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ABSTRACT

An RNA ‘kissing’ complex is formed by the association
of two hairpins via base pairing of their complementary
loops. This sense—antisense RNA motif is used in the
regulation of many cellular processes, including
Escherichia coli ColE1 plasmid copy number. The RNA
one modulator protein (Rom) acts as a co-regulator of
ColE1 plasmid copy number by binding to the kissing
hairpins and stabilizing their interaction. We have used
heteronuclear two-dimensional NMR spectroscopy to
map the interface between Rom and a kissing complex
formed by the loop of the trans -activation response
(Tar) element of immunodeficiency virus 1 (HIV-1) and its
complement. The protein binding interface was obtained
from changes in amide proton signals of uniformly
I5N-labeled Rom with increasing concentrations of
unlabeled Tar-Tar*. Similarly, the RNA-binding interface
was obtained from changes in imino proton signals of
uniformly 15N-labeled Tar with increasing concentrations
of unlabeled Rom. Our results are in agreement with
previous mutagenesis studies and provide additional
information on Rom residues involved in RNA binding.
The kissing hairpin interface with Rom leads to a
model in which the protein contacts the minor groove
of the loop—loop helix and, to a lesser extent, the major
groove of the stems.

INTRODUCTION

loop—loop or kissing hairpin interactions between three tandem
stem—loop structures in each molecule. The RNA one modulator
protein (Rom) acts as a co-regulator by binding to the kissing
hairpins and decreasing their dissociation rate (3). Ultimately, the
metastable complex folds into a stable RNA-I-RNA-II duplex
that is not cleaved by RNase H.

Thetransactivation response element (Tar) of human immuno-
deficiency virus 1 (HIV-1) consists of a 59 nt hairpin closed by a
6 nt loop (7—10). The looprs cellular proteins and is required
for HIV replication (1L,12). A conserved 14 nt sequence in the
HIV gag gene can form a 4 bp stem with a 6 nt loop
complementary to the Tar loop (13). Tandem repeats of Tar and
antisense Tar hairpins have been tested for inhibition of HIV
replication in cell extract$14). Recently, Chang and Tinoco
showed that a hairpin, denoted Tar*, with a loop complementary
to that of Tar associates specifically with it to form a stable kissing
hairpin (13). The structure of the Tar—Tar* compleig( 1) was
determined by NMR spectroscopy (15). A kissing complex from
the ColE1 antisense control region has also been deterthBjed
The structures have many features in common. All loop
nucleotides form base pairs with their complements, as determined
from imino spectra and AH2 cross-strand connectivities in
NOESY spectra. The loop bases stack on‘tis&l@ of each stem
forming a quasi-continuous helix. Each loop is closed by bridging
of the phosphate backbone across the major groove. Bridging
occurs between U5 and U6 and between C5 and C6 for Tar and
Tar* respectively. The crossover compresses the major groove
and introduces a bend in the helix (15,16). It alsngsrthree
pairs of phosphates into close proximity, providing a potential
strong binding site for magnesium igiis).

Antisense regulation mediated by RNA loop—loop interactions Although many RNA-binding motifs have been identified
occurs in many cellular processes in both prokaryotes arfd7-20), there are raieely few reports of protein—-RNA
eukaryoteq1,2). The atisense regulation dEscherichia coli complexes. Important examples are the NMR (21,22) and X-ray
ColE1 plasmid copy number has been studied in great detail (fsiructures (23) of ULA-RNA complexes and X-ray structures of
reviews see 3—6 and references therein). RNA-I and RNA-II atRNA—RNA synthetase complexé®4). The structure of Rom
two RNA transcripts encoded next to the ColE1l plasmidhas been determined by both NMR in pH 2.3 phosphate buffer
replication origin. RNA-II hybridizes to the plasmid DNA and is (25) and by X-ray crystiagraphy(26); the structures are similar.
processed by RNase H to form the primer for DNA synthesi®kom is a homodimer in which the two monomers are related by
RNA-I acts as an antisense inhibitor of RNA-II hybridization andh dyad axis of symmetry. The monomer (63 amino acids) consists
primer formation. RNA-I and RNA-Il are complementary of two a-helices, H1 (the N-terminal domain) and H2 (the
because they are transcribed in opposite directions from the sa@werminal domain), connected by a hairpin bend. Each monomer
DNA sequence. Initial pairing of the RNA transcripts occurs vigoacks with its antiparallel neighbor to form a four helix, coiled
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coil bundle based on a classic leucine zipper motif. Rom cannelectrospray ionization mass spectrometry. Two species which
be easily related to other RNA-binding motifs nor has theliffered by the presence or absence of an N-terminal Met were
structure of a protein—kissing hairpin complex been determinetbund. The purity of each Rom sample was >95%, with the ratios
Rom binding to the wild-type ColE1l kissing hairpin andof the two species dependent on sample preparation. Purified
variants of it has been probed by biochemical methods. ElegaRbm was exchanged into a solution containing 10 mM sodium
ribonuclease cleavage studies have shown that Rom binds to giesphate, 10 mM sodium chloride, 1 mM dithiothreitol (DTT)
loop residues of the kissing complex in a pseudosymmetrical fashiand 0.1 mM EDTA by ultracentrifugation through a 3 kDa
(27). Affinity constants derived from cleavage rates indicate thaholecular weight cut-off membrane. Samples at different salt
Rom can bind to 6, 7 or 8 ntloop complexes with similar affinity andoncentration were obtained in a similar way, keeping everything
recognizes a specific structure rather than a particular se@8hce else constant. Rom protein concentrations were determined by
Alanine scanning mutagenesis experiments on Rom binding to th® spectroscopy using an extinction coefficient of 0.24/o1g
wild-type ColE1 complex and two variants have implicatecat 280 nm. Sample concentrations ranged from 1 to 5.5 mM/mol
residues in helix H1 and its symmetrical counterpart, Hdn10, homodimer.
Phel4, GIn18 and Lys25 abolish binding when substituted by Ala
(29). Lys3 may also play a role. Atiohal mutational experiments Uy melting
suggest that Phe14 residues in helices H1 ahuhtdfact with loop ] . ) ]
residues in a pseudosymmetricalhias (29,30). Thesetsdies ~Optical absorbance melting studies were performed on a Gilford
have also shown that helix H2 and its symmetry related helix H250 spectrometer using a heating rate of O/in. The RNA
do not participate in binding. was dissolved in 10 mM sodium phosphate buffer, pH 6.3. Studies
Here we report NMR studies of Rom with an RNA kissingof the sodium and magnesium dependence of the loop—loop
complex. Tar-Tar* (Fig. 1) was chosen because of the interestififeraction were done using an RNA concentration gitidn
antisense HIV strategies involving Tar described alb4pand the same b_uffer and varying salt concentrations. Sodium chlo_rlde
because it is the only kissing complex whose structure has beg@ncentrations ranged from 0 to 500 mM and magnesium
determined at high resolution (RMSD @0.8 A) (15). The chlor!de concentrations rang'ed from 0 to 5 mM. In the sodmm
protein—-RNA binding interface is inferred from changes in amidéhloride studies the buffer included 0.1 mM EDTA. Optical
and imino proton Signa|s revealed by m-lH HSQC Spectra_ absorbance meltlng studies of Rom blndlng to the kISSIhg

The results are related to previous biochemical data. complex were studied using RNA and protein homodimer
concentrations of 1QM, comblned_ in a 1:1 ratio in the same

MATERIALS AND METHODS buffer, and various salt concentrations.

RNA synthesis and purification Protein—RNA titrations

All RNA molecules were synthesized vitro using T7 RNA  Aliquots of Tar—Tar* were prepared by lyophilizing the appropriate
polymerase and a synthetic DNA templ#8d). Uniformly  volume of stock solution containing the RNA complex in 10 mM
I5N-labeled Tar was produced froA®N-labeled nucleotide sodium phosphate, pH 6.3. Titration of Rom with Tar—Tar* was
monophosphates (NMPs) isolated frEncoliBL21 cells grown  done by dissolving each aliquot of dry RNA with the protein
on 15N-labeled ammonium chloridg2,33). The NMPs were solution in the buffer previously described. In this way the
converted to triphosphates using enzymatic phosphoryl@®n volume and sodium chloride or magnesium chloride and DTT
The RNA species were purified using 20% denaturing polyeoncentrations of the NMR sample remained constant throughout
acrylamide gel electrophoresis. RNA extinction coefficients athe experiment while the concentration of sodium phosphate
wavelengths of 260 and 280 nm were calculated using neargsiried from 10 to 30 mM. Control experiments show that
neighbors parameters. The values are 156 and 84/mM/cm at 260 aadations in sodium phosphate concentration within this range
280 nm, respectively, for Tar and 154 and 72/mM/cm at 260 amgfoduce no changes in the spectra. Formation of the kissing
280 nm, respectively, for Tar*. The Tar—Tar* complex was formethairpin complex was corroborated by comparison of 1D imino
by annealing each hairpin separately prior to combining thespectra with published dath3). Similarly, titrdion of Tar—Tar*
together in a 1:1 ratio. The concentration of the Tar—Tar* kissingith Rom was performed by dissolving lyophilized aliquots of
complex was further confirmed using the sum of extinctionhe protein in sodium phosphate buffer and 10 mM sodium
coefficients for the individual hairpins as a first approximation tahloride with a solution containing Tar—Tar* dissolved in the final
its extinction coefficient. Hypochromicity due to the loop—loopbuffer. Typical concentrations of the complexes at a 1:1 Rom
interaction was determined to affect the measurements by <2#femodimer to Tar—Tar* stoichiometry ranged from 1 to 2 mM.
RNA samples were dialyzed into 10 mM sodium phosphate, pH 6RNA imino spectra for the 1:1 Rom homodimer:Tar—Tar*

and 0.1 mM EDTA. complex and for Tar—Tar* with excess protein (2:1) (not shown)
are similar, indicating that one Rom homodimer binds to one
Protein synthesis and purification Tar—Tar* complex.

Escherichia colstrain BL21(DES3) transformed with the plasmid

p2R that encodes Rom was a kind gift of Professor L.Regan (Yal?le'vIR Spectroscopy
University). This construct differs from wild-type Rom by a Gly All experiments were recorded on a Bruker AMX 600 NMR
insertion after the N-terminal Met (29). Expression and purificatiospectrometer equipped with a three channel inteAeicand!>N

were done as described (29) except for a final reverse phasignals were referenced to DSS as descr{B&)l Data were
HPLC step to remove residual RNase activity. The Rom sequengmcessed with the NMRPipe suite of progré8& and FEx95

was confirmed and the purity of each preparation was checked {Biosym Technologies). Typically the data were apodized in each
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dimension with a phase-shifted sinebell followed by zero filling 1.2

to twice the original size before Fourier transform. Peak volumes +ROM. 150 mM Na+

were measured with Felix95. 1.0 1 ' .
1H-15N HSQC spectra of uniformly®N-labeled Rom were -, *AOM, S0 mM Nat

recorded at 30C with the fhsqc sequence (37). Ti¥dl carrier 0.8 4

was set to 118 p.p.m. with a spectral width of 40 p.HH-N 5

HSQC spectra of uniformly°N-labeled Tar complexed with 3 06 1

unlabeled Tar* were recorded at’Zswith the 1:1 echo HMQC 0.4

sequence (38). Th&N carrier was set to 150 p.p.m. with a )

spectral width of 30 p.p.m. All experiments were recorded with 0.2 4

128 complex15N points using the States-TPPI method of ' . /7 50 mMNa+

guadrature detection. 0.0 . o 1SOmMNar
DQF-COSY spectra (39) of Rom and the Rom-Tar-Tar* 0 30 60 90 120

complex were recorded at 3D. A total of 450 points were Temperature °C

collected in the indirectly detected dimension of each experiment
using the TPPI method for quadrature detection. The spectral

width in both dimensions was 6024 Hz. Figure 1.UV melting of 10uM Tar—Tar* in the presence or absence of the Rom

homodimer. The experiments were done in 10 mM Napé 6.3, 0.1 mM
EDTA and 50 or 150 mM NaCl. The individual hairpins meliag° C for Tar*

RESULTS and 80C for Tar in 50 mM NaCl. The loop-loop interaction melt§lEi°C
in the absence of Rom in 50 MM NaCl and4¥°C in its presence at a 1:1 ratio.
Ultraviolet melting profiles Rom stabilizes the interaction b5° C at these concentrations. Increasing the

NaCl concentration from 50 to 150 mM stabilizes the Tar—Tar* kissing complex

. h he derivati f absorb i fbng"C. The melting temperature of the complex in the presence of Rom does
Figure 1 shows the derivatives of absorbance melting curves fQfy change with increased salt concentration. All curves have been smoothed.

the Tar—Tar* kissing complex in the presence and absence ohe sequences of the Tar and Tar* hairpins are shown at the side.

Rom. The RNA concentration and Rom homodimer concentration

are both 1M. Data are shown for sodium chloride concentrations

of 50 and 150 mM. The melting temperature of Tar—Tar*

increases frorll5°C at 50 mM NaCl td25°C at 150 mM NaCl.  Mapping of the Rom RNA-binding site

The addition of Rom to the RNA kissing complex in 50 mM NaCl i i _ ) )

increases its melting temperature [B5°C. Increasing the NaCl Protein backbone signalsThe interaction of Rolm with the

concentration to 150 mM does not change the melting temperatdrd™—Tar* kissing cor5nplex was monitored VigN-'H HSQC

of this complex, although the transition becomes sharper. \gCl SPectra of uniformly>N-labeled Rom recorded with increasing

a concentration of 156M has the same effect as NaCl at 150 mmquivalents of Tar—Tar* (Fig. 2). Each signal can be used as a

both in the presence and absence of Rom (data not shown). ~ Probe for Tar—Tar* binding and dynamics. A chemical shift
Control experiments confirm that the protein contribution to th&hange reflects a change in environment due to either a structural

absorbance curves and their derivatives can be neglected (dataGhétnge in the protein or because of its close proximity to the

shown). The transitions detected by melting absorbance curvesKigSing hairpin. A linewidth change reports on dynamic processes

260 nm and its derivatives correspond to RNA transitions. such as the exchange of Tar—Tar* between different binding
orientations or different protein molecules. Signals for residues

near the RNA binding site are expected to undergo the largest
Rom signals assignments chemical shift changes and therefore decrease in intensity and

possibly broaden, in particular at substoichiometric RNA—protein
Recently we reporte@40) 1H, 15N, 13C, and 13Cg signal ratios.
assignments for all but the first six residues (Glyl, Thr2, Lys3, The NH signals can be divided into classes based on changes
GIn4, Asp5 and Lys6) of Rom using standard multidimensionabserved in the spectra with successive increases in Tar-Tar*.
heteronuclear methogé1). Inmmplete cleavage of the N-terminal Most signals do not change significantly in either chemical shift
Met (Materials and Methods) caused doubling of NH resonances intensity upon addition of Tar-Tar*. In Figure 2, Phe56 and
for Thr7, Ala8, Asnl0 and Ala54. Complete aromatid  Leu52 show little change up to a Tar—Tar*:Rom homodimer ratio
assignments were obtained for one of the two phenylalanimgé 2:1. Residues in this class are far from the RNA binding site.
residues (Phe54) and the single tyrosine (Tyr49). Only the HAll residues belonging to helix H2 are in this category. Some
assignment was obtained for Pheld4 due to chemical shffignals, including Ala8, Asn10, Arg13, llel5 and GIn18, decrease
degeneracy. Side chathl-15N assignments were also reportedin intensity by >40% upon addition of TarTar* to a Tar—Tar*:Rom
for the three Asn and one of the three GIn residues (GIn34). Margtio of 0.4:1, indicating that signals for these residues undergo
aliphatic side chain resonances were broader than expected feahamical shift changes upon binding of RNA. Asn10 illustrates
14.3 kDa protein. Possibilities for the broadening include ththis behavior in Figure 2. The signals from residues Thr7, Phel4,
interchange of monomers and side chain dynamics at the heBerl7, Thrl9 and Leu22 disappear when the RNA:protein ratio
interfaces. The broadening has not been investigated in detail andncreased from 0.4 to 0.8, again indicating chemical shift
has hampered efforts to assign thesignals as well as the other changes between free and bound forms for these NH signals. In
side chaintH-13C resonances. The chemical shift assignmentSigure 2, Thr7 and Ser7 show this behavior. All these residues
have been deposited in the BioMagResBank under BMRRBith large chemical shift changes define the RNA-binding
accession no. 4072. interface. New resonances corresponding to protein NH signals
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: Figure 3. A portion of thel®N-1H HSQC spectra of uniformli¥>N-labeled
: ROM with (A) no added Tar—Tar* an®B) 0.4 equivalents of Tar—Tar*. Side
5 chain1®NH, signals are shown. Dashed lines connect Asn10 signals in each of
: the spectra. Asn27 and Asn62 signals do not change as a consequence of the
. interaction with RNA, while Asn10 broadens (text).
D :
© @ I had the same effect on linewidths as added sodium chloride but
© 116 at lower concentrations. Resonances sharpened with increases in
magnesium ion up to 5 mM and broadened with subsequent
® a increases. These results agree well with the UV melting studies,
: ; = 118 which showed the same effects for magnesium and sodium on the
8.7 8.5 8.3 8.1 protein-RNA complex melting temperature and no change in the
1H melting temperature with increasing salt concentrations.
ppm 1H-19\ HSQC spectra of free Rom showed the number of signals

expected for a symmetrical homodimer. In contrast, the Tar—Tar*

complex is asymmetrical, but it may have a pseudosymmetry if only
Figure 2. A portion of the!>N-IH HSQC spectra of uniformi§™N-labeled  the phosphate backbone is considered. The solution NMR
Rom with @) no added Tar-Tar*B) 0.4, C) 0.8 and ) 1.2 equivalents of gt cture reported by Chang and Tin¢t®) is consistent with an

Tar—Tar*. Backboné®NH signals are shown. Assignments for unbound Rom . L
are denoted by the one letter amino acid code and residue number. Arrow@ngle of 30-90 between the two halrplns. Upon blndlng, we

denote new amide signals that appear due to interaction with the RNA kissingXpected the kissing hairpin to break the symmetry of Rom
hairpin. Dashed lines connect signals from the same amino acid in each of teesulting in a doubling of many NH signals. However, spectra of

spectra}. Doublin_g Of Thr7 and Asn10 was due to incomplete cleavage of th@om Wlth excess Tar—Tar* ShOW approximately the same number
N-terminal methionine (text) of signals as the free protein. One explanation is that the
asymmetry of the two RNA hairpins causes a doubling and
, o broadening of the bound form signals, rendering them undetectable.
in the bound form appear as the titration proceeds. However, thege siternative explanation for the absence of more signals is fast
signals are generally broader than those for the unbound Prot@ichange of the kissing hairpins between symmetrical binding
and have not been assigned. , sites (alternative sampling by Tar and Tar* of the same Rom
The disappearance of some signals for free Rom and thesigues) coupled with slow exchange between the RNA and
appearance of signals for bound Rom show that the kisSifgotein. In this case, there would be one averaged bound signal
hairpin is in slow exchange between protein molecules whefloadened by the slow exchange between the bound and free
dissolved in 10 mM phosphate buffer (pH 6.3) containing 150 MMiates of Rom. This would explain the broad resonances in the
sodium chloride at 3T. Attempts were made to sharpen theygnd Rom spectra.
resonances by either slowing or increasin_g the gexchange'rat%S a control experiment, the protein was titrated with the
between Rom and Tar-Tar*. Changes in sodium chloridggivigual Tar and Tar* hairpins and monitoredii-1H HSQC
concentration ranging from 10 mM to 1.4 M and variations ispectra of uniformiyN-labeled Rom. Little or no changes are
temperature from 10 to 48 failed to improve the quality of the opserved at a RNA to protein homodimer ratio of 0.4:1. At RNA
spectra. Indeed, the Rom signals sharpened with addition @f protein ratios of 2:1 we see some slight line broadening and
sodium chloride t61150 mM. Further increases caused broadenlngghimng of resonances, mostly of the same protein signals as for
The effect of magnesium was also investigated. No dramatjge RNA kissing complex at a 40% RNA to protein ratio.
changes were observed in HSQC spectra recorded with samples
dissolved in 10 mM phosphate, 10 mM sodium chloride and uprotein side chain signalSide chain NH signals for the three
to 20 equivalents magnesium ion/RNA complex. Magnesium ioAsn and three GIn residues were monitoredHA>N HSQC



4692 Nucleic Acids Research, 1998, Vol. 26, No. 20

A "G Ggs 144
6.8 cagta 1240 @ -
- 6. 3 G13 B A O
0og. OV - 148
7.0 L L SRR L
T U1 . Lo : [
'H 0 uz: P L 162
L 7.2 Ppm : @ L Lo : 15N
B I Polt i 144 ppm
: o > N : ®
. o . 7 @ §
7.4 : SR 080
s YT A -148
o0 162
ad ]
- 6.8 ¥ . .
14.0 13.0 12.0
7.0 H
TH ppm
7.2 PPM
7.4 Figure 5.15N-1H HSQC spectra dfN-labeled Tar in complex with Tar* and
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unbound Tar imind>NH signals are denoted by the one letter code and residue
. . . . . number. Arrows denote new RNA signals that appear due to interaction with
75 73 71 69 6.7 Rom. Dashed lines connect signals from the same imino signal in each
1H spectrum.
Ppm

binding and dynamics. The imino proton signals can be divided
_ _ into classes based on changes observed with 0.5 equivalents of
?QU;‘? 4-PagSBC)’féhf DQ_F'(EOSY SfPTeC”?r OLUf%'ﬁbe'ed Rom wjmo a}ddid added Rom. Some signals (G3, G12 and G13) show no significant
ar—Tar* an .4 equivalents of Tar—Tar*. e aromatic region is shown. H H H H H H e
Note that the Phel4 signal (dashed line) of the free protein disappears O%hﬁnge.s ml Chemlc?jl Shlﬂd or mtens'.ty .l%l.pon lpmtelr:) addltlﬁn‘
addition of Tar—Tar*. ther signals (U7 and G8) decrease significantly (>80%) or show
moderate decreases (50%) in intensity (G9, G10 and U15).
Finally, several new resonances corresponding to Tar imino

spectra of uniformly>N-labeled Rom at increasing RNA:protein signals in the protein-bound complex appear at a protein:RNA
ratios (Fig. 3). The NH signals for Asn10 broaden at a ratio of 0.J&1i0 Of 0-5. The appearance of signals corresponding to free and
indicating that the side chain for Asn10 interacts with the RN/?OJ;C;;%WE% 'gfgcggetshZl_%\.'é:)éﬂﬁg?gobet\_r’vﬁ;PIg}eetv\é?]:ﬁeg'ses'
or is close to the RNA-binding site. Upon further additions of - . e A p. fheirfarg 9 .
RNA the signals sharpen again. Signals for the othep nndicate a strong interaction between the protein and RNA at these

g ot sitions. Lesser but significant interactions occur for the

L?;;gapoﬁgﬁ: %R?At%?ggi%;&gmﬂcantly, indicating that they do r{rat);i')maining loop resi_dues (GQ and G10), showing that the

The aromatic!H signals for Phel4, Tyr49 and Phe56 Werioop—loop structure is recognized by Rom. Changes are also
monitored via DQF-COSY spectra of unlabeled Rom with n ound f(_)r stem _re5|due U15, indicating a specific protein-RNA
added RNA (Fig. 4) and at a protein:RNA ratio of 0.4. As can pigteraction in this area.
seen in Figure 4, the signal for Phel4 disappears when the kissin
hairpin is added at a ratio of 0.4, indicating that the side chain RISCUSSION AND CONCLUSIONS
close to or interacts with the RNA. Signals for Tyr49 and Phe
are unchanged, indicating that they do not interact with the RNA.

I5N-1H signals of uniformlyl>N-labeled Rom were used as
Tar—Tar* signal assignments probes of RNA binding. Similar experiments have been used
previously to map protein—DNA interfacé42,43). Stongly

Chang and Tinoco have previously reported imino protoperturbed signals, including those of Ala8, Asn10, Argl3, llel5
assignments for Tar, Tar* and the kissing complex Tar-Tar&and GInl18, show significantly reduced intensities at low
obtained from NOESY spectra recorded igOH(13). ThelH  RNA:protein ratios (0.4) and define the primary RNA-binding
assignments were used to assignlthé>N signals inlH-15N interface (Fig. 6). Other signals, including Thr7, Phel4, Ser17,
HSQC spectra of the complex (Fig. 5). Thrl9 and Leu22, are perturbed at higher RNA:protein ratios

Interaction of the Tar—Tar* complex with Rom was monitored0.8) and define an extended interface. NH groups from both
via 1H-19\ HSQC spectra of uniformly>N-labeled Tar in classes are found in the central portion of helices H1 and H1
complex with unlabeled Tar* and with increasing concentrationshich forms one face of the Rom homodimer (Fig. 6). Thus, the
of unlabeled Rom (Fig. 5). Analogous to protein amide signal®|MR results indicate that the central residues of helices H1 and
each G or U imind®N-1H signal can be used as a probe for RonH1' form the RNA-binding interface, in good agreement with

ackbone



Nucleic Acids Research, 1998, Vol. 26, No. 28693

Protein side chains

The side chains of Asn10 and Phe14 broaden upon RNA addition,
C-term indicating that both interact with Tar—Tar* (Figs 3 and 4). Earlier
studies suggested that Phel4 and G(29) also play a role in
binding to the ColE1 complex. Because Phel4 is in the center of
helices H1 and Hlit was proposed that the ring intercalates or
stacks with loop residues. There are precedents for this type of
interaction between aromatic side chains and RNA bases. The
RNP2 and RNP1 motifs of RNA-binding domains contain a
conserved number of aromatic residues that are essential for the
RNA—protein interaction. The role of Phe in the four RNA-binding
domains of yeast poly(A)-binding protein has been studied by
mutagenesis (44). The crystal structure of the Riifling
domain of U1A revealed two aromatic side chain—base interactions
(45). NMR gudies of the N-terminal domain of U1A have
confirmed the same interactio(6). Finally, the resution by

X-ray crystallography of a number of aminoacyl RNA synthetases
bound to their cognate tRNAs and aminoacyl adenylates or ATP
has revealed a variety of stacking interactions between protein
side chains and RNA bases. These include stacking between
bases and Phe or Tyr side chains as well as the side chains of Pro
Asn and GIn (47-53).

-N-term (H1)

RNA

15N-1H signals of'>N-labeled Tar were used as probes for the
binding of Rom to kissing hairpins. Both loop and Tar stem
regions were monitored (Fig. 7). The most significant intensity
reductions occur for U7 and G8, which are located in the
Figure 6. Ribbon model of Rom showing the RNA-binding interface. In each 5'-portion of the Tar loop. Imino signals for G9 and G10 also
Rom monomer, helices H1 and Hite in light blue and helices H2 and'ld@ show reductions in intensity. Together these data show that Rom
in dark blue. Hc_ehces H1 anc_l Hface the \/_lewer._Re5|dues that experience ~ontacts the |00p—|00p region of the Tar=Tar* complex. This
strong and medium perturbations are highlighted in red and green, respectively, - - . -
The side chains of Asn10 and Phe14, which also broaden upon RNA additiorfesqlt IS C(_)nslstent with RNase Vi C_Ieavage studies of ColE1
are shown in black. This figure was created with the program Molscript (58)Kissing hairpins by Eguchi and Tomiza&v), who showed
using coordinates from the NMR structure of Ebetlal (25). protection of loop—loop helix residues from cleavage in the
presence of Rom. Our results are inconsistent with earlier work
by Cesarini and Banner (54) and Helmétetichet al (55), who
previous results based on mutation stu(#63 The reslts donot  suggested that Rom binds mainly to the ColE1 stems. However,
require that each of these residues interacts directly with the RNRom does contact the stems several base pairs from the loop, as
but only that the surroundings are significantly perturbed by RNAvidenced by reduced intensity for U15 upon protein binding.
binding and are therefore in close proximity to the RNA. Phosphates 2 and 3 of ColE1 (equivalent to G1 and A2 for
The NMR resullts include as part of the Rom—-RNA interactiormar—Tar*) were protected from ethylation by ethylnitrosourea,
residues Asnl10, Phel4 and GInl8, which were implicated ghowing that Rom interacts in a similar region with the ColE1
binding to the ColE1 kissing complex based on alanine scanningid-type kissing complex. Thus, our NMR results correlate well
mutagenesis combined with gel shift as{a$. Lys25 was also  with previous findings based on phosphate ethylation and RNase
implicated in the previous experiments. In HSQC spectra Lys2§igestion experiments for the wild-type kissing complex as well
retains significant intensity (>50%) even at a protein:RNA ratigis sequence variants. Given the lack of sequence similarity
of 1:2. Even though the Lys25 backbone NH signal is ndsetween Tar—Tar* and ColE1, our findings support the notion of
significantly perturbed upon RNA binding, this does not precludgguchi and Tomizawa that Rom recognizes structure as opposed
an interaction between its positively charged side chain and thga particular sequence (28).
RNA, as implied by the mutation experiments.
The N-terminal segment of Rom contains two lysines, Lys3 a PR
Lys6, that form part of helix H1 in both NMR and X-ray structurezlqoIe of magnesium ion
of Rom. In the present work NH signals were not observed for thdagnesium and sodium ions are known to stabilize the Tar—Tar*
first six residues (Gly1l-Lys6), presumably due to rapid exchandé@3) and ColE1l (56,57)obp—loop complexes. At least two
of the NH groups at pH 6.3, so no conclusions can be drawnagnesium ions are involved for ColE36). In the free RNA
regarding their role in complex formation. Others have suggestedmplex, short interphosphorus distances are observed between
that Lys3 (28,29) and Lys6 (28) may interact with the phosphatie 5 phosphate groups of C5 and theBosphate groups of U7
backbone. The C-terminus is less likely to interact with RNAand G8 of Tar, as well as between U*5 and C*7 and C*8 of Tar*.
because it has two aspartic and one glutamic side chains, givihgese are potential binding sites for magnesium. Nonetheless, no
it a highly negative charge. dramatic changes were observediN-1H HSQC spectra of a

Cterm N-term (H1")
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Figure 7. Schematic diagram of the Tar-Tar* complex showing the primary B
protein-binding interface. Rectangles connect bases that form hydrogen bonded

pairs in the kissing complex. Imino signals that decrease in intensity on addition

of Rom by 50% or more are indicated by black circles; signals that do not

change are indicated by open circles. Only imino signals froAPiabeled

N —Lys3
¥ 5

Tar hairpin can be detected. TAR
Phe-14 . < G10-C7*
1:1 Rom-Tar-Tar* complex with up to 20 equivalents of < GO-C8*

magnesium chloride. Added magnesium ions had the same effect Phe-14 -7
on linewidths as sodium chloride, but at lower concentrations. This
result agrees with the absorbance melting curves studies, that show
equivalent roles for sodium and magnesium. We conclude that
magnesium ions do not play a significant structural role in protein
binding over that of sodium chloride. Additional experiments are
needed to determine if these results apply to the interaction of
Rom with other RNAs. Lys-3

TAR*

Complex formation

Using previously determined structur@$,25,26), we docked Figure 8. (A) A scale model of the binding of Rom to the Tar-Tar* complex
Rom to Tar—Tar* consistent with the present NMR results as welpased on changes observed in amide and imino NH signals during titrations, as

; ; well as results from mutagenesis (29) and ribonuclease cleavage studies
as previous mutagenegg9) and ibonuclease cleavage data (27,28). B) A ribbon diagram of the complex showing the relative orientation

(27,28) for the_COIE]j ki_ssing comp_IeRi@. 8) of Rom and Tar-Tar*. Lys3, Asn10 and Phel4 (in green) of the equivalent
The free kissing hairpin complex in solution bends towards th@-helices, H1 and Hlof Rom interact with the major grooves of the hairpin

major groove of the loop—-loop helix with an angle of from 30 tostems and the minor groove of the loop—loop helix of Tar-Tar*. Base pairs

90° (15), However, the majorgove i bocked by the phosphate 25032 v 310 S8 T T 2 2hownt e, Te oo b

backbones tha}t cross it. The convex face qf the bent heliceg, ., (15). The program MOLMOL (59) was used to make the ﬁgurg

exposes the minor groove of the loop—loop helix. Four of the 6 bp

of this helix interact with Rom, as shown by the NMR

experiments. The protein is also bent, with its concave face

formed by helices H1 and HIVe propose that the convex minor the reduced intensity of the U15 imino signal (Fig. 7) and

groove side of the loop—loop helix interacts with this concaverotection at this site from ribonuclease cleavé®#) upon

protein surface. protein binding. With Lys3 anchored in the major groove near Tar
We have made a model of the Rom-Tar—Tar* complex using15, the side chains of Asn10 and Phel4 contact the minor

Insight (Biosym Technologies) that fits our NMR data and thgroove of the loop—loop helix near G8, G9 and G10 (Fig. 8). This

previously published biochemical dai28,29). In our model orientation accounts for the broadening of Asn10 and Phel4 side

Lys3 and possibly Lys6 are located in the major groove near tisbain signals and abolition of binding when these side chains are

Tar U15-Tar* A2 base pair. Although the amide signals for Lys&utated to alaning29). Of the other amidégnals perturbed on

and Lys6 were not assigned, alanine scanning mutag€p®sis binding, Ala8 is near G10 and Al1, Argl3 and lle15 flank Phel4

and genetic studie§30) suggest that Lys3 is important for near U7, G8 and G9 and GIn18 is near U7 and G8. Evidence

binding. Docking Rom to Tar—Tar* in this manner accounts fosuggests that the complex has a pseudo 2-fold sym(@&+29).
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In our model symmetry-related residues in helixidteract with 13 Chang,K.-Y. and Tinoco,l.,Jr (1998joc. Natl Acad. Sci. USAL
Tar* in an analogous fashion. Thus, residues whose amide protop 8705-8709.

signals show the most pronounced intensity reductions can % gg‘nzmkej ::gT'\fr?(')%gf }rl?fggcy;)mﬁ' ﬁ?ﬁf"z%ﬂ' élzs_/gg, 5817-5821.

placed in the minor groove of the loop—loop helix adjacent to thgs marino,J.p., Razmic,S.G., Scanlovszki,G.J. and Crothers,D.M. (1995)
RNA residues whose imino proton signals show large intensity Science268 1448-1454.
reductions (Fig. 8). There is a precedent of a coiled cog ﬁrapt?ka-(%g%?nnudReV-s ?iocpéwﬁr?gg—gfo-
interacting with an RNA minor groove in the crystal structure o agai,i. urr. Opin. Struct. 10} 6, 55-6.1.
Tetrahym%na thermophiluserylgtRNA aminoz?c/;yl synthetase 29 ChangK-Y. and Varani,G. (199ature Struct. Biol 4, 854-857.

. 20 Ramos,A., Gubser,C.C. and Varani,G. (190T. Opin. Struct. Bio| 7,
complexed with tRNA&E" 47). 317-323.

In addition to Asn10 and Phel4, GIn18 and Lys25 were showa1 Allain,F.H., Gubser,C.C., Howe,P.W., Nagai,K., Neuhaus,D. and Varani,G.
to abolish binding when mutated to AR29). In our model the (1996)Nature(Lond.) 38Q 646-650. ,
side chain of GIn18 is near U7 and G8 while Lys25 is close to tHé SA;'SA”’E-?';% Howe,P.W., Neuhaus,D. and Varani,G. (15O J, 16
phosphate backbone near A11. A more detailed structure was pgt Oubri_dge,C.., Ito,N., Evans,R.P,, Teo,C.-H. and Nagai,K. (1994)
obtained because of the broad resonances seen in the complexX. Nature(Lond.) 372 432-438.
Aless likely, alternative model has Rom docked on the opposité Cusack,S. (199Qurr. Opin. Struct. Biol 7, 881-889.

face of Tar-Tar*. In this orientation Lys3 is located in the mino®> 7Elbe§|;vW-, Pastore,A., Sander,C. and Rosch,P. (19Bigmol. NMR1,
groove .Of Tar near U15 and both Asnlo. and Phel4 are Iocated2g1 Banner,D.W., Kokkinidis,M. and Tsernoglou,D. (1987Mol. Biol, 196
the major groove of the loop—loop helix. In order to close the™ g57_g75
hairpin loops, the phosphate backbone bridges the major grooye eguchi,. and Tomizawa,J. (19903l 60, 199-209.
between C5 and C6 for Tar and between U5 and U6 fo(Ta)* 28 Eguchi,Y. and Tomizawa,J. (199)Mol. Biol, 220 831-842.
To span this distance the major groove is compressed and ﬂ%f{eggi,P-F-y Nayak,L.M., Gottlieb,M.B.C. and Regan,L. (1€38) 80,
kissing hairpin is bent (15), whichirkers protein blndl_ng. 30 Castagnoli,L., Scarpa,M., Kokkinidis,M., Banner,D.W., Tsernoglou,D. and
Moreover, the backbone crossover blocks entry of Rom into the  cegareni G. (198GMBO 1, 8, 621-629.
major groove at the junctions. For these reasons we favor tBe milligan,J.F. and Uhlenbeck,0.C. (198@thods Enzymol18Q 51-62.
parallel binding orientation (Fig. 8), in which the central residue82 Batey,R.T., Inada,M., Kujawinski,E., Puglisi,J.D. and Williamson,J.R.

of a-helices H1 and Hiinteract with the RNA loop—loop helix (1992)Nucleic Acids Res20, 4515-4523. _
from the minor groove face. 33 Nikonowicz,E.P., Sirr,A., Legault,P., Fiona,M.J., Baer,L.M. and Pardi,A.

. . 1992)Nucleic Acids Res20, 4507-4513.
The results presented here provide the foundation for the stugly (Hayni)e,S.L. and Whites?jeslG,M, (199Q)p!. Biochem. Biotechnob3

of other Rom—kissing hairpin complexes. Such studies should 205-220.
provide insight into the extent that Rom recognizes structurg Wishart,D.S., Bigam,C.G., Yao,J., Abildgaard,F., Dyson,H.J., Oldfield,E.,

rather than sequence and may aid in the design of antiser%%e'galfk"“-l)/rt'-- g”d S_yieng\-/O; §19?35)‘§r?mg'- ’\F‘)?",F']fev J135—§Aé0- A (1995)
H H H elaglo,r., Grzesiek,s., vuister,G., u,G., Plerrer,dJ. an ax,A.

strategies to control biological processes. 3. Biomol. NMRS, 277293,
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