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ABSTRACT

We investigate RNA base—amino acid interactions by
counting their contacts in structures and their implicit
contacts in various functional sequences where the
structures can be assumed to be preserved. These
frequencies are cast into equations to extract relative
interaction energetics. Previously we used this approach
in considering the major groove interactions of DNA, and
here we apply it to the more diverse interactions
observed in RNA. Structures considered are the three
different tRNA synthetase complexes, the U1A spliceo-
somal protein with an RNA hairpin and the BIV TAR-Tat
complex. We use binding data for the base frequencies
for the seryl, aspartyl and glutaminyl tRNA—synthetase
and U1 RNA—protein complexes. We compare with the
previously reported DNA major groove peptide contacts
the results for atoms of RNA bases, usually in the major
groove. There are strong similarities between the rank
orders of interacting bases in the DNA and the RNA
cases. The apparent strongest RNA interaction observed
is between arginine and guanine which was also one of
the strongest DNA interactions. The similar data for base
atomic interactions, whether base paired or not, support
the importance of strong atomic interactions over local
structure considerations, such as groove width and
o-helicity.

INTRODUCTION

stabilize them. Furthermore, if there were sufficiently large
numbers of diverse structures, then the effects of both the RNA
and the protein structure would be averaged out, and the dominant
atomic interactions would become evident. Here we are going to
compile and analyze the structural data available for RNA-
protein structures to learn about their interactions. This will be
done at a coarse grained level of base—amino acid pairs rather thar
detailed individual atomic pairs. The principal difficulty in
learning about RNA—protein interactions remains the fact that
there are relatively few available structures.

Interactions between RNA and proteins ought to provide a variety
of interactions similar to that between pairs of proteins. For proteins
there are potentially 20 types of residues to interact compared to the
four nucleotide bases. Two questions arise. How do the RNA-
protein interfaces achieve a comparable level of diversity for
recognition? Are there important structural motifs for binding
between proteins and RNA? The search for protein binding motifs
has proven to be almost pointless, since a wide variety of protein
structure elements are now known to interact with DNA. The much
greater diversity of RNA structures would seem to make the
dominance of only a few structural motifs even less likely. However,
this does not preclude the occurrence of dominant motifs of atomic
interactions. So, for RNA—protein binding, we are simply going to
look at the frequencies of base—amino acid interactions, without
consideration of their structural context.

How do the structural differences between RNA and DNA
affect protein binding? In RNA there are additional features in
comparison to DNA, that facilitate specific recognition by
proteins. The additional & base pair type, beyond the
canonical AU and G C types of base pairs, adds to the diversity

The problem of understanding RNA—protein interactions isf possible interactions. Furthermore, the available RNA struc-
important because RNA is more involved in function than itures already show a remarkable variety of other ways in which
DNA. However, the larger structural variations manifested ihases can hydrogen bond to one another, e.g., triplets, purine—pu-
RNA compared to DNA make its study more difficult. Therine and pyrimidine—pyrimidine pairs. In addition, there are
complexity of the problem resembles the case of protein—protaimpaired bases in bulges and loops that can interact with amino
interactions which has met with some recent success usiagids. So, the bases themselves do offer a rich diversity for
approacheslE3) similar to that taken below. In some ways, thebinding to the 20 types of amino acids. Also some amino acids are
difference between DNA and RNA binding sites corresponds ttapable of interacting simultaneously with several base pairs so
a difference in dimensionality—DNA double helical structure ighis provides a further variety on the RNA surface for protein
nearly one dimensional. On the other hand, RNA presents highihteractions. Overall, this catalog of potential interacting RNA
variable surfaces for interaction, more similar to protein strucsurface features affords a sufficient number of ways to achieve their
tures. One way of comprehending the complexities of suapecific recognition by proteins. But, as we will see below highly
structures is to deconstruct them in terms of the interactions thiavorable interactions can dominate amino acid—base interactions.
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For a given protein binding site on RNA, how variable can itearlier for zinc fingers interacting with DNAA)( First we
sequences be? From analyses of DNA—protein binding sequencekulate the logarithms of frequencies for all occurrences of a
(4), it appears that the strengths of individual interacting pairs are rjdt/pe base interacting specifically with an I-type amino acid so
so critical. DNA binding sequence frequencies indicate that sortigat the interaction energy is of the form
interacting bases can be replaced. In part, this may reflect the
replacement of one hydrogen bond acceptor or donor by a similar 8j O—nf; 1
gﬂgs{irgj?oﬁg?:tgr?rb gisrsérgH(;)t\i,(\:IZ;llerc’ c}rme;;gnlgaztii:fg ;cr:ae gﬁi‘g"xe'%greﬁj is the sum over all the sets of the relative frequencies in
binding base might be acce tgble if another’s.irﬁ’ultaneous bas ich a base tyganteracts with aIIoccu_rrerjces ofare5|due type

9 ! 9 ; ptavie, 1 . #>Eor each of the four bases, the relative interaction energies are
substitution elsewhere in the binding site were made with a Sronger | normalized as
binder. Are RNA—protein binding sequences similarly variable?

The advent of sequence libraries for selecting active binding Inf, =0 2

sequences is having a major impact on the study of these systems. i

The present approach could be applied directly to assist in theryis orresponds to a reference state that shifts the values so
design of better combinatorial libraries. Other approaches applyi t the mean for the four bases is zero

pattern recognition methods are being developed to design an he U1A spliceosomal protein—RNA hairpin structure from

analyze combinatorial libraries for peptides and re]ated polymeJ’(s_ray indicates 14 base—amino acid contacts at Arginir@sa,

(5,6). Another useful approach has been to examine and analyggyinineso. A6, Glutamic acid19U7, Asparagine1639, Aspa-

nature’s functional combinatorial Ilbrarle_s by aligning and deterr-aginels G9 Lysine8GU8 Aspara;ginelaJ8 Glutarﬁine85

mining DNA base preferences from variant sequence data (=10 Tyrosine86C10, Lysine88C10, Aspartic acid9z12,
Others have also been cataloging the interactions found fro§%rine91 All, Threonine89All, and Aspartic acid9€12

the limited set of three-dimensional DNA—protein structures 3(522); these include both peptide side chain and peptide backbone

determined by X-ray crystallographg, (Mandel-Gutfriend,Y., ;- araqi Th di llected f ies for the RNA
Margalit,H., Jernigan,R.L. and Zhurkin,V.B., personal communil—n eractions. the corresponcing cotiected frequencies for the

X B h h b d th . "SequenceslE) are utilized. The binding domain of the protein is
cation). But, the present approach goes beyond the St_r'CﬁYimarily at the loop A6 through C15 of the 21 base synthetic RNA
structural to include additional information both from binding,

- . . irpin loop. The amino acid types of the contacts identified by
data and.from sequence varlabyllty. We h.ave previously derivi lray are considered here to be conser2&)i The sets of four
self-consistent normalized relative energies for each of the fo

DNA b : ing in th . ith i Otlative base—amino acehergies are explicitly derived using
VA bases interacting in the major groove with a specific amingy, ,aiiong and2. Stacking and hydrophobic interactions have not
acid @) by using an extensive set of data collected fro

\ : . s L i Mbeen considered here. The only major groove contact was reported
combinatorial multiplex DNA binding of zinc finger domaiflk ( for ArgininlaSZ-GlG. y Major groov W P

The five strongest interactions found were: Lysquanine, \ye have used similar sequence daf2g) and structures for
Lysine- thymme, Arginine guanine, Aspartic acietytosine and the seryl {7), aspartyl {8) and glutaminyl 19,20) tRNA—syn-
Asparagineadenine. These relative energies correlated well W”}F\etase complexes. They present a more diverse set of interactions

those derived from DNA binding data for Cro antepressors o1 the U1A spli P :
; 2> pliceosomal protein with RNA, since almost half
and the R2R3 c-Myb protein domairi12), as well as similar 56 gnticodon loop contacts involving Glutamic acid188

interaction energies derived directly from frequencies of basgﬁqsp34 Arginine119UASP35, Glutamine138UASP35; Ala-
determined to be in contact with particular amino acids in thg o414 cGinz4 Arginine341UG'”35 Glutamine517UGIN35

bacteriophag@ operator sequences. Arginine520 UCIN35 and Arginine402GCEIN36. The remaining

A major objective of the present work is to calculate,niacts are found at Glutamic acid3@PSP73, Aspara-
RNA—protein potentials. Those for major groove interactions c ne330 AASP72: Alanine555GSen 9 Glutamine54’%sef47a

be compared directly with those derived for the major groove lutamine545GSe47n and also include the two major groove

DNA. dRNA |d_|ff|ers from DNA in ”some Iwayls,.but slmce WE contacts at Asparagine330/SP1 and Asparagine33@AsP72.
consider multiple structures as well as only relative values amoRg;s caculation also includes in the same way the data for the U1

the four b_ases, many differences such as t_hose arising _from 9 A—protein case.
greater stiffness of the RNA backbone relative to DNA might be peative interactions for individual amino acids with the four

important. There are still some remaining differences but t ses are shown in Figutdor the combined data from thi

present considerations are only semi-quantitative, and we will A-spliceosomal protein and tRNA—synthetase structures and

comparing only the strongest effective interactions. The presefil, ances. Also shown for comparison are the strona DNA
considerations include data from BIV TAR-Tat binding Wherighqu S. SO SHOW pans Srong

NMR was used to identify specific base—amino acid contac teractions derived previously for major groove interactions.
- B e RNA cases include diverse interactions, and only the first two
(13,14). In addition we use the more extensive data for RNA ba y

; Hses designated by Rm and Nm are for major groove inter-
sequence frequenmes of acyl IRNAS and Ul R IAS.() that . actions. For RNA major groove interactions, the most favored
are identified by X-ray at positions in specific contact Wlthp

. ; X air is arginine with guanine which was also one of the five
particular amino acidsl{-22). strongest pairs for DNA. In the case of non-major groove
interactions in RNA, other strongest cases for interaction that can
METHODS AND RESULTS be seen in this figure are Arginingidine, Lysine cytosine,

Aspartic acidcytosine, Glutamic acidjuanine, Alanineguanine,
We use frequencies of contacts between bases and amino acidg/tosine cytosine and Serineor Threonineadenosine.
derive relative interaction energies from the acyl tRNA—-synthetaseWe can reasonably assume that the aspartyl, seryl and glutaminyl
and U1A spliceosomal protein-RNA complexes, as we didynthetase amino acid contacts are conserved, and we show
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Figure 3.Comparison of the strongest interactions in DNA (4) and in RNA, for
Figure 1. Logarithms of the relative frequencies, i.e. relative energies, of interactions with major groove atoms. RNA results are the relative energies for
base—amino acid interactions. The logarithms are normalized over the fourdl RNA—protein (arginine) together with tRNA—protein (asparagine). This
bases. The amino acid type is specified on the lower abscissa, and the base typ¢ludes all data from Figure 1 given as Rm and Nm together with the R and
is given along the top abscissa. In the DNA case base ‘u’ should be interpretel data not in major grooves but interacting with base atoms that are usually
as t. DNA data from our previous work is shown as bold solid lines without accessible in major grooves. Relative interaction energy points are labeled with
points; the present RNA data is given by points connected by thin lines. RNAUpper case amino acid and lower case base. The straight line fit has zero
data is calculated from the base and amino acid frequencies in 39 U1 RNAs (16intercept and a slope of 0.93; the correlation coefficient is 0.5; the probability
at base—amino acid contacts identified from the X-ray crystal structure for theof being random is <0.21.
U1A spliceosomal protein complex (22). Also included are data calculated for
sequences (15) at base—amino acid contacts identified from X-ray crystal

structures for glutaminyl (18 sequences), aspartyl (20 sequences) and seryl (42Both asparagine contacts that are not in the major groove occur
sequences) synthetase—RNA complexes (17,18,20,21,24). in glutaminyl tRNA, and involve unusual base—amino acid
contacts with non-Watson—Crick-modified base pails These

have not been included in the present analyses. Itis clear in Figure
1 that the major groove interactions for arginine and asparagine
differ from the corresponding non-major groove interactions.
Most interestingly for these two amino acid types, the correspon-
ding relative interaction energies determined for major groove
RNA base—amino acid interactions are quite strongly correlated

] with the interactions derived from DNA base—amino acid major

. groove contacts (Fig®) where we have included not only the
cases in the major groove category but also cases where the
interactions are with the atoms usually accessible in the major
groove. The data is fit with a straight line of slope of 0.93 and a
zero intercept. The correlation coefficient of 0.5 for the eight
points indicates that the probability of being random is G2 (

5.0 e T

In f (t RNA variants)
o
o

Y P T T T T DU DU T Clearly it can be seen that the results are better for asparagine thar
4 3 2 -1 0 1 2 3 4 for arginine. The non-major groove RNA base—amino acid
Inf (t RNA) interactions show no significant correlation with results for the

strongly binding amino acids of major groove DNA, with the
Figure 2. Species variability of RNA base-amino acid interactions in €XCeption of aspartic acid and asparagine (ffigvhen only the
tRNA-synthetase complexes. Correlations are shown for relative base—amindore restricted major groove cases were considered using only
acid interaction energies averaged over all RNA sequences of glutaminyithe Rm and Nm data in Figutesimilar results are observed with
o o i (s T v v vcap Spe of 066 and & corclaton coefcent 053 The (ol
:‘/i\?st over all occurFr)ences for one sbecies and subsequently averaged ovegr pmber of data points for the less res_tr_lcted case for asparagine
species. Twenty points are included for the four amino acids arginine)S doubled and the number for arginine is quadrupled. The
glutamine, glutamic acid and alanine in any position other than major groovesimilarity in the results lends strong support to focusing on atomic
and asparagine in the major groove. The straight line fit has an intercept of zefigiteractions rather than nucleic acid structure.
and a slope of 1.03; the correlation coefficient is 0.89. Also there are three polar RNA base—amino acid contacts

identified by NMR for BIV TAR-Tat, Arginine70G14, Argi-
(Fig. 2) that there is a correlation between interaction energiggne73 G11 and Glycine71G22 (L3). All of these contacts, for
derived for RNA sequence variants in individual species where theginine and glycine, are contacts in the major groove. We
protein is constant compared to values derived directly froalculate normalized relative interaction energies from binding
sequences for all species. The correlation coefficient of 0.89 for 2@udies of BIV Tat peptidé 8) and various mutants of BIV-TAR
points indicates a probability of being random as <0.B0) ( assuming that; is proportional to the corresponding binding



Nucleic Acids Research, 1997, Vol. 25, No. 13565

constant. That data is incomplete, since not all four bases haperimental data such as those that could be derived from
been substituted. There is still some useful ranking informatic@ombinatorial RNA—protein binding studies for a variety of well
about base—amino acid binding. For arginine there is a clenaracterized three-dimensional structures. Ultimately the pres-
preference for guanine over cytosine, which is consistent with tieat type of results could be utilized for sequence design in a
previous RNA and DNA results. And for glycine, the interactiorvariety of problems. If a given surface region of protein were
with adenine is stronger than for cytosine. targeted for binding to a new RNA, then the protein sequence
could be utilized directly to suggest the composition of RNAs that
would be likely to bind most specifically. Sequences with such a
DISCUSSION composition could be screened experimentally with an appropri-
ately designed RNA combinatorial libraij.

It is noteworthy that there is a clear correlation between the relative

interaction energies for the DNA and RNA major groove atomic

contacts with arginine and asparagine. This suggests, given tRFFERENCES
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