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Abstract On binding to myosin subfragment 1 (S1), the
QQ-amido derivative of ATP (ATPQQNH2), an isomer of adenosine
5PP-[LL,QQ-imido]-triphosphate (AMPPNP), induces a larger in-
crease in the intrinsic (tryptophan) fluorescence than is seen with
ATP. A binding constant of 1.7UU107 M31 was measured for
ATPQQNH2, compared to 2.1^2.4UU107 M31 for AMPPNP.
ATPQQNH2 was hydrolyzed only very slowly by S1. ATPQQNH2
appears to stabilize the ‘closed’ conformation of S1, and does so
without cleavage of the LL^QQ phosphate bond. The dissociation of
actin-S1 by ATPQQNH2 and that of S1.ATPQQNH2 by actin are
both strikingly slow. ß 2002 Federation of European Biochem-
ical Societies. Published by Elsevier Science B.V. All rights
reserved.
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1. Introduction

ATP analogs have played a major role in the investigation
of the molecular mechanism of muscle contraction. Di¡erent
states of myosin subfragment 1 (S1) are signalled by changes
in its intrinsic £uorescence, re£ecting changes in the environ-
ment of tryptophan residues within the protein [1^5]. Much
interest is currently focussed on two crystallographically iden-
ti¢ed states (‘open’ and ‘closed’; see [4]) and on how the
transition between them is related to the cleavage step in
ATP hydrolysis. The closed form has higher £uorescence,
achieved particularly when the products of ATP hydrolysis
(ADP.Pi) are bound. Q-Amido adenosine 5P-triphosphate
(ATPQNH2) is an isomer of adenosine 5P-[L,Q-imido]-triphos-
phate (AMPPNP) that was ¢rst described over 20 years ago
[6]. We show here that the complex of myosin with ATPQNH2

has a £uorescence even higher than that seen with ATP
(ADP.Pi) bound, providing especially direct evidence that hy-
drolysis is not required for the high-£uorescence state.

2. Materials and methods

ATPQNH2 was prepared using the reaction of adenosine-5P-trime-
taphosphate with ammonia/water by analogy with [7]. The nucleotide
was puri¢ed by chromatography on a Super Q (TosoHaas) and/or a
DEAE Sephadex column (Pharmacia) using triethylammonium bicar-
bonate bu¡er; the latter was removed from collected fractions by
evaporation under vacuum, followed by addition of methanol and
repeated evaporation, if necessary several times. 2P(3P)-O-(N-Methyl-
anthraniloyl)-adenosine 5P-triphosphate (mantATP) was prepared ac-
cording to [8]. Nucleotides were analyzed by reversed phase high
pressure liquid chromatography (HPLC). S1 from rabbit and chicken
skeletal muscle and rabbit actin were prepared as described [9,10].

For slow £uorescence measurements an SLM 8000C £uorimeter was
used, with an excitation wavelength for tryptophan £uorescence of
302^305 nm and an emission wavelength of 342 nm. Stopped £ow
experiments were performed on a Hi-Tech SF-61DX2 instrument, us-
ing a 75 W Xe/Hg lamp and a monochromator; intrinsic £uorescence
was excited at 295 nm and mant-nucleotide £uorescence (via energy
transfer from tryptophan) at 288 nm and emission was detected using
WG320 and KV389 ¢lters respectively. Light scattering was measured
at 364 nm. Curves were ¢tted using the software provided with the
stopped £ow instrument or the program ‘Origin’. Temperature-jump
£uorescence measurements were made as described [11].

The slow £uorescence measurements described refer to rabbit
muscle chymotryptic S1A1. S1A2, chicken muscle S1 and papain S1
behaved essentially similarly. Stopped £ow experiments were done
with rabbit muscle S1A1 or S1A2. The S1 concentration (after mix-
ing) was 1 WM in all £uorescence experiments. Light scattering was
measured with 5 or 2.5 WM actin/S1. All measurements were done in
TP bu¡er (30 mM Kþ, 70 mM propionic acid, Tris (about 55 mM),
2 mM MgCl2, pH 7.8, 0.02% NaN3) at 20‡C except where otherwise
stated. This bu¡er was also used with 12 mM MgCl2. The modifying
group at the Q phosphate in ATPQNH2 may in£uence the binding
of Mg2þ ions. The analogous Q-amido-guanosine 5P-triphosphate
(GTPQNH2) binds Mg2þ with a Kass of 0.82 mM31 obtained by iso-
thermal titration calorimetry [12]; unphysiologically high Mg2þ levels
(s 10 mM) are necessary in order to approach a saturation of
ATPQNH2 with Mg2þ. For stopped £ow measurements, traces of
ATP and ADP were removed by treatment of a 100 mM solution
of ATPQNH2 in TP bu¡er with 2 U/ml of alkaline phosphatase (calf
intestine, Roche) for 1 day at room temperature. In some of the
experiments the stock solution of ATPQNH2 was supplemented with
a stoichiometric amount of MgCl2.

3. Results

3.1. Fluorescence measurements
The binding of ATPQNH2 to S1A1 led to an approximately

30^32% increase in the intrinsic £uorescence of the protein
when measured at an excitation wavelength of 295 nm. The
corresponding value for ATP was 26%. For both nucleotides,
the £uorescence (FMN) relative to that of S1 alone (FM) varied
signi¢cantly with excitation wavelength, peaking at 302^305
nm, and the percentage di¡erence between the two nucleotides
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was also maximal here (Fig. 1A). The absolute signal at this
wavelength, however, was less than 30% of its level at 295 nm.
The £uorescence intensity with ATPQNH2 bound was studied
as a function of temperature from 3 to 30‡C, using MOPS
bu¡er as in [11] because of the lower temperature sensitivity of
its pH. The plot (Fig. 1B) coincided with that for the
M.ADP.AlF3

4 complex at higher temperatures and deviated
slightly at lower temperatures; also shown are the plot for
ATP, which lay lower and curved downwards markedly in
the cold, and the strikingly £at plot seen with AMPPNP.

3.2. Hydrolysis
The enzymatic hydrolysis of ATPQNH2 by S1 (10 WM) was

measured using HPLC over a concentration range of 20 WM^
2 mM in TP bu¡er and under slightly di¡erent conditions (pH
6.8, 8 mM Mg2þ ; up to 100 mM KCl). A constant rate of
2^3U1034 s31 was found. The total ADP (bound+free) at the
¢rst measured time-point (15 s) was, within the accuracy of
the measurements, as expected for a linear rise from zero; any
‘burst’ must be less than 3% of the bound nucleotide, so that
s 97% of sites were occupied with an unsplit phosphate chain.
The hydrolysis was slower in the presence of actin, particu-
larly at low actin concentrations: e.g. 0.2U1034 s31 with 10
WM actoS1 and 20 WM ATP. ATPQNH2 was cleaved only very
slowly by alkaline phosphatase (0.1^0.2 Wmol U31 h31), pro-
viding a way of removing traces of ATP from ATPQNH2 so-
lutions.

ATPQNH2 has a non-negligible rate of spontaneous hydro-
lysis, which however was still much lower than the enzymatic
rate. The primary hydrolysis product is ATP. At a pH above
7 (e.g. TP bu¡er) 1^2% of the nucleotide was split within 10
days at room temperature. The hydrolysis was faster at lower
pH: in 0.1 M MES bu¡er (pH 6.35) and in 0.1 M KH2PO4

(pH 4.4) the corresponding values were 7.3% and 85% respec-
tively over 10 days.

3.3. Stopped £ow experiments
In stopped £ow experiments, mixing ATPQNH2 and S1

(1 WM) led to an increase in £uorescence which could be ¢tted
to a single exponential. The observed rate constant varied
linearly with ATPQNH2 concentration up to about 150 WM.
The amplitude did not vary signi¢cantly between the lowest
ATPQNH2 concentration tested (10 WM) and about 400 WM.
Higher concentrations led to a small decrease in amplitude.
Sometimes the £uorescence signal displayed a second, much
slower phase of low amplitude. This e¡ect may be related to
the slow release of inorganic pyrophosphate (PPi) present as a
contaminant in some S1 preparations, and could be induced
in other S1 samples by addition of traces of PPi.

Because of the low a⁄nity for Mg2þ, attention was paid to
the Mg2þ concentration in these experiments. From a plot of
the observed rate constant versus ATPQNH2 concentration, a
second order rate constant of 0.6 þ 0.2U105 M31 s31 was
calculated (n = 10). In a 12 mM Mg2þ TP bu¡er this value
was slightly higher (0.74 þ 0.02U105 M31 s31 ; n = 4). For
comparison, measurements with AMPPNP under identical
conditions (except for 2 mM Mg2þ) yielded an apparent bind-
ing rate of 1.7^1.9U105 M31 s31.

The dissociation rate of ATPQNH2 from myosin was mea-
sured by displacement of ATPQNH2 from S1 with mantATP
(2 WM ATPQNH2/100 WM mantATP) or PPi (at least a 50^
100-fold excess over ATPQNH2) using either the stopped £ow

or the SLM instrument. Dissociation rates of 3.8U1033 s31

and 4.6U1033 s31 were found with PPi and mantATP respec-
tively. The corresponding values for AMPPNP were
7.9U1033 s31 and 8.1U1033 s31 respectively. Using the value
at high Mg2þ concentration, a binding constant of 1.7U107

M31 was calculated for ATPQNH2. The value for AMPPNP
(at 2 mM Mg2þ) was 2.1^2.4U107 M31.

These binding constants were compared with results ob-
tained by measuring the £uorescence of S1 in the presence
of ATPQNH2 with various amounts of AMPPNP added.
The ratio [S1.ATPQNH2]/[S1.AMPPNP] (obtained from the
£uorescence values) and the ratio [ATPQNH2]/[AMPPNP] in
the solution gave a value for KATPQNH2 /KAMPPNP of about 0.1
at 2 mM Mg2þ and 0.5 þ 0.2 at 12 mM Mg2þ, showing that
the nucleotide was not saturated with Mg2þ under all condi-
tions. A similar experiment led to a value of 0.15 for
KATPQNH2 /KPPi , thus justifying the use of PPi in the displace-
ment experiments.

3.4. Temperature-jump experiments
From temperature-jump experiments it is known that S1

Fig. 1. Fluorescence properties of rabbit S1A1^nucleotide com-
plexes. A: Quotient of the excitation spectra of S1^nucleotide com-
plexes and nucleotide-free S1, for the complex with ATPQNH2 (100
WM) and for the complexes present during steady-state hydrolysis of
ATP at 20‡C (each curve is the average of ¢ve measurements).
Emission wavelength 342 nm. B: Temperature-dependence of the
£uorescence intensity for S1 in the presence of 100 WM ATPQNH2
(crosses), 500 WM ADP, 10 mM KF and 1 mM AlCl3 (circles),
1 mM ATP (squares) and 200 WM AMPPNP (triangles) (all relative
to that for nucleotide-free S1); bu¡er composition 70 mM potassi-
um propionate, 12 mM MOPS, 2 mM magnesium acetate, 1 mM
NaN3, 5 mM dithioerythritol, pH 7.0. Excitation wavelength 302
nm, emission 342 nm.
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with AMPPNP bound exhibits a rapid equilibrium (d= 0.1 ms
[11]) between a high- and a low-£uorescence state. Corre-
sponding experiments with ATPQNH2 under the same condi-
tions did not display any relaxation process between 3 and
30‡C (not shown).

3.5. Dissociation of actoS1 by ATPQNH2

The dissociation of acto S1 by ATPQNH2 was investigated
in several series of stopped £ow experiments by light scatter-
ing. It was expected that high Mg2þ would be needed, but that
it would cause problems due to aggregation (e.g. formation of
actin paracrystals). The bu¡er for these experiments contained
12 mM Mg, plus an amount of Mg equal to the ATPN con-
centration. ATPQNH2 induced approximately the expected ex-
ponential decrease in light scattering. This phase was fol-
lowed, within 5^10 min, by a slow increase in the signal at
nucleotide concentrations up to about 1 mM (Fig. 2). At
higher nucleotide concentrations this increase was not visible
within the observation time (up to 15 min); instead, a slow
linear decline was seen. Dissociation rates (kobs) obtained by
¢tting a single exponential to the initial fall of the scattering
curve are shown in Fig. 2 (insert) and are for orientation only.
The rate constant approached a range of 0.6^0.8 s31 at the
highest concentration tested (37 mM ATPQNH2). The disso-
ciation of actoS1 was complete at about 3 mM ATPQNH2

with 5 WM or 2.5 WM actoS1 (based on the e¡ect of ATP
under identical conditions). Corresponding experiments using
AMPPNP (2 mM Mg2þ) led to a maximal value for the dis-
sociation rate constant in the range 12^20 s31, essentially in
agreement with published data [13].

The converse measurement of light scattering on mixing 2.5
or 5 WM actin with S1.ATPQNH2 (2 mM Mg2þ, 18 or 300 WM
ATPQNH2) gave a kobs of 0.005^0.008 s31 at a 1:1 ratio of
actin to S1 (n = 3); this value was unchanged at 12 mM Mg2þ

(0.005 and 0.006 s31). With a 10-fold molar excess of actin,
values of 0.02 and 0.03 s31 were found.

The association constant (Kass) for the binding of
ATPQNH2 to actoS1 was estimated using stopped £ow by
mixing about 20 WM ATP with actoS1 and various concen-
trations of ATPQNH2 (at 2 mM Mg2þ) using the equation

kobs = ko/(1+[N]Kass) [14]. A value of 0.7 þ 0.3U103 M31

(n = 5) was found.

4. Discussion

High £uorescence of myosin S1 was originally interpreted
as due to a conformation speci¢c to the M.ADP.Pi complex
with a cleaved L^Q bond [2]. More recent evidence [5,11] sup-
ports the suggestion [4] that the £uorescence rise is not due to
cleavage itself but to a conformational change which precedes
cleavage and is required for it, and that the change is from the
‘open’ to the ‘closed’ form. For a number of ligands, the two
conformations appear to be in equilibrium. With AMPPNP
the equilibrium constant was close to 1, rising signi¢cantly
with temperature; for the complexes present during steady-
state hydrolysis of ATP, the average occupancy of the closed
state may be less than 100% even at high temperature, and
falls greatly in the cold. The high £uorescence form was most
strongly stabilized in the M.ADP.AlF3

4 complex [11]. The
present results demonstrate for the ¢rst time the ability of
an adenine nucleotide with an uncleaved triphosphate chain
to stabilize a high-£uorescence state of S1. The £uorescence
with ATPQNH2 bound was comparable to that of
M.ADP.AlF3

4 over the temperature range studied and no
temperature-jump transient was seen. The simplest interpreta-
tion of our results is that the closed form predominates un-
usually strongly in M.ATPQNH2 also; however, it is conceiv-
able that an alternative high-£uorescence conformation exists,
and studies using other spectroscopic signals (e.g. [15]) are
needed. If crystals of S1 with ATPQNH2 bound can be ob-
tained, comparison of the atomic structure with that for
AMPPNP [16] may suggest why these analogs stabilize di¡er-
ent conformations.

In stopped £ow experiments the magnitude of the £uores-
cence rise did not vary signi¢cantly within the range 10^400
WM ATPQNH2, indicating that even at the lowest concentra-
tion the protein was saturated with the nucleotide. The £uo-
rescence rise resembled that for AMPPNP in showing only a
single phase, which we interpret as re£ecting the second step
in the binding reaction: M+NHMNCMN** [3]. From the
stopped £ow experiments, the binding constant of ATPQNH2

to S1 (about 1.7U107 M31) was only slightly smaller than
that found for AMPPNP (2.3U107 M31). The latter agrees
well with values in the literature measured under slightly dif-
ferent conditions (3^4U107 M31 [13]). The value of KATPQNH2 /
KAMPPNP obtained by kinetic measurements (0.7) agrees, with-
in the likely limits of error, with that from equilibrium mea-
surements at 12 mM Mg2þ (0.5). These results gave evidence
of the low a⁄nity of ATPQNH2 for Mg2þ.

It is not yet known whether the primary enzymatic cleavage
step is the hydrolysis of the amide group or the cleavage of
the L^Q phosphate bond to yield inorganic amidophosphate.
In nuclear magnetic resonance studies of the enzymatic hy-
drolysis of the analogous GTPQNH2 by p21, which in some
respects resembles myosin, no amidophosphate could be de-
tected [12]. The inhibition of the enzymatic cleavage of
ATPQNH2 by actin would result from the binding of myosin
to actin if only unbound myosin is enzymatically competent.

The need to use high Mg2þ concentrations introduced an
uncertainty in light scattering experiments involving actin:
high Mg2þ induces the bundling of actin ¢laments, and pos-
sibly of actomyosin ¢laments also, and resulted in variable

Fig. 2. Light scattering signal on mixing 2.5 WM actomyosin with
0.74 mM ATPQNH2 ; a single exponential is ¢tted to the initial part
of the signal, with a rate constant of 0.096 s31. Inset: observed rate
constants for the series of ATPQNH2 concentrations.
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ionic strengths. Further measurements are required to take
account of these e¡ects.

The interaction of ATPQNH2 with actomyosin suggests
comparison with AMPPNP and ADP [13,17,18]. The ability
of a nucleotide to dissociate actomyosin does not depend on
its absolute a⁄nity for actomyosin or myosin but on its rel-
ative a⁄nities for myosin and for actomyosin. AMPPNP dis-
sociates AM signi¢cantly better than ADP does, but far less
well than ATP (ADP.Pi). The extent of dissociation by satu-
rating concentrations of ATPQNH2 is not given reliably by
our present data, but is probably close to that of AMPPNP.
Both the dissociation reaction and the reassociation of
M.ATPQNH2 with actin are however strikingly slow: they
are probably too fast to proceed entirely by dissociation of
AM to A+M or of MN to M+N, and the ternary complexes
AMN and A-MN (see [4]) are therefore involved. An interest-
ing possibility is that the ternary complex A-M.ATPQNH2 is
unfavorable, for reasons related to the high £uorescence of
M.ATPQNH2 : for example, if the closed conformation is in
some way incompatible with binding of myosin to actin.
Moreover, the stabilization of the closed conformation by a
nucleotide which binds much less tightly than ATP is notable,
and requires explanation in terms of the atomic structure. The
properties of ATPQNH2 thus raise important questions for
understanding actomyosin and perhaps other systems.

Acknowledgements: We thank G. Helmig for preparing proteins, M.
Geeves for help at various stages in this work, and K. Holmes for
support.

References

[1] Werber, M.M., Szent-Gyo«rgyi, A.G. and Fasman, G.D. (1972)
Biochemistry 11, 2872^2883.

[2] Bagshaw, C.R. and Trentham, D.R. (1974) Biochem. J. 141, 331^
349.

[3] Bagshaw, C.R., Eccleston, J.F., Eckstein, F., Goody, R.S., Gut-
freund, H. and Trentham, D.R. (1974) Biochem. J. 141, 351^
364.

[4] Geeves, M.A. and Holmes, K.C. (1999) Annu. Rev. Biochem. 68,
687^728.

[5] Ma¤lna¤si-Csizmadia, A., Woolley, R.J. and Bagshaw, C.R. (2000)
Biochemistry 39, 16135^16146.

[6] Mishenina, G.F., Samukov, V.V. and Shubina, T.N. (1979) Bio-
org. Khim. 5, 886^894.

[7] Grachev, M.A., Dobrikov, M.I., Knorre, V.D., Pressman, E.K.,
Roschke, V.V. and Shishkin, G.V. (1983) FEBS Lett. 162, 266^
269.

[8] Hiratsuka, T. (1983) Biochim. Biophys. Acta 742, 496^508.
[9] Margossian, S.S. and Lowey, S. (1973) J. Mol. Biol. 74, 301^311.

[10] Spudich, J.A. and Watt, S. (1971) J. Biol. Chem. 246, 4866^4871.
[11] Urbanke, C. and Wray, J. (2001) Biochem. J. 358, 165^173.
[12] Stumber, M., Herrmann, C., Wohlgemuth, S., Jahn, W. and

Geyer, M., Eur. J. Biochem. (submitted).
[13] Konrad, M. and Goody, R.S. (1982) Eur. J. Biochem. 128, 547^

555.
[14] Siemankowski, R.F. and White, H. (1984) J. Biol. Chem. 259,

5045^5053.
[15] Shih, W., Gryczynski, Z., Lakowicz, J.R. and Spudich, J.A.

(2000) Cell 102, 683^694.
[16] Gulick, A.M., Bauer, C.B., Thoden, J.B. and Rayment, I. (1997)

Biochemistry 36, 11619^11628.
[17] Trybus, K.M. and Taylor, E.W. (1982) Biochemistry 21, 1284^

1294.
[18] Geeves, M.A. (1989) Biochemistry 28, 5864^5871.

FEBS 26043 26-4-02

J. Wray, W. Jahn/FEBS Letters 518 (2002) 97^100100


