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Abstract The feasibility of practically complete back-

bone and ILV methyl chemical shift assignments from a

single [U-2H,15N,13C; Iled1-{13CH3}; Leu,Val-

{13CH3/12CD3}]-labeled protein sample of the truncated

form of ligand-free Bst-Tyrosyl tRNA Synthetase (Bst-

DYRS), a 319-residue predominantly helical homodimer, is

established. Protonation of ILV residues at methyl posi-

tions does not appreciably detract from the quality of

TROSY triple resonance data. The assignments are per-

formed at 40 �C to improve the sensitivity of the mea-

surements and alleviate the overlap of 1H–15N correlations

in the abundant a-helical segments of the protein. A

number of auxiliary approaches are used to assist in the

assignment process: (1) selection of 1H–15N amide corre-

lations of certain residue types (Ala, Thr/Ser) that simpli-

fies 2D 1H–15N TROSY spectra, (2) straightforward

identification of ILV residue types from the methyl-

detected ‘out-and-back’ HMCM(CG)CBCA experiment,

and (3) strong sequential HN–HN NOE connectivities in

the helical regions. The two subunits of Bst-YRS were

predicted earlier to exist in two different conformations in

the absence of ligands. In agreement with our earlier

findings (Godoy-Ruiz in J Am Chem Soc

133:19578–195781, 2011), no evidence of dimer

asymmetry has been observed in either amide- or methyl-

detected experiments.

Keywords Chemical shifts assignments � Deuteration �
TROSY � In vitro re-folding � Methyl labeling

Introduction

The enzyme Tyrosyl tRNA Synthetase (YRS) (Fersht 1987,

2002) catalyzes the activation of Tyr via formation of Tyr-

AMP and subsequent transfer of the activated Tyr to the

cognate tRNATyr. YRS from the thermophilic organism

Bacillus stearothermophilus (Bst-YRS; full-length YRS

MW = 95 kDa) is a paradigmatic example of a ‘half-site-

reactive’ homodimer (Fersht 2002; Ward and Fersht 1988a,

b). YRS exhibits ‘half-of-the-sites’ activity (extreme form

of negative cooperativity) with respect to Tyr binding, Tyr-

AMP formation and tRNA charging: it binds to, activates,

and charges tRNA with only 1 mol of Tyr per mole of

dimer (Fersht 1975; Ward and Fersht 1988b). YRS was

predicted to be asymmetrical in solution in the absence of

ligands from extensive kinetic and mutagenesis studies

(Fersht 2002; Ward and Fersht 1988b). The truncated form

of the enzyme lacking the C-terminal tRNA-binding

domain (DYRS; MW = 72 kDa) can activate Tyr with the

same efficiency as the full-length enzyme but cannot

charge tRNA (Waye et al. 1983). The DYRS dimer retains

the ‘half-site-activity’ with respect to Tyr binding and

activation.

Several crystal structures of Bst-YRS have been solved:

free, in complexes with Tyr-AMP and inhibitors (Brick

et al. 1989). The structure of the C-terminal domain of

YRS that is not observed in any of the available crystal

structures, has been solved separately by NMR (Guijarro
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et al. 2002). All X-ray structures including that of ligand-

free YRS feature a homodimer with two-fold symmetry

(Brick et al. 1989; Brick and Blow 1987). The YRS dimer

is one of the most compelling cases of ‘pre-existent’

functional asymmetry in a homodimeric protein despite

that all available crystal structures are symmetric (Brick

et al. 1989; Brick and Blow 1987). Although very slight

differences between the conformations of the two subunits

have been observed in the X-ray structure of Tyr-bound

Bst-DYRS, it cannot be related to ‘half-site’ activity as

both subunits in the crystal structure have Tyr molecules

bound (Brick and Blow 1987).

Here, we establish the feasibility of complete backbone

and ILV methyl chemical shift assignments in ligand-free

Bst-DYRS (319-residue homodimer; MW = 72 kDa; 76 %

helical content) at 40 �C (isotropic rotational correlation

time sC * 35 ns) using a single [U-2H,15N,13C; Iled1-

{13CH3}; Leu,Val-{13CH3/12CD3}]-labeled protein sample.

The abundance of helical segments in Bst-DYRS leads to

sometimes severe overlap of 1H–15N amide and 13Ca/13Cb

correlations in TROSY spectra, presenting significant

challenges for establishing unambiguous connectivities

between spin-systems. However, the protonation of ILV

methyl positions does not detract significantly from the

quality of TROSY triple resonance data. The assignments

are facilitated by several auxiliary approaches: (1) selection

of 1H–15N amide correlations of certain residue types (Ala,

Thr/Ser) that simplifies 2D 1H–15N TROSY-HSQC corre-

lation maps (Tugarinov et al. 2002), (2) straightforward

identification of ILV residue types from methyl-detected

‘out-and-back’ experiment(s) (Tugarinov and Kay 2003),

and (3) the use of strong sequential HN-HN NOE con-

nectivities in the a-helical regions of the protein. Although

4D TROSY spectroscopy was necessary for complete

backbone assignments in the 723-residue monomeric

Malate Synthase G (MSG; MW = 82 kDa) (Tugarinov

et al. 2002), we show that the resonances of backbone

nuclei and ILV methyls of (symmetric) homodimers of a

similar molecular weight can be assigned from a set of six

3D TROSY-based experiments.

The biological assembly of DYRS, a homodimer with

nearly identical crystal structures of the two subunits (310

potentially observable amide correlations assuming sym-

metry) is shown in Fig. 1a (Brick and Blow 1987). Figure 1b

shows the 2D 1H–15N TROSY correlation map of

[U-2H,15N,13C; Iled1-{13CH3}; Leu,Val-{13CH3/12CD3}]-

Fig. 1 a Ribbon representation of the structure of the biological

assembly of the truncated form of Bst-Tyrosyl-tRNA Synthetase

lacking the C-terminal tRNA-binding domain (Bst-DYRS; pdb code

1tyd (Brick and Blow 1987)). The C2 symmetry axis of the

homodimer is shown with a dashed vertical line. Both subunits of

the molecule are shown with Tyr-AMP bound (shown with green
spheres) although ligand-free DYRS has been assigned in this work.

b 2D 1H–15N TROSY correlation map of the 0.8 mM (monomer

concentration) 2H–1H back-exchanged [U-2H,15N,13C; Iled1-

{13CH3}; Leu,Val-{13CH3/12CD3}]-labeled Bst-DYRS (90 % H2O/

10 % D2O, 600 MHz, 40 �C). The highlighted region of the spectrum

is zoomed on the right, with selected assignments indicated with

residue numbers. c Methyl 1H–13C CT-HMQC correlation map of the

same sample as above featuring the correlations of Iled1 and Valc/

Leud methyls. Negative peaks are shown with red contours. Peaks

aliased in the indirect (15N/13C) dimensions are labeled with asterisks.

The protein has been dissolved in the sodium phosphate buffer

pH = 6.8 (no other salts added), and contained 5 mM DTT and a set

of protease inhibitors (Roche)
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labeled Bst-DYRS (600 MHz, 40 �C). The protein has been

refolded in vitro using a fast dilution procedure very similar

to that reported for MSG previously (Tugarinov, et al. 2002),

in order to exchange amide deuterons in the molecular core

back to protons after D2O-based protein production (average

protein recovery after in vitro refolding of *80 %). The

intensities of 28 well-resolved 1H–15N correlations could be

recovered due to in vitro refolding of DYRS. Figure 1c shows

methyl constant-time (CT) 1H–13C HMQC correlation map

of the same sample recorded in H2O and features the corre-

lations of Iled1 and Valc/Leud methyl groups (114 observable

methyl correlations including 2 from Leu in the ‘LE’ linker

between the C-termini of the dimer and the six-residue His-

tag). The quality of both amide and methyl correlation maps

allows for a detailed NMR study of the dimer even at only

moderately high spectrometer fields (600 MHz). Bst-YRS

forms an exceptionally stable dimer: the dimer dissociation

constant KD of *85 pM measured for the full-length Bst-

YRS (Park and Bedouelle 1998). The interface between the

two subunits of the dimer is comprised entirely of the resi-

dues in the N-terminal part of the protein (Fig. 1a), and a

similar dissociation constant is therefore expected for the

truncated variant of the enzyme. At room temperature, the

molecular weight of DYRS corresponds to dimeric species

based on size-exclusion chromatography elution time and

PAGE electrophoresis under native conditions (Godoy-

Ruiz, et al. 2011). At higher temperatures (up to 50 �C), 15N

T1 and T1q relaxation times of DYRS measured on the [U-2H;
15N]-labeled sample, agree with those predicted for dimeric

species (average 1H-decoupled 15N T1 and T1q times of 2.4 s

and 19 ms measured in DYRS at 40 �C, 600 MHz, corre-

sponding to the isotropic correlation time of global molec-

ular tumbling of *35 ns).

At initial stages of the sequential assignment process

when the first stretches of spin-system connectivities are

mapped onto the amino-acid sequence of a protein, it is

useful to identify as many ‘starting points’ corresponding to

residues of unambiguous type as possible. The approach that

selects amide correlations of alanines as ‘starting points’ has

been adopted earlier for assignments of MSG (Tugarinov

et al. 2002), using a modified 2D TROSY-HN(CACB)

scheme (Salzmann et al. 1999; Tugarinov et al. 2002; Yang

and Kay 1999) that is reproduced in Fig. 2a. When the

magnetization resides on 13Cb, the terms 13Ca
z

13Cb
x are

refocused by the 13C RE-BURP pulse (Geen and Freeman

1991) with the phase /3 (labeled with an asterisk in Fig. 2a)

selective for the unique and narrow range of Ala 13Cb

chemical shifts, while all the other terms are eliminated by

phase-cycling of the pulse and the two flanking gradients.

The 2D TROSY-HN(CACB) correlation map of Bst-DYRS

is shown in Fig. 2b and features the 1H–15N correlations of

Ala (italicized) and a number of 1H-15N correlations of

residues following alanines. To distinguish between these

two types of correlations, the transfer through carbonyl

nuclei can be used to provide correlations of amides fol-

lowing Ala exclusively (Ala ? 1). Such a 2D HN(COCACB)

map is shown in the inset of Fig. 2b.

Unique 13Cb chemical shifts of Ser and Thr allow for the

straightforward extension of this approach via selection of

amides of Ser/Thr as starting points for assignments. Spe-

cifically, the adjustment of (1) the delay f in the scheme of

Fig. 2a to 1/(41JCaCb) = 7 ms, and (2) the length and reso-

nance frequency of the 13C/3 pulse selective for 13Ca and
13Cb chemical shifts of Ser/Thr, retains the magnetization

terms 13Ca
z

13Cb
x of Ser and Thr, while the same terms of other

residue types are de-phased. Figure 2c shows the amide

correlations of Ser and Thr in DYRS (italicized) and a

number of correlations belonging to the amides of residues

following Ser/Thr. Similarly, the 2D TROSY-HN(CO-

CACB) map in the inset of Fig. 2c features only the amide

correlations of residues following Ser/Thr (Ser/Thr ? 1;

prolines excluded). We note that the described simplification

of the 2D 1H–15N TROSY correlation maps represents pri-

marily a matter of ‘convenience’ for data interpretation, as

correlations belonging to either Ala or Ser/Thr can be iden-

tified by inspection of the generally more sensitive 3D data

sets. In some cases, however, the correlations of Thr 13Cb

(aliased in the 13C dimensions of 3D HNCACB and

HN(CO)CACB spectra) and Ser 13Cb may (partially) overlap

with the peaks of opposite phase in the 3D datasets leading to

problems with their identification. In the two such cases

encountered in DYRS, the Ser/Thr-selective HN(CACB)

maps proved helpful for residue-type identification.

Although *96 % of all expected intra-residual and *95

% of inter-residual 13Ca and 13Cb correlations could be

observed in 3D TROSY-HNCACB and TROSY-HNCO-

CACB data sets (Salzmann et al. 1999, Yang and Kay 1999)

of DYRS at 600 MHz, many of the correlations are weak, and

complete assignment of the backbone resonances from this

pair of experiments only proves problematic. The main dif-

ficulty in establishing unambiguous connectivities from

these two 3D data sets lies in the high level of degeneracy of

(13Ca; 13Cb) pairs of chemical shifts among the residues of

the same type adopting similar conformations (i.e. found in

the same secondary structure elements). More sensitive 3D

TROSY-HNCOCA and TROSY-HNCA data sets prove to

be helpful for establishing correct connectivities in DYRS.

As it was noted previously in the case of MSG (Tugarinov

et al. 2002), 3D 15N-separated NOE-TROSY experiment is

very helpful in establishing connectivities between the

amide correlations in a-helices and tight turns. About 85 % of

all expected (strong) sequential HN-HN NOE contacts could

be observed in the a-helical stretches of predominantly (76

%) helical DYRS.

J Biomol NMR (2012) 54:135–143 137

123



Figure 3 illustrates how the connectivity between Val302

and Glu301 in one of the a-helices of DYRS is established from

the triple-resonance experiments with the help of NOESY

data. A region of the 2D 1H–15N TROSY map of DYRS with

the amide correlations of Val302 and Glu301 is shown Fig. 3a,

while b shows a region of the HN–HN plane of the 3D

Fig. 2 a A modified 2D TROSY-HN(CACB) pulse scheme used for

selective detection of Ala or Ser/Thr amide correlations. The details

of experimental set-up can be found in Yang and Kay (1999) and

Tugarinov et al. (2002). All narrow (wide) rectangular pulses are

applied with the flip angles of 90�(180�) along the x-axis unless

indicated otherwise. The 1H(2H; 15N; 13Ca/b; 13CO) carriers are

positioned at 4.7 (4.0; 119; 42; 176) ppm. All 1H, 15N and 13C pulses

are applied with maximum possible power unless indicated otherwise,

while 2H WALTZ-16 decoupling uses a 0.9 kHz field. The 1H pulse

shown with an arc is a 1.5-ms 90� water-selective pulse of rectangular

shape applied on-resonance. The 90�(180�) 13C pulses labeled with

‘a’ are applied at 57 ppm by phase modulation of the carrier (Boyd

and Soffe 1989; Patt 1992) using a field strength of D/H15(D/H3)

where D is the difference (in Hz) between 13Ca and 13CO chemical

shifts (Kay et al. 1990); likewise, the 180� 13CO pulse is centered at

176 ppm by phase modulation of the carrier and is applied with a field

strength of D/H15. The 13C shaped pulse with phase /3 is a 3.3-ms

RE-BURP pulse (Geen and Freeman 1991) (600 MHz) centered at

18.5 ppm by phase modulation of the carrier for selection of Ala 13Cb

(Tugarinov et al. 2002), and a 1.3-ms RE-BURP pulse centered at

65 ppm for selection of Ser/Thr 13Ca and 13Cb (refocusing/inversion

bandwidth of ±9.5 ppm at 600 MHz). Delays are: sa = 2.3 ms;

TN = 12.5 ms; f = 5.0 ms for Ala selection, and f = 7.0 ms for Ser/

Thr selection; e = 350 ls. Only the delay f and the length/offset of

the 13C/3 RE-BURP pulse have to be changed in the element of the

scheme enclosed in rectangular box to choose between Ala and Ser/

Thr selection. The phase-cycle is: /1 = x,-x; /2 = 2(x), 2(-x); /
3 = 4(x), 4(y), 4(-x), 4(-y); /4 = y; /5 = 8(x), 8(-x); /6 = x;

rec. = 2(x,-x,-x,x, -x,x,x,-x). Quadrature detection in t1 is

achieved via the Rance-Kay scheme: for each t1 value a pair of

spectra is recorded with (/6 = x; g6) and (/6 = -x; -g6) and

manipulated post-acquisition (Kay et al. 1992; Schleucher et al.

1993). The phase /4 is inverted for each t1 point (Marion et al. 1989).

Durations and strengths of pulsed-field gradients in units of (ms;

G/cm) are: g1 = (0.35; 5); g2 = (1.5; 20); g3 = (0.8; 12);

g4 = (0.20; 20); g5 = (1.0; 10); g6 = (1.25; -30); g7 = (0.4; 5);

g8 = (0.3; 8); g9 = (0.0625; 28.9). b 2D TROSY-HN(CACB)

correlation map of Bst-DYRS (600 MHz; 40 �C) showing the amide

correlations of Ala residues and a number of correlations belonging to

the amides of residues following Ala. Selected Ala correlations are

labeled with residue numbers in italics, while the correlations

belonging to the amides of residues following Ala are shown in

plain font. The inset shows the 2D TROSY-HN(COCACB) spectrum

featuring only the amide correlations of residues following Ala

(Ala ? 1). c 2D TROSY-HN(CACB) correlation map of Bst-DYRS

showing the amide correlations of Ser or Thr residues and some

correlations belonging to the amides of residues following Ser/Thr.

Selected Ser/Thr correlation are labeled with residue numbers in

italics, while selected correlations belonging to the amides of residues

following Ser/Thr are shown in plain font. The inset shows the 2D

Ser/Thr-TROSY-HN(COCACB) spectrum with the amide correla-

tions of residues following Ser/Thr only (Ser/Thr ? 1). Net acqui-

sition times of the 2D correlation maps varied from *12 h for

Ala-HN(CACB) and Ala-HN(COCACB) data sets to *22 h for the

data sets that select for Ser/Thr (Ser/Thr ? 1)
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15N-separated NOE-TROSY data set drawn at the 15N

chemical shift of Val302 (118.02 ppm). The regions of the

HN-13C planes of the 3D TROSY-HNCACB (Fig. 3c),

TROSY-HNCOCACB (Fig. 3d), TROSY-HNCA (Fig. 3e),

and TROSY-HNCOCA (Fig. 3f) datasets are all plotted at the

same 15N chemical shifts of Val302. Of note, HNCACB and

HNCOCACB spectra are optimized for detection of 13Cb

correlations by setting the delay f in Fig. 2a to 5.5 ms—hence,

typically, somewhat higher intensities of 13Cb peaks are

observed (red contours in Fig. 3c, d). A region of the HN-15N

cross-sections of the 3D TROSY-HNCACB and TROSY-

HNCA data sets is plotted in Fig. 3g and h, respectively, at the
13C chemical shifts of the previous residue, Glu301, indicated

by the horizontal red line (13Cb = 28.8 ppm) and the horizontal

black line (13Ca = 58.8 ppm) in panels (3d) and (f). The peaks

marked with asterisks in Fig. 3g and h have the same (HN,
15N) chemical shifts and represent potential candidates for

assignment of the amide of the previous residue, Glu301.

Fig. 3 a A region of the 2D 1H-15N TROSY map of Bst-DYRS

highlighting the amide correlations of Val302 and Glu301. b A region

of the HN-HN plane of the 3D 15N-separated NOE-TROSY data set

drawn at the 15N chemical shift of Val302 (118.02 ppm). The NOE

connectivity between the amides of Val302 and Glu301 is circled and

highlighted. The cross-peaks between the amide proton of Val302 and

the amide protons of residues i ? 1 (Thr303) and i - 3 (Ala299) in the

same a-helix are labeled. A region of the HN-13Ca/b plane of the 3D

TROSY-HNCACB (c) and TROSY-HNCOCACB (d) datasets plotted

at the amide 15N chemical shifts of Val302. A region of the HN-13Ca

plane of the 3D TROSY-HNCA (e), and TROSY-HNCOCA (f) spec-

tra plotted at the same 15N chemical shift as in c–d. The vertical
dotted lines in (c–f) are drawn at the HN chemical shift of Val302

(8.47 ppm) A region of the HN-15N plane of the 3D TROSY-

HNCACB (g) and TROSY-HNCA (h) data sets plotted at the 13C

chemical shifts of the previous residue, Glu301, indicated by

horizontal red line in d (13Cb = 28.8 ppm) and horizontal black line
in f (13Ca = 58.8 ppm). The cross-peaks appearing at the (HN, 15N)

chemical shifts of Glu301 is circled and highlighted in g–h. The peaks

marked with asterisks have the same (HN, 15N) chemical shifts in

panels (g) and (h) and represent potential candidates for assignment

of Glu301. Negative peaks are shown with red contours. All the

spectra have been processed with NMRPipe/NMRDraw software

(Delaglio et al. 1995) and analyzed with the NMRView program

(Johnson and Blevins 1994) and tcl/tk scripts written in-house
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However, the NOE cross-peak between the amides of Val302

and Glu301 (circled and highlighted in Fig. 3b) helps to choose

among these possibilities the right assignment for the amide of

Glu301 according to the observed HN shift of the Val302/Glu301

cross-peak: 8.71 ppm in the (vertical) HN dimension of Fig.

3b, and the (horizontal) HN dimension of Fig. 3g and h, as

indicated with arrows in panels (b) and (g–h). Note that the

cross-peaks between the amide proton of Val302 and the amide

protons of residues i ? 1 (Thr303) and i - 3 (Ala299) in the same

a-helix ofDYRS can also be easily identified in the same plane

of the NOE-TROSY spectrum (Fig. 3b).

Identification of residue types poses another difficulty in

the assignment process. The advantage of performing

practically simultaneous backbone and Iled1, Leud, Valc

(ILV)-methyl assignments stems from the possibility of

confirming the types of residues in every instance when Ile,

Val or Leu is encountered in the protein sequence.

Although the transfer of magnetization from ILV methyls

to backbone amides would allow recording of the simpli-

fied 2D 1H-15N correlation maps selective for these residue

types (similar to Ala/Ser/Thr selection in Fig. 2) we have

chosen to use methyl-detected ‘out-and-back’ 3D

HMCM(CG)CBCA experiment (Tugarinov and Kay 2003)

for determination of the chemical shifts of 13Ca and 13Cb

nuclei of ILV residues and concomitant confirmation of

their residue types. ILV residues comprise 21 % of the

DYRS amino-acid content, and the juxtaposition of 13C

(13Ca,13Cb) correlations obtained in HNCACB and

HMCM(CG)CBCA data sets helped to identify/confirm the

types of a total of 58 residues in DYRS. Figures 4a and c

shows the strips from the 3D TROSY-HNCOCACB (left

panels) and TROSY-HNCACB (right panels) plotted at the

amide (1H; 15N) chemical shifts of Ile239 (4a) and Val13

(4c), while the strips from the 3D HMCM(CG)CBCA data

set drawn at the (1H; 13C) chemical shifts of Ile239 d1

methyl, and two Val13 c methyls are plotted in Fig. 4b and d,

respectively. Because both HNCACB and HMCM(CG)CBCA

data sets are recorded in H2O using the same [U-2H,15N,13C;

Iled1-{13CH3}; Leu, Val-{13CH3/
12CD3}]-labeled sample, the

chemical shifts of 13Ca and 13Cb nuclei are exactly the

same in the two data sets, with deuterium isotope shifts

affecting both spectra in identical manner. Note that the

(13Ca; 13Cb) chemical shifts of Ile239 are somewhat unusual

for isoleucine (57.5; 33.5 ppm) and can be (mis)attributed

to a number of other residue types. Likewise, (13Ca; 13Cb)

chemical shifts of Val13 (60.7; 31.7 ppm) do not allow

unambiguous identification of the type of this residue

without recourse to the HMCM(CG)CBCA data set. Of

note, the protonation of ILV methyls in the sample of

DYRS amounts to addition of only 8 % more protons to the

protein, and by all measures is not significantly detrimental

to the quality of 1H-15N-TROSY spectra. Practically

complete (96 %) assignments of 1HN, 15N 13Ca, 13Cb and

13CO chemical shifts, complete (100 %) assignments of

(1H, 13C) shifts of Iled1 and Valc methyls, and assignments

of 90 % of Leud methyl groups have been achieved in Bst-

DYRS. The remaining Leud correlations are weak in con-

stant-time (CT)-HMQC maps possibly indicating confor-

mational exchange. Methyl-detected Val-

HMCM(CBCA)CO and Ile/Leu-HMCM(CGCBCA)CO

experiments (Tugarinov and Kay 2003) have confirmed the

assignments of Valc and Iled1 methyls of DYRS, and were

necessary to resolve ambiguities in assignments of 12 Leu

methyls arising from (near) degeneracy of (13Ca; 13Cb)

pairs of chemical shifts.

Figure 5 shows the deviations of 13Ca, 13Cb and 13CO

chemical shifts of DYRS from the random coil values. The

patterns of these deviations as well as the NMR-predicted

secondary structure indicators obtained from chemical shift

Fig. 4 Selected strips drawn from the 3D TROSY-HNCOCACB, 3D

TROSY-HNCACB, and HMCM(CG)CBCA data sets recorded on

[U-2H,15N,13C; Iled1-{13CH3}; Leu,Val-{13CH3/12CD3}]-Bst-DYRS:

Strips from the 3D TROSY-HNCOCACB (left panel) and TROSY-

HNCACB (right panel) plotted at the amide (1H; 15N) chemical shifts

of a Ile239: (7.19; 124.7) ppm, and c Val13: (7.23; 115.1) ppm; Strips

from the 3D HMCM(CG)CBCA data set drawn at the (1H; 13C)

chemical shifts of (b) Ile239 d1 methyl: (0.21; 8.9) ppm, and (c) two

Val13 c methyls: (0.61; 21.2) ppm and (0.68; 21.7) ppm. The

correlations to 13Cb of Thr238 are aliased in the 13C dimension and

marked with asterisks in (a). Red dashed lines connect 13Cb

correlations, while black dashed lines connect 13Ca correlations

between the HNCACB (a, c) and HMCM(CG)CBCA (b, d) data sets.

Relative phases of 13Ca and 13Cb correlations in HMC(CG)CBCA

spectra unambiguously distinguish between Ile and Val side-chains
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index (CSI) consensus analysis of 13Ca, 13Cb and 13CO

chemical shifts (Spera and Bax 1991; Williamson 1990;

Wishart and Case 2002; Wishart and Sykes 1994a, b;

Wishart et al. 1992) are in excellent agreement with those

expected from the crystal structure of DYRS (Brick and

Blow 1987). Since carbonyl chemical shifts have not been

evolved in any of the spectra used for assignments, 13CO

chemical shifts have been assigned separately from 3D

TROSY-HNCO spectra. Interestingly, despite that the

carbonyl chemical shifts are typically affected by hydrogen

bonding effects, the deviations of (13Ca; 13CO) pairs of

chemical shifts generally serve as more reliable predictors

of secondary structure than the (13Ca; 13Cb) pairs. With

only three exceptions—Trp9, Arg10 and Thr134—the non-

proline residues of DYRS whose amide correlations could

not be identified (enclosed in rectangular boxes in Fig. 5)

belong to non-hydrogen-bonded amides located in the

loops or occupying one of the first three positions of dif-

ferent a-helices in the DYRS structure. Among notably

anomalous backbone amide 1HN and 15N chemical shifts in

DYRS are those of Val31: 12.0 and 134.4 ppm, respec-

tively. The inspection of the YRS crystal structure shows

that the amide group of Val31 forms a (strong) hydrogen

bond with the Nd1 position in the imidazole ring of His63

(NH���Nd1 distance of 1.9 Å) explaining the unusual

downfield shifts of both 1HN and 15N nuclei (Wagner, et al.

1983). Unusually large positive deviations from random

coil 13Ca chemical shifts (D13Ca [ 7 ppm) are noted for

two threonines in DYRS—Thr54 with (13Ca; 13Cb) chemi-

cal shifts of (68.9; 66.4) ppm and Thr303 with (13Ca; 13Cb)

shifts of (68.9; 66.8) ppm, both located in a-helices (Fig.

5)—leading to ‘swapping’ of the relative (13Ca; 13Cb)

chemical shift positions in these two residues.

In summary, we report that practically complete

assignments of 1HN, 15N, 13Ca, 13Cb, 13CO and ILV methyl

(1H, 13C) chemical shifts of the truncated form of Bst-

Tyrosyl tRNA Synthetase, a 319-residue homodimer, are

feasible using a single [U-2H,15N,13C; Iled1-{13CH3};

Fig. 5 Deviations of 13Ca, 13Cb and 13CO chemical shifts of DYRS

from the random coil values. The indicated secondary structure

elements are based on the chemical shift index (CSI) consensus

analysis of 13Ca, 13Cb and 13CO chemical shifts (Wishart and Sykes

1994a) (top rows) and the X-ray structure, PDB id 1tyd (Brick and

Blow 1987), bottom rows. Random coil chemical shifts have been

taken from the reduced database of protein chemical shifts in the

BioMagResBank, BMRB (http://www.bmrb.wisc.edu) and corrected

for isotope effects (Gardner et al. 1997, Venters, et al. 1996). Non-

proline residues of DYRS whose amide (1H–15N) correlations have

not been identified in the spectra are enclosed in rectangular boxes.

The two residues underlined with a solid line (Glu212 and Ala213) are

missing from the X-ray structure. Note that the PDB entry 1tyd has

serine at position 51 (Ser51) instead of Thr, which is not consistent

with either the genomic sequence of Bst-YRS or the PDB entries of

full-length Bst-YRS (PDB id’s 1TS1, 2TS1 and 3TS1 (Brick et al.

1989))
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Leu,Val-{13CH3/12CD3}]-labeled protein sample. Proton-

ation of ILV residues at methyl positions does not appre-

ciably detract from the quality of TROSY triple resonance

data. The assignments are assisted by: (1) selection of
1H-15N correlations of certain residue types (Ala, Thr/Ser)

that simplifies 2D 1H–15N TROSY maps and facilitates

identification of ‘starting points’ for assignments, (2)

identification of ILV residue types using methyl-detected

‘out-and-back’ HMCM(CG)CBCA experiment that (in the

absence of deuterium isotope shifts) provides 13Ca, 13Cb

correlations of ILV residues with exactly the same chem-

ical shifts as the intra-residual correlations in HNCACB

data sets, and (3) by 3D TROSY-NOE data that typically

show strong sequential HN-HN NOE connectivities in the

helical segments of the protein. In consistency with our

previous study (Godoy-Ruiz et al. 2011), no indications of

structural asymmetry (differences in the chemical shifts of

the two subunits of the homodimer) have been observed in

either amide- or methyl-detected NMR experiments. The

apparent structural symmetry of the homodimeric YRS in

the absence of ligands contradicts earlier findings from

extensive biochemical and kinetic experiments (Ward and

Fersht 1988a), and poses a dilemma that can potentially be

resolved via application of solution NMR techniques to

heterodimeric YRS/DYRS constructs—for example, an

investigation of how YRS/DYRS with different isotope

labeling of the two subunits responds to binding of ligands

on a pre-determined subunit. Although chemical shifts are

very sensitive to the local environment, the measurement

of backbone 1H–15N residual dipolar couplings may offer

further evidence regarding the symmetry of DYRS. It is

noteworthy that the asymmetry of DYRS might have a

‘dynamic’ character in the sense that the inter-conversion

between catalytically competent/incompetent (C/C0) and

incompetent/competent (C0/C) conformations of the dimer

might occur fast on the chemical shift time-scale resulting

in a single set of peaks in NMR spectra. The assignments of

DYRS reported here will pave the way for further inves-

tigations that are bound to confirm or disprove this

hypothesis.
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