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In this investigation high-frequency electron paramagnetic resonance spectroscopy (HFEPR) in conjunc-
tion with innovative rapid freeze-quench (RFQ) technology is employed to study the exchange-coupled
thiyl radical–cob(II)alamin system in ribonucleotide reductase from a prokaryote Lactobacillus leichman-
nii. The size of the exchange coupling (Jex) and the values of the thiyl radical g tensor are refined, while
confirming the previously determined (Gerfen et al. (1996) [20]) distance between the paramagnets. Con-
clusions relevant to ribonucleotide reductase catalysis and the architecture of the active site are pre-
sented. A key part of this work has been the development of a unique RFQ apparatus for the
preparation of millisecond quench time RFQ samples which can be packed into small (0.5 mm ID) sample
tubes used for CW and pulsed HFEPR – lack of this ability has heretofore precluded such studies. The
technology is compatible with a broad range of spectroscopic techniques and can be readily adopted
by other laboratories.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Ribonucleotide reductases (RNRs) are present in all cellular
non-parasitic organisms characterized so far, and are also encoded
by many DNA viruses [1–5]. These enzymes catalyze the reduction
of purine and pyrimidine nucleotides to the corresponding deoxy-
ribonucleotides (dNTPs), the only known means of de novo gener-
ating precursors for both DNA replication and repair. RNRs across
different species share key functional features. First, they use a cys-
teine-based thiyl radical located in the active site to initiate the
chain of substrate-based events that culminate in the final product,
a dNTP. Second, to maintain a balanced supply of dNTPs, all RNRs
are allosterically regulated by the final product. Binding of a dNTP
at a specificity site distinct from the catalytic site shifts the confor-
mational equilibrium of the enzyme towards the state favoring
reduction of the nucleotide that is in short supply at the time
[6,7]. Similarity in the catalytic and regulatory strategies employed
by the enzymes is reflected in the striking conservation of the
ll rights reserved.

erfen).
active site folding topology, general architecture of catalytic subdo-
mains and arrangement of the key catalytic elements: this is
despite the low overall sequence identity between different reduc-
tases [3,8].

Based on the type of metallocofactor used to generate the thiyl
radical, ribonucleotide reductases are divided into three broad
classes [2,3,9–12]. A representative reductase from class II, the
ribonucleotide triphosphate reductase from a prokaryote Lactoba-
cillus leichmanii (RTPR), possesses qualities that have made it a par-
adigm of reductases and especially attractive for research. First, it
is a relatively small (82 kDa) monomeric protein, and yet it pre-
serves the major catalytic features of its multimeric congeners,
including the general fold of the catalytic domains and the alloste-
ric regulation by dNTPs. The overall reaction mechanism, including
the initiation of the substrate-based events by a thiyl radical, is the
same as in the other RNRs. Scheme 1 summarizes the generally ac-
cepted steps in the mechanism. Upon binding allosteric effector,
the carbon–cobalt bond of the adenosylcobalamin cofactor is
homolytically cleaved, producing cob(II)alamin and an adenosyl
radical (B), which rapidly abstracts a hydrogen atom from a con-
served top-face cysteine. Species C is the exchange coupled
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Scheme 1. Generalized proposed reaction scheme for ribonucleotide reductases.
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cob(II)alamin–thiyl radical pair, which is the subject of this study.
The thiyl radical extracts the 30 hydrogen from ribonucleotide sub-
strate to form a substrate-based radical species. Several steps occur
at this stage, resulting in formation of disulfide bridge between
two bottom-face conserved cysteines and the loss of water. The fi-
nal deoxyribonucleotide product is formed when the same hydro-
gen atom is transferred from the cysteine to the 30 position. Release
of product and cofactor, reduction of the enzyme, and binding of
new substrate and cofactor return the system to the initial state.
Because these steps following the generation of the thiyl radical
are thought to be common across the enzyme classes, experimen-
tal results obtained with RTPR as a model can be extrapolated to
most RNRs. The results are relatively uncomplicated in interpreta-
tion because RTPR has only one active site and one allosteric effec-
tor binding site. Second, RTPR uses adenosylcobalamin (AdoCbl) as
a cofactor, and is capable of activating the C–Co bond even in the
absence of substrate – as long as the allosteric effector is present.
Thus, in the absence of substrate, RTPR has been shown to generate
a catalytically relevant intermediate in a kinetically competent
fashion [13–21]. These characteristics of RTPR make it an ideal rep-
resentative of RNRs to study the mechanism of ribonucleotide
reduction and inactivation [22–24], as well as the mechanism
through which AdoCbl-containing enzymes enhance the rate of
the carbon–cobalt bond homolysis by at least 10 orders of magni-
tude compared that of nonenzymatic thermolysis [25].

Given the paramagnetic nature of the intermediates involved at
all stages of the RTPR reaction, and the millisecond time regime
when these intermediates accumulate, RTPR research has signifi-
cantly benefited from X-band EPR combined with the technique
of Rapid Freeze Quench (RFQ). When a mixture of pre-reduced
RTPR, AdoCbl and an allosteric effector (such as dGTP) is incubated
for 50–200 ms and then freeze-quenched, an interesting EPR signal
develops [16] with the kinetics that closely parallel spectrophoto-
metrically detected evolution of a Co(II) species [15,26], which was
recognized as an intermediate in the ribonucleotide reduction
reaction. The effective g value spectral crossing point (2.12) and
Co(II) nuclear hyperfine coupling (50 G) of this signal differ from
those of nonenzymatically produced cob(II)alamin bound to the
enzyme (2.23 and 110 G, respectively [21,27]). To assign the iden-
tity of this intermediate, two-frequency RFQ/EPR experiments on
deuterated enzyme were combined with computer simulations
[20]. This work unambiguously demonstrated that AdoCbl in RTPR
does not abstract a hydrogen atom from the substrate, as previ-
ously thought, but rather serves to generate the thiyl radical on a
specific active site cysteine (C408). Co(II) is coupled to the cysteine
via dipolar and exchange interactions, and the computer analysis
of these parameters revealed the distance between paramagnets
to be on the order of 6.5 Å, and the angle between the interspin
vector and the corrin ring normal of about 60� [20].

X-band EPR, however, often lacks the resolving power to extract
the full scope of the information contained in a biological sample.
The frozen solution EPR linewidth at X-band is often dominated by
hyperfine interactions, and g-value anisotropy and/or overlapping
signal from distinct paramagnetic species whose g tensors have
similar values may remain unresolved [28–30]. It is therefore
imperative to conduct high-frequency (greater than 95 GHz) and
multi-frequency EPR studies. In recent years, EPR has seen an
explosion of interest in the high-frequency (HF) regime, and HF
finds use in most contemporary state-of-the-art EPR experiments
[31–34]. A system of two unpaired electrons a and b and a nucleus
with a nonzero spin angular momentum I coupled to the electron
a, in an external magnetic field B is described by the Hamiltonian

bH ¼ beB � ga � bSa þ beB � gb � bSb � bngnB �bI þ bSa � A �bI þ 2bSa � D � bSb

� Jex
bSa � bSb ð1Þ

where be is Bohr magneton, ga and gb are the g values of the two
electrons, Sa and Sb are the electron spin operators, D is the zero-
field splitting tensor, Jex is the isotropic exchange coupling constant.
At higher fields, the frequency-dependent terms of the spin Hamil-
tonian (electron Zeeman and nuclear Zeeman interactions: first,
second and third terms in the Eq. (1); the nuclear Zeeman interac-
tion becomes significant in double resonance experiments) are sep-
arated from the spin-independent terms (hyperfine, exchange and
dipole–dipole interactions: the last three terms in the Eq. (1)).
Selective excitation of molecular orientations also becomes possi-
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ble. As a result, peaks corresponding to individual g values are spec-
trally separated, and components of individual g tensors, as well as
contributions from different species, become resolved. In addition,
HF EPR allows determination of the zero-field splitting (ZFS) param-
eters for S > 1/2 spin systems, where the zero-field splitting energies
may be greater than the X-band excitation quantum [33,35,36]. Our
laboratory is equipped with a home-built HF (D-band, 130 GHz)
spectrometer with continuous-wave (CW), pulsed and ENDOR capa-
bilities. To take advantage of this instrument for the study of enzy-
matic reactions such as the one catalyzed by RTPR, it is necessary to
prepare rapid-freeze samples in the millisecond time regime. How-
ever, the shorter wavelength of the D-band radiation (2 mm, as op-
posed to 3 cm characteristic of X-band) dictates the use of
correspondingly small resonators and sample holder tubes. The
internal diameter of the quartz tubes suitable for the D-band EPR
spectrometer is 60.5 mm. This reduction in dimensions limits the
utility of the conventional RFQ that relies on a liquid cryogen for
terminating the reaction, as discussed below.

In the RFQ experiment, as first developed by Bray and co-work-
ers [37–39] and subsequently improved upon [40,41], the reaction
components are ejected from two syringes coupled through deliv-
ery tubing to a mixing chamber. The reaction is initiated in this
chamber and the mixture exits through a common aging tube
whose length, together with the volumetric velocity of the solu-
tion, determines the age of the reaction when it reaches the outlet.
The reaction is arrested on impact with a bath of isopentane (or an-
other cryogenic liquid with a boiling point below that of the
impacting solution) kept at 130–135 K (Fig. 1). The slurry of parti-
cles in isopentane is then collected and packed into the EPR tubes
for further study. Packing of isopentane slurry into the small tubes
is impractical for a number of reasons: drawing the liquid cryogen
into the sample tubes is problematic [42] since the sample ends up
being heavily diluted; when sample particles are sufficiently small
(a requirement for efficient freeze-quenching and temporal homo-
geneity of the sample) they acquire electrostatic charge [42–44]
and are repelled from each other, escaping the bore of the tube;
in addition, the sample tubes become covered with isopentane
on the outside. Isopentane solidifies at 113 K, above the 77 K or
4 K commonly used for EPR of frozen samples. Since the tempera-
ture of the primary coolant (liquid nitrogen) is fixed at 77 K, that of
isopentane bath must be vigilantly monitored to prevent its solid-
ification, and liquid nitrogen quickly added and decanted in re-
sponse to fluctuations in the temperature of isopentane. A heated
Fig. 1. Block diagram of the rapid freeze-quench apparatus. (A) Syringe mounting
plate, (B) syringe holders, (C) plungers, (D) ram, (E) pulse programming unit, (F)
reagent delivery hoses, (G) mixer, (H) aging hose, (I) nozzle, (J) wheels, (K)
quenching basin (here shown in cross-section), (L) scrapers and scraper holders, (M)
movable platform for the quenching basin, (N) handle for adjusting the platform
height.
metal rod is sometimes kept on hand for emergency warming.
Even with larger EPR tubes, the film of solid isopentane increases
the external diameter of the sample tube, complicating the process
of sample tube loading into and extraction from the EPR probe.

The simplest attempt to remedy the problem involved slowing
down the velocity of the jet (to 20–30 m s�1) [38,44], but undoubt-
edly this approach led to the diminished the quality of the sample.
Spraying into cold ethane (melting point �181.76� C (89.34 K),
boiling point �89� C (184 K)) and then letting ethane evaporate
while the sample tube is kept in cold isopentane [45] was another
method of collecting the sample. Other workers suctioned off iso-
pentane from the sample compartment through a porous disk [42];
centrifuged the isopentane/sample slurry to obtain sample that
could be packed into sample tubes [46]. Despite these efforts, to
our knowledge there are no published accounts of packing liquid
cryogen-quenched samples into small sample tubes, such as those
used for D-band EPR (quartz, ID = 0.5 mm, OD = 0.7 mm).

To overcome these limitations, we have developed a freeze-
quench apparatus that utilizes turbulent flow through a T-shaped
mixer and cold-block freezing technology to uniformly and reliably
stop reactions of biological interest after variable millisecond de-
lays. Cold-block freezing originated in the efforts by electron
microscopists to withdraw heat from biological specimens rapidly
enough to achieve vitrification and prevent formation of the dam-
aging ice crystals [47–50]. It involves bringing the sample into ra-
pid contact with a metal (copper, brass, aluminum, silver) surface
that had been cooled by liquid nitrogen or liquid helium. This
method takes advantage of superior thermal conductivity of metals
compared to that of liquid cryogens (thermal conductivity of crude
copper at 77 K is 460 J m�1 s�1 K�1, thermal conductivity of isopen-
tane at its freezing point of 113 K is 0.1 J m�1 s�1 K�1) and large
heat capacity, which increases with decreasing temperature. As
an additional benefit, metals do not develop the insulating boiling
film due to the Leidenfrost effect [51,52] and the experimenter can
control the area of contact between the specimen and the cooling
surface.

The described RFQ apparatus accomplishes rapid freeze-
quenching by spraying a fine mist of the reaction mixture on
copper wheels that are kept at 77 K (cooled by liquid nitrogen).
Packing the resulting sample ‘‘snow’’ suspended in liquid nitrogen
into the small D-band tubes is easily accomplished. This RFQ appa-
ratus in combination with D-band (130 GHz) EPR spectroscopy is
used to investigate the exchange-coupled cobalamin-thiyl radical
intermediate generated on the millisecond time scale in RTPR.
The higher magnetic field (4 T vs. 0.3 T at X-band) allows the
reevaluation of the thiyl radical g-values and the electron–electron
exchange interaction, and gives insight into the structure of the
active site in this kinetically competent intermediate.
2. Experimental procedures

2.1. High-yield expression and purification of RTPR

The pKK223-3 plasmid (pSQUIRE) [53] bearing the Lactobacillus
leichmannii RTPR gene was received as a generous gift from Dr.
JoAnne Stubbe (MIT). The plasmid was transformed into BL21(DE3)
competent cells (Stratagene) in accordance with the manufac-
turer’s protocol. Colonies from the transformation were used to
inoculate LB broth starter cultures, which were grown with ampi-
cillin selection for 8 h at 37 �C with shaking. 48 custom-made 2L-
capacity glass Erlenmeyer flasks with extra-large baffles were filled
with 200 mL Terrific Broth (Sigma) and inoculated with 2 mL star-
ter growth each. Cultures were grown with ampicillin selection at
37 �C with shaking (250 rpm) until OD600 reached the value of 2 (5
1/2 h). Cultures were then induced with isopropyl beta-D-1-thio-
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galactopyranoside to the final concentration of 0.5 mM, allowed to
rest for 15 min; temperature was then dropped to 16 �C and the
cells were grown for additional 20 h with shaking (300 rpm).
120 g of cell paste were harvested by centrifugation at 4000 rpm
and frozen at �80 �C until further processing.

We attribute this high yield to the use of the enriched medium,
dramatically increased aeration achieved through combined ef-
fects of the special flasks and aggressive shaking, and the pro-
longed growth under gentle conditions.

Frozen cells were resuspended in lysis buffer (20 mM in potas-
sium phosphate, 1 mM in EDTA, 1 mM in BME and 0.1 mM in
PMSF, pH 7.2) and disrupted by passing twice through a
pumped-fluid processor. Protein was purified through a sequence
of protamine sulfate/ammonium sulfate fractionation, anion ex-
change chromatography (DE 52 resin, Whatman), and size exclu-
sion chromatography (Superdex 75 resin, GE Healthcare). Protein
was concentrated using Amicon concentrators (volume 500 mL,
MWCO 50). Final protein yield was approximately 60 mg per liter
culture, 90% pure. RTPR activity was assayed with the UV–Vis-cou-
pled thioredoxin/thioredoxin reductase assay that is standard for
this system [54] and found to be 1.2 lmol mg�1 min�1 (target
level).

2.2. The RFQ technology

The layout diagram of the rapid freeze-quench apparatus is pre-
sented in Fig. 1. The apparatus consists of a commercially available
constant-velocity syringe-driving ram (D) with a printed-circuit
motor, a pulse programming unit (E) and solution delivery tubing
(F) [40], and the following components designed and machined
in-house: a Wiskind-type grid mixer, an ejection nozzle and a
freeze-quenching block that includes copper-beryllium alloy
wheels (J), scrapers and a copper sample collection basin. In brief,
the reagents are expelled from the ram-driven syringes into the
mixer (G), pass through an aging hose (H) whose length can be var-
ied to control the age of the final sample, and are sprayed onto the
rapidly rotating wheels kept at 80 K, where the reaction is
quenched. The final product is in the form of frozen powder. It is
transferred into the EPR tubes at the packing station (vide infra).

2.2.1. Ram and syringes
We have adapted a commercially available System 1000 con-

stant-velocity syringe driving ram and PEEK solution delivery tub-
ing. The pulse programming unit is capable of setting up a
maximum of four pulses separated by delays whose duration
may be varied between 0.01 s and 9900 s in increments of 0.01 s.
Each pulse is assigned its own ram velocity. The ram is capable
of velocities between 0.8 and 8.0 cm s�1. Each pulse is also charac-
terized by the vertical displacement of the ram: displacement can
be set between 0.1 mm and 100 mm in increments of 0.1 mm.

We use 0.5 mL quartz syringe barrels. The small volume pro-
vides excellent control over the amount of ejected sample, but re-
quires proportionately high ram speeds: the ram moves at
8 cm s�1, corresponding to the linear velocity of the reacted solu-
tion of about 600 cm s�1 at the outlet from the aging hose.

To begin the experiments, the reagents are drawn into two to
four (depending on the number of active reaction components)
syringes that are mounted on the top of the constant velocity
ram unit from Update Instruments. At the core of the ram unit is
a programmable DC printed circuit servo motor, which maintains
a rectangular ram acceleration profile under variable load and en-
sures uniform mass flow rate of the solutions.

When the reagents are drawn into the syringes, some air re-
mains in the dead space. If not removed, this residual air, being
compressible, leads to substantial deceleration in the velocity of
the solutions when they are later expelled from the syringes, and
at the end of the ejection the reaction mixture dribbles from the
outlet nozzle, contaminating the frozen sample with droplets of
unknown age. We bypass this problem by repeated cycles of man-
ual filling and emptying of the syringes. Moreover, we noticed that
in the process the gaskets on the syringe plungers may become
damaged and later fail to withstand the immense pressures pro-
duced in the system during the ejection part of the cycle. We
solved this problem by fabricating custom plungers secured with
double Buna (N) gaskets positioned 3 mm apart on the shaft of
the plunger. Through multiple trials of several materials we have
found Buna (N) elastomer to possess the optimal combination of
elasticity, hardness, and tear, abrasion and compression set resis-
tance for use in the gaskets. We subjected the assembly to rigorous
performance tests that demonstrated less than 1% failure (1 per
100 trials). This part of our design ensures uniform movement of
the sample through the system, which translates into precise con-
trol over the age of the sample.

2.2.2. Mixer
We have used the classical Wiskind grid mixer design [55,56].

The sample syringes are laterally coupled to the mixer via pres-
sure-resistant inert PEEK tubing in a T-shaped inlet arrangement.
The inner chamber of the mixer is occupied by a stack of four stain-
less steel mixing grids made from mesh counting 250 lines per
square inch (McMaster-Carr Supply, Cleveland OH). The grids are
separated by Lucite plates with a central channel drilled through
them. This channel has a volume of 1.6 lL and serves as a mixing
chamber. The mixing is initiated when two incoming reagent
streams impinge on each other, and is completed when the stream
passes through and is disrupted by the fine mesh grids. High linear
flow velocity (580 cm s�1) leads to powerful turbulence in the
chamber, where the Reynolds number would be well in excess of
3000 even in the absence of the mixing grids. This ensures efficient
mixing without the clogging problems that plague some microm-
ixer designs. The reaction is allowed to proceed in the aging tube
that is connected to the outlet channel of the mixer. The extent
of the reaction is controlled by the delay set on the pulse control
unit.

2.2.3. Nozzle
Our ultimate goal was to obtain fine and uniformly quenched

frozen sample powder. The rate at which heat is removed from a
body is directly proportional to the surface area of the body and in-
versely proportional to its thickness. Therefore, to achieve rapid
and uniform freezing of the sample jet as it impinges on the cryo-
gen, it is desirable to atomize it into small even-sized particles.
Small particles are also amenable to easy packing into the EPR
sample tubes. With this in mind, an innovative ejection nozzle
was designed and machined in our lab. (Fig. 2). It consists of a me-
tal tube bent at a 90� angle, stopped at one end and on the other
end attached through a tapped connector to the outlet of the aging
tube. The long end of the metal tube is fixed parallel to the surface
of the copper wheels (vide infra). 25 holes, each 100 lm in diame-
ter, have been drilled into the bottom aspect of the tube. The noz-
zle tube was constructed out of a stainless steel medical syringe
needle, Gauge 22, ID = 0.413 mm, OD = 0.7176 mm. In order to drill
the holes, the needle was mounted on a piece of aluminum angle
which in turn was mounted on the cross-slide of miniature lathe.
The holes were made using drill bits mounted in the spindle of
the lathe by a two step process. First, a 0.38 mm OD bit was used
to drill out the outer conical depressions of approximately
0.25 mm diameter. Next, the holes were made using a 0.10 mm
bit. All maneuvering of the lathe was done manually under a
microscope with 10� magnification. The drilled nozzle tube was
deburred and then attached to its mount using soft solder. The
end of the nozzle was closed by soldering in a piece of the stainless



Fig. 2. Photograph of the RFQ nozzle. (Inset) micrograph of the holes in the nozzle
tube with a scale bar.
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steel wire of OD = 0.38 mm. Total cross-sectional area of the holes
is equal to the cross-sectional area of the aging tube – therefore,
the linear velocity of the solution is invariant as it passes from
the aging hose through the nozzle. This design ensures that the
back pressure in the system also does not increase (increase in
backpressure causes the quartz syringes to rupture). However, be-
cause the stream is broken up into 25 jets, the contact area of the
ejected solution and air is quadrupled. Due to their high kinetic en-
ergy, longer jet columns are unstable and fragment upon contact
with molecules and particles of air.

For anaerobic work, anoxic atmosphere setup is envisaged,
where the quench apparatus is placed in an air-tight glove box
filled with nitrogen or another gas suitable for anaerobic work.
The nozzle is positioned about 1.5 cm above the wheels. The spray
impinges on the rotating wheels with the linear velocity of less
than 6000 mm s�1, and the thickness of the frozen sample is calcu-
lated to be 20 lm when the wheel dimensions and angular velocity
are taken into account. Close positioning of the nozzle with respect
to the wheels is advantageous because it obviates the need for con-
ducting quench in vacuo or in low-pressure atmosphere that exists
when the reaction is sprayed on/into the cooling medium directly
from the mixer [46]. In ambient air, the thin reaction jet can be sig-
nificantly slowed down and broken up by collisions with gas mol-
ecules, especially when the length of the jet is increased to achieve
longer reaction times. This effect is negligible for the distance of
1.5 cm.
Fig. 3. Diagram of the packing stage. (A) Copper plate, (B) stainless steel post for
pushing the sample into the tube, (C) D-band sample tube, (D) freeze-quenched
sample ready for packing, (E) level of liquid nitrogen, (F) styrofoam vessel.
2.2.4. Wheels
The double-wheel design we use for quenching is analogous to

that introduced by Lin and co-workers and Tanaka and co-workers
for their microsecond regime studies [57,58]. The wheels were ma-
chined from two solid beryllium copper cylinders (diameter
43 mm, height 30 mm). Beryllium copper alloy, or beryllium
bronze, retains the high thermal conductivity of pure copper, but
is more resistant to abrasive scratching and deformation by inden-
tation. As an additional benefit, at low temperature this material
possesses high thermal conductivity and remains non-brittle
[59,60]. Thanks to these properties, beryllium copper enjoys wide
popularity in cryogenic applications, such as refrigeration and heat
exchange.
The wheel cylinders are mounted on flexible horizontal axles
and rotate in opposite directions such that the tangential compo-
nent of the angular velocity vector at the top of one wheel is direc-
ted towards that of the other. The wheels do not touch each other.
Each wheel is driven by its own servomotor and can rotate at
speeds from 2000 to 15,000 rpm. The 2000 rpm speed is used for
cooling the wheels by immersion in liquid nitrogen (see Sec-
tion 2.2.5), and the 15,000 rpm speed is designated for the
freeze-quench part of the cycle, ensuring (see Section 2.2.3. directly
above) that the reaction solutions are deposited on the wheel in a
layer whose calculated thickness is about 20 lm.

Prior to each use, the wheels are polished to smooth and lus-
trous finish using sandpaper of increasing grade, followed by buf-
fing cloth. A commonly voiced concern about using copper in
paramagnetic applications is that it might itself give an EPR signal
(some abrasion of the wheel surface and deposition of the wheel
material in the sample is, of course, unavoidable). In fact, there is
indeed one report of a contaminating Cu(II) signal presumably aris-
ing from copper wheel flakes [61]. The wheels were used for a
freeze-quench biological application. The type of alloy from which
they had been manufactured was not specified. We have checked
multiple samples for the well-known Cu(II) signal and have never
detected it. The absence of paramagnetic copper in our samples has
the following explanation. Metallic copper is magnetically trans-
parent (individual atoms do possess a net magnetic moment but
their random orientation and delocalization of the unpaired elec-
trons over the metallic lattice result in zero net magnetization)
[62,63]; to give an EPR signal, copper has to be oxidized – copper
oxide and copper carbonate are two well-known compounds. The
oxides are similar to those of aluminum in that, when formed, they
are confined to the top layers of a piece of copper, and prevent bulk
corrosion. Now, the highly conductive beryllium bronze used to
machine the wheels of our apparatus is magnetically transparent
and also is very resistant to oxidation [64], and is commonly used
for applications in harsh chemical environments. Even in the unli-
kely event of oxide formation on the surface of the wheels, such
formation would be very limited, and our practice of polishing
and buffing the wheels before each experiment ensures that any
such oxides are removed.
2.2.5. Scrapers, the quenching basin and sample production
The wheels are mounted directly above a quenching basin

assembled from solid copper blocks and panels. The quenching ba-
sin rests on a movable platform (Fig. 3). The experimenter can vary
the distance between the quenching basin and the wheels by turn-
ing a handle to displace the platform along the vertical axis. The
quenching basin rests in an insulating polystyrene container. An
identical container has been cut to form a tall lid covering the first
one such that the two containers enclose both the basin and the
wheels. Into the bottom of the lower container is tightly inserted
a hose with a stopcock to provide an outlet for rapidly pouring
off nitrogen. At the beginning of each quench cycle the wheels



J. Manzerova et al. / Journal of Magnetic Resonance 213 (2011) 32–45 37
and the quenching basin are cooled to 77 K by immersion in liquid
nitrogen. The 77 K point is reached when nitrogen boiling on the
surface of the wheels stops, as has been verified via thermocouple
measurements. Cessation of boiling provides a convenient visual
signal for the experimenter and eliminates the need for thermo-
couple measurements during the preparation of the quenched
samples.

Once the copper parts have been cooled to 77 K, three quarters
of the volume of liquid nitrogen are rapidly drained from the
assembly through the outlet in the polystyrene container. The par-
ticles produced by our freeze-quench apparatus are very fine and
light. If the quenching basin remains fully immersed in nitrogen,
the frozen particles quickly disperse in it and settle on the walls
of the basin and the insulating container, precluding their collec-
tion. A layer of liquid nitrogen remaining in the container ensures
that the assembly remains at the temperature near 77 K, which
was verified by thermocouple measurements, and also generates
an atmosphere of gaseous nitrogen that prevents water vapor in
the ambient air from diluting the sample by deposition onto the
cold metal parts.

Next, the reaction is ejected through the nozzle onto the rapidly
rotating wheels. The frozen solution is continuously scraped off the
wheels by precision stainless steel blades and falls into the
quenching basin. The blades are brought into contact with the
wheels just prior to ejection by elevating the platform on which
the quenching basin stands. The samples thus prepared have the
macroscopic consistency of very fine non-crystalline powder.
Thanks to the presence of the blades the incoming solution always
encounters cold metal with its superior thermal conductivity and
not ice, which is a relatively good insulator. For our design, each
double-edge blade is cut lengthwise, resulting in two single-edged
blades. These are inserted into holders we manufactured in-house
(refer to Fig. 1). The holders are mounted on the floor of the
quenching basin at an approximately 30� angle to the horizontal
plane. Each holder is supported mid-length by two small stiff
springs. The springs ensure that the contact between the wheels
and the blades is adequate for scraping off ice, but gentle and not
damaging to the wheels. In order to ensure sharpness, the blades
are changed after each RFQ use.

2.2.6. Temperature control
All parts of the apparatus that hold the reagents (syringes, mix-

er, and the tubing) can be fully enclosed by a water bath, should
temperature control of the reaction be required. The water bath
with a tight-fitting lid is mounted on top of the uppermost plate
of the ram. Each of the syringe housings is supplied by Update
Instruments with an attached external gasket. These gaskets serve
to prevent leakage of fluid used for temperature control down onto
the ram motor. The temperature bath in our lab is coupled to a cir-
culator that has a working temperature range between �20 and
+100 �C.

2.2.7. Sample packing
Our apparatus covers the millisecond time regime. One its chief

advantages is its versatility: it produces samples in the physical
form suitable for studies with multi-frequency EPR, as well as by
nuclear magnetic resonance, resonance Raman, optical and
Mössbauer spectroscopy. Examination of one sample by different
techniques opens the exciting perspective of obtaining comple-
mentary sets of information.

Packing the frozen sample into D-band EPR tubes presents spe-
cial challenges due to the tubes’ small size: the commercially avail-
able tubes used for HF EPR have the internal diameter of 0.5 mm,
the wall thickness of 0.05 mm or 0.1 mm.

To pack the sample into D-band EPR tubes, we have built a spe-
cial packing stage (Fig. 3). Its largest component is a copper plate
70 mm thick with circular indentations used to hold the frozen
sample powder. The indentations are 8 mm in diameter and
3 mm deep. Small (0.38 mm in diameter, 13.5 mm in height) up-
right stainless steel posts are vertically attached to the plate and
are used for packing the sample. The packing stage is placed in a
Styrofoam container and kept under liquid nitrogen, but not sub-
merged, so that the top surface of the stage remains level with
the liquid and dry. A clear acrylic plate is covers the top of the Sty-
rofoam container to keep condensation from accumulating on the
packing stage. This cover is moved slightly to admit access to the
stage when the actual packing takes place. The frozen sample is
transferred using a spatula also cooled in liquid nitrogen, from
the quenching basin into the indentation on the packing stage. A
D-band sample tube (quartz, outer diameter 0.7 mm, inner diame-
ter 0.5 mm, purchased from VitroCom, Mountain Lakes, NJ) is se-
cured in a clutch pencil-like implement with a four-jaw chuck.
The assembly is cooled in liquid nitrogen; the free end of the D-
band tube is tapped gently on the frozen sample powder. Next,
the powder is pushed deep into the tube using the snugly fitting
post of the packing stage. These steps are repeated until the entire
volume of the tube is filled with the sample powder. Between the
steps the tube assembly is immersed in liquid nitrogen. Packing
factor of 0.5 was determined by melting the contents of the tube.
After packing is complete, the chuck is opened, and the sample
tube is placed in storage under liquid nitrogen. Using the chuck
to secure the sample tube prevents warming of the sample through
contact with the investigator’s fingers as well as protects from li-
quid nitrogen burns. The sample tubes are quite robust using this
setup, and breakage is relatively rare. Note that the total frozen
sample volume resulting from each RFQ run is typically much
greater than the individual EPR tube volume, so that if tube break-
age does occur during sample packing another can easily be
mounted and packed.

The acrylic cover combined with the constantly boiling nitrogen
in the Styrofoam container combine to provide a relatively air- and
water-free environment for the packing of the sample. However,
the time window in not unlimited, and eventually liquid air will
condense in the sample packing stage wells. On average, we find
that samples must be completely packed within 10 min of immers-
ing the stage in the liquid nitrogen.

To prepare samples for X-band EPR investigations, an X-band
tube (quartz, outer diameter 4 mm, inner diameter 3 mm, pur-
chased from Wilmad-Labglass, Buena, NJ) is attached to a glass
funnel via a length of heat-shrink tubing. The assembly is im-
mersed in a bath of isopentane kept at 130 K. This precaution pre-
vents any dioxygen (boiling point, 90 K) that condenses into the
tube under liquid nitrogen, from violently exploding during pack-
ing and expelling the packed sample. The sample powder is trans-
ferred from the quenching basin into the funnel using a liquid
nitrogen-chilled spatula. The sample is then packed using a liquid
nitrogen-chilled Teflon-tipped packing rod. Packing factor of 0.8
was determined by melting the contents of several tubes. The
tubes containing the sample are then stored under liquid nitrogen.

All parts of the system that come in contact with the sample
(hoses, packing stage, syringes) are washed and dried with com-
pressed air between sample preparations.

2.3. Preparation of RTPR RFQ samples for EPR analysis

Immediately before rapid freeze-quench, suitable aliquots of
RTPR were reduced with a concentrated solution of dithiothreitol
(Sigma): dithiothreitol was added to RTPR to the final concentra-
tion of 30 mM. The mixture was incubated for 15 min at 37 �C.
Next, DTT was removed from the mixture via two rounds of filtra-
tion-concentration in Amicon-Ultra 15 centrifugal filter devices
(MWCO 50 K) until the desirable concentration of RTPR in the
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retentate was achieved, as measured by UV–Vis. The molar absorp-
tion coefficient for RTPR is e280 = 101,000 cm�1. Two 0.5 mL syrin-
ges were mounted on the ram unit; one was filled with a
solution containing 600 lM RTPR and 1.2 mM dGTP (Sigma), the
other – with 900 lM AdoCbl (Sigma). Potassium phosphate buffer
(100 mM and pH 7.5) was used for the preparation of solutions. All
manipulations involving AdoCbl were performed in the dark or in
the dim light to avoid cofactor photolysis. A 40-ms RFQ sample
was prepared according to the procedures outlined in the Sec-
tion 2.2 herein. RFQ sample had macroscopic consistency of very
fine powder. This powder was packed into the X-band and D-band
EPR tubes according to procedures outlined in the Section 2.2.7
herein, and stored under liquid nitrogen (77 K) until needed.
2.4. Procedure for simulating the EPR spectra

Procedure for simulating and fitting the EPR spectra arising
from exchange- and dipole-coupled pairs was published elsewhere
[20]. In summary, the electron Hamiltonian for the system of two
unpaired electrons includes anisotropic electron Zeeman interac-
tions, isotropic exchange interaction (Jex) and anisotropic dipolar
interaction (D). The electron Hamiltonian is solved by matrix diag-
onalization, and the eigenvectors and spin state energies are ex-
tracted. Eigenvectors and eigenenergies are used to calculate
transition probabilities between the states and the expectation val-
ues. Each spin can be coupled one or two nuclei though hyperfine
interaction. The hyperfine field is calculated using the spin expec-
tation values obtained in the previous steps. Any of the above
parameters can be varied independently or together until an opti-
mal fit is achieved. In particular in the current system, the unpaired
electron on Co(II) nucleus and the thiyl radical are both repre-
sented by anisotropic g tensors, and are coupled to the Co(II) nu-
cleus (nuclear spin 7/2) and one b-proton nucleus from thiyl
radical (nuclear spin 1/2).

The following parameters were varied to achieve satisfactory
fits: the principal values of the thiyl radical g tensor, the magnitude
of the exchange coupling, and the Euler angles relating the thiyl
radical g tensor coordinate system to that of Co2+. The fitting was
done by trial and error. An optimal fit to the experimental data lead
to a direct evaluation of the mutual orientation of and distance be-
tween the interacting spins.

In our simulations, the value of the anisotropic dipolar coupling
is input as part of the electron Hamiltonian that is used to calculate
the simulated spectra. Thus an optimal fit to the experimental data
leads to direct evaluation of the mutual orientation of and distance
between the interacting spins. These exchange coupled spin pairs
have been also simulated in other systems [65–76].
3. Experimental results

3.1. Quality of mixing and instrument dead time assessment

The quality of mixing and the dead time of the instrument were
assessed using the reaction of ferric myoglobin binding azide. This
reaction has been extensively described in the literature [37,46,77–
79]. The heme iron of ferric myoglobin (5 electrons in its d orbitals)
exists in an octahedral ligand environment, and in the heme plane
is ligated to four nitrogen atoms. The fifth coordination site (in the
proximal pocket) is occupied by the nitrogen of an axial histidine.
The occupant of the sixth coordination site (in the distal pocket) is
variable and determines the energy separation between the upper
and lower groups of d orbitals [80]. For example, a dissociable
water molecule can act as such axial ligand [78,81]. Water is a
weak ligand, so the separation between the groups of d orbitals
is small, and iron is in the high spin (HS, S = 5/2) state with its diag-
nostic strong g = 6 EPR absorption [82]. Azide ion, a strong ligand,
displaces the water molecule and forms a very stable complex with
the heme iron [79], converting it to a low spin (LS, S = 1/2) form,
with the concomitant replacement of the g = 6 signal by the rhom-
bic line at around g = 2 [83,84].

We reacted 625 lmol equine skeletal muscle myoglobin
(lyophilized powder purchased from Sigma) with 6.25 mM freshly
prepared solution of sodium azide (powder purchased from Sig-
ma), both in potassium phosphate buffer at pH 7.8. The reaction
was allowed to proceed for preset times ranging between 5 ms
and 180 ms before quench (at this stage, the reaction times were
calculated from ram linear velocity and the length of the aging
tube). The reaction was explored at two temperatures: 22 �C (20
data points) and 37 �C (50 data points). Samples where myoglobin
solution was mixed with buffer with no azide present were also
prepared (true zero-point samples, henceforth referred to as
‘‘zero-time shots’’). We followed the disappearance of the HS
heme iron signal by EPR spectroscopy (9 GHz, 77 K) by measuring
peak-to-peak amplitude of the g = 6 portion of the signal. The 10-
fold excess of azide in the mixture allowed us to make a pseudo-
first-order rate law approximation. Natural logarithms of the
intensity of EPR signal, excluding those from the zero-time shots,
were plotted in the usual manner against the calculated age of
the reaction at both temperatures (Fig. S1). The rate constants ob-
tained from the fits to the data are very close to those reported in
the literature under similar experimental conditions [41,85,154],
see Table S1.

The fits were extrapolated back to the true zero-time data
points. The time coordinate difference between the true zero time
points and the y-intercept of the fit lines constitutes the dead time
of the instrument [38]. The dead time was established to be about
30 ms (30 ms from the 37 �C plot, 27 ms from the 22 �C plot).

The experimentally determined dead time of 30 ms using the
Update Instruments RAM in combination with the commercial
Wiskind grid mixer and the self-built LN2/rotating wheel assembly
is longer than the dead time of �5 ms obtained using this RAM and
mixer with cold isopentane as the freezing agent. The source of this
additional dead time is not clear, as calculations indicate that
freezing of the reaction mixture upon contact with the wheels oc-
curs on the microsecond time scale. Moreover, use of microfluidic
silicon mixers (appropriate for very short reaction times) in combi-
nation with the rotating wheels has yielded freeze times on the or-
der of �50 ls. We believe the additional dead time obtained when
using the Update Instruments RAM/Wiskind grid mixer/rotating
wheel assembly derives from reflection of some amount of mate-
rial off of one wheel onto the other before freezing occurs. The
velocity and volume of the reaction mixture exiting the mixer is
such that some degree of ‘‘splashing’’ does occur, adding to the
measured dead time of the apparatus. Efforts to confirm this as
the dead time source and eliminate it are underway.

Next, the source of the modest variability in the samples gener-
ated by the RFQ system was investigated. Microscopic consistency
of the zero-time samples is determined primarily by mixing; con-
sistency of the reaction samples is determined by both mixing and
freezing. By comparing the variance in the amplitude of the zero-
time samples (0.0022) to that of the binding reaction time shots
(0.07–0.1), we came to the conclusion that mixing, rather than
freezing, is the primary source of the data point scatter. To improve
on our current mixer performance, we are exploring new, more
efficient mixer designs, with tangential inlet ports, finer mesh
and reduced chamber volume. In parallel, we are investigating a
possibility of machining the syringe barrel from stainless steel.
The new mixer designs we have in mind all lead to increased pres-
sure in the syringe barrels. Syringe barrels, as supplied by Update
Instruments, are made from fused quartz, and currently place a
limit on the reduction in the sizes of the downstream components.



Fig. 5. D-band two-pulse echo-detected EPR spectrum and simulation of the
exchange-coupled pair. Sample age: 40 ms. For sample preparation details, see text.
For simulation parameters, see Table 1. Pulsed EPR instrumental parameters:
frequency, 130.001 GHz; first pulse width, 40 ns; second pulse width, 80 ns; time
between pulses, 150 ns; repetition rate, 8 kHz; averages per data point, 10,000;
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Another source of variability is the packing factor. Even in the
hands of a skilled experimenter the density of the packing will vary
by at least 10–20%. Packing frozen sample in thin-walled EPR tubes
is technically challenging: sample needs to be kept at a constant
low temperature, free from frost deposition. Application of exces-
sive packing force inevitably leads to breakage of the thin-walled
of EPR tubes, and the sample is usually not recoverable, as it be-
comes mixed with transparent shards of quartz. This source of var-
iability is extensively described in the literature [43,86] and is
inherent in the process. Under current conditions it is not feasible
to avoid it.

Overall, the use of this apparatus allows the generation of RFQ
samples on the millisecond time scale which can be packed in
the small diameter sample tubes which are used in pulsed and
CW HFEPR. This apparatus has been used in a recent HF EPR study
of catalase-peroxidase from Mycobacterium tuberculosis and its
reaction intermediates [155] and is used in this work for the study
of the exchange-coupled pair formed by ribonucleotide reductase
from L. leichmannii.
temperature, 7 K.
3.2. HF EPR/RFQ of the exchange-coupled pair in ribonucleotide
reductase from L. leichmannii

The X-band and the D-band spectra of the 40 ms RTPR RFQ sam-
ple of pre-reduced RTPR, AdoCbl and dGTP are presented in Figs. 4A
and 5 respectively, along with the simulations thereof. The simula-
tion parameters are listed in Table 1. In spite of using both the X-
band and the D-band spectra to improve the reliability of fits to the
experimental data, the problem remains underdetermined due to
the number of adjustable parameters required for the simulations.
Simultaneous fitting of the D- and X-band spectra has led to a
refinement of the value of the exchange coupling and the thiyl rad-
ical g-values relative to the X-band spectrum alone, but it cannot
be stated that the entire resulting parameter set constitutes a un-
ique solution. For example, as evidenced from Fig. S3, the g-tensor
principal values and orientation are to some degree correlated with
respect to their influence on the D-band spectra. A more detailed
characterization of the correlations between these and other spec-
tral parameters is in progress. However, accurate simulations of
both the X- and D-Band spectra require the refined Jex and thiyl
radical g-values given in Table 1, and thus the major structural
conclusions reported here (see below) are supported.
Fig. 4. X-band EPR spectrum and simulation of the exchange-coupled pair; (inset)
half-field transition exhibited by the exchange-coupled pair. Sample age: 40 ms. For
sample preparation details, see text. For simulation parameters, see Table 1. EPR
instrumental parameters: frequency, 9.4420 GHz; MW power, 1 mW; temperature,
13 K; modulation frequency, 100 kHz; modulation amplitude, 8 G; time constant,
0.25 s; individual scan time, 1; number of scans, 2. (Inset) frequency, 9.2696 GHz;
power, 1 mW; temperature, 77 K; modulation amplitude, 10 G; time constant,
0.25 s; individual scan time, 240 s; the displayed spectrum was accumulated from 4
scans. The asterisk denotes an unknown radical species not associated with the
exchange-coupled pair.
Inspection of the X-band spectrum reveals the spectroscopic
hallmarks of the strongly exchange-coupled pair reported previ-
ously [16,20], where protein-bound cob(II)alamin interacts with
the thiyl radical. The line is centered on the effective g value of
2.1 (approx. 3100 G), and displays cobalt nuclear hyperfine split-
tings of 50 G (nonenzymatically produced cob(II)alamin bound to
the enzyme produces splittings of 110 G [27,87]). The half-field
transition (DMs = 2) at approx 1550 G, diagnostic of dipolar cou-
pled spin pairs [88,89,156–160], is present as well (Fig. 4 inset).

The D-band echo-detected EPR spectrum is shown in (Fig. 5). To
our knowledge, this is the first HF pulsed EPR spectrum of an or-
ganic radical-cob(II)alamin exchange-coupled pair. To establish
the identity of the species giving rise to the spectrum, we per-
formed spectral simulations. As point of departure for our simula-
tions, we started with the complete set of parameters from the
1996 study [20]. In 1996 the lower limit of Jex was estimated to
be 125 GHz (4.18 cm�1) based on simulations of the X-band spec-
trum. In the present experiment, use of |Jex| = 125 GHz also repro-
duces the X-band spectrum, but a satisfactory fit to the D-band
spectrum can only be achieved with the use of |Jex| P 180 GHz
(6.00 cm�1). When smaller values are used, the peaks arising from
Co(II) and thiyl radical do not fuse into the experimentally ob-
served single feature. Simulations with the value greater than
180 GHz (6 cm�1) are not sensitive to the changes. As shown in
Fig. 4, the value of 180 GHz is also used to deliver satisfactory sim-
ulation of the X-band spectrum. A clear illustration of the increased
sensitivity of D-band relative to X-band spectra to larger values of
|Jex| is given in Fig. S2.

Further constraints on the upper limit of the magnitude of Jex

comes from the Curie temperature variation studies. As demon-
strated below, the thiyl radical and cob(II)alamin are antiferromag-
netically coupled, hence the EPR-silent singlet is the ground state
in this system, and the triplet is thermally populated. The fact that
we and other workers are able to observe an EPR signal at the tem-
perature as low as 6 K (RT ca. 50 GHz) [21] and even 2 K (RT ca.
17 GHz) [20], indicates that enough thermal energy is still avail-
able for the triplet state to be populated, and the energy gap sepa-
rating the singlet and the triplet is at most 3–4 times greater than
RT at these low temperatures [88,89]. Taken together, spectral sim-
ulations and temperature variation studies described below have
converged on Jex � �180 GHz (6.00 cm�1).

The plot of the exchange-coupled pair’s intensity of the EPR sig-
nal as a function of reciprocal temperature (Curie plot), normalized
to the amplitude of T = 6 K data point is presented in Fig. 6. The



Table 1
EPR simulation parameters for the exchange-coupled pair in RTPR.

Parameters used in the present work g1 g2 g3 Ax Ay Az /hyp
a hhyp

a whyp
a

Cob(II)alamin 2.230 2.235 2.009 15.0 36.0 310.0 50 0 0
Thiyl radical 2.200 2.09 2.025 107.0 98.8 96.4 �141 17 20

Jex D E adip
b bdip

b cdip
b ag

c bg
c cg

c

�6.00 �1.17 � 10�2 3.33 � 10�3 �76 63 62 90 �25 60

A values in MHz.
Jex, D and E values in cm�1.

a Euler angles relating hyperfine coupling principal axes to cob(II)alamin g principal axes.
b Euler angles relating dipole coupling principal axes to coba(II)alamin g principal axes.
c Euler angles relating thiyl radical g principal axes to coba(II)alamin g principal axes.
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Fig. 6. Temperature dependence of the X-band EPR signal amplitude of the
exchange-coupled pair formed in RTPR. For experimental parameters and calcula-
tion procedure, see text.
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intensities of signals were assessed by measuring the peak-to-
trough height in baseline-corrected spectra (linear correction
only). At temperatures between 65 K and 18 K the Curie plot is al-
most linear. At temperatures below 18 K, the slope of the curve de-
creases. The dependence of the EPR signal amplitude A on
temperature is described by relationship [88]

A ¼ C
3e

Jex
KT

1þ 3e
Jex
KT

=T ð2Þ

where C is a material-specific temperature-independent constant.
C = 0.144 K for thiyl radical–cob(II)alamin exchange-coupled pair
was determined from a least-squares fit to the linear portion of
the temperature dependence curve. A theoretical curve calculated
using Eq. (2), with C = 0.144 K and Jex = �180 GHz, and normalized
to the amplitude of T = 6 K peak is also shown in Fig. 6. These data
and calculations demonstrate that the spins comprising the ex-
change-coupled pair are antiferromagnetically coupled, with a
ground singlet state and a thermally excited triplet state.The two-
frequency approach provides the ability to validate the magnitude
of the dipole–dipole coupling constant: the choice of simulation
parameters must be identical at all frequencies. Both radicals were
approximated as point dipoles [90]. Both the X-band and D-band
spectra can be well reproduced in simulations using zero-field split-
ting parameters D = 0.35 GHz and E = 0.1 GHz.

One of the chief advantages of the two-frequency approach is
the ability to emphasize the frequency-dependent terms by acquir-
ing spectra at the higher frequency. In previous work, the values of
g tensor were only approximated. In the current investigation, ow-
ing to the selective enrichment of the high-field spectra in the Zee-
man terms of the Hamiltonian, it has been possible to fully resolve
the anisotropy of the thiyl radical g tensor. Use of a new set of val-
ues for the g tensor, gx = 2.20, gy = 2.090, gz = 2.025 is required to
successfully reproduce the HF spectrum. The gx = 2.20 value of
the thiyl radical is on the smaller side of the range reported for thi-
yl radicals. Fig. S3 presents representative simulations in which the
g-tensor principal values and orientations are varied.

A multifrequency EPR/simulation approach requires that the
choice of simulation parameters be identical at all frequencies.
To validate our new set of parameters, we used the entire set to
simulate the X-band spectrum. The results are presented in Fig. 4A.
4. Discussion

4.1. Analysis of the thiyl radical g tensor values

By virtue of a greater sensitivity of the HF EPR to the field-
dependent terms of the spin Hamiltonian, we have established a
new, refined set of thiyl radical g values: gx = 2.20, gy = 2.090,
gz = 2.025. Although thiyl radicals are central to the catalysis of
ribonucleotide reductases and pyruvate-formate lyase and pyru-
vate-formate activating enzyme, prior to the current study they
have only been generated in model compounds or in proteins via
UV or X-ray irradiation, and have also been studied in silico
[91–98]. This work extends these previous studies and is the first
application of HFPER/RFQ to characterization of a thiyl radical in
a kinetically competent enzyme system.

Isolated thiyl radicals typically display approximately axially
symmetric g tensors with relatively large g// (gx) values and a g ?
(with gy � gz) value in the vicinity of the free electron g factor of
2.002319. The properties of a g tensor may be understood by
examining the environment of the unpaired electron. The large va-
lue of the g// in the case of sulfur radical is a result of the large spin–
orbit coupling of sulfur: the spin–orbit coupling sharply increases
with atomic number, and is only about 0.4 cm�1 for hydrogen,
70 cm�1 for oxygen, but reaches the value of 382 cm�1 for the sul-
fur atom [99,100]. The 3s orbital and the two 3p orbitals of cysteine
in a thiyl radical are sp2-hybridized and arranged at about 120� to
each other in a plane [91]. The unpaired electron is located in the
remaining 3p orbital, which is directed perpendicular to the hybrid
plane. The g// component of the g tensor is assumed to be along the
direction of the C-S bond. In an isolated thiyl radical, as a conse-
quence of the symmetry of molecular orbitals, the sulfur lone pair
orbitals are degenerate and the radical exhibits axial symmetry
[97,101]. It has been shown that when one of the lone pairs en-
gages in hydrogen bonding, the degeneracy is lifted, and the sys-
tem assumes rhombic symmetry, i.e. the g ? component
separates into gy and gz. Due to the polarity-induced changes in
the electron density distribution geometry, and to the effects on
p–d hybridization, hydrogen bonding also has a pronounced influ-
ence on the magnitude of the gx value [102,103]. gx values as high
as 2.493 have been observed and calculated for cysteine-based thi-
yl radicals in non-polar environments [101,104]. gx values are
shifted to 2.29–2.15 in polar environments [102–105], an effect
of hydrogen bonding analogous to that observed for tyrosyl
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radicals [104,106]. gx = 2.20 determined in our study is, therefore,
consistent with a hydrogen-bonded thiyl radical. Although the de-
tails of this interaction and its full significance remain to be eluci-
dated, this finding is intriguing. It is well understood that enzymes
that utilize radicals in catalysis exert stringent control over these
reactive species [107], and hydrogen bonding has been suggested
as a factor that has a potential to modulate catalytic activity of rad-
ical enzymes [108–112]. For example, it has been experimentally
demonstrated that hydrogen bonds play a catalytic role by posi-
tioning tyrosyl radicals for the cyclooxygenase reaction of prosta-
glandin synthase [113,114]. Hydrogen bond-mediated alignment
of the reacting species with respect to one another and with re-
spect to the catalytic active site residues was hypothesized to con-
tribute to the rate enhancement via the reduction in the number of
degrees of freedom available to the reaction participants [115,116]
and the consequent decrease in the entropy of the ground state
(compared to the state where the reaction participants are not
fixed in place). Other things being equal, this decrease in entropy
leads to lowered energy of activation. It was also recently proposed,
based on high-resolution crystal structures, that a network of
hydrogen bonds [117] is strategically deployed by serine protease
to position the intermediates in the active site and/or stabilize the
transition state [118,119]. While these studies provide an exciting
context, it is imperative to identify hydrogen-bonding partner of
the cysteine before firm conclusions regarding the catalytic signif-
icance of the hydrogen bond can be reached.

Assuming that the proton which is hydrogen bonded to the thiyl
radical is exchangeable, it may be expected that the exchange-cou-
pled spectrum resulting from RTPR samples prepared in H2O and
D2O would show differences, but these differences have not been
observed in X-band spectra [16]. The reason for this may lie in
the relatively small size of the hyperfine coupling combined with
the other sources of inhomogeneous broadening present in the
spectra. The size of the hyperfine coupling of a hydrogen-bonded
proton or deuteron coupled to a thiyl radical has not been deter-
mined, particularly under the conditions of the thiyl radical being
exchanged coupled to a second electron spin species. However, an
approximate value can be estimated from the measured hyperfine
coupling of hydrogen-bonded deuterons to the oxygen of tyrosyl
radicals. With a spin density of approximately 0.3 on the oxygen
of tyrosyl radicals, hydrogen-bonded deuterons experience a
hyperfine coupling of �0.5 G [106], which would convert to �3 G
for protons. Scaling this to a spin density of 1.0 would give a hyper-
fine coupling of �10 G for a proton coupled to a thiyl radical.
Although this is a substantial coupling, it is small relative the other
sources of broadening in the electron–electron coupled spectrum
and thus may go undetected upon deuteration. Note that the sub-
stitution of two b-protons on cysteine, one of which experiences a
hyperfine coupling of over 30 G to the thiyl radical, produced only
a subtle narrowing of the individual spectral components of the ex-
change-coupled spectrum [20]. Thus it is possible that the substan-
tially smaller coupling to the single hydrogen-bonded proton may
have gone undetected in the X-band spectra. It is possible that S-
band or ENDOR spectroscopy may successfully detect the presence
of the hydrogen bond.

4.2. Determination of the spin multiplicity of the ground state of the
exchange-coupled pair, and the magnitude of Jex

Ribonucleotide reductase from L. leichmannii activates C–Co
bond of the AdoCbl cofactor and generates the catalytically rele-
vant thiyl radical even in the absence of substrate, as long as an
allosteric effector is present. This incomplete yet catalytically com-
petent system is an invaluable tool for the study of AdoCbl- and
radical-based catalysis. The unpaired electron on Co(II) ion of the
homolysed cofactor and thiyl radical are coupled through exchange
and dipolar interactions [20]. The exchange interaction is repre-
sented by the Heisenberg–Dirac–van Vleck Hamiltonian

bHex ¼ �Jex
bS1 � bS2 ð3Þ

where Jex, the coupling parameter, is related to the extent of the
orbital overlap. Orbital overlap that mixes the electronic wavefunc-
tions and leads to the exchange interaction can be direct, or, in the
case of superexchange, be mediated through bridging ions or delo-
calized electronic states that provide the conduit for spin–spin cou-
pling [120–122]. When ground state Jex < 0 (antiferromagnetic
coupling), the spins are paired, the total spin of the system is
S = 0, and the spin multiplicity (2S + 1) is one: this is a singlet state.
When Jex > 0 (ferromagnetic coupling), the spins are parallel, the to-
tal spin is S = 1 with the multiplicity of three: a triplet state. The en-
ergy of singlet–triplet splitting is given by the magnitude of Jex. The
magnitude of Jex has a profound effect on the appearance of EPR
spectra. In the case of strong exchange coupling, such as that in
RTPR, the g values of the individual spins blend into a joint, or
‘‘effective’’, g value – this effective g value for the thiyl radical and
the unpaired electron of Co(II) is about 2.1 [67]. Since the exchange
interaction is influenced both by the details of molecular structure,
and by the distance between paramagnets, its interpretation and
derivation of mechanistic conclusions is not straightforward
[123,124]. The execution of such task is greatly aided by the infor-
mation contained in the dipole–dipole coupling parameter D, which
allows the exchange interaction to be placed into a structural
context.

The through-space dipole–dipole interaction of the spins is de-
scribed by the Hamiltonian

bHdip ¼ 2bS1 � D � bS2 ð4Þ

The dipole interaction is proportional to 3 cos2 h� 1=r3, where r
is the interspin distance and h is the angle between the imaginary
line connecting the electrons and the direction of the applied mag-
netic field. This clear dependence of the dipole interaction on dis-
tance and orientation engenders its utility for structural analysis.
As a consequence, this parameter has been successfully utilized
to describe the arrangement of spin pairs in many systems of bio-
logical interest [65–76]. In the case of RTPR, D is 0.35 GHz, corre-
sponding to the interspin distance of about 6.5 Å, and
simulations indicate the angle between the corrin ring normal
and the interspin vector is approximately 60 degrees.
Jex = �180 GHz determined in the present study is stronger than
would be predicted from simple distance considerations for two
unconnected spins: Jex is a function of orbital overlap, and has an
inverse exponential dependence on the distance between the para-
magnets, unless they are linked via an additional communication
pathway.

Results from relevant literature examples presented in Table 2
indeed demonstrate the range of values that Jex can take when
spins are separated by 5–8 Å. The exchange interaction observed
in several biological systems is significantly smaller than the one
revealed in the present work for the exchange-coupled pair in
RTPR. For example, an exchange coupling between tyrosyl radical
and diferric cluster in a class I RNR has the interspecies distance
of about 8 Å – and yet the lower limit for Jex is estimated to be only
0.14 GHz [125]. On the other hand, Jex for synthetic p-delocalized
radicals that are directly coordinated to a metal atom, such as
those prepared and investigated by Richardson and Kreilick
[126,127], are on the order of 4–5 � 103 GHz for a similar interspin
distance. The magnitude of the exchange interaction measured in
this work is between these two extremes: it is larger than that ex-
pected for ‘‘isolated’’ radical separated by 6–7 Å but smaller than
observed for radicals directly ligated to metal ions or biradicals
linked covalently via a p system. Based on the magnitude and sign



Table 2
Literature data on the exchange interactions between species positioned 5-9 Å from each other.

System Paramagnetic species Distance between
species (Å)

Jex (cm�1) Reference

Meta-pyridyliminonitroxide
coordinated to
Cu(hexafluoroacetonate)2

Nitroxide and copper atom 6 �160 [126]

Para-pyridyliminonitroxide
coordinated to
Cu(hexafluoroacetonate)2

Nitroxide and copper atom 4.6 �163.5 [126]

Meta-pyridylnitronylnitroxide
coupled to
Cu(hexafluoroacetonate) in
solution

Nitroxyl radical and copper atom 5.25 �160 ± 5 [148]

Iron-semiquinone complex in
Rhodopseudomonas viridis

Unpaired electron of the reduced primary
quinone Q1� and Fe(II)

6.2–7.8 0.12 ± 0.03 (sign not determined) [149]

Spin(nitroxide)-labeled derivative of
EDTA complexed to Cr(III)

Nitroxyl radical and Cr(III) 7.5 (or 10) �0.006 (or + 0.008) [150]

Spin(nitroxide)-labeled derivative of
EDTA complexed to Fe(III)

Nitroxyl radical and high-spin Fe(III) 7.5 0.013 [150]

Spin(nitroxide)-labeled derivative of
EDTA complexed to Mn(III)

Nitroxyl radical and Mn(II) 8.5 �0.004 (lower limit) [150]

Spin-labeled (nitroxide) Fe(III)
tetraphenylporphyrin with
bromide as the fifth ligand

Nitroxyl radical and high-spin Fe(III) 8 �0.034 or 0.045 depending on the mutual
orientation of the interspin vector and the
iron z axis.

[151]

Synthetic material: spin-labeled
(nitroxide) Fe(III)
tetraphenylporphyrin

NItroxyl radical and low-spin Fe(III) 7 ±|0.25 ± 0.05| [152]

Spin(nitroxide)-labeled Cyt P450 Nitroxyl radical and low spin Fe(III) 7 ±0.03 [152]
Ribonulcleotide reductase from E. coli Tyrosyl radical and diferric cluster About 8 0.0047 ± 0.0003 [125]
B12-dependent glutamate mutase

from Clostridim cochlearium
4-glutamyl radical and cob(II)alamin 6.6 ± 0.9 0.13–3.4 [65]

Diol dehydrase and an
adenosylcobalamin analog

Anhydroadenosyl radical (carbon-based)
and cob(II)alamin

3 40–50 [74]

Ethanolamine ammonia lyase and
ethanolamine

Carbon-based substrate radical and
cob(II)alamin

8.7 �0.005 [153]

Lysine 5,6-aminomutase with
substrate analog 4-thia-L-lysine

A transient and a persistent radical. Both are
carbon-based radicals interacting with
cob(II)alamin

7 for transient
radical and 10 for
persistent

0.4 for transient and 0.05 for persistent [76]

Ribonulcleotide reductase from
Lactobacillus leichmannii

Cysteine-based thiyl radical and
cob(II)alamin

6–7 �6.00 Present
work
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of the exchange coupling measured here (Jex = �180 GHz (6 cm�1)),
it is proposed that the exchange interaction between Co(II) and thi-
yl radical in RTPR is mediated by a superexchange pathway
[99,100,120,128–130]. Overall, the results of the two-frequency
EPR study and the variable temperature study are consistent with
the presence of intervening atoms or molecules between the cata-
lytically active thiyl radical species and one of the products of Ado-
Cbl homolysis (cob(II)alamin).

Recently, there has been a resurgence of interest in the idea that
AdoCbl-containing enzymes create a finely tailored electrostatic
environment in their active sites [112,131–137]. Evidence from
in silico studies, reinforced with the analysis of site-directed point
mutants, is strongly in favor of side chains of amino acids such as
tyrosine [112] and glutamate [131,138] playing an supportive role
in catalysis. There is a general lack of consensus on how this role is
fulfilled mechanistically. For example, a recent QM/MM study of
MMCM, which also uses AdoCbl in catalysis, has demonstrated
strong hydrogen-bonding interactions between an active site glu-
tamate residue and one of the oxygen atoms on the AdoCbl ribose
moiety [139]. These interactions were shown to contribute
3.6 kcal mol�1 to the destabilization of Co(III) ground state and
9.1 kcal mol�1 to the stabilization of the transition state in the C–
Co bond cleavage reaction, which is a significant effect considering
that the C–Co BDE is around 30 kcal mol�1, so a reduction of ca.
15 kcal mol�1 is required to account for the observed 10-orders-
of-magnitude catalytic enhancement. Another group of authors
in a theoretical study of MMCM and GM suggested a role for a con-
served tyrosine residue [137]. They hypothesize that the tyrosine
donates one electron to AdoCbl, generating a high-energy AdoCbl�
intermediate.

In addition to the amino acids donated by the enzyme active
site, ribose moiety of Ado� and the d orbitals of the cobalt atom
have been proposed to contribute to the acceleration of the C–Co
bond cleavage and to the overall progress of the reaction [140–
146]. The strength of the spin exchange interaction measured in
this work |Jex| = 180 GHz, or 6 cm�1, 17 cal mol�1) is clearly too
small to have a direct impact on catalysis or intermediate stabiliza-
tion. Rather, it may lend indirect support, through its reporting of a
superexchange interaction, for the viability of other proposed
interactions. A DFT investigation into the origin of the large cata-
lytic effect on the C–Co bond cleavage [142] demonstrated attrac-
tive interaction between the 20-hydroxyl group of the adenosyl and
the cobalt atom. It was suggested that the essence of the catalytic
effect lies in the coupling of the homolysis step to the next reaction
steps, which is possible because the reacting fragments do not have
the chance to fully separate. Additionally, the authors calculated
that the homolysed state is stabilized by 4 kcal mol�1 via the inter-
actions of adenosyl radical with a residue in the active site. Jensen
and Ryde [143] estimated a contribution of 14 kcal mol�1 to the
observed catalytic effect to arise from the attractive interaction
of the polar ribose group with Co(II) in the dissociated state. In
addition, these authors in their QM/MM calculations observed a
10 kcal mol�1 stabilization of the Co(II) state by electrostatic inter-
actions with unidentified residues in the active site of glutamate
mutase, another AdoCbl dependent enzyme that relies on Co–C
bond homolysis for its catalytic activity.
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Several in vitro studies also pointed to an interaction between
AdoCbl, its hydrogen abstraction substrate and the active site res-
idues. Upon investigating the effect on the homolysis process of
MMCM of site-directed mutagenesis and isotopic substitution of
the 50 hydrogen of AdoCbl, Vlasie and Banerjee [112] arrived at
the qualitative conclusion that an active site tyrosine residue
may play a role of a ‘‘molecular wedge’’ by stabilizing the deoxyad-
enosyl radical and/or hydrogen bonding to the substrate (of which
RTPR’s Cys 408 would be a functional analogue). Likewise, Jones
and co-authors [147] demonstrated that AdoCbl photolysed in
the active site of EAL was not sensitive to the magnetic field effects,
in contrast to the behavior of the cofactor free in solution. They
attributed this result to the coupling by the enzyme active site of
the homolysis and hydrogen abstraction into one concerted step,
emphasizing the favorable role played by the active site
environment.

These latest efforts to identify the physical basis for enzyme-
facilitated chemistry provided the theoretical context for the pres-
ent work. An intact RTPR system and the combination of RFQ and
HFEPR have been used to study a kinetically competent catalytic
intermediate. The results constitute a first direct experimental
indication that, in the course of catalysis by RTPR, the protein ac-
tive site presents the reacting molecules with an environment that
includes a hydrogen bond to the thiyl radical and intervening res-
idues or solvent mediating an exchange coupling between the thiyl
radical and cob(II)alamin. Identification of the molecules responsi-
ble for these interactions remains for future work, but their pres-
ence indicates the possibility of the enzyme providing specific
contacts in a highly structured active site.
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