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Ever-fluctuating single enzyme molecules:
Michaelis-Menten equation revisited

Brian P Englishl, Wei Min!, Antoine M van Oijen1’4, Kang Taek Leel* Guobin Luo!, Hongye Sunb?,

Binny J Cherayil"?, S C Kou® & X Sunney Xie!

Enzymes are biological catalysts vital to life processes and have attracted century-long investigation. The classic Michaelis-Menten
mechanism provides a highly satisfactory description of catalytic activities for large ensembles of enzyme molecules. Here we
tested the Michaelis-Menten equation at the single-molecule level. We monitored long time traces of enzymatic turnovers for
individual p-galactosidase molecules by detecting one fluorescent product at a time. A molecular memory phenomenon arises at
high substrate concentrations, characterized by clusters of turnover events separated by periods of low activity. Such memory
lasts for decades of timescales ranging from milliseconds to seconds owing to the presence of interconverting conformers with
broadly distributed lifetimes. We proved that the Michaelis-Menten equation still holds even for a fluctuating single enzyme,

but bears a different microscopic interpretation.

The quest to determine how enzymes work, essential to the under-
standing of life processes, continues to attract the fascination of
enzymologists. Ever since the work of Michaelis and Menten!,
enzyme kinetics has had an essential role in the characterization of
enzyme activities. The classic Michaelis-Menten equation provides a
highly satisfactory description of enzymatic kinetics for large ensem-
bles of enzyme molecules. However, recent advances in room-tem-
perature  single-molecule fluorescence studies>® have allowed
measurements of the distributions and fluctuations of molecular
properties unattainable from ensemble data. Such measurements
have shown that enzymes such as cholesterol oxidase’, hairpin
ribozyme®, A-exonuclease’ and lipase'®! undergo temporal
fluctuations of catalytic rates as a result of conformational fluctua-
tions'>!3, This finding has raised a number of intriguing questions.
For example, how are single-molecule enzymatic measurements,
which record stochastic waiting times of enzymatic reactions, recon-
ciled with ensemble Michaelis-Menten kinetics? Why does the
Michaelis-Menten equation work so well despite the broad distribu-
tions and dynamic fluctuations of single-molecule enzymatic rates?
What new information is available from single-molecule experiments?
In particular, what are the magnitude and timescales of the enzymatic
rate fluctuations and what implication, if any, do these fluctuations
have for cellular processes? Here we report a single-molecule assay of
[3-galactosidase that provides kinetic information over extended time-
scales (107-10 s; 1-10* turnovers) and thereby allows us to address
these questions.

According to the Michaelis-Menten mechanism, a substrate S binds
reversibly with the enzyme E to form an enzyme-substrate complex
ES. ES proceeds to product P, and E is regenerated for the next
catalytic cycle.

ky
E+S ES‘HE+p, B EE (1)
—
ko
The Michaelis-Menten equation
S
v = vmax[ ] (2)
[S] + Kum

gives explicitly the hyperbolic dependence of the enzyme velocity v on
substrate concentration [S] in an ensemble experiment, where Ky; =
(k_1 + ky)/k; is the Michaelis constant, [E]7 = [E] + [ES] is the total
enzyme concentration and vy, is the maximum enzyme velocity.
Under the condition of large ks, as in the case discussed below, v,.x =
k[Elr. In a conventional Lineweaver-Burke plot, 1/v versus 1/[S]
follows a linear relation'.

Distinctly different from ensemble experiments, a single-molecule
turnover experiment records the stochastic time trace of repetitive
reactions of an individual enzyme molecule, from which the prob-
ability density of the waiting time t for an enzymatic reaction to occur,
f(x), can be determined”!>!°, It has been shown that for the kinetic
scheme in equation (1), f(t) shows a single exponential rise, followed
by a single exponential decay!>!7.
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Figure 1 Single-molecule assay with fluorescent
product. (a) Schematic representation of
enzyme immobilization (not to scale). A single
B-galactosidase molecule is linked to a
streptavidin-coated polystyrene bead through
a flexible PEG linker. The bead binds to the
hydrophilic biotin-PEG surface of the glass
coverslip. A photogenic resorufin-p-p-
galactopyranoside (RGP, 1) substrate in buffer
solution is converted to a fluorescent resorufin
(R, 2) product by the single enzyme molecule,
and detected one molecule at a time before it
rapidly diffuses out of the confocal detection
volume. (b) Schematic representation of the
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(d) Turnover time traces of a single B-galactosidase molecule at 100 uM RGP. Dashed line represents the threshold used to determine waiting times between
two adjacent burst (see Supplementary Methods and Supplementary Fig. 1 online). The intensity histogram of the enzymatic time trace is shown at right.

The time trace has 0.5-ms time bins.

The concentration dependence of f(t) is explicitly described in
equation (3).

_ kik[s

A 3)

f(7) [exp(A + B)t — exp(A — B)1]

where A = \/ (ki8] + k_y + k2)?/4 — kik[$] and
B= —(kl[S] +k,1 +k2)/2

The mean of 1 is

() tf (1)de

0
It follows from equation (3) that
I ka[S]

ERICET @

which is termed the single-molecule Michaelis-Menten equation!”.

Comparing equation (4) with equation (2), it is evident that the
reciprocal of the mean waiting time measured in a single-molecule
experiment is related to the enzymatic velocity measured in an ense-
mble experiment by 1/{t)» = v/[E]1. This relation originates from the
equivalence between averaging over a single molecule’s long time trace
and averaging over a large ensemble of identical molecules. There are
two types of ensemble enzymatic experiments!®: one reports enzymatic
velocities under steady-state conditions, which can be compared with
1/{t); the other reports time-dependent population kinetics under
pre-steady-state conditions, which can be compared with f(1).

We set out to test experimentally the validity of equations (2) and
(4), that is, the validity of the fundamental Michaelis-Menten

equation at the single-molecule level. Single-molecule enzymatic
assays involving fluorescence detection have previously been limited
to short observation times because of photobleaching of fluorophores.
To circumvent this problem, an assay with continuously replenished
fluorescent product molecules was proposed!® and then adapted for
lipase!®!1, In order to acquire the statistics necessary for reliable data
analyses, we conducted experiments on [3-galactosidase with a fluoro-
genic substrate that allowed us to extend observation lengths to ~2 x
10* total turnovers. The analysis of these time traces not only
confirmed the validity of the single-molecule Michaelis-Menten equa-
tion but also revealed a memory effect that lasts for decades of
timescales. The characterization of such a memory effect, hidden in
ensemble experiments, has provided new insights into how enzymes
work on a single-molecule level.

RESULTS

Single-molecule assay with fluorescent product

Escherichia coli B-galactosidase is a 465-kDa enzyme that catalyzes the
hydrolysis of lactose. The enzyme’s crystal structural and biochemical
details have been described?®?!. Containing four catalytic sites,
B-galactosidase is active only as tetramer?2. It is known to obey the
Michaelis-Menten equation®>?4, suggesting that the four well-
separated catalytic sites are independent of each other®. In our
investigations, instead of lactose, we used fluorogenic resorufin-f-p-
galactopyranoside (RGP, 1) (Molecular Probes) as the substrate?.
Upon hydrolysis this molecule generates resorufin (R, 2) as a fluores-
cent product (Fig. 1a). Using a fluorescence microscope, we con-
tinuously monitored enzymatic turnovers of a single immobilized
[-galactosidase molecule immersed in a buffer solution of a constant
substrate concentration. Each turnover was characterized by a
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fluorescence burst from a resorufin molecule before it quickly diffused
away from the probe volume of a tight laser focus (Fig. 1b). The
residence times in the diffraction-limited confocal volume were less
than the bin time of 500 ps. The burst intensities (Fig. 1c,d) vary
because of different diffusion trajectories of the resorufin molecules
out of the probe volume. Because resorufin is continuously produced
by each turnover, observations could be made over long periods,
limited only by the dissociation time of the B-galactosidase tetramer
(several hours; see Methods and Supplementary Fig. 2).

We tethered single B-galactosidase molecules to polymer beads
490 nm in diameter, which were dispersed at an extremely low surface
density onto a polymer-coated glass coverslip (Fig. 1a). This allowed
us to locate enzyme molecules rapidly through difference interference
contrast (DIC) images of the beads. The stoichiometry of bead-
enzyme coupling (20:1) made it statistically unlikely that a bead
would contain more than one B-galactosidase molecule. Special care
was taken to avoid perturbation of the enzymatic activity by immo-
bilization. The PB-galactosidase molecules were biotinylated to the
streptavidin-coated polystyrene beads via a flexible cysteine-reactive
polyethylene glycol (PEG) linker. (As an important control, we
measured the enzymatic velocities before and after coupling to the
beads in an ensemble experiment with a fluorometer and found them
to be the same, proving that enzyme activity is unperturbed by the
beads; see Supplementary Fig. 3.) The beads then bound to the
biotin-PEG surface of the coverslip, which has little affinity for both
enzyme?’ and resorufin.

There existed a strong background signal caused by resorufin
molecules that are continuously generated by autohydrolysis even in
the absence of the enzyme (Supplementary Fig. 4) and that diffuse
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Figure 2 Concentration dependence of waiting time. (a) Histograms of the
waiting time between two adjacent turnovers in a log-linear scale obtained
from time traces of individual B-galactosidase molecules at four RGP
concentrations, 10 uM (O), 20 uM (e), 50 uM (O) and 100 pM (H).

The histograms change from monoexponential to multiexponential with
increasing concentrations. Shown in blue are best global fits at all
concentrations to f(t) in the presence of dynamic disorder (equation (5)). We
assume ko follows a gamma distribution, wko) = 1AbI(a)} ko1 exp(-ko/b),
with I'(a) being the gamma function and a and b being the only adjustable
parameters. The fitting parameters are a = 4.2 and b = 220 s}, with k; =
5 x 107 M1s7! and k.1 = 18,300 s7! (constrained by equation (8) with

¥2 and Cy obtained from b). The distribution (blue) and mean (red) of k, are
shown in the inset. In contrast, shown in red are poor global fits of f(t) in
the absence of dynamic disorder (equation (3)) with the fitting parameter

ko = 730 s7!, using the above k; and k_1). (b) Single-molecule Lineweaver-
Burke plot, <t versus 1/[S] (red circles). Each data point is derived from
one B-galactosidase molecule at the corresponding concentration. The

black line depicts the fit with the single-molecule Michaelis-Menten
equation (equation (6)), with 32 = 730 + 80 s~} and Cy = 390 + 60 uM.
(c) Ensemble Lineweaver-Burke plot obtained at 11 pM (squares) and

53 pM (circles) biotin-B-galactosidase concentrations. The black line depicts
the fit with the conventional Michaelis-Menten equation, equation (2), giving
Vmax/[ElT = 740 = 60 s71 and Ky = 380 = 40 pM, which are consistent
with the %o and Cy values, respectively, in b.

into the probe volume. In addition, resorufin molecules generated from
previous or nearby enzymatic conversions can enter the probe volume.
To circumvent this complication, we illuminated the area around the
enzyme molecule with an intense laser beam (1,600 W cm™2) (Fig. 1b)
to bleach resorufin molecules diffusing into the probe volume, thus
suppressing the background signal by at least two orders of magnitude
(see Supplementary Fig. 5). However, a resorufin molecule generated
by catalysis would not be photobleached during its short residence time
within the probe volume.

Fluorescence-intensity time traces of enzymatic turnovers at 20 and
100 uM substrate concentrations at 22 °C are shown (Fig. 1¢,d). As a
control, we demonstrated that the signal disappeared when a compe-
titive inhibitor, phenylethyl-B-p-thiogalactopyranoside (PETG), was
introduced (Fig. 1¢c). As another control, we showed that no signal was
visible when no [-galactosidase was bound to a bead (Fig. 1c and
Supplementary Methods online for control experiments).

Michaelis-Menten equation with dynamic disorder

Plotting on a log-linear scale the waiting time between two adjacent
fluorescence bursts obtained at substrate concentrations ranging from
10 to 100 pM RGP showed that at low substrate concentrations, the
waiting-time histograms were monoexponential, as expected (see
equation (3)) (Fig. 2a). At higher substrate concentrations, however,
the waiting-time distributions became multiexponential, in disagree-
ment with the prediction of monoexponential f(t) (equation (3))
(compare the red curves of Fig. 2a). We note that the long tail in the
multiexponential f(t) is otherwise difficult to observe without a broad
dynamic range and good statistics (> 3,000 turnovers).

We attribute the multiexponential behavior of f(t) to dynamic
disorder”?%2%, which refers to the fluctuations in the rate constants
and is associated with conformational dynamics. It is well known that
conformational changes, often triggered by substrate binding®® and
enzymatic reactions®® within one catalytic cycle, are essential to
enzyme functions. Nonetheless, it has long been inferred from
ensemble-averaged experiments that a protein molecule undergoes
conformational fluctuations on multiple timescales owing to rugged
energy landscapes®>®*. Fluctuations in single ion channels have been
attributed to conformational changes®®. Recently, such spontaneous
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Scheme 1 Kinetic scheme of the multistate model involving n
interconverting conformers. The multistate model is an extension of equation
(1) where E, ES and E° are allowed to exist in any number n of mutually
interconverting conformers. In this scheme, E; not only interconverts with
E;;1 and Ej; but does so with all other conformers as well. This kinetic
scheme does not include ‘sequential’ conformational intermediates induced
by substrate binding or the enzymatic reaction within each catalytic cycle
because their contributions to the long time fluctuation are less profound
than those of the ‘parallel’ conformers.

conformational fluctuations have been directly observed and charac-
terized at the single-molecule level on the timescale of 107410 51213 4
timescale longer than catalytic cycles. Although the microscopic
characteristics of the conformers are yet unknown, they might be
associated with the dynamic network of hydrogen bonds and electro-
static or ionic interactions within the protein. Mutation®> and
isotope®® studies have indicated that either global or local conforma-
tional changes can affect enzymatic activity. Our premise is that the
interconverting conformers possess different enzymatic reactivities.
Therefore, the Michaelis-Menten mechanism can be represented
by a kinetic scheme involving any number of interconverting
conformers (Scheme 1).

Qualitatively, the concentration dependence of the multiexponential
behavior of f(t) can be understood as follows: at low substrate
concentration, enzyme-substrate binding is rate limiting with a
pseudo—first order rate constant, and hence f(t) is a monoexponential
decay. Indeed, the monoexponentiality of f(t) at low [S] argues for the
lack of a broad distribution of ki;. However, at high substrate
concentrations, k,; becomes rate-limiting, and the slow interconversion
among the conformers ES; results in a multiexponential decay of f(1).

Quantitatively, when dynamic disorder is present only in k;, that is
when ky; = ki, = ... = ki, = k; (justified above) and k_j; = k_j, =
... = k.1, = k_; (to be justified later), and when interconversion
among the ES; conformers is slow compared to the enzymatic
reaction, that is B;/k;; — 0, and a/k; being small but nonzero (the
quasi-static condition), f{(t) is the weighted average of ky; conformers.
Qualitatively, the quasi-static condition implies that the interconver-
sion between the conformers is slow compared to the turnover time.
We assume that k, has a continuous distribution, w(k,).

Under the condition of large number (1) of slowly interconver-
ting conformers with different k, in a single enzyme molecule, it
follows that

kik,[S]

£0) = [ dhawlle) “ 3 0

[exp(A+B)t — exp(B — A)t]

where w(k,) denotes the probability density of k, for the conformers
(see ref. 17). A and B are identical to the corresponding parameters in
equation (3) for each conformer.

The observed histograms at all concentrations can be well fit
globally to the predicted f(t) assuming w(k,) is a gamma distri-
bution using a maximum likelihood fitting procedure with k; = 5 X
10’ M~'s! and k_; = 18,300 57! (Fig. 2a; blue curves). The resulting
k, distribution (inset, Fig. 2a) highlights the extremely broad distri-
bution of k,, indicating the large number of conformers in a single
enzyme molecule. Consistent with these findings, our Monte Carlo
simulations have shown that the presence of even ten discrete
conformers is not consistent with our experimental observations
(see Supplementary Methods and Supplementary Fig. 6).

Notably, the reciprocal of the mean waiting time, 1/{t), has been
shown theoretically to obey a single-molecule Michaelis-Menten
equation!” under the quasi-static condition of dynamic disorder, a
condition less stringent than the ones leading to equation (4).

1 12[S]

(W [S]+Cwu
Seemingly identical to the classic Michaelis-Menten equation
(equation (2)), the hyperbolic concentration dependence is preserved
even in the presence of dynamic disorder. However, unlike their
counterparts vp../[E]lr and Ky, the parameters y, and Cy; carry
distinctly different microscopic interpretations. Specifically,
1

) iy

(6)

Y2 = (7)

thus y, is the weighted harmonic mean of k, for all conformers.
Parallel with Ky; = (k, + k_1)/k;, the apparent Michaelis constant Cy;
is given by

Cu = (i +k-1)/ka (8)
Hence y, is dependent not only on the mean but also on the
distribution of k,. In other words, two mutations of an enzyme
with an identical mean k, but different widths of the k, distributions
would have different 7.

To verify the hyperbolic concentration dependence of the single-
molecule Michaelis-Menten equation (equation (6)), we show a
single-molecule Lineweaver-Burke plot, {t) versus 1/[S] (Fig. 2b),
and compare it with the ensemble Lineweaver-Burke plot of
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Figure 3 Concentration dependence of randomness parameter. Randomness
parameter r as a function of substrate concentration. Circles, r obtained
from waiting times of individual time traces: r. = ({(12% — {(1>2)/{1>2.
Squares, r obtained from individual intensity time traces: r= ({ ) —
{121y (see ref. 37, (equation (17)), consistent with r; at low
concentrations, and obtainable even at the highest concentration (380 uM)
when individual turnovers cannot be clearly resolved. That r is higher than
unity at high substrate concentrations reveals the existence of dynamic
disorder in ky but not in k_;.
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Figure 4 Two-dimensional joint-probability distributions of waiting times. (a) The 2D joint probability distribution of two adjacent waiting times (t; and t»),
g(t1,72), obtained from the time trace of a single p-galactosidase molecule at 100 uM substrate concentration. The t; and 15 axes run from O to 12 ms. The
color code represents the occurrence (z axis) from 500 (deep red) to 1 (dark blue). (b) The 2D joint probability distribution of two waiting times (t; and to)
at a larger separation for same time trace as in a, which can be represented by f(t1)f(t2) because of the lack of correlation between t; and t5. The time axes
are the same as in a. (c) The difference 2D histogram, &(t1, t2) = g(11, 12) — f(11) f(12). The time axes are the same as in a. The pixels in ‘cold’ colors (less
probable) gather along two wings in the x-y plot, whereas those with ‘warm’ color (more probable) are mainly spread around the diagonal. A long waiting time
tends to be followed by a long one, and a short waiting time tends to be followed by a short one.

biotin—f3-galactosidase in solution (Fig. 2c). The least-squares fit in the
former gives y,= 730 + 80 s7' and Cy; = 390 + 60 uM. The latter gives
Vimax /Er = 740 % 60 57! and Ky; = 380 + 40 uM (see Supplementary
Methods online), which are consistent with the literature values for
non-biotinylated enzymes?>>»*42°, The excellent agreement between Y,
and vy /Er and between Cy; and Ky, respectively, establishes the
equivalence between 1/{ 1) and the ensemble enzymatic velocity, and
explains why the Michaelis-Menten equation is so widely applicable,
even in the case of a multiexponential f{1).

As a consistency check, under the condition that w(k;) is a gamma
distribution with a and b values obtained from Figure 2a, equation (7)
gives 3, = (a—1)b = 715 s}, which is consistent with the experimental
%> determined independently from the single-molecule and conven-
tional Michaelis-Menten equations, respectively, as shown above.

Beyond just the consistency of the first moment of f(t), {t), with
ensemble measurements, the higher moments of f(t) contain addi-
tional information. In particular, the second moment is related to the
randomness parameter’”38, r = { (12> — {12}/ {1 )2 In the absence
of dynamic disorder,  is unity at low or high substrate concentrations
when there is only one rate-limiting step in equation (1), and less than
unity at intermediate concentrations. We have shown theoretically that
r becomes greater than unity for high concentrations in the presence
of dynamic disorder in k;, (ref. 17). Experimental measurement of r as
a function of the substrate concentration (Fig. 3) showed that at low
concentrations, r equals unity, as expected. Then parameter r rises
above unity, however, as the dynamic disorder in k, becomes more
apparent at increasing concentrations. We note that if the dynamic
disorder were in k_; instead of ky, r would not be larger than unity'?,
which corroborates the attribution of dispersed kinetics to dynamic
disorder in k,.

Memory effects of a single enzyme molecule

Besides the first and second moments of 1, a turnover time trace
contains valuable information regarding temporal correlations
between turnovers, which are inaccessible in ensemble data. To explore
these correlations, we evaluate the two-dimensional (2D) joint prob-
ability g(ty, 1) for two waiting times, T; and 15, separated by a certain
number of turnovers. Much discussed recently’*™3, this type of
analysis was first introduced in analyzing time traces of cholesterol
oxidase’, for which only limited statistics were available. With much
better statistics afforded by the long time traces in our experiment, we

compared the 2D joint histogram for waiting times, 1, and 1, of two
adjacent turnovers in a single-molecule time trace at 100 pM RGP
concentration (Fig. 4a) with the 2D joint histogram of the same
molecule for two turnovers with a large separation (Fig. 4b), which is
described by h(ty, T5) = f{11) f(1,) because of the loss of correlation.
Were there no dynamic disorder, g(ty, T;) and h(t;, 1,) would be the
same. That these two histograms are different indicates the existence of
a memory effect resulting from slow interconversion among the
conformers. To highlight the memory effect, the difference histogram,
8(ty, Tp) = g(ty1, T2)— h(1y, Ty), is shown (Fig. 4c); this indicates that a
short waiting time is less likely to be followed by a long waiting time,
and vice versa.

Being a scrambled histogram, the difference histogram (Fig. 4c)
does not explicitly reveal the timescales associated with the memory
effect—that is, the fluctuation of the enzymatic velocity k(t), defined
as the number of turnovers per unit time. To extract this formation,
we calculated the intensity autocorrelation function Ci(f) =
(AI(0)AI(t) »/{ A), which characterizes the timescales of k(1)
fluctuations. With increasing substrate concentrations (Fig. 5a),
C(t) becomes more multiexponential as the dynamic disorder of k;
is more apparent. As a control, we found that Ci(¢) is zero (Fig. 5a, in
gray) when no enzyme molecule is in the probe volume. It should be
noted that for t > 0, C;(t) = {AI(0)AI(t) >/ { AI*» has no contribu-
tion from uncorrelated counting and background noise (see Supple-
mentary Methods online).

However, C/(t) does not solely probe k(t) fluctuations because it has
a contribution from fluorophore diffusion*4, especially at low substrate
concentrations (Fig. 5a, in red). To overcome this potential complica-
tion, we obtain the autocorrelation function of the waiting times

(At(0)Ac(m)

(AT?) ©)

Ce(m) =
as a function of m, the index number of turnovers and At(m) = 1(m)
— {1). In the absence of dynamic disorder, C;(m) = 0 for m > 0.
The index number m is transformed to real time by t = m {t). It has
been shown that C(#) is approximately the normalized autocorrela-
tion function of k(f), {8k(0)8k(£)>/{8k*>, under the limit of slow
fluctuations of k(£)*>. The blue trace in Figure 5b depicts C,(t) for the
time trace with 100 pM RGP, which shows a decay similar to that of
the Ci(t) in Figure 5a (blue), only with a reduced time resolution
(see Supplementary Fig. 7 for a high time resolution). This
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Figure 5 Fluctuations of turnover rate constants. (a) Intensity autocorrelation functions obtained from individual time traces of single B-galactosidase
molecules at 20 uM (red), 100 uM (blue) and 380 uM (black) RGP. The intensity autocorrelation obtained 1 um away from the enzyme is flat (in gray).

At 100 pM, the dotted curve depicts the best fit to a stretched exponential: C(t) = C/(0) exp[—(t/tp)P], with B ~ 0.46 and fy ~ 0.017 s. At 380 uM, the
dashed curve depicts the best fit with p ~ 0.4 (more stretched) and fp ~ 0.4 s. We observed similar C(t) for each of 23 individual enzyme molecules at
380 uM RGP (B ~ 0.4 + 0.1 and £y ~ 0.4 = 0.1 s). This C(#) indicates that ky fluctuates at timescales spanning at least four decades (103-10 s).

(b) Waiting time autocorrelation functions, C((t), obtained at 20 uM (red) and 100 uM (blue) RGP. The dotted curve depicts the best stretched exponential
fit for b with parameters of B = 0.45 and fy ~ 0.018 s, identical to those for C(f) at 100 pM. (c) Two time traces of the enzymatic velocities k(t) of two
single enzyme molecules at 20 puM (red) and 100 uM (blue) RGP concentration, respectively. Each data point is the average of 50 turnovers. The k
histograms of the two time traces are shown on the right. The histograms are fit using gamma distributions as in Figure 2a, with a = 71.5 and b = 0.5 57!
for the 20 uM, and with a = 6.4 and b = 26.6 571 for 100 uM RGP. The large amplitude of k fluctuation for the latter is evident.

consistency indicates that Cy(t) reflects { 8k(0)8k() »/<{ 8k*» at high
concentrations. Unfortunately, C.(f) is not obtainable at an even
higher concentration (380 pM) at which individual turnovers cannot
be resolved and we revert to Ci(t).

At 380 uM RGP, C((#) is highly multiexponential (Fig. 5a, in black)
and can be phenomenologically fit to a stretched exponential function
C(t) = CH0) exp[—(t/to)P] with p = 0.4 + 0.1 and £ty = 0.4 + 0.1 s.
C((t) is monoexponential when B = 1 and shows a long tail in the
decay when B < 1. We observed a low B value (B ~ 0.4) for each of
the 23 enzyme molecules examined at the same substrate concentra-
tion. This highlights the broad range of timescales of k(#) fluctuations,
spanning at least four decades from 107>-10 s. Notably, this coincides
with the same timescales at which conformational fluctuations
within a single protein molecule have been observed'?!®. This
strongly argues that enzymatic fluctuations do indeed originate
from conformational fluctuations.

We determined the distribution of k(t) by binning every 50 turn-
overs along the turnover time trace. The k() distributions of two
enzyme molecules at 100 and 20 uM RGP (Fig. 5¢) show that, as
expected, the distribution at 20 pM was narrow because substrate
binding is rate limiting. At 100 puM, the overall profile of the k
distribution is well fit by a gamma distribution, which corroborates
the assumption of gamma distribution made earlier. The broad width
of the gamma distribution indicates that dynamic disorder is by no
means a small effect.

DISCUSSION

The very large amplitude and broad timescales of enzymatic rate
fluctuations at the single-molecule level, which are uncovered by
analyses of long turnover time traces, highlight the fact that an
enzyme molecule is an ever-fluctuating dynamic entity during cata-
lysis. Despite its apparent generality’"'!, this phenomenon has been
hidden in the ensemble enzymatic assays for two reasons. First, in pre—
steady-state ensemble measurements, data often lack the dynamic
range necessary to identify long tails in multiexponential kinetics.
Second, in steady-state ensemble measurements, data are masked by
the fact that the Michaelis-Menten equation holds not only for the
simplistic case of a single conformer but also more generally for the

case of a large number of slowly interconverting conformers with
different enzymatic activities.

The effects of enzymatic fluctuations would be less significant for a
system comprising many enzyme molecules. However, if a system
contains a small number of enzyme molecules, as is often the case in a
living cell, the enzymatic fluctuations could be readily manifested.
Biologically important as they might be, such fluctuations might now
be probed on a single-molecule basis in living cells.

METHODS

Substrate purification. The photogenic substrate solution has to be free of even
trace amounts of resorufin before single-molecule turnovers can be observed.
Resorufin-B-p-galactopyranoside (RGP) (Molecular Probes) was always newly
purified at the start of each experiment using an anion-exchange FPLC column
(HiTrap Q XL, Amersham) after most resorufin was removed by acidic
chloroform extraction. A low-ionic-strength, pH 7.5 buffer containing
10 mM triethanolamine was used to elute the substrate at a concentration of
0.6 mM. Unless otherwise noted, all ensemble and single-molecule experiments
were conducted in 25 mM dibasic phosphate buffer (pH adjusted to 7.5)
containing 0.25 M NaCl, 5 mM MgCl,, 0.05 mg ml™! BSA (New England
Biolabs), 0.005% Tween-20 (Sigma) and 10% (w/w) PEG (8,000 MW, Sigma).

Estimation of tetramer dissociation. It is well known that B-galactosidase is
inactivated at very dilute concentrations owing to dissociation of the tetra-
meric enzyme. To determine the timescale of tetramer dissociation, we recorded
the enzymatic activity, as a function of time, of 2 pM of biotin-linked
[-galactosidase immobilized on 1-pum-diameter streptavidin-coated beads pre-
sent in excess. At various time points, the beads were separated from solution
by centrifugation and the amount of active enzyme measured using a
fluorometer (Supplementary Fig. 3) with 200 pM RGP. In this experiment,
the low concentration of the immobilized enzyme assured that no recombina-
tion occurred after tetramer dissociation. The enzyme activity decayed expo-
nentially (Supplementary Fig. 2), giving a time constant of tetramer
dissociation of 5.6 *+ 0.7 h, which defined a time window in which the
experiment had to be completed.

Linking enzyme to functionalized-glass surface. Owing to the high catalytic
efficiency of B-galactosidase, the presence of large amounts of enzyme in the
flow cell would markedly increase the background level of resorufin fluoro-
phores. To avoid this, the surface concentration of immobilized enzyme was
maintained at roughly one enzyme molecule per square millimeter (for
[-galactosidase functionalization and characterization, see Supplementary
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Methods online). To make it possible to rapidly locate an enzyme molecule at
such dilute concentrations, the enzyme was coupled to streptavidin-coated
polystyrene beads (490-nm diameter, Bangs) that were large enough to be
visualized by DIC microscopy. The streptavidin-coated beads were chosen
because they contribute no fluorescence signal under laser excitation and have
little affinity for resorufin.

Biotin-linked enzyme (10 nM) and beads were incubated for 1 h at 4 °C.
Because the tetrameric enzyme dissociates at very low concentrations, the
incubation was conducted in a ten-fold excess of non-biotinylated B-galacto-
sidase. Immediately before the single-molecule experiment, the beads were
separated from unbound enzyme by centrifugation. The bead-enzyme coupling
reaction was controlled such that most beads were without enzyme (>95%).
This made it statistically unlikely (<0.25%) that an active bead would carry
more than one B-galactosidase enzyme.

Before the start of the bead incubation, the flow cell was flushed with 0.1 mg
ml™' BSA and 0.01% Tween-20 to inhibit nonspecific binding of beads to the
tubing and to the surfaces of the flow cell (see Supplementary Methods online
for preparation of the flow chamber). The streptavidin beads bound specifically
to the biotinylated PEG surface of the coverslip. The surface density of the
beads was monitored through the eyepiece by DIC microscopy and the beads
in solution were flushed out when a low surface density of several beads per
100 um? was obtained.

Optical detection. An argon-ion laser (Innova 308, Coherent) provided
5 W of multiline power that was used to pump a rhodamine 110 dye laser
(Model 599, Coherent). The dye laser was tuned to 560 nm and was filtered
using a Z560/10-nm excitation filter (Chroma). The dye laser produced
stable output power of 600 mW. A wedge was used to split the beam into a
weak confocal beam and a strong bleaching beam (550 mW). An acousto-
optical modulator (AOM 40, IntraAction) was used to stabilize the confocal
beam to 1 mW. In combination with a Nikon TE 300 inverted microscope
and a Nikon 60x water-immersion objective, a single-photon avalanche
detector (SPAD, Perkin-Elmer SPCM-AQR-14) was used to detect fluores-
cence signals. A long-pass dichroic (568 nm cutoff) and two emission filters
(LP 580, E 610/55, both from Chroma) separated resorufin fluorescence from
excitation light. A telescope (x4 magnification) was used to match the
diameter of the detected beam to the chip size of the SPAD, which was used
as the confocal pinhole.

The more powerful bleaching beam continuously irradiated a large area
around the immobilized enzyme. The bleaching beam was coupled into the
flow cell by a prism on top of the quartz slide that was immersed in a thin layer
of immersion oil (type FE Cargille Laboratories) and was focused to a spot
200 pm in diameter. The bleaching angle was optimized so that the bleaching
beam did not enter the objective to keep Raman and scattering background
levels low (Fig. 1b).

In situ photobleaching. To detect fluorescence from resorufin molecules
generated by enzymatic reactions, we used a strong photobleaching beam to
eliminate unwanted fluorescence signals from resorufin molecules arising from
the following three processes: (i) both ion-exchange FPLC and reverse-phase
HPLC chromatography leave residual resorufin at the nanomolar level; (ii) the
RGP substrate has a low but measurable autohydrolysis rate (Supplementary
Fig. 4); (iii) resorufin molecules from turnovers of neighboring immobilized
B-galactosidase molecules enter the probe volume.

A strong and defocused laser beam illuminated and continuously
photobleached the area within a 100-um radius of the immobilized enzyme,
which reduced the unwanted fluorescent signal by at least two orders of
magnitude (Supplementary Fig. 5). The excitation intensity of the bleaching
beam was high enough so that unwanted resorufin molecules were bleached
before they diffused into the detection volume. Resorufin molecules
created only within the diffraction-limited confocal volume were detected
before photobleaching.

To assure efficient bleaching, all experiments were conducted in PEG
(8,000 MW, Sigma) to prolong the residence time of a resorufin molecule
(see Supplementary Methods online).

Note: Supplementary information is available on the Nature Chemical Biology website.
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