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Mechanism of Action of Adenosylcobalamin:
3-Fluoro-1,2-propanediol as Substrate for Propanediol

Dehydrase—Mechanistic Implications?

Robert G. Eagar, Jr., William W. Bachovchin, and John H. Richards*

ABSTRACT: 3-Fluoro-1,2-propanediol has been found to be
a substrate for propanediol dehydrase and has very similar
binding and catalytic constants compared to the natural
substrate. The only isolable products of the reaction are
acrolein and inorganic fluoride; with 3-fluoro-3,3-dideu-
terio-1,2-propanediol as substrate, only 3,3-dideuterioacro-
lein is obtained. These results indicate that the primary
product of the reaction is 3-fluoropropionaldehyde which

Most current mechanisms for rearrangement reactions
involving adenosylcobalamin invoke, as one of the first
steps, the cleavage of the bond between the cobalt and the
5’-methylene carbon of the deoxyadenosyl residue of the
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spontaneously loses hydrogen fluoride to yield acrolein. The
similar kinetic parameters for the fluorinated as compared
to the normal substrate suggest that significant charge does
not develop on the fluorinated or, by implication, the natu-
ral substrate during any rate-limiting steps of the reaction.
These results support a radical, as contrasted to an ionic
pathway for reactions involving adenosylcobalamin and diol
dehydrase.

coenzyme with concomitant removal of a hydrogen atom
from substrate by the 5’ carbon (which becomes thereby a
methyl group).
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The question of the electronic nature of this bond cleav-
age and hydrogen transfer (ionic, radical, or concerted) re-
mains presently somewhat unresolved, though appreciable
electron spin resonance (ESR) evidence in the case of etha-
nolamine deaminase (Babior et al., 1972, 1973), ribonu-
cleotide reductase (Hamilton et al.,, 1971, 1972; Orme-
Johnson et al., 1973), and diol dehydrase (Finlay et al.
1972; Valinsky et al., 1973) supports a radical pathway.

Propanediol dehydrase, though showing relatively the
same activity to both R and S forms of the normal sub-
strate (Lee and Abeles, 1963), has almost no enzymatic ac-
tivity for other only slightly modified substances (Lee and
Abeles, 1963; Toraya and Fukui, 1972). With the hope of
changing the polar characteristics of potential substrates,
without altering significantly the stereochemical require-
ments, we have studied the possible role as substrates of flu-
orine substituted analogues of propanediol (van der Waals
radii: fluorine, 1.35 A: hydrogen, 1.2 A). We have found
that both (R)- and (S)-3-fluoro-1,2-propanediol are effi-
ciently converted by the enzyme presumably to g-fluoropro-
pionaldehyde which then rapdily loses HF to yield acrolein,
the observed product. Other features of the reaction of
these fluorinated substrates were also studied and have sig-
nificance for the mechanism of the reaction catalyzed by
adenosylcobalamin and diol dehydrase.

Experimental Section

Enzyme Preparations. Propanediol dehydrase ((R,S)-
1,2-propanediol hydro-lyase; EC 4.2.1.28) was obtained
from Klebsiella pneumoniae (ATCC 8724) by a procedure
similar to that reported by Lee and Abeles (1963). Fraction
E-8 was used for all determinations. Diol-free enzyme was
prepared as previously reported (Frey et al., 1967).

Coenzyme Bj,. Coenzyme B;; was purchased from
Sigma Chemical Company.

Assays. All assays were carried out in the dark at 37°C,
and the aldehyde products were determined by a modifica-
tion of the previously reported method (Lee and Abeles,
1963). This modification increased the sensitivity of the
assay approximately fivefold. In general, 2 ml of aldehyde-
containing solution was assayed by adding 0.1 ml of 2 NV hy-
drochioric acid and 0.1 ml of 2,4-dinitrophenylhydrazine
(prepared by dilution of 100 mg of 2,4-dinitrophenylhydra-
zine plus 0.4 ml of concentrated hydrochloric acid to 25 ml
with carbonyl-free methanol). After standing for 30 min,
0.5 ml of Spectroquality pyridine (Matheson Coleman and
Bell) and 0.1 ml of methanolic potassium hydroxide (pre-
pared by dilution of 10 g of potassium hydroxide dissolved
in 10 ml of distilled water to 50 ml with carbonyl-free meth-
anol) were added; and the resulting mixture was allowed to
stand for 6 min and then centrifuged. Absorbance was de-
termined at 475 myu.

Rate Determinations. The relative rates of (5)-, (RS)-,
and (R)-3-fluoro-1,2-propanediol and of (R)-, (RS)-, and
(8)-1,2-propanediol were determined by measuring the pro-
duction of the product, acrolein or propionaldehyde, at
1-min intervals, The rates were linear for at least 8§ min and
the slope of the least-squares line was used to determine
ks Reaction mixtures consisted of the following: diol
dehydrase, 0.009 unit; potassium phosphate buffer, pH 8.0,
80 umol; adenosylcobalamin, 40 ug; substrate, 100 umol;
bovine serum albumin, 0.02 mg. Total volume, 2 ml, 37°.

K\ Determinations. Reaction mixtures were generally
the same as those described above with the amount of sub-
strate varied. For optimum results 0.032 unit of enzyme was
5524
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used. The production of acrolein was determined at l-min
intervals for each initial substrate concentration. In all
cases the rate was linear through 8 min. The double recipro-
cal plots were also linear and the slope and intercept of the
least-squares line were used to determine Ku.

Synthesis of Substrates

(R)-1,2-Propanediol. (R)-1,2-Propanediol was prepared
by lithium aluminum hydride reduction of D-lactic acid
which was obtained by acidification of calcium D-lactate
(Sigma Chemical Company) (Karrer et al., 1948). The re-
sulting (R)-1,2-propanediol had [«]?°D —18.4° (7.5% w/w
in water).!

(S)-1,2-Propanediol. (S)-1,2-Propanediol was prepared
by lithium aluminum hydride reduction of ethyl L-lactate
(Aldrich Chemical Company) (Karrer et al., 1948). The re-
sulting (S)-1,2-propanediol had [«]%’D +19.5° (7.5% w/w
in water).!

Other Methods of Preparation of (R)- and (S)-1,2-Pro-
panediol. D- and L-lactates were also prepared by deamina-
tion of the corresponding isomers of alanine (Baker and
Meister, 1951) and then reduced with lithium aluminum
hydride. The (R)- and (S)-1,2-propanediols had [«]?°D of
—19.5 and +19.5° (7.5% w/w in water),' respectively.

Sodium cyanoborohydride reduction of (R)-3-O-tosyl-
1,2-isopropylideneglycerol (see the synthesis of (R)-3-flu-
oro-1,2-propanediol) by the general method of Hutchins et
al. (1971), followed by acid hydrolysis of the ketal also
yielded (S)-1,2-propanediol with [«])?*D +20.8° (7.5% w/w
in water).'

(RS)-3-Fluoro-1,2-propanediol. (RS)-3-Fluoro-1,2-pro-
panediol was prepared by acid hydrolysis of epifluorohydrin
(Aldrich Chemical Company) (Pattison and Norman,
1957).

(R)-3-Fluoro-1,2-propanediol. ~ (R)-3-Fluoro-1,2-pro-
panediol was prepared from D-mannitol by the intermediate
synthesis of (R)-1,2-isopropylideneglycerol, (R)-3-O-tosyl-
1,2-isopropylideneglycerol, and (R)-3-fluoro-1,2-isopropyli-
denepropanediol as described by Ghangas and Fondy
(1971). Careful distillation yielded (R)-3-fluoro-1,2-pro-
panediol with [a]**D —14.9° (13% w/w in absolute etha-
nol) as opposed to the value [a]?°D —7.6° (50% v/v in abso-
lute ethanol) previously reported. 3-Fluoro-1,2-propanediol
isomers with smaller [@]D values showed a considerable
change in catalytic rates.

(S)-3-Fluoro-1,2-propanediol. (S)-3-Fluoro-1,2-pro-
panediol was prepared from the R enantiomer by the inter-
mediate synthesis of (R)-3-fluoro-1,2-di-O-tosylpropane-
diol and (§)-3-fluoro-1,2-di-O-benzoylpropanediol as de-
scribed by Lloyd and Harrison (1971). The (S)-3-fluoro-
1,2-propanediol showed [a]23D +14.8° (13% w/w in abso-
lute ethanol).

(R)-3-Fluoro-3,3-dideuterio-1,2-propanediol.  Potassi-
um (R)-1,2-isopropylideneglycerate was prepared from
(R)-1,2-isopropylideneglycerol by alkaline potassium per-
manganate oxidation (Reichstein et al., 1935). The methyl
ester was prepared directly from the potassium salt by reac-
tion with methyl iodide in hexamethylphosphoramide
(Shaw et al., 1973). Potassium (R)-1,2-isopropylidenegly-
cerate (3.7 g, 10 mmol) was dissolved in 50 ml of hexa-
methylphosphoramide which contained 5.1 ml of water and
potassium hydroxide (1.7 g, 30 mmol). The mixture was

" All rotations for propanediol samples are uncorrected for water
content in the preparation (Huff, 1961).
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Figure 1: NMR data for acrolein 2,4-dinitrophenylhydrazone. Only a
single resonance is observed for the Hs proton. Presumably due to ste-
ric hindrance only the anti (vinyl) isomer is formed as is the case for a
number of aldehyde 2,4-dinitrophenylhydrazones (Curtin et al., 1959).

stirred for 30 min and methyl iodide (11.3 g, 80 mmol) was
added. The reaction was allowed to proceed for 2 hr while
maintaining a pH above 8 by addition of potassium hydrox-
ide when necessary. The mixture was poured into 100 ml of
water and extracted twice with 75-ml portions of ethyl
ether. The combined ether extracts were washed twice with
25-ml portions of water and once with 10 ml of saturated
sodium chloride solution, and dried over anhydrous sodium
sulfate. Evaporation of the ether under reduced pressure
yielded crude methyl (R)-1,2-isopropylideneglycerate (2.3
g, 73%) which was used without further purification. The
crude ester (5 g, 31 mmol) was dissolved in 50 ml of anhy-
drous ethyl ether and added dropwise to a solution of lithi-
um aluminum deiiteride (1.0 g, 24 mmol) (99% *H from
Stohler Isotope Chemicals) in 150 ml of ice cold anhydrous
ether with stirring. After 3 hr, the reaction was quenched
by adding 1 ml of water, 1 mi of 15% sodium hydroxide,
.and 3 ml of water (Fieser and Fieser, 1967). The salts were
removed by filtration and evaporation of the ethereal solu-
tion yielded (R)-3,3-dideuterio-1,2-isopropylideneglycerol
(4.25 g, 88%). (R)-3-Fluoro-3,3-dideuterio-1,2-propane-
diol, [a]?’D —14.1° (13% w/w in absolute ethanol), was
prepared from this material by a method analogous to the
one described above. Deuterium content was at least 98% as
determined by 'H nuclear magnetic resonance (NMR).

(S)-3-Fluoro-3,3-dideuterio-1,2-propanediol. (8)-3-
Fluoro-3,3-dideuterio-1,2-propanediol, [«]?’D +14.8° (5%
w/w in absolute ethanol), was prepared from the R enan-
tiomer as described above. Deuterium content was at least
98% as determined by 'H NMR,

3-Fluoro-1,1-dideuterio-1,2-propanediol. 3-Fluoro-1,1-
dideuterio-1,2-propanediol was prepared from ethyl 3-fluo-
rolactate (Gottwald and Kun, 1965) by lithium aluminum
deuteride reduction in a manner similar to that previously
described. Deuterium content was at least 98% as deter-
mined by '"H NMR.

Acrolein 2,4-Dinitrophenylhydrazone. Acrolein 2,4-dini-
trophenylhydrazone was prepared as described previously
(Shriner et al. 1964). The 'H 100-MHz NMR spectrum
was determined in deuterated chloroform on a Varian XL-
100 spectrometer and was matched with a computer-simu-
lated spectrum with the following chemical shifts relative to
tetramethylsilane and coupling constants (Figure 1). The
acrolein 2,4-dinitrophenylhydrazone showed Ry 0.52 on sili-
ca gel thin-layer chromatography using chloroform as an
eluting solvent.

BIOCHEMISTRY, VOL.

Table I
Vinax b s

Substrate? (nmol/min) kg (sec™) Ko x 100 (M)
(S)-Fdiol 12.10£0.66 340+ 18  13.2:0.30
(RS)-Fdiol 4.56 + 0.25 128 + 7 3.07 £ 0.10
(R)-F-diol 3.70 £ 0.20 104 + 5 1.47 + 0.05
(R)-H-diol 13.09 + 0.60 368 = 16 0.381 + 0.028
(RS)-Hdiol 8.90 = 0.34 250 £ 10 0.212 + 0.023
(S)-Hdiol 6.82 + 0.17 191 +5 0.123+ 0.07

2F-diol = 3-fluoro-1,2-propanediol; H-diol = 1,2-propanediol.
b Based on a molecular weight of 250000 and a specific activity
of 60 units/mg (Essenberg et al., 1971).

Determination of Reaction Products from 3-Fluoro-
3,3-dideuterio-1,2-propanediol. The dinitrophenylhydra-
zones of acrolein from the enzymatic rearrangement of (R)-
and (§)-3-fluoro-3,3-dideuterio-1,2-propanediol were iso-
lated by preparative thin-layer chromatography. Their 'H
NMR spectra were determined on a Varian XL-100 spec-
trometer using the Fourier transform technique. The acro-
lein from both isomers showed >98% deuterium on C-3 of
the acrolein. No other deuterium was detected.

Results

Nature of the Reaction. The rate of conversion of both
(R)- and (S)-3-fluoro-1,2-propanediol to aldehyde by diol
dehydrase is linear for at least 30 min. The only products
observed are acrolein (identified by the acrolein specific
assay of Circle et al. (1945), and by the NMR of the 2,4-
dinitrophenylhydrazine (Dnp) adduct) and inorganic fluo-
ride. Following the reaction by !°F magnetic resonance
showed only substrate and fluoride anion; if 3-fluoropro-
pionaldehyde is formed its lifetime must be very short at
35°C (NMR probe temperature). The possibility that reac-
tion of 3-fluoro-1,2-propanediol proceeded by primary ab-
straction of hydrogen from C-3 (the carbon to which the
fluorine is bound) was eliminated by studying the enzymat-
ic conversion of both (R)- and (S)-3-fluoro-3,3-dideuterio-
1,2-propanediol; in both cases, the only product was 3,3-
dideuterioacrolein (as indicated by 'H magnetic resonance
spectra of the Dnp adducts) and fluoride anion.

In contrast to the behavior of 3-fluoro-1,2-propanediol as
an essentially normal substrate, neither 1-fluoro-2-propanol
nor 1,3-difluoro-2-propanol shows detectable reactivity (less
than 1% of that for 1,2-propanediol). Moreover, neither ex-
hibits any inhibition of enzymatic conversion of 1,2-pro-
panediol when present in 100-fold excess over substrate.

Kinetic Aspects. Comparative Rates. Table I summa-
rizes the values of k¢, obtained for (R)-, (S)-, and (RS)-
3-fluoro-1,2-propanediol and for (R)-, (S)-, and (RS)-1,2-
propanediol. (A note about formal stereochemical notation
may avoid some confusion. The conventions are such that,
for example, (§)-3-fluoro-1,2-propanediol is, in fact, the 3-
fluoro analogue of (R)-1,2-propanediol.) The rate of the
RS mixture (more pronounced with 3-fluoro-1,2-propane-
diol than with 1,2-propanediol) more nearly equals that of
the slower isomer than the average of the rates for the two
isomers. This suggests that the Michaelis values for the R
and S isomers may be unequal as discussed subsequently.

Determination of Michaelis Constants.

Fluorodiols. The color from the Dnp derivative of acrole-

14, No. 25, 1975 5525



Table II

AG AG*

(kcal/mol) (kcal/mol)

Binding Catalysis
(R)-H-diol2 6.27 14,53
(S)-H-diol 6.97 1493
(R)-F-diol 5.44 15.31
(S)-F-diol 4.08 14.58

4 Hdiol = 1,2-propanediol; F-diol = 3-fluoro-1,2-propanediol.

in is 2.75 times as intense as that from the Dnp derivative of
propionaldehyde. This fact, together with the increased sen-
sitivity of the modified Dnp assay, enables one to measure
accurate initial velocities for 3-fluoro-1,2-propanediol at
initial concentrations as low as 5 X 10~% M. Accordingly,
K\ values for those substrates could be and were deter-
mined. They are summarized along with the k., values in
Table I.

1,2-Propanediol. The modified Dnp assay for propional-
dehyde alone allowed meaningful initial velocities to be ob-
tained at initial concentration only as low as 1 X 107% A,
Near saturation behavior is obtained at this concentration
for (R)-, (S)-, and (RS)-1,2-propanediol. Michaelis con-
stants for these natural substrates were determined by an-
other method and are listed in Table I for comparison (W.
W. Bachovchin, R. G. Eagar, and J. H. Richards, manu-
script in preparation). The ratio of K values for (R)- and
(S)-1,2-propanediol determined by this method was 3.81/
1.23 which agrees well with that of 3.2 previously reported
by Jensen et al. (1975).

Kinetic Isotope Effects. The kinetic isotope effect ky/kp
for (RS)-1,1-dideuterio-3-fluoro-1,2-propanediol was deter-
mined to be 12.9; there was no concomitant change in the
value of Km. This kinetic isotope effect is the same as the
value of 10-13 reported for 1,1-dideuterio-1,2-propanediol
(Abeles, 1972; Frey et al., 1965; Lee and Abeles, 1962).
Substitution of deuterium at C-3 of 3-fluoro-1,2-propane-
diol had no observable effect on the rate or binding behav-
ior,

Spectral Observation of Intermediates. The visible spec-
trum of a reaction mixture of enzyme, coenzyme, and 3-flu-
oro-1,2-propanediol as substrate was identical with that of a
similar solution with 1,2-propanediol itself as substrate
(Wagner et al., 1966).

Discussion
Competition for One Site. That the R and S isomers
compete for the active site can be demonstrated from the
experimentally observed values of Ky and kg in Table 1.
For two substrates competing for the same site the rele-
vant equations are:

kq k3
E+S =ES—E+ P

Ry

kY kg
E+R=—ER —E+ P

]

For a mixture of R and S isomers the overall reaction
rate (Vrs) is given by:

Virs) = kaidlES] + [ER]} = Ry[ES] + k[ER]

where k.., is the value actually observed for the RS mixture
and
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1"(RS) = /"catHon/(l + Rslsj + kRI.RJ)J[[{sLS‘ ™ f‘:’hLR”:
[[E.})/(1 + KS] + Kg[RIkEJS] + kyKalR]]

In a racemic mixture [R] = [S] = 5|RS] and the equation
becomes:

Virsy = keacl[Eo[RS)/(2 + KJRS] + Ku[RSJIK; + Kyl =
[EGRS)/(2 + K§(RS] + KplRSDk.Ks + kyKg)
whence

kear = (hKg ~ kiKg)/(Ks + Kg)

The individually determined values of k3, ko, K, and Kg
in Table I lead to predicted values of “k.,,” for (RS)-3-flu-
oro-1,2-propanediol of 128 sec™! (compared to the observed
value of 128 sec™!) and for (RS)-1,2-propanediol of 235
sec™! (compared to the observed value of 250 sec™!). We
accordingly conclude that both the R and S isomers of
these substrates exhibit simple competitive behavior for the
same active site on the enzyme.

Binding. The observation that substitution of deuterium
for hydrogen at C-1 of 3-fluoro-1,2-propanediol as sub-
strate reduces the value of k., by a factor of 13 while the
value of Ky remains unchanged demonstrates that the ob-
served Michaelis constant reflects enzyme-subsirate disso-
ciation relatively unperturbed by subsequent catalytic
events (i.e., Kpm =~ Kg).

The question of whether the increased values of K ob-
served for the fluorodiols relative to the normal substrates
might arise from the nonproductive binding of the fluoro-
diols in which the 3-fluoro substituent occupies the site nor-
mally reserved for the [-hydroxyl group was probed by
studying the possible substrate and/or inhibitor role of 1-
fluoro-2-propanol and 1,3-difluoro-2-propanol. Neither
substance showed any detectable reactivity (less than 1%
that of 3-fluoro-1,2-propanediol); nor did either inhibit the
enzyme in concentrations up to 100 times that of propane-
diol. Accordingly, we conclude that the fluorine substituent
does not mimic a hydroxyl group and that 3-fluoro-1,2-pro-
panediol binds to the enzyme in a manner essentially analo-
gous to 1,2-propanediol itself, with the fluoromethyl group
occupying the methyl site.

Transition State Energies. 1f one accepts the point made
above, that Ky = Ky, one can use the kinetic and binding
data to estimate the free energies of the Michelis complex
relative to free enzyme and substrate and to estimate the
activation energy from the E-S complex to the rate-deter-
mining transition state. The resulting values for these free
energies collected in Table 11 demonstrate that there is an
approximate, though not exact, quantitative compensation
between binding affinity and catalysis such that the com-
parative overall reactivities of the R and .S isomers of both
1,2-propanediol and 3-fluoro-1,2-propanediol are remark-
ably similar.

Reaction Mechanism. The observation of a kinetic iso-
tope effect of about 13 observed when deuterium is substi-
tuted for hydrogen at C-1 of 3-fluoro-1,2-propanediol indi-
cates that hydrogen removal from C-1 is one of the major
rate-determining steps in the enzymatic reaction of the
fluorodiol, which is analogous to the situation for 1,2-pro-
panediol itself. More significantly we interpret the great
similarity between the activation energies for 3-fluoro-1,2-
propanediol and 1,2-propanediol as substrates for diol dehy-
drase to support the proposal that the hydrogen abstraction
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occurs without the development of significant charge on the
substrate molecule and most likely involves, therefore, a
radical (or concerted), as distinct from an ionic, pathway.

The effect of fluorine as a substituent has been deter-
mined in many types of simple organic reactions. The ef-
fects are large for ionic processes and can be significant or
very small for radical pathways. For example, in reactions
involving primary carbonium ions, a fluorine on the cationic
carbon can stabilize the intermediate by 29.5 kcal/mol.
When on the adjacent carbon, fluorine destabilizes the car-
bonium ion by 9.9 kcal/mol (Clark and Lilley, 1970; Mar-
tin et al., 1966). In anionic situations fluorine generally ex-
erts a stabilizing influence. For example, the rate of base
catalyzed hydrogen exchange at C-9 of fluorene is acceler-
ated by a factor of 10° by the substitution of a trifluoro-
methyl group for one of the hydrogens (Steitwieser and
Mares, 1968). Further, the substitution of a fluorine for one
of the hydrogens of acetic acid results in a decrease in pK,
from 4.76 (acetic acid) to 2.77 (fluoroacetic acid).

The effect of a fluorine substituent on a radical process
depends significantly on the polarity of the transition state.
For attack by highly reactive, strongly electronegative radi-
cals (such as Cl- or F.) the transition states tend to have sig-
nificant polar character, while less reactive radicals gener-
ate transition states with much less polar character. Studies
of free radical halogenation of 1-halobutanes showed that,
compared to butane itself the reactivity at C-1 of 1-fluo-
robutane was reduced to !4 if attack was by F. and in-
creased tenfold if attack was by Br-. In either case, the ef-
fect of a fluorine on hydrogen abstraction from C-3 was
small (a relative rate of 1.3 for butane vs. 1.0 for 1-fluo-
robutane for attack by F- and of 80-82 for butane vs. 82-90
for 1-fluorobutane for attack by Br-) (Fredericks and Ted-
der, 1960; Galiba et al., 1966).

The possibility that removal of hydrogen from C-1 of
propanediol is concerted with formation of a new covalent
carbon-cobalt bond through a four-center transition state
should also be considered. Recent model studies suggest
that substances with a covalent carbon-cobalt bond can
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lead to rearrangements such as those observed with ade-
nosylcobalamine-enzyme complexes. (The observed rear-
rangement was an analogue of that of 3-methylitaconate =
a-methylglutarate: Dowd et al., 1975.) The detailed mecha-
nism of such rearrangements remains unresolved though co-
balt-7 type intermediates have been suggested in other
mode! studies (Silverman et al., 1972; Silverman and Dol-
phin, 1973). The presence of fluorine compared to hydrogen
at C-3 of propanediol should have a negligible effect on the
energy of such a transition state though quantitative prece-
dents for this assertion are lacking.

The central points from these remarks are (i) the ob-
served kinetic isotope effect indicates that removal of hy-
drogen from C-1 of propanediol is the rate-determining step
and (ii) this removal of hydrogen from C-1 is unlikely to in-
volve cationic or anionic species because substitution of flu-
orine at C-3 has so little effect on the observed rate. Such a
small effect of fluorine at C-3 is, however, consistent with a
radical or a concerted pathway for removal of the C-1 hy-
drogen.

Although one has traditionally regarded the active site of
enzymes as providing environments which stabilize ionic sit-
uations, there are many amino acid side chain residues (for
example, phenyl, indolyl) which nature might find useful in
constructing environments which could effectively stabilize
radical type intermediates. This could be accomplished ei-
ther by rendering the environment very hydrophobic or,
more positively, by providing possibilities for stabilization
of single electrons of the type seen, for example, in the in-
teraction between halogen radicals and aromatic substances
(Huyser, 1965).
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