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Threonylcarbamoyl-AMP synthase substrate interactions

important amino group of the substrate L-threonine
is positioned near ATP in the same orientation.

Backbone dynamics of TsaC

The potential for the protein’s binding of L-
threonine and ATP to include conformational
changes prompted us to investigate the structural
dynamics of TsaC. Backbone RMSD values were
calculated for individual residues amongst the ten
lowest energy structures using MOLMOL (51) to
identify regions of localized high and low RMSD
values (Fig 8A). Several regions of high local
RMSD were observed. Loop regions and both
termini exhibited high RMSD values compared to
the average, which is common for all protein
structures due to the range of motion at the termini.
However, residues 186 through 190, at the C-
terminus, had considerably higher values than
typically observed. This is reflected in the ensemble
of lowest energy structures and the sparse data for
the C-terminus in the NMR spectra (Fig. 3A).
Prol165-Glul77, located in the long loop that
connects the o7 helix to B7 strand, had the highest
individual RMSD values of the internal residues.
This region contains the putative binding site for L-
threonine and is one of the regions that displays the
largest difference between the crystal and NMR
structures (Fig. 3D). This difference is suggestive
of a dynamic role in binding that is observable by
NMR.

In order to verify that the high local RMSD
values result from inherent dynamics and are not
due to sparse restraints, TsaC backbone dynamics
were determined using steady-state heteronuclear
"H-'>’N-NOE experiments (35). On the nanosecond
timescale, the heteronuclear NOE values were
indicative of a lack of backbone motion for most
regions (Fig. 8B). The C-terminus exhibited the
greatest range of motion with residues Argl88 and
GIn189 having two of the lowest NOE values. The
Gly190 signal completely disappeared resulting in
a negative NOE. The N-terminus residues Leu5-
Arg7 also had a lower average NOE, indicative of
backbone dynamics. Additionally, residues Gly167
and Asnl74 exhibited increased conformational
flexibility. Both of these are located in the long loop
of TsaC that connects a7 to B7, flanking the
location of the L-threonine binding site (Fig. 4C).

The backbone dynamics correlate with the
RMSD values that were calculated for the NMR-
derived structures. This indicates that the most

dynamic regions, specifically the C-terminal
residues and the a7-B7 loop, may be important for
protein function such as the coordination of L-
threonine binding with ATP binding. To test this
experimentally, a heteronuclear NOE experiment
was conducted in which TsaC was titrated with
ATP (Fig. 8C). The addition of ATP induced
noteworthy changes to a few amino acids. Overall,
the C-terminus remained dynamic upon the
addition of ATP, but several other resonances were
affected. 1Ile59, Ala63, Tyrl31, Argll0, and
Gly144 exhibited greater conformational dynamics,
whereas Asnl74, Phelll, Alall5, Glu47, and
Gly167 became more structured in the presence of
ATP. Of these, Ile59 and Alal15 were the two most
affected by the titration with ATP in this
experiment. This is consistent with the amide
chemical shift changes observed in the 'H-'"N-
HSQC spectra. Combining results of these datasets
provides evidence that [1e59 and Alall5 could be
essential for the binding of ATP by TsaC.

DISCUSSION

The N°-threonylcarbamoyladenosine  (t°A)
nucleoside modification, found 3’-adjacent to the
anticodon in ANN-decoding tRNAs across all
domains of life, is essential to translational fidelity.
Of the four proteins in E. coli that have been found
to be required for the biosynthesis of t°A, TsaC has
been the most extensively studied in the context of
this modification pathway, and is essential to t°As;
formation and cell viability (24). More recently,
TsaC has been shown to function as a
threonylcarbamoyl-AMP synthase by catalyzing
TC-AMP formation from L-threonine, CO,/HCO;
and ATP (17). Here, insights into the mechanism of
TsaC function have been achieved by utilizing an
NMR-derived structure, biochemical data and
molecular modeling,.

The high-resolution solution structure of the
full-length protein is present in solution as a
monomer with a large, hydrophobic binding pocket
(Fig. 3). The structure is consistent with all protein
structures solved to date in the TsaC/Sua5 family,
such as YciO (28), Sua5 (29) and HypF (30). They
all have an o/p twisted open-sheet topology with
parallel and antiparallel adjacent B-strands and a
central concave cavity lined with positive
electrostatic potential. In relation to the TsaC
crystal structure, the NMR-derived structure of
E.coli TsaC is generally homologous to one subunit



