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We describe a spectrometer for pulsed ENDOR at 140 GHz, ropy are typically dominated by thgedispersion. Thus, micro-
which is based on microwave IMPATT diode amplifiers and a wave pulsed irradiation at arbitrary field positions in the EP!I
probe consisting of a TE,; cavity with a high-quality resonance  |ine excites only molecules with particular orientations of th.
circuit for variable radiofrequency irradiation. For pulsed EPR we t o e P -

5 o : -tensor principal axis with respect to the magnetic field. Thi
obtain an absolute sensitivity of 3 x 10° spins/Gauss at 20 K. The 9 P . p. . b 9 . .
leads to a simplification of the data, where spectral informatic

performance of the spectrometer is demonstrated with pulsed f | f I | . . is ob d. Furth
ENDOR spectra of a standard bis-diphenylene-phenyl-allyl rom only a few molecular orientations Is observed. Furthe

(BDPA) doped into polystyrene and of the tyrosyl radical from E. high magnetic fields also lead to much higher resolution |
coli ribonucleotide reductase (RNR). The EPR spectrum of the ENDOR spectroscopy of low-gamma nuclei. For instance,
RNR tyrosyl radical displays substantial g-anisotropy at5 Tand is ~ contrast to the situation at X-band, hyperfine spectra’cf
used to demonstrate orientation-selective Davies-ENDOR. o199 N, “N, and”H are completely resolved from one another a
Academic Press our field of 5 T.

Therefore, the combination of high frequency EPR an
ENDOR techniques is an attractive spectroscopic tool, as f
been demonstrated at 95 GHEO( 15, 1§ and with CW ex-

Electron nuclear double resonance (ENDOR) spectrosco@ fiments at 250 QHzl(?). One_ chgllenglng gspect O.f pulsed
first proposed by Fehed), is a well established technique for, .R/ENDOR .at high frequencies is the design and |mplgme
the determination of hyperfine interactions and spin densg‘Ion ofietfﬂuent double resonance probes. Th? paucny_ |
distributions in paramagnetic systems. With ENDOR, th able m|II|m_eter-waye power sources _a_nd gmplmers requir
NMR spectrum in the vicinity of a paramagnetic center can B¢ Use of high quality microwave cavities in order to obtai
indirectly detected through the electron spin, leading to muShort microwave pulses {, < 200 ns). In contrast to standard
higher sensitivity than in conventional NMR experiments. EN2 GHZ EPR, high quality cavitiesQ = 3000) can be em-
DOR also offers substantially improved resolution compared R°yed at high frequencies without degrading the tempor
a typical EPR experiment and therefore represents a végpolution (i.e., dead time) of the pulsed spectrometer. Tl
powerful method for hyperfine spectroscopy. Developments @flindrical TEq; cavity, introduced by Lebedest al. (18) at
pulsed ENDOR techniques allow further possibilities for mak40 GHz, has been employed for pulsed EPR at millimet
nipulating and extracting information from very complicated/avelengths because of its high filling factor and ease |
CW-ENDOR spectra. Reviews of Davieg) (and Mims @) tuning. One disadvantage of this cavity is its miniature siz
pulsed ENDOR and more advanced pulsed schemes are avilich requires small samples and external mounting of
able ¢—6). radio frequency NMR coil for ENDOR, leading to compro-
In the past few years, improvements in high frequendyises between RF penetration and the quality factor of the EI
microwave technology stimulated the development of EPgaVity.
spectrometers operating in the millimeter reginfe- 4. Al- In this contribution we describe the design and operation
though there are several attractive features of high field ERRew spectrometer for pulsed ENDOR at 140 GHz and det
spectroscopy, one of the most important is the improved ofinstrate its capabilities with studies of the tyrosyl radical fror
entation-selective excitation that can be achieved. Indeed, highcoliribonucleotide reductase (RNR). The microwave bridg
field EPR spectra of systems with even sngatensor anisot- described in detail by Prisnet al. (11) and further by Becerra
et al. (12) was modified in order to achieve high-power mi-
*To whom correspondence should be addressed. E-mail: grifin@ccnfifowave pulses. A double resonance probe for efficient EF
mit.edu. and NMR irradiation has been implemented together with
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radiofrequency transmission line. Pulsed ENDOR performanoen) EPR spectrum reveals a two-component EPR line with
at 140 GHz is demonstrated with a standard BDPA/polystyretaal width of 0.05 mT. CW-EPR spectra were recorded with
sample, where the ENDOR spectrum is rather simple becausmimum field step of 1uT, representing a field resolution of
it is determined by only two sets of nonequivalent protonf.2 ppm of the central field. Consistently, the pulsed EP
Finally, the advantages of high-frequency orientation-selectigegnal of perylene in the time domain (FID) displays a fre
ENDOR are demonstrated experimentally and with simulatiogsiency noise of about 30 kHz between consecutive sho
of ENDOR spectra of the tyrosyl radical froa coli RNR.  yielding a field stability of~0.2 ppm in agreement with the
CW experiment.

THE 140 GHz PULSED EPR/ENDOR SPECTROMETER . .
Microwave Bridge

The pulsed EPR spectrometer consists of three main units: &he microwave bridge described previoustyl(12 has
magnet utilizing a-0.4 T superconducting sweep coil antHa  peen significantly modified in order to achieve higher micrc
NMR field lock system, a 139.5 GHz microwave bridge wityave pulse power and four-phase switching capability. Sin
four phase capabilities operating in reflection mode, andyg use a heterodyne detection scheme, the main microw:
probe for EPR/NMR double resonance. These components gb@rces consist of two InP Gunn diodes (Millimeter-Wav

described in more detail in the following sections. Oscillator) operating at 139.5 (main source) and 139.95 Gt
(reference) locked to a 50 MHz source (FM noise-ef50
Magnet and Lock System dBc/Hz at 1 kHz offset). The difference between the main ar

. - . . reference frequencies represents our intermediate frequenc
The polarizing magnetic field consists of a two-coil super :

conducting magnet (Magnex Corporation) with a 130-m 450 MHz. Microwave power amplification is achieved with ar
9 9 9 P . . . PATT diode network (Donetsk Physico Technical Institute)
room-temperature bore. The larger main coil, operating 0

. ) S ) combination of fast amplitude and 0°-90°, 0°-180° phas

persistent mode, provides a static field of 5 T; the smaller : . . .
. . : . : Switches with three IMPATT diode oscillators leads to 37 mV
superconducting sweep coil, located in the main coil bore ; ; .
output power and microwave pulses wil0 ns rise and fall

allows field SWEeps 0f=0.4 T and access o systems Wm{'{mes. However, the FM noise of IMPATT diodes exceeds th:
electron g-values in the range 1.84-2.16. The low curren

required for a=0.4-T field sweep £13 A) minimizes the of frequency locked Gunn dl_odes,_because of the intrinsical
helium boil-off rate. different methods of generating microwaves (avalanche em

. - . . sion versus oscillation of thermally excited electrons). In orde
For precise magnetic field measurements and field locki

an NMR teslameter that permigsfactor accuracies o£10 © nt%’minimize any increase in the noise figure of the spectror

was implemented. The system, which is similar to that dfe:cer, the 139.5 GHz IMPATT oscillator network is injection

scribed by Uret al. (19), utilizes the dispersive component o ocked by our 139.5 GHz Gunn diode, which was measured

the 2H NMR signal from a2H,0 sample doped with MnGls be free &50 dB) of adjacent harn"_nonlcs_of the primary 50 MHz
. . . spurce. The reference arm, which drives the high-frequen
an error signal in a feedback loop. The feedback signal contrgls . e .
o . . mixers, is unaffected by the IMPATT amplifier. Finally, the
the current amplifier that drives the sweep coil. When perform-. . .
. , o . microwaves are conducted to the resonator using a combil
ing a field step, the RF excitation frequency of the deuterlup : .
. . Ion of oversized and fundamental waveguides (WR-42 al
NMR probe is swept under computer control, causing a cha . : .
. ) L -8), tapers, and bends. Insertion losses in the circulator &
in the sweep coil current. Thus, the magnetic field step 1S \pagation pathwa (8-9 dB) attenuate the incident power
determined by the width of the deuterium NMR line, which i%‘uepregonatof o yroximatel —y P
~100 Hz (0.015 mT for deuterium). The field resolution is no P y '
limited by the current stability of the sweep coil power suppl
(KEPCO), specified to 0.01% of the current value, since tf%eNDOR Probe
large inductance of the sweep coll & 24.0 H) andsmall Our current resonator is a Tf cylindrical cavity suitably
resistance of the sweep coil leald € 0.5 ) act to filter out modified to permit RF irradiation during the ENDOR experi:
any high-frequency power supply voltage fluctuations due toent. The cavity radius and lengthd are chosen so that
the very long time constant-(= L/R ~ 48 s) for the current 2r/d = 1, the condition for optimaQ in the TE,; mode @0).
response. For instance, for = 2 resonances a sweep coilTuning is achieved with a fixed and a moveable plunger, whi
current of abotil A leads to a specified current stability of 0.Imicrowave coupling into the cavity is established through
mA, corresponding to a predicted field instability of 3T, circular, centered iris and can be adjusted by rotating the wa
which is greater than that observed experimentally. Field sguide with respect to the axis of the resonator. The perfa
bility and resolution were tested experimentally with the namance of the resonator depends critically on the iris thickne:
row EPR line of perylene-Rf an organic conductor radicaldiameter, and length of the fixed plunger. Generally, the leng

cation salt. At 140 GHz the single-crystal (0<L0.15 X 0.1 of the fixed plunger is optimized for each sample depending
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its dielectric loss. However, the samples used most frequently, 10 mm
such as frozen solutions and powders, display low dielectric
constants and are investigated in 0.5 mm OD capillaries com- fixed ol .
bined with a single plunger of fixed length. In contrast, aqueous xed plunger adjustable plunger
solutions require shorter plungers and thinner capillary tubes J
(0.27 mm OD). An empirically optimized iris diameter of 0.66
mm and thickness of 0.12 mm were found for WR-8 wave
guide of 1X 2 mm cross section. . \

For the ENDOR probe we first followed the design de- o L
scribed by other authorsl@, 15, where the NMR coil is ]
mounted external to the cavity and RF field penetration into the
resonator must be optimized. Since the skin effect prevents RF  sample tube
penetration into a solid metal cavity, it is necessary to cut slots
in the resonator walls finding a compromise between RF pen-
etration and microwave losses. RF penetration can be further
increased if the formation of RF induced eddy currents in the
resonator walls and plungers are suppressed by cutting slots
through the entire length of the metal cylinder, a concept tested
and discussed previously for a 95 GHz resona2d).(For our
140 GHz resonator we employ 3 slots 0.5 mm in width and
0.38 mm apart along the active cavity volume and further slots
0.25 mm in width through the entire length of the metal
cylinder. The additional slots are narrower in order to maintain
mechanical stability of the soft silver cylinder. The resonator
wall thickness amounts to 1.13 mm. Plungers are fabricated
from insulating Kel-F with copper plated end faces. The res-
onator assembly is shown in Fig. 1. A new improved design of
the cylindrical TE;,, cavity, which permits optimal RF pene-
tration without power losses, has been implemented recently
and will be presented in a separate paper.

In ENDOR experiments it is necessary to sweep the RF OVeE|G. 1. Top: Side view of the 140 GHz cylindrical resonator used for
a large frequency range (typically several megahertz) whi#DOR displaying the different slots for improved RF penetration, the fixe
concurrently maintaining a high quality factor in the RF circuitand movable plungers, and the sample tuBettom: Tuning curve of the
Initially, broadband RLC resonant circuits were tested in corffh\POR resonator loaded with a 0.4 mm (ID) capillary and solid BDPA
bination with our TE,;; resonator but were of low RF effi- polystyrene sample.
ciency, particularly at high frequencies in the region of tHe
resonancey, = 212 MHz at ourg = 2 resonance field). We C, r
therefore adopted the circuit shown in Fig. 2a, which is typical C, = R, [1]
in solid-state NMR and consists of a high-quality LC parallel

circuit with variable matching and tuning capacitors. Highyherer is the resistance of the coil aft} is the impedance of
voltage variable capacitors are mounted on top of the profge transmission line. Therefore, a single micrometer can cc
outside of the cryostat, to prevent arcing and temperatukgo| both capacitors simultaneously through a gear system w
dependent capacitance changes when cooling with helium gag appropriate gear ratio. With this arrangement we typical
A semirigid cable of approximatelyiA/2, wheren is an cover a sweep range of about 20 MHz around thefree
integer and\ is the RF wavelength, connects the capacitors tarmor frequency. A calibration curve allows the setting of th
the NMR coil, which is a split solenoid with 2—4 turnsmicrometer position for tuning and matching during a fre
mounted perpendicular to the resonator axis. To maintain twency scan and typical RF steps of 50 kHz are achievedin
ing and matching during the RF sweep, we utilize a computey- For low gamma nuclei, such a8, ™N, *N, and °H,
controlled high-precision micrometer and a digital encodéroadband circuits with characteristics of low-pass filters als
(Criel Corporation) that drives the tuning and matching capagermit highly efficient RF irradiation, as described byfeto
itors. For a high-Q circuit, the ratio of the capacitors at res@23) and Disselhorset al. (15) and are preferentially used
nance is given by a constarg?), because of the ease of construction.

Diode voltage (mV)

c . 1 )
-300 -150 ] 150 300
Vo - v (MH2)
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RF in GHz) and steps of 62 MHz. The reflected power was monitor
A4 with a crystal detector. A typical measurement is displayed
Fig. 1 (bottom) for the loaded ENDOR cavity, containing ¢
BDPA/polystyrene powder sample loaded in a 0.5 mm (OL
] quartz tube. We find & > 2200 andl400 for unloaded and
" 'ﬂ'-(- Cz loaded cavities, respectively. Quality factors larger th&200
— Mo A could not be measured because of the limited step size of 1
Dl T H o o sweeper.
In addition, the 90° microwave pulse length,_§) was
_ Ch L estimated in two pulse spin-echo experiments. We used dilt
samples of a symmetric trityl radical (NYCOMED Innovation
AB), which displays very long relaxation times at low temper
ature T, ~ 1 s atT = 15 K; the spin-echo intensity is
constant for pulse spacings 800 ns). The 90° pulse length
was obtained by varying the incident microwave power fc
fixed pulse lengths as well as by varying the pulse lengths f
a fixed maximum power. Accordingly, the cylindrical resona
tor without slots yielded 90° pulses f60 and 70 ns at low
and room temperature, respectively. With the ENDOR reson
| Pulse tor we obtained values in the range 90-110 ns.
u f programmer A knowledge of the loade® and incident power into the
) resonator (5 mW, see above), and assuming a typical conv
50 MHz 0-310MHz  sion factorc for cylindrical cavities of 30uT/VW (experi-
g @ mental values are between 20 andB0V'W (24)), permits an
@ L estimate of the theoretical field strength #r the ENDOR
cavity using

RS 232

computer

B,=c¢,Q:P. 2
RF out 1= 6@ (21

bandpass filter We arrive atB, = 0.08 mT, inagreement with the experi-
FIG. 2. (a) Schematic representation of the NMR circuit for the ENDOI{nental 90_0 ,pU|Se Iength of 10_0 ns,’ . .
probe. G and G are variable capacitors controlled by a high-precision micro- 1€ €efficiency of the RF irradiation was first tested by
meter (M). The micrometer position is set by the computer through a digitaheasuring the Rabi oscillation of the nuclear sublevels in
controller. (b) Diagram of the NMR transmission line for variable frequencENDOR experiment_ As a standard sample we use the so
ranges and four-phase capability. organic radical bis-diphenylene-phenyl-allyl (BDPA) doped i
polystyrene (1%) at room temperature. The Rabi oscillation
usually monitored on the maximum of the ENDOR line at 20
The frequency variation in the RF is generated with a PT{#Hz using a Mims-ENDOR type of EPR preparation—detec
synthesizer. Pulses and four orthogonal phases are formed aj@mscheme and recording the electron spin echo intensity a
intermediate frequency of 50 MHz and are controlled by @nction of the RF pulse length. A typical curve is displayed il
pulse programmer (Interface Technology). RF amplification fsg. 3 for an ENDOR probe with a four-turn RF coil and an R
performed over 10-300 MHz with an American Microwavgyower of 450 W. The RF field streng®, can be estimated
Technology amplifier® .. ~ 500 W in pulsed operation). The considering the expression for the nutation of a $piuicleus
transmission line is represented schematically in Fig. 2b. under the effect of a magnetic fieB} = w/y perpendicular to
the external fieldB, (23):
SPECTROMETER PERFORMANCE
Aw? + w?: co wetrp) * EXP(—tre/T,)
ENDOR Probe (I = 2 . (3]

W eff

The performance of the ENDOR probe was assessed in
different ways. Initially, quality factors of the cylindrical cavitywhere wes = VAw? + o Here Aw is the resonance offset
were measured using a microwave frequency sweeper (Insiglith respect to the irradiation frequency apdis the RF pulse
Products Corp.) with a calibrated frequency output (20—18&ngth. RF-field inhomogeneities and spectral diffusion lead
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— w2 w2 /2 achieved in the EPR experiment, which is reflected in tf
4 11 ywave ] =1 [] 1 ENDOR spectrum. This is particularly pertinent when sma
gl N “ I amounts of sample are available, as is often the case w
.-? & “ " — biological compounds. Therefore, we provide a brief discu:
2 0.75 | ";‘ sion of the sensitivity of our spectrometer. A detailed sensitiy
g . - ity analysis of the previous 140 GHz spectrometer was report
=~ 0.5l “-s..m by Prisneret al. (11). We measured the sensitivity of the CW
8 R - experiment using standard water/glycerol solutions of the trit
o e . radical at room temperature contained in 0.1 mm ID quar
E 0.25:+ Bl " tubes in order to minimize dielectric losses. The experiment

. _ . . . . . sensitivity,E [spins/Gauss], can be obtained from the formul

0 10 20 30 40 50 60 (20
tau (us)
FIG. 3. Rabi oscillation of the protons in BDPA for RF excitationiat N

209 MHz, T = 293 K. Mims ENDOR, MW/2 pulse: 110 ns, pulse interval E

= (SN)-n-AHZ) 4]
71 = 200 ns, RF power 450 W.

where N is the total number of spin§gN is the peak-to-peak

a damped oscillation and are included in the time consfant Signal-to-noisen is the number of lines, aniH,, is the peak-to-
In our case the pulse excitation width is much smaller than tR§ak width of the derivative EPR spectrum. We arriveeat
ENDOR line; therefore, alil,), contributions at a frequency 14 X 10" spins/Gauss, a result that compares favorably wi
offset Aw, covered by the excitation width have to be inteP'€Vious experimental values of 18pins/Gaussifl, 13. The
grated to obtain a totdl ). Different nutation frequencies of ImProvement in sensitivity is primarily due to improved cavity

single(1,), lead to a higher observed nutation frequency congonstruction :_;lnd to the. incorporation of a new low-noise 50 MI-
pared to the line ahw = 0. The experimental curve displayedS0urce to which the microwave sources are locked.

in Fig. 3 shows a more complicated behavior than represented N€ sensitivity of the pulsed EPR spectrometer was dets
by integrating Eq. [3] over the frequency offski,, likely due Mined in a two-pulse spin-echo experiment, using a trit
to fast electron and nuclear relaxation effects at room temp&gdical solution with an inhomogeneous linewidthef.5 mT.
ature. However, the position of the first maximum is wel{Ve follow the definition forE proposed by Prisne2f),

resolved at 8.6us. Taking into account the effect of off-

resonance contributions, this value should lead to a 180° pulse N

length on the order of 10_—],155. In order to determine the 180° E= (SIN)(2m, + 1)AH,,,
pulse length more precisely, we used the ENDOR probe to-

gether with a 200 MHz solid-state NMR magnet and spectrom- ) ) ) ) )
eter (12). A liquid H,0 sample was inserted into the resonatdere SN is the signal-to-noise (in a single shot) of the

and the 180° pulse length of the protons was observed direcfig@k-écho amplitude compared to the rms noise with a det

The on-resonance, narrow proton line could be inverted usiigh Pandwidth matched to the echo shape. We arrive at

a 24 us 180° pulse with 140 W RF power delivered to thé X 10° spins/Gauss al = 20 K. This sensitivity limit

probe. This corresponds to about 8 180° pulses with the PEMMIts pulse EPR/ENDOR studies of samples in the=10

450 W power available in the ENDOR experiment, in good® M concentration range, which is typical for biological

agreement with the estimate from the ENDOR Rabi oscillatioR/©t€ins and opens a wide range of applications for pulsed E
For standard Davies- and Mims-ENDOR experimentiChniques in the 2 mm regime.

which suffer from power broadening, pulse lengths of this AS €xpected, the absolute sensitivity of the pulsed mode

magnitude are a good compromise between sensitivity requif@Ver than CW mode operation because of the narrower detect
ments and linewidth resolution. For coherence transfer ER@ndwidth of the latter experiment. Nevertheless, the measu
DOR experiments, much shorter pulse lengths and Correspoﬁal’JSItIVItleS cannot be compared directly because of the differe

ingly larger excitation bandwidths are desirable, which wilf & constants associated with the two experimental mod
require improvement of the resonator design. Moreover, we found that the CW experiment is sensitive t

baseline distortions due to microphonics arising from Bye
modulation coils. The modulation coils are located in the cryost
inserted in the narrow bore of the superconducting magnet and

One advantage of performing double resonance experimedifficult to mechanically decouple from the probe. This can lead
at high microwave frequencies is the high absolute sensitivitylarge baseline offset at the lock-in detection frequency.

e*ZT/Tz

, (5]

EPR Sensitivity
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ENDOR Performance BDPA is a stable radical with an alternating spin densit

Two standard pulsed ENDOR experiments, Davies- ark%calized on the diphenylene rings (Fig. 4, top). Two hyperfin

Mims-ENDOR, have been employed in order to demonstra‘fgumings result from two sets of eight magnetically equivalel

the performance of the spectrometer. As typical experimenti]9 Protons, yielding a pair of doublets in the ENDOR spec
parameters we use/2 microwave pulses of 100 ns and RF Tum- The EPRline is nearly Gaussian with a width~af mT,

pulses of 10us. Baseline correction is performed by subtractvhich is determined by the hyperfine splitting of the 16 protor
ing two consecutive sequences and toggling the RF pul§@d @ smalig-anisotropy visible upon deuteration. Although
Spectra from 1% BDPA in polystyrene at room temperatutfe ENDOR lines are broad because of hyperfine anisotro
were obtained from a single scan of the RF frequency with &nd power broadening, two splittings are easily distinguishe
integration averaging of 100 shots/point. and therefore the spectra are useful for comparing lineshz

Mims-ENDOR

Davies-ENDOR

simulation

-4 -2 0 2 4
V=V, (MHz)

FIG. 4. 'H ENDOR spectra of BDPA in polystyrene (1%) at room temperatuge= 211.7 MHz. Mims-ENDOR (top), Davies-ENDOR (middle),
Davies-ENDOR simulation (bottom). Experimental parameters: MYulse: 200 ns7 (Mims) = 200 ns,r (Davies)= 400 ns, RFr pulse: 10us, RF power:
400 W, 100 averages/point, single scan spectra. Simulation parameters usggd ar€.00263,g, = 2.00260,g, = 2.00257. Thefollowing hyperfine
constants are in megahertz and represent the absolute vaiyes:1.0, *A, = 1.0, 'A, = 1.26,%A, = 7.7,%A, = 5.3,°A, = 2.0.Inset: Structure of BDPA
radical.
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effects arising from preparation and detection pulses. Roomuiclear spins, and the symbal refers to the sign of electron

temperature spectra are displayed in Fig. 4. spin manifoldm,. The angular dependenceMfis numerically
Mims-ENDOR, which is a stimulated echo sequence with a RlEemputed with two consecutive Euler rotations, first into th

pulse at a nuclear transition inserted between the second and thiténsor principal axis frameR(,;,), then into the laboratory

mw-pulses {/2——m/2—RF-1/2), is known to preferentially de- frame R,,).

tect small hyperfine couplings. This is demonstrated by the ex-Effects produced by the preparation and detection pulses

perimental comparison of Mims- with Davies-ENDOR spectra iDavies-ENDOR can be derived from Eq. [3]. The complet

Figs. 4a and 4b. Additionally, a strong matrix peak is observed ENDOR response is written as

at the Larmor frequency. However, the Mims-ENDOR intensity

suffers from a periodic dependence on the pulse spacigiyen .

bY | enoory ~ 1 — cos(27AT), whereA is the hyperfine constant lenpor(Aw) = Iy(Aw) J dAwg(Awe)

and 7 is the time between the twa/2 excitation pulses. The .

spectrum represented in Fig. 4a was recorded with 200 ns,

which leads to clearly visible intensity minima Av = +2.5 X f(Aws, Aay)f(Aws), [l

MHz. Davies-ENDOR {—RF-/2——) (2) is the more attrac-

tive technique because of limited lineshape distortion, essential fgiere the integral runs over all EPR offset frequendies, |

accurate simulations. Spectra are affected by an intensity “hol€"the normalized hyperfine spectrum given by the foregoir
centered aAv = 0, which reflects the excitation band width of thQransition fre(_jluen(_:ieg:lp andfd are preparation and detection
preparation pulse. Note that the doublet#).7 MHz is much fynctions as reported ir), andg(Aws) is the EPR lineshape
weaker than the second one &2.5 MHz, although they are fynction. In the continuum approximation used here, the exc
determined by the same number of protons. We find that thjon bandwidth is assumed to be much smaller than the El
intensity of the center increases for longer and weaker preparafipizwidth, andg(Aws) can therefore be neglected because it
pulses, but the sensitivity also degrades. The overall signalffsarly constant over the excitation profile. For a 180° prep

noise is comparable to that of Mims-ENDOR, and therefoigtion pulse and a spin echo detection sequence, the previ
Davies-ENDOR was typically used. A more detailed discussi@uation can be approximated B3[

of the lineshape is given in the next section.

*2
(AT

SIMULATION OF DAVIES ENDOR SPECTRA lenpor = AP+ o, [10]
For calculating Davies ENDOR spectra, we utilize analytic

expressions for the ENDOR lineshapes as a function of the prifith s ~ 0.7 w,, where the phenomenological scaling facto
aration and detection pu|se as outlined by Grupp and Memg (Of 0.7 includes relaxation by Spin diffusion effects. Fina"y, RF
The computation involves simulation of the EPR spectrum RpPwer broadening leads to ENDOR linewidths on the order
order to obtain thervalues and an initial set of hyperfine coul/trs, Wheretg: is the RF pulse length. This can be derivec
plings. During computation of the EPR spectrum the orientatiodgectly from Eq. [3]. For a 1Qus pulse the ENDOR linewidth
that match the pulse excitation profile at a given external field dfetherefore~0.1 MHz. For faster computation, the ENDOR
extracted and the corresponding ENDOR frequencies are cdifieshape is approximated by a Lorentzian line and the lin
puted. The resulting ENDOR spectrum is a sum of the orientaticfiape convolution is performed in the time domain.
selected hyperfine spectra convoluted with preparation and detec®n example of the calculated Davies-ENDOR spectrum ¢
tion functions. EPR and ENDOR frequencies are obtained BPPA for a 200 ns 180° preparation pulse is displayed in Fit

diagonalizing the Hamiltonian for interacting electron and nucle4rtogether with the experimental spectrum. The calculation
spins and are given by the expressions performed for 16 nuclear spins coupled to the electron spi

Although there are only two inequivalent sets of protons, tk
full spin space must be considered for computation of the EF

_ 9BBo " oo : line and for proper orientation selection. The weak intensity «
Vs= T T E mi(A'(+) = A'(=)) forEPR 6] ine goublet at+0.7 MHz compared to the doublet at2.5
e MHz is a direct consequence of the preparation pulse. T
vi(+) = Al(+) for ENDOR [7] matrix peak is simulated by a simple Gaussian line and
weighted in order to obtain the observed intensity. The expe
A(x) = £0.5A,, — vy, Bl imental spectrum was recorded in the center of the EPR lir

which results in excitation of a wide range of molecular ori
whereg andA are the angular-dependegfactor and hyper- entations. This is reflected in the broad, almost featurele
fine constant, respectively, the summation runs over ithgoowder pattern for the larger hyperfine coupling. The calct
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GHz orientation-selective ENDOR with spectra of the tyros)
radical fromE. coli RNR.

Figure 5 shows a schematic representation of the tyros
radical together with the 140 GHz echo-detected EPR spectri
obtained at 10 K. The sample consists of Ou2®f an aqueous
protein solution containing 1 mM tyrosyl radical. Note the
excellent signal-to-noise obtained in a single-scan spin-ec
experiment (experimental parameters are given in the figu
caption), which allows the performance of pulsed ENDOI
even on the low-intensity edgeB{ = 4.96 and4.979 T) of
the EPR line shape. The shape of the EPR spectrum is mai
determined byg-anisotropy, with values af, = 2.00912,g,
= 2.00457, andy, = 2.00225 6). The orientation of the
g-tensor principal axis system was proposed by Geefeal.
(26), with the principal axis belonging tg, lying parallel to
the C—O bond, andy, being normal to the ring plane (see Fig.
5). Six protons are coupled to the unpaired electron spin, tv
magnetically inequivaleng-methylene protons and two sets of
equivalent ring protons (2,6 and 3,5), resulting in four differer
hyperfine couplings. Figure 5 displays the labeling of th
protons as described in the text. ENDOR studies at 9 Gt
(27, 28 revealed that th@,-methylene proton and the 3,5-ring
protons are strongly coupled to the electron spin, resulting
very large isotropic hyperfine splittingsA¢, > 18 MHz),

4.958

which are directly observable in the EPR spectra. In contra
analysis of the weakly coupled protons is much more comple
Field (Tesla) since these are detectable only in ENDOR spectra and t
resonances strongly overlap the matrix peak. However, at 1

4.965 4.973 4.98

FIG. 5. Top: Chemical structure of the tyrosyl radical. The directions oGHz the congested small coupling region can be resolved w

the g-tensor principal axes and the labeling of the protons are shown as
discussed in the texBottom: 140 GHz stimulated echo-detected EPR spec-
trum of 1 mM tyrosyl radical fromE. coli RNR, T = 15 K. Experimental
parameters: MWi/2-pulse: 110 ns, pulse interval= 300 ns, 300 averages/
point, single scan spectrum.

lated spectrum shows slightly sharper features, a difference
that could arise from power broadening effects and finit
angular resolution in the powder pattern. Neither the experi
mental or simulated ENDOR spectra change considerably at
other EPR excitation fields, consistent with a very sngall g
anisotropy. y

ORIENTATION-SELECTIVE ENDOR OF THE TYROSYL
RADICAL FROM E. coli

A major application of high-field ENDOR consists of per- —! ' ' ' .
forming hyperfine measurements at different field positions in- 4 -2 0 2 4
the EPR line corresponding to excitation of highly selected v -v, (MHz)
molecular orientations. The-anisotropy dispersion scales

with the external magnetic field, and therefore the 140 GHZFIG. 6. Orientation-selective Davie$i-ENDOR of the tyrosyl radical of
’ RNR fromE. coli. Spectra are displayed starting from the low-field edgg (

END_OR spectra reveal fleld-depgndent powder pat_tern_s tt{bat e high-field edged,). Experimental parameters:= 15 K, MW = pulse:
provide a large number of constraints for the determination 4o ns, R pulse: 10us, RF power: 400 W, 100 averages/point, single sca

the hyperfine couplings. We demonstrate the advantages of tgétra.
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the center, which is due to pure dipolar interactions with th
protein surroundings. Experiments with adbexchanged ma-
trix lead to analogous spectra with slightly narrower lines
indicating that all relevant features are related to the 2,6-rir
and B,-methylene tyrosyl protons and no additional hydroge
bonded protons are involved. This is consistent with recent
reported’H-ENDOR Q-band data of van Dast al. (29).
When hyperfine spectra of different protons overlap, roug
assignment of hyperfine couplings can be done if the hyperfi
tensor principal axes are approximately collinear with th
g-tensor axes. At magnetic fields closegpandg, this leads
to “single-crystal-like” spectra; however, at intermediate field
the powder pattern can still be complicated. We expect this
be the case for both 2,6- angL-methylene protons of the
tyrosyl radical, where thg-axis of the hyperfine tensor points
along the C—H bond and tleaxis is approximately normal to
the ring plane. Sharp features are recorded at magnetic fie
close tog,. The 2,6-proton peaks should appear twice
intense as those from thg,-methylene, and therefore the

-

C

FIG. 7. Simulated ENDOR spectra of the tyrosyl radical from the low-

field edge @,) to the high-field edge d,). Simulation parameters for the
hyperfine couplings are given in Table 1.

orientation-selective measurements and unambiguous ass
ment of the hyperfine couplings is performed.

Davies ENDOR spectra were recorded-t5 K for differ-
ent excitation positions in the EPR line, with approximately
mT steps fromg, to g, (low-field edge to center of the
spectrum) and 1 mT steps frogj to g, (center to high-field

edge). In Fig. 6 we show the magnetic field dependence of the

ENDOR spectra in the small coupling region, i.e., foK |5

6Bz

2,

P, 2,6

A

'98 = 49780 G

MHz. The shape of the powder pattern changes dramatically

with the magnetic field, suggesting strongly anisotropic hyper-

fine couplings. A very intense matrix peak is also observed

TABLE 1
Principal Hyperfine Values and Orientations®
Used in Simulations of the ENDOR Spectra

A, A, A, b "

Protons (MHz) (MHz) (MHz) (deg) (deg) Ref.
2o0r6 +5.0 +7.6 +2.1 44 28

2 0r6 +49 477 +1.9 25 |10l  This work

B» +21 -50 -40 -26 28

B. 2.1 6.2 -1.0 -30 -8 This work

3or5 -264 -81 -19.3 This work and 26
B1 58.0 55.4 52.4 This wofkand 26

“The angle¢ describes a rotation in they-plane of the proton bond
direction toward the direction of thg, tensor principal axis. The angkg

2
sim.
exp.
in
= 49620 G
sim.

v - v, (MHz)

describes a rotation in the-plane of the proton bond direction toward the ring FIG. 8. Comparison of experimental and simulated ENDOR spectra of tt

plane normal, i.e., the direction of tlg-tensor principal axis.
® Hyperfine values obtained from simulation of the 140 GHz echo detect
spectrum, in agreement with reRq).

tyrosyl radical at the low-field edgeg() and at the high field edgegf). The
adsignment of peaks to thg,-methylene and to the 2,6 ring protons is
indicated.
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strong doublet at-1.0 MHz arises from the 2,6 protons asyperfine tensor values reported by Hoganebal. at 9 GHz
suggested previously28). In addition, our spectra show well- (28), which are listed for reference in Table 1. The hyperfin
resolved shoulders and a narrow doubletzd.5 MHz. A parameters were iteratively varied in order to fit our exper
correct analysis of these features requires simulations of tmental data. The values proposed by Hogarsioal. provide
ENDOR lineshape. At magnetic fields close to theedge we an excellent fit of our data in the magnetic field region betwee
observe strong peaks at around3 MHz arising from the g, andg,. However, discrepancies were found for the regio
2,6-protons. The line shape of the peaks deviates frombatweeng, and g,, which necessitated reassignment of th
“single-crystal-like” pattern. In fact, thg-axis of the 2,6- hyperfine couplings of thg,-methylene proton. Our optimized
proton hyperfine tensor is rotated by about 30° inxiiglane parameter set is assembled in Table 1.
and mixing of theA, and A, tensor components is expected. First, we note that a salient feature of the experiment
We anticipate that the ENDOR spectra in the field ranggpectra is the presence of two doublets and shoulders at m
betweerg, andg, are primarily determined by the 2,6 protonsietic fields close t@,. Previous studies with 9 GHz ENDOR
because the couplings of thig-methylene protons are much(27, 2§ were not able to satisfactorily resolve the doublet ¢
smaller and overlap with the matrix peak. Therefore, the high0.5 MHz, and therefore the shoulders a2.1 MHz were
spectral resolution in this field region allows the angular dessigned to theA, couplings of thep,-methylene proton.
pendence of only one hyperfine tensor to be followed witHowever, our simulations indicate that this assignment is n
accuracy. compatible with our experimental spectra and their magnet
Figure 7 shows the field dependence of the calculated Efield dependence. Instead, we assign the narrow doublet
DOR spectra of the RNR tyrosyl radical at different field=0.5 MHz to theB,-methylene proton, and we show that the
positions in the EPR line. The calculation is performed with aflhoulders at-2.1 MHz arise from the 2,6 protons, if mixing of
six protons, but only the small coupling region is displayed\, andA, tensor components is assumed due to small torsior
For a better representation, the matrix peak was simulated baragles of the C—H bond out of the ring plane10°). An
simple Gaussian line, and its width and intensity were varied@tperimental spectrum and simulation plotted together in Fi
different field positions. As a starting parameter set we used tBétop) are indicative of the sensitivity of the 140 GHz ENDOF

;o
9,
H

exp
sim

-4

FIG. 9. Simulated ENDOR spectra of the tyrosyl radical at the low magnetic field eggefdr different anglesp of the 2,6-proton bond (which defines
the direction of theA, principal axis) to the direction of the, principal axis. Simulation curves (dotted lines) are displayedffer 10°, 20°, 25°, 30°, 35°,
40°. The anglep is related to the Euler angle by « = 90 — ¢.
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spectra to such small angle variations. Simulations also reveants. The magnetic field dependence of the lineshape
that theA, hyperfine coupling of thgg,-methylene proton is complex, but the simulations are highly constrained and se
larger than previously reported. Specifically, thg coupling sitive to the structural information reflected in the relative
gives rise to edges at3.1 MHz, which are weakly visible only orientation of the hyperfine tensor to the electron-Zeem:
at a few magnetic field orientation8{ = 49710-49730 G) g-tensor. From the analysis of experimental and simulate
and cannot be easily recognized because of the complicaspeéctra, we obtain a new assignment for the hyperfine cc
structure of the spectra. We note that our new hyperfine tengtings of the weakly coupled protons of the tyrosyl radical.

values for the3,-methylene proton, as reported in Table 1, lead

to a pure dipolar tensor 0f 3.13 (X), 5.17 (Y), —2.03 ) ACKNOWLEDGMENTS

MHz by subtracting an isotropic hyperfine coupling of 1.03
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both A, couplings of the 2,6 ang,-methylene protons are

large (7.7 and-6.2 MHz, respectively) and do not influence

the v = |1.5 MHz region. The origin of the matrix peak shape ,

is still unclear; further investigation is needed to clarify thISZ. E. R. Davies, Phys. Lett. 47A, 1-2 (1974).

po”?t' L . . 3. W. B. Mims, Proc. Roy. Soc. A283, 452-457 (1965).
Finally, the low magnetic field region of the spectrum is

. . h 4. A. Grupp and M. Mehring, in “Modern Pulsed and CW Electron
accurately reproduced by our simulations. We find that the Spin Resonance” (L. Kevan and M. Bowman, Eds.), p. 195, Wiley,
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> . (1991).
an sp” orbital. - o
10. O. Burghaus, M. Rohrer, T. Gotzinger, M. Plato, and K. Mébius,

Meas. Sci. Technol. 3, 765-774 (1992).
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