@ INTERNATION AL ATOMIO ENERGY AOEBENOY
UNITED NATIONS EDUOATIONAL, BCIENTIFIC AND OULTURAL ORGANIZATION

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

34100 TRIESTE UTALY) - P.O. B, 680 - MIRAMARE - ATRADA COSTIERA 11 - TELEPHONES: $24381/2/8/4/8:0
CABLE: CENTRATOM - TELEX 460392~

SMR/111 - 10

SECOND SUMMER COLLEGE IN BIOPHYSICS

30 July - 7 September 1984

SINGLE CRYSTAL X~RAY DIFFRACTION STUDIES OF NUCLEIC_ACIDS

1. Introduction to X-ray diffraction.

2. Nucleic acids structure IT: RNA.

3. Nucleijc acids structure II: A- and B-DNA.

4. Nucleic acids structure 111: left-handed Z-DNA.

5 Nucleic acids structure LV: drug and DNA interactions.

A. WANG
Department of Biology
Massachusetts Institute of Technology
Cambridge, MA, 02139
U.5.4.

These are preliminary lecture notes, intended only for distribution to participants.
Missing or extra copies are available from Room 230.







e

MM\a € RNA mole cles "have  beaa "j’“":l‘“l, bt
m.l,j a{.w .&“.w; so (el .

ernA™

(dus‘l'
Ovdhovhewbic P22 Rich
k N
Menoclialc P2, Klog
Yeast €RNA hee Mevas , Ebe!
mat
Yeast  tRNA f Steglev

met
E. cli tRUAf Rich

Gly wv-‘.shf

Yeast €RNA

'T‘\esj axe cmjihl—"’ul with metal foms (ﬁaﬁ)
awd  pelyamines .

+ . +

HyW —(CHy )y — MU —(CH)~ A

S AV TR /Py A VS

Spermidine

?r'l-?ue

PR

Acceptor Stem

TyC Stem

[ CONSTANT
NUCLEOTIDE

D CONSTANT PURINE
OR PYRIMIDINE

" -

g circied

Fg L.wC of the nucleotide aeg! of yeast IRNA™ . The solid tines targiary hydro-
pen bonding between bases. Solid squares around pucikeotides aquares i that they i ahways purines
-p_yr’midinu"l‘heW-ﬂﬂhhbmmﬂmw“mﬁ&:i“ﬂAmlmmwhdhm
ﬂmpmlcbn:tbalrdyeﬂthA"uihownllleoﬂdnhezlhtmﬂuw“ athoas M the iy Hydeogen-bomdi
'-.ﬂu'r.‘wmhl-mh-mmsbown:mumwlmmmhnm-ﬂu.hmMn-livdvd'-iym
bonding 10 other baacs are shown os sh d rods artacked 6o fhe backb

Fig. 1. Stereoacopic daagram of yeast tRNAM drawn by using the ORTEP prograum (7). This
diagram can be seen in three di by uung pic giassds (M) However. the three-
dimensionality of the dwgram can be seen without glasses if Uw simply Jeis the eye
muscles relax and allows the eyes to diverge slightty, 30 thal the two images are supenmposed.




antcodon

Figure 15-3 [lustration of base-pairing and stacking inersctions in yeast (RNA™ .
Base.pairs slabilizing secondary and tertiary structure ane drawn as bent or fuses!
alabs or by connecting two slabs with rods. Invariant bases in full color and semi-
invariant bases in shaded color cluster in anticodon loop. OCA end of accepior
stem, and at outer corner and hinge regions of the L™ (compare tertiary inter-
actions marked in color in Figure 15-2). Note siacking of bases M 1o 38 in the
anticodon loop, consisting of the anticodon Gmy,— Au—Agy. Letiers a to g indi-
cale where base-pairs and triplets displayed in Figure 154 are localed. From
(1030, 1046},
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Structural Domains of
Transfer RNA Molecules

The ribose 2' hydroxyl which distinguishes RNA from
DN A plays a key role in stabilizing tIRNA structure.

Gary J. Quigley and Alexander Rich

DNA and RNA are the major macro-
molecules used for the wwansfer of infor-
mation in biological systems. They differ
from each other principally by the pres-
ence of a hydroxyl group on the 2' posi-
tion of the ribose sugar in RNA. This
systematic difference in the polynucleo-
tide backbone is likely o be related 1o
significant structural and functional dif-
ferences. DNA is used solely as an infor-
mation carrier; certain kinds of RNA are
also wsed in this role. including vikl
RNA and messenger RNA. However,
uther ¢lasses of RNA such as ribosomal
and transfer RNA scem 1o play a signifi-
cant steuctural role as well. Ribosomal
RNA is believed 10 furm a three-dimen-
sional lattive on which ribosomal pro-
teins are placed in the assembly of the
functioning organelle. ln the transfer
RNA muiecule. only the three anticodon
nucleotides play a direct role in the trans-
fer of genetic infurmation through their

Dr. Quigley is a research associate and Dr. Rich
is William Fhompson Sedgwick professor of bio-
rhy.-.icain[hel)epanm:nl Bivlogy . Masachusetls
nstitute of Technalogy . Cambridge 02139,

interaction with the three nucleotides in
the codun of messenger RNA. Noncthe-
less, transfer RNA molecules have 74 10
9] nucleotides (/, 2). The vast bulk of
these are involved in furming a complex
three-dimensional structure whose func-
tionat role is only partly undersiood at
the present time. For several years, we
have been studying the three-dimension-
al structure of yeast phenylalaning trans-
fer RNA (1IRNA"™}, This work has led 10
an understanding of the three-dimension-
al conformation of this molecule and to
some understanding of the three-dimen-
shonal structures of tIRNA molecubes as a
class ().

In this ariicle, we review aspects of
the three-dimensional structure of yeast
IRNA" and. in particular, discuss swome
of the more recent structural findings,
which are based on a refinement of the
mulecular structure. This has led to the
recognition that this IRNA molecule has
several domains which cssentially repeat
certain structural features or motifs. Ina
striking fashion. the refinement has re-
vealed the critical role played by the

ribose 2 hydroxyl group in stabilizing
important features of the folding of 1he
RNA polynucleotide chain in the non-
hetical regions of the molecule. This has
provided us with some perspective un
the manner in which nature has utilized
RMA molecules 1o fiwm complex three-
dimensional structures. 1 is likely that
some of these features will be seen in the
future as we come to understand the
three-dimepsional  structure  of - other
types of RNA. including  ribosomal
RNA.

Transfer RNA plays a central role in
protein synthesis. An amino acid is at-
tached enzymatically to the 3" end of the
molecule, which thea enters the ribo-
some and forms a specific interaction
with a codon base triplet of messenger
RNA. The growing polypeptide chain 15
transferred to the amino acid. and the
complex of messenger RNA, IRNA. and
polypeptide chain is moved to an adja-
cent site in the ribosome, The polypep-
tide chain s then transferred w the
amino acid attached to a subsequem
tRNA which has entered the ribosome.
and the original IRNA is released from
the ribosome. We would like to under-
stand the molecular basis of these key
events in the expression of genetie infor-
matkon,

In 1965, Holley o al. (#) sequenced
the first tRNA and noted that it could be
folded inte a vloverleal arangement in
which the stem regions contained com-
plementary bases. Since then. the se-
quences of some 75 different tRNA mole-
cules have been determined {1, 2 and all
of them can be orgunized inte this same
general cloverleaf folding, which is illus-
wrated for yeast tRNA™ in Fig. la (5).
From these resulis has come an aware-
ness that o large number of the pusitions
in the cloverleal sequence are occupied
by constant or invatiant aucleotides {en-

O

closed in a solid square in Fig. la}. Other
positions are semi-invariant, occupied
exclusively by purines or by pyrimidines
(shown by the dashed squares in Fig.
la). The stem und loop regions are
named as indicated in Fig. 1a; the antico-
don bases (numbered 34 to 36) interact
with messenger RN A during protein syn-
thesis. During aminoacylation, an amino
acid is esterified onto the 3’ terminal
ribose of adenasine 76, which is at 1bhe
end of the acceptor stem.

The constant features associated with
all tRNA molecules include the seven
base pairs in the acceptor stem, three or
four base pairs in the D stem, and five
base pairs anud a seven-residue loop in
both the anticodon and Tyl arms.
Eighty percent of IRNA's have either
four or five nucleotides in the variable
loop, while the remainder have very
large loups containing 13 1o 21 nucle-
atides {/, 2}. In addition, two regions in
the D loop have variable numbers of
nucleotides. These ure labeled a and 8
in Fig. la and flank the two constant
guanosine residues in the D loop. These
gach comain from one to three nucle-
otides in different tRNA species.

Polynucleotide Chain Folding
Very little was known about the three-

dimensional conformation of tRNA, but
the discovery in 1968 (6} thar it was
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possible to crystallize iIRNA molecules
made it apparent that the structure
would eventually be elucidated. The diffi-
culty in obtaining crystals of sufficient
quality and resolution to give a clear pic-
ture of the polynucleotide chain slowesd
the solution of the structure. However, in
1971 it was discovered that the addition
of spermine to yeast IRNA™ would pro-
duce orthorhombic crystals of that IRNA
which had x-ray diffraction patterns with
a resolition close to 2 A (7). Spermine-
stabilized yeast tRNA™ was subse-
quently found to form wellordered
monoclinic crystals as well (8). The fold-
ing of the polynucleotide chain in this
(RNA was discovered in 1973 through an
analysis at 4 A resolution of the ortho-
rombic crystals (9). An vhusual strue-
ture emerged from this study, The mole-
cule has a bent or L-shaped appearance
in which the acceptor and Ty stems
form one leg of the L; the D stem and
anticodon stem form the other leg, as
shown in Fig. 1b. In this conformation,
the anticodon is about 75 A away from
the amino acid acceptor end, Further
details of the three-dimensional folding
of the molectle were revealed in sub-
sequent studies at 3 A resolution of the
orthorhombic (J0) and monoclinic (/1)
crystal forms. A number of lertiary inter-
actions were revealed involving base-
base hydrogen bonding. The yeast
tRNAM* molecules appeared very simi-
lar in these two different lattices. al-
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though some significant differences re-
maingd. However, on further nter-
pretation of the monoclinic crystal sirue-
ture a1 2.5 A resolution (/2). the dif-
ferences were found to be much fewer
than had been suggested from the initial
interpretation. At the present time the
principat difference in the conformation
of the molecule in these two lattices in-
volves the position of the 3 tetminal
residue A76. Two independent prelimi-
nary refinement analyses have been car-
ried out on the orthorhombic duta (M4,
14), giving rise 10 two closely related sers
of coordinates. Similarly, two sets of
preliminary coordinates have been pub-
lished from the analysig of the mono-
clinic crystal (15, I6). A comparison of
three preliminary sets of coordinates has
recenily been published (/7).

A significant feature of the rertiary
interactions was that they involved many
of the nucleotile positions which are
invarianl or semi-invariant as shown in
Fig. |. Analysis of the structure sug-
gested that the polynugcleotide folding of
yeust tRNAM™ was a good model for
understanding  the  three-dimensional
folding of all tRNA's since the structure
could accommodate the nucleotide varia-
tions in different tRNA sequences (3),
Furthermare, il became appareni that
this structure could account for the phys-
ical and chemical properties in solution
of not only IRNAY™ but other IRNA's as
well (1).

Acceptor Stem

T¢C Stem

3 Acceptor
End

Fig. 1. {a) Cloverieaf diagram of the nucleotide sequence pf yeust IRNAY. The solid lings conaecting circled nucleotides indicale tertiary hydro-

gen bonding between bases. Solid sq around wucl dic

that they are constant; dashed squares indicate thai they are always purines

or pyrimidines. The regions o and # in the D Joop contain one to three nucleotides in different tRN A sequences. (b) The folding of the ribuse
phusph'.ﬂe backbone of yeast IRNAM™ i5 shown as a coiled tube; the numbers refer to nucleotide residues in the sequence. Hydrogen-bonding
interactions between bases are shown as cross rungs. Tertiary interactions between buses are solid black. Bases that are not involved in hydrogen

honding o other bases are shown as shortened rods attached 10 Lhe backbone.




Mbolecular Refinement

Recently we have carried out a refine-
mentat 2.5 A resolution of the molecular
coordinates of yeast tRNAMY in the or-
thorhombic lattice . In the refinement we
used a version of the real-space refine-
ment program of Diamond (78). modified
to accommodate polynucleotiles rather
than potypeptides. 11 was applied in a
manner similar to that used by Huber or
al. (79). In these procedures. the AppProxi-
mately SO0 positional degrees of free-
dom (3 for each of 1700 atoms) are re-
duced to 500 degrees of freedom. This is
done by fixing bond distances and angles
of the ribose. phosphate. and base resi-
dues to those determined VETY ACCUTHie-
ly from structures of small molecules,
Pasitional adjustments.are made by shift-
ing the variable dihedral angles of the
molecule 0 change the conformation.
Within these consiraints, the molecular
mudel is altered o optimize its fil to the
electron density map of the structure as
calcvlated from the observed diffraction
data and model phase information. The
improved model produces improved
phase informativn, which is applied to
the ubserved diffraction data 10 produce
an improved map. This procedure is iter-
ated, and. as the map and model improve,
solvent molecules and ions are added as
their positions become clear. The agree-
ment in the fitting of the molecular model
to the observed x-ray diffraction data is
measured by a residual. R (200, which
decreases as the agreement between the
ubserved and calculated data improves.
For our initial molecuiar model. the re-
sidual at 3 A resolution was 0.46, Some
preliminary refirement was carried out

Fig. 2. Stereoscopic diagram of yeast IRN AP

and a preliminary set of coordinates was
published with o residual value of .33 at
30 A resolation and of 0.35 at 2.7 A
resolution (/3). With continued refine-
ment, the R value is now 128 at 3.0 A
resolution for 5823 reflcctions, and .29
at 2.5 A for 7895 reflections (21). As the
refingment proceeded, il was observed
that many potential hydrogen-bonding
atoms moved into positions such that
hydrogen bonding was implied. At the
prescnt stage in the refinement. 91 intra-
medecular hydrogen bonds have been
identified and they have an average dis-
tance of 2.90 A. Our estimate uof the
standard deviation in atomic positions is
about 0.2 to 1.3 A, The relative devia-
tion is much lower. of course. i the
purines and pyrimidines and in the sugar
phosphate backbuone because their inter-
nal distances are constrained in the re-
finement program. However, the uncer-
tainties in the positions of the noncuva-
lently bonded groups make it necessary
1o use a knowledge of the geometry
as well as interatomic  distances in
evaluating interactions such as hydro-
gen bonding. In a few cases, how-
ever. we are uncertain, cither because
the distance is somewhat long or because
the geometry is awkward. We have
called these probable hydrogen bonds in
the comprebensive listing in Table |.
Some  hydrogen-bonding  interactions
may be revised with further refinement.
butl we do not anticipate a large number
of changes. These newly refined coordi-
nates have allowed us to make u number
of additional observations concerning the
detailed conformation of the molecule.
The three-dimensional form of the entire
melecule is shown in Fig. 2. Sections of

drawn by using the ORTEP program {37). This

diagram can be seen in three dimensions by using stercoscopic glasses (24). However, the three-
dimensionality of the diagram can be seen without glasses if the reader simply lets the eye
muscles relax and allows the eyes to diverge slighily, so that the two images are superimposed.

the 2.5A electron density map [2F, - £,
map ¢/9)] wgether with portions of the
mudel in ils refined position are shown in
Fig. 3. Although these newer coordinates
are not included here. they are available
from the authors on request and have been
deposited in the protein data bunk (22).

Many Types of Hydrogen Bonding

Figure 1bis a schematic dingram illus-
trating the folding of the polynucleotide
chain in yeast IRNAM™. A coiled tube
represents the backbone. and the cross
rungs represent the hydrogen-bonding in-
feractions between the bases. As in-
ferred from the cloverleal diagram. the
stern regions are in the form of double
hetical  segments  of  polynucleotide
chain. The black cross rungs in Fig. [h
represent a variely of tertiary base-base
hydrogen-bonding interactions. which
serve to stabilize the molecule beyond
the secondary hydrogen-bonding inter-
actiens found in the double helical stem
regions. With the cxception of 1he
G4 - UsY base pair, all of the base-hase
hydrogen-bonding interactions in the
double helical stems are of the Watson-
Crick type (233, One of the striking fea-
tures of the three-dimensional structure
of yeast tRNA"™ is the variety of alterna-
tive hydrogen-bonding interactions scen
in the nonhelical regions; these utilize po-
tentiuis for hydrogen bonding many of
which were hitherto seen only in the
struciure of synthetic polynucleotides or
in the crystal structures of nucleic acid
constitvents.

An overview of the three-dimensionat
form of the molecule is seen in the stereo-
scopic diagram of Fig. 2 (24). The struc-
ture is dominated by two base-stacking
domains_ which involve all but 5 of the
7 purine and pyrimidine bases in the
molecule. The unstacked bases are in the
twe variable regions of the D loop (e,
D6 and DI17: 8. G20}, in the variable
loep (U47). and at the 3’ terminus (A76).
Base :tacking is the major stabilizing
feature of the molecule and is likely to be
preserved in the three-dimensional struc-
twure of all IRNA molecules (7). The hori-
zontal stacking domain contains the ac-
ceptor and TyC stems supplemented by
two bases from the D loop and all bui
twe of the bases in the TyC loop. The
ventical domain includes the two remain-
ing bases from the T¢C loop. the D stem
supplemented by  hydrogen-bonded
bases at either end, and the anticodon
stem to the anticodon at the bottom of
the molecule.

A more detailed view of some of the
bases in the molecule is shown in Fig. 3.

N

which illustrates |1 regions of the elec-
tron density map, with the correspond-
ing refined molecular model drawn with
heavier lines, Most of the parts of Fig. 3
contain single sections of the ¢lectron
density map. but some contain other sec-

tions 1 A apart where features with some
depth are illustrated. In high-resolution
(= 1 A) studies of small molecules. an
clectron density map shows individual
atoms as isulated peaks. However, with
data at 2.5 A resolution, the electran

density map shows clusters of atoms so
that the individual peaks which uccur are
associated with the bases. the riboses,
and  the clectron-dense  phosphate
groups. as seen in Fig. 3. In general.
bases that are hydrogen bunded are rep-

Table 1. Tertiary hydrogen bonding in yeast phenylalanine tRNA. Standard symbols are used for referring to bases and their atoms: R stands fora
purine and Y for a pyrimidine; § is used far the ribose sugar residue. and it is generally followed hy an alom designation
sterisk indicates probable but not certai hydrogen hords.

the phosphorus atom. and the atoms (1 and 2 are phosphate oxygens. An a

Comments

A. Buse-base interavtions

Interaction

1. US-Al4 Reversed Hoogsleen pairing. explains constant UB and
Ald

2. A% - A Paly(rA) pasring of A9 with A23 in major groove of
¥ stem

L miGIG - G458 Single H bond from €45 N2 to m?G [0 O6 in major

groove of D stem

4. GIS - C48 Trans pairing with twoe H bonds, explains constant
R15 and Y48. rrans pairing requered by parallel
chain directions

5. Gl - 55 GI8NZand N3 buth within H-bonding distance of 455,
may partially explain role of constant G18 and wS5

& GI19 - C56 The only tertiary Watson-Crick hase pair partially ex-
plains constan! 19 and C 36

7. G2 - m'Gés Prutonated miGdé donates 1wo H bonds to G22 in
majot groove of D siem

8. miG26 - Add Two H bonds. involve mjG26 N1 and O6 with

Ad4 NI and N6, propelter twist of bases

One H bond from A8 N6 to Cm32 02, may explain
constant Y 32 in anticodon loop

Reversed Hougsten pairing, partially explains con-
stant TS4 and role of constant AS§

9. Cm32 - A8

10. T54 - m'ASE

B. Base-backbone interactions
Type of H bonding found in double helical poly(rA)
H bond in major groeve of I siem, may explain
constant Y11-R24 in D stem

I. A9 N6-$23 (2
2. (apC11 Na-§% ()2

or
(bFG10 N7-89 O H bond in majer greove of D steen: position 10 is
usualy a G residue

H bond from major groove of 1 stem to phosphate

One H bond to furanose ring (0

A21 NI faces SB: explains constant A

Explains constant U33

Singte H bond to non-Watson-Crick side of central
base of anticodon

H bond from variable loop to phosphate 9

1. C13 Na-P9 O2

4. *GI8 N2-558 O1°
5. A2| NI-88 02
6. U33 N3-P36 02
7. *AXS N7-533 0¥

8. *m'G46-59 05’
9. P55 N3-PS§ 02

10. G57 N7-855 02"
11, GS7 N2-S18 02"

Partially explains constant 55
Partially explains consiant R57
GS7 amino group is near S18

12. G57 N2-819 Q1" G57 amino group is near S19

13. C61 N4-PSOO| Explains constant G53 - (61

C. Backbone-backbone interactions
Maintains continuity of interrupied ribose phosphate
chain
Holds residue 17 away from molecule
Holds residue 18 in position to bind to 55
Joins variable loop 1o sharp bend at residues 9 and
10; tikely to supplement interaction B-2a above
Residue 47 bulges out of variable loop: this
provides chain comtinuity between residues
46 and 48
Joins bulge in variable foop 1o THC stem

1. 87 O2'-P49 02

2. *516 02'-P1R (2
3 *S1702-P19 02
4. *S45 02’-P10 O]

5. 846 O2-P4R 02

6. $47 O2'-P%0 O1

7. 548 02'-859 O Joins variable loop to TC loop

8. 558 O2'-P60 02

Residues 5% bulges out of TwC loop

Structural role

Stabilizes bend between residues 7 and 8

Stabilizes sharp bend of chain berween residues
9and [{

Maintains interaction belween variable loop and
D siem

Stabilizes joining of 1D stem with TyC by stacking:
keeps variable loop and 13 loop together

Maintains interaction of D loop and TYC loop

Forms autermost corner of molecule; stabilizes
interaction of D and T4C loops

Interaction of extra loop and [} stem is also stabilized

by electrostatic bond due to charged m’G46
Maintains the continuity of stacking interactions

from the D stem 1o the anticodon stem
Stabilizes the anticodon loap

Maintains stacking in ‘TyC loop

Stabilizes sharp bend between residues 9 and 10
Stabilizes sharp hend between residues 9 and 10

Stabilizes sharp bend between residues 9 and 19

Ties residues 8 and 9to D stem

Stabilizes interaction of D and TyC loops
Stabilizes I loop and foMing of chain
Stabilizes sharp Ut in anticodon leop
Stabilizes amicodon canfarmation

Ties residues § and 9 1o variable loops, helps
nevtralize positive charge on m'G46

Stabilizes shatp U turn of TyC loop

Stabilizes sharp turn of TyC loop

Stabilizes interaction of D and T¢C loops by
augmenting stacking interaction of GS§7

Stabilizes interaction of D and TyC loops by
augmenting stacking interaction of GS7

Stabilizes T¢C loop stacking on TyC seem and
positions bases US9 and C60 away from
other ToC loop stacking interactions

Stabilizes double helical stacking belween acceplor

and TyC stems
Maintains conformation of o region of molecule
Maintains conformation of o region of molecule
Stabilizes juncture of anticodon stem and [ stem

Maintains conformation of central part of variahle
loop

Stabilizes the bend in polynucleclide chain between

residues 48 and 49
Slabilizcs_slnckins between USI and C48 - GI5

such as 02': P stands for

base pair

Stabilizes stacking of U9 and Cé0 perpendicuiar to
other bases of TyC loop; also stabilizes m'AS®
stacking on C61




resented by peaks of electron density,
which are often separated from each oth-
er but sometimes run together at the
lower levels of electron density . Figure 3
illustrates nine of the ten total tertiary
base-base hydrogen-bonding interactions
that are not of the Watson-Crick type. In
addition, two sections show other fea-
tures of interest.

Secondary interactions in t(RNA mole-
cules are those involved in the double
helical stem regions of the cloverleaf dia-
gram. Interactions involving bases in the
nonhelical regions are genetally de-
scribed under the heading of tertiary in-
teractions, and prominent among these
are hydrogen bonds. Three types of ter-
tiary hydrogen-bonding interactions are
involved in stabilizing the three-dimen-
sional structure of yeast IRNAY™. These
include base-base hydrogen bonding,
base-backbone hydrogen banding, and
backbone-backbone hydrogen bonding.
Table | has a list of all the 1ertiary hydro-
gen-bonding interactions in these three
classes which are observed at the pres-
ent stage of our refinement analysis of
the orthorhombic crystal structure. Sev-
eral of these hydrogen bonds have been
cited carlier (J0-17). In addition to the
interactions of which we are fairly con-

w'ASS 3

Fig. 3. Electron densily sections of the refined model of yeast t
represent the molecular model as defined by 1he refined atomic coordinates. Hydrogen

Heavier dashed lines are used 1o show

fident, Table | includes some inter-
actions which we consider probable but
which have a slightly long hydrogen-
bonding distance or a somewhat wnfavor-
able geometry. These may be resolved
on fugther refinement. Table | also in-
cludes comments on the vatious inter-
actions as well as brief descriptions of
their structural roles. Two features are
apparent from Table 1. The first is the
great diversity of hydrogen-bonding in-
teractions involving the bases. The sec-
ond is the high frequency with which 2’
hydroxyl groups are involved in hydro-
gen-bonding interactions, especially in
the nonhelical segments of the motecule
where the polynucleotide chain has a
foided or imegular conformation.

Helical Domalns

The most prominent feature in the
structure of yeast IRNAP® is the exis-
tence of the double helical stem seg-
ments, most of which have a con-
formation close to the Il-fold typs A
RNA helix (25). In this form of the
double helix, the base pairs are tilted
approximately 15° from the helix axis
and are displaced away from the axis.

This creates the effect, visible in Fig. 2,
of a very deep major groove in the helical
stems and a very shallow minor groove.
There is considerable local variation in
\he helical parameters of the different
segments of the molecule, which un-
doubtedty refiect the local environment.
For cxample, a minor perturbation is
found in the acceptor stems associated
with ihe presence of a G - U base pair.
This base pair is of the wobble 1ype (26).
Its electron density is illustrated in Fig.
3j. In this conformation, the G is slightly
farther away from the helix axis than it
would be in a normal Watson-Crick base
pair, while the U residue is slightly
closer 1o it. The electron density map
shows a peak of low density in the major
groove of the helix, which may be due to
an ion vecupying thut position. The peak
of electron density is actually somewhat
elongated in the major groove, and this
may be the position of one of the sper-
mine molecules in the orthorhombic crys-
1al lattice. Several other counierions and
solvent molecules have been visualized
in the electron density map and they will
be discussed more Tuily elsewhere.

The helical regions of the acceptor,
T4, and anticodon stems are all fairky
close to a conventional RNA-A helix

RNAP*. Curved lines represent contours of electron density: heavier solid lines
d bords betweea the bases are shown as thin, dashed lines.
ts of the polynucicotide chain which are outside the plame of the section. Oxygen uloms are shown

as small open circles, nitrogen aloms as small solid circles, The phosphorus atoms are slightly larger solid circles. Sections b, F, and h show morc

than one section, as the segments of the molecule thal are illustrated do
The position marked X in section j corresponds Lo an ion or solveat molecul

wot all lie in one plane. In these cascs, parallel sections 1 A apart are used.
c which may he coordinating with the bases.

wilh nearly 11 residues per tum; how-
ever. the D helix deviates from this with
closer to 10 residues per turn (27). This
undoubtedly is associated with the large
number of interactions which are found
in the major groove of this double helix,
as discussed below.

The large differences between the
RNA double helix and the DNA double
helix are due (o the steric influence of the
2" hydroxyl group present in RNA. In
(tRNA there appear to be a few cases
where a hydrogen bond is pussible be-
tween the (02" of one ribose and the 01
of the next ribose. However, the hydro-
gen-bonding capacity of the 2' hydroxyl
groups is langely unutilized in the helical
regions of IRNA™,

The Uridine Turn {U Turn)

One of the siriking features which has
emerged from the refinement analysis is
the simidarily between two regions of the
molecule where the polynucieotide chain
turns an abrupt corner. This is immedi-
ately clear from Fig. 4, which shows a
sterevscopic view of the sharp wms in
Lhe anticodon loop and the Tl foup.
Three important stabilizing interactions
are seen. In both cases, the uracil resi-
dues (U33 and 55) play a key role in de-
fining the character of the twrn; hence we
call this the uridine turn or U wrn in the
polynuclectide chain. As shown in Fig.
4a, the polynucieotide backbone starts
with phosphate 33 at the upper left. and
the chain passes away from the reader
and diagonally down 1o the lower night.
The chain changes direction quite abrupt-
ly at phosphate 34, largely through the
rotation of the P-O5’ torsion angle, as
pointed oul previously (28). The net ef-
fect of this change in the direction of the
chain places phosphate 35 directly under
the pyrimidine ring of uracil 33, so that
these are in van der Waals contact. The
urn of the chain is stabilized in this
conformation by two hydrogen bonds,
one of which goes from N3 of uracil 33 10
phosphate 36, The ather hydrogen bond,
which at the present stage of the analysis
is slightly long, is between the 02 of
ribose 33 and the imidazole nitrogen (N7}
of adenine 35.

A similar conformation is found at the
end of the TyC loop (Fig. 4b). where
phosphate 57 is in van der Waals contact
with the uracil ring of $i55 while nitrogen
atom N3 of y55 forms a hydrogen bond
with phosphate 58. Al the same time, the

*2* hydroxyl group of ribose 33 forms a

hydrogen bond to N7 of guanine 57. It
appears that the stabilization for this
sharp wmn derives from three different

interactions: (i) the hydrogen bond be-
1ween the uracil ring and the phosphate
group three residues farther down the
chain, (i) the hydrogen bond between
the 2* hydroxyl group and the imidazole
nitrogen of the purine ring, and (it} the
van der Waals contact between the phos-
phate ion and the = electrons of the
uracit ring, which may be stabilized
through an ion-induced dipule inter-
action. ln both cases, this phosphate
group may be regarded as a capping inter-
action at the end of the large column of
bases which form the (wo long stacking
domains of the molecule described
ubove.

The uridine wrn is likely to be a com-
ponent of all RNA's since most of
the key components are invariant. Thus,
the uridine residues in both cases
(uracil 33 and pseudouracil 35) are con-
stant for tRNA's involved in polypeptide
chain elongation. Similarly. in the TyC
turn, pusition 57 is always oeupied by a
purine residug, so that N7 is a consiant
feature in that position.

In the case of the anticedon luop, the
center base of the anticodon A35 can be
occupied by any nucleotide, not just a
purine. When position 35 is occupied by
a uracil or a cylosine, only very small
shifts appear necessary for 02’ of ribose
33 1o form a hydrogen bond 1o the non-
Watson-Crick side of either uracil 04 or
cytosine N4. If a hydrogen bond is found

in the latter case, the amino group of
cytosine at N4 would donate its hydro-
gen for the bond. and the hydroxy!
would then accept rather than donate its
hydrogen. 1t should be stressed, buw-
ever, that the final decision with regard
to the hydrogen bonding to the center
base of the anticoden from the 2’ hydrox-
yl of ribose 33 will have to await the
results of furher refinement studies and
a knowledge of other tRNA structures.

We are impressed by the fact that the
detailed geometry of these tums is s0
similar in both the anticodon and Ty
loaps, even though other features of the
loops are different. Within the short
stretch of three nucelotides, statting with
uridine. the polynucleotide chain under-
goes a 1807 change in direction. Even
though the change in the direction vccurs
largely through a dihedral rotation within
one residue, the stabilization for the rn
involves interactions with the nucke-
atides on either side. It will be of interest
1o see if uridine turns also oceur in other
RMA structures.

A somewhat similar turn of the polynti-
cleotide chain occurs between residues ¥
and 10, but while the 02" of ribose Y may
be in a position to hydrogen bond 10 N4
of C11. the turn is more open than the
uridine wrn, The enly other example of
the chain reversing direction is in the b]
loop, where the change takes place grad-
ually over the whole loop.

Fig. 4. Stereoscopic views of the uriding or U turn in(a) the anticodon, and {b) the T loop. In
both cases, the turn is viewed from inside the molecule. It can be seen that phosphate groups lie
directly below U33 and $55. The turn is stabilized by two hydrogen bonds, which are shown as

dashed limes. Phosphorus atoms arc drawn s

darkened to ¢larify the folding of 1he chain.

Varge circles. The ribose phosphate backbone is
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The Arch Conformation

One of the interesting features which
became upparent on tracing the polynu-
cleotide chain at 3 A resolution was the
fact that the chain bulges in various te-
gions; that is. arches out in such a way as
to exclude certain residues from stacking
interactions with adjacent nucleotides.
En the course of the refinement analyses.
we have come to recognize that there
appears to be a common structural mech-
anism for stabilizing these arch domains
in which the 2' hydroxyl group of an
adjoining nucleotide plays a crucial role.
An example of this can be seen in Fig. 5,
which shows a corner of the molecule
near the inside of the L, where there is a
Joining of the acceptor and Ty” stems
and the variable loop extending down
toward the bottom of the diagram. Yeast
tRNA™ has five nucleotides in its vari-
able loop. four of which are involved in

base-base hydrogen bonding. Omne of
them. U47. is essentially cxcluded from
the center of the molecule. and that base
projects ou away from the bady of the
molecule, where it is readily susceptible
to chemical modification (7).

The structural mechanism for stabiliz-
ing this looping out is seen in Fig. 5. The
central feature is the hydrogen bonding
of the 2’ hydroxy! group of ribose 46 on
one side of residue 47 to the phosphate
group of residue 48 on the ather side
{Table 1. C-5). This has the net effect of
puiling together the rtibose phosphate
backbone in such a way that nucletide
47 bulges out. projecting its uracil resi-
due away from the rest of the molecule.
This conformation is likely to be found in
tRNA’s that have five nucleotides in the
variable loop. It is noteworthy that a
substantial number of tRNA’s have four
residues in the extra loop. As suggested
earlier (3). this may be brought about by

Fig. 5. Stereoscopic view of the juncture between the acceptor and TeC stems and the variable
loop near the core of the molecule. This region is near the inside of the L-shaped molecule
wherc it turns the comner. The axis of the acceplor stem and TWC stem is horizontal across the
top of the diagram. The molecule s roughly in the same orientation as that shown in Fig, 2

except that the acceptor stem is rotated toward

the reader. The coiling of the polynucleotide

chuin is stabilized by several hydrogen honds between 2’ hydroxyl groups and phosphate
residues. as described in the text. Dashed lines attached 1o the bases imply that they are
hydrogen honding o other bases, which are not shown.

Fig. 6. Coiling of the polynucleotide chain in th

Residues 61 and 62 are part of the TYC stem: m

o

tﬁ;

e T#( loop shown in a stereoscopic diagram.
'AS8 is part of the TWC loop. 1t can be seen that

the polynucleotide chain loops out in such g way that residues 59 and 60 do not stack with the
rest of the bases. This conformation is stabilized by hydrogen bonding between 02’ of ribose 18
and phosphate 60 as well as between C6] and phosphate 60,

the excluston of residue 47, with joining
of the ribuse phosphate chain between
positions 46 and 48. This joining could
easity be facilitated by small rotations of
the ribose and phosphate residues in 46
and 48 without substantial distortion of
the remainder of the polynucleotide
chain.

There are several examples of arches
somewhat similar to thal seen in residue
Ud7. Another example is found in the
TUC loop., where two of the bases, Usy
and €60, are oriented so that they do not
stack with the remainder of the bases in
the Ty boop, but in a direction virtually
at right angles to these (Fig. ). The
bases 59 and 60 initiate the long vertical
stacking domain (Fig. 2}, which cxtends
down to the anticodon of the molecule.
This is achieved partially by creating a
bulge for residue US9 (Fig. 6). which is
expelled from the stacking interactions
of the remainder of the Ty loap through
formation of a hydrogen bond between
02’ of ribose 58 and phosphate 60 ( Table
I, C-8). leaving USY stacked on the pair
C48 - GI5.

Two other probabie examples of arch
domains are found in the o region of the
D loop, where dihydrouracil residues ure
found in positions 16 and 17. Here we
find that D17 is projected out away from
the rest of the polynucteotide chain
through a hydrogen bond between 02 of
rthase 16 and phosphate 18 (Table |. (-2}
in a manner similar 1o that described
abave for U47 and U59. It is interesting
that a similar hydrogen bond between
the 02" of ribose 17 and phosphate 19
{Table 1, C-3) has the effect of projecting
guanine 18 back toward the molecule.
where it interacts with the base 345,
Since the « region of the D loop has one
to three nucleotides. it is clear that this
arch domain is used to add additional
nucleotides without actually having the
nucleotides buried in the body of the
molecule. This structural feature is corre-
lated with the fact that nucleotides in the
a and g regions are characteristically
reactive in chemical modification experi-
ments (/).

The arch domain is commonly charac-
terized by the use of an aMered ribose
conformation. Instead of the normal 3'-
endo conformation. the ribose residue
which donated its 02" hydroxyl for the
hydrogen bonding is wsually found in the
2-ende conformation. as in riboses 46,

~. 58, and 17.

1 is also possible to have larger bulge
or arch domains. Figure 5 shows exam-
Ples of two other types of bulges. The 2’
hydroxyl of ribose 47 forms a hydrogen
bond with phosphate 50 (Table 1. C-6)
encompassing two nucleotides, In this

&Y

case, the polynucleotide chain has
changed direction between residues St
and 49, which are in the acceptor stem,
and residues 48 and 47, which are in the
variable loop. This change in the direc-
tion of the polynucleotide chain is stabi-
lized by the participation of a 2' hydrox-
yl-phosphate hydrogen bond in a manner
similar to that seen in the examples
above.

A further example of a very large arch
or looping out is seen in Fig, 5. Residucs
Shand 49 are part of 1he TyC stem, while
residue U7 is part of the acceplor stem.
Even though the bases in these two
stems are stacked on cach other so that
they have the appearance of a contin-
uous double helix, the polynucleotide
chain is interrupted between residues 7
and 4% with an cxiremely large bulpe
which. in fact, constituies the entire
arm, anticodon arm. and variable keop.
This very large arch is similarly stabi-
lized by a hydrogen bond hetween ribose
7 and phosphate 49 (Table 1, C-1), and
nbose 7 is also in the 2'-vado con-
formation. The hydrogen bond uniting
ribuse 7 and phosphate 49 has the effect
of maintaining the contingity of the ri-
bose phosphate chain along one side of
the double helix, even though the actual
ribose phusphate chain bulges out away
from the double helix to form o large
segment of the molecule.

In view of the fact that it appears
possible to have a very Jarge arching
domain. one is iempted to ask whether
or not this would be a model of how the
large variable loops are integrated inty
the tRNA structures. Approximately 20
percent of the IRNA sequences have
variable loops containing 13 1o 2 nucle-
otides (/. 2), These may be accommu-
dated in much the same way as the single
nucleatide bulge of U47, which is shown
in Fig. 5. In other words, simply increas-
ing the number of nucleotides in that
arch might be a structural basis of the
large vaniable stem and toup structore,

Thus we see that the 2° hydroxy! group
which forms hydrogen bonds to phos-
phates has the property of stabilizing
bulges in the polynucleotide chain which
are used in the three-dimensional struc-
ture of yeast tRNA™ in a variety of
ways. 11 is likely that similar arches or
leoping out of single or multiple residucs
in which this stabilizing mechanism is
used will be found in other RNA struc-
tures. Such looping out is commonly
seen in the proposed helicat stretches of
ribosomal and messenger RNA. Indeed.
the crucial role of the 2' hydroxyl group
in stabilizing this conformation in the
nonhelical regions may be one of the
important distinguishing features which

separales RNA from DNA. The ubsence
of this stabilizing stracture for Jooping
out in DNA may be important in main-
taining the fidelity of replication and tran-
seription.

The Corner of the Molecule

A number of additional siructeral fea-
tures of interest have emerged in the
course of the refinement. and these will
be discussed by surveying the molecule
from top to bottom in the oricntation
seen in Fig. 2. -

The form of the TyC loop and its
interactions with the D loop are likely to
be the same in all IRNA's responsible for
polypeptide chain elongdtion bevause of
the large number of invariant nucleotides
in this region.

Two features characterize the Tyl
loup: the sharp bend {U turn) where the
polynucleotide chain reverses direction,
and the arch structure, which ejects resi-
due USY from the loop and also makes
possible the stacking of pyrimidine C6l
outside the loop. The loop is held tightly
together by a variety of interactions. One
involves the amino group of C61 forming
a hydrogen bond to phosphate 60, as
shown in Fig. 6 (Table 1, B-13). This is of
interest because the base pair C6l - G53
is constant in all tRNA sequences, sug-
gesting thart this interaction is important.
It appears to be used in stabilizing the
wrning out of residues 59 and 60 from
the remainder of the loop.

The other residues of the loop are
characterized by strong stacking inter-
actions at four levels. The first level is
the base pair m'AS8 - T54 (Fig. 3a). The
importance of stacking interactions in
stabilizing these loops is seen in the inter-
esting changes in tRNA of Thermus
thermophifus. a thermophilic bacteria.
Tts tRNAs have an elevated melting tem-
perature compared to those of mesophil-
ic organisms {29) and systematically
have S-methyl-2-thiouracil instead of thy-
mine. Instead of having an NH. . .0 hy-
drogen bond, as in the pair m'A38 - T54,
there is probably an NH. . .S hydrogen
bond (30). The higher mehting temper-
ature is probably due 1o the fact thal
substitution of the sulfor atom in the 2
position of T54 places more polarizable
electrons at that site, therehy increasing
the strength of the stacking interactions.
This suggests that one of the major
events which initiates the melting of
IRNA's may frequently invoive dis-
ruption of this corner of the molecule.

In the next stacking level the residue
35 of the TYC loop is found hydrogen
bonded to GI8 of the D loop (Fig. 3b).

The 02 atom of ¢S5 iy within hydrogen
bonding distance of both NI and N2 of
G18. Although (hese distances are not
identical, the 02 of ¢55 may be bonding
o one or both of these GI8 nitrogen
atoms. In addition, N3 of ¢35 is hydro-
gen bomling to phosphate S8 (Figs. 3b
and 4b). where it is one of the stabilizing
interactions of the uridine turn of that
loop.

The electron density of a section
through G57 (Fig. 3c) shows that it is
stabilized by three hydrogen bonds. one
of which involves the 2 hydroxyl of
ribose 55 bonded to N7 of (G57. As men-
tioned previously, this is in accord with
the fact that position 57 always contains
adenine or guanine. In addition. a purine
in position 57 maximizes the stacking
overlap in its intercalation between the
constant guanines 18 and 19 of the D
loop. thereby stabilizing the joining of
the two loops. The N2 amino group of
G357 is hydrogen bonding to O1' of ribose
19and 02’ of nbose 8. These two hydro-
gen bonds arc able to form because the
polynucieotide chain of the D loop is
fully extended between residues I8 and
19 where they surround the intercalated
GS7. This elongation is associated with
the 2'-ende conformation in both ribose
I8 and ribose 19. However, when an
adenine is present in position 57 in other
tRNA’s, these two hydrogen bonds
would not be formed. In this context it
wouki be interesting to ask whether the
tRNA's with adenine residues in position
57 have. in general, a somewhal lower
meiting temperature than those with
guanine there. In view of the fact that
thermally stable (RNA's are produced
by stabilizing interactions in the Ty
lcop, this is a possibility,

The outermost comer of the molecule
(Fig. 2) is formed by a slightly distorted
Watson-Crick pairing between guanine
19 and cytosine 56, This distortion may
be related to the extended confarmation
of residue 19.

The work of Erdmunn and colleagues
(71) has suggested that the Ty( loop
opens up in the ribosome where it may
interact with the 55 RNA. From this
point of view, it would be interesting to
know whether there are instabilities in
the structure which suggest that the con-
formation of this corner of the molecule
is less stable than other regions. It is
difficult to make a clear assessment of
instability from the knowledge of the
structure itself, The detailed fitting to-
gether of the elements of the D loop with
the TWC loop suggests that loop dis-
engagement might be followed by a spon-
taneous opening of the TWC loop. This
question could be subjected to an experi-



mental anulysis. If one isolates the 3 half
of the tRNA molecule. it includes the
entire TC stem and loop. but not the D
loop Does the half-malecule stitl muin-
tain the uridine turn, as illustrated in Fig.
4h? 11 shouid be possible to carry out o
spectroscopic analysis which would an-
swer this question, and which might shed
light on the detailed mechanism of the
participation of the TYC loop in protein
synthesis.

The Complex Core Region

There is one region in the center of the
tRNA molecule where four polynucleo-
tide chain segmenis interact; we have
called this the core region. It includes the
four hase pairs of the D stem together
with residues 14 and |5 of the D loop:
residues K and 9, which span Lthese bases:
and the nucleotides of the extra loop
which interact with the D stem. In many
watys, this is the most complex portion of
the molecule, in that a large number of
intricate interactions from these four dif-
ferent chain segments contribute to the
total organization of the molecule. The
interactions in this area include not only
base-base interactions. but also base-
backhone and backbone-hackbone inter-
actions, us listed in Table 1. Several
sections of Fig. 3 illustrate interactions
in the core region. At the very top of the
core region (using the orientation of Fig.
1t there is & rans Watson-Crick pairing
between (48 and G15 (Fig. 3d). Immedi-
ately below this is a reverse Hoogsteen
interaction hetween U8 and Ald (Fig.
3h). The constant nucleotide A2l is in
the same plane and is in contact with
ribose 8 through a hydrogen bond from
the ribose 2’ hydroxyl group to Ni of
A2l (Table 1. B-5). The next lower ievel
is a complex interaction of ali Ffour
chains, as seen in Fig. 3i, in which the
paired bases of the D stem (C13 - (22}
are ferming hydrogen bonds in their ma-
jor groove with m’Gdé and phosphate 9.
In addition. a probable hydrogen bond is
found between the amine group of
m’G46 and phosphate 9. Since m’G46
has a positive charge, it is likely that the
charge neutralization by phosphate 9
adds to the stabilization. as is suggesied
in chemical modification ¢xperiments
a2

Figure g shows the interactions of
adenine 9 in the major groove of the
1712 - A23 hase pair of the D stem. Ade-
nine 9 interacts with A23 in a manner
similar to that found in the poly(rA)
double helix (33}, including the hydrogen
bond between the amino group of A9 and

phosphate 23, In the level immediatety
below in the T stem is a pairing of cy-
tosine 1§ with guanine 24. As has been
pointed out earlier {121, the ()2 of ribose
9 can hydrogen bond 10 the N4 of Cl1
(Table 1. B-2b) even though the hydro-
gen bond is slightly long. This bonding
also fucilitates a hydrogen bond between
the ribose 4% 02" hydroxyl group and
phasphate of G0 (Fuble 1, C-4). How-
ever, 02 of ribose 9 is also in a reason-
able position for forming a hydrogen
bond to the imidazole N7 of G (Table
1, B-2a). Further refinement witl have to
be carried out before we cun say with
certainty which of these two interactions
is likely to be found in this molecele.
Either conformation would assist i sta-
bilizing 1he turn in the polynucleotide
chain hetween residues % and 10.

The bottom base pair of the core re-
gion includes the single hydrogen-bond-
ing interaction of G45 with m*G10 of the
D stem (Fig. 3¢}, In this position G45 is
nol in the same plane as the base pair of
the D stern to which it is hydrogen bond-
ed. but is stacked on the adjacent Ad4.

One of the striking characteristics of
the core region is the extent to which
there is a high density of interactions
connecting different parts of the mole-
cule. These interactions include not onty
the close packing due to size and shape
and the stacking of the hases, but also
the large numher of hydrogen bonds.
which provide a greal deal of the specific-
ity to the packing. The core region con-
fains 25 percent of the nucleotides in
yeast tTRNAPP yet it has almost 50 per-
cent of the tertiary hydrogen bonds listed
in Table 1. Many of the interactions in
the core region involve invariant or semi-
invariant nucleatides, so it is likely that
all tRNA molecules have cerfain com-
man features in the core region. How-
ever, as discussed earlier (1), tRNA"s
with a different sequence are likely 1o
have a number of small variations of the
hasic arrangements seen  in  yeast
IRNAPR,

One base pair involving A44 and
miG26 (Fig. 3) connects the core re-
gion to the anticodon stem. At an early
stage in the refinement analysis. it ap-
peared that residue Ad4 might be ina syn
confarmation (13); however, further anal-
ysis showed clearly that it is in the anti
conformation, as seen in Fig. 3f, Several
sections of the electron density map are
used in drawing Fig. 3f since there is a
marked propeller-like twisting between
the bases Add and m3i26. as first de-
scribed at 3A resolution (/0). This twist-
ing is a necessary conseguence of the
van der Waaly interactions due to the

dimethylamino group on the guanine resi-
due, which prevenis these two bases
from hesng planar. The net effect of the
propeller stacking is that it &llows Add 1o
stack on the first base pair of the-antico-
don stem, while m(i26 can stack quite
heavily on the first pair of the D stem.
These twa stacking interactions would
nol be possible if the bases did not have
this propeller-like twist: thus. dimethyla-
tion of the gusnine residue effectively
maximizes stacking iteructions in this
joining region.

The Anticodon and Protein Synthesis

‘The anticodon stem is a typical RNA-
A helix. Al the present stage in our re-
finement, however. we have detected an
anomaly in the hottom base pair of the
anticodon stem A1 - §39. The eleciron
density on the ¥ residue does not make
clear whether the two atoms involved in
hydrogen bonding to the adenine are
04 and N3 or 04 and N1. In the former,
more normal pairing. the 02 is in the
usual position for Watson-Crick pairng
in a sya conformation. However, the
electron density in the O2 region is
weak. In the second pairing. %39 is in an
anti conformation and 02 is no longer
projecting toward the adenine but away
from il. where the electron density is
stronger. Further work on the refine-
ment of this struciure will be necessary
to resolve the conformation in this re-
gion. 11 is interesting tu note that an A - 4
pair frequently occurs at the base of the
anticodon stem, and the W is found exchu-
sively in position 39 and never in posi-
tion 1. Furthermore, a U is never found
in position 39 (2).

Immediately below this base pair is an
unusual interaction hetween A3R and
32, for which the electron densily is
shown in Fig. 3K. It can be seen that the
02 of C32 is close enough 1o AR to form
4 hydrogen bond even though the geome-
try is not optimal. This interaction is of
interest since position 32 is always occu-
pied by a pyrimdine and hoth C and U
have oxygen atoms in the 2 position,
Position 38 does not always have ade-
nine, however, even though it usually
Ias a base which can donate a hydrogen
atom, Analysis of other tRNA’s will he
necessary before it is possible to evalu-
ate the generality of this interaction.

Two views of the anticodon together
with the hypermodified purine (Y37
base) on its 3’ side are shown in Fig. 7.
Figure 7a is a slercoscopic view as seen
from the inside of the molecule. Figure
7b is a diagram viewed from the outside

D0

S

b A35

Fig. 7. {a) Stereoscopic view of the anticoden bases 14 10 56 and the hypermodified hase Y37 as viewed from the interior of the molecule. 1t can be

seen that the stacking of residues Y37, A6, and A3S
anticodon hases 34 1o 36 on the hypermodified Y base as viewed from th
nitrogen atoms unstippled circles. Not all of the side chain of the Y base is

hunded hebix,

of the molecule. which shows the three
anticodon bases phs the Y base project-
ed onto the plane of A3S. From Fig. 7. a
and b it can he seen that residue Ad6 is
well stacked on the Y37 base, and A35 is
well stacked on A}, However, (i34 is
only partially stacked on AYS. but this
may be due to intermolecular inter-
actions. In the orthorhombic lattice
twofold uxis passes near the amicodon
such that (34 of one molecule is stacked
on (i34 of u neighboring molecule. We
cannot he certain of the ¢xtent 1o which
this affects the detailed stacking of the
anticadon.

‘the significant feature of the antico-
don. however, 15 that the hases are
stacked in a right-hunded helical array
where they are presumably ready to in-
teraet with the codon. The anticodon
does not have the conformution of one
hatf of a typical RNA-A helix. The heli-
cal twist is tighter, having 7 1o ¥ residues
per turn rather than [0 10 £1427). This
raises u fundamental question. When the
anticodon  combines with the codoen.
does the anticodan loop inderge » con-
formational change and adepl another
coformation—{or example, thal of an
RNA-A helix—or does the codon of the
messenger RNA adont instead the con-
formation of the anticodon and form
fragment of a tighter double helix with
approximately eight residues per turm?
We do nat know the answer as yet, but it
is of interest that when two {tRNA mole-
cules with complementary anticodons
combine with each other, the anticodon
conformition has only a shght change in
stacking (14},

As discussed above, the turn of the
polynucleotide ¢hum at the anticoden is
siabilized by the interactions of the wri-

dine turn (Fig. 4a). so that it is entirely
possible that the conformation is main-
tained when hound 1o the codon. If thix
is 50, then it appears to be impossible for
wo IRNA's to form codon-anticodon
complexes with adjacent codons if the
messenger RNA retains the form of an
uninterrupted helix. since the adjacent Y
huse eflectively vccupies space which
the continuation of the codon helix must
occupy. However, two adjzcent codons
could hydrogen hond to two RN A mole-
cules if there was a Jisruption in the
helical conformation of the messenger
RNA in this region. It has been sug-
gested that the messenger RNA might
hecome  unstacked  between  codons
while it is being read (3%). However. we
will have to wait for the results of further
experiments before questions of this
type can he answered.

The anticodon conformation with G4
at the very apex of the molecule leaves
that residue in a position where it may be
capable of asseming the different con-
formations required for the wohble pair-
ing 125). This possibility for the antico-
don confarmation was first pointed out
by Fubler and Hodgson (36).

How could G4 interact in wobble pair-
ing? The wobble interuction implies that
the guanine residue could form either a
normal Watson-Crick € - C pair, or a
G - U pair such as that seen in Fig. 3j.
This suggests that two different con-
formations of the residue (i3 may be
used, one of which is involved in the
normal Watson-Crick interaction and the
ather in the wobble interaction. The dif-
ference in the position of G34 involves a
displacement of the base away from the
helical axis of approximately 2 A. We
have found that a small conformationat

is somewhal greatet than that of G34 a
e exterior of the maol

nd A%, {h) Diagram illustrating the stacking of
lecule. Dnygen atoms are stippled circles, and
included. 1t ¢an be seen that the anticodon takes the form of a right-

change in the region of residue ribose 34
makes possible such a shifl in the posi-
tion of G34.

Summary

In this article. we have described vari-
ous detailed features of the conformation
of yeast tRNA™ revealed by recent re-
fimement analysis of x-may diffraction
data at 2.5 A resolution. The gross fea-
tures of the molecule observed in the
unrefined version have been largely con-
firmed and a number of new features
found. The unique role of the ribose 27
hydroxy! groups in maintaining a serigs
of nonhelical conformations in this RNA
molecule has hecome apparent. Many of
these features are a direct conseguence
of the geometry of the ribose phosphate
buckbane of RNA molecules. and these
may also be found in structured regions
of other RNA species as well. Special
attention has been directed taward two
conformational motifs revealed by this
analysis. These include the striking simi-
larity between the TWC and anticodon
haiepin turns in the polynucleotide chain.
which are stabilized by the purticipation
of uridine in the U tern. Inaddition, there
is frequent occurrence of an arch confor-
mation in the polynucleotide chain which
is stabilized by hydrogen bonds from 2
hydroxyt residues to phosphate groups
actoss [he base of the arch. The impor-
tance of the 2° hydroxyl interactions in
defining Tertiary structure is ilfustrated by
the Fact that, in the nonhelical regions,
almost half of the ribose residues are in-
volved in 02 hydrogen-bonding inter-
actions which stabilize the conformation
of the molecule.



Two regions which may have consid-
erable functional significance during pro-
tein synthesis are described in detail.
One involves the joining of the TyC and
D loops. which may undergo con-
formational change in the ribosome dur-
ing protein synthesis. The other region is
the anticodon, which seems con-
formationally poised. ready to interact
with a single-stranded polynucleotide
messenger RNA. Analysis of this end of
the molecule suggests ways in which the
anticodon may interact with the mes-
sage, although as yet not enough is
known to understand how two (RNA
molecules interact with adjoining codons
on the message. The next goal in this
rescarch effort is clearly that of trying
10 relate the detailed structural confor-
mation of tRNA molecules to their im-
portant  biological functions in  the
trapsmission  of genetic  information
during protein synthesis.
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The availability of chemically synthesized oligo-
teotides of defined has changed the nature
of nucleic acid structural studies from fibers to single-
crystal X-ray analyses. Studies on nucleic acid fibers
have intrinsic limitations because their X-ray diffraction
patterns are of only fimited resolution; the amount of
structural information one can obtain from them is cor-
respondingly limited. Solution of a fiber diffraction pat-
tern makes it impossible to obtain many interesting
structural details.

Unlike fibers, single crystals often diffract 1o atomic
(~1 A) or near-atomic resolution. Solution of 2 crystal
structure makes it possible 1o visualize the molecolar
Structure directly without any assumption or model]
building. For many years there have been single-crystal
X-ray studies of nucleic acid bases, nucleosides, and
monometic nucleotides. Several single-crysial diffrac-
tion studies have been carried out in which the purine-
pyrimidine base pairs have been shown to bave a variety
of hydrogen bonding (for review, see Voet and Rich
1970). However, the first visualization of the double
helix at atomic resolution occurred about 10 years ago
with the solution of the structures of rApU (Rosenberg
et al. 1973; Sceman et al. 1976) and rGpC (Day et al.
1973; Rosenberg et 2l. 1976), which were found to form
right-handed double-helical fragments of the type that
had been anticipated for RNA molecules. This work on
ribonucleotide fragments laid the groundwork for a
more extensive, subsequent analysis of deoxyotigo-
nucleotides and even DNA-RNA hybrids. In this paper
we review some of the more recent work dealing with
DNA structures from chemically synthesized oligo-
nucleatides.

DNA from A to Z

DNA is known to form a number of right-handed
double-helical structures. The two major types, which
have been known for almost 30 years, were first
visvalized by X-ray diffraction studies of DNA fibers
(Franklin and Gosling 1953). K the fibers were allowed
to dry, they produced an A-type diffraction pattern, and
if the fibers remained hydrated, the pattern was a B-
type. There are a number of differences between A-type
and B-type conformations: the tilting of the base pairs
relative to the helix axis, the displacement of the base
pairs away from the Melix axis, and, finally, the pucker
of the furanose ring. The latter of these is illustrated in
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Figure 1, which shows the five-member ring of the
deoxyribose sugar drawn so that the plane defined by
the atoms C1’, O1’, and C4* is horizontal. The two
other ring atoms, C2° and C3', can be otiented in two
different classes of positions. Those in which the C2’
atom is above the horizontal plane are called €2 ‘ ~endg,
whereas if atom C3' is above that, it is catled C3’ -endo.
The major effect of these differences in sugar pucker is
that they alter the separation between the phosphate
groups attached to the sugar by more than | A. In the
C3’-endo conformation, the phosphate groups are
closer together, whereas in the C2 7 -endo conformation,
they are further apart. This results in the introduction of
an elastic element in the backbone of polynucleotides.
These differences in distance are widely used in natural-
Iy occurring nucleic acid structures. For example, in the
three-dimensional structure of yeast phenylalanine
transfer RNA (tRNA™), a majority of the 76 nucleo-
tides are in the C3’-endo conformation. However, 8 of
them are in the C2’-endo conformation (Quigley and
Rich 1976), and they occur in specific positions, such as
where the polynucieotide chain has to be extended to ac-

C2' endo Sugar Pucker

Figure 1. Dingram illustrating the two major families of furanose
ring pucker in ribonucleotides and deoxynucleotides. The
C1°-01"-C4" atoms are drawn in a horizontal plane. Atoms sbove
thl:pl.lmgrei_n the endo conformation. Note that in the C2” -endo
conformation the phosphate Eroups are further apart than in the
C3'-endo conformation.



34 WANG ET AL. l’

commeodate or surround an intercalating base. They also
accur when the chain is stretched out, €.g., in the
segments of the backbone connecting the acceptot stem
1o the dihydro U stem. The energy difference between
these two different types of pucker is relatively small,
and accordingly one might anticipate that a molecule
- would have a mixture of puckers, especially in solution,
where the molecule is free to vibrate. Generally,
ribonucleotides tend to have the C3 *-endo conforma-
tion, mostty because of the steric effect of 02",
However, DNA molecules can have either a C2'-endo
or C1'-endo conformation. In the A-DNA family. the
C3' -endo conformation predominates, whereas in B-
DNA there is mostly C2'-endo pucker.

The DNA families are of types A, B, C,an D, which
generally include tight-handed double helices with
Watson-Crick pairing (Leslie et al. 1980; Wells et al.
1980). The more recently discovered, left-handed Z-
DNA. helices (Wang et al. 1979, 1981) also occur in a
family of conformations, as discussed below. 1n the last
few years, a number of single crystals of helical oligo-
nucleotides have been formed containing 4 bp or more
in the A. B, and Z conformations, and their three-
dimensional structures have been determined by X-ray
diffraction analysis. Table 1 lists the characteristics of
several single crystals of DNA fragments.

Molecules with Alternating Conformations

Although we tend to describe DNA struciures as be-
ing either A-DNA or B-DNA, it is important to
recognize that these represent only ideatized simplifica-
tions of molecules and that the actual conformation a
particular molecule adopts reflects to varying extents an
individual sequence. In a crystal Jattice, we generally
observe the lowest energy conformation for that se-
quence. The deviations from ideality may be con-
siderable, as for example, if we consider the structure of

Table 1. Various Types of Single-crystal DNA Structures

the octamer HGpGpCpCpGpGpCpC) (Wang et al.
19823). Although this molecule is predominantly in the
A-DNA form, it actuslly has a central segment contain-
ing the two different families of sugat pucker so that the
molecule has an interesting mixture of A-DNA and B-
DNA features. Figure 2 illustrates some of the features
of this structure in comparison to A- and B-DNAs. It
was found that the molecules in the crystal underwent a
smal! temperature-dependent conformational change so
that two different structures were solved at -8 and
—18°C. The vpper part of Figure 2 shows a van der
Waals diagram of the molecule viewed from the side.
The center two panels show the conformations obtained
at the two different temperatures, whereas the left and
right panels are idealized models of A-DNA and B-
DNA, respectively, constructed using the same se-
quence. The bottom of the figure shows views down the
axis of skeletal models.
There are several differences between A-DNA and B-
DNA. In B-DNA the bases occupy the center of the
molecule, and they are almost perpendicular to the axis.
In A-DNA the base pairs are removed from the central
axis of the moiecule, and they have a considerable tilt in
the opposite direction. In B-DNA the rise per residue
along the axis is 3.34 A, which is the thickness of the
unsaturated purine-pyrimidine base pair. Due to the
tilting of the bases in A-DNA, the rise per residue is
2.56 A along the axis. The diameter of the A-DNA
molecule is slightly larger. In A-DNA the minor groove
is flat and wide, whereas the major groove is deep and
extends through the central axis of the molecule. The tilt
of the base peirs brings the phosphate groups closer
together on opposite strands across the major groove of
A-DNA than they are in B-DNA, These differences are
indicated in Figure 2 by the arrow at the right of cach
structure, showing the distance along the helix axis be-
tween the phosphate groups at either end of the
molecule. The vertical distance between the phosphates

Cell constants

- Spacc Resolution  Cutrent
Compound ah b A cA  goup (A Rvaluie  Reference
A-type
HGGCCGHCCO)
(-8°C) 4206 4106 25147 P422 2.25 o7 Wang et al. (1982a)
{—18°0) 4051 4051 2467 P22 2.25 0.16 Wang et al. (1982a)
AICCCCGGGO) 421 421 250 P4 Wang et ab. (1982a)
HGCGM(TATACGC) 2420 4146 4940 P2,2.2, 2.0 Q.16 Wang, et al. (1982b)
d(GGTATACC) A4.97 4497 4176 PG, 2.25 .18 Shakked et al. (1981)
dICCGH 414 414 267 P42 2.1 0.21  Conner et al. {1982}
B-iype
HCGCGAATTCGCE) 2487 4039 6620 P22 19 0.18 Wing et al. (1980)
HCGTACG): daunomycin 2792 2192 5289 P4,2.2 13 0.20 Quigley at al. {1980}
complex
Z-ype
HCGCGEG) 17.88  31.55 4458 P2.2.2, 09 0.13 Wang et al. (1979
HmCGMCEmM CE) 17.76 057 4542 P12, 1.3 0.16 5. Fujii et al. (in prep.)
dCGCGCGCH) 3127 3127 4356 Pos 1.6 0.19 $. Fujii et al. (in prep.)
dICGCATGCO) 3090 3090 4314 P6, 25 0.16 . Fujii e al. tin prep.}
diCGCG) 3125  M.25 4406  P6, 1.5 0.19 Crawlord et al. {1980}
HCGCG) 1950 3127 6467 (212, 1.5 0.20 Drew ¢ al. (1980)
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skeletal views down the helix axes are shown for the four structures.

at the end of the tw ins i i
a the end of ihe o chains is much smaller in A-DNA
In the two octamer structures, we find that they have a
conformation that is neither A nor B. It is largely A-
DNA, but it has some features that place it intermediate
between the two. The tilt of the bases is 14° and 12° in
the —8°C and - 18°C structures, respectively, com-
pared with a tilt of 19° for A-DNA and —7° for B-
DNA. Likewise, the arrow at the right of the central two
molecules is tonger than that seen around the A-DNA
model but shorter than that found in B-DNA. The
§kelcla1 models at the bottom of Figure 2 show that there
is a hole down the axis of A-DNA. That hole is absent in
B-DNA because the bases are located on the helix axis.
The two crystal structures at — 18° and ~8°C have a
conformation intermediate between A-DNA and B-
DNA, although it is closer to A-DNA. The actamer A-
DNA end view is only a part of a circle because there

are 11 bp per turn. B-DNA has 10 bp per tum, and the

end view projection of that molecule looks more cir-
cular. '_I'he central two octamer structures have an in-
l::mrml:ad'::I lale|o(;;f;:ermalion in which the ends of the chains
oser o r than in A-DNA but *

as in B-DNA. are mot a3 closed

The reason that the octamer structure is not pure A-
DNA is found by careful examination of the sugar
pucker of successive residues. The numbering of the,

self-complementary octamer structure from G
C8 down one strand and then from Gl*glge(sfs* nlong!ﬂllz
other strand. Thus, residues Gl and G2 are paired to
CB‘_“ and C7* of the opposite strands. All four of these
residues have conformations close to A-DNA. How-
ever, the central segment of 4 bp, C3 through G6, con-
sists of residues that have alternating ring puckers, i.c.
alternatively near C2'-endo, C3 -endo, C2 ’-endo‘
3 -endo This difference in ring pucker is reflected ix;
the distances between adiacent phosphates. The P-P dis-
tance surrounding residues C3 and C5 are closer to that
seen for B-DNA than A-DNA. This is shown in Figure
3, in which the stacking or overlap of successive base
pairs are drawn with the heavier lines indicating the base
pair on top. In this figure we are looking at a view per-
pendicular to the base pair. The left column shows the

. idealized stacking for pure A-DNA, whereas the right-

hand column shows the similar stacking for B-DNA
Thcooemrn] column shows the observed stacking of tht;.
-8 _ucunlm'. Close comparison of the center-column
stacktr_lg diagrams reveals that they are closer 1o that
found in A-DNA than to B-DNA, although the stacking
pattern is not identical. However, the conformation of

- the sugar-phosphate backbone is alternating for the cen-

tral 4 bp. This can be seen by looking at the distances

between C1° sugar atoms of adjacent nucleotides along
the polynucleotide backbone. The distance C1’-C1"’ in
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Octamar (-8°C)

the sequence G2pC3 is shorter than the same djsr.ance _in
C3pC4. Similarly, the C1°-C1’ projection distance in
C4pG35 is also shorter than the distance in C3pC4. The
backbone is thus alternately compressed and expand_ed
as one goes down the polynucteotide backbone chain.
There is a'twofold axis between the base pairs C4-G5*
and G5-C4*, so the alternating compression and expan-
sion of the backbone continues through the center of the
melecule. These differences are also reflected in c.lif-
ferences in the twist angle between adjacent base pairs.
This is the angle between the line C17-C1’ of 1 bp with
the next base pair. The variations in the twist angle are
plotted in Figure 4 as a function of sequence. Tt can be
sean that they vary from 45° to 16°, and these are to be
compared with a constant twist angle of 33°, which is
found in the ideatized A-DNA structure, and 36" found
throughout the B-DNA structure.
‘We do not know if this alternating A-DNA Cl)nf()l'l!’la-
tion is found in a particular sequence. It is interesting
that the octamer d(CCCCGGGG) listed in Table 1
crystallizes in virtually the identicat lattice as the - 8°C
and —18°C octamers. Furthermore, examination of
sample precession diffraction pattems from crystals of
that octamer shows that it is virtually identical to that of
the octamer with the sequence d(GGCCGGCC). These
two octamers both have the sequence CCGG in their
central 4 bp. This leaves open the possibility that this
alternating A conformation may be favored by a se-
quence involving two pyrimidines followed by two pur-
ines, or it may be favored by the sequence CCGG. If so,
it is possible that this is what is recognized by the
restriction endonuclease Hpall and Mspl, which cleave
this particular sequence. At the present time, we must
have an open mind regarding the relationship of a con-
formation found in the analysis of a single-crystal struc-
ture and the conformation found in solution ot in vivo.
One cannot argue that the crystallization envimnmeqt
per se is one that is very far removed from that which is
found in vivo. The molecule is heavily hydrated, and for

Figote 3. Sucking of successive hase pairs is il-
Instrated for idealized A-DNA and B-DNA and the
experiments! octamer siructure d(GGCCl!GGCC)
that was determined at — 8°C. The base pairs drawn
with the heavier lines are closer to the reader than
the basc pairs deawn with the thin lines. The se-
quences listed under the center disgram alse apply
to the two disgrams on either side. The sequence
refers (o the right-hand side of the disgram, and the
left-hand side has the c sequence. In
the npper level, the base pair 1-8* it stacked above
the base pair 2-7%. in the sccond level, base pair
2-7* is stacked above base pair 3-6*. It should be
noted that although the backbone is regular in the A-
DNA and B-DNA columns. it is quile irregular in
the central column, which shows the actwal struc-
ture. This is because the conformation differs con-
iderably from the idealized or averaged conform
tion. which has boen cbusined from fiber diffraction
studies.
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Figure 4, Twist angle between adjacent base pﬂirs_ is plotted for
four different crystal structures. The points are positioned bc\we_en
the bases listed in the sequence, and each point represents the twist
angle between the 2 bp on either side of the point. The twist angle
is the angle between adjacent lines connecting Cl° aloms of
nucleoside base pairs. (4) Twist angles for methylsted and
nonmethylated Z-DNA crystals. (8) Twist angles for the DNA oc-
tamer d(GGCCGGCC); note that in the center of the scquence, the
twist angles vary widely as different conformations are found in tbe
middle of the molecule. {€) Twist angles of the DNA-RNA hybrid
decamer structure; these twist angles ate relatively consiant. By
comparison, the twist angles for idealized B-DNA would be 34°
berween all adjacent base pairs, and for A-DNA the angle would be
36°.
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the octamer, more than B0 water molecules have been
found that surround the molecule in all directions, ex-
cept where adjacent molecules interact with it to form
the contacts that build up the lattice. Mixed puckers of
sugar residues in nucleic acid structures are not rare,
These were first found by Sobell and his colleagues in
the study of intercalative systems (Jain e1 at. 1977; Tsai
et al. 1977), Intercalators are frequently accommodated
by adopting mixed sugar puckers in the nucleotides sur-
rounding the intercalator molecuie, as mentioned above
in yeast IRNA™. In general, what is found in a crystal
lattice is the lowest energy state of the system. In the
present sequences, this is represented by a confermation
in which adjacent residues adopt slight conformational
modifications.

The evidence concerning the actual conformation of
DNA found in biological systems is fragmentary, at
best. For natural DNA, the fiber diffraction patterns
tend to emphasize only thosc areas that are periodic, and
it blurs out segments that are less than fully regular. Dif-
fraction studies of DNA in bacteriophage (North and
Rich 1961} or in spermatozoa also suffer from the same
difficulty. The results of many crystatlographic studies
and the comparison of these studies with what s ob-
served in solution in gencral tends to support the con-
cept that what is observed in crysial structures
represents a stable conformation that is likely to be
found in solution as weil.

Lattice Interactions

The manner in which these A-DNA octamer frag-
ments form a lattice is quite interesting. The flat,
shallow minor groove is used as one of the component
building blocks for organizing the molecules into a lat-
tice. In particular, the planar C-G base pair at the end of
the octamer is found to stack on the flat surface in the
miror groove of an adjacent octamer in a manner shown
in Figure 5A, In this stereodiagram, the octamer itself is
drawr without any shading, but the terminal 2 bp of ad-
jacent molecules are drawn with shaded atoms. It clearly
shows the manner in which the adjacent molecules use
the flat surface of the minor groove to stabilize, through
van der Wagls forces, the interactions between adjacent
molecules to build up a lattice. Attention has been
drawn o the fact that the size and shape of the purine-
pyrimidine base pair in this case is rather similar to the
size and shape of the benzo[a)pyrene nucteus, which is a
powerful carcinogen (Wang et al. 1982a). That car-
cinogen is known to bind covalently to the N2 position
of guanine (Jeffrey et al. 1976). In the present lattice,
the planar purine-pyrimidine hase pair rests in a position
close to the guanine N2. Thus, this mode of interaction
may also be a model for the interaction of planar car-
cinogen molecules with DNA.

In surveying the crystals that form in an A-DNA con-
formation in Table 1, we might ask why these have
crystallized as A-DNA in contrast to the dodecamer
studied by Wing et al. (1980), which crystailizes as B-
DNA. The feature that is characteristic of all of the

nucleotide fragments that so far have crystallized as A-
DNA is the fact that they all contain the sequence GG. is
it possible that this dinucleotide favors an A-DNA-type
stacking, which may introduce 2 tendency to form A-
DNA in regions rearby? It is clear that additional
oligonucleotide structures will have 1o be solved before
it will be possible to answer a question of this type.

An A Conformation in a DNA-RNA Hybrid

During DNA replication, a single strand of DNA is
used as a template for assembling complementary de-
oxynucleotides. For axne of the two strands of the double
helix, DNA replication takes an unusual form, Okazaki
{ragments (Ogawa and Okazaki 1980), in which seg-
ments of DNA are assembled and later joined to form an
intact final strand. The synthesis of DNA Okazaki frag-
ments is primed at the 5° end by a small number of
ribonucleotides, which initiate the synthesis. Synthesis
is then continued by covalently joined deoxynucleo-
tides. In an attempt to learn something of the structure
of this initiating complex and to {earn more generally
something about DNA-RNA hybrid molecules, the
structure of an cligonucleotide was solved that contains
three ribonucleotides at the 5” end connected covalently
to seven deoxynucleotides (Wang et al. 1982b}. The
compound synthesized was HGCG(TATACGC). This
molecule is self-complementary and forms two DNA-
RNA hybrid segments with 3 bp surrounding 2 central
region of 4 bp of double-helical DNA. All three parts of
the molecule adopt a conformation that is close to that
seen in A-DNA or in the 11-foid RNA double helix.

Figure 6 shows three side views of the hybrid
molecule. In these diagrams the ribo components are
shaded and the 2*-hydroxyl groups are black. These
three views, which are 90° apart, illustrate the typical
A-DNA geometry of the complex. The major groove is
deep and narrow and the minor groove is broad and
shallow. The base pairs have an average twist angle of
33° but, as is shown in the bottom panei of Figure 4,
there is some variation among the residues even thou gh
the differences are not very large. The base pairs have a
rise along the axis of 2.6 A, and in this helix there are
10.9 residues per turn, The base pairs are considerably
removed from the axis of the molecule and are tilted ap-
proximately —20° from the axis of the molecule. Fig-
ure 7 shows a stercoscopic view down the axis of the
molecule. There is an empty space nearly 2 A in
diameter along the axis of the molecule. It is interesting
that the hybrid molecule has a fairly regular geometry
even though it is made of components containing both
ribonucleotides and deoxynucieotides. The molecule
has an almost perfect A-type geometry with all of the
ribose and deoxyribose sugars in the C3” -endo confor-
mation. There are no structural discontinuities between
the hybrid helix and the DNA helix itself, There is a
slight discontinuity associated with the structure of the
central 4 bp comaining the sequence d(TATA). In con-
trast to the six hybrid GC base pairs at cither end, which



i i i 0 1 i i i Cct: CCGGCC) (4) and the
Figure 5. Siereodiagrams itlustrating the imeraction between moiecules in the crystal latices of the octamer GG
decamer hybrid (GCG)(TATACGC) (4. n both cases, a complete molecule is shown with n_nshadad atoms. The shaded_ atoms represent
the base pairs at the ends of the adjoining molecules. Two or three base pairs from the adjoining molecules are shown with shaded atoms
in order to illustrate the packing of the terminal, planar base pairs on the flat minor-groove surface of the unshaded molecule in the center.

QEEF AND
NARROW

Fi . e-filling drawing of the DNA-RNA hybrid NGCGM(TATACGC). The molecule is shown in three different orientations 90°
:;E:Tr:mim mher‘ibom :hs dashed vertical nxis).r At the left the view is into the broad, flat minor groove of the molecule, Phosphate
£TOups On opposile strands are 8.6 A apart across the minor groove. The heavyAh‘Iack lines are drawn from phosphate 1o phosphate to show
the flow of the polynucleotide chains. The ribonucleotides are shaded. and the ribose 2' oxygen aloms arc plack‘ The center ﬁgure, rotated
90°, shows both the minor groove on the uppeér part of the molecuie and the major groove at the lower right. The shaded ribonucleotide
backbone segments are close to each other on either side of the major groove. The bases are tilted 19° from the vcr_ucat axis, lnnthe center
view, the tilt reverses itself in going from the upper part s the lower part of the molecule. The view on the right is rotated 90 from l_hc
center of the molecule, and the view is down ino the deep and narrow major groove of the molecule. The phosphate groups arc 4.7 A away
from cach other across this groove. Oxygen atoms are solid circles; nitrogen atoms are stippled; phospharous atoms have spiked circles.
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Figure 7. Stereo view of the end of the hybrid helix as viewed down the helix axis. The axis of the molecule has an EHipty space approx-

imatcly 2 A in diameter. The base pairs form a p

, Tight-handed.

selike with the phosphate groups tipped into

the major groove of the helix so that they Form an interrupted railing for the staircase. Note that the ribonucieotide 2* oxygen atoms are

lacaied on the outside of the molecyle,

have normal hydrogen bond lengths, the four AT base
pairs have somewhat longer NH-O hydrogen bond
lengths than are normally seen, In addition, there are
some discontinuities in the orientation of the helix axis
in the d(TpA) segiments.

These discontinuities in the TATA region may be an
expresgion of structural features that ate an inherent pant
of the TATA sequence possibly associated with stacking
modifications. This might be of Physiological interest,
since the base sequence TATA is one of the common
signals used in the initiation of transcription by RNA
polymemse.

The major systematic difference between RNA and
DNA s the presence of a 2 "~hydroxyl group on the
tibonucleotide sugar. In the ribocytidine residues, these
appear to play a conformational role by forming hydro-
gen bonds to water molecules, which in turn are hydro-
gen-bonded to the 02 of the same cytidine residue. This
is illustrated in the stereodiagram of Figure 8 for the two
ribo-C residues in the sequence. The 2 -hydroxyl group
appears 1o play a significant role in stabilizing the con-
formation of the ribonucleotide segment through the use
of a bridging water molecule. The hydroxyl groups
fourd in the four riboguanosine residues are also
hydrogen-bonded to water molecules, but these water
molecules are bonded to adjacent molecules and are

used in stabilizing the lattice. However, in the
dinucleoside monophosphate rGpC (Seeman et al.
1976), the 2'-hydroxy] groups of the guanosine sugars
are hydrogen-bonded to a water molecule, which in turn
is hydrogen-bonded to the N3 atom of guanine. It is thus
teasonable to believe that such bridging water molecules
might be a constant feature of RNA double helices in
solution. This is an example of what is undoubiedly a
gencralization in the structure of nucleic acids—namely,
that the total conformation of the molecule is determined
in part by the disposition of the various components of
the polynucleotide chain but is also determined in part
by water molecules, cspecially those in the primary
hydration shell, which may stabilize particular confor-
mational features.

The packing of the hybrid A-DNA segments in the
crystal lattice uses the same type of molecular interac-
tions as those found in the organization of the decxy oc-
tamer lattice described above. Figure 5B shows a
stereodiagram of the stecking interactions using space-
filling models. The hybrid decamer js shown with un-
shaded atoms, and 3 bp of the stacking molecules ad-
Joining it are shown with shaded atoms. It can be seen
that the packing motif is one in which the terminal
planar purine-pyrimidine base pair stacks on the flat sur-
face of the minor-groove A-type double helix in the

w rC2-G19

rCl2-G9
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same way as seen for the octamer stacking in Figure 5A.
This stacking motif appears to be used in all of the
A-type crystal structures described in Table 1.

At the present time, six different crystals have been
identified in which A-DNA fragments are formed in
crystalline lattices. This is ta be compared with the fact
that only one pure B-DNA crystal has formed a lattice.
The reason for the higher frequency of A-type crystals is
not that A-DNA is intrinsically more stable than B-
DNA. This illustrates the somewhat biased selection
found in crystallographic studies. The only conforma-
tions that can be analyzed are those that actually form
crystals, i.e., those that have stable intermolecular in-
teractions strong enough to build a three-dimensional
lattice. The high frequency of A-type conformations
relative to B derives from the stability of the stacking of
a planar purine-pyrimidine base pair on the broad,
shallow minor groove of A-DNA. These interactions
are conducive to building a lattice. In B-DNA,, the
grooves are censiderably deeper, and this type of inter-
molecular stacking is less probable. The opportunities to
build up lattices containing B-DNA are apparently much
less frequent than those for building fattices with frag-
ments of A-DNA,

The uniformity of the hybrid molecule in forming an
A-type structure is undoubtedly due to the influence of
the ribonucleotides in the structure. For ribonucleo-
tides, the C3’-endo pucker is more stable than the
C2’-endo conformation. Although there is 2 slight
preference in favor of a C2’-endo conformation in
deoxynucieotides, the difference in energy is not suffi-
ciently great so that the DNA can adopt a C3”-ende con-
formation with relative case. In the hybrid molecule, it
is quite likely that the C3*-endo conformation of the
central DNA duplex segment is due to the influcnce of
the hybrid regions at the ends where the C3” -ende con-

" formation is maintained by the three ribonucleotides,

This interpretation is strengthened by a nuclear magnet-
ic resonance study of the same molecule composed en-
tirely of deoxynucleotides (J.-R. Mellema et al., in
prep.). That study revealed that the molecule has a
typical B-DNA conformation when it is comnposed only
of deoxynucleotides, but inserting the three ribonucleo-
tides makes the molecule shift to an A conformation,
which is maintained even in solution,

It thus appears as if the RNA backbone has forced its
geometry upon the DNA backbone to form a stable A-
type structure. In this conformation the DNA-RNA
hybrid remains distinctive because of the 2° oxygen
atoms in the ribenucleotide segment that are positioned
on the outer surface of the molecuie. This means that
proteins or other molecules interacting with this struc-
ture can readily detect the difference between an RNA
fragment forming an A helix and a deoxynucleotide seg-
ment with the same conformation, What is unknown at
present is how far into a DNA duplex a DNA-RNA hy-
brid helix would propagate an A-type conformation.
This question will have to be answered by the analysis
of similar molecules with longer DNA duplex regions.

In the octamer d(GGCCGGCC) and the DNA-RNA
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hybrid, we find both of them in an A-DNA conforma-
tion, but we explain it using two different mechanisms.
For the pure deoxy octamer, we have speculated that it
may be the sequence of stacking of 1wo adjacent deoxy-
guanosine residues that favors an A sequence. In the
DNA-RNA hybrid, it is clearly the influence of the
ribonucleotide that favors the C3"-endo conformation,
which forces the entire molecule 10 adopt an A confor-
mation. Throughout, it should be recognized that the A
conformation and B conformation are always in dynam-
ic equilibrivm and that the actual conformation seen in a
crystal structure is simply one of these two stable energy
states. Due to the fact that the crystal is carrying out a
sampling operation, it leaves open the possibility that
other conformations in equilibrium with this may be
represented in solution to a significant extent. The
strength of singlecrystal X-ray analyses is that they pro-
vide firm information about molecular conformation.
The limitation of the analysis is that it focuses on one
conformation and does not provide information about
the other conformations that are in equitibrium with it in
solution. It is always important to remember this point
in thinking about the overall conformation of nucleic
acids in biological systems.

DNA Twists the Other Way: Left-handed Z-DNA

The conformational changes in going from B-DNA to
A-DNA are small in comparison to the molecular rear-
rangement that occurs when DNA adopts the lefi-
handed Z-DNA conformation. This ieft-handed struc-
ture was found in an X-ray diffraction analysis of a
single crystal of a hexanucleoside pentaphosphate with
the sequence (dC-dG), (Wang et al. 1979). Its molecufar
structure has many differences compared with the famil-
iar right-handed B-DNA, The structure is favored by se-
quences that have an alternation of purines and
pyrimidines. The reason for this is seen in Figure 9,
which compares the conformation of deoxyguanosine in
Z-DNA with that in B-DNA. As pointed out above, B-
DNA has a C2’-endo sugar pucker, and A-DNA (as
well as RNA structures) has a C3'-endo sugar pucker.
In Z-DNA the sitvation is even more complex, since
both puckers are found within the same structure in a
systemiatic manner. The deoxyguanosine residues have
the C3’-endo pucker (Fig. 9), whereas the deox-
yeytidine residues have the C2' -endo pucker. A further
significant change is the rearrangement in the orienta-
tion of the purine residue relative to the sugar-phosphate
chain. In Z-DNA the guaninie residues adopt the syn
conformation, whereas the cytosines have an anti con-
formation. This is in contrast to B-DNA, where all resi-
dues have the anti conformation. Theoretical analyses
(Haschemeyer and Rich 1967), as well as physical
studies of syn and anti conformations in solution, have
shown that they arc energetically equivalent in pur-
ine-containing nucleotides, but pyrimidine-containing
nucleotides have a preference for the anti conformation.
There is some energy loss in having a pyrimidine adopt
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Figure 9. Diagram illustrating the conformation of denxyguano-
sine in Z-DNA and B-DNA. In Z-DNA {top) the guanosine
tesidues have the C3 " -endo sugar pucker, and the guanine base is
found in the syn conformation. Both of these are different from the
conformation found in B-DNA (bortom). However. the deoxycy-
tidine residues of Z-DNA have the C2° -endo sugar pucker and the
anti position of cytidine.

DEOXYGUANOSINE
AS IN

B-DNA

an anti conformation, but it should be pointed out that
this loss is not very large. In Z-DNA the asymmetric
unit is two nucleotides, in contrast to the single
nucleotide found in B-DNA. The two nucleotides with a
syn putine and an anti pyrimidine are the asymmetric
unit in the molecule. The Z-DNA helix has 12 bp per
turn of the helix, which adopts a length of 4.6 A . This
is in contrast to the 10 bp per turn occupying a distance
of 34 A in right-handed B-DNA _ The diameter of the Z-
DNA helix is only 18 A compared with the somewhat
thicker 20 A found in B-DNA. ‘

In Z-DNA it was possible to assign precise param-
eters associated with the structure almost immediately
upon its discovery, The reason, as shown in Table 1, is
that the crystal diffracted to a resolution of 0.9 A (i.e.,
atomic resolution); thus, every atom is visualized in the
electron density map. This includes not only the 6 bp of
the oligonucleotide, but also the large number of water
malecules as well as spermine and magnesium ions. In
the crystal lattice, the hexamer Z-DNA fragments are
stacked upon each other in such a manner that they make
a structure in which the base pairs have a stacking that
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runs continwously through the crystal parallel to the ¢
axis, andt around it the sugar-phosphate chains form a
continuum, except that they are interrupted by the
absence of a phosphate group every six residuals. The
structure has, enough regularity so that il is visuahze_d in
the form of a continuous helix. The Z-DNA helix is
shown in Figure 10A, in which the helical groove is
shaded and the heavy black line that forms a zigzag
around the groove shows the position of the phospha!e
groups along the serrated edge of the chAainA The:re is
only one groove in Z-DNA compared with two i B-
DNA. The Watson-Crick base pairs that form the outer
convex surface of the molecule in Z-DNA correspond to
the major groove of the B-DNA helix.

From a topological point of view, one cannot go from
B-DNA to Z-DNA by simply twrning the helix arqur}d
the other way. In addition to the rotation of the helix in
the opposite direction, the base pairs must *‘flip over,
since they have an orientation relative te the backbone

Figure 10. Two van der Waals drawings showing the structure of
Z-DNA in both its uamethylated (4) and methylated (8) forms as
determined in single-crystal structures of {(dC-dG), and (m*dC-
dG)y, respectively. van der Waals drawings are used and the
groove i the molecule is shown by the shading. The black zigzag
line gocs from phosphate group to phosphate group 1o show the ar-
rangement of the sugar-phosphate backbonc. In the methylated
polymer (B), the methy! groups on the C$ position of ¢ytosine are
drawn in black. Arrow illustrates that & depression found in the
unmethylated polymer (A) is filled by mcthy] groups in B. The
methyl group indicated by the arrow is in close contact with the im-
idazole ring of guanosine above it and the C and C2* atoms of the
SUZAF ring. )
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that is the opposite of that found in B-DNA: Thus, the
transformation from B-DNA 10 Z-DNA is not a simple
one but requires considerable complex modifications.

The transition from B-DNA t0 Z-DNA was first
observed in solution experiments in which it was noted
that the CD of poly(dG-dC) nearly inverted when the
concentration of NaCl in the solution was raised (Pohl
and Jovin 1972). In solution there exists an equilibrium
in which both Z-DNA and B-DNA are represenied. The
equitibriumn constant is determined by many factors, in-
cluding base sequence. It is interesting that the crystals
of Z-DNA were formed in a solution that had a low con-
centration of cations, so that the majority species in the
solution was B-DNA (Wang et al. 1979). However, the
crystals that nucleated were Z-DNA, and as these
crystals grew, the equilibrium shified, until finally all of
the materiat had changed to Z-DNA in the crystal lat-
ice.

Figure 11 shows an end view of Z-DNA, using space-
filling atoms. This shows a cross-section of 3 bp as
viewed down the axis. The helix twists in a clockwise
direction moving toward the readet. Thus, on the left
side the three groups are visible, whereas only
one is seen on the right. It can be seen that the groove in
Z-DNA is fairly decp, and the axis is found very close to
the O2 oxygen of the cytosine residue. In this diagram it
can be seen that the imidazole ring of guanine projects
on the outside of the molecule, where it is readily ac-
cessible to other substances, :

Z-DNA can also form in oligonucleotides containing
AT base pairs. This has been shown in the crystal struc-
ture of the octamer d(CGCATGCG), which adopis the
same crystal lattice and structure as d(CGCGCGCG) (5.
Fujii et al., in prep.).

Figure 11, End view of Z-DNA in which 3 bp are drawn in a van
der Waals diagram. The groove exends almost down to the helical
axis, which passes through the cyrosine 02 atom. As the bases
come toward the reader, they rotate in a clockwise direction,
thereby cxposing three phosphate groups on the left. Oxygen atoms
are shaded with circles, phosphorous atoms have ‘spiked circles,
and nilrugen aloms are indicated by doned circles.

Z-DNA Stabilization by Cytosine Methylation

One of the principal modifications of the nucleic
acids, especially in the higher cukaryotes, is methyla-
tion of cytosine on the 5 position where that cytosine
precedes a guanine. Extensive studies have been carried
out that have shown that methylation of DNA is general-
ly associated with turning off transcription; conversely,
demethylation is associated with the initiation of trag-
scription or the expression of the gene {Razin and Riggs
1980; Ehrlich and Wang 1981). One of the first faatures
that was apparent in the initial Z-DNA work was the fact
that CG sequences played an important role in the Z
conformation. Accordingly, it is reasonable to ask to
what extent methylation might modify the distribution
between right-handed B-DNA and lefi-handed Z-DNA.
Behe and Felsenfeld (1981) have addressed this problem
directly by synthesizing a polymer, poly(dG-m*dC),
that is fully methylated. They found that methylation of
the cytosine residue on the $ position had a profound ef-
fect in altering the equilibrium between B-DNA and Z-
DNA in solution. If one has poly(dG-dC) and poly(dG-
m*dC) in 50 mm N&Cl, both molecutes are in the right-
handed B-DNA conformation. To convert poly(dG-dC)
to left-handed Z-DNA, the magnesium concentration
must be raised to 760 mm. However, for the fully
methylated polymer, 0.6 mm MgCl, is adequate to con-
vert it to Z-DNA. There has been a decrease by three
orders of magnitude in the amount of magnesium ions
needed 1o stabilize Z-DNA if the polymer is methylated.

We have recently solved the structure of the hexamer
(m*dC-dG); (Fujii et al. 1982), which is the same
hexamer as that in which the original Z-DNA helix was
discovered. The crystallographic data for this are pre-
sented in Table 1, and Figure 10 compares these B and
Z forms. The overall form of the methyiated Z-DNA
molecuie is similar 10 that seen in the unmethylated
molecule, This result is reasonable in view of the fact
that antibodies to nonmethylated Z-DNA can aiso
recognize Z-DNA formed by the methylated polymer
(Nordheim et al. 1981). However, there have been some
subtle changes in the geometry of the molecule, prin-
cipally associated with the fact that the methyl group is
very close to the carbon atoms C1° and C2' of the adja-
cent guanosine residue. This has made a small change in
the helix twist angle of Z-DNA, as shown in Figure 4. It
can be seen that the methylated polymer has a twist

angle for CpG that is —13°, whereas the average value
for the unmethylated polyroer is —9°. There is a similar
change averaging 4° for the sequence GpC. The net ef-
fect of these changes in twist angle is that the methy!
groups on the surface of the molecule are drawn closer
together in the methylated polymer than they wouid be if
they were attached to the unmethylated polymer without
& change in twist angle.

The stabilization of Z-DNA by methylation is due to
two factors. One of these is that the methyl group fills a
vacancy or depression on the surface of Z-DNA,. This is
shown in Figure 10, in which the arrow near the
unmethylated polymer (A) points to a depression at the
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side of the molecule, whereas in the methylation poly-
mer (B) that depression is filled by the methyl group.
The methyl group is in van der Waals contact with the
imidazolé ring of guanine immediately above it in
Figure 10B and also with the C!” and C2* carbon atoms
of the same guanosine. In effect, these form a small
hydrophobic patch on the surface of the molecule. The
methyl group fills a depression in the molecule that
would otherwise be filled by waver molecules. This is in
contrast to the situation in B-DNA, where the methyl
group projects out in the solvent from the major groove
of the doubte helix. The effect of methylation is thus
twofold: (1) to destabilize B-DNA by interposing a hy-
drophobic group into the water and (2) to stabilize Z-
DNA by closing off the access of water molecules into a
hydrophobic region and thereby allowing the molecule
t0 be stabilized by hydrophobic bonding. The structural
studies thus account for the considerable change in the
equilibrium between B-DNA and Z-DNA. It also pro-
vides a structural rationale for why methylation of DNA
might favor the formation of small segmenis of Z-DNA.

Z-DNA in Biological Systems

The structural studies on Z-DNA suggest that there
€exists a stable conformation of DNA in the lefi-handed
form that may exist in vive. Biological studies have pro-
vided evidence for the existence of these structures
(Nordheim et al. 1981; H.J. Lipps et al., in prep.).
What is not clear at the present time is the size of the
smallest Z-DNA that might exist in the middle of B-
DNA. Frequently, methylation occurs in CpG se-
quences in DNA in which the surrounding sequences do
not have large stretches of alternating purine-pyrimi-
dines. One wonders whether these small dinucleotides
could actually form Z-DNA in the middle of a B-DNA
strand. The answer to this might come through further
structural studies in which the nature of the B-Z inter-
face is trapped in a crystal lattice. If we knew the de-
tailed folding of B-DNA when it joins to Z-DNA, we
might then have a betier appreciation of the processes
that stabilize this conformational change. Further struc-
tural studies might provide a clue for interpreting the
profound effect of methylation of CG sequences on gene
expression.

CONCLUSION

Recent structural studies on right- and left-handed
fragments of DNA have considerably broadened our
perspective about the conformational vitality of DNA.
The high prevalence of A-DNA structures existing in
crystalline lattices suggests that these structures may
also exist in biological systems and may be stabilized by
particalar sequences or by interactions with proteins. In
the same way, the discovery of Z-DNA in a crystal
structure has led to its discovery in biological systems.
We now have an entirely different image of DNA than
was available a few years ago. The molecule may now
be appropriately regarded as one that is in dynamic
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equilibrium among a number of different conforma-
tions. The detailed conformation assumed by the
molecule is one that will be influenced by nucleotide se-
quence, ions in the surrounding medium, the particular
proteins that bind to the molecule, and the degree of
negative supercoiling stress that the molecule feels
{Nordheim et al., this volume). All of these factors will
be important in defining a highly dynamic system in
which a number of different conformations are found.

Are there other conformations of DNA yet to be
discovered? The answer (o this is unclear at present.
Although DNA has been studied extensively for more
than three decades, only recently have we become aware
of the fact that the molecule is dynamically active, and
this awareness may lead to even further discoveries in
the future.
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Conformational Flexibility of the Polynucleotide Chain

Alexamder Rich, Gary J. Quigley, and Andrew H.-J. Wang
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Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

. . the
polypeniide chin can Lot i rrens conlommetions vom o o e
leYPepttd_e CHaslﬂcc:l;:c;lcjll.::;oi:l:trl:rfxnhclix or more extended confon:mation_s asI is
tf:onfl;rf::att;:; sheet. Tt is less widely appreciated that the polyn_uclgoude :h:m :asiﬁ
hT.:I;orlnformational flexibility which results in si;;niﬁcan.l mo'chfﬁcatlons 3‘ e:. " cocf >
extension. Many of these differences are associated with dl; e;en;) E;}JA A
chais: Here we Lisseate Shanges 1 che opee s Sonpen e DINA and RNA
S, Her;;:: llil;::mm;lee: l.':::“gli&‘gc::uclet)tich:s as well as in polynucleotides. The
structures,f | tgmcleotide sugar rings 1o alter their pucker shou!d be looked upon
prc-p;rtye: opfc;gnfonnational freedom. It is important to have this .kmd of flexibili-
:; i: oe::lrer to form compiex structures beyond the simple double helix.

The Double Helix and Ring Pucker

Double helices can be formed with bdtll: DNA aI.Id tl::cAe ::?:-lchu:: ;:le;eu;ico:?[l;
helices have similar features in that fhc ases are in the s in DNA o e
iliar Watson-Crick pairing, either adenine-thymine pa .
:::::;Tr:l lli;rNAaT;e sugar phosphate chains are on the out;;?e 9! the drozglem l::::;t!
\ lices are similar, they differ in one fu
Although the two types of double hef ey T o omenta
i furanose ring is different in r
feature; the pucker of the five-membered ; s dif } oo ose and
i i in ri ker are illustrated in Figure 1. The
deoxyribose,' The differences in ring puc ' he ring oryan O uranose
ing is viewed ed; ¢ on in a plane which is defined by the ring o ygen carbons
gl:s:‘;l::\: Ccl ’shas attached to it the ring nitrogen (N) ol" the. punnel or pyrlfnldlne.
Cd4’has attat;hed to it the additional carbon atom C$° as 1:d|ca.t;.!ed in ptel:eSicg:gléa::e.
i ) C5', are located on the up
Both of these constituents, the base (N? al?d . ' e of the
ing in Fi i al difference in the conformation
ring in Figure 1. It is clear that the prmc:p' re! ! e
ing i .C2’ or C¥' is above the plane o
sugar ring is whether the carbon atom 2 or C3 e e 108
i ; Figure 1 are considered to
Atoms which are above the plane of the ring in C in the
i C2' endo has C2’ on the upper si
endo conformation.* Thus the conformation t side
i i ' he lower side of the ring. In
i d this correspondingly forces C3' to be on t : f i
::: :r]tlt‘:ra:ontonnalion C3' is endoand C2 is on the l_ower side of the qng.hThe né; -
Jor conformation of a deoxyribose chain is one in which the furanose ring has a
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cits?) ‘ | N
¢t} N CEy €3
ot
C(2'}-endo ' - Cl3-endo

Figure 1. Diagram illustrating iwo different conformations of the ribofuranese ring. ‘The plane of the ring
is defined by three atoms: C1' 10 which is attached the glycosidic bond indicated by N, O1" and Ca’ which
is attached 1o the atom CS'. In this diagram, we are looking edge on at 1he plane defind by these three
atoms. The remaining 1wo atoms in the ring, C2' and €3’ are iocared either abave or below the plane of
the ring. Atoms located above the piane of the ring are in the éndo position. On the left C2 is in the endo
position and on the right C3' is in the endo position. Alchough two examples of ring pucker are shown in
this diagram, there are actually a number of intermediate states in which the displacement of C2' or C3'is
not as great as tha ill d here. The deailed Iature for furanose ring pucker is complex®; here
we elect to use only the simplified endo conformations.

endo conformation. In contrast, the normal polyribose chain conformation is C3'
endo. The principal reason for the difference is associated with the additional space
occupied by the oxygen atom attached 1o C2'in ribose which is absent in the deoxy
series where only & hydrogen atom is attached to C2'. 1t should be emphasized that
even though these are the normal conformations of these sugars in their respective
double helices, the energy barriers involved in changing sugar conformation are not
very great.?

Because of the C2° endo conformation of deoxyribose, the form of the DNA double
helix is such that the base pairs are found on the helix axis in the familiar B form of
the DNA. The bases occupy the axis of the molecule so that the familiar double
helical DNA has a solid, rod-like appearance with bases in the center and two helical
grooves-running down the molecule. These are the major and minor grooves which
occupy the space between the deoxyribose-phosphate chains (see Color Plates 2 and
6).

In contrast, the C3' endo conformation of ribose makes significant modifications in
the RNA double helix. The base pairs are no longer perpendicular to the helix axis,
but are tilted at about 15-18°. Furthermore, they are set back away from the helix
axis. In fact, there is a clear space in the center of the moiecule of approximately 3
Angstroms in diameter. The RNA double helix thus Jooks more likc a molecular rib-
bon wrapped around an imaginary cylinder 3 Angstroms in diameter in which there
is now a very deep major groove and a comparatively shallow minor groove on the
outside of the helix.

These forms of the familiar double helices are not invariant. Reducing the water
content of the medium by adding alcohot! readily converts the familiar B form of
DNA into the A form in which deoxyribose adopts the C3’ endo conformation

49

Polynuciectide Flexibility 317

which is normally found in RNA double helices. The double helix then changes its
conformation and looks more like double helical RNA (see Color Plates 3 and 7). I
is noteworthy that in the conversion from the B to the A form of DNA, there is over
an Angstrom difference in the phosphate-phosphate distance along each
polynucleotide chain.

The reason for the change in phosphorus-phosphorus distance can be seen
schematically in Figure 2 which shows the conformation of two forms of an
_adcnosine nucieotide in a ribose polynucleotide chain. In the upper figure, the ribose
is in the normal C3' endo conformation and the phosphorus-phosphorus distance is
near 5.9 Angstroms. In the lower part of Figure 2, the ribose is in a C2' endo con-

Figure 2. [luswration of two different conformations of adenylic acid. In the upper diagram with the
C3'endo conformation, the two phosphate groups are both above the plane of the ribose ring and are ap-
proximately 5.9 Angsiroms apart. En the lower diagram, the C2' endo conformation. the phosphate at-
tached t0 O3 is located below the plane of the ribose ring and the phosphates are now approximately 7
Angstroms apart. These two conformations are associated with considerable differences in the extension
of the sugar phosphate chain.
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formation (normally found in DNA) and the phosphorus-phosphorus distance is
near 7 Angstroms. The change in distance is largely associated with a change in the
pucker of the ring, although there are also small changes in the other dibedral angles
in the backpone. The polynucleotide chain thes has a degree of conformational
free-d(?rln which ailows it to change the degree of extension in a significant way. This
flexibility is used in 2 variety of ways in polynucieotide structures.

Polynucleotide Chain May Turn Corners With Changes in Ring Pucker

Thete are many examples in which the conf ormation of the sugar ring is changed. In
S0me cases, ‘the changes in pucker are associated with a change in the direction c;f a
polynucieotide chain. An example of this is seen in Figure 3 which shows the crysta!
struc_turc of .adenyly-(B',S')-uridine (ApU) which formed a crystalline complex with
?-amtpo acridine.* In this structure, there are stacked columns of planar molecules
in which the 9-amino acridine molecule aiternates with an adenine-uracil base pair
hydrogen bonding through the ring nitrogen of N7 of adenine. Uracil is at one end
of the chain and the backbone has an extended conformation in which the molecule
actually turns a corner so that its adenine residue is then hydrogen bonded to still
anc_:ther uracil residue (Figure 3). In the course of making this wurn, one of the sugar
residues adc!pts the unusual C2' endoe conformation as shown in the diagram. As
seen at the right of the diagram, the uridine riboss O1" is found at the bottom \n;hilc
it lslfound at the top of the adenosine ribose. This illustrates the extent to which the
chain pas rgdically changed direction in this structure. A somewhat similar con-
formation is seen in the structure of adenylyl-(3',5'}-adenosine (ApA) which

€3’ endo

Figure 3. The crystal structure of the compiex of A i idi
e3 pU and % amino acridine. The pol feoti i
ApU is in an extended conformation and the chain turns a sharp corner. This can I:: :’::;::Lte;l;;:;{

orientation of the two ribose residues in the cligonucieo € Cl {3 Irecton HA w
tide. Th hang di
£ In direc 15 associated with a
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crystallizes with proflavin in a similar manner.* However, it is not obligatory for the
ribose in RNA to change pucker in coiled regions of the molecule. The examples
cited above illustrate the fact that changes in pucker may be seen in some nucleotide
structure determinations. '

Tables T and II cite the structure of oligonucleotides which have crystallized by
themselves {Table 1) or together with intercalators (Table 11). They are listed with

description of the sugar conformation in various parts of the backbone. Although
we have cited two examples in which oligonucleotides change sugar pucker where
there is a change in the direction of the polynucleotide chain, there are several

Tablel
Oligonucleotides
£ end ¥ end Reference
DiNA fragments pdTpdT C2' endo C2’ endo 5
d-(pApToApT) C3 endo(A) CZ endo (T} |11
RNA fragments ApU C3 endo C¥ endo 17
GpC CY endo C3 endo 18
GpC CY¥ endo CY endo 19
.................. ApA'C]enﬂo AN .
A‘pA* C3 endo CY¥ enio 6
UpA C3 endo C3 endo 20,21
Table II

Intercalator Complexes

Sugar Pucker Reference
Nucleotide Intercalator $end ¥ end
DNA frugments dCpG TPH" CY ende C2 endo ?
BNA fragments CpG Acridine oringe®  C3' endo C2' endo 8
rlodo UpA Ethidium* C3 endo C2' endo 9
rlodo CpG Ethidium* C3' endo C2 endo 10
tlodo CpG 9-Amipe.
P acridine® CY¥ endo C2 endo 1
rlodo CpG  Acridine orange” CY endo C2' endo 12
riodo CpG Ellipticine” CY endo C2' endo 12
""""""""""" CoG Proflavine” . C3' endo CY' endo 13
tlodo CpG Proflavine* C3endo C3 endo 12
Nonheiel ApU $-Amino
acridine* C2 endo C¥ endo 4

ApA Proflavine” C2 endo C3 endo H
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oligonucleotides in which there has been no change in the pucker even though the
chain is in a fairly extended conformation. An example is seen in the structure of the
trinucleotide ApApA.* :

The Double Helix Changes Conformation Upon Intercalation

One of the conformational changes frequently encountered in double helical nucieic
acids is that associated with the binding of a planar intercalator molecule which
lodges between the base pairs. It does this without substantial disruption of the
helix. Intercalation has two important effects: it introduces a gap between adjacent
base pairs which are then separated by 6.8 Angstroms instead of the normal 3.4
Angstroms. This is due to the planarity of the intercalator which usually has un-
saturated rings with x electrons which are 3.4% thick. In addition, there is an un-
winding of the double helix.

A series of structures have been solved involving intercalators, mostly in the
ribonucleotide series but with one in the deoxynucleotide series (Table IT). The struc-
ture of a double helical fragment of DNA together with an intercalator is shown in
Figure 4. Here we see the structure of deoxy CpG which accommodates a
terpyridine-platinum intercalator in the midst of a double helical fragment.” As seen
in the diagram, the 5" end of the double helical segment adopts the unusual C3' endo
conformation while the 3' end maintains the C2" endo conformation which is normal
for double helical DNA,.

Figure 5 shows the structure of the ribose dinucleoside phosphate CpG together with
the intercalator acridine orange.* [ can be seen that the 3' end of the double helical
RNA fragment has adopted the uwnusual C2° endo conformation while the 5' end

c2' endo
¢3 endo
C3'endo
c2' endo
b
Lc

Figure 4. The structure of the deoxy CpG-platinum terpyridine intercalator complex. It can be seen that
the DNA double helix has a planar intercalaior Yodged between the base pairs. This is associated with an
unusual ring pucker on the 5’ side of the oligonucleotide segment. This conformation allows an extension
of the polynuclectide chain.
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€2'endo
C3 endo

C3¥ endo
c2' endo

Figare 5. The structure of the CpG-acridine orange intercalator complex. It can be seen that there i§ an
unusual conformation at the 3' end of the oligonucleotide chain surrounding the intercalator. This mixed
pucker conformation is iated with an ion of the polynucleotide chain,

maintains the normal CY endo conformation. A large number of intercalator struc-
tures have been solved in the ribonucleotide series as listed in Table I1. Sobell and his
colleagues were the [irst to point out that intercalation is associated with a modifica-
tion of the pucker of the ribonucleotide chain on the 3’ side of the intercalator.**?
Although intercalation is generally associated with conformations similar 10 those
seen in Figure 5, a number of alternative conformations are listed at the bottom of
Table II. These are usually associated with the intercalators proflavin®~**'* and 9-
amino acridine* both of which have the property of forming hydrogen bonds bet-
ween the intercalator and the phosphate of the dinucleoside phosphate. In both
cases, other modes of pucker are found. For example, in the complex of proflavin
with the ribose CpG fragments, both residues have the normal C3’ endo conforma-
tion.'*

For “‘simple” intercalators in which there is no hydrogen bonding to the phosphate
residue, it is possible to make an interesting generalization about the way double
helical DNA and RNA accommodate intercalator addition. This is illustrated
schematically in Figure 6. At the left the DNA double helix is shown diagram-
matically with the normal C2' endo cenformation in ail residues, except for those on
the 5’ side of the intercalator where the unusual C3° endo conformation is adopted in
a manner analogous to that which is illustrated in Figure 4. On the right the diagram
shows the way in which double helical RNA accommodates an intercalator. All of
the residues are in the normal C3’ endo conformation except for those residues on
the ¥ side of the intercalator which adopt the unusual C2' endo conformation.
However, it can be seen that in the region immediately surrounding the intercalator
(enclosed in the dashed line) the conformation of both the RNA and DNA chain are
similar. Thus both molecules elongate to accommodate an intercalator by adopting
a similar conformation. These conformational changes, as described by Sobell*-*
explain the nearest neighbor exclusion. If a DNA or RNA double helix is saturated
with an intercalator, the most that can be accommodated is one intercalator for
every two base pairs. The reason for this is probably associated with the necessity for
mixed pucker on either side of the intercalator,
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Figure 6. A schematic diagram illustrating the manner in which cither DNA or RNA double helices
change the pucker of the Sugar residues in the region immediately surrounding a simple intercalator.
Although the changes are different in the two types of double helices, the confermation in the region sur-
rounding the intercatator enclosed by the dasheq rectangle is the same in both CRses,

Conformational Flexibility in Nucieic Acid Macromolecules: Yeast tRNA™

Exampies of changes in the type of sugar pucker cap be seen in the three-
dimensional structure of yeast phenylalanine transfer RNA (tRNA™), Although
most of the seventy-six nucleotides in this transfer RNA molecute adopt the C3'
endo conformation which is normal for a ribonucieotide chain, several residues are
found to adopt the less common C2' endo conformatiog. This is frequentiy

ding found in the yeast tRNA™ This schematic diagram is useful in interpreting
Figures 8 through 1] which iljustrate conformational changes in various parts of the
molecule.

Changes in Polynucleotide Dirsction

The principai sites using C2° endo conformation in yeast tRNA™ are listed in Table
II1. Nine examptes are citeg, These occur in two principal sitations. In five cases
(residues 7, 17, 18, 48 and 60} the C2° endo conformation js adopted when the
polynuclectide chain undergoes a distingt change in direction. For example,
nucleotides I through 7 are involved in the doyble helical acceptor stem but residues
Band 9 are extended and Provide a linker region which attaches one end of the ac-
ceptor stem with the beginning of the D stem. In this region, there are several con-
formational changes, one of which is associated with the C2’ endo conformarion of
ribose 7 where the polynucieotide chain changes direction. Other examples are

4f
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found in regions where the backbone loops out away from the center where the bases
are stacked. The dihydrouracil residues 16 and 17 are extended out away from the
remainder of the molecule and their bases are not stacked with the other bases in
tRNA. The backbone has a ‘bulge’ or looping-out at that point (Figure 7). 1n order
10 accommodate this extended conformation, residues 17 and 18 adopt the C2” endo
conformation. In addition, ribose 47 in the varible loop is extended &nd its base
thrusts away from the center of the molecule. This is associated with a C2° endo con-
formation in ribose 48. Still another example is found in the T loop where bases 59
and 60 are excluded from the stacking of the other bases in the T stem and loop
(Figure 7). This exclusion involves a C2'endo conformation in ribose 60. All of these
conformational changes are thus associated with an abrupt change in the direction
of the polynucleotide chain. This directional change is accommodated by adoption
of a C2° endo conformation and there is a substantial change in the phosphorus-
phosphorus distance along the polynucleotide chain.

It should be pointed out, however, that there are many other examples in the loop
regions of tRNAP™ in which the polynucleotide chain changes direction but the C2'

Figure 8. Intercalation in yeast {RNAT™_ Adenine of residue 9 intercalates between the bases of 45 and
46. This intercalation is accommodated by a change in the ribose pucker at the 3" end of the segment. The
ribose of m"G46 is in the unusuat C2' endo conformation.

o R

Polynucteotide Flexibility 325

endo conformation is not used. Thus, the change in pucker is a structural ac-
commodation which may be adopted in the molecule, especially where the chain is
extended, but it is not generally used when the polynucleotide chain undergoes a
change in direction.

Intercaiation in Yeast tRNAP"

There are two parts of the moiecule in which extensive intercalation is found involv-
ing pairs of nucleotides. These arc in the central region with intercalation involving
nucleotides 8 and 9 as well as in the corner of the molecule where the T and D loops
interact. Figure 8 shows the conformation adopted by the sugars of residues G45
and m’G46 which has the adenine ring of A9 intercalated between them. Residues 45
and 46 are not involved in a double helix; nonetheless, the conformation of m’G46 is
C2' endo in a2 manner analogous to the conformational changes which are seen for
double helical ribonucleotide fragments surrounding intercalators. The C2° endo
conformation is adopted at the 3" end of the intercalator region in Figure 8. Another
example is shown in Figure 9 where residues US and A9 are found in the extended

Figure 9. The nucleotides UB and A9 have intercalated between them the bases C13 and m’G46. These
bases are both hydrogen bonded 10 G23 in the tertiary siructure of ycast IRINAP™. This intercalation is
accommodated by a change in the conformarion of ribose of A%.
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scgm’ent which connects the acceptor stem with the D stem. } can be seen that A9 at
the 3 end of the segment has adopted the C2° endo conformation even though it is
notin & complementary double helical structure.

Figure 9 shows that intercalated between US and A9 are the bases m’G46 and C13
both of wh.ich are hydrogen bonded 10 G22. The base pair C139G22 js part of the D
stcn}.. In Figure 9, it can be seen that the nucleotides U8 and A9 accommodate the
additional distance associated with intercalation by adopting the C2' endo con-
formation in residue A9.

By compa:ring Figures 8 and 9, it can be seen that they are both portions of the same

structure in ‘which there are two inleracting sagments of the polynucleotide chain

both of which intercalate around each other. The polynucleotide chains are in:

:;rlcav'red between each other so that each intercalates into the opposite member of
e pair.

A similar pair of interieaved structures are found near the corner of the molecule

w'here the Pases of nucieotides 18 and !9 interact with the bases of 57 and 58, In
Figure 10, it can be seen that m*AS8 and G57 are spread apart with residve G18 in-

GI8

Figure 10. Diagram showing the intercalation i
i 10. r of guanine 18 between G57 and m’ il
m'ASR is in the C2’ endo conformation to accommodate the intercatation. 4 MUAST The ribose of

-
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tercalated between them. This intercalation is associated with C2' endo conforma-
tion found in m*A58. In this case, it also adopts the C2' endo conformation at the 3
end of the oligonucieotide segment which surrounds the intercalating guanosine of
Gi8. This is quite similar to the double helical RNA intercalator models which are
described in Table I, as the bases G57 and m'A58 are hydrogen bonded to other
residues, although not in Watson-Crick pairs.

An interesting variant is seen in Figure 11 which shows the intercalation of G57 bet-
ween the bases of G18 and G19. This intercalating interaction is one of the impor-
tant stacking interactions which stabilize the corner of the tRNA molecule and helps
maintain the interaction of the T loop and D loop. However, in this example, the
less common C2' endo conformation is found in both riboses of G18 and G19. By
analogy with the simple intercalator structures, one woukd expect a C2° endo con-
formation to be found in G19 but not in.G18. Here it is likely that the unusual
C2 endo conformation of G18 is not associated so much with the intercalation of
G57 but is probably related to the fact that residues 16 and 17 are excluded from the
molecuie as described above so that their bases do not stack with the others. Another

Figure 11, The intercalation of G57 berween G18 and G191is i!_luslrllcd. Unlike the previous examples, the
riboses of G18 and G19 are both in the unusual C2’ endo conformation. The C2° conformation of G18 is
probably juted with the | conformation of residues 16 and |7 immediately adjoining G14.

GS7
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" Table i
C2' Endo Conformations in Yeast tRNAF™
Residue number Description
Inercalation:

9 8-9 intercalation by C13

19 18-19 intercalation-by G57

a6 45-46 intercalation by A%

38 57-58 intercalation by G18

Change of Direction:

7 Extended segment ai bend in chain, junciure between
acceptor siem and §-% connection
17 Looping out of backbone a1 residues 16 and 17
18 L ooping out of backbone
48 Looping out of variable loop backbone at U47;
juncture between variabie toop and T stem
60 Extended segment 21 bend in chain,

bases 59 and 60 excluded from T stem and loop stacking

interesting feature associated with this is the fact that the bases of G18 and G189 are
not oniy separated from each other by a distance of 6.8 Angstroms, which would be
necessary for the intercalation of G357, but they are also translated relative to each
other so the bases are no longer strictly on top of each other. This transiation of G18
relative 10 G19 in the plane of the bases, can only be accommodated if both residues
ate in the C2° endo conformation. It is likely that this feature is also relaied to the
fact thar the bases of residues 16 and 17 are excluded from stacking with the re-
mainder of the bases in the tRNA structure. Some tRNA molecules contain only one
nucleotide in this region which is excluded from the stacking, insiead of the two seen
in yeast tRNAP™. It is possible that in these cases, with only one residue, that G18
may have the normal C3' endo conformation since the translation of G18 relative to
(19 in the plane of bases may not be required.

Discussion

In the above, we have discussed the conformational flexibility found in the
p_olyl_'nucleoﬂde chains. This flexibility is inherent in the fact that there is a furanose
ring in the chain which can adopt two different conformations which are associated
with a varied extensibility of the chain. Structural studies on simple oligonucleotides
revea! that conformational changes occur in regular double helical structures
associated with intercalation as well as in other structures where polynucleotide
chain undergo an abrupt change in direction. In the three-dimensional structure of
yeast tRNA™, examples are shown of both types of conformational changes.

Changes in pucker due to intercalation in general follow trends which are seen in in-
tercalation in simple double helical RNA structures cven though the tRNA examples
do not involve simple RNA double helices. This implies that the adoption of a
7' endo conformation together with an associated extension of the polyaucieotide
chain is not solely limited to double helical intercalation, but may in fact be of a
more general nature as shown by the examples cited above.

Nucleic acid molecules have considerable conformational flexibility. We have only a
hint of this flexibility in studying the structure of the double helix itself. However,
when one begins to siudy the interaction of double helical structures with other
molecules, especially intercalators, we sec that there is a method for accommodating
them involving changes in extensibility. In complex globular polynucleotides such as
the transfer RNA molecule, a variety of changes in pucker are observed. The
molecule adopts unusual conformations associated either with chain extension,
changes in direction of the polynucleotide chains or with the accommodation of
other bases which intercalate into the chain even though the chains are not involved
in a double helical array. As the structure of more complex polynucieotide structures
are solved, it is our expectation that this will be found to be a completely general
feajure. This element of conformational flexibility associated with changes in ring
pucker is likely to be a constant fearure of polynucleotide chains when they interact
with other molecules inciuding proteins, as well as when they interact with other
polynucleotide chains.
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