.04 (d, 3J, = 5.6, 2 H, H,C(4)),
470 (t, 355076 = 5.9, 2H, H,C(3 or 7)), 471 (¢, 3560150 = 5.8, 2H, H,C(7
or 3)), 8.45 (t, *Jyns=5.4, 1H, HN); *C NMR (100 MHz, [Dg]DMSO): 7 =
31.2, 35.6 C(2), C(6); 48.4 (C(4)); 69.4, 70.6 (C(3), C(7)); 169.2 (C(1));
203.6 (C(3)); MS (ESI, positive mode): m/z: 256 [M+Na]*, 251
[M+NH,I", 234 [M+1]*, ms-ms (234) 187 [M+1 — HNO,]*, ms-ms-ms
(234, 187) 140 [M+1—2HNO,I", ms-ms-ms-ms (234, 187, 140)
122 [M+1—2HNO, —H,0]*; elemental analysis (%): calcd for
CgH1,N,0, (232.19): C 36.06, H 4.75, N 18.02; found: C 36.09, H 4.86,
N 17.70.

4-Oxodecandioic acid (30): A solution of 87 % potassium hydroxide
(2.3 g, 41.5 mmol) in water (2 mL) was heated to 100°C and the
diketone 49 (2.2 g, 10.4 mmol) was added. After 3 min the solution
was cooled with an ice bath, and water (5 mL) and 32% HCI (5 mL)
were added. A white solid precipitated from the acidified solution
which was filtered to give the crude product (1.85 g) as a white solid.
Subsequent recrystallization from THF/n-hexane yielded 30 (1.71 g,
76 %) as a white solid. M.p. 107 °C (ref. [67]: 109-110°C); R,=0.52
(ethyl acetate/methanol/acetic acid, 7:2:1); IR (KBr): #=3650-
2300 (m), 2938(m), 1698(vs), 1413(m), 1295(m), 1246 (m),
1216 (m), 1106 (m), 938 (m); 'H NMR (400 MHz, [D;]DMSO, COSY):
1.18-1.26 (m, 2H, H,C(7)), 1.45 (qi, 3Jgs= s, = 7.8, 2H, H,C(6)), 1.47
(i, g7 =3Jge=7.6, 2H, H,C(8)), 2.18 (t, 3oy =74, 2H, H,C(9)), 2.38 (¢,
3),,=6.4, 2H, H,C(2), 2.41 (t, s s = 7.3, 2H, H,C(5)), 2.62 (t, 3J5,= 6.5,
2H, H,C(3)), 12.02 (s, 2H, HO); CNMR (100 MHz, [D;JDMSO,
HETCOR): 6 =23.0 (C(6)); 24.4 (C(8)); 27.8 (C(2)); 28.2 (C(7)); 33.6
(C(9)); 36.7 (C(3)); 41.7 (C(5)); 173.9, 174.6 (C(1), C(10)); 209.2 (C(4));
MS (El): m/z (%): 217 (2) [M+11*, 199 (7) [M — OHI*, 181 (6) [M+1 —
2H,01, 153 (7), 143 (8) [M — C5Hs0,1*, 125 (29) [M — C;H,0,]*, 116
(47) [CsHgO5]t+, 101 (41) [CsH,O,1F, 98 (95) [CsHsO,1t*, 97 (30), 73 (77)
[C;Hs0,]+, 69 (100), 55 (55); caled for CyoH;c05 216.23.

9-Nitro-4-oxononanoate (31): A solution of pig liver esterase (3 mg,
130 Umg~") in (NH,),SO, buffer (3m, pH 7.2; 0.3 mL) was added to a
solution of the ester 52 (360 mg, 1.47 mmol) in water (40 mL). The
reaction mixture was maintained for 5 h at pH 7.2 by adding 0.2m
NaOH, then acidified to pH 1 with 32% HClI, saturated with NaCl and
extracted with ethyl acetate (6 x 50 mL). The organic layers were
dried over MgSO,, filtered, and the solvent was evaporated to give
the crude product (320 mg) as a liquid. Subsequent purification by
flash chromatography (silica gel; CH,Cl,/methanol, 96:4) yielded 31
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(186 mg, 58%) as a white solid. M.p.62-63°C; R;=0.26 (CH,Cl,/
methanol, 9:1); IR (KBr): 7=3600-2400(m) (3043), 2938 (m),
2893 (m), 2869 (m), 1722 (s), 1704 (s), 1551 (vs), 1474 (m), 1438 (m),
1411 (s), 1399 (s), 1389 (s), 1360 (m), 1336 (m), 1254 (m), 1233 (m),
1224 (vs), 1191 (m), 1152 (m), 1108 (m), 1075 (m), 911 (m), 633 (m);
"H NMR (400 MHz, CDCLy): 6 =1.36 (“qi”, 3J,s=3),5 7.8, 2H, H,C(7)),
1.62 (tt, 3Js, =78, 3Jos =72, 2H, H,C(6), 1.99 (tt, 3Jy, =77, 3J5o=70,
2H, H,C(8)), 2.47 (t, 3Jss=7.2, 2H, H,C(5)), 2.59-2.62 (m, 2H, H,C(2)),
2.67-2.70 (m, 2H, H,C(3)), 4.36 (t, *Jo5="7.0, 2H, H,C(9)), 9.7-11.0 (s,
1H, HO); *CNMR (100 MHz, CDCl,): 6 =22.7 (C(6)); 25.6 (C(7)); 27.0
(C(8)); 27.7 (C(2)); 36.7 (C(3)); 41.9 (C(5)); 75.3 (C(9)); 178.7 (C(1));
208.3 (C(4)); MS (ESI, negative mode): m/z: ms 216 [M — 1], ms-ms
(216) 169 [M—1—HNO,]-, ms-ms-ms (216, 169) 151 [M—1—
HNO, —H,0], 125 [M—1—HNO,—CO,], 107 [M—1—HNO,—
H,0—-CO,]"; HR-MS: m/z: calcd for C,H;sNNaOs; 240.0842,
found: 240.0844.

’

5-[(3-Carboxypropionyl)amino]lpentanoic acid (32): A solution of
the ester 45 (3.05 g, 7.7 mmol) and of 10% Pd/C (300 mg) in CH,Cl,
(120 mL) was shaken under H, (4 bar) for 20 h. The reaction mixture
was filtered through celite and the catalyst washed with THF (40 mL).
The filtrate was evaporated to give the crude product (1.77 g) as a
white solid. The recrystallization from THF/diethyl ether yielded 32
(1.299, 77%) as a white solid. M.p.141°C; R;=0.52 (CH,Cl,/
methanol/acetic acid, 8:1:1); IR (KBr): #=3650-2300 (m), 3315 (s),
3070 (s), 2964 (s), 2882 (m), 1693 (vs), 1629 (s), 1552 (s), 1473 (m),
1463 (m), 1431 (s), 1321 (s), 1271 (m), 1203 (s), 927 (m), 680 (m);
'"H NMR (400 MHz, [Dg]DMSO): 6 =1.33-1.41 (m, 2H, H,C(4)), 1.43-
1.51 (m, 2H, H,C(3)), 2.18 (t, 3J,5=7.3, 2H, H,C(2)), 2.27 (t, 3J;,5=71,
2H, H,C(7)), 2.38 (“t", 3Jg; 6.9, 2H, H,C(8)), 3.01 (td, 3J54,=6.9, )5,y =
5.5, 2H, H,C(5)), 7.83 (t, 3Jin.s=5.5, 1H, HN), 10.8-11.9 (s, 2H, HO);
13CNMR (100 MHz, [D¢g]DMSO, DEPT, HETCOR): 0 =22.1 (C(3)); 28.8
(C(4)); 29.6 (C(8)); 30.3 (C(7)); 33.6 (C(2)); 38.3 (C(5)); 171.0 (C(6));
174.1, 174.6 (C(1), C(9)); MS (Cl): m/z (%): 218 (100) [M+11*, 200 (50)
[M — OH]*, 182 (23) [M+1 — 2H,01",174 (36) [M+1 — CO,]*), 118 (31)
[C,HgNO;1F, 100 (82) [C,HGNO,]*; elemental analysis (%): calcd for
CoHsNOs (217.22): C 49.76, H 6.96, N 6.45; found: C 50.13, H 7.02, N
6.06; HR-MS: m/z: caled for CyH,;NNaOs; 240.08424, found:
240.08422.

5-[(3-Nitropropionyl)amino]pentanoic acid (33): A solution of pig
liver esterase (3mg, 130Umg~") in (NH,),SO, buffer (3m, pH 7.2;
0.3 mL) was added to a solution of the ester 44 (1.2 g, 5.17 mmol) in
water (50 mL). The reaction mixture was maintained for 4 h at pH 7.3
by adding 0.5m NaOH, then acidified at pH 1.5 with 32% HCl,
saturated with NaCl and extracted with ethyl acetate (4 x 50 mL). The
organic layers were dried over MgSO, and filtered, and the solvent
was evaporated to give the crude product (1.01 g) as an orange solid.
Subsequent recrystallization from THF/diethyl ether yielded 33
(810 mg, 72%) as a white solid. M.p. 81°C; R;=0.52 (ethyl acetate/
methanol, 2:1); IR (KBr): ¥=3600-2400(m), 3298 (s), 3071 (m),
2948 (m), 2878 (m), 1692 (s), 1638 (s), 1551 (vs), 1477 (m), 1464 (m),
1416 (m), 1377 (m), 1334 (m), 1280 (m), 1218 (m), 1192 (m), 924 (m),
872 (m), 681 (m); '"HNMR (400 MHz, [D{]DMSO): 6 =1.35-1.42 (m,
2H, H,C(4)), 1.45-1.52 (m, 2H, H,C(3)), 2.20 (t, 3J,5=7.3, 2H, H,C(2)),
2.73 (t, 3J,5=6.0, 2H, H,C(7)), 3.04 (td, 3s,=70, ¥suy=>5.3, 2H,
H,C(5)), 4.68 (t, 3Js,=6.0, 2H, H,C(8)), 8.04 (t, ¥Jns=5.3, 1H, HN),
12.00 (s, 1H, HO); *C NMR (100 MHz, [Dg]DMSO, HETCOR): 6 =21.9
(C(3)), 28.5 (C(4)), 31.4 (C(7)), 33.2 (C(2)), 38.2 (C(5)), 70.7 (C(8)), 168.3
(C(6)), 174.4 (C(1)); MS (Cl): m/z (%): 236 (50) [M+18]", 219 (100)
[M+11%, 201 (10) [M — OH]*, 187 (15), 172 (21) [M —NO,]*, 101 (15);
elemental analysis (%): calcd for CgH,,N,O5 (218.21): C 44.03, H 6.47,N
12.84; found: C 44.24, H 6.53, N 12.67.
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The Highly Exposed Loop Region
in Mammalian Purple Acid Phosphatase Controls

the Catalytic Activity

Enrico G. Funhoff,? Corné H. W. Klaassen,™ Bart Samyn,'< Jozef Van Beeumen,

and Bruce A. Averill*E!

Recombinant human purple acid phosphatase (recHPAP) provides
a convenient experimental system for assessing the relationship
between molecular structure and enzymatic activity in mammalian
purple acid phosphatases (PAPs). recHPAP is a monomeric protein
with properties similar to those of uteroferrin (Uf) and other PAPs
isolated as single polypeptide chains, but its properties differ
significantly from those of bovine spleen PAP (BSPAP) and other
PAPs isolated as proteolytically “clipped” forms. Incubation of
recHPAP with trypsin results in proteolytic cleavage in an exposed
region near the active site. The product is a tightly associated two-
subunit protein whose collective spectroscopic and kinetics proper-
ties resemble those of BSPAP. These results demonstrate that the
differences in spectroscopic and kinetics properties previously
reported for mammalian PAPs are the result of proteolytic
cleavage. Mass spectrometry shows that a three-residue segment,
D-V-K, within the loop region is excised by trypsin. This finding

Introduction

Purple acid phosphatases (PAPs)** are metalloenzymes that
catalyze the hydrolysis of phosphoric acid monoesters; they
have an af-type structure that contains a metallophosphoes-
terase signature sequence motif."2 PAPs are characterized by
their purple color, their ability to efficiently hydrolyze unacti-
vated phosphoric acid esters, their pH optimum in the acidic
region, and their insensitivity to tartrate inhibition.-!

PAPs, also referred to as tartrate-resistant acid phosphatases
(TRAPs) or type-5 acid phosphatases (EC 3.1.3.2),”! have been
isolated from mammalian sources such as bovine spleen (BSPAP),
porcine uterine fluids (Uf), rat spleen and bone, and human
tissues. Similar enzymes are present in plants (e.g., red kidney
beans (KBPAP), sweet potatoes, and Arabidopsis thaliana) and in
microorganisms.® The subunit molecular mass of PAP from
various sources ranges from approximately 55 kDa for the plant
enzymes to 35 kDa for the mammalian enzymes. The primary
structures of mammalian PAPs are highly homologous; for
example, BSPAP and Uf exhibit 84-90% sequence identity to
the human enzyme.B-1®

Of the mammalian PAPs, those from bovine spleen and
porcine uterine fluids are the best characterized. The enzymati-

[**] For abbreviations see ref. [64].
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suggests that important interactions between residues in the
excised loop and one or more of the groups that participate in
catalysis are lost or altered upon proteolytic cleavage. Analysis of
available structural data indicates that the most important such
interaction is that between Asp 146 in the exposed loop and active-
site residues Asn 91 and His 92. Loss of this interaction should result
in both an increase in the Lewis acidity of the Fe' ion and an
increase in the nucleophilicity of the Fe"-bound hydroxide ion.
Proteolytic cleavage thus constitutes a potential physiological
mechanism for regulating the activity of PAP in vivo.

KEYWORDS:

bioinorganic chemistry -

hydrolases -
purple acid phosphatase

metalloenzymes -
proteolysis -

cally active form contains a mixed-valent binuclear cluster at the
active site, in which a high-spin Fe" ion and a high-spin Fe'" ion
are antiferromagnetically coupled to give an S='/> ground
state.'""3] The one-electron oxidized (Fe"Fe") form is also
antiferromagnetically coupled (S=0 ground state); it is essen-
tially inactive, with <10% of the activity of the mixed-valent
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form. This residual activity has been shown to be due to the
presence of small amounts of an Fe"Zn" form.'¥ Both the
divalent and trivalent metal ions in Uf and BSPAP can be replaced
by, for example, Zn" or Co" and Ga"or Al", respectively, resulting
in active enzymes that exhibit relatively minor differences in
kinetics parameters and inhibition constants.!' 519

The first X-ray crystal structure of a PAP, the 110-kDa dimer
from kidney bean, showed the presence of an FeZn center
coordinated by three histidines, two aspartates, a tyrosine, and
an asparagine.”” In addition, three histidines were proposed to
act as acidic or basic groups that interact with the substrate
during catalysis. The X-ray crystal structures of two Ser/Thr-
specific protein phosphatases, protein phosphatases 1 (PP1)2" 22
and 2B (calcineurin),’?> 2% show the presence of very similar
binuclear metal centers in which the same amino acids are
coordinated to the metal ions with virtually identical geometries.
The only exception is the replacement of the tyrosinate ligand
present in the PAPs by a coordinated water molecule in the PPs,
accounting for the absence of the purple color in the latter. Very
recently, three additional structures of mammalian PAPs have
been published, those from rat bone (at 2.7 A% and 2.2A
resolution®’) and from porcine uterine fluids (at 1.5 A resolu-
tion?¥). These structures show that the amino acids coordinated
to the binuclear center and the secondary structure of the
mammalian PAPs are identical to those of the plant PAPs and the
PPs. A disulfide bond is present in both the Uf structure and the
2.7-A rat bone PAP structure, but is apparently absent in the 2.2-
A rat bone PAP structure. In all three structures the proteins are
glycosylated on Asn 9712527

The mammalian PAPs studied to date are quite similar in their
spectroscopic and catalytic properties. All exhibit a g,,=1.74
rhombic EPR spectrum, a broad visible absorbance band at ca.
550 nm, and a pH optimum in the acidic region (4.9-6.3).
Surprisingly, however, PAPs from different sources and prepara-
tions exhibit rather large differences in their catalytic activity,
with reported turnover numbers ranging from 200 to 3000s~".
The origin of these differences has long been unclear, although
suggestive evidence has been presented linking higher enzy-
matic activity with proteolysis of the protein. For example, the
activity of both bovine spleen PAP and Uf has been shown to
increase upon incubation with proteases,?® presumably due to
cleavage of the polypeptide. Similar increases in activity,
accompanied by a shift in pH optimum, have been reported
upon proteolysis of recombinant rat PAP (recRPAP),?> 3% while
recombinant human PAP (recHPAP) is also suspected to be
sensitive to proteolysis.’" The loop that is apparently subject to
proteolysis is a highly antigenic portion of the polypeptide that
is present in the three-dimensional structure of Uf?® and in one
of the rat bone PAP structures,”” but which could not be
resolved in the other rat bone PAP structure.”® Why proteolysis
of this loop affects the catalytic activity of mammalian PAPs is,
however, not known. Because published studies have utilized
different enzyme preparations and sources, the extent and
location of proteolysis have been difficult to ascertain and/or
control. In addition, the system for which the proteolysis process
is best characterized (recRPAP) is among the least well-charac-
terized in terms of spectroscopic and kinetic studies. Conversely,
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the two benchmarks for spectroscopic and kinetics studies have
been BSPAP, which is normally isolated in a proteolytically
cleaved form, and Uf, which is isolated as a single polypeptide of
36 kDa. Unfortunately, no proteolysis or site-directed mutagen-
esis studies have been reported for these enzymes.

We have utilized recHPAP as a model system with which to
study the correlation between proteolysis and the catalytic and
spectroscopic properties of PAP. recHPAP has been isolated, and
both the intact enzyme and its proteolytically cleaved form have
been characterized. Our results indicate that the differences in
kinetics and spectroscopic properties reported for mammalian
PAPs are due to variations in the extent of proteolytic cleavage in
an exposed loop near the active site. A molecular basis for the
effect of proteolytic cleavage on the catalytic and spectroscopic
properties of the enzyme is presented. These findings are
consistent with the use of proteolytic activation as a physio-
logical mechanism for regulation of PAP activity.

Results

Production, purification, and proteolytic activation of
recHPAP

Production of recHPAP with Sf9 cells from Spodoptera frugiperda
resulted in recHPAP expression levels of 1-2 UmL"" at six days
post infection (dpi). Purification of the protein was accomplished
by a combination of the procedures of Hayman and Cox®¥ and
Vincent et al.*% Phosphocellulose (P11) adsorption was used to
reduce the volume, followed by hydrophobic interaction
chromatography, cation exchange chromatography and size
exclusion chromatography. This procedure yielded ca. 15 mg
pure protein from a 10-L batch; Western blot analysis showed a
band at ca. 36 kDa with some heterogeneity due to variable
glycosylation (see below). The protein was stored at —20°C for
several months without any evidence of cleavage, as tested by
SDS-PAGE.

Both BSPAP and recRPAP are known to be susceptible to
proteolytic activation by trypsin.?® 22 To examine proteolytic
activation of recHPAP, trypsin was used to cleave the 36-kDa
protein. As shown by SDS-PAGE, the resulting protein consisted
of two fragments with masses of 20kDa and 16 kDa (see
Figure S1 in the Supporting Information).

Mass spectrometry and sequencing

Reversed-phase (RP) HPLC, mass spectrometry, and N- and
C-terminal sequencing were used to discriminate between single
cleavage within the loop and partial or complete removal of the
loop and to determine the site(s) of cleavage. RP-HPLC analysis
of both monomeric and cleaved recHPAP resulted in chromato-
grams with a single peak with the same retention time. This
indicated that after cleavage the two fragments were still
connected through a cysteine bridge (residues 142 and 200 in
the human sequencel'). After denaturation of the trypsin-
cleaved protein and reduction of the disulfide bridge with DTT,
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two peaks were observed, consistent with cleavage to give two
fragments.

A molecular mass of 36264.8 + 1.3 Da was found for mono-
meric recHPAP, which does not correspond to the calculated
mass of 34328.9 Da (Table 1). Previous deglycosylation experi-

Table 1. Mass spectrometric and sequencing data of native and trypsin-
cleaved recHPAP.

Enzyme Mass [Da]®@ Theoretical Cterminus N terminus
mass [Da]
native recHPAP 36264.8 (1.3) 343289 A-T-P-A
cleaved recHPAP  35947.2 (8.1) 34346.9 L(?)-V-K A-T-P-A
L-A-R-T
large fragment 19486.1 (1.0) 17896.2 A-T-P-A
small fragment 16454.5 (0.5) 16452.8 L-A-R-T

[a] Numbers in parentheses are standard deviation values.

ments with recombinant human and rat PAP indicate that the
difference (1935.9 Da) is almost certainly due to glycosyla-
tion.B4* Other minor peaks in the mass spectrum could be
explained by heterogeneity of glycosylation of recHPAP (e.g., the
presence of various extra monosac-

charides such as deoxyhexose and A

hexuronic acid) as suggested by 300

SDS-PAGE. After cleavage with tryp- 72 200

sin, electrospray ionization mass .?

spectrometry (ESI-MS) showed that 100

the mass of the two-subunit protein o

was 359472+8.1Da. A fragment

with a mass of 335.6 + 8.1 Da is thus 450
removed during proteolysis. Quad-

rupole time-of-flight (Q-TOF) MS B 1500

analysis of the reduced fractions

yielded a large fragment with a mass T, 1000
of 19486.1+1.0Da and a smaller

fragment with a mass of 16454.5 +
0.5 Da. These results were confirmed
by ESI-MS analysis. The calculated
masses of the large and small frag- oH
ments are 17896.2 and 16452.8 Da,
respectively; thus the small frag-
ment is not modified. The difference
of 335.6 Da between the native and
the nonreduced trypsin-cleaved protein is therefore a result of
the modification of the large fragment. It can be explained by a
second cleavage between Arg 151 and Asp 152, resulting in the
loss of the last three amino acids of the C terminus of the large
fragment, D-V-K (calculated mass 342.4 Da).

During Edman degradation of the RP-LC eluate (nonreduced),
two N-terminal sequences were observed. The first sequence,
A-T-P-A, corresponded to the N terminus of the enzyme after
posttranslational processing. The second sequence was L-A-R-T-
Q, corresponding to the amino acids starting at position 161.
C-terminal sequence analysis of the sample indicated only one
(very weak) sequence, (Leu?)-Val-Lys (0.01%). The C-terminal

cat /

= 500
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sequence of the small subunit was not observed since it ends
with Pro, a residue that precludes C-terminal sequence analy-
sis.®l After denaturation and reduction neither of the fragments
yielded any sequence information. This is in agreement with the
second cleavage, since Arg as the C-terminal amino acid also
precludes C-terminal sequence analysis.

Enzymatic parameters of intact and cleaved recHPAP

Previously reported specific activities for recHPAP vary from
190 Umg~" at pH 5.6534 to 350 Umg~" at pH 4.9.5" To gain insight
into the origin of the differences between the intact and cleaved
protein, k., versus pH profiles were measured. The k_,, versus pH
profile of the intact protein showed a symmetric bell-shaped
curve with an optimum at pH 5.5 (Figure 1). At 22°C the intact
mixed-valent recHPAP had a specific activity of 520 Umg~', with
a Ky, value of 4.8 mm for the substrate p-NPP at its optimal pH
(Table 2). At the often used pH of 6.0, the activity was lower
(440 Umg™") and the K, value higher (8.6 mm). The pH depend-
encies were analyzed according to a rapid-equilibrium diprotic
model.*" 42 The following expressions were derived for the
observed values of k., defined as in Equation (1), and k,/Ky as

30
+_300
=
= 20 E
£ "0 200
=
X =
10 X100
3
0 0
8 4 5 6 7 8
+_1000 N
=
£
= o
£ "o
& 5500
N
0
8 4 5 8 7 8

Figure 1. Dependencies of k.o, k.o/Ky, and K, on pH for monomeric (A) and cleaved recHPAP (B) with p-NPP
as substrate at 22°C. The lines represent fits of k., and k../K, to the rapid-equilibrium diprotic model.

Table 2. Kinetics constants of monomeric and cleaved recHPAP with p-NPP!

Enzyme PHope  Kwlmml ke [s7]  pKis, bl pKES,Z[b] pKE,Z[d
recHPAP onored 5.5 4.8 310 4.6 6.7 5.0
recHPAP cavedrea 6.2 7.2 1250 5.5 6.9 5.6

[a] k., is defined as the number of substrate molecules hydrolyzed per enzyme
molecule per second, pKg; and pKG, as a deprotonation/protonation event
of a group of the enyzme - substrate complex, pKg, as a deprotonation/
protonation event of a group on the enzyme, and Ks as the dissociation
constant of the ES complex. [b] Obtained from a fit of k., as a function of
pH. [c] Obtained from a fit of k.,/K), as a function of pH with pKg, < 2. Assays
were performed at 22°C in a buffer containing 100 mm MES, 10 mm Na-K
tartrate, 300 mm KCl, 6.7 mm Na ascorbate, and 0.37 mm (NH,),Fe(SO,),.
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defined in Equation (2), assuming that all equilibria are fast
compared to k. (see Table 2 for definitions).

Keatonsyy = Kear/ (1 + [H*1/Kes 1 + Keso/[H*]) m

KeatiobsyKwobs) = Keat/Ks(1 + [HT1/Ke 1 + Keo/[H*]) (2)

Fitting of the k., dependencies resulted in the pK, values
given in Table 2. The oxidized protein typically had a residual
activity of 5-10%. The Kj,value and the pH optimum were
similar to those of the intact mixed-valent protein.

Cleavage with trypsin resulted in an almost fivefold increase in
activity at pH 6 (420 versus 2100 Umg~'; Table 2). In addition, the
pH optimum shifted from 55 to 6.2. Analysis of the data
indicated that pKgs, increased from 4.6 to 5.5, while the effect on
the pKgs, value was less pronounced (6.7 versus 6.9). The k../Ky
versus pH data could be fitted by using a single pK, value (pK,),
but the lack of data at low pH suggests that this result should be
interpreted with some care. Nonetheless, it is clear that a
significant shift in pKg, occurs (5.0 versus 5.6). The K), value for
the cleaved protein is also lower than that of the intact protein at
pH 6.0 (4.8 versus 8.5 mwm).

Spectroscopic characterization of intact and cleaved recHPAP

In order to determine if the change in kinetics properties upon
cleavage could be caused by a change in secondary structure,
circular dichroism (CD) measurements were performed on the
intact and cleaved forms of recHPAP. The spectra of both forms
exhibit strong negative ellipticities with shoulders at 210 and
218 nm. The CD spectra of the intact and cleaved proteins are
virtually identical to one another in both the mixed-valent and
oxidized states, suggesting that neither proteolytic cleavage nor
oxidation of the dinuclear iron center is accompanied by
significant structural rearrangements (see FigureS2 in the
Supporting Information). Results of quantitation of the secon-
dary structure are summarized in Table 3, which shows that
approximately 15% random-coil structure is present in all forms
studied. No significant differences between intact and cleaved
recHPAP were found, although the latter apparently had slightly
lower a-helix (35 versus 27 %) and higher -turn (15 versus 25 %)
contents. In the oxidized state, however, virtually identical a-
helix, B-sheet and -turn, and random-coil contents were
observed for both the intact and cleaved forms. In addition,
the optical spectra of both intact and cleaved recHPAP were
identical, showing a tyrosine-to-Fe'' charge transfer band at

Table 3. Average secondary-structure content of recHPAP as determined from
CD spectra.l’l

Enzyme Amax a helix B sheet B turn random
[nm] [%] [%] [%] coil [%]
recHPAP 010 req 520 35 (3) 35 (6) 15 (7) 15 (5)
recHPAP opeqred 520 27 (3) 33 (8) 25 (3) 15 (12)
recHPAP, 10.10,0x 550 32 (2) 35 (5) 17 (5) 16 (3)
recHPAP esveq0x 555 34 (4) 37 (9) 19 (6) 10 (7)

[a] Numbers in parentheses are standard deviation values.
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520 nm that shifted to lower energy (550 nm) upon oxidation
with H,0,.

The large changes in pK, value upon cleavage observed in the
kinetics studies indicate that there must be a significant
difference between the intact and cleaved proteins. Because
EPR spectroscopy is a very sensitive method that specifically
probes structural changes at the diiron site, EPR spectra of both
the intact and cleaved proteins were obtained. The intact mixed-
valent recHPAP exhibits a typical S="/2 rhombic spectrum, with
apparent gvalues of 1.94, 1.73, and 1.56 (Figure 2A). This
spectrum is virtually identical to that reported for Uf,“3! which
is isolated as an intact 36-kDa polypeptide. In contrast, the
proteolytically cleaved mixed-valent protein gave a rhombic
spectrum with apparent gvalues of 1.86, 1.73, and 1.58 (Fig-
ure 2D). This spectrum is very similar to that of BSPAP, which is
isolated as a proteolytically cleaved form.
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Figure 2. Monitoring tryptic cleavage of recHPAP by EPR spectroscopy. Spectra
were recorded at a specific activity of 365 (A), 965 (B), 1280 (C), and 1500 Umg~'
(D). The amplitudes were corrected for instrument gain and protein concen-
tration. EPR conditions: microwave power =20 mW, microwave frequency =
9.42 GHz, modulation = 12.7 G at 100 kHz, T= 4.3 K. The insert shows the increase
in specific activity (spec. act.) with time.

In order to confirm that the changes in EPR spectra were
indeed due to cleavage and correlated with changes in specific
activity, a large-scale proteolysis experiment was monitored by
EPR spectroscopy (Figure 2). The spectra clearly show that the
g=1.94 feature disappears with concomitant appearance of a
signal at g=1.86, and that the spectral changes parallel the
increase in specific activity.
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Discussion

Like recHPAP, Uf and recRPAP are isolated as intact polypeptides
with a molecular mass of ca. 36 kDa. Compared to PAPs such as
BSPAP and the rat bone and spleen PAPs, which are isolated as
proteins consisting of two fragments of molecular mass of 20
and 16 kDa, the former exhibit: i) lower specific activity (k..~
300s7"); ii) a more acidic pH optimum; and iii) a more rhombic
EPR spectrum, with apparent gvalues of ca. 1.94, 1.73, and
1.58.[7, 13, 31, 34, 40, 43-47]

The large differences in specific activity reported for mamma-
lian PAPs appear to be related to the presence or absence of
proteolytic cleavage. Treatment of monomeric BSPAP, Uf, and
recRPAP with proteases such as trypsin, papain, or cathepsin has
been reported to result in the formation of a two-subunit protein
with a significant increase in activity?® 2 and a shift in pH
optimum.? In the present study, we attempted to clarify the
relationship between proteolytic cleavage, kinetics properties,
and spectroscopic characteristics by using a representative
recombinant mammalian PAP.

Treatment of recHPAP with trypsin results in a cleaved protein
with an increased specific activity, which is comparable to that of
recRPAP treated with cysteine proteases.””? Although cleavage
by trypsin is highly unlikely to be physiologically relevant, trypsin
was used in these experiments because of the presence of well-
defined trypsin cleavage sites and the activation of BSPAP and Uf
by trypsin reported earlier.?® Physiologically relevant proteases
are the cathepsins, cysteine proteases that are present in the
same cells as PAP.2? For recRPAP and BSPAP, the N-terminal
sequences of the small subunit are D-L-G-V-A-R-T-Q and N-L-A-
M-A-R-T-Q, respectively, while the N-terminal sequence of the
small subunit of the recombinant human protein is shorter by
three amino acids, L-A-R-T-Q. This would imply that the precise
site of cleavage has an important effect on the specific activity.
As shown in Table 4, cleavage at the end of the loop, in or near
the sequence A-R-T-Q, seems to produce proteins with higher
specific activity than cleavage upstream of this sequence.?® 2%
Mass spectrometry indicates that three amino acids at the
Cterminus of the large fragment in recHPAP are removed by

Table 4. Sequence alignment of mammalian PAPs including their reported
cleavage site and corresponding specific activity (Umg~") after proteolytic
digestion.[

Enzyme source Sequence
pig “SDDFVSQQPERPRNLALARTQL
rat® “SDDFVSQQPEMPRDLGVARTQL
1 1
N
320 1410 1640
humantd “SDDFLSQQPERPRDVKLARTQL
T 1
T)
2230
bovine NLAMARTQ
I 1
T

1200 2770

[a] T=trypsin, P=papain, N=native (as isolated). [b]From ref.[29].
[c] From ref. [10] and this work. [d] From ref. [28] and ref.[18].
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trypsin. The mass of the small fragment produced by trypsin
cleavage is the same as the calculated mass of 16452 Da. The
difference of 335.6Da found between the monomeric and
nonreduced cleaved recHPAP must therefore be due to proteo-
lytic processing of the larger subunit. Within experimental error,
this difference is equal to the mass of D-V-K (calculated mass
342.7 Da), which are the C-terminal amino acids of the larger
fragment. A V-K C terminus was found, but corresponded to only
0.01% of the sample. The C termini of both the small and large
subunit are known to preclude C-terminal sequence analysis,
and therefore, they were not detected.®” Removal of these three
amino acids should weaken or abolish the interaction of the loop
region with the active-site residues, with a concomitant increase
in activity. This would explain why almost no increase in activity
is found upon trypsin cleavage of recRPAP, for which only one
cleavage site is available; presumably the resulting amino acid
“tail” is held in place by noncovalent forces. When papain is used,
however, six amino acids between Glu 154 and Gly 160 (Table 4),
are removed, again leading to complete loss of the interaction of
the exposed loop with the active site and an increase in
enzymatic activity. The variability of cleavage products with
proteases is supported by the finding of Ljusberg et al. that SDS-
PAGE analyis of trypsin- and papain-digested recRPAP shows
different N-terminal fragment masses.?”

The EPR spectrum of intact recHPAP resembles those of Uf and
intact recRPAP. All of these proteins consist of a single polypep-
tide chain with a molecular mass of ca. 36 kDa, and in their
mixed-valent state all exhibit rhombic EPR spectra with apparent
gvalues around 1.94, 1.73, and 1581 %! Upon proteolytic
cleavage, g, shifts to 1.86, resulting in a spectrum which
resembles that of BSPAP.!%% 448 The A . value of recHPAP
(520 nm) is not affected by proteolytic cleavage, which suggests
that cleavage does not affect the position or orientation of the
tyrosine ligand. A change in the interaction of the metal ion(s)
with a water molecule or in the interaction of the metal ligands
with other amino acids upon cleavage could, however, account
for the observed differences in EPR spectra. High-salt BSPAP (i.e.
BSPAP prepared under high-salt buffer conditions; A...=
536 nm) constitutes an apparent contradiction to this correla-
tion, in that the EPR spectrum reported for intact BSPAP is similar
to that of the cleaved form.?®

Compared to Uf, which exhibits a bell-shaped pH profile with
an optimum at 4.9 and pK, ., values of about 4 and 5.2, BSPAP
has a higher pH optimum (6.2) with pK, values of 5.4 and 7.5.14%
Merkx etal. suggested that the reported differences in pH
optima between the mammalian PAPs was an artifact resulting
from the fact that in most studies the pH profiles were measured
under nonsaturating substrate concentrations, leading to a pH
profile with a lower pH optimum and shifted pK, values.*? We
therefore measured k., as a function of pH for the recombinant
human protein before and after proteolytic cleavage. The
resulting pH profiles clearly show that the observed difference
in pH optima is not artifactual, but reflects real differences in the
properties of the enzyme. Fits of the k., versus pH data to a
rapid-equilibrium model allowed extraction of the correspond-
ing pK, values for the two forms. Both pK, values increase upon
cleavage, pK;s, by only 0.2 pH units and pK; by almost one full
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pH unit. In addition, the k,./Ky versus pH profile shows that pK:,
increases by 0.6 units upon cleavage. The value of pK;, probably
corresponds to a group in the free enzyme that must be
protonated in order for the enzyme to bind substrate, possibly
one of the conserved histidine residues near the active site. The
acidic pK, value in the k., versus pH profile has been attributed
to a water molecule coordinated to the Fe'" ion in the enzyme -
substrate complex,!'® 42 5% put the identity of the group giving
rise to pKgs, remains unclear. The magnitude of the observed
change in pKg, suggests that proteolytic cleavage causes a
significant change in the interactions between the protein and a
coordinated water molecule. This conclusion is in agreement
with the change in EPR spectrum, as discussed earlier.

In addition to the effect of proteolytic cleavage upon the pH
dependence of the catalytic properties, the activity of the
enzyme at its optimum pH is also affected by proteolysis. Our
results show that proteolysis of recHPAP with trypsin increases
the value of k. by a factor of about four, while K}, is not affected.
For recRPAP, however, a decrease in K, is observed upon
proteolysis, and consequently the catalytic efficiency of the
cleaved enzyme as judged by the k.,/Kj, criterion is higher. In this
case the assays were performed at one standard pH value and
not at the optimal pH value for each species.”® Why proteolytic
cleavage of an exposed loop on the surface of the protein should
have such a large effect upon the catalytic properties of the
enzyme constitutes an important problem.

The simplest explanation for the increase in enzymatic activity
upon proteolysis is a steric one, in which cleavage or removal of
the loop increases accessibility of the active site to the substrate.
This explanation is unlikely to be correct, however, because the
X-ray crystal structures in which the loop is resolved show no
evidence that it blocks access to the active site. Further, such an
explanation would predict a larger effect on K, than on k,
which is the reverse of what is observed. Finally, it is difficult to
see how an increase in active-site accessibility would result in the
similar changes in pK, values and EPR spectra that are observed
for all PAPs examined to date.

In principle, proteolysis could also induce a protein conforma-
tional change, resulting in the observed changes in activity. CD
spectroscopy, however, indicates that negligible changes in
secondary structure occur upon cleavage (Table 3). These results
do not, however, exclude the possibility that smaller differences
in the protein structure occur in the vicinity of the active site. A
superposition of the active sites of KBPAP, Uf, and recRPAP shows
only minimal differences in the active-site region, suggesting
that it is highly conserved and not very flexible. An additional
result of this work is the finding that the correlation proposed by
Vincent etal® between the magnitude of 1., and the
percentage of random-coil secondary structure, as is found for
“high-salt” and “low-salt” BSPAP,2& 405152 js apparently not
applicable to recHPAP.

The crystal structures of two mammalian PAPs in which the
loop region is present and well ordered have been reported
recently: Uf at 1.5 A resolution® and a second form of rat bone
PAP at 2.2 A resolution.?” Both structures show that certain
residues in the loop between positions 143 and 160 interact with
the active site, and suggest a molecular basis for the changes in
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catalytic properties that occur upon proteolytic cleavage.
Particularly noteworthy are residues Ser 145 and Asp 146, which
are situated near the active site with their side chains directed
towards the binuclear metal center. In the following discussion,
distances cited are for the Uf crystal structure,®® which has the
highest resolution of the mammalian PAP structures, while the
residue numbers correspond to the human sequence.'"” Within
experimental error, there are no significant differences to the rat
bone PAP structure in which the residues of the loop region are
resolved.®”!

The interaction between Ser 145 and Asn91 is not likely to be
important in this regard. This residue is resolved in the same
position in both rat bone PAP structures, with and without the
loop region.”> 27! Furthermore, the orientation of the serine
hydroxy group is not favourable for hydrogen bonding to the
NH, group of the Asn side chain. Hence, the following discussion
focusses on the role of Asp 146.

The carboxylate group of Asp 146 is in very close proximity to
Asn91, with one oxygen atom only 2.9 A away from the amido
nitrogen atom. Similarly, the side-chain oxygen atom of Ser 145 is
only 3.2 A away from the amido nitrogen atom of Asn91. Both
are thus well within hydrogen-bonding distance. The side chain
of Asn91, which is conserved in all PAP and PP sequences,
provides one of the ligands to the divalent metal ion site.
Although mutagenesis studies aimed at elucidating the role of
this residue have not yet been reported for any PAP, such studies
have been performed on the closely related PPs,?* 24 53 and the
results are consistent with an important role for Asn91 in both
substrate binding and catalysis. As shown in Figure 3, Asp 146
should interact strongly with Asn91, thereby reducing the Lewis
acidity of the Fe' ion and leading to a less activated substrate
molecule.

The carboxylate group of Asp 146 can also interact with His 92,
with a carboxylate oxygen -imidazole nitrogen distance of only
3.6 A. Similarly, in PP1 and PP2B the histidine corresponding to
His 92 is within 5 A of both metal ions,”'->¥ and it has therefore
been proposed to be important in catalysis. Site-directed
mutagenesis of phage A PP in which this residue is also
conserved, suggested that this histidine plays a role in base
catalysis through the formation of a His-Asp-M""-H,0 “catalytic
tetrad”,5>% but this has not yet been confirmed by isotope
effect studies.”” The nearby Asp residue in PPs is believed to be
involved in catalysis, because site-directed mutagenesis of this
residue to Asn or AlaP> 55 58 resulted in a pK, shift to higher pH.
Together with the shift in pH, an almost complete loss of activity
was found for the PP mutants. Thus, loss of the Asp-His
interaction can explain the shift in pH optimum for mammalian
PAPs,12% 291 but not the increase in activity. This suggests that
other interactions are also important.

The picture that emerges from this and other studies is that of
an enzyme that, in its native form, contains specific interactions
that diminish its catalytic activity. Because PAPs are generally
located in organelles that are rich in proteases, the possibility
arises that at least some organisms and/or tissues utilize these
proteases to release the full intrinsic activity of PAP by
proteolytic processing. For example, cathepsins B, H, K, and L
are capable of cleaving PAP and are present in osteoclasts,?”!
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Figure 3. Stereo view of the interaction of the residues Asn 91, His 92, and Asp 146 of the mammalian
purple acid phosphatase Uf (distances are given in A). The figure was generated with the program RasMol®®!
by using the atomic coordinates from the Uf crystal structure? (PDB accession code 1Ute).

which are known to contain PAP. In addition, purification of
human osteoclast PAP in the presence of protease inhibitors
resulted in a two-subunit PAP®? similar to BSPAP, suggesting that
cleavage was not an artifact of the purification.”® To date,
however, there is no compelling evidence that proteolysis
constitutes an important mechanism for controlling PAP activity
in vivo. In fact, TCA precipitation of fresh samples of bovine
spleen tissue followed by electrophoresis and staining showed
that the major form of BSPAP in vivo was the intact 36-kDa
polypeptide.?® These results do not, however, preclude the
possibility that differentially processed forms of PAP may be
present in different tissues.”!

In summary, our results strongly suggest that the kinetics and
spectroscopic differences reported thus far for mammalian PAPs
from different sources are due to variations in the site and extent
of proteolytic removal of an exposed loop near the active site of
the protein. In particular, proteolytic digestion of several amino
acids may result in a flexible C-terminal amino acid tail of the
exposed loop. The interaction between a conserved Asp residue
in the loop region and active-site residues is suggested to be
responsible for the differences in catalytic and spectroscopic
properties observed between PAPs isolated as single polypep-
tide chains and those isolated in proteolytically cleaved form.
Site-directed mutagenesis studies of residues in the loop region
(e.g., Asp 146) are in progress.

Experimental Section

Materials and instruments: Insect Xpress SFM medium (Bio
Whittaker), Phosphocellulose (Whatman), CL-4B phenyl-sepharose
(Pharmacia), SP-sepharose (Pharmacia), p-NPP (Fluka), trypsin (Sig-
ma), and all other chemicals were of highest purified grade.

Optical spectroscopy was performed on a Carey 50 spectrophoto-
meter. Recombinant protein was produced in a 10-L Applikon
bioreactor, controlled by an ADI 1030 Biocontroller, and purified on a
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Pharmacia FPLC apparatus. EPR spectra were
obtained on an X-band Bruker ECS EPR
spectrometer, equipped with an Oxford In-
struments ESR900 helium-flow cryostat with
an ITC4 temperature controller and an AEG
magnetic field calibrator. An AVIV mode-
162ADS CD spectrometer operating at 25°C
and flushed with nitrogen gas was used to
measure CD spectra. RP-HPCL was performed
with the Pharmacia Biotech SMART system.
The alkylated thiohydantoins were identified
online by reversed-phase analysis on a Per-
kin-Elmer 140C microgradient system. A
Perkin — ElImer model 476A protein sequencer
operating in the pulsed liquid mode with
online PTH analysis was used for N-terminal
sequence analysis. C-terminal sequence anal-
ysis was performed with a Perkin-Elmer
Procise 494C sequencer. For MS analysis a
Micromass Q-TOF mass spectrometer with a
Protana borosilicate Au/Pd-coated capillary
was used.

General procedures: Protein concentrations during purification
were determined according to Bradford.*? The concentration of
purified enzyme was determined by measuring the absorption of the
tyrosinate-to-Fe'" charge transfer band at 520 nm (¢ =4080m~"'cm™").
SDS-PAGE under reducing conditions was performed with 15% gels
according to Laemmli.®3 All samples for EPR spectroscopy contained
20% (v/v) glycerol.

Large-scale production of recombinant protein: Sf9 cells (cell
density 0.33 x 10° cells per mL) were seeded in a 10-L bioreactor.
p(0,) (50% air saturation), temperature (27 °C), and stirring (80 rpm)
were controlled. The culture was infected (1.1 x 10° cells per mL) with
recombinant baculovirus containing a coding region for human
purple acid phosphatase (MOI=0.001).5"34 After six days the
suspension was centrifuged (10 min, 5000 g) to remove the cells
and the supernatant was used for purification.

Purification of recHPAP: Phosphocellulose (P11) was added to the
supernatant (1 g per 200 U of enzyme activity), and the suspension
was stirred at room temperature. If negligible activity remained in
the supernatant, the P11 was allowed to settle, filtered, washed with
buffer A (50 mm MES (pH 6.5), 0.1m KCl), resuspended in 250 mL
buffer B (50 mm MES (pH 6.5), 2m KCI) and stirred at 4°C overnight.
The P11 was removed by filtration. (NH,),SO, was added to the P11
filtrate (25 % saturation, 34 g), and the suspension was stirred for 2 h
at 4°C. The suspension was centrifuged (15 min, 10000 g) and the
supernatant was loaded overnight onto a CL-4B phenyl-sepharose
column (2.5 x 15cm) preequilibrated with buffer C (50 mm MES
(pH 6.5), 25% (w/v) (NH,),SO,, 0.25m KCl). After washing (50 mL), a
100-mL linear gradient (25—0% (NH,),SO,) was applied to the
column to elute the protein. Fractions containing recHPAP with
R values (A,g,/Asy0) lower than 30 were pooled and concentrated on
an Amicon ultrafiltration unit (YM 30 membrane). The concentrated
sample was diluted and concentrated several times to a KCl
concentration of 0.1m, and applied onto a SP-Sepharose column
(1.6 x 4cm) preequilibrated with buffer A. A 20-mL gradient to
buffer B was applied to elute the protein. Fractions with R < 18 were
pooled and concentrated, reduced (5mm (NH,),Fe(SO,),, 25 mm
ascorbic acid, 3 min), and applied onto a HR10/30 Superose 12
column. After elution with buffer B, the reduced enzyme (R = 16) was
stored at —20°C.
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Enzyme kinetics: Enzyme assays were performed by monitoring the
formation of the p-nitrophenolate anion at 410 nm. The activity
during purification was measured in a buffer (100 mm MES (pH 6.0),
300 mm KCl, 10 mm Na-K tartrate, 17.5 mm Na ascorbate, 0.37 mm
(NH,),Fe(S0O,),) and 20-40 mm p-NPP at 22 °C. At several times after
enzyme addition, aliquots (250 puL) were removed and quenched
(1.0mL, 0.5m NaOH) to convert all product to the phenolate form
(40=16.6mm'cm™").

The pH dependence of k., for recHPAP was measured over the pH
range 4 to 8 (100 mm buffer (NaOAc, MES, or HEPES), 10 mm Na-K
tartrate, 300 mm KCl, 6.7 mm Na ascorbate, 0.37 mm (NH,),Fe(SO,),)
with different p-NPP concentrations (0.5 and 50 mm). For each
determination of V,,,, and Ky, the hydrolysis rate was measured at
eight different p-NPP concentrations. After each assay the pH value
of the reaction mixture was measured to ensure that the pH of the
solution had not changed. Values of Ky, and V,,,, were obtained by
nonlinear regression fits to the Michaelis - Menten equation, using
the program EnzymeKinetics, version 1.4 (Trinity Software, Plymouth,
NH, USA).

Proteolytic digestion with trypsin: Trypsin (0.035 mol per mole of
PAP) was added to a sample of recHPAP (50 mm MES, pH 6.5, 2m KCl),
the sample was incubated at room temperature for 20 h, and specific
activity was monitored over time. The sample was then diluted/
concentrated several times by using a Centricon tube (cut-off 30 kDa)
to remove the trypsin. After reduction (0.5 mm (NH,),Fe(SO,),, 17 mm
ascorbic acid, 3min), the sample was applied onto a HR10/30
Superose 12 column and eluted with buffer B, resulting in cleaved
protein with A, =520 nm. The cleaved protein obtained by this
procedure was used for kinetics and spectroscopic measurements.

To follow cleavage by EPR, trypsin (0.035 mol per mole of PAP) was
added to recHPAP (300 pL, 70 uwm) in buffer D (50 mm NaOAc (pH 5.0),
2m KCl), and the sample was immediately frozen in liquid N,. After
measuring its EPR spectrum at 4.3 K, the sample was thawed, and
buffer exchanged to buffer B in two concentration/dilution steps by
using a Centricon tube (cut-off 10 kDa) to initiate the proteolysis
reaction. After incubation for the desired time, the buffer was again
exchanged to bufferD to stop the proteolysis reaction. Before
freezing in liquid N, for measurement of a second EPR spectrum, the
enzymatic activity was measured and the PAP concentration was
determined by visible absorption spectroscopy. This process was
repeated with the same sample in order to obtain data points at
longer incubation periods. Control experiments showed no change
in activity or EPR spectrum in the absence of trypsin.

CD spectroscopy: Samples were prepared by buffer exchange of
concentrated recHPAP samples (50 mm TRIS (pH 6.3), 150 mm KCl
buffer). The concentrated samples were diluted to 0.100 mgmL~" in
the same buffer and immediately frozen (— 80 °C) for transport. The
sample was thawed and centrifuged immediately before measuring
its CD spectrum. The pH and recHPAP concentration were checked
after the spectrum was obtained. Data were analyzed with the
program CONTIN (part of the software package STRUCTURE, which
can be obtained from K. S. Vassilenko, Group of Protein Spectroscopy,
Institute of Protein Research, Pushchino, Russia), and the re-
sults of three different analysis methods (Provencher and
Glockner, Venyaminov, Sreerama and Woody)®*3% were averaged
to give the final amounts of a-helix, f-sheet and -turn, and random-
coil content.

Mass spectrometry and C- and N-terminal sequence analysis:
Cleaved recHPAP was denatured (7m guanidine hydrochloride/0.3m
TRIS, pH 9) and the disulfide bond was reduced with freshly prepared
DTT solution (20 mm, 1:100 molar ratio, 1h, 60°C). The reduced
fragments were separated on a reversed-phase HPLC column (Cg,
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2.1 x 100 mm, 5pum), installed on the SMART system, with a
predefined gradient from solvent A (0.1% TFA/milliQ-filtered water)
to solvent B (0.08% TFA/90% acetonitrile/milliQ-filtered water): 0—
60 min, 15-70% B; 60-65 min, 70—100% B; 65-72 min, 100% B;
72-77 min, 100- 15 % B. Fractions were collected in Eppendorf vials
(500 pL).

C-terminal sequence analysis was performed by using a slightly
modified chemical protocol from Boyd et al.*® Prior to C-terminal
sequence analysis, the protein was absorbed on a ProSorb sample
preparation cartridge and, after subsequent washes with milliQ-
filtered water, treated with phenylisocyanate under basic conditions
to modify the lysine side chains.®® The alkylated thiohydantoins
were identified online by reversed-phase analysis with a linear
gradient using solventC (3.5% THF/milliQ-filtered water/35 mm
NaOAc, pH 3.8) and solvent D (100% acetonitrile).

For nanoelectrospray mass spectrometry, a fraction of the RPLC
eluate was dissolved (50% acetonitrile/49.9% milliQ-filtered water/
0.1% formic acid (v/v/v)) and loaded into a coated capillary which
was then placed into the nanospray source delivered with the Q-TOF
mass spectrometer. The needle was held at 1.3kV while spray
formation was initially stimulated by applying a low N, pressure at
the back of the capillary. Spectra were taken from 600-2000 Da
using 2-s scans and accumulated during 5 min. The obtained data
were further processed with the MaxEnt software delivered with the
instrument.
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Amino(hydroxymethyl)cyclopen-
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The wide-ranging relevance of glycoside-processing enzymes
has stimulated many efforts to identify appropriate inhibitors,"
by way of screening and isolation of natural products as well as
by reasoning, design, and synthesis.2”! Parallel to these
approaches, debates as to the mechanism of glycoside hydrol-
ysis and glycosidase inhibition have abounded."* “Traditional”
inhibitors represent six-membered carbocycles and N-hetero-
cycles or five-membered iminopolyols, with close relationship to
the respective monosaccharide."? A noteworthy exception
from this was reported with the discovery of mannostatin A (1a)
in 1986, an amino(methylthio)cyclopentanetriol, and its (R)-
sulfoxide, mannostatin B (1b).®! Both were shown to be potent,
selective, and competitive inhibitors of a-p-mannosidase from
rat epididymis (K; =48 nm) and two other enzymes, one of which

is the glycoprotein-processing mannosidasell (from mung
beans; K,=10-15 nm).B!

N-Acetylation of 1a abolished its inhibitory activity. In the
course of syntheses of 1a,* * several derivatives were prepared
that also displayed very good inhibition of a-mannosidase from
jack beans [(S)-sulfoxide, sulfone, N-benzyl compound of 1a;
K,~70, 126, 380nm, respectively]l.”? The enantiomer of 1a
(having the “a-L-allo configuration”), with a supposedly better
fit to the mannopyranosyl cation intermediate,” proved inactive,
but the 2,3-bis-epimer of 1a again showed some inhibitory
activity (K;=13 pw).”!

On trying to rationalize the high activity of the mannostatins 1,
with their unexceptional structures and seemingly nonfitting
configuration, a comparison with the natural a-p-mannoside
substrates 2 and the 1,4-iminoglycitol inhibitors 3 was made. We
concluded that the methylthio appendix in 1a might be either
nonessential or an equivalent of a hydroxymethyl group as
present in 2 or in active 1,4-iminoglycitols such as 3, and further,
that the “essential” (see below) hydroxy groups at C1 and C2 in
1a corresponded to 2-OH and 3-OH, respectively, in 2 and 3. The
latter point is in agreement with the results of an analysis of
alkaloidal inhibitor structures.’? Actually, a compound of this
type, the N-methyl compound 4b with “a-b-manno” configu-
ration—a precise ring-contracted match of a-2—had been
designed as an a-mannosidase inhibitor (although no reference
to 1® was made) and, indeed, had proven highly active™
(Table 1). Finally, a more advanced hypothesis arose: that the
amino(hydroxymethyl)cyclopentane skeleton might serve as a
general framework to generate a new family of glycosidase
inhibitors 5 (according to IUPAC nomenclature 5 would be
named 4-amino-5-hydroxymethyl-1,2,3-cyclopentanetriol), with
specific activities as indicated by the absolute configuration of
the two or three hydroxy groups at the ring. Herein we present
detailed syntheses and inhibition results of the manno series,
along with activities of the gluco, GIcNAc, and galacto com-
pounds!™ mostly obtained by the nitrone route.'? The synthe-
ses and further details for the gluco,""*<d galacto,'¥ and N-

MeSX
HO
1a: X = lone pair 2 3a:R=H 4a:R=H
1b:X=0 3b:R=Me 4b: R = Me [0
3c: R = CH,OH 4c: R=Bn
"o-L-allo" o-D-manno D-{yxo/D-manno "a-D-manno”
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Part 24: see ref. [16d]. Concept and preliminary results first presented at the
Vth Blue Danube Symposium, Casta-Papiernicka, Slovakia, in June 1995.
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HO NHR HO—~ NHR
HO™ OH HO™™ OH
OH OH
5 6a:R=H 7a:R=H
6b: R =Me 7b: R=Me
6c: R=Bn 7c:R=Bn
"B-D-mannc" "B-L-guio"

GIcNAC!™M® series will be reported separately (see Part |l for the
galacto series)."'a

For the synthesis of 4b, Farr etal'® had adopted Vasella’s
scheme of converting aldohexoses into cyclopentane deriva-
tives, that is, by an intramolecular 1,3-dipolar cycloaddition of
nitrones derived from tri-O-benzyl-5-hexenoses.'? In order to
obtain specific relatives of 1a/5 with a primary amino group,
notably the diastereomers 6 and 7, the isoxazoline route
involving nitrile oxide cycloaddition for the carbocycle-forming
step!”3 was chosen. The known, unstable p-lyxo-5-hexenose 9!'?
was prepared from the mannoside 2 via the bromide 8 and
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Table 1. Inhibitory activities of newly synthesized and known compounds
toward two a-p-mannosidases.
Enzyme source
jack beans almonds
Inhibitor R ICs [um] K: [um] 1Cso [um] K; [um]
1a 0.0218d n.d. n.d. n.d.
0.0783!
3a H nd. 140 nd. nd.
3b CH, nd. 0.5 nd. n.d.
4a-HBr H 0.39 0.41 0.23 0.61
4b CH, 0.0621""  nd. n.d. n.d.
4c Bn 0.9 1.0 0.5 0.5
6a-HBr H 0.17 0.074 0.13 0.12
6b-HBr CH, 1.3 1.3 0.42 0.15
6c-HBr Bn 13 0.50 13 2.2
7a-HBr H 5.8 4.6 6.2 53
7b CH, 42 21 66 45
7c Bn  [24] 34 4.0 3.1
swainsonine 0.20 0.0010a  0.407 > 10001
manno-nojirimycin nd. 1.200 n.d. 210
n.d. = not determined.

directly transformed into the oxime 10 (Scheme 1). This was
treated with sodium hypochlorite to undergo chlorination,
loss of HCl, and cycloaddition of the transiently formed nitrile
oxide. The resulting mixture of the bicyclic diastereomers 11 and

%, 0
2 b) | 5
BnO" 0Bn
OBn
8 9
?H ° N
S /
9, .
Bno"" OBn BnO OBn
OBn OBn OBn
10 11 12

Scheme 1. Synthesis of intermediate isoxazolines 11 and 12. a) Five steps,

ref. [12a] 53 %; see refs. [3b, 10]; overall yield 50-60 % from 2, as reported; b) Zn,
CeCl;-7H,0, MeOH, reflux, 8 h; see ref. [3b]; c) HONH,CI, pyridine, 25°C, 2 h; yield
of 10 (E/Z mixture, 75:25) 53 % (13 % of 8 recovered, corrected yield 61%);

d) NaOCl, Bu,NHSO,, CH,Cl,, ultrasound, 15°C, 5d; MPLC separation (petrol
ether/EtOAc, 3:1); 11: 32%, m.p. 87°C, [0J&¥ =— 171 (c=1.11, CHCl3); 12: 18%,
oil, [a]® =—51 (c=1.24, CHCl;).

12 (62:38) was separated chromatographically (Scheme 1). To
the major isomer, 11 (32%), was assigned the “p-manno”
configuration (5-H/5a-H trans) on the basis of 'H and *C NMR
data, for example from a long-range coupling, *J;5, = 0.8 Hz, not
observed with 12. This was confirmed by comparison with the
data of a tri-O-benzoyl derivative of 11 whose structure had been
established independently by crystal structure analysis.!"”

Both 11 and 12 were reduced with lithium aluminum hydride
in diethyl ether and gave the respective amino alcohols in
high yield as a single diastereomer each, as expected (LiAlH,,
Et,0, 25°C, 1.d, 98 and 67 %, respectively).'® The hydrobromides
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of 6a and 7a were obtained in the form of analytically pure,
colorless salts after hydrogenolytic debenzylation in methanol/
hydrobromic acid (H,, 4 bar, Pd/C, MeOH/HBr, 25°C, 20 h, 83 % of
6a-HBr, m.p.68-72°C, [a]® =3.7 (c=0.81, H,0); and 93% of
7a-HBr, m.p.172°C, [a]l® =27 (c=0.83, H,0)). The manno
parent compound 6a was transformed into the derivatives 6 b
and 6 ¢ by reductive amination procedures.'""™ For the synthesis
of 4a, 4¢c, 7b, and 7c¢, we adopted the known routes of 1,3-
dipolar cycloaddition of nitrones with N-methyl or N-benzyl
substituents (see above).[%-'2

The new candidates 4a, 4c, 6a-c, and 7a-c were used in
inhibition tests with 24 commercially available glycosidases
under standard conditions.'” The cases with 1C, values below
1 mwm are listed in Table 1 and compared to results obtained with
the known, strong a-mannosidase inhibitors 1a, 3a, 3b, 4b,
swainsonine, and manno-nojirimycin. The data show that 4a, 4c,
6a-6¢, and 7a-7c indeed constitute strong, competitive
inhibitors of the two a-mannosidases available for testing, with
6a-c (having “B-b-manno” configuration) being more active
than the “f-L-gulo”-type 7a-c. The former (6a-c) also weakly
inhibited -mannosidase (from Helix pomatia). Further, compar-
ison of the results obtained with 4 and 6—corresponding to
a/pf anomers—shows that there is no clear-cut effect in favor of
the former, which has the “a-p-manno” configuration.

The high selectivity and the strong effects of the amino-
cyclopentanetriols shown in Table 1 raise a number of questions
with regard to the mechanism of the inhibition and to the
structure of active species or purported intermediates in a-
mannosidase catalysis (there is no similarly strong effect of 4a,
4c,6a-c and 7a-con the f-mannosidase tested). With 1a and
5-7, structural features are similar; the only stereochemical
prerequisite for a-mannosidase inhibition apparently is the
proper orientation of the two hydroxy groups corresponding to
2-OH and 3-OH of the a-mannoside.

The more general hypothesis put forward at the outset of this
project was then pursued. To this purpose, amino(hydroxyme-
thyl)cyclopentanetriols of the other configurations, that is, the -
p-gluco parent 14 and N-cyclohexyl derivative 15, and the -o-
galacto and (-b-GIcNAc compounds 16 and 17, respectively,
were secured, again following the route of intramolecular 1,3-
dipolar nitrone cycloadditions.''? In order to complement this,
the a-p-gluco compound 13 was prepared by using an intra-
molecular version of the [4*+2] polar cycloaddition® of an N-
acyliminium derivative of the respective enose (compare 9).''fl

The most interesting results of inhibition tests with these
compounds, along with those in which miglitol was used as a
standard, are listed in Table 2 (altogether, since 1994 about 100
of such aminocyclopentanepolyol compounds have been pre-
pared and submitted to comprehensive tests with 24 to 29
different, commercially available glycosidases).l"" 1%

The first, and very rewarding assessment of these results is
that the ring-contracted pyranoside analogues indeed mimic the
respective natural substrates well, each of them showing strong
or excellent inhibition with one or more of the pertinent
enzymes. Proper selectivity, however, is only observed for the
GIcNAc case, in which the structural relationship apparently is
decisive. Concerning “gluco” inhibitors, both the analogue of the
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N HO— NHCH-Cy  HO NHz
HO
;[‘j rrrr OH HO™ ™S " OH HO™ ™" OH
OH OH OH
miglitol 13 14 15 16 17
p-gluco "o-D-gluco" "B-p-gluco" "B-p-gluco" "B-p-galacto" "3-p-GlcNAC"

a-anomer (13) and of the 3-anomer (14) act on a- as well as on -
glucosidases, but not with the same strength in all cases. N-
Substitution, as shown with the N-cyclohexylmethyl derivative
15, is answered in rather different ways (see entries 9-11 for 14
and 15 in Table2). The f-o-glucosidase from Caldocellum
saccharolyticum has the same response to this change, whereas
the almond enzyme exhibits a very low K;value (smaller by a
factor of 275), and a similar effect is seen with the -xylosidase
(entry 11, Table 2). A preliminary conclusion may be that the
active sites of the glucosidase from almonds and of the
xylosidase are very similar, whereas that of the f-glucosidase
from Caldocellum is different. This example—and many others
not detailed herel™—again shows that indirect mapping of
active sites, with eventual differentiation of enzymes of the same
stereochemical family, by various N-substituted derivatives of
such inhibitors may become a valuable tool, in particular with
regard to classification of the enzyme into the proper family.2%

Another brief comment on the data shown in Table 2 concerns
the gluco/galacto relationship: Miglitol, the “a-p-gluco” com-
pound 13 and the two “B-p-gluco” representatives all inhibit
most of the a- and the S-glucosidases tested, and one of the four
p-p-galactosidases assayed (the one from bovine liver). The “$-o-
galacto” isomer 1b, on the other hand, interacts strongly with all
enzymes of its own stereochemical group (entries 1-4, Table 2)
and with both $-glucosidases; however, no activity is seen with
the a-gluco-specific enzymes. Thus, the configuration of the
4-hydroxy group seems to be unimportant for the S-glucosi-
dases, but not for three (nonmammalian) of the four g-
galactosidases.

In summary, amino(hydroxymethyl)cyclopentanetriols in all
series studied so far constitute strong inhibitors of some or all of
the stereochemically corresponding glycohydrolases. Access to
the parent structures, which can be regarded as ring-contracted
1,5-deoxapyranosyl amines, is straightforward, as well as to
derivatives with widely varying N-substituents. It is easy to
predict that this family of inhibitor structures will become a
valuable tool for “insight” studies of glycosidases, concerning
informations on active sites, differentiation and classification,
three-dimensional structure elucidations, and—hopefully—ther-
apeutic applications. Optimization of inhibitor activity and
selectivity could be achieved by probing N-substituents, which
so far has been carried out for -p-gluco compounds (to be
detailed separately) and for the f-p-galacto series (which is
described in the following Short Communication(?),
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From efforts to rationalize the strong activity of mannostatins,
the related structures of amino(hydroxymethyl)cyclopentane-
triols were derived and shown to be highly active glycosidase
inhibitors, first in the a-p-manno and then in other series (see
Part I and ref. [2]). Concerning the f-b-galacto series,? to be
detailed here, the parent compound 13 and the N-methyl
derivative 14 (prepared and assayed first) showed remarkable
inhibitory effects as well as distinct changes in activity and
selectivity when substituting NH, for NHCH, .1l Thus, some 20
related structures were chosen and prepared for optimiza-
tion.”> 3 This led to several compounds with K;values near or
below the nanomolar range, which is reported herein.

The starting material for the cycloadditions was the protected
L-arabino-5-hexenose 1, obtained in three steps from p-galac-
tose.”* The hexenose 1 was converted into the corresponding
isoxazolidines (2-7) on treatment with N-substituted hydroxyl-
amines via intermediate nitrones,”?* following a route proposed
earlier by Vasella etal®™ (Scheme 1). Here, the diastereomeric
ratio (d.r.) of the syn-/anti-cyclopentanoisoxazolidines (2:5, 3:6,
4:7) varied strongly, depending on the solvent used for the
cycloaddition. 3 In polar solvents the syn-tricycle was preferred,
independent of R. For the cycloaddition with PhNHOH in
methanol, d.r. values up to 87:13 (syn/anti) were observed
(Scheme 1).2° In contrast, when the reaction was performed
with BANHOH in a nonpolar solvent like chloroform, a d.r. value
of <5:95 in favor of the anti isomer resulted.?"!

The free amino(hydroxymethyl)cyclopentanetriols 13-17
were obtained in the form of their hydrobromide salts from
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the related structures of amino(hydroxymethyl)cyclopentane-
triols were derived and shown to be highly active glycosidase
inhibitors, first in the a-p-manno and then in other series (see
Part I and ref. [2]). Concerning the f-b-galacto series,? to be
detailed here, the parent compound 13 and the N-methyl
derivative 14 (prepared and assayed first) showed remarkable
inhibitory effects as well as distinct changes in activity and
selectivity when substituting NH, for NHCH, .1l Thus, some 20
related structures were chosen and prepared for optimiza-
tion.”> 3 This led to several compounds with K;values near or
below the nanomolar range, which is reported herein.

The starting material for the cycloadditions was the protected
L-arabino-5-hexenose 1, obtained in three steps from p-galac-
tose.”* The hexenose 1 was converted into the corresponding
isoxazolidines (2-7) on treatment with N-substituted hydroxyl-
amines via intermediate nitrones,”?* following a route proposed
earlier by Vasella etal®™ (Scheme 1). Here, the diastereomeric
ratio (d.r.) of the syn-/anti-cyclopentanoisoxazolidines (2:5, 3:6,
4:7) varied strongly, depending on the solvent used for the
cycloaddition. 3 In polar solvents the syn-tricycle was preferred,
independent of R. For the cycloaddition with PhNHOH in
methanol, d.r. values up to 87:13 (syn/anti) were observed
(Scheme 1).2° In contrast, when the reaction was performed
with BANHOH in a nonpolar solvent like chloroform, a d.r. value
of <5:95 in favor of the anti isomer resulted.?"!

The free amino(hydroxymethyl)cyclopentanetriols 13-17
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(0] 4h103d o 'OH O/Q ‘OH
O d 4

1 syn-2—-4 anti-5-7
"B-p-galacto" "B-L-altro"

Scheme 1. Synthesis of cyclopentanoisoxazolidines 2-7. R’ =Bn: EtOH/H,0
(4:1):2:5=79:21,66% 2, 5 n.i.; CHCl;: 2:5= < 5:95, 2 n.i., 85% 5. R' = Me: EtOH/
H,0 (4:1): 3:6 =79:21, 54% 3, 6 n.i.; CHCl;: 3:6 =< 5:95, 3 n.i., 72% 6. R’ =Ph:
MeOH: 4:7=87:13, 77 % 4, 7 (11 % from different run); CHCl;: 4:7 =48:52. n.i.=
not isolated.

the respective isoxazolidines 8-12 by catalytic hydrogenation
with Pd(OH), on charcoal or with zinc in acetic acid and
subsequent removal of the acetonide protecting group by
treatment with HBr in methanol (Scheme 2). Unexpectedly, the
N-phenyl substituent in 4 was saturated to N-cyclohexyl in the
product 11 by catalytic reduction; the N-benzyl compound 17
was, therefore, secured from zinc reduction.

-HBr

HO-- NHR? HO-~  NHR?
24 D _b
AorBorC o ””’OH HO /””OH
] (0] OH
812 13-17-HBr
educt R' method in a) R? compound yield [%)] compound yield [%]
2 Bn B H 8 91 13 94
3 Me B Me 9 @ 14 90
4 P C Ph 10 63 15 %
4 Ph A cy 11 92 16 48
2 Bn C Bn 12 75 17 91

Scheme 2. Synthesis of amino(hydroxymethyl)cyclopentanetriols 13- 17.

a) Method A: Pd(OH),/C, H, (4 bar), MeOH, RT; method B: as in A, but with HBr
(48%); method C: Zn, HOAc, RT, 4-5 h; b) HBr (48 %), MeOH, RT. [a] Not isolated;
hydrogenation in acidic medium affords 14. Cy = cyclohexyl.

Some further N-substituted derivatives, 18 -21 (and again 17),
were accessible by reductive amination of the respective
aldehydes with the amine 8 (Scheme 3). In order to clarify the
role of the 6-OH group for inhibition activity, it was of interest to
also have the corresponding 6-deoxy derivatives such as 22

-HBr -HBr
HO— NHR3 NH,
a), b) 8 c)-f
HO ""OH HO ""OH
OH OH
17-21-HBr 22-HBr

R3 = (CH,),0H, CH,Cy, Bn,
CHy(4-CgH4Br), CH,(4-CgHal)

Scheme 3. Synthesis of N-substituted derivatives 17-21 and of the 6-deoxy
compound 22. a) 1. R*CHO, Al,0s,”! CH,Cl,, RT; 2. NaBH,, MeOH, reflux, 47 - 85 %;
b) HBr (48 %), MeOH, RT, 91-98 %; c) Boc,0, NaHCO;, dioxane, RT, 3 h, 90 %;

d) ArOC(S)Cl, HOSu, Py, benzene, RT, 4 h; e) Bu;SnH, AIBN, benzene, reflux, 3 h,
75%; f) HBr (48 %), MeOH, RT, 1d, 99%. AIBN = 2,2"-azobisisobutyronitrile,

Boc = tert-butoxycarbonyl, Su= succinimidyl.

available for tests. To this purpose, the amine 8 was protected as
the N-Boc carbamate, followed by a two-step Barton reduction!®
and deprotection as described above, thus affording 22. This
protocol likewise led to the “f-L-fuco” compound ent-22 when
starting from L-galactose.??!

Comprehensive tests with up to 28 commercially available
glycosidases were carried out with all derivatives synthesized
and also with some epimers and enantiomers of 13.23 The
parent compound 13, gratifyingly, showed strong inhibition of
all five 3-p-galactosidases tested, but also of one (of three tested)
of the «a series, and further of the two S-p-glucosidases used
(Table 1, entry 1). For the latter, even higher activities were found
with 13 than those observed with the 2-epimer, the -b-gluco
parent compound (see Part I'¥), which is in line with previous
reports and classifications.® The basic amino group again is
essential for good inhibition, since N-acetylation of 13 and
derivatives resulted in K; values that were higher by two orders of
magnitude or more throughout.”? The role of the 6-hydroxy
group was also evaluated, by testing the 6-deoxy compound 22,
with rather different results for the respective enzymes: no
activity or distinctly decreased activity with the a-p- and two of
the four S-p-galactosidases (A. niger and A. oryzae), similar or
increased inhibition of the other two f3-p-galactosidases (E. coli,
bovine liver) and of the two f-p-glucosidases tested (Table 1,
entry 2). Thus, hydroxymethyl and methyl groups are equivalent
in the latter cases, suggesting that there is no or little hydrogen

Table 1. Selected glycosidase inhibition activities of 13/ and its derivatives.!
a-D-Galactosidase -D-Galactosidase -0-Glucosidase

Entry Inhibitor R? or R? (c.b.) (E.c.) (b.l) (A.n.) (A.0.) (j.b.) (alm.) (Cs.)

1 13 H 12 4.5 33 0.85 0.6 0.145 2.2 0.17

2 22 H (6-deoxy) n.i. 8 4 ca. 1000 13 n.d. 0.8 0.08

3 14 Me n.i. 0.22 0.09 0.4 0.033 0.068 0.45 0.35

4 18 (CH,),OH n.i. 0.087 0.48 0.1 0.085 0.16 5 14

5 15 Ph n.i. 185 n.d. 80.7 102 n.d. 13 23

6 16 Cy n.i. 24 3 n.i. 20 0.035 0.83 7

7 17 Bn n.i. 0.002 0.006 24 0.038 0.14 1.39 0.165

8 19 CH,Cy 22 0.02 0.004 0.05 0.03 n.d. 0.104 0.12

9 20 CH,(4-C4H,Br) n.i. 0.0006 0.0007 0.035 0.004 n.d. 0.017 0.12
10 21 CH,(4-C¢H,l) n.i. 0.008 0.003 0.148 0.057 n.d. 0.053 0.187
[a] K; values are given in pm. n.i.=no inhibition for IC5, > 1 mm; n.d. = not determined. In all cases competitive inhibition was observed. [b] Enzyme sources:
c.b. = coffee beans, E.c. = Escherichia coli, b.l. = bovine liver, A.n. = Aspergillus niger, A.o. = Aspergillus oryzae, j.b. = jack beans, alm. = almonds, C.s. = Caldocellum
saccharolyticum.
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bonding to this position in the active site of the respective
enzymes. This is in agreement with different classifications of the
E. coli and A. niger enzymes (families 2 and 35, respectively).®

Introducing a methyl group at the amino nitrogen atom, that
is, going from 13 to 14, caused substantial alterations of
inhibitory activity with all of these enzymes, which can be
discussed only briefly here. With the a-p-galactosidase, the
K; value of 14 rose to about 1 mm, but all other enzymes in the -
p-galacto and -gluco series except one responded readily to this,
by decreasing K;values by factors of 2 to 35 (Table 1, entry 3).
Consequently, variation of N-substituents was undertaken.
Increased hydrophilicity, as seen with the N-hydroxymethyl
group (successful in the a-p-gluco series, see miglitol),” led to
slight changes only (Table 1, entry 4). Turning to more lipophilic
attachments to the amino nitrogen atom, a tert-butyl group was
introduced, but this modification eliminated most activities (ca.
200 um with the E. coli and the A. niger f-p-galactosidases).?
Furthermore, an N,N-dimethylamino moiety proved less effective
throughout (K, values of 0.3 to 78 um for the f-glycosides
shown).2d Thus, derivatives with only one lipophilic group at the
nitrogen atom deemed more promising, but both N-phenyl (15)
and N-cyclohexyl substituents (16) did not improve inhibition,
except for the case of the jack bean galactosidase (Table 1,
entries 5, 6). This changed much for the better when the
cyclohexyl and phenyl rings were linked to the amino group by
means of a methylene spacer (compounds 17 and 19, respec-
tively). Inhibitions were improved dramatically, although not in a
uniform way (Table 1, entries 7, 8). Looking at the first two -o-
galacto cases from truly distinct sources—E. coli and bovine
liver—it is remarkable that both the N-benzyl and the N-
cyclohexylmethyl derivatives 17 and 19, respectively, caused
similarly potent inhibition, now in the low nanomolar range!

At this stage, applications of these extremely powerful
inhibitors were envisaged: Many open questions concerning
three-dimensional structures of most glycosidases, which are not
available or classified yet,® might be solved in specific cases by
cocrystallization with such strongly binding unnatural inhibitors.
In the field of $-p-galactosidases, the E. coli enzyme had been
crystallized, but the structure was not well resolved (3.5 A) due to
its size (1023 amino acids) and crystal form (four tetramers in the
unit cell, ca. 2 x 10°Da)." In order to simplify such analyses,
halogen-substituted derivatives of the N-benzyl compound 17
seemed particularly promising, since introduction of a halogen
atom onto the aromatic ring would just necessitate the use of
appropriate aldehydes for condensation with the amine 8. Thus,
the p-bromo and p-iodo derivatives 20 and 21, respectively, were
prepared (Scheme 3), with the bromo compound 20 now
showing even better inhibition values than the benzyl analogue
17: K, values for the E. coli and bovine liver enzymes went down
to 0.6 and 0.7 nm, respectively, setting a new low in this area as
far as we are aware of! In the 5-p-gluco series, again the best
activities were recorded with the bromo compound 20: 17 and
120 nm for the almond and the Caldocellum enzymes, respec-
tively (entry 9 in Table 1).

A brief comparison with some known structures of the most
potent p-galactosidase inhibitors is appropriate: The 1,5-imino-
glycitols (piperidines) with bp-galacto configuration inhibit
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strongly in the a-anomer series, but much less with (-
galactosidases [p-galacto-nojirimycin: o (coffee beans): K=
0.0007; f3 (E. coli): K;=0.045 m]."™) p-Galactopyranosylamines with
N-benzyl or N-heptyl substituents may be as powerful as the new
benzylaminocyclopentane structures (17, 20, 21), as judged from
the rather limited data available; however, assay conditions were
different (Mg?* added) and N-alkyl derivatives in aqueous
solution are not stable (anomerization and hydrolysis).['?

Implications concerning the mechanism of such enzymatic
hydrolyses and the binding of the amino(hydroxymethyl)cyclo-
pentanetriols should await the determination of specific three-
dimensional structures of enzyme - inhibitor complexes;!'¥ our
working hypothesis presently is that exo-protonated glycosides
are well mimicked by these new structures (and also pyranosyl-
amines) present as ammonium ions, that is, that intermediates,
not transition states or pyranosyl cations, may be the key
structures. The above results with the cyclopentane structures of
“B-p-galacto” configuration to yield “1,5-deoxypyranosyl amines”
provide a promising general concept to generate new, powerful,
unnatural, and stable glycosidase inhibitors. Applications are
manifold, and fine-tuning with regard to the specific enzyme
addressed is feasible by varying the N-substituents.

Our thanks are due to Prof. Pierre Vogel (ICO, Univ. Lausanne), Dr.
Petra Hilgers and Ms. llona Kienzle (both I0C, Univ. Stuttgart), for
help with the assays, and further to Forschungsschwerpunktpro-
gramm Baden-Wiirttemberg, Fonds der Chemischen Industrie, and
Volkswagen-Stiftung (Hannover) for financial support.
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As the functions of individual components of the cell are more
and more elucidated (e.g. by genomics), the challenge of
understanding the factors involved in macromolecular organ-
isation become more pressing. The first generation of model
systems to study protein organisation are being developed,
most notably in the work of Niemeyer and others, with DNA
as a molecular scaffold™ onto which proteins are attached,

SHORT COMMUNICATIONS

either covalently®® or noncovalently.®! In the latter studies,
polymerase chain reaction (PCR) with 5’-biotin-derivatised
oligonucleotides was used to give double-stranded (ds) DNA
products. When streptavidin (STV) was added to these modified
dsDNAs, a mixture of oligomeric complexes rapidly formed
through self-assembly. Here we describe a variation on this
approach by using internally modified PCR primers that results
in the formation of DNA - protein dumbbells, and the extension
of the approach to the preparation of the first unsymme-
trical system with two different proteins attached to the DNA
scaffold.

The approach used to prepare DNA-protein constructs
(Scheme 1) is a variation on the PCR method employed by
Niemeyer et al.*? The primary difference is that the linker used to
attach the protein is at an internal base position in the
oligonucleotide primers instead of at the 5’ end. This was
intended to give a more rigid and defined point of attachment.
Consequently, PCR primers were prepared that incorporated 2'-
deoxyuridines modified with a C-5 side chain, which act as
mimics of the natural base 2’-deoxythymidine (dT) and do not
significantly diminish the potential for complementary Watson -
Crick base pairing. The side chain modification allows the
introduction of a thiol, a carboxylate, a primary amino, or a biotin
group into the DNA oligomer.
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Scheme 1. Strategy for the organisation of proteins into a defined relative spatial orientation with DNA as a molecular scaffold. DMT = 4,4'-dimethoxytrityl.
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Six oligonucleotides, 1-6 (Table 1), were synthesised by solid-
phase phosphoramidite chemistry® and characterised by neg-
ative-ion electrospray mass spectrometry (data not shown). The
biotinylated residue 7 (dTB) was incorporated at the central
position of each of three oligonucleotides 1, 3 and 5, while the
amino-modified residue 8! (dTA) was incorporated at the central
position of oligonucleotide 6. A series of PCRs using these
primers gave dsDNA 203, 292 or 318 base pairs long, when
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Table 1. DNA sequences of the synthesised oligonucleotides 1-6.
Compd Sequence Length Modification
1 CAATTTCCATXCGCCATTCAG 21 X=dTB
2 CAATTTCCATTCGCCATTCAG 21 none
3 GTACCCAAXTCGCCCTA 17 X=dTB
4 GTACCCAATTCGCCCTA 17 none
5 CGACGGCCAGXGAGCGCGCGT 21 X=dTB
6 ACAAAGCTXGGAGCTCC 17 X=dTA
(e}
o
(o}
DMTO ol 8 X = S M
X= Ty N" “CFs
S
PN o o
o
ch )\ /J,L
HN' N

SO IO s
7:X= H&\)]\N/\/\/\/NW s
H

plasmid pBluescriptll SK(—) or a derivative, pEX (see Exper-
imental Section), was used as a template. With the oligonucleo-
tides 2 and 4 and pEX as a template, an unmodified 203-bp
control PCR product was formed. By using oligonucleotide 2
with modified oligonucleotide 3, the same 203-bp PCR product
was formed, but now with a biotinylated base incorporated at
one end. With two modified primers (1 and 3) the 203-bp dsDNA
was synthesised with biotinylated residues incorporated at both
ends. A longer (292 bp) doubly biotinylated PCR product was
also prepared from pEX by using primers 1 and 5. A bifunction-
ally modified 318-bp PCR product, incorporating an amino-
modified base at one end and a biotinylated base at the other,
was prepared from the template pBluescriptIl SK(—) using
primers 1 and 6.

In initial experiments, the assembly of DNA-protein con-
jugates between biotinylated oligonucleotides and STV was
investigated. In each experiment an approximate tenfold molar
excess of STV over the biotinylated DNA was used, and the
products were analysed by agarose gel electrophoresis (Fig-
ure 1). As previously reported by Niemeyer et al.,”™! the addition
of STV to the biotinylated DNA samples led to the formation of
new DNA bands in the higher molecular weight region of the
agarose gel, indicating the formation of DNA - STV conjugates.
However, none of the distinct fingerprint-like patterns, which
were postulated to be due to distinct distributions of oligomeric
species,™! were observed. Furthermore, from the intensity of the
DNA bands on the gel, the major proportion of the DNA
appeared to be present in only one form.

To study the structures of the doubly biotinylated DNA - STV
conjugates, samples were imaged by using contact mode atomic
force microscopy (AFM) (Figure 2). Dilute aqueous solutions of
the conjugates were air-dried on mica and then covered with n-
butanol prior to imaging. The n-butanol reduces capillary forces
which affect imaging in air, and also may dehydrate the sample,
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Figure 1. DNA-STV conjugates on a 1.5 % agarose gel after electrophoresis and
staining with 0.3 gmL~" ethidium bromide. The agarose gel was run in 1 x TAE
buffer at 100 V and 80 mA. DNA-containing fragments were visualised on a short-
wave transilluminator. M: 100-bp DNA molecular weight marker (Pharmacia);
lane 1: 203-bp unmodified PCR product and STV; lane 2: 203-bp singly
biotinylated PCR product and STV, lane 3: 203-bp doubly biotinylated PCR
product and STV; lane 4: 292-bp doubly biotinylated PCR product and STV.

A

Figure 2. Atomic force microscopy (AFM) images of the DNA—-STV dumbbells.
Representative images are shown. A: 203-bp DNA - STV dumbbell (scan area:
6700 x 6700 A; inset: 900 x 950 A). B: 292-bp DNA STV dumbbell (scan area:
5000 x 5000 A; inset: 1200 x 1350 A). AFM images were obtained in the contact
mode under n-butanol.

making it more rigid. Figure 2A shows multiple copies of a
construct formed by having monovalent STV attached to each
end of the dsDNA (referred to as dumbbells), and unattached
molecules of STV (used in excess). The intervening DNA in the
dumbbell is partially observed. It is clear from the expanded
image (Figure 2A, inset) that the DNA is bent. Indeed, the
separation between the centres of the two proteins is 490 A
compared to the predicted separation of 690 A

In order to confirm the interpretation of Figure 2A, a similar
sample of the longer (292bp) DNA-STV conjugate was
prepared (Figure 2B). Again, multiple copies of DNA-STV
dumbbells can be seen. The expanded image (Figure 2B inset)
shows a selected single dumbbell chosen because the DNA
scaffold is straight. Indeed, the measured distance between the
centres of the STVs (960 A) is close to the predicted value of
990 A. However, in Figure 2B several dumbbells are seen which
show significant bending of the scaffold DNA. This may be due
to the natural flexibility of DNA, but could also be due, in part, to
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the contact mode of imaging used to obtain these AFM images
dragging the samples across the mica surface during the image
acquisition.

Niemeyer et al. reported observing similar DNA -STV dumb-
bell structures,® but in mixtures which included longer
conjugates (where an STV effectively links two pieces of
biotinylated DNA into linear or circular structures) and branched
divalent and trivalent species. The amounts of the different
species were shown to vary as a function of the molar ratio of
STV to DNA, with dumbbells most evident when the ratio was
high (5:1). The apparent presence of only dumbbells reported
above may be due to the ratio of STV to DNA used (>10:1). It
may also be a consequence of the linker being attached
internally in the primer and so making the STV less accessible to
biotin on another strand of DNA. Further experimentation is
required to fully explore this idea.

In order to study many aspects of enzyme association, it is
desirable to form DNA -protein assemblies incorporating two
different proteins. This is a logical extension of the subject but
has not previously been demonstrated. In order to make such an
unsymmetrical DNA - protein dumbbell, primers incorporating
differently functionalised linkers were used in the PCR. By using
the biotinylated and amino-modified primers 1 and 6, the
bifunctionally modified 318-bp PCR product was generated and
then activated by cleavage of the group protecting the amino
function. The free amino-modified oligonucleotide was func-
tionalised with the heterobifunctional cross-linker N-succinimid-
yl-3-(2-pyridyldithio)propionate (SPDP) and coupled to freshly
activated papain.”! This conjugate was then associated with an
approximate tenfold molar excess of STV to give the desired
DNA -STV-papain conjugate, which was analysed by AFM.
Figure 3 shows an image obtained of one such unsymmetrical

Figure 3. AFM image of an unsymmetrical 318-bp DNA - STV - papain dumbbell
(scan area: 1300 x 1300 A). AFM image obtained in the contact mode under
n-butanol.

dumbbell. The larger STV molecule (M, ~ 60 kDa) at one end of
the DNA scaffold can clearly be differentiated from the smaller
papain molecule (M, = 23 kDa) at the other end. As was also seen
in previous images, there is some bending of the scaffold DNA,
with a separation between the two proteins of 1000 A compared
to the predicted value of 1080 A.

The preparation of DNA - protein dumbbells by using inter-
nally modified PCR primers, and the organisation of two different
proteins on a DNA scaffold are novel contributions to the
exciting and developing area of protein organisation on DNA
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scaffolds. It is clear from the AFM images that even over a few
hundred base pairs, DNA cannot be simplistically considered a
rigid rod, giving a fixed separation of proteins. This, however,
does not detract from the use of DNA as a scaffold to organise
very closely spaced proteins at distances similar to those
expected in multienzyme complexes. Consequently, these
results open up the way for further studies, such as on the
effect of enzyme organisation on substrate channelling.

Experimental Section

Oligonucleotide synthesis: Oligonucleotides used in this study
were prepared by Oswel DNA Services (Southampton, UK). The
sequences of the unmodified, biotinylated and amino-modified
oligonucleotides 1-6 are shown in Table 1. Biotinylated oligonu-
cleotides 1, 3 and 5 were obtained by incorporation of the
commercially available phosphoramidite 7 at the appropriate point
in the synthesis. The amino-modified oligonucleotide 6 was
prepared by the central incorporation of the phosphoramidite 8.
During the final stage of oligonucleotide synthesis, the protection of
the amino group was cleaved to give the free amino-modified
oligonucleotide.

Polymerase chain reaction: The primers for the PCR were chosen to
anneal to regions of either pBluescript Il SK(—) or pEX—a derivative
of pBluescript Il SK(—) lacking 26 bp in the multiple-cloning region.
Plasmid pEX was prepared by digestion of pBluescript Il SK(—) with
EcoRI and Xbal, filling the recessed 3"ends by using the Klenow
fragment of DNA polymerase |, then ligating the blunt ends by using
T4 DNA ligase. PCRs were carried out on a Hybaid OmniGene
Thermal Cycler with 0.5 mL Treff microcentrifuge tubes. Reaction
mixtures (50 uL) were set up including each primer (5 puL, 10 um),
10 x reaction buffer (5puL), template DNA (5puL, 10ng), dNTPs
(10 mm of each), and sterile water (28 uL). Tag DNA polymerase (1 pL,
1 U) was added to these components and then a covering layer of
sterile mineral oil (30 pL). The PCR block was run on the following
program: 1 cycle: 94°C, 4 min; 35 cycles: {94°C, 1 min; 50°C, 1 min;
72°C, 1 min}; 1 cycle: 72°C, 5 min. The mineral oil was removed from
the samples by repeated pipetting of the reaction mixture onto
parafilm. The crude PCR mixtures were purified by spin-column
chromatography using a 1-mL column packed with Sephadex G-25,
before being concentrated in vacuo and redissolved in 0.1m HEPES
buffer, pH 8.2 (30 pL).

Preparation of DNA - protein conjugates: Biotinylated DNA was
conjugated to STV by incubation of the DNA (8 pL, ca. 0.5 ug) with
STV (5ug, ca. tenfold excess) in 0.1m sodium carbonate buffer
(12 pL), pH 9.5, at room temperature for 30 min. The free amino-
modified DNA (20 L, 40 nug) was incubated with a solution of SPDP
(0.2 mg) in acetonitrile (20 pL) under a covering layer of mineral oil
(35 uL) at 50°C for 16 h. The mineral oil was removed and the
reaction mixture concentrated in vacuo. This was then redissolved in
0.1m sodium carbonate buffer (50 uL), pH 9.5, before being purified
by spin-column chromatography as described above. Freshly
activated papain (60 uL, 0.15 mm) and SPDP-derivatized oligonucleo-
tide (20 pL) in 0.1m sodium carbonate buffer (20 L), pH 9.5, were
incubated at room temperature for 16 h. The conjugates were
analysed by agarose gel electrophoresis and AFM.

Atomic force microscopy: AFM was carried out on an East Coast
Scientific (Cambridge, UK) atomic force microscope, using silicon
nitride cantilevers (Digital Instruments) with a spring constant of
0.38 Nm~" and square-pyramidal tips with a radius of curvature of
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50 nm. Samples of the respective DNA - protein conjugates were
desalted by spin-column chromatography using 1-mL Sephadex G-
25 columns, before being serially diluted to an appropriate concen-
tration for imaging individual molecules (ca. 1-5 nwm). A 2-uL drop of
each sample was placed onto a freshly cleaved mica surface and then
dried in a vacuum desiccator for 2 h. n-Butanol (HPLC grade, Aldrich)
was then added to cover the sample, prior to topographic and error
signal images being obtained in the contact mode.
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We have recently reported a general synthetic route to DNA
oligomers containing a covalently cross-linked Watson - Crick
base pair model.l" In this paper, using n-type DNA oligomers as
examples, we present experimental results demonstrating that
these oligomers indeed exhibit conformational properties close
to those of corresponding native DNA duplexes.

For the current studies, we used DNA oligomers | and I,
containing an arbitrarily chosen base sequence.” To compare
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the global conformations of I and Il with that of the correspond-
ing native DNA duplex Ill, we first measured their circular
dichroism (CD) spectra (Figure 1).! These exhibited the distinct
characteristics of B-form DNA.® Figure 2 summarizes the tem-
perature-dependent CD spectra, yielding the melting temper-
ature (T,,) curves and thermodynamic parameters (Table 1) for
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Figure 1. CD spectra (10 mm Na,HPO, (pH 6.8), 0.1m NaCl; DNA concentration:

40-80 um) of 1 and I, in reference to lll. Figures A and B show the CD spectra of |
and Il (solid lines), respectively, in reference to Ill (broken line).
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Figure 2. Temperature-dependent CD spectra and melting curves of -1l (10 mm
Na,HPO, (pH 6.8), 0.1m NaCl; DNA concentration: 40 - 80 um). Figures A-C show
the CD spectra of 1-1lI, respectively, at the temperatures indicated in Figure A.
Figure D presents the melting curves of 1-1ll at 267 nm. No concentration
dependency of T,, was detected at 50 versus 150 um of I.

Table 1. Thermodynamic parameters of DNA oligomers I-1lI.

T. [’ 71 73 37

— AH° [kcalmol~"] 82.1 83.6 56.9

— AS° [cal mol~"K] 238.7 2416 171.0

— AG° [kcalmol™] 11.0 1.6 6.0
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1-1IL5! The fact that I-1l give clean melting curves suggests a
transition from a single preferred conformation into a melted
state. Notably, however, the CH,-bridged oligomers | and Il
possess a significantly higher T, value than the native duplex llI,
that is, I, — T =34°C and T! — T =36°C. As expected, the
entropy term is an important contributor to the observed,
enhanced stability of B-form double helices.®

NMR spectroscopic studies provided more detailed informa-
tion on the preferred conformation of I and Il. Both | and 1l gave
a well-resolved NMR spectrum (not shown), again suggesting
that they exist in one preferred conformation.”? The NOESY
(nuclear Overhauser enhancement spectroscopy) spectra of |
and Il are shown in Figure 3. Two sets of NOE chains (solid and

Figure 3. NOESY NMR spectra (600 MHz; 200 ms; D,0, 10 mm Na,HPO, (pH 6.8),
0.1m NaCl) of I and Il. Figures A and B show the purine-H.8 or pyrimidine-H.6/
2'-deoxyribose-H.1" region of I and I, respectively. Two NOE chains are shown by
solid and broken lines in each figure.

broken lines) were identified in each spectrum, confirming the
base sequence incorporated in their synthesis. 2'-Deoxyriboses
are known to adopt a 2"-endo conformation in B-form duplexes
or to adopt a 3-endo conformation in A-form duplexes.”!
Therefore, a B-form duplex gives stronger cross-peaks between
the base proton and 2'-deoxyribose 2'protons than those
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between the base proton and 2'-deoxyribose 1" and 3’ protons.
Indeed, this is the case for | and Il (Figure 4), establishing that
their 2’-deoxyriboses adopt the 2'-endo conformation character-
istic of a B-form duplex./”
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Figure 4. NOESY NMR spectra (600 MHz; 200 ms; D,0O, 10 mm Na,HPO, (pH 6.8),
0.1m NaCl) of I and Il. Figures A and B show the purine-H.8 or pyrimidine-H.6/
2'-deoxyribose-H.2' (area (@)), the purine-H.8 or pyrimidine-H.6/2'-deoxyribose-
H.3' (area (b)), and the purine-H.8 or pyrimidine-H.6/2'-deoxyribose-H.1" NOEs
(area () of I and I, respectively. In a B-form conformation, the intensity of these
intranucleotide NOEs is known to be base-H/2'-H > base-H/1'-,3'-H.

A series of imino-H/D exchange NMR experiments provided
information on the transition from the single preferred con-
formation into a melted state. The imino proton region in the
'HNMR spectra are shown in Figure 5, with the indicated
assignment of eight signals through an NOE experiment.® The
temperature-dependent studies established the order of the H/D
exchange rates for these imino protons to be 1(T1/A1") > 8(A8/
T8) >2(G2/C2') > 7(T7/A7') > 3(T3/A3') > 6(A6/T6") > 4(G4/C4) ~
5(G5/C5'), indicating that the melting event takes place first at
the T1/A1" base pair, second at the A8/T8' base pair adjacent to
the CH,-bridged base pair, third at the G2/C2" base pair, and
fourth at the T7/A7’ base pair.
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Figure 5. Temperature-dependent imino proton exchange experiments

(500 MHz; H,0/D,0 (9:1), 10 mm Na,HPO, (pH 6.8), 0.1m NaCl) of I (A) and Il (B).

No distinct difference in the conformational properties of  and
Il was initially recognized in the outlined experiments. However,

subsequent TOCSY (total correlation spectroscopy) NMR experi-

ments gave the first indication that, although they share a
preferred conformation in the global sense, | and Il behave
slightly differently in the local conformational sense. Il contains
six T bases, including the T portion of the CH,-bridged base pair,

and six cross-peaks between the methyl and the vinyl protons of

thymines were correspondingly observed in its TOCSY spectrum
(Figure 6B).) On the other hand, although I also contains only
six T bases, eight cross-peaks were observed in its TOCSY
spectrum (Figure 6 A).” ' Considering this information, all of the
NMR data were closely reexamined. Figure 7 shows the aromatic
regions of the 'TH NMR spectra of I and Il. In the spectrum of |,
two sets of M9, A8, M9', and T8" aromatic signals were detected.
In the spectrum of Il, however, no corresponding extra signals
were seen. Consistent with these observations, in addition to the
NOE chains identified, two NOE chains, that is, M9-A8-T7 and
M9'-T8'-A7’, were recognized in the boosted spectrum of I, and
the cross-peaks T7 and A7’ merge to the main NOE chains
originally identified. On the other hand, there were no additional
NOE chains detected even in the boosted spectrum of II.

Based on these NMR spectroscopic studies, we conclude that |
and Il share a preferred global conformation, but they exhibit
slightly different local conformations around the CH, bridge. |
adopts two distinct conformations around the CH,-bridged base
pair end, whereas Il exists in a single preferred conformation
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Figure 6. TOCSY NMR spectrum (600 MHz; 50 ms; D,0, 10 mm Na,HPO, (pH 6.8),
0.1m NaCl) of I (A) and Il (B). The cross-peaks marked with T8 and M9 are due to
the minor conformer.
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Figure 7. The aromatic-proton region in the "H NMR spectrum (600 MHz, D,0,
10 mm Na,HPO, (pH 6.8), 0.1m NaCl) of I (A) and Il (B), with indication of the
assignment of aromatic protons (purine-H.8 or pyrimidine-H.6). The signals
marked with A8, M9, M9, and T_8/ are the aromatic protons of the minor
conformer. The signals marked with an asterisk are the H.2 protons of adenines.
Note that, due to the difference in relaxation time for each proton, the peak
intensity does not accurately correspond to the number of protons.

including the CH,-bridged base pair end. In the mononucleoside
base pair series, we demonstrated that both typel and Il base
pair models adopt a Watson - Crick base pairing orientation in
the solid phase.™ Additionally, they exist predominantly in one
preferred conformation in solution, and the rotational energy
barrier along the CH, bridge was estimated to be ca.
10 kcalmol~" through variable-temperature NMR studies. How-
ever, we have not obtained direct experimental evidence to
demonstrate that the dominant preferred solution conformation
corresponds to the solid-phase structure. In this context, the
NOESY NMR spectrum of Il is informative. Two sets of
internucleotide NOEs were clearly observed on both the M9/
A8 and M9'/T8’ sides, which is possible only in a Watson - Crick
base pairing orientation (Figure 8).

N H
) R
R .
N ; N=1:H O=—N 7
—<\NI;—:«N ----- H—N CHy

Figure 8. Internucleotide NOEs observed for the CH,-bridged base pair and the
adjacent base pair of Il.

It is conceivable that the rotational energy barrier may
become higher when the CH,-bridged Watson - Crick base pair
model is incorporated into a DNA duplex such as I. Thus, there is
a possibility that the two local conformers, most likely corre-
sponding to the Watson - Crick and reverse Watson - Crick base
pairings,['? are isolable. Indeed, two well-separated peaks were
observed in the HPLC analysis of | (4.6 x 150-mm Vydac C18
column; 2 —15% MeCN/10 mm HCO,NH,, over 20 min; flow rate:
1 mLmin~'; retention time: 10.8 and 11.6 min with an area
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integration of 3:2). Two fractions could be separated under these
conditions, yielding two compounds without cross-contamina-
tion. Interestingly, the two isolated compounds were found to
equilibrate at 70 °C, with an energy barrier of approximately 32 -
33 kcalmol='.1'31 On the other hand, oligomer Il behaved as a
single compounds under the same HPLC conditions.

Finally, it is interesting to compare the NMR characteristics of |
and Il with those of the corresponding native DNA duplex IIl.
There are a large number of NMR studies on DNA/RNA oligomers
reported in the literature,”? and we expect that it should be
possible to estimate the structural characteristics of lll predicted
from the literature, and then compare those with the structural
characteristics experimentally found for | and Il. Specifically, by
using the method developed by Giessner-Prettre and Pullman,!'4
we have calculated the chemical shifts expected for the aromatic
protons of lll and compared them with those observed for | and
Il (Figure 9).'> ' The standard deviation between calculated and
observed chemical shifts has been demonstrated to be within
0 =0.171""1 Figure 9 shows that all of the relevant proton signals
of both I and Il are indeed within this standard deviation,"
supporting again the view that n-type DNA oligomers | and Il
exhibit conformational properties close to those of the corre-
sponding native duplex DNA IlI.
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Figure 9. Difference between the experimentally determined chemical shift
values of I (A) or Il (B) and the calculated values of lll. The x and y axes represent
the purine-H.8 or pyrimidine-H.6 of a nucleotide (represented only by a number,
ie.,, 3=T3) and 48 (40 = J,,, — Oqicd), respectively.

In conclusion, we have shown that the conformational
characteristics of n-type DNA duplexes | and Il compare well
with those of the native DNA duplex. These results suggest that
DNA and/or RNA oligomers incorporating a CH,-bridged base
pair may offer unique opportunities to address a variety of
chemical and biological questions regarding nucleic acids. With
this notion, we are engaged in the conformational study of n-
type DNA/RNA, RNA/DNA, and RNA/RNA duplexes as well as n-
type DNA/DNA composed of noncomplementary DNA strands.
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