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ABSTRACT. Unlike all other metazoan mRNAs, mRNAs encoding the replication-dependent histones are
not polyadenylated but end in a unique 26 nucleotide stiewp structure. The protein that binds the 3

end of histone mRNA, the stemioop binding protein (SLBP), is essential for histone pre-mRNA
processing, mRNA translation, and mMRNA degradation. Using biochemical, biophysical, and nuclear
magnetic resonance (NMR) experiments, we report the first structural insight into the mechanism ef SLBP
RNA recognition. In the absence of RNA, phosphorylated and unphosphorylated forms of the RNA binding
and processing domain (RPD) BfosophilaSLBP (dSLBP) possess helical secondary structure but no
well-defined tertiary foldDrosophilaSLBP is phosphorylated at four out of five potential serine or threonine
sites in the sequence DTAKDSNSDSDSD at the extreme C-terminus, and phosphorylation at these sites
is necessary for histone pre-mRNA processing. Here, we provide NMR evidence for serine phosphorylation
of the C-terminus using'P direct-detect experiments and show that both serine phosphorylation and
RNA binding are necessary for proper folding of the RPD. The electrostatic effect of protein phosphorylation
can be partially mimicked by a mutant form of SLBP wherein four C-terminal serines are replaced with
glutamic acids. Hence, both RNA binding and protein phosphorylation are necessary for stabilization of
the SLBP RPD.

Most eukaryotic mRNAs are posttranscriptionally modified nucleoprotein (MRNP) complexX). The high-affinity Kp
by the addition of a 57-methyl-guanine cap and agly(A) ~ 1 nM) interaction , 6) between SLBP and the mRNA
tail. These modifications are necessary for the proper control stem-loop is crucial for efficient processing, translation, and
of MRNA metabolism, which requires the assembly of large regulation of degradation of histone mRNA in mammalian
complexes that regulate translation initiation, mRNA stability, cells.
and mRNA degradation. Replication-dependent histone genes Recent biochemical studie8-(6) on the SLBP-RNA
encode the only known family of mRNAs that are not complex and solution NMR studieg,(8) on the free RNA
polyadenylated. Unlike other eukaryotic mRNAs that end demonstrate that the mode of interaction of SLBP with
in a polyA sequence, replication-dependent histone mMRNAs histone stertloop RNA is likely to be unique. The solution
end in a highly conserved, 26 nucleotide steloop struc- NMR structures of 24-nt and 28-nt sterftoops confirm that
ture. The stemloop of replication-dependent histone the RNA forms a canonical six base-pair A-form stem that
MRNAs is involved in pre-mRNA processing, translation, starts with the highly conserved GC base pair at the base
and stability {, 2). Mature histone mRNAs are generated and ends in the UA base pair. The UUUC tetraloop is
by endonucleolytic cleavage four or five nucleotides down- stabilized by base stacking interactions. Few NOEs are
stream of the stemloop to form the 3end. The first step  observed for bases flanking the stem, and NMR relaxation
in this processing reaction involves the binding of a 32 kDa measurements indicate that these bases are disordered in
stem-loop binding protein (SLBP)to the stem-loop and solution. Mutagenesis experiment3, 6, 6) on the RNA
recruitment of the U7 small nuclear ribonucleoprotein reveal that the SLBPRNA interaction involves sequence-
(snRNP) to a site downstream of the stelmop in the pre- specific contacts among the mRNA stem, the loop, and the
mRNA (3). The pre-mRNA is subsequently cleaved, and the flexible flanking sequences, particularly thé Banking
mature mMRNA is exported to the cytoplasm. SLBP is also a

component of the Cytop|a5mic histone messenger ribo- _1AbbreV|at|ons:_ S|__BP, stemloop binding prqtel_n; dSLBPDI’OSO-'
phila stem-loop binding protein; RPD, RNA binding and processing
domain; RBD, RNA binding domain; HSQC, heteronuclear single
T Supported by National Institutes of Health (NIH) Research Grant quantum coherence; PABP, poly(A)-binding protein:\dR, 3
GM58961 to W.F.M, an NIH Supplement Grant GM29832 to W.F.M. untranslated region; NMR, nuclear magnetic resonance; NOE, nuclear
and R.T., NIH Research Grant CA90604 to M.R.R. and a Burroughs Overhauser enhancement; MALDI, matrix-assisted laser desorption
Wellcome Career Award to M.R.R. ionization; PFG, pulsed-field gradient; PG-SLED, pulsed gradient
*To whom correspondence should be addressed. E-mail address:stimulated echo longitudinal encoddecode; EMSA, electrophoretic
marzluff@med.unc.edu. Phone: (919) 962-2141. Fax: (919) 962-1274. mobility shift assay; CD, circular dichroism; CREB, cyclic AMP-

* Department of Biochemistry and Biophysics. response element-binding protein; CBP, CREB-binding protein; KIX,
§ Program in Molecular Biology and Biotechnology. CREB-binding domain of CBP; KID, kinase-inducible activation
U Department of Chemistry. domain; c-Myb, c-myb protooncogene product.

10.1021/bi036315] CCC: $27.50 © 2004 American Chemical Society
Published on Web 07/02/2004



9402 Biochemistry, Vol. 43, No. 29, 2004 Thapar et al.

sequence. Mutation of both the first and third uridine in the on dry ice. SDSPAGE loading buffer was added to the
loop and base transversions in the stem at the second GQeactions, which were boiled for 10 min, and then the samples
base pair decrease binding affinity200-fold, whereas  were analyzed by 14% SDSAGE. The Endo-Lys C digest
mutation of the sixth UA base pair to a UG base pair reducesgave only two bands, which were subjected to detailed
affinity by ~15-fold (9). In contrast to known RNA binding  analysis by MALDI mass spectrometry. The fragments were
domains, such as the KH domain and the RRM domain that gel-eluted, and a precise whole mass was obtained on each
recognize non-WatserCrick or exposed bases in single- fragment. In addition, the two fragments were subject to total
stranded loops and bulges or the dsRBD that recognizes theryptic digest, the resulting peptides were isolated by HPLC,
double-stranded stem in the minor groove without much and masses were obtained on the individual peptides. The
sequence specificity, SLBP appears to make base-specifidotal coverage of peptides mapped to the C-terminal RPD
contacts with the single-stranded flanking and loop regions, domain was 60%, whereas that for the N-terminal domain
as well as the double-stranded stem in a sequence-specifiavas 40%. Peptides for which masses were not obtained lay
manner. It is not clear how this small 70 amino acid RNA between sequence segments that were unambiguously identi-
binding domain (RBD) that bears no homology to any other fied using this approach, thereby increasing our confidence
known protein achieves this extensive mode of RNA levelin the right domain cutoffs. Truncation of the fragments
interaction. identified by mass spectrometry resulted in severe solubility
DrosophilaSLBP (dSLBP) is phosphorylated at multiple and aggregation problems, providing further evidence that
sites in the N- and C-terminal domains0( 11). Several our fragments represented structural domains in the intact
serine and threonine phosphorylation sites have been identiProtein. These analyses were performed by Dr. Christoph
fied in the RNA binding and processing domain. Electrospray Borchers’ group (Department of Biochemistry and Biophys-
ionization mass spectrometric analysis of C-terminal deletion ics, UNC-CH), and the analysis of the phosphorylated state
mutants also suggests that there are four (out of five possible)of the baculovirus-expressed RPD has been reported else-
phosphorylation sites in the extreme C-terminus of dSLBP Where (0).
in the sequence DTAKDSNSDSDSDQ). Phosphorylation Sample PreparationThe C-terminal 105 amino acids of
of the extreme C-terminus is necessary for efficient process-the dSLBP, termed the RPD (residues +2Z6), were
ing of the histone pre-mRNA to the mature mRNA but not subcloned into théNdd and EcdRl restriction sites of the

for RNA binding in electrophoretic mobility shift assays bacterial and baculoviral expression vectors pET21a (Novagen)
(EMSA). and pFAST BacHTa (Invitrogen), respectively. Unlabeled

We report herein our first insight into the structural 2nd uniformly**N-labeled SLBP RPD was expressed from

changes that occur when both the phosphorylated (P-RBD)th€ vector pET21a by growing BL21(DE3) RIL Codon Plus
and unphosphorylated (RBD) SLBP RBDs bind histone cells (Stratagene) transformed with pET2RPD at 20°C

mMRNA. Our data suggest that both the SLBP RBD and in thg presence of 1 mM IPTG in Lurialbroth or minimal
P-RBD lack a well-defined tertiary fold and fluctuate media, respectlvely. Under these conditions, about 50% of
between an ensemble of partly folded helical conformations the protein Was_recove_red from the soluble fraction. The RPD
in solution. Although spectral changes are observed in Was purified using cation-exchange chromatography over an
response to RNA binding, the presence of RNA is not S-sepharose cqlumn (Amersham Pharmacu_a Biotech) fol-
sufficient to stabilize a single conformation in the unphos- 0Wed by gel filtration chromatography using an S100
phorylated protein. We provide NMR evidence that the column (Amers_ham Pharmacia Biotech). The proteins were
C-terminal serines are phosphorylated and show that the role” 95% pure as judged by SB®AGE. Phosphorylated forms

of serine phosphorylation is to increase further the stability ©f the RPD and full-length SLBP proteins were obtained by
of the SLBP-RNA complex by a favorable electrostatic infecting _Sf9 cellsl with F_ZPBbacquwrus and.growmg the
interaction most likely with one or more basic residues in Sf9 Cells in Grace’s medium for 48 h. Baculovirus-expressed,
this domain. The effect of phosphorylation can be mimicked full-length RPD proteins had a 20 residue N-terminal tag
partially by mutation of the four C-terminal serines to tha}t_encoded a His tag and were hence purified using mqkel
glutamic acids in a mutant that we term 4E-RPD. Intrigu- 2ffinity chromatography. The dSLBP RPD-4E mutant in

ingly, sulfate anions can also induce folding of the RPD and Which all four C-terminal serines were mutated to glutamic
the presence of both sulfate anions and RNA results in &ids using Quickchange mutagenesis was expressed in the

complete folding of the RPD. Our results are consistent with Vector pPET28a (Novagen) with a C-terminal His tag and
previous biological studies reported for the SLBRNA purified using immobilized metal affinity chromatography

complex and form the basis for ongoing structural studies. IMAC) over @ NE* column. Unlike the RPD, which was
mostly insoluble when expressed with a His tag, the His-

EXPERIMENTAL PROCEDURES tagged 4E mutant was quite soluble when expressed at 20
°C. The identity of all constructs was confirmed by DNA
Limited Proteolysis of Bacularus dSLBP.Full-length, sequencing as well as electrospray mass spectrometery. The

baculovirus-expressed human dntbsophilaSLBPs were 28-mer RNA (53GGCCAAAGGCCCUUUUCAGGGCCACC
incubated with the proteases EndoLysC, trypsin, Asp-N, and CA3') used in our studies corresponds to the sequence of
Glu-C at 37°C at a molar ratio of SLBP/protease of 1:100 the mammalian histone H4 hairpin for which NMR structures
at varying time points up to 2 h. Human SLBP was have previously been describétl §). The RNA was custom
completely degraded within 15 min, whereas the Drosophila synthesized, deprotected, and PAGE-purified by Dharmacon,
isoform gave distinct bands in all reactions. All reactions Inc. To ensure that95% of the RNA was in the stem
were stopped at varying time points by the addition of loop form, the lyophilized RNA was taken up in NMR buffer,
Pefaloc (Boehringer Mannheim) and freezing the reaction heated to 95C for 10 min, and then snap-cooled on ice.
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The protein-RNA complex used for NMR studies was [1 + 10°"PKd, whered, andd; represent the chemical shifts
formed by first exchanging the protein into 20 mM Tris, pH of the dianionic and monoanionic forms of the phosphate
7.0, 50 mM KCI, 0.2 mM EDTA, 10% BO, and 0.1%  group, respectively. The random-céiP-serine 3'P-threo-
sodium azide and then adding a suitable volume of a highly nine, and®'P-tyrosine chemical shifts were obtained from
concentrated RNA solution to the protein sample to form previous studies as mentioned in Tablel4, (15).

the SLBP RPD-RNA complex. Measurement of Off RateSince the off rate of the
NMR Measurement®lMR data were collected at 258 protein—RNA complex is very slow, that is 1072 min~* at
and pH 7.0 on an Inova 600 MHz spectrometer equipped 37 °C, it is not possible to use BIACORE to accurately
with eithe a 5 mmz-gradient triple resonance probe for determine the dissociation constant. Hence, the dissociation
collection of HSQC or NOESY datar@ 5 mmbroadband rate constant (or off rate) for the 28-mer RNA for the
probe used fof'P studies. 2D*N,*H) HSQC spectra were  phospho-RPD (P-RPD) and phosphorylated full-length SLBP
collected on the free and RNA-bound forms®efl-labeled were measured using EMSA assays by monitoring the
RPD. A 3D (°N,'H) NOESY-HSQC m = 200 ms) was  decrease in intensity of the bound complex over 2 days when
collected wih a 1 mM sample of dSLBP RPD with 16  run on a native gel. The 28-mer RNA used in these studies
transients per scan and 200 incrementstinand 64 was 53-end labeled with®?P-ATP by incubating the RNA
increments irt,. Spectra were processed using the program with T4 kinase and?P-y-ATP for 2 h at 37°C. Protein (final
Felix 98.2 (Accelrys). concentration M) samples were mixed witFP-labeled
Pulsed-Field Gradient (PFG) NMmiffusion experiments RNA hairpin (final concentration 150 nM) in a total volume
were performed using a PG-SLED (pulsed gradient stimu- of 50 uL and kept on ice for 60 min to preequilibrate the
lated echo longitudinal encogelecode) sequence that has protein—2P-RNA complex. Unlabeled RNA (final concen-
been previously described2). Typically, a series of 15 tration 154M) was added to the complex, and the complex
20 1D proton spectra were acquired by varying the strength was immediately placed in a 3T water bath to facilitate
of the diffusion gradient between 100% and 10% of the dissociation. Five microliter samples were removed from the
maximum peak intensity using 64 transients per spectrumreaction over 2 days, snap-cooled on dry ice, and then
and a 1 mMunlabeled protein sample. A concentration of 1 immediately placed at-80 °C. The samples were analyzed
mM is routinely used in these experiments to obtain sufficient on a native gel and the bound complex was quantified using
SIN at longer gradient strengths. NMR spectra were pro- @ Phosphorimager. The off rates were obtained by fitting
cessed and the methyl proton peak intensities were integratedhe intensity of the fraction [RNA] bound vs time to a single-
using the software package VNMR (Varian, Inc.). Peak exponential decay of the forg= C{exp(—kst)] + C, where
intensities,s(g), were fit as a function of gradient strength  C: is the intensity of the bound complex at tirhe
(g) using the equatios(g) = A e °¢ to obtain the observed
decay rated). The value of the protein hydrodynamic radius, RESULTS

rot H H
R, was calculated using dioxane as a reference molecule, Identification of the Minimal RNA Binding Domain (RBD).

such that the rat_'ORﬁmt/RLef = Oefdoro_The effective g gsequence of the conserved 26 nucleotides at'thec
hydrodynamic radius used for dioxanB() was 2.12 A it histone mRNA is shown in Figure 1A. The RBD of SLBP
(12)_: The theoretically predicted values of the hydrodynamic pears no sequence homology to any known RNA binding
radii were calculated by the method of UverskyB) protein, and the protein is predicted to have low sequence
Circular Dichroism. All experiments were performed in  complexity in threading databases. The RBD has been
10 mM potassium phosphate buffer, pH 7.0, at’@0 The  conserved in evolution, and the sequence alignment of the
conformational stability of the RNA binding domains inthe RBD from mammalian SLBP1), the two SLBPs from
presence and absence of the RNA was determined usingfrogs @), DrosophilaSLBP (17) andCaenorhabditis elegans
thermal denaturation. Thermal unfolding was monitored by SIL.BP (18) is shown in Figure 1B. Efforts to predict the
observing the change in ellipticity at 222 nm as a function overall fold of human SLBP RBD (hRBD) using computa-
of increasing temperature. The heating rate wasG@er tional genomics predicted a domain that is largely all
hour in a cuvette with a path length of 1 mm. a-helical (Samudrala, R., University of Washington, personal
Sedimentation EquilibriumSedimentation equilibrium  communication). Mutational analysis of conserved basic and
measurements for RPD and P-RPD were performed on 0.3aromatic residues the hRBD has identified some of the
mM samples in NMR buffer described above in a Beckman residues that may be important for RNA binding and for
XL-A analytical ultracentrifuge using a Ti60 four-hole rotor. pre-mRNA processing3) indicating that both electrostatic
The rotor speed was set at 20 000 rpm for 18 h and then setand base stacking interactions are important for RNA
to 45 000 rpm for an additional 8 h. At the end of this period, recognition. In particular, two arginines (Arg197 and Arg198,
the meniscus was depleted as could be ascertained bydSLBP numbering, Figure 1), two lysines (Lys200 and
comparison of the last absorption profiles. Absorbance scansLys206), and two aromatic residues (Tyr211, Tyr214) are
were recordedta2 h intervals at 295 nm and Z%&. Data required for efficient binding of SLBP to the sterfoop
analysis was performed using the software program Origin RNA structure 8).
XL-A. To identify a minimal RNA binding domain that is stably
Calculation of Phosphate pK/alues.A series of 1D°P folded and amenable to structural studies, we subjected
NMR spectra were collected at different pH values on an human (hSLBP) and dSLBP to limited proteolysis (Figure
Inova 500 MHz spectrometer at 2&. The g, values were 2). Under limiting conditions, the protease EndoLysC cleaved
determined from a least-squares fit of A8 chemical shift dSLBP yielding two distinct fragments. In contrast, human
as a function of pH to the equation= [d,(10P"PKa) + 4]/ SLBP was almost completely degraded, suggesting that
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Ficure 1: The sequence of the stertoop at the 3end of histone
mMRNA and the RBD of SLBP. Panel A shows the base sequence
and three-dimensional structure of the 28 nucleotide hairpin . - . . .
structure containing a six base-pair stem and a four nucleotide €11y is the minimal structural domain. Since the 105 amino
tetraloop. Nucleotides that are important for sequence specific acid domain identified by limited proteolysis is fully active

recognition of SLBP are highlighted in black circles. Panel B shows in RNA binding and histone pre-mRNA processing in vitro

the sequence alignment of SLBP from human (BS&nopugX1

and X2),D. melanogaste(DM), C. elegangCE), sea urchin (SU),
and Ciona (Cl). Amino acids that are required for RNA binding
based upon mutagenesis studies are indicated)bwlereas amino
acids that are required fof-8nd processing in hSLBP are shown
as (:). The potential sites of phosphorylation at the extreme
C-terminus of thedrosophilaprotein that are important for histone

(20), we refer to it as the RNA processing domain (RPD).
Previous electrospray mass spectrometric analysis of the
baculovirus-expressed RPD revealed that the protein was
guantitatively phosphorylated at four out of five possible
sites, and mass spectrometric analysis of deletion mutants
indicated that these are most likely the serines in the sequence

pre-mRNA processing are indicated with a “p”. The alignment was
generated in ClustalX, and the figure was made using BOXSHADE. i . ) . .
Residues that are identical are highlighted in black, whereas residuegnolecule (0). Efforts to identify the precise sites of protein
that are homologous but not identical are highlighted in gray. phosphorylation by mass spectrometry have so far been
unsuccessful since the negatively charged phosphopeptide
fragments of hSLBP are less stable and not likely to have adoes not ionize well in the mass spectrometer. As would be
well-defined overall fold. The two EndoLysC fragments of expected, the bacterial protein is not phosphorylated. The
dSLBP were subjected to analysis by MALDI mass spec- phosphorylated RPD (P-RPD) is active in histone pre-mRNA
trometry. Masses were obtained both for the intact fragmentsprocessing, whereas the dephosphorylated form isi@)t (
and for a complete tryptic digest of the fragments. This On the basis of the mobility in SDSPAGE, Drosophila
analysis showed that the two fragments in the EndoLysC SLBP is also phosphorylated in vivo, and this is likely to be
digest corresponded to the N- (residues—1®8) and the functionally relevant form of the proteid(@).
C-terminal fragments (residues 17276) of dSLBP, re- To test whether the bacterially expressed protein was
spectively. The C-terminal fragment contained the complete functional in RNA binding, we compared the association of
RNA binding domain, as well as the additional region from dSLBP RPD with 20 nucleotide, 24 nucleotide, and 28
the extreme C-terminus important for RNA processihg) nucleotide RNA hairpins using an electrophoretic mobility
Intriguingly, there are seven additional lysines in this shift assay (EMSA). The 28-mer bound the protein most
fragment, but the protease EndoLysC did not cleave at thesestrongly, binding of the 24-mer was slightly reduced, and
sites indicating that these lysines must lie in a structured the 20-mer bound SLBP weakly (Figure 3A). We compared
environment that is resistant to protease. the dissociation rate of baculovirus-expressed phosphorylated
Residues 172276 were expressed in bacterial and baculo- full-length SLBP and the P-RPD from the 28 nucleotide
viral expression vectors for further biochemical and biologi- hairpin. The off rate for dissociation of a preformed complex
cal analysis of this domairLQ). Unlike the mammalian and  was measured in EMSA assays by competing#Rdabeled
frog SLBPs, the RPD fragment of dSLBP was readily RNA with a 100-fold molar excess of unlabeled 28-mer
expressed at high levels as a soluble proteiBscherichia hairpin. Theky for full-length phosphorylated SLBP was
coli. Efforts to express smaller fragments such as the minimal estimated to be 7.% 10~4 min~!, whereas that of the isolated
RNA binding domain or a protein that was truncated from P-RPD was 3.8< 1074 min~! at 37°C, indicating that the
the C-terminus yielded poor expression levels or insoluble isolated P-RPD has a similar dissociation rate as the full-
protein in bacteria also suggesting that the domain that welength protein (Figure 3B). Our data confirms that the isolated
have identified using limited proteolysis and mass spectrom- P-RPD is a good functional mimic of full-length SLBP and

DTAKDSNSDSDSD at the extreme C-terminus of the



Role of Phosphorylation in Formation of dSLBRNA Complex Biochemistry, Vol. 43, No. 29, 2008405

A

B- Time (in hrs) after addition of

uu cold competitor RNA

u Cc

U=a

c-e 28-mer 0 55 17 21.523.5335
Cc=G

G=C

— GGCCAAAG-C ACCCA P-RPD P Y S .

uu
U ¢
u-a
c-c 24-mer
c-6
c-6

GGAA g:gaccc 0 55 17 215235335

uu

Coen FL-SLBP @y s g s

Free prob
~ ree probe €S o0-mer
c-G
G-C

AAAG-CA

" 28 nt 24 nt 20 nt free RNA

C. 5w )
& 7~ e,
.E o f : g |with guanidine HCI
= ;1 T-’ £ , with 0.5MNa2504
» Lo ] in phosphate buffer only
o o Lo ndin, o
£ ' phgsp £
) with / buffpr Ow L
a 20 guanidine ACl with Q
s Na,SO, S 2
=] A =]
2% 2
(& O 4
40
190 200 210 220 230 240 250 250 300 350 40b

wavelength (nm) wavelength (nm)

D S . B E.

g 1
O

£ > 08

= Z o
s <

5 Z, 06
a =)

g g 0.4
P 5]

-40 RPD + RNA {theoretical sum) S 02

-50 RPD + RNA (experimentally observed) A~ 0

220 250 280 310 340 370
-0.2
wavelength (nm) 72 432 40 48 8% 6 72 8

Temperature (E?)

Ficure 3: Properties of the C-terminal RPD. In panel A, the baculovirus dSLBP RPD was incubated with a radiolabetddteumobe,

and after 20 min, the complex was resolved by gel electrophoresis. The position of the complex is indicated with an arrow. Panel B shows
off rates for dissociation of baculovirus-expressed phospho-RPD (top) and full-length SLBP (bottom) measured using electrophoretic gel
mobility assays. The RNA complexes were kept on ice for 20 min, and then a 100-fold excess of unlabeled RNA was added for the
indicated times before loading the reactions on a 8% polyacrylamide gel. A significant amount of protein remains bou#& {@itieted

RNA after 48 h reflecting the tight affinity of the complex. In panel C, CD spectra of the bacterially expressed RPD were collected in 10
mM potassium phosphate buffer, pH 7.0, at €5 with or without the addition of 0.5 M sodium sulfate or 0.4 M guanidine HCI as
indicated. The near-UV CD spectrum is shown on the right and the far-UV CD spectrum is on the left. Panel D shows the circular dichroism
spectra of unphosphorylated SLBP RPD alone and RNA alone, the experimental CD spectrum of unphosphorylated SLBP RPD complexed
to RNA, and the theoretical summed spectrum of the RRNA complex. Comparison of the summed and measured spectra of the
complex indicate that no major conformational changes occur in the RNA upon complex formation. RNA binding may be accompanied by
small rearrangements or changes in helical structure in SLBP. Panel E shows thermal unfolding transitions for phosphorylated baculovirus
P-RPD SLBP [0,m), the bacterially expressed nonphosphorylated RPD SLBM®)( and the 4E-RPD SLBP mutanh(a) free (open

symbols) and complexed to RNA (filled symbols). The RNA-free and -bound forms of SLBP RPD were monitored using circular dichroism
at 222 nm. The protein concentrations were:@B, and an equimolar ratio of RNA was added to the complexes. The buffer used was 20
mM potassium phosphate, pH 7.0, 0.1 mM EDTA. The data were not fit to a two state unfolding transition since the proteins are not fully

folded at pH 7.0 and 25C.
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that RNA binding of the isolated RPD is likely to mimic the RPD does not have large segments of unfolded structure.
full-length SLBP. Consistent with this interpretation, a 3MN-edited NOESY-

The SLBP RPD Is Not Stably Folded in the Absence of HSQC spectrum on SLBP RPD (mixing time 200 ms) is
RNA.Biophysical characterization of dSLBP RPD indicated characterized by weak short-range NOEs, such as dNNs, and
that in the absence of RNA the RPD is not stably folded few long-range NOEs are observed. The NOE data are
and exchanges between different conformations on the NMRsparse, consistent with the lack of well-defined tertiary
time scale. The far-UV circular dichroism (CD) spectrum structure in the molecule. However, we do not obserVe H
(Figure 3C) of dSLBP RPD has double minima at 209 and HN(i,i+1) and H, HN(i,i+1) NOE cross-peaks, which would
222 nm, consistent with the presence of helical structure in be expected if the molecule were completely unfolded or
the protein. The spectrum lacks positive ellipticity below 200 denatured. We conclude therefore that most residues ex-
nm mostly likely reflecting contributions from random coil. change between multiple partly folded conformations in
The protein also has no near-UV CD signal, which suggests solution.

a lack of packing interactions in the core (Figure 3C). The  The hydrodynamic radius of dSLBP RPD was measured
addition of 0.5 M sodium sulfate, which is known to stabilize using pulsed-field gradient NMR (PFG-NMR, Figure 6), and
folded states in disordered proteins such as the proteinthe measured values were compared to those calculated as
component of ribonuclease R9) had no effect on the CD  described in Figure 6 and Table 1. PFG-NMR can be used
spectrum of SLBP RPD (Figure 3C), although it does affect to determine the translational diffusion coefficiebt, of a

the NMR spectrum of the 4E-RPD (as discussed below), macromolecule. Sinc® is inversely proportional to the
whereas the addition of a small amount of guanidine HCI hydrodynamic radiu&,, the hydrodynamic radius can easily
(0.4 M) resulted in a dramatic loss of helical signal suggest- be calculated given the values bfand Ry for an internal

ing that the domain does not exist in a well-defined, stable standard such as dioxan&?]. Figure 6 shows the decrease
conformation. Consistent with this, both the free RPD and in signal intensity of the aliphatic resonances as a function
the free P-RPD exhibit a broad thermal unfolding transition of increasing gradient strength and fit of the data to derive
(Figure 3E) that may reflect either the loss of a molten the translational diffusion coefficient. The measured and
globule-like state or loss of helical secondary structure.  calculated values of the hydrodynamic radii are summarized

Our observations using CD are further substantiated by in Table 1. The measured values for the SLBP RPD and
the (H,**N) HSQC spectrum of the SLBP RPD (Figure 4A). P-RPD are similar and lie between those calculated for a
The dSLBP RPD is soluble up to concentrations of 1 mM natively folded and a denatured protein. The PFG-NMR data
making it amenable to study by solution NMR techniques. are consistent with the other NMR and CD measurements
The ¢H,>N) HSQC spectrum shows that the chemical shift suggesting that the 105 amino acid domain does not adopt a
dispersion in the amide proton region is no greater than 1 stable fold in the absence of RNA, but also does not form
ppm and that most resonances adopt randomidaihemical large aggregates.
shifts (8.0-8.4 ppm). Similar to the collapse in backbone = RNA Binding Is Not Sufficient To Stabilize the Unphos-
NH chemical shifts, we observe degeneracy in the chemical phorylated RPD.There are at least two RNA binding
shifts of the side chain NHresonances of glutamine and proteins, the bacteriophage N protein @0), which is a
asparagine residues. A collapse in amide proton chemicaltranscriptional antiterminator, and the M domain of F2i)(
shifts is observed intd,'>N) HSQC spectra under conditions a component of the signal recognition particle (SRPEin
wherein (i) the protein is either unfolded or disordered, (ii) coli, that have been reported to be completely unfolded in
the protein aggregates under NMR conditions, or (iii) the the free state and are stabilized upon binding to RNA. To
protein exchanges rapidly among a number of conformationsascertain whether the SLBP RPD is also stabilized upon RNA
(distinct folded states or exchange between folded and binding, we titrated the 28-mer histone mRNA into a solution
unfolded conformations) on the intermediate time scale.  of RPD and collected CD and NMR data. The CD spectrum

To distinguish among these possibilities and ascertain the(Figure 3D) of a 1:1 dSLBP RPD/RNA complex is very close
nature of the free state, it was imperative to determine to the theoretically calculated spectrum obtained by summing
whether the protein was aggregated under the NMR condi-the spectra of the RNA and RPD alone, indicating that RNA
tions used. We performed sedimentation equilibrium experi- recognition does not involve major conformational changes.
ments on unphosphorylated, bacterially expressed dSLBPThe ellipticity at 222 nm is more diagnostic of helical
RPD and on the phosphorylated, baculovirus-expressedcharacter in the protein, and a small increase in helical
dSLBP P-RPD at concentrations similar to those used for content is observed in the RNA-bound form. Similarly the
NMR (0.1-0.3 mM). The equilibrium data fit well to a  CD spectrum of the RNA between 250 and 320 nm shows
model describing a single species, and the measured moleca small decrease in ellipicity, although it retains the overall
ular weight from sedimentation equilibrium agreed well with  A-form character. Therefore small but significant confor-
the calculated mass for this domain (Figure 5). This result mational rearrangements are expected to occur in both the
is also supported by elution on a gel filtration column, which protein and RNA upon complex formation. When the
shows that the SLBP RPD is predominantly monomeric at conformational stability of the RPD was monitored in the
NMR concentrations (not shown). Therefore the spectral presence of RNA using circular dichroism (Figure 3E), the
features of the dSLBP RPD are not due to aggregation. In RPD exhibited &I, that was at least 7C higher than that
contrast to the NMR spectra of the N-terminal domain (see of the free protein. Given the slow off rate of the P-RPD for
accompanying paper), which also shows a collapse in amidethe RNA and that there is minimal contribution to the CD
proton chemical shifts but gives distinct cross-peaks and is ellipticity at 222 nm from the RNA itself, the increased
largely unfolded, the cross-peaks in the RPD HSQC are notstabilization of SLBP must be due to its interaction with
well-defined suggesting that unlike the N-terminal domain RNA.
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Ficure 4. 15N,'H—HSQC spectra of (A) bacterially expressed unphosphorylated dSLBP RPD (residuea76jZree and bound to 28-
nucleotide stemloop RNA and (B) dSLBP 4E-RPD free, free but in the presence of 0.3 M sodium sulfate, bound to a 28 nucleotide
stem-loop mRNA in a 1:2 (RBD/RNA) complex but in the absence of sulfate, and RNA-bound and sulfated. All spectra were collected
at pH 6.9 and 28C on a 600 MHz Varian Inova spectrometer. The sample concentration for the unphosphorylated sample in panel A was
0.3 mM, and that for the 4E-RPD sample was 0.5 mM.
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] Ficure 6: Pulsed-field gradient NMR spectroscopy was used to
0.45- determine the hydrodynamic radius of the bacterially expressed
) dSLBP RBD and the baculovirus-expressed, phosphorylated dSLBP
RBD, In panel A, aliphatic resonances of dSLBP RPD are shown
0.40- arrayed as a function of increasing gradient strength. In panel B,
peak integrals of the aliphatic resonances {BD ppm) were
plotted against gradient strength, and the curves were fit as described
8 o0.35- in Materials and Methods. The slope of the curve is the diffusion
8 coefficientD. The hydrodynamic radius was calculated using the
é radius of dioxane as a standard. The measured and calculated
0.304 hydrodynamic radii are summarized in Table 1.
0.254 Table 1: Experimental and Calculated Hydrodynamic Radii of RNA
Binding Domains of dSLBP at 2%C and pH 7.8
0.20 ‘ ‘ ‘ . 1 calcdRy (A) measdRy (A)
6.4 6.5 6.6 sample native state denatured state native state
Radius P-RPD  17.818.2 31.02-31.8 25.6
SLBP P-RPD RPD 17.9-18.2 31.02-32.2 26.4
FiIGURE 5: Analytical ultracentrifugation data. Absorbance distribu- ~ ® The range of calculatel@ values were obtained from that predicted

tion profiles of both phosphorylated and nonphosphorylated forms from either pulsed-field gradient NMR according to the relationship
of the SLBP RPD were measured at 295 nm to allow detection of Proposed by Wilkins et al.1@), Ry = (4.75 & 1.1)N%2092 for a
the protein at a concentration of 0.3 mM. The sedimentation natively folded protein an®y = (2.21+ 1.07)N%°%0%for a highly
equilibrium data was collected at 2C at a rotor speed of 20 000 ~ denatured polypeptide whekeis the number of residues in the protein,
rpm as described in Materials and Methods and can be modeled a$f that calculated by the method of Uverskyg) using gel filtration

a monomeric species. The theoretical fit to the experimental data data, logR:) = —(0.254 £ 0.002) + (0.369 + 0.001)log(MW) for
is shown as a solid line. native proteins and log;) = —(0.543 &+ 0.004) + (0.502 +

0.001)log(MW) where MW is the average molecular weight of the
protein.

The (H,®N)-HSQC spectrum of'®N-labeled unphos-
phorylated SLBP RPD complexed with 28-mer RNA at a
1:2 (protein/RNA) molar ratio is shown in Figure 4A. When upon the addition of RNA and most likely reflect the
compared to the HSQC spectrum of the free RPD, the HSQC motional properties of the protein in the RNA complex. In
spectrum of the RNA-bound form of SLBP RPD shows more addition, the lack of good spectral resolution in the amide
defined cross-peaks, and the peaks are better resolvedproton region in the bound state is consistent with the protein
However, there are still many peaks that are either of weak being predominantly helical when bound to RNA. These data
intensity or exchange-broadened in the presence of the RNA.indicate that although RNA binding does afford some degree
These exchange-broadened peaks do not increase in intensitgf stabilization to the SLBP RPD, it is not sufficient to
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Ficure 7: Panel A shows th&'lP NMR spectra of phosphorylated SLBP RBD in the absence and presence of a 2:1 molar ratio of RNA/
protein collected with 20 000 scans at Z5 on a Varian 500 MHz spectrometer in 20 mM Tris buffer, 50 mM NaCl, 0.1% sodium azide,
and 10%?H,0. The3P spectrum of the RNA alone is shown as a control. In panel B, the region corresponding to the phosphorylated
protein resonances is expanded. In panel C, gvplues for the P-serine and P-threonine resonances were determined for the free RPD
and in panel D for thé'P resonances of the RPD in the RNA complex by monitoring the change in chemical shift as a function of pH. The
titration curves for the corresponding resonances in panels A and B are denoted as 1 and 2. The titration curves were fit to the-Henderson
Hasselbach equation, and thk pralues are summarized in Table 2. The different curves for each titration represent different fits to the
data to take into account the splitting of tf® resonance due to proton coupling.

stabilize the RPD as has been observed for the bacteriophagen changes in the ©P—0 bond angle, as well as the charge

A N protein @2) and the M domain of Ffh2A1). on the phosphateg). In the absence of RNA, tHéP NMR
Phosphorylation Contributes Rkarably to the Qerall spectrum shows two major peaks of different intensities

Stability of the ProteirRNA Complex.Surprisingly, as (Figure 7A,B). Both the K, values and the observedP

compared to the unphosphorylated RPRNA complex, chemical shifts (Figure 7 and Table 2) are consistent with

thermal denaturation experiments show that baculovirus- these resonances representing*tRephosphoserine ari¢P-
expressed P-RPD denatures af,athat is at least 20C phosphothreonine residues in the RPD. PFHe-phospho-
higher in the presence of RNA, suggesting that the phos- protein resonances can be distinguished from the RNA
phates stabilize the P-RPEIRNA complex (Figure 3E). pH backbone phosphate resonances since they are shifted down-
titrations using®P NMR are a valuable tool for evaluating field relative to the3'P spectrum of RNA alone (Figure

the electrostatic contribution of protein phosphorylation to 7A,B). Upon titration with RNA, a decrease in peak intensity
structure and stability. Th&P chemical shift is insensitive  is observed for resonance 2, and two new peaks appear at
to changes in tertiary structure since the phosphate is well~20 ppm reflecting a change in the protonation state of one
shielded by the tetrahedral array of the oxygens but dependsor more of these phosphates. The chemical shifts of these
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Table 2: 3P Chemical Shifts andi Values of sodium sulfate into the protein. It has been shown for the
protein component of ribonuclease F9) that anions such

resonance 01 _ P % as sodium sulfate can induce protein folding. The mechanism
b serine Ra”domli%"va'uesxg’gg) 6 06/4.7 for anion-induced folding could be through a general
P-threonine 022 6.30 451/4.0 electrostatic effect wherein unfavorable chargaarge
P-tyrosine ~3.07 5.96 0.95 interactions are overcome in the protein, through the

P-RPD Alone Hofmeister effect, or by binding to specific sites on the
resonance 1 0.79 5.2 4.42 protein. Although addition of sodium sulfate does not
resonance 2 0.99 5.7 4.77 significantly affect the CD spectrum of SLBP RPD (Figure

P-RPD+ RNA 3D), we examined the dispersion of resonances in the NMR
resonance 1 0.68 6.28 4.5 spectrum as a function of increasing sulfate concentration.
resonance 2 20.10 1.56 20.19

As can be seen from Figure 4B, addition of 0.3 M sodium
2 Since the relaxation properties 8P are notoriously affected by sulfate to 4E-RPD results in folding of the free protein, and
Csﬁ and di?fo"itrsrilaéxaggﬂ mti%hsi?éssn::; r?(idti)téoa ttg ‘igggrgaeﬂs?i?ﬁ;tuniform cross-peaks are observed for most amides in the
teri(: n?;?ﬁse? oefcph’osphgrylated sités.and o, representgthe chemical EHSQC spectrum. A few mlnor'peaks that CorreSpond_to the
shifts of the monoanionic and dianionic phosphate group at low and Unsulfated form of the protein are also observed in the

high pH, respectively. All chemical shifts were referenced to 85% Sspectrum. Addition of RNA to this sample results in complete
phosphoric acid as an external standard. A positive chemical shift value ordering of side chain and backbone resonances (Figure 4B),
corresponds to a downfield shift. Th&pvalues are calculated as  and NMR spectra have been obtained that are conducive for
described in Materials and Methods. . S .
detailed structure determination. Together these studies show

downfield-shifted resonances do not change with pH indicat- that phosphorylation or addition of high concentrations of
ing that the phosphates exist in a strong electrostatic sulfate contributes favorably to the stability of the SLBP
interaction with a basic residue such as an arginine or aRNA complex and both RNA binding and C-terminal
lysine. In contrast, the chemical shifts of tHB-serine signals ~ phosphorylation are necessary for formation of a stable
in the free protein titrate as expected with pH, suggesting complex.
that this interaction exists only in the RNA-bound form.
Hence both the CD data and tHe titrations provide strong ~ DISCUSSION
evidence that a favorable electrostatic interaction by at least
one phosphoryl group in the SLBP RPD contributes to the
stability of the SLBP RPD complex.

The Effect of C-Terminal Phosphorylation Can Be Mim-
icked by Mutation of Serines to Glutamic Aci@&nce the
SLBP RPD expressed iB. coliis not phosphorylated, it is

There is a growing list of proteins, such as FIg_&(27),
o-synuclein 28), the U2AF35 RRM 29), and the KIX
domain of CREB-binding proteir8(), that exhibit structural
properties similar to those we have described for the SLBP
RPD. Evidence from recent NMR studies and biophysical

not possible to evaluate the effect of phosphorylation on the dat_a suggests that many cellular proteins adopt distinct
tertiary folds only when complexed to their molecular targets,

HSQC spectrum. However, as has been shown for the MAP hich be eith th el lei id (RNA
kinases and in the bacterial phosphotransfer protein HPr, theVNICN Can be eitner another protein or a nucieic acl (
phosphorylation state of a protein can often be mimicked or DNA). Many (?f th.ese proteins hgve been reported to p!ay
structurally by the side chain carboxylate of an aspartic acid Important role's in signal transductlon ar)d gene expression,
or a glutamic acidZ4, 25). We therefore mutated the four and_ the coupling between fol_dmg and binding has been the
serines at the C-terminus to glutamic acids and comparedSUbJeCt of several re_:ce_znt review1(-33). o )

the biophysical and NMR properties of this mutant (4E-RPD) ~ However, the majority of known RNA binding proteins
to that of P-RPD. The thermal denaturation profile (Figure are not unfolded but adopt distina!/5 folds. The adaptive
3E) of the free 4E-RPD is similar to that of free RPD in binding that is characteristic of RNA binding proteins results

that a broad transition is observed with a midpoint-at0 either from “ordering” of elements of secondary structure
°C. In the presence of steatoop RNA, the protein melts at ~ Such as loopso-helices, 3g-helices, ors-ribbons as they
a temperature that is between that of the RFENA and are accommodated into the groove of an RNA helix or from

P-RPD-RNA complexes suggesting that introduction of four the recognition of single-stranded RNA bases/bgheet
negatively charged moieties at the extreme C-terminus resultssurfaces 34). Our studies on SLBP show that yet another
in increased stabilization of the 4E-RPD as compared to RPD Mmode of RNA recogpnition is possible involving the forma-
alone. The effect of phosphory|a‘[ion on stabilization of the tion, Stabilization, or both of a partly folded prOtEin structure
structure of the RNA-protein complex is also supported by in the presence of a highly ordered RNA hairpin. We have
the differences in the HSQC spectra of 4E-RPD in the shown here that unlike the bacteriophag®l protein and
presence and absence of RNA. In the absence of RNA, thethe M domain of Ffh, which are completely unfolded, SLBP
HSQC spectra are not well resolved (Figure 4B)’ however, is natively unfolded in the free state haVing nativelike
upon the addition of RNA, spectral changes are observedsecondary structure but not a compact core. The observed
but the HSQC spectra suffer from broad peaks and spectralProperties of dSLBP RPD are not simply due to truncation
degeneracy (Figure 4B). However, as expected, the spectrapf the protein since the RPD shows similar spectral features
features of the 4E-RPBRNA complex are much better in the context of the full-length protein (Thapar et al.,
defined than those observed for the unphosphorylated-RPD &ccompanying paper). Strikingly, this structure is protease-
RNA (Figure 4A). resistant.

In our quest to obtain an NMR-tractable complex, we  An unusual feature of SLBP is that formation of a stable
varied the solution conditions by titrating high concentrations dSLBP—RNA complex is coupled to serine phosphorylation.
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The only other protein for which the coupling of folding,
RNA binding, and phosphorylation has been reported is that the

Biochemistry, Vol. 43, No. 29, 2008411

“intrinsically disordered” proteins and is stabilized only in

presence of another protein or in the presence of an

of the prokaryotic ribosomal protein L18 (L5 in eukaryotes) ordered mRNA interface. Phosphorylation further increases

where phosphorylation at a serine in the RNA binding the
domain is necessary for proper folding of the domain in a will
Mg?*-dependent manne8®). The functional homologue of
SLBP, polyA-binding protein (PABP), which binds poly(A)
tails in the 3-UTR of all other eukaryotic mRNAs, is also
phosphorylated36). However phosphorylation is not im- 1
portant for RNA binding per se, but it promotes cooperative

interactions between multiple PABP molecules in the pres- 2.

ence of a poly(Ay RNA substrate. Other RNA binding
proteins that are known to be regulated by serine phospho-

rylation include heterogeneous nuclear ribonucleoprotein 3.

(hnRNP) K protein 87), double-stranded RNA-activated
kinase PKR 88) and its substrate the hepatitis D virus
(HDV), and the coat protein of potato virus 89), among
numerous others. In most cases, the role of phosphorylation
is to regulate the assembly of multiprotein complexes that
are important for RNA processing, translation, export/import,
or degradation activities via specific proteiprotein interac- 5
tions and not to regulate RNA binding per se.

Our studies on SLBP also have some parallels with recent
reports on CBP KIX-CREB KID and CBP KIX-cMyb
interactions 40). Although this system is that of a protein
protein complex rather than a proteiRNA complex, it has

been shown that in the free state, both the phosphorylated 7.

KID and the c-Myb transactivation domains are partly
structured and binding to the KIX domain of CBP is coupled ¢
to a-helix formation. Phosphorylation of KID in the pKID

KIX system further stabilizes helical structure in the c-Myb
transactivation domain and provides intermolecular contacts
at the binding interface thereby causing a—30-fold
increase in binding affinity for the KID domain. In the case

of SLBP, the phosphoryl groups in the extreme C-terminus 10.

are expected to make intramolecular contacts with basic side
chains thereby structuring the RPD.

The biologically relevant question is what is the functional
role of C-terminal phosphorylation? Previous in vitro studies

on SLBP suggested that although both the RPD and P-RPD -

are capable of binding RNA, phosphorylation of dSLBP is
important for pre-mRNA processind @) and presumably

is necessary for binding one of the proteins in the U7 snRNP  12.

The biophysical data reported here suggest that the phos-
phorylated dSLBP-RNA complex may be more stable, and

a longer lived complex may be necessary for the binding of 13.

the U7 snRNP multiprotein processing system required for
endonucleolytic cleavage of the histone pre-mRNB)(On

the other hand, serine phosphorylation may also structure
an epitope on the RPD that is specifically recognized by
another protein (possibly a U7 snRNP protein) in the

processing complex. The kinase that phosphorylates SLBP 15.

RPD is unknown, although some of the sites in the sequence
DTAKDSNSDSDSD suggest that casein kinase 1l (CKII)
could be a potential kinase (consensus recognition motif for
CKll is —X—Ser/The-X—X—Asp/Glu—) (41).

In summary, our results provide new insights into histone ;-
MRNA recognition by dSLBP. The interaction of SLBP with
histone mRNA is critical for regulation of histone mMRNA

metabolism. NMR characterization of the N-terminal domain

(in the accompanying paper) and the C-terminal domain ;g

suggest that SLBP belongs to the growing family of

4.

16.

stability of the proteirRNA complex. Future studies
reveal the molecular details important for sequence-

specific recognition of histone mRNA by SLBP.
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