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Abstract: The formation of the Co"—substrate radical pair catalytic intermediate in coenzyme B,
(adenosylcobalamin)-dependent ethanolamine ammonia-lyase (EAL) from Salmonella typhimurium has been
studied by using time-resolved continuous-wave electron paramagnetic resonance (EPR) spectroscopy in
a cryosolvent system. The 41% v/v DMSO/water cryosolvent allows mixing of holoenzyme and substrate,
(S)-2-aminopropanol, at 230 K under conditions of kinetic arrest. Temperature step from 230 to 234—248
K initiates the cleavage of the cobalt—carbon bond and the monoexponential rise (rate constant, Kops =
Tons 1) Of the EPR-detected Co"—substrate radical pair state. The detection deadtime: z.ps ratio is reduced
by >10?, relative to millisecond rapid mixing experiments at ambient temperatures. The EPR spectrum
acquisition time is <<zqps, Which allows continuous acquisition of spectra during progress of the reaction.
The kobs values and Co''—substrate radical pair amplitudes are independent of substrate concentration at
each temperature. Therefore, the reaction occurs from the enzyme-coenzyme-substrate ternary complex.
The constant value of the Co''—substrate radical pair amplitude at reaction times > 515, the approximately
102-fold slower rate of the substrate radical rearrangement reaction relative to kops, and the reversible
temperature dependence of the amplitude indicate that the Co"—substrate radical pair and ternary complex
are essentially at equilibrium. The reaction is thus treated as a relaxation to equilibrium by using a linear
two-step, three-state mechanism. The intermediate state in this mechanism, the Co"—5'-deoxyadenosyl
radical pair, is not detected by EPR at signal-to-noise ratios of 103, which indicates that the free energy of
the Co''-5'-deoxyadenosyl radical pair state is >3.3 kcal/mol, relative to the Co''—substrate radical pair.
Van't Hoff analysis yields AH;; = 10.8 + 0.8 kcal/mol and AS;; = 45 + 3 cal/mol/K for the transition from
the ternary complex to the Co"—substrate radical pair state. The free energy difference, AGys, is zero to
within one standard deviation over the temperature range 234—248 K. The extrapolated value of AG;3 at
298 Kis —2.6 + 1.2 kcal/mol. The estimated EAL protein-associated contribution to the free energy difference
is AGeaL = —24 kcal/mol at 240 K, and AHegaL = —13 kcal/mol and A Sga. = 38 cal/mol/K. The results show
that the EAL protein makes both strong enthalpic and entropic contributions to overcome the large,
unfavorable cobalt—carbon bond dissociation energy, which biases the reaction in the forward direction of
Co—C bond cleavage and Co''—substrate radical pair formation.

Introduction radical pair (step 2 of Figure 1; the structures of the species are
shown in Scheme 2). Comparison of the rates of steady-state
turnover of coenzyme B-dependent enzymek.f;~ 10'—10?

s 1 at 298 K)-2 with the rate of cleavage of the cobattarbon
bond of AdoCbl in solutionKco-c = 10791 s71 at 298 K}
reveals that the enzymes increase the cleavage ratelby-

fold. Characterization of the energetics of the proposeti-Co
5'-deoxyadenosyl radical pair and the overall radical pair
separation process is essential for understanding this remarkable
rate acceleration. However, the 'Ceb'-deoxyadenosyl radical
pair has eluded direct detection in all coenzyme-@ependent

Radical catalysis in the coenzymeRlependent enzymes is
initiated by cleavage of the cobaltarbon (Ce-C) bond of
coenzyme B, (adenosylcobalamin AdoCbl; Scheme 1) to form
a proposed Cb(low-spin, S = %,)—5'-deoxyadenosyl radical
pair (step 1 of Figure 1)-2 The subsequent ®e-radical pair
separation phase of the catalytic cycle involves the migration
of the CB3-methylene radical center from tfieface of cobalamin
to the substrate binding site, followed by the abstraction of a
hydrogen atom from the substrate to form the'! €substrate

(1) Banerjee, RChemistry and Biochemistry of B1®jiley: New York, 1999.
(2) Brown, K. L.Chem. Re. 2005 105 2075-2149. (3) Hay, B. P.; Finke, R. GPolyhedron1988 7, 1469-1481.
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Scheme 1 ~ 470 nm) transitiod%13 In EAL, cob(ll)alamin is formed in

a monoexponential process with first-order rate constants of
>300 s?! (mixing dead time limitation) and 74% following
mixing of holoenzyme and the substrates, aminoethanolgnd (
N 2-aminopropanol, respectively.Deuteration of the substrate
leads to a decreased rate of cob(ll)alamin appearance in EAL
|\ and other adenosylcobalamin-dependent enzyfé%.The
interpretation of this hydrogen isotope effect (in EAL10 and
R, 3 for deuterated aminoethanol an§-@-aminopropanol sub-
strates, respectivelp is that the Ce-C bond cleavage and
o hydrogen atom transfer steps are kinetically coupled. The
hydrogen isotope effect and prior lack of success in observing
the B-deoxyadenosyl radical have led to consideration of two
mechanisms for the radical pair separation process, as follows:
10-13 (@) The Ce-C bond cleavage and Cesubstrate radical
pair formation reactions are concerted. (b) The'€®-
deoxyadenosyl radical pair intermediate has a high free energy,

HO OH

“\\\""

Q relative to other diamagnetic and paramagnetic enzyme states.
The large, 811 A separation distance between cobalt and
radical centers in the first metastable radical pair state in the

HN eliminase class of coenzyme;Bdependent enzymés; '8
which includes EAL, strongly suggests that a discrete 5
deoxyadenosyl radical exists. This is also consistent with the
small value of the electronic interaction (electron spspin

0\ /O coupling constant)) between Cb and substrate radicals @f
o=" < 0.1 cnt?!, which is equivalent ta<1072 kcal/mol, in the
\0 o eliminase enzymes.
HOH,C The thermodynamics of the €& bond cleavage has been

investigated in AdoCbl-dependent ribonucleotide triphosphate

enzymes (although its existence is supported by studies of'€ductase (RTPR) by using stopped-flow and optical detection
hydrogen atom exchange between the @&thyl center and of Cd'' < Cd' absorbance chang&s2°This is possible, because

the substrate and product carbon atb?fy and measurements RTPR has the unique ability among coenzyme-@ependent

of the thermodynamics of (e-substrate radical pair formation enzymes 1o cleave_ the e@ bond in the absgnce of bound
have not been possible, because of steady-state turnover a§ubstrate, through interaction of the enzyme with a deoxynucle-

ambient temperature. Here, we report time-resolved measure-Ot'(je triphosphate activatst. The free energy change for the

. . . . equilibrium between dGTP-activated holoenzyme and the first
ments of the Ch—substrate radical pair formation reaction by . . . .
; . . _metastable state, a Cethiyl radical pair, was approximately
using full-spectrum, continuous-wave electron paramagnetic

. zero under pseudo-first-order conditions for AdoCbl bindifg.
resonance (EPR) spectroscopy at low temperature in a Cryo'Comparison with the free energy o0 kcal/mol for the Ce-C
solvent system. The experiments are aimed at characterizing

he kineti dth q ics of the fi ; : cleavage reaction in solutiéf1?* showed that the protein

,t € -|net|cs an thermodynamics of the first two forma ;teps significantly perturbs the equilibrium toward €& bond

in Figure 1 in the coenzyme jBdependent ethanolamine  qeayage. In particular, large, favorable entropy contributions
ammonia-lyase [EAL; EC 4.3.1.7; cobalamin (vitaminyB

] ; to the free energy were observed. Interpretation of the kinetics
dependent enzyme superfaniify from Salmonella typhimu- ¢ coni1yalamin formation in RTPR and in methylmalonyl-

i 2,7,8 i i . . .
rium.%*% EAL catalyzes the conversion of aminoethanol and coa mutas# by using a single-step concerted mechanism for
(R)- and §-2-aminopropanols to the corresponding aldehydes co—C pond cleavage and radical pair formation showed that
and ammonid.

The Co-C bond cleavage kinetics in the coenzyme-B (10) Padmakumar, R.; Padmakumar, R.; BanerjeeBiBchemistry1997, 36,

3713-3718.
dependent enzymes, methylmalonyl-CoA mutase, glutamate ) yarsh, £, N. G.; Ballou, D. FBiochemistry1998 37, 11864-11872.
mutase, ribonucleotide triphosphate reductase, and EAL, have(12) Licht, S. S.; Booker, S.; Stubbe, Biochemistry1999 38, 1221-1233.
. . (13) Bandarian, V.; Reed, G. HRiochemistry200Q 39, 12069-12075.

been studied af > 273 K by using the stopped-flow method  (14) Boas, J. F.. Hicks, P. R.: Pilbrow, J. R.; Smith, TJDChem. Soc., Faraday
with detection of visible absorption changes associated with the __ Trans. 21978 74, 417-431.
adenosylcob(ll)alamini(hax ~ 525 nm) to cob(ll)alaminimax

(15) Gerfen, G. J.; Licht, S.; Willems, J. P.; Hoffman, B. M.; Stubbd, Am.
Chem. Soc1996 118 8192-8197.

(16) Licht, S.; Gerfen, G. J.; Stubbe, Sciencel996 271, 477-481.

(17) Canfield, J. M.; Warncke, KJ. Phys. Chem. 2002 106, 8831-8841.

(4) B12; Dolphin, D., Ed.; Wiley: New York, 1982; Vol. 2.

(5) Hubbard, T. J. P.; Ailey, B.; Brenner, S. E.; Murzin, A. G.; Chothia, C.

Nucleic Acids Resl999 27, 254-256.

(6) Sun, L.; Warncke, KProteins: Struct., Funct., Bioin2006 64, 308—
319.

(7) Bandarian, V.; Reed, G. H. Bhemistry and Biochemistry of B1RBanerjee,
R., Ed.; Wiley and Sons: New York, 1999; pp 81833.

(8) Toraya, T.Chem. Re. 2003 103 2095-2127.

(9) Bradbeer, CJ. Biol. Chem1965 240, 4669-4674.

(18) Bandarian, V.; Reed, G. HRiochemistry2002 41, 8580-8588.

(19) Licht, S.; Lawrence, C. C.; StubbeBlochemistryl999 38, 1234-1242.

(20) Brown, K. L.; Cheng, S.; Marques, H. Nhorg. Chem.1995 35, 217—
222.

(21) Stubbe, J.; van der Donk, W. &hem. Re. 1998 98, 705-762.

(22) Finke, R. G.; Hay, B. Pinorg. Chem.1984 23, 3041-3043.

(23) Halpern, J.; Kim, S.-H.; Leung, T. W. Am. Chem. So4984 106, 8317~
8319

(24) Hay,.B. P.; Finke, R. GJ. Am. Chem. S0d.986 108 4820-4829.
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Figure 1. Minimal mechanism of catalysis for vitamin;Bcoenzyme-dependent EALS The paramagnetic radical pair states and diamagnetic states are
indicated. The forward direction of reaction is indicated by arrows. The structures of the reactant species are shown in Scheme 2. For th&sRbstrate, (
aminopropanoll, the cycle is reversiblé®5859The 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-deriveddgsgiest e

S—H (bound substratel), S (substrate radicaR), P (product radical3), and PH (diamagnetic products, aldehydend ammonia). The'&leoxyadenosyl
f-axial ligand is represented as Ad-gHin the intact coenzyme, and as Ad-€H5'-deoxyadenosyl radical) or Ad-GH5'-deoxyadenosine) following
cobalt-carbon bond cleavage. The cobalt ion and its formal oxidation states are depicted, but the corrin ring and dimethylbenzéradéddigand of

the coenzym®@-61 are not shown for clarity.
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the protein also lowers the activation free energy for-Co
bond cleavage.

The rapid mixing experiments utilize sensitive visible absorp-
tion detection of CH <> Co' transitions on the millisecond time

during progress of the reaction, and (c) reduction of the dead
time/reaction time ratio by- 1, relative to millisecond rapid
mixing experiments at ambient temperatures. A binary dimethyl-
sulfoxide (DMSO)/water cryosolve#it26was chosen, because
the DMSO/water system displays a low freezing point (ap-
proaching 200 K, depending upon cooling rate) and relatively
high fluidity at volume percentages of 480% for T = 230

K.25> DMSO/water solvent systems are commonly used in the
preservation of cells, tissues, and organs during freezing and
low-temperature storagé.

We have examined the reaction of the EAL holoenzyme with
substrate$)-2-aminopropanol to form the ®e-substrate radical
pair in EAL by using time-resolved, full-spectrum EPR spec-
troscopy at 234248 K in 41% v/v DMSO/ water cryosolvent,

scale, but do not detect organic radicals or distinguish different following a temperature step from a mixing temperature of 230
paramagnetic states. EPR spectroscopy can detect and distin- The EPR line shape and the temperature-extrapolated first-

guish different Cé—radical pair intermediates, but the time

order reaction rate constant in the cryosolvent are identical to

required for acquisition of the relatively broad EPR line shapes those of EAL in aqueous solution at ambient temperatures,

(~150.0 G for the radical pair) is-10*-fold greater than the
rise time for Cd —substrate radical pair formation &t> 273

indicating that native structural and functional properties of the
enzyme are maintained in the cryosolvent system at low

K in aqueous solution. Therefore, we have developed a temperature. The reaction is treated as a relaxation of the
cryosolvent system for measurement of the radical pair forma- €NZymecoenzymesubstrate ternary complex to equilibrium with

tion reactions in EAL at low temperatures, to satisfy the
following criteria: (a) mixing of holoenzyme and substra®{(
2-aminopropanol] under conditions of kinetic arrest of the

(25) Douzou, P Cryobiochemistry: An IntroductionAcademic Press: New
York, 1977.
(26) Travers, F.; Bertrand, R.; Roseau, G.; VanthoakEt. J. Biochem1978

i ; i - 88, 523-528.
react!o_n_, (b) decreased rate_ of reaction _le!OWIhg temperature (27) Lakey, J. R. T.; Anderson, T. J.; Rajotte, R. Wansplantation2001, 72,
step initiation, to allow continuous acquisition of EPR spectra 1005-1011.
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the Cd'—substrate radical pair, through an explicit'G®'-

molecules to bind to the active site. All the procedures were performed

deoxyadenosyl radical pair intermediate state, by using a linearunder a dim red safe light.

two-step, three-state mechanism. The' €6-deoxyadenosyl
radical is not detected. However, the first inclusion of thé-€o
5'-deoxyadenosyl radical pair in a kinetic mechanism for the
radical pair reactions leads to a lower limit on the relative free

energy of the proposed intermediate. Thermodynamic param-

eters for the equilibrium between the ternary complex and the
Cd'—substrate radical pair provide insight into the contributions
of the protein to Cb—radical pair separation and stabilization.

Materials and Methods

Materials. All chemicals were obtained from commercial sources
(Sigma-Aldrich or Fisher) and used without further purification. Enzyme
was purified from theéescherichia colioverexpression strain incorporat-
ing the clonedS. typhimuriumEAL coding sequencésessentially as
described?

Cryosolvent and Buffer. Several organic solvents are commonly
used in cryoenzymology studies because of their low viscosity and
relatively low dielectric constant of mixtures with wat@Among them
are ethylene glycd®®3031 methanoB!%2 and DMSO?3334 However,
ethylene glycol and methanol inactivate the EAL holoenzyhiéand
ethylene glycol is too viscous for reproducible mixing at the low
temperatures T < 230 K) required to kinetically arrest the e

Time-Resolved EPR SpectroscopyX-band CW-EPR experiments
were carried out on a Bruker ELEXSYS E500 EPR spectrometer with
an ER 4123SHQE X-band cavity resonator and a Bruker ER 4131VT
temperature control system. The cryostat/controller system provided a
temperature stability 0f=0.2 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. All of the temperature readings in the EPR experiments were
measured by using an Oxford Instruments ITC503 temperature control-
ler with a calibrated model 19180 4-wire RTD probe, which k#s3
K accuracy in the 230 to 273 K region. The total temperature error of
the measurements was thus estimated te-bet K.

The enzyme reaction was monitored by X-band EPR in liquid-phase
samples. Therefore, capillary tubes were used to partially overcome
the microwave absorption and consequent decrease in cavity quality
factor Q) caused by the lossy liquid samples. A protocol was developed
to seal a 5Q¢L volume of substrate-bound holoenzyme from a batch
sample volume of 30@L into a 2-mm outer diameter capillary tube
(Wilmad/Lab Glass, 712-SQ-250 M) at 230 K. The capillary tube was
quickly transferred to the EPR cavity, which was precooled to 230 K,
with the protection of cold isopentane maintained at the same
temperature.

The reaction of the holoenzymsubstrate mixture was triggered

substrate radical pair formation reaction. Therefore, we chose DMSO by a rapid temperature step from 230 K to the desired higher
as the cryosolvent. EAL possesses a broad pH optimum from 6.6 to temperature (234248 K). The dead time of the system, including the

8.237 The standard potassium (or sodium) phosphate buffer<ptb)
used in EAL studies is not appropriate for low-temperature cryoenzy-

temperature increase and equilibrating procest)(s) and microwave
bridge autocalibration (“auto-tune” mode) at the high temperature set

mology study, because of the relatively large temperature dependencepoint (~10 s), was<20 s.

of the K, values of phosphaté.Potassium cacodylate buffer, which
is similar to the sodium cacodylate buffers used for cryoenzymology
studies® has a relatively small dependence &, n temperature and
was introduced for electron microscopy applicatiéhs herefore,

EPR Spectroscopy at 6 K.X-band CW-EPR spectroscopy at 6 K
was performed by using the same Bruker ELEXSYS E500 EPR
spectrometer and ER 4123SHQE X-band resonator, with an Oxford
Instruments ESR-900 continuous-flow liquid helium cryostat and

potassium cacodylate was employed as the pH buffer. The effective Oxford 3120 temperature controller. A DMSO/water cryosolvent

pH value in the presence of DMSO was adjusted to bet7 .4 in
the 230-273 K region. The pH values at< 273 K were obtained by

sample, which contained EAL holoenzyme and substrate, was prepared
as described in the previous section. The sample was made anaerobic

extrapolation of the linear dependence of pH on temperature from 298 by using the freezevacuum-thaw sequence and backfill with argon

to 273 K, as describet,by using a pH electrode (Corning 476156).
Sample Preparation Procedure A 1.5-fold excess of adenosylco-
balamin relative to EAL active sites was introduced into buffered (10
mM potassium cacodylate, pH 7.1) aqueous EAL apoenzyme solution

gas.

Equilibrium Perturbation Experiments. A 300uL sample in a
4-mm outer diameter EPR tube (6-fold larger volume relative to the
capillary samples) with 100-fold excess of substrate compared to EAL

to form the holoenzyme at ambient temperature. Each EAL molecule active sites was used in the equilibrium perturbation experiments to
contains six active sit€8:*°To avoid pH and dielectric constant shock, increase the number of detected spins, which increases the signal-to-
small volumes of 70% (v/v) DMSO/water solvent (less than 15% of noise ratio (SNR). The EPR instrumentation used was the same as
the volume of the holoenzyme-containing solution) were added with described for the time-resolved experiments. In a typical experiment,

continuous slow mixing in four steps at decreasing temperatures overthe sample was initially adjusted to the incubation temperalygein

the range from 273 to 240 K, to achieve a final 41% (v/v) DMSO/
water solution with holoenzyme. In the last step, the substraye-(
aminopropanol, in 41% (v/v) DMSO/water cryosolvent was introduced
at 230 K. At this temperature, the system maintains the liquid phase.
The whole system was relaxed for 5 min at 230 K to allow the substrate

(28) Faust, L. R. P.; Connor, J. A.; Roof, D. M.; Hoch, J. A.; Babior, B.JM.
Biol. Chem.199Q 265 12462-12466.

(29) Faust, L. P.; Babior, B. MArch. Biochem. Biophysl992 294, 50-54.

(30) Tesi, C.; Travers, F.; Barman, Biochemistry199Q 29, 1846-1852.

(31) Bicknell, R.; Waley, S. GBiochemistryl985 24, 6876-6887.

(32) Feig, A. L.; Ammons, G. E.; Uhlenbeck, O. RNA1998 4, 1251-1258.

(33) Douzou, P.; Sireix, R.; Travers, Proc. Natl. Acad. Sci. U.S.A97Q 66,
787-792.

(34) Mustafi, D.; Hofer, J. E.; Huang, W.; Palzkill, T.; Makinen, M. W.
Spectrochim. Acta, Part 2004 60, 1279-1289.

(35) Babior, B. M.J. Biol. Chem.197Q 245 1755-1766.

(36) Babior, B. M.; Krouwer, J. SCRC Crit. Re. Biochem1979 6, 35-102.

(37) Babior, B. M. InB12; Dolphin, D., Ed.; Wiley: New York, 1982; Vol. 2,
pp 263-387.

(38) Sabatinni, D. D.; Barnett, R. J.; Bensch, K.&hat. Rec1962 142, 274.

(39) Hollaway, M. R.; Johnson, A. W.; Lappert, M. F.; Wallis, O. Eur. J.
Biochem.198Q 111, 177-188.

(40) Bandarian, V.; Reed, G. HRiochemistry1999 38, 12394-12402.

the ER 4123SHQE X-band resonator. The sample was then incubated
to achieve a constant amplitude of the'€substrate radical pair EPR
signal. The incubation time period was generati$zons Wheretopsis

the characteristic reaction time ., as determined in the time-resolved
experiments and defined in eq 2. The temperature of the sample was
then quickly (within 15 s) decreased to 120 K. The temperature
transition time is significantly shorter than the equilibration time (15 s
< Tohg. The EPR spectrum was then acquired at 120 K to retrieve the
EPR signal amplitude for the substrate radical at equilibrium state,
denoted a0, Tinc). The EPR signal amplitude was measured as
the difference in amplitude between the lowest field peak and highest
field trough of the substrate radical line shape. The point corresponding
to the maximum or minimum amplitude was identified and averaged
with the adjacent two points (five points total) to obtain the recorded
amplitude. The sample temperature was then stepped to the next
temperature incubation set point, and the incubation and measurement
process was repeated. After all desired incubation temperatures were
finished, the sample temperature was raised stepwise to 273 K, to avoid
sudden pH change and dielectric shock, and held for 5 min. This led

J. AM. CHEM. SOC. = VOL. 130, NO. 14, 2008 4849
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Scheme 3 1
12=§{k12+ Koy + Kozt Kgp +
ki ks 2 @
Al S AZ S A3 [(kyo + Koy + Koz Kap)™ — 4Ky ko3 + Ko 1Kap + Ky oks,)] )} (6)
kZl k32
1
13=§{k12+ Koy + Kog 1 K3y —
to the formation of the Cb-substrate radical pair in 100% of the (ko F Koq + Koz + Kgo)? — A(Kykos + Kook + Kika)] M2} (7)
functional EAL active sites, as found previoudlyThe fraction of EAL
active sites occupied by the Cesubstrate radical pairyine, Was andi, = 042 _ _ _
computed for each incubation temperatdig, by using the following Certain relations among tha; are used in the analysis of the
expression: experimental data. The conservation condition is expressed in terms
of the equilibrium { — ) concentrations of thé,, as follows:
o, T; —
Z)inc(Tinc) = Apl( II'IC) (1) [A1]0 - [A1]°° + [A2]°° + [A3]°° (8)

Ay, T =273 K)
The concentration of the intermediai&;, relative to the experi-

o o ) mentally observed statég, at equilibrium is obtained from eqs 4 and
Kinetic Data Fitting. It was found that the time-dependence of the ¢ ¢, the conditiont — . as follows:

substrate radical EPR signal following the temperature step was well-

fit by a single-exponential growth function, as follows: A, ks .

Tk Kas 9)
[AS]oo 23

where K3 is the equilibrium constant for step 2 in Scheme 3. The
relative concentration o0& andAg at equilibrium is obtained from eqs
3 and 5, as follows:

A(t) = Ay(eo)[1 — &) )

whereAu(t) andAy(e) are the time-dependent amplitude and equilib-
rium amplitude, respectively, measured from the lowest field peak to

the highest field trough of the substrate radical EPR signal kapts (A k. .k

the observed first-order rate constant for the growth of the substrate 2= 2B _ g K.=K 10
(Al Kok 1223 13

radical EPR signal. The curve fitting was performed by using the © 721732

program OriginPro 7.5 (OriginLab Corporation), with the least-squares

fitting method. whereKi, = (ki2)/(kz1) is the equilibrium constant for step 1 in Scheme

3. The ratio of the concentration of the observed state at equilibrium,

Mechanism for the Cd'—Substrate Radical Pair Formation [Adl, to the total concentration @ states (fo] = [Adlo, from eq 8)
Reaction. The measured kinetics were analyzed by using the linear is denoted aw and is given by eq 5 in the limit— o, as follows:

two-step, three-state mechanism shown in Scheme 3. The coupled

differential equations that describe the time dependence of the states [Ad, KK

in the linear two-step model presented in Scheme 3 can be solved to v= A, = Aohs (11)
give analytical expressions for the normalized amplitudes of the states

A and the relaxation rate parametéysfor the initial state (at = 0), Temperature Dependence of the First-Order Rate and Equilib-
([AdofAddo) = 1, ([Ado/ [Ado) = ([Aslo/[Ad]o) = 0.2 As described in rium Constants. The temperature dependence of the first-order rate
the Results, this is the case for the reaction of the enzyoeazyme constantk, is given by the Arrhenius expressiéh:

substrate ternary complex to form the'Csubstrate radical pair. The

following expressions give the time dependence of the normalized k(T) = A ERD (12)

amplitudes of the state&:*?
where E; is the activation energyR is the gas constant, arlis a

Al Koksy  Kislhy — ko — Kap) o pre_factor that re_presents the valuekadis Ea_—> 0. The value ofA is
= e+ typically approximated ask§T/h), wherekg is Boltzmann'’s constant
[Ade  Aos Aoy = Ag) andh is Planck’s constant.
Kyo(Kog + Kgp — A3) o 3) The temperature dependence of the equilibrium constants
Aahy — Ag) described as follow#?
[A _ KiKgy  Kio(Kgp — 45) ot Kiolds — Ksp) (@) K(T) = eACGRD = (ASR) g=(ARRD (13)
[Ado  42s Agha = A3) Agho = Aa)
whereAG, AH, andASare the equilibrium free energy, enthalpy, and
[Addy  Kigkos Kigkos 14 Kikos 4 entropy, respectively. Equation 13 is the basis for determining\tie
(A, - Ihs  Afhy — Ag) - Aa(Ay — A3 ®) and AS contributions toAG by using the van’t Hoff analysis.
Results
Thek; are defined in Scheme 3. The relaxation rate parametgrs, EPR Line Shape of the Cd —Substrate Radical Pair in
are related to the microscopic rate constants by the following expres- Aqueous and Cryosolvent SystemsFigure 2 shows a repre-
sions: sentative X-band EPR spectrum, recorded at 120 K, of tHe-Co

substrate radical pair in aqueous solution, which was prepared

(41) Hollaway, M. R.; White, H. A.; Joblin, K. N.; Johnson, A. W.; Lappert, by the standard method of manual mixing of substrate and
M. F.; Walllis, O. C.Eur. J. Biochem1978 82, 143-154. 7 _min i H

(42) Moore, J. W.; Pearson, R. ®inetics and MechanismViley & Sons: holoenzyme at275 K’ followed bY a5-min 'n_CUbatlon be_fore
New York, 1981. cryotrapping at 77 K. The EPR line shape is characteristic of
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LI L R R ies of the coenyzme B-dependent diol dehydratase enzythe,

$ with which ethanolamine ammonia-lyase is mechanistitaihg
structurally$ similar, show that the Co-C1 and C8—C2
distances are not equal, which would lead to different EPR line
shapes for the substrate radical and product raétdaf’8The
absence of a detectable product radical species is consistent with
computational studies, which predict that the energy of the
product radical is 59 kcal/mol greater than the energy of the
substrate radicdf—*° The decrease in the amplitude of the signal
in the cryosolvent sample relative to the aqueous sample in
Figure 2 is caused by loss of competent enzyme during the low
temperature solvent mixing procedure. In Figure 2, the yield of

TTrr oI T

LEN B B B e e

Amplitude (a.u.)

L c 1 reactive enzyme is 82%. The average yield over more than 30
- I £ preparations was 7% 10%.

a L ] Simulation of the EPR spectra from samples prepared in the
2600 2800 3000 3200 3400 3600 3800 4000 cryosolvent system (Table S1, Figure S2, Supporting Informa-

tion) yields the same Cle-substrate radical separation distance

Figure 2. X-band continuous-wave EPR spectra of cryotrapped holo-EAL (R=11 A) and isotropic electron SprBpln_ coupling § =
and substrategj-2-aminopropanol mixtures under different conditions of —300 MHZz) parameters as reported previously for the cry-

solvent and temperature. EPR spectroscopy was perforniee-at20 K. otrapped Ch—substrate radical pair samples in aqueous biiffer.
The concentrations of EAL active sites and coenzymgwviiere 120uM The Cd —substrate radical pair line shape is sensitive to changes
and 12 mM, respectively. The free electron resonance positign=a.0 in R andJ.1417.18Theref th It id id that
is shown by the arrow. (A) EPR spectrum of the''€substrate radical In an. S ere Ore'. ES.e re§u s.prow € evidence tha
pair state in aqueous solution. Holo-EAL was mixed with substrate at 275 the native structure of EAL is maintained in the 41% v/v DMSO/
K and then incubated on ice (273 K) for 5 min, before cryotrapping. (B) water cryosolvent system.

EPR spectrum of the (e-substrate radical pair state in 41% v/v DMSO/ i\ . . ix-
water cryosolvent. Holo-EAL was mixed with substrate at 230 K and then Arrested Reactivity of the EAL -AdoCbl-Substrate Mix

incubated at 273 for 5 min, before cryotrapping. (C) EPR spectrum of holo- ture at 230 K in the Cryosolvent System.The bottom scan in
EAL and substrate after mixing and incubation for 5 min at 230 K. EPR Figure 2 shows that no significant Cesubstrate radical pair

conditions: microw_avg frequency, 9.436 GHz; microwave power, 10 dB gccumulates following mixing of a 100-fold excess &§-@-

(20 mW); magnetic field modulation, 10 G peaeak; modulation - . . . .

frequency, 100 kHz; field sweep rate, 1.5 Ghstime constant, 200 ms; amlnopropangl substrate relative to aptl\{e sites with EAL

average of two sweeps, minus average of two baseline spectra. holoenzyme in the cryosolvent. The lifetime of the EAL
AdoCblsubstrate ternary complex, with respect to decay to the
Cd'—substrate radical pair, i86.0 x 10° s at 230 K. A small

the (§-2-aminopropanol-derived ®e-substrate radical paf?. amount 1% relative to the Cb—substrate radical pair) of a

The Cd intensity is most prominent in the region around 2850 narrow line width free radical signal &= 2.0 is observed.

G, which is near thgp = 2.26 position in the EPR spectrum  This unassigned signal is typically observed in' €substrate

of magnetically isolated cob(ll)alamiM.The substrate radical  radical pair sample preparations in aqueous solution. The results

line shape extends from approximately 3250 to 3450 G. The suggest that the EAL holoenzyme and substrate can be combined

partially resolved doublet splitting and broadening in the in a reaction-arrested state at 230 K. The lifetime is sufficient

substrate radical line shape are caused by the interaction of theo allow staging for temperature step studies, which are

unpaired electron spin at C1 of the substrate radical with the described in the following section.

unpaired electron spin on ¢4+17.18 Time Dependence of Cb—Substrate Radical Pair Forma-

The middle spectrum in Figure 2 shows the 120 K EPR tion Following Temperature Step.The EAL-AdoCblsubstrate
spectrum of the Cb-substrate radical pair formed in EAL in  mixture prepared at 230 K reacts to form the''€substrate
41% v/v buffered DMSO/water cryosolvent. The cryosolvent radical pair state following a temperature step to higher
sample was prepared by mixing holoenzyme a®e2tamino- temperatures. In the temperature range of-2348 K, the rise
propanol at 230 K (as described in Materials and Methods), of the Cd —substrate radical pair EPR signal is measured by
followed by temperature increase to 273 K and incubation for the continuous acquisition of the Ceradical pair spectrum.

5 min before cryotrapping at 77 K. Comparison of the'€o To achieve shorter sweep times, only the substrate radical
substrate radical pair EPR spectra of the cryosolvent sampleportion of the line shape is acquired. At> 248 K, 7ops < 107

and the aqueous sample in Figure 2 shows that the line shapes, which is comparable to or less than the instrument dead time
are essentially identical, as also demonstrated by the overlaid,of 2.0 x 10' s, and the reaction cannot be monitored by the
rescaled EPR spectra in Figure S1, Supporting Information. Thefull spectrum acquisition. AT < 234 K, the value ob is <0.3,

line shape match indicates that the radical species in theand poor SNR, especially for early time points, limits certainty
cryosolvent corresponds to the substrate radical, and not thein the data. Figure 3 shows a representative data set that was
product radical. Orientation-selection pulsed-EPR studies in acquired afl = 242 K. The peak-to-trough amplitude of the
ethanolamine ammonia-ly&8end X-ray crystallographic stud-

Magnetic Field (Gauss)

(46) Shibata, N.; Masuda, J.; Tobimatsu, T.; Toraya, T.; Suto, K.; Morimoto,
Y.; Yasuoka, N.Structure1999 7, 997—1008.

(43) Babior, B. M.; Moss, T. H.; Orme-Johnson, W. H.; Beinert,J Biol. (47) Wetmore, S. D.; Smith, D. M.; Bennett, J. T.; RadomJLAm. Chem.
Chem.1974 249 4537-4544. So0c.2002 124, 14054-14065.

(44) Pilbrow, J. R. InB12 Dolphin, D., Ed.; Wiley: New York, 1982; Vol. 1, (48) Sandala, G. M.; Smith, D. M.; Radom, I. Am. Chem. So005 127,
pp 431-462. 8856-8864.

(45) Canfield, J. M.; Warncke, KJ. Phys. Chem. R005 109, 3053-3046. (49) Semialjac, M.; Schwarz, H.. Org. Chem2003 68, 6967-6983.
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First Peak

44 Second Trough

EPR Amplitude

Figure 3. Time dependence of the EPR spectrum of the substrate radica
pair state in EAL in the cryosolvent system &at= 242 K, following
temperature-step initiation of reaction. The time interval between each
single-sweep spectrum is 15 s. The free electron resonance posigen at

2.0 is shown by the arrow. The first peak and second trough are positioned

at 3284 and 3415 G, respectively. The full extents of the magnetic field
sweep and time course are 560 G and 6:43C® s, respectively. The
concentrations of EAL active sites and coenzyme &e 150uM and 15

mM, respectively. EPR conditions: microwave frequency, 9.365
GHz; microwave power, 10 dB (20 mW); magnetic field modulation, 12
G; modulation frequency, 100 kHz; scan rate: 53 G; sime constant,
164 ms. Thet = 0 spectrum (baseline) has been subtracted from each
spectrum.
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Figure 4. Time-dependence of the EPR amplitude of the substrate radical
pair state in EAL in the cryosolvent system &t= 242 K, following

obs

Ink

0.00405 0.00410 0.00415

1UT (K"

Figure 5. Dependence of the natural logarithm of the observed first-order
rate constant for growth of the substrate radical EPR signal on the inverse
absolute temperature from= 234—248 K. The substrate/active sites ratio
was 100, and the concentration of active sites wasy®80The error bars
represent the standard deviation obtained by combining three separate
measurements at each temperature, which used EAL from three different
preparations. Best linear fit (solid line) parameters: slepel.37 x 107,
ordinate intercept= 5.00 x 10, R2 = 0.993.

0.00420 0.00425

Table 1. Values of the Observed Rate Constant for
Co''—Substrate Radical Pair Formation at Different Absolute
Temperatures?

T(K) Kops (x107357Y)

234 0.29 +0.06
236 0.39 +0.04
238 0.58 +0.08
240 112 +0.07
242 15 +0.2
244 2.5 +0.5
246 4.4 +0.3
248 6.2 +0.9

aValues represent the average of at least three separate experiments and
the corresponding standard deviation.

Temperature Dependence okqps Figure 5 shows the natural
logarithm of kops plotted as a function of inverse absolute
temperature, in the Arrhenius plot form. The average values of

| kopsfor the different temperatures, and standard deviations that
represent at least three separate determinations, are collected

temperature-jump initiation of reaction. The amplitude is given by the in Table 1. The Arrhenius plot is linear, which suggests that

difference between the first peak (3284 G) and second trough (3415 G)t
amplitudes, as defined in Figure 3. Note that the data are truncated at 3.90

x 10% s, relative to the full time scale of 6.48 10° s presented in Figure

3. The experimental data points are overlaid with the best-fit exponential
growth function (solid curvekops = 1.82 x 1073 s71). EPR conditions are

as described in the legend to Figure 3.

he kinetic mechanism and the rate-limiting step for'€o
substrate radical pair formation are maintained over the tem-
perature range of 234248 K. As shown belowkypsis a function

of at least four microscopic rate constants, and therefore, cannot
be used directly to extradt andE, parameters (0AG*, AH¥,
andAS parameters) that correspond to a single first-order rate

substrate radical signal in Figure 3 is plotted as a function of constant.

time in Figure 4. Note that the data in Figure 4 are truncated at

3.90 x 103 s, relative to the full time scale of 6.48 10® s

The linear dependence of ks 0n inverse absolute temper-
ature that is shown in Figure 5 can be extrapolated to obtain an

presented in Figure 3, to more clearly display the rise phase of estimated value fokops at 298 K of 54 s®. This value is in

the data. The curve in Figure 4 is well-fit by using a single-
exponential growth function with observed first-order rate
constantk.ps The growth of the EPR signal at all temperatures
is well-fit by the single-exponential function.

4852 J. AM. CHEM. SOC. = VOL. 130, NO. 14, 2008

good agreement with the value of 74'geported for the rate
constant for the appearance of cob(ll)alamin in the reaction of
holo-EAL with (S§)-2-aminopropanol by using stopped-flow
mixing and visible absorption detectiéfThis is evidence that
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sk o T o vent system would, in principle, decrease the solubility of the
246 K positively charged ammonium fqrm _of the substrate and decrt_ease

o R 1 the translational entropy contribution to the reactant solution

4+ o " o . free energy. Both effects would promote tighter binding of

substrate to enzyme. Calculations of the ratio of the concentra-
= tion of substrate-bound enzyme to total enzyme, [ERJ[
"o 3 . performed by using a series of possiKlg values, show that a
o I | 10-fold lowering of the room temperature, aqueous phése
g to 10 uM in the low-temperature cryosolvent system is
2 consistent with saturation of substrate binding to enzyme active
< 240K | sites over the range of substrate concentrations in Figure 7
- ° (Table S2, Supporting Information).
° Figures 6 and 7 provide evidence that the formation of the
Cd'—substrate radical pair state proceeds from an initial state
N N T T R that is the EAL:AdoCblsubstrate ternary complex. We propose,
0.1 1 10 100 1000 on the basis of these results, that the mixing of holoenzyme
[substrate]:[EAL active sites] and substrate at 230 K leads to the formation of the ternary
Figure 6. Dependence of the observed first-order rate constant for the complex, and_ that t_h's state reacts directly _tO form thé{:?’
growth of the substrate radical pair EPR sigikals on the substrate/active ~ Substrate radical pair when the temperature is stepped to higher
sites ratio atT = 240 and 246 K in the cryosolvent system. The lines values. Direct spectroscopic probes of the formation of the
represent the best zero-slope linear fit to the data. The concentration Ofternary complex at 230 K are being pursued.
EAL active sites was 15QM. AT . . .
Equilibrium Approximation for Co " —Substrate Radical
S B A BN Pair Formation. Figures 3 and 4 show that the €esubstrate
0s L i radical pair EPR amplitude reaches a constant level at long times
(>5t0p9. This is observed at all temperatures in the range of
234—248 K. Furthermore, it was also observed that thé-€o
° 246 K substrate radical pair state formed under the condition, [substrate]/
5 5 ] [active site]< 1, was stable on the time scale of the kinetics
measurements at each temperature, as observed for the case of
excess substrate in Figure 4. This suggests that the rate constant
for the rearrangement of the substrate radical to the product
radical (step 3 in Figure 1) is significantly smaller than the
inverse of the kinetics measurement time. This can be tested
by determining the rate constant for decay of thé-€substrate
radical pair at a higher temperature under the condition,
[substrate]/[active sitek 1, followed by calculation of the
0.0 T T T corresponding Arrhenius activation energy, and then by using
0.1 1 10 100 1000 this activation energy and the Arrhenius rate expression to
[substrate][EAL active sites] estimate the rate constant at lower temperatures. The reason
Figure 7. Dependence of the normalized constant (long-time) amplitude fOr measurements at a higher temperatdre- (250 K) is that
of the substrate radical EPR signal on the substrate/active sites r@ite at a complete decay curve can be obtained. Figure 8 shows the
240 a_nd 24_16 K in the cryosc_xlvent system. The amplitude is normalized_ as decay forT = 270 K. The data in Figure 8 were collected by
?heeszgtt’:_d{ﬂ;ré%r:ﬁé;tgﬁ)#no?SEfErggtei\?é t;'fesb 3\/5;522';05|0pe linear fit to using the temperature step me_tﬁbdf alternately holding the
o ) ) sample afl = 270 K for a time interval, and then lowering to
the kinetics results obtained at_ low temperature_ln the cryosol- 1 = 120 K for EPR spectrum acquisition. The first-order rate
vent system represent _the native enzyme function. constant for the decaykdsd is 1.5 x 1073 s°%, which
Substrate Concentration Dependence dfysand the Cd'— corresponds to an Arrhenius activation energy of 19.3 kcal/mol
Substrate Radical Pair Population.Figure 6 shows thatops (from eq 12, withA = kgT/h). This E, value is consistent with
is independent of substrate concent_ratlon_ at bth 240 and 2465105 reported previously for the optically monitored decay of
K over the range of substrate/active site ratios, from ap- cop(i)alamin to adenosylcob(lil)alamin following substrate
proximately 1 to 100. Figure 7 shows that the concentration of depletion at room temperatut&4152Extrapolation of the Co-
Co'—substrate radical pair formed at the substrate/active site g,pstrate radical decay rate constant to-2248 K by using
ratios in Figure 6 is constant, to withit15%. These results the Arrhenius relation wittE, = 19.3 kcal/mol gives corre-
are consistent with the conditiof{p < [active sites]. For sponding values fokgee Of 4.6 x 1076 to 5.1 x 1075 s°1,
buffered aqueous solution at 298 K, we have obtaikgd= respectively. This corresponds tgsc = 2.2 x 10 s = 6.0 x
117 + 6 uM for binding of (§)-2-aminopropanol to apo-EAL 10 h at 234 K andrgec= 2.0 x 10° s= 5.5 h at 248 K. The
(Anderson, L. E; and Warncke, K., unpublished data). The

idi 7 (50) Poyner, R. R.; Anderson, M. A.; Bandarian, V.; Cleland, W. W.; Reed, G.
reportedKy values of 15.5M for Clostridium SP7 and 0.80 HoJ A, Chem. So@006 128 712007121

uM for S. typhimuriurt? also suggest a relatively high affinity  (51) Lukoyanov, D.; Barney, B. M.; Dean, D. R.; Seefeldt, L. C.; Hoffman, B.
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o ; ; M. Proc. Natl. Acad. Sci. U.S.2007, 104, 1451-1455.
of (S) 2 amInOp_rOp_a_nOl for EAL atroom temperatgre In aqueous (52) wallis, O. C.; Bray, R. C.; Gutteridge, S.; Hollaway, M.ERur. J. Biochem.
solution. The significantly lowered temperature in the cryosol- 1982 125 299-303.
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Figure 8. Time dependence of the decay of the substrate radical EPR Figure 9. Normalized equilibrium saturation of the substrate radical EPR
amplitude at 270 K in the cryosolvent system under conditions of amplitude as a function of absolute temperature. The results for a single

approximately stoichiometric substrate/active sites. The sample was preparecs@MPple are shown, with the nonmonotonic sequence of temperature values
at 230 K and temperature-stepped to 270 K to initiate the reaction. The &S described in the text. The EAL active site and substrate concentrations

sample temperature was then alternately held at 270 K for the indicated ere 150uM and 15 mM, respectively.
time intervals and lowered to 120 K for EPR spectrum acquisition. The

sample contained 16@M substrate and 180M active sites. The amplitude K. Figure 10 shows normalized EPR spectra Tor= 242 K

is normalized to the initial amplitude_ following the temperature jump 1o that represent the average of blocks (sets) of spectra that were
270 K. The dashed curve shows the fit of a monoexponential decay function btained h idooi f the ri f the Casub dical

to the dataKiec= 1.49 x 103 51, obtained at the midpoint of the rise of the'Cesubstrate radica

pair signal (Figure 10A), and in the equilibrium state following

value ofrgedopsis therefore~10? over the temperature range, the rise (Figure 10B). The block averaging improves the SNR
which indicates that the rate of rearrangement of substrate radical©f individual spectra obtained from the small volume, 2-mm
to product radical is negligible on the time scale of'€o outer diameter capillary tubes used in the liquid-state experi-
substrate radical formation. Therefore, we approximate the Ments. The two spectra in Figure 10 are identical, and they do
reaction of the ternary complex to form the 'Gesubstrate not differ significantly from the control aqueous solution
radical pair as a relaxation to equilibrium. spectrum of the substrate radical shown in Figure 2. The results

Equ|||br|um Perturbation by Temperature Step The presented in Figure 10, and those of similar eXperimentS
influence of temperature on the proposed equilibrium between Performed at different temperatures over the range of-234
the ternary complex and the tesubstrate radical pair state 248 K, show that no paramagnetic species, other than tte Co
was addressed by temperature-step perturbation under condition§ubstrate radical pair, are detectable in spectra obtained under
of excess substrate relative to active sites. A single sample wasPre-equilibrium or equilibrium conditions in the cryosolvent
used in each of three separate experiments. Figure 9 shows théystem at SNR< 50.
normalized substrate radical amplitude, as a function of In a second, higher sensitivity approach to detecting para-
temperature (additional data is presented in Figure S3, Sup_magnetic intermediates, anaerobic samples of the equilibrated
porting Information). The amplitude is normalized by using the System were prepared, and the sample temperature was rapidly
amplitude of the substrate radical signal obtained after warming lowered to 77 K by immersion in liquid nitrogen. EPR spectra
the sample to 273 K, followed by 5-min incubation at this Were then acquired for the sampléa& with extended signal
temperature (eq 1) In Figure 97 the app“ed temperature aVeraging, and SNR: 1300 for the substrate radical Signal was
perturbation sequence was not linear to determine if the observecchieved. No EPR signals, other than the EPR signal from the
changes in the EPR amplitude of the'Csubstrate radical pair Cod'—substrate radical pair, were observed. A representative
were reversible. The sequence of temperature changes is a§Pectrum for a sample equilibrated at 242 K is presented in
follows: 238— 242, 242— 240, 240— 246, 246— 244, 244 Figure 11. Expanding the range of the magnetic field sweep to
— 250’ and 250~ 248 K. The linear trend in Figure 9 indicates 50-5000 G, which would include the I’egion of the “half-field
a reversible, temperature-dependent equilibrium between thetransition” for strongly coupled radical pait$>*also did not
ternary complex and the ®e-substrate radical pair state. The reveal EPR signals attributable to additional EAL-associated
value of v increases with increasing temperature from 0.37 to Paramagnetic species. Therefore, thé-€substrate radical pair
0.64. Therefore, the ternary complex and the' €substrate EPR spectrum is the only EPR spectrum that is detected at SNR
radical pair have comparable stabilities over the temperature = 1300 in cryotrapped samples at 6 K.
range, with a trend toward amore stablé'€substrate radical  piscussion
pair state as temperature increases. o _

Attempted Detection of Paramagnetic Intermediate States. Kinetic Model for Reaction of the Ternary Complex To
The presence of paramagnetic intermediate states, and inFo'M the Co' —Substrate Radical Pair. Scheme 3 shows the
partlcylar the CH)—S’-deoxyadenosyI radlc_al pair, was addressed (53) Atherton, N. M.Principles of Electron Spin Resonandellis Horwood:
by using EPR spectroscopy of the reacting system at238 New York, 1993.
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Figure 11. EPR spectrum of the cryotrapped substrate radical after

equilibration afl = 242 K, acquired af = 6 K. The free electron resonance
position atg = 2.0 is shown by the arrow. The substrate and EAL active
site concentrations were 7.5 mM and 160, respectively. EPR condi-
tions: microwave frequency, 9.378 GHz; microwave power, 30 dB (0.2
mW); magnetic field modulation, 10 G peakeak; modulation frequency,
100 kHz; field sweep rate, 3.7 G’ time constant, 164 ms; average of
eight spectra, minus baseline.

decay rate, calculated on the basis of Ey@alue for the decay
obtained at 270 K (Figure 8), implies that the rate of substrate
radical decay through conversion to the product radicalli€*
fold less tharkyps Over the temperature range, 23248 K. In
the following analysis, eqs-311 for the two-step mechanism
are used to describe the time dependence and equilibrium
populations of the); states.

Relations among Experimental Observables and Micro-
scopic Rate Constants.In the following, expressions are

Figure 10. Block-averaged EPR spectra of the substrate radical obtained derived from the mechanism in Scheme 3 and the experimental

during reaction al' = 242 K. The free electron resonance positioy &t
2.0 is shown by the arrow. (A) Spectrum representing the midpoint of the
rise of the substrate radical EPR signal, obtained ovei8@36 of the final

amplitude (18 spectra averaged). (B) Spectrum representing the equilibrium

constraints, which show that the equilibrium constants that link
the A strongly disfavor formation of thA, state. This accounts
for the observed monoexponential growth of the! €substrate

state (constant amplitude) of the substrate radical EPR signal (100 spectraradical pair EPR signal. The general linear two-step mechanism

averaged). The substrate and EAL active site concentrations wereM.50
and 15 mM, respectively. EPR conditions: microwave frequency, 9.365
GHz; microwave power, 10 dB (20 mW); magnetic field modulation, 12 G
peak-peak; modulation frequency, 100 kHz; field sweep rate, 536 s
time constant, 164 ms.

predicts a biexponential growth 8§ (the Cd —substrate radical
pair) as expressed by eqs 6 and 7 for the two relaxation
constants,/l, and 13.42 Paramagnetic signals arising from an
intermediate specied); (the Cd —5'-deoxyadenosyl radical
pair), were detected neither in the kinetic experiments at234

linear two-step, three-state kinetic mechanism that we propose248 K, nor in samples at equilibrium that were cryotrapped and

for the observed reaction of the EAAdoCbl-substrate ternary
complex to form the Cb-substrate radical pair. The mechanism

examined by EPR spectroscopy @K (Figures 10 and 11).
The highest SNR achieved was 1300. Therefore, if it is assumed

corresponds to steps 1 and 2 in the catalytic cycle presented inthat the C#—substrate radical pair and putative 'G&b'-

Figure 1. The stateg);, Az, andAs, in Scheme 3 represent, in
compact notation, the ternary complex, the''€8'-deoxyad-
enosyl radical pair, and the esubstrate radical pair, respec-
tively. The identification ofA; as the ternary complex is based
on the substrate concentration-independence of kgthand
the amplitude of the Cb-substrate radical pair, as shown in
Figures 6 and 7. These results indicate that the condikegn,
< [active sites], holds for the interaction of EAL and substrate.

deoxyadenosyl radical pair EPR signals have comparable
derivative amplitudes, then the SNR 10° leads to the
inequality, (Az]-)/([As]-) < 1072. This implies that,z > 10°.
Furthermore, the equilibrium perturbation results presented in
Figures 9 and S3 show that~ 0.5 over the temperature range
examined, which implies that A]«)/([Ao) ~ 0.5 (eq 11).
Substitution of the conditionp]. < 10-3[Ag]., into eq 8 leads

to the simplified expressionAf]o = [Ad]~ + [Ag].. Substitution

A third step, which represents the conversion of substrate radicalof this simplified expression into eq 11, and rearrangement, leads

to product radical (step 3 in Figure 1) is not included in the
mechanism, because the level of'Cgubstrate radical pair state

to the approximation, fs].)/([Ai]«) =~ 1, which holds over the
temperature range examined. Substitution of this resulkand

is constant for a long period of time (Figures 3 and 4), and the > 10° (from above) into eq 10 leads to the inequalif, <
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1073. The limiting values obtained fdf1, (= kio/ko1) andKas 08 T - — —T——
(= koglksp) indicate that the following inequalities hold for the "
corresponding pairs of rate constants: 0.6 - .
kgp < 10 3kyg (14) 04 - .
kpp < 10 %ky, (15) 02| -
) I (4
The substitution of the limits from eqs 14 and 15 into eqs 6 ¥ 0.0 | -
and 7 leads to the following simplified approximate relations £
betweenl, and Az and the microscopic rate constants: 02| b -
Ay =Kp1 + Kog (16) 0.4 | -
Ky Kys + Kok I ]
_ f12%23 21132 (17) 06 L -
k21 + k23 1 L 1 " 1 " 1 " 1

0.00400 0.00405 0.00410 0.00415 0.00420
From the comparison of the right-hand sides of egs 16 and 1T (K"
17 W'th the inequalities in eqs 14 and 1B, > 10° 13. The Figure 12. Van't Hoff plot of the equilibrium constants, representing
relaxation represented By will therefore not be detectable at  the equilibrium between the ternary complex (stéi® and the Cb—
our time resolution, and the growth o% (the state that substrate radical pair (stag), over the temperature rangegzz%o K.
B Il - - Best linear fit (solid line) parameters: slope —5.19 x 13 ordinate
cqrresponds to the EPR-detected' €substrate radllcal pair) intercept= 2.13 x 10\, R = 0.995.
will be governed by an apparent monoexponential process,
which is in accord with experiment. The time dependence of  Equation 21 was derived by dividing the numerator and
the growth of the normalized concentration/&fis expressed denominator of the right-hand side of eq 20Kayk.3, expressing

as follows: the resulting ratio of rate constants &s;K,3 = Kis and
rearranging to expred§;3 in terms ofv. Figure 12 shows the
[Adl; ~ [Adl.. 1- ef){:;t) (18) van't Hoff plot for K;3 that was obtained by using thevalues
[Ade  [Ad presented in Figure 9. Two additional van't Hoff plots from

separate experiments are shown in Figure S4 (Supporting
The parameters in eq 18 Ad.)/([A]o) and s, are related Information). Table 2 presents values/Aifi;3 (10.84 0.8 kcal/
to the experimental observabldgys and v, as follows: mol) andAS;3 (45 + 3 cal/mol/K) that were obtained from the
average of the linear fit parameters from each van'’t Hoff plot.
Values ofAGy3 were calculated from the Gibbs expressing(
= AH — TAYS). The value ofAGs3 is zero over the temperature
range, to within the standard deviation of the measurements

k12k23 + k21k32
Kobs =43 = 3 (19)

_ [Adl., _ Ky Kog (20) (+0.1+ 1.1 kcal/mol at 238 K to-0.5+ 1.1 kcal/mol at 250
v [Aly  KiKog + KoiKsy K). The free energy contributions of the enthalpy and entropy
(TAS3 = —10.7 to —11.3 kcal/mol for 238 to 250 K,

The system is underdetermined, with respect to obtaining the respectively) are comparable. Coenzyme-@pendent RTPR
values of thek;. also establishes an equivalent free energy at ambient temperature
Relative Free Energy of the C8 —5'-Deoxyadenosyl Radi- between the dGTP activator-bound enzyme and the first

cal Pair Intermediate State. The limiting values ofK;, and metastable Cb-radical (thiyl) pair, in the absence of substrite.
Kos allow an estimation of the free energy of the 'e&'- However, in the substrate-bound condition in EAL, the relative
deoxyadenosyl radical pair state for the temperature range; 234 stability of the C8—radical pair state increases with temperature,
248 K. The inequalitiesi, < 10 ~ 2andK,3 > 108, imply that and the radical pair state becomes favored over the ternary

AGi, > 3.3 kcal/mol andAGyz < —3.3 kcal/mol, respectively, complex at 298 K by-2.6 kcal/mol, as described below.

over the range of temperatures examined. The limiting values EAL protein-associated contributions to the'Cwadical pair

for AGy, and AGy; indicate that the free energy of the 'Co stabilization process were estimated by comparison of the

5'-deoxyadenosyl radical pair state %8.3 kcal/mol, relative ~ experimental parameters in Table 2 with data for the-Co

to the ternary complex and tesubstrate radical pair states. bond cleavage and hydrogen atom transfer subreactions that are
Thermodynamics of Cd' —Substrate Radical Pair State associated with steps 1 and 2 in Figure 1. Solution studies

Formation. The thermodynamic parametersG;s, AHis, and indicate that Ce-C bond cleavage, which is involved in the

ASy3, for the transition from the\; (ternary complex) state to ~ observed; — Ag reaction, is associated with a large, unfavor-

the Ag (Cd'—substrate radical pair) state were determined by able enthalpy changéyHco-c.2?"2* Comparison 0fAH;3 with

van't Hoff analysis ofKi3 (eq 13). Values oKg3 at different ~ AHco-c = 30 £ 2 kcal/moP* indicates that the unfavorable

temperatures were obtained from the correspondinglues ~ Co—C bond cleavage is compensated by a favorable enthalpy

by using the following expression: contribution of approximately-19 + 2 kcal/ mol in EAL. The
favorable enthalpy contribution to th#g — Az process in EAL
K.=_Y 1) originates, in part, from the linkage of €& bond cleavage to
B 1-v the first hydrogen atom transfer reaction, HT1 (Figure 1). The
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Table 2. Values of Experimentally Determined Thermodynamic Parameters for the A; (Ternary Complex)—As (Co''—Substrate Radical Pair)
Equilibrium in the Cryosolvent System, and Estimated EAL Protein-Associated Contributions

AG? AH AS
reaction (kcal/mol) (kcal/mol) (cal/mol/K)
overall, 1— 3 0.0 +1.1 10.8 +0.8 45 +3
EAL contribution21— 3 —24 +3 —13 +3 38 +3

aEstimated by using eq 22, withHco—c = 30 & 2 kcal/mol?* [AHc1—n — AHcs—n] = —6 % 2 kcal/mol#349-51 AS, ¢ = 7 cal/mol/K2* and ASyt =

0, as described in the teXtFree energy calculated for 240 K.

E-cob(Il)-5—dA" - S
’,—0

>3 kcal/mol, .

Q| E-Adochl-g” { N, . E-cob(Il)-S-dA-S"
— N \ 240 K
*\, 3 keal/mol
“‘IIII mr 208 K

Figure 13. Schematic free energy diagram of the relative free energy levels
of the ternary complex (stat®), Cd'—5'-deoxyadenosyl radical pair (state
A2), and Cd—substrate radical pair (staf&) in EAL. The relative free
energy levels folf = 240 K were directly determined by experiment, and
the change al = 298 K was obtained by extrapolation of data for=

tions to enthalpy of Clb—thiyl radical pair formation, following
dGTP activator-induced CeC bond cleavage in RTPR.We
attribute the more favorable protein-associated contribution to
the enthalpy of thé\; — Ag transition in EAL to the presence

of the bound substrate, which invokes changes in the protein
that lead to the “substrate trigger” of cobattarbon bond
cleavage.

The van't Hoff analysis shows that tidg — Ag transition in
EAL is associated with a relatively large, favorable entropy
change ofAS;3 = 45 + 3 cal/mol/K. In comparisonASco-c
for the Co-C bond cleavage reaction in solution is smaller. A
value of ASy-c = 7 + 1 cal/mol/K is estimated from the
activation entropy for cleavagéunder the assumption that the
bond re-formation rate process is close to diffusion-con-
trolled 22231f it is assumed thahSo—c is a reasonable estimate

236-250 K. The change in free energy between the ternary complex and of the entropy change for GeC cleavage contributed by the

Co'—substrate radical pair statesTat= 298 K andT = 240 K is referenced
to the level of the ternary complex.

contributions of covalent bond-making and bond-breaking
processes toAH;; are estimated by using the following
expression:

AHpong™ AHco ¢ + AHcyy — AHcsy (22)
whereAHc1—y andAHcs -y represent the enthalpy for hydrogen
atom abstraction from C1 and CSespectively. The value of
[AHci-n — AHcs—y] is estimated to be-5 to —7 kcal/mol,
based on the experimental-® bond dissociation energies
reported for ethanol and etha?®> The value of—5 to —7

coenzyme in the enzyme, and tha$ ~ 0 for the hydrogen
atom transfer between carbon donor (C1) and accepta (C5
atoms that are at van der Waals contact during reaétieh,
then the estimated protein-associated contribution tcAthe

As transition iSAS;3 — ASco-c ~ 38 &+ 3 cal/mol/K. A large
entropy change of 70 cal/mol/K was determined for the dGTP-
activated Ce-C bond cleavage and ®ethiyl radical pair
formation in RTPRE3 Thus, in RTPR, entropic effects dominate
the protein-associated contribution to the dGTP-activatedo
bond cleavage equilibriu?. The estimated protein-associated
entropic contribution to the free energy change in EAEB.9

to —9.4 + 0.7 kcal/mol from 234 to 248 K, respectively.
Therefore, in EAL, the estimated protein-associated enthalpic

kcal/mol arises from the larger (more favorable) resonance and entropic contributions to thé; — Ag transition are

stabilization energy associated with the formation of the
a-hydroxy-stabilize¢? radical at C1, relative to the primary alkyl
radical at Ch This estimate of AHci-4 — AHcs—n] is in
general agreement with values 6.1 kcal/mot” and —6.0
kcal/mol*® calculated by using ab initio/density functional theory

comparable.

The thermodynamic parameters for he— Ag transition in
EAL, and the estimated EAL protein-associated contributions,
are summarized in Table 2. Figure 13 depicts the results of the
thermodynamic measurements for low temperature in the

calculations of the energy change associated with hydrogencryosolvent system in a schematic free energy profile, including

transfer between 2-ammonium-1-ethanol and the ethanol-1-ylthe |ower limit on the free energy of the o5 -deoxyadenosyl
radical in the gas phase, as a simple model for the HT1 step inyagical pair state.

EAL. Comparable values of 3.2 to —5.7 were obtained by a
computational study that included auxiliary groups and ad-
ditional interactions that contributed to the hydrogen transfer
energy?® If an average value forAHc;-4 — AHcs—p] of —6

+ 2 kcal/mol is assumed, then, from eq 2pong~ 24 + 3
kcal/mol. The EAL protein-associated contribution to the
enthalpy of theA; — Ag transition is thus approximately equal
to AH13 — AHpong Or —13+ 3 kcal/mol. In contrast, the residual
enthalpy was zero (within the uncertainty) after subtraction of

Co—C bond breaking and hydrogen atom exchange contribu-
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are essential for the thermodynamic biasing of the native reaction  Supporting Information Available: Overlay of amplitude-
in the forward direction of CeC bond cleavage and Ce normalized EPR spectra for €€esubstrate radical pair in water
substrate radical pair formation. and cryosolvent, EPR simulation of esubstrate radical pair
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