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5. Flavin Enzymes 3083 sequence. When single molecules are observed, synchroniza-

5.1. Cholesterol Oxidase 3083 tion is not an issuethe reaction sequence of each molecule
5.2. Dihydroorotate Dehydrogenase 3084 can be_ observe_d. This is of particular i_mportance for
5.3. p-Hydroxybenzoate Hydroxylase 3085 processive reactions such as DNA synthesis, as well as for

6. Staphylococcal Nuclease 3085 a Iarge number of other biological processes, for_ example,

7. Dihvdrofolate Reduct 3086 protein folding, molecular motors, and muscle action. DNA

. Dihydrofolate Reductase . . X . .
8. Conformational Heterogeneity 3087 synthesis and related enzymes will be dlsqus§ed_ in this
. . review, but molecular motors; 14 actin—myosini*-16 in-

9. T4 Bacteriophage DNA Replication 3088 tramolecular rotation in fFATPased/ etc. are not considered.

10. Helicases 3090 These processes are coupled to ATP hydrolysis, but the
11. 2 Exonuclease 3091 primary focus of studies with these systems has not been
12. HIV-1 Reverse Transcriptase 3093 the mechanistic aspects of the ATPases. Also not discussed
13. Conclusion 3093 is the extensive work on ribozymes and RNA foldiig??
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However, it should be borne in mind that even though single

molecule methods represent a unique tool in the arsenal of

. enzymology, the results must be correlated and consistent

1. Introduction with ensemble measurements. The elucidation of enzyme
The study of single molecules is a relatively new field of Mechanisms requires a wide variety of approaches, including

research but covers a wide range of systems from dilute gaseStructure determinations, mutation analysis, chemical modi-

to complex biological systems. A recent issuefacounts ications, and kinetics.

of Chemical Researdmas been dedicated to single molecule )

research and provides a good starting point for exploring 2. Experimental Methods

the scope of this field.In addition, several reviews have

. . . . . . This review concentrates on the use of fluorescence
focused on biological systems!® This review will be limited

. . ; ; microscopy for studying enzyme reactions. Related methods
to studies of enzyme mechanisms with single molecule g, a5 atomic force microscopy, molecular tweezers, and
methods, primarily fluorescence microscopy. the stretching of biological molecules through the use of
What advantages do single molecule studies offer over magnetic beads are not considered, except for a few instances
conventional ensemble methods? Ensemble methods providgvhere mechanistic information has been obtained. In terms
information about the average state of a large number of of fluorescence microscopy, the most important aspect of
molecules. Dynamic fluctuations can be masked in this the experimental method is to focus the light in a very small
averaging, as can micro-heterogeneity in the sample. Theyolume to reduce the background fluorescence. This can be
observation of single molecules permits distribution functions readily accomplished with the use of lasers and modern
of behavior to be developed. In terms of enzyme mecha- gptical techniques.
nisms, it can permit the observation of transient intermediates  perhaps the most useful optical method for reducing the
that may be lost in ensemble measurements. It can alsofluorescence background is total internal reflection (TIRF).
distinguish between processes occurring with the single |f |ight is passed via a prism through the sample at an
molecule of interest and interactions between reaction appropriate angle, the light will be reflected when it
components in the bulk solution that are not relevant for the encounters a change in refractive index, that is, when the
light reaches the solution on the slide. A schematic repre-

* Corresponding author: Phone: (919) 684-8848. E-mail: hamme001@ Sentation of this experimental setup is shown in '_:igwe 1A.
mc.duke.edu. For the light to be totally reflected, the angle of incidence
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Figure 1. Schematic representation of (1) TIRF optics with a prism,
(2) TIRF optics through the objective, and (3) confocal optics. In
these diagrams, P is the prism, S is the slide, CS is the coverslip,
O is the objective, D is the detector, F is the filter, DM is a dichroic
mirror, and A is a pinhole aperture. The optical paths of the exciting
light are indicated by solid arrows, whereas the emission paths are
the shaded arrows.

volume at the surface of the slide is illuminated, and
fluorescent molecules at the surface can be visualized even
in the presence of quite large concentrations of fluorescent
molecules in the solution (typically as high as 200 nM).

Commercial microscopes are available that utilize TIRF.
In the commercial equipment, a prism usually is not used:
instead the light is passed through a high numerical aperture
objective ¢1.4) at an appropriate angle, and the fluorescence
is observed through the same lens. This is illustrated in Figure
1B in which the incident light is reflected through one side
of the objective. By appropriate alignment of the laser, the
critical angle for TIFR can be achieved, and the totally
reflected light exits on the other side of the objective. The
fluorescence signal is shown in the middle of the objective
and passes through a filter to the detector.

Confocal optics also can be utilized, as schematically
illustrated in Figure 1C. In this case, a pinhole aperture is
placed in the primary image plane of the collection path of
the microscope to filter out fluorescence that originates from
molecules that are out of the focal plane of the objective.
This effectively makes the volume of the sample that is
observed very small. The primary advantage of confocal
optics, in addition to the illumination of a small volume, is
the ability to scan in the (vertical) direction. This capability
is not required for single molecule observation where the
molecules of interest are confined to the surface of the slide.
Traditional epiluminescence can be used to visualize single
molecules, but the signal-to-noise ratio is not as high as for
TIRF and confocal optics.

In practice, fluorescence microscopy can only be carried
out in the visible region of the spectrum. Typical lasers
include relatively inexpensive tunable Ar lasers and diode
pumped double YAG lasers. High power is not required:
10 mW is usually more than enough.

Two methods are used for observation of the signal: an
avalanche photodiode, APD (available only from Perkin-
Elmer), or a high-quality CCD, ICCD or EMCCD camera.
The APD has the advantage of counting single photons at a
very high efficiency with a very low dark count, but the APD
does not have spatial resolution so that only one molecule
at a time can be observed. The active area of an APD is

on the prism must exceed a critical value determined by the very small so that the density of single molecules can be

refractive index of the prism. Although the light is totally

readily adjusted so as to observe only a single molecule. The

reflected, a low-intensity evanescent wave propagates throughcamera has the advantage of observing multiple single
the solution for a very short distance. The intensity of the molecules simultaneously, but the signal-to-noise ratio is not
wave drops off exponentially with distance and typically as good as the APD and the practical time resolution is
penetrates only about 100 nm into the solution. Because oflimited to about 10 ms. In contrast, microsecond times (or
the limited penetration of the evanescent wave, a very smallfaster in principle) can be observed with an APD. The time
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resolution of single molecule experiments is not only limited utilized; for example, biotinylated bovine serum albumin can
by the time response of the detector. The relatively small be attached to the slide through nonspecific surface interac-
number of photons emitted per unit time by single molecules tions, followed by avidin and the biotinylated enzyAié&or
also is a limitation. At very short times, the number of enzymes that utilize DNA as a substrate, it is very easy to
photons may be too few to detect. The two methods of obtain biotinylated DNA, which can be tethered to the slide.
observation are complementary: both methods may beAs previously mentioned, optical tweez&tsind magnetic
required to carry out a complete study of an enzymatic bead$ are also effective tethering devices.
system. The concentrations of fluorescent proteins/nucleic acids
The time course (trajectory) of individual molecules can required are very low, typically in the nanomolar to pico-
be observed directly with the APD when the APD is molar range. Even with very low concentrations, nonspecific
interfaced to a computer. With cameras, timed sequences ofinding of proteins/nucleic acids to the glass surface can
photos are taken, and computer programs such as NIH Imagecause a high fluorescence background. Very often an inert
(http://rsb.info.nih.gov/nih-image/) are used to analyze the protein, for example, bovine serum albuminl0 M), is
data and to create trajectories for individual molecules. added to solutions to eliminate nonspecific bindihgreat-
Two modes of fluorescence detection have primarily been ment with poly(ethylene glycol) also is useful for this purpose
used. For a single fluorescent probe, changes in the fluo-because it creates a hydrophilic surfége.
rescence can be monitored directly through the use of The most difficult task of all is to insert a fluorescence
appropriate filters in the microscope. Fluorescence resonanceyrobe on the enzyme that monitors the process of interest
energy transfer (FRET) also can be a useful measure ofand does not alter the enzyme activity significantly: no
reaction progress. In this case, microscope filters can be usedormula exists for doing this. Both direct observation of
to monitor the fluorescence of the donor, FRET, and direct fluorescence and FRET have been used for this purpose. The
excitation of the acceptor. For the observation of FRET, the FRET can be between two probes on a single enzyme
fluorescence signal can be split with a dichroic mirror, and molecule or between a probe on the enzyme and an
donor and acceptor fluorescence can be monitored simulta-exogenous molecule. Specific examples of both situations
neously through the use of appropriate filters. For quantitative are discussed below. Parameters other than changes in
analyses of FRET experiments, spectral overlaps of donorfluorescence also can be utilized, for example, translational

and acceptor need to be taken into account. displacement of kinesin on microtubulésind translational
movement of enzymes on DNA and RNA2°Measurements
3. Sample Preparation of fluorescence polarization also are useful to determine the

rotational mobility of the fluorescent prol3es!

In selecting fluorescence probes, it should be borne in mind
that photobleaching occurs quite readily in single molecule
experiments. Thus fluorescein is not a good preimeour
equipment the half time for photobleaching is about 6 s.
Alexa dyes, on the other hand, are much more stable with
Hhalf-times in the 26-30 s range. Cy dyes also have been
extensively used. The occurrence of photobleaching is
probably the easiest check to be certain single molecules are
being observed. For single molecules, photobleaching is an
all or none process, that is, it occurs in one step rather than
eoy increments whereby the fluorescent spot becomes dimmer
and dimmer. Furthermore, photobleaching of a population
of single molecules should be an exponential process.

! . . Photobleaching can be reduced with oxygen scavenging
molecules, looking at a single molecule undergoing a large

number of reactions, or both. Even then, assessing whethefiystems such as glucose oxidase, but this adds additional

heterogeneity is due to sample preparation or is intrinsic for components to the systeth.

the enzyme is difficult. . )
A variety of different methods have been use for im- 4. Theory of Single Molecule Reactions

mobilization. The first studies with enzymes were done by 1pg yinetics of single molecule transitions differs from
putting the enzyme into agarose or similar géfShis places  gnsemple measurements in that a distribution of time
the enzyme in a restricted volume that may alter its activity. onstants is observed as the molecule goes back and forth

Probably the behst dmethhod iﬁ dto use tetherindg éjlvbere’t,)y tr?ebetween states. The distribution of time constants, that is,
enzyme is attached to the slide via an extended "arm”. The reqciion Jifetimes, can be related to the ensemble rate

most common method of doing this is to make use of the ¢,ngtants for specific mechanisms. Only two simple ex-

biotin—avidin interaction, which has a binding constant of -5 jes are discussed here. The single molecule kinetics of

5\ —1 i ilani . P : ;
about 16°M™". For example, a glass slide can be silanized 146 complex mechanisms, including an extended Michae-
to give a surface of free amino groups. The amino groups |is_menten mechanism. have been developets

can then be biotinylated with a succinimide ester of biotin The development of ’the kinetic equations 1.‘ollows the

and avidin is then addefi.An arm having biotin at the end d procedures of conventional kinetics except that rather than

can be attached to one of the termini of the enzyme and ., .chiration, the probability of a given state is used.
interacted with the avidin on the slide. The enzyme is very Consider, for example, the one-step mechanism

effectively immobilized but is sufficiently far from the
surface so that it can have its normal solution properties. p
Several variations of the biotiravidin interaction have been A—B Q)

Initial efforts to visualize single molecules in biological
systems utilized the technique of fluorescence correlation
spectroscopy in which a small number of molecules were
observed in a flow cefi* This technique primarily provides
information about the diffusion of single molecules although
information about other processes also can be obtained a
an addition to the diffusion equations used to interpret the
data. To study enzymatic reaction mechanisms optimally, it
is necessary to restrict the enzyme to the surface of the slide
Most importantly it is essential that this restriction to the
surface not cause heterogeneity in the sample and that th
enzyme has its full activity. Enzyme activity should be
measured in situ. The detection of heterogeneity is more
difficult—this requires looking at a large number of different
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Figure 2. Hypothetical trajectory for a single molecule going T
between high and low fluorescence states. The fluorescence versus (S)

time is plotted. Figure 3. Histogram of the number of events with a lifetimg

) . N(z), versusr for the lifetimes of a single molecule moving from
wherek is the ensemble rate constant. The rate equation for a high fluorescence state, A, to a low fluorescence state, B (eq 1).
a single molecule going from state A to state B is given by The line has been calculated with eq 4 dne 0.2 s,

dP,/dt = —kP, (2) If PA =1 andPg = Pc = 0 whent = 0, then whernt =,
HereP, is the probability of the molecule being in state A Pa = exp(k) (8)
andt is the time. This equation can be solved with the initial
condition thatPx = 1 whent = 0, andPa = P, whent = Pg = [Ki/(k; — ky)l[exp(—ky7) — exp(-k7)]  (9)

h ion lifetime. Th It . . : N
v the reaction litetime. The result is The probability density for the high fluorescent state in this

3) case is

o . f(r) = kPg = [k{K/(k, — k)][exp(—k,7) — exp(—k

Thus for this simple mechanism the probability distribution (7) = kaPg = [kl — ko)l[exp(~kyr) — expt 2(?1))

of lifetimes follows an exponential function, and the en-

semble rate constant is directly related to this distribution. These equations predict that the distribution of reaction
The probability densityf(z), is defined by the relationship |ifetimes for the high fluorescence state should be described

P, = exp(—kr)

—dPa/dr = kPa = f(z) or by the difference between two exponentials. This has been
_ observed for the enzyme cholesterol oxidase, as will be
f(r) = kexp(-kr) 4) discussed late® This behavior will be observed only when

an enzyme cycles between two states during steady-state
catalysis with an essentially irreversible step in the cycle.

In general, when a specific enzyme is considered, it is
useful to generate the reaction lifetimes predicted by the
mechanism. A computer program has been developed for
this purposé®

Alternative methods of analyzing trajectories are used such
'as correlation and autocorrelation functions. These more
mathematical approaches provide direct information about
Ghe time scale of events that occur and can reveal the
occurrence of multiple processes, as well as whether reaction
events are random or correlated with previous events.
However, the link to mechanism is somewhat more indirect
than a reaction lifetime analysis.

Note thatf(z) dr is the probability of A switching to B during
the intervalt andt + dr. The distribution functiorf(z) is
determined experimentally in single molecule studies. How
does this work in practice? In Figure 2, a schematic
representation of the trajectory of a molecule is shown as
the molecule goes from a high to a low fluorescent state.
The reaction lifetimes can be tabulated from such trajectories
and the probability density of the lifetime falling within a
given range can be plotted as a bar graph as shown in Figur
3. The probability density is simply the number of events
with a lifetimez, N(z), divided by the total number of events,
Nita- Practical considerations require the use of bar graphs
with significant bar widths because only a few hundred
lifetimes are generally tabulated.

As a second example, consider the simple tvvo—step5 Flavin Enzymes

reaction
K, K, 5.1. Cholesterol Oxidase
h'ioéh h%h |OCW ®) The first detailed study of an enzyme using single molecule
fluorescence microscopy was of cholesterol oxicfasal;
The fluorescent state of the molecule is indicated by high or though enzymatic turnovers related to motor proteins were
low fluorescence. In this case, observed earlieft 14 Cholesterol oxidase catalyzes the
oxidation of a ring hydroxyl to a ketone by molecular oxygen
—dP,/dt = k P, (6) with FAD as a cofactor. An enzymatic cycle involves the

reduction of fluorescent FAD to nonfluorescent FARHhus
—dPg/dt = k,Pg — kP, (7) providing a built-in fluorescent indicator of the reaction
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this rate constant for different molecules: values between 3

140
%_ 120 and 14 s! were obtained. This heterogeneity was attributed
3§ 100 to the relatively slow interconversion of two states of the
£L 23 enzyme having different characteristic valueskaf The
& 40 discovery of dynamic heterogeneity, that is, that the catalytic

15

20 rate constant of a single enzyme molecule is not constant

1
. 0 but fluctuates with time, is unexpected. The molecular basis
Time (msec) for this finding and its significance for physiological systems
Figure 4. Trajectory for a single molecule of cholesterol oxidase are not fully understood. The MichaetliMenten mechanism
alternating between a fluorescent flavin, FAD, and a nonfluorescent can accommodate the dynamic heterogeneity observed in
flavin, FADH,, according to eq 11. The fluorescence emission single molecule experiment3 This study is significant in

(counts/channel) is plotted versus the time. Reprinted with permis- . . L .
sion from X. S. Xie and H. P. LU. Biol. Chern1999 274, 15967 demonstrating that uniqgue mechanistic features of enzymatic

15920. Copyright 1999 American Society for Biochemistry and reactions can be revealed by sing_le molecule measurements.
Molecular Biology. In a related work, the quenching of FAD fluorescence
bound to flavin reductase fromscherichia colby a nearby

5

20- ] tyrosine residue was studi€tlThis quenching is due to
Tl ah photoinduced electron transfer. The experimental observation
8 151 7"" is that a distribution of fluorescence lifetimes (nanoseconds)
S / is observed with ensemble measurements. Even for a single
g 104 molecule, the fluorescence decay does not follow the time
9 dependence of a single exponential. This nonexponential
O 57 behavior is attributed to a dynamic distribution of lifetimes.
0 The distribution of lifetimes and fluorescence quenching by
0 50 100 150 260 220 tyrosine can be characterized by an autocorrelation function

that suggests the protein motions responsible for the fluo-
rescence lifetime fluctuations extend from hundreds of
microseconds to seconds. The derived autocorrelation func-
tion is a complex mathematical interpretation of the experi-
mental results. Nevertheless, the possibility that a wide range
of enzyme motions may be involved in reactivity is intrigu-

ing.

On-time (ms)

Figure 5. Distribution of the reaction lifetimes for the high
fluorescence state (FAD) of cholesterol oxidase. A histogram of
the number of events with a lifetimeis plotted versus. The line

has been calculated according to eq 10 With- 33 st andk, =

17 s1. Reprinted with permission from X. S. Xie and H. P. lu
Biol. Chem 1999 274, 15967 15920. Copyright 1999 American
Society for Biochemistry and Molecular Biology.

5.2. Dihydroorotate Dehydrogenase

The enzyme dihydoorotate dehydrogenase fEarooli is
an FMN-requiring enzyme that oxidizes dihydoorotate to

progress. The single molecules of cholesterol oxidase were

confined to the surface of the slide in an agarose gel of 99%

water. Polarization measurements indicated that the mol- . :
orotate. It is a membrane-bound enzyme, and the reaction

gﬁgf;b}ge; S;rese lgf trﬁéagzg rmet?”e]l tmh&n?riliinl\élicé;etggetrﬁ att@n be conveniently divided into two half-reactions. In the
Y ymerg tfirst half-reaction, dihydroorotate reduces FMN, forming

the turnover numbers were similar to those in aqueous :
solution. The substrate molecules, cholesterol and oxygen,orOtate' In the sepond half_-reactlon, the reducec_i enzyme
orotate complex binds a quinone substrate, FMN is oxidized,

diffuse freely in and out of the gel. . .
. . . and the products are released. As with cholesterol oxidase,
Figure 4 shows the fluctuation of fluorescence for a single the kinetics can be conveniently monitored through the

]?lgz%rrlﬁr?olﬁcglicggg_ t(e) gr]]e ?T)](éd2“3':2u%ﬂ%nmogcw:n.Smﬂuorescence of the flavin. In the single molecule study, the
forvihis re:(?tionucan belvwritteznyas ycles. ! enzyme was confingd to the su.rface in the pores of a 1%
agarose ge® Following the addition of substrates, flavin
blinking could be observed until the flavin dissociated from
the enzyme, resulting in an abrupt loss of fluorescence.

In the absence of flavin dissociation, the fluorescence-on
reaction time distribution for 50 molecules could be fit to
two exponentials (48 and 0.9 s?). The fluorescence-off
reaction time distribution did not display this heterogeneity.
The distribution of reaction lifetimes for the high fluores- When 0.1% Triton X-100 is added, a similar biphasic
cence state (FAD) obtained from the trajectories of single distribution is observed but with increased rate constants.
molecules is shown in Figure 5. This behavior is consistent Similar results were obtained with stopped flow experiments.
with eqs 9 and 10. This can be understood in terms of the Consequently, these differences are attributed to static
enzymatic reaction if the reaction observed is eq 11 with heterogeneity. Further analysis of the data indicates that the
k-1 =~ 0. The line in the figure has been calculated with eq heterogeneity of the sample is decreased as detergent is
10 and the rate constants given in the figure legend. As added, with the ensemble rate constant increasing as the
expected k; increases as the concentration of cholesterol detergent concentration increases. Thus the static heterogene-

k k.
E—FAD + S=== E-FAD—S— E-FADH, + P (11)
—1

E—FADH, + O, = E—FADH,—0, — E-FAD + H,0,
(12)

increases, whereds is relatively constant.

A detailed analysis ok, was carried out for different
molecules with the substrate 5-preggfZa-diol (a cho-
lesterol analog) at a concentration of 2 mM. The results
obtained indicate that heterogeneity exists in the value of

ity in this case may be an artifact of the preparation, although
the authors suggest this may have physiological implications.
No dynamic disorder was revealed in the reaction rates by
an autocorrelation analysis of the data. In this case, the single
molecule technology permits direct observation of the flavin,
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and the results are nicely correlated with ensemble measure- —_—
ments. However, the results are ambiguous with respect to

whether heterogeneity in the reaction rates is physiologically = 0.8-
relevant.

e
D
1

5.3. p-Hydroxybenzoate Hydroxylase

The enzyme-hydroxybenzoate hydroxylase is representa-
tive of a family of flavoprotein monooxygenases. It is a
homodimer, and each subunit binds one molecule of FAD.
This enzyme is important because it modulates physiological
reactions of oxygen. A single-molecule study of this enzyme
was carried out to determine the conformational states of
the enzyme, particularly with regard to flavin bindiffg.
Again, the enzyme was confined to the surface of the slide
in an agarose gel, and “blinking” of the flavin was observed. — T T T T 1
This blinking was attributed to the flavin moving between 0 300 600 900 1200
two conformations: an open conformation in which the flavin Time (msec)
is exposed to solvent, and an in conformation in which itis rigire 6. Plot of the FRET efficiency versus time for single
more buried into the protein. The fluorescence state is molecules of double labeled staphylococcal nuclease. The inset
attributed to the open conformation and the nonfluorescent shows the autocorrelation of the data that suggests a time scale of
state to the in conformation. Moreover, the in conformation 95 ms for the conformational fluctuations. Reprinted with permis-

is postulated to be the form that binds the substrate duringsion from T. Ha, A. Y. Ting, A. Y. Liang, W. B. Caldwell, A. E.
catalysis. Deniz, D. S. Chemal, P. G. Schultz, and S. Wéissc. Natl. Acad.

. Sci. U.S.A1999 96, 893—-898. Copyright 1999 National Academ
For the wild-type enzyme, 55% of the enzyme molecules of Sciences U?S.A_ pyng Y

did not display blinking-instead the fluorescence was

constant until the flavin dissociated and fluorescence wasto the enzyme and Rii was used to attach the enzyme to
lost. For the other molecules, the reaction time distribution the coverslip. A specific cysteine on the enzyme was labeled
could be fit to a single exponential with rate constants of with tetramethylrhodamine, the fluorescence energy donor.
6.4 and 21 s! for the open-to-in and in-to-open conversions, A doubly labeled enzyme was constructed by further labeling
respectively. These rates and the equilibrium constants areof the enzyme with Cy5 succinimidyl ester. Approximately
different for mutant enzymes. For one of the mutant enzymes 15—-20% of the enzyme was doubly labeled, but it is very
examined, a biexponential fit of the reaction time distribution likely that heterogeneity existed with regard to the specific
was required, suggesting additional heterogeneity. amino group labeled. The DNA substrate was specifically

The results obtained from this work clearly suggest labeled at either the'2r 5 end with Cy5.

dramatic static heterogeneity in the conformation of the  Single molecules of the tethered double labeled enzyme
enzyme-flavin complex and possible dynamic heterogeneity were monitored by measuring the time dependence of the
on the second time scale. However, it should be noted thatfluorescence for both the acceptor and donor. Fluctuations
the majority of the data were obtained with a single FAD of the fluorescence on the millisecond time scale were found
bound to the dimeric enzyme. Limited data obtained for the for both signals. A typical result is shown in Figure 6 where
enzyme in which two FAD are bound suggest fluctuation the FRET is plotted versus time. The distribution of reaction
between a state in which both flavins are in the open lifetimes obtained from trajectories such as this is shown in
configuration and a state in which one flavin is in an open Figure 7. Unfortunately the interpretation of these results is
configuration and one in an in configuration. These results difficult because of the heterogeneity of the amino group
demonstrate the power of single molecules being able tolabeling, which can result in somewhat different kinetic
distinguish between different reactivities of individual mol- processes for each molecule. This work convincingly dem-
ecules and suggest significant heterogeneity in the reactiononstrated, however, that the fluctuations in fluorescence are
rates. The role of these multiple conformations in the reaction due to FRET and not to alterations in the rotational properties
cycle remains to be clarified, perhaps by a single molecule of the probes. This was done by measuring the rotational

o
»
1

o
N
1

0 50 100 150 200 250 30

Energy Transfer Efficiency, E

o
o
1

study of the overall reaction. mobility of the probes. These results indicate that the
structure of the enzyme is fluctuating between multiple
6. Staphylococcal Nuclease conformations on the millisecond time scale. If an inhibitor

of the enzyme is added, fluctuations still occur but with a
Single molecule FRET was used to characterize confor- longer time constant, suggesting that the binding of an
mational dynamics and the cleavage mechanism of staphy-inhibitor reduces the conformational mobility of the protein.
lococcal nucleas&.This well-characterized enzyme catalyzes ~ The interaction of a fluorescent DNA substrate with the
the hydrolysis of DNA and RNA into mono- and dinucleo- enzyme was studied by flowing the substrate past the
tides. Two types of experiments were carried out: one tetramethylrhodamine labeled enzyme. The fluorescence of
examined intramolecular FRET between two fluorescent the enzyme was monitored and was found to fluctuate with
entities on a single enzyme molecule whereas the othertime as the substrate flowed past. A modified enzyme with
looked at intermolecular FRET between an enzyme with a a reduced turnover number was used for these experiments
single donor fluorophore and an acceptor-labeled DNA to make enzyme reaction events observable within the
substrate. The enzyme was tethered to the glass coversliaccessible time scale of the experiments. The lifetime of the
by use of a silanizing reagent that provided a surface of substrate-enzyme reaction could be directly determined from
ethylenediamine triacetic acid. A hexabhistidine tag was addedthe time course of the donor fluorescence. The distribution
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S trexate binding to DHFR® Methotrexate binds very tightly
to DHFR with a dissociation constant of approximately 10
— nM. DHFR was attached to an aminosilanized slide via a
Te = 41 ms [ biotin—avidin—biotin bridge. The tethered DHFR was as-
sayed in situ and found to be fully active. A specific cysteine
454 N (amino acid position 18) of DHFR was labeled with
AlexaFluor 488. A Pentamax ICCD camera was then used
to observe the fluorescence of the AlexaFluor 488 both in
the presence and in the absence of methotrexate.
Fluctuations in fluorescence intensity between two well-
defined states were observed in the presence of methotrexate
but not in its absence. The ensemble average rate constants
were obtained from the distribution of reaction lifetimes that
were adequately described by a single exponential (eq 4).
Fluorescence quenching is not directly related to the as-
sociation-dissociation process since the ensemble average
15 B rate constants are much larger than the rate constant for
dissociation of methotrexate from its complex with DHFR
(0.02 s?). The fluctuation in fluorescence intensity was
attributed to a conformational change involving the opening
and closing of the Met20 loop over the methotrexate.

304 [=

Number of Proteins

0- e Subsequent single molecule experiments investigated the
0 200 400 600 800 1000 binding of the individual natural substrates, NADPH and
Time constant, T(msec) dihydrofolate, to DHFR? As with methotrexate, fluctuations

in fluorescence intensity between discrete states were only

of double labeled staphylococcal nuclease obtained from trajectoriesg-bseftr)\/(:"-d n t??_fpr_esence of Sngtratel' Ig all '(k:)afje% the
such as that shown in Figure 6. The number of proteins with a _|str| utions o | etimes were a equately described by a
reaction lifetimer is plotted versus. The average value afis 41 single exponential from which the ensemble average rate
ms. The line is a single-exponential fit of the data. Reprinted with Constants were obtained. This process can be represented as
permission from T. Ha, A. Y. Ting, A. Y. Liang, W. B. Caldwell,

A. E. Deniz, D. S. Chemal, P. G. Schultz, and S. Wéigsc. Natl. L Lk . .

Acad. Sci. U.S.A1999 96, 893-898. Copyright 1999 National high intensity<= low intensity (13)
Academy of Sciences U.S.A.

Figure 7. Distribution of reaction lifetimes for single molecules

) ) ) wherek; andk; are the ensemble average rate constants.
of time constants could be approximated by a single |nthe case of dihydrofolatd; was found to be concentra-
exponential. The mechanistic step characterized by this timetjon dependent, and the concentration dependence suggested
constant cannot be ascertained. It could be single bondihat a conformational change following binding is being
cleavage of DNA, multiple and successive cleavages, binding ohserved. The rate constaqtvas found to be concentration
and unbinding of substrate, and/or nonspecific interactions. independent, with a value of approximately 5.sAs with
In addition, photobleaching is a significant problem in these methotrexate, the conformational change is attributed to
experiments. The results clearly indicated, however, that themovement of the Met20 loop. When NADPH was the
characteristic time constant for enzyrr®ibstrate association  reactantk; also was concentration dependent wheteass
is significantly faster for 3labeled substrate than fof 5 concentration independent, with a value of approximately 4
labeled substrate. A possible interpretation of these resultss-1, | this casek: increased linearly with the concentration
Is that the 3to 5 cleavage is processive (theénd remains — of NADPH, indicating that a bimolecular reaction was being
bound) whereas the' 30 3 cleavage is not processive. observed, and; is the rate constant for dissociation of
Although questions remain about the mechanistic interpreta- NADPH from the enzyme. The second-order rate constant

tion of the experimental results, these results demonstratefor the binding reaction was determined to be 2.60° M1

single molecule experiments. the rate constants, 1M, is in good agreement with that
determined by fluorescence titration, uBl. Stopped-flow
7. Dihydrofolate Reductase ensemble experiments also were carried out and correlated

with the single molecule experiments.

Dihydrofolate reductase (DHFR) catalyzes the NADPH-  Single molecule experiments were conducted to measure
dependent hydride transfer reaction to form tetrahydrofolate fluorescence quenching in the presence of an equilibrium
from dihydrofolate. Tetrahydrofolate is essential in the mixture of substrates to monitor the interconversion of
biosynthesis of thymidylate, methionine, purine nucleotides, reaction intermediate.For these experiments, the trajec-
and other metabolites. Inhibition of DHFR arrests DNA tories of single molecules with lifetimes 100 ms were

synthesis and cell division and results in cell death. Chro- followed with an APD. In the presence of an equilibrium
mosomal DHFR has therefore become the target for antifolate mixture of substrates, fluctuation of the fluorescence intensity
dl'UgS in the treatment of cancer and bacterial infections. between two discrete states was observed. Fluctuations
Methotrexate is a clinically important drug for the inhibition  petween discrete states were not observed in the absence of
of human chromosomal DHFR during cancer treatment.  substrates. The results were analyzed assuming two states,
Single molecule fluorescence microscopy was used to high and low fluorescence. The ensemble average rate
monitor a conformational change associated with metho- constants obtained from a single-exponential fit of the
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lifetime distributions were 168 and 473sfor ki and k;, regard to the fluorescent probe. In support of this interpreta-
respectively. The single molecule experiment was repeatedtion, the fluorescence probe rotates relatively freely, as
substituting NADPD for NADPH, and the corresponding suggested by anisotropy measurements, on a time scale much
values ofks and k- were found to be 73 and 494 The faster than the reaction, and the transitions between fluores-
isotope rate effectX2) for ki suggests that hydride transfer cence states are observed only wikers R,. Thus, this is

is being observed. The unidirectional isotope rate effect that probably a reasonable estimate of the distance change.
was observed may be indicative that the single exponential Theoretical calculations have suggested that distance changes
deconvolution of the data is an oversimplification and that of individual residues in t 1 A range are associated with

a multiexponential fit is needed. Unfortunately, the time the hydride transfer reactidd.These results are consistent
resolution of the equipment and relatively low signal-to-noise with the idea that very small conformational changes are
ratio are insufficient to resolve multiexponentials. It is involved in the modulation of enzyme catalysis.

therefore likely that the rate constar¢sandk: are not rate Single molecule fluorescence studies have revealed subtle
constants for the same single step. _ roles for conformational fluctuations in the catalytic mech-
To relate the dynamics of DHFR to distance changes anism of DHFR. Future studies are planned to map distance
between residues, DHFR was labeled at amino acid positionchanges throughout the DHFR molecule by placing FRET
37 with Alexa 555 and at amino acid position 17 with the pairs at strategic locations away from the active site. The
fluorescence quencher QSY 35The distance between the  results obtained may be useful in elucidating questions

probes was such that approximately 50% FRET was 0b- concerning the coupling of conformational changes through-
served. The double labeled DHFR was attached to glassout the enzyme molecule to catalysis.

coverslips as in previous single molecule DHFR experiments,
and FRET was monitored with an APD. Fluctuations in . .
fluorescence intensity between two discrete states Were8' Conformational Heterogeneity

observed in the presence of an equilibrium mixture of  conformational heterogeneity has been found in the studies
substrates but not in their absence. Similar fluctuations in of cholesterol oxidase, flavin reductase, dihydrooroate de-
fluorescence intensity were not observed when either NAD- hyqrogenasep-hydroxybenzoate hydroxylase, and staphy-
PH or DHF was present individually. The distributions of |ococcal nuclease, as previously discussed. Similar but less
reaction lifetimes observed were not entirely consistent with \ye||-defined results have been observed with other enzymes.
a single exponential function, apparently because of the The conformational dynamics of single molecules of

undercounting of short lifetimes. If the shortest lifetimes are bacteriophage T4 lysozyme have been examined by labeling

not included, a single exponential describes the data well, y "\ 10in Wwith Texas Red and tetramethylrhodamine at
with ensemble average rate constants of approximately 200Iocations that can monitor hinge bending motions through

s lat pH 8.5. A kinetic isotope effect was not observed when : ;
; changes in FRET In this case, the enzyme was attached
NADPH was substituted for NADPD. Stopped-flow en- " “gjjanized slide through a bifunctional linker. In the

semble experiments indicated the occurrence of a Confor'absence of substrates, an autocorrelation analysis of fluo-

mational change with a similar rate constant and no isotope rescence trajectories suggested that the enzyme fluctuates

rate effect. : ; : TN
A mutated enzyme with greatly reduced catalytic activity between mul_t|p_le conformapons (dynam|c heterogeneity?)
: - L L and that static inhomogeneity also exists.
(G121V) also was studied. This mutation is quite distant from N . . .
the active site. The ensemble average rate constants were The fluorescence trajectories also were determined in the
slightly reduced, suggesting that the conformational change Présence of a substrate, namely, a sonichtexbli cell wall.
is linked to hydride transfer, although not directly. With such a complex system, it is not surprising that the

The dependence of fluorescence energy transfer on theoverall enzymatic reaction rate constants varied greatly for

distance between the two probes is given by mdivi_dua_l moIecngs. Th(_e data suggeste_d that the dominant
contribution to this static inhomegeneity is the enzyme

F,—F 1 searching for reactive sites on the substrate and that
= 5 (14) subsequent steps in the catalysis have homogeneous rates
e 1+ (RRy) among the individual molecules. Furthermore, the mechanism

. ) ) ~_involves multiple intermediates in the formation of the active
whereF,, is the fluorescence |nten5|ty of the donor at infinite enzyme—substrate molecule. A|though this mechanism is
distance F is the observed fluorescendg,is the distance  consistent with the data, some of the observed heterogeneity
between probes, arfgh is the distance at which 50% energy may be due to the method of attachment of the enzyme to
transfer occurs. For the probes usigl= 24 A and the X-ray the slide and the complex substrate used.
structure of DHFR suggests th& ~ 28 A. The total The single molecule kinetics of lipase B fro@andida

differential of eq 14 withF andR as variables is antarticahas been studied using a substrate that produces a

AF 6(ARR) highly fluorescent produdt The enzyme was attached to
= (15) the slide by creating a hydrophobic surface and allowing the
Fo—F 1+ ([RyR°® enzyme to bind to this surface. The enzyme was visualized

by nonspecific labeling with Alexa 488. Once the enzyme
If the observed changes in FRET are attributed solely to was located, the Alexa 488 was photobleached before adding
distance changes between the probes, the distance change substrate. Although the enzyme is active after this
between the two probes in going from the high to low treatment, it should be recognized that nonspecific hydro-
fluorescence states was estimated to b€ A. Calculation phobic binding as an attachment method is almost certain
of this distance assumes that the observed fluorescencedo produce static heterogeneity with respect to the conforma-
change is entirely due to a change in distance between thetion of the enzyme. Furthermore, the presence of various
backbone sites rather than to environmental changes withamounts of bleached Alexa 488 on the enzyme also produces
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heterogeneity. Thus static heterogeneity is inherent in this enzyme-substrate complexes that are in the catalytic path-
experiment. way, and parallel catalytic pathways exist,A B, — ... —
When substrate was added to the lipase bound to the slide X, etc.
a “blinking” of the fluorescence was observed as the If the conformations of A B;, etc. equilibrate rapidly
production of successive product molecules was observed.relative to the rates of interconversion of reaction inter-
An analysis of the time dependence of the blinking times mediates, then the catalysis proceeds by a single reaction:
indicated that the process underlying the catalysis could noty A; — YB; — ... — > X;. In this case, only the average
be described by a single rate constant, i.e, a single exponentiatonformation of each reaction intermediate can be observed
was not adequate to describe the distribution of reaction experimentally. On the other hand, if the conformations of
times. A model was developed that postulated conformational A;, B, etc. equilibrate slowly relative to the rates of
interconversions of an enzyme on the same time scale asnterconversion of intermediates along the reaction pathway,
the catalytic reaction. A more extensive examination of this catalysis essentially occurs through independent catalytic
system is needed to sort out the individual steps, but somepathways. At the single molecule level, this will be observed
type of conformational heterogeneity, both dynamic and as static heterogeneity (or dynamic heterogeneity if the
static, appears to occur for this system. equilibration is fast relative to the observation time.) At the
One of the first single molecule studies of conformational ensemble level, the observed rates would be an appropriately
dynamics of an enzyme was with horseradish peroxifase. weighted average of the flux through each pathway, and
The enzyme was fixed to the slide via the biotin/avidin distinguishing multiple reaction pathways is difficult. For
interaction, and a substrate was used that produced ahe intermediate case, in which the vertical and horizontal
fluorescent product. Correlation and autocorrelation functions steps have comparable rates of equilibration, dynamic
were used to analyze the fluctuations of the fluorescence thatheterogeneity would be observed in single molecule experi-
occurred. A single enzyme molecule was found to fluctuate ments. (This implies, of course, that the rate of equilibration
in its catalytic activity over a wide range of time scales. The along both vertical and horizontal pathways is rapid relative
mechanism suggested by the data is that a large distributionto the time scale of the experiment.) It is unlikely these
of rates exists for the formation of the enzyaproduct multiple pathways would be distinguished in ensemble
complex, but the dissociation of product from the enzyme experiments. This conceptual model, probably oversimplified,
is described by a single exponential. The data analysis isis useful for thinking about the role of conformational
quite complex, but the occurrence of static and dynamic changes in enzyme catalysis, as well as possible differences
heterogeneity again is a feature of the interpretation of the in the experimental observations for ensemble and single
observations. Further studies are needed to characterize thisnolecule experiments.
system more definitively. Single molecule experiments have shown the existence of
A conceptual model has been proposed that is instructive both static and dynamic heterogeneity. The physiological
for understanding the role of conformational changes in relevance of the findings remains to be elucidated. In
catalysis and possible differences that may be encounteredaddition, the contribution of the special microenvironment
between ensemble and single molecule experinféfitdn at the slide surface to the observed phenomenon is unknown.
this model, a protein can be viewed as existing in multiple In terms of future work, careful attention needs to be paid
conformations, a view often used in the field of protein to attaching molecules to the slide surface so that attached
folding. The various enzymesubstrate complexes on the molecules have the same behavior and microenvironment
reaction pathway can then be viewed as interconverting as those in bulk solution.
conformations. The rate of catalysis associated with each
catalytically competent conformation may be different. The 9. T4 Bacteriophage DNA Replication
reaction sequence then consists of a series of reaction o _ o
intermediates leading to catalysis, with each reaction inter- DNA replication has been extensively studied in many

mediate present in multiple conformations. Schematically this different organisms because of its obvious physiological
can be represented as importance. The T4 bacteriophage DNA replication system

is an excellent model system for the more complex systems
— — found in eukaryotic cells. It has been extensively studied
Aq B = - =X and reviewed® 48 All of the proteins involved have been
ﬂ ﬂ 1 purified and reconstituted with well-characterized DNA
A B substrates. As shown schematically in Figure 8, DNA
2

[

2 =Xz synthesis at the replication fork occurs on both the leading
ﬂ ﬂ and lagging strands.

On the leading strand, the holoenzyme is formed by

: - |==E*+P interaction of the DNA polymerase, gp43, with clamp (gp45)
and clamp loader (gp44/62) proteins. The gp43 is positioned

on the DNA template by the gp45 clamp, which is loaded

: ) ) onto the DNA by the clamp loader, with ATP being required
ﬂ ﬂ ﬂ for the loading process. Although DNA synthesis can occur
with only gp43, the clamp proteins increase the processivity

A, B, =X, of the reaction. The gp43 also possesses’'a—35
L — (16) exonuclease activity that provides a proofreading mechanism.
This activity can be removed from the gp43, thereby
For simplicity, the multiple conformations of E are not facilitating study of the polymerization reaction.

shown and only a single substrate, S, and product, P, are DNA replication on the lagging strand involves discon-

shown. The A B;, G, etc. represent conformations of tinuous synthesis of Okazaki fragments. Again gp43 is the

S+E=—

[
[
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Figure 9. Fluorescence from individual molecules of forked DNA
eWwith the proteins bound in the order indicated. The gp32 is labeled
with Alexa 488 (fluorescence donor), and the gp59 is labeled with
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Figure 8. Cartoon of the bacteriophage T4 replisome. The cartoon
illustrates replication on the leading and lagging strands of DNA
and identifies the proteins involved. Figure courtesy of Dr. Stephen
Benkovic, reprinted with permission. Copyright by Dr. Stephen

Benkovic.

DNA polymerase, but a primase, gp61, is needed to produc

RNA primers. The group of proteins making the RNA is

called the primosome whereas the entire group of proteins

responsible for DNA synthesis is called the replisome. The
Okazaki fragments are combined by a DNA ligase system.
In order for the holoenzyme to advance through the DNA
duplex, an ATP (or GTP) driven helicase (gp41) is required
to unwind the duplex DNA. The lagging strand is coated
with a single-strand binding protein, gp32, to prevent
reannealing of the DNA, and an additional protein, gp59, is
required to load some of the proteins onto the DNA and to

Alexa 555 (fluorescence acceptor). The filter sets are described in
the text. F1 detects Alexa 488 emission, F3 detects Alexa 555
emission, and F2 detects FRET between Alexa 488 and Alexa 555.
Both proteins bind independently to the forked DNA. When both
proteins are bound FRET occurs between the two proteins,
indicating close association of gp32 and gp59. Background
fluorescence has been removed with NIH Image software. Reprinted
with permission from Z. Zhang, M. M. Spiering, M. A. Trakselis,

F. T. Ishmael, J. Xi, S. J. Benkovic, and G. G. HamrResc. Natl.
Acad. Sci. U.S.A2005 102 3254-3259. Correctior2005 102
13349-13351. Copyright 2005 National Academy of Sciences

regulate the overall process. Despite the complexity of the U.S.A.
T4 replication systems, it is one of the simplest available
for elucidation of the replication mechanism on a molecular DNA binds multiple fluorescent proteins. The extensive
basis. Well-characterized forked DNA substrates can be FRET that occurs indicates the proteins interact closely. In
made, and the proteins can be labeled with fluorescentthe presence of MgATFS (not hydrolyzed by gp41l), gp4l
markers while still retaining biological activity. binds weakly to the DNA coated with gp32 and gp59, with
The assembly of the primosome and replisome on the FRET occurring between gp59 and gp41. When MgATP is
lagging strand has been studied with single molecule present, the results are initially the same, but after 30 min,
methods, and the role of gp59 in regulating DNA synthesis the gp32 and gp59 are no longer bound to the DNA. The
has been clarified Ensemble methods have not provided a gp41, however, remains bound. The primase, gp61, binds
clear-cut picture of these processes because the proteinenly after gp41l binds. Extensive FRET occurs between
involved interact both on and off the DNA, and it is difficult bound gp41 and gp61, indicating that they interact closely.
to unscramble these competing interactions. Furthermore, The gp41 binds to the DNA only when both gp32 and gp59
each DNA binds a different number of proteins. Both single- are presentneither one alone is sufficient. These results
stranded and forked DNA molecules were synthesized with suggest that gp59 participates in the loading of gp41 onto
biotin at the 3or 5 end so that they could be easily attached DNA (gp59—-gp41 FRET). The elimination of gp32 from
to the microscope slide. The forked DNA molecules have the DNA (gp32-gp59 FRET) also requires the presence of
the appropriate structure so that both RNA and DNA can be gp59, because the helicase will not bind to DNA that has
synthesized. The proteins were labeled with either Alexa 488 only gp32 bound to it. If gp32 and gp59 are both absent
or Alexa 555. FRET is possible between these probes, andfrom the DNA, gp41 and gp61 both bind to DNA without
the microscope was set up to observe fluorescence of Alexathe requirement of MgATP. However, this is a nonphysi-
488 (filter set 1), FRET (filter set 2), or direct fluorescence ological situation. Thus the final primosome contains only
of Alexa 555 (filter set 3). The various proteins were added gp41 and gp61.
to the slide containing the DNA by capillary action, and A cartoon of the primosome assembly mechanism is
fluorescence was observed with an ICCD camera. shown in Figure 10. The crystal structures of both gp32 and
The primosome assembly on the lagging strand involves gp59 are knowl%%! and cross-linking experiments have
four proteins: gp32, gp59, gp4l, and gp6l1. As shown in delineated the areas of interaction of gp59 with gp32 and
Figure 9, gp32 and gp59 each bind independently to DNA gp41>* The gp32 and gp59 have been postulated to be
with essentially complete FRET. The stoichiometry of the hexameric when bound to the DNA, and gp41 is proposed
protein binding to DNA is not absolute: different DNA to form a similar structure.
molecules have a different number of proteins bound, as Ensemble experiments have shown that gp59 can com-
judged by the fluorescence intensity. Strictly speaking, this pletely inhibit both the polymerase and exonuclease activi-
is not single molecule fluorescence: a single molecule of ties5? Single molecule experiments have demonstrated that
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Figure 11. Unwinding of a. DNA molecule byEscherichia coli
RecBCD helicase. The DNA length in micrometers is plotted versus
the time in seconds. The open circles are in the absence of ATP,
and the closed circles are in the presence of ATP. The onset of
unwinding can be seen at approximately 20 s, followed by a linear
decrease in length. The unwinding stops when the helicase
dissociates. Reprinted with permission from P. Blanco, L. R.
Brewer, M. Corzett, R. Balhorn, Y. Yeh, and S. C. Kowalczykowski
Nature 2001, 409, 374-378 (http://www.nature.com). Copyright
2001 Nature Publishing Group.

gp61

gp41

Figure 10. Cartoon of the assembly of the bacteriophage T4
lagging strand primosome to forked DNA. The gp32 protein binds . . . .
to the DNA with either subsequent or concurrent binding of gp59. What is happening on a single DNA molecule, without the
Then gp41 binds to gp59 and is loaded onto the DNA in the complication of what is happening in bulk solution. The
presence of nucleotide. MgATP hydrolysis is required for gp41 to coming and going of individual proteins can be visualized.
displace gp32 and gps9, either directly or by translocation. Fyrthermore, these experiments have demonstrated the close
Subsequently the gp61 protein binds and interacts closely with gp41interaction of specific proteins on the DNA through FRET.

ggtf? E’Sﬁse{ﬂgggegetiybiﬁ%ﬂ'd'e?pg%ed?fﬁye QgeDo,\flAgp\,si%ha%;g\%g’ This has permitted the establishment of mechanistic features

hydrolysis not being required. Reprinted with permission from z. that were ambiguous in ensemble experiments. Future
Zhang, M. M. Spiering, M. A. Trakselis, F. T. Ishmael, J. Xi, S. J. experiments examining holoenzyme formation on the leading
Benkovic, and G. G. Hammé2roc. Natl. Acad. Sci. U.S.20053 strand and the kinetics of DNA polymerization should add

102, 3254-3259. Correctior2005 102, 13349-13351. Copyright  further insight into the molecular mechanism of replication.
2005 National Academy of Sciences U.S.A.

this is due to a direct interaction between gp43 and gp59 on 10. Helicases
DNA: extensive energy transfer occurs between the two Several single molecule studies have been directed at
proteins when bound to DN, Furthermore, the residues mechanistic aspects of helicases. RecBCD fEsuherichia
of contact between the two proteins were established throughcoli is a processive DNA helicase and nuclease that is
chemical cross linking experiments and mass spectrometry.involved in the repair of chromosomal DNA&.The trans-
Molecular modeling suggests that the gp59 locks the gp43location and DNA unwinding by a single DNA helicase
into an inactive conformation. This interplay between single molecule have been visualized by use of an optical trap. DNA
molecule and ensemble experiments has established thesubstrates were constructed with biotin attached to one end
mechanism of inhibition unambiguously. These results also of A DNA. These DNA molecules were attached to strepta-
establish that assembly of the lagging strand polymerase carvidin-coated polystyrene beads. A fluorescent dye was then
occur without leading strand polymerization even though bound to the DNA, followed by RecBCD in the absence of
leading and lagging strand polymerization are coordinated. ATP. Under these conditions, the helicase binds only to the
The inhibition by gp59 can be unlocked by the addition of free end of the DNA, and translocation/unwinding does not
gp4l and MgATP? Single molecule observations clearly occur until ATP is added. The DNA and ATP were placed
demonstrate the loss of gp59 from the DNA when gp41 and in parallel flow paths. The flow-induced extension of the
MgATP are added to the “locked” replication system. A DNA from the bead, and the fluorescence of the extended
similar regulatory effect of gp59 has been recently observed DNA and the bead could be observed because of the
in the intact phage systeth. nonspecific binding of fluorescent dye. Once the DN#ead
Finally mention should be made of the fact that both DNA was trapped, it was moved to the flow boundary of the ATP
and RNA can be synthesized when the biotin-forked DNA channel, and the ATP caused helix unwinding. Since the
is confined to a surface by the biotiavidin interaction. RecBCD enzyme molecule is attached at an end opposite to
RNA fragments have been detected, as has been thehe bead, DNA unwinding will proceed from the end opposite
incorporation of fluorescent nucleotides into the forked DNA. the bead toward the bead. This will appear in the microscope
Furthermore, the addition of nucleotide triphosphates to the as an apparent decrease in the length of the DNA because
single molecules containing primosomes and replisomesthe fluorescent dye is displaced by the enzyme as the duplex
results in the loss of bound proteins. unwinds. This displacement was followed by a video camera
In the case of T4 DNA replication, single molecule with a time resolution of about 300 ms. The results of a
methods have provided an unambiguous way of monitoring typical experiment are shown in Figure 11.



Single Molecule Studies of Enzyme Mechanisms Chemical Reviews, 2006, Vol. 106, No. 8 3091

These studies show that the unwinding is ATP-dependentdelivered to the DNA €0.2 s) that contains the Rep helicase
and processive with up to 30 000 base pairs unwound beforeand ATP. Before unwinding begins, the donor and acceptor
dissociation of the helicase. The processivity and rate of are sufficiently close that essentially complete FRET occurs.
unwinding varied from molecule to molecule at a given ATP As unwinding occurs, the donor and acceptor move apart,
concentratiofrthe variation was as great as a factor of 5. and the FRET decreases. When unwinding is complete, the
As expected, the rate and processivity increased with ATP donor strand diffuses away, and the fluorescence signal
concentration, approximately following saturation kinetics. disappears. As expected, ATP hydrolysis is necessary for
The maximum processivity at 2% is about 30 000 base unwinding. If the helicase concentration is very low2 nM,
pairs per binding event with an apparent Michaelis constant unwinding does not occur. Furthermore, above 20 nM
for MgATP of about 16Q«M. The maximum unwinding rate  helicase, time elapses before unwinding begins: this is
was found to be approximately 520 base pairs/s with an attributed to the binding process.
apparent Michaelis constant of 14M. These results are in For the 18 base pair molecule, DNA unwinding proceeds
good agreement with ensemble measurements. These datquickly to completion once initiated: the average time for
indicate that the unwinding process is continuous with no unwinding events is about 0.4 s. The behavior of the 40 base
sequence specificity. However, the time resolution of the pair DNA is more complex. Partial unwinding occurs,
experiment is relatively long, so short stalls and base pair followed by stalls that persist for more than 1 s. In some
specificity may occur as the unwinding proceeds. cases, rewinding occurs, whereas in other cases unwinding

In a related study, the translocation of RecBCD on DNA continues. The model that emerges from a detailed analysis
streptavidin-coated polystyrene be&éiThese beads were ~DNA tail and moves toward the junction with the duplex.
placed above a glass surface with attached DNA moleculesConformational fluctuations occur until either the monomer
in the presence of DNA. The translocation process was dissociates or an additional monomer binds to form a
measured by monitoring changes in Brownian motion of functional helicase. Unwinding then proceeds unless the
individual beads. This is a less direct method for observing functional helicase partially dissociates. Unwinding can
the helicase DNA interaction. However, the measured rate fesume when a functional helicase is formed. Rewinding can
of translocation was similar to that reported above, a few Occur when the helicase completely dissociates from the
hundred base pairs per second. Moreover, the enzymePNA. Thus the observation of limited processivity for in
translocation was found to be mostly unidirectional with a Vitro experiments is atributed to the instability of the active
roughly constant velocity. No significant delay was found helicase. Whether this instability is an important physiologi-
between the binding step and translocation. cal factor is not known. In principle, it could provide a

. . . . regulatory mechanism for the unwinding process.
for-[:reusa zrarl]sg(r)]gs?{)eR::Bmce[a)sﬁrr]egll\ngnrgoovégga??rzlg];itnzpo?ilslf::nc% A related single molecule study has been carried out with
measurements, rather than fluoresceficRecBCD mol- vrD, a DNA repair enzyme that unwinds duplex DNA

s while moving 3 — 5' on one strand? In this case, a DNA
ecules were attached to a streptavidin coated cover gl"’.‘ssmolecule was bound at one end to a glass surface and at the
The surface-tethered enzyme bound to one end of a 7.1 kilo-

base-pair double-stranded DNA, and the other end of the other end to a small magnetic bead. The DNA was stretched

DNA was attached to a polystyrene bead that was held aboveby small magnets placed around the sample. The Brownian

the surface of the cover glass by an optical trap. (An optical motion of the bead was measured to provide information
trap focuses a laser on EEjjhe begd ang the inteF)factioan)f theaboUt the molecular_ extension Of the DNA. The actu_al
light with the bead creates a pressure that holds the bead i arameter measured is the change in DNA length versus time

| as the DNA unwinds. Although this methodology is some-
plaqe.) A forcg clamp was implemented through the servo- what outside the purview of this review, it provides a means
motion of a piezoelectric operated stage, and movements

; ; of measuring the rate, lifetime, and processivity of the
along the DNA could be monitored by the stage motion to : - ' R
a detector limit of about 2 nm. Constant velocity motions enzymatic processes. Unlike ensemble assays, unwinding is

. . followed by a rezipping of the separated strands that is
per hundreds of thousand of base pairs were interrupted by, . 4 by {ranslocgltaiog of the enfyme between strands,
sudden changes to different speeds or pauses of sever ather than by dissociation of the enzyme. These results again

Thess results e not rectly comparable 1o the fluorescencSUJgeSt that the helcase mechanism may be more complex
han revealed by ensemble measurements.

experiments in which applied forces were not used. However,
the results obtained show that RecBEDNA complexes
exist in multiple functional states for many catalytic turn- 11. 4 Exonuclease

overs. This multiplicity of states may play a regulatory role  geyeral single molecule studies have been directed toward
in biological systems. the digestion of DNA byl exonuclease. The first to utilize

The studies discussed thus far use very large DNA and fluorescence attached biotinylate@NA to an avidin-coated
track the helicase over relatively long distances. Not all coverslips The DNA was then straightened with a dc electric
helicases are as processive as the RecBCD enzyme. To probfeld. The single molecule of DNA was visualized by
less processive helicases, the unwinding reaction catalyzedecorating it with a fluorescent dye that intercalated the DNA
by the Rep helicase frofascherichia coliwas examine&® but did not affect the activity of the exonuclease. When the
The substrates were 18 base pair and 40 base pair DNAenzyme was added to the single DNA molecule, shortening
duplexes prepared with &-&1T), tail. A fluorescence donor  of the DNA could be visualized by disappearance of the dye.
(Cy3) and an acceptor fluorophore (Cy5) were attached at The rate of digestion of the DNA was found to be about
the junction between the single-stranded DNA and the 1000 bases/s, and the reaction displayed high processivity:
double-stranded DNA. The DNA molecules are immobilized the decrease in the length of DNA was directly proportional
on the microscope slide and imaged. A solution was rapidly to the time.
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occurs. Although these conclusions are based on observation

SS ® of a relatively small number of molecules, they are an
d indication of the unique information that can be obtained

from single molecule experiments.
ds A single-molecule study of exonuclease also has been
Sb carried out using optical trapping and distance measure-
ments? In this work, a histidine-tagged derivative of the
A exo@\ ds enzyme was attached to a cover glass coated with a histidine-
5!
P —
1 " 1 " / 1 J

specific antibody. A 7.1 kilo-base-pair double-stranded DNA
was attached to the enzyme at one end and to a polystyrene
bead at the other end. The bead was held in place above the

[

— : cover glass by an optical trap. The digestion was initiated
I by the addition of M§" and was monitored by maintaining

the placement of the bead with a nanopositioning stage. The
40K+ i speed of digestion was nearly constant at 4 nm/s (about 12
nucleotides/s) with interspersed pauses of variable duration.
The pauses occurred at strand-specific positions and were
sequence dependent. The strongest pause was identified with
the sequence GGCGA. These results complement those
previously discussed and provide additional information
about the molecular details of the reaction.

Although this review does not extensively consider the
measurement of length changes in proteins and nucleic acids,
mention of some related single molecule studies of RNA
polymerase seems appropriate at this time. Bustamante’s
laboratory investigated the movement of RNA polymerase
during transcription by attaching beads to the ends of a DNA
09I bt dil ¥ molecule and stretching the DNA by flo%%.The distance
. . . . . . . ; . between beads can be directly measured by video microscopy
0 1000 2000 3000 4000 and shortens as transcription occurs. Several significant

Time (s) features were noted. First, the rate of tether shortening varies
for different molecules, that is, the transcription rate is
Ei,gl"g\rg 1;—- The tilme Co‘%fetfor trlletdiges{@on of two ??C"ePU'?SHOf | variable. Second, each molecule shows a different propensity
exonuclease. e template positon versus ume Is plotted. ; H :
Cartoo%s of the single stranded arl)nd dguble stranded DNA arg shownt.0 pause and stop. Reversible pausing occurs during elonga-
above the plot for different regions of the trajectory. Reproduced tion, and eventually the enzyme stops perman(_antly_ The rate
with permission from A. M. van Oijen, P. C. Blainey, D. J. Of transcription is not dependent on the stretching force over
Crampton, C. C. Richardson, T. Ellenberger, and X. S.SG&nce the range explored but depends on the nucleotide concentra-
2003 301, 1235-1238 (http://www.aaas.org). Copyright 2003 tions. The rate of transcription varied from a few base pairs
American Association for the Advancement of Science. per second to greater than 10 base pairs/s. In a later

A somewhat different approach was taken by van Oijen Publication, optical trapping methods were used to probe the
et al?® Individual DNA molecules were attached at one end Pausing and arresting d““f‘g elongation when force was
to a glass surface via a biotistreptavidin interaction. The ~ 2PPlied to individual transcribing molecul&sThe translo-

opposite end of the DNA was attached to polystyrene beads Sation rate of the enzyme was not altered by the applied
Laminar flow was used to stretch the DNA, and the length force, but the efficiency of pausing and arresting was
of individual DNA molecules was determined by tracking affected.
the positions of the beads. The Brownian motion of the beads N contrast to the above results, Adelman et al. found that
can be calibrated as a measure of the stretching force.the elongation kinetics were homogeneous among RNA
Enzymatic digestion of the DNA at a constant stretching Molecules using optical trapping methodold§yThe ob-
force causes a shortening of the DNA because single-strandegerved heterogeneity resulted from the variation in the
DNA is shorter than double-stranded DNA at low stretching frequency and duration of pausing. The discrepancy between
forces. A typical time course for the digestion is shown in these investigations remains to be resolved.
Figure 12. Thel nuclease initiates digestion at theend, Block and co-workers also have used optical trapping to
and the DNA was designed so that only one such end wasstudy the movement of RNA polymerase along a DNA
available, thus ensuring that only one molecule of enzyme template?®3® They were able to demonstrate that RNA
bound to the DNA. The average number of base pairs polymerase may backtrack several bases. Moreover, back-
converted to single-stranded DNA prior to dissociation of tracking pauses are enhanced under hindering loads and can
the enzyme, that is, the processivity, was found to be aboutbe triggered by the misincorporation of noncomplementary
18 000 base pairs. The average rate of digestion was 32nucleotides. By a significant technical improvement in the
nucleotides/s. These results were based on examining 44optical trapping methodology, they were able to achieve
DNA molecules, of which 4 were completely hydrolyzed. angstrom level resolutio?f. Discrete steps were observed
The variation in rate among the single molecule trajectories averaging 3.7 A, the mean rise per base pair in B-DNA. The
suggested that digestion may be sequence dependent and thRNA polymerase was concluded to advance along DNA by
melting of the base pairs may be rate determining. In addition a single base pair per nucleotide addition to the nascent RNA.
dynamic and/or static heterogeneity in the catalytic rates They were able to fit their results to a molecular model for

50k

30k B

20k
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transcription that suggests movement is not tightly coupled assembled systems on membrane surfaces are good targets

to pyrophosphate release. for investigation since lipids can be readily attached to glass
Obviously such an important enzyme merits more study surfaces.

at the single molecule level, and the use of fluorescence may Finally single molecule methods may reveal reaction

enhance the molecular resolution. intermediates that are transient or obscured in ensemble
measurements. As the technology develops and becomes
12. HIV-1 Reverse Transcriptase more routine, an increased number of mechanistic based

studies can be anticipated.

HIV-1 reverse transcriptase is responsible for transcribing
viral RNA into double stranded DNA, with the DNA then 14 Appreviations Used
being integrated into the host genome. The initial single
molecule investigation of this enzyme merits special mention APD avalanche photodiode
because equipment was developed that simultaneouslyPHFR  dihydrofolate reductase _
measures the time dependence of the fluorescence intensit FMCCD (lelegtroré m?'t'péY'“g |°hf".rdge coupled device
fluorescence lifetime, and fluorescence anisotfdJo carry FQ% ;Iav!n adenine dinucleotide

- - . avin mononucleotide

out this study, a single cysteine on the enzyme was labeled-per fluorescence resonance energy transfer
with Alexa 488. A DNA/DNA primer/ftemplate was labeled - NAppH  nicotine adenine dinucleotide phosphate, reduced form
with Cy5 at the 5end of the primer. The distance between |ccp intensified charge coupled device
the two probes was close to the'rBter radius so that TIRF total internal reflection
extensive energy transfer occurred. This condition maximizes
the change in FRET that occurs as the distance between the
energy donor and acceptor changes. 15. Acknowledgment
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