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ABSTRACT. The formation of theXenopud.5—5S rRNA complex depends on nonelectrostatic interactions.
Fluorescence assays with 1-anilino-8-naphthalenesulfonate demonstrate that a hydrophobic region on L5
becomes exposed upon removal of bound 5S rRNA by treatment with ribonucleases. Several conserved
aromatic amino acids, mostly tyrosines, were identified by comparative sequence analysis and changed
individually to alanine. Substitution with alanine at any of three positions, Y86, Y99, or Y226, essentially
abolishes RNA-binding activity, whereas those made at Y95 and Y207 have more modest effects.
Replacement with phenylalanine at Y86 and Y226 does not change binding affinity, indicating that the
aromatic ring of the side chain, not the hydroxyl group, is the critical functionality for binding. Alternatively,

the phenolic hydroxyls at Y99 and Y207 do contribute to binding. The structural integrity of the mutant
proteins was assessed using thermal denaturation and limited digestion with proteasksof N&9A

is 10°C lower than that of the wild-type protein, and there are some differences in the protease digestion
patterns that together indicate the structure of this mutant has been significantly perturbed. The structures
of the other variants are not detectably different from the wild-type protein. These results provide evidence
that intermolecular stacking interactions involving at least two tyrosine residues, Y86 and Y226, are
necessary for formation of the ESS rRNA complex and can account, at least in part, for the contribution
nonelectrostatic interactions make to the free energy of binding.

L5 is the principal ribosomal protein associated with 5S contribution to the free energy of bindin@3). It is notable,
rRNA in eukaryotic ribosomes. This complex appears to be then, that L5 also contains a large number of aromatic amino
added to the ribosome intact and provides a controlled meansacids, including 19 tyrosines.
by which 5S rRNA is delivered to the nucleolus.(During The major identity elements for L5 are located in the
the early stages of oogenesis{anopus5S rRNA is stored hairpin comprised of helix Ill and loop C1R). Helix IlI
in the cytoplasm bound to either transcription factor IlIA contains a 2-nucleotide bulge, and the 12-nucleotide loop C
(TFIIA) or the related zinc finger protein, p42+5). During has several non-WatseiCrick base pairs. Both the bulge
vitellogenesis, much of this pool of 5S rRNA becomes and the loop are targeted by the metal complex Rh(phen)
associated with L5, which is necessary for transport of the (phi)®*,® which binds to sites on RNA where the major
RNA into the nucleus for ribosome assemty-g). Variants groove is opened and accessible to stacking interactions with
of 5S rRNA that cannot bind to L5 remain localized in the the phenanthrenequinone diimine ligad@)( We observed
cytoplasm 9). a correlation between intercalative binding of Rh(phen)

There is no identifiable RNA-binding motif in L5. Assays (phi)®*" and binding of L5 to mutants of 5S rRNA and
with deletion mutants have revealed that nearly the entire proposed that stacking interactions play a critical role in the
length of L5 is required for high-affinity binding to 5S rRNA  formation of the L5-5S rRNA complex {2). We have now
(10), which is reflected in the unusually large footprint of tested the role of several conserved aromatic amino acids in
the protein on the RNA11). Thus, the interaction of L5 the binding of L5 to 5S rRNA and have identified three
with 5S rRNA may be complex and involve a particularly essential residues: Y86, Y99, and Y226. Whereas an alanine
large surface area on each component. The amino acidsubstitution at Y99 appears to affect the stability of the
composition of L5 is typical of ribosomal proteins with a protein, mutations at Y86 and Y226 do not, suggesting that
preponderance (20%) of basic amino acids that presumablythe latter fail to bind to 5S rRNA because important contacts
contribute to nucleic acid binding through ionic and hydrogen- to the RNA have been eliminated.
bonding interactions. However, the associatiorkefiopus
L5 with 5S rRNA is remarkably insensitive to ionic strength, EXPERIMENTAL PROCEDURES
indicating that nonelectrostatic interactions make a significant Plasmids and Nucleic Acidé. cDNA clone (L5b) of the
gene encodingenopus lagis ribosomal protein L514) was
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amplified by the polymerase chain reaction (PCR) and
inserted into the vector plasmid, pET238((Novagen), at
theBanHI and Xhd restriction sites. The resulting plasmid,
pPET23-L5b, encodes the L5 protein preceded by a 14-amino
acid T7 epitope tag and followed by the sequence LE#H)
the carboxyl terminus. The QuikChange kit (Stratagene) was
used for site-directed mutagenesis. NatKenopusoocyte

5S rRNA was prepared from 7S RNP particles isolated from
immature oocytesl). The expression and purification of
the maltose-binding proteifL5 fusion (fL5) and the syn-
thesis of internally radiolabeled 5S rRNA by runoff tran-
scription using T7 RNA polymerase and-f2P]JCTP fol-
lowed procedures described previously)(

RNA-Binding AssaysBinding of L5 to 5S rRNA was
measured using mobility shift assayi?). To compare the
binding affinity of L5 mutants, it was necessary to use a
method that is independent of the amount of active protein
in any given preparation. Thus, the data from the binding
assays were processed as Woolf plots with lines fit by least-
squares linear regression analy4i6)( Binding reactions (10
uL) contained 1 nM internally radiolabeled 5S rRNA, 40
nM fL5, and an increasing amount of unlabeled 5S rRNA
ranging from 0 to 60 nM. Binding reactions were kept at
room temperature fol h toensure equilibrium was reached.
Samples were then loaded on 8% polyacrylamide gels;
electrophoresis was run at 120 V. Laser densitometry was
used to quantitate free and bound RNA on the resulting

autoradiographs. Protein concentrations were determined b))N

the method of Bradford using bovine serum albumin as
standard 17). The concentration of RNA samples was

determined spectrophotometrically at 260 nm using an
extinction coefficient of 22.2 (mg/mL} cm™.

Fluorescence Spectroscopyhe L5-5S rRNA complex
was formed using 4M L5 and 5uM 5S rRNA in a buffer
containing 20 mM HEPES, pH 8.0, 30 mM NEI, 200 mM
KCI, 0.5 mM MgCh, 4% glycerol, 2 mM DTT. This buffer
differs from the standard binding buffer in that BSA and
NP-40 were omitted and the KCI concentration was increased
from 100 mM. All samples were analyzed on mobility shift
gels (stained with silver) to ensure that the RNP complex
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Ficure 1: Fluorescence emission spectra of ANS in the presence
of the L5-5S rRNA complex. The complex was formed by
incubating 4uM L5 and 5uM 5S rRNA. ANS was added to a
final concentration of 5«M, and the emission spectrum of the
intact complex [@) was measured using an excitation wavelength
of 355 nm. Following the addition of ribonucleases A and T1,
spectra were measured at 20, 30, 40, 50, and 60 min (curves with
increasing emission, respectively). The spectra of ANS al@)e (
or in the presence of BM 5S rRNA (a) are also shown.

averaging time. Th&,, for each protein sample was taken
as the maximum of the first derivative of the melting curve
using the program Table Curve 2D (Jandel Scientific).
Proteolytic DigestsSamples of wild-type and variant fL5
ere digested with protease at the following mass ratios:
V8, 1:24; trypsin and chymotrypsin, 1:100. Each sample of
fL5 was diluted with 10 mM Tris-HCI (pH 7.5) to a final
concentration of 0.57%g/uL, protease was added, and the
digestions were run at room temperature for the following
times: trypsin, 45 min; V8 and chymotrypsin, 1 h. Reactions
were quenched by adding SDS loading solution and incubat-
ing the samples at 108C for 10 min prior to loading on
SDS—polyacrylamide gels.

RESULTS

Exposure of Hydrophobic Residues on the Surface of L5.
The binding of L5 to 5S rRNA is notably insensitive to ionic

had formed and that the fluorescent probe ANS does notstrength {2). An increase in monovalent cation concentration
cause any dissociation. After formation of the RNP complex, from 0.1 to 0.6 M KCI results in only a 2-fold decrease in
ANS was added (5@M), and spectra were acquired using binding affinity. Thus, it appears that nonelectrostatic
an excitation wavelength of 355 nm. To degrade the 5S interactions make an important contribution to the binding
rRNA in the complex, RNase A (1:52 wt:wt ratio RNase free energy. Despite the large number of basic amino acids
A:5S rRNA) and RNase T1 (0.076 unit/) were added, and  in L5, there is also a considerable number of nonpolar and
emission spectra were taken at increasing time intervals.aromatic amino acids. The fluorescence emission of 1-anilino-
Separate assays established that these concentrations @&-naphthalenesulfonate (ANS) is markedly increased in
ribonuclease do not contribute to the fluorescence emission.hydrophobic environments with a concomitant shift of the
Spectra were recorded at 2T using an SLM Aminco model  emission maximum to shorter wavelengths. We used this
8100 spectrofluorometer. Data were collected every 1 nm external fluorescent probe to detect the exposure of hydro-
with a scan rate of 60 nm/min. Fluorescence emission is phobic sites on L5 upon removal of bound 5S rRNA by

plotted as relative fluorescendeés(Fr) whereFs andFg are

the intensities of the sample and the internal reference,

respectively. The emission spectra were not smoothed.
Circular Dichroism Spectroscopypamples were dialyzed

treatment with ribonucleases (Figure 1).

The L5-5S rRNA complex itself increases the fluores-
cence emission intensity of ANS by approximately 3-fold,
which indicates that hydrophobic sites on the protein are

against buffer containing 10 mM sodium phosphate (pH 7.5) accessible to the probe even when 5S rRNA is bound.
and 350 mM NaCl. Ellipticity was measured on an AVIV  Mobility shift assays of the samples used in these experi-
model 62DS/202 series spectropolarimeter. The thermalments confirmed that most of the protein was bound to 5S
denaturation spectra were recorded at 222 nm from 20 to 90rRNA (data not shown). Thus, the observed increase in ANS
°C with an equilibration time of 1 miAC. Data were  fluorescence cannot be attributed to free L5. Upon addition
acquired usig a 1 nmbandwidth ad a 1 min signal of ribonucleases A and T1, there is a progressive increase
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10 20 30 40 50 60
L5b X. laevis mgfvkvvknk ayfkryagv rrrregkt yvarkrlvigd knkyntpkigr mivrvtnrdi
yL3 Yeast mafgkdakss ayssrigtpid rrrregkt yvarkrlvtgh kakyntpkiyr lvvrftnkdi
L5 Human mgfvkvvknk ayfkryqgv rrrregkt varkrlvigd knkyntpkér mivrvtnrdi
L5 Rat mgfvkvvknk ayfkrygvrid rrrregktdy varkrlvigd knkyntpkdgr mivrvtnrdi
LS5 Chicken mgfvkvvknk aytkryqgv: rrrregktdy varkrlvigd knkyntpkér mivrvtnrdi
70 80 90 100 110 120
LS5b X. laevis icqiaﬂarie gdmivcaayja helpkiggvkv gltnﬂaaa c tglllarrll nkfgldkvye
yL3 Yeast icgiisstit gdvvlaaa¥ys helpnigith gltnwaaaya tglliarrtl grlgldetyk
L5 Human icgiagarie gdmivcaryga helpklogvkv gltmbaaadc tglllarrll nrfgmdkiye
L5 Rat icgiaygarie gdmivcaaya help vkv gltnaaayc tglllarrll nrfgmdkiye
L5 Chicken icgiafjarie gdmivcaayga helpk¥gvkv gltnfaaavc tglllarrll nkfgldkiye
130 140 150 160 170 180
LSb X. laevis ggvevtgdey nvesvdgepg aftcﬂldagl trtttgnkvf galkgavdgg lsiphstk
yL3 Yeast gveevegeye lteavedgpr pfkvfldigl grtttgarvf galkgasdgg lyvphsen
L5 Human ggvevtgdey nvesidggpg afta¥%ldagl artttgnkvi galkgavdgg lsiphstk
L5 Rat ggvevngdey nvesidggpg aftayldagl artttgnkvf galkgavdgg lsiphstk
L5 Chicken ggvevtgdey nvesvdgkpg aftoyldagl artttgnkvf galkgavdgg lsiphstk
190 200 210 220 230 230
L5b X. laevis pgydseskef naevhrkhif glniaefgnrl lieededavk kgfsaq¥ikng vaadglediy
yL3 Yeast pogwdfeteei dpellrsyif gghvsalmee ladddeerfs elfkg¥ladd idadslediy
L5 Human pgydseskef naevhrkhim ggnvadgnry lmeededayk kgfsg¥yikns vtpdmmeemy
L5 Rat pgydseskef naevhrkhim ggnva ry lmeededayk kgfsaiiknn vtpdmmeemy
L5 Chicken pgydseskef naevhrkhim ggnva Jygnry Imeededayk kgfsg¥yiknn itpdgmeemy
240 250 260 270 280
L5b X. leavis kkahagiren pvhekkpkke vkkkrmnrak lslegkkdrv agkkasflra ggk_ads
yL3 Yeast tsaheairad pafkptekkf tkeqgyaaesk kyrgtklske eraarvaaki aalagqqg
L5 Human kkahaairen pvyekkpkke vkkkrll rpk mslagkkdrv agkkasflra geraaes
L5 Rat kkahaairen pvyekkpkre vkkkrgnrpk mslagkkdrv agkkasflra geraaes
L5 Chicken kkahaairdn pvhekkpkre vkkkrvnstk mslagkkdrv agkkasflra geraads

Ficure 2: Alignment of selected eukaryotic L5 sequences. The positions designated with background are conserved aromatic residues that
were selected for alanine mutagenesis. The line indicates the cyanogen bromide fragment of L5 that contains at least two tyrosines that can
be iodinated in the native protein.

in fluorescence emission and the expected shift of the two tyrosine residues, located in the cyanogen bromide
emission maximum to shorter wavelengths, which indicate fragment that extends from amino acids 74 to 208, are
that ANS is binding to hydrophobic sites that become accessible to solvent (S. S. Ganser and P. W. Huber,
exposed as the 5S rRNA is eliminated by digestion. These unpublished results). We have now directly tested the
results indicate that hydrophobic regions on L5 are proximate importance of aromatic residues in the formation of the-L5
to 5S rRNA and could be involved in direct contacts with 5S rRNA complex using site-directed mutagenesis.
the nucleic acid. Alignment of the amino acid sequences of L5 from several
Role of Consered Aromatic Amino Acids in Binding 5S  eukaryotes reveals the positions of several conserved aro-
rRNA.The major identity elements for L5 are located in the matic residues (Figure 2). In this initial round of mutagenesis,
helix Il —loop C hairpin, although the protein interacts with we chose to focus on these positions and tyrosine residues
additional parts of the RNAI(l, 12. There are at least two in particular. The selected residues were mutated to alanine,
sites within the hairpin that are targeted by the intercalative and binding of the mutant protein to 5S rRNA was measured
probe, Rh(phenjphi)®*, establishing that this region of 55  using mobility shift assays (Figure 3). For these assays, the
rRNA can participate in stacking interactions with external variants of L5 were expressed as a fusion protein with
ligands (@3). The solution structure of the two-nucleotide maltose-binding protein (MBP). We have shown that the
bulge in helix Il has been solved by NMR spectroscopy MBP domain does not influence the RNA-binding activity
(18). The two unpaired adenosines are stacked upon eachof L5, but that this domain does suppress aggregation of the
other in the minor groove, which results in a widened major protein (2).
groove exposing the base of G48. Intermolecular stacking To compare the L5 mutants directly with each other, it
interactions, therefore, may represent the principal nonelec-was necessary to measure binding affinity using a method
trostatic contacts that contribute to the free energy of binding that is independent of the percent of active protein in each
in the complex. Additionally, the pH profile of the apparent sample. Binding assays contained a constant amount of L5
association constant of the complex exhibits an ionization and radiolabeled 5S rRNA and increasing amounts of
with a pK, of 9.1, which could represent the ionization of a unlabeled 5S rRNA. Autoradiographs of the mobility shift
tyrosine residuel(2). lodination of L5 indicates that at least gels were scanned with a laser densitometer to quantitate
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Table 1: Dissociation Constants for the Binding of fL5 Mutants to

5S rRNA
mutant  Kg+ SDM (nM)  determinations AAG? (kcal/mol)

wild type 2.5+ 0.87 5

F20A 5.6+ 3.1 2

Y30A 55+ 2.0 2

Y49A 8.0+ 5.6 2

Y66A 3.0+1.1 2

Y79A 20+1.2 4

Y86A nd® 3

Y86F 19+1.7 4

Y95A 16.4+ 4.1 2 -1.0
Y99A nd 2

Y99F 55.4+ 2.1 2 -1.8
Y145A 4.6+ 3.5 3

F180A 0.74+ 0.16 2

Y207A 25.84+ 3.6 2 -1.3
Y207C 21.6+6.3 4 -1.2
Y207F 11.7+ 0.1 2 -0.9
Y226A nd 2

Y226F 16+1.1 4

W266A 10.7+ 3.6 3

2 AAG = AGuid type — AGmutantWhereAG = —RT In(1/Kg). ® nd:

no detectable binding.

Ficure 3: Mobility shift assays for binding of fL5 mutants to 5S

rRNA. Autoradiographs for a selection of mutants are presented. tion of the sole tryptophan by alanine has an insignificant
In each assay, 1 nM internally labeled 5S rRNA was incubated impact on binding affinity.

with 40 nM fL5. The first lane in each case is 5S rRNA alone. The . .

subsequent lanes contain 0, 4.4, 9.8, 13, 18, 25, 33, 45, and 60 nM | he importance of the phenolic hydroxyl groups on Y86,

unlabeled 5S rRNA.
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Ficure 4: Woolf plots derived from RNA mobility shift assays.

Y99, and Y226 was tested by making mutants with pheny-
lalanine at these positions. In the case of positions 86 and
226, the phenylalanine variants exhibit wild-type binding
affinity, indicating that only the aromatic ring and not the
hydroxyl group is critical for function. The phenylalanine
substitution at position 99 results in a 22-fold increase in
the Kq of the complex. This translates to a 1.8 kcal/mol
change in the free energy of binding, which is within the
range of a hydrogen bond. Thus, both the aromatic ring and
the hydroxyl moiety of Y99 contribute to the ability of L5
to bind to 5S rRNA. TheAAG of binding for Y207F
indicates some type of hydrogen bonding involving the side
chain hydroxyl group of this residue.

Thermal Stability of Mutant Protein$n the absence of a
high-resolution structure, it is impossible to know the
consequences of a particular amino acid substitution. Alanine

The autoradiographs of the mobility shift gels were scanned with mutants at three positions in L5 have considerable effects
a laser densitometer to quantitate the amounts of free and boundon binding to 5S rRNA. Within the limits of the mobility

RNA. Exposures were in the linear response range of the film. The

ratio of free to bound RNA is plotted as a function of the
concentration of free RNA. Curves were fit to the data by least-
squares regression analysis. The valueKgfis taken from the
x-intercept.

shift assay, binding affinity was reduced by at least 100-
fold. These individual substitutions either eliminate an
important contact necessary for formation of the135
rRNA complex, markedly alter the structure of L5, or both.
Since aromatic residues can be especially important for

the amount of free and bound 5S rRNA and the data used toPacking interactions in the interior of proteins, which

construct Woolf plots (Figure 4), which have certain statisti-
cal advantages over Scatchard pldt6,(19. TheKy of the

contribute significantly to stability, it is difficult to determine
the origin of the defective RNA-binding activity. Samples

complex is obtained from the intercept on the abscissa of Of L5 at concentrations required for NMR spectroscopy were

these plots. Th&g of the wild-type protein, determined from
the Woolf plot (2 nM), is identical to that measured
previously by direct titration of the RNA with increasing
concentrations of L5.

Substitution with alanine at Y86, Y99, or Y226 essentially
eliminates binding of L5 to 5S rRNA within the range of

unstable and formed insoluble aggregates, which precluded
analysis of mutants by this method. Consequently, we turned
to thermal denaturation to assess the structural integrity of
the alanine mutants that abolish the RNA-binding activity
of L5. Protein unfolding was measured by circular dichroism
spectroscopy at 222 nm.

this assay (Table 1). Substitutions at Y95 and Y207 also have MBP—LS5 fusion proteins were used in these experiments,
some effect, exhibiting 6.6- and 10-fold decreases in affinity, since this form of L5 is much less susceptible to aggregation
respectively, relative to wild-type protein. Notably, substitu- in buffer lacking detergent. NP-40, which is a normal
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Ficure 5: Thermal denaturation of fL5 mutants. (A) The ellipticity of each protein samplex{d)5vas measured at 222 nm as a function

of temperature and is plotted as the fraction unfolded. The first transition corresponds to the maltose-bindingTomdn {C) of the
fusion protein and the second to L5.{B®) Data for the second transition in the melting curves are plotted as the first derivative in order
to determine thd,, for each variant of L5.

rRNA. The fact that phenylalanine can replace tyrosine at
these positions without any change in binding affinity

indicates that these are most likely stacking interactions
wild-type 64.4+ 0.8 2 involving the aromatic ring of the side chain.

Table 2: Melting Temperatures of fL5 Mutants
fL5 Tn(°C) determinations

Y86A 65.0+ 0.6 2 . .

YO9A 53.94 1.3 4 The phenylalanine substitution at Y99 reduce&@-fold),
Y99F 64.9+ 1.0 2 but does not eliminate, RNA binding. THg, of YO9F (64.9
g%ﬁ gg-gi (1’% g °C) is the same as wild-type protein. Since there is no
W266A 6594 05 5 difference in stability to account for thAAG in binding

free energy for this mutant, the reduced affinity of Y99F
for 5S rRNA likely arises from the loss of a hydrogen bond
to the RNA. Thus, the tyrosine at position 99 provides an
aromatic ring that is essential for the structure of the protein
and also a hydroxyl group that forms an important hydrogen
bond, possibly to 5S rRNA. Substitutions at Y207 to alanine,
cysteine, or phenylalanine have moderate reductions in
binding affinity ranging from 5- to 10-fold, indicating that
the hydroxyl group of this residue, likewise, forms a
hydrogen bond to the RNA. Th&, of Y207A is actually
increased about 4C relative to wild-type L5 (Table 2). Thus,
it is also possible, in the case of this substitution, that a
points for the wild-type protein are at 49.7 and 64C4 The confprmation is stabilized in the protein that has a reduced
Tm for maltose-binding protein in these conditions is 53.8 affmlty_for 5S rRNA. ) )
°C, establishing that the first transition in the melting curve ~Alanine substitution for the sole tryptophan in L5 has little
of the fusion protein Corresponds to the MBP domain_ A effect on RNA'b|nd|ng aCtI_VItY. In accord W|th thIS reSUlt,
decrease in th&, of MBP in the context of fusion proteins  the Tm Of this mutant protein is nearly the same as that of
has been noted beforgq). the wild-type protein. Fluorescence quenching experiments
Of the three mutants that lost 5S rRNA binding activity, indicate that the tryptophan is on the surface of L5 and
the T, values of Y86A and Y226A are essentially the same binding of 5S rRNA does not change its environment (J. P.
as wild-type L5 (65.0 and 65.9C, respectively), whereas DiNitto and P. W. Huber, in preparation).
Y99A is shifted by more than 1€C to 53.9°C (Table 2). Limited Protease Digestions of Mutant Proteirf3o-
Thus, the failure of Y99A to bind 5S rRNA likely arises teolytic digestions with V8, trypsin, or chymotrypsin pro-
from a perturbation in the structure of the protein. On the vided additional information on the structural integrity of
other hand, the substitutions at Y86 and Y226 appear to bethe L5 mutants (Figure 6). None of the digestion patterns is
structurally benign, admitting the possibility that these substantially different from the wild-type protein. Some
mutants fail to bind because the substitution with alanine differences can be seen in the digests of Y99A (Figure 6A,
eliminates an essential contact between the protein and 53ane 11, and 6B, lane 5) that are less apparent or absent in

component of binding buffer, cannot be used in CD experi-
ments due to light scattering in the UV region. The legitimacy
of studying the folding of a protein within the context of a
fusion containing MBP has been established in experiments
using differential scanning calorimetr?@. The thermody-
namic behavior of the two protein domains was uncoupled
in all of the fusion proteins examined. Indeed, the unfolding
profile of the MBP-L5 fusion protein exhibits two distinct
transitions (Figure 5A). First-derivative plots of the melting
curves were used to determine thig of wild-type and
mutant variants of L5 (Figure 5BD). The two inflection
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Ficure 6: Limited protease digestions of fL5 mutants. Digestions were run as described under Experimental Procedures and analyzed by
SDS—polyacrylamide gel electrophoresis. The protease is indicated above the lanes of the gels. (A) The lanes contained the following

samples: lane 1, molecular weight standards of the indicated mass; lane 2, maltose-binding protein; Tai dgests of wild-type,
Y86A, Y86F, Y99A, YI9F, respectively; lanes-82, trypsin digests of wild-type, Y86A, Y86F, YO9A, YI9F, respectively. (B) Lane 1,
molecular weight standards; lanes&, chymotrypsin digests of wild-type, Y86A, Y86F, Y99A, Y99F, respectively. (C) Lane 1, molecular
weight standards; lanes-2, V8 digests of wild-type, Y226A, Y226F, respectively; lanes7 trypsin digests of wild-type, Y226A, Y226F,
respectively. (D) Lane 1, molecular weight standards; lare$, Zhymotrypsin digests of wild type, Y226A, Y226F, respectively.

the digests of Y99F (Figure 6A, lane 12, and 6B, lane 6). canonical DNA helix. The importance of intermolecular
These results are in accord with the lower stability of the stacking interactions is reflected in the frequency at which
Y99A mutant detected in the thermal denaturation assays.aromatic amino acids occur within consensus RNA-binding
Some differences are also apparent in the trypsin digest ofmotifs. The best, and most studied, example is the RNP
Y86A (Figure 6A, lane 9), but not in the digests of this domain, which contains multiple, highly conserved, aromatic
mutant with either V8 or chymotrypsin. It must be noted residues that are involved in stacking interactions in the
that digestions with trypsin were significantly more variable structure of all RNP domain complexes determined to date
than those with V8 and chymotrypsin for all proteins tested. (21—24). However, critical stacking interactions are seen in
The digests of both Y226 mutants are the same as wild-typethe structures of several other RNArotein complexes,
L5. including anticodon interactions with tRNA synthetas#s, (
Notwithstanding some differences in the trypsin digest of 26), MS2 viral coat protein bound to operator RN27( 29,
Y86A, these assays support the results from the thermali N protein bound tdboxBRNA (29), and ribosomal protein
denaturation experiments. Apparent structural changes in theL30 bound to an autoregulatory RNA elemeB6)
Y99A mutgnt m_ake it.impossible at this 'Fime to decide  The metal complex Rh(phesgphi)*" binds to RNA on
whether this amino acid makes an essential contact 10 SSihe pasis of shape selection at sites in RNA where the major
rRNA through the aromatic ring of the side chain. However, groove is opened. It is sterically excluded from double-
the reduced affinity of the Y99F mutant, for which there is  gyranded regions of RNA, because the major groove of an
no evidence for structural perturbations, suggests that theA-type helix is too narrow, nor does the probe bind to
hydroxyl group at this position may form a hydrogen bond nstryctured single-stranded sites that do not permit stacking
to the RNA. On the other hand, alanine replacements atinieractions 81). Rh(phen)(phi)®*, which cleaves nucleic
tyrosines 86 and 226 markedly diminish RNA-binding 4cids upon photoactivation, targets loop E and the helix 111
activity without substantially changing the structure of LS, 50 C hairpin inXenopus$S rRNA (L3). NMR spectroscopy
making these residues good candidates for putative stacking,as peen used to determine the conformation of loop E,
interactions with 5S rRNA. which, indeed, has a major groove opened by a base triple
DISCUSSION structure _involving areverse Hoogstee_rUﬁpair (32. The _
intercalative probe also cleaves opposite the two-nucleotide
Stacking interactions involving aromatic amino acids bulge in helix Il and at the helix IH-loop C junction. These
appear to be a common mode of contact with RNA. RNA, are exactly the positions, identified in mutagenesis experi-
as opposed to DNA, is particularly well suited for recognition ments, that encompass the major identity elements for L5
in this way, because the complex folds of the molecule, (12). Mutations in 5S rRNA that affect binding of L5 also
resulting from secondary and tertiary structure, can presentchange the cleavage profile of Rh(phgphi)** in the
the bases of nucleotides that are otherwise inaccessible in @airpin.
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10 20 30 40 50 60
L5b  MGFVKVVKNK AYFKRYQVKF RRRREGKTDY YARKRLVIQD KNKYNTPKYR MIVRVTNRDI
L18  ——mmmmeee M ATGPRYKVPM RRRREARTDY HQRLRLLKSG KP—------ R LVARKSNKHV
A RYV RRRRE TDY R RL K R R N
70 80 90 100 110 120
L5b  ICQIAYARIE GDMIVCAAYA HELPKYGVKV GLTNYAAAYC TGLLLARRLL NKFGLDKVYE
L18  RAQLVTLGPN GDDTLASAHS SDLAEYGWEA PTGNMPSAYL TGLLAGLR-- ----------
Q GD A L YG N AY TGLL R
130 140 150 160 170 180
LSb  GQVEVTGDEY NVESVDGEPG AFTCYLDAGL TRTTTGNKVF GALKGAVDGG LSIPHSTKRF
L18  —mmmmmmmmm —meee AQEAG VEEAVLDIGL NSPTPGSKVF ATQEGATDAG LDIPHNDDVL
E G LD GL T G RVF GA DG L IPH
190 200 210 220 230 240
L5b  PGYDSESKEF NAEVHRKHIF GLNIAEYMRL LIEEDEDAYK KQFSQYIKNG VAADQLEDIY
L18  AD-~---=== —--—- WQRTR GAHIAEYDEQ LEE------—---- PLYSGDF DAADLPEHFD
G IAEY L E Y AAD E
250 260 270 280 290
LSb  KKAHAGIREN PVHEKKPKKE VKKKRWNRAK LSLEQKKDRV AQKKASFLRA QQKADS
L18  ELRETLLDGD IEL

Ficure 7: Sequence alignment ofenopud.5 andH. marismortuiL18. Residues conserved in both organisms and identified by alanine
mutagenesis as essential for binding to 5S rRNA are in boldface and underlined.

The solution structure of helix Il irKenopusoocyte 5S additional intermolecular contact3q, 39. In fact, Xenopus
rRNA has been determined by NMR spectroscd8).(The L5 induces a conformational change in 5S rRNA detected
two unpaired adenosines are stacked upon tlgai&nosine by CD spectroscopy (J. P. DiNitto and P. W. Huber, in
in the minor groove. This configuration opens the major preparation).
groove and exposes the base of thg@anosine that flanks Deletion mutagenesis has been used in attempts to identify
the bulge (G48), creating a site that can potentially accept the regions in metazoan L5 required for binding to 5S rRNA
an external ligand in a stacking interaction. Imino resonances(10, 37-39). Although there are some discrepancies in these
in preliminary NMR experiments indicate that loop C data, the consensus indicates that regions near the amino and
contains non-WatsenCrick base pairs, which supports an carboxyl ends of L5 are necessary for binding to 5S rRNA.
earlier suggestion that the loop may be folded to form a Polypeptides encompassing internal regions of L5 do not
GUCU tetraloop {2). Interestingly, a selection experiment form complexes with the RNA. These results, in general,
for RNA aptamers that can bind to phenylalanine repeatedly parallel those for the yeast homologue of L5, which has been
identified a core sequence motif, CUCGUGU, that matches more thoroughly characterizedtq, 41. In addition to
a sequence (positions 340) in loop C at 6 of 7 nucleotides  sequences at both termini of the yeast protein, internal
(33). Secondary structure prediction indicates that this core sequences are also required for binding to 5S rRNA. These
sequence is part of a loop structure, which was verified in results indicate that the organization of the RNA-binding
cleavage assays with lead. In addition, the sequence AUUdomain of L5 is complex. The N- and C-termini of L5
commonly occurred at the 8nd of the aptamer loops, which  contain a notable preponderance of basic amino acids,
compares well with the AUC sequence at thed of loop whereas the tyrosines identified in this study are located near
C. Thus, loop C appears to have structural elements foundthe center of the primary sequence. The restricted location
in RNAs selected for binding an aromatic amino acid. of identity elements within the much larger region of 5S
The evidence that the identity elements for L5 are sites rRNA contacted by L5 may reflect the organization of the
capable of binding aromatic ligands taken together with the protein. The nonelectrostatic contacts mediated by stacking
identification of at least two positions in L5 that require an interactions in the helix IH-loop C hairpin may be supple-
aromatic side chain for binding suggests that intermolecular mented by structure-specific interactions to additional sites
stacking interactions provide a key recognition event in the on the RNA mediated by the basic residues at either end of
formation of the L5-5S rRNA complex. A tyrosine in the  L5.
MS2 coat protein stacks on the base of C-5 in the operator The crystal structure of the large ribosomal subunit from
RNA (27). Replacement of this aromatic residue with alanine H. marismortuihas been determined at 2.4 A resolutidg)(
results h a 3 kcal/mol change in binding free ener@dy; However, inferences from the structure of the archaeal
which is comparable to the Y86A and Y226A mutants in ribosome are difficult to apply to the eukaryotic £5S
L5 (minimumAAG of ~2.5 kcal/mol). However, it has been rRNA complex. Whereas there appears to be one primary
suggested that in addition to a substantial thermodynamicprotein associated with 5S rRNA in eukaryotes, there are
contribution, stacking interactions are also important for three inH. marismortui(L5, L18, and L30)H. marismortui
conferring specificity, in some cases by stabilizing protein- L18 has only 35% identity t&enopud.5, and the former
induced conformational changes in the RNA that permit (186 amino acids) is considerably smaller than the latter (296
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