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We report the development of a synthetic, biotin-conjugated diadenosine tetraphosphate (Ap4A)-
‘molecular hook’ attached to magnetic beads enabling the isolation of Ap4A-binding proteins from bacte-
rial cells or mammalian tissue lysates. Characterisation and identification of isolated binding proteins is
performed sequentially by mass spectrometry. The observation of positive controls suggests that these
newly observed proteins are putative Ap4A-binding partners, and we have expectations that others can
be found with further technical improvements in our methods.

� 2011 Elsevier Ltd. All rights reserved.
Dinucleoside polyphosphates (NpnNs) are a family of ubiqui-
tous, naturally occurring molecules consisting of two nucleosides
bridged by 2–7 phosphate groups. Members of this family can be
extracted from a wide range of prokaryotic or eukaryotic cells or
tissues and have been suggested to possess a diverse range of
intracellular and extracellular biological roles.1,2 These include
activities in bacterial cell division,3 in the invasion of mammalian
cells,4 the regulation of apoptosis,5 plus roles in the cardio-vascular
system,6,7 neurotransmission,8,9 analgesia,10 and tissue protec-
tion.11 Most especially NpnNs may have a key role in cell stress
signalling and in management of the heat shock response.12 Final-
ly, two dinucleoside polyphosphates, (Diquafosol and Denufosol)
have even undergone clinical trials as treatments for dry eye and
cystic fibrosis.13

Diadenosine tetraphosphate (Ap4A) is one of the most studied
members of the NpnN family. Even so, the in vivo biology of
Ap4A remains poorly understood, and only a very limited numbers
of protein binding-partners are known.13–15 Given that known
ll rights reserved.
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NpnN activities are potentially quite significant, there is now an
imperative to develop up-to-date methodologies to enhance our
understanding of the specific roles of Ap4A in biology in the first in-
stance with an eye thereafter to more general roles of the NpnN
family. As a first step towards this, we have developed new isola-
tion methods that were intended to enable the subsequent identi-
fication of novel, putative Ap4A binding proteins in diverse cellular
lysates by means of mass spectrometry.

Our approach to isolation was based on the use of superpara-
magnetic magnetic particles. Such particles have been used in a
wide range of applications, including molecular imaging16 and
magnetic thermotherapy.17 Larger ‘beads’ have also been used as
a solid matrix for the separation of proteins, peptides, DNA/RNA
and small-molecule drugs18 and even for targeted delivery.19–21

Earlier in the 1990s, streptavidin-coated magnetic iron oxide beads
were used to enrich intracellular binding partners of proteins or
peptides for characterisation from whole-cell lysates.22,23 Here
we report on how this concept can be adapted further for the mag-
netic bio-panning, isolation and characterisation of new Ap4A
binding proteins. Central to our approach was the preparation of
a synthetic, biotin-conjugated Ap4A-‘molecular fish-hook’ with
the capacity to bind to bona fide Ap4A binding proteins on the
one hand and simultaneously to streptavidin-coated superpara-
magnetic particles on the other hand. It is our expectation that spe-
cific protein interactions with Ap4A are most likely by recognition
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Scheme 1. Tandom chemical/enzymatic synthesis of biotin-LC-Ap4A.
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of the adenines or the polyphosphate chain. Our conjugate (5) was
designed via modification of the ribose to reduce the risk of bind-
ing interference. Given the attachment to a relatively large mag-
netic bead, we also chose a long linker to reduce steric hindrance.

We have previously reported on the use of tandem chemical/
enzymatic synthetic procedures for the production of fluorescent
Ap4A analogues for use in affinity binding studies.24 In particular,
the ability of LysU – a heat inducible lysyl-tRNA synthetase from
Escherichia coli (E. coli) – to produce a variety of Ap4A-like ana-
logues from mononucleotides has proved to be very valuable.
Forming phosphate–phosphate bonds via chemical synthetic ap-
proaches is often difficult or hard to control (with resulting purifi-
cation problems), although there have been some interesting
recent developments.25 LysU-catalysed biosynthesis is more lim-
ited in term of acceptable substrates but is fast and highly specific
– often giving 90–95% yields with optimised conditions.

A number of alternate synthetic routes were investigated but
the simplest was a one-pot biotinylation involving pre-oxidation
of adenosine triphosphate (ATP) (1) with sodium periodate to yield
dial (2) that was conjugated in situ to biotin-LC-hydrazide (3)
(Sigma–Aldrich) (see Scheme 1).26 The resulting biotin-LC-ATP
(4) was then coupled enzymatically to a second ATP, giving bio-
tin-LC-Ap4A (5) in a reaction that could be easily monitored by
ion-exchange HPLC.24 The overall yield was 30% – that was subop-
timal due to only partial biotinylation in step II. However, the
advantage of this one-pot process was found to be the ease of puri-
fication (any excess Ap4A produced is degraded to Ap3A during the
long LysU incubation,27 allowing product (5) to elute from purifica-
tion column in especially pure form.

Attachment of the biotin-LC-Ap4A ‘molecular fish-hook’ (5) to
streptavidin-linked magnetic beads (M-270 Dynabeads™, Invitro-
gen) was carried out with stirring at room temperature, followed
by a series of wash steps.28 Gratifyingly, positive control LysU (in
50 mM Tris–HCl, 100 mM NaCl, 10 mM MgCl2 pH 8.0) was found
to bind to the resulting Ap4A-labelled beads but not to unlabelled
(control) beads. Following this confirmation, initial studies were
then carried out with an E. coli lysate prepared as described.29
Magnetic bio-banning of the lysate with Ap4A-labelled and control
beads was then carried out according to Figure 1.30 All washes,
eluted fractions and the beads themselves were analysed by means
of SDS–PAGE electrophoresis.

Interesting results from this initial phase were then repeated
and after Coomassie Brilliant Blue staining of the gels, appropriate
bands were excised, trypsinised, then subject to analysis by mass
spectrometry.31 Proteins identified from the lysate (using the Esch-
erichia_coli_08 protein bank on the NCBL website) were found to
include the important positive control GroEL protein, a previously
identified and well known Ap4A-binding protein.12–14 The most
dominant putative new Ap4A binding protein identified was ino-
sine 50-monophosphate (IMP) dehydrogenase (IMPDH) but others
were also identified (see Supplementary data, Table 1).

LysU (another positive control) was not observed in our screen
but this is not surprising since the bacterial cultures were grown
at 37 �C, normal growth temperature, and the gene for LysU is only
expressed under heat shock conditions. Otherwise, we were also
unable to observe several other known E. coli Ap4A-binding proteins.
However, these are either membrane bound proteins (not investi-
gated here) or else active Ap4A-hydrolases which would be able to
consume the biotin-LC-Ap4A ‘molecular fish-hook’ enzymatically
during the magnetic bio-panning process after binding. Accordingly,
studies are now underway to develop Ap4A-‘molecular fish-hooks’
that are resistant to hydrolysis but retain binding efficacy.

Our magnetic molecular bio-panning approach was also ex-
tended to the investigation of murine brain lysates32 using the
same procedures as above (see Fig. 2). In this case, several hsp70
family proteins were identified (Hspa8, Hspa5 and Hspa1b). While
these have not been previously reported to bind Ap4A, the prokary-
otic hsp70 family equivalent ‘DnaK’ has.14 This suggests that these
hsp70 proteins may also be considered an encouraging positive
control. Otherwise, as with the E. coli lysate, several other novel
and interesting putative Ap4A-binding proteins were identified
(see Supplementary data, Table 2).

Although our studies are still at an early stage, we have still suc-
ceeded in identifying several new, potentially interesting putative
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Figure 2. Silver stained SDS-PAGE of putative protein-binding partners to biotin-
LC-Ap4A from murine brain lysate. Columns labelled with ‘A’ are from Ap4A-bearing
beads, ‘C’ are negative controls. Samples are from: 1, third buffer wash; 2, non-
specific NaCl elution; 3, specific Ap4A elution; 4, remaining beads.
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Figure 1. Flow-diagram of target screening of Ap4A from cell or tissue lysate using a magnetic bio-panning technique. Biotin-conjugated Ap4A-‘molecular fish-hooks’ (biotin-
LC-Ap4A, 5) (shown in red) are mixed with streptavidin-associated superparamagnetic particles (grey spheres): unbound material is removed by wash and separation (A); (B)
lysate is added for the binding of putative Ap4A-binding proteins (green spheres); unbound material is removed by wash and separation: Ap4A-binding proteins (green
spheres) are steadily eluted and separated from the particles after Ap4A and other wash steps (see Fig. 2).
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Ap4A-binding partners. From the E. coli list, IMPDH (also known as
guanosine 50-monophosphate oxidoreductase) is responsible for
catalysing the rate-limiting step of de novo guanosine 50-triphos-
phate biosynthesis and the nicotinamide adenine dinucleotide
(NAD)-dependent reduction of IMP into xanthosine 50-monophos-
phate.33 Indeed, several adenine dinucleotides and dinucleotide-
like compounds, for example, NAD, thiazole-4-carboxamide- and
selenazole-4-carboxamide-adenine dinucleotides,34 and myco-
phenolic adenine dinucleotide,35 are reported to act as potent
inhibitors of IMPDH function. Given the structural similarities,
Ap4A could certainly bind into the IMP/NAD pocket of IMPDH
and exhibit putative biological effects. These putative effects will
need to be investigated by means of biological and biophysical
studies.12

The chaperone/peptidyl-prolyl cis-trans isomerase SurA is
known to promote protein folding by increasing the rate of prolyl
residue cis-trans isomerisation. Once again, the reason why this
protein might be an Ap4A binding protein will require some
detailed study. Given the apparent modulatory behaviour of Ap4A
seen in most recent studies,9,12 there may be a very significant role
for Ap4A-binding to SurA protein given that inactivation of SurA
typically results in a reduction of E. coli growth rate, viability and
increased susceptibility to certain antibiotics.36 On another tack,
our discovery that a LysR family transcriptional regulator is a
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putative Ap4A-binding protein is also very interesting given that
the LysRS isozyme – LysU – appears to be the primary source of
Ap4A biosynthesis in E. coli.

Turning to the murine brain, carbamoyl-phosphate synthase 1
(Cps1) is identified here as a putative Ap4A-binding protein. This
is also intriguing. Cps1 is involved in the urea cycle, where the en-
zyme plays an important role in removing excess ammonia from
the cell. The known ligands of Cps1 include ATP and other nucleo-
tides.37 Indeed Cps1 requires ATP to transform excess ammonia
into carbamoyl phosphate, and Ap5A that has been found previ-
ously to act as a CpsI inhibitor.38 Could Ap4A have similar proper-
ties and act as a modulator of urea cycle to prevent the over
accumulation of extracellular ammonia that might otherwise
cause neurological damage problems? Once more detailed biolog-
ical and biophysical studies are now required. Finally, the identifi-
cation of three Hsp70 family proteins (namely Hspa8, Hspa5 and
Hspa1b) as putative Ap4A binding proteins also appears very sig-
nificant. Previous studies have concluded that Ap4A-binding to
molecular chaperone proteins is associated with the modulation
of cellular stress responses and recovery from stress injury.13,39

Therefore, Ap4A binding with these Hsp70 family proteins could in-
deed conceivably follow the same pattern.

In conclusion, we report that a first proof of concept study has
been concluded for the identification of putative Ap4A binding pro-
teins from two different biological sources by a magnetic bio-pan-
ning procedure. Given the structural similarities between Ap4A and
adenine mononucleotides (e.g. ADP/ATP) there will always be con-
cern as to the specificity of the identified partners. The use of a high
[Ap4A] elution wash should increase the probability of isolating
specific binders however this study must be followed up with
other biophysical, NMR or probe-based studies before they could
be definitively declared as such.40 On balance, however, the meth-
od appears to work. We predict that other interesting binding pro-
tein partners will be identified as our methodology is refined and
as the search is extended to include other NpnN family members
and other lysate sources. The results will then guide future inves-
tigations into the role of Ap4A and other NpnN family members in
biology and medicine.
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