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Placing Single-Molecule T4 Lysozyme Enzymes on a Bacterial Cell
Surface: Toward Probing Single-Molecule Enzymatic Reaction
in Living Cells

Dehong Hu and H. Peter Lu
Pacific Northwest National Laboratory, Fundamental Science Division, Richland, Washington 99352

ABSTRACT The T4 lysozyme enzymatic hydrolyzation reaction of bacterial cell walls is an important biological process, and
single-molecule enzymatic reaction dynamics have been studied under physiological condition using purified Escherichia coli
cell walls as substrates. Here, we report progress toward characterizing the T4 lysozyme enzymatic reaction on a living
bacterial cell wall using a combined single-molecule placement and spectroscopy. Placing a dye-labeled single T4 lysozyme
molecule on a targeted bacterial cell wall by using a hydrodynamic microinjection approach, we monitored single-molecule
rotational motions during binding, attachment to, and dissociation from the cell wall by tracing single-molecule fluorescence
intensity time trajectories and polarization. The single-molecule attachment duration of the T4 lysozyme to the cell wall during
enzymatic reactions was typically shorter than the photobleaching time under physiological conditions. Applying single-
molecule fluorescence polarization measurements to characterize the binding and motions of the T4 lysozyme molecules, we
observed that the motions of wild-type and mutant T4 lysozyme proteins are essentially the same whether under an enzymatic
reaction or not. The changing of the fluorescence polarization suggests that the motions of the T4 lysozyme are associated with
orientational rotations. This observation also suggests that the T4 lysozyme binding-unbinding motions on cell walls involve

a complex mechanism beyond a single-step first-order rate process.

INTRODUCTION

Proteins in living cells play important roles in biological
functions and often involve complex dynamics. The com-
plexity comes from both spatial and temporal inhomo-
geneities that are extremely difficult to characterize in
conventional ensemble-averaged experiments. Many protein
processes, such as enzymatic reactions, are nonsynchroniz-
able in an ensemble-averaged experiment. However, meth-
ods that allow studying one molecule at a time and probing
the single-molecule time trajectories prove to be powerful
in dissecting complex protein dynamics. In this article, we
characterize an unperturbed single T4 lysozyme for an ex-
tended period of time, i.e., under physiological conditions,
on a cell wall during an enzymatic reaction.

The major challenge in conducting studies of single-
molecule dynamics of complex enzymatic reactions in liv-
ing cells is the autofluorescence background generated by
the cells under laser excitation. Although the use of red
fluorescence dye and red excitation suppresses autofluor-
escence, this approach sometimes involves such unfavorable
experimental difficulties as fast photobleaching and low
quantum yield. Nevertheless, single-molecule spectroscopy
is useful and promising for uncovering enzymatic reactions
on the cell walls or membranes where the density of the
fluorescent proteins is low.

There have been a considerable number of single-
molecule spectroscopic studies of proteins and DNA under

Submitted March 2, 2004, and accepted for publication April 19, 2004.

Address reprint requests to H. Peter Lu, Pacific Northwest National
Laboratory, Fundamental Science Division, P.O. Box 999, MSIN K8-88,
Richland, WA 99352. E-mail: peter.lu@pnl.gov.

© 2004 by the Biophysical Society
0006-3495/04/07/656/06  $2.00

physiological conditions, and the techniques used typically
have trade off between the control of molecules and the
duration of detection (Edman et al., 1999; Lu et al., 1998,
2001; Yasuda et al., 2001; Zhuang et al., 2000). One strategy
has been to immobilize a protein or DNA by covalent
tethering to a solid surface or by spatially confining within
a gel to limit translational diffusion (Chen et al., 2003;
Dickson et al., 1996; Edman et al., 1999; Hu and Lu, 2003;
Lu et al., 1998, 2001; Yasuda et al., 2001; Zhuang et al.,
2000). Another strategy has been to allow the free diffusion
of the biomolecules in solution and to monitor fluorescence
bursts at the excitation focal point (Bjorling et al., 1998;
Enderlein et al., 1997; Fries et al., 1998; Yeung and Xu,
1997). These approaches have both advantages and
disadvantages. Immobilizing molecules allows fluorescence
intensity trajectory recording for longer periods but intro-
duces artificial restrictions on the molecules, which may
perturb protein activities. On the other hand, fluorescence
burst analysis enables studies on single molecules under
physiological conditions but gives only scrambled fluores-
cence photons from each molecule that are detected in
a transient period. Typically, no time trajectories can be
directly recorded in such analysis. This article demonstrates,
to our knowledge, a novel method to study single enzyme
molecules on a cell wall by placing single molecules one at
a time, while still obtaining longer recording times of single-
molecule fluorescence trajectories. Although similar at-
tempts at single-molecule placings and printings have been
previously reported (Renault et al., 2003; Ying et al., 2002),
this article presents a different technical approach to
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nanoliter hydrodynamic injection. Nevertheless, our focus is
on the application of our combined single-molecule placing
and spectroscopy approaches to study single-molecule en-
zyme motions and enzymatic interactions.

T4 lysozyme is one of the lysozyme family enzymes
produced by bacteriophage T4 (Matthews et al., 1981). It can
attach and bind to cell walls and kill a cell by catalyzing the
hydrolysis of cell wall peptidoglycan. The complex
mechanism and inhomogeneous dynamics of enzyme-cell
wall binding interactions, association and dissociation, and
enzyme diffusion motions in the enzymatic reaction process
are still largely unknown. For example, the knowledge is still
insufficient about how the T4 lysozyme efficiently hydro-
lyzes a cell wall, which is a covalently bonded polymer
network with a heterogeneous structure and inhomogeneous
electrostatic distribution.

MATERIALS AND METHODS

The wild-type T4 lysozyme and its mutant E11A were kindly provided by
Prof. Brian Matthews from the University of Oregon. T4 lysozyme proteins
have two Cys groups that are available in dye conjugation through
thiolations. We labeled the wild-type and mutant T4 lysozyme proteins with
Alexa Fluor 488 C5 maleimide (Molecular Probes, Eugene, OR) by using
the standard protocol from Molecular Probes. The reaction yield was
controlled as a low yield so that the double labeling was insignificant. The
dye Alexa 488 was covalently linked either to Cys-54 or Cys-97. The dye-
labeled T4 lysozyme remains active. A solution of 10~ M dye-labeled T4
lysozyme can digest the cell wall solution (A499 = 0.4) within 1 min.

The enzyme substrate was prepared from lyophilized Escherichia coli
cell strain B (Sigma, St. Louis, MO). The cell walls were treated with sodium
dodecylsulfate solution according to published procedures (Becktel and
Baase, 1985). The treated solution contained a particle suspension of
peptidoglycan, which is the major component of the E. coli B cell wall,
ready for enzymatic hydrolysis reactions. The cell wall substrates formed
particles (less than 1-um diameter) in solution. A clean glass coverslip first
was incubated with 0.01% poly-L-lysine solution for 5 min and then
incubated with E. coli B suspension solution for 5 min. The E. coli B cell
wall was immobilized on a glass surface under water by electrostatic
interactions between the cell walls and poly-L-lysine. We observed under
optical microscope that the E. coli B cell wall on a glass surface can be
completely digested under a wild-type T4 lysozyme solution, which
indicated that the T4 lysozyme remains active on immobilized cell walls.

Glass pipettes were made from borosilicate glass tubing (World Precision
Instruments, Sarasota, FL), pulled by a puller (Sutter Instrument, model
P-2000, Novato, CA). The tip diameter was ~0.3 um, measured by scan-
ning electron microscopy. The pipettes were filled with T4 lysozyme
solution. A picoliter injector (Harvard/Medical Systems PLI-100, Holliston,
MA) was used to inject a controlled volume of solution to a cell wall
substrate on a glass surface. The pipette was mounted on a micromanipulator
(Burleigh PCS5000, Victor, NY). The cell walls and pipette tip were
submerged in phosphate-buffered saline buffer solution. A single-molecule
fluorescence confocal microscope was used to study the fluorescence from
single T4 lysozyme molecules. The optical setup of the microscope is
described in detail elsewhere (Chen et al., 2003; Hu and Lu, 2003). The
fluorescence intensity recording was synchronized with the picoliter injector
using a homemade electronic device.

RESULTS AND DISCUSSION

Fig. 1 shows a fluorescence image of E. coli cell walls on
a glass surface under a 3- X 107°-M solution of the Alexa
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FIGURE 1 A far-field fluorescence image of the cell wall immobilized on
a glass surface in 3 X 1072 M E11A-Alexa 488 solution. The fluorescence
intensity on the cell walls is significantly higher than that in the solution and
glass surface background, which reflects higher density of the dye-labeled
T4 lysozymes on the cell walls.

488 labeled T4 lysozyme mutant E11A. Mutant E11A binds
to cell walls but does not catalyze the hydrolysis reac-
tion (Shoichet et al., 1995), which allowed recording of
fluorescence images for a period of a few minutes on
a nondegrading cell wall. The cell walls were essentially free
of autofluorescence and further treated by prephotobleaching
before the control imaging experiments. The fluorescence
intensity from Alexa 488 was much stronger than the residue
fluorescence background from the cell walls. The image
(Fig. 1) shows that the cell walls gave significantly higher
fluorescence intensity than either from solution or a glass
surface. Excess Alexa 488 labeled E11A proteins attached to
the cell walls by interaction affinity, so that the concentration
of the enzyme on the cell walls is much higher than the
concentration in solution and on the glass surface. The high
affinity of the T4 lysozyme enzyme for the cell wall (Tsugita
et al,, 1968) is understandable in that the T4 lysozyme
catalyzes the hydrolysis of cell walls. Our imaging experi-
ments also showed that the Alexa 488 labeled wild-type T4
lysozyme showed similar binding behavior on cell walls.
Indeed, cell wall size is typically observed to decrease over
the time under assay conditions because a hydrolysis
reaction is catalyzed by the wild-type T4 lysozyme.

We used a hydrodynamic nanoliter liquid injection
technique using a micropipette. The tip was placed 2~3
pm from the laser focal point (Fig. 2 A) where a cell wall
piece was imaged. The tip was translated by a micromanip-
ulator with high precision. Both the tip and the cell wall can
be observed from the microscope. A small volume of Alexa
488 solution (10> M) at a few nanoliters was injected and
delivered to the laser focal point every 4 s. A typical
fluorescence intensity time trajectory is shown in Fig. 2 B.
There was an ~40-ms delay between the electronic signal to
trigger the injection and the time that the injected nanoliter-
volume pulse of Alexa 488 solution reached the focal point
of the laser excitation. The time delay was due both to the
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FIGURE 2 (A) Experiment setup. The E. coli cell walls were immobilized
on a clean coverslip. The excitation laser was focused on the cell wall. A
glass micropipette filled with enzyme solution was placed near the cell on
the focal point by a micromanipulator. The solution in the micropipette was
injected by a picoliter injector. (B) The fluorescence time trajectory of
injecting 107> M Alexa 488 into the laser focal point for a duration of 20 ms.
The counting dwell time of the trajectory was 10 ms.

time required for the injected-solution hydrodynamic float
and the mechanical response of the injector.

The stable and repeatable fluorescence peak intensity of
the injections (Fig. 2 B) indicates that this was an effective
method to deliver molecules to a specific cell wall at the laser
excitation focal point. The fluorescence intensity trajec-
tory presents the time-dependent probability of the solute
molecules in the pipette reaching the focal point of the laser
excitation. This is an important measurable parameter to
distinguish between the molecules coming from the injection
pipette and the existing molecules in solution. The duration
of the fluorescence peaks is below 100 ms, which is due to
the duration of the pressure pulse from the injector (20 ms)
and the dissipation rate of the solute molecules in solution. In
a single-molecule placing experiment, we applied the same
injection and placing technique, and the experimental
conditions remain the same except using a 10~ 5-M con-
centration of the solution.

T4 lysozyme delivery and binding to cell walls were
observed by fluorescence trajectories. By controlling the
injection volume and concentration of the solution, less than
one molecule attaches to the cell wall resulting from each
injection pulse. With the laser focused on a portion of the cell
wall, the fluorescence from the focal point is detected by
avalanche photodiodes (APD) that are gated off immediately
before the injection, giving a tag of the injection time. Fig. 3
A shows that the fluorescence intensity jumped to a higher
level once a T4 lysozyme was delivered and bound to the cell
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FIGURE 3 (A) A segment of a typical fluorescence time trajectory of the
injecting of 10~% M wild-type-Alexa 488 to a cell wall. Injection occurred
every 4 s. (B) The histogram of the fluorescence peak duration of the
trajectories. The blue is mutant E11A, and the red is wild type.

wall after the injection pulse, and that the intensity dropped
back to the background level after the molecule was
photobleached or detached from the cell wall. This discrete,
digitized intensity peak is due to the single event of a T4
lysozyme molecule binding to the cell wall. In our single-
molecule imaging experiments, autofluorescence from the
cell wall was minimal because, before the injection sequence
began, the cell wall was prephotobleached by a laser with
100X stronger power over a period of minutes. Two control
experiments confirmed that the fluorescence peaks in the
trajectories were due to the T4 lysozyme molecule placing
from the injections: 1), injecting T4 lysozyme to the glass
surface without an E. coli cell wall and 2), monitoring the
fluorescence intensity from the cell walls without placing T4
lysozyme. Neither of the measurements showed fluorescence
intensity peaks.

We attribute the fluorescence intensity peaks to single
molecules because they are quantized and drop to the
background level in one step (Fig. 3 A) and because their
intensity levels are similar to the intensity of immobilized
single T4 lysozymes on a glass surface (Hu and Lu, 2003).
Furthermore, the peaks are more likely to be observed
immediately after injection as opposed to a random time after
injection. The probability profile, which is similar to that in
Fig. 2 B, suggests that the fluorescent molecules are from the
injection pulse and not from existing molecules on the cell
wall or surrounding solution. The intensity peaks start from
an abrupt jump of the intensity level to high and end with an
abrupt jump to the low level within one trajectory bin time
(10 ms). The process of coming and leaving of the single
molecules, which would give a gradual increase and decrease
of the fluorescence intensity, is not observed because the
diffusion time of a free molecule in solution in a cross section
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of the laser focal point is typically below 1 ms (Bjorling et al.,
1998; Fries et al., 1998), whereas the fluorescence time
trajectories were recorded using a 10-ms bin time. Free
diffusing molecules give minimal fluorescence signal barely
above the background for each injection event. The
fluorescence can be only observed after averaging many
injection events. Both with and without cell wall, this
fluorescence signal can be observed and its trajectory is
similar to Fig. 2 B. The reason that the free diffusing
molecules give a very low intensity in the single-molecule
placing experiments is that the concentration of the solution is
much lower than that in Fig. 2 B. In the single-molecule
placing experiments, not every injection pulse gives a fluo-
rescence intensity peak because the concentration of the
injection solution is kept low to make sure no more than one
molecule binds to the cell wall for an individual injection
pulse. Based on the injection pressure and pulse duration, tip
diameter, and solution concentration, we estimate ~4200
molecules were injected in each pulse. However, most
molecules in the injection pulse flow away so that they would
not be able to bind to or even collide with the cell wall.
Typically, the ratio of the single-molecule placing is 1 out of
3~10 injection pulses. The distance between the pipette tip
and the cell wall affects the percentage of molecules binding
to the cell wall. A closer distance should give more efficient
binding. However, a closer distance between the cell wall and
the tip gives higher fluorescence background in the single-
molecule detection because the tip is filled with a solution of
Alexa 488 labeled T4 lysozyme. We choose the distance of
2~3 um based on the compromise of the binding efficiency
and fluorescence background.

The fluorescence peak duration is related to the photo-
bleaching and detachment rates of T4 lysozyme molecules.
Since the fluorescence peak intensity of the T4 lysozyme
immobilized on a glass surface shows a longer duration of
several seconds (Hu and Lu, 2003), the shorter peak durations
of the single T4 lysozyme molecule fluorescence peaks on
a cell wall are most likely not limited by photobleaching.
Therefore, fluorescence intensity peak durations of the time of
T4 lysozyme attached to the cell wall are mainly limited by the
disassociation rate of the T4 lysozyme from the cell wall
substrates. The histogram of peak duration is shown in Fig. 3
B. Forwild-type T4 lyoszyme, the peak duration curve is fitted
to a biexponential decay time of 27 = 5 ms (99%) and 250 =
50 ms (1%). Although the slow component is only 1% of the
amplitude, it cannot be ignored because the long peaks reflect
long durations of the T4 lysozyme single molecules binding to
cell walls. Therefore, they are biologically significant and
contribute to the enzymatic reaction activity. Some of the
short-duration peaks might be due to the single-molecule
fluorescence blinking that makes one single-molecule bind-
ing duration peak separated to many segments. At this stage,
we cannot definitively distinguish single-molecule fluores-
cence blinking from fluorescence changes due to short-lived
single-molecule binding to cell walls. The possibility of two
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or more molecules forming one peak trajectory is very low. As
discussed above, the ratio of placing a single molecule to the
injection pulse is kept low to reduce the event of placing two
molecules at one injection pulse. Furthermore, the possibility
of binding of free diffusing T4 lysozyme in solution envi-
ronment is low because the concentration of free T4 lyso-
zyme from previous injection pulses is extremely low. We
observed that there are basically no intensity peaks after
injection sequence stopped. For mutant E11A, the peak
duration curve is fitted to biexponentially at 28 = 5 ms (95%)
and 140 £ 30 ms (5%). The biexponential time constants
suggest that the interactions between the cell wall and the
placed T4 lysozyme single molecules are inhomogeneous.
This is expected because the polymer network structure of
a cell wall is intrinsically inhomogeneous, especially when
the cell wall is under a hydrolysis reaction.

Two types of T4 lysozyme bindings to cell walls are
possible: 1), nonspecific attachment and 2), chemical bind-
ing associated with the hydrolysis reaction. Events indicated
by the fluorescence intensity dropping to background level
are associated with T4 lysozyme diffusing away from the cell
wall. When the T4 lysozyme attached to the cell wall, many
enzymatic reaction turnovers likely occurred; in experi-
ments, we have observed that the cell wall typically shrinks
and eventually disappears from the imaging field of view
(Chen et al., 2003).

To characterize the binding and the motions of the
placed single T4 lysozyme molecules on cell walls, we used
single-molecule fluorescence polarization measurements.
Single-molecule fluorescence anisotropy has a wide range
of applications in probing rotational dynamics (Ha et al.,
1999; Harms et al., 1999; Schiitz et al., 1997). The orien-
tation of the single-molecule transition dipole can be probed
by either linear polarized excitation or linear polarized
emission. In this work, the excitation light polarization was
scrambled by optics so that all polarization orientations have
the same intensity. The emission was split into orthogonal (/
and I,) polarizations and detected by two APDs (Hu and Lu,
2003). The intensity trajectories probed at the two orthogonal
polarizations are shown in Fig. 4 A. The polarization P is
defined as

L —b
A

If the rotation time is much longer than the fluorescence
intensity averaging time, P can be used to determine the
orientation of the transition dipole within an accessible
space. Possible P values are from —1 to 1 (Harms et al.,
1999; Schmidt et al., 1996). The time trajectory of P
corresponds to the orientation motion of the single molecule.
On the other hand, if the rotation time is much shorter than
the fluorescence intensity averaging time, P = 0 and the
distribution of P is a spike at 0. Due to shot noise, the spike is
broadened to a peak centered at O (Boukobza et al., 2001).

Biophysical Journal 87(1) 656—661



660

100

80 \

Intensity

il

6o | f A
PR A,

dl { I |
40 Il[ll."'} '.‘?:i.”.'dﬂﬂh%"’m. Ly

20 J
[

.2 0.4 0.6

o0

0.4

0.2 0.4 0.6 0.8 1 1:2

Time (sec)

300

200

Occurrence

100

-1 -0.5 0 0.5 1
p

FIGURE 4 (A) The fluorescence intensity trajectory of the two polariza-
tion components, (B) the polarization trajectory, and (C) the histogram of
polarization. The data are from one E. coli cell wall and many single-
molecule trajectories, including the trajectory shown in B and other
trajectories not shown.

The width of the distribution depends on the average counts
of I, and I;. We estimated that for an averaged 50 counts
on each APD detector, the shot noise gives the standard
deviation of ~0.1 in P, corresponding to the distribution
peak width ~0.2 at half-maximum, which is narrower than
the peak shown in Fig. 4 C. Therefore, the possibility of the
T4 lysozyme orientation rotation being faster than 5 ms bin
time in the fluorescence intensity collection was ruled out,
suggesting that T4 lysozyme did not freely rotate on the cell
wall. Furthermore, the trajectory of P in Fig. 4 B showed
a slow change with time, which corresponds to a slow
rotation of the single-molecule orientation. The Alexa 488
dye labeled on the T4 lysozyme had a wobbling motion in
a ~10-ns timescale. This wobbling motion reduced P toward
0 (Hu and Lu, 2003), and, therefore, the P distribution was
narrower than that for fixed molecules of from —1 to 1. On
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the other hand, the wobbling also made it difficult to
calculate the accessible orientation-angle space of the T4
lysozyme (Ha et al., 1998).

Mutant E11A showed a similar P distribution (Fig. 5),
which strongly suggests that the motion of wild-type and
mutant T4 lysozyme proteins are essentially the same
whether or not there is an enzymatic reaction. It is most
likely that the electrostatic interactions and the binding-
unbinding motions determined the motions of the enzymes
on a cell wall surface. This is consistent with our previous
findings that the binding-unbinding motions of the enzyme
dominate the interaction time of the proteins and the cell
walls (Chen et al., 2003).

The changing of P during high levels of fluorescence
intensity suggests that the motions of the T4 lysozyme are
associated with orientational rotations (Fig. 4, A and B).
Although the T4 lysozyme molecule was attached to the cell
wall for more than 0.4 s, it has rotational freedom within this
time period. It is likely that within one apparent binding
event, the enzyme has done multiple reactions in multiple
sites on the cell wall. This observation is consistent with our
previous findings that the dynamics of enzyme-substrate
interactions that form complexes with polysaccharides in cell
walls involves both the attachment of the T4 lysozyme and
the binding for an enzymatic reaction (Chen et al., 2003).

We have demonstrated a new approach to probing an
enzyme-substrate interaction on cell walls at a single-
molecule level and a significant step toward eventually
studying single-molecule enzymatic reactions in living cells.
We were able to inject, deliver, and place single enzyme
molecules onto the cell walls and probe their attachment,
detachment, and rotational motions under biologically un-
perturbed conditions. The rate-determining conformational
motions are the binding-unbinding motions of the enzyme
proteins; the dynamics of the motions are complex and
inhomogeneous.
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FIGURE 5 The histogram of polarization of T4 lysozyme mutant E11A
on a cell wall. The data are from one E. coli cell and many single-molecule
trajectories.
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The primary advantage of this approach is that it uses an
immobilized single-molecule enzyme under laser confocal
excitation without any biologically nonnative artificial
tethering or immobilization. Although lyophilized cell walls
were used in our experiments, the technical approaches
developed in this work can be potentially applied to study
single-molecule dynamics in living cells. We are currently
probing single-molecule fluorescence resonance energy
transfer to characterize the conformational motions of
donor-acceptor labeled T4 lysozyme proteins on cell walls
under enzymatic hydrolysis reactions.
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