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Abstract

Ligation of tRNAs with their cognate amino acids, by aminoacyl-tRNA synthetases, establishes 

the genetic code. Throughout evolution, tRNAAla selection by alanyl-tRNA synthetase (AlaRS) 

has depended predominantly on a single wobble base pair in the acceptor stem, G3•U70, mainly 

on the kcat level. Here we report the crystal structures of an archaeal AlaRS in complex with 

tRNAAla with G3•U70 and its A3•U70 variant. AlaRS interacts with both the minor- and major-

groove sides of G3•U70, widening the major groove. The geometry difference between G3•U70 

and A3•U70 is transmitted along the acceptor stem to the 3′-CCA region. Thus, the 3′-CCA region 
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of tRNAAla with G3•U70 is oriented to the reactive route that reaches the active site, whereas that 

of the A3•U70 variant is folded back into the “non-reactive route”. This novel mechanism enables 

the single wobble pair to dominantly determine the specificity of tRNA selection, by an 

approximate 100-fold difference in kcat.

The genetic code requires extremely high aminoacyl-tRNA synthesis specificity. Each 

aminoacyl-tRNA synthetase (aaRS) ligates its specific amino acid to the adenosine in the 

conserved 3′-terminal CCA sequence of tRNA. The identity, or the amino acid-accepting 

specificity, of each tRNA is determined by a particular set of structural features (identity 

set)1,2. The identity sets of most tRNAs consist of a limited number of nucleotides, such as 

anticodon nucleotides3–6.

The discovery that the identity set of alanine tRNA (tRNAAla) from Escherichia coli is just 

the single G•U wobble base pair, in the middle of the amino acid-acceptor stem 

(G3•U70)7,8, engendered the concept of the second genetic code9. A G3•U70-to-Watson-

Crick mutation of E. coli tRNAAla and reverse mutations of non-alanine tRNAs drastically 

decreased and increased, respectively, the aminoacylation by alanyl-tRNA synthetase 

(AlaRS)7,8, reportedly on the kcat level10. Throughout evolution from bacteria to humans, 

AlaRS recognizes G3•U70 of tRNAAla as the dominant identity determinant11 (Fig. 1a, b).

With a specific dependence on G3•U70, E. coli AlaRS alanylates small RNAs recapitulating 

the tRNAAla acceptor stem (7–12 base pair stem-and-loop or duplex RNAs)1,7,12–17. These 

model RNAs were used for analyses with nucleotide analogues, such as inosine and 

deoxyribonucleotides, to elucidate which functional groups in the tRNAAla acceptor stem 

are important for alanylation. First, unlike the Watson-Crick pairs, G and U in the G•U pair 

(Fig. 1a) are shifted toward the minor and major groove sides, respectively, and form two 

hydrogen bonds without using the 2-amino group of G and the 4-carbonyl group of U18. 

Actually, the non-hydrogen-bonded nature of the 2-amino group in the G3•U70 wobble pair 

is important for aminoacylation19. Furthermore, the 2′-hydroxyl groups of U70 and C71 and 

the base of A73 contribute to alanylation. It is likely, therefore, that a number of nucleotides 

in the acceptor stem are involved, directly or indirectly, in interactions with AlaRS. 

However, it is still mysterious how just a single pair at positions 3•70 plays the dominant 

role among the interacting nucleotides, to determine the strict specificity for tRNAAla (refs 

7,8,20).

Here, we report two crystal structures of AlaRS from the archaeon Archaeoglobus fulgidus, 

in complexes with tRNAAla bearing G3•U70 (tRNAAla/GU) and with a variant bearing 

A3•U70 (tRNAAla/AU), together with an alanyl-AMP analogue. The tRNA recognition 

domain of AlaRS widens the major groove, and thereby contacts both the minor- and major-

grooves of the acceptor stem. Between the AlaRS•tRNAAla/GU and AlaRS•tRNAAla/AU 

structures, the local geometrical difference between G3•U70 and A3•U70 (Fig. 1a) 

propagates into the drastically distinct orientation of the CCA region, so that the 3′-end A76 

of tRNAAla/AU is kept far from the aminoacylation active site. This unprecedented 

mechanism explains why just a small difference in the sequence (the single base pair at 

positions 3 and 70) results in the specific selection of tRNAAla, predominantly on the kcat 

level.
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The AlaRS•tRNAAla complex structures

The crystal structure of the complex of A. fulgidus AlaRS, tRNAAla, and an alanyl-adenylate 

analog, 5′-O-[N-(L-alanyl)sulfamoyl]adenosine (Ala-SA)21, was solved at 3.3 Å resolution 

(Fig. 1c–e and Extended Data Table 1). Furthermore, we determined the 3.5 Å-resolution 

structure of a non-reactive complex of AlaRS with a tRNAAla variant possessing A3•U70 

instead of G3•U70 (tRNAAla/AU). In both structures, the crystallographic asymmetric unit 

contains one homodimer of A. fulgidus AlaRS, which is consistent with the results from gel-

filtration chromatography of A. fulgidus AlaRS22 and sedimentation equilibrium analyses of 

A. fulgidus and E. coli AlaRSs (ref. 23, Methods).

In both structures, AlaRS is composed of the aminoacylation, tRNA-recognition, editing, 

and C-terminal domains, among which the latter three consist further of the Mid1/Mid2, β-

barrel/editing-core, and helical/globular subdomains, respectively24–31 (Fig. 1c, d). The C-

terminal and editing domains constitute the dimer interface (Fig. 1d, e). Both aminoacylation 

domains of the dimer bind Ala-SA, while only subunit A binds tRNAAla using its tRNA-

recognition and C-terminal domains. Isothermal titration calorimetry revealed that one 

AlaRS dimer binds one tRNAAla with a Kd value of 0.14± 0.3 μM at 20 °C. Between the two 

subunits, the corresponding subdomains exhibit the same folds. However, the tRNAAla-

bound (A) and tRNAAla-free (B) subunits are in the closed and open forms, respectively, 

because the Mid2 subdomain and the C-terminal domain are differently rearranged relative 

to the other (sub)domains (Fig. 1d, e and Extended Data Fig. 1a). The canonical L-shaped 

structure of the tRNA is snugly embedded in a large cavity, formed by the closed-form 

subunit (Fig. 1d, e). The aminoacylation domain of AlaRS adopts the typical class-II 

aminoacylation-domain fold32,33, but the position of tRNAAla relative to the fold is 

completely different from that conserved in all of the other class-II aaRSs (Fig. 1f and 

Extended Data Fig. 2). The acceptor–T arm moiety of tRNAAla interacts with the 

aminoacylation, tRNA-recognition, and C-terminal domains of AlaRS, whereas the 

anticodon is free of interactions (Fig. 1d, e). A summary of the AlaRS•tRNAAla interactions 

is provided in Extended Data Fig. 3a.

The G3•U70 pair exhibits the wobble geometry: G3 is shifted to the minor-groove side and 

the two bases are slightly rotated, as compared with the Watson-Crick geometry of A3•U70 

(Figs. 1a and 2a, b and Extended Data Fig. 4a, b). These geometrical differences are also 

observed for the model RNA hairpins that recapitulate the tRNAAla acceptor stem34,35. 

Surprisingly, the two complexes further exhibit a drastic difference in the orientation of the 

3′-end CCA region (positions 74–76). The 3′-CCA region of the wild-type tRNAAla/GU 

extends toward the aminoacylation catalytic site, so that A76 can reach the bound Ala-SA 

molecule (Fig. 2c and Extended Data Fig. 5a–c, g, h). However, the entire 3′-CCA region of 

tRNAAla/AU folds back into a completely different site (Fig. 2d and Extended Data Fig. 5d–

f, g, h), thus placing A76 20 Å away from the active site. This is an unprecedented 

mechanism for keeping the bound non-cognate tRNA molecule in a non-reactive state.

Naganuma et al. Page 3

Nature. Author manuscript; available in PMC 2015 February 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The acceptor arm•AlaRS interactions

The minor-groove side of G3•U70 contacts the tip of the α14 helix from the Mid2 

subdomain (Fig. 2a). The 2-amino group of G3 may hydrogen bond with the side-chain 

carboxyl and main-chain carbonyl groups of Asp 450 (Fig. 2a). The 2′-hydroxyl group of 

U70 possibly hydrogen bonds with the main-chain carbonyl groups of Asp 450 and Tyr 449 

and the amino group of Gly 453. The Asp 450 side chain may also interact with the 2′-

hydroxyl group of C71 (Extended Data Fig. 4d). Overall, the Tyr-Asp-Ser-His-Gly region 

(positions 449–453) at the α14 tip fits snugly with the unique minor groove shape of 

G3•U70 and its adjacent base pairs, G2•C71, C4•G69, and U5•A68 (Fig. 2a and Extended 

Data Fig. 4d–f). The Tyr-Asp-Ser-His-Gly sequence is conserved as Tyr-(Asp/Glu)-(Ser/

Thr)-(His/Tyr)-Gly in other organisms (Extended Data Fig. 4i). The 4-carbonyl oxygen atom 

of U70 on the major groove side is close to and may hydrogen bond with the side-chain 

amino group of Asn 359 (Fig. 2a). Overall, the major-groove side from G1•C72 to G3•U70 

is located near the helical loop on the N-terminal side of α11, which provides not only Asn 

359 but also Gly 361 and Tyr 364 for interactions (Fig. 2a and Extended Data Fig. 4c, d). 

The base of the discriminator A73 is stacked on both C72 and G1, suggesting hydrogen 

bonding between A73 and Gly 361 (Extended Data Fig. 4g, h). A similar stacking pattern of 

A73 with G1•C72 is also observed for the hairpin RNA model34. The three interacting 

residues are almost completely conserved in the AlaRSs from bacteria to humans (Extended 

Data Fig. 4i).

In the AlaRS•tRNAAla/AU complex, the acceptor-stem minor groove interacts with the α14 

tip, and U in A3•U70 is positioned similarly to that in G3•U70. In contrast, A3 is 

significantly shifted upward toward the major groove side, and is therefore much farther 

from Asp 450, as compared with G3 in G3•U70 (Fig. 2a, b). On the major groove side, the 

4-carbonyl group of U70 is farther from the Asn 359 side chain, as the uracil base is rotated 

to pair with the upwardly shifted adenine base. If a G•C pair is substituted for A3•U70, then 

the 4-amino group of C70 might be more repulsive against Asn 359 than U70. Thus, the 

local geometry and the interaction manner of A3•U70 (and probably G3•C70) on both the 

minor and major groove sides are specifically distinct from those of G3•U70.

Geometry propagation from 3•70 to CCA

The local geometrical differences between G3•U70 and A3•U70 on both the minor and 

major groove sides propagate toward the 3′-CCA region. First, since A3•U70 is shifted as 

compared with G3•U70, G2•C71 and G1•C72 are moved together with it (Fig. 3a). These 

nucleotide movements reach the turning point at the 5′-phosphate group of C74, and thus 

result in the drastic change in the direction of the polynucleotide backbone (Fig. 3b and 

Extended Data Fig. 5i). In particular, A76 of tRNAAla/AU remains near A73, and the two 

2′-hydroxyl groups are within hydrogen-bonding distance (< 3 Å). Thus, A76 is kept far 

(about 20 Å) from the catalytic site (Figs. 2d and 3a and Extended Data Fig. 5d–f), whereas 

A76 of tRNAAla/GU can reach it (Figs. 2c and 3a and Extended Data Fig. 5a–c).

The reactive and non-reactive routes for the CCA region are separated by the 193GGG195 

region and Glu 220, and the CCA region is sterically hindered from shuttling between the 
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two routes (Fig. 3b–d). Consequently, the structure formed by 193GGG195 and Glu 220 

serves as “the route separator”. This mechanism of tRNAAla selection would apply to 

tRNAAla variants with Watson-Crick pairs replacing G3•U70 (tRNAAla/WC). In this 

context, Asp 174 in E. coli AlaRS is spatially near the site corresponding to the 193GGG195 

region and Glu 220 in A. fulgidus AlaRS (Extended Fig. 5j, k), and its Gly substitution 

reportedly causes mis-aminoacylation of the G3•C70 variant of a model RNA36.

The geometrical difference between G3•U70 and A3•U70 is smaller than the range of the 

positional flexibility of the single-stranded CCA region. Consequently, the tRNA selection 

mechanism directing the CCA region into either the reactive or non-reactive route requires 

precise positioning of the acceptor stem. The main mechanism is the firm clamping of the 

major and minor grooves of the acceptor stem by the Mid1 and Mid2 subdomains of AlaRS. 

First, both the major and minor grooves of the G1•C72, G2•C71, G3•U70, and C4•G69 pairs 

interact with α11 of Mid1 and α14 of Mid2, respectively (Fig. 4a), while more interactions 

are formed with the 3′-strand (residues 69–73) than the 5′-strand of the acceptor stem 

(Extended Data Fig. 3a, b). In the tRNA-free subunit B, α13 connecting Mid1 and Mid2 is 

kinked by ~18°, due to the 310-like conformation around the conserved Gly 426 near the 

subdomain boundary (Fig. 4c and Extended Data Fig. 1b, c). In contrast, α13 is straight in 

the tRNA-bound subunit A, due to the change around Gly 426 from a 310-like to α-helical 

conformation (Fig. 4c and Extended Data Fig. 1b, c). Accordingly, α14 and α15 of Mid2 are 

reoriented upon tRNA binding. This Mid2 reorientation enables Mid1 and Mid2 to snugly 

clamp the acceptor-stem base pairs (Fig. 4a). In contrast, Mid1 α11 and Mid2 α14 directly 

contact each other in the tRNA-free subunit B (Fig. 4b).

Concomitantly, the major groove of the acceptor stem is widened by the clamp, as compared 

with the model RNA hairpin structures34,35 (Fig. 4d) and the canonical tRNA structures 

(Extended Data Fig. 6a–f). If the major groove widening did not occur, then the major 

groove recognition would cause a serious clash of the G68 phosphate group with the editing 

core subdomain (Extended Data Fig. 6g), and the CCA region could not enter the reactive 

(or non-reactive) route selectively (Fig. 4d). Specifically, the conformations of the ribose-

phosphate backbones of G3 and G69 are both changed from the gauche−/gauche+ form, 

typical of the A-form RNA duplex, to the trans/trans form (Fig. 4e and Extended Data Fig. 

7). The trans/trans conformation has been reported for G3, but not G69, in the NMR 

structure of the model RNA34, whereas the crystal structure of a similar model RNA showed 

the gauche−/gauche+ form for G335. On the other hand, in the non-reactive 

AlaRS•tRNAAla/AU complex, the major-groove of the tRNAAla/AU acceptor stem is 

widened in a similar manner to that of tRNAAla/GU (Extended Data Figs. 6h, 7a–c), with 

almost the same AlaRS conformation as in the wild-type AlaRS•tRNAAla/GU complex.

In addition to the Mid2 subdomain, the C-terminal domain is remarkably reoriented between 

the tRNA-bound and -free subunits (Fig. 4c and Extended Data Fig. 1). The globular 

subdomain of the C-terminal domain thereby interacts with the outer corner of the L-shaped 

tRNA molecule. Actually, the conserved Gly-rich segment (870KGSGGGR876)28,37 stacks 

on the G19•C56 tertiary base pair connecting the D and T loops (Extended Data Fig. 3c). 

Thus, the C-terminal globular subdomain (“backrest”) snugly holds the back of tRNAAla, 

while the tRNAAla acceptor stem sits on the tRNA recognition domain (“seat”). 
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Furthermore, the long linker (residues 485–500) connecting the Mid2 and β-barrel 

subdomains (“safety belt”) runs over the tRNAAla acceptor stem, near the minor groove side 

of G2•C71 (Fig. 1e). These features of the tRNA-embedding mechanism distinguish AlaRS 

from the other aaRSs, which bind tRNA on their convex surfaces (Fig. 1e and Extended 

Data Fig. 2).

In the non-reactive conformation of the CCA region of tRNAAla/AU, A76 is likely to 

interact with A73 and the linker, which might stabilize the non-reactive orientation. On the 

other hand, tRNAAla/AU in the non-reactive conformation hardly seems to dissociate from 

AlaRS, since the bulky CCA region should prevent the acceptor stem from going through 

the tunnel between the tRNA recognition domain and the linker (Fig. 2d and Extended Data 

Fig. 5e, f).

These unique mechanisms for holding the tRNA seem to be required to place the base pair at 

position 3•70 in the precise recognition site.

Selection of tRNAAla on the kcat level

By pre-steady state kinetics analyses using a quench flow apparatus, the kcat values of the A. 

fulgidus AlaRS dimer for tRNAAla/GU and tRNAAla/AU were determined to be 14.4 ± 0.2 

and 0.14 ± 0.02 s−1, respectively. Therefore, the strict tRNA discrimination is achieved by 

the 100-fold difference in the kcat value. Next, we performed single turn-over analyses of the 

alanylation of tRNAAla/GU and tRNAAla/AU. Here, kchem is the rate of the overall product 

formation through two steps, and is almost equal to the rate of the aminoacyl transfer to 

tRNA, ktrans, in the case of E. coli AlaRS38,39. The kchem (s−1) and Kd (μM) values of the A. 

fulgidus AlaRS dimer for tRNAAla/AU (24 ± 6 s−1 and 0.59 ± 0.40 μM, respectively) were 

only about two-fold smaller and larger, respectively, than those of tRNAAla/GU (52 ± 1 s−1 

and 0.34 ± 0.08 μM, respectively), and thus the differences in the kchem and Kd values 

between the two tRNAs are much smaller than the two-orders of magnitude difference in the 

kcat values (s−1).

To interpret these observations, a simplified numerical simulation of the pre-steady state 

reactions of AlaRS for tRNAAla/GU and tRNAAla/AU was performed, on the assumption of 

a reaction scheme involving the non-reactive state in addition to the reactive state (Fig. 5a). 

The simulated curves fit the observed data well (Fig. 5b, c), when the reactive state was the 

major state for tRNAAla/GU, but the amount of the reactive state was much smaller for 

tRNAAla/AU. Here, product release is what limits Ala-tRNAAla/AU, as it is trapped mostly 

in the non-reactive state (see Methods). The non-reactive state is most likely to correspond 

to the present structure of tRNAAla/AU on AlaRS. Therefore, the strict tRNA selection 

dependent on kcat can be accomplished by this unprecedented mechanism with the reactive 

and non-reactive states.

Steady-state kinetics experiments (Fig. 5d–h) also revealed that the discrimination of 

tRNAAla/GU from tRNAAla/WC variants (tRNAAla/GC, tRNAAla/AU, tRNAAla/CG, and 

tRNAAla/UA) was mainly due to the two orders of magnitude differences in the kcat values 

(Extended Data Table 2). These drastic distinctions may correspond to the differences in the 

probability of adopting the reactive orientation of the CCA region. In addition, we tested 

Naganuma et al. Page 6

Nature. Author manuscript; available in PMC 2015 February 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



kcat-level tRNAAla/AU discrimination with human AlaRS. Strikingly, human tRNAAla/AU 

binds to human AlaRS and competes with tRNAAla/GU. Moreover, even in the presence of 

excess amounts of tRNAAla/AU, the discrimination against human tRNAAla/AU is 

ultimately via kcat (Extended Data Fig. 8).

In contrast, the tRNAAla-binding affinity of AlaRS is essentially the same between 

tRNAAla/GU and tRNAAla/WC, as it is mostly governed by various extensive interactions, 

such as firmly embedding the tRNA in the huge cavity and snugly clamping the acceptor 

stem. To examine how the snug clamping contributes to the tRNA selection, we mutated 

Asn 359 and Asp 450, which directly interact with G3•U70 (Fig. 2a). The kcat/KM value of 

the N359A mutant for tRNAAla/GU was 1.7-fold lower than that of the wild-type AlaRS. By 

contrast, the D450A mutation affected neither kcat nor KM (Extended Data Table 2), but 

remarkably increased the alanylation activity for tRNAAla/WC (Fig. 5d–h and Extended 

Data Table 2). These enhanced activities of the D450A mutant are ascribed mostly to an 

increase in the kcat value (Extended Data Table 2). It is likely that the D450A mutant 

loosened the clamping of the 3•70 pair, and promoted the misorientation of the CCA region 

of tRNAAla/WC toward the reactive route (Extended Data Fig. 5l).

On the other hand, several mismatch base pairs in place of G3•U70 in an alanine suppressor 

tRNA reportedly cause aminoacylation by AlaRS in E. coli cells (G•A, C•A, and C•C are 

more active and U•U, C•U, and A•C are less active), even though their activities are not as 

high as that of tRNAAla/GU40–42. The effects of these mismatch base pairs may be 

analogous to those of the D450A mutation, which incorrectly guides the CCA region into 

the reactive route.

This unprecedented mechanism now provides an answer to the long-standing question of 

how a small number of nucleotides about 30 Å away from the catalytic site can 

predominantly determine the tRNA identity, particularly on the kcat level.

METHODS

Preparation and characterization of AlaRS and tRNAAla—The AlaRS from 

Archaeoglobus fulgidus consists of 906 amino-acid residues (103 kDa), and is composed of 

the aminoacylation, tRNA-recognition, editing, and dimerization domains. The wild-type, 

full-length A. fulgidus AlaRS was prepared according to the procedure reported for the 

AlaRS-ΔC preparation22,28. The expression plasmids for the mutant AlaRS proteins were 

prepared by site-directed mutagenesis, from the vector bearing the wild-type AlaRS. The 

proteins were overexpressed in the E. coli strain Rosetta 2 (DE3), and were purified by the 

same procedure as for the wild-type AlaRS. The yields of the purified proteins obtained 

from 1 l of cell culture were about 2 mg. The in vitro transcript corresponding to A. fulgidus 

tRNAAla with the UGC anticodon was prepared by using T7 RNA polymerase. The 

plasmids for the tRNAAla variants were prepared by site-directed mutagenesis, and the in 

vitro transcripts were prepared in the same manner as the wild-type tRNAAla transcript. To 

characterize the purified A. fulgidus AlaRS and tRNAAla, two methods were employed. 

First, the sedimentation equilibrium analyses gave a molecular mass of 174 kDa, confirming 

that A. fulgidus AlaRS forms a homodimer. This experiment was performed as reported 
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previously43 with minor modifications, such as the use of 10 mM Tris–HCl buffer (pH 8.0), 

containing 200 μM zinc acetate and 5 mM β-mercaptoethanol. Second, isothermal titration 

calorimetry revealed that one AlaRS dimer binds one tRNAAla, with Kd values of 0.12±0.2 

and 0.14±0.3 μM at 10 and 20 °C, respectively. The ITC experiments were performed 

essentially as reported44, except that the solution was 20 mM Tris–HCl buffer (pH 7.5), 

containing 200 μM zinc acetate, 10 mM MgCl2, and 5 mM β-mercaptoethanol.

Crystallization and data collection—For co-crystallization, the wild-type A. fulgidus 

AlaRS and the A. fulgidus tRNAAla transcript (either the wild type or the AU variant) were 

mixed to final concentrations of 90 μM and 120 μM, respectively (molar ratio of 1:1.3), and 

the solution was incubated at 65 °C for 5 minutes. A 1 μl aliquot of the solution was mixed 

with 1 μl of reservoir solution, and the mixture was equilibrated by the sitting-drop vapor 

diffusion technique against 200 μl of the reservoir solution. Crystallization screenings were 

performed with Crystal Screen, Crystal Screen 2, PEG/Ion Screen, Natrix, MembFac 

(Hampton Research), and Wizard I and II (Emerald Biosystems), at 20 °C. Polymorphic 

crystals were obtained with the Wizard I condition No. 6 (20% polyethylene glycol (PEG) 

3000 and 100 mM citrate buffer (pH 5.5)). The optimized conditions were 100 mM citrate 

buffer (pH 6.0), containing 10% PEG 6000, 1 mM CdCl2, and 3% MPD, at 20 °C. Co-

crystals were obtained in a few days. The crystals belong to the space group P212121, with 

unit cell dimensions of a = 99.7 Å, b = 169.8 Å, c = 175.3 Å. For cryo-cooling, the crystals 

were transferred to a cryo-protectant solution, containing 17% PEG 6000, acetate buffer (pH 

4.6), and 20% glycerol. The crystals were then picked up with a nylon loop (Hampton 

Research), and were flash-cooled with liquid nitrogen. Diffraction datasets of the wild-type 

and tRNAAla/AU-variant complexes were collected at a 1 Å wavelength at −173 °C, at the 

beamline NW12A in the Photon Factory (Tsukuba, Japan) and the beamlines BL32XU and 

BL41XU in SPring-8 (Harima, Japan), respectively. The data were processed by the CCP4 

suite45, and were indexed, integrated, and scaled with the HKL-2000 program suite46.

Structure determination and refinement—The structure of the full-length A. fulgidus 

AlaRS in complex with the wild-type A. fulgidus tRNAAla transcript was solved by 

molecular replacement with the PHASER program47, by using the coordinates of the N- and 

C- terminal fragments of A. fulgidus AlaRS [AlaRS-ΔC (2ZTG) and AlaRS-C (2ZVF), 

respectively]28 and S. cerevisiae tRNAAsp (1IL2)32. Initially, two AlaRS-ΔC molecules 

were searched. This solution was composed of a dimeric AlaRS-ΔC molecule in the 

asymmetric unit. Subsequently, a tRNA molecule was searched, and this solution was 

composed of one tRNA molecule. Finally, a dimeric AlaRS-C molecule was searched, and 

the initial phase of the wild-type AlaRS•tRNAAla complex structure was determined. The 

structure was refined by iterative cycles of manual model fitting with the Coot program48,49, 

followed by positional and group B-factor refinements with the CNS and Phenix 

programs50–52. For the refinement, 5% of the data were randomly chosen and set aside for 

cross validation. The refinement converged to R and Rfree factors of 25.0% and 28.9%, 

respectively (Extended Data Table 1). In the Ramachandran plot, 95.2%, 4.4%, and 0.4% of 

the residues fell in the favored, allowed, and outlier regions, respectively. This is not only 

the first AlaRS•tRNA complex structure but also the first full-length AlaRS structure. Next, 

the structure of A. fulgidus AlaRS in complex with the variant tRNAAla/AU was solved by 
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molecular replacement with the PHASER program47, by using the coordinates of the wild-

type AlaRS•tRNAAla complex. The structure was refined by iterative cycles of manual 

model fitting with the Coot program48,49, followed by positional and group B-factor 

refinements with the CNS and Phenix programs50–52. For the refinement, 5% of the data 

were randomly chosen and set aside for cross validation. The refinement converged to R and 

Rfree factors of 24.1% and 27.7%, respectively (Extended Data Table 1). In the 

Ramachandran plot, 95.7%, 4.2%, and 0.17% of the residues fell in the favored, allowed, 

and outlier regions, respectively.

Alanylation assay—Alanylation reactions of tRNAAla (the wild-type tRNAAla/GU and 

the variant tRNAAla/WC) were performed at 65 °C in 60 mM Tris–HCl buffer (pH 7.5), 

containing 10 mM MgCl2, 3 mM ATP, 40 μM alanine, 2 μM [3H]-alanine, and various 

concentrations of the AlaRS protein and tRNAAla. Aliquots were removed at 30 seconds, 1 

minute, and 1.5 minutes, and were quenched on filter papers (Whatman, 3 mm) equilibrated 

with 5% trichloroacetic acid (TCA). The filters were washed three times with 5% ice-cold 

TCA and twice with 80% ethanol. The radioactivities of the precipitates were quantitated by 

scintillation counting. Under the same conditions used for tRNAAla/GU and tRNAAla/WC, 

alanylation reactions of tRNAVal and its variant with G3•U70 transplantation (tRNAVal/GU) 

were performed (the kcat values of 0.004 and 0.338 s−1, respectively), which confirmed that 

the identity determinant of A. fulgidus tRNAAla is G3•U70.

Rapid chemical-quench kinetics of Ala-tRNAAla-formation

Pre-steady state kinetics—Ala-tRNAAla/GU and Ala-tRNAAla/AU formation by the 

wild-type and D450A AlaRSs was analyzed under pre-steady state conditions at 60 °C in 

100 mM Tris–HCl buffer (pH 7.5), containing 10 mM MgCl2, 3 mM ATP, 50 μM alanine, 

3–5 μM [3H]-alanine, 0.2 μM AlaRS protein and 10 μM tRNAAla, by using a rapid 

chemical-quench flow apparatus (RQF-3, KinTek Instruments). Solutions of AlaRSs and 

tRNAs (15 μl each) in the sample loops were mixed rapidly in a single reaction loop. The 

reactions were quenched in the rapid quench instrument with 55 μL of 0.5 M NaOAc (pH 

5.0), and precipitated on the filters (Whatman, 3 mm) with 5% ice-cold TCA. The filters 

were washed four times with 5% ice-cold TCA and twice with 80% ethanol. The 

radioactivities of the precipitates were quantitated by scintillation counting. Data were fitted 

to the equation , where k1 is the apparent rate constant 

of the exponential phase, and k2 is the rate constant of the steady-state phase.

Single turnover kinetics—Single turnover reactions were performed under the same 

conditions as those for the pre-steady state kinetics, except for the AlaRS and tRNAAla 

concentrations. The AlaRS concentrations were maintained in at least two-fold molar excess 

over tRNAAla, in the reactions where the tRNAAla concentrations were less than 2 μM. The 

amounts of Ala-tRNA were plotted versus time and were fitted to the first-order exponential 

equation , where y0 is the y intercept, A is a scaling constant, kapp 

is the apparent rate constant, and t is time in seconds. The concentration-dependence of 

single turnover reactions for AlaRS was determined by titrating the AlaRS concentration. To 

determine the Kd for tRNAAla, the reactions included 2–8 μM concentrations of the AlaRS 
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protein. The rate constants (kapp) versus the substrate concentrations were fitted to the 

hyperbolic binding curve  to calculate the Kd and kchem values, using the 

KaleidaGraph software. By using three independently obtained sets of Kd and kchem values, 

their standard deviations were estimated.

Simulation of the aminoacylation reactions

The aminoacylation reactions were simulated based on the assumption of a reaction scheme 

involving the reactive and non-reactive states (Fig. 5a), by numerically solving the 

differential equations. Here, the ktrans values were taken from the kchem values determined 

by the single turnover kinetics experiments, described above. All of the other rate constants 

(from k+1 to k−6) were fitted as adjustable parameters, where k+4, k−4, k+5, k−5, k+6, and k−6 

were postulated to be equal to k−1, k+1, k−2, k+2, k+3, and k−3, respectively, to minimize the 

difference between the simulated and observed amounts of produced aminoacyl-tRNA (Fig. 

5b, c) and between the  value following the equation 

 and the observed value. Finally, the k+1, k−1, 

k+2, k−2, k+3, k−3, k+4, k−4, k+5, k−5, k+6, k−6, and ktrans values for tRNAAla/GU were 

determined to be 85, 30, 0.1, 0.074, 0.693, 0.01, 30, 85, 0.074, 0.1, 0.577, 0.01, and 52, 

respectively, and those for tRNAAla/AU were 1.0, 10, 20.0, 0.074, 0.693, 12.73, 10.0, 1.0, 

0.074, 20.0, 0.693, 12.729, and 25, respectively. The simulated curves for aminoacylation 

are shown in Fig. 5b, c, together with the observed values.

Gly-tRNAAla-deacylation assay—[14C]-Gly-tRNAAla was prepared by incubating 

reaction mixtures in 30 mM Tris–HCl buffer (pH 7.5), containing 10 mM MgCl2, 3 mM 

ATP, 5 μM A. fulgidus tRNAAla, 80 μM [14C]-glycine (300 cpm pmol−1) and 5 μM editing-

deficient C703A mutant of A. fulgidus AlaRS, at 65 °C for 10 min. The [14C]-Gly-tRNAs 

thus produced were purified by the acidic phenol chloroform method and ethanol 

precipitation. The [14C]-Gly-tRNAAla deacylation reactions were performed at 55 °C in 30 

mM Tris–HCl buffer (pH 7.5), containing 150 mM KCl, 10 mM MgCl2, 4 μM [14C]-

aminoacyl-tRNA, and 3 μM AlaRS enzyme. Aliquots were removed at 2, 4, and 8 minutes. 

The reactions were quenched and washed according to the same procedure used for the 

analysis of the Ala-tRNAAla-formation reactions.
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Extended Data

Extended Data Figure 1. Conformational differences between the tRNA-bound and -free 
subunits of A. fulgidus AlaRS
a, Rotation of the C-terminal domain. The C-terminal domain of subunit A is inclined ~28° 

toward the outer corner of the L-shaped tRNA, relative to subunit B, and thus the globular 

subdomain stacks with the outer corner of the tRNA. b, c, Mid2 reorientation. α13 is straight 

with tRNAAla (b) and kinked without tRNAAla (c).
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Extended Data Figure 2. The positions of tRNAs relative to the aminoacylation domains of 
AlaRS and other class II aaRSs depend on the specific spatial arrangements of their tRNA-
binding domain(s)
a–d, Class II aaRS dimers bound to tRNAs. A. fulgidus AlaRS, yeast AspRS, E. coli ThrRS, 

and T. thermophilus SerRS are shown as surface models, with their cognate tRNAs 

displayed as tube models. For each aaRS, one of the two tRNA-binding aminoacylation 

domains (ADs) and its bound tRNA are colored green and yellow, respectively, while the 

other AD and its bound tRNA are colored light green and grey, respectively. In each of the 

aaRSs, except for A. fulgidus AlaRS, the tRNA-binding domain (RBD) corresponding to the 

green AD is colored red, and that of the other subunit is colored raspberry. A. fulgidus 

AlaRS has two RBDs (RBD1 and RBD2), colored in the same manner as the RBDs of the 
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other aaRSs. e, The position of tRNAAla relative to the AD of AlaRS (displayed as yellow 

and green surface models, respectively) is completely different from the well conserved 

positions of tRNAAsp, tRNAThr, tRNAPro, tRNASer, tRNAPhe, tRNAPyl, and tRNACys 

(brown tube models) shown in the same positions relative to the ADs of AspRS32, ThrRS53, 

ProRS54, SerRS33, PheRS55, PylRS56, and SepRS57, respectively (PDB IDs: 1ASY, 1QF6, 

1H4Q, 1SER, 1EIY, 2ZNI and 2DU3, respectively).

Extended Data Figure 3. Summary of tRNA-protein interactions
a, Schematics of tRNA-protein interactions. The tRNA backbones and bases are colored as 

indicated. The G3•U70 base pair and the anticodon bases are highlighted by red and pink 

squares, respectively. The hydrogen bonds between the nucleotides and the AlaRS main 

chain are indicated with blue arrows. Those between the nucleotides and the AlaRS side 

chains are depicted with magenta arrows. The stacking interactions are indicated with black 

dashed lines. b, The tRNAAla interaction with the _11 helix. The α11 helix interacts with the 

backbone phosphate groups of the 3′ half of the acceptor stem. The side chains of Tyr 364 

and Arg 371 hydrogen bond with C72 and C71, respectively. The side chain of Arg 375 
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hydrogen bonds with U70. c. Interactions between the tRNAAla outer corner region and the 

globular subdomain. The conserved Gly-rich segment 870KGSGGGR878 stacks with the 

hinge region of the T- and D-loops. The side chain of Arg 876 stacks and hydrogen bonds 

with the base and the backbone phosphate group, respectively, of G20. The side chain of 

Asn 823 hydrogen bonds with the backbone phosphate group of G20. d, The tRNAAla 

interactions with the _13 helix. The α13 helix interacts with the backbone phosphate groups 

of the D arm (U12-C13-A14-G15) and that of U70. The side chain of Thr 422 in α13 

hydrogen bonds with U70. The side chains of Arg 428 and Arg 432 hydrogen bond with 

C13. The side chain of Arg 436 hydrogen bonds with A14 and G15.
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Extended Data Figure 4. Nucleotide interactions with the conserved residues of AlaRS
a, b, |Fo–Fc| omit electron density maps contoured at 3σ, superimposed on the refined 

models of G3•U70 (a) and A3•U70 (b). c–g, The interactions of G1•C72 (c), G2•C71 (d), 

C4•G69 (e), U5•A68 (f), and A73 (g) with AlaRS. The amino-acid side chains and the 

nucleotides are shown as gray and beige stick models, respectively. Hydrogen bonds are 

indicated with dashed lines. h, A73 stacking with G1 and C72. i, Alignments of the AlaRS 

sequences. A total of 249 AlaRS sequences were initially aligned with the ClustalW 

program58, and then were manually adjusted based on the structural information. The 

sequences of the A. fulgidus, P. horikoshii, Homo sapiens, E. coli, and A. aeolicus AlaRSs 

Naganuma et al. Page 15

Nature. Author manuscript; available in PMC 2015 February 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



are shown. The highly-conserved residues are boxed in red. The residues that are involved 

the acceptor stem interactions in A. fulgidus AlaRS are boxed in blue. Secondary structure 

information is shown above the A. fulgidus sequence. The full-sequence alignments were 

reported previously28.

Extended Data Figure 5. The routes of the CCA regions of tRNAAla/GU and tRNAAla/AU
a–c, tRNAAla/GU. d–f, tRNAAla/AU. tRNA is shown in stick models (a, d), cartoon models 

(b, e), and surface models (c, f). The |Fo–Fc| omit electron density maps contoured at 3σ are 

superimposed on the refined models of the CCA regions of tRNAAla/GU (a) and 

tRNAAla/AU (d). The CCA region of tRNAAla/GU is in the reactive route (b, c), while that 

of tRNAAla/AU is in the non-reactive route (e, f). The CCA region runs under the linker (b, 

c, e, f). g, h, Heterologous superimpositions of the |2Fo–Fc| electron density maps contoured 

at 1σ of tRNAAla/AU (cyan, g) and tRNAAla/GU (pink, h) on the stick models of the 

structures of the acceptor stems and the CCA regions of tRNAAla/GU (pink, g) and 

tRNAAla/AU (cyan, h), respectively, which clearly demonstrate the conformational 

difference between the two tRNAs. i, The |Fo–Fc| omit electron density maps for 

tRNAAla/AU, contoured at 2.5σ, superimposed on the refined models of the C74s of 

tRNAAla/GU (pink) and tRNAAla/AU (cyan). j, k, The similarity in the spatial positions 

between D220/GGG of A. fulgidus AlaRS (j) and E174 of E. coli AlaRS (k), marked in red 

on the surface models of the aminoacylation and tRNA-recognition domains with the tube 

models of tRNAAla (the crystal structure and the docking model, respectively). l, 
Misorientation of the CCA region of tRNAAla/WC on the D450A mutant of AlaRS.
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Extended Data Figure 6. Major-groove widening of the tRNAAla acceptor stem
a, The phosphate–phosphate distances of G1–C66, C2–C65, G3–G64, G4–C63, A5–C62, 

and U6–C61 in tRNAPhe (refs. 59,60). b, The phosphate–phosphate distances of G1–C66, 

G2–C65, G3–G64, C4–C63, U5–C62, and C6–C61 in the wild-type tRNAAla (tRNAAla/GU) 

complexed with AlaRS. The phosphate–phosphate distances between G1–C66, G2–C65, 

and G3–G64 across the major groove of tRNAAla/GU are extended by 6.3, 2.9, and 0.9 Å, 

respectively, as compared to those of tRNAPhe. Thus, AlaRS clearly widens the major 

groove of the acceptor stem of tRNAAla/GU. c, The phosphate–phosphate distances of G1–

C66, G2–C65, A3–G64, C4–C63, U5–C62, and C6–C61 in the variant tRNAAla/AU 

complexed with AlaRS. The major-groove of the tRNAAla/AU acceptor stem is slightly 

wider than that in the wild-type complex structure. Therefore, the replacement of G3•U70 

by A3•U70 does not seem to impair the major-groove widening by AlaRS. d, The 

phosphate–phosphate distances of U1–U66, C2–G65, C3–C64, G4–C63, U5–C62, and G6–

C61 in tRNAAsp bound to AspRS32 (PDB ID: 1ASY). e, The phosphate–phosphate 

distances of G1–U66, C2–U65, C3–A64, G4–U63, A5–C62, and U6–C61 in tRNAThr 
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bound to ThrRS53 (PDB ID: 1QF6). f, The phosphate–phosphate distances of G1–U66, G2–

C65, C3–C64, C4–C63, C5–C62, and C6–C61 in tRNAGlu bound to GluRS61 (PDB ID: 

1G59). g, The AlaRS-induced widening of the tRNAAla acceptor stem. Without widening, 

AlaRS clashes with A67-G68. h, Widening of the acceptor stems of tRNAAla/GU (pink tube 

models) and tRNAAla/AU (cyan tube models).

Extended Data Figure 7. Torsion angles of nucleotides in the acceptor stems of tRNAAla/GU and 
tRNAAla/AU
a, b, Tables for torsion angles of nucleotides in the acceptor stems of tRNAAla/GU (a) and 

tRNAAla/AU (b). c, Conformational changes of G3 and G69 relative to the A-form RNAs.
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Extended Data Figure 8. tRNAAla/AU inhibits aminoacylation of human tRNAAla/GU by human 
AlaRS
In vitro transcribed human tRNAAla/AU was added to aminoacylation reactions containing 2 

_M human tRNAAla and 50 nM human AlaRS, in pH 6.0 reaction buffer at room 

temperature. The dose-dependent inhibition of aminoacylation of tRNAAla/GU by excess 

tRNAAla/AU shows that the ultimate discrimination against A3•U70 is via kcat.
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Extended Data Table 1

Data collection and refinement statistics (Molecular replacement).

AlaRS•tRNAAla/GU AlaRS•tRNAAla/AU

Data collection

Space group P212121 P212121

Cell dimensions

 a, b, c (Å) 99.7, 169.8, 175.3 99.7, 169.9, 176.7

 α, β, γ (°) 90, 90, 90 90, 90, 90

Resolution (Å) 50–3.3 (3.42–3.30)* 50–3.5 (3.63–3.5)

Rsym or Rmerge 0.141 (0.654) 0.120 (0.689)

I/σI 11.7 (2.2) 17.1 (2.5)

Completeness (%) 99.6 (99.3) 99.9 (100)

Redundancy 5.4 (4.2) 6.8 (6.3)

Refinement

Resolution (Å) 50–3.3 50–3.5

No. reflections 45304 38766

Rwork/Rfree 0.250/0.289 0.241/0.277

No. atoms

 Protein 14421 14412

 RNA 1609 1608

 Water 7 –

 Zn ion – 2

 Mg ion 3 –

B-factors

 Protein 100.4 122.5

 RNA 66.5 103.4

R.m.s. deviations

 Bond lengths (Å) 0.006 0.004

 Bond angles (°) 0.886 0.762

*
Highest resolution shell is shown in parentheses.

Extended Data Table 2

Kinetics of wild-type and mutant AlaRSs.

G3•U70

kcat(1/s) KM (μM) kcat/KM (1/Ms) kcat/KM (relative)

WT 2.6±0.38 1.2±0.14 2200000±560000 1±0.25

N359A 1.9±0.30 1.5±0.05 1300000±330000 0.59±0.15

D450A 2.2±0.52 1.2±0.37 1800000±440000 0.81±0.21

SC* 0.046±0.012 1.5±0.31 31000±2100 0.014±0.001
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A3•U70

kcat (1/s) KM (μM) kcat/KM (1/Ms) kcat/KM (relative)

WT 0.06±0.0030 4.1±0.6 15000±1600 0.0068±0.00073

N359A 0.010±0.0034 3.8±1.4 2600±390 0.0012±0.00018

D450A 1.0±0.064 1.7±0.11 590000±60000 0.27±0.027

G3•C70

kcat (1/s) KM (μM) kcat/KM (1/Ms) kcat/KM (relative)

WT 0.020±0.0044 4.3±1.4 4700±1000 0.0021±0.00045

N359A 0.036±0.0015 4.7±0.22 7700±300 0.0035±0.00014

D450A 0.12±0.028 3.2±0.75 38000±2500 0.017±0.0011

U3•A70

kcat (1/s) KM (μM) kcat/KM (1/Ms) kcat/KM (relative)

WT 0.0050±0.00038 6.5±1.6 770±170 0.00035±0.000077

N359A 0.0013±0.00036 3.5±1.2 370±170 0.00017±0.000077

D450A 0.15±0.0082 2.6±0.46 58000±8400 0.026±0.0040

C3•G70

kcat (1/s) KM (μM) kcat/KM (1/Ms) kcat/KM (relative)

WT 0.017±0.00082 4.0±0.45 4300±720 0.0020±0.00033

N359A 0.006±0.00066 3.1±0.7 1900±320 0.00086±0.00015

D450A 0.020±0.019 2.7±0.5 74000±13000 0.034±0.0060
*
The SC or shortcut mutant of AlaRS has the substitution of 450GGG453 for 450DSHG453, which was designed to 

drastically deform the α14 tip structure.
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Figure 1. Structure of AlaRS in complex with tRNAAla

a, G•U, A•U, and G•C pairs. b, Cloverleaf model of A. fulgidus tRNAAla. c, A diagram of 

the AlaRS domains/subdomains. d, e, The A. fulgidus AlaRS•tRNAAla•Ala-SA complex, 

presented by ribbon (AlaRS) and tube (tRNAAla) models (c) and by surface models (d) with 

the domains/subdomain of AlaRS subunit A colored as in c. f, Positions of tRNAAla and 

tRNAAsp relative to the class-II aminoacylation domains (superimposed) of AlaRS and 

AspRS, respectively.
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Figure 2. Major differences between AlaRS•tRNAAla/GU and AlaRS•tRNAAla/AU
a–d, The G3•U70 (a) and A3•U70 (b) pairs and the CCA regions (c, d) of tRNAAla/GU (a, 

c) and tRNAAla/AU (b, d). The putative hydrogen bonds of G3•U70 and A3•U70 with 

AlaRS are shown with dashed lines (a, b). The CCA region of tRNAAla/GU is in the 

reactive route (c), while that of tRNAAla/AU is in the non-reactive route (d). The 5′-

phosphate of C74 (P74) is colored yellow (c, d).
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Figure 3. Watson-Crick pair exclusion
a, The acceptor arms of tRNAAla/GU (pink) and tRNAAla/AU (cyan), with A73 (red) and 

G3•U70/A3•U70 (magenta/blue) highlighted. b, Route separation for the CCA region, with 

the turning point at P74, by the separator 193GGG195 and Glu220 (sticks with translucent 

surface). c, d, The reactive state of tRNAAla/GU (c) and the non-reactive state of 

tRNAAla/AU (d).
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Figure 4. The tRNAAla acceptor stem is widened by the clamp
a, The tRNAAla acceptor arm trapped by the clamp (α11 and α14). b, The clamp without 

tRNAAla. c, Mid2 reorientation. Superimposition on Mid1. d, The AlaRS-induced widening 

of the tRNAAla acceptor stem (pink), as compared to the model RNA (PDB ID: 1IKD) 

(cyan). e, Conformational changes of G3 and G69 relative to the A-form RNAs.
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Figure 5. Alanylation assays of tRNAAla with AlaRS
a, Reaction scheme including the non-reactive state. b, c, Alanylation of tRNAAla/GU (red) 

and tRNAAla/AU (blue), with curves of [E2·Pr]+[E2·Pnr]+[P] simulated according to a. d–h, 

The kcat/KM values of the wild-type, N359A, and D450A AlaRSs for tRNAAla/GU (d) and 

tRNAAla/WC (e–h). Error bars: standard deviations of the mean of three replicates (b–h).
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