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Interaction of Actin with Analogs of Adenosine Triphosphate? 

Roger Cooke* and Linda Murdoch 

ABSTRACT: We have studied the binding to actin of an analog 
of adenosine triphosphate, adenylyl imidodiphosphate (AMP- 
PNP), in which a NH replaces the terminal bridge oxygen. 
This analog will bind to a number of ATPases without being 
hydrolyzed. The ability of AMP-PNP to bind to G-actin was 
assayed by three methods: competitive binding with a spin- 
labeled nucleotide, protection against denaturation, and 
direct isolation and characterization by chromatography 
of the nucleotide bound to polymerized actin. All threemethods 
indicated that AMP-PNP will bind to actin, and that the 
affinity constant was severalfold weaker than that of ADP. 

A ctin is a globular protein of molecular weight 45,000 
which is capable of polymerizing into a double-stranded poly- 
mer. This polymer forms the backbone of the thin filaments 
in a muscle fiber, and its interaction with myosin in the pres- 
ence of ATP is known to produce the force of contraction. 
The actin monomer, known as G-actin, binds one nucleo- 
tide and one divalent cation. In G-actin the nucleotide can 
be either a di- or triphosphate and rapidly exchanges with 
unbound nucleotides in the medium. The nucleotide of F- 
actin exchanges with external nucleotides at a rate which is 
many orders of magnitude smaller than the rate seen in the 
case of G-actin. When G-actin with bound ATP is polymerized 
to F-actin, the ATP is dephosphorylated; and the nucleotide 
found in the polymer, or in the thin filament of a muscle, is 
always ADP. Although it has been the center of a number of 
studies (for a recent review, see Oosawa and Kasai, 1971), 
the only known role of the actin nucleotide is to stabilize the 
structure of G-actin. G-actin, but not F-actin, will denature 
quickly if the nucleotide is removed. 

When G-actin . ATP polymerizes, the dephosphorylation 
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G-actin which contains bound AMP-PNP can polymerize 
to F-actin without the nucleotide dephosphorylation which 
commonly occurs during polymerization. G-actin. AMP- 
PNP polymerizes at the same rate as G-actin.ATP, and both 
polymerize faster than G-actin. ADP. Sonication of the F- 
actin polymer showed that the stability of its structure was 
not altered when the bound ADP was replaced with AMP- 
PNP. The above results suggest that the energy of dephos- 
phorylation, liberated during the polymerization of actin, 
is not used to facilitate the polymerization. 

of the ATP should provide about 7 kcal/mol of useful energy. 
There have been two popular theories about the actin nucleo- 
tide and the fate of the energy of dephosphorylation. One 
theory contends that the nucleotide is used during muscle 
contraction, while the other holds that it is used in the regula- 
tion of the polymerization process, possibly to stabilize the 
polymer. The contraction hypothesis rests largely on the data 
of Szent-Gyorgyi and Prior (1966) who showed that some 
exchange of the F-actin nucleotide occurred when actin in- 
teracted with myosin in the presence of ATP to superpre- 
cipitate. However, the significance of this result has been ques- 
tioned by other workers who claim that the nucleotide ex- 
change is not related to superprecipitation (Moos et al., 1967). 
It has also been shown that nucleotide-free actin can interact 
with myosin, both in the activation of myosin ATPase and 
in superprecipitation (Barany et al., 1966). The second theory, 
which holds that the nucleotide is present to regulate or pro- 
mote polymerization, is very attractive since the nucleotide 
dephosphorylation occurs during polymerization. Although 
the nucleotide is not necessary for polymerization as shown 
by the fact that nucleotide-free G-actin can form a polymer 
(Barany et al., 1966), G-actin. ATP polymerizes faster than 
G-actin. ADP (Hayashi and Rosenbluth, 1960). This result 
has been interpreted as evidence that the energy of the ATP 
dephosphorylation is used to facilitate the polymerization. 

To investigate the role of the actin nucleotide further we 
have used an analog of ATP in which an NH grouping re- 
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using a medium containing 1.0 M LiCl and 10 mM Tris (pH 
9.0). Electron paramagnetic resonance (epr) spectra were 
taken on a Varian E-3 using a 1 G modulation amplitude 
at  a power of 100 mW. Viscosity was measured in an Ostwald 
viscometer with a buffer flow time of 70 sec. Sonication was 
done in a Bronwill Biosonik at  25". 

t '  
1 , l  I l l  

0 5  I 0  0 

Nucleotide Conc. ( m M )  

FiCiuRE 1 : The amount of NSL-TP (a spin-labeled analog of ATP) 
that is bound to G-actin in competition with an added nucleotide 
is shown as a function of the concentration of the added nucleotide. 
The amount of bound NSL-TP was determined by peak heights 
in the electron paramagnetic resonance spectrum. The inital G- 
actin concentration was 7.3 X 10-5 M (assuming the mol wt = 
45.000). the initial NSL-TP concentration was 8.2 X M of 
which 7 . 2  X M was bound to the actin. Aliquots of 1 mM 
ATP (0). 2 mM ADP (O), or 5 mM AMP-PNP (a) were added to 
give the final concentrations shown. The solid lines were calculated, 
assuming simple competitive binding and were fit by eye by varying 
the ratio of the binding constants: &ucieotlde/KNSL-TP. 

places the bridge oxygen between the P,y-phosphates (Yount 
et a/., 1971a). This analog (AMP-PNP)' has a structure similar 
to ATP; however, it cannot be hydrolyzed by most ATPases 
(Yount et a/., 1971 b). Thus the analog can be used to simulate 
and hold a state in an enzyme system in which ATP has bound 
to its site but has not been hydrolyzed. 

Using this analog we have produced a F-actin polymer 
which contains a bound P, y-imido nucleotide triphosphate, 
and we have found that it has the same stability toward sonica- 
tion as F-actin containing ADP. In addition, G-actin . AMP- 
PNP polymerizes a t  the same rate as G-actin.ATP. These 
results suggest that dephosphorylation of the actin nucleotide 
plays no active role in the polymerization process. 

Materials and Methods 

Actin was prepared from an  acetone powder by the method 
of Spudich and Watt (1971). Protein was determined by opti- 
cal density at  280 or 290 nm using extinction coefficients of 
1.10 (1.18) and 0.63 (0.67), respectively, for G-actin (F-actin). 
The nucleotide spin label was prepared by the method of 
Cooke and Duke (1971). AMP-PNP was purchased from 
ICN; AMP-CPP and AMP-PCP were purchased from Pabst 
Laboratory; AMP-PNH2 was isolated by DEAE chromatog- 
raphy as a by-product of the procedure which is commonly 
used for the synthesis of AMP-PNP (Yount et a/., 1971a). 
All nucleotides used ran as a single spot when chromato- 
graphed on Brinkman cellulose polyethyleneimine (MN 300) 

-~ 

The following abbreviations have been used: AMP-PNP, adenylyl 
imidodiphosphate; AMP-PNH,, adenylyl phosphoramidate; AMP- 
CPP, a,@-methyleneadenosine triphosphate; AMP-PCP, adenylyl- 
methylene diphosphate; NSL, 6-mercapto-N-(l-oxyl-2,2,6-tetramethyl- 
4-piperidinyl)acetamido, a,@-D-ribofuranosylpurine 5'-triphosphate 
(or -diphosphate), when the state of the phosphates have been deter- 
mined this is signified by NSL-TP for the triphosphate form or NSL-DP 
for the diphosphate form. 

Results 

The binding constants of various nucleotides were deter- 
mined by a method involving the competitive binding of a 
spin-label analog of ATP. In this analog the 6 amino group 
of the adenosine ring has been replaced by a thiol linkage to a 
nitroxide spin label (Cooke and Duke, 1971). These workers 
have shown that this nucleotide spin label (NSL-TP) binds 
to G-actin, that the actin polymerization is unhindered by the 
NSL-TP and that F-actin containing NSL-DP is capable of 
superprecipitation. The stoichiometry of the binding is one 
NSL-TP per monomer with concommitant displacement of 
the normally bound ADP or ATP. The NSL-TP exchanges 
rapidly with an external nucleotide when bound to G-actin 
and exchanges only very slowly after the actin has been polym- 
erized. NSL-TP bound to G-actin is hydrolyzed upon polym- 
erization. The electron spin resonance spectrum of the NSL 
in solution shows the three sharp lines which are characteristic 
of nitroxide spin labels with fast rotational relaxation times. 
When the NSL-TP binds to G-actin the spectrum is broadened 
to one characteristic of an immobilized spin label, ;.e., with 
a rotational relaxation time slower than IO+ sec. Polymeriza- 
tion causes no change in the spectrum of the bound NSL. 

The electron spin resonance spectrum of the bound NSL 
shows a broad peak at  low field which has very little overlap 
with a sharp peak of the free NSL which occurs at a slightly 
higher magnetic field. Thus the amplitudes of these two peaks 
can be used to quantify the amount of bound or free NSL 
in a sample containing actin and other nucleotides. Although 
the spectrum which is observed is the first derivative of the 
absorption, a peak height is still proportional to the concen- 
tration of the species responsible for that peak if no change 
in peak shape occurs, and this condition is fulfilled in the 
above case. 

The NSL-TP was incorporated into G-actin by homog- 
enizing an F-actin pellet in a solution of 0.1 mM NSL-TP, 
0.1 mM MgCI2, and 5 mM Tris (pH 8.0) (final actin concentra- 
tion, 2-3 mg/ml>. Excess nucleotides were next removed by 
passage through a Dowex 1 column. The resulting solution 
of G-actin was shown to contain one NSL-TP per actin mono- 
mer within experimental accuracy (10Z) by the peak ampli- 
tude in the electron spin resonance spectrum, and by the opti- 
cal density at 282 nm following protein precipitation with 
perchloric acid. 

Aliquots of various nucleotides (1-5 mM in 0.1 mM MgC1, 
and 5 mM Tris (pH 8.0)) were added to samples of G-actin. 
NSL-TP or G-actin'NSL-DP (usually around 2 mgiml), and 
the amount of NSL exchanged by the added nucleotide was 
estimated from the electron spin resonance spectrum. The 
amount of NSL displaced as a function of the concentration 
of the added nucleotide is shown in Figure 1 for several nucleo- 
tides. Addition of ATP causes a greater displacement of the 
NSL than does an equal concentration of added ADP. This 
is to be expected because the affinity of the nucleotide site 
for ATP is approximately 30-100 times greater than for ADP 
(Seidel, 1967). The addition of AMP-PNP caused less NSL 
displacement than did addition of ADP indicating that the 
affinity of actin for AMP-PNP is weaker than for ADP. Ad. 
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TABLE I: Binding Constants for Various Nucleotides.' 05r 

ATP 
ADP 
AMP-PNH2 
AMP-PNP 
AMP-CPP 
AMP-PCP 
AMP 

>2 
0.25 
0 .20  
0.08 
0.04 
0.04 

-10-4 

ATP 
ADP 

GTP 
AMP-PNP 

>5  
0 . 9  
0 . 2  
0 .1  

' The binding constants of G-actin for various nucleotides 
are listed relative to the binding constant for either NSL-TP 
or NSL-DP. The values listed are obtained by competitive 
binding of the nucleotide with the appropriate form of the 
nucleotide spin label, as shown in Figure 1. 

dition of 10 mM AMP caused only 30% NSL displacement, 
corresponding to the extremely weak affinity of actin for 
AMP. 

Assuming that the binding of each nucleotide is described by 

where N i  = ith nucleotide and Ki its binding constant; and 
assuming that the free actin concentration [A] is negligible 
one can calculate the curves expected in Figure 1. 

The solid lines in Figure 1 were fitted by eye using the ratio 
of K~/KNsL as the only independent variable. Table I sum- 
marizes the values of Kt/KNSL which were found to give the 
closest fit to the data. This method is not sensitive when the 
binding constant of the added nucleotide is equivalent to or 
exceeds that of the nucleotide spin label, so that the values 
for the relative binding constant of ATP shown in Table I 
are only lower limits. The binding of ADP is found to be 
three times stronger than AMP-PNP when measured by com- 
petition with a NSL-TP and 4.5 times stronger when mea- 
sured by competition with a NSL-DP; these two values are 
probably equal within experimental error. The important 
point is that AMP-PNP binds to G-actin, but it binds more 
weakly than does ADP. Since ADP binds from 30 to 100 
times more weakly than ATP (see Oosawa and Kasai, 1971), 
AMP-PNP binds with an affinity that is approximately 100- 
200 times weaker than that of ATP. The other analogs, AMP- 
PCP and AMP-CPP, bind even more weakly than AMP- 
PNP. The binding constant for AMP-PNH,, on the other 
hand, closely resembles that of ADP. The pH dependence 
of the binding was not systematically studied, however, it 
was determined that the binding of the AMP-PNP was several 
fold weaker at pH 7.0 and became stronger as the pH was 
increased up to pH 8.5 (higher pH's were not studied). This 
behavior is consistent with the data of Yount et al. (1971a) 
who found that the pK of the terminal phosphate was 7.9. 

When G-actin loses its nucleotide it quickly denatures to 
a form which is incapable of rebinding nucleotide or of polym- 
erizing (Asakura, 1961). Figure 2 shows the loss of polym- 

- 
IO 20 30 40 50 

Minutes 

FIGURE 2 :  The denaturation of G-actin at 25" in the presence of 
various nucleotides was determined by measuring its ability to 
polymerize upon addition of salt. The specific viscosity of the poly- 
mer, measured 15 min after addition of 0.1 M KCl, is shown as a 
function of the time at which the salt was added. The G-actin 
(0.46 mg/ml) was incubated with: 0.1 mM MgCle and 5 mM Tris 
(pH 8.0) (0); the above + 0.2 mM ATP (0); the above + 0.25 mM 
ADP, (A); the above + 1 mM AMP-PNP (0). 

erizability as a function of time for G-actin in the presence 
of ATP, ADP, and AMP-PNP. The ATP excess, coupled 
with its strong binding constant, protects the actin completely; 
while the smaller binding constants of either ADP or of AMP- 
PNP allow a slow denaturation to occur. Assuming that the 
binding constant of AMP-PNP for actin is four times weaker 
than that of ADP, the concentration of AMP-PNP was ad- 
justed to give roughly equal amounts of free actin in the ADP 
and AMP-PNP samples in Figure 2. As shown this resulted 
in approximately equal denaturation rates for these two sam- 
ples. When no nucleotide is added to the sample, the de- 
naturation rate is very rapid as is also seen in Figure 2. 

G-actin can be obtained with either a diphosphate or tri- 
phosphate as the bound nucleotide. However, the nucleotide 
of F-actin has previously always been found to be a diphos- 
phate. To answer the question of whether the dephosphoryla- 
tion of the G-actin bound ATP was obligatory upon polym- 
erization, G-actin . AMP-PNP was polymerized by addition 
of salt. The extent of polymerization of actin.AMP-PNP was 
checked by viscosity and sedimentation. ATP, ADP, and 
AMP-PNP (all 0.5 mM) were added respectively to three sam- 
ples of G-actin in 0.1 mM MgCl, 0.1 mM dithiothreitol, and 
5 mM Tris (pH 8.0). Polymerization was quickly induced by 
addition of 0.1 M KCl, and its extent was checked after a 0.5-hr 
incubation at room temperature. The viscosities of the three 
polymerized samples were identical within + 2  %, showing 
that the extent of actin polymerization was the same for the 
three different bound nucleotides. The samples were next 
spun at 78,OOOg for 3 hr and the absorbance at 280 nm of the 
supernatant was checked to determine the amount of unpolym- 
erizable actin left in solution. All three samples showed less 
than 5 actin remaining unpolymerized. Thus the presence 
of the AMP-PNP on the G-actin did not hinder the extent 
of polymerization. 

Chromatography on polyethylenimine was used to make a 
direct check of the nature of the bound nucleotide of F-actin 
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TABLE 1 1 :  R F  Values of Nucleotides." 
- -  - _ _  - 

Nucleotide RF1' 

ATP 0 04 
ADP 0 21 
AMP 0 46 
AMP-PNP 0 14 
AMP-PNH 2 0 24 
Isolated from actin 0 14 

' Nucleotides were chromatographed on cellulose poly- 
ethylenimine. The RF values are shown for various nucleotides 
and for nucleotide isolated from F-actin which had been 
polymerized from G-actin. AMP-PNP. All values 10.02. 

- -  - ~ - _ _  

~ _--__ - _  

N 
m N 

CI 
0 

Seconds 

F I C ~ U R E  3 :  The rate of G-actin polymerization is shown for G-actin 
having bound ADP (1); bound ATP (0); and bound AMP-PNP 
(0). The solution contained 0.7 mg/ml of actin. 0.1 m>f MgCI2, 0.1 
mM dithiothreitol. 5 r n M  Tris (pH KO), and 0.5 mil ADP or AMP- 
PNP. The sample with bound ATP was obtained by addition of 0.2 
r n M  ATP to the AMP-PNP sample. Polyinerization was followed 
by the change in optical density which occurs at 232 nm. 15 mp\.i 
KCI and 0.5 mh4 MgCL were added at time zero. 

polymerized from G-actin AMP-PNP. G-actin (1.5 mg!ml) 
was incubated in 2.5 mM AMP-PNP, 0.1 mkf MgC12, and 5 
mhi Tris (pH 8.0) for several minutes on ice, polymerized by 
addition of 100 mhi KCI, diluted fivefold with 100 mM KCI, 
and sedimented by centrifugation. The F-actin pellets were 
homogenized in N H 4 0 H  (pH 12) to release the nucleotide 
and adjusted to p H  9 with acetic acid to precipitate the de- 
natured protein. The nucleotide content of the actin sample 
was checked by determining the nucleotide content from the 
optical density at 258 nm. The ratio of nucleotide to actin 
monomer was found to be 0.9. The sample was then concen- 
trated on a vacuum evaporator and chromatographed. The 
results given in Table I1 show that good separation of AMP- 
PNP from 4TP,  ADP, or AMP-PNH2 can be achieved. The 
nucleotide isolated from F-actin ran as a single spot with an 
RF value identical with that of AMP-PNP. In addition, a mix- 
ture of this nucleotide and AMP-PNP ran as a single spot. 
If the concentration of AMP-PNP in the G-actin medium 
was lower a second spot appeared which had a RI;. value of 
0.23. Although ADP and AMP-PNH? cannot be distinguished 
from one another, this second nucleotide is assumed to be 
ADP. Assuming that the ADP concentration in the reaction 
mixture was one ADP per actin monomer and assuming that 
the binding constant of ADP is four times that of AMP-PNP, 
one can calculate the amount of AMP-PNP expected to be 
bound to the actin. Although the estimation of nucleotide 
content by spot intensity is qualitative at  best, the results ob- 
tained are in rough agreement with those expected. In sum- 
mary, the results of the polyethyleneimine chromatography 
show that: (a) AMP-PNP is incorporated into F-actin, (b) 
that it is not hydrolyzed and, (c) that the amount of binding 
is in rough agreement with the amount expected from the 
NSL exchange experiments. 

The fact that G-actin . ADP polymerizes more slowly than 
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G-actin. ATP has led to the speculation that the energy of de- 
phosphorylation, released during polymerization, may be 
used to facilitate the polymerization. If this conclusion were 
true one would expect that G-actin. AMP-PNP would polym- 
erize more slowly than G-actin.ATP, since no energy from 
dephosphorylation is available in the former case. The rate 
of polymerization was followed by the method of Higashi 
and Oosawa (1965), who showed that a change in the optical 
density of actin occurs at 232 nm when the actin polymerizes. 
The increase in OD2*, as a function of time following addition 
of salt to G-actin. ADP, G-actin .ATP, and G-actin.AMP- 
PNP is shown in Figure 3. G-actin.ADP, G-actin.AMP- 
PNP, and G-actin . ATP were obtained by homogenizing a 
F-actin pellet in S mM Tris (pH 8.0), 0.1 mM MgClr,  0.1 mM 
dithiothreitol, and 0.5 mh.1 nucleotide. G-actin ,ATP which 
was obtained by addition of 0.2 mM ATP to either of the other 
samples gave results identical with those obtained by addition 
of the ATP alone. The data of Figure 3 show that the rate of 
polymerization of G-actin is the same whether the bound 
nucleotide is ATP or AMP-PNP, and that both these nucleo- 
tides induce a faster rate than does ADP. Thus the faster rate 
of polymerization seen with G-actin.ATP is not a result of 
energy which is derived from the splitting of the ATP. 

Although the above results have shown that an F-actin' 
AMP-PNP polymer can be formed, they do  not exclude the 
possibility that this polymer may differ in structure or stability 
from a polymer containing ADP. To determine the stability 
of the two types of polymers we used the well-known lability 
of F-actin to sonication (Asakura et d., 1963). The nucleotide 
of F-actin, which normally is unexchangeable, becomes ex- 
changeable during sonication, probably due both to breaks 
in the polymer and to changes in the actin-actin bonds. The 
rate of nucleotide exchange during sonication was followed 
by determining the incorporation of the NSL-TP into F-actin 
polymers. 

F-actin was polymerized from G-actin in 1 mM AMP-PNP 
or ATP, sedimented, resuspended, and dialyzed overnight 
against SO m.v KCI, 0.5 mM MgCI, 0.1 m M  dithiothreitol, and 
5 mM Tris (pH 8.0). NSL-TP ( 5  X M) was added and the 
samples were sonicated. The incorporation of the NSL could 
be followed by the increase in the low-field peak in the electron 
paramagnetic resonance spectrum. As shown in Figure 4, 
the amount of NSL-DP which is bound to the actin increases 
with increasing length of sonication but does not depend on 
the nucleotide which was originally incorporated into the 
polymer. This result shows that the structural lability of the 
actin polymer to the mechanical forces of sonication does not 
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depend on whether the bound nucleotide is a diphosphate 
or a @,y-imidotriphosphate. 

Discussion 

When using an analog one must be careful to recognize 
that the properties of the analog may perturb the system in 
some unexpected and undesirable way. The specific question 
of interest here is whether the AMP-PNP is representative 
of ATP in all ways, with the exception that it cannot be split. 
This question cannot be completely resolved but some per- 
tinent information is given below. 

The properties of AMP-PNP have been studied by Yount 
et al. (1971a). The angles and bond lengths of the PNP bond 
are very close to those of the POP bond. It was also found that 
AMP-PNP is capable of binding both Mgn+ and Ca2+ but 
with affinities about twice those of ATP. One difference found 
between ATP and AMP-PNP is that the ionization of the 
terminal phosphate occurs at 7.1 in the former and 7.9 in the 
latter. Because of this difference, these studies were performed 
at pH 8.0, where the majority of the AMP-PNP will carry 
the same charge as ATP. 

A number of enzymatic studies have been made using AMP- 
PNP. It has been shown that it binds to myosin with an af- 
finity constant close to the K,, of the myosin ATPase and 
that it is not cleaved (Yount et a!., 1971b). AMP-PNP will 
also dissociate actomyosin in 0.6 M KCl (Yount et al., 1971b). 
Glycerinated muscle fibers can be relaxed with AMP-PNP 
in a way similar to ATP (dos Remedios et al., 1972). AMP- 
PNP is cleaved by some enzymes which are not specific for 
the @,y-phosphate linkage, i.e., by snake venom phospho- 
diesterase. E. coli alkaline phosphatase is the only enzyme 
found which cleaves the @,r bond of AMP-PNP (Yount et 
a/., 1971a). However, AMP-PNP has been found not to re- 
place ATP on phosphoenolpyruvate synthetase, an enzyme 
which attacks the a,@-phosphate link of ATP (Berman and 
Cohn, 1970). In general, the studies which have been made in- 
dicate that AMP-PNP will bind to ATP sites and that it can- 
not be cleaved by enzymes which hydrolyze only the @,y-phos- 
phate linkage. 

The available evidence indicates that AMP-PNP binds to 
G-actin at the nucleotide site. When actin was incubated with 
AMP-PNP, analysis of the nucleotide content of the resulting 
F-actin showed that within experimental error there was one 
nucleotide per actin monomer, and PEI chromatography 
showed that this nucleotide was AMP-PNP. Thus the AMP- 
PNP has displaced the ADP or ATP which was originally on 
the G-actin, and has bound with the expected stoichiometry. 

Since ATP binds to G-actin without hydrolysis and is also 
easily exchangeable, it is thought that the binding does not 
involve any intermediates. In support of this conclusion, the 
optical rotatory dispersion spectrum of G-actin. ATP and G- 
actin. ADP are superimposable indicating that little change in 
the actin conformation occurs upon changing ATP to ADP 
(Nagy and Jencks, 1963). If in fact the interaction of actin and 
ATP involves only a simple binding without attendant con- 
formation changes in either the actin or nucleotide it is sur- 
prising that AMP-PNP binds so weakly. Three methods, the 
NSL exchange, the protection against denaturation, and the 
analysis of the nucleotide content on polyethyleneitnine plates, 
all indicate that AMP-PNP binds with an affinity which is less 
than that of ADP and thus is about 100-200 times weaker than 
ATP. Other analogs with substituted phosphate linkages which 
do not hydrolyze (AMP-PCP) or hydrolyze slowly (AMP- 
CPP) bind even less strongly. This is an indication that the 
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FIGURE 4: The stability of the F-actin polymer during sonication 
was measured by the rate of incorporation of NSL-TP into the 
polymer. The solution contained 50 mM KC1, 0.5 mM MgCI2, 5 X 

M NSL-TP, 5 mM Tris (pH 8.0), and 1 mg/ml of either F-dctin 
with bound ADP (e) or F-actin with bound AMP-PNP (0). The 
exchange of the bound nucleotide with the external NSL-TP was 
followed by the increase in the height of the low-field peak in the 
electron paramagnetic resonance spectrum of the NSL-DP. This 
peak height is plotted as a function of the length of time the polymer 
had been sonicated. 

binding of ATP to G-actin requires a phosphate configuration 
which these analogs cannot assume easily. However, once 
bound to the actin the AMP-PNP is capable of inducing the 
same rate of polymerization as ATP, indicating that with re- 
spect to this process the AMP-PNP does bind in a manner 
similar to ATP. The weak binding of AMP-PNP remains un- 
explained but may indicate that the binding of ATP to G -  
actin involves an interaction more complex than simple bind- 
ing. 

When G-actin is polymerized the bound ATP is dephos- 
phorylated releasing about 7 kcal/mol of potentially useful 
energy. One use to which this energy may be put has been sug- 
gested by studies which show that G-actin. ATP polymerizes 
more rapidly than does G-actin.ADP. Thus the energy of de- 
phosphorylation could be used simply to stabilize the actin 
polymer. This stabilization could play a part in the construc- 
tion of an actin polymer in a growing muscle fiber, or it could 
be part of a repair mechanism which would operate to “re- 
connect” breaks in the actin polymer occuring during the nor- 
mal use of a muscle. This latter role would explain the slow 
exchange of actin nucleotide which occurs in a working fiber. 
However, the present results indicate that the energy of de- 
phosphorylation plays no role in the actin polymerization, 
since the kinetics of actin polymerization are unchanged by 
substitution of an ATP analog which is not dephosphorylated. 
It should be noted that this conclusion is independent of the 
questions raised earlier concerning the properties of the analog. 
The faster polymerization of G-actin. ATP over G-actin. ADP 
may be due to a passive role of the additional negative charge 
of ATP. 

None of the properties of the actin polymer which were stud- 
ied were changed by substitution of AMP-PNP for ADP. The 
viscosity of F-actin.AMP-PNP was found to be the same as 
that of F-actin.ADP. The change in ODns2 was also found to 
be approximately the same for the samples polymerized from 
G-actin . ATP and G-actin. AMP-PNP. The small difference 
in the total OD change seen in Figure 3 can probably be attrib- 
uted to the slower polymerization of some G-actin.ADP in 
the G-actin . AMP-PNP sample. In addition, the sonication 
data have shown that the stability of the polymer is also not 
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changed by this substitution. Thus the stability of the polymer 
to mechanical stress is not enhanced by the energy of dephos- 
phorylation. This conclusion is not surprising since the liter- 
ature contains no results which imply that F-actin obtained 
from G-actin'ADP is different from that obtained from G- 
actin. ATP. However, the sonication data also show that the 
stability of the polymer is unchanged when the nucleotide rc- 
mains unhydrolyzed. 

In summary, the present studies show that neither the rate of 
actin polymerization nor the stability of the resulting polymer 
is coupled to the dephosphorylation of the actin nucleotide 
that occurs during the polymerization process. We were un- 
able to detect any difference in the properties of F-actin when 
the bound ADP was substituted by AMP-PNP. Thus, although 
f he nucleotide dephosphorylation occurs during polymeriza- 
tion, there now seems to be no evidence that it plays any active 
role in regulating or facilitating the process of the polymeriza- 
tion or in effecting the properties of the resulting polymer. The 
data do not, unfortunately, point to a possible role for the ac- 
tin nucleotide, and further studies are underway to investigate 
the interaction of F-actin. AMP-PNP with myosin. 
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Kinetics and Thermodynamics of the Formation of Glucose 
Arsenate. Reaction of Glucose Arsenate with 
Phosphoglucomu tasef 

James W. Long1 and William J. Ray, Jr.*j$ 

ABSTRACT: The reaction of glucose and arsenate in aqueous 
solution at  neutral p H  and room temperature produces an 
equilibrium mixture containing small amounts of glucose 6- 
arsenate and a smaller amount of the 1-arsenate as well. 
Under these conditions the thermodynamic stability of the 6- 
arsenate is essentially the same as that of glucose 6-phos- 
phate, although the approach to equilibrium is more rapid 

A rsenate is rsosteric and isoelectronic with phosphate 
(Sisler, 1956) and can enter into enzyme-catalyzed re- 
actions in its place (Braunstein, 1931; Harden, 1932; War- 
burg and Christian, 1939; Doudoroff et d., 1947; Katz et a[.,  
1948). Although both acyl and glycosyl phosphates and arse- 
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by several orders of magnitude: kforrii = 1.4 X M--' 

sec-l; khydrol = 4.2 X lom4 sec-l. Ki,,, thus 1s about 3.4 X 
M. The glucose arsenates are measured by means of their 

rapid stoichiometric reaction with 32P-labeled phospho- 
glucomutase to produce glucose [ 32P]phosphates. The criteria 
for selection of enzyme systems to assay other arsenate esters 
in situ are discussed. 

nates are thermodynamically unstable a t  neutral p H  and room 
temperature, the arsenates appear to differ from their phos- 
phate analogs in that they hydrolyze much more rapidly. 
Hence, in enzymatic reactions which involve acyl or glycosyl 
transfer to  inorganic phosphate, substitution of arsenate for 
phosphate can give rise to  abortive hydrolysis products. 
Transient formation of acyl and glycosyl arsenates in such 
enzymatic reactions has been demonstrated by l8O tracer 
studies (Slocum and Varner, 1960) but no information has 
been available on the rate and thermodynamics of their hy- 
drolysis or formation. 

Lagunas and Sols (1968) first proposed that the hydroxy- 
methyl group of compounds such as glucose, fructose, fruc- 


