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ABSTRACT. Transient phases of the reaction catalyzed by ethanolamine ammonia-lyase (EAL) from
Salmonella typhimuriurhave been investigated by stopped-flow visible spectrophotometry and deuterium
kinetic isotope effects. The cleavage of adenosylcobalamin (coenzysp&oBorm cob(ll)alamin (Bx)

with ethanolamine as the substrate occurred within the dead time of the instrument whenever coenzyme
B1> was preincubated with enzyme prior to mixing with substrate. The rate was, however, slowed sufficiently

to be measured with perdeutero ethanolamine as the substrate. Optical spectra indicate that, during the
steady states of the reactions with ethanolamine andSvtaminopropanol as substrates, approximately

90% of the active sites containf Reformation of the carberncobalt bond of the cofactor occurs following
depletion of substrate in the reaction mixtures, and the rate constant for this process kegfle€the
respective substrates. This late phase of the reaction also exttibitotope effects similar to those
measured for the overall reaction witH-labeled substrates. With unlabeled substrates, the rate of cofactor
reassembly is independent of the number of substrate molecules turned over in the steady-state phase.
However, with?H-labeled substrates, kinetic isotope effects appear in the reassembly phase, and these
isotope effects are maximal after on2 equiv of substrate/active site are processed. Wiilebiterated
coenzyme B, and deuterated substrate, the isotope effect on reassembly is independent of the number of
substrate molecules that are turned over. These results indicate that the pool of exchangeable hydrogens
in the enzyme-cofactor complex is twera finding consistent with the hydrogens in the' @%ethylene

of coenzyme By

The paradigm for action of ethanolamine ammonia-lyase Scheme 1
(EAL;* EC 4.3.1.7) (Scheme 1) includes a homolysis of the  Substrate radicl
carbon-cobalt bond of the cofactor to generate/nd the H3N
5'-deoxyadenosyl radical. The'-Beoxyadenosy! radical H >_<0H
abstracts a hydrogen atom from the substrate to generate a
substrate radical and-Beoxyadenosine. The substrate radical
rearranges to form a product radical, and a hydrogen transfer, ;.
from the 3-methyl of the 5-deoxyadenosine to the product

+
radical generates tlgemamino alcohol and regenerates the E 73+ —

5'-deoxyadenosyl radical which reacts with thg,B reform

Q\H

coenzyme B, The resultinggemamino alcohol eliminates N, +

ammonia to produce acetaldehyde 2). He . NH3
Two salient features of the model in Scheme 1, the HHOH H>__<OH

participation of 5-deoxyadenosine as a hydrogen carrier and H H H

the presence of radical intermediates, have been experimen- Product radical
tally verified. Label from tritiated substrate is transferred to
the cofactor, and tritium at thé-position of the cofactor is
transferred to product during the reactid®+6). Radical

intermediates have been observed by EPR spectroscopy
during turnover with substrate6-8). Magnetic field effects

on V/K are also evidence of radical intermediates and of a
radical recombination event prior to the first irreversible step
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in the overall reaction of EAL with perdeuterated ethano- two transient phases of the reaction catalyzed by EAL and
lamine is~7 (4, 5, 10, 11), and semiclassical theorie$2) the number of hydrogens in the enzysreofactor complex
predict a tritium isotope effect of approximately 17. Similarly that are exchangeable with substrate and product.

large®H KIEs have been reported for the analogous step in

the reaction catalyzed by another coenzymedependent =~ EXPERIMENTAL PROCEDURES

enzyme, dioldehydrase.g). Materials. Perdeuterated ethanolamine was from Cam-
To explain the largéH KIEs, Cleland {4) proposed that  pridge Isotope LabsS-2-Aminopropanol, ethanolamine,
coenzyme B, does not necessarily reform at the end of each LjAID ,, the hydrochloride salt of glycine ethyl ester and the
catalytic cycle whenever the enzyme is operating under hydrochloride salt of.-alanine methyl ester were from
conditions ofVmax. Rather, the product radical could alter-  Aldrich. Coenyzme B, was purchased from Sigma. Genes
natively abstract a hydrogen atom from a group on the encoding the large and small subunits of EAL frd®n
protein. The resulting protein radical then initiates the next typhimuriumwere expressed i&Escherichia coli and the
catalytic cycle by hydrogen atom abstraction from the next protein was purified as previously described®)( Enzyme
molecule of substrate. This alternative scheme (Scheme 2)ysed in these studies had specific activity~80 IU mg 2

permits catalysis to proceed without reformation of coenzyme protein. Protein concentration was determined based on

B12 in each cycle and allows “tuning” of the observéd 01% ~ 0.69 (19).

KIE such that it i.s more consistent with the value calcula_lted Synthesis of [1,2H,]Ethanolamine The hydrochloride salt
from the deuterium isotope effect on Fhe Qverall reaction. of giycine ethyl ester was suspended in anhydrous ethyl ether
For example, to account for the deuterium isotope effect on 5,4 exposed to dry ammonia gas in order to neutralize the
the overall reaction, the protein radical pathway would hydrochloride. The solution was dried over anhydrous
operate in 5 out of 6 catalytic cycles. Evidence has been MgSQ,, filtered, and added dropwise to a refluxing suspen-
presented for the presence of a volatile pool of hydrogen on gigp, of LiAID4 (1 g) in 20-30 mL of anhydrous ethyl ether.

the enzyme that can exchange with both the substrate andrpe reduction was allowed to proceed foP h. Excess of

the cofactor {5). The properties of the volatile pool are, the | jAID, was quenched first with methanol, and then with
however,'not entirely consistent with the alternative pathway \yater. The aqueous phase was made basic, and the suspen-
hypothesis. For example, although the pool should be sjon was extracted in a continuous extraction apparatus for
responsible for the majority of the catalytic cycles, data from .48 h The receiving flask containee?0 mL of water. The
experiments designed to measure washout-bfrom the contents of the receiving flask were transferred to a sepa-
pool show thatH from the pool washes-out at about the 4101y funnel and the aqueous phase was collected. The ether
same rate a8 from the cofactor 15). phase was extracted several times with-20 mL aliquots

The deuterium KIE on the overall reaction of EAL is of water, and the water layers were combined. The pH of
substantial {7), indicating that hydrogen transfers are at the solution was adjusted to near neutral, and the solvent
least partially rate determiningt,(5, 10, 11, 16, 17). The was removed by rotary evaporation. The purity of the
extent to which other steps might limit the rate of the overall material was confirmed bjH NMR.
reaction, and thereby attenuate the magnitude ofHhi€IE, Synthesis of [1,#H;]-S-2-Aminopropanol.The hydro-
is not yet established. Therefore, comparisons between thechloride salt ofi-alanine methyl ester was reduced to the
2H KIE on the overall reaction and the extent of discrimina- deuterated alcohols using LiAland purified as described
tion against tritium transfer, measured in the second hydrogenabove for ethanolamine. The isotopic enrichment of the
transfer step, may not be valid. product was confirmed b{H NMR.

Cleavage of coenzyme;Bto give By, following addition Quantitation of Stock Solutions of Ethanolamine and S-2-
of substrate to the preformed EAlcoenzyme B, complex Aminopropanal Stock solutions of unlabeled and perdeu-
can be monitored by the change in the absorption spectrumterated ethanolamine were quantitated enzymatically using
of the coenzymeg, 18). In the steady state of the reaction, the reaction of EAL coupled to NADH oxidation catalyzed

the active sites contain an intermediate radical ang (B, by alcohol dehydrogenase. The enzymatically quantitated
8). The reaction catalyzed by EAL is effectively irreversible stock solution of unlabeled ethanolamine was used to
thermodynamically, and reformation of coenzyme ®l- generate the standard curves to standardize stock soltuions

lowing depletion of substrate provides a transient kinetic of S-2-aminopropanol using the naphthoquinone benzene
phase in the latter part of the reaction. The present papersulfonate colorimetric metho®0).

reports the results of stopped-flow visible spectrophotometry  Synthesis of [55'-?°H,]-Coenzyme B. [5',5'-?H,]-Coen-

and deuterium KIE measurements which have been used tawyme By, was synthesized as previously describd) (vith
determine the contribution of hydrogen transfer steps to thesethe following modifications: (1) the carboxylic acid was
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Table 1. Turnover Numbers arftl Kinetic Isotope Effects on the Table 2: Isotope Effects on the Rates of Formation gf B
Overall Reaction Catalyzed by EAL unlabeled 1,12H,-labeled

substrate Keat(s71)2 isotope effect substrate (s (s isotope effect
ethanolamine 8& 2 ethanolamine >300 29+1 >10
[1,1H;]ethanolamine 15614 5.1+ 0.5 S-2-aminopropanol 147 24+ 1 3.1+0.3
[1,1,2,22H,]ethanolamine 10.40.7 7.5+ 05 - - - "
S2-aminopropanol 0.9Z 0.03 2 This estimate is based on a dead-time e#3ms for the stopped

[1,12H]-S-2-aminopropanol  0.054 0.003 5.0+ 0.6 flow instrument,

akeas are calculated based on six active sites present in @
oligomer of EAL (19). ® Isotope effects were determined by comparing Knowledge of the number of active sites (six) in thghs
directly the rate of aldehyde production obtained with unlabeled and oligomer of EAL (19, 23) allowed an estimate of the extent
deuterated substrates. of By, and radical formation in the steady-state of the
reaction. In these experiments, holo-EAL was mixed with
esterified using trimethylsilyl-diazomethane (Aldrich); and an excess of substrate, and bleaching of the absorbance of
(2) 5-chloroadenosine was synthesized as previously de-coenzyme B, at 525 nm was monitored. As an internal
scribed R2). NMR spectra of the product of each step were calibration, hydroxyethylhydrazine was used to inactivate
obtained to confirm the presence of the desired compoundEAL and generate a stoichiometric quantity of enzyme bound
prior to proceeding to the following step. Biar (19). In the steady-state of the reaction &2-
Stopped-Flow Spectrophotometmin Olis RSM-1000 aminopropanol, at least 90% of the available active sites
rapid-scanning stopped-flow spectrophotometer was used forcontain B, This finding is consistent with the previous
the measurements. Data processing was accomplished usingesults obtained with clostridial EAL wit8-2-aminopropanol
the software package supplied with the instrument. For wherein the optical spectrum of a mixture of EAL and
experiments where the effect of preincubation of EAL with coenzyme B, resembled that of B, (18). Furthermore, the
cofactor was examined, EAL~15 uM sites) and Hepes/  concentration of B, obtained with [1,12H,]-S-2-aminopro-
NaOH, pH 7.5 (20 mM), were placed in one syringe, and panol was equivalent to that observed with the unlabeled
the second syringe was filled with a solution of coenzyme substrate.
B12 (35uM), Hepes/NaOH, pH 7.5 (20 mM), and substrate  Isotope Effects on the Coersion of Coenzyme;Bto Byar.
(5 mM). The concentrations of enzyme, cofactor, and Incubation of EAL (L8) and other coenzyme;Bdependent
substrate were halved after mixing. For all other experiments, enzymes with their respective substra®4 £5) or allosteric
one syringe was filled with substrate and buffer as above. effectors 26, 27) and coenzyme B triggers homolysis of
EAL, coenzyme B, and buffer were mixed and placed in  coenzyme B, to generate B Stopped-flow spectrophoto-
the second syringe. All experiments were completed within metric measurements with glutamate mutase and with
10-15 min of mixing of the enzyme with coenzyme-B ~ methylmalonyl CoA mutase have been used to show an
Data from at least three repetitions were averaged. All jsotope effect on the formation of:B when deuterated
solutions containing coenzymeABvere handled in dim light.  substrates are use?4 25). On the other hand, experiments
Steady-State Kinetic Measuremerlse assay mixtures  in which apo-EAL was mixed with a solution of;Band
contained Hepes/NaOH, pH 7.5 (50 mM), NADH@.15 deuterated ethanolamine, did not reveal an isotope effect on
mM), yeast alcohol dehydrogenase (45 IU), and coenzymethe formation of the B, (28). This lack of an isotope effect
Bi2 (14.54M). Reactions were initiated by adding EAL to  on the formation of By is consistent with a dominant isotope
0.28uM sites in the assays with-2-aminopropanoknd to insensitive step under the conditions of the experiment.
1.4 nM in the assays with ethanolamine. Significantly, however, the rate of formation ofiBwhen
Washout ofH from [5',5-?H;]-Coenzyme B. To estimate  apo-EAL is mixed with a solution containing coenzyme B
the rate at whicttH in coenzyme B, was transferred to  and ethanolamine islowerthank... By contrast, formation
product, parallel assays were performed with unlabeled andof B;,, is completed within the dead time-8—4 ms,k >
deuterated coenzyme 1B with fixed amounts of S-2- 300 s of the stopped-flow instrument, whenever EAL is
aminopropanol as substrate. The assays were initated bypreincubated with coenzyme ;8 prior to mixing with
mixing a solution of 17«M EAL (active sites) and 3xM ethanolamine 18, 28).

coenzyme B, or [5',5-?H,]-coenzyme B, (22 mM Hepes/ The effects of preincubation on the rates of formation of
NaOH, pH 7.5) with an equal volume of substrate in the B,,, when EAL is mixed with coenzyme;Band substrate,
same buffer. The rates of coenzyme.Beformation,  or when EAL is initially mixed with coenzyme 8 prior to

following depletion of theS-2-aminopropanol, were mea-  mixing with the substrate, were examined (Table 2). As in
sured at 525 nm with a Hewlett-Packard diode array the previous studiesl®), significant rate enhancements are
spectrophotometer. observed when EAL is preincubated with coenzymge B
(Table 2), indicating the presence of a slow step in the
RESULTS AND DISCUSSION formation of holo-EAL. At present, the nature of this slow
Steady-State Kinetic Measuremerftbe k., values mea-  step is not known. EAL, however, binds coenzymg B
sured for ethanolamine ar&i2-aminopropanol are listed in  the “base-on” mode2Q, 30); therefore, the exchange of the
Table 1. The deuterium KIEs observed for the overall dimethylbenzimidazole base of the cofactor for an enzymic
reactions with these substrates are also listed in Table 1. Theside chain (such as the imidazole of a histidine) is not
values given in Table 1 are similar to those reported for theseinvolved.
substrates with EAL fronClostridia sp. @, 5, 10, 11, 16, The deuterium KIEs on the appearance of;Bvere
17). measured using [1,3H,]ethanolamine and [1,3H,]-S-2-
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Table 3: Washout of Deuterium from Deuterated Coenzyme B 0.01 - . .
during Turnover ofS-2-Aminopropanol A
ratio of rates of coenzyme reformation 0t
_ for reactions with unlabeled and -0.01F e
[substrate]site? deuterated cofactbr =l a b . q
15 2.3 & -0.02F 7
43 1.4 P
87 1.0 < -003F
_ _a_[s_ubstratej is _the c_oncentration oSZ-am_inc_)prc_)panoI prior to _0.04F
initiating the reaction with holo-EAL® Uncertainties in the measure- ]
ments are estimated to bel0%.
aminopropanol. The slow formation of holo-EAL was '0'060 5 10 15 20
bypassed in these experiments by preincubating EAL with Time (s)
coenzyme B, prior to mixing with the unlabeled or deuter-
ated substrates (Table 3). While with unlabeled ethanolamine, 0.01
B1or formation is complete within the dead time of the B ' ' ' '
instrument, with the [1,2H]ethanolamine, the rate of 0t
formation of By is slowed to 29 s -corresponding to a %{? c/. Vw
deuterium KIE of at least 10. THéd KIE on the formation £ -0.01 e y ]
of Bior with S-2-aminopropanol as the substrate~8. £ 002k / 4
Isotope Effects on the Reformation of CoenzymeThe o T 7
first phase of the reaction, homolysis of the cofactor, is < -003f;
followed by a steady-state period, the duration of which 0.04 :
depends on the initial concentration of substrate. Once the R i ;
substrate has been depleted, a second transient phase appears -0.05 b ‘,»"
in the optical spectrum as the absorbance due ig B e
disappears and that due to coenzymg Eappears. The ‘0-060 2'0 46 6'0 8'0 100
kinetics of reformation of coenzyme;Bduring this final Time (s)
phase of the reaction were examined with ethanolamine and
with S-2-aminopropanol as substrates. In these experiments, 0.01
EAL was preincubated with coenzyme Bnd then mixed Tk ! ' ' '
with quantities of substrate varying from substoichiometric o F C
to an 8-fold excess over active sites. Representative examples
from these experiments with varying concentrations{®5 £-001F a
equiv/active site) of unlabeled or [12H,]-S-2-aminopro- § .
panol are shown in Figure 1. As expected, the rate constant < 002 F
for reformation of the cofactor is independent of the initial :
concentration of substrate (Figure 2). Furthermore, the rate -0.03 ¢
constants for the reformation of the cofactor wig2- -
aminopropanol (0.3378) and with ethanolamine (84°% -0.04 E
are comparable to the respectikgis for these substrates [
(Table 1). These findings are consistent with the idea that '0-050' 00
the rate determining steps occur after formation pf phase Time (s)
1) and with the observation of a nearly stoichiometric amount
of B1z in the steady state. Ficure 1: Kinetic traces show_ing the time course for reform_ation
The rates of reformation of coenzyme,Bluring the final of the cofactor upon exhausting substrate. In these experiments,

. : ; : ; one syringe was filled with a solution containing EA15 uM
optical transient were determined with [F;]ethanolamine 5 c)(;engyme B (30 «M) in 20 mM Hepes/NagH (p,} 7f‘ 4).)”]

and [1,12H,]-S-2-aminopropanol. As noted above with the panel A, the second syringe contained in 20 mM Hepes/NaOH,
unlabeled substrates, the rates of formation of coenzyipe B pH 7.4, S2-aminopropanol: (a) 7.5M; (b) 15 uM; (c) 30 uM;
are independent of amount of substrate present at time zeroﬁgpii 7N'\gollrj| p&[{le?' E‘ [tlth 31903020; ri}i/;iggfo ggggfli_ing; i7f152|\(/)|_m|\/|

i 2H. ’ Bt} , F12)= - . . ’
e e e e ol oAt S & oyt ) g Tr somaion o o colacir
: - : was monited at 525 nm, and the increases in absorbance were fitted
tion of the deuterated substrate present at time zero increaseso single exponentials. Representative fits (panel C) to the reforma-
reaching minima (0.057 and 19%swith ?H-labeled S-2- tion phases for (a) the data at 4M S-2-aminopropanol and (b)
aminopropanol anéH-labeled ethanolamine, respectively), the data at 4%M [1,1-?Hz]-S-2-aminopropanol.
in reactions for which~2 equiv of substrate were present panol, respectively) are reached afteR equiv of each
for each active site at time zero (see Figures2 and 3).substrate are turned over. The maximum isotope effects
Comparison of these minima to the rate of cofactor reforma- observed with deuterated forms of the substrates are similar
tion measured with the unlabeled substrates indicates thatto the KIEs observed on treerall reaction Pk.s) with these
with both substrates, maximum KIEs-4.4—4.7 and 5.5 same substrates (see Table-&)finding consistent with the
5.9 with [1,12H;]ethanolamine and [1,3H,]-S-2-aminopro- match of the kinetics of coenzyme reformation with.
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Ficure 2: Comparison of the rate of reformation of coenzyme B
as a function of the initial concentration of unlabeled or [3k}
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determine if this pool corresponds to thé-ndethylene

hydrogens of coenzyme;B EAL was preincubated with

[5',5-?H,]coenzyme B, prior to mixing with deuterated

substrates. If there were no other contributor to the pool of

exchangeable hydrogens, with deuterated cofactor and deu-

terated substrate, the entire pool of exchangeable hydrogens

contains deuterium at time zero. Under these conditions, the

rate of reformation of coenzyme, Brvould be at a minimum

on the first catalytic cycle and remain so throughout
additional cycles. Indeed, the rate constant for the reformation
of coenzyme B is at the minimum (i.e., the maximum KIE)

on the first catalytic cycle with either [1,2H,]-S-2-amino-
propanol or [1,13H,]ethanolamine as substrates (Figures 2
and 3) and remains constant over the range of substrate
concentrations examined.

Washout of’H from Labeled Coenzyme; B EAL was

preincubated with [55'-?HyJcoenzyme B, prior to mixing
with unlabeled S-aminopropanol in the stopped flow
apparatus. Under these conditions, the rate of reformation
of coenzyme B, exhibited a KIE of about two-thirds of the
maximum for more than eight catalytic cycles (Figure 2).
The washout ofH from the cofactor upon further turnovers
was estimated by comparing the rate of coenzyme B

S-2-aminopropanol. These experiments were setup as described inreformation upon exhaustion of substrate for samples with

the legend for Figure 1) S-2-aminopropanol and coenzyme,B
(d) [1,1°H,]-S-2-aminopropanol and coenzyme,BA) [5',5-2Hy)-
Coenzyme B, and S-2-aminopropanol.¥) [5',5'-?H,]-Coenzyme

B2 and [1,12H,]-S-2-aminopropanol. Substrate was varied between

0.5- and 8-fold excess over the concentration M) of active

either unlabeled or deuterated cofactor. Results of these
measurements are summarized in Table 3. These data show
that there is a substantial kinetic discrimination against
transfer of?H from cofactor to the product radical, this

sites. Error bars represent the standard deviation for repetitive runsdiscrimination is also evident in the data of Figures 2 and 3
at each concentration. Lines are sketched through the data pointsyherein [3,5'-2H,]Jcoenzyme B, was used with unlabeled

100 —
; ) Ulf .
oo [1F9 5o
601 4
w g
£ 401 ]
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A5 do - - ry
0 L T PR | IR N Il
0 2 4 6 8 10
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Ficure 3: Comparison of the rate of reformation of coenzyme B
as a function of the initial concentration of unlabeled or [3Hk}
ethanolamine. These experiments were setup as described in th
legend for Figure 1.@) Ethanolamine and coenzymeB(O) [1,1-
2H,]-Ethanolamine and coenzymeB(a) [1,1-H,]-Ethanolamine

substrates. Hence, there is?d KIE on this cofactor to
product radical transfer that may be more in concert with
the very largelH KIE on this step, than with the seemingly
normal2H KIE on ke (5).
Significance of Isotope Effects on CoenzymeH®moly-
sis.KIE's on the homolysis of coenzyme Brom ?H located
in the substrates have been observed previously with meth-
ylmalonyl-CoA mutaseZ45) and with glutamate mutas24).
Homolysis of the cobaittcarbon bond of the cofactor,
concerted or coupled to abstraction of a hydrogen atom from
the substrate, has been postulated to account for the observa-
tion of these isotope effects. Concerted chemistry requires
that the C-H or S—H bond of the substrate or Cys residue
bind near the cofactor such that the-Co bond is broken
concomitant with the breakage of the-& or S—H bond
(27, 31). There is spectroscopic and crystallographic evidence
that substrates and substrate radicals bind close-6-7
A) the cofactor in the active sites of the mutas@g<35).
In EAL, spectroscopic data indicate that the substrate radical
is located~12 A away from the cobalt of B, (36, 37).
Moreover, in dioldehydrase, crystallographic data show that
the substrate is bound 8- A from cobalt 88). These data
suggest that, for EAL and dioldehydrase, thel&oxyadeno-

8yl radical must move several A once it detaches from cobalt,
to abstract a hydrogen atom from the substrate, and the

[5',5'-2H,]-coenzyme B,. Substrate was varied between 0.5- and distances appear to be incompatible with a concerted reaction.

8-fold excess over the concentration (41) of active sites. Error

Alternatively, the KIE on homolysis of the GeC bond

bars repre_sent the standard deviation for repetitive rur)s at eaChof coenzyme BZ may also derive from the existence of an
concentration. Lines are skectched through the data points. equilibrium between intact and homolyzed cofactor on the
The observation of the maximum KIEs on reformation of enzyme, albeit one where the equilibrium constant favors
coenzyme B, after only 2 equiv of substrate are turned over intact cofactor (Scheme 1p4, 39). Addition of substrate
indicates that the pool of exchangeable hydrogen atomswould deplete the existing pool of-Beoxyadenosyl radical

contributed by the enzymecofactor complex is 2. To

forcing more flux through the homolysis path. Magnetic field
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effects on the EAL reaction indicate that the rate of ACKNOWLEDGMENT
recombination of a geminate radical pair contributes to the
V/K, and this observation suggests that thd&oxyadenosyl
radical is a discrete participant in the catalytic pathw@y (
Therefore, a coupled mechanism seems more likely for the
homolysis step in EAL.
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