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ABSTRACT. Heterogeneous nuclear ribonucleoprotein (hnRNP) A2 is a multitasking protein involved in
RNA packaging, alternative splicing of pre-mRNA, telomere maintenance, cytoplasmic RNA trafficking,
and translation. It binds short segments of single-stranded nucleic acids, including the A2RE11 RNA
element that is necessary and sufficient for cytoplasmic transport of a subset of MRNAs in oligodendrocytes
and neurons. We have explored the structures of hnRNP A2, its RNA recognition motifs (RRMs) and
Gly-rich module, and the RRM complexes with A2RE11. Circular dichroism spectroscopy showed that
the secondary structure of the first 189 residues of hnRNP A2 parallels that of the tBad8m3 RRMs

of its paralogue, hnRNP A1, previously deduced from X-ray diffraction studies. The unusual GRD was
shown to have substantidisheet angi-turn structure. Sedimentation equilibrium and circular dichroism
results were consistent with the tandem RRM region being monomeric and supported earlier evidence for
the binding of two A2RE11 oligoribonucleotides to this domain, in contrast to the protein dimer formed
by the complex of hnRNP Al with the telomeric ssSDNA repeat. A three-dimensional structure for the
N-terminal, two-RRM-containing segment of hnRNP A2 was derived by homology modeling. This structure
was used to derive a model for the complex with A2RE11 using the previously described interaction of
pairs of stacked nucleotides with aromatic residues on the BReet platforms, conserved in other
RRM—RNA complexes, together with biochemical data and molecular dynamics-based observations of
inter-RRM mobility.

The heterogeneous nuclear ribonucleoproteins (hnnRNPs) rich element from glucose transporter 1 mRNR4{16),
make up a structurally and functionally diverse family of the vitamin D-regulating response elemea®)( and the
mosaic proteins formed from combinations of nucleic acid- A2RE/A2RE11 cytoplasmic RNA trafficking element
binding and auxiliary domains. Some of these domains are (9, 18—20).
present in several hnRNPs, but their functions are often not The hnRNP A/B proteins are composed of tw®0-

conserved and may be modulated in cis by other domainsresidue N-terminal RNA recognition motifs (RRMs) followed
(1—4). The hnRNP A/B family includes paralogues A0 by an~150-residue Gly-rich C-terminal domain (GRD). The
A3, the last three of which have multiple isoforms that arise sequences of human hnRNP A1l and A2 paralogues are 85%
from alternative splicing. HNRNP A2 is a predominantly jdentical in the RRM domains and 48% identical in the GRD.
nuclear protein involved in RNA packaging and splicing, The RRM has an overgfio380,3-fold, with the four strands
telomere biogenesis, cytoplasmic RNA trafficking, and cap- forming an antiparalleB-sheet and the two helices packing
dependent translatio®<9). It has a high affinity for several  at right angles to each other, and adjacent to the sBagt (
short oligonucleotide sequences, including telomeric DNA RRMs are distinguished by the presence of two highly
repeats §, 10-13), a RNA sequence with homology to a  conserved sequences of eight and six amino acids (RNP-1
region found in 3splice site selection elements), an AU- and RNP-2, respectively) located on the central strands of
: _ the g-sheet. The RRM module is also present in one or
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repeats, which are thought to constitute an independentlya pull-down assay described elsewhet6)(using strepta-

recognized, RNA-binding, RGG box domai@gj. Addition-
ally, GRDs are thought to be capable of participating in
protein—protein interactions?7). In other classes of protein,
including intermediate filament proteins, GRDs are thought
to regulate protein oligomerization and anchoring to
desmosomes2g, 29).

We present here an analysis of the structure of hnRNP
A2 and its complex with A2RE11, an oligoribonucleotide
found in many eukaryotic RNAs that appears to act as a
signal for microtubule-dependent cytoplasmic mRNA trans-
port 9, 19, 30). Our circular dichroism (CD) spectra suggest

vidin-coated magnetic particles (Roche Diagnostics, Basel,
Switzerland) bound to biotinylated RNA (Oligos Etc.,
Wilsonville, OR). Approximately 10 mg of porcine intestinal
heparin (Sigma, St. Louis, MO) was added prior to addition
of the protein to the beads.

For UV-cross-linking assays, 1.5 pmol of each oligoribo-
nucleotide 3?P-labeled with T4 polynucleotide kinase (New
England Biolabs, Beverly, MA), and 10 pmol of each protein
were mixed in binding buffer [10 mM Tris-HCI (pH 7.5), 1
mM EDTA, and 4% (w/v) glycerol] in a final volume of 15
uL and incubated for 20 min on ice. The reaction mixtures

that the three-dimensional structure of the first 189 residues,yare then irradiated with 500 mJ of 254 nm light in a Bio-

of hnRNP A2 parallels that of the tandem RRMs of hnRNP
Al deduced from X-ray crystallographic dafg &nd indicate
that the GRD has partigitsheet structure. These observations
are consistent with an earlier proposal that the GRD of
nucleolin forms an unusual supersecondary struct8ie (
The CD results also lend further support to a mo@el9)

in which two sites for binding oligoribonucleotides are
generated by the tandem RRMs acting in conc&r). Our
sedimentation equilibrium results are consistent with hnRNP
A2 being monomeric when bound to A2RE11, in contrast
to the dimeric protein observed in X-ray crystallographic
studies of the complex of the UP1 fragment of hnRNP Al
with the telomeric ssDNA repeatl), Finally, by using
homology modeling, biochemical data, and molecular
dynamics-based observations of inter-RRM mobility and by
imposing a set of conserved RNArotein interactions
identified in a survey of known three-dimensional structures
of RRM—RNA complexes as structural restraints, we have
derived a plausible model for the complex formed between
the RRMs of hnRNP A2 and A2RE11.

MATERIALS AND METHODS

Protein Expression and PurificatiofPlasmids expressing
either wild-type hnRNP A2 (pET9c-A2), the 189 N-terminal
residues (pET3QTh-A21189) or the 152 C-terminal residues
(PET30-AZ%0-34) were transformed intdscherichia coli
BL21-DES cells. pET9c-A2-transfected cells were grown in
standard Luria broth (LB) at 37C to anAsq Of 0.6 prior to
induction with 1 mM isopropyl thig3-p-galactoside (IPTG)
for 4 h. Recombinant hnRNP A2 was purified to homogene-
ity from the cleared cell lysate in three steps using DEAE-
cellulose (Whatman, Maidstone, U.K.) ion-exchange chro-
matography, Sephacryl S-300 (Amersham Biosciences,
Buckinghamshire, U.K.) size-exclusion chromatography, and
C4 reverse-phase (Vydac, Hesperia, CA) HPRL A21-189

Rad GS Genelinker UV chamber. These samples were
electrophoresed on SBD45% polyacrylamide gels and
autoradiographed. In competition experiments, 75 pmol of
the cold competitor and radiolabeled oligoribonucleotide
were added prior to addition of the protein.

CD SpectroscopyCD experiments were performed at
room temperature on a J-710 spectropolarimeter (Jasco,
Tokyo, Japan). The protein concentrations were determined
by triplicate RP-HPLC-based amino acid analysis using
norleucine as an internal control in hydrolysates produced
by digestion wih 6 M HCI at 110°C in vacuo for 20 h.
Spectra were collected wita 1 nmbandwidth at a scan speed
of 20 nm/min for wavelengths above 195 and 2 nm/min for
wavelengths below 195 nm. The spectrometer was purged
with 5 L of high-purity nitrogen per minute above 195 nm
and 20 L of high-purity nitrogen per minute below this
wavelength. The buffer solution was either 50 mM Tris (pH
7.5) (protein alone) or 250 mM potassium phosphate (pH
6.6) (for the complex). Spectra recorded with buffer alone
were subtracted from the corresponding protein or RNA
spectra. Data were collected down to 178 nm where possible
to improve the accuracy of secondary structure estimates
(32). Folding was monitored by following the ellipticity at
225 nm. The level of secondary structure was determined
by the method of variable selection incorporated in VARSLC1
(33).

Analytical UltracentrifugationSedimentation equilibrium
measurements on a solution containing a 2.3:1 molar ratio
of synthetic A2RE11 RNA (5GCCAAGGAGCC-3; Dhar-
macon Research Inc., Lafayette, CO) and purified AP
were performed at 20C using an Optima XL-I analytical
ultracentrifuge (Beckman Instruments, Palo Alto, CA)
equipped with interference optics. The equilibrium protein
distribution was measured at 14 000 rpm in 250 mM

fusion protein was expressed using a fed-batch fermentationpotassium phosphate buffer (pH 6.6). Centrifugation was

The recombinant protein was purified to homogeneity using
TALON chromatography, on-resin hexa-His tag cleavage,
and Sephacryl S-300 size-exclusion chromatography?®Z&

continued until the protein distribution in the cell was
constant £24 h). Solvent density was measured using an
Anton Paar densitometer (Graz, Austria), and the partial

was expressed in standard LB supplemented with 1% glucosespecific volume of the protein (0.728 mL/g) was calculated

and recovered from the insoluble fraction by extraction with
4 M urea, prior to being bound to TALON Co-chelating
resin (Clontech, Palo Alto, CA). It was refolded on-resin
using a 12 h gradient from 4©t0 M urea. Refolded protein
was eluted with 150 mM imidazole and further purified on
a Sephacryl S-300 column. It eluted from the column in a
single peak.

RNA Binding AnalysisBinding of recombinant proteins

from the amino acid compositiorB4). A value of 0.524
mL/g was used for the partial specific volume of sSRNA
(35). Molecular masses were calculated either from the slope
of a plot of interference fringe displacement versus the square
of the radial distance or by-function analysis 36). The
protein concentration at the meniscus at sedimentation
equilibrium was calculated by a standard iterative technique
using the initial concentration (9.03 fringes) and the final

to A2RE11 or randomized RNA sequences was assessed byringe pattern, assuming conservation of mass.
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Molecular Modeling.Homology modeling of the RRM A2 A2"™®
concatemer of hnRNP A2 (&2'7") was based on the E o F Y e &0 e o
principles described by Gree3?) using theromoLocy and e & ‘*: 4 —= > = ‘;i i == g
piscover modules ofinsiGHT 1l (Accelrys, San Diego, CA). T s ST m: .

Structurally conserved regions (SCRs) were identified by 44,

alignment of the X-ray crystal structures of the N-terminal g,
: - <

proteolytic fragment of hnRNP AL (PDB entry LUPBg| » G- - - %

and the equivalent domain froBrosophilaSex-lethal, SxI 25 ’

(PDBfe”"y ?SXL)heg)H The coordinates of the'SCRhg WET€ FGure 1: Association of hnRNP A2 and A2 with A2RELL.

transferred from the hnRNP Al structure as it exhibited a y_cross-linking assays witfP-labeled A2RE11 and NS1, in the

markedly higher degree of sequence conservation than Sxlpresence or absence of a 50-fold excess of unlabeled oligoribo-

with hnRNP A2. Energy minimization was performed using nucleotide, and purified recombinant hnRNP A2 or!AZS The

an iterative, stepwise procedure on loop regions and SCRarrowheads indicate the positions of A2 oriAZ*, with the bound

X . . . : probe. The molecular masses, in kilodaltons, of standard proteins
side chains, using tmscoverconsistent valence force field are indicated at left. NS1 is an oligoribonucleotide with the same

(CVFF), starting with the steepest descent algorithm and composition as A2RE but with a scrambled sequence (CAA GCA

transferring to a conjugate gradient algorithm, introducing CCG AAC CCG CAA CUG).

Morse potentials and cross-terms in later steps. The quality

of the model was assessed usipRoFiLEs 3D (40) and b

PROCHECK (41). piscover molecular dynamics analysis of

the A2-1""model was performed at 300 K for 110 ps using

a 1 fs time step to observe any hinge bending motions in /\
0

\(.1

the model.

Previous experiments have shown that only one nucleotide
may be deleted from the ends of the 11-nucleotide A2RE11
without markedly reducing the level of binding to hnRNP
A2 (13). The structure of the A2RE11 RNA sequence motif
was initially modeled in three fragments. ThetBree and 180 200 220 240 260
3 four nucleotides were modeled on the respective regions Wavelength (nm)
of the UP1-bound telomeric DNA sequence (PDB entry
2UP1) (@) that interacted with th@-sheet surface of each
RRM, using the atomic coordinates of the phosphate
backbone as a framework. The central four nucleotides were
built using the default extended-strand properties in the A .
BlIoPOLYMER module ofiNsIGHT 1. The three fragments were
then ligated, and the whole molecule was subjected to energy
minimization. UsingsoLD (42), we prescreened the A2RE11
A2°-177 complex for favorable interactions between pairs of
adjacent RNA nucleotide bases and the respective, aromatic 41 . . . .
RNA binding pockets located on the cenjfastrands of each 180 200 220 240 260
RRM. Having identified the optimal RNAprotein contacts Wavelength (nm)
as ring stacking interactions between C2/C3 and Phel03/ 0.5 1
Phel45, and between A8/G9 and Phel2/Pheb4, we then
docked the complete A2RE11 onto the®A¥” RNA binding
surface usingiscover molecular dynamics.

[6] (10* deg.cm®.dmol") >

4

-
Il

[6] (10* deg.cm’.dmol)
o

(@)

RESULTS

RNA Binding of hnRNP A2 Domain®kecombinant
proteins were expressed i coli and purified (Figure S1
of the Supporting Information). Recombinant A%° and . . . . .
full-length hnRNP A2 were functional as displayed by their 180 200 220 240 260
ability to specifically bind magnetic particles bearing bio- Wavelength (nm)
tinylated A2RE11 RNA (data not shown) and to bind FiGure 2: CD analysis of hnRNP A2 structural domains. CD

sequence-specifically in competition UV-cross-linking assays spectra recorded at 2 for purified recombinant proteins A2!%9

; ) (A), A2190-341(B), and wild-type hnRNP A2 (C). The proteins were
(Figure 1)‘.In. these assays, a S0-fold excess of urllabelecjdissolved in 50 mM Tris at pH 7.5 (A), 8.5 (B), or 7 (C) at protein
AZRE11 eliminated binding of labeled A2RE and NS1. By concentrations of 1 (A and C) and 0.01 mg/mL (B).

contrast, a 50-fold excess of the unlabeled NS1 oligonucle-

otide eliminated NS1 binding but only partly displaced the  Secondary Structure AnalysiEhe structures of the hnRNP
binding of A2RE11. These results are in accord with earlier A2 modules were analyzed by CD spectroscopy. Spectra
studies that have shown that hnRNP A2 andA%® have were averaged over five scans using 0.106 mm (Figure 2A,C)
two sites for binding oligoribonucleotides, one of which is or 1 cm (Figure 2B) path length cells. Calculation of the
sequence-specifi@]. level of secondary structure by spectral deconvolution using

[61 (10* deg.cm®.dmol)
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Table 1: Secondary Structures of hnRNP A2 Structural Domains A
from CD Spectral Deconvolution 51
% no. of = S
secondary structure compositiod residued modeP £
P
A21-189 a-helix 23+2 43+ 4 38 5 5
B-sheet (antiparallel) 213 37+ 6 49 b
p-sheet (parallel) 31 6+2 0 E
B-turn 19+ 2 36t 4 36
random coil 35+1 66+ 2 66
A2 (wild type) a-helix 9+1 31+3 415 1
p-sheet (antiparallel) 29 2 99+ 7 j " )
B-sheet (parallel) 61 20+ 3 220 240 260 280 300
S-turn 21+ 1 72+3 Wavelength (nm)
random coil 331 113+ 3 B 8
@ The standard deviation of the secondary structure estimate is given. -
b The number of residues of secondary structure present in tPe7A2 € 7
homology model (Figure 5A). £
&
& 6
the variable selection algorithm yielded values for the >
o-helical, antiparallepp-sheet, paralleB-sheet,s-turn, and 8
random coil structures in A28% (Table 1) in accord with 2 5
the content of these secondary structures observed in the u

crystal structure of the tandem RRMs of hnRNP A&P)( 4 T T T T

The CD spectra of the Gly-rich C-terminus of hnRNP A2 0 0 100 150 200 250
could be reproduced in several different refolding experi- [A2"] (M)
ments. However, the secondary structure of this domain wasFIGURE 3: (A) Formation of an A2RE11A2' 18 complex
more difficult to determine as this region is not homologous Monitored by CD. CD spectra were recorded for free A2RE%] (-

i tablished structural motif. Direct CD t and A2RE11-A21-18 complexes. The complexes were dissolved
0 any established structural mout. Lirec measurements;, 5 solution of 250 mM potassium phosphate (pH 6.6) at a RNA

of the isolated A%? 34 polypeptide at wavelengths below  concentration of 26%M. Protein was added to achieve a RNA:
190 nm, which are required to accurately deternfirstruc- protein molar ratio of 3:1 (- - -), 2:1:(-), or 1.16:1 ). Data were

ture, were limited by the high concentration of buffer salts collected as described for Figure 2A. (B) The change in CD at 268

required to maintain its solubility. However, analysis of nm, influenced by inter- and intramolecular base stafking, plateaus
. . at a protein concentration equivalent to an A2RE11:A% molar
spectra obtained down to 190 nm (Figure 2B) suggested the g¢iq of 2:1.

presence off-structure, based on previous observations

which correlate a low absolute value of negative ellipticity \ith a maximum at 268 nm. Upon addition of A289, this

at 200 nm withs-turn content 43, 44). Qualitatively, the  peak became more symmetrical, extending through to 245

spectrum also resembles that of a Gly-rich sequence frompm and the magnitude of the maximum decreased (Figure

nucleolin, previously shown to contain regionsestructure 3A). Such changes have been observed in other RRMA

(3D). complexes and can be attributed to the formation of
The CD spectrum was recorded down to 178 nm for wild- intermolecular base stacking interactions (reviewed id4gf

type hnRNP A2 (Figure 2C) and deconvoluted by variable such as those formed between aromatic amino acid side

selection. Thex-helical secondary structure content deduced chains on the protein and RNA nucleotide bases.

from the CD data for the full-length protein was 31 3 The changes in the CD spectra near 270 nm are also

residues compared with 48 4 residues for A28 (Table  consistent with the proposed stoichiometry of the-A%—

1). This difference suggests that there are few, if any, helical A2RE11 complex. Titration of the free RNA solution with

residues in the GRD. By contrast, even allowing for some A21-189 showed that no further change in the magnitude of

uncertainty in the calculation of the numbers of residues in the CD at 270 nm occurs beyond a RNA:protein ratio of

B-sheets ang-turns, we find there is strong evidence for a 2:1 (Figure 3B). We have previously shown by other methods

substantial content of such residues in the GRD. The sumthat hnRNP A2 binds A2RE11 with K4 near 50 nM for

of the number of3-sheet angs-turn residues in the A21%° the sequence-specific site an@50 nM for the nonspecific

polypeptide was calculated to be 79, compared with 191 suchsite ). Therefore, at the RNA and protein concentrations

residues in the wild-type protein. The “coiled” residues are used in these CD experiments, the data support our previ-

approximately evenly distributed between the two segmentsously proposed two-site binding model based on resonant

of the protein. mirror biosensor and UV-cross-linking electrophoretic mo-
CD of the A218—A2RE11 Complexe€D spectrawere  bility shift assays %).

recorded for the A2RE11 RNA and for complexes of  Sedimentation Equilibrium of the A2RE1A218 Com-

A2RE11 bound by A28 with RNA—protein stoichiom- plex. The stoichiometry of the A2REHA21718° complex

etries of 1:1, 2:1, and 3:1 (Figure 3A). The spectrum of was further investigated using equilibrium analytical ultra-

A217189 showed no optical activity above 240 nm (data not centrifugation (Figure 4). An iterative calculation was used

shown), suggesting that changes in the spectra of theto calculate the equilibrium meniscus concentration and an

complexes above this wavelength primarily reflect changes M, for the A2RE11-A2118° complex of 30.14 1.2 kDa.

in the RNA component. In the A2RE11 spectrum, a positive This M, was in agreement with the presence of a heterotrimer

CD peak was observed over the range from 250 to 295 nm, consisting of one molecule of A2!#° and two molecules of
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FiGure 4: Sedimentation equilibrium analysis of the A2RE11
A217189 complex. The complex was formed by addition of 2.3 mol
of A2RE11/mol of A2-189 The solid line in the bottom panel
indicates the best fit to a single-molecular mass species in solution.
The top panel indicates the residuals for the best fit curve.

7.05

71 7.15

the A2RE11 (theoretical mass of 29.3 kDa). We also applied
W-function analysis 36) to these data and determined that
the predominant species (90%) in a 2.3:1 (molar ratio)
solution of A2RE11 and A28 had anM, of 29.04+ 1.2
kDa.

We found no evidence of the formation of dimers or
higher-order aggregates for either the A2RERR!18°
complex or the A28 protein in the absence of RNA, which
was determined by sedimentation analysis to havislaof
21+ 0.8 kDa (theoretical mass of 20.8 kDa; data not shown).
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Additionally, these experiments, along with earlier d&g (
indicate that little of the protein or A2RE11 is misfolded or
modified to an extent that interferes with complex formation.

Homology Modeling and Molecular Dynamics Simula-
tions.In the absence of any experimental three-dimensional
structural information for hnRNP A2, we used a modeled
structure of the A28 fragment (Figure 5A) to further
investigate structural determinants expected to dictate the
mode of recognition for A2ZRE11. The model was built using
homology modeling and a three-dimensional template struc-
ture of the human UP1 fragment of hnRNP Afl, 22, 38,

45), the sequence of which is approximately 80% identical
with that of the corresponding segment of hnRNP A2. The
three-dimensional structure BrosophilaSex-lethal protein
was also used to identify conserved structural elements. As
a result of the high level of sequence identity between UP1
and AZ-18 many of the structural elements were conserved
in the A2 model, including turns and hairpins located in the
interconnecting loop regions of the RRMs. Residues81
and 178-189 could not be modeled because of a lack of
sequence identity with known three-dimensional structural
fragments.

The secondary structure observed in the three-dimensional
model of the hnRNP A2 RRM concatemer agreed well with
the structure predicted for this fragment by deconvolution
of the CD spectra (Table 1). All secondary structure contents
calculated from the CD spectra were within two standard
deviations of the structure content observed in the model.

Determinants of A2RE11 RecognitioBing et al. ()
previously identified two pairs of amino acid residues in the
UP1-telomeric DNA repeat crystal structure that form four
inter-RRM salt bridges. These residues are conserved in
hnRNP A2 (Arg70, Arg83, Asp150, and Asp152; see Figure
5B) and in our model form similar contacts. We performed

A
B
Ula A -M}\VPETRPNHTIEIELM IKKDELKKSLYATFSQFGQILDILVSRSA M-~ -DeFARVI FKEVS SATNALRSMOGFPFY DI PMR T SVA T~ — - IAKMK 98
uzB” 1 ----MDIRFNHTI Imm--i;-l-'t ELKRS LYALFSQFGHVVD IVARK M M—— -1 4VIFKELGSS TNALRQLOGFPFYGKPMRIQYAKTD-——SLIISKMR 95
Huel 1 MVEGSESTTPFNLIGNLNPNKSAELIVAISELFAKNDLA T S = FESAEDLEKALELTG-LKVFGNEIKLIKPIGR-DE 90
8x1 124 ========= NT.ELI\n"'LP’-m- - -TDRELIBLFRRIGPINTCE IMRDYKTGY)| !Aﬂv“rrsmmsqnummzrvmﬁuﬂvs xhap’e‘--- 204
HuD 37 ——---——- SKT, LI“ﬁLPE.’*IM————TQEEERSLNSIGEIESC- LVRDKITGOSLGY G !IDPKDAEKAINTLNGLRLQT#IEVSY -PE——— 118
PABP 11 =========- Aﬁ:ﬁvml.ﬂpnv————wmwxrspmpns:g RD IMSMTQQPWMDW‘DVIKGKMI%———" 20
uPl 7 ---PKEPEFLR L IGELSFET----TDESLRSHFEQWETLTECVVIRD PNTKRS; 536 VT YATVEEVDAAMNAR PH-KVDGRVVEP AN sTED 95
Az 1 ME--REKEQFRELFIGGLSFET----TEESLRNYYEQWGKLTDCVVMRDPASKRSRGFGEFVTE EVDAAMARRPH-5IDGRVVEPKRAVAREES 90
e e W e i
==  SETTMNESAIR 6 L > C smneC) —
Nucl 91 ---[IiVRAARTLY LSFNI----TEDELKEVFED---ALZI qgﬁ——cxsﬁea.\i?msmmmqum:——Dsnsvst.:ruenm 172
sxl 205 GESIK---DTLyVTILPRTI----TDDOLDTIFGKYGSIVEK ILRDKLTGRPHGWH HYNKREERQEATSALNNVIPEGGSQPLSVRLA 289
HuD 119 SASIR---DAJLIVSGLPKTM----TQKELEQLFSQYGRIITS,ILVDQVTGVSGVGE, I FDKRIEAEEATKGLNGOKPSGATEPT TVIFL 203
PABP 91 PSLRKSG-VG ILIILDKSI----DNKALYDTFSAFGNILICKVVCDE--NGS EIcuV FETORAARRAT EKMNGMLL - ~NDREKVGVGTL R 179
UP1l 96 QRPGALILTVE I G DT----EEHHLRDYFEQYGKIEVIEIMTDGSG! 38 I VTFDDHDSVDKIVIQKYH - - ~TVNGHNCVELAISTOEYASAS 190
Do 181 ======== VE, IggVGGLspnm----pgsKIm:YFGGFGEVESIEme-mm; FCI TFKEEE PVKK IMERK H - - ~NVGLSKCZIVilDS 259
a2 91 GKPGAHVIVKKLFVGGIKEDT----EEHHLRDY FEEYGKIDTIEIITDROSGKKRGFGFVIFDDHD PVDKIVLOKYH -~ ~TINGHNAEVRKALS 177

e e e e e e e e e

Ficure 5: Three-dimensional structure of the A2RE11-binding domain of hnRNP A2 and conserved RNA-binding residues. (A) The
homology model of the N-terminal, A2RE11-binding region of hnRNP A2 contains two copies of the RRM. In this orientation, the RNA-
binding 5-sheet platform faces out of the page. (B) Sequence alignment of RRMs that have been cocrystallized with short oligonucleotide
ligands. Asterisks denote the RNP-1 and RNP-2 consensus sequences. Gray highlighting denotes residues that interact with the cognate
nucleic acid in the structure of each complex. Cartoons above the amino acid sequences represent secondary structure. The PDB entries are
as follows: 1URN for U1A, 1A9N for U2B, 1FJE for nucleolin, 1B7F for Sex-lethal, 1G2E for HuD, 1CVJ for poly-A binding protein,

and 2UP1 for unwinding protein 1.
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A 8 direction (with the protein oriented from the N- to C-
terminus) was preferred. Furthermore, the intermolecular base
stacking interactions described above were most energetically
favorable when RNP-1 and RNP-2 aromatic side chains
stacked with the A8G9 and C2C3 dinucleotides for RRMs-1
and -2, respectively (Figure 7). Interaction of an AG
dinucleotide with RRM-1 was also observed in the BP1
R T T telomeric DNA complex, further justifying the positioning
2 " " of the A8G9 dinucleotide in the Phe12/Phe54 binding pocket.
0 Tiioe (05) 100 The C2C3 and A8G9 dinucleoctides in this complex are also
separated by a four-nucleotide linker sequence, consistent
with the observations presented in Table S1, and in accord
with the positioning of the C2C3 dinucleotide in the Phe103/
Phe145 binding pocket. Thus, sequence-specific binding of
A2RE11 by hnRNP A2 appears to involve base stacking
between A8G9 and Phel2/Phe54 on RRM-1 and between
C2C3 and Phel03/Phel45 on RRM-2.

In the model, the RNA molecule lies across jhsheet
platform and forms extensive contacts with the inter-RRM
linker. This observation is consistent with several previous

Time (ps) exa][nples_ in which intler-fRRMh Ili_nkeii;kadqpt a o!efined

) . o - conformation as a result of such liganlihker interactions
,ﬁ'fg%E3‘8C'{‘rj;'t'gﬁf{}ﬁgﬂ;gg;‘f&gf_RN“ﬂ ?]_O)bg:rt,)é' ((QZA_S,S,ES (4§—49). The binding platform is relatively elgctroposit_ive
(- - -) bond lengths. (B) Asp152Arg83 electrostatic interactions: ~ (Figure 7A) as expected for a surface binding negatively
00-2—NH-1 (—) and @-1—NH-2 (- - -) bond lengths. charged RNA. Significantly, the structure proposed here
differs from those previously described for complexes of

a molecular dynamics simulation to determine the relative Sex-lethal and HuD with their cognate RNAs. In these
stability of these interactions, as they were predicted to structures, strands 4 and 2 of RRM-1 and -2, respectively,
significantly restrain inter-RRM movement. Three of the four Jie closest to one another. By contrast, in the structures of
bonds that were monitored (Figure 6) were found to be hnRNPs Al and A2, the second RRM is rotated °1&@h
relatively stable and maintained an appropriate bond lengthrespect to the first such that the same strands (strand 4) of
for electrostatic interaction (typically 2:2.8 A), suggesting  the two RRMs are juxtaposed. This arrangement prevents
that there is restricted inter-RRM mobility in the structure the inter-RRM linker from looping away to one side of the
and that substantial rearrangement of the two RRMs upon s-sheet binding platform, and instead, the RNA is positioned
RNA binding is unlikely. By contrast, some other cocrystal beside part of the inter-RRM linker. This difference in
structures of tandem RRMRNA complexes such as those  binding mode, in addition to the presence of inter-RRM salt
involving HuD and Sex-lethal, in which the two correspond- bridges, is consistent with the reduced degree of conforma-
ing salt bridge Arg residues on the N-terminal RRM are not tional change anticipated for hnRNP A1 (from the cocrystal
conserved, show significant relative reorientation of their structure) and hnRNP A2 (from molecular dynamics),
RRMs upon ligand binding4@, 47). compared to HuD and Sex-lethal§ 47), on binding

A further search for conserved nucleic acid-binding oligonucleotides.
residues revealed that only two interactions are conserved
across almost all RRMRNA complexes (Figure 5B). A pair  DISCUSSION
of hydrophobic (usually aromatic) amino acid residues - - ) _
juxtaposed on strands 1 and 3 of fBesheet surface form The sequence-_specmc recognition of the_ms-actmg_ A2RE11
base stacking interactions with the nucleic acid. In tandem Py hnRNP A2 is necessary and sufficient to direct the
RRM—RNA complexes, these interactions have been ob- localization of myelin basic protein mRNA in oligodendro-
served for both RRMs, with the two hydrophobic side chains cytes €). A2RE-like elements have also been found in a
on both RRMs forming dinucleotide-binding pockets. In all number of other eukaryotic nRNA8(), and the localization
but one Case4@), these hydrophobic residues bind two of AZRE'Containing transcripts has also been demonstrated
dinucleotides separated by a sequence, conserved in lengttin neurons 20), suggesting that hnRNP A2 may form part
of four nucleotides (Table S1 of the Supporting Information). Of & generic cytoplasmic RNA trafficking pathway.

The model is consistent with the conclusion drawn from the  Sequence analysis identifies two RRMs in the N-terminus
CD spectra, recorded over 25800 nm, that association of of hnRNP A2, in accord with the CD and homology
A21-18 with A2RE11 is accompanied by an increase in the modeling data we have presented. We have previously shown
level of intermolecular base stacking, that this region of hnRNP A2 (with the inclusion of 10 amino

Model for the Specific Recognition of A2ZRE11 by A2 acids immediately C-terminal to the second RRM A7)
have proposed a model structure for the complex formed retains full binding capacity for A2RE112). This protein
between A2718% and a single A2RE11 oligomer bound in segment possesses two A2RE11-binding sites: one site is
the sequence-specific binding site (Figure 7). Initial in silico sequence-specific and the second accommodates any RNA
experiments using Genetic Optimisation of Ligand Docking sequenceZ, 9). The former site has &4 near 50 nM for
(42) indicated that binding of the RNA in the' 30 5 A2RE11 binding, while the latter has k& near 200 nM.

Bond Length (A)

Bond Length (A)

0 50 100
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FIGURE 7: Computational three-dimensional model of an A2REAR'18 complex. (A) Stereogram of the complex with the protein

heavy atom backbone and the Connolly surface of the RNA (dotted surface). The secondary structure rendering of the protein highlights
the location of the extendggtsheet platform, as well as the centfastrands where the conserved dinucleotide binding pockets reside. (B)

The same complex with the protein rendered as a Connolly surface, colored according to electrostatic potential, where red indicates
electronegativity and blue electropositivity. The orientation and scale of the complex in panels A and B are approximately the same. (C and
D) The phenylalanine residues of hnRNP A2 at positions 12 and 54 of RRM-1 and positions 103 and 145 of RRM-2 are highly conserved

and are the only residues that bind RNA in all structurally characterized complexes. In this model, the RRM-1 pocket (C) accommodates
nucleotides A8 and G9 of A2RE11 and the RRM-2 pocket (D) accommodates C2 and C3.

We have now examined the stoichiometry of the complex other properties: they have some in common and others that
formed between A2 and A2RE11 using CD and sedi- differ. Examples of the latter are their differing affinities for
mentation analysis and confirmed that two oligonucleotide A2RE/A2RE11 P) and effects on cell proliferatiorb().
molecules are bound per protein molecule, forming a We have identified several likely influences on the
heterotrimer. There was no evidence of formation of larger sequence-specific recognition of A2ZRE11 RNA by!AZ®,
protein aggregates, in contrast to the cocrystal structure ofComparative analysis of all RRWRNA complexes of
UP1 with telomeric repeat DNA in which the protein formed known three-dimensional structure revealed two interactions
dimers that bound two oligonucleotide$).( Thus, these in each RRM that are common to all structures. These
complexes differ despite the high degree of sequence identityinvolve a pair of conserved hydrophobic (usually aromatic)
(~80%) and structural similarity (see above) of the RRM amino acid residues residing @ghstrands 1 and 3 stacking
domains of the hnRNP Al and A2 paralogues, and the with nucleotide base rings on the RNA. These two amino
expectation that the binding determinants in the UP1 structureacid side chains frequently combine with variable surround-
would not be influenced by substituting the DNA for RNA ing side chains to form a dinucleotide-binding pocket that
(2). This difference between hnRNP Al and A2 parallels forms the basis for recognition of the RNA. Such an
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interaction is feasible for the hnRNP AZA2RE11 complex. three-dimensional model presented herein is consistent with
Our CD data (Figure 3) also suggest that base stackingthe published structures of other tandem RRRNA
contacts are strongly involved in the intermolecular recogni- complexes, our in silico experiments, and other biophysical
tion of A2RE11 by A28, data presented here and elsewh&e9( 13).

In proteins where tandemly arranged RRMs recognize
single-stranded RNAs, the pairs of nucleotides bound in the ACKNOWLEDGMENT
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