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Mechanism of Adenosinetriphosphatase Activity of Trinitrophenylated

Myosin Subfragment 17

Andras Muhlrad*

ABSTRACT: The rate and extent of conformational changes
induced by nucleotides in trinitrophenylated myosin subfrag-
ment 1 (S-1) were studied. The absorbance spectrum of the
trinitrophenyl moiety attached to the reactive lysyl residue of
S-1 changed considerably upon addition of ATP or its ana-
logues. ATP or AMP-PNP induced a larger spectral change
than that of ADP, and its value was independent of the
presence of Mg?*. The trinitrophenylation of the reactive
lysine considerably decreased the enhancement of the tryp-
tophan fluorescence induced by MgATP, while it did not affect
fluorescence enhancement induced by MgADP or MgAMP-
PNP. The rate of formation of nucleotide-induced absorbance
changes in trinitrophenylated (TNP) S-1 was followed in a
stopped-flow spectrophotometer. The reaction could be de-
scribed by a single exponential at every nucleotide concen-
tration. The calculated apparent first-order rate constant, K,

Myosin subfragment ! (S-1)! is the segment of the myosin
molecule responsible for ATPase activity and interaction with
actin. A major effort was made in recent years to describe
the molecular mechanism of ATP hydrolysis catalyzed by S-1,
as well as the localized conformational changes coupled with
the reaction. Several results pointed to localized conforma-
tional changes that are induced in myosin on addition of ATP
or its analogues and on hydrolysis of the substrate. Changes
were detected in the fluorescence intensity of 8-anilino-1-
naphthalenesulfonate (ANS) bound to myosin (Cheung, 1969),
in the environment of tryptophanyl residues, as indicated by
ultraviolet (Morita, 1967) and fluorescence difference spectra
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increased with rising concentrations of MgATP, ATP, Mg-
ADP, and MgAMP-PNP and finally reached a plateau. The
absorbance change that appeared upon addition of MgATP
to TNP S-1 eventually decayed in two phases until it reached
the level of that induced by MgADP. The nucleotide con-
centration dependence of k. deviated from a hyperbolic
function in all cases studied. The nucleotide concentration
dependence of the signal amplitude was also measured, and
it was found to be independent of the presence of Mg?*. The
obtained results deviated from a computer-simulated binding
curve, which was computed by assuming one identical binding
site for each TNP S-1 molecule. The results indicate that an
enzyme-substrate complex is the predominant intermediate
in the TNP S-1 catalyzed MgATP hydrolysis, instead of an
enzyme-product complex, which is the case with normal,
unmodified S-1.

(Werber et al., 1972) and in the ESR spectrum of spin-labels
attached to the SH; thiol (Seidel et al., 1970). The confor-
mation of the junction between the 27K and 50K fragments
of S-1’s heavy chain was also affected by the presence of
nucleotides, as could be inferred from limited tryptic hydrolysis
of S-1 (Muhlrad & Hozumi, 1982). The enhancement of
tryptophan fluorescence, which was found to be associated with
the binding of nucleotides as well as with the intermediate steps
of hydrolysis of ATP, was used as a tool to elucidate the
mechanism of this myosin-catalyzed process (Bagshaw &
Trentham, 1974). However, in order to understand better this
process, it would be desirable to study the kinetics of other
conformational changes, which take place in well-defined lo-
cations in the S-1 segment and are coupled with ATP binding
and hydrolysis.

! Abbreviations: S-1, myosin subfragment 1; TNP S-1, trinitro-
phenylated S-1; RLR, reactive lysine residue in S-1; TNBS, 2,4,6-tri-
nitrobenzenesulfonate; AMP-PNP, adenosine 5’-(8,y-imidotriphosphate);
Tes, 2-[[tris(hydroxymethyl)methyl]lamino]ethanesulfonic acid; Tris,
tris(hydroxymethyl)aminomethane.

0006-2960/83/0422-3653%801.50/0 © 1983 American Chemical Society
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It was found that the trinitrophenylation of a specific re-
active lysyl residue (RLR) per myosin head by trinitro-
benzenesulfonate proceeds much faster than that of all the
other lysyl residues (Kubo et al., 1960; Muhlrad et al., 1975).
The modification of this reactive residue is accompanied by
a 2000% increase in Mg?*-mediated and a 90% decrease in
K*- (EDTA) activated ATPase activity (Kitagawa et al., 1961;
Fabian & Mubhlrad, 1968). The RLR is located in the 27K
N-terminus fragment of the heavy chain of S-1 (Mornet et
al., 1980; Miyanishi & Tonomura, 1981; Hozumi & Muhlrad,
1981), which also contains the nucleotide “ring” binding site
of myosin (Szilagyi et al., 1979). A considerable blue shift
was observed in the absorbance spectrum of the trinitrophenyl
moiety attached to RLR of S-1 upon addition of ATP or ATP
analogues (Muhlrad, 1977). The resulting difference spectra
showed a minimum at 365 nm. Changes upon addition of
ATP or its analogues were also observed in the circular di-
chroic spectrum of trinitrophenylated S-1 (Muhlrad, 1977).
These spectral alterations indicate that in the vicinity of RLR
conformational changes have occurred that are coupled with
the binding and hydrolysis of ATP. As these changes were
rather substantial, it was convenient to study the kinetics of
their appearance, in order to contribute to the elucidation of
the detailed mechanism of the myosin-catalyzed ATP hy-
drolysis.

Materials and Methods

Chemicals. TNBS, ATP, ADP, and ATP-agarose were
from Sigma Chemical Co. Chymotrypsin was a Worthington
product. AMP-PNP was purchased from ICN. All other
chemicals were of reagent grade.

Proteins. Myosin was prepared from back and leg muscles
of rabbits according to Tonomura et al. (1966). S-1 was
prepared by digestion of myosin filaments with chymotrypsin
(Weeds & Taylor, 1975).

Protein Concentrations. Unlabeled myosin and S-1 con-
centrations were calculated from their absorbances, assuming
absorption coefficients A}%™ of 5.7 and 7.5, respectively.
Concentration of trinitrophenylated S-1 was calculated ac-
cording to the following equation (Muhlrad & Ferencz, 1973):

[TNP S-1] (mg/mL) = (ODygopy = 0.3620D3450m) /0.75

Light scattering corrections were applied in each case. The
molecular weight of S-1 was assumed to be 110K.

Trinitrophenylation of S-1. To 40-45 yM S-1in 0.1 M
Tris-HCI, pH 7.7, was added TNBS to 100 M final con-
centration, and it was incubated at 25 °C for 5 min. The
resulting mixture was then dialyzed overnight against 12
volumes of 30 mM KCI-10 mM Tes, pH 7.1, with one change
at 4 °C. A 10-mL aliquot of the dialyzed preparation was
then applied to an affinity column (0.9 X 10 cm) of ATP-
agarose [ATP attached to beaded agarose through ribose
hydroxyls according to Lamed et al. (1973)], which was
equilibrated with 30 mM KCI, 1 mM EDTA, and 10 mM Tes,
pH 7.1. The column was washed with 40 mL of equilibrium
buffer, which removed denatured S-1, and then with 100 mL
of 0.8 mKCl in equilibrium buffer, which eluted active S-1
(Muhlrad et al., 1975). The number of TNP groups attached
to S-1 was calculated from the 345-nm absorbance, assuming
a AM of 1.45 X 10* (Okuyama & Satake, 1960). The
purified labeled S-1 generally contained 1.5-1.7 TNP/S-1.
Under these conditions 95-98% of the reactive lysyl residue
of S-1 was trinitrophenylated.

Absorbance Difference Spectrum. This was measured in
matched thermostated cells (15 or 5 °C) of a Cary 118 C
spectrophotometer between 300 and 500 nm as described
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earlier (Muhlrad, 1977). Recording of the spectra was started
immediately after mixing of the reagents and was completed
within 2 min, There was no change in absorption during this
period, since ATP was applied in large excess over S-1.

Fluorescence Spectrum. A Hitachi Perkin-Elmer MPF-4
spectrofluorometer operating at 15 °C in the ratio mode was
used for fluorescence measurements. Tryptophan fluorophores
of S-1 were excited at 295 nm, and the emission spectrum was
recorded.

Transient Kinetic Measurements. These were performed
in a Durrum stopped-flow spectrophotometer. The mea-
surements were carried out at 365 nm in a 2-cm light path
cell. Constant temperature was maintained by a circulating
water bath. Since the absorbance readings at 365 nm obtained
with the stopped-flow spectrophotometer were lower than those
obtained with the Cary 118C spectrophotometer, the
stopped-flow spectrophotometer was calibrated, and the
readings were corrected accordingly. The dead time of the
apparatus was 3 ms. The concentrations given in each figure
represent the final chamber concentrations for the reaction.
Each run was repeated at least 4 times; kp,q Was calculated
from the various traces that were averaged. The maximal
difference observed between the individual k.4 values was less
than 10%. In both the calculations of rate constant and signal
amplitude, the dead time of the instrument, 3 ms, was taken
into account, and all values were corrected accordingly.

ATPase Assay. ATPase activities, umol of P; (mol of S-1)!
s71, were calculated from the inorganic phosphate (P;) content
of 2-mL aliquots (aliquots were withdrawn at five consecutive
time intervals) of a reaction mixture containing 0.5 uM S-1
or TNP S-1, 1 mM ATP, 30 mM KC}, 4 mM MgCl,, and 10
mM Tes, pH 7.1. The assay was carried out at various tem-
peratures. Reaction conditions were adjusted so that not more
than 15% of the ATP was hydrolyzed.

Results

The temperature dependence of the Mg?*-moderated AT-
Pase activity of S-1 and TNP S-1 in the steady state was
measured in the range of 5-30 °C (Figure 1). TNP S-1
showed much steeper temperature dependence than normal,
nonmodified S-1. The modification caused activation at high
temperature and inhibition at low temperature. The crossover
point between the two curves was at about 15 °C. The energy
of activation derived from the linear Arrhenius plots was 43.6
and 134.5 kJ/mol for S-1 and TNP S-1, respectively.

The steady-state difference absorbance spectrum induced
by addition of ATP, ADP, and AMP-PNP in the presence and
absence of Mg?* at 15 and 5 °C was recorded between 300
and 500 nm (see Figure 2 for MgATP and MgADP). The
minimum of all spectra was found to be at 365 nm, and their
shape was substantially the same in all cases. However, the
absolute value of Aesgs obtained in the presence of ADP was
smaller than that for the two other nucleotides (Table I). It
should be noted that all values listed corresponded to saturation
of binding sites with ligands, as no further change in Ae;qs was
observed upon increasing the concentration of added nucleo-
tides. Neither did Aesgs values depend on the extent of tri-
nitrophenylation in the range of 1.2-3 TNP/S-1.

Tryptophan fluorescence of S§-1 and TNP S-1 in the absence
of nucleotides and in the presence of MgATP, MgADP, and
MgAMP-PNP was measured. The emission spectra recorded
with and without MgATP are present (Figure 3). It was
found that trinitrophenylation of S-1 hardly affected trypto-
phan fluorescence in the absence of nucleotides (a small 1-2%
decrease in fluorescence intensity was observed). On the other
hand, the nucleotide-induced tryptophan fluorescence en-
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FIGURE 1: Temperature dependence of Mg2*-moderated steady-state
ATPase activity of S-1 and TNP S-1: (solid star) S-1; (@) TNP S-1.
Conditions for the ATPase assay are as under Materials and Methods.
TNP S-1 contained 1.52 TNP/S-1.

TableI: Changes in Molar Extinction Coefficient of TNP S-1 at
365 nm (Ae,,,) upon Addition of ATP and Its Analogues®

—Ae, M7 cm™)

ligands 15°C 5°C
MgATP* 3275 3290
ATP** 3431 3488
MgADP* 2847 2973
ADP** 2713 2954
MgAMP-PNP* 3256

% Conditions: 20 uM TNP S-1 (containing 1.58 TNP/S-1) in 30
mM KCl, 10 mM Tes, and 1 mM ligand, pH 7.1, and either (*) 2
mM MgCl, or (**) 5 mM EDTA.

hancement was influenced by trinitrophenylation (Table II),
A conspicuous difference was recorded in the presence of
MgATP: while the fluorescence intensity increased by 30%
upon addition of nucleotide in the case of native S-1, only a
12% increase was observed with TNP S-1 under the same
conditions. However, the addition of MgADP or MgAMP-
PNP induced about the same fluorescence increase in TNP
S-1 as in native S-1. The effect of trinitrophenylation on the
nucleotide-induced tryptophan fluorescence enhancement did
not depend on the number of TNP groups introduced into the
S-1 molecule in the range of 1.2-3 TNP/S-1. This indicates
that only the TNP that bound to the reactive lysine residue
affects the fluorescence change in the presence of MgATP.

The time course of development of the difference in ab-
sorption at 365 nm, which is elicited by the addition of nu-
cleotides to TNP S-1, was followed in a stopped-flow spec-
trophotometer. Several oscilloscope traces of the reaction are
shown in Figure 4, where 45 uM ATP was added to 5 uM
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FIGURE 2: Difference spectra of TNP S-1 induced by MgATP and
MgADP. Conditions: 1 mM ATP or ADP was added to 20 uM TNP
S-1 (containing 1.58 TNP/S-1) in 30 mM KClI, 2 mM MgCl,, and
10 mM Tes, pH 7.1, in thermostated (15 °C) 10-mm matched silica
cells of a Cary 118C recording spectrophotometer, with and without
nucleotide in the sample and reference positions, respectively. (a)
MgATP; (b) MgADP.

Table II: Nucleotide-Induced Tryptophan Fluorescence
Enhancement of S-1 at 330 nm (%)%

ligands normal S-1 TNP S-1
MgATP 30.1+1.6 12.2+'1.0
MgADP 10.1 £ 0.6 9.9+ 0.9
MgAMP-PNP 11.3+0.8 11.1x 0.9

@ 100 uM nucleotide was added to 1 uM S-1 or TNP S-1
(containing 1.58 TNP/S-1) in 30 mM KCl, 2 mM MgCl,, and 10
mM Tes, pH 7.1, in a thermostated fluorescence cell. Excitation
and emission were at 295 and 330 nm, respectively. Temperature
was 15 °C. Each measurement was repeated 4 times.

TNP S-1 in the presence of Mg?* at 15 °C. The time course
was fairly reproducible and could be described by a single
exponential, which fitted a typical first-order reaction curve
with a rate constant of kg = 125 57!, Similar traces, which
were all characterized by first-order rate constants, were ob-
tained upon addition of various concentrations of ATP in the
presence of Mg?* or EDTA. The rate constants at 15 °C were
found to increase with increasing ATP concentration, reaching
a plateau at about 75 uM ATP and 100 uM ATP in the
presence and absence of Mg?*, respectively (Figure 5). The
maximal kg4 values were 210 and 138 s7! for MgATP and
ATP, respectively (Figure 5A). In neither case did the kg,
follow a hyperbolic function with respect to ATP concentration,
as demonstrated by the nonlinear double-reciprocal plot of
these data (Figure 5B).

The experiments described above were also repeated at 5
°C. A similar ATP concentration dependence was obtained
at this temperature (Figure 6), with the exception that in this
case the plateau value for ATP in the absence of Mg?*, 128
57!, was higher than in the presence of this divalent cation, 102
s~ Again, the ke values in the presence of Mg?* reached
plateau at a lower concentration of ATP than in its absence.
The kq,q—[ATP] relation clearly deviated from a hyperbolic
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FIGURE 3: Tryptophan fluorescence of S-1 and TNP S-1 in the
presence and absence of MgATP. Conditions: 0.1 mM ATP was
added to 1 puM S-1 or TNP S-1 (containing 1.58 TNP/S-1) in 30
mM KCl, 2 mM MgCl,, and 10 mM Tes, pH 7.1, in a thermostated
(15 °C) fluorescence cell. The solution was excited at 295 nm, and
the emission was recorded before and after addition of ATP. (A)
S-1 with and (B) S-1 without ATP; (C) TNP S-1 with and (D) TNP
S-1 without ATP.
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FIGURE 4: Stopped-flow recording of 365-nm absorbance of TNP S-1
when mixed with MgATP. One syringe contained TNP S-1 and the
other MgATP. Temperature was 15 °C. Reaction-chamber con-
centrations: 5 uM TNP S-1 (containing 1.62 TNP/S-1), 45 uM ATP,
2 mM MgCl,, 30 mM KCl, and 10 mM Tes, pH 7.1.

function, as was shown by the nonlinear double-reciprocal plots
(Figure 6B).

Oscilloscope traces similar to those obtained with MgATP
were obtained also with MgADP. The k, values saturated
at 0.1 mM MgADP with 150 s! (Figure 7A). The kg
values did not fit a hyperbolic function in respect to MgADP
concentration (Figure 7B). Addition of ADP in the presence
of EDTA also produced an absorbance change at 365 nm
(Table I). However, the time course of the development of
this change was too rapid to be analyzed accurately in the
stopped-flow spectrophotometer, and therefore, kg, values
were not calculated. An absorbance change was also developed

MUHLRAD
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FIGURE 5: Dependence of rate of absorbance change of TNP S-1 on
ATP concentration at 15 °C with or without Mg?*: (A) direct plot;
(B) double-reciprocal ?lot of curve in (A); (ordinate) kgpeq! X 102
(s); (abscissa) [ATP]™! x 10* (M™). Conditions: 5 uM TNP S-1
(containing 1.62 TNP/S-1), 30 mM KCI, 10 mM Tes, pH 7.1, and
either 2 mM MgCl, (®) or 5 mM EDTA (solid star).
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FIGURE 6: Dependence of rate of absorbance change of TNP S-1 on
ATP concentration at 5 °C with or without Mg?*: (A) direct plot;
(B) double-reciprocal ?lot of curve in (A); (ordinate) kgq " X 10%
(s); (abscissa) [ATP]™! x 10* (M™!). For conditions and symbols,
see Figure 5.

by the addition of MgAMP-PNP, a nonhydrolyzable ATP
analogue, to TNP S-1 (Table I). The oscilloscope trace could
be characterized by a single expotential. The maximal kg
value was 35 s7!, which was obtained upon addition of 0.1 mM
AMP-PNP at 15 °C under the conditions described in Figure
4.
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FIGURE 7: Dependence of rate of absorbance change of TNP S-1 on
MgADP concentration at 15 °C: (A) direct plot; (B) double-reciprocal
plot of curve in (A); (ordinate) kypea' X 102 (s); (abscissa) [ADP]!
X 10* (M™). Conditions: 5 M TNP S-1 (containing 1.55 TNP/S-1),
30 mM KCl, 2 mM MgCl,, and 10 mM Tes, pH 7.1.
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FIGURE 8: Stopped-flow recording of decay of absorbance change
induced by MgATP. One syringe contained TNP S-1 and the other
MgATP. Temperature was 15 °C. Reaction-chamber concentrations:
10 uM TNP S-1 (containing 1.62 TNP/S-1), 25 uM ATP, 2 mM
MgCl,, 30 mM KCI, and 10 mM Tes, pH 7.1.

The entire time course of the hydrolysis of MgATP by TNP
S-1 could be followed in the stopped-flow spectrophotometer
at 365 nm by using the slowest available time scale of the
oscilloscope, viz., 5 s/division (Figure 8). After a fast increase,
the oscilloscope trace shows a decay of the difference absor-
bance at 365 nm. The decay is composed of two phases: a
small amplitude decay that follows immediately the appear-
ance of the maximum absorbance and disappears approaching
to the steady state and a larger decay correesponding to the
exhaustion of ATP. The final level of the decayed difference
absorbance corresponds to the value obtained upon addition
of MgADP to TNP S-1. The rate constant of the first decay,
Kgecay1» Was 1.2 570 at 15 °C. The rate constant of the second
decay, Kgecay 2, could be calculated according to Chance (1943)
and was found to be 0.115 = 0.018 and 0.021 £ 0.003 s™! at
15 and § °C, respectively.

We measured the ATP concentration dependence of the
maximal signal amplitude of TNP S-1 at 365 nm in the
stopped-flow spectrophotometer (Figure 9). Virtually identical
curves were obtained upon addition of MgATP and ATP both
at 15 and 5 °C. A theoretical curve was also calculated by
assuming the identical ATP binding site for each S-1 molecule
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FIGURE 9: Dependence of extent of 365-nm absorbance change of
TNP S-1 on ATP concentration with or without Mg?*. The extent
of absorbance change was calculated from the maximal amplitude
of signal obtained in the stopped-flow spectrophotometer upon addition
of ATP to TNP S-1. Conditions: 10 uM TNP S-1 (containing
1.52-1.62 TNP/S-1), 30 mM KCI, and 10 mM Tes, pH 7.1. In
addition, 2 mM Mg?* (solid star, ®) or 5 mM EDTA (m, solid
half-circle) was also present, and the measurement was carried out
at 15 (solid star, ®) or at 5 °C (@, solid half-circle). The continuous
line is a theoretical curve drawn for MgATP at 15 °C, assuming one
binding site per TNP S-1 and a transient Ky, which controls the height
of the absorbance change, 3.13 X 10 M. The transient Ky is
considered to be Ky = (kgecay2 + k-3) /(K k3). It is assumed that k_,
< Kgecay 2; according to Cardon & Boyer (1978), k_, =4 X 107571,
Kgecay2 = 0.115 57" at 15 °C (Figure 8). K, = 1.75 X 10* M was
calculated from the slope of the MgATP dependence of kg, (Figure
5); the slope equals Kk, (k, is the maximal value of kgq).

and a transient Ky of 3.13 X 10® M for MgATP at 15 °C.
The experimental results were significantly different from the
theoretical values. The initial slope of the experimental curve
was much higher than that of the theoretical one, and it began
to curve over at about 70% of its maximum change.

Discussion

In the present paper, we tried to elucidate the effect of a
specific chemical modification of S-1, viz., trinitrophenylation
of the reactive lysyl residue, on the mechanism of ATP hy-
drolysis catalyzed by myosin. According to Bagshaw &
Trentham (1974) and Taylor (1979) the following scheme
adequately describes the hydrolysis of ATP catalyzed by
normal myosin or S-1 in the presence of Mg?*:

k, ky k3
M + ATP =— M-ATP — M-ATP* —
k_1 k-z k-i

ky ks ks
M-Pr** — M-ADP* — M-ADP =—M + ADP
P ks ks
M-ATP and M-ATP* represent various enzyme—substrate
complexes, while M-Pr**, M-ADP*, and M-ADP represent
various enzyme—product complexes. The number of stars born
by various complexes represents different tryptophan
fluorescence intensities. It was shown that the predominant
intermediate in the aforementioned hydrolysis scheme of
MgATP is an enzyme product complex, M-Pr** (since the
transformation of this complex is the rate-limiting step in the
overall process). The question arises whether there is any
change in the nature of the predominant complex because of
the trinitrophenylation of the RLR. It is suggested here that
in the kinetic scheme of MgATP hydrolysis catalyzed by TNP
S-1 the predominant intermediate is an enzyme-substrate
complex, most probably M-ATP* and not M-Pr**. Our as-
sumption is based on the following arguments: (1) According
to Miyanishi et al. (1979), the P, burst is completely abolished
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by trinitrophenylation of myosin. The P; burst, which is as-
sociated with the MgATP hydrolysis catalyzed by normal
myosin, arises because the actual hydrolysis of ATP (step 3)
is much faster than a subsequent step in the mechanisms of
ATP hydrolysis (Lymn & Taylor, 1970). Therefore, the
abolishment of the P; burst might mean that either the hy-
drolysis of ATP became slower or the dissociation of the en-
zyme-product complex became faster as a consequence of
trinitrophenylation of myosin. (2) Addition of ATP in the
absence of divalent cations induces essentially the same spectral
change in TNP S-1 as MgATP. According to Lymn & Taylor
(1970), the rate-limiting step in the EDTA-activated ATPase
activity of myosin is the cleavage step. The similar effects of
MgATP and ATP on the spectrum of TNP S-1 might suggest
that the same step, step 3, is the rate-limiting step both for
EDTA- and Mg-ATPase after trinitrophenylation. (3) The
same absorbance difference spectrum and fluorescence en-
hancement are induced in TNP S-1 by MgATP as by its
nonhydrolyzable analogue, MgAMP-PNP. In respect of
fluorescence enhancement, TNP S-1 differs from nonmodified
S-1 where MgAMP-PNP induces less than half of the en-
hancement of that induced by MgATP. This result has con-
tributed to the recognition that M-Pr** is the predominant
complex in the case of normal S-1 (Bagshaw & Trentham,
1974). It has been assumed by the same authors that the
complex of MgAMP-PNP with myosin corresponds to M-
ATP*. It follows from this assumption that if the addition
of MgATP or MgAMP-PNP to TNP S-1 results in complexes
with identical spectral properties, then M-ATP* should be the
predominant intermediate of the MgATP hydrolysis catalyzed
by TNP S-1. Similar conclusions were reached by Stone &
Cheung (1976) on the basis that MgATP and MgAMP-PNP
induced the same change in the spectral properties of the
spin-label attached to SH; thiol in trinitrophenylated heavy
meromyosin.

It is of interest to find out which step in the Bagshaw-
Trentham scheme (Bagshaw & Trentham, 1974) for binding
and hydrolysis of ATP by myosin corresponds to the maximum
value of k4. In the case of normal S-1 (or myosin), both
steps 2 and 3 are accompanied by an increase in tryptophan
fluorescence [their magnitude being for chymotryptic S-1 10
and 24%, respectively (Weeds & Taylor, 1975)], and according
to recently held views (Johnson & Taylor, 1978; Trybus &
Taylor, 1982), step 2 is very fast, k, > 1000 s! and k; is the
plateau of the observed rate of fluorescence enhancement at
high ATP concentration. However, in TNP S-1 catalyzed
hydrolysis of MgATP the M-ATP* complex is the predomi-
nant intermediate; this means that the rate constant of the
transformation (k) is relatively slow (in the magnitude of 0.1
s7! at 15 °C) and cannot correspond to the fast k,peq, Which
has the magnitude of 100 s™'. It follows from these facts that
when MgATP is added to TNP S-1, the maximal rate of
absorbance change at 365 nm represents k,. The k, of TNP
S-1 is about 1 magnitude smaller than that of normal S-1 at
15 °C.

The dependence of the observed rate constant on MgATP,
ATP, or MgADP concentration deviated from a hyperbolic
behavior. To understand this behavior, one has to consider
the binding of MgATP by myosin according to the Bagshaw
& Trentham (1974) scheme. The first step of MgATP binding
in this scheme is a rapid equilibrium, which is followed by a
relatively slower izomerization step. This is true only if kg
reaches plateau at high nucleotide concentration, and the
concentration dependence of ku,q is hyperbolic. Deviation
from hyperbolic behavior can be expected if the step imme-
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diately preceding the spectral change is not in a rapid equi-
librium. Deviation from the hyperbola was observed recently
also with normal S-1, and it was suggested to be derived from
a three-step nucleotide binding process, in which the first rapid
equilibrium step is followed by two slower, essentially irre-
versible isomerization steps (Chock et al., 1979; Johnson &
Taylor, 1978; Trybus & Taylor, 1982). This might be true
also for the nucleotide binding of TNP S-1, and in this case,
virtually the whole absorbance change should be associated
with the last isomerization step. However, the deviation from
hyperbolic behavior may also be due to heterogeneity of the
TNP S-1 population, as was indicated by studying the ATP
concentration dependence of the signal amplitude.

The analysis of the MgATP or ATP concentration depen-
dence of the amplitude of the absorbance change induced in
TNP S-1 indicates heterogeneity of the MgATP (or ATP)
binding sites, since the theoretically computed binding curve,
which assumed one identical ATP binding site for each TNP
S-1 molecule, was significantly different from the experimental
one. As it is assumed that each S-1 molecule has one high
affinity ATP binding site (Young, 1967), it follows that the
TNP S-1 molecules belong to more than one class with respect
to ATP binding. Similar findings were obtained earlier re-
garding ADP binding by TNP S-1 (Muhlrad, 1977). Fur-
thermore, Miyanishi et al. (1979) showed that RLR was
trinitrophenylated only in one of the myosin heads, when the
reaction was carried out in the presence of magnesium pyro-
phosphate. Finally, our previous results (Hozumi & Mubhlrad,
1981) concerning limited tryptic hydrolysis of S-1 trinitro-
phenylated in the presence and in the absence of magnesium
pyrophosphate again indicated heterogeneity of the myosin
heads after trinitrophenylation.

An interesting feature of the kinetics of absorbance change
associated with nucleotide binding by TNP S-1 is its relative
insensitivity to the presence of Mg?*. This is also true for the
nucleotide concentration dependence of the signal amplitude.
These findings indicate that the affinities of ATP and MgATP
toward TNP S-1 are essentially identical, and the same seems
to be true for ADP and MgADP as well [see Muhlrad (1977)
for the dependence of Aesqs on the concentration of ADP and
MgADP]. On the other hand, the response of normal, non-
modified S-1 to nucleotides greatly depends on the presence
of Mg?*; Mg?* increases the fluorescence enhancement in-
duced by both ATP and ADP (Werber et al., 1972), and the
affinity of MgADP toward heavy meromyosin is much higher
than that of ADP (Malik et al., 1972) even if we consider that
at pH 7.0 and low ionic strength H-ADP binds to myosin fairly
tightly (Martonosi & Kielly, 1969). It thus seems that the
trinitrophenylation of RLR essentially abolishes the difference
in sensitivity toward ATP and MgATP in the nucleotide
binding site of S-1.

A decay of the difference absorbance was observed following
the maximal spectral change after the addition of MgATP to
TNP S-1. This decay is composed of two parts: a fast pre-
steady-state decay with a small amplitude and a second larger
decay that appears later and corresonds to the exhaustion of
ATP in the reaction mixture. The analysis of the first fast
decay according to Bagshaw & Trentham (1974) contributes
to the determination of the rate-limiting step in the hydrolysis
of MgATP by TNP S-1. In this hydrolysis scheme, there are
three potential rate-limiting steps: kj, k4, and k4. All the
others are assumed to be fast. Since no significant amount
of M-Pr** can be found in the steady-state complex, it is
assumed that k; << k4. The analysis of the scheme according
to Bagshaw & Trentham (1974) gives k., = k3ks/ (k3 + kg),
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Kascay1 = k3 + ke [M-ATP*]iay ate = ks[Mol/ (k3 + k¢), and
[M-ADP*) a4y siate = K3[Mol/ (k3 + kg). [My] is the total TNP
S-1 concentration. According to our results, ke, and Kgecay 1
at 15 °C are 0.04 and 0.72 s}, respectively. Since Kyecay 1 i8
at least 1 magnitude higher than k,,, therefore, k, cannot be
equal to kg. If k3 > kg, then [M-ATP*Jqcpgy stare WOUId be low
and the first decay would have a considerable amplitude, which
are contrary to the present findings. It follows that k3 < k4,
and k, is the significant rate-limiting step in the hydrolysis
of MgATP. On the basis of the above equations, one can
estimate the rate constants and the percentual composition of
the steady-state complex at 15 °C: k; and k¢ are 0.042 and
0.68 s7!; M-ATP* and M:ADP* are 94 and 6% of the
steady-state complex, respectively. It should be noted, however,
that these values are rather crude estimates since the rate
constant of the first decay cannot be evaluated accurately due
to its very small amplitude.

The steady-state rate constant of TNP S-1 shows a marked
temperature dependence, and its activation energy, 135 kJ/
mol, is 3 times as high as that of normal S-1. It should be
noted in this respect that increased activation energy was found
also after modification of SH groups of myosin and S-1 (Levy
et al., 1962; Sleep et al., 1981). However, the Arrhenius plot
of ATPase activity of TNP S-1 was linear in the whole tem-
perature range studied, unlike that of the SH-modified S-1,
which showed a considerable curvature at low temperature
(Levy et al., 1962; Sleep et al., 1981). It should be mentioned,
however, that Morales & Hotta (1960) obtained a linear
Arrhenius plot after thiol modification. The values of acti-
vation energy obtained in our studies for normal S-1 are in
good agreement with those published earlier (Levy et al., 1962;
Baruch & Moos, 1971; Sleep et al., 1981).

Trinitrophenylation of the RLR of S-1 did not affect
tryptophan fluorescence in spite of the fact that the spectral
properties of the TNP moiety attached to lysine (absorption
peak being at 345 nm, near the maximum of fluorescence
emission of tryptophan) make it a putative quencher of
tryptophan fluorescence. The apparent lack of energy transfer
(quenching) between the moieties indicates that RLR is lo-
cated at a considerable distance from any tryptophan in the
three-dimensional structure of the myosin head. Addition of
MgATP increases by more than 30% the fluorescence intensity
of normal S-1 prepared by chymotryptic digestion (Weeds &
Taylor, 1975) while MgAMP-PNP or MgADP give less than
half of this fluorescence enhancement. The nonhydrolyzable
nucleotides induce the same fluorescence enhancement in TNP
S-1 as in normal S-1. However, the MgATP-induced tryp-
tophan fluorescence enhancement is considerably reduced as
a consequence of trnitrophenylation of S-1, and the fluores-
cence emission is about on the same level as that observed upon
addition of MgAMP-PNP. We assume that the loss of the
greater part of the MgATP-induced fluorescence enhancement
is caused by the fact that M-ATP* and not M.Pr** is the
predominant complex in the TNP S-1 catalyzed hydrolysis of
MgATP; and therefore, the concentration of M-Pr**, which
is characterized by a high fluorescence level (Bagshaw &
Trentham, 1974), is relatively low in the steady state.

The observed lack of actin activation of the MgATP hy-
drolysis catalyzed by trinitrophenylated myosin (Fabian &
Muhlrad, 1968) could be also explained by the change in the
predominant complex upon trinitrophenylation. Actin activates
the ATPase activity of normal myosin by accelerating the
transformation of the steady-state complex M.Pr** to M-
ADP* but does not affect the actual hydrolysis of ATP: the
M-ATP*-M-Pr** transformation (Taylor, 1979). As M.

ATP* is the predominant complex in the TNP myosin cata-
lyzed hydrolysis of MgATP, it is quite natural that actin, which
does not influence the rate of transformation of this complex,
will not affect the rate of the overall hydrolysis of ATP either.

In conclusion, the present study shows that both substrate
binding and catalytic characteristics of S-1 are thoroughly
affected by trinitrophenylation of RLR. Binding and hy-
drolysis of MgATP by TNP S-1 are similar to binding and
hydrolysis of ATP (in the absence of divalent cations) by
normal S-1. This means that the predominant intermediate
in the kinetic scheme of the hydrolysis of MgATP by TNP
S-1 is an enzyme—substrate complex instead of an enzyme-
product complex, which is the case with normal unmodified
S-1.
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Interaction of Apolipoprotein B from Human Serum Low-Density Lipoprotein
with Egg Yolk Phosphatidylcholine and Cholesterol®

Subhash Dhawan and Jacqueline A. Reynolds*

ABSTRACT: Binary and ternary complexes of apolipoprotein
B (apo B) with egg yolk lecithin and with lecithin plus cho-
lesterol have been formed from detergent-lipid—protein mixed
micelles. These particles appear to be spherical by nega-
tive-stain electron microscopy and contain 510000 g of protein
(2 mol of apo B) complexed with apparent maximum molar
ratios of 780:2 (egg yolk lecithin:apo B) and 1300:280:2 (egg
yolk lecithin:cholesterol:apo B). The secondary structure as
reflected in the circular dichroic spectra is similar to that of
holo-LDL, when only lecithin is bound, but is significantly
altered when cholesterol is also present in the complex, sug-

Apolipoprotein B (apo B)! is the core protein common to
very low density and low-density serum lipoproteins (VLDL
and LDL, respectively) and is present in these water-soluble
complexes in a constant mass of 510000 g—equivalent to two
polypeptide chains per particle (Schumaker, 1973; Fisher et
al., 1975; Tanford & Reynolds, 1979). Apo B forms complexes
in vivo with 5-20 times its own mass of various lipids and
perhaps more importantly can vary its binding capacity as the
lipid content is altered during intravascular catabolism of
VLDL to the ultimate product, LDL,.

One approach to understanding how the core protein, apo
B, and the naturally occurring lipids combine and organize
themselves into a water-soluble structure is to investigate
systematically the binding of specific lipid moieties to the
purified protein and the effect of this interaction on protein
structure. We have used this approach previously (Watt &
Reynolds, 1981) and in this study have extended our previous
investigations of the binary apo B-EYL complex to the ternary
apo B-EYL-—cholesterol complex.
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and the Whitehead Medical Research Institute.

0006-2960/83/0422-3660%$01.50/0

gesting that the molecular organization of the ternary complex
formed in the absence of neutral lipids is significantly different
from that of the native lipoprotein. A part of the protein
(presumably uncharged) has to be incorporated with the lipid
acyl chains in a hydrophobic “core” of the spherical particle.
However, the relative amounts of apo B exposed to the aqueous
solvent and to the hydrophobic interior of the recombined
particles depend on the lipid content and also appear to differ
from those in LDL,. The results suggest that the manner in
which apo B folds is continuously variable, a result consistent
with its ability to bind varying amounts of lipid in vivo.

Experimental Procedures

Materials

All materials used in this study were standard reagent grade
unless otherwise specified. Sodium dodecyl sulfate was BDH
Chemical Corp. specially pure grade purchased from Gallard
Schlesinger. Sephacryl S500 and Sepharose CL-4B were
products of Pharmacia Fine Chemicals. Egg yolk lecithin used
in this study was from Lipid Products and contained less than
0.5% contamination by fatty acid or lysolecithin as determined
by high-pressure liquid chromatography. Cholesterol was
purchased from Applied Sciences, and [**C]cholesterol was
from Amersham-Searle.

Methods

Preparation of Holo-LDL,. Holo-LDL, (d = 1.02-1.05
g/cm?) was isolated from fasting, normal human volunteers
by centrifugal flotation by employing the procedures described
in detail by Steele & Reynolds (1979). After isolation, the
two free sulfhydryls per 250000 g of protein were alkylated

! Abbreviations: LDL, human serum low-density lipoprotein; VLDL,
human serum very low density lipoprotein; apo B, apolipoprotein B; EYL,
egg yolk phosphatidylcholine; Tes, N-{tris(hydroxymethyl)methyl]-2-
aminoethanesulfonic acid.
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