
on the mechanisms of UV-B resistance in 
plants (26). UV-B intensity also varies 
widely with season, latitude, and altitude. 
Like resistance to other environmental 
stresses such as drought or cold, the degree 
of tolerance of a particular plant species to 
UV-B may influence the range of environ- 
ments at which certain plant species can 
survive. We have shown that the ability to 
efficiently repair (6-4) photoproducts is an 
essential component of UV-B resistance in 
Arabidopsis. 
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Major Groove Accessibility of RNA 

Kevin M. Weeks* and Donald M. Crothers 

Chemical acylation experiments showed that the RNA major groove, often assumed to be 
too deep and narrow to permit recognition interactions, is accessible at duplex termini. 
Reactivity extended further into the helix in the 5' than in the 3' direction. Asymmetric and 
large loops between helices uncoupled them, which yielded both enhanced reactivity at 
terminal base pairs and weaker stabilization enthalpy compared to that in small loops or 
symmetric loops of the same size. Uncoupled helices have effective helix ends with 
accessible major grooves; such motifs are attractive contributors to protein recognition, 
tertiary folding, and catalysis. 

T h e  geometry of the RNA helix deter- 
mines, in part, the recognizability of the 
major and minor grooves ( I ) .  In a contin- 
uous A-form RNA helix, the minor 
groove is wide and shallow, which facili- 
tates the interaction of base functional 
groups with complementary ligands. In 
contrast, the major groove is deep and 
narrow and mav be inaccessible for s~ecific 
recognition. This fundamental conse- 
quence of RNA geometry presents a para- 
dox: the inaccessible major groove pre- 
sents a richer ensemble of arrayed hydro- 
gen bond acceptors and donors than the 
minor groove does (2). Given the ubiquity 
of helical segments in RNA and the limits 

u 

imposed by having only four constituent 
subunits, many distinguishing interaction 
surfaces are potentially buried in the major 
groove. - 

Despite this prediction, there are sev- 
eral nrell-characterized examples of RNA 
recognition achieved by way of interaction 
in the major groove. The tertiary folding 
of transfer RNA (tRNA) uses base triplets 
in which a third nucleotide forms hydro- 
een bonds with a Watson-Crick base  air 
u 

in the major groove of short helices (3); 
the guanosine binding site in the Tetrahy- 
menu ribozyme is located in the major 
groove at the end of a short, bulged helix 
(4); the yeast aspartyl-tRNA synthetase 
contacts both the acceptor and anticodon 
stems from the major groove side (5); and 
peptide models for the RNA binding do- 
main of the human immunodeficiency vi- 
rus (HIV) Tat protein bind TAR RNA at 
the major groove adjacent to a bulge loop 
(6, 7). Major groove inaccessibility is a 
consequence of the close approach of the 
phosphoribose backbones for helices of six 
or more base pairs (bp) (8). Accessibility 
in the major groove might be modulated 
where this regularity is interrupted. 

Diethyl pyrocarbonate (DEPC) carbeth- 
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oxylates purines primarily at the N7 posi- 
tion in a reaction sensitive to the solvent 
exposure of the base (6, 9). DEPC has an 
effective diameter of -3.5 A ( lo ) ,  which 
is similar to the width of the deep RNA 
major groove (-4 A). DEPC is compara- 
ble in size to amino acid and nucleotide 
motifs that mediate RNA-protein or 
RNA-RNA interactions; hence, the reac- 
tivity rates of this probe reflect the steric 
accessibility and thus the recognizability 
of individual  urine nucleotides. 

Our experiments establish a correlation 
between DEPC reactivitv. which reflects , , 
accessibility of the major groove, and the 
Dresence of either true or effective helix 
ends. Effective ends result when adjacent 
helices are separated by loops that decouple 
them thermodynamically, as reflected in a 
diminished enthalpy of melting. We find, 
in agreement with Peritz et al. (I I), that 
asymmetric loops are more effective than 
symmetric loops in lowering overall thermal 
stability and sho~v that major groove acces- 
sibilitv is relativelv enhanced at helix ends 
that flank asymnktric (and large) loops. 
These structures constitute an W'A motif 
capable of specific interaction in the major 
groove. 

RNA duplexes that incorporate simple 
bulge and internal loops were generated 
by pairwise combination of 10 synthetic 
oligoribonucleotides (Fig. 1) (12). Du- 
plexes were designed to simplify the exper- 
imental protocol and feature a homopu- 
rine strand uniquely susceptible to attack 
by DEPC. All helices include 20 bp and 
predom~nantly adenosine bases, which are 
more reactive toward DEPC (9), and in- 
clude terminal and internal G-C base 
pairs to prevent fraying and ensure proper 
duplex register, respectively. Helices are 
identified by the number of unpaired or 
mismatched cytosine nucleotides in the 
center of the duplex. For example, the 
perfect 20-bp duplex is identified as [OO], 
whereas a dinucleotide bulge on the right 
hand (pyrimidine) strand is [02] (Fig. 1). 

In the absence of complementary oli- 
gonucleotides, the 10 single strands (Fig. 
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1) show broad, relatively featureless melt- 
ing transitions. All 25 duplexes yield sharp 
transitions consistent with helix melting 
(1 3), from which the destabilizing free 
energy due to the defect, AAGO, :nd the 
van't Hoff transition enthalpy, AHVH, can 
be evaluated (1 4). Our thermodynamic 
data are in quantitative agreement with 
prior work on the contribution of internal 
defects to duplex stability (1 1, 15). 

Asymmetric defects are more destabiliz- 
ing than symmetric loops containing the 
same number of unbonded nucleotides 
(Fig. 2). For loop size n = 2, [ l l ]  is more 
stable than 1021 or 1201 by 2.3 kcallmol at 
37°C. Analogously, 1221 is 1.4 kcallmol 
more stable than [13] or [31] and is even 
more stable than the smaller loops [02] or 
1201 (AAGO = 2.0 kcallmol). Similar com- 
parisons can be deduced from Fig. 2. In 
addition, duplexes with the same defect 
on opposite strands are similarly destabi- 
lized; for example, [Ol] and [lo] or 1351 
and [53] have the same thermodynamic 
properties within experimental error. 

There is a significant difference in the 
enthalpy (which reflects stacking interac- 
tions) that stabilizes molecules with sym- 
metric defects compared to the enthalpy 

Fig. 1. Secondary struc- LO RO LX RY 
tures of model RNA du- ,. 3' 

MG-C 
plexes. Duplexes are " G - c  A.u 

formed by pairwise com- i : :: A - u 
bination of the single- A -  u A - u  

stranded oligoribonucle- A - u  i: :: 
otides [LO] through [L3], ,,::: "G - c 
[L5I,[ROlthrough[R31, . ;:; 
and [R5]. The position of A - u  A -  

the 5' radiolabel is indi- A - U  CX cy 
cated by a small "p." A - u  
Nonradiolabeled oligos A - u 
have 5' and 3' hydroxyl A  - u A. 

termini. The wild-type oli- '::: O G - c  

gonucleotide is on the A - U  

left; L, left; R, right. A - u  
A -  U  

A - u  i:; 
bG,-C 'G.C 

Ps 
[WI IX,YI 

x, y=0,1 ,2 ,3 ,5  

that stabilizes asymmetric loops. The van't 
Hoff transition enthalpies for [OO], [ l  11, 
and 1221 are comparable (--I55 kcall 
mol) and are more negative (stabilizing) 
than those of asymmetric and larger loops. 
These data suggest that asymmetric loops 
disrupt stacking between the two helices 
but that stacking is maintained across 
small symmetric loops. Values for AH:, 
approach a plateau value of about - 133 + 
6 kcallmol for loops with asymmetry great- 
er than two nucleotides or loop size greater 
than approximately seven nucleotides 
(Fig. 2). This is an expected result because 
the interaction enthalpy should be con- 
stant once stacking across the defect is 
completely disrupted. 

We term helices that have lost the 
enthalpy of stacking across an intervening 
defect uncoupled. Relative free energies 
for uncoupled helices (Fig. 2) are well 
accounted for by Jacobson-Stockmayer 
US) theory, which assumes that a random 
flights chain model (incorporating an ex- 
cluded volume effect) accounts for the 
entropy of loop closure in molecules that 
contain defects (1 6). Small symmetric 
loops are strongly coupled, as reflected in 
their greater stability and more negative 
enthalpy of formation, but become less so 
as their size increases. The limiting behav- 
ior of uncoupled loops is approached even 
by symmetric loops when n is approxi- 
mately 10. 

Treatment (17) of the homopurine 
strands [Ll] to [L3] or [L5] with DEPC 
yields an even pattern of intensity at each 
chain position primarily modulated by the 
stronger intrinsic reactivity of the N7 
position of adenosine compared to that in 
guanosine bases ([LO+], [Ll+], [L2 +], 
and [L3+]) (Fig. 3). In contrast, DEPC 
susceptibility in each of the RNA duplexes 
is strongly modulated by position relative 
to helix termini and bulge or internal 
loops (compare [OO], [Ol], [02], and [03] in 
Fig. 3). 'The uninterrupted helix [OO] is 
essentially unreactive at internal base 
pairs. Reactivity toward DEPC increases 

I I I I I I I I I I I  
0 2 4 6 6 1 0  

Loop size (n) 

Fig. 2. Internal loop free energy as a function of loop 
size. Values for AAGO are equal to AG",,, [OO] - , 
AGO,, (defect-containing helix). Symmetric and 
asymmetric internal loops are shown as solid and 6  
open symbols, respectively; enthalpically uncoupled 
helices (those with AHGH = -133 ? 6 kcallmol) are z5- indicated with squares. Representative duplexes are 
identified explicitly. The line marked JS corresponds 3 4 -  

to the limiting behavior expected for a chain in which 3 
the cost of loop closure is entropic [as described by & 
Jacobson-Stockmayer theory (16)] with C = 1.75 and a 
AS,,, = 14.1 callmol. 

smoothly near helix termini and adjacent 
to specific classes of internal defects. 

The relative reaction rate, termed ac- 
cessibility (ai), is defined as the ratio of 
the rate of cleavage of the double-stranded 
RNA to the rate at the same ~osition i in 

- 

JS 
/ 

0 ,  
. '0  

- O " 
%I '- 

1- ,,' 

the single-stranded oligoribonucleotide (a, 
= kp/v)  and was determined from gels 
like that shown in Fig. 3 (1 8). Thus, if a 
given nucleotide is as accessible in the 
duplex as in the single strand, a, equals 1. 
In general, a, is less than 1; accessibility in 
regions completely occluded by an unin- 
terrupted phosphoribose backbone is 
-0.03. We plotted accessibilities on a 
logarithmic scale to reflect the difference 
in the free energy of activation (AGS) for 
DEPC attack at a base-paired versus sin- 
gle-stranded nucleotide (log ai a AG)*" 
AG)SS + constant) (Fig. 4). 

Inspection of the accessibility of the 
RNA duplexes reveals a consistent pattern 
of accessibility at helix termini (Fig. 4). 
The 5' terminal purine in the duplex is 
approximately one-half as accessible as the 
corresponding position in the single- 
stranded oligonucleotide. Increased acces- 

Fig. 3. Accessibility of DEPC to base-paired 
versus single-stranded RNA. Here, the reaction 
of the representative single-stranded homopu- 
rine oligonucleotides [ b + ]  with DEPC for 10 
min at 20°C is compared with 60-min modifica- 
tion of the same 5' 32P-labeled strands in the 
duplexes (identified as shown in Fig. 1). Duplex 
midpoints (and thus defect positions, where 
present) are indicated with arrowheads. Oligo- 
nucleotides [Lx-] indicate background cleav- 
age from aniline treatment in the absence of 
DEPC. 
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sibility at the purine N7 position extends 4 
2 1 and 2 2 1 nucleotides in from the 3' 
and 5' ends, respectively (Fig. 4A). 

Nonterminal purines in the uninter- 
rupted [OO] helix are resistant to modifica- 
tion by DEPC, which confirms our expec- 
tations that the phosphoribose backbone 
occludes the floor of the major groove in a 
continuous A-form helix (1). Consistent 
with urevious observations in a different 
sequence context ( 6 ) ,  a single nucleotide 
bulge enhances accessibility in the major 
groove only modestly. Positions that abut 
bulges of more than one nucleotide are 
readily modified by DEPC (Fig. 4, B and 
C) .  The pattern is strongly asymmetric, 
and like the reaction at helix termini, 
accessibility extends one to two nucleo- 
tides further in the 5' direction than in the 
3 '  direction. However, the most accessible 
position consistently falls at the purine 3' 
to the bulge. 

Helices flanking the symmetric and 
thermodynamically coupled (Fig. 2), and 

Bases (n) 

Fig. 4. Quantitative base accessibility. Acces- 
sibility (a,) is plotted on a logarithmic scale as 
a function of purine position. Accessibility of 
[OO] (A) is reproduced in the other panels as a 
dotted line to permit comparison of the effect 
of the introduction of a defect of helix acces- 
sibility. The two farthest 3' bases could not be 
resolved by electrophoresis; accessibility is 
shown increasing monotonically across these 
positions. Duplexes are identified individually 
in each panel. (B) Pyrimidine (right) strand 
bulges. (C) Purine (left) strand bulges. (D) 
Symmetric Internal loops. (E and F) Large 
asymmetric internal loops. 

thus partially stacked, internal loops [OO],  
[ I l l ,  and [22] are substantially less suscep- 
tible to acylation in comparison to the 
bulge loops (compare Fig. 4D with 4B and 
4C). The single C-C mismatch appears to 
be readily accommodated within the reg- 
ular helix as shown by its lack of reactivity 
toward DEPC. Loops [22] and [33] are 
moderately accessible at the base 3' to the 
internal  loo^. 

Large asymmetric internal loops exhibit 
two distinct classes of reactivity (Fig. 4, E 
and F). Most of these helices are partially 
enthalpically coupled according to the 
criteria shown in Fig. 2, except for loops 
[35] and [53], which are uncoupled. One 
class (Fig. 4E) shows a pattern of strong 
reactivity similar to bulges of more than 
one nucleotide. The second class exhibits 
a more complex pattern (Fig. 4F). These 
patterns probably reflect stacking, loop 
conformation, and favorable local interac- 
tion or a combination of these factors. 
These data correlate well with cleavage 
patterns generated by the bulky major 
groove intercalator Rh(phen) ,phi3+ (1 9) ,  
which reacts at stem loop junctions and 
bulge loops of more than one nucleotide in 
5.5 ribosomal RNA (1 9). 

Fraving cannot account for the ob- , u 

served accessibility. First, the equilibrium 
constants for fraying (Kfr,,) of the terminal 
base pairs (GA) . (CU) and (AG) . (UC) at 
20°C are 0.04 and 0.1, respectively (20). 
The observed accessibilities at helix termi- 
ni are 13-fold and at least 2-fold greater 

Major groove 

u u 

Fig. 5. Summary of base accessibility at heli- 
cal irregularities compared with A-form geom- 
etry. (A) Summary of expected accessibility 
for a theoretical duplex in which accessibility 
was monitored for all bases on both strands 
adjacent to a helical irregularity. The diameter 
of the solid spheres represents the relative 
accessibility for bases at the positions indicat- 
ed for a defect located to the right of the 
idealized helix. (B) Consequence of A-form 
geometry for stacking of RNA base pairs N7 
atoms are filled In. 

than this, respectively, and calculated val- 
ues for Kf,,, incorrectly predict the 3' 
purine to be most reactive (Fig. 4), which 
implies that another mechanism is re- 
auired to account for the observed reactiv- 
ity. Second, accessibility is not correlated 
with melting temperature (T,): [03], [30], 
and [33] have similar values for T, and for 
the free energy of formation (1 3), al- 
though [33] is significantly less susceptible 
to acylation by DEPC (Fig. 3). Finally, 
failure to follow a two-state model (of 
which fraying is one example) may be 
estimated from the divergence of exueri- - 
mental and theoretical differential melting 
curves (14) below T,. For most helices, 
even fraying has not begun at the temper- 
ature of the modification experiments. 
The pre-melting transitions for both [02] 
and [22] begin at -25"C, significantly 
above the modification temperature of 
20°C (1 3). Yet, the asymmetric bulge loop 
[02] is strongly reactive to DEPC, whereas 
[22] is not. 

Structure and major groove recogniz- 
ability may be evaluated both in terms of 
the relative contributions of enthalpy and 
entrow to helix destabilization as com- . , 
pared with an uninterrupted helix and in 
terms of the reactivity of purine N7 posi- 
tions. For most helices, our two criteria 
yield convergent results: (enthalpically) 
decoupled helices are accessible to acyla- 
tion in the major groove, and coupled 
helices are not. We postulate that strongly 
coupled helices incorporate interhelix de- 
fects into a continuation of regular duplex 
stacking geometry and therefore are inac- 
cessible to DEPC. 

Our DEPC susceptibility experiments 
suggest four guidelines for recognition in 
the RNA major groove (Fig. 5A);  it is 
expected that these rules must be modified 

A=cessib5 
major groove 
A - 

Fig. 6. Major groove accessibility switch. Hy- 
pothetical equilibrium between coaxially 
stacked helixes in whlch the major groove is 
expected to be inaccessible and helices in 
which the phosphoribose backbone regularity 
is disrupted, thus facilitating interaction in the 
major groove. The helices shown could be 
separated by any type of intervening struc- 
ture. The accessibility switch requires only 
formation and disruption of coaxial stack~ng 
between hellces. 
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to account for the contribution that local 
folding and tertiary interactions make to 
overall accessibility. (i) The bases in dou- 
ble-stranded secondary structures not ad- 
jacent to helix termini and other irregu- 
larities are energetically costly targets for 
recognition in the major groove (Fig. 4A). 
Other energetically favorable recognition 
schemes are possible (21). (ii) Helix ter- 
mini are available for interaction and rec- 
ognition. This intrinsic accessibility ex-
tends further into the major groove in the 
5 '  direction (from the 3' end) than in the 
3' direction (approximately 4 +- 1 and 2 +-
1 bases, respectively) (Fig. 5A). (iii) 
Bulge loops of at least two nucleotides and 
large or asymmetric internal loops have an 
effect similar to that of helix termini and 
greatly increase the recognizability of 
neighboring bases in the major groove at 
these effective helix ends. The pattern of 
susceptibility appears as an approximate 
superposition of reactivity of two isolated 
helix termini at these uncoupled junc- 
tions. (iv) Asymmetric internal defects 
disrupt stacking and backbone regularity 
more than symmetric loops, which in-
creases the relative accessibility of adjoin- 
ing regions. 

The reactivitv of decouuled helices and 
helical termini kxtends firther in the 5' 
direction relative to a loop (equivalent to 
the 3 ' helix end), although the position 3 ' 
of the defect (equivalent to the 5' helix 
end) is the most accessible individual pu- 
rine (Fig. 5A). These two phenomena are 
consistent with simple considerations of 
A-form geometry. Although the minimum 
distance between phosphates acrqss the 
major groove is approximately 10 A for 7 
bp (yielding a 4 A groove width), this 
distance increases to 18 A (12 A groove 
width) for phosphates across a single 
base pair (8). Base pairs in an RNA helix 
are tilted approximately 19" relative to 
the helix axis. Thus, bases near the 3' 
helix terminus protrude from the occlud- 
ing major groove envelope, which in-
creases their accessibility (Fig. 5A). The 
occurrence of the stroneest modification u 


at the 5 '  base may reflect differences 
in stacking interactions, as shown in 
Fig. 5B. Whereas the 3 '  base stacks on the 
base uair below it. the terminal 5 '  base 
projects forward from the floor of the 
major groove, which increases its relative 
accessibility. 

Given that the major groove is acces- 
sible at regions of unequal helicity and 
least accessible in continuous duplexes, we 
propose a low activation energy recogni- 
tion switch, illustrated in Fig. 6. Coaxially 
stacked duplexes (like those found in the 
tRNA acceptor stem) may retain the reg- 
ular helicity associated with resistance to 
attack by DEPC (Fig. 3);  stacking could 

then be modulated by conformational 
changes within the RNA or by protein 
binding to reveal a major groove interac- 
tion site. Such an accessibility switch 
provides a nearly isoenergetic mechanism 
to regulate binding energies for major 
groove recognition and might contribute 
to cooperativity in such systems. 

Long, regular uninterrupted helices in 
ribosomal, small nuclear, catalytic, and 
protein binding site RNAs are rare. A 
typical element of local RNA structure, an 
8-bp segment incorporating a bulge or 
mismatch, for example, might feature a 
major groove accessible at almost every 
base pair. Major groove accessibility may 
be modulated more by coaxial stacking 
and other details of the RNA fold than 
by the intrinsic accessibility of isolated 
helices. 
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on request. 
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