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Single-Molecule Enzymatic 
Dynamics 

H. Peter Lu, Luying Xun, X. Sunney Xie* 

Enzymatic turnovers of single cholesterol oxidase molecules were observed in 
real time by monitoring the emission from the enzyme's fluorescent active site, 
flavin adenine dinucleotide (FAD). Statistical analyses of single-molecule tra­
jectories revealed a significant and slow fluctuation in the rate of cholesterol 
oxidation by FAD. The static disorder and dynamic disorder of reaction rates, 
which are essentially indistinguishable in ensemble-averaged experiments, 
were determined separately by the real-time single-molecule approach. A mo­
lecular memory phenomenon, in which an enzymatic turnover was not inde­
pendent of its previous turnovers because of a slow fluctuation of protein 
conformation, was evidenced by spontaneous spectral fluctuation of FAD. 

Recent advances in fluorescence microscopy 
have allowed studies of single molecules in 
an ambient environment (1, 2). Single-mole­
cule measurements can reveal the distribution 
of molecular properties in inhomogeneous 
systems (3-10). The distributions, which can 
be either static (3-7) or dynamical (8-10), 
cannot usually be determined by ensemble-
averaged measurements. Moreover, stochas­
tic trajectories of a single-molecule property 
can be recorded in real time, containing de­
tailed dynamical information extractable 
through statistical analyses. Single-molecule 
trajectories of translational diffusion (11-13), 
rotational diffusion (14), spectral fluctuation 
(15), conformational motion (16), and photo­
chemical changes (17, 18) have been demon­
strated. Of particular interest is the real-time 
observation of chemical reactions of biomol-
ecules. Enzymatic turnovers of a few motor 
protein systems have been monitored in real 
time (19-21). In the study reported here, we 
examined enzymatic turnovers of single fla-
voenzyme molecules by monitoring the fluo­
rescence from their active sites. Statistical 
analyses of chemical dynamics at the single-
molecule level revealed insights into enzy-
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matic properties. 
Flavoenzymes are ubiquitous and undergo 

redox reactions in a reversible manner (22). 
Cholesterol oxidase (COx) from Brevibacte-
rium sp. is a 53-kD flavoenzyme that cata­
lyzes the oxidation of cholesterol by oxygen 
(23) (Scheme 1). The active site of the en­
zyme (E) involves a flavin adenine dinucle­
otide (FAD), which is naturally fluorescent in 
its oxidized form but not in its reduced form. 
The FAD is first reduced by a cholesterol 
molecule to FADH2, and is then oxidized by 
02 , yielding H202 . The crystal structure of 
COx (23) shows that the FAD is nonco-
valently and tightly bound to the center of the 
protein and is surrounded by a hydrophobic 
binding pocket for cholesterol, which is oth­
erwise filled with 14 water molecules. 

A fluorescence image of single COx mol­
ecules in their oxidized form (Fig. 1A) was 
taken with an inverted fluorescence micro­
scope by raster-scanning the sample with a 
fixed He-Cd laser (442 nm, LiCONiX) focus 
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and collecting the FAD emission (peaked at 
520 nm) with high efficiency, similar to pre­
vious reports (3, 7, 75). The single molecules 
of COx were confined in agarose gel of 99% 
water (24) with no observable translational 
diffusion. However, the COx molecules were 
freely rotating within the gel, which was ev­
idenced by a polarization modulation exper­
iment, as previously described (25). As the 
in-plane polarization of the excitation light 
was modulated between two perpendicular 
directions at 20 Hz, no emission intensity 
modulation was seen, indicating that the mol­
ecule was freely tumbling at a much faster 
rate than the modulation frequency. Every 
COx molecule examined in the gel exhibited 
the fast rotational diffusion, and thus COx 
was not bound to the polymer matrix. Ensem­
ble-averaged enzymatic assays for COx (Sig­
ma) in agarose gels yielded turnover rates 
similar to those in aqueous solutions (26, 27). 
Unlike the enzyme molecules, small substrate 
molecules (cholesterol and oxygen) undergo 
essentially free translational diffusion within 

mM) and oxygen (saturated solution, 0.25 
mM) in the gel, the single FAD emission 
exhibits on-off behavior (Fig. IB). We at­
tribute this phenomenon to chemical reac­
tions of the enzyme molecule: Fluorescence 
turns on and off as the redox state of the 
flavin toggles between the oxidized (FAD) 
and reduced (FADH2) states. Each on-off 
cycle corresponds to an enzymatic turnover. 
Several control experiments support this con­
clusion. (i) There is essentially no blinking of 
emission without cholesterol molecules. Ex­
tremely infrequent blinking was seen during 
long trajectories for only a few, but not all, 
COx molecules, which we attribute to impu­
rity of substrate molecules or a low-quantum-
yield photoinduced process (1, 4, 17). (ii) In 
the presence of cholesterol, the turnover rate 
is independent of excitation intensity; thus, 
the blinking is due only to the enzymatic 
reactions in the ground electronic state rather 
than photoinduced phenomena, (iii) The av­
eraged turnover rates of the trajectories are 
the same as the ensemble-averaged turnover 
rates under similar conditions (26, 27). 

The length of the trajectories is limited by 
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Fig. 1. (A) Fluorescence image (8 |jim by 8 (jim) of single COx molecules immobilized in a 
10-fxm-thick f i lm of agarose gel of 99% buffer solution (pH 7.4). The emission is from the 
fluorescent active site, FAD, which is t ightly bound to the center of COx. This image was taken in 
4 minutes wi th an inverted fluorescence microscope by raster-scanning the sample with a focused 
laser beam of 500 nW at 442 nm. Each individual peak is attributed to a single COx molecule. The 
intensity variation between the molecules is due to different longitudinal positions in the light 
depths. (B) Real-time observation of enzymatic turnovers of a single COx molecule catalyzing 
oxidation of cholesterol molecules. This panel shows a portion of an emission intensity trajectory 
recorded in 13.1 ms per channel. Background level is —50 counts per channel (not subtracted). The 
trajectory was recorded wi th a cholesterol concentration of 0.2 mM and saturated oxygen 
concentration of 0.25 mM. The emission exhibits stochastic blinking behavior as the FAD toggles 
between oxidized (fluorescent) and reduced (nonfluorescent) states, each on-off cycle correspond­
ing to an enzymatic turnover. More than 500 on-off cycles are recorded in this trajectory. (C) 
Distribution of on-times (bars) derived from the trajectory in (B). The simulated curve (dashed line) 
is based on Eq. 4, assuming that fc, = 2.9 ± 03s~\k2 = 17 ± 4 s " 1 , and k_, = 0. (D) Distribution 
of on-times (bars) derived from the emission trajectory of another single COx molecule recorded 
at 2 mM cholesterol. The simulated curve (dashed line) is based on Eq. 4, assuming /f1 = 33 ± 6 
s ~ \ fc2 = 1 7 ± 2 s - 1 , and k_^ = 0. A factor of 10 increase in substrate concentration results in a 
factor of 11 ± 3 faster pseudo-first-order rate, kv which is consistent wi th the Michaelis-Menten 
mechanism in Eq. 2. 

photobleaching through either photooxida-
tion involving singlet oxygen or excited-state 
absorption (1). We observed a better photo-
stability for the FAD chromophore in protein 
than for dye molecules, most likely due to the 
protection by the protein. Trajectories with 
more than 500 turnovers and 2 X 107 emitted 
photons (detection efficiency 10%) were re­
corded; Fig. IB shows only a portion of a 
trajectory. During the course of the long tra­
jectories, the average turnover rates (the num­
ber of on-off cycles per unit time) did not 
decrease with time because substrate (choles­
terol and oxygen) concentrations were orders 
of magnitude higher than those of the en­
zyme. The long trajectories permit detailed 
statistical analyses. 

The most obvious feature of the turnover 
trajectory in Fig. IB is its stochastic nature. 
On a single-molecule basis, the event of a 
chemical reaction takes place on the subpico-
second time scale and cannot be time re­
solved here. However, the time needed for 
diffusion, thermal activation, or both before 
such an event is usually much longer. The 
emission on-time and off-time correspond to 
the "waiting time" for the FAD reduction and 
oxidation reactions, respectively. The most 
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Fig. 2. (A) The on- t ime distr ibution derived 
f rom a single COx molecule w i th 2 mM 
5-pregene-3p-20a-diol substrate (kz being 
the rate- l imi t ing step). The solid line is an 
exponential f i t w i th k2 = 3.9 ± 0.5 s _ 1 . 
(Inset) The distr ibut ion of k2 derived f rom 
on-t ime distributions of 33 COx molecules in 
the same sample. The static disorder of k2 is 
evident. Note that k2 are t ime averaged over 
the entire trajectories. (B) The normalized 
autocorrelation funct ion of the fluorescence 
intensity f rom the COx molecule in (A), 
(A/(t)A/(0))/(A/(0)2>. The data (solid line) 
cannot be f i t ted wel l w i th a single exponen­
t ia l (dashed line). The structure of 5-pregene-
3p-20a-d io l substrate is shown in the inset. 
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straightforward analysis of the trajectories is 
the distribution of the on- and off-times. Sim- 
ilar trajectory analyses have been conducted 
in studies of single-ion channels with the 
patch-clamp technique (28). Figure 1C shows 
the on-time distribution, derived from a tra- 
jectory at a cholesterol concentration of 0.2 
rnM. A similar off-time distribution is also 
seen (29). 

For a reversible chemical kinetic scheme 

k f 
E-FAD * E-FADH2 

kb 
on off 

the distribution of on-time (or off-time) 
should be an exponential function, with a 
time constant Ilk, (or 11kJ due to Poissonian 
statistics (28). In contrast, Fig. 1C shows a 
nonexponential distribution, which we at- 
tribute to a more complex kinetic scheme. In 
general, many two-substrate enzymes, such 
as COX, follow the "ping-pong" mechanism 
for the two-substrate binding processes, each 
obeying the Michaelis-Menten mechanism 
(30): 

kt k2 
E-FAD + S a E - F A D e S  + E-FADH, + P ( 2 )  

k-1 
on on off 

k' 1 k'2 
E-FADH, + 0 2  E-FADHz*02 + E-FAD + Hz02 

k' - 1  

off off on 

where S denotes the cholesterol substrate, 
and k, and k' , denote pseudo-first-order rates 
proportional to the concentrations of S and 
O,, respectively. An assumption is made that 
other kinetic steps not shown in Eqs. 2 and 3, 
such as diffusion of product molecules out of 
the enzyme, are not rate limiting. 

For COX, if we assume k-, = 0, it follows 
from a kinetic analysis (31) that the probabil- 
ity distribution of on-times is the following: 

which is the convolution of two exponentials 
(k, and k,). A similar expression of off-time 
distribution, po&t), can be deduced for the 
FADH, oxidation reaction (Eq. 3). 

Conventional enzymatic assays for two- 
substrate enzymes are often done by varying 
the concentration of one substrate while hold- 
ing steady the concentrations of the others. 
The apparent Michaelis-Menten equations 
take a complex form (30). In order to study 
the half-reactions separately, the stop-flow 
technique is usually used. The in situ study of 
single-molecule turnover trajectories present- 
ed here allows the two half-reactions to be 
examined separately. We focused mostly on 
the FAD reduction half-reaction (Eq. 2). 

A simulation of the po,(t) with Eq. 4 is 
plotted in Fig. 1C with k, = 2.9 + 0.3 s-I 
and k, = 17 ? 4 s- I .  The nonexponential 
distribution arises because an intermediate 
(E-FADeS) exists for the FAD reduction re- 
action (Eq. 2). When the concentration of the 
cholesterol substrate was increased from 
0.2 m M  to 2 mM, the on-time distribution 
(Fig. 1D) changed significantly whereas the 
off-time distribution remained unchanged. 
Simulation with Eq. 4 (Fig. 1D) yields k, = 
33 ? 6 s-' and k, = 17 ? 2 s-I. Note that 
the pseudo-first-order rate constant k, is 
increased by a factor of 11 + 3. The anal- 
yses of on-time distribution confirm the 
existence of the intermediate for the FAD 
reduction reaction, which is consistent with 
the Michaelis-Menten mechanism (Eq. 2). 
Similarly, the off-time distribution (29) is 
also consistent with the Michaelis-Menten 
mechanism (Eq. 3). 

We evaluated the static disorder, that is, 
the static heterogeneity of rates among indi- 
vidual molecules. To evaluate the static dis- 
order of k,, we made k, rate limiting. This 
condition is not quite achievable with a high 
concentration of cholesterol, but it is achiev- 
able with a high concentration of 5-pregene- 
3P-20a-diol substrate, a derivative of choles- 

Fig. 3. The 2D conditional 
probability distribution 
for a pair of on-times (x 
and y)  separated by a cer- 
tain number of turnovers. 
The scale of x and y axes 
are from 0 to 1 s. (A) The y 
2D conditional histogram 
for on-times of two adja- 
cent turnovers, which is 
derived from the trajecto- 
ries of 33 COX molecules 
with 2 mM S-pregene- 
3P-2Oa-diol substrate. A x 
subtle diagonal feature is 
present. (B) The 2D conditional histogram for two on-times separated by 10 turnovers for the COX 
molecules in (A). The diagonal feature vanishes because the two on-times become independent of 
each other at the 10-turnover separation. The color code in (A) and (B) represents the occurrence 
(z axis) from 350 (red) to 0 (purple). 
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terol (Fig. 2B, inset). The slower substrate 
results in a monotonic decay (k, = 3.9 2 0.5 
s-') in the on-time distribution for the COX 
molecule shown in Fig. 2A. A broad distri- 
bution of single exponential fits of k, for 33 
COX molecules with the slow substrate (Fig. 
2A, inset) is an apparently static disorder of 
k,, with k, being the time averages along the 
entire trajectories (10 to 20 min) of the mol- 
ecules. Static disorder has been observed for 
genetically identical and electrophoretically 
pure enzyme molecules (5, 6) and has been 
postulated to arise from different conformers 
(5) or posttranslation modifications (6). Al- 
though the origin of the static disorder re- 
quires further investigation, we offer an alter- 
native possibility for the COX system: proteo- 
lytic damages, such as oxidation, of the key 
residues of the enzyme (32). 

Dynamic disorder (33), the fluctuation of 
reaction rate for a single molecule, is beyond 
the scope of conventional chemical kinetics. 
Chemical kinetics holds for Markovian pro- 
cesses (34, implying that an enzyme molecule 
undergoing a turnover exhibits no memory of 
its preceding turnovers. Dynamic disorder of 
proteins has been investigated in the context of 
single-molecule behavior with statistical theory 
(35) and molecular dynamics simulation (36). 
However, it is experimentally difficult, if not 
impossible, to distinguish static and dynamic 
disorder for chemical reactions in ensemble- 
averaged experiments. Statistical analyses of 
the turnover trajectories allow us to examine the 
validity of chemical kinetics at the single-mol- 
ecule level and to distinguish static and dynam- 
ic disorders. To do so, we first chose the case of 
k, being the rate-liiting step (Fig. 2), so that 
the reaction scheme is reduced to Eq. 1, with 
forward and backward rates being k, = k, and 
4, respectively. 

Conventional kinetics experiments mea- 
sure the relaxation of concentration of a large 
ensemble of molecules after a perturbation 
(such as fast mixing or a temperature jump). 
The fluctuation dissipation theorem appliesto 
the reversible chemical reaction in Eq. 1 as 
follows (37): 

where &(t) is the concentration change of E- 
FAD measured in ensemble-averaged relax- 
ation experiments, and {(t) is a dynamical vari- 
able for a single enzyme molecule in dynamic 
equilibrium; 5 = 1 when the molecule is in the 
state of E-FAD, and 5 = 0 when the molecule 
is in the state of E-FAD%. The bracket denotes 
averaging along a stationary trajectory, and 
Ag(t) = 5(t) - (5). Thus, Eq. 5 relates the 
macroscopic experimental observable to the au- 
tocorrelation function of 5(t), a microscopic 
property that has, to date, only been obtainable 
i h m  molecular dynamics simulation. Our sin- 
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gle-~nolecule experiment allows the right side 
of Eq. 5 to be measured directly tlxough the 
intensity a~itocoi~elation fiu~ction (Il(f)Al(O)). 
Figure 2B shon-s (Il(t)LI(O)) of the COX 
rnolecule in Fig. 2A. 

According to chemical kinetics (35);  
Sc(f)/Sc(O) = exp[-(li; - Ir,)f], that is. a 
single exponential decay is expected for 
(AI(r)AI(O)), with a decay rate being the sum 
of the forward and backward rates. In fact. 
fluorescence inte~lsity autocoi~elation filnc- 
t io~ls have been used to extract lcinetics 

constants of chemical reactions with fluo- 
rescence correlation spectroscopy for a 
srnall nuinber of ~nolecules (38), and for 
one rnolecule at a time but averaging nlany 
inolecules (39). The measured autocorrela- 
tion fuilction (Fig. 2B; solid line) for a long 
trajectory of a single irnrnobilized ~nolecule 
was not a single exponential decay (Fig. 
2B, dashed line). The multiexponential de- 
cay of the autocorrelation function can 
arise from the dyna~nic disorder of 1% or k, 
or both, or from a more complex kinetic 

A 
0 20JI 

, - 

0 05 

0, 
-0 05- 

-0 05' 
-0 10- 

10 15 20 
4 6 8 10 

m m 
Fig. 4. The autocorrelation function of on- 
times (Eq. 7), r(m). (A) The r(m) for a single COX 020- e 
molecule w i t h  2 m M  5-pregene-3P-2Oa-diol, a c152 - 

substrate w i th  smaller k, than cholesterol. The HO 
solid line is a single exponential f i t  w i th  a decay 
constant of 1.6 2 0.5 turnover. W i t h  the aver- 

::: 
aged turnover cycle of 600 ms, w e  deduce a 
correlation t ime of 1.0 2 0.3 s for the f luctu- o - 

at ing k, of  this molecule. (B) The r (m) for the .co5- 
enzyme molecule shown in Fig. I D  w i th  2 m M  
cholesterol. The solid line is a single exponen- -0'01 
t ia l  f i t t ing w i th  a decay constant of 1.2 i 0.5 L 6 8 10 

turnover. W i t h  the averaged turnover cycle o f  m 
500 ms, w e  deduce a correlation t ime o f  0.6 z 
0.3 s for the  fluctuating k, of  this molecule. (C) The r(m) for the enzyme molecule shown in Fig. 
i C  w i t h  0.2 m M  cholesterol. The averaged turnover cycle of the trajectory is 900 ms. Under this 
condition k ,  is rate limiting. There is no dynamic disorder in k, .  

Fig. 5. (A) Trajectory of the p, 
s ~ e c t r a l  mean of a COX mol- 'F I 
e'cule in the absence of ste- mG 
roid substrate. Each data ,,,,, 
point is the first moment  of 
the FAD emission spectrum 
sequentially recorded w i th  a 
100-ms data collection time. 
The spectral fluctuation is at- 
tr ibuted t o  a spontaneous 
conformational fluctuation. Time (s) 
(B) Emission spectrum of a - B 
COX molecule taken in  100 ,z , , 
ms. The spectral mean of the 5 
spectrum is the first data ' 

point in (A). This and other 5 06 

spectra were taken by using a 5 
combination of a spectro- '; ',$1 
graph (Acton Research, Ac- 'E 0.0 

ton, Massachusetts) and a 4 ' ,,, ' do ,Ao 0 2 4 6 8  

cooled intensified charge- Wavelength (nm) Time (s) 
coupled device camera w i th  
Cen IV photocathode (Princeton Instruments, Trenton, N e w  Jersey) and corrected for wavelength- 
dependent detection efficiency. (C) The correlation function (dots) of the spectral mean for the 
trajectory in (A). The first data point, a spike at zero time, is due t o  uncorrelated measurement 
noises and spectral fluctuations faster than the 100-ms t ime resolution. The solid line is a f i t  by a 
single exponential w i th  a t ime  constant of 1.3 = 0.3 s, which coincides w i t h  the correlation t ime 
for k, fluctuation. 

scheme (Eq. 3) than the bacltward reaction 
in Eq. 1 

The p,,(f) in Fig. 2A has the advantage of 
only reflecting the forward reaction, but it 
does not ha\-e a good enough signal-to-noise 
ratio to reveal a ~nultiexponential decay due 
to the dyilarnic disorder of 15. Being a scram- 
bled histogram, Fig. 2A is not sensitive to 
mernoiy effects. We present a statistical anal- 
ysis that provides definitive evidence for dy- 
na~nic disorder in 1%. TT:e e\-aluated the con- 
ditional probability distribution, p ( s j ) ,  for 
pairs of on-times (.v and J,) separated by a 
certain nurnber of turnovers. Two-dirnension- 
a1 (2D) histogra~ns of a pair of on-times 
adjacent to each other (Fig. 3A) and separated 
by 10 turnovers (Fig. 3B) are shon~n for the 
sum of 33 COX molecules, thus reflecting the 
ensemble average of a single-molecule prop- 
eity. In the absence of dyna~nic disorder. the 
t x o  on-times should be independent of each 
other. that IS. p ( ~ , l )  = p( .~ )p (~)  

In contrast. Figs. 3A and 3B are clearly 
different; indicating a memoly effect. For 
adjacent pairs of on-times (Fig. 3A), there is 
a diagonal feature; indicating that a short 
on-time tends to be followed by another short 
on-time. and a long on-tirne tends to be fol- 
lowed by another long on-time. For the sep- 
aration of 10 turnovers (Fig. 3B), the distri- 
bution becomes independent. The memory 
effect arises from a slo\vly varyi~lg rate (I<, 
being rate limiting). The rate eq~lation for the 
forward reaction in Eq. 1 is ~vritten as 

where lc,(f) is a stochastic variable with a 
mean, (1,;). If the fluctuation of li, is very fast, 
lz,(f) can be replaced by (Ir,). Dy~lamic disor- 
der arises when the time scale of the Ii, 
fluctuation is co~nparable to or slower than 
l'li.. The fluctuation of k i t )  call be charac- 

/ \  r 

terLed by the lr, variance and co~~elat ion 
time. that is. the memory time. 

We quantitatively analyzed the visual dif- 
ference between Figs. 3A and 3B by a co- 
variance parameter (40, 41) defined as 

where i is an index number for a total of 17 + 
W I  tuinovers in a trajectory; ti is the experi- 
mentally deteinlined on-time; and 171 is the 
separation between the pairs of on-times. In- 
hlitively: 1. = 1 for a diagonal line, i. = - 1 
for an off-diagonal line in the 2D distribution, 
and 1 .  = 0 for independent x and j,. In fact, 
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r(m) is the autocorrelation function of the 
on-times (the last equality with the bracket 
denoting the trajectory average). In the ab- 
sence of dynamic disorder, r(0) = 1 and ~(iiz) 
= 0 (nz > 0). In the presence of dynamic 
disorder: r(m) is a decay with the initial (iiz = 

1) amplitude reflecting the variance of k, and 
the decay time yielding the correlation time 
of 1,. 

The i ( m )  for a single enzyme n~olecule 
with 2 mM 5-pregene-3P-20a-diol (Fig. 4A) 
yields the correlation time of k2: T = 1.0 i 
0.3 s (1.6 turnovers in this trajectoiy). The 
fluctuation of k, n7as othervlise masked in the 
ensemble-averaged results, as well as in the 
scra~nbled 1D histogram b,,(t) in Fig. 2A]. 
We found every enzyme n~olecule in the 
syste~n exhibited similar r(m). The decay of 
r(m) remained unchanged as the excitation 
intensity n7as doubled, so the phenomenon is 
not photoinduced. The high sensitivity of 
r(m) to the memory effect allowed the obser- 
vation of dynamic disorder even when cho- 
lesterol was the substrate (Ic, was not quite 
rate limiting). Figure 4B shows the decay of 
r(m) for the n~olecule in Fig. 1D with 2 mM 
cholesterol. In contrast, the i(m) for the mol- 
ecule in Fig. 1C with 0.2 mM cholesterol 
remains zero (Fig. 4C) as kc, becomes rate 
limiting. There is no dyna~nic disorder in Ic,. 
For the FADH, oxidation half-reaction (Eq. 
3), we found that the autoco~~elation function 
for the off-times is zero for nz > 0. In addi- 
tion, there is no correlation between adjacent 
on- and off-times. Therefore, the FADH, ox- 
idation reaction (k', and k',) involving oxy- 
gen does not exhibit dyna~nic disorder. 

We attribute the fluctuation of kc2 to con- 
formational fluctuation of the protein, which 
can be probed by the e~nission spectra of the 
FAD active site. Figure 5A shows a trajectory 
of the spectral mean of the emission spectra 
of a single enzyme molecule in the absence of 
cholesterol substrate n~olecules. The slow 
fluctuation of the e~nission spectnim (Fig. 
5B) reflects confoimational changes around 
the FAD, a phenomenon that is othenvise 
hidden in ensemble-averaged measurements. 
Si~nilar room-temperature spectral fluctua- 
tion of single dye molecules in polymer has 
been studied in detail: providing information 
regarding the energy landscape (15).  The au- 
tocorrelation function of the spectral mean 
trajectory is shown in Fig. 5C. The decay 
cun7e was independent of excitation rate, in- 
dicating a spontaneous (rather than photoin- 
duced) conformational fluctuation. Interest- 
ingly, the decay constant is 1.3 i 0.3 s, 
which is on the same time scale as the cor- 
relation time of kc2; T. This provides strong 
evidence that conformational fluctuation re- 
sults in variation of the enzymatic rate k2. 

The si~nplest lnodel that can account for 
the fluctuation of 13 involves two conforma- 
tional states of the enzyme, E and E', which 

have different rates (k,, and k,,) for the 
activation step and interchange with a rate 1 ; ~  
= k, + k,. slower than (kc,): 

k5 

E S E '  
kr. 

k ,  k? I 
E-FAD - S e E - F A D e S  + E-FADHI - P 

k -1  

t t $ 

A simulation of 1. (??1)  based on this kinetic 
scheme assuming kElkcE, = 1 and I ~ , l l ~ ,  = 5 
matches the experimental curve (Fig. 4A), 
indicating a substantial difference in k,, and 
k,, (42). We note that the dynamic disorder 
of Ic, for the Michaelis-Menten mechanism 
(Eq. 2); a non-Markovian behavior, can be 
accounted for by the more complicated kinet- 
ics scheme (Eq. 8) with the constant rates kc2, 
and kc2,. 

Similar molecular memory phenomena 
deviating froin the Michaelis-Menten mech- 
anism have been inferred previously by en- 
semble-averaged experi~nents for other mo- 
nomeric enzyme systems (43). A conse- 
quence of the memory effect is a sigmoidal 
dependence of the enzymatic reaction veloc- 
ity on the substrate concentration. It was pos- 
tulated that such "kinetic cooperativity" of 
the n~onon~eric enzymes facilitates physio- 
logical regulation. Interestingly, a sig~noidal 
dependence on cholesterol concentration was 
reported for C o x  (27); which could be related 
to our finding of the melnoiy effect. 

Although the two-state model suffices to 
account for the fluctuation of k, and the 
spectral mean, there can be Inore than two 
conformational states, or even a broad dis- 
tribution of conformational states (44) with 
distinctly different I<,. For the two-state 
model, a simple kinetic scheme for the 
interconvertlng confor~ners call account for 
the dynamics (45) For the continuous mod- 
el. a diffusive motion along a conforma- 
tional coordinate perpendicular to the reac- 
tion coordinate induces a fluctuating barrier 
height (46). On the basis of this model, a 
si~nulation of the stochastic trajectory and 
its r(nz) yields the k, variance, = 12.5 
s-, (42), corresponding to a significant 
amplitude of fluctuation (standard devia- 
tion being 70% of (kc,)) (47). Detailed mi- 
croscopic pictures of conformational dy- 
namics and its influence on enzymatic re- 
actions are expected to emerge from single 
~nolecule studies. 
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Frequency Tuning of Basilar 
Membrane and Auditory Nerve 

Fibers in the Same Cochleae 
S. Shyamla Narayan, Andrei N. Temchin, Alberto Recio, 

Mario A. Ruggero* 

Responses to tones of a basilar membrane site and of auditory nerve fibers 
innervating neighboring inner hair cells were recorded in the same cochleae in 
chinchillas. At near-threshold stimulus levels, the frequency tuning of auditory 
nerve fibers closely paralleled that of basilar membrane displacement modified 
by high-pass filtering, indicating that only relatively minor signal transforma­
tions intervene between mechanical vibration and auditory nerve excitation. 
This finding establishes that cochlear frequency selectivity in chinchillas (and 
probably in mammals in general) is fully expressed in the vibrations of the 
basilar membrane and renders unnecessary additional ("second") filters, such 
as those present in the hair cells of the cochleae of reptiles. 

In mammalian cochleae, the bulk of auditory 
information is transmitted to the brain via the 
inner hair cells, which provide the sole synaptic 
inputs to 90% to 95% of the afferent fibers of 
the auditory nerve (1). Auditory nerve excita­
tion is triggered by depolarization of inner hair 
cells upon deflection of their "hair" bundles 
toward the taller stereocilia (2, 3). Presumably, 
the forces that deflect the stereocilia bundles are 
derived from the vibrations of the basilar mem­
brane (BM), but it is not known how these 
vibrations are transmitted to the inner hair cells 
(4). Although the BM and auditory nerve fibers 
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are similarly tuned at frequencies close to the 
characteristic frequency (CF) (5-9), there is no 
consensus about whether neural threshold cor­
responds to a constant magnitude of BM dis­
placement, velocity, or some function of these 
variables. 

Until now, comparisons of the response 
properties of auditoiy nerve fibers or inner hair 
cells and the BM have been indirect, involving 
data from different subjects [with one exception 
(10)]. For example, a frequency-threshold tun­
ing curve recorded from a single auditoiy nerve 
fiber in one subject was compared with BM 
data from another individual of the same spe­
cies (5-7). Alternatively, comparisons have 
been based on averaged data obtained from two 
different groups of subjects (8). Considering the 
variability of both neural [for example, see 
(11)] and mechanical responses [for example, 
see (5, 9)], and also the different measurement 
conditions, such comparisons are bound to lead 
to imprecise conclusions. To clarify how me­

chanical vibrations are translated into neural 
spike trains, we conducted experiments that 
previously were not successful. We recorded 
sequentially, under identical conditions, the re­
sponses to tones of a BM site and of auditory 
nerve fibers innervating neighboring inner hair 
cells in the nearly normal ears of two anesthe­
tized chinchillas (12). 

The magnitudes of mechanical and neural 
responses as a function of stimulus frequency 
were compared by using tuning curves, which 
plot the stimulus levels at which a fixed re­
sponse criterion is reached. In one cochlea, four 
fibers were encountered with CFs (9.5, 9.3, 8.0, 
and 7.8 kHz) comparable to the CF of the BM 
recording site (9.5 kHz). The fiber CFs indicate 
that they terminated very near the BM record­
ing site or about 0.08, 0.64, and 0.72 mm away, 
respectively (13). Figure 1A shows tuning 
curves for the BM and one fiber, selected be­
cause its CF coincided with that of the BM site 
and could be compared with the BM tuning 
curve directly. At the fiber's CF threshold [13-
dB sound pressure level (SPL)], BM vibrations 
had a peak displacement of 2.7 nm or, equiva-
lently, a peak velocity of 164 fjim/s. These 
values were used to plot isodisplacement and 
isovelocity tuning curves. At frequencies be­
tween CF and 1 kHz, there was a good match 
between neural thresholds and a constant BM 
velocity. When the entire frequency range of 
measurements was considered, however, neural 
thresholds were better fit by mechanical dis­
placements subjected to high-pass filtering at a 
rate of 3.8 dB per octave. The other three fibers 
had similar tuning curves, which were well fit 
(after normalization to the BM CF) by BM 
displacement high-pass filtered at rates of 4.0, 
3.9, and 4.1 dB per octave (14). 

In another cochlea, the BM recording site 
had a CF of 9 kHz and four fibers were found 
with comparable CFs (9.25, 8.7, 8.1, and 8.0 
kHz) and probable terminations 0.10, 0.14, 
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