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Modern methods of single-molecule detection and spectroscopy
make it possible to directly monitor the long series of reaction
cycles of one macromolecule in real time. Within the previously
developed theory of substrate-conformation interaction, we give a
simple method of calculating the main statistical characteristics of
single-molecule trajectories reflecting the modulation of a reaction
cycle by the slow conformational dynamics of the macromolecule.
Computer simulations show considerable qualitative distinctions
of such characteristics from those calculated within the standard
chemical/Michaelis kinetics.

Introduction

In viewing the role of structural motions of a
macromolecule (enzyme) in the reaction it performs,
two aspects can be conventionally distinguished. The
first concerns the influence of a structural relaxation on
the reaction course within a single reaction act (single
turnover of the protein). This has been studied in detail
on the model system of rebinding CO to myoglobin,
see e.g. [1]; the corresponding theory proposed in the
milestone paper [2] still remains rather workable. The
second is related to slower, regulatory conformational
re-arrangements that could be essential in a sequence of
multiple turnovers and are able to drastically change
the functional cycle of the enzyme. This has been
discussed mostly in the biochemical literature in the
context of “kinetic cooperativity” exhibited by some
monomeric enzymes [3, 4]. Such enzymes were called
“hysteretic” [3]. The implication involved was that there
exist the slow (as compared to the reaction rates)
conformational transitions of the enzyme and thereby
its memory about the preceding reaction act. Models of
true hysteretic (from physical point of view) behaviour
of macromolecules, implying bistability and emergence

of their new working states due to intramolecular non-
equilibrium phase transitions controlled by the substrate
flux, were proposed in our theory of molecular self-
organization ([5, 6] and refs. therein). With the advent
of single-molecule spectroscopy (see e.g. reviews [7, 8|),
it becomes possible to directly prove that the effects
of dynamical disorder [9] and structural memory can
be really crucial for the enzyme mode of operation.
The properties of stochastic trajectories of hundreds
of successive turnovers of a single enzyme (see e.g.
[10, 11]) clearly show a non-Markovian character of the
stationary reaction course. These experiments, especially
those on the enzymatic cycle of cholesterol oxidase
[11], initiated a series of theoretical papers [12—16] on
modelling single molecule reactions within the schemes
with both discrete and continuous sets of conformational
sub-states.

Evaluation of the models was based on their ability
to reproduce the statistical characteristics of single
molecule trajectories. These characteristics are, in the
first place, the on-time distributions (OTD) and auto-
correlation functions (ACF) of some marker (e.g.
fluorescent cofactor [11]) labelling the state of reagents in
a supposedly Michaelis-Menten scheme'. In simple two-
or three-state schemes of conventional chemical kinetics,
the OTD and ACF have typical forms containing 1—2
decaying time exponentials. Experiments [10, 11] clearly
demonstrate that it is not the case. It is the description
of the details of this non-exponentiality originated from
conformational mobility that was the main aim of works
[12—16].

In the present work, we emphasize incompleteness
and shortcomings of previous models for the calculation
of the mentioned statistical characteristics. These
drawbacks are rooted just in ignoring the flow conditions
(multiple turnovers of the macromolecule) and the

I More complex correlation characteristics are also subject to intensive study (e.g. [12, 13, 15, 16])
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feedback between the reagent states and conformational
subsystem. We show that this could lead to an
inadequate interpretation of the reaction mechanism. To
avoid this, within the previously developed theory of
substrate-conformation interaction, we propose a simple
and consistent algorithm of calculation of the OTD
and ACF. Their specific new features, reflecting a non-
trivial conformational regulation, can be seen even in the
two-state model, as is shown with illustrative computer
simulations.

1. Models of the Influence of Conformational
Mobility upon the Reaction. Calculation of
OTD and ACF

Oxidation of cholesterol and its derivatives, studied at
the single molecule level in [11], is a very convenient
model system. The enzyme cholesterol oxidase possesses
a cofactor (FAD) that is fluorescent in the non-reduced
state and non-fluorescent in the reduced state. Under
certain conditions, the reaction can be analyzed within
the three-state scheme

FAD “ FAD.S% FADH, (1)

on on off
or even the two-state scheme

FAD % FADH, (2)

on off

that present the limiting steps of the full two-stage
Michaelis scheme of the oxidation of the substrate S
by oxygen [11, 12]. Notations “on”/“off” indicate the
presence/absence of fluorescence. In both cases (1) and
(2), experiment results in a record of successive on-
off fluorescence flips like a telegraph signal. In view
of serial turnovers, there is of course a reverse process
to the initial FAD state to meet a new substrate?, so
that schemes (1), (2) imply at least one back reaction.
Here the key point is whether we can consider the
initial state of the next turnover identical to that of
the previous turnover or conformational changes of the
enzyme (cofactor) have no time to relax to a negligible
extent.

If the protein structure is sufficiently rigid,
then the kinetics in schemes (1), (2) are trivial.
Consequently, analyzing on-time hystograms and
OTD/ACF shapes yields nothing new as compared
to conventional chemical kinetics applicable to

bulk/ensemble experiments. Recall that in this case

k
the OTD in the two-state scheme 1= 0 (state 1 is

k_1
supposed to be fluorescent) is determined by the decay
equation

dp1 (t)
dt

where p;(t) is the probability to find the system in
state 1 (or the population of this state in the bulk
case). Denoting the OTD as fon(t), one has a Poisson
distribution of the residence time ¢ of the system in
state 1 if at t = 0 the system has jumped to this state,

P1 (0) =1:

= _klpl (t)a (3)

fon(t) = —dpfl—t(t) = dpdo—t(t) = kle—klt;
(0 = [ttty = - W

0

As for the off-time distribution, its expression differs
from Eqgs.(3),(4) in replacing k1 by k_; and the initial
condition p;(0) = 1 by pg(0) = 1 only. The ACF
of fluorescence is also one-exponential with the rate
constant (k1 + k_;) that is typical of a standard
dichotomous noise with the mean transition rates ki
and k_; (see e.g. [12]). In the three-state scheme with

allowance for the enzyme-substrate complex, 1 LN -

0 1, both states 1 and 2 are fluorescent, but the
fluorescence decay is determined by the sink from state
2 only (input to state 0) provided that p;(0) =1 :

fon®) = P20 — o)
p1(0) =1, p2(0) =po(0) = 0. ()

Then it is easy to obtain:

k1ko (e—k2t _ e—k1t) ky ;é ko:
= k1—ko ) )
) ={ B hrE )
ki1 + ko
t J—
(t) Tihs

Allowing for k_; makes the expressions slightly bulkier
but preserves the two-exponent character of f,,(t): the
rise determined by the larger of rate constants and
the decay determined by the smaller (Fig.1). Basing on
qualitative distinctions of the curve shapes in Fig.1, they

2Sometimes the “substrate” can be one and the same, as e.g. an electron in a “charge separation — recombination” closed loop [5, 6],
or a ligand rebinding to its site after photo-dissociation (the Mb-CO model [17].
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Fig.1. a— OTD (4) for scheme (2), k1 = 15s~1; b — OTD (6) for
scheme (1), k2 = 15 s, k; =100s"1

usually conclude on the necessity to take into
account the intermediate states of the substrate-enzyme
complex, the role of the substrate binding stage,
etc. [11, 18]. Below we will see that even such an
obvious conclusion may turn out to be wrong under
noticeable substrate-conformation interaction coupling.
In particular, non-monotonic OTD like shown in Fig.1,b
may appear even in a two-state scheme.

Let us turn to the methods of taking into account the
protein structure motions, that is, to the consideration
of conformational sub-states of a relevant two-state or
three-state scheme. The simplest (and most frequently
applied to explaining the deviations from simple
exponential kinetics) way is to complicate the scheme by
duplicating the number of sub-states differing in reaction
rates. This is the two-conformation, or 2 X 2, model; the
2 x 3 or 2 x N (that is, with 3 or NV sub-states) models
have been also considered [13, 16, 19]. In regard the
models that are discrete in conformational sub-states,
it is worth noting the following.

Duplicating (triplicating, so on) the number of
these states adds one (two, so on) exponential to
the OTD/ACF time dependences whereas the latter
obtained in experiments are, as a rule, essentially non-
exponential®. Besides, postulating, say, the presence of
two conformations means implicitly the existence of two
minima of the structural potential both in the “ground”

V. (%)
1 N !
k 00)
Kk (%)
V,00
_r'/J D,
X

Fig.2. The scheme of processes in a reversible reaction (two-state
model with conformational diffusion)

and “excited” states of proteins (that is, in the states
corresponding to an attached and detached ligand,
substrate, etc.). Although this potential possesses an
hierarchical structure [1], its roughness can be often
ignored under physiological temperatures [20]; then it
is more natural to suppose that, depending on the
substrate presence, the conformational sub-system tends
to one minimum — of course, different in different
states of the substrate-enzyme system. In each of these
potentials, there proceeds its own diffusion process along
the continuous variable z, accompanied by the decay
with generally z-dependent rates (see Fig.2). Although
the scheme in Fig.2 represents two Agmon—Hopfield
processes (or “half-reactions” [13]), combining them into
a closed loop adds a new quality. It is quite obvious
that now the next turnover can noticeably differ from
the preceding one since the probability distribution
in potential Vo(z) might have no time to be reset.
The primary role in this memory effect belongs to the
diffusion coefficient Dy in the “lower” state (though
all the other structural parameters of the system —
steepnesses of the potentials, their relative positions, etc.
— are also important). In real systems, the rate constant
ko (z) reflects a kind of “pumping” (e.g., light intensity in
a system of photochemical charge separation in a donor-

3Note also that such kinetic models are linear by definition and do not admit the self-organization effects due to a nonlinear feedback
between the substrate flux and the structure subsystem (see the discussion in [5]).
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acceptor pair of an isolated photosynthetic reaction
center, or substrate concentration in an enzymatic
reaction) and can be often thought as non-distributed
[6, 12, 14, 21]. Tt is clear that, under weak pumping
and sufficiently fast diffusion in Vp(z), no memory
effect could be seen as the thermally equilibrium
distribution in Vy(z) will be re-established before every
turnover. However, under increasing pumping and/or
decreasing Dy, the structural memory can strongly
affect the reaction course, especially if the dependence
ki (z) is sufficiently pronounced. In many cases, the
latter could be reasonably thought as ~ exp(—z)
[5, 6, 12, 14, 21| rather than ~ 2> supposed in
the “bottleneck” problems [22]. Under certain relations
between system’s parameters, a new stable stationary
state of the macromolecule coupled with the substrate
flux can emerge! in a threshold way with respect
to flux intensity. Two possible cycles with slow and
fast reaction rates (i.e., values of z close to positions
of minima of Vi and Vp) can co-exist in a certain
bistability domain [5, 21]. Previously, we showed the
evidences for protein structure memory in ensemble
experiments [6]. Needless to say, they should be
directly seen in single molecule experiments just in the
simplest statistical characteristics like the OTD and
ACF.

The reaction scheme depicted in Fig.2 was extended
to the three-state case by Agmon [14] to fit the
experimental data of [11] and to elucidate the character
of protein motion along the “perpendicular coordinate”
x in the course of a single “conformational cycle”.
Correspondingly, the structure memory effects, as will be
clear slightly below, remained beyond his consideration.

Proceed now to the analysis of the OTD and
ACF in the model shown in Fig.2. The given process
can be thought as the action of a dichotomous noise
with its mean transition rates ko(z), ki(z) upon
the structural coordinate xz. The corresponding jumps
result in the instantaneous exchange of structural
potentials Vo — Vi and diffusion coefficients Dy —
D, and vice versa®. The noise itself, however, is z-
dependent. Thus, there exists the feedback between
the discrete variable n € {0,1} and continuous
variable z. This crucial point is sometimes ignored
in treatments of the modulation of the reaction by
slow conformational motions: a corresponding Fokker—
Planck or Smoluchowski equation does not contain any
sink terms [12] or is identical for both 1 and O states
[15].

4Such a possibility was pointed out by Neet, see e.g. [3], p.194.

5As usual, structural motions are supposed to be overdamped.
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The model in Fig.2 can be cast to the following
equations [5]:

et _ 0 (W DY
ot Do Ox \ dzx + Ox Po(@;?)
—ko(z)po(,t) + k1 (2)p1(z, 1),
om(et) 0 (Wi D
ot Dy Ox \ dzx + Ox (@) +
+ko(x)po(x,t) — ki(z)pi(z,1) (7)

(here and below, V;’s are supposed dimensionless, i.e.
expressed in kgT-units. Also dimensionless is x, as
we do not specify its nature that could be geometric,
energetical, etc., see [5, 6, 17, 21] for details).

Mapping Eq.(7) to the experiments [11, 18] and
scheme (2), set state 1 fluorescent (non-reduced
cofactor). Then state 0 corresponds to the reduced non-
fluorescent cofactor. In [11, 18], the two-state system was
supposed to be adequate for the reaction of oxidation of
cholesterol derivatives at high substrate concentrations
(assuming k; rate-limiting).

1. O T D. The OTD is now given by an obvious
generalization of Eq.(4):

fon(t) = / (@)1 (o, £)da, (8)

where, however, p; (z,t) is the solution not to set (7) but
to the sink-Smoluchowski (Agmon—Hopfield) equation

Op1(z,t) _D 0 (dV; 0
ot Yoz

=t %) P, 1) =y ()p1 (7,1)(9)

provided that the initial distribution, according to the
very sense of the on-time notion, is normalized to unity:

/p1 (z,0)dz = 1. (10)
Eq.(10) is, however, an integral initial condition only
and does not specify the initial conformation distribution
that is necessary for solving Eq.(9) and then computing
fon(t) (8). We should suppose further that the stochastic
flips of fluorescence reflect (in a sufficiently long
series of turnovers) the reaction course as a stationary
random process. Then it is reasonable to assume that
the distribution in conformations at the instant of a
flip to state 1 (“on”) corresponds to the steady-state
distribution in z in state 0 (“off”), i.e. just before the flip.
Of course, this steady-state distribution is determined
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Fig.3. OTD in the two-state model. ki(z) = k%%, ko non-
distributed. @, b — harmonic potentials V;, = yn(x — wn)2. a —
wo = 3,21 = 5,ko = 0.01,kY = 0.1,70 = v1 = 10, Dg = 0.1, D3
0.001; b — zo = 7,21 = 2,ko = 0.1,k? = 1,70 = y1 = 10,Dg =
= D; = 0.1; ¢ — anharmonic potentials (11), zo = 5,21 = 3,ko =
=01,k =1,7 =7 =25,0; =0,X; = 1,Dg = 0.1,D; = 0.01

by both equations of set (7). Therefore, we arrive at the
following algorithm for calculating OTD®:

1) solve set (7) (with arbitrary initial conditions)
to find the steady-state distribution poi(z,t = o0) =
p(s)t,l(x)Q

2) normalize the solution pi'(z) to unity (since, by
the OTD definition, one has to consider the decay of
fully populated state 1), F(z) = p§i(z) / [ dwp§ (z);

3) take the function F'(z) as the initial condition
to Eq.(9): p1(z,0) = F(z). From (9), find p;(z,t) and
calculate OTD (8).

We now underline the main point of such a method
of calculating the OTD. In contrast to the statement
made in [13] that “the measurements of on-time and
off-time clearly separate the forward and backward
half-reactions”, we see that, in fact, this is not so.
With allowance for slow conformational mobility, the
on-time and off-time are not completely independent
any longer, as both these quantities are determined
by all the system parameters and not only by those
of on- or off-state. Thus, the OTD is determined by
not only ki (z) and even not only ki (z) and ko(z) but
also by drift and diffusion parameters in both states
and by relative positions of potentials Vp(z) and Vi (zx)
as well: it is the quantities that determine the initial
conditions to Eq.(9). We can thereby expect the possible
effects of inter-cycle influence, i.e. memory effects,
exhibiting themselves even in the simplest statistical
characteristics of stochastic single molecule trajectories,
prior to calculating correlations of the fourth order
and higher or correlations of on-time events separated
by several cycles (that might require too precise/long
trajectories, so far unavailable).

Of course, supposing pit(zr) to be thermally
equilibrium, p§‘(z) ~ exp (=Vo(z)/ksT), as was taken
in [14], we will not reveal any memory effects. However,
the steady-state solutions to set (7) are not obliged to be
thermally equilibrium at all. On the contrary, they imply
essentially non-equilibrium conditions, with permanent
input of substrates, light energy, so on, determined by
“pumping” ko.

Fig.3 shows three examples of the calculated fon(t)
in the two-state model with ki(z) = kYe ® and ko
non-distributed [2, 5, 6, 12]. While the OTD in Fig.3,a
remains monotonic (although far from being Poisson-
like), the OTD in Fig.3,b is rather similar to a typical
one in a three-state scheme despite the absence of any
third state of the enzyme-substrate complex. Curves in

6This procedure could be of course described in terms of propagators, as was done e.g. in [13] for a discrete scheme, see also [19]. In
many cases, however (in particular, the case of exponential sink under present consideration), it is difficult to find the Green function
explicitly and then the latter loses its advantages for practical calculations.

676

ISSN 0508-1265. Ukr. J. Phys. 2008. V. 48, N 7



CONFORMATIONAL REGULATION IN SINGLE MOLECULE REACTIONS

Figs.3,a and 3,b are calculated with harmonic potentials
Va(x). In [6, 23], we employed more realistic potentials
of limited growth,

2(14ay) An

Valo) = Lo X+ (@ —an)?

: (11)

— )
(ay, < 1), harmonic within Lorentzian half-width A,
(all parameters are dimensionless). Fig.3,c exemplifies
the OTD in the a two-state scheme with potentials (11).
It reminds the “echo” effect described in [13] for a more
sophisticated differential correlation between separated
on-time events; here it is obtained just for the OTD.

The results in Fig.3 mirror the course of structure
relaxation that could be qualitatively explained with
schemes like shown in Fig.2 for given mutual
positions of the potentials and corresponding stationary
distributions po(z)’s. As follows from (8), the OTD is
nothing but evolution of the mean rate constant of state
1 decay. For example, in the case of Fig.3,a, where
the initial distribution (not shown) is concentrated
near g ~ 3 to the left of the minimum of Vj(x),
its greater part decays very fast (k7 '(zg) ~ 10ms)
due to comparatively large value Dy = 0.1. The
smaller part of po(x) (getting shifted to larger z due
to Dj) decays hundred times slower. While inverting
the mutual position of the potentials (Vi(x) to the
left of Vp(x)) drastically changes the very OTD shape,
reducing it to the pseudo-three-state case (Fig.3,b). Now
the initial distribution, concentrated near zy = 7, should
first get shifted to the left to gain the decay rate and,
therefore, the most part of it decays with some delay
(that is mirrored with a one-maximum curve). Due to
comparatively fast diffusion in Vi (z), here the time scale
is much shorter than that in Fig.3,a. Finally, at the
parameter values in Fig.3,c the initial distribution is
bimodal. Then, after the very fast decay of the left peak
of po(z), some delay in the decay of the right peak occurs
(like in the case b); this entails an “unusual” shape of the
curve.

We can see that even the two-state continuous
scheme with simple one-well potentials shows,
apart from the non-exponentiality, rather non-trivial
manifestations of structural regulation even in the
simplest single molecule characteristics, OTD. The same
is true for the simplest correlation function of the second
order, ACF (see below).

2. A C F. Autocorrelation of fluorescence in single-
molecule experiments like described in [11] implies the
correlations of the yes-no random variable ¢ with its
space of states {0,1} corresponding to the absence or the
presence of fluorescence, respectively. The normalized

ISSN 0508-1265. Ukr. J. Phys. 2003. V. 48, N 7

ACF of fluorescence fluctuations is defined as

Os(t) = O(t) = %

_ (o) - (@2 1)

where A = £ — (§). For the dichotomous random
variable £ € {&,&} with & = 1, & = 0, one has
(&) = (€?) = ... = (€"), so that (A&?) = (E)(1 - (&)).

By definition,
i=0,1,

(EDEO) = 3 €& P(E,1:€5,0), (13)

,J
where P(¢;,t;&;,0) is the joint probability to find £ = ¢;
at instant ¢ and { = ¢ at instant 0. The only non-
vanishing term of sum (13) corresponds to i = j = 1, so
that

(€®)¢(0)) = P(1,;1,0) = P(1,¢] 1,0)P*(1), (14)

where P5t(1) is the stationary probability of fluorescence
(recall that we suppose the random process to be
stationary with time-independent averages) and simply
reads

P = () = [ dapit(a), (15)
as state 1 is fluorescent. As regards P(1,t | 1,0), it is
the conditional (transition) probability

P(L,t]1,0) = [ dapy(z1) (16)
to observe fluorescence at instant ¢ provided that it
was observed at instant 0. As in the case with OTD,
here we need to correctly define the initial conditions
to Eq.(7). Now we should start also from the fully
populated fluorescent state 1. However, the initial
distribution in conformations, as distinct from the OTD
case, corresponds to the steady-state distribution just in
the same state 1. Besides, to calculate then p; (z,t), we
should now use both the equations of set (7). Finally,
the algorithm is as follows:

1) solve set (7), now to find the steady-state
distribution p;(z,t = 00) = p§t(z);

2) normalize it (and not p§' as we need to calculate
the probability 1 — 1) to unity: ®(z) = pi*(z) /
[ dzpit(x);

3) again solve set (7), now with initial conditions
pl(mao) = @(Z’), pO(QZ,O) =0
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Fig.4. ACF in the two-state model. Harmonic potentials V,, =
= Yn(z — @)% k1(z) = kPe~2, ko non-distributed

4) and calculate P(1,¢ | 1,0) (16) with p;(z,t) found.
Then, with allowance for Egs.(12)—(15), obtain ACF
(17):

Depending on the relative positions of potentials V;’s,
various ACF behaviours (up to oscillating) are possible,
see Fig.4. As in Section 1, it could be explained
(and easily seen in computer simulations performed)
by the course of structure relaxation. Note that it
follows from (16), (17) that C(t) reproduces, in fact,
the evolution of the integral population of state 1

(17)

678

(from its “overpopulated” to steady-state value at a
given “pumping”). For example, curve a of the upper
plot, corresponding to the initial distribution p ()
concentrated near x ~ 7 (not shown in Fig.4), mirrors
the fast decay of a very small excess portion ~1% in
the left tail of the distribution; then the system remains
mostly in fluorescent state 1 as (§) ~ 0.99 at the given
values of parameters. Increasing Do to 0.1 (curve b)
makes the initial distribution bimodal with a noticeable
peak at x ~ 2. Yet after the fast disappearing of this
part, the evolution is not completed since the final
distribution p; (z,t = c0) should become bimodal again.
This occurs due to the “probability spilling over” from
the domain x ~ 7 of the main pumping (D is large) to
the domain = ~ 2. This slower process is mirrored in the
second phase of the ACF.

Under the potential position inversion and certain
parameter values, the steady state establishment could
be of oscillating character. Thus, curve 2 of the lower
plot in Fig.4 corresponds to the evolution for the domain
of © between 3 and 7. The initial decay of the left
part is very fast and too excessive. Then the repeated
populating of the upper state from the domain near  ~
7 follows, again somewhat excessive, and finally some
necessary leakage from this domain to the left comes
after ~ 200ms. Obviously, such an “unusual behaviour”
of both the OTD and especially oscillating ACF could be
revealed under explicit allowing for turnover multiplicity
only.

3. Three-state scheme. Proceed to the
reaction scheme with an intermediate state, 1 L R

03 1. It can be mapped to the set [14]

Op1(x,t) 0 (dVl 0

ot =D1% E+£>p1(m,t)—

-k (x)pl (:L’, t) + ko(x)po(a:, t)7

Ip2(z, 1) D 0 (ﬁ + 2) p2(,t)+

ot T 202 \de ox
+k1 (x)p1 (2, t) — k2 (z)p2(z, 1),
op(et) 0 (B D
ot _DOB:L' dz + Ox po(@;#) +
+ky(2)p2(2,t) — ko(z)po(z,1). (18)

Following (1) and [11], here two states (1 and 2, both
correspond to & = 1) are fluorescent (corresponding to
non-reduced FAD in the reaction of cholesterol oxidation
[11]). In this case, our considerations above should be
properly modified, but the main idea remains valid.
Therefore, we restrict ourselves with expounding the
calculation algorithm.

ISSN 0508-1265. Ukr. J. Phys. 20038. V. 48, N 7
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OTD. Find steady-state solutions pi*(z), i =0,1,2,
to set (18). Normalize p' () to unity and then take it for
p1(x,0) (together with ps(x,0) = 0) as initial conditions
to set (19):

8p1 (il?, t) _ 0 dV1 0

o o\ @ Tar) Y
k1 (@)p (1),

8132 (il?, t) . 0 dv, 0

o P\ T DT

ki (@)p1 (2, 1) — k2 (2)p2 (2, 1) (19)

that is, to set (18) at ko = 0. Then calculate the OTD
with the use of Eq.(19) analogously to (8):

foun(t) = /kQ(x)pQ(x,t)dx. (20)
ACF. With the steady-state solutions p*(z)’s of set
(18), construct the following initial conditions:
pi'(z)
€’

Ps'(z)

©

pi(z,0) = p2(z,0) = po(z,0) = 0,(21)

where

© = [ dolpt @) + 15 (o) (22
is the steady-state probability of fluorescence. Then
solve set (18) with initial conditions (21) and calculate
the function

P(1,t]1,0) = /dm[pl (z,t) + p2(z, t)]. (23)

Inserting Eqs.(22),(23) into Eq.(17) yields the ACF.
Of course, one can expect not a less variety of the ACF
behaviour than in the two-state scheme.

Fitting the OTD and ACF to the experimental
data on oxidation of cholesterol derivatives [11] gives
essentially the same parameter values as obtained by
Agmon [14]. This coincidence, however, has turned out
to be incidental since we found out that, in this specific
case, the OTD and ACF are quite insensitive to the value
of Dy ( the parameter of “memory” ignored by Agmon);
thus, its value given in [14] makes not too much sense. At
the same time, should the distance | z; — zo | between
the minima of V; and Vj be greater by one unit only,
our algoritm would reveal an essential dependence of
the OTD on Dy whereas Agmon’s method would not,
by definition.
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Final Remarks

The strategic goal of this paper was to pave the way to
unveiling the underlying mechanism of conformational
regulation as probed in single-molecule experiments.
We tried to stress the significance of explicit allowance
for non-equilibrium flux conditions and the feedback
between the reaction states and conformational motions.
Both these elements enter the initial equations (7), (18)
of our theory explicitly. This, as well as the algorithms
proposed to calculate the OTD and ACF, seems to be a
new step in the studies in the field.

The indicative examples given above of “unusual” (as
compared to previously reported [10—14, 18]) behaviour
of the OTD and ACF show the strong influence of
these elements upon the latter. Precisely, under flow
conditions (indispensable in all experiments of the kind),
the OTD becomes dependent on all parameters of the
substrate-conformation system and not only on the
parameters of a “half-reaction” [13] connected with the
on-state. Even in the two-state case, the OTD may
acquire the shape considered preciously as inherent in
the three-state reaction only (cf. Fig.1,b to Fig.3,b or
results in [10, 11, 14]). The types of the OTD like that
in Fig.3,c or the oscillating ACF like shown in Fig.4,
bottom, are reported for the first time. A comparison
of the fittings in our approach and in that ignoring the
structure memory of a macromolecule [14] also is in favor
of the theory proposed here.

We deliberately omit calculations of correlation
characteristics of higher orders. Although this could
be done, it would most likely imply the requirement
of very long and precise trajectories. Besides, should
they be available, a more interesting effect could be
traced, showing the role of structure memory perhaps
better than the obvious non-Markovity of turnovers.
We mean the clear change of a cycle from that in the
initial part of a sufficiently long trajectory to its final
part, or even the co-existence of two types of cycles
in the bistability domain. This would be an excellent
proof of accumulation of slow structural changes and the
corresponding non-linear phenomena of the emergence of
new functional states of a working enzyme [3, 5, 6].
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KOH®OPMAIIIVHA PELYJIAILIA PEAKIIIN
IHOOANHOKNX MAKPOMOJIEKY.JI

JI.M. Xpucmogopos, A.P. Xoavysapm, B.M. Xapxanen
Peszmowme

CydacHl METOAH JETEKTYBAHHS Ta CIEKTPOCKOLI] IOOJUHOKHX MO-
JIEKYJI JTO3BOJISIOTH Oe3rmocepeHbo crocrepiraru JoBri cepii pe-
akIiiiHux 06epTiB onHiel i Tiel XK MaKpPOMOJIEKYJIH Y peajbHO-
My waci. Y mekax po3BuHyTOI Hamu panime teopii cybcrpar-
KOHMOPMAIIHHOT B3a€MOIil MH ITOZAEMO IIPOCTHUI CIIOCIO 0OUHCIeH-
Hs TOJIOBHUX CTATHCTUYHUX XAPAKTEPUCTUK OJHOMOJIEKYJIAPHUX
TPAEKTOPIiii, MO HECYTh iHMOPMAIi}0 IPO MOIYJISIII0 PEAKIIHHOrO
OUKJIy HOBiMpHEME KOHMOpPMAMIHUMH pyXaMu MaKPOMOJIEKYJIH.
Kowmn’roTepHi cuMynanii moka3yTh 3HAYH] AKiCHI BiAMIHHOCTI mx
XapaKTEPHUCTHUK Bif] TAKHX, [0 PO3PAXOBAHI ¥ MEXKAX CTAHIAPTHOL
(6io)ximiunoi KineTHKH.

KOH®OPMAIIMOHHASA PELYJIAIINA PEAKITUI
O/IMHOYHBIX MAKPOMOJIEKYJI

JI.H. Xpucmogopos, A.P. Xoavysapm, B.H. Xapxanen
Peszmowme

COBPEMEHHBIE METOAbI JeTEKTUPOBAHUA U CIIEKTPOCKOIINU OQUHOYT-
HBIX MOJIEKYJI IIO3BOJIAIOT IpAMBIe HaOJMIONeHHd JJIUHHBIX Cepuil
PEAKIMOHHBEIX 000POTOB OJHOM U TOH K€ MAKPOMOJIEKYJIBI B PEAJIb-
HOM BpeMeHH. B paMKax pa3BHTON HaMH paHee TEOpHUH CyOCTpaT-
KOH(MOPMAIMOHHBIX B3aUMOJEHCTBHH IPeaIaraeTcs MpoCTOH CIIo-
€00 BBIYHCIEHHA OCHOBHBIX CTATHCTUIECKHX XapaKTEPHCTUK OIHO-
MOJIEKYJISIPHBIX TPAECKTOPU, HECYIIMX HH(MOPMALIMIO O MO JISIIIUA
PEeaKIMOHHOIO IUKJIA ME/JIEHHBIMU KOH(OPMAIMOHHBIMU [IBUXKE-
HHAAMH MaKpPOMOJEKyIbl. KoMIbIOTEpHBIE CHMYJIAIUH IIOKA3bIBa-
IOT 3HQYUTEJIbHBIC KAYECTBEHHbBIC OTJINIUSA 3TUX XaPaKTEPUCTUK OT
[OJTyIEeHHBIX B PAMKAX CTAHJAPTHOH (6HMO0)XHMHUIECKOH KHHETUKU.
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