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2-(p-Toluidino)naphthalene-6-sulfonate (TNS) binds in a reversible bimolecular reaction non-covalently to RUBISCO, the water-
soluble enzyme for carbon dioxide Ðxation. TNS does not change the substrate activity at the active site of RUBISCO. Rate
constants and for the association and dissociation were measured as (1.2 ^ 0.2)] 107 dm3 mol~1 s~1 and 1020 ^ 300 s~1,k

`
k~

respectively. The binding of the steryl dye N-(4-sulfobutyl)-4-M4-[p-(dipentylamino)phenyl]butadienylNpyridinium inner salt
(RH421) to RUBISCO is a di†usion-controlled reversible bimolecular reaction with an association rate constant ofk

`
(7^ 0.6)] 109 dm3 mol~1 s~1 and a dissociation rate constant of (1.8 ^ 0.2)] 104 s~1. The dissociation constants for thek~ Kd
binding of TNS and RH421 to RUBISCO were calculated from the kinetically determined rate constants. These data are in good
agreement with the dissociation constants measured by equilibrium techniques. Upon binding to RUBISCO the Ñuorescence of
TNS and RH421 is more intense and blue shifted. The Ñuorescence lifetimes of TNS and RH421 are longer compared to those of
both dyes dissolved in aqueous solution. The Ñuorescence anisotropy correlation time of 200 ns for TNS bound to RUBISCO
corresponds to a rigidly bound dye which rotates with the same rotational correlation time as the whole protein. Both dyes can
be used as probes sensitive to their molecular environment. In further experiments they were applied to the detection of ligand
binding events at the active site of RUBISCO as will be described in a forthcoming publication.

The Ñuorescent dye TNS [Fig. 1(A)] was introduced by
McClure and Edelman as a probe for the detection of confor-
mational changes of proteins.1h3 TNS is only weakly Ñuores-
cent in polar solvents but upon binding to hydrophobic
regions of proteins or when dissolved in non-polar solvents
the Ñuorescence of the dye strongly increases and the
maximum of the Ñuorescence spectrum is shifted to shorter
wavelengths. TNS was used by several authors as a probe for
the detection of conformational changes and ligand binding
events of enzymes.3h5 It reacts as an environmentally sensitive
probe which detects polarity and viscosity changes in its sur-
roundings.6,7 Previously it was shown by Visser et al. that the
steryl dye RH421 [Fig. 1(B)] binds directly to proteins.8 The
Ñuorescence properties of RH4219 bound to RUBISCO are
comparable with those of TNS.1h3 Both dyes are sensitive to
their environment and show a blue shift and an increase of
Ñuorescence on binding to RUBISCO. It was demonstrated
that TNS does not change the carboxylase activity of
RUBISCO in the concentration range used in this investiga-
tion.10a,b To clarify the binding properties of both dyes for
kinetic studies of ligand binding to RUBISCO we investigated

Fig. 1 Structure of TNS (A) and RH421 (B)

the interaction of the dyes with the water-soluble enzyme
alone using Ñuorescence titration and Ñuorescence lifetime
measurements as well as fast reaction techniques. The hexa-
decameric RUBISCO of higher plants has a molecular weight
of 550 000 consisting of eight large catalytic (L) and eight
small regulatory (S) subunits.11 It is the key enzyme of the
carbon reductive pathway (Calvin cycle) and of photorespira-
tion. RUBISCO catalyses both the carboxylation and the oxy-
genation of the substrate D-ribulose 1,5-bisphosphate (RUBP)
and shows activation by carbon dioxide and magnesium
ions.12,13

Experimental
RUBISCO from spinach was puriÐed close to homogeneity as
described by Vater et al. and stored after addition of 10% w/v
glycerol at [20 ¡C.10b The mean value of the speciÐc activities
of the enzyme preparations was between 1 and 1.5 units mg~1.
RUBISCO from spinach was dialysed prior to use against 20
mM TRIS-HCl bu†er of pH 8.0 (1 mM dithioerythritol, 0.1 mM

EDTA) at 4 ¡C.
RUBISCO from Rhodospirillum rubrum was a kind gift from

G. H. Lorimer (DuPont, USA). After long-term storage at
[20 ¡C the bacterial enzyme was treated with 50 mM

dithioerythritol and 5 mM EDTA according to Tabita and
McFadden and dialysed prior to use against 20 mM TRIS-
HCl bu†er of pH 8.0 (1 mM dithioerythritol, 0.1 mM EDTA) at
4 ¡C.14,15

The dyes TNS and RH421 were purchased from Serva
(Germany) and Molecular Probes (USA), respectively.

The binding of the Ñuorescent probe TNS to RUBISCO
from spinach and Rhodospirillum rubrum was recorded with a
Ñuorescence spectrometer (Shimadzu RF 5000) at excitation/
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emission wavelengths of 366/427 nm at constant protein con-
centrations between 0.1 (0.187 lM) and 0.3 mg ml~1 (0.56 lM)
for RUBISCO from spinach and 0.53 mg ml~1 (0.47 lM) for
RUBISCO from Rhodospirillum rubrum at pH 8.0 and 25 ¡C.
A TNS stock solution dissolved in 20 mM TRIS-HCl bu†er of
pH 8.0 (1 mM dithioerythritol, 0.1 mM EDTA) was mixed with
an enzyme solution yielding dye concentrations between 5 and
250 lM. The measured Ñuorescence yield at 427 nm was
plotted as a function of the TNS concentration and Ðtted by a
least-squares non-linear regression program to a MichaelisÈ
Menten like equation for the Ñuorescence (F) as a function
of the dye (D) concentration : F\ Fmax[D]/(Kd ] [D])
(ENZFITTER, least-squares regression program purchased
from Biosoft, Cambridge, UK). For the estimation of the
number n of the binding sites for TNS and the apparent disso-
ciation constant the mass-law equation was used. TheKdamount of bound dye was calculated by the following
formula :

[D]bound\ (B/2) [ M(B/2)2[ n[E]total[D]totalN1@2,

B\ [D]total] [E]total] Kd (I)

The experimental data for the Ñuorescence as a function of
the dye concentration at a constant enzyme concentration
were Ðtted with the aid of least-squares non-linear regression
to the above equation by introducing a proportionality con-
stant between bound dye and detected Ñuorescence (F\
C[D]bound).The stoichiometry of the binding of TNS to RUBISCO
from spinach was investigated by an ultraÐltration technique
using an Amicon system. The amount of bound and free TNS
in solutions containing a constant RUBISCO concentration
of 0.3 mg ml~1 (0.561 lM) was calculated from the di†erence
in the TNS concentration measured by the absorption at 366
nm between the upper macromolecular phase and the lower
free TNS phase, after a rapid separation of the macromolecule
from the unbound TNS by centrifugation of the solution
through a X100 membrane Ðlter with a cut-o† of 100 000 u
(Amicon). The ratio of bound TNS/RUBISCO was then
plotted as a function of the free TNS concentration and was
extrapolated to an inÐnite free TNS concentration to deter-
mine the number of binding sites of RUBISCO from spinach
for TNS.

Fluorescence titrations of RUBISCO from spinach with
RH421 (excess of dye over protein) were performed to deter-
mine the binding constant K at excitation/emission wave-
lengths of 550/648 nm and a constant protein concentration of
0.1 mg ml~1 (0.187 lM) at pH 8.0 and 25 ¡C. A 1.3 mM stock
solution of RH421 dissolved in methanol was mixed with an
enzyme solution resulting in dye concentrations between 0.1
and 10 lM. The product nK was determined in a second titra-
tion of a dye solution with protein in excess according to
Frank et al.9 The results of both titrations yielded the number
of binding sites n and the binding constant K for the binding
of RH421 to RUBISCO from spinach.

Emission spectra of TNS bound to RUBISCO were record-
ed between 300 and 550 nm (excitation wavelength 280 nm) as
a function of dye concentration at a constant protein concen-
tration at pH 8.0 and 25 ¡C.

Fluorescence quantum yields r of the free dye in solution
and of the dye bound to RUBISCO were estimated by the use
of quinine sulfate as a standard as described by McClure and
Edelman.1 At a constant TNS concentration of 10 lM the dye
was titrated with an excess of RUBISCO. After each addition
of the protein, emission spectra were recorded, using an exci-
tation wavelength of 366 nm. The area of the Ñuorescence
emission spectra was plotted as a function of the RUBISCO
concentration. The Ñuorescence showed saturation character-
istics at an excess of RUBISCO. The maximum area of the
Ñuorescence band measured under these conditions was

extrapolated to inÐnite RUBISCO concentration and com-
pared with the area of the Ñuorescence band of a 10 lM

quinine sulfate standard to determine the Ñuorescence
quantum yield r of TNS interacting with RUBISCO.

Polarized Ñuorescence decay of TNS in the presence and
absence of RUBISCO was measured using a picosecond laser
system in combination with time-correlated single photon
counting as described in detail elsewhere.16h18 The excitation
wavelength was 340 nm and the Ñuorescence was detected at
either 434 or 489 nm using a combination of a 434/489 nm
interference Ðlter (Schott, Mainz, Germany) and a WG 360
nm (Schott) cut-o† Ðlter. The instrumental response function,
corresponding to the laser pulse convoluted with the detection
response, was determined by measuring the Ñuorescence decay
of xanthione in n-hexane (spectroscopic grade, Merck)
resulting in a lifetime of 25 ps.19 Polarized Ñuorescence inten-
sity components and were registered.I

A
(t) I

M
(t)

From these data the total Ñuorescence decay S(t)\ I
A
(t)

and the Ñuorescence anisotropy decay] 2I
M
(t) r(t) \ [I

A
(t)

were obtained. The total Ñuorescence[ I
M
(t)]/[I

A
(t) ] 2I

M
(t)]

decay S(t) was Ðtted using the global analysis program
described by Beechem et al.20 (Globals Unlimited TM,
Urbana, IL, USA) to the following equation : S(t) \

is the pre-exponential factor belonging to&a
i

exp([t/q
i
) ; a

ithe lifetime component with a minimum number of lifetimesq
ito obtain an acceptable Ðt to the data (s2B 1.0È1.5 and ran-

domly scattered weighted residuals between experimental and
Ðtted decay curves). It was found that the Ñuorescence decay
of free TNS in aqueous solution can be characterized by a
predominantly present component of 17 ps. The Ñuorescence
decay of protein-bound TNS is much longer and required two
or three components (depending on the conditions) to have an
acceptable Ðt to the experimental data. The Ðrst- andSq1Tsecond-order average lifetimes of the dye ÑuorescenceSq2Twere calculated from the Ðtted values of and according toa

i
q
ithe following equations : andSq1T \ &a

i
q
i
/&a

i
Sq2T \

First-order average lifetimes have been used&a
i
q
i
2/&a

i
q
i
.

because they are directly comparable with the Ñuorescence
intensity from steady-state Ñuorescence experiments.21 The
second-order lifetime corresponds to the true Ñuorescence life-
time. The Ñuorescence anisotropy decay r(t) was Ðtted to a
single exponential equation by using the global analysis
program: where is the pre-exponentialr(t) \ &b

i
exp([t//

i
) b

ifactor belonging to the correlation time /
i
.

Isothermal di†erential titration calorimetry (ITC) experi-
ments of the TNS binding to RUBISCO were performed
using the OMEGA high-sensitive microcalorimeter manufac-
tured by MicroCal Inc. (Northampton, MA, USA). A detailed
description of the design and operation of this instrument has
been provided previously.22 The instrument was calibrated by
measuring the area under a known electric test pulse and
comparing it with the heat released. For measurements of the
heat production accompanying the binding of TNS to
RUBISCO the enzyme was loaded into the sample cell of the
calorimeter (volume\ 1.3592 ml) and the reference cell was
Ðlled with water containing 0.05% sodium azide. The value C,
deÐned as the product of the binding constant K and the con-
centration of binding sites was between 0.1 and 1 ; these are
not the best conditions for measurements but they could not
be changed because of RUBISCO and TNS concentration
restrictions. TNS in the same bu†er as RUBISCO was Ðlled
into a 250 ll syringe at a concentration of 6.57 mM. The
system was allowed to equilibrate and a stable baseline was
recorded before initiating an automated titration. A typical
experiment involved 25 injections of 10 ll aliquots of TNS at
intervals of 3 min. Throughout the titration the cell was
stirred continuously at 400 rev min~1. The presented results
correspond to experimental traces of heat evolved vs. time
(injection number). The obtained data were evaluated to
determine the binding stoichiometry n, binding constant K
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and the associated enthalpy change by non-linear least-*bH
squares analysis in terms of the following equation :

Q
t
\ nM

t
*bHV M(1] X

t
/nM

t
] 1/nKM

t
)

[ [(1] X
t
/nM

t
] 1/nKM

t
)2 [ 4X

t
/nM

t
]1@2N/2 (II)

where is the total RUBISCO concentration and V is theM
tcell volume. Using this equation the total heat was thenQ

tÐtted via a non-linear least-squares minimization method to
the total titrant concentration The expression for the mea-X

t
.

sured di†erence is given by :22*Q
i
\ Q

i
[ Q

i~1
*Q

i
\ Q

i
] [(dV

i
/2V )(Q

i
] Q

i`1)/2][ Q
i~1 (III)

where is the volume of titrant added to the solution in thedV
icalorimeter cell.

The iodine laser temperature jump technique (ILTJ)23 was
applied to equilibrium mixtures of enzyme and dye. The relax-
ation of the concentrations of bound and unbound dye to a
new equilibrium state was followed by recording the change of
Ñuorescence intensity after a fast (2.3 ls) temperature jump of
1 K in the time range from 1 ls to 1 s.23 The time constants
of the ILTJ relaxations for the interaction of TNS with
RUBISCO were measured as a function of the dye concentra-
tion at enzyme concentrations between 0.1 and 0.5 mg ml~1
and as a function of the enzyme concentration at a dye con-
centration of 10 lM at pH 8 and 25 ¡C in 20 mM TRIS bu†er
(1 mM dithioerythritol and 0.1 mM EDTA). The time constants
of the ILTJ relaxations for the interaction of RH421 with
RUBISCO from spinach were measured as a function of the
dye concentration keeping the enzyme concentration constant
(0.25 mg ml~1) at pH 8 and 25 ¡C in 20 mM TRIS bu†er (1 mM

dithioerythritol and 0.1 mM EDTA). The relaxation times q
and the corresponding amplitudes A were estimated as
parameters of a least-squares Ðt of the relaxation curves uti-
lizing a Marquardt algorithm. For pseudo-Ðrst-order condi-
tions or the reciprocal([dye]A [enzyme] [enzyme]A [dye])
relaxation time 1/q was calculated and plotted as a function of
dye concentrations at constant enzyme concentration or as a
function of enzyme concentrations at constant dye concentra-
tion. In the case of a bimolecular reaction between dye and
enzyme 1/q is a linear function of the dye concentration at
constant enzyme concentration or vice versa.

Results
Fluorescence titrations of RUBISCO from spinach with TNS
showed an increase in Ñuorescence intensity at 427 nm with
increasing TNS concentration due to dye binding (Fig. 2).
The carboxylase activity of RUBISCO was not changed by

Fig. 2 Determination of the dissociation constant of the spinach
RUBISCOÈTNS complex (enzyme in the inactive state) obtained from
the increase of Ñuorescence at 427 nm. The insert shows the double
reciprocal plot of the titration data. Excitation wavelength 366 nm.
RUBISCO concentration\ 0.187 lM (0.1 mg ml~1).

TNS concentrations below 0.2 mM.10a,b The Ñuorescence
maximum of bound TNS was observed at an emission wave-
length of 427 nm (excitation wavelength 366 nm). Free TNS in
aqueous solution has an emission maximum at 500 nm.1 TNS
bound to RUBISCO also quenches the protein Ñuorescence
(Fig. 3). The apparent dissociation constant for the bindingKdof TNS to RUBISCO and the number of binding sites n for
the dye under various activation conditions of the enzyme
were calculated from the concentration dependence of the
Ñuorescence increase at 427 nm according to eqn. (I). Values
of of 98 ^ 10 lM and 39 ^ 17 lM were determined for theKdbinding of TNS to the inactive forms of RUBISCO from
spinach and the bacterial enzyme from Rhodospirillum rubrum,
respectively. Under these conditions the number of binding
sites n \ 37 ^ 8 of RUBISCO from spinach for TNS was esti-
mated. A similar value of n \ 40 ^ 10 was determined by
ultraÐltration experiments. In the activated state of the
enzyme a decrease of to 70 lM and an increase of the Ñuo-Kdrescence quantum yield from 0.17 to 0.24 was observed
without signiÐcant change in the number of bound dye mol-
ecules. Similar data were measured for the binding of the
transition-state analogue 2-CABP to RUBISCO (see Table 1).
The Ñuorescence lifetime measurements of TNS bound to

RUBISCO resulted in much longer average Ðrst- andSq1Tsecond-order Ñuorescence lifetimes compared to free dyeSq2Tin aqueous solution (Table 2). In the presence of magnesium
ions, the substrate ribulose 1,5-bisphosphate (RUBP) or the
transition-state analogue 2-carboxy-D-arabinitol 1,5-bisphos-
phate (2-CABP) a decrease in the average Ðrst- andSq1Tsecond-order Ñuorescence lifetimes of 10 to 15% wasSq2Tobserved (Table 2). Fig. 4(A) presents the total Ñuorescence

Fig. 3 Emission spectra (excitation wavelength 280 nm) of
RUBISCO from Rhodospirillum rubrum in the presence of increasing
TNS concentrations (0, 5, 10, 25, 37.5 and 50 lM). The decrease of the
Ñuorescence at 340 nm and the increase of the Ñuorescence intensity
at 427 nm is probably due to energy transfer mainly from the tryp-
tophane residues of RUBISCO to the bound dye TNS.

Table 1 Number of binding sites n, apparent dissociation constants
and Ñuorescence quantum yields r for the binding of TNS toKdRUBISCO from spinacha

RUBISCO n Kd/10~6 mol dm~3 r

inactive 37^ 8 98 ^ 10 0.17 ^ 0.02
active 51 ^ 9 70 ^ 12 0.24 ^ 0.02
active] 2-CABP 43^ 14 67 ^ 8 0.22 ^ 0.03

a Inactive state (without Mg2` and and active state (in theHCO3~)
presence of 10 mM Mg2` and 40 mM in 20 mM TRIS-HClHCO3~)
bu†er pH 8 (1 mM dithioerythritol and 0.1 mM EDTA) at 25 ¡C. For
free TNS in aqueous solution a quantum yield r of 8] 10~4 was
estimated by McClure and Edelman.1

J. Chem. Soc., Faraday T rans., 1997, V ol. 93 2381
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Table 2 Average Ðrst- and second-order Ñuorescence life-Sq1T Sq2Ttimesa

Sq1T/ns Sq2T/ns

TNS (free) 0.019^ 0.003 0.09^ 0.013
TNSÈRUBISCO 8.8^ 1.3 11.0^ 1.6
TNSÈRUBISCO] Mg2` 8.7^ 1.3 10.3^ 1.6
TNSÈRUBISCO] CABP] Mg2` 8.5^ 1.3 9.9^ 1.5
TNS/RUBISCO] RUBP 7.9^ 1.2 9.7^ 1.5

a For 10 lM “ free Ï TNS in aqueous solution and 10 lM TNS in the
presence of 0.3 mg ml~1 (0.56 lM) RUBISCO in di†erent activation
states at pH 8.0 and 20 ¡C (Ñuorescence excitation at 340 nm and
detection at 434 nm).

decay curves for TNS in the absence and presence of
RUBISCO. It can be clearly seen that the Ñuorescence decay
of TNS in water is ultrafast with a major component of 17 ps
and a minor contribution of nanosecond components (the
latter contribution is even less when the detection wavelength
is at 489 nm which is closer to the maximum of the Ñuores-
cence spectrum of TNS in water). The Ñuorescence decay of
RUBISCO-bound TNS is much slower with decay com-
ponents of 3.5 and 11.5 ns. However, superimposed on the
slow Ñuorescence decay a rapid component arising from
unbound TNS is clearly visible. From the Ñuorescence anisot-
ropy decay curve of TNS in the presence of RUBISCO [Fig.
4(B)] a rotational correlation time / of 200 ns was deter-
mined.

Fig. 4 (A) Fluorescence decays measured at 434 nm by time-
correlated single photon counting. Curves 1 and 2 : experimental (É É É)
and Ðtted (ÈÈ) Ñuorescence decay for 2.5 lM TNS in the presence of
0.15 mg ml~1 (0.28 lM) inactive RUBISCO at pH 8.0 and 20 ¡C.
Curve 3 represents the xanthione Ñuorescence decay used as instru-
mental response for deconvolution of the Ñuorescence decay. Curve 4
is the experimental Ñuorescence decay of 25 lM TNS in aqueous solu-
tion. All curves have been normalized to 105. The results of the decay
analysis are : ps, ns,a1\ 0.888, q1\ 17 a2\ 0.021, q2\ 0.85 a3\

ns, ns with s2 \ 1.08. (B) Experi-0.056, q3\ 3.5 a4\ 0.035, q4\ 11.5
mental (É É É) and Ðtted (ÈÈ) Ñuorescence anisotropy decay for 2.5 lM

TNS in the presence of 0.15 mg ml~1 (0.28 lM) inactive RUBISCO at
pH 8.0 and 20 ¡C. The results of the decay analysis are : b \ 0.324 and
/\ 200 ns with s2\ 1.04. A detailed error analysis (at 67% con-
Ðdence level) yielded lower and upper bounds for / of 160 and 270 ns,
respectively.

Isothermal di†erential titration calorimetry experiments
were performed to test if the binding of TNS to RUBISCO is
accompanied by a signiÐcant enthalpy change, which is a pre-
requisite for the ILTJ application.

Fig. 5(A), (B) shows a diagram of the heat in kJ mol~1 of
injectant and of the heat evolved for each of 25 injections of a
concentrated stock solution of TNS into a RUBISCO solu-
tion. Values of K, n, and the enthalpy change of binding *bHcould not be determined exactly, since C\ n[RUBISCO]K
was between 0.1 and 1 (optimum 0.1È100), so that no clear
transition point in the injection/heat dependencies of Fig. 5(B)
could be detected. The ITC experiments for the binding of
TNS to RUBISCO from spinach allowed us to estimate an
exothermic (negative) enthalpy change of [6.5^ 1 kJ*bHmol~1 [Fig. 5(A), (B)].

The kinetics of the interaction between TNS and
RUBISCO were investigated by ILTJ experiments in the time
range 1 lsÈ1 s. Temperature scans of the system TNS/
RUBISCO were measured in a Ñuorescence spectrometer at
excitation/emission wavelengths of 366/427 nm between 15
and 30 ¡C. These experiments showed a change of Ñuorescence
*F/F per ¡C of 3.8%. Two dye dependent relaxations could be
detected (Fig. 6). The Ðrst fast relaxation process with aq1relaxation time between 10 and 20 ls corresponds to the
protonation/deprotonation reaction of the dye. The slower
relaxation can be attributed to the dye binding reaction,q2because the reciprocal relaxation time is a linear function1/q2of the dye concentration at constant enzyme concentration.
Similarly, at constant dye concentration depends linearly1/q2on the enzyme concentration as expected for a bimolecular

Fig. 5 Diagram of the heat in kJ mol~1 per injectant (B) and of the
heat enthalpy produced in each (A) of 25 injections of 10 ll of 6.57
mM TNS into a solution of 8.2 lM (4.4 mg ml~1) inactive RUBISCO
in 20 mM TRIS-HCl bu†er pH 8.0 in the presence of 1 mM

dithioerythritol and 0.1 mM EDTA at 22 ¡C measured by isothermal
di†erential titration calorimetry.
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Fig. 6 Detection of the binding of TNS to RUBISCO by the ILTJ
technique. Two relaxation signals were observed indicating two fast
processes with relaxation times and at 25 ¡C in a solution of 100q1 q2lM TNS and 0.93 lM (0.5 mg ml~1) inactive RUBISCO from spinach
in 20 mM TRIS-HCl bu†er pH 8.0 in the presence of 1 mM

dithioerythritol and 0.1 mM EDTA; was attributed to theq1protonation/deprotonation equilibrium and represents the bindingq2of TNS to RUBISCO.

reaction under pseudo-Ðrst-order conditions.
Fig. 7 shows for di†erent TNS concentrations at con-1/q2stant enzyme concentration and for di†erent enzyme concen-

trations at constant TNS concentration. We used the
following reaction scheme assuming a bimolecular mechanism
with n equivalent binding sites to describe the kinetic e†ects :

E ] D
A8B

k~

nk` ED

ED ] D
A8B

2k~

(n~1)k` ED2

< < <
ED

n~1 ] D
A8B

nk~

k` ED
n

E: enzyme, D: dye

Fig. 7 Reciprocal relaxation times from ILTJ experiments for1/q2the binding of TNS to inactive RUBISCO from spinach as a function
of the dye [RUBISCO]\ 0.187 lM (0.1 mg ml~1)N and theM…,
enzyme [TNS]\ 10 lM) concentration in the absence of magne-(=,
sium ions and hydrogen carbonate ions in 20 mM TRIS-HCl bu†er
pH 8.0 (1 mM dithioerythritol and 0.1 mM EDTA) at 25 ¡C.

Fig. 8 Detection of the fast binding of RH421 to inactive RUBISCO
from spinach by the ILTJ technique. In this case only one relaxation
signal was observed which represents a fast process with a relaxation
time of 33 ls at 25 ¡C in a solution of 3.5 lM RH421 and 0.47 lM

(0.25 mg ml~1) RUBISCO from spinach in 20 mM TRIS-HCl bu†er
pH 8.0 in the presence of 1 mM dithioerythritol and 0.1 mM EDTA.

The following equations hold for the above reaction
scheme:24

1/q2 \ k~] k
`

[D] for [D]totalA [E]total (IV)

1/q2 \ k~] nk
`

[E] for [nE]totalA [D]total (V)

The rate constants and for the association and disso-k
`

k~ciation reaction were determined from the slope and intercept
of the graph of as a function of the dye and enzyme con-1/q2centrations (Fig. 7). Within experimental error equal values
for the dissociation rate constants of 1020 ^ 300 s~1 andk~970 ^ 40 s~1 were obtained from both plots. According to
eqn. (IV) and (V) the association rate constants k

`
\ (1.2

^ 0.2)] 107 dm3 mol~1 s~1 and dm3nk
`

\ (6.5^ 0.2) ] 108
mol~1 s~1 were estimated from the graph in Fig. 7. The
number of binding sites n was calculated from the ratio of

From the ratio a value for ofnk
`

/k
`

\ 54 ^ 11. k~/k
`

Kd85 ^ 25 ] 10~6 dm3 mol~1 was obtained.
The binding of the steryl dye RH421 to RUBISCO was

detected by Ñuorescence titrations of the enzyme with
RH421,9 Ñuorescence lifetime measurements8 ILTJ experi-

Fig. 9 Reciprocal relaxation times 1/q from ILTJ experiments for the
binding of RH421 to inactive RUBISCO from spinach as a function
of the RH421 concentration at a constant enzyme [0.47 lM (0.25 mg
ml~1)] concentration in the absence of magnesium ions and hydrogen
carbonate ions in 20 mM TRIS-HCl bu†er pH 8.0 (1 mM

dithioerythritol and 0.1 mM EDTA) at 25 ¡C.
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ments. The Ñuorescence measurements showed a longer life-
time of the bound dye in comparison to the free dye. From
Ñuorescence anisotropy decay measurements a rotational
correlation time of 159 ns for the bound dye was found ; this is
80% of the rotational correlation time of the enzyme molecule
itself.8 Fluorescence titrations of the inactive RUBISCO from
spinach using an excess of RH421 yielded a binding constant
K \ (4^ 2) ] 105 dm3 mol~1 equivalent to an apparent dis-
sociation constant of (2.5 ^ 1.3)] 10~6 mol dm~3.9 FromKdthe titration of RH421 with an excess of enzyme
nK \ (1.8^ 0.3)] 106 dm3 mol~1 was obtained.9 The
number of RH421 binding sites of RUBISCO from spinach
was calculated to be n \ 4 ^ 2.

The binding reaction of RH421 to RUBISCO from spinach
showed only one dye dependent relaxation process in ILTJ
experiments. A typical relaxation signal is displayed in Fig. 8.
Values of 1/q as a function of the RH421 concentration at
constant enzyme concentration is plotted in Fig. 9. The associ-
ation and the dissociation rate constant k

`
\ (7^ 0.6) ] 109

dm3 mol~1 s~1 and s~1 were esti-k~\ (1.8^ 0.2)] 104
mated from the slope and the intercept of the plot in Fig. 9.
From these data a dissociation constant Kd \ k~/k

`
\ (2.6

mol dm~3 was calculated.^ 0.5)] 10~6

Discussion
Fluorescence reporter molecules like TNS and RH421 are fre-
quently used to study conformational changes and the reacti-
vity of enzymes by Ñuorimetry. In previous work we have
demonstrated that TNS is an excellent probe for the investiga-
tion of substrate and e†ector binding to RUBISCO,10a,b
because the enzyme activity is not a†ected. In a forthcoming
publication we shall also demonstrate that the substrate
binding at the active site of RUBISCO is not inÑuenced by
TNS. In this paper we studied the binding of TNS to the car-
boxylase of spinach by Ñuorimetric, microcalorimetric and fast
relaxation techniques. By Ñuorescence titration experiments
the binding of TNS to RUBISCO was studied for various
activation states of the enzyme. Fluorescence titrations of
RUBISCO with TNS and RH421 showed an increase of the
Ñuorescence intensity upon binding of both dyes to the water-
soluble enzyme. The concentration dependence of the Ñuores-
cence increase at 427 nm for TNS and 648 nm for RH421
allowed us to determine the dissociation constant for theKdbinding of both dyes to RUBISCO. RH421 interacts with
RUBISCO from spinach in a di†erent way from TNS showing
both a lower apparent dissociation constant and a lowerKdnumber of binding sites compared to TNS. In the inactive
state of RUBISCO in the absence of bicarbonate and magne-
sium ions mol dm~3 and n \ 4 ^ 2Kd\ (2.5^ 1.3)] 10~6
were found for the binding of RH421. For TNS, n was deter-
mined for the inactive state of the enzyme by three di†erent
methods, (i) Ñuorescence titration experiments, (ii) ultraÐltra-
tion using Amicon cells and (iii) by applying the ILTJ tech-
nique for relaxation measurements to obtain kinetic data.
Within experimental accuracy we found the number of
binding sites n \ 45 ^ 10. In the inactive state the average
value obtained for from (i) and (iii) was (90 ^ 15) ] 10~6Kdmol dm~3. The results presented in Table 1 demonstrate that
a decrease of for the RUBISCOÈTNS complex and anKdincrease in the quantum yield of the Ñuorescence of the bound
dye was observed, when the enzyme was activated by preincu-
bation with bicarbonate and magnesium ions or in the pres-
ence of the transition-state analogue 2-CABP. The activation
of the enzyme does not induce a signiÐcant change of the
number of binding sites for TNS. Obviously a conformational
change of the enzyme during the activation process resulted in
tighter binding and reduced mobility of the dye probably due
to a higher hydrophobicity of its binding sites. In spite of the
higher apparent dissociation constant, TNS is more rigidly

bound to RUBISCO than RH421 which can be concluded
from polarized Ñuorescence decay measurements. TNS bound
to RUBISCO revealed a single rotational correlation time /
of 200 ns. For globular proteins / is related to the molecular
weight M by the following equation :25

/\ gM/RT (l] h) (VI)

g is the viscosity of the solution, R the gas constant and T the
absolute temperature ; l represents the speciÐc volume of the
protein and h is an additional contribution to the volume of
the hydrated protein caused by bound water molecules. With
a known molecular weight for RUBISCO of 535 000 g mol~1
(ref. 26) and typical values for l\ 0.74 cm3 g~1 (ref. 27) and
h \ 0.2 cm3 g~1 (ref. 25) and a viscosity of the aqueous solu-
tion of 0.978 cP (ref. 28) at 293.9 K a rotational correlation
time /\ 201 ns was calculated from the above equation. This
proves that TNS rotates with the same rotational correlation
time as the whole protein. In addition, there is no indication
of rapid internal TNS rotation within the protein. The Ñuores-
cence anisotropy decay of RH421 bound to RUBISCO was
also measured by Visser et al. Here the value of the estimated
rotational correlation time was 80% of that calculated for the
entire RUBISCO molecule.8 It should be realized, however,
that the rotational correlation time obtained for RH421 as
probe is much less accurate than in the case of TNS because
of the much shorter average Ñuorescence lifetime of RH421.

Fluorescence lifetime measurements of TNS showed larger
average Ðrst- and second-order Ñuorescence life-Sq1T Sq2Ttimes in the presence of RUBISCO than in its absence. The
Ñuorescence of the free dye showed a fast decay in the pico-
second range. For TNS bound to RUBISCO from spinach
decay curves in the nanosecond range were recorded. In the
presence of magnesium ions, substrate or substrate analogues
a decrease of the average Ðrst- and second-orderSq1T Sq2TÑuorescence lifetimes between 10 and 15% was observed for
TNS bound to RUBISCO. This result is another indication
that TNS acts as environmental probe for the detection of
conformational changes and binding events of RUBISCO as
observed previously for the binding of substrate and substrate
analogues to this enzyme.10a,b The decrease of the Ñuorescence
due to ligand binding corresponds to the decrease of the
average Ñuorescence lifetimes in the presence of ligands as
observed in Ñuorescence lifetime measurements.

The kinetics of the binding of TNS and RH421 to
RUBISCO were also investigated by ILTJ experiments. Both
dyes react in a reversible exothermic bimolecular process with
RUBISCO. The binding of RH421 to RUBISCO showed an
association rate constant of (7 ^ 0.6)] 109 dm3 mol~1k

`s~1 as is expected for a di†usion-controlled reaction. The fol-
lowing formula is a good estimate of the association rate con-
stant kdiff :29

kdiff \ [2NA kT /3g][(rA ] rB)2/rAB]/rAB2 /(rA rB)] (VII)

with the Avogadro number the Boltzmann constant k,NA ,
and the radii of the reactants and the product,rA , rB , rABrespectively. Assuming values of the radii of RUBISCO and
RH421 of 5 and 1 nm and a value for the viscosity of an
aqueous solution of 0.891 cP at 298 K,28 kdiff \ 1.3] 1010
dm3 mol~1 s~1 was calculated. The association rate constant
for the binding of TNS to RUBISCO of k

`
\ (1.2^ 0.2)

dm3 mol~1 s~1 is three orders of magnitude lower] 107
than for the binding of RH421. The apparent dissociationk

`constants and the number of binding sites n for the TNSÈKdRUBISCO complex were determined from the kinetic con-
stants. The kinetic data obtained here are in good agreement
with those derived from equilibrium measurements. For the
interaction of RH421 and RUBISCO there is also a satisfac-
tory agreement between the measured apparent dissociation
constant and the corresponding values calculated fromKdkinetic experiments. In conclusion, we found that both TNS
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RH421 are very useful probes for the detection of binding
events at the active site of RUBISCO, which are otherwise
very difficult to follow. Fluorimetric and microcalorimetric
analysis of sugar phosphate binding to RUBISCO using these
dyes as molecular probes are underway.
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