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ABSTRACT. MantATP [2(3')-O-(-N-methylanthraniloyl)-adenosin€-&iphosphate] was employed as a
fluorescence probe of the nucleotide-binding sites of dynein from sea urchin sperm flagella. MantATP
binds specifically with enhanced fluorescenee2(2-fold), homogeneous lifetime (8.4 ns), and high
anisotropy ( ~ 0.38) to dynein and can be displaced by ATP and ADP added to the medium. The
association constants of mantATP complexed with dynein were determined from anisotropy titration data.
Using a multiple stepwise equilibrium model, the average values of the first two association constants are
Ki=27x 10° M~ andK; = 1.8 x 10* M~L. This value ofK; is 7—8 times higher than that found
previously for unsubstituted ATP, whereldsis little changed [Mocz and Gibbons (199Bjochemistry

35, 9204-9211]. The lower-affinity binding sitess andK,4, observed previously could not be studied

with mantATP within the available protein concentrations. ®handS heavy chain subfractions have
binding parameters similar to those of intact dynein. Formation of the stable ternary complex of mantATP
with dynein and monomeric vanadate is accompanied by only a moderate increase in the binding affinities.
Oligomeric vanadate reduces the binding affinities§0%. Addition of TritonX-100, methanol, or
various salts changes the binding affinities by up to 50%, suggesting that the microenvironment of the
nucleotide-binding sites involves significant contributions from both polar and apolar interactions. The
distinct affinities of the individual binding sites are consistent with a physiological role in regulating
nucleotide binding.

Dynein ATPases form a widely distributed class of motor for a nucleotide-binding site (P-loof,&)), spaced about 300
proteins that transduce the free energy of ATP hydrolysis residues apart in the midregion of the chain. The P-loop
into mechanical work. They are involved in many diverse corresponding to the hydrolytic ATP-binding site can be
forms of microtubule-based cell motility, including ciliary identified by its location close to or at the V1 site of
and flagellar movementl(-3), organelle and vesicle trans-  vanadate-mediated photocleava@8)( The region around
port toward the minus end of cytoplasmic microtubulés ( this hydrolytic site, P1, has the most highly conserved
5), and normal nuclear segregation in ye#§t és wellasa  sequence among dynein isoforn20X, The less tightly
wide variety of other essential cellular movements {1). conserved P-loops, PP4, may constitute parts of regulatory

Most of the known functional aspects of dynein are cur- nucleotide-binding sites. Consistent with this hypothesis,
rently attributed to its heavy chain polypeptide suburifs ( equilibrium partition analysis has indicated that dynein heavy
> 500 000). These include ATP-sensitive tubulin binding chains from sea urchin sperm flagella may contain four
and the binding and hydrolysis of nucleotide. Dynein is different binding sites for nucleotide triphosphates per mole
believed to contain multiple, functionally distinct binding of heavy chainZ1). The stepwise association constants for
sites for adenine nucleotides, only one of which participates ATP range from 16to 1 M2, consistent with nucleotide
directly in hydrolysis. The amino acid sequences of the binding to putative regulatory sites occurring at physiological

heavy chains in both axonemal2-15) and cytoplasmic
dyneins {6, 17 contain four copies of the sequence motif
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concentrations. More direct evidence of regulatory function
is provided by reports that the axonemal maotility in vitro is
inhibited by high concentrations of ATP, with the inhibition
being reversible by addition of ADP22—24). Kinetic
analysis of the dynein ATPase at low (micromolar) ATP
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with a Ky of ~1 uM (25), whereas analysis at higher
concentrations shows nonlinear kinetics with tig@'s of
8—11 and 66-80 uM, respectively 23).

A useful way to study the properties of nucleotide-binding
sites on an enzyme is provided by the changes in fluorescence
of the ATP analogue, mantATRhat occur upon its binding
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to the enzyme 26). For many ATPases the steady-state standard deviation of anisotropy in all samples was 0.002
parameters of binding and hydrolysis of mantATP are close or less (an average of-Y readings per measurement).
to those of unmodified ATP, possibly because the attachment The ratio of the lifetime of bound mantATP to that of free
of the fluorescent reporter group predominantly to the 3 mantATP was taken as the enhancement factor, or enhance-
position on the ribose allows unobstructed interaction of the ment of the quantum yield upon binding, and used in
adenine base with the binding site on the prot&n, (29. calculating concentrations of free and bound mantATP, and
Both mantATP and the related fluorescent derivative an- ultimately in calculating association constants. The fluo-
thraniloyl-ATP are efficient substrates for dynein ATPase rescence lifetimes of mantATP free in solution and bound
and support flagellar motility29—31). to dynein were measured on the same ISS model K2
In this work, we use mantATP to study the properties of instrument by using the frequency domain appro@ 84.
the ATP-binding sites of soluble dynein from sea urchin EXcitation was at 363.8 nm using a Spectra-Physics Model
sperm flagella. By determining the increase in fluorescence 2045 argon ion laser as a light source. Emission was

anisotropy of mantATP upon binding, we will obtain the
equilibrium profile for the binding of this nucleotide to
dynein in physiological medium. The number and affinities
of binding sites will be estimated and related to the
physiological function of dynein. Effects of a series of salts
and organic solvents on the binding affinities will also be
observed.

EXPERIMENTAL PROCEDURES

Chemicals MantATP was a generous gift from Dr. John
F. Eccleston (NIMR, Mill Hill, London, U.K.). Adenine
nucleotides (ATP, ADP) came from Boehringer Mannheim

(Germany). Dimethyl-POPOP was purchased from Molec-

ular Probes (Eugene, OR). All other chemicals were
analytical grade from Sigma (St. Louis, MO).

Protein Preparations. Outer arm dynein with latent

ATPase activity was extracted from sperm of the sea urchin

Tripneustes gratillas previously describe@2). The dynein

observed through a Schott KV-399 cuton filter. Lifetimes
were analyzed using the Globals Unlimited software (Labo-
ratory for Fluorescence Dynamics, University of lllinois,
Urbana-Champaign). A computational model containing
discrete components for the lifetimes of bound and free
mantATP was used. The lifetime of free mantATP was
linked between data sets, but the bound lifetime and fractions
of each were allowed to vary.

Data Analysis: Multiple Stepwise Binding ModeOn
formation of mantATP/dynein complexes, the total fluores-
cence emission intensity) and anisotropyr( are given by

F= ZCiFi Q)
r=>% cFr/F 2)
whereg; is the concentration of specied,is its fluorescence

emission intensity per unit concentration, andis its
anisotropy. Using the additivity of the anisotropy function

was then transferred to 0.5 M acetate-based medium by(3g) \hich followed directly from the original relations of

dialysis and purified to remove tubulin by centrifugation on
sucrose gradients. The separatdand S heavy chain

fractions were obtained by dialysis of the dynein against 1

mM EDTA and 25 mM Tris/S@ pH 7.4, medium, followed
by centrifugation on 520% sucrose gradient8%). All
samples were concentrated by precipitation with 60%

the additivity of polarization derived by WebeBq)], the
fraction of mantATP bound to dyneir, is determined from
these equations by

X=(r—rlr,—re+(@—1)(,— 1)) 3)

saturated (NB).SQs. In preparation for use, the protein was  \yherer, is the anisotropy of mantATP free in solutian,is

resuspended and exchanged into a standard low ionic strengtfy,

buffer containing 2 mM MgS@and 25 mM Tris/SQ pH

e anisotropy of the bound nucleotide, that is, the limiting
anisotropy, r is the observed anisotropy, argl is the

7.4, and then dialyzed into the same medium before gnhancement factor. The same enhancement factor is

beginning fluorescence experiments.

Generation of Fluorescence Anisotropy Binding Isotherms.

assumed for all sites as it would be impossible to determine
each separately.

Fluorescence anisotropy measurements were carried out on This equation can be rewritten in terms of the binding

an ISS model K2 fluorometer (Champaign, IL), using a

xenon arc lamp as the light source. Excitation was at 360
nm, and emission was observed through a Schott KV-399

cuton filter, which passes light above 380 nm. All measure-
ments were done at room temperaturé@8 °C). Fluores-
cence titrations of mantATP with dynein were performed in
a 0.4 x 1.0 cm cuvette (path length was 1.0 cm, initial
volume 0.6 mL) by adding aliquots of protein stock solutions,
with subsequent mixing, to a fixed initial concentration of

parameters as

X =nOS/L, 4)
wheren is the number of binding site®) is the fraction of
sitesto which mantATP is bound, that is, saturatich,is
the total protein, and is the total nucleotide concentration,
respectively.

In terms of the association constants, the quami@yfor

the fluorescent nucleotide. Samples were in standard lowa heavy chain of dynein capable of binding multiple
ionic strength buffer. Other salts or organic solvents were nucleotide molecules can be expressed by the multiple
sometimes added as required for particular experiments.stepwise equilibrium model as

Contributions to the fluorescence intensity from the buffer

and protein (e.g., scattering) were subtracted. The average n® = z j[mantATP] 11 Kj/(l + Z [mantATP] II Kj)

1 Abbreviation: mantATP, '2Z3')-O-(-N-methylanthraniloyl)-adenos-
ine 5-triphosphate.

(5)

where
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[mantATP]= (1 — X)L, (6) Table 1: Fluorescence Enhancement of MantATP upon Binding to
Dynein and Its Subfractiofs

is the free nucleotide concentratigmanges from 1 to the

b s i is theith ! sample enhancement factor
nuliln ei_r 0 S|;[:es, ar;_tt,-_ is t %J]t assog:la;_tlon con?ta?t. 10M mantATP+ 5 zM dynein 23

onlinear Cuve Fitting. The association constants were 1 4M mantATP+ 5 «M a chain 22
calculated from eq 5 using an iterative nonlinear procedure 1M mantATP+ 6 uM j3 chain 2.1

_b‘,i?ed ,“PO“ rigorous Ie_ast-squqre; adJu_Sthms (In the a Fluorescence lifetimes of free and bound mantATP were measured
initial fitting stage, equivalent binding sites were assumed using multifrequency phase and modulation fluorometry. A model
and the initial input parameters (the rough association consisting of three discrete lifetime components best described the data,

constants) were calculated as and values of the reduced ranged from 1 to 3. The long component
(~8.5 ns) represents bound mantATP, the middle compone8t8(
o ns) represents free mantATP, and the short comporedio(ns) is

K= z 6/2 (1 - ©)[mantATP] () attributed to a combination of scattered light and a minor lifetime

) ) ] component of free mantATP. Enhancement factors show changes in
and then, in the iterative procedure, the values of theselifetimes due to binding of the fluorescent nucleotide to dynein and its

parameters were adjusted to minimize the difference betweenheavy chain subfractions.
the modeled and experimental data.

Application of eq 5 also involves the evaluation of the lifetimes of bound and free mantATP. Free mantATP has a
limiting anisotropy rp as it appears indirectly via eq 3. heterogeneous lifetime, with components~8.8 and~0.9
Computationally determined asymptotic values of this quan- ns. A single lifetime of~8.5 ns appears upon binding of
tity and estimates made by treating the limiting anisotropy mantATP to dynein, in addition to the two lifetimes of the
as an adjustable parameter were both close to the anisotropyree mantATP. The fractions of each lifetime then relate to
of mantATP recorded directly by exciting at 360 nm in 100% the relative amounts of free and bound nucleotide.
glycerol at 5°C where the fluorophore is maximally The ratio of the lifetimes of bound and free mantATP, or
polarized (data not shown). Therefore, for all final computa- enhancement factors, are reported in Table 1. The binding
tions, the limiting anisotropy was fixed with good confidence increases the lifetimes, and therefore the quantum yields,
at the experimental value of 0.384. by ~2.1-2.3-fold both with intact dynein and with its

Once the association constants were recovered, the exheavy chain subfractions. These values are consistent with
perimental binding profiles, that is, anisotropyversus the maximum fluorescence intensity changes observed upon
protein concentratios, were modeled and reconstructed as binding. The relative amounts of free and bound nucleo-

tide from the lifetime measurements gave association con-
r=rg+gxry, —r)/(x(@— 1)+ 1) (8)  stants consistent with those reported from titration experi-

ments below, but are somewhat less accurate because they
S= (LS — [MantATP])/QOS, + [mantATP]) (9) represent only a single point titration and are therefore not

. - : : - shown.
where$; is the initial dynein and., is the initial mantATP Binding Isotherms.The fluorescence anisotropy of mant-
concentration, respectively. ATP as a function of dynein concentration is plotted in Figure

Nucleotide ConcentrationsThe concentrations of nucle- 1 together with the corresponding data fits (see below,
otides were determined usirg= 5800 M™* cm™ at 356 ginding Parameters). These measurements were performed
nm for mantATP 6) ande = 15400 M*cm™ at 259 nm  py aqdding successive aliquots of dynein to solutions of
for ATP_ and ADP 68)'_ i ) mantATP in standard assay buffer (also containing 100 mM

Protein Concentrations. Protein concentrations were  _so,): therefore the final concentration of both nucleotide
determined spectrophotometrically by an absolute method 5 protein was varied for each series of measurements. The

based upon the difference in absorbance at 235 and 280 NMyytent of binding as a function of free mantATP concentra-
(39). The molecular weights used were the following: ion is shown in Figure 1B.

dynein, 750 000/chainy chain subfraction, 550 000/chain; The fluorescence changes show saturation behavior:

/3 chain subfraction, 650 000/chain. _ however, complete saturation is not attained because the
ATPase Actiity. ATPase activities of stock solutions of  ¢4ncentration of the protein required for reaching saturating

dynein and its subfractions were measured at room temper-g|yes of anisotropy was above the solubility limit of dynein.
ature in the standard low ionic strength buffer. The inorganic 1 anisotropy values reached equilibrium very quickly
phosphate liberated was determined by the method of LeBelyithin seconds) and remained constant over several minutes,

(40). which was the time course of these experiments, suggesting
RESULTS that mantATP (gnd its hydrolysis product, mantADP) remains
bound to dynein (data not shown). The total change in

Fluorescence Anisotropy and Lifetime Measuremeitse anisotropy observed at maximum protein concentration was

fluorescence of mantATP free in solution is highly depo- consistent between replicate experiments with a given dynein

larized ¢ = 0.025), consistent with the rotation of a small preparation but was somewhat less reproducible between
molecule. Incremental additions of dynein to solutions of preparations. A limiting anisotropy of 0.384 was used for

mantATP produce a 1520-fold increase in anisotropy as all calculations as described in Experimental Procedures. This
well as a~2.2—2.3-fold increase in fluorescence intensity choice of limiting anisotropy is a more reasonable assumption
of the fluorophore. than treating the limiting anisotropy as an adjustable
The increase in quantum yield of mantATP upon binding parameter in the fitting of data. The coincidence of the
to dynein was calculated by measuring the excited-stateextrapolated value near 0.38 with the limiting value of
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FIGURE 2: Effect of increasing concentrations afheavy chain
subunit of dynein M, = 550 000/chain) on the fluorescence
anisotropy of mantATP. (A) Anisotropy (r) as a function of total
protein concentration. (B) Binding functiomnf) versus free
nucleotide concentration. The initial concentration of mantATP was
5 uM. Conditions otherwise were the same as with dynein in Figure
1. Dashed line (---): one site is assumed< 0.00741). Solid line
(—): two sites are assumed & 0.00450).

Ficure 1: Binding of mantATP to intact dyneirM; = 750 000/
chain) as measured by fluorescence anisotropy. (A) Equilibrium
titration with dynein: anisotropyr} versus total protein concentra-
tion. The initial concentration of mantATP was &M in 20 mM
Tris/SQ,, 100 mM K:SOy, and 2 mM MgSQ, pH 7.4. The titration
was carried out at room temperature. (B) Plot of the equilibrium
titration data as a binding curve: binding function (extent of
binding, nf) versus free nucleotide concentration. The binding
function is defined by eq 5 under Experimental Procedures. The i . ]
points in the figure are experimental. The lines in Panel B representheavy chain subfractions appears to bind mantATP to

fitting of the data with the binding parameters obtained using a essentially the same extent as intact dynein.
nonlinear least-squares routine over eq 5. As a measure of goodness The binding of mantATP to dynein and its subfractions

of fit, the mean deviationd) is computed as the mean squared .. - .
difference between the observed values and the correspondingc@n be reversed by addition of millimolar concentrations of

values calculated from the final parameter values. Dashed line (--- ATP or ADP. This reversibility suggests that ATP, ADP,
): only one site is assumed in the binding mode 0.01078). and mantATP compete for the same binding site(s). AMP

Solid line (7): two sites are assumed (= 0.00286). Dotted line  fajled to reverse the binding of mantATP (data not shown).

(+=+): three sites are assumetl< 0.00273). The lines on Panel A L .
represent the reconstructed titration curves (eeP)8using the Binding Parameters.The parameters that describe the

estimated best-fit binding parameters. The binding parameters forequilibrium binding of mantATP to dynein are the association
the first two sites are summarized in Table 2 along with the constantsk; and the nucleotide/protein stoichiometry

p;z?:géﬁ?ateicga:)fsgr‘i?:é;?Cté’éssa-{;g'ee)l(b;?;edn‘ifsa V?/Rﬁ"gn% :gg‘ﬁetermined by the anisotropy titrations. Application of the
dent protein preparations gave similar results within experimental stepwise binding model involves the evaluation of only

error. parameters. In this model, tmth nucleotide binds with a
different association constant than the previous one. The
immobilized mantATP suggests that the bound fluorophore majority of our data, that is, binding isotherms obtained in
does not undergo significant local motion. a range of [dynein] from O to @M and [mantATP] either
Figures 2 and 3 show isotherms for binding of mantATP 1, 2, 5, or 1QuM can be adequately explained by a minimum
to theo and S heavy chain subfractions, respectively. As of two sites per chain. Adding a third or fourth site to the
with dynein, a negatively curved titration response showing binding model only marginally improves the curve fittings
saturating behavior was observed. Each of the separatedf the available data (dotted line, Figure 1). As a conse-
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03 ' ‘ P Table 2: Stepwise Association Constants for Binding of MantATP

A -7 to Dynein and Its Heavy Chain Suburits

sample K1 Kz

MantATP Binding to Dynein Determined
- from Fluorescence Anisotropy

dynein 26.9+2.9 1.8+ 0.5
o chain 24,44+ 3.0 3.7+£2.2
= S chain 21.6+ 0.2 6.4+ 2.2
ATP Binding to Dynein Obtained Previously
B from Phase Partition Analysis
dynein 3.3+04 2.0+ 0.2
a chain 0.8+ 0.1 1.5+0.2
S chain 2.86+0.4 3.0+ 0.6

aAll values are given in units of 0x M~ Only the first two
00 | . | | | constantsK; andKz, are considered. Binding constants were deter-
0 1 9 3 4 5 6 mined using multiple stepwise equilibrium analysis applied to anisotropy
. data.? Values for ATP binding obtained from phase partition analysis
[ Chain] (uM) are also shown for compariso1). Uncertainties shown are standard
errors. Data are obtained from at least 5 individual datasets in each

case.
0.4 ———r 7T
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o
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Ficure 3: (A and B) Interaction of mantATP with thg heavy 0.0 0.2 0.4 0.6 0.8 1.0
chain subunit of dyneinM; = 650 000/chain). The initial concen- [Vanadate] (mM)

tration of mantATP was M. The experimental conditions and

abbreviations were as in Figure 1. Dashed line (---): one site is fgyge 4: Fractional change in binding constaitsandK; as a
assumedd = 0.0108). Solid line<): two sites are assumed function of vanadate concentration. The binding constants were
0.0061). determined from the individual isotherms at each vanadate con-
centration. The fractional change K is given by Ky, — Kj)/K;
guence, the quantitative determination of the binding affini- wherekK, is the constant observed at a given vanadate concentration.

ties at these weak sites is not possible and the available dat&i is the constant in the absence of vanadate. Solid fineKy
are insufficient to distinguish between models with 2 or with Dashed line (---):Ka.

more than 2 sites. Impractically high concentrations of
protein would be needed in the anisotropy titrations to

describe the weak sites with confidence. Therefore, onl ;
y the presence of monomeric vanadat® 2 mM), a~40%

the first two sites will be considered in detail. ) L . . .

The obtained association constants for the first two sites 'N¢r€aseé in binding affinity at the first site was appare.nt.
are summarized in Table 2. The association constant at the®/lgomeric vanadate=0.2 mM) appeared to reverse this
first site is 7-8-fold higher than that of the unsubstituted effect and decreased the affinity to 60% of the initial value.

parent nucleotide measured previously by equilibrium parti- T.he' effect of vanadate on the afflnlty at the second site was
tion (21). The affinities obtained for the second site appear Similar, although somewhat smaller in extent. These results
comparable in both methods with only a slightly higher suggest structur_al dlfferencgs in d_yneln when various forms
affinity for the fluorescent derivative. of vanadate are interacting with or incorporated in the dynein/
Binding in the Presence of Vanadat®o characterize the =~ MantATP complexes. The changes could represent local
interaction of mantATP with dynein more fully, we studied p.ertL.eratlion of the microenvironment around the nucleotide-
the effect of vanadate on the apparent binding affinities of Pinding site.
mantATP by performing a series of anisotropy titrations in  Effect of Apolar Factors The nature of the interaction of
the presence of vanadate. At low micromolar concentrations, the N-methylanthraniloyl moiety of mantATP with the pro-
vanadate acts as a phosphate analogue, and has been showgin has been probed by determining the effect on the binding
to be an inhibitor of dynein ATPase by forming a dead-end affinity of adding an apolar solvent to the medium. To take
kinetic block @1, 42. At submillimolar concentrations, into account the effect of added solvent on quantum yield

vanadate exists in oligomeric forms, and is an analogue of
the polyphosphate chain of ATP. As seen in Figure 4, in
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Ficure 5: Effect of methanol on mantATP binding. Binding
constants were determined from the individual isotherms at each
solvent concentration. The change Ki and K, is shown as a
function of solvent present. For each solvent concentration (%),

the appropriate enhancement factor was used, as follows: 0%, 2.3;

5%, 2.0; 10%, 2.0; 15%, 1.9; 20%, 1.6. Solid line)(K,. Dashed
line (---): K.

(26), the lifetimes were determined and the fluorescence
enhancement factors calculated for each solvent condition
used.

Methanol in the concentration range R0% (v/v) lowers
the binding affinity of mantATP at the first site by up to
55% (Figure 5) while the affinity at the second site falls by
20%. Under similar conditions, the ATPase activity of
dynein is stimulated with a more profound.5-fold irrevers-
ible increase at 20% methandl, 43. Enhancement factors
decreased with increasing methanol (Figure 5, legend).

Similar treatment of dynein with the nonionic detergent,
Triton X-100 (poly(ethylene glycoljert-octylphenyl ether),
reduced the binding affinity for mantATP by 13% and 20%
at 0.1% and 0.2% (v/v) Triton, respectively. Triton X-100
concentrations up to 0.2% did not affect the quantum yield
or fluorescence enhancement factor of mantATP upon
binding to dynein. Exposing dynein to 0.2% Triton X-100
has been shown to result in anr 80-fold irreversible increase
in its ATPase activity 42, 43.

Effect of Polar Factors. As a complement to the sol-
vent experiments, the effects of various salts on binding
affinity were also investigated (Figure 6). If the predomi-
nant component of binding of mantATP to dynein were
polar, then an increase in ionic strength might be expected
to diminish the affinity. Moderate concentrations of NaCl
(<0.8 M) increased the binding affinity of mantATP at the
K; site by ~60% (Figure 6A), whereas at higher concen-
trations the affinity decreased. Sodium acetate had a sim-
ilar but smaller effect on binding, whereas3O, grad-
ually decreased the affinity at the first site 5y40% over
the ionic strength range-0.33 M. Similar but lesser
changes occurred at te site (Figure 6B). These changes
in affinity do not parallel the effect of the salts on dy-
nein ATPase activity, where NaCl shows a reversible 15-
fold activation over the same concentration range and so-
dium acetate shows a much smaller, 2-fold, stimulation
(42, 43.
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FiGURe 6: Salt dependence of binding constatigandKo,. Titration

of mantATP with dynein was carried out in the presence of various
concentrations of NaCl (triangle), sodium acetate (square), and
K,SOy (circle). Binding constants were determined for each
individual isotherm. The changes i (A) andK; (B) are shown

as a function of ionic strength of the medium.

1.4

DISCUSSION

MantATP is amphiphilic in nature, possessing both polar
and apolar moieties, and its fluorescence properties are
sensitive to the microenvironment of the binding site on a
protein. The increase of fluorescence anisotropy upon
binding of mantATP to dynein and its heavy chain subfrac-
tions has allowed direct determination of binding affinity
by anisotropy titration, as well as study of the changes in
affinity resulting from addition of different polar and apolar
components to the solvent.

Since mantATP bound to dynein can be displaced by
unsubstituted ATP and ADP added to the medium, it is likely
that mantATP binds specifically to the same site(s) as the
unsubstituted nucleotide. This result is consistent with
previous reports that mantATP shows little or no nonspecific
binding to other ATPases (r&f8, and references therein).

The 2.2-fold increase in lifetime of mantATP upon binding
to dynein is in good agreement with the enhancement factors
observed for the binding of other mant-nucleotides to various
proteins £8). The ATPase motor protein myosin binds
mantATP with an apparently identical enhancement factor
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of 2.2 7). The high extrapolated value of the anisotropy mantATP decreases, either because of competition for
suggests that mantATP complexed with dynein experiencesbinding from the increasing concentrations of oligovanadate
substantially restricted mobility during its® ns lifetime. present, or because of a change in the local structure of the

The lifetime component due to bound mantATP was dynein/mantADP/Y complex relative to that of the corre-
homogeneous in standard assay buffer, consistent with datassponding dynein/mantADP/Romplex.

for mantATP bound to other protein®q, 2§. Since Our data show that, after taking into account the effects
mantATP is hydrolyzed by dynein, the fluorescence presum- on fluorescence lifetime and quantum yield, the binding
ably arises from a range of kinetic intermediates. The affinity of dynein for mantATP is diminished only moder-
observed value of the bound lifetime thus represents anately (<60%) by the presence in the medium of up to 20%
average of bound mantATP and its hydrolysis product, methanol or 0.2% Triton X-100, although these agents
mantADP, at different sites and conformations. That s, the jncrease the rate of ATP hydrolysis by dynein as much as
homogeneous bound lifetime, within experimental error, iS 10—20-fold 42, 43. A similar contrast is observed in the
independent of the kinetic intermediate of dynein and the effect of salts on binding affinity and on the rate of ATP
ATP blndlng site to which it is bound. This observation hydr0|ysi3_ For examp|e, 0.8 M NaCl induces an ap-
implies that those aspects of the microenvironment which proximate 70%increasein binding affinity for mantATP,
affect the excited state of mant-fluorophore, are similar in whereas it results in a reversible 15-fold activation of dynein
all the important intermediates. ATPase 42, 43. It thus appears that the conformational
The results of anisotropy titrations are in good agreement changes in dynein structure upon exposure to these salts and
with previous studies which demonstrated that dynein heavy apolar agents result in only a modest destabilization of
chains can interact with nucleotides at greater than one tomantATP binding to the prehydrolytic kinetic intermediates
one molar stoichiometry2@, 21). The binding isotherms  in the catalytic pathway, relative to their much greater
for mantATP suggest that the and § heavy chains each  destabilization of the dynein/ADP/Romplex whose dis-
possess one site of high affinity and at least one site of lower sociation represents the usual rate-limiting step in the overall
affinity. Analysis of the titration curves, using a multistep hydrolysis reaction. ATP binding to dynein has been shown
equilibrium model, allowed us to determine the affinities of g |ead to significant conformational changes that are not

the first two binding sites. The additional weak sites |imited to the immediate vicinity of the nucleotide-binding
observed previously could not be studied in this work becausesijte @9, 45, 46.

of practical limitations of protein concentration. The affinity
of the high-affinity site of dynein for mantATP appears to
be ~7—8 times greater than the value obtained previously
for unsubstituted ATP binding by phase partition analysis
whereas the affinity of the lower-affinity site is only slightly
higher. Tighter binding of mant-nucleotides has been
reported previously for other proteing, 29. In the present
case, the greater affinity of mantATP may represent a
contribution of apolar interactions of the mant group to the
free energy of binding. The -78-fold higher affinity
corresponds to an increase of +46 kcal to the total free
energy of binding, which is comparable to the-0158 kcal/

mol required for displacing hydrogen bonds in proteiw) (
However, the greater affinity of mantATP as compared to
ATP may also derive partly from an artificially low value
for the affinity of unsubstituted ATP obtained in the previous
work due to the presence of dextran and poly(ethylene glycol)
in the partition solventZ1). It is notable that our observed
value of 27x 10* M~ (Kq = 3.7 uM) for the affinity of
mantATP binding to the high-affinity site of dynein is
roughly comparable to the Michaelis constant~a30 uM
reported by Omoto30) for several motility parameters of
flagellar axonemes reactivated with mantATP.

In the presence of the ATPase inhibitor vanadate, mant-
ATP binds with up to 33% greater affinity. Maximal
increase is observed with 0.1 mM vanadate, which is
approximately the concentration required for maximal inhibi-
tion of dynein ATPase activity, possibly because trapping
the nucleotide with vanadate causes a conformational chang
near the ribose binding site of the protein that changes theeREFERE’\ICES
dielectric constant of the microenvironment around the 1 Gibhons, I. R. (1963proc. Natl. Acad. Sci. U.S.A. 50002
fluorophore. Thus the change in affinity with added vanadate 1010.
can be due to most or all of the dynein being in the dead- 2. Gibbons, I. R. (1981). Cell Biol. 91,107s-124s.
end kinetic block. As the concentration of vanadate is 3. Gibbons, I. R. (1989) i€ell Movement: The dynein ATPases
increased beyond 0.1 mM, the affinity for binding of (Warner, F. D., Satir, P., Gibbons, I. R., Eds.) Vol. 1, p22.

The measured binding affinities show that the individual
o andpg heavy chains of dynein each possess a minimum of
two chemically distinct nucleotide-binding sites of high and
' low affinity that are able to bind mantATP simultaneously.
The evolutionary conservation of the these sites revealed by
sequence studieg() suggests that nucleotide binding at both
high- and low-affinity sites plays a critical physiological role.
Binding and hydrolysis at the high-affinity site presumably
provide the energy for motility, while binding at the low-
affinity site(s) may serve to optimize the rate of hydrolysis
or to regulate the variable energetic costs of driving the
conformational changes necessary for force generation during
oscillatory axonemal beating. When comparing in vivo and
in vitro conditions, one must take into account that macro-
molecular crowding effects in vivo can result in large
contributions, perhaps as much as2orders of magnitude,
to the effective molecular concentrations that could influence
nucleotide binding to dyneirg). The in vivo concentration
of ATP is already relatively high, nearing 6-3.0 mM.
Local concentration gradients, especially if amplified by
crowding effects, could modulate the extent of nucleotide
binding to provide a useful level of regulation.

In closing, the present study further defines the interaction
of nucleotides with dynein and provides useful information
for further application of fluorescent ATP derivatives to
clarify the distinct roles of the several conserved nucleotide-
binding sites in the biology of dynein.
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