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ABSTRACT

A high-throughput assay for real-time measurement of translation rates in cell-free protein synthesis (SNAP assay) is described. The
SNAP assay enables quantitative, real-time measurement of overall translation rates in vitro via the synthesis of O°-alkylguanine
DNA O°-alkyltransferase (SNAP). SNAP production is continuously detected by fluorescence produced by the reaction of SNAP
with a range of quenched fluorogenic substrates. The capabilities of the assay are exemplified by measurements of the activities of
Escherichia coli MRE600 ribosomes and fluorescently labeled E. coli mutant ribosomes in the PURExpress translation system and
by determination of the 50% inhibitory concentrations (ICs¢) of three common macrolide antibiotics.
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INTRODUCTION

The development of reliable and inexpensive cell-free protein
synthesis has enabled not only the production of hard-to-ex-
press recombinant proteins (Jackson et al. 2004) but also the
investigation of translation dynamics in vitro, allowing dis-
covery of novel translation-inhibiting antibiotics (Brandi
et al. 2007) and measurements of kinetic parameters of key
steps in translation (Underwood et al. 2005). Recent studies
have used fluorescence resonance energy transfer (FRET) ex-
periments at the single-molecule scale to measure the dy-
namics of translation initiation and elongation directly in
real time (Tsai et al. 2012; Chen et al. 2013a). Time-resolved
bulk detection of protein synthesis is required to validate
these results.

Current methods to measure translation rates detect prop-
erties of a translation product reporter, such as luciferase lu-
minescence (Hale 2000), green fluorescent protein (GFP)
fluorescence (Nomura et al. 2001), chloramphenicol acetyl-
transferase activity (Shaw 1975; Kim and Swartz 2001; Har-
vey et al. 2012), and "*C radioactivity (Bayley and Griffiths
1968). The throughput and generality of these methods are
limited by the requirement for multiple steps of processing
or specialized equipment to obtain a translation signal. An el-
egant high-throughput method has been reported in which
synthesis of fast-maturing Emerald GFP (EmGFP) produces
a detectable fluorescent signal upon translation (Rosenblum
et al. 2012). However, this method is limited by the require-
ment of oxygen for maturation of GFP, which interferes with
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fluorescence detection at the single-molecule level. As a re-
sult, translation of GFP in corresponding single-molecule
FRET experiments must be interrupted with oxygenation
prior to visualization (Uemura et al. 2008), which compli-
cates the comparison between the bulk assay and single-mol-
ecule FRET data.

Here we circumvent these limitations by developing an as-
say in which cell-free protein synthesis of a fast-reacting
variant of the human suicide enzyme O°-alkylguanine
DNA O6—alkyltransferase (SNAPy) is monitored in real time
by its subsequent reaction with a quenched fluorogenic gua-
nine substrate, producing covalently modified fluorescent
SNAP¢ molecules that signal translation of a folded, active
protein (Supplemental Fig. S1). Fusion of a C-terminal SecM
stall sequence to SNAP¢ limits ribosome turnover, greatly
simplifying the downstream analysis of translation kinetics.
A wide variety of fluorogenic substrates are available (Sun
et al. 2011), thereby enabling the selection of a substrate
that minimizes spectral overlap with other components of
the translation system. The reaction of SNAPwith a substrate
can occur in anoxia, so real-time single-molecule FRET ex-
periments of the translation of SNAP; may also proceed un-
interrupted. The flexibility and high-throughput format
make the SNAP assay a general real-time quantitative tech-
nique for measuring the overall translation rate of fluorescent
and nonfluorescent cell-free protein synthesis and evaluating
the effects of ribosomal mutations and macrolide antibiotics
on ribosome activity and translation rate.
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A simple real-time assay for in vitro translation

RESULTS

Designing the SNAP assay

The SNAP assay was designed to use a commercial reconsti-
tuted in vitro translation system (PURExpress ARibosome)
as the source of cell-free protein synthesis machinery.
PURExpress was chosen for its ease of use, defined formula-
tion of purified components, and modifiability, which in the
case of the ARibosome kit allowed us to substitute commer-
cial ribosomes with wild-type and mutant variants prepared
in-house. Wild-type ribosomes were isolated from the ribo-
nuclease-deficient Escherichia coli strain MRE600, and the
Cy3B-C30S and Cy5-Z50S mutant ribosomes are regularly
used in intersubunit FRET experiments (Marshall et al.
2008; Tsai et al. 2012), thereby interfacing the SNAP assay
with an established fluorescent translation system. SNAP;
was used as the reporter enzyme, because of the large selec-
tion of fluorogenic substrates, suitable enzyme kinetics (see
Supplemental Fig. S7), and potential ease of observation in
anoxic single-molecule FRET experiments. The substrate
CBG-549-QSY7 was chosen for its long half-life and low rates
of nonenzymatic dequenching in a variety of reducing
and nonreducing translation buffers (Supplemental Fig.
S8), and the substrate CBG-488-TQ2 was selected for its rap-
id reactivity and limited spectral overlap with Cy3B (Sun et al.
2011). These enzyme—substrate combinations confer gener-
ality, ease of use, high throughput, and single-molecule
FRET compatibility to the SNAP assay.

The SNAP¢ vector was constructed with a 54-nt 3’ SecM
minimal arrest sequence (Nakatogawa and Ito 2002). Once
translated, this 18-residue peptide interacts with the exit
tunnel of the 50S subunit leading to translation stalling
(Nakatogawa and Ito 2001; Yap and Bernstein 2009). The
SecM arrest sequence has been shown to be an effective
method of anchoring a mature protein to the ribosome im-
mediately following translation in both single-molecule and
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bulk experiments (Evans et al. 2005; Uemura et al. 2008).
The stalled 70S-SNAP; complex has a half-life of ~60 min
(Evans et al. 2005; Tsai et al. 2014), so turnover is still ob-
served in longer time courses. The arrest sequence has two
functions in the SNAP assay. First, the sequence limits ribo-
somal turnover without slowing initiation or elongation,
while increasing the likelihood that the reaction between
SNAP;and its substrate occurs before the ribosome can reini-
tiate. Second, SecM stalling is a common technique for sin-
gle-molecule detection of translation products anchored to
surface-immobilized ribosomes, enabling single-molecule
experimentation using the same SNAP; construct as that in
bulk studies.

Translation was assayed by adding ribosomes, SNAP¢
mRNA, and quenched fluorogenic substrate to a PURExpress
ARibosome cell-free protein synthesis reaction and tracking
the fluorescence produced by the subsequent reaction be-
tween translated SNAP; enzyme and its substrate. We first
tested the response of the assay by translating SNAP;
mRNA with wild-type ribosomes. The fluorescence due to
protein synthesis was found to increase in intensity as a func-
tion of time, reflecting the reaction between newly synthe-
sized SNAP; and its substrate. The rate of fluorescence
production was directly proportional to ribosome concentra-
tion (Fig. 1B,C), and stable background fluorescence was ob-
served when mRNA was withheld (Fig. 1A). The dependence
of the SNAP assay on both mRNA and ribosomes in a trans-
lation reaction confirms that fluorescence intensity response
is indeed correlated to SNAP; synthesis.

The reaction scale of the assay was configured so as to be
compatible with high-throughput instrumentation. The final
reaction volume of 10 pL minimizes reagent usage and is well
suited for 384-well plates so that dozens of measurements
could be recorded in parallel. With standard liquid-handling
instruments and plate stackers, this amount can be extended
to potentially hundreds of reactions that can be tested in
quick succession.
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FIGURE 1. (A) Comparison of fluorescence generated in the presence or absence of SNAPymRNA. Reaction conditions: 100 nM ribosomes, 0 or 100
nM mRNA, and 500 nM CBG-549-QSY7. (B) Fluorescence response over a range of wild-type ribosome concentrations. Reaction conditions: 100,
500, 750, or 1000 nM ribosomes, 1 uM mRNA, and 10 uM CBG-549-QSY7. (C) Differential curves for the fluorescence.
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Measuring translation inhibition

To show that the SNAP assay is sensitive to changes in in vitro
translation, we examined the effects of three macrolide anti-
biotics, which inhibit translation by binding to the peptide
exit tunnel, impeding nascent chain elongation (Mankin
2008). We measured SNAP; fluorescence as a function of
time in in vitro translation systems in the presence of one
of three common macrolides (erythromycin A, clarithromy-
cin, or roxithromycin). A range of concentrations was tested
for each macrolide, and the fluorescence curves were com-
pared with positive (no macrolide) and negative controls
(no mRNA). In Figure 2, production of SNAP; fluorescence
is illustrated to be a function of both time and erythromycin
A concentration. After an observation period of 2 h, SNAP;¢
fluorescence was reduced by 24 + 11%, 46 + 12%, 74 + 7%,
and 80 £ 3% for treatments with 20, 40, 60, and 80 nM eryth-
romycin A, respectively. Similar trends were observed with
roxithromycin and clarithromycin (Supplemental Fig. S2).
Overall, all macrolide-treated samples showed diminished
fluorescence, and fluorescence was inversely proportional
to macrolide concentration. This result demonstrates that
the SNAP assay is sensitive to translation inhibition by small
molecules.

In addition to small-molecule inhibitors, ribosomal muta-
tions may also cause translation dysfunction. To explore the
SNAP assay’s sensitivity to ribosomal mutations, cell-free
protein synthesis reactions were performed with wild-type
MREG600 ribosomes and the FRET-compatible mutants
Cy3B-C30S and Cy5-Z50S. Fluorescence curves as functions
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FIGURE 2. Fluorescence curves for in vitro SNAP; synthesis with and
without erythromycin A treatment. Reaction conditions: 100 nM ribo-
somes, 100 nM mRNA, and 500 nM CBG-549-QSY7.
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of time were generated for four combinations of wild-type
and fluorescent mutant ribosomal subunits (Fig. 3A). Inten-
sity curves exhibited a short lag period of ~20 min followed
by exponential growth. Wild-type ribosomes produced in-
tense fluorescence up to 13.0 + 1.2 X 10* RFU, while SNAP¢
fluorescences in mutant ribosome samples maximized at
5.5+0.1x10% 4.2+0.3 x 10%, and 4.6+ 0.2 x 10* RFU for
Cy5-750S, Cy3B-C30S, and the Cy3B-C30S/Cy5-Z50S dou-
ble mutant, respectively. Numerical calculations of the differ-
entials of these fluorescence curves followed the same trend,
where the wild-type translation rate is greatest, followed by
the Cy5-Z50S mutant, Cy3B-C30S/Cy5-Z50S double mu-
tant, and Cy3B-C30S mutant, respectively (Fig. 3B). This
diminution of fluorescence accumulation was similar to
that of macrolide inhibition, thereby demonstrating the abil-
ity of the assay to detect changes in ribosome function.

Single-molecule observation of SNAP; translation

To illustrate the compatibility of the SNAP; reporter with sin-
gle-molecule fluorescence experiments, we then performed
coupled in vitro transcription—translation reactions with ri-
bosomes that had been immobilized on zero-mode wave-
guide (ZMW) chips (Fig. 4A). In accordance with standard
protocols (Uemura et al. 2008), samples were prereacted at
37°C to allow for transcription and translation of SNAP; pri-
or to deoxygenation and visualization. All experiments were
performed with nonfluorescent C30S ribosomes that had
been tethered to the chip surface via a complementary non-
fluorescent biotinylated DNA oligomer, and SecM-anchored
SNAP; was reacted with unquenched SNAP Surface 647 sub-
strate. Chips were washed to remove any unreacted substrate.
Full-chip average DY647 fluorescence was recorded and
compared with reactions performed in the presence of an an-
tibiotic, with the plasmid replaced with one encoding GFP,
and in the absence of plasmid (Fig. 4B). A comparison of
these interactions clearly shows that DY647 fluorescence is
entirely dependent on the presence of the SNAP; plasmid
as both conditions in which the plasmid is replaced or omit-
ted resulted in ~10-fold reductions in fluorescence.
Furthermore, translation inhibition with chloramphenicol
also abrogated SNAP¢ production for about a fivefold loss
in fluorescence.

Using the SNAP Surface 549 substrate, experiments were
also performed in which the fluorescence of each well of
the chip was recorded and compared with plasmid-omitted
controls. When translated with wild-type MRE600 50S ribo-
somes, 26.8% of ZMW wells showed DY549 fluorescence, as
opposed to 9.2% when plasmid is omitted (signal is 2.9x
background). The 50S subunit was then replaced with the
Cy5-Z50S mutant in order to cross-reference DY549 and
Cys5 fluorescences and to select against wells with background
fluorescence due to nonspecific fluorophore—chip interac-
tions. Figure 4C depicts one representative fluorescence
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FIGURE 3. (A) Fluorescence curves of in vitro SNAP; translation by wild-type and mutant ribosomes. Points with error bars are fluorescence data,
and solid lines are fits to the first-order kinetics model. All fits were validated by bootstrap analyses. Reaction conditions: 500 nM ribosomes, 2 pM
mRNA, and 10 pM CBG-488-TQ2. (B) Differentials of fluorescence curves.

pattern under these conditions; the presence of both green
(DY549) and red (Cy5) signals in the well indicates an immo-
bilized C30S-Z50S-SNAP; ternary complex, and both dyes
photobleach after relatively long lifetimes of 100 and 200
sec, respectively. Translation reactions with Cy5-Z50S mu-
tants produced colocalized DY549 and Cy5 fluorescence in
8.0% of ZMW wells, whereas only 2.7% showed colocalized
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signal in the absence of plasmid (signal is 3.0x background).
As anticipated, two-dye colocalization reduced stochastic
background fluorescence by a factor of 3.5, although the re-
duced Cy5-Z50S activity also reduced the amount of SNAP;
fluorescence by the same amount. Thus, the signal-to-noise
ratio remained ~3 in both experiments. The statistically sig-
nificant detection of SNAP¢ fluorescence via ZMW validates
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FIGURE 4. (A) Experimental setup for ZMW-based single-molecule SNAP; experiments. (B) Full-chip average fluorescence values for SNAP; trans-
lation detected by ZMW. When the reaction is treated with a translation inhibitor, GFP is substituted for SNAPy, or plasmid is omitted, fluorescence
decreases significantly. (C) The fluorescent signal from an individual ZMW well. Colocalization of red Cy5 signal (Cy5-Z50S) to green DY549 signal
(SNAPy) is observed, and the dyes photobleach after 200 and 100 sec, respectively.
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the compatibility of the SNAP; reporter with single-molecule
fluorescence experiments.

DISCUSSION

Quantification of wild-type ribosome activity

The SNAP assay measures the composite of all translation-re-
lated processes, starting with mRNA recruitment during
initiation and ending with the post-translational production
of covalently modified fluorescent SNAP;. The SNAP reac-
tion has been measured at rates that compare favorably
with the maturation rate of EmGFP (see Supplemental
Information; lizuka et al. 2011), a previously reported effec-
tive signal of productive translation (Rosenblum et al. 2012).
Also, the SecM minimal arrest sequence almost ensures that
the SNAP; reaction occurs prior to the completion of termi-
nation. It is then reasonable to assume that the process of
translation is the limiting step in the SNAP assay, and the
composite of all translation-related processes and the
SNAP; reaction simplifies to the sum of translation initiation,
elongation, and termination through a pseudo-first-order ki-
netic model with respect to ribosome concentration.

Correspondingly, in vitro translation fluorescence curves
(Fig. 3A) exhibit a short lag time, followed by an inflection
point after 20 min that marks the beginning of an exponential
first-order reaction curve. On this basis, starting at the inflec-
tion point, the curves were fitted to the following simple ki-
netic model:

f(t) = a1 — e ") 4 ct + d.

In this function, g is a normalization parameter, b is the first-
order rate constant, ¢ represents the composite of all slow,
nonenzymatic dequenching reactions, and d is an x-axis offset
due to the aforementioned lag time. The translation activity is
calculated from the fit as the product of the normalization pa-

3000

rameter and rate constant, resulting in 2530 + 480 RFU/min
for wild-type ribosomes (Supplemental Table S1).

A standard curve of prereacted, commercial SNAP; protein
of varying concentrations (Supplemental Fig. S6) allowed the
conversion of fluorescence data to that of translated protein
concentrations. As with the fluorescence curves, the convert-
ed data were fitted to the first-order kinetics model starting at
£(20) (Fig. 5A). The activity for wild-type ribosomes was cal-
culated as 60.8 £ 5.6 nM SNAP¢/min. Accounting for the re-
action mixture volume (10 pL) and ribosome concentration
(500 nM), the specific activity may be expressed as 0.122 +
0.011 pmol SNAP¢/pmol ribosome/min (Supplemental
Table S2). With the approximation that translation is rate-
limiting in cell-free protein synthesis, this activity means
that the process for one wild-type 70S ribosome to synthesize
one molecule of SNAP¢ requires ~8.2 + 0.8 min.

It is also a useful exercise to compare this measured trans-
lation rate with previously reported in vivo and in vitro E. coli
ribosome elongation rates. Since our calculated value repre-
sents the entire process of translation, a comparison requires
the bold assumption that elongation is the rate-limiting step
in this process. Correspondingly, under this model, the 233-
residue SNAP¢ construct would have an elongation rate of al-
most 0.5 amino acids (aa)/sec. This rate is an order of mag-
nitude slower than measurements of elongation in vivo
(Kennel and Riezman 1977), but 0.5 aa/sec is comparable
with other in vitro elongation measurements (Wagner et al.
1982). Given that this highly simplistic model provides a
strict lower limit for elongation in the SNAP assay, actual
elongation rates are likely on-par with values that have
been previously reported.

The concentration curves were further analyzed by numer-
ical calculations of the differentials of the data (Fig. 5B). Since
derivatives represent the rates of SNAP; synthesis at each
point in time, translation activities may be calculated inde-
pendently from the fit models. For wild-type ribosomes,
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the maximum translation rate was calculated to be 33.2 £ 5.5
nM SNAP¢/min, yielding a specific activity of 0.066 £0.011
pmol SNAP¢/pmol ribosome/min, total translation time of
15.2 £ 2.6 min, and approximate elongation rate of 0.25 aa/
sec. Compared with the activity calculated from the fit model,
this activity differs only by a factor of 2 and remains within
the reasonable approximations for in vitro translation rates.

Calculation of macrolide 1C;, values

By benchmarking the kinetics of uninhibited wild-type trans-
lation, inhibition of translation due to macrolides can next be
quantified. To calculate 50% inhibitory concentrations
(ICsp) for each of the antibiotics, end-point fluorescence val-
ues for each concentration of macrolide were normalized to
the positive and negative controls to generate values that
are percentages of the untreated reactions. These percentages
were plotted as functions of macrolide concentration, allow-
ing a linear fit to determine the concentration at which
SNAP; fluorescence would be half of the untreated control.
The ICs, values were calculated as 42 + 10, 27 + 7, and 14 +
14 nM, for erythromycin A, roxithromycin, and clarithromy-
cin, respectively (Fig. 6). Dissociation constants for these anti-
biotics have been previously reportedas 36 + 1.8,20 £+ 1,and 8
+ 0.5nM, respectively (Dinos etal. 2003). The marked similar-
ities between the ICs, values and dissociation constants serve
to validate further the ability of the assay to quantify inhibition
of translation by antibiotics.
It is interesting to note that all three IC5, values fall below
the theoretical lower limit of half of the ribosome concentra-
tion. This result supports a model of macrolide activity in
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FIGURE 6. ICs, values calculated for the macrolide antibiotics erythro-
mycin A, roxithromycin, and clarithromycin.

which the macrolide induces a translation arrest state with a
lifetime exceeding the binding time of the drug. Macrolides
with 14-membered rings, such as the three tested here, have
been found to have relatively rapid dissociation rates that
are comparable with the rate of peptidyl-tRNA drop-off
(Lovmar et al. 2004). Thus, the macrolide can dissociate im-
mediately following peptidyl-tRNA drop-off, leaving the
mRNA-70S complex stalled in an inactive state while the mac-
rolide is free to bind to other ribosomes. Furthermore, elon-
gating ribosomes with filled exit tunnels and terminating
ribosomes stalled by the SecM arrest sequence are likely to
be immune to macrolide action (Mankin 2008), leaving the
remaining population susceptible to a comparably high con-
centration of free macrolide. Combined, these properties lend
credence to the ICs values measured using the SNAP assay.

Since the SNAP assay is insensitive to the mechanism of
inhibition, a wide variety of known and novel antibiotics,
regardless of class, can be evaluated in the future. The proce-
dure for measuring translation inhibition with the SNAP as-
say is simple and does not require the interruption of
translation for visualization, which is often the case for assays
that detect luminescence, enzyme redox activity, and radioac-
tivity. Thus, the SNAP assay is an uncomplicated, broad
method for evaluating translation inhibition due to small-
molecule inhibitors.

Quantification of mutant ribosome activities

Application of the first-order kinetics model to the mutant
ribosome fluorescence curves allowed quantification of the
impact of mutations and fluorescent labeling on in vitro
translation activity. The translation activities calculated
from these fits are 1400 = 10 RFU/min for Cy5-Z50S mu-
tants, 1090 £90 RFU/min for Cy3B-C30S mutants, and
1100 + 180 RFU/min for Cy3B-C30S/Cy5-Z50S double mu-
tants (Supplemental Table S1). Converting the fluorescence
curves to SNAP; concentrations yields activities of 30.3 £
1.5, 24.2 £ 0.9, and 24.7 £ 1.0 nM SNAPg¢/min, respectively,
and normalization to sample volume and ribosome concen-
tration results in specific activities of 0.061 + 0.003, 0.048 +
0.002, and 0.049 + 0.002 pmol SNAP¢/pmol ribosome/min,
respectively (Supplemental Table S2). These rates correspond
to 15.6 £0.8, 20.8 £ 0.8, and 20.4 + 0.8 min, respectively, re-
quired for one 70S ribosome to translate one molecule of
SNAPs protein. Using the simplified model of elongation-
limited translation, the mutant activities would correspond
to minimum elongation rates of ~0.25, 0.20, and 0.20 aa/
sec, respectively, which are also comparable with previously
reported in vitro elongation rates (Wagner et al. 1982).
Differential analyses of the mutant ribosome data resulted
in activities of 16.2+1.0, 10.3+ 1.2, and 11.9+0.9 nM
SNAP¢/min; specific activities of 0.032 +0.002, 0.021 +
0.002, and 0.024 + 0.002 pmol SNAP¢/pmol ribosome/min;
translation times of 31.3 +2.0, 47.6 £4.5, and 41.7+3.5
min; and elongation rates of 0.12, 0.08, and 0.09 aa/sec for
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Cy3B-C30S, Cy5-Z50S, and Cy3B-C30S/Cy5-Z50S, respec-
tively. As noted with the wild-type data, differential rate anal-
ysis yielded activities that are half of those calculated from the
first-order kinetics model. Despite this discrepancy, normal-
ization of mutant translation activities to wild-type activities
for each method reveals very similar relative values (Fig. 5C).
Thus, the kinetics model and differential analysis indepen-
dently support the quantification of ribosome activity.
These measurements mark the first evaluation of the im-
pact of rRNA mutations and fluorescent labeling on ribo-
some activity. Calculations of specific activities are only
possible with continuous, long-term detection using a nonin-
terfering reporter signal that is not rate-limiting. The SNAP
assay achieves this by using a fluorescent reporter with inter-
changeable fluorophore, rapid reaction kinetics, and SecM-
limited ribosome turnover. Unlike most nonfluorescent
translation assays, the reaction is not interrupted by measure-
ment, and the flexibility of SNAP; substrate selection enables
the user to avoid interference with fluorescently labeled trans-
lation components. However, the inability to deconvolute ini-
tiation and elongation dysfunction with mutant ribosomes
illustrates the main disadvantage of the SNAP assay, which
only detects active SNAP¢ product and is therefore agnostic
to the mechanism of translation inhibition or dysfunction.

Single-molecule observation of SNAP; translation

The current method for visualizing the completion of protein
synthesis in single-molecule fluorescence experiments uses
GFP, which is separately translated and oxygenated prior to
detection (Uemura et al. 2008). As a result, the progress of
translation and the completion of protein synthesis are not
simultaneously detected in real time. By pretranslating and
reacting SNAP; on ZMW chips, followed by subsequent ob-
servation of SNAP¢and ribosome fluorescence, we have dem-
onstrated that SNAP; meets this standard of protein synthesis
completion signals.

Furthermore, Uemura et al. (2008) have reported a time
course of colocalization between Cy3-C30S ribosomes and
SecM-anchored GFP,, fluorescent product wusing a
PURExpress translation system observed by total internal re-
flection fluorescence (TIRF) microscopy, which provides a
point of comparison between our bulk and their single-
molecule measurements of C30S translation activity. The re-
ported time constant for the single-exponential fit of the
translation of GFP by C30S and wild-type 50S ribosomes
was 19.2 min, or a rate of 5.21 x 10™°/min (Uemura et al.
2008). Our calculated rate of bulk SNAP¢ fluorescence from
a similar single-exponential fit for the translation of SNAP;
by C30S and wild-type 50S ribosomes is 3.33 +0.03 x 10~/
min (Supplemental Table S1). These values lie within an or-
der of magnitude and indicate that SNAP; translation occurs
at a time-scale relevant for single-molecule observation.

In contrast to GFP, which is limited by the requirement for
molecular oxygen to induce fluorescence, SNAP;reacts in an-
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oxia and is only limited by nonspecific substrate—surface in-
teractions that raise background fluorescence. Improved
additives that hinder these nonspecific adsorption events
(Luk et al. 2008) will allow the use of the SNAP; protein re-
activity in anoxia to perform long-term, real-time single-
molecule FRET experiments that couple dynamic FRET
detection during translation elongation with the SNAP; com-
pletion signal.

CONCLUSION

Here we have reported the use of SNAP; as a reporter for
quantitative measurements of translation activity in cell-
free protein synthesis. The SNAP assay has been applied to
benchmark the specific activity of wild-type E. coli MRE600
ribosomes and evaluate changes in translation rates due to
antibiotic macrolide treatment and ribosomal mutations.
Wild-type activity was comparable with other in vitro extract
translation rates, and antibiotic ICs, values followed the
trend of their dissociation constants. Unlike other common
translation assays, such as the luciferase, chloramphenicol
acetyltransferase, and '*C radioactivity assays, translation is
not interrupted by measurement, and fluorescent translation
components do not interfere with fluorescence detection.
Since the SNAP; reaction can occur with a variety of fluores-
cent substrates and in anoxia, the assay has also been demon-
strated to couple effectively to single-molecule FRET
experiments featuring in vitro translation of SNAP as a re-
porter for the completion of translation.

Applied to single-molecule fluorescence studies of transla-
tion dynamics (Chen et al. 2013b; Rosenblum et al. 2013), the
SNAP assay will be particularly effective for benchmarking the
effects of fluorescently labeled translation components on
cell-free protein synthesis. The flexible choice of fluorophores
for the SNAP assay confers an advantage in this respect in that
fluorescent translation machinery does not interfere with
the SNAP; signal. Furthermore, SNAP¢is superior to conven-
tional fluorescent proteins as a single-molecule reporter of
translation completion due to the preferable photophysical
properties of rhodamine and cyanine dye substrates and the
ability to generate fluorescence in anoxia. Overall, the
SNAP assay is a general, flexible, and sensitive technique
for measuring translation and translation inhibition.

MATERIALS AND METHODS

Construction and preparation of SNAP; mRNA
for in vitro translation

A pUC57 plasmid was custom designed with T7 promoter, SNAP¢
sequence, GlySer linker, SecM stall, and BlpI restriction site and syn-
thesized by GenScript (Supplemental Fig. S3). The flanking T7 pro-
moter and BlpI restriction site are required for run-off transcription
of the plasmid, and the SecM stall sequence was introduced to limit
ribosome turnover and for downstream single-molecule studies.
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The plasmid was transformed into DH5a E. coli cells and harvested
by Gigaprep (Qiagen). Harvested plasmid was transcribed in vitro
with His-tagged T7 RNA polymerase purified from recombinant ex-
pression in E. coli (Grodberg and Dunn 1998), and the mRNA was
extracted from the solution by phenol/chloroform partitioning and
purified by size-exclusion chromatography according to established
protocols (Lukavsky and Puglisi 2004).

The cell-free protein synthesis system

The PURExpress ARibosome kit (E3313S, New England Biolabs,
Inc.) provided the basic materials for cell-free protein synthesis. In
all translation experiments, the kit components (excluding ribo-
somes) were assembled according to the manufacturer’s recom-
mended concentrations. Purified SNAP; enzyme was purchased as
SNAP-tag purified protein (P9312S, New England Biolabs, Inc.),
and all fluorogenic SNAP substrates were provided by New
England Biolabs as lyophilized powders, which were reconstituted
to 1 mM in DMSO. The CBG-549-QSY7 substrate consists of gua-
nine conjugated to fluorophore DY549P1 at the C6 position and to
quencher QSY7 at C8, while CBG-488-TQ2 contains fluorophore
ATTOA488 and quencher TQ2.

Construction of ribosome mutants and preparation
of ribosomes for in vitro translation

C30S mutants with extended 16S rRNA Domain 3'm helix 44 and
Z50S mutants with extended 23S rRNA Domain VI helix 101
(Supplemental Fig. S4) were generated as reported previously
(Dorywalska et al. 2005; Marshall et al. 2008). 30S, 50S, and 70S ri-
bosome complexes of mutant and wild-type strains were isolated ac-
cording to standard procedures (Robertson and Wintermeyer 1981;
Powers and Noller 1991).

Parameters for fluorescent measurements and analysis

All measurements were performed on an Infinite M1000 or M1000
Pro (Tecan) microplate reader with Magellan control software.
Sample volumes of 10 uL were overlaid with 15 pL of mineral oil
and read in triplicate on Corning 384-well black flat clear bottom
or flat black low volume plates. Fluorescence was read in 1- or 2-
min intervals for up to 3 h with 400 Hz flash frequency and 20
usec integration time. The reading chamber temperature was main-
tained at 37°C. Experiments with CBG-549-QSY7 used excitation
and emission wavelengths/filters of 555/5 and 575/5 nm, respective-
ly, while experiments with CBG-488-TQ2 used 509/5 and 526/5 nm,
respectively.

Baseline assay response measurements

Translation reactions with 100 nM MRE600 70S ribosomes and
500 nM CBG-549-QSY7 in the PURExpress ARibosome reaction
mixture were incubated at 37°C for 2 h in the presence or absence
of 100 nM SNAP; mRNA to validate mRNA dependence for fluores-
cence. In addition, translation reactions with 100, 500, 750, or 1000
nM MRE600 70S ribosomes; 1 uM SNAP; mRNA; and 10 uM CBG-
549-QSY7 in the PURExpress ARibosome reaction mixture were
incubated at 37°C for 2 h to verify the assay’s sensitivity to ribosome

concentration. Derivatives of fluorescence curves were numeri-
cally calculated as the quotients of the difference in y-values (fluores-
cence) and the difference in x-values (time) of consecutive datapoints.

Measurements of translation activity

Translation reactions with 500 nM MRE600 30S/MRE600 508,
C30S/MRE600 50S, MRE600 30S/Z50S, or C30S/Z50S ribosomes;
2 uM SNAP; mRNA; and 10 uM CBG-488-TQ2 in the
PURExpress ARibosome reaction mixture were incubated at 37°C
for ~3 h. Spec68-Cy3B and Spec22-Cy5 fluorescently labeled
DNA oligomers, which are complementary to the extended helices
44 and 101, were also added to samples containing the mutant
C30S and Z50S subunits, respectively (Marshall et al. 2008).
Control experiments with CBG-488-TQ2 and Cy3B did not indicate
any change in ATTO488 fluorescence due to the presence of Cy3B,
as would be expected from the limited spectral overlap between
ATTO488 and Cy3B (Supplemental Fig. S5). Fluorescence data as
a function of time were fitted to the first-order kinetics model start-
ing immediately after the lag period. Activities (in RFU/min) were
calculated from the product of normalization factor a and first-or-
der rate b terms and compared with the wild-type MRE600 30S/
MRE600 50S control.

Linear fits from a standard curve of 0, 100, 250, 500, and 750 nM
of SNAP purified protein prereacted for 2 h with 10 uM of CBG-
488-TQ2 at 37°C in the PURExpress ARibosome reaction mixture
(Supplemental Fig. S6) were used to quantify product formation
as a function of time. The curve of product as a function of time
was fitted to the first-order kinetics model starting immediately after
the lag period. The activity (in pmol SNAP¢/pmol ribosome/min)
was calculated from the product of normalization a and first-order
rate b terms.

Derivatives of fluorescence and SNAP; concentration curves were
numerically calculated as the quotients of the difference in y-values
(fluorescence or concentration) and the difference in x-values
(time) of consecutive data points. Owing to noise within the data,
these quotients can be locally erratic, so the data were smoothed
by calculating the derivatives of data points separated by three points
(steps); i.e., the differential across the ith and i+ 4th data points.
Tests with a range of step values indicated that the calculated trans-
lation rates were not affected by the step size.

Quantification of macrolide activity

Erythromycin A was purchased from Fisher Scientific (BP920-25),
and roxithromycin (30425) and clarithromycin (10404) were pur-
chased from Crescent Chemical Co. Translation reactions with
100 nM MRE600 70S ribosomes, 100 nM SNAP; mRNA, and 500
nM CBG-549-QSY7 in the PURExpress ARibosome reaction mix-
ture were incubated at 37°C for ~2 h in the presence of a defined
concentration of erythromycin A, clarithromycin, or roxithromy-
cin. Fluorescence data were normalized to untreated and nontrans-
lating samples. Error bars were calculated using standard
methodologies in error propagation. Error propagation due to nor-
malization to the negative control was calculated as

Aa = /(09)* + (on)?,

where Aa is the propagated error due to subtraction, os is the stan-
dard deviation of the sample, and o7 is the standard deviation of the
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negative control. Error propagation due to normalization to the pos-
itive control was calculated as

Ab = (;_ ”) <ﬂ)2 n (v (op)’ + (on)2>2

—n s—n p—n

where Abis the propagated error due to division, sis the average of the
sample, # is the average of the negative control, p is the average of the
positive control, and op is the standard deviation of the positive con-
trol. The normalized average values ((s — n)/( p — n)), their positive-
error values ((s — n)/(p — n) + Ab), and their negative-error values
((s = n)/(p — n) — Ab) were each linearly fitted to determine the av-
erage 1Cs, positive-error ICs, and negative-error ICs, in Figure 6.

Observing translation of SNAP by single molecule

Ribosomes were immobilized via a 3’-biotinylated DNA oligonucle-
otide complementary to helix 44 of the C30S 16S rRNA that bound
neutravidin on the chip surface, as described previously (Uemura
et al. 2008). After immobilization of the C30S subunit, a translation
mixture containing the PURExpress components, as well as
508 subunits and a plasmid coding for SNAPg, was added to the sur-
face and incubated for 45 min, to allow both transcription and trans-
lation. Then the reaction mixture was removed, and a buffered
solution containing SNAP Surface 549 or 647 (New England
Biolabs, Inc.) substrate was added. After incubation for 30 min,
the labeling solution was removed and the chip washed to prevent
background fluorescence due to noncovalently bound SNAP fluoro-
phore. For full-chip fluorescence intensity measurements, the
SNAP; plasmid was replaced with a pUC57 vector encoding T7 pro-
moter, GFP,, protein, SecM minimal arrest sequence, and T7 termi-
nator. Chloramphenicol was purchased with Fisher Scientific
(BP904-100).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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