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SUMMARY 

In addition to ethanolamine and propanolamine it was found that 2-ethoxy- 
ethylamine is a substrate for the corrin-dependent enzyme ethanolamine-ammonia 
lyase. The enzyme has the same V for 2-ethoxyethylamine as ethanolamine, but tile 
Km for this substrate is 4.3" IO-a M. Acetaldehyde and ethylamine were isolated and 
characterized as reaction products from 2-ethoxyethylamine. When deuterium and 
tritium replaced hydrogens at the amino carbon of 2-ethoxyethylamine a primary 
isotope effect was observed for hydrogen transfer with ki-i/kzH = 2.2 and kH/le3n -= 4.0. 
Tritium was shown to be transferred from the amino carbon of 2-ethoxyethylamine 
into the 5'-methylene group of 5,6-dimethylbenzimidazole Ba2 coenzyme (DMBC) 
during catalysis. The extent of tritium incorporation into DMBC was shown to be 
dependent on the ratio of ethanolamine-ammonia lyase holoenzyme to tritiated 2- 
ethoxyethylamine. Also, tritium was shown to be incorporated into the 5'-methylene 
group of DMBC from ethanolamine labelled with tritium in tile amino carbon, but 
this exchange was shown to be non-specific. 

When DMBC was photolysed under anaerobic conditions in the presence of 
2-ethoxyethylamine, labelled with tritium in the amino carbon, then the methylene 
radical generated by photolysis specifically abstracts tritium from the amino carbon 
of this substrate. The nucleoside product was identified as 5'-deoxyadenosine. When 
similar photolysis experiments with DMBC were carried out in ethanolamine, tritiated 
in the amino carbon, non-specific abstraction of both hydrogen and tritium from 
both carbons was observed. Acetaldehyde was isolated and characterized as a product 
from both 2-ethoxyethylamine and ethanolamine in these photolysis experiments. 
The quanti ty of acetaldehyde formed is directly proportional to the quantity of 
nucleoside formed by the photolysis of DMBC. These data are consistent with those 
obtained from enzymatic studies indicating that substrate-dependeut homolysis of 
the Co--(; a bond occurs as a prerequi_~ite for hydrogen transfer in ethanolamine- 
ammonia lyase. 

Abbreviation: DMBC, 5,6-dimethylbenzimidazole B12 coenzyme. 
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I N T R O D U C T I O N  

The conversion of ethanolamine to acetaldehyde and ammonia by the corrin- 
dependent enzyme ethanolamine-ammonia lyase has been shown to involve intra- 
moleculal hydrogen transfer of one of the hydrogen atoms from the carbon atom 
bearing the hydroxyl group via the 5'-methylene group of 5,6-dimethylbenzimidazole 
B12 coenzyme (DMBC) to the adjacent carbon atom with inversion of configuration 
(ref. I and Arigoni, D., personal communication). Concomitant with transfer of 
hydrogen is migration of the amino group to facilitate deamination to yield acetal- 
dehyde as the product 2. Babior et al. ~-5 demonstrated that  a low spin Co II E P R  
signal and a carbon radical E P R  signal appeared upon the addition of ethanolamine 
to ethanolamine-ammonia lyase. Law et al. 6 demonstrated substrate-dependent 
homolysis of the Co-C bond by using a spin-labelled cobinamide coenzyme in place 
of DMBC. 5'-Deoxyadenosine was isolated by Carty et al. 7 as the nucleoside inter- 
mediate in this reaction. Based on these experiments a mechanism has been proposed 
for intramolecular transfer of hydrogen via a 5'-methylene radical of DMBC which 
is generated by substrate-dependent homnlysis of the Co-C a bond ~-7. When deu- 
terium or tritium replace the hydrogen o11 the carbon atom bearing the hydroxyl 
group in ethanolamine, then a primary isotope effect is observed for the transfer of 
hydrogen via the 5'-methylene group of DMBC s. Furthermore, when the carbon 
atom bearing the hydroxyl group in ethanolamine is labelled with 14C then the 
acetaldehyde formed was shown to be labelled in the aldehyde carbon 2. These last 
two experiments confirm that the transfer of the amino group is preferred to transfer 
of the hydroxyl group in this deamination reaction. 

In this communication we show that  for the modified substrate 2-ethoxy- 
ethylamine, labelled with tritium in the amino carbon, intramolecular transfer of 
hydrogen occurs via the 5'-methylene group of DMBC. Furthermore, for the substrate 
ethanolamine, labelled with tritium in the amino carbon, exchange with the 5'- 
methylene group of DMBC similarly occurs. These experiments together with photo- 
lysis experiments with DMBC confirm that  the 5'-methylene radical is involved in 
hydrogen abstraction to generate a substrate radical which can rearrange to accept 
hydrogen from the 5'-methyl group of 5'-deoxyadenosine generated in the enzyme. 

M A T E R I A L S  

Homogeneous ethanolamine-ammonia lyase apoenzyme was a generous gift 
from Dr B. M. Babior. DMBC was synthesized by the method described by Law et al. 6. 

Deuterated lithium aluminum hydride (LiAI~H4) was purchased from Alpha Inor- 
ganic Company. 2-Ethoxyethylamine was purchased from Aldrich Chemical Compa- 
ny. Terra Marine Bioresearch supplied the 5'-deoxyadesine. Tritiated lithium alu- 
minum hydride (LiA13Ha) I00 Ci/mole was obtained from New England Nuclear. 
2-Amino-~2-3H21ethanol (320 Ci/mole) was obtained from Amersham-Searle. All the 
above chemicals were used without further purification. 

M E T H O D S  

E n z y m e  assays  

Ethanolamine-ammonia lyase enzyme activity towards 2-ethoxyethylamine 
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was determined by coupling the formation of acetaldehyde to yeast alcohol dehydro- 
genase. Km and V values were determined for 2-ethoxyethylamine bv varying the 
concentration of this substrate in an assay mixture containing o.I #mole NADH, 
5 units of yeast alcohol dehydrogenase and 3.o/~g of ethanolamine-ammonia lyase 
apoenzyme in I.o nfl of o.o5 M phosphate (K +) buffer, pH 7-4. Reactions were started 
by adding I.O nmole of DMBC. The concentration of deuterated 2-ethoxyethylanfine 
was deternfined by the ninhydrin method described by GornalP. The concentration 
of tr i t iated 2-ethoxyethylamine was determined by its specific activity. 

Isolation and characterization of enzymatic reaction products from 2-ethoxyethylamine 
Acetaldehyde was characterized as its dimedone adduct and as its 2,4-dinitro- 

phenylhydrazone. Ethylamine was characterized as its phenylthiourate derivatives. 
The dimedone adduct was prepared according to the method described by 

Abeles et al. ~°. I t  was crystallized from ethanol water and had a melting point of 
136 14o °C (literature value, I39 °CP °. The 2,4-dinitrophenylhydrazone of the 
enzymatic reaction products from tritiated 2-ethoxyethylamine was characterized 
by comparing the RE values with that  from acetaldehyde in n-butanol ethanol-water 
(7 :I : 2, by vol.), tert-amyl alcohoNammonium hydroxide-ethanol-water  (5:3 :I :I, by 
vol.) and chloroform. Eastman 6060 silica gel thin-layer chromatographic plates were 
used. The tri t ium present in the hydrazone was determined by scintillation counting. 
The results of this experiment are presented in Table I. 

TABLE I 

CHROMATOGRAPHY OF THE 2,4-DINITROPHENYLHYDRAZONE FORMED FROM 2-ETHOXYETHYLAMINE 

Solvent I, n-butanol-ethanol H20 (7:1:2, by vol.); Solvent 2, t-amyl alcohol NH4OH-ethanol- 
H20 (5:3:~:I, by vol.); Solvent 3, chloroform. 

Solvent RF values Radioactivity 
(dpm) 

Standard acetaldehyde Reaction product from 
2,4-dinitrophenylhydrazone 2-elhoxyethylamine 

t 0 . 68  0 . 6 8  19o o o o  

2 o . 7 I  0 . 7 0  250  000  
3 0.64 0.63 13o ooo 

The phenylthiourate derivatives of enzymatic reaction products were prepared 
as described by Sehriner et al. n. After recrystallizing from 95 % ethanol, the deriva- 
tive had a melting point at lO5 °C (authentic phenylthiourate derivative of ethyl- 
amine melts at lO6 °C). This phenylthiourate derivative was characterized further 
by its NMR spectrum in [2Hlchloroform. The spectrum of the phenylthiourate 
product was compared to the phenylthiourate derivative of the substrate 2-ethoxy- 
ethylamine (Fig. I). Integration of the triplet at 1.o8 ~ and the aromatic protons at 
7.2 ~ gives a ratio of 3 to 5. This NMR spectrum is consistent with that  of the phenyl- 
thiourate derivative of ethylamine where the methyl  group (triplet) has 3 protons 
and the aromatic ring has 5 protons. 

The synthesis of deuterated 2-ethoxyethylamine 
2-Ethoxyethylamine deuterated in the amino carbon was prepared by the 
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Fig. I. H NMR spectrum in E~H~chloroform of the phenylthiourate derivative isolated from the 
enzymatic conversion of 2-ethoxyethylamine by ethanolamine-ammonia lyase. Inset is the H 
NMR spectrum of the 2-ethoxyethylamine thiourate derivative. 

reduction of ethoxyacetamide with LiA12H4 in anhydrous diethyl ether. Diethyl 
ether was dried by  distillation over LiA1H 4. 2 g (o.o193 mole) of ethoxyacetamide was 
dissolved in 2oo ml of dry diethyl ether and added carefully to 1.65 g of LiA12H~ in 
15o ml of diethyl ether. This mixture was refluxed for 36 h. The residual LiAI~H4 was 
removed by dropwise addition of water at 4 °C, and after the reaction mixture 
stopped gassing, io.o ml of 2o% (w/v) potassium tar trate  was added. After filtration, 
the filtrate was drained over anhydrous sodium sulfate and the diethyl ether was 
removed by vacuum distillation. The reaction product was purified by fractional 
distillation at IO4-IO 7 °C. Yield 44%. 

The phenylthiourate derivative of deuterated ethoxyethylamine was prepared, 
and this derivative gave the following elemental analysis. Theoretical: C, 58.40; 
H, 6.19; N, 12.39; S, 14.15°/o . Found: C, 57.70; H, 6.12; N, 12.27; S, 14.6O°/o . The 
structure of the deuterated 2-ethoxyethylamine was confirmed by  NMR (Fig. 2). 
When ethoxyacetamide is reduced with LiA1H 4 and 2-ethoxyethylamine is isolated, 
then a triplet is present at d = 2.88 (Fig. 2b). Furthermore, the simple quartet  of 
ethoxyacetamide at d = 3-5 (Fig. 2a) gives a very complex splitting pat tern in 2- 
ethoxyethylamine (Fig. 2b). When ethoxyacetamide is reduced with LiA12H4, the 
triplet at d = 2.85 is lost (Fig. 2c), and the signal at ~ = 3.56 is resolved into an 
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Fig. 2. H NMR spectra of (a) ethoxyacetamide, (b) 2-ethoxyethylamine, and (c) 2-ethoxv- 
[I-2H2]ethylamine in [~H]chloroform. 

over lapp ing  qua r t e t  and  a singlet.  This proves t ha t  the  signal  a t  6 - -  2.88 is due to  
the  pro tons  on the amino carbon,  and  t ha t  the  signal a t  6 = 3.55 is due to the  
pro tons  on the  carbon  bear ing  the e thoxy  group toge ther  wi th  methy lene  pro tons  of 
the  e thoxy  group  itself. The singlet  a t  6 ---- 3.47 is due to the  me thy lene  pro tons  of 
the  carbon bear ing  the e thoxy  group,  and  the qua r t e t  a t  6 = 3.55 is due to the  
me thy lene  group of the  e thoxy  group i tself  spl i t  b y  the  pro tons  of  the  ad jacen t  m e t h y l  
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group. The signal at ~ = 2.18 represents the protons on the amino group and is found 
in both 2-ethoxyethylamine and deuterated 2-ethoxyethylamine (Figs 2b and 2c). 

The synthesis of tritiated 2-ethoxyethylamine 
2-Ethoxyethylamine (tritiated in the amino carbon) was prepared by the 

reduction of ethoxyacetamide with LiAI~H4 using an identical procedure to that  
described for the synthesis of deuterated 2-ethoxyethylamine. The tri t iated product 
was checked for puri ty by chromatography in n-butanol-acetic acid-water (4:I :5, 
by  vol.) on Eas tman 6064 cellulose thin-layer chromatographic plates. Tritiated 2- 
ethoxyethylamine and control 2-ethoxyethylamine were detected by  spraying with 
ninhydrin (RF = 0.59). For this synthesis the specific activity was determined as 
5 ° Ci/M, and the yield from the synthesis was 630/0 . o.12 g of ethoxyacetamide was 
reduced with 38 mg of LiAPH 4 (IOO Ci/M) to obtain the above yield and specific 
activity. 

Tritium transfer to DMBC 
Trit ium incorporation into DMBC for both ethanolamine (tritiated in the 

amino carbon) and 2-ethoxyethylamine (tritiated in the amino carbon) was studied 
at different ethanolamine-ammonia lyase to substrate ratios. Since ethanolamine- 
ammonia lyase has two active sites, the ratio of active sites to substrate was con- 
sidered at all times. In the case of tritiated ethanolamine, different concentrations of 
substrate were added to 0.8 mg of ethanolamine-ammonia lyase apoenzyme and 
I.O mg of DMBC in 0.3 ml 0.05 M phosphate (K ÷) buffer at pH 7.4. Different concen- 
trations of tritiated 2-ethoxyethylamine were added to 1.6 mg of apoenzyme and 
I.O mg DMBC in 0.3 ml 0.05 M phosphate (K +) buffer pH 7.4- Such reaction mixtures 
were incubated at 4 °C in the dark for I h. Then the DMBC was reisolated from 20 pl 
of reaction mixture together with residual substrate, and these two compounds were 
separated by  paper electrophoresis in 0.025 M sodium acetate buffer at pH 4.1 at a 
potential of 350 V for 2 h. Under these conditions DMBC migrates approximately 
I.O cm, whereas unreacted substrate migrates approximately 11. 5 cm towards the 
anode. DMBC was located by its red color, and substrate was detected by spraying 
with ninhydrin. DMBC spots were eluted from the paper with distilled water into 
scintillation vials and tri t ium incorporation into DMBC was determined by scintil- 
lation counting in a Beckman LS-I33 scintillation spectrometer using the toluene and 
ethanol scintillation fluid described by Ziegler et al. 12 and the procedure modified by 
Drysdale 1~. 

RE SU L T S 

2-Ethoxyethylamine as a substrate for ethanolamine-ammonia lyase 
Lineweaver-Burk plots for the substrates ethanolamine and 2-ethoxyethyl- 

amine are compared in Fig. 3 .2-Ethoxyethylamine has the same V as ethanolamine 
but  a much larger Km (4.3" lO-3 M) compared to the Km for ethanolamine (2.9" lO -5 
M) 14. I t  is expected that  the replacement of the hydroxyl substituent with an ethoxy 
substituent should weaken substrate binding to the enzyme. Furthermore, significant 
substrate inhibition is observed with 2-ethoxyethylamine at substrate concentrations 
greater than 8.0/,moles.  A similar V value for both ethanolamine and 2-ethoxy- 
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Fig. 3. L ineweaver -Burk  plots of e thanolamine ammonia- lyase us 'ng (a) 2-e thoxyethylamine 
(O--O) ,  and (b) e thanolamine (/~ '-Zk) as substrate ,  respectively. For assaying mixtures,  see 
text .  The reactions were s tar ted by adding i.o nmole of DMBC. The rates of the reactions were 
observed by  measuring absorbance at 34 ° nm with respect to time. 

Fig. 4. Lineweaver Burk plots of e thanolamine-ammonia  lyase using (a) 2-ethanolamine (O ()), 
and (b) 2-ethoxy-[I-2H~]ethylamine ((]D--(~) as substrates ,  respectively. Assay mixtures  and con- 
ditions are the same as those described in Fig. 3- 

ethylamine indicates the possibility of the formation of a similar enzyme-substrate 
complex with each substrate. 

I sot@e effects 
A deuterium isotope effect was determined spectrophotometrically by com- 

paring the activity of ethanolamine-ammonia lyase for 2-ethoxyethylamine and 2- 
ethoxyethylamine (deuterated in the amino carbon) (Fig. 4)- For each substrate a 
different V was observed and an isotope effect of k u / k 2 n  - -  2.2 was determined. 
With 2-ethoxyethylamine (tritiated in the amino carbon) a tritium isotope effect was 
determined by measuring the %H and °/oaH transfer by the enzyme with time. The 
o/ /oH transferred was determined spectrophotometrically, and the %all transferred 
was determined by using the relationship: 

2(P3H - 0.5 P~i) 
$ 3  H = [ . . . . . . . .  

I O O  

where P3~I and PH are percentages of aH and H transferred s. Sail refers to that 
amount of the 2-ethoxyethylamine (tritiated in the amino carbon) for which tritium 
is transferred instead of hydrogen, and represents the fraction of molecules which are 
unchanged at the end of the reaction. From these data the isotope effect for tritium 
can be calculated from the fornmla: 

~, In $ 3  H = In S H 0. 



M E C H A N I S M  OF E T H A N O L A M I N E - A M M O N I A  L Y A S E  389 

T A B L E  I I  

TRITIUM ISOTOPE EFFECT IN THE REACTION OF ETHANOLAMINE DEAMINASE USING 2-ETHOXY- 
~I-3H21ETHYLAMINE AS SUBSTRATE 

R e a c t i o n  m i x t u r e s  c o n t a i n e d  i o / z m o l e s  o f  2 - e t h o x y e t h y l a m i n e ,  38 n m o l e s  o f  2 - e t h o x y e t h y l a m i n e  
( t r i t i a t e d  in  t h e  a m i n o  c a r b o n ,  spec i f i c  a c t i v i t y  5 ° C i /mo le ) ,  o . I  }~mole o f  N A D H ,  5 .0  u n i t s  o f  
a l c o h o l  d e h y d r o g e n a s e ,  8. 3 n m o l e s  o f  D M B C ,  12 }lg o f  e t h a n o l a m i n e - a m m o n i a  l y a s e ,  a n d  5 ° 
f , m o l e s  o f  p o t a s s i u m  p h o s p h a t e  b u f f e r  ( p H  7.4) in  a t o t a l  v o l u m e  o f  1.o 5 ml .  R e a c t i o n s  w e r e  r u n  
a t  r o o m  t e m p e r a t u r e  in  t h e  d a r k  a n d  w e r e  s t o p p e d  b y  p h o t o l y s i s  f o r  3 ° s w i t h  a p r o j e c t o r  (35 ° \~: 
b u l b )  u n d e r  a e r o b i c  c o n d i t i o n s .  

Incubation lime Hydrogen Transferred 
(rain) 

%H %~H 

3 6"9 4 .4  
5 11.5 7 .6  
7 14. 4 8 .98  

IO* 21.  9 i 3 . 8  
2o** 11. 5 4 .6  

Tritium isotope effect 

3.9  
3.3 
4 .0  
4-3 
5 .0  

* 16.6  n m o l e s  o f  D M B C  a d d e d  t o  t h e  r e a c t i o n  m i x t u r e .  
** R e a c t i o n  m i x t u r e  i n c u b a t e d  a t  4 °C. 

where SH is the amount of protonated substrate remaining when the reaction is 
stopped, and )~ is the kinetic isotope effect Is. The results of these experiments are 
shown in Table II. From these data the average kH/k3H = 4.0. This isotope effect 
is independent of the concentration of DMBC added to reaction mixtures, but de- 
pendent on the temperature of incubation. At 4 °C kH/k3H increases to 5.0 which is 
indicative of a primary isotope effect for tritium. The theoretical tritium isotope 
effect was determined as kH/k3n = 3.5 by applying the Swain relationship TM. 

I £ 3 H / K t I  - -  I . I I  ( K 2 t t / K t t )  

Tritium incorporation into DMBC 
Tritium incorporation into DMBC was measured at various ethanolamine- 

ammonia lyase to substrate ratios using both 2-ethoxyethylamine (tritiated in the 
amino carbon) and ethanolamine (tritiated in the amino carbon). For both substrates 
there is an increase in the quanti ty of tritium incorporated into DMBC with an 
increase in the substrate to enzyme ratio (Fig. 5)- Incorporation of tritium is inde- 
pendent of the substrate to DMBC ratio (Fig. 5b). 

For tritium incorporation, both tritiated substrates exhibit saturation effects 
with DMBC bound to ethanolamine-ammonia lyase. For tritiated ethanolamine 
(spec. act. -- 320 Ci/mole), saturation occurs at 2.75" lO 6 dpm ; for tritiated 2-ethoxy- 
ethylamine (spec. act. = 50 Ci/mole), saturation occurs at 6.6"1o 5 dpm. Since two 
molecules of DMBC are bound to each molecule of apoenzyme 17, then if tritium 
incorporation is dependent on the amount of DMBC bound, the maximum theoretical 
incorporation of tritium is 4 per molecule of apoenzyme or 2 per active site. From the 
amount of apoenzyme used in each tritium incorporation experiment (1.54 nmoles 
in tritiated ethanolamine experiments and 3.1 nmoles in the tritiated ethoxyethyl- 
amine experiments), the maximum theoretical incorporation can be calculated. For 
tritiated ethanolamine, this value would be 2.5" lO 6 dpm; and for tritiated 2-ethoxy- 
ethylamine this would be 6.2.1o 5 dpm. These theoretical values are close to the 
experimental results indicating and confirming that 2 DMBC molecules bind to 
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Fig. 5. (a) I nco rpo ra t i on  of t r i t i u m  in to  DMBC from 2-amino-E2-aH2]ethanol a t  different  sub- 
s t r a t e  to ac t ive  si te rat ios.  The i ncuba t ion  m i x t u r e s  con ta ined  0.8 mg apoenzyme,  I mg  DMBC 
and  var ious  a m o u n t  of t r i t i a t e d  e t h a n o l a m i n e  in  0. 3 ml  of p h o s p h a t e  (K +) buffer, p H  7-4. The 
m i x t u r e s  were i n c u b a t e d  for i h in the  d a r k  a t  4 °C. DMBC was  i so la ted  by  e lect rophores is  (see 
text ) .  (b) I n c o r p o r a t i o n  of t r i t i u m  in to  DMBC from 2-e thoxy- [ i -3H2]e thy lamine  a t  different  sub- 
s t r a t e  to ac t ive  si te rat ios.  1.6 mg of a p o e n z y m e  was used in the  reac t ion  mix tures .  (O) ind ica tes  
2 mg of DMBC was in reac t ion  m i x t u r e s  and  (O) ind ica tes  i mg of DMBC in reac t ion  mix tures .  

ethanolamine-ammonia lyase apoenzyme and that  both DMBC molecules function 
independently in catalysis. 

The position of tr i t ium incorporation into DMBC from 2-ethoxyethylamine 
was confirmed by photolysis and separation of the photolysed products on a Sephadex 
G-25 gel filtration column. The reaction mixture set up for the transfer of tr i t ium 
into DMBC (Methods) from 2-ethoxyethylamine (tritiated in the amino carbon) was 
taken and 0.2 ml was lyophilized to remove low-boiling components. The resulting 
powder was dissolved in 0.02 ml of 0.05 M phosphate (K +) buffer pH 7.4 and applied 
to a Sephadex G-25 column (I cm × 40 cm). Components in the reaction products 
were separated in the dark on this column which operated with a flow rate of 0.5 ml/ 
min; and o.3-ml fractions were collected. Each fraction was diluted with 0.5 1111 of 
0.05 M phosphate (K +) buffer, pH 7-4- Protein was determined by  the method of 
Lowry et al. 18. DMBC concentration was determined at 500 nm, and tri t ium incorpo- 
ration was determined by  the scintillation counting procedure, outlined in Methods. 
Fig. 6 shows that  the majori ty of tri t ium incorporation is associated with the DMBC 
profile and not with the protein profile. Toraya et al. 19 reported the dissociation of 
DMBC from the holoenzyme dioldehydrase in the absence of K +. But in this case, 
the dissociation of the DMBC from the ethanolamine-ammonia lyase holoenzyme is 
due to the denaturation of the protein as indicated by  the loss of activity after 
lyophilization. 

When an identical column was run with the reaction mixture after aerobic 
photolysis, then the tr i t ium incorporated did not coincide with the corrinoid elution 
profile, but the radioactivity profile did appear in the same fractions as an adenosine 
(C-8 tritiated) marker  2°. Since the aerobic photolysis product of DMBC is adenosine- 
5'-aldehyde 21, then these data show that  the tr i t ium is incorporated into the nucleo- 
side moiety. I t  can be demonstrated that  the tr i t ium is incorporated into the 5'- 
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Fig. 6. Elution profile for reaction products from Sephadex G-25. Protein concentrations were 
determined by the method of Lowry et a l .  1~ before photolysis ([~--K]) and after photolysis 
( I - - I ) .  B12 concentrations were measured by absorbance at 5o0 nm before photolysis ( × - -  × ) 
and after photolysis ((])--(])). Tritium incorporation was measured before photolysis (O---C;) 
and after photolysis (0--0) .  Lowel elution profile are those of the standards aquocobalamin and 
adenosine (tritiated at C-8). 

methylene carbon of the adenosyl moie ty  by  permanganate  oxidation of  the adeno- 
sine-5'-aldehyde to adenosine-5'-carboxylic acid ~e. When  this oxidation was carried 
out with the adenosine-5'-aldehyde isolated from the t r i t ium incorporation experi- 
ments,  and tile solvent was removed by  lyophilization, it was determined tha t  only 
3.5 ± o.2% of the original radioact iv i ty  associated with DMBC remained with the 
residue. This experiment demonstrates  tha t  t r i t ium is incorporated into tb.e 5'- 
methylene carbon of  the adenosyl moiety.  When  C-2 tr i t iated ethanolamine was used 
as an alternative to t r i t ia ted 2-ethoxyethylanfine,  identical elution profiles were 
observed. 

In  the case of 2-ethoxyethylamine,  if the transfer of hydrogen from the sub- 
strate to the 5 ' -methylene group of DMBC is from the amino carbon directly then 
it would be expected tha t  33.3% of the t r i t ium should be incorporated into DMBC 
when the substrate to active site ratio is i :i. After  homolyt ic  cleavage of the Co-C 
bond then the abstract ion of one t r i t ium from the amino carbon of tr i t iated 2- 
e thoxyethylamine  by the 5 ' -methylene radical generated by  homolysis will give a 
methy l  group at the 5 ' -methylene of  5 ' -deoxyadenosine which contains one tritium. 
Therefore, only-half  of  the t r i t ium from substrate is transferred to form 5'-deoxy- 
adenosine, and only one-third of  the t r i t ium in the 5 ' -methyl  group could be trans- 
ferred back to the product  theoretically. Experimental ly ,  at the substrate to active 
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site ratio of I :I, 26.5 4- 3.5% incorporation of tritium was observed. A value lower 
than the theoretical 33.3% was obtained, and this could be due to the fact that at 
certain active sites, the catalytic cycle occurred more than once. In such a case, the 
probability for the tritium incorporated into the 5'-deoxyadenosine being transferred 
back to the product is higher. This tritium incorporation cannot be due to exchange 
from the methyl group of the reaction product acetaldehyde6, ~, since only one-third 
of the tritium on the acetaldehyde methyl group could be transferred to DMBC when 
the ratio of acetaldehyde to active sites is I : I .  In this case, a maximum of 22 2% 
tritium could be incorporated into DMBC theoretically. 

When 2-amino-E2-aH2jethanol was used as a substrate then tritium is incorpo- 
rated into the 5'-methylene carbon of the adenosyl moiety of DMBC. This experi- 
mental result is not in accordance with that previously obtained by Babior s which 
shows that tritium exchange with DMBC involves tritium at the carbon atom bearing 
the hydroxyl group. This incorporation can be explained either on the basis of 
exchange of tritium from the product acetaldehyde6, 7 or on the basis of a lack of 
specificity for hydrogen abstraction by the 5'-methylene radical generated by the 
addition of ethanolamine to ethanolamine-ammonia lyase holoenzyme. At the I : I  
substrate to active site ratio, the amount of tritium incorporated into DMBC never 
exceeded iO°/o . Together with the consideration that abstraction of hydrogen is more 
kinetically favorable than the abstraction of tritium, this low value of tritium 
incorporation into DMBC at a I : I  substrate to active site ratio eliminates the 
possibility of direct transfer of tritium from the amino carbon of ethanolamine to 
DMBC. 

Photolysis experiments 
When DMBC is photolysed under anaerobic conditions then the 5'-methylene 

radical generated by homolysis of the Co-C bond reacts with C-8 of adenosine to 
give 8,5'-cyclic adenosine 21. When this same reaction is conducted in the presence of 
oxygen, then the 5'-methylene radical reacts with oxygen to give adenosine 5'- 
aldehyde 21. The following experiments were designed to test whether the 5'-methylene 
radical generated by photolysis under anaerobic conditions was long lived enough 
to react with substrate molecules ethanolamine and 2-ethoxyethylamine, respectively, 
by similar mechanisms to those observed with ethanolamine-ammonia lyase. 

2-Ethoxyethylamine (tritiated in the amino carbon) was dissolved to a concen- 
tration of lO -2 M in I.O ml of 0.05 M phosphate (K +) buffer, pH 7.4- To this solution 
0.2 ml of a solution of IO mg/ml DMBC was added with mixing, and the solution was 
divided into two equal o.6-ml aliquots. One aliquot was photolysed under strictly 
anaerobic conditions and the second sample was photolysed in the presence of oxygen. 
Photolysis was conducted for i 11 with a 2oo-W tungsten filament source placed 20 em 
from each sample. After this time Io/~1 of each sample was spotted on 6 cm × 30 cm 
Whatman No. I paper for eleetrophoresis in 0.05 M phosphate buffer at pH 7.o for 
r h at a potential of 350 V. Electrophoresis in this system separated unreacted 2- 
ethoxyethylamine from the nucleoside and aquocobalamin. The aquocobalamin and 
nucleoside were eluted from the paper and counted for tritium incorporation. An 
identical experiment with ethanolamine (tritiated in the amino carbon) was con- 
ducted also, and the results for these experiments are presented in Table I II .  

From the concentration of DMBC used in the above reactions if we assumed 



MECHANISM OF ETHANOLAMINE-AMMONIA LYASE 393 

TABLE II[ 

TRITIUM INCORPORATION INTO THE NUCLEOSIDE FORMED BY THE ANAEROBIC PHOTOLYSIS OF 

D M B C  IN THE PRESENCE OF SUBSTRATES 

Substrates tritiated Total tritium incorporated into the nucleoside (dpm) B-A  (dpm) 
in the amino carbon 

(A) Aerobic photolysis (B) Anaerobic photolysis 

Ethanolamine 6.04" lO 6 8.9 " 106 2.8' 106 
2-Ethoxyethylamine 9.7 " lO7 1-27' lO8 3 .0. lO7 

that the 5'-methylene radical generated by homolysis will abstract hydrogen from 
each respective substrate, then the theoretical tritium incorporation into the nueleo- 
side can be calculated. For 2-ethoxyethylamine (tritiated in the amino carbon) 
theoretically 2.8.1o 7 dpm would be incorporated if tritium is selectively removed 
from the amino carbon. Experimentally it was shown that 3.o" lO 7 dpm was incorpo- 
rated into the nucleoside from tritiated 2-ethoxyethylamine (Table III) .  For ethanol- 
amine (tritiated in the amino carbon) the theoretical incorporation was calculated 
as 1.13" lO 7 dpm, and experimentally 24.8% of this value was found (i.e. 2.8. lO 6 dpm). 

The identity of the nucleoside was determined by thin-layer chromatography. 
The nucleoside was separated from the corrinoid and unreacted tritiated substrate 
by passing the lyophilized reaction mixture down a 3 cm × 2o cm Sephadex G-Io 
colunm. Unreacted substrate formed a tight complex with aquoeobalamm as indi- 
cated by the association of the major radioactivity peak with the corrinoid peak. 
The nueleoside was located by measuring absorbance at 26o nm. Fractions con- 
taining the nucleoside were pooled and lyophilized. The residue was redissolved in 
95% ethanol and spotted on Eastman 6o64 cellulose chromatogram sheets together 

TABLE IV 

IDENTIFICATION OF THE NUCLEOSIDE FORMED FROM THE ANAEROBIC PHOTOLYSIS OF D M B C  IN TIIE 

PRESENCE OF SUBSTRATEN 

Solvent I, n-butanol-acetic acid-H20 (4:1:5, by vol., upper layer); Solvent 2, n-butanol-H20 
(43:7, by vol.); Solvent 3, 9o% ethanol I M NH 4 C1 (I4:6, by vol.). 

Solvent RF Radioactivity incorporated into the nucleoside 

2-A rnino-[2-3H2]ethanol 2-Ethoxy-[I-3H2]ethylamine 

dpm % Recovery dpm % Recover), 

I 0 . 6 9  92 320  9 3 . 8  28 o 5 o  8 8 . 9  
2 o . 5 6  156 6 8 o  9 3 . o  37 36o  63 .2  

3 o .71  lO 4 93 ° 90 .  4 I I  75 ° 9 2 . 9  

with a standard solution of 5'-deoxyadenosine. Chromatograms were developed in 
solvents described by Babior 23. Spots corresponding to 5'-deoxyadenosine were cut 
out and the radioactivity determined. As shown in Table IV, with one exception, over 
9o% of the radioactivity added was isolated from the spots co-chromatographing 
with 5'-deoxyadenosine. 

From the two photolysis reactions acetaldehyde was characterized as a reaction 
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T A B L E  V 

2,4-DINITROPHENYLHYDRAZONE DERIVATIVE ISOLATED FROM THE REACTION PRODUCTS OF THE 
PHOTOLYSIS EXPERIMENTS 

S o l v e n t  I ,  n - b u t a n o l - e t h a n o l  H 2 0  (7 : i  :2, b y  vol . ) ;  S o l v e n t  2, tert-amyl a l c o h o l - N H a - e t h a n o l  
H~O ( 5 : 3 : I  :I,  b y  vol .) .  

Solvent Acetaldehyde 2,4-dinilrophenylhydrazone (Rv) Photolysis products (Re) 

Ethanolamine 2-Etho~vethylamint 

i 0.63 0.63 0.64 
2 0.69 0.68 o.67 

product, both by isolating its 2,4-dinitrophenylhydrazone derivative, and by studying 
the reaction between the photolysis reaction products and yeast alcohol dehydrogenase 
(Table V). For assays with yeast alcohol dehydrogenase, the total  reaction volume 
was I.O ml, which contained 5 units of alcohol dehydrogenase, o.I/~mole of NADH, 
and variable quantities of reaction products from photolysis experiments. The rate 
of the alcohol dehydrogenase reaction was dependent on the volume of the photolysis 
reaction products added and on the amount of DMBC used in the photolysis ex- 
periments. The quanti ty of acetaldehyde produced was dependent on the concen- 
tration DMBC photolysed. When o.I ml from a 1.2-ml photolysis reaction mixture 
was added to 5o units of yeast alcohol dehydrogenase with o.I #mole of NADH in 
I.O ml of phosphate buffer, then the absorbance at 34o nm decreased by o.551 :c 
o.o47 unit. Using the molar extinction coefficient of NADH at 34 ° n m  (6.22.IO ~ 
M - h i m - I ) ,  the total amount of acetaldehyde produced was determined to be 1.o6 :c 
o.o 9 nmoles. I f  there is a I : I  correlation between the nucleoside formed from the 
photolysis of DMBC and the acetaldehyde produced, the maximum theoretical value 
for acetaldehyde produced from 2 mg of DMBC is 1.26 nmoles. These photolysis 
experiments show that  the 5'-methylene radical generated by photolysis of DMBC 
specifically abstracts hydrogen from the amino carbon of 2-ethoxyethylamine, but 
abstracts hydrogen from both carbon atoms of ethanolamine with a preference for 
those hydrogens on the carbon atom bearing the hydroxyl group. 

DISCUSSION 

A comparative s tudy between hydrogen transfer from the substrates ethanol- 
amine and 2-ethoxyethylamine via the 5'-methylene radical generated from DMBC 
in both ethanolamine-ammonia lyase and in non-enzymatic photolysis experiments 
has allowed conclusions to be drawn pertaining to the mechanism of ethanolamine- 
ammonia lyase. 

In the photolysis experiments reported here the 5'-methylene radical is ex- 
pected to abstract  hydrogen by a mechanism which is both kinetically and thermo- 
dynamically favorable. In this context, it has been shown that  the hydrogens on 
both carbon atoms of tritiated ethanolamine are abstracted with some preference for 
those hydrogens at the carbon atom bearing the hydroxyl group, and preference for 
these hydrogen atoms is probably due to kinetic considerations. I t  is to be expected 
that  if t r i t ium replaces hydrogen on the amino carbon of ethanolamine, then the 
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5'-methylene radical will favor hydrogen abstraction from the other carbon atom, 
and this explains why only 24.8% tri t ium was incorporated into the nucleoside. 
However, when the hydroxyl substi tuent of ethanolamine is replaced by  an ethoxyl 
group, then hydrogen abstraction by  the 5'-methylene radical is preferred at the 
amino carbon, because the radical generated at the amino carbon is thermodynami-  
cally more stable than that  which would be generated at the other carbon. Previous 
results 24 indicated in the presence of alcohol or compounds which are readily attacked 
by radicals, anaerobic photolysis of methylcobalamin was greatly enhanced. This 
was explained by the abstraction of the a-hydrogens in alcohols by  the methyl  
radical generated by photolysis. Similar considerations can be made with the anae- 
robic photolysis of DMBC in the presence of substrates. The methylene radical will 
abstract  the hydrogen which is most available. There is little difference in the electro- 
negativity of the two carbons of ethanolamine; thus non-specific abstraction of the 
hydrogens occurs in the photolysis experiments. Non-specific abstraction does not 
occur in the enzymatic deamination of ethanolamine. This could be due to the 
orientation of the substrate molecule in the active site which does not allow the 
abstraction of hydrogen from the amino carbon. 

With ethanolamine-ammonia lyase we have demonstrated a pr imary isotope 
effect for hydrogen transfer to DMBC for one of the hydrogens at the amino carbon 
of 2-ethoxyethylamine. Babior 7 has demonstrated a pr imary isotope effect for one 
of the hydrogens at the hydroxyl carbon of ethanolamine, and we have shown that  
hydrogens at the amino carbon of ethanolamine are transferred to DMBC indirectly. 
These data are in accord with our observations in photolysis experiments with these 
substrates. Furthermore, for both substrates, acetaldehyde has been shown to be 
produced in enzymatic and in photolysis experiments. The amino-ethyl ether formed 
from the rearrangement catalysed by  the 5'-methylene radical formed from DMBC 
is expected to be unstable in a protonic environment ~5. A general mechanism for the 

CH 2 CH2 

-Co~+s ~ " ' / 

~-~Bz ~-~Bz 
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reaction catalysed by  the 5'-methylene radical formed from DMBC in photolysis 
experiments or in ethanolamine-ammonia lyase is presented in Scheme i. 
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