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Abstract
The contribution of C-N bond-breaking/making steps to the rate of the free-radical-mediated
deamination of vicinal amino alcohols by adenosylcobalamin-dependent ethanolamine ammonia-
lyase has been investigated by 15N isotope effects (IE's) and by electron paramagnetic resonance
(EPR) spectroscopy. 15N IE's were determined for three substrates, ethanolamine, (R)-2-
aminopropanol, and (S)-2-aminopropanol using isotope ratio mass spectrometry analysis of the
product ammonia. Measurements with all three substrates gave measurable, normal 15N IE's;
however, the IE of (S)-2-aminopropanol was ∼ 5-fold greater than the other two. Reaction mixtures
frozen during the steady-state show that the 2-aminopropanols give EPR spectra characteristic of the
initial substrate radical whereas ethanolamine gives spectra consistent with a product-related radical
[Warncke, K.; Schmidt, J. C.; Kee, S.-C., J. Am. Chem. Soc. 1999, 121, 10522-10528]. The steady-
state concentration of the radical with (R)-2-aminopropanol is ∼ half that observed with the S isomer,
and with (R)-2-aminopropanol the steady-state level of radical is further reduced upon deuteration
at C1. The results show that relative heights of kinetic barriers differ among the three substrates such
that levels or identities of steady-state intermediates differ. 15N-Sensitive steps are significant
contributors to V/K with (S)-2-aminopropanol.

The bacterial enzyme, ethanolamine ammonia-lyase (EAL, EC 4.3.1.7) catalyzes the
adenosylcobalamin (AdoCbl)-dependent deamination of ethanolamine or 2-aminopropanols
to ammonia and the corresponding aldehyde.1 The reaction is one of several 1-2 radical-
rearrangements/eliminations catalyzed by AdoCbl-dependent enzymes.2-4 The paradigm for
these reactions is an interchange of a group at C2 and a hydrogen atom at C1. With the exception
of glutamate mutase,5 mechanistic details of the migration steps in the AdoCbl-dependent
enzymes are not well understood.3 The EAL reaction can be considered as a C2 → C1 migration
of ammonia, followed by decomposition of the product carbinolamine (Scheme 1).1

Migration of ammonia to C1 is not strictly required to form acetaldehyde.6 The migration
mechanism has been demonstrated in the related enzyme dioldehydrase, and derives some
support from stereochemistry.7 Computational studies have indicated that both an internal
migration of ammonia or direct elimination are energetically feasible.6, 8

The mechanism includes two H atom abstraction steps that are energetically demanding.
Isotopes of H have been used to determine the contributions of these H atom transfers to the
overall rate.1 Transfer of 3H from 5′ position of AdoCbl to acetaldehyde during turnover shows
an isotope effect (IE) of ∼100.9 Deuteration of carbon 1 of ethanolamine results in a IE on cob
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(II)alamin formation (carbon-cobalt bond cleavage) of >10 in the pre-steady state.10 The
observation of a deuterium KIE on carbon-cobalt bond cleavage is evidence that this step is
kinetically coupled to H atom transfer.11 The large hydrogen IE observed with EAL and other
AdoCbl-dependent enzymes have been attributed to hydrogen tunneling.4, 12 The steady-state
IE on Vmax for [1,1-2H2]-ethanolamine is ∼ 6.9, 13 For (S)- and (R)-2-aminopropanol, DV's
are both ∼5.14 Attenuation of the 2H IE in the Vmax suggests that H-insensitive steps in the
reaction contribute to limiting of the rate. For example, V/K for the EAL reaction is sensitive
to external magnetic fields, suggesting that radical pair formation or recombination steps are
reflected in V/K.15 The contribution to V/K of C–N bond breaking and making steps in the
mechanism has not been measured. In order to assess the contribution of C-N bond breaking
and making to V/K of the EAL reaction, we measured 15N IE's on the deamination reaction
using ethanolamine, (R) - 2 -aminopropanol and (S)-2-aminopropanol as substrates. These three
substrates provide a range of 3 orders of magnitude in V/K (see Table 1).

Salmonella typhimurium EAL was over expressed in E. coli and purified essentially as
described previously.16 EAL reactions were run either to completion or to ∼50% completion,
quenched by addition of HCl, and EAL removed by ultrafiltration (see supplementary). The
ammonia generated was steam distilled17 and analyzed by isotope ratio mass spectrometry.
18 Fractional reaction was determined by a coupled assay for ammonia using glutamate
dehydrogenase.19 Isotope effects were calculated using equation 1:

(1)

where f is fractional extent of reaction, Ro is the 15N/14N ratio of the starting substrate
determined by 100% conversion to product ammonia, and Rp is the 15N/14N ratio for the
product after partial conversion. Km's and kcat's for the three substrates were measured in 10
cm pathlength cuvettes using a coupled assay with alcohol dehydrogenase.

All three of the substrates tested gave measurable, normal 15N IE's. For ethanolamine and
(R)-2-aminopropanol, the effects are on the order of 0.1%. For (S)-2-aminopropanol, the effect
is nearly 5 times larger at 0.5% (Table 2).

Cleland and coworkers have determined intrinsic 15N IE's in excess of 3% for enzyme catalyzed
polar reactions.20 Assuming that intrinsic 15N IE's for radical reactions are similar to their
polar equivalents, then it is clear that the 15N IE's measured here are significantly attenuated
by other steps in the catalytic cycle.

There are two steps in the reaction that can give rise to 15N IE's–the rearrangement of substrate
radical, and the elimination of ammonia from the carbinolamine. EPR measurements on radical
intermediates can provide some insight into which steps are rate limiting. When reaction
mixtures are frozen in the steady-state, the dominant radical species will be the intermediate
just prior to a slow step. For (S)-2-aminopropanol the EPR spectrum is that of the initial
substrate radical, and the intensity of the signal is consistent with ∼90% of the enzyme being
present in the radical form.21 This steady-state build up of the substrate radical intermediate
just prior to the radical rearrangement suggests that the rearrangement is a slow step in the
reaction with (S)-2-aminopropanol. The 15N IE of 0.5% for (S)-2-aminopropanol is less than
expected for the intrinsic IE on the C–N bond breaking. This result suggests that although
the 15N-sensitive steps contribute to V/K, other steps in the catalytic cycle must also contribute.
Samples frozen in the steady-state with (R)-2-aminopropanol give essentially the same EPR
spectrum as (S)-2-aminopropanol. However, the signal intensity (double integral) with (R)-2-
aminopropanol is ∼ half that of (S)-2-aminopropanol. Moreover, the intensity of the EPR signal
drops another 5-fold when [1-2H2]-(R)-2-aminopropanol (prepared from D-alanine as described
previously)21 is the substrate (Figure 1.).
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The intensity of EPR signals of samples made up with [1-2H2]-(S)-2-aminopropanol is the
same as that of the unlabeled sample (not shown). The balance between formation, and
breakdown of the radical determines its steady-state level. The lower amount of radical with
(R)-2-aminopropanol, and the sensitivity of the steady-state radical concentration to
deuteration at C1 suggest that the initial hydrogen atom abstraction is at least comparable in
rate to the subsequent steps including 15N sensitive ones. The large D(V/K) (∼20) reported for
the enzyme from Clostridium supports the notion that H atom abstraction is significantly rate
limiting for (R)-2-aminopropanol.22 Rate limitation by H atom abstraction can account for the
lower (compared to (S)-2-aminopropanol) 15N IE for (R)-2-aminopropanol.

For ethanolamine the spectrum is dominated, not by the substrate radical, but by a product, or
product-related radical.23 The observation of a product-related radical for ethanolamine in the
steady-state suggests that steps subsequent to the formation of the product radical are slower
than the 15N sensitive steps in the catalytic cycle – a scenario consistent with the observation
of a small 15N IE.

These results show that the relative heights of kinetic barriers encountered by the three
substrates differ such that intermediates corresponding to different stages of the reaction or
their steady-state levels differ (see Supporting Information). 15N-sensitive steps make a
significant contribution to V/K with (S)-2-aminopropanol.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
EPR spectra of steady-state 2-aminopropanol radicals at the active site of ethanolamine
ammonia-lyase. Ethanolamine ammonia lyase and adenosylcobalamin were mixed with 2-
aminopropanol, and frozen by dipping in liquid nitrogen. A (S)-2-aminopropanol. B (R)-2-
aminopropanol. C [1-2H2]-(R)-2-aminopropanol. Spectra were recorded at 77 K. The ordinate
is scaled such that amplitudes are proportional to concentration. Samples contained 0.24 mM
enzyme, 0.47 mM adenosylcobalamin, 25 mM 2-aminopropanol, and 0.01 M Hepes/NaOH
pH 7.5.
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Scheme I.
EAL Reaction–Carbinolamine intermediate.
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Table 1
EAL Kinetic Parameters

Substrate Km (μM) kcat (sec-1)
Ethanolamine 1.9±0.2 30±1
(R)-2-aminopropanol 9±2 0.067±0.001
(S)-2-aminopropanol 0.80±0.06 0.12±0.01
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Table 2
15N Isotope Effects on EAL

Substrate 15(V/K) na
Ethanolamine 1.0017±0.0004 7
(R)-2-aminopropanol 1.0012±0.0002 3
(S)-2-aminopropanol 1.0055±0.0002 3
a
Number of determinations.

J Am Chem Soc. Author manuscript; available in PMC 2008 August 11.


