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SUMMARY

Pyrrolysyl-tRNA synthetase (PylRS) esterifies pyrro-
lysine to tRNAPyl. In this study, N3-(tert-butyloxycar-
bonyl)-L-lysine (BocLys) and N3-allyloxycarbonyl-
L-lysine (AlocLys) were esterified to tRNAPyl by
PylRS. Crystal structures of a PylRS catalytic frag-
ment complexed with BocLys and an ATP analog
and with AlocLys-AMP revealed that PylRS requires
anN3-carbonyl group bearing a substituent with a cer-
tain size. A PylRS(Y384F) mutant obtained by random
screening exhibited higher in vitro aminoacylation
and in vivo amber suppression activities with BocLys,
AlocLys, and pyrrolysine than those of the wild-type
PylRS. Furthermore, the structure-based Y306A
mutation of PylRS drastically increased the in vitro
aminoacylation activity for N3-benzyloxycarbonyl-
L-lysine (ZLys). A PylRS with both the Y306A and
Y384F mutations enabled the large-scale preparation
(>10 mg per liter medium) of proteins site-specifically
containing N3-(o-azidobenzyloxycarbonyl)-L-lysine
(AzZLys). The AzZLys-containing protein was labeled
with a fluorescent probe, by Staudinger ligation.

INTRODUCTION

In protein synthesis based on the universal genetic code, the

20 canonical amino acids are esterified to their cognate tRNAs

by specific aminoacyl-tRNA synthetases (aaRSs) (Schimmel,

1987; Carter, 1993; Ibba and Söll, 2000), except that some ami-

noacyl-tRNAs are formed by conversion of their precursor amino-

acyl-tRNAs (Gladyshev et al., 1996; Commans and Böck, 1999;

Atkins and Gesteland, 2002; Ibba and Söll, 2002). The genetic

code could be expanded to include the termination codon-

directed incorporation of a non-canonical or non-natural amino

acid into proteins. Genetic encoding of non-natural amino acids

with useful physical, chemical, or biological properties (e.g.

photocrosslinkers, fluorescent probes, spin labels, redox active
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groups, heavy atoms, and reactive groups) provides powerful

tools to investigate and manipulate protein structure and func-

tion. More than 30 non-natural amino acids have been incorpo-

rated into proteins via a unique codon and an ‘‘orthogonal’’

tRNAdaaRS pair, which do not crossreact with the host counter-

parts (reviewed in Hendrickson et al., 2004; Wang et al., 2006).

For example, p-azido-L-phenylalanine (AzPhe) was genetically

encoded in Escherichia coli, with a mutant tyrosyl-tRNA synthe-

tase (TyrRS) and an amber suppressor tRNA from the archaeon

Methanocaldococcus jannaschii (Chin et al., 2002), and the azido

group of the protein containing AzPhe site-specifically was

selectively modified with phosphine derivatives by means of

Staudinger ligation (Saxon and Bertozzi, 2000; Kiick et al.,

2002; Tsao et al., 2005). In addition, the azido group was utilized

for the selective labeling of a protein with a fluorescent probe

(Wang et al., 2003; Speers et al., 2003; Deiters et al., 2003) and

biotin (Link and Tirrell, 2003) by the Huisgen [3+2]-cycloaddition.

Pyrrolysine (Pyl, Figure 1A), a non-canonical lysine derivative

with a methyl-pyrroline moiety, was first identified in the active

site of monomethylamine methyltransferase from Methanosar-

cina barkeri (Atkins and Gesteland, 2002; Ibba and Söll, 2002;

Srinivasan et al., 2002; Hao et al., 2002). Pyrrolysine is directly

esterified to its specific tRNA (tRNAPyl), which has the anticodon

(CUA) complementary to the UAG codon, by pyrrolysyl-tRNA

synthetase (PylRS) (Blight et al., 2004; Polycarpo et al., 2004).

Bacterial elongation factor Tu (EF-Tu) binds aminoacyl-tRNAPyl

and delivers it to the ribosome (Blight et al., 2004; Theobald-

Dietrich et al., 2004). Thus, pyrrolysine is translationally incorpo-

rated, in response to the amber stop codon UAG, into the

M. barkeri methyltransferase in E. coli cells expressing M. barkeri

PylRS and tRNAPyl (Blight et al., 2004). Because the primary and

secondary structures of tRNAPyl have a number of unusual char-

acteristics, including the CUA anticodon, the extended acceptor

stem, and the extremely small D-loop (Srinivasan et al., 2002),

tRNAPyl is not recognized by the E. coli aaRSs. Therefore, PylRS

and the amber suppressor tRNAPyl from Methanosarcina

function as an orthogonal aaRSdtRNA pair in E. coli, and thus

are suitable for the incorporation of unusual non-natural and

non-canonical amino acids into proteins (Polycarpo et al., 2006;

Neumann et al., 2008).
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Besides pyrrolysine, several non-natural pyrrolysine/lysine

derivatives are esterified to tRNAPyl by PylRS (Polycarpo et al.,

2006). By using PylRS and tRNAPyl in E. coli, some of these

non-natural pyrrolysine/lysine derivatives are incorporated into

proteins in response to the amber codon (Polycarpo et al.,

2006). In order to expand the range of non-natural amino acids

that can be incorporated into proteins, some active mutants of

PylRS have been selected from randomly mutated libraries. First,

six mutations in M. barkeri PylRS and four mutations in Methano-

sarcina mazei PylRS enabled the in vivo suppression with a min-

imal amino-acid substrate, N3-acetyl-L-lysine (AcLys) (Neumann

Figure 1. PylRS Activates a Variety of Non-natural and Non-

canonical Amino Acids

(A) Chemical structures of pyrrolysine and lysine derivatives. Each of the

unique groups is colored green. (B and C) Detection of aminoacylated tRNA

by acidic urea PAGE analysis. The aminoacylation assay conditions are

described in Experimental Procedures.

(B) Each lane shows a reaction in the presence of PylRS (2.8 mM) and with the

following: no amino acid; 0.5 M Lys; 100 mM AcLys; 1 mM BocLys; 1 mM

AlocLys; 10 mM NicLys; 7 mM NmaLys; 3.5 mM ZLys; 1 mM pyrrolysine;

control tRNAPyl.

(C) Each lane shows a reaction in the presence of PylRS (2.8 mM) and with the

following: no amino acid; Lys; AcLys; BocLys; AlocLys; NicLys; NmaLys; ZLys;

pyrrolysine; control tRNAPyl. The concentration of each amino acid in the assay

solutions was 1 mM.
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et al., 2008; Mukai et al., 2008). Second, another set of five

mutations in M. mazei PylRS facilitated the in vivo suppression

with N3-benzyloxycarbonyl-L-lysine (ZLys), which is bulkier than

pyrrolysine (Mukai et al., 2008). The M. mazei PylRS and tRNAPyl

are orthogonal not only to the bacterial systems but also to the

eukaryotic systems, and thus these lysine derivatives have

been successfully incorporated into a protein in yeast and

mammalian cells (Mukai et al., 2008).

PylRS belongs to subclass c (Cusack, 1995) of the class-II

aaRSs (Eriani et al., 1990; Cusack et al., 1990; Ruff et al., 1991).

Crystal structures of a catalytic-domain fragment, including the

C-terminal 270 residues of M. mazei PylRS [PylRS(c270), resi-

dues 185–454], have been reported by Kavran et al. (2007) and

by our group (Yanagisawa et al., 2006, 2008). The pyrrolysyl moi-

ety of the enzyme-bound pyrrolysine and pyrrolysyladenylate

(pyrrolysyl-AMP) are recognized within the deep catalytic pocket

of PylRS (Kavran et al., 2007; Yanagisawa et al., 2008).

In the present study, we show that M. mazei PylRS esterifies

tRNAPyl efficiently with N3-(tert-butyloxycarbonyl)-L-lysine

(BocLys) and N3-allyloxycarbonyl-L-lysine (AlocLys). The crystal

structures of M. mazei PylRS(c270) complexed with BocLys and

adenosine 50-(b,g-imido)triphosphate (AMPPNP), and with

AlocLys-AMP and imido-diphosphate (PNP) revealed the com-

mon features of these amino acids for the efficient recognition

and aminoacylation by PylRS. A single mutation, Y384F, in

M. mazei PylRS enhances the in vitro aminoacylation and

in vivo suppression activities for BocLys and pyrrolysine. How-

ever, a single structure-based mutation, Y306A, which expands

the amino acid binding pocket, successfully enabled PylRS to

esterify ZLys to tRNAPyl. Furthermore, N3-(o-azidobenzyloxycar-

bonyl)-L-lysine (AzZLys) was also esterified to tRNAPyl by the

Y306A mutant, which the previous PylRS mutant could not

accomplish. By combining the two PylRS mutations, Y384F

and Y306A, AzZLys was successfully encoded in E. coli, and a

milligram-quantity of a protein containing AzZLys at the amber-

codon site was produced. The protein containing AzZLys site-

specifically was selectively modified with a fluorescent probe.

As compared with AzPhe, AzZLys has a longer linker between

the azido group and the main chain; therefore, the efficiency of

the site-specific modification of AzZLys is significantly higher.

RESULTS

PylRS Esterifies tRNAPyl with a Variety
of Non-natural Amino Acids
M. barkeri PylRS reportedly has the activity to esterify tRNAPyl

with several pyrrolysine/lysine derivatives, such as N3-cyclopen-

tyloxycarbonyl-L-lysine (CycLys), N3-(D-prolyl)-L-lysine, and

N3-(3-me-2,3-dihydro-pyrrol-2-yl)carbonyl-L-lysine (Polycarpo

et al., 2006). All of these lysine derivatives have the N3-carbonyl

group. In the present study, we examined whether the full-length

M. mazei PylRS can esterify tRNAPyl with other types of lysine

derivatives with the N3-carbonyl group (Figure 1A). In order to

detect aminoacylation even with poor-substrate amino acids,

acidic polyacrylamide gel electrophoresis (PAGE) assays were

performed at an amino-acid concentration (1–100 mM) much

higher than the Km for pyrrolysine, at a high concentration of

the enzyme (2.8 mM), and for a long duration (1 hr). First, 1 mM

concentrations of N3-(tert-butyloxycarbonyl)-L-lysine (BocLys)
8 Elsevier Ltd All rights reserved
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and N3-allyloxycarbonyl-L-lysine (AlocLys) (Figure 1A) were

esterified to tRNAPyl, as well as pyrrolysine at the same concen-

tration (Figures 1B and 1C). Second, N3-nicotinoyl-L-lysine

(NicLys), the fluorescent amino acid N3-(N-me-anthraniloyl)-L-

lysine (NmaLys), and N3-benzyloxycarbonyl-L-lysine (ZLys) were

esterified at higher concentrations (10 mM, 7 mM, and 3.5 mM,

respectively) (Figures 1A and 1B). Note that the substituents at

the N3-carbonyl group in NicLys, NmaLys, and ZLys are larger

than those in pyrrolysine, BocLys, and AlocLys. Third, N3-(p-azi-

dobenzoyl)-L-lysine, N3-biotinyl-L-lysine, and N3-(9-fluorenylme-

thoxycarbonyl)-L-lysine, which have even larger substituents at

the N3-carbonyl group, were not detectably esterified to tRNAPyl

by M. mazei PylRS (data not shown). However, N3-acetyl-L-lysine

(AcLys) at 100 mM was esterified to tRNAPyl less efficiently than

either pyrrolysine, BocLys, or AlocLys at 1 mM by M. mazei PylRS

(Figures 1A and 1B), as in the case of M. barkeri PylRS (Polycarpo

et al., 2006). Indeed, AcLys, NmaLys, NicLys, and ZLys at 1 mM

were not esterified to tRNAPyl, which indicates that these four

lysine derivatives are much worse substrates than pyrrolysine,

BocLys, and AlocLys (Figure 1C). Taken together, these results

clearly show that PylRS has a preferred size for the substituent

at the N3-carbonyl group. In contrast, M. mazei PylRS exhibits

no ligation activity for lysine derivatives without the N3-carbonyl

group, such as N3-methyl-L-lysine, N3-dimethyl-L-lysine, N3-

trimethyl-L-lysine, N3-isopropyl-L-lysine, N3-dansyl-L-lysine,

N3-(o,p-dinitrophenyl)-L-lysine, N3-(p-toluenesulfonyl)-L-lysine,

and N3-(DL-2-amino-2-carboxyethyl)-L-lysine, regardless of the

size of the N3-substituent (data not shown).

Structural Basis for Non-natural Amino Acid
Recognition by PylRS
The crystal structures of the BocLysdAMPPNP-bound

PylRS(c270) and the AlocLys-AMPdPNP-bound PylRS(c270)

were determined at 1.79 Å and 2.06 Å resolutions, respectively

(Table 1; see Figures S1, S2A, and S2B available online). In the

PylRS(c270)dBocLysdAMPPNP structure, the electron density

of the enzyme-bound BocLys is clearly visible in the active site

(Figure S2C). The N3-Boc group is buried in a hydrophobic envi-

ronment, in a similar manner to those observed in the pyrro-

lysinedAMPPNP-bound (Figure 2A and 2B) (Yanagisawa et al.,

2008) and the N3-cyclopentyloxycarbonyl-D-lysine (CycDLys)d

ATP-bound forms (Kavran et al., 2007); the side-chain amide

group of the PylRS-invariant Asn346 hydrogen bonds with the

N3-carbonyl group of BocLys, and the electron density of the

lysyl moiety is slightly weaker than that of the N3-substituent.

The BocLys a-carboxyl group points away from the active site

(Figures S2C and S2B), but it could rotate around the Ca-Cb

bond to the position of the pyrrolysine a-carboxylate (Figure 2A)

to react with the a-phosphate group of ATP. Furthermore, the

a-carbonyl group of BocLys makes a water-mediated hydrogen

bonding interaction with the Asn346 side-chain carbonyl group,

whereas the a-amino group interacts with the a-phosphate group

of AMPPNP (Figure 2B, right). In addition, the enzyme-bound

BocLys does not hydrogen bond with Arg330.

In the PylRS(c270)dAlocLys-AMPdPNP structure, the electron

densities of the enzyme-bound AlocLys-AMP and the PNP being

released are visible in the active site (Figure 2C). This indicates

that the structure represents the state after the amino acid activa-

tion step. The N3-allyloxy moiety is buried in the hydrophobic
Chemistry & Biology 15, 1187–11
environment. We initially tested a model of AlocLys-AMP in which

the N3-carbonyl group points inward in the active site pocket

(Figure 2C), as do those of pyrrolysine (Figure 2A) (Yanagisawa

et al., 2008), BocLys (Figure 2B), pyrrolysyl-AMP (Kavran et al.,

2007), and CycDLys (Kavran et al., 2007). However, the remaining

electron density was still observed in the Fo-Fc omit map (red

circle in Figure S2D, lower panel). Next, the AlocLys-AMP

Table 1. Data Collection and Refinement Statistics

M. mazei M. mazei

PylRS(c270)
dBocLys

PylRS(c270)
dAlocLys-AMP

dAMPPNP dPNP

Native Native

Data collection

X-ray source SPring-8 BL41XU SPring-8 BL41XU

Wavelength 1.0000 1.0000

Space group P64 P64

Cell dimensions

a (Å) 104.71 104.15

b (Å) 104.71 104.15

c (Å) 70.55 71.06

a, b, g (�) 90, 90, 120 90, 90, 120

Resolution (Å) 50�1.79 (1.82�1.79) 50�2.06 (2.10�2.06)

I/s (I) 38.39 (1.54) 36.66 (2.67)

Completeness (%) 99.4 (96.0) 98.9 (82.4)

No. reflections 41,338 26,977

Redundancy (%) 8.2 8.5

Rsym
a 6.3 (48.6) 5.9 (33.9)

Refinement

Rwork
b / Rfree

c (%) 19.1 / 22.2 18.3/21.3

Resolution (Å) 34.28�1.79 42.0�2.06

No. atoms

Protein 2095 2074

Others 54 47

Water 217 152

No. reflections

(work / test)

37,169 / 4,162 24,284/2,681

Average B-factors

Protein 45.1 50.2

Ligands 45.5 101.0

Water 56.4 55.5

Rmsd

Bond length (Å) 0.01 0. 009

Bond angles (�) 1.6 1.5

Ramachandran plot

Most favored (%) 94.6 91.6

Allowed (%) 5.4 8.4

Disallowed (%) 0.0 0.0

The numbers in parentheses are for the last shell.
a Rsym = S jIavg-Iij /SIi.
b Rwork = S jFo-Fcj / S Fo for reflections of work set.
c Rfree = S jFo-Fcj / S Fo for reflections of test set (10% of total reflections

for M. mazei PylRS[c270]).
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N3-carbonyl group was modeled to point outward from

the pocket, and no residual electron density was observed

(Figure S2D, upper panel). Therefore, we concluded that the

N3-carbonyl group points outward in the case of AlocLys-AMP

(Figure 2C, right panel). A superposition of the enzyme-bound

pyrrolysine, BocLys, and AlocLys-AMP structures is shown in

Figure S2E. The N3-carbonyl groups of pyrrolysine and BocLys

point inward and directly hydrogen bond with the side-chain am-

ide of Asn346. In contrast, the oxygen atom of the allyloxy moiety,

rather than the N3-carbonyl group, of AlocLys-AMP interacts by

a water-mediated hydrogen bond with the side-chain carbonyl

group of Asn346 (Figure 2C, right panel). Furthermore, the

a-amino group of the AlocLys moiety directly hydrogen bonds

Figure 2. Comparison of the Amino Acid

Binding Pocket of PylRS with that of LysRS

(A–D) The structures (Protein Data Bank codes):

PylRS in complex with pyrrolysine (2ZCE) (A)

(Yanagisawa et al., 2008), in complex with BocLys

(2ZIN) (B), in complex with AlocLys-AMP (2ZIO)

(C), and LysRS in complex with lysine (1E22) (D)

(Desogus et al., 2000). The active site residues of

PylRS are represented as surface models (left)

and ball-and-stick models (right). The amino acid

binding pocket of PylRS is much larger than those

of any of the class-II aaRSs, and the amino acid

recognition modes are distinct between PylRS

and the other aaRSs. The lysine moiety is loosely

recognized by PylRS, and simply acts as

a ‘‘spacer.’’ The large, hydrophobic pocket

(Ala302, Leu305, Leu309, Tyr306, Val401, and

Trp417 are shown as a yellow region), which is

far from the ATP-binding site, traps the bulky,

hydrophobic moiety. The side-chain amide group

of Asn346 (shown as a green region) specifically

interacts with and locks the side-chain carbonyl

of the substrate (pyrrolysine and BocLys), or the

side-chain carbonyl group of Asn346 (shown as

a green region) specifically interacts with the

main-chain a-amino group of the substrate

(AlocLys-AMP). In addition, non-natural lysine

derivatives should have a hydrophilic moiety,

which points outside the active site cleft.

with the side-chain carbonyl group of

Asn346 (Figure 2C, right panel). The

a-carboxyl and a-phosphate groups of

the enzyme-bound AlocLys-AMP interact

with Arg330. In addition, the a-carboxyl

group of the AlocLys moiety might make

a two-water-mediated hydrogen bond

bridge with the side-chain amide of

Asn346. Accordingly, PylRS is likely to

recognize the substrate amino acids

broadly by their characteristics, such as

a hydrophobic moiety with an appropriate

size and bulkiness accommodated in

the hydrophobic pocket, hydrogen-bond

acceptors/donors located adjacent to

Asn346, and the suitable length of the side-chain spacer (Fig-

ures 2A, 2B, and 2C).

Mutational Studies of PylRS for Enhanced Amber
Suppression, and Site-Specific Incorporation
of Non-natural Amino Acids into a Protein
The lysine side-chain moiety, from Cb to N3, simply acts as the

spacer between the main-chain Ca and the hydrophobic (e.g.,

methyl-pyrroline, tert-butyl, and allyl) moiety (see Figures 2A,

2B, and 2C, left). The deep amino acid binding ‘‘tunnel’’ is twice

as deep as the L-lysine-binding pocket in lysyl-tRNA synthetase

(LysRS) (Figure 2D). The Ala mutations of PylRS(c270) at the

highly conserved residues Leu305, Tyr306, Asn346, Val401,
1190 Chemistry & Biology 15, 1187–1197, November 24, 2008 ª2008 Elsevier Ltd All rights reserved
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and Trp417 impaired the activity for BocLys (Figures 3A and 3B),

as in the case of the natural substrate, pyrrolysine (Yanagisawa

et al., 2008).

To test the in vivo incorporation of BocLys and AlocLys into

a protein site-specifically by amber suppression, cells harboring

the glutathione S-transferase (GST) gene with an amber codon at

position 25 [GST(25TAG)], and the PylRS and tRNAPyl genes were

induced with 1 mM isopropyl b-D-thiogalactopyranoside in the

absence or presence of BocLys/AlocLys (Figure 3C). When the

wild-type PylRS was coexpressed with tRNAPyl in the presence

of 4 mM BocLys and AlocLys, small amounts of the 28 kDa

proteins were produced (Figure 3D). Western blot analysis with

an anti-GST antibody confirmed that the 28 kDa proteins are

the full-length GST (Figure 3D, lower panel).

Furthermore, to explore mutations for increasing the in vivo

suppression activity for BocLys, we screened a PylRS random

mutation library in the presence of BocLys, and successfully ob-

tained the Y384F mutant of PylRS, which efficiently incorporated

BocLys site-specifically into the GST protein in E. coli (Supple-

mental Experimental Procedures). The PylRS(Y384F) mutant,

coexpressed with tRNAPyl in the presence of 4 mM BocLys or

AlocLys, produced a much larger amount of the GST protein

than the wild-type PylRS (Figure 3D). The GST proteins contain-

ing BocLys/AlocLys produced by PylRS(Y384F) were purified on

Figure 3. Active-Site Mutations Affect

In Vitro PylRS Activity for Non-natural

Amino Acids, and Non-natural Amino Acid

Dependent Amber Suppression in E. Coli

(A) Ball-and-stick model of BocLys and AMPPNP

bound within the PylRS(c270) active site.

PylRS(c270) is represented as a surface model.

Hydrophobic residues in the deep catalytic tunnel

(Ala302, Leu305, Tyr306, Leu309, Val401, and

Trp417) and the highly conserved Asn346, which

hydrogen bonds with BocLys, are colored yellow

and green, respectively.

(B) Active-site mutations of PylRS(c270) affect the

aminoacylation activity for BocLys (1 mM). A 9 mM

concentration of the wild-type or mutant

PylRS(c270) protein was used. Starting from the

left, each lane shows a reaction with the following:

no enzyme; wild-type PylRS(c270); W417A;

Y306A; N346A; C348A; S399A; V401A; L305A;

control tRNAPyl.

(C) Amber suppression system using PylRS and

tRNAPyl. The Tyr25 codon of the GST gene was

mutated to TAG.

(D) When the PylRS Y384F mutant was co-ex-

pressed with tRNAPyl in the presence of non-natu-

ral amino acids, the amounts of the full-length GST

proteins obtained were increased by 2-fold, as

compared with those produced with the wild-type

PylRS. The increased readthrough products were

detected by using the PylRS(Y384F)dtRNAPyl sys-

tem (for BocLys and AlocLys) (upper panel). These

products are the GST protein, as confirmed by

western blotting with an anti-GST antibody (lower

panel) (Supplemental Experimental Procedures).

(E) The purified GST proteins, from in vivo amber

suppression with wild-type PylRS and PylR-

S(Y384F), in the absence (�) or presence of

BocLys (Boc) and AlocLys (Aloc).

(F) The purified GST proteins were subjected to

in-gel trypsin digestion, and were analyzed by

MALDI-TOF mass spectrometry to confirm the

predominant incorporation of non-natural Lys

derivatives into the protein.

(G) Pyrrolysine-dependent amber suppression in

E. coli. The full-length GST proteins were detected

by western blot analysis. When PylRS(Y384F) was

coexpressed with tRNAPyl in LB (upper panel) and

M9 medium (lower panel) in the presence of pyrro-

lysine, the amount of the expressed GST protein

was increased, as compared with the amount pro-

duced by wild-type PylRS. The readthrough prod-

ucts were increased in M9 medium with pyrroly-

sine, as compared with those without pyrrolysine.
Chemistry & Biology 15, 1187–1197, November 24, 2008 ª2008 Elsevier Ltd All rights reserved 1191
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a glutathione-affinity column, with yields of 2.53 and 2.16 mg pro-

tein per liter medium for BocLys and AlocLys, respectively. These

yields are more than 1.91-fold and 1.98-fold of those for BocLys

and AlocLys (1.32 and 1.09 mg per liter medium, respectively),

respectively, with the wild-type PylRS (Figure 3E). The GST pro-

teins obtained with the wild-type PylRS and PylRS(Y384F) in the

absence of any added amino acids were 0.28 and 0.34 mg per

liter medium, respectively (Figure 3E). The identity of the amino

acid inserted in response to the in-frame UAG codon was

confirmed by matrix-assisted laser desorption/ionization time-

of-flight (MALDI-TOF) mass spectrometry analyses of the tryptic

fragments from the readthrough products (Figure 3F, Figure S3,

and Table S1). The peptide map of the calibrated digests re-

vealed major peaks (obsd: m/z 1,392.71 [M+H]+, m/z 1,376.75

[M+H]+), which are within the theoretical masses of the tryptic

peptide NSXSPILGYWK, where X represents BocLys and

AlocLys, respectively (calcd: m/z 1,392.79 [M+H]+, m/z

1,376.79 [M+H]+). The molecular masses of these peptides are

larger by 64.97 and 49.01 Da, respectively, than that of the

wild-type tryptic peptide, NSYSPILGYWK (calcd: m/z 1,327.67

[M+H]+, obsd: m/z 1,327.74 [M+H]+) (Figure 3F). The sequence

information from the spectrum demonstrated the site-specific

incorporation of the non-natural amino acids into the GST

protein.

The Y384F mutant PylRS was further tested for the incorpora-

tion of the natural substrate, pyrrolysine, into GST. The amount of

the expressed GST protein produced by PylRS(Y384F) in the

presence of 1 mM pyrrolysine in LB medium was increased, as

compared with the amount produced by the wild-type PylRS

(Figure 3G, upper panel). In these assays, the background of

UAG expression in LB medium was high, and a substantial

amount of GST was expressed in the absence of pyrrolysine.

This high background appears to be due to some amino acid(s)

in LB medium that is (are) incorporated into the amber-codon site

in the absence of pyrrolysine. To test this possibility, we exam-

ined the amber suppression assay in M9 minimum medium. In

fact, the amount of the expressed GST was much smaller in

M9 medium than in LB medium, and was drastically increased

with 1 mM pyrrolysine (Figure 3G, lower panel). It should be

emphasized again that the screened Y384F mutation of PylRS

resulted in much better amber suppression or expression of

GST in the presence of pyrrolysine than in its absence. There-

fore, the Y384F mutation increases the aminoacylation activity

of PylRS, regardless of the amino acid substrate.

Effect of the Y384F Mutation on the PylRS Activity
The replacement of Tyr384 with Phe increased the in vivo sup-

pression activity for non-natural lysine derivatives. Due to disor-

der, the Tyr384 residue at the tip of the b7–b8 hairpin (Figures S1,

S2A, and S2B) was invisible in the present BocLysdAMPPNP-

bound form as well as in the pyrrolysinedAMPPNP-bound form

(Yanagisawa et al., 2008). Only the main chain of Tyr384 in the

present AlocLys-AMPdPNP-bound form is visible, and it lies far

from the active site, in a similar manner to that in the apo form

(Yanagisawa et al., 2008). In the pyrrolysyl-AMP-bound form,

Tyr384 is located much closer to the active site, as if it seals the

amino acid binding tunnel (Kavran et al., 2007), because of a

drastic conformational change of the b7–b8 hairpin (Yanagisawa

et al., 2008). The conformational transition of the b7–b8 hairpin is
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not induced by pyrrolysine-binding, but instead occurs randomly

(Yanagisawa et al., 2008).

In a prolonged reaction at a high enzyme concentration, the

PylRS(Y384F) mutant protein produced the same levels of pyrro-

lysyl-tRNAPyl and BocLys-tRNAPyl, as compared with those

generated by the wild-type PylRS (Figure 4A). However, a time

course analysis of the aminoacylation assay revealed that the

PylRS Y384F mutant esterifies tRNAPyl with BocLys and pyrroly-

sine significantly faster than the wild-type PylRS does (Figures

4B and 4C). The specific activities of aminoacylation (pmol

aminoacyl-tRNA formed/pmol enzyme/min) for BocLys and pyr-

rolysine by the wild-type PylRS are low (0.09 and 0.04 min�1,

respectively), whereas those for BocLys and pyrrolysine by

PylRS(Y384F) are 0.18 and 0.13 min�1, respectively. According

to the tRNA-docking model, it is difficult for the terminal adeno-

sine of tRNA to access the pyrrolysyladenylate bound within the

closed amino acid binding tunnel of the PylRS active site (Yana-

gisawa et al., 2008). We imagine that the Y384F mutation affects

the opening/closing of the amino acid binding tunnel, so that

tRNAPyl could access the enzyme-bound pyrrolysyladenylate,

and thus the mutation could increase the aminoacylation activity

of PylRS. All of these results indicate that the hydrogen bonds

between Tyr384 and the pyrrolysyl moiety of pyrrolysyl-AMP

are not essential for the PylRS activity. In contrast to the

PylRS(Y384F) mutant, the PylRS(Y384A) mutation destroyed

the in vivo suppression activity for BocLys (Figure 4D). The

hydroxyl group of Tyr384 is not necessary, but the aromatic

ring at position 384 is required for the in vitro PylRS activity.

Structure-Based Mutation of PylRS, and Site-Specific
Incorporation of ZLys into a Protein
Intriguingly, one of the PylRS(c270) active-site mutants, Y306A,

can esterify tRNAPyl with ZLys, which is the largest lysine

derivative tested in this study, much more efficiently than the

parent PylRS(c270) (Figures 5A, 5B, and 5C). The mutation of

Tyr306 to Ala306 generated an appropriate cavity for accommo-

dating the benzyloxycarbonyl group (Figures 5A and 5B). The

PylRS(c270)Y306A mutant exhibits no aminoacylation activity

for ZLys derivatives, such as N3-Z-D-lysine and N3-Z-L-ornithine

(unpublished data). Therefore, the stereochemistry of the Ca

carbon, the length of the alkyl chain, and the location of the

N3-carbonyl group are important for the amino acid recognition

by PylRS. In addition, the PylRS(c270)Y306A mutant showed

lower aminoacylation activities for NmaLys and NicLys than

those of the wild-type PylRS(c270) (data not shown). The flexibil-

ity of the linker between the N3-carbonyl group and the aromatic

ring might be important for the recognition by PylRS.

Mutations were introduced into the amino acid binding tunnel

of PylRS, to test a variety of lysine derivatives for their in vivo

site-specific incorporation into proteins. Among these mutants,

the efficient incorporation of the lysine derivative ZLys into the

GST protein was achieved by using the double mutant

PylRS(Y306AdY384F). When the PylRS(Y306AdY384F) double

mutant was coexpressed with tRNAPyl in the presence of 5 mM

ZLys, the full-length GST protein was produced (Figure 5D, upper

panel), as confirmed by a western blot analysis (Figure 5D, lower

panel). The GST protein was purified with a glutathione-affinity

column and yielded 1.97 mg per liter medium, a 6-fold higher

amount than that (0.33 mg protein per liter medium) obtained
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Figure 4. Effect of Tyr384 Mutations on In

Vitro and In Vivo Activities

(A) The mutant PylRS(Y384F) yielded the same

levels of pyrrolysyl-tRNAPyl and BocLys-tRNAPyl

as those yielded by the wild-type PylRS, after

a long duration (1 hr) under similar conditions to

those for the results shown in Figure 1 (Experimen-

tal Procedures). Starting from the left, each lane

shows a reaction with the following: no enzyme

with pyrrolysine (1 mM); the wild-type PylRS with

pyrrolysine (1 mM); PylRS(Y384F) with pyrrolysine

(1 mM); the wild-type PylRS with BocLys (1 mM);

PylRS(Y384F) with BocLys (1 mM).

(B and C) The mutant PylRS(Y384F) esterifies

tRNAPyl with BocLys and pyrrolysine significantly

faster than the wild-type PylRS does, at a lower

enzyme concentration. The aminoacylation assay

conditions are described in Experimental Proce-

dures. (B, left panel) Starting from the left, each

lane shows a reaction with the following: the

wild-type PylRS with BocLys (0 to 60 min);

PylRS(Y384F) with BocLys (0 to 60 min). (B, right

panel) Time course analysis of the BocLys-tRNAPyl

catalyzed by wild-type PylRS (black line) and PylR-

S(Y384F) (red line). The total amounts (pmol) of

aminoacyl-tRNAs synthesized in the reaction

mixture were calculated from the band intensities,

as processed with the NIH imageJ software, and

are shown in the graphs. (C, left panel) Starting

from the left, each lane shows a reaction with the

following: the wild-type PylRS with pyrrolysine (0–

90 min); PylRS(Y384F) with pyrrolysine (0–90 min).

(C, right panel) Time course analysis of the pyrroly-

syl-tRNAPyl syntheses catalyzed by wild-type

PylRS (black line) and PylRS(Y384F) (red line).

(D) BocLys-dependent amber suppression in

E. coli. When the wild-type and Y384F PylRSs were coexpressed with tRNAPyl in the presence of BocLys, full-length GST proteins were produced. When

the Y384A PylRS was coexpressed with tRNAPyl in the presence of BocLys, no readthrough products were detected.
with the single mutant PylRS(Y384F) in the presence of ZLys

(Figure 5E). The amounts of GST proteins produced by the

PylRS(Y384F) and PylRS(Y306AdY384F) mutants in the absence

of added amino acids were 0.2 and 0.3 mg per liter medium,

respectively (Figure 5E). The identity of the amino acid inserted

in response to the in-frame UAG codon was confirmed by mass

spectrometry (obsd: m/z 1,426.70 [M+H]+, calcd: m/z 1,426.80

[M+H]+) (Figure 5F, Figure S3, and Table S1). The molecular

masses of these peptides are 98.96 Da larger than that of the

wild-type tryptic peptide (Figure 5F).

Incorporation of an Azido Group-Containing
Non-natural Amino Acid and Site-Specific
Fluorescent Labeling of a Protein
According to the docking model of the PylRS catalytic fragment

with the ZLys derivatives, ortho substituents on the benzene

ring can be accommodated in the PylRS active site tunnel with

minor steric hindrance (Figures 6A and 6B). To provide an exam-

ple of a useful ZLys derivative that can be productively incorpo-

rated into a protein by using the PylRS(Y306AdY384F)/tRNAPyl

system, we examined the in vivo amber suppression activity for

N3-(o-azidobenzyloxycarbonyl)-L-lysine (AzZLys) (Figures 6A

and 6B). When PylRS(Y306AdY384F) was expressed in the pres-

ence of 1 mM AzZLys, a large amount of the full-length GST
Chemistry & Biology 15, 1187–11
protein was produced. The GST protein was purified and yielded

10.46 mg per liter medium, a 5-fold higher amount than that

obtained in the presence of ZLys (Figure 6C), and a 7.5-fold

higher than the amount of the AzPhe-containing GST (1.4 mg

per liter medium) produced by the mutant TyrRS/tRNATyr system

(Chin et al., 2002). The identity of the amino acid inserted in

response to the amber codon was confirmed (Figure 6D). Azido

group-containing proteins can be modified posttranslationally

with useful functionalities (e.g., fluorescent groups, heavy atoms,

reactive groups, and spin labels), and can also be used as photo-

crosslinkers to explore the interacting protein targets in cells. To

demonstrate the utility of azido amino acids, we used selective

modification with a fluorescein-triarylphosphine reagent by

means of Staudinger ligation (Saxon and Bertozzi, 2000; Kiick

et al., 2002), as described in Supplemental Experimental Proce-

dures (Figure 6E, Figure S4). Only the band for the AzZLys-

containing GST was fluorescent, whereas no fluorescence was

detected from the ZLys-containing GST (Figure 6F). Furthermore,

no fluorescence was detected from the unlabeled AzZLys-

containing GST (data not shown), showing that the fluorescein-

triarylphosphine derivative does not react with any existing side

chains from the natural amino acids. As compared with the

AzPhe-containing GST, the efficiency of the site-specific fluores-

cent labeling of the protein was higher at 37�C (Figure 6G).
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DISCUSSION

In addition to pyrrolysine, a variety of lysine derivatives, from

AcLys to ZLys, were esterified to some extent to tRNAPyl by the

wild-type PylRS. Among them, four non-natural lysine deriva-

Figure 5. Structure-Based Mutations Affect In Vitro and In Vivo

Activities for ZLys

(A and B) Docking models of the PylRS(c270) (A) and PylRS(c270)(Y306A) (B)

active sites with ZLys. The substitution of Tyr 306 with Ala reduces the steric

hindrance between Tyr306 and the benzyloxycarbonyl group of ZLys. Amino

acid residues that would interact with ZLys are represented as ball-and-stick

models. The PylRS structures are presented as surface models. In the inset,

ZLys docked with PylRS(c270)(Y306A) is also shown as a CPK model.

Tyr306 in PylRS(c270) and Ala306 in PylRS(c270)(Y306A) are shown in orange.

(C) The PylRS(c270) mutant Y306A efficiently esterifies tRNAPyl with ZLys

(3.5 mM). A 9 mM concentration of the PylRS(c270)(Y306A) protein was

used. The lane with Y306A is highlighted by a red asterisk. Starting from the

left, each lane shows a reaction with the following: no enzyme; wild-type

PylRS(c270); W417A; Y306A; N346A; C348A; S399A; V401A; L305A; control

tRNAPyl.

(D and E) The increased readthrough products were detected by using the

PylRS(Y306AdY384F)dtRNAPyl system for ZLys (D, upper panel). These prod-

ucts are the GST protein, as confirmed by western blotting (D, lower panel).

(E) The purified GST proteins, from in vivo amber suppression by using

PylRS(Y384F) and PylRS(Y306AdY384F), in the absence (�) or presence of

ZLys (Z).

(F) In-gel tryptic digests of the purified GST proteins were analyzed by mass

spectrometry.
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tives, BocLys, AlocLys, ZLys, and AzZLys, were efficiently incor-

porated at the targeted site of a protein with the developed

mutants of PylRS, and the ‘‘alloproteins’’ were obtained in milli-

gram quantities. Multistep engineering of PylRS enabled the

genetic encoding of AzZLys in E. coli. The single mutation

Y384F of PylRS, obtained from a random mutation library, en-

hanced the in vitro and in vivo activities for BocLys and pyrroly-

sine, as compared with the wild-type PylRS, and PylRS(Y384F)

might be useful for the site-specific incorporation of a broad

range of lysine derivatives into proteins. A single mutation of

PylRS, Y306A, obtained by structure-based design, drastically

enhanced the in vitro aminoacylation activity for ZLys. The

combination of the Y306A and Y384F mutations of PylRS enabled

the production of a protein containing ZLys. Furthermore, the

amount of the AzZLys-containing protein produced by the

PylRS(Y306AdY384F)/tRNAPyl system was increased 5-fold, as

compared with that with ZLys. AzZLys is a much better substrate

of PylRS(Y306AdY384F) than ZLys because AzZLys snugly oc-

cupies the vacant space in the catalytic pocket of PylRS(Y306Ad

Y384F) (Figure 6B). The in vitro site-specific labeling of the

AzZLys-containing protein with a fluorescent probe was readily

accomplished, and the labeling efficiency was significantly higher

than that of the AzPhe-containing protein produced by the

mutant TyrRS/tRNATyr system (Chin et al., 2002). The present

PylRS(Y306AdY384F) mutant has a larger catalytic pocket than

that of the PylRS(R61KdG131EdL309AdC348VdY384F) mutant

(Mukai et al., 2008), which is specialized for ZLys, rather than

for AzZLys (the ZLys- and AzZLys-containing GSTs produced

by the previous PylRS mutant are 2.2 and 0.5 mg per liter medium,

respectively). Therefore, PylRS(Y306AdY384F) is more useful

than PylRS(R61KdG131EdL309AdC348VdY384F), and could be

expected to esterify tRNAPyl with bulky ZLys derivatives bearing

a wide variety of functionalities at the ortho position that are de-

signed to fit within the amino acid binding tunnel.

Together with the present study, the molecular basis of the

amino acid recognition by PylRS has been revealed by biochem-

ical (Polycarpo et al., 2006) and crystallographic studies (Kavran

et al., 2007; Yanagisawa et al., 2008). PylRS selects substrate

amino acids by its large, hydrophobic pocket, to accommodate

the bulky, hydrophobic moiety. A bulky, hydrophobic moiety with

a suitable size and shape, and an adjacent N3-carbonyl group, are

the most important determinants for amino acid selection. In

addition, the N3-carbonyl-linked hydrophilic moiety is important,

because the N3-carbonyl is rotated and the adjacent oxygen

atom forms a hydrogen bond with the side chain of Asn346, as

observed in the AlocLys-AMP-bound form. BocLys, ZLys,

AzZLys, and pyrrolysine have a hydrophilic oxygen or nitrogen

atom adjacent to the N3-carbonyl group, whereas NicLys and

NmaLys do not. NicLys and NmaLys have bulkier aromatic (phe-

nyl or nicotine) groups that are linked directly to the N3-carbonyl

group. In fact, these two derivatives were only inefficiently ester-

ified to tRNAPyl by PylRS, and therefore failed to be incorporated

into proteins (data not shown). M. barkeri PylRS activates and es-

terifies tRNAPyl with (D-prolyl)-L-lysine, but not (L-prolyl)-L-lysine

(Polycarpo et al., 2006). However, N3-(3-me-2,3-dihydro-pyrrol-

2-yl)carbonyl-L-lysine, which is the stereo-isomer of pyrrolysine,

can be recognized as well as pyrrolysine (Polycarpo et al., 2006).

Our docking model provides the structural bases for these

recognition properties of PylRS.
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In many respects, this engineered PylRSdtRNAPyl system is

suitable for the site-specific genetic encoding of non-natural

amino acids. First, PylRS and tRNAPyl constitute an excellent or-

thogonal aaRSdtRNA pair (Neumann et al., 2008; Mukai et al.,

2008). Second, the specificity of PylRS can be expanded for

an unusually broad range of substrate amino acids, and PylRS

shows almost no recognition of the tRNA anticodon (Ambrogelly

et al., 2007; Yanagisawa et al., 2008). The weak recognition of

the tRNA anticodon by PylRS could lead to a tRNAPyl comple-

mentary to a four-base codon (Hohsaka et al., 2001; Magliery

et al., 2001). The site-specific incorporation of AcLys into pro-

teins has already been achieved (Neumann et al., 2008; Mukai

et al., 2008). The site-specific incorporation of BocLys and

ZLys into proteins has been accomplished on a practical level

in yeast and mammalian cells (Mukai et al., 2008).

In the present study, we carried out the multistep engineering

of PylRS, and successfully achieved the productive incorpora-

tion of the azido-containing AzZLys site-specifically into a protein

in E. coli. Furthermore, the azido group of the produced AzZLys-

Figure 6. Productive Incorporation of a Use-

ful ZLys Derivative into a Protein and In Vitro

Labeling of a Protein with a Fluorescent

Probe

(A) Chemical structure of AzZLys.

(B) Docking model of PylRS(c270)(Y306A) with

AzZLys. AzZLys (shown as a CPK model) can be

accommodated within the catalytic pocket with-

out steric hindrance.

(C) The purified GST proteins, from in vivo amber

suppression by using PylRS(Y306AdY384F), in

the absence (�) or presence of 1 mM ZLys (Z)

and AzZLys (AzZ).

(D) In-gel tryptic digests of the GST protein were

analyzed by mass spectrometry.

(E) Scheme of the fluorescent labeling of a protein

containing AzZLys by Staudinger ligation.

(F) Fluorescence was detected with the AzZLys-

containing GST (AzZ), whereas no fluorescence

was detected with the ZLys-containing GST (Z).

(G) Fluorescent labeling of GSTs containing AzPhe

(left two lanes) and AzZLys (right two lanes) at

37�C for 1 hr (37) and at 4�C for overnight (4).

Fluorescent scanning (upper panel). Simply Blue

staining (lower panel).

containing protein was selectively modi-

fied with a fluorescent phosphine deriva-

tive by Staudinger ligation. In this AzZLys

system, the productivity and the fluores-

cent labeling efficiency were both sev-

eral-fold higher than those in the AzPhe

system, using a mutant TyrRS and an am-

ber suppressor tRNA from M. jannaschii

(Chin et al., 2002). The remarkably higher

performance of AzZLys as a target site for

the specific chemical modification is

likely due to the longer and more flexible

linker between the azido group and the

protein backbone, as compared with AzPhe. In addition to Stau-

dinger ligation, the azido group of AzZLys could be utilized for

Huisgen [3+2]-cycloaddition. Moreover, the site-specific azido

group could be used as a photocrosslinker to find interacting

proteins (Krieg et al., 1986; Chen et al., 1994). The long, flexible

linker moiety of AzZLys is expected to be advantageous for effi-

cient crosslinking. In addition, in contrast to AzPhe, the products

photocrosslinked via the azido group of AzZLys are cleavable in

the downstream analysis, because the benzyloxycarbonyl group

is readily removed by palladium-catalyzed hydrogenation. The

engineered PylRSdtRNAPyl pair for the genetic encoding of

AzZLys might also be suitable for other useful ZLys derivatives,

as long as the substituent is at the ortho position of the benzene

ring. Such ZLys derivatives should retain the advantages

conferred by the flexible linker and the cleavability of the Z group.

The ZLys-charging mutant of PylRS could be engineered further

to fit larger substituents. Thus, we have prepared the technical

platform for the genetic encoding of ZLys derivatives with useful

functionalities.
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SIGNIFICANCE

Pyrrolysine is a lysine derivative with a bulky pyrroline ring.

Pyrrolysine is directly esterified to its specific tRNA (tRNAPyl),

which has the anticodon complementary to the UAG codon,

by pyrrolysyl-tRNA synthetase (PylRS). The wild-type PylRS

can esterify tRNAPyl with several lysine derivatives, and

some of them have been translationally incorporated into

proteins by the PylRSdtRNAPyl system. Engineering of the

PylRSdtRNAPyl system has enabled the genetic encoding of

acetyl-lysine (AcLys). In this study, we performed a multistep

engineering of Methanosarcina mazei PylRS, and success-

fully achieved the genetic encoding of a useful, much larger

lysine derivative, N3-(o-azidobenzyloxycarbonyl)-L-lysine

(AzZLys), in Escherichia coli, as follows. First, with respect

to the wild-type PylRS, the recognition mechanisms of

N3-(tert-butyloxycarbonyl)-L-lysine (BocLys) and N3-allylox-

ycarbonyl-L-lysyladenylate (AlocLys-AMP) were crystallo-

graphically and biochemically elucidated, and provided the

structural basis for the efficient esterification of these

non-natural lysine derivatives to tRNAPyl. Second, the

PylRSdtRNAPyl system was evolved, by random screening,

to increase the in vivo productivities of BocLys- and

AlocLys-containing proteins. The obtained mutant, PylR-

S(Y384F), showed enhanced in vitro aminoacylation activi-

ties not only for BocLys and AlocLys but also for pyrrolysine.

Third, the mutant PylRS(Y306A) was developed, based on the

crystal structures, in order to drastically enhance the in vitro

aminoacylation activity for N3-benzyloxycarbonyl-L-lysine

(ZLys). Fourth, the double mutant PylRS(Y306AdY384F),

together with tRNAPyl, provided a good yield of the in vivo

amber-suppression product containing ZLys. Fifth, the

PylRS(Y306AdY384F)/tRNAPyl system turned out to be much

more efficient for the useful, non-natural amino acid AzZLys.

Site-specific labeling of an AzZLys-containing protein with

a fluorescent probe was achieved. As compared with p-az-

ido-L-phenylalanine (AzPhe), the efficiency of the site-spe-

cific modification of AzZLys was significantly higher. The

present study has opened the door to the possibility of the ef-

ficient and productive incorporation of a wide range of non-

natural amino acids, with bulky, useful functionalities, into

proteins for structural and functional analyses.

EXPERIMENTAL PROCEDURES

Sample preparation and crystallization, data collection, and structure determi-

nation and refinement are described in Supplemental Experimental

Procedures.

Aminoacylation Assays

Mutations were generated with a QuikChange mutagenesis kit (Stratagene).

The mutant PylRS(c270) proteins were overexpressed and purified with a

HisTrap column (Amersham Biosciences). The aminoacylation reactions

were performed for 1 hr at 37�C. The standard aminoacylation assay solution

(20 ml) contained 2.8–5.2 mM purified M. mazei PylRS (or 9 mM PylRS[c270]),

10 mM MgCl2, 2 mM ATP, 4 mM DTT, 2.1 mM M mazei tRNAPyl transcript,

and the appropriate amino acid concentrations, in 100 mM Na-HEPES buffer

(pH 7.2). The time course of the aminoacylation reaction (20 ml total volume)

was measured in the presence of 0.47 mM PylRS, 2.1 mM M. mazei tRNAPyl,

and 1 mM BocLys or pyrrolysine at 37�C. Unaminoacylated and aminoacylated

tRNAPyls were subjected to electrophoresis on a 10% denaturing polyacryl-
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amide gel under acidic conditions (pH 5.0) for 18 hr at 4�C (Varshney et al.,

1991), and were stained with either methylene blue or toluidine blue.

ACCESSION NUMBERS

The atomic coordinates and the structure factors for PylRS(c270)dBocLysd

AMPPNP and PylRS(c270)dAlocLys-AMPdPNP have been deposited in the

Protein Data Bank under the accession codes 2ZIN and 2ZIO, respectively.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Discussion, Supplemental Experi-

mental Procedures, four figures, one table, and Supplemental References

and can be found with this article online at http://www.chembiol.org/cgi/

content/full/15/11/1187/DC1/.
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