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Introduction

The bacterial quinoprotein aromatic amine dehydrogenase
(AADH) catalyses the oxidative deamination of aromatic
amines using a tryptophan tryptophylquinone (TTQ) cofactor
(Scheme 1).[6, 7] In the reductive half-reaction (RHR), amine oxi-

dation is accompanied by proton transfer from an iminoqui-
none intermediate derived from covalent addition of substrate
to the TTQ centre (Figure 1). With tryptamine as a substrate,
proton transfer occurs by environmentally coupled proton tun-
nelling, which is a reaction facilitated by a non-equilibrium and
localised promoting motion in the iminoquinone intermedi-
ate.[8] The enzyme reaction cycle is completed by long-range
electron transfer to the type 1 copper protein azurin following
assembly of an AADH–azurin electron transfer complex.[9–11] In-
sight into the reaction cycle has come from detailed analysis of
the crystal structures of reaction intermediates,[8, 9, 12] computa-
tional simulations of the reaction chemistry[8, 13, 14] and isotope
analysis of the proton transfer step using fast reaction stop-
ped-flow methods.[5, 15, 16] These studies have provided a de-
tailed appreciation of the reaction chemistry, whilst emphasiz-
ing the importance of proton transfer by quantum tunnelling

mechanisms (for example, with tryptamine substrate). Studies
with other substrates (for example, p-substituted benzyl-
amines) have revealed the need for structural reorganization
prior to proton transfer.[5] This structural reorganization compli-
cates analysis of the proton transfer step in studies of the tem-
perature dependence of kinetic isotope effects (KIEs), which
can be often used to infer tunnelling mechanisms.[17, 18]

In principle, studies of quantitative structure-activity relation-
ships (QSAR) are useful for inferring mechanistic information,
particularly with quinoprotein enzyme systems.[3, 4] With AADH,
structural reorganization prior to bond breakage in studies
with p-substituted benzylamines has prevented detailed mech-
anistic analysis, owing to steric clashes of the p-substituent

Quantitative structure-activity relationships are widely used to
probe C�H bond breakage by quinoprotein enzymes.[1–4] However,
we showed recently that p-substituted benzylamines are poor re-
activity probes for the quinoprotein aromatic amine dehydrogen-
ase (AADH) because of a requirement for structural change in the
enzyme-substrate complex prior to C�H bond breakage.[5] ThisACHTUNGTRENNUNGrearrangement is partially rate limiting, which leads to deflated
kinetic isotope effects for p-substituted benzylamines. Here we
report reactivity (driving force) studies of AADH with p-substitut-
ed phenylethylamines for which the kinetic isotope effect (~16)
accompanying C�H/C�2H bond breakage is elevated above the
semi-classical limit. We show bond breakage occurs by quantum
tunnelling and that within the context of the environmentally
coupled framework for H-tunnelling the presence of the p-sub-
stituent places greater demand on the apparent need for fast

promoting motions. The crystal structure of AADH soaked with
phenylethylamine or methoxyphenylethylamine indicates that the
structural change identified with p-substituted benzylamines
should not limit the reaction with p-substituted phenylethyl-
amines. This is consistent with the elevated kinetic isotope effects
measured with p-substituted phenylethylamines. We find a good
correlation in the rate constant for proton transfer with bond dis-
sociation energy for the reactive C�H bond, consistent with a
rate that is limited by a Marcus-like tunnelling mechanism. As
the driving force becomes larger, the rate of proton transfer in-
creases while the Marcus activation energy becomes smaller. This
is the first experimental report of the driving force perturbation
of H-tunnelling in enzymes using a series of related substrates.
Our study provides further support for proton tunnelling in
AADH.

Scheme 1. Reaction for the reduction of aromatic amines catalysed by
AADH.
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with residue Phe97a of the large AADH subunit.[5] This restric-
tion is relieved upon the isolation of the small catalytic (TTQ-
containing) subunit of AADH; this has facilitated QSAR analysis
using Hammett methodology with p-substituted benzyl-
amines.[16] Reactions of p-substituted benzylamines with the
isolated small subunit are bimolecular and relatively slow, and
it is not known if proton transfer is to Asp128b (the proton ac-
ceptor in native tetrameric AADH[8]) or to solvent. Unlike plots
with native AADH, Hammett plots for the small subunit exhibit
a strong correlation of structure-reactivity data with electronic
substituent effects for reactions with p-substituted benzyl-
amines and phenylethylamines and show that TTQ reduction is
enhanced by electron withdrawing substituents.[16] We have
been unable to demonstrate that proton transfer from the imi-
noquinone intermediate (formed between p-substituted ben-
zylamines and the isolated subunit) to the unidentified proton
acceptor occurs by quantum mechanical tunnelling.

In this paper, we report studies of native AADH in which we
have employed a series of p-substituted phenylethylamines as

reactivity probes. We conjectured that the additional
methylene carbon in p-substituted phenylethyl-
amines (compared with p-substituted benzylamines)
would relieve any steric restriction on the reaction
chemistry and thus facilitate detailed QSAR analysis
of the reaction mechanism. We report 1) crystallo-
graphic analysis of AADH soaked with p-substituted
phenylACHTUNGTRENNUNGethylamines, 2) stopped-flow studies of the
rate of C�H and C�2H bond breakage, and 3) driving
force analysis of the proton tunnelling reaction. The
driving force analysis is consistent with proton trans-
fer by quantum mechanical tunnelling. We also show
an increased need for fast promoting motions as p-
substituents are introduced ~6 � away from the site
of C�H bond breakage.

Results and Discussion

Crystal structures of AADH soaked with phenyl-
ethylamine or p-methoxyphenylethylamine

AADH crystals soaked with phenylethylamine or p-
methoxyphenylethylamine rapidly change colour in-
dicating full TTQ ACHTUNGTRENNUNGreduction. The crystal structure of a
phenylethylamine soaked crystal that has been flash-
cooled immediately following TTQ reduction reveals
clear density in both active sites, corresponding to a
covalent complex between phenylethylamine and
TTQ (Figure 1). This was interpreted to represent the
Schiff base ACHTUNGTRENNUNGintermediate V (intermediate terminology/
numbering is according to ref. [8]) following the key
proton abstraction by Asp128b and ensuing proton
transfer steps to the TTQ O7. The structure is highly
similar to the corresponding tryptamine intermedia-
te V structure we reported previously[8] and reveals a
similar angle is made between the Schiff base C=N
bond and the TTQ aromatic plane. The substrate aro-
matic moiety is placed likewise in van der Waals con-

tact between Phe97a and the peptide backbone amide con-
necting Val158b with Asn159b. In contrast, a p-methoxyphenyl-
ethylamine soaked crystal flash-cooled immediately following
TTQ reduction reveals clear, but distinct electron density in
both active sites from which the structures of the intermedi-
ates can be modelled (Figure 2). Both correspond to a covalent
complex between p-methoxyphenylethylamine and TTQ, with
one active site containing a Schiff base intermediate V, which
is highly similar to that observed in the phenylethylamine
soaked structure. The other active site contains the S-carbinol-
amine intermediate VII that is formed upon hydrolysis of inter-
mediate V.[8] As observed for the phenylethylamine:AADH crys-
tal structure, the p-methoxyphenylethylamine:AADH com-
plexes are virtually identical to the corresponding tryptami-
ne:AADH intermediate structures with obvious exception of
the difference in substrate derived aromatic moiety.[8] The p-
substituents of the various phenylethylamine derivatives can
be easily accommodated by the active site cavity as demon-
strated by the p-methoxyphenylethylamine:AADH complex

Figure 1. Reductive half-reaction of AADH with a generic amine substrate (A). Intermedi-
ates have been defined previously from crystallographic studies with tryptamine.[8] Inter-
mediates are numbered with Roman numerals. Only key atoms are represented from in-
termediate II onward, whereas TTQ atoms C6 and C7 and Asp128b atoms O1 and O2 are
labelled for intermediate I. A generic para-substituted phenylethylamine is also shown in
panel B.
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structure. In this case, the p-substituent is in close proximity of
Leu100a, Asn124a and Leu179a, but none of these residues
present any steric hindrance.

However, it should be noted that for the smaller aromatic
amines, such as phenylethylamines, multiple positions for the
aromatic moiety of the intermediate preceding the key hydro-
gen transfer from the substrate to Asp128b are possible.[12]

Nevertheless, in the case of both tryptamine and the p-substi-
tuted phenylethylamine substrates, changes in the position of
the key N1, C1, and C2 substrate derived atoms during cataly-
sis appear not to significantly affect the position of the aromat-
ic moiety. This contrasts markedly with the case for p-substitut-
ed benzylamine substrates, in which the C2 atom is part of the
aromatic moiety itself and significant reorientation of the
benzyl side chain (as well as several amino acid side chains) is
required during catalysis.[5]

The reductive half-reaction of AADH with p-substitutedACHTUNGTRENNUNGphenylethylamines

Doubly deuterated phenylethylamines were synthesized as de-
scribed in the Experimental Section and were>95 % chemically
pure and 90-99 % isotopically enriched, as judged from the 1H
high field NMR spectrum and integration of the residual N-
CHD signal, respectively. Stopped-flow kinetic studies of the re-
ductive half-reaction were performed as described in the Ex-

perimental Section. A large variation in the limiting rate con-
stant for TTQ reduction was observed across the reactivity
series, but little variation was observed in the H/D KIE (Table 1).

The reactions of most p-substituted phenylethylamines exhibit-
ed a lack of dependence on substrate concentration under
pseudo-first-order conditions (Figure S1), and it was therefore
assumed that Kd values were <5 mm. For the reactions of phe-
nylethylamines that exhibited a hyperbolic dependence on
substrate concentration, the standard hyperbolic expression
was used to determine Kd (9.5�0.7 and 2.7�0.2 mm for hy-
droxyl- and methoxyphenylethylamines, respectively, Fig-
ure S1).

Temperature analysis of reactions rates and KIEs

We analysed the temperature dependence of reaction rates
with protiated and deuterated substrates to reveal tunnelling
contributions to C�H and C�2H bond breakage (Table 2). With

Figure 2. Crystal structures of AADH in complex with phenylethylamines.
A) An active site overlay of the Schiff base intermediate V observed in phe-
nylethylamine (red), p-methoxyphenylethylamine (green) and tryptamine
(blue) soaked crystals. B) An active site overlay of the carbinolamine interme-
diate VII observed in p-methoxyphenylethylamine (green) and tryptamine
(blue) soaked crystals. The p substituent in the former has multiple confor-
mations. Numbering of reaction intermediates is as described previously.[8]

Table 1. Kinetic parameters determined from stopped-flow reactions of
TTQ reduction in AADH with p-substituted phenylethylamines at 25 8C

p-substituent klim
H [s�1][a] klim

D [s�][a] KIE

H
OH
CH3

OCH3

NO2

F
Cl
Br

45.6�0.3
412.7�7.0

44.7�0.3
417.6�11

29.4�0.2
93.1�0.7
65.5�0.3
73.8�0.3

2.97�0.03
30.9�0.25

2.22�0.01
26.4�0.6

1.77�0.01
5.39�0.04
3.25�0.02
3.76�0.02

15.4�0.3
13.4�0.3
20.1�0.2
15.8�0.5
16.6�0.2
17.3�0.3
20.2�0.2
19.6�0.2

[a] Observed rate constants at 200 mm (Kd <5 mm) represent the limiting
rates of TTQ reduction. For hydroxy- and methoxyphenylethylamines, ki-
netic parameters were determined by fitting data (observed rate of TTQ
reduction versus concentration) with a standard hyperbolic expression.
Experimental plots are available in Figure S1.

Table 2. Parameters obtained from temperature dependence studies of
C�H and C�2H bond breakage across the p-substituted phenylethylamine
reactivity series.[a]

p-substituent DH�HACHTUNGTRENNUNG[kJ mol�1]
DH�DACHTUNGTRENNUNG[kJ mol�1]

DDH�ACHTUNGTRENNUNG[kJ mol�1]
A’H: A’D

H
OH
CH3

OCH3

NO2

F
Cl
Br

55.2�0.8
45.2�1.3
58.8�0.8
44.2�1.3
67.1�1.3
56.7�0.9
58.6�0.6
59.6�0.9

54.5�0.9
51.5�0.4
70.0�0.8
56.1�0.6
72.6�1.8
63.7�1.1
69.4�0.9
69.1�0.9

0.7�1.7
6.3�1.7

11.2�1.6
11.9�1.9

5.5�3.1
7.0�2.0

10.8�1.5
9.5�1.8

19.6�0.5
0.86�0.05
0.21�0.01
0.13�0.01
2.12�0.12
0.97�0.04
0.26�0.01
0.43�0.01

[a] Reactions conducted in the temperature range 4–40 8C. Parameters
were obtained by fitting to the Eyring equation. Reactions with protiated
hydroxyl- and methoxyphenylethylamines were conducted over a more
restricted temperature range (4–32 8C). Rate constants above this range
were too fast to measure using the stopped-flow method.
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phenylethylamine, the temperature dependence of theACHTUNGTRENNUNGreaction rates (DH�H = 54.7�0.6 kJ mol�1, DH�D = 54.3�
0.7 kJ mol�1) and associated KIE (DDH� = 0.7�1.7 kJ mol�1; Fig-
ure S2) is similar to those we have reported with trypta-
mine[8, 15] (DH�H = 57.3�3.4 kJ mol�1, DH�D = 53.5�1.2 kJ mol�1;
DDH�<5 kJ mol�1), a substrate known to support tunnelling in
AADH. Variation in the temperature dependence of KIEs isACHTUNGTRENNUNGobserved, however, across the p-substituted phenylethylamine
series (Table 2). For all p-substituted phenylethylamines, the
KIEs are temperature dependent (DDH�~10�3 kJ mol�1; Fig-
ure S2).

Our previous work using tryptamine as substrate has estab-
lished that proton transfer occurs by an environmentally cou-
pled tunnelling reaction.[8, 15] Within the environmentally cou-
pled framework for H-tunnelling, a temperature dependent KIE
indicates a role for non-equilibrium motions (promoting mo-
tions) in facilitating H-transfer.[17, 19] We have reported the lack
of a measurable temperature dependence of the KIE with
tryptamine as a substrate,[8] but through numerical analysis we
have also shown that this is consistent with the presence of a
localised promoting motion of frequency (165 cm�1), which is
observed from spectral density analysis of motions from MD
simulations.[13] The same explanation might be true for the ap-
parent lack of a temperature dependence on the KIE with phe-
nylethylamine. p-Substitution leads to a stronger temperature
dependence, which suggests that promoting motions are
more dominant with these susbtrates. In all cases, the large
KIEs observed are inflated above the semi-classical limit. This
contrasts with kinetic and structural data we have reported re-
cently with a p-substituted benzylamine reactivity series (KIEs~
1), in which the reaction chemistry is limited by conformational
change.[5] The elevated KIEs observed with the p-substituted
phenylethylamines are consistent with a reaction geometry
not impeded by conformational change (as seen with p-substi-
tuted benzylamine substrates) as inferred from the crystal
structure of AADH with phenylethylamine and p-methoxyphe-
nylethylamine (see above). The elevated KIEs, their tempera-
ture dependence and the Eyring prefactor ratios (A’H:A’D) there-
fore indicate that proton transfer occurs by environmentally
coupled tunnelling across the p-substituted phenylethylamine
reactivity series. Having established that the temperature de-
pendence of the reaction rates and associated KIEs are consis-
tent with an environmentally coupled tunnelling reaction, we
now extend our analysis to investigate the driving force de-
pendence of the observed reaction rates.

Driving force analysis of reaction rates

The rate of a proton tunnelling reaction can be calculatedACHTUNGTRENNUNGaccording to an extension of Marcus’ electron transfer (ET)
theory:[17, 19–22]

kHT � const � e
�DG�

RT FC � e
�Ex

RT ð1Þ

in which DG� is the Marcus activation energy, FC is the
Franck–Condon term that describes the nuclear wavefunction
overlap of the reactant and product states, and EX is the

(gating) energy that confers the temperature-dependence of
the KIE. The activation energy can be described by Eq. (2):

DG� ¼ ðDG0 þ Evib þ lÞ2
4l

ð2Þ

where DG0 is the driving force, Evib is the change in vibrational
energy of the transferred proton upon forming the product
(see refs. [13] , [17] for more details) and l is the reorganization
energy. A classical experimental validation of Marcus theory is
the correlation of reaction rate with driving force.[20] For a
proton transfer reaction, we would predict that, if Equation (1)
is valid, 1) the rate of H-transfer will increase with increasing
driving force, 2) the KIE will be nearly invariant with driving
force, and 3) the enthalpy will decrease with increasing driving
force. Please note that these predictions are not unique to
Eq. 1 and similar dependencies would be expected for a purely
classical transition state reaction. However, the magnitude of
the KIEs (@ 7) observed in this study preclude the use of transi-
tion state theory to model the AADH/phenyl ACHTUNGTRENNUNGethylamine reac-
tion. We should stress that while the enzyme community has
largely been using the terms “promoting”- and “gating”-mo-
tions interchangeably, these motions are fast (ps) and non-
equilibrated and in contrast to classical “gating” motions in ET
reactions, which occur on long time scales and are rate-limit-
ing. A test of “gated” ET is a driving force-independent rate of
ET, whereas promoting vibrations will lead to a rate of H-trans-
fer that is driving force (and temperature)-dependent.

For ET reactions, the driving force is varied by altering the
electron affinity (reduction potentials) of either the donor or
acceptor. For proton-transfer reactions, the analogous experi-
ment involves the alteration of the proton affinity (that is,
bond dissociation energy (BDE) or pKa) of the proton donor or
acceptor. If there is negligible entropy change during the re-ACHTUNGTRENNUNGaction then[22]:

DG0
PT � BDEdonor-BDEacceptor ð3Þ

Because the site of the transferred proton in phenylethyl-ACHTUNGTRENNUNGamine is removed from (that is, not conjugated with) the sub-
stituent/benzyl moiety (Figure 1), a Hammett-type analysis of
the rate of proton transfer is not appropriate. Nevertheless, the
para substituents will still have some effect on the BDE of the
transferred proton. Because the proton-donor during the re-
ductive half-reaction of AADH is a highly unstable iminoqui-
none intermediate species,[8] it is not possible to experimental-
ly measure the pKa/BDE of the proton donor. It is, however,
possible to computationally determine the relevant BDE of the
iminoquinone intermediate, and by calculating the BDE for
each p-substituted phenylethylamine, we can estimate the
effect of changing driving force on the reductive half-reaction
of AADH. Note, we have not tried to calculate the actual BDEs
or driving force in this study. Because the substituted phenyl-
ethylamines are not expected to greatly alter the BDE/pKa of
the aspartate proton acceptor, any change in driving force
(DDG0) should be proportional to the difference in BDE (DBDE)
between the various substituted phenylethylamines. By nor-
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malizing the BDEs we can investigate trends associated with
change in rate with change in BDE while negating problems
associated with systematic errors in the calculations or the pKa

shift associated with binding the phenylethylamine within the
active site. These trends are qualitative only. We have estimat-
ed the BDE from semi-empirical (PM3) gas-phase calculations
of the energy-minimized protonated and deprotonated p-phe-
nylethylamine iminoquinone species. More extensive calcula-
tions on the whole enzyme are ongoing but require the solu-
tion of crystal structures of each of the AADH-bound substitut-
ed phenylethylamines. There is a reasonable correlation be-
tween the observed rate constants and DBDE (relative to un-
substituted phenylethylamine; Figure 3). An increase in
iminoquinone BDE corresponds to a decrease in the driving

force [Eq. (3)] . Therefore, the increase in rate with increasing
driving force in Figure 2 is consistent with our predictions if
the reaction is not in the Marcus inverted region.[20] We have
previously estimated the reorganization energy for H-transfer
during the reductive half-reaction of AADH with tryptamine to
be very large (250–300 kJ mol�1), making it very unlikely that
jDG0 j>l and therefore very unlikely that the reaction is in the
inverted region. We have already shown that the KIE is fairly in-
sensitive to p-substitution (Table 1) and thus to the driving
force. While there is some change in the KIE with the differing
substituents (Table 1), the difference is not particularly large.
Further, because the temperature dependence of these KIEs is
variable, it would appear that the involvement of the putative
promoting motion[13] during this reaction differs for each sub-

stituent, in turn affecting both the temperature dependence
and magnitude of the KIE. Finally, there is also a correlation be-
tween the apparent activation enthalpy and BDE (Figure 3),
again consistent with our predictions. Together, these data pro-
vide good evidence that the proton transfer in AADH can be
described by a Marcus-like mechanism, thereby lending addi-
tional support to inferences drawn from temperature depen-
dent studies with AADH.

Conclusions

In this paper we have demonstrated that C�H bond breakage
catalysed by AADH across a p-substituted phenylethylamineACHTUNGTRENNUNGreactivity series is 1) not limited by conformational reorganisa-
tion, 2) occurs by quantum mechanical tunnelling and 3) has a
driving force dependence consistent with the predictions of
Marcus-like models for the reaction. Our work provides support
for environmentally coupled H-tunnelling models that have
been used previously to rationalise the temperature depend-
ence of reaction rates and KIEs with a number of enzyme sys-
tems. Our work illustrates the utility of employing structurally
related substrates to probe the driving force dependence of
enzyme reactions. This provides an alternative approach to an-
alyse enzymatic tunnelling reactions which complements the
more traditional approaches that probe the effects of tempera-
ture variation on primary kinetic isotope effects.

Experimental Section

Materials : BisTris propane buffer, phenylethylamine, hydroxyphe-
nylethylamine and nitrophenylethylamine were obtained from
Sigma. Methyl-, fluoro- and chlorophenylethylamines were from
Acros Organics (Loughborough, UK). Bromophenylethylamine was
obtained from Fluorochem (Glossop, UK) and methoxyphenylethyl-
amine from Apollo Scientific Ltd (Stockport, UK). Sodium borodeu-
teride (99 % enriched) and deuterium oxide were obtained from
Cambridge Isotope Laboratories (Nantwich, UK). The chemical
purity of the deuterated reagents was determined to be >99 % by
high performance liquid chromatography, NMR, and gas chroma-
tography, by the supplier.

Synthesis of dideuterated p-substituted phenethylamines : Di-
deuterated phenylethylamines were synthesized using a modifica-
tion of the method reported by Umino et al.[23] (Figure S3), and as
reported for dideuterated p-substituted benzylamines.[5] NaBD4

(15 mmol) was suspended in dry THF (10 mL), TFA (15 mmol) in dry
THF (5 mL) was added over 10 min at room temperature. The ni-
trile derivative (12.5 mmol) [each listed below] in dry THF (5 mL)
was added to the mixture and stirred overnight. The reaction was
quenched by the addition of D2O (2 mL), water was added (ca.
20 mL), and the THF removed by rotary evaporation. The aqueous
suspension was extracted with CH2Cl2, and the combined organic
extracts were dried over solid Na2SO4 and filtered to give a solution
of the free phenylethylamine in CH2Cl2. Addition of HCl-saturated
CH2Cl2 to this solution precipitated the hydrochloride salt of the
corresponding amine. Yields were typically 40–50 %. Phenylethyl-
amine HCl salts were >95 % chemically pure and 90–99 % isotopi-
cally enriched, as judged from the 1H high field NMR spectrum and
integration of the residual N-CHD signal, respectively. 1H NMR spec-
tra were recorded on a Bruker DPX300 NMR spectrometer. Mass

Figure 3. The pseudo-driving force dependence of the observed rate con-
stant at 25 8C (top) and apparent enthalpy (bottom) of H-transfer during the
reductive-half reaction of AADH with p-substituted phenylethylamine sub-
strates. The solid lines are linear fits to the data with R2 values of 0.58 (top)
and 0.69 (bottom). The dependence with the observed rate with tryptamine
and benzylamine are shown for reference. Note that the magnitude of the
DBDE values may not reflect the magnitude of the change in the driving
force experienced and it is only the trends that are important.
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spectra were determined on a Micromass Quattro LC-MS (Elstree,
UK) operating in electrospray mode and accurate mass positive ion
FAB spectra were determined on a Kratos Concept spectrometer
(Milton Keynes, UK).

Phenylethylamine HCl salt from reduction of phenylacetonitrile :
1H NMR (300 MHz, CD3OD): d= 7.30 (m, 5 H), 2.96 (s, 2 H), 3.16 (t,
5 % H-C-D); MS: found m/z 194 [M�H ACHTUNGTRENNUNG(+2HCl)] . Accurate mass posi-
tive ion FAB calcd for 12C8H10D2N 124.10953, found m/z 124.10949.

4-Methylphenylethylamine HCl salt : 1H NMR (CD3OD): d= 7.15 (s,
4 H), 2.91 (s, 2 H), 2.31 (s, 3 H), 3.13 (t, 5 % H-C-D); MS: found m/z
208 [M�H ACHTUNGTRENNUNG(+2HCl)] , 381 [2M�H ACHTUNGTRENNUNG(+3HCl)] , 554 3M�HACHTUNGTRENNUNG(+4HCl). Accu-
rate mass positive ion FAB cacld for 12C9H12D2N 138.12518, found
m/z 138.12513.

4-Methoxyphenylethylamine HCl salt : 1H NMR (CD3OD): d= 7.19
(d, 2H), 6.89 (d, 2H), 3.77 (s, 3H), 2.89 (s, 2H), 3.11 (t, 5 % H-C-D);
MS: found m/z 224 [M�HACHTUNGTRENNUNG(+2HCl)] , 413 [2M�H ACHTUNGTRENNUNG(+3HCl)] , 602
[3M�H ACHTUNGTRENNUNG(+4HCl)] . Accurate mass positive ion FAB cacld for
12C9H12D2NO 154.12009, found m/z 154.12002.

4-Fluorophenylethylamine HCl salt : 1H NMR (CD3OD): d= 7.29 (m,
2 H) 7.07 (m, 2 H), 2.94 (s, 2 H) 3.14 (t, 5 % H-C-D); MS: found
m/z 212 [M�HACHTUNGTRENNUNG(+2HCl)] , 389 [2M�H ACHTUNGTRENNUNG(+3HCl)] , 566 [3M�H ACHTUNGTRENNUNG(+4HCl)] .
Accurate mass positive ion FAB cacld for 12C8H9D2FN 142.10011,
found m/z 142.10014.

4-Chlorophenylethylamine HCl salt : 1H NMR (CD3OD): d= 7.35 (d,
2H), 7.28 (d, 2 H), 2.95 (s, 2H), 3.16 (t, 5 % H-C-D); MS: found m/z
228 [M�H ACHTUNGTRENNUNG(+2HCl)] , 421 [2M�H ACHTUNGTRENNUNG(+3HCl)] , 614 [3M�HACHTUNGTRENNUNG(+4HCl]. Accu-
rate mass positive ion FAB cacld for 12C8H9D2ClN 158.07056, found
m/z 158.07052.

4-Bromophenylethylamine HCl salt : 1H NMR (CD3OD): d= 7.50 (d,
2H), 7.22 (d, 2H), 2.93 (s, 2H), 3.15 (10 % H-C-D, t) ; MS: found m/z
185 [M�NH2]. Accurate mass positive ion FAB cacld for
12C8H9D2BrN 202.02004, found m/z 202.02001.

4-Nitrophenylethylamine HCl salt : 1H NMR (CD3OD): d= 8.22 (d,
2H), 7.55 (d, 2 H), 3.11 (s, 2H), 3.21 (2 % H-C-D, t); MS: found m/z
239 [M�HACHTUNGTRENNUNG(+2HCl)] , 443 [2M�HACHTUNGTRENNUNG(+3HCl)] . Accurate mass positive
ion FAB cacld for 12C8H9D2N2O2 169.09461, found m/z 9.09457.

4-Hydroxyphenylethylamine HCl salt : 1H NMR (CD3OD): d= 7.08
(d, 2H),6.77 (d, 2H),2.84 (s, 2H), 3.09 (12 % H-C-D, t) ; MS: 174 [M�H-ACHTUNGTRENNUNG(+HCl)] , 385 [2M�HACHTUNGTRENNUNG(+3HCl)] . Accurate mass positive ion FAB cacld
for 12C8H10D2NO 140.10444, found m/z 140.10440. In all cases, M is
the mass of the free amine.

Purification of enzyme : AADH was isolated from Alcaligenes faeca-
lis IFO 14479[24] and purified as described previously.[7] Prior to use
in kinetic studies, AADH was reoxidized with potassium ferricya-
nide and exchanged into the required buffer (10 mm bis-tris pro-
pane, pH 7.5) by gel exclusion chromatography. Enzyme concen-ACHTUNGTRENNUNGtration was determined using an extinction coefficient of
27 600 m

�1 cm�1 at 433 nm.[6]

Stopped-flow kinetic studies of the reductive half-reaction :
Rapid kinetic studies were performed by using an Applied Photo-
physics SX.18MV stopped-flow spectrophotometer (Leatherhead,
UK). Oxidized AADH (reaction cell concentration 1 mm) in bis-tris
propane buffer (10 mm, pH 7.5), was rapidly mixed with various
concentrations of substrate (see Results), at 25 8C. Reduction of the
TTQ cofactor was followed at 456 nm. Data were analyzed by non-
linear least squares regression analysis on an Acorn RISC PC using
Spectrakinetics software (Applied Photophysics). For each substrate
concentration, at least three replica measurements were collected

and averaged, each containing 1000 data points. Under pseudo-
first-order conditions, absorbance changes accompanying enzyme
reduction were monophasic or biphasic in nature (k1,>85 % of the
total amplitude change) and were analyzed by fitting to the stan-
dard single or double exponential expression, respectively. Where
appropriate, the concentration dependence of kobs was analyzed
by fitting to the standard hyperbolic expression[25] to obtain values
for the apparent dissociation constant for the enzyme-substrate
complex, Kd, and the limiting rate, klim, of TTQ reduction. In temper-
ature dependence studies, enzyme was equilibrated in theACHTUNGTRENNUNGstopped-flow apparatus at the appropriate temperature prior to
the acquisition of kinetic data. Temperature control was achieved
using a thermostatic circulating water bath, and the temperature
was monitored directly in the stopped-flow apparatus using a semi-
conductor sensor. Control studies of the concentration depend-
ence of bond cleavage at 4 8C and 40 8C, for all p-substituted phe-
nylethylamines, indicated that the Kd was not substantially per-
turbed on changing temperature. Thermodynamic parameters
were obtained by fitting data to the Eyring equation.

Crystallography : AADH crystals were obtained as described
before.[8] Crystals were soaked in mother liquor supplemented with
phenylethylamine or p-methoxyphenylethylamine (50 mm) and
flash-cooled in liquid nitrogen immediately following complete re-
duction of the TTQ. Data were collected at ID14 beamlines at the
European Synchrotron Radiation Facility (ESRF), Grenoble, France.
Structures were refined using refmac5[26] with final refinementACHTUNGTRENNUNGstatistics Table S2.

Computational methods : The bond dissociation energy was esti-
mated from the difference in the heat of formation of the energy-
minimized protonated and deprotonated iminoquinone species
calculated using Parametric method 3 (PM3)[27] in the gas phase
(Figure S4). Calculations were made using either Gaussian 03[28] or
Arguslab 4.01.[29]

Abbreviations : AADH, aromatic amine dehydrogenase; BDE, bond
dissociation energy; BisTris, bis(2-hydroxyethyl)iminotris(hydroxy-
methyl)methane; ET, electron transfer; KIE, kinetic isotope effect;
TTQ, tryptophan tryptophylquinone; CH2Cl2, dichloromethane;
NaBD4, sodium borodeuteride; Na2SO4, anhydrous sodium sulfate;
TFA, trifluoroacetic acid; THF, tetrahydrofuran.
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