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ABSTRACT

The crystal structures of two nucleosides, 5-carbamoylmethyluridine
(1) and 5-carboxymethyluridine (2), were determined from three-dimensional
x-ray diffraction data, and refined to R=0.036 and R=0. 047, respectively.
Compound 1l is in the C3'-endo conformation with X= +5.2° (anti), y~= +63.4°

and Ye= +180.0° (tt); 2 is in the C2'-endo conformation with X= +49.4° (anti),
y== -60.5° and y== +60.0° (gg). For each derivative, the plane of the side
chain substituent is skewed with respect to the plane of the nucleobase; for
1, the carboxamide group is on the same side of the uracil plane vis a vis the
Tibose ring; for 2 the carboxyl group is on the opposite side of this plane.
No base pairing is observed for either structure. Incorporation of structure
1 into a 3'-stacked tRNA anticodon appears to place 08 within hydrogen bonding
distance of the 02' hydroxyl of ribose 33, which may limit the ability of such
a molecule of tRNA to "wobble".

INTRODUCTION

An increasing number of pyrimidines found in nature, either in specific
nucleic acids or in antibiotics, are characterized by the presence of an alkyl
substituent at position 5. Their list includes pyrimidines such as 5-hydroxy-
methyl cytosine1 in the DNA of E. coli T even phages, 5-hydroxymethyl uracil2
in the DNA of B. subtilis phage SP 8, the antibiotic Bacimethrin3 from B.
megatherium, 5-(4',5'—dihydroxypentyl)uraéila from B. subtilis phage SP 15,
and the universal nucleoside pseudouridine5 in loop IV of tRNAs involved in
protein synthesis.

In addition several modified uridines possessing a carboxymethyl side
chain at position 5 are widely distributed in tRNAs in both procaryots and
eucaryots. The B-D-ribonucleosides of S-carboxymethyl-ﬁ, 5-carbomethoxy-
methyl-7, S-carbamoylmethylurac118, the respective 02'-methy1-9 as well as
some 2-thio-derivativeslo have been isolated and characterizedll. Interest-
ingly these nucleosides, when present, occupy the "wobble" position of

various anticodon sequences .
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The effects of the 5-alkyl groups in these pyrimidine nucleotides remain
to a large extent unexplained. The presence of such groups must certainly
influence the immediate and perhaps the overall structures of polynucleotides
in which they occur. A knowledge of the detailed structural features and
conformation of such nucleosides could illuminate that point. In this context
we report here our results of an x-ray crystallographic study of 5-carbamoyl-
methyl uridine (ncmsU) and 5-carboxymethyl uridine (cmSU)13.

EXPERIMENTAL

Well formed crystals of 5-carbamoylmethyl and 5-carboxymethyl uridine
were selected for data collection. The experimental details are summarized
in Table 1. The program MMLTAN]'4 was used for structure determinations.
Scattering factors were from the International Tables for X-ray Crystal-
lography15 and for the hydrogen atoms those of Stewart16 et al. The heavier
atoms were refined anisotropically and the hydrogen atoms isotropically. The
final R values are .036 for 5-carbamoylmethyl uridine and .047 for 5-carboxy-
methyl uridine. Table 2 contains the final coordinates and the structure
factors are deposited.

The bond distances and angles are similar to one another and agree well
with those found in other uracil derivativesl7. The ribose ring of the
carboxymethyl derivative is in the C2'endo conformation and has an y angle
of 49.4° (anti). The ribose ring of the carbamoylmethyl uridine is C3'endo
and has the low value for x (5°) normally associated with C3'endo sugar

rings. The conformation of the C4'-C5' bond in the carboxymethyl derivative

Table 1. Crystal data on S5-carboxymethyl uridine and 5-carbamoylmethyl

uridine
Formula Cy1H,,N,0 Cy1Hy5N507
Crystal system Oghég'hgm ic Orthgzhgmbic
Space Group P212121 P212121
Cell dimensions .
a 13.360 (3) & 10.905 (2) A
b 17.160 (3) 22.380 (3)
c 5.479 (1) 5.114 (1)
v 1256 A°3 1248 A°3
Cell contents 4 molecules 4 molecules
No. of independent intensity 1364 1274
data collected
No. of reflections below 291 171

threshold value
Radiation used
Structure solution

Cuke (1.5418 &)
Direct Methods

Cuk= (1.5418 &)
Direct Methods

Final R value 0.047 0.036
Estimated standard .006 & .004 &
deviations in C-0
or C-C bond lengths .
Estimated standard 0.4° 0.3

deviations for
angles
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Table 2. Atomic parameters and their estimated standard deviations for

S=carboxymethyl uridine and S-carbamoylmethyl uridine

Positional parameters are expressed as fractions of unit cell
edges. Anisotropic temperature factors are expressed as:

* * * ® * *
exp(-1/6 (72" 2, 1o 7, 412 78, eamka s B ye2mta e B b e M, ) 1.
The isotropic temperature factors are of the fom cxp(-Bu.nz 8/12)
with B values given in %2, The standard deviacion for each param-
meter, determined from the inverted full matrix, is givem in

parentheses and applies to the last specified digits. Fractional
coordinates are x 103 for hydrogen atoms, x 104 for other atoms.

A. S-carboxywethyl uridine
X Y Z 8l 822 833 a2 813 B23
oL’ 194¢ 2) 329808¢ 2) 1582¢ &) 2.684(11) 2.e8019) 2.931(13) -9.19¢18) -8.27(1D) 8.48(12)
02! 2337 ) 3357¢ 2) 4948¢ 6)  1.86(1@)  2.65(11)  3.61¢ 1) @.35C 9 -08.17(12) -3.36(12)
03’ 1936¢ 2) 2826( 2) $S4C 7). 3.16(12)  2.35C11)  4.34C i3 ~3.33C11)  [.67(14)  ~1.36(14)
Qs' -995( 2) 2941¢ 2) 4324¢ 7Y 2.51C11)  2.48C11)  3.87C 1) -9.08(18) A.48(13)  8.8A(12)
02 2254¢ 2) $479( 2) 3316¢ 63  2.08(18) 2.67(11)  3.11¢13) -9.52¢ 3)  8.34C11) -8.39C12)
06 349¢ 3) S516¢ 2) 9295( 8)  3.27(1d)  4.13U1%)  5.73C 2) ~-8.93(12)  1.48(16) -3.6(19)
137 4 -1318( 3) €379¢ 2) 6762¢ 8)  4.54(16)  4.68(1%)  S.33¢19)  1.%4€14)  2.81C16)  2.55¢19)
oicx =2524C 2) 6083 2) 10278¢ 7)  3.24(12) 4.46(1%)  3.87(17)  1.73(13)  (.18C14)  8.7301%)
X 849( 2) 4g1e¢ 2) 4484¢ 7)  2.88(12)  1.J47C11)  2.96(16) <-B8.11¢18) 9.31(14) -8.24013)
n3 1267¢ 2) $989( 2) 6259 8)  1.94(12)  1.7SC11)  3.51(18) =-0.96(11) =0.28(14) -8.58(1d)
ci' 1979¢ 3) 4159¢ 2> 2844(¢ 8)  2.87(14)  2.13(16)  2.85(12)  8.26(1d)  9.28(16) -A.18C1%)
c2' 1346¢ 3 3491¢ ) 4157¢ 9 2.23(16)  2.83(16)  2.20017)  B.17(13)  9.76(1S)  08.05(16)
c3' HI7e 2312¢ 2) 2188¢C ¥)  2.3801%)  1.73¢1%)  2.66(19) -3.38(14)  B.S1(17) -8.35C18)
cs' 175¢ 3 3155¢ ) 9 3.23019)  2.81(1S)  2.87(12) -8.28(1S)  A.14(18) -7.83(16)
cs’ -818¢ 4) 2835¢ 3) 17SSCI) 2.68(18)  2.59(18)  3.98(2%) -8.57(16) -8.31(19) -8.49(21)
2 1518¢ 3) $429¢ 2) 4%95¢ 9 2.13014) 171018 2.58(19)  8.84(13) -8.53(17)  9.20(17)
460¢ 3) 5924( 3) 7820(19)  2.88(1S) 2.38(i7) 3.73(24)  8.27(1%)  9.11(18) -9.51(2®)
] -224¢ ) $338¢ 2) TSSSC 9)  1.79C1d)  2.35(16)  2.38(!9)  9.44(14) -9.23(17)  A.3I5C1S)
cé -1¢ 3 4789¢ 2) $952( 9  1.93C14)  1.61C1d) 2,391 @.2101  B.51(17)  9.38(16)
(3] -1144¢ 3) $331C 2> 9125(18)  2.49C(16)  2.16¢16)  3.17(21)  9.49¢1%)  9.52(18)  8.52(1
ccx -1848( D 5995¢ 3 gSGS(lQ) Bl.SG(lS) 2.77410) 3.86(22) 9.26(1%) 9.04c16) -9.26(19)
Y
HO2' 244C 9) 368¢ 3 833(13) $.2¢15)
HO3' 191¢ & 244C ) -41(12) 4.6(16)
HOS' -98( 3) 246¢ S 479¢16) 6.9(19)
HO2X -283¢ &) 647¢ & 1009¢13) 4.3(15)
HN3 172 9 634( B 654(15) S.7(18)
BC1' 164¢ 3 438 3 17201 3.1012)
BC2' 9 D 334( 2 S32( 8) 1.2¢ 8
BC3' 193¢ 3 227( 2) 293( &) 1.3¢ 8
BCA' 38¢ & 308¢ 3) -59(18) 2.5018)
H1S' -93( @ 221 3 145(18) 2.8¢11)
23’ -138C &) 318¢ 3) 87(12) 4.9(13)
Be6 ~aSC @) 31D $82¢18) 3.1AD
ac? -88( 4) s32¢ 3 1880¢11) 3.3012)
uac? -159( D a89¢ 3) 877¢( 9 1.6¢ 9
3. S-carbamoylmethyl uridiae
X Y 2z 811 822 823
o1’ 8607( 2) 1478¢ 1) -2087¢ 4)  3.80C P 2.23( @) 3.82¢ 7)
02' $996¢ 2> 1718¢C 1Y SIS13C 9 2.272¢ ™ 3,233 9.23C10)
03’ 72%4¢ ) 2r9ac 1) -353C $)  3.28C N 2.62(1@) -9.39¢ 9)
0S'  18234C 2) 2288( 1) =5774( $)  2.%4C M 3.73(1D) 9.%5a¢ 9
02 79921 2) 4a89¢ 1) 29%5C $Y  2.52¢ 9 2.81U1®) -8.23¢ 9
19943 2) 131¢C 1) 6366C 6)  3.34018)  4.A3CI 1.29€18)
08 12202¢ 2) 1512¢ 1 S988C 5)  3.25( M 3.5%5112) -9.61C 3
N 3734 3 a1 1) 1917C S)  2.45(19)  2.22¢19) 9.16¢ 9
X3 993 3) 292¢ 1) 44040 6) 2,781 212719 9.43¢C 3
8 13886¢ 3) 3¢ 2) S286( T)  2.79012)  4.9%¢16) -2.73013)
cl 7888¢ 3 1283¢ 2) -1828¢ 6)  2.34C12)  2.62(14) 9.230:)
c2' 7963¢( ) 1696 2) 86¢ 6) 2.13C11)  3.81t1®) 9.07C11)
c3’ 7887¢ 3) 2242¢ 1 -199C 6) L1501 2.63(14) -2, 15019)
c4' 8469 3) 2112 -2990¢ 6)  2.38(12; L24¢12) -9.82019)
cs' 2632¢ ) 2313¢ ) -3285( 7)  2.%6(13)  2.92(1 -9.11¢12)
c2 8214 B S7TOC 1) 28240 TV 2.T2013) 2.14(12)  1.42(12) -8.17CID -1 =9.0401 D)
C4 19253¢ 3) ktedar3) A5ITC 2. 2.72013 2.28(14)  1.33714)  0.SI711) 9.34(13)  9.9871D)
cs 197830 3 TEIC ) 26460 7Y 2.82¢12)  2.12(12)  1.T3U  9.17C11D) 9,131 -A.2701)
cé 9989¢ 1929¢ 2) A2 7Y 2.35Gi 2.46(1d)  [L64C13)  8.21CIL  3.12¢11)  9.82¢1D)
c7 12126 3) e ) 23340 7)Y 2.62013)  2.33(1&)  i.A4(14)  0.54C12)  A.00C1I  -9.31012)
cs 127240 3 1113¢ 2) 4720¢ ) 2.%8013)  2.64r14)  1.99¢1d)  8.32¢12) -9.03(13)  A.93C12)
HC1' TIEC D 87 1 SIS [
BC2' 57D 1616 1 187¢ 61 2.3
BC3' 8520 3) 222C D 185¢ 53 2.1
BC4'  TRS( D) 224 1) -a3ar 5) 2.2
H1S' 1923 D 2220 ) -191¢ @) d.t
B25' 253D 2870 1) -39sC 2 2.9
HO2' S33 D 2110 2) -188¢ ) S.0
HO3' T35 ) 382¢ 2) RSN 6.7
ROS' 1973 @ 2010 2y -S33¢ 65.%
HND 853¢ 3) -1 D SS3C © 2.6¢
BC6  1935¢ 3 129¢ 1) ! 3.5
RI1C7 1243« 43¢ ) 23 ™ 2.2
H2C7  1238¢ 3 104¢ 23 81¢ ) 3.6¢
BINS  1433¢ &) £4C 2v a24c 9 6.3
HIN8 14320 D) nre 2y 631 8) 4.0
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is gauche and that of the carbamoyl derivative, trans.

In the structure of a related minor base, uridine-5-oxyacetic acid methyl
esterls, the side chain is approximately coplanar with the uracil ring. In
both of the derivatives we have studied, the planes of the substituent groups
are skew with respect to the plane of the nucleobase. The carboxyl group is
on the opposite side of the uracil plane vis a vis the ribose ring; the car-
boxamide is on the same side of this plane. (Figure 1)

Fig. 1. Bond distances and angles of (a) 5-carboxymethyl uridine and
(b) 5-carbamoylmethyl uridine.
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RESULTS
The Molecular and Crystal Structures

The structural features of both the carboxymethyl and carbamoylmethyl
uridine derivatives are summarized in Figure 1 which shows the distances,
angles and conformations of the molecules and in Table 3 which summarizes
the conformational features of the molecules.

In both crystal structures (Figures 2a, b, Table 4) the uracil bases are
arranged in the "herringbone" fashion found in many uridine structuresls’lg;
there is no base pairing. In the carbamoylmethyl derivative there are infinite
spirals of hydrogen bonds comnecting the N3 of one uracil ring to the 02 of
another. Another hydrogen bonded spiral connects the amide (N8) to a symmetry
related 04. The O1' of the ribose points at a base in an adjacent plane as
has been found in other nucleoside structureszo. In the carboxymethyl deriva-
tive, the N3 and 02 of the uracil rings are hydrogen bonded to symmetry

related ribosyl 03' and 02' hydroxyl atoms as was seen in the structure of

uridine 5-oxyacetic acidls.

DISCUSSION

The specificity of certain tRNAs for recognition of multiple codons
differing in the third letter only, has been consistent with the predictions

of the "wobble" hypothesisZI. Results from such earlier studies and the

Table 3. Conformation Angles

Angle Atoms Involved Values (°)
5-carboxymethyl 5-carbamoylmethyl
uridine (C2' endo) uridine (C3' endo)
A B Cc D
Xcn 01' C1' N1 c6 + 49.4 (anti) + 5.2 (anti)
Yoo o1' c4' cs' 05" - 60.5} gauche * 634 }mms
*OC c3' c4' c5' 05' © 4+ 60.0 + 180.0
To c4' o01' c1' c2' - 25.7 + 10.0
1‘1 o1' ci1' c2' c3' + 39.6 - 30.7
T, c1' c2' c3' c4' - 37.4 + 38.7
T3 . C2' c3' c4' o1' + 23.7 - 34.2
r‘. c3' c4' o1' c1' + 1.4 + 15.4
c4 ¢5 C7 Cccx(c8) + 64.5 - 67.7
€5 C€7 CCX(c8) 01Cx(08) + 16.1 - 30.8

The nomenclature used is that used by Sundaral:l.ngam“. Each con-
formation angle is defined in terms of 4 consecutive atoms ABCD.
The positive sense of the rotation is clockwise from A to D while
looking down the BC bond. The atoms in parentheses refer to
S5-carbamoylmethyl uridine.
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02CX .I—.
0

O
0ICX P \
g 05"
p =,

e,

Fig. 2.

to the acceptor atoms.

The hydrogen bonding of (a) 5-carboxymethyl uridine and (b) 5-
carbamoylmethyl uridine looking down the c axis.
in hydrogen bonding are labelled.

The atoms involved
The arrows point from the donor
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Table 4. Hydrogen Bonds

A. 5-carboxymethyl uridine

i 3 symmetry operation of j Distance in 3
02' 02 1/2-X 1-Y 1/242 2.786
03' 01CX -X =1/2+4Y 1/2-2 2.795
05' 04 -X -1/2+Y 3/2-2 2.705
02CX 05' =-1/2-X 1-Y 1/242 2.638
N3 03' 1/2-X 1-Y 1/24Z 3.149

02' 1/2-X 1-Y 1/2+2 2.970

B. 5-carbamoylmethyl uridine

02' 05' -1/24X 1/2-Y -1-Z 2.765
03' 08 -1/24X 1/2-Y 1-2 2.726
05' 08 X Y -z 2.904
N3 02 3/2-X -Y 1/2+2 2.761
N8 04 5/2-X Y -1/24z 3.135

predicted pairing rules for the third position of the codon have been summa-
rized by Wéisszz.

Uracil and its modifications, when occupying the "wobble" position are
capable of responding to two different letters in the third place of a pair
of otherwise identical codons. However, in each such case, the responses to
different codons need not be identical in terms of the strength of the inter-
action or the ultimate rate of protein synthesis. To date, there are only
three known tRNAs participating in protein synthesis that possess an ummodified
U at the 5'-end of the anticodon, i.e., baker's yeast tRNA%&X (anticodon
UAG)23, tRNAgig?GGA/G (anticodon UCC) derived from E. coli tRNAgé%?C by a
G > U base change in the "wobble" positionza, and a portion of the tRNAgéK%G
obtained from glyT+ E. coli strainszs. The remaining portion of the latter
contains an unidentified modified uridine in the "wobble" position, but still
has the same coding properties responding to GGA/G26. Triplet binding studies
with these tRNAs22223:25:27 jngicate that an unmodified U in the "wobble"
position either recognizes A exclusively or responds to A better than to G.
On the other hand, several modified uridines at the same position bearing
aliphatic substituents at the position 5 show enhanced recognition for G
relative to A during the decoding process. This is demonstrated by the E.

coli tRNAXal and tRNAier containing uridine-5-oxyacetic acid and responding

equally well to the codons GUA, GUG28 and UCA, UCG29, respectively.30 Other
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tRNAs likely to belong to this group are tRNAggl from baker's yeast31 and

the tRNAPro and tRNAser from bacteriophage T432 all of which contain a modi-
fied uridine at the "wobble" position.

The methyl ester of 5-carboxymethyluridine has been identified in the
12b (anticodon mcmSUCU);

however, its coding preferences, if any, between A and G have not been studied.

"wobble" position of tRNA?%% from brewer's yeast

The existence of two different blocking substituents (methyl ester, amide)
for the carboxylic group of the side chain has been considered in relation to
a dependent function of cmSU-containing tRNAs.33

There are several mechanisms by which 5-substitution of the "wobble"
uracil base may be related to the expression of its coding specificity. With

regard to its hydrogen-bonding properties, these mechanisms are based upon

Crick's hypothesis that alternate pairing of a uracil to a guanine moiety
involves reverse Watson-Crick hydrogen-bonding to the 2- and 3-positions of
uracil. This requires a translation of only 2.5 Z of that pyrimidine.21
Modification of a uridine moiety at position 34 of the anticodon would be
expected to modulate its relative binding properties with adenosine and guano-
sine through a direct effect on its intrinsic electronic complementarity,34
an indirect effect on its ability to undergo conformational changes, or by

some combination of these.

In many instances, the effects of substitution upon the hydrogen bonding
or stacking properties of nucleic acid components, as a result of inherent
electronic and conformational changes, have been well documented. The replace-
ment of the 2-keto group on the uracil base by a 2-thione group results in
preferential if not exclusive coding for A35 presumably as a result of the
poor hydrogen bond accepting ability of sulfur. Similarly, a 5-substituent
on a uracil might affect the relative hydrogen bond accepting ability of the
2- and 4-keto groups, as has been proposed for uridine-5-oxyacetic acid,
methyl ester.36 Such an effect is unlikely to be significant in the two
compounds in this study as the inductive effect of the side chain function-
ality is insulated from the pyrimidine ring by a methylene group. The possi-
bility of steric hindrance exerted upon the 4-keto group, however, cannot be
discounted.

Indirectly, a 5-substituent may alter the conformation of the 'wobble"
nucleotide or modify the ability and means of adjacent bases to stack with it.
Evidence has been obtained for conformational rigidity in a modified nucleo-
tide due to electrostatic interaction of charged groups,37 as might occur

between an ionized carboxymethyl side chain and an adjacent phosphate. The
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excision of the hypermodified Y base at position 37 decreases significantly
the binding capacity of the adjacent anticodon in tRNAPhe 38 This effect
has been attributed to a disruption of the rigid conformation that is stabi-
lized by the side chain. Thus, 5-substitution may effect both stacking and
hydrogen bonding abilities in the wobble base. In fact the effect would be
expected to be synergistic, as Grosjean et al., have demonstrated the large
role that stacking can play in stabilizing the H-bonding interaction of
complementary trinucleotide sequences.39

The anticodon loop seems to be characterized by an unusual conformational

agility. Independent studies of the orthorhombic40 and monoclinic41

h

crystal forms of tRNAP ® demonstrate a 3' stacked conformation for the anti-

codon of each; i.e., there is a sharp turn (w turn42 or U-turna3) made by the
phosphate backbone on passing from U33 to N34, and the three bases of the
anticodon (N34, N35, N36) are arranged in an approximately 8-fold helical
stack. Recently, Lake has proposed that the anticodon undergoes a conforma-
tional change from a 5'-stack to a 3'-stack while attached to mRNA during
protein synthesis.44 It is likely that modifications of the "wobble" base
could also affect modulation by enhancing or retarding this process.

If one takes for a model the 3'-stacked conformation for tRNAPhe 45,
and attempts to substitute 5-carbamoylmethyluridine into position 34, one
finds that 08 is close enough to the 2'-hydroxyl of ribose 33 to form an

H-bond (Figure 3). In an unmodified uracil, or one whose substituents are

Fig. 3. The substitution of 5-carbamoylmethyl uridine at position 34 in the
anticodon region of a tRNA. The three bases of the anticodon (34,
35, 36) are represented by solid black bonds. The possible hydrogen
bond between 08 and 02' is shown.
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coplanar with the base (such as the 5-oxyacetic acid derivative),36 this
phenomenon is absent. If it is assumed that such substitution may be made
without significant conformational change for the nucleoside monomer or the
tRNA, then the flexibility of the anticodon loop would be affected profoundly.
Thus, 5-substitution of uracil can restrict the conformational freedom of

the anticodon which may in turn modulate its H-bonding properties or ability
to "wobble".
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