Lo L

P

2N

Crystallographic snapshots of eukaryotic
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Hypermodifications near the anticodon of tRNA are fundamental
for the efficiency and fidelity of protein synthesis. Dimethylallyl-
transferase (DMATase) catalyzes transfer of a dimethylallyl moiety
from dimethylallyl pyrophosphate to N6 of A37 in certain tRNAs.
Here we present the crystal structures of Saccharomyces cerevisiae
DMATase-tRNAYs complex in four distinct forms, which provide
snapshots of the RNA modification reaction catalyzed by DMATase.
The structures reveal that the enzyme recognizes the tRNA
substrate through indirect sequence readout. The targeted nucle-
otide A37 flips out from the anticodon loop of tRNA and flips into
a channel in DMATase, where it meets its reaction partner di-
methylallyl pyrophosphate, which enters the channel from the
opposite end. Structural changes accompanying the transfer reaction
taking place in the crystal result in disengagement of DMATase—
tRNA interaction near the reaction center. In addition, structural
comparison of DMATase in the complex with unliganded bacterial
DMATase provides a molecular basis of ordered substrate binding
by DMATase.
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mong >100 modified nucleotides discovered to date in
RNA, several exhibit extensive modifications (hypermodi-
fications). These hypermodified nucleotides are clustered near
the anticodon of tRNA, either at the wobble position (position
34) or at position 37. The hypermodifications are important for
efficiency and fidelity of protein translation by the ribosome (1, 2).
When the third anticodon of a tRNA is A, which forms a weak
base pair with the first codon U in mRNA, its 3’-adjacent
nucleotide A37 is hypermodified to 2-methylthio-N6-isopente-
nyladenosine (ms?i®A). The first step of the modification reac-
tions involves the transfer of a DMA moiety from dimethylallyl
pyrophosphate (DMAPP) to N6 of A37 in tRNA substrate,
carried out by dimethylallyltransferase (DMATase) [supporting
information (SI) Fig. S1] (3-5). Studies by Moore and Poulter (6)
using recombinant Escherichia coli DMATase demonstrated
ordered substrate binding by the enzyme, with binding of the
accepting substrate tRNA first, followed by the donating sub-
strate DMAPP. A conserved sequence of AAA at nucleotides
36-38 of tRNA was required for efficient modification by
DMATase (7, 8). Site-directed mutagenesis of E. coli DM ATase
also provided insight into possible roles of some conserved
amino acids in tRNA binding and catalysis (9). More recently, we
reported the crystal structure of a bacterial DMATase (10). The
structure revealed that the core domain of DMATase contains
a central channel, where we proposed the transfer reaction might
occur (10). However, our previous studies did not reveal the
structure of a domain of ~85 aa (named the insertion domain)
despite the presence of the insertion domain within crystals (10).
In addition to the core and insertion domains in the bacterial
DMATase, the eukaryotic enzyme contains an extra ~80 aa at
its C terminus (named the C-terminal addition) whose function
is unknown.
To provide structural information of the insertion domain and
the C-terminal addition, and to reveal the molecular basis of
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tRNA substrate recognition and the reaction mechanism, we
crystallized Saccharomyces cerevisiae DM ATase in complex with
tRNAS* in the presence of pyrophosphate and solved its struc-
ture at 2.95-A resolution. Furthermore, soaking crystals of the
DMATase—tRNA binary complex with dimethylallyl thio-
pyrophosphate (DMASPP, a DMAPP analog) and DMAPP
allowed us to obtain structures of the reaction intermediate as
well as the enzyme bound to the tRNA product. Together, these
structures provided us snapshots of the DMATase-catalyzed
reaction along the reaction pathway.

Results

Overall Structure of the DMATase-tRNA-Pyrophosphate Complex. The
overall structure of the complex can be schematically described
as the letter L (tRNA) inversely docked into the deep cleft of the
letter U (DMATase) (Fig. 1). One side of the U-shaped
DMATase is composed of the core domain (Fig. 1, blue), and the
opposite side is the combination of the insertion domain and part
of the C-terminal addition (Fig. 1, yellow and red, respectively).
The structure of the core domain of DMATase in the complex
is very similar to that of the previously reported bacterial enzyme
(Fig. S6) (10). The rmsd of Ca of the two structures is 1.8 A. The
insertion domain, whose structure was not observed in our
previous studies of the bacterial enzyme (10), is a five-helix
bundle (Fig. 14, yellow). It connects to the core domain through
two loops (Fig. 14 and Fig. S5). The C-terminal addition, unique
to the eukaryotic enzyme (11, 12), can be further divided into
two parts. The C terminus is a zinc finger composed of two short
B-strands and two a-helices (Fig. 14). The zinc finger is con-
nected to the core domain by a linker of ~30 aa composed of two
short helices and loops (Fig. S5) traversing along the core
domain and placing the zinc finger ~50 A away (Fig. 1B). A Dali
structural homology search using the structure of the insertion
domain or the C-terminal zinc finger failed to reveal any known
proteins that are structurally similar to these two domains (13),
suggesting that both the insertion domain and the C-terminal
zinc finger are new RNA-binding motifs. Contrasted to little
structural change of the core domain, substantial conforma-
tional change occurred in the anticodon loop of tRNA upon
association of tRNA with DMATase (Fig. 2). In addition to
substantial positional shift of the tRNA backbones, four nucle-
otides, U33, G34, C35, and A37, flip out from the anticodon loop
of tRNA (Fig. 2).
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Fig. 1. Structure of the DMATase-tRNA-pyrophosphate complex. (A) Ribbon diagram. Green, tRNA; blue, DMATase core domain; yellow, DMATase insertion
domain; red, DMATase C-terminal addition. The components in the reaction channel of DMATase, including the targeted A37, the pyrophosphate, and the
magnesium ion, are highlighted in spheres and colored green, red, and gold, respectively. The zinc ion of the C-terminal zinc finger is depicted as a small sphere
in dark gray. Part of the secondary structure relevant to Fig. 4 is labeled for clarity. (B) Surface representation of the structure viewed from the opposite side.

Interaction between tRNA and DMATase is extensive and is
mainly concentrated at the anticodon stem-loop (nucleotides
27-43). Approximately 50% of the surface area of the anticodon
stem-loop is buried within DMATase. The deep tRNA-binding
cleft in DMATase is strongly positively charged (Fig. S7).

Molecular Recognition of the Conserved A36, A37, and A38 of tRNA.
Specific interactions between DMATase and tRNA, as well as
within tRNA itself, provide insight into the molecular basis of
tRNA substrate recognition (7, 8).

The targeted A37 flips out from the anticodon stem-loop of
tRNA and flips into a channel in the core domain of DMATase
(Fig. 14, green spheres). Recognition of A37 is achieved through
its extensive interactions with several conserved amino acid
residues in DM ATase (Fig. 34). The conserved DSMQ motif in

DMATase (residues 46—49) plays a major role in A37 recogni-
tion. The side chain of Asp-46, whose position is secured through
hydrogen bonding with the side chain of GIn-49 and main-chain
amide of Ser-47, forms a hydrogen bond with N6 of A37; the side
chain of Ser-47 donates a hydrogen bond to the phosphate group
of A37; and the side chain of Met-48 stacks on the base of A37
(Fig. 34). In addition to the DSMQ motif, other DMATase
residues (Thr-58, Thr-112, Gln-256, Ile-258, and Tyr-292) are
also involved in A37 binding (Fig. 34).

Surprisingly, no specific interaction between DMATase and
A36 or A38 was observed. Instead, recognition of A36 and A38
is achieved through specific interactions within tRNA itself (Fig.
3B). N6 of A36 donates two hydrogen bonds to the phosphate
groups of U33 and C35, and N1 of A36 accepts a hydrogen bond
from O2' of U32 (Fig. 3B). The position of the base of A36 is

Fig. 2. Conformational change of tRNA upon its association with DMATase. Shown is the superposition of the anticodon stem-loop of S. cerevisiae tRNA®Ys
in the DMATase—tRNA complex (green) with the corresponding nucleotides of E. coli tRNAYs (red, Protein Data Bank ID code 1UOB). The nucleotide sequences

of the anticodon stem-loops (27-43) of these two tRNAs are identical.
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Fig. 3. Molecular recognition of the conserved AAA sequence at nucleotides 36-38 of the tRNA substrate. (A) Recognition of the targeted A37 by DMATase.
The main chain of DMATase is represented as gray ribbons. The side chains of DMATase and tRNA are depicted as sticks. Hydrogen bonds are depicted as dotted
lines in black. The carbon atoms of DMATase and tRNA are colored orange and green, respectively. Hetero-atoms are colored individually, with nitrogen in blue,
oxygen in red, phosphorus in magenta, and sulfur in yellow. The oxygen atom of the phosphate group of A37 that forms hydrogen bonds with the side chains

of Ser-47 and Thr-112 is hidden by the OH group of Tyr-292. (B) Recognition of A36 and A38 through specific interactions within tRNA itself.

further secured by stacking with the side chain of Tyr-114 as well
as the base of A38. N6 of A38 donates a hydrogen bond to O2
of U32, a position that is termed a universal hydrogen bond
acceptor (Fig. 3B). The position of the base of A38 is secured by
its stacking with the base of A36 and the base of U39 (data not
shown).

Interactions Between DMATase and tRNA. In addition to A37
recognition, the core domain has contacts with tRNA, and these
are primarily concentrated at helix 14, which sits in the major
groove of the anticodon stem-loop (Fig. 14). A series of basic
residues facing RNA (Arg-284, Arg-288, GIn-291, Lys-294, Arg-
295, Lys-298, and Lys-302) interact with phosphate groups of the
nucleotides in the anticodon stem-loop (Fig. 44). Tyr-292, which
is involved in A37 recognition (Fig. 34), also resides on helix 14
(Fig. 4A4).

The insertion domain, located on the opposite side of helix 14
(Fig. 14, yellow), interacts with the nucleotides in the anticodon
stem-loop of tRNA that helix 14 is not able to reach (Fig. 4B).
Several amino acids on helices 7 and 8 as well as on the
intervening loop (Tyr-164, Asn-167, Arg-170, Arg-171, and
Arg-174) make contacts with phosphate groups of the nucleo-

tides in the anticodon stem-loop. Of particular interest is the
formation of the two hydrogen bonds between the side chain of
GIn-193 and the base of U33 (Fig. 4B). Because GIn-193 is
strictly conserved in DM ATase, and virtually all tRNAs contain
U at position 33, this interaction is specific and is likely the
favorable interaction that makes the flipping out of U33 ener-
getically accessible.

Sitting on top of the insertion domain is the C-terminal zinc
finger (Fig. 14, red), which is involved in interactions with
nucleotides at the top part of anticodon stem (nucleotides
42-44) as well as part of the D loop (nucleotides 20-22) (Fig.
4C). The overall structure of the zinc finger can be interpreted
as an uninterrupted long a-helix that is forced to make a kink by
coordination of His-397 and His-403 with a zinc ion. This results
in a zinc finger whose shape is complementary to the structure
of tRNA near the junction of anticodon stem and D loop (Figs.
1A4 and 4C). As such, the side chains of some basic residues on
helix 19 (Arg-401, Arg-402, Lys-408, and Arg-412) are able to
reach phosphate groups of the nucleotides in D loop (Fig. 4C).
Residues in the kinked region make close contact with nucleo-
tides at the top of anticodon stem (side chain of Ser-400 to the
phosphate group of U43; main chain amide of Arg-401 to the

Fig. 4. Major contacts between DMATase and tRNA. (A) Interaction of helix 14 from the core domain with tRNA. DMATase is depicted and colored as in Fig.
3. tRNA is in green except phosphate groups, which are highlighted in red (oxygen) and magenta (phosphorus). With the exception of U33, G22, and G46, the
bases of tRNA are omitted for clarity. (B) Interaction of the insertion domain with tRNA. The base of U33 is specifically recognized by the side chain of GIn-193
through two hydrogen bonds. (C) Interaction of the C-terminal zinc finger with tRNA. The zinc ion is depicted as a small sphere in dark gray.
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Fig. 5. Snapshots of the DMATase-catalyzed reaction. (A) Structure of DMATase-tRNA binary complex. DMATase is depicted as protein surface, with carbon

in white, nitrogen in blue, and oxygen in red. tRNA is depicted and colored as in Fig. 3. The structure of DMATase is clipped across the reaction channel to reveal
contentsin the channel. (B) Structure of DMATase-tRNA-PP ternary complex. The pyrophosphate is in sticks, and Mg2* is depicted as a sphere in gold. (C) Structure
of DMATase-tRNA-DMASPP ternary complex. The bridging sulfur and the DMA moiety in DMASPP are colored yellow and cyan, respectively. (D) Structure of
DMATase-tRNA(P)-PP ternary complex. A37 of the tRNA substrate in A-C, i®A37 of the tRNA product in D, and pyrophosphate, DMASPP, and Mg2* in A-D are
covered with simulated annealing omit maps colored black. The maps are contoured at 5.0 o. (E) Stereo view of the final model of DMATase-tRNA-DMASPP
ternary complex near the active site showing the catalytic apparatus and substrates. The distances between atoms relevant to mechanistic discussions are labeled

in black.

phosphate group of U44). Of particular interest is the possibly
dual role played by the side chain of His-397. The imidazole ring
of His-397 appears to serve as a ligand for the zinc ion on one
side and to donate a hydrogen bond to the phosphate group of
U43 on the other. In our structure, the imidazole ring of His-397
is not perfectly aligned to be capable of both zinc coordination
and hydrogen bondlng with RNA. The distance between NE2
and the zinc ion is 2.5 A, and the angle of the zinc ion with the
plane of the imidazole ring of His-397 is 140°. On the other hand,

the distance between O1P of U43 and ND1 of His-397 is 2.6 A,
and the angle of O1P with the imidazole ring is 170°. However,
if the imidazole ring is rotated slightly, the hydrogen bond would
be in the same distance with a perfect angle of 180°, and the
distance and the angle for the zinc coordination would be
improved to 2.4 A and 145°, respectively. The imperfect stereo
chemistry and distances of the described interactions may be a
consequence of the modest 2.95- A resolution of our structure.

Snapshots of the DMATase-Catalyzed Reaction. Through improve-
ment in sample preparation and further optimization of crystal-
lization conditions, we were able to obtain a 3.1-A-resolution
structure of DM ATase—tRNA binary complex in the absence of
pyrophosphate. More importantly, this allowed us to probe the
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mechanism involved in the transfer reaction through various
soaking experiments. Together, a total of four structures pro-
vided us snapshots of the DMATase-catalyzed reaction (Fig. 5).

The structure of DMATase-tRNA-PP ternary complex re-
vealed that, although the targeted A37 of tRNA occupies the
entrance of one side of the channel (Fig. 54), the pyrophosphate
and its coordinated Mg?* ion are located in the middle of the
channel (Fig. 5B). Recognition of pyrophosphate is mainly
achieved by the N-terminal conserved P-loop (GxTGxGKS
sequence motif from residues 21 to 28), as well as the conserved
Arg-220 (Fig. SSA) The overall structure of DMATase-tRNA
binary complex is very similar to the structure of DMATase~
tRNA-PP ternary complex, with an rmsd of 0.3 A. Nevertheless,
small but noticeable structural changes can be observed for those
amino acids involved in pyrophosphate binding. For example,
both the position of TGxG motif (residues 23-26) within the
P-loop and the side chain of Arg-220 have shifted ~1.3 Aasa
result of pyrophosphate binding. The number may be statistically
significant considering that the overall rmsd is 0.3 A

In crystals of the DMATase—-tRNA binary complex soaked
with DMASPP, DMASPP occupied the channel (Fig. 5C). The
DMA moiety was found in a hydrophobic pocket adjacent to and
stacked with the base of A37 (Fig. 5C). The two terminal methyl
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Fig.6. Location of the DMA moiety and molecular basis of ordered substrate binding by DMATase. (A) Structure of DMATase—~tRNA-DMASPP ternary complex
in the reaction channel. DMASPP, Mg?*, A37 of tRNA, and lle-258 of DMATase are depicted as spheres to highlight their relative positions when correctly sized.
(B) Docking DMASPP, Mg2*, and A37 from A into the structure of the bacterial DMATase. The equivalent residues of DMATase shown in A are highlighted.

groups pointed in the direction of the side chains of Ile-258 and
Met-224 (Fig. 6A4). Because the only difference between
DMASPP and the real substrate DMAPP is substitution of the
bridging oxygen in DMAPP by a sulfur in DMASPP (Fig. 5C,
yellow), the relative configuration of the targeted A37 and
DMASPP shown in Fig. 5C no doubt represents a close mimic of
the reaction intermediate of the DM ATase-catalyzed reaction.

Remarkably, crystals of the DM ATase-tRNA binary complex
soaked with DMAPP resulted in the transfer reaction taking
place within the crystals (Fig. 5D). During data collection at the
synchrotron whereas six crystals soaked with DMASPP dif-
fracted in the range of 3.1-3.3 A, a resolution comparable to the
unsoaked crystals, six crystals soaked with DMAPP diffracted in
the range of 3.6-3.9 A. Because these crystals were mounted from
the same crystallization drop and soaked under identical conditions
except for soaking with DMASPP or DMAPP, the reduction of
diffraction resolution most likely resulted from the chemical reac-
tion of DMAPP with tRNA substrate in the crystals. Indeed,
structural change resulting from the transfer reaction can be
observed both globally and locally. The rmsd of the structures of
the reacted complex vs. any one of the unreacted complexes is
1.4 A. This is a 1.1-A increase when compared with the rmsd of
the structures of two unreacted ones (0.3 A). As the transfer
reaction proceeds, some amino acids originally interacting with
A37 become disengaged within the reaction channel. And both
reaction products, i°A37 of tRNA and pyrophosphate, are on
their way out (Fig. 5D; compare their positions to corresponding
counterparts in Fig. 5B). Most residues involved in binding to
both A37 and DMAPP are no longer within a distance to
contribute such binding energy (Fig. S9). As such, the shape of
the channel in DMATase has changed substantially (Fig. 5D,
compare with Fig. 5 A-C).

Discussion

Insight obtained from four structures described here, combined
with previous biochemical studies, allowed us to address several
fundamental issues of DM ATase-catalyzed RNA modification
reaction, including tRNA substrate recognition, the reaction
mechanism, and ordered substrate binding.

Studies based on E. coli DMATase indicated a strict require-
ment of the conserved nucleotide sequence A36-A37-A38 in
tRNA substrate (7, 8). Therefore, we expected specific interac-
tions between certain conserved amino acids in DMATase and
A36, A37,and A38 in tRNA. However, our finding revealed that,
although the targeted A37 is specifically recognized by the

16146 | www.pnas.org/cgi/doi/10.1073/pnas.0805680105

enzyme (Fig. 34), there is no specific interaction among A36,
A38, and DMATase (Fig. 3B). Instead, A36 and A38 are
recognized through specific but non-base-pair interactions
within tRNA itself (Fig. 3B). Formation of the specific RNA
configuration shown in Fig. 3B, which allows A36 and A38 to be
recognized, results from the flipping out of several nucleotides
in the anticodon loop, A37 and U33 in particular (Fig. 2).
Because A37 interacts with the core domain and U33 interacts
with the insertion domain, DMATase accomplishes recognition
of A36 and A38 through an indirect readout mechanism.

The snapshots presented in Fig. 5 allowed us to propose the
following mechanism of DM ATase-catalyzed RNA modification
reaction. Binding of tRNA substrate by DM ATase results in the
targeted A37 flipped into the reaction channel in DMATase
(Fig. 54). Relevant to the catalysis is the hydrogen bonding
between the side chain of Asp-46 and N6 of A37 (Figs. 34 and
SE). Flipping of A37 into the channel expands the channel near
Ile-258, providing sufficient room for DMAPP to enter the
channel from the opposite end (Fig. 5C). Important for catalysis
is the hydrogen bonding between the side chain of Thr-23 and the
bridging oxygen in DMAPP (shown as a sulfur atom in Fig. 5E
and Fig. S8B). Nucleophilic attack of N6 of A37 on the carbon
atom adjacent to the bridging oxygen in DMAPP, which is 3.7 A
away from N6 of A37 and well aligned for the reaction (Figs. SE
and 6A4), results in transfer of the DMA moiety from DMAPP
to N6 of A37 in tRNA (Fig. 5D). Asp-46 acts as a general base
to accept a proton from N6 of A37, and the role of Thr-23 is to
activate the transferring DMA moiety. Although the side chain
of Arg-220 is too far away to form a hydrogen bond with the
bridging sulfur of DMASPP (Fig. SE and Fig. S8B), it forms a
hydrogen bond (3.2 A) with the pyrophosphate (Fig. S8A).
Therefore, the role of Arg-220 is likely to stabilize the leaving
pyrophosphate group after the reaction. Mutating the equivalent
Asp-46, Thr-23, and Arg-220 to alanine in E. coli enzyme
reduced the enzymatic activity by 20-, 600-, and 25-fold, respec-
tively (9), consistent with this proposed mechanism.

Moore and Poulter (6) reported ordered substrate binding by
E. coli DM ATase, with binding of accepting substrate tRNA first
followed by the donating substrate DMAPP. The study implies
structural change required in DMATase as a result of tRNA
binding to allow DMAPP to be bound. Therefore, in addition to
crystallization of DMATase-tRNA complex, we have also car-
ried out crystallization of the apo-enzyme of S. cerevisiae
DMATase to address this issue. Unfortunately, crystallization of
the apo-enzyme was not successful despite our extensive effort.

Zhou and Huang
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Therefore, comparison of the structure of the eukaryotic
DMATase—-tRNA complex with our previously reported struc-
ture of the bacterial DMATase, although not ideal, may be
informative. As shown in Fig. 64, the DMA moiety of DMASPP,
A37 of tRNA, and Ile-258 of DM ATase fit well together without
any steric clash. On the other hand, the equivalent residue to
Ile-258, Val-255, clashes sterically with both DMASPP and A37
when tRNA and DMASPP were docked to the structure of the
bacterial DMATase (Fig. 6B). Therefore, if this structural
comparison is valid, binding of tRNA causes a conformational
change in the loop between helices 12 and 13 centered at Ile-258,
resulting in expansion of DMA binding pocket. This expansion,
combined with a possible energetic contribution of DMA moiety
stacking on the base of A37, allows DMAPP to be bound by
DMATase after tRNA binding.

Unlike the bacterial DMATase, eukaryotic DMATase con-
tains a C-terminal zinc finger, which stacks on top of the
insertion domain and provides additional interactions with
tRNA. Clearly, this domain is not required for the modification
reaction because the bacterial enzyme does not have it. We
suggest two possible functions for the C-terminal zinc finger in
the eukaryotic organisms. One is to reinforce the stability of the
insertion domain, which may be susceptible to protease degra-
dation in eukaryotes. Alternatively, additional interactions of the
C-terminal zinc finger with tRNA in the eukaryotic DMATase
may enhance the substrate specificity. Resolving these issues will
require additional experiments, such as enzymatic and stability
tests of both the full-length and the truncated eukaryotic
DMATase.

Materials and Methods

Complex Formation and Purification. S. cerevisiae DMATase was overexpressed
in E. coli, and S. cerevisiae tRNA®S was in vitro transcribed. Both the protein
and tRNA were purified. A detailed description of the protein and tRNA
purifications may be found in S/ Text. Purified DMATase and tRNAYS were
mixed in a molar ratio of 1:1.2, and the resulting mixture was incubated on ice
for 40 min. The mixture was then injected into a Superdex 200 size-exclusion
column. Fractions containing DMATase-tRNA complex were pooled and con-
centrated to ~6 mg/ml for crystallization.

Crystallization. Crystallization was carried out by using the hanging drop
vapor diffusion method at 4°C. DMATase-tRNA complex (6 mg/ml) was mixed
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with an equal volume of well solutions. Initially, tiny crystals were obtained
with a well solution containing 100 mM Mes (pH 6.5), 25% PEG400, 100 mM
NacCl, and 5 mM MqgCl,. Crystals were improved by incorporating 5 mM
pyrophosphate into the crystallization drop. Although the size of crystals was
unchanged, on x-ray diffraction of the crystals, substitution of PEG400 with
Pentaerythritol propoxylate 426 (Aldrich) as the precipitant improved the
resolution. In the later stage of crystallization, we were able to obtain high-
quality crystals of DMATase-tRNA complex in the absence of pyrophosphate,
allowing us to carry out DMASPP and DMAPP soaking experiments. To collect
data at a low temperature, crystals were soaked briefly in a cryoprotecting
solution containing all of the components of the well solution supplemented
with 15% (vol/vol) glycerol. The cryoprotected crystals were then mounted in
a nylon loop and flash-frozen in liquid nitrogen.

Data Collection and Refinement. Both the native and single-wavelength anom-
alous dispersion (SAD) data were collected at 21-ID beamlines at the Advanced
Photon Source. Data were reduced with Denzo and Scalepack (14). Phase was
determined and the initial electron density map was calculated based on the
SAD data by using the program Phenix (15). The initial model of DMATase-
tRNA-PP complex was manually built by using the programs O and Coot (16,
17). Refinements were carried out with the program CNS (18). The structural
components of DMATase and tRNA of the DMATase-tRNA-PP ternary com-
plex were used as the initial model for the structural refinements of the
DMATase—tRNA binary complex (Table S1).

Soaking Experiments. Six crystals of DMATase-tRNA binary complex, mounted
from a single crystallization drop, were incubated with 20 ul of the crystalli-
zation well solution containing either 1 mM DMASPP or 1 mM DMAPP (three
crystals for each) for 1 h at 4°C. The same experiment was repeated under the
same conditions except the incubation time was 20 h instead of 1 h. The
soaked crystals were cryoprotected and mounted as described for the un-
soaked crystals, and several datasets were collected at the synchrotron. As in
the case of structural determination of DMATase-tRNA binary complex, the
structural components of DMATase and tRNA of the DMATase-tRNA-PP
ternary complex were used as the initial model for the structures of DMATase—
tRNA-DMASSP and DMATase—-tRNA(P)-PP ternary complexes (Table S1). Fig-
ures were prepared with PyMol (Figs. 1, 3, 4, 5E, and 6) (19), Ribbons (Fig. 2)
(20), and Chimera (Fig. 5 A-D) (21).
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