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Double-quantum coherence (DQC)-ESRhas recently been ©NMY 5
shown to be a powerful technique for distance measurements in oc
proteins? It yields high-quality dipolar spectra, and it significantly AU
extends the range of measurable distances in proteins with the use P
of double nitroxide labeling.A previous study, performed on T4 o
lysozyme mutants, demonstrated results covering distances between o
nitroxide labels of about 20—50 A, which is a range accessible by 6
pulse (but not cw)-ESR methodis® However, it is difficult to de
extend this range much beyond the 50 A limit, because the o
acquisition time required to discern the dipolar oscillation (whose !
frequency is inversely proportional to the cube of the distance &
between the spin labels), becomes long compared to the electron- GC
spin phase memory timd;,,. Whereas there are many potential ot
mechanisms contributing td, it was shown that for low un
temperatures (ca. 77 K) for labeled sites exposed to the frozen <5

;

aqueous solvent, phase relaxation is largely (although not entirely)
determined by nuclear spin diffusion of the matrix protons, which
modulate their many-body dipolar interactions with the electron
spin3>7 This yields aTy, for the primary echo of about 4s with N
a power law ofn = 2 as observed for T4 lysozyme in water S hcetamido-pronyl

glycerol solutions (i.e. the decay goes as ex{@/T)?).2 The six- #Thicruridine

pulse DQC-ESR sequence utilized led to partial suppression of this Figure 1. A-type, 26 bp RNA structure with the nitroxide label that is
mechanism of signal decay, because of its refocusing of the?8cho. attached to 4-thiouridine shown. One strand is blue and the opposite green.

: o : _Sites of spin-label attachments are shown as red spheres. Distance between
In this communication we show how, by a variant of the DQC them was measured to be 65 A from the high-resolution X-ray crystal

ESR method, we are able to improve on the partial suppression of sirycture of an A-form duplex (PDB ID 1QCO) using Insight molecular
the effects of nuclear spin diffusion on the electron spinand modeling software (Accelrys). The flexibility of the linker arms may add
thereby to enable the accurate measurement of considerably largeP—10 A, depending on the relative positioning between spin I&bBhais,
distances, of about 70 A. This variant employs the same six-pulse We estimate the distance between spin labels to be EOA.
sequence, but in a format which simply refocuses the primary echo, suppress the effects of nuclear-spin diffusigrithe sample size
after it is put through a double quantum filter. Thus, we refer to was about 1GiL, corresponding to about 1 nmole of doubly labeled
this method as double-quantum filtered refocused (DQFR)-electron RNA. The experiments were performed at 17.4 GHz, 6.2 kG, and
spin—echoes (ESE). To demonstrate its use for long distances in72 K, utilizing the home-built X/Ku-band 2D-FT-ESR spectrometer
biomolecules we studied a long double-stranded A-type RNA that previously describéd with a He-flow cryostat.
was spin-labeled at both ends, consisting of 26 base pairs. The six-pulse sequence arrangements for both DQC-ESR and
3-(2-lodoacetamido)proxyl spin label (Sigma) was attached to DQFR-ESE are shown in Figure 2. In the limit of strong
chemically synthesized RNAs containing a single 4-thiouracil at nonselective pulses the DQC-ESR signal yields the dipolar oscil-
the 8 end (Dharmacon, Inc.), as previously describ&tie reaction lations: —sin at, sin at, = 1/2(cosaty, — cosats) wheret; = t, —
was monitored using UV spectroscopy at 320 nm as previously t, andty, = t, + t,, so the signal is displayed ts In the DQFR-
described. Spin-labeled RNA was purified using a G-25 size ESE the equivalent expression for the signatisin 2ar= 1/2
exclusion chromatography column and complementary strands of (cos 2ar— 1), so the signal is displayed vs.JHerea = 2D(1—3
labeled RNA were annealed by heating t6 8@d slow coolingto  cog 6)/3 with D = 3y2h/2r3, the dipolar spir-spin interaction.]
room temperature. Complete 1:1 annealing of RNA was verified The refocused echo varies with so simple relaxation due f,
using nondenaturing polyacrylamide gel electrophoresis. will yield a decay of e*/™ superimposed on the time-evolved
We show in Figure 1 the base-pair sequence, the spin-labelsignal (neglecting the smatl). The “zero deadtime” feature of
moiety, and the molecular structure from molecular modeling. We DQC-ESR eliminates the decay dueTsg instead replacing it by
estimate a distance of 78 5 A between the two end labels. a constant reduction in the signal by ex®t./T,)]. However, when
The samples for ESR were about 104 in the doubly labeled  relaxation mechanisms dominate, which decay exponentially with
RNA in 50 wt % D,O/glycerol-d, with 200 mM NaCland 20mM & higher power of (i.e.,n > 1), then this “zero-dead time” feature
Tris buffer at pH 7.5. The use of deuterated solvents is known to will not eliminate the decay so that it is desirable to maximize the
t Cornell University. suppressiop resglting from refocusing of the echo. In the case of
* University of Wisconsin-Madison. DQC, the signal is reduced by the factor exf{ (tm + tg)/Tm}" +
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Figure 2. Six-pulse sequence used in (a) DQC ESR and (b) DQFR-ESE.
In (a) one steps oug with constanty, (andts) such that the echo is always
detected at the same period: 2t 2t; yielding effective “zero-dead
time”.2=3 In (b) one steps out2and detects the refocused echo at+#

2t;. In both cases; is kept shortz/2 (;r) pulses were 3 (6) ns wide using

a B, of about 30 G.
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Figure 3. DQC ESR, (a) and DQFR-ESE (b) signal traces. DQFR-ESE
signal (c) after removing relaxation decay and making standard linear
baseline corrections;313 and its Fourier transform (d). Signals were
obtained at a 1 kHz data acquisition rate for 10 h.

{(tm — tz)/Tm}" for a decay mechanism depending 9= In the
case of DQFR the equivalent expression is ex(Rt/Ty)".

Let us consider these factors at the respective tigs = tmmax
and 27= 2tvax corresponding to the maximum acquisition times

of these experiments, (wherein, e.g., each signal has reached the
d References

noise level). For comparable signals at these endpoints we fin
2Tmaxltm max = 2071 (or 212 = 1.4 forn = 2 and 28 = 1.6 forn
= 3). That s, one predicts a significant increase in the time available
for observation of the dipolar oscillations for DQFR.

The DQC-ESR signal from the bilabeled 26 bp RNA of Figure
1 is shown vg¢ in Figure 3a. Data could be collected fotzax
= tmmax Of @about 5us as a result of effects of signal decay arising
from nuclear spin diffusion. Over this time scale there is no
discernible oscillation. The DQFR-ESE signal, obtained under
identical conditions, is shown in Figure 3b. Here, it was possible
to collect data until a &,ax Of about 1Qus. Since this signal is also
subject toT, decay, its effect was removed by dividing by the

refocused primary echo signal obtained using a weak pulse sequence

with B; &~ 7.5G (thereby suppressing the dipolar oscillations, which

require strong pulses). This also cancels the effects of nuclear spin

diffusion and reduces effects of instantaneous diffusiiiwe
estimateT, ~ 6 us and an increaset, ~ 7.5 us due to solvent
deuteration, witm = 2 over a period of about bs then changing
over to a decay witm ~ 3.) The resulting signal is shown in Figure
3c. It clearly displays the dipolar oscillation over the A9period.
(The more rapid oscillations seen in Figure 3b and c are due to
ESEEM effectd! from nearby deuterons.) The Fourier transform
of Figure 3c is shown in Figure 3d. A strong and clear dipolar

spectrum is obtained, corresponding to a dipolar splitting,= a

= 140 kHz. One may use the expressiornA) = 37.3[wip
(MHz)]~3to obtain the distance,= 72 + 4 A between the end-
labeled nitroxidekin excellent agreement with molecular modeling.
Such a result could not have been reliably obtained from the DQC-
ESR spectrum (although we were able to use DQC-ESR for a 16
bp end-labeled RNA corresponding to a distance of 55 A). The
ESEEM spectral lines are well displaced on either side of the dipolar
spectrum att2.0 MHz or half the deuteron Larmor frequency (since
the Fourier transform is with respect t)2

The DQFR-ESE method thus effectively extends DQC-ESR to
longer distances by providing a longer interval of signal acquisition.
We found approximately a doubling of this interval, which is
actually greater than the theoretical estimate above. This might result
from a better cancellation of other residual decay processes (e.qg.,
instantaneous diffusiorf)>>12 In addition, DQFR-ESE provides
stronger signals vs for the shorter, (whereas in DQC-ESR one
always collects data at time2+ 2t;, for which there is substantial
signal reduction, cf. above). But for distance50 A we do find
DQC-ESR is preferabl¥.

Finally, we comment that, by retaining the DQ-filter and the
use of short intense pulses, DQFR-ESE retains the virtues of DQC-
ESR of (1) higher intrinsic sensitivity, since nearly all the spins
may be irradiated, (2) the suppression of complications from corre-
lations between orientations of the magnetic tensors of the nitroxide
and the inter-radical vector, and (3) the filtering of undesirable
artifacts. We do, however, give up the effective zero-deadtime
feature as discussed and experience larger ESEEM, but this permits
one to measure longer distances. DQFR-ESE is expected to be
similarly useful for large distances between solvent-exposed sites
in spin-labeled proteins.However, when both spin labels are
embedded within the soluble protein or within the transmembrane
portion of a membrane-bound protein, then the shortéiedue
to surrounding protons (instead of solvent deuterbrs) will
significantly reduce the measurable range of distances, although
the use of DQFR-ESE would still increase this range somewhat.
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