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ABSTRACT: The structure and dynamics of the polyadenylation inhibition element (PIE) RNA, free and
bound to the U1A protein, have been examined using time-resolved FRET and 2-aminopurine (2AP)
fluorescence. This regulatory RNA, located at theeBd of the U1A pre-mRNA, adopts a U-shaped
structure, with binding sites for a single U1A protein at each bend (box 1 and box 2). The distance
between the termini of the arms of the RNA is sensitive to its three-dimensional structure. Using Cy3/
Cy5 FRET efficiency to monitor binding of Mg, we show that the PIE RNA binds two Mgions,

which results in a restriction of its distance distribution of conformations. Local RNA structure probing
using 2AP fluorescence shows that the structure of box 2 changes in responséttbintiing, thus
tentatively locating the ion binding sites. Steady-state FRET data show that the didRabetween the

termini of the PIE RNA stems decreases from 66 A in the free RNA, to 58 A when N-terminal RNA
binding domains (RBD1) of U1A are bound, and to 53 A when U1A proteins bind. However, anisotropy
measurements indicate that both Cy3 and Cy5 stack on the ends of the RNA. To examine the consequences
of the restricted motion of the fluorophores, FRET data are analyzed using two different models of motion
and then compared to analogous data from the Cy3/fluorescein FRET pair. We conclude that the error
introduced into distance calculations by stacking of the dyes is within the error of our measurements.
Distance distributions of the RNA structures show that the intramolecular distance between the arms of
the PIE RNA varies on the time scale of the fluorescence measurements; the mean distance is dependent
on protein binding, but the breadth of the distributions indicates that the RNA retains structural
heterogeneity.

The human U1A protein is a component of the eukaryotic and box 2, and is comprised of seven unpaired bases
pre-mRNA processing machiner)( It is involved in pre- [AUUGCAC (box 2) or AUUGUAC (box 1)] and a single
mMRNA splicing in that it is one of three specific proteins unpaired base (A or C) on the opposite strah@.(The two
associated with the U1 snRNP: it binds specifically to stem internal loops are separated by a four base pair stem (stem
loop Il of the U1l snRNA ). U1A contains three distinct  2). This structure is referred to as the polyadenylation
domains: the N-terminal RNA binding domain (RBD) RBD1 inhibition element (PIE) RNA (Figure 1).

(amino acids +102) @), the C-terminal RBD2 (amino acids  The topology of the PIE RNA is uniquely suited to its
195-282) @), and the interdomain linker 0100 amino  fynction. The asymmetry of the two internal loops in the
acids. Only the RBD1 domain of U1A is required for specific  RNA introduces two severe kinks which give rise to a global
binding to its RNA targets2). RBD2 does not bind to any  y-shape, juxtaposing the two U1A binding sites on the same
RNA (5); its biological function remains unknown. The linker  face of the RNA {1). This unusual geometry of the PIE
domain has been shown to be extremely flexilde ( RNA was first deduced using polyacrylamide gel electro-

U1A is also involved in pre-mRNA ‘38end processing  phoresis 1), where it was observed that migration of the
where it autoregulates its expression by binding to the 3 RNA was retarded in the gel similar to that of RNA
untranslated region (UTR) of its own pre-mRNA to prevent containing internal A bulges, leading to the description of
polyadenylation 7—9). The 3UTR of the U1A pre-mRNA PIE RNA axial bending. A more quantitative characterization
contains a regulatory sequence of about 50 nucleotidesof the PIE RNA U-shaped geometry was accomplished using
located at a conserved distance upstream of the cleavagefluorescence resonance energy transfer (FRET). For these
polyadenylation signal7). There are two binding sites for  experiments, the RNA was end-labeled with the fluorescein/
U1A protein in the BUTR, and two full-length U1A proteins  Cy3 FRET pair, and the steady-state FRET efficiency was
associated with the RNA are required for regulation of determined 12). The global bend of the free RNA was
polyadenylation; RBD1 alone is not effectivé, 8). Each described by an interfluorophore distance of 64 A.
binding site consists of an asymmetric internal loop, box 1 ypon U1A RBD1 binding to fluorescein/Cy3-labeled PIE
RNA, the apparent distance between the fluorophores is

* Corresponding author. E-mail: kbh@wanda.wustl.edu. Phone: reduced to 54 A, indicating that the global geometry of the
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Ficure 1: Schematic representation of the autoregulation mechanism of the U1A protein. (A) Two U1A proteins bind tbrReoBits

own pre-mRNA to inhibit the polyadenylation reaction by tHeeBd pre-mRNA processing machinery where PAP represents the poly(A)
polymerase enzyme. (B) The secondary structure of the regulatory sequence withibTie ® which the two U1A proteins bind, is
shown (L0). (C) Structural model of the PIE RNAU1A (1:2) complex. The PIE RNA forms a U-sha@2). Two U1A proteins are bound

to the RNA via RBD1-box 1 and RBD*box 2. The charged sequences (3239) (represented by squares) are proposed to form a dimer
(9); RBD2 domains move independently from the core of the compléx (

box 2 (L3) shows that box 2 adopts a stable structure through sequence is coaxially stacked on stem 1 of the PIE RNA
its interactions with the protein. An NMR study of box 2 (see Figure 1). When two U1A proteins are bound to the
alone showed that, in solution (5 mM sodium phosphate, PIE element, that complex may need to change its conforma-
pH 5.5), there was considerable flexibility of the bases in tion in order to accommodate the large PAP complex bound
the internal loop 14); thus the interaction with RBD1 locks in the vicinity of the poly(A) signal. More information about
box 2 into a specific conformation. A similar result will occur  the intrinsic flexibility of the PIEEUL1A complex will
with the box :RBDL1 interaction (although its U~ C facilitate construction of a more accurate functional model.
mutation will reduce affinity). Here, we use time-resolved fluorescence resonance energy
RBD1 alone is not sufficient to inhibit polyadenylation transfer (TR-FRET) to obtain a description of the global

by poly(A) polymerase (PAP): the entire U1A protein was
required B). It was possible that the conformational change
induced in the PIE RNA when the full-length U1A protein

is bound differs from that caused by the small RBD1. Our

dynamics of the free PIE RNA and PHprotein complexes.
For these TR-FRET experiments, three proteins were bound
to the RNA: (i) RBD1 (-101), (ii) full-length U1A (WT)
protein, and (iii) full-length U1A (IL) protein in which the

results show that there is indeed a difference. charged-linker sequence 16121 and the sequence 122

In the PIE RNA-U1A protein (1:2) complex, the posi- 140 have been swapped (Figure 2). We found that, in all
tively charged linker sequences (10B19) of the two U1A PIE—protein (1:2) complexes, the mean distance between
proteins are proposed to form a dimer which interacts directly fluorophores became shorter, as indeed noted previol@ly (
with the C-terminal domain of poly(A) polymerase (PAP) but the distance distributions remain broad in the presence
to prevent polyadenylatiorv{-9, 15). Structural character-  of the proteins, indicating that a heterogeneous population
ization of the PIE-U1A complex showed that the charged of structures is present.
sequences (103119) in the linker adopt a compact confor- In addition to examination of the global properties of the
mation and are in proximity to each othel6f. However, PIE RNA, its local structural and dynamic properties were
the remainder of the interdomain linker of the two U1A probed by means of a single 2-aminopurine base specifically
proteins was flexible, with the consequence that the two introduced either in stem 2 or in box 2. Its fluorescence
RBD2 domains tumble independently from the core of the properties were measured using time-resolved fluorescence
complex (Figure 1). and time-resolved anisotropy. On the basis of the fluores-

Previous steady-state fluorescence experiments that de€ence data, 2AP in stem 2 is stacked in the free RNA and
scribed the PIE RNA produced an average static picture of remains stacked in the PHprotein complexes. The 2AP in
its global structure. Such a picture is useful but may be box 2 is stacked in the free RNA but becomes more
misleading, since molecular flexibility can be an important unconstrained in the complexes. The combination of FRET
part of its function. For example, perhaps the downstream and 2AP fluorescence measurements showed that twid Mg
stem loop containing the polyadenylation AAUUAAA ions bind to PIE RNA, presumably in box 1 and box 2.
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RBD1 (wt) domain:

1 101
Full-length U1A (wt) protein:

101 121
Friitianai]
1 101 195 282
Full-length U1A (IL) protein:
122 140
BRBHT P HE
1 101 195 282

U1A protein 101-121 amino acid sequence:

101-FVERDRKREKRKPKSQETPAT-121

Ficure 2: Schematic representation of the different recombinant
proteins: RBD1 (+101), U1A (WT) (1:-282) protein, and U1A
(IL) protein with the linker-charged sequence IP1 (designated

by the black square) swapped with the sequence-12D. Amino
acid sequence 161121 in the linker domain is shown.
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Ficure 3: RNA molecules synthesized. (A) Theénd-labeled PIE
RNA strand with Cy3, Cy5, or fluorescein (Fluo) for FRET
experiments. (B) The internally labeled PIE RNA strand with

2-aminopurine (2AP) either in stem 2 or in box 2.

MATERIALS AND METHODS

RNA Fluorescent Sample Preparatidihe PIE RNA was

Clerte and Hall

G2APGUCUGUACGG,; PIE complementary straf@GGGU-
CUGUCGCGGUCACGUUACAGACAUGCC.

(A) Cy3-Cy5 FRET Sample PreparatioRlE-Cy3 RNA
was mixed with an excess of PIE-Cy5 RNA strand in milliQ
water and heated to 9% for 5 min. Samples were cooled
to 65 °C for 5 min, and buffer was added to give a
concentration of 10 mM Tris (pH 8), 100 mM NacCl, and
+1 mM MgCl, in 1 mL final volume. Samples were cooled
slowly to room temperature. The annealed sample was added
to 1x buffer [10 mM Tris (pH 8), 100 mM NacCl, 7ag/mL
BSA, £1 mM MgCl;] in the fluorescence cuvette to give a
final concentration of 50 and 70 nM for PIE-Cy3 RNA and
the PIE-Cy5 RNA complementary strand, respectively.

(B) Fluorescein-Cy3 FRET Sample Preparatidhe same
conditions were used for the sample preparation except that
final concentrations of 50 and 52 nM for the PIE-fluorescein
RNA strand and PIE RNA complementary strand were used,
respectively.

(C) 2AP RNA Fluorescence Sample Preparatibime same
annealing protocol was followed. The solution contained 10
mM KPO, (pH 7), 50 mM NacCl, and 1 mM MgG! The
final RNA concentration was 4 and 4V for the PIE-
2AP strand and PIE strand, respectively.

(D) Protein ConstructionSite-directed mutagenesis stan-
dard protocols were used to generate all of the RBD1 and
U1A mutants 17). All mutant DNAs were cloned into a
plasmid under tac promoter control, and their sequences were
verified by sequencing. All proteins were expressed in
Escherichia colBL21. The U1A (IL) mutant has the charged
sequence (residues 10121) of the linker domain and the
sequence 121141 inverted (Figure 2). The U1A (IL)
cloning was done by ligation of three PCR fragments: (i)
1-101 PCR fragment, (ii) 102140 fragment obtained by
chemically synthesized DNA oligos, and (iii) 14@82 PCR
fragment.

Protein Purification. (A) RBD1 ProteirBL21 cells were
grown at 37°C in LB media and induced in mid-log phase
(ODeoonm = 0.7) with 1 mM isopropylfs-thiogalactoside
(IPTG). The cells were allowed to grow for an additional 4
h after induction, centrifuged, washed with 20 mM Tris, 20
mM NaCl, and 2 mM ethylendiaminetetraacetic acid (EDTA),
pH 7.5 (buffer G1), and resuspended in 20 mM sodium
acetate, 200 mM NaCl, 2 mM EDTA, pH 5.3 (buffer B),
containing pepstatin, and protease inhibitor cocktail (Sigma
P2714) containing 4-(2-aminoethyl)benzenesulfonyl fluoride

constructed from two strands of RNA, so that FRET pairs (AEBSF),trans-epoxysuccinyl--leucylamino(4-guanidino)-
could be attached to the termini of stem 1 and stem 3 (Figure butane (E-64), bestatin, leupeptin, aprotinin, and EDTA. Cells

3). RNA strands labeled at thé &nd with Cy3, fluorescein,

were lysed by French pressing. The lysate was incubated on

or Cy5 or internally with 2AP were purchased from Dhar- ice for 30 min with DNase Il and then centrifuged at 30600
macon Research Inc. (Boulder, CO). Strand labeling ef- for 30 min at 4°C to remove the cell debris. The supernatant

ficiency was verified by absorption spectrosco@ennd
Assonm for Cy3, Acsonnd Assonm for Cy5, andAzeonm Asgznm for

was dialyzed agaimsl L of buffer B containing phenyl-
methanesulfonyl fluoride (PMSF) at°€ for about 2 h. The

fluorescein). The Cy3 RNA strand, Cy5 RNA strand, and dialysate was loaded on a SP-Sepharose column equilibrated
fluorescein strand labeling was 100%, 75%, and 60%, with 50 mM Tris and 20ug/mL PMSF, pH 8. The flow-
respectively. Identical strands without dyes were also syn- through contains the RBD1 protein which was then purified

thesized: PIE-Cy3 strand?Cy3-CCCAGACAGCAUU-
GUACCCAGAGUCUGUACGG-BIo; PIE-Cy5 strandGG-
GUCUGUCGCGGUCCACGUUACAGACAUGCC-Cys5;
PIE-fluorescein strand GGGUCUGUCGCGGUCCACG-

on a CM-Sepharose column equilibrated with 50 mM Tris,
100 mM NacCl, and 2&g/mL PMSF, pH 7.5. RBD1 protein

was eluted off the column in a gradient from 100 to 500
mM NaCl in buffer C containing PMSF. Fractions containing

UUACAGACAUGCC-fluorescein; PIE-2AP-stem 2 strand, RBD1 protein were collected and concentrated using Vivaspin

YCCCAGACAGCAUUGUACCC2APGAGUCUGUACGG;
PIE-2AP-box 2 strand;,CCCAGACAGCAUUGUACCCA-

20, 3000 MWCO. Finally, the concentrated protein was
loaded on a G50 column equilibrated with 50 mM £@H
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7. Fractions containing the RBD1 protein were concentrated absence of the acceptor, aRd, is the integrated fluores-

using the Vivaspin. cence intensity andp, is the amplitude-weighted average
(B) U1A Protein. U1A proteins were expressed and lifetime of the donor in the presence of the acceptor=(
purified following standard protocol$y). > o).

All proteins were checked for purity by silver-staining  Several fluorescence measurements were made to char-
samples electrophoresed in SBIBAGE gels. All proteins  acterize the RNA constructs. The fluorescence intensities of
concentrations were determined spectrophotometrically atthe PIE-Cy3 single strand and PIE-Cy3 double strand were
280 nm using an extinction coefficient based on the Tyr/ found to be identical, as were those of the PIE-Cy5 single
Phe content. Circular dichroism spectra and filter binding strand and double strand. Thus the duplex construct does
assays were performed on all proteins to verify their not quench the fluorescence of either dye. Fluorescence of
secondary structure and their primary RNA binding activity. the PIE-Cy3 double strand in the presence and absence of

Steady-State Fluorescence Measurements. (A) Fluoresthe different proteins showed a dependence on the protein
cence Resonance Energy Transfer (FRET) Measurements foeonstruct. Cy3 fluorescence intensity increased by 1%
the Cy3Cy5 FRET PaiFRET experiments were performed 4% upon both full-length U1A proteins binding, respectively.
on an SLM 8100 spectrofluorometer with an excitation There was no change in the Cy3 fluorescence intensity upon
wavelength of 514 nm (bandwidth 2 nm) scanning from 525 RBD1 binding. Therefore, for the PIE RNAprotein com-
to 700 nm with an emission bandwidth of 4 nm. All plexes, the FRET efficiency was calculated as
experiments were done at a constant temperature 6€25
PIE-Cy3 strand RNA at 50 nM and PIE-Cy5 strand RNAat E=1 — (F
70 nM in 10 mM Tris (pH 8), 100 mM NaCl, and 7&g/ 1-(r e 0
mL BSA were used for all experiments. RBD1, U1A (WT), DA-tproteirt *D-+protei

or U1A (IL) was added to the fluorescent PIE RNA samples ) , )
to give a final 1:2 RNA:protein stoichiometry and to obtain In contrast, there was no change in Cy5 fluorescence intensity
a final protein concentration equal to 120 nM. when the PIE-Cy5 double strand was bound to protein.

The Mg ion titration experiment was done by adding Finally, th_g Cy5 double s_trand flu_orescence background,
small aliquots of a stock solution of MgClo cover a ~ When exciting at 514 nm, is negligible.
concentration range from 10 nM to 10 mM. Samples were  EXcitation spectra of PIE-Cy5 (acceptor only) and PIE-
allowed to equilibrate for 15 min before spectrum acquisition. Cy3 (donor only) free and bound to the different proteins
Each spectrum was collected at least twice to ensureWwere also recorded to verify that the absorption band shape
fluorescence signal stability over time. Fluorescence intensi- and maximum of Cy5 and Cy3 were not disturbed upon
ties were corrected for buffer background and dilution. Protein binding. Cy5 dye tends to stack and “aggregate” when
Emission spectra were corrected for the lamp fluctuation and the local concentration is high enough8|, giving rise to
wavelength detection variation using a reference channel.an enhancement of the bluest absorption band and resulting
Polarization artifacts were avoided by acquisition at the in quenching of Cy5 fluorescence. Cy3 and Cy5 excitation
magic angle (54. spectra did not shift upon protein binding.

FRET is a distance-dependent transfer of excited-state (B) Fluorescence Control Experiments for the Fluorescein-
energy from a donor to an acceptor as a result of through- Cy3 FRET PairMeasurements were performed on an SLM
space coupling between the fluorophore transition dipoles. 8100 spectrofluorometer with an excitation wavelength of
The energy transfer efficiencye( depends on the inverse 490 nm (bandwidth 2 nm) scanning from 500 to 650 nm
sixth power of the distance)( separating the two fluoro-  with an emission bandwidth of 4 nm. All experiments were
phores: done at a constant temperature of 5. PIE-fluorescein

strand RNA at 50 nM and PIE complementary strand RNA

E=RI/(r°+ R, at 52 nM in 10 mM Tris (pH8), 100 mM NaCl, and &/

mL BSA were used for all experiments. Proteins were added
whereR, is the Foster distance at which the efficiency of o give a final 1:2 RNA:protein stoichiometric ratio and to
FRET is equal to 0.5 is a characteristic of the FRET pair  obtain a final protein concentration equal to 120 nM. Samples
used and depends on the spectral properties of the donofyere allowed to equilibrate for 15 min before spectrum
a_nd acceptor and the relative orientation of their transition acquisition. These control experiments showed that the
dipoles: fluorescence intensity of fluorescein is constant upon protein

_ TN binding.

Ry = 97900k"¢pn ) A (C) Fluorescence Measurements for 2ARuorescence
spectra of the RNA labeled with 2AP were recorded from
330 to 450 nm on a PTI spectrofluorometer with an excitation
wavelength of 308 nm (bandwidth 2 nm) and an emission
bandwidth of 4 nm. Measurements were done at constant
room temperature. The PIE-2AP RNA final concentration
was 4uM in 10 mM potassium phosphate (pH 7) and 50
mM NaCl. Small aliquots of protein (RBD1 or full-length

DA+proteir(FD+proteir‘) =

whereld is the overlap between donor emission and acceptor
absorptiongp is the quantum yield of donor fluorescence,
n~*is the refractive index of the medium between the donor
and acceptor, and? is the orientation factor.

The efficiency of energy transfeE) determined by donor
(Cy3) quenching was calculated according to

E=1— (Fpa/Fp) =1 — (tpaltp) U1A) or MgCl, were added to the RNA solutions to give a
stoichiometry of 1:2 RNA:protein or a final concentration
whereFp is the integrated fluorescence intensity amds of 1. mM MgCl,. Samples were allowed to equilibrate for at

the amplitude-weighted average lifetime of the donor in the least 15 min before each emission spectrum acquisition. Each
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emission spectrum acquisition was repeated at least twiceestimation program CFS_L39). The goodness of fit was
in order to verify the stability of the fluorescence signal.  determined by examination of the shape and the boundaries
(D) Anisotropy MeasurementSteady-state anisotropies of the support plane of each parameter and by the value of
were measured using the L-format method on a SLM 8100 the reduced;.
spectrofluorometer. Anisotropy values were determined using (D) Distance Distribution AnalysisTo analyze donor
the equation: decays in donor/acceptor samples as a distribution of
distances separating the two fluorophores, several assump-
r=(,— Glp/(Q,+ 2Gly) tions were made: (i) the multiexponential decay of the donor
only is not due to excited-state reactions on the time scale
where I, and I are the intensities of the fluorescence of the measurement but due only to ground-state heterogene-
components polarized parallel and perpendicular, respec-ity. (ii) The relative orientation between the donor and
tively, to the vertically polarized excitation beam. The G acceptor is random so th& = 60 A (Cy3/Cy5) or 56 A
factor corrects for the polarization-dependent properties of (fluorescein/Cy3). (iii) The critical distance (or"FEper
the detection system. distance)R, of each exponential is the same so tRat=
Anisotropy of Cy3-labeled RNA used an excitation R, (iv) Intramolecular diffusion between the donor and
wavelength of 514 nm (bandwidth 4 nm); fluorescence acceptor during the fluorescence lifetime of the donor excited
polarization was collected at 570 nm (bandwidth 8 nm). For state can be ignored. (v) The distance distributi®r} were
the Cy5-labeled RNA, the excitation wavelength was 640 represented by a weighted Gaussian distribut@®—@2).
nm (bandwidth 4 nm), and the polarization fluorescence was

measured at 675 nm (bandwidth 8 nm). For fluorescein 1 (r _a)z
RNAs, the anisotropy was measured with 490 nm excitation P(r) = exg— —~
(bandwidth 2 nm), and the polarization fluorescence was o2 20k2

measured at 525 nm (bandwidth 4 nm). Before each

acquisition, samples were allowed to equilibrate for 15 min. The o; and z; from donor-only decay were fixed in the
Each anisotropy measurement was repeated until the standarginalysis of the donor/acceptor decays as a function of
deviation of the measurement wa$).001. distance distribution. Adjustable parametersAr@amplitude

Time-Resaled Fluorescence Measurements. (A) Cy3-Cy5 of the kth population) F, (mean distance of thkth popula-
RNA. TR-FRET experiments were acquired in the time tjon), andoy, which is related to fwhhk= 2.3555. The effects
domain with a time-correlated single photon counting (TC- of the energy transfer on donor decays were fit by models
SPC) instrument. The output from the mode-locked titarium  that described the doneacceptor distance distribution by
sapphire laser (Coherent) tuned at 950 nm was doubled togijther one Gaussian or two Gaussian functions. The goodness
475 nm using a frequency doubler (Coherent). The instru- of fit was judged by the shape and the boundaries of the
ment response function at this wavelength typically has a support plane and the value gi.
full width at half-height (fwhh)= 230 ps. The assumption that the distance distribution can be

(B) Fluorescein-Cy3 RNAThe output from the mode-  described by a Gaussian function is not necessarily a good
locked titanium-sapphire laser tuned at 930 nm was doubled one R0—22). The fitting program CFS_LS gives the choice
to 465 nm where Cy3 absorption is minimal. The long of a Gaussian or a Lorentzian distribution function: Lorent-
fluorescence lifetime of fluorescein required a Neos pulse zjan distance distribution analysis gives rise to narrower
picker to obtain a 7.6 MHz repetition rate. The instrument distributions than Gaussian distributio§) The distinction
response function had a fwhh 195 ps. The fluorescence  of the different forms of distribution is generally minimal
of PIE-Cy3 RNA in the absence and presence of different que to the large distribution resulting from multiexponential
protein samples was corrected for Cy3 leakage through thefluorescence decays of our systed)(
fluorescein emission band-pass filter. In fitting the time-resolved FRET data to a distance

(C) Time-Resoled FRET (TR-FRET) Data Analysibhe distribution, the resulting mean distan@& depends in part
donor-only fluorescence decays exponentially with time:  on the labeling efficiency of the RNAs. This value is an input

. parameter in the CFS_GAUDIS fitting routine, but it can
L) =S o exr{— L) also be varied by the routine to improve thés. Our
D Z ! , independent spectroscopic determination of the fractional
' labeling showed that 75% of the RNA strands contained Cy5,
while Cy3 labeling was 100% efficient, and fluorescein-RNA
was 60% labeled.

Calculation of the distance distribution of PIE RNA in
the RNA—protein complexes was carried out using several
models. First, assuming 100% labeling efficiency, single
6)‘ Gaussian distributions are very broad and give a mean

dr

Tpi

wheretp; is the individual donor lifetime associated with
the amplitudeo,.

In the presence of the acceptor at different distances
the donor fluorescence decay becomes

t

r

m n

.. (1) = “P.(NS o~ ex distance that agrees with the steady-sitdor PIE-RBD1

oall) ZAKIO 3 ).Z o l{ and PIEEU1A (WT) complexes. If again 100% labeling
efficiency is assumed, but the data are fit with two Gaussian

where (1#p))(Ro/r)® is equal to the energy transfer rate distributions, then one distance distribution is centered around

constant k), Ac is the amplitude of th&th population, and ~ 90—99 A, while the other is unique to the specific protein

Py(r) is the corresponding donercceptor distance distribu-  bound. Our independent determination of fractional labeling

tion. Fluorescence decays were processed with the parameteshowed that Cy5 labeling efficiency was 75%; therefore, we

1+

Tpi
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can assign the long distance distribution to that population 14 e PSP
of RNAs with donor but no acceptor, which in these RNAs --x-.C§30y5p|E RNA
is 25%. In practice, then, analysis specified a single Gaussian 120 N | CyS-PIE RNA

distribution, using the labeling efficiency as a variable in
CFS_GAUDIS. The labeling efficiency variable parameter
consistently converged to a value of 08®.05, confirming
the spectral determination.

(E) Time-Resaled Fluorescence Measurements for 2-AP.
PIE-2AP time-resolved fluorescence decays were acquired
using the TCSPC instrument. The laser was tuned at 900
nm, and the output light was tripled to 300 nm with a UOplaz
tripler. The long fluorescence lifetime of 2AP required a
Neos pulse picker to obtain a 7.6 MHz repetition rate. The
instrument response function of the PMT was 150 ps fwhh. <

2AP fluorescence decays were processed using FluoFit o &l . bttt b Lot bdesneprarnt R v
(PicoQuant) and were best fit by four exponentials. The 540 560 580 600 620 640 66O 680 700
goodness of fit was estimated by the shape and boundaries Wavelength (nm)
of the support planes of each parameter and the value ofFiGurRe4: Steady-state FRET experiments with the Cy3Cy5 FRET

2 imitati i pair. Conditions: excitation wavelength, 514 nm; bandwidth, 2 nm;
x%r. However, the limitation of the instrument (IRF fwkh L _ ! .
. L . emission bandwidth, 4 nm. Buffer: 10 mM Tris (pH 8), 100 mM
150 ps; resolution is 32.5 ps per channel) often gave rise tONaCI, 75ug/mL BSA, and 1 mM MgC}, at 25°C. [Cy3-labeled

gnb_ounded support plane analysis for the amplitude or the RNA strands]= 50 nM; [Cy5-labeled RNA strandsk 70 nM.
lifetime of the very short component (250 ps).

(F) Time-Resaled Anisotropy Measuremensor anisot- R B A R I L
ropy decays, the emission polarizer was alternated between { [

Fluorescence intensity

the vertical (parallel) and horizontal (perpendicular) position 039 |
with respect to the incident vertically polarized light. For
both orientations, the polarization components of the decays 038 |- ‘ ‘ 4

were collected for equal time. Anisotropy decays curves were
calculated from the equation:

_w(t) — Gvh(t)
"O= o + 20vh() 036 - .

n=2

where vvf) is the parallel component and ¥h(is the K=2.10n7
perpendicular component. Th& factor was calculated by
tail matching in the Fluofit software and was determined to

be close to 1 for the 2AP measurements and close to 2 for 0 1;91;31;11;5135 00:]0100'01 oot
the Cy3 measurements. The anisotropy decays are usually [Mg2+] ' ' '
described by two exponential decays as a function of time:

037 - -

<Ex>

Ficure 5: lon-induced stabilization of the free PIE RNA studied
by the change in FRET efficiencyE) as a function of Mg"
rt) = ﬁf exd — t + B, expg — L concentration. [RNAE 50 nM. Buffer: 10 mM Tris (pH8), 100
0N s 1) mM NacCl, and 75ug/mL BSA, at 20°C. Data were fit assuming
identical and noninteracting binding sites; the curve shown corre-
whereg is the amplitude associated with the fast anisotropy SPONS to two sites with an apparent dissociation constgnt(2

- . . . x 1077 M. Error bars are obtained by standard deviation calculation
componenigr and s is the amplitude associated with the 550 on five different and independent measurements.
slow anisotropy componems.

RESULTS increases to 40%: 3% andRC= 64 + 2 A, in agreement
with previous data of Grainger et al. (12), who obtained a

To describe the distance and its variation between the twovalue of 64 A using the fluorescein/Cy3 FRET pair in similar
arms of the PIE RNA, two FRET pairs were used. The Cy3/ solution conditions with MgGl The data indicate that, upon
Cys5 pair has the technical advantage that the donor/acceptobinding of Mg ions, the RNA global geometry becomes
excitation/emission wavelengths are cleanly separated. Themore restricted.
fluorescein/Cy3 pair was used by Grainger et B2) (n their
steady-state FRET study of PIE RNA, and it is used here asp
a control to address the problem of orientation of the dyes
on the RNA.

PIE RNA Global Parameters$:luorescence intensities of
the Cy3-, Cy5-, and Cy3/Cy5-labeled RNAs are shown in
Figure 4, exciting Cy3 at 514 nm. In conditions without
MgCl,, the apparent distance between the two fluorophores
is RO= 66 + 1 A, with an efficiencyE = 35% + 2%. ot ot .
Upon addition of 1 mM MgGl, the FRET efficiency Mgl = [Mg™ ](1 + KA([RNA]R)")

To further probe for divalent ion association with the PIE
NA, the FRET efficiency ) was used as a reporter in
MgCl, titration experiments, shown in Figure 5. The data
were fit to a model in which the ligand binding sites are
identical and noninteracting, assuming that the change in
fluorescence (or here the FRET efficiency) is additive upon
addition of Mg ligands (24):
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[RNA]; = [RNA] ¢ + [Mg®'][(nK,[RNA] )/ b I B A A A
(1+ KA[RNA]R)]
0.04 - T
(E — Eg)/Eg = (AELuNKA[RNA] /(1 + KA[RNAJ)
[RNA]E is the free PIE RNA concentratioK, the associa- 003 [ + 1 mM MgClz
tion constant for ligand bindingy the number of ligands =
bound, andAEn. the difference in FRET efficiency from a
the initial valueEg in no [MgCl] to the final value. The 002 | -
best fit to the data was found wher~ 2 & 1; there appears
to be a finite number of ions required for the conformational No MgClz
change. 001 - 7
(A) Distance Distribution in SolutionMeasurement of
steady-state FRET efficiencies provides a static average | | |
picture of the RNA, and it was possible that the change in °0 " — w — © — % ' .
[ROwas not due to a global conformation change but to a Distance (r) (A)

shift in the distribution of Conformational states as the RNA FiIGure 6: Analysis of the distance distributions by time-resolved
moveq through_a range of possible struct_ures. T(.) dete_rmlneFRET measurements as a function of Mgons for the free PIE
the distance distribution of structures in solution, time- RNA. PIE RNA, no Mg+ T = 54 A and fwhh= 39 A. PIE RNA
resolved FRET experiments were done in the absence and+ Mg2t: ¥ = 55 A and fwhh= 29 A.

presencefa 1 mMfinal concentration of Mg ion. Analysis
finds a mean distance)(of 54 A, independent of MgGl Table 1: Steady-State FRET Efficiencl)(Measured and Apparent
(Figure 6). (Note that the mean distance is shorter flRih ~ DistancesR(Calculated

calculated from steady-state FRET.) The difference between E(%) MREsA) Rdasd)

the structures is seen in the width of the Gaussian distance mojecules/complexes,

distribution, which substantially decreases upon MgCl Cy3/Cy5 labeled

addition. free PIE RNA/no M§" 35 (&2) 66.5@1) 63 E1)
(B) Orientation Factork? AssumptionThe FRET data gIeEe gki'ig’éggﬂgﬂ ‘é% (égg gg ggg gga%z)

analysis assumed that the orientation faefor= %/, which PIERNA-U1A (WT) 68 (£3) 53 (1) 50 (1)

corresponds to the dynamic average model where the PIE RNA—U1A (IL) 68 (+2) 53(0.5) 50¢0.5)

transition dipoles of the donor and acceptor are randomly molecules/complexes,
oriented on the time scale of the FRET process. To evaluate ~ U0rescein/Cys labeled

. . . free PIE RNAA-Mg?" 375 61
this assumption for the PIE RNA Cy3/Cy5 FRET pair, the PIE RNA—U1A (V\%T) 58 53
FRET. data were investigated by both theoretical and a[R3is the apparent distance calculated for the measured efficiency
experimental approaches. of FRET, assuming the orientation fact@r= /5. [R(d 476iS the apparent

Steady-state and time-resolved anisotropy measurementslistance calculated by the equati®id 476 = [«%/(%/3)] YRF;3, assuming
for PIE-Cy3 RNA and PIE-Cy5 RNA showed that the values the orientation factor? = 0.476. The values reported for the efﬁg:iencies
of the anisotropy were significant (PIE-CyB= 0.285 + of FRET and the apparent distances represent the arithmetic mean of
0.005° PIE-Cv3L . — 03054+ 0 004_' PIE’ Cv5 multiple measurements. The errors are the deviation from the maximum
: ! -Cy3+ proteins,r = B +0. ’ AR and minimum values from the means.
= 0.284+ 0.007; PIE-Cy5+ proteins,r = 0.295+ 0.004).
Both dyes appear to be stacked on the ends of the duplexes . . . )
and, therefore, could not be described as randomly reorientingEfficient, only time-resolved FRET experiments were pos-

in solution. Instead, the distribution of the orientation and SiPle, which measure the presence of a short decay compo-

the distance between the donor and acceptor are randomize@€nt Of the fluorescein fluorescence resulting from energy

in the isotropic static moded). In this situationi = 0.476.  transfer to the acceptor.
This model may be more appropriate for the PIE RNA, given  For the fluorescein/Cy3 PIE RNA, apparent distances were
that it has a distribution of structures in solution. The apparent calculated using the equatidh= 1 — (zpa/7p) = Ro%(Ro®
distancelROwas calculated for both the dynamic average + R[), whereR, = 56 A. [ROvalues vary at most by 3 A
limit (IRJ;3) and the static average limifd47¢ to assess  compared to the Cy3/Cy5 FRET results, demonstrating that
its dependence on a model. As given in Table 1, the isotropic the k* = /s assumption for théRCdetermination introduces
static model gives rise to a decrease of the apparent distancelittle error into the calculation (Table 1). Distance distribution
by 3 A, well within experimental uncertainty. analyses for the Cy3/Cy5 time-resolved FRET data were
In the previous study by Grainger et al2j PIE RNA compared to those for the fluorescein/Cy3 FRET pair; results
was labeled with the fluorescein/Cy3 FRET pair. To compare are in good agreement (Figure 7).
the Cy3/Cy5 data with those data of Grainger et al.,, PIE  There are several characteristics of the labeled RNA that
RNAs labeled with fluorescein were also used in our ameliorate the assumption of the average value? ol the
experiments. The anisotropy of fluorescein in the RNA is PIE RNA, time-resolved Cy3 fluorescence decays are highly
small ¢ = 0.064 + 0.001), reflecting its free rotation. heterogeneous, behavior which is often interpreted as an
Although Cy3 anisotropy is high, indicating stacking of the indication of multiple Cy3 conformations. This heterogeneity
fluorophore, the fluorescein behavior justifies the assumption likely represents a different orientation of Cy3 with respect
of k2 = 2/3 (20). Because our fluorescein labeling was 60% to the acceptor, and thus it decreases the effect ofcthe
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Ficure 7: Distance distributions as a function of the FRET pair.
Free PIE RNA-Cy3/Cys5 (gray line)r = 55 A and fwhh= 29 A.
Free }ZIE RNA-fluorescein/Cy3 (black linef: = 59 A and fwhh
=31 A.

assumption on the distance calculation. Also, Rheralues
of both FRET pairs are close to the actual distances
calculated for the PIE RNA, placing the experiments in the
regime where large changes in the FRET efficiency give rise
to small changes in the distanc( 26). Finally, the sixth
root of «? is used for distance calculations, reducing its
contribution to the calculations. Therefore, thé = 2/
assumption will introduce minimal errors in the measurement
of distances for the PIE RNA and PHprotein complexes.
Local Structure and Dynamic$o study the local structure
and dynamics of free PIE RNA, 2-aminopurine (2AP), a

Biochemistry, Vol. 43, No. 42, 200413411

ro = 0.31) and is attributed to internal photophysical
processes and solvent relaxation that are too fast to be
resolved by our instrument. Anisotropy decay curves were
fit by two components:~70% of a short component, often
attributed to segmental motion, and30% of a longer
component (Table 3, Supporting Information). This common
interpretation, applied to this RNA, would indicate that 2AP
in stem 2 has a very flexible conformation. However, the
fluorescence intensity decays reveal that 2AP in stem 2 is
highly quenched. 2AP stacking with other bases influences
its electronic structure, resulting in changes in the internal
photophysical process (internal conversion) and/or in charge
delocalization 28). Those phenomena can also account for
rapid fluctuations of the 2AP dipole moment orientation,
giving rise to rapid depolarization. Therefore, in these
molecules it seems more likely that most of the rapid
depolarization is due to 2AP “wobbling” rather than free
rotation (segmental motion). It is important to note that the
short component (0.3 ns) is identical for all the PIE RNA-
2AP/stem 2 samples.

The long anisotropy decay time is often attributed to the
global tumbling of the molecule. In the PIE RNA, interpreta-
tion of 2AP anisotropy decays is complicated by the highly
heterogeneous fluorescence decays and the global hydrody-
namic behavior of the molecule. The observed 9 ns anisot-
ropy decay, limited by the lifetime of 2AP fluorescence, is
too short to reflect the tumbling of the entire molecule.

(B) Local Structure and Dynamics in Box Box 2
comprises seven unpaired bases (AUUGCAC) and a single
unpaired base (A) on the opposite strand, which in our
experiments has been replaced by 2AP. Steady-state fluo-
rescence experiments show that its quantum yield is 0.038
for the free RNA, indicating that 2AP fluorescence in box 2

fluorescent analogue of guanosine and adenosine, was useg sjgnificantly quenched. A further 30% loss of fluorescence

as a site-specific probe. Two PIE RNA molecules were

intensity is observed when 1 mM Mgg$ added to the RNA

synthesized in which a single naturally occurring adenosine sample (quantum yiele: 0.03).
was replaced by 2AP: in stem 2, separating the box 1 and  time_resolved fluorescence decays were fit with four

box 2 binding sites (PIE-2AP/St2), or in box 2 (PIE-2AP/
box 2) (Figure 3).

(A) Local Structure and Dynamics in Stem The free
PIE-2AP/St2 fluorescence quantum yield is smaiD(03)

exponentials revealing highly heterogeneous conformations
for 2AP in box 2 (Table 4, Supporting Information). In the

free PIE RNA, the decay times range from 26 ps to 9 ns,
with 84% of the fluorescence decay associated with the very

compared to that of free 2AP (0.65), as expected for a stackedshort components and only 3% with the longest component.
base. Its fluorescence intensity does not change upon additionrhe two intermediate time components of 0.78 and 4.2 ns

of 1 mM MgCl,.
Although the fluorescence decay of free 2AP in solution
is single exponentiab(10—11 ns), in the context of nucleic

account for 13% of the decay. This result suggests that a
large majority of the 2AP adopts a stacked conformation.
The quench of 2AP upon addition of Migis reflected by

acid molecules, highly heterogeneous decays are typicallythe increase of percentage (from 84% to 89%) of 2AP

observed 27). As anticipated, fluorescence decays of 2AP
in stem 2 (Table 2, Supporting Information) were best fit to
four exponentials with~70% of a very short component
(~50 ps) and only~4% of an~9 ns component. (We note

fluorescence associated with the very short decay component;
all of the other lifetime decay components remain similar.
The quenching observed upon #Maddition calculated from

the time-resolved fluorescence data (28%) and the steady-

that our instrument detection resolution does not permit a state data (30%) is in good agreement.

precise determination of a 50 ps component.) The 2AP
fluorescence average lifetime is relatively short in every
experimental condition, supporting the observation that 2AP

The time-resolved anisotropy data were fit to two expo-
nentials (Table 5, Supporting Information), again with the
caveat that the two correlation times determined should be

fluorescence in stem 2 is quenched. Time-resolved andinterpreted rather as mean values of two unknown distribu-

steady-state results are in good agreement.
Time-resolved anisotropy provides an indicator of motion
of the fluorophore. The fitted initial anisotropy values vary
betweerr, = 0.32-0.35, which is lower than the theoretical
maximum value of 0.4. This very fast initial depolarization

tions. For the free RNA, the proportion of the anisotropy
decay is about 70% of fast components and 30% of slower
components (identical to 2AP in stem 2). Upon addition of
Mg?* the anisotropy decay does not noticeably change.
Our interpretation of the fluorescence data is tha#Mg

has been observed for other fluorophores (e.g., tryptophanion binding produces a more confined local structure for the
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2AP in box 2, the implication being that Mg ions bind
within the PIE RNA internal loops.

Conformation and Dynamics of the PIE RNRrotein
Complexes: Global Conformation and Dynamiddiree
different U1A constructs were bound to the PIE RNA, both
to assess how the RNA global structure and dynamics
changed and to look for any contribution of amino acids
101—-121 (proposed to dimerize) to the RNA properties.
RBD1 alone (amino acids-1101) has been used in previous
studies of PIE-protein interactions1(2—14); it binds to the
RNA but is inactive in regulation of polyadenylatio)(
Two different full-length proteins were also bound: U1A
(WT) and U1A (IL) which has the charged sequence
(residues 10%1121) and the sequence 12140 inverted
within the linker domain (Figure 2).

A complication for interpretation of FRET experiments
was observed in control experiments using Cy3-PIE RNA
in complexes with the proteins. Unexpectedly, Cy3 fluores-
cence intensity increased by 14% 4% when either full-
length U1A protein was bound; no change occurred upon
RBD1 binding. Either Cy3 directly interacts with a region
of U1lA outside the RBD1 domain or the protein could
interact with the RNA duplex and displace Cy3 from its
stacking interaction on the end of the stem. We note that
the increase in fluorescence intensity could result from an
increase in the quantum yield of Cy3 and so lead to an
increase in the value d®. This effect is certain to be very
small, however, since the contribution &, varies as
(Pcya)™™.

FRET efficiencies [£) and corresponding apparent dis-
tances IR0 are reported in Table 1. The FRET efficiency
increases from 40% for the free RNA to 55% upon RBD1

Clerte and Hall
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Ficure 8: Time-resolved FRET experiments with the Cy3Cy5
FRET pair. Cy3 fluorescence decays for the donor-only (Cy3 RNA
strand) and the donetacceptor (Cy3Cy5 RNA strand) are shown.
Buffer: 10 mM Tris (pH 8), 100 mM NacCl, 7ag/mL BSA, and

1 mM MgCl,, at 25°C. [Cy3 RNA strand}= 50 nM; [Cy5 RNA
strand]= 70 nM.

PIE—-RBD1 (1:2) complex, the Gaussian distribution has a
mean distance at 40 A and fwhh of 40 A. For PIE1A

(1:2) complexes, the mean distance of the distribution is
shorter (34 A); however, the fwhh becomes 46 A for U1A
(WT) and 31 A for U1A (IL) (Figure 9). The mean distances
are smaller than those determined from steady-state FRET
data, although the trends are maintained. It is not clear if
the difference in fwhh for the two U1A constructs is

binding, reducing the average distance between fluorophoressignificant, due in part to experimental uncertainty and in

from 64 to 58+ 2 A. A further increase in FRET efficiency
to 68% occurs upon full-length U1A protein binding,
reducinglRto 53+1 A. As previously shown by Grainger
et al. (L2), the PIE RNA undergoes significant global
conformational changes upon RBD1 binding. The greater
conformational change induced by the full-length U1A
binding shows that other regions of the protein, not directly
involved in RNA binding, can contribute to RNA structural
changes.

On the basis of the suggestion of Gunderson et9).it
was possible that intermolecular dimer formation of the U1A
sequences 1063119 was involved in the observed reduction

part to the apparent interaction of Cy3 with U1A.

Local Conformation and Dynamic3.he local structure
and dynamics of PIE RNA bound to the different proteins
have also been studied using 2AP.

(A) Local Structure and Dynamics in StemNeither the
free PIE-2AP/St2 fluorescence quantum yield nor its fluo-
rescence decay changes upon protein binding, in agreement
with the steady-state fluorescence data. However, the 2AP
emission maximum shifts two nanometers toward shorter
wavelength when RBD1 domains are bound (data not
shown). This subtle blue shift is not observed upon full-
length U1A (WT) or U1A (IL) protein binding.

in apparent distance between the ends of the RNA stems. The time-resolved anisotropy data were fit to two expo-

Since this region of the U1A protein is just adjacent to the
body of the complex, it was possible that it could further
restrict the PIE RNA conformation and dynamic range of
motion. However, a comparison of the PIB1A (WT) and
PIE-U1A (IL) FRET data shows no difference in the
measured FRET efficiencies. When an equimolar mixture
of ULA (WT) and U1A (IL) was added to the PIE RNA,
giving a 1:1:2 ratio of complexes containing U1A (WT)
U1A (IL)>—[U1A (WT)/U1A (IL)], the measured FRET
efficiency was identical to that of the other PIBI1A

nentials (Table 3, Supporting Information). Every anisotropy
decay shows-70% of a short component and30% of a
longer component. The short component (0.3 ns) remains
constant for all of the PIE RNA molecules and complexes,
indicating that the local fluctuations (wobbling of the stacked
2AP) are not perturbed upon protein binding. The long
anisotropy decay component significantly increases upon
RBD1 (10 ns) and full-length U1A protein (12 ns) binding,
reflecting the increased size of both complexes. However,
these values are too short to be a measure of the global

complexes. These data suggest that if dimerization of aminotumbling time of the complex (the PHHRBD1 complex is

acids 103-119 is occurring, it has no effect on the structure
of the RNA.
The dynamics of the PHeprotein (1:2) complexes can

~b5 kDa, and the PIEU1A complexes are-100 kDa).
(B) Local Structure and Dynamics in Box Steady-state
fluorescence experiments give a quantum yield of 0.03 for

be best described by a single distance distribution, derivedthe free PIE RNA-2AP in box 2. The 2AP fluorescence

from TR-FRET experiments (Figure 8, Table 7). For the

intensity increases by a factor of 1440.2 when RBD1 or
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Table 7: Distance Distribution Parameters for Cy3Cy5-PIE RNA Free and Bound to RBD1, U1A (WT), and U1A (IL) Proteins

molecules T (A) fwhh (A) labeling efficiency yR2
Cy3Cy5-PIE, no Mg" 54 (53.8-54.1) 39 (38.7-39.5) 0.8+ 0.05 1.6
Cy3Cy5-PIE+ Mg?* 55 (54.3-55.7) 29 (28.9-29.1) 0.8+ 0.05 1.3
Cy3Cy5-PIE+ RBD1 + Mg2* 40 (39.6-40.7) 40 (39.3-40.6) 0.8+ 0.05 15
Cy3Cy5-PIE+ ULA (WT) + Mg?* 34 (33.8-34.2) 46 (45.2-47) 0.8+ 0.05 1.2
Cy3Cy5-PIE+ U1A (IL) + Mg2* 34 (32.6-34.4) 31 (30.731.2) 0.8+ 0.05 1.2

aF = mean radius; fwhhk= full width half-height. Analyses were performed assumiRg= 60 A andx? = /s,

L T B N . e reE T The Free PIE RNA Structur@he presence of Mg ions
-— Czaczs PIE RNA + RBD1 causes the PIE RNA to become more constrained. Th& Mg
------- Cy3Cy5 PIE + UTA(WT i trati ; _ i indi
sl | 3005 PIE + DIA(L) ) ion titration data were fit by a two-state ligand binding model

that assumes that ions have specific binding sites within the
RNA and that only these binding events give rise to the signal
change observed. Chelated ions satisfy this model since they
are making specific contacts with the RN29j. The number

of sites determined from this model 421) could correspond

to the two internal loops, box 1 and box 2. This hypothesis
is supported by the local RNA conformation study that shows
that 2AP fluorescence in box 2 is sensitive to the presence
of Mg?" ions.

The bound M@" could produce a conformation of the box
that facilitates binding of the protein. Alternatively, kig
could compete for protein binding. Since U1A RBD1 binds

Distance (r) (A) with nanomolar affinity to box 2 in conditions of 150 mM
FiIGurRe 9: Analysis of the Gaussian distance distributions by time- NaCl and 1 mM MgCl, pH 7 30), itis likely that it evicts

resolved FRET measurements as a function of protein binding. Freethe Mg**. However, higher concentrations of Kgsubstan-
PIE RNA (gray dotted line):T = 55 A and fwhh= 29 A. PIE tially decrease the affinity of the protein for the RNA1j,

P{r}

RNA-RBD1 complex (black dashed line}:= 40 A and fwhh= suggesting that the ion can inhibit association.
40 A. PIE RNA-U1A (WT) complex (black dotted line)r = 34 o . i .
A and fwhh= 46 A. PIE RNA-UZA (IL) complex (black solid If the Mg*" ions are bound in a specific conformation

line): T = 34 A and fwhh= 31 A. Buffer: 10 mM Tris (pH 8), formed by box 1 and box 2, it should be possible to probe
100 mM NacCl, 75g/mL BSA, and 1 mM Mgdj, at 25°C. [Cy3 these sites more quantitatively. For example, 8-hydroxy-
RNA strand]= 50 nM, [Cy5 RNA strand}= 70 nM, and [protein]  quinoline-5-sulfonic acid (HQS), a fluorescent probe used
= 120 nM. to quantify bound Mg" (D. E. Draper, personal communica-

. . tion), could more precisely determine the number of interact-
full-length U1A (WT and IL) proteins bind to the RNA, ing Mg?t ions. Electron paramagnetic resonance (EPR)

|nd|F:at|ng that its context has changed. spectroscopic methods could be used to examine the metal
Time-resolved fluorescence decays of PIE-2AP/box 2 jons hound to their specific site8Z, 33).

RNAI_ W(;th anddl_\f/vit_hout ?r?]teir; differ primarily iTn btlhe 4 PIE—Protein InteractionsWith the use of the three protein
gmpltut.e a:nf |et![me OT; eZAOF?g tcom{)oner.lth(t 3 € % constructs in the fluorescence experiments, we have the
upporting Information). The intensity-weighted aver- ) 5ortunity to see how, if at all, the full-length U1A protein

671946 ﬂuofsceRngg 1'fet':jnf IllnlcreatieLSJ {;c\)m 6,['1. ns to 6567 %ndcontributes to the structure of the RNA. Since the full-length
-4 NS when and fufl-leng proteins are bound, protein is required for the inhibition of polyadenylation, the

respectlvely. ) - study of the PIEEU1A complex here probes this functional
Time-resolved anisotropy data are most sensitive to 555gciation.

formation of the complex (Table 5, Supporting Information). (A) PIE-RBD1 ComplexPrevious NMR structural studies

For the free RNA, the proportion of the anisotropy decay is used the PIE RNA together with RBD1 (amino acids®2).
about 70% of fast components and 30% of slower Compo- ¢ \\vIR data indicated that the two helix C regions (amino

nenots. Upon protein _bmdmg the propprtlons become equal acids 93-98) of the juxtaposed RBD1 proteins were in very
(50% each), suggesting that the 2AP in box 2 becomes IeSSclose proximity to each other, forming a proteiprotein
stacked upon complex formation. interface 84). Those results also indicated that the C-terminal
tails, including helix C, were in proximity to stem 2 and

could form electrostatic interactions between side chains of

Although other structural and fluorescence studies of the @mino acids and the phosphate backbone of the stem. Our
PIE RNA have been reportedZ—14), the work described ~ 2AP fluorescence data provide another picture of stem 2 in
here uses time-resolved fluorescence measurements to obtaiflis complex.
a description of the dynamics of the RNA with and without ~ The emission spectrum of 2AP in stem 2 sisoav2 nm
Mg?* and with and without protein. Unlike those previous blue shift when RBD1 binds, which is absent when the full-
studies, the proteins used here include the full-length (282 length proteins are bound. The small but significant blue shift
amino acid) U1A protein, which is the biologically active indicates that the RBD1 proteins change the local environ-
species that forms the in vivo PHEJ1A complex. ment of the 2AP base; a blue shift is typically indicative of

DISCUSSION
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a more hydrophobic environment. NMR dais8) place the PIE RNA but 40% in the U1A-bound complex (data not
basic side chains of Lys23 (helix A) and Arg47 (loop 3) in shown). This increase in the proportion of the short com-
contact with A22 (2AP) and G23 in stem 2 in the PIE box ponent suggests that Cy3 undergoes more local motion when
2—RBD1 complex, interactions that could be maintained in U1A is bound.
the complete PIE RNARBD1 complex. In the NMR The presence of an interaction between Cy3 at the end of
structure of the PIERBD1 complex, the C-terminal tails a PIE RNA arm and a site on the protein (presumably within
(helix C) of the proteins are shown to interact with each the linker) fortuitously provides some information on the
other, via a hydrophobic interface. This interprotein interac- juxtaposition of the full-length U1A protein and the RNA.
tion leaves the charged face of the helix pointing toward the When the PIE RNA is present in its pre-mRNA, it is
RNA, in the vicinity of stem 2 34). If this juxtaposition upstream by two nucleotides of the polyadenylation signal
does account for the blue shift observed in our experiments,(a stem loop structure recognized by the polyadenylation
then its absence when the full-length proteins are boundapparatus). The Cy3U1A interaction indicates that the
suggests that there has been a change in the position of th@protein must wrap around (the linker is flexible) to reach
two helix C sequences. the termini of the arms. Assuming that indeed it is the linker
The 2AP in box 2 reports on any changes in the structure regions of the proteins that are in proximity to the arms of
of this asymmetric loop upon ligand binding. NMR data the PIE RNA, then, in the context of the pre-mRNA, where
indicate that, in the absence of Rigthe bases in the loop  the polyadenylation signal stem loop essentially extends from
are stacked but flexibleld). The adenosine on the strand one duplex arm of the PIE structure, the U1A linker would
that spans the loop nucleotides was shown to be stacked orbecome immediately proximal to the polyadenylation stem
the adjacent €5 base pair; this is the adenosine that we loop. This places the linker (and RBDZ2) in position to interact
replaced with 2AP. Fluorescence results support this structurewith any component of the polyadenylation machinery it
but also indicate that when Mgis bound, there is a change encounters.
in the conformation of this unpaired adenosine, likely an ~ SummaryThese experiments show that the stems of PIE
increase of its stacking. When RBD1 binds to box 2, NMR RNA are flexible relative to each other, with a mean
data (L3) show that this spanning adenosine loses stacking separation of 55 A but with 90% of the population having a
with one GC pair in an adjacent stem, while maintaining separation of 5515 A (the fwhh of a Gaussian distribution,
stacking with the other & pair. Again, the fluorescence or 2.34%). When RBD1 binds, 90% of the RNA molecules
data support this observation, based on the change inhave conformations described by a distance distribution of
amplitudes of 2AP lifetimes. 40 + 20 A, and when U1A (WT) is bound, these statistics
(B) PIE-U1A ComplexesU1A protein binding reduces  change to 34 23 A. Binding of U1A (IL) reduces the width
[RCandr between the ends of the PIE RNA arms by&A of the distribution (34t 15 A), possibly due to the altered
beyond what was observed with RBD1 alone. The geometry position of the 10+121 amino acid sequence but possibly
of these bound complexes cannot be unambiguously de-caused by uncharacterized photophysical properties of Cy3
scribed, however, since either or both the dihedral angle as it interacts with the protein. We interpret the distributions
between arms and the bending angles within the boxes cann terms of the dynamic motion of the RNA structure.
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