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PERSPECTIVE

Living Cells as Test Tubes
X. Sunney Xie,* Ji Yu, Wei Yuan Yang

The combination of specific probes and advanced optical microscopy now allows quantitative
probing of biochemical reactions in living cells. On selected systems, one can detect and track a
particular protein with single-molecule sensitivity, nanometer spatial precision, and millisecond
time resolution. Metabolites, usually difficult to detect, can be imaged and monitored in living cells
with coherent anti-Stokes Raman scattering microscopy. Here, we describe the application of these
techniques in studying gene expression, active transport, and lipid metabolism.

M
uch of our quantitative understanding

of molecular reactions in cells has

come from traditional biochemistry—

experiments done in test tubes with purified

biomolecules. Although this approach is extreme-

ly productive, we understand that the milieu of

the cell is fundamentally different from an in vitro

solution in several ways: (i) DNA, many mRNA

molecules, and some enzymes exist in low copy

numbers and participate in stochastic reaction

events in the cell that are hidden in test tubes with

large numbers of molecules. (ii) Reactions are

often at nonequilibrium steady state in the cell,

with a constant supply of free energy and

reactants. (iii) Many reactions are coupled in the

cell, resulting in networks of complex interac-

tions. Consequently, a biochemical reaction in a

single cell could have different thermodynamic

and kinetic properties from the same biochemical

reaction in a test tube. The challenge now is to

observe the biochemical reactions in living cells,

and techniques are in place to do this in selected

systems. Central to these techniques is optical

imaging, which offersmillisecond time resolution

and nanometer spatial precision, single-molecule

sensitivity, and most importantly, biochemical

specificity. Here, we highlight advances that

allow investigation of gene expression, active

transport, and metabolism in living cells.

In an individual cell, gene expression is a

single-molecule problem. On genomic DNA, a

particular gene only exists in one (or a few) copy,

switching on and off stochastically to regulate

biological functions Efor a review, see (1)^. Gene
expression has been studied by biochemical

assays, such as Northern and Western blotting,

polymerase chain reaction, and more recently,

DNA arrays and mass spectrometry. However,

these techniques are not sensitive enough to

allow single-cell analysis of genes that are

expressed at low levels. Furthermore, these

ensemble-averaged methods often mask sto-

chastic gene expression events. Single-molecule

experiments in vitro have provided valuable

insight into the mechanisms of gene expression

machines (2–4). The next frontier will carry out

single-molecule studies in individual living cells.

Imaging of gene expression at a single-

molecule level in living cells has been made pos-

sible by two developments. At the transcriptional

level, single mRNA molecules were detected and

tracked in a living cell using multiple copies of a

fluorescent mRNA binding protein (5, 6). At the

translational level, we have tracked expression of

single-protein molecules using a fast-maturing and

membrane-targeting yellow fluorescent protein

(YFP) (Venus) as a reporter (7).

Immobilizing the fluorescent protein reporter

on the cell membrane (7, 8) overcame the dif-

ficulty in detecting single-protein molecules

inside the cytoplasm; the fluorescence distributes

throughout the cell because of fast protein

diffusion during the image acquisition time and

drops below the strong cellular autofluorescence.

We monitored repressed expression from the lac

promoter in Escherichia coli (Fig. 1A) and

showed that protein expression occurs in small

bursts (Fig. 1B), each originating from multiple

ribosomes on an mRNA molecule. The protein

copy numbers within a burst adhered to a

geometric distribution (7), which was verified

with the use of a different reporter (9). These

assays provided quantitative details about the

stochastic fluctuations in gene expression.

Is there a way to detect a single cytoplasmic

protein molecule? The answer is yes, by ex-

tending the idea of detection by immobilization.

We borrowed a method from strobe photogra-

phy, which makes it possible to take a sharp

picture of a bullet going through an apple (Fig.

1C). The sharpness is achieved because the

light flash is so short that the bullet does not

move far during the flash. Likewise, we applied

an intense laser exposure for a very short

duration (È300 ms), during which a protein re-

porter does not diffuse beyond the diffraction-

limited spot. Figure 1D shows detection of

single red fluorescent proteins EtdTomato (10)^
in E. coli cytoplasm with a high signal-to-

background ratio. The method could be used,

for example, to determine the cellular concen-

tration of a weakly expressed protein without

calibration. To further develop this method, we

need reporters with high photostability and

better-controlled photochemistry.

The next step is to probe the expression of

multiple genes simultaneously with the use of

different colors of reporters (10) in order to study

their interactions. In addition to transcription and

translation, similar live-cell single-molecule

assays offer the prospect of studying cellular

processes, such as cell signaling (11), protein

folding, DNA replication, and RNA trafficking

(5, 12).

No less important than gene expression is

energy transduction in living cells.Motor proteins

convert chemical energy in the form of adenosine

5¶-triphosphate (ATP) into mechanical work.

Kinesin and dynein motors transport organelles

along microtubules in opposite directions. Much

has been learned about these motors at the single-

Department of Chemistry and Chemical Biology, Harvard
University, Cambridge, MA 02138, USA.

*To whom correspondence should be addressed. E-mail:
xie@chemistry.harvard.edu

T O O L S F O R B I O C H E M I S T R Y

14 APRIL 2006 VOL 312 SCIENCE www.sciencemag.org228



molecule level through in vitro experiments with

mechanical manipulation and optical detection

(13, 14). However, little is known about the

workings of motors at the single-molecule level

in vivo.

Last year, two groups reported the observation

of individual steps of molecular motors in living

cells with nanometer spatial precision and

millisecond time resolution with the use of

sensitive high-speed cameras (15, 16). A key

technical concept is that even though diffraction

results in a fluorescent spot size of È270 nm,

one can determine the centroid position of an

isolated fluorophore with nanometer spatial

resolution (17–19), provided that the optical

signal is sufficiently bright. This idea was first

applied in vitro to resolve the individual steps of

molecular motors (20). Presenting an additional

challenge, in vivo motor speeds are faster

because the cell_s ATP concentrations are higher

than those used for in vitro measurements. Thus,

higher time resolution is required to resolve

individual steps.

In the example from our laboratory, Nan et al.

achieved submillisecond time resolution in

resolving the discrete nanometer steps of mo-

lecular motors by tracking the motion of endo-

cytic vesicles (16) containing quantum dots

(QDs). QDs are extremely bright (21, 22), and

after introduction into mouse fibroblast cells by

endocytosis, the QD-containing vesicle moves

on microtubules (Fig. 2A). Steps of 8 nm, each

corresponding to a stochastic ATP hydrolysis

event, are resolved (Fig. 2B), as evidenced by

the 8-nm spacings in the pairwise correlation

function (Fig. 2C). Stepwise movements of the

QD-containing vesicle are seen in both

directions along the microtubule, with some

showing steps larger than 8 nm and others

exhibiting reversible steps. These observations

raise interesting questions regarding how mul-

tiple copies and types of motors work collect-

ively in a living cell. These live-cell motility

assays are yielding new dynamic information

and will be even more productive if force

sensing (23, 24) and mechanical manipulation

of motors, similar to those implemented in vitro,

can be realized in living cells.

Unlike proteins that can often be labeled

without altering function, the majority of me-

tabolites are small organic molecules that are

difficult to label for imagingwithout altering their

cellular behavior. Raman scattering offers a way

to image metabolites without the need for

exogenous labels, as it probes intrinsic molecular

vibrational frequencies. For example, the Raman

spectra of two fatty acid species, eicosapentaenoic

acid (EPA) and fully deuterated oleic acid (OA),

have two distinct peaks arising from strong –CH
2

and –CD
2
stretching vibrations contained within

the respective acyl-chains of the two fatty acid

molecules (Fig. 3A).

For living cells, however, Raman signals are

so weak that high excitation powers and long

acquisition times (hours) are required to obtain

useful images. A noninvasive method in live-cell

and animal imaging, coherent anti-Stokes Raman
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Fig. 2. Observation of individual microtubule
motor steps in a live cell with endocytosed quantum
dots. (A) Live A549 cell with QD-containing en-
dosomes (bright dots), many of which undergo
active transport by kinesin (outward movements)
or dynein (inward movements, white arrow). (B)
Displacement trajectory of a outward-going (micro-
tubule plus-end) endosome, exhibiting stepwise
movements of the underlying motor (likely
kinesin). Green, raw data; red, filtered data. (C)
Pairwise distance histogram of the filtered dis-
placement trace in (B), with an 8-nm spacing
between adjacent peaks.

Fig. 1. Imaging protein expression in live E. coli cells. (A) When a repressor dissociates from the lac
promoter, RNA polymerase transcribes the gene of a fusion protein Tsr-Venus into an mRNA, on which a
few ribosomes bind, each making a fusion protein molecule. Tsr targets Venus, a fast-maturing YFP, to
the membrane, allowing detection of Venus one molecule at a time. (B) Time traces of the burst
production of Tsr-Venus (left) in three cell lineages (right) extracted from the time-lapse recording of
protein production. Images with 100-ms exposure, followed by 1000-ms photobleaching, were taken
every 3 min and the number of protein molecules synthesized since the last image was counted. The
dotted lines mark the cell division times. (C) Image of a bullet passing through an apple (32), obtained
using strobe photography. (D) Fluorescence/DIC overlay image of three E. coli cells, with two containing
single cytoplasmic tdTomato molecules. The fluorescence image was taken with a short (300-ms) and
intense (50-kW/cm2) laser excitation. (E) Fluorescence signal with two distinct peaks along the line in
(D) due to two single cytoplasmic tdTomato molecules. a.u., arbitrary units.
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scattering (CARS) microscopy provides vibra-

tional contrast with a sensitivity that is orders of

magnitude higher than conventional Raman

microscopy (25–27). The technique uses two

temporally and collinearly overlapped pico-

second laser beams at different frequencies, w
p

and w
s
, which are tightly focused onto the

sample. When w
p
– w

s
matches the vibrational

frequency of the molecular species of interest,

molecular oscillators are driven coherently,

resulting in a resonance-enhanced CARS signal

at the anti-Stokes frequency 2w
p
– w

s
. CARS is

only generated at the laser focus, allowing three-

dimensional sectioning, similar to two-photon

fluorescence microscopy (28). Although CARS

microscopy does not offer the penetration depth

of magnetic resonance imaging (MRI), it does

offer better time and spatial resolution than MRI,

which is key for monitoring living cells. CARS

microscopy is particularly powerful in tracking

lipid metabolism, due to the large number of CH

bonds in lipids.

As an example of an application of CARS

microscopy, we monitored how fish oil affects the

cellular biochemistry of fat molecules (29). It has

long been realized that polyunsaturated fatty

acids, such as EPA, in fish oil provide health

benefits by lowering triglyceride levels. This ef-

fect prompted the Food and Drug Administration

to issue a qualified health claim in 2004 for fish

oil on avoiding heart disorders, diseases often

associated with high lipid levels in the blood.

To distinguish the normal fatty acids (i.e.,

OA) from EPA, we used deuterated OA. This

approach is similar to isotope tracking, historical-

ly used to identify metabolic pathways (30). The

deuteration results in a vibrational frequency

shift, from 2850 cmj1 for –CH
2
to 2105 cmj1

for –CD
2
(Fig. 3A). In cells grown with non-

deuterated EPA and deuterated OA in the

culturing media, we found that the two fatty

acids colocalized in the lysosomes, the digestive

organelles of the cell, in the form of triglycerides

(Fig. 3, B to F). In contrast, OA is not in-

corporated into the lysosomes when EPA is

absent. This provides an important assay toward

the understanding of fish oil_s health benefits.

Future integration of fluorescence imaging of

reporter proteins with CARS microscopy will

lead to new understanding of metabolism at the

systems level.

Currently, the sensitivity of CARS mi-

croscopy is 105 vibrational oscillators at the

laser focus (31). We are working to improve

the sensitivity for imaging other small mole-

cules of low concentrations, such as drugs.

New single-molecule and metabolic imaging

techniques, when combined with novel reporters

and integrated into cellular assays, offer exciting

possibilities for unraveling biochemistry in vivo.

The application and continuous evolution of these

fronts will lead to a quantitative understanding of

fundamental biochemical processes in living

cells.
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Fig. 3. Effect of fish oil on lipid metabolism studied by metabolic imaging with CARS microscopy. (A)
Raman spectra of EPA and deuterated OA. (B to F) Live liver cells were treated with 0.4 mM EPA and 0.2
mM deuterated OA for 7.5 hours and labeled with monodansylcadaverine, a dye for staining degradative
organelles. (B) CARS image tuned to –CD2 (blue, deuterated OA). (C) CARS image tuned to –CH2 (red,
EPA). (D) Composite image of well-mixed –CO2 and –CH2 (purple) and two-photon fluorescence from
monodansylcadaverine (green). [(E) and (F)] Zoomed-in regions in the cell where triglycerides rich in
–CH2 and –CD2 are colocalized within degradative compartments (stained by monodansylcadaverine
and indicated by arrows).
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