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Synthesis of many proteins is tightly controlled at the level of
translation, and plays an essential role in fundamental processes
such as cell growth and proliferation, signaling, differentiation,
or death. Methods that allow imaging and identification of nascent
proteins are critical for dissecting regulation of translation, both
spatially and temporally, particularly in whole organisms.We intro-
duce a simple and robust chemical method to image and affinity-
purify nascent proteins in cells and in animals, based on an alkyne
analog of puromycin, O-propargyl-puromycin (OP-puro). OP-puro
forms covalent conjugates with nascent polypeptide chains, which
are rapidly turned over by the proteasome and can be visualized or
captured by copper(I)-catalyzed azide-alkyne cycloaddition. Unlike
methionine analogs, OP-puro does not require methionine-free
conditions and, uniquely, can be used to label and assay nascent
proteins in whole organisms. This strategy should have broad
applicability for imaging protein synthesis and for identifying
proteins synthesized under various physiological and pathological
conditions in vivo.
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The entire set of cellular proteins is generated through transla-
tion of mRNAs by ribosomes. The identity and amount of

the proteins that a cell synthesizes are critical parameters in de-
termining the physiological state of the cell. Protein synthesis is
frequently not proportional to mRNA levels, primarily because
translation is often tightly regulated, and many critical controls
in gene expression occur at the level of translation (1–3). Under
specific conditions (such as heat shock, starvation, availability of
iron, etc.), translational controls ensure that synthesis of specific
cellular proteins is quickly turned on or off. Translational controls
are particularly prominent in systems in which transcription is
inhibited, such as in early embryonic development before the
onset of zygotic transcription. Furthermore, translation of many
proteins is spatially localized, as underscored by the finding that
the majority of mRNAs in Drosophila embryos display distinct
subcellular patterns (4).

Understanding how gene expression is regulated at the level of
translation, spatially and temporally, requires tools for visualizing
and identifying nascent polypeptide chains. One of the major
methods used for this purpose relies on the biosynthetic incor-
poration of azide- or alkyne-bearing methionine (Met) analogs
such as azidohomoalanine (Aha) (5–7) or homopropargylglycine
(Hpg) (7, 8). The resulting azide- or alkyne-labeled proteins can
be detected by copper(I)-catalyzed azide-alkyne cycloaddition
(CuAAC) (9–11) with reagents for fluorescent detection (8) or
for affinity purification and identification by mass spectrometry
(5). Though simple and robust, this method has a number of
drawbacks. Cells prefer Met over Aha or Hpg by a factor of about
500 (8), which means cultured cells need to be labeled with Aha
or Hpg in Met-free media, a limitation that precludes the use of
Aha and Hpg to study protein synthesis in whole animals. To be
incorporated into proteins, Aha and Hpg need to be activated as
aminoacyl-tRNAs, a step which limits the temporal resolution of
this method. Finally, this method generates full-length Aha- or
Hpg-labeled proteins, not nascent polypeptide chains.

Other methods to assay translation rely on the incorporation
of puromycin (puro) into nascent proteins. Puro (Fig. 1A) is an
aminonucleoside antibiotic that blocks protein synthesis in both
prokaryotes and eukaryotes, by causing premature termination of
nascent polypeptide chains. Puro mimics an aminoacyl-tRNA
molecule and binds to the acceptor site of translating ribosomes,
which leads to the formation of an amide bond between the C
terminus of the nascent polypeptide chain and the primary amine
group of puro (12, 13). The translation inhibition mechanism of
puro has been exploited in the past to assay the rate of synthesis
of specific proteins, by metabolic labeling with radioactive puro
followed by immunoprecipitation of the protein of interest (14).
More recently, fluorescent derivatives of puro have been used
to label newly synthesized proteins in cells (15, 16) and cell-free
extracts (17), although imaging nascent proteins in cells by this
method has had limited applicability due to low signal-to-noise
ratios (15, 16). Finally, another strategy relies on detecting nas-
cent polypeptide-puro conjugates with anti-puro antibodies (18).
Although this method works robustly on immunoblots, the sub-
cellular pattern of nascent proteins detected by anti-puro immu-
nofluorescence (18, 19) differs significantly from that obtained
with Hpg labeling (8) and is inconsistent with the expected sub-
cellular localization of newly synthesized proteins identified by
Aha labeling and mass spectrometry (5).

From the discussion above it is clear that improved labeling
techniques are still needed for the study of nascent proteins
in vivo, in particular methods that are rapid, sensitive, and work
well in whole organisms. To circumvent some of the limitations
of current methodologies, we have developed a simple and robust
method to detect nascent proteins in cultured cells and in
animals, based on a puro analog that bears a terminal alkyne
group, O-propargyl-puromycin (OP-puro). OP-puro inhibits pro-
tein synthesis in cells similar to puro, acts rapidly, and forms cova-
lent polypeptide-OP-puro conjugates, which can be reacted by
CuAAC with either fluorescent azides for visualization by fluores-
cence microscopy, or with biotin-azide for affinity isolation. Unlike
Met analogues, OP-puro labels nascent proteins in whole animals,
allowing the visualization of protein synthesis patterns in large
explants from tissues and organs. We anticipate this method will
be useful for microscopic imaging of nascent proteins in cells and
in tissues, and will allow identification of proteins synthesized in
vivo under various conditions.

Results
O-Propargyl-Puromycin, a Puromycin Analog That Retains Translation
Inhibition Activity.We wanted to develop a chemically-tagged puro
to label newly synthesized proteins, for subsequent imaging by
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fluorescence microscopy and for isolation by affinity chromato-
graphy. Structure-activity studies of puro (20–24) indicated that
the molecule tolerates modifications of the O-Me phenyl ring,
without significant loss of activity. We synthesized O-propargyl-
puromycin (OP-puro, Fig. 1B), a puro analog that bears a terminal
alkyne group, which should allow detection of nascent polypeptide
chains by CuAAC (11). OP-puro inhibits protein synthesis, both in
reticulocyte lysates (Fig. 1C) and in cultured cells (Fig. 1D), dis-
playing a potency two- to threefold lower than that of unmodified
puro. Thus OP-puro should allow the covalent labeling of nascent
polypeptide chains with a terminal alkyne group.

We next asked if OP-puro forms conjugates with nascent poly-
peptide chains. Cultured cells were preincubated with 35S-methio-
nine (35S-Met), followed by incubation with 35S-Met in media
supplemented with OP-puro, puro, or OP-puro and the protein
synthesis inhibitor, cycloheximide (CHX). Cellular extracts were
subjected to CuAAC with biotin-azide, and biotinylated molecules
were purified on streptavidin beads, eluted and analyzed by SDS-

PAGE, followed by autoradiography. OP-puro forms conjugates
with 35S-Met-labeled nascent polypeptide chains (Fig. 1E), which
can be specifically retrieved on streptavidin beads. Importantly, the
OP-puro conjugates do not form if protein synthesis is inhibited
by CHX, which blocks translational initiation, demonstrating that
translating ribosomes are required for OP-puro incorporation into
nascent polypeptide chains, at the level of polypeptide chain elon-
gation. These results demonstrate that OP-puro is a translation in-
hibitor that forms covalent adducts with elongating polypeptide
chains on the ribosome. A concentration of 25 μM OP-puro
blocked protein synthesis almost completely, defining a concentra-
tion that should capture almost quantitatively the proteins synthe-
sized by a given cell in the form ofOP-puro-polypeptide conjugates.

Imaging Nascent Polypeptide Chains in Cells with O-Propargyl-Puro-
mycin. We next tested if OP-puro-labeled nascent proteins can
be visualized by fluorescence microscopy using a CuAAC reac-
tion with a fluorescent azide. When cultured cells were treated

Fig. 1. OP-puro, an alkyne puroanalog, is a potent protein synthesis inhibitor. (A) Structure of puro and the analog OP-puro, which bears a terminal alkyne
group. (B) Schematic of OP-puro incorporation into nascent polypeptide chains on translating ribosomes. The prematurely terminated polypeptides are sub-
sequently detected by CuAAC using a fluorescent azide. (C) Inhibition of protein translation in vitro by puro and OP-puro. A 35S-Met-labeled protein (a GFP
fusion of mouse SuFu) was generated by translation in rabbit reticulocyte lysates, in the absence or presence of varying concentrations of puro and OP-puro.
The translation reactions were separated by SDS-PAGE, and the translated protein was visualized by autoradiography. OP-puro inhibits protein synthesis in a
dose-dependent manner. (D) Inhibition of protein translation in cultured cells by puro and OP-puro. Human embryonic kidney 293T cells were incubated in
methionine-free media supplemented with 35S-Met, in the absence or presence of varying concentrations of puro and OP-puro. Total cell lysates were analyzed
by SDS-PAGE, followed by autoradiography, to measure bulk protein translation. The gel was also stained with Coomassie blue, to demonstrate equal protein
loading. (E) Formation of conjugates between OP-puro and nascent polypeptide chains. Cultured 293T cells were labeled with 35S-Met as in D), in the presence
of OP-puro, puro, or OP-puro and the protein synthesis inhibitor CHX. Cellular lysates were reacted with biotin-azide under conditions for CuAAC, after which
biotinylated molecules were purified on streptavidin beads. Bound proteins were eluted, separated by SDS-PAGE, and followed by autoradiography to detect
nascent proteins.
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for 1 h with varying concentrations of OP-puro followed by fixa-
tion and staining with Alexa568-azide (25), a specific fluorescent
signal proportional to the concentration of OP-puro was detected
(Fig. 2A). At a concentration of 50 μM OP-puro, the fluorescent
staining reached a signal-to-noise ratio of 24 (see graph in
Fig. 2A), which is significantly higher than the signal-to-noise
ratio of 2–4 reported for fluorescent puro conjugates (15, 16).
Importantly, OP-puro incorporation required functional ribo-
somes and was abolished if cells were treated with CHX (right-
most panel of Fig. 2A), as seen before by autoradiography
(Fig. 1E). The intensity of the OP-puro stain increased with in-

cubation time (Fig. 2B) and reached saturation after about 1 h.
With OP-puro, a strong signal was seen after as little as 15 min of
incubation. Although the OP-puro staining pattern was mostly
cytoplasmic, many cells also showed a punctate nuclear stain, sug-
gesting that the truncated protein-OP-puro conjugates released
from ribosomes can localize to various subcellular compartments.
The OP-puro staining pattern is very similar to the one observed
in cells labeled with the methionine analog Hpg (8) and is con-
sistent with the finding that nuclear and nucleolar proteins are
among the most abundant newly synthesized proteins in cells
(5). At later time points (see the 3 h image of Fig. 2B), the cyto-

Fig. 2. Imaging nascent proteins in cultured cells with OP-puro. (A) Cultured NIH 3T3 cells were incubated for 1 h in complete media supplemented with
increasing concentrations of OP-puro, OP-puro, and CHX, or control vehicle. The cells were then fixed, stained by CuAAC with Alexa568-azide, and imaged by
fluorescence microscopy. A specific signal is observed in cells treated with OP-puro, which is proportional to the concentration of added OP-puro. This signal is
abolished if protein translation is blocked with CHX (50 μg∕mL), which blocks translation elongation and thus prevents the formation of conjugates between
nascent polypeptide chains and OP-puro. The graph on the right shows the quantification of Alexa568 fluorescence intensity in this experiment. (B) Time course
of OP-puro incorporation into nascent proteins. NIH 3T3 cells were incubatedwith OP-puro (50 μM, which is sufficient to completely block protein synthesis) for
varying amounts of time, after which OP-puro incorporation was imaged as in A. The intensity of the OP-puro signal reaches a maximum after about 1 h. The
graph on the right shows the quantification of Alexa568 fluorescence intensity in this experiment. (C) The nascent protein-OP-puro conjugates are unstable
and are cleared from cells in a proteasome-dependent manner. NIH 3T3 cells were treated with 50 μM OP-puro for 15 min, followed by incubation in media
without OP-puro, in the absence or presence of 5 μMof the proteasome inhibitor bortezomib. Parallel cultures were fixed at the indicated times after removal
of OP-puro, and nascent protein-OP-puro conjugates were imaged by CuAAC with Alexa568-azide. The OP-puro conjugates have largely disappeared after 1 h
but are completely stabilized by proteasome inhibition. Untreated cells and cells incubated for 15 min with OP-puro (50 μM) and CHX (50 μg∕mL) served as
negative controls. The graph on the right shows the quantification of Alexa568 fluorescence intensity in this experiment.
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plasmic OP-puro signal is significantly decreased, suggesting that
the polypeptide-OP-puro conjugates are turned over.

After puro is covalently attached to the C terminus of nascent
polypeptide chains, the polypeptide chain-puro conjugate is re-
leased from the ribosome, which is followed by its quick, ubiqui-
tin-dependent proteolysis (26, 27). We asked if polypeptide-
OP-puro conjugates are similarly unstable. Cultured cells were
labeled with a short pulse of OP-puro, after which the cells were
washed and chased in the absence or presence of the proteasome
inhibitor bortezomib. In the absence of bortezomib, OP-puro
conjugates are unstable and disappear from cells in under 1 h
(Fig. 2C,Middle). If the proteasome is inhibited with bortezomib,
the OP-puro conjugates become stable (Fig. 2C, Bottom), demon-
strating that the rapid disappearance of OP-puro conjugates
is due to degradation by the proteasome. We conclude that the
majority of conjugates of OP-puro with nascent polypeptide
chains are short-lived, which suggests that the OP-puro signal is
a good reflection of instant protein synthesis in cells.

Visualizing Patterns of Protein Translation in Animals with O-Propar-
gyl-Puromycin. Finally we tested if OP-puro can be used to visua-
lize nascent proteins in animals. Mice were injected intraperi-
toneally with OP-puro, and tissues were harvested 1 h later, fixed
and stained with fluorescent azide, either after sectioning or in
whole mount. As shown in Fig. 3 and in Fig. S1, tissues from
uninjected mice showed low nonspecific staining, whereas tissues
from OP-puro-injected mice displayed specific patterns of OP-
puro incorporation into nascent proteins. In the small intestine,
translation was strongest in cells in the crypts and at the base of

intestinal villi (Fig. 3A), consistent with the high proliferative
and secretory activity of these cells. The stain was particularly
strong in Paneth cells, which are located close to the base of
the crypts and are filled with secretory vesicles. The intense
OP-puro labeling of vesicles in Paneth cells (Fig. 3A, Bottom) sug-
gests that prematurely terminated, OP-puro-conjugated secretory
proteins are translocated into the endoplasmic reticulum (ER)
lumen, as described before for puro (28). The same pattern of
OP-puro labeling was observed in whole-mount stains of the small
intestine (Fig. 3B), suggesting that OP-puro is uniquely suited
for whole-mount visualization of protein synthesis in tissues and
organs, with high sensitivity.

Patterns of protein synthesis in other mouse tissues surveyed
(liver, kidney, and spleen) are shown in Fig. S1. The level of
protein synthesis varies between tissues, being the strongest in
hepatocytes (Fig. S1A), consistent with the high levels of protein
synthesis in the liver. Protein synthesis levels are uniformly high
in hepatocytes but can vary significantly within other tissues, such
as spleen (Fig. S1C), in which the strongest OP-puro signal is
found at the organ’s periphery, under the capsule. The functional
significance of such patterns of protein synthesis is currently
unclear and deserves further study. Interestingly, in muscle the
OP-puro stain shows a striking striated pattern (Fig. 3C), suggest-
ing that some muscle OP-puro-protein conjugates are properly
incorporated into sarcomeres. Thus OP-puro might be suitable
for imaging the assembly and turnover of subcellular structures
such as sarcomeres.

Fig. 3. Using OP-puro to image protein synthesis in
whole animals. One hundred microliters of a 20 mM
OP-puro solution in PBS or PBS alone (negative con-
trol) were injected intraperitoneally into mice. Or-
gans were harvested 1 h later, fixed in formalin,
and stained by CuAAC with TMR-azide, either after
paraffin sectioning or whole mount. (A) Section
through mouse small intestine showing intestinal vili
sectioned longitudinally. OP-puro stains strongly the
cells in the crypts (particularly Paneth cells) and the
cells at the base of the villi. Bottom panels show a
higher magnification (40× objective) view of the in-
testinal crypts in an OP-puro-injected mouse. Note
the intense staining of the secretory granules charac-
teristic of Paneth cells. The graph on the right shows
the quantification of TMR fluorescence in three dif-
ferent regions of the intestinal epithelium: the bot-
tom of the crypts (b), the crypts proper (c), and the
epithelium covering the vili (v). The rate of protein
translation is significantly higher in crypts compared
to vili. (B) Whole-mount staining of mouse small in-
testine, showing the localization of the OP-puro
stain in the crypts. Protein-OP-puro conjugates were
detected with TMR-azide (red), and nuclear DNAwas
stained with OliGreen (green). (C) OP-puro incor-
poration into striated muscle fibers. Paraffin sections
of muscle were stained as in A. Sarcomeres are
strongly stained with OP-puro, likely because some
protein-OP-puro conjugates are functional and are
properly assembled into sarcomeres. Images of OP-
puro staining of other mouse tissues (spleen, kidney,
liver) are shown in Fig. S1.
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Discussion
Regulation of mRNA translation is a critical mechanism in con-
trolling the expression of a large number of genes, both tempo-
rally and spatially. Methods that allow imaging and biochemical
analysis of protein synthesis are essential for our understanding
of the role played by mRNA translation in numerous biological
processes. Although powerful methods are available to detect
translation of recombinant proteins in cells with high spatial
and temporal resolution (29, 30), current strategies for labeling
and imaging endogenous proteins have several limitations (see
below). With the goal of developing a bioorthogonal method for
assaying endogenous nascent proteins in whole organisms, we
synthesized the alkyne-bearing analog of (OP-puro, which incor-
porates cotranslationally at the C terminus of nascent polypep-
tide chains, forming covalent conjugates that can be detected by
a CuAAC reaction. We used OP-puro to label and visualize nas-
cent proteins in cells, with high sensitivity. Uniquely, due to the
small size of the fluorescent azides used for detection by CuAAC,
OP-puro labeling allowed the visualization of protein synthesis
patterns by whole-mount staining of large fragments of organs
and tissues. Our analysis revealed that the rate of protein synthesis
varies greatly between tissues and organs, as well as within tissues.
We envision that this simple method will be useful for microscopic
studies of protein synthesis and for the affinity isolation and mass
spectrometric identification of proteins synthesized in vivo under
various conditions. In particular, OP-puro should allow the iden-
tification of proteins regulated at the level of translation, such as
targets of specific micro-RNAs (2, 3), targets of other RNA-bind-
ing proteins that control translation of specific mRNAs, and tar-
gets of signaling pathways that regulate translation.

The major method currently used to label newly synthesized
proteins for detection by CuAAC is based on bioorthogonal
Met analogs such as the azido analog Aha and the alkyne analog
Hpg (5–8). Compared to these Met analogs, OP-puro has a num-
ber of important advantages: (i) Metabolic labeling with Met
analogs requires Met-free media, which prevents the use of this
method in animals, whereas OP-puro works well in complete
media and in animals; (ii) Met analog incorporation is propor-
tional to the number of Met residues in a protein, whereas
OP-puro incorporates at exactly one molecule per nascent poly-
peptide chain, generating a “normal” representation of protein
translation; (iii) Met analogs will not label proteins that do not
start with or contain a Met residue, whereas OP-puro labeling
does not depend on amino acid content; (iv) Met analogs need
to be first activated and converted to amino acyl-tRNAs, before
incorporation into proteins, whereas OP-puro generates covalent
conjugates with nascent polypeptide chains directly, without any
prior modification, and could conceivably be used when higher
temporal resolution is needed.

Two other strategies to assay protein synthesis rely on the
mechanism of translation inhibition by puro. In one approach,
fluorescent puro conjugates have been used to image newly
synthesized proteins in cells (15, 16). Although these conjugates
are potent inhibitors of translation in vitro, their signal-to-noise
ratio in cells is only 2–4, indicating the low sensitivity of this meth-
od for imaging protein translation. We speculate that this low
signal-to-noise ratio might be due to the poor cellular permeability
of the fluorescent puro derivatives, which contain 2–3 phosphate
ester groups as well as cell-impermeable fluorophores such as
fluorescein or Cy5. In contrast, OP-puro is cell permeable and gen-
erates a signal-to-noise ratio of 24 in cells, allowing a significantly
more sensitive microscopic detection of protein synthesis.

In another approach, polypeptide-puro conjugates are de-
tected with anti-puro antibodies (18). Although this approach is
simple and allows the sensitive detection of nascent proteins by
imunoblot, the subcellular pattern seen by anti-puro immuno-
fluorescence (18, 19) differs significantly from that obtained using
Hpg labeling (8) and is inconsistent with the expected subcellular

localization of newly synthesized proteins identified by Aha label-
ing and mass spectrometry (5). Specifically, anti-puro staining
shows the strongest signal at the plasma membrane, although the
majority of newly synthesized proteins are nuclear and cytoplas-
mic (5). In contrast, OP-puro labeling has a subcellular pattern
very similar to that obtained with Hpg and is consistent with
the identity of newly synthesized proteins. We speculate that the
discrepancy between OP-puro detection by CuAAC and anti-
puro immunofluorescence might be because many of the poly-
peptide-OP-puro conjugates are inaccessible to anti-puro anti-
bodies, but are readily accessible to the small fluorescent azides
used to stain OP-puro-labeled cells.

Aside from imaging proteins synthesis in vivo, we anticipate
that an important application of OP-puro will be the identifi-
cation of proteins synthesized under specific conditions and in
various organs and tissues. Recently, ribosome profiling has been
used to characterize mRNA translation in cells (31, 32). This ap-
proach relies on sequencing mRNA fragments protected against
RNase digestion by the ribosome footprint as a way to identify
actively translated mRNAs. Although this strategy generates a
detailed view of protein synthesis, it is considerably more labor
intensive and experimentally demanding than the OP-puro meth-
od. Ribosome profiling requires the biochemical isolation of
RNase-protected monosomes, followed by the generation and
sequencing of a cDNA library. In contrast, the OP-puro method
does not require complicated or delicate biochemical purifica-
tions, which can be problematic when analyzing animal tissues
and organs. Because OP-puro is covalently attached to nascent
proteins, tissue and organ samples can be harvested and quickly
denatured, followed by affinity purification of OP-puro-labeled
polypeptides under denaturing conditions, and finally by protein
identification by mass spectrometry. Thus the OP-puro method
should allow accurate and reproducible analysis of protein synth-
esis in vivo.

Materials and Methods
Op-Puro Labeling of Cultured Cells and Detection by Fluorescence Microscopy.
NIH 3T3 cells were grown on glass coverslips in DMEM supplemented with
10% bovine calf serum, penicillin, and streptomycin. OP-puro was added
to cells in complete culture medium. After incubation for the desired amount
of time, the cells were washed with PBS and then fixed with cold methanol
for 2 min at −20 °C. The cells were washed with Tris buffered saline (TBS:
10 mM Tris, pH 7.5, 150 mM NaCl), permeabilized with TBST (TBS with 0.2%
Triton X-100), and then washed with TBS again. CuAAC detection of OP-puro
incorporated into nascent protein was performed by reacting the fixed cells
for 30 min at room temperature with 20 μM Alexa568-azide, as described
(33). After staining, the coverslips were washed several times with TBST,
counterstained with Hoechst, and mounted in standard mounting media.
The stained cells were imaged by differential interference contrast (DIC)
and by epifluorescencemicroscopy on a Nikon TE2000Umicroscope equipped
with an OrcaER camera (Hammamatsu), and 20× PlanApo 0.75NA and 40×
PlanApo 0.95NA air objectives (Nikon). Images were collected using Meta-
morph image acquisition software (Applied Precision).

To determine if protein synthesis is required for OP-puro incorporation
into nascent polypeptides, cells were incubated with OP-puro, in the pre-
sence or absence of 50 μg∕mL CHX, and added to the cells 15 min before
OP-puro. This concentration of CHX was determined to completely block
protein translation in cells.

To determine the effect of inhibiting the proteasome on the stability
of OP-puro-conjugated polypeptide chains, cells were pulse-labeled with
50 μM OP-puro for 15 min and were then incubated in complete media sup-
plemented with 50 μg∕mL CHX (to block further incorporation of OP-puro
into nascent proteins), in the presence or absence of 5 μM of the proteasome
inhibitor bortezomib. Cells were fixed at the indicated times and were
stained in parallel with Alexa568-azide. Two negative controls were used:
(i) untreated cells, and (ii) cells preincubated with 50 μg∕mL CHX for 15 min,
followed by incubation with 50 μM OP-puro and 50 μg∕mL CHX for another
15 min.

Quantification of OP-Puro Labeling. The intensity of the fluorescent OP-puro
stain in single cells was quantified by automated analysis of microscopic
images. Briefly, the centers of nuclei were first identified by local adaptive
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thresholding of Hoechst images. Cell boundaries were then determined by
the watershed method. The fluorescence intensity in each cell was corrected
by subtracting the local background, defined as the median intensity of back-
ground pixels surrounding the cell. The fluorescence intensity of each cell was
finally computed as the mean of the corrected pixel values. In the bar plots,
the height of each bar represents the mean cellular intensity for a given
condition, and the error bar represents the standard deviation of the mean.
Between 63 and 145 cells were quantified per condition.

Inhibition of Translation by OP-Puro. A plasmid carrying a GFP fusion of the
mouse Suppressor of Fused (SuFu) gene under the control of an SP6 RNA
polymerase promoter was used to generate 35S-Met-labeled GFP-SuFu by
in vitro translation in rabbit reticulocyte lysates (TNT SP6 quick coupled tran-
scription/translation kit; Promega), according to the manufacturer’s instruc-
tions. Translation reactions were performed for 1 h at 30°C, in the absence or
presence of varying concentrations of puro and OP-puro. The reactions were
stopped by addition of SDS-PAGE sample buffer with 50 mMDTTand boiling.
Equal amounts of lysate were separated by SDS-PAGE and the amount of in
vitro translated GFP-SuFu was determined by autoradiography.

To measure translation inhibition in cells, human embryonic kidney
293T cells were preincubated for 30 min with varying concentrations of puro
or OP-puro, in complete media. The cells were then incubated for 3 h in Met-
free media supplemented with 35S-Met (from Perkin-Elmer, at 100 μCi∕mL
final concentration), in the continued presence of varying concentrations
of puro or OP-puro. The cells were harvested, lyzed in TBS with 1% Triton
X-100 and protease inhibitors (complete tablets; Roche), and centrifuged
for 15 min at 20;000 × g in a refrigerated centrifuge. The clarified cells ly-
sates were analyzed by SDS-PAGE, followed by autoradiography, to measure
bulk protein translation.

Affinity Purification of Nascent Polypeptide-Op-Puro Conjugates. Human 293T
cells were labeled for 1 h in Met-free DMEM supplemented with 10% dia-
lyzed fetal bovine serum and 35S-Met (100 μCi∕mL final). The cells were then
incubated in the same media, in the presence of 10 μM puro, 25 μMOP-puro,
or 25 μM OP-puro and 50 μg∕mL CHX, for an additional 1 h. The cells were
harvested, washed with ice-cold PBS, and then lyzed on ice in 100 mM Tris,
pH 8.5, with 1% Triton-X10 and protease inhibitors. The lysates were clarified

by centrifugation for 15 min at 20;000 × g and 4 °C, and were then subjected
to CuAAC with biotin-azide (25) for 30 min at room temperature. The final
concentrations in the CuAAC reaction were 100 μM biotin-azide, 1 mM
CuSO4, and 50 mM ascorbic acid (added last to the lysates). Biotinylated pro-
teins were diluted in binding buffer (20 mM Tris, pH 8, 500 mM NaCl, 1%
Triton-X100) and were bound to Neutravidin beads (Pierce). After extensive
washes with binding buffer, bound proteins were eluted, separated by SDS-
PAGE, and detected by autoradiography.

Use of Op-Puro to Image Protein Synthesis in Animals.One hundred microliters
of a 20 mM solution of OP-puro in PBS were injected intraperitoneally into a
3-wk-old mouse, and a mouse injected with 100 μL of PBS was used as nega-
tive control. Various organs were harvested after 1 h and were fixed in for-
malin overnight. Organ fragments were embedded in paraffin, sectioned,
and washed with xylene to remove the paraffin. After washing with ethanol
and rehydration in TBS, the tissue sections were stained with 20 μM tetra-
methylrhodamine(TMR)-azide, as described (33). The tissue sections were
counterstained with Hoechst, mounted in standard mounting media, and
were then imaged by fluorescence microscopy and DIC. Whole-mount stain-
ing of intestine fragments was performed as described (33). The fluorescent
images of sections through mouse small intestine were quantified manually
using Image J. For both control and OP-puro-injected specimens, the image
was divided into three zones: the bottom of the crypts, the crypts proper, and
the epithelium lining the vili. Circular regions of interest (ROI, n ¼ 6–15) were
randomly defined in each zone, and the mean fluorescence intensity was cal-
culated for each ROI. The mean ROI intensity was plotted as the ratio to back-
ground, defined as fluorescence intensity in a region devoid of cells. The
error bars represent the standard deviation of the mean ROI intensity.

Chemicals. The detailed synthesis of OP-puro is shown in SI Text. TMR-azide
and Alexa568-azide were described previously (33, 34).
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