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Alkali One Light Chain of Subfragment 
Distance Measurement between the Active Site and Cysteine- 177 of the 

1 from Rabbit Skeletal Musclet 

Diana J. M o d  and David R. Trentham* 

ABSTRACT: Forster energy-transfer techniques have been ap- 
plied to labeled myosin subfragment 1 from rabbit skeletal 
muscle to determine an intramolecular distance and whether 
this distance changes during magnesium-dependent ATPase 
activity. The alkali one light chain was labeled at Cys-177 
with N-(iodoacety1)-N’-( 5-sulfo- 1 -naphthyl)ethylenediamine 
(1 ,5-IAEDANS) and then exchanged into subfragment 1. 
High specificity of labeling was indicated by high-performance 
liquid chromatography analysis of a tryptic digest of the la- 
beled light chain. 2’(3!)-0-(2,4,6-Trinitrophenyl)adenosine 
5’-diphosphate (TNP-ADP) was bound to the labeled protein 

%e myosin and actomyosin ATPase’ mechanisms have been 
intensively studied to characterize the intermediates and 
measure their rates of interconversion (Trentham et al., 1976; 
Taylor, 1979). This has led to a detailed description of the 
hydrolysis of ATP (Webb & Trentham, 1983). 

1 2 
M + ATP e M-ATP M*.ATP + 

4 
HZO 1, M**.ADP.Pi C M*.ADP.Pi M*.ADP + 

7 
Pi M-ADP .F M + ADP (1) 

Equation 1 shows a seven-step mechanism for the myosin 
ATPase in which the asterisks are used to distinguish inter- 
mediates. In eq 1 conformation changes (steps 2, 4, and 6), 
which have so far been characterized predominantly by kinetic 
methods, are associated with substrate binding and the release 
of each product. The nature of the conformation changes 
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at the ATPase active site. The efficiency of energy transfer 
between the probes was 0.09 when measured by both 
steady-state and time-resolved fluorescence. Anisotropy 
measurements of the bound AEDANS indicated considerable 
freedom of motion of the probe. The probable distance be- 
tween the probes was 57 A. This distance was unchanged 
during triphosphatase activity. Two further sites of TNP-ADP 
interaction with subfragment 1 were found. The effect of these 
interactions on the energy-transfer measurements was reduced 
to a minimum by careful choice of reaction conditions. 

implied in the myosin and actomyosin ATPase mechanisms 
is not understood. It is not clear, for example, whether the 
conformation changes have a direct role in contraction, possibly 
through the movement of large segments of protein, or whether 
their role is more indirect and is limited to small perturbations 
of structure in the vicinity of the ATPase active site. 

Many techniques have been used to probe the structural 
features of actin and myosin. Of these, utilization of Forster 
energy transfer is especially promising as a means to determine 
the relative location of points of interest and to examine the 
size and extent of the inter- and intramolecular protein motion 
(Stryer, 1978). Over the past few years several measurements 

Abbreviations: ATPase, adenosine-5’-triphosphatase; TNP-ADP, 
2’(3’)-0-(2,4,6-trinitrophenyl)adenosine 5’-diphosphate (other T N P  
containing compounds are similarly abbreviated); 1,5-IAEDANS, N- 
(iodoacetyl)-N’-(5-sulfo-l-naphthyl)ethylenediamine; A1 and A2 light 
chains, the alkali one and alkali two light chains of myosin (Weeds & 
Pope, 1977); S l A l  and SlA2,  subfragment 1 containing A1 and A2 light 
chains, respectively; A1-AEDANS light chain, AI light chain labeled at 
Cys-177 with 1.5-IAEDANS (other 1.5-IAEDANS-labeled species are 
similarly abbreviated); DEAE, diethylaminoethyl; DTNB, 5,5’-dithio- 
bis(2-nitrobenzoic acid); EDTA, ethylenediaminetetraacetic acid; Tris, 
tris(hydroxymethy1)aminomethane; HPLC, high-performance liquid 
chromatography. 
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which rely on Forster energy transfer have been made within 
actomyosin or its components (Morales et al., 1982). 

Measuring protein structure changes is more difficult, and 
so most studies have concentrated on subfragment 1, the 
smallest protein component of the actomyosin system con- 
taining the ATPase active site in viable form. Several chemical 
and spectroscopic studies of subfragment 1 have identified 
differences in structure between subfragment 1, M**-ADP.Pi, 
and M*.ADP, especially in the vicinity of the ATPase active 
site [reviewed by Morales et al. (1982)]. Altered reactivity 
of the reactive thiol “SH,” in the presence of nucleotide 
(Watterson et al., 1975), chemical cross-linking between thiols 
“SH’” and “SH2” (Burke & Reisler, 1977), and the ability 
to trap ADP at the active site by cross-linking (Wells & Yount, 
1979) provide evidence for conformational changes and also 
give the scale of the conformation changes occurring around 
the active site due to nucleotide binding. How far these 
changes are transmitted through the protein is not known, 
although circular dichroism measurements suggest there is 
little change in the helix and pleated-sheet content (Gratzer 
& Lowey, 1969). 

This paper reports the measurement of the distance between 
the active site and Cys-177, the single thiol of the alkali one 
light chain (Frank & Weeds, 1974), by using Forster energy 
transfer and whether there is a change in this distance in going 
from one intermediate of the ATPase mechanism to another. 

Forster energy-transfer techniques require the specific in- 
corporation of two chromophoric probes into subfragment 1 
at least one of which must be fluorescent. In order to achieve 
as high a degree of specificity as possible, it was decided to 
introduce the probes at the ATPase active site and at the thiol 
group of the alkali light chains of subfragment 1. The two 
probes used were an analogue of ADP, TNP-ADP, which 
binds at the active site, and 1,5-IAEDANS, which could be 
specifically reacted with the single thiol of isolated alkali light 
chains and then incorporated into subfragment 1 (Wagner & 
Weeds, 1977). The interactions of TNP-ADP and TNP-ATP 
with subfragment 1 were examined to determine specificity 
and to compare properties of the protein in the presence of 
the two nucleotides. TNP-ADP was shown to bind tightly at 
the active site and weakly at a second site and to react at a 
third site. Conditions were found where TNP-ADP was bound 
mainly at  the active site and its presence at the other two sites 
was insignificant. The specificity of the reaction of 1,5-IAE- 
DANS with the alkali one light chain was also investigated. 

A second problem in using Forster energy transfer is the 
assumption of a value for 8?, the orientation factor between 
donor and acceptor dipoles. This is usually taken to be 2 / 3 ,  

the value for two freely rotating probes. To determine the 
reasonableness of this approximation, the rotational mobility 
of the AEDANS group relative to subfragment 1 was exam- 
ined by time-dependent anisotropy measurements. 

Materials and Methods 
Preparation of Proteins. Rabbit skeletal myosin light chains 

were dissociated from the heavy chains essentially by the 
method of Weeds (1976). The alkali light chains were sep- 
arated from the DTNB light chains by precipitation using 25% 
ethanol (Perrie et al., 1973). The concentration of light chains 
was determined by the biuret method. 

Subfragment 1 was prepared as S l A l  and S1A2 by using 
chymotryptic digestion of myosin as described by Weeds & 
Taylor (1975) except that the ionic strength of the myosin 
solution was reduced by 4-fold dilution rather than by dialysis, 
and the myosin rods and undigested myosin were precipitated 
by 2.5-fold dilution. This enabled S l A l  and S1A2 to be 

prepared and separated in 2 days. The concentration of 
subfragment 1 was determined by using t:Fonm = 7.6 cm-I 
(Weeds & Pope, 1977). The K+-ATPase of the proteins was 
routinely measured and was 10-16 s-l at 20 “C and pH 8.0. 

Labeling of Alkali Light Chains. Solid 1,5-1AEDANS at 
a final concentration of 10 mM was added to a mixture of A1 
and A2 light chains (5 mg/mL) in 0.1 mM dithiothreitol, 0.1 
mM EDTA, 0.1 mM NaN,, 5 M guanidine hydrochloride, 
and 50 mM Tris-HC1 at pH 8 and 23 “C. The pH was 
maintained at 8 by the addition of 1 M Tris base (Marsh & 
Lowey, 1980). The reaction was allowed to proceed at 23 “C 
in the dark for 1.5 h at which point the reaction was terminated 
by the addition of 2-mercaptoethanol to a final concentration 
of 100 mM. The mixture was dialyzed against 0.1 mM 
EDTA, 0.1 mM NaN3, and 50 mM Tris-HC1 at pH 8 and 
4 OC. The A1 and A2 light chains were separated, and the 
remaining free label was removed by ion-exchange chroma- 
tography on a DEAE-cellulose column (Cl -  form) (2.4-cm 
diameter X 45 cm) using a 2-L linear gradient of 0.1-0.3 M 
NaCl in 0.1 M urea and 50 mM Tris-HC1 at pH 8 and 4 “C. 
The stoichiometry of labeling was determined spectrophoto- 
metrically from the relative concentration of incorporated 
AEDANS (t335nm = 6.3 X lo3 M-’ cm-’ ) and protein (de- 
termined by the biuret method). The stoichiometry of in- 
corporation was in the range 0.6-1.1 molecules of AEDANS 
incorporated per subfragment A1 light chain. 

Exchange of Light Chains. The labeled light chains were 
exchanged by the method of Wagner & Weeds (1977). In  
a typical exchange 50 pM S l A l  and 250 pM Al-AEDANS 
were mixed in 1 mM dithiothreitol, 1 mM EDTA, and 0.1 M 
imidazole hydrochloride at pH 7 and 0 “C. Solid NH4C1 was 
added slowly to a final concentration of 4.7 M (assuming a 
volume change of 20%). The solution was stirred at 0 “C for 
20 min at which point the NH4C1 was removed by dialysis for 
5 h against 0.1 mM dithiothreitol, 0.1 mM EDTA, 0.1 mM 
NaN,, and 50 mM Tris-HC1 at pH 8 and 4 “C. The solution 
was applied to a DEAE-cellulose column (C1- form) (1.4-cm 
diameter X 30 cm) equilibrated in 50 mM Tris-HC1 at pH 
7.6. The protein was eluted with a 500-mL linear gradient 
of 0-120 mM KC1 in 50 mM Tris-HCl at pH 7.6 and 4 “ C  
at a flow rate of 0.5 mL/min. The fluorescence intensity of 
the fractions was measured by using a Farrand Mark 1 
fluorometer with exciting light at 345 nm and emission de- 
tection at 495 nm. SlAl-AEDANS was used within 48 h of 
preparation during which time the K+-ATPase activity re- 
mained fairly constant, decreasing by <20%. S 1 A 1 -AEDANS 
could be stored in vials in liquid nitrogen without loss of 
ATPase activity. 

Preparation and Analysis of Tryptic Peptides from AI - 
AEDANS Light Chains. A1-AEDANS light chains (2-4 
mg/mL) were dialyzed extensively against water. The A l -  
AEDANS light chains were digested by trypsin with the aid 
of a pH stat to monitor the extent of reaction and to control 
the pH. The pH of the solution was adjusted to pH 8.7, and 
trypsin solution (1 mg/mL dissolved in 1 mM HCl) (Smyth, 
1967) was added to give 1:50 by weight trypsin to light chain. 
The pH maintained by controlled addition of 50 mM KOH. 
Samples were removed, rapidly frozen, lyophilized, and dis- 
solved in 0.1% H3PO4 for HPLC analysis. 

Tryptic peptides were analyzed by HPLC with a reverse- 
phase CI8  analytical column (Waters). The column was 
equilibrated in 0.1% H3P04. Following sample injection the 
column was washed with 0.1% H3P04 for 10 min. Then 
peptides from 300 pg of protein were eluted with a linear 
gradient of 0.1 % H3P04 to 0.1% H3P0,-CH3CN (40:60 v/v) 
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over 1 h at a flow rate of 2 mL/min. The eluant was mon- 
itored at 335 nm. 

Polyacrylamide Gel Electrophoresis. Proteins were exam- 
ined on slab gels by using 10% polyacrylamide gel electro- 
phoresis in the presence of 0.1% sodium dodecyl sulfate (Weeds 
& Pope, 1977) but with a Tris-glycine buffer at pH 8.8. 
Fluorescent bands were observed by illumination with a long 
wavelength ultraviolet lamp and were photographed by using 
a Polaroid MP3 camera and a Series 6 Wratten K2 filter. To 
detect protein, the gels were stained in 0.5% Coomassie 
brilliant blue in methanol-acetic acid-water (45: 10:45 v/v) 
and destained in the same solvent. 

TNP Analogues. TNP-adenosine was prepared by mixing 
0.02 M adenosine with 0.1 M trinitrobenzenesulfonic acid in 
water at pH 9.5 (Azegami & Iwai, 1964). The pH of the 
reaction mixture was maintained by addition of 0.5 M NaOH, 
and the reaction was left overnight at room temperature. The 
solution was acidified to pH 4 with 1 M HCI at which point 
the neutral form of the product precipitated out and was 
collected by filtration. 

TNP-ADP and TNP-ATP were synthesized from ADP and 
ATP by a similar method and purified on DEAE-cellulose 
(HC03- form) (Hiratsuka & Uchida, 1973). The compounds 
were characterized from their spectra due to the Meisenheimer 
complex = 2.61 X lo4 M-* cm-I). TNP-ADP was also 
obtained from Molecular Probes Inc., Plano, TX. 

The purity of the nucleotides was checked by HPLC with 
a weak anion-exchange column [Waters (NH,)-Bondapak] 
and 0.1 M (NH4)H2P04 as eluting solvent at pH 4.0. 

Spectroscopic Measurements. Absorption spectra were 
measured with a Cary 11 8 spectrophotometer. Fluorescence 
measurements were carried out on a SLM 8000 single photon 
counting fluorometer equipped with a cooled Hamamatusu 
R928 red-sensitive photomultiplier. Continuous fluorescence 
titration curves were obtained with the aid of a Sage syringe 
pump 341A which dispensed 0.2 pL/min from a 10-pL 
Hamilton syringe. The cuvette contents were continuously 
mixed by a magnetic stirrer at 15 OC. Transient kinetic 
measurements were made on a stopped-flow fluorometer as 
described by Whitaker et al. (1974). The experiments were 
performed at 15 OC with a temperature-controlled stopped- 
flow block. 

Fluorescent lifetimes were measured by using an Ortec 
photon counting nanosecond fluorometer as described by 
Vanderkooi et al. (1977). An ultraviolet filter transmitting 
light from 320 to 390 nm was used in the excitation light beam 
and a GG420 Schott filter which cut off light below 420 nm 
was used on the emission side. The lifetime measurements 
were made on 0.1 mL of solution in a 2 mm X 2 mm path- 
length cuvette at 15 OC. The data took 10-15 min to collect 
in each case. This time is sufficiently short so that, when 1 
mM ATP was included in a solution containing subfragment 
1, some ATP remained at the end of the experiment. The 
sample decay curves were deconvoluted from the lamp flash 
by using a Laplace transform method (Gafni et al., 1975). 
Time-dependent anisotropy measurements were also obtained 
by using the Ortec nanosecond fluorometer with modifications 
as described by Dixit et al. (1982). 

Determination of the Quantum Yield. The quantum yield 
of AEDANS covalently attached to subfragment 1 was de- 
termined by a method based on that of Parker (1968). The 
absorption, A,, of a solution of quinine bisulfate (approximately 
1 pM) in 0.05 M H2S04 was measured at 340 nm in a 
Beckman DU 8 spectrophotometer. The complete uncorrected 
emission spectrum was obtained by exciting at 340 nm. This 

0 IO 20 30 40 50 
elution time, min. 

FIGURE 1: HPLC analysis of tryptic peptides of A1-AEDANS light 
chain. AI-AEDANS light chain (104% labeled protein) was digested 
with trypsin as described under Materials and Methods. (a) 70% 
digested, (b) 85% digested, and (c) b digested for a further 3 h. Zero 
time indicates the start of the elution gradient. 

was repeated for a solution of SlA1-AEDANS of  similar 
absorption, A,. All measurements were at 15 OC. The 
quantum yield, 41, of the quinine bisulfate was taken as 0.7 
(Scott et al., 1970), and so by use of the following equation, 
in which the areas relate to corrected spectra, the quantum 
yield of the AEDANS, d2, could be estimated as follows: 

area under emission curve 1 
area under emission curve 2 

A i 4 1  
A2@2 

=-- 

Hudson & Weber (1973) measured the lifetime and quantum 
yield of 1,5-IAEDANS in a number of water-ethanol mix- 
tures. For mixtures up to 60% ethanol there was a linear 
relationship between quantum yield and the lifetime. The 
lifetime of SlA1-AEDANS was measured to be 14.0 ns, and 
this was also used to estimate the quantum yield. 

N-Ethylmaleimide Labeling of Subfragment 1 .  Subfrag- 
ment 1, 134 pM, was mixed with 450 pM [I4C]-N-ethyl- 
maleimide (1 mCi/mmol) for 20 min in 50 mM Tris-HC1 at 
pH 8 and 0 OC. The reaction was quenched with 10 mM 
dithiothreitol. The stoichiometry of labeling was 1:1.7. The 
K+-ATPase activity had fallen to 1 1.5%, and the Ca2+-ATPase 
activity had risen to 224% of control values which is consistent 
with predominant labeling of the SHI  thiol. 

Results 
Incorporation of Donor (AEDANS) into Subfragment 1. 

Preliminary studies established that it was preferable to work 
with Al-AEDANS light chains for two reasons. First, it was 
possible to obtain the A1 light chain in larger amounts than 
the A2 light chain, and second, A2-AEDANS light chain 
cochromatographed with a significantly quantity of a low 
molecular weight derivative of AEDANS. 

The specificity of labeling was investigated by trypsin hy- 
drolysis of the light chains and examination of the peptides 
by HPLC. Preliminary experiments showed that more than 
one 335 nm absorbing (Le., AEDANS containing) peptide was 
obtained. The time course of trypsin digestion was therefore 
examined. Figure 1 shows the elution profiles of samples which 
had been subjected to varying degree of tryptic digestion. The 
labeling appears to be specific but with the peptide containing 
AEDANS being progressively digested during proteolysis. 
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elution volume 

1 2 3  4 5 6  
FIGURE 2: (Top) Elution profile of SIAI-AEDANS. Peak I was 
characterized as unlabeled SlAl and peak I I  as SIAI-AEDANS. 
(Bottom) 10% polyacrylamide gel electrophoresis in the presence of 
0.1% sodium dodecyl sulfate of AI-AEDANS light chain (gels I and 
4). pooled fractions of peak I (gels 2 and 5) .  and p l e d  fractions of 
peak I I  (gels 3 and 6). Gels 1-3 were stained with Coomassie brilliant 
blue. Gels 4-6 show AEDANS fluorescence on long wavelength 
ultraviolet irradiation. The mobility of the A2 light chain is indicated. 

Thus, a peak containing AEDANS appeared with a 29-min 
elution time after starting the gradient (Figure l a )  to be 
followed on further digestion by a peak a t  26 min (Figure 
la-) and then by a peak eluted after 19 min (Figure 1b.c). 

Initially S IA2  was used for the exchange with the Al-  
AEDANS light chain, since it was thought that SIAI-AE- 
DANS and S IA2  could be separated in the same way as 
unlabeled subfragment 1. However, the fluorescent label 
changed the mobility of S l A l  such that it eluted with or a 
little after SIAZ. The best separation was obtained between 
S l A l  and SIAI-AEDANS. and so S l A l  was used as the 
starting material for all further experiments. The clean sep 
aration of S l A l  and SIAI-AEDANS and the relatively 
constant fluorescence to 280nm absorption ratio across the 
SIAI-AEDANS elution peak suggest that labeling was greater 
than 90% of the alkali light chain thiol (Figure 2. top). Po- 
lyacrylamide gel electrophoresis of eluted samples showed that 
f luorsoem was specifically associated with a single light chain 
component (Figure 2. bottom). Coomassie blue staining 
(Figure 2, bottom) showed that theSl AI-AEDANS contained 
a single light chain with identical electrophoretic mobility with 
that characterized by fluorescence. The K+-ATPase activity 
of labeled subfragment I was not affected by incorporation 
of the label in agreement the results of Marsh & Lowey 
(1980). 

Interaction of TNP-nucleotides and TNP-adenosine wirh 
Subfragmenr 1. The stoichiometry and specificity of TNP- 
ADP binding to subfragment 1 were analyzed as a necessary 
preliminary to the energy-transfer measurements. A binding 
site with KO = 0.3 JIM was identified from titration experi- 
ments in which the intrinsic protein fluo-ce was quenched 
through TNP-ADP binding (Figure 3). 

time 

M 

TNP-sop. *M 

FIGURE 3 (a) Titration of TNP-ADP into SlAl by using protein 
fluorcdana. TNP-ADP was titrated at a rate of 0.14 pM/min into 
2 mL of I pM S l A l  in 0.1 M KCI. 5 mM MgC12. and SO mM 
Tris-HCI at pH 8 and I5 OC. WavelenglhJ of excitation and emision 
were 300 and 340 nm. mpcetiVely, thus reducing as much as possible 
the inner filter sffats due to the TNP-ADP absorption. The final 
optical densities were 0.037 (300 nm) and 0.018 (340 nm). The 
quenching due to absorption was estimated to be 10% by displacement 
of TNP-ADP from the active site of SlAl by ATP (scc figure) and 
also by addition of 7.25 pM TNP-adenosine. (b) The dissociation 
constant, KO. of TNP-ADP binding lo SIAI.  The data points were 
calculated from the titration curve by subtracting a background slope 
corresponding to 10% quenching. The line is the theoretical curve 
for K, = 0.3 pM with a maximum fluorescence change of 29% 

The KO was obtained by simulating curves by using the 
equation 

KD/U - 4 = [bl/a - [bl 
where [h] = total ligand concentration, [b] = total sub- 
fragment 1 anantration. and a = the fraction of subfragment 
1 sites containing bound ligand. 

When TNP-ADP was prrscnt in solution with subfragment 
I under conditions where almost all the TNP-ADP was h n d  
at the ATPase active site, very little change was observed in 
the T N P  fluorescence. This is surprising in view of the T N P  
fluorescence enhancement reported by Hiratsuka (1976). This 
point was therefore investigated further. 
In more concentrated solutions of TNP-ADP and subfrag- 

ment 1 a large enhancement of T N P  fluorescence was ob 
served. This fluorescence was also SOen in the prexnce of ATP 
or when TNP-adenosine rather than TNP-ADP was added, 
suggesting there is a second binding site for TNP-ADP that 
is weaker in afinity than at the active site and is probably due 
to binding of the T N P  moiety. The properties of this second 
binding site were investigated by using TNP-adenosine since 
TNP-adenosine was I s s  likely to bind at the active site than 
TNP-ADP, and the TNP fluorescence was more marked with 
TNP-adenosine than with TNP-ADP. 

TNP-adenosine was titrated into 20 JIM subfragment 1. At 
the high concentrations necessary to observe the T N P  
fluorescence inner filter effects were large and contributed to 
the nonlinear increase in TNP fluorescence (Figure 4). From 
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TNP-Adenosine,pM 
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0 IO 20 30 

TN P- ADP, p M  

FIGURE 4: Titration of TNP-adenosine and TNP-ADP with SlAl 
by using TNP fluorescence. TNP-adenosine (upper traces) and 
TNP-ADP (lower traces) were titrated into 1.5 mL of (1) 0.1 M KCl, 
5 mM MgCl,, and 50 mM Tris-HC1 at pH 7.6 and 15 OC (buffer 
A), (2) 20 pM SlAl in buffer A, and ( 3 )  20 pM SlAl  and 3 mM 
ATP in buffer A. The fluorescence scale is the same in both cases. 
Wavelengths of excitation and emission were 500 and 540 nm, re- 
spectively, and the final absorbance was 0.45 (500 nm) and 0.025 
(540 nm). 

these data, a lower limit of 30 pM may be estimated for the 
dissociation constant of TNP-adenosine to the protein. 

An interesting point is the difference between the titration 
in the presence and absence of ATP (Figure 4). It is not clear 
whether this was due to a change in TNP affinity to the protein 
or a change in fluorescence of the protein-bound TNP. Direct 
competition for the TNP site by ATP was unlikely since 3 mM 
and 0.2 mM ATP caused the same decrease in fluorescence. 

The experiment was repeated with TNP-ADP (Figure 4). 
The fluorescence enhancement for TNP-ADP was much less 
than for TNP-adenosine. This was either due to a difference 
in TNP-adenosine and TNP-ADP affinity or to a difference 
in the fluorescence of protein-bound TNP-adenosine and 
TNP-ADP. The fluorescence change when TNP-ADP was 
added showed a lag phase which was removed by addition of 
ATP. This result is consistent with the interpretation that 
TNP-ADP bound tightly to the ATPase active site exhibiting 
no TNP fluorescence but that a lower affinity site did give rise 
to the fluorescence. 

If TNP-adenosine or excess TNP-ADP was mixed with 
subfragment 1, the visible spectrum due to the Meisenheimer 
complex slowly disappeared, and a new absorption peak at 330 
nm appeared. The initial reaction rate was measured from 
the rate of disappearance of the Meisenheimer complex and 
was 2 X M for 50 pM subfragment 1 and 67 pM 
TNP-adenosine at  pH 8 and 23 OC which corresponds to a 
second-order rate constant of 0.6 M-I s-l. The rate increased 
2-fold on lowering the pH from 8 to 6.5 and about 2-fold on 
adding MgATP to subfragment 1. 

2 

C 
z? 

: I  
9 
a 

0 

2 

Wavelength, nm 

FIGURE 5: Absorption spectra of (1) 60 pM TNP-ADP and (2) 60 
pM TNP-ADP and 93 pM subfragment 1 and (3) corrected emission 
spectrum of 1 pM SlA1-AEDANS on excitation at 340 nm. The 
solvent was 0.1 M KC1, 5 mM MgC12, and 50 mM Tris-HC1 at pH 
1.8 and 15 OC. 

This phenomenon suggested that a reaction had occurred 
between an amino acid side chain of the protein and the TNP 
moiety. A number of amino acids with potentially reactive 
side chains were tested, but only cysteine gives any appreciable 
reaction. The reaction was followed by the disappearance of 
the visible absorption due to the Meisenheimer complex and 
also by the appearance of an absorption band at 330 nm (e 
= 1.5 mM-' cm-I). TNP-adenosine reacted with cysteine at  
pH 8 and 23 OC with a second-order rate constant of 0.27 M-' 
s-l. The reaction had the same pH rate dependence as the 
reaction of TNP-adenosine with subfragment 1. 

The most likely thiol group on subfragment 1 to have re- 
acted covalently with TNP-adenosine is SH,. Two experiments 
were carried out to test this. First, the K+-ATPase and 
Ca*+-ATPase activities were measured after incubating 80 pM 
subfragment 1 with 85 MM TNP-adenosine for 24 h in the 
presence of 1 mM ADP, 0.1 M KCl, 5 mM MgC12, and 20 
mM 2-(N-morpholino)ethanesulfonic acid at pH 6.5 and 0 O C .  

After this time the visible absorption spectrum of TNP- 
adenosine had decreased by 50%. The K+-ATPase activity 
had dropped to 57% and the CaZ+-ATPase activity risen to 
178% of control values. These activities indicate that the SH, 
group had been modified (cf. N-Ethylmaleimide Labeling of 
Subfragment 1 under Materials and Methods). Second, la- 
beling of SH, by N-ethylmaleimide reduced the rate of the 
reaction of TNP-adenosine with subfragment 1 by 30%, in- 
dicating that SH, is one site of the reaction. In the presence 
of 1 mM ADP the effect was more marked, a 63% reduction 
in the rate being observed. However, the results also suggested 
that the reaction of the protein with TNP-adenosine was rather 
nonspecific, and other thiol groups were presumably labeled. 

To determine the effect of blocking SH, on the weak binding 
site, the intensity of TNP fluorescence was measured when 
44.5 pM TNP-adenosine was added to 20 pM subfragment 
1 with and without N-ethylmaleimide labeling. The fluores- 
cence intensity was identical in the two cases, suggesting the 
weak binding site is separate from the reactive site for TNP- 
adenosine. 

Spectral Properties of the Probes. On the basis of the above 
chemical and thermodynamic binding data of the two probes, 
it was now possible to establish conditions appropriate for 
energy-transfer measurements. The S1 A1-AEDANS cor- 
rected fluorescence emission spectrum is shown in Figure 5 
as are the absorption spectra of TNP-ADP bound to the active 
site of subfragment 1 and also free in solution. When TNP- 
ADP was bound at the active site, the extinction coefficient 
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A 

I p M  TNP-ADP 4 I 

Table I:  
Nucleotide Ligandsa 

SlA1-AEDANS Lifetime with Various 

ligand lifetime (ns) SD n 
none 13.96 0.25 11 
ADP 13.78 0.07 4 
ATP 13.12 0.08 6 
TNP-ADP 12.63 0.28 5 

a These measurements were performed over a range of subfrag- 
ment 1 (1-10 pM), ADP (14-400 pM), and ATP (100-1000 pM) 
concentrations. The TNP-ADP concentration w a s  13.3 p M .  The 
aqueous solution contained 0.1 M KC1, 5 niM MgCl,, and 50 niM 
Tris-HC1 a t  pH 7.6 and 15 "C. In some cases the AEDANS life- 
time was  tneasured in the presence of 13.3 pM TNP-ADP and a 
large excess of ATP or ADP. In these cases ATP or ADP was 
assumed to be the ligand. 

U 
~ ~~ 

i t- 
I O r n i n  

time 
FIGURE 6: Titration of TNP-ADP into SlAl AEDANS. Titration 
of TNP-ADP at a rate of 0.14 pM/min into 2 mL of 1 pM SlAl- 
AEDANS in 0.1 M KCI, 5 mM MgCI2, and 50 mM Tris-HCI at pH 
7.5 and 15 "C. (A) marks the end of the titration and (B) the addition 
of 4 pL of 17.8 mM ATP to give 35 pM ATP. Excitation and emission 
wavelengths were 340 and 560 nm, respectively. The final absorbance 
was 0.018 (340 nm) and <0.001 (560 nm). Inset shows the addition 
of 4 yL of 17.8 mM ATP to 1 pM SlAl-AEDANS under the same 
conditions. 

of its long wavelength peak was decreased from 18.5 to 17.2 
mM-' cm-', and its A,,, was shifted from 470 to 477 nm. 
From the spectra the overlap integral, J(v), over the range 
400-700 nm was calculated to be J(u)  = 5.9 X cm3 M-'. 
The quantum :ield of SlA1-AEDANS excited at 340 nm was 
0.34 based on comparison with quinine bisulfate. 

Efficiency of Energy Transfer. The efficiency of energy 
transfer between AEDANS on the light chain and TNP-ADP 
at the active site was calculated in two ways. The quantum 
yield of AEDANS was determined from steady-state and 
lifetime fluorescence measurements, each assay being in the 
presence and absence of TNP-ADP. The efficiency of energy 
transfer, E, was then determined from 

4~ - ~ D A  

4D 
E =  

or 

TD 

where +D is the quantum yield of AEDANS alone and 
that in the presence of acceptor and rD and TDA are the cor- 
responding lifetimes. When TNP-ADP was titrated into 1 FM 
S 1 A1 -AEDANS, a decrease in AEDANS fluorescence was 
observed (Figure 6). The wavelengths used to monitor the 
change in intensity were 340 nm for excitation and 560 nm 
for emission to avoid the TNP-ADP ..bsorption bands. ATP 
was added at the end of the titration to displace the TNP-ADP 
from the active site. The increment in fluorescence on ATP 
addition was taken as the change due to energy transfer when 
TNP-ADP bound to SlA1-AEDANS. The inset to Figure 
6 shows that ATP itself caused no change in the SlA1-AE- 
DANS fluorescence at  560 nm. The fluorescence on ATP 
addition (point B, Figure 6) did not return to the starting value, 
the additional quenching being probably due to trivial ab- 
sorption by TNP-ADP free in solution. TNP-ADP fluores- 
cence did not contribute to the observed fluorescence. Ti- 
trations on two different S1 Al-AEDANS preparations gave 
an efficiency of energy transfer of 0.09 and 0.085. The ex- 
periment shown in the inset of Figure 6 was repeated with five 
further preparations. No change in the fluorescence of 

SlA1-AEDANS was observed when ADP was added instead 
of ATP. 

In order to relate the change in fluorescence intensity of 
S1 A1-AEDANS due to TNP-ADP binding at the active site 
to a change in quantum yield, the shape of the overall emission 
spectrum must be measured with and without TNP-ADP 
bound. To do this and at the same time avoid the complica- 
tions introduced by the relatively high absorption of TNP-ADP 
in the 480-nm region, the following experiment was done. The 
emission spectrum of 10 pM SlA1-AEDANS and 10 pM 
TNP-ADP in the same solvent as that used in Figure 6 was 
compared with the spectrum of the same solution plus 1 mM 
ATP (which displaced TNP-ADP from the active site). No 
change in the shape of the emission spectrum was observed. 
Hence, the fluorescence change at 560 nm can be assigned to 
a change in quantum yield since the intensity measured at 560 
nm is directly proportional to the total fluorescence over all 
wavelengths (which is the actual indicator of quantum yield). 

The efficiency calculated from these experiments is a 
minimum value since the results were uncorrected for any 
SlA1-AEDANS that had no bound acceptor. From the KD 
one would predict that 90-95% of the subfragment 1 would 
have bound nucleotide. However, it is also possible that there 
was a small percentage of partially denatured protein. The 
maximum error is probably less than 20%, and as seen below, 
the lifetime measurements gave similar results. 

The fluorescence lifetime of AEDANS covalently attached 
to subfragment 1 was in the region of 14 ns. The fluorescence 
lifetime of AEDANS can under some conditions be resolved 
into two components, one of about 4 ns and one much slower 
(Hudson & Weber, 1973). In the case of AEDANS covalently 
attached to subfragment 1 the amplitude of the faster com- 
ponent was small, and therefore, the two lifetimes could only 
occasionally be resolved. Normally an analysis based on a 
single lifetime plus a scattering component gave the best fit 
to the data. A typical experiment consisted of measuring the 
lifetime of 10 pM SlA1-AEDANS and then repeating the 
measurement after the addition of TNP-ADP to a concen- 
tration of 14 pM. Lifetime measurements were then made 
following displacement of TNP-ADP by either a large excess 
of ATP (1 mM) or ADP (0.4 mM). 

A consistent decrease in the decay time of AEDANS was 
observed in the presence of TNP-ADP. The addition of ATP 
to the system only partially reversed this decrease, but the 
addition of ATP itself to S l A l  alone generally caused a slight 
decrease in the lifetime, so full reversal is not therefore an- 
ticipated. Further experiments were performed with 14 pM 
ADP in place of TNP-ADP and with addition of 400 pM ADP 
to displace the TNP-ADP. The average results of a large 
number of experiments are shown in Table I, and an example 
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FIGURE 7: Energy transfer by fluorescence lifetime measurements. 
The fluorescence lifetime of the AEDANS group was measured as 
described under Materials and Methods in the following solutions: 
(a) 10.5 p M  SlAl-AEDANS, (b) 10.5 pM SlAl-AEDANS and 13.3 

and 0.4 mM ADP, each in 0.1 M KCl, 5 mM MgCI,, and 50 mM 
Tris-HC1 at pH 7.5 and 15 OC. Each panel of the figure shows the 
lamp flash function, the raw data, and the calculated curve with the 
lifetime indicated. 

of a specific experiment is shown in Figure 7. ADP had little 
or no effect on the AEDANS lifetime while TNP-ADP de- 
creased the lifetime by approximately 10%. As already noted 
ATP also decreased the lifetime by approximately 6%. We 
observed no effect of 1 mM ATP on the AEDANS fluores- 
cence in a steady-state measurement (see insert of Figure 6) .  
This lack of correlation between the steady-state and lifetime 
measurements when ATP is added to SlA1-AEDANS re- 
mains to be explained. 

The efficiency of energy transfer was determined from 
lifetime measurements on the same two preparations of 
SlA1-AEDANS used in the titration experiments. The ef- 
ficiences of transfer were 0.10 and 0.08 so that in each 
preparation there was good agreement between the results from 
the steady-state quantum yield experiment and the life-time 
experiment. The efficiency of energy transfer was taken from 
these data to be 0.09. 

Energy Transfer in Two Different Subfragment 1 Nu- 
cleotide Complexes. A principal aim of this work was to 
investigate how the efficiency of energy transfer varied in 
different myosin nucleotide complexes and, if possible, to 
correlate any changes seen with changes in the distance be- 
tween the chromophores. 

The quantum yield of AEDANS fluorescence was compared 
during steady-state S 1 A1 -AEDANS-catalyzed hydrolysis of 
TNP-ATP and when TNP-ADP was bound to the protein. 
When 10-fold molar excess of TNP-ATP was added to 
S1 A1-AEDANS, an initial rapid drop in protein fluorescence 
was observed followed by a steady phase and a second but slow 
decrease in fluorescence after 3 min (Figure sa). Our in- 
terpretation is that TNP-ATP rapidly bound to S 1 A1-AE- 
DANS to give a steady-state complex and then slowly decayed 
to the TNP-ADP bound state. On the other hand, when the 
experiment was repeated, AEDANS emission (Figure 8b) 
showed no detectable change in intensity, and so the effi- 
ciencies of energy transfer for both the steady-state complex 

pM TNP-ADP, (c) 10.5 pM SlAl-AEDANS, 13.3 pM TNP-ADP, 

and for protein-bound TNP-ADP were the same. 
To check the above interpretation regarding which states 

were being observed, the dissociation rate constant of TNP- 
ADP from subfragment 1 was measured in a stopped-flow 
experiment and compared with the steady-state TNP-ATPase 
rate; 10 pM TNP-ADP was displaced from 10 pM subfrag- 
ment 1 by either 100 pM or 5 mM ATP in the same solvent 
as used in the above experiment (Figure 8). In each case the 
observed exponential process had a rate constant of 7 sd. This 
is more than an order of magnitude greater than the catalytic 
center activity of the TNP-ATPase under these conditions (cf. 
0.4 s-l in Figure 8a from the time of addition of TNP-ATP 
to when the steady-state phase is over). 

In agreement with the conclusion of Hiratsuka & .Uchida 
(1973), it appears that the steady-state complex during 
TNP-ATP-catalyzed hydrolysis is not simply a protein- 
TNP-ADP complex. It is most likely a mixture of protein- 
TNP-ATP and protein-products complexes by analogy with 
the situation when ATP is substrate. 

Lifetime Measurements with TNP-adenosine. Early ti- 
tration results had suggested that the weak binding site of 
TNP-ADP was close enough to Cys- 177 for energy transfer 
to occur. However, the results were difficult to interpret 
because very large correction factors for absorption are re- 
quired. An indication that the weak binding site is close to 
the AEDANS on the alkali light chain was obtained from 
fluorescent lifetime measurements. 

As noted above, the fluorescence decay of S1 A1 -AEDANS 
is characterized by a single lifetime. When a large excess of 
TNP-adenosine was added, two lifetimes were observed. Our 
interpretation is that the faster one is derived from SlA1- 
AEDANS with TNP-adenosine bound and the slower one 
from free S1 A1-AEDANS (Table 11). The lifetimes indicated 
that TNP-adenosine bound at  the weak site quenched AE- 
DANS fluorescence by 50-80%. It was not possible to be more 
precise in estimating the degree of energy transfer, since the 
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Table 11: SlA1-AEDANS Lifetimes in the 
Presence of TNP-adenosinea - 

nucleoside additions 7 ,  (ns) A ,  T~ (ns) A ,  

none 14.1 1 
60 pM TNP-adenosine 6.4 0.39 14.4 0.61 
60 p M  TNP-adenosine + 9.5 0.58 15.5 0.42 

._ 

1 mM ATP 

a Fluorescence lifetimes ( T ~ ,  T * )  were measured as described 
under Materials and Methods. A and A ,  are normalized pree\- 
ponential factors. The solutions contained TNP-adenosine and 
ATP as shown, 20 pM SlA1-AEDANS, 0.1 M KCI, 5 m M  MgCI,, 
and 50 m M  Tris-HC1 at PH 7.6 and 15 "C. 

001 
0 70 

time , ns 

FIGURE 9: Measurement of the time-dependent anisotropy of 11 fiM 
SIA1-AEDANS at 8 OC in 0.1 M KC:, 5 mM MgCIz, and 50 inM 
Tris-HCI at pH 7.6. The upper frame shows the intensity of emission: 
(1) Ill + 21,; (2) Ill - I,. Trace 3 shows the lamp flash function. 
The lower frame shows the anisotropy computed from (1) and (2) .  
The points represent the data, and the lines are the best fit to the data. 

fraction of S 1 A1-AEDANS containing bound TNP-adenosine 
was also unknown, and hence, the relative amplitudes and the 
lifetimes of the two phases of the fluorescence decay both had 
to be evaluated from the records. 

Time-Dependent Fluorescence Anisotropy Measurement of 
SlAI-AEDANS.  The time-dependent anisotropy of SlA1- 
AEDANS was measured at 8 OC over 8 h. The results shown 
in Figure 9 demonstrate the biphasic nature of the decay in 
anisotropy. The slow rotational correlation function of about 
180 ns (note that the data points in Figure 9 are scattered after 
40 ns) corresponds to the motion of the whole protein (Men- 
delson et al., 1973). The fast decay time of 4 ns is interpreted 
as being due to the motion of the AEDANS with respect to 
the protein or of local segmental motion of the protein. The 
zero motion anisotropy, A,, was computed from the data to 
be 0.32. 

The relative amplitudes of the two rotational correlation 
functions are such that a large part of the decay in the an- 
isotropy is due to the rapid decay function. Thus, the AE- 
DANS has considerable freedom of motion relative to sub- 
fragment 1. 

Discussion 
Energy-transfer measurements require the specific incor- 

poration of the donor and acceptor molecules; therefore, the 
specificity of the labeling of the alkali light chains was ex- 
amined in some detail. Examination of the elution profile of 
the peptides resulting from tryptic digestion of the light chains 

strongly suggests that the labeling occurs at a unique site 
presumably at Cys-177 (Figure 1). 

The interactions of the acceptor TNP-ADP with subfrag- 
ment 1 are more complex. The data indicate that there are 
three sites in subfragment 1 which can interact with TNP- 
ADP: the active site, a weak binding site, and the SH, thiol 
residue. 

The interaction of TNP-ADP with heavy meromyosin has 
been studied previously (Hiratsuka, 1976). The KD was found 
to be 0.8 pM based on a titration curve by using TNP 
fluorescence enhancement, but no evidence was presented for 
a weak binding site. The possible effect of absorption on the 
observed fluorescence was not discussed, even though the 
excitation wavelength was 460 nm. It seems likely that the 
second binding site was not seen due to the high absorbance 
of the solution. Our data suggest that TNP fluorescence is 
associated predominately with binding at the weak site rather 
that at the active site. 

TNP fluorescence can be used as a sensitive indication of 
binding at the second site. With dilute protein and TNP- 
nucleotide solutions the active site can be saturated essentially 
without occupancy at the weak site. Thus, it was possible to 
determine conditions for energy-transfer measurements in- 
volving TNP absorption solely at the active site. 

The reaction of TNP-ADP at the SH, thiol is slow at pH 
7.6 on the time scale of the energy-transfer experiments. The 
concentration of TNP-ADP would not have changed signifi- 
cantly during the course of any experiments in which energy 
transfer was measured. In any event any TNP-ADP which 
might have reacted would have lost its visible absorption band 
and be nonfluorescent and so would not interfere with the 
energy-transfer measurements. The weak binding site does 
not seem to be related to reaction at the SH, thiol, and there 
is little indication of its location on the subfragment 1 molecule. 
The energy-transfer measurements with TNP-adenosine in- 
dicate that this site is quite close (<40 A) to AEDANS and, 
hence, to Cys- 177. Tao & Lamkin (1 98 1) also suggested there 
is a TNP-nucleotide weak binding site from their Forster 
energy-transfer studies. They found that the fluorescence of 
AEDANS attached to the SH, thiol was quenched by TNP- 
AMP even when ADP or ATP was bound at the ATPase 
active site. 

The efficiency of energy transfer between probes at the 
ATPase active site and the alkali light chain thiol was de- 
termined by both quantum yield and fluorescence lifetime 
measurements. The agreement between the two methods 
indicates that the energy transfer measured is a function of 
the distance between the light chain thiol and the active site 
and not, for example, due to a small percentage of the nu- 
cleotide bound at the weak site. 

R,,, the distance at which the efficiency of energy transfer 
is SO%, was calculated from 

(8.78 x 10-25)~24,~(u) 
Ro6 = 

n4 

where n = refractive index. 
The quantum yield of SI A1-AEDANS, +D, was measured 

to be 0.34; however, comparison of the S1 A1-AEDANS 
lifetime with the data of Hudson & Weber (1973) suggested 
that the quantum yield could be as high as 0.46. A value of 
0.4 was used. The refractive index for a protein was taken 
to be 1.4. 

The absence of change in the efficiency of energy transfer 
between the active site and the AEDANS in different nu- 
cleotide complexes suggests that any structural changes be- 
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diameter, and so the efficiency of energy transfer would be 
enhanced [Le., the distance may correspond to that of closest 
approach between the probes rather than the average sepa- 
ration (Haas et al., 1978)l. However, the rate of diffusion 
of the probe close to the surface of a protein may be less than 
the rate in free solution. 

The above discussion highlights the uncertainties inherent 
in the distance measurement reported here. Nevertheless, 
when all the data are taken together, a useful picture emerges 
of intramolecular distances within subfragment 1 (Morales 
et al., 1982). The characterization of the ATP binding site 
by Okamoto & Yount (1983) is a further significant step in 
relating the alkali-light chain-ATPase active site distance to 
the subfragment 1 structure. 

The failure to detect distance changes across subfragment 
1 during ATPase activity is not unexpected from current 
knowledge of the structural changes occurring during ATPase 
activity. Nevertheless, Marsh et al. (1982) have shown that 
certain interactions of subfragment 1 can be transmitted within 
a cycle of ATPase activity from the ATPase active site to 
probes attached to the alkali light chain at Cys-177. Dalbey 
(1983) has shown that the distance between the thiols, SH,  
and SH2, on the heavy chain probably decreases by several 
angstroms when nucleotides bind at the ATPase active site. 
From the perspective of cross-bridge motion, it seems likely 
that, if significant inter- and intramolecular motions occur and 
are to be detected by these techniques during ATPase activity, 
then the preparation of cross-linked actin and subfragment 
1 described by Mornet et al. (1981) will be most useful. 
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tween the complexes do not extend as far as Cys-177. The 
possibility that a change in distance is compensated for by a 
change in k? is unlikely but cannot be ruled out. 

The amplitude of the decay of anisotropy due to protein 
motion can be used to restrict the possible range of value for 
k? by using the method developed by Dale & Eisinger (1975). 
Thus, a depolarization factor, D, can be calculated from D = 
Ao/Af where A. = 0.1 (the zero time anisotropy extrapolated 
from the slower phase of Figure 9) and Af = 0.32 (the zero 
motion anisotropy). This value for Af is less than the theo- 
retical value of 0.4 probably because the polarization across 
the excitation spectrum of AEDANS shows two overlapping 
electronic transitions (Hudson & Weber, 1973). The value 
of 0.32 is the same as that estimated by Wu et al. (1976). The 
broad excitation band used in the experiment to measure the 
anisotropy of S1 A1-AEDANS would excite both electronic 
transitions, thus lowering the zero motion anisotropy. 

When a model is assumed whereby the AEDANS moves 
through the volume of a cone (Kawato et al., 1977), the 
half-angle of the cone is calculated to be 48'. This leads to 
a range for k? of between 0.28 and 1.65 assuming the second 
dipole is fixed. The chemical structure of TNP-ADP suggests 
that the chromophore will be quite rigid with respect to the 
protein, since there is no bond between the chromophore and 
the ribose ring about which free rotation can occur. Never- 
theless, the current understanding of local motion in proteins 
suggests it is unlikely there will be zero mobility (McCammon 
et al., 1979). In addition TNP-ADP has two dipoles because 
it has two absorption peaks, and both dipoles can act as the 
energy acceptor. Each of these factors probably contributes 
to alleviating the problem of assigning a value to k?. 

Thus, it is likely that k? will approximately equal 2/3.  This 
has generally been an appropriate value of k? for distance 
measurements in proteins (Stryer, 1978) even when uncertainty 
exists as to the freedom of motion of the probes. We will 
therefore perform calculations based on K2 = 2/3 and compare 
the results with those obtained using limits of 0.28 < k? < 
1.65. For k? = =I3, Ro =39 8,. For 0.28 C k? < 1.65, 34 8, 
C Ro < 46 8,. 

The range is further widened if the value of 4D is extended 
to cover the range of the two estimates from 0.34 to 0.46, in 
which case 33 8, C Ro C 47 A. E (=0.09) is related to the 
distance between the dipoles by 

E = 1/[1 + (R/Ro)6]  

from which it follows that R = 57 A, with limits 48 8, C R 
C 69 8,. 

In defining the distance between probes on subfragment 1, 
it is appropriate to consider the variation in the location of the 
probes with respect to the protein. As noted above, the position 
of TNP-ADP is probably relatively invariant. The AEDANS 
group, however, is joined to the protein by a 10-8, flexible chain 
giving rise to considerable potential mobility of the AEDANS. 
For the model in which AEDANS moves through a cone of 
half-angle of 48O, an AEDANS dipole could change its pos- 
ition by about 15 8, across the surface of the protein and vary 
its distance from the protein by about 5 8, due to the flexible 
chain. If segmental motion of the protein also occurs, this 
range would be even greater. 

It has been shown (Steinberg & Katchalski-Katzir, 1968; 
Elkana et al., 1968) that motion of this type between the donor 
and acceptor molecules will enhance the energy transfer seen. 
Thomas et al. (1978) give 104-10-5 cm2 s-l (=lo-100 A2 ns-I) 
as the diffusion coefficient for small molecules in an aqueous 
solution. Therefore, a probe with a lifetime of 14 ns could 
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Laser Flash Photolysis Studies of Intramolecular Electron Transfer in Milk 
Xanthine Oxidase? 

Anjan Bhattacharyya, Gordon Tollin,* Michael Davis, and Dale E. Edmondson 

ABSTRACT: The laser flash photolysis technique has been used 
to study the reaction of the 5-deazaflavin radical with the redox 
centers of milk xanthine oxidase under anaerobic conditions. 
Kinetic studies show that the deazaflavin radical reacts pri- 
marily with the functional Mo center, the FAD moiety, and, 
to a small extent, the Fe/S, center. The reaction of the 
photogenerated reductant with the functional Mo center is 
second order ( k  = 6.6 X lo7 M-I s-l ), w hereas its reaction with 
the FAD moiety is more rapid ( t I l2  < 25 p s ) ,  apparently 
occurring via a preexisting complex. No evidence was found 
for the Mo reaction of the 5-deazaflavin radical with the 
desulfo-Mo center or when the Mo was trapped as Mo" by 
complexation with alloxanthine. Kinetic traces observed at 
483 nm show the reduction of the two Fe/S centers to be 
bisphasic, with Fe/S, being reduced more rapidly ( k  = 77 s-l) 
than Fe/SII ( k  = 12 s-l). No evidence was found for any direct 
electron transfer between the two Fe/S centers. Flash pho- 
tolysis studies with deflavo-xanthine oxidase show that in 

M e c h a n i s t i c  studies of inter- and intramolecular elec- 
tron-transfer reactions in enzymes containing multiple redox 
centers have been and continue to be an area of active research 
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contrast to other forms of the enzyme which contain FAD, 
Fe/SII can react directly with the 5-deazaflavin radical in a 
second-order manner. When a functional Mo center is present, 
Fe/S reduction occurs either via direct reaction with the 5- 
deazaflavin radical or via reaction with MoV. In the de- 
sulfo-deflavoenzyme, reduction of the two Fe/S centers occurs 
only by direct reaction with the 5-deazaflavin radical. From 
an analysis of the kinetic data and the reported oxidation- 
reduction potentials of the centers in xanthine oxidase, the 
forward and reverse rate constants for each of the inter- and 
intramolecular electron-transfer processes have been calculated. 
The results obtained on the one-electron reduced form of the 
enzyme are inconsistent with the views that (1) equilibration 
of reducing equivalents among the redox centers in xanthine 
oxidase occurs much more rapidly than turnover and (2) the 
distribution observed among the various centers during rapid 
mixing experiments is dependent on their relative oxidation- 
reduction potentials. 

interest (Palmer & Olson, 1980). Due to its ready availability 
and stability, milk xanthine oxidase has been the subject of 
numerous kinetic and structural studies [cf. Bray (1975, 
1980)l. The enzyme contains one molybdenum, one FAD, 
and two 2Fe2S  centers in each of its two independent catalytic 
centers. The Mo center is now generally accepted to be the 
site of entry of reducing equivalents from the substrate, while 
the FAD moiety is the site of reduction of O2 via either a 
two-electron or a one-electron mechanism (Hille & Massey, 
198 1 ; Porras et al., 198 1). Results from studies on the deflavo 
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