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Summary
Dimethylallyltransferase (DMATase) transfers a five-carbon isoprenoid moiety from dimethylallyl
pyrophosphate (DMAPP) to the amino group of adenosine at position 37 of certain tRNAs. Reported
here are the crystal structures of Pseudomonas aeruginosa DMATase alone and in complex with
pyrophosphate at 1.9 angstrom resolution. Surprisingly, the enzyme possesses a central channel
spanning the entire width of the enzyme. Both the accepting substrate tRNA and the donating
substrate DMAPP appear to enter the channel from opposite sides in an ordered sequence, with tRNA
first and DMAPP second. And the RNA modification reaction occurs in the middle of the channel
once the two substrates have met. The structure of DMATase is homologous to a class of small
soluble kinases involved in biosynthesis of nucleotide precursors for nucleic acids, indicating its
possibly evolutionary origin. Furthermore, specific recognition of the pyrophosphate by a conserved
loop in DMATase, similar to the P-loop commonly seen in diverse nucleotide-binding proteins,
demonstrates that DMATase is structurally and mechanistically distinct from farnesyltransferase,
another family of prenyltransferases involved in protein modification.
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Introduction
Among the 107 modified nucleotides discovered in RNA to date 1; 2, several are hypermodified
requiring more than one-step enzymatic reactions to achieve their final products. These
hypermodified nucleotides are usually found near the tRNA anticodon, either at the wobble
position (position 34) or at the 3' adjacent to the anticodon. The biological roles of these
hypermodifications in tRNA are believed to enhance specific codon:anticodon recognition
between mRNA and tRNA, a critical step that ensures high fidelity and specificity of protein
translation by the ribosome 3; 4.
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DMATase (named MiaA in E. coli) converts an adenosine (A) to an N6-isopentenyladenosine
(i6A) at position 37 of all tRNAs that read codons beginning with uridine 5; 6. i6A is further
converted to 2-methylthio-N6-isopentenyladenosine (ms2i6A) by a bifunctional enzyme named
MiaB in E. coli 7; 8 (Fig. 1). DMATase belongs to a large family of enzymes called
prenyltransferases that catalyze the alkylation of electron-rich acceptors by the hydrophobic
moiety of allylic isoprenoid pyrophosphate 9; 10. Within this family, farnesyltransferase
(FTase) is the enzyme most relevant to the study reported here. Both DMATase and FTase are
engaged in modifications of macromolecules (tRNAs for DMATase and proteins for FTase)
and both utilize the allylic isoprenoid pyrophosphates as their carbon sources for the reactions.
FTase is a well-studied Zn2+-dependent enzyme that is involved in the modification of various,
important signaling proteins 11; 12. Structural studies indicate that FTase is an all α-helical
protein 13. Recognition of the pyrophosphate moiety is achieved through direct interactions
with side chains of some conserved amino acids 14. Several lines of evidence suggested that
DMATase functions differently from FTase. First, unlike FTase, DMATase is Mg2+

dependent. Moreover, DMATase binds acceptor substrate tRNA first and allylic substrate
DMAPP second 15. To investigate the mechanism by which DMATase functions, we
determined crystal structures of DMATase from P. aeruginosa alone and in complex with
pyrophosphate. We find that DMATase has a fold different from FTase, and that the fold most
closely resembles that of some kinases. Further, we find that recognition of the pyrophosphate
moiety of the substrate is achieved via a GxTxxGK(T/S) motif similar to that found in a wide
variety of NTP binding proteins 16; 17; 18. Based on structures and biochemical experiments
15; 19; 20, we here propose a mechanism.

Results and Discussion
Structure of P. aeruginosa DMATase

The crystal structure of DMATase from P. aeruginosa was determined using multiple
wavelength anomalous dispersion (MAD) phasing, and the structure of the DMATase alone
has been refined to 1.9 Å resolution (R/Rfree = 21.1/23.0%; see Table 1). Several additional
data sets have also been collected, from crystals grown in the presence of DMAPP or DMASPP
(dimethylallyl S-thiopyrophosphate), or from crystals that were soaked with DMAPP or
DMASPP. Thus, two additional structures (DMATase in complex with a pyrophosphate, an
Mg2+ ion, and a Tris molecule; and DMATase in complex with a pyrophosphate and an
Mg2+ ion) were also refined (Table 1). These three structures are essentially identical except
for the presence of ligands in the latter two. Electron density map did not show residues 114–
198 (Fig. 2, dashed line in orange). Inspection of crystal packing indicates that there is sufficient
room in the crystal to accommodate the missing domain (Supporting information, Fig. S1).
Furthermore, SDS gel analysis of dissolved crystals reveals that DMATase within the crystal
is intact (Supporting information, Fig. S2), indicating that the missing domain (residues
114-198) is structurally disordered in our crystals and that is why it is not observed. As
discussed in later section, the missing domain is likely to be involved in tRNA substrate
binding, and it is possible that it is ordered only in the presence of tRNA substrate. The structure
of the remaining protein (residues 3-113 and 199-323) consists of ten α helices and five β
strands (Fig. 2). The five β strands form a parallel β-sheet, and six of the ten helices flank both
sides of the β-sheet [Fig. 3(a), 3(b)]. They constitute the top portion of the structure, which is
structurally homologous to a class of kinases involved in biosynthesis of precursors for nucleic
acids 21; 22 [Fig. 3(a), 3(b), colored blue; Fig. 4]. Three additional helices (α6, α7, and α8) form
the bottom portion of the structure, which is unique to DMATase [Fig. 3(a), 3(b), colored
orange]. The missing domain is located between α4 and β4 [Fig. 3(b); Fig. 2]. A search through
the Protein Data Bank (PDB) did not yield any deposited structure with sequence homology
to the missing domain.
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As expected, the structure of the portion homologous to the kinase [Fig. 3(a), 3(b), colored
blue] forms a cleft that contains the conserved P-loop, the site of ATP binding in kinases.
Addition of the structural component of the bottom portion, however, closes the cleft and results
in formation of a channel [Fig. 3(c), 3(d)]. As discussed in detail later, this channel is where
the substrates meet and the RNA modification reaction occurs.

Dali structural homology search 23 reveals that the top three scores are all small (less than 200
amino acids) kinases that catalyze phosphorylation of NMP (N = G, C and U) at the expense
of ATP (PDB entry 1GKY, 1TEV, 1Y63) 21; 22. These enzymes play a critical role in the
pathway that supplies nucleotide precursors for DNA and RNA synthesis. With the exception
of the conserved P-loop close to the N-terminus, DMATase does not show significant sequence
similarity to these three enzymes. Additional differences between DMATase and these kinases
arise from two sources. One is the bottom portion of the DMATase structure that connects α5
and α9 [Fig. 3(a), 3(b), colored orange]; this portion coincides with a short loop in kinases (Fig.
4). The other is the missing domain that connects α4 and β4 [Fig. 3(b)], which, again, is present
as a short loop in kinases.

Recognition of Pyrophosphate in DMAPP by DMATase
Incorporation of DMAPP or DMASPP into the channel of DMATase was unsuccessful despite
extensive efforts. Crystallization of DMATase with its substrate or inhibitor was carried out
in the presence of 2.5 mM DMAPP or DMASPP in Tris buffer. However, instead of a DMAPP
or DMASPP, a pyrophosphate, an Mg2+ ion, and a Tris molecule were found in the channel
[Fig. 5(b)]. Interestingly, binding of Tris by DMATase requires the presence of the
pyrophosphate because no Tris was found in the channel when DMATase was crystallized
alone [Fig. 5(a)]. In order to eliminate a remote possibility that the binding of the combined
pyrophosphate and Tris is somehow preferred by DMATase to that of DMAPP or DMASPP,
we have carried out soaking experiments. We first soaked the crystals of DMATase
(crystallized in the absence of any ligand) in HEPES buffer to eliminate Tris. We then soaked
the Tris-free crystals with 2.5 mM DMAPP or DMASPP for three hours. In this case, a
pyrophosphate and an Mg2+ ion, but not Tris, were bound in the channel [Fig. 5(c)].
Spectroscopic analysis of the remaining DMAPP and DMASPP showed the vast majority of
the compounds were intact, indicating that the source of the pyrophosphate bound in the
channel of DMATase was likely from the residual pyrophosphate impurity in the purchased
compounds. Therefore, the logical explanation of our failure to incorporate DMAPP or
DMASPP into the channel of DMATase is that DMATase is incapable of binding DMAPP in
the absence of a tRNA substrate. This is consistent with the binding assay carried out by Moore
and Poulter 15.

Likely Binding of tRNA Substrate by DMATase
Our structural analysis, together with mutational studies carried out by Soderberg and Poulter
20, shed light on the possible mechanism of tRNA binding by DMATase. tRNA most likely
approaches DMATase from the opposite side of the channel relative to where the
pyrophosphate binds because this side contains many positively charged residues [shown in
blue, Fig. 3(d)], which are likely to complement the negatively charged tRNA substrate.
Furthermore, the missing domain, which we presume to be the RNA binding domain, is also
located on this side [Fig. 3(d)]. This is consistent with the mutational studies carried out by
Soderberg and Poulter, where they reported that most mutations affecting the Km of tRNA
were found either on this side of DMATase or in the missing domain 20.

We constructed a docking model in which the targeted nucleotide A37 was manually docked
onto the structure of DMATase from this side of the channel. Docking the entire tRNA, or even
the anticodon stem-loop, was not possible because of the unstructured nature of the missing
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domain. The base of A37 fits very well into the channel [Fig. 6(c)]. Our model shows that the
base of A37 is sandwiched between the side chains of the conserved L284 and S38 residues.
The amino group of A37, where the modification occurs, is in hydrogen bonding distance with
the side chain of the conserved D37, a likely general base for the reaction. The strictly conserved
Q288 is also in hydrogen bonding distance with the amino group and the N1 of A37, which
makes Q288 to be the possible recognition element of A37. The ribose of A37 and the attached
phosphate groups also fit nicely within the surrounding platform near the entrance of the
channel [Fig. 6(d)].

We also modeled in the DMA moiety, together with the bound pyrophosphate, resulting in a
model of a DMAPP bound to DMATase [Fig. 6(b)]. We found that one of the terminal methyl
groups of the modeled DMAPP fit tightly between the side chains of two conserved
hydrophobic residues, M227 and V255. Since DMATase is incapable of binding DMAPP
without the tRNA substrate, the association of the tRNA with DMATase, especially through
flipping the base of A37 into the channel, must cause a subtle but important conformational
change in the DMA binding pocket to allow DMAPP to be accommodated. Therefore, although
the approximate location of DMA moiety is likely to be as shown in Fig. 6(b), the detailed
interactions of DMA moiety with the surrounding amino acids in DMATase should be
interpreted with caution.

Proposed Mechanism of DMATase-Catalyzed tRNA Modification Reaction
In docking A37 and the DMA moiety, we have been guided by our structure and biochemical
studies by Poulter and coworkers. If our model is correct, it predicts a likely mechanism of
substrate binding and catalysis carried out by DMATase as follows. First, the acceptor substrate
tRNA approaches DMATase from the end of the channel opposite where the pyrophosphate
binds. Association of tRNA with DMATase, achieved through interaction with the positively
charged amino acids on the surface of DMATase and in the missing domain, allows the base
of A37 to enter the channel through a base-flipping mechanism commonly seen in other DNA
and RNA modification enzymes 24; 25; 26 (Fig. 7, Step 1). The conserved D37 residue forms
a hydrogen bond with the amino group of A37. The equivalent D37A mutation in the E. coli
enzyme resulted in 20-fold reduction of the enzymatic activity 20. Second, subtle but important
conformational changes in DMATase caused by tRNA binding allow the donating substrate
DMAPP to enter the opposite end of the channel (Fig. 7, Step 2). Recognition of the
pyrophosphate moiety in DMAPP is achieved by interacting with the conserved P-loop in
DMATase, as well as coordinating with an Mg2+ ion. Particularly relevant are the hydrogen
bonding interactions between the side chains of the conserved T14 and R223 residues and the
bridging oxygen in DMAPP (Fig. 7). The equivalent T14A and R223A mutations in the E.
coli enzyme resulted in 600- and 25-fold reduction of the enzymatic activity, respectively 20.
Third, activation of the carbon atom that is directly attached to the pyrophosphate by T14 and
R223 allows the carbon atom to accept the electron-rich amino group of A37 (Fig. 7, Step 3).
Thus, the possible roles of the side chains of T14 and R223 are to stabilize the leaving
pyrophosphate group, and to activate the carbon atom directly connected to the pyrophosphate
during the reaction. On the other hand, D37 is likely to act as the general base by abstracting
a proton from the amino group in A37.

Possibly Evolutionary Origin of DMATase
Dali search indicates that the top portion of DMATase is structurally homologous to a class of
small soluble kinases that are involved in biosynthesis of nucleotide precursors for nucleic
acids (Fig. 4). Furthermore, the recognition of pyrophosphate moiety of DMAPP is achieved
by a conserved GxTxxGK(T/S) motif, similar to the P-loop in kinases as well as other
nucleotide binding proteins. Therefore, it is not hard to envision that DMATase could have
evolved from an ancient kinase-like protein with only two insertions. One insertion is in the
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loop between α5 and α9 of the progenitor protein. This insertion would have closed the ATP
binding site in the progenitor protein, resulting in formation of the channel in DMATase. The
other insertion is in the loop between α4 and β4. This insertion would have created a domain
between α4 and β4, which is missing in our structure but is presumably required for the binding
of tRNA substrate. Sequence alignment of DMATase from diverse organisms appears to
support the second insertion, as the amino acid sequences immediately after α4, and
immediately before β4, do not align well (existence of gaps) (Fig. 2).

Despite structural similarity of DMATase to kinases based on Dali search (Fig. 4), DMATase
does not show significant sequence similarity to these enzymes except for the conserved N-
terminus, where the P-loop of kinases is located. Therefore, the only function remaining from
the evolutionary precursor protein appears to be the recognition of the di- or triphosphate in
ATP by the conserved P-loop, which is now employed by DMATase for the recognition of the
pyrophosphate moiety in DMAPP. Interestingly, the P-loop in DMATase also appears to have
evolved because it is not exactly the same P-loop seen in kinases. The conserved sequence of
the P-loop in the kinases is GxxxxGK(T/S) 21; 22. This is also the conserved sequence of P-
loop in ATPases 16 as well as G-proteins 17; 18, indicating that the recognition of di-phosphate
in NTP has been conserved during evolution of the diverse NTP-binding proteins. The P-loop
in DMATase, however, has an additional conservation, a threonine (T) at the third amino acid
of the standard P-loop in NTP-binding proteins [GxTxxGK(T/S) instead of GxxxxGK(T/S),
Fig. 2]. This is the amino acid (T14 in P. aeruginosa DMATase) that plays the most important
role in catalysis (Fig. 7).

In summary, the structural studies of DMATase presented here reveal that DMATase possesses
a central channel spanning the width of the enzyme where the tRNA modification reaction
occurs. This is the first reported RNA or DNA modifying enzyme that utilizes a channel to
carry out its reaction. In addition, DMATase sequentially binds the acceptor tRNA substrate
at one entrance of the channel and then the donating substrate DMAPP at the opposite entrance.
The presence of this central channel and the ordered sequential binding of substrates are two
unique features of DMATase when compared with other known prenyltransferases or other
transferases involved in RNA and DNA modification. Furthermore, the recognition of the
pyrophosphate moiety in DMAPP is achieved by a P-loop, indicating it is mechanistically
distinct, in terms of substrate binding, from other prenyltransferases.

Materials and Methods
Cloning, Overexpression and Purification of P. aeruginosa DMATase

The open reading frame (ORF) of the putative DMATase from P. aeruginosa was identified
from a BLAST search of the NCBI database based on sequence homology to the published E.
coli miaA gene 6. The gene was amplified from the P. aeruginosa genomic DNA (purchased
from ATCC, GeneID 15600138) and cloned into a pLM-1 vector between EcoRI and HindIII
restriction sites 27.

Recombinant DMATase-pLM-1 vector was transformed into BL21(DE3) E. coli expression
cells. A 10 mL overnight culture was used to inoculate 2 L of LB supplemented with 50 μg/
mL ampicillin. Cells were cultured at 25 °C until OD600nm reached 0.6 and then induced with
1 mM IPTG for 12 hours. Cells were harvested by centrifugation at 5,000 × g for 20 minutes.

Purification of DMATase using a FPLC system was conducted as follows: cell pellet was
suspended in DEAE buffer A (50 mM Tris-HCl, pH 8.5, 1 mM EDTA, 1 mM PMSF) and lysed
using a French press. Cell lysate was centrifuged, and the supernatant was passed through a
preparatory DEAE anion exchange column. The protein was eluted with DEAE buffer B (same
as DEAE buffer A except 1 M NaCl). Fractions containing DMATase were pooled and injected
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into a HiLoad hydrophobic column equilibrated with HiLoad buffer A (20 mM Tris-HCl, pH
7.8, 1.0 M (NH4)2SO4, 1 mM DTT). Proteins were eluted with HiLoad buffer B [same as
HiLoad buffer A except no (NH4)2SO4]. Fractions containing DMATase were pooled,
concentrated, and washed with DEAE buffer A. The sample was then applied to a MonoQ
anion exchange column and the same DEAE buffers were used to elute proteins. Finally,
fractions containing DMATase from MonoQ were purified by a Superdex 200 size exclusion
column using a buffer containing 20 mM HEPES (pH 7.0), 200 mM NaCl, and 1 mM DTT.
The enzymatic activity of the purified DMATase was confirmed by an in vitro assay using the
in vitro transcribed E. coli tRNATyr and DMAPP (purchased from Echelon Biosciences Inc.,
Salt Lake City, Utah) as substrates.

Selenomethionine labeled protein was prepared using the following protocol: 5 mL of
overnight culture was used to inoculate 2 liters of minimal media supplemented with ampicillin
and thiamine at final concentrations of 100 mg/L and 50 mg/L, respectively. The cell culture
was grown at 25 °C to OD600nm of 0.6 and 40 mL of methionine suppression buffer (comprised
of 200 mg of L-Lys-HCl, L-Threonine and L-Phenylalanine, and 100 mg of L-Leucine, L-
Isoleucine and L-Valine in water) was added. After another 30 minutes of shaking at 25 °C,
the cell culture was induced with 0.5 mM IPTG and 50 mg/L of selenomethionine was added.
Incubation at 25 °C was continued for another 18 hours and the cells were harvested. The
selenomethionine labeled protein was purified analogous to the native protein.

Crystallization, Data Collection, and Structural Determination
Crystals of DMATase alone were obtained at both 4 °C and 18 °C using the hanging drop vapor
diffusion method by mixing DMATase (6 mg/mL) with equal volume of a well solution
containing 18 % PEG6000 (w/v), 0.1 M NaCl, 0.1 M Tris-HCl, pH 8.5. Crystals of
selenomethionine-labeled protein were obtained under similar conditions. Diamond-shaped
crystals were harvested after four weeks of growth. In order to carry out data collection at a
low temperature, the crystals were step-wise soaked in a cryo-protecting solution containing
all the components of the well solution supplemented with 5-to-20 % glycerol. The cryo-
protected crystals were then mounted in a nylon loop and flash-frozen in liquid nitrogen. Both
the native and three-wavelength anomalous dispersion (MAD) data were collected at the 22-
ID beamline at the Advanced Photon Source (APS). Data were reduced with Denzo and
Scalepack 28. For phase determination, the resolution range from 30 to 2.2 Å was chosen. Nine
of the eleven expected sites (assuming DMATase acts as a monomer in an asymmetric unit)
were located using program Solve 29. Phases were improved with solvent flattening and ∼85
% of the model was automatically built using program Resolve 30. Several rounds of manual
building using program O 31, followed by refinement with program CNS 32, resulted in a final
model with an R-factor of 21.1 % (Rfree = 23.0 %). Final refinement statistics are given in
Table I.

Crystals of DMATase in complex with a pyrophosphate and a Tris molecule were grown
analogously to DMATase alone, with the exception that 2.5 mM of DMAPP or DMASPP was
present in the crystallization drop. An attempt to soak DMAPP or DMASPP into the channel
of DMATase was conducted using crystals of DMATase alone. The crystals were first soaked
with a solution containing 18 % PEG6000 (w/v), 0.1 M NaCl, 0.1 M HEPES, pH 8.0, in order
to eliminate the Tris molecules within the crystals. The crystals were then soaked in the same
solution in the presence of 2.5 mM DMAPP or DMASPP for 3 hours. The crystals were
harvested similarly to DMATase alone, with the exception that DMAPP or DMASPP was
present in the cryo-protecting solution. Structures were refined using the structure of DMATase
alone as the starting model (Table I).
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Construction of a Docking Model
The nucleotide A37 and its 3'-linked phosphate group from the structure of yeast tRNAiMet

(PDB entry 1YFG) were employed for a docking model. The base A37 was first manually
docked into the channel from the RNA binding side using program PyMOL 33. The ribose was
then rotated through the glycosylic bond that links to the base to make it fit the surrounding
structure better. Finally, the position of the phosphate group of A37 is adjusted through the
rotation of the O5'-C5' bond. The Dimethylallyl (DMA) group was also manually modeled into
the channel of DMATase approximately where the Tris was bound. The oxygen atom in the
bound pyrophosphate that bridges PP and DMA in DMAPP was identified based on its
interaction with the side chains of the conserved T14 and R223.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The chemical reaction carried out by DMATase. The dimethylallyl moiety in DMAPP is
transferred to the amino group of A37 in certain tRNAs, resulting in the formation of i6A,
which is further modified by a bifunctional enzyme MiaB in E. coli to produce ms2i6A.
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Figure 2.
Conservation of DMATase from bacteria to human. The sequence of P. aeruginosa DMATase
is compared with representatives of other prokaryotic (E. coli and B. subtilis) and eukaryotic
(S. cerevisiae, C. elegans and human) DMATases. Residue number over the alignment
corresponds to P. aeruginosa DMATase. The conserved residues are boxed in color, with
completely conserved residues in magenta, identical residues in yellow and similar residues in
cyan. The secondary structure of DMATase is depicted schematically above the primary
sequence, with α-helices highlighted as cylinders and β-sheets as arrows. The putative RNA
binding domain disordered in our structure is in dashed line. The eukaryotic DMATase contains
an additional C-terminal domain of roughly 100 amino acids (not shown).
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Figure 3.
Structure of P. aeruginosa DMATase. (a) Ribbon representation of the structure from the
DMAPP binding side. The top portion of the protein that is homologous to the kinase is in blue
and the bottom portion that is unique to DMATase is in orange. (b) Ribbon representation of
the structure from the tRNA binding side [180° vertical rotation of (a)]. An additional putative
RNA binding domain that is disordered in our structure is labeled in orange. (c) & (d) Surface
representation of the structure with the same orientation as in (a) and (b), respectively. The
positively charged surface is in blue and the negatively charged is in red.
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Figure 4.
Stereoview of Cα superposition of the DMATase structure with the three top scores from Dali
structural homology search. DMATase is in blue, S. cerevisiae GMP kinase (PDB entry 1GKY,
Z core = 12.1, rmsd = 2.9 Å) is in red, human UMP/CMP kinase (PDB entry 1TEV, Z core =
11.8, rmsd = 3.3 Å) is in magenta, and L. major CMP kinase (PDB entry 1Y63, Z core = 10.9,
rmsd = 3.2 Å) is in yellow.
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Figure 5.
No DMAPP found in the channel in the absence of tRNA substrate. Close-up view of the
structure of the DMATase channel (a) crystallized alone; (b) crystallized in the presence of
DMAPP or DMASPP; (c) crystallized alone but soaked with HEPES buffer followed by
DMAPP or DMASPP soaking. DMATase is represented by thin, blue line. Pyrophosphate and
Tris are shown in stick representation and the Mg2+ ion is in small sphere. Atoms for the ligands
are colored individually, with carbon in green, nitrogen in blue, oxygen in red, phosphate in
yellow, and magnesium ion in magenta. The contour of the simulated annealing omit electron
maps in (b) and (c) is 5.0σ.
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Figure 6.
Close-up view of the channel from the RNA binding side with (a) nothing bound; (b) modeled
DMAPP, an Mg2+ ion, and three water molecules coordinated to the Mg2+ ion; (c) everything
in (b) and the modeled base of A37; (d) everything in (c) and the modeled ribose and 5'- and
3'-phosphates of A37. DMATase is depicted in a surface representation and is in the same
orientation as in Fig. 3(d). The molecules in the channel are in spheres, with DMAPP and water
molecules in red, Mg2+ in magenta, base A37 in green, and the ribose and phosphates of A37
in yellow.
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Figure 7.
Proposed mechanism of DMATase-catalyzed reaction. The tRNA substrate binds to the right
side of channel and the base of A37 flips into the channel (Step 1). DMAPP enters the channel
from the left side and is stabilized by interacting with the P-loop as well as by coordinating
with an Mg2+ ion (Step 2). Nucleophilic attack of the amino group in A37 on the DMA moiety
of DMAPP results in the DMA moiety to be transferred from DMAPP to the A37 of tRNA,
made possible by activation of the carbon atom directly linked to the pyrophosphate in DMAPP
by the side chains of T14 and R223, as well as deprotonation of the amino group in A37 with
the side chain of D37 (Step 3).
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