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ABSTRACT. The Drosophila protein Sex-lethal (Sxl) contains two RNP consensus-type RNA-binding
domains (RBDs) separated by a short linker sequence. Both domains are essential for high-affinity binding
to the single-stranded polypyrimidine tract (PPT) within the regulatespBce site of theransformer

(tra) pre-mRNA. In this paper, the effect of RNA binding to a protein fragment containing both RBDs
from Sxl (SxI-RBDH-2) has been characterized by heteronuclear NMR. Nearly complete9(Bb)
backbone resonance assignments have been obtained for unbound and RNA-bound states of $2-RBD1
A comparison of amidéH and'>N chemical shifts between free and bound states has highlighted residues
which respond to RNA binding. Th&sheets in both RBDs (RBD1 and RBD2) form an RNA interaction
surface, as has been observed in other RBDs. A significant number of residues display different behavior
when comparing RBD1 and RBD2. This argues for a model in which RBD1 and RBD2 of SxI have
different or nonanalogous points of interaction with the PPT. R*2 (in RBD2) exhibits the largest
chemical shift change upon RNA binding. The role dfRn RNA binding was tested by measuring the

Kg of a mutant of SxI-RBD%2 in which R#? was replaced by alanine. This mutant lost the ability to
bind RNA, showing a correlation with the chemical shift difference data. The RNA-binding affinities of
two other mutants, %A and T8, were also shown to correlate with the NMR observations.

Sex determination and X chromosome dosage compensagene, transformer (tra), in somatic sexual differentiation
tion in the fruit fly, Drosophila melanogasteare controlled (Bashaw & Baker, 1995; Kellegt al,, 1995; Zhouet al.,
by Sex-lethal (SxI},an RNA-binding protein belonging to  1995) and the switch gene male-specific-lethal #2 in somatic
the RNP consensus family [reviewed in Cline and Meyer dosage compensation (Kelleyal, 1995; Zhouet al.,, 1995;
(1996)]. Functional Sxl is found only in females. The sex- Bashaw & Baker, 1995). Regulation wé by SxI has been
specific expression of Sxl is established through a mechanismstudied extensively both genetically and biochemically (Inoue
involving transcriptional activation (Keyes al,, 1992) and et al, 1990; Valcacel et al, 1993; Soshowslkét al., 1994).
is maintained through an autoregulatory feedback loop in SxI binds to the highly conserved (O’'Neil & Belote, 1992)
which Sxl protein regulates the sex-specific alternative intron pyrimidine tract in the regulated intron of tha pre-
splicing of its own pre-mRNA (Belét al, 1991). Sxlalso  mRNA, blocking the use of this strong constitutiveslice
controls the alternative splicing of the feminizing switch site, and a weaker downstrearmsdlice site is used instead
(Figure 1A). This female-specific alternative splicing event

S *_T':iS(vagrlilvzats SDugpgr)te? b%/hgrsmS(gggéggsﬂ}m%igag )Cancder bypasses a premature stop codon, and the resulting mRNA
ociety (DB- o D.C.R.), for the o D.C.R.), an ) ;
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20134) (to D.E.W.). NMR spectroscopy was carried out at the National 1B) (Bell et al,, 1988). This 86-90 amino acid motif is

Magnetic Resonance Facility at Madison (NMRFAM), which is  found in over 150 proteins involved in RNA metabolism and
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A Sud g i ard tion of the two RBDs of SxlI (SxI-RBD%2) should help to
e M R identify important features of multiple-RBD recognition of
. r . RNA.
e pre-mEMA . ,!,. 2 - In this paper, we have analyzed the SxI-RBE{Tra-
p PPT interaction by chemical shift perturbation mapping of
T apacilic the protein backbone. These data suggest that the two

domains of SxI-RBD#*2 protein (RBD1 and RBD2) respond

B quite differently to the presence of Tra-PPT RNA. In
complementary experiments, three mutants of SxI-RBP1
o were constructed and assayed for changes in RNA-binding
A o4 affinity versus wild-type. One mutant,RA, eliminated
- RNA-binding activity in SxI-RBDH#-2. Functional aspects
Sx-FREM 102 of the SxI/RNA interaction are discussed in terms of these
S RECD ar results.

Ficure 1: (A) Schematic diagram of the sex-specific alternative
splicing of thetransformer(tra) pre-mRNA. Shaded boxes represent MATERIALS AND METHODS
exons, and lines represent introns. The non-sex-specific (NSS) splice . .
that occurs in both males and females is indicated, and the female- Sample Preparations.Uniformly **N- and **C-, **N-

specific splice is also indicated. The premature stop codon that is labeled SxI-RBD#2 was prepared as described (Kanetar

bypassed in the female-specific splice is indicated. The SxI-binding al., 1995), with the exception thad. coli were grown on

site which is also the intron pyrimidine tract is expanded to show p9 minimal media containing®™NH,Cl as the sole nitrogen
the sequence. (B) Sxl protein fragments discussed in the text are e R
shown. The highly conserved RNP-1 octamer and RNP-2 hexamer SOUrce. In the case ofC-, **N-labeled SxI-RBD#2,

are shown in black. The number of amino acids in each fragment [U-13Cq]-D-glucose was used as the §0Ie carbon sourte. 5
is shown on the right. GUUUUUUUUC RNA was synthesized on an ABI 391

DNA/RNA synthesizer. Deprotection of the-@H-tert-
two RNP consensus sequence domains of SxlI as RNA-butyldimethylsilyl protecting group was carried out with
binding domains (RBDs) since RNA-binding activity has triethylamine hydrofluoride, and the deprotected RNA was
been shown to reside in these domains (Kaeaat. 1995). purified on a Dionex NucleoPac PA-100 (9 250) HPLC
The RNA-binding activity of the full-length protein is anion exchange column. RNA in a stock solution of 5 mM
retained by a protein fragment derived from Sxl that (determined by measurement of optical density) was titrated
encompasses both RBDs (SxI-RBB32, Figure 1B). Ithas into 0.8 mM RBDH-2 until the RNA was in slight excess.
approximately a 1000-fold higher affinity for the wild-type The final solution composition of the RBER2/RNA com-
(wt) Tra-PPT than for a mutant version of this PPT in which plex samples used for NMR was 90%,®110% DO
three of the uridines in a stretch of eight have been replacedsolution, 30 mM sodium phosphate buffer, pH 6.3, 30 mM
by cytosines (Kanaaet al, 1995). Both RBDs of Sxl are  NaCl, and 0.02% Nai Due to gradual RNA degradation,
requiredin cisfor site-specific RNA binding. The individual  fresh RNA was added before each 3D experiment to maintain
RBD protein fragments interact (more weakly) with the RNA the 1:1 protein/RNA complex. The complex concentration
but cannot discriminate between wt and mutant Tra-PPTs. thus varied from 0.7 to 0.4 mM.

Previously, we determined the solution structure of the NMR. All NMR experiments were performed at 600.13
second RBD of SxI (SxI-RBD2) to intermediate resolution or 750.13 MHz on Bruker DMX spectrometers at 20.
(Leeet al, 1994). The structure of SxI-RBD?2 is similarto  Both spectrometers were equipped with Brukey13C, 15N
the two other RBDs for which three-dimensional structures triple-resonance probeheads with three-axis self-shielded
have been determined, those of U1A snRNP and hnRNP-Cgradient coils. All NMR experiments (Table 1) were

(Nagaiet al, 1990; Wittekindet al, 1992). These RBDs
all have the same global fold: tw-helices packed against
a four-stranded antiparallglsheet. Two highly conserved

acquired with pulse schemes which are based on previously
described methods (Grzesiek & Bax, 1993; kaal., 1994)
and included the following enhancements: magic-angle

amino acid sequences, the RNP-1 octamer and the RNP-ZJinstead ofZ-axis) gradients for coherence selection and
hexamer (Figure 1B), form the central two strands of the sensitivity enhancement, which resulted in improved sup-
p-sheet. Despite the conserved overall fold, there are apression of the water solvent signal (Zgt al, 1995);
number of differences between the structurally characterizedminimal saturation of the water signal in all experiments
RBDs. The most striking difference is the length of the loop except HCACO and CBCA(CO)NH; continuotid decou-
betweeng-strands 2 and 3 (th82—33 loop), which varies pling for the optimization of triple-resonance experiments
from 4 amino acids in hnRNP-C to 10 in SxI-RBD2. The (Grzesiek & Bax, 1992). All pulse sequences used (Bruker
differences in amino acid sequence and structural subtletiesDMX format) may be obtained from the BMRB pulse
between various RBDs are likely to contribute to the diversity sequence library (www.bmrb.wisc.edu) or the NMRFAM
in RNA sites bound by RNP-type RBDs. WWW server (www.nmrfam.wisc.edwtolkman). Table 1

A high proportion of RBD-containing proteins have more contains a list of experiments which were performed on the
than one RBD, and in many cases these multiple RBDs areSxI-RBD1+2/Tra-PPT 10-mer complex, including the spec-
required for proper function. In order to gain a more tral parameters.™N T, relaxation measurements were
complete understanding of RBD function, it will be important performed with!>N transverse relaxation delays of 0, 8, 16,
to carry out biophysical studies on these multiple RBD 24, 32, 40, 48, 64, and 128 ms. The published CPMG
proteins. Sxl is a simple example of a multiple RBD- sequence (Farrowet al, 1994) was altered such that the
containing protein since it contains only two RBDs connected minimal relaxation period was reduced by a factor of'&:
by a short linker sequence (Figure 1B). Structural investiga- 18C¢° pulses used for the suppression of cross-correlation
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FiGURE 2: Comparison of 750 MHz 2EPN/*H HSQC spectra of SxI-RBD#2 in the presence (A) and absence (B) of the Tra-PPT 10-mer
RNA 5-GUUUUUUUUC fromtransformerpre-mRNA. Spectra were collected at 20 for 2 h each. Some peaks which undergo notable
resonance shifts upon binding of RNA are indicated.

effects were placed after every four (instead of eighiy) with the transformerpolypyrimidine tract (Tra-PPT) were
180 pulses. N T; measurements were obtained similarly. determined with the use of native gel electrophoresis as

All spectra were processed using Felix 2.30 or 8§Biosym

described previously (Kanaat al, 1995). Binding reactions

Technologies, 1993), and chemical shifts were externally were performed in a volume of 20L and contained the

referenced to DSS (Wishaet al, 1995a). Relaxation

indicated concentrations of proteins (below), 5 pM oligo-

measurements were analyzed with the suite of macros andhucleotide, 15 mM HEPESKOH (pH 7.6), 50 mM KClI, 1

programs made available from the laboratory of Prof. Art
Palmer, also available on their WWW site (http://cuhhca.h-
hmi.columbia.edu/palmer/palmer group.html).
Construction and Purification of SxI Mutant Proteinghe
cDNA fragment encoding wild-type (wt) SxI-RBDA2
(Kanaaret al, 1995) was subcloned into the expression
vector pRSETA (Invitrogen) betweehldel and BamHI

mM EDTA, 1 mM DTT, 50 mg/ml BSA, 0.005% Nonidet
P40, and 2% glycerol. Protein concentrations of 0.01, 0.03,
0.1, 0.3, 1.0, and 3.0 nM were used for wt SxI-RBEAL
and T3§. Concentrations of 0.03, 0.1, 0.3, 1.0, 3.0, and
10.0 nM were used for'8A, and concentrations of 0.1, 1.0,
10.0, 100, and 1000 nM were used fo¥*fA. Incubations
were continued fo2 h at 4°C. One-quarter of the reaction

restriction sites. Site-directed mutagenesis was performedmixture was electrophoresed through a 4% polyacrylamide

in this plasmid as described (Maniats al, 1989). The
oligos used were T138l, '"B2ACGAGGACGACCGAT-
GAGCTTGTCACGC,; F146A, 5SCTTGTTGTACCGAA-
CAGCGGCCACACCACG; and R142A,'82AAAGGC-
CACACCAGCAGGACGACCTGTG. The wt and three
mutant proteins were overexpressedeincoli strain BL21.:

gel (60:1; 0.5« TBE) at 4°C for 100 min at 20 V/cm. RNA
binding was quantitated with a Fuji Phosphorimag&ts
were obtained by fitting binding curves to the data obtained
from the native gels. A simple two-state binding reaction
was assumed, and the data were fit to the following
equation: y = 1/[1 + (Kd/X)], in which y represents the

DE3 pLys-S. Expression and purification were as described fraction of RNA bound by protein and equals the protein

(Kanaaret al, 1995) except that the ammonium sulfate
precipitates from the pooled blue trisacryl column fractions
were dialyzed against buffer H 20 mM HEPESRaOH (pH
7.6), 1 mM EDTA, 1 mM DTT, 10% glycerol] and loaded
on a porosHS column that was equilibrated with buffer H
containing 25 mM NaCl. The protein was eluted with a 15
column volume linear gradient from 25 mM to 300 mM
NaCl. Peak fractions were aliquoted, frozen in liquig, N
and stored at-85 °C.

Protein—RNA Binding Analysis Equilibrium dissociation
constantsi) for interaction of different SxI-derived proteins

concentration.

RESULTS

I5N/AH HSQC Spectra.Figure 2A and Figure 2B show
N/H HSQC spectra of uniformliPN-labeled SxI-RBD#-2
(21 kDa) in the free (unbound) state and in a complex with
the Tra-PPT 10-mer RNA (8B5UUUUUUUUC-3, from the
regulatedtransformer polypyrimidine tract), respectively.
Each spectrum was recorded at 750 MHz. The complex has
aKgyof ~5 x 10712 M, and exhibits slow-exchange behavior
on the NMR time scale (Kanaat al, 1995). Lines of the
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Table 1: Spectral Parameters for NMR Data Sets Collected on Sex-Lethal/Tra-PPT (10-mer) Complex

IHa d2 d3
SF SwW SwW SW matrix sizé completeness
experiment (MHz) (Hz) nucleus (Hz) N*  nucleus (Hz) N* (d1 x d2 x d3) (%)

HNCA 750.13 11062.00 *°C, 5000.00 48 N 2500.00 40 51X 128x 128 85
HN(CO)CA 600.13 8333.34 13C, 4000.00 48 N 2000.00 44 51% 128x 128 80
CBCA(CO)NH 600.13 8333.34 ¥Cyp 8333.33 40 N 2000.00 32 51X 128x 128 15-20
HNCO 600.13 8333.34 ¥C 2000.00 60 N 2000.00 32 51% 128x 128 95
HCACO 600.13 6250.00 3C 2000.00 72 C, 4000.00 28 51 256x 128 65-70
N-TOCSY 600.13 8333.34 H 5000.00 80 N 2000.00 36 51% 256x 128 45-50¢
I5N-TOCSY 750.13  10000.00 H 8333.33 96 5N 2272.73 35 51X 256x 128 45-5¢¢
5N-NOESY 750.13 8333.00 H 8333.33 120 N 2272.73 35 51X 256x 128 100
2DN—-'HHSQC 750.13 10000.00 N 2500.00 200 51 512 100
BN To/T, 750.13  10000.00 **N 2500.00 150 51X 512

a A total of 1024 complex points were collected in the dimension (d1) of all experiments. In all experiments except HCACO, the right half
of the spectrum (upfield of $D) in the'H dimension contained no signals and was discarbiEdita were zero-filled to the final sizes indicated.
Linear prediction was used to extend data by 50% in the d3 dimension‘ddgmpleteness indicates the percentage of residues for which expected
signals in triple-resonance experiments were obsef/klicates completeness for combined total of both!3Dseparated TOCSY experiments.
¢ Percentage for HNCA includes intraresidue correlations only.

free protein disappeared at a 1:1 stoichiometry as determined . e | .
from the stock concentrations. The expected number of NH ] ’
correlation peaks was observed in the HSQC of the complex;. ' _ - .
and is consistent with a single form of the protein in the . ~ s
bound state. Both spectra have regions of overlap due toj. < . m .| E®
the number of peaks and the relatively broad lines. ¥he ] ® e e
HN line widths of free RBD%2 are approximately 35 Hz. e . , j :
In the case of RBD%2 bound to RNA, théHN line widths e- | ° -

range from 30 to 50 Hz, with an average line width of-35 ’
40 Hz. These broad lines were a major point of concern for .
obtaining sequence-specific assignments for both free and : Lo |-
RNA-bound forms of RBD%-2, although data collection and c ' ) ' : .

the subsequent analysis were more problematic for the latter. B29 ES0 L31 Y32 A33 L34 F35 R36 A7

Therefore, the assignment process for the RNA-bound form FIGURE 3: Strip plot of sequential links from 3D HN(CO)CA and

: : . HNCA spectra of the RBD+2/Tra-PPT complex. Pairs 8H—N
of RBD1+2 will be described, even though a similar strips for residues 2937 are arranged with the interresidug;G,

approach was used for free RBHBZ. _ correlation [HN(CO)CA)] on the left and intraresiduggcorrelation
Backbone Resonance Assignments. order to obtain (HNCA) on the right. Horizontal lines link an intraresidue correla-

backbone resonance assignments for the protein, a threetion to the interresidue correlation for the following residue. The

dimensional triple-resonance approach was taken. The initiaInOise level illustrates the low sensitivity of the data for the complex,
; . which is the reason for difficulty in obtaining complete sequential

strategy was to use_CB_CA(CO)NH a}nd HNCACB experi- assignments from them.

ments, as this combination works quite effectively. Unfor-

tunately, these experiments did not yield sufficiently com- (CO)NH], and NOE patterns would unambiguously place
plete data sets due to the signal loss resulting from broadine stretch into the amino acid sequence {hvich, 1986;
lines and the relatively high number of magnetization transfer \yishart et al, 1991). Links between residues were ac-
steps (Table 1). Only experiments employing a minimal complished using three methods:

f f I [ . o :
;iuerlr(;téedr uc;e;lrj?gzg Ssettespstrg:do a;?\l%%pgr&%gg;éfn;d (1) When signals from all basic triple-resonance experi-
HCACO are experiments which fulfilled these requirements. Ter;lts [HNC?' .HNEA' H’.\'r(fo)fé’} and HCAdCO] and a
The final column of Table 1 summarizes the percentage of Hn/"Hq correlation from either thé'N-separated TOCSY-

expected peaks which were actually observed in each datg 1SQC or thel5N-§eparated NOESY'HSQ.C were present,
set acquired on the complex. It should be noted that the HCACO experiment could be used to link sequential

experiments were limited to durations of approximately 48 N Pairs. This was the most desirable method for linking
h on the'*C-, °N-labeled sample due to RNA degradation. sequence—adjaceﬁt-l/15N pairs be_cause all correlatlc_)ns are
As expected, the HNCO was the most sensitive experimenteXtended by the matching of two independent chemical shifts
with 95% of the possible correlations observed, followed by (Ikura et al, 1990).

the HNCA (85% of the intraresidue correlations) and HN-  (2) Candidates for sequentiéd/*>N pairs were generated
(CO)CA (80%) experiments. The HCACO was approxi- by matching*C, chemical shifts from HNCA and HN(CO)-
mately 65% complete!Hy—'H,, correlations were obtained CA, and these candidates were evaluated by analysis of NOE
from 3D 5N-separated TOCSY-HSQC. For free RBB2, patterns from thé°N-separated NOESY-HSQC. This method
the corresponding data sets were more complete. was used when correlations from the HCACO BN-

The assignment strategy employed was centered aroundseparated TOCSY-HSQC were not identified, and was
the sequence-specific identification of backbone amide  generally successful since the HNCA and HN(CO)CA
and!®N resonances. This was accomplished when enoughexperiments were reasonably complete (Table 1). The
sequence-adjacentd/!>N pairs were linked so that*C, HNCA/HN(CO)CA approach is illustrated in Figure 3 with
chemical shifts!3Cs chemical shifts [when presentin CBCA-  data for residues R-A%" of the complex.
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Ficure 4: Summary of sequential NOEs, chemical shift index (CSl), and through-bond connectivities identified in the process of obtaining
sequence-specific backbone resonance assignments of the SxHRBD&-PPT complex. The complete sequence is shown in the one-

letter amino acid code. Amino acids as smaller letters indicate residues for which no backbone NH resonance was assigned. The location
of secondary structure elements is indicated above the sequence. The relative intensity of sequential NOEs is indicated by the height of the
connecting box. Unfilled NOE boxes indicate NOEs which are partially overlapped or for Whiobr Hg assignments have been inferred

from NOESY data, due to missing HCACO or 3EN-TOCSY peaks. Because of the general lack of side chain resonances observed in the

3D 5N-TOCSY, dsn NOEs indicate sequential side chain to NH cross-peaks for which assignments are inferred from amino acid type and
based upon the presence of both intra- and interresidue NOEs. Question marks denote degeHahachémical shifts. Two types of
triple-resonance connectivities are indicated. A box in the HNCA/HN(CO)CA row indicates that a sequential connection was observed by
correlating3C,, shifts in HNCA and HN(CO)CA spectra. An unfilled HNCA/HN(CO)CA box indicates a very weak cross-peak in either
experiment. The HCACO row indicates HCACO peaks which were assignable via correlations to HNCO, HNCA, HN(CO)CA, and 3D
I5N-TOCSY peaks. An unfilled HCACO box indicates that the HCACO peak occurs in a very crowded region of the spectrum. The row
labeled CSI contains consensus chemical shift index values for backbone resonances of the SXRRBDRPT complex. The index is

based on the agreement of two out of three shifts from random coil valué¥grt3C', andH,, where all three values were assigned, or
agreement of both for residues where one of the three assignments was missing.

(3) When the triple-resonance spectra were too incompleteassigned sequence-specifically. Figure 4 summarizes the
to use, connectivities could in some cases be made throughJ-correlated connectivities used for the assignments as well
NOESY/TOCSY analysis (Whrich, 1986) or from NOEs  as sequential NOEs indicative of secondary structure in the
exclusively. This was most effective when sequentiaHHN  complex. Squares in the row labeled “HNCA/HN(CO)CA”
HN NOEs were observed, since connectivities could be indicate links made via method 2. Squares in the row labeled
confirmed by the presence of a cross-peak on both sides of‘'HCACO” indicate HCACO peaks which were assigned via
the diagonal. correlations to HNCO, HNCA, and HN(CO)CA peaks. An

Approximately 87% of the backbontH, 13C, and >N equivalent figure for the free RBDH2 protein is given in
resonances in the complex and 90% in free RBRwere supporting information (see Supporting Information Avail-
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able) (Figure S1). The chemical shifts for both forms have
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degrees of anisotropy. In free RBB2 at 76 MHz, the

been deposited in the BioMagResBank (Accession numbersaverage!>N T, values for residues involved in secondary

bmr4029.str for the free protein and bmr4028.str for the
complex).
Secondary StructureEven though prior knowledge of the

secondary and tertiary structure for the second domain (SxI-

RBD2) was available (Leeet al, 1994), placement of
secondary structure in RBEB2 was inferred from chemical

structure in RBD1 and RBD2 were calculated to be 38 and
45 ms, respectively.

Changes in Chemical Shifts upon RNA Bindirfgigure
5 shows the absolute values of chemical shift differences
between free and RNA-bound RBB2 for amide'H and
15N resonances (shown in Hertz from data with a proton

shifts (Wishart & Sykes, 1994) and NOE patterns. The frequency of 600 MHz). These differences will be referred
ability to identify secondary structure from patterns of to as chemical shift perturbations. For residues which were
differences between random coil and observed chemicalassigned in one form but not in the other, it was possible to
shifts has been documented (Wishetral, 1995b). These  calculate minimum shift perturbations. For exampl&,was
differences for3C,, *C', and'H, were used to calculate a assigned in free RBD#2 but not in the complex. The
consensus chemical shift index (CSI) which is shown in unassigned HSQC peak in the complex closest to the
Figure 4. Sincé3C; shifts were not generally observed in  chemical shift values for % in the free state would therefore
the CBCA(CO)NH, this consensus index is not strictly the become the most conservative assignment 8t i the
same as that presented originally (Wishart & Sykes, 1994). bound state, yielding a minimum shift perturbation. Since
The index in Figure 4 interprets agreement of two of the nearly all residues were assigned in both forms and ap-
three individual indices as a consensus, provided that theproximately 175 amide NH correlation peaks (183 residues,
third index had a value of 0. Helices arfdstrands are 8 prolines) were observed in the HSQC spectra of both forms,
indicated by continuous consensus valuestdf and —1, it was clear that lines were shifting rather than disappearing
respectively. The-strands are not delineated as clearly as due to broadening. The HNCO spectrum was checked to
helices, which may be due to the lack BC; resonance  show that peaks had not simply moved under another
assignments. neighboring peak. This made assignment of minimum shifts
The fa—pap topology found in all structurally charac-  straightforward. Gray bars with up-arrows in Figure 5
terized RBDs is observed in each of the domains of RBR1  correspond to the sum of thedd and*>N minimum shift
in both the free and bound states. There are no apparenperturbations. Substantial chemical shift perturbaticrgy(
changes in secondary structure which accompany RNA Hz) for a given residue can be interpreted in two ways: (1)
binding. The secondary structure of RBD2 is entirely a change in local protein conformation alters the magnetic
consistent with that previously observed in SxI-RBD2 (Lee shielding; and (2) the residue is involved in direct or protein-
et al, 1994). Chemical shift and NOE patterns indicate that mediated contacts with the RNA. Differentiating between
the interdomain linker contains no regular secondary structurethese two scenarios at the present stage of the analysis is
in either free or bound RBD#2. In the case of RBD1, the difficult because chemical shifts are not yet rigorously
secondary structure was not previously mapped, and is nowunderstood in the context of protein structure. Additionally,
found to overlay reasonably well with the secondary structure RNA—protein interactions are likely to be predominantly
of other RBDs. However, careful inspection of Figures 4 mediated through the side chains of the protein residues, and
and 5 reveals a small but significant degree of variability in lack of chemical shift changes for the backbone cannot
the spacing between elements of secondary structure innecessarily be interpreted as lack of interaction in that region.
RBDL1 relative to RBD2. For example, the2—34 loops These data should therefore be interpreted in a qualitative
from each domain are of slightly different lengths and contain manner.
different sequence compositions. These differences will be  As shown in Figure 5, there is generally more extensive
examined in greater detail below. shifting of resonances in the vicinity gf-strands than in
Estimation of the @erall Tumbling Correlation Time.In the helices, although a few helices have substantial perturba-
an attempt to obtain more quantitative information on line tions near N-termini and sonfestrands have small pertur-
widths, >N longitudinal and transverse relaxation times were bations. On the whole, this is consistent with previous
measured using two-dimensional inverse-detected methodsobservations that the antiparalfgisheet of an RBD serves
The uncertainties in these data were too large for the reliableas an RNA-binding surface (@achet al, 1992; Oubridge
calculation of order parameters, but an estimation of the et al, 1994; Kanaaet al, 1995). This is illustrated in Figure
overall tumbling correlation time for the complex was 6 which provides a structural representation of the chemical
possible. At 76 MHz, an averagR of 0.61 s and d, of shift perturbations for RBD2, visualized on the backbone of
36 ms were calculated from residues involved in secondary the three-dimensional solution structure of the single domain
structure. TheTy/T, ratio was then used to estimate an SxI-RBD2 (Leeet al, 1994). For further reference, all
apparent tumbling correlation time for the complex of elements of secondary structure and loops in RBRhre
approximately 17 ns using TMEST (Dr. Arthur Palmer; see labeled in Figure 7. The highly conserved RNP-1 and RNP-2
Materials and Methods). A calibration curve was generated consensus sequences found in the cerfirafrands of all
using z. values determined by NMR for 12 small proteins RBDs are affected in SxI-RBD#2 by the binding of RNA.
(supporting information, Figure S2) which predicted a Residues in the interdomain linker also display significant
correlation time of 15 ns for this molecular weight. The shift perturbations upon RNA binding. This suggests that
observed 17 ns. is the same within error, while a dimeric  the entire linker experiences a substantial change in chemical
complex, predicted to have a correlation time of 30 ns, can environment, even though it lacks regular secondary structure
be ruled out. For free RBD#2, an estimation of the in either state (Figure 4)51,, which contains much of the
tumbling correlation time was not attempted because the two RNP-2, hexamer (E%YVTNL %), immediately follows the
domains display different relaxation properties, and are linker, and the shift perturbations for the residues bridging
therefore likely to tumble with significant but unpredictable the linker andf1, (E°*SIKDTN%) are large throughout.
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Ficure 5: Plot of chemical shift perturbations (defined as the absolute value of the chemical shift difference) due to the Tra-PPT 10-mer
binding to SxI-RBD}-2. The sequences of RBD1 and RBD2 are aligned vertically in the two plots to allow comparison of the analogous
locations within the two domains (part of the sequence is repeated). Chemical shift perturbations of backborkl dnteadé) and'>N

(white) are stacked to show the total shift observed in hertz, at 600 MHz proton frequency. Gray bars with arrows are calculated minimum
shift perturbations (see text for a more detailed description). The location of secondary structural elements is indicated and labeled below
each plot as are the positions of the conserved RNP1 and RNP2 sequences. Proline residues are indicated with a “P”.

Unlike most regions with large shift perturbations in first residue in the RNPyloctamer consensus sequence, but
RBD1+2, there is no interspersion of small shift differences lies just outside of thg-sheet. The extreme chemical shift
in this stretch. This region will be discussed in more detail perturbations observed foR combined with its positioning
below. in the sequence and positive charge implicate it as a critical
Aside from the expected chemical shift perturbations in residue in RBD%2 with respect to RNA binding. Another
B-sheet residues, there are a number of other regions in theregion in RBD2 which has large chemical shift perturbations
sequence which are perturbed by RNA binding!“?mas is 2. 1?7 and VA% form a S-bulge in32;, which is on
the largest chemical shift perturbation in the protein, with a one edge of the RBDZ-sheet (Leeet al, 1994). The
IHN shift of 1 ppm and &°N shift of 7 ppm. R*is the perturbations of the following two residues f#2, are not
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FiGure 6: Structural representation of RNA-induced chemical shift
perturbations. The solution structure of SxI-RBD2 was used to
depict each domain (Leet al, 1994) and is highlighted with a
color gradient to indicate regions of significant chemical shift
perturbations in RBD%2 upon binding of the Tra-PPT 10-mer

Biochemistry, Vol. 36, No. 47, 19974313

wt T138]  F146A  R142A

—— - e - — C1

~ - p—_L
1 2 3 4 5 6 7 8 9 10 11 12 13

WT tra-PPT UUUUGUUGUUUUUUUUCUAG

FIGURE 8: Electrophoretic mobility shift analysis of wild type (wt)
and mutant SxI-RBD%2 with Tra-PPT. wt SxI-RBD-+2 and
mutants threonine 138 to isoleucine (T138l), phenylalanine 146 to
alanine (F146A), and arginine 142 to alanine (R142A) were
incubated with 5 pM?2P-labeledra polypyrimidine tract (Tra-PPT)
RNA oligonucleotide. The protein concentrations of wt (laneglp

and T138lI (lanes57) were 0.01, 0.1, and 1 nM, respectively. The
protein concentrations of F146A (lanes 80) and R142A (lanes
11-13) were 0.1, 1, and 10 nM, respectively. Protein RNA complex
and unbound RNA (F) were separated by electrophoresis through

RNA. The backbone worm representation was created using the native polyacrylamide gel and visualized by autoradiography. The

program GRASP (Nicholls, 1996). Two views of the same structure
are shown, related by a rotation of 180° about the vertical axis.
Residues of RBD%2 for which the combined amide shift perturba-
tion was less than 50 Hz (Figure 5) are colored white. For residues
with shift differences greater than 50 Hz, a gradient of color was
applied (shown at the top of the figure), with darker purple and
blue shading representing increasing chemical shift perturbation.
The locations of individual secondary structural elements are
labeled. The residues of the linker are modeled in an extended
conformation in order to display the significant shift perturbations
which are observed in RBDH2; the conformation of this region

dissociation constant&{'s) of wt, T138l, F145A, and R142A were
determined to be~5 pM, 10 pM, 1 nM, and>1000 nM,
respectively. The sequence of the Tra-PPT used is displayed below
the autoradiogram.

chemical shift perturbation of 380 Hz. The last region of
RBD?2 which displays dramatic chemical shift perturbations
is N'SKREE'. There is a high density of charged hydrogen
bond donors and acceptors in this region, which immediately
follows the RNP-1 consensus sequence. This area also lies

and the relative positions of the two domains are NOT actually just outside the5-sheet.

determined from the NMR data.

FIGURE 7: Schematic drawing of the SxI-RBB- protein is shown
(based upon the NMR structure of RBD2 alone). Thstrands

RBD1 has fewer dramatic changes than RBD2 (Figure 5).
In part this may be due to assignment gaps in the region of
M47—F63, but it is clear that RBD1 and RBD2 display
gualitative differences in their patterns of chemical shift
perturbations. Two regions in RBD1 which show significant
perturbations-with no counterparts in RBD2are thef1—

ol loop and thea2—p54; loop. Interestingly, while the
significantly perturbed2—/34, loop contains four positively
charged residues (BTVRNKRLK?), the corresponding
sequence in the loop of RBD212—f4,) is not basic at all
(N8IPEGGSQP™). Based on existing RBD structures,
these positively charged residues would be situated toward
the C-terminal end of the2—34 loop, which should be near
the RNA-binding surface.

Binding Affinity of Mutants of SxI-RBB12. The most
dramatic chemical shift perturbation in SxI-RBB2 is the
amide of R*2 a highly conserved arginine in the RNR-1
octamer (Birneyet al,, 1993; Burd & Dreyfuss, 1994a). To

and loops connecting the helices and strands are labeled fortest the importance of this residue in RNA binding, we
reference to the text. The interdomain linker is shown as a dashedmutated this arginine to alanine {RA). As a comparison,

line to emphasize that its structure has not been determined froma second solvent-exposed, conserved residue in the RNP-1

these data. The relative orientation of the two domains is hypotheti-
cal; the figure is intended to clarify the identity and labeling of the
loops.

well characterized, although they are likely to have large
shift differences as well; using assignments from free SxI-
RBD2 instead of free RBD#2 (in which G?° and K'*°were

not assigned; RBD2 within free SxI-RBB2R and SxI-RBD2
have nearly identical assignments), sumniedl and >N
shift perturbations of 55 and 250 Hz are obtained f3#°Q
and K30 |n addition, N3! has a summedC, and 13C'

octamer, 6, was mutated to alanine {i8A). These mutant
proteins were analyzed for RNA binding to ttransformer
polypyrimidine tract (5UUUUGUUGUUUUUUUUCUAG)

by gel retardation analysis, and these results are shown in
Figure 8. Protein concentrations varied from 0.01 to 1000
nM in the binding assay (see Materials and Methods). We
note that the SxI-RBD%2 (wt) K4 found here is ap-
proximately 10-fold lower than we have observed previously
(Kanaaret al, 1995). This discrepancy is probably due to
the difference in the preparation of the labeled RNA and its
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concentration determination, as well as the purity of the SxI perturbations (Figures 5 and 6). Chemical shift perturbations
protein. This 10-fold difference has not affected interpreta- for 3C, and**C' resonances (supporting information, Figure
tion of the data. Consistent with the dramatic chemical shift S3) are consistent with the amide perturbation patterns shown

perturbation in R*, the R*?A mutation eliminated RNA
binding (Figure 8, lanes H13). R“A appears to be
properly folded since the HSQC spectrum of this mutant
protein was very similar to wt (data not shown). All
significant changes iftH and **N chemical shifts were
restricted to residues neighboring“A The P4%A mutant
protein bound RNA with reduced affinitykg ~1 nM; wt
Kg ~5 pM) (Figure 8, lanes-810) as might be expected for
a mutation in a conserved residue in the RNP-1 octamer.
The K4 of F14€A is more similar to that of the SxI-RBD1
fragment K4 ~ 48 nM) (Kanaatt al, 1995) than to th&y
of wt RBD1+2, consistent with the idea that this mutation
reduces the RNA-binding contribution from RBD2.

We previously noted a moderate chemical shift perturba-
tion of the amide of T in the context of the SxI-RBD2
fragment bound to a DNA analog of the PPT (Kaneal.,

in Figure 5.

The assignments of SxI-RBBR were obtained with some
difficulty, particularly for the complex. Many of the
experiments suffered from sensitivity problems due to the
submillimolar concentrations used and the broad lines which
resulted from a tumbling correlation time of about 17 ns for
the 24 kDa complex. The extent of the assignments obtained
here has reached the limit of what the most sensitive
BC/N pulse sequences (see Materials and Methods) can
achieve on a nondeuterated protein system.

Comparison of Chemical Shift Perturbations between
RBDs of Sxl. A primary result from the chemical shift
mapping is that the two RBDs of SxI-RBBR display
different patterns of chemical shift perturbations upon RNA
binding. Most notable are the2—£4 andf1—al loops.
These loops in RBD1 have larger chemical shift perturbations

1995). This residue has also been found to be importantrelative to those in RBD2, suggesting that they play an active

for Sxl functionin vivo. A mutation of this threonine to

isoleucine has been identified in a temperature-sensitive,

reduced-function (hypomorphic) allele of SxI (R. A. Lersh
and T.W.C., unpublished). To explore the possible involve-
ment of this residue in RNA binding, we made the analogous
mutation in SxI-RBD#-2 (T*3¥). The RNA-binding activity

of this mutant protein was analyzed by native gel electro-
phoresis. The ¥8 mutation had a small but significant
effect on RNA binding (Figure 8, compare lanes2with
5-7).

DISCUSSION

Despite widespread interest in understanding pretein
RNA interactions, there are presently only a few published
structures of proteitRNA complexes. Crystal structures

role in RNA binding in RBD1 but not in RBD2. In the
solution structure of SxI-RBD2 (Leet al, 1994), and
represented schematically in Figure 7, tt2-$4 andf1—

ol loops are not part of the putative RNA-binding platform
provided by thes-sheet.

Significantly broader lines were observed in the triple-
resonance data from the complex for lo@p—/54; than the
corresponding residues of RBD&aZ—/4,). This is con-
sistent witha2— /4, having a substantial degree of dynamic
disorder anda2—£4, having more rigidity or undergoing
motions on a slower time scale tha@—34,. The correla-
tion of chemical shift perturbation and structural mobility
may reflect upon the relative involvment in RNA recognition
for these loops. The high content of basic residues in loop
o2—p4 (G'TVRNKRLK®) underscores its potential to
form favorable electrostatic interactions with the negatively

have been determined for three transfer RNA synthetasecharged RNA. Thea2—j4, loop does not contain a
complexes and for the MS2 bacteriophage capsid proteincorresponding stretch of basic residues, andxthe34 loop

complexed with an RNA hairpin. While these are important

has not been directly implicated in RNA binding in other

structural examples, these proteins do not belong to any ofRBD systems. The U1A snRN&2—pj4 loop, while not

the RNA-binding motifs typically involved in posttranscrip-
tional gene regulation (Burd & Dreyfuss, 1994a). Only one
protein from the RNP consensus-type family has been
characterized in structural detail when complexed with
RNA: the snRNP-U1A protein bound to U1 snRNA stem
loop Il (Oubridgeet al., 1994), and in complex with a portion
of the 3UTR of U1A pre-mRNA (Allainet al,, 1996). These

basic, has been shown to be important for protein stability
(Kranz et al, 1996) and to undergo a structural shift upon
RNA binding (Oubridgeet al, 1994). Kranzet al. also
demonstrated that this loop is flexible on a slow time scale.
The1—al loops in RBD#2 do not show any apparent
differences in either sequence composition or line widths
despite the large chemical shift pertubations seen ipthe

structures showed details of the specific interactions betweeny1, loop as compared to th8l—al, loop. In the U1A

an RNP-type RBD and RNA for the first time. However,

complex, residues in th81—al loop make contacts with

both of these complexes contain only one RBD and thereforethe RNA near the base of the stem of the hairpin. If the

do not address the question of how multiple-RBD proteins
interact with RNA. The results reported here on Sex-lethal
give an initial glimpse at how more than one RBD can
participate in high-affinity, specific binding of target RNA
sequences.

Extent of SxI-RBD%2 Assignments.SxI-RBD1+2 ap-

Bl—al, loop in the Sxl/Tra-PPT complex does interact with
the RNA, these contacts are likely to be different than those
seen in the U1A complex because there is no evidence for
a stem-loop structure in the Tra-PPT.

Residues RFKREE!*#in RBD2 show dramatic chemical
shift perturbations, while the corresponding residues- (F

pears to retain arrangement of secondary structural element§ STMD??) in RBD1 do not. This is an interesting observa-

when bound to a specific, single-stranded target RNA, the
Tra-PPT {ransformerpolypyrimidine tract), based on chemi-
cal shift data and short- to medium-range NOEs. The
assignment of approximately 85% of the backbone reso-
nances of RBD%*2 in the free and RNA-bound states
allowed for the mapping of the RNA-interaction surface of
RBD1+2 as probed by amidéH and >N chemical shift

tion since (as in loom2—p4) this region of an RBD has
not been implicated in RNA recognition. This continuous
sequence of potentially hydrogen-bonding residues im-
mediately follows the conserved RNR-&ctamer, and it is
therefore located at the edge of the RNA-binding platform
(Lee et al, 1994), proximal to the RNA. The last two or
three residues of this stretch form the N-terminus@f.
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This may also reflect a novel interaction since these helical mutation lowered the binding affinity of SxI-RBB12 into
residues have not been implicated in RNA recognition in the range of SxI-RBD1. This reduction in binding affinity
other RBD/RNA complexes. (>200-fold) is consistent with this aromatic residue being
Another region of difference between the RBDs of Sxl is one of the defining features of the RNP consensus-type RBD.
strand 52 (T*CRIMR* in RBD1 and FPVQKNIL 1% in While the chemical shift change of4 (~100 Hz) is not
RBD2). V2?8 thefS-bulging residue at the N-terminal section very dramatic, it is significantly larger than the ca. 50 Hz
of the 52, strand, has a chemical shift perturbation at least background of changes seen in RBD2. This modest back-
3 times as large as any residue in the corresponding sectiorbone chemical shift change, in spite of the importance of
of theS-strand in RBD1. In the structure of free SxI-RBD2, the side chain, could be rationalized by the fact that the
V128 (V41 in SxI-RBD2 nomenclature) protrudes above the backbone is in part of thg-sheet, which probably limits
plane of the sheet surface from the corner of the sheet andconformational changes which could occur. The inability
is presented to the RNA which is predicted to lie across the to quantitatively interpret chemical shift changes in structural
sheet. As there is thus far no evidence for a sinfikoulge terms limits the level of interpretation which can be made.
in 52, the presence of the bulge may correlate with chemical A substantial chemical shift change df%had previously
shift perturbations. The different behavior of these corre- been noted in SxI-RBD2 bound to a DNA pyrimidine tract
sponding sections gf-sheet between the two domains is (Kanaaret al, 1995). A mutation of this same residue to
likely to reflect their unique interactions with the Tra-PPT. isoleucine had also been identified in the temperature-
This reasoning can be extended to all regions which exhibit sensitive, hypomorphic Sxl allele, $%P3. These observa-
substantially different chemical shift perturbation patterns tions motivated us to test theé"*fl mutant for RNA binding
between RBD1 and RBD2. Therefore, the collective body in vitro. This mutant had a very modest reduction in RNA
of data presented in Figure 5 argues for a model of RNA binding (~2-fold) compared to wt. The limited effect on
recognition by SxI-RBD%*2 in which the two RBDs take  RNA binding of the T8 change encourages the idea that
on different or structurally asymmetric roles. In addition to the $2—33, loop has a relatively passive role in RNA
direct protein-RNA contacts, the difference in the chemical binding, reinforced by the small chemical shift perturbation
shift perturbation patterns may also reflect direct RBD1 at this residue in SxI-RBD#2. The different response of
RBD?2 interactions or intradomain interactions that contribute T*3¢in RBD2 alone and RBD12 could reflect the difference
to RNA-binding affinity. Evidence for homodimeric interac- between RNA and DNA in binding, or an alteration in
tions between two SxI molecules has recently been reportedinteraction due to the presence of two domains. Though the
(Sakashita & Sakamoto, 1996); however, this interaction is effect on RNA binding observed for thé®l mutant is small,
RNA-mediated, and we found no evidence for formation of it could suffice to explain the effect of this partial loss-of-
such a complex in previous gel shift studies using the samefunction mutationin »ivo, since Sx| protein is required for
RNA as in the present work . The observations of one set proper splicing of its own transcript. The consequences of
of resonances and the determined correlation time areasmall decrease in RNA binding on splicing regulation could
inconsistent with dimer formation. be amplified through this autoregularoty feedback loop. The
Correlations between Chemical Shift Data and Mutant data presented in Figure 5 should be useful for guiding future
Binding Data. R'#? undergoes the largest chemical shift mutational analysis of SxI RNA binding boih vitro and
perturbation in the protein. The corresponding residue in in vivo.
U1A (R%) is involved in numerous critical hydrogen bonds The52-Strand 52— 3 Loop, and C-TerminusA region
with both RNA and protein (Oubridget al,, 1994). In SxI of particular interest in RBDs is the so-called specificity loop,
and U1A, this arginine occupies the first position in the the loop connecting2 andf3 strands of an RBD. The idea
conserved RNP1 octamer sequence and lies just outside the¢hat the residues in this loop confer RNA-binding specificity
third strand of3-sheet, which appears to be a critical position is somewhat misleading since the original sequence-swapping
for making RNA contacts. The implied importance of'R experiments carried out on U1A and U2BnRNP proteins
for RNA binding from chemical shift mapping was con- involved probing residues from th#2 strand into only the
firmed by the R*?A mutant. This single point mutation first half of the 32—33 loop (Scherlyet al, 1990; Bentley
within RBD2 completely eliminated complex formation. It & Keene, 1991); this was a consequence of the sequence
was unexpected that the binding of th&*R mutant was identity between U1A and UZBin the last few residues of
completely lost rather than simply being lowered into the their2—£3 loops. As a result, the specificity conferred by
range of the affinity of SxI-RBD1, which was the effect of the second half of the loop was not probed. Nevertheless,
the P“6A mutant. This implies that there is a coupling of these studies make clear that residues found in and shortly
the two RBDs in binding the Tra-PPT, rather than simple after the 2 strand are important for specificity. The
additivity of their contributions. Itis possible that®Rmakes substantial chemical shift perturbationgi®, and the smaller
essential RNA contacts in the context of the two RNA- but significant perturbations observedis of SxI-RBD1+2
binding domains without which binding is reduced consider- are consistent with the apparent involvement of these strands
ably or abolished. Alternatively, RBD2 containing th&® in sequence-specific recognition.
mutation might interfere with RBD1, inhibiting the RNA In the complex of U1A with U1 snRNA stefrloop |l
binding of both domains. This is possible since a comparison (Oubridge et al, 1994), the five-residug32—£3 loop
of the HSQC spectra from A and wt proteins revealed  protrudes through the loop of the hairpin RNA, preventing
small but measurable chemical shift differences{20 Hz) any base-pairing within the loop. This allows the protein to
for several residues in RBD1. The solution structure of the interact with the loop bases as if they were single-stranded
complex of RBDH}2 and RNA will help to further elucidate  RNA. In SxI-RBD1+2, the twof32—/3 loops do not appear
the importance of R2 to be significantly affected by the RNA. This can be seen
The behavior of the two other mutants'®¥ and P46A, in Figure 6, in which the 10-residug2—{3, loops are
is consistent with the chemical shift observations. THEAF primarily colored white. In free SxI-RBDZN relaxation



14316 Biochemistry, Vol. 36, No. 47, 1997 Lee et al.

measurements showed that ##2-53, loop has a significant  shift perturbations. No evidence for regular secondary
degree of flexibility (Lee, 1996). This is in agreement with  structure was found in the linker in either free or bound states
qualitative line widths from free and RNA-bound RBB2 of the protein. Consistent with this, cross-peaks from the
which were estimated from triple-resonance data and pre-central linker residues in all of the triple-resonance data sets
liminary >N T, measurements. Therefore, unlike the U1A were significantly more intense than from structured regions
system, there does not appear to be a rigidification of this of the protein, suggesting greater flexibility in the linker in
loop upon RNA binding. This is not altogether surprising both states. Does the linker play a passive role in RNA
since the RNA substrate for Sx| is hot known to be a stem binding? For a truly passive role, one would not expect the
loop structure. The differences between these systemslarge number of significant chemical shift perturbations seen
underscore the wide range of interactions that RBDs canin the linker of the SxI-RBD%2 complex. Itis likely that
accommodate, presumably by shifted RNA-binding surfaces (a) the linker residues are involved in specific contacts and/
and structural alterations. or that (b) as a result of binding RNA, the two domains
Another region of interest in RBDs is the C-terminus. The become fixed relative to one another and the linker samples
C-terminal regions aftg?4 in the ULA snRNP and hnRNP-C  a reduced number of environments and conformations, some
proteins have been shown to be important for RNA binding of which may experience contact shifts from RNA (although
(Gorlachet al, 1992; Oubridgeet al, 1994). Moreover, a  reducing flexibility alone could possibly explain the shifts).
short third helix is present at the C-terminus in the free and  The question of linker activity/passivity has been directly
bound states of U1A (Howet al,, 1994; Oubridgeet al, addressed in mutational analyses of the first three zinc-finger
1994). In SxI-RBDH#2, E180-K184 comprise the C- DNA-binding domains from TFIIIA (Choo & Klug, 1993).
terminal region. These residues lack well-defined structure These are zinc-fingers of the class | type, the only class in
in SxI-RBD2, but are positioned above the plane of the which fingers bind DNA as domain concatemers (Harrison,
pB-sheet, where interactions with RNA are possible. Indeed, 1991). The DNA-binding affinity of this protein was
E° which immediately follows34,, experiences a-200 demonstrated to be quite sensitive to the amino acid
Hz chemical shift perturbation. Nevertheless, there are notsequences of these two linkers, suggesting that the linkers
enough residues following4, to accommodate helix forma-  are somehowactively involved in DNA recognition, although
tion, implying that the C-terminal region of SxI-RBBR exactly how this occurs remains unclear. In the absence of
(or simply of RBD2) may not be as critical for RNA binding DNA, the two linkers are moderately rigid, and the domains
as in hnRNP-C and U1A. In the case of RBD1, if the linker are mobile with respect to each other (Bchweileret al,
is considered in place of a C-terminus, then its dramatic 1995). In the case of the Zif26@DNA complex crystal
chemical shift perturbations could make RBD1 more similar structure (Pavletich & Pabo, 1991), the relative orientations
to the U1A and hnRNP-C systems. of the zinc-fingers are fixed, but the linkers apparently do
Potential for Hydrogen Bonding at Peripher@Sheet not directly contact the DNA. Unfortunately, there is little
Positions in RBD2.The data in Figure 5 suggest that RBD1 structural information on other multiple-domain proteins
and RBD2 (within SxI-RBD*2) are not completely analo- complexed to nucleic acid sequences.
gous in how they respond to binding of the Tra-PPT 10- There may be a fundamental difference between the
mer. In RBD2, the largest shift perturbations are found at modular recognition architectures of concatemerized zinc-
the periphery of thg-sheet, rather than in the center of the finger proteins binding DNA and that of SxI binding the Tra-
sheet containing most of the highly conserved residues. ThePPT 10-mer. Zinc-fingers bind to their natural target
junction of the interdomain linker angll;, residues K- sequences in a repetitive and predictable manner, each finger
E™ the 52,-bulge, and the C-terminus collectively form binding a three base-pair subsite (Pavletich & Pabo, 1991)
one edge of the putative RNA-binding platform. The linker/ via a recognition helix in the major groove of the DNA. In
A1y junction containing the stretch®#&SIKDTN? and the contrast, the asymmetric chemical shift perturbation patterns
neighboring residues IKREE'®* could form an array of  of RBD1 and RBD2 in SxI (Figure 5) suggest that each RBD
hydrogen bonds with the RNA or otherwise form intramo- has a unique interaction surface for recognition of the Tra-
lecular hydrogen bonds which stabilize protein/RNA con- PPT. Both domains must be interacting with RNA (Kanaar
tacts. On the opposite side of the sheet?’Rs almost et al, 1995), but the binding appeanstto be a simple sum
certainly involved in critical hydrogen bonds, while tb2- of two independent interactions. The“fA mutant data
bulging residue (¥9) and the following residues (KN3Y) (Figure 8) imply that the RNA-binding activities of RBD1
form another peripheral ridge with substantial shift perturba- and RBD2 are coupled, possibly as a result of the two RBDs
tions. Most of these peripheral regions have been shown tointeracting with each other when bound to overlapping sites
be important for RNA binding in a variety of RBD proteins. on the Tra-PPT. It is also possible that the reduced binding
Examples of these include the residues leading into andaffinity of R'4?A results only from changes in the free state
following the RNP-1 and RNP-2 conserved regions (Jessenof RBD1+2 (which prevent RNA binding). Alternatively,
et al, 1991; Nagaiet al., 1995) as well as thg2 strand/ Sxl could bind the RNA in two distinct, analogous, subsite
B2—p3 loop region discussed above. Many of these residuesinteractions. If the RBD/RNA interaction in the Sxl/Tra-
are not conserved among RBDs, suggesting their importancePPT complex is similar to the U1A system, at least a seven-
for variability of RNA-binding specificity. The pattern of  base site would be required per RBD (Oubridgel., 1994;
peripheral perturbations observed in RBD2 is not observed Williams & Hall, 1996). Therefore, at least a 14-base site
in RBD1. The largest chemical shift perturbations in RBD1 would be required for high-affinity binding if SxI binds the
are in the conserved residues in the middle of ghsheet, Tra-PPT in 2 separate subsite interactions. Because RBD1
and are smaller than the perturbations in RBD2. binds the Tra-PPT 10-mer with the same affinity as the full-
Multiple-Domain Proteins and LinkersThe interdomain length Tra-PPT (Kanaaet al, 1995), the model with
linker in SxI-RBD1+2 (R%?—T10%) experiences a substantial overlapping binding sites seems more probable. Another
change in chemical environment as evidenced from chemicalpossibility would be that each domain binds distinct five-
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base subsites, but this seems less likely in light of the
differences of chemical shift perturbation patterns of the two
domains. With these considerations, the RNA-binding

properties of Sxl have a resemblance to the hnRNP Al

protein, whose two RBDs appear to specifically bind a six-

Biochemistry, Vol. 36, No. 47, 199714317

Gorlach, M., Wittekind, M., Beckman, R. A., Mueller, L., &
Dreyfuss, G. (1992EMBO J. 11 3289-3295.

Grzesiek, S., & Bax, A. (1992). Magn. Reson. 96132—-440.

Grzesiek, S., & Bax, A. (1993). Am. Chem. Soc. 1182593.

Harrison, S. C. (1991Nature 353 714-719.

Howe, P. W. A,, Nagai, K., Neuhaus, D., & Varani, G. (1994)

base ssRNA consensus site as a single RNA-binding EMBO J. 13 3873-3881.

composite (Burd & Dreyfuss, 1994b).
Unfortunately, with the present data it is not possible to
describe the Sxl/Tra-PPT interaction in greater detail.

Ikura, M., Kay, L. E., & Bax, A. (1990Biochemistry 294659
4667.

Inoue, K., Hoshijima, K., Sakamoto, H., & Shimura, Y. (1990)
Nature 1990 461—-463.

Nevertheless, in one possible scenario, since RBD2 hasJessen, T. H., Oubridge, C., Teo, C. H., Pritchard, C., & Nagai, K.

greater chemical shift perturbations in regions which are
suspected to be important for specificity, it might be

(1991) EMBO J. 10 3447-3456.
Kanaar, R., Lee, A. L., Rudner, D. Z., Wemmer, D. E., & Rio, D.
C. (1995)EMBO J. 14 4530-4539.

suggested that RBD2 is more responsible for sequence-kay L. E., Xu, G. Y., & Yamazaki, R. (1994). Magn. Reson.

specific recognition of the RNA than RBD1. RBD1 is
required for specific binding (Kanaat al, 1995), but a
substantial part of its role may be for providing nonspecific
stabilizing interactions. This would explain why the largest
chemical shift perturbations observed so far in RBD1 are in

the conserved RNP-1 and RNP-2 sequences. By definition,

(A) 109 129-133.

Kelley, R. L., Solovyeva, I., Lyman, L. M., Richman, R., Solovyev,
V., & Kuroda, M. I. (1995)Cell 81, 867—877.

Keyes, L. N., Cline, T. W., & Schedl, P. (1992ell 68 933—
943.

Kranz, J. K., Lu, J., & Hall, K. B. (1996)rotein Sci. 51567
1583.

these residues should provide a relatively generic contributionLee, A. L. (1996) Ph.D. Thesis, University of California, Berkeley.

to RNA recognition since they are highly conserved across

the RNP-type RBD family.
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