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Abstract

Human aspartyl-tRNA synthetase (hDRS) contains an extension at the N-terminus, which is involved in the transfer of
Asp-tRNA to elongation factorl (EF1x). The structure of the N-terminal extension is critical to its function. Conformational
studies on the synthetic, 21-residue N-terminal extension peptide«Iys?°) of human aspartyl-tRNA synthetase ustri)
nuclear magnetic resonance (NMR) spectroscopy, showed that the C-terminus adopts axrbglilawith amphiphilicity,
while the N-terminus shows a less-ordered structure with a flegililen. The observed characteristics suggest a structural
switch model, such that when the tRNA is in the stretched conformation, the peptide reduces the rate of dissociation of
Asp-tRNA from human aspartyl-tRNA synthetase, and provides enough time for elongation fadwirteract with the
Asp-tRNA. Following Asp-tRNA transfer to Efed, the peptide assumes the folded conformation. The structural switch model
supports the direct transfer mechanism.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Protein biosynthesis is a complicated process
- that requires multiple components. The initial ac-
Abbreviations: DRS, asparty-tRNA synthetase; DQF-COSY,  tjyation of amino acids requires the corresponding

double quantum filtered correlated spectroscopy;dRlongation . ) .
factor lo; FID, free induction decay; hDRS, human aspartyl-tRNA aminoacyl-tRNA  synthetasesS¢himmel & Soll,

synthetase; NMR, nuclear magnetic resonance; NOE, nuclear Over- 1979. The CytoD'?SmiC FRNA syntheta§es in highgr
hauser enhancement; NOESY, nuclear Overhauser enhancemengukaryotes are distinguished from their prokaryotic
spectroscopy; RMD, restrained molecular dynamics; R.M.S.D., counterparts by the formation of multi-synthetase

root mean square deviation; TFE, 2,2,2-trifluoroethanol; TOCSY, complexes The purified complexes include ASp-

total correlated spectroscopy.
* Corresponding author. Tel+82-42-865-3431; Arg-, GIn-, lle-, Leu-, Lys-, Met-, and Glu-Pro-tRNA
fax: +82-42-865-3419. synthetasesOang & Yang, 1979; Deutscher, 1984
E-mail address: cheong@kbsi.re.kr (C. Cheong). Kellermann et al., 1982; Mirande, 1991 The
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Asp-tRNA synthetase (DRS) has been cloned from 2. Materials and methods
Escherichia coli (Eriani, Dirheimer, & Gangloff,
1990, yeast Bellami, Prevot, Bonnet, Dirheimer, & 2.1. Sample preparation
Gangloff, 1983, rat (Mirande & Waller, 1989, and
human Jacobo-Molina, Peterson, & Yang, 19&ho The oligopeptide that constituted the 21 amino
et al., 1999. Extensive sequence similarities have acids of the N-terminal extension of hDR%aple J
been noted between the DRSs of different species, was purchased from Chiron Technologies Ltd. (Mel-
with the exception of the N-terminal extension of the bourne, Australia). 2,2,2-Trifluoroethanol (TF&3-
eukaryotic DRS. Deletions of up to 70 residues of the (99%) and 2,2,3,3-tetradeuterio-3-(trimethylsilyl)
N-terminal extension of the yeast DRS had no effect propionic acid (TSP) were obtained from Cambridge
on synthetase activity, while deletion of 5 residues at Isotope Labs (Andover, MA), and sodium phosphate
the C-terminus reduced the aminoacylation activity to was purchased from Sigma Chemical Co. (St. Louis,
80% (Prevost, Eriani, Kern, Dirheimer, & Gangloff, ~MO). The peptide sample for NMR was dissolved in
1989. In the rat and human DRSs, the N-terminal 400ul of TFE-d3/50 MM phosphate buffer (pH 7.0)
extension was also dispensable for catalytic activity (1:1, v/v) to give a final concentration of about 2 mM.
(Agou, Waller, & Mirande, 1996Escalante & Yang,
1993 Mirande, Lazard, Martinez, & Latreille, 1992 2.2. NMR spectroscopy

Nevertheless, accumulating evidence suggests that
the synthetase N-terminal extensions play important The NMR data were collected using a Bruker
roles in the structure and function of the multi-tRNA DMX600 spectrometer, and processed using XWIN-
synthetase complexJécobo-Molina et al.,, 1989  NMR (Bruker). The proton chemical shifts were ref-
Mirande & Waller, 1989 Prevost et al., 1989 erenced to the internal TSP. Two-dimensional spectra
Mirande et al. (1992demonstrated that the in vivo were recorded in the phase-sensitive mode using
association between the rat DRS and the complex wastime-proportional phase increments. Solvent suppres-
abolished by the removal of 34 N-terminal residues sion was achieved by selective low-power irradiation
of DRS. Reed and Yang (19943uggested that the of the solvent signal during the relaxation delay, or
N-terminal extension played important roles in the by pulsed field gradients, using the WATERGATE
release and transfer of Asp-tRNA from the human method ofPiotto et al. (1992)All of the NMR exper-
DRS (hDRS) to elongation factorol (EFla). It iments were performed at 2&. The double gquan-
was suggested that the N-terminal peptide bound to tum filtered correlated spectroscopy (DQF-COSY)
Asp-tRNA, so that ER& could join the complex and  (Piantini, Sorensen, & Ernst, 1988pectra were col-
interact directly with Asp-tRNA, and that the pep- lected as 40Q;) x 4096r) data points, and the 96
tide interacted with ERd to facilitate the release of  scans made for each free induction decay (FID) were
Asp-tRNA. averaged. The data were Fourier-transformed after

Although the proposed functions of the N-terminal zero filling to 8192 points ittp. The final digital reso-
extension in DRS seem plausible, it is impor- lutionwas 0.75Hz per point. The total correlated spec-
tant to investigate the structural mechanism behind troscopy (TOCSY)Davis & Bax, 198% analysis used
these functions. The secondary structure of the the MLEV-17 sequenceB@x & Davis, 198% with a
N-terminal extension of the hDRS has been pre- mixing time of 75ms. The nuclear Overhauser en-
dicted using the Secondary Structure Calculation hancement spectroscopy (NOESY) experiments were
program {acobo-Molina et al., 1989We report a carried out with several mixing times), within
detailed study of the N-terminal extension peptide the range of 60—300ms. The TOCSY and NOESY
(ThrP—Lys?%) of hDRS using nuclear magnetic reso- (Macura, Huang, Suter, & Ernst, 1984pectra were
nance (NMR) spectroscopy and molecular modeling. collected as 51@1) x 20481») data points, and the 64
On the basis of the obtained structure, we propose scans were averaged. After Fourier-transformation,
a molecular model for the tRNA transfer mecha- the baselines were corrected using a polynomial func-
nism that is mediated by structural changes in the tion for all the NOESY spectra, prior to measurement
N-terminal extension of hDRS. of the cross-peak volumes.
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Table 1

Proton chemical shift at 298 K of the hDRS N-terminal 21-mer peptide

Residue NH aH pH2 yH2 Other$

Thr® b 4.10 3.75 1.26

GIn® b 4.38 1.98, 2.10 2.36

Arg’ 8.43 4.29 1.72, 1.81 1.60 8CH, 3.15, NH 7.29, 6.63
Lys® 8.34 4.30 1.73, 1.83 1.41 3CH, 1.65,¢CH, 2.95
Sef 8.24 4.37 3.89, 3.82

GInt0 8.31 4.32 1.95, 2.11 2.32

Glu? 8.27 4.26 1.90, 2.00 2.23

Lys!2 8.13 4.56 1.76 1.43 3CH, 1.70,¢CH, 2.94
Prot3 4.36 1.89, 2.33 1.98, 2.03 3CH, 3.54, 3.76

Arg4 8.21 4.13 1.80 1.66 3CH, 3.16, NH 6.63, 7.32
Glut® 8.74 4.18 1.95 2.03, 2.27

llelé 7.89 4.02 1.87 1.16, 1.43 yCHs 0.86,3CH;3 0.80
Met!? 7.94 431 2.07 2.46, 2.56 ¢CHs 2.00

Asp'® 8.16 4.52 2.66

Alal® 7.89 4.23 1.40

Ala?0 8.06 4.16 1.39

Glut 8.05 4.12 1.91, 1.97 2.23

Asp?? 8.01 4.50 2.55

Tyr23 7.76 4.45 2.94, 3.07 2,6H 7.08, 3,5H 6.77
Ala? 7.83 4.28 1.32

Lys® 7.48 4.11 1.79 1.37 3CH, 1.65,¢CH, 2.95

a Stereo-specific assignments were not made.
b Could not be assigned by terminal flexibility.

2.3. Structure calculation ulated annealing at 2000K for 6000 ps with a step
size of 0.3ps, followed by 400 steps of conjugate
We obtained 165 distance restraints for the struc- gradient energy minimization. From the 50 trials, we
tural calculations from the NOESY spectra, with selected 21 structures that had distance violations
mixing times of 60, 150, and 300 ms. The cross-peak <0.3A and dihedral angle violations ef2°. These
intensities were converted into four upper bounds of structures were refined further by restrained energy
the distance restraints, i.e. 2.5, 3.2, 4.0, and 5.0 A. minimization and dynamics. The distance-dependent
In all cases, the lower bounds were defined as the dielectric constant was used. The structures were first
sum of the van der Waals radii (1.8A) of the in- minimized until the change in energy was less than
teracting protons. The §J4n. values (4-6Hz for 0.001 kcal/A, using the steepest descent and conjugate
residues 15-24) were converted into loose dihedral gradient methods. After minimization, the structures
angle restraints of-100> < & < —-20°. A force were subjected to molecular dynamics for 100 ps at
constant of 15 kcal/mol was used to enforce the re- 300 K. The structures were allowed to equilibrate over
straints. Hydrogen-bonding restraints were not used. the first 40 ps of the restrained molecular dynamics
The structure of the 21-residue N-terminal extension (RMD) runs, and then averaged over the final 60 ps.
of hDRS was calculated using DG Il and DISCOVER The averaged structures were minimized for subse-
(Molecular Simulations Inc., San Diego, CA), to- guent analyses of potential energies and convergence.
gether with INSIGHT Il as the graphic interface.
The AMBER force field was used for structure re- 2.4. Surface plasmon resonance analysis
finement. Triangle inequality bound smoothing and
four-dimensional embedding procedures were used The binding affinity of the hDRS N-terminal exten-
for the distance geometry calculation using DG 1l. sion for tRNA-Asp was determined by surface plas-
The generated structures were then refined by sim- mon resonance, using a BIAcdM2000 biosensor
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system and BIA evaluation software (version 3.0; Bl-  ppm
Acore AB, Uppsala, Sweden). The peptide was im- =
mobilized on research-grade CM5 sensor chips, at a
concentration of 1 mg/ml in 10 mM HEPES (pH 7.4),
150 mM NacCl, 3.4 mM EDTA, and 0.005% (v/v) sur-
factant Bo, using the amine coupling kit that was sup-
plied by the manufacturer. Approximately 100 RU of 4.3
the peptide was immobilized under these conditions,
where 1000 RU corresponds to an immobilized protein
concentration of 1 ng/mfn Calf liver tRNA was from
Biogenics. Five binding cycles using different tRNA
concentrations were performed with a constant flow 4-57
(10pl/min) of a buffer that contained 20 mM Tris—HCI
(pH 6.5), 250 mM NaCl, 1mM MgGl, 1 mM DTT, 6.6
and 0.1 mM EDTA. Once the injected tRNA passed
the surface, the formed complexes were washed with
the buffer for 9 min. Non-specific binding of tRNA to
the carboxymethylated dextran-coated sensor chip was
subtracted to obtain corrected sensorgrams. All of the Fig. 1. Expanded K(D2)-Hy(D1) region of the NOESY spectrum
experiments were performed at Z5. The data were (300 ms mixing time) for the hDRS N-terminal 21-mer peptide
collected at 1 Hz, and analyzed on the assumption of N TFE/FO. The spectrum was recorded at 298K. Tty
first-order binding kinetics. sequential connectivity is shown.
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3. Results

3.1. Secondary structure deter mination (@ 1.00

The DQF-COSY and TOCSY spectra were used to
assign individual spin systems for each amino acid,
which were then sequentially assigned to key NOESY
cross-peaks in the fingerprint regiokig. 1), using
the standard method\(lithrich, 1986. The chemical
shifts are listed inrable 1 -1.00

The chemical shift differences of &8 and NH
between the random coiWuthrich, 198¢ and the
N-terminal peptide are shown iRig. 2a The up-
field shifts of thea-protons in the C-terminal part
of the peptide were compatible with a helical struc-
ture. The chemical shift index (CSI\\ishart, Sykes,

& Richards, 1992 of C,H showed a stretch of-1,
from residues Ar§f* through Ty#® (Fig. 2b), which
also signifies a helical structure. The sequential and i
medium range nuclear Overhauser enhancement B8 T B S I0TIIZINIENS IS ATAGTS 2021 2223 24 2
(NOE) connectivities in the NOESY spectra, and residue

the *Juno values from the NH-CH cross-peaks in Fig. 2. (a) Plot of the chemical shift differences between the
the DQF-COSY spectra were analyzddg( 3), and observed values of fdand Hy and the corresponding random coil
showed a good correlation with the chemical shift values. (b) CSI value of ki
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Fig. 3. Amino acid sequence of the hDRS N-terminal peptide, and a summary of the sequential and medium-range NOEs; the spin-spin
coupling constants are indicated as follow&))( 7-9Hz; @), 4-6Hz. The thick and thin bars represent the strong and weak NOE
intensities, respectively. The lines that start and end at the positions of the interacting residues indicate NOE connetiwitgriapping

NOE cross-peaks.

index of G.H (Fig. 2b. Indeed, a number of the NOE in the converged helical region are listedTiable 2
connectivities, i.edyn (i, i + 1), dnn (i, i + 2), don The Ramanchandran plot statistics were analysed by
@i, i + 2), andd.n (i, i + 3), and the low values of PROCHECK version 3.5.4L&askowski, MacArthur,

3 JiNo (4—6 Hz) from GId® to Tyr?3 strongly suggest ~ Moss, & Thornton, 1998 The Asg® carbonyl oxy-

the existence of a significant population of conform- gen formed a bifurcated hydrogen bond with the
ers that contain a well defined-helix in that part of amide protons of both G and Asp2. The expected
the peptide. In the N-terminal part of the peptide, the hydrogen bond between Métand Gl was not

3 June Values, which ranged from 7 to 9 Hz, together observed. This conformation lessens the electrostatic
with the intense GH-NH (i, i + 1) NOEs, and the  repulsion between Adf and Asg?, and allows Gl&*

lack of medium-range NOEs, suggest the presence ofto slide into the hydrophilic side of the amphiphilic

conformational fluctuations. helix. The terminali( i + 3) hydrogen bond between
Glu?! and Al&4, which has a g-helix character and

3.2. Conformation of the peptide sometimes appears at the end of éhbelix, was also
observed.

Unambiguous assignments and restraints were Examination of the side-chain orientations re-
derived from the NOEs andJun, Vvalues, which vealed that the helix was amphiphilic, with the hy-
permitted the generation of structures that were drophobic residues on one side of the helix and
consistent with the experimental data. The peptide the hydrophilic residues on the opposite side. Rep-

consisted of the flexible N-terminal region,Baturn, resentative structures that illustrate the amphiphilic
and an amphiphilic helix in the C-terminal region. characteristics of the well-defined helical region
We obtained 21 final structurefi@. 4B) with back- are shown inFig. 4A. It was suggested previously

bone root mean square deviation (R.M.S.D.) values (Jacobo-Molina et al., 198%hat the secondary struc-

of 0.55+ 0.26 A for the well-defined helical region ture of the DRS N-terminal extension consisted of a
(residues 16-23) and.88 & 0.35A for the B-turn neutral amphiphilic helix, and it was assumed that the
region (residues 11-14). The statistics of the final helical structure was present throughout the whole
structures and the hydrogen bonds that were observedpeptide, and that the hydrophilic side was neutral,
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Hydrophilic side Asp18 Hydrophobic side

Glu21 /

Fig. 4. (A) Helical region of the peptide, viewed down the long axis, with the hydrophobic residues in yellow and the hydrophilic residues
in blue. (B) Stereoview of all the backbone atoms (N-terminus on top) superimposed over the heavy atoms, from re¥idoesyife
of the final 21 structures.

since it had both positively and negatively charged 3.3. Direct interaction between the peptide and
residues. Our results show that the positively charged tRNA

residues are not involved in the helical structure, and

that only the negatively charged A$p Glu?l, and The feasibility of a direct interaction between the
Asp?? residues face one side of the helix, while the N-terminal extension and tRNA was tested using
opposite side is composed of hydrophobic residues. surface plasmon resonance analysis. The sensorgram
Analysis of the conformation of the N-terminal part (Fig. 6) shows that the immobilized peptide inter-
of the peptide revealed that this region had a type IV acts with Asp-tRNA, although the binding may not
B-turn (from GIW! to Arg!* for some conformers, be site-specific, since the dissociation constant was
and from GIn® to Prd™ for the others). The type IV calculated to be 8+ 0.2 uM.

B-turn is less rigid than the other types Bfturn.

This type IV B-turn loosely restricts the range of the

conformational spread in the N-terminal part of the 4. Discussion

peptide.

Some of the structures defined here show that the Although TFE is known to promote helix structure,
two positively charged residues (Argnd Ly$) at the recent studies have shown that not all peptides as-
N-terminus come in close contact with the negatively sume the helical conformation in the presence of TFE
charged residues (A$h GIu?l, and Asg?) on the  (Dyson, Merutka, Waltho, Lerner, & Wright, 1992;
hydrophilic side of the helixKig. 5. This favorable Dyson, Sayre, et al., 1992Thus, it appears that TFE
interaction is made possible by the formation of the acts only within the context of a pre-existing helix-coil
B-turn. equilibrium Q@asanoff & Fersht, 1994 rather than
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Table 2
Structure determination statistics
R.M.S.D. Hydrogen bonds
Backbone Heavy atoms Donor NH Acceptor CO
Helix part (16-23) 0.55+ 0.26 1.54+ 0.39
B-Turn (11-14) 0.88+ 0.35 2.50+ 0.97
Asp'® Argl*
Alal? Glu®
Ala?0 llel6
Glu#t Asp'8
Asp?? Aspt®
Tyr23 Alal?
Ala?4 Glu?t
Number of NOE distance restraints
Intra 24
Sequential 72
Medium 69
Energy analysis
Total energy —467.5+ 26.2
Bond energy 6.5+ 0.6
Theta energy 46. % 4.3
Phi energy 541 7.1
Out-of-plane energy 5% 14
Hydrogen bond energy 82 1.9
Non-bond energy —18.0+ 6.3
Coulomb energy —553.6+ 24.7
Forcing potential —-17.4+ 40
Ramanchandran plot statistics (%)
Residues in allowed regions 97.9
Most favored regions 53.2
Additionally allowed regions 37.0
Generously allowed regions 7.7
Residues in disallowed regions 2.1

All of the energy values are given in kcal/mol, and the distances are given in A.

creating the helical structure itself. In the absence of understanding its function. Unfortunately, the solution
TFE, we were unable to observe any secondary struc-and crystal structures of aminoacyl-tRNA synthetases
tures or stable conformations in the CD and NMR that contain the extension have not been reported to
spectra, which suggests that this peptide does not ex-date. Based on their chromatographic studiRsed
ist as a single conformation, even in 50% TFE. The and Yang (1994kuggested that the N-terminal pep-
JuNne Values Fig. 3) represent the averaged values of tide in hDRS could bind to tRNA and Ek1 Our sur-
the conformational ensembles. Therefore, the struc- face plasmon resonance experiments support the idea
ture presented here should be regarded as one of theof a direct interaction between the N-terminal peptide
highly populated conformational states of the hDRS and tRNA. The molecular model of the crystal struc-
N-terminal extension in solution. Thus, we assume ture of the yeast Asp-tRNA-DRS complex places the
that the N-terminal extension has helical properties at N-terminal extension within interacting distance of the
the protein level, and that 50% TFE may mimic the tRNA. The N-terminal extension can have two distinct
environment of the extension in the whole protein. conformations, as shown iRig. 5. From the above
Elucidation of the structure of the N-terminal exten- results, we propose a structural switch model. When
sion in the context of the whole enzyme is critical to tRNA is bound, the positively charged residues of the
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N-terminal part for
electrostatic interaction
with tRNA

.

Switching

\ﬁ

Electrostatic interactio
between hydrophilic sid ;
and N-terminal part Hydrophobic side of helical part

Fig. 5. The structural switch model of the N-terminal extension peptide. Two representative structures (from the 21 final structures) are
shown, with the backbone ribbons in pink, the side-chain surface’$,(#dal®, Ala?%, and Tyr3) on the hydrophobic side of the helical

region in yellow, the side-chain surfaces (A&pGIu?l, and Asp% negatively charged residues) on the hydrophilic side of helical region

in blue, and the side-chain surfaces (Amnd LyS; positively charged residues) on the flexible part of the N-terminal region in red. The
positively charged residues in the flexible N-terminal region supposedly play a switching role in the function of hDRS.

flexible N-terminal part of the peptide interact with the N-terminal part folds back, and interacts with
the tRNA. The N-terminal extension holds Asp-tRNA the negatively charged residues of the helix, thereby
and reduces the rate of dissociation of Asp-tRNA from facilitating the release of Asp-tRNA. This model
the hDRS. When the tRNA is transferred to BF1  should be regarded as a tentative one, since the entire

50
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Fig. 6. Surface plasmon resonance sensorgram. The overlaid sensorgrams of tRNA that was injected over the surface with 100 RU of
immobilized hDRS N-terminal extension peptide. The tRNA was solubilized in buffer\sgerials and Methods section) at concentrations
of 23uM (0O), 11.5uM (O), 5.7uM (A), 2.8uM (v), and 1.4uM ().
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structure of the tRNA-synthetase complex has not yet Acknowledgements
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