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ABSTRACT. The peptidyl-tRNA hydrolase (Pth) enzyme plays an essential role in recycling tRNA from
peptidyl-tRNA that has prematurely dissociated from the ribosome. In this stuilgabferichia coliPth,

the critical role of histidine 20 was investigated by site-directed mutagenesis, stopped-flow kinetic
measurements, and chemical modification. The histidine residue at position 20 is known to play an important
role in the hydrolysis reaction, but stopped-flow fluorescence measurements showed that, although the
His20Asn Pth mutant enzyme was unable to hydrolyze the substrate, the enzyme retained the ability to
bind peptidyl-tRNA. Chemical modification of Pth with diethyl pyrocarbonate (DEPC) showed that a
residue, with a l, value of 6.3, was essential for substrate hydrolysis and that the stoichiometry of
inhibition was 0.70+ 0.06 mol of DEPC/mol of enzyme, indicating that maodification of only a single
residue by DEPC was responsible for the loss of activity. Parallel chemical modification studies with the
His20Asn and Asp93Asn mutant enzymes showed that this essential residue was His20. These studies
indicate that histidine 20 acts as the catalytic base in the hydrolysis of peptidyl-tRNA by Pth.

The peptidyl-tRNA hydrolase (Pth)lenzyme has been and have been found in bacteria, eukaryotes, and most
demonstrated to serve an essential function in bacteria, cruciarecently in the archae8(9). The sequence conservation of
for cell viability (1—3). Its biological role is to recycle tRNA,  the Pth enzymes is particularly high between the known
by cleaving the ester bond between tRNA and the peptide eubacterial genes. In addition, the mechanism of action of
of peptidyl-tRNA @), for reuse by the cell after premature these bacterial enzymes has been demonstrated to be
dissociation of peptidyl-tRNA from the ribosomé, (6). completely different to that of the rabbit reticulocyte Pth,
Premature dissociation of peptidyl-tRNA occurs naturally which is the only mammalian enzyme characterized so far
during protein expression but can be induced to occur at a(12). Hence, Pth is of great interest as a target for
very high level by several classes of antibiotics, e.g., antimicrobial agents, because a specific inhibitor of this
lincosamides and macrolides, which is suspected to be aenzyme would have a specific antibacterial activity. Despite
part of the mechanism by which they exert their antibacterial this, very little biochemical information has been revealed
properties 7). Mutations that produce defective Pth in about this enzyme. The structure of tBecoli enzyme has
eubacteria are lethal to the bacterial cell but not the been solved to the 1.2-A resolutiod3), but so far, no
eukaryotic cell {, 8). For example, a mutation in a structures showing enzymsubstrate interactions have been
temperature-sensitivEBscherichia colihas been mapped to  elucidated. However, the position of the active site has been
a single point mutation, Gly101Asp, in the gene encoding proposed, based on the fortuitous binding of the C terminus
for Pth @). E. coli expressing this Pth mutant will grow of an adjacent Pth enzym#&3). Perhaps the major contribut-
normally in comparison to the wild-type enzyme at a ing factors to the lack of progress in the characterization of
permissive temperature of 3€ but will stop growing when  this enzyme have been the complete lack of any inhibitors
raised to the nonpermissive temperature o’@2(9). This of this enzyme and the reliance on radiolabeled substrates
lethal phenotype is due to either the buildup of peptidyl- for assaying the activity. Recent advances in fluorescent
tRNA, which is toxic to the cell§), or to starvation of the  subtrates have improved the ease with which this enzyme
cell for tRNA molecules vital for the translation of proteins can be studied and will hopefully lead to the discovery of
(10). Whatever the mechanism, inhibition of Pth renders the inhibitors of this enzyme, which can be used as the basis
cell nonviable and also leads to hypersensitivity to those for antibiotics (4, 15).
antibiotics listed above that promote premature dissociation v report the inactivation of Pth by diethyl pyrocarbonate
of peptidyl-tRNA (L1). Pth enzymes are ubiquitous in nature (DEPC), which supports the hypothesis that the catalytic

- mechanism of Pth involves a histidine residue in the cleavage
oo Sorespendence Should e addressed. Te1I o of the ester bond of peptidyHRN/L). This inactivation
basileapharma.com. is stoichiometric and both time- and pH-dependent. TKe p
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! Abbreviations: Pth, peptidyl-tRNA hydrolase; tRM# methio- determined to be 6.3. The proposed active site of Pth has

nine-specific transfer RNA; DEPC, diethyl pyrocarbonate; GST, been defined around His20, from crystallographic dag), (
glutathione S transferase. and these data showed that this residue is ideally placed for
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an important role in catalysis by this enzyme. Chemical filter tubes with a molecular weight cutoff of 10 000 Da.
modification and mutagenesis experiments have demon-The GST-Pth-fusion protein was the only band to be seen
strated that this residue is essential for the catalytic activity by Coomassie Blue staining of 15% polyacrylamide gels after
of the enzyme, but transient-state kinetic experiments haveelectrophoresis. The purified GST-fusion proteins were stored
also clearly shown that the mutant His20Asn retains the in 50 mM Tris-HCI, 1 mM EDTA, and 10 mM3-mercapto-
ability to bind the substratel§). Thus, it appears that residue ethanol, and the protein concentrations were determined using
histidine 20 acts as the catalytic base in the mechanism ofthe Micro BCA (Pierce) protein determination kit. These
the enzyme, to activate a hydrolytic water molecule orien- mutant Pth enzymes were used as the GST-fusion proteins
tated to attack the ester carbonyl bond between tRNA andin both the steady-state and stopped-flow kinetic measure-

the peptidyl portions of peptidyl-tRNA. ments.
Purification of Wild-Type E. coli Pth and the His20Asn
EXPERIMENTAL PROCEDURES and Asp93Asn Mutant$Vild-type E. coli Pth enzyme and

the Pth mutant enzymes, free from GST fusion, were purified

Materials. DEPC and picrylsulfonic acid were bought from  from a culture of IPTG-induceH. coli Sure 2 cells harboring
Sigma. Oregon Green 488-X succinimidyl ester and Sytox the appropriate Pth overexpression plasni6),(with only
Blue nucleic acid stain were purchased from Molecular a slight modification from the method of Ksel ¢). The
Probes. bacteria were grown, and the Pth expression was induced as

Cloning, Expression, and Purification of the Glutathione described above for the GST-fusion proteins. About 35 g of
S Transferase Fused Pth Mutarit4utant Pth enzymes were  the wet-cell paste was suspended in 35 mL of ice-cold 100
produced by introducing point mutations into the Pth mM Tris, adjusted to pH 7.5, containing 1 mM Na EDTA
sequence using Quick Change (Stratagene) site-directecand 10 mMg-mercaptoethanol, and the cells were disrupted
mutagenesisl, 16). The same procedure, using appropriate by passage twice through a French press at 10 000 psi. The
oligonucleotides, was used to make point mutations at Asn10cell debris was removed by centrifugation at 30 @ 30
(replaced by Asp), His20 (replaced by Asn, Gln), Met67 min at 4°C, and the supernatant was partially purified by
(replaced by Glu), Asp93 (replaced by Asn), Lys103 ammonium sulfate fractionation. The 385% fraction
(replaced by Arg, Glu, Ser), Lys105 (replaced by Arg, Glu, precipitate was collected by centrifugation at 30 §@0r
Ser), and His113 (replaced by GIn). The coding region of 30 min at 4°C, dissolved in the minimum volume of 50
Pth was inserted into the pGEX-4T-3 plasmid (Amersham mM N-2-hydroxyethylpiperazin&¥-2-ethanesulfonic acid
Biosciences) between the restriction sigmnH| and Sal (HEPES) at pH 8.0, containing 0.1 mM Na EDTA and 10
to produce a glutathione S transferase (GST) fused PthmM S-mercaptoethanol, and then dialyzed agaihd. of
enzyme, expressed under the control of the lac promoter andhe same buffer for 17 h with one buffer change. About 50
inducible with isopropy|-p-thiogalactopyranoside (IPTG) mL of dialysate was passed through a Q.22 low-protein-
(16). The GST-Pth fusion enzymes were then expressed inbinding filter and applied to an 80 mL BioRad MicroPrep
E. coli Sure 2 cells and purified using glutathione-sepharose High Q column (26x 150 mm) that was equilibrated in the
4B (Pharmacia). For purification, bacteria harboring the same buffer. At this pH, Pth appeared in the flow through
appropriate plasmid were grown at 3C in Luria Broth, fraction, while most other proteins were absorbed onto the
containing 100 mg L' ampicillin, to an optical density at  resin. The flow through fraction was loaded directly onto a
600 nm of 0.5-0.8. IPTG was added to a final concentration 20 mL BioRad MicroPrep High S column (16 100 mm)
of 0.5 mM, and the incubation continued for anothei3h equilibrated in the same buffer. The column was washed with
with shaking. The cells were collected by centrifugation at the same buffer until the Ofgy returned to the baseline. Pth
500Qy for 15 min. Typically 5 L of the culture produced  was then eluted with a linear gradient, over 10 column
3—6 g of wet weight of the cell pellet. The cell pellet from volumes, of 6300 mM NaCl in the same buffer. The
the 1 L culture was suspended in 5 mL of ice cold 50 mM enzyme eluted in the fractions between 130 and 160 mM
Tris adjusted to pH 7.5 wit4 M HCI, containing 150 mM NaCl. The protein gave a single band, estimated to be at
NaCl, 1 mM Na EDTA, and 10 mNB-mercaptoethanol.  least 98% pure. The purified GST-fusion proteins were stored
Cells were disrupted on ice using a Heat Systems-Ultasonicsin 50 mM Tris-HCI, 10 mM MgC}, 0.5 mM EDTA, and 10
Inc. W-375 sonicator equipped with a microtip and set for mM -mercaptoethanol, and the protein concentrations were
50% output for 120 pulses. The cell debris was removed by determined using the Micro BCA (Pierce) protein determi-
centrifugation at 20 0@Pfor 45 min. The supernatant was nation Kit.
then mixed with 1 mL of the 50% (v/v) glutathione agarose  Cloning, Expression, and Purification of tRN#m and
slurry in the disruption buffer and incubated on ice for 1 h Preparation of the Substrate for Pth Assaylethionine-
with intermittent shaking. The mixture was transferred to a specific transfer RNA (tRNA*)m was isolated fronk. coli
1 mL disposable column (Qiagen), and the resin was cells containing a tRNE&'m expression plasmid, which was
transferred with 3« 1 mL of disruption buffer and then with  constructed by insertion of theRNA"m gene into the
5 x 1 mL of the same buffer but with 500 mL of NaCl and pDS56/RBSII plasmidX7) between thé&coRl andSal sites
then once with 1 mL of 50 mM Tris adjusted to pH 8.0 with  (16), by phenol extraction. An acid phenol mixture (25:24:1
4 M HCI, containing 150 mM NaCl, 1 mM Na EDTA, and by volume of phenol/chloroform/isoamyl alcohol at pH 4.7)
10 mM S-mercaptoethanol. The GST-fusion proteins were was used to give good separation from the protein and DNA
then eluted with 4 mL of 50 mM Tris adjusted to pH 8.0 (18, 19). tRNAM®'m was further purified on the BioRad
with 4 M HCI, containing 150 mM NaCl, 1 mM Na EDTA,  Micro-Prep (diethylamino)ethyl (DEAE) column following
10 mM g-mercaptoethanol, and 10 mM reduced glutathione. the reported procedur@@). The charging with methionine
The protein was concentrated using Eppendorf centrifugal was carried out at room temperature in a reaction mixture
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Oregon green

Ficure 1: Synthesis and enzymatic hydrolysis of Oregon Green methionine "RIdAbstrate for bacterial Pth.

containing 50 mM HEPES, adjusted to pH 7.4 with 5 M
KOH, 15 mM magnesium acetate, 15 mM dithiothreitol
(DTT), 100 mM KCI, 5 mM ATP, 10 mM.-methionine, 50
nM E. coli methionyl-tRNA synthetasel §), and 200 OB
units of partially purified tRNA®'m (21). After incubation
for 30 min, the reaction mixture was separated by DEAE

corresponding to Oregon-Green-labeled methionine was
identified by mass spectroscopy of the hydrolysis mixture.
The substrate had an QfgODags ratio of 8 + 0.5, which
corresponds to a molar ratio of tRNA to Oregon Green 488-X
of approximately 1.

Pth Actity AssayThe activity of Pth was measured using

chromatography, as described above, and the recoveredh new fluorescence assay (Figure 1). The substrate used for

tRNA was used for labeling without further characteriza-
tion. Labeling was conducted in 1 mL of a 0.5 M citric acid
buffer, adjusted to pH 6.0 with KOH, containing 1.5 mg of
Oregon Green 488-X carboxylic acid succinimidyl ester
(Molecular Probes) and 100 Q& units of methionyl-
tRNAMem, After incubation fo 4 h atroom temperature,
the labeled methionyl-tRN¥'m was purified using a 25 mL
BioRad Macro-Prep DEAE column (18 300 mm) with a
linear NaCl gradient from 550 to 800 mM in a 25 mM

these measurements was produced by a procedure similar
to that used by Bonin and Ericksof4), but tRNAYS was
replaced by tRNA® and the dye used for labeling was
Oregon Green 488-X succinimidyl ester (Molecular Probes)
rather than Bodipy succinimidyl ester. This fluorescent
substrate was then modified for use in a continuous activity
assay by the addition of a 2-fold excess of Sytox Blue nucleic
acid stain (Figure 2). Before cleavage of the substrate, the
emission spectrum of the Sytox Blue dye is quenched

sodium phosphate buffer at pH 6.0, containing 0.5 mM Na because of its proximity to the Oregon Green dye of the

EDTA. The fractions containing the substrate were pooled,

lyophilized, and stored in an 80% ethanol solution-&0

substrate, whose excitation spectrum overlaps the emission
spectrum of Sytox Blue. After cleavage of the substrate, the

°C. Before use, the substrate suspension was centrifuged andistance between the Sytox Blue dye and the Oregon Green

the pellet dissolved in the reaction buffer. The purified
substrate could be cleaved®5% by Pth, and only a peak

dye increases with a resultant release of quenching. This
effect allows the hydrolysis of the substrate to be followed
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250 I T I T I T from 0.005 to 0.5 mM in a volume of 200L in 50 mM
" MOPS-KOH at pH 7.0. The concentration of DEPC was
200 I\ - determined by the method of Mile22) and stored in dry
MeCN. At 0, 1, 2, 4, 6, 8, and 10 min time intervals, 40
X aliquots were taken and the reaction was quenched by
A A diluting it 10-fold into the reaction buffer containing 100
RN mM L-histidine. To determine the residual activity of the
Il \\‘ enzyme, after reaction with DEPC, the activity was assayed
using the modified Pth assay in the plate format described
4 N above. The apparent rate constant for the rate of inhibition
of the Pth enzyme by DEPC was calculated from a first-
50 | . | ! | . order exponential plot ofA/Ag) versus time, wherd, is
the activity of Pth before addition of DEPC ard is the
400 500 600 activity at each time point. The order of the inactivation
Wavelength (nm) reaction was calculated from a logarithmic plokgg; versus

FiGure 2: Fluorescence change upon hydrolysis of Oregon Green DEPC concentration by fitting it to eq 2 whekeys is the
tRNA Sytox Blue substrate. Fluorescence spectra shown represent

the modified substrate before addition of the enzyme (dash-dotted _

line), after addition of the enzyme (dashed line), and the difference log kyps = nlog [DEPC]+ log k (2)
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(solid line), upon excitation at 430 nm. The reaction conditions
were a final reaction volume of 5@L, Oregon Green tRNA  apparent rate constant of inactivatickl, is the second-
substrate concentration of 1M, and Sytox Blue concentration  order rate constant for carbethoxylation at a fixed pH,

of 20uM, and the reaction was taken to completion by the addition [DEPC] is the concentration of DEPC, ands the order of
of E. coli Pth to a final concentration of 20M. the reaction !

and provides an extremely sensitive and continuous assay The Kaof the group modified by DEPC was determined
of Pth activity. by measuring the apparent rate constant for inactivation of

To assay the enzymatic activity of Pth’ m of the Pth by DEPC in a 50 mM MOPSKOH buffer at various
filtered substrate in 50 mM Tris-HCI, 10 mM Mg&I0.5 pH values between 6.3 and 7.5, with the concentration of
mM EDTA, and 2 mMp-mercaptoethanol at pH 7.5 was DEPC kept constant at 0.05 mM. The assay was carried out
pipetted per well into a 384 well plate and the enzyme was as described above with the aliquots removed at the various
added to a final concentration of 10 nM. Rates were time intervals and the apparent rate constant of inactivation
measured at room temperature by fluorescence spectroscopeing determined from the first-order exponential plotAuf (
on an Analyst AD plate reader from LJL Biosystems, fitted Ao) Versus time. The rate of inactivatiésy,s of Pth by DEPC
with a 425 nm excitation filter (35 nm) and 480 nm emission IS dependent on the modification of a residue in its basic
filter (10—25 nm). form; it is dependent on the ionization constant and pH

Steady-State Kinetic Measuremeffise continuous fluoro- ~ according to eq 3 wher& is the pH-independent rate
metric assay described above was used for the determination
of the Michaelis-Menten parameters of both the Pth enzyme ng<a
and Pth mutant enzymes, and tkg and k., values were Kobs = m
determined by fitting the data to the Michaelislenten a
equation using the Grafit software package (Erithacus
Software Ltd.).

Transient-State Kinetic Analysis by Stopped-Flow Fluo-
rescence.Stopped-flow fluorescence measurements were The rate of inactivation of Pth by DEPC is linear with the

carried out on a model SF-61 DX2 stopped-flow apparatus .
(Hi-Tech Scientific). Binding was monitored by following EEPﬁec?gr(;ﬁntratlon, and therefore eq 3 can be rearranged

the increase in fluorescence emission at 535 nm concomitant

3)

constant for carbethoxylation at a particular DEPC concen-
tration, K, is the apparent ionization constant, and Jhs
the hydrogen ion concentratio23).

with the binding when the Pth substrate was excited at 508 K, kg Ky dH +]

nm. All stopped-flow experiments were carried out under bs  _ c ( b ) 1 !)

single turnover conditions of the excess enzyme in 50 mM [DEPC] [DEPC] Ks |IDEPC
Tris-HCl at pH 7.5, 10 mM MgGl 0.5 mM EDTA, and 2

mM S-mercaptoethanol at 25C. Data were then fitted to This form allows a linear plot whereby theKp of the

eq 1 wherek, is the observed rate of binding;, the rate group inactivated by DEPC can be calculated from the slope
of the resulting straight line and the pH-independent rate of

K, = KJE] + (k_; + k) 1) inactivation can be determined from the intercept on the
abscissa.
constant for association, [E], the enzyme concentrakos, Spectrophotometric Measurement of the,plér the
the rate constant for dissociation, arg, the rate of Reaction of DEPC with Wild-Type Pth, Asp93Asn, and
hydrolysis. Imidazole.The rate of reaction between 1 mM DEPC and

Chemical Modification of Pth with DEP@EPC was used  either Pth, Asp93Asn mutant Pth, or imidazole, all at a 50
to investigate the importance of histidine residues in the uM concentration, was measured by fitting the increase in
catalytic mechanism. To inhibit Pth with DEPC M E. absorbance at 240 nm upon reaction with DEPC as a function
coli Pth was incubated with various concentrations of DEPC of time to a first-order exponential equation. The resulting
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Table 1: Steady-State Kinetic Parameters of the Pth Mutant | = i
Enzyme3 10 ° o °co & -
o ° & ? o o o:: -] °
GST Pth Keat (S7) K (uM) KealKm (uM~1571) e 10 L ¢ 3 ot 58 LI L Fep 0 s
wild type 9.3 5.5 1.7 e L & 5
Asnl10Asp 0.005 7.9 0.0006 § 106 - 2 —
His20Asn nd ncP <10°¢ S B 7
His20GIn ndt ncP <107® B 104 I
Met67Glu 0.045 3.6 0.013 ° 4 7
Asp93Asn 0.37 3.8 0.1 102 7]
Lys103Arg 6.3 4.1 15 100 & N
Lys103GIn 5 23 0.22 i | L L ! L L
Lys103Ser 2.6 37 0.07
Lys105Arg 2.4 8.7 0.28 0 0.02 0.04
Lys105GIn 1.9 36 0.053 Time (s)
Lys105Ser 1.5 30 0.05
His113GIn 9.1 24 0.38 ” 4
aThe error in all cases was no greater than 10%ot determinable ‘é 2
(rate of substrate hydrolysis was below the limit of detection). E 2
4
rate and pH data were then fitted to eq 4 to calculate the
pK, values for the modified residues. b s

When the reaction of interest was of a chemical nature
and not enzymatic, which was the case with reactions
between Pth and DEPC, the full-length mutant enzymes were
used in experiments, because the contribution to the observed ,,,
reaction from the wild-type contamination would be negli-
gible.

Treatment of DEPC-Modified Pth with Hydroxylamine.
The Pth enzyme (2M) was reacted with 0.5 mM DEPC in =
50 mM HEPES-KOH at pH 7.0 and incubated at 2& for 200
10 min to completely inactivate the enzyme. Then, an aliquot
from this reaction was diluted 10-fold into a solution of 50
mM HEPES-KOH at pH 7.0 and 100 mN-histidine, either
containing 200 mM hydroxylamine or without hydroxyl- 0 , | | | |
amine. The excess histidine was added to the solution to
quench any further reaction of DEPC with histidine residues
on the enzyme' Aftle6_h_ of treatment with or without FiIGURE 3: (a) Example of a stopped-flow trace obtained with the
hydroxylamine, the activity of these samples and of the GST-fused His20Asn mutant in which equal volumes of the enzyme
control to which no DEPC had been added was assayed. and substrate solution were mixed to a final concentration of 10
uM and 0.05uM, respectively. The observed rate of bindikgs
was determined by fitting the increase in fluorescence at 532 nm
upon excitation at 508 nm by a first-order exponential. Fluorescence
values are given as a percentage of the premixing fluorescence.
Steady-State Kinetic Parameters of Pth and Pth Mutant (b) Concentration dependence of binding of Oregon Green me-

EnzymesThe results of the mutational studies on Pth are thionine tRNA™'to a GST-fused His20Asn mutant &t coli Pth
shown in Table 1. It was not possible to obtain kinetic under conditions of an excess enzyme.
parameters for the hydrolysis reaction of mutants of residue strongly negatively charged tRNA portion of the substrate
His20 because their residual activity was below the level of (24).
detection KeafKm < 10°° uM~* s71), demonstrating that it Binding of the Fluorescent Substrate to the His20Asn
is likely that there is an important role for this residue in the Mutant Pth.The Pth assay without addition of Sytox Blue
hydrolysis reaction of Pth. Another residue, Asp93 was also was used to observe whether the Pth mutant His20Asn was
identified as having an important role, because a mutation still able to bind the substrate. Upon binding, there is an
of this Asp residue to an Asn leads to a significant effect increase in the fluorescence signal from the substrate that
(25-fold decrease) on thie, of the enzyme. was observed by stopped-flow fluorescence spectroscopy
These studies highlighted a number of other residues that(Figure 3a). The observed rate constant for the binding of
also appear to play an important role in catalysis. Both Asn10 the Pth substrate to the His20Asn mutant was plotted against
and Met67 had a key role, because a change to another aminthe concentration of the substrate (Figure 3b), allowing both
acid in these positions caused a marked loss in activity, with the rate constant for the association and the rate constant
a greater than 200-fold decrease inlhgvalue. The positive  for the dissociation to be calculated. The value calculated
charge on residues Lys103 and Lys105 was shown to befor the rate constant of association is98 x 16 M~1s™,
important, and a change to a neutral residue in any of theseand the rate constant for dissociation was calculated as 68
positions led to an increase in th&, values; however, 4+ 6 s
substitution with another positively charged side chain had Inhibition Kinetics of Pth by DEPClnactivation of Pth
a minimal effect. This may suggest a role in binding of the by DEPC has been demonstrated, supporting the idea that a

obs (5'1)

0 2 4 6
Enzyme concentration x 106 (M)

RESULTS
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3 Ficure 5. (a) Difference spectrum showing the increase in
= absorbance caused by the formation of carbethoxyhistidine upon
the addition of 0.1 mM DEPC to 2M Pth in 50 mM MOPS-
KOH at pH 7.0. The spectra were recorded after 5, 10, 20, 30, 40,
50, 60, and 120 min of incubation. (b) Labeling of histidine residues

in wild-type Pth (circles) and His20Asn Pth (squares) as a function

0 20 40 60 80 100 120 140 of time when 0.5 mM DEPC was added tqu®1 Pth in 50 mM
1 HEPES-KOH at pH 7.0. The number of histidines labeled was
(kops . [H*1X 107 (M.min"1)/[DEPCImM calculated from the UV absorbance at 240 nm, assuming an

oe ;. )
Ficure 4: (a) Plot of the logarithm of the observed rate of extinction coefficient at 240 nm of 3200 M cm™ (35).

inactivation of Pth by DEPC versus the logarithm of the DEPC clearly demonstrated that there was a time-dependent in-

concentration (millimolar). The points were fitted to eq 2. From : : :
the plot, a value for the second-order rate constant for acylation atcrease in absorbance attributable to the formation of a

a fixed pH ') of (2.63+ 1.23) x 102 M~ min~* and a reaction carbethoxyhist_id_ine group. Upon modification by 0.5 mM
order of 0.70+ 0.06 was derived. (b) pH dependence of the reaction DEPC, the activity of the M Pth enzyme was decreased
of DEPC with both wild-type Pth enzyme and imidazole. Data in less than 10 min by greater than 90%. Changes in the
displayed as open circles are the reaction of DEPC within wild- yltraviolet spectrum, under the same conditions, suggested

type Pth measured by inactivation, whereas the data displayed a et ;
open squares, filled triangles, and filled diamonds relate to the directS[hat after this time approximately 1.2 mol of DEPC/mol of

spectrophotometric observation of the reaction between wild-type enzyme h_ad re_act_ed (Figure 5b). Hence, it can be conclu-
Pth, imidazole, and Asp93Asn, respectively. ded that inactivation of the Pth enzyme relates to the

modification of a single histidine residue. Further, when an
histidine residue is involved in the cleavage of the ester exhaustive labeling experiment was carried out on the
bond of peptidyl-tRNA by Pth13). The order of the re-  His20Asn mutant Pth enzyme and on the wild type, after 1
action resulting in inhibition of Pth by diethyl pyrocarbonate h, only 0.7 mol of DEPC/mol of enzyme reacted with the
was determined from the slope of a plot of the logarithm of mutant compared to 1.5 mol of DEPC/mol of enzyme in the
the observed rate of DEPC inhibition versus the logarithm reaction with the wild type. The difference, approximately
of the DEPC concentration2f). This gave a value of 0.8 mol of DEPC/mol of enzyme, is attributable to the
0.70+ 0.06 (Figure 4a), suggesting that the reaction with absence of His20.
one site on Pth is sufficient to completely inhibit of the Recaery of the Pth Actiity, after DEPC Modification,
enzyme. by Treatment with Hydroxylaminé. has been shown that,

Further evidence to support the stoichiometry of the of the residues modified by DEPC, only histidine and

reaction between DEPC and Pth was obtained from directtyrosine can be regenerated from the treatment with hy-
spectrophotometric measurements. Modification of a histidine droxylamine 26). The activity of the DEPC-modified Pth
residue, forming a carbethoxyhistidine, can be observed byrecovered approximately 41% of the activity of the control
a change in the ultraviolet spectrum at 240 nm. Different enzyme that had not been modified with DEPC after the
spectra collected in the region of 22820 nm (Figure 5a)  treatment with 200 mM hydroxylamine, whereas the DEPC-
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Table 2: pH-Independent Inactivation Rate for Carbethoxylation mutagenesis StUdi_es' it has been propose_d that binc_ling of
(ka9 and (K. Data for Wild-Type Pth, Asp93Asn Mutant Pth, and the strongly negatively charged tRNA portion of peptidyl-

Imidazolé tRNA requires the involvement of a number of cationic
. regions and several of these have been identified. For
E. coli Pth enzyme (min~Y[DEPC]mM) Ka example, both the region centered around Arg133, where a

wild type (inactivation) 8.6Z% 0.67 6.3+ 0.1 mutation to a histidine residue is responsible for the Pth (rap)
wild type (direct) 4.83+ 0.50 6.3+ 0.1 phenotype, which was identified by its inability to support
Asp93Asn 6.27 0.47 4.8£0.3 vegetative growth of bacteriophadé€2, 30), and the region
imidazole 0.53+ 0.02 71£01 around Lys142, whose side chain protrudes out into the cleft
#Values determined from the linear plot (eq 4). of the presumed active site, have been demonstrated to be

important in the binding of the substratE3f. There are also

modified enzyme that had not been treated with hydroxyl- residues, further away from the proposed active site, where
amine recovered less than 1% of the activity of the control the contribution of their positive charge appears to have an
(data not shown). Hence, the modification of Pth by DEPC important role in the activity of the Pth enzyme, notably,
is at least partially reversible from the treatment with the lysine residues Lys103 and Lys105 (Table 1), where a
hydroxylamine. This makes it unlikely that a residue other change to a neutral amino acid causes a significant increase
than tyrosine or histidine is the residue modified by DEPC in the Ky, value. However, there was no significant effect
leading to inactivation of Pth. In the spectrophotometric assay ©n the Ky upon substitution of these residues with a
for DEPC modification, there was no observable change in Positively charged amino acid such as arginine, despite the
the spectrum at 280 nm, characteristic of a reaction with fact that their side chains do not appear from the X-ray
tyrosine, suggesting that the diethyl pyrocarbonate modifica- Structure to form salt bridges. These residues are adjacent
tion had not altered any of the tyrosine residues in the protein. o residue Gly100 that upon mutation to asparagine is

pH Dependence of DEPC Inhibitiofihe pH dependence respons_|ble for the temperqture—sensmve phepotype of Pth
of inactivation of Pth was fitted to eq 4 to estimate thé p (2) and is located on a section ffsheet that delineates the

of the residues modified by DEPC. Th&pvalue obtained groove that runs along the Pth enzyme to the active site.

for the reaction of DEPC with wild-type Pth by this method Small changes in the orientation of these residues caused
was 6.3+ 0.1 (Figure 4b). by a raise in temperature over the permissive temperature

The increase in absorbance at 240 nm was used to directl;fnay hold the.key o this phen.otype._ :
determine the pH dependence of the reaction of DEPC with . Mutagenesis studies on res'd.u.e His20 have shown that it
imidazole and with both wild-type and Asp93Asn mutant IS essentla! for_ the Cata_llytlc activity of the Pth enzyme, bu_t
Pth enzymes. The pH-independent rate constant &ad p transient _k|net|c experiments showed that mutants of this
value obtained for the modification of wild-type Pth were His20 residue retain the ability to bind the substrate. Hence,

. : ; . L . it is concluded that the role of the His20 residue is
very similar to those determined in the inactivation experi- ' : ; ) . e
ment. This rate was considerably higher, and tHg was predominantly in the hydrolysis of peptidyl-tRNA and it is

lower than those determined both for imidazole in an aqueous_nOt essential to the binding of the substrate. The role of His20

in the catalytic mechanism was further probed by chemical
buffer and for the Asp93Asn mutant (Table 2). modification of Pth by DEPC. These studies showed that

DISCUSSION the Pth enzyme was fully inactivated by modification of a
single histidine residue and that this is most likely to be
The continuous fluorescence assay used in these experiHis20. The pH dependence of modification of Pth by DEPC,
ments yielded kinetic parameters comparable to thosemonitored by inactivation and spectrophotometry, showed
published for the radiometric assay previously used to that His20 has alf, value of 6.3, which is typical for the
investigate this class of enzyme&r{-29). The advantages  modification of a histidine residue6). The K, value was
of this fluorescence-based assay are its ease of use and readgwer, and the pH-independent rate constant for ethoxy-
detection of hydrolysis of the substrate. The addition of Sytox formylation was higher than the respective values obtained
Blue, which intercalates with the double-stranded regions with imidazole under similar conditions, which means that
of the tRNA, did not alter the kinetic parameters of the the His20 residue is a much better nucleophile than imidazole
enzyme for the substrate but has the advantage of allowingin an aqueous solution.
excitation and emission wavelengths to be selected that are |t is quite possible that the Ky of His20 would be
more suitable for the application of the assay in a plate perturbed by formation of the enzymeubstrate complex,
format. It was also found that this substrate was suitable for and thus, it cannot be assumed that the pH dependence of
the measurement of the activity of the Pth enzyme from activity will reflect the pH dependence of the DEPC
Streptococcus pneumonia@5), demonstrating that the  modification. The reported pH dependence of Pth activity
substrate is possibly broadly applicable to the assay of Pthshows that Pth hydrolysis d¥-acylaminoacyl-tRNA has a
enzyme activity from both Gram-positive and Gram-negative plateau in the pH region-79, with the activity decreasing
bacteria. at pH values below 75). This decrease in activity below
The active site of Pth has been proposed from the X-ray pH 7 was interpreted as being caused by inactivation of either
crystal structure to form a crevice surrounding residues the enzyme or the substrate, but in view of th€, palue
His20, Asp93, and His113. Extensive site-directed mutagen-determined by DEPC maodification, it is likely that the
esis studies have been used to identify many of the importantdecrease in activity at low pH is due to protonation of the
residues involved in the binding of the substrate and in the enzyme-substrate complex. TheKp value calculated for
catalytic mechanism of this enzymé&3( 14). From these  this enzyme-substrate complex is approximately 7.0, which
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is higher than the Ig, value of 6.3 determined for DEPC ~ACKNOWLEDGMENT
labeling of Pth, indicating that the negative charge on the
substrate shifts thel by altering the microenvironment
within the active site of the enzyme.

The active-site environment of Pth is likely to profoundly

influence the ionization state of His20, and the position of REFERENCES
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