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Abstract: The apparent conflict between literature evidence for (i) radical pair (RP) stabilization in
adenosylcobalamin (AdoCbl)-dependent enzymes and (ii) the manifestation of magnetic field sensitivity
due to appreciable geminate recombination of the RP has been reconciled by pre-steady-state magnetic
field effect (MFE) investigations with ethanolamine ammonia lyase (EAL). We have shown previous stopped-
flow MFE studies to be insensitive to magnetically induced changes in the net forward rate of C—Co homolytic
bond cleavage. Subsequently, we observed a magnetic-dependence in the continuous-wave C—Co
photolysis of free AdoCbl in 75% glycerol but have not done so in the thermal homolysis of this bond in the
enzyme-bound cofactor in the presence of substrate. Consequently, in the enzyme-bound state, the RP
generated upon homolysis appears to be stabilized against the extent of geminate recombination required
to observe an MFE. These findings have strong implications for the mechanism of RP stabilization and the
unprecedented catalytic power of this important class of cobalamin-dependent enzymes.

Introduction effect (LFE) in chemical systems has further raised the profile

. . . . . of biological MFE.
The radical pair mechanism (RPM) describes the reaction . .
Enzyme reaction systems are an example of potential car-

dynamics of spin correlated radical pairs (SCRP) in solution. . ) . o .
Coherent spin-state mixing, in the most part between the near’iers of biological field sensitivity. The first MFE to be reported

degenerate singlet and triplet states in two $pimadicals, can N @n enzyme was in the steady-state parameers/Km
result in spin-selective reactivity. As this process is magnetic ©f €thanolamine ammonia lyase (EAL) from the bacterium
in origin, the rate at which it occurs is sensitive to the application Salmonella typhimuriur This was a significant finding,

of external magnetic fields (MP).A consequence is that Not least because it introduced the possibility of MFE in
relatively weak MF can alter the ratio of reaction through singlet humanenzyme systems containing RP intermediates. Subse-
and triplet reaction channels, which may give rise to different quently, the same group have carried out a number of
reaction products or produce products at different rates. studies on a range of horseradish peroxidase (HRP) cat-
Magnetic field effects (MFE), therefore, may be observed for alyzed reaction¥>"17 one of which reported a unique LPE.
magnetic flux densities that give rise to Zeeman energies thatHowever, the current authors were unable to reproduce any
are small compared to the average thermal energy of moleculesfield effect described in ref 15 and recently published a sub-
keT. This is pertinent when one considers the potential interac- stantial reappraisal of this wofR. The work described here
tion between environmentally sourced MF and biological includes another reassessment of previous MFE reported in an
systems containing RP reaction intermedidtésVoreover, the  enzyme, this time in stopped-flow (pre-steady-state) studies with

prediction® and subsequent observatibr? of the low field EAL .19
TUniversity of Manchester. (11) Timmel, C. R.; Till, U.; Brocklehurst, B.; McLauchlan, K. A.; Hore, P. J.
* University of Leicester. Mol. Phys.1998 95, 71.
(1) Woodward, J. RProg. React. Kinet. Mect2002, 27, 165. (12) Vink, C. B.; Woodward, J. Rl. Am. Chem. So2004 126, 16730.
(2) Steiner, U. E.; Ulrich, TChem. Re. 1989 89, 51. (13) Timmel, C. R.; Hensbet, K. Bhilos. Trans. R. Soc. London, Ser2804
(3) Grissom, C. BChem. Re. 1995 95, 3. 362 2573.
(4) Brocklehurst, B.; McLauchlan, K. Aint. J. Radiat. Biol.1996 69, 3. (14) Harkins, T. T.; Grissom, C. BSciencel994 263 958.
(5) Brocklehurst, BChem. Soc. Re 2002 31, 301. (15) Taraban, M. B.; Leshina, T. V.; Anderson, M. A.; Grissom, CJBAm.
(6) Brocklehurst, BJ. Chem. Soc., Faraday Trans.1®76 72, 1869. Chem. Soc1997, 119 5768.
(7) Fischer, HChem. Phys. Lett1983 100, 255. (16) Afanasyeva, M. S.; Taraban, M. B.; Purtov, P. A.; Leshina, T. V.; Grissom,
(8) Hamilton, C. A.; Hewitt, J. P.; McLauchlan, K. A.; Steiner, U. Hol. C. B.J. Am. Chem. So2006 128 8651.
Phys.1988 65, 423. (17) Afanasyeva, M. S.; Taraban, M. B.; Polyakov, N. E.; Purtov, P. A.; Leshina,
(9) Batchelor, S. N.; Kay, C. W. M.; McLauchlan, K. A.; Shkrob, I. A. T. V.; Grissom, C. BJ. Phys. Chem. BR00§ 21232.
Phys. Chem1993 97, 13250. (18) Jones, A. R.; Scrutton, N. S.; Woodward, JJRAmM. Chem. So006
(10) Woodward, J. R.; Timmel, C. R.; Hore, P. J.; McLauchlan, K.Mal. 128 8408.
Phys.2002 100, 1181. (19) Harkins, T. T.; Grissom, C. Bl. Am. Chem. S0d.995 117, 566.
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Figure 1. Proposed mechanistic scheme for the ethanolamine ammonia lyase (EAL) catalyzed conversion of 2-aminoethanol (2AE) to acetaldehyde and
ammonia, based on ref 25. The cobalt(lll) containing species is a simplified representation of coenzyaweBosylcobalamin, AdoCbl) that acts as a

radical source and that promotes the 1,2-rearrangement of the amine group. The proposed radical pair compri$esthB-Gébxyadenosyl radicals (see

main text and Figure 2)S-2-aminopropanol (2AP) is an alternative substrate.

NH,

OH

OH

Figure 2. Structures of the proposed radical pair in the AdoCbl-dependent ethanolamine ammonia lyase catalyzed reaction represented infdgure 1. C
bond homolysis generates a low-spin''Cligated equatorially by four nitrogens of a corrin ring and with an axial 5,6-dimethylbenzimidazole, dnd a 5
deoxyadenosyl radical, both of spih. Based on structures in ref 22.

EAL is a coenzyme B (adenosylcobalamin, AdoCBfy23 spin, cobalt (Ct) containing radical (CH), and a 5deoxy-
dependent enzyme that catalyzes the conversion of 2-aminoet-adenosyl radical (see Figure 2 for structures). Thdebxyad-
hanol (2AE) to acetaldehyde and ammonia. Figure 1 representsenosyl radical abstracts hydrogen from the substrate to form

the proposed catalytic cycté.The original stopped-flow MFE  {he substrate radical, which then undergoes a 1,2-rearrangement
studies® were used to pinpoint the magnetically sensitive step of the amine group to the product radical before abstracting
as the reversible €Co bond homolysis in AdoCbl activation hydrogen back from the adenosine and dissociating into

on substrate binding, with the proposed RP comprising a low products. Significant kinetic isotope effects (KIE) have been

(20) Toraya, T.Chem. Re. 2003 103 2095. reported on the rate of bond homolysis with [1,1,2:2}-2AE
(33) Brown. K. 1 Chem" Ra. 2008 108 2078, 11" (?Hs-2AE), [1,12H,]-2AE, and [1,12H,]-S-2-aminopropanol
(23) Halpern, JSciencel985 227, 869. (2AP) as substrate’8,and an enhanced MFE was observed in
(24) LoBrutto, R.; Bandarian, V.; Magnusson, O. T.; Chen, X.; Schramm, V. i

L.; Reed, G. HBiochemistry2001, 40, 9. Vimax Km with 2Hy-2AE 14
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There are a range of publications on the dynamic spin AdoCbl 20uM, determined spectrophotometrically at 525 nm using
chemistry of AdoChbl, including: MFE in AdoCbl photolysis = 8.0 mM™'cm™; and 2AE 30 mM. An AdoCbl concentration of 20
in solution28 calculated and modeled MFE in AdoCbl-dependent #M was used in this case, compared to/d previously, because the
enzymeg7-26 CIDNP2 and CIDEP?3! on AdoCbl, model concentration ratio~1.7) corresponds to the ratio between reaction
compounds, and analogues. The MFEVRa{Km has been cell optical pathlengths in this (10 mm) and the original study (17 mm).

. . s L Under safe-light, reagent solutions were passed through ath4Hiter
reproduced in collaboration with the original authétsnd a L ; ; o D
. on loading into the drive syringes: syringe 1, EAL apoenzyme; syringe
heavgsatom effect was also obgerved in these parameters for2’ AdoChl and 2AE.
EAL.* New stopped-flow data will now be presented for EAL All experiments were conducted under safe-light at’@5 Absor-

that challenge the relevance of the original stopped-flow pance measurements were acquired over a linear time-base using a
methodology to studying MFE and offer a new protocol thatin single wavelength of 525 r#h (which corresponds to the most
turn questions the established wisdom on the proposed magnetisignificant absorbance change on-Co homolysis, see Supporting
cally sensitive step in this system. These results have wider Information) and a photomultiplier tube (PMT). The homogeneous MF
implications for the catalytic power of AdoCbl-dependent (30,50, and 80 mT) was applied to the sample position throughout the
enzymes in terms of stabilization of the RP against geminate data acquisition period and generated by mounting pairs of rare-earth

recombination relative to free coenzyme. permanent magnets in opposite, unoccupied light-guide ports in the
cell block. The first 5-6 shots were discarded on every occasion. Each
Experimental Procedures experiment comprised-67 field-on/field-off data acquisition pairs (the

order of which was randomized) and was repeated several times for

Materials. The plasmid, pET-SEAL, encoding the small (32.0 kDa) every MF data point

and large (49.1 kDa) subunits of EAL fro8almonella typhimurium

(kindly donated by Prof. George Reed), was expressébanerichia 1.2. AdoChl Binding Studies.To assess the rate of cofactor binding
coli and purified as deécribed previouéi‘yAdoCbI (coenzyme B. to the apoenzyme under the same conditions as above, but in the absence

>98% Sigma), 2AE (ethanolamine;98%, Sigma), 2AP %(+)-2- of an applied MF, EAL was rapidly mixed with varyi_ng concentrations
amino-1-propanol>98%, Aldrich), and?H,-2AE (Ds-ethanolamine, of AdoC_bI and absgrbance measurements acquired at 555 nm (see
~98%, Cambridge Isotopes) were all used as purchased. Supporting I'nforr_natlon). Reagent solutions were prepar&8inEAL

Stopped-Flow Spectrophotometry. Two mixing regimes were ~13 M active-sites; and AdoCbl 50, 75, 100, 125, and 180. A
employed for stopped-flow studies with EAL. In the first instance, an s_lmllar experiment was then carried out with 2AE alongside AdQCbl
EAL apoenzymsolution (protein only) is loaded into one drive syringe, gzes apoRenzymet m|IX|Pg) and absorban;;mETLs urisme'\r}lts ?C quired at
with a solution mixture of AdoCbl and substrate in the second. nm. reagent solutions were prepare ~Loul active-

Alternatively, EAL apoenzyme and AdoCbl cofactor are incubated as sites; AdoCbl 20, 37.5, 50, 75, 100, and 128 and 2AE 30 mM.

the holoenzymén the same drive syringe prior to rapid mixing with a 2.1. Holoenzyme Pre-Steady-State Kinetic and MFE Studies.
solution of just the substrate. For a full justification of the different revious stopped-flow experiments with ERIhave successfully used

protocols, refer to the Results and Discussion section. Construction and® Simpler buffer solution than described above: 20 mM Hepes/NaOH,
testing of the dedicated magnetic field effect stopped-flow spectro- PH 7-5 (B20). Reagent solutions were therefore preparefia® EAL
photometer (MFESFS) in use throughout these studies is detailed in 10~134M active-sites (consistent for each substrate); AdoChiR9
the supporting information of ref 18. EAL begins to denature within and substrate (2AEH.-2AE, or 2AP) 2.5 mM. The general experi-
approximatel 2 h of thawing, even when kept on ice. Care was m_ental procedure was conducted as for the apoenzyme mixing regime,
therefore taken to prepare solutions and carry out experiments well With the thermostatic water bath at 5 or 2& depending on
within this time. No benefit was apparent when utilizing degassed (see "€duirements, and syringes loaded as follows: syringe 1, EAL
Supporting Information) reagent solutions. All comparisons made are N°loenzyme; syringe 2, substrate. Absorbance measurements were
with the previous EAL stopped-flow MFE stud. a_cqglred over linear and split _(an equ_al number of acquisition points
1.1. Apoenzyme Pre-Steady-State Kinetic and MFE StudieShe distributed over two unequal time periods) time bases at 525 nm. A
stopped-flow study, and therefore, this reproduction adhered to the samePulsed power supply (both constructed in-house) were used to generate
conditions wherever possible and appropriate. The buffer solution used@" adjustable, homogeneous MF (10 and 30 mT) at the sample position
previously contained: 100 mM Hepes/NaOH, pH 7.45; 10 mM KCI: throughout data acquisition. Due to the restrictions of this apparatus,
10 mM urea; 5 mM dithiothreitol (DTT); and 10% glycerol; (designated are-éarth permanent magnets were mounted as above for the 50 and
buffer “B4"). However, the enzyme purification process empld¥és! 80 mT flelq .p'omts..Each experiment comprlsedlifleld-on/f!eld-off
based on the limited solubility of the EAL protein near neutral pH in data ach|S|_t|on pairs as above and was repeated several times for every
buffers also containing glycerol. Consequently, a second buffer solution MF data point.
(“B3) was also prepared which has the same compositioB4adut 2.2. Holoenzyme Post-Steady-State MFE StudiedAfter the
excluding glycerol. All solutions were prepared separately in Bsth substrate has been exhausted by the enzyme turnover, a second transient
andB3, with identical MFESFS investigations carried out in each case. May be observed. This has been attributed to RP recombination of the

All concentrations quoted are post-mixing: EALLOuM active-sites; ~ C—Co bond in AdoCHF and was also monitored for MF sensitivity.
Reagent solutions were preparedB80. EAL ~13 uM active-sites;

(25) Bandarian, V.; Reed, G. HRiochemistry200Q 39, 12069. AdoCbl 20uM; and 2AE 2.5 mM. The general experimental procedure

(26) Chagovetz, A. M.; Grissom, C. B. Am. Chem. Sod993 115 12152. was conducted as before, with absorbance measurements acquired at

(27) Canfield, J. M.; Belford, R. L.; Debrunner, P. Glol. Phys.1996 89, o . ) -

889. 25°C over a linear time-base at 525 nm. A magnetic field of 80 mT
(28) Eichwald, C.; Walleczek, Biophys. J1996 71, 623. ) was generated with rare-earth permanent magnets as above. This field
(29) BK”I‘r’]’g% R T "1‘535'07""%'6""7'5%’ Leshina, T. V.; Natarajan, E.; Grissom, C. a5 applied to alternate shots for the entire 10 s data acquisition, which,
(30) Sakaguchi, Y.; Hayashi, H.; I'Haya, Y. J. Phys. Chem199Q 94, 291. under the conditions, was sufficient time to ensure exposure of the full

(31) E(;Joszs%%dreiﬁgé' P.; Kiarie, C. W.; Van, Willigen, HRes. Chem. Intermed.  steady-state turnover and post-steady-state transient.

(32) Taoka, S.; Padmakuma, R.; Grissom, C. B.; Banerje®idlectromag- 3. MFE Studies on the Anaerobic Continuous-Wave PhOtOIySiS
netics 1997, 18, 506. L of AdoCbl. The relevance of MFE to AdoCbl-dependent enzymes was

(33) é;]zdgrson, M. A Xu, Y.; Grissom, C. &l Am. Chem. So@001, 123 based on the observation of field sensitivity in the net quantum yield

(34) Bandarian, V.; Reed, G. HRiochemistry1999 38, 12394. of C—Co photolysis in the free cofactétWe have reinvestigated the

15720 J. AM. CHEM. SOC. = VOL. 129, NO. 50, 2007
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and hence, a biphasic curve was obtained, characteristic of

0.1805 combined Zeeman antlg mechanism3.The field response is
T consistent with a singlet born RP and a decreased efficiency of
0.185 1 e spin-state mixing to the i, sublevels on application of MF.
Single exp fit The resulting increase in population of the singlet state would
£ 0.180 augment RP recombination and lead to an overall decrease in
& ] the net, forward reaction rate. Larger applied fields may result
< o475 in enhanced & Ty spin-state mixing through th&g mechanism,

reducing the singlet state population and hence the probability
of RP recombination.

The present study has attempted to recreate the results of
Harkins and Grissoff using conditions and methods similar
to the original (refer to the Experimental Procedures). However,
' ) ' ' Y ' the MF dependence will be analyzed here in terms of relative,
as opposed to absolute, rate coefficiéfits. Recording each

Figure 3. Averaged absorbance trace (and corresponding first-order fit) kinetic trace with MF applied, with a corresponding trace with

recorded at 525 nm for EAL apoenzyn®3( ~10uM active-sites) rapidly no applieo_l MF, not me allows for accurat(_a comparison Of data
mixed with AdoCbl 83, 20uM) and 2AE B3, 30 mM). In this casekops from multiple experiments as mean relative rate coefficients,

=048st. but should also overcome any systematic instrumental error

) ] ) ) ~within single experiments. The relative rate coefficient at 0 mT
anaerobic continuous-wave (cw) photolysis studies at 80 mT in a applied MF is set at 1.

viscous solvent; 20 mM Hepes pH 7.5, 75% glycerol was degassed by . .
bubbling nitrogen gas with stirring for 1 h, and 200 of free AdoCbl Figure 4a shows the MF dependence of the relaiye and

was prepared in this buffer solution and loaded into both drive syringes 't IS Cleéar that the original MFE from the apoenzyme mixing
of the MFESFS. The instrument was configured in such a way as to "€dime has not been reproduced. An MFE was neither observed
expose the contents of the reaction cell to the entire emission spectrumin B3 nor B4 buffer solutions, and therefore, data from the
of the Xe arc-lamp and to monochromate the light transmitted from former (no glycerol present) has been presented here because
the cell to 525 nm before reaching the PMT. The light source, therefore, of the improved quality of data acquired. The kinetic trace from
served both to photolyze the sample and to monitor its absorbance overeach shot was fit with a single-exponential function using the
time. Experiments were conducted atZ5under safe-light, and field-  jhstrument software (Applied Photophysics Ltd SX.18MV
on/field-off pairs were acquired over a linear time-base for 500 s. The kinetic Spectrometer workstation Software 4.52) and relative
80 T MF was generated using rare-earth permanent magnets 2ate coefficients calculated for every field-onffield-off acquisition
outlined above. pair by dividing the field-on by the corresponding field-off
Results and Discussion coefficient. The mean and standard deviation were then
calculated across all experiments for individual data points,
which were then plot against MF. Figure 4b further illustrates

holoenzyme is mixed with 2AE that it is complete within the .
dead-time Tp) of typical commercial stopped-flow spectropho- the lack of an observab_le MFE by overlayln_g averaged traces
for the experiments carried out at 50 mT, which corresponds to

tometer_s, and to date ha_s never been observed using th'$ methm?he most significant data point from ref 19. No equivalent field-
Bandarian and Reétlestimated the first-order rate coefficient . . L
on/field-off traces were published from the original study for

at >300 s!, based on an instrumef of 3—4 ms (as did o . .
- comparison; therefore, a simulated trace of the same amplitude
Hollaway et al. for EAL fromClostridium sp3®). Consequently, o . .
is included to account for the magnetically induced changes a

Hé?rk"‘s and Grissom in _re_f 19 slgwed the rate of homolysis _by 17% reduction irkops (as reported) would have on the shape of
using the_apoenzyme mixing regime desc_rl_bgd above, a”OV.V'“g the 50 mT trace from the current study. These traces appear
them to investigate the magnetic sensitivity by comparing quite different, yet the 0 and 50 mT traces superimpose almost

observed first-order rate coefficientg,gy.
o exactly. The mean values &f,sfor 0 and 50 mT are 0.484
1.1. Apoenzyme Pre-Steady-State Kinetic and MFE Stud- 0.026 and 0.48% 0.027 s, respectively.

ies.Fi 3sh the absorb h t 525 for EAL - N
165, FIgure 5 SNows the absorbance change a nm for 1.2. AdoChl Binding. To reconcile this discrepancy, one must

apoenzyme rapidly mixed with AdoCbl and 2AE, and the der th thod din slowina the Kinetics t hi
corresponding single-exponential fit. The rate has been slowegcONSIder the method USed in slowing the kINetics to achieve an
substantially from>300 s%, to a typical first-ordekops ~ 0.5 observable specf[ral change. In. placing the Japoenzyme and
s™1. The presence of glycerol in the buffer solution significantly AdoCbl cqfactor In separate syringes, an .a.d ditional .SlOW st.ep
reduced the observed amplitude (by a factor~di.55, see has been introduced that alters the rate-limiting chemistry being
o monitored. This is likely to be generation of the active

Supporting Information), presumably as a consequence of the - .
limited solubility of the apoenzyme under these conditions. holognzyme through ’_A‘dOCbl binding to the apoenzyme V.V'th
possible accompanying and/or subsequent conformational

In ref 19, Harkins and Grissom reported a MF dependence - . o
in the absolute first-ordek,ps for the appearance of Chivith chaqge@. F.lgur.e 5 d|splay§ the. resu!ts of cofactor binding
both 2AE and®H4-2AE as substrate. Neither a magnetic isotope studies, Whlch mvolvgd rapid mixing in thg MF.ESFS of the
apoenzyme with varying AdoCbl concentrations in the absence

effect nor a kinetic isotope effect was observed. A decrease in and presence of 2AE alonaside the cofactor. In the absence of
the net rate of CHl appearance was reported with increasing P 9 '

e ) : .
MF to a minimum at 50 mT (a fall of 17%). Further increase in - o) o1away, M. R.; White, H. A Joblin, K. N.; Leppert, M. F.; Wallis, O.
the MF resulted ik,psgradually returning to its zero field value, C. Eur. J. Biochem1978 82, 143.

0.170 4

0.165 4

Time (s)

The rate of CG-Co bond homolysis is so rapid when
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Figure 5. Dependence of first-ordeg,s on AdoCbl concentration.&)
0.190 : b EAL apoenzyme B3, ~13 uM active sites) against AdoChB@: 50, 75,
100, 125, and 15@&M), absorbance measurements recorded at 555 nm.
(O) EAL (B3, ~13 uM active sites) against AdoCbB@: 20, 37.5, 50, 75,
0185 ; 100, and 125«M) and 2AE B3, 30 mM), absorbance measurements
Appiied Field recorded at 525 nm—) and (---) are corresponding linear regression fits.

0.180 4 —0mT
wé ] ;?mmu;tf:do(:‘::ﬁ?hnFE} respectively, and fok, are 0.6+ 0.4 and 0.17+ 0.04 s1,
2 754 respectively. These values correspond between data sets within
| error which, alongside the linear dependencekgfs with
0170 \\ [AdoCbl] in the presence of substrate, support the above notion
that the apparent rate measured using this mixing regime is
S — largely or wholly limited by AdoCbl binding steps preceding
0.1657 C—Co homolysis.

5 & v 15 2 Consequently, even if the net rate of rapid, reversibted0
Time (s) homolysis is MF dependent, the rate-limiting step of AdoCbl
Figure 4. (a) Magnetic field dependence of the first-order observed rate bllndlng (and anyh(?onformatllcmal Changes) may be SUffIC.Ienltlly
coefficient,kops €xpressed in terms of relative rate®) ¢lata from the current ~ SIOW to render this protocol insensitive t.O any magnetically
study, ©) example data point from ref 19, calculatedkass relative rate induced changes. Hollaway et al. carried out a range of

from published rate coefficients. 50 mT corresponds to the most significant apoenzyme and holoenzyme transient kinetic experirfeoits

field point from the original study. (b) Overlaid, averaged absorbance traces P P ;
for 0 mT (—) and 50 mT (red-) applied field recorded at 525 nm for EAL EAL from CIOS’_trldlum SPp. a_nd, in_light of their results,
apoenzyme mixed with AdoCbl and 2AE. Conditions as for Figure 3. () concluded that it was essential to conduct holoenzyme rather

is a simulated trace with the same amplitude change but 17% slower first- than apoenzyme mixing when investigating the catalytic steps
order apparent rate coefficient than the 50 mT data point (see text). in EAL catalyzed reactions: otherwise, the initial and compara-
tively slow formation of the holoenzyme will impact the results.
This may go some way to explain the differences in MF
'dependencies between the steady-tated stopped-flow?
studies carried out by the original authors, including the size

substrate, mixing of apoenzyme with AdoCbl results in a small
absorbance change at 555 nm (see Supporting Information)
potentially due to lengthening of the<Co bond in the cofactor
upon binding. For both investigations, the trace resulting from and position of the rate minima
each shot was fit with a single-exponential function on the ’ o
instrument software (as above), with the mean and standard 2-1. Holoenzyme Pre-Steady-State Kinetic and MFE
deviation then calculated and plot as a function of Adocbl Studies.Although to date &Co homolysis initiated by the
concentration. binding of 2AE has never been observed by stopped-flow
The concentration dependences in Figure 5 are indistinguish-SPectrophotometery, the 2@ cell of the MFESFS has a
able within error, strongly suggesting that AdoCbl binding functioningTp of 1.5-2 ms, a marked improvement on the 8
is rate-limiting when the apoenzyme mixing regime is em- MS used previously to estimate the single turnover rate coef-

ployed and not €Co bond homolysis. Both data-sets were ficient of >300 s1.2535 Pre-steady-state kinetic experiments
fit to: were therefore conducted with EAL holoenzyme and both 2AE

and?H4-2AE in an attempt to improve on this estimate and to
K,ps= K[AdoCblI] + k. (1) see whether a viable alternative to apoenzyme mixing can be
developed for MFE studies. Figure 6a is the first reported
wherek; is the apparent second-order rate coefficient for the e€xample of this elusive transient for EAL holoenzyme with its
forward reaction, [AdoCbl] is the cofactor concentration, and natural substrate (2AE) at Z&.
k. is the apparent first-order rate coefficient for the reverse If the averaged trace in Figure 6a is fit to a single-exponential
reaction. Figures extracted f&y in the absence and presence fitting function, as for the apoenzyme investigations, a first-
of 2AE are (1.80t 0.4) x 10 and (1.96+ 0.06) x 10* M~1s74, order rate coefficient of~1100 s?! is estimated. How-
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Figure 6. Averaged kinetic traces recorded at 525 nm from rapid mixing of EAL holoenzf6 EAL ~13 uM, AdoCbl 20uM) and 2AE 820 2.5

mM) at (a) 25°C (insert shows trace on the scale of the expected amplitude) and (e (d,§ Equivalent traces from mixing of EAL holoenzyme and
2H,-2AE at 5°C, reagent concentrations and conditions as in (b,c). Red “*” identifies an unusual feature of the transient that appears to be consistent
between substrates and exaggeratétHin2AE, and the insert in (b) serves to highlight this. Variations in absorbance magnitude are attributed to fluctuation

in photomultiplier voltage.

ever, several factors may call into question the relevance of (with the transition highlighted with a red “*” in Figure 6) that
such a figure. First, the insert in Figure 6a illustrates the appear to be common to both the protiated and deuterated
amplitude of this transient on the scale of that observed for the substrates. In fact, the multiphase nature of these transients
apoenzyme. The vast majority of the signal disappears within closely resembles those observed for protiated and deuterated
the instrumentlp, and therefore the kinetic fit will not be a  glutamate when rapidly mixed with the holoenzyme of AdoCbl-
reliable representation of the true kinetics. Second, our inves- dependent glutamate mutae.

tigations at 5°C with both 2AE and®H4-2AE (Figures 6b,c It appears, therefore, that first-order kinetics is an oversimpli-
and 6d,e, respectively) suggest a more complicated story thanfied approach, and a more detailed analysis is required.
has been previously assumed. Although homolysis is expected
to be a first-order process, there are at least two distinct phaseg36) Marsh, E. N. G.; Ballou, D. FBiochemistryl998 37, 11864.
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However, such a full investigation is outside the remit of the both?2H4-2AE (Figure 6d,e) and 2AP when data is acquired at
current study and must be left to future consideration. A number 5 °C, there is insufficient evidence to meaningfully assign
of pertinent observations can be made at this point based onmicroscopic rate coefficients to specific chemical steps. MFE
the data in Figure 6, which support assertions laid out in part | analysis shall therefore be presented as difference spectra for
of this section. It is well established that the reduction in each MF data point investigated, alongside examples of overlaid
absorbance at around 525 nm does in some way represent thgpectra at 50 mT for each substrate (Figure 7). The difference
conversion of AdoCHl to CbI' on bond homolysig’ Conse- spectra illustrated in Figure 7a and ¢ were calculated by
quently, Figure 6b and c indicate a substantial KIE in this step subtracting the kinetic trace, averaged across experiments from
that was not observed in ref 19. The original authors explained a single field point for data acquired with no applied MF, from
this absence by stating that it was conversion of Ad8Ciol the corresponding trace averaged for data acquired with MF
Cbl" and the 5deoxyadenosyl radical that was responsible for applied. They are offset in Figure 7 for clarity. This is an
the spectral change and that this step does not involve established method for reporting MEE&nNd should reveal any
H-abstraction; therefore, no KIE would be expected. Experi- magnetically induced changes in the kinetic transients yielded.
mental evidence of a significant KIE in-€Co homolysis from No MFE is evident for either substrate. The lack of any MFE
this study (and previoust§) strongly contests this notion and is further supported by the examples of overlaid traces (Figure
suggests that, like methylmalonyl-CoA mutd8eglutamate  7b and d) for the respective 50 mT experiments. The transients
mutase®® and diol dehydratas®, C—Co bond homolysis is  are plotted with a log time base in these instances as it better
kinetically coupled to subsequent Hkabstraction from the  resolves each phase and is more sensitive to changes in
substrate. Instead, the lack of a KIE in the original stopped- amplitude than the equivalent plot with a linear time base. As
flow MFE study is most likely indicative of the transient being a consequence, this method of presenting data should not only
rate-limited by generation of the active holoenzyme. If the identify magnetic perturbations in net rate but also in reaction
apoenzyme mixing regime is insensitive to a net rate change ofyield manifest as a difference in absorbance change. Again, no
approximately an order of magnitude, it is unlikely to be able effect is observed. An additional, slow pre-steady-state phase
to detect an MFE of 1725% (the latter being the maximum  has also been identified for 2AP. The amplitude change is
MFE in Vma/Kn'4). The multiphase features are also not relatively small in comparison with what appear to be the
resolved in the apoenzyme kinetic transients, adding further proceeding two phases; however, the same range of MF points
support to this case. To accurately establish the magnitude ofwere investigated with the same negative result (for details, refer
the KIE, further study is required. _ _ to the Supporting Information).

The original stopped-flow study by Harkins and Grissém These results represent a significant shift from the received
was used to pinpoint the magnetically sensitive step in this EAL \isqom on the position of MF sensitivity in the reaction cycle
catalyzed react|9n as reversible-Co .bond homolysis, but it _of EAL. The MFESFS has been thoroughly tedfedith a
has been established that the experimental protocol adopted i$hemical system well established to exhibit an MFEand has

not sensitive tq cha_ng_es in this s_tep. To confirm the presfencegenerated reproducible data of a high quality. If an appreciable
of an MFE at this point in the reaction cycle, the kinetic transient field effect did exist in reversible €Co homolysis in EAL

Lnustbelrat.e-llnalte(:l t:y homoly5|s.. Th's can onfly be achlevded one would expect the holoenzyme pre-steady-state kinetic
y employing the holoenzyme mixing regime for pre-steady- investigations in this instrument to identify it. Nevertheless, prior

state MFE studies. Unfortunately, due to the rate of homolysis to the studies on EAL, Chagovetz and Grissom observed a 2-fold

with 2AE as substrate, there is ;till an insufficient proportion decrease in the net quantum yield of the cw-photolysis of free
of the transient observable at either 25 ofG for adequate AdoCbl in a buffered solution of 75% glycerol at 80 rAT.

MFE analysis to be possible. Therefore, an altemative r’neanSFigure 8 shows the results from our reinvestigation of this

of slowmdgl\;P::eEnet rats of tholls. satjlg haihbf:nzfgqgf'edd An system, which strongly suggest an MFE does exist in the
ennance was observed\ha/Km wi & ;- an reversible C-Co photolysis in the free cofactor. Not only does

?iEbStantt'al KIE has]: ?heetn 'de.nt'flet? f_or th';’ substt):atel resutl_tlng this represent a positive MFE observed in the MFESFS for a
In the vas majority of the transien €ing observanle. Investiga- biologically relevant system, but it also reveals a discrepancy
tions have therefore been conducted in the MFESFS, with both between the magnetic sensitivity of the photolysis in free

*Ha-2AE and 2AP (the ‘lesser” substrate of EAL that also yields AdoCbl in a viscous solvent and the thermal homolysis in the

sufficient signal) at 5°C, to reassess the identity of the enzyme-bound cofactor in the presence of substrate. It is now

magnetically sensitive step. | . - S
S . eft for us to speculate on biochemical reasons for this difference.
The pre-steady-state, averaged kinetic traces yielded for 2AP ) P o )
Itis probable that after activation (i.e., homolysis) éreyme

at 25 and 5°C are shown in the Supporting Information. At - - ) .

25 °C, the transient closely resembles that for 2AE &C5in fosters conditions that stabilize the RP, be it thermodynamically

Figure 6b, and like this trace, there is insufficient signal to °F kinetically, against the extent of geminate recombination
required for an MFE to manifest. The highly reactive 5

conduct reliable MFE analysis. A further similarity is that both k ) )
sets of data presented appear to represent more than one phasg€oxyadenosyl radical (@ primary carbon radical) of the proposed

and in fact, the 2AP transients accurately fit two exponentials. P&, although inferred in the majority of mechanistic schemes
Again, this is a new development for EAL, and some basic Put forward for AdoCbl-dependent enzymes, has never been
kinetic analysis is also presented in the Supporting Information. ©PServed in any direct way spectroscopically. In many cases, it
In terms of MFE studies, although there is adequate signal for IS NOW considered a high-energy, fleeting intermediate, with
homolysis kinetically coupled to subsequent H-abstraction from
@7) ,ﬂggg‘l*;ﬁ%?‘gv%g-f‘gé Lappert, M. F.; Hollaway, M. R.; White, H. A. - the sybstraté’3638The large KIE reported here and previodsly

(38) Padmakuma, R.; Padmakuma, R.; BanerjeBjéthemistryl997 36, 3717. for EAL provides experimental evidence for such a coupling
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ed at 525 nm for the rapid mixing of EAL holoeB2gnteAL ~13 uM,

AdoCbl 20uM) and 2Hs-2AE (B20, 2.5 mM) presented as )@ifference spectra (“field-off” trace subtracted from “field-on” trace) for each field value,
offset for clarity, and (pexample overlaid trace from 50 mT experiment. Equivalent field dependencies for EAL holoer22th&AL ~10uM, AdoChl
20 uM) and 2AP B20, 2.5 mM), (9 difference spectra, and X&0 mT overlaid traces. Nowhere is a magnetic field dependence evident.
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Figure 8. Anaerobic continuous-wave photolysis of AdoCbl (204, 20

mM Hepes pH 7.5, 75% glycerol) monitored at 525 nm at@5A magnetic

field effect is observed in the extent of photolysis with time on the
application of an 80 mT field (top trace). Averaged traces are presented in
bold, with the full range of experimentally observed transients indicated in
lighter shades.

of steps that, it has been argui®dnay be in part responsible
for the >90% dissociation reported of the-Co bond with
2AP as substrat&. This may result in “trapping”, and hence
stabilization, of the RP in the dissociated state as'Ginid
substrate radicals. One must be careful, however, of over

interpreting the KIE observed in the current stopped-flow
studies. Very similar results were obtained by Marsh and Ballou
in 1998 for glutamate muta$é,but subsequent deuterium
isotope effect studies by the same group using HPLC and
electrospray mass spectrometry to analyze tuebxyadenosine
produced from rapid chemical quench stuéidsave resulted

in reinterpretation of the original data. The original KIE,
elucidated from the second phase of the pre-steady-state transient
representing €Co homolysis from stopped-flow investigations,
was found to be much smaller than previously thought (from
~2810 2.4+ 0.4). Alongside a large, inversguilibriumisotope
effect, this indicates that homolysis is more rate-determining
than originally postulated.

For a similar AdoChbl-dependent enzyme, ribonucleoside
triphosphate reductase, concerted homolysis and thiyl radical
formation was proposet¥,and although hydrogen is known to
be abstracted from a protein residue in this case, the concerted
mechanism is now considered less lik€lyAnalysis of electron
spin—echo envelope modulation (ESEEM) d&taas indicated
that the 5-deoxyadenosyl radical in EAL directly abstracts
hydrogen from the substrate, and electron nuclear double

(39) Cheng, M.-C.; Marsh, E. N. @iochemistry2005 44, 2686.

(40) Licht, S. S.; Booker, S.; Stubbe,Biochemistry1999 38, 1221.

(41) Chen, D.; Abend, A.; Stubbe, J.; Frey, P. Biochemistry2003 42,
4578.

(42) Warncke, K.; Utada, A. SI. Am. Chem. So001, 123 8564.
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resonance (ENDORY, EPR#3 and electron-spin echo electron 0.160
paramagnetic resonance (ESE-EPR{udies have estimated the
Cd' and substrate radical separation to be-1@ A, rendering
a direct concerted reaction for EAL also unlikely. However, a
relatively large separation such as this may serve to additionally
stabilize against appreciable geminate recombination. Ke et al.
compared X-band ESEEM spectra of enzyme-bound and free
Chl" 45 They identified a 14% increase in the isotropic hyperfine §
coupling of the axial 5,6-dimethylbenzimidazoléN in the
bound case, indicating increased delocalization of the unpaired
spin to the axial ligand, which would result in a decrease in the 0.140 4
RP recombination probability.

RP stabilization by separation apparently continues through
the rearrangement step. Further ESE-EPR and ESEEM analysis %138
from Ke and Warnck® suggests that the C2 of the 2AE-derived
product radical is further from Cothan the C1 of the 2AP- ] o o
derived substrate radical. Related X-band ERfvestigations Fgure & eﬁ;’i:ﬁg?&g”&i racs ;(ﬁ/ioxjd%dcitl 52%5/1;\‘/'"; ;?]rdrazﬂ(é rg;(g]g of
reported accumulation of the product radical (through identifying 2.5 mm) at 25°C. After a period of steady-state turnover, a second transient
unpaired spin density almost exclusively on C2) in the steady occurs.
state with 2AE as substrate, indicating that, after H-abstraction,
1,2-rearrangement to the product occurs rapidly and irreversibly.
More-recent worfé has identified the product radical in question
as the 1-aminoethanol-2-yl radical from 1,2-rearrangement as

opposed to the ethanal-2-yl radical produced on direct ammonia™™ " . . " 3
elimination, with this mechanism also supported by ab initio Which would imply a rate increase of £6-10'* when bound

calculations®® There is a rather different picture with 2AP, to EAL alongsidg 2AE. There are currently ,tWO competing
however, where the substrate radical accumulates and 1,2_theor|es to explain such a substantial weakening of th€@
rearrangement is thought to be rate limitifigWarncke has bond: (i) mechanicochemical strain and (ii) electrostatic effects.
suggested that the C&f the 3-deoxyadenosine remains in close 1€ former has been around for some time now and claims
proximity of the substrate/product radicals species during _that upon substrate binding, upward distortion of the corrin ring
rearrangemmeryf.

in AdoCbl (see Figure 2) results in sufficient steric repulsion
Single turnover inactivation of EAL by hydroxyethylhydra- between itself and the' sleoxyadenosyl substituent to achieve
zine (HEH) has been used to investigate early steps in the.

necessary bond weakenifgVery recent computational stud-

3 . . :
catalytic cycle of EAL, in particular the fate éH originally l:ehs;lehnaveethqs\tﬁla%?ed ct)r: I';_ena gatetlﬁgt;?tart:; ggglﬁ’ S:é ttr?e
on the inactivator molecule (i.€ks-HEH).* Gas chromatog- transitic?n-stz:\te as c))/ : poseljj tcl) rgeactant stateZ )(ljestabilizI;ion b
raphy mass spectra (GCMS) of thedeoxyadenosine resulting ( bp ) by

fom inactvaion show peaks corresponding to mono-, i and e & 1% BV SCREEDSE B 0 SR,
tri-deuterated species. It seems therefore, that althoug-H/ ' gy ’ 9

abstraction from the substrate by thedgoxyadenosy| radical \illillg?e;soelzr Itr(iess:g;esrcl)n ritahtee f(a)lftl:\;et-osg?s’csss ?;Z rZFar;S/eli?grtirt]s
is coupled to homolysis, it is also reversible, with accompanying of each théor Hop\)/s)evgr be it throuah-Co bond destabiliza
exchange of HEH between the active site and solution. This Y. ’ g

analysis is consistent with the recent deuterium isotope studiest'f)n or RP stablllzathn, there is a strong preference for the
dissociated state, an idea further supported by the removal of

for glutamate mutag@mentioned previously. Here, Cheng and MEE in th bound stat
Marsh attribute the multiphase nature of the pre-steady-statean in the enzyme-bound state. .
2.2. Holoenzyme Post-Steady-State Transientf, when

transients yielded from a previous stuywhich closely . ) ) )
: ) o i conducting stopped-flow investigations with EAL holoenzyme
resemble those acquired for 2AE &ith-2AE at 5°C in Figure and 2AE at 25°C, data is acquired at 525 nm for up to 10 s

6, to sequential incorporation of # atoms into 5-deoxyad- Lo L :
g P y after rapid mixing, a second transient is evidentab s (see

nosine. . S )
€ Figure 9). The spectral change here is in the opposite sense

AHI of t.t he ;ahctorsl Oytl!n?ﬁ above ca;n C(ant?btute l:(.) ;he.” (i.e., anincrease in absorbance at 525 nm) and has a comparable
acceleration ot homolysis In the enzyme-bound staté, which wi amplitude to the pre-steady-state transient (when, of course, the

l?] so(;ne wtay reflecr: the_ Stlab'“ty of tt?e trs sultant RP(s). tYlett" entire pre-steady-state signal is observable as in 2AE apoenzyme
€y do not comprenensively accountior the enormous catalytic mixing at 25°C and?H4-2AE/2AP holoenzyme mixing at 5

o . .
(43) Bandarian, V.: Reed, G. HBiochemistry2002 41, 8580. C). It also transpires aftgr a period of apparent steady-state
(44) canfield, J. M.; Warncke, KI. Phys. Chem. B2002, 106, 8831. turnover. These features indicate that when the substrate has

(45) Ke, S.-C.; Torrent, M.; Museav, D. G.; Morokuma, K.; Warncke, K. | . _
Blochemistry1999 38, 12681 been exhausted by enzyme turnover, the! Glold 3-deoxyad

(46) Ke, S.-C.; Warncke, KJ. Am. Chem. Sod.999 121 enosyl RP undergoes geminate recombination to reform AdoChl,
88 K i A G, e e e kegs 222 and that the increase in absorbance at this wavelength represents
(49) Wetmore, S. D.; Smith, D. M.; Bennett, J. T.; RadomJLAm. Chem.
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power of AdoCbl-dependent enzymes. The first-order rate
coefficient for thermal €&Co bond homolysis for free AdoCbl
and AdoCbiOH~ ([adenosylcobinamidé]DH™) aqueous solu-
tion has been measured at2Gnd 10! s71, respectively?

So0c.2002 124, 14054. (52) Hay, B. P.; Finke, R. GJ. Am. Chem. S0d.987, 109, 8012.
(50) Warncke, KBiochemistry2005 44, 3184. (53) Sharma, P. K.; Chu, Z. T.; Olsson, M. H. M.; Warshel, PNAS2007,
(51) Bandarian, V.; Poyner, R. R.; Reed, G.Biochemistry1l999 38, 12403. 104, 9661.
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the conversion CBI— Chl"' (see Figure 1). Such a feature has Concluding Remarks
been reported previously with 2AP as subsffatnd has in
fact been observed in the current study for all substrates and
mixing regimes described above (at a range of points in time
depending on substrate and conditions). Stabilization by the
enzyme of the RRigainstgeminate recombination has been
offered as a potential explanation for the lack of observable
MFE in pre-steady-state kinetic transients. However, is it
possible that thepoststeady-state recombination of the RP,
which appears to occur readily, is the origin of the field
sensitivity manifest irVma/Km?4

MFE investigations were conducted for this transient at 80
mT to test the feasibility of probing magnetic sensitivity at this
point in the reaction cycle. Unfortunately, the position and slope
of this transient is not consistent enough, shot-to-shot, for

We have demonstrated that, when it is rate-limiting in pre-
steady-state kinetic studies with EAL, the net forward rate of
C—Co bond homolysis is insensitive to the application of
external magnetic fields in the presence of substrate. In doing
so, we have not only identified what appears to be a substantial
deuterium KIE (which could imply quantum mechanical tun-
neling during hydrogen transféf)but also a higher level of
complexity than previously assumed in the pre-steady-state
transients. The implications are that homolysis is kinetically
coupled to subsequent hydrogen abstraction from the substrate
and, alongside subsequent conformational and chemical changes,
the RP is stabilized by the enzyme in the dissociated state. The
apparent discrepancy between the magnetic sensitivity of
geminate recombination in free AdoCbl and the enzyme-bound

reliable MFE analysis to be made, even after normalizing the .
; - . . cofactor in the presence of substrate reflects the extent of the
traces in terms of thek position. This may be due to a number . ST S
homolysis back reaction in both cases. This, in turn, has

of factors, not least the fact that the signal occurs after the . ~ "7~ o .
...~ implications for the role of RP stabilization in the massive

steady-state turnover. Consequently, we can make no definitive, . . .
: S increase in the rate of thermal-Co homolysis observed in

statements about MFE (or lack thereof) at this point in the doCbl-dependent enzvmes

reaction cycle. Despite this apparent setback, it remains the mosfo‘ P y ’

likely position of field sensitivity in the reaction cycle of EAL, Acknowledgment. We thank The Colt Foundation for the
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