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ABSTRACT The decay kinetics of the aminoethanol-generated CoII-substrate radical pair catalytic intermediate in ethanolamine
ammonia-lyase from Salmonella typhimurium have been measured on timescales of ,105 s in frozen aqueous solution from 190 to
217 K. X-band continuous-wave electron paramagnetic resonance (EPR) spectroscopy of the disordered samples has been used
to continuously monitor the full radical pair EPR spectrum during progress of the decay after temperature step reaction initiation.
The decay to a diamagnetic state is complete and no paramagnetic intermediate states are detected. The decay exhibits three
kinetic regimes in the measured temperature range, as follows. i), Low temperature range, 190 # T # 207 K: the decay is
biexponential with constant fast (0.57 6 0.04) and slow (0.43 6 0.04) phase amplitudes. ii), Transition temperature range, 207 , T
, 214 K: the amplitude of the slow phase decreases to zero with a compensatory rise in the fast phase amplitude, with increasing
temperature. iii), High temperature range, T $ 214 K: the decay is monoexponential. The observed first-order rate constants for the
monoexponential (kobs,m) and the fast phase of the biexponential decay (kobs,f) adhere to the same linear relation on an lnk versus
T�1 (Arrhenius) plot. Thus, kobs,m and kobs,f correspond to the same apparent Arrhenius prefactor and activation energy (logAapp,f

(s�1)¼ 13.0, Ea,app,f¼ 15.0 kcal/mol), and therefore, a common decay mechanism. We propose that kobs,m and kobs,f represent the
native, forward reaction of the substrate through the radical rearrangement step. The slow phase rate constant (kobs,s) for 190 # T #

207 K obeys a different linear Arrhenius relation (logAapp,s (s�1) ¼ 13.9, Ea,app,s ¼ 16.6 kcal/mol). In the transition temperature
range, kobs,s displays a super-Arrhenius increase with increasing temperature. The change in Ea,app,s with temperature and the
narrow range over which it occurs suggest an origin in a liquid/glass or dynamical transition. A discontinuity in the activation barrier
for the chemical reaction is not expected in the transition temperature range. Therefore, the transition arises from a change in the
properties of the protein. We propose that a protein dynamical contribution to the reaction, which is present above the transition
temperature, is lost below the transition temperature, owing to an increase in the activation energy barrier for protein motions that
are coupled to the reaction. For both the fast and slow phases of the low temperature decay, the dynamical transition in protein
motions that are obligatorily coupled to the reaction of the CoII-substrate radical pair lies below 190 K.

INTRODUCTION

The molecular mechanisms of the core steps in enzyme ca-

talysis are often veiled by the kinetic complexity and asyn-

chrony of steady-state turnover. Three methods, which

involve formation and spectroscopic monitoring of reaction

intermediates in solid state samples at cryogenic tempera-

tures, have been developed to study single, or short sequences

of, reaction steps in metalloproteins. The first method is the

low temperature photodissociation of metal-ligand com-

plexes, for which the archetype is the optically monitored

carbon monoxide or dioxygen migration and rebinding to the

heme iron in myoglobin (Mb) after photolysis of the carboxy-

or oxy-heme state in frozen solutions at temperatures from 10

to 270 K (1,2). This method has been further developed with

Mb (3–6), and has been applied to other heme proteins (7–9)

and metalloproteins (10,11). The second method is cryor-

eduction, in which g-irradiation of a frozen solution sample at

77 K is used to elicit one-electron reduction of a previously

redox-poised metal center in the protein (12,13). Graded an-

nealing of the kinetically trapped state is subsequently per-

formed to relax the nonequilibrium, reduced metal center

structure, and to thermally activate and step through a portion

of the electron transfer or reaction sequence. This protocol has

been applied to heme (12–20) and nonheme (21–25) iron

proteins. In the third method, which does not involve irradi-

ation, a kinetically unstable enzyme state is prepared and

cryotrapped, and then promoted to relax and react by stepwise

cycling between the trapping and annealing temperature

(26). Here, we report an experiment of the third type, which

is distinguished by continuous, full-spectrum electron para-

magnetic resonance (EPR) spectroscopic monitoring during

the relaxation of the CoII-substrate radical pair intermediate,

at the annealing temperature, in coenzyme B12 (adenosylco-

balamin)-dependent ethanolamine ammonia-lyase (EAL; EC

4.3.1.7; cobalamin (vitamin B12)-dependent enzyme super-

family (27,28)) from Salmonella typhimurium (29–31). The

experiment is aimed at characterizing the molecular mecha-

nistic features of the core reactions of EAL catalysis, and in

particular, to distinguish chemical and protein dynamical

components of the reaction.
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The CoII-substrate radical pair accumulates as the only

detectable paramagnetic intermediate during steady-state

turnover of aminoethanol by EAL (32), and this state can be

cryotrapped (33,34). As shown by the minimal mechanism

for the catalytic cycle in Fig. 1 (29,30), the process of CoII-

substrate radical pair formation begins with binding of ami-

noethanol (Scheme 1), which triggers the homolytic cleavage

of the cobalt-carbon bond in coenzyme B12, yielding low

spin, S ¼ 1/2 CoII in cobalamin and the proposed S ¼ 1/2

59-deoxyadenosyl radical. The C59 radical center of the

59-deoxyadenosyl abstracts a hydrogen atom from the C1

carbon of the substrate (first hydrogen atom transfer, HT1),

which forms 59-deoxyadenosine and the substrate radical

(Scheme 1) (35–37). The substrate radical rearranges to a

product radical (Scheme 1) in a detectably irreversible step

(38,39). The accumulation of the CoII-substrate radical pair

during steady-state turnover on aminoethanol indicates that

the radical rearrangement step is at least partially rate-limit-

ing. This has also been shown by substrate 14N/15N kinetic

isotope effects (40). The product radical reacts by abstracting

a hydrogen atom from the C59-methyl group of 59-deoxy-

adenosine (step HT2), which produces a diamagnetic product

species and reforms the 59-deoxyadenosyl radical. After the

HT2 step, the 59-deoxyadenosyl radical recombines with CoII

to regenerate the intact coenzyme (41), and products acetal-

dehyde (Scheme 1) and ammonia are released (42).

SCHEME 1

In this report, we show that the cryotrapped aminoethanol-

derived CoII-substrate radical pair catalytic intermediate in

EAL decays to an EPR-silent state upon annealing at T $

190 K. We have time-resolved the decay after a temperature-

step (T-step) from a sample holding temperature of 160 or

180 K. The timescale of the decay in the examined tem-

perature range of 190–217 K (t1/2 ¼ 4 3 105–1 3 103 s,

respectively) is slow relative to the instrument dead time

(3.0–6.0 3 101 s), and the spectrum acquisition period

(1.0–2.0 3 101 s). The continuous acquisition of EPR spectra

during progress of the decay provides the opportunity for the

detection and spectroscopic identification of transient para-

magnetic intermediates that cannot be addressed at room

temperature. The frozen, solid state of the bulk aqueous sol-

vent in the samples restricts product release and substrate

binding. Therefore, the decay of the CoII-substrate radical

pair state is synchronously initiated by the T-step, and the

reaction is terminated at the diamagnetic adenosylcobalamin/

bound products state. The decay displays monoexponential

kinetics from T¼ 214–217 K, but partitions into two distinct

monoexponential phases, with decrease in temperature, over

the narrow range of 207 , T , 214 K. The low temperature

experiment isolates internal reaction steps for kinetic study

and provides a foundation for distinguishing chemical and

protein dynamical contributions to enzyme catalysis in EAL.

MATERIALS AND METHODS

Enzyme preparation

Enzyme was purified from the Escherichia coli overexpression strain in-

corporating the cloned S. typhimurium EAL coding sequence (43) essentially

as described (44), with the exception that the enzyme was dialyzed against

buffer containing 100 mM HEPES (pH 7.5), 10 mM potassium chloride,

5 mM dithiothreitol, and 10% glycerol (45). Enzyme activity was determined

as described (46) by using the coupled assay with alcohol dehydrogenase/

NADH. The specific activity of the purified enzyme with aminoethanol as

substrate was 20–30 mmol/min/mg.

Sample preparation

Adenosylcobalamin (Sigma Chemical, St. Louis, MO), 1-13C-aminoethanol

and 1,1,2,2-2H4 aminoethanol (Cambridge Isotope Laboratories, Andover,

FIGURE 1 Minimal mechanism of catalysis for coenzyme B12-dependent

EAL (29,30). The forward direction of reaction is indicated by arrows. The

steps are: (1) radical pair separation, (2) first hydrogen atom transfer (HT1), (3)

radical rearrangement, (4) second hydrogen atom transfer (HT2), (5) radical

pair recombination, and (6) product release/substrate binding. Substrate-

derived species are designated S-H (bound substrate), S� (substrate radical),

P� (product radical), and PH (diamagnetic products). The 59-deoxyadenosyl

b-axial ligand is represented as Ad-CH2 in the intact coenzyme, and as Ad-CH�2
(59-deoxyadenosyl radical) or Ad-CH3 (59-deoxyadenosine) after cobalt-

carbon bond cleavage. The cobalt ion and its formal oxidation states are

depicted, but the corrin ring and the dimethylbenzimidazole a-axial ligand of

the coenzyme (68,69) are not shown for clarity.
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MA), and natural abundance aminoethanol (Aldrich Chemical, St. Louis,

MO) were purchased from commercial sources. The reactions were per-

formed in air-saturated or anaerobic buffer containing 10 mM potassium

phosphate (pH 7.5). The anaerobic samples were prepared by using the

freeze-pump-thaw procedure, with argon gas backfill. All manipulations

were carried out on ice under dim red safe-lighting. The final concentration of

enzyme was 10–15 mg/ml, which is equivalent to 20–30 mM for a holoen-

zyme molecular mass of 500,000 g/mol (44), and an active site concentration

of 120–180 mM, based on an active site/holoenzyme stoichiometry of 6:1

(47,48) (K. Warncke, unpublished). Adenosylcobalamin was added to 240–

360 mM (twofold excess over active sites).

The CoII-substrate radical pair samples were prepared by using a proce-

dure for fast cryotrapping of steady-state intermediate states in EAL (33).

Briefly, after manual mixing of the enzyme-adenosylcobalamin solution with

substrate, the sample was loaded into a 4 mm outer diameter. EPR tube, and

the tube was plunged into liquid nitrogen-chilled isopentane (T ¼ 150 K) to

trap the CoII-substrate radical pair state. The total elapsed time from mixing

to isopentane immersion was 15 s.

Continuous-wave EPR spectroscopy

EPR spectra were obtained by using a Bruker (Billerica, MA) E500 ElexSys

EPR spectrometer equipped with a Bruker ER4123 SHQE cavity. Temper-

ature was controlled with a Bruker ER4131VT liquid nitrogen/gas flow

cryostat system, with ER4121VT-1011 evaporator/transfer line, ER4121VT-

1013 heater/thermocouple, and 26 liter liquid nitrogen reservoir. For the

decay experiments, this temperature control system allowed rapid tempera-

ture step changes, relative to the more slowly responding Oxford (Abingdon,

UK) ESR900 cryostat, and run times of up to 2–3 3 104 s, depending upon

flow rate. Measurements were performed under dim light and with the EPR

tubes inserted into the EPR resonator, which shielded the samples from direct

exposure to light. Under these conditions with frozen samples, sample

degradation owing to coenzyme photolysis is negligible.

Time-resolved EPR measurements

EPR samples were held at a staging temperature of 160 K or 180 K in the

ER4131VT cryostat system in the Bruker E560 spectrometer, and the micro-

wave bridge was tuned. T-steps from 160 K or 180 K to the decay measurement

temperatures of 190, 193, 197, 200, 203, 207, 210, 214, or 217 K were initiated

by changing the E4131VT temperature set point. Once the sample temperature

stabilized at the set point, the preset auto-tune/auto-scan mode of the spec-

trometer was triggered, and the sample was auto-tuned at the high temperature

set point, followed immediately by continuous spectrum acquisition. The time

from initiation of the temperature step to the start of acquisition of the first

spectrum was 3.0–6.0 3 101 s. The zero time of the decay was marked at the

first collected EPR spectrum. The EPR spectra were acquired with a 24 s sweep

time (2.56 ms time constant). The reported temperatures represent the tem-

perature at the sample, which was determined before each decay run by using an

Oxford Instruments ITC503 temperature controller with a calibrated model

19180 four-wire resistance temperature detector probe, which has 60.3 K

accuracy over the decay measurement temperature range. For measurements

over the temperature range 190–207 K, the ER4131VT cryostat/controller

system provided a temperature stability of 60.5 K over the length of the EPR

sample cavity, as measured by using a thermocouple probe that was translated

along the EPR tube axis to achieve different heights within a solution sample.

The temperature was therefore stable to 60.5 K during each run. For mea-

surements at 210, 214, and 217 K, the ER4121VT-1011 evaporator/transfer line

and ER4121VT-1013 heater/thermocouple were replaced with the standard

ER4131VT components, which increased the flow rate of the gas. This led to a

more rapid change in temperature during the temperature step, and a desired

diminished instrument dead time. Under the faster gas flow in the ER4131VT

system, the temperature stability was approximately 60.7 K over the length of

the EPR sample cavity

Kinetic analysis

EPR spectra acquired continuously during the decay were used directly in the

kinetic analysis, or were averaged in blocks of from 2 to 20 spectra to increase

the signal/noise ratio (SNR), and the acquisition time was calculated as the

average time for the block. For each EPR spectrum, the amplitude of CoII was

obtained from the difference between the baseline and the peak feature at g �
2.3, and the substrate radical amplitude was obtained from the difference be-

tween peak and trough amplitudes of the derivative feature around g� 2.0. All

data processing programs were written in MATLAB (The Mathworks, Natick,

MA). The observed decays were fitted to monoexponential (Eq. 1, N¼ 1) and

biexponential (Eq. 1, N ¼ 2) functions by using the expression

AðtÞ
Að0Þ ¼ +

N

i¼1

Aie
�kit; (1)

where ðAðtÞ=Að0ÞÞ is the normalized total amplitude, Ai is the normalized

component amplitude (+N

i¼1
Ai ¼ 1 at t ¼ 0), and ki is the first-order rate

constant. The data were also fitted to the power law function, where t0 and n

are adjustable parameters, as given by the expression

AðtÞ
Að0Þ ¼ 1 1

t

t0

� �n

: (2)

The power law function represents a distribution of monoexponential decay

rates (2). The fitting of the kinetics was performed by using Origin

(OriginLab, Natick, MA).

Temperature-dependence of the first-order
rate constant

The temperature dependence of the first-order rate constant, k, is given by the

Arrhenius expression (49)

kðTÞ ¼ Ae
�Ea
RT ; (3)

where Ea is the activation energy, R is the gas constant, and A is a prefactor

that represents the value of k as Ea/0. In a plot of lnk versus T�1 (Arrhenius

plot), the intercept of the linear relation is given by lnA and the slope is given

by �Ea/R.

RESULTS

CoII-substrate radical pair EPR spectrum

Fig. 2 shows EPR spectra of the aminoethanol-derived CoII-

substrate radical pair. The EPR spectrum of the CoII-substrate

radical pair after cryotrapping and before annealing is pre-

sented in Fig. S1 of the Supplementary Material (Data S1).

The CoII intensity is most prominent in the region around 285

mT, which is near to the g?¼ 2.26 value in the EPR spectrum

of isolated cob(II)alamin (50). The CoII transitions extend to

the high field edge of the gk region at 360 mT. The CoII

features in the radical pair spectrum are broadened, relative to

isolated cob(II)alamin, by the interaction with the unpaired

electron localized on C1 of the substrate radical (51). The

substrate radical line shape extends from ;325 to 345 mT.

The unresolved doublet splitting and inhomogeneous line

broadening are caused by the interaction with the unpaired

electron spin on CoII (33,51). EPR simulations are able to

account for all features in the CoII-substrate radical pair

spectrum (52,53).
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Time-resolved measurements of EPR spectra
during CoII-substrate radical pair decay

EPR spectra were acquired as the decay of the CoII-substrate

radical pair progressed at temperatures of 190, 193, 197, 200,

203, 207, 210, 214, and 217 K. Fig. 2 shows a stack plot of a

selection of 11 of the 300 total EPR spectra that were col-

lected during the course of a representative decay at 207 K.

The CoII and substrate radical EPR signals decay in syn-

chrony (Fig. S2, Data S1). No EPR signals from paramag-

netic species other than the CoII-substrate radical pair were

detected above the noise level, with the exception of a narrow

free radical signal at g¼ 2.0. As reported previously (33), this

signal, which corresponds to ,1% of the initial CoII-sub-

strate radical pair amplitude, arises from an organic radical

that is formed during the initial sample mixing and cryo-

trapping procedure. The amplitude of this spurious signal is

independent of decay time, and we do not consider it further.

Fig. 3 displays EPR spectra that were acquired in an at-

tempt to observe CoII-radical pair states, other than the CoII-

substrate radical pair. Fig. 3 A shows normalized EPR spectra

acquired at different stages of the CoII-substrate radical pair

decay at 197 K. The SNR in these decay spectra was im-

proved by using 1,1,2,2-2H4-aminoethanol as substrate,

which increases the EPR amplitude by threefold relative to

natural abundance aminoethanol (33), and by averaging

subsets of spectra that correspond to normalized amplitude

ranges of 99–90%, 79–70%, and 59–50%. The EPR spec-

trum of the preannealed sample, collected at 160 K, is also

shown in Fig. 3 A. The averaged decay spectra are identical to

within the noise level, and do not differ significantly from the

line shape of the preannealed sample. The SNR relative to the

peak-to-trough amplitude of the substrate radical is 2.4–

3.0 3 102 for the averaged decay spectra and 3.0 3 102 for

the preannealed spectrum. Therefore, no CoII-radical pair

species, other than the CoII-substrate radical pair, are detected

during the decay at SNR� 102, relative to the peak-to-trough

amplitude of the substrate radical.

Fig. 3 B shows results from the same protocol that was

used in Fig. 3 A, with the exception that 1-13C-aminoethanol

was used as the substrate. Again, the averaged decay spectra

are identical to within the noise level, and do not differ sig-

nificantly from the line shape of the preannealed sample. The

1-13C-label at the C1 radical center increases the substrate

radical linewidth by 2.4 mT relative to the natural isotopic

abundance radical, owing to the hyperfine interaction of

the electron spin with the I ¼ 1/2 13C nucleus (33). If the

C2-centered product radical was formed in significant con-

centration, a narrow line shape would be expected to be su-

perimposed on the substrate radical spectrum. No heterogeneity

is observed in the line shapes in Fig. 3 B. Therefore, the product

radical is not formed in significant concentration during de-

cay of the CoII-substrate radical pair. The absence of de-

tectable paramagnetic species, other than the CoII-substrate

radical pair, is consistent with the calculated 5–9 kcal/mol

higher free energy of the product radical relative to the sub-

strate radical (54–56), and with the experimentally deter-

mined limit on the free energy of the CoII-59-deoxyadenosyl

FIGURE 2 Dependence of the EPR spectrum of the CoII-substrate radical

pair state in EAL on time after temperature step to T ¼ 207 K. The free

electron resonance position at g ¼ 2.0 is shown by the arrow. Experimental

conditions: microwave frequency, 9.3434 GHz; temperature, 207 K; micro-

wave power, 20.25 mW; magnetic field modulation, 1.0 mT; modulation

frequency, 100 kHz; scan rate, 6.52 mT/s; and time constant, 2.56 ms.

FIGURE 3 Comparison of the EPR spectra of the CoII-substrate radical pair

state before annealing and at different levels of decay, for decay performed at

T¼ 197 K. (A) CoII-substrate radical pair state generated by using 1,1,2,2-2H4-

aminoethanol as substrate. (a) Preannealling spectrum, obtained at 160 K. (b)

Average of spectra corresponding to amplitudes of 99–90% of initial amplitude.

(c) Average of spectra corresponding to amplitudes of 79–70% of initial

amplitude. (d) Average of spectra corresponding to amplitudes of 59–50% of

initial amplitude. (B) CoII-substrate radical pair state generated by using 1-13C-

aminoethanol as substrate. (a) Preannealling spectrum, obtained at 160 K. (b)

Average of spectra corresponding to amplitudes of 99–90% of initial amplitude.

(c) Average of spectra corresponding to amplitudes of 79–70% of initial

amplitude. (d) Average of spectra corresponding to amplitudes of 59–50% of

initial amplitude. Experimental conditions: (A) Microwave frequency, 9.3390

GHz; microwave power, 20.25 mW; magnetic field modulation, 1.0 mT;

modulation frequency, 100 kHz; scan rate, 6.52 mT/s; and time constant, 2.56

ms. (B) Microwave frequency, 9.3390 GHz; microwave power, 20.25 mW;

magnetic field modulation, 1.0 mT; modulation frequency, 100 kHz; scan rate,

6.52 mT/s; and time constant, 2.56 ms.
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radical pair of .3.0 kcal/mol relative to the CoII-substrate

radical pair state (57).

Attempt to detect aquocobalamin formed during
low temperature CoII-substrate radical pair decay

Single electron transfer-mediated decay of CoII-radical pair

intermediates to diamagnetic states in the coenzyme B12-de-

pendent enzymes, lysine 5,6-aminomutase (58), diol dehy-

dratase (59), glutamate mutase (60), and methylmalonyl-CoA

mutase (61) has been reported. These single electron transfer

reactions occur as a natural consequence of catalysis (58), or

because the native course of reaction is altered by mechanism-

based inhibitors (59,60) or site-directed mutations in the

protein (61). Characteristic features of the electron transfer

mechanisms are a monoexponential decay, and formation of

the stable, inhibitory enzyme-bound aquocobalamin form of the

cofactor. The characteristic ultraviolet absorption band of aq-

uocobalamin (difference extinction coefficient for aquocobala-

min minus adenosylcobalamin at lmax ¼ 350 nm, De350 ¼ 20

mM�1 cm�1 (62)) is not detected in the CoII-substrate radical

pair samples after the annealing procedure. The mono-

exponential function also does not fit the decay data for 197–210

K (Fig. S3, Data S1). These results show that the CoII-substrate

radical pair recombination reaction is not mediated by a single

electron transfer mechanism.

Time and temperature dependence of the
substrate radical decay

Fig. 4 shows representative decays of the substrate radical

EPR signal as a function of time at temperatures of 197, 200,

203, 207, 210, and 214 K. At the higher temperatures of 207,

210 K, and 214 K, the substrate radical signal is observed to

decay fully to zero, to within the noise level. At temperatures

below 207 K, the long timescale of the decay, and measuring

time limit of 6–8 h, imposed by the cryostat system, preclude

recording the decay to the zero level. The kinetic fitting re-

sults, described below, are also consistent with the complete

decay at all temperatures. The complete decay of the sub-

strate radical EPR amplitude indicates that at least one step in

the recombination process can be considered as irreversible.

The theoretical curves for 197, 200, 203, 207, and 210 K in

Fig. 4 represent fits of the data to a biexponential function (Eq.

1, N¼ 2). The biexponential function provides an excellent fit

to the decay at all of the temperatures examined from 190 to

210 K. In contrast, the monoexponential decay function (Eq.

1, N¼ 1) provides an unsatisfactory fit to the data obtained at

temperatures from 190 to 210 K (Fig. S3, Data S1). The data

were also fitted by using the power law function (Eq. 2), which

represents a distribution of monoexponential decay rates (2).

The heme-carbon monoxide recombination kinetics in Mb at

T , 200 K have previously been fitted by using the power law

function (2). Overall, the power law function gave reasonable

fits to the data, but with statistical criteria that were inferior to

the biexponential function (Fig. S4, Data S1). Two-temper-

ature annealing experiments, described below, provide evi-

dence against the power law model. The rate constants (kobs,f

and kobs,s) and normalized amplitude coefficients for the fast

and slow phases (Aobs,f and Aobs,s) of the biexponential fitting

functions for each temperature are presented in Table 1. The

table shows that the rate constants increase with increasing

temperature, and that the normalized amplitudes of the fast

and slow phases are constant, with average values of 0.57 6

0.04 and 0.43 6 0.04, respectively, from 190 to 207 K.

The decay of the CoII-substrate radical pair is well-fit by a

monoexponential decay function at 214 K and 217 K. Rep-

resentative data and fit for 214 K are shown in Fig. 4. The

first-order rate constants (kobs,m) are presented in Table 1. The

results show that, with increasing temperature over the nar-

row range of 207 , T , 214 K, there is a transition from a bi-

to monoexponential form for the decay.

Distinction between biexponential and power law
forms of the CoII-substrate radical pair decay

The distinction between biexponential and power law (mul-

tiexponential) functional forms for the CoII-substrate radical

pair decay was addressed by a two-temperature annealing

protocol. The CoII-substrate radical pair intermediate was

annealed at a low temperature to reduce the amplitude to 30–

40% of the initial amplitude. The low temperature was selected

for this step, because the difference between the fast and slow

relaxation times increases with decreasing temperature. This

allows preparation of a sample which has a nearly ‘‘pure’’

proportion of the slow phase decay component. The sample

temperature was then raised to a higher value, and the time

dependence of the decay was measured. The decay for a rep-

resentative two-step annealing experiment performed at 193

FIGURE 4 Decay of the substrate radical as a function of time at different

temperatures from 197 to 214 K, and overlaid best-fit biexponential

functions. The EPR experimental conditions are as described in the legend

to Fig. 3. The overlaid solid curves correspond to simulations of the decay

with a biexponential function (197–210 K) or monoexponential function

(214 K). The simulation parameters are presented in Table 1.
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and 207 K is shown in Fig. 5. In contrast to the decay that

occurred entirely at 207 K (shown in Fig. 4), the decay of the

preannealed sample is well fit by a monoexponential function

with a rate constant of 2.3 3 10�4 s�1, which is comparable to

the average rate constant of 2.4 3 10�4 s�1 obtained for the

slow phase of the decay in the biexponential fits of 207 K

decays. These results support a biexponential decay, rather

than a power law decay, for the temperature range of 190–210 K.

Power law decays are characterized by a decrease in rate

constant with increasing decay time, and are therefore fit

poorly by a single exponential function (2).

DISCUSSION

Temperature dependence of the decay
rate constants

Fig. 6 shows a composite Arrhenius plot of the natural log-

arithms of the observed rate constants (Table 1) for the

monoexponential and the fast and slow phases of the biex-

ponential decay as functions of inverse absolute temperature

(Eq. 3). The kobs,m and kobs,f values are well-fit by the same

linear relation. The kobs,s values for 190 # T # 207 K are also

well fit by a linear relation that displays different slope and

ordinate intercept parameters from the kobs,m, kobs,f relation.

The kobs,s value for 210 K was not included in the fit, and

will be considered below. The adherence of the kobs,m and

kobs,f values to the same linear relationship in Fig. 6 indicates

that they correspond to the same reaction pathway and rate-

limiting step. The different linear relation for kobs,s for 190 #

T # 207 K suggests that the slow phase of decay either

proceeds by a different pathway, or by the same pathway as

for the fast phase, but with a different rate-limiting step.

Temperature dependence of the amplitudes of
the decay phases

Fig. 7 shows the dependence of the normalized amplitudes of

the fast and slow phases of the biexponential decay on tem-

perature. The decay process proceeds with monoexponential

kinetics at 217 and 214 K. As the temperature is decreased, the

TABLE 1 First-order rate constant and amplitude parameters for the fit of the biexponential function to the CoII-substrate radical

pair decay kinetics at different temperatures

T (K) kobs,f (s�1) A�obs;f kobs,s (s�1) Ay
obs;s R2z

190 6.7 3 10�5 0.60 5.3 3 10�6 0.40 0.9994

193 1.2 3 10�4 0.54 1.3 3 10�5 0.46 0.9996

197 3.8(60.1) 3 10�4 0.56 6 0.03 2.4(60.2) 3 10�5 0.44 6 0.03 0.9996

200 5.3(60.6) 3 10�4 0.55 6 0.05 4.1(60.9) 3 10�5 0.45 6 0.05 0.9996

203 8.4(60.6) 3 10�4 0.58 6 0.02 8.0(60.5) 3 10�5 0.42 6 0.02 0.9997

207 1.5(60.1) 3 10�3 0.61 6 0.01 2.4(60.3) 3 10�4 0.39 6 0.01 0.9995

210 4.3(60.8) 3 10�3 0.56 6 0.17 1.5(60.6) 3 10�3 0.44 6 0.17 0.9993

214 5.5(61.6) 3 10�3 1.00 6 0.00 — — 0.9979

217 1.0(60.3) 3 10�2 1.00 6 0.00 — — 0.9943

*Relative fitted amplitude for the fast phase, normalized to the sum, Aobs,f 1 Aobs,s.
yRelative fitted amplitude for the slow phase, normalized to the sum, Aobs,f 1 Aobs,s.
zR, Pearson’s correlation coefficient.

FIGURE 5 Decay of the substrate radical EPR amplitude at 207 K after partial

decay at T ¼ 193 K. The sample was held at 193 K for 13 h, and the substrate

radical amplitude decayed to 38% of the initial amplitude. The subsequent decay

at T¼ 207 K is shown, with overlaid monoexponential fit to the data (solid line).

The EPR experimental conditions are as described in the legend to Fig. 3.

Simulation parameters: first-order rate constant, 2.3 3 10�4 s�1; R2¼ 0.9967.

FIGURE 6 Arrhenius plots of the observed first-order rate constants for

the decay of the CoII-substrate radical pair, kobs,m, kobs,f, and kobs,s. The

combined kobs,m and kobs,f values (solid circles) are fitted by the upper line.

The kobs,s values corresponding to 190 # T # 207 K (solid squares) are

fitted by the lower line. The kobs,s value for 210 K (open square) is not

included in the fit. The data are from Table 1. The fitting parameters are

presented in Table 2.
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amplitude of the decay becomes split into the fast and slow

components, Aobs,f and Aobs,s, over the relatively narrow tem-

perature range of 207 , T , 214 K. This range includes the

data point at 210 K. Below 210 K (190 # T # 207 K), the

normalized fractions of the fast and slow component ampli-

tudes remain constant, with values of Aobs,f¼ 0.57 6 0.04 and

Aobs,s¼ 0.43 6 0.04, respectively. The constant amplitudes of

Aobs,f and Aobs,s at T # 207 K, shown in Fig. 7, and the linear

Arrhenius relations for the corresponding rate constants, kobs,f

and kobs,s, in Fig. 6, imply that the two decay components are

characterized by different, constant values of the apparent

Arrhenius parameters, Ea,app and Aapp, at T # 207 K. The Ar-

rhenius parameters are ‘‘apparent’’, because the rate limitation

on the observed reaction may arise from more than one step.

Kinetic mechanism for the CoII-substrate radical
pair decay

Low temperature range

The biexponential decay of the CoII-substrate radical pair

state for 190 # T # 207 K could arise from a homogenous

process (single CoII-substrate radical pair population decay-

ing by the same mechanism) or from an inhomogeneous

process (two populations of CoII-substrate radical pair states

that decay by different mechanisms). The minimal kinetic

mechanism for a homogeneous biexponential decay is the

two-step, three-state mechanism shown in Scheme 2. The

experimental decay data, which correspond to the normalized

amplitude, ½A1�t=½A1�0; in Scheme 2, has been simulated by

using the homogeneous two-step decay model (Eqs. S1–S5,

Data S1), and the best-fit kij and li parameters have been used

to predict the values of ½A2�t=½A1�0 and ½A3�t=½A1�0: Fig. 8

shows a representative simulation of the CoII-substrate rad-

ical pair decay for T ¼ 207 K. An excellent fit to the decay

curve is obtained. However, the simulation predicts a maxi-

mum value of 0.5 for ½A2�t=½A1�0; and simulations for the

decay obtained at the other temperatures also predict

½A2�t=½A1�0 values with maxima of ;0.5. The relatively large

maximum values of ½A2�t=½A1�0 are required by the biexpo-

nential nature of the decay, which, in the homogeneous

model, implies the transient accumulation of the intermediate

A2 state. The large predicted ½A2�t=½A1�0 values are incon-

sistent with the absence of detectable paramagnetic inter-

mediates in the samples (Figs. 2 and 3), other than the CoII-

substrate radical pair. Therefore, we conclude that the CoII-

substrate radical pair decay at T # 207 K is inhomogeneous.

Two independent, parallel decay processes exist, which

correspond to a fast decay population (state Af) and a slow

decay population (state As) of CoII-substrate radical pairs,

with the respective observed first-order rate constants, kobs,f

and kobs,s.

SCHEME 2

Transition temperature range

The transition from biexponential to monoexponential be-

havior with increasing temperature occurs in the interval,

TABLE 2 Apparent Arrhenius reaction rate parameters for the

fast and slow components of the CoII-substrate radical pair decay

Component log[Aapp (s�1)] Ea,app (kcal mol�1) R2*

Fast 13.0 (60.4) 15.0 (60.6) 0.9909

Slow 13.9 (60.9) 16.6 (61.0) 0.9867

*R, Pearson’s correlation coefficient.

FIGURE 7 Amplitudes of the fast and slow decay phases of the

biexponential decay of the CoII-substrate radical pair, Aobs,f and Aobs,s,

respectively, as a function of temperature. The amplitudes for 214 and 217 K

correspond to the fit to the monoexponential decay function. The curves are

drawn to guide the eye. The data are from Table 1.

FIGURE 8 Simulation of the CoII-substrate radical decay at 207 K by

using the homogeneous linear two-step model (Scheme 2). The experimental

decay data are shown as dots. The simulated normalized population of the A1

(½A1�t=½A1�0; dotted line) state, and the calculated time dependence of the A2

(½A2�t=½A1�0; solid line) and A3 (½A3�t=½A1�0; dashed line) states, are shown.

Simulation parameters: initial normalized populations A1,0¼ 1.0, A2,0¼A3,0¼
0; k12¼ 9.73 3 10�4 s�1, k21¼ 3.87 3 10�4 s�1, k23¼ 3.09 3 10�4 s�1, k32¼
0 s�1 (fixed); and R2 ¼ 0.9994.
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207 , T , 214 K. Only the 210 K parameter set falls in the

transition temperature range. Fig. 6 shows that the data point

for kobs,s at 210 K lies significantly above the linear Arrhenius

relation that fits the kobs,s data from the low temperature

range. The value for kobs,s at 210 K in Table 1 (1.5 3 10�3

s�1) is 3.5-fold higher than predicted by using the low tem-

perature Arrhenius relation (4.3 3 10�4 s�1). Therefore, the

data at the single temperature of 210 K suggest that the

transition from biexponential to monoexponential decay with

increasing temperature is associated with a super-Arrhenius

temperature dependence of kobs,s. We propose that kobs,s ap-

proaches kobs,f as the temperature is increased through the

transition region, and therefore, that Ea,app,s, Aapp,s ap-

proaches Ea,app,m/f, Aapp,m/f. We also considered an alternative

mechanism of an equilibrium, which is highly sensitive to

temperature in the transition range, between two populations

of CoII-substrate radical pairs, which decay with parameters,

(Ea,app,s, Aapp,s) and (Ea,app,m/f, Aapp,m/f), respectively. Simu-

lations based on this mechanism gave poor fits to the decay

data at 210 K. A finer temperature sampling interval, lower

measuring temperature uncertainty, and two-temperature

experiments (Tlow ¼ 193 K, Thigh ¼ 208–213 K), such as

presented in Fig. 5, will be used to further characterize the

temperature dependence of kobs,s (alone, in the absence of

interference from the fast phase), to gain further insight into

the mechanism of the transition.

High temperature range

The monoexponential decay at T $ 214 K (Figs. 6 and 7,

Table 1) is consistent with the increase of kobs,s to the limiting

value of kobs,m, kobs,f over the range 210 , T , 214 K. At T $

214 K, the decay channel represented by kobs,s is absent, and

all of the decay of the CoII-substrate radical pair proceeds

through a single channel, which is characterized by the Ar-

rhenius parameters, Aapp,m ¼ Aapp,f and Ea,app,m ¼ Ea,app,f.

Physical interpretations of the origins of the
decay phases

Fast biexponential phase and monoexponential
decay processes

The steady-state accumulation, and subsequent cryotrapping,

of the CoII-substrate radical pair as the only detectable par-

amagnetic intermediate, suggest that the step after CoII-sub-

strate radical pair formation is at least partially rate limiting

for steady-state turnover. The step after Coll-substrate radical

pair formation in the catalytic sequence is the radical rear-

rangement, which involves conversion of the substrate radi-

cal to the product radical (Step 3 in Fig. 1). Partial rate

limitation of steady-state turnover by the amine nitrogen-

associated radical rearrangement step has also been con-

cluded from substrate 15N/14N kinetic isotope effects on

kcat/KM (40). Extrapolation of the linear Arrhenius relation

for kobs,f and kobs,m to 298 K gives a value for the decay rate

constant of 1.1 3 102 s�1 (uncertainty range: 1.4 3 101–

8.0 3 102 s�1). This value is consistent with kcat values of

3.0–8.0 3 101 s�1 per active site that have been reported for

EAL (40,63), and to the rate of decay of the CoII-radical pair

state to products after substrate depletion (63–65), in room

temperature steady-state kinetic experiments. Studies of the

hydrogen atom transfer-mediated exchange of 3H between

[3H]adenosylcobalamin labeled at the C59 methylene carbon

and aminoethanol in EAL show no detectable 3H equilibra-

tion with the free substrate (38,39). Therefore, the reaction of

the CoII-substrate radical pair through the reverse of the first

hydrogen atom transfer (HT1, Step 2 in Fig. 1) is strongly

disfavored, and the radical rearrangement step is effectively

irreversible (38,39). Therefore, we assign the observed rate

constants for the fast phase of the biexponential decay (190–

210 K) and the monoexponential decay (214, 217 K) to the

native ‘‘forward’’ reaction of the substrate radical, through

the rearrangement reaction.

Slow biexponential phase

We also assign the observed rate constants for the slow phase

of the biexponential decay (190–210 K) to the native ‘‘for-

ward’’ reaction of the substrate radical, for the reasons de-

scribed in the previous section. The 210 K data point suggests

a super-Arrhenius increase in kobs,s with increasing temper-

ature, and, therefore a change in the potential energy surface

for the slow phase in the transition region. The larger un-

certainties in the Aobs values for 210 K relative to the low

temperature range (Table 1) are consistent with a sharp

transition near 210 K that lies partially within the temperature

control uncertainty of 60.7 K at this temperature (see

Methods). The reaction chemistry itself is unlikely to display

a mechanistic discontinuity over this temperature range, and

therefore, the transition arises from a change in the properties

of the protein. A change in the potential energy surface over

the relatively narrow temperature range is characteristic of a

liquid-glass transition (66). Different proteins display a sol-

vent-dependent, liquid-glass-like transition, or ‘‘dynamical

transition’’, within the temperature range of 180–220 K (67).

The slow phase emerges in association with this transition.

We propose that a protein dynamical contribution to the re-

action of the substrate radical, which is present above the

transition temperature (for example, a fluctuation to a con-

formation that interacts more favorably with the product

radical), is lost below the transition temperature, owing to an

increase in the activation energy barrier for protein motions

that are coupled to the reaction.

Anharmonic protein motions are observed to be restricted

below the dynamical transition temperature (67). The dy-

namical transition alters the kinetics of reactions that are

coupled to the protein motions (67). The transition over

207 , T , 214 K in EAL appears to be different from this

‘‘classical’’ protein dynamical transition, because a parallel,
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mechanistically distinct decay path (the slow phase) emerges

as the temperature decreases in a fraction of the population,

and both the fast and slow phase decay reactions are observed

to continue with further decrease in temperature along tem-

perature-independent potential energy surfaces (temperature

independent Aapp, Ea,app) with monoexponential kinetics,

rather than the multiexponential (distributed) kinetics that are

characteristic of diatomic molecule migration and recombi-

nation with iron in Mb and other heme proteins below the

dynamical transition (2, 67). For both the fast and slow

phases of the low temperature decay of the CoII-substrate

radical pair, the dynamical transition in coupled protein

motions that are obligatory for the reaction of the CoII-sub-

strate radical pair lies below 190 K.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this

article, visit www.biophysj.org.

The Supplementary Material includes the EPR spectrum of the CoII-substrate

radical pair before annealing, comparison of the decay kinetics of the CoII and

substrate radical components of the radical pair EPR lineshape, monoexpo-

nential and power law decay function fits to the CoII-substrate radical pair

decay at selected temperatures, and expressions from the linear, three-state,

two-step decay mechanism that were used for simulation of the homogeneous

decay model.
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