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Abstract

The wyeosine (or wye) family of tricyclic ribonucleosides from archaeal and eukaryal

tRNAPhe constitutes one of the most complex and interesting series of posttranscriptional

RNA modifications, and has been the object of numerous studies of their chemical and

biological synthesis and distribution. We report the structures of two minimally elaborated

wye derivatives from archaea, raising the known number of wye nucleosides to eight: 3,4-di-

hydro-6-methyl-3-b-DD-ribofuranosyl-9H-imidazo[1,2-a]purine-9-one (symbol imG-14), and

3,4-dihydro-6,7-dimethyl-3-b-DD-ribofuranosyl-9H-imidazo[1,2-a]purine-9-one (symbol imG2).

Structures were determined primarily by mass spectrometry, and confirmed by comparison

of physicochemical properties with those of chemically synthesized nucleosides. The nucleo-

sides contain no amino acid side chains at C-7 (1H-imidazo[1,2-a]purine nomenclature) and

are the only wye derivatives not methylated at N-4. These features suggest a minimal role for

wye methyl groups and side chains in maintenance of anticodon stem–loop structures, and

support the concept that archaeal tRNA nucleoside modification motifs are generally simpler

than those of their counterparts in eukarya and bacteria.
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1. Introduction

The posttranscriptionally modified nucleotides of transfer RNA display an excep-

tional diversity of modification motifs [1,2]. A number of these structures are shared

within the three major evolutionary domains (Archaea, Bacteria, and Eukarya),
while some are phylogenetically unique to each domain [1]. One of the most structur-

ally interesting nucleoside families are the wyosine (or ‘‘wye’’) tricyclic nucleosides,

found in eukaryal and archaeal tRNAs [3]. The earliest and perhaps best known

member of the family is the hypermodified nucleoside wybutosine (1, Fig. 1), isolated

from yeast tRNA [4,5]. The wye nucleosides are generally thought to occur specifi-

cally at position 37 in the anticodon loop of tRNAPhe [3,6]. All six previously re-

ported wye nucleosides [1] are methylated at N-4 (N-3 in purine nomenclature),

four of which possess C4 [7] or C7 [4,8,9] amino acid-based side chains. We report
the structures of two ‘‘minimalist’’ wyosine tRNA nucleosides from archaea, desig-

nated imG-14 and imG2 (structures 2, 3 in Fig. 1). Both nucleosides were first de-

tected by liquid chromatography/electrospray ionization mass spectrometry (LC/

MS) in unfractionated tRNA from the hyperthermophile Pyrolobus fumarii [10].

Nucleoside imG-14, also designated as unknown imG*, was also reported in

tRNAs from six Methanococci [11], a lineage of marine euryarchaea, and from the
Fig. 1. Structures of wybutosine (1, yW) from yeast tRNAPhe, and wye family nucleosides from archaeal

tRNA: imG-14 (2), imG2 (3), imG (4), and mimG (5).
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psychrotolerant archaeon Methanococcides burtonii [12]. imG2 was found in tRNA

from the thermophile Stetteria hydrogenophilia tRNA [12]. These nucleosides

contain no side chains, and are the first known members of this class not to be

methylated at N-4, which bears on the issues of the biosynthesis and function of

the wyosine methyl groups.
2. Materials and methods

2.1. Abbreviations and nomenclature

Symbol imG-14 (‘‘imG minus 14’’) previously designated imG* [11]), common

name, 4-demethylwyosine; systematic name, 3,4-dihydro-6-methyl-3-b-DD-ribofur-
anosyl-9H-imidazo[1,2-a]purine-9-one. Symbol imG2; common name, isowyosine;

systematic name, 3,4-dihydro-6,7-dimethyl-3-b-DD-ribofuranosyl-9H-imidazo[1,2-

a]purine-9-one. Structures, names and abbreviation symbols for other members of

the wye nucleoside family can be found on the World Wide Web at: http://medlib.

med.utah.edu/RNAmods/, under modified guanosines in tRNA.

2.2. Sources of tRNAs and sample preparation for mass spectrometry

Unfractionated tRNAs from Methanococcus igneus, Methanococcus thermolitho-

trophicus and Stetteria hydrogenophila were isolated in conjunction with earlier stud-

ies as described [11,12]. Unfractionated Sulfolobus solfataricus P2 tRNA was isolated

by standard protocols [13] from cells cultured as previously described [14]. Enzy-

matic digestion of tRNA to nucleosides prior to mass spectrometry measurements

was accomplished using nuclease P1, venom phosphodiesterase I and bacterial alka-

line phosphatase by a standard procedure [15], usually on a scale of 10–100 lg of

tRNA.

2.3. Liquid chromatography/electrospray ionization mass spectrometry (LC/MS)

Nucleoside mixtures produced by tRNA hydrolysis (data in Fig. 2) were analyzed

using a Quattro II triple quadrupole mass spectrometer (Micromass) with electro-

spray ionization (ESI), interfaced to a HP1090 liquid chromatograph with photodi-

ode array detector (Hewlett–Packard), as earlier detailed [11]. Collision-induced

dissociation (CID) mass spectra of protonated base ions (data in Fig. 3) were ac-
quired using the same instrument, under the following conditions: electrospray ion

source cone voltage for enhanced release of protonated base ions (m/z 190) from pro-

tonated nucleosides, 65V; gas cell collision energy 25 eV.

2.4. Chemical synthesis of nucleosides imG-14 and imG2

Syntheses for both compounds were carried out from guanosine by ring closure

reaction to form a N1-N2 two-carbon bridge, analogous to reported procedures



S. Zhou et al. / Bioorganic Chemistry 32 (2004) 82–91 85
[16,17]. The preparation of imG-14 was first reported in 1976 using essentially the

same method [16].

2.5. imG-14

Sodium hydride (7.12mg, 0.86mmol) as a 60% suspension in oil was added to a

solution of guanosine (50mg, 0.177mmol) in anhydrous DMSO (0.6ml) and the

mixture stirred with exclusion of moisture for 1 h. The almost clear solution was trea-

ted with bromoacetone (25mg, 0.186mmol) for 2 h. The reaction mixture was then

made basic by addition of concentrated NH4OH (0.3ml) and after 2 h at room tem-

perature the dark red solution was concentrated under reduced pressure to 0.6ml

volume. The solution was diluted with acetone (0.3ml) and added with stirring to

a mixture of acetone (4ml) and hexane (0.5ml). After 5 h at 0 �C the oily precipitate
was separated by decantation of the supernatant, washed with hexane with stirring

and dried under reduced pressure, then dissolved in water (1ml) and adsorbed on a

portion of silica gel (1 g, 200–400 mesh) by repeated co-evaporation with 2-propanol.

The dried gel was applied to a silica gel short column and the product was eluted

with chloroform:methanol (6:2). Fractions containing the required product were

evaporated to afford a white solid (40mg). 1H-NMR (Me2SO-d6): d 2.42 [3H, s,

C(6)-Me], 7.36 [1H, s, C(7)-H], 8.16 [1H, s, C(2)-H]; lit [16] (Me2SO-d6) 231, 285.

HPLC/ESI-MS: m/z 322 (MHþ), 190; Rt 25.7min, kmax (HPLC) 229, 282 nm; lit
[16] (H2O) 231 and 285 nm.

2.6. imG2

The procedure used was identical to that described for imG-14 (above) except that

3-bromo-2-butanone (28mg, 0.186mmol) was used instead of bromoacetone, yield-

ing 38mg of white solid final product. 1H-NMR (Me2SO-d6): d 2.08 [3H, s, C(6)-

Me], 2.56 [3H, s, C(7)-Me], 8.16 [1H, s, C(2)-H]. HPLC/ESI-MS: m/z 336 (MHþ),
204; Rt 30.7min, kmax (HPLC) 233 and 287 nm.
3. Results

3.1. Structure assignments for nucleosides imG-14 and imG2

The recognition of imG-14 and imG2 as new RNA nucleosides was made princi-
pally from their ESI mass spectra in combination with relative HPLC retention

times. A summary of identification parameters, along with those for related nucleo-

sides from archaeal tRNA (structures 4 and 5, Fig. 1) is given in Table 1. The UV

spectral characteristics of both nucleosides (Table 1) suggested that they were likely

members of the tricyclic wyosine family [11,12]. The molecular mass of imG-14, 321,

is unique to all known RNA nucleosides (tabulated but not mass-ordered at http://

medlib.med.utah.edu/RNAmods) and is 14Da lower than that of wyosine (imG),

hence the original designation imG-14 [10] suggesting a possible structural difference



Table 1

Parameters for identification of wyosine derivatives from archaeal tRNA

Mass

Nucleosidea kmax (nm) HPLC Rt (min) Mr MHþ BHþ
2 MDþ BDþ

2

imG-14 229, 282b 25.7c 321 322 190 327 193

imG2 233, 287c 30.7c 335 336 204 341 207

imG 235, 293d 27.7d 335 336 204 340 206

mimG 239, 301e 32.4e 349 350 218 354 220

a Structures shown in Fig. 1.
bRef. [11].
cRef. [12].
dValues derived from experiments reported in [11].
e Values derived from experiments reported in [12].
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of one methyl group. In the case of unknown imG2, the molecular mass is the same

as that of the known nucleosides imG and N 6-isopentenyladenosine (both 335), but

its chromatographic elution time in reversed-phase HPLC is three min later than that
of imG2 and five min earlier than that of N 6-isopentenyladenosine [18].

Deuterium labeling of each nucleoside was carried out by hydrogen–deuterium

exchange on-line during LC/MS analysis of total tRNA digests [18,19]. These data,

annotated in Fig. 2, were used to infer structural features related to the number of

exchangeable hydrogens in each molecule (i.e., carbon-bound vs. N- or O-bound hy-

drogen atoms). For imG-14 a shift upon labeling of 5 m/z units in the protonated

molecule corresponds to 4Da in the neutral molecule (correcting for the proton of

ionization, which is exchangeable [19]). A shift of 3 m/z units in the protonated base
is equivalent to 2Da in the neutral base. A mass shift of 2 is interpreted as resulting

from exchange of the labile hydrogen atom transferred to the base (presumably at

N-3) from ribose during fragmentation to form the protonated base ion [19], plus

one additional exchangeable hydrogen. The second site can only be N-4 because

hydrogens at C-6 or C-7 would not be labile under the conditions used. This leads

to the unexpected inference that N-4 is not methylated, unlike all previously reported

members of the wye nucleoside family. The single methyl attached to the tricyclic

ring system therefore conceivably resides by default at either C-6 or C-7, the other
known sites of ring substitution in the natural wye nucleoside family.

An independent test of methyl group placement in the imG-14 base was made

from the mass spectrum produced by collision-induced dissociation of the proton-

ated base ion, using tandem mass spectrometry, Fig. 3A. In particular, the absence

of significant methyl loss from the base to form m/z 175 ion as the dominant first de-

composition product is a hallmark of the absence of CH3 at N-4 [20]. Instead, the

expulsion of CO from C-9 (m/z 162) followed by successive losses of HCN (m/z

135, 108) is characteristic of the 4-demethylwyosine nucleus [20].
From both deuterium exchange and CID mass spectral data a structural candi-

date for imG-14 therefore emerged in which N-4 is unmethylated, and there is a sin-

gle methyl group residing at C-6 or C-7. Based solely on the biological precedent of



Fig. 2. Electrospray ionization mass spectra of nucleosides from enzymatic digests of unfractionated

tRNAs. (A) imG-14, from M. igneus; (B) imG2 from S. hydrogenophila. Values in parentheses indicate

the corresponding m/z values following hydrogen–deuterium exchange. MHþ, protonated molecule;

BHþ
2 , protonated base.
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conserved methylation of C-6 in wyosine (see Fig. 1), the 6-monomethyl isomer was

selected for chemical synthesis and direct comparison against the natural nucleoside.

Deuterium labeling measurements on unknown nucleoside imG2, Fig. 2B, showed

four exchangeable hydrogens in the neutral molecule and two in the neutral base.

Through reasoning similar to that presented above for imG-14, these results led to
a likely structural candidate in which N-4 is unsubstituted, thus requiring that the

two methyls (required by the mass of the base) reside at C-6 and C-7. This candidate

was chemically synthesized for comparison against natural imG2.

Mass spectra, HPLC retention times and UV spectra (from HPLC photodiode

array detection) acquired in back-to-back LC/MS comparisons of natural (see Table

1) and synthetic nucleosides (see synthesis descriptions), and showed that imG-14

and imG2 were experimentally indistinguishable from their respective synthetic

counterparts. Because the proposed structure of imG-14 was less certain from preli-
minary data than that of imG2, the protonated base of synthetic imG-14 was sub-

jected to collision-induced dissociation. The resulting mass spectrum, showing the

fragmentation pattern of the tricyclic heteroaromatic nucleus adds an additional



Fig. 3. Mass spectra of the protonated base (m/z 190) of imG-14 resulting from collision-induced disso-

ciation. (A) Natural nucleoside from enzymatic digest of unfractionated M. thermolithotrophicus tRNA;

(B) chemically synthesized nucleoside.
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and significant dimension of comparison with the natural compound, particularly

with respect to the methylation status of N-4. The resulting mass spectrum,

Fig. 3B, is experimentally indistinguishable from that of the tRNA component in

Fig. 3A. Together, these data confirm the structures of natural imG-14 and imG2

nucleosides as those shown in Fig. 1, in which neither nucleoside possesses a side

chain, nor a methyl at N-4 in the central ring.

3.2. Occurrence of nucleoside imG2 in S. solfataricus tRNA

During the course of structure assignment for imG2, data from electrospray ion-

ization LC/MS analysis of S. solfataricus P2 tRNA were retrospectively examined,

and indicated the presence of imG2, based on retention time and mass parameters

shown in Table 1. An appropriate mass shift was evident from deuterium labeling

carried out in a separate analysis. imG2 is a minor component in this tRNA, and

the strength of its UV spectrum was insufficient for determination of kmax values.

The modified nucleoside content of S. solfataricus tRNA was reported previously
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[18] without recognition of the occurrence of imG2. This difference is attributed to

use of thermospray ionization in the earlier work, which is significantly less sensitive

for detection of minor nucleosides than is the case using electrospray ionization.
4. Discussion

Assignment of the structures of tRNA nucleosides imG-14 and imG2 raises the

number of known wyosine family structures [21] to eight. Four are phylogenetically

unique to eukarya [1,21], one is shared by eukarya and archaea (imG), and three are

unique to archaea (imG-14, imG2, mimG, Fig. 1). None are known in bacterial

tRNA, supporting earlier observations that archaeal tRNA nucleoside modification

motifs are in general much more similar to those in eukarya than in bacteria [11,22].
Although imG2 has thus far been found only in tRNA of thermophilic crenarchae-

otes, imG-14 is found in both the major archaeal kingdoms (euryarchaea and cren-

archaea), in organisms grown at a range of temperatures between 4 �C [12] and

106 �C [10]. The eukaryal wye nucleosides typically have amino acid side chains

substituted at C-7 that are related to methionine, and until the present finding all wy-

osine family members were reported as methylated at N-4 (N-3 in purine nomencla-

ture). Absence of an amino acid C6 or C7 side chain in the archaeal nucleosides

suggests the lack of an important functional role for the side chain. Also no struc-
tural role for the side chain is evident from the structure of yeast tRNAPhe in which

wybutosine is present, derived from x-ray crystallography [23,24]. The functional im-

portance of the wyosine derivatives specifically adjacent to the 30 end of the antico-

don (position 37) derives mainly from their influence in stabilization of the anticodon

stem–loop by vertical base stacking of residues 34–38, in which the tricyclic ring has

strong influence [25,26]. From a biological perspective, anticodon region modifica-

tions in general [27,28], and wyebutosine-37 in particular [29], are believed to be in-

volved in maintenance of translational reading frame.
Within the wyosine family, nucleoside imG-14 may represent the ‘‘minimal’’ wye

structure, assuming that the 6-CH3, which is ubiquitous to all eight wye structures is

introduced as part of an obligatory C2 or C3 unit used to effect ring closure from gua-

nosine (for review of wye nucleoside biosynthesis see [30]). The structure of imG-14

supports the conclusion that methyls at N-4 and C-7 are neither required for func-

tion nor a necessary byproduct of wye nucleus biosynthesis although the presence

of one or more methyl groups on the base presumably contributes to stacking stabil-

ization [31]. The same reasoning is reflected in the structure of wyosine from yeast
(the 4,6-dimethyl isomer of imG2), which also has no C-7 substitutuent. Earlier

wye base biosynthesis studies employing 13C-labeling from [methyl-13C]SAM using

NMR [32] and mass spectrometry [33] are consistent with the initial conclusion that

the third wye nucleus ring (at least in eukarya) is formed from 1-methylguanosine

precursor [34], although this pathway would appear to be inherently inefficient, be-

cause it requires removal of all three hydrogens from the guanine N-1 CH3 group to

ultimately form the tricyclic nucleus. It has been noted, however, that the details of

the complex wye biosynthesis pathway may differ according to phylogenetic origin
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[30]. Neither of the previous NMR and MS measurements could establish the site of
13C in the bridge specifically as C-7 (as would be required from 1-[methyl-13C]guano-

sine precursor), vs. C-6. The 6-CH3 group was determined to not be SAM-derived

[32].

The consideration of imG-14 and imG2 as ‘‘minimalist’’ versions of nucleoside
modification in archaeal tRNA is in keeping with the known relatively simple mod-

ification motifs observed in archaea, particularly in comparison with related nucleo-

sides from eukaryal tRNA. For example, the extended family of 5-substituted

uridines (mostly occurring in the first position of the tRNA anticodon) that contain

multiple side chain modifications and are common to bacteria and eukarya, are rare

in archaea [11,35]. The 7-deazaguanosine nucleoside queuosine with its unusual cy-

clopentenediol side chain [36] common to eukarya and bacterial tRNAs (and further

elaborated by glycosylation in higher eukarya [37]) is formed by a related transgly-
cosylase enzyme in archaea [38,39] at a different sequence site as the structurally sim-

pler 7-formamidino nucleoside archaeosine [40] in a wide range of archaeal tRNAs.

Finally, the numerous structural variations in the characteristic N6-modified adeno-

sines commonly found at position 37 in tRNA are far more extensive in eukarya and

bacteria than in archaea where it is most often limited to N 6-threonylcarbamoyl-

adenosine (t6A).
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