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Abstract. The observed enhancement of B-lymphocyte activation by 8-bromoguanosine and
8-mercaptoguanosine is hypothesized to occur via a “binding protein” which requires a guanine
nucleoside as the syn conformer for productive interaction. In addition, because of the 7-
substituent, Q nucleoside also is hypothesized to bind as the syn conformer and, therefore, to

be a potential B-lymphocyte activator.
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My goals here are twofold: first to introduce
the modified nucleoside queuosine (Q) (Fig.
1) and the association of Q deficiency with
neoplasia; then to explore the notion that the
observed (1-7) enhancement of B-lymphocyte
activation by 8-bromoguanosine (8BrGuo)
and 8-mercaptoguanosine (8MGuo) may oc-
cur by mimicry of a normal Q-dependent
function. The 7-deazaguanosine derivative Q
1s found in the first position of the anticodon
of tRNAs for the amino acids asparagine,
aspartic acid, histidine, and tyrosine (8). Q
1S unique because (a) it is synthesized at the
polynucleotide level by the irreversible ex-
change of queuine (Q base) with a guanine
in the first position of the anticodon (9, 10)
(Fig. 2); (b) Q base is not synthesized by
mammals but is provided by the diet or gut
flora (11, 12); and (c) animal cells can salvage
Q base, enabling its reuse after tRNA degra-
dation during the normal turnover process
(13) (Fig. 2). The physiological function of
Q is unknown; however, of great interest,
tRNA isolated from normal differentiated
tissues is almost saturated with respect to Q,
while that from neoplastic cells often is sig-
nificantly undermodified with respect to Q
(8, 14).

Several factors dictate the Q content of
tRNA, including the tissue availability of
queuine, transport rate into cells, tRNA syn-
thesis rate, insertion rate into tRNA, tRNA
half-life, and queuine salvage capability (13-
16). The relative contribution of each factor
may vary between organisms, tissues, and
tumors. For example, in early passage, normal
human fibroblasts, the tumor promoter phor-
bol 12,13-didecanoate inhibits queuine up-

take (16), leading to a decreased Q content
in tRNA (15). Moreover, a significant increase
in queuine salvage is observed in later passage
cells, both promoter treated and untreated,
partially compensating for Q starvation in
the treated cells (15). Thus, deficiencies in
transport or salvage may be important deter-
minants in the Q hypomodification of neo-
plasia. A less common cause of Q hypomod-
ification is a deficiency of the enzyme which
inserts queuine into tRNA. This enzyme has
been reported to occur at similar levels in
normal and neoplastic cells (8, 14); however,
my laboratory has recently discovered a hu-
man colon adenocarcinoma cell line which
lacks the enzyme entirely and, therefore,
lacks Q in its tRNA (J. R. Katze, unpub-
lished). In another association between defi-
clent queuine insertion and neoplasia, 7-
methylguanine inhibits queuine insertion into
tRNA in vitro, causes Q hypomodification of
tRNA in intact cells, and induces neoplastic
transformation of Chinese hamster embryo
cells in culture (17).

At present we may only speculate on the
physiological significance of Q in mammalian
cells. Since Q is located in the wobble position
of the anticodon, much effort has been ex-
pended on identifying a translational control
role for Q [see Ref. (8) for review]. There is
currently no compelling evidence for such a
role; although, it is intriguing that Q-lacking
tRNAT" from Drosophila is a UAG stop
codon suppressor in intact Xenopus oocytes,
but the otherwise identical Q-containing
tRNA™" is not (18). The sum of the available
evidence indicates a subtle physiological role
for Q, and this view is supported by studies
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with Q-deficient whole organisms. The only
phenotypic changes thus far observed in an
Escherichia coli mutant which lacks Q in its
tRNA are a marked reduction in viability in
the stationary phase of growth (19) and an
inability to induce the synthesis of nitrate
reductase (20). In addition, long-term Q-
deficient (raised on a Q-free diet), germfree
mice appear disappointingly normal (i1, 21,
22); although they do exhibit decreased re-
productive efficiency (22) and depressed leu-
kocyte and immunoglobulin G levels (21).
Therefore, while Q-containing isoaccepting
tRNA species may have roles in optimizing
protein synthesis and even may govern the
expression of natural read-through proteins,
we are justified in considering subtle alternate
physiological roles for Q. One such role may
be in B-lymphocyte activation.

A major conformational aspect of nucleo-
sides is the relative orientation, about the
glycosyl bond, of the base to the sugar moiety.
Two conformational states are preferred: as
illustrated in Fig. 1, the bulky part of the
base is located over the sugar in syn and
away from the sugar in anti. Normal purine
nucleosides in solution undergo anti-syn con-
version with relative ease; but this is hindered
by substitution at C8, such that the bulky
substituents on 8BrGuo and 8MGuo “fix”
these nucleosides in the syn conformation
(23, 24). Coincidentally, substitution of gua-
nosine at the C8 position with either a bro-
mine or thio group specifically endows the
molecule with B-cell activation properties (1-
7). The activities of 8BrGMP and 8BrcGMP
are much reduced compared to 8BrGuo (1);
while most other C8-guanosine derivatives,
as well as 8-Br-derivatives of related purine
nucleosides, are inactive (M. G. Goodman,
personal communication). Therefore, assum-
ing that 8BrGuo and 8MGuo are mimicking
a normal physiological effector, what might
it be?

My case for the identity of the physiological
“B-cell activator” rests on the hypothesis,
originally alluded to by Goodman and Weigle
(2), that 8BrGuo and 8MGuo activate B
lymphocytes by interaction with a protein
which requires a guanosine nucleoside in the
syn conformation for productive binding.
Guanosine itself may not be active because
it is too rapidly catabolized or converted to
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nucleotides, while in lymphocytes 8BrGuo is
virtually inert to further metabolism (1). Al-
ternatively, the “binding protein’ could pos-
sess a second high affinity, but nonproductive
binding site for the anti conformer of Guo.
Finally, I propose that Q, by virtue of the
additional functional groups in the methyl-
aminocyclopentenediol-substituent at C7, also
may bind as the syn conformer and, therefore,
also may be a B-cell activator. The three-
dimensional structure of Q indicates that the
bulky 7-substituent is extended outward from
the base and that the bond lengths and bond
angles of the pyrimidine moiety of the 7-
deazaguanine ring are almost equal to those
of the unmodified guanine ring (25). There-
fore, it is likely that the hydrogen bonding
properties of the base differ little from those
of guanine. Interaction of the 7-substituent
of Q to the “binding protein” could cause
an “induced fit” enhancement of syn binding
affinity, inactivation of a possible Guo anti-
binding site, or demand that Q adopt the syn
conformation in order to also accommodate
binding of the sugar and base. Of possible
significance, the base-stacking property of the
7-deazaguanine moiety is significantly less
than that for guanine and the mobility of
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rotation about the glycosyl band is increased
compared to guanosine (26). Thus, I envisage
that a productive interaction of effector to
the “binding protein” requires binding of (a)
a ribose moiety, as well as (b) a syn guanine
moiety and, further, that this productive in-
teraction is enhanced by binding of (¢) a
moiety contained in the 7-substituent of Q.
This model leads to the additional prediction
that Q base might interact nonproductively
with the “binding protein” and, therefore,
might compete with B-cell activation. Results
supporting these hypotheses have now been
obtained (M. G. Goodman, personal com-
munication), using pure Q and queuine pro-
vided by my laboratory. Briefly, Q at 107
M appears to be a B-cell activator, though
less efficient than 8BrGuo and 8MGuo; and
queuine inhibits B-cell activation. These re-
sults are preliminary and more definitive
studies, which will require the isolation of
larger amounts of Q, are planned. Nonethe-
less, considering that no other physiological
nucleosides have been identified which mimic
the activity of 8BrGuo and 8MGuo, these
results are very encouraging.

It is troublesome, however, that normal
intracellular Q concentrations probably do
not exceed 107° M. The latter follows from
the fact that most Q is derived from tRNA
turnover (Fig. 2), that tRNA half-lives of 2—
3 days are common (14), and that cells
contain approximately 107 M Q in the form
of tRNA [estimated from the tRNA content
of tissues and the Q content of tRNA (27)].
In addition to the rate of tRNA degradation
and the Q content of tRNA, the steady-state
concentration of Q nucleoside would reflect
its rate of formation from Q monophosphate
as well as the kinase conversion to Q-5'-
phosphate, the competing breakdown of Q-
5'-phosphate to Q base, and efflux from the
cell. The limited data available (15, 28) sug-
gest that, in those cells with significant Q
base salvage activity, there is almost no loss
of intracellular Q during tRNA breakdown
and resynthesis, i.e., that the process is very
efficient. Accordingly, there are probably
vanishingly small concentrations of free Q
nucleoside in such cells. However, after
phagocytosis, the Q-containing tRNA of bac-
teria or other cells could be broken down to
the nucleoside. Thus, it is possible that Q
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FIG. 2. Q-base salvage cycle. Step | is catalyzed by
tRNA-guanine ribosyltransferase (EC 2.4.2.29). Steps 2-
4 represent known or expected activities. Steps 6 and 7
represent activities described in Ref. (13). Step 7 is not
performed by hypoxanthine-guanine phosphoribosyl-
transferase and Q base cannot be formed directly from
Q nucleoside [Step 5 in a hypothetical Q-base salvage
cycle, Ref. (13)]. (Q+)-tRNA contains Q in the §' position
of the anticodon; (Q—)-tRNA, the precursor of (Q+)-
tRNA, contains guanosine in the 5' position of the
anticodon.
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nucleoside levels may reflect phagocytic ac-
tivity and, if so, Q may be a logical modulator
of B-cell activation. The Q base content of
animal serum is 10~7 M for bovine and 107%
M for human, with comparable levels in milk
and urine [(29); J. R. Katze, unpublished],
and no Q nucleoside (<107 Af) has been
detected in fetal bovine serum (J. R. Katze,
unpublished). At present, no data are avail-
able concerning Q or Q-5-phosphate concen-
trations in lymphocytes, let alone how these
might be influenced by exogenous Q or by
B-cell activation.

There is also the possibility that Q-5-
phosphate rather than Q nucleoside is the
physiological effector for the B-cell activator
“binding protein.” But, 8BrGuo must be
acting as the nucleoside, because Goodman
and Weigle were unable to measure significant
formation of 8BrGMP from 8BrGuo (1).
Moreover, since 8-bromoguanine does not
mimic 8BrGuo (2), any formation of
8BrGMP would require a kinase activity,
rather than purine salvage activities. The
order of potency for extracellular 8-bromo-
guanosine derivatives is 8BrGuo > 8BrGMP
> 8BrcGMP (1); however, the intracellular
activity of 8BrGMP in this system is un-
known. Extracellular 8BrGMP would be de-
graded, prior to uptake as the nucleoside, by
the membrane-associated 5'-nucleotidase of
B lymphocytes (1) and 8BrcGMP is not
expected to be a substrate for cyclic phos-
phodiesterases (30, 31) and, therefore, is un-
likely to efficiently generate 8BrGMP intra-
cellularly.
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Finally, I should note that Q exists in
tRNA not only as the free nucleoside but
also as galactosyl-Q in tRNA™" and man-
nosyl-Q in tRNAA* (the hexose moieties are
attached to the ortho hydroxyl of the cyclo-
pentenediol-substituent) (8). No function has
so far been ascribed to these Q derivatives,
the hexose moieties of which are efficiently
removed, prior to queuine salvage, during
tRNA turnover (13).

The simple model based on a syn confor-
mation imposed by bulky 8-substituents has
provided not only a plausible explanation for
the specificity of 8BrGuo and 8MGuo in B-
Iymphocyte activation but also an apparently
accurate prediction that Q may be a physio-
logical B-cell activator. However, 8-amino-
guanosine is inactive in B-cell activation,
while 8-oxyguanosine is active (M. G. Good-
man, personal communication), even though
both substituents are small enough to permit
syn-anti conversion (23, 32, 33), indicating
that other factors must also be involved. In
this regard, it has been proposed that in
addition to size the electronegativity of the
substituent also contributes to the syn con-
formation in purines (34). The notion (23)
that the conformation at the glycosyl bond
affects nucleoside interactions, especially
when functional groups in both the sugar
and base are recognized, is amply supported.
In fact, it has been generalized that enzymes
which alter the glycosidic tortional angle of
their nucleotide substrates are highly specific
for these substrates (35). Thus, specificity is
increased by the requirement for specific
conformational mobility in addition to spe-
cific functional groups.
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