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Abstract

The emerging importance of Peptidyl-tRNA hydrolase (Pth) enzymes necessitates the need for a widely applicable
functional assay to further studies of this important enzyme family. Previously reported methods for monitoring Pth
function suffer from limitations of cost, time, substrate availability, and application compatibility. Herein we present a
new method for the rapid and precise characterization of Pth activity. The method is applicable for use with specific or
bulk peptidyl-tRNA, any Pth enzyme, and a range of reaction conditions including solvent additives. The method also
allows for semi-automated quantitative assessment of peptidyl-tRNA cleavage. No specialized equipment, harmful
reagents, or time-consuming techniques are required. We use the new method to characterize Pth activity, determine
enzyme kinetic parameters, screen for inhibitors, and determine inhibitory parameters.
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Introduction

Peptidyl-tRNA hydrolase (Pth) enzymes are ubiquitous throughout
all living organisms. Their essential biological function is to recover
tRNA by cleaving the ester bond between peptide and nucleotide
of peptidyl-tRNA [1]. Peptidyl-tRNA is generated from premature
termination of protein synthesis and the expression of minigenes or
short ORFs [2-4]. The critical role of Pth enzymes in peptidyl-tRNA
recycling is still emerging. In most bacteria, for example, there is a
single highly conserved Pthl enzyme that is solely responsible for
recycling peptidyl-tRNA released from the ribosome. Loss of Pthl
function is lethal for these bacteria due to tRNA starvation [5,6]. Select
bacterial species have an additional pth2 gene [7]; however functional
redundancy has not been experimentally confirmed. For organisms
with more complex Pth systems, the interplay of multiple Pth enzymes
is still not understood. In S. cerevisiae, knockout of Pth1, Pth2, or both
does not affect viability [8]. With the discovery of Pth3, Pth4, and
postulated Pth domain containing proteins in eukaryotes, it is clear
that greater understanding of Pth systems and their function is needed

[9].

Although methods of studying Pthl function have been around
for decades and have been recently reviewed [10], all have intrinsic
limitations that diminish utility. The first characterization of Pth
function was reported using autoradiography and paper electrophoresis
[11]. The radiolabeled substrate used for these studies is difficult and
time consuming to prepare and introduces the complication of working
with radioactivity. More recent methods were developed utilizing
fluorescently labeled peptidyl- or aminoacyl-tRNAs [12,13]. Though
scalable and adaptable to rapid high throughput screening, these
methods perturb the substrate by addition of a costly fluorophore in
the proximity of the hydrolyzed peptide:nucleotide ester bond, require
specialized equipment to detect fluorescence, and suffer from batch to
batch labeling variability. Pth activity can also be monitored using a
Northern blot [14]. The high specificity of a Northern blot comes at the
cost of using a radioactive probe and multiple handling steps including
overnight electrophoresis and lengthy blotting and hybridization to
visualize the signal of interest. Slow data acquisition and potential

for spontaneous peptidyl-tRNA degradation during the procedure
are two major drawbacks of the method. In addition, the readout
from all of these techniques is limited to monitoring a single species
of peptidyl-tRNA: radiolabeled peptidyl-tRNA (autoradiography),
fluorescently labeled aminoacyl- or peptidyl-tRNA (fluorescence),
and complementary oligonucleotide probe (Northern blot). Unless
information for a specific peptidyl-tRNA is desired, such readouts
are not fully representative of the naturally occurring heterogeneous
peptidyl-tRNA population found in vivo and do not take into account
that hydrolysis rates (at least for Pth1) are known to depend on both
the particular tRNA and peptide components of the substrate [3,15].

To overcome the limitations of current Pth assays and facilitate
the study of new Pth enzymes, we herein introduce a rapid, precise,
inexpensive, highly adaptable, and broadly applicable method for
monitoring Pth hydrolysis of peptidyl-tRNA. The method is compatible
with homogeneous as well as heterogeneous substrates, native as well
as modified substrates, any Pth enzyme, and a wide range of buffers
and solvent additives (limited by enzyme tolerance). Furthermore, the
method requires no specialized equipment or hazardous reagents. Of
particular benefit, the method can employ heterogeneous peptidyl-
tRNAs isolated from bacteria in high quantities with minimal resources
[6,16]. We show the applicability of the method using two types of Pth
enzymes, bacterial Pthls and human Pth2. We also show that a variety
of parameters, ranging from enzyme kinetic constants to inhibitor
characterization, can be readily determined using the new method.
Though modest in throughput, tolerance to multiple common solvents
is particularly enabling for inhibitor screening of natural products, in
particular those with intrinsic fluorescence.
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Materials and Methods
Pth expression and purification

Bacterial Pthl enzymes were expressed and purified as previously
reported [17-19]. Human pth2 was commercially synthesized
(GenScript, Piscataway, NJ) and cloned into the pET28b vector
(Novagen/EMD Millipore, Billerica, MA) using Ncol and BamHI
restriction sites. Human Pth2 was expressed and purified as previously
described [20]. All purified enzymes were stored at -80°C in 10 mM
Tris-acetate, pH 8.0 with 30% glycerol prior to their use in the activity
assay.

Preparation of peptidyl-tRNA

Bulk bacterial peptidyl-tRNAs were produced in C600 pth(Ts)
cells [6]. A 3 mL LB starter was inoculated with C600 pth(T's) cells and
grown at 30°C. After overnight growth, 2 mL of the starter were used
to inoculate a 100 mL LB culture which was grown at 30°C to an OD_,
of 0.4. The temperature was then shifted to 42°C, a non-permissive
temperature where Pthl™ is not functional, and peptidyl-tRNA
accumulated for one hour. Cells were harvested by centrifugation at
4,000 g and the pellet stored at -80°C. For purification of peptidyl-
tRNA, the frozen cell pellet was resuspended in ice cold 0.3 M sodium
acetate, 10 mM EDTA, pH 4.5, followed by two rounds of phenol/
chloroform extraction. The aqueous fraction was isolated and peptidyl-
tRNA was precipitated by adding 2.5 volumes of ice cold 100% ethanol.
After centrifugation at 16,000 g at 4°C, the pellet containing peptidyl-
tRNA was washed twice with 0.3 M sodium acetate, 10 mM EDTA, pH
4.5. Peptidyl-tRNA was re-precipitated, ethanol was removed, and the
pellet was stored at -80°C for further use. Prior to use in the cleavage
assay, the pellet was resuspended in diethylpyrocarbonate (DEPC)
treated ddH,O. The concentration of the extracted RNA was adjusted
to 30 ug/pL as determined by UV absorbance.

In vitro Pth cleavage reaction

All Pth cleavage reactions were 20 pL, set up as follows: 1 pL of
Pth (typically 30 uM) was mixed with 10 pL of reaction buffer (20 mM
Tris-acetate pH 8.0, 20 mM magnesium acetate, 40 mM ammonium
acetate) and 7.5 uL DEPC ddH,O. Pth hydrolysis was initiated by
adding 1.5 pL of peptidyl-tRNA stock. After timed incubation at
room temperature, generally 30 minutes unless otherwise noted, the
reaction was quenched by the addition of 20 uL gel loading dye (0.1 M
sodium acetate, 7 M urea, 0.5 mg/mL bromophenol blue). For inhibitor
screening reactions, 4 pL of water were replaced by a natural product
extract or solvent only control. For IC_ determination, concentrations
of inhibitor were varied in the constant 4 pL of solvent that substituted
for water. An equal volume of solvent was added for all positive (no
Pth) and negative (no inhibitor) controls.

Acid urea gel electrophoresis

Single layer acid-urea gels were utilized for tRNA separation. The
continuous acid-urea polyacrylamide minigel (1.0 mm thick, 7 cm
long) consisted of 8 M urea and 6.5% (19:1 acryl:bis-acrylamide) in
100 mM sodium acetate, pH 5.2. Polymerization was initiated using 3.5
mM ammonijum persulfate and 7 mM N, N, N’, N'-tetramethyl-ethane-
1,2-diamine (TEMED). After solidifying, the gel was prerun at 100 V
for 15 minutes in a running buffer of 100 mM sodium acetate, pH 5.2 in

the presence of an ice pack. The apparatus used was the Mini-Protean
Tetra system (Bio-Rad, Hercules, CA), which has a buffer reservoir
capacity of up to 1 L. Generally, 20 uL of the quenched reaction
mixture were loaded into gel wells that had been cleared of excess urea
by flushing with running buffer. The minigel was run cold at constant
voltage until the bromophenol blue dye reached the bottom of the gel.
RNA was stained by 2 mM methylene blue solution in 80 mM sodium
acetate, pH 5.2. Destaining was conducted by successive water changes
after removal of stain.

Quantification of Pthl activity

Destained gels were scanned and all sample lanes converted to two
dimensional plots of migration distance versus intensity using Image J
[21] (Figure 1). Percent cleavage was calculated from Equation la

%Cleavage= ((S-R)-(NC-R))/((PC-R)-(NC-R)) x 100% Equation la
=(§-NC)/(PC-NC) x 100% Equation 1b

where the migration distance of the highest intensity sample was S, the
reference peak was R, the uncleaved substrate or negative control was
NC, and the completely cleaved product or positive control was PC.
Migration distances were analyzed using a custom script developed
in Mathematica 10.0 [22] with intensity maxima determined using a
second order polynomial fit. For samples with an internal reference (i.e.
the 55 RNA band conveniently retained from purification of bacterial
bulk peptidyl-tRNA, or introduced by addition of an appropriately
sized oligonucleotide), migration distances could be calibrated for each
lane independently.

A Positive  Negative
(cleaved) (uncleaved)
Sample Control Control

T S B «—5SRNA

- . }Peptidyl-tRNA
<4— RNA
B
R (5S RNA)
NC
S
PC

Figure 1: Analysis of migration distance versus intensity. A) A typical
methylene blue stained acid urea gel showing peptidyl-tRNA cleavage by
a Pth. B) Lane traces generated by ImageJ and aligned using the 5S RNA
internal reference band (R). Peak maxima are designated by the following
parameters: uncleaved negative control (NC); unknown sample (S); and
cleaved positive control (PC).
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Results and Discussion

Electrophoresis optimization

To maximize resolution of non-hydrolyzed substrate peptidyl-
tRNA from the free tRNA product of the Pth enzymatic reaction,
optimal gel running parameters were determined. Parameters
optimized included gel acrylamide percentage, running voltage, and
temperature of the running buffer. Based on the typical size of tRNA,
acrylamide percentages from 4 to 15% were tested. An acrylamide
percentage of 6.5% yielded the largest separation of substrate peptidyl-
tRNA from product tRNA, in agreement with the optimum acrylamide
percentages determined for previous tRNA separations for Northern
blotting [23,24]. Minigels with higher percentages of acrylamide
exhibited slower sample migration and decreased separation. Lower
acrylamide percentages allowed faster migration, but resulted in
decreased band resolution and fragile, difficult to handle gels. Altering
the degree of crosslinking had minimal effect and 5% crosslinking (i.e.
19:1 acrylamide to bisacrylamide ratio) was used. Three-layer gels [13]
in combination with visualization of tRNA by methylene blue did not
improve separation.

Temperature of the running buffer, which was directly correlated to
the applied voltage, was a key consideration for separation. An optimal
balance of voltage versus temperature had to be determined for effective
and efficient separation. Maintaining running buffer temperatures
between 8 and 12°C was found to be essential for resolving tRNA from
peptidyl-tRNA. Cooling below 5°C, which caused urea crystallization
and led to no migration, should be avoided. In the absence of cooling,
the temperature of running buffer and gel increased at all voltages,
resulting in decreased separation and resolution. In the presence of
an ice pack, or running buffer temperature of 11°C, maximal peak
separation was achieved at a constant 100 V applied for 150 minutes
(time needed for the dye front to reach the end of the gel). Separation
at lower voltages took considerably longer time and did not yield
improvements. To reduce gel running time, more effective cooling
was implemented, allowing for higher running voltages. By keeping
the gel box in an insulated container filled with ice as well as utilizing
the maximum volume (1 L) of pre-chilled running buffer, optimal
separation could be achieved at 130 V without the temperature of the
running buffer rising above 11°C. Gel running times were shortened
to 100 minutes. Both 100 and 130 V lead to excellent separation of
uncleaved tRNA and peptidyl-tRNA (Figure 2) and allowed highly
precise determination of Pth activity (see below). From the relationship

Cleaved
Control

Figure 2: Effect of voltage. Equivalent samples of cleaved and uncleaved
controls run at A) 100V and B) 130V.

Cleaved
Control

Uncleaved
Control

Uncleaved
Control

between voltage and temperature for the system reported herein (a ~2°C
increase per 10 V over 100 V), 130 V was found to be the maximal limit
to maintain the running buffer temperature below 12°C by cooling in
an insulated ice bath.

Sensitivity

The minimum amount of peptidyl-tRNA necessary for obtaining an
interpretable lane trace with methylene blue staining was determined by
successive dilution of cleaved bulk peptidyl-tRNA. Below 700 ng/lane,
precision was rapidly lost. Note that qualitative, visual determination
of complete Pth cleavage of peptidyl-tRNA could be determined
from approximately half the amount needed for quantification. The
detection limit for quantification could be decreased to below 200 ng/
lane of peptidyl-tRNA (with no appreciable loss in precision) when
silver staining was used.

Quantification

Quantification of peptidyl-tRNA cleavage was readily determined
from migration distance versus band intensity generated for each
lane. The migration distance was determined as the difference in peak
maxima that were obtained from second order polynomial fitting
(Figure 3). Using Equation 1la, the percent of peptidyl-tRNA cleaved
could be determined since migration distances were directly related
to substrate cleavage, see Table 1. This relationship stemmed from
empirical observation of a relationship between the amount of cleavage
and band position on the gel. The exact nature of this phenomenon
has yet to be defined. However, due to not relying on relative intensity
changes of uncleaved substrate and cleaved product bands (like for a
homogeneous substrate), this procedure is highly precise and accurate.
It should be noted that peak maxima could be visually determined with
marginal impact on determined percent cleavage and modest decrease
in precision. Again, because the Pth activity was determined based on
peak position, independent of peak intensity or volume, the method
remains effective atlow, high and even varying substrate concentrations.
Errors due to pipetting and uneven staining are eliminated. Though
robust, quantification is highly dependent on the quality of the gel.
Smiling or other inconsistencies affect results. An internal reference,
which could be added to the sample just prior to electrophoresis,
overcomes this limitation. Conveniently, for use of bulk peptidyl-
tRNA, the 5S RNA band serves this purpose. The use of an internal
standard greatly improved the precision of the measurement roughly
4-fold. An internal reference has the additional advantages of saving
considerable time during non-automated analysis and correction for
potential lane to lane differences like smiling or other anomalies.

Accuracy and precision

The accuracy and precision of peptidyl-tRNA cleavage were
evaluated by creating a set of test samples with known amounts of
cleaved heterogeneous peptidyl-tRNA isolated from E. coli (Table 1).
These samples were made by mixing known volumes of uncleaved
peptidyl- tRNA and peptidyl-tRNA that had been fully hydrolyzed.
Fully hydrolyzed samples were prepared by incubating peptidyl-tRNA
with E. coli Pthl for 2 hours at room temperature, four times longer
than needed for band migration to stop (i.e. complete cleavage). Each
experiment was run in at least triplicate with differences no greater than
4.6% observed between the actual and average measured cleavage for
all samples tested when utilizing the 5S RNA as an internal reference.
A similar analysis was performed without utilizing the 55 RNA as a
reference. In this application, the absolute position of the negative and
positive controls are set to 0 and 100 percent, respectively, with the
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percent cleavage of a sample being determined based on the distance
between the negative and positive controls. Without an internal
reference point in each sample, the ability to determine activity was
directly related to the quality of the gel. In the best case (i.e. no gel
smiling or other irregularities), analysis can be performed with modest
decrease in quantitative quality. However, if the gel does not run
uniformly, meaningful data quantification may be lost.

Applications

The presented method is rapid, simple, inexpensive, and can be
easily used for a number of applications. Minor modifications such as
varying the amount of enzyme, substrate, reaction time, temperature,
or adding potential inhibitors can be readily integrated. The following
applications present examples of the utility of this highly adaptable
method.

Pth enzyme activity

As a functional assay for Pth activity, the presented method
can be used to gauge the ability of an enzyme (e.g. a putative Pth)
to cleave peptidyl-tRNA. Activity in samples with varying enzyme
concentrations can be analyzed to yield a measure of enzyme activity
versus enzyme concentration (Figure 4A). Alternatively, by quenching
the sample reaction mixtures at regular intervals while keeping the

Band
Intensity

Migration Distance

Figure 3: Determination of peak maxima. Peak maxima are determined from
polynomial fits to the intensity profile. Experimental data are shown as gray
circles and the fitted curve is a black line. Locations of maxima are indicated
by vertical lines. Units are arbitrary.

100 V
No Internal Reference

Measured (%) Actual (%)

100V

Measured (%) Actual (%)

80.6+0.2 80.0 79+8.0 80.0
62.9+0.1 60.0 63.3+5.7 60.0
40.1£0.1 40.0 44.4 7.7 40.0
31.9+13 30.0 38.7+12.7 30.0
19.3+0.1 20.0 34.8+11.3 20.0
10.3+0.1 10.0 13.7+5.8 10.0

enzyme concentration constant, reaction progress can be also be
determined as a function of time (Figure 4B). Beyond determining Pth
activity, these experiments can be utilized to optimize more advanced
Pth studies. For example, knowledge of the degree of Pth cleavage for
a given set of conditions allows for designing experiments to more
efficiently determine enzyme kinetic parameters or tune sensitivity for
inhibitor screening.

Pth enzyme kinetic parameters

Evaluation of the degree of peptidyl-tRNA cleavage can readily
be adapted to determine Pth kinetic parameters. Percent cleaved
can be converted to product concentrations and kinetic parameters
determined using the integrated rate equation. Alternatively, time

A 100 *
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Cleaved (%)
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>
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Figure 4: Enzyme hydrolysis of peptidyl-tRNA. A) Human Pth2 cleavage
of peptidyl-tRNA as a function of enzyme concentration B) B. cereus Pth1
cleavage of peptidyl-tRNA (45 pg) as a function of reaction time.

130V
No Internal Reference

Measured (%) Actual (%)

130V

Measured (%) Actual (%)

81.0+£3.0 80.0 79.3+71 80.0
723+24 70.0 73.7+12.6 70.0
61.0+x14 60.0 54.6£4.6 60.0
51.9+4.6 50.0 55.1+£0.5 50.0
44609 40.0 54.0+£9.6 40.0
29.8+1.8 30.0 376+13 30.0

Table 1: The effect of running voltage on measurement precision. Percent cleavage was determined and compared to the actual values from known mixtures of uncleaved
peptidyl-tRNA substrate and cleaved tRNA product. Values were determined for constant 100 V and 130 V with and without use of an internal 5S RNA reference from
averages of three independent data sets with error determined as the standard deviation.

“For 130 V with no internal reference, one gel of the three could not be meaningfully interpreted so was left out of the analysis. Inclusion of all data resulted in over an order

of magnitude increase in the standard deviation reported.
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Figure 5: Natural production inhibition of Pth1. Inhibition of P. aeruginosa Pth1
by a selection of natural product extracts previously determined to inhibit E.
coli Pth1. Error is less than 5%.
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Figure 6: IC,  Determination. Plot of percent inhibition of E. coli Pth1 versus
pg/mL of A. arborescens bark extract added to the reaction mixture. The IC,,
value was determined from sigmoidal fitting.

courses of Pth cleavage can be run at different peptidyl-tRNA
(substrate) concentrations. The resulting data can be analyzed to
determine the initial velocities of the reaction at a particular peptidyl-
tRNA concentration. Initial velocity data as a function of known
substrate concentrations can then be used to determine the kinetic
parameters V_and K (supplementary figure). Following this initial
velocity procedure, Vm was determined to be 4.7 + 0.2 umoles/min
and K 38 + 2 uM for E. coli Pthl. The measured values are in line
with the previously reported K value of 5.5 uM determined for a
fluorescently modified aminoacyl-tRNAM* [25].

Pth inhibitor screening

Another application of this method is in vitro screening for
inhibitory activity against Pth enzymes. We have used this assay
to identify crude plant extracts with inhibitory activity against P.
aeruginosa Pthl (Figure 5). The method is well suited to screening
crude extracts since it is insensitive to fluorescent background (a
potential complication for fluorescent based assays of Pth activity),
and substrate/product separation is not affected by common solvents
(including 20% DMSO, ethanol, isopropanol, chloroform, methyl
chloroform, or ethyl acetate). Thus, reaction mixtures can contain

natural product extracts in DMSO, greatly increasing the array of
compounds amenable to screening and increasing sensitivity towards
less soluble compounds (by tolerating more solvent to solubilize them
at higher levels).

MIC and IC, values can be determined by varying the amounts of
plant extract (Figure 6). Plotting percent inhibition of peptidyl-tRNA
cleavage for each concentration of inhibitor tested allows for evaluation
of appropriate parameters. Combining the ability to measure inhibitor
effects with the previous analysis of kinetic parameters (percent
cleaved versus time in the presence of an inhibitor) allows a means to
distinguish competitive, uncompetitive, or mixed inhibition.

Conclusion

A robust and expeditious method for analysis of peptidyl-tRNA
cleavage by Pth enzymes is presented. The method can be readily
performed in any typical biochemistry laboratory, does not require
specialized equipment or harmful reagents, is inexpensive, is reliably
quantifiable, and data analysis is straightforward. Key parameters are
presented that allow adaptation of the method to other gel running
systems with a rapid means of optimizing performance. The method is
suitable both for qualitative and quantitative analysis of peptidyl-tRNA
cleavage with an error of less than 5% readily achievable in the presence
of an internal standard. Though the method is presented without use
of specialized gel imaging system, trivial modifications to data from
dedicated gel imaging systems allows for semi-automated analysis.

The method presented allows for multiple applications, including
rapid qualitative assessment of Pth activity, quantitative analysis of Pth
cleavage, determination of enzyme kinetic parameters, quantitative
screening of extracts or multiple compound mixtures for Pth
inhibition, and characterization of inhibitory parameters. Having this
methodology in place enables continued, higher throughput screening
for antimicrobials [14,26,27]. It also provides a means for establishing
Pth activity, accelerating understanding of the many emerging bacterial
Pthls [17,19,28-31] and Pth enzymes in multi-component eukaryotic
Pth systems [7,9].
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