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The Carbon-Fluorine Bond in
Compounds of Biological Interest

Studies with fluorinated molecules can be helpful

in understanding biological phenomena.

Recent advances in organic fluorine
chemistry have been responsible for
the development of a large number of
new compounds of importance in bi-
ology and medicine. Perhaps this new
technology has been of greatest con-
cern to the toxicologist who has been
compelled to evaluate the biological
effects of the large number of new
fluoro compounds used as insecticides,
refrigerants, and aerosol propellants
({). However, the knowledge gained in
the synthesis of organic fluorine com-
pounds has also provided the pharma-
cologist with selective inhibitors of bi-
ological processes and has given the
medicinal chemist the opportunity to
design more active therapeutic agents.
With increased interest in fluoro com-
pounds, traditional views on the extra-
ordinary stability of the carbon-fluorine
bond have been modified as a result
of the finding that this bond is cleaved
in a number of different enzymatic re-
actions. The use of fluoro compounds
in studies of enzyme and pharmaco-
logical mechanisms has advantages not
found with many other analogs since
insight into the biochemical phenome-
non can often be gained from an under-
standing of the altered chemical prop-
erties conferred on the compound by
the fluorine substituent.

The author is on the staff of the National
Institute of Arthritis and Metabolic Diseases,
1Nagonal Institutes of Health, Bethesda, Mary-
and.
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Relevant Properties of Fluorine

Fluorine is in group VII of the pe-
riodic table, but this fact should be
considered in light of Pauling’s refer-
ence to it as a “superhalogen” (2).
This description can be appreciated
from the data of Table 1 which show
that the properties of the other halo-
gens place them in a group distinct
from fluorine. Fluorine is considerably
more electronegative than the other
halogens, and for this reason it is the
only halogen which is extremely un-
likely to form the positive ion (F+)
(3). The bond energy of the carbon-

fluorine bond is among the highest

found in natural products or known
to be broken enzymatically.

The van der Waals’ radius of the
fluorine atom (1.35 angstroms) is closest
in size to that of hydrogen (1.1 ang-
stroms). Most of the other substituent
groups often used to replace hydrogen
in the creation of analogs are much
larger (see Table 1 for sizes of the
other halogens; methyl, trifluoromethyl,
and phenyl groups are also large).
Thus fluorine is of unique value in
the design of analogs which can very
closely approach the natural biochemi-
cal intermediate. Good analogs of this
kind can be useful therapeutically but
they can also be extremely valuable in
defining critical sizes that contribute to
structural considerations in biochemi-
cally important molecules.
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These properties of fluorine are of
most interest to the biologist since a
knowledge of the size and electronega-
tivity of the atom can be used to make
defined alterations in biologically im-
portant molecules. Studies based on
these properties of fluorine are gov-
erned often by the characteristics of
the carbon-fluorine bond which deter-
mine the reactivity of such molecules
in biological systems.

Metabolic Effects of Fluoro Analogs

Discussion of the role of organic
fluorine compounds in biology should
begin with the fascinating story of
fluoroacetate (4). Although the toxic
properties of this compound had been
known earlier, it was not until 25
years ago that fluoroacetate was found
as a natural product in Dichapetalum
cymosum. This discovery by Marais
(5) not only explained the toxicity of
these plants to grazing cattle in South
Africa but initiated a period of re-
search on the actions of fluoroacetate
which has had many ramifications in
the development of biochemical phar-
macology. Studies in the laboratories
of Peters and Martius made it clear
that fluoroacetate toxicity in mam-
malian tissues was related to an inhi-
bition of citrate metabolism, the in-
hibition being caused by a factor, dis-
tinct from fluoroacetate, which could
be isolated after tissues had been in-
cubated with fluoroacetate. This inhi-
bitory factor proved to be fluorocitrate
(6) which acts as an inhibitor of the
Krebs cycle. Fluorocitrate is synthe-
sized from fluoroacetate by a pathway
analogous to that of the synthesis of
citrate from acetate, as shown in Fig.
1. In view of the similarity in size be-
tween the fluorine and hydrogen atoms,
it is not surprising that some enzymes
can metabolize fluoroacetate instead of
acetate.

The actions of fluorocitrate as an
inhibitor of the Krebs cycle are com-
plex as indicated by Fanshier et al.
(7). These workers have extended the
evidence that only one of the four iso-
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mers of fluorocitrate made by organic
synthesis is inhibitory; as expected, this
corresponds to the isomer made enzy-
matically by the pathway of Fig. 1.
Furthermore, they have shown that
succinic dehydrogenase as well as
aconitase is inhibited by fluorocitrate.
Aconitase seems to undergo competi-
tive inhibition only if initial rates are
examined, since there is also a pro-
gressive time-dependent inactivation of
the enzyme by fluorocitrate (7).

The complex interaction of fluoro-
citrate with aconitase may indicate an
additional value of fluoro analogs,
namely, in the elucidation of the de-
tailed relation between proteins and
small molecules. Such a possibility is
suggested by the finding that only one
of the four isomers of fluorocitrate
seems to react with the enzyme; data
on the properties of these isomers
might provide exact knowledge of the
features of citrate which are required
for the interaction and, by inference,
some notion of the configuration of
the protein at the reactive site. In con-
trast to the studies with aconitase are
studies on the allosteric activation of
acetyl coenzyme A (acetyl-CoA) car-
boxylase by citrate. In this system
fluorocitrate (containing all four iso-
mers) is as effective as citrate (8); this
indicates that different structural as-
pects of citrate are responsible for its
interaction with this protein.

This digression onto the possibilities
for further research with fluorocitrate
should not overshadow the impact that
this compound has already had on our
thinking in pharmacology. Peters has
coined the term “lethal synthesis” (4)
to emphasize that the toxic compound
fluorocitrate appears only as a result
of the metabolic transformation of the
relatively nontoxic fluoroacetate. Such
a mode of action has been found in a
number of pharmacologically = active
agents and is of fundamental impor-
tance in the design of new therapeutic
agents.

The finding of w-fluoropalmitate and
o-fluorooleate in the seeds of Dicha-
petalum toxicarium (9) suggests that
fluoroacetate can substitute for acetate,
at least partially, in the biosynthesis of
long-chain fatty acids. The fact that
fluorine occupies the o-position of the
fatty acid is in accord with the scheme
for fatty acid biosynthesis which has
now been demonstrated in animals,
plants, and microorganisms (10). In all
of these systems acetyl-CoA is the 2-
carbon unit responsible for elongation
of the fatty molecule. Yet in the com-
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Fig. 1. Pathway for the synthesis of fluoro-
citrate from fluoroacetate. ATP is adeno-
sine-5'-triphosphate.

pleted straight-chain fatty acid mole-
cule, only the w-carbon and the adjacent
carbon atom are derived directly from
acetyl-CoA; the other acetyl-CoA mole-
cules are carboxylated to form malonyl-
CoA and are then decarboxylated in
the condensation reaction. Figure 2,
which portrays the initial cycle of con-
densation and reduction in the 2-carbon
elongation of a fatty acid molecule, ii-
lustrates the dual role of acetyl-CoA
in this process. Acetyl-CoA, which pro-
ceeds through malonyl-CoA (shown
with the hypothetical X substituent),
undergoes reactions not required of
acetyl-CoA entering the methyl termi-
nal position (shown as fluoroacetyl-
CoA). Failure of fluoroacetyl-CoA to
proceed through “fluoromalonyl-CoA”
would account for the lack of incorpo-
ration of fluorine except at the w-posi-
tion of the fatty acid product. The find-
ing of fluorine exclusively at the
w-position may also occur because a
substituent at the 2-position in the con-
densed product (Fig. 2) interferes with
the reductive steps required after the
condensation reaction. Furthermore,
since the synthesis of long-chain fatty
acids is a repetitive process, partial in-
hibition at any step would be -expected
to have a large effect on the overall
synthesis.

The acceptability of fluoroacetyl-CoA
in the initial condensation reaction is in
accord with results of studies on fatty
acid synthesis in an enzyme system ob-
tained from adipose tissue. In this en-
zyme system a number of acyl-CoA
compounds can substitute for acetyl-
CoA in the initiation of fatty acid syn-
thesis (Z1). Such a substitution for
acetyl-CoA yields a product which dif-
fers from the natural one simply by a
change in the acyl group substituted
for acetate at the o-position. In other
words, the subsequent reactions with
malonyl-CoA seem not to be greatly
affected by the acyl group initiating the
condensation. Considerations of this

kind might explain the finding of o-
fluoro fatty acids in the seeds of Di-
chapetalum toxicarium and the appar-
ent small incorporation of fluoroacetate
into the lipids of rats fed sublethal
doses of this compound (12).

Saunders, Pattison, and their co-
workers have shown that o-fluoro fatty
acids containing an even number of
carbon atoms have a toxicity to rats
comparable to that of fluoroacetate,
whereas o-fluoro acids with an odd
number of carbon atoms are strikingly
less toxic (/3). Such findings are in ac-
cord with B-oxidation of fatty acids in
which the successive loss of 2-carbon
acetyl-CoA units would yield either the
toxic fluoroacetyl-CoA, if there are ini-
tially an even number of carbon atoms,
or the relatively nontoxic 3-fluoropro-
pionate, if there are initially an odd
number of carbon atoms in the o-fluoro
fatty acid. The toxicity of fluoro com-
pounds can indicate whether the bio-
logical degradation produces fluoro-
acetate, and this often can provide a
clue to metabolism of compounds in
which the fluorine serves as a marker.
For example, in a series of o-fluoro-
nitriles, F(CH,),CN, those with an
odd number of carbon atoms are toxic,
whereas those with an even number are
nontoxic (I4); these observations sug-
gest a carbon-cyanide cleavage rather
than a hydrolysis or reduction of the
nitrile in the metabolism of these com-
pounds. Examples of what might be
termed lethal catabolism can also oc-~
cur in microorganisms. A pseudo-
monad, which can utilize nicotinate for
growth, cannot grow on S5-fluoronico-
tinate, presumably because of the ac-
cumulation of fluoroacetate and fluoro-
citrate (15). Studies on the degradation
of 2-fluoronitrobenzoic acid by No-
cardia erythropolis (16) have made the
identification. of these toxic products
more definitive.

The principles learned in the study
of fluoroacetate have been extended to
nucleic acid metabolism by Heidel-
berger and his co-workers who realized
that fluorinated pyrimidines (synthe-
sized chemically) might provide a
means of interfering with the cellular
synthesis of nucleic acids (/7). This
approach to blocking nucleic acid syn-
thesis as a method of cancer chemo-
therapy seemed particularly attractive
since uracil utilization is greater in
tumors than in normal tissues. Of the
compounds developed in this approach
the most useful have been S-fluorouracil
and 5-fluoro-2-deoxyuridine, both of
which depend for their effectiveness on
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metabolic transformation within the cell
to an active form, namely, 5-fluorode-
oxyuridine monophosphate. In this
form, the fluorinated pyrimidine be-
comes an inhibitor of thymidylate syn-
thetase (/8), an enzyme responsible for
the methylation of deoxyuridine mono-
phosphate to vyield thymidine mono-
phosphate, which is required as a pre-
cursor in the synthesis of DNA. This
example of lethal synthesis is analogous
to that of fluoroacetate, since S-fluoro-
uracil is converted to its active form by
a normal metabolic pathway, in this
case that responsible for the conversion
of uracil to deoxyuridine monophos-
phate. In the form of 5-fluorodeoxy-
uridine monophosphate, the fluorine of
the fluorouracil becomes responsible
for blocking a step in the overall path-
way leading to the synthesis of DNA.
Tumors resistant to S-fluorouracil
can have a low level of an enzyme on
the pathway from uracil to deoxyuri-
dine monophosphate or a resistant
thymidylate synthetase and are thus
protected from the formation or action
of the active chemotherapeutic agent
(19). Fortunately for the usefulness of
these compounds, the metabolic degra-
dation of S-fluorouracil in vivo yields
the relatively nontoxic a-fluoro-B-ala-
nine (I7) rather than.a fluorine com-
pound with other toxic properties.
The unique value of fluorine in the
design of analogs is illustrated by the
fact that 2-fluoroadenosine is strikingly
more toxic for cultured cells than the
other 2-halogenated adenosines. The
basis for this difference apparently lies,
at least in part, in the specificity of
adenosine kinase, which phosphorylates
2-fluoroadenosine more readily than
adenosine but is unreactive with the
other 2-halogenated adenosines (20).
Another aspect of the toxicity of
these substituted adenosines might be
their ability to conform to the geometric
restrictions inherent in the structure
of polynucleotide helices. It is likely
that 2-fluoroadenosine would conform
to these restrictions in contrast to ho-
mologous compounds with bulkier sub-
stituents, such as bromine or iodine,
which would not meet these criteria.
Studies based on these structural consid-
erations have been made in a series of
8-substituted purines. Acs (27) has
shown that a number of 8-substituted
purines (including 8-bromoadenosine),
which are not toxic for cultured fibro-
blasts, are also not substrates for the
adenosine kinase. On the other hand,
the toxic analog 8-aminoadenosine is
phosphorylated but is not incorporated

6 JUNE 1969

Table 1. Some properties of the halogens (2).

van Elec Bond energy
Halo- yfet o  (keal/mole)
80 radius gsff - To To hy-
(A) ¥ carbon drogen
F 135 40 107 1475
Cl 1.80 3.0 66.5 102.7
Br 1.95 2.8 54.0 87.3
1 2.15 2.4 45.5 71.4

(less than 1 percent) into RNA or DNA
by polymerases in vitro. On the basis of
model building studies, it is uncertain
whether the moderately small amino
substituent could conform to the restric-
tions at the 8-position of the purine im-
posed by the DNA structure. Kapuler
and Reich (27) have shown that 8-bromo
and 8-keto guanosine triphosphate
(GTP) are not incorporated into poly-
mers by replicating enzymes. They note,
however, that the smaller fluorine atom
at the 8-position of the purine might
satisfy the conformational requirements
necessary for incorporation. The fluo-
rinated compound would therefore have
considerable value in defining the re-
strictions imposed by the helical struc-

tures and in establishing criteria for

toxicity. If the 8-fluoro purines were
incorporated by polymerases, the fluo-

rine substituent could resemble the
hydrogen atom sufficiently to permit
the substitution to occur without tox-
icity.

Questions of this kind serve to em-
phasize the particular value of fluo-
rinated analogs. Although these com-
pounds may be more of a challenge to
the synthetic chemist, they provide con-
siderable insight into the biological sys-
tem. It is also likely that subtle differ-
ences in biochemical intermediates that
are introduced by fluorine in this way
might be exploited chemotherapeutic-
ally.

The interest in fluoro analogs as se-
lective metabolic inhibitors has inspired
the development of other fluoro ana-
logs. In Bergmann’s laboratory, a sys-
tematic effort has been made to syn-
thesize intermediates of the Krebs cycle
with a fluorine substituent (22). Through
the efforts of Bergmann and others,
fluoro analogs have been developed for
various glycolytic intermediates, sugars,
amino acids, and cholesterol precursors
(4). In general, the biological effects
of many of thése compounds have not
been particularly noteworthy. However,
a number of interesting specific enzyme
inhibitors have been characterized, par-
ticularly by Kun and his collaborators
(7, 23).
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Alterations in Macromolecules
by Fluoro Analogs

In addition to their action as inhibi-
tors of specific enzymes, fluoro analogs
can disrupt cellular function by being
incorporated into the macromolecules
of the cell. Among the fluorinated
amino acids incorporated into proteins
are 5’,5’,5'-trifluoroleucine, 2-fluoro-
phenylalanine, 3-fluorophenylalanine, 4-
fluorophenylalanine,  3-fluorotyrosine,
and 4-fluoroproline (24-26). In dis-
secting the role of macromolecules in
cellular function, it has been useful to
attribute changes in cell activity as
the result of analog administration to
alterations in the particular macro-
molecule known to be affected by the
analog. For example, the limitation of
viral infection in tissue culture cells
when 4-fluorophenylalanine is present
suggests that new proteins which are
nonfunctional because of the analog
must be synthesized during a particular
phase of virus replication (27). This
approach is supported by studies which
indicate that an enzyme such as (-
galactosidase, in which normal aromatic
amino acids are replaced by a fluoro
analog, has altered physical properties
(26). The physiological effect of altered
proteins after analog incorporation is
suggested by experiments on mutants of
Escherichia coli with temperature-sensi-
tive repressors of either alkaline phos-
phatase or capsular polysaccharide syn-
thesis. Such mutants make more of the
particular product (are derepressed) at
a lower temperature when 4-fluoro-
phenylalanine is added to the medium.
The explanation of this phenomenon
seems to be that the temperature-sensi-
tive repressor protein suffers a further
critical loss in its function when it con-
tains the analog amino acid (28).

In addition to inhibiting DNA syn-
thesis, fluorouracil can be incorporated
into the RNA of mammalian cells,
bacteria, viruses, and phage (29). Both
the messenger RNA (30) and transfer
RNA (31) of Escherichia coli seem to
incorporate the analog. The conse-
quences of this can be lower infectivity
of a virus, altered protein synthesis as
in the case of the bacterial enzymes
(32), or change in the phenotype of a
bacteriophage (33). It has seemed logi-
cal to ascribe this type of alteration to
translational errors arising as the result
of fluorouracil pairing with guanine
instead of adenine. However, the tran-
scription errors that would be predicted
when 5-fluorouridine triphosphate is
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Fig. 3. Hydrocortisone with X indicating
the substituent at the 9«-position.

substituted for uridine triphosphate
have not been demonstrated experi-
mentally (34). It has been demonstrated
that transfer RNA undergoes changes
in its physical properties as the resuit
of the incorporation of fluorouracil
and that this altered transfer RNA
does not function normally in an amino
acid-incorporating system under the
direction of the RNA of bacteriophage
R17 (31). These results suggest that
altered transfer RNA may contribute
to the altered cell function arising from
the incorporation of fluorouracil into
RNA. Changes in physical properties of
RNA have also been found when fluoro-
uracil is incorporated biosynthetically
into the RNA bacteriophage MS2. The
RNA particles containing fluorouracil
are not infectious although they can
serve as an active template for the syn-
thesis of phage-specific protein in cell
extracts (34a).

Another aspect of the relation of
fluoro analogs to macromolecules comes
from studies of Rennert which indicate
that 5’,5’,5’-trifluoroleucine can be in-
corporated into the protein of mouse
embryos but not into that of the mature
organism. A difference in the amino
acid—activating enzymes and in the
transfer RNA seems to be responsible
for this difference (35). The altered
response to analogs of the immature
tissue may be an important clue to a
biochemical basis of differentiation.
Such a study also illustrates the value

Table 2. Relation of adrenal cortical activity
to the electronegativity of the substituent at
the 9q-position of hydrocortisone (36).

Substituent Gg'cqgenifc K, of
ubstituen activity o s

X) 9oc-X-.hydr0- XCI;IZCi(gBOH

cortisone

Fluorine 10.7 217
Chlorine 4.7 155
Bromine 0.3 138
Todine 0.1 75
Hydroxyl 0.2 16
Methoxyl <02 33
Hydrogen 1.0 - 1.82

of analogs in the elucidation of bio-
chemical differences between tissues.
These differences are of the same type
as those sought by the chemotherapist.

Structure-Function Relations

Interest in fluorination of the steroid
molecule has increased our knowledge
of the chemistry of fluorination reac-
tions and has given additional insight
into features of the steroid molecule
that are responsible for its biological
activity, With these advances has come
the development of steroids which are
more active therapeutic agents. It is
not possible in a short review to detail
all of the structure-function relations in
the steroid molecule, but it is hoped
that one example from the studies of
Fried (36) will illustrate the usefulness
of fluorine in this field of medicinal
chemistry. Hydrocortisone (Fig. 3) re-
quires an 118-hydroxyl group for its
biological activity. This activity, which
can be measured as an effect on in-
creasing liver glycogen in the rat, can
be correlated with the nature of various
substituents at the 9«a-position as shown
in Table 2.

If the activity of the substituent were
related to its size, one would expect
the fluorine substituent to have about
the same effect as the hydroxyl or hy-
drogen group, and similarly chlorine to
have the same effect as the methoxy!
substituent. Clearly this is not the case,
and for this reason the table also in-
cludes a measure of the electronega-
tivity of the substituent. This is demon-
strated by the effect of the substituent
in increasing the acidity of substituted
acetic acids.

In this series, the greater the con-
stant K,, the more readily the sub-
stituent withdraws electrons and the
more easily a proton is released from
the neighboring carboxylic group. The
data indicate that biological activity of
the steroid molecule correlates quite
well with electronegativity as measured
in this manner; this correlation suggests
that biological activity may be related
to the acidity of the 11pB-hydroxyl
group caused by the substituent. The
prediction of increased biological ac-
tivity due to increased acidity of the
118-hydroxyl group is further sup-
ported by studies of a family of com-
pounds in which biological activity and
the acidity of the hydroxyl group -are
altered by substitutions at the 12-posi-
tion of the molecule (36).
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Because of its electronegativity, a
fluorine substituent can stabilize more
labile adjacent carbon-halogen bonds in
a molecule. The use of CF,lI containing
1181 a5 a radioactive inert gas for the
measurement of local cerebral blood
flow (37) illustrates this, since the
parent compound CHgl is quite un-
stable in biological systems. A field in
which systematic substitution of a fluo-
rine atom in various compounds has
been helpful in elucidating relations
between structure and activity is the
pharmacology of general anesthetic
agents (38).

Enzymology of the
Carbon-Fluorine Bond

In general, the usefulness of fluorine
in the development of interesting phar-
macological agents has been related
either to its size, which is comparable
to that of hydrogen, or to its electro-
negativity, which affects the acidity or
stability of neighboring groups. Implicit
in the importance of fluorine for these
purposes, as illustrated by the studies
mentioned above, is the extraordinary
stability of the carbon-fluorine bond in
biological systems. Indeed, because of
the difficulty encountered by the ana-
lytical chemist in cleaving this bond,
it had been questioned whether the
bond could be broken enzymatically.
Fluoroacetate illustrates this stability
since fluoride is released only slowly
from this compound when it is re-
fluxed in 20 percent sodium hydroxide
or heated at 100°C in concentrated sul-
furic acid. Complete release of fluoride
occurs only in sodium fusion at 400°C
or after refluxing in 30 percent sodium
hydroxide (39).

Subsequently, two examples of the
enzymatic cleavage of the carbon-fluo-
rine bond were found. The first is the
action of horseradish peroxidase on 4-
fluoroaniline (40). Cleavage of the
carbon-fluorine bond in this case is
not unique since chloro, iodo, or
methoxy substituents at the 4-position
of an aniline compound are displaced
in analogous reactions by the enzyme.
The removal of fluoride from another
aromatic carbon compound occurs by
the action of phenylalanine hydroxylase
on 4-fluorophenylalanine. Several pos-
sible schemes have been advanced by
Kaufman (41) to explain this reaction
which yields stoichiometric amounts of
fluoride and tyrosine from 4-fluorophen-
ylalanine at the expense of excessive
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Table 3. Relative reaction rates of halidohydrolases with haloacetate halidohydrolase (H),
halidohydrolase I, and halidohydrolase II. Rate with monochloroacetate set at 100 for each
enzyme, All substrates tested at 10-2M as their sodium salts.

Relative rate of the halidohydrolase

Substrate Nonbhalide product
H 1 I

FCH,COO- 700 0 0 HOCH,COO-
CICH,COO~ 100 100 100 HOCH,COO-
L-CH,CICHCOO- 50 120 p-CH,CHOHCOO-
ICH,COO- S 20 80 HOCH,COO-
CL,CHCOO~ 10 200 OCHCOO-
L-CH,CH.CICHCOO- 10 80 p-CH,CH,CHOHCOO-
CH,CCL,COO- 0

0

triphosphopyridine nucleotide (reduced
form) (TPNH) and presumably molec-
ular oxygen. Aside from the abnor-
mal stoichiometry of the reaction
with 4-fluorophenylalanine, there is
nothing to suggest that this reaction
differs from the normal reaction of the
enzyme with phenylalanine. It is not
clear how any known mechanism can
explain the cleavage of the carbon-
fluorine bond by these two enzymes.

Since studies of peroxidase and phen-
ylalanine hydroxylase did not par-
ticularly clarify any unique aspects that
might exist in the enzymology of car-
bon-fluorine cleavage, it seemed that
additional insight into this problem
might be gained from studies of other
enzymes capable of catalyzing this type
of reaction. Since fluoroacetate was a
natural product (42), it seemed likely
that, in spite of its great stability, there
might be enzymes capable of degrading
it. Such an enzyme could possibly be
found if fluoroacetate were used as a
carbon source in an enrichment culture.

In enrichment (or elective) culture,
a microorganism which is capable of
utilizing a particular compound as a
sole source of carbon or nitrogen, or
both, is selected from soil. When iso-
lated and grown in pure culture, such
an organism can provide a convenient
system for studying the metabolism of
the compound. Many metabolic path-
ways, enzyme mechanisms, and co-
factors that were later shown to have
a general importance in biochemistry
were first noted in microorganisms iso-
lated by this method.

An enrichment culture containing
fluoroacetate as a sole source of carbon
was successful in yielding a pseudo-
monad which contained an enzyme
capable of breaking the carbon-fluorine
bond in this compound (43). The ease
of isolating such an organism is per-
haps emphasized by the nearly simul-
taneous report of similar organisms
obtained by similar techniques by other
investigators in Japan and the British

Isles (44). The organism studied in
our laboratory was only one of eight
isolates obtained at that time. Studies
with an enzyme partially purified from
this organism (43) indicated that fluo-
ride was released from fluoroacetate ac-
cording to the following equation

FCH.COO~ +H.0 - HOCH.COO~ 4-HF

Studies of the specificity of this enzyme
indicated that fluoride is not released
from a variety of other compounds
containing the carbon-fluorine bond.
Among the nonreactive compounds
were 2-fluoropropionate and 3-fluoro-
propionate. Thus the enzyme is not a
general one for the cleavage of car-
bon-fluorine bonds. Rather, tests on
other substrates suggest that the enzyme
js specific for the dehalogenation of
monohalogenated acetic acids, for ex-
ample, fluoroacetate, chloroacetate, and
jiodoacetate (bromoacetate was not
tested). On the basis of this specificity,
the enzyme was named haloacetate hali-
dohydrolase. As shown in Table 3,
cleavage of the carbon-fluorine bond is
faster than that of the other carbon-
halogen bonds. In addition, the Mi-
chaelis constant for chloroacetate (2
X 10—2M) is tenfold higher than that
for fluoroacetate.

A consideration of the other sub-
strates which react with the fluoroace-
tate-splitting enzyme casts a new light
on the enzymatic cleavage of the
carbon-fluorine bond. In spite of its
status as a “superhalogen,” fluoride is
liberated by a mechanism which does
not appear to differ from that by which
the other halides are released from the
analogous compounds. This similar re-
lease of halides in spite of the higher
bond energy of the carbon-fluorine bond
may be related to the hydrogen-halogen
bond which can be considered to form
during the reaction. A summary of
these bond energies (Table 1) indicates
that, in general, the energy of the
hydrogen-halogen bond correlates with
that of the carbon-halogen bond. This
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relation suggests that the energy lost in
the cleavage of the particular carbon-
halogen bond may be gained during
the reaction by the formation of the
corresponding hydrogen-halogen bond.
The net energy change during the re-
action with the carbon-fluorine bond
would then be about the same or even
slightly more favorable than that for
the other carbon-halogen bonds.

A mechanism which invokes protona-
tion of the halide leaving group, as
suggested by the above discussion,
would explain why fluorine is a better
leaving group than iodine in this reac-
tion. However, the difference in reac-
tivity of the halogens might also be
attributed to a poorer fit of the enzyme
with the bulkier substituents. This latter
explanation finds support in the fact
that 2-fluoropropionate, which differs
from fluoroacetate in the introduction
of a bulky methyl substituent, is not
dehalogenated.

The removal of all halides from the
2-position of a substituted acetic acid
by an apparently similar mechanism
suggested that additional insight into
this mechanism might be gained from
an investigation of other enzymes of
this type. Accordingly, dichloroacetate
(a component of the antibiotic chlor-
amphenicol produced by Strepfomyces
venezuelae) was used to select another
organism which might yield a similar
but different enzyme. The pseudomonad
isolated on this carbon source proved
to be more valuable than anticipated,
since the organism had the ability to
produce two additional halidohydro-
lases, one induced during growth on
dichloroacetate (halidohydrolase IT), and
the other during growth on chloroace-
tate (halidohydrolase I) (45). The
two halidohydrolases have different
physical properties and are separable
by column chromatography. As indi-
cated in Table 3, both enyzmes attack
the same substrates but at different
rates. The range of substrates attacked
overlaps with that of haloacetate hali-
dohydrolase, the enzymes differing in
this regard only in their ability to at-
tack fluoroacetate and certain 2-sub-
stituted halogenated acids. These three
enzymes also have in common a pH

optimum of about 9.2 (43, 45).

- The reactions catalyzed by the two
additional halidohydrolases can be sum-
marized by the equation i

L-RCHXCOO" + H,0 —
p-RCHOHCOO- + HX

where X =ClI or I and R=H, CH,,
or CH,;CH.,.
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Fig. 4. The microbial metabolism of 2-
fluorobenzoate (I) to 3-fluorocatechol
(III) in an atmosphere which is 50 per-
cent O"-labeled O. and 50 percent O™-
labeled O.. The proposed cyclic peroxide
intermediate (II) is in accord with the
oxygen labeling found in 3-fluorocatechol.

In accord with this equation, the
halide in each of the substrates of
Table 3 is displaced by a hydroxyl
group. The apparent exception to this
rule is dichloroacetate from which the
product is glyoxylate. Actually, this
product is also in accord with the gen-
eral equation, since the expected prod-
uct, namely, HOCICHCOO—, is un-
stable and would spontaneously elimi-
nate HCl to yield glyoxylate. As in
the reactions of haloacetate halidohy-
drolase, these halidohydrolases displace
the halide with a hydroxyl group con-
taining oxygen derived from water (45,
46). This is an important distinction
between the cleavage of the carbon-
halogen bond by the halidohydrolases
and that in 4-fluorophenylalanine by
phenylalanine hydroxylases. Although
formally in each reaction the halide is
displaced by a hydroxyl group, in the
hydroxylase-catalyzed reaction the oxy-
gen is derived from molecular oxygen
rather than from water (47).

Similarities among the three halido-
hydrolases indicate that these enzymes
can quite properly be considered to

belong to the same class. Halidohydro-.

lase I and II, however, by virtue of
being reactive with optically active
substrates, provide some additional in-
sight into mechanisms involved in this
type of reaction. The fact that a Walden
inversion occurs during the hydroxyl
displacement of the halide indicates that
the enzyme catalyzes a bimolecular nu-
cleophilic substitution reaction. This is
the mechanism involved in the non-
enzymatic hydroxyl displacement of a
halide which occurs when these com-
pounds are treated with sodium hydrox-
ide (48).

The increased use of fluorinated
compounds in enzymology has re-
vealed other examples of the enzymatic

hydrolysis of the carbon-fluorine bond.
Barnett et al. tested a-pD-glucosyl fluo-
ride as a reagent which might form
a covalent bond to the postulated car-
rier for sugar transport in intestinal
cells. They found, however, that a-D-
glucosyl fluoride was hydrolyzed enzy-
matically to glucose and fluoride, ap-
parently by the enzyme o-D-glucosidase
(49). A similar chance discovery of a
defluorinating reaction was made by
Henkart e al. during an attempt to
modify carbonic anhydrase by the
Sanger reagent, 1-fluoro-2,4-dinitro-
benzene. They found that the enzyme
catalyzes the hydrolysis of this com-
pound, presumably with the formation
of 2,4-dinitrophenol and fluoride (50).
Sanger’s reagent is quite specific as an
alkylating agent for certain groups in
proteins. The use of this compound
probably suggested that a-p-glucosyl
fluoride could be an alkylating agent
for a protein expected to have a high
affinity for glucose.

The use of fluorinated compounds
as alkylating agents suggested that an
alkylated enzyme might be an inter-
mediate in the reaction catalyzed by
haloacetate halidohydrolase (43). In
this proposal, the reaction would pro-
ceed by the two half reactions

XCH:COO™ + ESH — ESCH.COO~ 4+ HX
and

ESCH.COO" + H.O —>
ESH + HOCH,COO-

where X = F, Cl, or I and E represents
the enzyme with its sulfhydryl group
designated by SH. This mechanism
seemed particularly attractive since
there was evidence for a sulfhydryl
group on the enzyme and iodoacetate,
a well-known alkylating agent, was a
substrate rather than an inhibitor of the
enzyme. The first half reaction is anal-
ogous to nonenzymatic reactions of
sulfhydryl compounds with chloroace-
tate in which the halide is eliminated
and a thioether is formed.

In an optically active substrate, how-
ever, an alkylated enzyme would re-
quire one inversion of configuration
during the first half reaction and a
second inversion in the second half re-
action. In this double inversion the
product would be expected to retain
the configuration of the substrate. Such
a mechanism would, therefore, be un-
aeceptable as an explanation of the
halidohydrolase reactions in which an
inversion of configuration occurs.

Fluoride is released from 2-fluoro-
benzoic acid in a reaction involving
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molecular oxygen that has been found
in a pseudomonad isolated from an
enrichment culture on 2-fluorobenzoic
acid (51). The enzyme for this reaction
has not been characterized but in whole
cells the catechol derived from 2-fluoro-
benzoic acid has been isolated. Further-
more, when the incubation of the cells
is carried out in an atmosphere con-
taining O, labeled with both oxygen-16
and oxygen-18, it can be demonstrated
that both oxygen atoms in the catechol
are derived from a single molecule of
oxygen (52). Although other explana-
tions are possible, this finding suggests
that the reaction proceeds through a
cyclic peroxide (Fig. 4) such as has
been postulated for the analogous oxi-
dation of anthranilic acid to catechol
(53). The microsomal hydroxylating
system from rabbit liver which cata-
lyzes the conversion of 4-fluoroaniline
to 4-hydroxyaniline is another example
of carbon-fluorine bond cleavage which
seems to require molecular oxygen
(54).

Except for the reaction catalyzed by
peroxidase, all reactions of carbon-fluo-
rine bond cleavage involve the replace-
ment of the fluorine group by a hy-
droxyl group. These reactions differ,
however, depending on whether the
oxygen in the hydroxyl group is derived
from water or from molecular oxygen.
Oxygen has been shown to come from
water in the reaction catalyzed by
haloacetate halidohydrolase and oxygen
almost certainly comes from water in
the reactions catalyzed by a-glycosidase
and carbonic anhydrase where water is
the usual reactant with the enzyme. On
the other hand, oxygen comes from
molecular oxygen in the reaction by
which catechol arises from 2-fluoro-
benzoate and almost certainly in the
reaction of phenylalanine hydroxylase
on 4-fluorophenylalanine and in the re-
action with 4-fluoroaniline catalyzed by
the microsomal enzyme. Presumably
the defluorination of 4-fluoroproline
which occurs in a collagen-synthesizing
system (25) also requires molecular
oxygen.

Although studies with these enzymes
do not permit many unifying observa-
tions about the nature of carbon-fluo-
rine bond cleavage, several aspects of
the relation of fluorine to the other
halogens seem worth mentioning. The
specificity of the enzyme haloacetate
halidohydrolase indicates that the car-
bon-fluorine bond can be cleaved by
mechanisms which are applicable to
the fission of comparable bonds in-
volving the other halogens. On the
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other hand, in aromatic compounds
undergoing reactions with hydroxylases,
the fate of fluorine can be different
from that of the other halogens. In
the conversion of 4-fluorophenylalanine
to tyrosine by phenylalanine hydroxyl-
ase, fluoride is released whereas in the
reaction of the same enzyme with 4-
chlorophenylalanine, the major product
is 3-chlorotyrosine (55). The difference
in the fate of the two halogens does
not necessarily imply any fundamental
difference in the enzyme mechanism
whereby the two substrates are hydrox-
ylated. Fluorine and chlorine substit-
uents do not necessarily behave dif-
ferently during hydroxylation, since in
the microsomal system 4-hydroxyanil-
ine is the product of the reaction with
both 4-fluoroaniline and 4-chloroaniline
(54).

Although considerable insight has
been gained into enzymatic mechanisms
of carbon-fluorine bond cleavage, the
biochemistry of carbon-fluorine bond
formation remains to be elucidated. By
developing an in vitro system for fluoro-
acetate formation in homogenates of
Acacia georginae, Peters and his col-
laborators have begun the attack on this
challenging problem (56).

Summary

The principles learned from studies
of fluoroacetate and the application of
these principles in the use of fluoro-
uracil tend to emphasize the value of
organic fluorine compounds in the
design of selective inhibitors of en-
zymes. This important application may
obscure other uses that organic fluorine
compounds can have in various areas
of biological science. The alterations
in the properties of a molecule that can
often be predicted from a fluorine sub-
stituent are valuable in the develop-
ment of correlations between structure
and function, particularly when fluo-
rine is compared systematically to other
substituents on the basis of size or
electronegativity. Recent studies which
show the changes in physical and chem-
ical properties of RNA and proteins
after the incorporation of fluoro analogs
indicate that structure-function correla-
tions of this kind may be extended to
macromolecules. A particularly chal-
lenging area with potentially wide prac-
tical application in therapeutics is the
use of fluorinated analogs as probes to
elucidate subtle differences in the bio-
chemistry of different tissues. It is
hoped that the recent finding of carbon-

fluorine bond cleavage by enzymes will
give more insight into the biochemical
properties of this bond and also con-
tribute to an understanding of the mech-
anism of certain kinds of enzyme catal-
ysis. It seems clear that the availability
of judiciously designed fluoro analogs
will be of considerable value in the
development of these approaches.
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The term “genetic load” has been used to describe
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In the aftermath of World War II,
when the widespread dispersal of arti-
ficially produced radioactivity was a
cause of serious concern, Muller dis-
cussed the problems of past and future
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in a paper entitled “Our load of muta-
tions” (/). The term genetic load has
been used since then to mean the ab-
normalities, deformities, and deaths
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dangerously high levels before the ex-
tent of the threat was appreciated.
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that existed before the production of
ionizing radiation by artificial means—
consists of changes in the genetic ma-
terial which occur at a very low but
consistent rate and are referred to as
“spontaneous” mutations, although
numerous possible causes are known,
including natural background radiation.
It is sometimes stated that “all muta-
tions are harmful.” This is not strictly
true: evolutionary progress has de-
pended on mutations that were advan-
tageous. But it is generally true, and
two types of explanation are offered:
(i) that in a complex and interdepend-
ent system such as the genetic con-
figuration of a living organism, any
change is more likely to disrupt func-
tion than to improve it, and (ii) that
“good” mutations, when they appear,
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replace their precursors so rapidly that
we rarely witness the process. In any
case, the mutations of which we are
most aware are those which result in
impaired form or function. These tend,
after appearing, to be eliminated as a
result of shortened life span or less-
ened reproductive capacity of the in-
dividuals carrying the mutant genes.
Under stable conditions, with the muta-
tion rate and the intensity of selective
elimination both constant, a particular
mutant gene remains constant in num-
bers. Fither an increase in mutation
rate or a relaxation of selection will es-
tablish a new equilibrium at a higher
level. (The effect of relaxed selection,
resulting from medical alleviation of
hereditary ailments, had been a cause
of concern long before the possibility
of increased mutation rates was en-
visaged, and was extensively discussed
by Muller.) When an equilibrium has
been established, the number of mutant
genes eliminated per. generation equals
the number newly produced by muta-
tion. However, if the equilibrium is
disturbed, this is not immediately true;
since many harmful mutants may re-
main in the gene pool for several or
many generations before being elimi-
nated, the full impact of genetic load
will not be apparent until some time
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