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Time-resolved Calorimetry: Construction of a Stopped-flow Calorimeter and Kinetic,
Thermodynamic Analysis of Myosin ATP Hydrolysis

Takao Kodama

A thermal stopped-flow method and its application to biochemical studies are described.
The instrument, which was recently constructed for this purpose, consists of a flow-through
calorimetric cell, a double two-jet type mixer, and a rapid solution delivery device. Special
features of the instrument are: a high sensitivity and a rapid response with the use of a small
thermopile consisting of 100 constantan/chromel couples per cm (a thermal sensitivity of
59 mV K! c¢cm™! ); a good thermal equilibration between the cell and reactant solutions;
and an accurate, reproducible control of flow rate of reacting solution. Using this stopped-
flow calorimeter it is now possible to resolve the heat change accompanying a pre-steady
state of ATP hydrolysis by myosin into three phases under certain conditions (c.g., at
15°C, pH 7.0 or at 0°C, pH 8.0): a rapid heat burst which is complete before the flow stop;
a fairly rapid heat absorption; and a very slow heat production. On the basis of kinetics and
other biochemical evidence, these heat changes are assigned respectively to those for ATP
binding to myosin, splitting of bound ATP into bound ADP + Pi, and release of Pi from

myosin.
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Fig. 2 Calibration of stopped-flow calorimeter.
Four traces of heat records were super-
imposed for each concentration of HCI
mixed with half-neutralized 0.2 M Tris.
All concentrations refer to those before

mixing. Temperature, [5°C. Flow rate,
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Fig. 5 Work heat as a function of flow rate in
stopped-flow calorimetry. The same two
solutions of 0.2 M Tris (pH 8.0) were
mixed in the stopped-flow calorimeter,
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ment-1 with ATP at 4°C. pH 8.0 in a
rapid response calorimeter!2). A: experi-
mental record from the calorimeter. B:
semilogarithmic record. The arrow shows
the intercept of an extrapolation of the
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Heat is expressed per mol of ATP.

J— 6 ———

Z DR, 2T~k 4 >OEPHEBEDS L,

il

rr

RE

ENKNROHIBIE IS T 5L EX Db, LH2
DOBMIEEEMENNCHBET 5 T &0, BEHAVBA Ly 7

b7 o — B ORI D AT EADHPTH 7
BiboD & Hic, HEOWEEE EFMES L L fofkdtic 78
5T, TOBERRIEERT D ENTEI,

5.2 ZRboTb7O-ZhBIEICKZEE
Fig. 713, 25°C, pH8. 0tk 5 SF-1 &ATP
ADP, ATPrS (ATP 7+ u 7 ¢, K4S #ERD
HASATP D&M 1/1000) MAEEHDRA My 7 b7
OB OREERTH D, TOEETTE, ATPOM
I EDSEN (> 200s7Y) feddic, ATP D& &M
KGR i/(\!&‘%H??FEW\HCch’L’C_Li Do LIi-T, K
BRI, ECRBOAHRLNDE (LT TORER
v TlE, PilBic s S RHBIBRBEALEH DS
NI, THTH LT, ATPrS E&ikid, MKS
SBRE OB EMNIEFICB WD Y i, EEROERESIE
HICEO O, FEBEEINICE T 5 E:, KSTH
BOBICW - Y LEREN S LN L, CORBOERE,
MK RO REIC IBIZE L, BERENT &3, &1
BEOERBODAX S, ADP#SICIZIFEL (, ATP
DEBEDHEORAEID F>ERENTETH b

498 ms

FLOW STOP

Fig. 7 Stopped-flow calorimetric records of
interaction of SF-1 with ATP, ADP and
ATPYS at 25°C, pH 8.0. The records
were corrected for heats derived from
dilution of SF-1 and mixing. Concentra-
tions before mixing: SF-1, 0.17 mM;
Nucleotides, 1.0 mM.
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Fig. 8 Stopped-flow record of interaction of
SF-1 with ATP at 15°C. See Fig. 7 for
experimental conditions.
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Fig. 9 Stopped-flow calorimetric record of ATP

hydrolysis by myosin subfragment-1 at
0°C, pH 8.0. Results of 25 records with
ATP and of 17 records with buffer were
averaged separately, and the difference
between the averaged results (ATP-
buffer) was plotted at 10 ms intervals.
The dotted lines were drawn by assuming
a first-order rate constant of 25 s™! for
the heat absorbing phase. The magnitude
of heat burst and heat absorption: upper
line 53 and 46 kJ mol™!; lower line. 40
and 33 kJ mol™!.
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Table 1

==

Rd

Thermodynamic parameters for intermediate steps of myosin ATPase reaction.

) Equilibrium  AG, 2
Reaction steps

AH/(k} mol™! Y]

constants])  kImol?  23°C3)  4°C3  4°c®  0°C>)  van’t Hoff
1 ATP binding Sx 10 M™! -76 -65 -50 —
s 6) -43 -31
2 ATP splitting 10 -6 - +60 +50
3 Pi dissociation 01 M +16 —47 -40 - —83 -
4 ADP dissociation 1 x107¢ M +44 +70 +54 - +57 _
1+2+3+4  ATP hydrolysis 5x10°M -22 -20 -17 - —-16 -

1) Conditions refer to pH 7 — 8, 20 — 25°C.

2) The unitary Gibbs energy changes at 298 K calculated from the equilibrium constants.

3) Data from ref. 23.

4) Estimated by using an ATP analogue, ATP v S (ref. 23).

5) AH values for ATP binding and splitting were estimated by stopped flow calorimetry as described in the test

and for ADP dissociation from ref. 24.
6) At 0°C, the value was reduced to 1.0 and hence AGy;
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