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Abbreviations and Symbols -

All confributors to this Series are asked to use the terminology (abbreviations «nd
symbols) recommended by the [UPAC-IUB Commission on Biochemical Nomencla?. ve
(CBN) and approved by IUPAC and IUB, and the Editor endeavors to assure confor
These Recommendations have been published in many journals(1, 2} and compendia(3)
in four languages and are available in reprint form from the Office of Biochemic.
Nomenclature (OBN), as stated in each publication, and are therefore consxdered te
be generally known. Those used in nucleic acid work, originally set out in Section 5
of the first Recommendations (1) and subsequently revised and expanded (2 3),
are given in condensed form (I-V) below for the convenience of the reader. Authors may
use them without definition, when necessary.

I. Bases, Nucleosides, Mononucleotides

1. Bases (in tables, figures, equations, or chromatograms) are symbolized by Ade,
Gua, Hyp, Xan, Cyt, Thy, Oro, Ura; Pur=any purine, Pyr=any pyrimidine,
Base = any base. The prefixes S—, H,, F-, Br, Me, etc., may be used for modtfications of
these.

2. Ribonucleosides (in tables, figures, equations, or chromatograms) are sym-
bolized, in the same order, by Ado, Guo, Ino, Xao, Cyd, Thd, Ord, Urd (¥rd), Puo, Pyd,
Nuc. Modifications may be expressed as indicated in (1) above. Sugar residues may be
specified by the prefixes r (optional), d (=deoxyribo), a, x, 1, etc.; to these or by two-
three-letter symbols, as in Ara-Cyt (for aCyd) or dRib-Ade (for dAdo).

3. Mono-, di-, and triphosphates of nucleosides (5') are designated by NMP, NDP,
NTP. The N (for “nucleoside™) may be replaced by any one of the nucleoside symbols
given in 1I-1 below. 2'-, 3'-, and 5'- are used as prefixes when necessary, The prefix d -
signifies “deoxy.” [Alternatively, nucleotides may be expressed by attaching P to the
symbols in (2) above. Thus: P-Ado = AMP; Ado-P = 3'-AMP.] cNMP'-bycllc 3':5'-
NMP; Bt,cAMP =dibutyryl cAMP, etc. :

. Oligonucleotides and Polynucleoﬂdes

. Ribonucleoside Residues

(a) Common: A,G,1,X,C, T, 0, U, ¥, R, Y, N (in the order of I-2 above).

(b) Base-modified: sI or M for thioinosine = 6-mercaptopurine ribonucleoside; sU
or S for thiouridine; brU or B for 5-bromouridine; hU or D for 5 6—dlhydroundme, i for
isopentenyl; f for formyl. Other modifications are sxm)larly indicated by appropriate
lower-case prefixes (in contrast to I-1 above) (2, 3). '

(c) Sugar-modified: prefixes are d, a, x, or 1 as in I-2 above, altematwe]y, by italics .
or boldface type (with definition) unless the entire chain is specified by an appropriate
- prefix. The 2-O-methyl group is indi¢ated by sufir m (e g., -Am- for 2'-0--

methyladenosine, but -mA- for 6-methyladenosine). ‘

(d) Locants and multipliers, whemw necessary, are mdlcated by superscripts and
subscripts, respectively, e.g., -mfA-= 6-d1methyladenosme -s*U- or -48-=
thiouridine; -actCm- #-2'-O-methyl-4-acetylcytidine.

(e) When space is limited, as in two-dimensional arrays or in aligning homologous .

sequences, the prefixes may be placed over the capital letter, the suffixes over the
phosphod:ester symbol.

xi



xii ABBREVIATIONS AND SYMBOLS

2. Phosphoric Acid Residues [left side = 5/, right side = 3 (or 2%]

(a) Terminal: p; e.g., pppN . . . is a polynucleotide with a 5'-triphosphate at one

end; Ap is adenosine 3'-phosphate; C > p is cytidine 2': 3'-cyclic phosphate (1, 2, 3);
' p <A is adenosine 3':5'-cyclic phosphate.

(b) Internal: hyphen (for known sequence), comma (for unknown sequence); un-
known sequences are enclosed in parentheses. E.g., pA-G-A-C(C;,A,U)A-U-G-C>pisa
sequence with a (5') phosphate at one end, a 2 : 3'-cyclic phosphate at the other, and a
tetranucleotide of unknown sequence in the middle. (Only codon triplets are written
without some punctuation separating the residues.)

3. Polarity, or Direction of Chain

The symbol for the phosphodiester group (whether hyphen or comma or parenthe-
ses, as in 2b) represents a 3'-5' link (i.e.,a5’ . . . 3’ chain) unless otherwise indicated by
appropriate numbers. “Reverse polarity” (a chain proceeding from a 3’ terminus at left
to a 5’ terminus at right) may be shown by numerals or by right-to-left arrows. Polarity in
any direction, as in a two-dimensional array, may be shown by appropriate rotation of
the (capital) letters so that 5' is at left, 3’ at right when the letter is viewed right-side-up.

4. Synthetic Polymers

The complete name or the appropriate group of symbols (see 1I-1 above) of the
repeating unit, enclosed in parentheses if complex or a symbol, is either (a) preceded by
“poly,” or (b) followed by a subscript “n” or appropnate number. No space follows
“poly” (2, 5). -

The conventions of I1-2b are used to specify known or unknown (random) sequence,
eg.,

polyadenylate = poly(A) or A,, asimple homopolymer;

poly(3 adenylate, 2 cytidylate) = poly(A;C,) or (As,C,),, an irregular copolymer of A
and C in 3: 2 proportions;

poly(deoxyadenylate-deoxythymidylate) = poly[d(A-T)] or poly (dA-dT) or (dA-
dT), 8r d(A-T),, an alternating copolymer of dA and dT; ,

poly(adenylate,guanylate,cytidylate,uridylate) = poly(A,G,C,U) or (A,G,C,U),, a
random assortment of A, G, C, apd U residues, proportions unspecified.

The prefix copoly or oligo may replace poly, if desired. The subscript “n” may be
replaced by numerals indicating actual size, e.g., A, *dT1s-ss.

ill. Association of Polynucleotide Chains

1. Associated (e.g., H-bonded) chains, or bases within chains, are indicated by a
center dot (not a hyphen or a plus sign) separating the. complete names or symbols, e.g.:

poly(A) - poly(U} or A, -Ug
poly(A) - 2poly (U) or A,-2U,
4 poly(dA-dC) - poly(dG-dT) or  (dA-dC), - (dG-dT)n-

2. Nonassociated chains are separated by the plus sign, e.g.:

2[poly(A) - poly(U)] — poly(A) - 2 pely(U) + poly(A)
or 2[A, - Unl— A, - 2U, +A,.

3. Unspecified or unknown association is expressed by a comma (again meaning
“unknown”’) between the completely specified chains.

Note: In all cases, each chain is completely specified in one or the other of the two
systems described in 1I-4 above.
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IV. Natural Nucleic Acids

RNA ribonucleic acid or ribonucleate
DNA deoxyribonucleic acid or deoxyribonucleate
mRNA; rRNA; nRNA  messenger RNA; ribosomal RNA; nuclear RNA
hnRNA heterogeneous nuclear RNA .
D-RNA; cRNA “DNA-like” RNA; complementary RNA
mtDNA mitochondrial DNA
tRNA transfer {or acceptor or amino-acid-accepting) RNA; replaces
sRNA, which is not to be used for any purpose
aminoacyl-tRNA “charged” tRNA (i.e., tRNA’s carrying aminoacyl residues);
may be abbreyiated to AA-tRNA
alanine tRNA or tRNA normally Zapable of acceptmg alanine, to form
tRNAAR, etc. alanyl-tRNA
alanyl-tRNA or The same, with alanyl residue covalently attached.
alanyl-tRNAA2 [Note: tMet = formylmethionyl; hence tRNA™# identical
with tRNAMet]

Isoacceptors are indicated by appropriate subscripts, i.e., tRNA%2, tRNA=, etc.

V. Miscellaneous Abbreviations

P, PP, inorganic orthophosphate, pyrophosphate
RNase, DNase ribonuclease, deoxyribonuclease
tw (Ot T,) . melting temperature (°C)

Others listed in Table II of Reference 1 may also be used without definition. No
others, with or without definition, are used unless, in the opinion of the editor, they
increase the ease of reading.

. Enzymes

In naming enzymes, the 1972 recommendations of the IUPAC-IUB Commission on
Biochemical Nomenclature (CBN) (4), are followed as far as possible. At first mention,
each enzyme is described either by its systematic name or by the equation for the
reaction catalyzed or by the recommended trivial name, followed by its EC number in
parentheses. Thereafter, a trivial name may be used. Enzyme names are not to be
abbreviated except when the substrate has an approved abbreviation (e.g., ATPase, but
not LDH, is acceptable).

REFERENCES*

1. JBC 241, 527(1966) Bchem 5, 1445 (1966); BJ 101, 1 (1966); ABB 115, 1 (1966), 129,
1 (1969); and elsewhere.}

2. E]B 15, 203 (1970); JBC 245, 5171 (1970) JMB 55 299 (1971); and elsewhere.}

3. “Handbook of Biochemistry™ (G Fasman, ed.), 3rd ed. Chemical Rubber Co., Cleve-

. lan”, Ohio, 1970, 1975, Nucleic Acids, Vols. I and II, pp. 3-59.

4. “Eanzyme Nomenclature,” Elsevier Scientific Publ. Co., Amsterdam, 1973, and Sup-
plement No. 1, BBA 429, (1976).

* Contractions for names of journals follow.

t Reprints of all CBN Recommendations are available from the Office of Biochemi-
cal Nomenclature (W. E. Cohn, Director), Biology Diviston, Oak Ridge National Labo-
ratory, Box Y, Oak Ridge, Tennessee 37830, USA.
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5. “Nomerclature of Synthetic Polypeptides,” JBC 247, 323 (1972); Btopolymers 11,

321 (1972); and elsewhere.*

Abbreviations of Journal Titles

Journals Abbreviations used
Annu. Rev. Biochem. ARB
Arch. Biochem. Biophys. ABB
Biochem. Biophys. Res. Commun. BBHC
Biochemistry Bchem
Biochem. J. - Bj .
Biochim. Biophys. Acta BBA
Cold Spring Harbor Symp. Quant. Blol CSHSQB
Eur. J. Biocbem, EJB
Fed. Proc. ‘ FP
J. Amer. Chem. Soc. | . JACS
J. Bacteriol. J. Bact.
J. Biok. Chem. JBC
J. Chem. Soc. " JCcs
J. Mol. Biol. ‘ - -JMB
Nature, New Biology Nature NB
Nucleic Acid Research , NARes
Proc. Nat. Acad. Sci. U.S. PNAS
Proc. Soc. Exp. Biol. Med. PSEBM
Progr. Nucl. Acid Res Mol. Blol This Series

* Reprints of all CBN Recommendations are available from the Office of Biochemi-
cal Nomenclature (W. E, Cohn, Director), Biology Division, Oak Ridge National Labora-
tory, Box Y, Oak Ridge, Tennessee 37830, USA.
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2 ' MATHIAS SPRINZL AND FRIEDRICH CRAMER

1. Introduction?

The adaptor role of tRNA requires that it have at least two func-
- tionally different sites—one for the specific interaction with the mes-
senger, and one for accepting and transferring the particular amino
acid to the growing polypeptide chain. The codon recognition mecha-
nism of tRNA is explained in principle by the codon-anticodon in-
teraction, including the wobble hypothesis (I), and has been con-
firmed by sequencing many tRNAs. The second function is much less
clearly understood. Apart from the long-known fact that the -N-C-C-A
end, common to all tRNAs, carries the amino acid in ester linkage (2),
the problem of the specific attachment of an amino acid to its corre-
sponding tRNA (the “recognition” problem) is still not solved (3).
Clearly, the -N-C-C-A end is not responsible for the specificity of the
attachment; there must be other features in the molecule .or in the
enzymic mechanism of aminoacylation responsible for this high de-
gree of specificity. However, these characteristics—whatever they
are—must be seen in relation to the -N-C-C-A end, since this part of
the tRNA carries the amino acid. Thus the ‘presence of an intact
-N-C-C-A end is a general prerequisite for the aminoacylation and for
amino-acid transfer. In this article, we discuss the structural and the
chemical requirements for the functioning of the -N-C-C-A terminus.
[In this connection, it should be mentioned that some viral RNAs can
be aminoacylated. They also carry an -N-C-C-A end ¢).2]
In the “cloverleaf” structure, the -C-C-A end always remains un-
- paired. The nature of the nucleotide prior to the -C-C-A terminus has
been discussed in connection with a preselecting code that would

t Abbreviations:

tRNAP? = tRNAP»*.A-C-C-A = phenylalanine transfer RNA

Phe-tRNAPP.A-C-C-A = phenylalanyl-tRNAPne

tRNAP*-A-C-52C-A, tRNA"h -A-C-i%C-A, tRNAP-A-C-C-F, etc., are tRNAF species
containing, respechvely, 2-thiocytidine, 5-iodocytidine, formycin, etc.

tRNAPR-A-C-C-dA, tRNAP™-A-C-C-A(2'NH,), etc., are tRNAP™ species containing,
respectively, 2'-deoxyadenosine, 2'-ammo-2’-deoxyadenosme, etc.

tRNAPM-A-C-C-Ayy; 'and tRNAP*-A-C-C-A,,;_rpa TEpresent tRNAP after penodate
oxidation, and after subsequent borohydride reduction, respectively

tRNA-N-C-C-A and corresponding formulas represent unfractionated mixtures of
tRNAs -

Ammoacyl-ohgonucleohde nomenc]ature is as follows: C-A-Phe mdlcates C-A bear-
ing a phenylalanine residue on the 2’ or 3’ hydroxyl group;

C-A(2'Phe)H and C-A(2'H) Phe indicate C-A bearing phenylalanine residues at the
2’- and 3’-position, with hydrogen in positions 3’ and 2’, respectively.

2 See article by Waters and Mullin in Vol. 20 of this series [Ed.].
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govern the lipophilic or hydrophilic character of the amino acid to be
attached (5). However, this hypothesis no longer seems tenable in
view of the many new sequences that have been obtained during
recent years. Although the -N-C-C-A end does not seem to be involved
in the secondary (or tertiary) base-pairing, it might nevertheless exist
in a defined physical conformation. ‘

The -N-C-C-A end does not merely serve as a spacer between the
body of the tRNA molecule and the amino-acid residue, providing a
sufficiently exposed position for the amino acid during the interaction
with the aminoacyl-tRNA synthetase and on the ribosomal sites.
Rather, it plays some highly specific roles: in the interaction with
aminoacyl-tRNA synthetase, in the selection mechanism for the cor-
rect amino acid, and in the specific attachment to the ribosome.

An earlier review in this series by Deutscher (6) on the acceptor
end of tRNA emphasized mainly the biosynthesis of the -N-C-C-A end
and the function of the ATP(CTP) : tRNA nucleotidyltransferase. The
present article summarizes recent results on the function of the
-N-C-C-A end of tRNA as a reactive site during aminoacylation and
ribosomal protein biosynthesis, with information about the structure of
-N-C-C-A end and changes in its function after its modification.-

. Structure' of the -N-C-C-A Terminus

All tRNAs sequenced to date can be presented in a “cloverleaf”
structure in which the 3'-terminal -N-C-C-A is not base-paired. The
general existence of such a structure is evident from a comparison of
the sequences of different tRNAs (7) and has been proved directly by
high-resolution nuclear magnetic resonance (NMR) studies (8). An
important feature of this structure is the invariant number of nuc-
leotides between the T-W-C sequence and the terminal adenosine: the
terminal adenosine is always separated from the first nucleoside in the
T-¥-C loop (ribothymidine or uridine) by 21 nucleosides (7). This
invariance underlines the functional importance of the single-stranded
T-¥-C loop and the 3'-terminal sequence (9).

Several chemical and physicochemical studies seemed to indicate
that the -N-C-C-A terminus of the tRNA in solution may be involved in
tertiary interactions within-the tRNA molecule (3). In view of the
results that have accumulated in recent years, these interpretations are
most probably not valid. However, the structure of the 3’ terminus in
free and aminoacylated tRNA with respect to stability, stacking in-
teractions, and conformations still remains to be determined.
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A. X-Ray Diffraction Studies

Successful interpretation of X-ray diffraction data of orthorhombic
(10) and monoclinic (11,12) crystals of tRNA® from yeast up toa 2.5 A
resolution led to the elucidation of a three-dimensional crystal struc-
ture of this tRNA (for recent reviews, see 13-15). Atomic coordinates
and torsional angles have been published for the corresponding
three-dimensional models (16, 17). The -A-C-C-A terminus in these
models is attached as a single strand to a long double-stranded helical
region formed by the base pairs of the T-¥-C and the aminoacy! stems.
There are no additional tertiary interactions in which the -A-C-C-A
end is involved. Unfortunately, the data concerning this part of the
molecule are not sufficiently satisfactory to allow an unambiguous
interpretation of the conformation of the -A-C-C-A end in the crystals
(13). This could be due to a conformational perturbation of this single-
stranded region or by an inhomogeneity of the terminal sequence with
respect to the presence of the terminal adenosine. In the orthorhombic
crystals, the 3'-terminal residues. are helically stacked onto the
aminoacyl stem except for the terminal adenosine-76, which is not
stacked with respect to the penultimate cytidine-75 (16). In the
monoclinic cell, the C;5 and Aqq resndues are m a more extended form
7).

B. Chemical Modification

One of the earliest approaches to elucidation of the structure of .
. tRNA in solution was its chemical modification by base-specific re-
agents (18-37), followed by sequence analysis of the product. Using
this approach, the -N-C-C-A terminus and some other single-stranded
regions of tRNA showed a high reactivity toward certain reagents.
This was demonstrated by the reaction of tRNA with bisulfite (18-26),
monoperphthalic acid (27, 28), methoxylamine (29-32, 35), sodium
periodate (33, 34), and hydroxylamine (36), and by tritium exchange
experiments (37). ‘
Treatment of yeast tRNAFP™ by monoperphthalic acid rapidly con-
verts the terminal adenosine-76 to adenosine l-oxide (27), but the
unpaired adenosine-73 does not react. The same reaction has been
used to modify yeast tRNA"2 and tRNA™* (28). From the rates of the
reaction of particular nucleosides at the 3’ end of hoth tRNAs, it ap-
pears that after the modification of the 3'-terminal adenosine there is
N-oxidation of the two penultimate cytidine residues. When the three
terminal bases of the -A-C-C-A end are finally oxidized, the fourth
unpaired base be¢omes reactive. This sequential step-by-step oxida-
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tion does not occur in single-stranded oligonucleotides, such as
C-A-C-C-A or A-A-A-U-C-A-C-C-A ' ‘

Similar observations were made during the investigation of the rate
of conversion of cytidine to uridine in yeast tRNAP"® (38) and E. coli
tRNASY (23) by NaHSO,. Out of six cytidine residues in the unpaired
regions of yeast tRNA™e¢ only the two at the -A-C-C-A end were reac-
tive. The relative rates of modification of each individual reactive
residue in tRNAFP, compared to those of single nucleotides and of the
random copolymer poly(C,,U,), are shown in Fig. 1. This demon-
strates that the cytidine residues in the -A-C-C-A end, not being base-
paired, react at a lower rate than does CMP or the random copolymer.
This implies that the tRNA sites are involved in some kind of ordered
structure that is probably determined by stacking interactions. Varying
degrees of modification of the two cytidine residues were also ob-
served in some other cases using bisulfite (18) or hydroxylamine (36),
although in these investigations the rates of modification of particular
residues were not determined.

pC (pC-U-U-U-U-U-U-1random

F1G. 1. Modification of cytidine with sodium bisulfite (38). The humbers in the boxes
" give the half-times (in hours) of the reaction converting cytidine to uridine for CMP, for
the irregular copolymer poly(C,,Uy), for the cytidine residues in a dodecanucleotide
excised from the anticodon of tRNAP® from yeast, and for the cytidine residues in intact
yeast tRNAP". Reaction conditions were as in Chambers et al. (18).



