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Ligand-Mediated Anticodon Conformational Changes Occur during tRNA
Methylation by a TrmD Methyltransferase
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ABsTRACT: Orthologs of TrmD, G37 tRNA methyltransferases, have been analyzed with regard to post-
tRNA binding events required to move the residue G37 in proximity to bound AdoMet for catalysis. This
was approached initially by probing tRNA with T2 nuclease or Pb acetate in the presence, then absence,
of Escherichia coliTrmD protein. Cleavage patterns clearly show that portions of the anticodon loop
phosphodiester backbone are protected from cleavage only in the presence of sinefungin, a potent AdoMet
analogue. This demonstrates that there must be considerable movement of the loop region and/or protein
as the AdoMet site is occupied. Florescence energy transfer experiments were employed to better assess
the movement of the G37 and G36 base residues in response to occupancy of the AdoMet site. When the
Streptococcus pneumonidemD protein was bound to synthetic tRNA" substituted with 2-aminopurine

at positions 36 and 37, fluorescence energy transfer analysis showed that a decrease in 2-aminopurine
fluorescence occurs only when AdoMet is present. Taken together, these results suggest that the base to
be methylated by the TrmD protein is mobilized into the active center after tRNA binding only when the
AdoMet site is occupied.

tRNA(m1G37)methyltransferases, which are the products gene expression resulted in a dose-dependent increase in
of trmD genes in eubacteria, catalyze the transfer of the growth rate 6). It has also been shown to be essential for
methyl group of AdoMeétto the N1 position of guanine 37, maximal growth ofSalmonella entericé7), E. coli (8), and
which is adjacent the anticodon loop (Figure 1). These Bacillus subtilis(9).

proteins methylate only transfer RNAs which recognize |, g previous communication, it was shown that e
codons sta_rting yvith cyto_sine and,_therefore, recognize only .q)i enzyme protects several sites in the phospodiester
tRNA species with guanine at positions 37 and 36 (39, backbone of the tRNA anticodon stem loop against cleavage
Analysis of nonsubstrate tRNAs substituted with guanine at it nucleases, lead ,or ioding@). In that study, protection
positions 36 and 37 become substrates for this enzyme ingt hhosphodiester residues associated with G36 and G37
vitro (2). Recently, tRNA with A or G at position 36 was \yere not protected. Subsequently, a suitable analogue of
shown to be a substrate fér coli TrmD, provided G37 was  agoMet, sinefungin, recently became commercially available
still present 8). Crystallographic and mutatlor_1al analyses (Figure 1) and was employed in the study we report here.
support the r_nodel of base-catalyzed extraction O_f the N1 AdoMet could not be used in the earlier experiments since
proton, allowing the methy! group gsadenosylmethpnmg the reaction would proceed and footprinting could not be
(AdoMet) to be transferred to position 1 of the purine ring 4 rieq out. An important issue for these studies is the actual
(4)'. Thls essential modlf!catlon prevents tran_slatlonal frame- position of the unmodified residue G37 in the tRNA
shifting and the production of aberrant protein produbs (g cture. If this base is in a quasi-stacked configuration in

The loss of this gene product h".is beef_‘ show_n in vivo to the AC loop, then some movement of G37 must occur to
prevent the growth 08. pneumonigeand increasingrmD bring it near the deeply buried AdoMet residue in the TrmD
protein cleft (1). Several published structures speak to this
T This work was supported by grants to W.M.H. from the National issue. The structure of a fully modified transfer RNA was
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Ficure 1: S-adenosyl-methionine (AdoMet) with its analogue sinefungin (right), @stherichia colitRNA;“ev (left).

structures have presented a differing and more complex viewshowed U55 (the modification site), C56, and G57R moved
of this region than previously seen. To date, the only out of its helix and brought into a deep cleft rich in charged
available crystal structures are those of fully modified and aromatic residueg§). Archaeosine tRNA transglyco-
purified tRNA or tRNA bound to protein in a way that sylase (ArcTGT), which modifies G15 in the D-arm, has been
distorts the RNA’s tertiary structure. Added Complications recently crystallized with a complete tRNA transcript,

to understanding actual structures in solution occur in crystalS\yhich shows that the D-arm of tRNAS is so completely
where RNA loops have base-paired across the crystal lattice +,rned out of its canonical form that it has been given a new
For example, base-pairing of the anticodon loop across thepgmenclature, the “lambda form27). In light of these recent

crystal IattFi)ﬁe of a transcript has been observed in a structureﬁndmgs, it should not be surprising that we observed tRNA
e 1 - . . . .
of a tRNA™®transcript bound by EF-Tu and GDPNp4. structural changes in the TrmD proteins using enzymatic and

~ Recently, tn?e? solution structure of an unmodified, non- chemical probes. Probes such as nuclease and lead target
initiator RNA"*! anticodon stem (ASL) has been determined he phosphate backbone and give relatively little information

using NMR (7). This structure differs from that of the
classic Kim tRNA"® crystal structure. Here, the anticodon
loop is in a stable A-form helix “triloop” with U33 base-
pairing with A37. There is a complete lack of a U-turn, and
the typically exposed bases-387 are protected from the

about the potential environment of the bases themselves. It
should be pointed out that neither of these two co-structures
included other ligands. Therefore, the changes in tRNA
structure seen in the ArcTGT tRNA complex could not

solvent. Only upon dimethylallylation, does A37 turn out of (rjequwe' thz prhesence of alnort1her I'ga”tht remains to t;]e
the A-form helix and expose itself to solvent. In a subsequent 96t€TMined what structural changes might accompany the
publication, it was shown that this A37 modification Présence of queosine. In the case of the TruB enzyme, no
stabilized the classic U-turn motif and exposure of anticodon addition ligands are necessary for the reaction to occur, but

loop bases in the presence of divalent cations or Caji&H in this case, a fluorinated U565 residue presumably permitted
The unmodified ASL still did not adopt the classic U-turn stable complex formation required for crystallization.
in the presence of Mg, Mn?*, or cobalt-hexaming but One crucial tool used in studying the site-specific envi-

displayed significantly more motion than in their absence ronmental changes of nucleotides is the use of fluorescent
(25). This obgervatlon is particularly interesting in the case properties of 2-aminopurine. 2-Aminopurine is an analogue
of TrmD, as it has been shown that TrmD has an absolute ot 5 yenine which fluoresces at neutral pH, a large range of

gi?ﬁgdsert‘ﬁg O?egiicge;egiizlggﬂg?i:)r??tgl?/;ﬁs%hg).tRN Aionic environments, and at ambient temperatures; changes
P P in local environment can be used to reveal conformational

anticodon freedom of movement such that bases 36 and 3 transitions in polynucleotide28). 2-Aminopurine has been

could be brought into the catalytic site by TrmD in the ) iy . . . .
presence oS-adenosyk-methionine. The Agris group has extensively utilized in studying nucleotide environmental

shown, using NMR, that the G37 ASL modification leads Change in the case of AdoMet-dependent DNA methyltrans-
to restriction of this base’s ability to sample multiple [€rases using fluorescence energy quenching experiments
environments, fixing G37 out into the solver}. (29—31). 2-Aminopurine causes minimal disruption to helical

Here, we present evidence suggesting that the guarlinestructures:l9), has the ability to stack with neighboring bases

bases of position G36 and G37 are mobilized near the active(32 33), and has been shown to Watse@rick base-pair
site of the enzyme only when AdoMet occupies its cognate with _thymldlne 34). Slnce_Z-ammopurlne has an eXC|tat|on_
binding site. In addition, we find major changes in the maximum above nucleotide absorption and below protein
positioning of the phosphodiester backbone of the AC stem/ €xcitation and fluoresces at wavelengths above that of
loop. This idea is not without precedent, and recently, there Polypeptides, it is a good candidate for use in fluorescence
have been reports of cocrystal structures of tRNA complexed resonance energy transfer (FRET) experime88. (Here,

with modifying enzymes, wherein specific RNA residues are we have utilized FRET analyses to examine changes in the
moved in the complex. A cocrystal complex of TruB environment of 2-aminopurine residues in tRNA when
pseudouridine synthetase complexed with a T-loop RNA AdoMet is bound to tRNATrmD enzyme complexes.
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MATERIALS AND METHODS TrmD which was more stabile at room temperature. Enzymes
] ] were used within two weeks of purification.
Cloning TrmD OrthologsThe trmD gene fromE. coli tRNA Synthesigranscript tRNA" was produced in vitro

was cloned into a pET28 vector; N-terminally His-tagged ysing T7 RNA polymerase as previously describ@l (
protein was overproduced in BL21 (DE3) as previously tRNA,P© with positions 36 and 37 substituted with 2-ami-
described 86). TheThermotoga maritimgene was isolated  nopurine was phosphoramidite-synthesized by CureVac,
and cloned as follows: genomic maritimaDNAwas used  Germany. Both transcript and synthetic tRNA were resus-
as template for PCR from genomic DNA provided by Dr. pended in TE. To each, 1.1 mM MgGias added, then each
R. Huber, University of Wurtzburg, Germany. On the basis \yas heated to 60C for 5 min and cooled to fold the tRNA.

of a BLASTN (37) search of thd. maritimacompleted DNA tRNA Labeling and PurificationThe tRNA" transcripts
sequence, specific primers for ttrenD gene where synthe-  \yere 5 -abeled with §32P]ATP 5 via a method outlined
sized and used for the amplification froh maritimaDNA elsewhere38) with the exception of replacing calf intestinal
template. The reaction mixture of 1 consisted ofT. phosphatase with bacterial alkaline phosphatase (Sigraa). 3
maritima DNA (0.5 ug), 1.6uL (32 pmol) of each primer,  Terminj were labeled using terminal nucleotidyl-transferase
upstream primer SGCGGATCCAGAATCACAATAGT- and pi-2PJATP according to protocols of Silberklang et al.
GAC-3 containing aBanH1 restriction site (bold) and  (39). After phenol/chloroform extraction and ethanol/Na
downstream primer'8SGCGAAGCTT CTAACATTTTTC- acetate precipitation, the labeled products were run on a 10%

CATCAAC-3 Containing aHindlll restriction site (bOId) and p0|yacry|amid3 8 M urea ge| The labeled transcript was
stop codon (underlined), and 2 units of thermostable rTth |gcalized in the gel via autoradiography, and the band
polymerase. Buffer and dinucleotides were used as recom-corresponding to labeled tRN&Y was excised and either
mended by the manufacturer (Perkin-Elmer). Rounds of 30 spaked overnight in a solution of 0.5 M ammonium acetate,
cycles were performed with a temperature profile of 1 min 19 mm magnesium acetate, 0.1 M EDTA, and 0.1% (w/v)
at 95°C, 1 min at 56°C, and 1 min at 72C and then an  gps or electoeluted. Following ethanol precipitation, we
additional 10 min extension at 7 was performed in @  washed the labeled RNA with ice-cold 70% ethanol, dried,
RoboCycler (Stratagene). The amplification products were gnq resuspended in deionized water. Radiospecific activity
analyzed by electrophoresis on a 1% agarose gel. The singleyas determined using a Packard Tri-Carb 1500 liquid
DNA band of about 750 bp was excised from the agarose gcintillation counter.

gel and purified by spin columns (Supelco). The PCR product  Ge| Shift AssayApproximately 5 fmol of 5y-phosphate-
was then cloned into pQE30 expression vector (Qiagen) t0 |gbeled tRNAe! transcript 20 000 cpm, as determined
form pQE-THEMA. The pQE-THEMA construct was trans- - apove) was added to increasing amounts of cloned TrmD
formed intoE. coli strain TG1 to produce the plasmid. The protein from E. coli, S. pneumonigeS. aureus and T.
DNA sequence integrity was confirmed by DNA sequencing. maritimain 50 mM Tris-HCl, pH 8.0, 100 mM KCI, 5 mM

To inc_rease yields from this_ T5 promotor plasmid, we moved MgCl,, 5 mM 2-mercaptoethanol, and 10% glycerol. These
the His-tag andrmD gene into a T7 promotor vector. We  mjxtures were incubated for 15 min at 3C to determine a
subjected the pQE30-THEMA vector to enzymatic digestion concentration of enzyme that would bir®7% of the tRNA

at theEcaRl andHindlll sites, thereby preserving the gene  on 3 5% polyacrylamide native gel as described by David
product and His-tag sequence. The fragment was extractecR. Setzer 40).

from an agarose gel using the QIAEX-II gel extraction kit Sinefungin Inhibition and BindingAn 8 min assay
(Qiagen), and cloned in_to a pSP72 vector (Novagen), containing 2uM S. pneumoniad@rmD, 3.6 uM tRNA et
digested, and extracted with the same endonucle&seR(  transcript, and 1%M S-adenosyk-methionine was carried
andHindlll). The two products were ligated with T4 DNA oyt with varying concentrations of sinefungin. Half-maximal
ligase according to the manufacturer’s directions (Stratagene)jnnibition was seen in the presence of @ sinefungin. A
transformed into BL21(DE3) (Stratagene), selected for gel.shift assay was carried out as described above with the
ampicillin resistance, plasmid-isolated, and sequenced usinggddition of 50 and 10Q«M sinefungin concentrations to

a primer specific to the T7 promotor. The resulting strains getermine if addition of sinefungin caused any increase or
produced approximately 4 times as much enzyme per liter decrease in enzyme binding.

than the pQE-THEMA-containing strains upon induction  Footprinting with PB+ and RNase I TrmD was dialyzed
with IPTG. TheS. pneumoniaand Staphylococcus aureus  jmmediately before experiments against 0.01 M Tris-HCI
trmD genes were cloned into a pET-15b vector (Novagen) pyffer, pH 7.4. RNase Jwas obtained from BRL. Experi-
as previously describecb and were a generous gift of  ments were conducted in &L reaction mixtures with a

Magdalena Zalacain of GlaxoSmithKline. tRNA; concentration of kM and 50-200uM. Transcript
Enzyme PurificationEnzyme was produced then purified and enzyme were preincubated for 5 min, then the selected
over a nickel column as previously describ&d with the nuclease was added for 10 min. Digestions with nuclease

exceptions of induction at 18C rather than 25C and an RNase T were carried out in 20 mM Tris-HCI buffer, pH
addition of a wash step of 50 mM R®uffer, pH 7.0, 300 7.5, 10 mM MgC}, and 100 mM KCI. Reactions were
mM NacCl, and 50 mM imidazole after binding to aNi terminated by phenol/chloroform extraction followed by
NTA column (Qiagen). This purified product was extensively ethanol precipitation. tRNA® transcript labeled at the 5
dialyzed twice in 50 mM Tris-HCI, pH 8.0, 100 mM KCI, 5  terminus (30 000 cpm Cerenkov) was mixed witlug of

mM MgCl,, 1 mM DTT, and 20% glycerin to remove carrier tRNA then cleaved with freshly dissolved lead acetate.
enzyme-bound AdoMet, according to unpublished Biacore The reaction mixture contained increasing concentrations of
data from this lab. The proteins were filter-sterilized and TrmD (0—200xM) in 20 mM Hepes-NaOH buffer, pH 7.5,
stored at £C in this buffer, with the exception df. maritima 5 mM magnesium acetate, and 50 mM potassium acetate.
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Ficure 2: A ClustalW primary sequence alignment of a variety of differing bactémiaD gene products.

Parallel reactions in the presence of the AdoMet analogue,the “phosphodiester backbone” per base upon AdoMet
sinefungin, were conducted. In all cases, the mixture was binding site occupancy.

preincubated for 2 min, then lead acetate was added to a

final concentration of 20 mM, and cleavage was carried out RESULTS

for 5 min. This high-lead concentration leads to RNA
cleavage primarily in loop regions. The reaction was
terminated by the addition of 33 mM EDTA and extracted
in phenol/chloroform, and tRNA was precipitated with
ethanol. In all experiments, equal quantities of labeled tRNA
were cleaved. Enzyme and AdoMet were stable in the above
cleavage mixture for at least 10 min. The products were run
on an 8 M urea and 8 or 10% PAGE sequencing gel at

approximately 900 V for 5 h. ) to be added to achieve significant tRNA binding and
Fluorescence Resonance Energy Transflf. protein protection. Such levels d. coli enzyme did not permit us
samples and substrate samples used in the following fluo-tq carry out the fluorescence studies we wished to carry out
rescence experiments were in 50 mM Tris-HCI, pH 8.0, 100 gjven the high background contributed by the added protein.
mM KCI, 5 mM MgCl,, 1 mM DTT, and 20% glycerol.  For example, if theKap, for the E. coli enzyme was poor,
Excitation and emission spectra at Z5were obtained using  then too much enzyme would have to be added to bind most
an AMINCO—Bowman spectrophotofluorometer at a fixed  of the tRNA present. Under these circumstances, quenching
voltage determined by an initial auto-range function. In the problems from added enzyme made such experiments
same buffer, 25, 50, 75, and 1QIM concentrations of  jmpossible (data not shown). Therefore, it was important to
S-adenosyk-methionine absorbance spectra were obtained getermine which enzyme orthologs may be the best for ligand
using a Beckman DU680B spectrophotometer to determine pinding studies. As can be seen in Figure 3, there were great
a wavelength of incident light which would not be absorbed gjtferences inkq appfor the various ortholog<E. coliandsS.
during the FRET experiments; 285 nm was chosen. The ayreusenzymes showed poor binding, giving#a app of
various excitation and emission spectra and experimentalapproximately 6QE 6 M with respect to TrmD concentra-
outline are described in Figure 6. tion. T. maritimaTrmD protein was bound much tighter with
Modeling. A visual representation of tRNA position 36  aKgapp0f 5+ 1 uM with respect to TrmD concentratioB.
and 37 base conformational changes was accomplished bypneumonia€TrmD showed the tightest binding of 5G8

Primary Alignment.ClustalW @3) primary amino acid
sequence alignment showed over 60% sequence homology
of TrmDs from a variety of differing organisms. It is
important to note here that there is only one tryptophan per
monomer at position 201 i. pneumonidrmD (Figure 2),
which is shown later to be integral to FRET studies.

tRNA Binding.In our initial studies, we determined that
very large amounts oE. coli enzyme (up to 20@M) had

merging two Protein Databank files (PDB files) (Figure 8).
Unmodified tRNA anticodon loop (protein data bank NMR
structure: 1KKA (7)) was docked into a SYBYLA41)
MOLCAD (42) surface rendition of dimeric TrmD (protein
data bank crystal structure 1P98®)(created using three-
dimensional modeling on a Silicon Graphics workstation.
Rotation of bases 36 and 37 into the catalytic core was
accomplished by rotating only one#®3 sigma bond of

100 nM with respect to TrmD concentration, which is over
2 orders of magnitude tighter binding than seen usindsthe
coli or S. aureusenzyme. Therefore, th&treptococcus
enzyme was utilized for FRET analyses. We should point
out that when the three TrmD protein 3D structures are
compared the degree of structural homology is remarkably
conserved. This degree of homology implies a similar
mechanism for all.
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species T.maritima _S.aureus __E.coli [TrmD] Streptococcus pneumonia
['l'ITI‘ID] OuM 5 10 20 100 60 130 uM .1 25 5 75 10 20 30

tRNA:TrmD

| tRNA

Ficure 3: The 5% nondenaturing agarose gels, showing the ability of TrmD enzyme to bind and-§¥##|8abeled tRNALe transcripts
at various protein concentrations. He,pneumonid@rmbD shows greater than 30 times higher apparent affinity for tRNA tBacoli
TrmD.

Sinefungin, a potent AdoMet analogue (Figure 1), com- tRNA. Figure 5d shows that in the absence of sinefungin
petitively inhibits methylation by competing for occupancy there is pronounced cleavage of the phosphodiester bonds
at the AdoMet-binding site of methyltransferases. Obviously, associated with residues-336. In the presence of sinefun-
tRNA footprinting experiments could not be done in the gin, there is almost complete protection of these sites. These
presence of enzyme and AdoMet, since the methylation results show clearly that the tRNA backbone is perturbed in
reaction would be completed. Therefore, such experimentsthe presence of sinefungin, such that nuclease can no longer
must be carried out in the presence of sinefungin. efficiently cleave tRNA at those sites. Note, also, that T2

First, it was determined what concentrations of sinefungin nuclease cleaves at two sites (C34 and U33) where lead does
were required for inhibition of enzyme catalytic activity. not. This may reflect the complex structures of T2 or lead-
Figure 4a shows that approximately BB sinefungin was tRNA/enzyme complexes required for maximal cleavage at
required to give 50% inhibition of enzyme activity under any given residue.
these conditions. Next, to test the effects of sinefungin on  Fluorescence AnalyseEhe above results strongly indicate
tRNA binding, gel-shift experiments were carried out (Figure that extensive protection of the phosphate backbone of the
4b). A native gel-shift assay containing-énd labeled G37/G36 region of tRNA had occurred when the AdoMet
tRNA/“®!, increasing concentrations 8f pneumoniag&rmD, site was fully occupied. This does not directly address the
and up to 10Q«uM sinefungin was performed. Under these question of the environment of the G residues at positions
conditions, little or no effect on tRNA® transcript binding 36 and 37. Therefore, another more direct approach (FRET)
was observed (Figure 4b). This is consistent with previous was employed to monitor movement of bases in these
kinetic studies, which suggested a random sequential mechpositions of the tRNA molecule. Clustal\W43) primary
anism where the binding of either substrate is not dependentamino acid sequence alignment demonstrates over 60%
on the presence of the other. sequence homology in a diverse number of organisms (Figure

Footprinting.We previously have shown thEt coli TrmD 1). Most importantly, it can be seen that there is only one
protein binds and protects primarily the anticodon loop of tryptophan per monomer at position 201 of 8teeptococcal
tRNA ;'¢u (10). In those experiments, it was noticed, TrmD protein This is crucial for interpretation of the FRET
surprisingly, that G36 and G37 residues wangprotected ~ analyses we shall describe.
against lead cleavage. These experiments were not done in Synthetic tRNA“®" substituted specifically at positions
the presence of excess AdoMet, since stable complexes coulds36 and G37 with 2-aminopurine (36,37-2AP-tRN®) had
not be formed. We show here that occupancy of the AdoMet- significant spectral overlap between peptide emission and
binding site by sinefungin caused a substantial change in2-aminopurine excitation. There was significant segregation
protection of residues of the anticodon stem against lead andof peptide excitation from AdoMet absorption and 2-ami-
enzyme cleavage including nucleotides 36 and 37. nopurine excitation allowing the use of this FRET experi-

Lead acetate cleaved after all nucleotides, with a preferencemental design. 2-Aminopurine emission gave a unique
for loops such as the anticodon, T-, and D-loops. Addition spectrum between 340 and 400 nm (Figure 6).
of 100uM E. coliTrmD (over the experimentally determined Mixtures containing 25100 uM S-adenosylmethionine
Kaapp in the absence of sinefungin had little effect on G36/ in 50 mM Tris-HCI, pH 8.0, 100 mM KCI, 5 mM MgCI2,
G37 cleavage patterns. This is in agreement with previouslyl mM DTT, and 20% glycerol yielded an absorbance
published footprinting which showed positions 36 and 37 maximum at 260 nm but with less than 5% of the maximum
are not protected by TrmD in the absence of AdoMet site absorbance at 280. At 285 nm, there was virtually no
occupancy 10). Figure 5c displays a complete gel of lead absorbance for up to 1Q(M AdoMet (Figure 6). Therefore,
cleaved tRNA in the presence of enzyme and/or sinefungin. 285 nm was chosen as the wavelength for incident light
Here, some of the protection sites can be seen. Howeverexcitation. The excitation spectrum at 320 nmSifepto-
when 3-labeled tRNA is used and a closer view is given, it coccalTrmD protein showed a broad peak between 280 and
can be clearly seen that the addition of 50 uM 290 nm and emitted a typical protein emission (between 320
sinefungin in the presence of the same TrmD concentrationand 340 nm) upon 285 nm excitation, the difference of which
showed strong protection of the anticodon region of tRNA is indicative of tryptophan emissio4). 2-Aminopurine-
(residues 3133, 35-37, 39, and 40) with a near total substituted tRNA excitation spectrum at 360 nm had a
protection of the phosphodiester bonds of guanine residuesmaximum of 320 nm; a typical 2-aminopurine emission
36 and 37 (Figure 5b). Even more dramatic was the spectrum between 350 and 400 nm, with a maximum at 360
protection seen when nuclease T2 was used to cleave labeledm, was displayed?@) when excited at 320 nm (Figure 6).
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FIGURE 4. (@) An 8 min assay, containingi@ S. pneumonia@rmD, 3.6uM tRNA;e transcript, and 1xM S-adenosylk-methionine,
was carried out with varying concentrations of sinefungin.Atpel-shift assay demonstrating 50 and 100 sinefungin concentrations
have no effect on tRNATrmD interactions.

The obtained emission spectrum®fpneumonia&rmD nm, corresponding to 2AP-tRNA emission. This indicates a
upon excitation at 285 nm is exemplary of tryptophan transfer of energy from TrmD protein emission to 2AP-
fluorescence in the absence of AdoMet or tRNA (Figure 7a). tRNA, followed by a fluorescence of 2-aminopurine. After
Since there is only one tryptophan per monomer in the an assay to show 36,37-2AP-tRNA was not methylated by
StreptococcusTrmD enzyme (position 201), changes in TrmD (data not shown), increasing concentrationsSef
emission output and subsequent energy transfer can beadenosylmethionine were shown to decrease the emission
attributed to a change of distance between W201 and thebetween 340 and 400 nm, suggesting one or more of these
absorbing fluorophore, 2-aminopurine. The addition of 2AP- two nucleotides at position 36 and 37 are moving further
tRNA to the apoenzyme shifted the protein emission away from W201 upon the addition of AdoMet (Figure 7a).
spectrum by decreasing the emission with a maximal Fluorescence emission values at 360 nm forshpneumo-
decrease at 320 nm, and a range difference of which neaeenergy transfer experiment decreased logarithmically
corresponds to 2AP-tRNA excitation, and by increasing the as a function of AdoMet concentration with an appatént
emission from 340 to 400 nm with a maximal change at 360 of 25 uM AdoMet (Figure 7b). This value correlated well
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Ficure 5: (a) tRNA cloverleaf displaying sites of lead and T2 enzyme cleavage. Solid arrows indicate sites for lead cleavage. Interior
filled triangles indicate sites for T2 enzyme cleavage. The interior cleft arrow designates a site for T2 cleavage which is protected by the
presence of TrmD enzyme alone. (b) TrmD protection against Pb cleavage. Experiment consislataéa transcript separated on 8%
PAGE. From left to right: U, RNase U2 ladder; T, RNase T1 ladder; O tadder; C, control tRNA alone;-€, control tRNA in the
presence of TrmD; Pb, tRNA alone treated witt?PHull triangle, PB*-treated complex of tRNA with 100 and 20@ TrmD; S50 and

S100, PB'-treated complex of tRNA with 100M TrmD in the presence of sinefungin at 50 and 108, respectively . (c) TrmD protection
against Pb cleavage. From left to right: U2, U2 cleavage; T1, T1 cleavage; L, base hydrolysis ladd&b€lefl tRNA with no treatment;

Pb, 3-labeled tRNA cleaved with Pb; full triangle, tRNA plus 10 enzyme cleaved with Pb and tRNA plus 209 cleaved with lead;

S1, tRNA plus 20Qug enzyme cleaved with Pb with %M sinefungin; S2, tRNA plus 20@g enzyme cleaved with Pb with 1QtM
sinefungin. (d) 5Labeled transcript separated on 8% PAGE. From right to left:, €ontrol tRNA in the presence of TrmD; L,

ladder; T1, RNase T1 ladder; U2, RNase U2 ladder; T2, tRNA alone treated with 0.25ttiaMgle, 0.25 U J-treated complex of tRNA

with increasing amounts of TrmD; S, 0.25 Y-freated complex of tRNA with 200M TrmD in the presence of 500M sinefungin; T2,

tRNA alone treated with 0.5 UJJtrangle 5 U T,-treated complex of tRNA with increasing amounts of TrmD; S, 0.5 Wr&ated complex

of tRNA with 200uM TrmD in the presence of 500M sinefungin.
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FIGURE 6: Resonance energy transfer experimental design. Curves 1, 2, 3, and 4 show absolute absorbance values for 25, 50, 75, and 100
uM Sadensosyl-methionine, respectively. Exciting light was provided at 285 nm, outside the absorbance values of AdoMet. Curve 5
shows the excitation spectrum at 320 nmStfeptococcallrmD. Curve 6 is the excitation spectrum of 36,37-2-AP-substituted tRNA at

360 nm. Curve 7 is the emission spectrum of TrmD excited at 285 nm. Curve 8 is the emission spectrum of 36,37-2-AP-substituted tRNA
excited at 320 nm.

with the kinetic AdoMetK, value for this enzyme (Figure  two residues were moved deeper into the catalytic pocket
7b). When the emission values between 340 and 400 nm atand further away from W201. This tRNA anticodon con-
three saturating concentrations of AdoMet are substracted,formational change model upon occupancy of the AdoMet-
2AP-tRNA-TrmD complexes yielded a spectrum that binding site matches the footprinting and FRT experiments
matched that of 2AP-tRNA alone upon excitation at 320 nm previously described.

(Figure 7c). This indicates that this change in fluorescence

reflects the emission of 2-aminopurine residues in the tRNA. DISCUSSION

TheE. colienzyme, which displayed a much lower affinity
for tRNA via gel mobility shift analysis, did not alter the
fluorescence emission of 2AP-tRNA upon the addition o
up to 100uM S-adenosylmethionine (data not shown). This

We have shown here that substantial changes in tRNA
¢ protein complex structure accompany the binding of AdoMet
as revealed by probing experiments and FRET analysis. The

was expected because the affinity of this ortholog for tRNA probing experiments show clearly that subgtantial portions
was poor. In addition, thE. colienzyme has five tryptophan of the anticodon stem and loop phosphodiester backbone

residues per monomer, which seriously complicates such become protec'ged bupdo not directly addres; the movement
of bases associated with these protected regions. Therefore,

analyses. X .
Modeling. The unmodified tRNA anticodon stem and loop TRET analysis was carried out.
NMR structure, (PDB NMR structure: 1KKA1(7)) was During the course of these studies we found thatEhe

docked into a MOLCAD 42) surface rendition of dimeric ~ coli enzyme displayed a relatively poor affinity for tRNA
TrmD (protein data bank crystal structure 1P98) (ising as compared to several TrmD orthologs reported on here.
a SiliconGraphics workstation and the program SYBMil)( ~ This precluded the use of the. coli enzyme for FRET
(Figure 8). Initial docking was successful with no van der studies since enzyme concentrations required to saturate
Waals radius or steric violations. The anticodon stem/loop tRNA precluded this approach. However, faecoli TrmD
structure modeled is that &. coli tRNAP"ewhich contains ~ Protein was suitable for lead probing studies since very high
A36 and A37. Rotation of A36 and A37 into the catalytic levels of enzyme could be added without interfering with
core was accomplished by rotating only one®3 sigma  the measurements being made. T3teeptococcaknzyme
bond of the “phosphate backbone” per base; A36 was p|acedvva5 chosen for FRET analysis because tRNA affinities were
within 4 A of AdoHcy’s sulfur and A36 in a distinct pocket, ~excellent and also because this ortholog has only one
which could account for position 36 specificity. This model tryptophan per monomer. Therefore, any FRET seen could
matches a previously published model which used crystal- b€ more directly attributed to relative changes in distance
lization, site directed mutagenesis, and catalytic studies andoetween the sole tryptophan and 2-aminopurine in the bound
indicated likely positions of 36 and 38)( S. pneumonids tRNA.

single tryptophan, W201, is positioned near tRNA positions  Bacterial TrmD, tRNA methyltransferase, structural fea-
36 and 37 prior to rotation after AdoMet binding, where the tures are highly conserved at the level of primary amino acid
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Ficure 8: Visual representation of aminopurine bases 36 and 37
near the TrmD catalytic center. (a) A putative structure of the ALS
before base rotation with the surface removed. The ribbon diagram
of the TrmD backbone is shown in cyan and magenta; the single
Streptococcu3rmD tryptophan residue, W201, is shown in yellow
as a space filling model. Rotation of AP36pAP37 after occupancy
of the AdoMet-binding site places these bases further from the
fluorescing trytophan. Here, an unmodified tRNA anticodon loop
is docked into a rendition of TrmD (protein data bank crystal
structure 1P9P). (b) A view of the active site after rotation of 2AP37
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320 340 360 360 400 420 to within 4 A of AdOHCy. Here also 2AP36 is modeled into a
wavelength (nm) distinct adjacent pocket, which could account for position 36
FIGURE 7: (a) The effect of increasing concentrations of AdoMet specificity. Rotation of AP36 and AP37 into the catalytic core was
on fluorescence emission spectraSifeptococcallrmD protein accomplished by rotating only one-®3 o-bond of the “phosphate

complexed with 2AP tRNA; the emission profile of enzyme alone backbone” per base.
is depicted as the thick gray line. (b) Fluorescence emission values

of enzyme-2AP-tRNA complexes at 360 nm as a function of  The observed AdoMet-dependent lead cleavage protection

AdoMet concentration. Maximal quenching is observed auRb ; ; ; ;
AdoMet. (c) The emission spectrum of 2AP-substituted tRNA alone of the anticodon stem/loop including G36pG37 could require

(solid circles) at 320 nm is compared to the spectrum obtained in €ither enzyme isomerization involving peptide localization
the presence of enzyme and three concentrations (25, 50, and 7®Ver the anticodon region or a local conformational change
uM) of saturating AdoMet (open circles, open trangles, and closed in the transfer RNA itself, bringing the anticodon nucleotides

tfi?nglﬁs, reSpeCti\t/el%{)- Herfe,A \éa|'l\lﬂest ﬂbtaingd in th%tpretsedn?e ofdeep into the protein. In accordance with previous observa-

saturating concentrations o oiMet have been suptracted from .; : : .

values obtained in the absence of added AdoMet. tions in the literature, and our FRE'!’ studles_ reportgd here,
it becomes apparent that the latter is more likely. First, the

sequence, and even more so when three-dimensional strucH' influenzaeTrmD enzyme has been crystallized in the
q ' resence and absence®&denosylmethionine d&-adeno-

tures are compared. Three mesophilic, eubacterial structure ylhomocysteine, and no major conformational change
have been determinedlaemophilus influenza@s), E. coli between the three structures was obserd&)i Second, the
(4), andS. aureug(unpublished data, this laboratory), and  yarigus reported crystal structures of TrmD proteins show
all three have near identical tertiary structure. Therefore, the |ow B-values around the AdoMet-binding active site, sug-
differences in apparent binding of the various organisms’ gesting this area is rather static with or without AdoMet.
trmD gene products on a nondenaturing acrylamide gel mustFinally, the anticodon region of several tRNA molecules has
be subtle and involve individual residues rather than global been shown directly by NMR to be highly mobile in the
differences in tertiary structure. The area of greatest primary presence of magnesiurg, 22, 25), which is a necessary
sequence divergence is the C-terminal end of the protein,component for in vitro catalysis by Trm2,(6).

which has been postulated to contact the tRNA core region  The FRET studies presented here further support the notion
(4). Therefore, the heterogeneity in these regions could of transfer RNA undertaking the majority of the dynamics
account for the observed differencesKg,, for tRNA via necessary to properly position G37 and/or G36 into the
gel mobility shift assays. catalytic cleft. Previous studies have shown that position 36
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must be a purine in order for catalysis to proceed. Initially, =~ Even more extensive changes in tRNA structure ac-
addition of 36,37-2AP-tRNA causes a shift in emission from company complex formation with the ArcTGT enzyme.
peptidyl tryptophan residue to 2-aminopurine, resulting in Here, the G15 residue is removed from deep within the tRNA
an increase in 2-aminopurine fluorescence due to spectralstructure for molecular replacement with queosine (27). The
overlap of protein emission and 36,37-2AP-tRNA excitation. complete D-loop is moved outward, now rendering the G15
Upon addition of AdoMet to the proteir36,37-2AP-tRNA residue available for subsequent catalysis. In both these cases,
complex, the efficiency of fluorescence energy transfer from it is clear that the enzyme alone is capable of disrupting
tryptophan 201 to guanine 36 and 37 is decreased in thetRNA structure. It will be interesting to determine what
Streptococcalsystem (Figure 7a). Since there are two further structural changes will occur in the ArcTGT enzyme
aminopurine residues in tRNA in these experiments, it is in the presence of queosine. This will, of course, require the

not possible to determine an absoluté&dter distanceR,.
The Faster equatiorE = (R)%(R® + (R,)®) (47) dictates
that energy transfei;, is a function only of the distance
between an emitting and absorbing fluorophore, sRc®r

availability of some suitable analogue which might trigger
further structural changes required for archaeosine synthesis
and tRNA release.

Here, we have shown for the first time that an analogue

any given system is a constamg}. Therefore, a decrease of a substrate for tRNA modification can trigger tRNA

of fluorescence transfer between W201 and 36,37-2AP-tRNA structural changes which are quite stabile, since probe
correlates with an increase in distance between the nucle-experiments clearly reveal changes in the environment of
otides 36 and 37 and the only tryptophan (W201)Sn appropriate sites in tRNA. It will be important for future

pneumoniadrmD. It should be pointed out that tte coli studies to obtain a crystal structure of TrmD complexed with
TrmD protein, which binds tRNA much less avidly than the tRNA. We anticipate that movement of the G37 base into
Streptococcaknzyme and has four tryptophans per mono- the catalytic center will indeed require occupancy of the
mer, did not show a decrease in fluorescence energy transfeAdoMet binding site. Ultimately, it is hoped that such studies

with the addition of up to 10@M AdoMet (data not shown).
This was not unexpected since the tRNA binditgfor the

E. coli enzyme is over 2 orders of magnitude higher than
that for the Streptococcalenzyme. Therefore, too much

will illuminate mechanisms whereby proteins can dramati-
cally alter the structure of DNA or RNA.
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