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Functional Multiplicity of Motor Molecules Revealed by a Simple
Kinetic Analysis
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ABSTRACT We present a simple analybcal solution for a kinetic mnodeJ of motor nmoecule function with multipe arms. This
oxxdel has a rate of motion proportonal to the probabilty that all arms in a complex are detached from Fte cytoskeleton and,

therefore, we refer to it as obligate cooperativity. The model has Fte form: v = V.,/(1 + qIS)n, where V,. is Fte mafimum
velcity, the product nq is the effective Michaelis constant at high [ATP], and n is the number of arns. Values of n = 2 and
n = 1 give good fits to the heavy meromyosin and myosin Si sliding velcity data, respectively, consistent with the number of
active sites. Despite the complexity of the eukaryotic axoneme, beat frequency data from Chlemydomonas wild-type and oda
mutants are also fit by this model.

INTRODUCTION

Many motor molecules, including myosins, dyneins, and ki-
nesins, have multiple active sites, referred to as arms. The
individual arms have been demonstrated to be capable of
producing movement in both myosin and dynein (Toyoshima
et al., 1987; Moss et al., 1992). To understand the behavior
of a multimeric enzyme that interacts with a common cyto-
skeletal element, we have developed an analytical solution
to a 4-state kinetic model of mechanochemical enzymes with
multiple active sites, which we call obligate cooperativity
(Omoto et al., 1991). This term originates from the obser-
vation that the rate of motor molecule movement is propor-
tional to the calculated probability that all of the arms in a
complex are detached from the cytoskeleton. We used this
model to investigate the ramifications of multiple arms in
motor molecule function. Because dissociation of an arm
from the cytoskeleton requires the binding of the substrate,
MgATP, obligate cooperative interactions are most evident
at the lowest substrate concentrations. This substrate depen-
dence contrasts with that oftraditional positive cooperativity,
in which the cooperative interaction is most evident near the
KM of the enzyme (Cleland, 1970; Segel, 1975).

MATERIALS AND METHODS
Chlamydomonas reinhardtii mutants were kindly provided by the Chlamy-
domonas Genetics Center, Department of Botany, Duke University,
Durham, NC (curator Dr. Elizabeth Harris). Chlamydomonas were bubbled
with 5% C°2 m modified Sager and Granick media (Sager and Ganick,
1953) and grown on a 12 h dark/12 h light cycle.

Chlamydomonas reinrdtii was reactivated in a manner similar to
Omoto and Brokaw (1985). Cells were concentrated by centrifi in a
tabk-top centrifuge and washed twice with cold 10 mM HEPES, 5 mM
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MgSO4, 2 mM EGTA, 1 mM DiT, 0.4% sucrose pH 7.4 (HMDES), and
reupended in 30 mM HEPES, 5 mM MgSO4, 1 mM DTT, 2 mM EGTA,
and 25 mM Kacetate pH 7.4 (MDEK). The cells were stored in this so-
lution on ice until used. To demembranate, the cell suspensinwas incbated
1:1 with HMDEK + 05% NP-40 for 15 min in a 15°C waterbath. From
here on, all solutions and procdures were done at 150C to ease the tem-
peature shift from ice to 200C, at which the experiments were performed.
The demembranated cell suspension was mixed 1:9 with reactivation so-
lution which, in addon to HMDEK, contained 2% polyethylene glycol
(15,000-20,000 molclar weight), 1 gl/ml (1 mg/ni stau nsporine in dim-
ethylsulfoxile) and apopriate [ATP?. Stamospine (Kamiya Biomedical
Thousand Oaks, CA) was used as a more convenient and potent protein
kinase inhibitor than that previously described (Hasegawa et aL, 1987). To
maintain ATP concentations below 50 LKM, 1 mM phosphoenolpyruvate
and 10 units/ml of pyruvate kiase were used for ATP rege The
reactivated cells were observed by darkfield microscopy at 20°C. Beat fre-
quency was determined by matching the motion with strobe or at low fre-
quencies by timing the duration of 5-20 beats. Each data point is the mean
of 10-20 different flagella except where noted.

Myosin S1 sling veklity was measured essentially as in Harada et aL
(1990), except that the tepRa was 280C, [KCI] was 35 mM, 1.25 mM
DTT was used instead offrmercaptoethanoL and chicken rather than rabbit
was the source of S1.

Except for the heavy meromyosin velocity data, kindly provided by
Homsher et aL (1992), each data point was calculated by pooling the data
brom two to four experiments and calulating the mean. The SEM (standard
enror of the mean) was also calculated for each data point fom the pooled
data. Outier data points that deviated by more than 5 SEM from the optimal
fit for n (see below) were not used. Points that deviated by 3-5 SEM were
eliminated from the analysis unless there appeared to be a systematic de-
viaion between the data and the fit. Such an apparent systematic deviaion
was euntered only in the analysis of the oda-2 mutant, shown in Fig. 3,
A and C below.

MODEL

A simple 4-state kinetic model ofaxonemal motion using two
arms was previously introduced to model obligate coopera-
tive behavior (Omoto et al., 1991) based on the mechano-
chemical cycle of actomyosin (Fig. 1 A) (Lymn and Taylor,
1971). The two arms were treated as identical and cycling
independently. Motivated by the idea that sliding cannot pro-
ceed if any arm in a complex remains bound to the cyto-
skeleton, the proportion of motor molecules with both arms
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FIGURE 1 (A) Four-state m cycle for one armn The rgor
state, #1, is released by the binding of the substrAt S, repriesentng AT,
gin state #2. This is folowed by AT? hydrolysis and state #3. The
products are reptresnted by P, with no distinction made between ADP and
inoargaic phosphate. The enzyme-product complex reassoates with cyto-
skeleton, ving state #4. Remaociato ehances the rate of produc re-

kase, acmpkting the cycle. (B) Hill plots of the oate vity
model, Eq. 2, are given for n = 2 and 3 by the solid curves. These curves
were constucted using V. = 50 s-' and nq = 100 FM The asymptotes
for the high subsrate regime, with a slope of 1, and for the lw substrte
regme, with slope of n, are given by the thin dashed lnes (see Eq 5). The
dotted curve sketches a traditional positive coopraative system, showing a
maximal Hill coefficient of 1.7 around an ordinate value of0, corresponding
to S = q, and opes deing to 1 at both extremes of substrate concen-
tations. A value of q = 25 FM was used to offset this curve to the left for
visal carity.

Consider the state diagram for a single arm, shown in Fig.
1 A. S represents the sbstrate, MgATP, and P represents the
products, with no distinction beig made between ADP and
inorganic phosphate. The forward direction is counterclock-
wise around the cycle, with rate constants k- deting tran-
sitions from state i. The substrate concentration is assumed
to be effectively constant on the time scale ofthe experiment,
and all rate constants are treated as first order. Reverse rate
constants are denoted k_j, and the product concentration is
assumed to be so low that k-4is set to 0. Standard methods
of steady-state enzyme kinetics (King and Altman, 1956;
Plowman, 1972) are employed to calculate the probabilities
of individual states.

Let Pi be the probability of state i, and PD the probability
that an arm is detached from the cytoskeleton. Then PD is
given by

PD= (D)2+ D3)

+2 3(Dl +D2 + D3+D4)'
where, in the absence of products,

D = k2k3k4+ k-1k3k4+ k_jk_k4+k-,k-k-3
D2= kk3k4+ klk-2k4+ k-A-3k%,
D3 =klkA4 +k1kAk3,

D4=klk2 31

In these equations, the pseudo-first-order rate constant kl is
proportional to the substate concentration S, which remains
constant. We write this as k, = k'S. Then probability PD ha
the form

aS
D bS + c'

where a, b, and c are combinatons of the rate constants and
k'. This can be written as

p
I + qIS' (1)

where P = alb and q = c/b.
Assuming that the arms cycle independently, the prob-

ability that all n arms in a complex are detached is Pr, If the
observed rate of sliding or beat frequency, v, is proportional
to PD, then our model has a very simple analytical solution:

(1 + q/S ' (2)

detached as a function of substrate concentration was cal-
culated and found to correlate with the experimental obser-
vations of sea urchin sperm beat frequency.

We now generalize this model to n arms. The cycle is further
asmed to be in seady sate, and the accentato of products
to be e These are reasonable because the
rate remaims consant over the acorse of the ement

where the maximum rate V] = FP', with F being the con-
stant of proportionality. When the substrate concentration is
high, >> q,we see that v V. /(1 + nq/S). Inthisregime,
nq may be estimated as the effective Michaelis constant.
The formula derived above for obligate cooperativity con-

trasts with the classical Hill relationship (Hill, 1925)

1 + (qS)- '(
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where v is the reaction velocity, V. is its maximal value,
S is the substrate concentation, and q is the value ofS giving
v = VJ/2. The exponent n is the Hill coefficient. This
formula represents a perfectly cooperative interaction
among n subunits. A Hill plot is constructed by plotting
log vI(V,,- v) as a function of log S. When Eq. 3 is
traISfornxl min this way, a strigline is obtaimdl with slope n

V
log V -v="10gS-nlogq. (4)

When a Hill plot is constucted for an obligate cooperative
interaction, Eq. 2, the following asymptotes are found at high
and low substrate concentrations

V__ flog S-lognq (S»>>q)
log V, -v n log S-n log q (S << q),

with a curve interpolating smoothly at intrmediate concen-
trations. The effective Hill coefficient increases from 1 at
high S to alimiting value of n at low S. In Fig. 1 B, curves
are shown for n = 2 and 3, with fixed V. and nq. The
asymptotes, Eq. 5, are also shown. In contrast, traditional
cooperative systems give Hill plots whose highest slope is
observed near KM. that is, near an ordinate value of zero, and
is usually less than the number of crative units. The
slopes of Hill plots of taditional cooperative systems de-
crease to 1 at both extremes of substate concentration. Such
a curve is sketched schematically in Fig. 1 B.
The procedure for determining an optimal fit of the ob-

ligate cooperativity model to the data uses the experimental
value for V., which is well determined by the data Values
of nq (the effective KM) and n are then obtained by two
successive optimizations, each involving only one of the
variables. We first consider values of n in the interval 0. I '
n ' 5.0, in steps of An = 0.1. For each value of n, nq is
optimized to give the minimal RMS error between the data
and the fit, in units of the experimental SEM. That is, in the
calculation of the RMS error, the difference between a meas-
ured velocity and the model fit was divided by the SEM at
each experimental [ATP]. We then choose as optimal the
value of n that gives the lowest overall RMS error for both
n and nq. Figs. 2A and 3A show the RMS errors as a function
of n for the myosin sliding velocity and axonemal beat fre-
quency data respectively.

Error bars on Hill plots were calculated by propagating
uncertainties inboth v and V. using the fonnula

I [V2 Aj.2 + v2^-V2 1/2 (6
error= -+ 2. VA2+" % (6)

where v and V.. are mean values for rate measurements; Av
and AV. indicate twice the SD of the mean. When v is close
to V.., the error bars are very large because of the small
denominator in Eq. 6, reflecting the singularity in the ordi-
nate of the Hill plot at v = V,. This does not signify a large
uncertainty in the exVperimental values. Such error bars are

RESULTS

Fit of the oblkgate ae model to myosin
in vitro sliding velocity data
We seahed for in vitro HMM sliding velocity data that
covered a wide range of [ATP] with sufficient data points at
high [ATP] to provide good esimates for V, and Km and
sufficient data points at very low [ATP] to allow for good fit
for the value n. The heavy meromyosin sliding velocity data
of Homsher et al. (1992) fit dtese criteria well (Fig. 2, B and
D). We compared these MM results with our own myosin

SI sliding velocity data The myosin SI sliding velocity data
are pooled from two experiments.
The fit of the obligate cooperativity model to the experi-

mental data was examined in several ways. We first deter-
mined the optimal value of n by plotting values of n against
the RMS error as shown in Fig. 2 A for heavy meromyosin

and single headed myosin sliding velocities. This plot gives
us an indication of how well the model fit the data. The
point at which the RMS error is at a minimum for n is the
one that we considered optimum. The optimal fit for n for
heavy meromyosin is close to two. That for single headed
myosin is around one. Thus, this method finds n = 1 for
the single headed myosin and n = 2 for the heavy
meromyosin.
An Eadie-Hofstee plot for heavy meromyosin sliding ve-

locity data is shown in Fig. 2 B. In the case of true Michaelis-
Menten kietics, the Eadie-Hofstee plot would be a straight
line with a negative slope of-KM and the y-intercept ofV.
Tlhe high substrate regime corresponds to the data points in

the upper left, with decreasing subsrate concentration to in-

termediate levels in the lower right In the case of heavy
meromyosin in vitro sliding, however, the data at lower sub-
strate concentrations curve inward towards the lower left,
showing a clear deviation from Michaelis-Menten kinetics.

Sliding velocities calculated using the obligate coopera-

tivity model, Eq. 2, are shown by the curves in Fig. 2, B and
D. In the Eadie-Hofstee plot (Fig. 2 B), the abscissa and
ordinate both depend on the sliding velocity; dterefore, com-
parisons between fits and the data should be made point-
by-point, for each substrate concentation.
The heavy meromyosin data are shown as an Eadie-

Hofstee plot in Fig. 2 B and as a Hill plot in Fig. 2 D. The
solid curve was obtained using the maximum sliding veloc-
ity, V., of 5 pAm s-', assuming n = 2 and optimizing to find
nq = 62.5 pAM. This curve fits the data well. Because our

optimal value for n in Fig. 2 A fell between 1 and 2, we also
show the fit using n = and the effective KM estimated by
Homsher et al. (1992) as a dotted line. The dashed family of
curves uses the value for nq optimized for n = 2, but shows
curves for n = 1, 3, and 4. In each case, the curve corre-

sponding ton= is astraight line. The curves for n = 3 and
4 show large discrepanies from the data at low substrate
concentrations. The best fit to the obligate cooperativity
model is thus oained by setting n = 2, which is the number

deleted when they clutter the figure.
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FIGURE 2 Fit of the myosn slidg velocity data to the obligate cooperatity modeL Experimental data are shown as cires, with the open circles
ting outliers. Error bars show ± 2 SEMs of the data. Hi plot error bars were constucted Eq. 6. (A) RMS errors plotted for 0.1 5 n

- 5.0

at intervals of An = 0.1. Errors cmputed for the myosin Si data are shown by the curve with log and short dashes. No outliers are excluded. The minimum
occurs at n = 1.1. Errors co ed for the heavy meronyosin data with no outliers excluded are shown by the solid curve. The minimum occurs at n =

1.6. The dotted curve shows the errors when the single outier is excluded. The minimum occurs at n = 18. (B) Eadie-Hofstee plot of heavy mermyosin
in vitro sliding velocity. AII curves were genrated by drawing straight line segmens between points calated at each expe nl [ATPl. The sold curve,

indicated by (A), Co ton = 2 and an otimized nq of 62.5 pM The dashed curves were a usng n 1,3 and 4, and the same nq. The

doted line was consucted using n = nq = 883 LM, the Km given by Homnber et aL (1992) The observed V 5.0 pin s-1 was used for all

fits. Data were kindly provided by the authors. (C) Hill plot of myosm Si vitro sliding velociy. The solid line corresponds to n = 1 and an optimized
nq of 152.4 pM The dashed line shows the best fit for n = 2 with nq = 80.13 pM V. = 2.069 pm s-' was used for all fits. Data represent a mean

of two experiment (D) Hill plot of heavy meromyosn in vitro sliding velocity. The solid curve shows the best fit for n = 2 and an oPtImIze nq of 625

PM The dashed curves were constucted using n = 1 to 3, and the same nq. The dotted cmuves were consucted usg n = 1 and nq = 883 iM, the K.
given by Homsher et aL (1992) The observed V. = 5.0 pm s-1 was used for all fits.

Fig. 2 C shows the Hill plot of single-baded myosin.
Because the optimum fit to our model faills between 1 and 2
on the RMS error plot (Fig. 2 A), we examined the fit using
both n = 1 (solid curve) and n = 2 (doued curve), with nq

equal to 152.4 and 80.13 M, resectively. The better fit is
shown by n = 1, which is the number of arms in single-
headed myosin.

Ft of the obligate cooeave model to
Chiamydomonas beat frequency data

Wild-type Chlamydomonas axonemes are complex struc-
tures containing 24 nm repeats of outer arm dyneins with

three heavy chains each and 96 nm repeats of three pairs of
inner arm dyneins. We examined the beat frequency of wild-
type and two mutants, oda-2 and oda-6, which are totally
missing the outer arm dyneins. Fig. 3A shows the RMS errors

for optimized fits to the data over a range of values for n at
intervals of 0.1. The wild-type data show a very broad mini-
mum for values of n between 3 and 5, reflecting the scatter
among the four experimental data sets. Analysis of unpooled
wild-type data gives individual minima for three experiments
around n = 3, but one experiment has a minimum at n = 6.5
(data not shown). Thus, the apparent minimum around
n = 4 is an artifact of the pooled data.The oda-2 data
show a mi mum RMS error at n = 2.3. Only a single data
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FIGURE 3 Fit of the Chlamydononas axonemal beat frequency data to the obligate cooperavtq modeL Data are shown by circes, with the open cices
i tin outiers Exror bars show +2 SEMs of the data. (A) RMS errors plotted for 0.1 ' n ' 5.0 at intervals of An = 0.1. Eos computed for the
wild-type data are shown by the cuve with long and short dashes The minimum occus at n = 3.9. The fits for oda-2 and oda-6 are shown by the solid
and dotted lines; their minima occur at n = 2.3 and 2.1, respectively. All eos are compud with outlis exduded. (B) Hi plot ofwildtype beat hfquency.
The solid curve was consructed Vun = 43.5 hz, with the value nq = 51.6 p,M determined by optimizing for n = 4. The dashed curve gives the best
fit for n = 3, with the optimied value nq = 58.1 pM. Data represent the mean of four eximents. (C) Hill plot of oda-2 beat frquency. Curves were
con teusgV = 26 hz, n = 2and nq= 58.8 M ( )andn = 3and nq=455pM(---- Thenqvaeswereoptimum forthegivenvalues
of n. Data poits represent the mean of two experiments. (D) HiB plot of oda-6 beat fequency. Curves were constucted usig V. = 23 hz, n =2 (-)
and nq = 48.8 pIM n =3--- - -) and nq = 41.5 pM The nqvahes were otidmized as dised above. Data points represent themnof three experiments.

point was discarded in the analysis (see Fig. 3 C). Further
outliers were not eliminated because six data points were
found to deviate by 3-5 SEMs from the optimized fit, and
this discrepancy appeared to be tic The oda-6 data
show a minimum RMS error at n = 2.1. Four outiers were
exduded. These deviated by 6.6 or more SEM fim o
fits to the data

Fig. 3 B-D show Hill plots of the data with various fits to
the obligate cooperative model. Two fits of the model to the
wild-type data are shown in Fig. 3 B, one with n = 3 and an
optimum nq (effective Km) of 58.1 5LM, and one with
n = 4 and an optimum nq of 51.6 F.M. The two curves
appear to fit the data comparably well.

Fig. 3, C andD show the Hill plots of beat frequency data
for Chlamydomonas mutants, which are totally ing the

outer arm dyneins, oda-2 and oda-6, respectively. In both
cases, two model curves are given using the values of nq
derived frombest fits with n = 2and n = 3, and the estimated
value of V. For oda-2, the optimum fits using n = 2 and
n = 3 are comparably good. However, for oda-6 the fit for
n = 2 is clearly superior, granting our identification of out-
liers. For both mutants, the model curves using n = 2 fit the
data reasonably well. The goodness of fit is reflected in the
RMS error for these data in Fig. 3 A.

DISCUSSION

The trditional type of positive cooperativity contrasts
sharply with our model of obligate cooperativity as dia-
grammed in Fig. 1 B. Qualitatively, the myosin in vitro slid-
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ing velocity and axonemal beat freuency data are well
described by the obligate cooperative relationship and not at
all by either a simple Michaelis-Menten or traditional posi-
tive cooperative relationship. The central hypothesis in our
obligate cooperative model is that, when a multi mech-
anochemical enzyme interacts with a common cytoskeletal
element, the frAction of enzyme species that have all of the
arms in a complex detached from the cytoskeleton is directly
proportional to the rate of movement. The good fit of this
model to two very different types of motor molecule move-
ments strengtens our hypothesis and suggests that the rate
of movement is limited by attached motor molecules.
Two key assumptions were necessary to arrive at the

simple analytical solution for obligate cooperativity. One as-
sumption is that the arms on motor molecules are equivalent
In the case of heavy meromyosin, the heads of heavy mero-
myosin are identical. However, there is ample evidence for
differences between dyneins in an axoneme, between inner
and outer arm dyneins (reviewed in Witman, 1989; Kamiya
et al., 1989), and among the outer arm dyneins (Moss et al.,
1992; Lark and Omoto, 1994). Anothr simpiying assump-
tion is that the arms cycle independendy. In reality, the rates
of cycling of one arm may depend on the state of the other
arm. There is kinetc evidence for both myosin and dynein
suggesting that when one arm in a complex is attached, the
rate of cycling of the other arm increases (Hackney and
Clark, 1984; Omoto and Johnson, 1986). The good fit of the
model to the data suggests that, for the experimental systems
studied here, the effects of arm heterogeneity and noninde-
pendence do not dramatically alter the dynamics of cycling.
The notion of obligate cooperativity was initially intro-

duced to explain the deviation of axonemal beat frequency
from simple saturation kinetic behavior. The experimental
data analyzed were derived from sea urchin spermatozoa,
which have two heavy chains in outer dynein arms (Omoto
et al., 1991). It was suggested that the multipLcit of dynein
heavy chains in the outer dynein arms was the basis for this
cooperative behavior because the slope of the Hill plot (1.45)
at the lowest substrate concentration is consistent with two
active sites. However, the slope for the data aainable at the
lowest substrate concentrations is not a reliable measure of
the number of active sites that best fit the obligate coopera-
tive modeL In both the model and the dat, the slope increases
gradually. The model predicts a limiting value of the slope
at the lowest substrate concentrations (Fig. 1 B, solid curve),
but it is impossible to know how closely this limit is ap-
proached by the experiments. Further, it is technically dif-
ficult to measure rates at the lowest substrate concentrations.
For these reasons, fitting the model to the entire data set
appears to be a more reliable method of estimating the num-
ber of active sites. The very simple analytical solution to the
model ed in this paper has only three free parameters,
which helps to make a fit of the model to data easy to i

Given an ideal data set, both V and nq (the effective K.)
can be directly determined from the data. For example, in the
high substrate regime of the Eadie-Hofstee plot, the
y-intercept gives V. and the slope gives -nq. Then n could

be found by nonlinear curve fitting. The ideal data set would
include sufficient data over the highest substat concentra-
tions to determine accurately V and nq, and sufficient data
over the lowest substate concentrations to constrain the
value for n. However, we have found that this procedure,
when applied to actual data, does not yield a very precise
value for nq.

Fitting the obligate cooperative model to the data gives a
value for n which, in princple, should be an integer repre-
senting the functional number of subunits in an oligomeric
motor molecule. Our procedure for optimizing n generally
yields nonintegervalues (Fi. 2A and 3A). This may reflect
a relatively small number of data points and experimental
errr, and/orthe _ andhtrgniyofthe amns
The best fit of the obligate coperaivity model to the

heavy meromyosin sliding velocity data is obtained for n =
1.8, close to 2, the numberofarms in heavy meromyosin The
model prdicts that single-headed myosin data should be fit
by n = 1. In fact, the in vitro sliding velocity data of myosin
Si, a single-headed myosin, are best fit by n = 1.1. Thus, this
very simple model can interpret in vitro sliding velocities
from a well defined system ofactin filaments sliding on two-
or single-headed myosi

Eukaryotic axonemes are much more complicated struc-
tures with about nine different types of dynein heavy chains.
Furthermore, beat frequency is a more complex movement
than unloaded in vitro sliding. Thus, it is surprising that the
axonemal beat frquency data are fit by this obligate coop-
erative model as well. Indeed, the value for n is not as well
determined by our analysis. For wild-type dta, as indicated
by the broad minimum in the RMS error plot, the value for
n could be 3 or greater. In fact, analysis of individual ex-
periments shows a range ofminima from 2.8 to 6.5. This may
reflect some inconsistency between experiments. In addition,
there may be complex interactions between inner and outer
arm dyneins that manifest themselves at different [ATP]. Our
experiments were carried out at different ranges of [ATP],
and thus might be differentially influenced by these inter-
actions. For mutants totally missing the outer arm dyneins,
the optimal value ofn appears to be somewhat better defined.
A value of n = 2 fits both mutant data sets fairly well,
consistent with biochemical and electron microscopic ob-
servations that suggest that the inner arm dyneins are com-
posed of pairs of heavy chains (Pipeno et al., 1990).
The success of this simple obligate cooperative model in

quantitatively fitting two very different types of motor mol-
ecule function invites analyses of other motor molecule rate
data. Further extensions of the model may require inclusion
of effects caused by nonidentical active sites and noninde-
pendence in cycling.
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