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ABSTRACT We review 50 years of use of 20 ,30-O-trinitrophenyl (TNP)-ATP, a fluorescently tagged ATP analog. It has been
extensively used to detect binding interactions of ATP to proteins and to measure parameters of those interactions such as
the dissociation constant, Kd, or inhibitor dissociation constant, Ki. TNP-ATP has also found use in other applications, for
example, as a fluorescence marker in microscopy, as a FRET pair, or as an antagonist (e.g., of P2X receptors). However, its
use in protein binding studies has limitations because the TNP moiety often enhances binding affinity, and the fluorescence
changes that occur with binding can be masked or mimicked in unexpected ways. The goal of this review is to provide a clear
perspective of the pros and cons of using TNP-ATP to allow for better experimental design and less ambiguous data in future
experiments using TNP-ATP and other TNP nucleotides.
WHY IT MATTERS 20 ,30-O-trinitrophenyl (TNP)-ATP is a fluorescent ATP analog used extensively for over 50 years to
probe interactions of ATP with different proteins. However, the chemical features that render it useful may also confound
interpretation of experiments measuring ATP binding. We review various experimental results achieved using TNP-ATP, as
well as shedding light on potential pitfalls of its use. This will allow for better future planning and interpretation of
experiments using TNP-ATP.
INTRODUCTION

ATP is a molecule that is essential in the function of all
living things. It provides energy for reactionswithin cells
and acts as a signal by binding to proteins and altering
their function. 20,30-O-trinitrophenyl (TNP)-ATP is a fluo-
rescently tagged ATP molecule that can be used to
study how proteins interact with ATP. When TNP-ATP
binds to proteins, the TNP fluorescence changes in in-
tensity and peak wavelength, as does its absorbance
spectra (difference spectra). These spectral changes
are easier to measure than other methods for
measuring ligand-protein interactions such as radioiso-
topes, x-ray crystallography, or circular dichroism.

Fig. 1 shows the structure of ATP and TNP-ATP
along with its absorption and emission spectra. The
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fluorescent portion of the molecule has the IUPAC
name of 2,4,6-trinitrophenol (TNP) and is derived
from picric acid. TNP absorbs light at 408 and
470 nm and fluoresces at 561 nm in water. Changes
in the environment of TNP-ATP such as changes in
pH or entering the binding pocket of a protein alter its
absorption and fluorescence spectra, making TNP-
ATP a useful probe for ATP binding (Fig. 1). The TNP
fluorophore, first synthesized in 1964 by Azegami and
Iwai (1), is connected to the ribose sugar of the ATP
molecule. The structure of TNP-ATP was confirmed
by Hiratsuka via infrared spectral analysis and NMR
in 1975 (2). The idea behind designing TNP-ATP is to
have a fluorescent probe that interacts with proteins
at their ATP binding sites and is still hydrolyzed by en-
zymes that hydrolyze ATP. If TNP-ATP is to mimic
ATP's interaction with proteins that not only bind but
also hydrolyze it, then TNP cannot be attached at one
of ATP's three phosphate groups because they are crit-
ical for ATP's biological function as an energy mole-
cule. Although these characteristics are useful, one
problem is that the TNP moiety may also interact
with proteins and change its binding affinity for
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FIGURE 1 Absorption and fluorescence
spectra of TNP-ATP. (Left) Absorption spectra
of free TNP-ATP in 10 mM phosphate buffer at
pH 7.2 (blue) and pH 4.7 (orange). Also shown
is the structure of TNP-ATP, with ATP in the
blue box and the fluorescent TNP moiety in
the green box. ATP absorption peak occurs
around 260 nm and is highlighted in blue. The
TNP moiety has two absorption peaks at 408
and 470 nm, highlighted in green. TNP absorp-
tion increases with increasing pH. (Right) Fluo-
rescence of free or bound TNP-ATP. The green
box again shows the structure of the TNP moi-
ety. When the TNP fluorophore is excited at
lex ¼ 408 nm, as indicated by the purple arrow,
it has an emission in water (green line) with a

peak (lem) at 561 nm. When TNP-ATP binds to proteins, the fluorescence intensity increases and lem shifts to shorter wavelengths (blue shift)
because of the hydrophobic environment in the protein binding site (red solid line). Competition by excess ATP should decrease intensity and red
shift the peak to original values; however, complete reversal is seldom seen. In general, changes in TNP's fluorescence intensity and peak wave-
length indicate its interactions with proteins.
proteins. Nevertheless, these characteristics make
TNP-ATP a good probe to study ATP binding sites (3).

TNP-ATP's first reported use was in 1973 (4) to test
whether it would interact with the meromyosin heavy-
chain protein in a similar manner to its known interac-
tion with ATP. In that study, Hiratsuka and Uchida
demonstrated that TNP-ATP absorbance was sensitive
to changes in pH, with absorbance increasing as pH
increased (see Fig. 1, left). In 1975, Hiratsuka further
demonstrated that increasing solvent polarity causes
the wavelength of the absorption peak to increase
(2). Other early studies also reported changes in TNP
absorption spectra (sometimes in combination with
fluorescent changes) when TNP-ATP bound to proteins
(2–7). More recently, hundreds of works have used it in
diverse ways, most commonly as a fluorescent probe
in ligand binding studies. In the last 10 years, several
step-by-step protocols for using TNP-ATP with protein
kinases have been published (8,9), contributing to the
usefulness of TNP-ATP.

This review will examine the fluorescent characteris-
tics of TNP-ATP, how TNP-ATP has been used suc-
cessfully in the past, and problems that have
appeared in the literature with data obtained using
TNP-ATP. Our goal is to provide a clear perspective
of the pros and cons of using TNP-ATP and a list of
best practices to allow for better experimental design
and less ambiguous data in future studies.
Spectral characteristics of TNP-ATP

TNP-ATP is an excellent fluorescent probe because of
its bright fluorescence, low quenching, and inherent
sensitivity to the surrounding environment. In an
aqueous solution at neutral pH, it has a single fluores-
cent emissionmaximum (lem) at 561 nm, but this emis-
sion increases severalfold in intensity and shifts to
2 Biophysical Reports 1, 100012, September 8, 2021
higher energies (blue shift, shorter wavelengths) when
the molecule's environment changes, such as when
TNP-ATP binds to a protein (3) (see Fig. 1). These prop-
erties are measured using a fluorimeter. The fluorim-
eter excites the TNP probe with light at a specific
wavelength (lex, typically at 408 nm) raising electrons
to an excited (higher energy) state. When the electrons
return to their resting state, they release the excess en-
ergy in the form of a photon. The fluorimeter measures
the wavelength and number of photons emitted by TNP
molecules in the sample.

An important aspect of TNP-ATP's usefulness as a
probe, but also a concern, is that its absorption and
emission spectra are highly sensitive to the surround-
ing environment. For example, as shown in Fig. 1
(left), acidic solutions cause the molecule to absorb
less light and hence decrease fluorescent intensity
(4,10–12). This is discussed further in Example 1: unex-
pected increase in fluorescence. Additionally, it has
been shown that decreasing the polarity of the solvent
in which TNP-ATP is dissolved (e.g., changing from
H2O to ethanol to dimethylformamide) causes an in-
crease in the intensity and a decrease in lem (peak
emission blue shift) of fluorescence by TNP-ATP
(12,13), which looks the same as when TNP-ATP binds
protein. Increasing the viscosity of the solvent has the
same effect (12). Thus, TNP-ATP is highly sensitive to
the pH, polarity, and viscosity of its surrounding envi-
ronment, rendering it a useful molecule for sensing
changes in environment as it enters the binding pocket
of a protein. However, a secondary method to confirm
ATP binding and ascertain the characteristics of that
binding ensures proper interpretation of results.

In 1999, Ye et al. used time-resolved fluorescence
spectroscopy to characterize how the environment
changes TNP-ATP emission (11). They attribute fluores-
cence changes caused by solvent polarity to the



solvation effect, meaning that polar solvents are better
able to stabilize the excited state of the TNP-ATP mole-
cule, which causes a change in the emission spectrum.
Likewise, they state that blue shifts in lem observed
when TNP-ATP interacts with a protein's ATP binding
site are “ascribed to the overlap of fluorescence spectra
from free TNP-ATP and bound TNP-ATP.” These effects
allow researchers to use the fluorescence emission
spectrum of TNP-ATP to infer how much TNP-ATP,
and by extension ATP, is interacting with a given protein.

TNP-ATP has long been used, and continues to be
used, to study how ATP interacts with individual pro-
teins (3). TNP-ATP fluorescence is used in fluores-
cence microscopy to visualize the cellular location of
proteins (14–18) and as a Förster or fluorescence reso-
nance energy transfer (FRET) pair (19–26). Many phys-
ical properties of TNP-ATP, including absorption and
fluorescence, have been previously reported and re-
viewed (3,13).
ATP binding studies using TNP-ATP

The characteristics of TNP-ATP outlined above have led
to its broad use in studies of how proteins interact with
and bind to ATP. Because of its shared characteristics
with ATP, TNP-ATP has been used to establish whether
ATP interacts with a specific protein and to attempt to
understand the underlying kinetics of that binding.

Hiratsuka and Uchida's (4) original study on TNP-ATP
used it toprobe theATPbindingsiteofheavy-chainmero-
myosin. In thisearly experiment, the researchersused the
absorption (not fluorescence) properties of TNP-ATP to
find the dissociation constant, Kd, of TNP-ATP with
heavy-chain meromyosin. This was done by adding
increasing amounts of TNP-ATP to a fixed concentration
of heavy-chain meromyosin and fitting the DA518 nm (dif-
ferenceabsorbanceat 518nm)versusTNP-ATPalone to
a theoretical curve. Since this time, there has been a shift
away from using absorbance spectra to using fluores-
cence spectra, and many works have published the Kd

or apparent Kd for a variety of proteins using the change
in TNP-ATP fluorescence with binding.

Tables 1, 2, and 3 presents a list of proteins (mostly
kinases) for which the dissociation constant (Kd) for
both ATP and TNP-ATP has been published; additional
examples from pre-2003 studies are presented in Hirat-
suka's review (3). In the tables, the Kd for ATP binding
ranges from micromolar to millimolar, whereas the Kd

for TNP-ATP ranges from nanomolar to micromolar.
With few exceptions, the affinity of proteins for TNP-
ATP is 20–2000� higher than for ATP. This higher af-
finity of the fluorescent ATP analog can simplify the
equations used to calculate an accurate Kd from
competition binding assays (64,65). Some results sug-
gest that TNP-ATP may actually bind separately or
differently than ATP because of the inherent properties
of the TNP moiety (e.g., CheA and Ca2þ-ATPase in the
tables; see also ATP binding versus altered TNP-ATP
binding to proteins). Some proteins possess two or
more ATP binding sites, as is the case with CheA, cystic
fibrosis transmembrane conductance regulator
(CFTR), Ca2þ-ATPase, and F-type ATPases. For most
experimental results presented in the tables, the inter-
action of TNP-ATP with the protein was measured as
the increase in fluorescence intensity after binding;
however, in some cases (reported in the column
“Peak shift”), the expected blue shift was also reported.
This blue shift varied from 0 to 15 nm. The increased
intensity and blue shift should be reversed by adding
ATP. Where a reversal of the blue shift was observed,
it is reported in the tables as a negative number in
brackets. The range of experimental parameters
include temperature (4–30�C) and pH (range 6.5–8).
Typically, the fluorophore was excited at 408 nm (range
used, 400–520 nm), and changes in emission (lem)
were monitored from 500 to 600 nm. As can be seen
from the penultimate column in the first three tables,
multiple techniques are often used to determine bind-
ing parameters. The next sections discuss table entries
in sequence. Later sections present additional uses of
TNP nucleotides, followed by problems and best prac-
tices for using TNP-ATP in binding experiments.
Enzymes and protein complexes

Table 1 summarizes experimental results in which the
Kd of ATP and TNP-ATP were determined. These re-
sults are discussed below.

CheA and other protein kinases. A good example of
using TNP-ATP to measure Kd is the work of Eaton
and Stewart with the common bacterial protein CheA
(27,28). CheA is a protein histidine kinase used by bac-
teria for chemotaxis and has binding sites that bind
ATP or ADP as a stimulus for locomotion. In 1998,
TNP-ATP and other ATP or ADP analogs were first
used to measure binding affinity to CheA (66); it was
found that CheA forms a homodimer that binds two li-
gands. Initial estimates suggested that both binding
sites had similar binding affinities with a Kd ~1 mM.
Several years later, Bilwes et al. (67), used TNP-ATP
fluorescence with CheA and estimated Kd < 0.01 mM.
This is surprisingly different from the earlier result,
with the only obvious differences between the two
studies being that the earlier group used CheA from Es-
cherichia coli and included the reducing agent, DTT (di-
thiothreitol), whereas the latter group used CheA from
Thermotoga maritima and excluded DTT.

The issue seems to have been resolved a decade
later in a pair of studies by Eaton and Stewart (27,28)
that reported the dimer binds two ligands with
Biophysical Reports 1, 100012, September 8, 2021 3



TABLE 1 Summary of ATP binding data for some enzymes and protein complexes

Protein Organism
Kd TNP-
ATP (mM) Kd ATP (mM)

Kd ratio ATP/
TNP-ATP

Salts/buffers/
detergents pH/temperature

Peak shift
(lex/lem) Techniques Reference

CheA (protein
histidine
kinase)

recombinant
(bacteria:

T. maritima)

site 1: 0.0016,
site 2: 22

site 1: 6, site
2: 5000

3750, 230 25 mM NaCl,
50 mM

potassium
glutamate,
25 mM Tris,
10% glycerol

7.5/4�C NR (520/530–
600)

F, SFF (27,28)

PTK for EGFR recombinant
(human)

0.43 5 0.22 47.0 5 5.6 110 20 mM HEPES,
10% (v/v)
glycerol

7.4/22�C 15 blue (418/
500–650)

F, P32 (29)

MDD (GHMP
kinase family)

recombinant
(human);
(yeast)

0.55 5 0.02;
0.49 5 0.04

Km ¼ 6905 70;
Kd ¼ 169 5

17

1250; 340 50 mM Tris,
1 mM DTT;

100 mM NaCl,
100 mM Tris

~7.4/30�C 6–15 blue (408/
500–600)

F, XR (30,31)

SPS recombinant
(bacteria)

1.22 5 0.15 239 5 3 200 100 mM NaCl,
30 mM KCl,
25 mM Tris

7.0/RT 10–15 blue
(408/500–

600)

F (32,33)

PC recombinant
(bacteria:
R. etli)

21 5 3 5000 5 400
(Hill ¼ 3.1 5

0.5)

240 100 mM Tris,
20 mM
NaHCO3

7.8/30�C 9 blue (408/
500–600)

F, SFF (34)

Hexokinase yeast 2.6, 1.1 (þGlu) 1340, 230
(þGlu)

520; 210 (þGlu) 10 mM Tris 6.5–7.4/25�C NR (405/520) F, CD, IF (35,36)

Nbp35-Cfd1
complex
(cytosolic
iron-sulfur
cluster
assembly
scaffold)

yeast 0.190 5 0.016 21 5 6.4
(MANT-ATP);

43 5 9
(BoATP)

110; 230 100 mM NaCl,
50 mM Tris,
10% glycerol

8.0/25�C NR (469/555) F, FA (37)

TrwB (hexamer) bacteria 1.2 5 0.4 480 400 200 mM NaCl,
50 mM Tris,
0.1 mM EDTA,
20% glycerol,
0.05% (w/v)
dodecyl
maltoside

7.8/25�C 6 blue [�2]
(410/560)

F (38)

All entries include proteins for which the Kd (dissociation constants) was determined for both ATP and TNP-ATP. In some cases, Kd (ATP) was determined by competition against TNP-ATP,
but in other cases it was determined independently. Methodologies used that are related to ATP-protein interactions are indicated in the penultimate column. Information on the protein is in
the first two columns. Kd-values and ratios are in columns 3–5. Experimental conditions of the fluorescence experiments are in columns 6 and 7; however, chelators and divalent cations (e.g.,
Ca2þ and Mg2þ) are not listed because they varied greatly within individual experiments. Column 8 lists whether a shift in the TNP-ATP peak lem was observed or not reported after the
addition of protein. Reported values are in nanometers, and “blue” indicates a shift to shorter wavelengths (hypochromic shift). In some experiments with a reported blue shift, sequential
addition of ATP partly reversed the shift; in these cases, the extent of reversals (a red shift) is listed as a negative number in brackets. Numbers in parentheses are lex and lem in nanometers; a
range for lem indicates a spectrum was reported for the range indicated. The last two columns indicate techniques used in the work and the work's reference for measuring Kd. CD, circular
dichroism; ChemL, chemiluminescence; F, TNP fluorescence; FA, fluorescence anisotropy; IF, intrinsic (tryptophan) fluorescence; MM, molecular modeling; NR, not reported or not relevant;
P32, radiochemical assay with 32P; RT, room temperature; SFF, stop-flow fluorescence; XR, x-ray crystallography.
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TABLE 2 Summary of ATP binding data for some transport proteins and ion channels

Protein Organism
Kd TNP-ATP

(mM) Kd ATP (mM)
Kd ratio ATP/
TNP-ATP

Salts/buffers/
detergents pH/temperature

Peak shift
(lex/lem) (nm) Techniques Reference

Cdr1p (ABC
transporter)

recombinant
(yeast)

1.85 5 0.13 76 5 4 41 60 mM Tris 6.5/RT 4 blue (408/
500–600)

F, IF (39,40)

CpABC4 (ABC
transporter)

recombinant
(C. parvum)

7.04 5 0.02 97.54 5 22.4 14 50 mM Tris,
100 mM KCl,

0.02%
HECAMEG
(detergent)

6.8/25�C NR (408/545) F, IF (41)

CFTR (domains
NBD1 and
NBD2)

recombinant
(human)

NBD1: ~8,
NBD2: ~11

NBD1: Ki¼ 6700
(competitively
displaced),
NDB2: Km ¼

300

NBD1: ~840,
NBD2: ~27

50 mM Tris,
50 mM NaCl,
10% glycerol,

0.1 mM
dodecyl
maltoside

7.5/25�C NR (410/550) F, P32 (42,43)

CFTR-NBD2 recombinant
(human)

7.17 5 0.14 26.9 5 1.6 3.8 50 mM Tris 7.5/25�C NR (408/545) F (44); see also
(45)

CFTR-NBD2
(P51)

synthetic 51
amino acids
(human)

0.36 460 1280 20 mM HEPES 7.4/25�C NR (400/540) F, CD, ChemL (46)

VNUT (organic
anion
transporter
family)

recombinant
(human)

4.8 5 0.1 ~6000 ~1250 100 mM KCl,
20 mMMOPS,
20% glycerol,
0.02% DDTM
(detergent)

7.5/15�C 5–6 blue [�2]
(410/500–

620)

F (47)

TRPV1 (TRP
channel
family)

mammalian 1.01 5 0.16 5300 5 2100 5200 50 mM NaCl,
20 mM Tris

7.5/22�C NR (462/527) F, MM (48)

See Table 1 legend for additional explanations and abbreviations.
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TABLE 3 Summary of ATP binding data for some pumps and the three binding sites of the ATP synthase

Protein Organism Kd TNP-ATP (mM) Kd ATP (mM)
Kd ratio ATP/TNP-

ATP
Salts/buffers/
detergents pH/temperature

Peak shift
(lex/lem) (nm) Techniques Reference

Ca2þ-ATPase
from SR

rabbit (SR
vesicles)

CS: 1.0, RS: 0.6 CS: 2.4, RS: 2500 CS: 2.4; RS: 4200 100 mM KCl,
20 mM Tris, 20%
glycerol, CPK þ

CP

8.0/25�C 12 blue (418/538) F, SFF, P32 (6,49), see
also (50)

Ca2þ-ATPase
(p48, SERCA1)

recombinant
(cytoplasmic
domain, rabbit

SR)

7.7 5 1.7 Ki ¼ 1400
(competitively
displaced)

180 100 mM KCl,
20 mM MOPS,
3 mM DTT

7.25/RT NR (410/540) F, CD (51)

H,K-ATPase hog stomach <0.025 86 >3400 40 mM Tris 7.4/RT 10 blue (405/500–
625)

F, P32 (52,53)

Na,K-ATPase
(part)

recombinant 3.1 5 0.2 6200 5 700 2000 50 mM Tris 7.5/22�C NR (462/527) F, MM (54,55) see
also (56)

H-ATPase recombinant
(yeast)

6.5 3000 460 50 mM MOPS 7.0/RT NR (408/550) F, P32 (57)

F-ATPase beef heart
mitochondria

Ki for hydrolysis:
ATP: 0.005,
ADP: 0.01;
synthesis Ki
(both): 1.3

NR NR 250 mM sucrose,
40 mM MES,
40 mM Tris,

1 mM KH2PO4

7.5/RT NR (436/>460
with cutoff filter)

F, P32 (5,58)

F1 ATPase
(a- and b-
subunits)

recombinant
(Bacillus sp.

PS3)

7.5 (0.002 for TNP-
ADP)

NR NR 20 mM tricine 8.0/NR NR difference
spectra

(59)

F1 ATPase mitochondria 0.2 (third
binding site)

2000 (third
binding site)

10,000 250 mM sucrose,
50 mM Tris,
20 mM Pi

8.0/RT NR P32 (60) see
also (10)

F1 ATPase E. coli <0.003, 0.26, 1.9 0.02, 1.4, 28 >6.7, 5.4, 15 50 mM Tris 8.0/23�C NR quench of IF
by TNP, FA

(61,62)

V-ATPase yeast
(Saccharomyces

cerevisiae)

0.16
5 0.05

NR NR 150 mM NaCl,
25 mM Tris,
0.5 mM DTT

7.9/10�C NR (465/485–600)
F, XR

(63)

See Table 1 legend for additional explanations and abbreviations. CS, catalytic site; RS, regulatory site.
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markedly different affinities. The high-affinity site has
a Kd of 0.0016 mM, and the low-affinity site has a
Kd ~10,000� weaker (Table 1). However, it remains
unclear why a homodimer like CheA would exhibit
different binding mechanisms for the same
molecule (27).

Another kinase studied with TNP-ATP is the protein
tyrosine kinase (PTK) intrinsic to the epidermal growth
factor receptor (EGFR). This kinase phosphorylates it-
self on a tyrosine residue after activation. It was found
that TNP-ATP bound ~100� tighter than ATP and was
a “functional substrate,” but the Vmax for hydrolysis was
200 times slower than with ATP (29).

Mevalonate diphosphate decarboxylase (MDD) is a
member of the GHMP kinase family, whose members
include galactokinase, homoserine kinase, mevalonate
kinase, and phosphomevalonate kinase. Binding of
TNP-ATP to human MDD caused an ~3-fold increase
in intensity and a blue shift of 6–7 nm (30), whereas
the yeast MDD caused a >6-fold increase in intensity
and a blue shift of 15 nm (31). This later group looked
at how point mutations at a critical site altered binding
of TNP-ATP.

Synthetase, carboxylase, and hexokinase. Another
bacterial-derived ATPase studied with TNP-ATP is the
selenophosphate synthetase (SPS). Like CheA, SPS
has two binding sites for TNP-ATP, although only one
appears to be catalytically active for ATP (32), with a
reported Kd as listed in Table 1 (33). The other TNP-
ATP binding site appears to have an affinity at least
10 times lower (32). The high-affinity site has a Kd be-
tween the Kd of the two CheA sites, and the affinity of
SPS for TNP-ATP is more than 100� higher than for
ATP, as it is for both CheA sites.

Pyruvate carboxylase (PC) is an enzyme that hydro-
lyzes ATP in the liver gluconeogenesis pathway. Using
PC from the bacteria Rhizobium etli, Adina-Zada and
co-authors (34) found that TNP-ATP binds to, but is
not hydrolyzed by, PC. Similar to other proteins listed
in Table 1, TNP-ATP binds to PC with >1000� higher
affinity than ATP; however, their data suggest that
TNP-ATP binds at a location separate from the ATP
binding site. They show that TNP-ATP appears to be
an allosteric activator of PC, which implies that TNP-
ATP can and does bind to sites on proteins that are
not ATP binding sites.

One yeast ATPase studied with TNP-ATP is hexoki-
nase, the enzyme that phosphorylates sugars such as
glucose. With this kinase, it was observed glucose
binding increases affinity for ATP by ~2.5� and its af-
finity for TNP-ATP by ~6� (35,36). Several points are
noteworthy in the Arora et al. study (36): 1) TNP-ATP
could be hydrolyzed by hexokinase producing TNP-
ADP, although at a much slower rate than ATP hydroly-
sis; 2) the ADP and AMP analogs were also tested, and
the following order of interactions was found: TNP-ATP
> TNP-ADP >>> TNP-AMP; and 3) fluorescence
enhancement after binding of TNP-ATP to hexokinase
was reduced if ATP was added first. These results,
combined with data from a 50-amino acid peptide
from hexokinase, support the conclusion that TNP-
ATP binds at the ATP binding site. It also shows that
valuable information can be obtained by comparing
different TNP nucleotides, which will be discussed
later.

Protein complexes. Nbp35 and Cfd1 are yeast pro-
teins that can combine to form a scaffold for cytosolic
iron-sulfur cluster assembly. This scaffold hydrolyzes
ATP in processing iron-sulfur clusters. Grossman
et al. (37) used TNP fluorescence to determine the Kd

of the Nbp35-Cfd1 complex for TNP-ATP and then
used fluorescence anisotropy to determine the Kd for
two other fluorescently labeled ATPs: MANT-ATP (N-
methylanthraniloyl-ATP) and BoATP (BODIPY-FL 20/30-
O-[N-(2-aminoethyl)urethane] ATP). They report a Kd

for TNP-ATP that is more than 100� tighter than the
Kd for either MANT-ATP or BoATP (Table 1).

TrwB is one of a group of membrane proteins
involved in bacterial conjugation (68). Both TrwB (38)
(Table 1) and TrwD (69) (referenced in Table 4) are
ATPases that have been studied with TNP-ATP. Both
proteins have a much higher affinity for TNP-ATP
over ATP, and in both cases, a significant blue shift
was observed with binding TNP-ATP.
Transport proteins and ion channels

Table 2 summarizes experimental results in which the
Kd of ATP and TNP-ATP were determined for transport
proteins and ion channels. These results are discussed
below.

The yeast Candida drug resistance 1 protein (Cdr1p)
and the parasitic protozoan protein Cryptosporidium
parvum ABC transporter 4 (CpABC4) are both mem-
bers of the ATP binding cassette (ABC) transporter
family of proteins. Both proteins have a fairly low affin-
ity for ATP (Kd of 75–100 mM) (39,41), consistent with
the intracellular concentration of ATP. CpABC4 binds
TNP-ATP with only ~14� higher affinity than ATP
and has been shown to hydrolyze TNP-ATP (41),
whereas Cdr1p binds TNP-ATP with ~40� higher af-
finity (39,40).

The CFTR is a chloride channel that is also a member
of the ABC transporter family. It has two nucleotide
binding domains, NBD1 and NBD2. As shown in Table
2, ATP and TNP-ATP binding to these domains has
been measured for the whole protein as well as the in-
dividual domains (42–46). Similar to other proteins dis-
cussed above, NBD1 binds ATP in the millimolar range
and binds TNP-ATP 1000� tighter. NBD2 has a similar
Biophysical Reports 1, 100012, September 8, 2021 7



TABLE 4 Examples of proteins reported to interact with TNP nucleotides

Protein Organism
TNP nucleotides

used

Observations
(concentrations

in mM)
Salts/buffers/
detergents pH/temperature

Peak shift
(lex/lem) (nm) Techniques Reference

GluT1 (glucose
transporter)

human ATP modulates sugar
transport

PBS 6.0–7.4/20�C NR (408/540) SFF (70)

PriA (helicase) bacteria (E. coli) ATP, ADP Kd site 1: 0.675 0.22;
site 2: 53 5 17

20 mM NaCl 7.0/20�C NR (408/550) SFF, F; IF, F (71,72)

RepA (helicase) bacteria (E. coli) ATP, ADP Kd ~2.1 5 0.4 (10�C);
2.0 5 0.4 (20�C)

10 mM NaCl, 50 mM
Tris, 10% glycerol

7.6/10�C, 20�C NR (410/560) SFF (73)

ABCF3 (ABC
superfamily)

mammalian ATP, ADP, AMP K1/2 2.6 5 0.1, Hill ¼
1.8 (displaced with

0.1 mM ATP)

PBS, 20% glycerol 7.4/RT 6 blue (403/
450–600)

F (74)

CDKA (cyclin-
dependent
kinase)

recombinant
(plant: maize)

ATP Nitration lowers ATP
binding

PBS, 160 mM
imidazole

NR/25�C 11 blue [~�11]
(495/540)

F, MS (75)

Porin 31 (voltage-
dependent anion-
selective channel)

human and
bovine

ATP NR 50 mM Tris-HCl 7.4 5 blue (410,
450–575)

F, P32, AC (76)

CpABC3 (ABC
transporter)

recombinant
(Cryptosporidium

parvum)

ATP Ki 36.6 5 4.5
(inhibition of ATP
hydrolysis by TNP-

ATP)

100 mM KCl, 50 mM
Tris, 0.02%
HECAMEG
(detergent)

6.8/20�C (F);
7.5/37�C (HPLC)

0 blue (408/
520–600)

F, IF (77)

VC1:IIC2 and ACI
(adenylyl and
guanylyl
cyclases)

recombinant
(human)

ATP, ADP, AMP,
GTP, GDP, UTP, CTP

Ki (VC1:IIC2) 3.3 5

1.4; (ACI) 0.009 5

0.004

100 mM KCl, 25 mM
HEPES

7.4/25�C 14 blue
(405/500–600)

F, P32, MM (78)

SaUspA
(stress protein)

Archaea
(S. acidocaldarius)

ATP Kd 7 5 2, Hill ¼ 0.84.,
Kd (G97A) ¼ 350

150 mM NaCl, 50 mM
Tris

8/25�C NR (409/540) F (79)

Kir6.2 (KATP
channel)

human ATP, ADP washout of TNP-ATP
nucleotides;
inhibition by

epoxyeicosatrienoic
acids

140 mM KCl, 10 mM
HEPES

7.4/RT; 7.5/23�C NR (FRET/565,
403/546)

F, FRET, ePh (80) see
also

(26,81)

TrwD (secretion
ATPase
superfamily)

bacteria ATP Kd, apparent Km 11 200 mM NaCl, 20 mM
HEPES, 5% glycerol

7.6/21�C 13 blue (407/
475–625)

F, CD, MM; P32 (69,82)

FBPase human liver AMP Kd 13.1, IC50 ¼ 7.4 5

0.7
50 mM Tris 7.4/37 10 blue [�3]

(410/500–630)
F, CD, MM (83,84)

PilB-ATP (506–890)
(type IV
assembly ATPase)

recombinant
(T. thermophilus)

ATP, ADP Kd 42 (80 for TNP-
ADP)

135 mM NaCl, 25 mM
Tris, 2.5% glycerol,

2 mM TCEP

7.4/NR NR (405–550) F, XR (85)

Includes the nucleotide(s) and buffer conditions used and the reported interaction measured. ePh, electrophysiology. See Table 1 legend for additional explanations and abbreviations.
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affinity for TNP-ATP but binds ATP more tightly than
NBD1.

The vesicular nucleotide transporter (VNUT) is a
member of the organic anion transporter family.
VNUT uses a membrane potential to transport nucleo-
tides such as ATP across membranes. In carefully per-
formed fluorescence experiments, Iwai et al. (47)
showed that TNP-ATP competitively binds to the ATP
binding site (Kd ~5 mM) with a 1000� higher affinity
than ATP (Kd ~6 mM).

TRPV1 (transient receptor potential channel V1) is a
nonselective cation ion channel that responds to hotter
temperature and acidic conditions to produce a pain
response. TRPV1 is one of the most extreme examples
of TNP-ATP binding tighter than ATP. The ratio Kd(ATP)

to Kd(TNP-ATP) is greater than 5000� (Table 2).
Pumps and the ATP synthase

Table 3 summarizes experimental results in which the
Kd of ATP and TNP-ATP were determined for pumps
and the ATP synthase. These results are discussed
below.

Ca2þ-ATPase. TNP-ATP has been used extensively to
better understand the nature of the affinity for ATP of
the sarco/endoplasmic reticulum calcium-ATPase
(SERCA). This Ca2þ-ATPase hydrolyzes ATP to transfer
calcium ions from the cytosol of muscle cells back into
the sarcoplasmic reticulum (SR). It belongs to the P-
type ATPase family of membrane proteins. Early exper-
iments studied the Ca2þ-ATPase in vesicles isolated
from muscle SR (6,7,49,86–88). These experiments re-
ported strong ATP binding at a catalytic site (Kd ¼ 2.4
mM) and lower affinity to a separate regulatory site
(Kd ¼ 2500 mM, Table 3). TNP-ATP had a high affinity
to both sites (Kd ¼ ~1 mM) and was hydrolyzable. Bind-
ing at the catalytic site is an early example of the rarely
reported case in which TNP-ATP and ATP have similar
binding affinities. Further studies with the monophos-
phate nucleotide, TNP-AMP, bound to the Ca2þ-ATPase
showed changing fluorescent intensities that corre-
lated to the state of ATP hydrolysis that the enzyme
was in (7,89–93). Thus, TNP-AMP fluorescence
became a marker for this protein's conformation. The
conformation(s) that made the TNP-AMP binding
pocket most hydrophobic gave the greatest fluorescent
intensity, and this enhanced fluorescence was referred
to in these publications as “superfluorescence” (this is
not the usual use of the term superfluorescence, which
is a quantum optics phenomenon in which a group of
molecules becomes excited together and emits a brief
bright pulse of light).

Later experiments studied the binding of ATP and
TNP-ATP to “p48,” a recombinant protein containing
just the cytoplasmic domain of the Ca2þ-ATPase (ex-
pressed in E. coli) (51,94). Those results were consis-
tent with the regulatory site having more than 1000�
higher affinity for TNP-ATP than for ATP (Table 3).

Other P-type ATPases. In addition to the Ca2þ-
ATPase, the family of P-type ATPases includes most
ion pumps, such as the H,K-ATPase, Na,K-ATPase,
and H-ATPase. The H,K-ATPase is the pump respon-
sible for acidifying the stomach. Similar to the initial
studies on the Ca2þ-ATPase, Faller used TNP-ATP
with vesicles containing the acid pump isolated from
the stomach of hogs (52,53). Those studies (Table 3)
identified unusually strong binding of ATP to the H,K-
ATPase (Kd ¼ 0.086 mM), and still TNP-ATP bound
over 3000� tighter (Kd < 25 nM).

The Na,K-ATPase is one of the most ubiquitous
pumps and is responsible for maintaining the Naþ

and Kþ gradients across neuron, muscle, and many
other cell types. Amler's group (54) used the recombi-
nant protein coding for the ATP binding site (H4-H5
loop) of the Na,K-ATPase and found that the Kd for
ATP and TNP-ATP were 6.2 mM and 3.1 mM, respec-
tively, with TNP-ATP binding 2000� tighter (Table 3).
Their results took advantage of an improved and
simplified set of equations used to calculate Kd

(64,65). Earlier experiments by Pratap et al. (95)
measured five rate constants associated with TNP-
ATP binding to the Na,K-ATPase, and Moczydlowski
(96) observed that TNP-ATP was not hydrolyzed by
the ATPase.

Another member of the P-type ATPase family is the
proton-pumping H-ATPase. Expressing just the major
hydrophilic domains from a yeast H-ATPase, Capieaux
et al. (57) determined the binding of ATP and TNP-ATP
to these domains. Consistent with the similarity be-
tween the H-ATPase and the Na,K-ATPase (97), the re-
ported Kd-values are also similar (Table 3), with binding
of TNP-ATP over 400� tighter compared to ATP.

ATP synthase, including F- and V-type ATPase.
Almost all of the proteins listed in the previous tables
show a much higher (>100�) affinity for the ligand
TNP-ATP compared to ATP. This suggests that the
TNP moiety strongly contributes to the binding of the
ligand with the protein. However, the catalytic site of
the Ca2þ-ATPase and the F-ATPase are exceptions to
this pattern (Table 3). In both proteins, TNP-ATP binds
with only slightly higher (<10�) affinity compared to
ATP (59,61,62,98,99). The F-ATPase is a mitochondrial
and bacterial membrane protein formed of many sub-
units that together act as a molecular motor. It gener-
ally functions as a synthase but can run in reverse as
a hydrolase (H-ATPase). When operating as a syn-
thase, it uses the pH gradient across the membrane
to induce rotation of its g-subunit with respect to a
ring of three pairs of a- and b-subunits. This movement
catalyzes the formation of ATP from ADP and Pi. There
Biophysical Reports 1, 100012, September 8, 2021 9



are three ATP/ADP binding pockets between each set
of a- and b-subunits. This adds to the complexity of
measuring ligand affinity (similar complications are
seen in dimer formation with CheA discussed above).
Binding experiments were performed with just the a-
subunit, just the b-subunit, and both (59,98,100–102).
When TNP-ATP is added to the functional F-type
ATPase protein complex (including both a- and b-sub-
units), it greatly slows both the synthesis and hydroly-
sis activity with an extremely low Ki of 5–10 nM,
Table 3 (5) see also review by Hong and Pedersen
(103). The Kd for sequential binding of three ATP to
the mitochondrial F1-ATPase were first reported as
1.6, 0.4, and 55 mM (104), although the interpretation
leading to these values was debated, with a Kd for bind-
ing of the first ATP reported as 1 pM or 106 times
tighter (105,106). It should be noted that a Kd in the pi-
comolar range is difficult to measure, especially under
conditions in which the protein was almost certainly at
a higher concentration. The latter group also reported
the Kd for ADP binding as 0.28 mM. More recently, We-
ber's group has reported binding for the three binding
sites in E. coli as 0.02, 1.4, and 28 mM, and in all cases
the binding of TNP-ATP was only ~10� tighter. A
similar binding story is likely true for the V-type
ATPase, which is reported to bind TNP-ATP with a Kd

of 0.16 mM (63). For many proteins, their strong affinity
for TNP-ATP over ATP is likely due to direct interac-
tions of the TNP moiety with the protein. In the case
of the ATP synthase, for which a smaller increase is
seen, we speculate that this is due to a very tight fit
for the ATP, ADP, and Pi ligands necessary for efficient
catalysis of the synthase reaction, leaving little room
for the TNP moiety.

The data in Tables 1, 2, and 3 discussed above show
that TNP analogs continue to contribute to the under-
standing of many ATP binding proteins and make clear
that TNP-ATP does not bind to proteins with the same
affinity as ATP. Therefore, TNP-ATP cannot be used as
an ATP analog for estimating the Kd of ATP directly.
However, the Kd for ATP can be estimated through
competitive inhibition of TNP-ATP binding using ATP.
In the next section, additional applications for TNP-
ATP are discussed.
Other uses for TNP nucleotides

In addition to using TNP-ATP as part of determining the
Kd for ligand binding, TNP-ATP has been used to study
other aspects of binding, including kinetics (on and off
rates), inhibitory block (Ki and IC50) (107), and the Mi-
chaelis constant (Km), for example. Another common
use of TNP-ATP is as an antagonist of P2X receptors,
as reviewed in (108) (see also (17,18,109,110)), and it
continues to inspire the design of new P2X receptor an-
10 Biophysical Reports 1, 100012, September 8, 2021
tagonists (111). TNP-ATP is also useful in screening
proteins for ATP binding (97,112–115). Several studies
have compared the binding properties of TNP-ATP with
other TNP-linked nucleotides such as TNP-ADP, TNP-
AMP, and TNP-GTP. For example, in 1986, Biswas
et al. (116) measured binding (Km) to a DNA binding
protein in E. coli and observed that TNP-ATP and
TNP-ADP bound much more tightly than TNP-AMP.
Additional examples are presented in Table 4.
Additional examples of proteins reported to interact with TNP
nucleotides

Table 4 summarizes data from experiments in which
TNP was attached to other nucleotides and used to
measure other binding interactions such as regulation
or inhibition.

Some proteins are regulated by ATP and TNP-ATP
has been used to study this process. For example,
Cloherty et al. (70) found “that TNP-ATP substitutes
for ATP in nucleotide modulation of sugar transport”
by the GluT1 sugar transporter in human red blood
cells. They used an assay that combines the use of
TNP-ATP and ATP to test whether or not the binding
of ATP to the transporter is cooperative, using stop-
flow fluorescence to test the timing of TNP-ATP bind-
ing to their protein. Stop-flow fluorescence has simi-
larly been used by others (28,34,71,73,117,118).

An example of using multiple TNP nucleotide ana-
logs to study protein binding properties is with the
Ca2þ-ATPase, the pump that moves calcium frommus-
cle cytoplasm into the lumen of the SR. In humans,
there are three major variants of this pump, known as
SERCA1–SERCA3. This pump hydrolyzes ATP (but
not TNP-ATP) and binds ATP, ADP, and AMP with
differing affinities. TNP analogs of all three nucleotides
(i.e., TNP-ATP, TNP-ADP, and TNP-AMP) have been
used to bind SERCAs and lock them into different con-
formations associated with their hydrolysis and pump-
ing cycles (for reviews, see (119,120); see also (121–
124)).

Another impressive finding among recent reports of
using TNP-ATP in protein binding studies is the work
of Peterson et al. (74). In their study of TNP-ATP bind-
ing to ABCF3 (a member of the ABC superfamily of
membrane transporters; Table 4), they observed the ex-
pected increase in fluorescence intensity and blue
shift. But in contrast to many other proteins for which
>2 mM ATP was needed to partly compete off TNP-
ATP, including many shown in Tables 1, 2, and 3 (see
also (125)), these authors observed a significant
decrease in fluorescence after the addition of just
0.1 mM ATP (although it was not reported if the blue
shift reversed). The same concentrations of ADP and
AMP were less potent in competing with TNP-ATP.



ABCF3 actually has two NBDs that are reported to be
cooperative, such that ATP binding to one domain in-
creases the affinity of the other NBD (74).

A recent novel use of TNP-ATP was to show that ATP
binding was lowered after nitration of two tyrosines in
the binding pocket of the CDKA;1 protein (75). CDKA is
a member of the cyclin-dependent kinase A family that
helps regulate the cell cycle in plant cells. It is note-
worthy that when using the recombinant protein, the
addition of 1 mM ATP caused nearly complete reversal
of the blue shift and intensity increase that were origi-
nally observed after addition of 10 mM TNP-ATP. This
suggests that TNP-ATP binding was not as tight as
observed with many other proteins.
Other methods to confirm TNP-ATP binding data

An important point illustrated and acknowledged by the
early Hiratsuka and Uchida (4) study is that the kinetics
of TNP-ATP binding to a protein are different than the
kinetics of ATP itself binding to a protein. Thus, it is
important to find ways to determine the binding param-
eters of ATP without relying exclusively on the data
from TNP-ATP binding. For example, in studying porin
31, a voltage-dependent anion-selective channel, Florke
(76) observed that TNP-ATP fluorescence increased in
intensity and blue shifted, consistent with binding to
porin (Table 4). This they confirmed by three additional
methods: 1) affinity chromatography using ATP-
agarose, 2) using the radiolabel 32P-ATP, and 3)
showing that TNP-ATP binds to a peptide from the pro-
tein. A second example is the work of Fischer et al.
(126) on the P2X receptor channel. Here, it was known
that TNP-ATP is an inhibitor of P2XR, and its binding
was used to characterize the effect of point mutations
on binding. Results were confirmed by structural bioin-
formatics-driven modeling. A third example is from Ka-
denbach's group working on multiple ATP binding sites
in cytochrome c oxidase, for which [35S]ATPaS was
used to confirm Kd data obtained with TNP-ATP
(127,128). Some of the different methods used in com-
bination with TNP-ATP are listed under the “Tech-
niques” column in all the tables.

Additional fluorescent tags. An additional way to
confirm binding data obtained with TNP-ATP is to use
a different tag (for example, see Protein complexes).
Although all will have the same kind of problems, e.g.,
an extra group that will enhance or interfere with ATP
binding, each will do so differently and provide a
broader view of the interaction of ATP with proteins.
Many fluorescent tags have been made and attached
to either ATP (e.g., εATP or etheno-ATP) or other nucle-
otides; one more commonly used tag is MANT (N-
methylanthraniloyl) (8,24,37,78,129–133). Whereas
εATP is modified on the adenosine ring of ATP,
MANT and TNP are attached to the ribose sugar.
MANT is distinctive in that it is attached with one, not
two, bonds so it can rotate freely and perhaps allow
ATP to bind more naturally (130,131). On the other
hand, MANT as a fluorescence molecule is less desir-
able because it must be excited in the ultraviolet and
has a smaller signal/noise ratio than TNP (78).

Intrinsic tryptophan fluorescence. Another method to
confirm TNP-ATP binding data is to use tryptophan
fluorescence. Tryptophan is an amino acid found in
most proteins that is fluorescent. Changes in trypto-
phan fluorescence can indicate changes in how a pro-
tein folds and interacts with its environment; however,
its use is limited because its fluorescence is weak
and quickly bleached. Lawton et al. (77) used trypto-
phan fluorescence in their attempts to characterize
the ATP binding domain of CpABC3, a protein associ-
ated with multidrug resistance in an intestinal parasite.
As in other studies with TNP-ATP, they found that the
fluorescence intensity of TNP-ATP increased upon
addition to their protein (indicating binding), but they
were unable to compete off the TNP-ATP with ATP.
However, they were able to confirm binding of ATP as
a change in tryptophan fluorescence. Additionally,
they showed that TNP-ATP acted as a competitive in-
hibitor of ATP hydrolysis by H6-NBD1, a recombinant
fragment from CpABC3 (Table 4). Additional examples
using intrinsic fluorescence are listed in each table (see
IF under the “Techniques” heading). Another aspect of
measuring intrinsic tryptophan fluorescence is when
there is no change in fluorescence after ATP addition.
This result suggests at least two possibilities: either
ATP is not interacting with the protein or the conforma-
tional change that occurs when ATP binds to the pro-
tein is not causing a sufficient change in the
environment of tryptophan to have a detectable change
in its fluorescent properties. Clearly, it is informative to
use a second method in addition to TNP-ATP fluores-
cence to verify the binding of a protein of interest to
ATP.
Summary of past results and techniques

The uses of TNP-ATP are many and diverse, but most
of them take advantage of the fluorescence properties
of TNP-ATP that were noticed but only mentioned in
the first reported use by Hiratsuka and Uchida (4).
Many researchers use TNP-ATP to ascertain how
ATP interacts with proteins, and several detailed proto-
cols have been published (8,9). In many cases, other
methods are also used.

TNP-ATP fluorescence is also used to discover infor-
mation about the conformation of binding sites (e.g.,
the “superfluorescence” reported when TNP-AMP
binds to Ca2þ-ATPase), which provides a valuable
Biophysical Reports 1, 100012, September 8, 2021 11



FIGURE 2 Abnormal binding of TNP-ATP to CheA. The crystal struc-
ture of CheA (gray mesh) binding with ADPNP (left) and TNP-ATP
(right) is shown. Orange color highlights the adenosine ring deep
within the binding pocket of both structures. The white circles mark
the terminal phosphate for reference. Residues important for ATP
binding and hydrolysis are highlighted in green. On the left, ADPNP
is used to represent ATP. The pink sphere represents Mg2þ, which
is coordinating the binding of water (red sphere), the terminal phos-
phate, and His405. On the right, TNP-ATP is within the binding pocket;
purple highlights the TNP moiety. The yellow residues are lysine
amino acids that move away from the binding pocket and interact
with the TNP ring. Unless otherwise noted above, red represents ox-
ygen, blue represents nitrogen, tan represents phosphorus, and cyan
represents carbon atoms. Crystal structure from (67). Images
created using Visual Molecular Dynamics (136), version 1.9.4a51,
with coordinates from the Protein Data Bank: PDB: 1i59 (ADPNP)
and PDB: 1i5D (TNP-ATP).
method for understanding the hydrophobicity of the
binding pocket of a protein. However, the differences
in binding properties for TNP-ATP versus ATP usually
necessitate the use of a second method to determine
binding characteristics, such as the use of tryptophan
fluorescence, 32P-labeled ATP, or x-ray crystallography,
to better understand how ATP interacts with a protein
of interest.
Problems with TNP-ATP

From the above discussion, it is clear that TNP-ATP can
provide important information on the properties of ATP
binding proteins. However, care must be exercised to
correctly interpret the changes in fluorescence spectra
obtained from TNP-ATP interacting with a particular
protein. The next sections highlight some problems
relevant to any studies in which the TNP moiety has
been attached to a nucleotide such as ATP. The most
apparent consideration to take into account when us-
ing TNP-ATP is that it typically binds much more tightly
to proteins than ATP itself does. It was formulated to
be similar to ATP, but it is not the same molecule
because of the fluorophore attached to the ribose
sugar of ATP (Fig. 1). These considerations, when not
accounted for, may lead to misinterpretation of the
data. However, the high affinity of TNP-ATP allows
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the use of simplified equations to calculate Kd from
competition experiments (64,65).

ATP binding versus altered TNP-ATP binding to proteins

Another consideration in using TNP-ATP is how it inter-
acts with proteins compared to ATP. Bilwes et al. (67)
asked this question with respect to CheA and found
that CheA cannot hydrolyze TNP-ATP, thus making
TNP-ATP a competitive inhibitor for ATP binding to
CheA. Likewise, it has been shown that the P2X recep-
tor is antagonized by TNP-ATP (134). With both pro-
teins, it was confirmed using crystallography (67,135)
that TNP-ATP binds differently compared to ATP (see
Fig. 2). Bilwes et al. concluded that TNP-ATP's unique
sugar residue conformation directs the phosphates
away from the ATP/ADP binding site, and conse-
quently, only one hydrogen bond forms (rather than
the expected three) between TNP-ATP and His 413 of
CheA. The TNP ring binds to a hydrophobic pocket
near the CheA ATP binding site that causes this shift
away from the ATP binding site and prevents hydrolysis
(Fig. 2). Kasuya et al. (135) proposed that with the
P2X7 receptor channel, the TNP moiety also interacts
with the protein to prevent complete opening of the
channel. Consequently, TNP-ATP is a competitive in-
hibitor that binds with different chemistry from ATP.
Bilwes et al. concluded that despite the noted differ-
ences between ATP/ADP and TNP nucleotide analogs,
there were still uses for TNP-ATP in CheA analysis.

In contrast and as noted earlier, TNP-ATP has been
shown to be a substrate for several other enzymes,
including F1-ATPase (58) and CpABC4 (41). TNP-ATP
was also hydrolyzed, but at a greatly reduced rate, by
hexokinase (36), PTK for EGFR (29), and P-glycoprotein
multidrug transporter (137).

Unexpected spectral changes

The typically higher affinity of TNP-ATP for ATP binding
proteins (and others) can make it difficult to confirm it
is binding at an ATP binding site. This is why a chief
consideration in whether or not an experiment has suc-
cessfully shown TNP-ATP binding to an ATP binding
site is whether or not ATP was able to compete the
TNP-ATP out of the binding site. When TNP-ATP binds
to a protein, its fluorescence increases and its peak
wavelength shortens (blue shift). Successful competi-
tion is shown when excess ATP restores TNP-ATP fluo-
rescence to its original (lower) intensity and longer
wavelength (red shift). In practice, it is easier to mea-
sure changes in intensity than in the peak wavelength,
so intensity changes are often the only reported param-
eter. Additionally, because TNP-ATP binding is usually
much tighter, high concentrations of ATP may be
required to compete TNP-ATP off. Hence, a complete



reversal of the fluorescence spectra is seldom
observed, confounding interpretation of binding exper-
iments. A lack of reversal can also indicate nonspecific
binding of TNP-ATP such that there is no competition
from ATP. In a study of the Naþ/Kþ-ATPase, Pratap
and co-workers observed both specific and nonspecific
binding of TNP-ATP (95,118).

For these and other reasons, it is often desirable to
measure changes in the peak wavelength, lem, which,
in contrast to intensity changes, has fewer confounding
factors that cause artifactual shifts. However, even if
the peak wavelength change does reverse after the
addition of ATP (or another molecule), it is possible
that ATP is releasing TNP-ATP through an allosteric
conformational change, as seen with PDK1 (9).

Spectral shifts and intensity changes become even
harder to interpret properly if the fluorescence intensity
of TNP nucleotides is measured at only a single wave-
length. In this case, a shift in lem will mistakenly be
observed as a change in intensity at the measured
wavelength. A simple way to avoid this problem is to
take the integrated intensity over a wide emission spec-
trum, as done by Eaton and Stewart (27,28). Although
this prevents a shift in lem causing a change in
measured intensity, it loses the useful information of
observing the expected blue shift after TNP-ATP bind-
ing and restorative red shift when competed off by
ATP.

Additionally, many confounding factors unrelated to
TNP-ATP binding can cause a decrease in intensity,
including dilution, bleaching, inner-filter effects, quench-
ing, formation of precipitates, structural changes within
the protein, and environmental changes (e.g., pH and
ionic composition). With normal care, dilution effects
can be minimized or corrected for, and bleaching is
generally not a problem with TNP fluorescence. The in-
ner-filter effect occurs when higher concentrations of
absorbing compounds are used during fluorescence
measurements (138). When these compounds (e.g.,
TNP-ATP> 10 mM, protein or ATP) attenuate the excita-
tion beam, there is a reduced emission. (Light absorp-
tion by high concentrations of absorbing compounds
is known as the primary inner-filter effect; the secondary
inner-filter effect happens when excitation and emission
spectra overlap, which is not usually a problem with
TNP-ATP.) Large protein aggregates or precipitants
can cause similar problems by absorbing or scattering
the light beam and thus reducing the measured emis-
sion spectra. Quenching is generally not a problem if
[TNP-ATP] < 40 mM (70), and TNP-ATP is typically
used in the 1–10 mM range, although 100 mM has
been used with apparent success in 96-well microplates
containing a total volume of just 200 mL (139). Changes
in TNP-ATP fluorescent intensity can also occur if there
is a change in the hydrophobicity of the ligand binding
pocket within the protein. This latter intensity change
was used diagnostically with the Ca2þ-ATPase to distin-
guish protein conformational states associated with the
enzymatic reaction cycle (see Ca2þ-ATPase).

Two examples help demonstrate some of these
complications. In both cases ATP was added to a solu-
tion containing TNP-ATP bound to protein. In the first,
fluorescent intensity unexpectedly increased after the
addition of ATP, and in the second, the intensity
decreased, but the peak wavelength was blue shifted
instead of the expected red shift. In both examples,
something unusual must be happening.

Example 1: unexpected increase in fluorescence.
When the ATPase from SR (Ca2þ-ATPase), isolated in
vesicles, was added to 5 mM TNP-ATP, strong binding
was observed as an increase in fluorescence intensity
(86). But when 10-fold excess ATP was added to
displace TNP-ATP, fluorescence unexpectedly
increased 3� with an apparent blue shift. Assuming
that TNP-ATP was already bound to the ATPase, addi-
tion of ATP should have displaced TNP-ATP from the
hydrophobic binding pocket back into the solution,
thereby lowering the fluorescence intensity. Indeed,
the authors showed that some of the TNP-ATP had
been displaced by the excess ATP using radiolabeled
TNP-[g32]ATP. From these data, the authors conclude
that after adding ATP, “the observed fluorescence
enhancement must be due to a conformational change
in the environment of the binding site consequent to
phosphorylation by ATP” (86). This illuminates a poten-
tial and subtle complication of using TNP-ATP as a
fluorescent ATP analog. It is possible to get an unex-
pected finding in which TNP-ATP fluorescence is
enhanced upon the addition of ATP instead of
decreased even though some TNP-ATP has been
displaced.

This finding of increased fluorescence with ATP
addition was also confirmed in a later work in which
TNP-ATP fluorescence was used to understand
enzyme kinetics of the Ca2þ-ATPase (49). Additionally,
they found that adding inorganic phosphate also
increased TNP-ATP fluorescence, suggesting that
phosphorylation was not required for the increased
fluorescence. Adding inorganic phosphate caused a
12 nm blue shift. However, they did find that adding
50 mM KCl caused a decrease in TNP-ATP fluores-
cence, and this finding was later confirmed and elabo-
rated upon (140). These researchers also examined
other monovalent cations (Rbþ, Csþ, Naþ, and Liþ)
and found that potassium created the most pro-
nounced decrease in fluorescence. This suggests that
changes in salt concentrations change the spectra.
Although these results may be limited to just
the Ca2þ-ATPase, it has been shown that pH alters
TNP-ATP fluorescence intensity (12) and peak
Biophysical Reports 1, 100012, September 8, 2021 13



FIGURE 3 TNP-ATP fluorescence spectra are changed by pH.
These previously unpublished spectra show that peak wavelength
(and intensity) change with pH. TNP-ATP was added to buffer
(150mMKCl, 8 mMHEPES (pH 6.3)) and titrated with small additions
of concentrated H3PO4. Peak wavelength was determined at each pH
(spectra were not corrected for dilution). The black line indicates the
order of additions from pH 6.3 (blue line) to pH 3.0 (red line). (Inset)
Peak wavelength (lem) decreases monotonically with decreasing pH.
Specifically, acidification from pH 6.3 to 3.5 caused a blue shift of
11 nm. lex ¼ 410 nm, excitation and emission slits ¼ 5 nm.
wavelength (see Fig. 3). Measurements by Ye et al. (11)
of TNP-ATP spectral properties showed that in 87%
glycerol, TNP-ATP fluorescence intensity and apparent
molar extinction coefficient increased with pH, but fluo-
rescence lifetimes did not. Consistent with previous
data (141,142), this apparent change in molar extinc-
tion coefficient “was attributed to the pH-induced
change in equilibrium between two species of TNP-
ATP,” each with different extinction coefficients (11).
In the normal course of fluorescence experiments,
unanticipated pH changes can happen when solutions
of concentrated ATP (often acidic) are added to the re-
action cuvette. In most reports, it is not clear whether
pH was checked after the last sequential addition of
ATP. It is reassuring when it is reported, as done by Ku-
bala and colleagues, that the “buffer pH was adjusted
to 7.5 after addition of ATP” (48,54).

Example 2: unexpected fluorescence blue shift.
Sometimes adding ATP to a solution containing pro-
tein-bound TNP-ATP does lower the fluorescence in-
tensity, as expected, but an inspection of the spectra
shows a blue shift instead of the expected red shift.
An example of this comes from a 2008 study by Cha-
vali et al. (143). This study attempts to characterize a
segment of the RNA genome of a virus by translating
it into a protein called P68 and performing several as-
says on the protein. The authors claim that P68 has
ATP binding activity because they are able to see a
fluorescent intensity increase after adding protein at
a concentration of 1 mM to a 5 mM solution of TNP-
ATP. They did not report whether there was a shift in
the fluorescent peak of TNP-ATP after adding the pro-
tein, but a careful inspection of their data (redrawn in
Fig. 4) suggests a 2 nm blue shift, small but likely sig-
nificant. They then show that adding 15 mM ATP (a
3000-fold excess) produced the expected reduction in
fluorescence intensity and conclude that they success-
fully competed TNP-ATP off their protein. They further
support this conclusion by showing that the relation-
ship is linear. However, this interpretation is problem-
atic because inspection of the spectra after ATP
addition shows a clear lem blue shift of 16 nm, not
the expected small red shift. Simple dilution of the
sample (by ATP addition) could cause the intensity
decrease, but dilution would not cause a shift in lem.
What could cause a blue shift and a decrease in inten-
sity? There is no clear answer, but some possible rea-
sons follow. 1) Using 15 mM ATP may have caused a
decrease in fluorescence and peak shift because of in-
ner-filter effects from ATP absorption. The authors
state that they corrected for inner-filter effects after
adding TNP-ATP to their protein, but it is not clear
whether this correction was also done after the addi-
tion of ATP. 2) The protein may have formed aggre-
gates after ATP addition, which would scatter light,
14 Biophysical Reports 1, 100012, September 8, 2021
decreasing the intensity of light available for excitation
and hence decreasing fluorescent emissions. Or 3)
perhaps adding 15 mM ATP changed the pH beyond
the buffering capacity of their solution, producing a
spectrum similar to the dashed curves shown in
Fig. 3 (which are blue shifted 11–14 nm).
Interference from other molecules

In the above examples, unexpected spectral changes
were observed. Another problem is that of a false pos-
itive, in which there is a spectral change, but it is due to
a component other than the one being tested. In
example 3 below, an unexpected accessory protein in
the assay may bind TNP-ATP and give a false positive
TNP-ATP spectral signal. In example 4, it is shown that
detergents, which are sometimes used with proteins
(7,41,77,86), can produce signals typically ascribed to
protein binding.

Example 3: interference from accessory proteins.
Another issue with using TNP-ATP in ligand binding
studies is that necessary accessory molecules may
alter the environment of TNP-ATP or directly interact
with TNP-ATP, giving a false positive signal of binding.
A study by Yao and Hersh (144) claimed that insulin
could not compete TNP-ATP out of the insulin-binding
site of the protein insulin-degrading enzyme (IDE).
Because insulin is a small protein that may directly
interact with TNP-ATP, this apparent inability of insulin
to compete with TNP-ATP may be because of an inter-
action of TNP-ATP with insulin rather than with IDE.



FIGURE 4 Lack of red shift after addition of ATP to TNP-ATP bound
to protein. Fluorescence data are redrawn from Fig. 9 A in (143). The
TNP-ATP spectrum (green line) changes after the addition of protein
(P68 from Antheraeamylitta, red line) with an increase in intensity and
a small (~2 nm) blue shift, consistent with TNP-ATP moving from an
aqueous phase to the more hydrophobic ligand binding pocket. Sub-
sequent addition of a 3000� excess of ATP decreases the fluores-
cence intensity (blue dashed line) and so appears to compete off
the TNP-ATP; however, the spectrum does not return to the original
TNP-ATP spectrum, but instead, the peak shifts 16 nm further to
the left (blue shift). Possible reasons are given in the text, including
solution acidification.
A study done by MacGregor et al. (145) illustrates
this same point. Their study used phospholipids, espe-
cially PIP2 (phosphatidylinositol 4,5-bisphosphate), to
examine the interactions of TNP-ATP with ATP-gated
Kþ channels. They observed an increase in fluores-
cence when TNP-ATP was added to their Kþ channels,
indicating binding. Subsequent addition of PIP2 (but
not inositol trisphosphate) decreased fluorescence,
which they interpret as TNP-ATP being displaced
from the protein as PIP2 binds. In this study, the re-
searchers' data suggested that small amounts of phos-
pholipid were able to out-compete TNP-ATP for access
to the binding site of an ATP-gated channel. A later
report (146) showed the same result with just 39 amino
acids from the COOH terminus of the protein. However,
the control experiment of adding PIP2 to TNP-ATP in
the absence of protein was not reported. This leaves
open the alternate conclusion that TNP-ATP binds to
PIP2. Although their findings might be suspect, this
group did perform good controls: pretreating with
PIP2, which abolished TNP-ATP binding; competing
TNP-ATP off with MgATP (which reduced the
enhanced fluorescence of TNP-ATP by 50–70%); and
using a pulldown assay to verify that their results
were not just a fluorescent artifact (145,146). However,
the fact that TNP-ATP is highly sensitive to its sur-
roundings still casts doubt on the researchers' interpre-
tation with respect to ATP binding.

Consistent with lipids altering TNP-ATP fluores-
cence, a study of ATP binding to Annexin IV by Bandor-
owicz-Pikula et al. (147), observed a blue shift and an
increase in TNP-ATP fluorescence when liposomes
(asolectin/cholesterol 4:1 w/w) were added to their
protein. Because annexin IV is a known lipid binding
protein, this was interpreted in the context of lipid-pro-
tein interactions, but the results are also consistent
with possible spectrum changes due to lipid-TNP-ATP
interactions.

Example 4: interference from detergents. Because it
is clear that the solvent environment changes the
TNP-ATP fluorescence spectrum, it should not be sur-
prising if lipids, surfactants, or detergents also alter
the spectrum. This can be a concern, especially
when the protein is embedded in a lipid membrane
or when surfactants are used to solubilize or stabilize
the protein of interest (e.g., (7,41,77,86)). The extent of
this problem is clear in the simple experiment per-
formed in our lab shown in Fig. 5. Here, the zwitter-
ionic detergent, CHAPS, was added to a buffered,
protein-free solution of TNP-ATP, causing both a
14� increase in fluorescence intensity and a blue shift
of nearly 20 nm in peak wavelength; this exceeds
most reported fluorescence changes after TNP-ATP
binding to proteins. The concentration of CHAPS
used (3.8 and 5.6 mM) is below the critical micelle
concentration (¼ 6.5 mM) reported for CHAPS (148).
It is especially surprising that after this change, the
addition of a slight excess of pH-adjusted ATP
(6.0 mM) nearly completely reversed the fluorescence
increase and partly reversed the blue shift (Fig. 5). We
have observed that other common detergents (i.e.,
Triton X-100, Tween 20, and SDS) also induced a
similar fluorescence spectral change when added to
TNP-ATP (data not shown).
Best practices

Despite these problems, the fluorescence probe TNP,
when attached to nucleotides, remains an important
tool for studying the interaction of nucleotides with
proteins. To aid the potential future user of TNP-
ATP, we refer the reader to two chapters that provide
detailed protocols focused specifically on protein
binding with TNP-ATP (8,9). Additionally, in this review,
we have gathered and presented measured binding
parameters and the conditions used for many of the
diverse proteins studied with TNP-ATP. Although
many reports are not free from alternate interpreta-
tions, we present below a summary of guidelines
and precautions noted above that all users should
consider so that the least ambiguous results are
obtained.

1. When the fluorescence and absorption properties of
TNP-ATP change upon binding to proteins, it is likely
Biophysical Reports 1, 100012, September 8, 2021 15



FIGURE 5 Previously unpublished data showing that at pH 7, the
detergent CHAPS produces TNP-ATP spectral changes indistinguish-
able from many ATP binding proteins. In this case, adding CHAPS
(5.6 mM) to TNP-ATP (5 mM, green line) caused a 14� increase in in-
tensity and a ~20 nm blue shift (552.5–532.7 nm) in lem (dark red
line). Addition of a slight excess (6 mM) of ATP (titrated to pH 7)
decreased the intensity by 83% and caused a red shift of ~4 nm
(dashed blue line). The black line indicates the order of additions,
which caused a 20% overall dilution. lex ¼ 410 nm, excitation and
emission slits ¼ 5 nm.
due to the change in polarity of the environment sur-
rounding TNP. However, spectral changes can also
be due to the following:
16 B
a. Changes insolvent, for example, addingethanol,
dimethylformamide, or glycerol (11–13).

b. Changes in pH (4,10–12) as in Figs. 1 and 3.
Therefore, the pH of all solutions should be
checked before addition to the sample, espe-
cially concentrated solutions of ATP (54).

c. Changes in viscosity (12).
d. Changes in salt (140).
e. Additions of lipids or detergents (see Example

3: interference from accessory proteins and
Example 4: interference from detergents).
2. Binding increases fluorescent intensity and causes
a blue shift in peak wavelength. The blue shift is
less susceptible to artifacts that alter apparent
changes in intensity (see Unexpected spectral
changes).

3. TNP typically increases nucleotide binding by 20–
2000 times. This high affinity allows the use of
simplified equations to calculate Kd (64,65).

4. There may be more than one binding site with
similar or different affinities (e.g., CheA (27,28).
Nonspecific binding is also possible (95,118).

5. TNP-ATP is hydrolyzed normally by some proteins
(e.g., CpABC4 and the F1-ATPase) or at a reduced
rate (e.g., hexokinase and PTK) and not at all by
others (e.g., CheA, and PC).

6. Additional techniques are needed to confirm binding
(e.g., using radiolabeled TNP-[g32]ATP (86); see also
iophysical Reports 1, 100012, September 8, 2021
Other methods to confirm TNP-ATP binding data).
Normally, specific binding could be confirmed by
competing off TNP-ATP with ATP; however, the
high affinity of TNP-ATP usually prevents this,
even at high doses of ATP (an exception is the pro-
tein CDKA;1 (75)).
Recent uses of TNP-ATP

TNP-ATP continues to be a useful research tool. A
search on PubMed and Web of Science for the years
2019–2020 shows dozens of works in which TNP-
ATP was used to study ATP-interacting proteins, using
both its fluorescence and its characteristic high affin-
ity. Some of these were discussed above; additional ex-
amples listed below show the clever and diverse ways
TNP-ATP is being used:

1. Determining Kd (or K0.5) for multiple nucleotides
(i.e., ATP, ADP, AMP, and TNP-ATP) with several
known nucleotide binding proteins, including VNUT
(see Table 1) (47), ABCF3 (see Table 4) (74), and
ABCA4 (149).

2. Determining differences in binding of TNP-ATP to
wild-type and mutant proteins including Rad51 (a
human DNA binding protein (150)), SaUspA (a
stress-sensing protein from Sulfolobus acidocaldar-
ius, see Table 4 (79)), and Cek1 (a MAP kinase from
Candida albicans (151)).

3. Checking ATP binding to a known ATP binding pro-
tein after phosphorylation or dephosphorylation of a
serine in the binding pocket (152).

4. Testing for possible ATP binding to a hypothetical
protein from an open reading frame—Alr0765 from
Anabaena (115).

5. Using TNP (and other moieties) attached to ATP to
explore ribonucleotide binding to a polymerase with
and without point mutations (153).

6. As a FRET pair to measure interaction and distances
between binding sites in the ATP-sensitive Kþ chan-
nel (Kir6.2, see Table 4) (26,80).

7. As a fluorescence marker to observe compartment
localization of ATP in a study of artificial protocell
organization (154) and of membrane-free organ-
elles (155).

8. As an antagonist of the P2X receptor (specifically of
the P2X1, P2X2, P2X3, and P2X7 receptors) as re-
viewed in (156). In addition, the x-ray structure of
P2X3 complexed with TNP-ATP was used in a study
aimed at development of a P2X3 blocker (157).
Conclusions

Since its first synthesis and use 50 years ago (1,4),
TNP-ATP has been used in hundreds of studies and



has been a highly useful molecule for studying the bind-
ing of ATP to proteins. Like Janus, the ancient mytho-
logical god with two faces, TNP-ATP also has two
faces, ATP and TNP, that imbue it with both power
and problems. Its power comes from both parts, it
can masquerade as ATP and bind to proteins in their
ATP binding pockets, and through its TNP face it can
reveal to the careful scientist the extent and nature of
that binding through changes in TNP fluorescence. Un-
fortunately, the properties of TNP not only allow it to
fluoresce but also alter the nature of binding, requiring
caution in interpreting binding results.

We have reviewed how TNP-ATP fluorescence is
highly sensitive to its environment, altering its spectral
properties because of changes in polarity and viscosity
that take place when it enters the hydrophobic binding
pocket of a protein. Typically, when TNP-ATP moves
from an aqueous environment to the more hydrophobic
binding pocket of an ATP binding protein, the fluores-
cence intensity increases severalfold and the peak fluo-
rescence (lem) is blue shifted 4–15 nm (Tables 1, 2, 3,
and 4). These characteristics have led researchers to
use TNP-ATP to understand how ATP binds to proteins.
Researchers have also used more specialized tech-
niques such as x-ray crystallography and molecular
modeling and docking to understand the shape and hy-
drophobicity of protein binding pockets (48,54–
56,61,63,78,83,119,158).

Because of these spectral changes, TNP-ATP has
been used to measure the binding constants, rate con-
stants, and rates of ATP hydrolysis for many different
proteins. In many cases, it has been shown that the
Kd of binding for TNP-ATP is 20–2000� higher than
for ATP, but there are also examples for which the Kd

is similar (Table 3). Sometimes TNP-ATP acts as an in-
hibitor of ATP binding, and Ki or IC50 values have been
determined (Table 4).

Although TNP-ATP is highly useful in studying ATP
binding sites, its use comes with several caveats: 1)
it often binds with much higher affinity than ATP, 2) it
is not hydrolyzable by some kinases, 3) unexpected
spectral changes can occur (e.g., because of inner-filter
effects, formation of precipitates, protein structural
changes after binding, and pH changes), and 4) other
molecules can interfere with its fluorescence. Exam-
ples of some of these problems were discussed and
are shown in Figs. 3, 4, and 5. One particularly worri-
some problem is that detergents can interact with
TNP-ATP in a manner indistinguishable from its inter-
action with ATP binding proteins (Fig. 5). The best re-
sults are most likely when the factors presented in
the Best practices section are followed. These factors
should be taken into consideration when planning
any experiment involving TNP-ATP or other TNP
nucleotides.
On the other hand, TNP-ATP does shine as a useful
probe with few problems in several other applications.
Examples for which there are fewer complications with
using TNP-ATP include fluorescence microscopy and
FRET. TNP-ATP can also be useful in binding studies
in which different TNP nucleotides are compared to
each other, e.g., comparing the Kd of TNP-ATP to the
Kd of TNP-ADP and TNP-AMP.

The limitations to using TNP-ATP for binding studies
mean that careful controls and alternate methods need
to be used if results with TNP-ATP are to be correctly
interpreted with respect to how ATP binds to proteins.
More work using x-ray crystallography would be useful
to understand exactly how TNP-ATP binds to the bind-
ing pockets of various proteins. Additionally, it will
always be important to see under what conditions
TNP-ATP can be completely competed out of a protein
binding site by ATP. Few of the experiments reviewed
here provided convincing evidence that ATP addition
can fully displace TNP-ATP, as would be shown by a
complete return to both the fluorescence intensity
and peak wavelength exhibited by TNP-ATP in solution
before the addition of protein. It is hoped that future
research using TNP-ATP will become even more
powerful through understanding the limitations as
well as the potential of TNP-ATP as a probe of ATP
binding sites.
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