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In mammals, many aminoacyl-tRNA synthetases are bound to-
gether in a multisynthetase complex (MSC) as a reservoir of
procytokines and regulation molecules for functions beyond ami-
noacylation. The a; homodimeric lysyl-tRNA synthetase (LysRS) is
tightly bound in the MSC and, under specific conditions, is secreted
to trigger a proinflammatory response. Results by others suggest
that a2 LysRS is tightly bound into the core of the MSC with
homodimeric B, p38, a scaffolding protein that itself is multifunc-
tional. Not understood is how the two dimeric proteins combine to
make a presumptive a3, heterotetramer and, in particular, the
location of the surfaces on LysRS that would accommodate the p38
interactions. Here we present a 2.3-A crystal structure of a tet-
rameric form of human LysRS. The relatively loose (as seen in
solution) tetramer interface is assembled from two eukaryote-
specific sequences, one in the catalytic- and another in the
anticodon-binding domain. This same interface is predicted to
provide unique determinants for interaction with p38. The analy-
ses suggest how the core of the MSC is assembled and, more
generally, that interactions and functions of synthetases can be
built and regulated through dynamic protein—protein interfaces.
These interfaces are created from small adaptations to what is
otherwise a highly conserved (through evolution) polypeptide
sequence.
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n higher eukaryotic cells, aminoacyl-tRNA synthetases

(AARS:s) are organized into a high molecular mass multisyn-
thetase complex (MSC) (1), where at least nine AARSs and
three accessory proteins are bound together (2). This complex is
not only viable for highly organized protein synthesis (amino-
acylation function) (3) but is also thought to serve as a reservoir
of regulation molecules for functions beyond aminoacylation.
For example, the unusual glutamyl-prolyl-tRNA synthetase
(EPRS) in the MSC is released by stimulation with IFN-+y, which
promotes phosphorylation of the WHEP domain in EPRS that,
in turn, causes its release from the MSC (4). Once released, the
phosphorylated EPRS is a component of a translation complex
that directs gene-specific silencing of translation (4). As another
example, when released from the MSC, human glutaminyl-
tRNA synthetase specifically interacts with the apoptosis signal-
regulating kinase 1 (ASK1) and inhibits ASK1-mediated apo-
ptosis by inhibiting its kinase activity (5). Another component of
the complex, lysyl-tRNA synthetase (LysRS), was recently shown
to be secreted and to trigger a proinflammatory response (6). In
addition, all three accessory proteins in the MSC, p43, p38, and
pl8 (also known as AIMP1, AIMP2, and AIMP3), have also
been shown to have cytokine activities or to participate in
different cell regulatory events (7, 8). The work presented here
was motivated by the desire to understand better the structural
basis for assembly of the MSC and how this assembly could
be regulated in a way that expanded the functions of tRNA
synthetases.
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The functional importance of organization into a complex was
suggested because the MSC per se was shown to be essential for
normal development in the mouse (9). To regulate release of
individual components requires that the MSC should be built up
by diverse protein—-protein interactions, ranging from stable to
transient contacts. Indeed, various extra eukaryote-specific do-
mains or extensions of AARSs have evolved to help form the
MSC. For instance, the N-terminal coiled-coil appended domain
of ArgRS is critical for interaction with p43 (10), and the
N-terminal GST domain of MetRS possibly interacts with the
GST domain of p18 (11, 12). However, formation of the MSC
involves more than the domains added to these ancient enzymes.
Mammalian LysRS is a component of the MSC that specifically
interacts with the auxiliary factor p38 (11, 13). However, al-
though a ~70-aa extension was found to be unique to human
LysRS, this lysine-rich extension does not contribute to the
strong interaction with p38. Instead, the conserved canonical
domains of human LysRS forms the p38-binding site(s) (11).
Similarly, AspRS and GInRS, with their eukaryotic-specific
N-terminal extensions removed, were still associated with the
complex (11, 14). These findings imply alternative ways of
forming interactions between these ancient enzymes to endow
them with the capacity for expanded functions. How these
protein—protein interfaces are formed from ancient enzyme
scaffolds is undefined and of particular interest.

The strong interaction of LysRS with p38, which forms the
core of the MSC, and the observation that LysRS can be secreted
as a signaling molecule intrigued us to understand the structural
features that might explain the dynamics of LysRS, both in the
complex and outside of the complex as a free protein. For this
purpose, we carried out crystallization of human LysRS and
determined its 3D structure. The crystals revealed an unusual
(a2)2 tetramer, a structure not seen with any of the other a; class
I1 tRNA synthetases. More analysis showed that the interface for
the ax—a, interactions is most likely also used for interactions
with p38 at the core of the MSC. That is, the tetramer interface,
when exposed in the a, dimer, is well designed to interact with
p38, and in a way that does not disturb the aminoacylation
function of LysRS. The dynamic nature and design of this
interface suggest a paradigm for how higher eukaryote tRNA
synthetases can be mobilized to form different interactions and,
thereby, adopt expanded functions.
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interaction, probably because the interaction itself can be reg-
ulated in a simple way (competition with the dimer—tetramer
equilibrium of LysRS). Whether the p38-LysRS complex has an
additional activity emanating, for example, from the interface of
the two proteins, will also require further investigation.

Methods

Protein Preparation. Full-length LysRS and truncation LysRS;o_sgs were ex-
pressed in the bacterial strain BL21 (DE3) CodonPlus using the vectors pET20b
(Novagen). Both proteins contained a C-terminal 6 X His tag and were purified
to homogeneity by Ni-NTA affinity column (Qiagen) and a Q high-
performance column (GE Healthcare).

Crystallization, Data Collection, and Structure Determination. Crystallization
was done by the micrositting drop-vapor diffusion method. Protein solution
of LysRS70_s84 was preincubated with 5 mM L-lysine and 5 mM ATP for 10 min
at 22°C. A drop was prepared by mixing 0.1 ul of protein solution with 0.1 ul
of precipitant solution, containing 16% PEG8K, 18% glycerol, 80 mM Na
cacodylate (pH 6.05), and 0.16 M Ca(OAc), and was equilibrated against 70 pl
of precipitant solution. Crystals were collected after incubation at 4°C for 7
days and were flash-frozen at 100 K for data collection.

The dataset was obtained from beamline 23-ID at the Advanced Photo
Source (Argonne, IL) and was processed with HKL2000 (32). Iterative model
building and refinement were performed by using Coot (33) and Refmac5 (34).
Data collection and refinement statistics are given in Sl Table 1.

Gel Filtration Chromatography. A volume of 500 ul of purified full-length LysRS
was applied to Superdex 200 chromatography column (GE Healthcare, 10/300
GL) in a buffer containing 25 mM Hepes, pH 7.5, 150 mM NaCl, and 5 mM
2-mercaptoethanol, and the column was calibrated by standard proteins.

Labeling of Human LysRS with Alexa488. Human LysRS was diluted into 50 mM
sodium phosphate buffer, pH 8.5, to a final concentration of 5 uM (measured
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by absorption at 280 nm using extinction coefficient of 44,280 M~~"-cm~") and
Alexa488-tetrafluorophenyl ester (Invitrogen) was dissolved in DMSO and
added to a final concentration of 5 uM (determined by measuring the ab-
sorption at 495 nm using 495 = 71,000 M~"-cm~"). The labeling reaction
proceeded at room temperature for 30 min, and the sample was buffer
exchanged (12 times) and concentrated by using Amicon Ultra - 4 spin con-
centrators with molecular weight cutoff of 10,000 Da (Millipore). The degree
of labeling was determined to be 0.93:1 dye to protein by measuring the
absorption at 495 and 280 nm in a 1-cm cuvette using the following equation:

A495 X 8280 /((AZSO —0.11 XA495) X 84A91ixa)'

Protein

Fluorescence Quantum Yield Measurements. Full fluorescence spectra of Al-
exa488-labeled human LysRS were recorded by using a Cary Eclipse fluorom-
eter (Varian) with the excitation monochromator set to 460 nm and emission
scanned from 475-650 nm. Fluorescence spectra were measured in triplicate
as a function of increasing protein concentration. The integrated spectra were
normalized to the highest protein concentration. The curves were biphasic,
and the two parts were independently fitted to a single-exponential function
to obtain the midpoints of the titration. Assuming a 1:1 binding of monomers
to form a dimer and 1:1 binding of dimers to form a tetramer, it can be
deduced that at the measured midpoints, the Kq is equal to one-third of the
total protein concentration. Multiple datasets were globally analyzed to
produce a more robust estimate of the dissociation constants.
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