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A Biosynthetic Classification of Fungal and
Streptomycete Fused-Ring Aromatic Polyketides

Robert Thomas*©

Dedicated to the late Professor Harold Raistrick (F.R.S.) in recognition of his seminal contributions to the chemistry of fungi

Polyketides are one of the largest and most structurally diverse
classes of naturally occurring compounds, ranging from simple
aromatic metabolites to complex macrocyclic lactones. Fungi and
filamentous bacteria, particularly the actinomycetes, are major
sources of polycyclic aromatic structures, which include many
clinically important antibiotics and other useful metabolites. These
fused-ring polyketides are formed by the action of polyketide
synthases (PKSs), which catalyse the assembly, folding and cross-
linking of poly-p-ketoacyl intermediates. In view of the taxonomic
gulf between the eukaryotic fungi and prokaryotic bacteria, it is not
surprising that they are rarely found to produce structurally

1. Introduction

The first systematic study of fungal metabolites was initiated
soon after World War | by Harold Raistrick, who in the course of
the following four decades made a seminal contribution to the
recognition of fungi as a major source of natural products.” The
discovery that filamentous bacteria and especially the actino-
mycetes are an equally fertile source of novel compounds,”? was
an unanticipated bonus of the search for new antibiotics
following the clinical and industrial development of penicillin
during the World War Il.

Not surprisingly, the taxonomic gulf between the eukaryotic
fungi and prokaryotic actinomycetes is reflected in the structural
and biosynthetic individuality of their respective secondary
metabolites. Although both phyla produce a wide diversity of
products which have provided many challenging synthetic
targets,”! they have rarely been shown to yield structurally
identical compounds.

Pre-eminent among the metabolites of fungi and actino-
mycetes are the polyketides, pivotal to our understanding of the
biosynthesis of which have been the landmark contributions of
Birch™ and Hopwood.”! The major group of aromatic fused-ring
polyketides include medicinally important substances of long-
established utility, such as the tetracycline antibiotics and
antitumour anthracyclines. These are formed by the action of
polyketide synthases (PKSs) which catalyse the assembly and
subsequent cyclisation of poly-5-ketoacyl intermediates through
intramolecular aldol and Claisen condensations.

On the other hand, alicyclic fused-ring metabolites, such as
the fungal hypocholesteraemic agents compactin and mevinolin
(syn-lovastatin), form a separate group of polycyclic polyketides
which appear to undergo partial fatty-acid-like reduction of
intermediate keto groups prior to cyclisation. The absence of
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identical fused-ring metabolites. A review of ['*C,]acetate incorpo-
ration data has revealed consistent differences in the reported
cyclisation patterns, which require regiospecifically distinct cross-
linking of otherwise identical linear polyketide precursors. This
observation provides the basis for a structural and biosynthetic
classification of microbial fused-ring polyketides, which has a
number of useful ramifications.

KEYWORDS:

antibiotics
streptomycetes

biosynthesis

fungi polyketides

suitably juxtaposed latent bridgehead carbonyl and carbanion
groups necessitates cross-linking by non-aldol mechanisms such
as Diels — Alder cycloaddition or epoxide and endoperoxide ring
opening.®”

The primary focus of this review concerns the relative modes
of formation of the respective aromatic fused-ring polyketides of
fungi and streptomycetes and, to a lesser extent, those of higher
plants. Analysis of ['*C,]acetate incorporation data indicates the
consistent utilisation of different folding and cyclisation path-
ways in fungi and bacteria, giving rise to two structurally distinct
groups of aromatic metabolites. These contrasting pathways
provide the basis of a general rule for the biosynthetic
classification of this major group of polyketides.

2. Distribution of intact C, units in fungal
fused-ring polyketides

The distribution of intact acetate-derived C, units in cyclic
polyketides, and hence the geometry of folding of linear
intermediates, can be determined through precursor feeding
studies using [*C,Jacetate.’ ¥ This requires the unambiguous
assignment of paired "*C-"3C couplings in the '*C NMR spectra
of biosynthetically labelled metabolites.

[a] Prof. R. Thomas
Biotics Limited
School of Chemistry, Physics and Environmental Science
University of Sussex
Falmer, Brighton BN19QJ (UK)
Fax: (+44) 1483-505252
E-mail: r.thomas@sussex.ac.uk
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In one of the earliest applications of this method, Seto, Carey
and Tanabe!'? determined the mode of cleavage of the fungal
monocyclic tetraketide orsellinic acid (1) leading to penicillic acid
(PA, 2) (Scheme 1). The observed couplings of ['3C,]acetate-
derived PA require a regiospecific ring fission, in agreement with
earlier studies based on the chemical degradation of ["*Clace-
tate-labelled PA' 2 and 3H NMR spectroscopic assignments of
[*Hlacetate-labelled PA."!

OH

6
[ ] 6
_.1BCH31BCOOH HO5 7,7! 7 '\éle -co, © 02
13 . -
m[2 . Clacetate 4 2; o :0 7 “Me
derived carbon 3
OH OH OMe
1 2

orsellinic acid
Penicillium spp.

penicillic acid
Penicillium spp.

Scheme 1. Incorporation of [*C,]acetate into penicillic acid. The numbering of
the carbon atoms of these and all subsequent structures corresponds to that of
the parent polyketide, unless otherwise stated.

These authors also described the first application of this
method to the investigation of an aromatic fused-ring metab-
olite, namely mollisin (3),®® a structurally atypical naphthoqui-
none constituent of Mollisia caesia. The observed ™C-'3C
couplings were interpreted as favouring a branched-chain
intermediate derived from a triketide and a pentaketide
(Scheme 2, path A). This, however, does not preclude alternative
single-chain polyketide pathways, either through ring cleavage
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Scheme 2. Incorporation of [*C,Jacetate into mollisin (3).

of a phenanthrene-like octaketide 4" ' (Scheme 2, path B), or
via an isopentenylated skeleton 5 derived from a pentaketide
and mevalonate (MVA)!'"*! as in path C of Scheme 2.

The rare tricyclic phenalenone fused ring system of the
Penicillium herquei heptaketide deoxyherqueinone (6),"'® could
in theory form by three different modes of folding of a linear
intermediate. However, only one of these accommodates the
couplings observed by Simpson in ["*C,Jacetate-derived 6
(Scheme 3).1"

Cs unit
(ex MVA)

Me™ MeOH OH

6
deoxyherqueinone
Penicillium herquei

Scheme 3. The heptaketide folding pattern of fungal phenalenones, as exem-
plified by deoxyherqueinone (6).

Structurally complex Aspergillus fused-ring polyketides stud-
ied in this manner include the potent carcinogen aflatoxin B, (7)
and its precursors averufin (8) and sterigmatocystin (9)
(Scheme 4).'8 I The resulting *C - '3C couplings were consistent
with the proposed formation of the heterocyclic skeletons of 7
and 9 through oxidative ring cleavages of an anthraquinone
intermediate?” and derivation of the bisfuranoid moiety
through oxidative rearrangement of the linear Cg substituent
of averufin (8).2" Subsequent labelling studies and genetic
investigations have clarified many details of the overall pathway,
including the key finding that the C substituent of averufin (8) is
derived from an n-hexanoyl starter unit.??

CHEMBIOCHEM 2001, 2, 612-627
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7
aflatoxin By

sterigmatocystin

Scheme 4. Incorporation of ['*C,Jacetate into aflatoxin-related metabolites.

3. Fungi and streptomycetes utilise different
polyketide-folding strategies

Streptomycetes similarly form a wide variety of fused-ring
aromatic polyketides, including some with carbon skeletons
that closely parallel those produced by fungi. However, with very
few exceptions, such as the melanin spore pigment precursor
1,3,6,8-tetrahydroxynaphthalene (THN) produced, for example,
by the fungus Alternaria alternata® and a recombinant strain of
Streptomyces griseus,?* fungi and streptomycetes do not appear
to form identical fused-ring structures.

This contrasts with the production by both classes of micro-
organisms of simple monocyclic compounds, such as the fungal
tetraketide orsellinic acid (1) and its deoxy product 6-meth-
ylsalicylic acid (6-MSA).?"! Derivatives of both of these products
are constituents of the streptomycete metabolites everninomy-
cin B?® and polyketomycin.? 6-MSA was first isolated from
Penicillium griseofulvum by Anslow and Raistrick in 1931, while
the 6-MSA synthase of P.patulum was the first PKS to be
investigated in a series of studies initiated in the 1960s by Lynen
and co-workers.B¥

The Streptomyces rimosus antibiotic oxytetracycline (10) (Fig-
ure 1) is a tetracyclic nonaketide®" 32 which has been shown to
incorporate an intact malonate starter unit and eight malonate-
derived C, extender units.?¥ Although the timing of the
introduction of the amide nitrogen atom is not known, the
candidate primer malonamyl acyl carrier protein (ACP) could be
formed by amidation of malonyl-CoA or malonyl-ACP.

Acetyldecarboxamidooxytetracycline (ADCOTC, 11)B34 is a
decaketide co-metabolite of 10, which requires an acetyl starter
unit (possibly generated through decarboxylation of malonyl-
ACPB) and is presumably assembled via acetoacetyl and
triacetyl-ACP intermediates. Since the diketide acetoacetyl-ACP
is a carbon isostere of malonamyl-ACP, the similarity in chain
lengths of the respective linear nonaketide and decaketide
precursors of 10 and 11 may allow their assembly and cyclisation
in S.rimosus by common PKS chain-length-determining and
cyclising enzymes.
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Figure 1. Distribution of intact C, units in microbial fused-ring aromatic
polyketides (red bonds denote intact C, units in the initial rings of these and
subsequent structures).

Investigations of the incorporation of ['*C,]Jacetate into oxy-
tetracycline (11)B% and the structurally related Penicillium
viridicatum tetracyclic amide viridicatumtoxin (12)8¢ unexpect-
edly revealed two different folding strategies (Figure 1). Similarly
contrasting folding patterns are also apparent in the corre-
sponding decaketides polyketomycin (13),%? a product of
Streptomyces diastatochromogenes, and hypomycetin (14),57 a
metabolite of the fungus Hypomyces aurantius.

Particularly noteworthy is the derivation of the initial cyclo-
hexanoid rings of both of the bacterial polyketides 10 and 13
from three intact C, units (hereafter designated polyketide-
folding mode S). This contrasts with the incorporation of only
two intact C, units in the initial rings of the corresponding fungal
tetracyclines 12 and 14 (folding mode F).

Other fungal metabolites shown in Figure 1 include the
naphthalene derivatives dihydrofusarubin (15),%® rubrofusarin
(16)37 and the anthraquinone islandicin (17),% all of which
conform to mode F folding. Additional tetracyclic streptomycete
polyketides shown in this figure are the decaketides aclacino-
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mycin (18),“" tetracenomycin C (19)“? and the angucycline
vineomycin A, (20)," which are mode-S-folded.

The incorporation of [*C,Jacetate into tetracenomycin C (19)
does not appear to have been studied per se. However, the
proposed derivation of the initial ring of tetracenomycin C from
three intact C, units is in accord with extensive genetic and
enzymatic evidence.*?

The distribution of intact C, units in these representative
metabolites is consistent with the selective utilisation of mode F
and modeS cyclisation pathways in the formation of the
respective fused-ring polyketides of fungi and streptomycetes.
A possible exception to this generalisation is apparent in the
reported labelling assignments of the naphthopyrone fonsecin,
a metabolite of the fungus Aspergillus fonsecaeus.

The interpretation of the *C NMR spectrum of ['*C,]acetate-
derived fonsecin leading to the isotopic carbon distribution 21S
proposed by Bloomer, Smith and Caggiano™¥ is based on the
assignments summarised in Table 1. This necessitates mode S
folding and thereby differs from that of its anhydro derivative
rubrofusarin (16) (Figure 1).5% However, the reported values
do not appear to exclude the alternative labelling pattern of 21F,
in which the distribution of seven intact C, units parallels
that observed by Leeper and Staunton in their NMR spectro-
scopic study of the methyl ethers of ['*C,]acetate-derived
rubrofusarin.

4. Aromatic fused-ring constituents of
enediyne antibiotics

Some bacterial enediyne antibiotics also contain aromatic fused-
ring components. These include the anthraquinone 22, the
5-methyl-1-naphthoic acid ester 23 and the 2-naphthoic acid
amide 24, which are, respectively, constituents of dynemicin A,
neocarzinostatin and kedarcidin (Scheme 5).145 40 [3C,]Acetate

R. Thomas
R /~
/ NH oo on
@3 =
H H H
2
SCOOH
OH O OH

possible malonate-primed
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dynemycin A: R = enediyne
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MeO OH
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Streptomyces carzinostaticus

j éz—oo
Q
O

N
w

?

COOH
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NS
OMe
Me
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component of carzinophilin A
Streptomyces sahachiroi

5 Me,CHO O O OH
' ' -
mcow MeO’ . . CONHR
OMe OH
possible malonate-primed 2

mode-S-folded precursor kedarcidin: R = enediyne

(ex unidentified actinomycete)

Scheme 5. Aromatic fused-ring constituents of enediyne antibiotics and related
structures.

Table 1. '*C NMR spectroscopic assignments of ['*C,]acetate-derived fonsecin folding options 21S and 21F and rubrofusarin dimethyl ether.” !

I I |
OMe OMa O

cin 215 in 21F rubrafusarnin dimethyl ather

{mode S falding) folging) imade F folding)
Fonsecin folding mode 21S assignments¥
coupled carbons 1 2 3 4 5 6 7 8 9 10 n 12 13 14
o [ppm] 255 98.1 45.7 195.6 104.1 151.8 100.9 160.0 94.6 159.1 100.0 141.7 99.6 162.9
J[Hz] - 46 40 40 59 59 70 70 72 71 56 56 66 66
Fonsecin folding mode 21F assignments
coupled carbons 1 2 3 4 5 14 7 6 9 8 13 12 1 10
0 [ppm] 255 98.1 45.7 195.6 104.1 151.8 100.9 160.0 94.6 159.1 100.0 141.7 99.6 162.9
J[Hz] N 46 40 40 59 59 70 70 72 71 56 56 66 66
Rubrofusarin dimethyl ether assignments’>¥
coupled carbons 1 2 3 4 5 14 7 6 9 8 13 12 1 10
0 [ppm] 19.7 163.7 110.5 177.9 114.0 154.8 114.4 159.6 98.9 159.6 108.3 139.8 97.5 160.7
J[HZ] 52 52 57 57 61 61 70 70 75 75 59 59 59 61

[a] Carbon atoms are numbered as in ref. [44]. [b] Broken bonds show cross-links forming the second carbocyclic ring.
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labelling studies have established the polyketide origins of the
anthraquinone 22, the naphthalene 23“¥ and their enediyne
substituents.

The pathways leading to the enediyne moieties of this group
of antibiotics remain uncertain despite extensive labelling, gene-
cloning and blocked-mutant studies. Thus, it has not yet proved
possible to distinguish between the derivation of enediynes via
fatty acid intermediates, de novo polyketide biosynthesis
involving type | or typell PKSs, or other mechanisms such as
the retro-Bergman reaction of an aromatic intermediate.! % 4

In 22, the only carbon substituent of the anthraquinone is the
enediyne moiety, to which it is linked through a bond derived
from two [1-'*Clacetate-derived carbons, consequently the
mode of folding of this anthraquinone is not readily discernible.
It has been suggested that the anthraquinone constituent of
dynemicin may result from cyclisation of an enediyne rather than
a poly-S-ketoacyl heptaketide.> 4! Alternatively, 22 could be
formed by decarboxylation of a mode-S-folded 2-carboxyan-
thraquinone intermediate which retains an intact malonate
starter unit, as does oxytetracycline (10).53

If the unusual 1,5-disubstituted bicyclic ring system of 23 is
formed through intramolecular aldol condensations, then the
observed mode of incorporation of two intact C, units in each
ring would differ from the general mode S pattern exhibited by
the bacterial polyketides shown in Figure 1. In this context, it is
interesting to compare the structurally related disubstituted
naphthalene constituent 25 of the Streptomyces sahachiroi
antibiotic carzinophilin A% which is identical to the Streptomy-
ces griseofuscus metabolite azinomycin B." 52 Although this has
the same carbon skeleton as 23, its naphthalene rings have only
one oxygen substituent which, if 25 is a hexaketide, would be
attached to a [2-"*Clmalonate-derived carbon atom and there-
fore probably introduced by oxidation. The absence of oxygen
substituents on the [1-"*C]malonate-derived carbon atoms of
either ring favours the derivation of 25 by cyclisation of a
reduced polyketide through a non-aldol mechanism, which
could similarly give rise to 23. Conceivably, the naphthalene
rings of 23 and 25 could result from cyclisation of an enediyne,
as has been suggested for the derivation of the anthraquinone
moiety of the dynemicins.*> 47! As previously pointed out, under
these circumstances the modeF and modeS classification
criteria would not apply.

While the origin of the kedarcidin 2-naphthoic acid compo-
nent of 24 remains to be determined, it has an amido substituent
analogous to that of oxytetracycline (10) and accordingly may be
formed by mode S folding of a pentaketide which retains an
intact malonate starter unit. It is noteworthy that this naphthoic
acid amide is a derivative of 1,3,6,8-tetrahydroxynaphthalene
(THN). As noted in Section 3, THN is a rare example of a fused-
ring polyketide produced by streptomycete and fungal PKSs;
furthermore, both synthases have been shown to utilise a
malonate starter unit.?* >3 Since the malonate carboxyl group is
eliminated during the formation of THN, the resulting sym-
metrical structure obscures the geometry of folding, thus leaving
open the possibility that it may be biosynthesised in fungi and
streptomycetes through different cyclisation pathways (as dis-
cussed later in Section 5).

CHEMBIOCHEM 2001, 2, 612-627

5. A general rule for the biosynthetic
classification of fungal and streptomycete
fused-ring aromatic polyketides

The distribution of intact C, units in the ['*C,]acetate-derived
carbon skeletons of the fungal polyketides dihydrofusarubin
(26), rubrofusarin (27), averufin (28), islandicin (29) and hypo-
mycetin (30), and the streptomycete products aclacinomycin
(31), tetracenomycin C (32) and polyketomycin (33) is illustrated
in Figure 2. The full structures of these compounds are shown in
Figure 1, other than that of averufin (8), which is shown in
Scheme 4. Carbon skeletons of other products in Figure 2 for
which the [C,Jacetate incorporation patterns have been
determined include the fungal metabolite bikaverin (34)54 and
the streptomycete products actinorhodin (35),5*! spectomycin A
(36) and RM 185758 (37, RM18 is formed by a streptomycete
recombinant strain).

Fungal Polyketides Streptomycete Polyketides

(mode F lolding) {mode 5 fokding)
- 11 Me SR e T ;
i /n\/\._‘,f“‘ I_,» \',\‘, v
2 ; ; i e
\\f‘:\.- \_‘_, hk";}“"f—:-.w"/ E
26 ’ 35

dihydrofusanibin actinorhodin

ra ?-HI\-‘IMG
27

e
i T a7
h'q'*w-"-'.'_?w-’ IR
rubrofusarin
- 7 5. ] I
34 ME: 36
bikaverin spectomycin A
[ Y M 7 5 ¢] |
NN N
28 3
averufin aclacinomycin®
NN R :
29 32 e
siandicint! letracenomycin C
) Me:
1 1B Me H e
NN e
30 33
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Figure 2. Distribution of C, units in the carbon skeletons of aromatic polyketides.
The complete structures of the majority of these compounds are shown in
Figure 1 and Scheme 4. [a] Decarboxylated polyketides. [b] The starter unit in
aclacinomycin (31) is propionate.
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The above [*C,Jacetate incorporation results are collectively
representative of a broad range of carbocyclic fused-ring
products of microbial origin, in which cross-linking takes place
through aldol or Claisen condensations. It is evident from the
observed labelling patterns that, with the possible exception of
the naphthopyrone fonsecin (21) (Table 1), all of these fungal
metabolites exhibit mode F folding. On the other hand, the
streptomycete metabolites are all mode-S-folded. Only the
atypical 1,5-disubstituted naphthalene moiety of the enediyne
neocarzinostatin (23) appears to necessitate mode F folding,
irrespective of which ring is initially formed. However, as noted
earlier, its cyclisation through an aldol condensation is not the
only option, in which event the polyketide mode F and mode S
folding criteria would not apply.

These observations are consistent with a general rule for the
biosynthetic classification of fused-ring aromatic polyketides of
fungi and filamentous bacteria, based on the regiospecificity of
aldol cross-linking leading to the initial carbocyclic ring. The
archetypal mode-F- and mode-S-derived carbon skeletons
shown in Figure 3 illustrate the incorporation patterns of
malonate-derived C, units in the initial rings and their two
ortho-oriented carbon side chain substituents. The classification
criteria underlying these incorporation patterns are outlined in
Table 2.

Thus, in fungal metabolites, mode F folding of a linear
polyketide chain yields an initial cyclohexane ring containing
two intact C, units with two adjacent side chains, both of which
have an odd number of carbon atoms. The corresponding
streptomycete polyketides exhibit mode S folding, leading to an
initial ring derived from three intact C, units and also having two
adjacent side chains, but with even numbers of carbon atoms in
each side chain. These characteristics of fungal and streptomy-

.-'/J.- g Cn P+ 20 4 1)
'._\ a"'\

. G (2m+ 1)
FUNGAL POLYKETIDES
(moda F folding)

R. Thomas

Table 2. Classification of fused-ring polyketides of fungi and streptomycetes
based on the mode of cyclisation of the initial ring.!”!

Fungal polyketides: C, unit distribution (mode F folding)

(i) The initial benzene ring contains 2 malonate-derived intact C, units

(i) Primer side chain C,=p + n, intact G, units 4 1[2-"*Cmalonate-
derived benzylic carbon atom=p + 2n, + 1 carbon atoms

(iii) Terminal side chain C,= n, intact C, units + 1 [1-'*C]lmalonate-derived
benzylic carbon atom =2n, + 1 carbon atoms

Where the primer unit is acetate (p = 2), both side chains have an odd

number of carbon atoms

Streptomycete polyketides: C, unit distribution (mode S folding)

(i) The initial benzene ring contains 3 malonate-derived intact C, units
(i) Primer side chain C,=p + nj intact C, units=p + 2n, carbon atoms
(iii) Terminal side chain C,=n, intact C, units =2n, carbon atoms

Where the primer unit is acetate (p = 2), both side chains have an even
number of carbon atoms

[a] The initial rings of fungal and streptomycete polyketides, represented by
the structures in Figures 3a and b, respectively, have two vicinal side chains
derived from a primer unit (e.g. acetate or propionate) and malonate-
derived extender units. The following abbreviations also apply to the
structures shown in Figure 3: C,=primer unit side chain, C,=terminal
carboxyl side chain, p = primer unit carbon atoms, n, and n,=number of
intact extender C, units in the C, and C, side chains, respectively.

cete fused-ring polyketides are exemplified in Figure 3 by the
respective carbon skeletons of averufin (8) and polyketomycin
(13). Streptomycete polyketides frequently utilise propionate
starter units, which consequently give rise to an initial ring with a
primer side chain containing an odd number of carbon atoms, as
in aclacinomycin (18). Here, the propionate unit is the source of
the ethyl substituent of the terminal ring.

On inspection of the carbon skeletons in Figure 2, it can be
seen that the first ring of each of the fungal products involves

e C; (2n)

# - 1 1=,

{ l' ,«\\

| '

1Y o, o,

\ - -.

b2 "/ T Cp o+ 2,
.,

STREPTOMYCETE POLYKETIDES
(moda 5 folding)

The initial ring with two side chaing™ denved from a primer unit (e g. acetate or propionate) and malonate-derived extendar units

Maodel fused-ring polyketide skelatons

Ei,\J > = g

averufin {cf. B): made-F-folded fungal decaketide

primer side chain C, = acetate + 4 C» units (C-11 to -18)

. 134 i Tal i -
+ 1 [2- "C]malonate carbon (C-10 + 1 carbons = Gy,

terminal side chain G

P

+1 ;1-""\.I|.'|H onals carbon (1 =2+ 1 carbons = l“.“

e

polyketomycin (cf. 13); mode-S-lolded streptomycete decaketide

o)

primer side chain Cp = acetate + 3 Cz units (C-13 to -1
=2 + & carbons = Cy

terminal side chain G = 3 G units (C-1to -6) = Cs

Figure 3. Archetypal carbon skeletons of monocyclic precursors of mode-F- and mode-S-folded fused-ring polyketides and their corresponding acetate incorporation
patterns (as detailed in Table 2). [a] The following side chain abbreviations are also used in Table 2: C,= primer unit side chain, C,= terminal carboxyl side chain,
p = primer unit carbon atoms, n, and n,= number of intact extender C, units in the C, and C, side chains, respectively.
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cross-linking of mode-F-folded polyketide chains between C-2/
C-7, C-4/C-9 or C-6/C-11. This differs from the mode S folding of
the fused-ring metabolites of wild-type strains of streptomy-
cetes, in which initial cross-linking takes place between C-7/C-12
or C-9/C-14. Examples of these cyclisation patterns are listed in
Table 3, together with other cross-linking patterns observed in

Table 3. Initial cyclisations of representative fungal and streptomycete
aromatic fused-ring polyketides./

Cross-link  Compound Source Ref.
Typical mode F cross-linking

C-2/C-7 rubrofusarin (16) ex fungus [39]
C-4/C-9 averufin (8) ex fungus [19]
C-6/C-11 islandicin (17) ex fungus [40]

Typical mode S cross-linking

C-5/C-10 RM18b, TW94b ex streptomycete (hybrid)  [57, 58]
C-7/C-12 aclacinomycin (18) ex streptomycete [41]
C-9/C-14 tetracenomycin C (19)  ex streptomycete [42]

C-13/C-18  TW93h
Atypical cross-linking

ex streptomycete (hybrid)  [59]

C-3/C-8 fonsecin (21S)®! ex fungus [44]
C-8/C-13 TWO3f (67) ex streptomycete (hybrid)  [59]
C-10/C-15 TW93g (68) ex streptomycete (hybrid)  [59]

[a] Carbon atoms numbered as in the parent polyketide. [b]See the
alternative C-2/C-7 cross-linked mode-F-folded structure 21F (Table 1).

|n

so-called “unnatural” metabolites of recombinant streptomy-
cetes. These include the mode-S-folded naphthalene RM18bk”!
(an octaketide analogue of RM18 (37)), TW94b8 and TW93h.5%
The initial C-5/C-10 aldol condensation of RM18b and TW94b is
infrequently observed, while the C-13/C-18 cross-link of the
complex 2,4-dioxoadamantane dodecaketide TW93h is without
precedent. The atypical cross-linking of the fungal polyketide
fonsecin (21) has already been noted and those of the hybrid
streptomycete structures TW93f and TW93g are discussed later.

In fungal products, the U-turn fold leading to the first ring is
rarely initiated beyond carbon atom 6 of the nascent chain,
whereas the corresponding cross-link in naturally occurring
streptomycete products seldom commences before carbon
atom 7. Either F- or S-folding mode could arise from compara-
tively minor differences in the location of PKS binding pockets.
Thus, regiospecific folding of adjacent segments of a linear
octaketide could generate conformations favourable to F or
S cyclisation (Figure 4). Further cross-linking could subsequently
give rise to the respective polycyclic carbon skeletons of the
fungal anthraquinone islandicin (29) or the streptomycete
naphthoquinone actinorhodin (35).

A simple ring-forming sequence may, for example, involve
growth of a polyketide on its synthase with partial folding until
further migration of the starter unit is blocked. Two additional
extender units could then be accommodated with mode F or S
folding in strategically located midchain cyclisation pockets,
yielding fully grown chains with conformations conducive to
aldol cross-linking.

The above cyclisation characteristics suggest that the binding
pocket of a fungal fused-ring PKS may be located closer to the
polyketide carboxyl terminus than that of a typical bacterial

CHEMBIOCHEM 2001, 2, 612-627
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Figure 4. Model conformations of mode-F- and mode-S-folded octaketide
skeletons leading to initial ring formation. Broken bonds in the mode-F-folded
chain show the relative orientation of the alternative mode-S-cyclised skeleton
and vice versa.

synthase. Such differences would not be surprising in view of the
contrasting size and shape of iterative fungal typel aromatic
PKSs, which are large multifunctional polypeptides, compared to
streptomycete type Il PKSs, which are non-covalently bound
dissociable aggregates of individual monofunctional enzymes.

The proposed classification only applies to fused-ring poly-
ketides, since fungi and bacteria are known to form aromatic
monocyclic products with benzene rings derived from either two
or three intact C, units. For example, both cyclisation modes are
utilised in the formation of the fungal pentaketides a-acetylor-
sellinic acid (38)%” and curvulin (39),%" which are, respectively,
metabolites of Penicillium brevi-compactum and Curvularia
siddiqui (Figure 5). Analogous examples among bacterial poly-
ketides include the dichloroorsellinic acid ester constituent of
the Micromonospora carbonaceae antibiotic everninomicin B
(40)28 and diacetylphloroglucinol (41),%2 which is formed by
various Pseudomonas species. More complex monobenzenoid
bacterial metabolites include the 3,5-dihyroxyphenylacetate-
derived tetraketide moiety 42 of the Amycolatopsis orientalis
antibiotic vancomycin®® and the unusual carbocyclic ansa-
bridged quinone methide kendomycin (43), a constituent of
Streptomyces violaceoruber.®¥

Some single rings could conceivably form by spontaneous
cyclisation of linear tetraketides, particularly where these are
close to chain termini and consequently may not be subject to
the regiospecific mode F or S folding constraints of midchain
cyclases. Comparatively few bacterial monocyclic polyketides
have been isolated from bacteria other than derivatives of
orsellinic acid (1) and 6-methyl salicylic acid (6-MSA) and the
examples shown in Figure 5. In this regard, it may be significant
that the formation of 41, 42 and 43 appears to involve chalcone-
type synthases.®2%4 The latter are well-known plant enzymes,
which differ from microbial type | and Il PKSs in that the primer
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Figure 5. Fungal and bacterial monocyclic aromatic polyketides. B = number of intact C, units in each benzene ring. [a] Rings with 3 intact C, units shown to be derived

via symmetrical intermediates.

and the malonate extender units are utilised as thioesters of
coenzyme A rather than acyl carrier proteins. On the other hand,
fungi are an abundant source of monocyclic phenols which, in
addition to orsellinic acid (1) and 6-MSA, include many
derivatives with S-adenosylmethionine-derived C, substituents.
While C;-substituted fused rings are extremely rare among
fungal metabolites, these are occasionally observed in strepto-
mycete products such as oxytetracycline (10) and polyketomycin
(13).

Fungi also form biscarbocyclic non-fused-ring aromatic com-
pounds derived from a single polyketide chain. These include
the dibenzo-a-pyrone alternariol (44), one of the
earliest biosynthetically investigated polyketides,!

linic acid (38). As proposed by the authors, these two
metabolites could be formed in fungi through decarboxylation
of a common monocyclic intermediate such as 46, which
requires prior mode F folding (Figure 6). Decarboxylation leading
to the second ring of THN may take place in either a concerted or
a stepwise manner.

A hybrid Streptomyces griseus chalcone-related synthase is
responsible for the biosynthesis of THN, which is the source of
the red-brown pigment of Streptomyces species and Escherichia
coli®? The 372 amino acid sequence of this enzyme, which is
encoded by the S. griseus rppa gene, shares 30% identity with

HO. ~OH o 0. oM
and norlichexanthone (45),1% which are heptaketide f:: — " T “/“ : o " (:/ ":";'”D
congeners of Alternaria alternata. Whereas both i ,;:“:c'_ COOH I_'J’:“-:tocwl
carbocyclic rings of 44 and one ring of 45 incorporate ke :
two intact C, units, the second benzene ring of 45 is i 46 a8
formed from three intact C, units. The suggested Collgtolrichum lagenarium made-F-
precursor — product relationship of 44 and 45 was ;Hr?}'ffé:m e

excluded by the results of a specifically targeted *C-
labelling study.®” As noted later, the structural
interrelationship of the second rings of alternariol
(44) and norlichexanthone (45) parallels that of plant
chalcone and stilbene tetraketide co-metabolites.
Fujii and co-workers have recently reported the
first preparation of a cell-free fungal fused-ring type |
PKS.53 This was isolated from Colletotrichum lange-
narium and appears to utilise malonyl-CoA as the
source of both the starter and extender units in the
formation of the pentaketide 1,3,6,8-tetrahydroxy-
naphthalene (THN) and its by-product a-acetylorsel-
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Figure 6. Hypothetical alternative mode F or S folding options for the formation of 1,3,6,8-
tetrahydroxynaphthalene in fungi and streptomycetes.
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known plant chalcone synthases. This contrasts
with the formation of THN in fungi by type | PKSs
where it serves as a precursor of melanins following
reduction to 1,8-dihyroxynaphthalene (DHN). Re-
cent feeding and mutant studies by Bode and
Zeeck have demonstrated the key role of DHN in a
general fungal pathway leading to cladospirone!®®
and a family of related spirobisnaphthalenes.”

As noted earlier (Section4), the symmetrical
structure of THN allows the possibility that it may
be formed in fungi and streptomycetes by different
cyclisation pathways. Thus, in addition to the
above Colletotrichum langenarium pathway involv-
ing decarboxylation of the mode-F-folded mono-
cyclic intermediate 46, decarboxylation of its
mode-S-folded isomer 47 would also yield THN.
Interestingly, the structure of the hypothetical
intermediate 47 derived from five intact malonate
units corresponds to that of the suggested pre-
cursor of the 2-naphthoic acid amide constituent of
the streptomycete enediyne antibiotic kedarcidin
(24) (Scheme 5).

The general rule for the selective modes of
biosynthesis of fused-ring polyketides by fungi and
bacteria is only applicable to polycyclic com-
pounds in which the initial ring is formed through
an intramolecular aldol condensation. It does not
apply to the products of olefinic cycloaddition or
other non-aldol pathways. For example, the initial
ring of the bicyclic fungal decaketide hamigerone
(48) has been shown to incorporate three intact C,
units,”? which a priori might appear to indicate its
formation through modeS folding and aldol
cyclisation. However, this ring could alternatively
form in concert with the second ring through
Diels—Alder cyclisation of a partially reduced
polyketide, as may also account for the origin of
the fungal products compactin (49) and mevinolin
(50)% 71 (Scheme 6).

The proposed biosynthetic classification facili-
tates the structure elucidation of microbial fused-
ring polyketides by restricting the selection of
candidate structures to those that satisfy predict-
able F or S modes of cyclisation. It is also of value in
identifying structures which do not conform to
expected cyclisation patterns and consequently
may warrant further examination. For example, the
fungal polyketide viomellein was originally as-

signed the dimeric bisnaphthalene structure 51,7? in which one
of the monomeric components was an unprecedented naph-

48 hamigerone

[a] Hamigera avellanea
0) A \F >~ Diels_Alder el
J”‘( I loadditi
R? N g2 cycloaddition \ o o
reduced polyketide
R! = Me or O-acyl o o
R2= MeorH

Me/\RKO

Me Me
R

49 compactin: R =H
50 mevinolin: R = Me
Aspergillus terreus

Scheme 6. Putative Diels - Alder-cyclised fused-ring polyketides. [a] Compound 48 requires one
more malonate extender unit than 49 and 50.
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i
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structure)

Med,
8] oH O
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53
xanthom
Penicillium w

Figure 7. Fungal dimeric naphthalene polyketides.

6. Rearrangement of linear precursors leading
to fused-ring polyketides

thoquinone requiring mode S cyclisation, whereas the second

naphthalene unit conforms to the predicted F mode of folding.
This structure was subsequently revised to 52 following
synthetic,”*! X-ray crystallographic”# and *C NMR spectroscopic
studies” of the closely related fungal metabolite xanthomegnin
(53), in which both rings are products of modeF cyclisation

(Figure 7).
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Although it is likely that some polyketides such as ochrephilone
(54)" are derived from more than one chain, the majority of
known fungal and streptomycete fused-ring polyketides are
formed from single-chain intermediates.

This is normally apparent on inspection of the carbon
skeletons of cyclic polyketides, unless their linear origin is
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obscured by ring fission or intermediate rear-
rangements. Examples of fungal polyketides
derived from a linear chain by a combination of
ring fissions and rearrangements include the
aflatoxins'®22 as shown in Scheme 4. An inter-
esting example among streptomycete metabo-
lites occurs in the biosynthesis of the decaketide-
derived tricyclic nucleus of mithramycin (aureolic
acid (55)). Rohr and co-workers”” have recently
shown that 55 probably arises from a Baeyer -
Villiger-type oxidative cleavage of the mode-S-
folded tetracylic precursor premithramycin B
(56) (Scheme 7, path C), the aglycone of which
has a similar carbon skeleton to that of ADCOTC
(11) and polyketomycin (13). This precluded
earlier feasible schemes based either on multiple
polyketide chains (path A in Scheme 7) or cleav-
age of the tetracenomycin skeleton 32 (path B in
Scheme 7).

The unusual labelling of the spirocyclopentane
rings of the ['*C,Jacetate-derived streptomycete
metabolite fredericamycin A (57) appears to
favour its formation from two polyketide
chains.”® However, a single-chain pathway may
be envisaged involving an oxidative rearrange-
ment with two sequential 1,2-shifts of the mode-
S-folded pentacarbocyclic pentadecaketide inter-
mediate 58 related to benastatin A (59),"% as
shown in Scheme 8.5

The recently revised structure of the strepto-
mycete polyketide S-rubromycin (60)®" and the
mode of incorporation of [U-"*C;]lmalonate is also
accommodated by this scheme. The authors
concluded that 60 is derived from two chains (a
decaketide and a diketide, or a heptaketide and a
pentaketide), or an unusually folded single
dodecaketide chain which undergoes oxidative
C—C bond cleavage. An alternative single-chain
pathway via an angular fused-ring polyketide
similar to the suggested precursor 58 of freder-
icamycin A (57), would require the oxidative
removal of an intermediate C, unit from ring C
and possibly one or more G, units from the starter
side chain. Analogous mechanisms could ac-
count for the origin of structurally related
metabolites such as heliquinomycin.’®
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Other examples of the apparent incorporation of ['3C,]acetate
through oxidative rearrangements of fused-ring intermediates
were reported by Gould and co-workers, following extensive
biosynthetic investigations of the streptomycete angucycline
polyketide PD 116198 (61)!® and the phenanthrene murayaqui-
none (62) (Scheme 9). These authors proposed mechanistically
feasible routes to 61 via the anthracycline 63 (path A1) and to 62
via the phenanthrene 64 (path B1).

Alternative epoxide-driven rearrangements allied to the hypo-
thetical fredericamycin A pathway could utilise mode-S-folded
angucycline and anthraquinone precursors such as 65 and 66.
These could form PD 116198 (61) and murayaquinone (62) via
spiro intermediates, as outlined in paths A2 and B2, respectively.
In pathsB1 and B2 to murayaquinone (62), the bridgehead
carbon atoms are derived from different polyketide precursor
carbon atoms.

7. Exceptions to mode S cyclisation in the
formation of hybrid streptomycete
polyketides

Among the above examples of wild-strain streptomycete fused-
ring products, only the unusual 5-methyl-1-naphthoic acid
constituent 23 of the enediyne antibiotic neocarzinostatin
provides a potential exception to the predominant S mode of
cyclisation. However, as already indicated, this may be formed by
a non-aldol cyclisation pathway, in which case the mode F and S
classification criteria would not apply. On the other hand, the

(i) = GOy
path A1 | (i) Baayer—Viliger

C-17 oxidation

(i} —CO,
path A2 J (i) 1,2-shift

(Iy C-4C-17 bonding AhC-S:C-SE band formed
{il) C-4 axidation ’/ via1,2-shift

(i) OH shift trom C-5 to C-4

61
PD 116198

streptomycete polyketide structures TW93f (67) and TW93g
(68)°% are clearly formed by aldol condensations, but neither
is in accord with the classification outlined in Figure 3 and
Table 2.

These two compounds are among an impressive array of more
than thirty so-called “unnatural” products of a Streptomyces
coelicolor recombinant strain. In all of the co-metabolites other
than 67 and 68, the initial rings are formed from three C, units
and require cross-linking of carbon atoms C-5/C-10, C-7/C-12,
C-9/C-14 or C-13/C-18, consistent with ring formation by the
expected mode S cyclisation pathway (Table 3). The correspond-
ing initial rings of TW93f (67) and TW93g (68), however,
incorporate only two intact C, units and require C-8/C-13 and
C-10/C-15 cross-linking, respectively, characteristic of mode F
folding (Figure 8).

The remarkable variety of recombinant S. coelicolor structures
led to the conclusion that genetically engineered streptomy-
cetes produce modified PKSs with relaxed control of the
regiospecificity of cross-linking and that some of the observed
ring systems may arise through spontaneous rather than
enzyme-catalysed cyclisations. Such flexibility could conceivably
account for the formation of the two structurally anomalous
mode-F-folded hybrid polyketides 67 and 68. Given such
enzymatic versatility, it would be interesting to know if this
prolific recombinant strain also produces the corresponding C-7/
C-12 and C-9/C-14 cross-linked polyketides 69 and 70, which are,
respectively, mode-S-folded isomers of TW93f (67) and TW93g
(68).

/
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Scheme 9. Possible rearrangements of mode-S-folded polyketide skeletons leading to PD 116198 (61) and murayaquinone (62). [a] The bridgehead carbon atoms of 62

are derived from different polyketide precursor carbon atoms in paths B1 and B2.
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8. Folding patterns of plant aromatic
polyketides

In addition to anthraquinone constituents of higher plants such
as alizarin, which is derived from shikimate, glutamate and
mevalonate precursors, other plant anthraquinones are struc-
turally identical to those of microbial origin. Of particular interest
in the context of the proposed biosynthetic classification of
fused-ring polyketides is the co-occurrence in root extracts of
Aloe species of the 2-methylanthraquinone chrysophanol (71)
and the isomeric 1-methylanthraquinone aloesaponarin Il (72)
(Figure 9),83 which are also produced by microorganisms. Both
chrysophanol and aloesaponarin Il lack the 1-carboxy group and
one of the oxygen substituents of the probable parent linear
octaketide.

In microorganisms, chrysophanol is a product of the fungus
Penicillium islandicum and would be expected to exhibit the
same acetate-labelling pattern 71F as its co-metabolite islandicin
(17).4% These are probably formed by decarboxylation of a
mode-F-folded tricyclic octaketide with the carbon skeleton 73F.
Aloesaponarin Il (72), on the other hand, is produced in a
recombinant streptomycete through decarboxylation of aloesa-
ponarinl (74), which is a product of modeS cyclisa-
tion.® Consequently, the formation of chrysophanol and
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Figure 9. Acetate-labelling patterns of fused-ring polyketides of bacteria ([a]),
fungi ([b]) and higher plants ([c]). Alternative possible mode F and S folding
patterns of some plant products are shown in square brackets.

aloesaponarin Il (72) by similar pathways in microorganims and
plants would a priori appear to necessitate the simultaneous
operation in plants of both F and S folding modes. In an
alternative scenario, chrysophanol labelled as in 71S could form
in plants by decarboxylation of the mode-S-folded intermediate
73S. However, this pathway would then require fungi and plants
to produce chrysophanol with the differing acetate-labelling
patterns 71F and 71S.

Eleutherin (75) and eleutherinol (76) are naphthalene co-
metabolites of the plant Eleutherine bulbosa,® the possible
origins of which present a similar anomaly. Thus, both structures
could in theory form by mode F or S folding of an octaketide, as
illustrated by the alternative eleutherin labelling patterns 75F
and 75S. The structure of eleutherinol, which was revised by
Birch and Donovan in the course of their original polyketide
studies,’® is depicted in 76 as the mode-S-folded option, but this
remains to be verified.

The paucity of plant fused-ring polyketide labelling data
currently precludes any firm conclusions regarding the possible
derivation of such co-metabolites by different cyclisation path-
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ways, or alternatively by rearrangements of common precursors.
The incorporation of ['*C,]Jacetate into the naphthoquinone
plumbagin (77)® by cell cultures of Ancistocladus heyneanus
and by Triphophylum peltatum into the naphthalene alkaloid
dioncophylline A (78)*@ have clearly established that these
fused-ring plant polyketides are formed by modeF folding.
However, no instances of the utilisation by plants of the
corresponding mode S cyclisation pathway have yet been
demonstrated.

A major group of higher plant PKSs which have been
extensively investigated are the synthases responsible for the
formation of the tetraketide chalcone precursors of flavonoids
such as naringenin (79) and the stilbene resveratrol (80).
Chalcone synthase (CHS) and stilbene synthase (STS) assemble
polyketides directly from acylthioesters of coenzymeA, in
contrast to fungal and bacterial PKSs, which mostly utilise acyl
carrier proteins (ACPs). These enzymes are thought to be
members of a superfamily of polyketide synthases capable of
producing di-, tri- and tetraketides from a variety of starter units,
as described in a recent review by Schroder.®

Structurally diverse products of this superfamily of plant
polyketide synthases may include acridones and the rare
phenylphenalenones, such as the aglycone haemocorin (81), a
constituent of the monocotyledon Haemodorum corymbosum. It
was proposed that 81 could be formed from one acetyl-CoA and
two cinnamoyl-CoA units via a diarylheptanoid related to
curcumin (82) (Figure 10).1's! This pathway was consistent with
early C- and "C-labelled precursor feeding experiments®-°4
and has recently been confirmed by Schneider and co-workers,
who demonstrated the incorporation of *C-labelled advanced
intermediates into the phenylphenalenone hydroxyanigorufone
(83) from Anigozanthos preissii.®> !

As previously noted (Section 5), CHS-related enzymes are also
found in bacteria and appear to catalyse the formation of
phenolic polyketides such as THN, diacetylphloroglucinol (41)
and the aromatic constituents of vancomycin (42) and kendo-
mycin (43). While flavonoids are widely distributed in plants,
interestingly, chlorflavonin (84) has been isolated from the
fungus Aspergillus candicus,®” but the nature of the associated
synthase has not been investigated.

CHSs and STSs are relatively small homodimeric proteins
(subunits 40 - 45 kDa). The recently reported crystal structure of
recombinant alfalfa CHS2, together with the structures of its
complexes with substrate and product analogues,®® reveals its
active-site architecture. CHSs show little homology with bacterial
and fungal PKSs and probably evolved via an independent
pathway. However, there may be some general similarities in
their assembly strategies that can serve as a conceptual basis for
the characteristic mode F and modeS cyclisation pathways
utilised by fungi and streptomycetes. Of potential relevance in
this regard is the presence of polyketide-binding and -cyclisation
pockets, the spatial and hydrogen-bonding geometry of which is
thought to determine the mode of folding leading to the
formation of either a chalcone or a stilbene tetraketide. The
combined crystal structures indicate that the growing carbon
skeleton undergoes progressive conformational changes in the
course of sequential addition of three malonate-derived C, units.
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Figure 10. Tetraketides and possible decarboxylated diketides formed by the
chalcone and stilbene superfamily of plant synthases.

It was shown by site-directed mutagenesis of an inactive
hybrid of CHS and STS that the exchange of only three amino
acid residues in the CHS component of the hybrid protein was
sufficient to restore STS activity.®"*? Analogous minor modifi-
cations of fungal aromatic PKSs might similarly lead to the
different modes of folding of the corresponding rings of the
Alternaria alternata heptaketides alternariol (44) and norlichex-
anthone (45). While these co-metabolites share common
methyl-substituted resorcinol rings incorporating two intact
C, units and the second resorcinol ring of 44 is similarly derived
(Figure 5), in 45 the second ring is formed from three C, units.
The contrasting modes of formation of the latter rings of 44 and
45 parallel the formation of the corresponding rings of the
stilbene resveratrol (80) and the flavonoid naringenin (79)
(Figure 10).

Although the fused-ring PKSs of plants have received little
attention relative to those of microbial origin, the fatty acid
synthases (FASs) of a wide range of plant, animal and microbial
sources have been subjected to intensive study!'® and shown to
differ in their molecular structure and complexity. Thus, type
FASs produced by animals, fungi and yeasts are high molecular
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weight multifunctional complexes, in which the individual active
sites may be covalently linked components of one or two
polypeptide chains. In the type Il FASs of bacteria and plants, the
constituent enzymes are freely dissociable proteins, which may
be organised in vivo as loose aggregates.

As previously mentioned (Section 5), microbial PKSs also exist
as typel and type Il enzymes.> 19192 Both synthases produce
aromatic polyketides through the iterative operation of single
sets of active sites in successive rounds of chain assembly,
involving the sequential addition of malonate units and intra-
molecular cyclisation. While far less is known of the properties of
the aromatic PKSs of fungi relative to those of streptomycetes, it
would appear that the former are generally type | and the latter
are type Il synthases. Few fused-ring PKSs have been purified to
homogeneity and little information is currently available regard-
ing their three-dimensional structures. However, the solution
structure of the actinorhodin ACP from the typell PKS of
Streptomyces coelicolor has been determined by two-dimen-
sional 'THNMR spectroscopy and shown to contain pockets
which may harbour growing polyketide chains.[1% 104

9. Summary and outlook

A general rule is proposed for the biosynthetic classification of
fused-ring aromatic polyketides formed by fungi and filamen-
tous bacteria through intramolecular aldol and Claisen con-
densations. This is based on the observation of two characteristic
modes of folding of linear intermediates leading to the initial
cyclohexane ring. In fungal polyketides, two intact malonate-
derived G, units are incorporated in the initial ring (designated
folding mode F), whereas three intact units are incorporated in
the corresponding ring of streptomycete polyketides (mode S).

This classification has a number of potential applications (see
above). Thus, it: i) facilitates the structural elucidation of new
microbial fused-ring polyketides by favouring the selection of
candidate structures which satisfy predictable F or S modes of
cyclisation; ii) identifies biosynthetically atypical structures such
as that initially proposed for the fungal metabolite viomellein
and the anomalous structures of two “unnatural” hybrid
streptomycete polyketides, TW93f and TW93g; iii) recognises
aberrant ['3C,Jacetate incorporation patterns such as that
assigned to the fungal polyketide fonsecin; iv) facilitates the
taxonomic classification of unidentified fungal and bacterial
sources of fused-ring polyketides, including PKS genes cloned
from soil DNA without prior isolation of the parent micro-
organisms.!'%!

Higher plants also produce a number of fused-ring polyke-
tides. Some of these are structurally identical to those isolated
from fungi and bacteria, such as the respective mode-F- and
mode-S-folded isomeric octaketide anthraquinones chrysopha-
nol and aloesaponarin Il. Hence, the folding specificities of plant
PKSs may be less rigid than those of microbial origin. Although
the biosynthesis of plant fused-ring polyketides have received
far less attention, recent '3C,-labelling studies have established
the derivation of the naphthalene skeletons of plumbagin and
also the alkaloid dioncophylline A by mode F cyclisation.
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The specific catalysis of mode F or S folding may be inherent
properties of the respective type | and type Il aromatic PKSs of
fungi and bacteria. The preparation of viable hybrids of
equivalent PKS component genes from both microbial sources
may facilitate the biosynthesis of novel aromatic fused-ring
products with various combinations of the distinctive structural
characteristics of fungal and bacterial polyketides.
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1. Introduction

The hammerhead ribozyme, together with the hairpin and
hepatitis delta virus ribozymes, belongs to the class of small
ribozymes.'3 It has been the subject of considerable efforts to
establish its structure and its mechanism of action.*> The
structural motif of the hammerhead ribozyme occurs in nature
as part of some circular plant pathogenic RNAs (viroids) (Fig-
ure 1). It is responsible for the intramolecular cleavage of the
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Figure 1. Section of the Avocado Sun Blotch viroid containing the hammerhead
motif.

concatameric transcripts, resulting from a rolling-circle replica-
tion mechanism, leading to the monomeric units.” It was
established that the core region with the invariant nucleotides
was responsible for cleavage and that the only requirement for
nucleotides in the arms was their complementarity to form
Watson - Crick base pairs. It is by no means clear that the
sequence of the core was optimised in nature for most efficient
cleavage as it might represent a compromise with other factors
such as infectivity or regulation of transcription, which could be
important in the life cycle of the viroid. An important step in
obtaining more insight into the structure - function relationships
of the ribozyme was its redesign for intermolecular cleavage,
where substrate and ribozyme are on different RNA strands
(Figure 2).% 8 This facilitated the determination of kinetic con-
stants and thus a quantitative comparison of cleavage efficien-
cies of different sequences. X-ray structural analysis has estab-
lished its three-dimensional (3D) structure at atomic resolution in
the ground state as well as in a conformation approaching the
transition state.®'" Fluorescence spectroscopic studies in par-
ticular have identified the conformational changes that the
ribozyme undergoes as a function of Mg?* concentration.'> 131
Despite these efforts, many questions as to the structure-
function relationships of this ribozyme have remained unre-
solved. Thus, for example, the basis for the substrate specificity
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Figure 2. Generalised structure of the in-trans-cleaving hammerhead ribozyme.
A: Two-dimensional structure representation. B: Three-dimensional structure
representation.””’ Red = core region, green = NUH triplet, yellow = substrate
beyond triplet, blue = helix-forming regions and loop Il, N = any nucleotide, N' =
nucleotide complementary to N, H=any nucleotide except G, Y= pyrimidine
nucleotide, R = purine nucleotide.

for cleavage of triplets of the general formula NUH, where N is
any nucleotide, U is uridine and H is any nucleotide except
guanosine, is unclear.
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It is generally accepted that the nucleotides in the core mainly
determine cleavage rates and the specificity for cleavage at
positions on the 3’ side of NUH triplets. However, the structural
basis for these functional relationships is not understood yet. We
reasoned that a comparison of sequences with improved
cleavage activities or altered specificities might identify nucleo-
tides that are involved in determining these characteristics. In
addition, new cleavage specificities will extend the applications
of the hammerhead ribozyme for the inhibition of gene
expression by the sequence-specific cleavage of mRNAs.

As single-nucleotide exchanges in the core lead to abolition of
activity, a stepwise search for alternative sequences is impractical
and in vitro selection is an attractive alternative. We have
embarked on such studies to improve our understanding of the
structure —function relationships of the hammerhead ribozyme.

2. General strategy

There are basically two possible approaches for in vitro selection
of ribozymes with altered activity characteristics. One can create
either a cis- or an in-trans-cleaving construct. We first chose the
former for our studies. The latter was adopted from the method
of Ishizaka et al.' for the selection of more active hammerhead
ribozymes and also used by Conaty et al."™ for the selection of
ribozymes with lower Mg?* requirements, as will be discussed
later (see Section 8).

The in-cis strategy is based on the construction of double-
stranded DNA containing restriction sites for cloning and
sequencing, the T7 promoter for transcription and the sequence
for the ribozyme with the nucleotides in the core region
randomised. Typically, 10 or 22 nucleotides were randomised,
resulting in a population of 10° or 10" sequences, respectively
(Figure 3). Transcription with [a¢-*?P]JUTP in the presence of Mg?*
gives full-length transcripts of which those containing active
core sequences self-cleave. Products are separated by polyacryl-
amide gel electrophoresis (PAGE) and the longer of the cleavage
products containing the active core ribozyme is isolated, reverse-
transcribed, a primer added to restore the cleaved segment of
the ribozyme and amplified by PCR for further rounds of
transcription. Selection pressure is increased by reducing the
time of transcription per round from hours to less than a minute.
Cloning and sequencing of active clones identifies ribozymes
active for in-cis cleavage. Such ribozyme sequences are then
redesigned for in-trans cleavage, which permits a quantitative
kinetic comparison.

3. Search for alternative sequences cleaving at
NUH triplets

Our search for hammerhead ribozymes with improved or altered
cleavage properties for triplets began with the selection of
ribozymes with an improved cleavage activity on the 3'side of
the triplet AUA as a representative of the general formula NUH.
The ten nucleotides in the core of the consensus ribozyme were
randomised in these constructs.l'® Unfortunately, these efforts
did not result in the selection of any active ribozyme although
the same strategy using only three randomisations had been
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Figure 3. General scheme for in-cis selection of hammerhead ribozyme mutants.
Grey- and green-shaded boxes = restriction sites, blue arrowed line = primer with
T7 promoter, N = randomised positions, residues printed in bold =RNA. - ds =
double-stranded, RT= reverse transcription.

successful in isolating active ribozymes of the satellite RNA of the
Barley Yellow Dwarf virus. The difficulties apparently arose
because transcription yielded transcripts of a size similar to that
expected from the cleavage reaction either by premature
termination or deletion during reverse-transcription polymerase
chain reaction (RT-PCR). The desired cleavage products arise only
from a small number of active sequences in the beginning of the
selection, so that the pool for the RT-PCR amplification is
dominated by the transcriptional byproducts preventing the
accumulation of active ribozymes.

We therefore changed the selection protocol for a more active
ribozyme directed against the triplet GUC by using GTPyS
instead of GTP for the initiation of the transcription.'”? It was
expected that separation of the transcription reaction by PAGE
on a mercury-containing gel should retain all transcripts with an
intact 5" end through the use of GTPyS. Thus, not only inactive
full-length transcripts should remain in the well but also
prematurely terminated transcripts, thus eliminating at least
one of the difficulties encountered before. Additionally, the
double-stranded DNA (dsDNA) of the correct length resulting
from the PCR amplification was purified from an agarose gel to
further avoid contamination with PCR-derived deletion prod-
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ucts. Indeed, this selection resulted in the isolation of active
ribozymes. After five rounds, the most prominent change was
either a uridine or a cytidine at position 7, which is known to be a
variable position. Other sequences had an additional mutation at
position 9 with a uridine instead of an adenosine. None of these
ribozymes was more active than the consensus ribozyme, which
interestingly was not found. Additional experiments indicated
that this is likely due to the RT-PCR step, which shows the wild-
type G-A tandem mismatch adjacent to stem Il particularly prone
to deletion. Thus, these results indicate that the consensus
sequence derived from the viroid is probably the most active
sequence. Support for this view comes from the work by Ishizaka
etal." who searched for alternative sequences by the trans
selection protocol and also ended up with the consensus
sequence.

4. Search for more active sequences for GAC
cleavage

The consensus hammerhead ribozyme cleaves on the 3’ side of
NAH sequences such as GAC with approximately 5% efficiency
as compared to cleavage at GUC.'® Thus, there is a strong
preference for the A15.1-U16.1 base pair over the inverted U15.1-
A16.1 pair. We wondered whether this could be overcome by
changes of certain nucleotides in the core. A selection for GAC
cleavage was performed with ten randomisations for seven
cycles as described above (see Section 3).' Only one sequence
active in cleaving the given triplet could be found (Figure 4).
Clone 24 differed from the consensus sequence only at posi-
tion 7 with a G instead of a U and had half the activity of the

consensus sequence (0.15 versus 0.3 min~'). Unexpectedly, two
ribozymes were identified in which the target triplet GAC had
been changed to GUA although this region was not part of the
randomised region and was part of the primers during the
selection process. Thus, this mutation has probably arisen due to
the poor fidelity of the Taq polymerase used for the PCR. Of these
two ribozymes, clone2, with A at position7, was further
investigated kinetically. It cleaved GAC very poorly, with a rate
of 0.08 min~', but cleaved 3’ to GUA quite efficiently with a rate
of 1.0 min~". Thus, again this selection produced essentially the
consensus sequence. This strongly suggests that this sequence
was optimised by evolution. One restriction in our search for
alternative sequences could of course be the limited sequence
pool we generated by only randomising ten positions. However,
this was dictated by our desire to be as close as possible to the
consensus sequence to be able to make meaningful compar-
isons for the assignment of function to individual nucleotides.

5. Search for sequences that cleave at NUG
triplets

The cleavage rate of the consensus ribozyme at the 3'side of a
NUG triplet is barely measurable. Thus, a ribozyme with the
capability of cleaving at this triplet is an obvious candidate for
selection. The AUG triplet was chosen for the selection using the
above described protocol (see Section 3) but with 22 random-
isations in the core and in stem-loop I.2% After 13 cycles of
transcription - amplification, several active sequences could be
isolated (Figure 5). Among the most active was clone no. 48
(Figure 6). It cleaved at the 3'side of AUG with a rate of

5 -GEGAGACUGUARRCTIIUICGACUCAGCCAGCUAUGAGGCUGA NNNNNNN GUCCGCAAGGAC NNN UCGAARCTIAGRALI-2 '

Consensus sequence

Clone No.
GAC 24
GUA 21(2x)
GUA 8 (2x)

Figure 4. Active sequences for GAC cleavage. Grey-shaded area = core region.

5'-GEGAGACTGTCTAGATCAUGAGGACGTCTAATCCT NNNNNN

CUGAUGA GAR
CUGAGGA GAA
CUGAAGA GAA
CUGAGGA GAR

NNNNNNNNNNNNN NNN ATGATCTGCAGGATCC.3

Clone No. Kin-cis (min-1)
31 AGCAUU ACCCGGCUGGUGC GCG 0.20
29 (2x) GCAUCA CGGGGCAAUCUGC GCG 0.16
18 AGCAUC ACCCGGAUGGUGC GCG 0.08
36 (2x) AGCAUC ACCCGGCUGGUGEC GCG 0.08
27 AGCAUC ACCUGGCAAGCGC GCG 0.07
39 AGCGUC CACGGCAUCGAGC GCG 0.04
il 19 UGAUG GCUUGCACUAAGC GCG 0.83
12 UGAUC GGAUGCACUAUGC GCG 0.69
40 (2x) UGAUG GCAUGCACUAUGC GCG 0.52
4 UGAUG GCAUGCAGGAUGC GCG 0.47
21 UGAUG GCAUGCACCAUGC GCG 0.33
il UGAUC GGAUGCACCAUGC GCG 0.24
L3 UGGGC CGAUCGCAAGGGC GCG 0.03

Figure 5. Active clones for AUG cleavage after 13 rounds of selection. The two-dimensional structure of ribozyme clone no. 40 is presented in Figure 6.
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0.88 min~' in single-turnover experiments, which is similar to
cleavage at the 3'side of GUC by the consensus ribozyme.
Interestingly, this ribozyme was not specific for cleavage after G,
but also cleaved at the 3'side of AUA and thus is a purine-
specific cleaver. More surprising even was the observation that
the central U of the triplet (position 16.1) can also bea Cora G
with the appropriate base-pairing nucleotide at 15.1 being G or
C, respectively.

3 5
A—U
C—G
G—C
U—A
C—G
U—A
A—U
3 :i Cleavage site
@Ali_l ’ 16'1(;17/
B Gt Ty
#© @@@@Cflu UCCUAS
u.s@ |@®©(|; U|:|32.1
101
NOIC) O Gy
" 121 9 G, A,
U,

Figure 6. Two-dimensional structure representation of purine-specific hammer-
head-like ribozyme clone no. 40. Circles = nucleotide changes from the consensus
ribozyme, boxes = deletions.

There are a number of changes as compared to the consensus
ribozyme which prevent an assignment of the importance of
individual nucleotides for triplet specificity. An important func-
tional difference is that the sequence in loopll cannot be
changed without impairment of activity, whereas in the
consensus ribozyme this can be replaced by a non-nucleotidic
linker. Thus, even though the two-dimensional structure resem-
bles that of the consensus ribozyme, this ribozyme is best
described as hammerhead-like.

In search of a ribozyme which is more closely related to the
hammerhead ribozyme, we used another method to arrive at a
purine-specific ribozyme by subjecting the 22 nucleotides of the
consensus sequence to evolution by mutagenic PCR with two
nucleotide analogues® (Figure 7). The two nucleotides were
6-(2-deoxy-f3-p-ribofuranosyl)-3,4-dihydro-8H-pyrimido-[4,5-C]-
[1,2]-oxazin-7-one (dP) and 8-oxo-2'-deoxyguanosine (8-oxodG).
The nucleotide analogue dP pairs with A and G, leading to
transitions, and oxodG pairs with A and C, which results in
transversions. Surprisingly, this method led to a ribozyme
identical to that obtained by the in vitro selection with
22 randomisations, with the exception of a C at position L2.5
instead of a U. The essentially identical sequence resulting from
two quite different approaches strongly indicates that the
sequence space for a purine-specific ribozyme of the hammer-
head size is very limited.
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3CUGCCUAGGCUGGUA — UCUAGAGGGppp5’

C —6G
G —C
U-—A
C -G
— A
Helix I1I v
A —U
G —
Cleavage site
C_
A—U
A G
A G
A G AGGAU C
A AGGC [
UCCUA
¢ il o
G A U Helix I
Helix II GU G

A

Figure 7. Two-dimensional structure representation of the starting ribozyme
used for mutagenic evolution.

6. Attempts for the selection of sequences for
cleavage of NGC triplets

The uridine at position 16.1 is required for optimal cleavage of
triplets even though an A is tolerated, but with considerably
lower activity. A cytidine at 16.1, however, is tolerated when 15.1
is occupied by an inosine.”? Thus, a selection of a ribozyme
which cleaves at the 3’ side of triplets like UGC or AGC is most
desirable. We attempted this first by using the protocol
described above (see Section 3) with 22 randomisations. How-
ever, the selection was plagued by deletions and unfortunately
did not result in active sequences. The method was therefore
changed by introducing additional steps to improve the removal
of deleted and other unspecified products (Figure8). A 3'-
biotinylated oligonucleotide complementary to the 5" end of the
transcripts was annealed to the material isolated by PAGE in the
region of the expected cleavage product size. Purification on
streptavidin beads was performed to retain inactive sequences
and deleted products retaining the 5’ end. The active sequences
in the supernatant were incubated with a 5’-biotinylated
oligonucleotide complementary to the 3’ end of the cleavage
product to separate them from non-specific RNA of the isolated
length. Purification by streptavidin beads and subsequent RTand
PCR directly on the beads produced the desired dsDNA. This was
further purified by PAGE, which was far superior for length
separation as compared to purification by agarose gel electro-
phoresis, and the DNA was reamplified by PCR to yield high-
purity dsDNA in considerably better quality than obtained with
the original method. Selection of two weak cis-cleaving ribo-
zymes was successfully completed in eight cycles. Unfortunately,
the in-trans constructs showed little activity. Thus, despite all the
precautions to avoid contamination by non-active species in the
amplification, no reasonably active ribozyme could be identified.
The simple interpretation of this result is that no NGC cleavage
activity can be accommodated in this hammerhead-size se-
quence space. This view is supported by the result of the
additionally applied mutagenic PCR method, which also did not
reveal any in-trans-active sequences.
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L

PCR amplification

5' ppp

¥ l—hiulin

2. Removal of deletion and
inactive products by beads

-
biotin

Sequenase

3. Further isolation of active
sequences in the supernatant

by beads

Reverse transcription

T7 RNA transcription

Random pool of dsDNAs

¥ 5'ppp

Cleavage site

RNA library

Self-cleavage

3 5 ppp

5'OH

Inactive sequences Aclive sequences

1. Isolation of the cleavage
product by PAGE

Figure 8. In-cis selection of ribozymes with an additional biotin - streptavidin affinity step.

7. Enlarged pool size

The failure of obtaining hammerhead ribozymes with signifi-
cantly higher catalytic power for the cleavage of any triplet
indicates the optimal natural evolution of this ribozyme within
its size constraint. Different specificities apparently can only be
obtained by ribozymes that do not entirely conform to the
hammerhead structure, as demonstrated by the purine-specific
hammerhead-like ribozyme described in Section 5. Thus, the size
constraint seems to be considerable. However, ribozymes with
different specificities should presumably be obtainable by
increasing the sequence pool.””! Indeed, when enlarging the
randomised region to 40 nucleotides, twelve different classes of
ribozymes with five different triplet cleavage activities could be
isolated. Only one of these corresponded to the secondary
structure of the consensus hammerhead ribozyme, except that it
had an enlarged loop Il (Figure 9).24 Interestingly, this ribozyme
also had an NUH triplet, UUA, as substrate, but with only a 30-
fold lower rate than the consensus ribozyme. Thus, this indicates
again the close link between the consensus core sequence and
the specificity for triplet cleavage. Other triplets not obeying the
NUH rule such as AUG, UGA, CUG and UGG were also discovered
as substrates, but their rates of cleavage were all well below that
of the hammerhead ribozyme.
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3 5
A —U
C —G
. C —
Helix 111 Cleavage site
A_
A—U
A A
A .
A o CUCCAAGC 3
A ccc I I I O I |
c | Grecrbees
C
UAACCGA v Helix I

Helix 11 G A G
A

Figure 9. Two-dimensional structure representation of a hammerhead ribozyme
selected from a large sequence pool.*!

8. Selection for ribozymes with lower Mg?*
requirement

The Mg?** concentration for optimal catalytic activity of the
hammerhead ribozyme is 10 mm. Independent of the precise role
of the metal ion,> & 2% ribozymes that function well at lower
Mg?* concentrations are highly desirable for their application for
the sequence-specific inhibition of gene expression in vivo®
because the concentration of free Mg?* in mammalian cells is
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only approximately 500 uv, depending somewhat on the type of
cell.?” 28 Conaty et al."™ have undertaken an in-trans selection
based on a so-called minizyme, a version of the consensus
hammerhead ribozyme with only one base pair in stem Il, G10.1-
C11.1. Selection, with increasing selection pressure by lowering
the Mg?* concentration, was performed with constructs in which
all 18 positions of the core and stem -loop Il were randomised.
All selected active ribozymes had the central core of the
consensus ribozyme with the G10.1.-C11.1 base pair (Figure 10).

3y 5
A—U
A—U
G —C
C —G
HelixIlI U — .
Cleavage site
G —C
A—U
A A
A
CACACUGG ¥
U G
U C S I I
I GUGUGACCS
U C
UG, U Helix 1
G
Helix 11 U G
A

Figure 10. Two-dimensional structure representation of a minizyme with low
Mg?* concentration requirement.l’!

The most active species had the loop Il tetranucleotide sequen-
ces UUUU, UUAA or UCCA. These ribozymes indeed had an
activity of approximately 1min~' at 1mm Mg?", which is
comparable to that of the consensus ribozyme at 10 mm. As
other tetraloop sequences had lower activity, this suggests that
this part of the structure is involved in determining the
requirement for the metal ion. As no metal ion has been
observed in this region in any of the three-dimensional
structures or been implicated by solution studies, the explan-
ation for this effect remains to be elucidated. Such minizymes
should certainly be beneficial for in vivo inhibition studies.

9. Potential applications

Although the main aim of these selections was to obtain insight
into structure - function relationships within the hammerhead
ribozyme, there is another aspect of this work which pertains to
the application of ribozymes for the sequence-specific inhibition
of gene expression.?> 2-331 Although triplets that can be cleaved
by the consensus ribozyme are abundant in any mRNA, its
secondary structure renders their accessibility for ribozymes and
oligonucleotides very limited.?*3% An expansion of the triplet
cleavage repertoire is expected to increase the probability of
finding optimal regions for cleavage by ribozymes and thus their
application for mRNA cleavage. The purine-specific ribozyme
described above is a good example for such a case.

634

F. Eckstein et al.

10. Conclusion

This article describes several selection strategies that might be
used in other types of RNA selections. Although these selection
experiments have not helped in gaining a better understanding
of the structure-function relationships of the hammerhead
ribozyme, they have nevertheless provided some interesting
additional information. Thus, they strongly indicate that the core
sequence of the consensus ribozyme seems to be optimal for the
cleavage of triplets of the NUH rule within the sequence space of
the hammerhead. Apparently, this sequence has a unique
catalytically competent three-dimensional structure that has
little tolerance for changes in sequence, including the sequence
of the cleavage site. Several examples from the selections, such
as the purine-specific ribozyme,!"* 2% those obtained from a large
sequence pool?! and the minizyme operating at low Mg**
concentration™ suggest that the sequence of loop Il is more
important in maintaining optimal cleavage rates than had
previously been assumed.?” 38 These results will have to be
accomodated in a future structure-function model of this
ribozyme.

Besides these mechanistic aspects, the selection of a purine-
specific ribozyme—even though it is not a bona fide hammer-
head ribozyme—has some practical relevance for the applica-
tion of the ribozyme for the inhibition of gene expression.2% 21
This also applies to the discovery of the minizymes requiring low
Mg?* concentrations.”™ Thus, the selection experiments have
yielded some interesting information on the hammerhead
ribozyme as well as some improvements for practical applica-
tions.
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The Structures of Organelles and Reticula:
Localised Bioenergetics and Metabolism

Robert J. P. Williams*!
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Introduction

In this article | shall draw attention to the
requirement to re-examine bioenergetics
of cells in the light of recent observations
concerning cellular structures which local-
ise the flow of ions such as the proton and
calcium™ 2 as well as that of ATP.

The flow of protons is concerned with
the maintenance of different pH values
and potentials in different compartments,
for example the cytoplasm, vacuoles and
vesicles, and their coupling to the energ-
isation of the uptake (or rejection) of both
organic and inorganic materials, and to
the capture of energy from light in
chloroplasts and from oxidation of carbo-
hydrates in mitochondria.®! The two or-
ganelles are found as compartments of
eukaryote cells but must supply energy to
all other compartments, usually indirectly
through ATP production from proton
gradients.”! Thus the flow of protons is
central to bioenergetics. The idea that
such ion gradients as that of protons (and
of sodium, potassium, chloride, calcium
ions and many organic molecules) could
be created from hydrolysis of ATP has
been well demonstrated for more than
fifty years and the reverse effect of driving
ATP formation from an organelle proton
gradient was proposed more than forty
years ago.? % The remaining problem is
the local control of flow in and between
these ion and ATP networks. We start from
ATP formation.

There are two ways in which to analyse
the relationships between the formation
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mitochondria -

protons

of ATP and an ion gradient in an organelle.
The simplest described by Williams and
Mitchell**! is to assume an equilibrium,
which is not the same as a steady
state, is closely approached. This gives
Equations (1) and (2) first published by
Mitchell™ from which the total phosphate
thermodynamic potential energy, AG can
be determined.

[ATP]

RTIn——
|ADP||P;|

= RTInX (1)

At equilibrium AG can be equated to
the proton gradient energy, the proto-
motive force, generated across or in
mitochondrial or thylakoid membranes
[Eq. (2)1, where u is the electrical potential
across a membrane space due to electro-
genic movement of charge (electrons or
H*) and ApH is the concentration differ-
ence across the same space.

2303RTlogX = u+2.303RT(ApH) (2)

It was supposed by Mitchell that the
ATP synthase which connected the two
worked in equilibrated balance through-
out a whole organelle. (It is now known!® 7!
that there is a mechanical machine con-
necting the protomotive force and ATP
but we shall ignore the fact that no
machine can work at equilibrium, that is
at 100% energy efficiency). The alterna-
tive approach is that 4 and ApH do not
equilibrate in the complete organelle
space, but two-dimensional flow of pro-
tons in and along organelle membranes
gives ATP locally (Figure 1).B! The struc-
ture, size and shape of the organelle is
critical in this distinction (see below).
Note that in principle any ion or molecule
gradient can replace that of HT, for
example Na™. (Note that flows can be in
a steady state not close to a thermody-
namic equilibrium).

© WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001
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P.+ADP(P))

ATP(P,)

Fo-Protein

Figure 1. The proposal of proton flow in particles,
the sources and sinks of protons, in membranes. Note
electron flow is of shorter distance. Further proton
flow is along membrane surfaces and not in bulk
aqueous phases.

The mode of production of a pH
gradient across other membranes for
example the cytoplasmic or vacuole
membranes, or indeed of a gradient of
ions such as those of Na*, K*, CI~ or Ca?*
or even of molecules, is quite different
and uses ATP in P-type ATP-ases.® These
ATP-ases operate far from equilibrium and
are effectively irreversible and are con-
trolled by feedback from the ion gradients
themselves. The ion currents which create
ATP and those which use it flow contin-
uously throughout cells but to various
degrees locally and are interactive in
networks. For example the release of a
local current (flow) of calcium from an
initial receptor in a plasma membrane
across the cytoplasm is usually to a local
channel opening in a reticulum (ER)
membrane where it generates an ampli-
fied calcium current which flows more
strongly in the cytoplasm. This is the well-
known calcium pulse. It is often the case
that the membranes of the reticulum and
of the cytoplasm are in close juxtaposition
so as to reduce losses which would arise if
the ion were to diffuse in useless space.
ATP is used to restore the calcium in the
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reticulum and to remove it from the
cytoplasm by Ca?*-activated ATP-ase (P-
type) judiciously placed close to the
release sites.” % Some of the Ca?* is also
removed to mitochondria (see below).

Early impressions of organelle structures

We return now to the production of ATP
in the chloroplast and the mitochondrion.
As stated the immediate need is to
consider the structures of the two organ-
elles. At the time when equilibrium chem-
josmotic synthesis of ATP was devel-
opedB-! the mitochondria were consid-
ered to be small elliptical objects, even
smaller than bacterial cells (Figure 2). Note

Inner membrane

Figure 2. The early impression of mitochondrial
structure. Note the small size, approximately 1 um in
all dimensions, and the lack of connection from
cristae to the periplasm.!""

the apparent lack of access of the interior
of the cristae to the periplasm. Evidence
in favour of the model came from isolated
mitochondrial and thylakoid particles,
which are minute spherical vesicles of
the inner membranes,™ from isolated
mitochondria,!""" which in vitro are also
small, or from spherical swollen isolated
inner membrane preparations.'? Steady
state kinetics close to equilibrated systems
using these preparations with external pH
controls apparently gave convincing sup-
port to in vivo delocalised equilibrium.

The modern view of organelle structure

It is now apparent that the early descrip-
tions of the structure of mitochondria
were incorrect inferences resulting from
the methods of their study. In these
studies single cross sections of cells were
used for electron microscopy studies
which naturally gave the impression of
elliptical small organelles as well as lead-
ing to images such as those of small
spherical calcizomes many, if not all of
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which, are now known to be part of long
weaving tubes of reticula. Once serial
sectioning with tilted-stage electron mi-
croscopy was developed mitochondria
and chloroplasts in vivo were shown to
be long weaving reticula structures (Fig-
ure 3,1 and Figure 4" 1), which had
indeed been suggested in outline earlier
but the idea had been ignored.'® The
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cristae membranes are even longer weav-
ing internal units of a variety of structures
and they have, very restricted, connection
with the periplasmic space (Figure 3).'¥
A further feature of the structures of the
mitochondrial cristae is that there are
several distinct cristae not necessarily
directly connected to one another in a
single mitochondrion (Figure 3). The only

Figure 3. a) A cross-section of a cylindrical mitochondrion with depth of focus. The outer membrane is the
concentric circles, while the six (different) cristae are shown as weaving membrane structures. Note small open
contacts to the periplasmic space. The diameter of the cylinder is about 1.0 um. The cristae have a total width
(two membranes plus intramembrane space) of less than 300 A. b) A longitudinal view of part of the same
mitochondrion cylinder following one of the cristae, marked by arrows in both a and b. Effectively cristae are
isolated from one another. Note that the structures are dynamic. These figures were provided by Dr. C. A.

Manuella (see acknowledgement).
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Figure 4. Aview of the chloroplast inner membrane,
the thylakoid, once it was seen to be extremely
extensive.

connection between them appears to be
through the periplasmic space which
suggests that to a large degree they are
independent units.'®! It is extremely un-
likely that such structure could give either
a quick or a totally delocalised response in
the whole organelle. Let us consider the
significance of the revised structures of
the organelles while firstly reminding
ourselves of other structures inside cells.

Linking organelle and other membrane
structures

| shall refer again now to calcium and
other ion gradients energised by ATP.
They are found across both the outer cell
membranes and the inner membranes (in
a reverse sense) of reticula, vesicles and
vacuoles. The pumped gradients associ-
ated with resting states of cells may be of
fixed value over large regions of the cell or
vesicle membranes and can be given a
thermodynamic potential. (This is not an
equilibrium across a membrane). As stat-
ed we know that cells also have localised
switched-on activities when ion flows
enter cell cytoplasm. We need to consider
next the relative disposition of the mem-
branes of the plasma, reticula and of
mitochondria (or chloroplasts) from which
ATP must come to be applied to the
transport systems so as to restore the ion
gradients. Here and there the long struc-
tures of the mitochondria (see Figure 3b
of reference [13]) have been shown
recently to approach locally both the
outer and the reticula (or vesicle) mem-
branes.'” Thus the organelle and other
membrane, for example the ER, are locally
adjacent and therefore inhomogeneous.
Consider the effect of a localised input of
Ca?" to the cytoplasm of the cell and then
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an organelle at one such point of juxta-
position of the two membranes. The
response of the nearby part of the mito-
chondrial membrane is now known to
take in some of this localised pulse of
calcium aiding relaxation. We need to see
whether the calcium in the local part of
the cytoplasm of the mitochondrion, that
is in a part of a cristae, which is known to
activate dehydrogenases and in turn
generate substrates for oxidative phos-
phorylation will produce local proton
potentials and concentration gradients.
The gradients could then produce ATP for
export to the cytoplasm locally. We can
appreciate the possibilities by examining
the diffusion of charge in cell membranes
and as can be seen by studying
diffusion in aqueous solutions. a)

Pathways of electrons and protons
in membranes

The proton gradient in mito-
chondrion arises from an initial
flow of electrons from oxidation of
substrates. The electron pathway
is between molecules in cell mem-
branes. These transfers are then
extremely localised in circuits even
down to the Q-cycle and apply
generally to all organelle bioener-
getics. Electronic potentials are
then created locally in membrane
particles. The electron flow is by
tunneling at rates which are
modulated by the distance be-
tween these electron-transfer cen-
tres.'8 "1 Electron transfer over
100 A is fast, that is <1073s, so
that electron transfer is usually not
rate limiting for energy capture.
Now in the membranes of mito-
chondria and chloroplasts, both of
which use electron flow initially, it
was maintained by Mitchell,* and
subsequently it is stated in many
textbooks, that electrons flow
across the whole of organelle
membranes to generate proton
gradients only in the aqueous
media of the cristae, that is the
black space in Figure 3. This would
leave the problem of any proton
flow, apart now from considera-
tions of equilibria, to that in bulk
aqueous solutions only. Williams

mzPodmTmE

considered this mechanism but preferred
one in which that the electron flowed a
limited distance in the membrane and
that connected subsequent proton flow
could be in or on the membrane surface
(Figure 1).B This was later called a pro-
ton wire (see reference [20] and referen-
ces therein). It is now known that proton
wiring does exist in the membranes of
mitochondria and chloroplasts so that
proton currents are measurable events
in organelle membrane structures and in
the ATP synthase (Figure5). The flow of
protons in the membrane (even their
existence in such media was repeatedly
described as impossible in the period
1961 -19802") is in part through bound

Elevation section
Water channel

Membrane a-Helices

protein

Plan view
a-Helices
%

2
§

mZzP» oz e Mg

Figure 5. a) The nature of proton flow proposed by Wil-
liamsP *I can be through water channels or through protein
sidechains. b) A detailed proposal for a proton channel using
water molecules and subsequently called a proton wire.
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H,O channels as shown in Figure 5. The
question arises as to the connection
between the proton wires of the ATP
synthase and the proton wires of the
photo and oxidative systems of the mem-
branes of the organelles. It is this section
of the current flow which will produce
ATP by mitochondria and chloroplasts
ensuring that it is fast and could be local.
The pathway rates are limited by ion
diffusion which we must consider next.

Diffusion pathways in aqueous compart-
ments

We wish to know how far diffusion of ions
limits communication and hence cooper-
ative activity in the cellular compart-
ments. The diffusion constant D in water
at 25 °C of the proton and a simple cation
such as Ca?" are 93 x107° and 2.0 x
10-°m?s™" respectively.?>-24 The diffusion
distance in time t is given by X=+/2Dt m.
Now the turnover time of the cytochrome
chain and the ATP synthase in all organ-
elles is greater than 10% s~ so that we can
put t<103s when X<5.0x10°® and
3.0x 10 ms~" for H* and K* or Ca*",
respectively, that is the greatest linear
distance an ion could diffuse freely in
water during turnover is much less than
10°As~". In itself this is less than the
length of the aqueous volumes now seen
in the connected cristae and thylakoids or
within the ER (Table 1).'¥ This diffusion
distance ignores volume dilution of the
concentration of proton and calcium ions
and trapping of the ions by proteins in the
aqueous phases by membranes and by
the anionic lipids present.””! Experiment
shows that in fact proton diffusion is
largely restricted to the membrane surfa-
ces and hence between sources and ATP
synthases.?2% The ATP synthase which is
highly concentrated also contains many
negative charges (Figure 1). Given the
limited possibility of free diffusion, it is

no longer possible to conceive that the
uptake of protons by the ATP synthases
will be at any greater distance than say
10* A from their origin. The diffusion of
Ca%t is likely to be less before it bonds to
dehydrogenases. The same problems
arise with descriptions of Ca?* ion diffu-
sion in the ER. Here there are densely
packed units of calciquestrin throughout
the ER which are sometimes seen even as
ordered molecular arrays. Calciquestrin,
the structure of which is known, can bind
up to 40Ca2* ions and release them in a
localised patch.B? Finally diffusion of ATP
is slower than that of Ca?* and acts locally
at kinases, for example creatine kinase,
associated with adjacent membrane
structures.

Transduction of gradients and electric po-
tentials

The picture of cellular bioenergetic sys-
tems is therefore one of localised stimu-
lated interactive currents and networks of
ions and ATP much as in a computer
where diffusion rates are controlled by
resistors and capacitors. Thus it is to
current flow controlled by wires, resistors
and capacitors to which we must turn to
understand bioenergetics."” Relaxation
times for calcium binding have been
analysed quantitatively™ but those for
protons are less well established. We need
theoretical treatments of reaction diffu-
sion systems involving capacitors and
resistors in very difficult media and struc-
tures. (I thank the referee for this com-
ment).

The transduction of energy from a pH
gradient or a potential occurs in the ATP
synthase. The machinery of this device is
now well known and involves a coupled
F, proton channel in a membrane and an
enzyme (F,) for the condensation reac-
tion. Initially it was considered by Mitch-
ell™ that the electric field potential

Table 1. The essential structural features of diffusion restrictions on localised ionic activities.

System Vesicle diameter Vesicle length
mitochondria® ~100A >10°%A
chloroplasts® ~100A >10°A
endoplasmic and © ~ 100A > 10%A
sarcoplasmic reticula

nerves'® 10°A metres

[a] These systems are disc-like or tube-like. [b] These systems are tube-like.
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could drive the reaction without protons
entering the machinery. This still causes
confusion. The potential is transduced as
is a pH gradient by proton flow in the
membrane,B® which creates mechanical
action. The electric potential ¥ in a
spherical volume is delocalised but in a
structure such as that of mitochondrial
vesicles will be localised. Driving reactions
by ¥ (or ApH), locally confined, requires
less charge transfer across a membrane
than the creation of an equivalent energy
source due to an equilibrium gradient and
is possibly the general method of trans-
duction. (Note 1 drives local ion flow in
membranes to transfer energy to ATP).!

The essential features of all these flows
of H*, Ca?* or ATP is that they connect in
localised micro-circuits within organelle,
vesicle and plasma membranes.

Conclusion

Clearly this localised treatment of flow of
ions and ATP is not in agreement with
delocalised thermodynamic equilibrium
treatments of energy production in whole
mitochondria or chloroplasts.®" However
none of this description detracts from the
use of Equation 2 if local reaction sites are
treated as close to local equilibrium in
micro-volumes no matter what the mode
of transfer of protons between places of
creation and use of protons (see Figure 3
and references in reference [5]). Note
however that to activate large volumes of
a compartment is in many circumstances
just wasteful of energy.

The great disadvantage of using equi-
librium theories for the understanding of
biological compartmentalisation is that
they lose sight of a fundamental require-
ment of cellular activities. A cell is an
integrated system which can only be
understood by seeing that energy is
constantly applied and used locally in
connected networks. The treatment is
then one of diffusion in systems not of
necessity close to equilibrium, whether in
resting or pulsed states. Looking at the
now known structures of cell compart-
ments, such as the membranes of the
plasma, reticula, and particularly of mito-
chondria and chloroplasts, and their here-
and-there juxtaposition with one another
allows us insight into the reasons for their
newly revealed tube- or plate-like con-
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struction.'> "1 They can transfer material
and energy differentially by specific mi-
cro-routes in cells much as the electron
diffuses in computer circuits. 33

I am deeply grateful to Dr. C. A. Manuella of
the NIT/NCRR Resource for the Visualization
of Biological Complexity, Wadsworth Cen-
ter, Albany, New York, USA for detailed
discussion and electron microscopy pictures
of mitochondria.
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A Protein Pre-Organized to Trap the Nucleotide
Moiety of Coenzyme B,,: Refined Solution
Structure of the B,,-Binding Subunit of Gluta-
mate Mutase from Clostridium tetanomorphum

Bernd Hoffmann,® Martin Tollinger,® Robert Konrat,’? Marja Huhta,®
E. Neil G. Marsh,™ and Bernhard Krautler*

Dedicated to Professor Wolfgang Buckel on the occasion of his 60th birthday

Uniformly "*C,">N-labeled MutS, the coenzyme B,,-binding subunit
of glutamate mutase from Clostridium tetanomorphum, was
prepared by overexpression from an Escherichia coli strain.
Multidimensional heteronuclear NMR spectroscopic experiments
with aqueous solutions of *C,"*N-labeled MutS provided signal
assignments for roughly 90% of the 1025 hydrogen, 651 carbon,
and 173 nitrogen atoms and resulted in about 1800 experimental
restraints. Based on the information from the NMR experiments, the
structure of MutS was calculated, confirming the earlier, less
detailed structure obtained with *N-labeled MutS. The refined
analysis allowed a precise determination of the secondary and
tertiary structure including several crucial side chain interactions.
The structures of (the apoprotein) MutS in solution and of the B, ,-
binding subunit in the crystal of the corresponding homologous

Introduction

Glutamate mutase (Glm) from Clostridium tetano- @ooc
morphum™ and Clostridium cochlearium? de-
pends upon an adenosyl-cobamide cofactor and
catalyzes the reversible carbon skeleton rearrange-
ment of (5)-glutamate to (25,35)-3-methylaspar-
tate (Scheme 1). This isomerization is the first step
in the fermentation of glutamate to ammonia,
CO,, acetate, butyrate, and H, by these bacte-
ria.> 4 Glm is composed of two components: E, a
homodimer (¢,, M,=107600 Da) and S, a mono-
mer (o, M,= 14700 Da).”> * The active GIm holoenzyme is an ¢,0,
heterotetramer® which binds two molecules of coenzy-
me B,,.” & The genes coding for the & and o chains have been
cloned from both clostridia in Escherichia coli. They were
designated as mut genes in C. tetanomorphum' % and as glm
genes in C. cochlearium."™ The mutS/mutE genes code for the
subunits MutS and MutE of GIm from C. tetanomorphum, while
the gimS/glmE genes code for the corresponding GImS and GImE
subunits from C. cochlearium. MutS and GImS show 84 % identity
and were identified as the GIm B,,-binding subunits, based on
their deduced amino acid sequences'®® ' (Figure 1). The sub-
strate-binding subunits MutE and GImE are even 90 % identical,
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(S)-glutamate

holoenzyme from Clostridium cochlearium differ only in a section
that forms the well-structured helix a1 in the crystal structure and
that also comprises the cobalt-coordinating histidine residue. In the
apoprotein MutS, this part of the B,,-binding subunit is dynamic.
The carboxy-terminal end of this section is conformationally
flexible and has significant propensity for an a-helical structure
(“nascent helix”). This dynamic section in MutS is a decisive element
for the binding of the nucleotide moiety of coenzyme B,, and
appears to be stabilized as a helix (a1) upon trapping of the
nucleotide of the B,, cofactor.

KEYWORDS:

coenzyme B;, mutase isomerases

glutamate
NMR spectroscopy - protein structures

1
00cC

COOH
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H:N® H

(2S,3S)-3-methylaspartate

Scheme 1. Glutamate mutase (GIm) catalyzes a carbon skeleton rearrangement reaction that
interconverts (S)-glutamate and (2S,3S)-3-methylaspartate (numbering of carbon centers refers to
their position in glutamate).

but no significant similarity to any other proteins is known. An
X-ray crystallographic analysis of reconstituted GIm from
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10 20 30 40 50
GImS Cc <MEKKTIVLGV IGSDCHAVGN KILDHAFTNA GFNVVNIGVL SPQELFIKAA
MutS Ct <MEKKTIVLGV IGSDCHAVGN KILDHSFTNA GFNVVNIGVL SSQEDFINAA
MutB Ps GRRPRILLAK MGQODGHDRGQ KVIATAYADL GFD VDVGPL F QTPEETAR 642
MetH Ec KTNGKMVIAT VKGDVHDIGK NIVGVVLQCN NYEIVDLGVM VPAEKILRTA 793
60 70 80 90 100
GlmS Cc IETKAD AILV SSLYGQGEID CKGLRQKCDE AGLEGILLYV GGNIVVGKQH
MutS Ct IETKAD LICV SSLYGQGETID CKGLREKCDE AGLKGIKLEV GGNIVVGKQON
MutB_Ps QAVEADVHVVGV SSLAGGHLTL VPALRKELDK LGRPDILITV GG VIPEQD 692
MetH Fc KEVNAD LIGL SGLITPSLDE MVNVAKEMER QGFT IPLLI GGATTSKAHT 842
110 120 130
GlmS_Cc WPDVEKREKD MGYDRVYAPG T PPEVGIADL KKDLNIE> 137
Muts Ct WPDVEQRFKA MGFDRVYPPG T SPETTIADM KEVLGVE> 137
MutB_Ps FD ELR KD GAVEIYTPG TVIPESAISLV KKLRASL 726
MetH Fc AVKIEQNYS GPTVYVQNA SRTVGVVAALL SDTQRDD 878

Figure 1. Amino acid sequence alignment of B,,-binding proteins having the “B,,-binding motif”: The deduced amino acid sequences of the B,,-binding subunits GImS
of GIm from C. cochlearium (GImS_Cc) and MutS of GIm from C. tetanomorphum (MutS_Ct) are aligned with those of the B,,-binding domains of Mcm from
Propionibacterium shermanii (residues 595 -726; MutB_Ps), and of MetH from E. coli (residues 744 - 878; MetH_Ec). Invariant residues are shown in bold type. The

numbering is given for the MutS sequence.

C. cochlearium showed it to contain a B,, cofactor at each main
interface between the GImS/GImE subunits,®® as assumed ear-
lier."3!

MutS and GImS contain the sequence Asp-Xxx-His-Xxx-Xxx-
Gly (residues Asp14-Gly19), a fingerprint that represents a
conserved “B,,-binding” motif.®! Mutation of either His16 and
Asp 14 in MutS significantly weakens coenzyme binding and
slows catalysis by about 1000-fold.”? Other B,,-dependent
enzymes that contain the “B;,-binding” motif include the B,,-
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binding domain of cobalamin-dependent methionine synthase
(MetH) from E. coli and the B,,-binding domains of methylmal-
onyl-CoA mutase (Mcm)® and 2-methyleneglutarate mutase!
(Figure 1).

The crystal structures of B,,-dependent enzymes uncovered
the role of the residues of the “B,,-binding” motif for cofactor
binding and catalysis. Crystallographic work on the methyl-
cobalamin-binding domain metH of methionine synthase from
E. coli provided the first detailed structure of a B,,-dependent
enzymel'> 19 and revealed that the conserved histidine residue
of the “B,,-binding” motif replaces the 5,6-dimethylbenzimid-
azole (DMB) moiety as the ligand to cobalt (Figure 2). This
replacement results in a “base-off/His-on” form of the methyl-
Co"-corrin 2 in methionine synthase. The displaced nucleotide
tail is buried in a hydrophobic cleft and serves to anchor the
coenzyme to the protein. The cobalt-coordinated histidine
residue is involved in an H-bonding network with an aspartate
and a serine residue. This set of three residues was named the
His-Asp-Ser regulatory triad and has been suggested to control
the coordination properties of the cobalt corrin during the
catalytic cycle in methionine synthase.l'> ¢

More recently, the crystal structures of recombinant GIm from
C. cochlearium, reconstituted with methylcobalamin (2) and with
cyanocobalamin (3) (Figure 2), were solved.® The binding of the
B,, cofactors to GImS was also observed in a “base-off/His-on”
constitution. The DMB base is deeply buried between the
[ sheet (strand 33 and 4) and the two o helices a1 and a5 of
GImS. The DMB base is replaced by the imidazole of His 16, which
coordinates to the cobalt center through N¢, while N° is
hydrogen-bridged to Asp14. The first available X-ray crystal
structure of an adenosylcobalamin-dependent enzyme was that
of Mcm from Propionibacterium shermanii'” '8 which also
revealed striking similarities in the mode of binding of the
cofactor to that of metH (and of GIm).
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free apo forms of the B;,-binding subunits of GIm
were determined by NMR spectroscopy.?* 2 These
studies showed that both B;,-binding subunits
were folded globular proteins which resembled
the B,,-binding domains of the holoenzyme crystal
structures of Glm, Mcm, and metH. However, in
both MutS and GImS, one contiguous region
(comprising residues Ser13-Phe27 in MutS, res-
idues Gly9-Phe27 in GImS) was found to be
conformationally disordered (in the absence of the
B,, coenzyme). This sequence contains the con-
served B,,-binding Asp-Xxx-His-Xxx-Xxx-Gly motif
and corresponds to a structured loop and to
helix a1 in the holoenzyme crystal structures. Its
structural and dynamic properties are crucial for
B,, binding, as it contains the cobalt-coordinating
histidine residue and also forms one side of the B;,-
nucleotide-binding cleft.

The dynamic segment of MutS, corresponding
to helix a1, was found to exhibit a partially formed
a-helical structure and to behave as a “nascent”
helix,?¥ with considerable propensity for an a-
helical conformation. On the other hand, >N NMR
relaxation data pointed to rapid conformational
processes: The internal mobility therefore was
attributed to the interconversion between a
holoprotein-like a-helical conformation and ran-
dom-coil states. These results suggested that
helix a1 would be stabilized only upon binding
of the corrinoid coenzyme to MutS and GImS, for
example, by hydrophobic packing against the

Figure 2. Structural formulae of B,, derivatives. Top (“base-on” cobamides): coenzyme B,, (1,
Ado = 5'-deoxy-5'-adenosyl), methylcobalamin (2, Me = methyl), vitamin B, (3), pseudovita-
min By, (4), factor A (5); bottom (“base-off” cobamides): pseudocoenzyme B,, (6) and adenosyl-

nucleotide tail of the coenzyme, thereby complet-
ing the hydrophobic cleft.?* 2 MutS and GImS

factor A (5'-deoxy-5"-adenosyl-2-methyladeninyl-cobamide; 7).

In all of these holoproteins (metH, Mcm, and GImS), the B;,-
binding segments or subunits fold as an o/ domain, in which
five (six) a helices encase a [3-sheet, that consists of five parallel
strands. This domain has a topology similar to that of the
nucleotide-binding Rossmann folds.'"™ The B,, cofactors are
bound at the C-terminal end of the f§ sheet and at the main
interface between the B,,-binding and substrate-activating
domains.[® 417181 |nterestingly, glutamate mutase from C. teta-
nomorphum was found not to use coenzyme B;, (1) as its native
cofactor, but its analogue pseudocoenzyme B,, (6, 5-deoxy-5'-
adenosyl-adeninylcobamide) (Figure 2).2% More recently, also
the main corrinoids from C. cochlearium were analyzed (as their
Cog-cyano derivatives) as the well-known naturally occurring
adeninyl-cobamides pseudovitamin B,, (4) and factorA (5)
(Figure 2).2" These findings are quite intriguing since the
deduced B,, coenzyme forms in GIm are indicated to already
predominantly exist as “base-off” forms in aqueous solu-
tions.[2% 22

Binding of B,, cofactors and their activation by B,,-dependent
enzymes are a subject of ongoing studies in our laborato-
ries.'> 231 Recently, the solution structures of the *N-labeled B, ,-
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thus furnish a dynamically preformed binding site

for the nucleotide moiety of cobamide cofactors.

Specific binding of the nucleotide moiety of
coenzyme B;, (1) to MutS indeed was observed in NMR
spectroscopic studies and occurred with the suggested a-helical
structuring of the “nascent” helix a1, thereby also completely
structuring this B,,-binding subunit.®!

To refine the information on the three-dimensional solution
structure and the dynamic properties of the corrinoid-free
subunit MutS of GIm from C. tetanomorphum by using hetero-
nuclear NMR spectroscopy, we prepared uniformly doubly 3C-
and "*N-labeled MutS. On the basis of an increased number of
NMR spectroscopically derived structure restraints, the resulting
MutS structures could be considerably improved. The doubly
labeled MutS sample provided additional NMR-derived back-
bone dihedral angle restraints, crucial for the description of the
structure and dynamics of the “nascent” helix a1. Furthermore,
important H-bonding and other side chain interactions could be
investigated, that connect elements of secondary structure of
MutS. From such refined solution structures, detailed insights
were expected into the structure and dynamics of the B,-
binding protein MutS and into the crucial properties relevant for
recognition and binding of B,, cofactors in their remarkable
“base-off/His-on” form.
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Results
Signal assignment

Buffered aqueous solutions of uniformly '*C,"*N-labeled Muts,
obtained from overexpression in an E. coli strain, were subjected
to heteronuclear NMR spectroscopic analyses. The signals of the
amide groups as well as the C* and C? signals were assigned
sequentially by combining the information contained in the
HNCA, HNCACB, and CBCA(CO)NH triple-resonance spectra.
Assignment of most of the side chain carbon and hydrogen
signals was achieved with the HCCH-TOCSY experiment. Hydro-
gen signals of aromatic side chains (H® and H?) were assigned by
employing two-dimensional (2D) (HB)CB(CGCD)HD and
(HB)CB(CGCDCE)HE experiments. Assignment of carbonyl car-
bons was obtained by inspection of the three-dimensional (3D)
HNCO spectrum. For the 133 non-proline residues of MutS,
signals for 121 backbone amide functions were observed in the
'H,”®N HSQC spectrum under the experimental conditions
employed; for twelve backbone amide NH groups signals were
not seen, presumably due to fast exchange with bulk water at
pH 6.0 and/or rapid conformational exchange (for Met1 and
Glu2, and residues Cys 15, His 16, Val39, Leu40, Ser42, Leu63,
Tyr64, Gly65, Asn93, and Val 95, all located in the loops at the
C-terminal ends of the 3 strands). For all except four residues
(Met 1, Cys 15, Pro 118, Pro 119) C%/H* and side chain signals could
be assigned in the HCCH-TOCSY experiment. In addition, a
number of side chain NH functionalities could be assigned from
the 'H,"N TOCSY-HSQC and HNCACB spectra. These are the e-NH
groups of all three Arg residues, the 6-NH, groups of all seven
Asn residues, the e-NH, groups of all four GIn residues, and the
indolic NH function of the only tryptophan residue, Trp101.
Approximately half of the signals for valine and leucine methyl
groups were nondegenerative and displayed differential cross
peak patterns in the H,'*C NOESY-HSQC spectrum. This allowed
for the stereospecific assignment of the signals of 7 valine and 5
leucine methyl groups (out of a total of 14 valine and 9 leucine
residues in the MutS sequence). The signals of the remaining
valine and leucine methyl protons and carbon atoms could not
be assigned stereospecifically, as they either were isochronous,
indicating conformational averaging, or displayed only weak and
stereochemically ambiguous nuclear Overhauser effects (NOEs).

Secondary structure of MutS

Elements of regular secondary structure were previously iden-
tified for >N-labeled MutS on the basis of their specific cross
peak patterns, secondary AH* shifts (i.e., the difference in
chemical shift between experimental and random-coil H*
values), 3J(HYH%) coupling constants and amide proton attenu-
ation factors.? The complete set of 'H* and 3C* secondary
chemical shifts now obtained for doubly labeled MutS provide a
solid qualitative basis for the description of the secondary
structure®?”! and are shown in Figure 3 as a function of the MutS
sequence.

The nearly complete assignment of the 'H, '*C, and N signals
of 3C,>N-labeled MutS provided an excellent basis for the
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Figure 3. AH* and AC® secondary chemical shifts of doubly labeled MutS as a
function of residue number (AH* and AC* are the differences in chemical shifts
between experimental and random-coil values for H* and C°, respectively).
Elements of regular secondary structures are indicated by labeled bars.

application of TALOS®® for a better description of the secondary
structure of MutS. TALOS uses sequence information and
secondary AH% AC% ACA ACO, and AN" chemical shifts in
order to generate predictions for both protein backbone torsion
angles, @ and ¥ of each residue. The majority of @ and ¥
predictions for MutS were classified by TALOS as “good”
(unambiguous). Most of these @ and ¥ values are clearly
consistent with those typically found for residues located in
o helices and f sheets and fall within the elements of regular
secondary structure as determined for '"N-labeled MutS.>4
Almost all predictions classified as “ambiguous, but not neces-
sarily wrong” [a(bnnw)] fall within the loop regions of MutsS.

Except for Thr28 the AH* secondary shifts of sequentially
assigned residues lle22 to Asn29, which are located in the
“nascent” helixal1, are clearly negative, whereas the AC“
secondary shifts of the same stretch of residues exhibits positive
values. These data indicate this segment to have a pronounced
propensity for an a-helical conformation. The TALOS predictions
for residues Leu 23 - Asn 29 have mutually consistent values of @
and ¥ (®: —63+3°, ¥: —394+6°) and fall into the a-helical
region of the Ramachandran plot." TALOS classified the & and
Y predictions for residues Leu23-Asn29 as “good”, and they
were used as angular restraints in one set of subsequent
structure calculations.

Inspection of secondary shifts and NOE patterns as well as the
TALOS output revealed several interesting local features of the
secondary structure of MutS in solution (Figure 4). Overall, the
predicted backbone structure and its torsion angles in segments
with defined secondary structure of MutS reproduce remarkably
well those in the crystal structure of the holoenzyme GIm from
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MutS Solution Structure

Figure 4. Solution structure(s) of MutS from models obtained with neglect of TALOS predictions?® of the ®
and W torsion angles of the “nascent” helix a.1 (Leu23 - Ala 30), represented in a view emphasizing the
conformationally disrupted helix a.3. Left: Backbone traces (N, C, carbonyl C) of the best 15 NMR-derived
structures of MutS. Right: Ribbon model of one representative structure from the family of 15 structures.
Elements of regular secondary structure are labeled according to the scheme used earlier for the description of
the crystal structure of the B,,-binding domain of MetH."" The side chains of Asp 14 and His 16 are highlighted
as green stick drawings. (The figures were generated with the program MOLMOL.15¥))

C. cochlearium,”® including the disruption of helixa3 and a
conformational irregularity of the $2 backbone.

Conformational irregularity in $2: Analysis of HY-H" and
HN-H* NOEs detected for the backbone amide protons of the
MutS residue pair lle37 -Gly 38 located in {3 strand 2 suggest
the presence of a main chain conformational “disturbance” of
these residues. According to these NOEs, the NH bond vectors of
lle37 and Gly 38 point to the same side of the 3 strand (toward
B strand 1) contrasting the situa-
tion in regular f strands, where the
NH bond vectors of successive res-
idues point in opposite directions.
The presence of a conformational
“irregularity” in the backbone of 32
is corroborated by AH“ and AC*
secondary shifts of lle37 and Gly 38
which clearly are not in accordance
with a p-sheet structure, and the
TALOS @ and ¥ predictions for
lle37, Gly38, and Val39 in (32 are
classified as a(bnnw). For lle 37, the
calculated backbone torsion angles
(WP=28+7°, &=-735+5° fall
outside of the range of the values
for P strands, but are close to those
of a helices.!"”

Disruption of helix a3: The AH“
and AC* secondary shifts of Gly73
(given in Figure 3), located in the
middle of helix a.3, were not consis-
tent with values expected for a
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single a-helical stretch extending over
the residues 66-81. A disruption of
helix a3 (see Figure5) is supported by
the backbone dihedral angles @ and ¥
of this segment classified as a(bnnw) by
TALOS for Lys 72 and Gly73. In addition,
the sequential and medium-range NOE
patterns observed in the 'H,"’N NOESY-
HSQC spectrum for residues Glu68-
GIn76 deviate from a pattern typical for
o helices,” but support also the con-
formational disruption of helix a3 near
Lys72 and Gly73. A total of 65 interresi-
due NOE restraints was used for the four
residues Cys71-Leu74, and the non-
helical conformation of this segment is
well defined. In contrast, only 20 inter-
residue NOE restraints were employed
for the same segment in the calculations
for >N-labeled MutS.?¥ Seven of the 65
interresidue NOEs observed with '3C,'>N-
labeled MutS were assigned to through-
space interactions between side chain
amide protons of GIn43 and H", H* as
well as side chain protons of residues
Cys71-Leu74 (Figure5). These NOEs
suggest a long-range interaction between the amide function
of GIn43 and the short loop linking the helices a3a and a3b. The
solution structure obtained for *C,"*N-labeled MutS showed the
side chain of GIn43 (at the N terminus of helix a.2) to be pointing
towards helix a3 (Figure 5). The side chain amide function of
GIn43 appears to be partially inserted into the gap, which is
formed by a 360° turn of helix a3, thereby disturbing the helical
conformation of the a3 main chain in the range of residues

Figure 5. Disruption of helix a3 in the MutS solution structure. Left: Ribbon drawing close-up view of a
representative MutS solution structure showing the disrupted helix a3 and the side chain of GIn43 (blue). Right:
Experimentally observed NOEs between the side chain amide hydrogen atoms of GIn43 and hydrogen atoms of
residues Cys 71— Leu 74 (solid lines). Potential hydrogen bonds involving the side chain amide hydrogen atoms of
GIn43 are shown as dotted lines. (The figures were generated with the program MOLMOL./3])
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Cys71-Leu74. Consequently, the backbone amide functions of
residues Gly76-Lys72 are prevented from forming hydrogen
bonds with the carbonyl oxygen atoms of their i — 4 predeces-
sors. Instead, the side chain amide function of GIn43 is in a
position where both amide hydrogen atoms could be hydrogen-
bonded to the backbone carbonyl oxygen atoms of Asp70 and
Lys72. In the holoenzyme crystal structure of GIm from
C. cochlearium™® disruption of helix a3 and the hydrogen bonds
between the side chain amide function of GIn43 and the
backbone carbonyl oxygen atoms of residues Asp 70 and Lys 72
are clearly discernible, in a mode that is highly similar to the
situation in the MutS solution structure (Figures5 and 6D, F).

The “nascent” helix a1: '>N-relaxation data of MutS®?¥ indicated
the residues Ser 13 -Gly 19 to be involved in significant mobility
on a picosecond to nanosecond time scale, residues between
lle22 and Thr28 to exchange on a time scale of 10-100 pus. The
latter internal mobility was attributed to the interconversion
between random-coil states and an a-helical conformation. In
13C,">N-labeled Muts, all residues between the C-terminal end of
1 and the N-terminal end of 32 gave rise to detectable amide
signals, except Cys 15 and His 16. Only a very limited number of
interresidue NOEs were observed along this segment. The NOE
pattern found for residues downstream from Ala30 did not
correspond to an a-helical conformation. Medium- and long-
range NOEs such as HY(j) - HN(i — 2), HN(i) - H*(i — 3), and H (/) -
He(i — 4) NOEs, which were typically found for a helices,?” were
only detected for the residues between Ser26 and Ala30, the
residues closest to the C terminus of the “nascent” helix. On the
basis of this limited number of NOE restraints, a short helix a1
was formed in the course of structure calculations (second run of
structure calculations); the MutS residues between Gly 12 and
His 25 occurred in random-coil conformations (Figures 4, 6C).
AH* and AC“ secondary shifts of MutS residues lle 22 - Asn 29 are
clearly consistent with an a-helical conformation (Figure 3). The
(time-averaged) population of an a-helical conformation of the
segment between residues lle22-Asn29 must therefore be
considerable. Consistent with the observed secondary chemical
shifts, the TALOS database system predicts nonambiguous @
and ¥ backbone torsion angle restraints which indicate residues
lle22 - Ala30 to form an a helix (see Figure 6D).

Structure calculations

Two families of 15 low-energy structures were calculated by
using the procedure described above employing a final data
input set with a total of 1792 and 1776 NMR-derived restraints,
respectively, giving an average of approximately 13 restraints per
residue. Thus, the total number of NMR restraints was almost
doubled with respect to the previous structure determination of
singly "N-labeled MutS.*? An increase by a factor of 3 was also
obtained for the class of long-range NOEs (|i —j| > 4), which are
a decisive experimental support for defining the tertiary
structure of a protein. By use of the TALOS program®?® the
number of backbone torsion angle restraints was tripled. A
summary of the restraints and of the structural statistics for the
final families of structures is given in Table 1.
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Figure 6. Top: Backbone traces (N, C% carbonyl C) of the 15 best NMR-derived
structures of MutS. A and B are derived from models obtained with neglect or
inclusion of TALOS predictions?¥ of the ® and W torsion angles of the “nascent”
helix a1 (Leu23 - Ala 30), respectively; the side chains of the cobalt-coordinating
histidine residue (His 16) and of Asp 14 are depicted in green or dark blue,
respectively. Center and bottom: Ribbon models of the B,,-binding domains of
several coenzyme B, ,-dependent enzymes. C and D are representative solution
structures of MutS from C. tetanomorphum. C represents the a5 fold of MutS
which equilibrates with its asf3s fold, shown in D, both obtained from the analysis
of 3C,"*N-labeled MutS. E and F are sections of the crystal structures of the B,
binding domain (mutB, residues 595 - 726) of Mcm of P. shermanii’’”? and of the
B,,-binding subunit GImS of GIm from C. cochlearium.® Side chains of the cobalt-
coordinating histidines His 610 (mutB), His 16 (MutS, GImS), of residues Asp 608
(mutB), Asp 14 (MutS, GImS) and the bound B, cofactor of mutB and GImS are
depicted as green, blue, and red stick drawings, respectively. (All figures were
generated using the program MOLMOL.5)

Tertiary structure of MutS

The tertiary structure of MutS, revealed by analysis of the '3C,">N-
labeled protein (Figures 4, 6 A, B) confirms the one determined
for "*N-labeled MutS and GImS.?* 25 The core of the molecule
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MutS Solution Structure

Table 1. Structural statistics for the final MutS structures.

15 MutS structures

first set second set
(ausB5 fold)®™ (a5 fold)e
Experimental restraints
total 1792 (991)®! 1776
intraresidue 403 (335)® 403

(

interresidue, sequential (|i—j|=1) 476 (299)®! 476
interresidue, medium-range 2 <|i—j|<4) 263 (119)® 263
interresidue, long-range (|i—j|>4) 411 (125)® 41
dihedral angle restraints 184 (57)%! 168

hydrogen bonds 55 (56)"! 55
Average rmsd from experimental restraints

distance restraints [A x 1072] 7.0+03 73403
dihedral angle restraints [°] 0.25+0.03 0.254+0.02

Average rmsd from idealized covalent geometry

bonds [A x 103 1.0+ 0.01 1.0+ 0.01

angles [] 2.63+0.02 2.67 +0.03

impropers [°] 2.06+0.10 2.12+0.21

X-PLOR energies'

average E,_, [kcalmol~"] —1397+20 —1377+22

PROCHECK statistics'

residues in allowed regions

of Ramachandran plot [%] 100 100

Atomic rmsd [A]

residues 4-10, 23/26 -39, 0.834+0.16"  0.85+0.141

44-62,67-92,and 101-134 1.504+0.21%¢ 1.49 £0.20¢

residues 4-134 1.3940.251 1.46 £ 0.26!"
21340329 2.1840.319

Atomic rmsd [A]" in comparison with

GImS 1.02 -

mutB 1.83 -

metH 1.96 -

[a] In the first set of structure calculations, @ and ¥ predictions of the TALOS
program for residues Leu23-Ala30 were included; in the second set of
structure calculations, the dihedral angle restraints of these residues were
not included. [b] For comparison the numbers of restraints used for the
structure calculation of 'N-labeled MutS are given in parentheses.?*
[c] E_,=Lenard - Jones van der Waals energy calculated with the CHARMM
force field.? [d] PROCHECK-NMRE statistics apply to the ordered regions
of MutS, with residues 4-10, 23/26 -39, 44-62, 67 -92, 101 - 134. [e] Pair-
wise rmsd relative to mean coordinates from the superposition of backbone
atoms (N, C¢ carbonyl C) and for all heavy atoms, respectively. [f] For
backbone atoms. [g]For all heavy atoms. [h]Pairwise rmsd between
backbone atoms (N, C% C=0) of MutS (mean coordinates) and mutB/metH,
calculated from a superposition of backbone atoms participating in
elements of secondary structure (a1-a5, f1-p5) as defined in the text.

consists of a five-stranded twisted parallel § sheet ($1: residues
4-10, B2: residues 33 -39, 3: residues 56— 62, $4: residues 86 -
92, 35: residues 114 - 118) with the strand order 32-$1-33-$4-f35.
The P sheet is encased by four (five) roughly parallel o helices
(a1: residues 26(23) - 30, a.2: residues 43 - 53, a3a/a3b: residues
66-71 and 74-81, a4: residues 101-111, a5: residues 123 -
135). Formally, the number of a-helices differs from those
determined earlier with >N-labeled MutS?¥ and '>N-labeled
GImS2*! as helix a3 is subdivided into two o-helical parts (a3a/
a3b) and a short (dynamic) a-helical segment can be defined for
the “nascent” helix a1. The apparent length of the “nascent”
helix depends on the inclusion of the TALOS analysis for the @
and Y torsion angles (based on the available information on the
sequence and on secondary AH% AC% ACP, ACO, and ANY
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chemical shifts) of this segment. If the TALOS analysis is omitted
from the input restraints, then helix a1 is less well defined and
comprises only the four residues Ser26 — Ala 30 at the C-terminal
end of this segment. Inclusion of the torsion angle predictions
from a TALOS analysis indicated the “nascent” helix a1 to extend
further and to include the residues Leu 23 to Ala30.

In the resulting solution structure of MutS, the a helices are
packed against both sides of the P sheet, which is built up by
largely hydrophobic residues: Helices a2, a3a/a3b, and o4 are
on one side of the f sheet, the “nascent” helix a1 and helix a5
are on its other side (Figures 6 C, D). The higher number of NMR-
derived restraints resulted in a more compact structure than that
from ®N-labeled MutS.?¥ About 24 % of the 137 MutS residues
are involved in ff sheets and about 39-42% take part in the
formation of helical structure. About 10 % of residues contribute
to the well-structured (“lower”) turns between the N-terminal
ends of the (3 strands and the C-terminal ends of the a helices, as
well as to the two residues that link a3a and a3b. A larger
percentage (21-24%) belong to the (“upper”) less well-struc-
tured loops linking the C-terminal ends of the f3 strands and the
N-terminal ends of the a helices. These less well-defined regions
also comprise residues Gly12-His25, with the “B,,-binding
motif”.

The average root-mean-square deviation (rmsd) from the 15
best MutS structures is 0.83 0.16 A for the backbone atoms (N,
C%, carbonyl C), calculated with exclusion of the unstructured
segments (Table 1), compared to 1.124 0.4 A obtained earlier for
>N-labeled MutS.”* Considering the well-structured parts of
MutsS, the analysis of the dihedral angles @ and ¥ of the 15 best
structures by using the program PROCHECK-NMRB? shows that
all of these angles fall within the allowed region of the
Ramachandran plot.

Discussion
Solution structure of MutS

The B,,-binding subunits of GIm, MutS from C. tetanomorphum,
and GImS from C. cochlearium, were recently revealed by analysis
of >N-labeled samples by heteronuclear NMR spectroscopy to
be largely folded globular proteins in aqueous solution.?* 2 The
tertiary structures of both B,,-free apoproteins were found to
represent a variant of the mononucleotide-binding “Rossmann
fold” and to feature a [ sheet with five parallel {strands,
surrounded by four well-defined a helices and a dynamic
“nascent” helix. In both apoproteins the sequence with residues
13-27 is the region that contains the conserved B,,-binding
Asp-Xxx-His-Xxx-Xxx-Gly motif and which is conformationally
disordered in the absence of coenzyme B,,. By comparison with
the crystal structures of the holoenzymes metH and Mcm,!'> 7 181
this dynamic segment, which includes the “nascent” helix, was
suggested to play a crucial role in the recognition and binding of
the base-off form of the corrinoid cofactor.? A recent NMR
spectroscopic study of apomyoglobin characterized it as another
largely folded globular protein, in which a single large segment
becomes a-helically structured only upon binding of the
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porphinoid cofactor heme, and uncovered a situation remark-
ably related to that in MutS.B"

The precision of the final structures of *C,"*N-labeled MutS is
considerable (Table 1) and the structured parts of the final fifteen
MutS backbone traces overlay with an rmsd of 0.834+0.16 A,
compared to 1.12+0.4 A obtained earlier for uniformly >N-
labeled MutS.¥ The refined solution structure of doubly 3C,'>N-
labeled MutS showed some structural details, often reproducing
remarkably those found in the crystal structures of the
holoenzyme GIm.®! With doubly labeled MutS, the four (five)
o helices, which surround a central f§ sheet consisting of five
parallel § strands, could be analyzed more precisely. The derived
structure shows helix a3 to be split into two halves, a3a/a3b
(Figure 5), similar to the situation in the crystal.®! Furthermore,
the section corresponding to the “nascent” helix is better
defined and two major states are seen to equilibrate, one with a
short, well-structured helical part with a single turn (residues
Ser26 - Ala30), the other with the helix now extending over
nearly twice as many residues (lle22-Ala30, Figures 6 C, D).

Several experimental lines of evidence indicated the disrup-
tion of helix a3 by H-bonding interactions of its backbone with
amide hydrogen atoms of the side chain of GIn43, which is
located at the N terminus of helix a.2. In the solution structure of
MutS, the side chain of GIn43 points toward helix a3 (Figure 5)
where its amide group inserts, forming a gap in the a3 main
chain in the region of residues Cys 71 - Leu 74. As a consequence,
the H-bonding network of helix a3 is severely disturbed and the
backbone amide functions of residues Gly76-Lys72 are pre-
vented from forming intrahelical Hbonds with the carbonyl
oxygen atoms of their i — 4 predecessors. The irregular structure
of this moiety of MutS is well defined by a high number of
restraints.

The solution structure of MutS, as derived from the *N-labeled
protein, showed the “nascent” helix a1 to undergo fast con-
formational interconversion between random coil and an
o helix.? The term “nascent helix” was coined earlier for this
type of dynamic structure.®? In 3C,"*N-labeled MutS, all residues
in the crucial segment (Ala17-Ala30) gave rise to detectable
amide signals. Only a very limited number of interresidue NOEs
were observed, a pattern that is not consistent with a well-
structured o helix. Medium- and long-range NOEs, which are
typical for a helices,? were only detected for the residues Ser 26
to Ala30, near the C-terminal end of the “nascent” helix. On this
basis, a short helix a1 was calculated between residues Ser26
and Ala30, but the MutS residues between Gly12 and His25
were indicated to be less structured (Figures 4, 6 C). On the other
hand, AH* and AC* secondary shifts of MutS residues lle22 -
Asn29 (Figure 3) are clearly consistent with an a-helical con-
formation of this section as well. Since, in the case of fast
conformational exchange, chemical shift values represent an
average across all the conformational states that the nuclei
experience, residues lle22-Asn29 of MutS are indicated to
exhibit significant (time-averaged) a-helical conformation. The
TALOS database predicts nonambiguous @ and ¥ backbone
torsion angle restraints over all residues between lle22 and
Ala30, favoring an a-helical conformation of this segment.
Indeed, inclusion of torsion angle restraints from TALOS in the
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structure calculations extends helix a1 from Ala30 to residue
Leu 23 (Figure 6 D). Accordingly, MutS is indicated to exist in an
equilibrium between an asps fold, in which the larger part of
helix a1 is present, and an a,fs fold, in which only the C-terminal
part of this dynamic segment (Ser 26 — Ala30) adopts an a-helical
conformation. Interestingly, residues Leu 23 — Ala 30 (forming the
“nascent” helix a1) have slightly smaller Chou-and-Fasman-type
propensities (average: 0.98) for an a-helical conformation when
compared with the residues in the MutS helices a2-a5
(average: 1.12).2% The structure models, shown in Figures 6 A/C
and B/D, can thus be regarded as representing the two
conformationally exchanging states of the MutS protein.
Specific interactions between secondary structure elements
lining the nucleotide-binding cleft, that is, between specific side
chains of residues participating in the “nascent helix” a1 and
strand 2, as well as between helix a5 and strands 4/f35, appear
to be relevant features of MutS. The (temporary) presence of an
Hbond between the carboxylate group of Asp24 (of the
“nascent” helix) and the side chain amide function of Asn36
(in B2) is observed (Figure 7 A). This H bond is likely to exist only
in the extended a-helical conformation of the “nascent” helix
and thereby is suggested to stabilize the a,f3s fold (Figure 6 D) of
MutS with respect to its a,f5 fold (Figure 6 C). In the 'H,">N-HSQC
spectrum, the side chain amide group of Asn36 gives rise to
cross peaks with the lowest intensity when compared to the
corresponding cross peaks of the remaining Asn and GIn

Figure 7. Ribbon drawing close-ups of B,,-binding subunits showing side chain
H-bonding interactions between residues in helix a1 and f3 strand 2. A:
Representative MutS solution structure in the a.f3s fold. B: Section of the B,,-
binding subunit GImS from the crystal structure of GlIm from C. cochlearium.® C
and D: Sections of the crystal structures of the B,,-binding domain of MetH from
E. coli’”® and of Mcm from P.shermanii.l’”! The side chains that are involved in
H-bond formation are depicted as stick drawings and are labeled with their
residue number. (The figures were generated with the program MOLMOL./%%)
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residues of MutS. This observation is consistent with the
interpretation that these nuclei experience (additional) relaxa-
tion contributions from conformational exchange. Asp24 and
Asn36 belong to the 84% of residues that are conserved
between MutS and its functional analogue GImS, and the
presence of a hydrogen-bonding interaction between the side
chains of Asp24 and Asn 36 in the solution structure of GImS is
independently supported experimentally.?! Hydrogen bonds
between side chains of residues participating in helix a1 and
[ strand 32 are also observed in the available crystal structures of
GIm and other B;,-dependent enzymes that bind their B,,
cofactor in the “base-off/His-on” mode (see below).

Another H bond between secondary structure elements that is
observed in the solution structure of MutS2?4 (and similarly
observed in GImS from C. cochlearium®) concerns that between
Tyr117 (of strand 35) and Asp 129 (of helix a5) (Figure 8). In
addition, in the structures of GImS®?! and the GIm holoprotein’® a
second interstrand H bond is found between Tyr89 of 34 and
Asp 133 of helix a5. In contrast, a hydrophobic contact is seen in
the solution structure of MutS between the corresponding
“doubly exchanged” pair Phe 89 and Val 133. The available data
point to the existence of specific interactions between the
[ sheet and helices .1 and a5, which are likely to be of particular
relevance for the dynamic structuring of the nucleotide-binding
cleft.

Figure 8. Side chain hydrogen-bonding interactions at the interface of strands 34/85 and helix a5
of B,,-binding subunits of GIm. A: Section of a representative solution structure of MutS in the
asf3s fold. B: Section of the crystal structure of GIm from C. cochlearium with B;, bound.®! A and B
show the five-stranded f3 sheet (cyan) and helices a5 and a1 (red/yellow) of MutS and GImS,
respectively. In Figure A, the side chains of MutS residues Phe 89, Tyr 117, Asp 129, and Val 133 are
depicted as stick drawings, in Figure B the side chains of GImS residues Tyr89, Tyr 117, Asp 129, and
Asp 133, as well as the DMB base of the bound B,,. (The figures were generated by using the

program MOLMOL.%%)

Structural comparison of the solution structure of MutS with
the crystal structures of GIm and of related B,,-dependent
enzymes

Topological features: Ribbon models of the B;,-binding do-
mains (subunits) from the crystal structures of the holoenzymes
Mcm from P. shermanii and GIm from C. cochlearium as well as
two solution structures of the B,,-binding subunit (MutS) from
C. tetanomorphum are compared in Figure 6. The fold of the B;,-
free subunit MutS in solution shares striking similarities with the
crystal structures of the B;,-binding domains of Mcm and of GIm
in the B,,-bound state. The apoprotein MutS and the B,,-binding
domains of the holoenzymes Mcm and GIm represent variants of
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the “Rossmann fold”, with a pattern of alternating f§ sheet and
o helix structural elements. MutS shares a high degree of
structural identity with its functional analogue GImS (84%
sequence identity) and the backbone heavy atoms of residues
participating in elements of regular secondary structure (a1 - a5,
B1-P5) of MutS and GImS superimpose with an rmsd of 1.02 A
(Table 1). The sequence identity of MutS with the B,,-binding
domains of Mcm and metH only amounts to 31 and 19%,
respectively, correlating with larger rmsd values (Table 1). The
high degree of similarity of MutS and GImS is partly due to some
remarkable, common structural features (conformational irreg-
ularity in  strand [32; splitting of helix a3 into two halves (a3a/
a3b) (Figures 5, 6C, D, F)). For Mcm (Figure 6E) and metH the
conformational irregularity of 32 was also observed, but not a
disruption of helix a3.

H-bonds crucial for tertiary structure: The H-bond between the
side chains of Asp24 and Asn36, as observed in the solution
structure of MutS (see Figure 7A), is clearly discernible in the
crystal structure of GIm from C. cochlearium® (Figure 7B). In
addition, the crystal structure features two more H-bonds from
the side chain amide function of Asn36 to residue Asp20.
Equivalent H-bonds are not deducible from the NMR spectro-
scopic data on MutS, where residue Asn20 is indicated to be
dynamic and to occupy random positions. The X-ray crystal
structures of the B,,-binding domain (metH) of
methylcobalamin-dependent MetH from E. coli™
and of Mcm, the coenzyme B,,-dependent mutase
from P.shermanii'” also feature a side chain
hydrogen bond between a1 and 32, although the
sequence identity of both proteins with MutS is
much less significant (see above). The metH residue
Asp 779 is located in 32 at a position comparable to
that of Asn36 in MutS (Figure 7C). The Asp779
carboxylate group forms a hydrogen bond with the
(protonated) amino group of Lys763, located in
helix al. The position of Lys763 in metH corre-
sponds to the position of residue Asn20 in the
MutS/GImS sequence. In the Mcm crystal structure
(Figure 7D), a similar hydrogen bond between the
Mcm residue GIn614 (H-bond donor, in a1) and the
backbone carbonyl oxygen atom of Gly631 (H-
bond acceptor, in (32) is again observed. Gly631 is
shifted two residues toward the Cterminus of 32,
when compared to the position of Asn36 in MutS/GImS and
Asp 779 in metH. A corresponding glycine (Gly 631) is remarkably
well conserved in all four sequences of B,,-binding proteins
(Gly38 in MutS/GImS, Gly781 in metH) and the observed
H-bonds between a1 and B2 (Asp24-Asn36 in GIm, Lys763 -
Asp 779 in metH, GIn614-Gly631 in Mcm) are likely to play a
role in the stabilization of helix a1 and in populating the more
extended helical conformation of the “nascent” helix of MutS.

Likewise, specific pairs of residues of helix a5 and strands 34
and 5 of the 3 sheet were observed to interact in the solution
structures of MutS and GImS, as was found in the crystal
structure of the GIm holoenzyme (Figure 8). Interestingly, half of
the residues that are nonconserved between GImS and MutS
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form such pairs with complementary side chains that mutually
interact at the interface of the strands 33 and 34 and helix 5.
A set of specific stabilizing interactions between the 3 sheet and
the helices a1 and a5 are thus indicated to help preorganize the
nucleotide-binding cleft in the B,,-binding subunits MutS and
GImS.

Tertiary structure: Detailed information about the degree of
similarity of the structures of MutS in solution and of GImS (with
B,, bound) in the crystal on a per residue basis is obtained by
inspection of the pairwise rmsd values (Figure 9). With the

Figure 9. Comparison of the B,,-free MutS solution structure(s) and the GImS
subunit (with B,, bound) from the GIm crystal structure.’®! A: Pairwise rmsd values
between the GIm X-ray crystal structure and the MutS solution structure (mean
coordinates for a,f3; fold of MutS) were calculated from a superposition of
backbone N, C*, and carbonyl C atoms, based on defined elements of secondary
structure in GImS (al-a5, B1-f35). Color code: white =rmsd < 1.5 A; inter-
mediate intensities of red = 1.5 A <rmsd < 2.5 A; dark red =rmsd > 2.5 A. B:
Pairwise rmsd values between two representative solution structures of the
a,fs fold and the asf3s fold of MutS, calculated from a superposition of backbone
N, C%, and carbonyl C atoms, based on defined elements of secondary structure in
MutS (a1 -a5, B1-B5). Color code: white = rmsd < 0.5 A; intermediate intensities
of red=0.5A <rmsd < 1.5 A; dark red =rmsd > 1.5 A. (The figures were gener-
ated using the program MOLSCRIPT54)

exception of helixa3b, (average rmsd values of 1.3 A), the
remaining elements of regular secondary structure match better
with an average pairwise rmsd of 0.6-1.1A. The important
structural differences concern the “nascent” helix a1 in MutS and
GImS. While the calculated relative position of this section of
MutS is not yet well defined at its N-terminal part (due to lack of
long-range side chain NOEs of this dynamic section), the
differing apparent length of the “nascent” helix is of interest.

652

B. Krdiutler et al.

The MutS structures shown in Figures6A and B indicate the
“nascent” helixal to be composed of about eight residues
(Leu23-Ala30). The crystal structure of GIm (Figure 6F) shows
helix a1 to be still longer (Val 18 -Ala30) and to comprise five
more residues at its N-terminal end. The GIm crystal structure
shows helix a1 to form part of the nucleotide-binding cleft and
to furnish the nonpolar residues (Leu23 and Phe 27 in GImS) for
contact with the B;, nucleotide.

The loops: The MutS segments lle 11 - 1le 22, Asn 93 - His 100 and
Pro119-Pro 122 form the “upper” loops that link the N termini
of the o helices with the Ctermini of the f strands. The loop
between lle11-1le22 harbors the invariant B,,-binding motif
Asp-Xxx-His-Xxx-Xxx-Gly. In the crystal structure of Glm from
C. cochlearium reconstituted with methylcobalamin in the “base-
off/His-on” form, His 16 of this conserved motif coordinates to
the cobalt center and is H-bridged to Asp 14, while the B,
nucleotide tail of the B,, cofactor is buried in the binding cleft
of the protein.® The “upper” loops thus assist in the binding of
the B,, coenzyme and strongly interact with the protein-bound
corrinoid cofactor: The amide H atoms of residues Cys 15, Ala17,
Val 18, Gly 19, Gly 97, Gly 120, and Thr 121, carbonyl oxygen atoms
of Ser13 and Val 95, and the side chain oxygen atom of Asn93
form direct or water-relayed hydrogen bonds to the propion-
amide side chains, the phosphate group, and/or the ribose unit
of the B,, cofactor in the GIm crystal.® In the MutS solution
structure, the loops lle11-1le22 and Asn93-His100 appear
disordered as also observed for most of the “nascent” helix a1
(Figure 4). Previous *N-relaxation datal?¥ showed this disorder to
result from the intrinsic flexibility of these parts of MutS and to
occur over a wide time scale: Residues between Ser 13 and Gly 19
are indicated to be involved in fast motions (picoseconds to
nanoseconds), whereas residues between lle22-Thr28 and
Gly92-Gly97 appear to be mobile with motions occurring on
the 100-ps time scale.

The nucleotide-binding cleft: An overlay of the ribbon models
of the MutS solution structure with the Glm crystal structure with
B,, bound (Figure 9 A) shows the apoprotein MutS to be largely
preorganized (even to the extent of several structural “irregu-
larities”) for binding of the B,, coenzyme in a “base-off/His-on”
mode. The empty nucleotide-binding cleft in the B,,-free MutS
solution structure is preformed for binding the B, cofactor with
the exception of the “nascent” helix (Figure 9B). The B, cofactor,
as observed in the GIm crystal structure,® can be fitted into the
preformed cleft without severe steric clashes (Figure 10). A
majority of the MutS side chains, which are expected to form the
hydrophobic binding cleft, already adopt orientations resem-
bling those observed in the GIm holoenzyme crystal structure.
The lipophilic side chains of Leu23 and Leu63 are conforma-
tionally undefined in MutS in the absence of the B,, cofactor, but
are positioned to make hydrophobic contacts with the nucleo-
tide moiety of the latter (Figure 10). The hydroxymethylene side
chain of Ser61 (which is hydrogen-bonded to N3 of the bound
DMB base in the holoenzyme) extends from 33 at the center of
the f sheet and would already be in place to help to fix the
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Figure 10. Analysis of B, binding to the B,,-binding subunit of glutamate
mutase. GImS side chains interacting with the B,, cofactor according to the GIm
crystal structure (black) with bound B, (red) are superimposed onto the
corresponding side chains (shown in various other colors) from the 15 best NMR
spectroscopically derived solution structures of the af3s fold of MutS. (The figure
was generated using the program MOLMOL.®5*])

position of the base of the a-configurated pseudonucleotide of
coenzyme B,,.

MutS selectively binds the detached nucleotide moiety of B,
in the nucleotide-binding cleft in an o35 topology,?®? which is
similar to that of the holoenzyme crystal structures.® The bound
nucleotide, in turn, stabilizes the asfs structure of the protein.
The residues of the conserved B,,-binding motif are dynamic in
the apoprotein MutS and remain so in MutS carrying the B,
nucleotide moiety.?” The asf3s state of MutS thus is dynamically
preorganized to trap the nucleotide moiety of the base-off form
of the coenzyme. Both the B,,-binding protein MutS and the
bound B,, cofactor are indicated to adopt their structures
mutually. Work is currently in progress in our laboratories to
delineate a dynamic mechanism for the resulting “induced fit”
(see for example ref. [34]) of these two components, based on
the well-defined solution structure of MutS, as available from the
present study.

Experimental Section

Preparation of uniformly '3C,'>N-labeled MutS protein:

Uniformly 3C,">N-doubly-labeled MutS protein was prepared by
growing E. coli BL21 (DE3) harboring the plasmid pmutSX'? on
M9 minimal medium supplemented with 2 gL~ '3C-labeled glucose
as the carbon source and 0.66 gL~">N-labeled ammonium chloride
as the nitrogen source. Ampicillin (100 mgL~") was included to
maintain selection for the plasmid. Cultures were grown at 37 °C and
expression of mutS induced by the addition of 200 mgL~" isopropyl-
p-thiogalactoside (IPTG) when cells reached an optical density
(measured at 600 nm; ODg,) of 1.0. The cells were allowed to grow to
stationary phase and harvested by centrifugation. MutS was purified
as described previously.l'?

NMR spectroscopic measurements and data processing: All NMR
experiments were performed on a Varian UNITY Plus 500 MHz

CHEMBIOCHEM 2001, 2, 643 - 655

spectrometer equipped with a pulsed-field gradient unit triple-
resonance probe with actively shielded z gradients. The sample was
kept in 250-uL Shigemi tubes and contained 1.3 mm MutS, 11 mm
potassium phosphate, pH 6.0, 0.5 mm ethylenediamine tetraacetate
(EDTA), 5 mm dithiothreitol, 1.5 mm NaN; in H,O/D,0 (9:1). All spectra
were recorded at 26°C. Experiments involving amide proton
detection used pulsed-field gradients for coherence transfer path-
way selection®-71 making use of an enhanced sensitivity ap-
proach®® 3 with minimal H,0 saturation and dephasing.“>#? The
following experiments were used in the present study for spin
system identification and sequential assignment: two-dimensional
(2D) >N heteronuclear single-quantum correlation (HSQQC)B> 43!
2D (HB)CB(CGCD)HD,*4 2D (HB)CB(CGCDCE)HE,** three-dimensional
(3D) HNCO,*? 3D HNCA,! 3D HNCACB,*¥ 3D CBCA(CO)NH,“”!
3D HCCH-TOCSY,*® and 3D *C NOESY-HSQC (NOESY = nuclear Over-
hauser effect spectroscopy).*? The HCCH-TOCSY (TOCSY =total
correlation spectroscopy) was acquired using decoupling in the
presence of scalar interactions (DIPSI-2)% for carbon isotropic
mixing. All triple-resonance spectra were performed including a
water flip-back pulse to minimize the effects of radiation damping
and solvent exchange."® 4 Typical carrier positions employed in the
double- and triple-resonance experiments were 6 =116 for N,
0=178 for '*CO, d =58 for *C% 6 =43 for *C%/"CF (i.e. aliphatic
carbons), and 0 =4.68 for 'H. Experiments in which protons directly
bound to nitrogen atoms were detected during acquisition em-
ployed wide-band uniform rate and smooth truncation (WURST) >N
decoupling,®" whereas experiments which detected aliphatic pro-
tons during acquisition made use of GARP for '*C decoupling."?
Where necessary (e.g. in HNCACB experiments), carbonyl decoupling
was achieved using a SEDUCE-1 *C decoupling sequence centered
at d =178.53 Quadrature detection in all of the indirectly detected
dimensions was achieved by States-TPPL.>* Spectra were processed
using NMRPipe software®® and visualized and assigned using ANSIG
software.”® The number of data points was doubled by either mirror
image linear prediction (for constant time evolution) or forward -
backward linear prediction (nonconstant time evolution) in the
indirect dimensions prior to zero-filling and Fourier transformation
(FT).

Input restraints: The interproton distances were estimated from
nuclear Overhauser enhancement (NOE) intensities observed in
3D 'H,”3C NOESY-HSQC spectrum. Further NOE restraints were
obtained from 2D SS NOESY (SS=symmetrically shifted shaped
pulses)®® and 3D 'H,"’N NOESY-HSQC spectra, which have been
recorded and used for solving the solution structure of *N-labeled
MutS.2¥ Prior to a renewed integration of these two spectra, the NOE
assignment therein was completed by using the full signal assign-
ment provided by the doubly labeled MutS sample. Cross peaks were
integrated with ANSIG software.®” NOE intensities were calibrated to
distances on the basis of short interproton distances observed in
elements of regular secondary structure or by using covalently fixed
distances. They were classified as strong (1.8 2.7 A), medium (1.8 -
3.3 A), weak (1.8-5 A), and very weak (1.8-6 A). For nonstereospe-
cifically assigned or equivalent protons, NOE distances were assigned
as a (Zr%)~"6 sum.b8

Backbone dihedral angles @ and ¥ were obtained by employing
TALOS software,?® that is, a database system for empirical prediction
of @ and ¥ angles using a combination of five kinds ('H¢, 3C¢, 3C#,
13CO, "°N) of chemical shift assignments for a given protein sequence.
According to the empirical “rules of thumb” implemented in the
TALOS software (TALOS =torsion angle likelihood obtained from
shift and sequence similarity),?® for 78 MutS residues the @ and ¥
predictions were classified to be good (unambiguous) and were
consequently used as dihedral angle restraints in subsequent
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structure calculations. In the later stages of structure calculation, @
and ¥ predictions, which were classified by the TALOS program to be
ambiguous (but not necessarily wrong), were inserted into the
constraints input file for additional 13 MutS residues (see “Structure
calculations” below). The upper and lower bounds for the @ and ¥
target values were set to 13° (¥) and 14° (®); these values are
reported to represent on average the uncertainty of good TALOS
predictions.?®! Exceptions to this were some @ and ¥ angles for
which TALOS reported higher standard deviations than 13° and 14°,
respectively.

Hydrogen bond restraints between amide protons and their carbon-
yl acceptors in elements of regular secondary structure were defined
and used in structure calculations as in the case of '°N-labeled
MutS.?4 The only major exception to this were residues Lys72-
Glu76, located in disrupted helix a3, for which no such restraints
were applied (see “Results”). No hydrogen bond restraints were
defined for the conformationally flexible “nascent” helix a.1,24 which
consists of the amino acids Val 18-Ala30. All hydrogen bonds in
elements of regular secondary structure were explicitly defined as
distance restraints between backbone amide protons and carbonyl
oxygen atoms, corresponding to the limits of 1.8-2.5 A. Additional
hydrogen bonds were detected between the hydroxy group proton
of Tyr 117 and the carboxyl group of Asp 129 as well as between one
of the side chain amide protons of Asn 36 and the carboxylate group
of Asp 24. The presence of these H-bonds can be deduced from the
spectral observation of the corresponding exchange-labile side chain
protons, indicating protection from exchange with bulk water
protons, and from the extreme low-field shift of these protons
(Tyr117: 6=11.1, Asn36: 0=28.65). In the case of Tyr117, the
identification of the carboxylate function of Asp129 as the most
likely H-bond acceptor was supported by the observation of NOEs
between the hydroxy group proton of Tyr117 and the side chain
protons H? of Asp129. Likewise, an NOE is observed between the
lowfield-shifted side chain amide hydrogen atom of Asn36 and the
H? protons of Asp 24. Both side chain -side chain H-bonds (Asp 24/
Asn36, Tyr117/Asp 129) were used as distance restraints, defined
with the limits of 1.8-2.8 A.

Structure calculations: Three-dimensional structures were gener-
ated according to standard distance geometry (DG)%/restrained
simulated annealing (rSA)®%/simulated annealing (SA) refinement/
energy minimization (EM) protocols using X-PLOR software (ver-
sion 3.8.1)%" running on a cluster of Silicon Graphics workstations.
First, an initial ensemble of 163 structures was calculated from a
covalent template structure with randomized backbone dihedral
angles @ and ¥ and extended side chains. In this first stage, a total of
1483 NOE-derived distance restraints, @ and ¥ dihedral angle
restraints for 78 MutS residues as well as 55 hydrogen bond restraints
were applied. 100 structures with a minimum of restraint violations
and minimal energy were selected for further iterations of rSA/SA
refinement/EM. In the course of this process, more NOE restraints
could be identified and introduced into the calculations. In addition,
after every iteration of rSA/SA refinement/EM the backbone dihedral
angles of the resulting structures were compared with their
corresponding empirical TALOS prediction values, in particular the
backbone dihedral angles of those residues whose predictions have
been classified as ambiguous (but not necessarily wrong) in an initial
TALOS output. If these @ and ¥ prediction values were in the order
of the corresponding values in the calculated structures (£ 25°), they
were added to the input restraints set and used in subsequent
iterations. Finally, the resulting 100 structures were minimized until
convergence by use of the CHARMM force field (CHARMM = chem-
istry at Harvard macromolecular mechanics)®? employing about
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1800 restraints (from 1553 NOEs, 55 H-bonds, and 184 @ and ¥
backbone dihedral angles).

A second run of structure calculations was carried out in a single
iteration generating further 100 MutS structures from a covalent
template structure with randomized backbone dihedral angles @
and ¥and extended side chains according to DG/rSA/SA refinement/
EM protocols. In these structure calculations the constraint input file
differed from that of the first run by omitting the @ and ¥ torsion
angle restraints for the residues of the “nascent” helix a1.24 All
structures were subjected to a final refinement using the CHARMM
force field. From each family of MutS structures (resulting from the
first and second run of structure calculations), a final set of
15 structures with a minimum of restraint violations and minimal
energy were selected for structural analysis.

Accession number: The coordinates of the solution structure of
MutS have been deposited in the Brookhaven Protein Data Bank
(PDB) under the accession code 1FMF.
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Synthesis of Epothilone Analogues by Antibody-
Catalyzed Resolution of Thiazole Aldol Synthons
on a Multigram Scale. Biological Consequences
of C-13 Alkylation of Epothilones

Subhash C. Sinha,*®! Jian Sun,® Markus Wartmann,™® and Richard A. Lerner*®

Three monoclonal aldolase antibodies (84G3, 85H6, and 93F3),
generated against a [-diketone hapten (ll) by the reactive
immunization technique, catalyzed highly enantioselective retro-
aldol reactions of the racemic thiazole aldols 13- 20. Antibody
84G3 (0.0004 - 0.005 mol %) was used to resolve (+)-13 - (£)-18 to
afford compounds 13- 18 in multigram quantities. Multiple 13-
alkyl analogues of epothilone (7 - 12) and their trans isomers ((E)-
7 - (E)-12) were synthesized starting from thiazole aldols 13-18.
Construction of the trisubstituted olefin moiety in compounds 7 -
12 and (E)-7 - (E)-12 was catalyzed by Grubbs’ catalyst (X). Initial
biological testing with compounds 7 - 10 and their trans isomers
showed that compounds 9, 10, and (E)-10 have appreciable tubulin
polymerization and antiproliferative activities that approached
those of epothilone C. The most active compound, (E)-9, even
displayed potencies comparable to those observed for epo-

Introduction

Epothilones A-F (1-6) are sixteen-membered macrolides iso-
lated from myxobacteria (Sorangium cellulosum strain 90).M"
Several total syntheses of epothilones A-D have been achieved,
and their biological properties have been recorded.>* Recently,
total syntheses of epothilonesE and F*! have been reported
by the groups of Nicolaou and Danishefsky. 77 Our own work
led to the catalytic antibody route for the syntheses of
epothilones A -F.®

The search for new and more potent analogues of epothilones
began as soon as the total synthesis of the naturally occurring
epothilones was accomplished. Thus, many epothilone ana-
logues have been synthesized, some of which possess biological
activities comparable to those of the natural ones.” The
structure — activity relationships derived from an examination
of known analogues of the epothilones has revealed that
alterations can only be tolerated in the thiazole ring and its
vicinity; changes to other regions result in a significant loss of
activity. Since thiazole aldols, namely 13 and its analogues (see
Table 1), can be elaborated on to provide 13-alkylepothilones,
we thought that the synthesis and biological evaluation of the
latter, that is, compounds 7 - 12, would be worth pursuing. Here
we report the syntheses of several new 13-alkylepothilone
analogues 7-12 and their trans isomers (E)-7 - (E)-12, starting

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

thilones A and D. Interestingly, all trans analogues were more
potent than their corresponding cis isomers. While introduction of
an alkyl group at C-13 in the cis series led to an overall reduction in
biological activity (compared to epothilone C), appropriate mod-
ification of the thiazole moiety (replacement of the 2-methyl
substituent by a 2-methylthio group) was able to compensate for
this loss. These results are encouraging in view of the expectation
that epoxidations of these compounds should further increase their
cellular activities. Thus, compounds 9, 10, and (E)-9 and (E)-10
represent highly promising candidates for further studies.

KEYWORDS:

aldol reaction - chiral resolution -

catalytic antibodies -
epothilones - thiazoles

from thiazole aldols 13-18.""" These thiazole aldols were
obtained by resolution of their racemic mixtures on a multigram
scale, catalyzed by aldolase antibodies 84G3, 85H6, and 93F3. We
also present the results of preliminary biological evaluations of
7 -10 and their trans isomers.

Retrosynthetic analysis

We anticipated that like the synthesis of naturally occurring
epothilones 1-6, their 13-alkyl analogues 7-12 could also be
synthesized by macrolactonization or the metathesis approach
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Antibody-Catalyzed Synthesis of 13-Alkylepothilones

1: epothilone A; R = H, X = Me

2: epothilone B; R = X = Me

5: epothilone E; R = H, X = CH,OH
6: epothilone F; R = Me, X = CH,OH

O OH O

3: epothilone C; R =H, X = Me
4: epothilone D; R = X = Me

O OH O

N RN o,
X4</ m/v
S R

12

epothilone MM; R = X = Me
epothilone ME; R = Et, X = Me
epothilone SM; R = Me, X = SMe
10: epothilone SE; R = Et, X = SMe

11: epothilone HM; R = Me, X = CH,OH
12: epothilone HE; R = Et, X = CH,0H

oo

as shown in Scheme 1. Thus, compounds 7 - 12 can be obtained
from Il in the macrolactonization approach and from IV in the
metathesis process. Compound Ill can be synthesized by the
aldol reaction between V and 29, and the intermediate V can be
obtained by the Wittig reaction between VI and 13 -18. For the
metathesis route, diene IV can be prepared by esterification of
acid 38 with alcohol VII. Once again, compound VII can be
synthesized from 13-18 by a Wittig reaction with methylene-

triphenylphosphorane. Considering the relevance of aldolase
antibodies to the total syntheses of epothilones, we imagined
that compounds 13 - 18 could be obtained by using the former.

Results and Discussion
Enantioselective resolution of 13 -20

Recently, two sets of aldolase monoclonal antibodies, 38C2 and
33F12, and 84G3, 85H6, and 93F3, were generated against f3-
diketone haptens | and Il, respectively, by using the reactive

o O

&?IAAKA

HO,C

HOC. o

immunization technique.l'> '® These antibody catalysts behave
like natural aldolases and catalyze aldol and retro-aldol reactions
by an enamine mechanism,!'¥ yet they accept a much broader
range of substrates. Thus, both sets of antibodies have been
found to be very useful for synthetic organic chemistry.'
Aldolase antibodies 38C2 and 33F12 are complementary to
84G3, 85H6, and 93F3 by having antipodal reactivities and thus
produce compounds with opposite facial selectivities. Two of the
new catalysts, 84G3 and 93F3, operate with the highest catalytic
proficiencies yet observed with antibodies, (K./Ky)/Kyncat >
103m

In our previous studies, we found that the kinetic resolution of
the racemic mixtures of thiazole aldols 13-17, using the

OTBS
u, _CHO

13-alkylepothilones
7-12

S R

v u., CHO
Phgpv\)/
Vi
OH
N \
x— |
S

R™ "0
13-18

R = Me, Et; X = Me, SMe, CH,0OH Vi

Scheme 1. Retrosynthetic analysis of 13-alkylepothilones. TBS = tert-butyldimethylsilyl.
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antibodies 84G3, 85H6, or 93F3, which were raised against
hapten Il, was an appropriate method for the production of
enantiomerically pure thiazole aldols 13 - 17. In continuation, we
studied the resolution of additional analogues, 18- 20, using
antibodies 84G3, 85H6, and 93F3 (Table 1). Once again, all three
catalysts gave similar results, with antibodies 84G3 and 93F3
demonstrating a rate enhancement slightly greater than that
with 85H6. The unreacted aldol compounds, from the reaction of
(£)-13-(4)-20 and antibodies, were found to be essentially in
enantiomerically pure form at 50% conversion and identified as
compounds 13 -20 (see below).

Table 1. Resolution of compounds (+)-13-(+)-20 by antibody-catalyzed
enantioselective retro-aldol reactions.

OH

X%/Nm

s~ R0
(#)-13 — (2)-20

84G3, 85H6, or 9373 | PP, LDA, RCOCHs
OH
Nm N CHO
x— | + x— ]/\r + RCOCH3
S =ie} S
13-20 21-25
Entry Compound Catalytic antibody Alde-
84G3, 85H6, 93F3, hyde
ee [%][a] ee [%][a] ee [%][a]
1 13: R=X=Me 98(50) 94(50) 98(50) 21
2 14: R=Et, X=Me 99(51)  99(50) 99(50) 21
3 15: R=Me, X=SMe 99(53)  99(50) 99(54) 22
4 16: R=Et, X=SMe 99(50) 99(50) 99(52) 22
5 17: R=Me, X=CH,OH 99(50)  99(50) 99(50) 23
6 18: R=Et, X=CH,OH >99(50) n.t.P! n.t. 23
7 19: R=Me, X=CH,OMOM 99(50)  99(50) >99(51) 24
8 20: R=Me, X=CH,F >99(50) n.t. n.t. 25

[a] Enantiomeric excess (ee) was recorded in percent. Numbers in paren-
theses represent the percent conversion. [b] n.t.=not tested. - LDA=
lithium diisopropylamide.

Based on our previous and current studies, the following
conclusions were made. The relative rates of the retro-aldol
reactions increased from methyl ketones to ethyl ketones. Thus,
compound 14 was resolved faster than 13 and as fast as the
corresponding propyl ketone. Similarly, compounds 16 and 18
were resolved faster than 15 and 17, respectively. The substitu-
ent on the thiazole ring also influenced the rate. Substituion of a
methyl group on the aromatic ring with a hydroxymethyl group
has little effect on the relative rate. Displacement of the same
with a fluoromethyl group decreased the rate, while that with a
methylthio group, as in 15-16, dramatically increased the
overall rate and efficiency of the reaction. Thus, compound 16
was found to be the fastest reacting substrate with all three
antibodies, and could be resolved with more than 99%
enantioselectivity in less than 10 min employing 0.5 mol%
antibody 93F3. When the amount of catalyst was reduced to
0.01 mol %, the reaction was complete after overnight incuba-
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tion. Furthermore, on a large-scale reaction, only 0.0003 mol % of
antibody 84G3 was required to have satisfactory results (see
below).

For our synthesis of 7-12, we resolved compounds (+)-13 -
(£)-18 on a synthetically useful scale using antibody 84G3.
Compound (£)-13 (16.8 g, 74.7 mmol) was resolved by incuba-
tion with 0.003 mol % of antibody 84G3 (340 mg, 0.00227 mmol)
in PBS buffer (pH 7.4) at 37°C. Progress of the reaction was
followed by the disappearance of the peak for ent-13 in the
HPLC trace. In this way, the racemic mixture was resolved to
afford 13 with more than 97 % enantiomeric purity in 45 %, and
aldehyde 21 in 42% yield of isolated product. The thiazole
aldehyde obtained from this reaction was reused to synthesize
the starting aldol compound. Thus, even though the process is a
kinetic resolution, the overall yield is good because the products
can be recycled. Similarly, compounds (+)-14 (6439,
269 mmol), (£)-15 (3.30g, 128mmol), (+)-16 (84049,
30.8 mmol), (£)-17 (1.45g, 6.0mmol), and (£)-18 (8.80¢,
34.5 mmol) were resolved using 0.0004-0.005 mol% of anti-
body 84G3.1'> 131 The best substrate in this series, (+)-16 (8.40 g,
30.8 mmol), was resolved with as little as 20 mg (0.000133 mmol,
0.0004 mol %) of the antibody 84G3 to afford 16 in 48 % and the
corresponding aldehyde 22 in 45 % yield of isolated product.

Determination of absolute configuration of 13-20

The absolute configuration of compound 13 obtained from the
resolution of the corresponding racemic mixture was deter-
mined by comparison with a synthetic sample of 13. The latter
was prepared by the method of Paterson etal. using a chiral
boron enolate of acetone.® Thus, compound 21 was reacted
with prop-1-en-2-ol diisopinocampheylborinate, generated from
(+)-(Ipc),BOTf and acetone, to afford 13 in 70% enantiomeric
purity. The identity of the two samples was verified by chiral-
phase HPLC analysis.®! The absolute configuration of the other
analogues of 13, that is, 14- 20, obtained from resolutions of
their corresponding racemic mixtures catalyzed by antibodies
84G3, 85H6, and 93F3, were assigned by comparing their specific
rotation and, in some cases, HPLC traces with those of 13.

Synthesis of 7 and (E)-7 by the macrolactonization
approach

We began the synthesis of 7 starting from 13 (Scheme 2).
Compound 13 was first silylated as its TBS ether to afford 13a,
which was then converted to olefin 27 a as a mixture of E and Z
isomers in a ratio of 55:45 by a Wittig reaction with 26.59 The
mixture of Wittig product 27a was taken to the next step
without separation. The primary alcohol function in 27a was
deprotected to yield alcohol 27, which was then oxidized to
afford aldehyde 28. An aldol reaction of the latter aldehyde with
a known ketone, 29,1'! was carried out by using LDA as a base to
afford the corresponding aldol compounds. The major aldol
product was purified from the minor isomer and the free
hydroxy group in the former was then protected as its TBS ether
affording compound 30a. The primary alcohol function in 30a
was then selectively deprotected to provide alcohol 30, which

CHEMBIOCHEM 2001, 2, 656 - 665
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OR T OTBS  1gso
y IPhyP
X N 2
" 26 -
o

s b) 65% S

13: R=H

o
0% 3. Rr=TBS

¢) 84%

TBSO O TBS

TBSO )
29 °

o

e) 58%

30a: R=TBS

n87% [ 50 Rt

7a (B)-7a

OR TBSO
. 1, HO
d) 86% N S ¢
NS \S NS
27a: R=TBS 28
27 R=H

Q) 78%

Scheme 2. Total synthesis of 13-methylepothilone C (7) and its trans isomer (E)-7 by the macrolactonization approach. a) TBSCl, imidazole, DMF, RT, 16 h; b) 26, nBulLi,
THF, RT, 1 h; ¢) TsOH, MeOH/CH,Cl,, 0°C, 2 h; d) Dess - Martin reagent, CH,Cl,, RT, 2 h; e) 1. 29, LDA, THF, — 78°C, 0.5 h, 2. TBSOT{, lutidine, CH,Cl,, —78 —0°C, 4 h;

f) TSOH, MeOH/CH,Cl,, 0°C, 0.5 h; g) 1. Dess - Martin reagent, CH,Cl,, RT, 2 h, 2. NaClO,, 2-methyl-2-butene, NaH,PO,, tert-BuOH/H,0, RT, 20 min; h) 1. Separation by
column chromatography, silica gel, n-hexane/EtOAc, 2. TBAF, THF, RT, 16 h, 3. 2,4,6-trichlorobenzoyl chloride, Et;N, THF, 0°C, 1 h, then slow addition to dilute solution of
DMAP in toluene, 75°C, 2 h; i) HF - pyridine, THF, 0°C —RT, 2 h. DMAP = 4-(dimethylamino)pyridine, TBAF = tetrabutylammonium fluoride, Tf = trifluoromethanesulfonyl,

Ts = toluene-4-sulfonyl.

was subsequently oxidized in two steps via the aldehyde to the
corresponding acid. The crude acid product was then separated
by column chromatography affording 31 and (£)-31. Selective
deprotection of the TBS ether at C-15 followed by lactonization
under the Yamaguchi condition afforded the corresponding
lactones 7a and (E)-7 a, which were then deprotected with HF -
pyridine, affording 7 and its isomer (E)-7.

Although it was possible to complete the synthesis of 7 and
(E)-7 by the macrolactonization approach, this method caused
problems for the synthesis of other 13-alkyl analogues, partic-
ularly 9, 10, and their trans isomers. In these cases, the Wittig
reaction of 26 with ketones 15a or 16a was not successful.
Instead, the elimination product of the corresponding ketone
was obtained as a major product.

Synthesis of 7-12 and (E)-7 - (E)-12 by the metathesis
approach

Before we achieved the synthesis of 7 by the macrolactonization
approach, we had anticipated that compounds 7-12 and (E)-7 -
12 could also be obtained by the metathesis approach. The
synthesis of 7 by the metathesis approach also began with 13
(Scheme 3). Thus, compound 13 a was synthesized from 13 and
subsequently olefinated using the Wittig reaction with methyl-
ene-triphenylphosphorane to afford alkene 32 a. The alkene 32a
was then deprotected to afford allylic alcohol 32. Compound 32
was esterified with acid 38, affording compound 39, which was
now ready for the metathesis reaction.

CHEMBIOCHEM 2001, 2, 656 - 665

Initially, we evaluated Grubbs’ metathesis catalyst VI,
which has been used in the synthesis of most of the naturally
occurring epothilones as well as their analogues. However, in this

CI‘ cl
PC - Ru-
cl.1 2 ph Q- RuPCYs
Ru="
Cl” |
PCy3
Vil IX
,|/\
Mes—N_ N-Mes ¥
Geru="" NPy
PCys (FgC)zMECO/(,MO Ve
(F3C)2MeCO
X Xl

case, the treatment of compound 39 with VIII did not result in
any formation of the corresponding cyclized product, instead
dimerization of 39 was observed.'” We also tested Hoveyda's
modified catalyst 1X,2? which gave a similar result. In the
meantime, Grubbs reported a new catalyst, X, which possesses
comparable activity with respect to Schrock’s catalyst X1,1?" and
described it as a powerful catalyst by using a wide variety of
substrates.?? Consistent with the report, we found that X was
also a highly effective catalyst for the formation of epothilones B
and F. To our delight, compound 39 also was cleanly converted,
by reaction with 20% of X in CH,Cl, under reflux, to the desired
cyclized compounds 7 a and (E)-7 a in a ratio of 3:2. The mixture
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OH OTBS
N B a) 90-97% N AN b) 90-94%

LY 2 e,
S R” 0 S R™ 0

13:R=X = Me 13a: R =X = Me

14: R = Et, X = Me

15: R = Me, X = SMe
16: R = Et, X = SMe

17: R = Me, X = CH,OH
18: R = Et, X = CH,0OH

14a: R = Et, X = Me

15a: R = Me, X = SMe

16a: R = Et, X = SMe

17a: R = Me, X = CH,OTBS
18a: R = Et, X = CH,OTBS

0o
38, €) o) X, f
80-87% N AN oTBS 76-92% N
X \ x—4
S R S
39: R=X=Me
40: R = Et, X = Me
41:R = Me, X = SMe
42: R = Et, X = SMe
43: R = Me, X = CH,OTBS
44: R = Et, X = CH,OTBS
O OH O 0o
g) .
81-99% N
X x—< |

(B)-7-(B-12)

36a: R = Me, X = CH,OTBS
37a: R = Et, X = CH,OTBS

(7a—12a)
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OTBS OH
N S

c) 90-98% N X
LYY ST
S R S R

32a: R=X=Me 32:R=X=Me
33a: R=Et, X =Me 33: R=Et, X =Me
34a: R = Me, X = SMe 34: R = Me, X = SMe
35a: R = Et, X = SMe 35: R = Et, X = SMe

36b: R = Me, X = CH,OH
85% [37b: R = Et, X = CH,0H d)
36:R=Me, X = CH,0TBS | gpos

37: R = Et, X = CH,OTBS

TBS,

7aand (E)-7a: R = X = Me

8a and (E)-8a: R = Et, X = Me

9a and (E)-9a: R = Me, X = SMe
10a and (E)-10a: R = Et, X = SMe
1l1a and (E)-11a: R = Me, X = CH,OTBS
12a and (E)-12a: R = Et, X = CH,0TBS

((B)-7a - (E)-12a)

7 and (E)-7: R =X =Me
" 8 and (E)-8: R = Et, X = Me
: 9 and (E)-9: R = Me, X = SMe
10 and (E)-10: R = Et, X = SMe
11 and (E)-11: R = Me, X = CH,OH
12 and (E)-12: R = Et, X = CH,0OH

Scheme 3. Total synthesis of 13-alkylepothilones 7 - 12 and (E)-7 - (E)-12 by the metathesis approach. a) TBSCI, imidazole, DMF, RT, 6 — 24 h; b) MePPh;l, nBuLi, THF, RT,
0.5 h; ¢) TBAF, THF, 0°C, 1 h; d) TBSCI, iPr,EtN, CH,Cl,, 0°C—RT, 8 h; e) EDC, DMAP, CH,Cl,, 0°C—RT, 16 h; f) CH,Cl,, reflux, 20 - 96 h; g) HF - pyridine, THF, RT, 2-6 h, or
TFA, CH,Cl,, 0°C, 1-4 h. EDC= N'-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride.

of cyclized olefins 7 a and (E)-7 a thus obtained was deprotected
by using HF in pyridine and then separated to afford 7 and (E)-7
(Scheme 3).

Following the same reaction sequence, compounds 14-18
were first protected to afford compounds 14a-18a and then
olefinated to give alkenes 33a-37 a, respectively. No problems
were encountered in the methylenation of ketones, including
15a-16a, by a Wittig reaction using methylene-triphenylphos-
phorane. The TBS ether function in compounds 33a-35a was
deprotected by using TBAF to afford the required allylic alcohols
33-35, respectively. Similar treatment with compounds 36a
and 37a afforded the corresponding diols 36b and 37b, of
which the primary hydroxy group was then selectively protected
by using TBSCI and iPr,EtN to yield compounds 36 and 37,
respectively. Compounds 33 —37 were esterified with acid 38 as
before to afford esters 40 — 44 and then the latter products were
metathesized by using X as the catalyst to afford the mixtures of
8a-12a and their corresponding trans isomers. Interestingly,
metathesis of 40, 42, and 44, which possess an ethyl group
instead of a methyl group as in compounds 39, 41, and 43,
afforded better selectivity for Zisomers with respect to the
latter compounds, probably due to steric requirements. Final
deprotection of compounds 8a-12a and (E)-8a-(F)-12a
gave the corresponding analogues 8-12 and (F)-8 - 12, respec-
tively.
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Biological activity of the 13-alkylepothilones 7-10 and (E)-7 -
(E)-10

To study the biological effect of some of our analogues, tubulin
polymerization studies were carried out comparing compounds
7 -10 and (E)-7 - (E)-10 to epothilones A-D (1-4). Compounds
7 - 10 showed tubulin polymerization activities between 2% and
549%, with 7 being the least and 10 being the most potent
compound (Table 2). While (E)-7 - (E)-10 displayed tubulin poly-
merization activities with a similar potency ranking, each trans
analogue was more potent than its corresponding cis isomer
(tubulin polymerization activities 19-789%). Under the same
conditions, epothilonesA (1) and B (2) caused 67 and 84%
tubulin polymerization, respectively, while the corresponding
deoxy analogues gave values of 50 % (epothilone C (3)) and 93 %
(epothilone D (4)). All trans isomers of 13-alkylepothilones 7-10
also proved to be more potent than their cis counterparts with
respect to growth inhibition of KB-31 epidermoid carcinoma
cells, with 1C5, values ranging from 4 to 245 nm (Table 2). The
biochemical potency ranking of the compounds was well
reiterated at the cellular level. As seen in the tubulin poymeriza-
tion assay, compounds 7, 8, and (E)-7 - (E)-8 were significantly
less active than epothilone C (3), suggesting that the introduc-
tion of an alkyl group (either ethyl or methyl) at the C-13 position
reduces the overall biological activity. However, compounds 9
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Table 2. Biological activity of 13-alkylepothilones.

Compound Tubulin KB-31 Cell growth
polymerization [%]® inhibition (ICso) [nm]™

7 2 245

(B)-7 19 61.6

8 n 150

(E)-8 33 78.9

9 39 24.8

(B)-9 78 4.03

10 54 47.9

(E)-10 64 17.5

1 67 2.28

2 84 0.19

3 50 24.8

4 93 2.70

[a] Induction of polymerization of porcine brain-derived microtubule
protein by 2 um compound (1-4, 7-10, and (E)-7 - (E)-10) was quantified
relative to the effect of 25 um epothilone B (2) (which was defined as 100 %)
basically as described.? [b] Drug concentration required for half-maximal
inhibition of KB-31 human epidermoid cancer cell growth was assessed
after a 72-h drug exposure by quantification of cell mass using a protein dye
method.?®

and (E)-9, bearing a methylthio group at the 2-position of the
thiazole ring, displayed activities similar to those observed for
epothilonesC (3) and D (4) (or A (1)), respectively. This
demonstrates that appropriate heterocycle modifications can
counteract the activity loss resulting from the introduction of an
alkyl group at C-13. In summary, while none of the compounds
reached the cellular potency of epothilone B (2), these results are
encouraging in view of the expectation that epoxidation of
compounds 7 -10 and (E)-7 - (E)-10 should further increase their
cellular activities, as exemplified by epothilone C (3) versus A (1)
and epothilone D (4) versus B (2) (Table 2). Similar observations
have been reported for most other epothilone analogues.”

Conclusions

The synthesis of epothilone analogues 7-12 and their trans
isomers has been achieved starting from thiazole aldols 13 -18.
Thiazole aldols were obtained by resolution of their racemic
mixtures catalyzed by the antibody 84G3, in multigram quanti-
ties and excellent enantiomeric excess at 50% conversion. All
three aldolase antibody catalysts (8463, 85H6, and 93F3) possess
very high catalytic activity needed for synthetic organic chem-
istry. The newly reported Grubbs’ catalyst X is extremely useful
for the synthesis of substituted olefins as in 13-alkylepothilones.
Preliminary biological studies suggest that compounds 9-10
and (E)-9-(E)-10 are highly promising candidates for further
studies.

Experimental Section

General: 'H and "3C NMR spectra were measured in CDCl;. Positive-
ion mass spectra, using the fast ion bombardment (FIB) technique,
were obtained on a VG ZAB-VSE double-focusing, high-resolution
mass spectrometer equipped with either a cesium or sodium ion
gun. Optical rotations were measured at 23°C in a one-decimeter
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(1.3 mL) cell using an Autopol lll automatic polarimeter. TLC was
performed on glass sheets precoated with silica gel (Merck,
Kieselgel 60, Fys,, Art. 5715). Column chromatographic separations
were performed on silica gel (Mallinckrodt, 230-400 mesh, #V150)
under pressure. THF was dried and distilled over sodium benzophe-
none ketyl. All antibody reaction solutions were degassed by passing
a slow stream of argon gas into the reaction mixture and carried out
under an argon atmosphere.

Large-scale resolutions of thiazole aldols 13-18

General method: Antibody 84G3 (0.0004 -0.005 mol %) was added
to a sterilized solution of the racemic thiazole aldol (13-18) in
degassed CH,CN (10-20mLg~"' aldol) and a degassed buffer
(phosphate-buffered saline (PBS), pH74, 200mLg~" aldol) in a
plastic bottle and the mixture was incubated at 37 °C for 37 days.
At more than 98 % consumption of the ent enantiomer as judged by
HPLC analysis, the mixture was dialyzed by using Amicon mem-
branes to recover the antibody. The filtrate was passed through a
reverse-phase column (C,g) to elute first water and then the organic
compounds using methanol as eluant. Solvents were removed under
vacuum and the residue was purified by column chromotography
(CQ) to afford the optically pure aldol compounds 13 - 182 and the
corresponding aldehydes 21 -25.

14: (+)-14 (6.43g, 26.9 mmol) was resolved by 84G3 (65 mg,
0.000434 mmol) in 5 days to afford 14 (3.00 g, 47 % vyield, 99% ee),
CC conditions: silica gel, hexanes/EtOAc (3:1). [a], = — 33.1° (c=1.28,
CHCL;); "TH NMR (400 MHz): 6 =6.89 (s, 1H), 6.55 (s, 1H), 4.58 (d, J=
8.6 Hz, 1H), 3.57 (brs, 1H), 2.70 (dd, J=16.7, 9.4 Hz, 1H), 2.66 (s, 3H),
2.64 (dd, J=16.7, 3.0 Hz, 1H), 2.47 (q, /=73 Hz, 2H), 2.00 (s, 3H), 1.04
(t, J=7.3 Hz, 3H); *CNMR (100.6 MHz): 6 =211.7, 164.7, 152.6, 140.5,
118.6, 115.7,72.8, 47.4,37.0, 19.1, 14.7, 7.5; MS: m/z: 240 [M + H"], 262
[M+ Na'].

15: (£)-15 (3.3g, 128 mmol) was resolved by 84G3 (20 mg,
0.000133 mmol) in 7 days to afford 15 (1.58 g, 48 % yield, 96 % ee),
CC conditions: silica gel, hexanes/EtOAc (4:1). [a]l, = — 35.2 (c=2.05,
CHCI,); "H NMR (400 MHz): 6 =6.93 (s, 1H), 6.50 (s, 1H), 4.58 (m, 1H),
3.14 (d, J=3.0Hz, 1H), 2.70 (d, J=6.1 Hz, 2H), 2.67 (s, 3H), 2.20 (s,
3H), 2.06 (d, J=1.2Hz, 3H); *CNMR (100.6 MHz): 6 =209.2, 165.1,
153.3, 140.3, 118.1, 115.8, 72.8, 48.6, 30.9, 16.6, 14.8; MS: m/z: 258
[M+H*1, 280 [M+ Na*].

16: (£)-16 (849, 30.8mmol) was resolved by 84G3 (20 mg,
0.000133 mmol) in 10 days to afford 16 (4.1 g, 49% vyield, 99% ee),
CC conditions: silica gel, hexanes/EtOAc (4:1). [a], = —35.6 (c=0.92,
CHCL;); "H NMR (400 MHz): 6 =6.94 (s, 1H), 6.57 (s, 1H), 4.60 (t, J=
6.2 Hz, 1H), 3.32 (brs, TH), 2.68 (s, 3H), 2.68 (m, 2H), 2.48 (g, J=
7.3 Hz, 2H), 2.07 (s, 3H), 1.07 (t, J=73 Hz, 3H); *C NMR (100.6 MHz):
0=212.0, 165.1, 153.3, 140.4, 118.1, 115.8, 72.9, 47.3, 37.0, 16.6, 14.8,
7.5; MS: m/z: 272 [M 4 H*], 294 [M + Na'].

18: (+)-18 (8.80g, 34.5 mmol) was resolved by 84G3 (250 mg,
0.00167 mmol) in 5 days to afford 18 (4.2 g, 48 % yield, > 99% ee), CC
conditions: silica gel, hexanes/EtOAc (1:2). [alp=—23.4 (c=1.08,
CHCL;); "TH NMR (500 MHz): 6 = 6.94(s, 1H), 6.44 (s, 1H), 5.21 (brs, 1H),
4.76 (s, 2H), 4.50 (d, J=9.3 Hz, 1H), 3.32 (br, 1H), 2.64 (dd, J=16.3,
6.8Hz, 1H), 2.51 (dd, J=16.3, 3.02 Hz, 1H), 2.42 (q, /=73 Hz, 2H),
1.86 (s, 3H), 0.96 (t, J="7.3 Hz, 3H); >*C NMR (125.75 MHz): 6 =211.4,
171.5, 152.3, 141.4, 118.2, 115.9, 72.5, 61.3, 47.3, 36.9, 14.5, 7.3; MS:
m/z: 278 [M+ Na'*].

Synthesis of epothilones 7 - 12 and (E)-7 - (E)-12 by the metathesis
approach

General method for the protection of thiazole aldols 13 -18:"
TBSCI (1.5 equiv; 3.0 equiv for 17 and 18) was added to a solution of
the thiazole aldol (13-18, 1.0 equiv) and imidazole (3.0 equiv;
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6.0 equiv for 17 and 18) in DMF (2m solution). The reaction mixture
was stirred at RT for 6-24 h and was worked up with diethyl ether
and water. The organic layer was separated and the water phase was
extracted with diethyl ether. The combined organic layer was
washed with brine and dried over anhydrous MgSO,. Solvents were
evaporated and the residue was purified by column chromatography
to afford the pure silyl ether (13a-18a).?"

14 a: Protection of 14 (3.0 g, 12.6 mmol) afforded pure silyl ether 14a
(4.13 g, 93%); CC conditions: silica gel, hexanes/EtOAc (10:1). [alp =
—44.4 (c=0.98, CHCl,); MS: m/z: 354 [M+H*].

15a: Protection of 15 (1.58 g, 6.1 mmol) afforded pure silyl ether 15a
(2.16 g, 95%); CC conditions: silica gel, hexanes/EtOAc (10:1). [alp =
—47.1 (c=0.95, CHCl;); MS: m/z: 372 [M+H*].

16a: Protection of 16 (2.36 g, 8.7 mmol) afforded pure silyl ether 16a
(3.02 g, 90%); CC conditions: silica gel, hexanes/EtOAc (12:1). [al, =
—54.0 (c=1.97, CHCly); MS: m/z: 408 [M + Na*].

18a: Protection of 18 (3.2 g, 12.5 mmol) afforded pure silyl ether 18a
(5.46 g, 90%); CC conditions: silica gel, hexanes/EtOAc (20:1). [al, =
—32.1 (c=1.21, CHCl;); MS: m/z: 484 [M+H*], 506 [M+ Na*].

General method for the methylenation of 13a-18a: nBuli
(1.1 equiv) was added to a heterogeneous mixture of MePPh,l
(1.2 equiv) in dry THF (0.5m solution) at 0°C. After the mixture was
stirred for 0.5 h at room temperature, a solution of ketone (13a-
184, 1.0 equiv) in THF (2m solution) was added. The reaction mixture
was stirred for an additional 0.5h and then quenched with a
saturated aqueous solution of NH,Cl and extracted with diethyl
ether. The combined organic layer was washed with brine and dried
over anhydrous MgSO,. Solvents were removed under vacuum and
the resultant residue was purified by column chromatography to
afford the pure methylenated product (32a-37a).?®

32a: 13a (500 mg, 1.48 mmol) was used to afford 32a (411 mg, 92%
yield, based on consumed 13a) and recovered 13a (51 mg,
0.15 mmol), CC conditions: silica gel, hexanes/EtOAc (20:1). [alp=
+1.0 (c=0.50, CHCl;); MS: m/z: 338 [M+ H"].

33a: 14a (570 mg, 1.61 mmol) was used to afford 33a (342 mg, 93%
yield, based on consumed 14a) and recovered 14a (200 mg,
0.57 mmol), CC conditions: silica gel, hexanes/EtOAc (20:1). [alp=
+4.6 (c=1.00, CHCl;); MS: m/z: 352 [M + H"].

34a:15a (620 mg, 1.67 mmol) was used to afford 34a (528 mg, 93 %
yield, based on consumed 15a) and recovered 15a (50 mg,
0.14 mmol), CC conditions: silica gel, hexanes/EtOAc (22:1). [alp=
—9.7 (c=0.90, CHCly); MS: m/z: 370 [M+4H"].

35a: 16a (250 mg, 0.65 mmol) was used to afford 35a (120 mg, 90 %
yield, based on consumed 16a) and recovered 16a (116 mg,
0.30 mmol), CC conditions: silica gel, hexanes/EtOAc (20:1). [al,=
+0.1 (c=1.55, CHCl;); MS: m/z: 384 [M+H*].

36a:17a (715 mg, 1.52 mmol) was used to afford 36a (622 mg, 94 %
yield, based on consumed 17a) and recovered 17a (50 mg,
0.11 mmol), CC conditions: silica gel, hexanes/EtOAc (40:1). [alp,=
— 1.3 (c=1.33, CHCl;); MS: m/z: 468 [M+H*], 490 [M + Na*].

37a: 18a (547 mg, 1.13 mmol) was used to afford 37a (311 mg, 90 %
yield, based on consumed 18a) and recovered 18a (200 mg,
0.41 mmol), CC conditions: silica gel, hexanes/EtOAc (40:1). [alp=
+ 1.5 (¢=2.53, CHCl;); MS: m/z: 482 [M+H*1, 504 [M+ Na*].

General method for the deprotection of compounds 32a-37a:
TBAF (1.2 equiv, 2.4 equiv for 36a and 37 a) was added to a solution
of the TBS ether (32a-37a, 1 equiv) in dry THF (0.3m solution) at
0°C. After stirring for 1 h at this temperature, the reaction mixture
was diluted with water and extracted with EtOAc. The combined
organic layer was washed with brine, dried over anhydrous MgSO,
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and solvents were removed. The residue was purified by column
chromatography to afford the pure deprotected product (32-35
and 36b-37b).d

32:32a (400 mg, 1.19 mmol) was deprotected to afford 32 (260 mg,
98% vyield), CC conditions: silica gel, hexanes/EtOAc (4:1). [alp=
—28.8 (c=1.87, CHCLy); MS: m/z: 224 [M+H"].

33:33a (292 mg, 0.83 mmol) was deprotected to afford 33 (193 mg,
98% vyield), CC conditions: silica gel, hexanes/EtOAc (4:1). [alp=
—24.0 (c=0.73, CHCl;); MS: m/z: 238 [M+H*], 260 [M + Na*].

34:34a (498 mg, 1.35 mmol) was deprotected to afford 34 (320 mg,
93 % yield), CC conditions: silica gel, hexanes/EtOAc (5:1). [a], =-44.8
(c=1.23, CHCly); MS: m/z: 256 [M+ H™].

35: 35a (120 mg, 0.31 mmol) was deprotected to afford 35 (81 mg,
96 % yield), CC conditions: silica gel, hexanes/EtOAc (5:1). [alp,=
—30.5 (c=1.13, CHCl3); MS: m/z: 270 [M +H*].

36b: 36a (492 mg, 1.05 mmol) was deprotected to afford 36b
(242 mg, 96 % yield), CC conditions: silica gel, hexanes/EtOAc (1:2).
[alp = —35.0 (c=0.48, CHCl;); MS: m/z: 240 [M + H*], 262 [M + Na*].

37b: 37a (180 mg, 0.37 mmol) was deprotected to afford 37b
(85 mg, 90% yield), CC conditions: silica gel, hexanes/EtOAc (1:2).
[alo=—23.3 (c=1.33, CHCl;); MS: m/z: 254 [M+ H*], 276 [M + Na'].

Selective protection of compounds 36b and 37b

36: TBSCl (140 mg, 0.93 mmol) was added to a solution of 36b
(180 mg, 0.75 mmol) and iPr,NEt (0.26 mL, 1.50 mmol) in dry CH,Cl,
(5mL) at 0°C and the mixture was stirred at 0°C to room
temperature for 8 h. The reaction mixture was worked up with
water and CH,Cl,. The combined organic layer was washed with
water and dried over anhydrous MgSO,. Solvents were evaporated
and the residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 3:1) to afford 36 b2 (226 mg, 85%). [al, = —26.3
(c=1.54, CHCl;); MS: m/z: 354 [M+H*].

37: In a similar manner as described above, 37 b (80 mg, 0.32 mmol)
was allowed to react with TBSCl (60 mg, 0.38 mmol) and iPr,NEt
(0.11 mL, 0.64 mmol) in dry CH,Cl, (3 mL) at 0°C to afford 379
(93 mg, 80%), CC conditions: silica gel, hexanes/EtOAc (3:1). [alp=
—23.2 (¢=0.50, CHCl,); MS: m/z: 390 [M+Na*].

General method for the esterification of acid 38 with alcohols 32 -
37: EDC (3.0 equiv) and DMAP (0.1 equiv) were added to a solution of
acid 38 (1.2 equiv) and the thiazole alcohol (32-37, 1.0 equiv) in dry
CH,Cl, (0.2m solution) at 0°C. After the reaction mixture was stirred
for 16 h at 0°C to room temperature, the solvent was evaporated
under vacuum and the residue was purified by column chromatog-
raphy to afford the corresponding pure ester (39 —44).129

39:32 (35 mg, 0.16 mmol) was used to afford 39 (97 mg, 82% yield),
CC conditions: silica gel, hexanes/EtOAc (10:1). [alp=—34.7 (c=
1.95, CHCly); MS: m/z: 770 [M + Na*].

40: 33 (43 mg, 0.18 mmol) was used to yield 40 (120 mg, 86 % yield),
CC conditions: silica gel, hexanes/EtOAc (10:1). [a]l,=—43.0 (c=
1.43, CHCly); MS: m/z: 784 [M + Na'].

41: 34 (46 mg, 0.18 mmol) was used to afford 41 (122 mg, 87 % yield),
CC conditions: silica gel, hexanes/EtOAc (12:1). [alp=—44.4 (c=
1.62, CHCl;); MS: m/z: 802 [M + Na*].

42: 35 (81 mg, 0.3 mmol) was used to afford 42 (204 mg, 85 % yield),
CC conditions: silica gel, hexanes/EtOAc (12:1). [alp=—39.2 (c=
1.10, CHCLy); MS: m/z: 794 [M+H*], 828 [M+Cl-1.

43:36 (65 mg, 0.18 mmol) was used to afford 43 (132 mg, 82 % yield),
CC conditions: silica gel, hexanes/EtOAc (15:1). [a]l,=—38.2 (c=
1.03, CHCl;); MS: m/z: 878 [M+H].
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44: 37 (46 mg, 0.13 mmol) was used to afford 44 (90 mg, 80% yield),
CC conditions: silica gel, hexanes/EtOAc (15:1). [alp=—35.4 (c=
1.00, CHCl;); MS: m/z: 892 [M+H"*].

General method for the metathesis of dienes 39-44: Grubbs'
catalyst X (0.2 equiv) was added to a solution of the diene (39-44,
1.0 equiv) in dry CH,Cl, (0.002 m solution) and the solution was stirred
under reflux for 20-96 h. After the reaction was completed, as
judged by "H NMR spectroscopic analysis, solvents were removed
under vacuum and the residue was purified by column chromatog-
raphy to afford a mixture of the metathesized products (7a-12a
and (E)-7a-(E)-12a), which was used in the next step without
separation.

7a and (E)-7 a: Diene 39 (94 mg, 0.13 mmol) was metathesized to
afford a mixture of 7a and (F)-7a (ca 1.2:1, 70mg, 77%); CC
conditions: silica gel, hexanes/EtOAc (12:1). MS: m/z: 720 [M+H"*].

8a and (E)-8a: Diene 40 (116 mg, 0.15 mmol) was metathesized to
afford a mixture of 8a and (E)-8a (ca. 2.8:1, 85 mg, 76%); CC
conditions: silica gel, hexanes/EtOAc (12:1). MS: m/z: 734 [M+H"].

9a and (E)-9a: Diene 41 (104 mg, 0.13 mmol) was metathesized to
afford a mixture of 9a and (E)-9a (ca. 1.5:1, 80 mg, 80%); CC
conditions: silica gel, hexanes/EtOAc (14:1). MS: m/z: 752 [M + H"].

10a and (E)-10a: Diene 42 (110 mg, 0.14 mmol) was metathesized
to afford a mixture of 10a and (EF)-10a (ca. 2.4:1, 90 mg, 85%);
CC conditions: silica gel, hexanes/EtOAc (14:1). MS: m/z:
766 [M+H*].

11aand (E)-11 a: Diene 43 (125 mg, 0.14 mmol) was metathesized to
afford a mixture of 11a and (F)-11a (ca. 1.5:1, 111 mg, 92%); CC
conditions: silica gel, hexanes/EtOAc (20:1). MS: m/z: 850 [M+ H*].

12a and (E)-12a: Diene 44 (90 mg, 0.1 mmol) was metathesized to
afford a mixture of 12a and (F)-12a (ca. 2.3:1, 73 mg, 85%); CC
conditions: silica gel, hexanes/EtOAc (20:1). MS: m/z: 864 [M + H"].

Deprotection of compounds 7a and (E)-7a-12a and (E)-12a

General method A: Trifluoroacetic acid (TFA; 4 equiv) was added
dropwise to a solution of the cyclized compound in dry CH,Cl, (0.1m
solution) at 0°C and the mixture was stirred at the same temperature
for 1-4h and then concentrated under vacuum. The residue was
dissolved in EtOAc, washed with brine and dried over anhydrous
MgSO,. Solvents were evaporated and the resulting residue was
purified by preparative TLC (PTLC) to afford the pure epothilone
analogue.

General method B: HF - pyridine (0.5 mL) was added to a solution of
the cyclized compound in dry THF (0.05m solution) at room
temperature. The solution was stirred at the same temperature for
2 -6 h. Completion of the reaction was judged by TLC. The reaction
mixture was slowly poured into a cold aqueous solution of NaHCO,
and extracted with EtOAc. The organic layer was washed with brine
and dried over anhydrous MgSO,. Solvents were evaporated under
reduced pressure. The residue was purified by PTLC to yield the pure
epothilone analogue.

Epothilones MM (7) and (E)-7: The mixture of 7a and (E)-7a (1.2:1,
70 mg, 0.097 mmol) was deprotected by method B to afford pure 7
(26 mg, 54%) and (E)-7 (21 mg, 45%); PTLC conditions: silica gel,
hexanes/EtOAC (2:1).

7: [alp=—71.6 (c=0.50, CHCl5); "H NMR (600 MHz): 6 =6.95 (s, 1H),
6.60 (s, TH), 5.38 (d, J=11.1 Hz, 1H), 5.20 (d, J=7.0Hz, 1H), 4.17 (d,
J=10.9Hz, 1H), 3.76 (brs, 1H), 3.47 (m, TH), 3.11 (m, 1H), 2.96 (brs,
1H), 2.89 (dd, J=14.3, 11.5Hz, 1H), 2.68 (s, 3H), 2.48 (dd, J=15.0,
11.4 Hz, 1H), 2.37 (dd, J=15.0, 2.3 Hz, 1H), 2.17 (m, 1H), 2.08 (s, 3H),
1.97 -1.86 (m, 4H), 1.74 (m, 1H), 1.72 (s, 3H), 1.57 (m, 1H), 1.35-1.20
(m, 3H), 1.33 (s, 3H), 1.17 (d, J=6.9 Hz, 3H), 1.09 (s, 3H), 0.99 (d, J=
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7.1 Hz, 3H); 3C NMR (150.9 MHz): 6 = 220.3, 170.6, 165.0, 152.0, 139.4,
129.9, 129.3, 119.3, 115.8, 76.7, 73.7, 72.5, 53.3, 42.0, 39.1, 38.1, 36.3,
32.5, 28.6, 28.1, 23.0, 22.8, 19.08, 19.04, 16.2, 15.7, 14.2, 13.5; HR-MS:
calcd for C,;,H,,NOSS: 492.2784, found: 492.2760 [M + H*]; calcd for
C,,H,,NOSNa: 514.2603, found: 514.2589 [M + Na*].

(E)-7: [alp=—30.2 (c=0.5, CHCl;); '"HNMR (600 MHz): 6 =6.96 (s,
1H), 6.56 (s, 1H), 5.49 (dd, J=10.8, 1.1 Hz, 1H), 5.29 (m, 1H), 4.01 (dt,
J=10.7, 2.5 Hz, 1H), 3.75 (brs, 1H), 3.19 (quintet, J=6.1 Hz, 1H), 3.13
(d, J=3.2Hz, 1H), 2.69 (s, 3H), 2.53 (dd, J=14.9, 10.7 Hz, 1H), 2.45
(dd, J=14.7, 24 Hz, 1H), 2.44 (t, J=11.0 Hz, 1H), 2.32 (m, 2H), 2.20
(m, 1H), 2.08 (d, J=0.9 Hz, 3H), 1.87 (m, 1H), 1.82 (brs, 1H), 1.63 (m,
1H), 1.62 (s, 3H), 1.55 (m, 1H), 1.47 (m, 1H), 1.28 (s, 3H), 1.22 (m, 1H),
1.17 (d, J=6.8 Hz, 3H), 1.10 (m, 1H), 1.05 (s, 3H), 0.96 (d, J=7.0Hz,
3H); *CNMR (150.9 MHz): 6 =219.7, 170.6, 164.9, 152.2, 137.7, 131.4,
128.8, 119.9, 116.3, 76.6, 76.3, 73.2, 52.1, 44.3, 44.1, 38.4, 36.4, 28.4,
26.9, 22.0, 20.1, 19.2, 16.6, 15.8, 153, 13.9; HR-MS: calcd for
C,;H,NOSS: 4922784, found: 4922798 [M+HT']; caled for
C,;H,;NOsSNa: 514.2603, found: 514.2640 [M + Na*].

Epothilones ME (8) and (E)-8: The 2.8:1 mixture (70 mg,
0.096 mmol) of 8a and (E)-8a was deprotected by method A to
afford pure compounds 8 (29 mg, 60%) and (E)-8 (11 mg, 21 %); PTLC
conditions: silica gel, hexanes/EtOAc (2:1).

8: [alp = —69.5 (c=0.23, CHCl;); "H NMR (600 MHz): 6 =6.95 (s, 1H),
6.59 (s, 1H), 5.33 (d, J/=10.5Hz, 1H), 5.20 (d, J=7.0Hz, 1H), 4.15 (d,
J=10.9Hz, 1H), 3.77 (s, 1H), 3.39 (d, J=4.9 Hz, 1H), 3.11 (qd, /=70,
2.6 Hz, 1H), 2.90 (brs, 1H), 2.84 (dd, J=14.5, 11.0 Hz, 1 H), 2.69 (s, 3H),
247 (dd, J=14.9, 11.0Hz, 1H), 2.38 (dd, J=15.4, 2.6 Hz, 1H), 2.21 (m,
1H), 2.08 (s, 3H), 2.03 (m, 3H), 1.93 (m, 1H), 1.75 (m, 1H), 1.73 (s, 3H),
1.59 (m, 1H), 1.39-1.24 (m, 3H), 1.33 (s, 3H), 1.17 (d, J=6.6 Hz, 3H),
1.10 (s, 3H), 1.00 (d, J=74Hz, 3H), 0.99 (t, J=74Hz 3H); *CNMR
(150.9 MHz): 6 =220.1, 170.7, 165.0, 152.0, 139.4, 135.4, 127.5, 119.4,
115.8, 76.5, 73.7, 72.7, 53.2, 42.2, 39.1, 37.9, 34.4, 32.5, 28.9, 28.6, 28.3,
22.7,19.5,19.1, 16.4, 15.6, 13.6, 12.8; HR-MS: calcd for C,sH,sNO.SNa:
528.2754, found: 528.2735 [M + Na*].

(E)-8: [alp=—22.0 (c=0.10, CHCL;); '"H NMR (600 MHz): 6 =6.96 (s,
1H), 6.56 (s, TH), 5.46 (d, /=11.0 Hz, 1H), 5.25 (t, J=7.0 Hz, 1H), 4.01
(d,J=10.6 Hz, 1H), 3.76 (m, 1 H), 3.21 (quintet, J=6.6 Hz, 1H), 3.10 (d,
J=2.6Hz, 1H), 2.70 (s, 3H), 2.54 (dd, /=15.4, 11.0 Hz, 1H), 2.45 (m,
2H), 2.36 (dd, J/=14.9, 11.0Hz, 1H), 2.19 (m, 1H), 2.13 (m, 1H), 1.96
(m, TH), 1.89 (m, TH), 1.66 (m, 1H), 1.60 (s, 3H), 1.57 (m, TH), 1.49 (m,
1H), 1.29 (s, 3H), 1.28-1.20 (m, 2H), 1.18 (d, J=6.5 Hz, 3H), 1.06 (s,
3H), 096 (d, J=70Hz, 3H), 094 (t, J/=74Hz 3H); *CNMR
(150.9 MHz): 6 =219.7, 170.6, 164.9, 152.2, 137.7, 137.2, 128.3, 119.9,
116.3, 76.8, 76.2, 73.1, 52.1, 44.2, 40.9, 38.4, 36.6, 29.7, 29.4, 27.2, 26.6,
22.7, 21.9, 20.0, 19.2, 16.6, 15.3, 12.9; HR-MS: calcd for C,gH,,NO,S:
506.2935, found: 506.2926 [M + H*].

Epothilones SM (9) and (E)-9: The 1.5:1 mixture (77 mg, 0.10 mmol)
of 9a and (F)-9a was deprotected by method A to give pure
compounds 9 (27 mg, 50 %) and (E)-9 (18 mg, 34 %); PTLC conditions:
silica gel, hexanes/EtOAc (2:1).

9: [a]p=—80.6 (c=0.50, CHCl;); '"H NMR (500 MHz): 6 =6.98 (s, 1H),
6.52 (s, 1H), 5.39 (d, J=10.3 Hz, 1H), 5.21 (d, J=8.5Hz, TH), 411 (m,
1H), 3.77 (brs, 1H), 3.11 (qd, J=6.6, 3.0 Hz, 1H), 2.95 (d, J=5.5Hz,
1H), 2.91 (dd, J=14.7, 11.4, 1H), 2.86 (brs, 1H), 2.69 (s, 3H), 2.49 (dd,
J=154, 11.0Hz, 1H), 2.40 (dd, J=15.4, 3.0Hz, 1H), 2.21-2.16 (m,
1H), 2.13 (d, J=1.5Hz, 3H), 1.95 (brs, 1H), 1.92 (brs, 1H), 1.78-1.74
(m, 1H), 1.72 (s, 3H), 1.62-1.55 (m, TH), 1.39-1.24 (m, 3H), 1.32 (s,
3H), 1.17 (d, J=70Hz, 3H), 1.10 (s, 3H), 1.00 (d, J=7.0Hz, 3H);
BCNMR (150.9 MHz): §=220.1, 170.6, 165.7, 152.7, 139.3, 129.9,
129.4,119.1,115.9,77.1,73.7,72.8,53.1,42.2, 39.1, 38.1, 36.2, 32.5, 28.7,
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282, 23.1, 227, 196, 167, 162, 154, 13.6; HR-MS: calcd for
CyH,,NOSS,: 524.2499, found: 524.2522 [M+ H+].

(E)-9: [alp=—33.3 (c=0.12, CHCl,); "HNMR (500 MHz): 0 =6.98 (s,
1H), 6.49 (s, TH), 5.50 (d, J=9.6 Hz, 1H), 531 (m, 1H), 4.00 (d, J=
10.7 Hz, 1H), 3.76 (m, 1H), 3.20 (quintet, J=6.3 Hz, 1H), 3.02 (m, 1H),
2.69 (s, 3H), 2.56—2.40 (m, 3H), 2.18 (m, 1H), 2.14 (s, 3H), 1.98-1.84
(m, 2H), 1.66 (m, 1H), 1.64 (s, 3H), 1.48 (m, 1H), 1.33 (s, 3H), 1.24 (m,
3H), 1.17 (d, J=7.0Hz, 3H), 1.06 (s, 3H), 0.97 (d, J=7.0Hz, 3H);
BCNMR (150.9 MHz): 6=219.6, 170.6, 165.4, 152.8, 1379, 131.5,
128.8, 119.6, 116.3, 76.9, 76.3, 73.4, 52.0, 44.3, 44.2, 38.3, 36.4, 30.9,
29.2, 270, 26.9, 22.1, 19.9, 16.6, 15.8, 15.3, 15.1; HR-MS: calcd for
C,H,,NOSS,: 524.2499, found: 524.2515 [M -+ H*].

Epothilones SE (10) and (E)-10: The 2.4:1 mixture (60 mg,
0.078 mmol) of 10a and (E)-10a was deprotected by method A to
yield pure compounds 10 (25 mg, 59%) and (E)-10 (10 mg, 24%);
PTLC conditions: silica gel, hexanes/EtOAc (3:1).

10: [a]p = — 64.9 (c = 1.46, CHCl,); "H NMR (500 MHz): 6 = 6.98 (s, 1H),
6.51 (s, 1H), 534 (d, J=10.3 Hz, 1H), 5.20 (dd, J=10.7, 3.0 Hz, 1H)
4.10 (m, 1H), 3.78 (m, 1H), 3.1 (qd, J=7.0, 3.3 Hz, 1H), 2.86 (m, 2H),
2.79 (brs, 1H), 2.69 (s, 3H), 2.48 (dd, J=15.4, 11.0 Hz, 1H), 2.42 (dd,
J=15.4,3.0 Hz, 1H), 221 (m, 1H), 2.14 (s, 3H), 2.04 (m, 3H), 1.93 (m,
1H), 1.74 (m, 1H), 1.38-1.25 (m, 3H), 1.33 (s, 3H), 1.18 (d, J= 6.6 Hz,
3H), 1.11 (s, 3H), 1.00 (d, J=7.0Hz, 3H), 0.99 (t, J=74Hz, 3H);
BCNMR (150.9 MHz): 0=219.9, 170.6, 165.6, 152.7, 139.3, 135.3,
1275, 119.0, 115.9, 775, 73.8, 72.9, 52.9, 42.4, 39.0, 379, 34.3, 32.4,
28.9,28.6,28.3,22.7,19.9, 16.6, 164, 15.3, 13.7, 12.8; HR-MS: calcd for
CosHuNOSS,: 538.2655, found: 538.2646 [M -+ H*].

(E)-10: [a]l, = —8.6 (c=0.40, CHCl;); '"H NMR (600 MHz): 6 =6.98 (s,
1H), 6.49 (s, 1H), 5.46 (d, J=10.5Hz, 1H), 5.26 (t, /=7.0 Hz, 1H), 3.99
(d,J=10.5Hz, 1H), 3.75 (m, 1H), 3.20 (quintet, J= 6.6 Hz, 1 H), 3.04 (d,
J=2.6Hz, 1H), 2.70 (s, 3H), 2.53 (dd, J=14.9, 7.5 Hz, 1H), 2.46 (dd,
J=15.4, 23 Hz, 1H), 2.42 (brs, 1H), 2.37 (dd, J=14.8, 10.9 Hz, 1H),
2.21 (m, 1H), 2.14 (d, J=0.8 Hz, 3H), 2.12 (m, 2H), 1.95 (dd, /= 14.0,
74 Hz, 1H), 1.89 (m, 1H), 1.65 (m, 1H), 1.52-1.45 (m, 1H), 1.29 (s, 3H),
1.27-1.21 (m, 3H), 1.18 (d, J=7.0Hz, 3H), 1.06 (s, 3H), 0.96 (d, J=
70Hz, 3H), 0.95 (t, J=72Hz, 3H); *CNMR (150.9 MHz): 6 =219.7,
170.6, 165.4, 152.8, 1379, 137.2, 128.2, 119.5, 116.4, 77.1, 76.1, 73.2,
52.0,44.1,40.9,38.4, 36.5,29.4, 27.2, 26.5, 22.6, 22.0, 19.9, 16.61, 16.56,
15.2, 15.1, 12.9; HR-MS: calcd for C,gH,NO:S,: 538.2655, found:
538.2651 [M+H"].

Epothilones HM (11) and (E)-11: The 1.5:1 mixture (100 mg,
0.12 mmol) of 11a and (E)-11a was deprotected by method B to
give pure compounds 11 (32 mg, 55%) and (E)-11 (22 mg, 36%);
PTLC conditions: silica gel, hexanes/EtOAc (1:2).

11: [alp = —70.0 (c=0.29, CHCl;); "H NMR (600 MHz): 6 =7.10 (s, 1H),
6.60 (s, 1H), 539 (d, J/=10.7 Hz, TH), 5.21 (d, J=9.0 Hz, 1H), 4.91 (s,
2H), 4.16 (d, J=9.8 Hz, 1H), 3.75 (m, 1H), 3.37 (brs, 1H), 3.11 (qd, J=
6.9, 2.7 Hz, TH), 2.93 (brs, 1H), 2.89 (dd, J=14.6, 11.3 Hz, TH), 2.62 (s,
1H),2.48 (dd, J=15.3, 11.4 Hz, 1H), 2.37 (dd, J=15.1, 2.6 Hz, 1H), 2.16
(d, J=3.1Hz, 3H), 1.94 (m, 2H), 1.77-1.73 (m, 1H), 1.72 (s, 3H), 1.58
(m, TH), 1.34 (s, 3H), 1.24 (brs, 4H), 1.17 (d, J=6.9 Hz, 3H), 1.09 (s,
3H), 097 (d, J= Hz, 3H); *CNMR (150.9 MHz): 6 =220.2, 170.5,
170.0,152.3,139.7,129.9,129.4, 118.9, 116.5, 73.7,72.5, 69.5, 61.9, 53.7,
53.2,42.0, 39.1, 38.0, 36.2, 32.5, 29.7, 29.2, 28.6, 28.1, 23.0, 22.8, 19.1,
16.2, 15.7, 13.6; HR-MS: calcd for C,,H,;NOs,SNa: 530.2547, found:
530.2544 [M + Na*].

(E)-11: [alp = — 36.6 (c=0.24, CHCl;); "H NMR (600 MHz): 6 =7.11 (s,
1H), 6.59 (s, 1H), 549 (d, J=10.5 Hz, 1H), 5.29 (t, J=6.8 Hz, 1 H), 4.92
(s, 2H), 4.06 (d, J=10.6 Hz, 1H), 3.78 (brs, 1H), 3.75 (m, 1H), 3.20
(quintet, J=6.6 Hz, 1H), 3.08 (brs, 1H), 2.62 (s, 1H), 2.54 (dd, J=15.0,
10.7 Hz, 1H), 2.47 (m, 2H), 2.35 (m, 2H), 2.20 (m, 1 H), 2.16 (s, 3H), 1.89
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(m, TH), 1.62 (s, 3H), 1.60-1.44 (m, 2H), 1.28 (s, 3H), 1.24 (brs, 4H),
1.18 (d, J=6.8 Hz, 3H), 1.05 (s, 3H), 0.97 (d, J=7.0 Hz, 3H); *C NMR
(150.9 MHz): 6 =219.6, 170.6, 169.8, 152.5, 138.2, 131.3, 129.0, 119.6,
116.7, 76.5, 73.1, 69.5, 62.1, 53.7, 52.1, 44.4, 43.9, 38.5, 36.4, 31.7, 29.2,
27.1, 21.8, 20.3, 16.7, 16.0, 15.5, 15.4; HR-MS: calcd for C,,H,,NO,S:
508.2727, found: 508.2730 [M + H*].

Epothilones HE (12) and (E)-12: The 2.3:1 mixture (70 mg,
0.08 mmol) of 12a and (E)-12a was deprotected by method B to
afford pure compound 12 (26 mg, 63%) and (£)-12 (12 mg, 27 %);
PTLC conditions: silica gel, hexanes/EtOAc (1:2).

12: [alp = —46.1 (c=0.30, CHCI;); 'H NMR (600 MHz): 6 =7.10 (s, 1H),
6.60 (s, TH), 5.35 (d, /=109 Hz, 1H), 5.20 (d, /=74 Hz, 1H), 4.91 (s,
2H), 4.13 (d, J=10.9 Hz, 1H), 3.77 (t, J=3.3 Hz, 1H), 3.28 (brm, 1H),
3.11 (qd, J=6.8, 3.0 Hz, 1H), 2.85 (dd, J=14.5, 11.2 Hz, TH), 2.62 (s,
3H), 248 (dd, J/=15.2, 11.2 Hz, 1H), 2.39 (dd, J=15.3, 2.7 Hz, 1H),
2.20 (m, 1H), 2.09 (s, 3H), 2.07-2.00 (m, 3H), 1.94 (m, 1H), 1.75 (m,
1H), 1.58 (m, 1H), 1.35 (s, 3H), 1.30-1.22 (m, 3H), 1.17 (d, J=6.8 Hz,
3H), 1.09 (s, 3H), 1.00 (d, J=7.2Hz, 3H), 0.99 (t, /=73 Hz, 3H);
1B3CNMR (150.9 MHz): 6 =220.1, 170.6, 169.9, 152.4, 139.7, 135.3,
127.6,119.0, 116.6, 73.8, 72.7,62.0, 53.7,53.1,42.3, 39.1, 37.9, 34.3, 324,
29.7, 29.2, 28.9, 28.6, 28.3, 22.7, 19.5, 16.4, 15.6, 13.7, 12.8; HR-MS:
calcd for C,gH,uNO,S: 522.2884, found: 522.2889 [M + H*].

(E)-12: [alp=—18.1 (c=0.16, CHCL;); '"H NMR (600 MHz): 6 =7.11 (s,
1H), 6.58 (s, TH), 5.45 (d, J=10.2 Hz, 1H), 5.24 (t, /= 6.6 Hz, 1H), 4.93
(s, 2H), 4.05 (d, J=10.4 Hz, 1H), 3.77 (s, TH), 3.75 (d, J=4.8 Hz, 1H),
3.20 (quintet, J=6.9 Hz, 1H), 3.05 (brs, 1H), 2.60 (brs, 1H), 2.54 (dd,
J=15.0, 10.6 Hz, 1H), 2.46 (m, 2H), 2.37 (dd, J=14.4, 10.5 Hz, 1H),
2.25-2.18 (m, 1H), 2.10 (s, 3H), 2.10-2.04 (m, 1H), 1.97 (m, 1H), 1.90
(m, 1H), 1.50 (m, 1H), 1.28 (s, 3H), 1.28-1.20 (m, 4H), 1.18 (d, J=
6.7 Hz, 3H), 1.05 (s, 3H), 0.98 (d, J/=7.0 Hz, 3H), 0.95 (t, J=6.5 Hz, 3H);
BCNMR (150.9 MHz): 6=219.6, 170.6, 169.6, 152.5, 138.2, 1370,
128.5, 119.6, 116.8, 76.4, 73.0, 62.1, 53.7, 52.1, 44.3, 40.7, 38.5, 36.6,
31.7,29.2, 27.2, 26.6, 22.8, 21.8, 20.3, 16.7, 15.40, 15.36, 12.9; HR-MS:
calcd for C,gH,,NOS: 522.2884, found: 522.2888 [M + H™].
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cDNA -Protein Fusions: Covalent Protein — Gene
Conjugates for the In Vitro Selection of Peptides

and Proteins

Markus Kurz,? Ke Gu,? Amal Al-Gawari,’®' and Peter A. Lohse*!

We report a method for the synthesis of covalent cDNA-protein
fusions for protein display applications. A branched mRNA
template was developed which carries a peptidyl acceptor and a
reverse transcription primer at the 3'-end. Translation in vitro
followed by reverse transcription produced a protein covalently
bonded to its encoding cDNA. Both single- and double-stranded
cDNA - protein fusions were prepared. cDNA - protein fusions are
stable in alkali and resistant to ribonucleases. Their simple

Introduction

The need for target-specific peptide and protein ligands for the
discovery of novel therapeutics, diagnostics, medical imaging
compounds, and research reagents demands efficient selection
technologies that will allow the identification of the polypep-
tides with the best binding properties from large libraries. The
technology for preparing diverse libraries of polypeptides has
long existed; however, in the absence of a genetic selection and
amplification protocol, the number of individual mutants which
could be screened for enhanced ligand-binding properties
limited the size of the library and therefore the likelihood of
successfully identifying protein binders with novel properties.
The emergence of bacteriophage display,™ the first library
technology that allowed the topological linkage of genotype
(DNA) to phenotype (expressed protein), enabled the isolation of
genes based on the properties of the encoded protein. Thus,
large libraries of up to 10 individual mutant clones could be
screened for ligand - binding affinity and the selected mutants
could be isolated from the mixture. To expand the utility of
genetic selection technologies, alternative techniques have
been developed, such as technologies based on prokaryotic
and eukaryotic organisms as well as in vitro technologies, which
allow protein selection and evolution in the absence of a living
cell or virus.z 3

In vitro selection technologies combine two key strengths:
First, the potential to generate large libraries by obviating a cell
transformation step and, second, the construction and screening
of libraries independent of their effect on cell viability. Originally
described by Matteakis etal.® for short peptides, ribosome
display involves the preservation of a polypeptide - ribosome -
mRNA ternary complex as a genetic unit. Ribosome display has
been adapted to the screening of larger proteins, such as single-
chain antibodies;® ¢ an optimized protocol has been described
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preparation and their resistance towards degradation should
make cDNA - protein fusions a useful tool for the in vitro selection
and evolution of high affinity ligands from large libraries of
polypeptides.

KEYWORDS:

in vitro selection molecular

combinatorial chemistry -

evolution - protein display

for identifying proteins with improved expression, stability, and
affinity.”? The limitations of this noncovalent display method
include the low temperatures, the narrow range of salt concen-
trations, and pH values under which the selection must be
carried out to preserve the integrity of the mRNA -ribosome -
peptide complex.

The chemically more robust DNA has also been used to tag
protein libraries. For example, peptides that bound specifically to
the anti-dynorphin B monoclonal antibody were identified from
a library of random peptides which had been linked to the C
terminus of the lac repressor.® The repressor protein links the
peptides to the plasmid encoding them by binding to lac
operator sequences on the plasmid. To ensure complex for-
mation of the library peptides with their encoding plasmids and
to prevent the unwanted trans conjugation, the reaction must
be carried out inside a cell. Furthermore, the noncovalent nature
of the linkage between these peptides and DNA requires gentle
reaction conditions for product preparation and for selection,
again imposing limits on the scope of the in vitro selection
experiments.

A display method based on conjugates between streptavidin-
fused polypeptides and their encoding biotinylated DNA in
confined compartments was developed recently.”! To ensure cis
conjugation, transcription and translation were carried out in
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emulsion compartments generated from a water in oil emulsion.
The resulting protein—-DNA conjugates can be recovered from
the emulsion and can be subjected to affinity selection based on
the properties of the peptide portion. Success of this approach
for the efficient identification of polypeptide ligands will largely
depend on the extent of trans conjugation as a result of diffusion
of DNA and polypeptides between aqueous compartments.
More recently, new types of in vitro display technologies,
which feature the covalent linkage between phenotype and
genotype have emerged. Owing to a robust covalent linkage
between the nucleic acid moiety and the encoded protein, these
covalent display technologies allow the selection of ligand-
binding polypeptides under a wide variety of conditions. A
recent review describes the preparation of covalent DNA - po-
lypeptide complexes by employing the cis-nicking activity of the
replication initiator protein from E. coli bacteriophage P2A.'”
The protein is an endonuclease that introduces a single-strand
discontiniuity in the DNA. Gel-shift experiments suggested that
the 5’-end of the nicked DNA became covalently attached to a
tyrosine residue in the active site of P2A."" 2 The cis activity of
the nicking process enables pools of polypeptides that are
genetically fused to P2A to be synthesized in vitro so that they
become covalently attached to their own coding sequence.
Library sizes of > 10" peptide sequences have been constructed
and enriched for covalent complexes that
display target-binding polypeptides from a
background of nonbinding complexes.'”
A new method for the preparation of a

Type |

more stable towards degradation than RNA. Herein we describe
experimental strategies for the preparation of single- and
double-stranded cDNA - protein fusions. Our experimental strat-
egy builds on a recently reported, improved method for the
preparation of mRNA-peptide fusions.'" A novel type of
mMRNA - puromycin conjugate was designed for accelerated
synthesis of cDNA fusions. The stability of cDNA - protein fusions
and the simplicity of their preparation should be an advantage in
in vitro selections, especially, when RNase-free preparation of the
target cannot be obtained.

Results

The first step toward the construction of cDNA - protein fusions
of Type | was the synthesis of an mRNA - protein fusion precursor
according to the procedures described by Liu et al."! We chose
the short mRNA 1 that contained an open reading frame
encoding the Flag epitope!™® and StrepTag II" peptide se-
quence, followed by a short linker encoding for the tripeptide
ASA (Figure 1). The 5-terminus of the mRNA contained the
tobacco mosaic virus (TMV) 5-untranslated region for efficient
translation intiation. The 3-end of this mRNA was then
enzymatically ligated to the DNA-linker 3 that contained a 3'’-

minimal selection unit that consists of a

TMV | Flag Strep . linker 3
L ﬂ
mRNA 1 primer 4 E)

mRNA covalently linked to a polypeptide
(PROfusion) was introduced recently.l'*-"%
mRNA - protein fusion molecules are made
by in vitro translation of mRNA - puromycin
templates which had been prepared enzy-
matically™ or chemically.'® The library size

SI... NMNMN GCA UCC GCU d(ana AAR AAR ACG GCT ATA

TAA AAA AMA CCIBY

¥ d(CeT AGE CGA - TTT TTT TIT TGC CGA T)(E=g) °

is limited only by the volume and the
efficiency of the translation reaction, and by
the efficiency of fusion formation on the
ribosome. The covalent bond between the
mRNA and the encoded protein conferred
the necessary stability in such a way as to

Type Il

TMV

Flag Strep

enable selection and amplification of these
conjugates. At the present time, libraries
containing up to 10 different sequences
have been generated and have been used
for the isolation of specific and tight bind-
ers to a variety of protein targets (unpub-
lished data, Phylos, Inc.; for applications of
mRNA - protein fusion technology see ref-
erences[2] and[17]).
We sought to extend the concept of .

® . NNN NNC CAG UUC GAG AAG GCA UCC GCU AUU UAA A ia

mANA 2
linker 5

3

' d(G GTC ARG CTC TT--CGT AGG CGA T) (FEg) '

TEGs dcde[Bl]

fusions between nucleic acids and proteins
to covalent cDNA-protein fusions. We
reasoned that a covalent link between the
DNA genotype and the encoded protein
would confer increased stability to the
fusion molecule because DNA is generally
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Figure 1. Design of mRNA templates and oligonucleotides used for the preparation of cDNA - peptide
fusions (Type | & Type Il). The mRNAs contained a promoter sequence derived from the tobacco mosaic virus
(TMV), followed by the open reading frame which encoded for a Flag epitope and the StrepTag Il sequence.
Nucleotide sequences are shown for linkers and primers. The putative psoralen photo-crosslink site is
underlined. DNA and RNA are represented with filled and open lines respectively. Psoralen (Pso) and
puromycin (Pu) are represented with a gray circle and a gray rectangle, respectively.
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puromycin and a d(TA) psoralen photo-crosslinking site (Fig-
ure 2).

In vitro translation of template 8 was carried out at 30° C for
30 min in rabbit reticulocyte lysate. Upon addition of potassium
and magnesium salts and incubation for 1 h at room temper-
ature, mRNA - protein fusion 9 was formed. Subsequent purifi-
cation on oligo-dT cellulose allowed separation of the fusion
product 9 from buffer components and free peptide. Ligated
mRNA 8 was copurified with the fusion product 9; therefore, all
subsequent reaction steps affected both fused and unfused
mRNA. Unfused mRNA 8 did not carry the 3>S-radiolabel and was
invisible to gel analysis by autoradiography. Psoralen-modified
primer 4 was added in excess and the reaction mix was irradiated
with 4> 300 nm light for 15 min. A pyrex filter (300 nm cutoff)
was used during irradiation to minimize photodamage of the
mRNA and photocleavage of the crosslink due to short wave-
length UV light. Because the gel shift of the crosslinked fusion

P.A. Lohse et al.

product 10 was indistinguishable from the shift of 9 (Figure 2,
lanes 1 and 2), the photo-crosslinking yield was determined
indirectly after RNase H digestion. Different gel shifts of the
digestion products 11 and 12 indicated high yield for the
psoralen photo-crosslinking reaction (Figure 2 lanes 3 and 4).
Subsequent reverse transcription of 10 yielded the mRNA/cDNA
double-stranded fusion 14. As expected, the noncrosslinked
control sample produced only unmodified mRNA - protein
fusion 9 upon electrophoresis on a denaturing polyacryl-
amide—urea gel (Figure 2, lane5). A new product band was
identified for product 14, where dissociation of the nucleic acid
duplex was prevented by the interstrand psoralen crosslink
(Figure 2, lane 6). Finally, treatment of 14 with RNase H removed
the RNA portion and furnished the single-stranded cDNA - pro-
tein fusion 15 which migrated as expected with a similar shift as
the ssRNA —fusion 9 (Figure 2, lane 8). RNase H treatment of the
noncrosslinked control 13 led to complete dissociation of the

linker - peptide fragment 11 from

3 o the cDNA (lane 7). Double-standed
a) T4 DNA ligase 1 = == RNA cDNA fusion 16 was obtained by
l m— [JNA elongation of primer 7 using re-
O verse transciptase.
b) in vitro translation 8 An alternative and more direct
lysate l route to cDNA-protein fusions
) f ] Type Il was developed by employ-
ﬂ ) 10 ing the branched puromycin linker
* &) RNasa H # e) ANasa H 5 (Figure 1). Linker 5 was prepared
d} reverse : d) reverse . by DNA solid-phase synthesis on
transcriptase —E]-[ peptide I transcriptase " e H pptide | in-CPG b .

% - . puromycin y .Lfsmg a
branched phosphoramidite. Syn-
thesis of the reverse transcription

. CH(peptide) ;‘-D'(EEFEE‘E} primer portion was achieved with

13 o 14 5’-phosphoramidites. After selec-
f) RNase H # 0 I:Nase £ tive deprotection of the branch,
R o] the synthesis was concluded by
o 11 15 attachment of the 5’-terminal deca-
g) reverse nucleotide carrying the crosslinker
transcriplase
—O-D{m psoralen. The mRNA construct 2
16 coded for the same ORF as mRNA
1 and carried in addition an UA
d) psoralen photo-crosslinking site,

=,

f}

[ 4

followed by an UAA stop codon
and a poly-A stretch as a handle for
oligo-dT purification.'® The psor-

. _hw_ '; 1:} 1'1 1+2 ; 1'1 1—5 alen-modified linker 5 could be
R photo-crosslinked to mRNA 2 in
~ high yield (Fi . Th -

a2 a & .|g yie d. (Figure 3) e Cross

linked conjugate 17 was used for

in vitro translation without further

purification. The reaction was car-

- ried out under similar conditions

- as above (Typel) and furnished

lane: 1 2 3 4 6 7 8 MRNA - protein fusion 18, which

Figure 2. Synthetic scheme for the preparation of cDNA - peptide fusion of Type I. Steps d)-f) below outline the
control reactions after omission of the photo-crosslink step c). Fusion products containing *S-labeled peptide were

was then purified on oligo-dT
cellulose. Reverse transcription of

detected by autoradiography after denaturing polyacrylamide gel electrophoresis (PAGE). Noncrosslinked and photo-

crosslinked fusion products were applied to the gel in pairs.
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18 followed by RNase H digestion
yielded the cDNA fusion 20 with a
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7 ases and sodium hydroxide. Incubations were performed for 30 min at
——i i =0— [y o i | 37°C, followed by product analysis on a NuPage gel.
20 (]
CH peplide u
) reversa . . .
}"ansmp,ase -L complete digestion of the mRNA leading to the faster
- moving peptide - DNA - linker conjugate (Figure 4, lane 4).
- — lane: 1 2 3 4 § As expected, single-stranded cDNA -protein fusion 20

Figure 3. Synthetic scheme for the preparation of cDNA - peptide fusion of Type II.

Electrophoretic denaturing gel analysis followed by UV-shadowing was used to

determine the photo-crosslinking yield of step a (gel A). The reaction products of steps
b-f were analyzed by electrophoresis on a non-denaturing NuPage gel (gel B). Fusion

products carry the *S-radiolabel in the peptide portion and were detected by
autoradiography.

gel shift similar to the mRNA fusion 18, thus demonstrating a
stable crosslink between the cDNA genotype and the encoded
peptide carrying the 3°S methionine radiolabel (Figure 3). Its
subsequent conversion to the double-stranded cDNA - protein
fusion 21 followed the same reaction steps as described for the
synthesis of the Type | fusions 15 and 16.

In addition to the gel analysis, a set of experiments was carried
out with cDNA-protein fusions of Type Il to confirm their
structure. First, the nature of the peptide portion was inves-
tigated by specific binding to affinity reagents. Our model mRNA
2 encoded for the Flag (DYKDDDDK) and Strep tag |l
(WSHPQFEK) epitope sequences. After incubation with Anti-Flag
M2 Affinity Gel followed by washing steps, 57% of the cDNA
fusion 20 could be retained on the matrix thus verifying the
presence of the correctly expressed Flag peptide sequence.
Binding to StrepTactin sepharose occurred to a somewhat lesser
extent, leading to 18 % binding of fusion 20.

To examine the nature of the nucleic acid portion, we
subjected fusion constructs 18 and 20 to different nuclease
and alkaline treatments (Figure 4). Upon addition of RNase H to
mRNA - protein fusion 18, the mRNA strand was cleaved in the
double-stranded mRNA/cDNA hybrid region, leaving only the
single-stranded mRNA 3’-overhang remaining bound to peptide
and linker 5 (Figure 4, lane 3). Incubation with RNase | led to

CHEMBIOCHEM 2001, 2, 666 -672

proved to be stable to RNase treatment (Figure 4, lane 5).
However, treatment of fusion 20 with T4 DNA polymerase
that exhibits 3’-5" exonuclease activity led to degradation
of the single-stranded c¢DNA (Figure 4, lane 7), whereas
RNA fusion 18 appeared to remain largely unchanged
under these conditions (Figure 4, lane 6). However, treat-
ment of the mRNA fusion 18 with 0.4m sodium hydroxide
led to the degradation of the mRNA (Figure 4, lane 8) but
left the cDNA fusion 20 untouched (Figure 4, lane 9).
Interestingly, the sharpness of the c¢DNA fusion band
greatly improved upon treatment with base and RNase |
(Figure 4, compare lane 2 with lanes 5 and 9). We attribute this
to a somewhat incomplete mRNA digestion with RNase H during
preparation of 20 (see also step e in Figure 3). As a result, the
product was likely to display some distribution in nucleic acid
length as seen by the diffuse appearance of bands during gel
electrophoresis. RNase | or sodium hydroxide removed mRNA
more efficiently, thus leading to a sharper band for cDNA fusion
20.

To further demonstrate the increased stability of cDNA - pro-
tein fusions over mRNA - protein fusions, single- and double-
stranded fusions 9, 13, 15, and 16 were incubated with chinese
hamster ovarian cell membranes at room temperature (Table 1).
Aliquots were withdrawn over time and analyzed by gel
electrophoresis to determine fusion half-lives. As expected, the
mRNA fusions 9 and 13 were most rapidly degraded. The
addition of VRC ribonuclease inhibitor reduced the rate of mMRNA
decomposition by about fourfold but did not completely abolish
nuclease activity. Single-stranded ¢DNA fusion 15 was also
subject to nuclease degradation, but showed a more than
twofold increased half-life over mRNA-fusion 9. Double-stranded
cDNA fusion 16 was completely stable for two hours. No more
radioactivity could be detected after gel-analysis of samples
which were exposed to cell membranes for 24 h. This suggested
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Table 1. Half-life values of peptide fusions in the presence of chinese hamster
ovarian cell membranes. VRC = vanadyl ribonucleside complex.
Fusion construct VRC t,,
ssRNA 9 —  35min
+ 120 min
DNA/RNA o{Zme) 13— 12min
o +  50min
ssDNA =o=Pepide) 15— somin
dsDNA =o=HPepide) 16 - >2h, <24h

that residual protease activity lead to degradation of the protein
portion of the fusion which carries the radioactive label (*°S).

Discussion

In the synthesis of cDNA-protein fusion Typel, a psoralen
photo-crosslinking reaction was used to covalently attach the
reverse transcription primer to the mRNA-peptide fusion
molecule 9. To confer specificity to the crosslinking reaction,
the DNA - linker region in 9 was designed to code for a reverse
transcription primer hybridization sequence and for a d(TA)
psoralen intercalation site (Figure 1).2 Although the sequence
of linker 3 differed slightly in sequence from the polynucleotide
linkers described previously, in vitro translation of 8 produced
the fusion product 9 in a yield similar to the yields reported for
templates carrying poly-dA derived puromycin linkers (Fig-
ure 2).1%1

In the synthesis of the Type Il cDNA - protein fusion, the use of
the branched puromycin linker 5 that carried a covalently bound
reverse transcription primer rendered the post-translational
photo-crosslinking step unnecessary (Figure 3). The novel linker
design was based on a recently developed and improved
strategy for the preparation of mRNA-puromycin templates,
which used a psoralen interstrand crosslink as a pausing site for
the ribosome.l'®! According to these results, the highest fusion
yield was achieved when the 3’-terminal puromycin was
attached through highly flexible triethylenglycol phosphate
(TEG) units to the hybridization sequence carrying the 5'-
psoralen. Based on these findings, dCdC-puromycin was attach-
ed through six TEG units to a branched phosphate building
block in the hybridization sequence of linker 5. Sequence
specific hybridization of 5 to mRNA 2 followed by psoralen
interstrand crosslinking formed the mRNA - linker conjugate 17
in good purity for direct fusion formation in rabbit reticulocyte
lysate. The fusion yield of 17 was equal to the yields which were
typically obtained with templates carrying linear (nonbranched)
photolinkers.!'!

Binding of cDNA - protein fusion 20 through the N-terminal
Flag-epitope to the anti-Flag antibody was more efficient (57 %)
than binding of the C-terminal Strep-tag to the StrepTactin
affinity reagent (18%). This could be in part due to steric
hindrance or electrostatic repulsion caused by the proximity of
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the C-terminal tag to the comparatively large and highly charged
nucleic acid portion during binding to the anti-Flag antibody.
Alternatively, the 3'-terminal mRNA - primer duplex may cause
an antisense effect and block the ribosome from completely
translating the StrepTag Il coding region. The duplex formed
between linker 5 and mRNA 2 reaches into the ORF and might
lead, at least partially, to ribosome stalling and premature fusion
formation. The incorporation of a linker sequence following a
structurally important coding sequence could alleviate this effect
and ensure complete translation of the ORF.

Degradation experiments confirmed our expectations that the
cDNA fusion is resistant to ribonuclease digestion and is stable at
alkaline pH, whereas the mRNA fusion is completely degraded
under these conditions (Figure 4). A comparison of half-lives
after incubation with chinese hamster ovarian cell membranes
showed that cDNA - protein fusions 15 and 16 are significantly
more robust than the mRNA fusion 9 and 13 under these
conditions (Table 1). Addition of the nuclease inhibitor vanadyl
ribonucleoside complex (VRC) increased the half-lives of mRNA -
protein fusions by about fourfold to reach times which were
comparable to the half-lives of cDNA -protein fusions in the
absence of inhibitor. The lability of the mRNA/cDNA - peptide
construct 13 over the single-stranded mRNA - peptide fusion 9
suggested RNase H activity in the membrane preparation. The
double-stranded <DNA -peptide fusion 16 was most inert
towards degradation and showed a half-life which was at least
fourfold larger than the half-life found for the mRNA - protein
fusions in the absence of ribonuclease inhibitor.

The present cDNA fusion technology should be most useful
for protein selection in vitro. Libraries of cDNA - protein fusions
can be prepared and polypeptide ligands to a desired protein
target can be isolated by iterative rounds of affinity selection and
amplification (Figure 5). Double-stranded fusions are preferen-
tially employed in the affinity selection step to prevent single-
stranded nucleic acid sequences from forming functional
structures and to ensure that the protein moiety alone is
responsible for the function in the fusion molecule. The cDNA/
mRNA hybrid form can be easily obtained by primer elongation
of the cDNA fusion template of Type Il and does not involve a
heating step for sequence-specific annealing of an endogenous
primer as described previously.'™ Thus, cDNA fusion technology
should be most beneficial in in vitro selection protocols employ-
ing antibody, antibody(mimic) or cellular protein libraries, and
where a heating step would lead to denaturation of the fused
protein. This could cause misfolded structures to be carried into
a selection.

A further advantage of using cDNA - protein fusion technol-
ogy for in vitro selection protocols includes the resistance of the
cDNA genotype towards degradation by RNases. This robustness
should prove beneficial for in vitro selections when an RNase-
free preparation of the target cannot be obtained. Applications
include the selection of affinity ligands to receptor proteins,
which are difficult to obtain in active form from recombinant
sources, and which need to be presented on membranes or on
whole cells.

The robustness of cDNA - protein fusions in alkali could allow
for post-translational modification of the protein portion. For
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Figure 5. In vitro selection scheme. A protein library is prepared according to the present protocol for the preparation of Type Il cDNA fusions. Target-binding fusion
molecules can be isolated in the affinity selection step and can subsequently be amplified to afford an enriched pool of binding sequences.” ™!

example, base-catalyzed S-elimination of phosphate in phos-
phoserine or phosphothreonine followed by nucleophilic addi-
tion of nonnatural residues should be possible without destroy-
ing the cDNA genotype.?" An in vitro selection protocol without
intervening amplification, similar to the protocol described for
the isolation of DNA aptamers with modified nucleotides,??
could be applied for the efficient identification of nonnatural
polypeptide ligands from chemically modified cDNA - protein
fusion libraries.

In summary, the robustness of cDNA - protein fusions should
provide flexibility in the choice of selection conditions and
should prove most useful in in vitro selection applications where
mRNA - protein fusions would be degraded. We believe that this
robustness and the ease of their preparation should make cDNA
fusions a versatile tool for in vitro peptide and protein display
applications.

Materials and Methods

Oligonucleotides: The model mRNA substrates 1: GGG ACA AUU
ACU AUU UAC AAU UAC AAU GGA CUA CAA GGA CGA UGA CGA
UAA GGG CGG CUG GUC CCA CCC CCA GUU CGA GAA GGC AUC CGC
U and 2: GGG ACA AUU ACU AUU UAC AAU UAC AAU GGA CUA CAA
GGA CGA UGA CGA UAA GGG CGG CUG GUC CCA CCC CCA GUU
CGA GAA GGC AUC CGC UAU UUA AAA AAA AAA AAA AAA AAA A
were prepared by T7 transcription (Megashortscript transcription kit,
Ambion, TX, USA) from dsDNA templates. After transcription, the
mRNAs were purified by denaturing polyacrylamide gel electro-
phoresis. The modified oligonucleuotides 3: 5'-pd(AAA AAA AAA
ACG GCT ATA TAA AAA AAA CQC)-Pu, 4: 5’ psoralen C2-TAG CCG TTT
TTT TTT TAG CGG ATG C and 5: 5’ ggt caa gct ctt-branch [5 psoralen
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C6 -TAG CGG ATG C 3'] spacerg CC-Pu [uppercase = standard DNA-3'-
phosphoramidites; lowercase = DNA-5-phosphoramidites; spacer =
spacer-9 phosphoramidite; Pu= puromycin-CPG (all Glen Research,
VA, USA); branch =asymmetric branching amidite (Clontech, CA,
USA)] were synthesized on an Expedite Synthesizer Model 8909
(PerSeptive Biosystems, MA, USA) according to recommended
protocols for the corresponding phosphoramidites. For the
branched construct 5, the main chain was synthesized first and
concluded with a final capping step. Next, the levulinyl protecting
group was removed from the branching unit through treatment with
0.5m hydrazine monohydrate in pyridine —acetic acid for 15 min at
room temperature. Automated synthesis was then resumed and the
side chain sequences (indicated in square brackets) were attached.
The oligonucleotides were fully deprotected in concentrated
ammonium hydroxide for 8 h at 55°C and purified by denaturing
polyacrylamide gel electrophoresis. The DNA sequences 6: d(TTT TTT
TTT TAG CGG ATG C) and 7: d(TAA TAC GAC TCA CTA TAG GGA CAA
TTA CTATTT ACA ATT) were purchased from Oligos etc. (OR, USA) and
used without further purification.

Synthesis of cDNA - protein fusions of Type | (Figure 2): mRNA 1
and linker 3 were hybridized to template DNA 6 and enzymatically
ligated by T4 DNA ligase as described previously."™! After purification
by electrophoresis on a denaturing polyacrylamide gel, the resulting
mRNA - linker construct was used as template for in vitro translation
using the Retic Lysate IVT kit from Ambion. Reactions contained
ligated mRNA 8 (50 pmol), creatine phosphate (10 mwm), potassium
acetate (150 mm), magnesium chloride (0.5 mm), 0.1 mm of each
amino acid exept methionine, [**S] methionine (150 uCi; Amersham)
and 67 % v/v of lysate in a total volume of 300 uL and were carried
out for 30 min at 30°C. To promote the subsequent formation of
mMRNA - peptide fusions, KCl and MgCl, were added to 590 mm and
50 mm final concentrations, respectively, in a volume of 500 L.
Incubation was continued for 60 min at 20 °C. Products were isolated
by diluting the lysate into binding buffer (10 mL; 100 mm Tris - HCI
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pH 8.0 at 25°C, 10 mm EDTA, 1m NaCl, 0.25% v/v Triton X-100) and
adding 10 mg oligo-dT cellulose type 7 (Pharmacia, NJ, USA).
Samples were rotated for 60 min at 4 °C. The solid support was then
washed with ice-cold binding buffer (5 mL) that was devoid of EDTA,
followed by elution with aliquots of H,0 (100 pL). Product was found
in fractions 2 and 3, which were then combined. The total yield of
mRNA fusion 9 was determined by scintillation counting of the
incorporated [*S] methionine to be 1.6 pmol (3.2% of input mRNA
8). The oligo-dT-purified material 9 (20 uL) was mixed with primer 4
(0.5 pL, 50 um) and first strand buffer (6 puL, Superscript Il kit from
GibcoBRL; 250 mm Tris-HCl pH 8.3 at 25°C, 375 KCl, 15 mm MgCl,)
and briefly heated to 80°C for 2 min, followed by slowly cooling to
0°C. Psoralen photo-crosslink formation was induced by irradiating
the sample for 15 min at 0°C with A>310nm [450 W medium
pressure immersion lamp (ACE Glass), equipped with a Pyrex
absorption sleeve in a Quartz immersion well]. Next, a dNTP mix
(0.6 uL; 25 mm each), 0.1m DTT (3 L) and Superscript Il reverse
transcriptase (0.4 pL; 80 units) were added and cDNA synthesis was
carried out for 60 min at 42 °C. The RNA portion was then removed
from 14 by continuing incubation for 60 min at 37 °C after addition
of RNase H (0.5 pL; 1 unit; Promega) to yield single-stranded cDNA -
protein fusion 15. Finally, double-stranded DNA 16 was generated by
adding primer 7 (50 pmol) incubating for another 60 min at 42°C.
Product analysis was carried out by electrophoresis on denaturing
6% TBE —urea polyacrylamide gels (Novex), followed by visualizing
of the *S-labeled product bands through exposing on phosphor-
imager screen. Control reactions were performed following the same
reaction sequence but ommitting the psoralen photo-crosslink
formation (Figure 2, steps d -f)

Synthesis of cDNA -protein fusions of Type Il (Figure 3): The
branched linker construct 5 (5 um) was annealed to mRNA 2 (2.5 um)
in 25 mm Tris buffer (pH 7.0 at 25°C), containing NaCl (100 mm) and
crosslinked by irradiation for 15 min at room temperature in a
borosilicate glass vial (Kimble/Kontes, NJ, USA) using a handheld
multiwavelength UV lamp model UVGL-25 (UVP, CA, USA) set to long
wave. Product analysis was performed by electrophoresis on a 6%
TBE -urea polyacrylamide gel followed by visualizing through UV
shadowing and indicated nearly quantitative conversion of the
starting material. The photo-ligated product 17 was used for in vitro
translation without further separation from remaining unligated
mMRNA and excess linker. In vitro translation and fusion formation
reactions were performed as described for Type | with 100 pmol
input mMRNA in a 300 pL total volume. After purification on oligo-dT
cellulose we obtained mRNA fusion 18 (5.5 pmol). Its conversion into
single-stranded and double-stranded cDNA - protein fusions 20 and
21, respectively, was done by reverse transcription (Superscript Il kit
from GibcoBRL) and RNase H (Promega) treatment as described for
Type | fusion.

Flag immunoprecipitation and StrepTactin binding: 3°S-labeled
cDNA - protein fusion 20 (10 pL; specific acticity 4000 cpom pL~") was
added to Anti-Flag M2 Affinty Gel (20 uL; Sigma, MO, USA) in 300 pL
buffer containing 50 mm Tris-HCl pH 7.4 at 25°C, 1% NP 40, NaCl
(150 mm), EDTA (1 mm), Na,VO, (1 mm), and NaF (1 mm). A second
sample was prepared with StrepTactin sepharose (20 pL; Genosys,
TX, USA) in 300 pL buffer containing 100 mm Tris - HCl pH 7.1 at 25°C,
EDTA (1 mm) and yeast tRNA (0.5 mgmL-"). The mixtures were
rotated for 1 h at 4°C and then transferred to a Ultrafree-MC filter
unit (0.45 um; Millipore, MA, USA). The buffers were removed by
centrifugation, and the residues washed with ice-cold buffer (5 x
300 pL). The cDNA - protein fusion-affinity reagent interaction was
disrupted by heating the residues in 400 uL NuPage gel-loading
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buffer to 70°C for 5min. An aliquot of 20 uL was removed and
quantitated by scintillation counting. The amount of fusion bound to
the anti-Flag gel was found to be 57 % as being determined by the
relative amount of radioactivity recovered; binding to StrepTactin
occurred with 18 % efficiency. For comparison, binding of the same
construct as mRNA - peptide fusion took place with 57 and 63 %,
respectively.'®!

Nuclease and base treatment: To cDNA fusion 20 (10 pL) or mRNA
fusion 18 (10 uL) in reverse transcription buffer we added either
RNase H (0.2 pL; 0.4 units), RNase | (0.2 uL; 2 units), T4 DNA
polymerase (0.2 uL; 0.6 units; 3'-5" exonuclease activity) or 2.0m
NaOH (2.5 pL). Samples were incubated for 30 min at 37 °C and then
analyzed on a 4-12% NuPage polyacrylamide gel (Novex) followed
by autoradiography (Figure 3).

Stability in biological media: 5 nm of either mRNA fusions 9 or 13, or
cDNA fusions 15 or 16 were incubated with CHO-K1 cell membranes
(3 ug pL='; Receptor Biology, MD, USA) in 50 mm Tris-HCl pH 8.3 at
25°C, Kcl (75 mm), MgCl, (3 mm) and DTT (10 mm) at room temper-
ature. Additional sample solutions of mRNA fusions 9 and 13 were
prepared which contained vanadyl ribonucleside complex (VRC;
20 mm) to inhibit ribonuclease activity. Aliquots were taken after 0, 5,
15, 30, 60, 120 min and 24 h, and analyzed by electrophoresis on 4 -
12% NuPage polyacrylamide gels (Novex) followed by exposure on
phosphorimager screen. The relative amounts of remaining fusion
were plotted against incubation time and half-lives were graphically
extracted from the resulting curves (Table 1).

We thank L. Bloom for technical assistance and M. Matteucci, M.
Wright, D. Lipovsek for suggestions on the manuscript.
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The Activation of Fibroblast Growth Factors by
Heparin: Synthesis, Structure, and Biological
Activity of Heparin-Like Oligosaccharides

José-Luis de Paz® Jesus Angulo,® José-Maria Lassaletta,? Pedro M. Nieto,™
Mariano Redondo-Horcajo,"™ Rosa M. Lozano, Guillermo Giménez-Gallego,®

and Manuel Martin-Lomas*@!

An effective strategy has been designed for the synthesis of
oligosaccharides of different sizes structurally related to the regular
region of heparin; this is illustrated by the preparation of
hexasaccharide 1 and octasaccharide 2. This synthetic strategy
provides the oligosaccharide sequence containing a p-glucosamine
unit at the nonreducing end that is not available either by
enzymatic or chemical degradation of heparin. It may permit, after
slight modifications, the preparation of oligosaccharide fragments
with different charge distribution as well. NMR spectroscopy and
molecular dynamics simulations have shown that the overall
structure of 1 in solution is a stable right-hand helix with four
residues per turn. Hexasaccharide 1 and, most likely, octasacchar-

Introduction

Fibroblast growth factors (FGFs) constitute a family of signaling
polypeptides involved in a wide variety of physiological
processes. Disruption of their homeostasis is associated with
numerous important diseases. FGF signaling at the molecular
level is mediated by binding to specific cell-surface receptors
(the FGFRs) and the biological activity of FGFs is tightly regulated
by heparin-like glycosaminoglycans, either free or belonging to
the cell plasma membrane."! These heparin-like glycosamino-
glycans are predominantly formed by disaccharide repeating
units of p-glucosamine (GIcN) and L-iduronic acid (IdoA), linked
by a-(1 —4) glycosidic linkages and typically containing sulfate
groups located at positions 2 and 6 of the p-glucosamine unit
and position 2 of the r-iduronic acid unit. But these polysac-
charides also contain, to a lesser extent, p-glucuronic acid, N-
acetylglucosamine, and unsubstituted glucosamine residues and
show, in addition, considerable heterogeneity as far as the
length of the saccharide chain and the degree of sulfation are
concerned.”? The structure of these saccharide chains has been
widely studied but some features, which are mainly related to
the conformation of the r-iduronic acid units, are still open
questions.® The influence of saccharide length and charge
distribution on FGF binding and the minimal structural require-
ments for the saccharide chain to regulate FGF biological activity
are matters of current interest."™ 4 A number of studies seem to
indicate that octasaccharides and longer heparin fragments bind
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ide 2 are, therefore, chemically well-defined structural models of
naturally occurring heparin-like oligosaccharides for use in binding
and biological activity studies. Both compounds 1 and 2 induce the
mitogenic activity of acid fibroblast growth factor (FGF1), with the
half-maximum activating concentration of 2 being equivalent to
that of heparin. Sedimentation equilibrium analysis with com-
pound 2 suggests that heparin-induced FGF1 dimerization is not an
absolute requirement for biological activity.

KEYWORDS:

conformation analysis -
oligosaccharides - synthesis design

growth factor activation - heparin -

and activate FGFs™* % while controversial results have been
reported on the stimulatory activity of hexasaccharides. 1%
Crystal structures of several FGFs,"! FGF complexes with heparin
fragments,® and FGF-2"! (basic FGF) and FGF-1® (acidic FGF)
bound to variants of the FGFR have been determined.
However, the role played by heparin-like oligosaccharides in
the activation process is not well understood and several
hypotheses have been launched to account for the existing
experimental data.l'! |t seems to be widely accepted that the
specific interaction of FGFs with heparin would give rise to FGF
oligomerization and that these oligomers would then interact
with the FGFR to induce the cellular response through FGFR
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dimerization."" However it is not clear
whether this type of mechanism

would generally apply to all members

of the FGF family. The configuration of

the heparin-FGF and heparin-FGF - H
FGFR complexes remains, therefore, a
controversial issue.['?

The above-mentioned structural, H G
binding, and biological activity studies
along with a number of others make
evident the complexity involved in
establishing the molecular basis of
the FGF —heparin-FGFR interaction and in understanding the
different functions of the FGF family. The heterogeneity of the
heparin-like glycosaminoglycans makes it difficult to determine
the binding sequences for the FGFs and FGFRs. Therefore, the
development of effective and versatile synthetic strategies that
permit the preparation of homogeneous oligosaccharides with
defined sequence and charge distributions to perform reliable
conformational, binding, and biological activity studies is highly
desirable.

We now report a strategy for the synthesis of the regular
region of these heparin-like oligosaccharides, the effectiveness
of which is illustrated by the prepara-
tion of hexasaccharide 1 and octasac-
charide 2 (Scheme 1). As a prerequisite
to further investigation of the interac-
tion of synthetic 1 and 2 with FGF-1—
the crystal structure of binary and HO
ternary complexes of FGF-1 with nat-
ural heparin fragments® and with
FGFR® have been recently reported—
we have also examined the three-
dimensional structure of synthetic 1
in solution and the effect of 1 and 2 on
the stimulation of the mitogenic activ-
ity of FGF-1. In order to contribute to
the understanding of FGF-1 activation,
sedimentation equilibrium analyses
with FGF-1 and the synthetic oligosac-
charides have been performed as well.

oM
P60

Results and Discussion
Synthesis

Oligosaccharides 1 and 2 contain -
iduronic acid residues at the reducing

end and this sequence is not available \U/

either by enzymatic or chemical deg-

radation of heparin. The synthesis of OAc
disaccharide sequences containing this Bm;&oz )TH
structural motif has only recently been Ny
reported.'? While this work was in
progress, the synthesis of a tetra- and
hexasaccharide containing the alterna-
tive sequence, with the L-iduronic acid
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Scheme 1. Structures of hexasaccharide 1 and octasaccharide 2. For the sake of simplicity the t-iduronate units
are all shown in the 'C, conformation.

unit at the nonreducing and the p-glucosamine residue at the
reducing end, was reported along with the effect of these
synthetic compounds on the inhibition of FGF-2 binding and
proliferation induced by FGF-2 with cultured human aortic
smooth muscle cells." Previous studies on the synthesis and
biological effect on FGF-2 of several pentasaccharide fragments
containing L-iduronic or p-glucuronic acid residues and showing
the above alternative sequence have also appeared.''™

The synthesis of fragments of the regular region of heparin (I)
here reported involves a convergent n+ 2 block approach, as
indicated in Scheme 2. A careful protecting-group strategy was

n

lJ/ (2+2)n
% Ppr
N3 O/%_
OBn
Meoﬁwoms Ph/voﬁo ;o e
B O CCl
N3

OH OH

Scheme 2. General retrosynthetic strategy for the oligosaccharide fragments of the regular region of heparin. R,
P'—P" = protecting groups, Bn = benzyl, Ph = phenyl, DTS = dimethylthexylsilyl (thexyl = 1,1,2-trimethylpropyl).
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Heparin-Like Oligosaccharides

designed to obtain the key disaccharide
structures I, which may operate either as
glycosyl donors or as glycosyl acceptors,
thereby allowing the required stereo-
chemistry of the glycosidic linkages to
be achieved and the sulfate groups to be
located at the desired positions at a later
stage. The synthesis of structures Il was
envisaged (Scheme 2) to begin from the
2-azido-2-deoxy-p-glucopyranosyl tri-
chloroacetimidates, 3 and 5, and the
iduronic acid derivative glycosyl acceptor
4. These monosaccharide units have been
prepared in a multigram scale: 5 from p-
glucosamine hydrochloride by a diazo
transfer reaction with triflic azide,'® 3
from p-glucal,"”! and 4 from p-glucurono-
6,3-lactone.l

The disaccharides 6, 7, and 8 were
prepared as building blocks for construct-
ing, respectively, the nonreducing end,
the inner regions, and the reducing end
of oligosaccharides 1 and 2 as indicated
in Scheme 3. Building block 6 was syn-
thesized by regio- and stereoselective

glycosylation of the iduronic acid derivative 48 with trichloro-
acetimidate 3" followed by benzoylation to give 9, desilylation
to afford 10, and anomeric activation to yield finally 6 (43%
overall yield). The regioselectivity observed in the glycosylation
of 4 with 3, as well as in the glycosylation of 4 with 5 (see below),
most likely results as a consequence of the 'C, conformation of 4
(*J,4=1.1Hz), favored by a strong OH4—02 hydrogen bond
(J2012=0, J401s=11.5Hz) that should decrease the nucleophi-

licity of OH2, as well as being due to the
steric hindrance imposed on OH2 by the
neighboring dimethylthexylsilyl group.
Building blocks 7 and 8 were prepared
from the common precursor disaccharide
11, which was synthesized in 63% yield
by regio- and stereoselective glycosyla-
tion of 48 with trichloroacetimidate 5.')
Pivaloylation of 11 gave 12; this was then
desilylated, to give 13, and activated as
trichloroacetimidate 7 in 74% overall
yield. Compound 7, which constituted
the key building block for the construc-
tion of the inner regions of the target
oligosaccharides, was also used for the
synthesis of the reducing end disacchar-
ide 8. Glycosylation of 7 with isopropanol
afforded the isopropyl glycoside 14
which was transformed into diol 15 and
then finally regioselectively benzoylated
to give 8 in 68% overall yield. The
presence of the sterically demanding
pivaloyl group along the synthetic path-
way was crucial since it considerably
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Scheme 3. Synthesis of disaccharide building blocks. Reagents and conditions: a) 5% TMSOTY, CH,Cl,; BzCl,
Pyr, 51 %, b) (HF), - Pyr, 88 %; c) CI;CCN, K,CO;, 95 %; d) 5% TMSOTf, CH,Cl,, 62 % (35 % of recovered 4); e) PivCl,
Pyr, DMAP (cat.), 91 %; f) (HF),- Pyr, 82 %; g) CI;CCN, K,CO;, 99%; h) iPrOH, 2% TMSOTF, 70 %; i) EtSH, PTSA
(cat.), 90%; j) BzCN, Et;N (cat.), MeCN, —40°C, 95 %. Bz = benzoyl, DMAP = 4-dimethylaminopyridine, Piv =
pivaloyl, PTSA = p-toluenesulfonic acid, Pyr= pyridine, TMSOTf = trimethylsilyl trifluoromethanesulfonate.

decreased acyl migration in the desilylation step, avoided
orthoester formation in the glycosylation step,?? and contrib-
uted a better glycosyl donor performance than the correspond-
ing 2-O-acetyl analogues.?"! Glycosylation of acceptor 8 with
donor 7 afforded tetrasaccharide 16 in 79 % vyield.

The benzylidene protecting groups were removed from
compound 16 to give 17, which was then transformed into
acceptor 18 by selective benzoylation in 93 % yield (Scheme 4).
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21: R = Na; R' = R®= R* = SO3Na; R? = Bn; X = N3

g)l

1

Scheme 4. Assembly of hexasaccharide 19 and deprotection sequence to form 1. Reagents and conditions:
a) 3% TMSOTF, CH,Cl,, 79% (19 % of recovered 8); b) EtSH, PTSA (cat.), 75 %; c) BzCN, Et;N (cat.), MeCN, — 40°C,
93%; d) 3% TMSOTY, 58 % (36 % of recovered 18); e) KOH, 74 %; f) SO;- NMe;; Dowex 50WX4 (Na*), 71 %;

g) 10% Pd/C, H,; SO;-Pyr, 87 %.
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The coupling of 18 with donor 6 took place with only moderate
yield (58%) to afford hexasaccharide 19, although a substantial
amount (39 %) of valuable acceptor 18 could be recovered from
the reaction mixture. Hexasaccharide 19 was then submitted to
the deprotection/sulfation sequence. Acyl and methoxycarbonyl
groups were removed by an aqueous/alcoholic solution of KOH
and the resulting partially protected hexasaccharide 20 was
sulfated and isolated as the sodium salt 21. Hydrogenolytic
cleavage of the benzyl groups and simultaneous reduction of
the azido groups in 21 followed by selective N-sulfation yielded
compound 1 (87 % yield), which was purified by gel permeation
chromatography according to the protocol previously reported
for oligosaccharides of the irregular region of heparin.??

The effectiveness of this synthetic strategy for the preparation
of heparin-like oligosaccharides with increasing size (>2 units)
by repeating the sequence of reactions leading from 16 to 19
has been demonstrated by the synthesis of octasaccharide 2
(Scheme 5). Glycosylation of 18 with 7 gave hexasaccharide 22 in
52% yield. As previously a large quantity (40 %) of unreacted 18
could be recovered from the reaction mixture. The benzylidene
protecting groups were removed from compound 22 to give 23
(79% vyield) and this was selectively benzoylated to yield 24
(90% yield). Glycosylation of 24 with 6 afforded 25 in 60 % yield
(and 40% of unreacted 24). Octasaccharide 25 was then
submitted to the deprotection/sulfation/purification sequence
to give, through 26 (67 % yield from 25) and 27 (74 % yield from
26), finally the target compound 2 (60% vyield from 27).
Hexasaccharide 1 and octasaccharide 2 were fully characterized
by NMR spectroscopy and by matrix-assisted laser desorption/
ionization time of flight (MALDI-TOF) mass spectrometry of their
complexes with the synthetic basic peptides (Arg-Gly),, and
(Arg - Gly),s, respectively, according to a procedure previously
reported.’?!

M. Martin-Lomas et al.

The above synthetic strategy, which has been partially inspired
by previous work on the antithrombinlll binding heparin
pentasaccharide,” provides oligosaccharide sequences of the
regular region of heparin, the size of which can be varied, as
exemplified by the synthesis of compounds 1 and 2. Modifica-
tions of this strategy also allow the synthesis of oligosaccharides
differing in the sulfation pattern. These synthetic compounds, as
well as those reported by others!'*'! with different sequences
and prepared by a different route, may be crucial in disclosing
the structural and biological consequences of the diversity and
complexity of the FGF family.

Structure

The structure of heparin-like oligosaccharides is a matter of
current interest.® One of the most relevant topics in this regard
is the conformation of the L-iduronate residues. NMR spectros-
copy, X-ray fiber diffraction studies, and molecular modeling
studies have indicated that these L-iduronate units may adopt
'C,, *C,, and 2S5, conformations within the glycosaminoglycan
oligosaccharide chain.2 Heparin itself is a heterogeneous
polysaccharide, and the NMR spectra of long oligosaccharide
fragments of heparin suffer from polydispersity and signal
overlapping that hamper the consideration of individual units in
the chain. This problem has been previously approached
working with a purified hexasaccharide fragment obtained by
enzymatic depolimerization of heparin.?® This hexasaccharide
presents, therefore, a monosaccharide sequence alternative to
the sequence in hexasaccharide 1, contains an unsaturated
uronic acid residue at the nonreducing end, and, in addition,
displays anomeric heterogeneity at the reducing end. Therefore,
in order to obtain rigorous information on the three-dimensional
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Scheme 5. Assembly of octasaccharide 25 and deprotection sequence to form 2. Reagents and conditions: a) 3 % TMSOTf, CH,Cl,, 52 % (40 % of recovered 18); b) EtSH,
PTSA (cat.), 79 %; c) BzCN, Et;N (cat.), MeCN, —40°C, 90 %; d) 3 % TMSOTY, 60 % (33 % of recovered 24); e) KOH, 67 %; f) SO; - NMe;; Dowex 50WX4 (Na*), 74 %; g) 10 % Pd/

G, H,; SO;-Pyr, 60%.
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Table 1. Observed 'H and '*C chemical shifts (in ppm) and 3),,,, values (in Hz) in the NMR spectra of 1.
H1; C1 I H2; C2 s H3; C3 Ja H4; C4 Jus H5; C5 Heé; C6

IdoA (A) 5.22; 29 4.14; - 4.16; 3.2 4.00; 2.6 4.50;
97.70 76.69 69.58 76.49 68.98

GlcN (B) 5.30; 3.23; 3.66; 3.75; 3.96; 4.38(R), 4.21(S);
97.39 58.62 70.23 76.44 69.78 66.93

IdoA (C) 5.24; 29 4.30; 4.5 4.17; 33 4.05; 27 4.82;
99.57 76.44 69.58 76.39 70.03

GlcN (D) 5.37; 3.23; 3.62; 3.74; 3.99; 4.39(R), 4.22(5);
97.31 58.62 70.23 76.44 69.78 66.93

IdoA (E) 5.18; 29 4.29; 5.6 4.16; 34 4.06; 2.8 4.79;
99.65 76.44 69.58 76.39 70.03

GlcN (F) 5.40; 3.19; 3.59; 3.52; 3.95; 4.32(R), 4.17(S);
97.15 58.62 71.53 69.98 70.58 67.08

structure of our synthetic oligosaccharides in solution, we
undertook the conformation analysis of hexasaccharide 1.

The H and C NMR spectra of 1 were fully assigned with
conventional one- and two-dimensional spectroscopy (Table 1).
The 3, values, which have been previously used to determine
the conformation of the t-iduronate residues,” %! were obtained
by recursive deconvolution in the frequency domain of DQF-
COSY cross-peaks.?¥ As expected the 3J, values obtained for all
the p-glucosamine units indicated a single *C; conformation. The
*Jus e and 3Jys e values obtained and the detection of a short
distance between H4 and H6 allowed the stereospecific assign-
ment of these protons, which was in agreement with that
reported based on chemical shift criteria®< and permitted
definition of the w angle as indicative of a major gg rotamer in all
p-glucosamine residues. The 3J,,; values for the L-iduronate units
(Table 1) could be accounted for by a fast equilibrium between
'C, and %S, conformers where the 'C, populations for residues A,
C, and E were 61, 55, and 62%, respectively, with no clear
differences among the units, including the residue at the
reducing end (Scheme 6). The potential border effects observed
for natural samples are therefore minimized in the synthetic
isopropyl glycoside 1.

OGicN <]
eoocﬁﬁ Hgoc ){l R oakN
H == A o
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'c, 2g,

Scheme 6. Conformational equilibrium of the t-iduronic acid (IdoA) residues.
Calculated populations for the IdoA residues A, C, and E in hexasaccharide 1 are
61, 55, and 62 %, respectively.

Molecular dynamics simulations starting from structures
containing all the -iduronate residues in either the 'C, or the
25, conformation were strongly dependent on the electrostatic
treatment. Transitions between iduronate skew-boat conforma-
tions and, more rarely, between skew-boat and chair conforma-
tions were always found in the subnanosecond scale (see
Supporting Information). The best results were obtained with
e=5r and taking as the main criterium the absence of
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conformations incompatible with the spectroscopic data. As
previously reported,®¥ a 25,-55; pseudorotational equilibrium
found in the picosecond scale could not be experimentally
substantiated. The simulations starting from different conform-
ers were analysed individually as the system failed to reach a
steady state regarding the iduronate conformational transitions.
In all cases glycosidic linkage geometries of type syn-¥ were
found (Figure 1). This result is in agreement with the observed
interresidue NOE contacts (H1'-H3 and H1'—H4 for GIcN - 1doA
linkages and H1'-H4 and H1'-H6; for IdoA-GIcN linkages) as
predicted by the adiabatic energy maps (not shown). The
adiabatic energy maps corresponding to the GIcN-IdoA link-
ages showed some differences depending on the conformation
of the L-iduronate residue being considered, but no attempt was
made to justify the experimental data as anisotropy prevented
the accurate evaluation of the interprotonic distances. A weak
NOE effect was observed between GIN;H3 and IdoA;,;H5 which,
according to the minimized models, could only take place for L-
iduronate 'C, conformers; this confirms the 3J,, analysis. The
overall structure of 1 along the simulation was a stable right-
hand helix with four residues per turn whatever the starting
conformation of the r-iduronate units (Figure 2).52®! This hep-
arin-like structure qualitatively agrees with the interglycosidic
NOE data. The ensemble of structures along the simulations
could be satisfactorily superimposed with the hexasaccharide
fragment of the central region of heparin (Figure 2).53?
Cross-relaxation rates, o"°f, were calculated at 500 and
400 MHz (Table 2) and the apparent correlation times were
calculated from these values (Table 3). Some indications about
the molecular tumbling of 1 could be obtained by comparison of
the interprotonic distances H1 -H2 and H2-H4 (2.4 and 2.5 A,
respectively) within the conformationally homogeneous b-
glucosamine units with the 0"t values. The apparent correlation
times for these vectors were considerably different (860 versus
1300 ps), which was a clear indication of an anisotropic tumbling
of compound 1 giving rise to different correlation times for
vectors with different orientations along the molecule axis
(around 109°). This anisotropic tumbling did not allow a
straightforward analysis of fast internal motions based on oN°
ratios, and '3C relaxation data then have to be considered.?”
These fast motions have often been disregarded by the use of
rigid top rotor models to account for homonuclear NMR data,
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Figure 1. ®/W distribution along the molecular dynamics simulation (4.5 ns) for
each glycosidic linkage and starting structure of the hexasaccharide 1. Starting
structures with IdoA residues in the 'C, form are shown on the left and in the ?S,
form on the right.
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with acceptable results in the calculation of the three-dimen-
sional structure. The right-handed helix symmetry implicit in 1
could be used to isolate the effect of anisotropy on o by
assuming similarity of orientation of equivalent vectors regard-
less their position along the chain. Thus, differences in the
apparent correlation times could be attributed to differential
segmental motions. When grouped by symmetry, a clear trend
on o"°E or apparent isotropic correlation times was found which
indicated a slower motion for internal units than for external
units in the oligosaccharide chain.

In conclusion, hexasaccharide 1, and most probably octasac-
charide 2, possesses the structural elements of the regular region
of heparin. The structure of the r-iduronate residues can be
described as a fast equilibrium between 'C, and 25, conformers
and the position of these residues in the oligosaccharide chain
does not seem to have appreciable influence in this conforma-
tional equilibrium. Only the external motions seemed exper-
imentally to be faster for the terminal residues, thus indicating
the existence of a border effect. Therefore hexasaccharide 1 and,
most probably, octasaccharide 2 are chemically well-defined
structural models of naturally occurring heparin-like oligosac-
charides which may provide valuable information in the study of
FGF binding and activation.

Biological activity

The mitogenic activity of FGF1 is strictly dependent on
heparin.?® Figure 3 shows the induction of the mitogenic
activity of FGF1 by increasing concentrations of a commercial,
relatively homogeneous heparin sample, hexasaccharide 1, and
octasaccharide 2. As previously reported,”?” the activating effect
of heparin reaches a maximum at concentrations of approx-
imately 100 pug mL~", at which the maximum activating activity of
octasaccharide 2 is also observed. Figure 3 also shows that the
half-maximum activating concentration (a parameter directly
related to the specific activity) of octasaccharide 2 and heparin
are equivalent (610 ugmL~"). The maximal activation level is,
however, somewhat lower in the case of octasaccharide 2.
Hexasaccharide 1 does also activate FGF1 but considerably
higher concentrations of 1 were needed to reach a maximal
activation equivalent to that of heparin (Figure 3).These results
are therefore in agreement with previous reports*? which
stated that the octasaccharide is the minimal oligosaccharide
size for significant biological activity.

Concerning the mechanism underlying FGF1 activation by
heparin, the previous observation that FGF1 can be cross-linked
in the presence of heparin has been taken as an indication that
heparin-induced FGF1 oligomerization may be central for the
FGFR dimerization required for intracellular signal transduc-
tion.B% This heparin-mediated FGF1 dimerization has been
observed in the crystalline structure of a FGF1-heparin
complex.® On this basis, a model is generally accepted for the
whole FGF family of proteins which implies that the formation of
the heparin-induced FGF dimers is necessary as a previous step
to FGFR dimerization. According to this model two FGF1 units
previously cross-linked by heparin would bring together two FGFR
units, thus promoting their reciprocal cross-phosphorylation.
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FULL PAPERS

Figure 2. Top: Representative interglycosidic NOE effects of 1. Center: Superimposition of 100 structures taken along the molecular dynamics simulation for each
starting structure (IdoA residues in the 'C, conformer (left) and in the ?S, (right)) of 1. Bottom: Central hexasaccharide of the dodecasaccharide structure in the same

orientation (left for 'C, and right for S, IdoA conformations).

Table 2. Cross-relaxation rates (o6"°¢ in s=') from the spectrum of 1 at 500 and
400 MHz.

GlcN IdoA Interglycosidic
H1-H2 H2-H4 H4-H5 H2-H5 H1'-H4 H1'-H3

Table 3. Calculated isotropic correlation times (t. in ns) for selected

interglycosidic vectors in the hexasaccharide 1.

GIcN (F) 500 MHz 0.15 0.039
400 MHz  0.13 0.037
(1—4) 500 MHz 0.12 0.09
400 MHz 0.10 0.07
IdoA (E) 500 MHz 0.19
400 MHz 0.15 0.042
(1—4) 500 MHz 0.12
400 MHz 0.09
GIcN (D) 500 MHz  0.25 01
400 MHz  0.23 0.084
(1—4) 500 MHz 0.16 0.13
400 MHz 0.15 0.m
IdoA (C) 500 MHz 0.22
400 MHz 0.15 0.05
(1—4) 500 MHz 0.13
400 MHz 0.12
GIcN (B) 500 MHz 0.20 0.1
400 MHz  0.18 0.084
(1—4) 500 MHz 0.14 0.08
400 MHz 0.13 0.07
IdoA (A) 500 MHz 0.11
400 MHz 0.099 0.034

Glycosidic linkage Vector T,

GlcN (F)/IdoA (E) H1'(F) - H4(E) 0.78
GlcN (F)/IdoA (E) H1'(F) - H3(E) 0.69
GlcN (D)/IdoA (C) H1'(D) - H4(C) 1.21
GlcN (D)/IdoA (Q) H1'(D)-H3(C) 0.81
GlcN (B)/IdoA (A) H1'(B) - H4(A) 1.13
GlcN (B)/IdoA (A) H1'(B)-H3(A) 0.88
IdoA (E)/GIcN (D) H1'(E) - H4(D) 0.66
IdoA (C)/GIcN (B) H1'(C) - H4(B) 0.83

Our results of sedimentation equilibrium analyses with
heparin and octasaccharide 2 are shown in Figure 4. The profile
of FGF1 solutions at the ionic strength of the mitogenic assays?"
shifted from that corresponding to a molecular species of
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Figure 3. Effect of increasing concentrations of heparin (e), hexasaccharide 1
(A), and octasaccharide 2 (m) on the mitogenic activity of FGFI.
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the matrix, the concentration of sample was 25 gL’
in H,O/CH,CN (1:1), and a-b-fucose (approximately
10% (w/w)) was always added to the solution.
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NMR Measurements: Correlation NMR measure-
ments were performed on Bruker DRX-500 and DRX-
400 instruments with acetone as an external refer-
ence in a 2mm sample (pH70). DQF-COSY,?
TOCSY,3 NOESY,24 and HMQCP3! experiments were

| 1
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Figure 4. Effect of heparin and octasaccharide 2 on the sedimentation equilibrium of FGF1. Left,
FGF1 without activators; center, FGF1 in the presence of 100 ugmL~" of heparin; right, FGF1 in the
presence of 100 ugmL~" of octasaccharide 2. Absorbance was normalized to the minimum and
maximum values of the plotted gradient. Absorbance maxima and minima were, respectively, 0.017
and 0.245, 0.032 and 0.167, and 0.161 and 0.502. Absorbance was measured at 280 nm in the
experiment represented on the left and at 236 nm in those represented in the center and on the right.

The estimated M, values were 13920, 30800, and 14270, respectively.

approximately 14kD to that corresponding to a molecular
species of about 30 kD when mitogenesis-activating concen-
trations of heparin were added to the FGF1 solution. However,
the profile of FGF1 solutions in the presence of activating
concentrations of octasaccharide 2 corresponded to a molecular
species of approximately 17 kD. These results suggest that
heparin-induced FGF1 dimerization in the culture medium
surrounding the cells is not an absolute requirement for FGF1-
induced mitogenesis signaling. In other words, FGF1 dimeriza-
tion previous to FGF1-FGFR binding does not seem to be an
absolute requirement for biological activity.

Experimental Section

General procedures: Thin layer chromatography (TLC) analyses
were performed on silica gel 60F,s, precoated on aluminum plates
(Merck) and the compounds were detected by staining with sulfuric
acid/ethanol (1:9) or with anisaldehyde solution (anisaldehyde
(25 mL) with sulphuric acid (25 mL), ethanol (450 mL), and acetic
acid (1 mL)) followed by heating at over 200 °C. Column chromatog-
raphy was carried out on silica gel 60 (0.2-0.5 mm, 0.2-0.063 mm,
or 0.040-0.015 mm; Merck). Optical rotations were determined with
a Perkin-Elmer 341 polarimeter. 'H and '*C NMR spectra were
acquired on Bruker DPX-300, DRX-400, and DRX-500 spectrometers
and chemical shifts are given in ppm relative to tetramethylsilane as
an internal reference or relative to D,0O. Elemental analyses were
performed with a Leco CHNS-932 apparatus, after drying analytical
samples over phosphorous pentoxide for 24 h. Mass spectra (fast
atom bombardment; FAB MS) were carried out by the Mass
Spectrometry Service, Facultad Quimica, Seville, with a Kratos MS-
80 RFA spectrometer. Gel filtration chromatography (Sephadex LH-20
and G-25; Pharmacia) and ion-exchange chromatography (Dow-
ex 50WX4 Na*; Fluka) were used in order to achieve purification of
the final products. Maldi-tof mass spectra were recorded with a
MALDI-TOF GSG System spectrometer. Samples of the intermediate
products were dissolved in AcOEt or MeOH at mm concentrations
and 2,5-dihydroxybenzoic acid was used as the matrix. The Maldi-tof
mass spectra of compounds 1 and 2 were achieved by detecting the
ionic complexes formed with (Arg-Gly),, and (Arg-Gly),s as basic
peptides?? (synthesised by the Peptides Synthesis Service, Facultad
Quimica, Barcelona). In this case, 3-hydroxypicolinic acid was used as
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performed using z-gradient pulse program sequen-
ces when possible. In all two-dimensional experi-
ments TPPIB® detection of F1 was used. The mixing
times of NOESY experiments ranged from 200-
600 ms. Data were transformed into phase-sensitive
mode after weighting with shifted square sine-bell
functions. In the NMR data given for the tetra-, hexa-,
and octasaccharides below, the letters correspond
to the saccharides, as labeled in Scheme 1.

Cross-relaxation rates, o"°, were calculated at two

field strengths (500 and 400 MHz) from NOESY
experiments at several mixing times (200, 300, 350, 400, 500, and
600 ms), with assumption of the isolated spin-pairs approximation at
short mixing times by extrapolation to time zero of the ratio V. pea/
Viiagonal- The apparent correlation times were calculated with the
spectral density function of an isotropic rigid molecule, from the
ratio Osy0/0400-

Molecular modeling: Molecular modeling has been carried out with
the AMBER5.05” program and the GLYCAME® parameter set for
carbohydrates, including sulphate- and sulphamate-specific param-
eters.®¥ The initial structures were constructed from dodecasacchar-
ide structures taken from the Brookhaven Data Bank by Mulloy (File:
Thpn.pdb). Typical molecular dynamics simulations were performed
with an integration step of 1.5 fseg at 297 K with a termal bath
coupling of 0.5ps and the hydrogen-bond lengths were kept
constant with the SHAKE algorithm. After an equilibration period of
15 ps, the data were registered for 9 ns.

Biological Assays: Heparin - sepharose was obtained from Pharma-
cia, nitrocellulose filters from Millipore, culture plates from Costar,
ITS+ culture supplement from Collaborative Research Inc., Na-
heparin (average molecular weight: 3 kD) from Sigma, L-glutamine,
Ham'’s F-12 medium, and Dulbecco’s modified Eagle’s medium
(DMEM) from Flow. Distilled water filtered through a Milli-Q
(Millipore) water purifier fitted with an Organex column (Millipore)
was used in all solutions.

Mitogenic activity was measured as previously described.*® Cells
were counted by measuring the total amount of crystal violet
retained by cell nuclei by differential absorption (620 minus
690 nm).“> 41 For assaying the activation of FGF1 by heparin,
hexasaccharide 1, and octasaccharide 2, a mitogenic unit of the
protein (320 pg mL~") was added to each well of the assay plate.*?. A
139 residue form of FGF1 was used.?l. The protein was synthesized
and purified as previously reported with expresion vector pMG47.41

Sedimentation equilibrium experiments were performed with an
Optima XL-A analytical ultracentrifuge (Beckman Instruments Inc.)
equipped with a UV/Vis optical scanner with 12 mm six-channel
centerpieces of eppon-charcoal at 20° and 25000 rpm. Radial
absorbance scans were taken at sedimentation equilibrium. For
determination of the absorbance base line of each sample, the
solution was afterwards depleted of protein in solution by centri-
fugation at 40000 rpm. Analyzed solutions were always 6 um FGF1 in
10 mm sodium phosphate (pH 7.2) with 80 mm NaCl. Fitting of the
experimental data to the expression describing the radial concen-
tration distribution of an ideal solute on sedimentation equilibrium
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was carried out by nonlinear least-squares procedures with the
programs XLAEQ and EQAASSOC (supplied by Beckman Instruments
Inc.). The weight averages of the complexes were calculated using
the partial specific volumes for the protein (0.735 cm?*g~")*¥! and
heparin (0.51 cm3g~").144,

Starting Materials: 6-O-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-a,3-
p-glucopyranosyl trichloroacetimidate (3)"'”! and methyl (dimethyl-
thexylsilyl-3-O-benzyl-3-L-idopyranosyl)uronate (4)'® were prepared
according to literature procedures. 2-Azido-3-O-benzyl-4,6-O-benzyl-
idene-2-deoxy-a,-p-glucopyranosyl trichloroacetimidate (5) was
prepared from bp-glucosamine hydrochloride with diazo transfer
from triflic azide'® as the key transformation.

Disaccharide 9: TMSOTf (39 L, 0.22 mmol) was added to a cooled
(0°C) solution of 4 (1.904 g, 4.32 mmol) in dry CH,Cl, (100 mL) under
an argon atmosphere. While the reaction was stirred, a solution of 3
(2.480 g, 4.32 mmol) in dry CH,Cl, (25 mL) was added dropwise. After
30 min the mixture was neutralized with saturated aqueous NaHCO,
solution, and then CH,Cl, (400 mL) was added at room temperature
(RT). The suspension was washed with H,O (250 mL). The organic
layer was dried (MgSO,) and concentrated in vacuo, and the residue
was separated by flash column chromatography (eluent: toluene/
AcOEt (12:1)) to obtain unreacted acceptor (363 mg, 19%) and
fractions containing the desired disaccharide; these were combined,
concentrated, and dissolved in Pyr (15 mL). Benzoyl chloride (4.1 mL,
35 mmol) was added and the solution was stirred at RT. After 24 h,
the mixture was diluted with CH,Cl, (400 mL), washed with H,O
(300 mL), dried (MgS0O,), and concentrated in vacuo. The residue was
purified by flash column chromatography (toluene/AcOEt (12:1)) to
yield 9 (2.115g, 51%). [a]fT=+18.0° (c=1, CHCl,); TLC: (toluene/
AcOEt (12:1)) R=0.26; 'H NMR (500 MHz, CDCl;): 6 =8.11-7.22 (m,
20H, Ph), 5.17 (brs, TH, H1), 5.07 (brs, 1H, H2), 484-4.74 (2 x d, 2H,
J=11.7 Hz, CH,Ph), 472 (d, 1H, J; , =3.4Hz, H1'), 467 -4.49 (2 x d,
2H, J=10.7 Hz, CH,Ph), 4.48 (brs, 1H, H5), 4.38 (dd, 1H, Js ¢, =1.8,
Jsan=12.4 Hz, H6'(A)), 4.30 (dd, 1H, Js¢, = 2.3 Hz, H6'(B)), 4.23 (m,
1H, H3), 4.07 (m, 1H, H5'), 4.01 (brs, 1H, H4), 3.96-3.87 (2 x d, 2H,
J=10.7 Hz, CH,Ph), 3.75 (s, 3H, COOCH,), 3.53-3.43 (m, 2H, H3" and
H4'), 3.12 (dd, 1H, J,5=10.1 Hz, H2), 1.99 (s, 3H, OCOCH,), 1.56 (m,
1H, CH(CH,),), 0.79-0.75 (4 x s, 12H, C(CH), and CH(CH5),), 0.25 -
0.13 (2xs, 6H, Si(CH,),); *C NMR (125 MHz, CDCl,): 6 =170.59,
168.62 and 166.58 (C=0), 137.86—127.74 (Ph), 99.65 (C1’), 93.97 (C1),
79.86, 77.35, 75.65, 75.02, 74.88, 74.60, 73.45, 73.03, 70.09, 68.71,
63.72, 62.29, 52.21 (COOCHs), 33.98 (CH(CH,),), 24.77 (C(CH,),), 20.88
(OCOCH;), 20.17-18.36 (C(CH;), and CH(CH;),), —1.99 and —3.36
(Si(CH5),); FAB MS: m/z=976 [M+Na*]; elemental analysis (%): calcd
for Co;HgsN50;,5i: C 64.20, H 6.66, N 4.40; found: C 64.47, H 6.64, N
4.24.

Trichloroacetimidate 6: CI,CCN (593 uL, 5.9 mmol) and K,CO,
(55mg, 0.39mmol) were added to a solution of 10 (320 mg,
0.39 mmol) in dry CH,Cl, (4 mL). After stirring at RT for 4 h, the
mixture was filtered off and concentrated in vacuo, and the residue
was purified by chromatography over a short silica gel column
(hexane/AcOEt (2:1)) to yield 6 (357 mg, 95%) as a a/f3 mixture. TLC:
(hexane/AcOEt (2:1)) R;=0.53 and 0.38 (5 and «); 'H NMR (500 MHz,
CDCl,): 6 =28.67 (s, 0.6H, NH(J)), 8.64 (s, 0.4H, NH(a)), 8.13-7.10 (m,
20H, Ph), 6.55 (brs, 0.6H, H1(3)), 6.29 (d, 0.4H, J,,=18Hz, H1(a)),
5.43 (m, 0.4H, H2(a)), 5.33 (brs, 0.6H, H2(A)), 5.00 (brs, 0.4H, H5(a)),
493-4.88 (m, 1H, CH,Ph), 479-4.65 (m, 3.6H, H5(3), H1’, and
CH,Ph), 452-4.46 (m, 1H, CH,Ph), 438-4.35 (m, 1.4H, H6'(A) and
H3(a)), 4.25-4.23 (m, 1.6 H, H6'(B) and H3(f)), 4.15 (brs, 0.4H, H4(a)),
4,03-3.88 (m, 3.6H, H5', H4(3), and CH,Ph), 3.79-3.78 (2 x s, 3H,
COOCH;(a and f3)), 3.51-3.41 (m, 2H, H3" and H4'), 3.23-3.19 (m, TH,
H2), 1.99 (s, 3H, OCOCH;(a, B)); elemental analysis (%): calcd for
CasHasN,045Cls: C 56.52, H 4.74, N 5.86; found: C 56.17, H 4.98, N 5.79.
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Disaccharide 11: TMSOTf (50 pL of a 0.26m solution in dry CH,CI,)
was added to a cooled (0°C) solution of 4 (114 mg, 259 pmol) in dry
CH,Cl, (4 mL) under an argon atmosphere. While the reaction was
stirred, a solution of 5 (82 mg, 155 pmol) in dry CH,Cl, (1.5 mL) was
then added dropwise. After 30 min the mixture was neutralized with
saturated aqueous NaHCO; solution and then CH,Cl, (50 mL) was
added at RT. The suspension was washed with H,0O (50 mL). The
organic layer was dried (MgSO,) and concentrated in vacuo, and the
residue was purified by flash column chromatography (toluene/
AcOEt (30:1)) to yield 11 (78 mg, 62%) and unreacted acceptor
(40 mg, 35%). [alff =4.3° (c=1, CHCl,); TLC: (hexane/AcOEt (4:1))
R:=0.30, (toluene/AcOEt (15:1)) R;=0.32; 'H NMR (500 MHz, CDCl,):
0=743-724 (m, 15H, Ph), 5.51 (s, 1H, PhCHO), 5.02 (brs, 1H, H1),
490 (d, 1H, J,,=3.8Hz, H1), 487-4.73 (2xd, 2H, J=10.7 Hz,
CH,Ph), 4.64-4.61 (2 x d, 2H, J=11.8 Hz, CH,Ph), 4.55 (brs, 1H, H5),
4.25 (dd, 1H, Jsg,=2.5, Jgs60=8.9 Hz, HE'(A)), 4.06 (brs, 1H, H4),
3.97-3.92 (m, 2H, H3 and H3’), 3.79 (s, 3H, COOCH,), 3.69-3.62 (m,
4H, H2, H4, H5', and H6'(B)), 3.53 (dd, 1H, J,5=9.8 Hz, H2'), 3.03 (d,
1H, Jy01=9.9 Hz, OH), 1.66 (m, 1H, CH(CH,),), 0.90-0.88 (4 x s, 12H,
C(CH;), and CH(CH,),), 0.24-0.19 (2 xs, 6H, Si(CHs),); '*C NMR
(125 MHz, CDCly): 6 =168.97 (C=0), 137.74-126.05 (Ph), 101.56
(PhCHO), 95.87 (C1’), 94.89 (C1), 82.16, 77.19, 75.25 (CH,Ph), 73.72,
72.70 (CH,Ph), 71.52 (C4), 68.46, 63.25, 63.06, 52.48 (COOCH,), 34.04
(CH(CHs),), 25.14 (C(CH5),), 20.39-18.46 (C(CH;), and CH(CH;),),
—1.88 and 3.22 (Si(CHs),); FAB MS: m/z=828 [M+Na*]; elemental
analysis (%): calcd for C,,HssN;04,Si: C 62.59, H 6.88, N 5.21; found: C
62.61, H 6.74, N 5.36.

Trichloroacetimidate 7: CI,CCN (0.85mL, 8.5 mmol) and K,CO,
(86 mg, 0.63 mmol) were added to a solution of 13 (425 mg,
0.57 mmol) in dry CH,Cl, (5mL). After stirring at RT for 6 h, the
mixture was then filtered off and concentrated in vacuo, and the
residue was purified by chromatography over a short silica gel
column (hexane/AcOEt (3:1)) to yield 7 (500 mg, 99%) as a a/f
mixture. TLC: (hexane/AcOEt (3:1)) Rr=0.48 and 0.28 (# and a);
'H NMR (500 MHz, CDCl,): 0 =8.69-8.64 (2 x s, 1H, NH(a and j3)),
745-724 (m, 15H, Ph), 6.40 (d, J;,=2.1Hz, H1(8)), 6.32 (d, J;,=
2.6 Hz, H1(a)), 5.52-5.50 (2 x s, 1H, PhCHO (a and f)), 5.22 (dd, J,; =
5.2 Hz, H2(ax)), 5.17 (dd, H2(3)), 4.95 - 4.62 (m, 6 H), 4.30-3.61 (m, 7H),
3.74 (s, 3H, COOCH;(a and f)), 3.37 (m, 1H, H2'(a and f3)), 1.24-1.22
(2 xs, 9H, OCOC(CH,);); FAB MS: m/z=913 [M+Na']; elemental
analysis (%): calcd for C4;H,sN,0,,Cls: C 55.20, H 5.08, N 6.28; found: C
55.01, H 5.04, N 6.32.

Disaccharide 8: BzCN (42 mg) and a catalytic amount of Et;N (drops)
were added to a cooled (— 40 °C) solution of 15 (205 mg, 0.29 mmol)
in dry CH;CN (2 mL). After 1 h, MeOH was added, and the mixture
was then warmed to RT and stirred for 15 min. The solvent was then
removed in vacuo, and the residue was dissolved in MeOH and
concentrated twice more. The purification was carried out by flash
column chromatography (hexane/AcOEt (4:1)) to afford 8 (223 mg,
95%). [alfT=+75° (c=1, CHCly); TLC: (hexane/AcOEt (4:1)) Ri=
0.24; 'H NMR (500 MHz, CDCl;): 6 =8.01-7.23 (m, 15H, Ph), 5.19 (d,
1H, J,,=4.5 Hz, H1), 5.06 (d, 1H, J;, = 3.6 Hz, H1'), 4.93 (dd, 1H, H2),
4.85 (s, 2H, CH,Ph), 4.79-4.76 (m, 3H, CH,Ph, H5, and H6(A)), 4.69 (d,
1H, J=112Hz, CH,Ph), 440 (dd, 1H, Js,ep=124, Jsz,=2.1Hz
H6'(B)), 4.17 (dd, 1H, H4), 3.97-3.92 (m, 3H, H3, H5', and CH(CH,),),
3.78 (s, 3H, COOCHs,), 3.74 (dd, 1H, H3'), 3.50 (ddd, 1H, H4'), 3.20 (dd,
TH, J,;=10.2 Hz, H2), 2.94 (d, 1H, J,on=3.8 Hz, OH), 1.22 (s, 9H,
OCOC(CH,);), 1.20-1.15 (2 xd, 6H, J=6.2 Hz, CH(CH,),); FAB MS:
m/z=828 [M+Na']; elemental analysis (%): calcd for C,,Hs;N;O;5-
1/2H,0: € 61.90, H 6.43, N 5.16; found: C 61.68, H 6.44, N 5.06.

Tetrasaccharide 16: TMSOTf (140 uL of a 0.11m solution in dry
CH,Cl,) was added to a cooled solution (0°C) of 8 (421 mg,
0.52 mmol) and 7 (606 mg, 0.68 mmol) in dry CH,Cl, (7 mL) under
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an argon atmosphere. After 75 min, saturated aqueous NaHCO,
solution and CH,Cl, (250 mL) were added and the mixture was
washed with H,O (200 mL). The organic layer was dried (MgSO,) and
concentrated in vacuo, and the residue was purified by flash column
chromatography (hexane/AcOEt (4:1) and toluene/ AcOEt (9:1)) to
yield 16 (633 mg, 79%) and unreacted acceptor (80 mg, 19%).
[a]fT=—0.8° (c=1.55, CHCl,); TLC: (hexane/AcOEt (4:1)) Rr=0.19;
'H NMR (500 MHz, CDCl;): 6 =8.05-7.14 (m, 30H, Ph), 5.51 (s, 1H,
PhCHO), 5.40 (d, 1H, J,,=5.1Hz, H1(CQ)), 5.22 (d, 1H, J,,=4.8 Hz,
H1(A)), 5.03 (d, 1H, J,,=3.6 Hz, H1(B)), 5.00 (dd, 1H, H2(C)), 4.97 (d,
1H, J,,=3.8 Hz, H1(D)), 4.94-4.90 (m, 2H, H2(A) and CH,Ph), 4.84 (d,
1H, J=11.0 Hz, CH,Ph), 4.79-4.63 (m, 8H, H5(A), H6(B), and CH,Ph),
459 (d, TH, J,5=4.7 Hz, H5(C)), 4.46 (dd, 1H, H6'(B)), 4.19 (dd, TH,
Js6=4.7,Js¢ = 10.0 Hz, H6(D)), 4.14 (dd, 1H, H4(A)), 4.06 - 4.02 (m, 3H,
H4(B and C) and H5(B or D)), 3.97-3.92 (m, 3H, H3(A and C) and
CH(CHs),), 3.86-3.81 (m, 2H, H3(B or D) and H5(B or D)), 3.75 (m, TH,
H3(B or D)), 3.66-3.62 (m, 2H, H4(D) and H6'(D)), 3.77 and 3.34 (2 x s,
6H, COOCH,(A and (), 3.34-3.28 (m, 2H, H2(B and D)), 1.24-1.14
(m, 24H, OCOC(CH,); and CH(CH,),); *C NMR (125 MHz, CDCl,): 6 =
177.29, 17722, 170.21, 169.16 and 165.98 (C=0), 137.71 - 126.07 (Ph),
101.50 (PhCHO), 99.43 (C1 d), 97.90 (C1 b), 97.70 (C1 c), 97.20 (C1 a),
82.44, 78.27, 76.48, 76.28, 75.86, 75.32, 74.85, 74.80, 73.94, 73.89,
73.24, 71.26, 70.94, 70.88, 70.78, 70.40, 69.95, 68.49 (C6 d), 63.31,
63.06, 62.86, 62.25, 52.25 and 51.75 (COOCH,), 38.83, 38.17,27.19 and
27.13 (OCO(CH,),), 23.35 and 21.79 (CH(CH,),); MALDI-TOF MS: m/z =
1557 [M+Na']l, 1573 [M+K*]; elemental analysis (%): calcd for
CaiHauNgO,,: C 63.35, H 6.17, N 5.47; found: C 63.55, H 6.35, N 5.20.

Tetrasaccharide 18: BzCN (44 mg) and a catalytic amount of Et;N
(drops)were added to a cooled (—40°C) solution of 17 (441 mg,
0.31 mmol) in dry CH;CN (5 mL). After 30 min, MeOH was added, and
the mixture was warmed to RTand stirred for 15 min. The solvent was
then removed in vacuo, and the residue was dissolved in MeOH and
concentrated twice more. The purification was carried out by flash
column chromatography (hexane/AcOEt (4:1)) to afford 18 (441 mg,
93%). [a]fF =+ 14.3° (c=0.58, CHCl,); TLC: (hexane/AcOEt (2:1)) R;=
0.38; "H NMR (500 MHz, CDCl;): 0 =8.05-7.23 (m, 30H, Ph), 5.39 (d,
1H, J,,=5.0 Hz, H1(Q), 5.23 (d, TH, J,,=5.0 Hz, H1(A)), 5.04 (d, TH,
J,,=3.5Hz, H1(B)), 5.02 (dd, 1H, H2(C)), 499 (d, 1H, J,,=3.5Hz,
H1(D)), 4.94 (d, 1H, J=10.5 Hz, CH,Ph), 491 (dd, 1H, H2(A)), 4.81-
4.65 (m, 10H, CH,Ph, H6(B and D) and H5(A)), 4.61 (d, 1H, J,s=4.7 Hz,
H5(C)), 4.47 (brd, TH, Jss = 12.0 Hz, H6'(B or D)), 4.29 (brd, 1H, Js¢ =
12.0 Hz, H6'(B or D)), 4.16 (dd, 1H, H4(A)), 4.10-4.07 (m, 3H, H4(C),
H5(B), and H4(B)), 3.97 - 3.92 (m, 3 H, H3(A), H3(C), and CH(CHs),), 3.84
(m, 1H, H5(D)), 3.77 (m, 4H, COOCH; and H3(B)), 3.64 (dd, 1H, H3(D)),
3.49 (ddd, 1H, H4(D)), 3.43 (s, 3H, COOCH;(A or C)), 3.32 (dd, 1H,
J,3=10.5 Hz, H2(B)), 3.20 (dd, 1H, J,;=10.5 Hz, H2(D)), 3.03 (d, 1H,
Jyon=4.0Hz, OH), 1.20-1.15 (m, 24H, OCOC(CH,); and CH(CH,),);
13C NMR (125 MHz, CDCly): 6 =177.26, 177.24, 170.23, 169.30, 167.34
and 166.14 (C=0), 137.76-126.81 (Ph), 98.82 (C1 d), 97.83 (C1 b),
97.73 (C1 ¢), 97.19 (C1 a), 79.02, 78.08, 76.34, 76.29, 75.24, 74.99, 74.33,
73.81, 73.63, 73.30, 71.35, 71.28, 71.13, 71.04, 70.97, 70.53, 70.48,
69.93, 63.01-62.54 (C2 b, C2 d, C6 b, and C6 d), 52.24 and 51.86
(COOCH,), 38.83, 27.19 and 2713 (OCO(CH,);), 23.36 and 21.80
(CH(CH,),); MALDI-TOF MS: m/z=1573 [M+Na']l, 1589 [M+K'];
elemental analysis (%): calcd for Cg;Hg4NgO,5-H,0: C 61.98, H 6.16, N
5.35; found: C 61.74, H 6.31, N 5.13.

Hexasaccharide 19: TMSOTf (50 pL of a 0.035m solution in dry
CH,Cl,) was added to a solution of 18 (70 mg, 45 umol) and 6 (56 mg,
59 umol) in dry CH,Cl, (0.5 mL) at RT under an argon atmosphere.
After 30 min, saturated aqueous NaHCO; solution and CH,Cl, (50 mL)
were added and the mixture was washed with H,O (25 mL). The
organic layer was dried (MgSO,) and concentrated in vacuo and the
residue was purified by flash column chromatography (toluene/
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AcOEt (8:1)) to yield 19 (62 mg, 58%) and unreacted acceptor
(25 mg, 36%). [alfT =+13.5° (c=1, CHCL); TLC: (toluene/AcOEt
(8:1)) Rr=0.19; "H NMR (500 MHz, CDCl): 6 =8.05-7.18 (m, 50 H, Ph),
5.56 (d, 1H, J,, = 4.4 Hz, H1(E), 5.41 (d, 1H, J;,=5.8 Hz, H1(C)), 5.24
(d, TH, J;,=5.0Hz, H1(A)), 5.15 (dd, TH, H2(E)), 5.04 (d, 1H, J;,=
3.5 Hz, H1(B)), 5.00 (dd, 1H, H2(C)), 4.95 (d, 1H, J;,=3.5Hz, H1(D)),
4.92-4.88 (m, 4H, H1(F), CH,Ph, and H2(A)), 4.79-4.47 (m, 15H,
CH,Ph, H5(A and E), H6(B and D), and H6'(B)), 4.44 (d, 1H, J=5.2 Hz,
H5(C)), 4.35-4.33 (m, 2H, H6'(D) and CH,Ph), 4.28 -4.23 (m, 2H, H6(F)
and CH,Ph), 4.17-4.12 (m, 3H, H3(E), H4(A), and H6'(F)), 4.04-3.85
(m, T0H, H3(A and C), H4(B-E), H5(B, D, and F), and CH(CH,),), 3.76 -
3.73 (m, 4H, H3(B) and COOCH,), 3.63 (dd, 1H, H3(D)), 3.56 (dd, 1H,
H3(F)), 3.47-3.44 (m, 4H, H4(F) and COOCH,), 3.32-3.28 (m, 5H,
H2(B and D) and COOCH;), 3.19 (dd, 1H, J,,=34, J,3=10.2Hz
H2(F)), 1.95 (s, 3H, OCOCH,), 1.20-1.16 (m, 24H, OCOC(CH;); and
CH(CH,),); *C NMR (125 MHz, CDCly): 6 =17723, 177.12, 170.43,
170.24, 169.24, 169.14, 165.97, 165.92 and 165.15 (C=0), 137.75-
127.22 (Ph), 99.00 (C1 f), 98.29 (C1 e), 98.03 (C1 d), 97.80 (C1 b),
97.49 (C1 ), 97.18 (C1 a), 80.02, 78.41, 77.96, 77.40, 76.43, 76.19, 75.50,
75.33, 75.26, 75.15, 75.12, 74.96, 74.75, 74.06, 73.86, 73.84, 73.73,
73.32, 71.40, 71.28, 71.23, 71.09, 70.82, 70.63, 70.29, 70.04, 69.95,
63.52-62.03 (C2' b, C2' d, C2' f, C6’ b, C6’ d, and C6' f), 52.23, 51.88
and 51.62 (COOCH,), 27.19 and 27.07 (OCO(CH,);), 23.34 and 21.80
(CH(CHs5),), 20.76 (OCOCH,); FAB MS: m/z= 2368 [M+Na*]; elemental
analysis (%): calcd for C,,4H,5;,Nq05,: C 63.50, H 5.89, N 5.37; found: C
63.42, H 6.19, N 5.08.

Hexasaccharide 20: A 2n solution of KOH (0.7 mL) was added to a
solution of 19 (35 mg, 15 umol) in CH,Cl, (0.6 mL), MeOH (3.3 mL),
and H,O (0.3 mL). After 24 h, the mixture was acidified to pH2-3
with a 2N solution of HCl and was then diluted with CH,Cl, (30 mL)
and H,O (15 mL). The organic phase was washed with H,O until
neutral, dried (MgSO,), and concentrated. The residue was eluted
from a Sephadex LH-20 chromatography column with MeOH/CH,Cl,
(1:1) to afford 20 (20 mg, 74%). TLC: (CH,Cl,/MeOH (8:1)) R;=0.34;
"H NMR (500 MHz, CD,COCD;): 6 =7.47-7.17 (m, 35H, Ph), 5.35-5.07
(m, 6H, H1(A-F)), 1.22-1.18 (2d, 6H, J=6.2 Hz, CH(CH,),); MALDI-
TOF MS: m/z=1802.7 [M+Na*], 1818.5 [M+K*].

Hexasaccharide 21: A solution of 20 (20 mg, 11 umol) in dry N,N-
dimethylformamide (DMF; 1.5 mL) was stirred for 2 days at 55°C
under an argon atmosphere in the presence of a sulphur trioxide -
trimethylamine complex (47 mg, 5 equivalents for each hydroxy
group). (This reactive complex had been previously washed with
H,O, EtOH, and CH,Cl, and dried because this kind of sulphating
material usually contains a lot of acid.) The mixture was cooled,
MeOH (1 mL) and CH,Cl, (1 mL) were added, and the solution was
layered on the top of a Sephadex LH-20 chromatography column
which was eluted with MeOH/CH,Cl, (1:1). The fractions, which
contained sulphated hexasaccharide, were pooled and evaporated
to dryness. The residue was converted into the sodium salt by elution
from a column of Dowex 50WX4-Na* with MeOH/H,O (2:1) to give 21
(20 mg, 71 %). TLC: (AcOEt/Pyr/H,0/AcOH (8:5:3:1)) R=0.33; 'H NMR
(500 MHz, D,0): 6 =7.63-7.30 (m, 35H, Ph), 5.39, 5.38, 5.34 (m, 3H,
H1(A, C, and E)), 5.21, 5.18, 5.04 (m, 3H, H1(B, D, and F)), 3.56-3.48
(m, 3H, H2(B, D, and F)), 1.33-1.32 (2d, 6 H, J= 6.2 Hz, CH(CH),).

Dodecasodium salt of hexasaccharide 1: A solution of 21 (22 mg,
8.9 umol) in MeOH/H,O (1.5mL, 9:1) was hydrogenated in the
presence of 10% Pd/C. After 24 h, the suspension was filtered and
concentrated to give the desired product which was homogeneous
by TLC analysis with AcOEt/Pyr/H,O/AcOH (4:5:3:1) as the eluent
(Re=0.21). No aromatic signal was detected by NMR spectroscopy.
This compound was directly used for the N sulfation.
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Heparin-Like Oligosaccharides

The hydrogenated hexasaccharide (16 mg) was dissolved in H,O
(1 mL) and the pH value of the solution was adjusted to 9.5 witha 1n
solution of NaOH. A pyridine -sulphur trioxide complex (21 mg,
5 equivalents for each amine group) was added in three portions
over 1h and the pH value was maintained at 9.5 by subsequent
addition of a 1n solution of NaOH. Second, third, and fourth
additions of the pyridine - sulphur trioxide complex were made after
stirring for 2, 4, and 6 h, respectively. After 24 h, the mixture was
neutralized with a 0.1~ solution of HCl and then subjected to
chromatography over a Sephadex G-25 column with a 0.9 % solution
of NaCl. The appropriate fractions were pooled and passed through a
column of Dowex 50WX4-Na*t with a 0.5m solution of NaCl as the
eluent and then through a column of Sephadex G-25 with H,O/EtOH
(9:1) as the eluent. The fractions which contained the final
hexasaccharide were lyophilized to give 1 (15 mg, 87%). Before
NMR spectroscopic studies, it was useful to make a last elution over a
column of Dowex 50WX4-Na* in order to avoid the formation of
calcium salts instead of sodium salts and to get a better resolution in
the spectra. TLC: (AcOEt/Pyr/H,0/AcOH (2:5:3:1)) R;=0.43; [a]f =
+227° (c=067, H,0); [a]f, (546 nm)=+26.7° (c=067, H,0);
H NMR (500 MHz, D,0, 10°C): 6 =3.98 (m, 1H, CH(CH,),), 1.15 (2 X
d, 6H, J=6.2 Hz, CH(CH,),); *C NMR (125 MHz, D,0, 27°C): 6 =72.03
(CH(CH,),); MALDI-TOF MS: calcd for [M(CsoHesOseNsSo)-+(Arg —
Gly);o+HI": 3943.0; found: 3943.9. (The complete NMR spectrum
assignment of the sugar protons and carbons appears in Table 1.)

Hexasaccharide 22: TMSOTf (50 pL of a 0.04m solution in dry CH.Cl,)
was added to a solution of 18 (82 mg, 53 umol) and 7 (57 mg,
64 umol) in dry CH.Cl, (700 pL) under an argon atmosphere. After
2 h, saturated aqueous NaHCO; solution and CH,Cl, (100 mL) were
added and the mixture was washed with H,O (75 mL). The organic
layer was dried (MgSO,) and concentrated in vacuo, and the residue
was purified by flash column chromatography (toluene/AcOEt (8:1))
to yield 22 (62 mg, 52%) and unreacted acceptor (33 mg, 40%).
[a]fT =+3.4° (c=1.33, CHCLy); TLC: (toluene/AcOEt (8:1)) R;=10.30;
'H NMR (500 MHz, CDCl;): 6 =8.05-7.21 (m, 45H, Ph), 5.50 (s, 1H,
PhCHO), 5.49 (d, 1H, J;,=6.1Hz, H1(E)), 5.42 (d, 1H, J;,=5.4Hz
H1(C)), 5.25 (d, 1H, J;,=5.0 Hz, H1(A)), 5.05-5.02 (m, 2H, H2(E) and
H1(B)), 5.00-4.97 (m, 3H, H2(C) and H1(D and F)), 4.95-4.90 (m, 2H,
H2(A) and CH,Ph), 4.84-4.60 (m, 14H, CH,Ph, H6(B and D), and
H5(A)), 4.54 (d, TH, J=4.9 Hz, H5(C or E)), 4.50-4.47 (m, 2H, H6'(B or
D) and H5(C or E)), 4.39 (dd, 1H, H6(B or D)), 4.18 -4.14 (m, 2H, H4(A)
and H6(F)), 4.09-3.74 (m, 13 H, H3(A, C, and E), H4(B - E), H5(B, D, and
F), H3(B, D, or F) (2H), and CH(CH;),), 3.67 -3.57 (m, 3H, H3(B, D, or F)
(1H), H4(F), and H6'(F)), 3.77, 3.38, and 3.30 (3 x s, 9H, COOCH,),
3.34-3.28 (m, 3H, H2(B, D, and F)), 1.20-1.14 (m, 33H, OCOC(CH,);
and CH(CH,),); 3C NMR (125 MHz, CDCLy): 6 = 177.27, 177.22, 177.12,
170.30, 169.54, 169.19, 166.01, 165.92, (C=0), 137.76 - 126.07 (Ph),
101.49 (PhCHO), 99.46 (C1(F)), 98.13 (C1(D)), 97.83 (C1(B)), 97.53
(C1(C)), 9745 (C1(E)), 97.20 (C1(A)), 82.43, 78.33, 77.93, 76.64, 76.49,
75.83, 75.45, 75.18, 74.83, 74.79, 74.46, 74.06, 73.74, 73.39, 71.69,
71.64, 71.32, 71.24, 71.09, 71.03, 70.66, 69.99, 69.95, 68.49, 63.33,
63.02, 62.89, 62.83, 62.33, 61.82, 52.30, 51.88 and 51.72 (COOCH,),
2722, 2719 and 27.14 (OCO(CH,);), 23.38 and 21.83 (CH(CH,),);
MALDI-TOF MS: m/z=2303 [M+Na*]; 2319 [M+K*1; FAB MS: m/z=
2303 [M+Na*].

Hexasaccharide 24: BzCN (100 pL of a 0.46m solution in dry CH;CN)
and a catalytic amount of Et;N (drops) was added to a cooled
(—40°C) solution of 23 (92 mg, 42 umol) in dry CH;CN (1.5 mL). After
30 min, MeOH was added and the mixture warmed up to RT and
stirred for 15 min. The solvent was then removed in vacuo and the
residue dissolved in MeOH and concentrated twice more. The
purification was carried out by flash column chromatography
(hexane/AcOEt (2:1)) to afford 24 (86 mg, 90%). [a]fT =+ 15.8° (c=
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1, CHCLy); TLC: (hexane/AcOEt (2:1)) R;=0.52; '"H NMR (500 MHz,
CDCly): 6 =8.07-7.23 (m, 45H, Ph), 5.51 (d, 1H, J;,=6.2 Hz, H1(E)),
542 (d, 1H,J;,=5.6 Hz, H1(C)), 5.26 (d, TH, J,,=4.9 Hz, H1(A)), 5.06 -
5.01 (m, 5H, H2(C and E) and H1(B, D, and F)), 4.96-4.91 (m, 2H,
H2(A) and CH,Ph), 4.86-4.62 (m, 15H, CH,Ph, H6(B, D, and F), and
H5(A)), 4.56 (d, 1H, J=5.0 Hz, H5(C or E)), 4.50 (m, 2H, H5(C or E) and
H6(B or D)), 4.41 (dd, 1H, H6(B or D)), 4.28 (dd, 1H, H6(F)), 4.16 (dd,
1H, H4(A)), 413-4.05 (m, 5H, H5(B or D) and H4(B-E)), 3.97 -3.95
(m, 5H, H5(B or D), H3(A, C, and E), and CH(CH,),), 3.84 (m, 1H, H5(F)),
3.77 (m, 1H, H3(B or D)), 3.61 (m, 2H, H3(B or D) and H3(F)), 3.50 (ddd,
1H, H4(F)), 3.77,3.39, and 3.37 (3 x s, 9H, COOCH,), 3.34 (m, 2H, H2(B
and D)), 3.20 (dd, 1H, J;,=3.6, J,;=10.0 Hz, H2(F)), 3.05 (d, 1H,
Json=4.0Hz, OH), 1.25-1.15 (m, 33H, OCOC(CH,); and CH(CH),);
13C NMR (125 MHz, CDCl,): 6 =177.27, 177.24, 17712, 170.30, 169.53,
169.30, 16736, 166.04, 166.01, ((=0), 137.75-127.17 (Ph), 98.76
(C1(F)), 98.06 (C1(D)), 97.82 (C1(B)), 97.58 (C1(C)), 97.45 (C1(E)), 97.19
(C1(A)), 78.99, 78.15, 77.89, 76.59, 76.50, 76.40, 75.41, 75.37, 75.25,
75.21, 74.59, 74.23, 74.05, 73.96, 73.79, 73.73, 73.39, 71.70, 71.67,
71.33,71.18,71.11,70.67,70.43, 69.97, 69.95, 63.01, 62.88, 62.84, 62.66,
62.33, 62.04, (C2(B, D, and F) and C6(B, D, and F)), 52.29, 51.87 and
51.81 (COOCH,), 27.22, 27.19 and 27.14 (OCO(CHs)5), 23.37 and 21.82
(CH(CHs,),); FAB MS: m/z=2320 [M+Na~].

Octasaccharide 25: TMSOT(f (50 uL of a 0.03 m solution in dry CH,Cl,)
at RT under an argon atmosphere was added to a solution of 24
(86 mg, 37 umol) and 6 (47 mg, 49 pmol) in dry CH,Cl, (0.5 mL). After
2 h, saturated aqueous NaHCO; solution and CH,Cl, (75 mL) were
added and the mixture was washed with H,O (50 mL). The organic
layer was dried (MgSO,) and concentrated in vacuo and the residue
was purified by flash column chromatography (toluene/AcOEt (8:1)
and hexane/AcOEt (3:1)) to yield 25 (70 mg, 60%) and unreacted
acceptor (28 mg, 33%). [a]f' =+ 14.5° (c=1, CHCl,); TLC: (toluene/
AcOEt (8:1)) Rr=0.35; 'H NMR (500 MHz, CDCl;): 6 =8.06-7.15 (m,
65H, Ph), 5.57 (d, 1H, J=4.7 Hz, H1(G)), 5.52 (d, 1H, J=6.3 Hz, H1(C)),
5.43 (d, 1H, J=6.1 Hz, H1(E)), 5.26 (d, 1H, J=5.1 Hz, H1(A)), 5.17 (dd,
1H, H2(G)), 5.06-4.91 (m, 7H, H1(B, D, F, and H) and H2(A, C, and E)),
4.86-4.23 (m, 18H, CH,Ph), 4.73-4.48 (m, 7H, H5(A, C, and G), H6(B,
D, and F), and H6'(B)), 4.39-4.25 (m, 4H, H5(E), H6'(D and F), and
H6(H)), 4.17 -4.14 (m, 3H, H4(A), H3(G), and H6'(H)), 4.08 -4.03 (m,
6H, H4(B-D, F, and G), and H5(B)), 3.97 -3.85 (m, 7H, H3(A, C, and E),
HA4(E), and H5(D, F, and H)), 3.95 (m, 1H, CH(CH,),), 3.78, 3.44, 3.36,
3.23 (4 xs, 12H, COOCH,), 3.77 (m, TH, H3(B)), 3.60-3.56 (m, 3H,
H3(D, F, and H)), 3.48 (m, 1H, H4(H)), 3.33-3.32 (m, 3H, H2(B, D, and
F)), 3.21 (d, TH, J;,=3.5, J,5=10.2 Hz, H2(H)), 1.95 (s, 3H, OCOCH),
1.21-1.14 (m, 33H, OCOC(CHs); and CH(CHs),); *C NMR (125 MHz,
CDCly): 6=177.27, 177.14, 17711, 170.48, 170.30, 169.56, 169.27,
169.19, 166.01, 165.94 and 165.18 (C=0), 137.76 - 127.15 (Ph), 99.00
(C1(H)), 98.27 (C1(G)), 98.07 (C1(D and F)), 97.81 (C1(B)), 97.41 and
9734 (C1(C and E)), 97.20 (C1(A)), 80.03, 78.41, 78.04, 77.88, 76.71,
76.51, 76.33, 75.87, 75.61, 75.44, 75.40, 75.35, 75.22, 75.02, 74.98,
74.71,74.12,73.98,73.91,73.71,73.39,71.83,71.77,71.65, 71.41,71.32,
71.13,70.95, 70.69, 70.41, 70.05, 69.97, 63.50 - 61.84 (C2(B, D, F, and H)
and C6(B, D, F, and H)), 52.29, 51.91 and 51.58 (4 x COOCH,), 27.22
and 2714 (3 x OCO(CH,);), 2336 and 21.82 (CH(CH,),), 20.769
(OCOCH,); MALDI-TOF MS: m/z=3112 [M+Na'], 3128 [M-+K'];
elemental analysis (%): calcd for Cig5H50N;,040: C 63.33, H 5.87, N
5.44; found: C 63.12, H 6.03, N 5.33.

Octasaccharide 26: A 2n solution of KOH (1.2 mL) was added to a
solution of 25 (60 mg, 19 umol) in CH,Cl, (1 mL), MeOH (4 mL), and
H,O (0.5 mL). During the reaction period it was necessary to add
more MeOH (4 mL) in order to homogenize the solution. After 48 h,
the mixture was acidified to pH 2-3 with a 2n solution of HCl and
was then diluted with CH,Cl, (100 mL) and H,O (50 mL). The organic
phase was washed with H,O until neutral, dried (MgSO,), and
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concentrated. The residue was eluted with MeOH/CH,Cl, (1:1) from a
column of Sephadex LH-20 to afford 26 (30 mg, 67 %). TLC: (CH,Cl,/
MeOH (6:1)) R;=0.56; '"H NMR (500 MHz, CD;0D): 6 =7.38-7.18 (m,
45H, Ph), 5.29-5.02 (m, 8H, H1(A-H)), 1.24-1.21 (m, 6 H, CH(CH,),);
MALDI-TOF MS: calcd for [M+Na*]: 2347.4; found: 2346.0; calcd. for
[M-+K*]: 2363.5; found: 2365.5.

Octasaccharide 27: A solution of 26 (25 mg, 11 umol) in dry DMF
(1.5 mL) was stirred for 3 days at 55 °C under an argon atmosphere in
the presence of a sulphur trioxide — trimethylamine complex (60 mg,
5 equivalents for each hydroxy group). (This reactive complex had
been previously washed with H,O, EtOH, and CH,Cl, and dried
because this kind of sulphating material usually contains a lot of
acid.) The mixture was cooled, MeOH (1 mL) and CH,Cl, (1 mL) were
added, and the solution was layered on the top of a column of
Sephadex LH-20, which was eluted with MeOH/CH,Cl, (1:1). The
fractions that contained the sulphated octasaccharide were pooled
and evaporated to dryness. The residue was converted into the
sodium salt by elution from a column of Dowex 50WX4 (Na*) with
MeOH/H,0 (2:1) to give 27 (26 mg, 74 %). TLC: (AcOEt/Pyr/H,O/AcOH
(8:5:3:1)) Ry=0.37; '"H NMR (500 MHz, D,0): 6 =7.60-7.26 (m, 45H,
Ph), 5.36-5.30 (m, 4H, H1(A, C, E, and G)), 5.20-4.98 (m, 4H, H1(B, D,
F, and H)), 3.51-3.48 (m, 4H, H2(B, D, F, and H)), 1.29-1.28 (m, 6 H,
CH(CH;),).

Hexadecasodium salt of octasaccharide 2: A solution of 27 (24 mg,
74 pmol) in MeOH/H,O (1.5mL, 9:1) was hydrogenated in the
presence of 10% Pd/C. After 36 h, the suspension was filtered and
concentrated to give the hydrogenated octasaccharide, which was
homogeneous by TLC analysis with AcOEt/Pyr/H,O/AcOH (3:5:3:1) as
the eluent (R;=0.31). No aromatic signal was detected by NMR
spectroscopy. This compound was directly used for the N sulphation.

The hydrogenated octasaccharide was dissolved in H,O (1 mL) and
the pH value of the solution was adjusted to 9.5 with a 1n solution of
NaOH. A pyridine —sulphur trioxide complex (24 mg, 5 equivalents
for each amine group) was added in three portions over the course
of 1h and the pH value was maintained at 9.5 by subsequent
addition of a 1~ solution of NaOH. Second, third, and fourth portions
of the pyridine - sulphur trioxide complex were added after stirring
for 2, 4, and 6 h, respectively. After 24 h, the mixture was neutralized
to pH72 with a 0.1n solution of HCl and then eluted from a
chromatography column of Sephadex G-25 with a 0.9% solution of
NaCl. The appropriate fractions were pooled and passed through a
column of Dowex 50WX4 (Na*) with a 0.5m solution of CINa as the
eluent and then through a column of Sephadex G-25 with H,O/EtOH
(9:1) as the eluent. The fractions which contained the final
octasaccharide were lyophilized to give 2 (12mg, 60%). Before
NMR studies were performed, it was useful to make a last elution
through a column of Dowex 50WX4 (Na') in order to avoid the
formation of calcium salts instead of sodium salts and to get a better
resolution in the spectra. [a]f = +21.0° (c=0.67, H,0); TLC: (AcOEt/
Pyr/H,0/AcOH (1:5:3:1)) R;=0.40; 'H NMR (500 MHz, D,0) 6 =5.38
(m, 3H, H1(D, F, and H)), 5.33 (m, TH, H1(B)), 5.19 (m, 4H, H1(A, C, E,
and G)), 4.79 (m, 3H, H5(C, E, and G)), 4.50 (m, 1H, H5(A)), 4.40-4.20
(m, 6H, H6(B, D, and F)), 4.33 and 4.17 (m, 2H, H6(H)), 4.30 (m, 3H,
H2(C, E, and G)), 4.20-4.11 (m, 5H, H2(A), and H3(A, C, E, and G)),
4.11-4.02 (m, 3H, H4(C, E, and G)), 4.05-3.93 (m, 3H, H5(B, D, and
F)), 4.03 (m, 1H, H4(A)), 3.99 (m, 1H, CH(CH5),), 3.96 (m, 1H, H5(H)),
3.78-3.58 (m, 6H, H-3(B, D, and F) and H4(B, D, and F)), 3.61 (m, 1H,
H3(H)), 3.53 (m, 1H, H4(H)), 3.24 (m, 3H, H2(B, D, and F)), 3.20 (m, 1H,
H2(H)), 1.16 (m, 6H, CH(CH;),); MALDI-TOF MS: calcd for
[M(Cs;Hgs05/N,S1)+(Arg-Gly) ,s-+HI*: 5586.7; found: 5587.2.

684

M. Martin-Lomas et al.

This work was supported by DGES (Grant No.: PB96 - 0820). J.L.de P.
and J.A. thank the Spanish Ministry of Education and the
Fundacion Ramdn Areces, respectively, for fellowships.

[1] a)J. Taipale, J. Keski-Oja, FASEB J. 1997, 11, 51-59; b)H.E. Conrad,
Heparin-binding Proteins, Academic Press, San Diego, 1998; c) I. J. Mason,
Cell 1994, 78, 547 -552; d) R. E. Friesel, T. Maciag, FASEB J. 1995, 9, 919-
925; e) J. Slavin, Cell Biol. Int. 1995, 19, 431 -444; f) Z. Galzie, A. R. Kinsella,

J. A. Smith, Biochem. Cell Biol. 1997, 75, 669-685; g) W. L. McKeehan, F.

Wang, M. Kan, Prog. Nucleic Acid Res. Mol. Biol. 1998, 59, 135-176; h) S.

Faham, R. J. Linhardt, D. C. Rees, Curr. Opin. Struct. Biol. 1998, 8, 578 - 586.

a) U. Lindahl, Heparin, Boca Raton, Florida, 1989; b)S.E. Stringer, J.T.

Gallagher, Int. J. Biochem. Cell Biol. 1997, 29, 709-714; c) B. Casu, Adv.

Carbohydr. Chem. Biochem. 1985, 43, 51-134.

a) B. Mulloy, M. J. Foster, C. Jones, D. B. Davis, Biochem. J. 1993, 298, 849 -

858; b) D. Mikhailov, K.H. Mayo, I.R. Vlahov, T. Toida, A. Pervin, R.L.

Linhardt, Biochem. J. 1996, 318, 93-102; c) D. Mikhailov, R. L. Linhardt,

K. H. Mayo, Biochem. J. 1997, 328, 51-61; d) G. Torri, B. Casu, G. Gatti, M.

Petitou, J. Choay, J. C. Jacquinet, P. Sinay, Biochem. Biophys. Res. Commun.

1985, 128, 134-140; e)B. Casu, J. Choay, D.R. Ferro, G. Gatti, J.-C.

Jacquinet, M. Petitou, A. Provasoli, M. Ragazzi, P. Sinay, G. Torri, Nature

1986, 322, 215-216.

[4] A. Walker, J.E. Turnbull, J. T. Gallagher, J. Biol. Chem. 1994, 269, 931 - 935.

[5] a) G. Szebenyi, J. F. Fallon, Int. Rev. Cytol. 1999, 185, 45 - 106; b) A. Romero,

A. Pineda-Lucena, G. Giménez-Gallego, Eur. J. Biochem. 1996, 241, 453 —

461.

a) D. Ornitz, A. Herr, M. Nilsson, J. Westman, C. Svahn, G. Waskman, Science

1995, 268, 432-436; b) S. Faham, R. Hileman, J. Fromm, R. Linhardt, D.

Rees, Science 1996, 271, 1116 -1120; c) A. D. DiGabriele, 1. Lax, D.l. Chen,

C. M. Svahn, M. Jaye, J. Schlessinger, W. A. Hendrickson, Nature 1998, 393,

812-817.

A.N. Plotnikov, J. Schlessinger, S.R. Hubbard, M. Mohammadi, Cell 1999,

98, 641 -650.

a) D.J. Stauber, A. D. DiGabriele, W. A. Hendrickson, Proc. Natl. Acad. Sci.

USA 2000, 97, 49 - 54; b) J. Schlessinger, A. N. Plotnikov, O. A. Ibrahimi, A.

Eliseenkova, B. K. Yeh, A. Yayon, R. J. Lindhardt, M. Muhammadi, Mol. Cell

2000, 6, 743-750; c) L. Pellegrini, D. Barke, F. Von Dolft, B. Mulloy, T.1.

Blundell, Nature 2000, 407, 1029 - 1034.

a) D. M. Ornitz, A. Yayon, J. G. Flanagan, C. M. Svahn, E. Levi, P. Leder, Mol.

Cell Biol. 1992, 12, 240-247; b) H. Wang, T. Toda, Y.S. Kim, . Capila, R. Y.

Hileman, M. Bernfield, R.J. Linhardt, Biochem. Biophys. Res. Commun.

1997, 235,369 - 373; ¢) M. Ishihara, D. J. Tyrell, G. B. Stauber, S. Brown, L. S.

Cousens, R.J. Stack, J. Biol. Chem. 1993, 268, 4675 -4683; d) D. Avizer, E.

Levy, M. Safran, C. Svahn, E. Buddecke, A. Schmidt, G. David, |. Vlodavsky,

A. Yayon, J. Biol. Chem. 1994, 269, 114-121.

[10] a)F.Y. Zhou, M. Kan, R. T, Owens, W. L. McKeehan, J. A. Thompson, R.J.
Linhardt, M. Ho66k, Eur. J. Cell Biol. 1997, 73, 71-80; b) A. G. Gambarini,
C. A. Miyamoto, G. A. Lima, H.B. Nader, C.P. Dietrich, Mol. Cell Biochem.
1993, 724, 121-129.

[11] T. Spivak-Kroizman, M. A. Lehman, I. Dikic, J. E. Ladbury, D. Pinchasi, J.
Huang, M. Jaye, G. Crumley, J. Schlesinger, I. Lax, Cell 1994, 79, 1015 -
1024.

[12] a)G. Wasman, A.B. Herr, Nat. Struct. Biol. 1998, 5, 527-530; b)G.
Venkataraman, R. Raman, V. Sasisekharan, R. Sasisekharan, Proc. Natl.
Acad. Sci. USA 1999, 96, 3658 — 3663.

[13] B. LaFerla, L. Lay, M. Guerini, L. Poletti, L. Panza, G. Russo, Tetrahedron
1999, 55, 9867 —9880.

[14] C. Tabeur, J.-M. Mallet, F. Bono, J.-M. Herbert, M. Petitou, P. Sinay, Bioorg.
Med. Chem. 1999, 7, 2003 -2012.

[15] a) J. Kovensky, P. Duchaussoy, M. Petitou, P. Sinay, Tetrahedron: Asymmetry
1996, 7, 3119 -3128; b) J. Kovensky, P. Duchaussoy, F. Bono, M. Salmivirta,
P. Sizun, J.-M. Herbert, M. Petitou, P. Sinay, Biorg. Med. Chem. 1999, 7,
1567 — 1580.

[16] A. Vasella, C. Witzig, J. L. Chiara, M. Martin-Lomas, Helv. Chim. Acta 1991,
74, 2073 -2077.

[17] D. Tailler, J. C. Jaquinet, A. M. Noirot, J. M. Beau, J. Chem. Soc. Perkin Trans.
11992, 3163 -3164.

[18] R. Ojeda, J.L. de Paz, M. Martin-Lomas, J. M. Lassaletta, Synlett 1999, 8,
1316-1318.

[2

[3

&)

[7

3

(S

CHEMBIOCHEM 2001, 2, 673 -685





Heparin-Like Oligosaccharides

[19]
[20]
[21]
[22]

[23]
[24]

[25]

[26]
[27]
[28]

[29]

[30]
B1]

W. Kinzi, R. R. Schmidt, Liebigs Ann. Chem. 1985, 1537 - 1545.

H. Kunz, A. Harreus, Liebigs Ann. Chem. 1982, 41-53.

J.-L. de Paz, PhD Thesis, University of Seville, 2000.

H. Lucas, J. E. M. Basten, T. G. Van Dinther, D. G. Mauleman, S. F. Van Aelst,
C. A. A. Van Boeckel, Tetrahedron 1990, 46, 8207 — 8228.

P. Juhasz, K. Biemann, Carbohydr. Res. 1995, 270, 131 -147.

J. C. Jacquinet, M. Petitou, P.Duchausoy, |. Lederman, J. Choay, G. Torri, P.
Sinay, Carbohydr. Res. 1984, 130, 221 -241; b) P. Sinay, J. C. Jacquinet, M.
Petitou, P. Duchaussoy, |. Lederman, J. Choay, G. Torri, Carbohydr. Res.
1984, 132, C5-C9; ) M. Petitou, J.C. Jaquinet, P. Duchaussoy, .
Lederman, J. Choay, G. Torri, P. Sinay, Carbohydr. Res. 1986, 147, 221 -
236; d)C.A.A. VanBoekel, T. Beetz, J.N. Vos, A.J.M. deJong, S.F.
Van Aelst, R.H. vandenBosc, J.M.R. Mertens, F.A. VanderVlugt, J.
Carbohydr. Chem. 1985, 4, 293 -231; e) M. Petitou, G. Jurand, M. Derrien,
J. Choay, Biorg. Med. Chem. Lett. 1991, 1, 95-98; f) M. Petitou, P.
Duchaussoy, I. Lederman, J. Choay, P. Sinay, Carbohydr. Res. 1988, 179,
163-172; g) C. A. A. Van Boeckel, M. Petitou, Angew. Chem. 1993, 105,
1741-1760, Angew. Chem. Int. Ed. Engl. 1993, 32, 1671-1690; h)|.
Ichikawa, R. Monden, H. Kuzuhara, Tetrahedron Lett. 1986, 27, 611 -614.
a) D. Ferro, A. Provasoli, M. Ragazzi, B. Casu, G. Torri, V. Bossennec, B. Perly,
P. Sinay, M. Petitou, J. Choay, Carbohydr. Res. 1990, 195, 157 -167; b) D.
Ferro, A. Provasoli, M. Ragazzi, G. Torri, B. Casu, G. Gatti, J. C. Jaquinet, P.
Sinay, M. Petitou, J. Choay, J. Am. Chem. Soc. 1986, 108, 6774 -6778.

D. Jeannerat, G. Bodenhausen, J. Magn. Reson. 1999, 141, 133 - 140.

M. Hrikovini, G. Torri, Carbohydr. Res. 1995, 268, 159-175.

G. Giménez-Gallego, G. Con, V. B. Hatcher, K. A. Thomas, Biochem. Biophys.
Res. Commun. 1986, 135, 541 -548.

R. M. Lozano, G. Rivas, G. Giménez-Gallego, Eur. J. Biochem. 1997, 248, 30 -
36.

A. Ullrich, J. Schlessinger, Cell 1990, 61, 203 -212.

R. M. Lozano, M. Jimenez, J. Santoro, M. Rico, G. Gimenez-Gallego, J. Mol.
Biol. 1998, 281, 899 -915.

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

A.L. Davis, E.D. Laue, J. Keeler, D. Moskau, J. Lohman, J. Magn. Reson.
1991, 93, 54-62.

A. Bax, D. Davies, J. Magn. Reson. 1985, 65, 355 - 366.

J. Jeener, B.H. Meier, P. Bachmann, R.R. Ernst, J. Chem. Phys. 1979, 71,
4546 -4553.

W. Willker, D. Leibfritz, R. Kerssebaum, W. Bermel, J. Magn. Reson. 1993, 31,
287 -292.

D. Marion, K. Wutrich, Biochem. Biophys. Res. Commun. 1983, 113, 286 —
292.

D. A. Case, D. A. Pearlman, J. W. Cadwell, T. E. Cheatham IIl, W. S. Ross, C. L.
Simmerling, T.A. Darden, K.M. Merz, R.V. Stanton, A.L. Cheng, J.J.
Vincent, M. Crowley, D. M. Ferguson, R. J. Radmer, G. L. Seibel, U. C. Singh,
P. K. Weiner, P. A. Kollman, AMBER 5, University of California, San Francisco,
1997.

R.J. Woods, R. A. Dwek, C. J. Edge, B. Freiser-Reed, J. Phys. Chem. 1995, 99,
3832 -3846.

C. Altona, C.J. M. Huige, J. Comput. Chem. 1995, 16, 56 -79.

S. Ortega, J. L. Garcia, M. Zazo, J. Varela, I. Muihoz-Willery, P. Cuevas, G.
Giménez-Gallego, Bio/Technology 1992, 10, 795 - 798.

M. Zazo, R. M. Lozano, S. Ortega, J. Varela, R. Diaz-Orejas, J. M. Ramirez, G.
Giménez-Gallego, Gene 1992, 113, 231-238.

A. Pineda-Lucena, M. A. Jiménez, R. M. Lozano, J. L. Nieto, J. Santoro, M.
Rico, G. Giménez-Gallego, J. Mol. Biol. 1996, 264, 162-178.

A. Pineda-Lucena, M.A. Jiménez, J.L. Nieto, J. Santoro, M. Rico, G.
Giménez-Gallego, J. Mol. Biol. 1994, 242, 81 -98.

H. Mach, D.B. Volkin, C.J. Burke, C.R. Middaugh, R.J. Lindhardt, J.R.
Fromm, D. Longanathan, L. Mattson, Biochemistry 1993, 32, 5480-
5489.

Received: December 18, 2000
Revised version: April 12, 2001 [F171]

CHEMBIOCHEM 2001, 2, 673 - 685

685






BIO

Dendrimer-Activated Solid Supports for Nucleic
Acid and Protein Microarrays

R. Benters,”?! C. M. Niemeyer,*®! and D. Wohrle*™

The generation of chemically activated glass surfaces is of
increasing interest for the production of microarrays containing
DNA, proteins, and low-molecular-weight components. We here
report on a novel surface chemistry for highly efficient activation of
glass slides. Our method is based on the initial modification of glass
with primary amino groups using a protocol, specifically optimized
for high aminosilylation yields, and in particular, for homogeneous
surface coverages. In a following step the surface amino groups are
activated with a homobifunctional linker, such as disuccinimidyl-
glutarate (DSG) or 1,4-phenylenediisothiocyanate (PDITC), and
then allowed to react with a starburst dendrimer that contains 64
primary amino groups in its outer sphere. Subsequently, the
dendritic monomers are activated and crosslinked with a homo-
bifunctional spacer, either DSG or PDITC. This leads to the
formation of a thin, chemically reactive polymer film, covalently
dffixed to the glass substrate, which can directly be used for the
covalent attachment of amino-modified components, such as
oligonucleotides. The resulting DNA microarrays were studied by
means of nucleic acid hybridization experiments using fluorophor-

Introduction

DNA microarrays are of tremendous importance for various
applications regarding nucleic acid analyses, such as the
monitoring of mMRNA expression, the re-sequencing of DNA
fragments for the genotyping of single-nucleotide polymor-
phisms, and the detection of viruses and other pathogens.!" For
instance, DNA microarrays have recently been applied for the
classification of human tumors.'“d The fabrication of the
microarrays can be achieved by either an on-chip synthesis
using phosphoramidite-based chemistry combined with photo-
lithographic structuring techniques,” or by the automated
deposition of prefabricated oligonucleotides onto chemically
activated supports by means of ink-jet or spotting devices. The
latter approach has the potential to become the leading method
of microarray preparation since it is extremely versatile and not
limited to DNA chips, but can also be applied to arrays
containing proteins® 4 and low-molecular-weight compounds.®
For instance, antibody microrarrays are highly attractive as
multianalyte immunosensors in clinical diagnostics since the
miniaturization of ligand-binding assays not only reduces costs
by decreasing reagent consumption, but can simultaneously
exceed the sensitivity of macroscopic techniques.' With respect
to proteom research, protein microarrays are used for high-
throughput screening for protein - protein interactions, the
identification of protein kinase substrates, and the identification
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labeled complementary oligonucleotide targets. The results indi-
cate that the novel dendrimer-activated surfaces display a surface
coverage with capture oligomers about twofold greater than that
with conventional microarrays containing linear chemical linkers.
In addition, the experiments suggest that the hybridization occurs
with decreased steric hindrance, likely a consequence of the long,
flexible linker chain between the surface and the DNA oligomer. The
surfaces were found to be resistant against repeated alkaline
regeneration procedures, which is likely a consequence of the
crosslinked polymeric structure of the dendrimer film. The high
stability allows multiple hybridization experiments without signifi-
cant loss of signal intensity. The versatility of the dendrimer
surfaces is also demonstrated by the covalent immobilization of
streptavidin as a model protein.

KEYWORDS:

dendrimers DNA immobilization

surface chemistry

microarrays

the protein targets of small molecules.® High-density arrays of
small molecules have been used to identify protein receptors,*!
and for the rapid determination of the enantiomeric excess of
tens of thousands of compounds obtained from combinatorial
libraries.

Amongst the large number of solid support materials
described for the production of microarrays,”® silica is most
often used due to its great chemical resistance against solvents,
its mechanical stability, and its low intrinsic fluorescence proper-
ties. Moreover, the surface silanol groups of silica are sufficiently
reactive to allow covalent modification using alkoxysilanes, such
as aminopropyltriethoxysilane.®» It has been described that
water, which is either bound to the silica surface or is present in
the silylation reagent solution, hydrolyzes the alkoxysilanes to
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form silanols, which then intermolecularly condensate and
covalently bind to the surface silanol groups, thereby generating
a cross-linked silylated silica surface.”® However, since DNA
microarray applications essentially require reproducible and
quantifiable coupling protocols, the solid supports need to be
prepared by highly standardized silylation procedures that
allowing the homogeneous and efficient activation of the entire
surface. Various methods have been suggested, such as silylation
using water-free reaction conditions in toluene or xylene,” or
using an additive of small amounts of water to the reaction
solution in toluene®* % or in alcohol as solvent.2< %% |n
addition to problems regarding inhomogenous surface silyla-
tion, a general drawback of the silica supports is that often only
poor surface coverage with oligonucleotides can be obtained in
the case of simple chemical linkers, such as glutaraldehyde- or
oligoethyleneglycole-based groups.®*® " |n addition, such
microarrays often do not withstand frequent regeneration steps.
To overcome such problems, procedures have been reported to
build up a three-dimensional linker system by a multistep
functionalization of glass surfaces.®< Although improving the
surface’s capacity for the binding of oligonucleotides, these
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approaches require time-consuming preparations or often do
not withstand harsh regeneration conditions. Beier and Hoheisel
reported on dendritic linker systems for the fabrication of
microarrays.®? However, the dendritic linkers described were
generated in situ by several time-consuming modification steps,
and thus, the structure of the linkers actually present on the
surfaces was unclear. In addition, the surfaces revealed inhomo-
geneous distributions of the signal intensity within individual
spots. Thus, we reasoned that the employment of prefabricated
dendritic macromolecules' might simplify the procedure and
improve the quality of supports, chemically activated for the
immobilization of biomolecules.

We report here on a novel method for generating highly
homogeneous, chemically activated silica surfaces that can be
applied for the efficient coupling of oligonucleotides to produce
DNA microarrays. First, the aminosilylation procedure was
systematically optimized to yield homogeneous amino-modified
surfaces (Scheme 1a). As observed by photometric quantifica-
tion the quality of the surface, and thus, the quality of the DNA
microarray depends strongly on the solvent used in the silylation
process. In subsequent steps, the aminosilylated surface was
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Scheme 1. Schematic representation of surface modifications. a) Generation of silica surfaces 3 and 4 containing linear linkers. Reactive hydroxy groups of the glass
surface 1 condense with 3-aminopropyltriethoxysilane (APTS) to generate the amino-silylated surface 2. Subsequently, the surface amino groups are treated with
homobifunctional linker reagents DSG or PDITC to generate chemically activated surfaces 3 and 4, respectively. These surfaces are appropriate to either directly
immobilize DNA oligomers, or to serve as an anchor system for the covalent attachment of a polymeric dendrimer thin layer. Crosslinking of the homobifunctional
linkers directly on the surface is omitted. b) In situ generation of polymerized dendritic surfaces 5a-5d. Surfaces 3 or 4 are coupled with a starburst PAMAM dendrimer
that contains 64 primary amino groups in its outer sphere, and in a second step, the dendritic macromolecules are activated and cross-linked by either DSG or PDITC. The
latter reaction leads to intra- and intermolecular crosslinking, as well as to the attachment of reactive end groups suitable for the direct coupling of amino-modified DNA

oligomers or proteins.
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functionalized with an in situ generated polymeric linker system,
using a homobifunctional spacer, a polyamino-functionalized
dendritic PAMAM starburst macromolecule, and activating and
intermolecularly cross-linking the monomeric dendrimers with
an homobifunctional reagent (Scheme 1b). This procedure leads
to the formation of a chemically activated polymer film,
covalently attached to the glass support, which can be used
directly for the covalent immobilization of amino-modified DNA
oligomers. As determined by autoradiography, the surface
loading is as high as 150 fmolmm~2. Moreover, the dendrimer-
based surfaces can be regenerated many times without
significant loss in signal intensity. As an additional advantage
the polarity of the dendrimer-modified surface can be modu-
lated by using different crosslinking reagents, thereby allowing
the alteration of the microarray spot’s size and sharpness.

Results and Discussion
Silylation

To develop an optimized procedure for the activation of glass
cover slides for immobilizing bioorganic components, such as
DNA oligomers or proteins, the silylation of the silica surface was
studied as an initial modification step. Two criteria of the
silylation protocol were experimentally optimized to reprodu-
cibly generate high-grade surfaces that meet the demands for
DNA microarray preparation. First, surface coverage with cross-
linked silane needs to be highly homogeneous throughout the
entire surface, thereby allowing quantitative interpretation of
the hybridization signals. Second, it is particularly important to
maximize the number of functional groups introduced by the
silylating agent. A large number of coupling groups allows the
high density immobilization of capture oligonucleotides, and
thus, enables low limits of detection during hybridization
analyses.

As depicted in Scheme 1a, conventional protocols for mod-
ification of silica surfaces are often based on the initial silylation
of microscope glass slides 1 using aminopropyltriethoxysilane
(APTS) to obtain a amino-derivatized surface 2, '% which is
subsequently activated by using, for instance, disuccinimidyl-
glutarate (DSG) or phenylenediisothiocyanate (PDITC) to obtain
amino-reactive surfaces 3 and 4, respectively. With respect to the
development of optimized surfaces for DNA microarray prepa-
ration, several methods for the silylation of glass supports were
compared. The influence of the organic solvent and water on the
modification of the glass slides with APTS was studied under
various conditions. Therefore, the silylation was carried out both
under anhydrous conditions in toluene, in toluene containing a
definite amount of water, as well as in defined solvent mixtures
of ethanol and water. In additon, the reaction time was varied
between one and twenty hours. The surface activiation was
quantitatively determined by coupling with the sulfonyl chloride
activated dye rhodamine B, which allowed the photometric
determination of immobilized amino groups (Figure 1a). After
the covalent coupling of the dye, the absorbance of the colored
slides was measured at A,,,,=550 nm. As shown in Figure 1b,
the immobilization capabilities of surface 2 were increased when
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Figure 1. Quantitative determination of amino groups attached to glass cover
slides by the APTS reaction depicted in Scheme 1. a) Typical UV/Vis absorbance
spectrum for the treatment of the amino-modified surface 2 with rhodamine B
sulfonyl chloride. The absorbance at 550 nm indicates successful amino silylation
of the glass surface. The spectrum of a reference slide without amino groups is
shown for comparison. b) Quantification of the amino groups obtained by using
the various silylation protocols studied (see text for details). The height of the
histogrammes corresponds to the relative number of amino groups, as determined
by the absorbance at 550 nm, subsequent to reaction with rhodamine B sulfonyl
chloride. In addition, the structure of immobilized dye is shown.

the slides were treated for prolonged duration with the silylating
reagent. A significantly larger amount of dye was coupled to the
surface when water was present as a cosolvent. Presumably, this
is due to an increased hydrolysis of the alkoxysilane, leading to
an increased deposition of aminosilyl precipitation on the glass
surface.®! The highest immobilization efficiency was obtained
when the silylation was carried out for twenty hours in ethanol/
water (Figure 1b).

To further elucidate the silylation step, the surface roughness
of the silane-coated surfaces was investigated by scanning
electron microscopy (SEM) and atomic-force microscopy (AFM)
(Figure 2). These techniques revealed that the silylation carried
out in toluene leads to highly inhomogeneous and rough
surfaces (Figure 2a). This effect is particulary strong when small
amounts of water were present during the silylation procedure
(Figure 2b). Although often described in the literature,” ' these
conditions led to surfaces which often reveal high background
and inhomogeneous surface coverages (see below). As indicated
by SEM analysis, large silica depositions are inhomogeneously
distributed on the chip’s surface, and thus, lead to nonuniform

CHEMBIOCHEM 2001, 2, 686 - 694





Dendrimer-Activated Solid Supports

Figure 2. SEM and AFM characterization of surfaces 2 obtained from the various
silylation protocols. Glass slides were silylated under various conditions. a,b) SEM
images of surfaces obtained by amino-silylation for 4 h at 80°C in toluene under
anhydrous conditions (a) or in the presence of 100 ppm water (b). Note the silica
depositions on the surfaces. c) SEM image of a surface obtained by amino-
silylation for 4 h at 25°C in ethanol/water (95:5 v/v). Note the smoothness of the
surface. The glass splinter is shown to prove the exact focussing of the image.
d) AFM image of the surface shown in Figure 2¢, indicating a maximum surface
roughness of less than 25 nm.

intensity distributions during hybridization analyses with the
DNA microarray. In contrast, silylated surfaces 2 generated in the
ethanol/water solvent are very smooth (Figure 2c). No surface
structure was detected by SEM analysis, and thus, AFM was used
to further characterize the surface roughness (Figure 2d).
Whereas the unmodified, freshly cleaned microscopy slides
showed a maximum surface roughness below 25 nm, silylation
carried out for less than four hours led to surfaces showing a
roughness in the same range. This indicates that a very smooth
silane coating has been generated. An increase of the silylation
time again leads to silica depositions, similar to those obtained
using the toluene-based solvent system (not shown).

Optimization of the linker-system

Strategy: Based on the results obtained from APTS silylation, we
then systematically investigated various linker systems suitable
for the covalent attachment of amino-containing components,
such as DNA oligomers and proteins. The linker systems studied
allowed the generation of two classes of solid supports, 1)
surfaces containing conventional linear linkers, such as 3 or 4,
(Scheme 1a), and 2) surfaces containing a polymerized dendritic
coating, such as 5a-d (Scheme 1b). In the case of the linear
linker-containing surfaces, 3 and 4, the activation of 2 with DSG
or PDITC leads to the carboxylic ester or isothiocyanate-activated
surfaces, respectively. These two surfaces were used as an anchor
system to covalently attach the dendrimer coating, and also to
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serve as reference system for the surfaces 5a-d. The latter were
prepared by reacting amino-modified surfaces 3 or 4 with a
polyamino-functionalized dendritic PAMAM starburst macromo-
lecule and subsequent treatment with the homobifunctional
reagents DSG or PDITC.

The concept for the preparation of dendrimer-modified
surfaces was based on the assumption that the starburst
dendrimer with its 64 primary amino groups in the outer sphere,
might be intermolecularly crosslinked by treatment with the
homobifuctional reagents DSG or PDITC, after coupling of the
dendritic monomers to surfaces 3 and 4. We reasoned that the
surface coating with the polymerized dendrimer film should lead
to an increase in the number of reactive groups, and thus, should
allow the binding of large amounts amino-derivatized oligonu-
cleotides. Moreover, we expected that the cross-linked polymer
film should improve the stability of the surface against harsh
washing and regeneration conditions applied during microarray
analyses. The polymeric thin-film nature of the dendrimer-
modified surfaces is illustrated by the images in Figure 3. A DNA
microarray based on the surface 5b was mechanicallly scratched
after its use in hybridization analysis (see below). A cross-section
analysis of the edge using AFM indicated that a homogeneous
layer with a thickness of about 100 nm was formed by the
dendrimer deposition procedure (Scheme 1b).

height profile

2 4 pm

fluorescence

Figure 3. Demonstration of the polymeric thin-film nature of the dendrimer-
modified surface 5b. A DNA microarray was mechanically scratched after its use
in hybridization analysis (left). The polymer-coated area appears as light blue
areas containing red hybridization signals, while the scratched glass support is
colored dark blue. AFM imaging was used to measure the height of the film.
Cross-section analyses of the edge indicates that the polymer layer has a
thickness of about 100 nm.

Surface properties: A series of dendrimer-modified supports
5a-d (Scheme 1b) were synthesized from preactivated surfaces
3 or 4 by using either PDITC or DSG as a homobifunctional
activating reagent. All surfaces were tested in DNA microarray
analyses. In particular, the surfaces were used to covalently
attach an array of amino-derivatized capture oligomers, and
subsequently, Cy5-labeled target oligomers were allowed to
hybridize with the array-bound capture oligomers. As an initial
result, the surface 5d, generated from the isothiocyanate surface
4 by subsequent activation with PAMAM and DSG, revealed
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extremely diffuse oligomer spots as well as a very low stability
against the alkaline regeneration conditions. Accordingly, sur-
face 5d was judged inappropriate for DNA-microarray applica-
tions and was not further characterized.

In contrast, surfaces 5a- ¢ proved to be highly suitable for the
preparation of DNA microarrays. These surfaces showed differ-
ent properties with respect to polarity, background signal
intensity, and regeneration stability (Figure 4). As judged from

170 pm AT GO0 e

Figure 4. Utilization of dendrimer surfaces 5a- c to generate DNA microarrays.
The differences in hydrophobicity of surfaces 5a-c, leading to variations in the
size and sharpness of the spots are illustrated. The arrays were prepared by
depositing volumes ranging from 0.25 -1 nlL of a 5’-amino modified DNA
oligomer in water onto the dendrimer surfaces. Subsequently, the arrays were
hybridized with a complementary 5'-Cy5-labeled oligomer, and hybridization
signals were detected with a fluorescence scanner. Overlay plots of cross-sections,
obtained from various 250 pL spots of several different slides, are shown at the
bottom. Note the high reproducibility of the intensity distribution within the
individual spots.

the sharpness of fluorescent hybridization signals, the surface
polarity of 5a and 5b appeared to be nearly identical. The
surfaces 5a and 5b revealed a high hydrophobicity which led to
the formation of highly symmetrical and sharp-edged spots.
Spotting of 250 pL of the amino-modified capture oligomers
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with a piezo-driven dispensing device led to an average spot
diameter of approximately 170 pm. As another advantage, the
nonspecific binding of the Cy5-labeled target oligomer to
surface 5a is very weak, likely a consequence of the negativly
charged carboxylic groups on the surface. This leads to high
signal-to-background ratios upon fluorescence analysis. In
contrast, surface 5¢ showed less hydrophobic properties. The
depostion of 250 pL of the capture oligomer solution leads to
spots with an average diameter of approximatly 600 um.
Although this allowed very high detection sensitivity, the diffuse
shape of the spots is disadvantageous for standard hybridization
analyses. As indicated by the overlay of three cross-sections of
different spots, obtained with different arrays, the dendrimer
activation of the slides is homogeneous and reproducible
(Figure 4). As shown in Figure 5, this allows highly homogeneous
hybridization signal intensities on the entire surface. The high
homogeneity of the spots obtained with PAMAM dendrimer
coated slides is demonstrated in Figure 6. Two commercially

Figure 5. Demonstration of the long-range homogeneity of the dendrimer-
modified glass cover slides. a) Array of DNA oligomers covalently attached to a
dendrimer-modified surface 5 c. Volumes of the amino-modified DNA oligomer
ranging from 0.25- 1.0 nL were deposited on the cover slide to form six identical
patterns. The array was used for hybridization experiments with the comple-
mentary 5'-Cy5-labeled target oligomer, applied as a 1 nmolL~" solution. Signals
were measured with a fluorescence scanner (pmt500). b) Array of biotin-binding
protein streptavidin covalently attached to a dendrimer-modified surface 5b. 1 nL
of a 20 umol L~ streptavidin solution was deposited in each spot. The array was
used for capturing a twofold modified, double-stranded DNA fragment contain-
ing a biotin substituent and a Cy5-fluorophore at its two 5’-ends. After binding of
the DNA target through a streptavidin - biotin interaction, the fluorescence
signals were detected by fluorescence analysis (pmt500).
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Figure 6. Comparision of the spot homogeneity of various surfaces: a) an
epoxysilane-activated slide, b) an array printed on a nitrocellulose-coated slide,
and c) a PAMAM dendrimer slide. All three slides were spotted with 500 pL of a
10 umol L=" solution of amino-capture oligomer. Hybridization was carried out
with a 1 nmol L=" solution of a 5'-Cy5-labeled, complementary target oligomer. As
indicated by the three-dimensional representation of the signal distribution
(pmt500), the dendrimer slide reveals sharp and highly homogeneous spots.

available activated slides are compared with a dendrimer slide.
Hybridization was performed with a solution of a 5-Cy5-labeled
oligomer (1 nmolL™") using either an array spotted on an
epoxysilane-activated slide (Figure 6a), a nitrocellulose covered
slide (Figure 6b), or a PAMAM dendrimer slide (Figure 6c). As
indicated from the three-dimensional representation of the
signal intensities, the dendrimer activation led to sharp spots
with the best homogeneity of the signal distribution. This result
is particularly important since the homogeneity within an
oligomer spot is crucial for quantitative analysis using commer-
cially available software tools.!"!

Immobilization efficiency: The binding capacity of the activated
supports is most important for the high density coupling of DNA
oligomers, which allows high signal-to-background ratios, and
thus, enables lowest limits of detection upon microarray hybrid-
ization analysis. To systematically study the binding capacity of
surfaces 3, 4, and 5a-c¢, a doubly functionalized oligonucleotide
containing an amino group at its 3'-end and a Cy5 fluorophore
at its 5-end was used. For the preparation of DNA oligomer
arrays, a solution of this oligomer (250 pL) was dropped onto the
activated glass supports. The concentration of the oligomer
solution was varied between 0.01 umolL~" and 100 pmolL~". For
comparison, additional arrays were prepared by using commer-
cially available, epoxy-silylated slides, which thus allowed the
direct coupling of the amino-modified oligomer without any
additional linker system. After spotting, the chemical coupling
was allowed to proceed for two hours in a humidity chamber;
unbound oligomers were removed by washing, and the
fluorescence intensity was determined with a fluorescence
scanner. As shown in Figure 7, the epoxysilane-coated slides
exhibited the lowest binding capacity, possibly as a result of the
the missing linker system. Similarly, only small amounts of
oligomers were attached on surface 3. The isothiocyanate-
modified surface 4 revealed higher signal intensities, especially
in the case of the depostion of low concentrated oligomer
solutions. However, saturation of signal intensity was reached
with surface 4 at an oligomer concentration of 10 umolL~", and
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Figure 7. Investigation of the binding capacity of the various activated glass
surfaces. 250 pL of a single-stranded DNA oligomer (ssDNA) containing a 3'-
amino group and a 5'-Cy5 fluorophore were deposited on the activated supports
3 (m), 4(2), 5a (A), 5b (e), and 5¢ (o) in concentrations of 0.01 umolL~" -

100 umol L~". For comparison, a commercially available epoxysilane-coated slide
(o) was also studied. The signals were obtained with a fluorescence scanner (see
Figure 5), and the average of the pixel intensities within a spot was calculated.

no further increase of signal intensity was obtainable even at
high oligomer concentrations deposited. In contrast, no such
saturation was observed with the dendrimer surfaces 5a-c,
most likely as a consequence of the enhanced amount of
binding sites provided by the three-dimensional linker system.
The comparison of surfaces 5a-c revealed that the immobiliza-
tion efficiencies increase with the PDITC content used during the
generation of the linker system.

To determine the absolute amount of ssDNA attached,
additional autoradiography experiments have been carried
out. According to the results of these experiments, the surface
loading of 5b is approximately 150 fmolmm~2, when immobi-
lization was performed with a solution containing 10 pmolL~" of
the 5’-amino-oligomer. This coverage is equivalent to approx-
imately one molecule per 10 nm2. In contrast, lower oligomer
densities of about 70 fmolmm~2 were determinated for surface
4. These results suggest that no significant increase in signal
intensity would be obtained if ssDNA was deposited on the
dendritic surfaces 5a-c at concentrations higher than
100 pmolL~". Loadings of less than 5 fmolmm~2 were measured
for the commercially available epoxysilane-modified slides. Thus,
experiments with both radioactively and fluorophore-labeled
ssDNA oligomers indicated that an approximatly twofold higher
loading is achieved with the dendritic surfaces, despite the 64
amino groups present in each of the dendrimer monomers. This
suggests that many functional groups of the PAMAM dendrimer
are consumed to form the polymeric network (Scheme 1b). To
enhance the immobilization capacity, however, the number of
active binding sites of dendrimer-modified surfaces can be
increased by employing monofunctional or heterobifunctional
linker reagents, such as glutaric anhydride or m-maleimidoben-
zoyl-N-hydroxysuccinimide ester during the last activation step,
instead of using the homobifunctional linkers PDITC or DSG.
Compared to the linear linker surfaces 3 and 4 an approximately
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eightfold higher loading was observed in hybridization experi-
ments with such noncrosslinked dendritic surfaces (data not
shown).l'4

Regeneration stability: A major motivation to develop the
dendrimer surfaces was their applicability as a support for the
preparation of reusable DNA microarrays. To test the physico-
chemical stability of the linker system, we compared the
regeneration stability of the dendrimer surface 5b with that of
the conventional surface 4 (Figure 8). For this, two different
regeneration procedures were applied: After hybridization of the
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Figure 8. Comparison of the stability of amino-modified surfaces 4 (a) and 5b
(b), containing a linear or a dendrimer-based linker system, respectively. The
microarrays were prepared by deposition of 0.25- 1.0 nL of a 5'-amino-modified
capture oligomer (10 umol L=') on the activated surfaces. The arrays were used for
hybridization detection of a complementary 5'-Cy5-labeled target oligomer
applied as a 1 nmolL~" solution. The signals were determinated with a
fluorescence scanner. Alkaline-stripping conditions were used for regeneration of
the arrays. Each regeneration cycle corresponds to one hour incubation in an
alkaline-stripping solution (see text for details). Fluorescence images of identical
regions of the arrays are shown in each case on the right. The images were
obtained after regeneration and rehybridization steps, as indicated by the value
of n. Image x was obtained after the first regeneration.

microarrays with 1 nmolL~" of the Cy5-labeled target oligomer,
the arrays were regenerated by using either an alkaline solution
containing NaOH (50 mmolL-") and SDS (0.1%, w/v) at room
temperature (“alkaline stripping”), or by using a neutral pH 7.5
phosphate buffer containing SDS (0.1 %, w/v) at 95°C (“thermal
stripping”). To ensure that the removal of the Cy5-labeled target
oligomer is greater than 99%, the arrays have to be incubated
for about one hour in the alkaline medium, whereas a treatment
of about two minutes was sufficient when slides are regenerated
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by thermal stripping. Many cycles of regeneration were carried
out on the surfaces 4 and 5b; however, the time-consuming
rehybridization of the stripped arrays was skipped after most of
the regeneration steps. Instead, the arrays were kept in the
regeneration medium for prolonged periods of time. As
indicated in Figure 8a, surface 4 was not particularly resistant
against the regeneration conditions. The signal intensities
of the rehybridized arrays decreased significantly with each
regeneration cycle, and after five cycles only a very low signal
intensity was detected. Similar results were obtained with
surface 3 (data not shown). Thus, in our hands, the silylated
surfaces with conventional linker systems appeared to be
inappropriate to serve as support for the preparation of reusable
microarrays.

In contrast, the dendrimer-modified surfaces, in particular 5b,
revealed a remarkable stablility even after numerous cycles of
regeneration. Interestingly, microarrays based on surface 5b
showed an increased signal intensity after one cycle of alkaline
stripping and rehybridiziation (Figure 8b). In subsequent hybrid-
ization experiments the signal intensities decreased slightly to
reach a plateau, which remained constant for more than 100
simulated regeneration cycles. The tenth rehybridization, carried
out after treating the array with alkaline stripping conditions
corresponding to 110 regeneration cycles, still led to signal
intensities of about 80 % of the initial hybridization signals and of
about 35% compared with the maximum signal intensity
observed after the third hybridization. Moreover, significantly
decreased background signals were evident after several cycles
of regeneration, indicating a reduced nonspecific binding of the
Cy5-labled target oligomers. Thus, the use of regenerated arrays
led to elevated signal-to-noise (S/N) ratios. The S/N ratio after the
first hybridization was about 100:1, after 20 regeneration cycles
it increased to approximatly 500:1, and after more than 100
regeneration cycles S/N ratios greater than 5000:1 were
observed. This indicated that alkaline-stripped dendrimer arrays
allow a significantly higher sensitivity compared to those used
for the initial hybridization experiments. Under the thermal
stripping conditions, the stability of the surfaces was reduced. In
that case, a continuous decrease in signal intensity was
observed. The tenth rehybrization after 110 simulated regener-
ation cycles led to remaining signal intensities of about 40%
compared to those obtained from the initial hybridization.

Protein immobilization: Initial experiments were carried out to
test the versatility of the dendrimer-modified surfaces for
immobilizing amino-containing compounds other than DNA
oligomers. For this, an aqueous solution containing the biotin-
binding protein streptavidin was spotted onto the activated
surface 5b. After the removal of excess material by washing, the
immobilization of the protein was tested by capturing a biotin-
derivatized double-stranded DNA fragment which contained an
additional Cy5 label attached to one of its 5-ends. A fluores-
cence image of the protein array is shown in Figure 5b, which
indicates the highly homogeneous spot pattern throughout the
entire surface of the glass slide. This result again emphasizes the
high quality and the versatility of the novel dendrimer surfaces
developed.
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Conclusions

DNA and protein microarray technology essentially require
chemically activated surfaces which allow the highly reprodu-
cible and homogeneous coupling of bioorganic compounds.
Since the use of glass microscope slides is most common, we
have developed an optimized functionalization procedure for
silica surfaces based on 1) a highly homogeneous aminosilyla-
tion of the glass support and 2) a subsequent in situ generation
of a polymeric thin-film layer comprising a dendritic monomer.
The resulting surfaces not only have a very high binding capacity
for amino-modified compounds, but also reveal an outstanding
resistance against the harsh washing and regeneration con-
ditions, necessary to recover DNA microarrays after hybridization
analyses. As an additional advantage, the surface properties can
be modulated by the use of various crosslinking agents, thereby
allowing, for instance, the generation of activated supports of
variable hydrophobicity. The versatility of the dendrimer-modi-
fied surfaces was demonstrated by their employment in the
production of both DNA and protein microarrays. We anticipate
that the novel dendrimer surfaces will allow the production of
dense arrays comprising nucleic acids, proteins, and low-
molecular-weight compounds.

Such arrays are useful for applications ranging from genomics
and proteomics to the various fields of biomedical diagnostics
and high-throughput screening. Further studies are currently in
progress on the application of dendrimer surfaces as a platform
for the detection of protein-ligand interactions, such as the
immunosorptive binding of antigens through surface-bound
antibodies, or the analysis of single-nucleotide polymor-
phisms.[>]

Experimental Section

DNA oligomers and proteins: Streptavidin was purchased from IBA
(Gottingen) and DNA oligomers were from Interactiva (Ulm). 5'-
Amino-modified DNA oligomer used for attachment to the activated
surfaces: 5'-NH,-AGC GGA TAA CAA TTT CAC ACA GGA-3'. 5'-Cy5-
Labeled DNA oligomer used for hybridizations: 5-Cy5-TCC TGT GTG
AAA TTG TTA TCC GCT-3'. Twofold modified oligomers for inves-
tigation of immobilization efficiencies: 1) for detection by fluores-
cence: 5'-Cy5-AGC GGATAA CAATTT CAC ACA GGA-NH,-3" and 2) for
detection by autoradiography: 5-*2P-AGC GGA TAA CAA TTT CAC
ACA GGA-NH2-3'.

Instrumentation: Laser scanning system: GenePix4000 (Axon);
piezo-driven spotting device: Robodrop (BIAS, Bremen); UV/Vis
Spectrophotometer: Lamda2 (Perkin Elmer); scintillation analyzer:
liquid scintillation analyzer 2500 TR (Packard).

Synthesis of disuccinimidylglutarate (DSG): DSG was prepared by
dissolving glutaric acid (17 mmol), N-hydroxysuccinimide (35 mmol),
and N,N'-dicyclohexylcarbodiimide (35 mmol) under dry conditions
in amine-free DMF (50 mL). The solution was stirred for 24 h and then
filtered under vacuum to remove the precipitated urea derivative.
The solvent was removed on a rotary evaporator at 60°C under
reduced pressure (30 mbar). The crude product was dissolved under
reflux in CH,Cl, and reprecipitated by adding hexane. If necessary, an
additional flash-chromatography purification (silica gel; CH,Cl,/
CH;COOC,H;, 1:1) can be carried out to remove side products
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remaining. The yields of isolated products were 60%. MS (FAB+,
NBA): m/z (%): 327 (28) [M+H*1, 212 (61), 154 (100), 136 (93); '"H NMR
(360 MHz, CDCl;, 25°C, TMS): 6 =1.6 (t, *J(H,H)=7 Hz, 4H; CH,), 2.2
(g, 3J(H,H) =8 Hz, 2H, CH,), 2.8 (m, 8H, CH,); IR (KBr): # [cm~1] = 2963,
2852 (C—H); 1820, 1784, 1732 (C=0); 1262, 1205, 1077, 869, 804.

Silylation procedures: All cleaning and modification steps were
carried out in a glass tube under heavy stirring. The microscope glass
slides (Menzel Glaser, Braunschweig) were first degreased by ultra-
sonic treatment in CH,Cl,, and subsequently cleaned in freshly
prepared, hot piranha solution (H,50,/H,0,, 2:1) for 30 min. There-
after, the slides were rinsed in bidistilled water and dried for 10 min
at 80°C in a nitrogen atmosphere. The initial modification of glass
slides 1 to obtain surface 2 (Scheme 1a) was achieved by treatment
with 3-aminopropyltriethoxysilane (APTS, Sigma-Aldrich) under
various conditions: For silylation under water-free conditions the
slides were stirred in a mixture of toluene/APTS/diisopropylethyl-
amine (89:10:1 v/v) at 80°C in a nitrogen atmosphere for between
one and twenty hours. The amino-silylated slides were washed
thoroughly with toluene and acetone. The similar method was used
for silylation in the presence of water by adding 100 ppm of
deionized water to the above toluene/APTS/diisopropylethylamine
solution. To produce surfaces 2 by silylation in a ethanol/water
solution, the cleaned slides were treated with a mixture of ethanol/
H,O/APTS (95:3:2 v/v) for one up to twenty hours, and then the slides
were cleaned with ethanol and acetone as described above. All
silylated slides were finally dried for 10 min at 110°C prior to the
further activation.

Quantitative determination of amino functionalization using
rhodamine-B: To quantify the amount of amino groups present
after amino-silylation, sulfonyl chloride activated rhodamine B (Mo-
lecular Probes) was covalently coupled with the amino groups of
surface 2 through a sulfonamide bond. For this, the slides were
incubated for 1 h in a solution containing the rhodamine B derivative
(10 umolL=") and pyridine (1% v/v) in CH,Cl, under water-free
conditions. After the samples had been washed with CH,Cl, and
ethanol, the absorbance at 550 nm was determined using a UV/Vis
spectrophotometer. A similar protocol, using tetramethylrhodamine
cadaverine (Molecular Probes) instead of the rhodamine B sulfonyl
chloride was employed to determine the quality of activated surfaces
3 through 5c¢.

Synthesis of linear linker surfaces 3 and 4: Slides activated with
conventional linear linkers were synthesized by incubation of amino-
silylated slides 2 for 2 h in a solution containing either disuccinimi-
dylglutarate (DSG, 10 mmolL™") in CH,Cl, supplemented with
diisopropylethylamine (1%, v/v) to yield surface 3, or in a solution
containing 1,4-phenylenediisothiocyanate (PDITC, 10 mmolL™"; Flu-
ka, Neu-Ulm) in CH,Cl,, supplemented with pyridine (1%, v/v) to
yield surface 4. The slides were washed three times in CH,Cl, and
dried in a nitrogen stream. The activated slides were stored in an
argon atmosphere at —20°C.

In situ generation of the polymeric linker systems: In a first step,
the dendritic PAMAM starburst monomer (100 pL of a 10% (w/v)
solution; Sigma-Aldrich) was deposited on a slide containing the
activated surfaces 3 or 4, and the slide was incubated overnight.
Excessive monomer was removed by washing with ethanol and
acetone and then the slides were dried in a nitrogen stream. The
PAMAM monomers attached were cross-linked and activated for two
hours with either a solution of DSG in CH,Cl, (10 mmolL™")
containing diisopropylethylamine (1%, v/v), or with a solution of
PDITC in CH,Cl, (10 mmol L") containing pyridine (1%, v/v) under an
inert atmosphere. The slides were thoroughly rinsed with CH,Cl, and
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acetone, and immediately used for the coupling with amino-
modified oligonucleotides as described below.

Covalent attachment of oligonucleotides and proteins: For the
attachment of oligonucleotides, typically 0.25 - 1.0 nL of a solution of
the 5-amino-modified oligonucleotide in water (10 pmolL~") was
droped onto the activated slides using a piezo-driven spotting
device, and the slides were incubated overnight in a chamber under
saturated humidity. Subsequently, the slides were air-dried and
submerged in a solution containing 6-aminohexanol (150 mmol L")
and N,N'-diisopropylethylamine (50 mmolL~") in DMF to quench the
remaining coupling groups. After washing with DMF, acetone, and
water, the slides were used for hybridization, or were stored at
—20°C. A similar protocol was used for the preparation of protein
microarrays. Briefly, the protein was dissolved in water (10-
20 pumol L"), spotted onto the activated support, and then the
slides were incubated overnight at 4°C. Quenching of remaining
binding sites was carried out in water instead of DMF.

Hybridization experiments: Nucleic acid hybridization experiments
were carried out in polypropylene vessels. To reduce nonspecific
binding of the 5'-Cy5-labeled oligonucleotides, the microarrays were
pretreated for one hour with a solution containing herring sperm
DNA (100 ug mL~"; Boehringer Mannheim) in TBS buffer (20 mmol~!
tris-Na-citrate, 150 mmol~" NaCl, pH 7.35). Subsequently, the microarray
was transferred to a hybridization chamber and covered with the
hybridization solution, containing the 5’-Cy5-labeled complementary
target oligonucleotide (1 nmolL~") in TETBS (TBS, 5 mmolL-" EDTA,
0.05% v/v Tween20), supplemented with herring sperm DNA
(100 ug mL="). Hybridization was carried out at 25 °C for one hour.
The chip was then washed twice for 10 min with 2 x SSC (0.3 mmol~'
NaCl, 30 mmol~" tris-Na-citrate)/0.1% SDS (sodium dodecylsulfate)
followed by 0.2 x SSC/0.1% SDS twice. The fluorescence intensity
was measured by using a microarray laser scanning system.

Investigation of loading capacities by autoradiography: To
quantify the amount of capture oligomers attached to the glass
slides, a 5'-*?P-labeled and 3’-NH,-modified DNA oligomer was used.
100 ppm of this 3?P-labeled oligomer were added to a solution
containing the identical unlabeled oligomer in water (10 umolL™").
Activated slides were incubated with the oligomer solution and
washed as described above. For quantitative determination the
slides were submerged in a scintillation cocktail (LSC Ultima Gold XR,
Packard), and radioactive decays were counted with a scintillation
analyzer.
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Functional Display of Active Bovine
Adrenodoxin on the Surface of E. coli by
Chemical Incorporation of the [2Fe - 2S] Cluster

Joachim Jose,*@ Rita Bernhardt,® and Frank Hannemann®!

The display of heterologous proteins on the surface of living cells
bears promising options for a wide variety of biotechnological
applications. Up to now, however, cellular surface display was
merely restricted to simple polypeptide chains. Here we present for
the first time the efficient display of a protein (bovine adrenodoxin)
that contains an inorganic, prosthetic group in its active form on
the surface of Escherichia coli. For this purpose apo-adrenodoxin
was transported to the cell surface and anchored within the outer
membrane by the autotransporter pathway. Incorporation of the
iron —sulfur cluster was achieved by a single-vial, one-step titration
under anaerobic conditions. The biological function of surface-

Introduction

Whole-cell biofactories and taylor-made enzymes from labora-
tory evolution are two examples of increasing importance in the
application of protein surface display." Different systems have
been applied for the surface display of heterologous proteins in
yeast,> 31 and gram-positive* > and gram-negative bacteria.
Besides other systems”-'¥ autodisplay is a very elegant way to
express a recombinant protein on the surface of a gram-negative
bacterium.!"> '8! Autodisplay is based on the secretion mecha-
nism of the autotransporter family of proteins.'”-' These
proteins are synthesized as polyprotein precursors that contain
structural elements sufficient for secretion.”” They cross the
inner membrane by using a typical signal peptide at the N
terminus. Once the precursor has arrived in the periplasm, the
C-terminal part folds into the outer membrane as a porin-like
structure, a so-called 3 barrel.'™> 222 Through this pore, the
passenger domain attached to the N terminus is translocated to
the surface. There, it might be cleaved off—either autoproteo-
lytically or by an additional protease—or remain anchored to the
cell envelope by the transporter domain.”® Replacing the natural
passenger by a recombinant protein results in its proper surface
translocation.' 16 24-271

For this purpose an artificial precursor must be constructed by
genetic engineering; this precursor consists of a signal peptide,
the recombinant passenger, the  barrel, and a linking region in
between, which is needed to achieve full surface access.?"! The
AIDA-I autotransporter, which is a part of the adhesin involved in
diffuse adhesion, is present in some pathogenic strains of
Escherichia coli®® and was successfully used in this way for
efficient surface display of various passenger domains.!'> 16 27 29
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displayed holo-adrenodoxin could be established through adreno-
doxin-dependent steroid conversion by two different cytochro-
me P450 enzymes and the number of functional molecules on the
cell surface could be determined to be more than 10° per cell.
Neither the expression of adrenodoxin nor the incorporation of the
chemical iron - sulfur cluster reduced the viability of the bacterial
cells.

KEYWORDS:

adrenodoxin - autotransporter pathway - electron transport -

metalloproteins - surface display

Up to now, however, the autotransporter-mediated surface
display has been restricted to monomeric proteins that were
devoid of any nonproteinaceous cofactors. This could be due to
the fact that a polypeptide chain must be in a relaxed, unfolded
conformation to be transported by the autotransporter pathway.

The ferredoxin from bovine adrenal cortex, termed adreno-
doxin (Adx), belongs to the [2Fe-2S] ferredoxins, a family of
small acidic iron - sulfur proteins that can be found in bacteria,
plants, and animals.?” It plays an essential role in electron
transport from adrenodoxin reductase (AdR) to mitochondrial
cytochrome P450 enzymes, which are involved in the synthesis
of steroid hormones (Scheme 1).B3" The iron -sulfur cluster of
Adx is coordinated by four sulfur atoms from the side chains of
four of its five cysteine residues.®? Bovine adrenodoxin is
encoded by a nuclear gene, synthesized in the cytoplasm and
processed upon mitochondrial uptake. The mechanism of iron -
sulfur cluster incorporation is still not clear, although during
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HOH,C

H,C
HO (6]

11-deoxycorticosterone

cholesterol

3 NADPH + 3 O, + H* NADPH + O, + H*
Adx, AdR, CYP11A1

3 NADP* + 3 H,0

H,C
Ji:éjfo
HO (6]

pregnenolone

NADP* + H,0

corticosterone

Scheme 1. Adx-dependent reactions of the side-chain cleaving enzyme (CYP11A1) and 11[3-
hydroxylase (CYP11B1). The electron-transfer activity of surface-presented Adx was analyzed in
reconstituted systems containing the natural final electron acceptors CYP11A1 and CYP11B1, which

catalyze the indicated chemical reactions.

heterologous expression in E. coli, it can be assembled in the
cytoplasm as well as in the periplasm.=*3!

In the present paper, we report on the construction of a fusion
protein containing a signal peptide, a monomeric Adx, and the
transporter domain of AIDA-I and on its efficient and stable
surface display. At the cell surface, the iron - sulfur cluster could
be chemically incorporated by a one step procedure, yielding
functional Adx. We show, for the first time, that autodisplay can
be applied to proteins that contain inorganic cofactors and that
these proteins are freely accessible at the cell surface, even for
large ligands or partner proteins such as cytochrome P450
enzymes. This investigation opens the door for further develop-
ments in the application of autodisplay or surface display in
general, by extending the application of the evolutive design of
catalytic biomolecules or new whole-cell factories to proteins
containing prosthetic groups.

Results
Fusion protein construction

The coding region of bovine Adx was amplified with the
polymerase chain reaction (PCR) to obtain an in-frame fusion
with the gene segments needed for autodisplay. The PCR
primers used added an Xhol site at the 5" end and a Kpnl site at
the 3’ end of the Adx encoding region. To avoid any hindrance
with bacterial surface translocation, an Adx gene that was
devoid of the coding region for the mitochondrial targeting
sequence was used as the PCR template, as previously
described.®® The amino acid and the nucleotide sequence of
the resulting PCR product, which was confirmed by dideoxy
sequencing, is shown in Figure 1a. For the construction of the
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recombinant fusion protein encoding gene,
plasmid pJM7 was cleaved with Xhol and Kpnl.
pJM7 is a pBR322-derived high copy number
plasmid that directs the expression of a choler-
atoxing - Aida-l fusion protein under control of
the constitutive Prc promoter.'>2¥ (leavage
with Xhol and Kpnl resulted in the deletion of
the DNA region encoding choleratoxing (CTB).
Insertion of the cleaved Adx PCR fragment
yielded plasmid pJJ004, which encoded a fusion
protein consisting of the signal peptide of CTB,
Adx, and the AIDA-l autotransporter region
(AIDAg), including a linker region that proved
to be sufficient for full surface access in earlier
studies!™ (Figure 1B). The artificial construct still
contains eight amino acids of mature CTB due to
the ligation procedure. Based on the predicted
molecular mass of 65.9 kDa, the fusion protein
was termed FP66.

Expression of Adx - AIDA-1 fusion proteins

Most of the available E. coli host strains possess
an outer-membrane protease (OmpT) that cata-
lyzes the sequence-specific release of surface-
exposed proteins.®¥ As the linker used in our Adx - AIDA; fusion
contains an OmpT protease specific cleavage site, it was
necessary to use an ompT-negative strain for Adx surface display.
In former studies E. coli UT5600 (ompT)*! proved to be suitable
to prevent cleavage of similarly constructed surface-exposed
autotransporter fusion proteins.?* 3¢ Therefore pJJ004 was
transformed into E. coli UT5600 and the expression of FP66 was
monitored by sodium dodecylsulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and immunoblotting of outer-membrane
protein preparations. As shown in Figure 2A, FP66 could be
easily detected by Coomassie brilliant blue staining of the outer-
membrane proteins. Expression was at almost the same level as
expression of the natural outer-membrane proteins OmpA and
OmpF/C. Neither the growth rate nor the optical density reached
in the stationary phase of E. coli UT5600 grown in liquid medium
was decreased by the expression of FP66 (not shown). Electro-
phoretic mobility of the Adx-AIDA; fusion protein was in
perfect agreement with the predicted molecular mass of
65.9 kDa. Finally, the identity of FP66 was confirmed by Western
blot analysis with an Adx-specific polyclonal rabbit antibody®”!
(Figure 2B).

Probing the surface display of Adx

Intact cells of Adx-expressing E. coli UT5600 pJJ004 were sub-
jected to protease digestion with trypsin to clarify whether the
passenger domain of FP66 was exposed to the surface and not
directed to the periplasm. External protease accessibility has
been a common tool to verify the surface translocation of
autotransporters or other secreted proteins.'>'® The outer
membrane is a natural barrier that does not allow the passage of
proteins in the range of 20 kDa, such as trypsin, from the outside
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core (T1). The second digestion product
(T2) has a larger molecular weight of
around 45 kDa. Therefore it must result
from trypsin cleavage within the Adx
passenger domain, which is known to
contain several consensus cleavage sites.
The trypsin processing within the passen-
ger domain may induce a conformation
that sterically hinders subsequent trypsin
access to the linker region and therefore
prevents formation of T1. Obviously, in
our experiments, this altered conforma-
tion only occurred after processing of a

A°MDNMTV R VP DAV 8§ D A E 5 1 distinct cleavage site, which resulted in a
GATATGGGCATGAACTCCTCAAAGATAGAAGGTACC noncleavable 45kDa product (T2), as
DM GMDN S S K I E G T there was no further prominent digestion

Kpnl product detectable.
OmpA has a periplasmic moiety that is
B) ¥hol degraded by trypsin when the periplasm
CTB signal peptide | Adx is accessible for the protease." In our
TAT GCA CAT GGA ACA CCT CAA AAT ATT ACT GAT TTG CTC GAG GGC AGC TCA GAA experiments, the size and the amount of

T p L L E G S 8 E '

Y A H GT?—PQN I

signal peptidase

trypsin

FPob

SP Adx | tinker B barrel

OmpA was identical in trypsin-treated
cells and cells not treated with trypsin
(Figure 2 A). This indicates that the outer
membrane remained intact in our experi-
ments. In contrast, when trypsin was
added after cell disruption and prepara-
tion of outer membranes, and the peri-
| plasmic side was thus made accessible,

plIno4

GAT ATG GGC ATG AAC TCC TCA AAG ATA GAA GGT ACC CTT AAT CCT ACA AAA

r M G M N 5 5 K I E G T L

Adx linker

Kpnl

Figure 1. A) Nucleotide and amino acid sequence of bovine adrenodoxin devoid of the mitochondrial target
sequence, as used in this study. B) Structure of the fusion protein FP66 encoded by pJJ004. The environments of
the fusion sites are given as sequences. The eight amino acids of CTB origin are written in italics. The signal

peptidase and trypsin cleavage sites are indicated.

to the periplasm. Therefore, proteolytic degradation of a protein
by externally added proteases must be due to its surface
exposure. Outer membranes were prepared as previously
described from trypsin-treated cells and analyzed by SDS-
PAGE and Western blot analyses. In former studies it has been
shown that membrane embedding of the AIDA-I autotransport-
er resulted in a trypsin-resistant core of 37.1 kDa.l'"”! This core is
due to a trypsin cleavage site found in the linker region
(Figure 1B). Predicted trypsin cleavage sites that are located
closer to the C terminus of the transporter are protected from
trypsin access by membrane topology. SDS-PAGE and subse-
quent staining with Coomassie blue indicated that external
trypsin addition to Adx-expressing E. coli UT5600 cells resulted in
the disappearance of the full-size fusion protein and generated
two lower molecular weight products (Figure 2 A). One of them
corresponds to the 37.1 kDa trypsin-resistant autotransporter
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autotransporter

the size of the OmpA band was reduced
by approximately 10 kDa (not shown).

Electron-transfer function of Adx

P T ¥ displayed on the bacterial surface

Since the previous results clearly indicate
that bovine Adx is transported to the
bacterial surface by the autotransporter
pathway, the next step was to investigate
if the biomolecule displayed was active.
The activity was monitored with the side-
chain cleaving enzyme (CYP11A1) dependent conversion of
cholesterol into pregnenolone or with the 1143-hydroxylase
(CYP11B1) dependent conversion of deoxycorticosterone into
corticosterone (Scheme 1). Both assays containing the native
electron acceptors of Adx and whole cells of E. coli UT5600
pJJ004 showed no substrate conversion (Figure 3). This empha-
sized that a self-assembled holo-Adx containing the redox-active
[2Fe - 2S] cluster is not formed after expression and transport to
the cell surface. The absence of the iron-sulfur cluster was
confirmed by electron spin resonance (ESR) measurements with
whole cells (not shown). This finding fits the concept of the
autotransporter secretion mechanism published earlier.'” 21
Accordingly, proteins can only be transported by the autotrans-
porter pathway as long as they maintain a relaxed, unfolded
confirmation. Since the E. coli ferredoxin, which is a structural
homologue of adrenodoxin, obtains the [2Fe -S] cluster in the
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Figure 2. SDS-PAGE (A) and Western blot analysis (B) of outer-membrane preparations from E. coli UT5600

J. Jose et al.

to transfer electrons to the steroid-
hydroxylating P450 enzymes CYP11A1
and CYP11B1.

The number of active Adx molecules
after reconstitution on the surface of
E. coli could be estimated by the use of
the specific-substrate conversion rate in
the CYP11A1 assay. For this purpose the
enzyme assay was performed without
E. coli cells but with different concen-
trations of purified holo-Adx. This al-
lowed a calibration curve to be record-
ed. This curve describes the depend-
ency of substrate conversion on the
number of Adx molecules present in
the assay. The calibration curve was
used to estimate the apparent number
of active Adx molecules on E. coli

- 4— [P a6

(lanes 1, 2) and UT5600 pJJ004 (lanes 3 - 6). Molecular weight markers are indicated. red. + : sample buffer

contained 2-mercaptoethanol; red. — : sample buffer did not contain 2-mercaptoethanol. trypsin + and — :
whole cells were or were not, respectively, digested with trypsin before outer-membrane preparation. Natural
outer-membrane proteins OmpF/C and OmpA are marked by arrows. T1 = the trypsin-resistant, membrane-

embedded autotransporter core; T2 = the second trypsin digestion product.

cytoplasm,B? we also analyzed the cytoplasmic fraction and, as a
control, the periplasmic fraction for Adx — autotransporter fusion
proteins. Neither in the cytoplasmic nor in the periplasmic fraction
was any Adx molecule detectable. This might indicate either that
signal-peptide targeting initially prevents cluster incorporation
or that cluster incorporation followed by transport intersection
results in rapid proteolytic degradation in the cytoplasm.

Electron-transfer activity after reconstitution of the iron -
sulfur cluster

As the expression of apo-Adx on the E. coli surface was very
efficient, it seemed worthwhile to try posttransport integration
of the [2Fe-2S] cluster into surface-displayed Adx by chemical
reconstitution.”® Therefore whole cells of E. coli UT5600 pJJ004
were resuspended in tris(hydroxymethyl)laminomethane (Tris)/
HCI buffer, incubated under an argon atmosphere, and supple-
mented with 1 mm mercaptoethanol and 0.2 mm ferrous ammo-
niumsulfate at different temperatures (22, 40, 60, and 70°C).
Subsequently, 100 mwm LiS, was added dropwise to maintain the
low overall sulfide concentrations and avoid precipitation of iron
sulfides." By this procedure iron - sulfur clusters were formed
and immediately incorporated into apo-Adx displayed at the
bacterial surface. The successful folding of the Adx peptides
around [2Fe - 2S] clusters was indicated by a significant product
formation in two cytochrome P450 enzyme tests (Figure 3). In
these tests adrenodoxin reductase and CYP11A1 or CYP11B1,
respectively, were added to whole cells after chemical recon-
stitution to yield the complete electron-transfer chain as present
in bovine adrenals. Since the controls were negative and no
additional Adx was added to the assays, the product formation
must clearly be due to an electron-transfer function of surface-
displayed Adx, which signifies a successful chemical reconstitu-
tion. These results show that Adx displayed on the E. coli surface
by the autotransporter pathway is biologically active and is able
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UT5600 pJJ004 under assay conditions.
As pointed out in Table 1, reconstitution
of the [2Fe-2S] cluster was successful
at all the temperature conditions ap-
plied. It seemed to be favored at the lower temperatures of 22 °C
and 40°C, whereas heat denaturation at 60°C or 70°C prior to
refolding experiments resulted in significantly decreased
amounts of assembled holo-Adx. Moreover, denaturating con-
ditions of 70°C dramatically decreased the number of viable
bacterial cells. An apparent number of 1.8 x 10° functional Adx
molecules per cell indicated optimal conditions for refolding of
the peptide around the [2Fe-2S] center at 22°C. A preceding
heat denaturation of surface-displayed apo-Adx was obviously
not necessary for successful cluster incorporation.

Discussion

Surface display of active proteins on living cells provides several
advantages in biotechnological applications. If such cells are
used as whole-cell biocatalysts, the substrate to be processed
does not need to cross a membrane barrier but has free access.
Moreover, being connected to a carrier (the cell as a biological
matrix), the surface-displayed biocatalyst can, in most cases, be
purified, stabilized, and applied to industrial processes more
conveniently than if it is a free molecule. The use of cellular
surface display in the creation and screening of peptide or
protein libraries in order to perform laboratory evolution has
another benefit. By selecting the correct structure expressed at
the surface, the corresponding gene, which serves as an intrinsic
label, is coselected and can be used in further studies and
applications. Therefore, the need for systems that allow the
surface display of a very broad spectrum of different proteins is
obvious, and this is gaining more and more importance in typical
biochemical or bioorganic application fields, such as enzyme
engineering or drug discovery.

In the present study, bovine adrenodoxin was expressed on
the E.coli cell surface by the autotransporter pathway. The
expression rate was in the same order of magnitude as the
expression of the natural outer-membrane proteins OmpF/C or
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a so-called S barrel, in the outer membrane and
proteins with stable and extended three-dimensional
structures cannot pass this gate. Incorporation of the
[2Fe - 2S] cluster into apo-Adx results in the acquisition
of a stable structure®® and is therefore not compatible
to surface translocation. Apo-Adx expressed on the
E. coli cell surface could be chemically supplemented
with the [2Fe - 2S] cluster by a one-step reconstitution
procedure under anaerobic conditions. Anaerobic
conditions proofed to be best in an argon atmosphere
(not shown). Whole cells expressing Adx could be
efficiently used to transfer electrons from adrenodoxin
reductase to P450 enzymes CYP11A1 and CYP11B1

a0 (Figure 3). Activity could be quantified by determining
Adx-dependent product formation of either pregneno-
lone or corticosterone by high-pressure liquid chroma-
tography (HPLC). By calibrating Adx activity in the
substrate-formation assay with purified holo-Adx, the
apparent number of active Adx molecules could be
determined as more than 10° molecules per cell. At first
sight, this appears to be amazing, but a quantity of
200000 copies per cell in the outer membrane has also
been determined for the natural outer-membrane
protein OmpA.“2 This indicates that the capacity of
the E. coli outer membrane to insert proteins could be
even beyond these numbers and may be an explan-
ation for the fact that viability and membrane integrity
was not affected in cells expressing the Adx-auto-
transporter fusion proteins.

At this point it can not be proved whether Adx

8 expressed on the E. coli surface has an improved or

A) B)
200 - 200 - 2
1
1
150 150
A240 100 - A240 100 -
3
3
50 1 50 -
0 - J L 0 _J LM/\
0 2 4 30 40 0 2 4 30
t/ min t/ min
C) 120 - D) 120 -
4
6 4 6
80 - 80 - 5
Az Az
40 40
N U
0 2 4 6 8 0 2 4 6
t/ min t/ min

reduced electron-transport efficiency in comparison to
free holo-Adx or whether the affinity to its reaction

Figure 3. HPLC chromatograms of CYP11A1- and CYP11B1-dependent substrate conversion. ~ partners, AdR and P450, has been altered in any
Chromatograms were obtained from extracted samples with E. coli cells containing pJJ004 respect. High expression of recombinant and chemically

before reconstitution (A, C) and after reconstitution (B, D) of the iron — sulfur cluster in surface-

displayed adrenodoxin. The indicated substance peaks represent 1) cortisol (internal

reconstituted, active Adx, however, had no influence on

standard), 2) pregnenolone (product), and 3) cholesterone (substrate); 4) cortisol (internal the viability of E. coli. Reconstitution at higher temper-
standard), 5) corticosterone (product), and 6) deoxycorticosterone (substrate). Steroids were  atures in order to get easier unfolding of the apo-Adx
analyzed in A and B with an isocratic solvent system of acetonitrile/isopropanol (15:1) and for peptide chain did not result in a better [2Fe - 2S] cluster

C and D with an isocratic solvent system of acetonitrile/isopropanol (1:1).

OmpA without disturbing the outer-membrane integrity or
reducing cell growth (Figure 2A). Adx passenger molecules
transported to the cell surface by the autotransporter initially did
not contain an iron-sulfur cluster. This fits the concept of the
autotransporter secretion mechanism.!" %29 Accordingly, the C
terminus of these secreted proteins forms a porin-like structure,

incorporation. Moreover, higher temperatures signifi-
cantly decreased the number of viable cells. The best ratio
between active Adx molecules expressed on the surface and
viable E.coli cells was obtained under room temperature
conditions (Table 1). This indicates that apo-Adx displayed on
the surface forms a structure well-prepared for efficient [2Fe — 25]
cluster acceptance, even at nondenaturing conditions.

Table 1. Active Adx molecules on the surface of viable E. coli cells after reconstitution at different temperatures.

Reconstitution Cells applied per Cells per mL after nmoles of Adx per nmoles of Adx per Adx molecules Adx molecules
temperature mL@ reconstitution!® mLk! living cell per living cell per cell applied
22°CHd 1.4 x 10" 2.0 x 10" 0 0 0 0

22°C 1.3 x 10" 1.1 x 10" 3.25 2.95 x 1071 1.8 x 10° 1.5 x 10°

40°C 1.5 x 10" 2.1 x 10" 2.75 1.31x 1071 0.8 x 10° 1.1x10°

60°C 1.1 x 10 1.5 x 10" 1.75 1.16 x 1071° 0.7 x10° 0.9 x10°

70°C 1.3 x 10 0.7 x 107 0.75 1.10x 108 6.6 x 107 03x10°

established for the enzymatic conversion of cholesterol into pregnenolone with

[a]l Mean of three independant determinations of colony number after plating adequate dilutions on LB,,,,. [b] Determined by a calibration curve that was

purified Adx. [c] Control experiment. Cells incubated without reconstitution.
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Conclusion

Our results show that the autotransporter pathway can be used
for the surface display of proteins that require an inorganic
prosthetic group for biological activity. The activity of the
reconstituted Adx indicates that it is freely accessible at the cell
surface, even for molecules as large as AdR (50000 kDa) or
CYP11A1 and CYP11B1 (52000 kDa and 45 000 kDa, respectively),
as direct contact between Adx and AdR or the P450 enzymes is a
prerequisite for electron transfer®! (Figure 4). The expression of
more than 10° active molecules per cell without hampering cell
viability is, to our knowledge, unique among bacterial surface
display systems applied so far. It enables high Adx activity to be
provided by whole cells as carriers or protectors. This has
promising options for further applications. On one hand, the role
of distinct amino acids in the electron transfer through Adx or in
the interaction with its redox partners can be studied, either by
random or by rational variation of the protein, without the need
for purification of mutant enzymes. Random mutants, for
example, can be analyzed for their electron-transfer efficiency
by applying whole cells in the assay, and interesting mutants will
reveal their variant amino acid composition directly through
their gene sequence. On the other hand, the system developed
here—efficient surface translocation of an unfolded apo-protein
and chemical reconstitution of the prosthetic group—might also
be applicable to proteins containing FAD, FMN, or heme groups.
Particularly heme-containing P450 enzymes appear to be
important, as they are involved in the syntheses of a wide
variety of valuable products and also in the degradation of
numerous toxic compounds.*¥ With the intent of using enzyme-
coated cells for these applications, autotransporter-mediated
surface display of, for example, P450 enzymes could open a new
dimension in the development of whole-cell factories. This is
currently under investigation.

J. Jose et al.

Experimental section

Bacterial strains, plasmids, and culture conditions: E. coli UT5600
(F~ aral4 leuB6 azi-6 lacY1 proCi4 tsx-67 entA403 trpE38 rfbD1
rpsL109 xyl-5 mtl-1 thil, AompT-fepC266) was used for the expression
of autotransporter fusion proteins.*! E. coli TOP10 (F~ mcrA A(mrr-
hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 deoR recAl araD139 A(ara-
leu) 7697 galU galK rpsL (Strf) endA1 nupG) and the vector pCR2.1-
TOPO, which were used for subcloning of PCR products, were
obtained from Invitrogen (Groningen, the Netherlands). Plasmid
pJM7"! which encodes the AIDA-I autotransporter, and plasmid
pKKHCAdxX,®3! which encodes bovine adrenodoxin, have been
described elsewhere. Bacteria were routinely grown at 37°C in
Luria-Bertani (LB) broth containing 100 mg of ampicillin per liter. For
Adx expression studies, ethylenediaminetetraacetate (EDTA) was
added to a final concentration of 10 um and 5-mercaptoethanol was
added to a final concentration of 10 mm.

Recombinant DNA techniques: For the Adx-autotransporter
fusion, the Adx gene was amplified by PCR from plasmid pKKHCAdx
with oligonucleotide primers JJ3 (5-ccgctcgagggcagctcagaaga-
taaaataacagtc-3’) and JJ4 (5'-ggggtaccttctatctttgaggagttcatg-3’).
The PCR product was inserted into vector pCR2.1-TOPO and
recleaved with Xhol and Kpnl. The restriction fragment was ligated
to pJM7, restricted with the same enzymes. This yields an in-frame
fusion of Adx with the AIDA-I autotransporter (Figure 1B) under the
control of the strong P promoter.

Outer-membrane preparation: E. coli cells were grown overnight
and the culture (1 mL) was used to inoculate LB medium (20 mL).
Cells were cultured at 37°C with vigorous shaking (200 rpm) for
about 5 h until an OD;,; of 0.7 was reached. After harvesting and
washing with phosphate-buffered saline (PBS), outer membranes
were prepared according to the rapid isolation method of Hantke.8!
For whole-cell protease treatment, E.coli cells were harvested,
washed, and resuspended in PBS (5 mL). Trypsin was added to a final
concentration of 50 mgL~" and cells were incubated for 5min at
37°C. Digestion was stopped by washing the cells three times with
PBS containing 10% fetal calf serum (FCS) and outer membranes
were prepared as described above.

SDS-PAGE and Western blot analysis: Outer-membrane isolates
were diluted (1:2) with sample buffer (100 mm Tris/HCl (pH 6.8)
containing 4% SDS, 0.2% bromphenol blue, and 20% glycerol),
either with or without 2-mercaptoethanol (reducing and nonreduc-
ing conditions, respectively). The samples were then boiled for

20 min and analyzed on 12.5% SDS-PAGE.

Proteins were visualized with Coomassie

o - . .
SP Adx  linker f core / \ ) brilliant blue with prestained molecular-
f Vo= rd \\\ weight protein markers (Bio-Rad, Munchen,
,m,,lrumw,,.m | AR Jl Fos \.r-’ " Germany). For Western blot analysis, gels
\ \. Adx /ﬁcytuchmme| were electroblotted onto polyvinylidene-di-
. e g i), ReAsd fluoride (PVDF) membranes and blotted

membranes were blocked in PBS with 3%
e FCS overnight. For immunodetection, mem-
branes were incubated with the primary anti-
Adx antibody, diluted (1:500) in PBS with 3%
PP FCS for 3 hours. Prior to addition of the
secondary antibody, immunoblots were
rinsed three times with PBS. Antigen - anti-

Figure 4. Schematic representation of Adx surface display by the autotransporter pathway in E. coli. SP=

signal peptide, IM = inner membrane, PP = periplasm, OM = outer membrane.
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™ body conjugates were visualized by reaction
with horseradish peroxidase linked goat anti-
cytoplasm rabbit 1gG secondary antibody (Sigma, Dei-

senhofen, Germany), diluted (1:1000) in PBS.
A color reaction was achieved by adding a
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solution consisting of 4-chloro-1-naphthol (2mL; 3 mgmL™~" in
ethanol), PBS (25 mL), and H,0, (10 pL; 30%).

Reconstitution of the [2Fe-2S] center in surface-displayed
adrenodoxin: Cells were grown overnight, washed twice in PBS,
and resuspended to a calculated final ODs,5 of 50. Refolding of
adrenodoxin on the surface of the E. coli cells was achieved either by
heat denaturation at 70, 60, and 40°C followed by a slow temper-
ature ramp to 22°C, or was performed directly at ambient temper-
ature. Simultaneous chemical reconstitution of the iron-sulfur
cluster was performed under strictly anaerobic conditions in 50 mm
Tris/HCI buffer (pH 7.4). The bacterial suspension (4 mL) was supple-
mented with 1 mm -mercaptoethanol and 0.2 mm ferrous ammo-
nium sulfate and was slowly titrated with 100 mL of a solution
containing 100 mm Li,S and 2 mm dithiothreitol. !

Protein purification: Recombinant Adx and AdR were purified as
described.B¥ The protein concentration was calculated with &,,,=
9.8 (mmcm)~" for Adx and &45=11.3 (mmcm)~' for AdR. Purification
of CYP11A1 and CYP11B1 from bovine adrenals was performed
according to Akhrem et al.*”! with slight modifications.>3

Enzyme activity assays: The biological electron-transfer function of
adrenodoxin was detected in adrenodoxin-dependent reactions
containing its natural effector enzymes, cytochromes CYP11A1 and
CYP11B1. Tests were performed as previously described™® 4! with
modifications.

The cholesterol side-chain cleavage activity of cytochrome CYP11A1
was assayed in a reconstituted system catalyzing the conversion of
cholesterol into pregnenolone. Assays were performed at 37°C in
50 mm potassium phosphate (pH 7.4) with 0.1% Tween 20 and also
contained E. coli cells (100 pL), 0.5 pm adrenodoxin reductase, 0.4 um
CYP11AT1, 400 pum cholesterol, and an NADPH regenerating system,
which was composed of 600 um glucose-6-phosphate, 4 units mL~" of
glucose-6-phosphate dehydrogenase, and 100 uv NADPH. After the
reaction, the steroids were converted into their corresponding
3-one-4-ene forms by addition of 2 unitsmL~" of cholesterol oxidase;
these were then extracted and analyzed by reverse-phase HPLC.

Substrate conversion from deoxycorticosterone into corticosterone
in cytochrome CYP11B1 assays were performed at 37°C in 50 mm
potassium phosphate (pH74) with 0.1% Tween 20 and also
contained E.coli cells (100 pL), 0.5 um adrenodoxin reductase,
0.2pum CYP11B1, 400 um deoxycorticosterone, and the NADPH
regenerating system (as described above).

Extracted steroids were separated on a Jasco reverse-phase HPLC
system of the LC800 Series with a 3.9 x 150 mm Waters Nova-Pak C,g
column and an isocratic solvent system of acetonitrile/isopropanol
(15:1) for the CYP11A1 test and with an isocratic solvent system of
acetonitrile/isopropanol (1:1) for the CYP11B1 test. The amounts of
reconstituted Adx on the cell surface were estimated by comparison
of the steroids produced in cell-dependent reactions with reactions
which contained defined amounts of purified holo-Adx.

Electron spin resonance measurements: ESR measurements were
carried out on a Bruker ESP300E spectrometer at —163°C. Cell
samples in 50 mm potassium phosphate (pH 7.4) were dithionite-
reduced under anaerobic conditions and frozen in liquid nitrogen.

We would like to thank M. Palzer, W. Klose, and W. Reinle for
excellent technical assistance, R. Kappel for ESR measurements,
and R. W. Hartmann for generous support.
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In Vivo Oxo Transfer: Reactions of
Native and W-Substituted Dimethyl
Sulfoxide Reductase Monitored by
'"H NMR Spectroscopy
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enzymes

molybdenum

Molybdenum enzymes catalyze a wide variety of reactions that
involve the net transfer of an oxygen atom either to or from the
substrate with the metal cycling between the oxidation states
Mo"" and Mo"."! The periplasmic dimethyl sulfoxide reductases
(DMSORs) of the photosynthetic bacteria Rhodobacter capsulatus
and Rhodobacter sphaeroides function in a respiratory chain with
DMSO as the terminal electron acceptor. The DMSORs catalyze
the environmentally important reaction (1) 3 that involves the
direct transfer of an oxygen atom from DMSO to Mo" producing
dimethyl sulfide (DMS)."

DMSO +2e~+2H* 2 DMS+H,0 (1)

These enzymes have a high affinity for DMSO and will also
catalyze the reduction of trimethylamine-N-oxide (TMAO) to
trimethylamine (TMA).®! Also, the DMSORs from R. capsulatus or
R. sphaeroides (M, ca. 85 000) are important as two of the simplest
known molybdenum enzymes, in that they contain only one
redox active center, and several crystallographic characteriza-
tions of these systems have been reported.® 7! The substitution
of molybdenum by tungsten can be accomplished by natural
uptake under W-rich, Mo-depleted, conditions, and the protein
so produced is completely structurally analogous to the natural
enzyme.® Mo- and W-DMSORs comprise one polypeptide chain,
enveloping a single prosthetic group that contains the metal
bound to two molybdopterin guanine dinucleotides, the oxygen
atom of a serine residue and, in the MV state, an oxo group
(Scheme 1).

Activity assays™ were accomplished to assess separately the
reductive and oxidative components of the catalytic

[a] Prof. C. D. Garner, L. J. Stewart
School of Chemistry, The University of Nottingham
Nottingham NG7 2RD (UK)
Fax: (+44) 115-951-3563
E-mail: Dave.Garner@nottingham.ac.uk
[b] Dr. S. Bailey
CLRC Daresbury Laboratory, Daresbury, Warrington
Cheshire WA4 4AD (UK)
[c] Dr. D. Collison, Prof. G. A. Morris, I. Preece
Department of Chemistry, The University of Manchester
Oxford Road, Manchester M13 9PL (UK)
Fax: (+44)161-275-4598
E-mail: David.Collison@man.ac.uk, g.a.morris@man.ac.uk

CHEMBIOCHEM 2001, No. 9 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

H HoH
N

Scheme 1. Schematic representation of the metal center of oxidized W-substitut-
ed DMSO reductase of Rhodobacter capsulatus (R = guanine dinucleotide).”!
For the naturally occurring Mo enzyme, the presence of a third oxygen atom has
been debated and this is reviewed by Li et al.,’”! following earlier reports.”!

cycle for the purified proteins and showed that W-DMSOR
reduces DMSO approximately 17 x faster than Mo-DMSOR. This
result is consistent with the analysis of Sung and Holm of
information obtained for Mo and W isoenzymes,'® that oxo
transfer from the substrate to the reduced metal center is faster
for W than for Mo. However, and in stark contrast to Mo-DMSOR,
W-DMSOR does not appear to catalyze the oxidation of DMS.
EPR potentiometric titrations have indicated that W-DMSOR has
midpoint potentials (vs. SHE) of —203 mV and — 105 mV for the
WY/WY and WY/WV couples, respectively.® Each potential is
about 325 mV lower than that of the corresponding couple of
Mo-DMSOR.™ The reduction of DMSOR by ubiquinol in vivo is
mediated by the pentaheme c-type cytochrome DorC, which has
midpoint potentials of — 34, — 128, — 184, — 185, and — 276 mV
(vs. SHE).' Therefore, DorC should be capable of reducing
oxidized W-DMSOR, allowing this protein to turn over inside a
cell.

We have assessed the physiological activity of W-DMSOR in
vivo by 'H NMR spectroscopy, by employing the approach of
King etall? and Richardson etal.," who monitored the
turnover of DMSO and TMAO by R. capsulatus cells. In our
investigations, the Mo- and W-grown cells contained the same
amount of DMSOR; presumably, R.capsulatus uses the same
pathway to incorporate Mo or W from the corresponding
[MO,]*~ ion. This result contrasts with that of Santini et al., who
observed that the amount of tungsten-substituted TMAO
reductase produced from E. coli by genetic manipulation of the
pathway for metal uptake was about 15 % of the level found with
molybdenum.l'

The "H NMR studies accomplished herein have assessed the
ability of Mo-DMSOR and W-DMSOR to catalyze oxo transfer
from DMSO or TMAQ in intact R. capsulatus cells. Each of the four
species of principal interest exhibited a singlet in the '"H NMR
spectrum, with chemical shifts of: 6 =2.73 (DMSQ), 2.11 (DMS),
3.27 (TMAO), and 2.90 (TMA). The DMS signal slightly overlaps
the propionate methine signal (0 =2.19). In each experiment,
the initial 'TH NMR spectrum was dominated by the DMSO (or
TMAO) singlet, which decreased steadily in amplitude over time,
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with concomitant growth of the DMS (or TMA) signal. As noted
by King et al.,"' reduction of both DMSO and TMAO produced a
second product (X), in parallel with the main reduction; we have
identified X for TMAO reduction as Me,NH (DMA) (6 =2.73; see
Experimental Section).

The time course for the reduction of DMSO and TMAO with
turnover of the R. capsulatus cells is readily followed by '"H NMR
spectroscopy (see ref.[12] and Figure 1). Plots of concentration of
substrate or product versus time (e.g. Figure 2) were essentially

Table 1. Rate (mm min~' x 10%) of the appearance and disappearance of the
'H NMR signals observed in the turnover of DMSO and TMAO by
Rhodobacter capsulatus cells grown on a medium containing Na,MoO,
(3 um), (Mo) or Na,WO, (3um), plus Na,MoO, (6 nm) (W). Estimated exper-
imental errors <5 %.

DMSO DMS X TMAO TMA DMA
Mo —273 2.24 0.494 —13.0 13.0 0.153
w —0.237 0.189 0.048 —2.86 2.66 0.201

at about 12% of the rate of
TMAO reduction; we observed
that DMSO was reduced at
about 21 % of the rate of TMAO
reduction for the Mo-grown
cells and about 8% for the
W-grown cells. The W-grown
cells reduce both DMSO and
TMAO at a significantly slower
rate than the Mo-grown cells;
the relative rates are about 9
and 229%, respectively. Never-
theless, the W-grown cells are

clearly capable of turnover with
DMSO or TMAO as the terminal

[rTTITTTrY T T T T T

4.0 3.8 3.6 3.4 32 3.0 2.8 2.6 2.4 2.2

Figure 1. 400 MHz 'H NMR spectra recorded at 1 minute intervals for the reduction of TMAO by R. capsulatus cells
grown in a medium containing Na,WO,. Lorentzian line-broadening of 3 Hz was used with no reference deconvolution.
The resonances are assigned as: 6 = 3.27 (TMAO), 2.90 (TMA), 2.73 (DMA), 2.19 (propionate methine).

39 ° TMAO
° TMA
* X

concentration / mM

time / min

Figure 2. Variations in the relative concentrations of TMAO, TMA, and DMA with
time for the experiment conducted as shown in Figure 2. Solid lines show the
results of linear regression.

linear, indicating a zeroth-order process and the rates of
reactions observed are summarized in Table 1. For the natural
system (Mo-grown cells), the values obtained are similar to those
of King etal.,"” who studied cells suspended in a malate
medium rather than a propionate medium as used here. These
authors observed that DMSO was reduced by R. capsulatus cells
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electron acceptor.

The 'H NMR studies reported
herein provide a further illus-
tration of the utility of this
approach to assay the activity
of intact cells.'> '™ The lack of
an ability of isolated W-DMSOR
to catalyze the oxidation of DMS® suggested that this system
might not be capable of physiological activity. However, the
results obtained in this study clearly demonstrate that W-sub-
stituted DMSOR is physiologically active in R. capsulatus cells. In
nature, tungsten enzymes occur in thermophilic organisms and
generally catalyze reactions that have a low redox potential.'!
Molybdenum enzymes operate at a higher redox potential and
are employed by a wide range of organisms that exist at ambient
temperature."! Thus, mesophilic R. capsulatus cells utilize mo-
lybdenum enzymes (e.g. Mo-DMSOR). W-substituted R. capsu-
latus cells turnover at a slower rate than their Mo counterparts,
even though the reduction of the substrate by the isolated
reduced enzyme proceeds at a significantly (ca. x 17) faster rate
for W-DMSOR versus Mo-DMSOR.®! Thus, reduction of the
oxidized state (M) to the reduced state (MV), where M=Mo
or W, appears to contain the rate-determining step of the
catalytic cycle employed by these enzymes (Figure 3). Crystallo-
graphic®®” and resonance Raman spectroscopic studies of Mo-
DMSOR!® are consistent with reduction of the Mo to the Mo"
state involving the loss of an oxo group; a similar process is
expected to occur for the corresponding step in the catalytic
cycle of W-DMSOR. This step is expected to proceed at a slower
rate for W-DMSOR than for Mo-DMSOR, because: 1) the redox
potentials observed for these enzymes? & (see above) show that
this WY center is more difficult to reduce than its Mo"' counter-
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Figure 3. Diagrammatic representation of the catalytic cycle of DMSO reductase
in Rhodobacter capsulatus, with either Mo or W at the active site, and DMSO or
TMAO as the electron acceptor; reduction of the oxidized enzyme by ubiquinol is
mediated by the pentaheme c-type cytochrome DorC.

part; and 2) as argued by Tucci et al.,"”? more energy is required
to deform a W-oxo bond than an (equivalent) Mo - oxo bond.

We have shown in this study that W-DMSOR in R. capsulatus is
physiologically active. However, the rate of turnover of
W-DMSOR is significantly slower than that of the native enzyme,
Mo-DMSOR. The conversion of the metal from the oxidized (MY
to the reduced state (MV), during which the metal loses an oxo
group, is considered to contain the rate-determining step of the
catalytic cycle employed by these enzymes. The reduction of MV
to MV proceeds at a significantly slower rate for W-DMSOR than
for Mo-DMSOR.

Experimental Section

R. capsulatus cells of strain H123 were grown as described previous-
Iy® on an “RCV" medium[™® containing propionate (40 mm) as the
carbon source and either Na,MoO, (3 um), to produce Mo-DMSOR, or
Na,WO, (3 um) plus Na,MoO, (6 nm), to produce W-DMSOR that
contained <1% Mo.® The cells were collected by centrifugation,
washed in a low-carbon “RCV" medium that contained propionate
(T mm) and Na,MO, (M=Mo or W, as appropriate) (3 um), and
recollected by centrifugation. The W culture produced fewer cells (ca.
66 % wet weight) than the Mo culture, consistent with the amount of
enzyme purified from each culture. Quantification of the cell density,
by monitoring the turbidity of the solution by measuring the
absorbance at 650 nm, was also consistent with the wet weights
recorded. Calibration curves, produced by plotting the weight of dry
cells (bacteria harvested by centrifugation and freeze-dried over-
night) versus Ag,, showed that the same weight of cells gave
essentially the same A, value for both Mo- and W-grown cells.

'H NMR spectra were measured at 400 MHz on a Varian INOVA 400
spectrometer using a 5mm probe equipped with pulsed field
gradients of up to 30Gcm~'. A 100 uL solution of each cell-stock
suspension (harvested cells added to sufficient of the low-carbon
“RCV" medium to produce a stock suspension that contained 0.38 g
of cells (wet weight) mL="); Ao was ca. 2.8 in a cuvette of 1 mm
pathlength) was mixed with 395 pL of the low-carbon “RCV” medium
and the substrate was added (5 uL of DMSO or TMAO (0.5m) in the
low-carbon “RCV” medium). The reaction mixture was placed in an
NMR tube with a coaxial capillary containing D,O and sodium
3-(trimethylsilyl)propionate to provide a field/frequency lock and a
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chemical shift reference, respectively. The samples were maintained
at room temperature (ca. 20 °C), and 60 spectra, each comprising 20
transients acquired over 1 min, were recorded for each experiment,
except for the comparatively slow reaction of the W-grown cells with
DMSO, for which 180 spectra each of 20 transients s=! were recorded
over 1 min, followed by 60 spectra each of 200 transients recorded
over 10 min. The WATERGATE pulse sequence!™ was used with low
power water presaturation, giving approximately 10°-fold suppres-
sion of the H,0 signal. Over the time scale of the experiments, some
line-shape drift occurred and was corrected where necessary using
the FIDDLE algorithm for reference deconvolution.?® Signal inten-
sities were estimated from peak heights, which were normalized to
take into account changes in probe tuning and differences in line
width and T,. DMA was identified by comparison of the 'H and
13C NMR spectra, recorded for the supernatant from a turnover
experiment, with those of an authentic mixture of TMAO/TMA/DMA
in the same medium, and by electrospray mass spectrometry.
However, mass spectrometry and NMR spectroscopic studies have
not allowed the identification of X in DMSO turnover, but have
eliminated the demethylated, molecular products MeSH and
MeSSMe as possibilities for the singlet at d =1.93.2" The enzyme
dimethyl sulfide monooxygenase is known to catalyze such deme-
thylation reactions in E. coli.*?
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Roseophilin (1), a secondary metabolite isolated from a culture
broth of Streptomyces griseoviridis, has attracted considerable
attention for the intricate molecular topology of its ansa-bridged
azafulvene core as well as for the potent cytotoxicity against
various human cancer cell lines.!" 2 Several conceptually differ-
ent approaches aiming at the total or partial synthesis of this
challenging target have been reported and a set of functional
derivatives has been prepared.k-! The biological mode of action
of 1, however, still remains elusive.

The closest structural relatives to roseophilin occurring in
nature are the members of the prodigiosin family such as 2-
4158 |jke 1, these alkaloids contain an azafulvene motif as well
as an ansa bridge, but incorporate a methoxypyrrole rather than
a methoxyfuran as the central ring into their heterocyclic
perimeter. In view of these structural similarities and the potent
cytotoxic and immunosuppressive activities of compounds 2-5
and their congeners,” ' it seems appropriate to study whether
roseophilin (1) and the prodigiosins share a common mode of
action toward biological receptors. Having access to both series
by our total synthesis programs,® &' we are able to perform
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studies along these lines. An interim report comparing the ability
of these compounds to damage double-stranded DNA in the
presence of metal cations is summarized below.

Very recently, it has been demonstrated that prodigiosin (5)
binds to DNA and produces oxidative strand cleavage if
administered in combination with Cu" salts.'? This biological
effect is triggered by the formation of m-radical cations through
oxidation of the electron-rich pyrrolylpyrromethene chromo-
phor of 5 by the metal cation and may account for the
cytotoxicity of this alkaloid.!"!

By using the same assay system, we were able to gain deeper
insights into the structural requirements for effective cleavage of
DNA by prodigiosin derivatives. As can be seen from the agarose
gel depicted in Figure 1, neither nonylprodigiosin (4)%° per se
(lane 3) nor Cu" alone (lane 2) damage purified double-stranded
plasmid DNA of the bacteriophage ®X174 (lane 1).l'*' In
contrast, a combination of both is very effective: The progress of
strand cleavage caused by 4-Cu(OAc), with increasing incuba-
tion time is depicted in lanes 4-13. It is clearly visible that the
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Figure 1. Result of agarose gel electrophoresis showing the extent of DNA
cleavage produced by nonylprodigiosin (4) in the presence of Cu(OAc), with
increasing incubation time at 37°C. Lane 1: DNA alone; lane 2: DNA + Cu";
lane 3: DNA + 4; lanes 4—13: DNA + 4 + Cu" after the following incubation
times: 0 min (4), 5 min (5), 10 min (6), 15 min (7), 20 min (8), 30 min (9), 45 min
(10), 60 min (11), 90 min (12), 120 min (13); lane 14: linear DNA formed from
scDNA by using the restriction endonuclease Xhol; lane 15: DNA marker (500
base pairs molecular weight difference); lane 16: DNA marker (1000 base pairs
molecular weight difference). The insert at the top shows the relevant detail of
lanes 10- 14 at higher magnification.
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studies along these lines. An interim report comparing the ability
of these compounds to damage double-stranded DNA in the
presence of metal cations is summarized below.

Very recently, it has been demonstrated that prodigiosin (5)
binds to DNA and produces oxidative strand cleavage if
administered in combination with Cu" salts.'? This biological
effect is triggered by the formation of m-radical cations through
oxidation of the electron-rich pyrrolylpyrromethene chromo-
phor of 5 by the metal cation and may account for the
cytotoxicity of this alkaloid.!"!

By using the same assay system, we were able to gain deeper
insights into the structural requirements for effective cleavage of
DNA by prodigiosin derivatives. As can be seen from the agarose
gel depicted in Figure 1, neither nonylprodigiosin (4)%° per se
(lane 3) nor Cu" alone (lane 2) damage purified double-stranded
plasmid DNA of the bacteriophage ®X174 (lane 1).l'*' In
contrast, a combination of both is very effective: The progress of
strand cleavage caused by 4-Cu(OAc), with increasing incuba-
tion time is depicted in lanes 4-13. It is clearly visible that the
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Figure 1. Result of agarose gel electrophoresis showing the extent of DNA
cleavage produced by nonylprodigiosin (4) in the presence of Cu(OAc), with
increasing incubation time at 37°C. Lane 1: DNA alone; lane 2: DNA + Cu";
lane 3: DNA + 4; lanes 4—13: DNA + 4 + Cu" after the following incubation
times: 0 min (4), 5 min (5), 10 min (6), 15 min (7), 20 min (8), 30 min (9), 45 min
(10), 60 min (11), 90 min (12), 120 min (13); lane 14: linear DNA formed from
scDNA by using the restriction endonuclease Xhol; lane 15: DNA marker (500
base pairs molecular weight difference); lane 16: DNA marker (1000 base pairs
molecular weight difference). The insert at the top shows the relevant detail of
lanes 10- 14 at higher magnification.
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nicked form Il as well as the concatemeric form Il constantly
gain intensity at the expense of the supercoiled (sc) form I. After
ca. 60 min at 37 °C, the latter has almost completely disappeared,
whereas band IV corresponding to linear DNA formed by
double-strand cleavage can be detected (compare with lane 14
showing linear DNA obtained with the restriction endonuclease
Xho 1).0®!
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The efficacies of a set of different prodigiosin derivatives in
inducing single- and/or double-strand cleavage of supercoiled
DNA in the presence of Cu" are compared in Figure 2. Lanes 1-3
refer to control experiments showing that neither the truncated
prodigiosin 6% % nor Cu(OAc), alone lead to any noticeable
effect. In line with the results described above, a combination of
both completely degrades scDNA (I) after 60 min by strand
cleavage, since only bands of the nicked (ll), concatemeric (lll),
and linear forms (IV) are visible after this incubation time.

IIIII
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Figure 2. Result of agarose gel electrophoresis showing the extent of DNA
cleavage produced by different prodigiosin derivatives in the presence of Cu(OAc),
after an incubation time of 60 min at 37°C. Lane 1: DNA alone; lane 2: DNA + 6;
lane 3: DNA + Cu"; lane 4: DNA + 6 + Cu"; lane 5: DNA + 7 + Cu"; lane 6: DNA
+ 8+ Cu";lane 7: DNA + 4 + Cu"; lane 8: DNA + 10 4 Cu"; lane 9: DNA + 9 +
Cu"; lane 10: DNA + 13 + Cu"; lane 11: DNA + 11 + Cu"; lane 12: DNA + 12 +
Cu'"; lane 13: linear DNA; lane 14: DNA marker (500 base pairs molecular weight
difference); lane 15: DNA marker (1000 base pairs molecular weight difference).
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Compounds 7 and 8 bearing a shorter or no alkyl side chain on
the pyrrole ring C, respectively, behave similarly (lanes 5 and 6),
as does nonylprodigiosin (4) (positive control, lane 7). Interest-
ingly, product 13 containing two pharmacophore units is less
efficient in cleaving the plasmid (lane 10). Most important with
regard to structure-activity relationships, however, is the
finding that all prodigiosin analogues in which one pyrrole ring
has been replaced by another aromatic entity (furan, thiophene,
benzene) show no appreciable activity (lanes 8, 9, 11, 12).

These close ties between the nature of the arene rings and the
capacity of the compounds to cleave DNA is corroborated by the
screening of roseophilin (1),%d its elaborate analogue 14,
differing from the natural product only in the substitution
pattern of the heteroaromatic rings,* and of the truncated
chromophore models 15-17 (Figure 3).59 Thus, plasmid DNA

—
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1 23 4567 8 91011

Figure 3. Result of agarose gel electrophoresis showing the extent of DNA
cleavage produced by roseophilin (1) and roseophilin analogues 14-17 in the
presence of Cu(OAc), after an incubation time of 60 min at 37°C. Lane 1: DNA
marker (1000 base pairs molecular weight difference); lane 2: DNA alone; lane 3:
DNA + 1; lane 4: DNA + Cu"; lane 5: DNA + 1 + Cu"; lane 6: DNA + 14 + Cu";
lane 7: DNA + 15 + Cu"; lane 8: DNA + 16 + Cu"; lane 9: DNA + 17 + Cu";
lane 10: DNA + 6 + Cu" (positive control); lane 11: linear DNA.

suffers no appreciable damage if incubated with 1 alone (lane 3),
and even a combination of 1 and Cu'" is ineffective (lane 5). The
same holds true for 14 (lane 6) and 15 (lane 7). Some activity can
be noticed for 16 - Cu(OAc), (lane 8) and, to a greater extent, 17
Cu(OAc), (lane9), although it is still lower than that of the
prodigiosin complex 6-Cu(OAc), used as a positive control in
this experiment (lane 10).

These results allow to draw some important conclusions. It has
been inferred from previous studies that the cytotoxic activity of
prodigiosin derivatives stems, at least in part, from the
pronounced ability of these compounds to cleave double-
stranded DNA;!'? in contrast, the structurally related and highly
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potent alkaloid roseophilin does not damage this target and, as a
consequence, must exert its cytotoxic activity by other mech-
anisms. Moreover, insights into the structure - activity profiles of
such heterocyclic compounds have been gained. Thus, the
ability to effect strand cleavage is intimately related to the
presence of the intact pyrrolylpyrromethene chromophore.
Replacement of either the pyrrole ring A or B of the parent
system results in a very significant or even total loss of activity.
This is particularly surprising since structural investigations have
recently shown that the replacement of the A ring by a benzene
unit (4 versus 11) does not alter the electron distribution within
the heterocyclic domain of such compounds.'® Furthermore,
increasing the electron density by the introduction of appro-
priate donor substituents (see 17/16/15) or by the exchange of a
pyrrole for a more electron-rich methoxyfuran unit (8 versus 15)
decreases rather than increases the potency of these com-
pounds, although such variations facilitate the formation of -
radical cations upon reaction with Cu'". The ability to coordinate
metal cations, however, is significantly reduced if one of the
pyrrole rings is replaced by another arene.l'! Therefore, we
conclude that this parameter is essential for DNA cleavage and,
as a likely consequence, for part of the biological activity of
prodigiosins.

In contrast to this very conservative pattern concerning the
heteroaromatic domain, significant modifications of the alkyl
part are well accommodated. It may even be completely absent
(—8) or can be tied back to form a macrocyclic ring (—4) without
any appreciable effect on the ability of the compound to effect
single- and double-strand cleavage. The latter aspect is partic-
ularly noteworthy since prodigiosins usually exist in two differ-
ent isomeric forms, A and B, respectively [Eq. (1)].'® Although in

HaG

compound 4—in contrast to all other derivatives investigated—
the Z configuration of the azafulvene moiety is locked by the
macrocyclic tether,® ' jt shows similar activity as its flexible
congeners.

Experimental Section

DNA cleavage assay: Purified scDNA (ca. 300 ng) [®X174 RF1 DNA,
purchased from MBI Fermentas GmbH, St. Leon-Rot, Germany; the
EDTA contained in the commercial sample was removed according
to the Qiaex|l protocol for desalting and concentrating DNA by
using a Qiaex Il Gel Extraction Kit] was incubated at 37°C with the
respective pyrrole alkaloid derivative (30 pm final concentration) and
Cu(OAC0), (30 um) in a solution containing 3-(N-morpholino)propane-
sulfonic acid (MOPS) buffer (10 mm, pH 7.4), ag. NaCl (75 mwm), and
MeCN (10%, v/v) (total volume 20 ) for the time indicated in the
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figure legends. The mixture was quenched with loading buffer
(BioRad laboratories) and the DNA resolved by electrophoresis
(Powerpac 300, BioRad) (85 V, 1 h) on a 0.8 % agarose gel (containing
ethidium bromide) in Tris/boronic acid buffer (BioRad). The bands
detected under UV light were analyzed and processed by using the
Bio Doc Il software (Biometra).
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Ratjadone (1), a remarkably cytotoxic secondary metabolite, was
isolated in 1994 by Hofle etal. from Sorangium cellulosum
collected as a soil sample at Cala Ratjada (Mallorca, Spain)." It
belongs to a family of so-called orphan ligands which include
polyketides like leptomycin,? callystatin A, and other related
compounds.™ In initial biological evaluations, it was found that
ratjadone exhibits high cytotoxicity in cultured mouse cell lines
(L929) with an ICs, value of 50 pg mL~". Additionally, it was found
that this compound inhibits the growth of the Hela cell line
(KB3.1) at remarkably low concentrations (40 pgmL~").5! We
initiated the total synthesis of ratjadone in order to provide
molecular tools that can be used to investigate the biological
effects of individual substructures and to contribute to a better
understanding of its mode of action. Our total synthesis of
ratjadone was therefore set up to allow the rapid assembly of
various ratjadone diastereomers and derivatives from three
fragments (Scheme 1).%>9) During our manuscript preparation,
Williams et al. reported the synthesis of (—)-ratjadone.®

The pivotal steps in the synthesis are a Wittig reaction for the
junction of the fragments B and C followed by a Heck reaction
for the attachment to the A fragment. For the synthesis of
diastereomers, the enantiomeric fragments A’, B’, and C’' were
synthesized according to our original strategy (Scheme 1). From
these different fragments, diastereomeric ratjadone frameworks
could be assembled in just two steps, with only three further
transformations remaining to obtain ratjadone or any of its
diastereomers. By using this strategy, we were able to generate
the diastereomeric compounds (2-5) and analogues (6-9)
shown in Scheme 2.
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The pivotal steps in the synthesis are a Wittig reaction for the
junction of the fragments B and C followed by a Heck reaction
for the attachment to the A fragment. For the synthesis of
diastereomers, the enantiomeric fragments A’, B’, and C’' were
synthesized according to our original strategy (Scheme 1). From
these different fragments, diastereomeric ratjadone frameworks
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Scheme 2. (+)-Ratjadone (1), diastereomeric ratjadones (2-5), and analogues (6 - 9) synthesized for
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First, natural (+)-ratjadone (1, ABC) and the one with an
enantiomeric A fragment (2, A'BC) were subjected to biological
testing. Interestingly, changing the absolute configuration of A
resulted in a compound that was significantly less cytotoxic than
the natural ratjadone. At the same time we analyzed their ability
to inhibit the proliferation of tumor cells. With the aid of flow
cytometry we were able to distinguish between cell vitality
(which corresponds to cytotoxicity) and cell number (which
corresponds to tumor growth inhibition) of Jurkat cells at
different concentrations of 1 and 2 (Figure 1). Whereas 2 is
significantly less cytotoxic than 1, both compounds inhibit
tumor growth to the same extent at different concentrations.

In a different experiment, the effect of ratjadone (1) on the
growth of glioblastoma cells was investigated. A photograph of
these cells before and after treatment with ratjadone is given in
Figure 2. After treatment with 50 nm ratjadone the cells lose their
typical dendritic shape and separate from the solid support to
form globular-shaped cells, which is in this case indicative of the
influence of ratjadone.

The growth inhibition and cytotoxicity of ratjadone and its
diastereomers were next investigated for different tumor cells
(HM02, HEPG2, and MCF7 cell lines, Table 1). To unravel the
effects of individual building blocks on the biological activity, the
diastereomeric ratjadone 3 derived from fragments A’, B, and C’'
was next examined and this compound
had about the same biological activity as
analogue 2. On the other hand, com-
pound 4 (A'B’C), having enantiomeric A
and B fragments but natural C fragment,
shows a complete loss of tumor growth
inhibition. The same result, that is, an
almost complete loss of the biological
activity, was obtained for compound 5
(AB'C) in which only the configuration at
C10 was changed (compared to natural
ratjadone (1)). It is our hypothesis that C10
plays the pivotal role in determining the
biological activity by governing the over-
all conformation of the molecule. In con-
trast, inversion of the configuration at the
= other centers only introduces small dis-
tortions from the optimal geometry for
binding. This results in only small effects
on the tumor growth inhibition, but
fortuitously decreases the cytotoxicity.
Removing the carbonyl group of the
unsaturated lactone moiety (as in com-
pounds 6 and 7) also causes complete loss
of tumor growth inhibition. This strongly
points toward the a,3-unsaturated lac-
tone acting as a Michael acceptor. Inter-
estingly, the compound with a simplifica-
tion in the A fragment (compound 8) can
still be a potent antitumor agent. On the
other hand, the hydroxy group at C16
seems to be important for the biological
activity since the compound with the keto
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Figure 1. Flow cytometric determination of cell vitality and relative cell number
of Jurkat cells. The diagram shows relative cell number (a) and cell vitality (b)
against ratjadones 1 and 2. The cells were treated with ratjadones in
concentrations ranging from 2 to 50 nm and incubated for 48 h. The experiments
were run in 12-well microtiter plates. The cell vitality was analyzed with the aid of
propidium iodide.

group at that position (9) showed only little biological activity.
Table 1 gives the Gls,, TGI, and LCs, values for active ratjadone
derivatives tested on three different cell lines.

A rationale for the dramatic effects associated with changes at
the configuration at C10 can be given by analyzing the
conformational preferences. The C8—C9 Z-configured double
bond introduces an allylic strain which requires the C10-methyl
group to be orientated almost perpendicular to the plane of the
C8—C9 double bond with both alkenyl chains pointing away
from each other (Figure 3).

SHORT COMMUNICATIONS

Figure 2. Glioblastoma cells (U87-MG) in the absence (top) and in the presence
of 50 nm ratjadone (1) (bottom). Experiments were performed in 6-well microtiter
plates. The cells were incubated for 48 h in DMEM medium with 10% newborn-
calf serum at 37°C and 5% CO,. Pictures were taken with an Olympus BH-2
microscope (magnification 200 x ). It can be seen that the cells form an aberrant
globular shape in the presence of ratjadone.

At the same time, the potential homoallylic strain (syn-
pentane interactions) due to the trisubstituted C12—C13 double
bond can be minimized by a conformation in which the two
methyl groups on C10 and C12 have an anti relationship
(Figure 3). To confirm these considerations, an 'H NMR spectros-
copic analysis of the conformation of ratjadone in solution
(CD;0D) was performed. The analysis was done by selective
irradiation of the protons at C7, C10, and C26 in 1D-ROESY
experiments with Gaussian pulses of 40 ms duration and a spin

Table 1. Growth inhibition and LCs, values for ratjadones 1-5 and 8 tested against different cell lines. All values are given in ngmL=".

Ratjadone Cell line HMO02 Cell line HEPG2 Cell line MCF7
Glso TGl LGy Glso TGl LCso Glso TGl LGy

1 0.36 23 90 0.8 > 100! >100 1.1 > 100 >100
2 <5.0 24 250 13 > 500 >500 16 > 500 > 500
3 17.0 > 1001 >100 85 >100 > 100 25 >100 >100
4 > 100 >100 >100 >100 >100 >100 >100 >100 >100
5 70 >100 >100 >100 >100 >100 75 >100 >100
8 5.0 140 > 500 58 > 500! >500 100 > 500! > 500

[a] The investigations were performed according to the NCI protocol with cultured tumor cell lines (HMO2, HEPG2, and MCF7). Tumor cells were cultured in
96-well microtiter plates, medium: RPMI 1640 with 10% fetal calf serum. After 24 h the compounds were added in concentrations of 0.1, 0.5, 1, 5, 10, 50, and
100 ngmL~" and cultured for additional 48 h. After that time the cell number was determined (protein determination with sulforhodamine). The compounds
were dissolved in MeOH or water. The methanol concentration in the test experiments was maximally 0.1%. From the concentration - activity curves the
following data were obtained: Gls, = concentration at which half of the cells were inhibited in their growth; TGl = concentration at which a complete inhibition
of cell growth was observed; LCs, = concentration that reduced the cell number after 24 h to 50%. [b] 65 % growth inhibition at 100 ng mL~" [c] 64 % growth
inhibition at 100 ngmL~". [d] 80% growth inhibition at 500 ngmL~". [e] 80% growth inhibition at 500 ngmL~". [f] 90% growth inhibition at 100 ngmL~".
[g] 60% growth inhibition at 500 ng mL~". [h] 60% growth inhibition at 500 ngmL~".
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Figure 3. Minimization of the allylic strains derived from the two trisubstituted double bonds and
substituents at C10 are responsible for a kink (ca. 90°) in the alkenyl chain of ratjadone (1).

lock time of 250 ms. Irradiation of the proton H7 gave NOE
signals at H5 and H10. On the other hand, irradiation of H10 gave
signals for H7 and H26, but none for H9, indicating a coplanar
orientation of H7 and H10.

Additionally, the conformation was supported by Monte Carlo
simulations.”? Using the GB/SA solvent model in an MM2* force
field Monte Carlo search gave a global minimum of
37.59 kcalmol~" for ratjadone, which was found twice (conver-
gent), with five additional conformations within 1 kcalmol~'. By
using the same parameters, compound 3 (A’‘BC’) gave essentially
the same overall conformation with a global minimum of
38.68 kcalmol~' (twice, convergent), with 60 additional confor-
mations within 1 kcal mol~". Figure 4 shows the global minimum

Figure 4. a) Global energy minimum conformation of ratjadone (1, ABC) derived
from Monte Carlo calculations. b) Overlay of 1 and 3 (A’BC’). The carbon atoms
C10, C11, and C26 are aligned. The carbon atoms of compound 1 are given in
gray, the ones of 3 in green.
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for 1 (ABC) and the overlay with A’‘BC’ in which
the carbon atoms C10, C11, and C26 are aligned.
These considerations about the overall con-

7 Ei formation of the molecules and its importance

for the biological activity were also supported
by CD spectroscopy. The CD spectrum of
ratjadone shows the exiton effect (between
the dienes of C6—C9 and C12—C15), which is
generally maximized at an projection angle of
about 70° between chromophores.® This con-
formation is consistent with the release of strain
for ratjadone. The CD curves for ratjadone and
its diastereoisomers are shown in Figure 5. It

' P i—}%‘ — A'BC (10R)
20| N} _ABC (10R)

“ratjadone
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Figure 5. CD spectra of ratjadone (1) and its diastereoisomers. The shape of the
CD curves depends on the configuration at C10.

can be seen that the shape of the curves depends on the
configuration at C10 and that configurational changes at other
positions have only small effects on the overall conformation,
which is consistent with the biological data.” Taking these data
into consideration, we propose that the configuration at C10
induces a helix-like turn that governs the overall conformation of
the molecule. Changing this configuration has therefore a more
significant effect on the overall conformation than changes at
the A or C fragments and consequently on its biological activity.

A similar structure —activity relationship based on the config-
uration at these stereocenters was reported for callystatin A by
Kobayashi etal'® They also reported that inversion of the
configuration at both C5 and C10 from R to S decreases the
biological activity. Compared to ratjadone, the biological activity
of callystatin seems to decrease more significantly when the
configuration at C5 is changed (Figure 6). On the other hand,
changing the C10 configuration from R to S only leads to a 3.5-
fold decrease. In contrast to ratjadone, in callystatin the
trisubstituted double bond is separated from the C10-methyl
group by an E-configured disubstituted double bond. Hence, the
increased flexibility in callystatin, compared to ratjadone, allows
both diastereomeric callystatins (with regard to the configura-
tion at C10) to adopt similar conformations that are required for
target binding, thus resulting in similar biological activities.

We next turned our attention to the mode of action of
ratjadone. Figure 7 shows the graphs indicating the number of
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Figure 6. Comparison of the influence of changes in configuration on the biological effects of callystatin and
ratjadone (1) (HEPG2 cell line). Changing the configuration at C10 has more severe effects on the biological activity in

ratjadone.
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Figure 7. a) Cell cycle analysis of Jurkat cells. Ratjadone (1) induces a G1 arrest.
Cell cycle analysis was performed with propidium iodide for measurement of the
DNA content. The analysis of the Gaussian curves was done with the program
“Wincycle” from Phoenix Flow Systems (San Diego, CA). b) Schematic represen-
tation of the cell cycle.

cells in the individual phases of the cell cycle. It can be seen that
the addition of ratjadone decreases the number of cells in the S
and G2 phases. At a concentration of 50 nm, the number of cells
in the S and G2 phases has gone down from 64% (without
ratjadone) to 24 %. This clearly demonstrates that both 1 and 2
arrest tumor cells in the G1 phase. Additionally, we could see that
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the tumor cells undergo apoptosis
and that the mode of action
depends on P53 (by up-regula-
tion of P21), which serves as a
checkpoint for chromosome in-
tegrity at the interface of the G1
and S phases.

In conclusion, natural ratjadone
(1) was found to be the most
active compound among all its
diastereoisomers and analogues,
but compounds 2, 3, and 8 still showed antitumor activity in a
very promising concentration range. Gratifyingly, the significant
cytotoxicity of the natural ratjadone could be substantially
decreased by changing the configuration of the A fragment or at
C5. Additionally, the substituents at the A ring are obviously not
crucial for the biological activity since compound 8, which was
constructed from an A ring analogue, still gave a very active
ratjadone derivative. This might become of special interest if a
synthetic access to this class of compounds is required for drug
development. Even though a variety of analogues still need to
be tested, we can already say that changing the absolute
configuration at the tetrahydropyran ring or just having a
simplified analogue instead leads to a significant drop in
cytotoxicity while retaining a high antitumor activity.

10Rt0 10S:1:3.5

5Rto 5S: 1:350

This work was supported by the DFG, the VW foundation (marine
biotechnology), the Innovationsoffensive Hannover (Biologisch
aktive Naturstoffe: Synthetische Diversitdt), and the Fonds der
Chemischen Industrie. A.S. gratefully acknowledges a Georg Foster
research fellowship from the Alexander von Humboldt Foundation.

[11 D.Schummer, K. Gerth, H. Reichenbach, G. Hofle, Liebigs Ann. 1995, 685 —
688.

a) . Hammamoto, H. Seto, T. Beppu, J. Antibiot. 1983, 36, 646 - 650; b) T.R.
Hurley, R. H. Bunge, N.E. Willer, G. C. Hokanson, J. C. French, J. Antibiot.
1986, 39, 1651 -1656; c) J. P. Schaumberg, G. C. Hokanson, J. C. French, J.
Chem. Soc. Chem. Commun. 1984, 1450 - 1452; d) Absolute stereochem-
istry and total synthesis of leptomycin B: M. Kobayashi, W. Wang, Y.
Tsutsui, M. Sugimoto, N. Murakami, Tetrahedron Lett. 1998, 39, 8291 -
8294.

Isolation and structure elucidation: a) M. Kobayashi, K. Higuchi, N.
Murakami, H. Tajima, S. Aoki, Tetrahedron Lett. 1997, 38, 2859 - 2863; b) N.
Murakami, W. Wang, M. Aoki, Y. Tsutsui, K. Higuchi, S. Aoki, M. Kobayashi,
Tetrahedron Lett. 1997, 38, 5533 - 5536; total syntheses: c) N. Murakami,
W. Wang, M. Aoki, Y. Tsutsui, M. Sugimoto, M. Kobayashi, Tetrahedron Lett.
1998, 39, 2349-2352; d) M. T. Crimmins, B.W. King, J. Am. Chem. Soc.
1998, 120, 9084 - 9085.

Kazusamycin: a) K. Komiyama, K. Okada, H. Oka, S. Tomisaka, T. Miyano, S.
Funayama, I. Umezawa, J. Antibiot. 1985, 38, 220 -223; anguinomycins:
b) Y. Hayakawa, K. Adachi, N. Koneshima, J. Antibiot. 1987, 40, 1349 - 1352;
c) Y. Hayakawa, K. Sohda, K. Shin-ya, T. Hidaka, H. Seto, J. Antibiot. 1995,
48, 954 -959; leptofuranins: d) Y. Hayakawa, K. Sohda, H. Seto, J. Antibiot.
1996, 49, 980 -984.

K. Gerth, D. Schummer, G. Hofle, H. Irschik, H. Reichenbach, J. Antibiot.
1995, 48, 973 -976.

a) E. Claus, M. Kalesse, Tetrahedron Lett. 1999, 40, 4157 -4160; b) M.
Christmann, M. Kalesse, Tetrahedron Lett. 1999, 40, 7201-7204; c) M.
Christmann, U. Bhatt, M. Quitschalle, E. Claus, M. Kalesse, Angew. Chem.
2000, 712, 4535-4538; Angew. Chem. Int. Ed. 2000, 39, 4364 -4366; d) U.
Bhatt, M. Christmann, M Quitschalle, E. Claus, M. Kalesse, J. Org. Chem.

[2

9

=

9

[6

1439-4227/01/02/09 $ 17.50+.50/0 713





BIO

2001, 66, 1885-1893; e) D. R. Williams, D. C. Ihle, S. V. Plummer, Org. Lett. [10] N. Murakami, M. Sugimoto, M. Kobayashi, Bioorg. Med. Chem. 2001, 9,

2001, 3, 1383-1386. 57-67.
[71 F. Mohamadi, N.G.J. Richards, W.C. Guida, R. Liskamp, M. Lipton, C. [11] A detailed description of these results will be reported in due
Caufield, G. Chang, T. Hendrickson, W. C. Still, J. Comput. Chem. 1990, 11, course.
440. [12] M.R. Grever, S. A. Schepartz, B. A. Chabner, Semin. Oncol. 1992, 19, 622 -
[8] N. Berova, K. Nakanishi, R. W. Woody, Circular Dichroism—Principles and 638.

Applications, Wiley-VCH, 2000, pp. 337 —382.
[9] Prof. A. Zeeck’s group at the Universitat Gottingen is gratefully acknowl-
edged for recording the CD spectra. Received: March 29, 2001 [Z227]

714 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001 1439-4227/01/02/09 S 17.50+.50/0 CHEMBIOCHEM 2001, No. 9





