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ABSTRACT

Multisite ligand binding by proteins is commonly uti-
lized in the regulation of biological systems and ex-
ploited in a range of biochemical technologies. Ap-
tamers, although widely utilized in many rationally
designed biochemical systems, are rarely capable
of multisite ligand binding. The cocaine-binding ap-
tamer is often used for studying and developing sen-
sor and aptamer-based technologies. Here, we use
isothermal titration calorimetry (ITC) and NMR spec-
troscopy to demonstrate that the cocaine-binding
aptamer switches from one-site to two-site ligand
binding, dependent on NaCl concentration. The high-
affinity site functions at all buffer conditions studied,
the low-affinity site only at low NaCl concentrations.
ITC experiments show the two ligand-binding sites
operate independently of one another with different
affinities and enthalpies. NMR spectroscopy shows
the second binding site is located in stem 2 near the
three-way junction. This ability to control ligand bind-
ing at the second site by adjusting the concentration
of NaCl is rare among aptamers and may prove a
useful in biotechnology applications. This work also
demonstrates that in vitro selected biomolecules can
have functions as complex as those found in nature.

INTRODUCTION

Controlling biomolecular function is an important area of
chemical biology. In nature, there are many ways in which
the activity of proteins and nucleic acids are controlled in-
cluding genetic control, allosteric effectors and covalent
modification. For rationally designed biosystems, having
control over the function of molecules is a desired, but dif-
ficult to achieve capability. Aptamers have been used in a
modular manner to control nucleic acid-based enzymes and
molecular devices (1,2) typically in a fashion where aptamer

binding leads to a structural change that activates an associ-
ated enzyme or receptor molecule. However, more subtle ex-
amples of biomolecular control where, for example, changes
in solution composition leading to a change in activity or
function, are rare or not currently known.

The cocaine-binding aptamer, originally reported in
the early 2000s, has become a model system routinely
implemented in the study and development of small
molecule sensing and aptamer-based technologies (3–16).
The widespread use of the cocaine-binding aptamer contin-
ues despite the fact the aptamer was revealed to bind qui-
nine and quinine analogs with up to 50 fold higher affinity
than cocaine, the target that the aptamer was initially se-
lected to bind (17–20). The reason for the continued uti-
lization of the cocaine-binding aptamer likely lies in the
ability to engineer into the aptamer a structure switching
binding mechanism. The secondary structure of the MN4
aptamer (Figure 1) is pre-formed in the absence of ligand,
and upon binding its target there is no observable change
in the secondary structure (21). However, if the length of
stem one is shortened to three base pairs, such as for MN19
(Figure 1), the aptamer is loosely structured in the absence
of target and upon binding the secondary structure rigidi-
fies in a ligand-induced folding process (4,21). This ligand-
induced folding mechanism is retained with quinine bind-
ing and when the sequence is altered to allow for binding of
the steroid deoxycholic acid (DCA) (18,22). The cocaine-
binding aptamer has also been shown to function when
separated into two strands, referred to as a split-aptamer
(3,13,23). The majority of published cocaine-aptamer based
technologies rely on the use of the structure-switching or
split-aptamer sequence variants.

Multisite ligand binding is commonly observed in pro-
teins but less frequently observed in functional nucleic acids
such as aptamers and riboswitches. Multisite ligand binding
can be independent or cooperative, with both positive and
negative cooperativity possible. A classic example of multi-
site binding occurring in nature is the binding of oxygen to
hemoglobin, which occurs in a positively cooperative man-
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Figure 1. Secondary structure of the MN4 and MN19 cocaine-binding ap-
tamers and chemical structures of the cocaine and quinine ligands. Dashes
between nucleotides indicate Watson−Crick base pairs while dots indicate
non-Watson−Crick base pairs.

ner. Despite the prevalence of multisite ligand binding in
proteins and enzymes, it is rare to find examples of multisite
binding among functional nucleic acids. One example is the
tetrahydrofolate (THF) riboswitch that binds two ligands
in a cooperative manner (24). Another example is for the
ATP binding DNA aptamer that binds two ATP molecules
at separate sites (25,26). An RNA aptamer for neomycin
B was demonstrated to bind one neomycin B ligand at a
high affinity site and have two additional low affinity sites
at which binding can be disrupted by addition of NaCl (27).
In a slightly different example, the activity of a ribozyme
was controlled by engineering an FMN and a theophylline
aptamer into the structure of the hammerhead ribozyme to
produce a ribozyme whose activity was controlled by the
binding of these two different ligands (28).

In this study, we show that the cocaine-binding aptamer
binds two molecules of its ligand in buffer conditions of
low NaCl concentration. Additionally, we demonstrate that
binding at the second site can be controlled by varying the
NaCl concentration of the buffer. Ligand binding at the
first site continues to occur in all buffer conditions studied.
Salt-controlled binding could be utilized in applications em-
ploying this aptamer where an increased affinity or aptamer
rigidity could be beneficial, such as in sensing, by simply
changing the NaCl concentration of the buffer.

MATERIALS AND METHODS

Materials

All aptamer samples (Figure 1) were obtained from Inte-
grated DNA Technologies (IDT). DNA samples were dis-
solved in distilled deionized H2O (ddH2O) and then ex-
changed three times using a 3 kDa molecular weight cut-
off concentrator with sterilized 1 M NaCl followed by three

exchanges into ddH2O. Aptamer concentrations were de-
termined by UV absorbance spectroscopy using the extinc-
tion coefficients supplied by the manufacturer. Cocaine hy-
drochloride and quinine hemisulfate monohydrate were ob-
tained from Sigma-Aldrich. The pH of Tris buffers were ad-
justed to 7.4 at room temperature and not adjusted for tem-
perature effects.

Isothermal titration calorimetry

The ITC experiments were performed using a MicroCal VP-
ITC instrument. Samples were degassed prior to use with a
MicroCal ThermoVac unit. All experiments were acquired
at 15◦C and corrected for the heat of dilution of the titrant.
All titrations were performed with the aptamer in the cell
and the ligand in the syringe. All aptamer samples were
heated in a boiling water bath for 3 min and cooled in an
ice bath preceding ITC experiments to allow the aptamer to
anneal. Binding experiments consisted of 35 successive 8 �l
injections spaced every 300 s where the first injection was
10 �l to account for diffusion from the syringe into the cell
during equilibration. This initial injection was not used in
fitting the data. For titrations of MN4 at aptamer concen-
trations of 56, 80 and 130 �M, a first injection of 30 �l was
used.

Cocaine binding experiments were performed with MN4
aptamer solutions of 56, 80 and 130 �M using ligand con-
centrations of 0.7, 1.4 and 2.8 mM, respectively, in a buffer
of 20 mM Tris (pH 7.4) with either 0 mM or 140 mM
NaCl. Quinine binding experiments with varying c-values (c
= [aptamer]/Kd) were performed with MN4 aptamer solu-
tions of 11, 19, 42, 56, 80 and 130 �M using ligand concen-
trations of 0.156 to 3.01 mM in 5 mM Tris (pH 7.4). MN19
quinine binding experiments were performed with concen-
trations of 200 �M and 3.12 mM aptamer and ligand, re-
spectively, in 20 mM Tris (pH 7.4). Quinine binding exper-
iments with varying NaCl concentrations were performed
with MN4 aptamer solutions of 20 �M using a ligand con-
centration of 0.312 mM in 20 mM Tris (pH 7.4) with NaCl
concentrations of 0, 25, 50, 75 and 140 mM. In all experi-
ments, cocaine and quinine solutions were prepared in the
same buffer as the aptamer.

Data fitting

One-site ITC data were fit to a one-set-of-sites binding
model using the manufacturer-provided data-fitting pack-
age within Origin 7. The data for two-site binding were fit
to a two-independent sites binding model as developed by
Freiburger et al. (29) The fitting of the two-site binding data
was performed using the Matlab 14 software package.

NMR spectroscopy

NMR experiments on aptamer samples were performed us-
ing either a 600 MHz Bruker Avance spectrometer equipped
with a 1H-13C-15N triple-resonance probe or a 700 MHz
Bruker Avance III spectrometer equipped with 1H-13C-
15N triple-resonance cryoprobe. All NMR spectra were ac-
quired in 1H2O/2H2O (90%/10%) at 5◦C. Water suppres-
sion was achieved through the use of the WATERGATE se-
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Figure 2. Demonstration of two-site binding by the cocaine-binding ap-
tamer using ITC. Shown are the titrations of cocaine into a solution of the
MN4 aptamer with buffer conditions of (Left) 140 mM NaCl and (Right) 0
mM NaCl. The non-sigmoidal nature of the binding curve in 0 mM NaCl
indicates that more than one binding event is occurring. On top is the titra-
tion data showing the heat resulting from each injection of cocaine into an
aptamer solution. On bottom are the integrated heats after correcting for
the heat of dilution. Both binding experiments were performed at 15◦C
and also contained 20 mM Tris (pH 7.4).

quence or excitation sculpting (30,31). Aptamer concentra-
tions for NMR studies varied from 0.2 to 1.8 mM.

RESULTS AND DISCUSSION

Salt-controlled two-site binding of cocaine

The ability of the cocaine-binding aptamer to bind more
than one ligand is clearly demonstrated by the shape of the
ITC thermogram when cocaine is titrated into a solution
of aptamer in the absence of NaCl (Figure 2). The non-
sigmoidal-shaped binding curve we observe when MN4
binds cocaine with no NaCl present contrasts sharply with
the binding thermogram for MN4 in the presence of 140
mM NaCl and indicates that more than one binding event is
taking place. The ITC data indicates that the stoichiometry
of this multi-site interaction is two-site binding as the ther-
mogram saturates after the addition of two molar equiva-
lents of cocaine. The dip at the start of the ITC thermo-
gram indicates that the second (lower affinity) site is more
exothermic than the first (higher affinity) site. As the sec-
ond site starts to be populated the overall enthalpy becomes
more negative, then, as both sites saturate the total enthalpy
is progressively less negative.

This two-site binding data was then fit to a two-
independent site binding model in order to determine the
affinity and binding enthalpy of each of the two sites (29).
A feature of this two-independent site binding model is that
the ITC isotherms analyzed vary as a function of receptor
concentration. Hence, the average of the fits from ITC ex-
periments performed at three different MN4 concentrations
resulted in a Kd1 value of 1.3 ± 0.4 �M, a �H1 of −10 ±
1 kcal mol−1, and a −T�S1 of 2.5 ± 1.1 kcal mol−1 (high
affinity site), while the low affinity site has a Kd2 value of
16 ± 8 �M, a �H2 of −20 ± 2 kcal mol−1, and a –T�S2
of 13 ± 2 kcal mol−1. The other potential binding mod-

els of identical independent and identical cooperative bind-
ing (32) were not considered as it is not possible to have
two identical binding sites within the monomeric cocaine-
binding aptamer. The high affinity site is slightly tighter
with no added NaCl than previously reported in 140 mM
NaCl (5.5 ± 0.4 �M) at the same pH value and tempera-
ture (19). This higher affinity in the absence of NaCl is con-
sistent with electrostatic interactions playing a role in the
affinity of the positively charged ligand to the polyanionic
DNA (18,23) as reducing the salt concentration will de-
crease shielding of the charge-charge interactions, increas-
ing the electrostatic attractions and yielding higher affinity.

Salt-mediated two-site binding of quinine

The low NaCl-dependent two-site binding phenomenon of
the cocaine-binding aptamer was interrogated for quinine
binding. MN4 was previously shown to bind quinine ∼50-
fold tighter than cocaine (17–19). This higher affinity en-
ables us to conveniently perform ligand binding experi-
ments at a wide range of c-values in order to better de-
fine the independent two-site binding model using global
fitting, where all c-values are fit to the same parameters si-
multaneously (29). ITC experiments were performed at six
MN4 concentrations that ranged from 11 to 130 �M. Us-
ing global fitting, the affinity of MN4 for quinine at the high
affinity site (Kd1) was determined to be 0.17 ± 0.07 �M, the
enthalpy (�H1) was found to be −10.8 ± 0.5 kcal mol−1

and the –T�S1 is 1.9 ± 0.8 kcal mol−1 while the low affin-
ity site has a Kd2 value of 1.2 ± 0.6 �M, a �H2 of −26 ±
3 kcal mol−1 and a –T�S2 is 19 ± 9 kcal mol−1 (Figure 3).
These data from the global fits agree within the error range
with the average of the individual fits which are, for the high
affinity site, a Kd1 value of 0.3 ± 0.2 �M a �H1 of −10.6 ±
0.9 kcal mol−1 and a −T�S1 of 1.9 ± 0.5 kcal mol−1 while
the low affinity site has an average of the individual fits with
a Kd2 value of 3 ± 2 �M and a �H2 of −31 ± 15 kcal mol−1

and a –T�S2 of 24 ± 4 kcal mol−1. The Kd value for MN4
binding quinine in 140 mM NaCl is 0.20 ± 0.05 �M with a
�H of −14 ± 1 kcal mol−1.

We further investigated the effect of NaCl concentration
on MN4-quinine binding by performing ITC experiments
at NaCl concentrations ranging from 0 to 140 mM. Figure
4 shows the raw thermograms acquired at different concen-
trations of NaCl. The shapes of the thermograms clearly
demonstrate the shift from two-site to one-site binding as
the concentration of NaCl increases. Presumably, at higher
Na+ concentrations the cation shields electrostatic interac-
tions between the negatively charged DNA aptamer and the
positively charged quinine (or cocaine) ligand. It is likely
that electrostatic interactions play a greater role in ligand
binding at the low affinity site as Na+ abolishes binding at
high concentrations. This increased role of electrostatics at
the low affinity site is consistent with the ITC-determined
enthalpy at this site being more exothermic than at the high
affinity site.

Many of the applications of the cocaine-binding aptamer
rely on the structure-switching binding mechanism of a
short stem 1 sequence variant. We analysed the interaction
of the cocaine-binding aptamer construct MN19 (Figure 1)
in order to assess a short stem 1 variant for two-site bind-
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Figure 3. ITC data for MN4 binding quinine acquired at various aptamer concentrations at 0 mM NaCl. Shown in blue circles are the experimental data
with the global fit of the data to an independent sites model displayed in a solid gray line.

Figure 4. Ligand binding at the second site is controlled by the concen-
tration of NaCl. Shown are the ITC data for the titration of MN4 with
quinine at different NaCl concentrations. In red is data at 0 mM; green
at 25 mM; purple at 50 mM; blue at 75 mM and black at 140 mM NaCl.
Experiments were performed at 15◦C and also contained 20 mM Tris (pH
7.4).

ing. ITC experiments were performed at both high and low
NaCl concentrations and, as seen with the long stem 1 con-
struct, MN19 binds two quinine molecules at 0 M NaCl.
The affinity of MN19 for quinine in 20 mM Tris pH 7.4, 0
mM NaCl has a Kd1 value of 0.28 ± 0.12 �M, a �H1 of −8.5
± 0.2 kcal mol−1 and a –T�S1 of −0.13 ± 0.06 kcal mol−1

at the high affinity site, while the low affinity site has a Kd2
value of 4.9 ± 0.9 �M a �H2 of −68 ± 42 kcal mol−1 and a
–T�S2 of 61 ± 40 kcal mol−1 (Supplementary Figure S1).
The error in �H2, and consequently �S2, is high as only one
aptamer concentration was analysed and the ‘c value’ at the
second site is significantly lower than at the high affinity site.
This does not distract from the main goal that is to show
that MN19 behaves similarly to MN4 at low NaCl concen-
trations. At 140 mM NaCl, MN19 binds quinine only at a
single site with an affinity of 0.38 ± 0.09 �M and a �H of
−15.2 ± 3.2 kcal mol−1. These values match within the er-
ror range with what we reported earlier for quinine binding
with the same buffer conditions though at slightly different
temperatures (17.5 versus 15◦C) (18).

Structural analysis of two-site binding using NMR spec-
troscopy

In order to obtain structural insights about the location of
the second (low affinity) ligand-binding site, we monitored
a titration of MN4 with cocaine using NMR spectroscopy
(Figure 5). Two titrations at different NaCl concentrations
were performed, one at 0 M NaCl and a second at 200 mM
NaCl. For the titration at 200 mM NaCl the 1D-1H NMR
spectrum of the imino region of the unbound aptamer is
essentially identical to the MN4 spectrum we assigned and
reported previously (21). Upon addition of one equivalent
of cocaine we observed a number of changes in the NMR
spectrum indicative of cocaine binding. In particular, G31
moves upfield and T19 appears as the most downfield imino
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Figure 5. Cocaine binding by MN4 monitored by 1D 1H-NMR. Displayed is the region of the NMR spectrum focusing on the imino resonances as a
function of increasing cocaine concentration. On the left is a titration in the presence of 200 mM NaCl and no chemical shift changes are observed after
the binding of 1 molar equivalent of cocaine. On the right is a titration performed with no NaCl present. Numerous resonances change chemical shift past
the binding of 1 molar equivalent of cocaine. At the top right is the spectrum where NaCl, to a concentration of 200 mM, was added to the sample with
excess cocaine with no NaCl (directly below it). All spectra were acquired at 5◦C.

signal (Figure 5). These changes are consistent with our pre-
viously published MN4•(cocaine) spectrum (21). With the
addition of cocaine past a 1:1 ratio no further changes in
the 1D-1H NMR imino spectrum of MN4 in 200 mM NaCl
were observed. Even with a 40-fold excess of cocaine no fur-
ther NMR spectral changes are observed, this is consistent
with the ITC derived binding data reported above.

The NMR spectrum of MN4 in the absence of NaCl was
acquired in order to see the effects of ligand binding at the
low-affinity binding site. The NMR spectra of the free and
1:1 bound MN4 samples were essentially identical to that
acquired in 200 mM NaCl. The only difference is in the lo-
cation of the G24 imino proton in the loop of stem 3. At 0
mM NaCl with the addition of cocaine past a 1:1 ratio we
see numerous changes in the spectrum indicative of cocaine
binding at the low affinity binding site (Figure 5). The sig-
nals affected by binding at the low affinity site are in fast ex-
change on the NMR timescale. In order to saturate the low
affinity site and observe the spectrum of MN4•(cocaine)2, a
large (40-fold) excess of ligand needed to be added (Figure
5; Supplementary Figure S2).

We assigned the imino spectrum of the MN4•(cocaine)2
sample through the analysis of a 2D NOESY spectrum
(Supplementary Figure S3). The assignments obtained are
indicated in Figure 5. The base pairs whose imino pro-
tons shift most from the 1:1 to 2:1 cocaine-bound states are
shown in the histogram in Figure 6 and are indicated in the

secondary structure diagram by shades of gray. The imino
protons that change chemical shift most with binding at the
low affinity site are, with the exception of G2, all located
in stem 2 (Figure 6). This contrasts sharply with the signals
that shift most with one molecule of cocaine binding which
are, in decreasing order of ��, G31, T32, G30 and T28. (21)
G31, which shifts most with ligand binding at the high affin-
ity site, only shifts minimally with ligand binding at the low
affinity site. T19 is an interesting residue; in free MN4 the
T19 imino is not observed due to line broadening. With the
addition of one equivalent of cocaine this signal sharpens
and appears as the most downfield peak in the imino re-
gion (18,21). With binding at the low affinity site, the T19
imino experiences line-broadening again and progressively
reduces in intensity as the low affinity site is populated (Sup-
plementary Figure S2). This phenomenon suggests that T19
occupies a position between both binding sites, as T19 is the
most affected nucleotide upon binding at both the low- and
high-affinity sites.

It is notable that cocaine binding at the high and low
affinity sites produce a different effect on the imino NMR
spectrum of MN4. Binding of the first cocaine ligand, at the
high affinity site, results in the free and bound imino signals
being in slow exchange on the NMR timescale with both
free and singly-bound resonances visible (21). For binding
at the low affinity site, the singly and doubly bound reso-
nances are in fast exchange on the NMR timescale, with the
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Figure 6. Changes in chemical shift with cocaine binding at the second
binding site. (Top) Histogram showing the chemical shift perturbations
(��1H) of MN4 versus location in MN4. (Bottom) Chemical shift pertur-
bations mapped onto the secondary structure of the cocaine aptamer. The
residues that move most are shown in shades of gray, with the residues that
shift the most shown in black and those that do not shift shown in white.
T19, which line broadens into the baseline in the fully saturated complex,
is also shown in black and indicated by an asterisk and not shown in the
histogram due to it not being possible to calculate a �� for this residue.

population-weighted average chemical shift observed (Sup-
plementary Figure S2). In order to push the two cocaine
molecule–MN4 complex into a near fully-doubly-bound
state a large (40-fold) excess of cocaine was required. This is
best shown by the imino resonance of T19, where the signal
is exchange broadened in the MN4•(cocaine)2 sample and
G9 and G10 which only fully finish shifting at a 40:1 molar
excess (Supplementary Figure S2).

In order to test the reversibility of binding at the low affin-
ity site, we took the 0 M NaCl NMR sample of MN4 with
a 40-fold excess of cocaine and added NaCl to a final con-
centration of 200 mM (Figure 5). With the added NaCl, the
effects on the NMR spectrum of binding at the low affin-
ity site disappear and this sample is nearly identical to that
of the 1:1 (MN4:cocaine) sample in 200 mM NaCl, as well
as the 1:1 (MN4:cocaine) sample in 0 M NaCl. This shows
that binding at the second site is completely reversible and
depends on the amount of NaCl present in solution.

NMR-monitored titrations of MN4 with quinine were
also performed (Supplementary Figure S4). As for the co-
caine binding NMR experiments, two samples were pre-
pared, one with no NaCl added and one with 200 mM
NaCl. Both ligand-free MN4 samples looked essentially
identical to each other and to the ligand-free samples used
in the cocaine titrations (Figure 5; Supplementary Figure

S4). Upon the addition of 1 equivalent of quinine we ob-
serve similar spectral changes in the NaCl free and 200 mM
NaCl samples as we previously reported for MN4•(quinine)
(18). Adding a 2.5-fold excess of quinine to the 200 mM
NaCl sample resulted in no signals significantly changing
their chemical shift though the signal intensity of T15 was
reduced with quinine addition (Supplementary Figure S4).
This lack of changes in the NMR signal in high salt with
the addition of quinine past a 1:1 ratio is consistent with
our ITC results that show no binding past one equivalent
occurring in high salt conditions. For the NaCl-free sam-
ple, adding a 2.5-fold excess of quinine resulted in the dis-
appearance of numerous signals in the NMR spectrum, but
no new signals appeared. Presumably this is due to a number
of signals in the low-affinity binding site being in interme-
diate exchange on the NMR timescale between the one and
two-ligand bound states of MN4. Due to the low solubility
of quinine compared with cocaine we were unable to add
enough ligand to sufficiently saturate the two-ligand bound
state to observe the 2:1 bound resonances. The signals that
disappear with quinine addition past one equivalent include
those of T15 and T18, both of these residues are in stem 2
on MN4 (Figure 1) and are among the nucleotides the most
affected by cocaine binding at the low affinity site.

CONCLUSIONS

We have demonstrated using ITC and NMR spectroscopy
that the cocaine-binding aptamer has the ability to bind two
copies of its ligand at low NaCl concentrations. Both co-
caine and quinine binding at the second site have a lower
affinity than at the first site and increasing the concentra-
tion of NaCl can eliminate binding at the second site. Previ-
ous studies, by others and us, have looked at binding by the
aptamer at relatively high NaCl concentrations and conse-
quently binding at this second site was not previously ob-
served. A benefit of this second binding site to biosensor
design could be to extend the dynamic range of a cocaine
sensor. By working at a low NaCl concentration the two
sites with two different binding affinities should act in a sim-
ilar fashion as using oligonucleotide inhibitors to alter the
dynamic range of the cocaine-binding aptamer (33).

The ability to control ligand binding at the second site
by adjusting the NaCl concentration is rare for aptamers.
The only other example, known to us, is the neomycin B
RNA aptamer that displayed NaCl-dependent binding at its
two low affinity sites. However, aminoglycosides are known
to frequently display non-specific RNA binding in addi-
tion to their interactions at a specific binding site (34,35).
Aminoglycosides even interact with ATP in an electrostatic
manner (36). What we demonstrate here is the first NaCl-
controlled binding by an aptamer to ligands not known to
bind nucleic acids nonspecifically. Other functional nucleic
acid molecules, such as the ATP DNA aptamer (25,26) and
the aptamer domain from the THF riboswitch (24) bind
two copies of their ligands, but they have not been shown
to have the ability to control the switch from single to two-
sited binding by such a simple change as the buffer concen-
tration of NaCl that we see here with the cocaine-binding
aptamer. Considering the wide-spread usage of the cocaine-
binding aptamer in biotechnology, the ability to control one
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of two binding events by changing the NaCl concentration
may prove useful in applications such as aptamer controlled
cargo release (37) and aptamer based materials and sensing
applications. This work also demonstrates that in vitro se-
lected molecules can have as complex a function as those
found in nature.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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