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1. Introduction 

The actms of muscle and various non-muscle 
sources have been shown to resemble each other 
closely (reviewed [ 1,2]). In particular, the work m 
[3] suggests that all actms will polymenze at an 
appropriate lomc strength. In non-muscle cells 

especially, it 1s through this ability to polymerize and 
to depolymerlze m a reversible manner that actm 1s 

able to perform most of its intracellular functions. 
Several proteins which can affect the polymerlzation- 
depolymenzatlon equilibrium of actm have been 
Identified (renewed [2]) Among these IS the enzyme 
deoxyribonuclease I (DNase I, EC 3.1.4.5). DNase I 
interacts with either monomeric or polymeric actm to 
shift the equthbrmm strongly to the monomeric 
G-a&in form [4,5]. Conversely, actm is a naturally 
occurring lnhlbltor of DNase I [6] 

We report here the results of studies employing a 
fluorescent ATP analog, EATP, bound to the 
nucleotlde bmding site of G-actin. eATP m the past 
has proven to be a useful probe of actm structure. 
Changes m the steady state fluorescence and m the 
fluorescence hfetlme of EATP on bmdmg to G-actm 

Abbrevzations DNase I, pancreatic deoxynbonuclease I 
(EC 3 1.4 S), EATP, 1jV6-ethenoadenosme 5’-tnphosphate, 
CPL, circular polanzatlon of luminescence, CD, crrcular 
dichroism, ac, alternatmg current, dc, direct current 
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and on subsequent polymerlzatlon have provided 
mformation about the nucleotide binding site [7-91 
and about the polymerization process [7,10,11]. The 
bmdmg of the heavy meromyosin fragment of 
myosm to EATP-F-actm revealed that actm undergoes 
cooperative conformatlonal changes durmg the process 
[12-141. 

To study the mode of bmdmg of EATP to G-actm 
and subsequently to investigate the bmdmg of 
DNase I, we measured the circular polanzation of the 

luminescence (CPL) of eATP free m solution, bound 
to G-actm and bound mto the G-actm DNase I 

complex. CPL provides information about the 
molecular conformation of a fluorescent chromophore 
m the excited, emlttmg state m a manner analogous 
to that m whch circular dlchroism (CD) tells us 
about the ground, absorbing state. In complex 
systems, such as proteins, CPL may have an advantage 
over CD m that it 1s specific for fluorescent 
chromophores. Therefore, the resultant CPL spectrum 
wdl be simpler than the CD spectrum and the 
assignment of spectral contributions to specific 
chromophores will be less &fficult. Reviews by 
Steinberg et al. provide mformation about CPL 
theory and mstrumentatlon [ 15,161 and about 
practical apphcatlons of CPL [ 17,181 

2. Materials and methods 

Actm was prepared from rabbit skeletal muscle 
powder by the method m [ 191. The actm was used 
lmmedately as G-actm or converted to F-actm by the 
addition of KC1 to 50 mM and stored at 4“C m the 
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presence of 1 mM DTT and 0.2% NaNa. The 
maximum storage tune as F-actin of actin employed 
m our expenments was 1 week Pancreatrc DNase I 
(EC 3 .1.4.5) was purchased from the Srgma Chemical 
Company (DN 100). Phenylmethyl sulfonyl-fluoride 
at 3 mM was added to solu~ons of DNase I to block 
possrble cont~inating tryptic or chymot~p~c 
protease activrty. Solution concentratrons of actm 
and DNase I were estimated spectrophotometrically 
on the basis of extmctron coefficients reported [4] 
for actm (1 .I ml mg-’ cm-‘) and for DNase I 
(1.23 ml mg-’ cm-‘). molecular werghts of 43 000 
for actm [20] and 31 000 for DNase I [6] were 
employed m calculatrons. 

cATP was purchased from the Sigma Chemical 
Company. eATP-G-actm was prepared by dialysis of 
G-actin solutions (3-5 mg/ml) agamst two changes of 
50 vol. 2 mM Trrs-HCl, 0.2 mM eATP, 0.2 mM 
CaClz ,0.2 mM DTT, pH 7.5 (‘eATP buffer’). Excess 
eATP was removed by passage of the protein through 
a column of Biogel P-2 (Bra-Rad Labs.), elutmg with 
2 mM Trrs-HCl, 0.2 mM CaCla , pH 7.5. The resultant 
eATP-G-a&in was used rmmedrately. In such prep- 
arations, the EATP to G-a&n molar ratio was 
estrmated using essentrally the method in [22] for the 
determmation of protein-bound nucleotide. The 
absorbance of a solution of eATP-G-actin was 
measured at 265 nm and at 280 nm before and after 
~rner~on mto a borling water bath for 2 mm, 
cooling on me and subsequent milhpore fdtration to 
remove preciprtated protem. The EATP content was 
calculated from the A 265 of the final filtrate usmg an 
extmctron coeffcrent of 5700 M-r cm-’ 1231, and 
the acts concentration was estimated from the 
drfference between the mtial and final Azse values. 

The 1: 1 eATP-G-actm . DNase I complex was 
formed by mixmg appropriate amounts of a DNase I 
solutron and a solutron of G-actin whrch had been 
dialysed agamst the EATP buffer, dralysmg the 
rmxture overnight against the eATP buffer and 
elutmg the complex through a Blogel P-2 column 
wrth 2 0 mM Tris-HCl, 0.2 mM CaCl, pH 7.5. The 
complex formed was analysed by Sephadex G-100 
(Pharmacta Fine Chemrcals) gel ftitratron 
chromatography. The column had been calibrated for 
molecular weight estunatron usmg DNase I (mol. wt 
3 1 000) G-a&m (mol. wt 42 000), bovme serum 
albumin (mol. wt 68 000) and the subfragment I 

portron of a tryptic drgest of myosin (mol. wt 
11.5 000). The resultant ATP-G-actm DNase I 
complex was used rmmedrately. 

CPL measurements were performed on an 
instrument constructed m the Chemical Physics 
~par~ent, detailed [24]. ~ATP~ont~nlng solutions 
were exerted at 3 13 nm using a 200 W hrgh pressure 
mercury arc (Osram, HBO 200 W/2) and passing the 
light through a Bausch and Lomb high intensity 
monochromator. To exclude stray light from the 
emission monochromator, a Schott glass UG 11 band- 
pass fnter was inserted mto the excrtation beam and 
a 1 .O cm pathlength 0.05 M solutron of sodmm 
mtrrte, transmrttmg hght only above 380 nm, was 
placed mto the fluorescence beam. The spectral 
resolution of the excrtatron beam was 30 nm and of 
the emrssion beam was 15 nm. The cncularly-polanzed 
component of the eATP fluorescence was selectively 
modulated with an elasto-optic light modulator 
(Morvue M-FS3, Hmds International, Inc.) and the 
resultant ac signal from the photomultrplier was 
amplified using a lock-m amphfier (Ithaca, Dynatrac 
29 1A). Photom~tlpller srgnals, ac and dc, were 
momtored over the wavelength interval from 
385-450 nm. CPL IS expressed by the antsotropy 
factor for emission, gem =Af/cf/2), where frs the total 
fluorescence intensity and Af is the intensity of the 
circularly-polarized component of the fluorescence 
(assigned a plus sign for left-handed arcular polarrza- 
tron). Measurements were performed at room 
temperature (-22°C). 

Absorptron measurements were performed with a 
Zerss PMQ II spectrophotometer Fluorescence 
mtensmes were measured as the dc signal from the 
photomultlplier tube of the CPLrnstmment employed 
in these studies 

3. Results and discussion 

Brogel P-2 gel filtration effectrvely removed free 
EATP from eATP-G-actm solutrons. The molar ratio 
of eATP to G-actm m such preparations was close to 
unity, 0.94-l .03 in our preparations. 

The formatron of a 1.1 eATP--G-a&n * DNase I 
complex of mol. wt 70 000 was confirmed by the 
elutron of a single peak from a Sephadex G- 100 
column onto whrch an equrmolar mrxture of eATP- 
G-actm and DNase I had been applied 
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Frg.1. CPL spectra in 2 0 mM Tris-HCI, 0 2 mM Cacf, , 
pH 7.5 (X-X-X) 1 0 X lo-’ M eATP, (o-e-o) lo-$ M 
eATP-G-actin, (o-o-o) 10-s M eATP-G-actin DNase I 

There was negligtble CPL m the fluorescence of 
eATP free m solution (fig.1). However, when bound 
to the nucleotlde-bin~ng site of G-a&n, the 
fluorescence of eATP exhibited a significant CPL 
signal across the 385-450 nm wavelen~ interval 
(fig.1). The CPL srgnal observed suggests that EATP 

The CPL spectrum of the eATP-G-actm 

is bound to G-actin in an optreally asymmetrl~ 

DNase I 
complex drffered only slightly from that of the 

manner. A sun&u mduced ~PLphenomenon has been 

eATP-Gactm alone (fig.1). The srmrlarity both m 
shape and magmtude of the spectra suggests that the 
bmdmg of DNase I to G-actm causes mimmal altera- 

reported in studres of the bindmg of another enthmo- 

tion of the nucleotide bmdmg sate of actm The 

adenme derivative, eNAD, to the NAD’ bmdmg sates 

bmdmg of DNase I rs probably at a sate removed from 
that at whrch EATP rs bound. This hypothesis rs 
supported by the observatron that dralysis of eATP- 

of several dehydrogenase enzymes 125,261. 

G-a&n . DNase I agarnst 2 mM Tns-HC1,O.S mM 
ATP, 0.2 mM CaC12, 0.2 mM DTT, pH 7.5, released 
the eATP from the protein, as determmed by drrect 
measurement of the eATP fluorescence assoaated 
wrth the protem after 1 day of dralysrs. DNase I does 
not, therefore, act as a hd to cover the nucleotrde 
bmdmg regron. 

With tune, the CPL srgnal from eATP-G-actm fell 
to grve essentially zero values for gem across the 
emrssron band of EATP (fig.2) After 1 day of storage 
at 4’C, the ge values decayed by about 50% and by 

I 1 I I 
390 410 430 450 

Wave~ngth f nm 1 

Fig.2 Loss of CPL swal of eATP-G-actin on storage at 
4°C (e-e-a) freshly prepared as in Fig 2, (O--O--O) 1 day 
of storage, (X-X-X) 2 days of storage, (+-+-+) 4 days of 
storage 

3 days, the values fell to zero This loss of CPL signal 
reflects the release of EATP from G-actin into the 
symmetric solvent envrronment. As literature values 
for the bmdmg constant of EATP to G-actin are very 
high, from 5 X lo6 M-r [7] to 2.5 X lo9 M-’ [9], 
the observed release of eATP from G-actin does not 

In contrast to the decay rate of CPL spectra of 
eATP--G-a&in, that for the eATP-G-actin : DNase I 

take place simply to satisfy equably condrtions. 

I complex was much slower (fig.3). After 3 days 

Denaturation of the actin on standing m solution or 
the degradative actron of contaminating proteolytrc 
enzymes could release the bound eATP from rts 
protein environment. 

IS-- 

390 410 430 

Wavelength (nm 1 

450 

Frg.3 Loss of CPL signal of eATP-G-actm DNdse I on 
storage at 4°C. (e-o-e) freshly prepared as in fig 2, 
(c-o-o) 3 days of storage, (X-X-X) 6 days of storage 
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storage at 4°C no detectable change in the CPL 
spectra of such complexes could be detected. With 
longer storage times, varying from sample to sample, 

the gem values did fall to zero. Therefore, the 
binding of DNase I to ATP-G-actin in some way 
stabilizes at least the nucleotrde bmding region of the 
molecule, and perhaps the whole molecule, agamst 
the proteolytrc or denaturative forces whrch acted on 
the eATP-G-actin alone. The stabilization of protem 
structure by mterprotem interactions is a topic of 
particular interest in the case of actin. Actm polymers 
are less susceptible to proteolytic degradation than 
actin monomers [27]. Also, actm interacts with 
several cellular proteins [2], the role of some of which 
may be to protect actm from degradatrve forces. 

Our results suggest that DNase I is a protein which 
not only can stabilize the G-form of actin with respect 
to the F-form, but it also can stabrlize actin agamst 
denaturatrve forces. Such a dual role, not necessarrly 
played only by DNase I, may be important to the 
cell, msurmg that a maxrmal fractron of the cell’s 
actm wrll be m a functional conformation when it is 
required to polymerize. 

An actin-binding protein, profilm, whrch binds to 
actm to form a nonpolymerizable complex devoid of 
nucleotide has been described [28]. Profilin has been 
suggested [29] to play an intracellular role m stabrlizmg 
actin m a nondenatured monomerrc state devoid of 
nucleotrde. Our experiments demonstrate that the 
bmdmg of DNase I to eATP-G-actin does not quench 
the CPL signal from the eATP (fig.1). Therefore DNase I 
does not cause nucleotide release when it binds to 
actm, confirmmg [S]. DNase I, or proteins srmrlar to 
rt, may act to stabilize cytoplasmrc actm in a 
monomerrc state m which the nucleotrde bindmg site 
1s occupred by ATP. In fact, such an actmcontammg 
bound ATP may be the form of preference to a cell. 
When the actin is required for polymenzatron, the 
step of binding cytoplasmic ATP to the G-actm prior 
to the polymerization process would not be required, 
reducing the complexrty of the overall process. Also, 
direct polymerization of a nucleotide-bound form of 
G-actin would prevent a partial depletion of ATP m 
the form in which it exists in the cytoplasm. 

Future CPLinvestrgations of eATP-G-actm should 
prove helpful in gathering information concerning the 
role of nucleotrde bmdmg and the roles of several 
muscle and nonmuscle actm-binding proteins. Special 

interest should be pard to mcrdences of competrtion 
of more than one protein for an overlapping site on 
the surface of actin, and the effect of thrs competition 
on actm polymerizatron. Such competrtron could 
determine the functronal form in whrch actin exrsts in 
the cell. 

Acknowledgements 

The authors are grateful to Dr I. Z. Steinberg and 
to Dr A. Oplatka m whose laboratones they were 
guests while this work was being performed. L.D.B. 
and P.L.S. wish to thank the Medical Research 
Councrl of Canada and the National Science Founda- 
tion (USA), respectively, for Fellowshrp support. 

References 

[ 1 ] Pollard, T D and Weighmg, R R (1974) CRC Crit 
Rev Brochem 2,1-65. 

[2] Korn, E D (1978) Proc. Natl. Acad SCI USA 75, 
588-599. 

[3] Gordon, D .I , Boyer, .l L and Kom, E D (1977) 
J. Brol Chem. 252,8300-8309 

[4] Hrtchcock, S. E., Carlsson, L and Lindberg, U (1976) 
Cell 7,531-542 

[ 51 Mannherz, H G , Barrington Leigh, J , Lebermann, R 
and Pfrang, H (1975) FEBS Lett. 60, 34-38. 

[6] Lazarides, E. and Lmdberg, U (1974) Proc Nat1 
Acad Sci. USA 71,4742-4746 

[7] Thames, K E , Cheung, H C and Harvey, S C (1974) 
Brochem. Brophys. Res Commun 60,1252-1261 

[ 81 Waechter, F and Engel, J (1975) Eur J Brochem. 57, 
453-459. 

(91 

1101 

1111 
l121 

1131 

1141 

1151 

1161 

Waechter, F and Engel, J (1977) Eur J Brochem. 74, 
227-232 
Mrki, M., Ohnuma, H and Mihashr, K (1974) FEBS 
Lett. 46,17-19. 
Mihashi, K. and Wahl, P (1975) FEBS Lett. 52, 8-12 
Ando, T and Asai, H (1976) J Biochem 79, 
1043-1047. 
Mike, M , Kouyama, T and Mihashi, K (1976) FEBS 
Lett 66,98-101 
Harvey, S C, Cheung,H C andThames, K E (1977) 
Arch Brochem. Biophys. 179,391-396. 
Steinberg, 1 Z (1975) m Brochemical Fluorescence 
Concepts (Chen, R F and Edelhoch, H eds) vol 1, 
pp 79-113, Marcel Dekker, New York 
Steinberg, I Z (1978) m Methods m Enzymology 
(Hus, C H W and Timasheff, S eds) vol 49 G, 
pp 179-199, Academic Press, New York. 

169 



Volume 97, number 1 FEBS LETTERS January 1979 

[17] Steinberg, I. Z., Schlessinger, J. and Gafni, A. (1974) 
in: Peptides, Polypeptides and Proteins (Blout, E. R. 
et al. eds) pp. 351-369, John Wiley and Sons, 
New York. 

[18] Steinberg, I. Z. (1978) Ann. Rev. Biophys. Bioeng. 7, 
113-137. 

[19] Spudich, J. A. and Watt, S. (1971) J. Biol. Chem. 246, 
4866-4871. 

[20] Elzinga, M., Collins, J. H., Kuehl, W. M. and 
Adelstein, R. S. (1973) Proc. Natl. Acad. Sci. USA 70, 
2687-2691. 

[21] Lindberg, U. (1967) Biochemistry 6,323-334.  
[22] Martonosi, A. (1962) J. Biol. Chem. 237, 2795-2803. 
[23] Secrist, J. A., Barrio, J. R., Leonard, N. J. and Weber, G. 

(1972) Biochemistry 11, 3499-3506. 

[24] Steinberg, I. Z. and Gafni, A. (1972) Rev. Sci. Instrum. 
43,409-413.  

[25] Schlessinger, J. and Levitzki, A. (1974) J. Mol. Biol. 82, 
547-567. 

[26] Schlessinger, J., Steinberg, I. Z. and Levitzki, A. (1975) 
J. Mol. Biol. 91,523-528.  

[27] Rich, S. A. and Estes, J. E. (1976) J. Mol. Biol. 104, 
777-792. 

[28] Carlsson, L., Nystr~m, L.-E., Sundkvist, I., Markey, F. 
and Lindberg, U. (1977) J. Mol. Biol. 115,465-483. 

[29] Manrtherz, H. G., Kabasch, W. and Leberman, R. (1977) 
FEBS Lett. 73,141-143. 

170 


