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a b s t r a c t

Photolysable caged ligands are used to investigate protein function and activity. Here, we investigate the
binding properties of caged nucleotides and their photo released products to well established but evolu-
tionary and structurally unrelated nucleotide-binding proteins, rabbit muscle creatine kinase (RMCK) and
human annexin A6 (hAnxA6), using saturation transfer difference NMR spectroscopy. We detect the bind-
ing of the caged nucleotides and discuss the general implications on interpreting data collected with pho-
tolysable caged ligands using different techniques. Strategies to avoid non-specific binding of caged
compound to certain proteins are also suggested.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Photolysable caged ligands have been developed as tools for
various biochemical, biophysical and physiology experiments to
investigate protein function and activity [1,2]. Several rules define
the optimal design of caged compounds for equilibrium (biochem-
ical) experiments. The caged ligand should have a high solubility in
aqueous solutions and be chemically stable. Another requirement
which may be necessary is that the ligand should be released from
its cage rapidly by light. For example, calcium should be released
from its cage within a millisecond [3] as calcium activates many
processes in as little as a few milliseconds [4]. Neither the caged
ll rights reserved.
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ligand, nor the released cage molecule, should affect the biological
activity of the protein. The cage moiety itself should also not bind
to the protein.

The design rules for caged compounds are more constricted for
intracellular physiological experiments [1,2] as the caged com-
pound should be transportable across the cell membrane. If the
caged compound is to be used in conjunction with fluorescent
probes, inner filter effects and other wavelength interfering factors
should be avoided. In addition, caged ligands have been proposed
as vehicles for targeted drug delivery in recent years [5–9]. Such
an application adds new problems related to their efficient delivery
and targeting to the right cells and in the proper site, the toxicity of
the released cage moiety and its efficient excretion or degradation
to non-toxic products.

Here we use NMR methods to investigate the mechanism of
binding of caged nucleotides and released products to two unre-
lated nucleotide-binding proteins in vitro, rabbit muscle creatine
kinase [10] and human annexin A6 [11]. We applied Saturation
Transfer Difference spectroscopy (STD) to protein–ligand samples.
This method proceeds by specifically labeling the protein with
magnetization that can be transferred to parts of the ligands that
contact the protein [12–14]. Ideally, we would expect to record
STD signals for released nucleotide and no STD signals for the
caged nucleotide and released cage moiety. In this report, we show
that caged nucleotides bind to the proteins and this could affect the
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interpretation of data collected by other methods. We discuss
which new designs of caged compounds could be adopted to pro-
vide improved products for biochemical studies.
Fig. 1. Chemical structures of (A) DMNPE-GTP-c-S and (B) NPE-ADP.
2. Materials and Methods

2.1. Materials

Anx A6, isoform-1 was prepared according to previously pub-
lished procedures [34] and NMR samples were dissolved in
10 mM d11-Tris (Cambridge Isotopes Limited), 100 mM NaCl, pD
7.3 2H2O buffer with 1 mM EDTA or 0.1 mM CaCl2. RMCK was dis-
solved in 1 mM MgCl2, 5 mM deuterated phosphate buffer, pD 7.3.
DMNPE-caged GTP-c-S (guanosine 50-O-(3-thiotriphosphate), P
3(S)-(1-(4,5-dimethoxy-2-nitrophenyl)ethyl) ester, triammonium
salt) and NPE-caged ADP (adenosine 50-diphosphate, P2-(1-(2-nitro-
phenyl)ethyl) ester, disodium salt) were purchased from Molecular
Probes and ADP from Sigma.

2.2. NMR Spectroscopy

The RMCK data was collected on a Varian 600 MHz instrument
equipped with a triple resonance (HCN) probe. The Anx A6 data
was collected on a Bruker Avance 500 MHz instrument equipped
with a triple resonance probe. Data were collected at 281 K (Anx
A6) and 293 K (RMCK) according to the standard STD experimental
protocol with on- and off-resonances of 0.75 and 100 ppm for Anx
A6 and 0 and 27 ppm for RMCK.[12]
Fig. 2. STD competition of ATP and NPE-ADP for RMCK. (A) STD spectrum for 2 mM
ATP, (B) STD spectrum of 2 mM ATP plus 2 mM NPE-ADP, (C) STD spectrum of 2 mM
NPE-ADP. All STD samples contain 25 lM RMCK. (D) Plot of relative intensities of
STD peaks of ATP and NPE-ADP as a function of added NPE-ADP to a 25 lM RMCK/
2 mM ATP complex. Black circles represent the STD signal of NPE-ADP while white
circles correspond to STD signal of ATP.
3. Results and Discussion

3.1. Binding of ADP to creatine kinase

Phosphagen kinases are a family of phosphoryl transfer en-
zymes comprising of arginine kinase, found in invertebrates, and
creatine kinase, expressed in vertebrates [15–17]. Creatine kinase
(CK, EC 2.7.3.2) catalyzes reversibly the phosphoryl transfer from
phosphocreatine to ADP by forming creatine and ATP [18–20].
There are two mitochondrial forms of CK (mt-CK) encoded by dif-
ferent genes [21,22]. Cytosolic CKs are obligate dimers composed
of M (muscle) and/or B (brain) subunits leading to MM, BB and
MB isoenzymes expressed in a tissue-specific manner whereas
two cytosolic isoenzyme CK (MM-CK being the muscle isoform
and BB-CK being the brain isoform [23,24]. The secondary struc-
ture changes caused by nucleotide binding to CK are difficult to ob-
serve by infrared spectroscopy (absorbance changes are 0.1–0.2%)
due to sample to sample errors (buffer and nucleotide contribute
to infrared spectra of enzymes). However, the binding of photore-
leased nucleotide from caged nucleotide to arginine kinase [25],
muscle creatine kinase [26,27], recombinant mitochondrial crea-
tine kinase [28] could be monitored by reaction-induced infrared
difference spectroscopy (RIDS). The principle of RIDS has been re-
viewed elsewhere [29]. Here, we investigated the binding of ADP
and caged NPE-ADP (Fig. 1) to rabbit muscle creatine kinase
(RMCK) by STD competition (Fig. 2).

We first collected a STD spectrum of ATP and RMCK (Fig. 2A).
Then, we titrated NPE-ADP into the sample. ATP and NPE-ADP have
different chemical shifts and can be distinguished on this basis
(Figs. 2B and 2C). The STD signal for the cage moiety of NPE-ADP
indicates that the cage group interacts with RMCK (Fig. 2C). The
STD signal for ATP decreases as a function of increased concentra-
tion of NPE-ADP Fig. 2D, consistent with NPE-ADP displacing ATP
from its binding site. The competitive titration indicates that the
NPE-ADP has a similar binding affinity (0.7 mM) as ATP (1.2
mM), under the measured conditions (Fig. 2D).



Fig. 3. 1D 1H and STD spectra of Anx A6 and caged nucleotides. (A) 1D 1H NMR
spectrum of 17 lM annexin A6 and 2 mM DMNPE-GTP-c-S, which has been
approximately 50% uncaged. (B) STD of same sample shown in panel (A). (C) 1D 1H
NMR spectrum of 17 lM annexin A6 and 2 mM NPE-ADP, which has been
approximately 50% uncaged. (D) STD spectrum of sample shown in panel (C).
Peaks are labeled c, caged; f, free; i, impurity; together with their assignments.
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3.2. Binding of GTP/ATP by human annexin A6

Several biochemical and biophysical methods have been used to
characterize the binding of nucleotides to annexins [30–36],
including the binding of photoreleased GTP, ATP and Pi to porcine
and human recombinant annexin A6 and its mutants by reaction-
induced infrared difference spectroscopy (RIDS) [33–35]. The puta-
tive nucleotide-binding site of annexin A6 has been identified and
its validity was confirmed by point mutations of W343 and several
lysine residues [35,36]. The functions of annexin A6 are not fully
understood but nucleotide-binding is known to cause changes in
its function (ability to perform ion channel activity), conformation,
oligomerization and the lipid- and membrane-binding properties
of annexin A6. These properties may support the suggested activity
of annexin A6 as a protein participating in vesicular trans-
port.[37,38]

Fig. 1 shows the structures of the nucleotides that were tested
with annexin A6. In a first approach, the sample of protein and
caged nucleotide was submitted to photolysis in the NMR tube.
Photolysis proved to be inefficient under these conditions (due to
a large volume of sample) and renders roughly a 1:1:1 mixture
of free nucleotide and caged nucleotide diastereomers (both epi-
mers at the benzylic carbon). Control 1D 1H and STD spectra clearly
indicated that all three compounds, the released ADP and unpho-
tolysed caged nucleotides, interact with annexin A6. Furthermore,
the STD indicates contacts of the cage moieties with annexin A6
and that the majority of low-field signals are resolved and could
be unambiguously assigned.

In a second step the interaction of DMNPE-GTP-c-S with annex-
in A6 was studied. Fig. 3A shows a 1D 1H NMR spectra of the mix-
ture after partial photorelease. The signals indicate an
approximately 1:1:1 mixture of species based on the DMNPE-
GTP-c-S, H8 and H10 signals for the two caged epimers and re-
leased GTP-c-S (Fig. 3A). Fig. 3B shows the STD spectrum of the
same sample as in Fig. 3A. Although the STD signals in Fig. 3B can-
not be accurately quantitated, their values range between 20% and
100% with an approximately 1:1:1 ratio for the GTP-c-S moiety.
STD scores of 50%–100% for the cage moiety indicate strong inter-
actions between the cage moiety of the DMNPE-GTP-c-S epimers
and Anx A6. STD signals attributable to the released cage indicate
that it is also able to bind to the protein without being coupled
to GTP.

A similar set of STD experiments was carried out for NPE-ADP
and released ADP binding to human annexin A6 (Fig. 3C and D).
NPE-ADP behaves similarly to DMNPE-GTP-c-S. The main differ-
ence relates to the decreased solubility of the free NPE cage, evi-
dent from the 1D 1H NMR spectrum (Fig. 3C). No STD peaks are
discerned for the released cage (Fig. 3D).

3.3. NMR can validate RIDS data

We observe the binding of caged compounds to two proteins by
STD NMR. The NMR data indicate that caged nucleotides competi-
tively bind to the same sites as their related free nucleotides and
apparently with similar binding properties. The similar STD inten-
sities for caged nucleotide diastereomers suggests both have simi-
lar binding kinetics and no selectivity is observed for one isomer
over the other. Caged compounds might appear to be inert but
one should not assume that they do not bind to the proteins of
interest. The effect of bound caged compounds on the interpreta-
tion of data is poorly understood.

One important question to ask is whether infrared data ob-
tained on creatine kinase [26–28] and on annexins [33–35] by
using caged nucleotides are still valid or need to be reevaluated.
To answer this question, one should realize that secondary struc-
ture changes (as viewed by infrared spectroscopy) induced by
nucleotide binding to creatine kinase or annexins are extremely
small (below 1% of absorbance changes and below experimental
errors induced by sample to sample variations), therefore alternate
methods such as RIDS were employed. The principle of RIDS con-
sists of measuring a difference infrared spectrum that could be
triggered by using a flash to photolytically induce a concentration
jump in the same infrared cell, which could cancel the sample to
sample errors [29]. Ideally, the caged compound should not inter-
act with the protein, reflecting the infrared spectrum of the protein
in unbound state. Once, photolyzed, the released nucleotide could
bind to the protein reflecting the infrared spectrum in bound state.
Our RIDS data indicated that around 3–6 amino acid residues in
RMCK [25–28], or around 3–9 amino acid residues in Anx A6
[34,35], are implicated in nucleotide binding and in the view of
NMR data, this should be considered as the lower limit.

The difference spectrum (unbound state minus bound state)
reports global changes in protein structure that are induced by
ligand-binding. RIDS can detect small changes in a protein’s hydro-
gen-bond network that cannot be detected by other methods and
provides an improvement over infrared spectroscopy by providing
an exactly matched sample thickness and concentrations for
samples of protein and protein with ligand. RIDS utilizes high



Fig. 4. Use of caged compounds in physiological experiments. The mechanism is
assumed to involve a transition from (A) to (B) for releasing caged nucleotide, its
binding to a muscle protein and protein activation (muscle contraction). Other
species are possible that may not affect the observed result, i.e. transition (C) to (B
or G). Several species can lead to inconsistent results depending on the perceived
inactivity of the caged compound (D) or non-linear response to the degree of
photorelease (E and F).
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concentrations of protein (0.05–0.1 mM protein and 1–2 mM caged
ligand). The affinity of RMCK for ATP is 1.2 mM, while the affinity
of RMCK for ADP is 0.05 mM [18]. According to Fig. 2D, the affinity
of NPE-ADP is �0.7 mM. The affinity of nucleotides to porcine and
human annexin A6 by using azido-ATP is in the range of micromo-
lar concentrations [30,39]. Thus, non-specific binding, which is dif-
ficult to characterize, can be present and STD may detect such
problems. RIDS utilizes higher protein and ligand concentrations
than those used here for STD, although RIDS samples have much
smaller volumes (10 ll). In principal, a 200 ll sample can be sub-
jected first to STD in a small volume NMR tube before recovery
for RIDS experiments. In this case, we would obtain data similar
to that obtained for annexin A6. While the experiments in Fig. 3
unequivocally show the binding of caged nucleotides to annexin
A6, we cannot conclude that the caged nucleotide and free nucle-
otide bind to the same, or different, ligand binding sites on the pro-
tein. To be able to make this conclusion, the competition
experiments illustrated in Fig. 2 are preferred although this re-
quires larger amounts of protein and caged compounds. Another
question is whether the ligand binding, as observed by STD or by
RIDS corresponds to the same binding site (i.e. active site and not
secondary binding site). This could be checked by using inhibitors
or mutants to prevent ligand binding to the active site. We have
reexamined the RIDS data for RMCK. The structural changes caused
by NPE-ATP, NPE-caged ADP and NPE-caged Pi, revealed that the
main structural changes to RMCK are associated with Pi interacting
with the active site of RMCK [25] as checked with inactive mutants
[40]. The largest changes were observed with NPE-ADP consistent
with its larger affinity for RMCK as compared with NPE-ATP. Com-
parison of the RIDS on Anx A6 with NPE-ATP, DMNPE-GTP-c-S and
NPE-caged Pi indicated that the main structural changes are asso-
ciated to the interactions of phosphate moiety with the peptide
backbone of Anx A6 [35]. RIDS either on RMCK or on AnxA6 did
not reveal specific changes associated to the ribose or purine moi-
eties of nucleotides in the amide-I and amide-II regions (sensitive
to secondary structures). There were only very minor changes that
could be assigned to the purine moiety in the case of RMCK [25]
which could not be detected by Raman spectroscopy [26]. Reexam-
ination of spectral changes of the cage revealed that the infrared
spectrum of the photoreleased cage in the presence or absence of
protein was unaltered suggesting that polar groups of the cage
did not interact with RMCK by forming hydrogen bonds, while
addition of DTT altered its infrared spectrum due to its reaction
with the cage [41]. RIDS of Anx A6 induced either by NPE-ATP or
DMNPE-GTP-c-S were almost similar [35] suggesting that NPE
and DMNPE cages interacted in the same manner or that their
interactions were small. In contrast, NMR experiments illustrate
that both the cage compound (in the cases of RMCK and Annexin
A6) and free cage (only unambiguously shown for annexin A6)
may bind to the protein. To reconciliate both RIDS and NMR data,
we have to consider that the purine, ribose and cage moieties may
bind to the proteins (within the active site or elsewhere) as re-
vealed by STD NMR, while RIDS did not indicate any changes impli-
cating purine, ribose and cage moieties since the changes were too
small to be detected (only a fraction of them were bound, while
mostly were unbound) or/and the ligands remain bound before
and after photorelease. Concerning the RIDS data, they still reflect
the interactions between phosphate moiety and the proteins or to
a rearrangements of phosphate groups toward the targeted sites.
Therefore most of the interpretations of RIDS remain unchanged
[25–28,34,35] except that one may cast doubt on the magnitude
of structural changes induced by nucleotide binding. Indeed, if
the caged nucleotide is mostly bound before its photolytic reaction,
RIDS will underestimate structural changes caused by phosphate
binding to proteins. Our RIDS data indicated that around 3–6
amino acid residues in RMCK [25–28] or around 3–9 amino acid
residues in Anx A6 [34,35] are implicated in nucleotide bindings
and in the view of NMR data, this should be considered as the low-
er limit.

3.4. Other applications of caged compounds and improved design
strategies

Caged compounds have a wider use than RIDS. In particular,
caged nucleotides can be used at millimolar concentrations for cell
physiology and biomedical applications [1]. Considering our NMR
data, how does the effect of partially released ligand affect exper-
iments involving highly cooperative, multiple-binding systems?
Fig. 4 highlights one potential problem involving a biomolecular
target with multiple binding sites, such as actin filaments. Physio-
logical experiments tend to assume a highly efficient photorelease
of the ligand from an inert caged compound. However, the compet-
itive binding of caged ligand with released ligand can affect the ob-
served results. Subtle differences in laser/UV power or sample
thickness could influence the results from different labs. A further
complication to Fig. 4 is that while the protein of interest might not
bind the caged ligand, other proteins may do so – effectively reduc-
ing the concentration of caged ligand and its released products. The
development of selectively labeled in-cell NMR methods [42] may
lead to the future use of STD experiments [43] to detect the
unwanted binding of caged ligands to proteins and extracellular
targets of cell cultures.

4. Conclusion

The binding specificity of caged compounds was tested by NMR
spectroscopy for two protein–ligand complexes. We found that the
caged compound binds to the protein at concentrations lower than
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utilized for RIDS experiments (and at similar concentrations used
in physiological experiments). The binding of caged compounds,
free ligands and free cage moieties has implications on the inter-
pretation of data involving photolysable ligands. Our conclusion
is that a new generation of photolysable ligands, based on func-
tionalized containers, nanoparticles, dendrimers etc., is required.
The new generation of caged compounds should have properties
to prevent, or at least to control, the potential binding of the
unphotolysed caged compound and released cage moiety byprod-
ucts to the protein of interest.
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