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Aspects of Nucleosomal Positional Flexibility and

Fluidity

Micaela Caserta,® Loredana Verdone,” and Ernesto Di Mauro*® d

Nucleosomes have been considered until recently to be stable and
uniquely localized particles. We focus here on two properties of
nucleosomes that are emerging as central attributes of their
functions: mobility and multiplicity of localization. The biological
relevance of these phenomena is based on the fact that chromatin
functions depend on the relative stability of nucleosomes, on their
covalent or conformational modifications, their dynamics, their
localization, and the density of their distribution. In order to
understand these complex behaviors both the structure of the
nucleosome core particles and the informational rules governing
their interaction with defined DNA sequences are here taken into

1. Introduction

Firstly, nucleosomes are topological objects. Removal of nucle-
osomes from closed DNA domains releases supercoiling," thus
making locally available the amount of torsional free energy that
corresponds to one superhelical turn. A variation of the available
free energy modifies the local DNA structure, thereby potentially
exerting a profound effect on the interaction of DNA with
proteins (as shown on a genome-wide scale by the modification
of the activity of a large number of promoters caused by
mutation or inhibition of DNA topoisomerase |—see ref. [2], and
references cited therein). The understanding of the topology-
related nucleosome behavior is still partial.

Secondly, nucleosomes are far from assuming uniquely
defined localization and unmodifiable stability. We discuss here
this second aspect of nucleosomal properties, focusing on two
related phenomena: the multiple nature of their localization and
their mobility.

Before that, we describe in the next four sections the
structural properties of the system and the types of DNA
information involved.

2. General Properties of the System

Histone octamers wrap DNA around themselves 1.7 times in a
left-handed 'solenoid’. This local architecture is the consequence
of a self-assembly process and it preferentially builds-up on DNA
sequences endowed with defined properties.

Along the series of helical DNA repeats engaged in the binary
DNA - nucleosome complex, sequence blocks exist which tend
to partition along tandemly alternating conformational signals,
locating themselves inwards and outwards relative to the
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consideration. The fact that nucleosomes solve the problem of how
to locate a specific interaction site on a potentially infinite
combination of sequences, with interactions recurring to a
controlled level of informational ambiguity and stochasticity, is
discussed. Nucleosomes have been shown to slide along DNA. This
novel facet of their behavior and its implications in chromatin
remodeling are reviewed.
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nucleosomal surface in an orderly manner. The ordered distri-
butions of phasing signals were defined in a series of pioneering
studies (ref. [3] and references cited therein, reviewed in ref. [4]),
which led to the general conclusion that the DNA sequences
which allow preferential localization of nucleosomes are char-
acterized by anisotropic flexibility (as defined in ref.[4]). The
ordered and helically phased distribution of sequences that
confer such flexibility favors nucleosome formation relative to
bulk DNA, provided there is correspondence with the direction
of DNA bending required on the nucleosomal surface. The
overall conclusion of the studies that centered on the analysis of
the relationship between histone octamers and the sequences
on which they bind preferentially points to the relevance of the
coherence between the sequence-determined anisotropic flex-
ibility and the curvature of the DNA on the protein surface. These
considerations have found a quantitative definition through the
analysis of the free energies involved in complex formation on
artificial nucleosome-positioning sequences.>® The energies
involved differ as a function of the DNA sequence considered.
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Not taking into account extreme or exceptional instances, nor
sequences which are purposely programed to involve higher or
lower free energies of reconstitution, the range in which these
energies are encompassed is rather limited.

The average reconstitution energy difference between a
particularly efficient synthetic sequence taken as the reference
and various mononucleosomal DNA sequences with a length of
250 base pairs (bp) is 2.85 Kcalmol~', while that observed for
one of the most efficient natural sequences (the Lytechinus
variegatus 55 RNA gene) is 1.25 Kcalmol =" Thus, the difference
between highly efficient and average sequences is only
1.6 Kcalmol~" in natural systems. Similar values were obtained
in the detailed analysis reported by Widom and co-workers for
synthetic and/or selected sequences.”® Most remarkably, co-
valent modification of DNA results in a major alteration of the
binding parameters.”
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3. The Structure of the Nucleosome Core
Particle

The X-ray crystal structure of the nucleosome core particle (ncp)
was determined at low resolution (7 A) in 1984;1' it revealed the
left-handedness and defined the extent (1.65 turns) of the helical
ramp. Distortions through kinks have been described." 2

The structure obtained at higher resolution (2.8 A) revealed!®
that each histone in the complex consists of a structured three-
helix domain (the ’histone-fold’) and of two unstructured tails.
The histone-folds assemble into the H2A-H2B and H3-H4
heterodimers. The structural aspects of their further assembly to
form the histone octamer have been known since the analyses
by Arents and co-workers.'* 131

The structure solved at high resolution shows, in nearly atomic
detail, how DNA is organized about the histone core. The salient
features are:

@ Each of the heterodimers binds about 30 bp of DNA.

@ Of the overall sequence involved (146 bp), 121 bp complex
with histone-fold domains.

@ At the entry and exit sites of the DNA on the nucleosome the
complex involves extensions of the H3 histone-fold.

@ 14 contacts are observed between the DNA and the protein at
~10bp intervals. Arginine side chains penetrate all the
14 minor grooves that face the protein core in the contact
points.

@ Many contacts exist between the phosphate backbone of the
DNA and the backbone of the protein; these contacts support
the stability of the complex and allow an interaction to occur
that is by its own nature chemically independent of sequence
information.

The ubiquity of nucleosomes, a property that is closely related
to their basic function as chromatin organizers and regulators,
requires that their sites of interaction are unconstrained by local
sequence information. Accommodation of the nucleosomes on
different DNA sequence combinations is thus allowed, provided
that the correct parameters of handedness, flexibility, and helical
periodicity are respected. At the same time this conformation-
based interaction mechanism elegantly solves the apparent
paradox set by an essentially invariant protein (epigenetic
covalent modifications apart) that is able to localize specific sites
on an a priori potentially infinitely variant combination of
sequences. Covalent modifications are thought not to be at the
base of the localization mechanism but, rather, to mediate wide-
spectrum regulatory patterns through subsequent acetyla-
tion,l'? methylation, ubiquitination, adenosine diphosphate
(ADP) ribosylation, and phosphorylation of resident histones.

4. The DNA Rotational and Translational
Information

The fact that the interaction of a single ncp with DNA is repeated
14times and that it is, in principle, not sequence- but
conformation-dependent has several important consequences.

A possible semiological ambiguity should be considered. The
DNA local conformation descends from the properties of an
invariant backbone and of a variable base sequence. The
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information that DNA offers to the interaction is thus intrinsically
based—whatever parameter is being considered—on the
chemical and physical properties of a defined base-sequence-
containing structure. When referring to the structure- or
sequence-based properties of DNA, this very fact engenders
interpretative ambiguities: sequence information always plays a
role, even when only backbone properties are being considered.
In the case of nucleosome localization, both the invariant and
the variant information are of central importance.

It is well established that the positioning of the core particle
on a DNA sequence has both rotational and translational
components. The rotational positioning is defined by the
orientation of the DNA sequence relative to the surface of the
histone octamer and is dependent on its anisotropic flexibil-
ity.7-% The translational position of the core particle is defined
by the position of the dyad relative to the DNA sequence.
Pioneering analyses showed that the four central double-helical
turns contain important determinants.l2% 2"

5. A Varying Helical Periodicity

Topological considerations and analyses led to the expectation
that helical periodicity on the nucleosomal surface would be
10.2 bp,?2 different from the average 10.6bp in solution.
Substantial evidence from analyses by DNA sequencing,¥!
photoinduced pyrimidine dimer formation,?* 2! and cleavage
by hydroxyl radicals?® has actually shown that the average
relative helical repeat of the bound DNA is 10.2-10.3 bp. This
value has also been confirmed in the high-resolution analy-
ses'>271 and on single-particle complexes.?® Such a specific
repeat value allows the minor and major grooves to align on the
protein surface, thereby creating a structure deemed to have an
important role in the interaction with other proteins®?” and to
direct the histone tails (as pointed out in ref. [30]). The detailed
study of the interactions of third-party proteins with DNA when
engaged with nucleosomal surfaces is a field that is still only
partially developed.

A sophisticated use of the structural information of DNA
allows localization on a theoretically infinite number of sites and
gives rise to potentially directional particles, as discussed below.

6. Indications of Asymmetries

The internal complex symmetry of the protein structure does not
a priori entail that the overall structure should maintain
complete symmetry upon interaction with DNA. The sequence
used in the high-resolution structure reported® was palin-
dromic, thus being endowed with an artificial convergent
symmetry and leaving this problem open.

The polar nature of the natural DNA sequence onto which
nucleosome cores normally form would actually suggest that
symmetry is not maintained. Such an intrinsic tendency to
asymmetry has been proposedB" and supporting evidence
based on sequence analyses was discussed. Structural asymme-
try of the chromatosome (operationally defined as the particle
produced during micrococcal digestion of chromatin yielding a
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DNA fragment of ~ 166 bp2-34) was also reported®” based on
numerous data.

The analysis of the sequence dependence of translational
positioning of core nucleosomes carried out on a set of
synthetic, polar (as opposed to palindromically convergent)
sequences has shownl®! that the translational position of a core
particle is specified by sequence determinants additional to
those specifying rotational positioning. The rotational settings
on either side of the dyads of a core particle assembled on some
of these sequences differed by +2 bp, which corresponds to an
overall helical periodicity of ~10.15 bp. The relevant finding of
these analyses is that the average helical periodicity of the
central two to four turns was 10.5-11 bp whilst that of the
flanking DNA was close to 10 bp. This finding confirms, on a
singly located nucleosomal particle, the early DNAse | digestion
profiles of core particles,¢-38 which indicated that the number of
base pairs between the cleavage maxima in the central three
turns is 10.7 bp and in the flanking bound DNA is =10 bp.

The fact that the DNA immediately flanking the dyad in single-
localization particles was also characterized by a more extensive
susceptibility to cleavage by hydroxyl radicals?® indicates the
existence of a centrally located region with different structure
and potentially different reactivity. The substantial symmetry in
the vicinity of the dyad displayed by the crystal structure of the
nucleosome core, while the linker histone binds asymmetrically
in this region to select a single high-affinity site from potentially
two equivalent sites, poses an apparent paradox (discussed in
detail in ref. [39]). The observation that the helical repeat register
changes by 2bp in the vicinity of the dyad?® reveals an
asymmetry that could possibly®? direct the binding of the linker
histone to a single preferred site.

7. The Positioning Problem

The overall message conveyed by these studies is that the
histone octamer, although being able to bind virtually all
genomic sequences, occupies highly preferred positions on
specific DNA sequences both in vitro and in vivo.*-*! The
positioning is achieved by using the information carried by both
rotational and translational components. The fact that the
interaction occurs on 14 helically phased alternately favorable/
permissive interaction signals causes an internal ambiguity: in
the absence of sequences that function as borders by providing
strong repulsive determinants, the localization could take place
almost isoenergetically on a set of positions that are shifted by
one or more helical periods, both upstream and/or downstream
relative to the most favorable set.

This systemic and intrinsic multiplicity could be counter-
balanced by the energetics of the deformation observed in
proximity of the central dyad (see above). The deformation could
be favored by defined sequences located in correspondence
with the central part of the protein complex. However, the DNA
deformation observed at the dyad is possibly an a posteriori
characteristic of all the core particles, independently of their
position. That is, the dyad deformation is more a consequence
and attribute of the final structure common to all ncps than a
part of the nucleation process.
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Asymmetries in the ncp at 2.5-A resolution were observed in
the analysis by Harp et al.”” of a structure composed of native
chicken histone octamer cores and a DNA palindrome. The
interaction between these two-fold symmetric molecules results
in an asymmetric structure owing to the binding of the DNA to
the protein surface and to the packing of the particles in the
crystal lattice. The observed asymmetries pertain both to the
structure of the DNA as well as to the structure of the histones.
The asymmetries in the DNA backbone are most noticeable
between the second and third helical periods and the fifth and
sixth helical periods of each hemi DNA moiety.

The observation that the asymmetric ncps assume only one of
the two possible orientations in the crystal suggests that the two
faces of the nucleosome are unique within the lattice. Asym-
metry is seen?”! as a consequence of the dyad intersecting DNA
base 73, which results in positioning 72 bp to the side of the
dyad on one face and 73 bp on the other face. The structure of
the individual histones in the ncp also deviates from symmetry in
several positions, in spite of the overall twofold symmetry
displayed by the histone octamer structure. The relevance of the
conclusions drawn from crystallization studies as a whole for the
in vivo properties of ncps remains to be established, due to the
absence in the complexes of linker DNA and to the ensuing
possible interference”? with the physiological role of the
N-terminal tails of H3 which emerge between the gyres of DNA.

The systemic and intrinsic multiplicity could also be counter-
balanced by specific sequence elements acting as boundaries.
Among the several sequences with this type of possible func-
tion, T-tracts have been frequently implicated. T-tracts are
essentially straight and rigid,*-*® thus providing the necessary
inflexibility constraint. However, as pointed out,*? folding of a
T-tract DNA in nucleosomes can disrupt the T-tract structure, a
fact indicating that the structural constraints in nucleosomes
dominate over those in the T-tracts.®®>" In one of the multiple
nucleosome systems described below (the ADH2 promoter
nucleosome —1), a 20bp T-tract is incorporated into the
upstream moiety of the nucleosomal DNA without apparent
difficulties.

Nevertheless, the fact that most poly (dA - dT) sequences exist
as rigid DNA structures in nucleosome-free yeast promoters in
vivo is compelling and leaves the relationship of these
sequences with nucleosome localization an open problem.
Whatever their function is in respect to nucleosome-core
localization and stabilization, a possible role of these sequences
is supported by the observation that there are 1500 yeast genes
whose promoters contain T-tracts > 10 bp.52

Another exclusion mechanism could be provided by inter-
spersion of short isotropically flexible sequence motifs within
anisotropically flexible sequences. The analysis reported in
ref. [53] concerning the selection of DNA sequences that bind
less well to the histone octamer is quite relevant in this context.
It was in addition reported®™ that interspersed CTG tracts reduce
the curvature resulting from phased A-tracts. However, the
observation that CTG repeats preferentially assemble into
nucleosomes®> 3! leaves the problem open in this case as well.
The identification of nucleosome excluding sequences is diffi-
cult.
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In summary, ncps are potentially able to complex, with low
free energy discriminations, the vast majority of the genomic
sequences according to an interaction mechanism that involves
repetitive contacts and results in potentially asymmetrical
structures. These considerations have lead us to hypothize that
nucleosomes form on rigidly unique and unequivocal positions
only in exceptional cases, with their localization occurring on
quasi-isoenergetic multiple translational positions along the
same rotational phase. Given that rotational positioning de-
pends on the summation of multiple weak signals, these same
signals would be expected to specify a family of rotationally
related but translationally different and alternative positions, as
is observed in vitro in several systems and in vivo notably in
yeasts. Examining such positional variegation is the focus of the
next section.

8. Multiple Positions

The picture described above fully applies to biological systems
which, like many yeasts, are devoid of conventional linker
histones whose stabilizing and regulatory functions are well
established.””-% |t also applies to in vitro reconstituted sys-
tems,®+57 3 fact showing that multiplicity is a widespread
property in nucleosome formation.

Multiple nucleosome positioning with unique rotational
setting were observed for the Saccharomyces cerevisiae 5S gene
both in vitro and in vivo.'® Distributed along the same rotational
phase (defined as in Section 3.), the individual particles are
alternative, in the obvious sense that they are present in a single
translational position on a defined DNA molecule in vitro or in a
defined individual cell in vivo. In this specific gene system the
occupation of all the possible alternative translational positions
along the gene was observed (although with different frequen-
cies). The paramount relevance of the rotational information in
determining the multiplicity of occupancy could be shown by
inducing the change of nucleosome positions through the
modification of the rotational phasing signals both in vitro and
in vivo.”? In the S. cerevisiae 55 gene the positional multiplicity is
the characterizing attribute of nucleosome localization. Multi-
plicity in Xenopus laevis oocyte and somatic 5S genes was also
described.”" A similar all-occupancy extreme behavior was
observed in vitro when ncps were reconstituted on various DNA
fragments containing a Chamaecrista fasciculata kinetoplast
curved tract.® In this system, preferential deposition also
occurred at multiple periodic positions, whose distribution
revealed a unique rotational setting of DNA relative to the
histone octamer surface, with an average periodicity of 10.26.

A limited multiplicity was observed in several nucleosomes
located in vivo in the promoters of genes served by RNA
polymerase ll: the promoter nucleosomes of the Hansenula
polymorpha MOX gene and of the S. cerevisiae TOP173! and
ADH2+77 genes (Figure 1). A similar behavior was observed in
the S. cerevisiae ARS1 B-domain nucleosomes.”® The multiplicity
observed went from two-six alternative positions for each
nucleosomal family, with the most consistently observed value
being four. Only rarely were particles observed which localized in
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-1 nucleosomal family
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Figure 1. The alternative localization of the nucleosome encompassing the relevant functional
elements of the ADH2 promoter in S. cerevisiae. The promoter map is shown schematically in
the top part. UAS1: Upstream activator sequence; Poly d(A): a dA - dT stretch that is 20-bp long.
For the numbering system and other data on this promoter, see ref. [77]. This nucleosome
(dubbed as — 1) encompasses the relevant elements of the ADH2 promoter and is alternatively
present as individuals — 1.1, — 1.2, etc. (depicted by the ovals). The map positions of the borders
of the individual nucleosomal particles are indicated. For experimental details, see ref. [77].

partial compilation of the multiplicity-based architec-
ture in promoters served by yeast RNA polymerase Il
is given in ref. [88].

Nucleosome multiplicity was also observed in the
S. cerevisiae ribosomal genes, where the region of the
ribosomal DNA defined as NTS2"® has been shown to
be arranged in positioned nucleosomes.”® High-
resolution mappings have shown that one nucleo-
some (lying about 340 bp from the transcriptional
start of 35S RNA) of the array (represented by five
positioned nucleosomes) occupies at least three
major positions, as mapped by in vivo footprinting,
definition of nucleosomal borders, and in vivo
digestion with A-exonuclease (G. Camilloni, personal
communication).

Multiplicity in structural chromatin was observed in
Kluyveromyces lactis centromeres®" and in the CTCF-
mediated insulator function of the H79 imprinting
control region.?

a unique position, usually on neighboring functional chromo-
somal sites.”% 78

Multiplicity was analyzed by our group with a panel of
different techniques, some of which are reviewed in ref. [79]. A
variety of other technical approaches was used in the works
reported below (see also ref. [80]), thus transforming into a safe
fact the assumption that multiplicity is a characterizing property
of nucleosomes both in vitro and in vivo. Concerning gene
systems served by RNA polymerase Il, multiple positioning was
also observed on chicken and human globin genes,®" in the
Drosophila HSP6 promoter,®? in the MMTV LTR,®3 in the CUPT
chromatin,® and in the active and inactive alleles of the HPTR
promoter.

A particularly interesting set of analyses was performed in the
S. cerevisiae URA3 gene.®s 8 To characterize nucleosome struc-
ture and positioning in the chromosomal context, the chromatin
structure of the whole URA3 gene was studied in the genome
and in a minichromosome by testing the accessibility of DNA to
micrococcal nuclease and DNase l. While low-resolution map-
ping showed six regions with a positioned nucleosome, each
region resolved in a complex pattern consistent with multiple
overlapping positions. To investigate how intrinsic properties of
nucleosomes modulate DNA accessibility in vivo, DNA repair in
this gene by a photolyase was studied. Formation of DNA lesions
(cyclobutane pyrimidine dimers, CPDs) and photolyase activity
are precisely controlled by light. Preceding work by the same
authors revealed that photolyase rapidly repairs nucleosome-
free DNA, while repair of nucleosomes is severely inhibited.
High-resolution data show slow repair in the center of nucleo-
somes and a gradual increase towards the periphery. This
pattern was observed in all nucleosomes and demonstrates that
dynamic properties facilitate DNA accessibility. Since the URA3
nucleosomes can occupy alternative positions, the repair data
are most consistent with nucleosome mobility that moves CPDs
in linker DNA to where they are rapidly repaired. This study
functionally couples nucleosome multiplicity and mobility. A
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9. Nucleosome Dynamics

One of the questions raised by the existence of multiple
localization of nucleosomes concerns the effects that a defined
nucleosome position will have on gene expression when the
DNA segment taken into consideration contains basic promoter
elements such as the TATA box or the RNA initiation sites. If one
considers a nucleosome located inside an open reading frame, it
is expected that there will be no major differential effect on gene
expression between a unique position and one differing by ten
or twenty base pairs. But when a sequence like the TATA box or
the binding site for a transcription factor is considered, then the
exact location of the nucleosome particle can have profound
effects on the transcription of the gene involved. In order to
regulate the on/off state of a gene, the potentiality for a given
octamer particle to occupy alternative positions becomes
relevant.

Nucleosome relocation is, in fact, one of the most important
aspects of the generally defined ‘chromatin remodeling prob-
lem’ that accompanies gene activation. Transcription in partic-
ular—but also other nuclear processes such as replication,
recombination, and repair—requires that the DNA be accessible
to sequence-specific transcription factors and RNA polymerase.
Moreover, melting and reformation of the double helix through-
out the length of the transcript is required: the chromatin
structure interferes with all the steps necessary for transcription.
Therefore, repression can be obtained by creating a stable
inaccessible structure and activation can be achieved by a drastic
chromatin reorganization.% %4

In the last few years two general principles have emerged that
explain the existence of convertible chromatin structures
corresponding to distinct functional states.®> ° First, the histone
N-terminal tails can be modulated through posttranslational
modification (see Section 3.). The functional consequences of
these modifications, which profoundly affect the recognition of
nucleosomes by regulatory proteins and their higher-order
folding, are currently the subject of numerous investiga-
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tions.””-192 Second, adenosine triphosphate (ATP) dependent
nucleosome remodeling factors were recently characterized:
they are capable of altering histone - DNA interactions such that
nucleosomal DNA modifies its accessibility to regulatory proteins
and to various components of the transcription machinery.['03-108!

Both histone-modifying enzymes and ATP-dependent remod-
eling factors are present in all eukaryotic cells as large protein
complexes that can coordinate with each other and with the
transcription machinery to create specific regulation (see
ref.[109] and references cited therein). Various models have
been proposed to account for the cooperative action of all these
proteins.l'® Two specific examples point to the possibility that
acetyltransferase complexes might stabilize the interaction of
yeast SWI/SNF complexes with the template."'% 1™

The emerging picture shows that nucleosomes are dynamic
particles whose structure and/or location must be modified to
allow many nuclear processes. In particular, a fluid state of
chromatin in which the overall packaging of DNA is maintained
but individual sequences are transiently exposed to interacting
factors, can be established when histone octamers are relocated
from an original and defined DNA site to a new previously
inaccessible acceptor DNA position.

10. In Vitro Evidence of Nucleosome
Repositioning

The most important biochemical evidence regarding the
capability of ATP-dependent remodeling machines to relocate
octamer particles either in cis (intramolecularly) or in trans
(intermolecularly) is reported in Table 1. Yeast SWI/SNF and RSC
complexes can both displace histones in trans.!"'-""3 Further-
more, the yeast SWI/SNF complex can reposition nucleosomes in
an ATP-dependent reaction that favors the attachment of the
histone octamer to an acceptor site on the same molecule of
DNA.M"¢ This mechanism appears to be conserved in evolution
since three complexes from Drosophila melanogaster, NURF''")
CHRAC,M® and ACF'™ can induce nucleosome sliding. In

Table 1. Chromatin remodeling complexes showing in vitro nucleosome
repositioning activity.
In cis displacement

Complex Source Reference®
SWI/SNF Saccharomyces cerevisiae [116]
NURF Drosophila melanogaster [117]
CHRAC Drosophila melanogaster [118]
ACF Drosophila melanogaster [119]
ACF Xenopus laevis [120]
Mi-2/NURD Drosophila melanogaster [128]
Mi-2/NURD Xenopus laevis [129]
NoRC mouse [131]

In trans displacement
Complex Source Referencel®
SWI/SNF Saccharomyces cerevisiae [112]
SWI/SNF human [113]
RSC Saccharomyces cerevisiae [114], [115]
[a] The reported references contain the first in vitro experimental evidence
of nucleosome repositioning for each of the listed complexes.
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particular, CHRAC induces movements of intact histone octa-
mers to neighboring DNA segments without facilitating their
displacement in trans and with a specific directionality,'®
whereas NURF catalyzes the bidirectional redistribution of
mononucleosomes.['"” The core of these three D. melanogaster
complexes is constituted by the ISWI factor. Homologues of this
factor have been characterized in X.laevis extracts!?® and in
mouse cells.'? In yeast, the two proteins more closely related to
ISWI are Isw1 and Isw2: they both reside in complexes endowed
with nucleosome remodeling and spacing activity.'?> 12 |nter-
estingly, although they have not been shown to induce the
change of translational positioning in vitro, a few reports
indicate that in vivo they act by mobilizing nucleosomes into
repressive positions (see below).l'24-128!

Another important chromatin remodeling complex has been
found in various biological systems and has been dubbed NRD
(or NuRD or NURD). The interesting aspect of this complex is that
it physically combines the two fundamental strategies for
chromatin remodeling: covalent modification (deacetylation)
and ATP-dependent remodeling.l'?! The core subunit of this
complex is the Mi-2 ATPase that, like ISWI, is an active enzyme
able to disrupt histone-DNA interactions and to induce
nucleosome sliding on DNA fragments.!'2% 129

Nevertheless, nucleosome repositioning cannot account for all
the events underlying chromatin remodeling. One recent
instance of a different molecular mechanism has been provided
by the analysis of transcription by yeast RNA polymerase Il when
it occurs through nucleosome cores in vitro. The passage of the
enzyme causes a quantitative loss of one H2A/H2B dimer
without altering the location of the nucleosome.'3 A more
detailed discussion regarding additional models is presented in
ref. [104]. It should also be noted that temperature-induced
histone octamer sliding can be commonly observed in in vitro
reconstitutes. The original observations!> % first revealed the
close association of multiplicity and sliding phenomena.

The possible role of the HMGB proteins in the context of
nucleosome mobility should also be mentioned: the biochem-
ical and genetic connection between remodeling and NHP6A/B
has been recently reported (refs. [131, 132]; for a comprehensive
review, see ref. [133]).

11. In Vivo Evidence of Nucleosome
Repositioning

In spite of the numerous examples of the changes of nucleo-
some translational positioning obtained in vitro, only a limited
number of reports point to the relevance of this phenomenon in
vivo. Initial evidence, based on low-resolution micrococcal
nuclease analysis, established a correlation between transcrip-
tional repression and nucleosome mobilization mediated by the
Isw2 protein in S. cerevisiae cells.'?* 1?5 |n another report, both
Isw1 and Isw2 were shown to be responsible for changes in
nucleosome positioning at various yeast promoters, independ-
ently of the transcriptional state.?®!

The involvement of sliding in gene activation has been
demonstrated in a work showing that a nucleosome obstructing
transcription from the IFN-S promoter slides in vivo in response

ChemBioChem 2002, 3, 1172-1182





Nucleosomal Positional Flexibility and Fluidity

to virus infection.* The authors utilized Hela cells that were
first treated with formaldehyde, in order to fix the histone — DNA
contacts, followed by micrococcal nuclease treatment of isolated
nuclei. DNA extracted from the resulting mononucleosomes was
annealed with radiolabeled primers, and this was followed by
primer extension. In this case, the position of the relevant
nucleosome in uninduced cells is unique: after virus induction,
one additional position is observed. It is not known whether the
same analysis, performed in the absence of formaldehyde, would
have produced a pattern of multiple overlapping positions, as
observed in almost all the systems analyzed at high resolution.
The most important finding of this report has been obtained in
vitro: recruitment of the SWI/SNF complex by the enhanceo-
some allows TBP binding which induces both DNA bending and
the sliding of the nucleosome covering the TATA box.!"3

In a more recent work, nucleosome positioning was analyzed
at high resolution at the S. cerevisiae ADH2 promoter both in
repressing and derepressing conditions.””? In this system,
nucleosome covering the TATA box consists of a family
composed of six alternately rotationally phased particles, all of
which encompass the TATA element. This distribution is normally
present in high-glucose repressing conditions. When the cells
are shifted to low-glucose medium (derepressing conditions) a
change over the entire distribution of nucleosomes is observed.
In particular, the frequency of the upstream particles decreases
while the intensity of the downstream ones increases; this
suggests a repositioning of the nucleosome containing the TATA
box by a few nucleotides in the direction of transcription
(Figure 2). Such repositioning does not occur in the absence of
the ADH2 transcriptional activator Adr1 or in the presence of its
DNA binding domain alone. A construct consisting of the DNA
binding domain plus a 43 amino acid residue peptide containing
the Adr1 activation domain is sufficient to induce the same
repositioning effect exerted by the full-length protein. Nucleo-

some repositioning occurs even when the catalytic activity of the
RNA polymerase Il is impaired, a fact suggesting that the Adr1
activation domain mediates the recruitment of some factor in
order to correctly preset the relevant sequences for the
subsequent transcription steps (Figure 3).

12. A Possible Function for Positional
Multiplicity

We have described the structure- and the energy-related
properties of nucleosome-DNA complexes that make the
multiplicity of positioning an intrinsic and expected property.
We have also reported numerous instances of this multiplicity
both in vitro and, notably, in vivo. This property may be
considered as an informational ambiguity to be amended (as
higher eukaryotes have partly achieved by evolving additional
structural control elements) or as an opportunity to be exploited
in regulatory processes.

In higher eukaryotes, a fifth histone molecule binds from
outside, stabilizes the localized ncps, and promotes higher-order
chromatin organization.>>"#" In lower eukaryotes, which lack
this stabilization mechanism, chromatin fibers do not condense
in the same way for mitosis as in higher eukaryotes and have a
larger freedom in folding/unfolding, dissociation/reassembly,
and monodimensional sliding processes. The absence of the
stabilizing histone and the multiplicity of alternative positions
are possibly two aspects of the same phenomenon.

Independently of the differences in the organization between
higher and lower eukaryotes, the basic principle that the
structural and dynamic properties of chromatin affect DNA
accessibility applies to both systems. As described above,
multiplicity of nucleosome positions, sliding, and activation-
related chromatin fluidity have been observed both in lower and
higher eukaryotes.

Considering a) that informational ambiguity is
an intrinsic property of a recognition mechanism

T G L D L G G R T S

A

=
;

§ UASL Poly d(A) TATA box g not based on sequence specificity and b) that the
— — 1 - multiple alternative rotationally phased nucleo-
T A PO SO O W Gl W B b S BT G o L s
I some positions are quasi-isoenergetic, it is tempt-
; ing to speculate that this informational ambiguity
E is used for regulatory purposes. At the same time
i it is difficult to conceive that an intrinsic systemic
Repression | I Derepression i property of the genetic material has not found a
! use in regulatory functions through evolution.
E 2 Which would then be the possible advantage
Poly d(A) TATA box PoA provided by informational ambiguity in a process
"

Figure 2. The sliding of the ADH2 nucleosome — 1 upon derepression. The model is based on
experimental analyses reported in refs. [77] and [142]. Top line: the position of the components of
the nucleosome — 1 family relative to the UAST and TATA sequence in the repressed state. Lower
line: upon binding of the regulatory protein Adr1 on the UAST sequence, the nucleosome slides
downstream for an extent corresponding to one DNA turn (black tip) towards the RNA initiation site,
thus changing its position relative to the TATA sequence. The cartoon shown in the frontispiece
(p. 1172; kindly prepared by Marco Colasanti) is the three-dimensional representation of this model.
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that, like transcription, is best carried out in the
quantitatively and kinetically most possibly con-
trolled way? With the transcription machinery
being highly complex, most of its components
are present in single copy, both for the DNA and
the protein elements, uniquely located, and
kinetically precisely geared. Such mechanistic
precision is necessary to ensure the correct and
controlled performance of the transcription proc-
ess. The multiplicity of nucleosome positions is a
marked exception implying that each individual

—
-+
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Figure 3. Three different positions of the nucleosome occupying the ADH2 promoter. In the repressed condition nucleosome — 1 (oval) occupies the position indicated
in (a) and the regulatory protein Adr1 (circle ‘A’) does not bind to its cognate UAST site.”” "1 |n conditions of hypoacetylation (as in the gcn5 mutant) nucleosome — 1 is
located in a more upstream position, partially covering the UAST sequence (as depicted in (b); unpublished results). In hyperacetylation (as in the rpd3/hdal double
mutant) Adr1 binds and the nucleosome changes its conformation (stippled oval; c).”” 2 Upon derepression, the nucleosome slides downstream only if the Adr1
binding domain (gray crescent) is complemented with its activation domain (dark gray sphere; as depicted in (e)). In these conditions TBP (circle 'T’) binds and
transcription takes place. The relative dynamics of transcription and sliding are reported at the top. In the absence of the Adr1 activation domain no sliding, no TBP
binding, and no transcription occur. d) Data from ref. [142]. The alternative multiple positions of the components of this nucleosomal family (depicted in Figure 1) are

not indicated for simplicity.

cell may locate a functionally relevant nucleosome (that is, a
regulatory nucleosome encompassing the TATA element) in one
of the several possible different positions.

Given that the precise architecture of the transcription
complex (and the ensuing onset of RNA polymerization)
depends on the availability of the specific promoter DNA
sequences involved, and that this in turn depends on the local
interaction with a singly located nucleosomal particle, the
distribution of the positions of the nucleosomes particles on the
promoters is the starting point of the whole process. Being
dictated by the very rules governing the DNA-nucleosome
binary complex interaction, nucleosome multiple localizations
are independent of the genetic background and are epigenetic
in their nature.

Taking these considerations together, the possibility emerges
that the genetic apparatus has transformed the handicap of
informational ambiguity into a source of variability. Regulating
the percentage of the initial, potentially productive positions
and the kinetics of their sliding, yet another level of regulation
can be obtained. The recent reports”%8. 1341351 of in vivo
regulated nucleosome dynamics open up the possibility of
focusing on these fascinating phenomena.

Nucleosome work in this lab was supported by CNRTP on
Biotechnology, MURST (5% BSU and 40% 2001), and HFSP grant
no. RPG 0207/2001.
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Lipoconjugates for the Noncovalent Generation
of Microarrays in Biochemical and Cellular Assays

Antje Hoff,’” Thomas André, Tilman E. Schaffer,™ Glnther Jung,@
Karl-Heinz Wiesmuiller,' and Roland Brock*™

The generation of microarrays by functionalization of hydrophobic
glass surfaces with conjugates of triacylated lipophilic end-groups
and with a peptide or hapten as a test substance is presented.
Immobilization on the hydrophobic surfaces through the triacyl-
ated anchor group is fully orthogonal to the reactivity of functional
groups within the test substances. The technique is therefore free of
risk that reactions of these functional groups may influence the
biological activity of the test compounds in screening applications.
In addition, no preactivation of either the surface or the
compounds is required. Reagents and substrates may be stored
at ambient conditions for long periods of time. The lipoconjugates
are administered from aqueous solution enabling automated

Introduction

The microstructured immobilization of test compounds on
surfaces in the form of microarrays has opened up new
dimensions in terms of parallelization in high-throughput
screening and diagnostics.'* While most of the applications
today involve oligonucleotide-based arrays, used for example for
expression screening or identification of gene mutations in
cancer diagnostics,™ 2 peptide arrays in diagnostics®® and arrays
of drug-like compounds in drug-screening applications are
gaining significance.””

For the generation of microarrays, two strategies can be
discriminated. In the first case, the substances are synthesized on
the microarrays, either by photolithographic techniques involv-
ing photolabile protecting groups'® or by synthesis procedures
used in solid-phase chemistry.”) Synthesis starts with an anchor
group covalently attached to the support to which subsequent
building blocks are coupled in a chemically defined way. At the
end of the synthesis, the protecting groups are removed.”
However, in this strategy, side-reactions and incomplete turn-
over may lead to a heterogeneous mixture of molecules with
misleading assay results. In addition, synthesis protocols need to
be compatible with the array format and chemical properties of
the surface.

In the second case, the compound collection is immobilized
on the microarray by spotting or nanopipetting devices®
postsynthesis. Substances can be fully characterized analytically
prior to spotting, and a multitude of arrays can be produced
from one batch of substance. Spots of 150-200 um in diameter
still allow up to 1600 testings per square centimeter.
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nanopipetting down to spot dimensions of 100 um across. The
microstructures are stable with respect to the conditions of
biochemical assays and applications in cell biology. Due to the
hydrophobicity of the nonfunctionalized surfaces, standard block-
ing protocols used in microtiter-plate testing can be employed,
thereby inhibiting nonspecific binding of assay reagents. Gener-
ation of these microstructures on hydrophobic glass slides or
coverslips enables highly sensitive multichannel read-outs with
high-resolution fluorescence microscopy.

KEYWORDS:

fluorescence microscopy - lipids -
surface chemistry

bioassays - microarrays -

Immobilization of molecules takes place either through strong
noncovalent interactions, as for large DNA molecules, or by
covalent linkage through functional groups. In most cases, such
functionalities are nucleophilic groups of the compounds
reacting with surface reactive groups, such as epoxy groups,
succinimidylesters, or maleimido groups. Following this strategy,
two problems are commonly encountered. The first is that the
surface reactive groups are sensitive to water. Once exposed to
ambient conditions, a preactivated surface needs to be pro-
cessed quickly. Moreover, water is the preferred solvent in
nanopipetting applications due to its superior characteristics in
drop generation, as well as spot diameter when compared with
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organic solvents. Unless immobilization occurs through func-
tional groups with a much higher reactivity than water,
quenching of reactive groups by water will limit the efficiency
of substance immobilization.

The second problem encountered is the difficulty in achieving
full directionality of surface functionalization by one specific
functional group within the compound. For example, if immobi-
lization occurs through amino groups, any amino group within a
compound may react with the surface, thereby leading to a
heterogenous mixture of immobilized compounds. Similarly,
even though sulfhydryl groups exhibit a higher reactivity for a
Michael addition on maleimides, amino groups may still engage
in this reaction. Recently, Hergenrother etal. presented a
strategy in which the reaction of primary alcohols was strongly
preferred over the reaction of secondary, phenolic, and methyl
ether alcohols.” However, even if such orthogonality is achieved,
specific immobilization through any type of nucleophilic group
imposes a severe restraint on the diversity of a combinatorial
compound collection with respect to the medicinal-chemistry
aspects of compound libraries. Nucleophilic groups are highly
relevant for interactions of potential drugs with target mole-
cules.

To overcome the above-mentioned limitations, immobiliza-
tion strategies are required that are either fully orthogonal to any
functionality relevant with respect to the medicinal chemistry of
compound collections or afford a site-directed surface function-
alization. In addition, array substrates and compounds should be
insensitive to water and stable at ambient conditions. Finally, the
strategy should be compatible with nanopipetting devices.

Two strategies enabling a site-directed covalent coupling for
the generation of microarrays have been presented so far.
Stolowitz et al." introduced the complexation of phenylboronic
acid with salicylhydroxamic acid modified Sepharose as a
chemoselective linker. This complexation strategy may be
transferred to microarray substrates. The formation of the
complex is pH-dependent. Immobilized compounds can be
released from the substrate by a decrease in the pH value. Falsey
etal." exploited the formation of thiazolidines or hydrazones
from a glyoxyl functionality and either oxyamines or 1,2-
aminothiols for surface functionalization. The glyoxyl group is
immobilized on amino-functionalized glass substrates. In order
to obtain small spots, the glyoxyl-modified surface has partially
hydrophobic properties. This strategy has been applied to the
generation of microarrays for the screening of small molecules
binding to fluorescently labeled probe molecules and for the
identification of molecules mediating cell adhesion in cellular
microarray applications.

These site-directed immobilization strategies, like those
involving reactive groups in general, rely on the formation of
covalent bonds. We reasoned that, for small molecules, strong
hydrophobic interactions mediated by an anchor group com-
mon to all molecules could provide a further avenue to site-
directed immobilization, similarly to the immobilization of DNA
molecules through strong ionic interactions.

The triacylated lipid N-palmitoyl-S-[2,3-bis(palmitoyloxy)-
(2RS)-propyll-(R)-cysteine (Pam,Cys)'? and the structurally re-
lated tripalmitoylated S-(1,2-dicarboxyhexadecyl)ethyl-N-palmi-
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toyl-L-cysteine (PHQ)" had been employed previously for the
immobilization of peptides, which were conjugated to either
anchor group, on the plastic surface of wells in microtiter plates.
The peptide moieties of such constructs were still specifically
recognized by antibodies in ELISA-type experiments;'¥ appa-
rently, the Pam;Cys anchor group did not impair the accessibility
of the peptide. Considering the suitability of these lipoconju-
gates in the microtiter-plate experiments, we decided to
determine whether the lipophilic functionalities could also serve
as anchor groups for the generation of microarrays in drug-
screening applications with binding proteins. Glass supports
rendered hydrophobic by silanization with octadecyltrimethoxy-
silane served as the substrate.

The lipophilic anchor group can be readily incorporated into
combinatorial compound collections generated by automated
solid-phase chemistry. Resins preloaded with the triacylated
Pam;Cys building block have been established, and work-up
procedures and HPLC analytical protocols have been optimized
(F. Reuter, K.-H. Wiesmdiller, G. Jung, unpublished data).

Test compounds carrying either a peptide functional group or
biotin as a hapten were synthesized on Pam;Cys- or PHC-
preloaded resins. To assess the molecular state of these
substances in solution and to monitor surface functionalization
in time-lapse experiments, fluorescein-labeled derivatives were
generated. In spite of the lipophilic anchor groups, all com-
pounds were readily dissolved in a two-step procedure with
tertiary butyl alcohol as the initial solvent followed by dilution
into double-distilled water (ddH,0). Samples were pipetted,
either manually or by using a nanopipetting device, from
aqueous solutions and dried in ambient conditions. The peptide
and the hapten functional groups were detected specifically by
using fluorescent antibodies and fluorescently labeled strepta-
vidin.

In contrast to protocols employing acylated compounds in
the formation of solid-supported lipid bilayers,"™ in our case,
the substrates may be dried and can be stored in a dried form
for long periods of time. Even though the generation of
microstructured solid-supported bilayers has been demon-
strated,''s the need to permanently maintain aqueous condi-
tions imposes a severe limitation on the handling and storage of
such functionalized surfaces. While solid-supported bilayers
possess membrane fluidity and are therefore superior in
mimicking the environment of biological membranes, mem-
brane fluidity is not a prerequisite in screens of molecular
interactions.

In addition to demonstrating the potential of this novel
functionalization strategy for the generation of microarrays in
binding experiments with isolated proteins, cellular applications
were explored as well. Lipoconjugates carrying a biotin head-
group were spotted onto hydrophobic glass coverslips, and then
incubated with streptavidin and a biotinylated antibody directed
towards cell-surface molecules. Specific interaction with cell-
surface molecules of suspended cells was detected by the
induction of calcium signals in Jurkat Tcell lymphoma cells and
retention of cells expressing cell-surface markers on the
functionalized surfaces. The lipoconjugate-based surface func-
tionalization is stable to the conditions of tissue culture over
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several days, thereby allowing cell growth of adherent tissue
culture cells on these microstructured surfaces.

Results

Conjugates of the lipophilic Pam;Cys or PHC anchor groups and
peptides, as well as biotin, were synthesized by automated
solid-phase synthesis on Pam;Cys- or PHC-preloaded resins
(Scheme 1). Cleavage of the reaction products from the resin and
the workup followed protocols commonly employed for pep-
tides.

Comparison of solvents for the generation of homogeneously
functionalized spots

Optimum conditions for the generation of homogeneously
functionalized and regularly shaped spots were identified by
dissolving a fluorescently labeled peptide lipoconjugate into a
series of organic solvents and water and pipetting one microliter
of the test solutions manually onto glass coverslips rendered
hydrophobic by silanization with octadecyltrimethoxysilane.
After drying, the distribution of fluorescence was analyzed by
confocal fluorescence microscopy (Figure 1).

To dilute lipoconjugates into water, the substances were
initially dissolved in tertiary butyl alcohol/water (4:1) followed by

Figure 1. Comparison of solvents for the immobilization of a fluorescein-labeled
peptide lipoconjugate on an octadecyltrimethoxysilane-functionalized glass
coverslip. Examples are shown for organic solvents of high and low volatility:
A) toluene, B) DMF, and C) water. Highly volatile solvents such as toluene resulted
in poor transfer of compound from the pipette tip to the substrate and irregular
spot shapes and diameters, whereas organic solvents with low volatility such as
DMF resulted in uncontrolled spread of the solution. Aqueous solutions yielded
regular round spot shapes and homogeneity in surface modification. The bar
denotes 200 um.

*
ZT

| test compound |

FULL PAPERS

dilution into water to the desired concentration. Volatile apolar
organic solvents were included to address whether solvent
conditions matching the apolarity of the acyl side chains
promoted the homogeneity of the surface functionalization. To
assess the degree to which the rate of solvent evaporation
affected the surface functionalization, N,N-dimethylformamide
(DMF) was included as a less-volatile polar organic solvent.

Volatile organic solvents, such as dichloromethane or toluene,
resulted in highly irregular structures and a poor transfer of
lipoconjugate from the pipette onto the coverslip because of
rapid evaporation of the solution at the pipette tip (Figure 1A).
Less-volatile organic solvents, such as DMF, spread rapidly on the
silanized glass and yielded large, irregularly functionalized areas
(Figure 1B). In contrast to the organic solvents, well-defined
round spots and a homogeneous functionalization were ob-
tained with aqueous solutions (Figure 1C). Prolonged storage of
drops in atmospheres vapour-saturated with the respective
solvent did not improve the surface functionalization.

Process of surface functionalization

After aqueous solutions were identified as the optimum con-
dition for pipetting, fluorescence at the surface of the coverslip
during evaporation of solvent was monitored by time-lapse
confocal microscopy (Figure 2). These analyses of the process of
functionalization served to provide a basis for a rational
optimization of the immobilization protocol. Confocal micros-
copy was employed to detect only fluorescence originating from
molecules bound to the surface and close to the surface.

The fluorescent lipoconjugate was enriched on the surface of
the drop, which can be explained by the tendency of the
hydrophobic end groups to orient themselves at the air—water
interface. After drop deposition, an increase of surface fluores-
cence was observed (1-3min). Only a small transfer of
lipoconjugate from the drop surface onto the coverslip was
observed during retraction of the drop surface during the drying
process. Lipoconjugate accumulated at the drop surface and
then was deposited at the position at which the drop finally
dried. The sudden decrease in fluorescence is explained by self-
quenching of fluorescein at high concentrations and by the
solvation dependence of fluorescein fluorescence. The size and

| test compound |

Scheme 1. Molecular structures of the lipophilic Pam;Cys (A) and PHC (B) anchor group attached to the resin for combinatorial solid-phase synthesis of lipoconjugate-
anchored compounds. Spacer groups may be introduced between the anchor group and the test compound.
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Figure 2. Process of surface functionalization during drop evaporation. Aqueous
solution (1 ul) of a fluorescein-labeled Pam;Cys - peptide conjugate was pipetted
manually onto a hydrophobic glass coverslip. The drying process was followed by
confocal laser scanning microscopy focused on the surface of the coverslip. The
time elapsed between pipetting and image acquisition is indicated for each
picture. Only fluorescence from molecules at the surface or in the solution close to
the surface is detected because of the confocal detection. The open arrows at
times of 1-4 min point to the retracting drop surface. While the fluorescence on
the surface of the coverslip remains constant, the fluorescence on the surface of
the drop increases with the reduction in drop volume. The sudden decrease of
fluorescence intensity after drying (t=9 min) is explained by the solvation
dependence of fluorescein fluorescence and self-quenching at high densities. The
presence of the dark spot (closed arrow), probably the result of a defect in surface
silanization, throughout all images illustrates that surface functionalization
largely occurred during the initial contact of the drop with the surface.

shape of the spot represented the contact area of the drop with
the glass surfaces. The observation that only a little transfer of
lipoconjugate occurred during retraction of the drop is indica-
tive of a surface functionalization primarily during the initial
contact of the drop with the hydrophobic surface. Consistent
with this process of surface functionalization, prolonged incu-
bation of drops on surfaces in vapour environments saturated
with the appropriate solvent did not increase the homogeneity
of the functionalization.

Structural analysis of lipoconjugates in solution and on
surfaces

Previously, surface functionalization with compounds having
lipid end groups was intended to yield intact lipid layers on a
hydrophobic support. Such solid-supported lipid bilayers are
characterized by the presence of lateral mobility of probe
molecules incorporated into the lipid layer'” and by a smooth
surface structure.l'® ' For the generation of such bilayers, the
lipids are transferred to the surface either by vesicular fusion of
small unilamellar vesicles (vesicle spreading) or by monolayer
transfer." Throughout the process and thereafter, surface
hydration has to be maintained. Prass et al. have presented the
formation of monolayers of the Pam;Cys anchor group with a
film balance.? In contrast to these protocols, in our case the
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spots were pipetted from solutions of lipid conjugates and
allowed to dry. In order to compare the structure of the
lipoconjugates deposited on the surface by nanopipetting
with that of solid-supported bilayers, our data obtained by
confocal laser scanning microscopy were complemented by
surface analyses with atomic force microscopy (AFM)12", as well
as by analyses of the molecular state of the lipoconjugates in
solution.

Spots pipetted from aqueous solutions yielded sharp edges
and good overall homogeneity. Some heterogeneity of surface
fluorescence was observed on the micron scale (Figure 1Q). It
had been described previously, that Pam;Cys conjugates form
vesicular or tubular aggregates of different sizes in aqueous
solutions depending on the configuration of the glycerol moiety
and the head group.?? The basis for the microheterogeneity of
the functionalized surfaces was addressed by analyzing aggre-
gate formation of lipoconjugates in solution. Fluorescence
correlation spectroscopy (FCS) was employed for this pur-
pose.?* 24 FCS derives information on molecule numbers, as well
as molecule size, from the analysis of temporal fluctuations
emanating from fluorescently labeled molecules passing
through a femtoliter detection volume, defined by confocal
detection optics. Atomic force microscopy served to study the
molecular state of a fluorescein-labeled peptide lipoconjugate
on the surface. FCS of aqueous solutions revealed that the
lipoconjugate is in fact present as a heterogeneous population
of aggregates (Figure 3 A). With a diffusion constant about 50—
500 times smaller than that for a free variant of green fluorescent
protein (GFP), a barrel-shaped protein with dimensions of about
3 x 4 nm, the aggregate size for the lipopeptide conjugates is in
the order of 200 nm -2 um. These dimensions were confirmed
by atomic force microscopy of lipoconjugates on dried surfaces
(Figure 3B). Further studies will be needed to elucidate the
molecular structure after rehydration.

Lipoconjugates for the detection of ligand - receptor
interactions

After having analyzed the process of surface functionalization
and the structure of the lipoconjugate on the surface, the
conditions for surface functionalization were validated for
further nonfluorescent peptide lipoconjugates, as well as for a
Pam;Cys - biotin conjugate. As these molecules were not
fluorescent by themselves but required binding of fluorescently
labeled probe molecules for visualization, these experiments
also served to explore the use of lipoconjugates in microarray-
type protein binding assays.

Surface functionalization was carried out at room temperature
followed by further drying at 37°C for 1 h. Room temperature
was identified as the optimum temperature for surface func-
tionalization. In order to probe for binding of lipoconjugates
with specific probe molecules, the coverslips were incubated
with fluorescently labeled streptavidin and an a-Myc-tag anti-
body followed by a fluorescently labeled secondary antibody
(see Experimental Section). In order to avoid unspecific binding,
the surfaces were blocked with buffers containing bovine serum
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Figure 3. Structural characterization of a fluorescein-labeled peptide Pam;Cys
lipoconjugate A) in aqueous solution and B) on a hydrophobic glass surface.

A) Fluorescence correlation spectroscopy. Reference measurements were carried
out for free fluorescein and the EGFP variant of the green fluorescent protein
(GFP). In contrast to the reference molecules, autocorrelations with long
diffusional autocorrelation times were obtained that greatly differed for a number
of sequential measurements, indicative of a heterogeneous population of
aggregates with different sizes. B) AFM of a Pam;Cys - peptide conjugate
deposited on a hydrophobic glass surface from aqueous solution at a
concentration of 9 um. AFM measurements were performed in the dried state as
described in the Experimental Section.

albumin (BSA) prior to incubation with the probe molecules. The
peptide lipoconjugate, as well as the biotin, were recognized
specifically by their respective probe molecules (Figure 4). By
combining of Alexas-labeled streptavidin with an Alexa,gs-
labeled secondary antibody, both the biotin lipoconjugate and
the Myc-tag lipoconjugate could be detected simultaneously on
one single coverslip. No unspecific binding of either probe
molecule was present. Clearly, the probe molecules bind to the
functional head-group and not to the lipid anchor. These results
establish lipoconjugates as a functionalization strategy for the
parallel identification of ligand -target interactions with small-
molecule microarrays.

Homogeneous surface functionalization was achieved at
concentrations ranging from 4-50 ugmL~". Higher concentra-
tions led to an accumulated deposition of conjugate at the end
of the evaporation process; this was washed off when aqueous
buffer was added in biochemical assays. At lower concentrations,
the density of lipoconjugates decreased and sometimes a
segmented appearance of the spots was obtained.

Lipoconjugates in the generation of small-molecule
microarrays

Manual pipetting of microliter volumes yielded spots with
diameters of about 1 mm. For the generation of protein, peptide,
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Figure 4. Lipoconjugates in parallel biochemical binding assays. The PHC - bio-
tin lipoconjugate and a peptide with the Myc-tag sequence conjugated with
PamCys through its N terminus were manually spotted onto two distinct sites of
a silanized coverslip. The hapten head-group was specifically detected by
Alexas,s-labeled streptavidin, and the Myc tag was detected by indirect
immunfluorescence with an a-Myc-tag monoclonal antibody and an Alexa g
labeled antimurine secondary antibody. The bar denotes 500 um. The images
were acquired by confocal laser scanning microscopy on a whole 12 mm
diameter coverslip in a mosaic-like fashion. The different shading of the
rectangles in the images results from slight differences in the brightness of each
frame.

and small-molecule microarrays, automated nanopipetting de-
vices are employed, enabling pipetting volumes of less than
1nL to be used and resulting in spot diameters of about
150 microns. At a spot-to-spot lateral distance of 250 microns,
1600 interactions can be probed conveniently on a single square
centimeter.

Pipetting such small volumes differs from pipetting microliter
volumes in that spots dry nearly immediately at ambient
conditions; this strongly affects the time available for molecules
to react with the surface of the substrate. For this reason, the
performance of the lipoconjugates for the generation of small-
molecule microarrays was assessed by using an automated,
piezoelectric nanopipetting device. Aqueous solutions of the
Pam,Cys - biotin conjugate, as well as of the Pam;Cys-Myc
conjugate, were pipetted in an array format onto a silanized
glass coverslip. Piezoelectric pipettors may pipette a multiple of
a minimum sample volume. In this case, multiples of the 0.5 nL
pipette-specific minimum sample volume were dispensed. In the
same way, for the manually pipetted lipoconjugates good
homogeneity was obtained in all cases for concentrations of 3 -
30 um (Figure 5A, B).

To compare the performance of the lipoconjugate-based
surface functionalization with established techniques, a succin-
imidyl ester activated biotin was pipetted onto an amino-
functionalized glass coverslip (Figure 5C, 6). A concentration of
20 um was employed. The homogeneity of surface functionaliza-
tion was comparable for both immobilization strategies. Owing
to the hydrophobicity of the hydrophobic glass substrate,
slightly smaller spots were obtained. Both types of biotin
conjugate were readily detected with a fluorescently labeled
streptavidin as a probe molecule.
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Figure 5. Generation of microarrays with lipoconjugates and compounds
preactivated with a succinimidyl ester. The Pam;Cys - biotin conjugate (A), the
Pam;Cys - Myc-tag conjugate (B), and a biotin succinimidyl ester (C) were
pipetted onto a hydrophobic coverslip (A, B) or an aminosilanized surface (C) in
volumes of 0.5-5 nl in steps of 0.5 nL. The presence of biotin was probed by an
Alexas,s-conjugated streptavidin, the Myc tag was detected by indirect immu-
nofluorescence with an Alexa,gs-conjugated secondary antibody.
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Figure 6. Dependence of spot diameter and spot area on pipetted volume for
lipoconjugates on hydrophobic coverslips and the biotin-succinimidyl ester on
amino-functionalized slides. Substances were pipetted onto hydrophobic cover-
slips or amino-functionalized coverslips as shown in Figure 5. Each bar represents
a mean of ten spots pipetted with the same volume. Hatched bars: Myc-tag
lipoconjugate on hydrophobic coverslip; closed bars: biotin lipoconjugate on
hydrophobic coverslip; open bars: biotin succinimidyl ester conjugate on amino-
functionalized coverslips.

Lipoconjugates in cell-based microarrays

The stability of the lipoconjugate functionalization in in vitro
protein binding assays prompted us to test whether this surface
functionalization could also be employed in cellular microarrays.
For these cellular applications, the PHC anchor group was
employed instead of the Pam,Cys anchor group. In cell biology,
molecules containing the Pam;Cys moiety are known to act as
mitogens, that is, substances that stimulate the proliferation of
certain immune cells®?”! through stimulation of Toll-like recep-
tor 2 (TLR2) molecules.?® In contrast to this, PHC is inactive with
respect to TLR activation (own unpublished results).
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Adherent tissue culture cells expressing a fusion protein of the
human MHC class Il molecule HLA-DRB*0101%27 with the GFP&8l
were grown for one day on hydrophobic coverslips, locally
functionalized with a biotin lipoconjugate followed by BSA
blocking and incubation with fluorescently labeled streptavidin.
The GFP reporter group enabled the simultaneous detection of
the surface functionalization, as well as of the cells by
fluorescence microscopy, without the need for immunofluo-
rescence staining. The functionalization was maintained with
sharp edges over more than a day (Figure 7A). Cell spreading
and growth was comparable for streptavidin-functionalized and
-nonfunctionalized BSA-blocked surfaces. The homogeneity of
the surface functionalized with PHC - biotin was comparable to
that of those functionalized with Pam,Cys - biotin.

Figure 7. Growth, stimulation of cellular signal transduction, and surface-
marker-dependent retention of cells on surfaces locally functionalized with
lipoconjugates. A) Growth of adherent cells expressing a fusion protein of the
MHC class Il molecule HLA-DR1 and GFP, on a glass coverslip locally function-
alized with fluorescently labeled streptavidin (red: Alexas,-streptavidin; green:
GFP-fusion protein). B, C) Stimulation of Ca** signaling in Jurkat T cell lymphoma
cells. C) A streptavidin-functionalized coverslip as used in (A) was incubated with
a biotinylated anti-CD 3¢ antibody. The Ca**-sensitive fluorophore Fluo-3 was
employed to monitor the increase in intracellular calcium by confocal laser
scanning microscopy. Cells were added to the medium and allowed to settle onto
the surface by gravity. B) Antibody-free control. D) Specific retention of Jurkat
Tcell lymphoma cells expressing the CD3 cell-surface antigen by surfaces
functionalized with the anti-CD3e antibody. Cells settled on the surface that were
not functionalized with anti-CD3 antibody were washed away. The functional-
ization is visualized by means of Alexas,s-labeled streptavidin. In (A) and (D), the
bars denote 20 um, in (B) and (C) 50 um.

Next, we tested whether the surface functionalization with the
biotin lipoconjugate could be used for the immobilization of
biomolecules interacting with cell-surface proteins and eliciting
a specific cellular response. Such assay formats are valuable tools
for the identification of antibodies, antibody-like molecules, and
other molecules specifically interacting with cell-surface mole-
cules. Human Jurkat Tcell lymphoma cells, loaded with the
calcium-sensitive fluorophore Fluo-3, were added to coverslips
locally functionalized with a biotinylated anti-CD3¢ antibody.
Engagement of the CD3 complex by specific antibodies is known
to elicit a calcium signal in Jurkat cells.? As soon as cells
contacted the antibody-functionalized surface, an increase in
intracellular calcium levels was observed (Figure 7B). In contrast
to this, no calcium signals were observed for cells contacting the
surface next to the antibody-functionalized spots or on surfaces
functionalized with streptavidin only (Figure 7 C). After washing
the functionalized coverslips, Jurkat cells remained only at those
places where antibody was present (Figure 7D). These results
confirm that the surface functionalization is compatible with
specific probing of molecules with respect to their activity in
functional cellular assays as well as their interaction with cell-
surface molecules.
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Discussion

The immobilization of lipoconjugates represents a novel and
versatile approach to the generation of small-molecule micro-
arrays and surface functionalization in cell-based microarrays.
The lipophilic moiety represents an anchor group that has not
been utilized in this manner before. The surface functionalization
is based on hydrophobic noncovalent interactions only, thereby
eliminating problems arising from the insufficient long-term
stability and from the orthogonality of immobilization protocols
involving the reaction of preactivated compounds or surfaces.
Rapid evaporation of the water does not compromise the
immobilization of compounds.

The surface functionalization was fully explained by time-lapse
confocal fluorescence microscopy, which demonstrated the
analytical potential of fluorescence microscopy in conjunction
with fluorescent conjugates for process control and optimization
in the generation of microstructures. Fluorescence correlation
spectroscopy, as well as atomic force microscopy, revealed that
the lipoconjugates were present as a heterogeneous population
of aggregates of different sizes. Experiments in which the
fluorescence was locally photobleached (fluorescence recovery
after photobleaching (FRAP) technique)®® revealed that no
lateral diffusion occurred within the functionalized areas (not
shown), in contrast to solid-supported bilayers.'” This observa-
tion, again, is consistent with an aggregated, micellar state of the
lipoconjugates, in which no continuous monolayer is formed
upon deposition on the hydrophobic support. Prolonged
incubation of the aqueous solutions had no effect on the
surface functionalization.

The lipoconjugates are fully compatible with dispensing
by piezoelectric nanopipettors for the generation of low-
density microarrays. Due to the hydrophobicity of the sub-
strate, smaller spot diameters were obtained for the lipo-
conjugates than for an aqueous solution of a biotin succin-
imidyl ester pipetted onto an aminosilane-functionalized glass
coverslip. This difference was more pronounced for larger
volumes.

Both biotin lipoconjugates were readily detectable by fluo-
rescently labeled streptavidin. Evidently, the slightly larger size of
the Pam;Cys anchor group is not a limiting factor for surface
functionalization compared to the immobilization by smaller
succinimidyl ester groups. A molecular density of about
0.5 molecules per nm? was obtained for monolayers of Pam,Cys
conjugates.”” Amino functionalization was reported to yield a
maximum of two amino groups per nm23" However, in both
cases, for recognition by proteins, the size of the protein rather
than differences in the density of surface functionalization is the
limiting factor for the maximum signal obtained by protein
binding. For the lipoconjugates, a homogenous surface func-
tionalization was obtained over a concentration range of
3-30 pm. For a pipetted volume of 0.5nL and a spot area of
0.018 mm?, immobilization of all molecules from a 20 um solution
results in a spot density of 0.3 molecules per nm?, which is close
to the value given for monolayers in ref. [20].

Small-molecule compound collections for the generation of
such microarrays can be readily generated by automated solid-
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phase chemistry on resins preloaded with the anchor group. In
this report, this strategy was exemplified for the Myc-tag and
biotin lipoconjugates. Due to the chemical stability of the
Pam,;Cys moiety and the absence of reactive groups, many
protocols of solid-phase combinatorial organic synthesis can be
readily transferred onto this novel type of resin. High-through-
put analytical HPLC coupled with ESI-MS and purification of
Pam,Cys-derivatized peptides have been established (F. Reuter,
K.-H. Wiesmiller, G. Jung, unpublished data). Alternatively, the
Pam;Cys building block may be coupled postsynthesis onto an
available amino group.

Based on the Pam;Cys-biotin as well as the PHC-biotin
conjugates, a versatile streptavidin matrix for surface function-
alization was assembled on a coverslip and employed in cellular
microarray applications to analyze the interaction of probe
molecules with cell-surface molecules. This multilayer assembly
allowed noncovalent immobilization of recognition molecules
with full preservation of specificity and function, and the use of
this surface for the discrimination of cell-surface antigens. The
noncovalent functionalization provided sufficient strength for
mediating interactions with cells through the recognition
molecules and proved to be stable in cell culture for at least
two days. To avoid activation of signal transduction in cells
expressing Toll-like receptor2 molecules, the PHC-biotin
molecule may be the preferred compound for this type of
application.

A number of publications have exploited the functionaliza-
tion of surfaces by using chemically preactivated biotin as an
anchor group for the immobilization of streptavidin followed
by pipetting biotinylated screening compounds.B3 3433 |n
addition, the incorporation of lipids with biotin head-groups
into solid-supported bilayers has been described.25 ' As
mentioned before, our strategy overcomes the limitations in
reagent and substrate stability inherent to the use of preacti-
vated compounds or the formation and maintenance of lipid
bilayers.

The lipoconjugates add a further strategy to the still very
limited set of protocols for a fully orthogonal, site-directed
surface immobilization of molecules for the generation of
peptide and small-molecule microarrays. In contrast to the other
site-directed strategies, the lipoconjugate-based approach relies
on noncovalent interactions. While large DNA molecules are
routinely immobilized by strong noncovalent ionic interactions
with amino-functionalized cationic substrates, a comparable
strategy has been missing for small molecules. The lipid anchor
introduces a moiety with a physicochemical characteristic
common to all probe molecules, chemically different but
functionally similar to the phosphate backbone of the DNA.
More detailed comparisons of the site-directed techniques
with respect to process stability and control of surface func-
tionalization will have to be carried out to assess the strengths
and weaknesses of the individual approaches. Due to the
high contact angles of aqueous solutions on hydrophobic
surfaces, the lipoconjugate-based strategy yields spot sizes
smaller than those obtained on more hydrophilic substrates, a
fact enabling a further increase in sample density on pipetted
microarrays.
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Experimental Section

Silanization of glass coverslips: For the immobilization of lipo-
conjugates, the surface of typel glass coverslips was rendered
hydrophobic by silanization with octadecylacyl chains. Activation of
surface hydroxy groups and cleaning of the glass surface before
functionalization was achieved by treating the coverslips with 1n
NaOH for 2 h, followed by washing with ddH,O, drying in an air
stream, and incubation in piranha solution (concentrated H,SO,/30 %
hydrogen peroxide (2:3)) for 45 min. The coverslips were thoroughly
rinsed in ddH,O and carefully dried with a lint-free paper tissue. For
silanization, the coverslips were submersed in octadecyltrimethoxy-
silane (Sigma-Aldrich, Seelze, Germany) at room temperature for 18 h
and then repeatedly washed in toluene and ddH,0O, until the surfaces
were perfectly clean.

Amino functionalization of coverslips: Amino functionalization of
coverslips followed a protocol similar to the one described in
refs. 331 Type | glass coverslips of 12 mm diameter were cleaned
with acetone (Acetone Analytical Reagent, Riedel-de Haen, Seelze,
Germany) for 15 min in an ultrasound bath and dried, then the
surface hydroxy groups were activated by incubation in piranha
solution for 15 min in an ultrasound bath. The coverslips were rinsed
thoroughly in ddH,0 and dried in an air stream; this was followed by
treatment with 3-aminopropyltriethoxysilane (3% (v/v); ABCR GmbH
& Co. KG, Mannheim, Germany) in 95% ethanol (v/v with water) for
1 h. The silane solution was mixed in an ultrasound bath for 5 min
before treating the coverslips to allow for hydrolysis and silanol
formation. The coverslips were washed briefly with 99% ethanol,
thermally cured at 100°C for 1 h, washed again with 99% ethanol,
dried in an air stream, and stored under argon until use.

Synthesis of lipoconjugates of N-palmitoyl-S-[2,3-bis(palmitoyl-
oxy)-(2RS)-propyl]l-(R)-cysteine and S-(1,2-dicarboxyhexadecyl)-
ethyl-N-palmitoyl-L-cysteine: The peptide moiety of the conjugates
was synthesized by solid-phase 9-fluorenylmethoxycarbonyl (Fmoc)
chemistry on an automated peptide synthesizer for multiple-peptide
synthesis (RSP5032, Tecan, Hombrechtlikon, Switzerland). Fmoc-
protected amino acids were purchased from Novabiochem (Heidel-
berg, Germany), the spacer building block Fmoc-8-amino-3,6-
dioxaoctanoic acid (Fmoc-Ado) came from Neosystem (Strasbourg,
France). Standard chemicals in peptide chemistry were obtained
from Fluka (Deisenhofen, Germany) and Merck (Darmstadt, Germa-
ny), solvents were p.a. grade. A PHC - biotin conjugate, a Pam,Cys -
biotin conjugate and a resin preloaded with Pam,Cys-Ser-Lys for
synthesis of peptides with a C-terminal lipid anchor were obtained
from EMC microcollections GmbH (Ttibingen, Germany). The identity
of all lipoconjugates was confirmed by ESI or MALDI-TOF mass
spectrometry. The amino acid sequence of the a-Myc tag was
EQKLISEEDL; two Ado building blocks were inserted between the
Myc tag and the Pam,Cys lipid anchor, either at the N or the C
terminus.

Synthesis of the lipoconjugate with N-terminal Pam;Cys proceeded
by first synthesizing the peptide moiety on a Rink-amide resin
(Novabiochem, Darmstadt Germany), followed by coupling of a
fivefold excess of Fmoc-Ado. The coupling reaction was carried out
in the presence of five equivalents each of 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) and (N-hydroxy-
benzotriazole (HOBt) and ten equivalents of diisopropylethylamine
(DIPEA) in DMF for 16 h. 5,6-Carboxyfluorescein was coupled in the
same way. A fivefold excess of the Pam,Cys lipid anchor dissolved in
dichloromethane was coupled in the presence of five equivalents of
HOBt/N,N'-diisopropylcarbodiimide (DIC). Prior to the N-terminal
modification, the identity and purity of the product was confirmed
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by HPLC and MALDI-TOF mass spectrometry analyses of a peptide
sample cleaved from a tenth of the total resin (=1 pmol). As a
fluorescent peptide lipoconjugate, the MHC class Il binding peptide
LGQQEPFPPEQPYPQPEPF was synthesized on the Pam;Cys-loaded
resin with two 6-aminohexanoic acid spacers at the C terminus of the
peptide and labeled with carboxyfluorescein at the N terminus.

Cell culture: MEL-JUSO cells stably transfected with a fusion protein
of the human MHC class Il molecule HLA-DRB*0101 with the green
fluorescent protein (GFP)?” were grown in a 5% CO, humidified
atmosphere at 37 °C in Iscove’s modified Dulbecco’s medium (IMDM)
with Glutamax-1, supplemented with 10 % fetal calf serum, penicillin
(100UmL™"), streptomycin (0.1 mgmL~'; Boehringer, Mannheim,
Germany), and geniticin (400 upgmL~"; Gibco, BRL, Eggenstein,
Germany). The cells were obtained from J. J. C. Neefjes, Netherlands
Cancer Institute, Amsterdam, The Netherlands. The human Tcell
lymphoma cell line Jurkat ACC282 was obtained from the DSMZ
(German collection of microorganisms and cell cultures, Braun-
schweig, Germany). The cells were cultured in RPMI-1640 medium
with 10 % inactivated fetal calf serum (Pan, Aidenbach, Germany) in a
5% CO, humidified atmosphere at 37 °C.

Microstructured functionalization of surfaces: Stock solutions
(1 mgmL™") of the lipoconjugates in tertiary butyl alcohol/water
(4:1) were diluted into deionized water to the final concentrations
indicated for each experiment. Drops of these solutions (0.5 uL) were
manually pipetted onto silanized coverslips and dried at ambient
conditions. For immunofluorescence and streptavidin binding, the
coverslips were blocked with 1% BSA in 2-[4-(2-hydroxyethyl)-1-
piperazinyllethanesulfonic acid (HEPES) buffered saline (HBS; 10 mm
Na-HEPES, 135 mm NaCl, 5 mm KCI, 1 mm MgCl,, 1.8 mm CaCl,) for
30 min at room temperature. Incubation of the coverslip with a
mixture of monoclonal murine a-human-myc-IgG antibodies
(0.1 mgmL-'; Dianova, Hamburg, Germany) and streptavidin
(0.1 mgmL~"; Alexas,-labeled streptavidin, Molecular Probes, Leiden,
The Netherlands, diluted 1:4 with unlabeled streptavidin, Dianova)
was carried out for 30 min at RT. An Alexa,gg-labeled goat anti-mouse
IgG antibody (Dianova, Hamburg, Germany) diluted to 2 pgmL~" in
HBS was employed as a secondary antibody. After each incubation,
the coverslips were washed with HBS. For microscopy the coverslips
were mounted in a custom-made coverslip holder. Functionalization
of coverslips for cellular analyses proceeded in a similar way. For the
determination of the resistance versus cell growth, the coverslips
were incubated with a mixture of unlabeled/labeled streptavidin as
described above, followed by incubation with MHC class Il express-
ing cells seeded at a density of 15000 cm—2. The coverslips were used
for microscopy the next day.

For microstructured immobilization of Jurkat cells a streptavidin-
functionalized surface was incubated for 30 min at room temper-
ature with a biotin anti-human CD3¢ antibody (5 ug mL~"; Pharmin-
gen/BD Bioscience, Europe) then washed three times with HBS. A
suspension of Jurkat cells in RPMI-1640 medium (Gibco BRL/Life
Technologies, Europe) was incubated for 30 min at 37°C in a 0.5%
CO, humidified atmosphere on the microstructured surface.

Nanopipetting: For the generation of microarrays with subnanoliter
volumes a Tecan Genesis NPS100/8 nanopipetting device (Tecan,
Méannedorf, Switzerland) was used. Solutions of lipoconjugates and
silanized surfaces were treated in the same way as those used for
manual pipetting. The pipetted volumes increased from 0.5-5.0 nl in
steps of 0.5 nl. The same volumes and concentrations of aqueous
solutions of the biotin succimidyl ester (6-((6-((biotinoyl)amino)
hexanoyl)amino)hexanoic acid, sulfosuccinimidyl ester, sodium salt
(biotin-XX, SSE); Molecular Probes, Leiden, The Netherlands) were
pipetted for the amino-functionalized surfaces.
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Atomic force microscopy: The samples were imaged in air with a
Nanoscope Il atomic force microscope (Digital Instruments, Santa
Barbara, CA). Silicon tips (Nanosensors, Wetzlar, Germany) were used
in tapping mode at a resonance frequency of 320 kHz. The line scan
frequency was 2 Hz. The images were left unfiltered except for slope
removal along each scan line to level the image.

Fluorescence microscopy and fluorescence correlation spectros-
copy: Fluorescence images were recorded on an inverted LSM510
laser scanning microscope (Carl Zeiss, Gottingen, Germany). Fluo-
rescein and Alexa,s were excited at 488 nm and fluorescence
detected through a BP505 — 550 band-pass filter; Alexas,s was excited
at 543 nm and fluorescence detected with an LP560 long-pass filter.
For simultaneous dual channel recordings of fluorescein and the
indocyanine dye Cy5, a BP505-550 band-pass filter and a LP650
long-pass filter were used for fluorescein and Cy5 detection,
respectively.

Fluorescence correlation measurements were performed on a
fluorescence correlation microscope based on a Zeiss Axiovert 35
inverted microscope with a C-Apochromat 40 x 1.2 W objective.?”
Fluorescence was excited at 488 nm and detected with a 500DRLP
dichroic mirror (Omega Optical, Brattleboro, VT) and a 515-545
detection filter (Delta Light & Optics, Lyngby, Denmark). Power
densities in the detection focus were ~8 kW cm—2. Autocorrelation
functions were generated on-line with an ALV-5000/E autocorrelator
board (ALV-Laservertriebsgesellschaft, Langen, Germany) and fitted
off-line with Igor Pro (WaveMetrics, Lake Oswego, OR) to an
autocorrelation function including one diffusional and one reaction
term for fluorescein and the EGFP variant of the green fluorescent
protein.®® A stock solution (2mgmL~") of the fluorescein-labeled
Pam,Cys - peptide lipoconjugate was diluted 1:50 in water and
treated in an ultrasound bath at room temperature for 10 min. A
series of autocorrelation measurements was acquired over 60 s each.
Reference measurements were carried out for fluorescein in water
and EGFP in HBS.

Ca”" imaging: For Ca*" imaging Jurkat cells were taken up in
phosphate-buffered saline (PBS) containing 0.1% BSA/5 mm glucose
in a density of 1 x 10° mL~". The calcium-dye Fluo-3 (TEF LABS, Austin
Texas, USA) was added in dimethylsulfoxide (DMSO) at a final
concentration of 5 um (stock solution 2 mm). Incubation took place
for 40 minutes at room temperature in the dark. The cells were
washed three times with PBS, taken up in HBS, and transferred onto
coverslips functionalized with anti-CD3e antibody as described
above. The calcium signal was measured by confocal laser scanning
microscopy by using an LSM510 apparatus with a C-Apochromat
63 x 1.2 W objective at nonconfocal settings. First the focus was
adjusted to the focal plane of the spots and then the cells were
added to a final density of 5x 10°mL~" in 0.5 mL total volume. A
time series was recorded for 10 minutes with image acquisition every
10 seconds.
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Mutational Analysis of the Kinetics and
Thermodynamics of Transcription Factor
NF-«xB Homodimerisation

Y.S.N. Day,® ' S, L. Bacon,®! Z. Hughes-Thomas,®! J. M. Blackburn, and

J. D. Sutherland*fa !

Dimeric transcription factors of the NF-iB/Rel family are sequence-
specific DNA-binding proteins that mediate the inducible expres-
sion of immunologically important eukaryotic genes by competing
for kB sites. The kinetic and thermodynamic components of these
interactions were probed by mutation of the subunit interface of
the p50 homodimer, a paradigm for other family members. Guided
by the crystal structure, we selected the side chains of five key
residues (R255, Y270, L272, A311 and V313) for individual and
combinatorial truncation, with the aim of generating a mutant
panel. Homodimerisation was assessed indirectly by measurement
of DNA binding with an optical biosensor in order to unmask the
relative contributions of each residue. Surface plasmon resonance
revealed that a unanimous bias for a palindromic kB site over an
asymmetric one was mainly the result of a slower dissociation rate
for the DNA/homodimer complex in the case of the palindromic kB

Introduction

NF-kB was first identified as a dimeric nuclear factor that binds
the immunoglobulin (Ig) «k light-chain transcriptional enhancer
and was apparently active constitutively only in B lymphocytes."
These factors are comprised of p50 and p65 subunits, both of
which exhibit homology to the cRel proto-oncogene product.
Numerous transcription factors have since been characterised
that share the Rel homology region (RHR) in their N-terminal
region, which defines both their dimerisation and DNA-binding
properties. These transcription factors appear to be ubiquitously
expressed in all mammalian cells.””! In the resting state, dimeric
NF-xB is cytoplasmically retained through the masking of its
C-terminal nuclear localisation signals (NLSs) by a monomeric
regulatory protein, I-kB.B The activation of NF-kB factors is post-
translationally induced in response to diverse signals that trigger
the phosphorylation and proteolytic degradation of I-kB by a
ubiquitin-mediated cascade pathway. The consequently un-
masked NLSs of NF-kB cause it to be targeted for rapid transport
to the nucleus, where it competes with other NF-kB dimers for
binding to specific DNA sequences, termed kB motifs. Target
sites are present in the enhancers of a variety of immunologically
important eukaryotic genes, which include those involved in
cellular growth, development, carcinogenesis and the prolifer-
ation of viruses, for example, the human immunodeficency
virus."! Combinatorial pairing of NF-xB subunits (p50, p52, p65,
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site. Y270 and L272 were individually the most critical residues in
homodimerisation. DNA binding was abolished when all five
residues were substituted, which reinforces the notion that only a
subset of residues contributes crucial dimer-forming contacts. The
role of Y270 was unique, since its mutation to glycine dramatically
slowed both the association and dissociation rates for DNA
binding. Surprisingly, R255 was shown to be of little importance in
the stability of the p50 homodimer, despite its apparent partic-
ipation in a salt bridge at the dimer interface. Our results suggest
that binding modes inferred from structural data should be treated
cautiously.

KEYWORDS:

DNA recognition
protein engineering

- mutagenesis + noncovalent interactions -

- surface plasmon resonance

RelB and cRel) increases the repertoire of kB motifs for which the
NF-kB dimers compete and modulates the inducible transcrip-
tion and hence expression of a variety of target genes.

The strikingly butterfly-like crystal structure of homodimeric
p50 bound to a kB site, published simultaneously by two groups,
formed the foundation for our work as it is representative of the
RHR shared by other members of the NF-kB/Rel family of
transcription factors.” Each subunit folds into two distinct Ig-like
domains that are tethered by a flexible hinge segment.
Sequence-specific DNA binding is mediated through residues
in well-defined loops, which are contributed by both domains
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Transcription Factor NF-kB Homodimerisation

and together form a continuous DNA - protein interface. In
contrast, dimerisation contacts emanate solely from the C-ter-
minal domain, the core of which is formed by a set of
interdigitating hydrophobic residues and is flanked by a network
of polar contacts (Figure 1). These residues are highly conserved
within the NF-kB/Rel family.

" H307 L

dimerisation
interface

-

Figure 1. Core residues that form dimer interface contacts in the p50 homodimer
viewed along the DNA axis with the dyad vertical. Residues contributed by each
monomer are distinguished by label colour (black or pink).

Recent studies on the effect of alanine substitutions at ten p50
homodimer-forming residues by a combination of chemical
cross-linking, size-exclusion chromatography and sedimentation
equilibrium methods suggested a “hot spot” of intersubunit
interactions.” Residue Y270 was implicated as the most
important for stabilisation of the dimer interface. We employed
a truncated construct of p50 that retained only wild-type
dimerisation functions. We have previously investigated dimer-
isation by using a linked reporter gene diversity screening
approach for which a library of mutants was constructed.”
Simultaneous randomisation of four residues at the dimer
interface (Y270, L272, A311 and V313) allowed selection of
twentyfive novel functional interfaces that repressed the re-
porter gene to levels similar to that achieved by the wild-type
protein. The L272/A311 core was repeatedly, but not always,
selected from the library, while a range of predominantly
nonpolar residues were selected at positions 270 and 313. These
results indicate that L272 and A311 form a hot spot of
interaction.

ChemBioChem 2002, 3, 1192- 1199

The roles of five homodimer-forming residues in DNA binding
are investigated in this paper. The side chains of five key amino
acids, R255, Y270, L272, A311 and V313, located at the dimer
interface with no direct contact with DNA, were candidates for
mutational truncation. The effect of these substitutions on p50
homodimerisation was evaluated indirectly by measuring the
DNA-binding properties of the p50 variants affected at the dimer
interface. By unmasking the kinetic profiles of these variants, we
shed new light on the mechanism of the sequence-specific DNA
binding events of these biologically important dimers.

Results and Discussion

Use of a recombinant analogue of NF-xB p50 to facilitate
cassette mutagenesis

A truncated and recombinant analogue of human wild-type NF-
kB p50 (p50RHR) that encodes a minimal RHR (residues 40— 366)
was designed for the generation of mutants by a cassette-based
strategy. This analogue was derived from vector pLM1-p50,
which retained wild-type activity for homodimerisation, DNA
binding and interaction with its regulatory partner, protein IxB."!
Our semisynthetic construct introduced three conservative
mutations (Y286F, G297A and K318A) and additional cloning
sites (see the Supporting Information). We envisaged an
extensive series of mutants and therefore constructed a vector
(pTFM4) that expresses a fusion protein that could be purified
rapidly in a single elution step with maltose-containing buffers
and an amylose-based affinity column. Maltose-binding protein
(MBP) was a suitable fusion partner since wild-type p50 tolerates
fusions at either terminus with no apparent loss of DNA binding
affinity (unpublished results). This is consistent with termini
remote from the functional domains, surface-exposed and
disordered, as shown by crystallographic data.®® A total of
19 dimer interface mutants (Figure 2) were created by a series of
cassette replacements and expressed as MBP fusions (see the
Supporting Information). To assess the validity of our recombi-
nant analogue, comparison was made with an MBP-fused
version of the pLM1-p50-derived wild-type p50 prepared from
cells transformed with pRES101.18

Surface plasmon resonance (SPR) as a biophysical tool

kB site-dependent binding was investigated by using two
different targets (see the Experimental Section). One sequence
was a previously uncharacterised idealised palindrome (5'-
gggaattccc-3') derived from the major histocompatibility com-
plex class| gene enhancer. The other was a physiologically
relevant asymmetric consensus sequence (5-GGGACTTTCC-3')
preferred by the p50/p65 heterodimer, the prototypic and most
naturally prevalent dimer in the NF-xB family. A Biacore 3000
surface plasmon resonance optical biosensor equipped with a
streptavidin-coated sensor chip was used to monitor the
association and dissociation rates of DNA/protein complexes in
real time. Double-stranded DNA probes carrying the target kB
sites were captured onto the sensor surface through a biotin
moiety on one strand. A probe in which the kB site was replaced
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Figure 2. Partial amino acid sequence alignment (residues 250 - 319) of recombinant wild-type human NF-kB p50, our recombinant analogue (p50RHR) and nineteen
derivatives. The five key dimer interface residues selected for mutational truncation are boxed in yellow. Substitutions are denoted in red. The three conservative
mutations (Y286F, G297A and K318A) imposed in the design of our minimal construct are denoted in lower case. The corresponding wild-type residues are indicated in
bold. The numbering follows that reported for the crystal structure of the p50 homodimer clamping DNA elucidated by Muller et al.*>!

by an irrelevant 10-bp sequence served as a control. Protein
injections were analysed simultaneously across differently
derivatised flow cells. One flow cell was left unmodified to
provide a reference surface.

Although replicate DNA binding responses were highly
reproducible across freshly captured probes, the surface de-
cayed over time. This was attributed to the gradual dissociation
of the duplex probes as a single strand separated from its
complement bound onto pre-immobilized strepavidin. Proteins
were analysed at three concentrations in a high-throughput
screen across newly captured probes to ensure a stable surface
during the assay. Global analysis unmasked the kinetics of these
sequence-specific binding events.

Use of a dense surface

Near-equilibrium binding was attempted at a 5-uLmin~"' flow
rate across densely captured probes (~ 100 RU). The affinity of
recombinant p50RHR for the natural asymmetric kB site was
determined by conduction of a high-resolution-mode analysis in
a buffer that contained 100 mm NaCl by injection of protein at a
wide range of concentrations (the maximum concentration was
2000 times the minimum value). Homodimer bound the target
specifically, in a concentration-dependent manner and saturated
all binding sites above a critical protein concentration. The
observed surface capacity was consistent with that expected for
the molecular weight of homodimeric MBP - p50RHR (158 kDa)
binding DNA in a 1:1 stoichiometry. It was also consistent with
two monomers binding their kB-half-site targets. Despite a
prolonged association phase, not all binding responses attained
equilibrium, which is characteristic of the high affinity DNA
binding mode of transcription factors.!”) Therefore, the data
could not be described by an equilibrium binding isotherm. The
affinity was instead estimated by a kinetic interpretation of the
binding data. The kinetics of DNA binding for the p50RHR
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homodimer were too complex to be described accurately by any
available model in the software, however, a reasonable simu-
lation was returned by global analysis with a mass transport
model that estimated the affinity to be 3 nm (Figure 3). Collection
of binding data across a densely captured probe at a very slow
flow rate led to masking of the true DNA binding kinetics since it
imposed further mass transport limitations on an already
transport-influenced interaction. This problem was suggested
by the strong flow-rate dependence of binding curves (data not
shown) and was also observed by Hart etall'® The effect of
single alanine substitutions at positions R255 and L272 were
assessed without any further data fitting. Surprisingly, given the
apparent participation of R255 in a salt bridge at the dimer
interface, R255A homodimers appeared only marginally defec-
tive in DNA binding. In contrast, L272A homodimers were
markedly more defective, mainly as a result of a more rapid
dissociation rate than for the R255A homodimers, which
suggested that residue L272 is more critical in p50 homodimer-
isation than R255.

Recent solution-based equilibrium studies by Phelps et. al."
on wild-type p50 homodimer binding to an asymmetric kB site
agreed with our surface-based near-equilibrium measurements
in two respects. First, the equilibrium studies tested only the RHR
portion of p50 and reported its DNA binding affinity to be in the
low nanomolar range: affinity, K, =54.3+ 1.1 nm (fluorescence
anisotropy method at pH 7.5) and 85.3 + 0.6 nm (electrophoretic
mobility shift assay at pH8.0). Secondly, the binding data
reported by Phelps et. al. deviated from a simple model and fit
best to a cooperative one that describes two monomers
assembling sequentially on DNA. The use of a shorter duplex
probe and a different buffer system in the studies by Phelps
et. al. compared to our near-equilibrium experiments may have
contributed to the discrepancy between the estimated affinities,
since Phelps et. al. observed a strong pH and salt dependence for
DNA binding.

ChemBioChem 2002, 3, 1192-1199
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Figure 3. Comparative analysis of 0.46 — 1000 nm p50RHR homodimer and two single alanine mutants binding an asymmetric kB site. Proteins were diluted in buffer
that contained 100 mm NaCl and injected at 5 uL min~' across a densely captured probe. Global analysis (red lines) of binding responses (black lines) with a mass
transport model returned an affinity of 2.70 & 0.07 nm from the reaction rate constants of k,=(1.2+0.2) x 10°m~"s~" and ky= (3.21 £ 0.09) x 10~*s’. Under these
experimental conditions (not ideal for kinetic interpretation) the diffusion-limited rate constant k,, = (5.86 + 0.08) x 10 RUm-'s~" varied by two orders of magnitude
from the predicted value for a 158-kDa analyte of 1.2 x 10° RUm~'s™". For details of the model and definitions of constants, see the Experimental Section.

Use of a low density surface

Switching to a higher flow rate and a lower density of the
captured probe removed many artefacts that had obscured
the DNA binding reaction of p50 homodimers analysed under
near-equilibrium conditions. However, reaction kinetics still
deviated from a simple model, likely because of an inherently
complex mechanism that could not be dissected by SPR. To a
first approximation however, reasonable simulations were
returned by using a mass transport model, which extended
the range of association rates and thus affinities that could be
determined.l'?

The DNA binding mechanism of p50 probably involves
multiple pathways. The assembly state of wild-type p50,
analysed at low micromolar concentrations by Sengchantha-
langsy etal. in solution-based sedimentation studies,’” was
best described by a monomer:dimer:tetramer model. This
result suggests that all three species are candidates for DNA
recognition. At the nanomolar concentrations used in our
analysis, it is unlikely that p50 was fully dimeric. If dimerisa-
tion occurred upon DNA binding, a cooperative mechanism
could be invoked in which monomers bind adjacent half-sites
sequentially."" Since the dimerisation domain of the p50
homodimer is not altered by DNA binding,"¥ major structural
reorganisation of this domain on DNA is unlikely, although a
conformational change may occur in the other domain. The
mass transport model used in this study to describe biosensor
data grossly over-simplified the reaction mechanism by assum-
ing that a preformed dimer in solution binds DNA in a single step
following its diffusion- and flow-limited transport to the
captured target on the sensor surface. However, simulations
with the biosensor data returned reasonable rate constants and
sufficed to compare the DNA binding profiles of the mutant
panel.
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SPR revealed dramatic kinetic differences in the DNA binding
of p50 variants

During validation of the role of our p50RHR species as a wild-
type analogue from which all mutants were derived, binding was
investigated by SPR in a physiologically relevant buffer that
contained 150 mm NaCl and was conveniently supplied by the
manufacturer. Wild-type p50 (pRES101), p50RHR (pTFM4) and
three p50 mutant proteins were screened for binding to an
asymmetric kB site (Figure4A). SPR demonstrated that the
binding responses generated for wild-type p50 and recombinant
p50RHR were virtually identical, which confirms that the reaction
kinetics were not affected by our three conservative mutations.
Global analysis with a mass transport model yielded affinity
constant estimates of 0.650 + 0.005 and 0.70 +0.02 nm for the
wild type and mutant species, respectively (Figure 4B). The two
proteins also showed indistinguishable binding profiles for the
palindromic sequence (data not shown).

Inspection alone shows that SPR revealed dramatic differences
in the DNA binding profiles of our panel of p50 mutants binding
to an asymmetric kB site. In corroboration with our studies on a
dense surface, a marginally altered affinity was obtained for
p50(R255A) homodimers (K, =2.05 + 0.03 nm) compared to the
wild type. This result conflicted with the apparently crucial role
of R255 in homodimerisation derived from crystallographic
data.”? When R255A was combined with L272G as a double
mutation, homodimerisation/DNA binding was severely affect-
ed, as evidenced by the 300-fold weaker DNA binding affinity
(Ko =240+ 30 nm) of the mutant compared with wild-type p50.
The multiple mutant p50(R255A,L272G,A311G,V313A) showed
an even weaker DNA binding affinity (K, =520+ 70 nm), com-
parable to the square-shaped curves that characterised non-
specific interactions with the irrelevant probe (blue lines in
Figure 4A). These low-affinity interactions (0.3 um) likely re-
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Figure 4. SPR revealed dramatic differences in the DNA binding kinetics of p50 homodimers. A) Binding responses to an
asymmetric kB site (black curves) and a negative control sequence (blue curves). Curves are represented on the same scale to
emphasise their differences. Samples were diluted in HBS-P running buffer that contained 150 mm NaCl, and injected at
40 ul min~" across probes captured at approximately 40 RU. Wild-type, p50RHR and p50(R255A) homodimers were screened
at 5, 10 and 20 nm, whereas the multiple variants were screened at 40, 80 and 160 nm (assuming dimers present). After each
interaction cycle, the sensor surface was regenerated with a single 15-s pulse of 0.07% SDS. B) Global analysis of binding
responses (black lines) with a mass transport model (red lines). Maximal responses were approximately normalised for clarity.
DNA binding dffinities were estimated to be: wild-type, 0.650 & 0.005 nm; p50RHR, 0.70 4 0.02 nm; p50(R255A), 2.05 +

0.03 nm; p50(R255A,L272G), 240 + 30 nm; p50(R255A,L272G,A311G,V313A), 520 & 70 nm. The mean average k., estimate for
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GGGGATTCCCC-3')."  Pico-
molar DNA binding affinities
were measured for all p50
homodimer variants tested
with the palindromic kB site,
which approached the detec-
tion limit of the biosensor. In
contrast, the asymmetric kB
site was bound with affinities
that ranged from low pico-
molar to high nanomolar val-
ues.

Effect of amino acid
substitutions on p50
homodimerisation

Deviations from wild-type NF-
kB p50 DNA binding reflected
the different roles played by
the five selected residues in
homodimerisation (Figure 5).
p50(R255A) and p50(L272l)
variants retained picomolar
affinities for both sequences,
which  demonstrates that
these single mutations did
not significantly modulate
the dimer interface.

The diverse stabilities of the
protein/DNA complexes with
both kB sites were found to
result from an interplay of

association and dissociation

the five proteins was (6 £4) x 10° RUm~"s~", which was close to the predicted value for a 158-kDa analyte of 2 x

10°RUM™ s

flected random sampling of DNA sequences in the quest for
a kB site.

Discrimination for a palindromic kB site

The preference of p50 homodimers for perfectly palindromic kB
sites over asymmetric ones is known,['¥ but here we report a
direct comparison of binding to both sequences in real-time in
order to unmask the kinetic differences. Studies were conducted
at 100 mm NaCl at low capture levels of both probes. A survey of
a panel of combinatorialised p50 homodimer variants (Figure 5)
demonstrated a unanimous bias for the palindrome, which our
analysis attributed mainly to a slower dissociation rate of the
DNA/protein complex with the palindromic site. The recombi-
nant wild-type p50 analogue (p50RHR) bound the palindromic
kB site with a 14-fold higher affinity than that observed for the
asymmetric one (K, =7 and 100 pwm, respectively). High affinities
for palindromic or pseudopalindromic kB sites characterise
homodimers of the NF-kB family, as demonstrated by Ducket
et al., who estimated the K, values to be 69.1 and 3.9 pm for p49
and p50 homodimers, respectively, binding the HIV kB site (5'-
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rates, with more variation in
dissociation. The mutant
p50(Y270G) displayed a distinctly lower association rate than wild-
type p50, but also a low dissociation rate. This implies that loss of
the natural phenolic side chain slows the homodimerisation or
DNA recognition step but once assembled on DNA, the complex
is stable. Y270 thus appears the most critical individual residue in
homodimerisation/DNA binding, since the glycine substitution
dramatically lowers the DNA binding affinity of the resultant homo-
dimers. Of the five residues selected in this study, Y270 was the
only nonidentical conserved residue within the Rel/NFkB family.
In p65 the corresponding residue is a phenylalanine, which presum-
ably impairs homodimerisation as a result of loss of hydrogen
bond contacts. One may speculate that this substitution contri-
butes to the low natural abundance of the p65 homodimer.
Surprisingly, a single alanine substitution at position R255
resulted in homodimers with apparently unaltered wild-type
DNA binding affinity. This observation agreed with solution-
based sedimentation equilibrium measurements of p50dd
variants made by Sengchanthalangsy et al.®®!
The exchange of leucine at position272 for it isomer
isoleucine had only a minimal effect, yet truncation to the
smaller side chains of alanine or glycine dramatically impaired

ChemBioChem 2002, 3, 1192-1199
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Figure 5. Interaction analysis for a panel of selected p50 mutants revealed a unanimous bias in favour of a palindromic kB site (blue) over an asymmetric one (red).
Binding responses were highly reproducible (data not shown). Single mutants were screened at 0, 20, 40 and 80 nm (upper panel) and multiple mutants (numbered 1-5)
were analysed at 0, 40, 80 and 160 nm (lower panel): 1=p50(R255A,L272A), 2 =p50(Y270G,L272G), 3=p50(A311G,V313A), 4= p50(R255A,Y270G,A311G,V313A) and 5 =
P50(R255A,Y270G,L272G,A311G,V313A). Samples were diluted in buffer that contained 100 mm KCl, flowed at 60 uL min=" across probes captured at approximately
20 RU. All protein concentrations were calculated assuming homodimers were present. Data analysis to dissect thermodynamic parameters into kinetic parameters gave
estimates for k,, values that ranged from 1 x 107 to 1 x 10° RUm~"s~", values close to that predicted for a 158-kDa analyte of 3 x 10° RUm~'s~".

homodimerisation/DNA binding, as manifested mainly by a
higher rate of dissociation from DNA (data not shown).

Single truncations that did not seem to impair DNA binding
(R255A, L2721, A311G and V313A) resulted in defective homo-
dimers when combined as double or multiple mutations. DNA
binding was abolished for the most heavily mutated protein,
which was probably monomeric at all concentrations tested. Our
results suggest that homodimerisation/DNA binding is dictated
by a subset of a few key residues at the dimer interface.

Our results have strong implications for the combinatorial
dimerisation of RHR family members in vivo. The selection of
physiologically relevant pairings may be as much a result of
kinetic factors as thermodynamic ones since rapid association
and slow dissociation most likely result in nonequilibrium
competitive binding.

Experimental Section
SPR instrumentation: The optical biosensor equipped with a

research-grade sensor chip SA and polysorbate-20 (P20) was
obtained from BlAcore AB (Uppsala, Sweden). Binding studies were
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conducted on a BlAcore-3000 instrument driven by software run
under Microsoft Windows98 on a Philips Compaq DeskPro IBM-
compatible PC. Data was processed with the manufacturer’s
BlAevaluation v.3.0 software and imported into the CLAMP software
to enable global analysis.

Bacterial strains and DNA: XL1-Blue [recA1, endA1, gyrA96, thil,
hsdR17, supE44, reclA1, lac(F'proAB, lacl?, lacZOM15, Tn10 (tet’)],
NM554 [recA1, araD139, A(araABC-leu)7697, AlacX74, galU-, galK-,
hsdR, hsdM*, rspL, strA, thi, mcrA(—), mcrB (—)] and BW313 [HfrKL, 16
PO/45, [lysA(61-62)]1, dutl, ung], thil, relA1] strains of Escherischia
coli were used. Bacteria were grown at 37 °C in LB broth or on agar
plates, both supplemented with ampicillin (final concentration=
100 ugmL~"). Oligonucleotides were either synthesized in-house
on a Beckman Oligo 1000 DNA synthesizer or purchased from Gibco-
BRL as customised primers.

Expression of p50RHR and p50 mutants: E. coli XL1-blue strain was
transformed with the appropriate plasmid, plated onto LB agar that
contained ampicillin (50 ugml~") and incubated at 37°C. Single
colonies were used to inoculate LB medium (5 mL) that contained
ampicillin (100 pgml="). Cultures were grown (16 h, 37°C, 250 rpm)
and used as 1% inocula into LB medium (100 mL) with ampicillin
(100 pgml~"). Cultures were incubated (37°C, 250 rpm) until the
optical density at 600 nm was 0.5. Isopropyl-$3-p-thiogalactopyrano-
side was added (0.3 mm) and the cultures were incubated further
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(2h, 37°C, 250rpm). Cells were harvested by centrifugation
(4000 rpm, 20 min) and lysed by sonication. Soluble lysates were
analysed by SDS-PAGE, which revealed that yields of pure fusion
proteins from vector pTFM4 and variants pMUT1 - 19 were typically
around 4 mg per 100 mL culture.

Purification of p50RHR and mutants: malE:p50RHR genetic fusions
expressed large amounts of MBP hybrid proteins, which were
conveniently purified in a single-step by using affinity chromatog-
raphy with amylose resin and elution with buffers (10 mm 2-[4-(2-
hydroxyethyl)-1-piperazinyllethanesulfonic acid (Hepes), 100 mm
NaCl, 3.4 mm ethylenediaminetetraacetate (EDTA) or 20 mwm tris(hy-
droxymethyl)laminomethane (Tris)-HCI, 200 mm NaCl, 1 mm EDTA,
10 mm 2-mercaptoethanol) supplemented with maltose (10 mwm).
Purified proteins were judged by SDS-PAGE to be more than 90%
homogenous.

Capture of biotinylated probes for SPR binding studies: Comple-
mentary pairs of single-stranded DNA fragments (both 30mers, one
of the pair 5’-biotinylated) were annealed in an appropriate buffer
(250 mm Tris - HCl, 500 mm NaCl, 20 mm MgCl,) to generate the three
duplex probes used in this study. The probes differed only in the
sequence of the central 10 bp, which either defined a kB site or was
irrelevant. Flanking sequences were random. The complementary
sequences (written 5" to 3') carrying a palindromic kB site were
biotin-AGCTTCAGAGGGGAATTCCCGAGAGLACTG and GATCCAG-
TACTCTCGGGAATTCCCCTCTGA. The asymmetric kB site in the
biotinylated strand was GGGACTTTCC and the negative control
sequence was ATCGATCGGA. Loosely bound streptavidin was
removed from the sensor chip surface by injection of three
consecutive 1-min pulses of NaCl (1m) in NaOH (10 mm) with Milli-
Q water as the running buffer. Freshly annealed biotinylated ligands
were diluted in Milli-Q water and injected across individual flow cells
to the desired capture levels, typically 10 RU for kinetic studies and
100 RU for near-equilibrium studies. A 1-min pulse of NaCl (1m) in
NaOH (10 mm) was applied to regenerate the surface.

Running buffers: DNA binding was explored in three different buffer
systems at pH74. For convenience, preliminary studies were
conducted in a simple, physiologically relevant BIA-certified HBS-P
buffer (10 mm Hepes, 150 mm NaCl and 0.005% P20). An alternative
buffer mimicked electrophoretic mobility shift assay binding con-
ditions reported previously™ (10 mm Tris-HCl, 100 mm KCl, 0.2 mm
EDTA, 10% glycerol, 3 mm dithiothreitol, 0.02 % Triton X-100). In that
report, the binding of p50 homodimers was found to be insensitive
to the nature of the monovalent cation (Na or K). A compromise was
therefore made in designing the final buffer in which most binding
studies were conducted (10 mm Hepes, 100 mm NaCl, 3.4 mm EDTA,
0.005% P20). All buffers were prepared fresh, filtered (0.2 um) and
degassed prior to use.

SPR with low density surfaces: Freshly purified MBP fusion proteins
were diluted twofold and serially into running buffer to nanomolar
concentrations (assuming dimers were present). Each protein was
screened at three concentrations within the range 320-5 nm.
Interaction analysis was performed at 25°C and at a flow rate of
60 pLmin~". Association and dissociation phases were typically 3 and
10 min, respectively. Depending on the buffer system employed, a
single 20-s pulse of either, 1) NaCl (1m) in NaOH (10 mm), 2) NaCl (2 m)
or 3)SDS (0.07%) was applied to regenerate the sensor surface.
SDS was incompatible with the potassium-containing buffer.
Protein samples were randomised and injected from snap-capped
single-use plastic vials. Unmodified streptavidin served as a reference
flow cell.

SPR with dense surfaces: Duplex DNA fragments that contained
either an asymmetric kB site or a random sequence were captured
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on individual flow cells to a level of 100 RU. Freshly purified protein
was injected at a flow rate of 5uLmin~' at eight different
concentrations spanning the 1000-0.46nm range (assuming
dimers present), which were produced by threefold serial dilu-
tions in running buffer. Association and dissociation phases
were 8 and 1 mins long, respectively. A single 1-min pulse of NaCl
(1m) in NaOH (10 mm) was applied to regenerate the sensor sur-
face.

Data processing and analysis: Application of proper data process-
ing methods afforded data suitable for kinetic interpretation.'”!
While this work was in progress, Michalopoulos and Hay reported
a study that used gel electrophoresis and SPR to investigate the
effect of mutation of key lysine residues involved in NF-kB p50
homodimer DNA binding."® These authors reported that their SPR
data could not be fitted to the theoretical binding models of the
evaluation software and accordingly only interpreted their results
qualitatively. In our work, subtraction of the bulk refractive index
changes generated over an unmodified streptavidin surface refer-
enced the data. Subtraction of the response from an average buffer
injection removed systematic artefacts that occurred equally in all
injections. At least three binding curves obtained from a serial
dilution were analysed globally by using a mass transport model:
A,=A, A+B=AB, where A, represents the injected protein
concentration at time=0, A is the concentration of the same
protein near the surface, B is the immobilized probe concentra-
tion and AB that of the complex on the sensor.'? The forward and
reverse rates of the first equilibrium (A,=A) were described by a
mass transport constant (k,) that accounted for the diffusive
movement of the analyte between the compartments. Association
and dissociation rate constants for complex formation were
described by k, and k4 respectively, the quotient of which gave the
affinity, Ko = ky/k,.
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A Structural Model of the Complex Formed by
Phospholamban and the Calcium Pump of

Sarcoplasmic Reticulum
Mechanics

Obtained by Molecular

Michael C. Hutter,® Joachim Krebs,*®! Jens Meiler, Christian Griesinger,
Ernesto Carafoli,'¥ and Volkhard Helms*!

Phospholamban (PLN) is an intrinsic membrane protein of
52 amino acids that modulates the activity of the reticular Ca**
ion pump. We recently solved the three-dimensional structure of
chemically synthesized, unphosphorylated, monomeric PLN (C41F)
by high-resolution nuclear magnetic resonance spectroscopy in
chloroform/methanol. The structure is composed of two a-helical
regions connected by a [ turn (Type Ill). We used this structure and
the crystallographic structure of the sarcoplasmic reticulum
calcium pump (SERCA) recently determined by Toyoshima and
co-workers and modeled into its E, form by Stokes (1KJU) or by
Toyoshima (1FQU). We applied restrained and unrestrained energy
optimizations and used the AMBER molecular mechanics force field
to model the complex formed between PLN and the pump. The
results indicate that transmembrane helix 6 (M6) of the SERCA
pump is energetically favored, with respect to the other trans-
membrane helices, as the PLN binding partner within the
membrane and is the only one of these helices that also permits
contact between the N-terminal residues of PLN and the critical

Introduction

Free Ca%" ions in the myoplasm control the contraction and
relaxation of muscles. The sarcoplasmic reticulum (SR) calcium
pump (SERCA), a 110-kDa protein that belongs to the family of
P-type adenosine triphosphatases (ATPases),!" removes Ca** ions
from the myoplasm and works in association with a plasma
membrane Na*/Ca?* ion exchanger and Ca?*-releasing channels
in the SR membrane to maintain the appropriate calcium level in
the cell. In cardiac muscles the activity of the Ca?t pump is
modulated by -adrenergic agonists, which regulate contractile
force and muscle relaxation.”! These effects are mediated by the
phosphorylation of a small amphipathic SR protein called
phospholamban (PLN) by two kinases.># PLN is an intrinsic
membrane protein of 52 amino acids that interacts with the
cardiac, slow-twitch, and smooth muscle isoforms of the SERCA
pump and keeps them in an inhibited state. Phosphorylation of
Ser16 by the cAMP-dependent protein kinase (PKA; AMP=
adenosine monophosphate),®! or of Thr17 by a calmodulin-
dependent kinase,* ! or of both these residues, causes PLN
dissociation from the ATPase and thereby relieves the inhibi-
tion.
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cytosolic binding loop region of the pump. This result is in
agreement with published biochemical data and with the
predictions of previous mutagenesis work on the membrane sector
of the pump. The model reveals that PLN does not span the entire
width of the membrane, that is, its hydrophobic C-terminal end is
located near the center of the transmembrane region of the SERCA
pump. The model also shows that interaction with M6 is stabilized
by additional contacts made by PLN to M4. The contact between
the N-terminal portion of PLN and the pump is stabilized by a
number of salt and hydrogen-bond bridges, which may be
abolished by phosphorylation of PLN. The contacts between the
cytosolic portions of PLN and the pump are only observed in the E,
conformation of the pump. Our model of the complex also offers a
plausible structural explanation for the preference of protein kinase
A for phosphorylation of Ser16 of PLN.
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Structure of the Phospholambin - Calcium-Pump Complex

Cross-linking experiments by James etal® with a photo-
affinity labeling probe showed that Lys3 in the cytoplasmic
domain of PLN binds to a region of the Ca** pump (resi-
dues 397-402) just downstream of its phosphorylation site
(Asp351). The efficiency of cross-linking was significantly re-
duced by Ca?* ions or when PLN was phosphorylated. These
results indicated that inhibition is brought about by electrostatic
interactions that involve basic residues in the N-terminal,
cytosolic domain of PLN and acidic residues near the active site
of the pump, that is, the ATP binding site and the phosphory-
lated aspartate. Alternatively, Ca?* binding could induce struc-
tural changes of SERCA in its PLN binding domain and
phosphorylation of PLN could result in destabilization of its
cytosolic helix. This view was corroborated by mutagenesis
experiments.”! These experiments confirmed that the sequence
397KDDKPV402 next to the phosphorylation domain of the
pump was critical for interaction with PLN, which stresses the
importance of charged side chains in the interaction of the two
proteins. Mutation of charged amino acids in the N-terminal
portion of PLN, for example, Glu2, Arg9, or Arg14, to Ala further
emphasized the importance of polar interactions between the
two proteins.® In addition, recent mutational screening expeti-
ments® '? pointed to the importance of hydrophobic interac-
tions between the transmembrane domains of PLN (domain Il)
and helix 6 (M6) of the Ca** pump.

PLN can exist in the membrane in monomeric and in
pentameric forms.™ The detection of pentameric forms in
isolated PLN preparations led to the suggestion that pentameric
PLN could form a calcium channel in an artificial phospholipid
bilayer system, which implies that PLN could mediate Ca?*
leakage from SR'>", However, Shannon et al.'® reported no
differences in Ca** leakage from the SR when control mice were
compared to PLN knockout mice or to mice transgenic for the
monomer-forming mutant C41F, which suggests that there is no
significant role for a PLN-mediated Ca?** leak through a
pentameric PLN channel. This conclusion has been validated
by recent reports, which indicate that the active form of the
protein is monomeric.” 7! We recently solved the structure of
the monomeric form of synthetic PLN (C41F) in chloroform/
methanol by two-dimensional homonuclear NMR spectrosco-
py.l'"® The results showed that the protein is composed of two
helical portions spanning residues 4-16 and 21 -49, connected
by a short B turn (Typelll), which includes one of the two
phosphorylation sites (Thr17). This structure is in agreement with
earlier studies that used either circular dichroism spectroscopy!
or NMR spectroscopy on portions of PLN.2%2" These studies
provided evidence that PLN has both a-helical and B-sheet (or
random coil) components and is not exclusively a helical, as
recently suggested by Smith et al.?? The flexibility of the f§ turn
would enable PLN to interact simultaneously with helix M6 of
the SERCA pump and with a critical cytoplasmic portion of the
pump (Lys397 - Val402).”)

The detailed mechanism by which PLN interacts with the
SERCA pump to modulate its activity is not yet understood. To
obtain structural details on the interaction between the two
proteins we used their 3D structures to model their complex by
application of energy minimization calculations in vacuo with

ChemBioChem 2002, 3, 1200- 1208

the AMBER force field.”®! We initially used the sites of interaction
between the two proteins suggested by mutational experiments
as constraints. The results provide evidence that transmembrane
helix M6 of the pump is indeed energetically favored as the
binding partner for the intramembrane C-terminal helix of PLN,
which still permits contact between the N-terminal residues of
PLN and the critical cytosolic loop of the pump (Lys397-Asn-Asp-
Lys-Pro-1le402 in SERCA1 of skeletal muscle, Lys397-Asp-Asp-Lys-
Pro-Val402 in SERCA2 of the cardiac or slow twitch muscle
isoform). Thus, the results offer compelling support to the
conclusions and predictions made from the binding and muta-
genesis data, and provide a structural model for further studies.

Results

The interaction energies obtained by energy optimization of the
molecular complexes of PLN and SERCA carried out by using
molecular mechanics with the parameterization of the AMBER
force field?® (see the Materials and Methods section) are given in
Table 1. The E, conformation of SERCA as modeled by Stokes
(1KJU)2% 251 was taken as the structural model. Energy minimi-

Table 1. Comparison of structures obtained from the energy optimization of
phospholamban (PLN) when its transmembrane region is in contact with the
respective transmembrane helices of the SERCA pump.l!

helix Einteraction Eintra Eetat Evaw Etibona
M1b! —3278.6 +1073.6 —3567.2 —729.3 —933
M2 —3999.5 +727.6 —3900.7 —730.1 —96.2
M3 —3948.4 +564.8 —3672.3 —750.6 —90.4
M5(b! — 44024 —688.7 —4323.7 —742.2 —138.1
M6 —4279.0 —669.0 —4018.3 —810.9 —118.8
M6 —43204 —2347 —4161.4 —282.8 —110.9
Me!d —4287.8 —636.4 —4070.6 —7523 —-101.7
M8l >0 >0 — 34485 >0 >0
Mot —4120.0 —582.8 —3804.9 —788.7 —109.2

[a] The interaction energy (Eiyeraction) iS given in ki mol~" and comprises the
internal bonded energy terms of PLN (E;..) and the nonbonded energies,
namely electrostatic (E..), vander Waals (E.4), and hydrogen bonding
(Eypona), Within PLN and between PLN and SERCA. [b] SERCA model of D.
Stokes?4 (PDB entry 1KJU).?%! [c] SERCA model of Toyoshima (PDB entry
1FQU).B% [d] SERCA model of Toyoshima (PDB entry 1EUL).2

zation of PLN at various sites on the E, conformation of SERCA
showed that helix M6 is the most favorable partner for binding of
the intramembrane domain of PLN and binding gives a complex
that also retains the cytosolic interaction with the loop region of
the pump (see Figure 1). As a result of these calculations we
observed that the C-terminal portion of PLN does not cross the
membrane completely, but is fixed in the center of the trans-
membrane region in order to accommodate the interaction with
helix M6 of the SERCA pump and, simultaneously, to bridge the
distance of more than 60 A to the critical loop region of SERCA
around Lys400. This rather surprising result of our calculations is
plausible when one considers that the C-terminal sequence of
PLN contains exclusively hydrophobic amino acids and is
discussed in detail in the Discussion section.
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Figure 1. AMBER force field optimization of a complex of PLN (yellow) with
SERCA indicated helix M6 (green) of SERCA in the E, form to be the most favorable
interaction site in the transmembrane part of the protein. a) Common orientation
of SERCA according to Toyoshima,;?9 b) changed orientation rotated by 180°
around a vertical axis. The part of the M4 helix facing the cytosol, which also
provides contacts to PLN, is colored dark blue. Lys397 - lle402 are also colored
green.
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Close inspection of the interaction between PLN and M6
showed that the hydrophobic C-terminal residues of PLN are
located within the membrane and generate the following
contacts: Leu802 (M6) to Phe41 (of PLN), Leu797 to lle47 and
Leu51. An additional contact not included in the initially
imposed constraints between residues of PLN and helix M6 of
SERCA (see the Methods section) is established between Thr805
(M6) and Leu37. Contacts of PLN with Val795 and Val798 were,
however, not observed due to the conformations of these side
chains in Stokes’ E, model®?* 2! as well as in the crystallographic
structure of the E; form (PDB entry 1EUL);?® the side chain of
Val798 is turned sideward, and that of Val795 points inwards
towards the pump itself. The situation for Phe809 is similar as its
side chain is mostly shielded by the neighboring transmembrane
helices of SERCA. Thus, no corresponding contacts to residues of
PLN are possible. These observations partially disagree with the
model proposed by Asahi et al.,"” who suggested that residues
Val795, Leu802, T805, and Phe809 are located on the side of the
M6 helix facing the transmembrane helix of PLN. Attempts to
prove this model correct by cross-linking experiments failed,!"%
therefore it cannot be excluded that some of the mutational
experiments that led to the proposed model could be inter-
preted differently. The N-terminal residues of domain Il of PLN, if
docked to M6, also made contacts to M4, for example, Phe32 and
lle33 made contacts to Ala320 and Leu321, and Leu37 and lle40
to Thr317. Apparently, the interaction between the C-terminal
helix of PLN (domain Il) and helices M4 and M6 of the pump
occurs throughout the length of the helices. This result concurs
with a narrower winding of the PLN helix between Asn27 and
lle33, which shows an n+3 hydrogen bonding pattern.
Toyoshima et al. reported that M4 and M6, which participate in
the formation of a high-affinity Ca?* binding site, are separated
by a loop region into a cytosolic and a luminal domain.®¢!
Interestingly, cross-linking experiments by Rice etal.’””? under
conditions that favor the E, conformation of the pump provided
evidence for contacts between a number of residues of M4 and
M6, which in our model are also in contact with PLN. This is
remarkable, as there are several hydrophobic residues located at
the top of helix M4 that stick out of the transmembrane region,
for example, Leu321 and Ala320. These residues are, however,
not exposed to solvent in our model because of their contacts
with PLN.

After completion of our calculations, Jones et al.”®! reported
cross-linking experiments to study the direct interaction be-
tween PLN and the E, onformation of SERCA in which Asn30 of
PLN was replaced by a cysteine residue. The authors provided
evidence that the only residue of SERCA cross-linked to Cys30 of
PLN was the native Cys318 of the SERCA pump. These results are
compatible with our model calculations since the linking agent
1,6-bismaleimidohexane used by Jones etal. is able to span a
distance of around 10 A between the side chains of the two
cysteine residues, which corresponds to a distance of up to
14.7 A between the C, atoms of the two linked cysteine residues.
In our model we determined a distance of 14.2 A between the C,
atom of Asn30 of PLN and that of Cys318 in SERCA, which is in
very good agreement with the experimental constraints report-
ed by Jones etal?® In the complex in which PLN is docked to
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helix M6 (and stabilized by M4) all energy terms are minimal
when compared to all other investigated complexes, except the
complex in which PLN was docked to helix M5. In the complex
with M5, PLN adopts a totally unfavorable conformation (see
below). All other structures have significantly higher energies, in
particular with respect to the electrostatic and van der Waals
terms. These structures are also unfavorable as a result of
geometric requirements; the Lys400 - Asp2 contact can only be
maintained without significant structural changes of PLN when
its intramembrane region is in contact with M6 and M4. Docking
of PLN to the exposed M2 helix resulted in unwinding of the
cytosolic helix to cope with the increased distance to SERCA.
Conversely, docking of PLN to the M9 helix conserves the PLN
cytosolic helix only if the Asp2 - Lys400 contact is lost (Figure 2 a)
and PLN adopts a helical shape over its entire length. This effect
was also observed when PLN was docked to the M3 helix at the
opposite side of the ATPase. Docking of PLN to helix M5 resulted
in a favorable energy, but displaced PLN out of the membrane
region, which resulted in a random coiled shape (Figure 2b). This
effect was caused by favorable electrostatic interactions that
result from the compact conformation adopted by PLN, which
includes the formation of non-natural, internal salt bridges
between the side chains of Arg14 and Glu19, and between Lys3
and the carboxylate group of the terminal Leu52. Random coil
conformations were also observed when trying to dock PLN to
helix M1.

Docking of PLN to helices M7 or M10 was not investigated
since these helices do not contain residues that affect the PLN-
dependent properties of the SERCA pump upon mutation.
Furthermore, their distance from PLN would not permit
interaction between Asp2 of PLN and Lys400 of the pump. A
recent publication by Asahi etal.” described an interaction
between domain IB of PLN, that is residues 21 —30, and residues
in the loop region of the SERCA pump that connects trans-
membrane helices M6 and M7. This interaction is discussed in
detail below. Docking of PLN to helix M8 yielded significantly
higher energies for all individual energy terms than for the other
complexes (see Table 1).

The Toyoshima research group also proposed a model (1FQU)
for the E, form of SERCA.E® In order to apply this structure to
model a 1:1 complex of SERCA with PLN, the structural similarity
between the two E, conformations, 1KJU?* 2% produced by
Stokes and 1FQUEBY by Toyoshima, was analyzed. The root mean
square (RMS) deviation between the two structures was
calculated by using all backbone atoms of the residues in the
sequences 86-115 (M2), 291-315 (M4), 788-810 (Mé6), and
931-959 (M9) of the transmembrane region of SERCA. These
sequences are either proposed as PLN binding sites or are
adjacent to such sites. While these regions are structurally very
similar in both models, the overall RMS deviation of all heavy
atoms is 3.8 A. This deviation is mainly caused by the elongated
shape of the cytosolic loop region of the 1FQU structure as
compared to the Stokes model, TKJU.

Optimization of a model of PLN docked to the M6 region of
1FQU shows that the PLN cytosolic helix can tolerate displace-
ment in the loop region of SERCA. The transmembrane helix is
almost unchanged, while the coil region (lle18-GIn22) is

ChemBioChem 2002, 3, 1200- 1208

b)

Figure 2. a) Docking of PLN (yellow) to helix M9 (green) of SERCA resulted in loss
of contact to the cytosolic loop (green). b) Optimization near helix M5 (green)
yielded a random-coiled structure of PLN.

somewhat different when compared to the optimization carried
out with Stokes’ coordinates. The hydrogen bond interactions
between PLN and the SERCA pump are listed in Table 2 for both
models. Most interactions are formed between the same
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Table 2. Hydrogen bonding interactions between phospholamban and two
models of the E, form of the SERCA pump in the cytosolic region.l
SERCA Stokes!®!

Phospholamban SERCA Toyoshima'd

Leu462-O Arg9-NH1 Arg9-NH2 Leu462-O
Glu392-OE2 Ser10-0G Tyr6-OH Glu392-OE1
Lys464-NZ Ser10-0G Ser10-0G Lys464-NZ
Glu432-OE2 Arg13-NH2 Arg13-NH1 Glu429-0
Glu432-0 Arg14-NH2 Arg14-NE Glu432-0

Arg14-NH2 Lys431-O
Ala331-0 GIn22-NE2 GIn22-NE2 Ala327-0

GIn22-NE2 Lys329-0
Arg324-NH1 GIn29-OE1 GIn29-0 Arg324-NH1
Arg324-NH2 GIn29-0

[a] The interaction data resulted from force field energy minimization when
the transmembrane helix of phospholamban is modeled in contact with
helix M6 of SERCA. Those contacts that are within hydrogen bonding
distance between the corresponding heavy atoms (3.5 A) are listed. The
atoms are named according to the nomenclature used in the PDB files.
[b] Coordinates from D. Stokes?* (PDB entry 1KJU).?* [c] Coordinates from
Toyoshima (PDB entry 1FQU).5%

residues of PLN and SERCA, while the exact binding partners
(backbone or side chain atoms) differ in some cases. The
differences in the hydrogen bonding pattern of the cytosolic
portion of SERCA are caused by the different side-chain
conformations of the two SERCA models.

The formation of a salt bridge between Lys400 and Asp2 of
PLN was initially hampered since all atoms of the SERCA model
were kept frozen during the optimization, which caused the side
chain of Lys400 to remain oriented in an unfavorable direction,
pointing away from PLN. In order to permit the formation of such
a bridge in subsequent optimizations, the side chain of Lys400
was allowed to move freely in both structural models. This
resulted in the formation of a salt bridge in both cases (see
Figure 3). The elongated portion of the pump in the model by

’

Figure 3. A close-up view of the salt bridge between the side chains of Lys400
(SERCA) and Asp2 (PLN) in the M6 complex shown in Figure 1. The side chain of
Lys397 points upwards, away from Asp2.
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Toyoshima (1FQU) is reflected by a longer salt bridge than with
the Stokes model (4.4 A between the nitrogen atom of the
Lys400 side chain and the carboxylic oxygen atom of Asp2, as
compared to 2.6 A with Stokes’ model).

Docking of PLN to the E, conformation of the SERCA pump
(1EUL)™% was also investigated by using either the X-PLORE" or
AMBER force field?! (see the Methods section for details). In both
cases, the intramembrane helix of PLN bound to the M6 helix.
The intramembrane helices of PLN are also very similar in shape
and position relative to M6 for both the E, and E; conformation
of the ATPase (AMBER results). However, the contacts between
PLN and the SERCA pump described above for the cytosolic
region were either not observed (AMBER force field calculations;
see Figure 4) or could only be observed by distortion of the
C-terminal domain of PLN from the ideal structure of an a helix
(simulated annealing; see Figure 4), which caused partial loss of
contact to M6. This result indicates that only the E, conformation
of the pump permits the necessary simultaneous contacts
between the two critical regions of the two proteins, which is in
agreement with similar conclusions drawn by Asahi et al.*!

Figure 4. Comparison of the results obtained from docking of PLN to the E,
(blue) and E, (orange) forms of SERCA. Contact to the cytosolic loop (green) is only
retained in the simulated annealing simulation at the expense of distortion of the
helical shape of PLN (red). In the AMBER force field calculations, PLN is in contact
with helix M6 in the E, (yellow) and the E, (white) form of SERCA, but fails to
contact the cytosolic loop (green) in the E, conformation.

Discussion

The model presented here has led to several interesting findings
and suggestions/conclusions. 1) Helix M6 (in combination with
M4) of the SERCA pump is energetically the most favorable
binding partner for PLN. The interaction between the C-terminal
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helix of PLN (domainll) and helices M4 and M6 of the pump
occurs throughout their length; the extensive interaction
between hydrophobic residues of the N-terminal part of PLN
domain Il and various residues of M4 and M6 as described above,
prevent the exposure of hydrophobic residues of PLN domain Il
to the aqueous solvent. 2) The amino acid C-terminal residues of
PLN, which are all hydrophobic, are located within the mem-
brane, that is, PLN does not traverse the membrane completely.
This finding is significant since transmembrane domains are
normally fixed to both sides of the membrane by polar residues,
which are missing at the C-terminal end of phospholamban. In
this context, it is interesting to note that sarcolipin, the
phospholamban-analogous modulator protein of skeletal mus-
cle sarcoplasmic reticulum,®2 contains polar residues on both
sides of the transmembrane region. We applied the program
developed by the group of von Heijne®®¥ to predict transmem-
brane topology of given protein sequences in phospholamban
and sarcolipin. The results indicated that sarcolipin traverses the
full width of the membrane, in contrast to phospholamban,
which ends within the membrane. This outcome is in agreement
with recent structural studies of sarcolipin in a lipid environ-
ment.2¥ 3) The anchoring of PLN within the membrane without
crossing its entire width, spans the distance between the
N-terminal end residues (for example, Asp2, see below) of PLN
and the binding loop Lys397 -11e402 of the SERCA pump (the
distance between Phe809 of M6 at the cytosolic surface of the
membrane and Lys400 is about 45-50A). 4)Hydrophobic
residues in the N-terminal portion of domainll of PLN are in
contact with hydrophobic residues of the cytosolic domain of
helix M4, which protects the PLN residues from solvent
exposure. This may contribute to the stabilization of the
intramembrane location of PLN, but may also couple the
functions of M4 and M6 in a cooperative manner, since their
intramembrane polar residues contribute to the formation of the
two high-affinity Ca** binding sites. This view is corroborated by
the observation that the orientations of the side chains of Glu309
(M4), GIn796, and Asp800 (M6), which are stabilized by a network
of hydrogen bonds in the E, conformation of the pump,?? are
significantly changed in the E, conformation and may thus be
controlled by the coupled interaction of PLN with M4 and Mé6.
Interaction between PLN and the M4 and M6 helices of the
SERCA pump may also lead to stabilization of these helices,
which would result in restriction of the dynamics of M4 and M6
and have an important effect on Ca?* binding to the high-affinity
sites, as suggested by Tatulian etal.?* 5)The simultaneous
interaction of PLN with transmembrane regions and the
cytosolic loop region Lys397-1le402 of the pump is only
possible if the pump is in the E, conformation. 6) The model
offers a plausible structural explanation for the preference of
PKA for Ser16 of PLN (see below).

Although the results of our calculations are in excellent
agreement with published data on the interaction between PLN
and the SERCA pump, a caveat is appropriate. The “complex”
formed between PLN and SERCA presented here is a model
based on molecular mechanics calculations and we are aware
that such a model has limitations. On the other hand, our model
is supported by the available biochemical data on the interaction
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between the two proteins (including some recent cross-linking
studies by Jones etal.?®). This model may thus stimulate
discussion on the molecular mechanism by which PLN regulates
the SERCA pump and may lead to further experiments since a
high resolution structure of a PLN/SERCA complex is not yet
available.

The model presented here is based on the assumption that a
1:1 complex is formed between the PLN monomer and the
SERCA pump. This assumption is compellingly supported by a
number of studies in which the formation of PLN pentamers was
prevented without loss of inhibitory activity (Kimura etal.,””
Asahi et al.,"% Autry et al.;l'"”! see also, Young et al.?®). At variance
with this result, a recent study in which PLN was cocrystallized
with the SERCA pumpB” instead interpreted the cryoelectron
microscopy low-resolution structure made by using difference
mapping as a 2:1 pump/PLN complex. Although the study failed
to identify the transmembrane helix of PLN involved, it suggested
that PLN enters the membrane close to the M3 helix of the pump.
According to the model presented here, this process would not
permit contact of the N-terminal portion of PLN with the Lys397-
Asn-Asp-Lys-Pro-1le402 loop region of the pump.

The calculated interaction energies for the various SERCA -
PLN complexes show a striking preference for interaction of the
intramembrane portion of PLN with the M6 helix of SERCA
(stabilized by further contacts to M4), which is in agreement with
mutational data that suggested a leucine-zipper-like interaction
in this region. Since there are no polar contacts within this
intramembrane segment, this interaction energy reflects mainly
the favorable van der Waals energy of the M6 complex. Con-
versely, the electrostatic and hydrogen bonding energies of the
polar residues in the cytosolic portion of PLN are the significant
terms that favor the M6 complex for stabilization of the
interaction between the cytosolic portions of the two proteins.
In support of this view, the helical structure of the cytosolic
portion of PLN was only preserved in its full length when PLN
was docked to M6. This observation indicates that among the
transmembrane helices M4, M5, M6, and M8, that contribute to
the formation of high-affinity Ca®>* binding sites, only M6
provided optimal interaction with PLN (supported by simulta-
neous contacts to the domain of helix M4 that faces the cytosol).
Even when docked to the adjacent helices M2 and M9, PLN had
to unfold part of the cytosolic helix to retain both trans-
membrane and Asp2-Lys400 contacts. Unfolding was even
more pronounced for the other complexes, and was reflected in
high energy terms in comparison with the M6 complex.
Accordingly, the hydrogen bond interactions were affected by
the choice of helix as well.

Similar results to those described above were obtained for the
E, structural model of Toyoshima (1FQU),B% despite the elon-
gated shape of the cytosolic loop region in the E, conformation;
the optimized PLN is evidently able to adapt to these domain
movements. The differences between the two SERCA models
seem to be less important for the stability of the cytoplasmic
helix of PLN than the relative docking position of PLN in the
transmembrane region of the SERCA pump.

Toyofuku et al.® argue that the negatively charged amino acid
in position 2 of PLN is of special importance for interaction with
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the pump. There is an aspartate residue in this position in our
modeled structure of the PLN/SERCA pump complex since the
chemical synthesis of PLN®® used to obtain the three-dimen-
sional structure was based on the sequence of canine PLN.B? It
has meanwhile become known that, with the exception of the
dog and pig sequences,B % all known PLN sequences contain a
glutamate residue at position 2. Interestingly, the length of the
proposed salt bridge between Asp2 of PLN and Lys400 of the
SERCA pump is somewhat greater than that of an ideal salt
bridge. A glutamate residue in position 2, however, could
compensate for this distance with its additional CH, group (see
Figure 3). In contrast, contact between Asp2 and Lys397 in the
cytosolic PLN binding loop is less likely than with Lys400, since
Lys397 is located on the far end of this loop (see Figure 3), too
distant for formation of a stable salt bridge with Asp2.

Mutation-sensitive hydrogen bond contacts made by Arg9,
Arg13, and Arg14 with the SERCA pump®® were found in both
models. Arg9 forms a hydrogen bond to an oxygen atom in the
peptide backbone (Leu462) while Arg13/14 form contacts to
Glu432 of the pump in both structures and, in addition, to
Glu429 in the complex with the 1FQU structure. Further
mutational experiments (mutation of Glu432 to Ala and/or of
Glu429 to Ala) would establish whether those residues are
involved in PLN/SERCA interactions. Such interactions were not
found when PLN was docked to the pump in the E; conforma-
tion,1?! where a significant portion of the cytosolic helix of PLN
(residues 12 —24) is outside van der Waals interaction distance of
the PLN-binding cytosolic loop of the SERCA pump. Likewise, an
Asp2 - Lys400 salt bridge was not detected with the E, model,
which is in line with the observation that PLN only inhibits the
SERCA pump in its E, conformation. According to the model
presented here, interaction of the transmembrane portion of
PLN would be possible for both conformations of the pump. This
outcome is in agreement with reports by Xu et al.?® and Hua
etal.B% that the major differences between the E; and E,
conformations of the pump concern its cytoplasmic domains,
especially the movements of the N and P domains, which result
in a displacement of up to 50 A. In contrast, the transmembrane
domain movements between the two conformations are con-
fined to a few Angstroms.?” Thus, dissociation of the trans-
membrane portions of the two proteins does not appear to be
necessary for the reaction cycle of the pump.©2%

In a recent paper, Asahi et al.”” suggested putative interaction
sites between PLN and residues of the cytoplasmic pump loop
that protrudes between helices M6 and M7 (L67) of SERCA. The
computational results of the present study show longer
extension of the intramembrane helix of PLN than in Asahi’s
study so that the interaction of Asn27 or Asn30 with Asp813 of
the pump would require unfolding and/or bending of the
intramembrane helix in this region.”” In the present model,
however, the nearest neighbors of Asn27 and Asn30 are Lys328
and Arg324, respectively, and the helical shape in this region of
PLN is conserved. This information could be of interest since
residues Arg324 and Lys328 are positioned between the charged
residues of helix M4, which participate in the formation of the
high-affinity calcium binding site, and Asp351, which is phos-
phorylated during the reaction cycle and extends the cooper-
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ative coupling of PLN, as discussed. The distances between
Asn810 and Arg822 and the corresponding residues of PLN
(Asn27 and Asn30)®) are larger than 4 A. Introduction of apolar
residues (that is, alanine residues) into the region between
residues 21 and 30 might thus cause at least partial unfolding,
permitted by the increased flexibility of PLN. This would allow
further contacts with the pump and eventually lead to enhanced
interaction.

The absence of a membrane and of a solvent during
optimizations and energy calculations implies descreening of

Figure 5. a) Putative site of interaction of the catalyic subunit of PKA (shown in
dark blue; PDB file 1ATP*!) with Ser16 of PLN (shown in yellow) from our model
complex with PLN optimized onto the M6 helix of SERCA in its E, conformation.
b) A close-up view of the putative interaction site. PLN Ser16 is in close contact
with the PKA-bound ATP molecule (B- and y-phosphate groups shown in purple
and red) while PLN Thr17 points away from the ATP molecule. This model
indicates that phosphorylation of only Ser16 is possible since Thr17 is not
accessible to PKA.
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the dominant electrostatic interactions between SERCA and PLN.
This descreening is partially compensated by the use of a
distance-dependent dielectric constant. Descreening predom-
inantly affects interactions in the solvent-exposed cytosolic
region, while in the transmembrane portion the solvent-
independent van der Waals interactions are responsible for the
formation of helix — helix interactions. The calculations thus show
a somewhat increased energetic separation between the various
SERCA-PLN complexes (see Table 1), which simplifies their
ranking.

The results for the complexes that involve helix M6 and the
cytosolic loop, which contains the sequence Lys397-Asn-Asp-
Lys-Pro-lle402, should stimulate further studies on the position-
ing of PKA for phosphorylation of Ser16 in PLN. Figure 5a shows
a hypothetical ternary complex of the docked SERCA/PLN model
presented here with the catalytic subunit of cAMP-dependent
protein kinase (PKA). As can be seen from the figure, PKA is only
able to access Ser16 (Figure5b) if the pump is in the E,
conformation. The spatial position of the cytosolic loop in the
E, conformation, in which it is closer to the membrane surface,
would block access to PKA .14

Methods

Molecular mechanics energy minimizations were carried out by
using the parameterization of the AMBER force field®¥ as imple-
mented in the program HYPERCHEM.“Y A distance-dependent
dielectric constant (e =r) without cut-off was used throughout all
calculations for the evaluation of electrostatic interactions.

Two different sets of coordinates were used for the E, form of the
SERCA pump: the theoretical model of Toyoshima (PDB entry
1FQU),B% as well as alternative coordinates provided by D. Stokes.!4
These coordinates refer to PDB entry 1KJU.?! The two coordinate
sets were independently modeled by Stokes and Toyoshima and co-
workers, respectively, by fitting the high-resolution structure of the E,
form of SERCA into the low-density electromagnetic map of the E,
form, followed by subsequent geometry regularization. Both models
should be viewed as equally valid solutions of this problem. The
coordinates of the SERCA pump were kept frozen throughout all our
minimizations. The NMR spectroscopy structure (PDB entry 1FJK)!'®
was used for PLN.

In the case of the E, conformation the coordinates of the X-ray
structure (PDB entry 1EUL)?® were superimposed onto Stokes’
coordinates of the E, form by using all backbone atoms of residues in
the ranges 86-115 (M2), 291-315 (M4), 768-810 (M6), and 931 -
959 (M9) for the fit, in a similar process to that used for the overlay of
the two different sets of coordinates of the E, form of the SERCA
pump. This superimposition resulted in an RMS deviation of 4.7 A of
the atoms used for the fit.

Starting geometries for each SERCA-PLN 1:1 complex were
generated by manual translation of PLN to within a distance of
about 5 A from the intended transmembrane region of SERCA. The
vacuum energies referred to as interaction energies in the text
contain the internal energy of PLN and the interaction energy
between PLN and SERCA according to the AMBER force field
employed. PLN was pulled towards different contact residues in
SERCA by energy optimization with additional harmonic constraint
forces between the corresponding residues. The following initial
harmonic constraints were applied to dock the M6 helix: A leucine-
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zipper-like interaction between Phe809, Thr805, Leu802, and Val795
of the M6 transmembrane helix of SERCA and lle33, Leu37, lle40, and
lle47 of PLN with a desired distance of 3 A and a force constant of
23.3 kJmol~'A-2 An additional constraint of the same magnitude
was used in the cytoplasmic region between Lys400 and Asp2. This
cytosolic contact was also applied during initial optimization with
M1, M2, M8, and M9, and was subsequently switched off. No
constraint was used for docking to M3, M4, and M5 because these
helices are located on the opposite side of Lys400 from PLN when
viewed perpendicular to the membrane surface.

Initial energy minimizations were performed up to a gradient norm
of below 0.418 kJ mol~' A~ by using the steepest descent algorithm.
The above-mentioned constraints were switched off in subsequent
energy minimizations to a gradient norm of below
0.0418 kJmol="A-" by the conjugate gradient method of Polak and
Ribiere.*? Several optimizations were carried out at each helix
starting from different geometries and only the best energy is
reported in Table 1. The geometry of PLN optimized on M6 of the
Stokes model was employed as the starting structure for the
minimizations with the SERCA model reported by Toyoshima (PDB
entry 1FQU)B%, The geometry optimizations were performed on a
1-GHz Pentium Ill PC. Each optimization required about 3 -4 days.

A simplified simulated annealing protocol that uses the program
X-PLORB" was applied to dock PLN to the SERCA pump in the E;
conformation. The simulation consists of three parts: 6500 steps of
5 fs at 2000 K, 5000 steps of 5 fs linearly decreasing the temperature
to 1000 K, and 2000 steps of 5fs linearly decreasing the temperature
to 100K. The energy of the resulting structure was minimized
(200 steps POWELL minimization). The standard force field used for
generation of structures under the influence of experimental
restraints was modified to meet the demands of the docking
procedure: the backbone structure of the E, conformation was fixed
by application of strong harmonic potentials (41.81 kJmol-'A-?) to
the positions of all Ca, C, or N atoms of the SERCA pump. The PLN
structure was defined by application of a set of experimental NOE
data.'® Further distance restraints between the SERCA pump and
PLN were applied to bring the side chains of Asp2 and Lys3 of PLN
within 5 A of the side chains of the amino acids in the loop aa 397 -
402 of SERCA. The C-terminal domain of PLN at aa33-47 was
docked to the M6 helix of SERCA at aa 795-809 by similar upper-
limit distance restraints of 5 A.

Docking of PKA onto the binary complex of SERCA and PLN by
computational techniques would be prohibitively complex. Instead,
the model shown in Figure 5 was generated interactively by manual
positioning of the active site of PKA close to PLN Ser16 while
avoiding atom contacts closer than 1 A.

Supporting information: Stereo figures of Figure 1b and Figure 5b,
a figure comparing the docking results for PLN docked against
1JKU.pdb and 1IWO.pdb, and a PDB file containing the structure of
PLN, which shows the most favorable interactions with the SERCA
model of Stokes.?* 2%
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Glycopeptide Specificity of Helper T Cells Ob-
tained in Mouse Models for Rheumatoid Arthritis
Bjorn Holm,"! Johan Backlund,™ Miguel A. F. Recio,”? Rikard Holmdahl,'®! and

Jan Kihlberg*®!

Five protected analogues of B-p-galactosyl-(5R)-5-hydroxy-L-lysine
were prepared, in which the galactosyl moiety was modified by
monodeoxygenation or inversion of stereochemistry at C-4. The
building blocks were used in the solid-phase synthesis of a set of
glycopeptides related to the peptide fragment ClI256-273 from
type Il collagen. Evaluation of the glycopeptides revealed that T-cell
hybridomas obtained in collagen-induced arthritis (CIA), which is a
common mouse model for rheumatoid arthritis, recognized the
galactosyl moiety with high specificity for individual hydroxy
groups. Moreover, T-cell hybridomas obtained in a humanized
variant of CIA were also found to recognize the glycopeptides in an
equally carbohydrate-specific manner. The results allowed the
generation of models of the complexes formed between the

Introduction

The last 10-20years has led to a tremendous increase in our
knowledge of how cell-mediated immune responses occur, and
many key interactions are now understood at the molecular and
structural level.™ Proper functioning of the immune system of
higher vertebrates requires the processing of protein antigens
into shorter peptides by antigen-presenting cells.>* Peptides
resulting from this degradation are bound by major histocom-
patibility complex (MHC) molecules, and the complexes are then
transported to the cell surface where they are displayed to Tcells.
Recognition of the complexes by receptors on circulating Tcells
triggers responses that depend on the origin of the protein
antigen and also on the kind of antigen-presenting cell and Tcell
that are involved. Almost all cells can process foreign protein
antigens produced intracellularly, for example, due to a viral
infection or transformation of the cell during cancer. Recognition
of the resulting peptide - class-I-MHC-molecule complexes by
receptors on “cytotoxic” (CD8™) Tcells leads to destruction of the
presenting cell, thereby eliminating the viral infection or
preventing the development of cancer. In a similar manner,
specialized antigen-presenting cells, such as macrophages,
B cells, and dendritic cells, take up and process extracellular
protein material, for example, bacterial proteins. Recognition of
the complexes between peptides and class Il MHC molecules on
the surface of such antigen-presenting cells by “helper” (CD4")
Tcells leads to the release of immunomodulating cytokines, such
as interleukines. These cytokines are essential for inducing
production of high-affinity IgG antibodies in B cells as well as
production of memory B cells and activation of phagocytic cells;
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appropriate class Il major histocompatibility complex (MHC)
molecule, glycopeptide, and the T-cell receptor, that is, of an
interaction that is critical for the stimulation of T cells in the
arthritis models. In the structural models, peptide side chains
anchor the glycopeptide in pockets in the class Il MHC molecule,
whereas the galactosylated hydroxylysine residue forms the key
contacts with the T-cell receptor. Importantly, the results also
suggest that a T-cell response towards glycopeptide fragments
from type Il collagen could play an important role in the develop-
ment of rheumatoid arthritis in humans.

KEYWORDS:

immunology molecular recognition
solid-phase synthesis

glycopeptides
rheumatoid arthritis -

these events are all essential for the elimination of the bacterial
infection.

The interactions that occur in ternary complexes of MHC
molecules, peptides, and T-cell receptors are thus critical for
eliciting proper immune responses from both cytotoxic and
helper T cells. Studies based on X-ray crystallography have
recently revealed the structures of such complexes, which
provide a platform for understanding how structural features
relate to signal transduction.®> In both class | and class Il MHC
molecules, two a helices form the sides of the elongated
peptide-binding groove and the floor consists of an eight-
stranded 3 sheet.'® ™ The groove of class| MHC molecules is
closed at both ends, which limits the length of the bound
peptides to between eight and ten residues. Classll MHC
molecules have peptide-binding grooves that are open at both
ends, thereby allowing the binding of longer peptides that often
contain more than 13 amino acids. Pockets in the binding
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groove require insertion of side chains from two or three
residues in the bound peptide and thus provide specificity for
the interaction. Since the peptide is deeply bound in the groove
of the MHC molecule, only a few of its side chains (usually
between one and three) are accessible for binding to the T-cell
receptor."! It appears to be a common theme that the CDR3
loops of the T-cell receptor, which have the highest potential
diversity, form specific interactions with a side chain that
protrudes from the center of the bound peptide.

It is important to keep in mind that endogenous proteins are
processed in antigen-presenting cells in the same manner as
“foreign” proteins. Large numbers of self-peptides are therefore
presented by MHC molecules on the surface of antigen-
presenting cells. Normally, Tcells that recognize complexes
between self-peptides and MHC molecules are deleted during
development in the thymus or inactivated in the periphery."! As
a consequence the organism becomes tolerant to its endoge-
nous proteins; however, if tolerance is broken then an auto-
immune disease may develop. Rheumatoid arthritis (RA), which
affects 0.5-1% of the human population, is generally consid-
ered to be an autoimmune inflammatory disease.' This
conclusion is supported by the association of RA with certain
human class I MHC molecules, that is, HLA-DR4 and HLA-DR1. A
detailed insight into how RA develops requires studies that
range from animal models to the molecular level. Nowadays, the
use of transgenic animals may provide a more “human” setting
for such investigations. Immunization of mice with typell
collagen, which is the major glycoprotein found in joint cartilage,
induces an autoimmune inflammatory response termed colla-
gen-induced arthritis (CIA).'> ™ In CIA, self-tolerance is broken
by using type Il collagen from rat as immunogen in Complete
Freund’s Adjuvant (CFA). CIA is accompanied by erythema and
severe, painful swelling of peripheral joints, that is, symptoms
and histopathology similar to those displayed by patients
suffering from rheumatoid arthritis. Development of CIA in mice
is associated with the presence of H-2A9 class Il MHC molecules
on antigen-presenting cells, which results in the display of an
immunodominant peptide epitope located between resi-
dues 256 and 270 of type Il collagen (ClI256 - 270) to the T-cell
receptor.’™ Recently, mice that were transgenic for both the
human, RA-associated DR4 class Il molecule and the human CD4
Tcell co-receptor were generated.''! Interestingly, these
“humanized” mice are also highly susceptible to the develop-
ment of arthritis after immunization with typell collagen.
Furthermore, the immunodominant T-cell epitope in these mice
was found to be located within residues 259-273 of typell
collagen (ClI259 - 273), that is, in a peptide closely related to that
found in CIA.

We have previously demonstrated that the majority of the
members of a panel of T-cell hybridomas obtained in CIAS 18l
actually recognize the immunodominant peptide epitope
ClI256-270 in a post-translationally modified form when it is
presented by H-2Ad class Il MHC molecules." 2% Lysine residues
in typell collagen can undergo hydroxylation followed by
glycosylation with f-p-galactopyranosyl or a-p-glucopyranosyl-
(1 —2)-B-p-galactopyranosyl! residues,?" 22 and ClI256 - 270 rec-
ognized by the hybridomas was found to carry a -p-galactosyl
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residue attached to hydroxylysine at position 264. We now
report the synthesis of five Cll-derived glycopeptides, which
have modified galactosyl residues attached to hydroxy-
lysine 264. The glycopeptides were used to investigate the
carbohydrate specificity of the T-cell hybridomas from CIA that
recognize galactosylated ClI256 - 270. Moreover, they were also
used to study whether glycosylation of ClI259 - 273 is important
when arthritis is induced in mice that are transgenic for the
human DR4 class Il molecule. We believe that the results of these
studies contribute to the development of a molecular under-
standing of how arthritis develops not only in mice, but also in
humans.

Results and Discussion
Synthesis of glycosylated amino acids and glycopeptides

To investigate the fine specificity of the T-cell hybridomas
obtained in CIA, five glycopeptides with modified p-galactosyl
residues were selected as synthetic targets. The modifications
consisted of the sequential monodeoxygenation of the four
hydroxy groups on the galactose moiety and the inversion of the
stereochemistry at C-4 (i.e., by using p-glucose). Published
methods for the synthesis of glycosylated derivatives of
hydroxylysine have often involved the use of acid-labile
protecting groups on the carbohydrate moiety."> % 24 Glyco-
sides of deoxygenated sugars are, however, substantially more
susceptible to acid-catalyzed degradation than their nondeoxy-
genated counterparts.®! As a consequence, protection with
acetyl groups is necessary to prevent degradation during acid-
catalyzed cleavage from the solid support of peptides glycosy-
lated with the 6-deoxysugar L-fucose.® 271 Acetyl or benzoyl (Bz)
groups were therefore chosen for the carbohydrate moieties in
the present study.

Attempts to find conditions for the attachment of mono-
deoxygenated p-galactosyl residues to (5R)-5-hydroxy-L-lysine
were first focused on the coupling of readily available, O-
acetylated p-fucosyl donors to Fmoc-Hyl(Boc)-OBzl (Fmoc = N-
(9-fluorenylmethyloxycarbonyl), Boc = tert-butoxycarbonyl,
Bzl =benzyl). Unfortunately, the use of ethyl 1-thio-2,3,4-tri-O-
acetyl-B-o-fucopyranoside in combination with N-iodosuccini-
mide (NIS) and either trifluoromethanesulfonic acid (TfOH)12% 24
or silver trifluoromethanesulfonate (AgOTf) as promotors did not
give the desired product. This was also the case when 2,3,4-tri-O-
acetyl-a-p-fucopyranosyl bromide was used with promotion by
silver trifluoromethanesulfonate. The thiofucoside/NIS/TfOH
conditions were too acidic and led to cleavage of the Boc group
from Fmoc-Hyl(Boc)-OBzl, whereas the other less acidic con-
ditions (fucosyl bromide, AgOTf, and 2,6-di-tert-butylpyridine)
resulted in formation of mixtures of a- and f(-glycosides of
hydroxylysine together with varying amounts of the correspond-
ing orthoester. However, silver silicate promoted®® glycosylation
of Fmoc-Hyl(Boc)-OBzl with 2,3,4-tri-O-acetyl-a-p-fucopyranosyl
bromide (2) in dichloromethane gave the 8 anomer 3 in 60%
yield (Scheme 1). Hydrogenolysis of the benzyl ester'® 3" of 3
over Pd/C in ethyl acetate at atmospheric pressure then gave the
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Scheme 1. a) HBr, HOAc, Ac,0; b) Fmoc-Hyl(Boc)-OBzl or Fmoc-Hyl(Cbz)-OAll,
silver silicate, 3 A MS, CH,Cl,; ¢) H,, Pd/C, EtOAc; d) (PPhs),Pd(0), N-methylaniline,
THF; e) HCl(g), toluene.

glycosylated building block 4 (88 % yield), which is ready for use
in solid-phase glycopeptide synthesis.

Although the yield and stereoselectivity of the glycosylation
leading to 3 is adequate, the formation of a number of minor
side-products was observed. Recent experience with acetobro-
mogalactose donors in silver silicate promoted glycosylations of
Fmoc-Hyl(Boc)-OBzl and Fmoc-Hyl(Cbz)-OAll (Cbz = carbobenz-
yloxy) led us to conclude that the latter acceptor is more
suitable.®? This conclusion was based on the increased stability
of the Cbz group relative to the Boc group under acidic
conditions such as those encountered during glycosylation. In
spite of its higher stability towards acids, the Cbz group can still
be removed by trifluoroacetic acid (TFA) under conditions
commonly used for the cleavage of peptides and glycopeptides
from the solid phase.?* 33 The O-acetylated 4- and 3-deoxy-xylo-
hexopyranosyl bromides (6) and (10) were therefore used in
silver silicate promoted glycosylations of Fmoc-Hyl(Cbz)-OAll in
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dichloromethane, which gave 7 and 11 in 86 and 82% yields,
respectively (Scheme 1). Use of the less reactive acetobromo-
glucose (13) under identical conditions gave the expected f-
glycoside 14; however, the corresponding othoester was formed
as a side-product and proved difficult to remove. After repeated
purification by chromatography, 14 was obtained in approx-
imately 41% yield, although a small amount of the orthoester
still remained (3% relative to 14). Deallylation of 7, 11, and 14
was achieved by using (PPh;),Pd(0) and N-methylaniline in
tetrahydrofuran (THF) and gave glycosylated building blocks 8,
12, and 15 (in 82, 84, and 84 % yields, respectively). At this stage
the last remnants of orthoester could be removed from 15.

Activation of glycosyl halides by insoluble silver salts is an
established method for creating 3-glycosides in the absence of a
participating group at C-2 of the glycosyl donor.B% 3435 The
2-deoxyglycosyl chloride 17 was therefore generated from 3,4,6-
tri-O-benzoyl-p-galactal (16) by treatment with gaseous HCl in
toluene. Use of chloride donor 17 for silver silicate promoted
glycosylation of Fmoc-Hyl(Cbz)-OAll in dichloromethane at 0°C
yielded glycoside 18 as an anomeric mixture (8/a=2:1). Low-
ering the temperature (—30°C—0°C over 36 h) and also the
polarity of the solvent (dichloromethane/toluene, 1:1) increased
the f/a ratio to 10:1, and the 8 anomer 18 could be isolated in
59% yield. The increase in /o ratio on lowering the polarity of
the solvent may be explained by a preference for the direct
substitution mechanismB% of silver silicate over other pathways
involving ionic intermediates. Deallylation of 18 (as described for
8, 12, and 15) then gave the 2-deoxygalactosyl hydroxylysine
building block 19 in 90 % yield.

The five hydroxylysine building blocks with modified galacto-
syl residues were employed in the solid-phase synthesis of
glycopeptides 20-24 (Scheme 2). Synthesis was performed
under standard conditions according to the Fmoc protocol on
a polystyrene resin grafted with poly(ethylene glycol) spacers

HIII RIV

I 0
HR&O NH,

X-Gly259-lIe-AIa—Gly-Phe—N Gly-Glu-GIn-Gly-Pro-Lys?7°-Y

R R R' BR" RV x Y
19 — 20(2-deoxy) H OH OH OH H Gly-Glu-Thr
12 — 21(3-deoxy) OH H OH OH H Gly-Glu-Thr
8 — 22(4-deoxy) OH OH H H OH H Gly-Glu-Thr
4 — 23(6-deoxy) OH OH OH H  Gly-Glu-Hyp OH
15 — 24(Glc) OH OH OH H OH Gly-Glu-Hyp OH
25(Gal) OH OH H OH OH Gly-Glu-Hyp OH
26 (Gal) OH OH H OH OH H Gly-Glu-Thr

(Hyp = trans-4-hydroxy-L-proline)

Scheme 2. Glycopeptides 20— 26, which correspond to residues 259-273 or
256 -270 of type Il collagen, were used to reveal the specificity of T-cell
hybridomas obtained in mouse models for rheumatoid arthritis.
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(Tentagel) that were functionalized with a 4-alkoxybenzyl alcohol
linker.'> 24321 Acid-catalyzed cleavage from the solid phase,
followed by deacylation of the carbohydrate moieties with
methanolic sodium methoxide and purification by reversed-
phase HPLC gave the target glycopeptides 20-24 in 13-43%
yields based on the resin capacity. The glycopeptides were
homogeneous according to analytical reversed-phase HPLC and
their structures were confirmed by mass spectrometry, amino
acid analysis, and 'H NMR spectroscopy. These analyses also
revealed that the glycosidic bonds of the acid-labile, deoxy-
genated carbohydrate moieties had remained intact during
purification with reversed-phase HPLC performed at low pH
values (pH 1-2). Glycopeptides 23 and 24, which carry a
6-deoxygalactose moiety and a glucose residue, respectively,
were prepared first. The structures of these compounds were
based on the peptide sequence of residues 256270 in type Il
collagen from rat (Scheme 2), which is known to bind well to the
murine H-2A9 class I MHC molecule." 3¢ The two glycopeptides
can therefore be used in studies of the specificity of H-2Ad-
restricted T-cell hybridomas, that is, hybridomas obtained in
collagen-induced arthritis. During the course of the synthetic
work, T-cell hybridomas that recognize antigens bound by the
human HLA-DR4 (DRB*0401) class Il MHC molecule were pro-
duced (as discussed below). The DR4 class Il MHC molecule binds
a peptide epitope that is shifted four residues towards the
C terminus of type Il collagen as compared to peptides bound by
the H-2A9 molecule.l'® 3" To allow studies of both H-2A%- and
HLA-DR4-restricted hybridomas, the peptide sequence was
altered to that of ClI259-273 for glycopeptides 20-22, which
have galactose moieties that are deoxygenated at C-2, C-3, and
C-4, respectively. Glycopeptides 25 and 26, which have a
galactosylated hydroxylysine residue at position 264 of either of
the two peptide sequences were prepared to evaluate the
influence of peptide structure on the hybridoma response and
for use as controls.8

Specificity of T-cell hybridomas obtained in collagen-induced
arthritis

Recent investigations into the response of a panel of helper-T-
cell hybridomas obtained in collagen-induced arthritis revealed
that the majority of the hybridomas (20 out of 29) responded to
glycopeptide 25, but not to the corresponding nonglycosylated
ClI256 - 270 peptide.'"” To unravel the fine specificity of these
H-2Ad-restricted T-cell hybridomas, increasing concentrations of
the modified glycopeptides 20 -24 and the unmodified control
25 were incubated together with each of the hybridomas and
antigen-presenting spleen cells that express H-2Ad%. The response
of the hybridomas, that is, the secretion of interleukin-2 (IL-2)
into the medium on recognition of glycopeptide - H-2A9 com-
plexes on the surface of the spleen cells, was determined in a
secondary assay based on proliferation of the IL-2-dependent
CTLL T-cell clone.?% 39 These studies revealed that the 20 hybrid-
omas can be divided into four groups with different patterns of
fine specificity for the galactosyl moiety of glycopeptide 25
(Table 1). The eleven hybridomas belonging to group 1 have a
strong dependency on the hydroxy group at C-4 of the
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Table 1. Response of H-2A%-restricted T-cell hybridomas when incubated with
antigen-presenting spleen cells and increasing concentrations of glycopeptides
20-25.1

25 20 21 22 23 24

(Gal) (2-deoxy) (3-deoxy) (4-deoxy) (6-deoxy) (Glc)
Group 1
HD13.1  ++++ ++++ ++++ - +++++ -
HD13.2 444+ ++++ +++++ - +++++ -
HD13.3  +++++ +++++ A+ () +++++ (++)
HD134 ++++ ++++ ++++ - +++++ -
HD13.5 ++4++ +++ +++ - ++++
HD13.6  +++++ +++++ A+t - ++++++ —
HD13.7 ++++ ++++ ++++ - ++++ -
HD13.9 ++++ +H++ ) - ++++ -
HD13.10 +++++  +++++ +++++ — +4+++++
HM2.1 ++++ +++ ++++ - +++++ -
HNC1  ++++++ ++++ ++++ = +H+++ )
Group 2
HCQ.10  +++4++++ +++++ - +++ +++++ +++
HCQ1  +++++  +++++ — +++ +H++++ )
HCQ9  +++++  +++++ - +++ +H+++
Group 3
HCQ3  ++++++ - ++++ - +++ -
HCQ2  +++++ - +++ - +4++ -
HCQ6  +++++ - +++ - +++ -
Group 4
HM1R1  ++4+++ - - - ++++++ —
HM1R.2  +++4+++ — - - +++++ -
HDC.1 +++ — - - +++ -

[a] The magnitude of the response was determined from the concentration of
antigen required to induce a proliferation of the IL-2-dependent T-cell clone CTLL
that was 10 times greater than the background (that is, than without antigen):
— =no response or [Ag]>50 ugmL~"; + =50 pgmL~"; ++=10pgmL~"; +++ =
2pugmL;  4++4++ =04pgmL"; +++++ =008ugmL"; 44+ =
0.016 pgmL~'; absence of a symbol=not tested; (+)=just below the threshold.

galactosyl moiety (compare data for hybridoma HD13.10 in
Figure 1) as revealed by the loss of response towards glycopep-
tides 22 (4-deoxy) and 24 (Glc). Removal of any of the hydroxy
groups at C-2, C-3, or C-6 (glycopeptides 20, 21, and 23,
respectively) had no effect on the response of the hybridomas in
group 1. The three hybridomas of group 2 depended strongly on
HO-3 and weakly on HO-4, whereas HO-2 and HO-6 lacked
importance in eliciting a response from these hybridomas (see
hybridoma HCQ.10 in Figure 1). Finally, the three hybridomas in
group 3 depend strongly on both HO-2 and HO-4 and also
weakly on HO-3 and HO-6 (see hybridoma HCQ.3 in Figure 1),
whereas the three group 4 hybridomas have a strong depend-
ency on HO-2, HO-3, and HO-4, but not on HO-6 (see hybridoma
HM1R.2 in Figure 1). In addition, the hybridomas in groups 1-3,
but not those in group 4, have previously been shown to require
the e-amino group in the side chain of the glycosylated
hydroxylysine.l'”!

X-ray crystallography reveals that T-cell receptors bury a
surface area of approximately 900-1000 A2 when binding to
complexes between peptides and class | or Il MHC molecules.>
Although not determined experimentally, it can be assumed that
a similar surface area is involved in binding to complexes
between glycopeptides and MHC molecules, such as the
complex between glycopeptide 25 and H-2A% In view of the
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Figure 1. Response of H-2A%restricted T-cell hybridomas on incubation with antigen-presenting spleen cells and increasing concentrations of glycopeptides 20 - 25. The
hybridomas were selected from each of the four groups that displayed different patterns of fine specificity for the galactosyl moiety in the glycopeptides. Recognition of
complexes between glycopeptides and H-2A9 class Il molecules on the surface of antigen-presenting cells by a T-cell hybridoma results in secretion of IL-2 in a dose-

dependent manner. This T-cell response is subsequently determined in a radioassay based on proliferation of the IL-2-sensitive T-cell clone CTLL.P?

large size of the surface area buried, it is interesting to find that
individual hydroxy groups of the galactose moiety in 25 are
always critical for eliciting a proper response from each of the
T-cell hybridomas. Similar observations have been made in
model studies dealing with how T-cell hybridomas recognize
neoglycopeptides.**-*? However, in contrast to the present
investigation, these studies employed less comprehensive sets
of modified glycopeptides. Somewhat surprisingly, only three of
the 20 hybridomas investigated here had a (weak) dependence
on the less sterically hindered, primary hydroxy group at C-6 of
the galactosyl residue. In contrast, all hybridomas require HO-4
of galactose to generate a full response. In a previous study, a
similar importance of HO-4 of N-acetyl-p-galactosamine was
found for class-Il-MHC-restricted recognition of hemoglobin-
derived neoglycopeptides by T-cell hybridomas.

The complementarity-determining region-3 (CDR3) loops of
T-cell receptors are of the utmost importance for specific
recognition of peptide antigens.>® %! For helper Tcells this is
demonstrated in the crystal structure of a ternary complex
between a T-cell receptor, a peptide, and a class Il MHC molecule,
in which the CDR3 loops contact the central parts of the bound
peptide as well as the surrounding parts of the MHC molecule.”)
The high specificity with which the galactosylated hydroxylysine
residue at position 264 of the type Il collagen-derived glycopep-
tide 25 is recognized by all of the T-cell hybridomas reveals that
this residue forms key contacts with the T-cell receptor, but it
remains to be determined if it contacts the CDR3 loops.
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However, the CDR3 loops do appear to be involved in
recognition of the galactosylated hydroxylysine, since the
division of the hybridomas into groups based on carbohydrate
fine specificity matches groups reported previously based on the
nucleotide sequences of the T-cell receptor CDR3 loops.?? In this
context, it should be pointed out that CDR3-mediated recog-
nition of centrally located carbohydrate moieties in glycopep-
tides was proposed in an early review and experimentally
supported in a study of a mouse hemoglobin-derived neo-
glycopeptide. > 4!

Recent studies of how peptides are bound by H-2A93 in
combination with the present observations on the specific
recognition of the galactose moiety of 25, provide experimental
support for a model of how the T-cell receptor recognizes the
complex between H-2A% and 25 (Figure 2). Single alanine
substitutions revealed that 11e260 and Phe263 are required for
binding of 25 into the groove of H-2A9% and modeling placed
these residues in the P1 and P4 binding pockets of H-2A%.5¢ As a
consequence, the galactosylated Hyl264 is found in the P5
position, that is, facing up towards the T-cell receptor from the
center of the glycopeptide —H-2A% complex. Interestingly, the
two reported structures of complexes between a T-cell receptor,
a peptide, and a class Il MHC molecule both reveal that the P5
peptide residue makes contacts with the variable CDR3 loops in
the center of the T-cell receptor.” ! In these complexes, the P5
residues are also known to be critical for recognition and T-cell
signaling in the same way as the galactosylated Hyl264 in 25.
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Figure 2. Model of the complex between the class Il MHC molecule H-2A% and the immunodominant

glycopeptide 25 from type Il collagen, in which hydroxylysine 264 carries a 3-b-galactopyranosyl moiety.
The B-o-galactopyranosyl hydroxylysine residue is seen extending out of the peptide binding groove of

H-2A% in a way which allows specific interactions with the T-cell receptor. The side chains of isoleucine 260
and phenylalanine 263 anchor the glycopeptide in the P1 and P4 pockets of H-2A%. Polar parts of the
surface of H-2A9 are in blue, nonpolar parts are brown, while green represents intermediate polarity. The
figure was generated with the program Sybyl.

Specificity of T-cell hybridomas obtained in transgenic mice

The immune response towards type Il collagen was recently
investigated in a “humanized” mouse model, that is, in mice
which are transgenic for the human DR4 class Il MHC molecule
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and the human CD4 co-receptor.®” It was
found that the response of the polyclonal
helper Tcell population in these mice was
dominated by reactivities towards the pep-
tide ClI259-273 with lysine residues at
positions 264 and 270, and the correspond-
ing monoglycosylated peptides with [-o-
galactopyranosyl hydroxylysine residues at
either position 264 or 270. To further inves-
tigate the glycopeptide-specific part of the
T-cell response, the transgenic mice were
immunized with bisgalactosylated peptide
27 (Figure 3),"" which has a well-defined
glycosylation pattern in contrast to typell
collagen. Ten days later the mice were
sacrificed, the lymph nodes were taken out,
and helper-T-cell hybridomas were prepared
by fusion with a T-cell-receptor-negative cell
line. Altogether, this strategy gave ten help-
er-T-cell hybridomas that responded to gly-
copeptide 27 when used as immunogen
without showing cross-reactivity to the non-
glycosylated peptide, thereby confirming
that glycosylation was required for the
recognition. Eight out of the ten hybridomas
also responded well to glycopeptide 26,
which has the galactosyl residue at Hyl264.
The specificity of these hybridomas for the

galactosyl residue was investigated in greater detail by incuba-
tion with monodeoxygenated glycopeptides 20-22 and anti-
gen-presenting spleen cells, as described above for the H-2A%-
restricted hybridomas. This process allowed division of the eight
hybridomas into two groups based on their fine specificity for
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Figure 3. Glycopeptide 27, which corresponds to residues 259 - 278 from type Il collagen, was used for the immunization of mice that were transgenic for the human
DR4 class Il MHC molecule. The graphs show the response of two T-cell hybridomas selected from each of the two groups obtained in the immunization with 27. The
hybridomas were incubated with antigen-presenting spleen cells and increasing concentrations of glycopeptides 20 - 22 and 26. The assay is described in the legend of

Figure 1.
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the galactosyl moiety (Table 2). The five hybridomas belonging
to the first group did not respond to glycopeptides 20 (2-deoxy)
and 22 (4-deoxy), thus revealing a strong dependence on the
hydroxy groups at C-2 and C-4 (see hybridoma mDR16.2 in
Figure 3). Removal of the hydroxy group at C-3 (glycopeptide 21)
led to a slight reduction of the response of these hybridomas.
The three hybridomas in the second group were found to
depend strongly on all three hydroxy groups, that is, HO-2, HO-3,
and HO-4 (see hybridoma mDR17.1 in Figure 3).

Table 2. Response of DR4-restricted T-cell hybridomas when incubated with
antigen-presenting spleen cells and increasing concentrations of glycopeptides
20-22 and 26.”

26 20 21 22
(Gal) (2-deoxy) (3-deoxy) (4-deoxy)
Group 1
mDR-1.1 +++++ - ++++ -
mDR-2.2 ++++ - +++ -
mDR-8.4 ++++ - ++++ -
mDR-14.1 +++++ - ++++ -
mDR-16.2 ++++ - +++ -
Group 2
mDR-6.3 +++ - - -
mDR-15.2 ++ - - -
mDR-17.1 +++++ - - -

[a] The magnitude of the response was determined from the concentration
of antigen required to induce a proliferation of the IL-2-dependent T-cell
clone CTLL that was 10 times greater than the background that is, than
without antigen): — =no response or [Ag] >50 ugmL~"; + =50 pgmL~";
++=10pgmL 4+ ++=2pgmL " ++++=04pgmL "+ ++++ =
0.08 ugmL™"; ++4++4++=0.016 ugmL~".

Single alanine substitutions revealed that Phe263 serves as the
only crucial anchor residue when the Cl1259 - 273 peptide binds
into the groove of DR4 class Il MHC molecules.'s 8 |n addition,
Lys264 and Glu266 were found to make less important
contributions in binding to DR4. Our findings with deoxygen-
ated glycopeptides 20-22 reveal that the T-cell receptor
recognizes the galactosyl moiety attached to Hyl264 in glyco-
peptide 26 in a highly specific manner. Altogether, these
observations support a model in which Phe263 is located in
the P1 pocket of DR4, whereas Hyl264 extends towards the T-cell
receptor and allows specific recognition of the galactosyl moiety
(Figure 4). This model is closely related to one of the crystal
structures of a complex between a T-cell receptor, a peptide, and
a classll MHC molecule,”? in which the P2 residue of the
complexed peptide is specifically recognized by the CDR1 and
CDR3 loops of the T-cell receptor.

The finding that glycopeptides from typell collagen are
recognized in a highly specific manner by T-cell hybridomas
obtained in DR4 transgenic mice has implications for our
understanding of how rheumatoid arthritis may develop in
humans. Studies in rheumatoid arthritis patients have in general
failed to identify DR4-restricted helper Tcells specific for the
peptide epitope ClI259-273.1'6 17371 One potential explanation
for this problem is that these studies did not address the
possibility of post-translational hydroxylation and glycosylation
of the two lysine residues found at positions 264 and 270 in
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T cell receptor

H O
Gly259-lle-Ala-Gly’N;J2i;N 2 Gly-Glu-GIn-Gly-Pro-Lys-Gly-Glu-Thr?"®

P1 pocket

DR4 molecule

Figure 4. A schematic model of the ternary complex of glycopeptide 26, the DR4
class Il MHC molecule, and a T-cell receptor. The side chain of phenylalanine 263
anchors 26 in the P1 pocket of DR4. Galactosylated hydroxylysine 264 is bound by
the T-cell receptor in agreement with the finding that the hydroxy groups at C-2,
C-3, and C-4 are required for proper stimulation of the T-cell hybridomas obtained
in DR4 transgenic mice.

ClI259-273. The results presented in this work suggest the
possibility that a T-cell-mediated autoimmune response towards
glycopeptide fragments from type Il collagen from joints could
play an important role in disease development in humans. If
correct, this could open possibilities for the development of
treatments for rheumatoid arthritis patients based on glycopep-
tides or their analogues. It is known that structural modifications
of amino acid side chains that contact the T-cell receptor can
have a dramatic influence on the response of the Tcell, which
ranges from induction of selective stimulatory functions to
completely turning off the functional capacity of the cell.#>->1
Peptides in which T-cell receptor contact sites have been
manipulated, but which retain the capacity to activate some
functions of the Tcell have been termed altered peptide ligands
(APLs)."* Promising results in using APLs for immunotherapy in
autoimmune disease have already been obtained in animal
models of experimental autoimmune encephalomyelitis.>? 531
Since all glycopeptide-specific T-cell hybridomas investigated
in this study show recognition of HO-4 of the galactose moiety,
modification of this position, for instance by replacement of the
hydroxy group by fluorine, appears interesting for attempts to
generate APLs.

Conclusions

Five protected analogues of S-p-galactosyl-(5R)-5-hydroxy-L-
lysine were prepared in which the galactosyl moiety has been
modified by sequential monodeoxygenation or inversion of the
stereochemistry at C-4. The five glycosylated building blocks
were then employed in solid-phase synthesis of derivatives of
the peptide fragments ClI256 - 270 and Cl1259 - 273 from type Il
collagen (ClI). The resulting glycopeptides were used to evaluate
the specificity of panels of T-cell hybridomas that occur in two
variants of collagen-induced arthritis, that is, in mouse models
for rheumatoid arthritis in which disease is induced by
immunization with the glycoprotein type Il collagen. The first
panel of hybridomas were obtained in mice in which peptide
epitopes were presented to Tcells by H-2A9 classIl MHC
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molecules on the surface of antigen-presenting immune cells.
These hybridomas, which have previously been shown to
recognize the glycopeptide ClI256 - 270 in which Hyl264 carries
a f-o-galactosyl residue, were now found to recognize the
galactosyl moiety with high specificity for the individual hydroxy
groups. The second group of hybridomas was obtained in a
“humanized” mouse model, in which the mice were transgenic
for the human, arthritis-associated DR4 class I MHC molecule
and the human CD4 T-cell co-receptor. Tcells from this trans-
genic mouse recognized the glycopeptide ClI259 -273 with a -
p-galactosyl moiety attached to Hyl264, but not the correspond-
ing nonglycosylated peptide; this again reveals the importance
of post-translational glycosylation for the cellular immune
response. Moreover, the DR4-restricted T-cell hybridomas were
also found to recognize the galactosyl moiety with high fine
specificity. The results presented in this work allowed construc-
tion of models of how the T-cell receptor interacts with
complexes between glycopeptides and class!l MHC mole-
cules—a key interaction in the pathway to rheumatoid arthritis.
In addition, the results suggest the possibility that a T-cell-
mediated autoimmune response towards glycopeptide frag-
ments from type Il collagen found in joints could also play an
important role in disease development in humans.

Experimental Section

General: TLC was performed on silica gel 60F,s, (Merck) with
detection by UV light, charring with 10% aqueous sulfuric acid, or by
treatment with phosphomolybdic acid and ceric sulfate in 6%
aqueous sulfuric acid followed by heating. Flash column chroma-
tography was performed on silica gel (Matrex, 60 A, 35-70 um,
Grace Amicon) with solvents of HPLC grade, analytical grade, or
distilled technical grade. Dimethyl formamide (DMF) was distilled
and then dried over 3-A molecular sieves. Dry THF and CH,Cl, were
obtained by distilling from potassium and CaH,, respectively.

The 'H and 3 C NMR spectra of compounds 3, 4, 7, 8, 11, 12, 14, 15,
18, and 19 were recorded on a Bruker DRX-400 spectrometer at
400 MHz and 100 MHz, respectively. Chemical shifts are referenced to
residual CHCl; (6,=7.27 ppm) and CDCl; (6.=77.0 ppm) for solu-
tions in CDCl; or to CD,HOD (d,,=3.31 ppm) and CD;OD (6.=
49.0 ppm) for solutions in a 1:1 mixture of CDCl; and CD,0D. For
these compounds, resonances for aromatic protons and protons that
could not be assigned are omitted. The 'HNMR spectra of
compounds 3, 4,7, 8, 11, 12, 14, 15, 18, and 19 all contained broad,
minor peaks. These have previously been shown to be caused by the
existence of rotamers about the amide bond in the Fmoc
urethane.’* > Spectra for glycopeptides 20-22 and 24 were
recorded on a Bruker AMX-500 spectrometer in H,0/D,0 (9:1) at
278 K and pH 5.4. Spectra for glycopeptide 23 were recorded on a
Bruker DRX-600 spectrometer at 600 MHz in phosphate buffer
(40 mm) containing NaN; (1.5 mm) and D,O (10%) at 278 K at pH 6.2.
H,O (6, =4.98 ppm) was used as internal standard for 20 - 24. First-
order chemical shifts and coupling constants were determined from
one-dimensional spectra and resonances were assigned from
appropriate combinations of COSY, TOCSY, 'H-"3C-HSQC, "H-"°N-
HSQC, 'H-"3C-HSQC-TOCSY, DEPT, and NOESY experiments. Optical
rotations were recorded on a Perkin - Elmer 343 polarimeter.

Analytical reversed-phase HPLC was performed on a Kromasil C-8
column (25 x 4.6 mm, 5 um, 100 A), eluted with a linear gradient of
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MeCN (0 —100% over 60 min) in H,O, both of which contained TFA
(0.1%). A flow rate of 1.5 mLmin~" was used and detection was at
214 nm. Preparative reversed-phase HPLC was performed on a
Kromasil C-8 column (250 x 20 mm, 5um, 100 A), with the same
eluent, a flow rate of 11 mLmin~', and detection at 214 nm.
Analytical normal-phase HPLC was performed on a Kromasil silica
column (25 x 4.6 mm, 5um, 100 A), eluted with a linear gradient of
MeCN (0 —30% over 60 min) in CH,Cl,, a flow rate of 2 mLmin~', and
detection at 254 nm.

Silver silicate was prepared as previously reported.?? Fmoc-Hyl(Boc)-
OBzl and Fmoc-Hyl(Cbz)-OAll were prepared as described else-
where.l" 24 1,2 3 4-Tetra-O-acetyl-p-fucopyranose (1), 1,2,3,6-tetra-
O-acetyl-4-deoxy-p-xylo-hexopyranose (5),57! 1,2,4,6-tetra-O-acetyl-3-
deoxy-p-xylo-hexopyranose (9),%® and 2,3,4,6-tetra-O-acetyl-a-o-glu-
copyranosyl bromide (13)% were prepared essentially as described
in the cited references. 3,4,6-Tri-O-benzoyl-p-galactal (16) is com-
mercially available.

Bromosugars 2, 6, and 10 were prepared by treatment of the
corresponding 1-O-acyl sugars with HBr (15 %) in HOAc/Ac,0 (6:1) for
2 -3 h. The solutions were diluted with CH,Cl,, washed with water,
saturated aqueous NaHCO;, and water, dried (Na,SO,), filtered, and
concentrated. The crude products were analyzed with ™H NMR
spectroscopy and were then used without further purification.

The yields for glycopeptides 20 — 24 have been corrected with regard
to the peptide content as determined by quantitative amino acid
analysis. Glycopeptides 25-27 were prepared as described previ-
ously."

(5R)-N“~(Fluoren-9-ylmethoxycarbonyl)-N¢-(tert-butoxycarbonyl)-
5-0-(2,3,4-tri-O-acetyl--p-fucopyranosyl)-5-hydroxy-1-lysine benz-
yl ester (3): A solution of 2 (228 mg, 0.6 mmol) in CH,Cl, (4 mL) was
added dropwise to a stirred mixture of silver silicate (600 mg),
crushed 3-A molecular sieves (600 mg), and Fmoc-Hyl(Boc)-OBz
(230 mg, 0.40 mmol) in dry CH,Cl, (7 mL) at —10°C under N, in the
absence of light. After stirring for 50 min, the temperature was raised
to 0°C. After stirring for an additional 5 h, Et;N (150 uL, 1.1 mmol) was
added, and the mixture was allowed to warm to room temperature.
The solid material was filtered off, washed with CH,Cl, (50 mL), and
the combined filtrates were concentrated. Flash column chromatog-
raphy of the residue (toluene/MeCN 5:1) gave 3 (199 mg, 60%).
[a]® =—10 (c= 1.0, CHCL); '"H NMR (CDCl5): 6 =5.55 (m, 1H; NH-¢),
5.42 (d, 1H, J=8.0 Hz; NH-a), 5.24 (d, 1H, J=3.1 Hz; H-4),5.19 (s, 2H;
PhCH,0), 5.15 (dd, 1H, J=10.5, 8.0 Hz; H-2), 5.00 (dd, 1H, J/=10.5,
3.5 Hz; H-3), 448-4.30 (m, 4H; H-1, H-a, OCOCH,CH), 4.21 (t, TH, J=
6.8 Hz; OCOCH,CH), 3.81 (g, TH, J=6.4 Hz; H-5), 3.59-3.50 (m, TH;
H-0), 3.39-3.27 (m, 1H; H-¢), 3.07 -2.97 (m, 1H; H-¢), 2.19, 1.99, 1.96
(3s, 3 x3H; 3CH,CO), 2.01-1.90 (m, 1H; H-p), 1.76-1.38 (m, 3H;
H-B, H-y,y), 1.44 (s, 9H; C(CH,),), 1.25 (d, 3H, J=6.4 Hz; H-6) ppm;
3CNMR (CDCly): 6=171.9, 170.7, 170.6, 169.5, 156.1, 155.9, 143.8,
143.7,141.3, 135.0, 128.7, 128.6, 128.4, 127.7,127.1, 127.1, 125.0, 120.0,
101.3, 81.4, 79.1, 71.2, 70.1, 69.3, 69.0, 67.4, 67.1, 53.7, 47.1, 44.2, 28.7,
284, 20.6, 20.6, 20.6, 159 ppm; HRMS (FAB): m/z calcd for
C.sHs,N,NaO,,: 869.3473 [M+Na]*; found: 869.3465.

(5R)-N“~(Fluoren-9-ylmethoxycarbonyl)-N:-(tert-butoxycarbonyl)-
5-0-(2,3,4-tri-O-acetyl-f-p-fucopyranosyl)-5-hydroxy-L-lysine  (4):
A solution of 3 (115mg, 0.14 mmol) in EtOAc (10 mL) was hydro-
genated at atmospheric pressure over 10% Pd/C (115 mg) for 8.5 h.
The mixture was filtered (Hyflo-Supercel), the solid material was
washed with EtOAc, and the combined filtrates were concentrated.
Flash column chromatography of the residue (toluene/EtOH
10:1—3:1) gave 4 (91 mg, 88%) as a white amorphous solid.
[a]® =—2.2 (c=0.6, CHCl;); '"H NMR (CDCl5): 6 =5.80-5.70 (m, 2H;
NH-a, NH-¢), 5.22 (d, 1H, J=3.1 Hz; H-4), 5.15 (dd, 1H, J=10.5,
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79 Hz; H-2), 4.99 (dd, 1H, J=10.5, 3.4 Hz; H-3), 4.45-4.30 (m, 4H;
H-1, H-c,, OCOCH,CH), 4.18 (t, 1H, J= 7.1 Hz; OCOCH,CH), 3.83-3.75
(m, 1H; H-5), 3.62-3.54 (m, 1H; H-0), 3.47-3.35 (m, 1H; H-¢), 3.15-
2.96 (m, 1H; H-¢), 2.17, 2.01, 1.97 (35, 3 x 3H; CH;CO), 2.01-1.95 (m,
1H; H-B), 1.78 - 1.40 (m, 3H; H-B, H-p,), 1.43 (s, 9H, C(CH,)), 1.22 (d,
3H, J=6.3 Hz, H-6) ppm; CNMR (CDCly): 0 =174.5, 170.6, 170.2,
169.8, 156.6, 156.3, 143.8, 143.6, 141.2, 127.7,127.1, 127.1, 125.1, 119.9,
101.4, 81.6, 79.8, 71.2, 70.1, 69.2, 69.1, 67.1, 53.4, 47.0, 44.3, 28.7, 28.4,
28.1, 207, 20.6, 20.6, 15.9ppm; HRMS (FAB): m/z calcd for
CasHa/N,Na,0,,: 801.2816 [M — H+2Na]*; found: 801.2816.

(5R)-N*-(Fluoren-9-ylmethoxycarbonyl)-N*-benzyloxycarbonyl-5-
0-(2,3,6-tri-O-acetyl-4-deoxy-f-b-xylo-hexopyranosyl)-5-hydroxy-
L-lysine allyl ester (7): Bromosugar 6 (211 mg, 0.6 mmol) was reacted
with Fmoc-Hyl(Cbz)-OAll (223 mg, 0.4 mmol) as described for 3 at
0°C for 2 h to give 7 (285 mg, 86 %) as a white amorphous solid, after
purification by flash column chromatography (toluene/MeCN 5:1).
[a]® =—2.9 (c=1.0, CHCl,); '"H NMR (CDCL;): 6 =5.98-5.84 (m, 1H;
CH=CH,), 5.71 (brt, TH, J=5.4 Hz; NH-¢), 5.44 (d, 1H, J=8.5 Hz; NH-
@), 534 (d, 1H, J=17.2 Hz; OCH,CH=CHy,s), 5.27 (d, TH, J=10.4 Hz;
OCH,CH=CH,), 5.10 (s, 2H; PhCH,0), 4.96 (dt, 1H, J=10.5, 5.3 Hz;
H-3), 486 (dd, 1H, J=9.6, 78Hz; H-2), 470-4.60 (m, 2H;
OCH,CH=CH,), 4.49-4.29 (m, 4H; OCOCH,CH, H-1, H-a), 4.23 (t,
1H, J=6.9 Hz; OCOCH,CH), 4.04 (dd, 1H, J=11.7, 3.7 Hz; H-6), 4.04
(dd, TH, J=11.0, 6.4 Hz; H-6), 3.86-3.78 (m, 1H; H-5), 3.72-3.62 (m,
1H; H-0), 3.48-3.37 (m, 1H; H-¢), 3.25-3.13 (m, 1H; H-¢), 2.14-2.06
(m, TH; H-4,,), 2.04-1.94 (m, 1H; H-f), 2.03, 2.01, 1.97 (35, 3 x 3H;
CH,CO), 1.72-1.52 (m, 4H; H-B, H-y,y, H-4,) ppm; 3C NMR (CDCl,):
0=171.8, 170.5, 170.2, 169.6, 156.7, 155.9, 143.8, 143.7, 141.2, 136.5,
131.3, 128.5, 128.1, 128.1, 127.7, 127.1, 127.0, 125.0, 101.1, 80.7, 72.2,
70.4, 69.5, 67.0, 66.6, 66.1, 65.1, 53.7, 47.0, 44.9, 32.3, 28.8, 28.3, 20.9,
20.7, 20.5 ppm; HRMS (FAB): m/z calcd for C,,Hso,N,NaO,,: 853.3160
[M+Na]*; found: 853.3177.

(5R)-N“~(Fluoren-9-ylmethoxycarbonyl)-N:-benzyloxycarbonyl-5-
0-(2,3,6-tri-O-acetyl-4-deoxy-f-b-xylo-hexopyranosyl)-5-hydroxy-
L-lysine (8): (PhsP),Pd (33 mg, 30 umol) was added to a stirred
solution of 7 (236 mg, 0.28 mmol) and N-methyl aniline (93 pL,
0.88 mmol) in dry THF (6 mL) under N, in the absence of light. After
stirring for 1.5 h at room temperature, the solution was diluted with
EtOAc and washed with saturated aqueous NH,CI, dried (Na,SO,),
filtered, and concentrated. Flash column chromatography of the
residue (toluene/EtOH 50:1 —5:1) gave 8 (183 mg, 82%) as a white
amorphous solid. [¢]% = — 4.3 (c= 1.0, CHCL;); "H NMR (CDCl,/CD,0D
1:1): 6 =5.04 (s, 2H; PhCH,0), 4.99-4.91 (m, 1H; H-3), 4.78 (dd, 1H,
J=9.4, 80Hz; H-2), 448 (d, TH, J=79Hz; H-1), 433 (d, 2H, J=
7.1 Hz; OCOCH,CH), 4.18 (t, 1H, J=6.9 Hz; OCOCH,CH), 4.15-4.06
(m, 2H; H-6, H-a), 4.02 (dd, 1H, J=11.8, 6.3 Hz; H-6), 3.77-3.67 (m,
1H; H-5), 3.66 -3.56 (m, 1H; H-0), 3.35-3.25 (m, 1H; H-¢), 3.17 -3.06
(m, 1H; H-g), 2.09-1.96 (m, 2H; H-4,,, H-f), 2.00, 1.98, 1.93 (35, 3
3H; 3CH;CO), 1.71-1.46 (m, 4H; H-y,y, H-B, H-4,) ppm; *C NMR
(CDCl;/CD,0D 1:1): 6=175.8, 171.8, 171.3, 171.1, 157.9, 157.7, 144.6,
144.4,141.9,137.2,137.0, 129.4, 129.0, 128.9, 128.7, 128.6, 128.3, 127.7,
1275, 125.7, 125.4, 120.5, 101.8, 81.3, 73.2, 71.3, 70.0, 67.4, 67.2, 65.9,
54.8,45.7,32.8,29.9, 28.6, 21.0, 20.9, 20.7 ppm; HRMS (FAB): m/z calcd
for C,;H,N,NaO, ,: 813.2847 [M+Na]*; found: 813.2827.

(5R)-N“~(Fluoren-9-ylmethoxycarbonyl)-N¢-benzyloxycarbonyl-5-

0-(2,4,6-tri-O-acetyl-3-deoxy-f-b-xylo-hexopyranosyl)-5-hydroxy-
L-lysine allyl ester (11): Bromosugar 10 (136 mg, 0.4 mmol) was
reacted with Fmoc-Hyl(Cbz)-OAll (145 mg, 0.26 mmol) at 0°C for 2 h
as described for 3 to give 11 (176 mg, 82 %) as a white amorphous
solid, after purification by flash column chromatography (toluene/
MeCN 5:1). [a]®=—12 (c=1.0, CHCl;); 'HNMR (CDCl;): 6 =5.99-
5.85 (m, TH; CH=CH,), 5.71-5.61 (m, 1H; NH-¢), 543 (d, 1H, J=
6.7 Hz; NH-), 535 (d, 1H, J=16.9 Hz; OCH,CH=CH,y..)), 5.28 (dd,
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1H, J=10.4, 0.7 Hz; OCH,CH=CH,,), 5.11, 5.10 (ABd, 2 x 1H, J=
13.8 Hz; PhCH,0), 5.05-5.01 (m, 1H; H-4), 4.88 (ddd, 1H, J=11.8,
8.0,5.2 Hz; H-2), 4.69-4.61 (m, 2H; OCH,CH=CH,), 4.51-4.31 (m, 4H;
OCOCH,CH, H-1, H-a), 4.22 (t, TH, J=6.7 Hz; OCOCH,CH), 4.16 (dd,
1H,J=11.5,5.4 Hz; H-6), 4.06 (dd, 1H, J=11.4, 7.5 Hz; H-6), 3.86 - 3.78
(m, 1H; H-5), 3.72-3.62 (m, 1H; H-0), 3.48-3.37 (m, 1H; H-¢), 3.25-
3.13 (m, TH; H-¢), 2.35 (ddd, TH, J=14.2, 5.2, 3.1 Hz; H-3,), 2.11 (s,
3H; CH,CO), 2.05-1.95 (m, 1H; H-B), 1.97 (s, 6H; 2 CH,CO), 1.83 - 1.40
(m, 4H; H-B, H-y,y, H-3,) ppm; *CNMR (CDCl,): 6=171.8, 1704,
170.1, 169.5, 156.7, 155.9, 143.8, 143.7, 141.3, 136.5, 131.3, 128.5,
128.2, 128.1, 127.7, 127.0, 124.9, 120.0, 119.2, 102.6, 80.4, 74.2, 67.6,
66.9, 66.8, 66.7, 66.1, 62.4, 53.8, 47.1, 45.0, 32.8, 28.9, 28.2, 20.9, 20.8,
20.5 ppm; HRMS(FAB): m/z caled for C,HsN,NaO,,: 853.3160
[M+Nal*; found: 853.3171.

(5R)-N“~(Fluoren-9-ylmethoxycarbonyl)-N:-benzyloxycarbonyl-5-
0-(2,4,6-tri-O-acetyl-3-deoxy-f3-b-xylo-hexopyranosyl)-5-hydroxy-
L-lysine (12): Compound 11 (124 mg, 0.15 mmol) was reacted as
described for 8 for 1.25 h. The crude product was purified by flash
column chromatography (toluene/EtOH 50:1 —10:1 —5:1) to give
12 (99 mg, 84 %) as a white amorphous solid. []& =0 (c= 1, CHCl,);
"H NMR (CDCl5/CD;0D 1:1): d =5.05 (s, 2H; PhCH,0), 5.02-4.98 (m,
1H; H-4), 481 (ddd, J=12.0, 8.0, 5.2 Hz, 1H; H-2), 451 (d, 1H, J=
8.0 Hz; H-1),4.35 (d, 2H, J="7.0 Hz; OCOCH,CH), 4.18 (t, 1H, J=7.0 Hz;
OCOCH,CH), 4.15-4.07 (m, 2H; H-6, H-a ), 4.00 (dd, 1H, J=11.3,
70Hz; H-6), 3.89 (t, 1H, J=6.3 Hz; H-5), 3.71-3.61 (m, 1H; H-J),
3.34-3.18 (m, 1H; H-¢), 3.20-3.10 (m, 1H; H-¢), 2.28 (ddd, 1H, J=
14.0, 5.0, 3.1 Hz; H-3.,), 2.06, 1.97, 1.93 (35, 3 x 3H; 3CH;CO), 1.99-
1.92 (m, 1H; H-p), 1.74-1.52 (m, 4H; H-y,y, H-B, H-3,,) ppm; 3C NMR
(CDCl/CD,0D 1:1): 6=176.5, 171.7, 171.3, 171.2, 157.9, 157.6, 129.1,
128.8, 128.7, 128.6, 128.3, 127.7, 125.6, 120.5, 103.3, 81.2, 74.7, 68.4,
68.0, 67.4, 67.3, 63.0, 55.1, 47.8, 45.7, 33.2, 29.9, 28.7, 21.0, 20.7 ppm;
HRMS (FAB): m/z calcd for C,;H,sN,Na,0,,: 835.2666 [M — H-+2Nal™;
found: 835.2667.

(5R)-N*-(Fluoren-9-ylmethoxycarbonyl)-N*-benzyloxycarbonyl-5-
0-(2,3,4,6-tetra-O-acetyl-f-p-glucopyranosyl)-5-hydroxy-L-lysine
allyl ester (14): Acetobromoglucose 13 (141 mg, 0.34 mmol) was
treated with Fmoc-Hyl(Cbz)-OAll (107 mg, 0.19 mmol) at 0°C for 1 h
and then at 10°C for 8 h as described for 3. The crude product was
purified by flash column chromatography (toluene/MeCN 6:1,
toluene/MeCN 8:1, and toluene/EtOH 20:1) to give 14 (70 mg,
41%, >97% pure by 'H NMR spectroscopy) as a white amorphous
solid, which was used in the next step without further purification.
'HNMR (CDCly): 6=5.96-5.84 (m, 1H; CH=CH,), 562 (m, 1H;
NH-¢), 542 (d, 1H, J=79Hz; NH-a), 534 (d, 1H, J=172Hz;
OCH,CH=CH,yrare)s 5.34 (d, 1H, J=10.3 Hz; OCH,CH=CH,,), 5.16 (t,
1H,J=9.5Hz; H-3), 5.08 (s, 2H; PhCH,0), 5.03 (t, 1H, J=9.7 Hz; H-4),
4.95 (dd, TH, J=9.6, 8.2 Hz; H-2), 4.66-4.60 (m, 2H; OCH,CH=CH,),
4.50 (d, 1H, J=79 Hz; H-1), 447 -4.29 (m, 3H; OCOCH,CH, H-a), 4.22
(t, TH, J=6.7 Hz; OCOCH,CH), 4.18 - 4.05 (m, 2 H; H-6), 3.69-3.58 (m,
2H; H-5, H-0), 3.46-3.11 (m, 2H; H-¢,¢), 2.03-1.95 (m, 1H; H-5), 2.02
(s, 3H; CH;CO), 1.99 (s, 6H; 2CH;CO), 1.96 (s, 3H; CH;CO), 1.80-1.76
(m, 3H; H-6, H-»,») ppm; *CNMR (CDCL,): 6=171.7, 170.5, 170.1,
169.3, 169.2, 156.7, 155.9, 143.7, 143.6, 141.3, 136.5, 131.3, 128.5,
128.1,127.7,127.0, 125.0, 120.0, 119.3, 100.8, 81.0, 72.6, 71.7, 71.3, 68.1,
67.0, 66.7, 61.7, 47.1, 44.8, 28.7, 28.4, 20.5 ppm.

(5R)-N“~(Fluoren-9-ylmethoxycarbonyl)-N:-benzyloxycarbonyl-5-

0-(2,3,4,6-tetra-O-acetyl-fi-p-glucopyranosyl)-5-hydroxy-L-lysine

(15): Allyl ester 14 (55 mg, 64 umol) was treated as described for 8.
The crude product was purified twice by flash column chromatog-
raphy (toluene/EtOH 10:1 —4:1) to give 15 (42 mg, 84%) as a white
amorphous solid. [a]® = —11.7 (c=1,CHCl;); '"H NMR (CDCl,/CD,0D
1:1):0=5.12 (t, 1H, J=9.6 Hz; H-3), 5.01 (d, 2H; PhCH,0), 4.96 (t, 1H,
J=9.8Hz; H-4), 486 (t, 1H, J=8.7 Hz; H-2), 4.52 (d, 1H, J=8.0 Hz;
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H-1), 437-4.23 (m, 2H; OCOCH,CH), 4.19-3.97 (m, 4H; H-6,6, H-a,
OCOCH,CH), 3.68-3.56 (m, 2H; H-5, H-0), 3.35-3.24 (m, 1H; H-¢),
3.13-3.01 (m, 1H; H-¢), 2.00-1.85 (m, 1H; H-f), 1.98, 1.95, 1.94, 1.90
(4s, 4 x 3H; 4CH,CO), 1.68-1.45 (m, 3H; H-S, H-y,y) ppm; *C NMR
(CDCly): 6=178.9,171.7,171.0, 170.7, 170.5, 157.8, 157.5, 144.5, 144 .4,
141.8,137.0, 129.0, 128.8, 128.7,128.5, 128.3, 127.6, 125.5, 120.5, 101.3,
81.5, 734, 72.1, 72.0, 67.3, 67.3, 62.3, 55.8, 47.7, 45.4, 29.5, 28.9, 20.8,
28.7 ppm; HRMS(FAB): m/z calcd for C,H,;N,NaO,: 871.2902
[M+Na]*; found: 871.2872.

(5R)-N“~(Fluoren-9-ylmethoxycarbonyl)-N¢-benzyloxycarbonyl-5-
0-(3,4,6-tri-O-benzoyl-2-deoxy-f-b-lyxo-hexopyranosyl)-5-hy-
droxy-L-lysine allyl ester (18): HCI gas was bubbled through an ice-
cold solution of 3,4,6-tri-O-benzoyl-p-galactal (16; 140 mg,
0.30 mmol) in dry toluene for 1 h. The solution was concentrated
and the remaining traces of solvent and HCl were removed under
high vacuum. The resulting crude 17 was dissolved in dry toluene
(3mL) and added dropwise to a stirred mixture of silver silicate
(300 mg), crushed 3-A molecular sieves (100 mg), and Fmoc-
Hyl(Cbz)-OAll (112 mg, 0.20 mmol) in dry CH,Cl, (1 mL) at —30°C
under N, in the absence of light. After stirring overnight, dry CH,Cl,
(3 mL) was added and the temperature was raised slowly to 0°C over
36 h. Et;N (55 pL, 0.4 mmol) was added and the mixture was allowed
to warm to room temperature. The solid material was filtered off,
washed with CH,Cl, (50 mL), and the combined filtrates were
concentrated to give crude 18 (a/f ratio 1:10 as judged by
normal-phase HPLC). Repeated flash chromatography of the residue
(toluene/MeCN 6:1) gave 18 (120 mg, 59%) as a white amorphous
solid. []®=—7 (c=1, CHCly); '"HNMR (CDCl,): 6=5.97-5.86 (m,
1H; CH=CH,), 5.85-5.79 (m, 1H; NH-¢), 576 (d, 1H, J=2.8Hz;
H-4), 556 (d, 1H, J=79Hz; NH-a), 539-5.31 (m, 2H; H-3,
OCH,CH=CHaans), 527 (d, 1H, J=10.4 Hz; OCH,CH=CH,;), 5.05 (s,
2H; PhCH,0), 4.77 (brd, 1H, J=8.4 Hz; H-1), 4.66 (d, 2H, J=5.3 Hz;
OCH,CH=CH,), 4.55 (dd, 1H, J=11.3, 6.9 Hz; H-6), 4.48-4.35 (m, 4H;
H-6, OCOCH,CH, H-a), 4.23 (t, 1H, J=7.0 Hz; OCOCH,CH), 4.1 (t, 1H,
J=6.3Hz; H-5), 3.82-3.74 (m, 1H; H-9), 3.51-3.42 (m, 1H; H-¢),
3.32-3.23 (m, 1H; H-¢), 2.32-2.16 (m, 2H; H-2,,, H-2,,), 2.07-1.95
(m, 1H; H-p), 1.87-1.60 (m, 3H; H-3, H-y,y) ppm; *CNMR (CDCL):
0=171.7, 166.0, 165.7, 165.3, 156.8, 155.9, 143.8, 143.7, 141.2, 136.5,
133.4, 133.2, 131.4, 129.9, 129.7, 129.7, 1294, 1294, 129.3, 128.6,
128.4, 1284, 128.3, 128.1, 128.0, 127.7, 125.0, 119.9, 119.2, 100.5, 80.4,
71.7, 69.2, 67.1, 66.6, 66.1, 66.1, 62.5, 53.6, 47.1, 44.6, 32.6, 28.6,
28.5 ppm; HRMS(FAB): m/z calcd for CsHsgN,NaO,,: 1039.3629
[M+Na]*; found: 1039.3640.

(5R)-N“~(Fluoren-9-ylmethoxycarbonyl)-N:-benzyloxycarbonyl-5-
0-(3,4,6-tri-O-benzoyl-2-deoxy-f-b-lyxo-hexopyranosyl)-5-hy-
droxy-L-lysine (19): Allyl ester 18 (91 mg, 89 umol) was treated as
described for 8. The crude product was purified twice by flash
chromatography (toluene/EtOH/HOAc 50:2:1 followed by CH,Cl,/
EtOH/HOACc 200:2:1 —CH,CI,/EtOH 10:1) to give 19 (79 mg, 90 %) as
a white amorphous solid after lyophilization. [a]’ =0 (c=1, CHCL,);
'"H NMR (CDCl;/CD50D 1:1): 0 =6.36 (t, 1H, J=5.3 Hz; NH-¢), 5.71 (d,
1H, J=2.7 Hz; H-4), 5.39-5.31 (m, 1H; H-3),4.98 (d, TH, J=12.3 Hz;
PhCH,0), 4.93 (d, 1H, J=12.4 Hz; PhCH,0), 4.82 (brd, 1H, J=9.3 Hz;
H-1), 448 (dd, 1H, J=11.7, 70Hz; H-6), 441-4.31 (m, 3H, H-6;
OCOCH,CH), 4.27-421 (m, 1H; H-a), 420-4.12 (m, 2H, H-5;
OCOCH,CH), 3.85-3.75 (m, 1H; H-0), 341-3.32 (m, 1H; H-¢),
3.27-3.17 (m, TH; H-¢), 2.28-2.11 (m, 2H; H-2,,, H-2,;), 2.05-1.93
(m, TH; H-$), 1.83-1.72 (m, 1H; H-p), 1.70-1.58 (m, 2H; H-y,y) ppm;
1BCNMR (CDCly): 6 =174.8, 166.9, 166.7, 166.2, 157.8, 157.5, 144.5,
1443, 141.8, 137.1, 134.2, 133.9, 133.1, 133.1, 1325, 1324, 1323,
131.3, 130.3, 130.2, 130.1, 129.9, 129.9, 1294, 129.4, 129.3, 129.2,
129.0, 128.9, 128.7, 128.5, 128.4, 128.2, 127.6, 125.6, 120.4, 100.9, 80.6,
72.0, 70.1, 67.5, 672, 67.1, 63.3, 54.3, 47.7, 33.1, 29.4, 28.5 ppm;
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HRMS(FAB): m/z calcd for CsHs,N,NaO,,: 999.3316 [M+Na]*; found:
999.3310.

General procedure for solid-phase glycopeptide synthesis: Glyco-
peptides 20 -24 were synthesized on Tentagel-S-PHB-Lys-Fmoc or
Tentagel-S-PHB-Thr-Fmoc resins essentially as described else-
where.'™ N“-Fmoc amino acids with standard side-chain protecting
groups were coupled by using either O-(benzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium hexafluororphosphate (HBTU; 6 equiv) and
diisopropylethylamine (DIPEA; 6 equiv), diisopropyl carbodiimide
(DIC; 4 equiv), and 1-hydroxybenzotriazole (HOBt; 6 equiv), or DIC
(4 equiv) and 1-hydroxy-7-azabenzotriazole (HOAt, 6 equiv) as cou-
pling reagents. Glycosylated building blocks 4, 8, 12, 15, and 19
(1.2-1.5 equiv) were coupled to the peptide resins in manually
agitated reactors by using DIC (1.2-1.5equiv) and HOAt (3.6—
4.5 equiv) as coupling reagents in dry DMF for 29-38 h. After
coupling of the glycosylated building blocks, unreacted amino
groups were acetylated with Ac,O/DMF (1:1) for 1 h. Cleavage of the
glycopeptides from the resin with trifluoroacetic acid/water/thio-
anisole/ethanedithiol (35:2:2:1) and subsequent workup were
performed essentially as described elsewhere.!”)

Glycyl-L-isoleucyl-L-alanylglycyl-L.-phenylalanyl-5-O-(2-deoxy-f3-p-
lyxo-hexopyranosyl)-5-hydroxy-L-lysylglycyl-L.-glutam-1-yl-L-glu-
taminylglycyl-L-prolyl-L-lysylglycyl-L-glutam-1-yl-L.-threonine (20):
Synthesis was performed with building block 19 on resin (50 umol)
according to the general procedure. Cleavage and then purification
by reversed-phase HPLC gave the 3,4,6-O-benzoylated glycopeptide
(42.5 mg). A portion (14 mg) of this glycopeptide was treated with
NaOMe in MeOH (0.2m) for 3 h at room temperature (monitored by
analytical reversed-phase HPLC). The solution was then neutralized
(HOAc) and concentrated, and the residue was purified by prepa-
rative reversed-phase HPLC to give 20 (9 mg, 74 % peptide content,
24 % yield based on the amount of resin used). MS (ES): m/z calcd:
819.4 [M+2H]**; found: 819.3; amino acid analysis: Ala 0.99 (1), Glu
3.00 (3), Gly 4.93 (5), Hyl 1.03 (1), lle 0.99 (1), Lys 1.03(1), Phe 1.02 (1),
Pro 1.01 (1), Thr 1.00 (1). '"H NMR data are given in Table 3.

Glycyl-t-isoleucyl-L-alanylglycyl-L.-phenylalanyl-5-O-(3-deoxy-f3-D-
xylo-hexopyranosyl)-5-hydroxy-L-lysylglycyl-L-glutam-1-yl-L-glu-
taminylglycyl-L-prolyl-L-lysylglycyl-L-glutam-1-yl-L.-threonine (21):
Synthesis was performed with building block 12 on resin (50 umol)
according to the general procedure. Cleavage and then purification
by reversed-phase HPLC gave the 2,4,6-O-acetylated glycopeptide
(43.7 mg). A portion (25 mg) of this glycopeptide was treated with
NaOMe in MeOH (0.02wm) for 3 h at room temperature (monitored by
analytical reversed-phase HPLC). The solution was then neutralized
(HOAC) and concentrated, and the residue was purified by prepa-
rative reversed-phase HPLC to give 21 (13 mg, 75 % peptide content,
20% yield based on the amount of resin used). MS (ES): m/z calcd:
819.4 [M+2H]?**; found: 819.3; amino acid analysis: Ala 1.01 (1), Glu
2.98 (3), Gly 4.94 (5), Hyl 1.01 (1), lle 1.00 (1), Lys 1.00(1), Phe 1.02 (1),
Pro 1.04 (1), Thr 1.01 (1). '"H NMR data are given in Table 4.

Glycyl-L-isoleucyl-L-alanylglycyl-L.-phenylalanyl-5-O-(4-deoxy-f-b-

xylo-hexopyranosyl)-5-hydroxy-L-lysylglycyl-L-glutam-1-yl-L-glu-

taminylglycyl-L-prolyl-L-lysylglycyl-L-glutam-1-yl-L.-threonine (22):
Synthesis was performed with building block 8 on resin (50 umol)
according to the general procedure. Cleavage and then purification
by preparative reversed-phase HPLC gave the 2,3,6-O-acetylated
glycopeptide (48.2 mg). A portion of this glycopeptide (30 mg) was
treated with NaOMe in MeOH (0.02m) for 2h 40 min at room
temperature (monitored by analytical reversed-phase HPLC). The
solution was then neutralized (HOAc), concentrated, and the residue
was purified by preparative reversed-phase HPLC to give 22
(21.9 mg, 79% peptide content, 34% yield based on the amount of
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Table 3. 'H NMR chemical shifts for glycopeptide 20 in water containing 10 % D,0.[%

Residue NH Ha HpB Hy Others

Gly259 3.8201

lle260 8.59 4.18 1.82 1.43, 1.14, 0.91 (CH;) 0.82 (HJ)

Ala261 8.65 4.28 1.36

Gly262 8.48 3.880)

Phe263 8.21 4.57 3.05M0! 7.31 (H3,H5), 7.30 (H4), 7.23 (H2,H6)
Hyl264' 8.54 425 1.88, 1.67 1.500) 401 (HY), 3.14, 2.89 (He)
Gly265 7.89 3.84, 3.89

Glu266 8.47 4.26 2.03, 1.89 2.24b]

GIn267 8.62 4.34 2.11,1.95 2.36M! 6.61, 6.92 (CONH,)
Gly268 8.41 4.12,3.95

Pro269 4.38 2.25,1.90 1.981! 3.5801 (HY)

Lys270 8.63 4.30 1.83,1.75 1.441 166" (Ho), 2.97"! (He)
Gly271 8.48 3.99, 3.84

Glu272 8.46 4.35 1.99, 1.90 22501

Thr273 7.93 4.20 4.12 1.14

[a] Spectra were recorded at 500 MHz, 278 K, and pH 5.4 with H,0 (6,;,=4.98 ppm) as internal standard. [b] Degeneracy has been assumed. [c] Chemical shifts for
the 2-deoxy-{3-p-lyxo-hexopyranosyl moiety in 20: 6 =4.65 (H-1), 3.84 (H-3), 3.76 (H-6,6), 3.75 (H-4), 3.56 (H-5), 2.03 (H-2¢g), 1.62 (H-2,) ppm.

Table 4. 'H NMR chemical shifts for glycopeptide 21 in water containing 10% D,0.[%

Residue NH Ha HB Hy Others

Gly259'®!

lle260 8.60 4.17 1.82 1.44, 1.14, 0.92 (CH;) 0.83 (HJ)

Ala261 8.67 4.28 1.36

Gly262 8.44 3.841

Phe263 8.22 4.58 3.051 7.32 (H3,H5), 7.23 (H2,H6)
Hyl2641 8.55 4.24 1.98, 1.71 1.58!9 4.01 (Ho), 3.15, 2.96 (He)
Gly265 7.90 3.89, 3.84

Glu266 8.48 4.27 2.04, 1.90 2.2749

GIn267 8.61 432 2.11,1.90 2.274

Gly268 8.44 4.12, 3.96

Pro269 439 2.26, 1.91 1.991 3.59 (HY)

Lys270 8.62 4.29 1.84,1.76 1.4519 1.6719 (Ho), 2.94' (He)
Gly271 8.50 3.99, 3.90

Glu272 8.47 4.35 2.11,1.97 2.284

Thr273 7.96 4.21 4.15 1.15

[a] Spectra were recorded at 500 MHz, 278 K, and pH 5.4 with H,0 (6, = 4.98 ppm) as internal standard. [b] Not assigned due to spectral overlap. [c] Degeneracy
has been assumed. [d] Chemical shifts for the 3-deoxy--p-xylo-hexopyranosyl moiety in 21: § =4.43 (H-1), 3.97 (H-4), 3.70 (H-2), 2.17 (H-3,,), 1.68 (H-3,,) ppm.

resin used). MS (ES): m/z calcd: 546.6 [M+3H]**; found: 546.6; Amino
acid analysis: Ala 1.02 (1), Glu 3.01 (3), Gly 4.93 (5), Hyl 1.02 (1), lle 1.01
(1), Lys 1.03(1), Phe 1.04 (1), Pro 0.94 (1), Thr 1.02 (1). '"H NMR data are
given in Table 5.

Glycyl-L-glutamin-1-yl-trans-4-hydroxy-L-prolylglycyl-L-isoleucyl-

L-alanylglycyl-L.-phenylalanyl-5-O-(f-p-fucopyranosyl)-5-hydroxy-

L-lysylglycyl-L-glutam-1-yl-L-glutaminylglycyl-L-prolyl-L-lysine (23):
Synthesis was performed with building block 4 on resin (60 umol)
according to the general procedure to give glycopeptide-containing
resin (352 mg). Cleavage and workup of a portion of the resin
(125 mg, ~21 pmol) according to the general procedure, followed
by purification by preparative reversed-phase HPLC gave the 2,3,4-O-
acetylated glycopeptide (26 mg). A portion of this glycopeptide
(25.5 mg) was treated with NaOMe in MeOH (9 mwm) for 6 h at room
temperature (monitored by analytical reversed-phase HPLC). The
solution was then neutralized (HOAc) and concentrated, and the
residue was purified by preparative reversed-phase HPLC to give 23
(20.6 mg, 74% peptide content, 43 % yield based on the amount of
resin used). MS (FAB): m/z calcd: 1649 [M+H]*; found: 1649; amino
acid analysis: Ala 1.03 (1), Glu 2.87 (3), Gly 4.89 (5), Hyl 1.04 (1), lle 1.02
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(1), Lys 1.05(1), Phe 1.04 (1), Pro 1.03 (1), Hyp 1.03 (1). "H NMR data are
given in Table 6.

Glycyl-L-glutamin-1-yl-trans-4-hydroxy-L-prolylglycyl-L-isoleucyl-
L-alanylglycyl-L-phenylalanyl-5-O-(f-b-glucopyranosyl)-5-hydroxy-
L-lysylglycyl-L.-glutam-1-yl-L.-glutaminylglycyl-L-prolyl-L-lysine
(24): Synthesis was performed with building block 15 on resin
(35 pmol) according to the general procedure. Cleavage and then
purification by preparative reversed-phase HPLC gave 2,3,4,6-O-
acetylated glycopeptide (22 mg). A portion of this glycopeptide
(20 mg) was treated with NaOMe in MeOH (5 mm) for 3.5 h at room
temperature (monitored by analytical reversed-phase HPLC). The
solution was then neutralized (HOAc) and concentrated, and the
residue was purified by preparative reversed-phase HPLC to give 24
(9.4 mg, 70% peptide content, 13% yield based on the amount of
resin used). MS (FAB): m/z calcd: 1665 [M+H]*; found: 1665; amino
acid analysis: Ala 1.01 (1), Glu 2.98 (3), Gly 4.99 (5), Hyl 0.99 (1), lle 1.00
(1), Lys 1.01(1), Phe 1.01 (1), Pro 1.01 (1), Hyp 1.01 (1). "H NMR data are
given in Table 7.

Generation of DR4-restricted T-cell hybridomas: Three mice that
were transgenic for the human DR4 class Il MHC molecule and the
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Table 5. 'H NMR chemical shifts for glycopeptide 22 in water containing 10 % D,0.[%

Residue NH Ha HpB Hy Others

Gly259 3.820

lle260 8.60 4.18 1.82 1.44,1.15, 0.91 (CH;) 0.84 (Ho)

Ala261 8.67 4.29 1.39

Gly262 8.49 3.881!

Phe263 8.21 4.59 3.06"! 7.33 (H3,H5), 7.30 (H4), 7.23 (H2,H6)
Hyl264! 8.55 4.26 1.99, 1.71 1.57%! 3.97 (HJ), 3.15, 2.96 (He)

Gly265 7.89 3.90, 3.84

Glu266 8.48 4.27 2.05, 1.91 2.28M!

GIn267 8.65 435 2.14,1.98 2.37M0! 7.62, 6.93 (CONH,)

Gly268 8.44 4.12,3.96

Pro269 4.40 227,191 2.00! 3.60®1 (HO)

Lys270 8.65 431 1.84,1.78 1.46 1.68"! (Ho), 2.97® (He), 7.59 (e-NH,)
Gly271 8.48 3.98, 3.89

Glu272 8.47 4.37 2.10, 1.91 2.28M!

Thr273 7.96 4.21 4.14 1.15

[a] Spectra were recorded at 500 MHz, 278 K, and pH 5.4 with H,0 (6,;,=4.98 ppm) as internal standard. [b] Degeneracy has been assumed. [c] Chemical shifts for
the 4-deoxy-f3-0-xylo-hexopyranosyl moiety in 22: 0 =4.39 (H-1), 3.74 (H-3), 3.71 (H-5), 3.71, 3.59 (H-6), 3.19 (H-2), 1.93 (H-4¢g), 1.43 (H-4,) ppm.

Table 6. 'H NMR chemical shifts for glycopeptide 23 in 40 mm phosphate buffer containing 10% D,0 and 1.5 mm NaN;.[!

Residue NH Ha HB Hy Others

Gly256 3.78, 3.63

Glu257 8.74 4.62 2.00, 1.79 2.24

Hyp258 4.49 2.31, 2.04 4.60 3.8201 (HY)

Gly259 8.71 3.90"!

lle260 8.09 4.15 1.85 1.14®, 0.88 (CH;) 0.79 (HO)

Ala261 8.66 4.24 1.34

Gly262 8.46 3.84b!

Phe263 8.18 4.53 3.05M0! 7.30 (H3,H5), 7.27 (H2,H6), 7.2 (H4)
Hyl264 8.50 4.24 1.95, 1.66 1.53® 3.95 (H)), 3.11, 2.91 (He)

Gly265 7.79 3.87,3.80

Glu266 8.48 4.24 2.02,1.88 2.240

GIn267 8.66 4.32 2.10, 1.95 2.241 7.62, 6.90 (CONH,)

Gly268 8.43 4.12,3.93

Pro269 4.38 2.23,1.96 1.98M! 3.66! (HO)

Lys270 8.17 4.10 1.78, 1.68 1.390! 1.6501 (HO), 2.95®! (He), 7.54 (e-NH,)

[a] Spectra were recorded at 600 MHz, 278 K, and pH 5.4 with H,0 (d, = 4.98 ppm) as internal standard. [b] Degeneracy has been assumed. [c] Chemical shifts for
the S-o-fucopyranosyl moiety in 23: 6 =4.34 (H-1), 3.72 (H-5), 3.70 (H-4), 3.60 (H-3), 3.42 (H-2), 1.19 (H-6) ppm.

Table 7. 'H NMR chemical shifts for glycopeptide 24 in water containing 10% D,0.[%

Residue NH Ha HB Hy Others

Gly256 3.80, 3.67

Glu257 8.74 4.65 2.02, 1.82 2.27M

Hyp258 4.50 2.32, 2.06 4.62 3.870 (HO)

Gly259 8.70 3.87M

1le260 8.08 417 1.87 1.41, 1.17, 0.90 (CH,) 0.80 (HO)

Ala261 8.65 4.26 1.37

Gly262 8.45 3.87M

Phe263 8.18 4.56 3.06™ 7.32 (H3,H5, H4), 7.22 (H2,H6)
Hyl264 8.49 4.28 1.98, 1.69 1.58®! 3.97 (HO), 3.13, 2.94 (He)
Gly265 7.80 3.86M

Glu266 8.49 4.27 2.04,1.91 2.26M

GIn267 8.65 4.34 2.12,1.97 2.370 7.62, 6.92 (CONH,)

Gly268 8.42 4.13,3.97

Pro269 4.39 2.25,1.98 1.98®! 3.59%1 (Ho)

Lys270 8.16 413 1.79, 1.65 1.40®! 1.64% (Ho), 2.96® (He), 7.54 (e-NH,)

[a] Spectra were recorded at 500 MHz, 278 K, and pH 5.3 with H,0 (d, = 4.98 ppm) as internal standard. [b] Degeneracy has been assumed. [c] Chemical shifts for
the -o-glucopyranosyl moiety in 24: 6 =4.45 (H-1), 3.78, 3.72 (H-6), 3.45 (H-3), 3.43 (H-5), 3.39 (H-4), 3.27 (H-2) ppm.
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human CD4 co-receptor were used in the study. The mice were
immunized subcutaneously with 3 x50 pug of glycopeptide 27
(ClI259 - 278 in which hydroxylysine at positions 264 and 270 carried
p-p-galactopyranosyl residues) emulsified in CFA in the footpads and
at the base of the tail. Ten days later the mice were sacrificed and the
draining popliteal and inguinal lymph nodes were pooled and single-
cell suspensions prepared. Cells were restimulated in vitro with 27,
that is, the same peptide used for immunization, at a concentration
of 20 ungmL~" for 7 days. The last three days’ cells were expanded by
the addition of IL-2-containing medium to the cultures. The cells
were then fused with a/f T-cell receptor-negative thymoma cell line
BW5147.5% After selection, positive cells were tested for IL-2
production in the presence of 27 as described below. Positive
clones were further subcloned by limited dilution.

Determination of T-cell hybridoma response: The response of each
T-cell hybridoma, that is, IL-2 secreted on incubation of the
hybridoma with antigen-presenting spleen cells and increasing
concentrations of glycopeptides 20-26, was determined in a
standard assay by using the Tcell clone CTLL.E? In brief, 5 x 10*T-
cell hybridomas were cocultured with 5 x 10° syngeneic, irradiated
(1500 rad) spleen cells and antigen in a volume of 200 pL in flat-
bottomed microtiter plate wells. After 24 h, 100-uL aliquots of the
supernatants were removed and frozen to kill any transferred T-cell
hybridomas. Then, 10*IL-2-sensitive CTLL Tcells were added to the
thawed supernatant. The CTLL cultures were incubated for 24 h, after
which they were pulsed with 1 uCi of 3H-TdR for an additional 15-
18 h. The cells were harvested on glass fiber sheets in a Filtermate
cell harvester (Packard Instruments, Meriden, CT) and the amount of
radioactivity was determined in a matrix 96 Direct Beta Counter
(Packard). All experiments were performed in duplicate.

Molecular modeling: The model of glycopeptide 25 bound to H-2A9
was generated from a previous model of the corresponding peptide
Cl1256 - 270 bound to H-2A%.5¢ The -p-galactopyranosyl moiety was
added to hydroxylysine 264 by using the program Sybyl and was
oriented manually to avoid steric interactions with H-2Aq.
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Novel Paromamine Derivatives Exploring
Shallow-Groove Recognition of Ribosomal-

Decoding-Site RNA

Klaus B. Simonsen,* Benjamin K. Ayida, Dionisios Vourloumis,®
Masayuki Takahashi,?! Geoffrey C. Winters,”?! Sofia Barluenga,® Seema Qamar,"®
Sarah Shandrick,®! Qiang Zhao,™ and Thomas Hermann*!!

Natural aminoglycoside antibiotics recognize an internal loop of
bacterial ribosomal-decoding-site RNA by binding to the deep
groove of the RNA structure. We have designed, synthesized, and
tested RNA-targeted paromamine derivatives that exploit addi-
tional interactions on the shallow groove face of the decoding-site
RNA. An in vitro transcription —translation assay of a series of 6'-

The bacterial ribosome is a key target for antibiotics, which
recognize predominantly the ribosomal RNA (rRNA) compo-
nents." 2 Aminoglycoside antibiotics® such as paromomycin (2,
Figure 1A) target the decoding-site RNA (Figure 1B) within the
30S ribosomal subunit, and thereby interfere with translation
fidelity,™ an effect that ultimately leads to bacterial cell death.
Molecular recognition of the decoding-site internal-loop RNA by
natural aminoglycosides! %> and synthetic derivatives®'? has
been studied by biochemical, biophysical, and theoretical
methods. Three-dimensional structures of the decoding-site
RNA and the whole 30S ribosomal subunit complexed with
aminoglycosides have been determined recently.” ¢7 These
results pave the way for structure-based rational design of novel
antibiotics!'¥ that may overcome bacterial resistance to natural
aminoglycosides™ and demonstrate superior pharmacological
profiles. For the time being, aminoglycosides provide the best
validated paradigm in RNA target recognition,' which justifies
the challenging undertaking to prepare rationally designed
derivatives in order to elucidate the structure - activity relation-
ships of RNA-directed ligands.

Herein, we describe the design, synthesis, and preliminary
testing of paromamine (1) 6'- and 4'-derivatives based on a
scaffold common to the biologically active natural aminoglyco-
sides. Structural data from X-ray crystallography® 7 along with
our own molecular modeling studies!'® suggested that exten-
sion at the 6’-position of paromamine might allow for additional
hydrogen-bond interactions with the decoding-site RNA (Fig-
ure 1C). The N1 atom of adenine 1408 and the O2 atom of
cytosine 1409 in the RNA shallow groove may form direct
interactions with hydrogen bond donors at the paromamine 6'-
position, or water-mediated contacts with hydrogen-bond
acceptors. In the RNA complex the 4'-hydroxy group of parom-
amine is directed towards the flipped-out adenine residues 1492

ChemBioChem 2002, 3, 1223-1228 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

derivatives showed the 6'-position to be very sensitive to sub-
stitution. This result suggests that the group at the 6'-position plays
a pivotal role in RNA target recognition.

KEYWORDS:
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chemistry - RNA recognition

drug design -

and 1493, which play a key role in mRNA decoding during
translation.? 3! It has been suggested that binding of amino-
glycosides to the decoding site displaces A1492 and A1493 from
the deep groove of the internal-loop RNA, which compensates in
part for the energetic cost of the conformational changes
induced by cognate tRNA binding.? Thus, in the presence of
aminoglycoside bound at the decoding site, incorporation of
noncognate tRNAs is facilitated and this effect leads to
decreased translational fidelity. Molecular modeling"® suggests
that larger aromatic groups extending from the paromamine 4'-
position, directed out of the RNA shallow groove, might be able
to contribute interactions with the flipped-out A1492 and A1493
residues. Modifications, both at the 6’- and 4’-positions, were
aimed at increasing the potential of the paromamine derivatives
to bind to the decoding-site RNA and stabilize the flipped-out
conformation of the unpaired adenine residues in order to
enhance the efficacy of the ligands to interfere with bacterial
decoding-site function.

We synthesized paromamine derivatives with diverse func-
tional groups at the 6’-position and aromatic residues at the 4'-
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Paromaming (1) R=0H
Paromamycin {2}

R=0H 2

Figure 1. A) Paromamine (1), the conserved core scaffold of naturally occuring
aminoglycoside antibiotics such as paromomycin (2), which binds specifically to
the decoding site of bacterial rRNA. B) Secondary structure of the bacterial
decoding-site rRNA. C) Three-dimensional structure of paromomycin (2; yellow)
bound to the bacterial decoding-site rRNA.Z Oxygen and nitrogen atoms in the
paromamine core are colored red and blue, respectively. The flipped-out adenine
residues A1492 and A1493 are shown in green. The bases A1408 and C1409,
which are in proximity to the paromomycin 6’ hydroxy group, are colored cyan.
Arrows indicate potential interactions of substituents attached at the 4- and 6'-
positions of paromamine.

position then tested their binding to the decoding-site RNA and
their efficacy as inhibitors of bacterial in vitro translation.
Additional paromamine derivatives were synthesized by selec-
tive methylation of hydroxy groups in either the glucosamine
moiety or in the 2-deoxystreptamine (2-DOS) unit or in both
rings. These compounds, along with derivatives that had all
amino groups transformed into ureas or methyl-ureas, were
tested to further explore the importance of polar substituents on
the periphery of paromamine.

The syntheses of the 6-analogues of paromamine are
summarized in Schemes 1-3. Commercially available paromo-
mycin (2) was hydrolyzed under mild acidic conditions (0.1 m HCI/
MeOH) to paromamine!'” (1), which was converted into the
triazide 3 by the action of triflic azide in the presence of CuSO,.'®
The 6" hydroxy group was then selectively protected with TIPSCI
in the presence of 4-DMAP. The remaining hydroxy groups were
benzylated to produce compound 4. Subsequent silyl depro-
tection with TBAF followed by Dess-Martin periodinane
oxidation provided the 6’-aldehyde 5 in good overall yields.
The six-step synthetic sequence of compound 5, which con-
stitutes a late common intermediate, was easily carried out on
gram scale. The final steps in the synthesis of the 6'-carboxylic
acid 7 and amide 9 of paromamine are outlined in Scheme 1.
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Scheme 1. Reagents and conditions: a) concd HCI, MeOH (0.1m), 6 h, reflux, 99 %;
b) TfN; (0.5m in CH,Cl,, 4.5 equiv), CuSO,-5H,0 (0.15 equiv), Et;N (15.0 equiv,
MeOH/H,0 (9:1, 0.1m), 16 h, 23°C, 88 %; c) TIPSCI (2.0 equiv), 4-DMAP (3.0 equiv),
DMF (0.1m), 23°C, 85 %; d) NaH (8.0 equiv), BnBr (6.0 equiv), DMF (0.2m), 4 h,
0—23°C, 80%; e) TBAF (1.0m in THF, 2.0 equiv), THF (0.1m), 3 h, 0—23°C, 73 %;
f) Dess — Martin periodinane (2.0 equiv), CH,Cl, (0.05m), 3 h, 0°C, 70%; g) NaClO,
(2.0 equiv), NaH,PO, (3.0 equiv), 2-methyl-2-butene (2m in THF, 10.0 equiv),
tBUOH/H,0 (2:1), THF, 3 h, 23°C, 95 %; h) MesP (1m in THF, 4.5 equiv), 0.1m NaOH/
THF (1:9), 4 h, 23°C; i) Pd(OH), (0.05 equiv), H,, AcOH/H,O (1:1), 20 h, 23°C, 60 %
(two steps); j) (COCI), (2.0 equiv), DMF (2.0 equiv), CH,Cl,, 30 min, —20—0°C;
then acid 6 (1.0 equiv), 10 min, — 20 —0°C; then NH; (7n in MeOH, 10.0 equiv),
1h, 0—23°C, 54%; k) MesP (1m in THF, 4.5 equiv), 0.1m NaOH/THF (1:9), 4 h,
23°C; I) Pd(OH), (0.05 equiv), H,, AcOH/H,O (1:1), 20 h, 23°C, 98 % (two steps).
Tf = trifluoromethanesulfonyl; TIPS = triisopropylsilyl; 4-DMAP = 4-dimethylami-
nopyridine; DMF = N,N-dimethylformamide; TBAF = tetra-n-butylammonium
fluoride; THF = tetrahydrofuran.

Aldehyde 5 was oxidized to the corresponding carboxylic acid 6
by using NaClO,/NaH,PO,. Although deprotection of the benzyl
groups and reduction of the azides could be carried out
simultaneously, the final deprotection/reduction sequence was
conducted in a two-step deprotection protocol, as reported by
Wong and co-workers.'” Hence, treatment of 6 with Me,P in THF
under mild basic conditions provided the corresponding tria-
mine, which was hydrogenated in the presence of a catalytic
amount of Pd(OH), to provide 7 in 50% yield after chromatog-
raphy. Treatment of the carboxylic acid 6 with the Vilsmeier
complex generated from oxalyl chloride and DMF (1:1) provided
the corresponding acyl chloride, which was converted into
amide 8 upon treatment with ammonia in methanol and
deprotected by the same two-step protocol as above to furnish
9 in 53% overall yield.

The syntheses of the one-carbon homologated amide 12 and
aldehyde 13 are illustrated in Scheme 2. Several synthetic

ChemBioChem 2002, 3, 1223-1228
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Scheme 2. Reagents and conditions: a) Et,AICN (1.0m in toluene, 2.0 equiv),
toluene (0.1m), 3 h, — 10°C; b) 4-DMAP (0.2 equiv), Im,CS (1.2 equiv), CH,Cl,,
(0.05m), 40 min, 23°C; then AIBN (0.2 equiv), nBu;SnH (5.0 equiv), hv, 1 h, 23°C,
55% (three steps); c) nBu,NHSO, (0.2 equiv) H,0,/2m NaOH/CH,Cl, (1:1:1), 48 h,
23°C, 35%; d) MesP (1m in THF, 4.5 equiv), 0.1m NaOH/THF (1:9), 4 h, 23°C;

e) Pd(OH), (0.05 equiv) H,, AcOH/H,0 (1:1), 20 h, 23°C, 87 % (two steps); f) DIBAL-
H (1min CH,Cl,, 2.5 equiv), CH,Cl, (0.1m), 2 h, 0°C; then 1m HCI, 15 min, 23°C,
90 %; g) NaBH, (1.0 equiv), THF (0.05m), 2 h, 23°C, 68 %; h) MesP (1m in THF,

4.5 equiv), 0.1m NaOH/THF (1:9), 4 h, 23°C; i) Pd(OH), (0.05 equiv), H,, AcCOH/H,0
(1:1), 20 h, 23°C, 79 % (two steps); j) MeMgBr (1.4m in THF, 4.0 equiv), THF (0.1m),
3h, —78°C, 35%; k) MesP (1m in THF, 4.5 equiv), 0.1m NaOH/THF (1:9), 4 h, 23°C;
1) Pd(OH), (0.05 equiv), H,, AcCOH/H,O (1:1), 20 h, 23°C, 92% (two steps). Im=
imidazole; AIBN = 2,2'-azobisisobutyronitrile; DIBAL-H = diisobutylaluminum hy-
dride.

protocols, which included Wittig homologation of aldehyde 5
and Arndt - Eistert synthesis from acid 6, proved unsuccessful for
the desired homologation. Eventually, the one-carbon homo-
logation protocol developed by Nicolaou et al. gave the desired
nitrile 11.1% Treatment of aldehyde 5 with Et,AICN in toluene
provided cyanohydrin 10, which was converted without purifi-
cation into nitrile 11 upon sequential treatment with thiocarb-
onyl diimidazole, nBu;SnH/AIBN, and light. Mild basic hydra-
tion?? of the cyano functionality in 11 was achieved under
phase-transfer conditions to provide the homologated amide 12
in 17% overall yield after deprotection.

The importance of hydrogen bond donors in the vicinity of the
6’-position was investigated with the derivatives shown in
Schemes 2 and 3. 6-Homoparomamine 14 was prepared from
nitrile 11 in four steps (see Table 1 for analytical data for 14 and
selected other compounds). DIBAL-H reduction at 0°C followed
by acidic work-up afforded aldehyde 13, which was further
reduced to the corresponding alcohol with NaBH, and finally

ChemBioChem 2002, 3, 1223-1228

Table 1. Characteristic analytical data of selected compounds.

6'-Homoparomamine 14: 'HNMR (400 MHz, D,0): 6 =5.55 (d, J=4.0 Hz,
1H), 3.85-3.20 (m, 11 H), 2.42 (dt, J=12.4, 4.0 Hz, 1H), 2.04 (m, 1H), 1.80 (q,
J=12.8Hz, TH), 1.59 (m, 1H) ppm; *C NMR (100 MHz, D,0): 6 =97.2, 80.1,
75.2,73.3,72.6,69.7,69.2, 54.4,50.4, 49.9, 48.9, 32.8, 28.4 ppm; MS (ESI): m/z:
caled for Cy3H,6N;0, [M+H]*: 338.19; found: 338 (100%).
6'-Methyl-paromamine 18: inseparable 3:2 mixture of diastereomers
(unassigned); major: '"H NMR (400 MHz, D,0): 6 =5.78 (d, J=4.0Hz, 1H),
4.25 (qd, J=6.8, 2.0 Hz, 1H), 4.00-3.35 (m, 9H), 2.56 (dt, J=12.4, 44 Hz,
1H), 1.95 (g, J=12.4Hz, 1H), 1.34 (d, J=6.8, 3H) ppm; *CNMR (100 MHz,
D,0): 6 =97.3, 80.1, 75.9, 75.1, 72.5, 69.8, 69.2, 64.9, 54.1, 49.9, 49.1, 28.3,
19.0 ppm; MS (ESI): m/z: calcd for C,3H,6N;0, [M+H]*: 338.19; found: 338
(100%); minor: '"H NMR (400 MHz, D,0): 6 =5.62 (d, J=4.0 Hz, 1H), 4.29 (qd,
J=6.8,2.0Hz, 1H),4.00-3.35 (m, 9H), 2.27 (dt, J=12.4,44 Hz, 1H), 1.62 (q,
J=12.4Hz, 1H),1.26 (d, J= 6.8, 3H) ppm; *C NMR (100 MHz, D,0): 6 = 97.9,
82.0, 75.5, 74.7, 72.5, 70.3, 69.7, 65.5, 54.4, 49.8, 49.3, 28.5, 14.7 ppm; MS
(ESI): m/z: caled for Cy3H,6N;0, [M+H]*: 338.19; found: 338 (100 %).
4,5-Dimethoxy-paromamine 26: 'H NMR (400 MHz, D,0): 0 =5.64 (d, J=
3.6 Hz, 1H), 4.03 (t, J=10.0 Hz, 1H), 4.08-3.42 (m, 10H), 3.70 (s, 3H), 3.67 (s,
3H), 2.54 (dt, J=12.4, 40Hz, 1H), 1.91 (q, J=12.4 Hz, 1H) ppm; *C NMR
(100 MHz, D,0): 6 =95.7, 83.5, 82.3, 76.9, 74.2, 69.4, 69.0, 60.6, 60.5, 59.6,
54.0, 49.1, 49.0, 28.2 ppm; MS (ESI): m/z calcd for CyH;N;O, [M+HI*:
352.21; found: 352 (100 %).

Urea 29: 'H NMR (400 MHz, D,0): 6 =5.24 (brs, 1H), 3.80-3.34 (m, 10H),
322 (t, J=10.0Hz, 1H), 1.97 (brdt, J=13.2, 3.2Hz, 1H), 135 (q, J=
12.4 Hz) ppm; *C NMR (100 MHz, D,0): 6 =161.4 (br, 2C), 160.7, 98.7, 81.0,
77.1,75.4,72.2,71.6, 69.9, 60.6, 54.7 (br), 50.4 (br), 48.9 (br), 34.5 ppm; MS
(ESI): m/z calcd for CysH,oNgO;o [M+H]*: 453.19; found: 453 (100 %).
Benzotriazole 40: 'HNMR (400 MHz, D,0): =832 (s, TH), 7.90 (d, J=
8.8Hz 1H),7.75 (d, J=8.8 Hz, 1H), 5.47 (d, J=4.0 Hz, 1H), 4.15 (m, 1H), 4.07
(dd, J=9.2, 13.6 Hz, 1H), 3.84-3.64 (m, 5H), 3.59 (t, J=9.6 Hz, 1H), 3.52 (t,
J=10.0Hz, 1H), 3.21 (m, 2H), 2.32 (dt, J=12.8, 40Hz, 1H), 1.63 (q, /=
12.8 Hz, 1H), 1.59 ppm; MS (ESI): m/z calcd for C,gH,sNsOg [M+H]*: 469.20;
found: 469 (100 %).

deprotected to provide 14. Addition of MeMgBr to aldehyde 13
followed by standard deprotection produced the methyl
analogue 16 in good yield as a 3:1 mixture of diastereomers
(unassigned). Preparation of the 6'-methyl paromamine 18 and
the diol analogue 21 was achieved as shown in Scheme 3.
Treatment of aldehyde 5 with MeMgBr produced the desired
alcohol 17 as a 3:2 mixture of diastereomers (unassigned), which
furnished 18 upon deprotection. Wittig homologation of 5 with
Ph;P=CH, afforded terminal alkene 19, which was dihydroxy-
lated with OsO, and NMO in the presence of a catalytic amount
of quinuclidine. The resulting diol 20 was isolated as a 3:1
mixture of diastereomers (unassigned) and was subsequently
deprotected to give the desired diol 21.

The role of the different amino and hydroxy groups in the
interaction of paromamine with RNA was investigated next.
Three compounds (22, 24, and 26) were synthesized (Scheme 4)
in which the hydrogen bond donor ability of the hydroxy
functionalities was hampered by selective methylation. The 6'-
TIPS-protected paromamine 3a was treated with Mel, depro-
tected with TBAF, and finally reduced under Staudinger con-
ditions to produce 22. The 3’,4-dimethoxy paromamine ana-
logue 24 was prepared from 3a in five steps. Treatment of 3a
with 2,2-dimethoxypropane in the presence of p-TsOH afforded
monoacetonide 23 in 65% yield. This compound was methy-
lated upon exposure to Mel and NaH. Deprotection of the TIPS
group under standard conditions (TBAF), followed by hydrolysis
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Scheme 3. Reagents and conditions: a) MeMgBr (1.4m in THF, 2.0 equiv), THF, 3 h,
—78°C, 45%; b) MesP (1m in THF, 4.5 equiv), 0.1m NaOH/THF (1:9), 4 h, 23°C;

¢) Pd(OH), (0.05 equiv), H,, AcCOH/H,0O (1:1), 20 h, 23°C, 83 % (two steps);

d) methyltriphenylphosphonium bromide (2.5 equiv), THF (0.1m), 0°C, nBuLi (1.6 m
in hexane, 2.0 equiv), 30 min; then 5 (1.0 equiv) in THF, 1h, 0—23°C, 59%;

e) NMO (2.0 equiv), quinuclidine (0.1 equiv), OsO, (2 wt % in tBuOH, cat), acetone/
H,0 (15:1), 23°C, 70%; f) MesP (1m in THF, 4.5 equiv), 0.1m NaOH/THF (1:9), 4 h,
23°C; g) Pd(OH), (0.05 equiv) H,, AcOH/H,O (1:1), 20 h, 23°C, 94 % (two steps).
NMO = 4-methylmorpholine N-oxide.

OTIPS OH
o o
"B N3 abe Mo HoN
Ns —_— HoN
OMe
3a 22
ld
OTIPS OH
HO 0 e, f,g,h  MeD O
HO N N3 —_— MeO H,N
3

Scheme 4. Reagents and conditions: a) NaH (6.0 equiv), Mel (8.0 equiv), DMF
(0.1m), 18 h, 0—23°C, 82 %; b) TBAF (1.0m in THF, 1.3 equiv), THF (0.04m) 1.5 h,
0—23°C, 99%; c) MesP (1m in THF, 4.0 equiv), 0.1m NaOH/THF (1:9), 3.5 h, 23°C,
quantitative; d) 2,2-dimethoxypropane (20.0 equiv), p-TsOH (0.1 equiv), acetone
(0.07m), 5 h, 0—23°C, 65%; e) NaH (4.0 equiv), Mel (6.0 equiv), DMF (0.1m), 2 h,
0—23°C, 81%; f) TBAF (1.0m in THF, 1.5 equiv), THF (0.07m), 1.5 h, 0—23°C, 76 %;
g) Tm HCI/THF (1:1), 24 h, 23°C, 91 %; h) MesP (1m in THF, 4.0 equiv), 0.1m NaOH/
THF (1:9), 3.5 h, 23°C, quantitative; i) NaH (4.0 equiv), BnBr (6.0 equiv), DMF
(0.10m), 2 h, 0—23°C, 62 %; j) 1m HCI/THF (1:1), 24 h, 23°C, 67 %; k) TIPSCI

(1.5 equiv), 4-DMAP (4.0 equiv), DMF (0.05m), 2 h, 0 —23°C, 64%; I) NaH

(4.0 equiv), Mel (6.0 equiv), DMF (0.04m), 1.5 h, 0 —23°C, 80%; m) TBAF (1.0m in
THF, 1.3 equiv), THF (0.03m), 2 h, 0—23°C, 88%; n) MesP (1m in THF, 4.0 equiv),
0.1m NaOH/THF (1:9), 5 h, 23°C; 0) Pd(OH), (0.05 equiv), H,, AcOH/H,O (1:1), 20 h,
23°C, quantitative (both steps). Ts = toluenesulfonyl.
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(1m HClI) of the acetonide and Staudinger reduction of the azides
furnished 24 in 56 % overall yield. The synthesis of 26 required an
additional seven steps from the acetonide 23. The remaining
hydroxy groups in 23 were benzylated by using BnBr in DMF.
Subsequently, the acetonide was cleaved under standard acidic
hydrolysis (1m HCI), which unfortunately resulted in simulta-
neous removal of the silicon protecting group. Hence, the
primary alcohol was reprotected with TIPSCI in the presence of
4-DMAP and the corresponding diol was methylated (Mel/NaH)
to produce 25 in 22 % overall yield from 23. Finally, desilylation
of the TIPS group with TBAF and Staudinger reduction of the
azides followed by catalytic hydrogenolysis of the benzyl groups
afforded 26 in 88% overall yield.

The syntheses of two urea analogues of paromamine (29, 30)
are shown in Scheme 5. Triazide 3 was perbenzylated and further
reduced under Staudinger conditions to provide the corre-
sponding triamine 27. The amino groups were conveniently

OH 0Bn
3 27
lc
OoH 0Bn
/é:o 1 o)
HO M d,e BnO
HO ' ’ BnO
e
) HNTNHRY —_ ORHN
RHN~ @5 N__NHR Bnm NHR
o oH I 0Bn
29,R'=H © 28
30, R'=Me

NO,
o ( j/
)l\o

Scheme 5. Reagents and conditions: a) NaH (10.0 equiv), BnBr (8.0 equiv), DMF
(0.2m), 18 h, 0—23°C, 65 %; b) MesP (1m in THF, 4.5 equiv), 0.1m NaOH/THF (1:9),
4 h, 23°C, 80%; c) bis(4-nitrophenyl)carbonate (3.5 equiv), CH,Cl, (0.05m), 18 h,
23°C, 55%; d) NH; (2m in MeOH, 6.0 equiv, 18 h) or MeNH, (40 wt % in H,0O,

6.0 equiv, 10 min), CH,Cl, (0.01m), 0°C; e) Pd(OH), (0.05 equiv), H,, AcCOH/H,0
(1:1), 20 h, 23°C, 60% for 29 (two steps) and 59 % for 30 (two steps).

converted into the corresponding ureas by following the
procedure developed by Izdedski and Pawlak.?"! Hence, treat-
ment of 27 with bis(4-nitrophenyl)carbonate afforded the
activated triscarbamate 28, which was further converted into
the corresponding ureas by addition of NH; or MeNH, and finally
deprotected to afford compounds 29 and 30, respectively.
Four amide analogues 37 — 40 were synthesized as depicted in
Scheme 6 in order to explore the space that extends out from
the 4’-position of paromamine for potential interactions with the
adenine residues 1492 and 1493 of the decoding-site RNA.
Initially, the amides were introduced onto the carbohydrate
scaffold from the reduced form of 31 and the appropriate acyl
chlorides prior to coupling. Unfourtunately, the amide function-
ality in the 4’-position disrupted coupling with 34, probably as a
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Scheme 6. Reagents and conditions: a) MesP (1m in THF, 1.5 equiv), 0.1Tm
NaOH/THF (1:9), 4 h, 23°C; b) 32 (1.2 equiv), pyridine (0.09m), 18 h, 23°C;
then Ac,0 (10.0 equiv), 1 h, 23°C, 93 %; c) 33 (1.0 equiv), 34 (1.2 equiv), NIS
(2.2 equiv), MS (4 A), TFOH (0.28 equiv), Et,0/CH,Cl, (3:2, 0.01m), 1 h,
—20°C, 74 %; d) ethylenediamine (5.0 equiv), EtOH (0.03m), 20 h, 50°C;
e) K,CO; (6.0 equiv), MeOH (0.03m), 2 h, 23°C, 98 % (two steps); f) (COCI),
(1.5 equiv), DMF (1.5 equiv), 30 min, — 20 —0°C; then acids (1.5 equiv),
10 min, 36 (1.0 equiv), iPr,NEt (1.4 equiv), 1.5 h, 0—23°C, 70-86 %;

g) Me;sP (1min THF, 3.0 equiv), 0.1m NaOH/THF (1:9), 4 h, 23°C; h) Pd(OH),
(0.05 equiv), H,, AcOH/H,0O (1:1), 20 h, 23°C, quantitative (two steps).
MS = molecular sieves. NIS= N-iodosuccinimide.

result of an intramolecular attack of the amide carbonyl
group on the generated oxocarbenium ion,?? which
would result in a stable seven-membered N-aryl imidate.
The presence of azido groups in glycosyl acceptor 34
dictated a different protecting strategy for the amine
functionality in 31. The azido group was converted into
the corresponding amine under Staudinger conditions
and further protected as the tetrachlorophthalimide (Tcp)
33. Treatment of the amine with tetrachlorophthalic
anhydride 32 in pyridine provided the open benzoic acid
intermediate, which was dehydrated to 33 upon treat-
ment with acetic anhydride. 2-Deoxystreptamine acceptor
341" was glycosylated with donor 33 in the presence of
NIS and triflic acid, providing pseudo-disaccharide 35. The
Tcp protecting group was removed under standard
conditions (ethylenediamine) and the crude product was
further deprotected with K,CO,/MeOH to provide the
amino diol 36. Treatment of 36 with the appropriate acyl
chloride in the presence of Et;N and further deprotection
as above furnished amides 37 -40 in good overall yields.

ChemBioChem 2002, 3, 1223-1228

The biological activity of the compounds was evaluated in a
coupled in vitro transcription -translation assay with firefly
luciferase as a reporter (Table 2). Binding to the decoding-site
RNA target was confirmed for compounds that had an IC;, value
below 200 pm in the translation assay by a fluorescence-based
RNA affinity assay.?*! Among the paromamine derivatives that
had modified hydrogen bond donor functionalities, as in the
methoxy compounds 22, 24, and 26, or the ureas 29 and 30,
only derivative 26, which is methylated at the 2-DOS hydroxy
groups, retained biological activity, albeit at a drastically reduced
level. This observation is in line with the fact that many natural
aminoglycoside antibiotics possess additional sugar moieties at
the O5 and 06 positions. Simplified nonglycosidic substituents
at the O5 hydroxy group of 2-DOS have been reported to result
in loss of biological activity,® '>24 whereas some synthetic
modifications at the O6 hydroxy group seem to retain anti-
bacterial potency.l'?

None of the synthesized 6'- or 4'-derivatives showed superior
activity to paromamine in the translation assay. The ICs, values of

Table 2. Structure-activity relationships for paromamine derivatives.

Com- R’ R? ICso [mm]®!
pound
R2 1 OH CH,OH 3.9
Rl’ﬁi’ 7 OH COOH 620
HO HN 9 OH CE=ONH > 1000
HoN 2
OHgm NH, 12 OH CH,C=O)NH, 380
OH 14 OH CH,CH,OH 1700
16 OH CH,CH(~ OH)CH; 97!
18 OH CH(~ OH)CH; 23!
21 OH CH(~ OH)CH,OH 2481
37 C(=0)-phenyl CH,OH > 1000
38 C(=0)-4-biphenyl CH,OH 380
40 C(=0)-6-benzo- CH,OH 450
triazole
OH 22 OCH, OCH, >1000
§ o 24 OCH, OH > 1000
R
Rl =\ HN 26 OH OCH, 250
2!
Sl Y
RZ
OH 29 C(=O)NH, - > 1000
Hﬂo o R 30 C(=O)NHCH, - > 000
é’ﬁ HN 1
HN R
RE Q0N
OH

[a] The coupled in vitro transcription —translation assay was carried out in a 384-well
plate. The test compound was incubated with bacterial S30 extract (Promega) followed
by a mixture that contained nucleotide triphosphates, amino acids, and pBEST/uc
plasmid DNA (Promega) encoding the luciferase reporter. Plates were incubated at 25°C
for 20 min. After cooling on ice, SteadyGlow luciferin substrate (Promega) was added,
followed by incubation for 15 min at room temperature. Light emission from the plates
was recorded with a TopCount (Perkin Elmer) luminescence counter. Each compound
was tested in a dose-response fashion at concentrations ranging from 1 mm to 100 nm.
1C5, values were determined from light unit versus log(c) plots by fitting to a variable
slope dose-response equation. Six replicate experiments were run per concentration. An
excellent signal-to-noise ratio was obtained in the assay, attested by Z' values®¥ in the
range of 0.60-0.70 per plate. To rule out the possibility that active compounds were
inhibitors of the bacterial RNA polymerase or firefly luciferase reporter enzyme, all
compounds were counter-screened against polymerase and luciferase. None of the
paromamine derivatives inhibited either polymerase or luciferase. [b] Binding to the
decoding-site-RNA target was confirmed by a fluorescence-based RNA affinity assay.2*!
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the 4’-substituted paromamines were at least 100-fold higher
than that of the parent compound. Interestingly, the activity
increased with the size of the aromatic substituent; 4’-biphenyl
paromamine 38 displayed the lowest IC;, value. Even small
deviations from the primary alcohol substitution at the 6'-
position, such as an additional methyl group as in 18, reduced
the potency at least sixfold. Introduction of a second exocyclic
hydroxy group, as in the diol 21, did not restore biological
activity. Similarly, potency was lost after removal of the hydroxy
group further from the pyranose by insertion of an additional
methylene group, as in 14 and 16. Replacement of the 6'-
hydroxy group by hydrogen-bond acceptor groups or mixed
acceptor-donors, as in the carboxylic acid 7 and the amides 9
and 12, led to dramatic reduction of activity.

In summary, the observed structure —activity relationships for
the paromamine 6’-derivatives reveal an exquisite sensitivity of
the 6'-position towards substitution, which emphasizes the
pivotal role of the group in this position in RNA target
recognition. This role is confirmed by a recently published
high-quality crystal structure of paromomycin bound to a
decoding-site RNA construct.”? This structure shows the 6
hydroxy group of paromamine involved in key hydrogen-bond
interactions with the RNA that align the pyranose ring with the
adenine 1408 base in a striking Watson-Crick base pair
fashion.”! The interactions between the paromamine pyranose
ring and A1408 have been suggested to contribute significantly
to aminoglycoside specificity toward the bacterial decoding
site.l”

This work was supported in part by a National Institutes of Health
grant to T.H.
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Dissecting the Streptavidin - Biotin Interaction
by Phage-Displayed Shotgun Scanning

Sara K. Avrantinis, Ryan L. Stafford, Xia Tian, and Gregory A. Weiss*!!

Shotgun scanning the streptavidin - biotin interaction identifies
long-range hydrophobic interactions that contribute to one of the
strongest naturally occurring noncovalent protein - ligand inter-
actions. The femtomolar dissociation constant for this interaction
makes it a useful model system to dissect the forces that govern
high-affinity molecular recognition between proteins and small
molecules. Shotgun scanning combines the diversity and in vitro
binding selection of phage-displayed libraries with a binomial
mutagenesis strategy. Libraries consist of proteins with the residues
in multiple positions mutated to give a 1:1 ratio of alanine:wild
type. Here, we use shotgun scanning to determine the functional
contribution of the 38 C-terminal residues of streptavidin to the
high-affinity interaction with biotin. The library pools were
subjected to three rounds of selection for functional streptavidin
variants that bind biotin and statistical analysis was used to assess

Introduction

Streptavidin, a tetrameric protein isolated from Streptomyces
avidinii, binds the small molecule biotin with extraordinary
affinity (dissociation constant, K =4 x 107*m).l"" The strength
and reliability of the streptavidin — biotin interaction underlie its
importance for biotechnology applications and as a model for
high-affinity receptor - ligand interactions. These facts prompted
us to choose the streptavidin - biotin system to demonstrate the
utility of shotgun scanning for high-throughput investigations of
receptor —small-molecule interactions. We report here for the
first time systematic shotgun scanning of a receptor-small-
molecule interaction to assess the side-chain contributions
from 32% of core streptavidin residues to the interaction with
biotin.

X-ray crystal structures,>3 single-point site-directed muta-
genesis experiments,*® and circularly permuted streptavidin
variants’” suggest three binding site features critical to the
strength of the streptavidin-biotin interaction. First, hydro-
phobic and van der Waals forces, primarily between biotin and
four tryptophan residues, contribute key contacts. Second, a
network of hydrogen bonds between streptavidin and the urea,
thioether, and carboxy functional groups of biotin stabilize
biotin binding. Additionally, a flexible streptavidin surface loop
(residues 45-50) moves from an open conformation in the
apoprotein to a closed conformation upon complexation with
biotin.”> 3 A detailed description of the role played by residues
outside the biotin binding site is missing from our understand-
ing of this canonically strong interaction.

ChemBioChem 2002, 3, 1229-1234 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

side-chain contributions to biotin binding. The results demonstrate
the utility of shotgun scanning for the dissection of receptor-
small-molecule interactions. While shotgun scanning results were
largely consistent with previous single-point, site-directed muta-
genesis studies for residues in direct contact with biotin, residues
distant from the biotin binding site have not previously been
explored. Key streptavidin residues identified by shotgun scanning
as contributors to the interaction with biotin include those with
side chains that fill the 3 barrel, residues at the tetramer interface,
and second-sphere residues, which are reinforced by long-distance
propagation of hydrophobic interactions.

KEYWORDS:

mutagenesis - phage display - protein engineering - shotgun
scanning - structure —activity relationships

Previous studies of the streptavidin—biotin interaction have
focused exclusively on residues in direct contact with biotin, but
other streptavidin residues could provide key supporting roles to
the high-affinity binding of biotin. For example, “second-sphere
residues,” which neighbor the active site,!"> ' could help orient
directly contacting side chains. Long-range networks of hydro-
phobic residues can also position active-site residues. For
example, the hydrophobic residues that compose the core of
PDZ domains have been implicated in long-range energy
conduction.' In addition, residues critical to protein folding
are essential for providing of the framework for strong non-
covalent interactions, but are not necessarily located in the
binding site. The shotgun scanning method applied here can
identify residues that contribute to protein functionality through
both direct and indirect interactions.

Shotgun scanning applies diverse protein libraries in which
combinations of residues in specific positions are varied
between alanine and the wild-type (nonmutant) residue. Alanine
substitutions, which remove atoms past the -carbon, assess the
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importance of each side chain to protein function. The library
pool is displayed on filamentous phage particles and in vitro
selections are used to isolate library members that bind to an
immobilized target ligand. Individual selectants are then
screened for binding before sequencing. The occurrence of the
wild-type or an alanine residue at each position is used to
calculate the ratio of wild-type to alanine (wt:A). The wt:A ratio
correlates with the contribution of a given side chain to ligand
binding, such that the wt:A ratio for large, favorable contribu-
tions approaches n (where n is the total number of clones
sequenced for each library); the wt:A ratio for a residue with a
negative impact on binding approaches zero.'

Here, streptavidin shotgun scanning focused upon the 38 C-
terminal positions (residues 96 — 133) of phage-displayed, tetra-
meric streptavidin."! These residues were chosen because they
comprise several strands of the pf-barrel structure and are
located at the tetramer interface of streptavidin. Selection for
binding to biotin was used to isolate functional mutants.
Streptavidin provides an attractive system for the study of
high-affinity interactions by this method because X-ray crystal
structures of alanine-substituted streptavidin have revealed little
structural perturbation as a result of this mutation of the
protein.[®

Results
Library construction

The streptavidin shotgun scanning libraries were constructed as
described previously.'® Briefly, degenerate oligonucleotides
encoded a 1:1 ratio of alanine to wild-type amino acids in
specific positions. Up to two other codons that resulted from
degeneracy in the genetic code were also present in some
positions (m2, m3, Table 1). Positions with wild-type alanine or
glycine residues were not mutated (not shown in Table 1).
Mutation of more than 30 residues in a single library would result

Table 1. Ratio of wild-type or mutated (m2, m3) residues to A, as recorded by
streptavidin shotgun scanning.l”

Library 1 (n=105) Library 2 (n=83)
wt wt:A m2:A m3:A wt wt:A m2:A m3:A
Y96 273 30(5 27D E116 1.3 - -
' 9.3 - - N118 29 1.8(D) 13(M
E101 26 - - W120 3.0 1.3(G) 0.2(5)
R103 14.2 1.8(G) 0.2(P) K121 29 1.1(M 0.2 (FE)
1104 13.8 1.7() 05(T) S122 33 - -
N105 4.4 14 (D) 14 (T) T123 26 - -
T106 1.4 - - L124 7.7 27 () 03(P)
Q107 0.3 0.1() 0.1(P) V125 59 - -
w108 21.0 28 (G) 13(9) H127 8.7 1.0(P) 0.9 (D)
L109 24 68 (V) 0.1(P) D128 5.1 - -
L110 10.3 14() 03(P) T129 39 - -
T 2.1 - - F130 16.0 1.8() 1.5(5)
S112 4.1 - - T131 59 - -
T114 1.7 - - K132 8.7 16() 01(T
T115 0.9 - - V133 4.4 - -
[a] Hyphens denote positions with only wt or A residues. Single-letter amino
acid codes in parentheses designate the m2 or m3 substitution.
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in diversity that exceeds the capabilities of phage display.
Therefore, the 38 C-terminal residues of the core of streptavidin
(residues 96-133) were divided into two shotgun scanning
libraries, each with a theoretical diversity of approximately
108 protein variants. The initial (naive) libraries had diversities
approaching the theoretical values. Sequencing of the naive
libraries confirmed that library construction resulted in a wild-
type to alanine ratio of approximately 1:1. Functional, tetrameric
streptavidin was displayed on the phage surface by positioning
an amber stop codon between the open reading frames that
encode streptavidin and P8. In an amber suppressor Escherischia
coli strain such as XL1-Blue, the production of both free and P8-
fused streptavidin monomers results in periplasmic assembly of
the streptavidin tetramer.'”!

Formation of tetrameric, rather than monomeric, streptavidin
was investigated by mutation of the amber stop codon to a
serine codon and conduction of binding assays with both types
of phage. The serine mutant phage exhibited significantly
decreased biotin binding compared to the amber-stop-contain-
ing phage in binding assays (data not shown). Monomeric
streptavidin binds biotin with a K, value approximately five
orders of magnitude higher than that of tetrameric streptavi-
din.l'" Therefore, the substantially reduced biotin binding
capability of the serine mutant phage supports the hypothesis
that tetrameric streptavidin is displayed on the phage surface.

Selection of biotin-binding clones

The streptavidin libraries were selected for binding to biotiny-
lated bovine serum albumin (BSA) immobilized on microtiter
plates. Bound phage that displayed functional streptavidin were
eluted under optimized conditions. After three rounds of
selection, individual clones were grown in 96-well format and
culture supernatants, which contained phage-displayed strepta-
vidin mutants, were directly assayed by phage ELISAs!'” to
identify streptavidin variants that retained affinity for biotin.
Clones identified from the screen as biotin binders, 105 from
library one (residues 96-115) and 83 from library two (resi-
dues 116-133), were sequenced and the wt:A ratio for each
position was calculated (Table 1).

Wild-type streptavidin accounted for about 8 % of the selected
clones overall. Silent mutations encoded by the library oligonu-
cleotides demonstrated that these wild-type selectants were
from the library (that is, they were not contaminating phage that
displayed wild-type streptavidin and did not result from the
library template). This enrichment of the wild-type protein from
two different libraries, each with diversities approaching
108 streptavidin variants, suggests that the selection conditions
successfully identified high-affinity biotin binders. Furthermore,
since library members competed with wild-type streptavidin
during library selection, we expect the other functional clones to
bind biotin with on (k,,) and off (k. rates comparable to those
of the wild-type protein. A fairly high rate of identical sequences
(siblings) was observed. The most common sibling composed
17 % of the selectants from library 2; overall, approximately half
of the sequences had at least one sibling.
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Discussion
Caveats to streptavidin shotgun scanning

Shotgun scanning offers a high-throughput method for analysis
of large numbers of protein residues, but several caveats need to
be considered. First, the method implemented here requires
growth of a potentially toxic protein, streptavidin, in E. coli. We
have not encountered difficulties in growing streptavidin fused
to the phage surface and others have reported high expression
levels of wild-type streptavidin in E. coli.l'"® Second, bound phage
were eluted by vigorous shaking in 100 mm hydrochloric acid
during rounds of selection for binding to the ligand. These
elution conditions could select for mutations that enhance the
sensitivity of the protein to low pH conditions. Furthermore,
such conditions could paradoxically favor mutations that
destabilize the tertiary and quaternary structures of streptavidin,
which are both required for binding to biotin. The in vivo
amplification step could also provide additional selection
criteria; for example, proteolysis during growth in E. coli could
select against unfolded mutants. Specific examples where these
caveats to the technique could be important are noted in the
discussion of our data. The high frequency of wild-type
streptavidin selected from the diverse initial libraries indicates,
however, that the growth, selection, and elution conditions
described here identify high-affinity, properly folded, tetrameric
streptavidin variants.

Streptavidin residues in direct contact with biotin

Previous studies of the streptavidin - biotin interaction have
focused on a few residues in direct contact with biotin. Our
streptavidin shotgun scanning data intersects with conventional
biochemical studies in three positions, which can be used to
calibrate the combinatorial mutagenesis described here. For
example, W108 lines the biotin binding site and single-point,
site-directed mutagenesis has demonstrated the importance of
the W108 indole functionality for biotin binding.*® Shotgun
scanning analysis (Figure 1) confirmed a strong preference for
tryptophan at residue 108 (wt:A =21:1). In addition, the ureido
group of biotin participates in a hydrogen bond network,
anchored by a hydrogen bond from the carboxy group of
D128.2 In our study, D128 was preferred over alanine by a ratio
of 5:1. Interestingly, in the case of W120, which has previously
been shown to contribute significantly to biotin binding,*” only
a modest preference for the wild-type W residue was exhibited
in these experiments (wt:A=3:1). The W120A streptavidin
mutant remains fully folded and tetrameric,® however, we
cannot rule out the possibility that mutations in this position
destabilize either the tertiary or quaternary structure of strepta-
vidin. Such destabilization by this residue could facilitate elution
after selection for binding to biotin, which would artificially
depress the wt:A ratio. However, good agreement between
previous studies and shotgun scanning for other residues
suggests that shotgun scanning effectively identifies critical
side-chain contributions to binding between proteins and small
molecules and includes positions that have not been examined
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Figure 1. Results from shotgun scanning. Side chains examined in this study
(stick models) comprise 32 % (residues 96 — 133) of streptavidin (gray). Colors
indicate the ratio wt:A reported in Table 1. Red denotes wt:A > 9; orange, 9 >
wt:A > 6; yellow, 6 > wt:A > 3; blue, wt:A < 3. Green represents biotin. Figures
were produced by using Visual Molecular Dynamics®?” and Raster3D software.?¥!
(PDB accession code: 1STP?).

previously. For example, a strong preference for wild-type was
observed at L110 (wt:A=10:1), a position in close proximity to
the valeryl functionality of biotin. The wt:A ratios could reflect
relative contributions to biotin binding by specific side chains.
Previous shotgun scanning studies have used wt:A ratios to
calculate AAG values and thus quantify the energetic contribu-
tion of individual side-chain functionalities."> ' Typically, the
ratio wt:A is treated as equal to the ratio of binding equilibrium
constants for the wild-type and Ala mutant (K,,.:Ky,,). This ratio of
equilibrium constants is then converted to the AAG value that
compares the wild-type to the Ala mutant (AAGy,.,)- Strepta-
vidin, however, has an unusually slow off rate, with a half-life of
about 3 days at 25°C."" We cannot be certain that thermody-
namic equilibrium was reached under the conditions used for
library selection and therefore do not assume that the wt:A ratio
is equal to the ratio of equilibrium constants for the wild-type
and alanine-substituted mutant, respectively. Other streptavidin
mutagenesis studies have shown that streptavidin residues
whose mutation leads to large AAG,,...« Values effect off rates
almost exclusively, while those with modest AAG values effect
both k. and k., values. Thus, we expect large wt:A ratios
observed by shotgun scanning to mainly effect k. values.
Alanine substitutions in these positions are expected to result in
faster off rates. This analysis, which focuses upon large ratios of
wt:A, is consistent with previous shotgun scanning studies that
demonstrated good correlation between shotgun scanning and
conventional AAG values above about 1 kcalmol~'.'*

Indirect contributions to biotin binding

In addition to highlighting the contributions of streptavidin
residues in direct contact with biotin (W108, L110, D128), our
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experiments also identified residues some distance from the
binding site that contribute to the interaction, but have not
previously been identified as contributors (Figure1). Two
stretches of highly conserved residues that extend across the 3
strands were revealed near the top and bottom of the
streptavidin 3 barrel. These mainly hydrophobic residues are
most likely responsible for p-barrel formation through hydro-
phobic collapse and interstrand cross-links from side-chain
interactions. Residues unimportant for binding to biotin form
the  turns at the ends of the strands. An understanding of the
forces important for 3-sheet formation is critical for design of [3-
sheet folds.?>?2 |n the examined residues of streptavidin,
contacts between neighboring interstrand residues, not
from key residues at turns, stabilize 3-barrel formation. A
possible exception to the importance of interstrand side-
chain cross-links is the case of R103, a nonburied residue
highly conserved in these studies. R103 features a
hydrogen bond that extends from the 1 nitrogen atom
of the guanidine moiety back to its own f3 strand and has
no obvious interstrand contacts. At the positions studied,
the wild-type residue was strongly preferred and selec-
tion for mutants that destabilize the structure of
streptavidin, possibly as a result of alanine substitutions,
was not observed. We conclude that these residues
contribute indirectly to biotin binding through stabiliza-
tion of the streptavidin scaffold or other effects.

Results from shotgun scanning corroborate the ex-
pectation based on computational studies that inter-
actions with hydrophobic side chains dominate the
streptavidin — biotin interaction.”! Every hydrophobic
residue had a wt:A ratio greater than three, which
demonstrates the importance of a hydrophobe-packed,
rather than alanine-substituted, core for functional
streptavidin. In fact, hydrophobic residues far from the
binding site (Y96, F130) where shown to be as important
to biotin binding as residues in direct contact with biotin.
Therefore, the femtomolar streptavidin — biotin dissocia-
tion constant appears to be achieved by an exquisite
organization of extended hydrophobic interactions that
buttress residues in direct contact with biotin. We also find a
fairly diffuse binding site with a large number of roughly equal
side-chain contributions.

Surprisingly, Y96 and F130 were as critical to biotin binding as
W?108, a hydrophobic residue in direct contact with biotin. Y96
participates in the interstrand contacts described above. F130
appears to orient D128 for H bonding to the urea nitrogen atom
of biotin and could provide assistance to binding as a second-
sphere residue. Y96, W108, and F130 point into the 3 barrel and
most likely assist protein folding. These residues could also
participate in a network of side chains with interlocked hydro-
phobic interactions. Previous studies of streptavidin mutants by
X-ray crystallography found that aromatic ring systems shifted
slightly in the binding site, a finding that “point[s] to a more
extended network of aromatic residues beyond the ones directly
in contact with biotin.”?¥ Our study identifies two contributors
to long-range hydrophobic networks as Y96 and F130. Further
experiments are necessary to assign a precise role to these
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residues. In addition, shotgun scanning of other proteins could
assess whether the interlocking hydrophobic interactions iden-
tified here are unique to the high-affinity streptavidin - biotin
interaction.

Residues at the subunit interface

Based on the streptavidin crystal structure, W120 was expected
to mediate formation of the streptavidin tetramer. The W120A
mutant protein, however, remains tetrameric.® Here, we identify
two additional residues that contribute to biotin binding at the
subunit interface (Figure 2). The streptavidin monomers are

Figure 2. Key residues at the streptavidin tetramer interface. Colors are as described for
Figure 1. (PDB accession code 1SWE?9).

arranged as a pair of dimers, with the dimers sharing hydrogen
bonds and exchanging W120 residues.” In our study, H127 is
conserved 9:1 over alanine and reaches across the dimer - dimer
interface to interact with H127 from a neighboring subunit
through an apparent imidazole-imidazole m-stacking or m-
cation interaction. In addition, the V125 residues from each of
the four subunits interact at the dimer interface with moderate
importance to biotin binding (wt:A=6:1).

A preference for substitutions of residues different from the
wild-type was observed for three streptavidin residues near the
subunit interface (Figure 3). Aspartic acid was preferred at
position 105 (D:N, 3:1), alanine at position 107 (A:Q, 4:1), and
valine at position 109 (V:L, 3:1). All three of these residues are
located along a single 3 strand directed toward the interface
between dimers. These substitutions could improve streptavidin
tetramerization, solubility, or thermodynamic stability. Further
experiments to explore the functional contribution made by
these substitutions should also consider the effects of the low
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Figure 3. Streptavidin tetramer with the side chains of the three residues for
which substitution was preferred over the wild-type moeity highlighted. N105,
Q107, and L109 were preferentially substituted with D, A, and V, respectively. For
each mutation, four residues, one from each subunit, are shown in red. Green =
biotin. PDB accession code 1SWE.?

pH conditions used for elution of bound phage during
selections. The side chains of these residues point toward the
streptavidin [ barrel exterior as opposed to lining the interior.
These results suggest that residues in the interior of streptavidin
are highly optimized, while surface residues are more amenable
to variation. Such optimization of the interior residues could be
required for core formation and long-range hydrophobic
networking, as described above.

Data from shotgun scanning could thus be used to improve
streptavidin for use in biotechnology. For example, the three
residues with preference for non-wild-type substitutions could
prove useful for optimization of recombinant streptavidin. The
shotgun scanning data reported here also provide a map of
residues important for streptavidin functionality. Residues iden-
tified by shotgun scanning could be the subject of further
mutational studies to produce streptavidin with altered binding
capabilities or other properties such as monomeric structure.

Conclusion

We report here for the first time systematic shotgun scanning of
a receptor - small-molecule interaction. Shotgun scanning was
used to determine the functional contribution of the 38C-
terminal residues of streptavidin to biotin binding. Shotgun
scanning results were largely consistent with conventional site-
directed mutagenesis studies for the few residues studied
previously, which validates shotgun scanning as a high-through-
put method for mapping receptor — small-molecule interactions.
The results reported here also demonstrate the importance of
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previously unreported hydrophobic residues that contribute
direct and indirect contacts with biotin. These include strepta-
vidin residues likely responsible for formation of the 3 barrel and
tetrameric structure of the protein. We expect these studies to
inform protein structure prediction, de novo protein design,
protein folding, and ligand design. Additional protein libraries of
the remaining streptavidin residues could further contribute to
our understanding of how every residue in a protein functions in
molecular recognition.

Experimental Section

General: E. coli XL1-Blue and M13-VCS were obtained from Strata-
gene. E. coli S5320 is deposited with the American Type Culture
Collection. Enzymes were from New England Biolabs, except for Taq
polymerase, which was from Fisher. Succinimidyl- (biotinamido)-
hexanoate-biotin (NHS-LC-biotin) was purchased from Pierce. BSA
was from EM Science, Tween 20 was from Mallinckrodt, and o-
phenylenediamine dihydrochloride was from Sigma. Anti-M13/
horseradish peroxidase conjugate was obtained from Amersham
Life Science. Deoxynucleotide triphosphates were obtained from
ProMega, 10xPCR buffer was from Fisher, and Maxisorp microtiter
plates were purchased from NUNC. Reagents for dideoxynucleotide
sequencing were purchased from ABI/PE Biosciences.

Oligonucleotides: DNA degeneracies are represented by the |UB
code (K=G/T, M=A/C,N=A/C/G/T,R=A/G,S=G/C,L W=A/T,Y=C/
T). The following oligonucleotides were used (mutation-encoding
substitutions are shown in italics): sav-sg-1: 5'-CACGTGGAGCGGC-
CAGKMTGYTGGTGGTGCTGMAGCTSSTRYTRMCRCTSMAKSGSYTSYTRCT-
KCCGGTRCTRCTGAGGCCAACGCCTGGAAG-3’; sav-sg-2: 5'-CTGACCT-
CCGGTACCACCGMAGCTRMCGCTKSGRMAKCCRCTSYTGYTGGTSMTGM-
TRCTKYTRCTRMAGYTGTCTAGAGCGGTGGA-3'; SAV-F1: 5'-TGTAAAAC-
GACGGCCAGTCGAGCACTTCACCAACAA-3; SAV-R2: 5'-CAGGAAA-
CAGCTATGACGACAACAACCATCGCCC-3'.

Construction of mutant SAV libraries: Phagemid pW1244c was
used as the template for library construction. The phagemid is
identical to a previously described phagemid! designed to display
streptavidin on the surface of M13 bacteriophage as a fusion to a
mutant P8 protein engineered for increased streptavidin display,
with the following exception: codons encoding residues 115 and 116
of streptavidin were replaced by TAA stop codons. The phagemid
was used as the template for oligonucleotide-directed mutagenesis
as described by Kunkel®! with the two oligonucleotides, sav-sg-1
and sav-sg-2, designed to simultaneously repair the stop codons and
introduce mutations at the desired sites. Libraries1 and 2 had
theoretical diversities of 2.7 x 108 and 3.4 x 107 and experimental
diversities of 2.5 x 10® and 6.8 x 108, respectively. Theoretical diver-
sities were derived from the number of possible substitutions in each
position of the library-encoding oligonucleotides and experimental
diversities were obtained from phage library titers.

Screening for biotin binding activity: Biotinylated BSA was
prepared by dissolving NHS-LC-biotin (1.7 mg, 3.7 umol) in dimethyl
sulfoxide (DMSO; 200 pL), quick transferal of the DMSO solution into
BSA (5 mL, 5mgmL~"; 0.37 umol), and incubation of the mixture at
room temperature for 8 hours.

Phage from the streptavidin libraries were cycled through serial
rounds of binding selection with biotinylated BSA and each library
was subjected to separate rounds of selection. Maxisorp immuno-
plates (96-well) were coated with biotinylated BSA for one hour at
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room temperature (100 pL, 10 pgmL~" biotinylated BSA in 50 mm
carbonate buffer (pH9.6)). The plates were then blocked for
30 minutes with either BSA (0.2%) or casein (0.2%) in phosphate-
buffered saline (PBS) and washed eight times with PT buffer (PBS,
0.05% Tween 20). The phage library in PBS (100 pL), BSA (0.1 %), and
Tween 20 (0.1%) was transferred to ten of the coated wells for the
first round and two of the coated wells for successive rounds. After
one hour, the plate was washed eight times with PT buffer. Phage
were eluted by addition of HCI (100 pL, 100 mm) supplemented with
streptavidin (0.05 mgmL~") and shaken vigorously for five minutes.
The eluted phage were immediately neutralized with tris(hydrox-
ymethyl)aminomethane - HCl (33 pL, 1.0m; pH 8.0). Finally, remaining
phage were eluted with XL1-Blue E. coli cells (200 pL). Half the eluted
phage solution was used to infect XL1-Blue cells supplemented with
carbenicillin (50 pgmL-") and M13-VCS helper phage (10" phage
mL~"). The library selection was repeated three times.

Phage ELISA for determining biotin-binding clones: Phage ELISA
protocols were adapted from a previous work.??! Cultures of E. coli
XL1-Blue harboring individual phagemids were grown in 96-well
format for 18 hours at 37°C in 2YT medium (1 mL), carbenicillin
(50 ugmL="), and M13-VCS helper phage (10" phagemL-"). Cells
were removed by centrifugation (10 min, 12000 g) and the culture
supernatant was used directly in the phage ELISA.

Maxisorp immunoplates (96-well) were coated with biotinylated BSA
for one hour at room temperature as described above. The plates
were then blocked for 30 minutes with BSA (0.2%) in PBS and
washed eight times with PT buffer. Phage supernatant (100 uL) was
then transferred to the coated wells. After two hours, plates were
washed eight times with PT buffer, incubated with anti-M13/
horseradish peroxidase conjugate (100 uL, 1:10000) in PBS, BSA
(0.1%), and Tween 20 (0.1 %) for 30 minutes, and washed eight times
with PT buffer and twice with PBS. Plates were developed by using a
o-phenylenediamine  dihydrochloride/H,0,  solution (100 pL,
1 mgmL="/0.02%), quenched with H,SO, (50 pL, 2.5m), and read
spectrophotometrically at 492 nm.

DNA sequencing of positive clones: Culture supernatant that
contained phage particles was used as the template for a PCR with
oligonucleotides SAV-F1 and SAV-R2 as primers in order to amplify
the streptavidin gene and incorporate universal sequencing primers.
The amplified DNA fragment was used as the template in Big-Dye
terminator sequencing reactions, which were analyzed on an ABI
Prism 3700 capillary electrophoresis DNA sequencer. Data was
tabulated by using the program SGCOUNT, as previously de-
scribed.®
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Tight Binding of the Antitumor Drug
Ditercalinium to Quadruplex DNA

Carolina Carrasco,” Frédéric Rosu, Valérie Gabelica,!” Claude Houssier,®
Edwin De Pauw,@ Christiane Garbay-Jaureguiberry,'® Bernard Roques,®
W. David Wilson,'® Jonathan B. Chaires,! Michael J. Waring,” and

Christian Bailly*

The structural selectivity of the DNA-binding antitumor drug
ditercalinium was investigated by competition dialysis with a series
of nineteen different DNA substrates. The 7H-pyridocarbazole
dimer was found to bind to double-stranded DNA with a preference
for GC-rich species but can in addition form stable complexes with
triplex and quadruplex structures. The preferential interaction of
the drug with four-stranded DNA structures was independently
confirmed by electrospray mass spectrometry and a detailed
analysis of the binding reaction was performed by surface plasmon
resonance (SPR) spectroscopy. The BlAcore SPR study showed that
the kinetic parameters for the interaction of ditercalinium with the

Introduction

Ditercalinium (Scheme 1) is a dimeric antitumor agent that was
designed to interact tightly with double-stranded DNA.I" 2 This
7H-pyridocarbazole dimer binds from the major groove side of

HsCO O NH HN O OCHs
= ‘ A
| | .

N N

Scheme 1. Structure of ditercalinium.

the double helix to form bis-intercalation complexes with the
two pyridocarbazolium rings inserted between contiguous CpG
steps.® 4 The bis intercalation places the positively charged, rigid
bis(ethylpiperidinium) linker chain within the major groove of
the helix and induces a significant bend in the helix axis of about
15° towards the minor groove.™ Recently, we showed that the
drug binds to natural DNA preferentially at GC-rich sequences.®!
Although the 3D structures of a few ditercalinium-oligonu-
cleotide bis-intercalation complexes have been solved, NMR
data also indicated that other types of complexes can be formed.
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human telomeric quadruplex sequence are comparable to those
measured with a duplex sequence. Slow association and dissoci-
ation were observed with both the quadruplex and duplex
structures. The newly discovered preferential binding of ditercali-
nium to the antiparallel quadruplex sequence d(AG;[T,AGs];)
provides new perspectives for the design of drugs that can bind
to human telomeres.

KEYWORDS:

antitumor agents DNA mass

equilibrium dialysis
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For example, upon binding to d(GCGC), one of the pyridocar-
bazole rings intercalates at the CpG step while the other lies
stacked upon an external base pair.”! It has also been suggested
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that ditercalinium can recognize and stabilize the A-type DNA
conformation adopted by d(GCGCGC(),.®! Therefore, it may be
that ditercalinium should be considered a structure-selective
rather than a sequence-selective DNA binding agent. This
consideration prompted us to examine the structural specificity
of the drug by using the competition dialysis method.” The
simultaneous interaction of ditercalinium with nineteen different
types of nucleic acids was analyzed so as to provide a rigorous,
thermodynamically sound indication of the structural selectivity
in ditercalinium binding. Competition dialysis measurements
with a variety of DNA substrates that ranged from single-
stranded synthetic polymers to complex three- and four-
stranded structures not only confirmed the GC selectivity of
the drug, but most importantly revealed a novel and unexpected
preference of ditercalinium for binding to quadruplex DNA. The
preferential binding of ditercalinium to the antiparallel quad-
ruplex sequence d(AG;[T,AGsl;) was independently confirmed
by mass spectrometry, which led to a detailed analysis of the
binding affinity and kinetics by surface plasmon resonance
spectroscopy.

Results
Equilibrium dialysis

Figure 1 illustrates results obtained from the competition dialysis
procedure. Data are presented in the form of a bar graph, in
which the amount of ditercalinium bound to each nucleic acid
sample (Table 1) is plotted. All nucleic acids are at identical
concentrations relative to the monomeric units (nucleotide, base

i-rmotif
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Tetraplex 2
Tetraplex 1
Triplex RNA
Triplex DNA
Z DNA
polyA:polyl

|
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Figure 1. Results of a competition dialysis experiment with ditercalinium. The
amount of ditercalinium bound to the various nucleic acid structures listed in
Table 1 is shown as a bar graph. The free ligand concentration in the experiment
was 1 um and the total concentration of each nucleic acid was 75 um (expressed in
terms of nucleotides, base pairs, triplets, or tetrads as appropriate). M lyso =
Micrococcus lysodeikticus; CT= calf thymus; C perf= Clostridium perfringens.
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Table 1. Nucleic acid structures used in competition dialysis experiments.
Conformation DNA/oligonucleotide Anm]® g [m"em®!
single strand purine poly dA 257 8600
polyA 258 9800
single-strand pyrimidine poly dT 264 8520
polyU 260 9350
duplex DNA C. perfringens (31% GC) 260 12476
calf thymus (42% GC) 260 12824
M. lysodeikticus (72% GC) 260 13846
poly dA: poly dT 260 12000
poly (dAdT) 262 13200
poly (dGdC) 254 16800
DNA -RNA hybrid poly rA: poly dT 260 12460
duplex RNA poly A: poly U 260 14280
Z DNA brominated poly (dGdC) 254 16060
triplex DNA poly dA: (poly dT), 260 17200
triplex RNA PolyA: (polyU), 260 17840
tetraplex DNA 1 (5'T,Gy0To)s 260 39267
tetraplex DNA 2 5'AG;TTAG,TTAG,TTAG; 260 73000
tetraplex DNA 3 (5'G1oT4Gro)a 260 39400
i-motif Poly dC 274 7400
[a] 2=maximum absorption wavelength. [b] ¢ =molar extinction coeffi-
cient.

pair, triplet, tetrad) that comprise the polymer. The free ligand
concentration is 1 pm. The nucleic acids can be grouped into
three categories according to the observed extent of binding of
the drug to the different DNA species. Firstly, ditercalinium binds
relatively weakly to the synthetic double-stranded polymers that
contain only AT, AU or GC base pairs and it binds poorly to Z-DNA
and i-motif-containing DNA. Binding to the single-stranded
polymers is almost negligible. Secondly, the binding of diterca-
linium to the three natural DNA species is directly proportional
to the GC content of the DNA. Duplex DNA from Micrococcus
lysodeikticus (72% GC) represents the most preferred form,
followed by calf thymus DNA (42% GC) and DNA from
Clostridium perfringens (31% GC). This is entirely in accordance
with recent footprinting data,’® which shows that the drug binds
best to GC-rich sequences. Finally, a striking result that emerges
is the strong preference of ditercalinium for all triplex and
quadruplex DNA samples included in the assay. Ditercalinium
binds to tetraplex 1, which is a parallel four-stranded structure,
and to tetraplex 3, which appears to form a “G-wire” (Figure 2)
under the conditions of this assay.'®"¥ Interestingly, the drug
exhibits a clear preference for tetraplex 2, which is a folded,
antiparallel structure derived from the human telomere se-
quence. Under the ionic conditions of this assay, the amount of
ditercalinium that binds to tetraplex 2 d(AG;[T,AG;];) is about
twice as great as that to M. lysodeikticus duplex DNA and three
times greater than the amount that binds poly(dG-dC). Binding
to triplex DNA and RNA structures can only be a structural
preference, since only TAT (or UAU) triplets are represented in
our assay and binding to the duplex forms that contain these
bases is poor.

The unexpected finding that ditercalinium binds preferentially
to tetraplex DNA prompted us to investigate further the
interaction of the drug with quadruplex-forming oligonucleo-
tides by using two other techniques.

ChemBioChem 2002, 3, 1235-1241
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Figure 2. Schematic of quadruplex structures used in the competition dialysis
assay: left, parallel-stranded intermolecular quadruplex formed by the self-
association of 5'T,G,,T,; center, antiparallel intramolecular quadruplex formed by
the folding of 5’AGGG(TTAGGG);; right, “G-wire” formed by the indefinite
association of 5'G;,T,G,.

Mass spectrometry

The binding of ditercalinium to a panel of two- and four-
stranded DNA sequences (three of each) was analyzed by
electrospray ionization mass spectrometry (ESI MS), which is a
highly sensitive method for the investigation of the stoichiom-
etry and extent of drug - nucleic-acid interaction. The duplexes
all have 12 base pairs and differ in their respective GC content.
The 3 tetraplexes include the sequences d(TG,T), and d(G,T,G,),,
reminiscent of tetraplexes1 and 3 used in the equilibrium
dialysis experiments, and the human telomeric sequence
[G5(T,AG;);], as in tetraplex2. Typical mass spectra ob-
tained with the Dickerson-Drew dodecamer duplex
d(CGCGA,T,CGCG), and the d(TG,T), quadruplex are presented
in Figure 3. In both cases, as with all the other sequences, a
mixture of 1:1 and 2:1 drug-DNA complexes were identified.
The amount of drug bound to the nucleic acid was calculated for
each sequence and the results were expressed in terms of the
molecular binding unit (base pair or tetrad) to facilitate
comparison, as in the equilibrium dialysis experiments. The
results presented in Figure 4 indicate that the drug binds better
to all three of the tetraplex structures than to the duplexes. The
amount of drug-DNA complex formed with the 12-mer
oligonucleotide duplexes was more or less equivalent, though
higher with the duplex that contained only GC base pairs
compared to that with eight AT base pairs, as anticipated from
the known GC preference of the drug. The interesting observa-
tion is the net preference of the drug for the three quadruplex-
forming sequences. The tetrads bind twice as much drug as do
the base pairs. The ESI MS results agree well with the equilibrium
dialysis data, although the experimental conditions are quite

ChemBioChem 2002, 3, 1235 - 1241
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Figure 3. ESI MS spectra of complexes of ditercalinium with (a) the duplex
d(CGCGAATTCGCG), and (b) the quadruplex (TGGGGT),. The unbound oligonu-
cleotide and the 1:1 and 2:1 drug - DNA complexes were identified. Spectra were
recorded in 100 mm (a) or 150 mm (b) ammonium acetate, pH 7.0, with equimolar
amounts of the drug and the oligonucleotide (5 um each).
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Figure 4. Amount of ligand bound to each monomeric DNA structure (base pairs
or tetrads) determined by ESI MS.

distinct (different buffers, short oligonucleotides rather than
long nucleic acid polymers). The two methods lead to the same
overall conclusion: ditercalinium binds preferentially to the
tetraplex-forming sequences.

Surface plasmon resonance measurements

SPR spectroscopy binding experiments were performed to
enable an additional and quite different comparison of the
interactions between ditercalinium and DNA. Three biotin-
labeled hairpin oligonucleotide sequences, the duplexes [AATT]
and [CG], and the human telomeric tetraplex G4, were used in
these experiments. The SPR experiments were performed at
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20°C in HBS-EP buffer (see the Materials and Methods section)
supplemented with 0.2m KCI. Addition of a high concentration of
KCl was found to be necessary to reach a stable steady-state
plateau for the interaction between ditercalinium and the G4
sequence. These optimized experimental conditions allowed
clear sensorgrams to be collected and the data were processed
as described in the Materials and Methods section. A set of
sensorgrams (response units, RU, versus time) for the concen-
tration-dependent binding of ditercalinium to the [CG], duplex
and the G4 tetraplex is shown in Figure5. We found that

C. Bailly et al.

Ditercalinium exhibits a high affinity for all three DNA
sequences, with affinity constants near to or greater than
10’m~". The [CG], and [AATT] duplex sequences have similar
binding affinities and are best fit by a model with two equivalent
sites and microscopic equilibrium constants of around 107m~".
The two binding sites on the [CG], and [AATT] oligomers are as
would be expected for neighbor exclusion binding of a bis
intercalator to a duplex of this length. The binding constants for
these short duplexes are in good agreement with results
obtained for AT and GC polymers by the competition dialysis
method. Binding to the G4 tetraplex is
stronger and of a different character
compared to binding with the duplexes.
The G4 tetraplex results require fitting with
a nonequivalent two-site model. The high-
er binding constant, K;,is 3 x 10’m~" and is
approximately ten times greater than the
second, lower binding constant, K,. The
presence of two binding sites, one signifi-
cantly stronger than the other, agrees with
results for a number of other G4 binding

100 - 100
? [CGl4 ? G4

80} 80}

RU RU

60 }

4}

20}
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Figure 5. SPR sensorgrams for binding of ditercalinium to [CG], and G4 DNA in HBS-EP buffer supplemented
with 0.2m KCl, at 25°C. The concentration of the unbound ligand in the flow solution varies from 1 nm for the

lowest curve to 5 um for the top curve.

ditercalinium is difficult to work with at concentrations above
around 10~’m and our binding plots stop when that concen-
tration range is reached (Figure 6). Nonspecific binding of
ditercalinium to the sensor chip surfaces may be excessive and

1.5

0 5x10°  1x107 1.5x107 2x107

Ciree /M —>

Figure 6. Binding plots used to determine the affinity constants for ditercalinium
complexed with the duplexes (@) [AATT] and (<) [CG], and with (o) the tetraplex
G4 sequence. These plots were constructed by conversion of the RU values from
the steady-state region of the SPR sensorgrams presented in Figure 5 to r values
(moles drug bound per mole DNA hairpin), which were plotted against the
concentration of unbound ditercalinium.

is difficult to correct for exactly at higher concentrations.
Methods to treat these difficult systems at higher concentrations
are under development in our laboratories.
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compounds.'" It should be noted, how-
ever, that the error in the second, lower K,
value is large because we cannot use
concentrations of ditercalinium above
about 107w in this experiment.

The kinetics of the reactions were suffi-
ciently slow for both the duplexes and the
quadruplex to allow us to estimate the
association (k,) and dissociation (k) parameters (Table 2) as well
as to calculate equilibrium binding constants based on these
values (k,/kqy=K,,). These calculated binding constants are in
qualitative agreement with results from the steady-state anal-

Table 2. Binding and kinetic constants determined by SPR.l%

Sequence Ko [M~1] ky[M's] kg [s7'] ka/kg Im~'] n
AATTE! 0.9 x 107 7.3 x 10* 6.8x 1073 1.1 x 107 2
[CGL 1.0 x 107 5.3 x10* 1.6 x 1073 3.5x 107 2
G4l 3.0x 107 2.4 x10* 1.9%x 1073 1.3 x 107 2

[a] Experiments were performed at 20°C in HBS-EP buffer that contained
02m KCl. The 5'-biotin oligonucleotide sequences used are:
[b] d(CGAATTCGTCTCCGAATTCG), [c] d(CGCGCGCGTTTTCGCGCGCG), and
[d] d([AG5(TTAG;)3].

ysis. More work is needed to determine whether mass transfer
effects influence the kinetics constants but qualitative analysis of
the kinetics profiles and k,/ky ratios is possible at this point.
Qualitative analysis of the on/off rates of the binding reaction
reveals further differences between the binding of the duplex
and that of the tetraplex in terms of kinetics. The association rate
for the quadruplex is approximately one third to a half that for
the duplexes. The drug dissociates from the duplexes about four
to five times faster than from the quadruplex. Overall, the
biosensor SPR analysis confirms that ditercalinium binds strongly
to both duplexes and quadruplexes. This compound is a potent
new G4 binder.

ChemBioChem 2002, 3, 1235-1241
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Discussion

This competition dialysis study reveals an unexpected ability of
ditercalinium to bind to multistranded structures. Both DNA and
RNA triplexes bind ditercalinium as well as does natural duplex
DNA. Since both the triplex structures investigated contain only
A and T (or U) bases, ditercalinum binding must reflect some
kind of structural preference rather than a base or sequence
preference. Moreover, Figure 1 shows that ditercalinium binds
well to the three quadruplex structures included in the
competition dialysis assay. Interestingly, its highest affinity is
for the folded antiparallel quadruplex structure (tetraplex2)
derived from the human telomere repeat sequence 5'-
(dTTAGGG). Ditercalinium binds as tightly to parallel quadruplex
and G-wire structures as it does to natural duplex DNA. Although
the exact mode of binding to quadruplex structures is not
presently known, it will be the subject of additional studies
specifically designed to address that question.

The discovery that ditercalinium binds strongly to quadruplex
DNA was fully confirmed by complementary mass spectrometry
and surface plasmon resonance studies. Direct evidence for the
formation of stable ditercalinium-G4-oligonucleotide com-
plexes is furnished by the ESI MS results (Figure 3). This method
has proved useful for the study of a large number of noncovalent
complexes with intercalators and minor groove binders!">'% and
we here show that the method is also well-suited to the
identification of a quadruplex-interactive compound, as recently
shown with other G4 binders.?% 2" Surface plasmon resonance
spectroscopy further attests that ditercalinium does effectively
recognize the G4 human telomeric structure and these results
provide additional information on the kinetics of the drug - DNA
interaction. We cannot yet relate those kinetics to the mode of
binding of ditercalinium to the G4 structure. However, the fact
that the drug dissociates more slowly from the G4 structure than
from the duplexes indicates that it forms very stable complexes,
most likely by base stacking interactions and possibly through a
bis-intercalation-like process, as is known to be the case with
duplex DNA. On the basis of molecular modeling studies, Neidle
and co-workers have identified a ligand binding site in the
d[TAG;(TAG;);] quadruplex between the diagonal T,A loop and
the G-quartet segment.?2 281 This binding cavity lies in the 5'-AG
sequence, a dinucleotide step frequently encountered within
ditercalinium binding sites on duplex DNA®! as well as in the
octanucleotide sequence d(CCTATAGG), used for NMR spectro-
scopy studies.”? The 5-AG step may perhaps be exploited by
ditercalinium as its strongest binding site, with the AG base pair
sandwiched between the two tetracyclic units. It is also
conceivable that the ditercalinium stacks onto an external G4
tetrad, as previously observed with an external GC base pair in a
short duplex d(GCGC),,” and this may account for the second,
weaker ditercalinium binding site on the G4 DNA structure.
Specific structural studies at the atomic level, for example by
high-resolution NMR spectroscopy, will be required to inves-
tigate further the geometry of the ditercalinium-telomere-
sequence complex.

The discovery that the antitumor agent ditercalinium binds
strongly to the telomeric quadruplex DNA sequence was very

ChemBioChem 2002, 3, 1235 - 1241

surprising at first sight. However, we have realized that the
structure of this bis-pyridocarbazolium tetracation may actually
be well adapted to the G4 structure. Several items of published
information appear pertinent. Previous studies of structure-
activity relationships in the amidoanthracene-9,10-dione (AQ)
series have established the requirement of a cationic nitrogen
atom (preferably a piperidine or pyrrolidine) at or near the end of
the side chain for optimal binding to the telomere sequence. AQ
compounds bearing an ethylpiperidinium chair-type ring inter-
act favorably with the folded human telomere sequence.?* 2
The positively charged bis(ethylpiperidinium) chain that con-
nects the two pyridocarbazolium units in ditercalinium could
play the same role. It is in any case likely that ionic interaction of
the two protonated nitrogens with negatively charged DNA
phosphate groups is an important component in the ability of
ditercalinium to bind to the tetraplex structure. The presence of
a cationic center within the aromatic moiety is also a common
characteristic of quadruplex-interactive agents. Molecular mod-
eling of the 3,6-disubstituted acridine series has revealed that
the protonated nitrogen atom is located over the center of the
stacked G quartet.?> 261 By analogy, we can envisage that each of
the pyridinium rings of the two aromatic chromophores
contributes similarly to the stabilization of the ditercalinium -
G4 complex.

A structural analogy can also be drawn between the
connecting linker of ditercalinium and the side chains of the
perylene diimide compound PIPER, which binds strongly and
specifically to the human telomeric G4 sequence.’”’-3% PIPER has
a large G4-stacking diimide planar chromophore substituted
with two N-ethylpiperidinium side chains, which bind into
opposite grooves of the G4 structure. Here again, the identity
between the PIPER side chains and the ditercalinium linker may
be invoked to explain the G4-binding capacity of ditercalinium.
There is also a clear analogy between the pyridocarbazolium
units of ditercalinium and the tetracyclic planar chromophores
found in other G4-interacting agents such as indoloquino-
lines,®' 32 hydroxyellipticine,®* and fluoroquinophenoxazine.*

It is interesting to compare the structure of ditercalinium with
that of a macrocyclic bisacridine derivative that has been shown
to bind strongly to quadruplex DNA and to inhibit telomer-
ase.’>3¢ Both cyclic (bisacridine) and rigid but noncyclic
(ditercalinium) dimeric drugs can be exploited for the design
of G4-interacting anticancer agents.

Experimental Section

Drug: The synthesis and analytical characterization of ditercalinium
(1,1-bis(2-(10-methoxy-7H-pyrido[4,3-c]carbazolium)ethyl-4,4'-bipi-
peridine] dimethanesulfonate dihydromethane sulfonate) have been
reported previously.? The drug was first dissolved in water at 5 mm
and then further diluted with water. The stock solution was kept at
—20°C and freshly diluted to the desired concentration immediately
prior to use.

Competition dialysis assay: The structural selectivity of ditercali-
nium was studied by using the recently devised competition dialysis
method.”” 3738 A buffer (pH 7.0) that consisted of Na,HPO, (6 mwm),
NaH,PO, (2 mm), Na,EDTA (1 mm; EDTA = ethylenediaminetetraace-
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tate), and NaCl (185 mm) was used for all experiments. For each
competition dialysis assay, a dialysate solution (200 mL) that
contained ligand (1 um) was placed into a beaker. Each of the DNA
samples(0.5 mL, 75 um monomeric unit) listed in Table 1 was pipeted
into a separate 0.5-mL Spectro/Por DispoDialyzer unit (Spectrum,
Laguna Hills, California). All 19 dialysis units were then placed in the
beaker that contained the dialysate solution. The beaker was covered
with parafilm, wrapped in foil, and allowed to equilibrate for 24 h
with continuous stirring at room temperature (20 - 22 °C). At the end
of the equilibration period, DNA samples were carefully transferred
to microfuge tubes and brought to a final concentration of 1% (w/v)
sodium dodecyl sulfate (SDS) by the addition of appropriate volumes
of a 10% (w/v) stock SDS solution. The total concentration of
ditercalinium (C,) within each dialysis unit was determined spectro-
photometrically. An appropriate correction for the slight dilution of
the sample that resulted from the addition of the stock SDS solution
was made. The free ligand concentration (C) was determined
spectrophotometrically from an aliquot of the dialysate solution,
although this concentration usually did not vary appreciably from
the initial 1 um concentration. The concentration of bound drug, C,,
was determined from the difference, C, = C;, — C;.. Data were plotted
as a bar graph with the Origin software (v.5.1, Microcal, Inc.,
Northampton, Massachusetts).

Mass spectrometry: Single-stranded oligodeoxyribonucleotides
d(CGTAAATTTACG) (M,=3644.45), d(CGCGAATTCGCG) M,=
3646.44 Da), d(CGCGGGCCCGCG) (M,=3678.40), d(TGGGGT) (M,=
1863.26), d(GGGGTTTTGGGG) (M,=3788.50), and d((GGGTTA),;GGG)
(M,=6653.35) were purchased from Eurogentec (Angleur, Belgium).
Duplex and quadruplex solutions were prepared in 100 mm and
150 mm ammonium acetate (pH 7.0), respectively. Oligonucleotide
solutions were heated to 85°C for 5 min and then slowly cooled to
20°C overnight to form the desired duplex or quadruplex structures.
The extinction coefficients of the duplexes were derived from a
thermal denaturation curve. The extinction coefficients for the single
strands were given by the supplier. Experiments were performed on
a Q-TOF2 spectrometer (Micromass, Manchester, UK) operated in the
negative-ion mode. Spectra of equimolar mixtures (C,=5 pmolL™")
of DNA and ditercalinium were recorded. Methanol (15 %) was added
to the samples just before injection in order to obtain a stable
electrospray signal. The experimental conditions for the Z-spray
source were optimized to avoid denaturation of the duplex™ or
quadruplex species;?" a source block temperature of 80°C and a
cone voltage of 15V were used. The rate of sample infusion into the
mass spectrometer was 4 uLmin—'. We assumed that the relative
intensities of the free and bound DNA in the mass spectra are
proportional to the relative abundance of these species in solution.
This assumption was confirmed correct by comparison of the ESI MS
and fluorescence titration data.'” As the initial concentrations are
known, the concentrations of all individual species at equilibrium
(free DNA, 1:1 complex, 2:1 complex, and, by difference, the free
drug) can be determined from the relative intensities of the signals of
the free DNA and the complexes. The concentration of bound ligand
per DNA structure is obtained from Equation (1):

(laay + 2l2))

[Bound Ligand] = C,x
(Iona + Ty + laay)

(1)

where C, is the initial DNA concentration and Ipya, /1.1y, and /. are
the relative intensities of the free DNA, the (1:1) complex, and the
(2:1) complex, respectively. The relative intensities were obtained
from a sum of 50 spectra. The amount of bound ligand expressed as
the number of molecular binding units (bp or tetrad) is determined
by division of the total amount of bound ligand by the number of
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base pairs/tetrads in the DNA target (12 for the double helix, 3 or 4
for the quadruplex structure).

Surface plasmon resonance spectroscopy: HBS-EP buffer (10 mm
HEPES, pH 7.4, 150 mm NaCl, 3 mm EDTA, 0.0005% Surfactant P20),
sterile filtered and degassed, was obtained from BlAcore and
supplemented with 0.2m KCI. Three different 5'-biotin-labeled hair-
pins (Eurogentec, PAGE purified) were used in surface plasmon
resonance  studies (hairpin  loop underlined): d(biotin-
CGAATTCGTCTCCGAATTCG), d(biotin-CGCGCGCGTTTTCGCGCGCG),
and d(biotin-[AG5(TTAG;),), referred to as the [AATT] duplex, [CG],
duplex, and G4 quadruplex sequences, respectively. SPR measure-
ments were performed with a four-channel BlAcore 3000 optical
biosensor system (Biacore Inc.) and streptavidin-coated sensor chips
(SA). The sensor chips were first conditioned with three consecutive
1-min injections of NaCl (1m) in NaOH (50 mm) followed by extensive
washing with buffer. Samples of DNA oligomers in HBS-EP buffer at
25 nm concentration were applied to the flow cells on the sensor
chips by direct flow. Nearly the same amount of each oligomer was
immobilized on the surface by noncovalent capture. One of the flow
cells was left blank as a control. Manual injection of the DNA was
used with a flow rate of 2 uL min~' to achieve long contact times with
the surface and to control the amount of DNA bound to the surface.
All procedures for binding studies were automated, with repeated
cycles of sample injection and regeneration. Steady-state binding
analysis was performed with multiple injections of different com-
pound concentrations over the immobilized DNA and reference
surfaces for a 30-min period at a flow rate of 10 uL min=' and 25 °C.
Solutions of the drug at known concentrations were prepared in
filtered and degassed HBS-EP-KCI buffer by serial dilution from a
stock solution and were injected from 7-mm plastic vials with
pierceable plastic crimp caps (Biacore Inc.).

The instrument response (RU) in the steady-state region is propor-
tional to the amount of bound drug and was determined by linear
averaging over an 80-s time span. The predicted maximum response
per bound drug molecule in the steady-state region (RU,,) is
determined from the DNA molecular weight, the amount of DNA on
the flow cell, the drug molecular weight, and the refractive index
gradient ratio of the compound and DNA, as previously descri-
bed.?% 4% In most cases, the observed RU values at high concen-
trations are greater than RU,,,, which points to more than one
binding site in these DNA sequences. The number of binding sites
was estimated from Scatchard plots derived from RU/concentration
versus RU plots by using a linear regression analysis and by fitting
direct plots of RU versus free ditercalinium concentration (see
below). The RU,,.., value is required to convert the observed response
(RU) to the standard binding parameter r (moles drug bound per
mole DNA hairpin), as shown in Equation (2). The results from the
steady-state region were fitted with a multiple-equivalent-site model
by using the Kaleidagraph software for nonlinear least squares
optimization of the binding parameters with Equation (2) in order to
obtain the affinity constants.

RU N X K X Cpee
r = = (2)
RUmax (1 + K X Cfree)

The K value is the microscopic binding constant for the sites and is a
variable to fit, r represents the moles of bound compound per mole
of DNA hairpin duplex, .. is the concentration of the compound in
equilibrium with the complex and is fixed by the concentration in the
flow solution, and n is one or two and is the number of compound
binding sites on the DNA duplex. Note that the K; and K, values, the
macroscopic binding constants, are related to K in this model as
follows: K; =2 x K and K,=0.5K. The r values are calculated as the

ChemBioChem 2002, 3, 1235-1241





Quadruplex DNA Binding of Ditercalinium

ratio RU/RU,,,,, where RU is the steady-state response at each
concentration. Note that this equation can also be expressed in RU to
allow RU,, to be included as an additional variable to fit. This
approach allows a direct comparison with the calculated RU,,,, value
and provides additional information about binding stoichiometry.

Results were also fit to a nonequivalent two-site binding model:
RU (Ky X Chee + 2 X Ky X Ky X CEee)

r = = (3)
RUmax (1 + Kl X Cfree + K1 X KZ X szree)

In this model, the K; and K, values are the macroscopic binding
constants, as above, and are the variables to fit. RU,,, can again be
included as an additional fit variable for a check on the calculated
value and on the stoichiometry. Global kinetic fits to the sensorgrams
to estimate association and dissociation kinetic constants were made
by using the BlAevaluation software and an equivalent-site inter-
action model.
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A new enzymatic method has allowed the assignment of the
stereochemistry of E.coli RNase-H-assisted hydrolysis of RNA
labelled within the scissile bond with (R,)-phosphorothioate. This
method is based on a stereospecific, two-step enzymatic con-
version of cytidine 5'-["®O]phosphorothioate into the corresponding
5"-a-["®QJthiotriphosphate, which is then further used for stereo-
specific transfer of cytidine 5'-['*O]phosphorothioate to the 3'-OH
group of a short oligonucleotide with the aid of terminal
deoxyribonucleotidyl transferase. Matrix-assisted laser desorption/

Introduction

Ribonucleases H (RNases H) are endonucleases that catalyse the
hydrolysis of phosphodiester linkages in the RNA strand of an
RNA/DNA duplex in the presence of divalent cations such as
Mg?* or Mn?*, The products of this reaction are short oligo-
ribonucleotides containing the 5’-phosphate residue and the 3'-
hydroxy function.l" These enzymes are found in a wide variety of
organisms, which range from prokaryotes to eukaryotes, as well
as retroviruses (e.g., human immunodeficiency virus; HIV-1).1? It
is generally accepted opinion that the action of antisense
oligonucleotides depends on RNase H activity.®! Furthermore,
the RNase H domain of HIV-1 reverse transcriptase (HIV-1 RT) is
regarded as an attractive target for anti-HIV therapies, as
functional RNase H activity is essential for the replication of the
retrovirus.” However, the catalytic mechanisms of these en-
zymes are not fully understood. Although some models of
RNase H action have been suggested,”™ none of them takes
account of the problem of the stereochemical course of the
enzyme-catalysed reaction: inversion or retention of configu-
ration at the phosphorus atom of the scissile bond. Elucidation
of the stereochemical mode of action of nucleolytic enzymes
provides information about the mechanism of phosphoryl
transfer. Inversion of configuration supports the one-step, in-
line mechanism of cleavage, while retention strongly speaks for a
two-step mechanism, the first step of which involves a covalent
enzyme - substrate complex, and the second step the hydrolysis
of that complex by water. Moreover, the stereochemistry
provides data that allows the elucidation of the architecture of
the active site of the enzyme, or more precisely, the architecture
of the enzyme - substrate complex. Stereochemical studies on
the mode of action of sequence nonspecific Serratia marcescens

1242 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ionisation time-of-flight mass spectrometry of the resulting
elongated primer revealed that RNase-H-assisted hydrolysis pro-
ceeds with inversion of configuration at the phosphorus atom. This
result is discussed in the context of current knowledge of the
architecture of the active site of the enzyme.

KEYWORDS:

reaction mechanisms - ribonu-

chirality -+ DNA - enzymes -
cleases

endonuclease, for example, have recently confirmed one of two
alternative mechanisms proposed for this enzyme.

In this report we present the results of our studies on the
stereochemistry of the RNase-H-assisted cleavage of internu-
cleotide bonds in oligoribonucleotides. Earlier results by Uchi-
yama et al.”? provided the important information that RNase H
cleaves internucleotide phosphorothioate bonds of R, config-
uration. The authors used conditions that forced this sequence
nonspecific enzyme into site-specific cleavage. This was
achieved by “gating” the cleavage site on the RNA strand with
the aid of a chimeric complementary DNA strand modified
with 2’-OMe ribonucleotides.” ® These findings, together with
a newly designed methodology for the assignment of absolute
configurations at phosphorus atoms of isotopomeric oligo-
nucleotide 5'-['®0]phosphorothioates (Mizuuchi et al.”), kindled
hopes for the elucidation of the stereochemistry of RNase H
action.

In our earlier work we presented results on the higher
efficiency of RNase-H-assisted cleavage of the R-1 pentadecar-
ibonucleotide complexed with complementary (all-Ry)-oligo(-
deoxyribonucleoside phosphorothioate) (i.e., possessing all
phosphorothioate linkages of R, configuration), as compared
with those measured for isosequential all-S, congener.'” RNase-
H-catalysed hydrolysis of the R-1/D-5 heteroduplex provided a
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mixture of numerous products that result from the cleavage of
internucleotide bonds, as indicated by the arrows in Table 1.
For further analysis, the method designed by Mizuuchi
requires products of defined length and sequence to ligate to
especially designed templates. It was thus necessary to generate
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Table 1. Sequences of oligoribonucleotides used in this study™.

A RNA (5'—3)) HETERODUPLEX
DNA (3' —5)
BA
R-1 AGAGCUCAAACAUCU
D5 TC TCGAGTT TGTAGA
R-1 AG AGCUCAAAC AUCU
\
R-1 AGAGCUCAAACA UCU
R-1 AGAGC UCAAACAUCU
B PS-RNA (5'—3") HETERODUPLEX
DNA (3' —5)
R-2 [R] AGAGC UCAAAP!C AUCU [Ry]
R-3 [Re] AGAGCU CAAAP!C A UCUU [Ry]
R-4 AGAGCU CAAPSAP!C AUCU [R,any]
D-6 TC,U,C.G,AGTT T G, UA G,A,

[a] A) The oligoribonucleotide sequences (R) and complementary oligodeoxyr-
ibonucleotides with incorporated 2'-OMe-ribonucleotides (D) used for selection
of the best model for stereochemical studies; B) sequences of oligoribonucleo-
tides modified at preselected positions with internucleotide phosphorothioates
(R), together with complementary oligodeoxyribonucleotide templates. N, = 2"~
OMe modification of nucleotide

such products for the RNase-H-catalysed reaction. Numerous
complementary DNA constructs with 2'-OMe-ribonucleosides
incorporated at the preselected positions were therefore
prepared, and their complexes with the R-1 oligomer were
treated with RNase H. Of these complexes, three (R-1/D-6, R-1/
D-7 and R-1/D-8) were cleaved at the single internucleotide
bond of the R-1 substrate. Subsequently, analogues containing
internucleotide phosphorothioate bonds at the scissile positions
(R-2 - R-4) were prepared and separated into diastereomerically
pure species. These oligomers were complexed with their
appropriate DNA counterparts and treated with RNase H, which
resulted in 5'-O-phosphorothioylated penta- or hexaribonucleo-
tides: compounds psCAUCU and psCAUCUU, respectively. Un-
fortunately, these short oligoribonucleotides did not undergo
ligation. That unexpected limitation of Mizuuchi’s approach
prompted us to adapt our recently designed method for the
assignment of absolute configuration at phosphorus in isotopo-
meric adenosine 5'-['®0]phosphorothioates. The reaction was
performed in a medium containing ['®O]water, so that the
resulting oligoribonucleotide 9 (see the Experimental Section)
with ['®0O]phosphorothioate attached at the 5-end (Scheme 1)
provided cytidine 5'-['®Olphosphorothioate (CMPS; 10) after
digestion with nuclease P1. The absolute configuration of 10 was
assigned by a modified version of the methodology recently
used for the elucidation of the stereochemical course of plasma
3’-exonuclease. The mononucleotide 10 was converted by
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Scheme 1. Stereochemical consequences of RNase-H-assisted degradation of (Ry)-R3 hybridised to a
complementary oligodeoxyribonucleotide, which forces single-site cleavage at the ApsC step.

tandem treatment with adenylate kinase and pyruvate kinase
into cytidine 5’-a-["®Olthiotriphosphate of S, configuration (11),
which was finally used as the substrate for terminal deoxyribo-
nucleotidyl transferase (TdT). The TdT-catalysed extension of an
oligonucleotide primer 12 gave the final n+ 1 oligonucleotide
13 with a newly formed internucleotide phosphorothioate
linkage of R, configuration.""'? MALDI-TOF analysis of this
product provided evidence of the absolute configuration of 9,
because the lack of [®0loxygen isotope in the oligonucleotide
13 indicates the R, configuration for 9 and shows that the RNase-
H-assisted hydrolysis proceeds with inversion of configuration at
the phosphorus atom. This result is discussed in the context of
the architecture of the active site of the enzyme.
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Results

Design of the target oligonucleotides

In attempts to find a DNA/RNA substrate
suitable for stereochemical studies on RNa-
se H, we synthesised the R-1 oligoribonu-
cleotide and numerous complementary
DNA pentadecamers containing incorpo-
rated 2'-OMe nucleosides (Table 1). The
[32P]-labelled R-1 was hybridised to the
complementary DNA fragments D-5-D-8,
and the resulting duplexes were treated
with E.coli RNaseH as described in the
Experimental Section.

In our preliminary studies we identified
cleavage sites for each of the DNA/RNA
duplexes listed in Table 1 and we selected
the RNA substrate suitable for assessment
of the stereochemistry of RNA cleavage.
The position of the scissile bond in the RNA
10  strand and the extent of its degradation
differed in the oligomers 5-8 depending
on the location and size of the oligodeox-
yribonucleotide gap, and only one of these
oligomers, namely R-1/D-6, was digested
with significant efficiency, to furnish as the
product the CAUCU pentamer with the
terminal 5-phosphate group. In order to
investigate the stereochemical course of
E. coli RNase H, we synthesised the oligor-
ibonucleotides R-2-R-4, each of which
contains a single internucleotide phosphor-
othioate linkage between A and C, and
separated them into the R, and the S,
diastereomers by ion-exchange chroma-
tography. The stereochemistry at the phos-
phorothioate phosphorus atom was as-
signed by exhaustive digestion with stereo-
selective nucleases: nuclease P 1 and snake
venom phosphodiesterase (svPDE). The R,
isomer of the R-2 oligoribonucleotide in
hybridisation with D-6 was cleaved by
RNase H at the modified internucleotide
bond, with the formation of the 5’-phosphorothioylated pentar-
ibonucleotide psCAUCU. However, further ligation experiments
(see below) showed that the oligomer intended for enzymatic
ligation has to be longer than a pentamer. We therefore also
constructed the RNA hexadecamer R-3, which incorporates one
more U nucleotide at the 3’-end of the chain than in the R-1 and
R-2 oligomers. We did not extend the R-3 oligoribonucleotide by
the next nucleotides since we were aware that E. coli RNase Hl
can digest the single-stranded RNA fragment adjacent to the
RNA/DNA duplex.”™ The R-3/D-6 duplex was cleaved at the
expected site (Table 1B), which provided hexamer CAUCUU with
the 5-phosphorothioate group as one of the products (see
below).

o "
1
OH OH
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RNase-H-catalysed hydrolysis

The products of hydrolysis of the R-3/D-6 duplex were isolated
and collected by RP-HPLC. MALDI-TOF mass spectrometric
analysis confirmed the presence of the two expected products:
the AGAGCUCAAA decamer (m/z 3180) and the CAUCUU
hexamer with the 5’-phosphorothioate group (m/z 1889.35;
Figure 1A). The same procedure was repeated with the use of
['®0] water (finally 52 atom % '80). The ;50psCAUCUU hexamer 9
(m/z 1891.25, Figure 1B), crucial for the intended stereochemical
analysis, was isolated by RP-HPLC.

To investigate the role of the phosphate group 5'-adjacent to
the scissile bond of the RNA substrate we also synthesised the

A) 1400

-
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1889.35
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1891.36
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200

0 -
1880 1890 1900 1910
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Figure 1. Results of MALDI-TOF mass spectrometric analysis of the products of
degradation of R-3/D-6 by RNase H in ['*O]water: A) the hexamer p;,,CAUCUU;
B) the analogous product after cleavage in [®Olwater, ps;50CAUCUU; C) the final
product of TdT-assisted elongation of d(A;A) with ["®OJCTPaS, the heptamer
d[AsA]ps(rC).
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R-4 oligoribonucleotide containing two internucleotide phos-
phorothioate linkages (Table 1B). This oligonucleotide was
separated by ion-exchange chromatography into four diaster-
eomers with absolute configurations as follows: (RRp)-R-4A,
(Rp.Sp)-R-4B, (Sp,Rp)-R-4C and (Sp,Sp)-R-4D.

The R-4 oligoribonucleotides were labelled with 32P at their 5'-
ends, annealed with the chimeric D-6 oligodeoxyribonucleotide
and incubated with RNase H. The (RyRp)-R-4 A and (S,,Rp)-R-4C
oligonucleotides were cleaved at the expected sites with
comparable efficiencies, although R-4A was degraded 20%
more efficiently than its counterpart R-4 C (data not shown). The
R-4B and R-4D oligoribonucleotides were not cleaved. This
result indicates that one of the nonbridging oxygen atoms of the
5'-phosphate group adjacent to the scissile phosphodiester
bond of the RNA substrate may be involved in contacts with the
enzyme, whereas its modification by sulfur substitution makes
this contact weaker.

Attempted enzymatic ligation for stereochemical studies of
RNase H

Towards our goal of determining the stereochemistry of RNase H
action, we attempted to use the method developed earlier by
Mizuuchi et al.,” in which the crucial step for the assignment of
stereochemistry of an endonuclease of interest was enzymatic
ligation by T4 DNA ligase. That approach seemed to be feasible,
since it had been shown earlier that T4 DNA ligase is able not
only to join oligodeoxyribonucleotides but also long RNA
fragments.'*"! In our preliminary experiments we used this
enzyme for ligation of short RNA fragments (hexa- and
octaribonucleotides bearing the terminal 5-phosphate group)
to the 3'-end of the 44-base “hairpin” oligodeoxyribonucleotide
template  d[CGCATCTCAAAGATGAGAAGAGGGCCCT,GGGCCC-
TCTTCTI], which possesses the single-stranded 5-end fragment
complementary to these oligoribonucleotides. These oligoribo-
nucleotides were joined by the T4 DNA ligase. In this case, the
efficiency of ligation was 20% (data not shown). In the case of
the 150psCAUCUU hexamer bearing the terminal 5-phosphoro-
thioate group, however, the efficiency of the ligation reaction
with the same template was much lower and provided the
ligated product in a yield of around 4% (estimated after
polyacrylamide gel electrophoresis, data not shown). We have
also used T4 RNA ligase,"'® but no ligation either of the 50ps.
CAUCU pentamer or of the ;450,sCAUCUU hexamer (9) was
observed. In control experiments we found that this enzyme was
very efficient in ligation of short oligoribonucleotides bearing
unmodified 5'-phosphate groups (data not shown). Interestingly,
in experiments with the T4 RNA ligase, instead of the expected
product of ligation, an A;,A dinucleotide appeared as the only
product. This result, confirmed by MALDI-TOF MS, is in agree-
ment with earlier reports that A,,A can be nonspecifically
synthesised by RNA ligase.'”? Not even the use of some agents
that are known to increase efficiency of enzymatic ligation
(bovine serum albumin, polyethylene glycol or Ficoll 70)!"8 could
increase the efficiency of this reaction. Further attempts to
elucidate the stereochemistry of RNaseH cleavage by the
ligation approach were therefore abandoned.
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Stereochemical course of RNase H

The lack of success of attempts to assign the RNase H stereo-
chemistry by the method developed by Mizuuchi, based on
enzymatic ligation of the ;30psCAUCUU hexamer (9), led us to
apply another method recently developed for the assignment of
the sense of chirality at the phosphorus atom in isotopomeric
adenosine 5'-['®0O]phosphorothioate.!""

The hexamer ,50,sCAUCUU (9, m/z 1891.25, Figure 1B), ob-
tained from the RNase-H-catalysed cleavage of the phosphor-
othioate RNA R3, was digested by nuclease P1 to provide a
mixture of cytidine 5-phosphorothioate (10, both CMPS['¥0]
and CMPS['®0]) and three other mononucleotides (uridine 5'-
phosphate, adenine 5’-phosphate and cytidine 5’-phosphate;
UMP, AMP and CMP, respectively). The degradation was carried
out in the presence of H,’%O, and since nuclease P1 did not
remove terminal 5’-phosphate or 5’-phosphorothioate, we could
reasonably expect that the 0 isotope incorporated into CMPS
would be solely the result of the action of RNase H. After HPLC
isolation, CMPS['30] 10 in the presence of adenylate kinase (AK)
and pyruvate kinase (PK) was converted into the corresponding
triphosphate (CTPaS['®0], 11) with the ['®0] oxygen atom
located at either the nonbridging (patha) or the bridging
(path b) position, respectively (Scheme 1). The stereochemistry
of reactions catalysed by these two enzymes is well document-
ed." 20 Although AK has generally been viewed as highly
specific towards adenosine 5-mononucleotides, and the meth-
od of enzymatic phosphorylation based on the use of AK has
been applied to adenosine or deoxyadenosine 5'-phosphoro-
thioates,?” it has also been reported that the enzyme
is able to phosphorylate CMP22 Here we have shown that
CMPS can also be phosphorylated by AK, although the efficiency
of the reaction with CMPS is lower than that with adenosine 5'-
phosphorothioate (AMPS). It should be underlined that
AK-catalysed phosphorylation of cytidine 5-phosphorothioate
required the use of special conditions, namely the exhaustive
dialysis of commercially available AK preparation and
higher concentrations of the enzyme than used for AMPS
phosphorylation (see the Experimental Section). We have also
observed phosphorylation of dCMPS and UMP under the same
conditions.

The CTPaS['®0] was used as the substrate for the TdT-
catalysed primer elongation reaction.”? We applied the
d[A;A] hexamer (12) as a primer. We intended to elongate
the primer by only one nucleotide, therefore we used a
concentration of CTPaS lower than that of the primer and
only a one-hour incubation of the reaction mixture. Under these
conditions, the primer was elongated by one nucleotide,
with the formation of the d[A;Al,srC heptamer (13). The
product 13 was isolated by RP-HPLC and was then analysed by
MALDI-TOF MS (Figure 1C). The signal at m/z 2135.88 corre-
sponds to the oligonucleotide 13 b without '¥0 isotope, and the
pattern of peaks in the MALDI-TOF mass spectrum clearly
indicates the loss of the 0 label (see panel C in Figure 1). We
have therefore shown that the RNase-H-catalysed hydrolysis
proceeds with inversion of configuration at phosphorus
(Scheme 1, pathway b).

1246

W. J. Stec et al.

Discussion

The prerequisites for the determination of the stereochemical
course of enzymatic reactions at phosphorus are P-chiral
substrates and products, both of known sense of P-chirality.24-2¢
The absolute configurations at the phosphorus atom of
internucleotide phosphorothioate functions of oligoribonucleo-
tides labelled with phosphorothioate at the scissile bond and
used as substrates for RNase H were determined with the aid of
enzymes of known stereoselectivity.?’-22 Hydrolysis of (Rp)-
phosphorothioate oligonucleotides R-2 and R-3 in ['*O]water
with assistance of RNaseH provided P-chiral isotopomeric
products, such as the short oligonucleotide 5'-['®0]lphosphor-
othioate 9. Digestion of this oligonucleotide with nuclease P1
furnished cytidine 5’-['®0Olphosphorothioate, and stereochemical
analysis of this product by the method presented above and
depicted in Scheme1 showed that the RNase-H-catalysed
reaction proceeds with inversion of configuration at phospho-
rus. This result supports the claim that a one-step, Sy2-type
mode of enzyme action takes place. This means that direct in-
line attack of the hydroxide ion opposite to the leaving 3'-O
group occurs, and that the reaction involves the pentacoordi-
nate transition state without participation of a covalent en-
zyme -substrate intermediate. This observed inversion of con-
figuration at phosphorus can be taken as evidence that RNase H
belongs to the polynucleotide transferases,®” the superfamily of
proteins that includes resolvase,®" integrase,* 32 transposase®3!
and exonuclease .34 It has previously been shown that
reactions catalysed by integrase and transposase proceed with
inversion of configuration.”! These enzymes have homologous
active sites, and are therefore likely to share a common
mechanism for catalysis. Analysis of catalytic strategies used by
members of the superfamily should be helpful for understanding
the RNase H mechanism.

Although several aspects of the mechanism of RNase H action
have been studied, the manner in which the enzyme degrades
RNA strands into RNA/DNA hybrids is still a matter of debate.
RNases H show conservation of the key active site residues
Asp10, Glu48, Asp70 and Asp134 (E. coli numbering).Bs 3
Initially, alternative mechanisms were proposed for catalytic
action of E. coli RNase H. The first, based on the identification of a
single divalent cation-binding site in the enzyme by X-ray
analysis®” and NMR studies,*® 3% was the general acid-base
mechanism. Kinetic studies also suggested that only one metal
ion binds to substrate-free enzyme.*® The Mg?* ion interacts
with the 2’-hydroxy group of ribose at the cleavage site through
formation of an outer-sphere complex with a water molecule."!
On the other hand, two Mn?* cations at distances of less than 4 A
were observed in the crystal structure of RNase H domain HIV-1
reverse transcriptase,? which is structurally homologous to the
RNase HI of E.coli? For these reasons the two-metal-ion
mechanism, similar to that suggested for Klenow 3'-exonuclease,
has been proposed.®® Here, one of two metal ions activates the
attacking hydroxide ion.

Keck etal.” recently proposed an activation - attenuation
model of catalysis. The enzyme is optimally active with one
bound divalent metal ion, which stabilises the pentacovalent
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intermediate, and can be inhibited by a second metal anchored
by the substrate and Asp134, which is involved in the
neutralisation of His124. Such a possibility has been confirmed
by the crystal structure of E. coli RNase H, which shows two Mn?*
ions in the active site.*¥ These studies make the general acid-
base mechanism more probable than the two-metal-ion mech-
anism. According to the latest version of the one-metal-ion
mechanism, Asp10 and Glu48 are responsible for the binding of
an Mg?* ion to the correct position in the active site of the
enzyme. Generation of a nucleophilic hydroxyl ion is suggested
to occur by deprotonation of water, with Asp70 acting as a
general base. His124 is viewed as the proton sink for Asp70 that
causes its reactivation.”3 Mutations of the carboxylic aminoacids
(Asp10, Glu48 and Asp70) significantly reduced the catalytic
efficiency of the mutated enzymes, while mutations of the
conserved His124 and Asp134 had less profound effects on
catalysis.**-*"! However, according to Keck et al. the mutation of
His124 makes deprotonation and reactivation of Asp70 impos-
sible, so direct proton transfer from the aspartate residue to the
bulk solvent may occur. This effect would result in the residual
activity of the enzyme with substituted His124.13

The use of oligoribonucleotide substrates modified by a single
internucleotide phosphorothiate linkage revealed that the non-
bridging oxygen atoms of the scissile bond and the 3’-adjacent
phosphate group also participate in the formation of a tight
interface between the enzyme and its substrate. Results
reported by Uchiyama,” as well as our own studies, have shown
that RNase H is stereoselective towards internucleotide phos-
phorothioate linkages of R, configuration, and that the enzyme
is unable to degrade phosphorothioate bonds of S, configu-
ration. This observation indicates the importance of the pro-S
oxygen atom of the scissile bond and suggests that the
substitution of the pro-S, oxygen atom by a sulfur atom strongly
disturbs the contacts of the scissile bond with the active site of
the enzyme. However, the manner in which the RNase H binds to
the scissile phosphate still remains obscure. It has been
proposed that the pro-S, oxygen atom of this phosphate group
may contact His124 and orient it in a suitable position for its
catalytic function. The contacts of this histidine residue with the
RNA/DNA duplex are also emphasised in recent work by
Sarafianos etal.,“® who analysed the crystal structure of a
complex between HIV-1 reverse transcriptase and an RNA/DNA
heteroduplex containing a polypurine tract. This is the first work
to present a crystal structure of HIV-1RT in complexation
with a RNA/DNA heteroduplex and show contacts of the
RNase H domain of HIV-1 RT with its RNA substrate. The HIV-1
RNase H domain has a structure very similar to that of the
RNase HI of E. coli and of Thermus thermophilus, but none of the
RNases H has been cocrystalised with RNA/DNA. The results of
Sarafianos et al. are therefore valuable with regard to bacterial
RNase H. In the structure reported by Sarafianos, hydrogen
bonding between His539 of the RNaseH domain of HIVRT
(equivalent to His124 in E.coli RNaseH) and one of the
nonbridging oxygen atoms of the scissile phosphate group
has been indicated. The use of stereodefined phosphorothioate
oligoribonucleotides allowed the oxygen atom to be identified
as pro-S; oriented.
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At this point it seems appropriate to emphasise that all
mechanisms so far proposed, which include very recent work by
Yazbeck et al., have assumed that the phosphorus atom is
attacked by an activated water molecule in-line with the
phosphodiester bond to be cleaved (Scheme 2 A), but this has,
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Scheme 2. Proposed mechanisms for the cleavage of RNA assisted by E. coli
RNase H: involvement of His124 in contacts with the pro-R, oxygen atom of the
3-adjacent internucleotide linkage (according to Haruki et al.>” and reported
recently by Yazbeck et al*). A) Interaction of His124 through a bifurcated
hydrogen bond with both the pro-S, oxygen atom of the scissile bond and the
pro-R, oxygen atom of the 3'-adjacent internucleotide linkage (based on the
model proposed by Keck et al*?l). B) This alternative is discussed in detail in the
text.

however, never been shown. Moreover, such a schematic
representation of the architecture of the active site of RNase H
interacting with oligoribonucleotide does not emphasise the
stereoselective involvement of nonbridging oxygen atoms of
the scissile phosphodiester bond. Our results presented here
reconfirm the involvement of the pro-S, oxygen atom in
interaction with the active site component of the enzyme and
provide evidence that RNase H operates by an in-line mecha-
nism, with water attacking opposite the scissile bond. Haruki
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et al. have suggested that His124 interacts with the phosphate
group 3’-adjacent to the scissile phosphodiester bond.*® The
authors observed that substitution of the pro-R, oxygen atom of
this phosphate group by a sulfur atom significantly decreased
the rate of hydrolysis of the scissile bond. According to their
model, the pro-R, oxygen of this internucleotide linkage forms a
hydrogen bond with His124. From our findings, it cannot be
ruled out that His124 could interact with both these oxygen
atoms (i.e., the S, oxygen atom of the scissile bond and the R,
oxygen atom of the 3’-adjacent phosphate) in different steps of
the catalytic process. In two crystal structures of E. coli RNase H
obtained in the absence of substrate, the locations of His124 are
different from each other,3> 3% and the flexibility of the His124-
containing loop has also been confirmed by other studies.®” 5"
This loop probably changes its conformation upon binding of
the substrate. The location of His124 may also depend on the
local structure of the RNA/DNA hybrid. In view of a degree of
flexibility of His124, we propose that the same amino acid
residue binds the pro-S, oxygen atom of the scissile bond and/or
the pro-R, oxygen atom of the 3'-adjacent phosphate group
through a “bifurcated” hydrogen bond (Scheme 2B). However,
we do realise that such an “extended” model of the catalytic
mechanism of E. coli RNase H, in which at least two internucleo-
tide phosphodiester bonds of an RNA substrate are involved in
the enzyme action (Scheme 2B), is still a working hypothesis, in
which the anchoring of the pro-S oxygen atom of scissile
phosphate group exposes the phosphorus atom to attack by
water from the side opposite to the cleaved P—O3 bond. As
proposed earlier, Asp70 acts in this model as a general base and
His124 functions as a proton shuttle.” ¥ The pro-S, oxygen
atom of the scissile bond and the pro-R, oxygen atom of the
phosphate group 3’-adjacent to the former linkage are postu-
lated to interact with His124 through bifurcated hydrogen
bonds. Moreover, the nonbridging oxygen atoms of the
phosphate group 5’-adjacent to the scissile bond are also
involved in contacts with the enzyme. The R-4A oligoribonu-
cleotidem which contains two internucleotide phosphoro-
thioate bonds of R, configuration, was a slightly better substrate
than its counterpart R-4C, which contains an internucleotide
linkage of S, configuration at the 5-adjacent position. Kataya-
nagi etal.®¥ and Sarafianos etal.*® suggested that GIn72 in
E. coli RNase H and GIn500 in the RNase H domain of HIV-1 RT
(equivalent to GIn72) interact with the phosphate group 5'-
adjacent to the scissile bond. Substitution of Ala for GIn72 by
site-directed mutagenesis was found to reduce the affinity of
RNase H for its substrate.”

Therefore, like many other sequence-specific®>*4 and se-
quence nonspecific nucleases® > RNase H interacts not only
with the scissile phosphate group, but also with the 3’-and/or 5'-
adjacent internucleotide bonds. This observation is in agree-
ment with our very early results, which indicated that modifi-
cation of oligonucleotides with internucleotide phosphoro-
thioates at positions adjacent to or even remote from scissile
bonds cleaved by restriction endonucleases influence the
efficiency of the cleavage process.®

On the other hand, the studies of Sarafianos et al. suggest that
not only His539 but also Asn474 (equivalent to Asn44 in E. coli
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RNase H) are close to the scissile phosphate group. The final
explanation of which one of these two amino acids is involved in
hydrogen bonding with the pro-S, oxygen atom of the scissile
bond remains to be found by use either of appropriate mutants
of RNase H for stereochemical studies or by determination of the
crystal structure of the complex between bacterial RNase HI and
RNA/DNA duplex.

Experimental Section

Enzymes and chemicals: E. coli RNase H (EC. 3.1.26.4), T4 RNA ligase
(EC. 6.5.1.3), T4 DNA ligase (EC. 6.5.1.1), T4 polynucleotide kinase (EC.
2.7.1.78) and terminal deoxynucleotidyl transferase (EC. 2.7.7.31) were
purchased from Amersham (Buckinghamshire, UK). Snake venom
phosphorodiesterase (EC. 3.1.15.1) was supplied by Boehringer
Mannheim (Mannheim, Germany). Nuclease P1 (EC. 3.1.30.1) was
obtained from Pharmacia LKB (Uppsala, Sweden). Adenylate kinase
(EC. 2.74.3) and pyruvate kinase (EC. 2.7.1.40) were purchased from
Sigma (St. Louis, MO). The adenylate kinase was supplied as an
(NH,),SO, suspension and was dialysed extensively against tris(hy-
droxymethyl)aminomethane chloride (Tris-Cl, 50 mm, pH 7.5), EDTA
(0.1 mm) and dithiothreitol (0.1 mm) prior to use. ['®0]Water was
purchased from ICON Isotopes (Summit, NJ)

Chemical synthesis of oligonucleotides: The synthesis of the
oligonucleotides listed in Table 1 was performed on an ABI 394 DNA
synthesiser (Applied Biosystems, Inc., Foster City, CA) on a 1-pmol
scale by standard phosphoramidite or phosphoramidite/sulfurisation
procedures. The solid-phase synthesis of RNAs was carried out by the
same procedure, except that the coupling waiting time step was
increased to 10 min. Empty columns (Applied Biosystems, Warring-
ton, GB) were packed with 2’-O-TBDMS-5"-O-dimethoxytrityl ribonu-
cleoside-derivatised controlled pore glass (ChemGenes, Ashland,
MA). 2'-O-TBDMS-5"-O-dimethoxytrityl ribonucleoside 3’-O-phos-
phoramidites (ChemGenes) were dissolved to 0.1m in an anhydrous
acetonitrile (Baker, Phillipsburg, NJ). Assembly was carried out by
using the dimethoxytrityl (DMT) off mode, and oligonucleotides
were cleaved from the support with a solution of ethanol saturated
with ammonia. All details of the further deprotection procedure are
given elsewhere.”)

All unmodified oligodeoxyribonucleotides and 2'-OMe-modified
oligoribonucleotides were purified by two-step RP-HPLC (DMT-on
and DMT-off, ODS Hypersil column). The phosphorothioate oligor-
ibonucleotides were purified and separated into pure isomers by ion-
exchange chromatography (DNAPack PA 100 column, Dionex, Aus-
tin, TX) with the following buffers and buffer gradient: 0-10% B
(5min), 10-30% B (25 min), 30-35% B (30 min), 35-100% B
(40 min), at a flow rate of 1 mLmin~' and temperature of 42°C
(buffer A: 10 mm NaClO,, 1 mm Tris-Cl, pH 9.17; buffer B: 0,4m NaClO,,
1 mm Tris-Cl, pH 9.17). The isomers of the R-3 oligonucleotide, for
example, were eluted as follows: the R, isomer at 24.29 min and the
Sp isomer at 24.86 min. Their absolute phosphorus atom config-
urations in the internucleotide phosphorothioates were determined
by independent digestion with Rp-specific snake venom phospho-
diesterase®” 281 and S,-specific nuclease P1.2% The resulting dinucleo-
side phosphorothioates were analysed by MALDI-TOF mass spec-
trometry.

The purities and identities of all oligonucleotides were assessed by
polyacrylamide gel electrophoresis and/or MALDI-TOF mass spec-
trometry.
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RNase-H-catalysed hydrolysis:

a) The 5’-end-*?P-labeled oligoribonucleotide R-1 (or one of its
analogues R-2 - R-4 containing internucleotide phosphorothioate(s),
17 pmol) was mixed with one of the corresponding complementary
oligodeoxyribonucleotides D-5-D-8 (50 pmol) in a solution (10 pL)
of Tris-Cl (20 mm, pH 8.0) that contained KCl (100 mm), MgCl, (10 mm)
and dithiothretiol (1 mm). The hybridisation mixture was heated to
85°C and then slowly cooled to 20°C (2 h). RNase H (5 units) was
then diluted in the same buffer and the resulting solution was added
to the hybridisation mixture to give a final volume of 20 uL. After 1 h
incubation at 37°C, a stop solution (10 mm ethylenediaminetetra-
acetic acid (EDTA), formamide, bromophenol blue and xylene cyanol,
20 pl) was added to the incubation mixture. An aliquot (10 pL) was
then loaded onto 20% polyacrylamide/7 m urea gel. The products of
the reaction were analysed by autoradiography.

b) Large-scale hydrolysis: The RNA/DNA duplex was prepared by
hybridisation of the (Ry)-R-3 oligomer (6.2 nmol) with the corre-
sponding complementary 15-mer D-6 (9.41 nmol) in a solution
(245 pL) of Tris-Cl (20 mm, pH 8.0) that contained KCI (100 mm), MgCl,
(10 mm) and dithiothreitol (1 mm). The hybridisation mixture, which
included either ['®Olwater or ["®O]water (75 % '80 atom) was heated
to 85°C and then slowly cooled to 20°C (2 h). Next, RNase H
(945 units) in the same buffer and the ['®O]water were added to give
a final volume of 680 (L (the level of '¥0 atoms was now 52 %). After
1 h incubation at 37 °C the products were isolated by RP-HPLC (ODS
Hypersil column, 5 um) with a linear gradient of 0-33 % CH;CN/0.1m
triethylammonium bicarbonate, pH 7.4, 0.85% min~" at a flow rate of
1mLmin~". Under these conditions, the 5’-phosphorothioylated
180psCAUCUU hexamer (9; 6.17 nmol) was eluted at 26.69 min. Large-
scale hydrolysis was carried out twice, and 13.54 nmol ;5,,sCAUCUU
hexamer was finally obtained.

Nuclease-P1-catalysed degradation: Degradation of the ;50psCAU-
CUU hexamer (9; 13.54 nmol) by nuclease P1 was carried out in the
presence of the enzyme (4 ug) in a buffer that contained Tris-Cl
(100 mm, pH 7.2) and ZnCl, (1 mm, 100 pL). The reaction mixture was
incubated at 37 °C for 4 h. After quenching of the reaction by heating
at 95 °C for 2 min, the resulting CMPS['®0O] (10; 11 nmol, 0.08 optical
density units (OD)) was isolated by RP-HPLC under the conditions
described above (retention time = 10.67 min).

Conversion of CMPS['®0] into (Sp)-CTPaS['®0]: The CMPS['®O] (10;
11 nmol, 0.08 OD) obtained after nuclease-P1-catalysed hydrolysis of
the hexamer 9 was dissolved in a solution (10 pL) of Tris-Cl (50 mm,
pH 7.5) that contained KCI (50 mm), MgCl, (10 mm), adenosine 5'-
triphosphate (ATP, 0.8 mm) and phosphoenolpyruvate (10 mm).
Adenylate kinase (18 units) and pyruvate kinase (5 ug) were added
and the mixture was incubated at 37 °C for 6 h. After quenching of
the reaction by heating at 95 °C for 2 min, the sample was analysed
by RP-HPLC and the resulting (Sp)-CTPaS['®0] (11; 2.88 nmol,
0.021 OD) was isolated with a retention time of 19.37 min under
the conditions described above.

Terminal deoxyribonucleotidyl transferase assay: The assay mix-
ture (30 pL) containing (Sp)-CTPaS['®0] (11; 1.65 nmol, 0.012 OD), the
d[AsA] primer (12; 2 nmol) and TdT in sodium cacodylate (100 mm,
pH 7.2), MgCl, (10 mm) and CoCl, (1 mm, 20 units) was incubated at
37°Cfor 1 hour. Then, after the mixture had been heated at 95 °C for
3 min, the resulting products were isolated by RP-HPLC under the
conditions specified above (retention times for d[Ag] and d[AsA]ps(rC)
were 33.58 and 34.71 min, respectively).

Mass spectrometry: Mass spectrometry analyses were performed as
described elsewhere.®
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A Parallel Synthesis Scheme for Generating
Libraries of DNA Polymerase Substrates and

Inhibitors

Heike Strobel,™ Laurence Dugué,? Philippe Marliere,®! and Sylvie Pochet*!!

We report a combinatorial approach aimed at producing in a
single step a large family of nucleoside triphosphate derivatives
that could be tested for their ability to be substrates for DNA
polymerases. We propose as a unique triphosphate building block
a nucleotide with a hydrazine function anchored to an imidazole
ring. Condensation between the 5'-triphosphate derivative
of 1-(2-deoxy-f3-p-erythro-pentofuranosyl)-imidazole-4-hydrazide
(dYN"2TP) and any aldehyde or ketone, followed by reduction of
the intermediate hydrazones dXmTP, resulted in the corresponding
hydrazides (dXnTP). Following this scheme, a series of aldehydes
having various aromatic parts yielded a number of adducts

Introduction

Several research groups have recently taken up the challenge of
finding new nucleoside molecular designs that can dupe
polymerases into accepting and replicating them. Much atten-
tion has been focussed on research into new nucleobases that
would allow the extension of the genetic alphabet,!-* hydro-
phobic nucleosides as shape analogues of the natural bases,
self-pairing motifs,® or ambiguous bases as mutagenic
agents.*% Although polymerases accept some synthetic mod-
ifications either in the template strand or in the incoming
triphosphate, most of these modified base analogues suffer
serious limitations with regard to enzyme recognition.

As a part of our effort to find new monomers accepted by DNA
polymerases,''®® we wished to develop a parallel synthesis
scheme aimed at producing a high number of nucleotides in a
single step from a unique triphosphate building block.

Recently, we described the synthesis of a new nucleobase,
imidazole-4-hydrazide (YN"2), having the features of an ambig-
uous nucleoside.'"™ We showed that the triphosphate (TP)
derivative dYN":TP is able to induce mutations during polymer-
ase chain reactions (PCR) when it substitutes for deoxyadenosine
triphosphate (dATP) or deoxyguanosine triphosphate (dGTP). In
addition to its ambivalent pairing mode, the nucleoside contains
a reactive hydrazino function that renders this nucleobase an
attractive building block for a systematic exploration of this
ambivalent motif.

The condensation between the 5'-triphosphate derivative of
1-(2-deoxy--p-erythro-pentofuranosyl)-imidazole-4-hydrazide
(1, dYN™:TP) and any aldehyde or ketone, followed by the in situ
reduction of the resulting hydrazones (dXmTP), could generate
in one step a large variety of nucleotides (dXnTP) (Scheme 1).

ChemBioChem 2002, 3, 1251-1256 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dYN'RTP. Vent (exo~) DNA polymerase is found to be able to catalyse
the single incorporation of these bulky triphosphate derivatives.
Subsequent extensions of the modified pairs with canonical
triphosphates resulted mainly in abortive elongations at primer-2,
except after the incorporation of dY""e"TP and, to a lesser extent,
dYNfeheTP opposite C. These results illustrate the potential of this
parallel synthetic scheme for generating new substrates or
inhibitors of replication in a single step.

KEYWORDS:

combinatorial chemistry -
nucleoside triphosphates -

DNA polymerases -
parallel synthesis
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Scheme 1. Proposed synthetic route to a large family of nucleotides.
These analogues could be used in elongation reaction assays

catalysed by DNA polymerases in order to find monomers that
have highly specific or ambiguous base-pairing schemes or to
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identify new inhibitors of DNA replication. As a result of our
exploratory scheme, we report the discovery of a base that pairs
like G although it doesn't contain a purine ring.

Results

Synthesis of nucleoside triphosphate derivatives from a
unique building block

The 5'-triphosphate derivative of 1-(2-deoxy-f-D-erythro-pento-
furanosyl)-imidazole-4-hydrazide (dYN™:TP, 1) was synthesised
according to the previously reported procedure."¥ Our combi-
natorial scheme was assessed by condensation between the
hydrazine function of 1 and a first series of aldehydes
(Scheme 2). We chose six aldehydes with aromatic parts of
various sizes (one - four rings) for the purpose of evaluating the
effect of increased aromatic surface area on the recognition of
these analogues by DNA polymerases. The phenyl moiety was
linked to the aldehyde function with three chains of different
length or flexibility. In order to increase the stability of the
triphosphate derivatives under enzymatic polymerisation con-
ditions, the coupling step was followed by the reduction of the
resulting hydrazones (dXmTP) into the corresponding hydra-
zides (dXnTP) with sodium cyanoborohydride in phosphate
buffer.

Treatment of 1 with benzaldehyde, trans-cinnamaldehyde,
3-phenyl-propionaldehyde and phenanthrene-9-carboxalde-
hyde, followed by the reduction step, afforded the hydrazide
derivatives 2 (dYNHbenTP), 3 (dYNHCTP), 4 (dYNHPTP) and 6
(dYNHPheTP)  respectively (Scheme 2). However the reduction of
the derivatives from the condensation between 1 and 2-quino-
line aldehyde and between 1 and pyrene-1-carboxaldehyde
could not not achieved, and the hydrazones 5 (dYN*"TP) and 7
(dYN"PYTP) were isolated, as confirmed by mass analysis (Table 1).
The use of a higher concentration of sodium cyanoborohydride
or sodium borohydride in dry CH;CN failed to give the

)
«N])kNH-NH-CHZO
N
""\,\,‘{L\’\A

dYNHbenTp (2)

/
dYNHeiTP (3)

o)
(N])J\NH-NH-CHZ-CHZ-CHZQ
N

e

dyNHProTP (4)

0 @
</N]/MNH-NH~CH2 CO
-l

dyNHpReTP ()

dyNHehiTp (5)

dYNHPYITP (7)

Scheme 2. Partial chemical structures of dYN''TP derivatives (2 -7) synthesized from 1.
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Table 1. Characteristics of compounds 1-7.

Com-  Aldehyde® HPLC™! MS Yield
pound eluent tz[min] [M—H]- %

1 none 5-25% 45 481.0

2 benzaldehyde 0-20% 155 571.8 88

3 trans-cinnamaldehyde 0-55% 15.5 597.0 40

4 3-phenyl-propionaldehyde 0-50% 13.0 599.0 44

5 2-quinoline-aldehyde 0-50% 9.0 620.8 49

6 phenanthrene-9-carboxaldehyde 0-75% 7.0 671.0 38

7 pyrene-1-carboxaldehyde 0-50% 9.5 693.0 18

[a] Reaction conditions between 1 and each aldehyde listed above are given in
the Experimental Section. [b] Conditions of HPLC purification (gradients for
elution and retention times t;) are indicated for each compound. [c] Yields are
calculated for the triphosphate derivatives taking the 4., and & of each
aldehyde.

H

O
N /
</ | NH-NH-CHZ-C\\CQ
N |'4

(@]
N
«N])L””‘“*:«p
N H =
%

i i
N NH-N:C
Sty
.

corresponding hydrazides. For further investigations we worked
with the unreduced products 5 and 7.

Recognition of the analogues dYN'RTP by Vent (exo~) DNA
polymerase

In a previous study, we have selected the thermostable Vent
(exo™) DNA polymerase as being the most efficient for the
incorporation of dYM:TP (1).'% Thus, under experimental
conditions that minimised the frequency of base misincorpora-
tions, Vent (exo~) polymerase incorporated one dYN:MP (MP =
monophosphate) in response to each of the four bases with a
base preference for 1 that could be ranked as A~T>G>C in
the template. Extension by the canonical bases after the
incorporation of 1 yielded the corresponding full-length prod-
uct.

The capability of the analogues dYN®TP (2-7) to be
incorporated into DNA was evaluated by primer extension
reactions catalysed by Vent (exo~) DNA polymerase. Their
incorporation opposite each canonical base was monitored by
the use of a primer (17-mer) labeled with 3P at the
5’-end and annealed to four different templates (22-
mers) with homopolymeric tails of five residues. The
enzyme and hybrid concentrations were as deter-
mined for the incorporation of dYN"TP, and the
concentrations of the analogues 2-7 were in-
creased from 10 um to 1 mm. All dYNHRTP derivatives
were found to be substrates for Vent (exo™) DNA
polymerase. Compound 2 (dYN®e"TP) was incorpo-
rated with a better efficiency than the other
derivatives. Figure 1 illustrates the incorporation of
2 as a function of time and nucleotide concentration
opposite each canonical base. The elongation of the
primer was complete when 2 was used at a
concentration of 10 um or 100 pm, opposite A, C or
T in the template. In the incorporation assay with
template (G)s, the elongation of the primer was
partial in the presence of compound 2 (70%), even
in the presence of deoxycytidine triphosphate
(dCTP), under our experimental conditions. With
compounds 3 (dYNHTP), 6 (dYN'PheTP) and 7

ChemBioChem 2002, 3, 1251 - 1256
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Figure 1. Time-dependent incorporation of compound 2 opposite A, C, G and T. Concentrations used were 0.033 UuL~" of Vent (exo~) DNA polymerase, 100 nm primer-
template and dNTPs as indicated. — indicates the blank reaction in the absence of dNTPs.

(dYNHPYTP), concentrations of up to 100 um were required for the
complete elongation of the primer opposite A, C and T. The
incorporation assay with template (A); or template (C); is shown
in Figures 2 A, B and C for compounds dYNTP (3), dYNHPheTP (6)
and dYN'PYTP (7), respectively. Derivatives 4 (dYNHPTP) and 5
(dYNHhTP), which composed the third group, were the least
accepted substrates: only 50— 70 % of the primer-templates (A)s,
(C)s or (T); were elongated even in the presence of 1 mm of the
analogues (data not shown). In the incorporation assay with
template (G)s, the elongation of the primer with the derivatives
3-7 was partial (data not shown). The incorporation of the
analogues was ranked according to their efficiency: 2> 3, 6,
7>4,5.

In a second assay, the extension reaction after the incorpo-
ration of one YNR residue at the 3'-extremity of the primer was
investigated. Each duplex (corresponding to each canonical base
in the template) was first incubated in the presence of one of the
dYNRTP derivatives, and the four resulting hybrids were further
elongated with the complementary canonical bases. Opposite A,
T and G, the extensions stopped after the addition of one
canonical base (primer+2) whichever analogue dYN®"MP was
first incorporated. As an example, results obtained from experi-
ments with template (A)s are shown in Figure 3A. The 22-mer
(primer+5) detected in the case of elongation of the primer by
compound 5 is attributed to the elongation by deoxythymidine
triphosphate (dTTP) of the remaining 17-mer (Figure 3 A). Similar
results (data not shown) were obtained with templates (T)s and

ChemBioChem 2002, 3, 1251-1256

(G)s. Opposite C, full-length DNA synthesis (primer+5) was
detected in the presence of compound 2 (dYN"e"TP; 100 %) or 6
(dYNHPheTP - 20 9%) followed by the addition of dGTP (Figure 3B). In
the presence of the other derivatives 4, 5 and 7 with dGTP, the
elongation stopped at primer+2, and the 22-mer products
(primer+-5) correspond to the elongation by natural nucleotides
of the remaining 17-mer primer (Figure 3B).

Discussion

The feasibility of the proposed exploratory scheme was dem-
onstrated by the condensation between the 5'-triphosphate
derivative of 1-(2-deoxy--p-erythro-pentofuranosyl)-imidazole-
4-hydrazide (1, dYN:TP) and a first series of six aldehydes with
aromatic rings of different sizes. Surprisingly, nucleotides with
large adducts, such as compounds 6 (dYN"PPTP) and 7
(dYN"PYTP), were tolerated as incoming triphosphates by Vent
(exo~) DNA polymerase. Addition of one dYN®MP (3-7) to the
primer strand was detected opposite each of the four canonical
bases in the template with any preference order of the template
base. But further addition of canonical nucleotides past the
incorporation of the analogues resulted mainly in chain
termination due to the inability of the polymerase to accom-
modate these bulky analogues in the nascent primer/template
duplex.

Compound 2 (dYNHEen'TP) gave an intermediate pattern
compared to dYM:TP (1) and other adducts (3-7): a)single
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Figure 2. Time-dependent incorporation of analogues 3 (A), 6 (B) and C) 7 (C). Concentrations were as given in the legend of Figure 1. — indicates the blank reaction in

the absence of dNTPs.

incorporation of 2 opposite A, T and C occurred with a similar
efficiency, while 1 showed a preference for A and T in the
template and the derivatives 3-7 were less accepted by Vent
(exo™) DNA polymerase; b) extension by canonical bases after
the incorporation of 2 was observed in only one context (when
dyNHben paired with C) while extension after the incorporation of
1 occurred in any sequence context without chain termina-
tion." The single incorporation efficiency of compound 2
compared that of compounds 3 and 4 could be explained by the

1254

reduced flexibility of the phenyl part in 2 that placed the ring
within the double-helix structure.

The introduction of the benzyl group in dYNte precludes the
free rotation around the carboxamide and glycosidic bonds of
the modified imidazole when it is located at the 3"-extremity of
the primer opposite a canonical base, compared to that
observed with the other imidazole derivatives like dY'"* and
dYN: 4 The base pairing of YNHeen with C traced on the G:C
pairing places the aromatic hydrophobic part in the minor

ChemBioChem 2002, 3, 1251 - 1256
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groove of the duplex (Scheme 3). In the other base pairing
patterns, the aromatic part and the hydrazide group are in the
major groove, which presents a more hydrophilic environment
than the interior of the helix.

H H
QmnnH—N

N OwssH—N N
T 4 P\
N—~’ G N—HwmN' C

N=( J—N
N=Hemnd N\
H

Ve

Scheme 3. The 2:C base pair based on the G:C trace.

Such specificity in the recognition of azole derivatives by DNA
polymerases is without precedent. Using our parallel scheme we
found a new motif that is able to form a base pair with a
canonical base and whose structure differs from the canonical
model. Whether hydrogen bonds between YNHben and C or the
hydrophobic context influence the polymerisation process
remains to be addressed experimentally. Insertion of a deoxy-
nucleoside triphosphate (dNTP) by a DNA polymerase is a

ChemBioChem 2002, 3, 1251-1256

multistep mechanism that involves a conformational rearrange-
ment from an open to a closed ternary complex. Both the
geometric fit of the incoming triphosphate and its ability to form
Watson - Crick hydrogen bonds with the template nucleotide
were found important for the stability of the closed ternary
complex.'® This combinatorial scheme could help in the rapid
evaluation of shape and hydrogen-bond contributions through
the use of these analogues.

A systematic synthesis of deoxyuridine triphosphate deriva-
tives through the condensation of a 5-aminoalkyl-deoxyuridine
triphosphate and various N-hydroxysuccinimide esters was
reported with the purpose of DNA diversification.'”! The high
reactivity of the hydrazine function and the huge diversity of
commercially available aldehydes and ketones allow the scheme
presented here to be considered as a general scheme for other
nucleobases in order to provide numerous purine or pyrimidine
analogues that are suitable for DNA diversification.

Materials and Methods

General methods: Electrospray mass spectra were collected on an
electrospray triple quadruple spectrometer (APl 365/PE SCIEX) work-
ing in the negative mode with CH;CN/0.4% NH,OH (50:50) or 0.5 %
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Et;N in water (pH 10). Reagents and enzymes were purchased from
the following sources: ultrapure dNTP solutions from Amersham
Pharmacia Biotech, Vent (exo~) DNA polymerase and T4 polynucleo-
tide kinase from New England Biolabs, sodium cyanoborohydride
(3.0gL~" NaBH;CN) in 20 mm sodium phosphate (pH 7.5) with 0.2m
NaCl from Sigma.

Reaction of the 5’-triphosphate derivtaive of 1-(2-deoxy-f5-b-
erythro-pentofuranosyl)-imidazole-4-hydrazide with aldehydes:
1-(2-deoxy-[-p-erythro-pentofuranosyl)-imidazole-4-hydrazide-5'-O-
triphosphate (1) was synthesised as previously reported.' Con-
densation reactions were carried out by adding 100 mm stock
solution of each aldehyde in methanol or ethanol (2.5 mL; 250 pmol)
to compound 1 (50 pmol) in water (0.5 mL). After stirring for 2 h at
4°C, reaction mixtures were evaporated to dryness and then treated
overnight at 4 °C with sodium cyanoborohydride (3.0 g L=" NaBH;CN;
270 pmol) in 20 mm sodium phosphate (pH 7.5) with 0.2m NaCl. The
resulting solutions were reduced to a small volume, and insoluble
material was removed by filtration. After freeze-drying, the crude
products were purified by reverse-phase HPLC (C18 column) with a
linear gradient of acetonitrile (A) in 10 mm triethylammonium acetate
buffer (B) over 20 min. Elution was monitored by UV detection at
254 nm. Fractions containing pure products were lyophilised and
passed through a cation-exchange resin (Dowex 50WX8, Na* form)
to afford the triphosphates 2-7 as their sodium salts (18-88%
yield). Conditions of purification (retention times) and mass spec-
trometry data are given in Table 1. The hydrazones 5 and 7 were
found stable since no decomposition product (reversible hydrolysis
into 1) could be detected after a long storage at —20°C in water or
after incubation at 50 °C for 60 min.

Primer extension reaction: 5-End labelling of the primer (5'-
CAGGAAACAGCTATGAC-3, 1 um) was performed in 70 mm tris(hy-
droxymethyl)laminomethane (Tris)/HCI (pH 7.6), 10 mm MgCl, and
5 mm 1,4-dithiotreitol (DTT) by addition of T4 polynucleotide kinase
(10 U) and [y-*?P]-ATP (10 Cimmol~") in a final volume of 50 L. The
mixture was incubated for 30 min at 37 °C, then for 15 min at 70°C
and finally stored at 4°C. Annealing was realised in a final volume of
30 pL by incubating the appropriate 22-mer templates (6 pL; 10 um),
primer (2 pL; 10 pm) and 3?P-end-labeled primer (10 pL; 1 pm) for
15 min at 75°C, followed by slowly cooling the mixture to room
temperature over the course of 1 h. Time-dependent incorporations
were carried out by incubating Vent (exo”) DNA polymerase
(0.033 UpL™) in the presence of 100 nm primer-template and dNTPs
(concentrations as indicated in the legends of the figures) at 50 °C in
ThermoPol reaction buffer (10 mm KCl, 10 mm (NH,),SO,, 20 mm Tris/
HCI (pH 8.8), 2 mm MgSO,, 0.1% Triton X-100). One unit catalyses the
incorporation of 10 nmol of dNTP into an acid-insoluble material in

S. Pochet et al.

30 min at 75°Cin 1 x buffer by using 0.2 mgmL~" of activated DNA.
Elongation reactions were started by mixing diluted Vent (exo~) DNA
polymerase (6 pL) in 2 X polymerase buffer and annealed primer-
template (4 pL; 600 nm) with dNTPs (2 pL). Aliquots of elongation
reactions were taken at time intervals of 2, 15 and 30 min and
quenched by adding an equal volume of the loading buffer (0.02%
(w/v) bromophenol blue, 0.02% (w/v) xylene cyanol FF, 50% (v/v)
formamide, 50% (v/v) water). Before loading onto a polyacrylamide
gel (20%, 7wm urea), samples were heated for 1 min at 75°C. After
electrophoresis, products were visualised by autoradiography.
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ibuprofen to other non-phosphorothioate oligomeric constructs,
including peptide nucleic acids,’”-?' methyl phosphonates,%
morpholinos," the methylene(methylimino) backbone modifi-
cation,3 and phosphoramidates®! and locked nucleic acids,*
may also enhance the pharmacokinetic and tissue distribution
properties of these constructs.
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Signal reception and regulation of physiological responses by
macroalgae are only poorly understood to date. Besides some
remarkable exceptions from the pheromone field™ and the
defensive reactions of certain brown algae,”® only phenomeno-
logical descriptions of reactions to environmental cues have
been given. The existing evidence nevertheless indicates that
brownB® as well as red® algae have developed elaborate
strategies to detect the presence of herbivores or pathogens
in their aqueous environment. Observed reactions include the
immediate release of hydrogen peroxide or halogenated low-
molecular-weight hydrocarbons as well as a long-term up-
regulation of defensive metabolites. Comparable reactions are
well known in higher plants. First evidence indicates that the
underlying principles of signal recognition in algae differ
significantly from those observed in higher plants, which urges
the need for profound investigations in the marine environ-
ment.B!

One of the better understood examples of an algae/pathogen
interaction is the system of the red alga Chondrus crispus and its
pathogen, the green alga Acrochaete operculata. The green alga
is able to grow within the tissue of the red algal host. This
process, called endophytism, can be fended off during certain
developmental phases of C crispus® During the resistant
gametophytic phase of the life cycle, C. crispus can recognise
the attacker® and kill it by an immediate release of increased
levels of H,0, followed by the long-term up-regulation of
defensive metabolites. In contrast, during the susceptible
sporophytic phase, the green alga can penetrate the tissue of
the host and parasitize it."

Here we report the identification of the signal that triggers the
early defense reaction of resistant gametophytes of the red alga.
In addition, details are given about the biochemical processes
that lead to the initial release of micromolar concentrations of
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H,O, into the surrounding medium, which is sufficient to Kkill
penetrating pathogens.

We used a protocol for our experiments that enabled us to
grow the red and green algae separately in aquaria. This allowed
the extraction of the active principle from the green alga and its
addition to the resistant red alga. The immediate production of
H,O, by the red alga after challenge with crude green algal
extracts and fractions of these extracts served as the indicative
reaction for a bioassay-guided structure elucidation used to
establish the nature of the involved signal.

The active principle released by the green algal parasite
A. operculata can be enriched from cell-free extracts by use of a
high pH anion exchange chromatography (HPAEC) cartridge. The
compound is insensitive to heat (95°C), acidic and basic
conditions and was not inactivated after treatment with penta-
fluorobenzyloxime, a derivatising reagent for aldehydes and
ketones. In contrast, the activity was strongly reduced or
completely suppressed after treatment with N-methyl-N-(tri-
methylsilyl)trifluoroacetamide or diazomethane, which indicates
the requirement of an acidic group for full activity. Samples of
A. operculata growth medium were further characterised by
direct submission to liquid chromatography/atmospheric pres-
sure mass spectrometry with an aminopropyl column as the
stationary phase. The active fraction could be identified by
monitoring the biological response (H,0, production) of
C. crispus gametophytes challenged with the eluate (Figure 1).
Use of different gradients and source parameters allowed the
active principle to be identified from the complex matrix as a low
molecular weight ([M-+H]*=133) molecule. This result was in
accordance with gel filtration experiments, which showed a

1007
SIM/133 501
0.4- '

T 031

H.0, released /

SO0 0.2
nmol g~ min

0.1

0.0
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Figure 1. HPLC separation of extracts from A. operculata. Upper trace: LC
atmospheric pressure chemical ionisation (APCI) MS (SIM = single ion monitoring,
m/z=133). Lower trace: activity (H,0, release induced in C. crispus) of fractions
obtained by HPLC. Separation was achieved on an aminopropyl stationary phase;
see the Experimental Section for details.

ChemBioChem 2002, No. 12 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

molecular weight below 200 Da. High-resolution ESI MS of this
compound gave a molecular composition of C,HgN,O; which,
together with the physical behaviour and the results from the
derivatisation experiments suggested the free amino acid
asparagine as a likely candidate. Indeed, L-asparagine coeluted
with the active principle from A. operculata, exhibited the same
MS and MS" fragmentation pattern and induced the same
biological response as the purified fraction from the extract
(Figure 2a,b). This reaction was specific and neither p-asparagine
(Figure 2c¢) nor up to millimolar amounts of t-glutamine, L-
aspartic acid, L-a,y-diamino butyric acid or succinamic acid
triggered this defensive response. Kinetic characterisation of
the signal/response reaction of C. crispus after exposure to

3.5+
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H,0, released / 207
nmol g~ min™" 1.5
1.0
0.54
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Figure 2. H,0, release induced in C. crispus with a) cell-free extracts (exposure to
extracts at high concentrations resulted in interference with the assay);

b) t-asparagine; c) po-asparagine. Lines represent the best-fit Michaelis - Menten
functions.
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L-asparagine showed that the Michaelis — Menten constant K, for
H,0, release was 13.2 um (95% confidence interval: 8.0-18.4;
Figure 2b). This value corresponded with the K, value for
induction of the same response with crude extracts of the
pathogen (corresponding to 12.4 um asparagine; 95% confi-
dence interval: 4.1-20.7; Figure 2a).

We elucidated the early biochemical processes of the
defensive reaction in order to understand the mechanism
involved in this immediate response of the red alga. We found
that H,O, release by C. crispus after it was challenged with -
asparagine correlated with an accumulation of aldehydes or
ketones” and ammonium®® in the medium. This suggests that
the defensive reaction is catalysed by an L-amino acid oxidase,
which transforms r-asparagine selectively into the correspond-
ing a-keto acid, hydrogen peroxide and ammonium. In accord-
ance with this mechanism, 100 um concentrations of quinacrine,
an inhibitor of flavoproteins, fully prevented the response. In
addition, we could show that the amino acid oxidase product
2-oxosuccinamic acid is released by the red alga after application
of asparagine. LC MS after derivatisation with phenylhydrazine
allowed the characterisation and quantification of this oxo acid.
A direct correlation between this product and the released H,0,
was observed, which demonstrates that the signal released by
the pathogen acts as a substrate for the production of the
defensive metabolite from the host.

Concentrations of H,0, of around 100 um are required for
efficient induction of cell death of the pathogen.'” In order to
establish whether asparagine concentrations that would lead to
the release of this amount of H,0, may be available for C. crispus
during infections, we monitored the content of extracellular
asparagine in cultures of A. operculata. The degree of suscep-
tibility of C. crispus tissues to A. operculata is correlated
with the type of carrageenan that is present in the tissue
of the host,® therefore we determined the asparagine
release of the pathogen after administration of different
carrageenan oligosaccharides. It was observed that A-
carrageenans from the susceptible life stage of C. crispus
lead to an increased virulence of A.operculata, while
pretreatment of the pathogen with k-carrageenans from
the resistant life stage of C. crispus significantly reduces
its virulence.® In accordance with these findings, the
asparagine release of A.operculata was strongly de-
pendent on the type of carrageenan produced by the
host (Figure 3). A-oligocarrageenans from the suscep-
tible life stage of the red alga do not trigger an increased
release of asparagine. In contrast, a pronounced release
of asparagine takes places 24 -36 h after contact of the
pathogen with k-oligocarrageenans. The concentration
of asparagine reaches levels required for a maximum
production of about 66 umol per kg algal wet weight
H,O, over a period of 30 min by the resistant host
(calculated from Figure 2b), which is within the range of
the lethal concentration for A.operculata. Since the
intercellular space between host and pathogen is
limited, both asparagine and H,0O, will accumulate to
even higher local concentrations than found in the
surrounding medium.
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Figure 3. Quantification of asparagine released by A. operculata after treatment
with oligocarrageenans from C. crispus. (@) Treatment with k-oligocarrageenans;
(o) treatment with \-oligocarrageenans.

The interaction of the host and pathogen involves a complex
communication between these organisms (Figure 4). After
successful penetration of the outer cell layers of resistant,
gametophytic C. crispus, filaments of the pathogen reach the
inner tissue of the host and macerate its x-carrageenan cell wall
matrix, which leads to the release of x-oligocarrageenans.®
These molecules trigger the release of the signal asparagine
from the pathogen, which finally serves as a substrate for the
production of the defensive principle H,0, (Figure 4).

This is to our knowledge the first example in chemical ecology
where the induced signal of an attacker serves directly as a
substrate for the production of a chemical defensive metabolite.
Only the presence of an amino acid oxidase that can produce
elevated levels of H,0, is required to fend off the pathogen. The

(

k-oligo-
carrageenan

oxidase

K-Carrageenase

Figure 4. Model for the involvement of k-carrageenan and asparagine in the interaction
of C. crispus and A. operculata. After penetration of the green algal endophyte (center), the
carrageenans of the red algal tissue are broken down (1).1 The resulting oligocarrageenans
trigger the release of asparagine from the pathogen (2). This amino acid is then converted
into H,0, and a-ketosuccinamide by an amino acid oxidase from the red algal host (3). The
oxidant causes cell death of the pathogen (4).
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release of the other resource required for this defense is
triggered by the host upon contact with the pathogen. This
new mechanism stands as a unique signal/response reaction and
strikingly demonstrates how independent principles have de-
veloped for signal reception and response in marine algae.

Experimental Section

General: Unialgal culturing of A. operculata (obtained from J. Correa,
Santiago, Chile) was performed as previously described.® C. crispus
was collected bimonthly in Pointe St.-Barbe, Roscoff, France and
cultivated in tanks with continuous seawater exchange.

Bioassay with C. crispus: C. crispus was challenged and incubated in
sterile seawater for 30 min at a density of 50gL-". H,0, in the
medium was then quantified as horseradish-peroxidase-catalyzed
luminol-dependent luminescence as previously described.!

Purification of the active signal from A. operculata: Cell-free
extracts from A. operculata were prepared according to the method
described by Bouarab etal.® Prior to HPAEC separation, macro-
molecules were removed from crude extracts by ethanol precip-
itation (90%), centrifugation, dialysis of the concentrated super-
natant (cut-off: 1000 Da) and concentration of the dialysate. A DX500
(Dionex) instrument with CarboPac PA100 (250/4) column was used
for HPAEC. Gradient: NaOH/H,O; 1 mLmin~'; 0 mm, 5 min at 0 mm
then linear to: 15 min, 0.15m; 20 min, 0.15m; 20-30 min, 1m. Elution
of the active compound was observed at pH 12.

Identification of the active signal from A. operculata: HPLC
separation was achieved on an HP1100 (Agilent technologies) device
equipped with a Macherey Nagel nucleosil 100-5 NH, aminopropyl
column (250/4). Gradient: CH;CN/H,O; 1 mLmin~"; 90%, 5 min at
90%, then linear to: 25 min, 60%; 30 min, 20% CH;CN. LC MS" was
performed on a Finnigan LCQ system. LC APClI MS/MS: vaporiser
temperature: 470 °C; capillary temperature: 150°C; discharge cur-
rent: 4 uA; 133 [M+H]*. The MS? spectrum showed fragments with
masses of 116(20) and 87(100). The MS? spectrum of the ion at m/z=
87 showed an abundant fragment at m/z=70. In gel filtration
experiments, the active principle eluted with H,O after 1.25 void
volumes from Sephadex G10.

Identification of 2-oxo succinamic acid: Derivatisation and HPLC
separation of C. crispus growth medium after administration of
different amounts of asparagine was performed according to the
procedure described by Lange et al.™ 2-Oxo octanoic acid was used
as a standard. The retention time and MS fragmentation pattern of
the derivatised 2-oxo succinamic acid (222 [M+H]*, 178, 161)
matched those of a reference compound prepared by treatment of
asparagine with amino acid oxidase (Sigma).

Asparagine release after administration of carrageenans: A. oper-
culata was incubated in seawater medium at a density of
500mgmL~" in the presence of the antibiotics Cefotaxim and
Gentamycin at 100 ugmL~" and Polymyxin B, Chloramphenicol,
Erythromycin and Kanamycin at 20 pgmL-". After four days, A- or
k-oligocarrageenan was added to the cultures at a concentration of
250 pgmL~". Biomass and medium were separated by centrifugation
after 12, 24, 36 and 48 h and the asparagine in the medium was
quantified as described by Lindroth and Mopper.l'

We are indebted to Prof. Dr. W. Boland for his support during the
preparation of this work.
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A Short Aib/Ala-Based Peptide Helix
Is as Stable as an Ala-Based Peptide
Helix Double Its Length

Raja Banerjeel® 9 and Gautam Basu*® ®!
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alanine - aminoisobutyric acid - peptides - protein design -
protein mimetics

Among the 20 naturally occurring amino acids, alanine (Ala) has
the highest helix propensity."? Among noncoded a-amino acids,
a-aminoisobutyric acid (Aib) is the helicogenic amino acid? that
has been used the most for designing helices,® including those
that have biological relevance. In order to establish the
advantages and limitations of using Aib to design a peptide
helix, that would otherwise be comprised of naturally occurring
amino acids like Ala, it is important that a comparative analysis of
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Improving Antisense Oligonucleotide
Binding to Human Serum Albumin:
Dramatic Effect of Ibuprofen
Conjugation

Muthiah Manoharan,* Gopal B. Inamati, Elena A. Lesnik,
Namir B. Sioufi, and Susan M. Freier®
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The interaction of antisense oligonucleotides with serum and
cellular proteins determines their pharmacokinetic (transport to
and distribution in target tissues) and pharmacodynamic (bind-
ing to the mRNA target) properties and hence their eventual
pharmacology.™ In general, binding of drugs to serum albumin,
a,-macroglobulin, immunoglobulins, and lipoproteins in the
bloodstream governs their transport and tissue distribution.’?!
The first generation antisense compounds, 2'-deoxyphosphor-
othioate oligonucleotides (containing P=S linkages, where R=H
and X=S in Scheme 1), bind rapidly to serum and cellular

R

— Me
O~ 2'-0-(2-Methoxyethyl)-RNA (2'-0-MOE)

—H DNA

Scheme 1. General structure of the antisense oligonucleotides used in this study.

proteins and thus have favorable pharmacokinetic proper-
ties. 3% However, these P=S oligonucleotides also bind to
proteins such as thrombin, Factor IX, and Factor H. This binding
probably contributes to the undesirable dose-limiting side
effects of these compounds in the clinical setting, side effects
such as prolonged clotting time and complement activation.” ®
To make safer and more effective oligonucleotide drugs, it would
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be valuable to enhance the interaction of these molecules
with proteins involved in transport and absorption and to
minimize the interaction with proteins responsible for their side
effects.

Changing the P=S linkages to the native phosphodiester
(P=0) linkages overcomes the above side effects and increases
the binding affinity to the target RNA;" '@ however, this change
also results in the loss of nuclease resistance and, consequently,
in a more rapid degradation of the drug."!' The 2-O-(2-
methoxyethyl) modification (2’-O-MOE, R=2'-O-MOE, X=0 in
Scheme 1) has been shown to improve binding affinity to the
target mRNA and to limit the undesired sensitivity to nucleolytic
degradation.'>' Unfortunately, the replacement of P=S link-
ages by P=0 linkages results in poor pharmacokinetic properties,
such as limited distribution to organs and faster urinary
elimination, presumably due to the lack of binding to serum
proteins.™™ It would therefore be highly desirable to improve
binding affinity of non-phosphorothioate compounds for hu-
man serum albumin.

Human serum albumin (HSA), a water-soluble protein of
585 amino acids with a molecular weight of 66 kD, is the most
abundant protein in plasma (3.5-5.0g per 100 mL in blood
plasma), but it also exists in lower concentrations in extra
vascular fluids. It has a large number of charged amino acids
(about 100 negative charges and 100 positive charges), with an
isoelectric point of 5.0 and a net negative charge of —15 at a
plasma pH value of 74, and it attracts both anions and
cations.'®'8 The antiinflammatory small-molecule drug ibupro-
fen binds to the domain IlA of HSA with a binding affinity of
10-5m." We have attempted to improve the binding affinity of
antisense oligonucleotides to serum albumin by chemically
conjugating ibuprofen to the oligonucleotides.

As shown in Scheme 2, (S)-(+)-ibuprofen (Sigma) was attached
to 3’-O-(6-aminohexyl)-5"-O-dimethoxytrityluridine® 2! by using
the pentafluorophenyl ester derivative of ibuprofen. The result-
ing conjugate was hemisuccinylated at the 2'-position and
attached to long chain aminoalkyl controlled pore glass (LCAA-
CPQ). Oligonucleotide synthesis was carried out by starting with
this solid support and using either the 2-O-MOE or the 2'-
deoxynucleoside nucleoside 3-cyanoethylphosphoramidites and
standard automated DNA synthesis protocols.

To measure binding affinity, the 5'-end of each oligonucleotide
was labeled with 32P by using T4 polynucleotide kinase in
standard procedures. The unincorporated label was removed
through a G25 column and labeling was confirmed by poly-
acrylamide gel electrophoresis. A fixed concentration of labeled
oligonucleotide (50 nm) was incubated with increasing concen-
trations of albumin (human fatty acid free serum albumin,
Sigma A3782, lot 94H9318, Sigma Chemicals, St. Louis, MO) and
incubated at 25°C for one hour in phosphate-buffered saline
buffer containing 0.1 mm ethylenediaminetetraacetate (EDTA)
and 0.005% Tween 80. After incubation, the samples were
loaded onto low-binding, regenerated cellulose filter mem-
branes with a molecular weight cut-off of 30000 (Millipore). The
samples were spun gently in a microfuge (NYCentrifuge 5415C;
Eppendorf, Westbury, NY) at 3000 rpm (735 g) for 3-6 minutes,
thereby collecting ~20% of the loaded volume in the filtrate.
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Scheme 2. Conjugation of the pentafuorophenyl ester derivative of ibuprofen to 3'-O-(6-
aminohexyl)-5'-O-dimethoxytrityluridine and attachment of the resulting conjugate to the solid

support. DMTr = dimethoxytriphenylmethyl (or dimethoxytrityl).

Radioactivity present in aliquots from the filtrate and the initial
(unfiltered) solutions was measured with a scintillation counter
(model LS6000IC, Beckman, Fullerton, CA). The counts obtained
in the filtrate aliquots represent the free (unbound) oligonucleo-
tide, and appropriate calculations were performed to obtain the
concentration of free oligonucleotides. Further calculations
yielded the concentration of oligonucleotide bound to pro-
tein.[22, 23]

The extent of oligonucleotide binding to albumin was
determined by use of an equilibrium filtration method. The
fraction of bound oligonucleotide was plotted against the total
albumin concentration. The equilibrium dissociation constant K
was determined from nonlinear regression analysis of the
fraction of oligonucleotide (ODN) bound (f,,,.g) @s a function
of the free albumin monomer concentration (f;..). The concen-
tration of albumin monomer in solution was calculated by using
Ky=150 um for the monomer-dimer equilibrium.'s ' A low
concentration of the oligonucleotide relative to albumin allowed
for detection of binding to only the tightest binding site on the
albumin. Thus, the data (Figure 1) could be fittted to the two-
state model described in Equation (1) where O is the unbound
oligonucleotide, A is the unbound albumin, (OA) is the
oligonucleotide —albumin complex, and K, is the equilibrium
association constant.

0+A%0A) (1)

The oligonucleotides tested are listed in Table 1. As seen in
Figure 1 and Table 1, the phosphodiester oligonucleotides (both
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Ibuprofen also has an effect on the binding
capacity of oligonucleotides to albumin. Capacity
curves (Figure2) were measured by using a
technique similar to that used for the binding
curves except that a fixed concentration of
albumin (50 um) was employed and the concen-
tration of labeled oligonucleotide was varied. As
can be seen in Figure 2, a binding ratio of 0.75:1
(oligonucleotide:albumin) was measured for the
conjugate, |-27700. A ratio of 0.2:1 was observed
for the unconjugated 2’-deoxy phosphorothioate
compound, 1-3067. Thus, the capacity of HSA for
the ibuprofen conjugate was dramatically greater
than that of the unconjugated phosphorothioate
oligonucleotide, a drug that binds well.

The enhanced binding shown by the ibuprofen-
conjugated oligonucleotide for HSA was not

a)
1.0
g 08 * 27700
o
- 2
S o 06
c B
273
B o
g § 04
o
k=2
3 0.2
0.04 . T ooy
0.1 1 10 100 1000
[albumin] / uM ——
b)

fraction of
oligonucleotide bound

" 0.1 1 10 100
[albumin] / uyM —»

1000

Figure 1. Comparison of HSA binding of two ibuprofen conjugates () to
unconjugated controls (A). Binding curves for the phosphorothioate DNA
analogues of each sequence are also shown (o). The oligonucleotide (50 nm) was
incubated with increasing concentrations of HSA as described in the text. The
sequences of the compounds tested (labeled here with compound numbers) can
be found in Table 1.
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Table 1. Oligonucleotides used in the study and equilibrium dissociation constants for binding to HSA.

Isis number Sequence Chemistry Conjugated ligand Kp [pm]®@
1-27700 TCTGAGTAGCAGAGGAGCCT 2'-0-MOE/P=0 3'-linker—ibuprofen 8
1-11158 TCTGAGTAGCAGAGGAGCCT 2'-O-MOE/P=0 none > 400
1-3067 TCTGAGTAGCAGAGGAGCCT 2'-deoxy/P=S none 7
1-22655 TGCATCCCCCAGGCCACCAT 2'-deoxy/P=0 3'-linker—ibuprofen 12
1-8651 TGCATCCCCCAGGCCACCAT 2'-deoxy/P=0 none > 400
1-3082 TGCATCCCCCAGGCCACCAT 2'-deoxy/P=S none 4
[a] Equilibrium dissociation constants were obtained from the data in Figure 1 as described in the text.

[oligo bound] / [alb total]—

The observed improvements in affinity and capacity of
oligonucleotide binding to albumin were independent of the
oligonucleotide sequence and are probably due to specific
molecular recognition events between ibuprofen and albumin,
rather than to the resultant small change in hydrophobicity of
the oligonucleotide. In fact, conjugation of more lipophilic
molecules such as cholesterol or pyrene did not result in such
marked improvement in albumin binding while other arylpro-
pionic acid ibuprofen analogues showed similar binding (data
not shown).

27700

3067

[oligo total] / uM ——»

Figure 2. Capacity of HSA for an ibuprofen conjugate I-27700 () compared to
that of an unconjugated phosphorothioate DNA, I-3067 (A). Capacity was
measured at 50 um HSA with increasing concentrations of the oligonucleotide.
The sequences of the compounds tested (labeled here with compound numbers)
can be found in Table 1.oligo = oligonucleotide, alb= albumin.

observed when the experiment was repeated with the plasma
protein thrombin. Thrombin is a plasma protein known to bind
phosphorothioate oligodeoxynucleotides with low nanomolar
affinity.? The interaction between thrombin and oligonucleo-
tides has been postulated to be responsible for prolongation of
coagulation observed after treatment with phosphorothioate

oligodeoxynucleotides.””! Radiolabeled 1-11158
or 1-22270 (20 pm) were incubated with increas-
ing concentrations of thrombin, and the binding
was evaluated. Neither molecule bound to
thrombin until the concentration of protein
approached low millimolar concentrations (Fig-
ure 3).

Ibuprofen was conjugated to the oligonucleo-
tide through the carboxyl group on the small
molecule. If this group were critical for the
interaction between ibuprofen and albumin, the
conjugate would be expected to bind less tightly
to albumin than free ibuprofen does. As the K
values of the ibuprofen - oligonucleotide conju-
gate and ibuprofen are the same, there is no
evidence that conjugation changes the mode of
binding. It appears to be mainly the hydrophobic
interaction between the aromatic ring of the
ibuprofen and the aliphatic substituents on
albumin that are important for this molecular
recognition.2®!

ChemBioChem 2002, No. 12 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 This is the first example of a small-molecule conjugate that
modulates the binding of antisense oligonucleotides to serum
albumin. Since serum albumin is the major transport protein,
ibuprofen conjugation is expected to alter dramatically the
tissue distribution of oligonucleotides. In vivo pharmacokinetic
analysis and tissue distribution experiments are in progress to
confirm this hypothesis. However, at this time, further details
regarding the binding site of the ibuprofen -oligonucleotide
conjugate, the mechanism of interaction, the specificity of this
interaction, and the toxicity of the conjugate are not known.
Since the observed binding affinity is in the micromolar range,
the release of the oligonucleotide from the protein is not an
issue. Since it is a 3'-terminal conjugate the Tm to the target RNA
should not be affected while the exonuclease resistance will be
increased.® It is reasonable to expect that conjugation of

1-
0.9 4
0.8 4
0.7 4
0.6
0.5 4

0.4 4 27700

fraction of
oligonucleotide bound

0.3 4
0.2 4 11158

0.1 4
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N 9D

S o > 0,0 ,% .9 .0 .5 O ® © 0N O

PP O L2 O NDN Do TN
9”7 07 o7 A¥ AT 47 ¥ 07 97 070" 7 RGO
[Thrombin] / nM ——»

Figure 3. Binding curves for thrombin binding to unconjugated 2'-O-MOE derivative I-11158 and its
ibuprofen conjugate 1-27700. The oligonucleotide (20 pm) was incubated with increasing concen-
trations of thrombin as described in the text. The sequences of the compounds tested (labeled here
with compound numbers) can be found in Table 1.
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ibuprofen to other non-phosphorothioate oligomeric constructs,
including peptide nucleic acids,’”-?' methyl phosphonates,%
morpholinos," the methylene(methylimino) backbone modifi-
cation,3 and phosphoramidates®! and locked nucleic acids,*
may also enhance the pharmacokinetic and tissue distribution
properties of these constructs.
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A Signal Released by an Endophytic
Attacker Acts as a Substrate for a
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Alga Chondrus crispus
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Signal reception and regulation of physiological responses by
macroalgae are only poorly understood to date. Besides some
remarkable exceptions from the pheromone field™ and the
defensive reactions of certain brown algae,”® only phenomeno-
logical descriptions of reactions to environmental cues have
been given. The existing evidence nevertheless indicates that
brownB® as well as red® algae have developed elaborate
strategies to detect the presence of herbivores or pathogens
in their aqueous environment. Observed reactions include the
immediate release of hydrogen peroxide or halogenated low-
molecular-weight hydrocarbons as well as a long-term up-
regulation of defensive metabolites. Comparable reactions are
well known in higher plants. First evidence indicates that the
underlying principles of signal recognition in algae differ
significantly from those observed in higher plants, which urges
the need for profound investigations in the marine environ-
ment.B!

One of the better understood examples of an algae/pathogen
interaction is the system of the red alga Chondrus crispus and its
pathogen, the green alga Acrochaete operculata. The green alga
is able to grow within the tissue of the red algal host. This
process, called endophytism, can be fended off during certain
developmental phases of C crispus® During the resistant
gametophytic phase of the life cycle, C. crispus can recognise
the attacker® and kill it by an immediate release of increased
levels of H,0, followed by the long-term up-regulation of
defensive metabolites. In contrast, during the susceptible
sporophytic phase, the green alga can penetrate the tissue of
the host and parasitize it."

Here we report the identification of the signal that triggers the
early defense reaction of resistant gametophytes of the red alga.
In addition, details are given about the biochemical processes
that lead to the initial release of micromolar concentrations of
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release of the other resource required for this defense is
triggered by the host upon contact with the pathogen. This
new mechanism stands as a unique signal/response reaction and
strikingly demonstrates how independent principles have de-
veloped for signal reception and response in marine algae.

Experimental Section

General: Unialgal culturing of A. operculata (obtained from J. Correa,
Santiago, Chile) was performed as previously described.® C. crispus
was collected bimonthly in Pointe St.-Barbe, Roscoff, France and
cultivated in tanks with continuous seawater exchange.

Bioassay with C. crispus: C. crispus was challenged and incubated in
sterile seawater for 30 min at a density of 50gL-". H,0, in the
medium was then quantified as horseradish-peroxidase-catalyzed
luminol-dependent luminescence as previously described.!

Purification of the active signal from A. operculata: Cell-free
extracts from A. operculata were prepared according to the method
described by Bouarab etal.® Prior to HPAEC separation, macro-
molecules were removed from crude extracts by ethanol precip-
itation (90%), centrifugation, dialysis of the concentrated super-
natant (cut-off: 1000 Da) and concentration of the dialysate. A DX500
(Dionex) instrument with CarboPac PA100 (250/4) column was used
for HPAEC. Gradient: NaOH/H,O; 1 mLmin~'; 0 mm, 5 min at 0 mm
then linear to: 15 min, 0.15m; 20 min, 0.15m; 20-30 min, 1m. Elution
of the active compound was observed at pH 12.

Identification of the active signal from A. operculata: HPLC
separation was achieved on an HP1100 (Agilent technologies) device
equipped with a Macherey Nagel nucleosil 100-5 NH, aminopropyl
column (250/4). Gradient: CH;CN/H,O; 1 mLmin~"; 90%, 5 min at
90%, then linear to: 25 min, 60%; 30 min, 20% CH;CN. LC MS" was
performed on a Finnigan LCQ system. LC APClI MS/MS: vaporiser
temperature: 470 °C; capillary temperature: 150°C; discharge cur-
rent: 4 uA; 133 [M+H]*. The MS? spectrum showed fragments with
masses of 116(20) and 87(100). The MS? spectrum of the ion at m/z=
87 showed an abundant fragment at m/z=70. In gel filtration
experiments, the active principle eluted with H,O after 1.25 void
volumes from Sephadex G10.

Identification of 2-oxo succinamic acid: Derivatisation and HPLC
separation of C. crispus growth medium after administration of
different amounts of asparagine was performed according to the
procedure described by Lange et al.™ 2-Oxo octanoic acid was used
as a standard. The retention time and MS fragmentation pattern of
the derivatised 2-oxo succinamic acid (222 [M+H]*, 178, 161)
matched those of a reference compound prepared by treatment of
asparagine with amino acid oxidase (Sigma).

Asparagine release after administration of carrageenans: A. oper-
culata was incubated in seawater medium at a density of
500mgmL~" in the presence of the antibiotics Cefotaxim and
Gentamycin at 100 ugmL~" and Polymyxin B, Chloramphenicol,
Erythromycin and Kanamycin at 20 pgmL-". After four days, A- or
k-oligocarrageenan was added to the cultures at a concentration of
250 pgmL~". Biomass and medium were separated by centrifugation
after 12, 24, 36 and 48 h and the asparagine in the medium was
quantified as described by Lindroth and Mopper.l'

We are indebted to Prof. Dr. W. Boland for his support during the
preparation of this work.
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Among the 20 naturally occurring amino acids, alanine (Ala) has
the highest helix propensity."? Among noncoded a-amino acids,
a-aminoisobutyric acid (Aib) is the helicogenic amino acid? that
has been used the most for designing helices,® including those
that have biological relevance. In order to establish the
advantages and limitations of using Aib to design a peptide
helix, that would otherwise be comprised of naturally occurring
amino acids like Ala, it is important that a comparative analysis of
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the stabilities of Aib- and Ala-based peptide helices be
performed. Although chaotropic-agent-induced unfolding of
Ala-based peptide helices has been studied as a function of helix
length,! to date no such systematic study exists for Aib-based
peptide helices. We report here, for the first time, the unfolding
of a 14-mer Aib/Ala-based peptide helix, ABGY (Ac-Ala-Aib-Ala-
Lys-Ala-Aib-Lys-Ala-Lys-Ala-Aib-Gly-Gly-Tyr-NH,),’! with guani-
dine hydrochloride (GnCl) and urea. Comparison of the unfold-
ing data with similar studies on Ala-based peptide helices®
shows that the 14-mer Aib/Ala-based helix at 25°C is as stable
as a 26-mer Ala-based helix at 0°C.

First we studied the solution conformation of ABGY by 'H NMR
and circular dichroism (CD) spectroscopy. Conclusive support for
a helical backbone of ABGY came from 'H NMR spectroscopy
experiments.”! This support comes from: 1) sequential NN(i,i + 1)
ROESY crosspeaks, almost across the entire sequence (Figure 1),
2) an upfield shift (from random coil values) of more than
0.14 ppm for all C*H resonances except the two Gly residues,"!
4) amide temperature coefficients (AJd/AT) <5 ppbK~' from
Ala3 through to Aib11, and 4)3J,, values=5Hz for all five
alanine residues.® Collectively, these results all strongly indicate
a helical backbone for ABGY."!

-~ 7.8

- 8.0

o6/ ppm

=

L 8.4

8.6 8.4 8.2 8.0 7.8

<—— §/ppm

Figure 1. The NN amide region of the ROESY (t,,= 300 ms) spectrum of ABGY at
27°C and pH 3.1. Of the total possible 13 NN(i,i+ 1) crosspeaks, 7 were detected
(the rest are too close to the diagonal to be observed). Residues are sequentially
numbered from the N terminal.

The CD spectrum of ABGY at 25 °C," shown in Figure 2, also
exhibited the conspicuous double-negative-maximum helical
signature.'" However, the [0],,, value was low; this is not
uncommon with helices containing «,a-dialkyl residues'"®< and
does not necessarily indicate low helicity.'?

Next we studied the unfolding of ABGY at 25 °C. Variation of
[6],,, as a function of added GnCl or urea is shown in Figure 3. As
with Ala-based peptides,™ variation of [0],,, for ABGY reflects a
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Figure 2. The far-UV CD spectrum (smoothed) of ABGY at 25°C and pH 3.1
(10 mm phosphate buffer) with 1m NaCl.
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Figure 3. Variation in [0],,, values with GnCl (squares) and urea (circles) for
ABGY at 25°C. The curves are the best fits (2S and ZB-LEM models).

broad transition from a folded to an unfolded state. The
unfolding curves were analyzed by: 1) a two-state (2S) model,!'*!
commonly used for protein unfolding, which assumes the
equilibrium existence of a folded and an unfolded state, and
2) the Zimm-Bragg model™ for helix-coil transition with the
linear extrapolation!™ method (ZB-LEM).''® The best fits to the
data, according to both the models are shown in Figure 3 while
the best-fit parameters are presented in Table 1.

Analyses of both GnCl and urea unfolding data yield very
similar values of s, (ZB-LEM model) for ABGY (1.58 and 1.57). The
corresponding m values are 51.1 and 28.8 calmole~'m'res~". The
higher m value for GnCl compared to urea is consistent since
GnCl is known to be a stronger denaturant than urea.'” For a
direct comparison of our data with that for Ala-based peptide
helices, we looked at the work by Scholtz et al.,”? who studied
the unfolding of a series of Ala-based peptide!"® helices by urea
and GnCl at 0°C. They had performed a global analysis of their
unfolding data (14-, 20-, 26-, 32-, and 50-mer peptides) in terms
of the ZB-LEM model to obtain s, values of 1.30 and 1.34 for
unfolding with GnCl and urea, respectively. The corresponding m
values were 50.4 and 23.0 calmole~"m"res™". Although the m
values of the Ala-based peptides and ABGY are similar, the s,
values are conspicuously larger in ABGY. The respective free
energies of helix propagation (—RTIns) are —0.14 and
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Table 1. Unfolding parameters of ABGY and Ala-based"® peptides./”

Peptide Denaturant s, m''% [calmole~"m"res"] AGg™ [kcal mole™] meyt™ [kcalmole™"'m™"]
ABGY GnCI® 1.58 +£0.02 51.54+1.4 0.69+0.16 0.414+0.05
ABGY urea® 1.57 £0.05 28.8+4.1 0.72+0.15 0.24+0.03
20-mer GnCl 1.30 50.4% 0.22+0.08 0.41+£0.02
20-mer ureal 1.34% 23.0! 0.64 +0.01 0.234+0.01
26-mer GnCld 1.30% 50.4 0.79+0.06 0.5240.02
26-mer uread 1.34 23.0 1.12+£0.01 0.27 +0.01

[a] The value of 0'% was fixed at 0.003."' S, and S; (25 and ZB-LEM models) were allowed to float freely during fitting. Reported errors are standard deviations
from the curve fit (absolute errors < 0.01 reported as 0.01). [b] 25°C, 1m NaCl. [c] 0°C, 1m NaCl. [d] 0°C, 0.1m NaCl. [e] Global analysis best-fits (S, S, and their
linear variation with denaturant were fixed to predetermined values) of Scholtz et al.”! Errors in m are 0.4 -0.7 calmole~"m~"res™", errors in Ins, are 0.005 - 0.009.

—0.27 kcalmole~"'res™! for the Ala-based peptides (0°C) and
ABGY (25°C).

Assuming identical o values for Aib/Ala- and Ala-based
peptides, this implies that the 14-mer ABGY helix at 25°C is as
stable as a 26-mer Ala-based peptide helix at 0°C." Analysis of
the unfolding data according to the 2S model also leads to a
similar conclusion. Using the reported ZB-LEM unfolding param-
eters of Scholtz et al., we reconstructed the unfolding profiles
for the entire set of Ala-based peptides and refitted them to the
2S model. A comparison of the unfolding parameters showed
that ABGY and 26-mer Ala-based peptides were equivalent, as
shown in Table 1.2% Despite the limitations of the 2S model (no
intermediates allowed), the qualitative picture that emerges
from the analysis is in agreement with the ZB-LEM model.

Protein helices are typically 10-12 residues long.?" Stabilized
by Ala residues, isolated peptides need to be almost double this
length to exhibit significant helicity. The central finding of this
work, that a 14-mer Ala-/Aib-based helix with about 20% Aib
content shows stability at 25 °C similar to an Ala-based peptide
helix almost twice its length at 0°C,?? implies that it is viable to
design short protein-like helices by using the Aib/Ala strategy.
These, with suitable side chains, can act as peptidomimetic
drugs. In fact, we have already designed Aib-based helical
mimics that are stable in isolation and show functional proper-
ties similar to the parent protein helix.”?!

The only other study that compared the stabilities of Ala- and
Aib-containing peptides (urea unfolding of two Ala«<~ Aib
a-helix-dimer mutants)?? found the Aib mutant to be more
stable (by 1 kcalmole~'). Another study found Ala —Aib sub-
stitution to increase the thermostability of a protein.?® Our
results complement these studies with important implications
for designing helical peptidomimetics.
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oligonucleotides have been of major importance in developing
an understanding of the functions of proteins and nucleic acids
in the processes of life. As compared to knowledge about these
two biopolymers, the roles played by carbohydrates in different
glycoconjugates in nature are less well understood.” Unfortu-
nately, the difficulties associated with the synthesis of oligosac-
charides constitute a major impediment for the development of
glycobiology.®! For instance, the assembly of complex oligosac-
charides on solid support or in solution is still a considerable
challenge for all but a few laboratories.

Although major advances in the solid-phase synthesis of
oligo- and polysaccharides have been made during the past few
years, the lack of simple and powerful analytical techniques for
on-resin validation of the chemistry involved is a significant
limitation.” In general, the use of nondestructive methods, such
as IR and NMR spectroscopy, for elucidating reactions directly on
the solid phase constitutes the most attractive approach.’®”
However, applications of these techniques in solid-phase
oligosaccharide synthesis are rare and include the use of high-
resolution magic-angle-spinning NMR spectroscopy,® as well as
employment of *C-enriched acetyl protective groups.” % These
methods are somewhat restricted by costs and the requirement
for specialized NMR spectroscopy equipment. On the other
hand, fluorinated reagents corresponding to the most common
protective groups used in oligosaccharide synthesis are com-
mercially available and are usually cheap. Use of saccharide
building blocks that carry fluorinated protective groups should
therefore allow optimization of solid-phase oligosaccharide
synthesis by using gel-phase '>F NMR spectroscopy. Gel-phase
F NMR spectroscopy has several favorable properties including
high sensitivity (the natural abundance of F is 100%) and a
wide dispersion of the '°F chemical shifts. Hence, magic-angle
spinning is not required and high-quality spectra can be
obtained in a couple of minutes with a conventional NMR
spectrometer.l'’-19

To investigate the potential of 'F NMR spectroscopy for
monitoring solid-phase oligosaccharide synthesis we have
undertaken the synthesis of the «-Gal epitope (Gal(a1-3)-
Gal($1-4)Glc), which is responsible for hyperacute rejection in
xenotransplantation of porcine organs.'! The synthetic se-
quence started with immobilization of glycoside A (Scheme 1)
on the linker-loaded ArgoGel resin 1M through an ester
linkage!'® to afford resin 2 (Scheme 2). The outcome of the

pFPh/TOO o
oFBzO
0FBzO,

O
o M

OH
A
oFPh mFPh
Lo Lo
(0] (0]
o o
FmocO SPhMe oFBNO SPhMe
pFBzO oFBnO
B C

Scheme 1. Monosaccharide building blocks used for solid-phase synthesis. Bn =
benzyl, Bz= benzoyl, Fmoc = 9-fluorenylmethoxycarbonyl.
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oligonucleotides have been of major importance in developing
an understanding of the functions of proteins and nucleic acids
in the processes of life. As compared to knowledge about these
two biopolymers, the roles played by carbohydrates in different
glycoconjugates in nature are less well understood.” Unfortu-
nately, the difficulties associated with the synthesis of oligosac-
charides constitute a major impediment for the development of
glycobiology.®! For instance, the assembly of complex oligosac-
charides on solid support or in solution is still a considerable
challenge for all but a few laboratories.

Although major advances in the solid-phase synthesis of
oligo- and polysaccharides have been made during the past few
years, the lack of simple and powerful analytical techniques for
on-resin validation of the chemistry involved is a significant
limitation.” In general, the use of nondestructive methods, such
as IR and NMR spectroscopy, for elucidating reactions directly on
the solid phase constitutes the most attractive approach.’®”
However, applications of these techniques in solid-phase
oligosaccharide synthesis are rare and include the use of high-
resolution magic-angle-spinning NMR spectroscopy,® as well as
employment of *C-enriched acetyl protective groups.” % These
methods are somewhat restricted by costs and the requirement
for specialized NMR spectroscopy equipment. On the other
hand, fluorinated reagents corresponding to the most common
protective groups used in oligosaccharide synthesis are com-
mercially available and are usually cheap. Use of saccharide
building blocks that carry fluorinated protective groups should
therefore allow optimization of solid-phase oligosaccharide
synthesis by using gel-phase '>F NMR spectroscopy. Gel-phase
F NMR spectroscopy has several favorable properties including
high sensitivity (the natural abundance of F is 100%) and a
wide dispersion of the '°F chemical shifts. Hence, magic-angle
spinning is not required and high-quality spectra can be
obtained in a couple of minutes with a conventional NMR
spectrometer.l'’-19

To investigate the potential of 'F NMR spectroscopy for
monitoring solid-phase oligosaccharide synthesis we have
undertaken the synthesis of the «-Gal epitope (Gal(a1-3)-
Gal($1-4)Glc), which is responsible for hyperacute rejection in
xenotransplantation of porcine organs.'! The synthetic se-
quence started with immobilization of glycoside A (Scheme 1)
on the linker-loaded ArgoGel resin 1M through an ester
linkage!'® to afford resin 2 (Scheme 2). The outcome of the

pFPh/TOO o
oFBzO
0FBzO,

O
o M

OH
A
oFPh mFPh
Lo Lo
(0] (0]
o o
FmocO SPhMe oFBNO SPhMe
pFBzO oFBnO
B C

Scheme 1. Monosaccharide building blocks used for solid-phase synthesis. Bn =
benzyl, Bz= benzoyl, Fmoc = 9-fluorenylmethoxycarbonyl.
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Scheme 2. Solid-phase synthesis of resin 6. Reagents and conditions: a) A

(3.0 equiv), MSNT (3.0 equiv), Melm (6 equiv), CH,Cl,, RT. b) NaCNBH; (50 equiv),
HCl(g) in Et,0, THF, RT. ¢) B (4.0 equiv), NIS (4.0 equiv), TfOH (0.2 equiv), CH,Cl,, RT,
the reaction was repeated twice. d) Et;N/CH,Cl, (1:4 (v/v)), RT. e) C (5.4 equiv), NIS
(5.4 equiv), TFOH (0.2 equiv), CH,Cl,, — 45 °C. All steps were essentially quantitative
as determined by integration of the gel-phase '°F NMR spectra. Melm =
1-methylimidazole, MSNT = 1-(mesitylenesulfonyl)-3-nitro-1,2,4-triazole, NIS =
N-iodosuccinimide, PEG = poly(ethylene glycol), PS= polystyrene, TfOH = tri-
fluoromethane sulfonic acid, THF = tetrahydrofuran.

reaction was analyzed with '°F NMR spectroscopy and integra-
tion of the resonances from the fluorine atoms in the linker (6 =
—134.4 ppm), the 4,6-O-p-F-benzylidene group (—113.2 ppm)
and the two o-F-benzoyl groups (—109.0 and —110.1 ppm)
revealed the yield to be quantitative (Figure 1a)." Resin-bound
2 was then converted into secondary alcohol 3 by regioselective
opening of the 4,6-O-p-F-benzylidene acetal under reductive
conditions with NaCNBH; in a solution of HCl(g) in diethyl
ether?? After optimization with a model system, conditions
were found that led to the complete disappearance of the
resonance from the 4,6-O-p-F-benzylidene group (—113.2 ppm)
of 2, and the appearance of a single, new signal originating from
the p-F-benzyl ether (— 115.2 ppm, Figure 1b) of 3. To the best of
our knowledge, this is the first example of performing this
strategically important protective-group manipulation on solid
support.
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Figure 1. Gel-phase '°F NMR spectra of: a) resin 2 obtained after attachment of
A to resin-bound linker 1; b) resin 3 after stereoselective reduction of the
benzylidene acetal. The spectra were recorded in CDCl; with CFCl; (d = 0.00 ppm)
as the internal standard.

The hydroxy group of 3 was glycosylated with thiogalactoside
B (Scheme 1, 4 equivalents) by using NIS and TfOH as a promotor
system.?" 22 The °F NMR spectrum of resin 4 revealed that the
glycosylation had not reached completion since resonances
from unreacted 3 were still visible, and the yield could be
estimated as ~ 50 % (Figure 2 a). The p-F-benzoyl group, which is
in close proximity to the newly formed glycosidic bond,
displayed two resonances: a major one at —105.1 ppm and a
minor peak at — 105.9 ppm). It was assumed that this reflected
the formation of an anomeric mixture, most likely in a 1:2 o/
ratio. All other resonances from the product were also split into
1:2 doublets.’?®! Monitoring with '°F NMR spectroscopy revealed
that the glycosylation had to be repeated twice to achieve
complete conversion of 3 into resin-bound disaccharide 4 (a/f
1:2, Figure 2 b). The Fmoc group at the 3'-position in 4 was then
removed by treatment with triethylamine in dichloromethane to
afford resin 5 in quantitative yield, as judged by F NMR
spectroscopy.?4

a-Glycosylation of resin 5 with thiogalactoside donor C
(Scheme 1, 5.4 equivalents) was carried out at reduced temper-
ature with activation by NIS and TfOH to give resin 6. The
quantitative formation of a single anomer for the new glycosidic
bond was evident from the appearance and integrals of the
signals in the "F NMR spectrum of 6. Cleavage from the solid
phase under basic conditions allowed trisaccharides 7a and 7
to be isolated in ~14% and 37% yields, respectively
(Scheme 3).2%1 At this stage the configurations of the glycosidic
bonds in 7a and 7f were confirmed by the values of the 3J,,
coupling constants. The '°F resonances from the resin-bound
trisaccharides 6 were spread out over a wide spectral range and
the chemical shifts of 6 closely matched those of the isolated
trisaccharides 7 and 78 (Table 1). Subsequent hydrogenation of
7p over Pd/C at atmospheric pressure afforded the a-Gal epitope
8 (97 %).
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Figure 2. Gel-phase '°F NMR spectra of resins obtained in attempts to prepare 4
by glycosylation of 3. a) A single glycosylation of 3 with 4 equivalents of B gave
~50% conversion of 3. b) Quantitative formation of resin 4 after three identical
glycosylations. The spectra were recorded in CDCl; with CFCl; (&= 0.00 ppm) as
the internal standard.
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Scheme 3. Cleavage from the solid phase and deprotection. Reagents and
conditions: a) 0.11m LiOH in H,O/THF (4:3 (v/v)), RT, 51 %. b) H, (1 atm), Pd/C
(cat.), RT, 97 %.

Table 1. '°F NMR data (& in ppm) of resin-bound trisaccharides 6 and the
isolated trisaccharides 7a. and 7.

Protective group d [ppm]
6ﬁ[a,b] 7ﬂ[b] 6a 7a'9
pFBz —104.9 —105.6
oFBz — 1094 —108.9
—1104 — 1101
mFPhCH —113.9 —113.8 —113.7 —113.7
pFBn —114.8 —114.8 —114.9 —115.0
oFBn —119.4 —119.2 —119.1 —119.0
—119.6 —119.6 —119.4 —119.4
oFPhCH —120.9 —1204 —120.2 —1203

[a] Gel-phase "°F NMR shifts extracted from the spectrum of resin 6. [b] -
Configuration for the Gal - Glc linkage. [c] a-Configuration for the Gal - Glc
linkage.

In conclusion, the synthesis of trisaccharide 8 demonstrates
that gel-phase NMR spectroscopy, in combination with fluori-
nated protective groups and linkers, is a simple and versatile
method for on-resin quantification of solid-phase oligosacchar-
ide synthesis. Thus, protective-group manipulations, as well as
the anomeric purity and the yield in the formation of each
glycosidic linkage, could be monitored directly on the resin. This
allowed difficult glycosylations to be driven to completion (for
example, the conversion of 3 into 4) and formation of a 1,2-cis
glycosidic linkage—a rare event in solid-phase oligosaccharide
synthesis.” 2! Advantages of this analytical tool include the
commercial availability of reagents that allow introduction of
ortho-, meta, and para-fluorinated variants of benzyl ethers,
benzoates and benzylidene acetals as well as the fact that their
F chemical shifts are spread over a wide spectral range
(Table 1). It is important to note that the fluorinated protective
groups employed in this study show the same overall reactivity
during synthetic transformations (for example, reductive benzy-
lidene opening, glycoside synthesis) and deprotection as the
corresponding nonfluorinated variants,?” but that some differ-
ences in reaction rates, for instance during removal of O-
fluorobenzoates have been observed.®® We believe that use of
glycosyl donors, which carry different patterns of fluorinated
protective groups, should be most useful in establishing
conditions for complex steps in solid-phase oligosaccharide
synthesis such as formation of a-glycosides and incorporation of
sialic acid residues. By using carefully selected fluorinated
protective groups it should also be possible to monitor solid-
phase synthesis of large oligosaccharides without encountering
problems with chemical shift overlap.
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