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Abstract: The atomic coordinates are given for yeast phenylalanine transfer
RNA in the orthorhombic crystal form. The structure has been refined by fit-
ting to successively improved electron density maps at 2.7 & resolution. The
model fitting has been accomplished by using an interactive computer graph-
ics system to minimize the errors inherent in manual model building and coor-
dinate measurements, using an optical comparator. The atomic coordinates
have then been "idealized" to make bond distances, bond angles, steric con-
formation and non-bonded contacts close to standard values, while constrain-
ing the model to fit the electron density maps.

The three dimensional structure of yeast phenylalanine tRNA (tRNAPHE) in
the orthorhombic crystal form has been determined by X-ray crystallographic
methods. The backbone structure of the molecule was determined at 4 R reso-
lution by the multiple isomorphous replacement method (1), and the tertiary
hydrogen bonding scheme between the bases has since been described for the
yeast tRNAPHE in the orthorhombic (2) and the monoclinic crystal form (3),
based on the electron density maps at 3 % resolution. The refinement for
the yeast tRNAPHE structure in the orthorhombic crystal form has been pur-
sued along two different directions, one at M.I.T. (to be submitted to this
journal), and the other at Duke University. We present the results from the
latter approach here.

In fitting the models to successively improved electron density maps
obtained by the "partial structure fourier method" (4), we have used initially
an optical comparator (5), then an interactive computer graphics system de-
veloped in collaboration with the Department of Computer Science at the
University of North Carolina at Chapel Hill. The "idealization' was achieved
by the use of a program written by Hermans and McQueen (6), and modified for
nucleic acid structures by Sussman (4). The idealization is accomplished by
minimizing a criterion function for each atom sequentially in the structure.

This function contains terms for deviations from standard bond angles, bond
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I 4 T b 4 14 2z X Y z X A 2 X 4 z
1 GUABOSINE 5 1DENOSINE Cc1' 26.6 21.7 32.5 03* 23,7 9.8 39.6 o8 45,8 2.3 33.0
0 24.6 24.8 66,3 P 28.9 9.1 54.9 €3' 25.)3 23.8 33.5 L3 23,8 13.7 37.0 LE] 46.2 3.1 35.1
P 25.4 25.7 66.8 01P 29.6 10.3 55.1 C€2* 25.2 22.3 32.5 C6 23,7 15.8 37.8 c2 85.9 3.8 36.%
01P 25.7 26.6 65.7 02r 29.6 8.1 54.1 02 24.8 22.8 31,2 cs 28.5 15.9 37.7 o2 46.8 3.7 37.2
O2P 24,7 26.3 68.0 cS*  27.5 9.5 54.2 03* 25.7 24.7 33.0 cs 25.5 15.9 36.7
05* 26.9 25,2 67.8 C5' 2.7 8.6 53.3 ¥9  26.7 20.3 32.0 na 26.3 17.0 36.6 18 GUANOSINE
c5* 27.2 23.8 67.5 c&' 25.5 9.3 52.6 c8 26.1 19.1 32.5 3 25.6 18.9 35.9 #3.2 6.3 81,9
C4' 26,8 23,2 68.9 ot 24,8 10.1 53.6 7 26.8 18.1 31,9 cC2 28,8 13.8 36.0 01? 41.7 6.1 82.1
01 2%.3 23.4 69.1 c1' 24.8 11.3 53.0 c5 27.8 18,5 31,0 02 25.0 12.9 35,2 02P 44.0 6.4 43,1
C1'  28.7 22,2 69.7 c3* 26,0 10.4 51.6 cé 28.2 17.8 30.1 05* 43.5 7.7 81.0
€3t 27.0 21.8 69.1 €2' 28,8 11,3 51,5 .13 28.1 16.8 29.9 14 ADENOSIWE CS5* u42.4 8.5 80.4
c2* 26.0 21.4 70.1 c2¢ 23.7 10.8 50.8 L}] 29.1 18.4 29.3 P 25.2 9.8 40.1% ca* 42,9 9.8 39.8
02' 26.8 21.8 71.4 03*' 26.3 9.8 50.3 €2 29.2 19.8 29.6 01P 26.0 10.6 80.6 01* &3.5 10.6 #0.8
03¢ 28.8 21,5 69.5 N9 25.0 12.4 53,8 N3 28.5 20.6 30,8 02p 25.1 8.3 #1.19 C1* 46.6 11.8 80.2
X9 23.6 21.6 68.8 C8 26.1 12,5 54.7 ca 27.6 19.8 31,1 0S' 25.8 8.9 38.7 C3* 43.9 9.7 30.6
c8 22.8 22.3 67.8 7 26.3 13,7 S5.2 c5¢ 25.6 7.5 38.2 C2' 84,7 11.1 38.7
Ly 22.0 21.6 67,2 €S 25.3 1.4 58.6 ‘ID 28~-GUANOSIRE C&* 26.8 7.1 37.2 02" 44.0 12.1 38.1
€S  22.1 20.3 67.7 C6 24.9 15.8 54,8 25.3 26.%1 33.8 01Y 26.8 8.0 36.1 03* &3.1 9.5 37.%
c6 21.4 19.2 67.3 11 25,5 16.7 55.6 011’ 25.9 26.0 35.2 €1 28,1 B.2 35.6 §9 45,9 11.0 &t1.¢
06 20.5 19.2 66.5 L3 23.9 16.2 54.1 02P 25,8 27.2 32.9 c3t 28.2 7.2 37.8 c8 46.3 9.7 &1.5
3] 21.8 18,0 67.9 c2 23.3 15.3 $3.3 05¢* 23.7 26.0 33.8 c2¢ 29.0 7.3 36.5 7 47.4 9.8 62.2
€2 22.9 18.0 68.8 1 23.5 14,1 53.1 cS* 22,9 26.8 3u.7 02* 29.1 6.1 35.9 c5 687.8 11.1 82.1
¥2 23.1 16.8 69.3 ¢4 268.5 13.7 53.8 C4' 21.4 26.8& 348.6 03+ 28,6 6.2 38.6 C6 48.8 11.8 42.7
LE] 23.6 19.1 69.2 01' 21.0 26.5 33.2 13 28.6 9.7 35,7 06 49.8 11.¥ 83,3
ce 23.% 20,2 68,56 6 DRIDINE cy* 20.9 25.5 32.8 €8  28.1 10.8 36.4 ®1 38.8 13.1 32.3
27.6 10.3 49.4 c3* 21.0 25.0 35.0 %7 28.7 11.9 36.2 c2 47.9 13.7 41.6
2 CYTIDINE 011’ 28.7 10.8 50.3 C2' 19.7 28.8 38.1 cs 29.7 11.5 35.3 N2 48.2 15.0 3.8
13 29,4 20.8 68.5 02P 28.0 9.2 48.5 02* 18,6 25.5 34.6 C6 30.7 12.2 38.7 3 46.9 13.1 81.0
01 29.3 21.3 67.1 o05' 27,0 1.5 48.5 03¢+ 20.8 24.9 36.5 u6 31.1 13.5 38,9 cH 46.9 17.8 81.8

-
-
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02P 30.8 21.0 69.0 c5* 25.9 11.& 87.5 9 20.9 24,6 31,7 n 31.5 33.8

05* 28.9 19.2 68.6 car 25,2 12,7 47.3 C8 22,0 24.9 31.0 €2 31.2 33.5 19 GUANOSINE

€5' 29,3 18.3 67.6 01*' 24,7 13.1 48.6 N7 22.% 23.9 30.2 u3 30.3 9.6 38.0 P 43.6 9.1 36.0
ca'  28.7 16.9 67.9 C1* 24,7 168.5 48.8 c5 21,4 23,0 30.3 c4 29.6 10.2 34,9 017 44.8 8.2 36.1

-
o
.

&

01" 27.3 17.0 68.2 C3* 26.0 13,9 46.8 C6 21.6 21.7 29.7 02P 42.5 8.5 35.2
c1 26.5 16.0 67.6 C2* 25.2 15.1 47.4% 06 22.2 21.2 28.9 15 GUABOSINE 05' 4.1 10.5 35.3
C3* 28.6 16,0 66.6 02* 28.0 15.3 46,7 L3 20.2 21.0 30.0 29.6 6.5 39.9 C5* 43.2 11.6 35.0
€2' 27.5 15.0 66.9 €3*' 26.1 14.0 45.4 c2 19.2 21.5 30.8 011’ 29.0 7.5 n0.8 Ca*' 44.0 12.9 338.5
02' 27.9 14.0 67.8 ®1 25.6 14.9 50.0 "2 18,2 20.8 31.0 02P 30.0 5.1 40.5 01* 65.3 12.8 34.9
03+ 29.9 1£5.4 66.4 cé 26.4 13,9 50.8 c28 17.1 21.2 1.8 05* 30.9 7.2 39,2 c1' 86.2 12.7 33.8
1 25.8 16.5 66.6 CS 27.2 18,3 51.8 3 19,3 22,7 31,5 c5' 31.7 6.4 38,3 C3* 44,1 13,0 32.9
c6 25.2 17.9 66.3 c4 27.2 15.7 S2.2 ca4 20.5 23.8 31,2 car 32,7 7.2 37.5 c2' 45.8 12.3 32.6
c5 24.3 18.3 65.5 a4 27.9 16,2 53.1 o1+ 32,0 8.3 36,8 02' 45.8 12.7 31.3
c4 23.8 17.4 65.0 LK) 26.5 16.5 51.4 11 CYTIDINE c1* 32,9 9.8 36.8 03" 44,2 14.4 32.5
N4 22.48 17.8 64.2 c2 25.7 16.2 50.4 P 20.3 23.5 37.3 C3s 33,8 7.8 38.2 ¥3  47.3 11.8 38.3
¥3 23,5 16.1 65.2 a2 25.0 17.0 89.8 o1P 21.3 22.8 37.0 €2¢ 34.3 8.9 37.3 <8  47.3 10.0 35.6
c2 28,8 15.6 66.1 o2p 20.2 23.8 38,7 02* 35,1 8.4 36.3 Ly 48.3 10.0 35.0
02 24.5 14,5 66.3 7 URIDINE 05* 18,9 23.2 36.5 03*' 34,9 7,0.38.,6 CS5 49.1 11.1 35.1

27.3 13,5 84.5 c5' 17.6 23.0 37.2 X% 32.8 10.6 37.5 <6 50.4 11.2 35.6
3 GUANOSINE 011’ 27.8 12.2 #5.0 C%* 17.1 21.6 37.0 C8 31.3 10.7 38.8 06 571.1 10.3 36.8

P 30.% 15,1 64,9  C2P 26.9 13.4 &3.1 01* 17,2 21,3 35,5 7 31.1 11.9 38.9 L} 50.9 12.5 35.3
01P 30.0 16,2 63,9 0S5' 2B.4 4.6 44,8 C1* 17,5 19,9 35.3 c5 32.1 12.7 38.3 €2 50.2 13.6 35.1
o2r 31.9 18,B 64,9 C5" 28.6 15,8 84,0 c3* 17.9 20.5 37.6 cé 32.4 14,1 38.4 N2 50.7 18.7 35.1
Q5' 29.6 13.B 64,% CA' 27.5 16.9 4.4 C2* 17,5 19.3 36.8 06 31.9 14,9 39.1 LE] 48,9 13.5 38.6
c5'  29.8 12,5 65.1 c1*  27.3 17.0 45.8 02* 16.2 18.9 37.0 ) 3] 33.4 18,8 37.6 ca 48,5 12.2 38.7
C4' 28,7 t1.4 64,7 C1% 27.6 18.3 46.3 03* 17.5 20.4 39,0 c2 34,1 13.6 36.7

01 27.5 12.0 65.2 c€3* 27.9 18.3 44,0 F1 18.9 19.8 348.6 N2 35.0 14,2 36.0 20 GUANOSINE

C1' 26,8 11.7 64,3 Cc2* 28,5 18.9 85.2 c6 19.9 20.8 34.6 N3 33.8 12.3 36.6 4 42,9 15.2 32.1
c3* 28,5 11.2 63.3 02* 28.6 20.3 45.2 cs 21.1 20.7 33.9 cC& 32.8 11.9 37.4 otp 41,9 15,2 33.2

€2t 27.1 10.7 63.3 c3* 26.8 19,1 83.5 cu 21.2 19.6 33.0 02P 43.4 16.6 31.8

02' 27.0 9.4 63.8 R1 28.2 18.2 847.8 LL) 22.3 19.48 32.3 16 DIHYDROURIDINE 05¢ 42,2 14.4

03' 29.% 10.3 62,7 cé 28.6 17.0 48.4 »3 20.2 18,6 33.0 35.2 6.6 40.1 C5' 42.8 4.4

¥9 25.9 12,9 63.6 cs 29.0 16.9 49.6 c2 19,1 18.7 33.7 O‘lP 35.3 7.9 40.9 81.7 14.2

c8 26.2 14.3 63.8 (1] 29,2 18.0 50.5 02 18.2 17.9 33.8 o2p 36,1 5.7 80.6 41.0 12,9

n? 25.5 15.1 63.0 an 29.5 18.0 51.6 05' 36.6 5.9 39.9 39.6 13.1

cs 26,6 18.3 62.4 X3 28,8 19.2 49.9 12 URIDINE c5¢ 37.3 S.4 41.1 C3* 40,6 15.2

c6 23.7 14.6 61.4 2 28.3 19.4 88.6 18.7 19.9 a0.0 cur  37.2 3.9 41,3 C2' 39.4 14.5

06 23.8 15,7 61.0 c2 28.1 20.5 u8.3 O‘lP 20.0 20.5 39.7 otr 35.8 3.6 81.5 02 39.5 14.3

" 23.0 13.4 61.0 02P 18.2 20.3 4V, 4 c1* 35.5 2.4 40.9 03* 41.0 16.4

c2 23.3 12.2 61.4 8 GRIDINE 05* 18.7 18,3 39.8 €3¢ 37.6 3.0 80.2 §9 38.8 12.9

w2 22.5 11.2 60.8 27.0 20.1 u2.2 cS* 17.5 17.5 40.2 €2 36.8 1.8 #0.5 c8 39.3 12.9 31.13

R3 24,2 11.9 62,3 C1P 25.7 20.1 81.5 c4*' 17.5 16,1 39,3 02¢ 37.4 1.1 41.6 N? 38.4 12.6 32.2

cs 24.8 13.0 62.7 Q2p 27,5 21.48 42.7 01t 17.7 16.5 37.9 g3*  38.9 2.8 40.0 c5 37.2 12.4 31.4
Qs 28,0 19.3 &1.2 c1* 18.5 15.5 37.2 L3 36,4 2.6 39.8 Cc6 35.9 12.1 31.9

4  GUANOSINE CS* 29,2 20.0 40,7 c3* 18,7 15.2 39.% <5 34,7 2.9 38.3 o6 35.5 11.9 33.1

P 30.3 10.7 6%1.4  CU#* 29.7 19.5 39.0 c2* 18,7 1%.4 38,3 <5 33.7 3.7 37.6 N1 35.0 12.0 30.8

otp 30.5 712.2 61.3 01*  30.3 18,2 39.6 02* 17,7 13.5 38.1 ] 32,3 3.1 37.9 c2 35.3 12.7 29.5

o2p 31.5 9.9 61.3 c1*  30.0 17.4 38.4 03* 18.4 10,3 40,7 oW 31.4 3.3 37.1 K2 38,3 12,0 28.7

05' 29.2 10.3 60,1 C3* 28.7 19.3 38.3 LA 19,8 16.2 36.6 L] 32.2 2.5 39.1 K3 36.6 12.8 29.1

cSst  29.2 8.9 59.6 c2* 25.3 18.4 37.4 Cc6 20.8 17.08 37.1 c2 33.1 2.3 40.1 ca 37.5 12.6 30.1

car 27.9 8.6 58.8 02* 30.3 19,2 36.8 cs 21,5 17.9 36.6 02 32.8 1.9 81.2

o1t 26.8 9.2 59.5 03 28.2 20.5 37.6 cu 22.2 17.3 35.5 21 ADENOSINE

c1' 25.8 9.7 58.5 81 29.1 16.2 38.7 o4 23.2 17.7 35.0 \7 DIAYDROOURIDINE P 41.0 17.8 28.5

c3' 27.8 9.2 57.8 cé 28.2 16.0 39.8 LE] 21.6 16.1 35.1 39.7 3.8 38,7 O1P  41.9 17.7 29.7

c2' 26.3 9.2 57.2 (4] 27.8 14.9 40.0 c2 20.5 15.5 35.6 01? 38.9 3.2 37.4 02P 41.6 18.8 27.5

02t 25.8 8.0 56.9 ca 27.8 13.9 39.0 02 20.1 14,8 35,2 02P 60.0 4.9 38.9 05* 39.4 18.1 28.8

03' 28.4 8.4 56.3 os 26.7 12.9 39.0 05¢ 41.0 2.5 38.5 Cc5* 38.9 18,1 30.1

N9 25.6 11.2 58.6 N3 28,3 14.1 37.9 13 CYTIDINE €3 41.8 2.2 39.8 c4* 37.8 17.1 30.8

ca 26.8 12.2 59.4 c2 29.1 15.2 37.7 P 19.6 13.5 81.5 car 43,1 3.0 39.9 o1*  37.4 17.4 31.8

N7 25.9 13.8 59.2 a2 29.8 15.3 36.8 O1P 20,5 14,5 42.0 01* 43,9 2.6 38.8 C1* 36.0 17.6 31.7

c5 28,9 13,2 58.3 02P 19.0 12.7 62.5 c1* 6a.a 3.8 38.2 C3* 36.6 17.2 29.5

cé 26,0 164.1 57.8 9 ADENOSINE 05* 20.2 12.6 40.3 €3' 43.0 4.5 39.9 C2* 35,7 18.1 30.3

06 23.9 15.3 58.0 1 26.7 20.9 37.8 C5* 21.6 12.2 80.% €2+ 43,3 &.9 38.5 02* 36.4 18.1 30.0

L] 23.1 13.6 56.9 c1p  25.8 19.7 37.u8 cav 22,0 11.5 39.0 02¢ 43,7 6.3 38.4 03* 36.0 16.0 29.1

c2 23.0 12.3 56.6 C2P 26.5 21.4 39.1 01* 21,8 12.6 38.0 03t 43.8 5.2 80.9 n 35.5 18.6 32.8

N2 22.0 12.0 55.7 05* 26,7 22.0 36.7 c1' 22.9 12.6 37.0 LA 44,7 3.8 36.8 c8 35.9 19.8 33.2

N3 23,8 11.8 S7.1 €St 25.6 22.2 35.7 €3* 23,8 11.1 39,0 Ccé 43.6 3.4 35.7 u7 35.3 20.4 3a.1

cu 24.7 11.9 58.0 cat 26,2 22.8 38.5 c2' 23.7 11.1 37,5 ¢S5 44.0 2.4 38.6 cs 358.3 19.4% 34.4
o1 27.0 21.8 33.8 02* 23.1 10.0 36.9 c8 45.4 2.6 34.1 cé 33.3 19.4 35.3
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X 4 % X 4 z X 4 Z b ¢ 4 z X b 4 %
K6 32,9 20.5 36.0 N3 20.1 18.5 28.7 30 GUANOSINE 05 6.7 17.8 1.5 w20 6.0 11,3 7.8
3] 32.6 12,3 35.4 c2 19.0 17.8 28.8 18.7 25.2 10.0 <5 6.6 19,0 0.6 c21 4.7 12.3 7.7
c2 32,9 17,2 34.7 c2 18,1 18.2 29.7 01? 17.3 24.6 10.2 cer 5.4 19.9 1.1 022 4,9 13.5 8.0
N3 33.9 17.1 33.8 02p 18.8 25.9 8.7 01 4.2 19.1 0.8 023 3.5 11.8 7.5
ca 34,5 18,3 33.7 26 2,2DIN-GUAROSINE 05°' 19,7 23.9 10.2 c1 3.2 1%.4 1.8 c24n 2.5 11.6 8.6
P 18,2 17.8 24.9 €5%  21.1 24,06 9.7 €3 5.3 20.3 2.5 1 7.2 9.8 12.8
22 GUAROSINE c1e 15.0 17.5 23.7 car' 21.7 22.6 9.5 c2 3.8 20.5 2.7 c1in 7.3 8.3 12.1
P 35.2 15.8 27.6 028 12.7 17.8 24.6 01' 21.8 22.0 10.8 02° 3.4 21.8 2.1 n12 6.6 10.5 13.4
01P  36.0 16.6 26.5 c5' 14,7 19.1 25.6 €1' 21,5 20.6 10,6 C2'M 2.5 22.6 2.7 c2 6.8 11.9 13,2
02P 35.1 14,8 27,2 CE* 14,0 19.7 26.7 €3¢ 20.9 21.6 8.6 03¢ 6.2 21.4 2.8 ] 6.4 12.9 13,9
05* 33.8 16.6 27.9 cus 14,7 21.0 27.3 c2* 21.% 20,3 9.1 w9 2,9 18.0 2.5 c3n 5.5 12,6 15.0
c5* 32.5 16.1 27.5 o1 16.0 20.6 27.8 02' 22.7 20.0 8.6 c8 3.3 16.7 2.3 c4 6.9 14,0 13.4
c4v  32.1 14,7 28.1 c1' 16.9 21.6 27.5 03 21.1 21.8 7.2 N7 2.8 15:8 3.1
01' 32,5 14.7 29.6 €3¢ 15,1 22.0 26.2 N9 20.3 20.2 1.5 cs 2.0 16.5 3.9 38 ADENOSINE
C1*  31.8 14.0 30.3 C2* 16,2 22,7 26.8 c8 19.3 21.0 12.9 cé 1.1 16.1 5.0 B.8 17.3 18,1
C3* 30.6 14,5 28.2 02' 15,8 23,6 27.8 N7 18.5 20.3 12.8 06 1.0 15.0 5.0 O‘IP 9.7 17.1 16.8
c2'  30.5 13.4% 29.3 ¢3¢ 14,0 22.8 25.9 <5 16,9 19.0 12.7 M 0.5 17.2 5.6 ozrp 5.1 18.6 18.7
02' 30.9 12.2 28.8 N9 18.1 21.0 26.7 cé 18.4 17.9 13.4 c2 0.6 18.5 5.3 05* 9.0 16.1 19.2
03+ 30,0 14.0 26.9 C8 18.2 19.8 26,0 06 17.5 17.8 14,2 N2 0.0 19.4 6,0 c5*  10.1 15.2 19.1
N9 30.8 14.9 31.a X7 19.4 19.6 25.5 b1 19.0 16.7 12.9 N3 1.4 18,9 4.3 cye 9.6 13.8 18.8
c8 31.2 16.1 31.9 <C5 20.1 20.7 25.8 c2 20.0 16.7 12.0 ct 2.0 17.9 3.6 o1 8.8 13.8 17.5
N7 30.4 16.6 32.8 o] 21,5 21.1 25.5 B2 20.5 15.5 11,7 c1 9.1 12.6 16.8
c5 29.4 15.7 33.0 C6 22.3 20.4 24.9 LE] 20.5 17.8 11.4 35 ADENOSINE C3* 10.7 12.8 18.6
cé 28.4 15.9 33.9 K1 21.8 22.3 26.0 cu 19.9 18.9 11.9 P 6.5 22.0 4.4 c2r 9.9 11.7 7.8
06 28.1 16.8 38.6 C2 20.8 23.1 26.7 o1p 7.0 20.9 5.3 o02* 9.1 11.0 18.6
N1 27.6 18.7 33.8 M2 21,1 28.3 27.1 31 ADENOSINE oz2p 7.5 23.1 4.3 03* 11.3 12.3 19.8
c2 27.9 13.6 33.0 c2x1 20.1 25.2 27.7 P 19.9 22.4 6.8 0S¢ 5.0 22.5 4.8 K9 3.8 12.8 15.5
N2 27.1 12.6 33.1 C2M2 22.5 24.9 27.0 o1p 19,1 23.4 7.1 c5¢ 4.8 23,7 5.6 cs8 10.2 14.0 14,9
N3 28.9 13.6 32.2 LE] 19.6 22.8 26.9 02p 20.4 23.0 5.1 cur 4.1 23.1 7.0 N7 10.8 13.9 13.7
cs 29.6 14,7 32.2 cy 19.3 21.6 26.5 05* 18.9 21.1 6.1 o1 3.1 22.3 6.7 c5 10,8 12,5 13,5
c5* 19,3 20.2 S.1 cle 3.1 21.3 7.8 C6 11.3 11.7 12.5
23 ADENOSINE 27 C!TIDIHE ca* 19,3 18.7 5.5 c3e 5.0 22.6 6.0 N6 12.0 12.3 11.4
4 28,4 13,9 26.7 13,6 23.1 24.3 01' 19,6 18.6 7.0 c2! 4.0 22.0 8.8 N1 11.2 10.4 12.6
o1r  27.7 15,2 27.2 01P 13.8 21.8 23.5 C1* 18.9 17.5 7.6 o2 3.3 22.9 9.6 c2 10.5 9.9 13,7
02P 28.1 13.7 25.3 02P 12.2 23.6 24.2 c€3* 17.9 18.0 S.a 03 5.9 23.4 8.7 "3 10.0 10.5 14,7
05¢ 28,0 12,7 27.7 €S 18,7 24,2 23.9 c2* 18.1 16.9 6.5 L1 3.5 20.0 7.3 c4 10.2 11.9 14.5
c5' 27.8 11.3 27.2 CEY 18,6 25.6 24.5 02°* 18.9 15.8 5.9 c8 4.8 15.6 6.3
c4* 26.5 10.8 27.7 car  16.0 26.3 24.3 03* 17.7 17,5 4.0 Lid 8,5 18,4 6.2 39 PSEUDOURIDINB
01 26.4 11,0 29.2 c1* 17,0 25.5 25.0 9 17.9 18.0 8.7 cs 3.7 17.8 7,1 P 12.8 11.0 19.9
c1r 25.1 11.3 29.5 cY  18.2 25.5 24.3 c8 17.6 19.3 9.1 cé 3.8 16.6 7.3 ol 13.6 11,4 20.7
C3' 25.2 11,4 27.2 c3* 16,5 26,4 22,9 N7 16.8 19.3 10.1 w6 4.0 15.7 6.6 o2r 11.6 9.8 20.4
€2'  24.2 11.1 28.3 cz' 18.0 26.6 23.1 cs5 16.6 17.9 10.4 nn 2.5 16.3 8.3 05* 12,9 10.8 18.3
02" 23.8 9.8 28.2 ©2' 18.3 27.8 23.6 c6 15.8 17.3 1.4 c2 1.9 17.3 8.9 c5' 12.8 9.5 17.6
03¢ 24.8 10.9 25.9 c3* 15.9 27.5 22.2 K6 15.0 17.9 12,2 LE] 2.1 18.6 8.8 C4' 13.6 9.4 16.3
N9 25.1 12,7 30.2 R1 18,7 24.1 23.7 n 15.8 16.0 11,4 cu 3.0 18.8 7.8 01* 13,1 10.3 15.3
ca 25.9 13.8 29.9 C§ 17.9 23.0 231.8 c2 16.6 15.3 0.5 c1* 1u4.1 10.8 14,5
N7 25.7 14,9 30.6 cs 18.3 21,8 23.3 N3 17.3 15.8 9.6 36 ADEKOSINE €3* 15,1 9.9 16.4
-] 26,7 18,4 31.5  C§ 19.5 21.8 22.7 Ccy 17.3 17.2 9.6 7.5 23,2 8.5 €2' 15.% 106.2 15.0
cé 24.1 15.0 32.6 R4 20,0 20.7 22.3 01P 7.9 23.5 7.1 02* 15.6 9.0 14.2
N6 24,5 16,2 33.0 N3 20.3 22.9 22.6 32 2'ON-CYTIDINE oy 8.3 23.9 9.5 03* 15.9 9.0 16.9
N1 23.2 14,4 33,2 c2 19.9 28,0 23.9 P 16.3 16,8 3.5 os¢* 7.8 21.5 8.6 cs 14.0 12.8 18.6
c2 22.8 13.2 32.8 02 20,7 25.0 23.0 01P 15.1 17.6 3.9 cse 7.9 20.8 9.9 cé 13.4 13.2 15.6
LE] 23.3 12,5 31.8 02P 16.3 16.6 2.1 cg:* 6.6 20.8 10.6 1 3] 13.3 14,5 15.6
cu 24.3 13,2 31.2 ZB CYTIDINE 05" 16.3 15.4 4.4 ot 5.8 19.8 9.8 c2 13.9 15.2 148.5
15.8 27.5 20.6 C5% 15.6 14,3 4,0 c1e 4.9 19.1 10.7 02 13.9 16.4 14.3
24 GUANOSINE O1P 15.2 26.2 20.1 C4* 14,3 14,0 4.8 c3 6.5 20.2 12,0 "3 1.6 18.4 13.5
4 229 11.8 24.9 02P 5.0 28.6 20.0 01* 14,7 18,2 6.3 czae 5.1 19.8 12.1 ca 1.7 13.1 13.6
01P  24.3 13.2 24.9 cSt 17.3 27.5 20.1 C1* 13.5 14.7 6.9 oz 4.2 20.8 12.2 o4 15.3 12.5 12.7
02P 23,8 11.1 23.6 C5¢ 18.1 28.8 20.0 C3' 13,1 14.8 4.6 a3 6.9 21.2 13.0
0S* 22.4 11.7 25.7 cat 19,3 28.6 19.0 C2' 12.3 14,6 5.9 L1 5.1 17,6 10.6 40 SE-CYTIDINE
c5' 21.6 10.5 25.7 c1* 20.3 27.7 19.7 02* 11.6 13.3 5.8 c8 6.0 16.9 9.8 P 16.6 9.3 18.4
c4* 20.5 19.6 26.8 C1* 20.9 26.9 18.7 Cc2'8 11.6 12.2 7.0 Ly 5.9 15,6 9.9 o1P  16.1 10,5 19.1
01t 21,2 11,0 28.1 C3' 19.0 27.8 17.7 03¢ 12,4 14,5 3,5 cS 4.9 15.4 10.8 02P 16.5 8.0 19.2
C1*  20.4 11,9 28.8 C2'  20.4 27.4 17.4 LA 13.7 16.1 7.5 cé 4.3 14.2 11.3 05' 18.2 9.6 17.9
C3' 19.4 17.6 26.6 02' 21,2 28.5 16.9 cs 14,3 17.2 6.9 L3 4.7 13.0 10.9 C€5' 19.0 B.5 17.3
c2* 19.0 11.9 28.1 03" 18,4 28,6 16,7 cs 14.3 18.4 7.3 3] 3.3 4.8 12.9 ca' 19.6 8.9 15.9
02' 18,2 10.9 28.6 LB 20.6 25.4 18.9 cu 13.7 18.5 8.7 cz 3.0 15.6 12.5 o01* 18.5 9.6 15.1
03t 18.4 11.0 25.8 <6 19.6 264.9 19.7 N& 13.6 19.7 9.3 N3 3.5 16.8 12.1 c1' 19.0 19.7 14,3
N9 21,1 13.2 29.0 ¢S5 19.3 23.6 19.9 LE] 13.1 17.5 9.3 cb 4.4 16.6 11.2 c3* 20.7 10.0 15.9
c8 22.2 13.8 28.3 c4 20.2 22.7 19.3 €2 13.1 16.3 8.8 C2' 20.5 10.6 14.6
N? 22.6 14,9 28.7 NG 20.0 21.5 19.4 [<F] 12.7 15.3 9.4 37 Y 02" 21.1 9.8 13.6
c5 21.7 15.2 29.8 N3 21.2 23.1 18.5 P 7.8 20.7 14.3 03" 22,0 9.5 16.2
cé 21.7 16.3 30.7 c2 21.4 24,4 18.3 33 URIDINE a1p 9.2 20.5 13,9 L8] 18.8 12.1 4.7
[o13 22,5 17.2 30.7 c2 22,3 28.8 17.6 4 12.1 15.6 2.8 ozp 7.6 21.7 15.3 cé 17.5 12,2 15.8
LB 20.7 16.1 31.6 01P 12.6 17.0 2.7 05t 7.1 19.3 14.7 c5 17.0 13.4 16.1
c2 19.8 15.1 31.6 29 ADENOSINE 02P 12.6 15.1 1.1 c5¢ 5.9 19.2 15.5 cu 17.3 1.5 15.4%
N2 18.9 15,2 32.5 16.8 28.2 16.3 05' 10.5 15.7 2.3 cae 5.6 17.7 16,0 L3 16.9 15,7 15.7
3 19.8 14.1 30.8 C1P 16.1 27.4 17.4 €5 9.7 1.5 2.3 01° 5.2 17.0 14,8 L] 18.2 18,4 14.3
ci 20.8 14,2 29.9 c2p 16,1 29.5 16.% cas 8.5 18.5 3.3 cit 5.7 15.6 15.0 c2 16.7 13.2 14.0
C5' 16.9 27.3 15.0 o1 9.1 4.8 4.6 c3r 6.8 17.0 16.5 02 19.5 13.1 13.0
25 CYTIDINE €5t 17.6 27.8 13.8 c1e 8.2 15.7 S.3 ca2e 6.8 15,6 16.3 cSM 16.0 13.5 17.3
17.0 11.8 25.4 c8'  19.0 27.1 13.5 C3¢ 7.5 15.6 3.1 02 5.5 15.2 17.3
01P 16.4 11,1 24.3 c1' 19,5 26.5 14.8 car 6.9 15.7 4.5 03¢ 7.2 17.2 17,8 41 GORIDINE
02P 16.1 11.8 26.7 C1*  20.2 25.3 14.6 02¢ 6.1 14,6 4.8 N9 6.7 15.3 13,8 P 23.1 10.5 16.9
05* 17.5 13.2 25.0 €3+ 19,0 25.9 12.6 03 6.5 15.8 2.1 c8 7.5 16.1 13.0 01P 22,7 11.0 18.2
€5 16.6 14.4 25.0 Cc2* 20.2 25.1 13.1 L] 8.8 17.1 5.7 n? 8.2 15.5 12.1 o2p 24.4 9.8 17.0
c4r' 16,2 18,9 26.4 C2* 21,4 25.7 12.6 cé6 2.9 17.7 5.0 c5 7.8 14,2 12.3 05* 23,2 11.8 15.9
01' 17.3 14,8 27.3 03 19,1 26.2 11.2 c5 10.3 18,9 5.4 Cé6 8.2 13.0 11,7 €S5S¢ 23.9 11.6 14.5
c1e  12.4 15,9 28.2 L] 19.5 264.2 15.3 cs 9.6 19.7 6.5 0f B.3 12.9 10.8 car 28,2 13,0 13.9
C€3*  15.9 16.4 26.4 ce 18.3 24.2 16.1 04 9.9 20.8 6.9 L3 7.6 11.9 12.2 014 22.9 13.6 13.5
C2' 1£.1 16.7 27.9 ¥7 18.0 23.0 16.6 LK) 8.6 19.0 7.0 <10 7.9 10.7 11,6 C1* 23,0 15.1 13.8
02* 15,0 16.3 28.7 CS 18.9 22.2 16.1 c2 8.1 17.8 6.7 c13 8.8 10.7 10.3 C3' 26.8 14.0 14.8
03* 1%.5 16.6 26.0 C6 19.2 20.8 16.2 02 7.2 17.3 7.2 cis 8.0 10.4 8.9 C2* 23,5 15.3 14.1
N1 18.7 16.7 28.1 6 18.4 19.9 16.8 c1s 7.2 1.7 8.5 02' 25.2 15.5 12.9
cé 19.8 16.3 27.1 B1 20.2 20.3 15.6 35 2'0OM-GUANOSINE c16 8.0 12.8 7.6 03* 26.2 13.8 13.9
c5 20.9 17.0 27.0 c2 27.0 21.1 15.0 14 6.6 16.3 0.8 017 8.8 12.5 6.5 N1 22.0 15.6 14.8
ch 21.1 18.1 27.8 n3 20,9 22.4 14.8 o1p 7.9 16.1 0.0 018 8.1 1.1 g.1 c6 21,3 18,8 15.7
L] 22,2 18,8 27.8 <8 19.9 22.8 15.4 ozp S.4 16.2 0.0 C198 9.4 14.B B.4 c5 20,8 5.3 16.6
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X b 4 z b 4 4 z X 4 % X Y z b 4 4 z
ch 20.2 16.7 16.6 c6 29.7 20.2 24.6 C58 31.4 19.8 a7.2 01P 52.6 22.1 89.0 c1' 85,0 15.5 &1.1
o4 19.4 17,3 17.3 n 28.0 19.9 26.1 02P 58.4 21,6 50.7 C3* 43.5 17.4 80.7
¥3 20.9 17.5 15.7 2 27.0 20.4 27.0- S0 URIDINE 05' 52.6 19.9 50.0 C2' 83,5 15.8 40.7

c2 21.8 17.0 14.8 82 26.3 19.5 27.6 P 34,8 25.2 43,7 C5' 52.8 18.9 S51.1 02° 43.4 15,3 39.4
02 22.8 17.8 14.1 43 26.9 21.7 27.3 01P 35.4 23.8 43.7 c8' 52,2 17.6 50.9 03* 82,6 18.0 39.8
ce 27.7 22.% 26.6 02P 35.5 26.2 82,8 01* 50.7 17.8 50.7 N9 45,4 15.4 42,6

42 GUANOSINE 05' 35.0 25.8 45.2 c1t 50.2 16.9 089.7 cs8 45.9 16.4 &43.8
P 26.8 13.3 16,3 06 TH-GOANOSINE CcS5* 34,6 27.2 45.6 C3* 52,5 16.9 49.6 N7 46.3 16.0 4u.6
o1p  2£.8 12.8 17.3 29.9 28.0 29.9 ca' 35.0 27.6 47.0 C2* 51.4 16,0 49,3 cs 46,0 14,7 44,6

02p 27.8 12.2 16.1 C‘IP 30.2 28.7 28.6 01' 34.3 26.8 48,0 02* 51.5 168.9 50.2 (o] 46,2 13.6 5.5
05¢ 27.5 14.7 16,8 02P 29.7 29.0 31.0 C1* 35.3 26.6 99.2 03+ 53.8 16.2 49,6 B6  86.9 13.8 46.7
€S+ 28.7 15.3 16.1 ©OS* 31.1 26.9 30.1 €3¢ 36.8 27.5 67.3 * 49.5 17.6 8.5 Nt 45.7 12.% 85,2
Cch*  28.5 16.7 15.6 C5% 31.9 26.9 31.3 c2* 36.5 27.5 4B.8 C6 49.8 18.9 88.1 c2 45.1 12.2 08,13
01" 27.1 16.8 15.1 cas 31,1 26.4 32.5 02* 36.3 28,7 89,3 c5 49.2 19.5 87.0 N3 48.8 13.1 83,1
c1'  26.6 18.1 15,3 01' 30.9 25.0 32.2 03* 37.1 28.5 86.7 C8 8.3 18.7 46.2 Ck 85,4 14.3 43.4
c3* 28.6 17.8 16.6 c1'  31.4 26,3 33,3 N1 35.6 25.1 49.4 O 47.7 19.1 85,2 C19 46.0 11.2 46.2
c2' 27.8 18.9 15.9 C3* 31.8 26.6 33.8 C6 35.2 25.0 48.6 N3 48.1 17.4 46.6

02' 28,4 19.5 14.9 C2' 32.4 25,3 34,0 cs 35.5 22.8 8.8 c2 48,7 16.9 847.7 59 OURIDINE

03*  29.9 18.2 16.8 02' 32.6 25.1 35,4 cC& 36.1 22.4 50.0 02 48.4 15.7 48.0 41.0 17.5 39.7
w9 25.4 18.1 16.3 c3* 30.8 26.9 34.8 o8 36.3 21.3 50.3 c58 49,5 20.9 46.7 011’ 40.6 17.6 38.3
c8 24,7 17.1 17.0 §F9  31.9 23,0 32.8 §¥3  36.4 23.4 50.9 02P 40.8 16.2 0.3
Ly 23.7 17,5 17.7 c8 33.0 22.8 31.9 C2  36.2 28.7 50,7 55 PSEODOURIDINE 05' 40,3 18.6 80,6
s 23.6 18.8 17.4 7 33.1 21.6 31.5 02 36.6 25.5 51,5 55.0 16.8 48.7 c€5* 39.0 19.1 40.2
Ccé 22.7 19.7 17.9 ¢S5 32.0 21.0 32.2 01P 55.0 18.3 48.5 Cc&4'  37.9 18.8% 41.0
o6 21.8 19.5 18.7 6 31.6 19.7 32,1 51 GUANOSINE 02P 56.3 16,4 49.4 01* 36.9 17.8 40.1%

Ll 23.0 21.0 17.5 c6 32.1 18,9 3.4 P 38.3 28.3 45.6 05* 54.8 16.1 87.3 C1'  36.8 16.6 80.7
c2 24.0 21.4 16.6 1 30.5 19.5 32.9 otp 38.0 27.0 &8.8 CS' 55.2 16,7 47.1 €3t 38.3 17.3 41.9
N2 24,0 22.6 16.3 c2 29.9 20.3 33,7 02P 38,4 29.4 84.8 CB' 54.6 14.1 85.8 C2* 237.0 16.5 642.1
*3 24.8 20.5 16.19 ni 28.9 19.7 34.3 D5% 39,6 28.0 46.7 01+ 53,2 13,3 35,8 02* 36.1 17.2 43,0
ch 24.6 19.2 16.6 LE] 30.2 21.6 33.8 c5* 80.0 29.2 47.5 C1* 52.8 4.6 48,0 03* 38.8 17.7 43.2

ca 31.3 21.8 33.0 C4* 40.% 20.8 48.9 C3' 55,1 14.8 &4.5 n 36.8 15.4 39.8

43 GUANOSINE c7M 34,1 21.3 30.6 01* 39.8 27.9 49.6 €2* 5&4.0 14.u 83,5 cé6 37.9 15.3 38.9
b4 30.% 9.0 18.2 C1* 80,7 27.0 50.4 02 54,0 13.1 83.1 cs 38.1 14.2 38.2
01P 29.9 18.2 19.4 47 UBRIDINE C3' 41.7 28.0 99,1 03* 56.4 14.2 84,0 [=1) 37.3 13.1 38.2

02P 31.8 19.3 18.2 P 31,0 28,3 35.7 €2* a1.6 27.3 50.4 C5 52.1 15.9 44,3 on 37.5 12.0 37.6
oS* 29,5 20.4 18.2 01 31.2 29.5 34.7 02* 61.8 28.2 51.5 C6 $2.7 17.1 84.8 N3 36.2 13.2 39.1
c5* 29,9 21.4 17,2 C2P 29.9 28.8 36.6 03* 42,8 28.9 49,0 L) 52.1 18.3 84,6 c2 35.9 14.3 39.8
c4r 29.0 22.7 17.4  ©S5* 32.8 27,9 36.4 X9 39.8 25.5 50.1 c2 50.8 18.4 43.9 02 35.9 13.4 80.5
01t 27.6 22.3 17.2 ¢S5t 33.0 28.9 37.3 c8 39.2 24.9 88.9 02 50.2 19.4 43.8

c1* 26,7 23.0 18,2 cH' 34,3 28.3 38.0 N7 39.1 23.6 48.9 3 50.3 17.2 43,5 60 CYTIDINE

c3*+ 268.9 23,3 18.8 C1* 34.7 29,3 39.0 c5 39.7 23.3 50.2 c& 50.9 15.9 43.6 80.2 16.9 813.7
c2+ 27.7 24.0 18.8 C1Y  35.1 28.6 40.2 cé 39.8 22.0 S0.8 o4 50.5 15.0 3.2 01? 41.3 17.1 82.9
02' 27.7 25.2 18.1 Cc3* 3s8.1 27.0 38.8 06 39.5 20.9 50.4 02P #0.5 17.3 45,2
03¢ 30.0 24.1 19.1 C2' 35.2 27.1 39.8 W %0.5 22.1 52.0 56 CYTIDINE 05¢ 39.8 15.3 83.7
xS 26.0 22.1 1%.1 €2¢ 36.5 26.9 39.3 CZ 40.9 23.2 52.8 57.6 15.2 #3.6 C5* 38.8 14.7 68.5

c8 26.1 20.7 19.4 ©3* 34,1 25,8 37,8 N2 91,5 23.1 53.8 01!‘ 57.3 16.6 UR.2 C&k* 38.6 13.2 8#u.3
7 25.3 20.3 20.2 LB 3G.2 29.1 41.8 3 40.7 28.8 52,1 02P 58.9 t4.6 83.9 0%* 38.6 12.9 42.9
c5 24,5 21,3 20.6 C6  32.8 29.3 41.2 C4 40,1 24.8 50.9 05' S57.% 15.% 82,0 €1 39.6 11.9 82.7

cé 23.8 21.4 21.4 cs 32.0 29.7 42.2 C5*' 56.1 15.9 41.5 C3* 39.7 12.4 45.0
06 22.7 20.5 22.0 c4 32,6 30.0 43,5 52 URIDINE c4' 56.3 16.3 40.1 C2* 40.6 12.1 83.8
L3 22.9 22.7 21.% o4 32.0 30.4 48.5 34.3 28.4 28,7 01* 56.6 15.2 39.3 02* 41.5 11.0 48.1

c2 23.4 23.8 20.9 N3 38.0 29.8 3.6 01? 44,3 27.5 47,5 C1*' 56.0 15.1 38.0 03* 39.3 11.2 45.6
N2 22.8 24,9 21.3  C2 34,8 29.3 42.6 02P 45.2 29.6 48.5 €3+ 55.0 16.8 39.% L3 40,0 12.0 41.3
¥3 24.5 23.8 20.1 c2 36.0 29.2 42.8 05' 4,7 27.6 50.0 c2* 55.3 16.5 37.9 [+ 40.8 13.1 40.7

cs 28,9 22.5 20.0 cS5* 45,2 28.2 51,2 02* 56.2 17.5 37.4 c5 61.2 13.1 39.%
‘IB CYTIDINE c4¢ 85,8 27.1 52.1 03 58,7 18.2 39.7 ca 40.7 12.0 38.6
4a  ADENOSINE 34,8 26,3 38.1 01' 44,7 26.3 52.6 L)) 55.1 13.9 38.0 LS 41.0 12.0 37.4
P 31.2 23.6 20.1 C‘IP 34,1 23,4 37.2 C1*  45.2 28.9 52.7 <6 55.5 12.8 38.7 N3 80.0 11.0 39.1
o1p  31.1 22.2 20.5 C2P 36.3 24.4 37.9 C3*' 46.8 26.2 51.5 cs 58.8 11.6 38.8 c2 39.6 11.0 40.4
02F 32.5 23.8 19.4 C€5'  348.5 24.1 39.7 €2* 46,7 25.0 52.4 ca 53.5 11,6 38.1 02 39.0 10.1 840.9
05¢  31.1 24.6 21.3 cS* 34,8 22.9 40.4 02' u7.8 25.3 S3.6 N4 52.8 10.6 38.1
€5t 31.1 26.1 21.2 C&* 33.7 21.9 80.2 03* 48,0 26.7 51.3 3 53,1 12.7 37.4 61  CYTIDIRE
ca' 29,7 26.7 21.6 cI' 34,0 21,1 39.0 R} 8.5 23.9 51.7 €2 53.9 13.8 37.3 14 39.3 11.0 47.3
D1 28.6 25.9 21.1 c1' 38,0 19.7 39.2 cé 43,9 26.3 50.5 02 53.5 18.8 36.7 01P 80.0 12.2 47.9
c1* 27,5 25.8 22,0 C€3* 33.6 20.8 41.3 c5 43,3 23.4 89.7 02P 38.0 10.8 47.8
c3* 29.5 26.7 23.1 €2* 34,3 19.7 80.7 cs 43.2 22.% 50.0 57 GUANOSINE 05' 80.2 9.7 47.5
c2* 27.9 26.8 23.1 c2* 34,0 18.5 41.4 o4 42.7 21.2 89.4 4 54.1 18.6 41.9 C5* 41,6 9.6 47.1
02*' 27.5 28.1 22.8 c3*  32.3 20,5 81,7 N3 43.8 21.7 51.2 01P  53.% 17.% 41.7 c4e #2.7 9.9 48.2
03' 30.1 27.8 23.8 L] 35.0 19.0 38.3 c2 44.5 22.5 52.1 02P 55.1 19.2 42.0 0%* 83.7 10.7 87.6
N% 27.2 24,4 22.4 c6 36.1 19.6 37.7 02 45.0 22.1 53.1 05' 53,0 19.6 40.7 C1* 84,2 11.7 48.5
c8 27.9 23.2 22.1 c5 36.9 18.8 36.8 C5' 51.6 19.2 #0.7 C3* 42.2 10.7 49.4
L) 27.4 22,1 22.6 ca 36.5 17.5 36.5 53 GUANOSIBE c4*  51.2 18.9 39.3 C2* 83.5 11.8 49.9
cs 26,3 22.6 23.3 R4 37.2 16.8 35.7 P 48,9 26.2 50,0 01* 51.9 17.7 38.8 02' 44,3 10.5 50.6
cé 25.3 22,0 24,1 LE] 35.4 17.0 37.1 01p 6B.0 26.2 68.7 ct' 51.1 16.9 38,0 03' 41,6 10.0 50.4
L1 %.2 20.6 24,2 C2 36.6 17.7 37.9 02P 50.1 27.1 a9.8 c3* 49,7 18.6 39.0 L3 43.9 13.1 48.0
N1 24,3 22,7 24.6 c2 33.6 17.2 38.5 05* 9.3 2u.7 S0.4 €2* 49,8 17.7 37.8 cé 42.9 13.4 47.0
c2 24.4 24,0 24.4 c5* 50.1 24.6 S1.6 02' 50.0 18.5 36.6 cs 42,7 18.7 86.5
®3 25,3 23,7 23,8 49 SH-CYTIDINE c4Y 50.0 23.08 S2.1 o3+ 6930 19.8 38.9 cs 43,5 15.7 47,1
cs 26.2 23.9 23.2 P 31.8 20.6 43.3 0t* 68,5 22.6 52,2 b3 $1.0 15.5 38.7 N8 43.3 16.9 86.6

C1P 31.3 19.3 83,7 C1* uB.8 21.2 51.9 cs 51.8 14.8 39.5 N3 44,4 15.5 48,0
55 GUANCSINE C2P  32.9 21.2 84,2 Cc3* 50.6 22.0 S1.3 B7 51.5 13.6 39.9 c2 44.6 14,2 88.5
30,1 27.9 25.5 €5' 30.6 21.7 43.2 c2* 89,8 20,7 51,7 c5 50.3 13.4 39.2 02 45.4 14.0 49.4
O\P 31.2 27.0 26,0 C5' 30.7 23,0 42.6 02* 50.3 20.2 52.9 C6 49,5 12.2 39,2
02P 30.3 29.4 25.8 cu'  30.9 24.2 843.7 03¢ 52,0 21.9 51.5 06 49.7 11.1 39.7 62 ADBNOSINE
05* 28,7 27.4 25.9 o1+ 30.1 23.9 44.9 w9 87.5 21.0 S0.7 ¥ 48.3 12.4 38.4 4 40.5 10.7 51.4
c5* 27.8 28.0 26.8 C1'  30.8 24.3 46.1 (o] 47.0 21.8 89.7 c2 48.0 13.56 37.8 01P 39,6 11.7 50.7
c4r 27,2 27.0 27.8 C3' 32.3 24,0 44,2 7 46,3 21.3 48.8 N2 46.8 13.6 37.2 02P 39.8 9.7 52.2
01* 26,6 25,9 27.0 €2 32.0 25.1 45.5 c5 46.3 19.9 49,2 N3 48.8 4.7 37.8 05* 41,5 11,5 S52.4
c1t 26,9 24,6 27.6 02*' 31.6 26.5 45,3 cé 45.6 18.8 88.6 cy 49.9 14.5 38.5 €5* 42.5 10.8 53.3
€3* 28.2 26.3 28.7 €3* 33,2 25.2 43,4 06 4.9 18.8 87.6 R ca' 43,5 11.8 54.0
C2¢ 27.5 25.0 29.0 N1 31,2 23,2 87.1 N1 45,9 17.6 49.2 58 91M-ADENOSINE 01t 84.2 12.5 52.9
02* 2&.4% 25.1 30.0 C6 31.1 21.8 46.8 c2 46,7 17.5 50.3 P 47.8 20.2 39.9 C1' 44.4 13.9 53.3
03* 268.5 27.1 29.9 ¢S 31.5 20.9 47.6 n2 46.8 16.3 50.8 01P 4B.3 19.9 81.3 C3¢ 42.8 12.9 56,8
n9 27.8 23.8-26.7 C& 31.9 21.3 u8.9 N3 47.3 18.5 50.9 2P u7.4 21,5 39.7 C2* 43,9 18.0 54.8
c8 28.8 24,2 25.8 © ®® 32.1 20.3 189.8 €4 87.0 19.7 50.3 05' 46,7 19.1 39.6 02¢  45.0 13.7 55.6
§7 29.% 23.2 25,2 §3 32.0 22.6 49.2 c5t 85.6 18.9 30.% 03+ 42.6 12.5 56.1
cs 28.7 22,1 25.7 c2 31.7 23.5 48.4 5S4 RIBOSYLTHYNINE car  u4.9 17.6 40,1 9 43.7 14.9 52.3
cé 28.9 20.7 25.4 0z 31.8 24.7 48.7 4 53.0 21.8 50.2 01* 45.8 16.6 80.6 cs 42.7 14,6 51.3
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X Y z X Y 2 X Y Z X b4 Z X Y z

X7 42.4 15,7 50,7 03" 32.9 26.2 58.9 Cu'  19.8 22.6 51.4 01' 17.8 10.1 61.3 02 16.8 15.2 76.7
[os-] 43.0 16.7 51.3 N9 34.7 23,9 55.4 o1 21.2 22.2 51.1 c1* 18.7 10.6 62.3 05' 16,9 16.9 74.8
6 43.1 18.8 51.0 c8 38,8 22.5 55.7 c1+ 21.3 20.8 51.5 C3* 16.6 10.3 63.2 Cc5* 18,1 17.7 75.3
N6 42.4 18.5 50,0 L) .4 21,7 Su.7 C3* 19.3 21,6 S2.8 c2* 18.0 10.3 63.6 c8r  17.9 19.2 74.9
L3 43.8 18.8 51,8 (4 30.0 22.6 53.7 €2' 19.8 20.3 51.9 02*' 18.8 9.0 64.0 01 18.1 19.2 73.8
c2 84.5 1.3 52.8 C6 33.6 22,2 52.5 02' 19.2 19.8 50.8 03* 15.7 9.7 68.2 ctr 17,2 20.3 72.9
N3 4u.6 17.0 53.2 cé 33,5 21,1 s2.0 03* 17.8 21.6 52.5 9 19.0 12.1 62.2 €3* 16.6 19.9 75.1
ch 43.8 1€.3 52.3 K1 33.2 23.3 51.7 L3} 22.2 20,5 S2.7 c8 18.4 13.1 61.5 C2t 16.6 21.0 Tu4.1

c2 33,3 24.6 52.2 c6 22.9 21.5 53.5 N7 18.9 14.2 61.7 02' 17.4 22.0 74.5
63 CYTIDIRE N2 32.9 25.6 51.%8 c5 23.6 21.2 58.5 CS 19.9 14.0 62.6 03* 16.4 20.4 76.4
P 41.3 13.0 56.9 N3 33.8 25.0 S3.4 ca 23.9 19.9 S4.8 o] 20.8 14.9 63.1 N1 16.2 19.7 71.9
01P 80.0 13.0 56.1 (4] 34.1 23,9 54.1 o4 24.6 19.4 55.7 06 20.9 16.1 62.8 cé 15.6 18.4 72.0

02P 41,1 12,3 58.2 N3 23.3 19.0 53.9 LA 21.7 18,3 64.0 cs5 1.7 18.0 71.1
05' a1.6 14.6 57.2 66 ADENOSINE c2 22.5 19.2 52.9 c2 21.7 13.0 4.4 CA 14.3 18.9 70.1
c5' 42,8 15.0 58.0 31.8 25.7 59.4 02 22.1 18.4 52.2 82 22.6 12.6 65.2 .03 13.8 18,6 69.2
C4' 43.0 16.5 58.4 O‘IP 31,3 28,3 $9.7 LE] 20.8 12.1 63.8 N3 16.8 20.2 70.0
01' 43.4 16.8 56.6 C2P 30.9 26,6 60.4 69 ORIDINE c4 20.0 12.7 62.9 c2 15.7 20.6 70.9
C1* 42,9 18.2 56.3 0%t 30.6 25.9 58,0 17.1 21,1 53.9 02 16.2 21.7 70.9
c3' 41.9 17.4 58.2 cS* 30.4% 27,3 57,4 01! 17.9 21,7 55.1 72 CYTIDINE

C2' 82,2 1B.7 57.6 cEy 30.2 27.3 55.9 02P 15.7 21.5 53.8 15.1 10.5 65.% '75 CYITIDINE

02' 43,2 19.8 58.3 c1*  31.1 26.5 55.2 05' 17.3 19.5 53.9 01? 14.5 11,
03* 81.6 17.5 59.6 c1* 30.5 25.8 S4.1 Cc5' 16.6 18.6 52.9 02f .1 9
LA 41.9 18.2 55.1 c3' 28.8 26,8 55.5 c4¢*  17.0 77.2 53.1 05' 16.&% 10
9
0

9 68.9 15.5 19.5 77.5
8 66.2 01? 14,3 18.8 76.7
9 66.3 02P 16.4 1B.5 78.1
(o] 41.1 17.1 54.6 €2' 29.1 26.4 54,0 01" 18.5 17,9 52.9 c5* 17.2 8 66.9 05* 15.1 20.7 78.5
s 40,3 17.2 53,6 c2' 29.1 27.5 53.2 C1* 19.0 16.%1 53.8 ca' 18.4 10.3 67.6 Cc5' 13,7 21.1 78.6
o2} 40.2 18.4 52.9 03* 27.8 27,7 55.8 €3+ 16,7 16,5 54,4 01* 19.3 11.0 66.7 c4r  13.0 22.4 77.9
NG 39.4 18.6 S1.9 L3 30.5 26.3 56,2 C2' 17.8 15.8& 54.5 c1* 19.9 12.1 67.5 o1 13.9 22.3 76.5
N3 40.9 19.5 S3.3 c8 30.9 23.5 S5.3 02* 17.4 18.3 S53.7 C3*' 18,1 11.3 68.7 c1* 13,0 23.0 75.6
€2 41,7 19.4 S4,u X7 30.9 22.2 55.1 Q3* 15,8 16.1 54,5 C2' 19.4 11,9 68.9 C3* 11,9 22.7 17.7
02 42.8 20.4 58,8 cs 30.8 22,2 53.7 Nt 20.0 16,7 S&.8 02' 20.2 11.1 69.7 c2* 11,9 23,6 76.5

cé 30.2 21,1 52.9 cé6 20.% 18.1 S5.1 03* 17.5 10.7 69.8 02' 12.3 24.9 76.8
64 ADBNOSINE N6 30.6 19.9 53.3 cs 21.0 18.6 56.0 " 19.6 13.5 66.9 03' 11,2 23.4 78.7
P 40.2 17.1 60.2 N1 29.7 21.4 51.6 c4 21.9 17.7 56.6 Cc6 18.5 13.8 66.1 N1 12.5 22.0 74.5
01P  39.5 16.0 59.4 c2 29.5 22,7 51.3 o4 22.8 18.0 57.3 cs 18.3 15.0 65.6 cé 12.2 20.7 74.7
02p 40.3 16.6 61.6 N3 29.7 23.7 52.0 N3 21.8 16.4 56,3 cy 19,3 16.0 66.0 c5 11.8 19.9 73.7
05* 39.3 1£.5 60.1 ca 30.2 23.4 53.2 c2 20.9 15.9 $5.4 Ny 19.1 17.2 65.4 cs 11.6 20.5 72.4

c5* 39.7 19.6 61,0 02 20.9 18,7 55.3 N3 20.3 15.8 66.8 N4 11.2 1%.8 71.3
c4*  39.98 29.0 60.3 67 ADENOSINE c2 26.5 18.6 67.3 R3 11.9 21.8 72.2
01* 40.5 20.8 59,0 26.3 27,3 56,1 70 CYTIDINE 02 21.5 19,4 68.0 c2 12.3 22,6 73.2
C1* 30.0 21.8 58.1 01P 26.4 26.4 57.2 14.6 15,8 55.9 02 12.6 23.8 73.1
c3* 38.7 21.8 60.1 02P 25.5 28.5 56.4 01P 14.9 16.9 56.9 73 ADENOSINE

C2' 39.2 22.7 58.9 €5' 25.8 26,5 54.8 02P 13.2 15.6 55.7 16.1 11.3 70.4 76 ADENOSINE

02' 40.0 23.7 59.% c5* 25.3 27.2 53.6 05* 15,4 14.5 56.4 O‘I? 15.2 11.7 69.2 P 1.4 23.1 80.3
03* 38.3 22.6 61.2 c4r 26,9 26.3 52.4 C5' 15.2 13.2 55.8 02P 15.5 10.2 71.2 o1P  11.4 21.7 80.7
N9 39.3 21.7 56.9 cit 26,0 25.4 52.1 ca' 16.1 12.1 S56.4 05* 16.7 12,5 71.2 02P 12,5 23.9 80.9
c8 39.0 19.8 56.6 c1t 25.5 28,1 51.8 01" 17.5 12.5 56.1 c5* 17.6 12.3 72.3 05' 10.0 23.8 80.9

7 38.8 13.6 55.5 c3v 23,8 25,3 52.8 c1t 18,3 12.1 57.3 cs* 18.6 13,8 72.5 c5* 8.7 23,2 80.6
c5 39,2 20.9 58,9 c2v  28.0 24,2 %1.9 c3* 15,0 12.0 57.9 01 19.2 13.8 M.2 [+ A 7.7 23.7 81.7
cé 37.6 21,3 53.8 02¢ 23.5 24.5 50,6 c2' 17.3 11,4 58.3 c1* 19,8 15,2 71.2 01¢ 8.3 23,3 83.0
N6 37.1 20.5 52.9 03r 22.5% 25.9 52.7 02t 12.% 10.0 58.1 c3* 18.1 t§.7 73.1 fea 24 8.0 28.3 83.9
N1 37.5 22.6 53.5 w9 26.1 23,1 52.7 03* 14,9 11,3 58,3 c2¢* 19.1 1S.7 72.6 c 7.4 25.1 81.8
c2 38,0 23,5 Sa8.4 c8 2647 23.1 54,0 LA} 19,0 13,3 57.9 02' 20.3 15.6 73.4 c2¢ 6.9 25.2 83.2
N3 38.6 23.2 55.6 R? 27.1 22,0 54,4 cé 18.5 14,7 57.9 03' 18.0 18,7 74.5 02t 5.7 24.7 83.4
(o) 38,7 21.8 55.8 cSs 26.8 21,1 53,8 c5 19,2 15,7 58.4 N9 18.6 16.0 70.1 03! 6.4 25,5 80.8
Ccé 26.9 19.7 S3.2 ca 20.4 15.3 9.1 c8 17.6 15,5 69.3 N9 9.3 24,8 84,5
65 GUANCSINE K6 27.5 18,9 Sa,0 1] 21.1 16.3 59.6 w7 17.1 16.5 68.5 c8 9.8 24,7 85.8
36.8 23.0 61.¢ | 5] 26.% 18.3 52.0 X3 20.9 1u.1 59.1 s 17.7 17.6 68.9 w7 11.0 25.2 86.0
011’ 35.9 21.8 61,48 c2 25.9 20,1 51,2 c2 20.2 13,1 58,6 (o] 17.7 18.9 68.4% cS 19.3 25.8 84.8
O02P 36.7 23.8 62.7 N3 25.7 21.3 51,2 02 20.6 11,9 58.6 N6 16.8 19.3 67.5 c6 12.% 26.5 84,4
05' 36.5 24.0 60,1 ch 26,2 21.8 52.4 L4 18.5 19.8 69.0 N6 13.5 26.7 85.2
€5' 35.2 24.2 59,6 71 GUANOCSISE c2 19.3 19.4 69.9 -3l 12.5 26.9 83,1
C4Y  35.1 25.2 58.6 68 ORIDINE ) 4 4.1 11.8 59.7 R3 18.5 18.2 70.4 £2 11.5 26.7 82.3
a1 3 26.8 57.4 21.3 25.6 53.7 O1P 14,0 13,3 59.7 cq 18.7 17.4% 69.8 N3 10.4 26.0 B82.6
c1t 35,1 25.1 S6,2 C1P 21.7 25,8 55.1 02P 12.8 11,1 59.7 (o] 10.4% 25.6 83.9
c3* 33,7 25.3 58.1 o2p 20,2 26.7 53.5 05¢ 15.1 11.3 60.8 74 CYTIDINE
C2' 33.8 25.9 S56.7 €5 20.8 24,2 53,1 C5' 15.4 9.9 61.0 P 16.7 15.4 75.2
02t 34.% 27.3 56.7 CEft  19.9 24.1 51.8 c4*t 16.6 9.6 61.9 01P  15.4 14,9 T4.7
clS
C 2i
02P
023
cl4 g
c24 5 Xel |-834 8709 4904 -0347/||[X

Yc]=]-280]+]-4357 .8030 4066]]Y

03 1z¢| | 233| | 2270 -3397 s129])z
clim

Ni2 C3Mm o2

P
Table Legend: Atomic coordinates of yeast tRNA HE in the orthorhombic crystal

form on an orthogonal axis system. The Y axis was chosen to be approximately
perpendicular to the molecular plane. The key for the atomic numbering, using
the Y nucleotide as an example, and the conversion matrix to the crystallogra-
phic coordinates are given at the end of the table. All the atoms are listed
except hydrogens, tightly bound metal ions and water molecules.
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Figure Legend: Stereo views of yeast tRNAPHE in the orthorhombic crystal form.
Cl'-backbone structure viewed along the Y axis (a) and the X axis (b). The

complete atomic structure viewed along the Y axis (c¢). The pseudo twofold axis
relating the double helical stems (see ref. 9) is parallel to the X axis. The

views along the Y axis, (a) and (c), are similar to the schematic drawings shown
earlier (Fig. 3 of ref. 2 and Fig. 1 of ref. 9).
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lengths, torsion angles, and the target positions in the electron density

and a term for non-bonded interaction energy. At the current stage of

refinement, the crystallographic residual index is 0.39 and the correlation
coefficient (7) is 0.74. The average deviations from "standard" bond lengths
and angles are 0.02 R and l.50 respectively, and there are no non-bonded con-
tact distances shorter than the expected van der Waals distances by 0.1 X.

All the riboses are in the 3'-endo conformation except those from resi-
dues 7, 9, 17, 19, 21, 46, 48, and 60, which are in the 2'-endo conformation.
Most of the bases are in the anti conformation with respect to their riboses,
with the following exceptions: the base of residue 19 is near the borderline
between syn and anti; the bases for pyrimidine residues 17 and 60 (both have
2'-endo riboses) in the loop regions can be interpreted as either anti or syn;
the base for residue 76 is tentatively assigned to be in the syn conformation.
The electron densities for the last residue at the 3' end and for the side
chain of the Y base are weak.

A comparison of the structures in the orthorhombic and monoclinic crystal
form (8) shows that the structures in both crystal forms are essentially the
same, except for a few differences. They are the positions of residues 16 and
76, the sugar conformations of residues 18 and 58, and the base conformation
of residue 19. The root mean square and the average deviations (for the center
positions of the phosphates, riboses and bases) between this structure and the
one in the monoclinic crystal form (8) are 1.34 % and 1.10 & respectively,
while these values between the two sets of coordinates for the orthorhombic
crystal form (Duke and M.I.T.) are 1.20 X and 0.99 %.

Although we are continuing the refinement of this structure and the col-
lection of higher resolution data in order to locate the tightly bound metal
ions and water molecules, the coordinates presented here are sufficiently ac-
curate for comparison, model building, drawing, designing new experiments,

and interpreting other experimental results.
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