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Abstract: RNA discrimination by aminoacyl-tRNA synthetases involves both major and minor groove interactions
with the acceptor stem domain of tRNA substrates. In the case of cl&sslhierichia colialanyl-tRNA synthetase
(AlaRS), minor groove atomic groups in and around the unique G3:U70 base pair previously have been shown to be
critical for recognition. In this work, we probe the role of the first (1:72) base pair in discrimination by AlaRS by
incorporating 26 new base pair combinations at this site. We find that atomic groups in the wild-type G1:C72 base
pair do not contribute as significantly to positive recognition by AlaRS as the minor groove elements in and around
the G:U base pair. Our results, however, are consistent with the importance of major groove discrimination at this
site. In particular, substrates with a major groove carbonyl oxygen presented byse@her a U apposition 72 are

very poor alanine acceptors. Comparison of inactive N1:G72 dfipleariants with active N1:2-aminopurine72
variants shows that deletion of the 6-keto oxygen and the N1-hydrogen of G72 results in a transition state stabilization
of at least 3.0 kcal/mol. This work provides an example of a system that combines minor groove interactions at an
internal position with the high selectivity of major groove interactions that are possible at the end of an RNA helix.

Introduction tRNA substrates$-> In all the co-crystal structures of class I
synthetases reported to date, it has been observed that these

In RNA A-form helices, the minor groove is much more
. T . . _enzymes approach the top of the tRNA acceptor stem from the
accessible to protein side chains than the deep, narrow major__ " a9 )
. . major groove sidé-° As seen clearly in the yeast aspartyl-
groove. For this reason, it has been proposed that sequence:

specific interactions between proteins and RNA are more likely tnF;’;lrﬁais/ r}g‘gf&é’:ﬁ)?es%ﬁ?s:e%écs fi%i%i@r?a?alrgiagcaistiéo
to occur in the minor groové. In accordance with this y 10r g group

expectation are the well-documented interactions of class | _ (3) Musier-Forsyth, K.; Usman, N.; Scaringe, S.; Doudna, J.; Green, R.;

s i ; ; Schimmel, PSciencel991 253 784-786.

ES(.:heHChla coliglutaminyl-tRNA Synth.etase. and classHl (4) Hayase, Y.; Jahn, M.; Rogers, M. J.; Sylvers, L. A.; Koizumi, M,;
coli alanyl-tRNA synthetase (AlaRS) with minor groove func- |noue, H.; Sti, D. EMBO J.1992 11, 4159-4165.
tional groups in and around the 3:70 base pair of their cognate (5) Musier-Forsyth, K.; Schimmel, Mature 1992 357, 513-515.
(6) Ruff, M.; Krishnaswamy, S.; Boeglin, M.; Poterszman, A.; Mitschler,
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end of the RNA heliX:1® Major groove interactions are  TLC (CHsOH:CH.Cl,, 7:93, silica gel), 16 h, and then the mixture was
advantageous in nucleic acid discrimination, since the patternsdissolved in CHCI,, washed with 5% (ac) NaHCGollowed by brine,
of hydrogen bond donors and acceptors in the major groove of and finally passed through anhydrous .8@&. The product was
base pairs are more diverse than those in the minor grfove. Purified by chromatography on silica gel (ethyl acetate;CHEEN,

By analogy to class Il AspRS, we wished to understand whether 24:76:0.5, vIViv) (40% yield). ThtH-NMR spectrum agreed with that
a class Il synthetase wher'e minor groove interactions are previously published* The final product was dried azeotropically from

. . o .~ benzene and C}EN three times each and stored under Ar&0 °C
prominent at an internal position, such as AlaRS, can also gain ;ii yse.

access to the major groove at the end of the helix. RNA Preparation. RNA oligonucleotides were synthesized using
In the work reported here, we performed the complete set of the phosphoramidite method on a Gene Assembler Special (Pharmacia),
16 standard nucleotide base pair substitutions at the terminaldeprotected, gel purified on denaturing 16% polyacrylamide-TBE gels,
acceptor stem position of chemically synthesized duilex eluted and desalted as previously descrityédl. All oligonucleotides
substrates and tested the effect of these substitutions oncontaining the modified base 4HC were gel purified and then further
aminoacylation bEE. collAIRRS. We also performed an atomic - 10C8 B PEqCl (e RER S T8 Roched o bance
mUtageneSIS. study by d.e'e“”_g specific maj.or and minor at 310 nm as well as at 260 nth.Full-length tRNAY2 was prepared
groove functional groups in G1:C72- and_ Cl'GY.Z'dL.JﬁFEX by in sitro transcription with T7 RNA polymerag8. For the deter-
variants. Seventgen nonstandard base p‘_"“r combinations WErhination of RNA concentrations, the following extinction coefficients
prepared at 1:72 in duplé®, and we examined the effects of ere used (units Mt cm™: full-length tRNA, 60.4x 10% 13-mer,
these changes on discrimination by AlaRS. We determined the10.7 x 10% 9-mer, 8.9x 1002
thermal stability of active and inactive 1:72 dupi¥xvariants Aminoacylation Assays. Histidine-taggedE. coli AlaRS was
and also compared their circular dichroism (CD) spectra. purified essentially as described previously Eorcoli ProRS?? except
Our analysis suggests that the principle of major groove for the following modifications. Induction with isopropy! thiogalac-
discrimination at the end of an RNA helix revealed in the AspRS toside was performed overnight. An imidazole step gradient was used
system may be extended to other class Il synthetases. Into _elute the protein from the F\I‘l-nltrllotr!acetlc acid (N|—NTA_) resin
particular, AlaRS achieves an extraordinary degree of overall (Qiagen).  The column was washed with 5 mL of 0.1 M imidazole, 5

discrimination b bini . . . mL of 0.3 M imidazole, and finally 15 mL of 0.5 M imidazole. The
Iscrimination by combining minor groove interactions at an fractions that eluted with 0.3 M imidazole contained AlaRS and were

internal position with the richer set of interactions that are pooled. The enzyme was judged to85% pure by sodium dodecyl

possible in the major groove at the end of an RNA helix. sulfate-polyacrylamide gel electrophoresis and was stored 2 °C
in a final concentration of 3«M (11.6 mg/mL) in a buffer that
Experimental Section contained 25 mM\-(2-hydroxyethyl)-1-piperazind¥-2-ethanesulfonic

. . . . acid (HEPES), pH 7.5, 0.15 M NacCl, 40% glycerol, and 1 mM
All chemicals were obtained from Aldrich or Fischer, unless noted jthiothreitol. For aminoacylation assays, the AlaRS concentration was
otherwise. RNA synthesis chemicals, thed2oxy-2-aminopurine  pased on the active-site titratidh. Aminoacylation assays were

phosphoramidite and the controlled pore glass supports were from Glenperformed using the published conditiGhsBecause th& for alanine
Research '(Sterling, VA). All other RNA phqsphoramidite MONOMETS, s 5o high (200 uM),? these assays were routinely conducted at
the modified base "2leoxy-7-deazaguanosine, 4gimethoxytrityl subsaturating concentrations 8fi]-alanine (22 xM). The aminoa-
chloride and 2-(cyanoethyl;N,N',N'-tetraisopropylphosphane were .y jation efficiency of dupleie variants that we tested was independent
purchased from Chemgenes (Waltham, MA). Ultrahigh purity aceto- 4f 4janine concentration over the range-Z00uM (P.J.B. and K.M.F.,
nitrile and dichloroethane were obtained from Baxter. NMR spectra unpublished data), as was previously shown for full-length tRN

were acquired on Bruker AC-200, AC-300, or Varian VXR 300 MHZ  pyjor 1o performing the assays, dupisubstrates were annealed by
spectrometers. Plasmid pQE-875, which harbors the gene for AlaRS heating in 50 mM HEPES, pH 8 at 8C for 2 min, then cooling to 60

with. an amino-terminal ;ix-histidine tag, was a gift fr_om Prof. Paul  o¢ tor 2 min, and finally adding MgGlto a final concentration of 10
Schimmel (M.1.T., Cambridge, MA). Reversed phase high performance 1 pefore placing the samples on ice. The final concentration of
liquid chromatography (RP-HPLC) was performed on a Beckman qplex substrates in the assays wagllD The reactions were initiated

System using a Beckman » 250 mm Gg column with diode array  y ‘aqding purified AlaRS to 0.26M. Rates of aminoacylation, which
detection. All buffers were prepared using diethylpyrocarbonate-treated 4 proportional tdea/Ky under the conditions used, were determined

water to reduce RNase contaminatién. from the slope of a plot of picomoles of alanine charged versus time,

Synthesis of 2-Pyrimidinone-15-b-{ 2-O-(tert-butyldimethylsilyl)- and represent the average of at least two determinations. A 1000-fold
5'-O-(dimethoxytrityl)ribonucleoside 3'-O-[2-cyanoethyl (diisopro- decrease in aminoacylation represents the detection limit of the assay.
pylamino)phosphoramidite]} (4HC). The modified base 4HC was  |n jnhibition experiments, all reaction components were incubated for
synthesized essentially as describeéf except for the final reactiol:'” at least 5 min prior to initiating the reaction with full-length, zitro
In the final step, the '§(dimethoxytrityl)-2-(tert-butyldimethylsilyl)- transcribed tRNA® to a final concentration of M. The conditions

protected nucleoside was dissolved in a 10-fold volume of acetonitrile oy inhibition assays were the same as for the charging assays, except
and diisopropylamine (1.2 equiv) followed by the addition of 2-(cya-  that the concentration of AlaRS was 0.08@, and the concentrations
noethyl)N,N,N',N'-tetraisopropylphosphane (1.5 equiv) and tetrazole of the inhibiting duplex were 10, 20, 30, 40, and 50 times that of
(1.1 equiv from a 0.45 M solution in anhydrous acetonitrile). The {RNAA=,

reaction was stirred under.Nit room temperature until complete by Circular Dichroism and Melting Studies. CD spectra and CD

(11) Seeman. N. C.. Rosenberg, J. M- Rich Poc. Natl. Acad. Sci. melting curves were obtained on a Jasco J-710 spectropolarimeter fitted
U.S.A.1976 73, 804-808. (18) Scaringe, S. A.; Francklyn, C.; Usman,Mucleic Acids Res1990

(12) Maniatis, T.; Fritsch, E. F.; Sambrook, Molecular Cloning: A 18, 5433-5441.

Laboratory Manual Cold Spring Harbor Lab: Cold Spring Harbor, NY, (19) Sproat, B.; Colonna, F.; Mullah, B.; Tsou, D.; Andrus, A.; Hampel,
1982. A.; Vinayak, R.Nucleosides Nucleotidel995 14, 255-273.

(13) Connolly, B. A. InOligonucleotides and Analogues: A Practical (20) Liu, H.; Musier-Forsyth, KBiochemistryl994 33, 12708-12714.
Approach Eckstein, F., Ed.; Oxford University Press: Oxford, England, (21) Musier-Forsyth, K.; Scaringe, S.; Usman, N.; SchimmeR1®c.
1991; pp 155-183. Natl. Acad. Sci. U.S.A199], 88, 209-213.

(14) Adams, C. J.; Murray, J. B.; Arnold, J. R. P.; Stockley, P. G. (22) Stehlin, C.; Heacock, D. H.; Liu, H.; Musier-Forsyth, Biochem-
Tetrahedron Lett1994 35, 1597-1600. istry 1997, 36, 2932-2938.

(15) Murray, J. B.; Adams, C. J.; Arnold, J. R. P.; Stockley, P. G. (23) Fersht, A. R.; Ashford, J. S.; Bruton, C. J.; Jakes, R.; Koch, G. L.
Biochem. J1995 311, 487—494. E.; Hartley, B. S.Biochemistryl975 14, 1-4.

(16) Barone, A. D.; Tang, J.-Y.; Caruthers, M. Nucleic Acids Res. (24) Hill, K.; Schimmel, P.Biochemistryl989 28, 2577-2586.

1984 12, 4051-4061. (25) Jasin, M.; Regan, L.; Schimmel, P Biol. Chem1985 260, 2226—

(17) Gaffney, B. L.; Jones, R., Biochemistryl989 28, 5881-5889. 2230.
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AT modest decreases in aminoacylation are observed upon making
C changes at major groove positions.
c Probing Potential Negative Elements in the C1:G72 Base
1 7 Pair in Duplex”A2 Substrates. We previously showed that a
g:g C1:G72 duple& variant is inactive, and that activity could be
3G=U™ partially restored by substitution of 2AP at position %72.
G=C Relative to G, this modified base has a deletion of the 6-keto
C~=G oxygen and the N1 proton. In the present work, we determine
U=A if additional functional groups in the major and minor grooves
A-U of the C1:G72 pair act as negative or blocking elements to
‘é :g prevent aminoacylation. Activity was indeed restored to varying
levels when each of the functional groups of the C1:G72 base
duplex™* pair that we probed was deleted (Figure 3, Table 1). When the

) . ) minor groove 2-amino group of G72 was deleted by incorporat-
_anﬁ_re L. Eeqﬁerr:(_:e k;)f Cr(‘jem'c‘;"y synthesized RNQ d”ﬂ%f%%d_r ing inosine at position 72 (Figure 3A), the level of aminoacy-
In this work, which Is based on the acceptor stem and part of lation was now detectable, but still 420-fold decreased relative
stem ofE. coli tRNAA2, The 1:72 base pair investigated in this study . . .
is boxed to the wild-type duplex (Table 1). Deletion of the major groove

' 4-amino group of C1 also resulted in a duplex that could be

with a Neslab variable-temperature circulating water bath. UV melting weakly a,m'noacyle_‘tedf however, activity of t,he 4HC1:G72
curves were obtained on a GBC UV/VIS 918 spectraphotometer duplex (Figure 3B) is still reduced 410-fold relative to the wild-
equipped with a Peltier device. Spectra were obtained 4€26 0.1 type duplex (Table 1). If the potential hydrogen bond acceptor
cm cells with approximately 1%M RNA duplex that was freshly =~ N7 of G72 is replaced by carbon (Figure 3B, C:7DAG),
annealed in 50 mM NacCl, 10 mM NaR@H 7), and 10 mM MgGl aminoacylation also improves and is now only 160-fold
Final CD spectra are the average of 10 scans. decreased relative to the wild-type duplex (Table 1). However,
the greatest recovery in activity occurs upon substitution of 2AP
at position 72. The C:2AP base pair has recently been shown
to be in the wobble configuration in a DNA helix (Figure 38).
Despite the probable conformational shift relative to a standard
Watson-Crick base pair in an RNA helix, we observe only an
18-fold decrease in aminoacylation relative to the wild-type
duplex (Table 1). This corresponds to>&0-fold increase in
keafKnm relative to the inactive C1:G72 duplex. Moreover,
substitution of 2AP for G72 dramatically improves aminoacy-
lation regardless of the identity of the base at position 1 (Table
1, Figure 4). The triple-deletion mutant 4HC1:2AP72 (Figure
3B) lacks the 4-amino group of C1 and the major groove
carbonyl and N1 proton of G72. Our results with this variant
(40-fold decrease if:afKy,, Table 1), which contains only a
single hydrogen bond, also support the role of major groove
functional groups of the C1:G72 base pair in blocking aminoa-
cylation by AlaRS.

Results

Probing Potential Recognition Elements in the G1:C72
Base Pair in DupleX*2 Substrates. To determine whether
functional groups in the major or minor grooves of the wild-
type G1:C72 base pair contributed toward positive recognition
by AlaRS, we used functional group mutagenesis to systemati-
cally delete possible hydrogen bond donors and acceptors from
the terminal base pair of dup®% substrates (Figure 1).
Acceptor stem-derived duplexes are good substratds.fooli
AlaRS 2! which facilitates the use of chemical RNA synthesisto
probe the role of specific major and minor groove functional
groups?® It was previously shown that when the minor groove
2-amino group of G1 was deleted by incorporating the modified
base inosine (Figure 2A), aminoacylation activity was essentially

unchanged. We find that upon incorporation of the base pair We note that a carbonyl oxygen in the major groove appears

A1:U72, which maintains the same minor groove functional ; ; .
] . .10 have a negative effect on aminoacylation by AlaRS whether
groups as I:C but changes the arrangement of atoms in the major

. L ) .~ “presented in the context of a purine or a pyrimidine. Regardless
?;031\:5 \(/\I/:i:g?t;/%sAc);’:l.t'hC(:aécz\ﬁgll g@dgc;gﬁeseld) nghﬁgldrégﬁtlve of the identity of the base at position 1, U at position 72 always

. . ; displayed lower activity than C or 4HC (Table 1, Figure 4).
suggests that .nf there are fpnctlonal groups resppn5|ble forComparison of the duplex containing 2AP1:U7276-fold) with
positive recognition, they are likely to reside in the major groove. the 2AP-C variant£6.4-fold) provides another example of this
We therefore determined the influence on aminoacylation of ; : P P

- . trend (Table 1). Aminoacylation of the dupfévariants is
each hydrogen bond donor and acceptor in the major groove of . . . .
the 1:7); bagse pair (Figure 2B). IncoF;poration of 7J-d§azagua- generally highest with C72, whereas 4HC72 variants with the

. . - L major groove 4-amino group deleted display intermediate
nosine opposite C72 (7DAG1:C72) actually resulted in slightly * =" <. .
improved aminoacylation of dupl&® (+2-fold), whereas efficiencies (Figure 4 and Table 1). On the other ham® at

A - . - ) osition 72 completely blocks aminoacylation in three cases
substitutions of 2-aminopurine (2AP) at position 1 (2AP1:C72) b ) ) . .
and G1:4HC72 resulted in 6.4-fold and 3.0-fold decreases, (A:G, C:G, and G:G). We can conclude, therefore, that while

respectively (Figure 2B and Table 1). The variant 2AP1:4HC72, %%?;?:ErgrL%)ggceTa?oahZTn?% rr giggzg S:n?r?cfltlr%rb 72 rzzgi?éz
which lacks the 6-keto oxygen, the 1-imino proton, and the Y ' jor g group p

4-amino group, resulted in a slightly greater decrease in activity by & pyrimidine (but not a purine) at this position has a positive

- . . influence on recognition by AlaRS.
(17-fold, Figure 2B and Table 1). This decrease is ap- - 2 . .
proximately what we would have predicted on the basis of the ba-ls-g gaér_lr mt(r)e:ﬁsinzlr%hc:r:nt(o)rlthgrifr%caicmlztgr}.cl;ﬁ illaggz o
effects of the individual deletions. We conclude that, although det rmpinl d wh t;/] rtlh Cl'G72Id Iyx : Id izhibit minw-
there is not a single functional group in the G1:C72 pair that elermine etner the &1 UDS cou o ihi aminoa
has a major effect on positive recognition of dupleky AlaRS, cylation of full-length wild-type tRNA®. A 50% inhibition

(27) Liu, H.; Yap, L.-P.; Musier-Forsyth, KI. Am. Chem. Sod.996

(26) Martinis, S. A.; Schimmel, P. tRNA Structure, Biosynthesis, and 118 2523-2524.
Function Sdl, D.; RajBhandary, U. L., Ed.; ASM Press: Washington, DC, (28) Fagan, P. A,; Fabrega, C.; Eritja, R.; Goodman, M. F.; Wemmer,
1995; pp 349-370. D. E. Biochemistryl996 35, 4026-4033.
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Figure 2. Proposed hydrogen bonding of base pairs incorporated at position 1:72 of ffuplébstrates designed to probe minor (panel A) and
major (panel B) groove functional groups of the G1:C72 base pair for their role in recognitiBndmfi AlaRS. The locations of the major and
minor grooves are indicated for the wild-type base pair, along with the specific functional groups examined in this study (arrows). Fold changes
in kealKwm relative to the wild-type base pair are given in parentheses. | is inosine, 7DAQlenRy-7-deazaguanosine, and 2AP 'igl@oxy-2-
aminopurine. Aminoacylation of duplé® is not decreased significantly upon incorporation of -@&€oxy base at positions 1 or 72.

in aminoacylation of tRNA@ was achieved upon incubation spectra at 23C, indicating that the helix is fully annealed at
of AlaRS with a 16-fold excess concentration of the C1:G72 the aminoacylation assay temperature of°€5used in these
duplex relative to wild-type, full-length tRN®2. A similar studies.

result was obtained using the C1:G72 duplex to inhibit charging

of the wild-type duple substrate. We conclude that AlaRS  piscussion

is able to bind the mutant duplex, but unable to charge it.

Biophysical Studies. The room-temperature CD spectra of It is well established that the acceptor stem domain of
the wild-type and C1:G72 duplexes are shown in Figure 5. ThesetRNAA2 contains nucleotides responsible for specific recognition
spectra are characteristic of A-form RNA, and it appears from by class IIE. coli AlaRS33736 In particular, in vitro data
these spectra, which were obtained at room temperature in theshowed that minor groove atomic groups in and near the unique
presence of 10 mM My, that there are no major differences  G3:U70 base pair are functionally importdt. The region of
in the base stacking or helicitj:*> However, CD spectroscopy  ajaRS that interacts with these minor groove functionalities has
may not be able to discern subtle conformational differences een |ocalized to a fold-back peptide appended to the class-
b_etween thg duplexes. In particular, changes in the conforma-deﬁning catalytic domai? In »ivo data support the notion
tion of the single-stranded ACCA-8nd of the RNAs may not 4t 5 “helical irregularity” caused by the G:U wobble pair also

have a significant effect on the spectra. . o 39 :
. ; . contributes to recognition by AlaR¥83° On the basis of
An RNA helix that closes with a'8G:C-3 base pair is :
thermodynamically more stable than one closing in-é:pSS-S structural data obtalngd by X-ray crystallography, class I
pair3L3 The effect of appending a single-stranded ACCA-3 synthetases are all believed to approach the acceptor stem of
' tRNAs from the major groove side? In this study, we

sequence on the relative stability of these RNA duplexes, . i RO L
however. is unknown. We wanted to determine whether the Investigate the extent of discrimination within this groove for

dramatic decrease in activity between the wild-type and A/2RS at the first base pair. Previous studies had already
C1:G72 variants was due to major differences in helix stability. €Stablished that the 1:72 base pair was important for tRNA
The melting temperatures of the G1:C72 and the C1:G72 identity in 2iv0.3%> Furthermore, substitution of C72- G in
dupleXa were determined from circular dichroism melting full-length tRNAA? results in a 62000-fold decreaseiinvitro
curves to be 68 and 62 1 °C, respectively. These differences aminoacylation by AlaRS and a complete loss in aminoacylation
indicate that the wild-type duplex is indeed slightly more stable
than the C1:G72 variant, which is in agreement with previous (34) McClain, W. H.. Foss, KSciencel988 240, 793-796.
findings on related systeni$3? However, CD results at low (35) McClain, W. H.; Foss, K.; Jenkins, R. A.; Schneidetbc. Natl.

temperature (data not shown) showed no change relative to theAcad. Sci. U.S.A1991, 88, 9272-9276.
(36) Francklyn, C.; Shi, J.-P.; Schimmel, ciencel992 255 1121-
1125.

(33) Hou, Y.-M.; Schimmel, PNature 1988 333 140-145.

(29) Johnson, W. C., Jr.; Tinoco, |., Biopolymersl969 7, 727—749.

(30) Woody, R. W.Methods Enzymoll995 246, 34—71.

(31) Sugimoto, N.; Kierzek, R.; Turner, D. HBiochemistry1987, 26,
4554-4558.

(32) Turner, D. H.; Sugimoto, N.; Freier, S. M\nnu. Re. Biophys.
Biophys. Chem1988 17, 167—192.

(37) Buechter, D. D.; Schimmel, Biochemistry1995 34, 6014-6019.
(38) McClain, W. H.; Chen, Y.-M.; Foss, K.; SchneiderSgiencel 988

242, 1681-1684.

(39) Gabriel, K.; Schneider, J.; McClain, W. Bciencel 996 271, 195~

197.
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Table 1. Aminoacylation Efficiency of Duple¥® Substrates A
Containing Base Pair Substitutions at the 1:72 Position l l
Keal K2 fold —AAG*® H l
base pair (relative) decrease (kcal/mol) N-HumQ N\ﬁ H\N 4
. — 1y
G:C (wild-type) 1.0 0 (/_\<N-M-I|H—N\>_S\/ N 2 N\ﬁ
Positive Recognition N— V=N R 7 Nub-N )N,
l:.Cd 0.67 1.5 0.3 R OuiH-N N— =N R
7DAG:C® 2.1 +2.0 -0.42 H R o
2AP:CF 0.16 6.4 1.1 t
2AP:F 0.013 75 2.6 c
G:4HC 0.34 3.0 0.65 C:G (-420)
2AP:4HC 0.059 17 1.7 (-1000)
Blocking Elements
C:l 0.0024 420 3.6
4HC:G 0.0024 410 3.6 B N\ﬁ
C:2AP 0.057 18 1.7 NW /,—Q\/N
C:7DAG® 0.0063 160 3.0 (—\ W N HuN .
4HC:2AP 0.025 40 2.2 NunH-N =N
. 4 NnuunH N

Al Variants OuumH N N— H
AA 0.0034 290 34 “H o
A:G 0 >1000 >4.9
A:2APe 0.040 25 1.9 4HC:G H C:2AP
A:C 0.030 33 2.1 (410) NeHomO ¢18)
A:U 0.0040 250 3.3 =
A4HC 0.012 80 2.6 ¢ \<Nl,,,,,H_Nm\

C1 Variants N~ Y=N R
CA 0 >1000 >4.9 R OwH-N
CG 0 >1000 >4.9 H
C.C 0.15 6.6 1.1 C:7DAG
C:u 0.0087 120 2.8 (-160)
C:4HC 0.024 41 2.2

G1 Variants N\ﬁ
GA 0 >1000 >4.9 N/’_S\/N\ N
G:G 0 >1000 >4.9 —N R
G:2AP 0.076 13 1.5 </ \N“""H—N>_ «— > < N /—S’
G:U 0.0096 100 2.8 N—< H

/

U1 Variants R © 4HC:2AP R 0'"'"“ N
UA 0.0040 250 3.3 40) H
u:G 0.0016 630 3.8 ) . o
U:2AP° 0.055 18 1.7 Figure 3. Proposed hydrogen bonding of base pairs incorporated at
u:C 0.076 13 1.5 position 1:72 of dupleX® substrates designed to probe minor (panel
U:u 0.012 83 26 A) and major (panel B) groove functional groups of the C1:G72 base
U:4HC 0.070 14 1.6 pair for their role in blocking recognition k. coli AlaRS. The specific

functional groups examined in this study are indicated by the arrows.
Fold changes if.a/Km relative to the wild-type base pair are given in
parentheses. Modified bases are abbreviated as in Figure 2.

aValues reported are averages of two to four determinations with
average standard deviations80%. ® Fold decrease ike.a/Kw is given
relative to wild-type dupleX2. In the case of 7DAG:C, an increase in
kealKm Was observed —AAG* is defined aRRT IN[(KealKm) 2@ (Keaf
Kyw)wid=tpe] where R = 1.98272 cal/moK and T = 298 K. ¢ Data
was taken from ref 52lt was previously established that single 100
deoxynucleotide substitutions at positions 1 and 72 of ddfslex
substrates have no negative effect on aminoacylation by AfaRS8.
test specific major groove functional groups, we therefore incorporated
the commercially available deoxynucleotide version of the base analogs
7DAG and 2AP. Modified bases are abbreviated as in the legend to
Figure 2.
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of duplex2.40 In the dupler'2 system, it was shown that the
dramatic effect of a G1:C72- C1:G72 transversion was at least
in part caused by a blocking effect of major groove functional
groups of G727 The results of the 26 new substitutions at the
1:72 position presented here support and extend the results
obtained previously and allow us to conclude that major groove I c1 a1 01
dlscrlmlnatlo.n. does indeed play a significant role in acceptor Figure 4. Histogram showing the aminoacylation efficiency of selected
stem recognition by AlaRS. 1:72 variants relative to the wild-type G1:C72 dupfexdefined as

Comparison of inactive N1:G72 dupf¥variants with active 100%). The nucleotide at position 1 is indicated on xhexis, and
N1:2AP72 variants shows that deletion of the 6-keto oxygen the base at position 72 is indicated above the bars. Modified bases
and the N1-hydrogen of G72 results in a transition state are abbreviated as in Figure 2.

Percent wild-type activity
3

S ¢72

0

(40) Liu, H.; Kessler, J.; Peterson, R.; Musier-ForsythBiochemistry — stabjilization of at least 3.0 kcal/mol (Table 1). This result is
1995 34, 9795-9800. ; ; ; Pro
(41) Steinberg, S.; Misch, A.; Sprinzl, Miucleic Acids ResL993 21, of particular interest because only oBecoli tRNA, tRNAPT™,

3011-3015. has a G aposition 724! and this is one mechanism by which
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LT e I e the CD spectra of the C1:G72 mutant and wild-type duplexes
at 25°C are very similar and that the observed difference in
melting temperatures was as expecte#. Although CD is a
useful probe of nucleic acid secondary structure, little tertiary
4 structural information may be derived from analysis of these
spectra, and therefore, our results cannot rule out structural
Pt differences in the conformation or stacking of the ACC/e@d

onto the first base pair. Additional structural data, such as that
which can be obtained using NMR spectroscopy, will be
necessary to further explore these possibilities.

On the basis of the biochemical studies reported in this work,
wavelength (nm) we conclude that while there is not a single functional group in
Figure 5. CD spectra of wild-type G1:C72 and mutant C1:G72 the G1:C72 base pair that contributes as much toward positive
duplexes. The spectra were obtained using«¥bduplex in 50 mM recognition by AlaRS as the previously characterized minor
NaCl, 10 mM NaPQ (pH 7.0), and 10 mM MgGlin 0.1 cm cells at groove elements in and around the G3:U70 base pair, the
room temperature and represent the average of 10 scans. Molargnzyme has a preference ®C atposition 72 and discriminates
ellipticity is presented in units of W-cn™. strongly against substrates containing a major groove carbonyl
- . . . group presented by eitha G or a Uresidue at this position.
AlaRS is likely to discriminate agalnst thls_, noncognate tR_NA. Class Il AlaRS is, therefore, an example of a system that
Furthermore, we show that deletion of major groove functional chieves an extraordinary degree of overall discrimination by
groups also affects positive recognition by AlaRS. A compari- exploiting both the greater accessibility of minor groove
son of the wild-type duplex with the 4HC72 variant tested (Table ¢,ctional groups in internal positions of an RNA helix with

1) shows that the 4-amino group of C72 contributes 0.65 kcal/ o high degree of specificity afforded by major groove
mol to transition state stabilization. The decrease in aminoa- interactions at the end of the helix.

cylation efficiency observed with the 2AP:C duplex (6.4-fold)
shows that a modest contribution to transition state stabilization
is also provided by the carbonyl group and N1 proton of G1
(—AAG = 1.1 kcal/mol). Many of the modified bases tested
are likely to alter the base pair conformation to a non-Watson
Crick or wobble (_:onﬂgura_tlon_. In these cases, I IS difficult to Professor Victor Bloomfield for his support of this work and
assess the relative contribution of specific functional groups

versus conformational differences. Nevertheless, our resultsfor allowing us to use his instruments for CD and UV/Vis
’ ’ .measurements. We also thank Professors Paul Schimmel and

agree with the hypothesis that qlass I synth_etases approach the'bhristopher Francklyn for helpful comments on the manuscript.
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AlaRS against the C1:G72 duplex apparently occurs, at least
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