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ABSTRACT. ALY is a ubiquitously expressed nuclear protein which interacts with proteins such as TAP
that are involved in export of MRNA from the nucleus to the cytoplasm, as well as with proteins that bind
the T cell recepton. gene enhancer. ALY has also been shown to bind mRNA and to co-localize in the
nucleus with components of a multiprotein postsplicing complex that is deposited42fucleotides
upstream of exorexon junctions. ALY has a conserved RNA binding domain (RBD) flanked by Gly-
Arg rich N-terminal and C-terminal sequences. We determined the solution structure of the RBD homology
region in ALY by nuclear magnetic resonance methods. The RBD motif in ALY has a characteristic
P10ufi2—P30204 fold, consisting of g3 sheet composed of four antiparalfgistrands and twa helices

that pack on one face of thgsheet. As in other RBD structures, thesheet has an exposed face with
hydrophobic and charged residues that could modulate interactions with other molecules. The loop that
connects3 strands 2 and 3 is in intermediate motion in the NMR time scale, which is also characteristic
of other RBDs. This loop presents side chains close to the exposed surfacgathtbet and is a primary
candidate site for intermolecular interactions. The structure of the conserved RBD of ALY provides insight
into the nature of interactions involving this multifunctional protein.

ALY (ally of AML-1 and LEF-1 proteins) (1), also known RNA binding activity and may act as an RNA chaperone by
as REF1-lI (RNA and export factor binding-12)(and BEF modulating the formation of RNAprotein and RNA-RNA
(bZIP enhancing factor)3], is a nuclear protein which was complexes 2, 4). Recently, it was reported that ALY is a
originally proposed to play an essential role in the activation component of the general mRNA export machin&jy ALY
of the T-cell receptoa. gene (TCR) enhancer by interacting  co-localizes with splicing factors in the nucleus, shuttling
with the transcription factors AML-1 and LEF-1)( Other between the nucleus and the cytoplasm to increase the rate
studies have shown that ALY exhibits chaperone function. and efficiency of mRNA export@). ALY is found in a
Through direct interaction with basic region-leucine zipper multiprotein postsplicing complex, also known as the exon
(bZIP) transcription factors, ALY enhances binding of bZIP junction complex (EJC)7) with SRm160, DEK, RNPS1,
factors to DNA @). Since the TCR enhancer contains a Y14, and Magohg, 9). ALY interacts with pre-mRNA prior
binding site for the ATF family of bZIP proteins, ALY may  to spliceosome assembly, and during or after spliceosome
be an important factor in facilitating the formation of a higher formation, Y14, DEK, SRm160, and RNPS1 associate at the
order nucleoprotein complex on the TE&Rnhancer. —20 to —24 region of the 5exon and remain stably bound

ALY is a member of the REF family of proteins and to mRNA without apparent preference for a particular RNA
interacts with the mRNA export factor TAP, facilitating its  sequence? 8). This postsplicing complex tags mRNAs for
interaction with cellular mMRNASsZ; 4). ALY itself exhibits nuclear export and surveillance during which mRNAs with

truncated open reading frames are detected and subjected to
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the National Institutes of Health and by the Skaggs Institute for promoted by interaction with hUpf3, which joins the complex
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Ficure 1: Multiple sequence alignment of the RBD domain of mouse ALY/mREF)-&(d flanking sequences against the corresponding
sequences of human (lkemo sapiensALY (76), mouse (mmMus musculusREF1-11 (2), mouse REF2-12), yeast (scSaccharomyces
cerevisiae) YRAL (77), Arabidopsis thaliangat) DIP1 and DIP271), Schizosaccharomyces pom(sp) MLO3 (72), human Y14 78),

human U2B-RBD1 (63), human U1A-RBD1%5—58) and RBD2 §9), Drosophila melanogastdids) SXL-RBD1 60, 61) and RBD2 61,

62), mouse PABP1-RBD1 and RBD®4), human HuD-RBD1 and RBDZ27(), human hnRNPA1-RBD167/—69) and RBD2 68, 69),

human nucleolin-RBD1 and RBD®%, 66), and human TAP-RBD. Secondary structural elements based on the AtMZ7structure are

denoted on the top of the alignment. Strands are in purple and helices in magenta. Black boxes denote the conserved RNP1 and RNP2
submotifs (cyan). The alignment was created from WU-Blast2 alignments and structured-based alignments for sequences with a structure.
The residues are highlighted in green (aliphatic), yellow (Ala, Gly, Pro), and purple (aromatic). Charged side chains are denoted in blue
(positive) and red (negative).

Y14 binds preferentially to spliced mMRNAs and is stably MATERIALS AND METHODS
bound to sequences immediately upstream of exwn
junctions. It appears to provide a position-specific molecular ~ Preparation of Protein SampleSthe RBD homology
memory that communicates to the cytoplasm the location of region (residues 77182) of mouse ALY was cloned into
exon and intron boundaries. Y14 co-immunoprecipitates with the T7 expression vector pET23g((Novagen, Wisconsin).
ALY from the nucleus. This complex is resistant to RNase The protein was expressed kischerichia coliBL21(DE3)
A treatment, suggesting that Y14 and ALY bind to each other cells harboring the vector, as well as the pUBS520 vector
through proteir-protein interactions instead of through containing the dnaY gene (tRMBacancs), at 37 °C in
tertiary interactions with mRNA12). minimal media. Cells were induced with 1 mM isopropyl-

Recent studies have shown that ALY interacts with the 1-thio3-p-galactopyranoside (IPTG) between 0.7 and 0.8
conserved DEAD-box helicase UAP56, which functions ODgq incubated at 28C and harvested after 1.2 h when
during spliceosome assembly. It is has been suggested thaghey reached OF, = 2. The cell pellet was resuspended in
UAP56 recruits ALY to the spliced mRNAprotein complex 50 mM Tris-HCI, pH 7, 0.1 M NaCl, 1 mM phenylmethyl-
coupling splicing and expor.§). ALY and UAPS6 associate  sylfonyl fluoride (PMSF), 2 mM EDTA (ethylenediamine
with proteins that form part of a transcription/export complex tetraacetic acid disodium salt), 1% NP-40 (nonaethylene
(TREX), which is recruited to activate genes during tran- givcq octyphenyl ether), and 100 mM DTT (dithiothreitol).
scription and travels the entire length of the gene with RNA 114 cells were lysed after sonication &t@and centrifuged,
polymerase Il during transcriptional elongation. '_I'he TRE_X and the supernatant containing ALY7I82 was passed
frgr:s;ﬁxtiﬁﬁptiarrﬁRtl:l) Ah:)\(/eor?l(zgonserved role incoupling throudh a 5 mLHi-Trap Q column (Pharmacia) equilibrated

AIthoEgh ALY is cIearI;impor'tant for mRNA splicing in 10 mM MES bufter, PH 6. The flow through was pgrified
and export and also for enhancing transcription activation by FPLC using 5 mL Hi-Trap SP columns (Pharmacia), and

the target protein was eluted with a NaCl gradient. The eluted

by several nuclear factors, the details of its function are notf i trated usi Centri 3 (Ami
well understood. The available evidence suggests that ALY ractions were concentrated using a Centriprep-3 ( _m|con)
and loaded onto a Superdex-75 column (Pharmacia). The

forms an interface for proteifprotein interactions and also . ) ) ) .
binds MRNA. As a step toward understanding the function purity of the isolated protein was determined by Coomassie

of ALY at the molecular level, we have determined the three- 9radient SDSPAGE (Novex, Invitrogen), analytical reversed-
dimensional structure of residues Ser77 to Ser182 of mousePhase HPLC, and electrospray mass spectroscopy. Pure
ALY (ALY77 —182) encompassing an RBD (RNA binding fractions were concentrated to 0.5 mM and exchanged into
domain), also known as RNA recognition motif (RRM), or the NMR buffer (20 mM Tris-HCI-d8, pH 6.5, 100 mM
ribonucleoprotein (RNP) domain homology region (Figure NaCl, 0.2 mM EDTA, 0.01%Nakand 10% DBRO) in a

1). The three-dimensional structure provides insights into the Centriprep-3 concentrator (Amicon, Inc.). ALY was uni-
potential sites of interaction of ALY and allows us to make formly labeled with'*N and/or *3C by growing cells in
some predictions regarding the nature of its specific interac- minimal medium with ¥™NH,),SO, or *>NH,Cl and/or*3Cs-

tions with either proteins or ribonucleic acids. glucose as sole sources of nitrogen and carbon.
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NMR SpectroscopyAll NMR spectra were recorded at
23 and 16°C on Bruker AMX-I and -Il 500 MHz, DRX

Paez-Alvarado et al.

Stereospecific assignments oG resonances were made
by qualitative assessment &fq,1s and 3Jy,1z couplings,

600 and 800 MHz spectrometers. Data were processed usingvith confirmation from inter and intraresidue NOEs. Ste-

NMRPipe and NMRDraw 15) and analyzed using NMR-
VIEW (16). Backbone resonances of ALY were assigned
sequence-specifically from 3D HNCAT), HN(CA)CB (18),
CBCA(CO)NH (@9), and HN(CO) R0) data. Side chain
assignments were determined from 3D C(CO)NH-TOCSY
(21), HC(CO)NH-TOCSY 21), N-edited TOCSY 22),
HCCH-COSY @3), CCH-COSY 4), HCCH-TOCSY @3),
2D-*C-HMQC, DQF-COSY 25), and'H-'H-TOCSY (26)
spectra. The results from tAeN-NOESY-HSQC 22), 13C-
NOESY-HSQC 27), 1>N/**C-NOESY-HSQC 28), and*:C-
HMQC-NOESY @9) spectra allowed determination of the
topology of ALY77—182. Secondary structural elements and
topology were determined from a combination of, K%,

C?, and C secondary chemical shift analysis and identifica-

reospecific @H, assignments were made for 21 of the Asp,
Asn, GIn, His, Leu, Ser, Tyr, and Phe residues, gnahgles
were determined from analysis of the HNHBS|, DQF-
COSY @5), and HACAHB-COSY 89) spectra and re-
strained to one of the three staggered rotameric conformations
y1= —60 (+£40)°, 60 (40)°, or 180 &40)°. Stereospecific
assignments for 4 Vat-methyl and 4 Lew-methyl groups
which were not obscured by overlap were determined from
the NOESY data. The angles of the peptide backbone were
constrained to 180410)° for all residues in the AMBER
calculations. Stereospecific assignments for several of Val
residues were obtained by a combination of NOESY data
andC-{13CC} (40) and**C{*>N} (41) spin—echo differ-
ence CT-HSQC specitra.

tion of unambiguous NOEs. Secondary chemical shifts were Structure CalculationsStructures were generated from

calculated using published random coil values féy, B,

C?, and C nuclei 30). 'H, N, and3C resonances were
externally referenced relative to 2,2-dimethyl-2-silapentane-
5-sulfonate (DSS) (0 ppm) using the ratios 0.251 449 530
and 0.101 329 188 for*C and 1°N, respectively 31).
Appropriate corrections to the random coil shifts were made
for residues preceding a proline resid3@)( Heteronuclear
{*H}-N steady-state NOE experimen8s) were recorded
with a recycle delay 6 s for the reference spectrum, while
for the spectrum recorded with presaturatiar3 srecycle
delay followed ly a 3 s period of 'H saturation was
employed.

Distance Restraintdnterproton distance restraints were

determined from cross-peak intensities. Distance restraints

of 2.7, 3.3, 5.0, 6.0, and 6.5 A were employed for cross-
peaks of strong, medium, medium-weak, weak, and very
weak intensity, respectively, in the shared time 38/3C-
NOESY-HSQC 28), 5N-NOESY-HSQC 22), 2D homo-
nuclear NOESY &4), and*C-HMQC-NOESY @9) spectra.

An additional 0.5 A was added to the bounds for NOEs
involving methyl protons 35), and standard pseudoatom
corrections for aromatic protons and for residues with
degenerate geminal methylene proton resonances were a
plied. Hydrogen bond restraints were derived for residues
in the S sheet from a combination of NOE and amide proton
exchange data.

Torsion Angle RestraintsTorsion angle restraints were
determined on the basis &¥nnq coupling constants from
the HNHA (36, 37) spectrum. Backbone dihedral angle
restraints were applied to 58 residues. Residues3diHq
< 4.0 Hz were constrained te120° < ¢ < —20°, and
residues wittfJyn,Ha > 8.0 Hz were restrained to 170° <
¢ < —70° in both DYANA and AMBER structure calcula-
tions. In additiong/y dihedral angle restraints were added
for residues identified as occupyirgor 3 regions of the
Ramachandran plot based on theit, %, H* and C
chemical shifts. Residues identified in tleeregion were
restrained to-120° < ¢ < —20° and—80° < y < 20°, and
residues defined in thg region were restrained te 170°
< ¢ < —70° and 60 < y < 18C°. Nonglycine residues
without experimentally determineg@ restraints were re-
strained to negativg angles, unless secondary €hifts
suggested the possibility of a positigeangle.

random atom coordinates using DYANAZ) and were
further refined with steps of torsion angle dynamics and
energy minimization using AMBER 6 and 43). An initial
1700 randomized starting structures were generated. A total
of 701 experimental restraints were used for the initial
DYANA calculations. The structures were refined with 4000
steps of torsion angle dynamics, ending with 1000 steps of
energy minimization in DYANA. Of the 1700 structures,
656 structures with target functions less than 0.2 kcal/mol
were selected for further refinement in a vacuum using
AMBER 6.0 @3). Structures were refined using a total of
1141 unambiguous interproton distance restraints. The net
charges on the charged side chains and the N and C termini
were reduced to 20% of their normal value. Structures were
subjected to 2000 steps of energy minimization followed by
four cycles of vacuum simulated annealing from 1000 to 6
K, 20 ps each, followed by a final 2000 steps of energy
minimization. The vacuum simulated annealing involved an
initial heating of the structures to 1000 K over 2 ps, followed
by 4 ps of molecular dynamics calculations, and a final
simulated annealing protocol where the temperature was
reducedd 6 K during 12 ps. The temperature was lowered
with 7 held constant at 2.0 for 5 ps, then at 1.0 for 5 ps, 0.5

Pror 2 ps, and finally at 0.05 for the remaining 2 ps. Each

round was of a duration of 20 ps, consisting of 20 000 steps
of 1 fs each. Experimentally determined distance and torsion
angle restraints were applied with force constants of 50 kcal
mol-* A-1 and 150 kcal mof' rad2, respectively. The force
constant associated with the chirality restrainésdihedral
angles) was 150 kcal nidirad™2. The experimental restraints
were introduced into the calculations progressively, to ensure
maximum sampling of conformational space, by increasing
their weighting from an initial value of 0.1 to 1.0 (normal
level) over the first 14 ps of the AMBER calculations.

The 200 structures with the lowest restraint and AMBER
energies were subjected to further AMBER refinement
cycles. Finally, a family of 92 structures, selected on the
basis of restraint violation energies and AMBER energies,
was refined in AMBER 7 using the generalized Born (GB)
continuum solvent model@, 45). The AMBER 7 calcula-
tions involved an initial heating of the structures to 1000 K
over 4 ps, followed by 4 ps of molecular dynamics
calculations, and a final simulated annealing protocol where
the temperature was reduced ® K during 12 ps. The



Structure Determination of the Nuclear Factor ALY

Biochemistry, Vol. 42, No. 24, 2003351

100f G172
L)
Glos
<
105+ 0129
G115 TU::;
o (19.0(}93 G97
Gl46
110+ e 09& — G142 5 Qe g -
G9% -~ = -Haz
G104 = iy
s NULHE: e Niesdes Q8lHE
N 15} DS swa1 Fizg
m <o NIl Mie2z L1359
pPp o S T :-_-pem Q164
GIGT% L 93 K163 D’I_2t0'r K133 bist Arg
Al36 5144 L145-9V136 @ 121 u—*led O =)
o = NlﬁﬁéA”gHss‘a—VlOl@ G .
120f S110 me”gmﬁ_gsd' —F95 AlLs8
= L = D1 _R8% R
o & Q122
;:'373 A]lz%se""" 90
i3 g Esm ué‘a‘:
i
125¢ - ug&j L]-,,gﬂé\? S A9 V168
%é]; L2 R]40-E:!L] 70
= E102
H151 K'Uf’ o nﬁj
KIs5 ©
130} o o < Al34
WE6-Hel o171 o L131
V109
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0
"H ppm
Ficure 2: 1H-15N HSQC spectrum of ALY7#182 recorded at 800 MHz. The * corresponds to Leu82 preciding cis-Pro83.
experimental restraints were introduced into the calculations Lo o o2 B e U5 B

progressively by increasing their weighting from an initial
value of 0.0-1.0 over the first 12 ps of the calculations. A
final family of 32 structures was selected on the basis of
low restraint and AMBER energies. The quality of these
structures was determined using PROCHECK-NMB) and
PROMOTIF-NMR @7).

Coordinates and AssignmentResonance assignments

have been deposited in the BioMagResBank (accessmne
number 5764). The coordinates for the 32 structures have
been deposited in the Protein Data Bank (accession numbe

1NOS).

RESULTS AND DISCUSSION

NMR Resonance Assignments of ALYX82.The bound-
aries for the ALY77182 construct were determined from
previous domain mapping experiment$, (secondary struc-
ture prediction, and analysis of the expression and solubility
of different constructs with N-terminal and C-terminal
extensions. A construct composed of residues 182 of
mouse ALY (ALY77—182) exhibited the most favorable
solution properties. ALY7#182 was soluble to 0.5 mM
under high salt conditions (100 mM NaCl).

H-5N-correlated NMR spectrum of ALY 77182 exhibits
signals characteristic of a folded protein plus sharp over-
lapped resonances indicative of flexible regions (Figure 2).
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Ficure 3: Secondary chemical shifts plotted for,HC?, C?, and

C' nuclei of the ALY77182 protein. The cartoon on top of the
figure depicts the location of th@ strands andx helices.

ical Shift (ppm)

S
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ry

Seco

for many of the loop regions as well as the N-terminal
flexible region. Data were collected at two temperatures,
23and 16°C, and two pHs, 5.9 and 6.5, to assign resonances
that were in the NMR intermediate time scale, were
degenerate or in rapid exchange with the solvent. Side chain
assignments were made using triple resonance spectra. Most

Extensive backbone resonance assignments (93% of residues)f the aromatic ring protons were identified and assigned
were made using sequential connectivities observed in thefrom the double-quantum filtered COSY spectrum.

15N edited NOESY and triple resonance da&,(49). The

Elements of secondary structure were identified on the

backbone amide proton resonances of residues Arg78 andasis of the secondary chemical shifts of the 82, C?,

His137 were missing or broadened due to amide proton
exchange. Although chemical shift dispersion of the majority
of the backbone M protons is good, overlap was observed

and C nuclei (Figure 3) 80). This information combined
with NOESY data allowed the structure of the cenfraheet
to be defined (Figure 4).



7352 Biochemistry, Vol. 42, No. 24, 2003

Paez-Alvarado et al.

Classical C+ B-bulge
K132

/”YISQE\ )H\ /%BﬁN:_ii\N-jf_EN.)o&?I’H Bz

o H hing H H
Heen o w0 sk INER
N G146 yjomz | Nnmi) gt s ':m [ n.
7 IJ Nl NAMS‘( N SN P G RNPI
H Ho oHy O H M H-—;Hf{’% H
A H/T\ Tl U ool
N 108y | lsiog, 105
N EmN Y N %/N o~ =N [B1 «—rnP2
H O _H*™*H (o) He»H o) He+H
P L7 LTI
H H - H 0] H
e e 1 e Y B
B“N'ﬁn%’ nsl T n7ll N{ 175
/H H §7H e} —+ H
Ot S i
B Lt Ny N
P169 o &
Ho oL _H

G1G p-bulge

Ficure 4: Summary of some of the backbone NOE connectivities that define the topology fstieet in ALY77-182. The schematic
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Table 1: NMR Restraints and Structural Statistics for 32 Refined (a)

Structures

N(G105)

A. NMR Restraints

C(5182)

total NMR distance restraints 1141
distance restraints 1121
intraresiduei(i) 492
sequential|{ — j| = 1) 292
medium-range (K |i —j| < 4) 144
long-rangeli —j| > 4) 193
hydrogen bonds 10
total dihedral angle restraints 91
1) 58 i 0
Y 14 Y 4 L5
X1 19 =
B. Violation Statistics L3
number of NOE violations- 0.09 A 1
maximum NOE violation (A) 0.12 (b)
number of torsion angle restrairts2.5° 0 N(G105)
energies (kcal/mol)
mean restraint violation energy 0.930.22

mean amber energy

—4319.08+ 13.75

C. Average RMS Deviations from Ideal Covalent Geometry
bond lengths (A) 0.010% 0.0001
bond angles (deg) 2.080.03

D. PROCHECK Statistics fap andy (G105-S182)
GB vacuum

residues in most favored regions (%) 88.8 72.7
residues in additional allowed regions (%) 10.2 24.4
residues in generously allowed regions (%) 0.8 1.3
residues in disallowed regions (%) 0.2 15

Tertiary Structure DeterminatiorA total of 1141 experi-

(a) Stereoview of the backbone CC, N, O)

FIGURE 5:
superposition of the 32 structures of the ensemble Wittrands

mental restraints were used for structure calculations (Tablein purple,a helices in magenta and loops in gold. Only residues

Gly105-Ser182 are shown. (b) Stereoview showing a ribbon

1). Hydrogen bonds were included for slowly exchanging
amides in stretches of regular secondary structdrshget
only) where hydrogen-bond acceptors were unambiguous.generated in MOLMOL 79).
Of the structures calculated, 32 were picked which had

diagram of a @ trace of the lowest energy structure of ALY#7
182. Only residues Gly105 to Ser182 are shown. These figures were

converged to the lowest energies. The final family of 32

The structures were generated from random atom coor-

structures had no NOE violations greater than 0.12 A and ginates using DYANA 42) and refined with DYANA and

no dihedral angle violations greater than°2/A superposition

the program AMBER 6.0 in a vacuumg). Structures were

of the 32 structures is shown in Figure 5a. The backbone selected based on the lowest restraint and AMBER energies
atoms involved in secondary structural elements are well and submitted to several molecular dynamics cycles using a

defined in this family, with low RMSD from the mean

structure.

generalized Born continuum solvent model. The use of GB
potentials has been shown to improve the accuracy of
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Table 2: Difference in RMSDs between Vacuum Calculations and GB

vacuum GB
(RMSDs pairwise/RMSDs from mean]RMSDs pairwise/RMSDs from mean)

Residues G1055182 (A)

bb (N, C, C) 2.35+ 0.58/1.64+ 0.38 2.01+ 0.54/1.40+ 0.40

heavy (N, C, O, S) 3.06- 0.58/2.14+ 0.35 2 67+ 0.52/1.86+ 0.39
Helix 1 and 2 (S117#F128, R154-Y165) (A)

bb (N, ¢, C) 0.74+ 0.23/0.52+ 0.18 0.47+ 0.16/0.32+ 0.12

heavy (N, C, O, S) 1.68 0.27/1.17+0.18 1.394 0.20/0.97+ 0.11
S-Sheet (G105S110, L13+V136, T147-F152, N176-L179) (A)

bb (N, ¢, C) 0.88+ 0.17/0.61+ 0.12 0.56+ 0.14/0.39+ 0.10

heavy (N, C, O, S) 1.5% 0.21/1.08+ 0.13 1.22+ 0.22/0.85+ 0.17

calculated solution structures, giving similar results to explicit (a)
solvent calculations50). The restraint and angle violations
for the final family of structures improved after using the
generalized Born protocol. Structures from refinementina Pz
vacuum had a mean restraint violation energy of 4.0 kcal/
mol, whereas the structures after calculations with the GB
potential had a mean restraint violation energy of 0.93 kcal/
mol. Even more dramatic was the improvement in the quality
of structures assessed by PROCHECK-NMRB) (Table 2).
Statistics for residues in th¢ andy regions for residues
Gly105-Serl182 in the Ramachandran plot improved from
72.7% to 88.6% in the most favored regions (Table 1).
RMSDs for different regions of the structures improved
significantly (Table 2).

Tertiary Structure of ALY7#182. The structure of the
conserved RBD domain in ALY consists of fodrstrands
P1(Gly105-Ser110), f2(Leul3d1-Vall36), Sx(Thrld7—
Phel52), angi,(Asn176-Leul79) forming an antiparallel
B sheet. Two alpha helices (Serl17-Phel28) and.-
(Arg154-Tyrl165), almost perpendicular to each other, pack
against one face of th¢gg sheet (Figure 5b), making
hydrophobic contacts via the side chains facing inward into -
the B sheet. The exposed face of tfesheet (Figure 6a) via
presents to the solvent hydrophobic and charged side chains
that are potential binding sites for interaction with RNA and
other proteins (Figure 6b,c).

Two long loops facing the same side of the main fold,
L3(His137—Gly146) and Is(Asn166-Met175), have differ-
ent relaxation properties. The resonances of residues in loop
Ls are extremely broad, whereas those of residues in loop
Ls are sharp. Due to the broadness of the resonances, the
conformation of loop k could not be determined unambigu-
ously. The{*H}-*N heteronuclear NOEs for residues in loop
L; and Ls indicated that those loops are not fully flexible
(Figure 7). Loop Is consists of 10 residues that form a small
antiparallel 5 sheet between Glyl671eul70 (3)) and
Argl73—Metl75 (3,). Residues Aspl71 and Gly172 form
a type | g turn (51, 52). Residues Gly167, Vall68, and
Metl75 form a G1G typé bulge 63).

The N-terminal tail consisting of residues Ser77 to Glyl04 Ficure 6: (a) Ribbon diagram denoting the surface orientations
is highly disordered, as deduced from the secondary chemicaMwith respect to the & trace. Molecular contact surfaces of a low

shifts, the lack of medium-range and long-range NOEs restraint violation structure generated with MOLMOLY]. (b)

hot 1 15 : Surface representation denoting in green the residues with hydro-
and the{ "H}-“N heteronuclear NOEs (F'gl?“?s 3 and 7)'_ phobic side chains in the surface of ALY#182 and (c) Surface
Nevertheless, residues Asp84 to Phe95 exhibit some restriCrgpresentation showing the charge potential at the surface of

tion of motion, as indicated bf*H}-'*N heteronuclear NOEs  ALY77-182.

in the range of 0.20.2. Secondary chemical shifts from

Ser93 to Gly100 are consistent with sampling in the helical Comparison with Other RBD StructureBroteins that
region of ¢,y space (Figure 3). contain RBD domains can have single or multiple RBDs with

N(G105) C(S182)
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different types of recognition. In the case of ALY, the folding
topology for residues Gly105 to Vall80 is similar to that in
the structures of other well characterized RBDs that bind
RNA (Figure 5a,b) $4—70).

Strandsf; and 33 in ALY77—182 contain the conserved

Paez-Alvarado et al.

In known RBD structures, helices anda, are of similar
length, but the interhelix crossing angles vary fron? &0
12C°. The helices in the RBD2 of SxI (98 hnRNP C (90)
(54), hnRNP Al RBD1 and RBD2 (9794°), and nucleolin
RBD2 (98) are almost perpendicular with respect to each
other. In the case of ALY7+#182, the helicesy; and a,
have a crossing angle of 111 degrees, similar to that of the
RNA binding RBDs of U1A (106) and nucleolin (112). It
is interesting to note that the RBDs in Sxl and U1A that do
not apparently participate in RNA interactions have larger
crossing angles (12tand 119, respectively).

Loop Ls, which connects the second helixp, and the
C-terminal § strand,fs, exhibits low conservation among
RBDs (Figure 1). This loop in U2BRBD1 (63), hnRNP
Al RBD2 (69), U1A RBD1, and Sxl RBD2§1) makes few
contacts with nucleic acids. Loop; in ALY contains close
sequence and length similarities to loopih U2B" RBD1,
U1lA RBD1, PAB1 RBD2, and nucleolin RBD1 and RBD2.

rGlyl67, Prol69, Prol74, and Metl75 in ALY are identical

in U2B" RBD1 and U1A RBD1 (Figure 1). Also, residues
Vall168 and Leul70 are conserved hydrophobic in ALY, and
a conserved positively charged residue that makes contacts
with RNA in U1A RBD1 and U2B RBD1 is at the
conserved position of Argl173.

Even though ALY77182 is similar in fold to other RBDs
from other proteins, the surface residues of ALY RBD are
different from those conserved in other RBDs. These

RNP2 and RNP1 submotifs, respectively, indicated in Figure differences confer specificity in molecular recognition and

1. A particular characteristic of the RNP submaoatifs in the

may explain why ALY has different predilections for

sheet is partially conserved Phe/Tyr and well-conserved Phelinteractions. The backbone resonances of the residues within
Tyr residues at positions equivalent to Leu108 and Asp149 the RNP2 g,) and RNP1 §s) submotifs in ALY77-182

in ALY, respectively (Figure 1). In snRNP U1A RBD1 and

that are exposed to the surface (Aspl49, His151, Leul08,

U2B" RBD1, these aromatic residues make contacts with Ser110), at positions that are involved in RNA interactions

RNA and with each other. The absence of the highly
conserved Phe/Tyr in the ALY RNP1 submotif is charac-
teristic of ALY and its homologues and may indicate a
unigue mechanism of RNA binding by the RBD in ALY
like proteins.

S bulges within thes sheet have been found to contribute
to the specificity of protein and RNA recognitiofi.bulges
have been observed, for example Sistrandss; and 3, in
hnRNP C B4), 3, of SxI RBD2 62), and snRNP U1A RBD1
(55) but are not present in hnRNP A671—69). In ALY, a
classicg bulge is formed by Lys132 and Lys133 instead of

in other RBDs, are extremely broad, suggesting residual
mobility at the backbone level. Line broadening propagates
to residues within the submotifs whose side chains form part
of the hydrophobic core (Ala148, Vall50, and LeulQ7).

Implications for the Function of ALYL.he main region in
ALY77-182 that could facilitate RNA interactions is
composed of the exposed face of {hesheet and loop 4.
The opposite face exposes side chains in logthhat could
modulate hydrophobic interactions with another molecular
surface. It should also be noted that the N-terminal region
of ALY77—182 which corresponds to residues—7104 is

bulky hydrophobic and acidic residues as in the case of otherflexible and without regular structure. This N-terminal “tail”

RBDs such as SxI RBD2 and snRNP U1A RBD1 (Figure

contains several aliphatic and aromatic side chains that could

1). The presence of two positively charged side chains atalso modulate interactions.
these positions is characteristic among close homologues of ALY77—-182 possesses the conserved RNP1 and RNP2

ALY such as DIP1, DIP2, the ALY yeast homologue-YRAL,
and the yeast protein MLO3 (Figure 1), which have unique
functions.

Residues in the loopdand on the surface of thesheet
are poorly conserved among RBDs of known structure
(Figure 1). ALY77-182 contains nine residues betwg#n
andgs, compared to five residues in U1A RBD2, six residues
in nucleolin RBD2, seven residues in ULA RBD1 and U2B
RBD1, eight residues in PABP RBD2 and nucleolin RBD1,
10 residues in hnRNP A1 RBD1 and RBD2, SxI RBD1 and
RBD2, HUD RBD1 and RBD2, and PABP RBD1, and a
two-residug3-hairpin in hnRNP C1. Amide proton resonance
signals for residues in this loop are extremely broad for
ALY77-182.

submoitifs that are characteristic of RBDs. However, a highly
conserved Phe/Tyr in the middle of the RNP1 submotif,
which participates in base stacking interactions in known
RBD:RNA complexes, is replaced by an aspartate (Asp149)
in ALY. The absence of Phe/Tyr at this position appears
unique to ALY and its homologues and must account for
their unique functions. This highly conserved aromatic
residue is substituted by polar residues in a subset of RBD
sequences. TharabidopsisDIP1 and DIP2 proteins, which
have Glu at this position, interact with the DNA binding
domain of plant poly(ADP-ribose) polymerasél). MLO3
from Schizosaccharomyces pon{ér substitution) appears

to play a role in chromosome segregation in mito3ig).(
YRA1 (Asn substitution) is required for mRNA export in
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yeast, interacts with poly(A)RNA, has in vitro RNA-RNA
annealing activity, and binds to Mex67p which associates
in vivo with nuclear pores and poly(A)RNA (4).

ALY has been determined to bind to the mRNA export
factor TAP @). This interaction is conserved in the ALY
yeast homologue YRAL, which interacts with the TAP yeast
homologue Mex67p4). The structure of the minimal region
of TAP required for interaction with ALY contains two
domains: a noncanonical RBD and a conserved leucine rich
region (LRR) domain similar to that of U2A73). U2A'
interacts with the U2B RBD1, which binds to U2 snRNA
only in the presence of U2ZA63). In the case of TAP, it
interacts on its own with the cis-acting constitutive transport
element (CTE) of simian type D retrovirusé®l), suggesting
that the LRR and RBD regions of TAP might come into
contact to bind to the CTE in a manner similar to the U2B
U2A'—U2 snRNA interactions73). Since the presence of
ALY is required for TAP binding to cellular mRNAs and
considering that the RBD in ALY has more structural and
sequence similarities to U2Bhan the non canonical RBD
of TAP, it is possible that association of ALY with the LRR
of TAP is necessary for interaction with cellular mRNAs.
On the other hand, on the basis of the mode of RNA
interaction by other RBDs such as RBD1 and RBD2 of the
polyA binding protein 1§4), RBD1 and RBD2 of Sex Lethal
(61, 62), RBD1 and RBD2 of HuD 70), and RBD1 and
RBD2 of nucleolin 65), it is also possible that the concerted
interactions of ALY and the noncanonical RBD of TAP are
necessary for complex formation. The regions of ALY
responsible for interaction with TAP and mRNA were
previously determined as the variable regions flanking the
RBD domain in ALY (75). The variable N and C terminal
regions in ALY, however, exhibit low sequence conservation

and are composed of repeats of positively charged residues

that could lead to nonspecific interactions with TAP and
mMRNA. It is also possible that the RBD domain of ALY is
directly involved in the interaction with TAP. Low-affinity
interactions between the RBD of ALY and TAP were
observed in yeast two hybrid experiments (M. Andersen-
Landes, unpublished results, 2002). The interaction may be
strengthened in the ternary complex.

The N-terminal helix in ALY77182 (o;) exposes nega-
tively charged side chains consisting of D118, D120, E123,

and E127 (Figure 6¢). Clusters of negatively charged residues

at thea position seem common among other RBDs (Figure
1). Interestingly, DIP1 and DIP2 contain a putative modifica-

tion domain at the same position. It has been suggested that 10.

this cluster of Glu residues in DIP1 and DIP2 might undergo
poly(ADP-ribosyl)ation by the plant homologue of the Zn-
finger poly(ADP-ribose) polymerase (PARP1) modulating
their interaction 71). ALY has been found to interact with
DNA binding transcription factors as well as RNA binding
proteins. These interactions could be modulated via the
exposed negative surface @f in the RBD in ALY and the
nucleic acid binding surfaces of the DNA and RNA binding
proteins that have been found to interact with ALY. One of
these interactions is the interaction of ALY with the DEAD-
box helicase UAP56. Studies have shown that UAP56
couples ALY with transcription as well as mRNA export
(13, 14).

In summary, ALY is an important factor for mMRNA export
and also for enhancing transcriptional activation by some

Biochemistry, Vol. 42, No. 24, 200355

nuclear factors. The three-dimensional structure of ALY¥77
182 and its comparison with RBD proteins of known
structure provides insights into the differences in ALY that
could account for its unique function. Comparisons to its
homologues and other RBD proteins with close sequence
homology has allowed us to make predictions regarding its
mechanism of interaction based on its three-dimensional
structure.
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