JIAIC[S

COMMUNICATIONS

Published on Web 03/04/2003

Nanometer Distance Measurements on RNA Using PELDOR

Olav Schiemann,* Axel Weber, Thomas E. Edwards,* Thomas F. Prisner,’ and
Snorri T. Sigurdsson**

Institut fir Physikalische und Theoretische Chemie, J. W. Goetheddsita, Marie-Curie-Strasse 11,
60439 Frankfurt am Main, Germany, and Department of Chemistryyéisity of Washington,
Seattle, Washington 98195-1700

Received June 26, 2002; E-mail: o.schiemann@prisner.de; snorrisi@hi.is

In addition to the transfer of genetic information to the site of  a)

protein synthesis, RNA also catalyzes chemical reacidnsights RNA 1: *'GCUGAUAUCAGCY’
into the mechanism of RNA function can be obtained from *  7'CGACURUAGUCG’
structural studies. One highlight in this research area was the > aac o
solution of a bacterial ribosome structure by X-ray crystallography. RNA 2: CAGAUCUG
Nevertheless, growing crystals and solving the structure of complex 3,GCGAGUC“G“‘C cacs
RNA molecules remains challenging. Therefore, spectroscopic

methods, such as fluorescence resonance energy transfer measurc b) gw

ments (FRET} nuclear magnetic resonance (NMRjnd electron U=

paramagnetic resonance (EPRYe useful for obtaining structural B D i
information in liquid or frozen solutions that resemble biological “’P‘:la m\[&%
conditions. -

EPR spectroscopy is a valuable technique for the determination Ingulfedlu Ea)) gquelnie 0: RNF% andA 2f (b) g,qu St_fttrl]cttrl:ret of the Slpilr;-|
_ : B . : f f apele .(C rystal structure or an A-form Wi e (wo spin-labels
of long-range @stances n blopolymer's using Fhe dipolar coupling attached using WebLab Viewer. The red arrow is the@distancerag
between unpaired electrons. Hence, information about the folded petween the nitroxides.
structure of RNA can be obtained by measuring the distagge

between spin labels that have been incorporated at known positions>c7eme 1. PELDOR Pulse Sequence

in the primary sequence. Modern pulsed EPR methods, such as ¢¢'(T)
pulsed electron double resonance (PELDOR, Schentehaye Vi m T n T

shown promise for measuring, with high precision, significantly —p

longer distanc€ghan has previously been possible using continuous T|™

wave EPRE However, PELDOR measurements on spin-labeled V2

molecules have only been applied to small organic moledules,
polymerst® or peptided! in nonaqueous solutions. Here we present ©f the Pake pattern &t = 90° and 0 are observed!
the first example of using PELDOR for the determination of a

distance exceeding 30 A on a folded RNA biopolymer in an aqueous Vag = Vpp(1 — 3 cod0) +J 1)
buffer solution. 5

PELDOR enables the measurement of the sgjsin coupling N
vag (eq 1) between two unpaired electrons A and B in frozen Voip = 47h ’ :BS @)
solution by monitoring the echo amplitude as a function of the
position T of the inversion pulse between th&- andsz-pulse of We prepared the self-complementary RNA (Figure 1a),

the H_ahn_ echo sequence. To suppress unwanted .hyperfi_ne couplingontaining spin-labeled uridines at the sequerfedl/&UA. Ni-
contributions, ther/2—7—z detection sequence is applied at a troxide spin-labels were conjugated tesitions of the RNA with
different microwave frequency than the inversion pulse. The echo a urea linker (Figure 1b) by reaction of &&mino group with a
amplitude oscillates with the frequeneys, from which the distance  spin-labeled isocyanaté Optical melting experiments showed only

ras can be calculated according to eqs 1 and ®hered is the a 1°C lower melting temperature for the spin-labeled duplex, as
angle between the applied magnetic fiddd and the electron  compared with the unlabeled sequence. Modeling the spin-labels
distance vectorag; J is the exchange coupling constaiyg is into a known RNA structure containing th& BA-UA sequenc¥

the Bohr magnetory, is the magnetic constanlt; is the Planck (Figure 1c) yielded an ©0 distance of 35 A. For comparison,
constant; andj, andgg are theg-values of the unpaired electrons RNA 2 was prepared because it can populate different folds in
A and B, respectively. For spirspin distances above 20 A, the solution, including a short duplex structure, and should thus yield
exchange coupling constahis negligiblel? and the measurethg a broad distance distribution.

contains only the distance dependent dipolar coupling congsgnt The PELDOR spectra of RNA and RNA2 (Figure 2a, b) were

and the orientation dependent factor{13 cog 6). The latter one  fecorded on an ELEXSYS e580 pulsed X-band EPR spectrometer

can be determined from the same measurement if both singularitiesextended by a second home-built pulsed microwave chafiiele
shortT, relaxation times for RNAL and2 (Supporting Information)

t University of Frankfurt, restrict the choice of-values suitable for the PELDOR measure-
* University of Washington. ments to only 1.Jus and 520 ns, respectively. The echo decays
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Figure 2. Time domain spectra before (a,b) and after subtracting the echo
decay (c,d) and the frequency domain spectra (e,f) of RNghd RNA2

at 10 and 20 K, respectively. For the EPR measurements, both RNAs were
dissolved in 8QuL of buffer (100 mM sodium chloride, 10 mM sodium
phosphate, 0.1 mM NEDTA, pH = 7.2) yielding final RNA concentrations

of 0.3 mM.

seen in both PELDOR spectra, which are due to the coupling of A
spins to randomly distributed B spins, were fitted exponentially
and subtracted from the time domain spectra (Figure 2c, d). The
result was Fourier transformed and yielded the frequency domain
spectra shown in Figure 2e, f.

RNA 1 showed a low-frequency oscillation in the time domain,
originating from the electronelectron couplingvag (Figure 2a,
c). After Fourier transformation, a peak at a frequency of t.2
0.2 MHz is readily observed (Figure 2e). This peak is assigned to
the 6 = 90° orientation within Pake pattern, due to the weak
orientation selection achieved by the position of the pulses with
respect to the EPR field swept spectrum of the nitroxideghe
contribution of the exchange coupling constamb vag of RNA 1
is negligible due to severat- and hydrogen bonds between the
two N—O groupst® Thus, anrag of 35 4+ 2 A can be directly
calculated using eq 2, in excellent agreement with the distance
obtained from the model structure (Figure 1c). The weak modulation
depth may be due to the flexibility of the linker used to attach the
nitroxides to the RNA or to aggregation of the RNA duplexes.

Therefore, the degree of aggregation was estimated by calculating
the average spin concentration of RNIAfrom the decay of the
PELDOR echo, yielding 1.8 mM (Supporting Informatior}.This
is a factor of 3 larger than the nominal spin concentration of 0.6
mM, indicating that freezing the sample results in areas of
concentrated RNA. Nevertheless, calculating from this concentration
the average intermolecular spispin distances yields a value of
97 A (Supporting Information), which is significantly larger than
the intramolecular distance of 35 A, demonstrating thereby the
absence of aggregation for RNA

In contrast to RNAL, the PELDOR spectrum of RNZ (Figure
2b) shows neither a modulation of the echo amplitude nor a peak
after Fourier transformation (Figure 2d, f). Furthermore, its time
domain spectrum reveals a steep PELDOR echo decay which

corresponds to a strongly enlarged average spin concentration of
6.8 mM and an average intermolecular distance of 63 A. This
suggests some degree of aggregation for R\ Avhich could be
rationalized by loop-loop or end-end interactions induced and
promoted by the secondary structures of this RNA. To test whether
the oscillation of RNA1 would be visible under the aggregation
conditions of RNA2, we simulated a time domain spectrum with
the oscillation of RNAL and the decay and time window of RNA

2. In this case also for RNAL, no oscillation would be visible
(Supporting Information). Consequently, aggregation and/or a weak
population of duplex RNA2 are the reasons for the lack of
oscillation in its time domain spectrum.

In summary, in the absence of aggregation, PELDOR measure-
ments yield precise intramolecular long-range distances under
biologically relevant conditions. Application of this technique for
the study of RNA tertiary structure in complex RNA folds is
underway and will be reported in due course.
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