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A B S T R A C T :  A number of vicinal diols were found to react with 
propanediol dehydratase, typically resulting in the conversion 
of enzyme-bound adenosylcobalamin to cob(I1)alamin and 
formation of aldehyde or ketone derived from substrate. 
Moreover, all are capable of effecting the irreversible inacti- 
vation of the enzyme. The kinetics and mechanism of product 
formation and inactivation were investigated. Glycerol, found 
to be a very good substrate for diol dehydratase as well as a 
potent inactivator, atypically, did not induce cob(1I)alamin 
formation to any detectable extent. With glycerol, the inacti- 
vation process was accompanied by conversion of enzyme- 
bound adenosylcobalamin to an alkyl or thiol cobalamin, 
probably by substitution of an amino acid side chain near the 
active site for the 5’-deoxy-5’-adenosyl ligand on the cobala- 

Eopanedio l  dehydratase ((RS)-l,2-propanediol hydro-lyase: 
EC 4.2. I .28) from Klebsiella pneumoniae (ATCC 8724) is 
one of nine known enzymes which utilize adenosylcobalamin 
as a cofactor to catalyze I ,2 rearrangements of the type 

C,,-C,j - c,,-c.: 
X H  

I I  
H X  

I I  
where X can be alkyl, “1, or O H  (Hogenkamp, 1968; Ba- 
bior, 1975a,b; Abeles and Dolphin, 1976). These enzymes 
exhibit a remarkable specificity for their respective substrates. 
For example, although diol dehydratase will catalyze the 
conversion of both (R)- and (S)-  I ,2-propanediols (albeit with 
different rates and different eventual fates for the hydroxyl 
oxygen a t  C-2 of the two isomeric substrates (Retey et al.. 
1966)), relatively minor structural modifications can abolish 
catalytic or inhibitory activity (Lee and Abeles, 1963). Toraya 
and Fukui ( 1  972) found that 1,2-butanediol and styrene glycol, 
although catalytically inert, are weak competitive inhibitors. 
Eagar et 81. ( 1  975) showed that 3-fluoro-l,2-propanediol is 
a substrate for diol dehydratase with catalytic constants 
comparable to those of 1,2-propanediol itself. Recently Toraya 
et al. (1976) reported that glycerol functions both as a substrate 
and an inactivator for diol dehydratase. 

This paper reports our results with a number of modified 
vicinal diols including glycerol, thioglycerol, 3-chloro- 1,2- 
propanediol, 1,2-butanediol, 2,3-butanediol, isobutylene glycol, 
and 3,3,3-trifluoro- 1,2-propanediol. All of these substances 
act as substrates (leading to product formation by the usual 
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min. The inactivation reaction with glycerol as the inactivator 
exhibits a deuterium isotope effect of 14, strongly implicating 
hydrogen transfer as an important step in the mechanism of 
inactivation. The isotope effect on the rate of product formation 
was found to be 8.0. Experiments with isotopically substituted 
glycerols indicate that diol dehydrase distinguishes between 
“R” and “S” binding conformations, the enzyme-(R)-glycerol 
complex being predominately responsible for the product- 
forming reaction, while the enzyme-(S)-glycerol complex 
results primarily in the inactivation reaction. Mechanistic 
implications are discussed. A method for removing enzyme- 
bound hydroxycobalamin that is nondestructive to the enzyme 
and a technique for measuring the binding constants of ( R ) -  
and (S)- 1,2-propanediols are presented. 

rearrangement) and also bring about irreversible inactivation 
of the enzyme. The inactivation reactions are all dependent on 
both apoenzyme and cofactor and independent of the presence 
of oxygen which, in the absence of substrate, is a potent inac- 
tivator of holoenzyme. 

We have studied the mechanism of catalysis and inactivation 
for glycerol in some detail because of its close structural re- 
semblance to the normal substrate, 1,2-propanediol, its pres- 
ence in many biological environments (glycerol is, in fact, one 
of the ingredients of the growth medium used to induce pro- 
panediol dehydratase), and because of the existence of an 
adenosylcobalamin-dependent glycerol dehydratase that has 
been reported to be inactivated by its substrate, glycerol 
(Schneider and Pawelkiewicz, 1966). Moreover, even though 
glycerol is such a potent inactivator that significant product 
can be observed only when large amounts of enzyme are used, 
the catalytic rate constant for product formation actually ex- 
ceeds that observed with the noninactivating substrate 1,2- 
propanediol. 

Experimental Procedures 
Enzyme Preparations. Propanediol dehydratase ((RS)- 

1,2-propanediol hydro-lyase; EC 4.2.1.28) was obtained from 
Klebsiella pneumoniae (ATCC 8724) by a procedure similar 
to that of Lee and Abeles (1963). Fraction E-8 with a specific 
activity of between 25 and 50 was used for all determinations. 
1,2-Propanediol-free enzyme was prepared as previously re- 
ported (Frey et al., 1967). 

Adenosylcobalamin. Adenosylcobalamin (AdoCbl) ’ was 
purchased from Sigma Chemical Co. 

i Abbreviations used are: AdoCbl, adenosjlcobalarnin: OH-Cbl. hy -  
droxqcobalarnin; Cbl”, Cob( 1l)alamin; DNP, dinitrophenylhydrazone; 
N A D ,  nicotinamide adenine dinucleotide: I\I ADH.  reduced WAD: UMR.  
nuclear magnetic resonance 
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Hydroxycobalamin. Hydroxycobalamin (OH-Cbl) was 
purchased from Sigma Chemical Co. 

Assays. All assays for product aldehyde were carried out 
in the dark or in dim red light a t  37 "C. TWO different methods 
were used and are described below. In several cases, results 
were duplicated by both methods. 

D N P  Assay. Aldehyde was assayed colorimetrically as the 
2,4-dinitrophenylhydrazone using the method described by 
Eagar et al. (1975). 

Alcohol Dehydrogenase-&Nicotinamide Adenine Dinu- 
cleotide Assay. Yeast alcohol dehydrogenase (ADH, Sigma 
Chemical Co.) and &nicotinamide adenine dinucleotide (re- 
duced form, NADH,  Sigma Chemical Co.) reduce propion- 
aldehyde to I-propanol. The maximum velocity of this reaction 
is 30% of that for acetaldehyde reduction (Bruemmer and Roe, 
197 1). The production of propionaldehyde by diol dehydratase 
can be measured by monitoring the decrease of absorbance a t  
340 nm, due to the oxidation of N A D H  to N A D  in the pres- 
ence of excess ADH. 

Determination of Inactivation Rates. Coupled Enzyme 
Assay. Reaction mixtures consisted of: ADH, 15 units; 
NADH,  0.20 mM; diol dehydratase, 0.1 unit; bovine serum 
albumin 0.06 mg; potassium phosphate buffer, pH 8.0,30 mM; 
AdoCbl, 0.02 mM; and the desired amount of 1,2-propanediol 
and/or inactivator. Total volume was 2.50 mL. The reaction 
mixture was incubated at  37 O C  with stirring. The inactivation 
reaction was started by the addition of AdoCbl and stopped 
by addition of 50 ~1 of a 6.0 M 1,2-propanediol solution. En- 
zyme activity (measured by the rate of production of propi- 
onaldehyde) was determined a t  a minimum of four different 
inactivation times; the slope of the corresponding semilog plot 
represents the observed inactivation rate constant (kl&\d) for 
the given concentration of inactivator and 1,2-propanediol. 

For rate determinations under anaerobic conditions, both 
the reaction mixture and the AdoCbl solution were thoroughly 
deoxygenated under argon. AdoCbl was transferred to the 
reaction mixtures using a gas tight syringe. 

DNP Method. Reaction mixtures consisted of the following: 
diol dehydratase -0.06 unit; potassium phosphate buffer, pH 
8.0,30 mM; AdoCblO.013 mM; bovine serum albumin 0.4 mg; 
and the desired amount of substrate and/or inactivator. Total 
volume was 2 mL, 37 "C.  The reaction was started by addition 
of AdoCbl and the inactivation was quenched with 50 p L  of 
6 M 1,2-propanediol. The amount of enzyme remaining active 
as a function of time after the addition of AdoCbl was deter- 
mined by measuring the production of propionaldehyde a t  
1 .O-min intervals for 8 min after the addition of 1,2-propane- 
diol. The rate of propionaldehyde production was linear for a t  
least 8 min after the addition of 1,2-propanediol. 

Determination of @-Hydroxypropionaldehyde. The pro- 
duction of @-hydroxypropionaldehyde was determined by the 
acrolein-specific assay of Circle et  al. (1945). Reaction mix- 
tures consisted of the following: diol dehydratase, -5.0 units; 
potassium phosphate buffer, p H  8.0, 30 mM; bovine serum 
albumin, 0.4 mg; AdoCbl, 0.013 mM. Total volume was 2.0 
mL, 37 "C. The reaction was started by the addition of AdoCbl 
and quenched by the addition of 0.1 m L  of 2.0 N HCI. 

P-Hydroxypropionaldehyde can also be determined satis- 
factorily using the DNP assay as descrbed for propionaldehyde. 
The reaction mixtures used were the same as above with 0.6 
unit of dioldehydrase giving the best results. Absorbance was 
measured a t  475 nm. The extinction coefficient a t  475 nm from 
the dinitrophenylhydrazone of P-hydroxypropionaldehyde is 
somewhat smaller than that from the dinitrophenylhydrazone 
of propionaldehyde. 

[ ''C]Glycerol Labeling of Dioldehydrase. Reaction mix- 
tures consisted of the following: dioldehydrase, 70 units; 
['4C]glycerol (1.33 X I O 9  cpm/mmol), 0.02 mmol; potassium 
phosphate buffer, p H  8.0, 30 mM; AdoCbl, 3.2 pM; total 
volume was 2.0 mL. Two controls were performed, one in 
which AdoCbl was omitted from the reaction mixture and the 
other in which OH-Cbl was substituted for AdoCbl. The re- 
action mixtures were incubated at  37 "C for 20 min. Two basic 
procedures were used for removing glycerol, C13CCOOH 
precipitation of the protein or dialysis against guanidine hy- 
drochloride. 

Following the 20-min incubation period, the protein was 
precipitated by the addition of 0.2 mL of 20% CIjCCOOH 
solution and centrifuged, and the supernatant was removed. 
The protein pellet was redissolved in 2.0 mL of HzO and the 
sequence was repeated. After the fifth precipitation, the su- 
pernatant contained only background activity. The pellet was 
resuspended in 1 .O mL of HzO (an aliquot was removed at  this 
point for the determination of protein), added to 10 mL of 
scintisol complete, and assayed for radioactivity. 

Alternatively, a 1.0-mL aliquot was removed from each 
reaction solution after the incubation and dialyzed against 
three successive 100-mL volumes of 5 M guanidine hydro- 
chloride, each for 24 h, followed by dialysis against H20. When 
the radioactivity in the dialysis solution diminished to back- 
ground, the 1 .O-mL sample was added to 10 mL of scintisol 
complete and assayed for radioactivity. 

Substrates. Perdeuterioglycerol (glycerol-d 5 )  was purchased 
from Merk, Sharp, and Dohme, Ltd., and used without further 
purification. 

[ 1 - ''C]Glycerol was purchased from Amersham. 
(R)-1, l  -Dideuterioglycerol ((R)-glycerol-d,) was syn- 

thesized from D-mannitol via the intermediate preparation of 
the 1,2,5,6-diisopropylidene derivative (Baer, 1952), and of 
D-2,3-isopropylidene glycerol (Ghangas and Fondy, 197 1 ). The 
experimental details of the following steps are given by Eagar 
et a]. ( 1  975). Potassium D-2,3-isopropylidene glycerate was 
prepared by alkaline potassium permanganate oxidation of 
D-2,3-isopropylidene glycerol and was esterfied with methyl 
iodide in hexamethylphosphoramide. The methyl ester was 
then reduced with lithium aluminum deuteride (99% 'H, 
Stohler Isotope Chemicals). The ketal was hydrolyzed in 
ethanol-sulfuric acid and the product was distilled to give 
(R)-l,l-dideuterioglycerol with [ C Y ] ~ ~ D  + 0.014°.2 Deuterium 
content was a t  least 98% as determined by ' H  N M R .  

(RS)- I , I  -Dideuterioglycerol ((RS)-glycerol-d,) was 
prepared from ( R S )  - 1,2-isopropylidene glycerol (Ghangas 
and Fondy, 1971) by a method analogous to that described 
above. Deuterium content was a t  least 98% as determined by 
' H  N M R .  

(RS)-1  , I  -Dideuterio-1,2-propanediol was prepared by 
lithium aluminum deuteride reduction of dl-ethyl lactate 
(Fieser and Fieser, 1967). Deuterium content was at  least 98%, 
as determined by ' H  NMR. The isotope effect on catalysis was 
13, somewhat greater than the value of 10-12 reported by 
Abeles (1 972). The UV-visible spectrum of the holoenzyme- 
dideuteriopropanediol complex was identical to those reported 
for 1,2-propanediol (Wagner et al., 1966) and 3-fluoro- 1,2- 
propanediol (Eagar et al., 1975). 

3,3,3-Trifluoro-1,2-propanediol was prepared from 
3,3,3-trifluoro- 1 -bromacetone by lithium aluminum hydride 
reduction to the corresponding alcohol (McBee and Burton, 
1952), which was collected by fraction distillation at  124-1 24.5 

Optical rotations are uncorrected for w,itcr content ( H u f f .  1961) 
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T A B L E  I :  Kinetic Parameters of Substrates and Inactivators of 
Diol Dehydratase. 

2 . 0  4 . 0  6.0 8 . 0  10.0 12.0 

[ C L Y I  x lO*j 

FIGURE I :  Dependence of the observed rate of inactivation, ki,&d, on 
glycerol concentration under anaerobic conditions and in  the absence of 
I ,2-propanediol. Values of k,,"bSd were obtained from the least-squares 
line of the linear plot of In% enzyme activity remaining vs. inactivation 
time for each concentration of glycerol. The corresponding double-re- 
ciprocal plot is linear and gives a value of 1.3 min-' fork,  and I .6 X IO-?  
M for K M  for glycerol. 

OC. The alcohol (12.8 g, 0.0674 mol) was then added to a so- 
lution of 4 g of NaOH in 10 mL of water, and 3,3,3-trifluoro- 
1,2-epoxypropane distilled out of the reaction mixture in 95% 
yield. The epoxide was refluxed overnight in 1% H2S04, the 
solution was extracted five times with ethyl ether, and the ether 
was evaporated to give the diol. 

Isobutylene glycol was prepared by acid hydrolysis of iso- 
butylene oxide (Columbia Organic Chemical Co.) (Pattison 
and Norman, 1957). 

1,2-Butanediol was prepared by acid hydrolysis of l-bu- 
tylene oxide. 

I -Chloro-2,3-propanediol was purchased from Calbiochem 
and distilled before use. 

Thioglycerol (3-mercapto- 1,2-propanediol) was purchased 
from Aldrich Chemical Co. and distilled before use. 

2,3-Butanediol was purchased as a mixture of the meso and 
d isomers from Aldrich Chemical Co. and was distilled before 
use. 

1,2-Propanediol, glycerol, and ethylene glycol were pur- 
chased as reagent grade chemicals and distilled before use. 
( R ) -  and ( S ) -  1,2-Propanediols were synthesized by a method 
previously described (Eagar et al., 1975). Concentrations of 
aqueous solutions of these glycols were determined by bi- 
chromate oxidation using a method adapted from Englis and 
Wollerman (1952). 

N M R  spectra were obtained at 60 MHz in the Fourier 
transform mode on a Varian T-60 spectrometer in aeuter- 
iochloroform or 2H20. 

UV-visible spectra of holoenzyme-substrate complexes were 
obtained between 300 and 600 nm at 27 and 37 OC using a 
Beckman Acta I11 spectrophotometer. The sample solution was 
assayed for residual enzyme activity to confirm that apoen- 
zyme was present in excess of cofactor. 

Results 
Kinetics of Glycerol Inactivation in the Absence of 1,2-  

Propanediol. In the presence of glycerol and in the absence of 
1,2-propanediol and oxygen, diol dehydratase holoenzyme 
undergoes rapid, irreversible, inactivation such that catalytic 
activity cannot be regenerated by addition of either 1,2-pro- 
panediol or AdoCbl or by extensive dialysis. Moreover, addi- 

( S ) -  I ,2-Propanediol 
( R S ) -  1,2-Propanediol 
( R ) -  I ,2-Propanediol 
Glycerol 
I -Chloro-2,3-propanediol 
Tri fluoropropanediol 
2,3-Butanediol (meso + D)  
1,2-Butanediol 
Isobutylene glycol 
Ethylene glycol 
Thiogl ycerol 

0.186" 
0.30" 
0.60" 

i 6.0" 
4.1 
1.24 ( K , )  
2.0 ( K , )  

8.8 
6.6 
0. I 

5.9 ( K , )  

191 
250 
340 
412" 
>0' 
>0< 

>Oc 
18 

I 50" 1 

-0 

4.0" 

-0 
-0 
-0 

I .30 
0.36 
0.016 
0.068 
0.054 
0.47 
0.098 
I .74 

' l  Values of K M  ( K , )  for the natural substrates were determined in 
competition with glycerol with the natural  substrates serving as  "in-  
hibitors'' of inactivation as described in the Results. Preliminary values 
of K z . ~  for the 1,2-propanediols obtained by this method were pre- 
viously published (Eagar et al., 1975). The values given here are  
slightly different and represent a refinement in technique. '' A pub- 
lication has recently appeared (Toraya et al., 1976) also reporting 
glycerol to be a substrate and inactivator of diol dehydratase. A value 
of Kv for glycerol was given that agrees with the value we have de- 
termined. '' Product formation does occur but rate was not quanti- 
tated. <' Determined from amount of product formed before complete 
inactivation. [' Direct comparison of initial rate to that of i .?-pro- 
panediol. ' Based on a molecular weight of 250 000 and specific ac- 
tivity of 60 units/mg, with 1,2-propanediol as substrate. 

tion of saturating amounts of 1,2-propanediol will instantly 
stop the inactivation reaction. This provides a method for 
quantitatively measuring the kiiietics of the inactivation re- 
action. Saturating amounts of 1,2-propanediol are added after 
variable periods of time to a holoenzyme-glycerol mixture, 
thus quenching the inactivation; the amount of enzyme re- 
maining catalytically active can then be determined by mea- 
suring the subsequent rate of propionaldehyde production. 

The rate of inactivation follows a first-order rate law through 
at least three half-lives 

where E, is the amount of active enzyme remaining at t imet ,  
Eo is the initial amount of enzyme present, and kl,ob,d is the 
observed first-order rate constant for inactivation. Thus, a plot 
of ln[E,] vs. time is linear and the slope gives a value of k ,  ob\d 

for a given glycerol concentration. A plot of k + s d  vs. glycerol 
concentration (Figure 1) shows Michaelis-Menten type sat- 
uration behavior. The inactivation process can, accordingly, 
be described in terms of reversible association between enzyme 
and glycerol, followed by irreversible inactivation 

k i  kt 
E+G;-'EG--+I (2)  

where I represents irreversibly inactivated enzyme. The rate 
of inactivation is 

k ?  

(3) 

This differs from the classical situation because [EG] itself 
does not remain constant. However, if one considers only that 
enzyme which is still active 

1EJ = [El + [EGI 

where E is active enzyme free in solution, with 
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the rate of inactivation (eq 3) becomes 

1 -L- 

‘ I [GI 
Integration gives 

[E,]  = [Ed]oe-hl<~”d‘ (5) 
where 

( 6 )  
ki 

ki.ob\d = ~ 

KG 1 +- 
[GI 

Thus, a plot of l/kl.ot,\d vs. 1/[G] should, and does, give a 
straight line (Figure 2); t h e y  intercept gives l / k , ;  the slope 
or the x intercept determines K G .  The values thus determined 
appear in Table I. 

Kinetics of Glycerol Inactivation in the Presence of 1,2- 
Propanediol. 1,2-Propanediol protects against glycerol inac- 
tivation in a manner indicative of simple competition between 
glycerol and 1,2-propanediol for the active site. The kinetics 
which obtain are analogous to those of simple competitive in- 
hibition, with 1,2-propanediol as the “inhibitor” of inactivation. 
Consider: 

X i  

E + G + EG --+I 

E + S = E S =  E + P 

where G = glycerol, S = 1,2-propanediol, I = inactive enzyme, 
and k ,  is the first-order rate constant for inactivation. Using 
the same treatment just described for the substrate-free case 
to allow for the change of [EG] with time, one can show 
that 

[E‘, 1 [EG] = 
1 +““(I [GI +E) 

The inactivation kinetics remain first order in the presence of 
1,2-propanediol and the amount of active enzyme a t  any time 
is given by 

[E,] = [E,] oe-’’ I ~ d ‘  

where 

( 7 )  
ki 

I + -  I + -  
ki,ob\d = 

( 3 K c  
[GI 

Values of k,,ob\d in the presence of 1,2-propanediol were de- 
termined experimentally at  various concentrations of glycerol 
and 1,2-propanediol as previously described. The resulting 
double-reciprocal plots (l/kl,ob,d vs. l / [G])  a t  each fixed 
1,2-propanediol concentration are linear with a common y 
intercept, illustrating the purely competitive nature of the 
“inhibition” of glycerol inactivation by 1,2-propanediol (Figure 
2). Furthermore, Figure 2 also demonstrates that eq 7 is a valid 
treatment of the results obtained over a wide range of substrate 
and glycerol concentrations. The value of k ,  obtained from the 
y intercept of Figure 2 agrees well with the experimentally 
determined value (Table I )  and lends further validity to this 
treatment. 

I I I I I I I I I 

20 40 60 80 100 120 140 160 

l / [Glycero l l  , !4-’ 

F I G L R E  2: Plot of the reciprocal of the observed inactivation rate constant 
vs. the reciprocal of glycerol concentration in the presence of the following 
concentrations of (RS)-I,2-propanediol: ( R )  I .9 X M; ( 0 )  1.34 X 
IO-) M; (A) 8.6 X M; (0) no (RS)-I,2-pro- 
panediol. Although only one point can be depicted on the above graph for 
the substrate-free case, a straight line is obtained with the illustrated slope 
and intercept. 

M; ( e )  4.75 X 

Thus, the above equation allows what we believe to be Lhe 
first reliable determination of the Michaelis constant for 
1,2-propanediol and diol dehydratase (Table I) .  The S isomer 
of 1,2-propanediol is more effective a t  inhibiting inactivation 
than is the RS mixture, while (R)-1,2-propanediol is a much 
less effective inhibitor than the RS mixture. That the R and 
S isomers differ in their ability to protect diol dehydratase from 
glycerol inactivation reflects a difference in their respective 
values of K M  (Table I). The values of K v  obtained in this way 
are really K,’s.  However, the ratio of K ,  values for (R)-  and 
(S)- 1,2-propanediol determined by this method agrees well 
with the value of 3.2 reported by Jensen et al. (1975) and 
suggests that in this case K ,  = K M .  

Kinetics of Inactivation for Other Substrates. All substrate 
analogues listed in Table I exhibit inactivation behavior, which 
can be described by the above equations developed for inacti- 
vation by glycerol in both the presence and absence of 1,2- 
propanediol. Values of k ,  and KV for each of these inactivators 
were determined for reasons of convenience by measurement 
of the rate of inactivation in the presence of 1,2-propanediol 
and are listed in Table I. 

Deuterium Isotope Effects on the Rate of Inactivation by 
Glycerol. The rates of enzyme inactivation a t  saturating 
concentrations of (R)-glycerol-dr, (RS)-glycerol-d?, and 
glycerol-d5 were measured by the method just described and 
were considerably slower than for the undeuterated substrate. 
Substitution of deuterium in glycerol has little or no measur- 
able effect on KV (manuscript in preparation) and the ratio 
of the rate of inactivation observed for glycerol to that observed 
for the same concentration of one of the deuterated glycerols 
accordingly reflects the isotope effect on k, .  Thus, when 
measurements are made at  large concentrations of glycerol and 
its deuterated derivatives 

(ki.ob\d)H = (:), 
(k i.ob\d) D 

Table I1 lists the various kinetic parameters obtained in this 
way. 

The kl&d values determined in these experiments should 
be only slightly smaller than the true k ,  values (because at  0.04 
M inactivator with K M  = 1.6 X M, K M / [ G ]  - 4  X IO-’ 
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T A B L E  1 1 :  Catalytic and Inactivation Rate Constants for Glycerol and its Deuterated Analogues. 

Substrate 

Competitive" 
Turnover 

Yo. 
( T  = 60 rnin) 

-- . 

Glycerol 19 000 41 2 1 I 2 5  1 

Glycerol-d, 33 000 " _  i' 8 0  0 0x93 I 4  
[ RS)-Glqcerol-d~ 16 340 I90 2 2  0 h5X 1 ' )  
(R)-Glycerol-d? 5 320 61 6 8  0 694 i x  

'' Competitive turnover numbers are  based on a specific activity of 60 un i t s /mg  and a molecular weight of 250 000 (Essenberg et al.. 197 1 ) ,  
' I  Calculated from eq 9 using k ,  and P,/Eo. 

1 . 0  2.0 3.0 4.0 5 . 0  6 . 0  7 . 0  8 . 0  

m i n u t e s  

F I G L R ~ :  3: Production of p-hydroxypropionaldehyde as a function of time 
for: (A) glycerol; (m)  glycerol-da; ( 0 )  (R)-glycerol-d?. p-hydroxypro- 
pionaldehyde was determined by the D N P  assa) as described under Ex- 
perimental Procedures and is depicted here as the competitive turnover 
number, P,/E", for uniformity. [Eo] based on 60 unirs/mg and a molecular 
weight of 250 000 g/mol.  

<< 1 ,  see eq 6) and can therefore represent experimentally 
determined values of kj for each deuterated glycerol. 

With glycerol-ds, we observe a large isotope effect (14) on 
the rate of inactivation. We  observe smaller, nearly equal 
values for (R)-glycerol-dz (1.8) and (RS)-glycerol-dr (1.9). 

Product Formation from Glycerol. Diol dehydratase ho- 
loenzyme also catalyzes the dehydration of glycerol to p- 
hydroxypropionaldehyde in addition to undergoing irreversible 
inactivation. P-Hydroxypropionaldehyde was identified (1 ) 
by the ' H  N M R  of its 2,4-dinitrophenylhydrazone derivative, 
( 2 )  by comparative silica gel thin-layer chromatography of the 
2,4-dinitrophenylhydrazone with an authentic sample prepared 
by the method of Hall and Stern (1950), and (3) by conversion 
to acrolein, which was then determined by the acrolein-specific 
assay of Circle et al. (1945). 

Turnover Number. The total amount of P-hydroxypropi- 
onaldehyde formed relative to the amount of enzyme initially 
present was determined for glycerol, (R)-glycerol-dz, ( R S ) -  
glycerol-dz, and glycerol-ds as substrates. A known amount 
of diol dehydratase was allowed to react for 60 min with sat- 
urating amounts of each of the above glycerols a t  37 O C .  No 
further 0-hydroxypropionaldehyde was produced during an 
additional 60-min period, indicating that complete inactivation 
of the enzyme had occurred during the initial 60-min period. 
The total amount of 0-hydroxypropionaldehyde formed was 
determined by the acrolein-specific assay and the results are 
presented in Table I1 as "competitive turnover numbers", the 

average number of molecules of product formed by each 
molecule of holoenzyme before its inactivation. 

Although both (R)-glycerol-dl and (RS)-glyceroi-d; yield 
less product than glycerol itself before inactivating the enzyme, 
glycerol-ds forms nearly twice as much product as glycerol. 

Rate of Formation of p-HJ'droxL'propionaIdeh~d~,  The 
production of P-hydroxypropionaldehyde was followed for 
several minutes with glycerol, glycerol-di, and (R)-glycerol-d. 
each serving as substrate. The results in Figure 3 show that, 
although the initial rate of product formation is much greater 
for glycerol than glycerol-d!, the rate at  which glycerol inac- 
tivates the enzyme relative to inactivation by glycerol-ds is 
greater by an even larger factor. thus resulting in a net en- 
hancement of product formation from glycerol-ds. 

Because of competition from irreversible inactivation, the 
rate constant for production formation (k , , )  cannot be obtained 
with any degree of confidence by extrapolation of the results 
in Figure 3; the rate changes too drastically in the region near 
t = 0. However, these values can be calculated if one recognizes 
that inactivation is a first-order process in [EG], as previously 
shown. 

The rate constant for product formation ( k , )  is the analogue 
of the rate constant for inactivation k ,  and d[P]/dt  = k,[EG]. 
Under, conditions where the enzyme is saturated with sub- 
strate 

[EGI = [E.,] 

As before, [E.,] is the concentration of total active enzyme a: 
any time, a quantity which continuously decreases because of 
the inactivation process. From eq 5 

[E.,] = [ E i j ] e ~ ~  ' 
whence d[P]/dt  = k,[Eo]e-Al'. The total amount of product 
formed at  any time is given by the integrated form of this 
equation 

k 
k ,  

[P7]/[Eo] = ( 1  - e-'I') ( 8 )  

where [P,]/[Eo] is the "competitive turnover number" at  an) 
time. At  large t ,  the expression reduces to 

[Pml - 5 
[Eo1 k ,  

where [Pm]/[Eo] is the total amount of product formed relative 
to the initial amount of enzyme after complete inactivation of 
the enzyme. 

The values of [P-]/ [Eo] have been determined as have those 
of k ,  for glycerol and each of its deuterated derivatives (Table 
11) so that values of k ,  can be calculated; they are also listed 
in Table 11. Indeed, one can plot [P,]/[Eo] as a function of time 
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0.05 

nanometers 
FIGbRE 4: Comparison of the effect of glycerol to the effect of I ,2-pro- 
panediol on the spectrum of enzyme-adenosylcobalamin. ( I )  Diol dehy- 
dratase, 37 units; AdoCbl, 2.3 X pmol; K ~ H P O J ,  3 pmol i n  0.3 mL. 
The reference cell was identical to sample but lacked AdoCbl. (2) Glycerol, 
0.06 mmol, was added in 0.03 mL to both sample and reference of ( I ) .  
Total volume 0.33 mL. (3) 1,2-Propanediol, 18 pmol was added to sample 
and reference of (I). Total volume 0.33 mL, 27 OC. 

using the values of ki and k ,  in Table I1 and accurately re- 
produce the experimental graphs of Figure 3. 

Deuterium Distribution in Products. The 2,4-dinitrophe- 
nylhydrazones of (3-hydroxypropionaldehydes formed from 
the variously deuterated glycerols were purified by thin-layer 
chromatography on silica gel with chloroform as the eluting 
solvent. The ' H  NMR spectra of these derivatives showed that 
(R)-glycerol-d2 gives product with essentially no deuterium 
a t  (2-3, while (RS)-glycerol-dl gives product with approxi- 
mately 60% deuterium at C-3. 

Product Formation-Other Substrates. With the exception 
of 1,2-butanediol and thioglycerol, all of the substrate analo- 
gues listed in Table I gave easily detectable amounts of prod- 
uct. Products from isobutylene glycol and 2,3-butanediol were 
identified as isobutyraldehyde and 2-butanone, respectively, 
by thin-layer chromatography of the 2,4-dinitrophenylhy- 
drazones on silica gel with chloroform as the eluting solvent. 
Aldehydes from 3,3,3-trifluoro-1,2-propanediol and 3- 
chloro- 1,2-propanediol were detected by the DNP assay but 
were not rigorously characterized. 

Spectral Observation of the Diol Dehydratase-Adenosyl- 
cobalamin-Glycerol Complex. Figure 4 compares the visible 
spectra of AdoCbl bound to diol dehydratase in the presence 
of glycerol to that obtained in the presence of 1,2-propanediol. 
Incubation of 1,2-propanediol and holoenzyme produces a 
Cblll-like spectrum. In contrast, incubation of holoenzyme and 
glycerol produces an alkylcobalamin-like spectrum very similar 
to that of AdoCbl itself bound to diol dehydratase in the ab- 
sence of substrate. This alkylcobalamin-like spectrum, which 
is obtained after complete inactivation by glycerol, remains 
unchanged for up to 24 h at room temperature in the dark; 
after this time, the slow formation of OH-Cbl can be detected. 
As the half-life for inactivation of the enzyme by glycerol under 
these conditions is about 30 s, single wavelengths at 485 nm 
(Amax for Cbl") or 525 nm (A,,, for AdoCbl and other alkyl- 
cobalamins) were monitored immediately following addition 
of glycerol; no changes were detected. 

nanometers 

FIGURE 5 :  Comparison of the absorption spectrum of OH-Cbl free in 
solution with that bound to dioldehydrase. (-) OH-Cbl, 1.4 X I 0-3 pnol; 
K2HP04 buffer, pH 8.0,0.3 pmol. Total volume 0.32 mL. (- - -) Enzyme, 
30 units; OH-Cbl, I .4  X pmol; and K?HPOa i n  0.32 mL. The refer- 
ence cell was identical to the sample cell but lacked OH-Cbl, 27 OC. 

Even though 1,l-dideuterio- 1,2-propanediol reacts more 
slowly by a factor of 13 than 1,2-propanediol itself, use of 
1,l  -dideuterio- 1 ,2-propanediol in place of 1 ,2-propanediol does 
not measurably affect the amount of enzyme-bound AdoCbl 
observable as Cbl". Because glycerol-ds is a reasonably good 
"substrate" but inactivates much more slowly than glycerol, 
we looked for spectral changes when glycerol-ds, instead of 
glycerol, was added to holoenzyme; none were observed. Thus, 
with either form of glycerol, we could see no evidence for 
Cbl". 

However, Cbl" can be generated by addition of 1,2-pro- 
panediol after the addition of glycerol. If the addition of 1,2- 
propanediol almost immediately follows that of glycerol, a 
large fraction of the enzyme-bound AdoCbl is observed as 
Cbl". If, however, the glycerol-enzyme mixture is allowed to 
stand for 4 min, addition of 1,2-propanediol does not generate 
any Cbl" in the spectrum. 

C13CCOOH precipitation of the protein from a solution 
containing holoenzyme and glycerol leads to recovery of only 
OH-Cbl. Addition of C13CCOOH to an identical reaction 
mixture containing 1 ,Zpropanediol (instead of glycerol) results 
in nearly complete recovery of AdoCbl. 

Exposure of a solution of holoenzyme and glycerol to a 
100-W bulb at 18 in. for 30 min resulted in nearly complete 
formation of enzyme-bound OH-Cbl. 

Spectral Observations of Enzyme-Bound OH-Cbl. Al- 
though the general character of the OH-Cbl spectrum remains 
essentially unchanged on binding to diol dehydratase, small 
bathochromic shifts of the bands above 300 nm do occur and 
serve to distinguish OH-Cbl free in solution from that bound 
to diol dehydratase (Figure 5). OH-Cbl also binds to bovine 
serum albumin, for example, but the resulting electronic 
spectrum is identical to that of free OH-Cbl. For OH-Cbl in 
0.01 M K2HP04 buffer at pH 8.0, we observe A,,,, at 525,510, 
and 352 nm. For OH-Cbl bound to diol dehydratase in 
KzHP04 buffer a t  pH 8.0, the corresponding A,,, are 540, 
51 5, and 362, respectively. 

Spectral Observation of Cbl" Intermediates. UV-visible 
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r > \ H t . E  I I I :  Reactivation of Several Forms of Inactive Diol Dehydratase. 

Enzbme Activitv Lnits 

Af te r<  \ t ier , ’  
Reaction Method ofh Before Af ter  Treatment Treatment 
Solution Inactivation Inactivation Inactivation A B 

I OH-Cbl 
2 0 2  
3 Glycerol 
4 Control 

17 
17 
17 
17 

0 
0 
0 

17 

13 9 
2.8 4.6 
2.0 40 

I S  I I  

c t  Reaction mixture no. 3 contained 80 pmol of glycerol, otherwise the four reaction solutions were identical and contained: K~HPOJ buffer. 
pH 8.0, 80 pmol; bovine serum albumin, 0.02 mg; and diol dehydratase, 17 units.  Total volume 2.1 mL.  Enzyme activity was determined by 
assaying a IO-pL aliquot for activity by a method described under Experimental Procedures. ‘’ Inactivation was carried out by addition of  
40 pg of OH-Cbl to solution no. 1;  40 pg of adenosylcobalamin to solutions no. 2 and 3; and 40 pL of H 2 0  to solution no. 4, followed by 15-min 
incubation at 37 OC in the dark. An aliquot was removed for the determination of activity. Reactivation: treatment A. Each of the four solutions, 
after inactivation, were subjected to dialysis for 12-h periods against each of two changes of 2 L of solution containing: K2.503,  100 mmol; 
Mg( CHlCO:)?, 60 mmol; 1,2-propanediol, 200 mmol; and K~HPOA buffer, pH 8.0, 20 mmol. This was follo\ved by dialysis for 3-h periods 
against two changes of 2 L of solution containing: 1,2-propanediol, 200 mmol; and K ~ H P O J  buffer, p H  8.0, 20 mmol. (’ Treatment B refers 
to a repetition of treatment A .  

~~ ~ ~~~ ~ 

350 250 550 

nanometers 

I Ic ibKt - .  6: Effect of several substrate analogues on the absorption spec- 
t r u m  o f  enzyme-bound adenosylcobalamin. (-) Enzyme, 30 units: 
KlHPO4, 3 . 5  pmol: AdoCbl, 1.8 X pmol: total volume 0.35 mL. 
Reference cell was identical minus AdoCbl. To the above sample and 
reference cuvettes, 25 pmol of either ethylene glycol (- - -), thioglycerol 
(. . . ) 3  trifluoropropanediol ( - . a  -), or isobutylene glycol ( - a  -) was added 
in  a 0.05-mL aliquot. Total volume 0.40 mL. 27 O C .  

absorption spectra of holoenzyme-substrate complexes with 
ethylene glycol, trifluoropropanediol, isobutylene glycol, and 
thioglycerol are nearly indistinguishable from the spectrum 
of holoenzyme with 1,2-propanediol (Figure 6). In the case of 
ethylene glycol, after about seven half-lives, the spectrum was 
observed to undergo a rapid change, indicating formation of 
enzyme-bound OH-Cbl; a t  this time, only about 0.8% of the 
original activity is present. With trifluoropropanediol, isobu- 
tylene glycol, and thioglycerol, the Cbl” spectrum persists for 
hours after complete inactivation of the holoenzyme. With 
2,3-butanediol, no Cbl” spectrum is observed and conversion 
of enzyme-bound AdoCbl to OH-Cbl is kinetically competent 
with inactivation. 

Recovery of Active Apoenzyme f rom Inactive Apoen- 
zyme-OH-Cbl Complexes. Dialysis of an enzyme-OH-Cbl 
complex against a solution containing Mg2+ and s03’- leads 
to recovery of the OH-Cbl in the dialysate. Subsequent dialysis 
to remove the S03*- (which appears to be a potent inhibitor 
of diol dehydratase) leaves apoenzyme, which on addition of 
AdoCbl is catalytically active (up to 80% of the original activity 

can be recovered). Treatment with either reagent alone or both 
reagents sequentially does not remove enzyme-bound OH-Cbl. 
Table 111 gives details of this procedure, which is a modification 
of a procedure for exchanging OH-Cbl and AdoCbl with 
glycerol dehydratase (Schneider et al., 1970), and some rep- 
resentative results. 

Reactication of 02-Inacticated Holoenzyme. Exposure of 
diol dehydratase holoenzyme to oxygen in the absence of 
1,2-propanediol leads to inactivation and formation of en- 
zyme-bound OH-Cbl, which can be followed spectrophoto- 
metrically. 

Hydroxycobalamin can be removed from oxygen-inactivated 
holoenzyme by the above method; however, only very little 
activity is regenerated. Continued dialysis of the resulting 
apoenzyme does lead to recovery of up to 30% activity (Table 
H I ) .  

Reactication of Glycerol-lnacti~ated Holoenzyme. I n  the 
presence of light, the cobalamin of the inactivated holoenzyme 
is converted to OH-Cbl, which, as in the case above for oxygen 
inactivation, can be removed without simultaneous recovery 
of enzymatic activity. In the absence of light, much longer 
periods of dialysis are required even to remove the enzyme- 
bound cobalamin; again, significant enzymatic activity is not 
regenerated. 

Inactivation by [ I4C] Glycerol. Preliminary results using 
radioactive glycerol iidicate that when diol dehydratase ho- 
loenzyme is inactivated with glycerol several molecules of 
glycerol become strongly associated with each molecule of 
enzyme in an AdoCbl-dependent process. The results are 
complicated by the finding that control experiments using 
apoenzyme alone or OH-Cbl inactivated enzyme also give 
evidence of labeling, although to a lesser extent. 

The radioactive label in the above experiments could not be 
separated from the protein by the C13CCOOH procedure de- 
scribed in the experimental, or by extensive dialysis VS. 5 M 
guanidine hydrochloride or 0.5 M hydroxylamine. The use of 
0.5 M glycerol or 0.5 M 1,2-propanediol in conjunction wi th  
the above techniques in an effort to displace [ ‘‘C]glycerol did 
not affect the results; neither did a combination of all the above 
techniques on an individual sample. 

Thus, although several molecules of glycerol appear to be- 
come very tightly associated with diol dehydratase apoenzyme, 
the acquisition of more than one molecule of glycerol is strictly 
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AdoCbl dependent'. Further investigation on this subject is 
under way. 

Discussion 
Mechanism of Inactivation and Catalysis. The following 

mechanistic scheme has evolved for the conversion of 1,2- 
propanediol to propionaldehyde by diol dehydratase (Abeles 
and Dolphin, 1976): 

SH + AdoCbl-E a SH-AdoCbl-E - S. HAdo 
Cbl 

(1) (11) 
(9 )  

e ? T- PH 'Ado 4 PH + AdoCbl-E Cbl 
(III) (N) 

Intermediate I represents the reversibly associated enzyme- 
substrate complex 11; an intermediate in which hydrogen has 
been removed from substrate to yield 5'-deoxyadenosine 
(HAdo); I11 represents one or more intermediates involving 
rearrangement; IV is a species in which hydrogen has been 
returned to substrate from the 5' carbon of 5'-deoxyadenosine, 
presumably completing formation of product. The conversion 
of I to I1 is thought to be irreversible; attempts to demonstrate 
hydrogen exchange between cofactor and unreacted substrate 
have been unsuccessful (Carty et al., 1971; Frey and Abeles, 
1966). 

Four areas of experimental results of this work can be used 
to assess possible molecular mechanisms of inactivation and 
catalysis: (1 1 kinetics of catalysis and inactivation, (2) kinetic 
isotope effects, (3) spectral observations of enzyme-bound 
cofactor before and after inactivation, (4) stereospecificity of 
catalysis and inactivation. These four aspects were studied in 
considerably greater detail with glycerol as substrate inacti- 
vator. However, results obtained with this substrate may also 
apply to the others, in view of their similar kinetic behavior. 

Kinetics of Catalysis and Inactivation. Equations of the 
Michaelis-Menten type, modified to account for decreasing 
enzyme activity with time due to irreversible .inactivation, 
accurately describe all catalysis and inactivation kinetics 
presented here. The kinetics of inactivation for all substrates 
studied are similar in several respects: (1)  the rate of inacti- 
vation is first order with respect to  enzyme, (2) saturation 
behavior with respect to substrate is observed, and (3) 1,2- 
propanediol acts as a purely competitive inhibitor of inacti- 
vation. These similarities suggest that the mechanism of in- 
activation may be the same or very similar for each inactivator. 
Furthermore, they indicate that inactivation is a phenomenon 
associated with the active site. 

Kinetic Isotope Effect. Results obtained with glycerol-d5 
(V,,,H/ Vm,,D - 8) demonstrate that cleavage of a carbon- 
hydrogen bond is one of the important rate-contributing steps 
in the enzyme-catalyzed formation of product from glycerol. 
This suggests that the mechanism of catalysis is probably very 
similar to that of the normal substrate 1,2-propanediol. The 
isotope effect of 14 on inactivation suggests that the mechanism 
of inactivation may in part be very similar to catalysis. How- 
ever, we have verified that @-hydroxypropionaldehyde neither 
inhibits nor inactivates diol dehydratase holoenzyme. Inacti- 
vation, then, must occur somewhere between the initial binding 
of glycerol and the release of product. 

Spectral Observation of Enzyme-Bound Cofactor. Sub- 
strate-induced transformation of enzyme-bound AdoCbl to 
a species spectrophotometrically indistinguishable from Cbl1I 
has been observed to occur with both diol dehydratase and 

ethanolamine ammonia-lyase (Wagner et al., 1966; Abeles and 
Lee, 1964; Babior, 1969). This transformation is associated 
with catalysis and presumably involves homolytic cleavage of 
the carbon-cobalt bond. 

A number of the modified substrate inactivators we have 
examined can induce the transformation described above in 
the visible spectrum of enzyme-bound AdoCbl, suggesting the 
presence, in these cases, of intermediate I1 (Cbll'). The absence 
of a detectable Cbl" species with glycerol and 2,3-butanediol 
as substrates, therefore, more likely represents a change in the 
rate-limiting step, resulting in the predominance of an inter- 
mediate which is not Cbl" rather than a change in the mech- 
anism of catalysis (Le., a Cbll' species still intervenes but in a 
concentration which is too low to be detected by the techniques 
used). 

The inactivation reaction may be the result of the formation 
of a highly reactive intermediate, such as I1 or 111 which, due 
to the modification of the substrate, lacks the proper steric or 
electronic configuration necessary for normal catalysis. De- 
struction of cofactor and/or enzyme by some noncatalytic 
reaction of the above intermediate may be responsible for in-  
activation. 

Destruction of enzyme-bound cofactor is commonly asso- 
ciated with inactivation of AdoCbl-dependent enzymes and 
is usually characterized by the formation of OH-Cbl. For ex- 
ample, when enzyme and AdoCbl are incubated together in 
the absence of substrate, formation of enzyme-bound OH-Cbl 
from enzyme-bound AdoCbl occurs at a rate apparently equal 
to that of inactivation (Wagner et al., 1966), probably by re- 
action of 0 2  with Cbl". The formation of Cbl" in this case 
cannot be observed spectrophotometrically, but the formation 
of a small amount of some paramagnetic species has been 
demonstrated to occur even in the absence of substrate (Finlay 
et al., 1973). 

Of the inactivators listed in Table I, only with 2,3-butanediol 
is inactivation accompanied by the transformation of en- 
zyme-bound cofactor to enzyme-bound OH-Cbl at a rate 
similar to that of inactivation. With this inactivator, as in the 
case of oxygen inactivation, the formation of Cblll cannot be 
detected spectrophotometrically. 

However, of the inactivators that do induce formation of 
Cbl", none exhibit a transformation of the Cbl" spectrum to 
that of OH-Cbl concomitantly with inactivation. The forma- 
tion of enzyme-bound OH-Cbl follows more rapidly after in- 
activation with ethylene glycol as substrate than with any of 
the other inactivators that induce Cbl" formation. This may 
be the result of a diminished ability of ethylene glycol, the 
smallest of these substrates, to protect the inactive enzyme- 
Cbl" complex from oxygen. 

Glycerol is unique in that no significant change in the visible 
spectrum of enzyme-bound AdoCbl can be detected, yet 
glycerol is both a very good substrate and powerful inactivator. 
(A slight change in the spectrum from that observed for Ad- 
oCbl bound to enzyme in the absence of substrate or inactivator 
appears in Figure 4. The shoulder a t  370 nm characteristic of 
alkylcobalamin is diminished slightly, while a new peak a t  363 
nm appears. This latter peak is undoubtedly due to a small 
amount of enzyme-bound OH-Cbl formed prior to addition 
of glycerol.) Initially, the visible spectrum probably represents 
enzyme-bound AdoCbl. Following inactivation, however, the 
visible spectrum must represent either a "trapped" interme- 
diate or a new alkyl or thiocobalamin not normally formed 
during catalysis. 

AdoCbl-dependent rearrangements have been postulated 
to take place via a transalkylation reaction (intermediate III,, 
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is presumably formed from intermediate IL), although no 
concrete evidence has yet been obtained for such a reaction 
occurring with any AdoCbl-dependent enzyme. The visible 
spectrum of glycerol-inactivated AdoCbl.enzyme may be due 
to a “trapped” intermediate, such as 111, or I&. Intermediate 

OH OH OH 
I 1  I 

R-CH-C-H-R-CH-CHOH 
I 

> c o <  
I >co< 

111, IIIb 

111b is more likely in view of the observed lability of the inter- 
mediate, secondary alkylcobalamins being generally less stable 
than primary alkyl cobalamins (Hogenkamp, 1975). 

However, the above hypothesis does not account for the 
observed inactivity of apoenzyme upon removal of cobalamin 
and the apparent covalent labeling of apoenzyme by glycerol. 
In view of these results, a more likely scenario is attack of a 
reactive substrate moiety, such as pictured in intermediate 11, 
on the enzyme, followed by, or concomitant with, a reaction 
between Cbl” and an amino acid residue at the active site. This 
would account for the inability to remove the light-sensitive 
cobalamin intact from the active site, the inactivity of apoen- 
zyme upon removal of cobalamin, and the observed covalent 
labeling of the enzyme by glycerol. However, this still does not 
account for the observed labeling of several molecules of 
glycerol/active site, a result for which a t  present we have no 
explanation. 

The presence of a reactive apoenzyme moiety at  the active 
site is also indicated by the observation that removal of OH-Cbl 
from oxygen-inactivated holoenzyme does not regenerate ac- 
tive apoenzyme. (This substrate-free inactivation has pre- 
viously been attributed only to destruction of enzyme-bound 
cofactor which then remains irreversibly bound to the enzyme 
(Wagner et al.. 1966).) I n  this respect, the mechanisms of in- 
activation by oxygen and glycerol may be somewhat similar. 
A further similarity between glycerol and oxygen-inactivated 
holoenzyme is seen in Table 111. Continued dialysis vs. the 
Mg2+ and S03’- solution past that required to remove en- 
zyme-bound cobalamin restores some activity. Furthermore, 
the rate ofthe restoration appears to be about the same for both 
the glycerol- and oxygen-inactivated apoenzymes. This reac- 
tivation after prolonged dialysis is perhaps due to slow reduc- 
tion of some oxidized species on the enzyme by SO3’- and is 
the subject of continuing investigation. 

The above results indicate that inactivation almost certainly 
involves the breakdown of catalysis at some intermediate step. 
Destruction of cofactor would first be suspected as a likely 
cause of inactivation: however, in most cases, the enzyme- 
bound cobalamin species we observe (alkyl-cobalamin or Cbl”) 
is one either observed during normal catalysis or associated 
with active holoenzyme. Furthermore, removal of the CO- 

baiamin species does not regenerate active apoenzyme. AI- 
though enzyme-bound OH-Cbl does eventually result with all 
inactivated holoenzyme complexes, such formation of OH-Cbl 
is probably the result: rather than the cause, of inactivation. 
This indicates that the protein must play an active role in in- 
activation, and, by implication, an active role in catalysis. 

Stereosprcijicity of Catalysis and Inactiuation. The two 
hydroxymethyl groups attached to the prochiral (C-2) carbon 
of glycerol are enantiotopic-paired substituents. This makes 
possible two chemically distinct diastereomeric combinations 
of enzyme with glycerol, designated for purpose of discussion 
as EGs and E G I ~ .  

EGs represents glycerol bound to enzyme with the (pro-S)- 
hydroxymethyl group at  the site involved in hydrogen ab- 
straction (“A”), while EGR represents the corresponding en- 
zyme-glycerol complex with the (pro-R)-hydroxymethyl 
group so oriented. 

In the following discussion, we shall use results with var- 
iously deuterated glycerols to argue that product formation 
occurs mainly via a pathway through EGR, while inactivation 
occurs via a pathway through EGs. 

If  one assumes the mechanism of the enzyme-catalyzed 
reaction with glycerol to be the same as that with 1.2-pro- 
panediol, the minimum kinetic scheme that must be con- 
structed is 

E G R  - EGR’ EGR” e- EPR 4 E + PR 
(10) 

&- E + G  
EGs - EGs’ e EGs” i‘- EPs - E + P, 

EG,, EG,’. EG,”’, and EP, are analogous to intermediates 
I-IV in eq 9. To present the following largely qualitative 
argument, we shall further abbreviate the kinetic scheme above 
to 

recognizing that k,(R) and kp(S) are composite constants 
representing many steps, including a t  least two steps involving 
hydrogen transfer (1-11 and 111-IV, eq 9). Each of these two 
steps can contribute to the expression of an isotope effect on 
k,(R) or kp(S). k , ( S )  and k , (R)  are the rate constants for in- 
activation of the respective enzyme-glycerol complexes. 

Consider first the products formed from (R)-glycerol-d.; 
four are possible: 

ps PR 
0 0 

c b a l l  a b C I I  

I I 
CDZCHZCH CH,CHDCD 

0 0 
c b a l l  a b C I I  

I I 
CDZCHZCH CH,CHDCD 

OH OH 
A C 

0 0 
c b 811 a b C I I  

I 
CDZCHDCH CH,CH,CD 

O H  
I 

OH 
B D 

Products A and B are derived from EGs, while C and D are 
derived from EGR. (Products B and D result from intermo- 
lecular hydrogen transfer. That this occurs has been demon- 
strated by Essenberg et al. (1 97 1)  and involves (2-5’ of cofactor 
as the intermediate hydrogen carrier.) ‘H NMR of the 2,4- 
dinitrophenylhydrazones of the above products indicates that 
better than 90% of products C and D are  formed. This result 
is particularly striking, since products C and D should be dis- 
favored relative to A and B due to kinetic isotope effects on 
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product formation. This is strong evidence that product alde- 
hyde originates almost entirely from EGR. 

The observed kinetic isotope effects further support this 
conclusion. For example (R)-glycerol-dz and (RS)-glycerol-d2 
contain the same amount of deuterium. (R)-glycerol-dz, 
however, exhibits a large isotope effect on product formation 
(6.8), while a much smaller effect (2.1) is observed with 
(RS)-glycerol-d2. This clearly indicates that deuterium on 
carbon ‘‘c” has a greater effect on product formation than 
deuterium on carbon “a”. 

The isotope effect of 8.0 observed with glycerol-ds must 
represent the full extent to which an isotope effect can be ex- 
pressed on catalysis, or more specifically, in light of the above 
arguments, on k,(R). The reduction of the isotope effect from 
8.0 to 6.8 for (R)-glycerol-d2, however, must be due to some 
contribution from hydrogen located on carbon “a”. The con- 
tribution may be in the form of a small amount of product 
formation from the EGs form or possibly some very slow ex- 
change between the deuterium of enzyme-bound coenzyme and 
hydrogen on the “a” carbon. Only a very small contribution 
(2%) from hydrogen on the “a” carbon is needed to account 
for the decrease of the isotope effect from 8.0 to 6.8. 

Analogous arguments support the conclusion that inacti- 
vation occurs mainly via EGs. For inactivation, glyceroLd5 
shows an isotope effect of 14; this must also represent the full 
extent to which an isotope effect can be expressed. Were hy- 
drogen at carbon “c” as important to inactivation as to catal- 
ysis, an isotope effect on inactivation much larger than the 
observed 1.8 would be exhibited by (R)-glycerol-dz. Accord- 
ingly, hydrogen a t  carbon “a” must make a significant con- 
tribution to inactivation. 

Does the isotope effect of 1.8 for (R)-glycerol-dz reflect 
some inactivation via EGR?  There is an alternative explana- 
tion. When holoenzyme is inactivated by glycerol (no deute- 
rium) in the presence of 1,l -dideuterio- 1,2-propanediol, an 
isotope effect is expressed on the inactivation rate (Bachovchin 
et al., manuscript in preparation). Thus, deuterium located on 
1,2-propanedioI can participate in the inactivation reaction and 
contribute to the expression of an isotope effect on ki. The 
mechanism of this effect most likely involves the 5’ carbon of 
cofactor as the intermediate hydrogen carrier. The importance 
of this result to the present discussion is that a similar effect 
must occur with (R)-glycerol-dz. The EGR binding confor- 
mation can behave as a deuterated substrate contributing 
deuterium to the coenzyme during catalysis. Moreover, that 
the coenzyme should be rich in deuterium follows from the 
much greater reactivity of the “c” carbon deuteriums in 
product formation and the much greater rate of catalysis 
compared to that of inactivation. Thus the small isotope effect 
of 1.8 with (R)-glycerol-dz as inactivator indicates inactivation 
predominantly via EGs; little, if any, inactivation occurs via 

These conclusions are in stereochemical agreement with 
results obtained with 1,2-propanediol and 3-fluoro- 1,2-pro- 
panediol (Eagar et al., 1975). With both of these substrates, 
we have found that the “ R ’  binding conformation is more fa- 
vorable for catalysis than is the “S” binding conformation. 
Furthermore, substitution of fluorine at C-3 of (S)-l,2-pro- 
panediol reduces catalysis by a factor of two, while the same 
modification of the R isomer results in almost no change in the 
catalytic rate. The present observation is that a hydroxyl group 
substituted a t  C-3 of (R)-1,2-propanediol has no detrimental 
effect on catalysis, while the same modification of the “S” 
isomer is very deleterious to catalysis. 

Thus, a pattern is revealed indicating that the properties of 

EGR. 

the holoenzyme-substrate complex are such that a substituent 
on the methyl group directed away from the site of hydrogen 
abstraction is more readily tolerated for EGR than for EGs. 

Substrate Specificity. Although the results presented here 
demonstrate that diol dehydratase holoenzyme binds and 
reacts with a wider array of substrates than previously thought, 
the specificity for 1 ,2-propanediol is still rather high. Inspection 
of the data in Table I reveals that any modification of the 
normal substrate results, as a general rule, in a decreased k,, 
increased K M ,  and the appearance of k , .  Glycerol is somewhat 
unusual in having an increased value of k ,  relative to that of 
1,2-propanediol, though this is more than offset by its large 
values of K M  and k , .  

Replacement of the C-3 methyl group by hydrogen (ethylene 
glycol) results in a 20-fold increase in K M ,  as well as in irre- 
versible inactivation. Thus, the methyl group plays an impor- 
tant role in both binding and in preventing inactivation. Since 
the rate of inactivation obtained with ethylene glycol is inde- 
pendent of the presence of oxygen (as it is with all inactivators 
listed in Table I ) ,  the methyl group does not prevent inacti- 
vation by protecting the active site from exposure to oxygen. 
The methyl group must somehow play a role in the proper 
positioning or stabilization of the substrate for catalysis. 
Comparison of the effects on K M ,  k,, and k ,  observed with 
ethylene glycol, isobutylene glycol, 2,3-butanediol, and 1,2- 
butanediol indicates that these parameters are independently 
affected by the addition or deletion of a methyl group to the 
normal substrate skeleton, suggesting that steric factors im- 
portant for binding are different from those that influence 
catalysis and inactivation. Surprisingly, substitution of a 
methyl group at C-1 (2,3-butanediol) does not entirely pre- 
clude catalysis, which must in this case involve abstraction of 
hydrogen from a secondary carbon atom, followed by rear- 
rangement to give the corresponding ketone. 

Substitution for hydrogen at C-3 of 1,2-propanediol by 
hydroxyl, thiol, fluorine, chlorine, methyl, or three fluorines 
substantially affects binding, catalysis, and inactivation. A 
quantitatively consistent picture relating these effects to the 
size or chemical nature of the substituent, however, does not 
emerge. A possible reason for this may be that each of the 
above analogues is, in reality, a mixture of two substrates, the 
R and S isomers. A given substituent may have an entirely 
different effect on the binding, catalysis, and inactivation be- 
havior of each isomer, as we have shown for 3-fluoro-1,2- 
propanediol (Eagar et al., 1975) and glycerol. 

Relation of Diol Dehydratase to Glycerol Dehydratase. 
Glycerol dehydratase is an AdoCbl-dependent enzyme isolated 
from a different strain of the same bacterium that produces 
diol dehydratase (Zagalak and Pawelkiewicz, 1962), and there 
are many similarities between these two enzymes. 

These results reveal additional similarities. Like glycerol 
dehydratase, diol dehydratase also converts glycerol to p- 
hydroxypropionaldehyde and undergoes simultaneous inac- 
tivation. Moreover, values of K M  for glycerol and ethylene 
glycol reported with glycerol dehydratase (1.5 X M and 
0.66 X M, respectively (Yakusheva et al., 1974)) are 
similar to those obtained with diol dehydratase (Table I). 
However, the rate constant for inactivation of diol dehydratase 
by glycerol (1.3 min-’) differs significantly from that for 
glycerol dehydratase (0.35 min-I) (Poznanskaya et al., 1972). 
Thus, the main kinetic difference between the two enzymes 
may be a greater rate for the inactivation of diol dehydratase 
by glycerol than for the inactivation of glycerol dehydratase; 
in other respects, these two enzymes are even more similar than 
previously thought. 
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