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SUMMARY

Aminoacyl-tRNA synthetases exert control over the
accuracy of translation by selective pairing the
correct amino acids with their cognate tRNAs, and
proofreading the misacylated products. Here we
show that three existing, structurally different phe-
nylalanyl-tRNA synthetases-human mitochondrial
(HsmtPheRS), human cytoplasmic (HsctPheRS), and
eubacterial from Thermus thermophilus (TtPheRS),
catalyze mischarging of tRNAPhe with an oxidized
analog of tyrosine-L-dopa. The lowest level of
L-dopa discrimination over the cognate amino acid,
exhibited by HsmtPheRS, is comparable to that of
tyrosyl-tRNA synthetase. HsmtPheRS and TtPheRS
complexes with L-dopa revealed in the active sites
an electron density shaping this ligand. HsctPheRS
and TtPheRS possessing editing activity are capable
of hydrolyzing the exogenous L-dopa-tRNAPhe as
efficiently as Tyr-tRNAPhe. However, editing activity
of PheRS does not guarantee reduction of the amino-
acylation error rate to escape misincorporation of
L-dopa into polypeptide chains.

INTRODUCTION

The aminoacyl-tRNA synthetases (aaRSs) play a crucial role in

faithful translation of the genetic code, catalyzing selective

attachment of the correct amino acid to its cognate tRNA. Cova-

lent linkage is carried out through a two-step aminoacylation

reaction, where the amino acid is first activated in the presence

of ATP by formation of the aminoacyl-adenylate intermediate.

The aminoacyl moiety is then transferred from AMP to the

30-terminal ribose of tRNA, leading to the synthesis of amino-

acyl-tRNA (aa-tRNA). For some aaRSs, the aminoacylation

active site is unable to strictly select the cognate amino acid, re-

jecting others that have similar chemical structure. To maintain

the accuracy of protein biosynthesis, certain aaRSs have devel-

oped the ability to hydrolyze the incorrectly aminoacylated tRNA

in the specific editing site (Hendrickson et al., 2004). Prokaryotic

and cytoplasmic eukaryotic phenylalanyl-tRNA synthetases

(PheRSs) functioning as (ab)2 heterotetramers are capable of
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misactivating tyrosine, and specifically hydrolyzing the misacy-

lated Tyr-tRNAPhe (Kotik-Kogan et al., 2005; Roy et al., 2004).

The monomeric mitochondrial PheRSs are deprived of structural

module associated with editing activity, and as a consequence

catalyze stable mischarging of tRNAPhe with Tyr (Klipcan et al.,

2009; Roy et al., 2005).

Recently we have shown that eukaryotic cells may specifically

incorporate m-tyrosine, a product of hydroxyl radical attack on

phenylalanine, via tRNA dependent pathway, utilizing mitochon-

drial PheRS and to a lesser extent cytoplasmic PheRS, which

discriminates more efficiently between the cognate (Phe) and

noncognate (m-Tyr) amino acids (Klipcan et al., 2009). Modifica-

tion of L-tyrosine by reactive oxygen species (ROS) generates

3,4-dihydroxy-L-phenylalanine known as levodopa or L-dopa

(Rodgers and Dean, 2000). Unlike m-tyrosine, L-dopa is a reac-

tive species capable of further modification due to initiation of

redox cycles in the presence of cellular oxidants (Rodgers and

Dean, 2000). Protein-bound L-dopa is one of the most abundant

modifications of proteins detected in age-related diseases;

L-dopa containing proteins form protein aggregates and are

inefficiently degraded by cells (Rodgers and Dean, 2000). It

has been shown, using both cultured mammalian cells and a

cell-free protein expression system, that L-dopa is readily incor-

porated into proteins, replacing tyrosine residues (Ozawa et al.,

2005; Rodgers and Shiozawa, 2008). L-dopa is the most widely

used treatment for Parkinson’s disease, and its biosynthetic

incorporation in vivo has been proposed to contribute to the

disease pathology (Rodgers and Shiozawa, 2008). Being a

redox-active amino acid and a selective crosslinking agent (Bur-

dine et al., 2004), L-dopa can be genetically incorporated into

proteins, using an engineered tRNA-TyrRS pair (Alfonta et al.,

2003; Umeda et al., 2009). This feature facilitates the study of

electron transfer in proteins, and enables structural and func-

tional analysis of protein-protein interactions.

Here, we aimed to further study discrimination of ROS-

damaged amino acids by three structurally different wild-type

forms of PheRS. The kinetic data revealed that both the

human mitochondrial (HsmtPheRS) and cytoplasmic PheRSs

(HsctPheRS), and the bacterial counterpart from Thermus

thermophilus (TtPheRS) catalyze mischarging of tRNAPhe with

L-dopa. Binding of L-dopa within the aminoacylation and editing

active sites of the TtPheRS and HsmtPheRS crystal complexes

was detected at difference Fourier maps with coefficients

(Fobs-Fcalc). HsctPheRS and TtPheRS were shown to hydrolyze

L-dopa-tRNAPhe as efficiently as Tyr-tRNAPhe by trans-editing
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Table 1. X-Ray Data Collection and Refinement Statistics for

HsmtPheRS and TtPheRS

HsmtPheRS TtPheRS

Resolution (Å) 48.0–2.2 32.0–2.8

Space group P212121 P3221

Unit cell parameters a = 55.2 Å

b = 90.6 Å

c = 96.1 Å

a = b = g = 90

a = b = 173.3 Å

c = 139.2 Å

a = b = 90, g = 120

Rwork/Rfree 17/22 23/29

Number of reflections 24,066 51,066

Completeness for range 96% 91%

Test size 5% (1236) 5% (2590)

Number of atoms 3689 8670

Rmsd bond lengths (Å) 0.007 0.008

Rmsd bond angles (�) 0.98 1.24

Rmsd, root-mean-square deviation.
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activity. The data provide first evidence that L-dopa has potential

to be biosynthetically incorporated into proteins in various

organisms by PheRS-mediated pathways.

RESULTS

Structural Basis of Molecular Recognition of L-Dopa
by PheRS
To provide the structural basis of binding and discrimination of

L-dopa by PheRS, the crystal structures of HsmtPheRS and

TtPheRS complexes with the noncognate amino acid have

been determined at resolution 2.2 Å and 2.8 Å, respectively

(Table 1). Analysis of the unbiased difference (Fobs-Fcalc) electron

density maps highlighted the electron densities that may be

unambiguously attributed to the L-dopa molecules located at

the amino acid-binding pockets of the aminoacylation active

sites of both enzymes (Figure 1A). The electron density shaped
Figure 1. Binding of L-Dopa in the Synthetic and Editing Site of PheRS

(A) The aminoacylation active site of HsmtPheRS (blue) in complex with L-dopa

(B) The editing site of TtPheRSwith bound L-dopa. The protein residues participat

density maps for bound ligand are contoured at 2.5 s.

1222 Chemistry & Biology 18, 1221–1229, October 28, 2011 ª2011 E
by L-dopa differs significantly from those shaped by Phe, Tyr,

or m-Tyr (Klipcan et al., 2009; Kotik-Kogan et al., 2005; Reshet-

nikova et al., 1999). Specific binding of L-dopa by PheRSs is

achieved through the interactions of the phenyl ring of the ligand

with the phenyl rings of two phenylalanine residues located in the

so-called ‘‘FPF loop’’ (Phe232 and Phe234 in HsmtPheRS;

Phea258 and Phea260 in TtPheRS). Three phenyl moieties

thereby form a ‘‘network’’ of interactions, such that each

aromatic pair makes an ‘‘edge-to-face’’ contact (Fishman

et al., 2001). The anchoring of the a-NH3
+ group of L-dopa is

achieved by its interactions with the Og atom of Ser121

(Sera180 in TtPheRS) and with a well-ordered water molecule,

S33 (X9 in the native HsmtPheRS structure; Protein Data Bank

[PDB] code 3CMQ). The water molecule has been located reli-

ably, because it was independently observed (i.e., was not

included in the starting model) in almost all PheRS complexes

with various ligands, occupying nearly the same positions, and

is of crucial importance in hydrogen bonding coordination within

the aminoacylation active site. S33 in HsmtPheRS is located at

H bonding distances from Og of Ser121 (Sera180 in TtPheRS),

from Oε1 of Gln157 and from Oε1 of Glu159 (Glna218 and

Glua220 respectively in TtPheRS). One of the carboxylate

oxygen atoms (O1) of the ligand forms H bonds with the side

chains of Gln157 and class II invariant Arg143 (Glna218 and

Arga204 in TtPheRS). All the interactions described above are

common to L-dopa, Phe and other noncognate substrates

(Tyr, m-Tyr). Compared with the cognate Phe substrate,

L-dopa is additionally stabilized by the hydrogen bonding of its

OH group in the meta-position with the Nε2 atom of Gln124

and the Oε2 atom of Glu159 (Glna183 and Glua220 in TtPheRS).

The orientation of L-dopa in the binding pocket of both

HsmtPheRS and TtPheRS is similar to that of the cognate amino

acid substrate.

Misaminoacylation of tRNAPhe with L-Dopa
To examine whether L-dopa is a substrate of PheRSs, we

studied the ability of wild-type eukaryotic (HsctPheRS and
(green). The water molecule is depicted by asterisk.

ing in hydrogen bonding with the OH-groups of L-dopa are shown. The electron

lsevier Ltd All rights reserved



Figure 2. Aminoacylation of tRNAPhe with Cognate and Noncognate

Amino Acids Catalyzed by Eukaryotic and Bacterial PheRSs

(A–C) The extent of tRNAPhe aminoacylation (analyzed by electrophoresis in

8% denaturing gel at acidic conditions) by (A) HsmtPheRS, (B) HsctPheRS,

and (C) TtPheRS. The aminoacylation of 2 mM HstRNAPhe (A–C, lanes 1–9) or

2 mM EctRNAPhe (C, lanes 10–15) was performed with 100 mM Phe, 1 mM

m-Tyr, 1 mM Tyr, or varied L-dopa concentrations [300 mM (C, lanes 10–12) or

1 mM (the other experiments)] in the presence of indicated enzyme concen-

trations. Gels are representative images from three independent experiments.
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HsmtPheRS) and bacterial PheRSs (TtPheRS) to attach this non-

cognate amino acid to tRNAPhe. Kinetic measurements of the

aminoacylation assayed by means of acidic gel electrophoresis

revealed that 32P-labeled human cytoplasmic tRNAPhe-tran-

script (HstRNAPhe) is mischarged with L-dopa by both the mito-

chondrial (monomeric) and cytoplasmic (heterotetrameric) forms

of human PheRS (Figures 2A and 2B). These experiments per-

formed in parallel with three noncognate substrates show that

effective editing activity of HsctPheRS preventing accumulation

of the mischarged product is specifically directed against the

standard amino acid, p-tyrosine (Tyr), but not against the ROS-

damaged analogs of Phe and Tyr, m-Tyr and L-dopa. Using

human tRNAPhe-transcript, whose aminoacylated form is well

separated from the free tRNA (in contrast to the respective forms

of yeast tRNAPhe-transcript used in our previous work) (Klipcan
Chemistry & Biology 18, 1221–1
et al., 2009), we were able to quantify the extent of charging

and to determine the kinetic parameters of the aminoacylation

reactions (Table 2). Their analysis shows that the catalytic effi-

ciency (kcat/Km) of L-dopa attachment by two human PheRSs

is significantly (300-fold for HsmtPheRS and 770-fold for

HsctPheRS) lower than that of the correct amino acid, primarily

because of higher Km values. Of two ROS-damaged amino acids

tested,m-Tyr is the best noncognate substrate of two eukaryotic

enzymes. The effectiveness of discrimination between m-Tyr

and Phe at the level of aminoacylation is one order of magnitude

higher for HsctPheRS than for HsmtPheRS: the respective

kcat/Km values of misaminoacylation are 50-fold and 5-fold lower

as compared to those of the phenylalanylation reaction. Thus,

the kinetic data of the present study finally show the prevailing

role of HsmtPheRS in incorporation of m-Tyr into eukaryotic

proteins, as has been hypothesized (Klipcan et al., 2009).

Mischarging of tRNAPhe with L-dopa was also detected in

the presence of TtPheRS (Figure 2C). The experiments were per-

formed by using two heterologous tRNAPhe-transcripts (human

and Escherichia coli, Hs and Ec) that are efficiently phenylalany-

lated by the bacterial PheRS at different optimal concentrations

of magnesium ions (Vasil’eva et al., 2002). m-Tyr cannot be

stably attached to either HstRNAPhe (Figure 2C) or EctRNAPhe

(Klipcan et al., 2009). These data indicate that editing activity

of TtPheRS against m-Tyr-tRNAPhe (detected previously) does

not depend on the nature of tRNAPhe. Comparison of relative

kcat/Km values for three PheRSs (Table 2) shows that TtPheRS

most efficiently discriminates between L-dopa and Phe: the

catalytic efficiency of L-dopa attachment by the bacterial PheRS

is 1500-fold lower than that of the cognate substrate. The

distinction between three enzymes in the discrimination efficien-

cies results mainly from differences at the level of the rate

constants: the kcat values of misaminoacylation normalized to

the respective values of phenylalanylation vary from 1.5 for

HsmtPheRS to 6.7 for TtPheRS. The Km
L-dopa/Km

Phe ratios are

quite similar for all PheRSs (range from 200 to 230). The

observed resemblance of HsmtPheRS and TtPheRS in the

binding discrimination is consistent with structural data showing

closely similar architectures of the amino acid binding pockets of

two proteins.

Binding of Levodopa in the Editing Site
In the complex of TtPheRSwith L-dopa a secondmolecule of the

ligand was identified at the interface between B3 and B4

domains of the ab heterodimer. A clear and strong electron

density (>3.0 s) on the (Fobs-Fcalc) map (Figure 1B) may be unam-

biguously attributed to the L-dopa molecule. As it was revealed

previously, the distinct pocket visualized on the b subunit is most

likely related to the editing activity of bacterial PheRSs (Kotik-Ko-

gan et al., 2005; Roy et al., 2004). The editing site in bacterial

PheRSs is designed for anchoring L-Tyr attached to the tRNAPhe,

and for subsequent hydrolysis of misacylated tRNAPhe. The

phenyl ring of Pheb360 and the side chain of Prob259 provide

edge-to-face interactions with the L-Tyr moiety. Pheb360 is

strictly conserved in eubacterial PheRSs, whereas Prob259 is re-

placed in a few cases with Ile or Leu capable of participating in

hydrophobic interactions. The net of hydrogen bonding between

L-Tyr and side chains of amino acids lining the interior within the

editing site was described before, among which the interactions
229, October 28, 2011 ª2011 Elsevier Ltd All rights reserved 1223



Table 2. Kinetic Constants of tRNAPhe Aminoacylation

PheRS Amino acid Km(mM) kcat(min�1) kcat/Km(mM
�1 min�1) kcat/Km(relative)

c Ki
app(mM)

TtPheRS Phea,e 1.8 ± 0.2 65 ± 3 36 ± 4

Phea 1.7 ± 0.3d 67 ± 4d 39 ± 7 1.0

Tyra,e 3100 ± 300

m-Tyra,e 13.0 ± 0.4

L-dopaa 380 ± 40d 9.7 ± 0.5d 0.026 ± 0.004 0.00065

HsctPheRS Pheb 3.2 ± 0.4d 52 ± 3d 16 ± 3 1.0

Tyre 3400 ± 400

m-Tyrb 130 ± 20d 39 ± 2d 0.30 ± 0.06 0.019 150 ± 10

L-dopab 650 ± 100d 14 ± 1d 0.022 ± 0.004 0.0013

HsmtPheRS Phea,e 2.2 ± 0.4d 2.6 ± 0.4d 1.2 ± 0.2 1.0a

Pheb 2.6 ± 0.3d 4.5 ± 0.3d 1.7 ± 0.3 1.0b

Tyra,e 1900 ± 300d 2.0 ± 0.2d 0.0010 ± 0.0002 0.00089

m-Tyra,e 12 ± 1d 3.1 ± 0.2d 0.26 ± 0.04 0.22 13.6 ± 0.7

L-dopaa 520 ± 90d 1.6 ± 0.1d 0.0031 ± 0.0006 0.0026

L-dopab 600 ± 100d 3.4 ± 0.2d 0.0057 ± 0.0009 0.0033
aE. coli tRNAPhe-transcript was used in the experiments with TtPheRS or HsmtPheRS.
bHuman cytoplasmic tRNAPhe-transcript was used in kinetic measurements for HsctPheRS or HsmtPheRS.
c Relative kcat/Km values are normalized for each PheRS and tRNAPhe to the corresponding value for phenylalanine.
d Values obtained from the acid gel electrophoresis technique; the other data presented were determined by the tRNA precipitation assay. Data are

presented as means of at least three independent experiments with standard deviation of the mean.
e Data taken from our previous work (Klipcan et al., 2009).
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between the Tyr OH group in para-position and the Oε1 of

Glub334 and the main chain amide of Glyb315 are the most

important (Kotik-Kogan et al., 2005). Binding mode of L-dopa

in this area is characterized by appearance of the extra hydrogen

bonds, as compared to L-Tyr, formed also by the OH group in

meta-position of the aromatic moiety with the Oε2 of Glub334

and themain chain amide of Glyb315. Thus, the carboxylic group

of Glub334 makes direct hydrogen bonds with two OH groups of

3,4-dihydroxy-L-phenylalanine.

Trans Editing of L-Dopa-tRNAPhe by PheRS
Detection of L-dopa in the editing site of TtPheRS prompted us

to investigate the hydrolytic activity of the enzyme toward

L-dopa-tRNAPhe. The mischarged product was presynthesized

in the presence of HsmtPheRS, isolated from the reaction

mixture, and then incubated in the presence of varied concentra-

tions of TtPheRS (Figure 3A). The enzyme catalyzes hydrolysis of

exogenous L-dopa-tRNAPhe. The rate of hydrolysis depends on

the enzyme concentration and even at the lowest concentration

tested is significantly higher than the rate of spontaneous deacy-

lation (compare lanes 1–3 and lanes 10–14, Figure 3A). The

apparent rate constants estimated from the kinetic data are

0.27 min�1 for the enzyme-assisted hydrolysis (at 16 nM

TtPheRS) and 0.04 min�1 for the spontaneous degradation.

Addition of L-dopa to the reaction mixture revealed no effect of

the free amino acid on the editing activity, suggesting that there

is no competition between the editing substrate and L-dopa for

binding in the hydrolytic active site (compare lanes 1–3, 7–9,

and lanes 15–20, Figure 3A). However, incubation of L-dopa-

tRNAPhe under hydrolysis conditions in the presence of

TtPheRS, L-dopa, and ATP showed a new stable level of the ami-

noacylation product, which depends on both the amino acid (see
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lanes 22–24 and 28–30, Figure 3A) and enzyme concentration

(not shown). The observed level is evidently due to reaminoacy-

lation of the deacylated tRNAPhe and reflects the balance

between the two enzymatic reactions. Indeed, the enzymatic

hydrolysis occurred normally (with the same efficiency as in the

absence of small substrates) when L-dopa and ATP were added

simultaneously with PheOH-AMP, a stable synthetic analog of

phenylalanyl-adenylate. Binding of this strong competitive inhib-

itor in the aminoacylation active site of TtPheRS completely

suppressed reaminoacylation of the deacylated tRNA. The

data indicate that TtPheRS is active in editing of L-dopa-tRNAPhe

in trans, i.e., after dissociation of the mischarged product from

the aminoacylation complex and further rebinding.

Hydrolysis experiments with Tyr-tRNAPhe (Figure 3B) revealed

that TtPheRS edits Tyr-tRNAPhe and L-dopa-tRNAPhe in trans

with closely similar efficiencies (compare lanes 4–9, Figure 3A,

and lanes 6–11, Figure 3B). Moreover, Tyr-tRNAPhe is also ream-

inocylated with L-dopa; the reaction occurs with the same effi-

ciency as in the case of L-dopa-tRNAPhe, and it is completely

inhibited in the presence of PheOH-AMP (lanes 12–20, Fig-

ure 3B). To compare trans-editing activities of TtPheRS toward

L-dopa-tRNAPhe and Tyr-tRNAPhe, we performed additional

kinetic experiments using a standard tRNA precipitation assay.

The presynthesized nonradiolabeled Tyr-tRNAPhe and L-dopa-

tRNAPhe were incubated under the hydrolysis conditions in the

presence of TtPheRS, [3H]phenylalanine and ATP, and incorpo-

ration of the radioactive amino acid into tRNA was measured

(Figure 4). The relative amount of the deacylated form in the

aa-tRNA preparations (accumulated during isolation and purifi-

cation) was checked in control experiments with HsmtPheRS,

which has no editing activity. The concentrations of enzymes

were adjusted in the control experiments (not shown) to ensure
lsevier Ltd All rights reserved



Figure 3. Specific Hydrolysis of Misacylated tRNAPhes by TtPheRS

Hydrolysis of (A) 1 mM L-dopa-tRNAPhe and (B) 1 mM Tyr-tRNAPhe in absence or presence of varied TtPheRS concentrations. The mischarged aa-tRNAs were

presynthesized from 32P-labeled EctRNAPhe (using HsmtPheRS) and purified. The enzyme-catalyzed hydrolysis was initiated after 2 min of preincubation. When

indicated 2 mM (A, lanes 15–20 and 28–33; B, lanes 15–20) or 400 mM L-dopa (A, lanes 22–27; B, lanes 12–14)], 2 mM ATP and 150 mMPheOH-AMP were added

to the reaction mixture. The charging level of tRNA was analyzed by electrophoresis in 8% denaturing gel at acidic conditions. Gels are representative images

from three independent experiments. See also Figure S1A.
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full charging of free tRNAPhe after 1.5–2 min of incubation. The

charging level in the presence ofHsmtPheRS after 2 min of incu-

bation (�30%) corresponds to the content of free tRNA (deter-
Figure 4. Comparison of TtPheRS Hydrolytic Activities toward

L-Dopa-tRNAPhe and Tyr-tRNAPhe by Reaminoacylation Assay

The nonradiolabeled EctRNAPhe was preaminoacylated with L-dopa or Tyr and

purified, then incubated (at 1 mM concentration) in the hydrolysis reaction

mixture in the presence of ATP, [3H]Phe, and TtPheRS (filled symbols) or

HsmtPheRS (open symbols). Values shown are the means of three indepen-

dent experiments with standard deviation of the mean. See also Figure S1B.
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mined independently by the acidic gel electrophoresis) in the

presynthesized aa-tRNA preparations. The further slow increase

of the charging level (up to 55%) in the presence of HsmtPheRS

is caused by phenylalanylation of the aa-tRNA spontaneously

degraded during the incubation. The reaction in the presence

of TtPheRS shows that both Tyr-tRNAPhe and L-dopa-tRNAPhe

are completely recharged within the incubation time, with the

initial reaction rates being practically identical. These data

provide further evidence of close similarity of the two misacy-

lated tRNAPhes as trans-editing substrates of TtPheRS.

Trans-editing activity toward L-dopa-tRNAPhe was also inves-

tigated for HsctPheRS (see Figure S1A available online). The

exogenous mischarged product was efficiently hydrolyzed by

the enzyme in the absence of L-dopa and ATP, or when the

small substrates were added simultaneously with PheOH-AMP,

which inhibited completely the aminoacylation reaction. Trans-

editing activities of HsctPheRS toward L-dopa-tRNAPhe and

Tyr-tRNAPhe were compared by kinetic measurements of [3H]

phenylalanine incorporation into the presynthesized nonradiola-

beled aa-tRNAPhes (Figure S1B). The observed rates of re-

aminoacylation indicate that HsctPheRS hydrolyzes L-dopa-

tRNAPhe and Tyr-tRNAPhe in trans with very similar efficiencies.

Thus, editing activity toward L-dopa-tRNAPhe is a common char-

acteristic of bacterial and eukaryotic cytoplasmic PheRSs.

The aminoacylation and hydrolysis data taken together show

the discrimination between Phe and L-dopa by TtPheRS and

HsctPheRS to relay on a complicated multistep process. The

kcat values of L-dopa-tRNAPhe synthesis by these enzymes pre-

sented in Table 2 should be considered as apparent rate
229, October 28, 2011 ª2011 Elsevier Ltd All rights reserved 1225



Figure 5. Scheme of Editing Pathways

Cis-editing pathway consists of steps 1 and 4: synthesized in the amino-

acylation active site (AS) misacylated tRNA (aa-tRNAPhe) translocates to the

editing site (ES)within thecomplexwithPheRSand is hydrolyzed.Trans-editing

pathway consists of steps 2, 3, and 4: mischarged product dissociates from

the complex with PheRS, rebinds to the editing site and than is hydrolyzed.
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constants, because they reflect the overall rates of misaminoa-

cylation, which depend on the ratio of the rates of formation

and further hydrolysis. Therefore, the observed difference

between three PheRSs in the discrimination efficiencies at the

level of kcat values may result from differences in the true rate

constant for aa-tRNA formation and in the contribution of editing

reaction to the overall yield of the mischarged product.

DISCUSSION

A number of studies have shown that ROS-damaged amino

acids, m-Tyr, o-Tyr, and L-dopa, are incorporated in vitro and

in vivo into proteins alongside with the canonical amino acids

via the translational apparatus of bacterial and eukaryotic cells

(Rodgers and Shiozawa, 2008). However, the particular molec-

ular pathways of oxidized amino acids translation and specifi-

cally the role of aaRSs in this process are far from being

completely understood. L-Dopa has been shown to be incorpo-

rated into nascent proteins by bacterial and mammalian cells

(Rodgers and Shiozawa, 2008) and has been detected before

to act as a substrate of bacterial TyrRS (Calendar and Berg,

1966). Recently we have revealed that m-Tyr may be incorpo-

rated into eukaryotic proteins, using mitochondrial and cyto-

plasmic PheRSs (Klipcan et al., 2009). The present study is the

first evidence that all three major forms of PheRS (mitochondrial

and cytoplasmic eukaryotic, and bacterial) catalyze mischarging

of tRNAPhe with L-dopa, thereby opening the way for transla-

tional incorporation of the oxidized tyrosine analog in place of

phenylalanine.

The aminoacylation kinetic experiments with HsmtPheRS,

HsctPheRS, and TtPheRS revealed that all the enzymes display

relative specificity constants for L-dopa over Phe substrate in the

range 33 10�3–6 3 10�4 (as reflected in relative kcat/Km values;

see Table 2). These values significantly exceed the error rates in

protein translation estimated to be <10�4 (Hendrickson et al.,

2004). The overall error rate of aa-tRNA synthesis is determined

by both aaRS specificity and the relative concentrations of the

cognate and noncognate substrates in the cell. Given that mito-

chondrial respiration is a major source of ROS and oxidized

amino acids (Winterbourn, 2008), and HsmtPheRS displays the

lowest level of discrimination against L-dopa, we hypothesize

the leading role of this enzyme in misincorporation of L-dopa

into proteins, opening up the way for delivery of the misacylated

tRNA to the ribosome.Moreover, the relative specificity constant

of TyrRS for L-dopa over the cognate amino acid (�5 3 10�3),

reported only for the bacterial enzyme (Calendar and Berg,
1226 Chemistry & Biology 18, 1221–1229, October 28, 2011 ª2011 E
1966), is comparable to that of HsmtPheRS, suggesting compe-

tition of two enzymes for L-dopa upon its attachment to tRNA

and furthermisincorporation into proteins. In view of our findings,

engineered tRNA-PheRS pairs seem to be perspective (alterna-

tive to tRNA-TyrRS pairs) tools for selective incorporation of the

redox-active amino acid into proteins, which in turn offers new

opportunities to study impact of physiologically relevant protein

modifications on cell function.

All three PheRSs discriminate L-dopa less efficiently than Tyr

at the binding level, as is evident from comparison of the respec-

tive Km (or Km and Ki) values (see Table 2). Their higher affinity for

L-dopa is consistent with structural data: the position of L-dopa

within the aminoacylation active site is additionally stabilized

by hydrogen bonding of the OH-group in meta-position. Like

Tyr, L-dopa is bound in the editing site of TtPheRS. Moreover,

both TtPheRS and HsctPheRS catalyze hydrolysis of exoge-

nous L-dopa-tRNAPhe and Tyr-tRNAPhe with similar efficiencies.

These data suggest that PheRS editing activity in trans, i.e.,

through rebinding and hydrolysis of misacylated tRNAPhe

released to solution (Figure 5), is practically insensitive to struc-

tural differences between L-dopa and Tyr. As shown by fast

kinetic study of yeast PheRS (Lin et al., 1984), Tyr-tRNAPhe (never

detected by steady-state aminoacylation kinetics) is only tran-

siently formed with the rate constant, which is 11-fold lower

than the respective hydrolysis rate constant. The observed accu-

mulation of L-dopa-tRNAPhe under steady-state aminoacylation

conditions indicates that the rate constant of its formation

exceeds the hydrolysis rate constant. Different rations between

the hydrolysis and aminoacylation rate constants may result

from more efficient synthesis of L-dopa-tRNAPhe compared to

that of Tyr-tRNAPhe. A comparative kinetic study of tRNAPhe tyro-

sylation by editing-defective PheRS will be helpful. Alternative

hypothesis is that L-dopa-tRNAPhe is less efficiently hydrolyzed

than Tyr-tRNAPhe through the cis-editing pathway, i.e., by trans-

location to the editing site within the complex with PheRS. Little

is known about the mechanism of translocation of incorrect

product from the aminoacylation to the editing site. Based on

structural and modeling studies, it is generally believed that the

tRNA acceptor end acylated with the noncognate amino acid

shuttles between the two sites (as a result of a conformational

change), whereas the tRNA body is still bound to the aaRS

(Dock-Bregeon et al., 2000; Fukunaga and Yokoyama, 2005;

Silvian et al., 1999; Tukalo et al., 2005). In the present state of

knowledge, influence of the amino acid structure on the effi-

ciency of translocation cannot be excluded. The recognition of

tRNAPhe during trans editing was investigated by mutagenesis

(Ling et al., 2009). G34, the major identity element of tRNAPhe

aminoacylation, is less efficiently (by 2–7-fold) recognized by

the wild-type and mutant PheRSs during editing than during

aminoacylation, indicating that PheRS interactions with the anti-

codon are not completely conserved in the trans-editing

complex. The relative contributions of cis- and trans-editing

pathways to the proofreading are yet unknown. Previous obser-

vations of Tyr mistranslation at Phe codons resulted from coex-

pressing wild-type and editing-defective PheRSs (Roy et al.,

2004) indicate that the trans-editing activity is ineffective to

reduce the aminoacylation error rate. At the step following the

aminoacylation, no discrimination between Tyr-tRNAPhe and

Phe-tRNAPhe by the elongation factor EF-Tu was detected
lsevier Ltd All rights reserved
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(Ling et al., 2009). However, PheRS was shown to rebind and

edit the mischarged tRNA in the presence of EF-Tu, thus leading

to a reduction in the overall error rate of aminoacylation. This

additional editing step prior to translocation to the ribosome

cannot be excluded for L-dopa-tRNAPhe, based on its similarity

to Tyr-tRNAPhe in the trans editing.
SIGNIFICANCE

Protein-bound L-dopa is one of the prevailing ROS-

damaged modifications of amino acids identified in tissue

proteins of atherosclerotic plaques (Fu et al., 1998a, 1998b)

and cataract lens (Molnár et al., 2005). Unlike some other

oxidized amino acids, L-dopa is a reactive species further

oxidized to dopaquinone, readily forming covalent links

with other species and generating products such as 5-S-

cysteinyldopa capable of crosslinking proteins (Rodgers

and Dean, 2000). This in turn may create proteins resistant

to proteolysis and forming stable aggregates preventing

their efficient removal (Davies, 2001; Kopito, 2000). Although

considerable information has accumulated on incorporation

of ROS-damaged amino acids into proteins and their impact

on cell functions and associated diseases, very little is

known about the particular pathways of discrimination and

misincorporation of these specific compounds. Here, we

provide for the first time structural and kinetic data on inter-

action of three structurally different wild-type forms of

PheRS with L-dopa. The relative specificity constants for

L-dopa over Phe in the aminoacylation reaction identify the

bacterial and eukaryotic PheRSs as potential contributors

to biosynthesis of L-dopa containing proteins. Recent study

of oxidized proteins catabolism (Dunlop et al., 2011) revealed

that L-dopa-containing proteins aremore potent inducers of

apoptosis than proteins containing ortho-tyrosine. The

observed effects upon the oxidized amino acids incorpora-

tion into polypeptide chains may associate with inability of

human and bacterial PheRSs to catalyze tRNAPhe mischarg-

ing with o-Tyr (our unpublished results). Protein-bound

L-dopa may play important role in progression of age-

related disorders by contributing to lysosomal membrane

permeabilization-initiated apoptosis and may have impor-

tant implications for the long-term use of L-dopa as a thera-

peutic agent in Parkinson’s disease (Dunlop et al., 2011).

Protection against misincorporation of oxidative-damaged

amino acids could constitute a promising approach to the

treatment of ROS-dependent pathologies.
EXPERIMENTAL PROCEDURES

Chemicals, Proteins, and tRNAs

3,4-Dihydroxy-L-phenylalanine, DL-m-tyrosine, L-p-tyrosine, and L-phenylal-

anine were purchased from Sigma-Aldrich, L-[3H]phenylalanine was from

Amersham Biosciences. Phenylalaninyl-50-adenylate (PheOH-AMP) was

synthesized and purified as described (Cassio et al., 1967). The tRNAPhes

(E. coli and human cytoplasmic) were synthesized by using runoff transcription

of synthetic genes with T7 RNA polymerase followed by electrophoretic isola-

tion of the correct-length transcripts as described (Vasil’eva et al., 2002). To

prepare the 32P-labeled tRNAs, transcriptions were run in the presence of

a-[32P]ATP (Amersham Biosciences). Phenylalanyl-tRNA synthetases were

purified from natural (TtPheRS) or overexpressed sources (HsctPheRS and
Chemistry & Biology 18, 1221–1
HsmtPheRS) as described (Chernaya et al., 1987; Levin et al., 2007; Moor

et al., 2002).

tRNA Aminoacylation

Aminoacylation reaction was performed in conditions optimized for tRNA

phenylalanylation by different PheRSs (Moor et al., 2002; Vasil’eva et al.,

2002). The activity of HsctPheRS was tested generally at 30�C in reaction

mixtures containing 50 mM tris-HCl, pH 8.0, 30 mM MgCl2, 20 mM KCl,

5 mM dithiothreitol (DTT), 5 mM ATP, and 2–2.8 mM HstRNAPhe-transcript. In

experiments with TtPheRS and HsmtPheRS performed at 37�C the reaction

mixtures contained 50 mM tris-HCl, pH 8.5, 15 mM MgCl2 (or 9 mM MgCl2
for aminoacylation of EctRNAPhe by TtPheRS), 5 mM DTT, 5 mM ATP, and

1.3–4 mM EctRNAPhe-transcript or 2–3 mM HstRNAPhe-transcript. Both

EctRNAPhe-transcript and HstRNAPhe-transcript are heterologous substrates

of TtPheRS and HsmtPheRS, which can be efficiently aminoacylated in defi-

nite conditions. The amino acid concentrations varied from 200 nM to 40 mM

for Phe, from 10 mM to 2 mM for m-Tyr, and from 100 mM to 3.4 mM for

L-dopa. Aminoacylation of 32P-labeled tRNAPhe with unlabeled cognate and

noncognate amino acids was tested by an acidic gel electrophoretic method

(Varshney et al., 1991). Aliquots (4 mL) of reaction solution were quenched at

various time points in 6 ml of loading solution containing 0.1 M sodium acetate

(pH 5), 7 M urea, and leading dyes. Gels were run at 4�C for 15 hr at 6 V/cm

for a 12-cm migration of xylene cyanol, dried, and quantified by Phosphor

imaging. The level of spontaneous deacylation during electrophoresis, which

was checked by comparative measurement of the aminoacylation extent in

identical conditions by using the trichloroacetic acid precipitation assay and
14C/3H-labeled Phe, did not exceed 15%. The kinetic parameters were calcu-

lated by a nonlinear regression fit of the data to a Michaelis-Menten equation.

The reported kcat and Km values are the means of at least three independent

experiments with standard deviations indicated.

Preparative Synthesis of aa-tRNAPhe and Posttransfer Editing Assay

Aminoacylation of 4 mM 32P-labeled tRNAPhe-transcript (EctRNAPhe or

HstRNAPhe) with phenylalanine or noncognate amino acids was performed in

the presence of a sub-saturating concentration of the amino acid (50 mM

Phe, 200 mMm-Tyr, 1.7 mM Tyr, or 3.4 mM L-dopa) and definite concentration

of HsmtPheRS (0.4 mM for charging with Phe or m-Tyr; 1.6 mM for charging

with L-dopa; 3.2 mM for tyrosylation). After 30 min of incubation at 37�C in

the mixtures containing all the other components described above for tRNA

aminoacylation, the reaction was stopped by addition of four volumes of

cold solution of 300 mM sodium acetate (pH 4.9). The remaining ATP and

amino acid were separated by exhaustive dialysis at 4�C against 300 mM

sodium acetate (pH 4.9), containing 15 mMMgCl2 and 5 mM DTT, using Viva-

spin microconcentrator. The aa-tRNA was extracted with phenol (buffered

with 100 mM sodium acetate, pH 4.9), followed by chloroform extraction,

ethanol precipitation and stepwise washing with 70% and absolute ethanol.

The aa-tRNA pellet was dried, stored at�20�C and dissolved in water directly

before hydrolysis experiments. The aa-tRNA yields were within the range

70%–80%.

The hydrolysis reaction mixtures contained 50 mM tris-HCl, pH 8.0, 20 mM

MgCl2, 1 mM 32P-labeled aa-tRNAPhe. When indicated, the reaction mixture

contained L-dopa, ATP, and PheOH-AMP. The mixture was preincubated

for 2 min at 37�C, and the editing reaction initiated by addition of TtPheRS

(16–48 nM) or HsctPheRS (20–60 nM) was followed by measuring the extent

of charged tRNA in the aliquots by the acidic gel electrophoretic method

described above.

Posttransfer editing was also assayed by reaminoacylation of L-dopa-

tRNAPhe and Tyr-tRNAPhe with L-[3H]Phe. The nonradiolabeled aa-tRNA

(0.8–1 mM) synthesized and purified as described above was incubated at

37�C in the hydrolysis reaction mixture in the presence of 5 mM ATP,

4 mM L-[3H]Phe, and 60 nM TtPheRS, or 200 nM HsmtPheRS, or 90 nM

HsctPheRS. The enzyme concentrations have been adjusted in the control

experiments to ensure full aminoacylation of 1 mM uncharged tRNAPhe-tran-

script after 1.5–3 min of incubation. At the appropriate times aliquots of 6 ml

were spotted onto Whatman filter paper impregnated with 5% trichloroacetic

acid (TCA). Then the filters were extensively washed with ice-cold 5% TCA,

and TCA-insoluble radioactivity was measured by liquid scintillation

counting.
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Crystallization and Structure Determination

Crystallization of TtPheRS and HsmtPheRS with various ligands has been

described in detail (Chernaya et al., 1987; Kotik-Kogan et al., 2005; Levin

et al., 2007). Crystal soaking with L-dopa for TtPheRS and HsmtPheRS was

carried out under conditions similar to those described. Along with other

components 5 mM DTT was added to the soaking solutions. Complete

X-ray datasets were collected from single crystals at European Synchrotron

Radiation Facility BM-14 station. The structures of TtPheRS and HsmtPheRS

complexed with L-dopa were isomorphous to the native ones. After rigid-body

refinement (REFMAC5) and cycles of simulated annealing and conjugate

gradient minimization (CNS), an unbiased difference Fourier map with coeffi-

cients (Fobs-Fcalc) was calculated (Brünger et al., 1998; Murshudov et al.,

1997). Water molecules were added by using Arp/Warp (Jones et al., 1991).

The manual refinement of the model building was done with O and Coot

(Emsley and Cowtan, 2004; Jones et al., 1991). The models were refined to

Rwork/Rfree of 17%/22% and 23%/29% for HsmtPheRS and TtPheRS,

respectively.

ACCESSION NUMBERS

Atomic coordinates and structure factors for HsmtPheRS and TtPheRS

complexes with L-dopa have been deposited in the Protein Data Bank under

codes 3TEG and 3TEH, respectively.

SUPPLEMENTAL INFORMATION

Supplemental Information includes one figure and can be found with this

article online at doi:10.1016/j.chembiol.2011.08.008.
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