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DETERMINATION OF THE SOLUTION CONFORMATION OF A
NON-UNIFORMLY DEUTERIUM LABELLED (UPPSALA
'NMR-WINDOW') 2IMER RNA HAIRPIN BY NMR
SPECTROSCOPY AND COMPUTATIONAL METHODS.

Anders Sandstrom, Tatiana Maltseva and Jyoti Chattopadhyaya®
Department of Bioorganic Chemistry, Box 581, Biomedical Centre, Uppsala University,
S-751 23 Uppsala, Sweden

ABSTRACT: The conformation of a 21mer RNA hairpin, 5'-r(AGCCCGCCUAAUGAG-
CGGGCU)-3, was determined by NMR spectroscopy and computer calculations. The
'Uppsala NMR-window' approach was used to overcome the problem of spectral overlap.

The sequence and possibly the folded 3D structure of a 21mer RNA corresponding to
residues +114 to +134 within the trp leader mRNA transcript in E. coli has been proposed
to provide the termination and anti-termination signals recognized by RNA polymerase.
Due to the biological properties of this molecule an attempt to determine its structure was
recently made! by 600 MHz NMR spectroscopy, which however gave very little specific
information.

To overcome the problem of spectral crowding, the substitution of hydrogen atoms for
deuterium has been shown by us to be a useful approach (Uppsala 'NMR-window' concept)
for studying the NMR structure of relatively large oligo-DNAs and RNAs 2-8. There are
two variations of the Uppsala 'NMR-window' concept: In 'NMR window I' all sugar
protons are exchanged for deuterium (> 97 % 2H incorporation) except in 4'- (85 % 2H)
and 1'-positions (20 % 2H), this method is applicable both in the DNA and RNA series. In
the NMR window II' method the H1' is not exchanged for 2H at all and it is only one of
the protons at C2' which is exchanged for 2H (85 % 2H2/H2" and 15 % H2/2H2"). The
incorporation of 2H at C4' is 65 % in this approach.

In the present work, the 'NMR-window I' concept was used to aid in the determination
of the solution conformation of a 21mer RNA hairpin?4, 5'-r(AGCCCGCCUAAUGAGCG-
GGCU)-3' (Fig. 1). The stem region of the 21mer was deemed suitable for incorporation of
the partially deuterated nucleotides. All nucleotides except the seven residues

743

Copyright © 1997 by Marcel Dekker, Inc.



16:17 26 January 2011

Downl oaded At:

744 SANDSTROM, MALTSEVA, AND CHATTOPADHYAYA

11
-wi A
NMR-window 105 12y
o " 9
:é 10, A 12y BU 13G
2| v 13G C\.\ YA
T~. 15 OH 6 16)
5 1C+ G D Oo_ B R, ¢
"O ~
g’ 6G . IGC D D 5(\\ 17G
2 spe g H/D H/D o o
S 4 ~1se}
E 4. 3G HO OH R
Z . The partially deuterated 3c 1k
g °C."7G - ) v
g nucleotide residues 20
= zGc 20@ ZG\ z:
8 1A . 21U IA 21U

nOe connectivities characteristic
of A-RNA. For example H1 of
%G has crosspeaks to H1' of
both >C and 2'U

FIG.1.  The 21mer RNA and the partially deuterated building blocks.

(-83CUAAUG!4A-) forming the hairpin loop were partially deuterated (Fig. 1). The H1'is
not exchanged for 2H in the 'NMR-window I' concept since the H1'-region in NMR spectra
are generally not very crowded. The presence of the H1' in the stem residues also made it
possible to extract essential structural information from sequential aromatic-anomeric and
guanosine imino proton-H1' crosspeaks® (Fig. 1), which showed that the stem region
(residues 1-7 and 15-21) is indeed in an A-RNA conformation.

Crosspeak volumes for the non-exchangeable protons in the non-deuterated residues
were extracted from 500 MHz NOESY spectra with 100, 200 and 300 ms mixing times at
294 K. A total of 143 different crosspeak volumes were extracted and subsequently
converted to distances which were used in the structure refinement.

From DQF-COSY spectra of the natural 21mer RNA, the JH1' H2' could be estimated
and all residues in the stem region were found to be in the North conformation while the
seven loop nucleotides were in a ~50 % North-South equilibrium.

Structure refinement: The first step of the structure refinement procedure was carried
out using distance geometry, simulated annealing (SA) and energy minimizations (XPLOR
3.119) with distance constraints (19.9 per nucleotide) derived from nOe volumes from the
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three different mixing times using the two-spin approximation. The distance constraints
were were divided into four categories depending on their corresponding nOe volumes!!.
In addition to the 143 distance constraints derived directly from the nQOe volumes 160
distance and torsional constraints were applied to keep the stem nucleotides in a double
stranded A-RNA conformation!2,

Using the 303 constraints (see above) a total of 100 conformers were generated by
distance geometry as implemented in XPLOR 3.110, The 100 structures were further
refined following the embedding, regularization and initial SA (3 ps at 2000 K followed by
cooling to 100 K over 3 ps) by seven cycles of SA.

Each cycle of SA consisted of 6 ps of cooling from 1000 K to 100 K during which the
van der Waals energy term was gradually turned on. After the cooling the structures were
minimized with all energy terms fully included. The relative weights of the constraint
energies were increased from one cycle to the next. The force constant for the planarity
constraints was increased from 2 to 20 over the first four cycles, similarly the force
constant for the distance constraints was increased from 50 to 400 from cycle 4 to cycle 7.

The MARDIGRAS program!? was used to calculate theoretical nOe volumes for the
100 conformers and to compare them with the experimental ones. The 100 structures were
also evaluated in terms of consistency with the constraints applied and in terms of
similarity to each other and to an ideal A-RNA structure (generated by nucgen/AMBER
4.11415) The two most similar structures showed an rmsd of 1.79 A when the entire
molecules were superimposed while the two most dissimilar structures showed an rmsd of
10.76 A. Results from MARDIGRAS calculations are shown in Table 1.

Structures that did not display an A-RNA conformation in the stem region were
discarded (rmsd of the stem > 2.0 A to ideal A-RNA). Structures which violated any of the
distance constraints by more than 0.4 A or had more than two constraint violations of more
than 0.3 A were also discarded. By these three selection criteria only 37 conformers
remained and they were further refined using the AMBER 4.11415 program package using
the distance constraints derived by the RANDMARDI nOe back-calculation program!3.

A total of 3330 MARDIGRAS calculations were performed (37 struct., 3 mixing times,
30 experimental intensity files with randomly added noise) and the distance bounds from
these were averaged to yield the final distance constraints. This procedure gave 128
distance constraints for the seven loop nucleotides (18.3 per nucleotide) as well as 11
distance constraints involving residues C7, G15 or C16. These 139 distance constraints
were used in the restrained MD!6 and energy minimizations!® of the structure refinement
procedure.

In addition to the distance constraints derived from nOe volumes by the RANDMARDI
program, 25 distance and torsional constraints were applied!®. During all the following
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TABLE 1. Comparison of theoretical and experimental nOe volumes using the R-factors

calculated by the MARDIGRAS program!? at different stages of the
refinement procedure.

Energy
100 ms 200 ms 300 ms (kcal.mol 1)
R Rz R* R*| R Ry RX* R*%| R Ry R* R*| Eppt Econstr
Inin2 0.681 0.775 0.118 0.153] 0.651 0.671 0.124 0.159f 0.588 0.637 0.115 0.151
axa 0.854 0954 0.154 0.194} 0.867 0.894 0.162 0.212} 0.834 0.866 0.152 0.199
inP 0.723 0.790 0.129 0.159] 0.670 0.684 0.126 0.162] 0.610 0.664 0.116 0.153
axb 0.821 0954 0.151 0.194] 0.843 0.879 0.159 0.211}0.775 0.793 0.145 0.185
Lninc 0511 0.649 0.082 0.108] 0.431 0.508 0.076 0.104] 0.426 0.471 0.085 0.113
Imax¢ 0.678 0.817 0.117 0.138[0.589 0.732 0.102 0.131| 0.591 0.701 0.110 0.145
Conf. 19] 0.602 0.787 0.101 0.129] 0.529 0.703 0.097 0.129] 0.488 0.611 0.096 0.124§576.332 148.140
Conf, 24] 0.636 0.767 0.110 0.138] 0.565 0.651 0.103 0.130] 0.531 0.596 0.104 0.131}476.511 109.930
Conf, 3d] 0.662 0.805 0.113 0.137] 0.564 0.688 0.099 0.127] 0.549 0.620 0.106 0.133498.270 108.510
Conf. 44] 0.645 0.718 0.116 0.139] 0.588 0.628 0.109 0.139] 0.552 0.597 0.109 0.137§532.060 157.270
Conf. 54| 0.653 0.750 0.121 0.146] 0.598 0.669 0.108 0.135] 0.542 0.637 0.105 0.131503.641 116.220
Conf, 64| 0.675 0.830 0.112 0.143] 0.575 0.688 0.101 0.133] 0.518 0.626 0.096 0.128499.240 117310
onf. 7d] 0.701 0.795 0.127 0.154| 0.619 0.688 0.111 0.140] 0.564 0.651 0.106 0.132477.490 119.010
(2) Maximum and minimum R-factors obtained among the 100 structures after XPLOR refinement.
(b) Maximum and minimum R-factors obtained among the 37 selected structures after XPLOR refinement.
(c) Maximum and minimum R-factors obtained among the 37 structures after AMBER refinement.
(d) R-factors and energies for the 7 final structures after AMBER refinement.

TABLE 2. Maximum and minimum rmsd in A for heavy atoms only between conformers
at different stages of refinement

Entire structure Res 8-14 Res 2-7 and 15-20

min max min max min max
XPLOR2 1.79409 10.7555 1.14323 6.43056 0.707319 9.14763
XPLORD 1.8002 5.94266 1.52038 5.80847 0707319 2.60803
AMBERCS 0.466846 4.16502 0.599842 5.82995 0.115152 0.855278
AMBERd 0.74017 4.16907 1.04186 5.21211 0.303352 0.572338

a) Maximum and minimum rmsd (A) obtained among the 100 structures after XPLOR refinement.
b) Maximum and minimum rmsd (A) among the 37 selected structures after XPLOR refinement.
¢) Maximum and minimum rmsd (A) among the 37 structures after AMBER refinement

d) Maximum and minimum rmsd (A) among the 7 final conformers after AMBER refinement.

steps (minimization and MD) except for the very final minimization, only the atoms of
residues C7 to G15 were allowed to move. The residues belonging to the stem were
completely frozen.

The 37 selected conformers generated by XPLOR (see above) were first belly
minimized for 500 steps with the standard force constants?0. Each of the 37 minimized
conformers were then subjected to 7 ps of belly MD at 400 K, 1 ps of cooling to 300 K and
2 ps of belly MD at 300 K. The same constraints and force constants were used as in the
initial belly minimization except for the first 2 ps during which the force constants were
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FIG.2.  Stereoviews of the seven final structures and the superimposition of them.

747




16:17 26 January 2011

Downl oaded At:

748 SANDSTROM, MALTSEVA, AND CHATTOPADHYAYA

TABLE 3. All backbone torsions of the loop residues of the seven final conformers. See
Fig. 2 for stereoviews of the seven conformers.

C1 C8 U9 AlO All U12 Gl13 Al4 G15

o [Conf.1 | -729 644 -1276 1306 -67.0 1267 -538 962  89.7
Conf.2 | -725 1133 -1426 -1506 521 -1014 1011 568  -829
Conf.3 | -709 1594 569 1624 581 1124 -1751 -613 849
Conf.4 | -723 -101.4 820 -1400 580 -1260 1474 812 745
Conf.5 | -7t2 1641 -1427 1488 539 -1277  -81.0 12034 -1430
Conf.6 | -706 943 494 1328 513 860 950 1018  -709
Conf.7 | -7114 663 710 -1334 619 -1029 734 1178 835
B |Conf.1 | 1725 1718 -1235 -1046 1213 -1124 991 -177.4 -151.8
Conf.2 | 1751 -1674 1657 -133.1 -973 1456 -1432 845 1660
Conf.3 | 1751 -1640 1244 1507 -1040 1727 -1627 826 -167.3
Conf.4 | 1743 1657 1699 1728 987 1758 -1707 595 -liLl
Conf.5 | 1754 -1530 -1560 -1212 -1032 1652 1545 799 1687
Conf.6 | 1774 1697 1073 1735 967 1612 -1377 695 1732
Conf.7 | 1752 -1637 -1499 1702 -1088 1568 1405  -77.1 -1689
vy |Conf.1 | 564 1762 490 193 462 615 615 996 -1731
Conf.2 | 524 -1775 606 576 -1248 1662 683 -1647  63.2
Conf.3 | 578 1730 510 577 -1259 738 581 1723 1701
Conf.4 | 570 645 172 289 -1219 484 572 -1485 -174.4
Conf.5 | 574 1561 341 623 -131.8 844 580 -1484  69.7
Conf.6 | 586 303 -113 101 -1184 1558 698 -132.1 694
Conf.7 | 568 1735 376 269 -1361 1604 498 -1443 -1749
3 |Conf.1 | 702 887 1099 1559 788 139.4 872 1419 1023
Conf.2 | 770 739 972 1169 769 1504 1007 837 904
Conf.3 | 781 925 1207 1239 820 1373 934 725 1022
Conf.4 | 813 1006 1415 1263 733 1285 751 1568  99.2
Conf.5 | 762 876 1376 1183 708 1241 1026 638 864
Conf.6 | 819 689 1197 1121 766 1497 829 743 876
Conf.7 | 657 899 1407 1117 771 1452 1038 670 1002
£ [Conf.1 | 446 -1618 971 -197 1765 542 -1605 350 -1454
Conf.2 | -1709 783 -1706 874 1699 876 -1170 -1638 -1529
Conf.3 | -1778 -1394 540 894 344 338 -1104 435 -1478
Conf.4 | 254 341 575 827 1665 577 -1203 852 -1460
Conf.5 | -1789 1702 797 863 566 -87.7 -1651 551 -150.6
Conf.6 | 1762 537 742 817 -169.1 865 -1468 -1747 -1557
Conf.7 | 591 -1307 655 -869 1739 -1174 -163.1 369 -147.7
 [Conf.1 | 781 608 -1162 1634 -153.0 1131 570 772  -66:6
Conf.2 | -107.1 855 .686 868 692 1540 731 -776  -657
Conf.3 | -834 -1181 853 913 534 1165 602 771  -650
Conf.4 | 719 1556 824 810 -89.1 858 -1183 1560  -64.7
Conf.5 | 936 361 544 887 779 1401 940 800  -669
Conf.6 | -754 1778 630 -869 -592 1442 -1033 -850  -686
Conf.7 | 811 606 88 808 -67.7 -177.0 968 746  -654
y |Conf.1 | -1458 -1269 824 -1374 1775  -192 1070 -1470 -173.1
Conf.2 | -1455 -1183 988 -1759 1630 -1494 .578 -1663 -165.8
Conf.3 | -1487 -1338 784 -1680 1671 -1326 -1375 -1765 -168.1
Conf.4 | -151.0 516 -1339 -179.7 1574 -1427 -1033 -1459 -169.0
Conf.5 | -1477 -1312 -1214 -1761 1593 -1379  -703 1727 -1682
Conf.6 | -1649 935 -1216 1692 1404 -1485 -1220 -1772 -165.6
Conf.7 | -1521 -1279 -1383 1775 1592 -1428 -735 -1713 -171.6




16:17 26 January 2011

Downl oaded At:

CONFORMATION OF A 2IMER RNA HAIRPIN 749

gradually increased from 12.5 % to 100 % of the standard values?. Every 250 fs during
the final 2 ps of MD snapshots of the molecule were saved and subsequently superimposed
and averaged. The averaged structure was then belly minimized for 1000 steps.

After this refinement scheme the 37 conformers were cvaluated by comparing
theoretical and experimental nOe volumes (Table 1). The similarity between the different
conformers was also computed (Table 2). Large conformational differences between
conformers were observed. Structures which were best in agreement with the experimental
nOe volumes were selected as the 'final’ structures. All structures having any of the twelve
R-factors (as calculated by MARDIGRAS) worse than 1.5 times the minimum value were
discarded. This selection procedure yielded seven conformers which were subjected to 400
steps of minimization. In this minimization all atoms were free to move but several
additional constraints were applied; 20 Watson-Crick hydrogen bond distance constraints
for all seven basepairs in the stem and 127 torsional constraints (backbone and sugar) for
the 14 stem residues. The force constants were rather low?! to avoid distortions in the
structures due to bad balance between the AMBER force field and the applied constraints.
The seven ‘'final' conformers were than evaluated in terms of agreement with experimental
data, in terms of energy, and in terms of similarity between each other (Tables 1 and 2).
The seven final structures are displayed in Fig. 2 and in Table 3, their backbone torsions
and energies are shown.

The agreement, as judged by the different R-factors, between theoretical and calculated
nOe volumes for the seven final structures is reasonably good for all seven final structures
although they are very dissimilar. The reason for this may be that the loop of 21mer RNA
perhaps exist as a dynamic equilibrium of several different conformations, which are
rapidly interconverting in the NMR time scale. It is likely that one of the conformers bind
to RNA polymerase more tightly than others, followed by a rapid re-equilibration of the
pouplation of the conformers. The sugars of the loop residues clearly indicate the existence
of multiple conformers since their J41' H2' are not consistent with either pure North or pure
South conformation. The fact that there may be multiple conformers is also consistent with
the great variation in conformation of the loop among the seven final structures. No single
structure can fulfill the constraints which are derived from a time averaged envelope of
conformers present in solution. In order to confirm the great variation in conformation of
the loop in the final structures, we have undertaken the synthesis of the 21mer RNA in
which the loop (i.e. 'NMR-window") residues are additionally 13C labelled. It is likely that
the quality of the structures will improve by using time averaged constraints?2-26 and
possibly also by computing time average theoretical nOe volumes, which would probably
better compare to the experimental volumes. Further work along this line is in progress.
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